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characteristics (extinctions) would be influenced notice- 
ably. 

An effort has been made  to correlate da ta  obtained 
from the 4-ni tropyridine-N-oxide with X- ray  studies 
carried out at  present on other 4-subst i tuted pyridine- 
N-oxides (Hayashi,  1950; McKeown, Ubbelohde & 
Woodward,  1951). These will be reported in more 
detail  shortly. 
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Ochiai of the Pharmaceut ica l  Ins t i tu te  of Tokyo Uni- 
versity,  whence most of the samples of pyridine-N- 
oxides have come. 
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The structure of bishydroxydurylmethane has been fully determined. The crystals are monoclinic, 
with space group C2, and there are two molecules in a unit  cell of dimensions a ---- 22.87, b ---- 4.94, 
c = 7.42 A and fl ---- 91 ° 0 .  Optical-transform methods have been used freely in the earlier stages 
of the structural analysis and the structure has been refined by two-dimensional Fourier syntheses. 
Steric repulsive interactions of the o-substituted methyl  groups with the methylene group and of 
the o-substituted methyl  groups with one another produce considerable strain in the molecule. 
Important  features of the strain include a long CAr.-Cc~2 distance (1.60 A), a wide angle (119 °) 
between the two CAr.-Cc~2 linkages in each molecule and large displacements of the methylene 
carbon atom and the o-substituted methyl  carbon atoms from the plane of the aromatic ring. The 
C-O distance is 1.35 /~. 

1. In troduc t ion  

Bishydroxydury lme thane  (I) 

CH3 CHa (I) CH3 cH3 CH3 (111) CFI3 

CH s CH 3 CI Cl 

CHs (II) CHs C Iv) 

* Now at the Department of Physics, Cotton College, 
Gauhati, Assam, India. 

can be hydrolysed and  reduced with remarkable  ease 
(Burawoy & Chamberlain,  1949); its behaviour  in 
these respects is in marked  contrast  to tha t  of bis-4- 
hydroxy-3 : 5 -d imethy lphenylmethane  (II) and bis-4- 
hydroxy-2 : 3 : 5 - t r imethy lphenylmethane  (III), which 
often remain  unchanged when subjected to similar  
chemical  t reatments .  Burawoy & Chamber la in  at- 
t r ibute  the  unusual  ac t iv i ty  of b i shydroxydurylme-  
thane  to the weakening of the CAr.-Ccg~-CAr. l inkages 
as a result  of the in t ramolecular  steric repulsive inter- 
action of the o-substi tuted methy l  groups with the 
methy lene  group and of the o-substi tuted me thy l  
groups with one another.  Because of the steric repul- 
sion, it appears tha t  any  possible configurat ion of the 
b i shydroxydury lmethane  molecule must  involve some 
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deviations from normal bond distances and bond 
angles. The X-ray analysis of bishydroxydurylmethane 
has been undertaken to determine the nature of these 
deviations and to see if they support the explanation 
of the chemical behaviour of the material proposed by 
Burawoy & Chamberlain. 

The importance of a structural investigation of the 
diphenylmethane derivatives is pointed out by Megson 
(1948) in connexion with the influence of molecular 
structure on the properties of phenolic resins with the 
phenol-methylene chain structure. A preliminary X-ray 
examination of some of the compounds in this series 
is described by Finn, Megson & Whit taker  (1950), and 
the detailed analysis of the structure of one of the 
simplest members, 3 : 3' - dichloro- 4: 4'- dihydroxydi- 
phenylmethane (IV), is discussed by Whit taker  (1953). 

2. Experimental  data: the space group 

Bishydroxydurylmethane crystallizes from ethyl al- 
cohol in the form of very thin laths. The melting point 
is 213 ° C. The crystals are soft and cleave readily 
parallel to the lengths of the laths. 

X-ray rotation, oscillation and Weissenberg photo- 
graphs show tha t  the crystals are monoclinic with the 
lengths of the laths parallel to the symmetry  axis, and 
tha t  the dimensions of the unit cell are 

a = 2 2 - 8 7 ,  b = 4 - 9 4 ,  c = 7 ~ 4 2 A  and f l = 9 1  ° 0 ' .  

I t  is estimated tha t  the a, b and c dimensions are 
accurate to within ±0-4% and tha t  fl is correct to 
±25'.  

There are two molecules in the unit cell (measured 
density 1.230 g.cm. -~, calculated density 1.225 g.cm.-a). 

Reflexions hO1 and hk0, recorded on zero-layer-line 
Weissenberg photographs using unfiltered C u K ~  
radiation, provided the data from which the atomic 
positions were finally deduced. The intensities of the 
reflexions were measured by visual comparison with 
calibration spots of known relative exposure. The cross- 
sections of the crystal specimens used for taking both 
sets of Weissenberg photographs are rectangular in the 
plane perpendicular to the axis of oscillation; the 
cross-sectional dimensions are 0.14 mm.×0.02 mm. 
(b-axis specimen) and 0-32 ×0.02 ram. (c-axis speci- 
men). :No corrections have been made for absorption: 
it is estimated that  errors in the structure amplitudes 

caused by neglecting the absorption corrections will 
not exceed 2 % for the hO1 reflexions and 5 % for the 
hkO reflexions. Corrections for the spot-shape effect 
(Broomhead, 1948) have been applied to the inten- 
sities; they vary from uni ty to 0.87 for the hO1 re- 
flexion[ and from uni ty  to 0.76 for the h/c0 reflexions. 
:No a t tempt  has been made to minimize or correct for 
extinction but the effect appears to be negligible for 
the specimens examined. 

