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The Structure of Methyl 1:2-benzanthraquinones.  II. The Crystal and 
Molecular Structure of 5-Methyl-  1 : 2-benzanthraquinone 
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Chemistry Department, Queen's College, Dundee, Scotland 

(Received 24 April 1962) 

The crystal structure of 5-methyl- 1 : 2-benzanthraquinone has been determined by two-dimensional 
Fourier methods, and accurate atomic coordinates were obtained by three-dimensional least-squares 
refinement. The crystals are orthorhombic with 4 molecules per unit cell: 

a=14.13,  b=23.27, c=3.94.£., space group P21nb. 

The reliability factor (R) for 635 independent reflexions is 0.082 and the s tandard deviations of the 
coordinates are approximately 0.01 A. The C =O bonds are 1.218 /~, the C-C single bonds have a 
mean value of 1.491 ~,  and there is one long aromatic bond of 1.472/~ which appears to be caused 
by steric interference between an oxygen atom and a hydrogen atom attached to one of the benzene 
rings. This oxygen atom is 0.173 A distant from the mean plane and several carbon atoms have 
deviations of 0.05-0.15 /~ from the plane. Asymmetrical temperature parameters were included 
in the refinement process and corrections to the coordinates have been calculated to allow for 
rotational-oscillation vibrations. 

Introduction 

The s t ruc ture  of 5 -methy l - l :2 -benzan th raqu inone  
(Fig. 1) is of par t icu lar  interest  because i t  is a deriva- 
t ive of an active carcinogenic agent  5 -methy l - l :2 -  
benzanthracene;  the  compound whose s t ruc ture  is 
described in P a r t  I I I  is a quinone derived f rom an  
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Fig. 1. 5-Methyl- 1 : 2-benzanthraquinone (C190~I-I12). 

inact ive methy l - subs t i tu ted  1:2-benzanthracene.  The 
uni t  cells and  space groups of a series of subs t i tu ted  
1 :2-benzanthraquinones  were given in P a r t  I (Ferrier 
& Ibal l ,  1960). 

Crystal data 

The crystals  obtained f rom ethyl-aceta te  solutions 
were th in  yellow needles. They  are or thorhombic with  
unit-cell dimensions 

A C 16 -- 18 

a=14.13_+0.01,  b=23.27_+0.02, c=3.94_+0.01 /~.  

(The c axis is parallel  to the  axis of the  needles). 
Space-group P21nb; 4 molecules per  uni t  cell; d(obs.) 
(24-5 °C.)= 1-389 g.cm.-a;  d(cale . )= 1.395 g.cm. -a. The 
sys temat ic  absences (hO1 when h+l is odd and  hkO 
when k is odd) sat isfy two space groups P21nb and  
Pmnb but  the  l a t t e r  requires 8 asymmet r ic  units  and  
since the  molecule cannot  have  any  s y m m e t r y  the  
former  space group was adopted.  

Intensity measurement  

Weissenberg photographs  were t aken  abou~ the three 
axes, the  zero, first ,  second and  th i rd  layers  of c, 
and  the  zero layers  of a and  b. Multiple film packs 
were used to record the  s t rong and  weak reflections 
and  the  Weissenberg camera  was f i t t ed  with  a device 
which gave an  in tegra t ion  in the  direction of t ravel .  
This was found to be a great  advan tage  since i t  gave 
a spot wi th  uniform in tens i ty  in one direction and  
it  was much  easier to es t imate  the  intensities. The 
es t imates  were made  by  two observers independent ly  
with  the  normal  cal ibrat ion scale. I n  addit ion,  if the  
amoun t  of l inear in tegra t ion is su i tably  chosen in 
relat ion to the  length of the  crystal ,  i t  removes 
ent irely the  difficulty which arises in ord inary  Weis- 
senberg photographs  of upper  layer  lines due to the  
contract ion of spots on one half  of the  film and  
elongation on the  other  side. Cu K s  radia t ion  was 
used throughout  and,  in addi t ion to the photographic  
method,  some zero-level reflections on each axis were 
measured with  a G.-M. counter  spectrometer .  The 
crystals  were small  and so absorpt ion corrections could 
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be ignored except for crystals  mounted  on the  a axis 
and  in this case corrections were calculated by  means 
of the method  of Albrecht  (1939). 

D e t e r m i n a t i o n  o f  t h e  s t r u c t u r e  

I t  was expected t h a t  a plot of the c* zero layer  of the 
weighted reciprocal lat t ice would show the orientat ion 
of the two molecules which are re lated by  the  glide 
plane. However  only six groups of spots appeared  on 
the plot near  to the  'benzene ring circle' (Fig. 2). 
The two molecules must  therefore have an orientat ion 
with one d iameter  of the  benzene rings parallel  to 
one axis of the cell. F rom the centres of g rav i ty  of the 
six groups of spots it  was calculated t h a t  the molecule 
was t i l ted a t  an  angle of approx imate ly  25 ° about  a 
line parallel  to the a-axis. There are three ways in 
which the molecule can be a r ranged  to sat isfy the 
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Fig. 2. h/c0 weighted reciprocal lattice• 

showed tha t  be t te r  agreement  between F• and  Fc for 
h00 planes was obtained by  (i) a ro ta t ion  1-5 ° clock- 
wise or (ii) 2.5 ° anti-clockwise. An a t t e m p t  to refine 
the atomic coordinates on the assumpt ion  t h a t  (i) was 
correct failed, but  when (ii) was used the  s t ruc ture  
was determined in a s t ra igh t forward  manner .  Sixty- 
five of the largest  s t ructure  factors were calculated 
and the  observed values pu t  on the same scale. Wi th  
the omission of three factors where agreement  was 
bad, the R-factor  [R=Xl[Foi-JFc]]/ZJFo]] was 0-15. 
An electron-density projection was computed with 
the calculated phases of these 62 s t ruc ture  factors  
and the map  shown in Fig. 3 was obtained. The a toms 
were all resolved and  the peak positions were deter- 
mined by means of the semi-analyt ical  method  of 
Burns  & Ibal l  (1955). Wi th  the x and y coordinates 
obtained in this way  all the s t ructure  factors for the  
hk0 reflections were calculated and when a t empera tu re  
factor  (B) of 4.5 was used, instead of the  previous 
value of 3.7, the  R-factor  for all the  observed reflec- 
tions was 0-30. An (Fo-Fc) Fourier  synthesis was 

0 1 2 3 A . U .  

Fig. 3. First hkO Fourier (contours at arbitrary intervals). 

orientat ion indicated by  Fig. 2. The position of the 
molecule along a, the  screw-axis direction, is in- 
de terminate  and  so the values of F• for the h00 planes 
are dependent  only on the  orientat ion of the molecule. 
Each  of the  possible a r rangements  was t r ied in tu rn  
and  only one gave reasonable agreement  between 
calculated and  observed s t ructure  factors. For  these 
pre l iminary s t ructure-factor  calculations it  was as- 

sumed that the molecule was planar and that the bond 
lengths and bond angles were similar to these found 
in other  compounds. The scattering curves of Berghuis 
et al. (1955) were used with a t empera ture  factor  B 
of 3.7 A 9 for all atoms. With the approximate  orienta- 
t ion determined,  the values of the  0k0 s t ructure  
factors were calculated for various positions along 
the b axis• The best agreement  wi th  the observed 
values was when the  'centre '  of the molecule was a t  
approximate ly  b/8 from the screw axis. Fur the r  trials 
of small rotat ions of the molecule in the (001) plane 

now computed and the  indicated shifts of a tom 
positions were doubled• Re-calculat ion of the s t ruc ture  
factors showed t h a t  for three reflections the agreement  
with the  observed values was very  poor• However ,  
these three reflections are ve ry  sensitive to a slight 
movement  of the whole molecule along the  b axis  
direction and when all the y coordinates were reduced 
by y/b=0.003 there was a marked  improvement  in 

the agreement. ~uccessive F•  and  ( F o - F c )  Four ier  
syntheses were now computed with increasing num- 
bers of the observed s t ructure  factors and calculated 
phases. A value of 0.23 was obtained for the R-factor  
wi thout  any  hydrogen atoms. The later  (Fo-Fc) 
maps showed quite clearly approximate  positions for 
the hydrogen atoms. Fig. 4 is such a map  and  on this  
the crosses represent  calculated hydrogen positions 
assuming a C - H  bond of 1.05 •. The R-factor  was 
reduced to 0.21 wi thout  the hydrogen a toms and it  
dropped only by 0.01 when they  were included. 
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Fig. 4. h/cO [.Fo--.F c (carbon and  oxygen)] Fourier .  Contours  
a t  intervals  of 0.2 e./~-e; the negat ive contours  are in do t t ed  
lines. (The calculated hydrogen  a t o m  positions are shown 
by  crosses). 

