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The crystal structure of bis(m-bromobenzoyl)methane has been determined, and the three dimen- 
sional scintillation counter data  refined by anisotropic least squares. The molecule is nearly planar, 
with a maximum deviation of 0.12 /~ from the least squares plane, and is tilted in the unit cell 
+_ 29.9 ° from the (010) plane. The molecule has a short irltramolecular hydrogen bonded distance of 
2"464___ 0.015 A, but the thermal parameters suggest an anomaly. Symmetry requires complete 
equivalence of the two C-O groups and the intervening C-C bonds of the enol ring, and the thermal 
parameters support the interpretation that  this equivalence is real rather than statistical. 

I n t r o d u c t i o n  

The dibenzoylmethanes have  been the  subject  of 
considerable s tudy  because of their  s trong hydrogen 
bonding and  their  abi l i ty to chelate with a var ie ty  of 
meta l  ions. In f ra red  spectroscopy has been one of the  
principal tools used to s tudy  both the  paren t  com- 
pounds and  their  chelates, along with studies of 
subst i tuent  effects on the  ionization constants.  In  
addition, several X - r a y  studies of the  chelates have 
been made.  I t  has been established t h a t  these fl- 
diketones exist pr imar i ly  in the enol form, but  whether  
the enol is a resonance hybr id  of 

O . . . H - O  O - H . . . O  

1 
R -  C ~ c ~ C - R  and -R- C ' ~ c ~ C - R  

I I 
H H 

or is bet ter  represented by  a single s t ructure  has 
remained a m a t t e r  of conjecture. 

Dibenzoylmethane ,  bis (m- chlorobenzoyl) methane,  
and  bis(m-bromobenzoyl)methane crystallize in three 
different space groups, with the  halogen subst i tu ted  
compounds having uni t  cells of about  half  the volume 
of the unit  cell of d ibenzoylmethane itself. Pre l iminary  
evidence indicated t h a t  the  chloro der ivat ive lacked 
a center of symmet ry .  Crystals of the bromo derivat ive 
were found to possess a center of symmet ry ,  and the 
molecule also has twofold s y m m e t r y  in the  crystal ,  
reducing the  number  of parameters .  The bromo 
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derivat ive has a sufficiently heavy  a tom to make  the  
initial phases of the s t ructure  de terminat ion  simple, 
bu t  heavy  enough to be less t han  ideal for obtaining 
precise distances between the l ighter atoms.  

E x p e r i m e n t a l  

Bis(m-Bromobenzoyl)methane was prepared  by  reac- 
t ion of m-bromoacetophenone with ethyl  m-bromo- 
benzoate in the  presence of sodium amide (Borduin, 
1954). Crystals suitable for X - r a y  analysis,  in the  form 
of thin needles, were obtained by recrystal l izat ion from 
chloroform. Weissenberg and precession photographs  
indicated the  unique space group Pnca, with lat t ice 
constants  

a = 26.48, b = 4.054, c = 12.79 A .  

The observed f lotat ion densi ty  was 1.8 g.cm.-~; for 
four molecules in the  uni t  cell the  calculated densi ty  
is 1.85 g.cm.-3. 

Complete visually judged Weissenberg in tensi ty  
da t a  were t aken  using copper radiat ion,  wi th  ro ta t ion  
about  the  b (needle) axis. In  addit ion to the  usual  
Lorentz and  polarizat ion corrections, a beam diver- 
gence correction (Dumke,  1956) was made,  but  no 
absorpt ion correction was made.  These da t a  were 
used for the s t ructure  de terminat ion;  however,  because 
of the relat ively high diffracting power of bromine, 
they  were not  of sufficient qual i ty  to obtain  accurate  
bond distances between the  light a toms in this 
s tructure.  

For  the  ref inement  of the  atomic positions a new 
set of da ta  was obtained by  counter methods,  using 
a different crystal.  The crystal  selected for counter  
measurements  was a needle 0.24 mm. in length and  
of equilateral  t rapezoidal  cross section. The thickness 
perpendicular  to the parallel  faces was 0.055 mm. ; 
the long parallel  face measured  0-075 mm.,  and the  
short  parallel  face measured  0.048 mm. A General 
Electric X R D - 5  X - r a y  uni t  equipped with a single 
crystal  orienter and scintillation counter was used with 
the moving crystal-moving counter technique (0, 20 
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coupling), 3-0 ° t ake  off angle and a 2.2 ° diffracted 
beam aperture.  To eliminate errors involved in pla- 
nimetering ra te  meter  charts,  the tota l  count was 
recorded directly from the scaler. The copper radia t ion 
was fil tered through nickel foil placed in the diffracted 
beam path.  A 200 second scan, covering 3.33 ° in 2 0, 
was used for each reflection; average rate was ten 
reflections per hour. A standard reflection (24, 0, 0) 
was taken periodically and all data scaled to it. 
A slow variation of about 25% was observed in the 
standard reflection; this variation was probably caused 
by a faulty X-ray tube, which also showed about 25% 
iron radiation. Single crystal orienter settings were 
precalculated on the IBM 650 computer (Tulinsky, 
1960). The background for each reflection was esti- 
mated from a plot of average background versus 2 0. 
All reciprocal lattice points up to 0=77.5 ° were 
scanned, resulting in 839 observed and 615 unobserved 
reflections. 

The estimated error of each intensity was cal- 
culated with the formula 

~2 (Io) = CT + CB + [0"04(CT -- CB)] 2 + [0-1CB] 2, 

where (~(I0) is the standard deviation of the observed 
intensity, CT are the total counts, and CB are the 
background counts. The first two terms in this 
formula represent the statistical counting error. The 
third term represents errors proportional to the net 
count, e.g., fluctuations in the beam intensity, errors 
in the absorption correction, etc. This term sets a 
lover limit of 4% in the estimated relative error of 
I0 when statistical counting errors and background 
errors become negligible. The last term adds an error 
contribution caused by uncertainty in the graphically 
estimated background count. Unobserved reflections 
were assigned their probable intensity value and 
probable error depending on the minimum intensity 
observable at the reciprocal lattice point in question 
(Hamilton, 1955). Graphical corrections were made for 
those reflections most seriously affected by non- 
characteristic radiation (streaking) or by the iron 
radiation component. The streaking correction sub- 
tracts from the observed intensity, in addition to the 
normal background, the amount contributed by the 
streak from reflections radially inward in the reciprocal 
lattice. This correction can be relatively quite im- 
portant in those cases where a weak reflection is 
immediately outward radially from a strong reflection. 

The streak may extend outward through several 
reflections, so t h a t  the correction is cumulative.  On 
the  other  hand,  the  inward-extending shorter  wave 
length s t reak (including the  2/2 component) is less 
impor tan t  and its correction was neglected. The 
Lorentz and polarization corrections were made  in 
the usual  way.  No extinction correction was used. 

Absorpt ion correction. With  the  more accurate  
counter da t a  the  absorpt ion correction could not  be 
neglected. A t t empt s  to grind spherical or ellipsoidal 
crystals failed. I t  was decided, therefore, to carry out 

the necessary integrat ion for each reflection on the  
Cyclone computer.  An absorpt ion correction program,  
designated ABCOR-I ,  was wri t ten for this purpose. 
The mathemat ica l  method  used was similar to t h a t  
used previously (Busing, 1957), but  generalized to 
three dimensional da ta ,  and with the  number  of 
integrat ion grid points, m, variable from m = 4 to m = 7. 
Because of memory  restrictions, (only 1,024 words of 
memory  were available on the Cyclone), it was neces- 
sary to restrict  the planes bounding the crystal  to be 
either parallel or perpendicular  to the  goniometer  
head axis, a condition f requent ly  met  in practice,  
as it is indeed in this case. The crystal  coordinate 
system was defined by  taking the y axis toward  the  
X- ray  source, the  z axis vertical,  and the  x axis 
toward  the front  of the orienter, when 9 =  Z =  0--0 .  
The planes bounding the crystal  were expressed on 
this basis. For  a general single crystal  orienter sett ing 
(~v, Z, 0), the direction cosines of the  incident beam 
vector, t ransformed to crystal  coordinates, are :  

px = cos ~ cos Z sin 0 - sin ~ cos 0 ,  
Pv = sin ~ cos Z sin 0 + cos ~0 cos 0 ,  
pz = sin Z sin 0 .  

The direction cosines of the diffracted beam vector  
are:  

p~ = cos ~ cos Z sin 0 + sin ~ cos 0 ,  
py = sin 9 cos Z sin 0 - cos 9 cos 0 ,  
pz = sin Z sin 0 .  