Reflexions hkl are absent when (h+k) is odd; since 
there are no other systematic absences the space 

group must be C2/m, C2 or Cm. The space group C2/m 
is ruled out by a test for pyroelectricity, which shows 
that  the crystals are polar. The pyroelectric test  ap- 
pears to indicate that  the crystals are polar along the 
b axis; if this can be established firmly the space group 
Cm is also eliminated. The choice between the space 
groups C2 and Cm is confirmed by a statistical analy- 
sis of the intensities of the hO1 reflexions (Wilson, 1949; 
Howells, Phillips & Rogers, 1950; Lipson & Woolfson, 
1952). The experimental distribution curve (Fig. 1) 
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Fig. 1. Comparison of the  expe r imen ta l  d i s t r ibu t ion  of the  
intensit ies of the  h01 reflexions (open circles) and  the  
theoret icM acentric,  centric mad hypereen t r i c  d i s t r ibu t ions  
(full lines). 

lies very close to the hypercentric distribution curve, 
indicating that  the [010] projection is centrosymmetric 
and that  what is usually called the 'asymmetric unit '  
of the structure (in this ease half the bishydroxyduryl-  
methane molecule) is itself centrosymmetric;  the half- 
molecule can, in fact, be regarded as centrosymmetric 
if the difference in scattering power of the hydroxyl  
group and half the methylene group is ignored. The 
[010] projection is centrosymmetrie in the space group 
C2 and non-centrosymmetric in the space group Cm; 
the correct space group is therefore C2. 

3. De t e rmina t i on  of the structure 

(i) Preliminary considerations 
The two molecules in the unit  cell must lie on 

rotation axes, since these are the only special positions 
in the space group C2. Without  loss of generality the 
methylene carbon atoms at the centres of the molecules 
may be fixed at (0, 0, 0) and (½, ½, 0) on the pair of 
rotation axes [0, y, 0] and [½, y, 0]. Initially it was 
assumed that  the atoms in each aromatic ring are 
coplanar with the attached groups, that the bond 
distances and bond angles are those to be expected 
in a molecule free from strain caused by sterie hind- 
rance, and tha t  the two aromatic rings in each mole- 
cule are linked to the methylene carbon atom by bonds 
which make an angle of 109 ° with each other. The 
problem of finding an approximate structure is then 
reduced to the determination of (a) the mutual  
orientations of the aromatic rings, which can be 
varied by rotations about the Cxr.-CcE2 linkages, (b) 
the orientation of the molecule as a whole about the 
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axis [010]. The latter was determined from packing 
considerations, which indicate that  the molecules lie 
with their longest dimension along a direction ap- 
proximately parallel to the [100] axis. The mutual 
orientations of the aromatic rings were obtained by 
considering the weighted reciprocal lattice. 

(ii) The weighted reciprocal lattice" optical transforms 
The determination of the shape and orientation of 

projections of benzene rings from weighted reciprocal- 
lattice sections is discussed in detail by Hanson, 
Lipson & Taylor (1953). The hO1 section of the weighted 
reciprocal lattice of bishydroxydurylmethane is shown 
in Fig. 2; the weights are proportional to the unitary 
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, Fig. 2. The h0g-section of the weighted reciprocal lattice of 
b ishydroxydurylmethane.  

structure factors. The six groups of strong reflexions 
--shown by broken rings--near the benzene circle 
correspond to strong characteristic peaks in the trans- 
form of the benzene ring; their positions indicate that  
the planes of the benzene rings are inclined to the 
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(010) plane at an angle of about 40°; only one set of 
six peaks is observed because in the [010] projection 
the two benzene rings in the unit of pattern have 
parallel orientations. 

At this stage the trial structure was tested by com- 
paring its optical transform (Hanson et al., 1953) with 
the hO1 section of the weighted reciprocal lattice. A 
reasonable agreement was obtained; the agreement 
was improved by minor alterations in the positions of 
the methyl carbon atoms. 

The [010] projection of the structure was refined 
by Fourier methods. For the first two syntheses the 
phase angles were deduced from optical transforms 
(Hanson et al., 1953): this method of determining the 
phase angles permitted the inclusion of 80 reflexions 
in the first synthesis and 131 reflexions in the second 
synthesis. 

(iii) The [010] projection 
The final (third) .Fo(hOl ) synthesis included all of 

the 155 experimentally observed hO1 reflexions; the 
phase angles were determined from calculated struc- 
ture factors. The electron density was evaluated at 
intervals of a/128 and c/64, using the Manchester 
University Electronic Digital Computer; the distribu- 
tion of electron density is shown in Fig. 3(a). No 
changes in phase angle were obtained on re-calcula- 
tion of the structure factors using the atomic co- 
ordinates deduced from this projection. 

A n  (.Fo-.Fc) synthesis was now computed using all 
the observed hO1 reflexions. The resulting (Qo-~c) map 
(Fig. 3(b)) has been interpreted as follows: (a) Series- 
termination errors in the final .F o synthesis are small; 
corrections for these errors (Cochran, 1951) give shifts 
of 0.015, 0.008 and 0-020/~ in the positions of atoms 
C 2, C 5 and C 0 respectively and negligible shifts in the 
positions of the other atoms. (b) The thermal vibra- 
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:Fig. 3. (a) Projection of the electron density along [010]. Contours are drawn at  intervals of 1 e.A -2, the 1 e.A -~ contour 
being broken. (b) (Fo--Fc) synthesis, showing the hydrogen atoms, projected along the [010] axis. Contours are drawn 

2 at  intervals of 0-1 e./~- , negative contours being broken. An outline of the molecule is superimposed on the contour 
diagram. 
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tions of the atoms are very near ly  i~otropic in the 
[010] projection. (c) Peaks are observed which m a y  
be a t t r ibuted  to the hydrogen atoms. 