The Okl reflections were now considered. A t i l t  of 
the molecule of 26 ° about  a l ine paral lel  to a was 
adopted and  the posit ion of the  molecule along the 
c axis was found by  calculating the structure factors 
of three reflections, 002, 004 and  062 for various 
positions from z = 0  to z=c /2 .  I t  was found tha t  the 
most  probable  posit ion for the mass centre was 
z/c = 0.09. Calculation of all  the observed Okl structure 
factors gave an  R-factor of 0-23. Wi th  the phases 
thus  calculated an  Fo Fourier  map  was computed 
and  this confirmed the position and orientat ion of 
the  molecule. I t  was concluded tha t  the coordinates 
obtained at this  stage were subs tant ia l ly  correct and  
tha t  a ref inement  by  the least-squares techniques was 
justified. 

Ref inement  by l eas t - squares  

The first  stage of the ref inement  was carried out on 
the  'Pegasus'  computer  at Nor thampton  Polytechnic,  

London wi th  the program wri t ten  b y  Dr J u d i t h  
Milledge of Univers i ty  College, London. Wi th  the hk0 
reflections, four cycles of ref inement  reduced the 
R-factor from 0.20 to 0.13. This program did not  
refine the indiv idual  tempera ture  factors (B) so these 
were es t imated from ( F o -  Fc) Fourier  maps.  A Fourier  
synthesis  with the phases from the last  cycle gave the 
map  shown in Fig. 5. A ref inement  of the Okl reflec- 
tions was carried out in the same way  but,  since in 
this  projection there is considerable overlap of the 
atoms, the y coordinates were not allowed to change. 
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Fig. 5. Final  hkO Fourier .  Contours  are a t  1 e.A -2 and the 
l e contour  is dot ted .  

I t  was realized tha t  the atomic vibrat ions were not 
isotropic and  the subsequent  ref inement  was done on 
the 'Pegasus '  computer  at  Leeds Univers i ty  with the 
program wri t ten  b y  Dr D. W. J.  Cruickshank. Wi th  
this program it  is possible to refine with either isotropic 
or anisotropic the rmal  parameters .  I t  was used wi th  
three-dimensional  da ta  (635 independent  reflections). 
The number  of reflections used is far smaller  t han  the 
theoretical  number  for C u K a  radia t ion but  the 

Table 1. Final carbon atom coordinates and standard deviations ( t~ ) 

A t o m  x a(x) 

O1 2.418 (2-427) 0.007 
02  - 2 . 4 1 3  (--2.425) 0.007 
A 1-302 (1-308) 0.008 
B 0.078 (0.078) 0.010 
C 0.120 (0-120) 0.011 
D -- 1-082 (-- 1-083) 0"011 
E --2"316 (--2-319) 0"012 
F -- 2.345 (-- 2"350) 0"010 
G - 1"156 (--1"158) 0"009 
H --1"310 (--1"318) 0"010 
I -- 0"069 (--0"069) 0"010 
J --0-123 (--0"124) 0"011 
K --1-370 (--1"373) 0"011 
L -- 1-298 (-- 1"299) 0"012 
M -- 0"093 (-- 0"093) 0"015 
N 1"069 (1"070) 0"012 
P 1-089 (1.090) 0.010 
Q 2-303 (2.309) 0.009 
R 2.345 (2.355) 0.010 
S 1.167 (1.174) 0.009 
T 1.407 (1.409) 0.013 

y a(y) z a(z) 
3.860 (3-867) 0.006 0.698 (0-700) 0-009 
1.795 (1.794) 0.006 --0.217 (--0.218) 0.013 
3.390 (3.395) 0.008 0.520 (0.522) 0.011 
4.138 (4.141) 0.007 0.991 (0.992) 0.010 
5.414 (5.418) 0.009 1.614 (1-616) 0.010 
5.983 (5.986) 0.009 1-952 (1.954) 0.010 
5.401 (5.406) 0.010 1.717 (1.719) 0.010 
4.187 (4.192) 0.009 ].071 (1.073) 0.012 
3.527 (3.529) 0.009 0.709 (0.710) 0.011 
2.209 (2.209) 0.009 0.069 (0.070) 0.012 
1.446 (1.445) 0.007 --0.304 (--0.304) 0.010 
0.122 (0.119) 0.007 --0.944 (--0.945) 0.009 
0.621 (--0.628) 0.011 --1"069 (--1.072) 0.013 
1.827 (-- 1.834) 0-009 -- 1.702 (-- 1.705) 0.013 
2.464 (--2.470) 0"009 --2.143 (--2.145) 0.011 
1.760 (-- 1-764) 0.009 -- 1-983 (-- 1-985) 0.012 
0"457 (-- 0.460) 0"008 -- 1.306 (-- 1-308) 0.010 
0"187 (0.182) 0.009 -- 1"135 (-- 1.138) 0-011 
1.439 (1"436) 0"009 --0"526 (--0.528) 0"012 
2.044 (2.043) 0.008 --0.073 (--0.074) 0.010 
6.076 (6.084) 0.010 1.877 (1.881) 0.013 

(The figures in brackets  are the  coordinates  af ter  mak ing  corrections for rotational-oscil lations).  
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t h i n n e s s  o f  t h e  c r y s t a l s  m a d e  i t  d i f f i c u l t  t o  r e c o r d  t h e  e x p  - (bnh 2 + b2~.k 2 + ba312 + bzshl + b2akl + bz2hk) 
weak reflections, especially those with an l index but the output gives the values of U~¢ which are the 
greater than 3. 

The first cycle, with the est imated individual components of the symmetric  tensor describing the 

isotropic temperature factors gave R = 0.188 and after Table 3. Final asymmetric temperature parameters (U~¢) 
three cycles of refinement and after re-scaling the (i 2 x 10-9), with respect to the unit cell axes 
observed structure factors to the calculated ones, Atom Ull U22 Uza 2U19 2U2a 2Ula 

the value of R fell  to 0.11. The temperature parameters O1 5.01 6.12 12-25 -- 1.63 -- 2.69 -- 1-40 
for the cycles after the first were used in the form 02 5.05 5.87 17.50 0.28 -6.46 -3 .00 

T a b l e  2.  Hydrogen atom coordinates (4) 
A t o m  x y z 

H1  (T) 1.509 7.038 2.274 
H 2  (T) 2.125 6.118 1.102 
H 3  (T) 2.065 5.607 2.654 
H 4  (D) - -1 .115  6.869 2.681 
H 5  (E) -- 3.255 5.824 1.875 
H6 (F) - -3-141 3.729 0"652 
H 7  (K) - -2 .232  - 0 . 3 8 6  - -0 .741  
H 8  (L) - -2 .171  - -2 .452  - 2 . 1 7 1  
H 9  (M) - -0 .188  - -3 .089  - -3 .007  
H 1 0 ( N )  2.027 - -2 -215  - -2-189  
H11(Q) 3.211 - 0 2 1 0  - 1.185 
H12(R)  3.251 1.817 - -0 .297  

(The letters in brackets indicate the carbon atoms 
to which the hydrogen atoms are attached.) 

A 3.89 5.35 6.95 0-50 2.77 2.72 
B 4.85 4.32 6.68 0-12 4-70 0.13 
C 6.36 5.66 5.66 1.11 2.65 - -0 .79  
D 8.37 5.40 5.26 - 0.23 - 2.26 1.99 
E 8.30 7.23 3.97 2.37 2.28 3.64 
.F 4.84 7.46 7-86 - -0-15  0.34 5-28 
G 5.00 5.99 5-75 0-06 5.64 -- 0-52 
H 5.15 5.34 9.29 -- 1.21 5-49 0-26 
I 4.87 3.90 5.60 0.78 1-51 - -2-09  
J 5-78 4.60 4.20 0.63 0.34 1-11 
K 6.29 6.93 7.18 0.05 0.14 - -4 .04  
L 7.47 6.09 7.62 - -1 .64  - -3 .49  - -2 -86  
.M 9.64 6.09 6.42 0.74 -- 0"48 -- 7"49 
/V 8.35 5.67 7.10 1.91 - -0 .04  - -2-13  
P 5.50 5.13 5.14 1.38 0.70 - -1-66  
Q 4.91 5.80 7.12 2.42 0.25 - 0 . 7 2  
.R 5-63 5-33 7-20 0-57 4-15 1-37 
S 3-91 5-64 5-61 0-01 5-25 4-09 
T 8.51 6.03 8-06 - 0 - 5 9  - 3 - 4 6  0-14 

