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The crystal structure of thiamine hydrochloride has been determined by three-dimensional Patterson 
superposition methods and refined by full-matrix least-squares computations to a final R factor of 
8.0% for 3039 reflections with measurable intensities. The unit cell is monoclinic, space group P21/c, 
with a--6-99, b = 20.59, c = 12.73/~ and fl = 114.0 °. The locations of 17 out of 20 hydrogen atoms in 
the asymmetric unit have been determined from a difference-Fourier synthesis and ~n at tempt  has 
been made to refine the coordinates of these hydrogen atoms by least squares. The pyrimidine 
portion of the molecule is protonated at  the ring nitrogen opposite the amino group. The planes of 
the thiazolium and pyrimidine rings are at  a dihedral angle of 76 °, and are turned so as to bring 
the amino group closer to the hydrogen-bearing carbon of the thiazolium ring. The structure 
contains two weak but distinct C-H • • • C1- hydrogen bonds. 

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

Thiamine is a required d ie ta ry  const i tuent  for all 
animals  other  t h a n  ruminan ts  (White et al., 1959). 
In  man  its deficiency is the cause of beriberi. Met- 
abolically, th iamine (as the pyrophosphate)  is involved 
in the decarboxyla t ion of a -ke to  acids. The usual 
s t ruc tura l  formula and r ing-numbering system given 
for th iamine is 

NH~ 
H 5,! --// . . . . . .  S I 

~ C ~  + 1 CI- 
Ns ~ 5 C--CH~--N.~ 

5 I If ~ 6  c 
C2 1 6C CH..C ~CH2--CH2--OH 

C H 3 J  ~ N  j 

Thiamine itself is the chloride salt  of an organic 
cation, and m a y  in turn  have another  proton added 
to produce the doubly charged acid form, as in 
th iamine hydroehloride.  The p K  of this proton addi- 
t ion is about  7 (Viscontini et al., 195l). Although the 
acid form is perfect ly stable, in neut ra l  or alkaline 
solution th iamine spontaneously undergoes a com- 
plicated sequence of in t ramolecular  reactions (Maier 
& Metzler, 1957). 

A great  deal has been wri t ten  concerning possible 
mechanisms of th iamine catalyzed reactions. Present  
theories appear  to favor  a central  role for the - C H  = 
group at  position 2 of the thiazolium ring. However,  
in spite of the fact  t h a t  replacement  of the  pyrimidine 
amino group by an OH group causes the loss of 
catalyt ic  act ivi ty,  little a t ten t ion  is devoted in these 
theories to the  pa r t  p layed by  the pyrimidine port ion 
of the molecule. A concise review of the s ta tus  of the  
subject  m a y  be found in a recent  paper  by Pu l lman  
& Span jaa rd  (1961). 

The purpose of this invest igat ion was twofold. 
Pr imar i ly ,  we hoped to be able to obtain  s t ructura l  
i ldormat ion which would be of use to biochemists in 

unders tanding the funct ion of this ubiquitous and 
highly impor tan t  molecule. A secondary purpose, 
however,  was to gain fur ther  insight into the vector- 
coincidence method  for solving complex organic struc- 
tures. Thiamine hydrochloride contains two chloride 
ions and a sulfur a tom,  all three of which should be 
locatable by  examinat ion  of the sharpened Pa t t e r son  
function. Each  of these heavy  a toms m a y  then serve 
as the  basis of an independent  Pa t t e r son  super- 
position, and  each superposition in tu rn  ought  to 
contain a reasonably  complete s t ructure ,  together  
with some spurious 'noise' peaks. We felt t h a t  it  
would be i l luminat ing to compare the three separate  
superposition maps,  par t icular ly  with regard  to the  
locations of these spurious peaks.  A similar noise 
dis tr ibut ion in all three maps  would suggest inter- 
ference, so to speak, from possible 'near ly  homometr ic '  
s tructures.  I f  each map  were to contain a different 
noise distr ibution,  on the other  hand,  one could assume 
tha t  it originated in essentially random overlapping 
of Pa t te r son  peaks in the superposition. I t  would 
consequently be reasonable to expect  t h a t  higher and 
higher order superpositions would produce progres- 
sively clearer images of the  correct s t ructure .  For- 
tunate ly ,  as will be seen under  determination of the 
structure, the r andom overlap hypothesis  appears  to 
be the correct one. 