(iv) The hydrogen atoms 
Each half-molecule of b i shydroxydury lmethane  con- 

tains one hydrogen atom of the methylene  group; this  
atom is represented in Fig. 3(b) by  a well-resolved 
peak. The hydrogen atom of the hydroxyl  group lies 
so close to the twofold screw axis at [¼, y, 0] tha t  it 
overlaps in projection with the corresponding hy- 
drogen atom from the other molecule in the unit  cell; 
the  two overlapping hydrogen atoms are represented 
by a single peak. 

The groups of hydrogen atoms at tached to the four 
me thy l  carbon atoms in each half-molecule are clearly 

represented in Fig. 3 (b) by  four ridges of high electron 
density. Two of the ridges have two peaks and the 
other two only one peak, and, because of the poor 
resolution, it is difficult to deduce the positions of the 
three hydrogen atoms associated with each ridge. The 
poor resolution m a y  be caused by  free or restricted 
rotat ion of the methy l  groups, overlapping of the 
hydrogen atoms in projection, or errors in the visual ly  
es t imated intensities. Free or restricted rotat ion is un- 
l ikely because of the strong steric repulsive interac- 
tions between the methy l  groups; even in 1:4-di- 
methoxybenzene  (Goodwin, Przybylska  & R0bertson, 
1950), where the methy l  groups are much  less re- 
stricted by intramolecular  contacts, there is evidence 
tha t  the hydrogen atoms in the methy l  groups are 
localized. Various configurations of localized hydrogen 
atoms were therefore tested, using a modified version 

h o ~ IFol 
2 0 0 11.8 
4 0 0 39.6 
6 0 0  
8 0 0 24.2 

10 0 0 11.3 
12 0 0 6.9 
14 0 0 20.8 
16 0 0 7.7 
18 0 0 2.5 
20 0 0 2.2 
22 0 0 4.8 
24 0 0 2.0 
26 0 0 2.3 

0 0 1 100.6 
0 0 2 16.4 
0 0 3 20.4 
0 O 4  5.0 
0 0 5  8.9 
0 0 6  
0 0 7  4.4 
0 0 8  3-7 
2 0 1 19.6 
4 0 1 12.3 
6 0 1 13.0 
8 0 1 43.9 

10 0 1 3.2 
1 2 0 1  
14 0 1 7.9 
16 0 1 5-7 
18 0 1 11.2 
20 0 1 3.3 

2 0 2  
4 0 2 30-0 
6 0 2 11.0 
8 0 2  ~'3 

10 0 2 7.8 
12 0 2 6.2 
14 0 2 6.2 
16 0 2 18.7 
18 0 2 23.2 
20 0 2 11.4 
22 0 2 3.4 
24 0 2 2.8 
26 0 2 3.1 

2 0 3  4-4 
4 0 3 53.2 
6 0 3 22.6 
8 0 3 26.2 

Table 1. Observed and 

12.5 
--31"1 

0"I 
--21"4 
- - I0 .0  

4.0 
21"4 

- -  6"5 
- -  I . I  

1.8 
4.0 
1.2 
2.4 

94.7 
--12-8 

21"1 
- -  2.4 
- -  8 . 1  

- -  1 . 6  

- -  5 " 1  

- -  3-9 
--22-0 

8.5 
--12-8 

43.0 
2.8 
0"0 
7.2 

- -  6.2 
10.7 

- -  3.6 
- -  3.5 

32.4 
- - 1 4 . 5  
- -  2"4 
- -  7-8 

5"7 
- -  6.0 

20.2 
24.3 

- - 1 1 . 8  
- -  3"0 
- -  2 " 1  

- -  2.5 
1-9 

53"6 
- - 1 8 . 9  
- -21"3  

h o z I~ol 
10 0 3 6.2 - -  4.6 
12 0 3 2.0 0.8 
14 0 3 5.9 - -  4.0 
16 0 3 19.8 20.3 
18 0 3 11.1 11.8 
20 0 3 6.1 - -  6.5 
22 0 3 - -  - -  1.6 
24 0 3 - -  1.0 
26 0 3 2-0 2.2 

2 0 4 14.9 13.8 
4 0 4 22-1 21.8 
6 0 4 8.5 - -  8.7 
8 0 4 9.1 8.5 

10 0 4 6.0 - -  7.2 
12 0 4 5.2 6.7 
14 0 4 3.5 - -  3.6 
16 0 4 - -  0.4 
18 0 4 2.5 2.5 
20 0 4 - -  -- 0.4 
22 0 4 1.8 1.3 

2 0 5 6.6 6.4 
4 0 5 4.3 - -  2.6 
6 0 5 5.6 4-4 
8 0 5 4.7 4.9 

I0 0 5 - -  - -  2.6 
12 0 5 9.6 8.9 
14 0 5 3.2 - -  3"0 
16 0 5 3.9 3.5 
18 0 5 - -  -- 0.I 
20 0 5 3.0 2.9 
22 0 5 2.3 2.1 
24 0 5 6.1 - -  5.0 

2 0 6 3.3 - -  2.4 
4 0 6  - -  - -  1-0 
6 0 6 6"9 - -  5"7 
8 0 6 8.3 - -  5-4 

10 0 6 5"7 4"5 
12 0 6 5"3 4.2 
14 0 6 ~ 0.0 
16 0 6 4.3 4.6 
1 8 0  6 ~ - -  0.8 
20 0 6 6.1 4-0 