The incident and diffracted beam pa th  lengths to 
each grid point  m a y  then be found with the  formulas 
given in Busing's paper,  and the integral  evaluated.  
The calculated absorpt ion coefficient of 68-1 era. -1 
was used (Internationale Tabellen zur Bes t immung  yon 
Kristal ls trukturen,  1935). To check the  accuracy of 
the integration,  the absorpt ion correction for a selected 
group of 11 reflections was calculated with m = 4 ,  5, 
and 6. The m a x i m u m  difference between the m = 4  
case and the  m = 6  case was 0-96%, with an average 
of 0.22%. The max imum difference between the m =  5 
case and the m = 6  case was 0-23%, with an average 
of 0.15%. I t  was decided tha t  m = 4  would provide 
sufficient accuracy.  The value of the  t ransmission 
factor  var ied from 0.45 to 0.72, with an average near  
0.65. Each  integrat ion with m = 4  required approx-  
imate ly  6 seconds on the Cyclone computer.  Ab- 
sorption corrections for the  unobserved reflections 

were obtained graphically. 
For carbon and oxygen the scattering factors of 

Berghuis (1955) were used; for bromine the scat ter ing 
factor  of Thomas & Umeda  (1957), corrected for 
anomalous dispersion (Dauben & Templeton,  1955), 
was used. 

S t r u c t u r e  d e t e r m i n a t i o n  

The projection onto the (010) plane, which has no 
overlapping atoms, was solved first. The approx imate  
bromine parameters  were obtained from the two- 
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d imens iona l  P a t t e r s o n  func t ion .  Af te r  i m p r o v i n g  the  
b romine  p a r a m e t e r s  b y  ca lcu la t ion  of an  e lec t ron  
d e n s i t y  pro jec t ion ,  the  o x y g e n  a n d  all  ca rbon  a toms  
were p laced  in  a p p r o x i m a t e  pos i t ions  based  on a 
p l a n a r  molecu la r  model  w i t h  a s s u m e d  d is tances  a n d  
angles.  Af te r  several  cycles of s t ruc tu re  fac tor  cal- 
cu la t ion  a n d  e lec t ron d e n s i t y  p ro jec t ion  all  a t oms  
were well  defined.  The  p ro jec t ion  was  t h e n  ref ined  
b y  the  leas t - squares  me thod .  

The  P a t t e r s o n  p ro jec t ion  onto  t h e  (001) p lane  
i n d i c a t e d  a b romine  y p a r a m e t e r  of ¼; however ,  
a p l a n a r  model  based  on th i s  b romine  y p a r a m e t e r  
d ive rged  du r ing  a t t e m p t e d  r e f i nemen t  b y  the  leas t  
squares  me thod .  The  s i t ua t i on  was compl ica ted  b y  an  
a m b i g u i t y  which  r e m a i n e d  f rom the  (010) pro jec t ion ,  
which  m a d e  possible the  s u b s t i t u t i o n  of new z pa ram-  
eters  z ' = ¼ - z  w i t h o u t  af fec t ing  the  fi t  to  the  (hO1) 
ref lect ions.  A b o u n d e d  Four ie r  e lec t ron d e n s i t y  projec- 
t i on  be tween  x = 0  a n d  x=¼ onto  the  (100) p lane  
sugges ted  t h a t  t he  b romine  was sh i f ted  a w a y  s l igh t ly  
f rom y = 0 . 2 5  b u t  d id  no t  ind ica te  which  way .  The  
p rob lem was solved b y  a t t e m p t i n g  to  ref ine a large 
n u m b e r  of models  h a v i n g  a b romine  y p a r a m e t e r  
sh i f ted  b y  v a r y i n g  a m o u n t s  b o t h  w a y s  f rom y- -0 .250 ,  
us ing a l imi t ed  n u m b e r  of ref lect ions w i th  t he  1 index  
odd,  a n d  w i t h  t he  z t r a n s f o r m a t i o n  refer red  to  above.  
F i n a l l y  a mode l  was found  which  would  converge.  
The  comple te  th ree  d imens iona l  f i lm d a t a  were t h e n  
re f ined  b y  the  leas t  squares  m e t h o d  (43 pa rame te r s ) ;  
t he  f ina l  u n w e i g h t e d  d i sc repancy  fac tor  was 0.155 for 
587 observed  ref lect ions.  The  s t a n d a r d  dev ia t ions  of 
d i s tances  be tween  l igh t  a toms  were r a t h e r  large,  a b o u t  
0.05 ~ ,  w i t h  t he  f i lm da ta .  I t  was dec ided  to ob ta in  
more  accura te  i n t e n s i t y  d a t a  us ing a sc in t i l l a t ion  
counter .  

Four ie r  ca lcu la t ions  were m a d e  on the  I B M  650 
us ing the  p r o g r a m  of F i t z w a t e r  & Wi l l i ams  (1959); 
l eas t - squares  calculat ions ,  p r i m a r i l y  us ing on ly  diag- 
onal  m a t r i x  e lements ,  w i t h  i nd iv idua l  i sot ropic  tem-  
p e r a t u r e  fac tors  a n d  l aye r  scale factors ,  were also 
m a d e  on the  I B M  650 using the  p r o g r a m  of Senko & 
T e m p l e t o n  (1956). 

Refinement of the scintillation counter data 
The  comple te  m a t r i x  p r o g r a m  of Bus ing  & L e v y  

(1960), for t he  I B M  704, was used for r e f i nemen t  of 
t he  sc in t i l l a t ion  coun te r  da ta ,  us ing  i nd iv idua l  an- 
i sot ropic  t e m p e r a t u r e  fac tors  a n d  a single scale fac tor  
(87 pa ramete r s ) .  Convergence  was o b t a i n e d  af te r  four  
an i so t rop ic  cycles w i th  a we igh ted  d i s c r epancy  factor ,  
inc lud ing  unobse rved  ref lect ions,  of 0.113. However ,  
a s t u d y  of the  i nd iv idua l  s t ruc tu re  fac tors  revea led  
u n u s u a l l y  poor  ag reement ,  g rea te r  t h a n  six t imes  t he  
expec ted  error,  for 26 ref lect ions.  These  ref lect ions  
were g iven  zero we igh t  for the  fol lowing th ree  least-  
squares  cycles, wh ich  resu l t ed  in  a drop  of the  we igh ted  
d i sc repancy  factor ,  inc lud ing  unobse rved  ref lect ions,  
to 0.068. 

The  in tens i t i es  of t he  group of ref lec t ions  showing  
poor  ag reemen t  were remeasured ,  us ing  a d i f fe rent  
c rys ta l  ( the or ig inal  c rys ta l  was acc iden t a l l y  lost). 
A m a r k e d  i m p r o v e m e n t  in  t he  a g r e e m e n t  be tween  
observed  a n d  ca lcu la ted  va lues  of t he  in tens i t i es  was 
no t ed  in  n e a r l y  eve ry  case. These  r emeasu red  in ten-  
sities, plus  the  res t  of t he  or ig inal  da ta ,  were used to  
ca lcula te  th ree  d imens iona l  e lec t ron  d e n s i t y  a n d  dif- 
ference Four ie r  maps ,  us ing  the  I B M  650. These  maps  
ver i f ied  the  correctness  of t he  model  b y  revea l ing  no 
spur ious  holes or peaks  in  the  e lec t ron d e n s i t y  d is t r ibu-  
t ion.  B o t h  the  e lec t ron  d e n s i t y  a n d  difference maps  

Table  1. Final values of the parameters and their standard deviations 
The form of the temperature factor is exp (--firth 2- fl2~k a- fl33/2- 2fl12hlc--2fllzhl--2f123k/) 

Atom x y z fin fl22 ~33 ill2 fl13 fl23 
Br 0"03607 0.2306 0"15544 0.00107 0"0695 0"00737 -- 0"00052 0"00083 0"0007 

0"00003 0"0003 0"00007 0.00001 0"0006 0"00006 0"00009 0"00002 0"0002 
O 0"2097 0"848 0"2068 0"00193 0"175 0"0023 -- 0"0083 0"0000 -- 0"001 

0"0002 0"002 0"0004 0-00009 0"009 0"0003 0"0008 0"0001 0"001 
C 1 0"0883 0"399 0-0684 0"00080 0"054 0"0057 0"0007 0"0001 0"002 

0"0002 0"002 0"0006 0"00008 0"005 0"0005 0"0006 0"0002 0"001 
C 2 0"1291 0"553 0"1166 0"00106 0"042 0"0039 0"0005 0"0002 - 0"002 

0.0002 0"002 0-0005 0"00009 0"005 0"0004 0"0005 0-0001 0-001 
C a 0"1678 0"683 0"0546 0"00099 0"045 0"0033 0-0012 0.0001 - 0"002 

0.0002 0-002 0.0005 0.00008 0-005 0.0003 0.0005 0.0001 0.001 
C 4 0.1648 0.651 0-9450 0.00110 0.071 0.0040 0.0006 0.0000 0.000 