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

Thiamine hydroehloride (Merck) was crystall ized by  
evaporat ion of a solution in a mixture  of water  and 
N,N-dimethyl formamide .  A lath-like habi t  was ob- 
tained,  with the  prominent  faces of the form {010} 
and the  long direction of the  crystal  parallel to the  
unit-cell a axis. Sys temat ic  absence of hO1 reflections 
with 1 odd and of 0/c0 reflections with ]c odd indicated 
space group P21/c. Unit-cell  pa ramete rs  were measured 
both by precession pho tography  and  on a General  
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Electric single-crystal diffractometer,  using C u K a  
radiation.  A wavelength of 1.5418 /~ was assumed 
for the mean  of K a l  and  Ka2, or 1.54051 A for Kal 
where the two components could be resolved in high- 
order reflections. Unit-cell  parameters  were found to be 

a = 6-99, b = 20.59, c = 12.73 A, fl = 114 ° 0'. 

The exper imental  s tandard  deviations of these param- 
eters, as es t imated from the results of several deter- 
minations,  are 0-01, 0.02, 0-02 A and 5'. 

The crystal  densi ty  measured by  f lotat ion was 
1.401 g.cm.-3, corresponding to a molecular weight of 
353.1 for one asymmetr ic  unit .  The molecular weight 
of a th iamine  hydrochloride molecule plus one molecule 
of water is 355.3 and it  was therefore concluded tha t  
the compound had  crystall ized as the monohydrate .  

In tegra ted  in tens i ty  da ta  were collected on the 
diffractometer  for all 3663 reflections wi thin  the Cu K a  
limit.  The 20 scanning technique was used. The num- 
ber of reflections having intensit ies measurab ly  above 
background was 3039, or 83% of the total. A single 
crystal  was used throughout,  with dimensions ap- 
proximate ly  0.3 × 0.05 × 0.2 mm. Absorption correc- 
tions were not  made, a l though it was recognized tha t  
these would not  be inappreciable.  The ra ther  high final 
R factor of 8.0% may  well be due to th is  deficiency. 

D e t e r m i n a t i o n  of the s tructure  

A sharpened, origin-removed three-dimensional  Pat-  
terson synthesis was prepared and the dis t r ibut ion 
of peaks noted. Wi th  three heavy  atoms in the 
asymmetr ic  unit ,  there are 21 different vectors 
between pairs of heavy atoms in the vector set of this 
space group. Thorough inspection of the Pat terson 
map  eventual ly  yielded all the peaks required for 
correlation with a selfconsistent fami ly  for these 21 
vectors, and from these the approximate  coordinates 
of the three heavy  atoms could be determined un- 
ambiguously.  

Each of the heavy  atom locations was then  used 
to compute a separate four term min imum-func t ion  
superposition. These were contoured and  the 26-28 
highest  peaks in the asymmetr ic  uni t  of each super- 
position map  were selected as candidates for the 21 
atomic sites. As an aid to interpretat ion,  a simple three 
dimensional  model  of each superposition map  was 
constructed, in which the possible atomic sites were 
represented by  small  clay balls. Wi th  the help of these 
models, i t  proved to be relat ively easy to pick out the 
actual  structure. Indeed, most  or all of the atoms of 
the structure could be identif ied independent ly  in all 
three models. Specifically, for the superposition based 
on S1 (see Figs. 1 and 2 for a tom designations) all  
21 atoms of the structure appeared in their  approx- 
imate ly  correct locations ; for C120 only C8 was missing; 
for C121 only C5 and 09  did not appear  in the model. 

For the reasons set forth in the Introduction, 
a comparison was made among the noise peaks in 

the three superposition maps,  bu t  no coincidences 
were found. This observation lends support  to the 
notion tha t  the spurious peaks always observed in 
such superposition maps  probably  arise through 
random overlapping of Pat terson peaks. 

When  a f inal  combined superposition map  was 
prepared, consisting of the sum of the three separate 
m i n i m u m  functions, the noise was satisfactori ly sup- 
pressed and the correct s tructure stood out clearly. 
Comparison with the final set of refined coordinates 
showed tha t  no atom was misplaced by  more than  
0.2 A_ in this combined map. The init ial  R factor, 
based on the atomic coordinates derived from this 
map, was 35%. 

Ref inement  

The following atomic scattering factors were used 
in the ref inement :  C, N, O and C1- of Berghuis et al. 
(1955), H of McWeeny (1951) and S of Tomiie & S t a m  
(1958). 

The ref inement  was carried out ent irely by  the 
ful l -matr ix  least-squares method,  using Busing & 
Levy 's  (1959) program ORXLS adapted to the IBM- 
709 with the aid of compat ib i l i ty  program IBIOC II.  
A weighting scheme similar  to Hughes '  (1941) was 
employed. 