2 0 7 2.0 - -  0.5 
4 0 7  - -  - - 0 . 8  
6 0 7  4-5 -- 4.1 
8 0 7 1"8 -- 1.6 

lO 0 7 5"3 4.3 
12 0 7 3.3 3.0 

calculated structure factors for the hO1 reflexions 

Fc h 0 1 I Fol Fc h 0 
14 0 7 3.0 

2 0 8  
4 0 8  
6 0 8  4.6 
8 0 8  

10 0 8 3.0 
1 2 0 8  
14 0 8 2.5 
16 0 8 1.0 

2 0 T 21.6 
4 0 T 32.2 
6 0 7  5.4 
8 0 T 24-6 

10 0 T 21.0 
12 0 ] 8.6 
14 0 T 27.7 
1 6 0 i  - -  
18 0 T 7.3 
2 0 0 i  - -  
22 0 1 2.5 
24 0 T 3-3 
26 0 T 3.3 

2 0 3 17.2 
4 0 3 15.8 
6 0 3  7.9 
8 0 3  4.3 

10 0 3 15.7 
12 0 3 7.8 
14 0 3 14.3 
16 0 3 2.2 
1 8 0 3  
2 0 0 3  - -  
2 2 0 3  
24 0 3 4"7 
2 6 0 2  3"7 
28 0 2 2.4 

2 0 3 17.6 
4 o ~  - -  

6 0 3 26.6 
8 0 3  8.3 

1 0 0 3  7.8 
12 0 ~ 7.2 
1 4 0 3  - -  
1 6 0 3  - -  
18 0 3 3.1 
20 0 3 3.0 
2 2 0 3  - -  
24 0 3 3-3 

- -  3 . 2  2 

- -  1 . 2  4 

- -  0 . 3  6 

4.1 8 
- -  0.6 lO 

2.9 12 
1 . 0  14 

- -  1.6 16 
1.2 18 

21.3 20 
- - 3 0 . 5  2 

5-9 4 
- - 2 4 . 2  6 
- - 1 8 . 6  8 

6.4 10 
26.5 12 

- -  3-0 14 
7.4 16 
0.0 18 
2.6 20 
2.8 22 

- -  3.7 24 
- - 1 8 . 8  2 

10.1 4 
4.0 6 
2-9 8 

17.3 10 
- -  6.8 12 

14.0 14 
- -  1.8 16 

0.9 18 
1 . 0  20 

- -  0 . 4  2 

5.8 4 
- 4"6 6 
- -  2 . 9  8 

16.3 10 
- -  1.0 12 

26.5 14 
- - 1 0 . 2  16 

10.4 2 
- -  7 . 1  4 

0.8 6 
1.3 8 

- -  4 . 6  1 0  

2.4 12 
1.6 14 
3.7 16 

IFof 
0 4 12.7 15-8 
0 4 9.1 - -  10-6 
0 ~ 25-1 26.1 
0 4 4-7 - -  4.7 
0 ~ 16.4 - -  19.5 
0 ~ 3.9 - -  4.8 
0 ~ 2-0 2.8 
0 4  1.8 - -  0.9 
0 4  6.2 6.0 
0 4 9.7 10.0 
0 5 5-4 - -  3-7 
0 5 3.4 - -  6.4 
0 5 14.3 14-1 
0 5 3.7 3.9 
0 5 5.7 -- 5-8 
o ~  - -  - 1.5 
0 5  - -  1.6 
0 ~ 3-3 - -  2.6 
0 5 4.0 3.8 
0 ~ 10.7 14.1 
o ~  2.2 - 3.1 
o ~ 4.0 - 3.8 
0 6 13.8 12.0 
0 6 2.3 - -  0-1 
0 6  3.7 4-5 
0 6 - -  O'l 
0 6 3.1 3-7 
0 6  2.5 4.7 
0 6 3.4 - -  4.0 
o ~ - -  0.4 
o ~  - -  - 2.0 
0 6 4-5 4-1 
0 7 23.7 21.5  
0 7  9-7 9"2 
0 7 7"7 - 7"0 
0 7  - -  - -  1-3 
0 7 2.8 - -  3.4 
0 7 2.5 --  1.5 
o 7  - -  - 0.8 
0 7 2.8 3.4 
0 ~ 6.9 6.1 
0 8 6.9 7.2 
0 8 4-7 -- 4.8 
o ~  - -  - 0 . 6  
0 8  - -  - -  1-3 
0 ~ 3-0 - -  3.3 
o ~ - -  0.2 
0 8 3.7 4-6 
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Table  2. Observed and calculated structure amplitudes and calculated phase angles 
h k 0 !Fol IF~I ~ (°) 
2 0 0 13.8 12.5 0 
4 0 0 40.8 31-6 180 
6 0 0 - -  0.0 180 
8 0 0 26-2 22.8 180 

10 0 0 13.5 10.6 180 
12 0 0 8.0 4-7 0 
14 0 0 24.6 24.2 0 
16 0 0 8-2 7.6 180 
18 0 0 - -  1.2 180 
20 0 0 - -  2.4 0 
22 0 0 6.5 5.4 0 

0 2 0 4.3 4.1 346 
0 4 0 11.9 14.0 270 
1 1 0 39.4 44.0 97 
3 1 0 35.6 37.6 354 
5 1 0 20.2 23.1 194 
7 1 0 16.2 17.3 245 
9 1 0 24.3 20.4 262 