T a b l e  4.  Observed and calculated structure factors 

h k 0  

h k Fo Fc Ac Bc 

0 2 35.8 35.2 35.2 0 
0 /4 29.7 30.7 30.7 0 
0 6 52.5 53.1 -53.1 0 
O, IO 9.3 11.8 -11.8 O 
0,12 102.7 ICO.O i00.O 0 
0,i~ 12.5 11.7 11.7 0 
o,16 5.7 4.5 /4.5 o 
0,18 3.7 2.9 -2.9 0 
0,20 6.9 7.9 -7.9 0 
0,22 2.1 0.6 -0.6 O 
0,2/4 6./4 6.9 -6.9 0 
1 2 75.0 77.0 -1.5 77.0 
1 /4 52.8 51.6 -12.2 -5o.1 
1 6 7.5 5.9 5.9 o./4 
1 8 /45.6 /43.3 -38.8 19.3 
i ,  IO /47.9 /45.5 -0./4 -/45.5 
1,12 29 .o 26.9 -3.6 -26.9 
1,1/4 8.5 7.8 3.8 6.7 
1,16 6.2 5.1 0./4 -5.1 
1,18 5.5 /4.9 /4.9 0.2 
1,20 8.6 9.7 -9.5 2.2 
1,22 5.1 6.6 -0.7 6.5 
1,2/4 ii.0 12.9 -2.3 12.7 
1,26 1.8 2.0 -1.8 -0.9 
1,28 2.3 2./4 1.9 1.5 
2 0 115.8 120.6 120.6 0 . i  
2 2 23.8 25.3 16.1 19./4 
2 /4 13.2 12.0 5.9 10.5 
2 6 b,h.O l~.7 -25./4 36.7 
2 8 23.9 26.9 25./4 8.8 

2,12 11.2 11.9 11.3 3.7 
2,1/4 12.8 10.7 -2.9 10.3 
2,16 5.9 6.~ 1.8 6.2 
2,18 i0.i I0.~ -2./4 I0.i 
2,20 /4.3 A.8 3.8 2.9 
2,22 3.2 3.2 2.5 -1.9 
2,2/4 5.9 6.0 -6.0 -0.6 
2,26 2.3 3.6 -i.0 -3.5 
2,28 1.7 3.1 2.1 -2.2 
3 2 69.0 65.0 -/4.2 -65.0 
3 ~ 7.8 8.0 -/4.5 -6.7 
3 6 I0.7 11.7 0.6 11.7 
3,10 25.9 25.0 -0.3 25.0 
3,12 2.7 2./4 2.1 -1.2 
3,1/~ 13.5 12.9 3.7 -12.24 
3,16 2.2 3.i -2.7 -1.5 
3,18 2.6 2.3 0.7 2.2 
3,20 7.8 9.0 7.6 -/4.8 

h k Fo Fc Ac Bc 

3,22 5.0 5.6 ~.7 3.1 
3,2/4 1.8 2.7 0.5 2.6 
5 0 67./4 68.3 -68.3 -1.9 
/4 2 17.9 13.6 -3.9 -13.O 

/4 h.4 /4-3 /4.3 -0.7 
/4 6 /41.3 37.2 16.7 -33.2 
/4 8 12.3 12.0 1.0 -11.9 
~,i0 18.0 16.9 13.1 10.7 
/4,12 19.0 18.9 -18.8 -1.2 
/4,1/4 78  8.2 -5.8 5.9 
/4,16 13.7 14.1 i~.i -o.I 
/4,18 21.6 2/4.3 19.2 -1/4.9 
/4,20 11.5 13.6 1.5 -13.5 
5,22 6.9 6.5 3.6 5.3 
/4,24 3.1 3.7 -2.6 0.2 
/4,26 2.7 3./4 -0.9 3.3 
/4,28 0.2 2.2 2.2 0.3 
5 2 33.0 27.9 -0.5 27.9 
5 /4 1/4.0 13.8 8.7 i0.7 
5 6 9/4.8 87./4 0./4 87.5 
5 8 h/~.9 /41.o /40.3 7.7 
5,10 9.7 11.3 0.9 -11.3 
5,12 12.0 12.8 3.5 -12.3 
5,1/4 15.7 14.8 -0.8 1/4.8 
5,16 6.3 6./4 5.6 -3.3 
5,18 35.6 /40.2 -2.8 /40.1 
5,20 16.5 17.3 16.5 5.0 
5,22 5.6 /4./4 3.1 -3.1 
5,2/4 3.9 5.0 2.6 -/4.3 
5,26 2.1 2.1 0.6 2.1 
5~8 2.0 2,6 -l,o -2.4 
6 0 30.7 30.5 30.5 -0.5 
6 2 12./4 13.2 -6.9 11.2 
6 ~ 16.1 15./4 15.o -3.5 
6 6 26.0 2/4.1 2/4.0 2.3 
6 8 31.2 29.0 -27./4 -9.6 
6,10 9.8 9./4 8.3 /4./4 
6,12 9.6 9.2 9.2 -0.5 
6,]24 /4./4 /4.8 -1.2 -/4.7 
6,16 2/4.7 27.1 26.2 -7.0 
6,18 32.8 33.9 33.8 -3.2 
6,20 8.8 9.6 -7.3 -6.2 
6,22 /4.0 4.7 h.6 -1.o 
6,28 2.1 2.9 2.7 -1.2 
7, 2 I0.~ 11.3 3.0 10.9 
7, /4 19.5 18.3 17./4 5.7 
7, 6 61.3 5/4.6 6.6 5/4.2 
7, 8 11.8 11.1 -10.2 /4./4 
7,10 6.1 6.6 -/4.5 -/4.8 

h k Fo Fc Ac Bc 

7,12 6./4 6.7 -3./4 -5.8 
7,394 7.8 7.7 -2.3 7.3 
7,16 12.9 13.8 13./4 -3.2 
7,18 28./4 30.9 1.7 30.9 
7,20 9.2 9.9 -9.1 3.9 
7,22 6.0 6.6 -6.6 0 
7,26 2.8 3.2 -3.0 i.O 
8, 0 15.5 15.7 -15.7 0.8 
8 2 5.6 5.8 -3.9 /4.3 
8 /4 lO.5 11.5 11.3 2.5 
8 6 13.O 12.3 2.2 12.1 
8 8 8.8 9.0 9.0 -I.0 
8,10 7./4 7.8 6.7 -/4.0 
8,12 9.9 11.7 -11.5 1.7 
8,1/4 8.1 8.7 -6.2 -6.] 
8,16 9.7 lO.O 9.5 -3.1 
8,18 10.6 12.5 n.l 5.8 
8,20 /4.5 /4.5 3.5 2.8 
8,22 /4.6 5.5 /4.8 -2.8 
8,2/4 /4.3 5.1 -3.7 1.6 
8,26 2./4 2.5 -O.7 -2.3 
9 2 15. /4  16.2 - 0 . 6 - 1 6 . 1  
9 /4 3.5 2.9 1.3 -2.6 
9 6 5.8 6.0 -0.8 -5.9 
9 8 2.3 2.0 1.9 -0.6 
9,10 7.8 8.3 -1.7 8.1 
9,1/4 5.8 5.9 -1./4 -5.7 
9,16 2.2 2./4 2.3 0.6 
9,18 3./4 3.6 -2.1 -2.9 
9,20 3.5 3.6 -2.7 -2./4 
9~22 2.8 3.7 -1.6 3.3 
9,2h 2.5 3.3 0.I 3.3 

I0, 0 31.5 33.3 33.0 -/4.8 
10,2 19.5 22.3 /4.0 -21.9 
lO, h /4.7 /4.9 -/4.9 0.5 
i0, 6 15.0 15.3 -6.1 -1/4.0 
lO, 8 /4.8 /4.7 /4.3 -1 .8  
i0,12 /4.3 5.9 5.9 -0.i 
lO,~ /4.5 5./4 0.9 -5./4 
10,16 /4.8 3.9 -3.9 -0.3 
10,18 4.~ 0.2 -2 .o -5.7 
10,20 2.5 2.1 1.5 -1.5 
10,22 3.3 3.1 0.9 3.0 
10,2/4 3.5 /4.1 -/4.1 0.3 
ii, 2 2/4.9 27.1 -5.5 26.6 
11, /4 5.5 6.5 2.6 -6.0 
Ii, 6 2.2 2.3 -2.0 -1.2 
ii, 8 3.3 3.1 0.5 3.1 
~,1o 12.9 ~.5 -0.8 -~.5 