0.0002 0.002 0.0005 0.00009 0.007 0"0004 0"0006 0.0001 0.001 
C 5 0.1234 0.494 0.9005 0.0015 0"075 0"0044 - 0.0008 - 0"0005 0.000 

0.0003 0.002 0.0005 0-0001 0.006 0"0004 0.0007 0"0002 0.002 
C 8 0.0843 0.366 0.9618 0.0013 0.072 0.0050 -- 0"0009 - 0-0006 0"000 
6 0.0003 0.002 0-0005 0.0001 0-007 0.0005 0-0007 0-0002 0.001 
C 7 0.2101 0.850 0.1047 0.0013 0.078 0.0036 0.0004 - 0-0002 - 0.002 
6 0.0003 0.002 0.0005 0.0001 0-007 0.0004 0.0007 0.0002 0.001 
C s 0.2500 0-000 0.0520 0.0011 0.067 0.0028 -- 0.0005 0.0000 0.000 

0.0007 0.0001 0.008 0.0005 0-0009 
H 2 0.1308 0-574 0-2007 0-0018 0.076 0.0076 
H 4 0.1945 0.749 0.8962 0.0018 0.076 0.0076 
H 5 0.1212 0.471 0.8163 0.0018 0.076 0-0076 
H 6 0.0524 0.245 0.9262 0.0018 0.076 0"0076 
:H s 0.2500 0"000 0.9676 0.0018 0.076 0"0076 
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T a b l e  2 Comparison of the observed structure factors and the calculated structure factors 
based on the parameters shown in Table 1 

The first column shows the  h index, the  second is the  observed  value,  and the  th i rd  the  calculated value.  
The special symbol  following the  observed  value  indicates an unobse rved  reflection en tered  as its p robable  value.  

H* Ot 0 1 4 4  4 3 -  
2 31 3 1 -  

2 121 113 
4 55 48 
6 33 28 
8 64 5 8 -  

10 89 85 -  
12 166 1 6 0 -  
14 139 128-  
16 150 1 4 1 -  
18 79 75- 
20 38 37- 
22 24 15 
24 109 II0 
26 39 37 
28 35 39 
30 43 40  
32 28 26 

H, It 0 

2 44 41- 
4 289: 314- 
6 147 1 4 7 -  
8 155 152-  

10 109 107-  
12 76 7 4 -  
14 6# 6- 
16 45 44 
18 75 75 
20 132 131 
22 62 60 
24 52 52 
26 28 26 
28 17 1 9 -  
30 12 13 -  
32 17 21 -  

H* 2* 0 

0 127 129-  
117 116-  

• 112 112 -  
6 54 54- 
8 78 78 

10 70 69 
12 73 79 
14 92 92 
16 99 106 
18 27 26 
20 8 11 
22 10 12 -  
24 29 3 0 -  
26 22 39 -  
28 42 43- 
30 2q 3 0 -  

H, 3. 0 

2 31 32 
4 46 46 
6 62 70 

8 83 81 
10 70 70 
12 23 21 
14 21 20 -  
16 24 22 -  
18 33 34 -  
20 34 33-- 
22 19 3 4 -  
24 27 28- 
26 12 13 -  

H9 4* 0 

0 30 30 
2 36 33 
4 28 26 
6 13 10 
8 7# 6 

10 29 2B-  
12 38 38- 
14 36 35- 
16 12 9 -  
18 13 1 3 -  
20 5~ 6 -  

H* 5o 0 

2 10# 6 -  
4 II# 6 -  
6 12# 2 0 -  

H9 1, 1 

0 80 80- 

3 23 20 
4 127 129 
5 33 3 2 -  
6 5~ 3 -  
7 25 26 -  
8 14 14-  
9 5# 1 

10 15 14- 
I I  27 29 -  
12 27 2 7 -  
13 10 12 
14 6# 1 0 -  
15 5# 3 
16 6# 3 -  
17 13 13 
18 6# 3- 
19 I0 9 
20 24 24 
21 7# 4 -  
22 11 12 -  
23 16 17 
24 12 13-  
25 6# I 
26 6@ 2 
27 6# 1 
28 22 23 
29 6# 7 -  
30 5# 1- 
31 5# 3- 
32 4# I- 

H* 29 1 

1 23 26 -  
2 5# 5-  
3 31 33 -  

21 22 
16 17 

6 5# 3 
28 30 -  
77 7q- 

9 25 25 
IO 5# II- 
11 22 23 
12 6# 2 
13 20 21 
14 6# O 5 
15 18 2 
16 36 36 
17 7# 4 -  
18 7# 5- 
19 18 18 
20 7# 7- 
21 7# 7- 
22 7# 8 
23 8 7 -  
24 11 10 
25 6# 8- 
26 6# 2 
27 12 10 -  
28 5# 7 
29 5# 4 -  
30 4# 2- 

H, 3* 1 

o 6# 4- 
1 12 12 
2 15 17- 
3 6#  9 
4 9 13- 
5 25 25 
6 6#  1 
7 26 26 
8 7# I0- 
9 8 12 

10 7#  I -  
11 15 18 
12 50 52 
13 7~ 8- 
14 7# 
15 6# 2 
16 6# 2 -  
17 17 15 -  
18 7# 7 
19 16 15 -  
20 6# 1 

121 11 1 1 -  
22 6# 4 -  
23 9 1 0 -  
24 5# 1 
25 5# 1 -  
26 5# 7 -  
27 4# 2- 

H* 4 ,  1 24 22 20 -  
25 46 4 7 -  

1 3# 14 26 7# 3 -  
2 7# 9 27 52 51 -  
3 16 16 28 6#  3 -  
4 7# 5 29 32 3 3 -  
5 6#  6 30 13 12 
6 6 13 :31 17 30 -  
7 7# 4- 132 20 21 
8 18 16 
9 14 12 -  H, 2 ,  2 

lO 6# 6 -  
11 7# 5 -  0 52 54 
12 6# 6 I 27 31 
13 12 1 l -  2 39 41 
14 5# 10 3 71 7'~ 
15 16 17- 4 39 40 
16 11 11 -  5 100 102 
17 7 8- 6 15 16- 
18 9 8- 7 116 120 
19 5# I- 8 6# 6 
20 5# 3- 9 89 92 

10 25 28-  
H, 5t 1 II 71 71 

12 43 45 -  
0 6# 7 13 11 15 
I 6# 3- 14 31 31-  
2 6# 8 15 16 18 -  
3 7# 8 -  16 20 21 -  
4 7# 5 17 56 55 -  
5 8# 9 -  18 21 21-  
6 7# 7- 19 47 47- 
7 7# 6 -  20 7# 2 

21 56 55-  
22 II 10 

H, O* 2 23 48 4 8 -  

0 30 32 24 18 15 
2 1 1 4 0 1 3 4 _ 2 5  29 2 i -  ' 

66 6 7 -  26 15 1 
88 86- 27 I0 - 
12 123_28 17 

:215214_2   0,0 
30 2q -  30 5# 

7 189 191- 
8 15 14 H~ 3* P 
9 142 138-  

I0 21 21 1 71 71 
II 129 12t~- 2 22 22- 
12 150 146 3 47 48 
13 6# 7 -  4 27 29- 
14 24 25 5 29 30 
15 6# 5 6 25 2 7 -  
16 31 31 7 6#  7 
17 73 72 8 • 14 16- 
18 17 16 9 20 19- 
19 101 102 I0 7# 8- 
20 19 11- 11 57 58- 
21 87 86 12 13 12 -  

2 2  19 11 -  13 59 59-  
23 75 71 14 7# 3 -  
24 7# I 15 17 34- 
25 17 17 16 7# 6 
26 28 2 7 -  17 34 3 2 -  
27 26 23 18 17 16 

19 2O 21 -  
28 32 3 2 -  20 21 21 
29 14 11-  
30 15 1 3 -  21 6# 3 -  
31 23 24 -  22 16 14 
32 5# 4 -  23 14 14 
33 27 29 -  24 6# 6 

25 12 21 
H* it 2 26 5# 2 -  

1 161 1 6 7 -  H,  4* 2 
2 3O 3O 
3 174 182- 0 20 21- 

13 14 I 7# 4 -  
5 45 47- 2 16 16 -  
6 48 51 3 I0 19 -  
7 24 22 ~ 4 7# 2- 

8 IZ9 IZ9 5 30 30- 
9 93 91 6 7# 

I0 23 25 7 35 34 -  
11 91 91 8 7# 9 
12 18 19 9 16 3 1 -  
13 122 120 10 6# 5 
14 6# 2 -  11 12 12 -  
15 126 126 12 6# 3 
16 53 55 -  13 9 11-  
17 72 72 14 6# 7 
18 24 2 4 -  15 6# 8 
19 46 45 16 15 16 
20 21 18 -  17 13 13 
21 17 13 -  18 5# 5 
22 27 2 8 -  19 19 17 
23 21 2 2 -  20 5# 2 