11 1 0 36.5 30.2 10 
13 1 0 4.1 4.3 252 
15 1 0 6-9 6.9 12 

h k 0 IFol IF~I ~ (o) 
17 1 0 - -  3.3 55 
19 1 0 - -  0.9 90 
21 1 0 10.9 10-0 34 
23 1 0 5.8 5-9 194 

2 2 0 20-5 22.2 268 
4 2 0 14.2 14.0 20 
6 2 0 9.4 10.1 183 
8 2 0 15.6 YI.8 29 

10 2 0 15.0 13.6 38 
12 2 0 11.3 9-9 235 
14 2 0 - -  2.2 90 
16 2 0 - -  3.3 199 
18 2 0 8.1 9.3 29 
20 2 0 11.3 13.8 138 
22 2 0 6.3 3-4 30 
24 2 0 12.7 14.1 318 
26 2 0 7.1 5.5 245 

1 3 0 8.1 6.8 147 
3 3 0 13.6 13.4 22 
5 3 0 9.1 9.8 262 
7 3 0 8.8 12.2 45 

797 

for the hlc'O re flexions 
h k 0 IFol IFcl ac (o) 
9 3 0 7.1 9.2 244 

11 3 0 7.3 4.8 29 
13 3 0 10.2 10-6 326 
15 3 0 7.5 8.7 267 
17 3 0 5.4 3-9 162 
19 3 0 - -  2.3 93 
21 3 0 - -  1.0 64 
23 3 0 - -  2.3 l l4 
25 3 0 6.3 4-6 27 

2 4 0 10.8 11.7 199 
4 4 0 8.0 9.6 94 
6 4 0 15-9 15.7 334 
8 4 0 14.2 12.5 34 

10 4 0 9.6 8.7 105 
12 4 0 5-0 4.9 211 
14 4 0 5.0 5.3 15 

1 5 0 - -  2.6 286 
3 5 0 6.9 6.8 316 
5 5 0 8.6 8.5 16 
7 5 0 10.4 12.2 105 
9 5 0 5.2 4.9 227 

of t he  opt ica l  t r a n s f o r m  t echn ique  descr ibed b y  Pin-  
nock  & Lipson  (1954). A wire mode l  of t he  m e t h y l  
g roup  was used to  sugges t  possible conf igura t ions  of 
each  of t he  four  groups  of h y d r o g e n  a t o m s ;  t h e  mode l  
was cons t ruc ted  w i th  t e t r a h e d r a l  angles,  possible  dis- 
t o r t i ons  caused b y  s ter ic  repuls ive  i n t e r a c t i o n  be ing  
ignored.  The  o r i en t a t i on  of the  model  was var ied  un t i l  
i ts  conf igura t ion ,  in  pro jec t ion ,  appea red  to  be reason- 
a b l y  compa t ib le  w i th  t he  app rop r i a t e  r idge  in  the  
(@o-@c) map.  The  m o s t  p robab le  of a n u m b e r  of pos- 
sible conf igura t ions  was t h e n  deduced  b y  compar ing  
t h e  opt ica l  t r a n s f o r m s  of t he  h y d r o g e n  a toms  alone,  
for each of these  conf igura t ions ,  a n d  a reciprocal-  
l a t t i ce  sec t ion  we igh t ed  wi th  va lues  of IFo-FcI. The  
rec iprocal - la t t ice  sect ion used for t he  compar i son  in- 
corpora tes  on ly  13 ref lexions,  al l  w i th  low values  of 0 
a n d  h igh  values  of IFo-F~I; t he  F - v a l u e s  for these  13 
ref lexions  are the  ones mos t  l ike ly  to be in f luenced  b y  
h y d r o g e n  a toms.  Inc lus ion  of the  h y d r o g e n  a toms  in  
t h e  ca lcu la ted  s t r u c t u r e  fac tors  reduces  t he  a g r e e m e n t  
res idua l  (R - -Z ,  IFo-F~I--ZIFol) f rom 0.24 to  0.08 for 
t h e  13 selected ref lexions  a n d  f rom 0.16 to  0.12 for 
t he  whole zone of hO1 ref lexions ;  in  e v a l u a t i n g  R 
acc iden t a l l y  absen t  ref lexions  are excluded.  

The  f ina l  va lues  of F~, inc lud ing  the  con t r ibu t ions  
f rom the  h y d r o g e n  a toms ,  m a y  be compared  w i th  t h e  
values of Fo for t he  whole  zone of hO1 ref lexions  in  
Tab le  1. A p lo t  of log (Fo/F~) aga ins t  s in 9 0/~ 9 was 
used to p u t  the  va lues  of Fo on an  abso lu te  scale a n d  
to  der ive  the  t e m p e r a t u r e  fac to r  appl ied  to  t he  a tomic  
s ca t t e r i ng  fac to r s ;  t he  l a t t e r  were t a k e n  f rom Inter- 
national Tables (1935). 

(v) The [001] projection 
The  s t ruc tu re  of t h e  [001] p ro jec t ion  was deduced  

a p p r o x i m a t e l y ,  us ing  a wire  model  of t he  b i s h y d r o x y -  
d u r y l m e t h a n e  molecule  cons t ruc t ed  w i th  n o r m a l  bond  

d i s tances  a n d  bond  angles.  The  model  was o r ien ted  so 
t h a t  i ts  shadow,  cast  on t h e  [010] electron d e n s i t y  m a p  
(Fig. 3(a)) b y  a beam of l igh t  para l le l  to  t he  [010] 
axis,  supe r imposed  fa i r ly  closely on the  p ro jec ted  
molecule  observed  in  Fig.  3 (a). The  shadow p roduced  
b y  a second b e a m  of l igh t  para l le l  to  t he  [001] axis  
was t h e n  used to  deduce  the  y co-ordinates  of the  a toms  
in t he  molecule.  