h k Fo Fc Ac Bc 

11,12 5.6 7.9 -1.3 -7.7 
ll,I/t 6.0 7.1 -3./4 6.2 
11,16 1.8 2.6 -2.6 0.2 
11,20 /4.2 /4.h /4.3 O.7 
11,22 /4.3 /4.2 3.1 2.8 
12, 0 6/4.6 63.7 63.6 -/4.8 
12, 2 18.8 21.5 7.5 -20.2 
12, /4 3.1 2.5 -2.1 -1.3 
12,6 2.9 3.8 -1.6 3.5 
12, 8 7.0 6.5 -5.8 3.0 
12,10 9.1 10.6 -1.3 -10.5 
12,12 17.0 21.8 21.8 -0.I 
12,1/4 /4.3 6.3 5.5 -3.2 
12,20 2.2 2.9 -2.7 i.I 
13,2 10.9 13.3 -/4.9 12./4 
13, /4 /4.3 /4.2 2.1 -3.6 
13, 6 2.8 3./4 0.3 3./4 
13, 8 9.0 9.6 -9.5 1.3 
13,10 5.2 7.0 -1.6 -6.8 
13,12 /4.1 /4.7 0./4 -/4.7 
13,16 2.2 2.1 -1.2 -1.8 
13,18 2.1 2.3 0.3 2.3 
13,20 2.0 1.6 -1.5 -0.6 
1/4, 0 3./4 /4./4 /4./4 0.I 
1)4, 2 1.9 1.9 1.7 -0.9 
1/4,/4 2.9 3.5 3.3 1.2 
I~, 6 3.5 /4.7 -i.I /4.6 
I~,8 2.2 3.3 2.6 2.0 
1/4,10 2.2 3.1 1.8 -2.5 
1)4,1)4 2.2 1.9 0.3 1.9 
14,16 1.8 2.5 2.1 1.3 
lh,18 2.0 1.3 0.5 1.2 
15, 2 8.1 7.9 -1.5 -7.8 
15, 8 /4.5 5./4 5.3 -0.5 
115,10 3.1 3.3 i.i 3.I 
15,1h 3.0 3.1 -0.0 -3.1 
16, 0 7-3 6.9 -6 .8  1.3 
16, /4 2.3 2.6 2.6 -0.3 
16,6 /4.8 /4.7 0.0 -/4.7 
16, 8 /4.1 3.5 -2.0 -2.8 
16,10 /4.6 3.8 -0.i 3.8 
17, 2 1.8 1.2 0.5 i.i 
17, /4 3.8 2.9 2.8 0.~ 
17, 6 7.9 7.0 1.2 6.9 
17, 8 8.1 6.9 6.7 1.5 
17,1o 2.6 3.0 1.6 -2.6 
18, o 3.7 3.8 3.8 0.5 
18, /4 2.5 3.0 3.0 o 
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Table  4 (cont.) 
h k l  

h k Fo Fc Ac Bc 

o I 26.0 30.7 30.7 o 
o 2 58.o 59.8 -59.8 o 
o 3 25./4 2/4.8 -24.8 o 
0 4 86.9 80./4 80.4 0 
0 5 25.0 2/4.6-24.6 0 
o 6 8.5 9./4 -9./4 o 
0 7 11.3 8.6 -8.6 O 
0 8 52 .7  49.5 -49.5 0 
0 9 37.8 3/4.7 -3~.7 o 
0,12 8.8 ii.i -11.1 0 
0,13 16.3 16.7 16.7 0 
0,1/4 24.8 22.9 -22.9 0 
0,15 5.8 5.3 5.3 0 
0,16 I0./4 9.3 9.3 0 
0,17 3.8 3.6 -3.6 0 
0,19 2.8 3.~ 3-/4 0 
0,20 6.2 7.0 7.0 0 
0,21 6.0 6.3 6.3 O 
0,22 5.6 5.8 5.8 0 
0,2/4 3.2 2.4 2./4 o 
0,26 5.7 5.7 5.7 0 
0,27 5.8 5.9 -5.9 o 
i 0 16.6 17.5 17.3 2.6 
I i 19.6 22.3 -17.2 334.1 
1 2 92.5 105.9 9.1-105.5 
1 3 138.7 155.6 17.9 15/4.6 
1 4 63.6 68.0 22.3 -64.2 
Z 5 11 .2  11.3 -I.O -11.2 
1 6 19.5 11./4 5.7 9.9 
1 7 16.9 13.1 -8.5 iO.0 
1 8 I~.I 12./4 3.9 -11.8 
1 9 50 .8  52.5 -13.2 -50.8 
i ,  I0 29.3 25./4 7.7 -24.2 
1,11 8.9 8.5 5.3 -6.6 
1,12 2.9 2.8 -1.6 2.3 
1,13 3.8 2.2 -0.3 -2.2 
1,14 ~.9 16.8 3.3 -16.5 
1,15 2/4.3 23.9 4.1 23.6 
1,16 13.9 15.1 11.8 -9.3 
1,18 6./4 6.5 /4.8 /4./4 
1,19 5.0 3.3 -3. 0 1./4 
1,22 /4.8 5.3 1.6 5.0 
1,2/4 5.6 5.7 -~.5 -3.5 
2 1 13.9 15.8 -15.1 -/4.8 
2 2 17.3 16./4 -9.7 13.2 
2 3 22 .2  25./4 -0.0-25./4 
2 /4 13.3 13./4 0.6 13./4 
2 5 18.2 15.4 11.o lO.9 
2 6 21.8 25.1 -9.2 23.3 
2 7 8.7 I0.~ 9.9 -3.3 
2 8 5.6 6.7 -4.8 -/4.8 
2 9 /4.3 3.9 - i .o  -3.8 
2,10 7.6 7.o -5.2 /4.7 
2,11 ]]4.9 16.0 -I0./4 -12.2 
2,12 3.2 1.3 -I.i 0.6 

h k Fo Fc Ac Bc 

2,13 3.3 2.7 0.8 2.6 
2,1~ 7.0 6.0 -5.7 -1.9 
2,15 8.2 6.3 2.1 -5.9 
2,16 /4.7 3.7 -3.7 -0.8 
2,17 5.9 5.9 0.I 5.9 
2,18 4.3 /4.9 - i .7  /4.6 
2,19 4.3 3.8 3.7 -0.8 
2,20 5./4 5.0 /4.9 -0.5 
2,21 7.i 7.6 7.3 2.3 
3 0 10.2 10.8 -10.8 0.i 
3 1 3.7 4.1 O -/4.1 
3 2 17.9 19.1 -3.0 18.8 
3 3 13.2 13.6 -/4.6 -12.8 
3 /4 6.6 8.2 -5.3 6.3 
3 5 3.1 3.3 -2.3 2./4 
3 6 23.6 23.8 7.0 -22.8 
3 7 9.7 9.7 -5.5 -8.0 
3 9 13.1 12.6 -3./4 12.2 
3,1o 5.8 6.0 0.2 6.0 
3,11 15.4 16.0 3.6 15.6 
3,12 5.5 6.7 2.5 -6.2 
3,15 8.0 8.6 -/4.3 -7./4 
3,17 9.1 9.1 -7.8 -/4.6 
3,18 5.7 5.8 3.1 -/4.9 
3,21 /4./4 5.3 0.8 5.3 
/4 1 8.7 9.5 -9.5 0.3 
/4 2 18.5 21.3 20.3 6.6 
4 3 27 .7  27.8 26.8 7.5 
4 /4 8.5 7.5 7.1 -2.5 
/4 5 22 .2  21.6 11.5 -18.3 
4 6 17.0 17.7 -/4.7 -17.1 
4 8 19.5 18.8 1 8 . 8  -0.8 
/4 9 17.5 18.6 -18./4 2.1 
4,10 14.1 i~.2 6.5 -12.7 
/4,11 10.3 10.2 0.3 10.2 
/4,12 /4.8 6.1 4.3 -/4.3 
/4,13 4.3 3.0 -3.0 0.O 
/4,1~ 8.0 8.3 5.1 6.5 
/4,15 16.8 16.8 15.o 7.6 
4,16 8.0 7.8 7.5 -1.9 
h,17 9.7 9 ./4 3.0 -8.9 
4,18 11.3 12.6 -5./4 -II./4 
/4,21 9.0 9.3 -9.3 -0.3 
/4,22 8.9 8.0 3.2 -7.3 
/4,23 5.5 5.0 1.5 /4.8 
/4,2/4 6.3 5.7 -1.7 -5.5 
5 0 15.6 16.4 -8.5 l~.O 
5 1 4.0 5./4 /4.4 -3.1 
5 2 2 0 . 8  20.5 -2.3 -20.3 
5 3 19.5 20.9 -12.9 -16.5 
5 /4 19.3 18.8 -18.0 5.5 
5 5 14.2 i ~ . i  -11.7 7.9 
5 6 /4.2 5.5 1.6 5.2 
5 7 I I .0  9.2 8.1 4.3 
5 8 14 .9  15.1 -1.2 -15.1 