H, 5. 2 

1 13 12-  
2 5# 2 
3 13 13 -  
4 6# 9 
5 11 I0- 
6 5# 5 

H, It 3 

0 33 4 1 -  
I 15 13- 
2 14 14 -  
3 13 12 
4 27 2 5 -  
5 11 10-  
6 8 5 -  
7 5# 3 
8 56 57 
9 20 22- 

lO 13 13 -  
II 6# 3 
12 6# 2- 
13 6# 4 -  
14 6# 4 
15 11 11 
16 39 38 
17 6# 2 
18 6# 2 
19 7# 5- 
20 7# 5- 
21 7# 6- 
22 7~ 
23 7# 12 
24 15 I I -  
25 7# 
26 7#  8- 
27 6# 2 
28 6# 4- 
29 6# 7- 
30 5~ 2- 
31 5# I 
32 5# 4 

H* 2. 3 

1.. 6# ~-  
2 II 14 
3 6# 3 -  
4 64 63 
5 6# 1 -  
6 6# 7 
• 7 9 I I- 
8 16 17 
9 6# 2 

10 13 15 
11 11 12 
12 6# 8 
13 12 12 
14 6# 1 -  
15 7# 4 -  
16 7# 4 -  
17 7# 4 -  
18 7# 7- 
19 7# lO 
20 35 34- 

121 7# 3 
22 12 11 -  
23 7# 1- 
24 6# 4- 
25 6# 2 -  
26 6# 2 -  
27 5# 2 -  
28 11 9 
29 5# 5- 

H* 3* 3 

0 58 58 
I 7g I "  
2 15 14 
3 7# 5 
4 7# 8 
5 7# 6 
6 7# 4 
7 9 IO 
8 7# 8- 
9 7# 

lO 17 16-  
II 7# 7 
12 18 16- 
13 7# 4 -  
14 18 18- 
15 7# 8 
16 19 18-  

17 7# 4 -  17 36 36 -  
18 7# 7 -  18 49 4 9 -  
19 7# 6 -  19 25 23 -  
20 6# 4 -  20 52 50 -  
21 6# 4 -  21 9 9 
22 6# 3 22 48 47- 
23 5# 1 -  23 28 29 
24 23 21 24 38 3 7 -  
25 5# 3-  25 36 35 
26 5# 5 26 21 22 -  

27 33 33 
H, 4 ,  3 28 6# 4 -  

29 28 28 
I 7# 5 30 II 8 
2 7# 31 7 13 
3 7# 05 
4 23 2 -  H* 2* 4 
5 7# 3 
6 21 19- o 64 60 
7 7# 4 -  I 23 2 4 -  
8 15 1 3 -  2 72 74 
9 7# 7 -  3 44 4 6 -  

10 13 11 -  4 79 81 
11 7#  7 5 89 91- 
12 6# 6 -  6 14 17 
13 6# 1 7 61 6 2 -  
14 6# 3 8 33 33- 

1 5  II 12 -  9 60 6 2 -  
16 6# 6 10 40 3 9 -  
17 5# 4 -  11 30 3 1 -  
18 14 II 12 45 4 4 -  
19 5#  I 13 7# g -  
20 13 13 14 62 6 1 -  

15 14 13 
H* 5~ 3 16 58 58- 

17 35 34 
0 6# 9- 18 35 34 -  
i 5# 2 -  19 50 51 
2 6# 8 -  20 7# 
3 5# 4 -  21 38 36 
4 5# 6 -  22 7# 

23 27 25 
H* O, 4 24 6# 10 

25 13 11 
0 180 1 8 1 - 2 6  25 26 
I 49 53 ~7 5# 2 
2 134 128-  ?8 29 30 
3 89 90 29 14 1 2 -  
4 46 4 7 -  
5 112 110 H* 3* 4 
6 45 4 2 -  
7 139 138 I 52 5 1 -  
8 22 19 -  2 28 3 0 -  
9 86 86 3 31 3 1 -  

10 63 63 4 37 3 6 -  
11 82 81 5 19 17 -  
12 147 141 6 41 3 9 -  
13 26 2 2 -  7 7# 4 
14 85 85 8 42 4 3 -  
15 17 19 -  9 26 25 
16 56 55 10 38 3 9 -  
17 60 6 0 -  11 22 23 
18 51 51 12 17 15 -  
19 32 5 4 -  13 35 33 
20 30 30 14 7# 1 
21 54 53 -  15 37 37 
22 16 11 -  16 7# 9 
23 44 4 5 -  17 23 23 
24 34 3 2 - ! 1 8  19 16 
25 27 26 -  19 6# 6 
26 31 30 -  20 26 26 
27 7# 7 21 6# 6 -  
28 32 3 0 -  22 28 28 
29 16 15 23 15 14 -  
30 30 3 1 -  24 17 15 
31 22 23 25 18 1 8 -  
32 22 23 -  

H* 4* 4 
H* 1.4 

0 29 28-  
1 115 117 I 7# 4 
2 44 43 2 26 25 -  
3 94 l o l  3 20 19 
4 87 86 4 7~ 7- 
5 31 32 5 22 2O 
6 112 112 6 7#  5-  
7 5# 4 7 21 19 
8 122 120 8 6# 
9 67 6 6 -  9 17 16 

10 74 76 10 14 12 
11 70 7 1 -  I 1  17 16 
12 43 44 i12 19 17 
13 83 8 5 -  13 6# 1 -  
14 12 11 14 20 18 
15 75 7 3 -  15 5# 4- 
16 41 39-- 16 13 12 

17 12 11 -  
18 14 12 
19 13 13 -  

H, 1,  5 

0 53 52 
1 16 17 -  
2 5 3 -  
3 19 17 
4 35 37- 
5 15 16 
6 6# 2 
7 27 26 
8 22 21 
9 6# 1 -  

lO 6# 4 
II 14 15 
12 22 23-  
13 6# 3 
14 6# 1-  
15 6# 2 
16 13 14 
17 18 18- 
18 7#. 3- 
19 II 9- 
20 7# 8- 
21 12 11 -  
22 7# 4 
23 7# 2 
24 14 12 
25 6# 6 -  
26 6# 2 -  
27 6~ 1 
28 11 10 -  
29 5# 1 
30 5# 33 
31 5# 

H* 2* 5 

I 28 29 
2 6# 7 
3 13 14 
4 10 9 -  
5 8 8 
6 6# 7- 
7 6# 4 
8 6# 4 
9 8 9 -  

lO 6# 2 
12 6# 1 -  
13 20 21 -  
14 7# 3 -  
15 17 16 -  
16 7# 4 
17 13 1 3 -  
18 7# 8 
19 7#  2 -  
20 7# 3 
21 1# 4 
22 6# 3 -  
23 12 8 
24 6~ 3- 
25 12 9 
26 5# 
27 8 5 
28 5# 4 -  
29 4# 5 

H* 3 .  5 

o 7# 9 
1 13 12 -  
2 7# 2 -  
3 19 I0- 
4 11 10 -  
5 12 19 -  
6 7# 2- 
7 21 2 0 -  
8 7~ 11 
9 24 25 -  

I0 7/# 6 
11 7# g -  
12 7# 9 -  
13 7# 4 -  
14 7# 5 
15 14 13 
16 7# 7 
17 13 8 
18 6# 4- 
19 15 12 
20 6# 7 -  
21 12 11 
22 6# 3 -  
23  II 11 

24 5# 2 
25 4 #  

H* 4, 5 

1 13 9- 
2 7# 4 
3 19 19 -  
4 7# 
5 7# 8 -  
6 6# 1 -  
7 6# 3 
8 6# 2 
9 6# 6 

lO 6# 7 
11 16 14 
12 6# 2- 
13 15 14 
14 6#  8 -  
15 II 9 
16 5# 
17 5# 7 
18 4 #  I 

H* Ot 6 

0 61 60 
1 11 8 -  
2 139 143 
3 79 76 
4 108 109 
5 37 36 
6 25 23 
7 55 53 
8 38 3 7 -  
9 58 56 

10 82 8 3 -  
I I  32 29 
12 98 9 9 -  
13 18 18 
14 91 91- 
15 14 9 
16 68 6 7 -  
17 15 8- 
18 45 43- 
19 24 22 -  
20 7# 
21 40 39 -  
22 26 23 
23 24 25 -  
24 23 18 
25 25 2 3 -  
26 50 51 
27 6# 7- 
28 42 45 
29 9 8- 
30 2.5 25 
31 4# 4 