R e f i n e m e n t  of t he  n o n - c e n t r o s y m m e t r i c  [001] pro- 
j ec t ion  b y  Four i e r  m e t h o d s  m u s t  necessar i ly  be slow; 
t he  in i t i a l  s tages  of r e f i n e m e n t  were there fore  effected 
b y  t e s t ing  var ious  s l igh t  modi f ica t ions  of the  s t ruc tu re ,  
us ing  the  r e l a t i ve ly  r ap id  op t i ca l - t r ans fo rm method .  
A t  all  s tages  of r e f i n e m e n t  t he  x co-ordinates  a d o p t e d  
were those  o b t a i n e d  f rom the  [010] pro jec t ion .  An  
ag reemen t  res idua l  of 0.21 was o b t a i n e d  for the  s truc-  
tu re  f ina l ly  deduced  f rom the  opt ica l  t r ans fo rms .  The  
res idua l  was reduced  to  0.18 a f te r  t he  f i rs t  Four ie r  
syn thes i s  a n d  to  0.17 a f te r  two more  syn theses .  Smal l  
changes  in  the  abso lu te  scale of the  observed  s t ruc tu re  
a m p l i t u d e s  a n d  in  t he  t e m p e r a t u r e  fac to r  of the  cal- 
cu la ted  s t r u c t u r e  a m p l i t u d e s  gave  a f u r t h e r  r educ t ion  
in  t h e  res idua l  to  0.16. 

A t  th i s  s tage  the  ca lcu la ted  s t ruc tu re  a m p l i t u d e s  
did no t  inc lude  t h e  con t r ibu t ions  of the  h y d r o g e n  
a toms .  An  a t t e m p t  to  de t e rmine  the  pos i t ions  of the  
h y d r o g e n  a toms  in t he  [001] pro jec t ion ,  us ing  t h e  
ob jec t ive  m e t h o d  of a difference syn thes i s ,  was un- 
successful ;  t h i s  m a y  be a t t r i b u t e d  to  t he  f ac t  t h a t  in  
t he  n o n - c e n t r o s y m m e t r i c  [001] p ro jec t ion  the  dif- 
ference syn thes i s  loses m u c h  of i ts  power  because  all  
ca lcu la ted  phase  angles  suffer  f rom errors due  to  non-  
inc lus ion of t h e  con t r i bu t i ons  of t h e  h y d r o g e n  a toms .  
The  y co-ordinates  of t he  h y d r o g e n  a toms  were there-  
fore ca lcu la ted  f rom the i r  x a n d  z coordinates ,  as 
o b t a i n e d  f rom the  [010] pro jec t ion ,  a s suming  n o r m a l  
bond  l eng ths  a n d  bond  angles  for  t he  l inkages  to  t he  
h y d r o g e n  a t o m s ;  t he  a s s u m p t i o n  is no t  comple t e ly  
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just i f ied since the molecule is in a state of s train (§ 4) 
which m a y  be expected to cause considerable devia- 
t ions in the  positions of the hydrogen atoms. On in- 
cluding the hydrogen a tom parameters  in the calcula- 
t ions of s t ructure ampl i tude  the agreement  residual 
fell immedia te ly  to 0.13. This fall  in the residual, using 
hydrogen  a tom parameters  deduced from the [010] 
projection, offers fur ther  evidence tha t  the positions 
of the  hydrogen atoms postulated in the [010] projec- 
t ion are approx imate ly  correct. 

The inclusion of the  hydrogen atoms in the struc- 
ture-factor  calculations made  appreciable alterations 
in  the  phase  angles of most  of the hkO reflexions. A 
f inal  Fourier  synthesis  was therefore computed, using 
the  modif ied phase angles; the projected electron 

~ .,. ../ "-..- ". b 

,, . . . . . .  ... . . . . .  . . . - - )  
o s!n~., 

4 , I l l  ' J i i + l l  
y 0 1 2A 

Fig. 4. Projection of the electron density along [001]. Con- 
tours are drawn at intervals of 1 e.A -2, the 1 e. /~ -2 contour 
being broken. 

densi ty  is shown in Fig. 4. The atomic positions de- 
duced from Fig. 4 show shifts of about  0.01 /~ from 
the positions obtained in the previous synthesis.  No 
significant change is obtained in the agreement  residual 
on re-calculation of the structure ampli tudes.  The 
observed and  calculated structure ampli tudes  and the 
calculated phase angles for the hkO reflexions are given 
in Table 2. There are some indications of thermal  
anisotropy in the structure but  the  only allowance 
made for it in the structure-factor calculations is the 
adoption of different average tempera ture  factors for 
the  [010] and [001] projections;  this  accounts for the 
discrepancies in the values of .Fc(hO0 ) associated with 
the hO1 and hkO reflexions respectively. 

I t  is observed in both Fig. 3 (a) and 4 tha t  the peak 
values of the  electron densities of the methy l  carbon 
atoms are smaller  t han  those of the carbon atoms in 
the aromatic  r ing;  in Fig. 3(a) the peak values (in 
electrons/A 2) range from 5.3 to 5.8 (average 5.6) for 
the methy l  carbon atoms and from 5.9 to 6.0 (average 

6.0) for the aromatic carbon atoms, whilst  in Fig. 4 
the corresponding values are 6.0 to 6-5 (average 6-1) 
and 6.7 to 7.8 (avergge 7.3). The effect m a y  be at- 
t r ibuted to thermal  vibration.  Oscillation of the mole- 
cule as a whole about its centre or of each half  of the 
molecule about  the C c ~ - C ~ .  l inkage would lower 
peak heights to the greatest ex ten t  at  the outer par ts  
of the molecule occupied b y  the  me thy l  groups. 
Similar effects have been observed in durene (Robert- 
son, 1933) and geranylamine  hydrochlor ide (Jeffrey, 
1945). 