Three cycles of ref inement  of positional and isotropic 
tempera ture  factor parameters  reduced the R factor 
from 35% to 14%. Two fur ther  cycles of ref inement  
were run  on anisotropic tempera ture  factors only, 
reducing R to 9.2%. The last  cycle of both series of 
computat ions (cycles 3 and 5) indicated only small  
ad jus tments  in the parameters.  At  this  point  the first 
difference-Fourier synthesis was prepared in order to 
locate the hydrogen atoms. There are a total  of 20 
hydrogen atoms in the s tructure;  of these 17 were 
found readily,  comprising as they  did the most 

Table 1. Positional parameters of non-hydrogen atoms, 
in fl'actional coordinates × 104, and their estimated 

standard deviations 
x/a y/b z/c 

S l 7668 4-2 2889_ 1 3533+ l 
C 2 7856 _ 7 3632 _+ 2 3064_+ 4 
N 3 6066 + 5 3829 + 2 2231 _+ 3 
C 4 4 4 7 7 _ + 7  3361__+2 1921_4 
C 5 5105 _ 7 2819 -+ 2 2567 -+ 4 
C 6 2405 -+ 8 3495 -+ 2 986 -+ 5 
C 7 3 8 2 0 _ + 8  2237__.2 2571 +_5 
C 8 2307_+ 10 2399+ 3 3121___ 6 
O 9 3315-+7 2673-+2 4233+4 
C10 5 7 2 5 _ + 7  4 4 7 2 _ + 2  1671_+4 
:Nil 10288_+6 5 5 5 5 _ + 2  2198_+ 3 
C12 10585_+7 5 8 3 4 _ + 2  3197_+4 
N13 9420__+6 5707+2 3755-+3 
C14 7 8 3 8 _ + 7  5 2 6 4 _ + 2  3303_+4 
C15 7 4 8 9 _ + 7  4 9 3 7 _ + 2  2246_+4 
C16 8760___7 5 1 0 1 _ + 2  1721_+4 
C17 12332_+9 6312-+3 3675_+5 
N18 6697 _+ 7 5151 _+ 2 3889 _+ 4 
O19 7 4 1 0 _ + 9  2091+2 5698-+5 
C120 2907-+2 4187+1 3715 1 
C121 7140_+2 845_+1 4191_+1 
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Table 2. Thermal parameters of non-hydrogen atoms and their estimated standard deviations 
fl as given here is defined by: 

T = exp { -- 10 -4 (811h 2 + 822/c2 + 83al 2 + 2812hk -t- 2813ht-]- 2/~231~/)} 
~11 ~ ~33 ~1~ 813 853 

S 1 165_+3 16_+0 74_+1 7_+1 32_+1 9_+0 
C 2 152_+10 18_+1 65_+4 0_+3 32-+5 -1_+2 
N 3 145_+8 13_+1 50_+3 0_+2 32_+4 -3_+1 
C 4 176_+10 12_+1 62_+3 -4+_2 38-+5 -5_+1 
C 5 177_+11 14_+1 71_+4 1_+3 48_+5 --2-+2 
C 6 198+_12 18_+1 75_+4 -6_+3 14_+6 --4_+2 
C 7 236_+13 13_+1 96_+5 --11_+3 51_+7 -2_+2 
C 8 263_+15 23_+1 104_+5 --22_+4 71_+8 -1-+2 
O 9 377_+_15 23 -,_ 1 105_+4 -3_+3 100_+6 5_+2 
C 10 193-+11 12-+1 54_+3 --2_+3 23_+5 2_+1 
N 11 213_+ 10 12-+ 1 60-+3 --5_+2 54_+5 2_+ 1 
C 12 182-+10 10-+1 57_+3 1-+2 38_+5 1_+l 
N 13 199_+ 10 14_+ 1 56_+ 3 --6_+2 47-+4 -5_+ 1 
C 14 179_+10 13_+1 53_+3 0_+2 42_+5 --1_+1 
C 15 188+_11 11_+1 58_+3 --3_+2 44_+5 1_+1 
C 16 225_+12 13_+1 64_+3 --4_+3 59_+5 0_+1 
C 17 259_+14 20_+1 83_+5 --27_+4 47_+7 --6+2 
N18 244+_11 19_+1 69_+3 --16_+3 75_+5 -7_+1 
O 19 449-+18 26_+1 121-+5 --1-+4 95-+6 --7_+2 
CI20 171_+3 17_+0 64-+1 --5_+1 45_+1 -6_+0 
C121 239___3 16+_0 62_+ 1 7-+ 1 58__+ 1 -- 1 +_0 

prominent  positive regions of the  difference map,  
with an average peak height  of 0.6 e./~ -8. A ra the r  
elongated positive region, of height 0.7 e./~ -3, and 
located about  1.5 /~ from 09,  was originally though t  
to represent  the  hydrogen a tom a t t ached  to 09,  
and a hydrogen a tom was consequently carried along 
at  this position in the subsequent  refinement.  In  the 
end, however,  it  was abandoned on general stereo- 
chemical grounds. No sat isfactory indications of the 
two hydrogen a toms a t t ached  to the wate r  oxygen, 
019,  were found at  this stage. 