h k Fo Fc Ac Bc 

5 9 7.8 7.9 6./4 /4.6 
5,10 7.8 8./4 -7 . I  /4.6 
5,]-1 7./4 7.8 1.6 -7.6 
5,13 6.2 5.5 -4.0 -3.8 
5,1/4 22.8 23.2 -2.1 -23.3 
5,15 20./4 22.6 -7 . i  -21.5 
5,16 i~ . I  i/4./4 -13.1 -6.0 
5,17 9.0 9.& -9./4 -0.5 
5,18 5.7 6./4 -5.o -/41 
5,19 9.5 8.9 3.5 8.1 
5,20 15.3 15.6 -2.6 -15.4 
5,21 9.7 9.3 1.6 9.2 
5,22 5./4 5.4 -5./4 -0.i 
5,23 5.6 6.0 /4.3 -4.2 
6 1 13.8 ] ]4 .2  13.o -5.6 
6 2 13.1 12.2 11./4 -/4.4 
6 3 31.7 30.6 30.6 1./4 
6 4 L~9.2 /47.3 47.2 -3.3 
6 5 8.1 6.6 -5.0 -/4.2 
6 6 9.3 8.5 -1.4 -8./4 
6 7 11.6 13.8 -11.9 6.9 
6 8 12.9 ]-1.5 I0.7 -4.1 
6 9 /43.0 /40.6 -40.5 2.5 
6,10 20.3 20.3 20.0 -3.6 
6,11 12.3 12.2 10.6 5.9 
6,12 5.3 3.6 -1.7 -3.2 
6,13 7.0 7.9 0.9 -7.8 
6,1~ 5.2 5.4 3.6 -I~.i 
6,15 22.7 24./4 2/4.3 - i .7  
6,16 23.8 23.1 23.1 0.6 
6,18 /4.7 5.6 -4./4 -3./4 
6,19 5.8 5.9 -0.5 5.9 
6,20 7.2 8.5 8.5 -0./4 
6,21 20.4 20.3 -20.3 -0.9 
6,22 10.5 i0./4 10.4 0.2 
7, 0 8./4 8.8 8.2 3.1 
7 1 10.9 11.7 -7.1 -9.~ 
7 2 19.0 19.8  I 0 . i  -17.0 
7 3 l ~ . l  1/4.5 12.3 -7.6 
7 /4 10.5 10.6 10./4 2.1 
7 8 10.8 I0.O -0.4 -i0.0 
7 9 /4.3 3.9 -2.1 3.3 
7,i0 6.0 5.5 0.6 5.~ 
7,11 2.9 2.7 1.9 -1.9 
7,12 7.6 6.9 -6.7 -1.4 
7,13 7.5 7.0 -3.7 -5.9 
7,2/~ 17.6 20.0 1.7 -19.6 
7,15 16.5 17.5 /4.3 -16.9 
7,16 5.5 5.5 3.2 -4./4 
7,17 5.7 5.6 5.2 -1.9 
7,18 6.2 6.1 -/4.1 -/4.6 
7,19 5.8 5./4 -1.2 5.2 
7,20 13.7 12.9 -1.7 -12.8 
7,21 9.3 8.7 O.1 8.7 
8 1 5.3 5.5 -~4.2 -3.5 

h k Fo Fc Ac Bc 

8 2 8.6 9.8 7.7 -5.9 
8 3 12.2 13.5 12.9 -/4.1 
8 5 9.4 8.9 6.2 6.3 
8 7 6.1 5.3 2.7 4.5 
8 8 9.8 9.7 9.7 -0.5 
8 9 5.9 4.5 -/4.2 1.7 
8,10 7.2 5.7 2.7 ~.0 
8,13 7.8 7.4 -3.0 -6.7 
8,]]4 7.1 6.9 3-3 -6.1 
8,15 8.5 9.0 6.7 -6.0 
8,19 5.5 h.7 0.9 /4.6 
8,20 5.7 5./4 5.2 1.6 
9 o /4.2 4.0 -4.o -o.~ 
9 1 5.4 5.5 5.2 -1.8 
9 5 5./4 5.2 3.1 -/4.2 
9 6 9.6 lO.3 -2.8 -9.9 
9 9 5.7 /4.6 3.5 3.1 
9,11 8.0 6.5 -1.9 6.2 
9,12 3.8 3.2 -2.7 -1.6 
9,21 5.0 4.2 1.4 3.9 

I0, 2 7.8 8.7 -8.2 -2.7 
i0, 3 6.0 6.5 -4.5 4.7 
i0, 6 5.8 5./4 -1.2 -5.3 
i0, 8 5.6 5.1 -4.6 2.3 
lO,21 5.6 4.7 4.5 -1.4 
11, 0 16.7 19./4 -18.3 6.2 
ii, I 16.1 15.2 11.6 9.9 
11, 2 20.2 21.9 -7.7 -20.5 
Ii, 3 27.3 28.9 -1.9 • .8 
ii, 4 15.1 17.0 -9.9 -13.8 
Ii, 5 10.4 i0.0 i0.0 -0.0 
11, 6 10.6 9.8 -6.9 6.9 
Ii, 9 i0.0 11.6 0.2 -11.6 
ii,IO 6.7 7.3 -2.5 -6.9 
Ii,II 7.7 7.5 -3.8 -6.5 
n,]A 4.7 /4.9 -1.9 -4.5 
11,15 8.9 8.9 -3.4 8.3 
11,16 5.7 5.2 -3.5 -3.8 
12, i 8.9 8.7 8.7 i.i 
12, 2 i0.0 10.7 -10.2 -3.2 
12, /4 16.6 18./4 17.5 5.6 
z2,5 lO.3 9./4 -9.4 0.8 
12, 7 5.6 5.3 -3.8 3.7 
12, 8 I0.i 9.9 -9.8 -0.5 
12, 9 8.4 7.9 -7.9 -0.5 
12,13 6.1 5.4 5.0 2.1 
12,1~ 6.8 5.8 -5.8 -0.2 
13, o 6.8 6.8 -6.8 0.2 
13, 2 I~.0 13.5 - i . 0  -13.5 
13, 3 16./4 16.1 /4.0 15.6 
13, /4 9.1 8.7 1.7 -8.5 
13, 5 7.5 7.5 7.2 1.9 
13, 7 6.6 5.1 -5.0 0.8 
13, 9 7.3 7.0 -3.9 -5.8 
13,10 5.2 4.6 1.7 -4.3 

hk2 -- 

h k Fo F~ Ac Bc 

o o 16.2 1~.8 14.8 o 
0 1 7.3 7.1 7 . i  o 
o 2 16.1 17.4 -17.4 o 
o 3 
o 4 14.9 ~.4-~.4 o 
o 5 65.0 58.6 58.6 o 
0 6 105.1 101.6-101.6 o 
o 7 4./4 4.1 -4.1 o 
o 9 1/4.1 10.9 -lO.9 o 
0,12 8.8 8.2 8.2 0 
0,17 12.7 1.1.6 11.6 0 
0,18 12.4 12.4 ..22~ o 
0,19 10.6 10.2 10.2 0 
0,21 7.2 6.6 -6.6 0 
1 1 4.6 5.8 -4.2 4.0 
1 2 14.5 z~.3 4.7 -13.5 
1 3 7.4 9.h 7 . i  -6.1 
1 4 25 .8  234.6 9.0 22.9 
1 5 17.9 17.9 -16.5 6.8 
1 6 8.5 8.2 7.6 3.2 
1 7 3/4.6 32.9 -9.7 31.5 
1 8 8.5 7.2 -1.0 -7.2 
I 9 7.7 7.5 -6.9 -3.o 
i, i0 12.6 12.1 5.2 10.9 
1,11 /4.3 2.3 -2.0 1.2 
1,13 5.6 5.1 -/4.7 2.1 
1,1/4 6.3 5.9 5.7 -1.6 
1,15 6.6 7.8 6.7 -3.9 
1,16 7.8 6.8 0.0 6.8 
1,17 13.6 12.6 -0.8 -12.6 
1,18 7.4 7.3 2.1 -7.0 
2 0 17.3 15.6 1}4.0 -7.0 
2 1 I I . I  13.0 2.6 -12.7 
2 2 4.8 5.3 -5.2 -0.6 

h k Fo Fc Ac Bc 

2 3 3.6 6.4 -5.5 3.3 
2 4 12.0 13.2 - I 0 . i  -8.5 
2 5 16./4 15.7 13.8 7.4 
2 6 33.0 32.2 -31.4 7.3 
2 7 7.5 8.5 8.3 1.9 
2 8 9.7 9.7 -1.9 -9.5 
2 9 4.7 4.7 1.4 4.5 
2,10 /4.5 2.7 -2.7 0.0 
2,11 5.6 5.7 - i . 0  5.6 
2,12 5.6 6.1 3.h -5.1 
2,13 5.8 5.5 3.3 -4.5 
2,14 4.1 4.5 -3.7 -2.5 
2,19 5.6 5.8 5.6 1.6 
3 1 5.6 6.8 1.4 -6.6 
3 2 /4./4 3.7 -1.4 -3./4 
3 3 6.0 6./4 -3.4 5.5 
3 4 8.3 8.0 3.5 -7.2 
3 5 12.8 11.7 -lO.3 -5.6 
3 6 8.0 7.3 6.5 3.3 
3 7 13.7 11.7 -8.8 -7.6 
3 8 I0.7 10.8 -0.6 10.8 
3 9 4.4 3.5 -1.9 -2.9 
3,11 5.5 4.6 4.1 -1.9 
3,12 5.6 5.7 1.8 -5.4 
4, 0 21.6 20.0 -8.8 18.0 
A 1 13.5 I~.4 6.4 12.9 