H, I* 6 

1 63 62 
2 64 6 7 -  
3 38 37 
4 65 6 7 -  
5 37 38 
6 116 170-  
7 16 13 -  
8 110 113-  
9 14 I0- 

10 71 73 -  
.11 23 2 2 -  
;12 32 31 -  
:13 34 372- 
114 7# 
15 42 4 0 -  
16 44 44 
17 35 3 6 -  
18 59 58 
19 22 21 -  
20 51 48 

Zl  17 1~ -  
22 57 56 
23 7~ 4 
24 34 33 
25 15 9 
26 12 9 
27 16 16 
28 5~ 2 -  
29 16 17 
30 20 2 1 -  

Ht 2o 6 

0 92 9 4 -  
i 9 5 -  
2 80 8 1 -  

3 22 1 9 -  
4 40 4 1 -  
5 42 4 3 -  
6 7# 4 -  
7 28 2 8 -  
8 6# 5 
9 32 3 1 -  

10 47 47 
11 23 23 -  
12 68 69  
13 20 21 -  
14 63 62 
15 7# 2 
16 44 40 
17 7# 4 
18 33 32 
19 26 25 
20 7# 7 
21 16 12 
22 19 15 -  
23 23 21 
24 28 2 8 -  
25 17 16 
26 29 3O- 
27 5# 8 
28 20 22- 

H, 3 ,  6 

1 29 2 9 -  
2 27 ?4 

7# 8- 
44 44 

5 7# 9 -  
6 47 47 
7 8# II- 
8 40 39 
9 7# 4 

10 28 26 
II 17 16 
12 20 19 
13 16 15 
14 7# 
15 18 17 
16 18 1 7 -  
17 13 11 
18 30 2 8 -  
19 13 13 
20 32 3 2 -  
21 6 #  7 
22 24 23 -  
23 5# 6 -  
24 12 1 3 -  

H* 4* 6 

0 29 28 
1 7# 3 -  
2 23 22 
3 7# 8 
4 18 15 
5 6# 8 
6 6# 5 
8 13 11 -  
9 6# 9 

10 12 12 -  
11 6# 10 
12 17 1 5 -  
13 5# 2 
14 18 17 -  
15 5# I 
16 21 2 1 -  

Ht 1,  7 

o 19 17 
I 6 9 -  
2 28 29 
3 11 10 -  
4 18 17-- 
5 9 11 -  
6 6~ 
7 6# 
8 9 8 -  
9 6# 6 -  

lO 7# 7- 
11 12 12 
12 13 14 
13 7# 7 -  
14 18 18 - :  
15 7# 1 
16 21 1 - 
17 7 #  5- 
18 7# 3 
19 14 II 
20 7# 7 -  
21 7# 6 

22 7~ 8 
23 6~ 2 
24 7# 6 
25 6~ 4 -  
26 6# 7 
27 5W 2 -  
28 5# 4 -  
29 4~ 1 -  

HI 2* 7 

2 14 1 3 -  
3 7# 9 -  
4 25 2 4 -  
5 7# 5 -  
6 24 24- 
7 20 20 
8 13 13 
9 7~ 4 

10 22 2 2 -  
12 7# 9 -  
13 7# 71 
14 7# 
15 7~ 8 
16 7# 1 1 -  
17 16 10 
18 19 17 
19 7~ 4- 
20 22 19 
21 6# 2 -  
22 6# 8 
23 6# 6 -  
24 6# 
25 5# 6 -  
26 .5# 1 
27 5# 5 -  

H, 3* 7 

0 28 2 8 -  
1 7# 3 -  
2 15 1 2 -  
3 18 17 
4 7# 3 -  
5 7# 7 
6 7# 1 0 -  
7 7# 5 
8 7@ 5 
9 7# 3 

10 20 18 
11 7# 2 
12 7# 3 -  
13 6# 1 
14 21 19 
15 6// 3 -  
16 13 11 
17 6# 5 -  
18 6# 5 
19 6# 5 -  
20 5# 3 
21 10 8 -  
22 5# 3 -  
23 4# 

Ht 4 t  7 

1 13 12 
2 6# 4 -  
3 6# 3 -  
4 14 12 
5 6# 1 
6 15 14 
7 6# 2 
8 6# 7 
9 6# 2 -  

10 12 12 
11 5# 8 -  
12 5# 3 
13 5# 6 -  
14 5# 4 -  
15 4# l -  

H, 0 ,  8 

0 44 4 1 -  
I 12 9 
2 24 23 
3 76 78-- 
4 14 5 
5 74 77- 
6 7# 9 
7 91 95- 
8 34 35 
9 112 120 -  

lO 15 7 
11 38 3 8 -  
12 42 4 3 -  
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13 32 3 1 -  
14 8# lO 
15 52 52 
16 22 16 
17 39 38 
18 21 2 1 -  
19 48 46 
20 23 2 0 -  
21 52 51 
22 7 #  8- 
23 36 35 
24 23 22- 
25 34 33 
26 6# 1 
27 6# 4 
28 5# 6 
29 4# 7 -  

Ht 1t 8 

8 9 .  9 3 -  
7#  7 -  

3 59 5 9 -  
4 29 29 
5 62 6 5 -  
6 7# 9 -  
7 16 12 
8 28 27 -  
9 25 22 

IO 7# 1 
11 79 81 
12 16 9 -  
13 77 79 
14 23 2 1 -  
15 54 54 
16 7# 5 
17 50 50 
18 7# 7- 
19 16 9 
20 18 17 -  
21 7# 5 
22 7# II 
23 24 21- 
24 16 12 
25 29 2 8 -  
26 12 lO 
27 29 30 -  
28 II 15 

H, 2t .8 

0 7# I0 
1 7# 7 
2 7# 4 -  
3 46 46 

Table 2 (cont.) 

4 19 21 -  
5 57 58 
6 8# 9 
7 71 73 
8 7#  4 -  
9 51 51 

10 8# 9 -  
11 21 29 

i 12 7# 7 -  
13 17 16 
14 7# 4 I~ 19 12- 

7#  7 
117 31 30- 
18 19 17 
I9 39 3 9 -  
20 6# 2 -  
21 38 37- 
22 15 12 
23 25 24- 
24 13 ~I  
25 17 8 -  
26 4# 

H, 3t 8 

I 42 41 
2 8# 10 
3 38 39 
4 7# 4 
5 8# 12 
6 7# 5-  
7 7# 5 -  
8 7#  3 -  
9 20 17 -  

10 7# 4 
II 25 23- 
12 7# 6 
13 28 2 7 -  
14 7# 8 
15 33 33 -  
16 6# 8 
17 24 24- 
18 5# 5 
19 13 1 2 -  
20 5# 5 -  
21 5# 3 

H t . 4 t  8 

0 6# 7 
I 16 1 3 -  
2 6# 3 
3 17 16 -  
4 6# 7 -  

5 21 19 -  
6 5# 3 
7 18 17-  
8 5 #  1 
9 15 15 -  

lO 5# 3 
l l  13 12- 
12 .5# 4 

H, 1 , 9  

0 7# 2 
1 15 9 
2 17 1 2 -  
3 18 1 4 -  
4 7#  3 
5 21 15 -  
6 7# 6 
7 7# 3- 
8 32 32- 
9 7# 3 

1o 23 21 
11 2O 14 
12 24 22 
13 20 19 -  
14 17 12 
15 7# 6 -  
16 26 25- 
17 7#  3 
18 7# 8 

i l q  13 lO 
20 7# 5 

:21 7#  8 
122 6# 5 -  
23 6# 1-  
2 '  6# 
25 5# 3 
26 5# 4- 
27 4# 2- 

H, 2, 9 

1 24 22- 
2 16 11 
3 7# 
4 21 22 -  
5 7# 3 -  
6 31 28 
7 20 16 
8 22 19 
9 7# 4 -  

1o 7# 2 
II 8# 1 
12 7# 1- 
13 7# 2 

14 7#  
15 7# 4 
17 18 18 
18 18 14 -  
19 6# 3 
20 16 14 
22 12 9 -  
23 I F 8 -  
24 # b -  

Ht 3t  9 

0 22 2 2 -  
1 7# 3 

25 22 
3 20 16 
4 20 14 
5 7# 4 
6 7# 4- 
7 7.$ 4 
8 7# 4 -  
9 7# 8 

I0 7# 6 -  
I1  7# 4 
~2 ~L 1F 
13 
14 6# 7- 
15 6# 3- 
16 5# 2 -  
17 5# I 
18 5# 5 -  
19 5# 5- 

H~ 4,  9 

I 6# 5 
2 15 15-  
3 6# 5 
4 5# 1 
5 5# 5 
6 5# 5 -  
7 5# 
8 I0 I 0 -  
9 5# 2- 

Hi 0 , I 0  

0 62 6 2 -  
1 7# 3 -  
2 74 76- 
3 33 32 
4 37 34- 
5 35 35 
6 23 22 -  
7 22 17 