(vi) Atomic  co-ordinates: accuracy 

The atomic co-ordinates used in the f inal  calcula- 
t ions of structure factors, bond lengths and bond 
angles are given in Table 3. The [001] projection is less 

Table 3. A tomic  co-ordinates 

Atom x (A) y (A) z (A) 

Co (CHD 0.000 0-000 0-000 
C 1 1.335 0.860 0.150 
C~ 2.187 0-600 1-281 
C s 3.387 1.220 1.412 
C 4 3.775 2-i60 0-450 
C 5 2.962 2.395 -- 0.655 
C s 1.771 1.780 --0.772 
C 7 (CH3) 1.800 -- 0.420 2-262 
Cs(CH3) 4.375 0.990 2-612 
C9 (CH3) 3.407 3.440 -- 1.617 
C10(CH3) 0.950 1 .985  --2.075 

O(Ott) 5.000 2-710 0.595 

tt 1 (Co) 0.33 -- 0.81 -- 0.66 
H2 (C7) 0-82 - -  0-75 1-97 
H3(C7) 1.37 0.23 3"00 
H4(C7) 2.45 - -  1.06 2.85 
Hs(Cs) 3.95 1.45 3.50 
He(Ca) 4"90 0"00 2.45 
H 7 (C8) 5.35 1.50 2.57 
Hs(O ) 5.72 3.30 0.00 
H9 (C9) 4"35 3-45 - -  2"32 
Hlo(C9) 4"25 4-16 -- 1.32 
H n (C9) 3"02 4-35 -- 2.20 
Hl2(Clo) 1.37 1.40 -- 2-90 
HIs(Clo) 0.40 2-95 -- 2-20 
H14(Clo) 0-05 1.36 -- 2.12 

reliable than  the [010] projection because (a) the ex- 
per imenta l  da ta  include only 52 values of Fo(hO1) as 
compared with 155 values of Fo(hkO), (b) in refine- 
ment  by  the method of successive Fourier  syntheses 
the error in atomic positions is twice as great for non- 
centrosymmetr ic  as for centrosymmetr ic  projections 
(Luzzati, 1951). The x and z coordinates in Table 3 
are therefore those obtained from the  [010] projection. 
The y co-ordinates are derived from the [001] projec- 
tion and must  be regarded as less accurate t han  the  
x and z co-ordinates. 

The values of the final agreement  residuals--0.12 for 
the h0/ref lexions and 0.13 for the  hkO ref lexions--are  
quite low considering tha t  the  intensit ies have  been 
es t imated visually,  tha t  no detailed allowance has been 
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made for thermal anisotropy, and that  the postulated 
positions of the hydrogen atoms must be subject to 
considerable error. I t  is unlikely, therefore, that  there 
are large errors in the positions determined for the 
carbon and oxygen atoms. 

A quantitative estimate of the accuracy of  the 
atomic co-ordinates is obtained from an examination 
of the planarity of the aromatic ring. The equation 
of the best plane through the six atoms in the aromatic 
ring, calculated by the method of least squares, is 

-3.639x÷6.020y+4.182z-- 1. 

The displacements of all atoms in the molecule (except 
hydrogen atoms) from this plane are given in Table 4; 

Table 4. Perpendicular distances of the atoms from the 
mean plane through the aromatic carbon atoms 

Atom Distance (A) Atom Distance (A) 

C z 0.007 C0(CHg.) --0.122 
C 2 0.001 C~ (CHa) -- 0.075 
C a -- 0.009 C 8 (CH a) -- 0.004 
C 4 0.018 Cg (CHa) 0.066 
C 5 --0.012 Cz0(CHa) --0.144 
C e - 0.005 0 (OH) -- 0.048 

the mean displacement is 0.008~ J~ and the maximum 
displacement 0.018 J~. The least accurate co-ordinates 
- - the  y co-ordinates--are given a fair weighting in the 
least-squares analysis since the plane of the aromatic 
ring is inclined to the (010) plane at an angle of 43 °. 
I t  is reasonable to assume, therefore, that  the probable 
error in the co-ordinates of the atoms in the aromatic 
ring is of the order of 0.01 A and the probable error 
in the aromatic-ring bond lengths about V2 times 
larger than this value. The y co-ordinates of the methyl 
carbon atoms may be considerably less accurate be- 
cause of the "uncertain influence of the attached 
hydrogen atoms. 

4.  D i s c u s s i o n  o f  t h e  s t r u c t u r e  

The configuration of the bishydroxydurylmethane 
molecule and the arrangement of the molecules in the 
crystal are indicated in Fig. 5: the twofold symmetry 
axis is normal to the plane of the diagram and passes 
through the methylene carbon atom C o . The planes of 
the two aromatic rings in each molecule are inclined 
to the (010) plane at an angle of 43 ° and are therefore 
mutually inclined at an angle of 86 ° . The magnitudes 
of the bond lengths and bond angles are given in Fig. 6 
whilst the intermolecular distances and non-bonded 
intramoleeular distances are shown in Fig. 5. 