2 12.9 11.5 5.9 9.9 
4 3 9.7 I0.i -4.2 -9.2 
/4 /4 4.9 4.2 -3.1 2.9 
4 5 6.5 6.8 -6.6 -i./4 
4 6 lO.3 lO.8 lO.8 -I.O 
]4 7 4.1 3.4 3.0 1.5 
4 9 9.5 8.6 7.1 4.8 
4,1o 6.4 6.3 -5.7 -2.7 

h k Fo Fc Ac Bc 

4,11 4.5 4.5 -/4.2 1.7 
4,12 I~.6 I~.6 -12.7 7.1 
4,13 13.3 12.6 --5.6 11.3 
~,I~ ll.l 10.8 -2.3 10.6 
/4,15 5.3 5.5 o.z 5.5 
4,16 6.1 5.8 -/4./4 -3.8 
4,22 8.3 6.3 -6.3 -0.3 
4,24 5.7 4.9 -4.3 2.4 
5 1 25.4 26.1 /4.9 -25.6 
5 2 11.6 i1.7 -6.4 -9.8 
5 3 11.9 12.2 -11.9 2./4 
5 /4 3.7 5.1 -&.6 2.1 
5 5 5.2 6.3 /4.0 4.9 
5 7 7.6 7.0 -o.i 7.o 
5 8 9.3 9.0 0.5 -9.0 
5,1o 8.o 8.2 -7.9 -2.4 
5,11 11.5 11.4 4.7 1o.4 
5,12 29.0 31.1 2.7 -31.0 
5,13 13.6 12.1 7.I -9.8 
5,14 n.3 11.5 -lO.5 -4.6 
5,15 6.4 6.6 -6.6 0.7 
5,23 8.0 7.9 2.6 7.4 
5,24 Ii.3 ll.O 1.2 -10.9 
5,25 5.4 5.2 3.3 4.1 
6 0 27.8 25.6-25.1 -4.9 
6 1 13.6 1/4.4 13.6 4.6 
6,1o 12.9 11.8 -11.1 4.0 
6,1.1 ]_2.0 13.0 -12.8 -2.1 
6,12 21.9 21.3 -21.2 2.1 
6,13 16.4 16.1 -16.1 0.8 
6,~ 4.7 5.1 2.5 4.5 
6,16 7.1 7.7 -7.6 0.9 
6,22 10.6 9.2 -9.0 2.2 
6,23 6.8 6./4 6.4 -O.1 

h k FO Fc AC BO 

6,24 8.2 7./4 -7.2 1.5 
6,25 /4.8 /4.9 -4.9 -0.6 
7 1 20.3 20.5 --~.2 -20.1 
7 2 7.0 6.9 3./4 -6.1 
7 8 6.1 5.0 0.8 -5.0 
7,10 5./4 &./4 -6.4 0.3 
7,11 12.0 9.8 -6.7 7.1 
7,12 23./4 24.9 -8.6 -23.3 
7,13 7.0 6.1 -2.8 -5.4 
7,23 7.1 7.1 -2.6 6.6 
7,2~ 9.3 9.3 0.I -9.3 
8 0 13.0 15.3 -3.8-14.8 
8 1 6.1 6.1 /4.9 -3.7 
8 3 6.1 6.8 -5.6 3.9 
8,10 7.0 6.7 -5.3 /4.1 
8,13 8.1 7.8 -3.7 -6.9 
9 5 7.2 7.3 ./4.0 -6.1 
9 7 6.2 6.3 /4.1 -4.8 

I0, 3 6.8 7.2 -/4.0 -6.0 
lO, /4 11.8 11.8 -4.5 lO.9 
i0, 5 9.9 9.5 9.3 -1.9 
i0, 6 14.5 12.6 -12.5 1.0 
lO, 8 lO.1 9.5 -1.4 9.4 
11, /4 2_1.4 11.6 -2.5 11.3 
11, 5 6.4 6.2 5.7 2.5 
11, 7 1~.6 11.5 0.9 11.5 
11, 8 8.1 7.0 1.9 -6.7 
12, 3 7.6 5.7 1.0 -5.6 
12, /4 ii./4 10. 3 -3.4 9.7 
12, 5 16.6 I~.7 394.7 I . i  
12, 6 24.7 2/4.0 -23.7 3.6 
12, 8 7.9 7.0 -i.i 6.9 
13,7 10.8 9.5 -3.9 8.6 



274 T H E  S T R U C T U R E  OF M E T H Y L  I : 2 - B E N Z A N T H R A Q U I N O N E S  

h k Fo Fc Ac Bc 

0 2 lO.6 9.7 9.7 o 
o 3 11./4 13.1 13.i 0 
o /4 /4.2 /4.5 ~.5 o 
o 5 6.5 6.6 6.6 0 
o 7 3.8 5.2 -5.2 0 
o 8 6./4 6.0 6.0 o 
0 9 13.O 14.0 14.O O 
0,IO 16.9 15.8 -15.8 O 
0,Ii /4.9 6.9 6.9 0 
o,12 h.9 /4.6 h.6 o 
0,13 3.0 3.9 -3.9 0 
o,14 /4.1 1.8 -/4.~ o 
o,15 5.6 /4.9 -/4.9 o 
0,16 3./4 3.1 -3.1 0 
O,19 7.5 7.6 -7.6 0 
0,20 2./4 3.1 3.1 0 
0,21 2.7 3.1 3.1 0 
0,22 3.0 /4.0 -/4.0 0 

Table 4 (cont.) 
hh3 

h k Fo Fc Ac Bc 

1 1 6./4 6.3 i.i -6.2 
1 3 11.7 14.3 3.7 13.8 
1 /4 13.9 14.6 /4.5 13.9 
1 6 6.1 6.2 -6.0 1.6 
1 7 io.~ 9.1 6.3 -6.6 
1 8 22.h 25.2 2.0 25,1 
1 9 20.6 22.8 -1.6 -22.7 
1,1o 9.5 6.2 -3.0 5.h 
i, Ii 5.6 ~;.7 -0.~ 5.7 
1,12 5.5 /4.6 -3.5 -3.0 
2 2 3.9 /4./4 /4./4 o.1 
2 3 /4.8 5.5 2./4 5.o 
2 /4 /4.0 /4.7 1.9 /4./4 
2 5 5.6 5.5 3.7 74.1 
2 7 7.0 7.6 -5.0 5.7 
2 8 10.7 11.7 0.8 -.11.6 
2 9 8.1 9.2 i.i 9.2 
2,1o 5.2 /4.1 -3.7 -1.8 

h k Fo Fc Ac Bc 

2,12 5.5 6.7 1.6 -6.5 
3 1 7.1 6.9 -3.6 6.0 
3 2 /4.5 /4.h 3.9 2.1 
3 /4 /4.3 h.2 3.8 -1.8 
3,1o 5.6 6.3 3.5 5.2 
3,11 6.7 7./4 6.6 -3.3 
/4 1 6.1 0./4 -3.5 5.3 

2 6.9 7./4 7.1 2.0 
/4 3 6./4 5.6 -I).5 -3.3 
/4 9 9.0 9.0 -7.9 -/4.2 
/4,1o 9.9 8.5 -5.7 -6./4 
/4,11 7.C 7.0 -6.9 1./4 
/4,12 6.8 7.1 i.i 7.0 
/4,14 /4.7 /4.9 -/4.9 o 
/4,15 5.6 /4.7 /4.5 -1./4 
5 1 8.0 8.0 -5.8 5.6 
5 2 5./4 5.6 5.6 0.3 
5 3 8.5 8.2 -!.L -8.0 

h k Fo Fc Ac Bc 

5 /4 5.3 6.9 -1.6 6.7 
5 6 7.5 7./4 6.5 -3.6 
5 8 9.9 9.6 -1.5 9.5 
5 9 13.2 14.7 3.h 14/4.3 
5,1o 8.6 8.9 6.2 6.h 
5,11 6.6 7.9 7.6 2.0 
6 1 7.6 5.3 -5.0 1.5 
6 2 IO.I lO.7 lO.6 1.3 
6 3 5.5 5.6 -5.5 -z.h 
6 9 7.0 6.7 -6.7 0.5 
6,1o 13.9 i~.I -1/4.1 1.3 
6,124 8.~ 9.3 -9.2 0.8 
6,15 9.h 9.9 9.8 -i.I 
7 3 7.8 8.0 5.5 -5.8 
7 /4 6.1 6.h -2.3 6.0 
7 8 9.0 9.6 0.5 9.6 
7 9 lO.3 12.3 -3.6 11.7 

h k Fo Fc Ac 

0 0 8.3 9.8 9.8 0 
0 1 6.8 8.0 8.0 O 
0,i0 6./4 6.1 6.1 0 
0,ii 9.8 11.6 -11.6 0 

h k Fo Fc Ac Bc 

0,12 8.1 
0,14 5.3 
0,15 3.1 
i i 7.0 

9.8 9.8 0 
5.5 -5.5 0 
/4.2 /4.2 o 
7.0 2./4 -6.6 

anisotropic vibrations of the atoms. The mean square 
amplitude of vibration in the direction of the unit 
vector 1 with components l~ is 

3 3 
u -2 = .~' ~ ,  U~jl~lj. 

i = 1  ]=1 

The relation between the U's and the b's is given by 
bn -- 2g~a*2Un, bl~. = 2(2~2a*b*U12) etc. Hydrogen- 
atom coordinates were calculated on the assumption 
that the C-H bond is 1.05/~ and that those hydrogen 
atoms bonded to carbons of aromatic rings are in a 
symmetrical position in the plane of the ring and that 
the hydrogens of the methyl groups are arranged 
tetrahedrally. The (Fo-Fc) maps were used to fix 
the approximate coordinates of the methyl-group 
hydrogen atoms. Four further cycles of refinement 
were carried out and the final value of the R-factor 
was 0.082. For the final cycle only 0.4 of the full 
shift was accepted as there was a tendency in the 
later cycles for the parameter shifts to oscillate in sign. 