8 27 23 
9 7# 2 

10 63 62 
11 I0  13 -  
12 16 13 -  
13 19 14 
14 76 78 
] 5  8 9 -  
16 52 53 
17 22 2 0 -  
18 28 28 
19 25 25- 
20 7# IO 
21 21 18 -  
22 13 8 -  
23 6#  1 -  
24 16 19- 
25 4# 3 
26 22 24- 

H, I,I0 

1 33 32 
2 30 29 
3 7# 8 
4 4g 51 
5 7# 2 
6 71 73 
7 20 1 8 -  
8 24 21 
9 7# 9 -  

lO 58 62 
11 22 1 8 -  
12 25 22 
13 18 15 -  
14 7# 8 -  
15 18 9 -  

6 7# 4 
17 18 13 -  
18 38 38- 
19 6# 4 
20 36 3 8 -  
21 6# 10 
22 31 32 -  
23 20 20 
24 17 19- 
25 14 16 

H, 2,10 

0 53 55 
1 7# 6- 
2 45 46 
3 18 1 7 -  
4 7#  8 

5 14 9 -  
6 23 23 
7 18 14-  
8 7# 7 -  
9 19 16 -  

10 28 25 -  
11 7# 5 -  
12 36 3 4 -  
13 7# 8 
14 39 3 9 -  
15 7 16 
16 26 26 -  
17 13 9 
18 15 14 -  
19 13 lO 
20 15 1 7 -  
21 12 12 
22 5# 4 
23 4# 4 

HO 3 ,10  

7# 2 -  
7# 4 -  

3 16 1 2 -  
4 22 21 -  
5 12 9 -  
6 27 26 -  
7 7# 2 
8 29 29 -  
9 13 lO 

10 22 20 -  
I I  15 12 
12 6# 10 -  
13 14 11 
14 5# 2 -  
15 6# 8 
16 12 In 
17 5# I - 

H, 4 ,10  

0 10 1 1 -  
I 5# 1-  
2 9 9 -  
3 4# l -  

H, 1,11 

0 7# I 
1 7# 9 -  
2 7# 2- 
3 7# 4 
4 7# 5 -  
5 7# 2 -  

6 7# 6 
7 7# 4 
8 7# 14- 
9 26 25 

10 7# 3 
II 7# 6 -  
12 7# 9 
13 7# 2 
14 7# 8 
15 17 14 -  
16 15 10 -  
17 7# 
18 6# 5 
119 6# 

6# 1 -  ig ° . , _  

22 5# 3 
23 5# 1 

H, 2 ,11 

1 7# 2 
2 7# 7 
3 7# 3 

7# 1 2 -  
24 24 

6 7# 5 
7 7# 1 0 -  
8 9 13 
9 7# I- 

lO 7# 2 
II 6# 1 2 -  
12 6# 
13 16 13-  
14 6# , 
15 6# 3 -  
16 6# 6 -  
17 6# 5- 
18 5# 2 -  
19 6# II 
20 5# 7 

H, 3,11 

0 14 13 -  
1 6# 7 
2 10 9 
3 11 8- 
4 6# 7 
5 6# 5- 
6 6# 
7 13 9- 
8 6# I 
9 14 II- 

lO 6# I 

11 5# 2 -  
12 12 10 -  
13 5# 2 -  
14 5# 1 
15 8 7 

H, 0 ,12  

0 8# 4 -  
1 7#  7 
2 45 47 
3 31 33 
4 19 17 
5 32 32 
b7 7# 1 -  

23 24 
8 7# 7- 
9 31 32 

10 24 23- 
11 15 13 
12 29 27 -  
13 26 26 
14 32 3 1 -  
15 7# 6 -  
16 15 1 2 -  
17 6# 4 -  
18 6#  4- 
19 20 19- 

120 5# 6 
21 23 26 -  
22 15 16 

H, 1 ,12  

I 3fi 38 
2 25 2 4 -  
3 21 21 
4 7# 6 -  
5 18 16 
6 35 3 5 -  
7 7# 5 -  
8 27 2 6 -  

• 9 7# 1 -  
lO 21 19 -  

l l l  22 2 1 -  
12 7# 2 -  
13 22 22- 
14 6# 8 
15 19 20 -  
16 18 18 
17 27 28- 
18 23 23 
19 II 13- 
20 6# 9 
21 5# 7 -  

H, 2 ,12  

0 21 1 8 -  
I 7# 1-  
2 22 20 -  
3 16 15 -  
4 16 12 -  
5 17 1 6 -  
6 7# I 
7 27 29- 
8 6 #  1 
9 19 1 9 -  

10 19 19 
11 15 1 3 -  
12 21 21 
13 6# - 
14 18 17 
15 5# 1 -  
16 5#  3 
17 5# 9 
18 11 11 

H, 3 ,12  

I 6# 8 -  
2 6# 4 
3 17 1 7 -  
4 14 11 
5 IO 1 0 -  
6 15 16 
7 5# 2 -  
8 13 II 
9 5# 5 

lO 5# 4 
II 9 9 

H, 1 , I 3  

0 7# 7 
1 7# 
2 7# 9 
3 15 12- 
4 7# I0- 
5 7# 6 
6 7# 4 
7 7# 4 
8 6# 5 
9 6# 

10 13 7- 
1I  6# 4-; 

112 6# 6-- I 
113 6,, 5 
14 5# 2 -  
15 5# 
16 5~ 3 

17  5# 2 - I  
18 5# 

H, 2 ,13  

1 6# 3 -  
2 6# 2 -  
3 6# 2 
4 6# 4 -  
5 6# 3 
6 17 15 -  
7 6# 3 
8 6#  1 
g 6# 

lO 6# 4- 
11 5# 1- 
12 5# 2 -  
13 5# 1 -  
14 5# I 
15 4# 2 -  

H, 3 ,13  

1 5# I 
2 5# 7- 
3 4# 4 -  
4 4# 4 -  

Ht O t 1 4  

6# 7 
7# 9 

2 7# lO 
3 11 1 9 -  
4 18 18 
5 25 24 -  
6 6# 8 
7 31 3 0 -  
8 6#  7- 
9 18 1 5 -  

lO 6# 1 - 
11 6# 7- 
12 5#  2 -  
13 6# 5 -  
14 14 12- 
15 5# 3 
16 16 19 -  

H, 1 ,14  

1 25 25 -  
2 6# 3 -  
3 17 13 -  
4 6# 8 -  

5 16 1 2 -  
6 6# 8 -  
7 6# 4 
8 6# 1 3 -  
9 6# 10 

i 0  15 1 3 -  
11 20 18 
12 6# 1 0 -  
13 20 20 
14 5#  3-- 
15 15 16 

Ht 2~14 

o 13 1 3 -  
1 5# 8 
2 6# 7- 
3 15 14 
4 6# 3 -  
5 17 16 
6 6# 5 -  
7 6# 9 
8 5#  7 -  
9 18 20 

10 4#  4 

H, 1,15 

o 6# 2 
1 5# 1 -  
2 5# I- 
3 6# 5 -  
4 5# 2 -  
5 5# 4 
b 5# 2- 
7 5# 4 -  
8 5# 5 
9 5# 3 -  

I0 4#  2 

Ho 0 , 1 6  

0 13 1 4 -  
1 4#  1 -  
2 14 1 6 -  
3 4 #  3 -  
4 12 1 5 -  
.5 4~ 2 -  

clearly showed the presence of five of the  six hydrogen D i s c u s s i o n  

a toms in the asymmetr ic  unit,  the exception being the  The s t ructure  consists of near ly  p lanar  molecules, 
enolic hydrogen,  with their  long axis along a and short  axis along c, 

For  the  final ref inement  of the  revised da t a  these t i l ted +29.9  ° from the  (010) plane (Fig. 1). Least-  
hydrogens  were included isotropically a t  calculated squares planes were f i t ted through the  benzene ring 
positions along a line parallel  to the intersection of the (A), the  enol ring (B), and the  entire molecule (C); 
least-squares benzene ring plane and  the  bisector plane Table 3 shows the distances of the  a toms from each 
between the  neighboring ring a toms at  a distance of plane and the  equat ions of the  planes in A units. 
1.08 ~ from the  a t t ached  carbon atoms. The Cs Both  the  benzene ring and the enol ring are p lanar  
hydrogen was placed on the twofold axis 1.08 _~ from within exper imental  error;  the  m a x i m u m  deviat ion 
Cs. At  the end of the  final two least-squares ref inement  of the  entire molecule from its least-squares plane is 
cycles the  weighted discrepancy factor,  including 
unobserved reflections, was 0.071; the unweighted 
discrepancy factor  for 839 observed reflections was 
0.057. Table 1 gives the  final values of the paramete rs  
and  their  s t anda rd  deviations. The quan t i ty  

[•w(Fo-Fc)2/(m-n)]  ½ 

was 1.48, indicating a reasonable assignment  of weight- 
ing factors.  All s t anda rd  deviat ions quoted in this 
paper  are based on the  complete inverse ma t r ix  
including covariances ; analysis of the  da t a  was great ly  
facil i tated by use of the IBM 704 Funct ion  and Er ror  
p rogram of Busing (1959). Table 2 gives a comparison 
of the  observed s t ructure  factors and the  calculated 
s t ruc ture  factors based on the  paramete rs  shown in 
Table 1. 