An examination of Figs. 5 and 6 and Table 4 reveals 
that  there is a considerable amount of strain in the 
molecule. The strains follow closely the pattern pre- 
dicted by Burawoy & Chamberlain (1949), who sug- 
gested that  the steric repulsive interaction of the 
methylene group and the o-substituted methyl groups 
should produce a lengthening of the C~.-CcH~ link- 

A 
~o/2 

c0 (CH2) 
~ C ~ o  (CH3) 

( C H 3 ) C 7 " ~  cICC~/cG 

/ / ) -~  (CH3) 
/ 

(CH~)C~((O.H)OI ~.:~2 
"3.9.1 ~0 

"'I" 'I O (OH) C8 (CH3) l 

2.i39 I" I /_ , ,  , 
.L I 

(cH3)C,o~. ~ ~ ?'90::' "':4"01 ..... ~ 
c,0(c.,) 

i .-  ' (cH ) ) . . .  

~C' (CH3) 
(CH3) C~ 

(OH) O' 

Fig. 5. The structure of bishydroxydurylmethane viewed along 
the [010] axis; intermolecular and non-bonded intramolec- 
ular distances are given in AngstrSm units. 

ages and a widening of the angle between them and a 
displacement of the methylene carbon atom from the 
planes of.the aromatic rings. The value of 1.60 A for 
the C ~ - C c ~  distance is significantly longer than the 
normal'single-bond C-C distance of 1.54/~; since the 
position of the methylene carbon atom is fixed by 
symmetry the probable error in this bond length is 
particularly small and is estimated to be 0.010 A. 
The angle of 119.2 ° between the two C~.-CcE~ link- 
ages is 10 ° more than the normal bond angle. I t  is 
interesting to note that  Whittaker (1953) observed 
that  the CAr_Cc~ distance is normal (1.53 A) in 
3 : 3'- dichloro- 4: 4' - dihydroxydiphenylmethane (IV) 
which has a similar configuration to bishydroxyduryl- 

C7q 

(CH3) C8 

- ~_IC3 

(OHIO ~ 
T-- 

CH3) C~ (CH3) 

Co(CH2) ] 

~2 ~" ]19-1" ^^ ^. j C ; ( C H 3 )  

. . . . .  121-21' "-u O'(OH) 

I C9(CH3) C;(CH3) 
Fig. 6. Simplified diagram of the bishydroxydurylmethane 

molecule giving bond lengths and bond angles. In the true 
molecular configuration the aromatic rings are rotated out 
of the plane of the diagram about the C0-C z and C0-C ~ 
linkages, 
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methane but which is without one of the elements-- 
the o-substituted methyl groups--presumed to cause 
the strain; however, Whittaker quotes a widened 
valency angle Cx~.-Cc~2-CAr. of the same order of 
magnitude as that  now observed in bishydroxyduryl- 
methane. Unusually long C-C linkages have been 
reported in two electron diffraction studies: Kitaigo- 
rodskii (1949) claims that  in acenaphthene the distance 
between the CH~ groups is 1.64+0.4 A whilst Lemaire 
& Livingstone (1950) estimate that  the C-C bond 
lengths in octafluorocyclobutane lie within the limits 
1.57 and 1-62 J~; in each case the increase in the bond 
length is attributed to intramolecular strain. The 
methylene carbon atom is displaced by 0.12 /~ from 
the mean plane through the atoms in the aromatic 
ring so that  instead of lying in the plane of the ring the 
CcE2-C~. linkage is inclined to it at an angle of 4.4°; 
the direction in which the aromatic ring bends away 
from the Cc~-CA~. linkage is such that  it tends to 
reduce the stresses caused by steric repulsion. 

The positions of the methyl carbon atoms provide 
further evidence of the existence of considerable steric 
repulsion within the molecule. The atoms C 7 and C10 
are displaced by 0.075 and 0.144 J~ respectively from 
the plane of the aromatic ring. The atom C~ lies at 
distances of 2.90 /~ from the methylene carbon atom 
C O and 2.96 J~ from the neighbouring methyl carbon 
atom Cs; C10 is 3.03 A from C O and 2.89 J~ from the 
nearest methyl carbon atom C 9. In contrast, the dis- 
tance between methyl carbon atoms in opposite halves 
of the molecule is relatively large--3.66 A--whilst 
the smallest distances between methyl carbon atoms 
in different molecules are normal at about 4.0 A. 

The observed interactions between the carbon atoms 
of the methyl and methylene groups must take place 
indirectly through the attached hydr#gen atoms. I t  is 
unfortunate that  the y co-ordinates of the hydrogen 
atoms could not be determined directly since details 
of the strains in the linkages to the hydrogen atoms 
would give a fuller picture of the steric interactions. 
The [010] difference synthesis (Fig. 3(b)) does, how- 
ever, show certain features which indicate that  the 
hydrogen atoms may be displaced by very consider- 
able amounts from the positions they would normally 
occupy. For example, the line joining the two sym- 
metrically related hydrogen atoms of the methylene 
group should be at right angles to the line joining the 
carbon atoms C O and C~ if the bonds from the methy- 
lene carbon atom ~ollow the usual tetrahedral arrange- 
ment; instead the two lines are mutually inclined at 

an angle of about 60 °, the deviation from a right angle 
being in such a direction that it increases the very short 
distance which separates each hydrogen atom from 
the nearest methyl group. 

The length of the C4-0 bond (1-35 •) is significantly 
less than the normal single-bond distance of 1.42 J~. 
Short CAr.-0 distances are observed in other struc- 
tures, e.g. 1.36 /~ in resorcinol (Robertson, 1936) and 
1.36 ~ in l:4-dimethoxybenzene (Goodwin el al., 
1950); the C-0 distance observed by Whittaker (1953) 
in 3 : 3'-dichloro-4: 4'-dihydroxydiphenylmethane is 
1-38/~. 
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