The final carbon-atom and oxygen-atom coordinates 
with their standard deviations are given in Table 1. 
The hydrogen-atom coordinates which were used in 
tho r0finemen~ are given in Table 2. T&ble 3 gives 
the final values for the asymmetric temperature 
parameters. The agreement between observed and 
calculated structure factors is shown in Table 4. 

The mean plane of the carbon and oxygen atoms 
was computed on the University of Leeds 'Pegasus' 
computer with the program written by Dr A. M. B. 
Douglas. Dr D. W. J. Cruickshank computed the atomic 
and molecular thermal vibrations with his molecular 
analysis program. 

The mean plane of all the carbon and oxygen atoms 
is represented by the equation 

12k/4 

h k Fo Fc Ac Bc 

1,10 5./4 5.6 -/4.1 -3.8 
1,11 5.6 5.5 5.1 2.1 
1,12 8.9 lO.2 -3.5 9.6 

h k Fo Fc Ac Bc 

2 9 3.9 2.6 -i.i -2./4 
2,10 5.5 h.8 3.h 3.5 
2,11 /4.6 6.9 -6.7 1.5 

--0.0496x+0.4312y--0.90091+0.9165=0. (1) 

In addition, two other planes were calculated. 
The mean plane of the carbon atoms B , C , D , E , F , G ,  
which form a benzene ring, with the methyl group, T, 
has the following equation, 

-0"0359x+0.4476y-0.8935z+0.9795=0. (2) 

The equation of the mean plane of the naphthalene 
nucleus (carbon atoms, I, J, K, L, M, N, P, Q, R, S) 
is 

-0.1031x+0.4355y-0.8943z+0.8662=0. (3) 

Table 5. Deviations (2)from mean planes (A)  
P l a n e  I P l a n e  II  P lane  I I I  A t o m  

O 1 - 0 . 0 0 1  + 0 . 0 3 8  - 0 . 0 5 8  
0 2  + 0 - 1 7 3  + 0 . 1 0 5  + 0 . 3 5 8  
A + 0 . 0 1 2  + 0 . 0 2 7  + 0 - 0 1 9  
B - - 0 . 0 2 9  - - 0 - 0 1 5 "  + 0 - 0 4 2  
C - 0 . 0 4 2  - 0 . 0 0 2 *  + 0 . 0 3 6  
D - 0 " 0 4 2  - 0 - 0 0 7 *  + 0 " 1 0 5  
E - - 0 " 0 2 0  - - 0 - 0 1 3 "  + 0 " 1 8 9  
F + 0 " 0 4 0  + 0 - 0 2 2 *  + 0"241  
G + 0 - 0 2 3  + 0 " 0 0 7 *  + 0 " 1 5 5  
H + 0 " 0 3 9  - - 0 - 0 0 6  + 0 " 1 6 9  

1 -0.016 -0.058 +0.042* 
J - -  0 " 0 0 8  - 0 "077  + 0 " 0 4 4 *  
K - -  0" 153  - -  0 " 2 5 3  - -  0 - 0 4 0 *  
L - -  0 - 1 0 6  - -  0 " 2 3 0  - -  0 - 0 0 6 *  
M - - 0 " 0 4 4  - 0 " 1 6 5  - - 0 - 0 1 3 "  
A T + 0 " 0 5 8  - -  0 " 0 3 4  + 0 " 0 3 1 "  
P + 0 . 0 0 9  - -  0 . 0 5 6  - -  0 . 0 0 9 *  

Q + 0 . 0 7 3  + 0 . 0 3 6  - 0 - 0 0 7 *  
R + 0 - 0 6 1  + 0 " 0 5 0  - - 0 . 0 1 1 "  
S - 0 . 0 2 7  - 0 . 0 4 1  - 0 - 0 3 1 "  
T - - 0 - 0 5 8  + 0 . 0 1 3 "  - - 0 - 0 4 4  

(P lane  I is the  m e a n  plane  of all the  a t o m s ,  P l a n e s  I I  
and I I I  are the  m e a n  p lanes  of t h o s e  a t o m s  m a r k e d  w i t h  
asterisks . )  
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Atom 
O1 
02 
A 
B 

C 
D 
E 
F 
G 
H 
I 
J 
K 
L 
M 
N 
P 
q 
R 
S 
T 

T a b l e  6. Observed and calculated Uij (with respect to molecular inertial axes ( t~2 × 10-2)) 

Vii U22 U33 
Obs. Calc. 0bs. Calc. 0bs. Calc. 
6.37 7.09 4.90 5.02 12.11 12.68 
5-62 6.94 5.12 4.54 17.67 10-71 
6.78 6-23 3.97 4-78 5.44 6.62 
6.60 5.87 4.85 5.43 4.40 4.21 
6.65 5-89 6.45 7.02 4-57 4.96 
4-46 5.97 8.31 8.15 6-26 4.34 
7.25 6.65 8.44 7.29 3.81 6.93 
7-50 6-74 4.78 5.62 7-87 7.87 
8.16 6.06 5.01 4.99 3-57 4.61 
8.30 6.17 5.04 4.50 6.43 5.61 
4.83 5.86 4.95 4.59 4.59 3-81 
4.59 5.87 5-81 5.40 4.18 4.25 
7-15 6.35 6-35 5.93 6-90 8.37 
5.21 6.36 7.36 7.72 8.61 9.58 
6.16 5.90 9.77 9-24 6.22 5.90 
5.88 5.97 8.52 8.27 6.72 4.35 
5.37 6.01 5.63 6.16 4.77 4.28 
6.01 6-74 5.13 5.63 6.69 7.80 
7-23 6.86 5.66 4.71 5.27 9.14 
7-55 6.11 3.87 4.50 3.74 5.23 
5.11 6-41 8.45 7.96 9.05 10.21 

U23 U13 U12 ^ ,^ ~, 

()bs. Calc. ()bs. Cale. bbs .  Cale. 
- 0-51 - 0.62 - 1.55 - 1.73 1.02 0.81 
- 1 . 8 3  - 0 . 5 3  - 2 . 6 4  - 1 . 4 3  0-61 0.15 
- -  1.30 -- 0.24 -- 1.57 -- 1.04 0.24 0.33 

0.22 --0.27 --2.38 --0.73 --0.09 0.10 
--0.45 --0-73 --0.88 --0.77 --0-31 0.26 

0.99 --0.31 0.81 --0.64 --0.09 --0.65 
1-30 0-47 0.57 -- 0.93 -- 1-82 -- 1.49 
2.28 0.38 --0.15 --1.09 --1.27 --1.00 

--0.06 0.11 --1.67 --0.77 --0.06 --0-32 
0.54 --0.01 --3.20 --0.91 0.42 --0.04 

--1.02 --0.01 --1.20 --0.71 0.17 0.02 
0.44 --0.25 0.06 --0.74 --0.45 0.12 

--1.85 --0.53 --0.23 --1.27 0.81 0.83 
- -  1.02 -- 1.29 0.48 -- 1.36 1-50 1-26 
--3.37 --1.25 --0.16 --0.84 1-56 0-44 
--1.25 --0"33 --0.65 --0.64 --0.I9 --0.66 
--0.99 0.01 --0.30 --0.70 --0.23 --0.50 
--0.89 0.61 --0.70 --1-11 --0.98 --1.00 

0.65 0.44 --2.01 -- 1.31 --0.57 --0-46 
1.96 0.02 -- 1-53 -- 0.87 -- 1.08 -- 0.04 
0.14 -- 1.78 0.31 -- 1.36 0.46 1.38 

F o r  e a c h  p l a n e  t h e  axes  a r e  t h e  u n i t - c e l l  axe s  
w h e r e  x is p a r a l l e l  t o  a, y is p a r a l l e l  t o  b a n d  z is 
p a r a l l e l  t o  c. 