Table 3. Distances from the least-squares planes 
and equations of the planes in ]~ units 

Atom A B C 
Br 0.014 0.124 0.120 
O -- 0.041 - 0.001 - 0.001 
C 1 0.001 0-026 0.022 
C 2 - 0.005 0.026 0.023 
C 3 0.005 - 0.026 -- 0.028 
C 4 -0.002 -0-100 -0.102 
C 5 -0-002 -0.104 -0.108 
C 6 0.003 - 0.038 - 0.042 
C 7 0.025 0.001 0.000 
C 8 0.082 0.000 0.000 

(A) -- 1.9794x+3.5972y-0.1270z = 1 
(B) --2.3866x+4.1438y+O.OOOOz=l 
(C) -- 2.2797x+3.9642y+O.OOOOz= 1 
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:Fig. 1. (a) P ro jec t ion  of the  s t ruc ture  of the  (010) plane, including all hydrogens  except  the  enolic hydrogen  in ca lcula ted  posit ions ; 

(b) P ro jec t ion  of the  s t ruc ture  onto  the  (001) plane, wi th  hydrogens  omi t ted  for clari ty.  The light circles represent  a toms  
behind  the  a symmet r i c  unit ,  and  the d o t t e d  circles represent  a toms  in front.  The asymmet r i c  uni t  is enclosed in dashed  lines. 

Table 4. Intramolecular bond distances and bond angles 

Atoms  Dis tance  Atoms  Anglo 

B r - C  x 1.901_+0.007/~ Br-C1-C 2 117.8_+ 0"5 ° 
C1-C ~ 1.392 i 0-009 C~-C1-C ~ 122.7 + 0.7 
C~-C s 1.400 _+ 0.009 C~-C1-Br 119.5 +_ 0-6 
Ca-C a 1.410 _+ 0.008 C1-C~-C a 119.1 i 0.6 
Ca-C 5 1.389 ___ 0-010 C~-Cs-C ~ 119.3 _+ 0.6 
C5-C 6 1.397 _+ 0-010 C~-Cs-C 4 121.6 ± 0.6 
C6-C 1 1.375 + 0.009 C2-Cs-C 4 119.2 -+ 0.6 
Ca-C v 1.457 +_ 0.009 Cs-Ca-C 5 119-6 i 0.7 
C7-C s 1.393 -+ 0.008 C4-C5-C 6 121.6 _+ 0.6 
C7-O 1.306 _+ 0.008 C5-C6-C1 117.8 _+ 0.7 
O-O 2 .464±0-015  Ca-C~-O 115 .6±0 .6  

Cs-CT-O 119-4_+0.7 
Ca-C~-C s 125.0 ± 0-6 
C~-Cs-C ~ 122.2 _+ 0.8 
C~-O-O 89.5 ± 0.8 

0.120 A, with the bromine atom being above the plane, 
and C4, C5, and C6 being below the plane. The inclina- 
tion of the benzene ring from the molecular plane 
is _+ 1'7 °. The intramolecular distances and angles 
(Table 4), which are uncorrected for thermal motion, 
are all very close to the expected values, with an 
average benzene ring C-C distance of 1.394 _£_. The 
C-O bond (1-306) is intermediate between the normal 
C = O  (1.23) and C-O (1.43) distances, but perhaps 
slightly longer than expected for 50% double bond 
character (1.29). The CT-Cs distance (1.393) is the 
same as the C-C distances in the benzene ring within 
experimental error, and is considerably shorter than 
the normal single bond value. The C3-C7 distance 
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(1.457) is also shorter  t han  the single bond value, 
bu t  in good agreement  with a single bond C-C between 
carbons with p lanar  t r igonal  coordinat ion (Dewar & 
Schmeising, 1960). The short  0 - O  distance of 2.464/~ 
confirms the  presence of a strong hydrogen bond;  
the  s tandard  devia t ion for this distance is larger t h a n  
the others because of the larger thermal  mot ion  and  
the  twofold symmet ry  relat ionship between these 
atoms. The Br-C1 distance (1.901 +_0.007) is longer 
t h a n  the  corresponding distance observed by  electron 
diffract ion methods  in bromobenzene (1.86±0.02),  
Yuzawa & Yamaka,  1953), or in p-fluorobromobenzene 
(1.87+0.02,  0osaka  & Akimoto,  1953), or observed 
crystal lographical ly in 1,3,5-tribromobenzene (1.86 -+ 
0.04, Milledge & Pant ,  1960). The Br-C1 distance is 
especially sensitive to systemat ic  errors, which cause 
ripples in the electron densi ty  map in the  vic ini ty  of 
the heavy  a tom;  during the process of refining the 
various sets of da ta  this effect was noticed as erratic 
changes in this distance unt i l  the final  cycles. I n  view 
of this fact, and  of the  ra ther  large s tandard  deviat ions 
reported in the l i tera ture  cited above, no significance 
is a t t ached  to the  difference between the value found 
here and those cited above. 

Table 5. Nearest non-bonded neighbor distances 
less than 3 A 

Distance Distance Distance 
Atoms (A) Atoms (/~) Atoms (/~) 

Br-Br 3"689 Ca-C a 2.42 Cs-H a 2.15 
-C~ 2"83 -C 5 2.78 -H 6 2.16 
-C 6 2.84 -C 6 2.43 C6-H 5 2.14 
-H a 2.93 -C~ 2.46 C~-C 7 2.44 
-H 6 2.96 Ca-C 5 2.42 -H a 2.68 

O-C a 2.71 -C 6 2.82 -H a 2.73 
-C a 2.34 -C s 2.53 -H s 2-14 
-C~ 2- 78 -H a 2-16 Cs-H a 2.68 
-C s 2.33 -H a 2-16 H2-H s 2.38 
-I-I a 2.37 -I-I s 2.76 -H 5 2.67 
-H a 2.49 Cd-C 6 2.43 Ha-H 5 2.47 
-H 5 2.83 -C 7 2.50 -H a 2.01 

C1-C a 2.4I -C s 2.99 Hs-H 6 2.48 
-Ca 2.76 -H5 2.14 
-C 5 2.37 -I-I a 2.68 
-H~ 2.15 
-I-I  6 2" 15 

The nearest  non-bonded neighbors distance (Table 5), 
based on the  calculated hydrogen positions, show t h a t  
the oxygen a tom is surrounded by  H2, H4, and  H~ a t  
2.37, 2.49, and 2.83 A respectively, which restr ict  its 
lateral  motion.  The closest intermolecular  non-bonded 
approaches are between H2 and Hs, at  2.38 and 2.67/~. 
A close in t ramolecular  approach occurs between tt4 
and  H8, a t  2.01 A, assuming tha t  these hydrogens lie 
in the planes of the benzene and enol rings respectively. 
The perpendicular  distance between leas t -squares  
molecular planes is 3.514 /~. Table 6 shows the am- 
pli tudes and  directions of the  principal  thermal  axes, 
referred to the  least-squares molecular plane. The 
s tandard  deviat ions shown are based on the complete 
inverse mat r ix  of the  normal  equations and thus 

include the  effect of covariances. The ra ther  large 
magni tudes  of the s tandard  deviat ions reflect the  fact  
t h a t  the  the rmal  parameters  are more sensitive to 
errors in the  experimental  da ta  t h a n  are the  posi t ional  
parameters.  In  par t icular  it  is seen t h a t  small differ- 
ences in the or ienta t ion  of the thermal  ellipsoids are 
of no stat is t ical  significance. The thermal  stereograms 
(Fig. 2) do not  show any  pronounced oscillation of 
this ra ther  rigid molecule about  its major  axes, as 
would have  been expected. Possibly any  such mot ion  
is masked by systemat ic  errors in the observed l ight  
a tom vibrat ions  in the  presence of the  heavy  atom, 
but  i t  seems more l ikely t h a t  they  are masked by the 
peculiarities of the  enol ring (see below). 

Br 0 C1 

C2 C~ C4 

C5 C6 C7 

C8 

Fig. 2. Thermal stereograms for the atoms, transformed so 
that the plane of the paper is the least-squares molecular 
plane. The X' axis is in the direction of the longest dimen- 
sion of the molecule, and the Y" axis is perpendicular to 
the molecular plane. The directions of the r.m.s, thermal 
axes are shown stereographically, and the length of the 
axes are indicated in A. 

The greatest  thermal  anisot ropy is shown by the  
bromine and  oxygen atoms. The bromine atoms has 
its minor thermal  axis near ly  parallel  to the Br-C1 
bond, as might  be ant ic ipated,  with the mean and 
major  axes near ly  normal  to this bond. These axes are 
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Table 6. Angle 0(I) (degrees) between principal thermal 
axes R and axes I of a Cartesian coordinate system 

defined by the least-squares molecular plane 
The X" axis is in the direction of the longest dimension of 
the  molecule and the Y" axis is perpendicular  to the  molecular 

plane 
n . m . s .  

Atom R ampl i tude  (A) O(X') O(Y') O(Z) 

Br 1 0"176+0.001 32+ 1 109+ 1 115_+ 1 
2 0.241+0.001 112+ 2 158+ 2 91_+ 3 
3 0.260+0.001 67+ 2 100_+ 3 25_+ 1 

O 1 0.138_+0.008 86_+ 4 89_+ 1 4_+ 4 
2 0.219+0.008 174+ 3 86_+ 2 86-+ 4 
3 0.408-+0.010 94_+ 2 176-+ 2 89_+ 1 

Cx 1 0.167-+0.009 41+11  131+11 90_+ 9 
2 0"202_+0.010 60-+13 55_+ 14 130-+ 15 
3 0-229_+0.010 65_+10 61_+11 40_+15 

C~ 1 0-159_+0.010 88_+11 132+10  137_+10 
2 0-198_+ 0.010 158__+59 107_+13 77_+ 5 
3 0"200_+0-009 68_+60 132_+67 50_+47 

C a 1 0-155_+ 0.009 96_+ 9 55_+15 36_+16 
2 0"180_+0.009 114_+15 44_+15 125_+17 
3 0.208_+0.010 25_+14 67_+12 99_+10 

C 4 1 0-181 _+0.009 94_+21 90_+ 17 4 + 2 0  
2 0"196+0.009 142_+10 52_+ 9 93_+26 
3 0.244_+0.012 52_+ 9 38_+ 9 88_+ 7 

C~ 1 0-181_+0-010 68_+ 9 100_+ 7 24_+ 8 
2 0"233_+0.010 158_+ 9 92_+21 68_+ 9 
3 0.254_+0.011 91_+20 170+ 9 100_+ 11 

C 6 1 0.181_+0.010 51_+ 9 102_+ 7 42_+ 9 
2 0.228+0-010 140_+ l0 92+22  50-+10 
3 0.248-+0.011 96_+ 1. 8 168_+ 8 101_+ 16 

C 7 1 0"169_+0-010 78_+ 8 90_+ 7 12_+ 8 
2 0-217_+0.009 142_+11 54_+11 80_+ 9 
3 0"257_+0.012 54_+ l l  36_+ l l  97_+ 6 

C s 1 0"152_+0.013 90 90 0 
2 0.196_+0.012 161_+ 15 7 1 _ 1 5  90 
3 0.238_+0.014 109_+15 161+15 90 

consistent with some motion of the molecule as a whole 
with relatively large Br-C bending amplitudes. 

Of special interest is the thermal stereogram for 
oxygen. The enol is required by crystal symmetry  to 
have equivalent C-O bonds, but if these were sta- 
tistically equivalent due to random arrangement of 

O . . . H - O  O - H . . . O  
I I 

R -  C ~ c / / C - R  a n d  R -  C ~ c ~ C - R  

I I 
H H 

molecules within the unit cell, then the oxygen and 
neighboring carbon positions should show abnormally 
large apparent r.m.s, amplitudes parallel to the C-0 
bonds. This is clearly not so, and the thermal param- 
eters strongly suggest that  the two C-O bonds are 
equivalent, corresponding to resonance between the 
two forms shown above. All sensitive distances are 
also more compatible with this interpretation than 
any other. Note tha t  C--O is 1.306, C3-C? is 1.457 
(trigonal single bond), and C?-Cs is 1.393 (50% double 
bond character). 

The abnormally low thermal axes in the molecular 
plane may be the result of the restriction of the 
oxygen in this plane due to very close hydrogen 

neighbors (see above). The very high amplitude out 
of the molecular plane is, however, unexpected and 
suggestive of an anomaly. 

H 

(a) 

O O' 

D m 
x j 

(~) 

Fig. 3. (a) Postula ted  enol ring s t ructure  with non-eollinear 
hydrogen bond;  (b) side view of oxygen a toms showing 
effect of O-O repulsion. 

I t  is to be noted that  A C?-O-O is only 89-5 °, so 
that  A C?-O-H would be abnormally small if H were 
directly on the line of centers between the oxygen 
atoms. I t  seems likely, in the circumstances, tha t  this 
hydrogen bond is bent, as shown in Fig. 3(a). If this 
is true, then the very close 0 - 0  contact of 2-46 J~, 
among the shortest known for hydrogen bonds, may 
lead to strong 0 - O  repulsion, and a warping of the 
oxygen atoms out of the molecular plane as shown in 
Fig. 3(b), so that  the oxygen atoms are at random in 
positions m or positions n of that  figure. This would 
lead to the apparently very high amplitude normal 
to the ring. Unfortunately, the X-ray data are not 
sufficient to confirm this conjecture. This suggestion 
does, however, have the additional merit that  it would 
lead to some distortion or randomness in the carbon 
positions near the oxygens, that  is, near the center 
of the molecule, leading to apparently high thermal 
parameters for the atoms and obscuring the oscilla- 
tions of this rigid molecule as a whole, which are to 
be expected. (Possibly the single bond character of 
C3-C7 reduces the rigidity, also giving some extra 
torsional freedom to the enol ring which would show 
most clearly in the thermal parameters of the oxygen 
atoms.) 

In  spite of the fact that  this structure determination 
seems to settle the nature of the enols, at least of the 
aromatic fl-diketones, the interest in this point and 
in the short hydrogen bond has caused us to regret 
the uncertainties introduced by such a heavy atom 
as bromine. Accordingly, the structure of the corre- 
sponding (but not isomorphous) chloro-derivative is 
in progress. 

This problem was suggested to us by Prof. G.S. 
Hammond in connection with his s tudy of hydrogen 
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bonding, l i thium chelation, and other  properties of 
these compounds. 
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The Crystal Structure and Molecular Configuration of 
(4-)-S-Methyl-L-Cysteine Sulphoxide 
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(+)-S-methyl-L-cysteine sulphoxide crystallizes in the orthorhombie system, space group P212121, 
with a unit cell of dimensions 

a -- 5.214 +_ 0.002, b = 7.410 + 0.002, c = 16.548 _ 0-008/~, 

and containing four molecules. The crystal structure was determined in projection by a sign-relation 
method. Final parameters have been determined by three-dimensional least-squares refinement. 
The structure represents the first determination of the absolute configuration at  an asymmetric 
sulphur atom. The molecular arrangement in the crystalline state consists of pairs of sheets of 
molecules parallel to (001) held together by hydrogen bonds between the nitrogen of one molecule 
and surrounding oxygens of different molecules. 

C~H7,8,9 
I 

1. I n t r o d u c t i o n  CH3 ] 
! 

(+)-S-methyl-L-cyste ine  sulphoxide [( + )MCS, Fig. 1] [ 
is one of a range of biologically active organic sul- [ s - - - - - - - o 3  
phoxides which have  been ex t rac ted  in recent years  I 
from natural sources (Challenger, 1953; Synge & s, - o I 
Wood, 1956). In  most  of these compounds the sulphur [ c3 Hs,6 
is a centre of asymmetry, though not always the only I 

and consequently these substances are optically CH2 ] one, 
active and exist in at least two isomeric forms whose [ i 
configurations are unknown.  Following the  synthesis J C2(H,) NH2,3 
and  resolution of several of these compounds it has c (H) NHz J 
been shown that their biological action depends ] 1 markedly on the configuration used. It is for this l CI reason important that the configurations of these c 
compounds should be established absolutely. Further- / ~ / ~ 
more, the organic sulphoxides represent a class of 
compounds little studied so far by X-ray methods, o OH 02 O, HI 
and  fur ther  informat ion about  them is desirable. (a) (b) 
For  both  these reasons a s tudy,  described here, has 
been made  of ( + )MCS. 

Fig. 1. (a) Chemical constitution of (+)-S-methyl-L-cysteine 
sulphoxide. (b) Numbering of atoms adopted in text. 