T h e  d e v i a t i o n s  of a l l  t h e  c a r b o n  a t o m s  a n d  t h e  
o x y g e n  a t o m s  f r o m  e a c h  of t h e  t h r e e  p l a n e s  w e r e  
c a l c u l a t e d  a n d  t h e s e  a r e  g i v e n  in  T a b l e  5. 

T h e  m o l e c u l a r - a n a l y s i s  p r o g r a m  of C r u i c k s h a n k  
(1956a) c o n v e r t s  t h e  t h e r m a l  p a r a m e t e r s  u s e d  i n  t h e  
l e a s t - s q u a r e s  r e f i n e m e n t  i n t o  a t o m i c  a m p l i t u d e s  of 
v i b r a t i o n  U~j r e f e r r e d  t o  m o l e c u l a r  axes .  T h e  m o l e c u l e  
is t h e n  c o n s i d e r e d  as a r i g i d  b o d y  a n d  t w o  s y m m e t r i c  
t e n s o r s  a r e  c a l c u l a t e d ,  (T)  t h e  t r a n s l a t i o n a l  v i b r a t i o n s  
of t h e  m a s s  c e n t r e  a n d  (co) t h e  a n g u l a r  o sc i l l a t i ons  
a b o u t  axe s  t h r o u g h  t h e  c e n t r e .  T h e  p r o g r a m  t h e n  
c a l c u l a t e s  f r o m  t h e s e  t e n s o r s  t h e  i n d i v i d u a l  Uij a n d  
t h e  a g r e e m e n t  b e t w e e n  t h e s e  calculated Uij a n d  t h e  
o b s e r v e d  Ui~ is a m e a s u r e  of t h e  v a l i d i t y  of t h e  
a s s u m p t i o n  t h a t  t h e  m o l e c u l e  does  i n  f a c t  v i b r a t e  as 
a r i g i d  b o d y .  

T h e  v a l u e s  of T~j a n d  coij a r e  as  fo l lows,  (T~j i n  
A ~ x 10 -2 a n d  coij i n  d e g ? )  

( 5 - 8 6 0 - - 0 " 7 0 ' ,  ( 0 - 1 4 0 " 1 4 0 " 1 6 ,  
T =  4.49 0 -02 ) ,  ~ ( T ) =  0.18 0.18} 

3"74/  0 . 2 7 /  

( 3 7 . 9 2 4 . 9 5 4 . 2 7 ,  ( 2 - 1 0 0 . 6 3 1 . 0 7 ,  
c o =  1-59 1-34~, a(co) = 0.64 0 . 5 5 J .  

6-20/  0 . 5 3 /  

T h e  o b s e r v e d  a n d  c a l c u l a t e d  v a l u e s  of Uij  a r e  g i v e n  
i n  T a b l e  6 a n d  i t  wi l l  be  s een  t h a t  t h e  a g r e e m e n t  
is f a i r l y  g o o d  b u t  n o t  n e a r l y  so g o o d  as i n  t h e  case  
of  a n t h r a c e n e  ( C r u i c k s h a n k ,  1956b) or  of c h r y s e n e  
( B u r n s  & I b a l l ,  1960). Th i s  is n o t  s u r p r i s i n g  as one  
w o u l d  e x p e c t  i n  a m o l e c u l e  of t h i s  k i n d  t h a t ,  fo r  
e x a m p l e ,  t h e  o x y g e n  a t o m s  a n d  t h e  m e t h y l  g r o u p  
w o u l d  v i b r a t e  to  s o m e  e x t e n t  i n d e p e n d e n t l y  of t h e  
m a i n  p a r t  of t h e  m o l e c u l e .  

I t  s h o u l d  be  p o i n t e d  ou t ,  i n  c o n n e c t i o n  w i t h  t h e  
t h e r m a l  p a r a m e t e r s ,  t h a t  t h e r e  is no  e v i d e n c e  in  t h i s  
s t r u c t u r e  t o  s u p p o r t  t h e  s u g g e s t i o n  p u t  f o r w a r d  b y  
M u r t y  (1957a,  b) t h a t  i n  a n t h r a q u i n o n e  t h e  c a r b o n  
a n d  o x y g e n  a t o m s  of t h e  C = O g r o u p s  h a v e  d i f f e r e n t  
s c a t t e r i n g  c u r v e s  f r o m  t h e  n o r m a l  c a r b o n  a n d  o x y g e n  
a t o m s .  

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

T h e  b o n d  l e n g t h s  a r e  g i v e n  i n  T a b l e  7 a n d ,  w i t h  t h e  
b o n d  ang les ,  i n  F ig .  6. T h e r e  is g o o d  a g r e e m e n t  be-  
t w e e n  t h e  t w o  C = O  b o n d s  ( m e a n  v a l u e  1.218 J~). 

T a b l e  7. Bond-lengths (A) 

Bond Length S.D. 

A-O 1 1.224 (1.228) 0-011 
H-O~ 1-212 (1.217) 0.012 
A - B  1.510 (1.513) 0.013 
B-C 1-420 (1.422) 0.012 
C-D 1.372 (1.373) 0.015 
D-E 1.384 (1.386) 0.016 
E - F  1-376 (1.376) 0.014 
_F-G 1.407 (1-411) 0.014 
G-H 1.473 (1.476) 0.013 
H-I  1.504 (1.511) 0.014 
I - J  1.472 (1.475) 0.011 
J - K  1.456 (1.461) 0.015 
K - L  1.364 (1-365) 0.015 
L-2V1 1-432 (1.432) 0.018 
M - N  1.368 (1.370) 0.018 
N - P  1.469 (1-470) 0.013 
P-Q 1.385 (1.388) 0-013 
Q-R 1-393 (1.395) 0.013 
R-S  1.399 (1-403) 0.013 
S-A  1.477 (1.484) 0-012 
C-T 1.510 (1.475) 0-016 
B-G 1-405 (1.408) 0.013 
I - S  1.392 (1.399) 0.013 
J - P  1-391 (1.392) 0.014 

(The values in brackets are the bond-lengths after correc- 
tions for rotational-oscillations of the atoms.) 
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Table 8. Intermolecular contacts (less than 3.6/~)  

Atoms Distance Atoms Distance 

Q-O2 (I) 3.343 G-H (III) 3.557 
O1-E (II) 3.444 I-J (III) 3.556 

C-B (III) 3-554 K-L (III) 3-520 
E - F  (III) 3-511 P-N (III) 3.514 
F-O2 (III) 3.574 R-Q (III) 3-559 

(I) refers to the molecule at ½Tx, --y, --z; 
(II) ½+x, ½--y, --½+z; 

(III) x,y, l+z.  

The mean  value for the  four single bonds in ring I I  
is 1.491 /~ bu t  while pairs of bonds which are on 
opposite sides of the  ring [GH and  AS; H I  and AB] 
have almost  identical lengths, the  adjacent  bonds 
[GH and  HI;  A S  and AB] have different values. 
The difference (0.016 A) f rom the mean  is, however,  

L 

o~ K¢~,. ~ ~ M  

, -  ,:- 

" ' ~  ~ l  " "¢  ° ~ u  - I~" /8"~  o 

T O~ 
(CH3) 

Fig. 6. Bond lengths (A) and bond angles. 

not  significant. There is a significant lengthening of 
the aromat ic  bond I J  (1.472 /~) due to steric inter- 
ference between 02  and  the  hydrogen a t t ached  to 
a tom K. The three aromat ic  rings have  the  following 
mean bond lengths, I (1.394), I I I  (1.405), IV  (1.413). 

The short  length of the  c axis means t h a t  molecules 
a t  each end of this axis are a l ready  fair ly close and  
the inclination of the  molecular plane brings certain 
a toms in neighbouring molecules even closer. There 
are some other  short  intermolecular  distances between 
the molecules re lated by  the  screw axis. Those inter- 
molecular contacts  (not including hydrogen atoms) 
which are less t h a n  3"6 /~ are listed in Table 8. 
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of this work. We are indebted to Mr David  Guthrie  
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I. General  Formulat ion  and Trea tment  for Perfect Crystals  
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A dynamical diffraction theory for distorted crystals is formulated for the Laue ease based on a 
'lamellar crystal' method originally given by C. G. Darwin (Phil. Mag. 1914, 27, 325 and 675). 
In  each lamellar crystal a Born approximation is assumed. Relations among two-dimensional 
Fourier transforms of wave functions on the successive boundaries between lamellae are obtained 
in terms of generalized matrix multiplication. In the two-beam case of a perfect crystal, results 
coincide with those of the ordinary Laue-Bethe theory. 

The theory is applicable to asymmetrical cases with a large Bragg angle; namely to the general 
cases of X-rays and neutrons as well as electrons. 

1. I n t r o d u c t i o n  t ion (Laue, 1931; Bethe,  1928). We can, however,  
S t anda rd  dynamica l  theories for diffraction phenom- t rea t  the  problem in an  entirely different way  which 
ena in crystals are based on the Laue -Be the  formula- we m a y  call ' lamellar  crystal '  approach.  I t  seems 