The hydrogen a toms were next  introduced into the 
s t ructure  wi th  positional paramete rs  derived from the 
difference map,  given isotropic t empera tu re  factors of 
B = 3.0/~2, and  a fur ther  round (cycle 6) of ref inement  
computed on the  positional pa ramete rs  of the  non- 
hydrogen atoms. The calculated corrections were small 
and the  R factor  dropped only slightly, to 8.5%. 
At  this point  we were originally prepared  to t e rmina te  
the refinement.  However ,  the  following question arose. 
Since the  anisotropic t empera tu re  factor  paramete rs  
were last  ad jus ted  before the  hydrogen a toms had 
been introduced,  and since the  thermal  parameters  
p resumably  tended to compensate  for the missing 
hydrogen atoms, would not  fur ther  ref inement  result  
in appreciable changes in both  thermal  parameters  
and  hydrogen a tom positions ? 

Largely  in order to determine the  extent  of this 
effect, fur ther  ref inement  was carried out  as follows. 
The hydrogen a toms were assigned the  anisotropic 
t empera tu re  factors of the  a toms to which they  were 
covalently bonded, and  six more cycles (7 through 12) 
of least-squares ref inement  computed,  in which the  
paramete rs  adjus ted  were, in order, non-hydrogen 
t empera tu re  factors,  non-hydrogen positions, non- 
hydrogen  t empera tu re  factors again, and three cycles 
of hydrogen a tom positions. The la t te r  tended to 

oscillate somewhat ,  bu t  wi th  diminishing ampli tude 
in succeeding cycles of refinement.  The mean  final 
ad jus tment  in each type  of pa ramete r  in terms of their  
s t andard  deviations was 0-35a for non-hydrogen a tom 
positional paramete rs  (cycle 8), 0-16 a for non-hydrogen 
a tom thermal  paramete rs  (cycle 9) and  0 .31a for 
hydrogen a tom positional paramete rs  (cycle 12). 

The final anlsotropic thermal  pa ramete rs  were not  
appreciably different from the same paramete rs  as 
they  stood a t  the  end of cycle 6; the  average change 
was 0 .4a  and the  largest  change (for fl3a of C14) 
was 1-7a. 

I n  order to get some idea for the efficacy of the 
least-squares ref inement  of the  hydrogen  a tom posi- 
t ional paramete rs  in cycles 10-12, C - I [  bond lengths 
were computed for the  two methyl  groups and for 
the  three methylene  groups using the  original param-  
eters t aken  direct ly from the difference map.  These 

Table 3. Positional parameters of hydrogen atoms, 
in fractional coordinates x 103, and their estimated 

standard deviations 

x/a y/b z/c 
ti23 1 0 8 _ + 1 2  275___4 253_+7 
H24 158__ 12 ]82_+4 326___7 
H25 300_+ 12 210-+ 3 170-+ 7 
H26 473 -+ 11 192 _+ 3 302 _+ 6 
H27 1 6 4 _ + I 1  385+_4 121+_6 
H28 258 -+ 11 349 -+ 4 35 _+ 6 
H29 1 4 9 _ + 1 1  312-+4 72_+6 
H30 9 1 6 _ + 1 0  381_+3 335_+6 
H31 432___ l0 458_+3 169_+5 
It32 555 _+ 11 435 _+ 3 85 __+ 6 
H33 868 _+ 10 488 _+ 3 92 -+ 6 
H34 1096_+11  563_+3 189-+6 
H35 1 2 9 3 - + 1 1  642_+4 313_+6 
I-I36 1162_+12  677-+4 379_+6 
H37 1332_+12  619_+4 442_+7 
H38 698 _+ 11 533 _+ 3 455 _+ 6 
H39 561_+ 11 489_+ 4 364_+ 6 



7 5 0  T I - I E  C t ~ Y S T A L  S T R U C T U R E  O F  T H I A M I N E  I - I Y D R O C H L O R ,  I D E  ( V I T A M I N  B~)  

T ~ b l e  4 .  Observed and calculated structure factors 
T h e  t h r e e  c o l u m n s  f o r  e ~ c h  g r o u p  ~ r e / c ,  lOFo a n d  lOFc 

An ~sterisk indicates the estimated minimum observable F o for reflections which were too we~Ic to be me~tsured 
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185  - 193  
274  -282  

5 I 17  - 103  
5?5  -554  
153  146  

19o -16  
i ??  167  

IO  6 8  a9  
11 385  379  
l e  54?  51~  
13 19 -  - 19  
14 19 -  18 
15  10C -95  
16 6O 2 =  
I v  v 9  - 
18 198 -2~  
1 9  S 6  
2O 86  - 89  
21  9V 1G2 

6 . K . 4  

o 2 2 1  235  
1 1 6 -  - 41  

80  - 
• 16 "  2 6  
i * *  - 58  

105  - 92  
15 "  I •  

1 1 3  - l I B  
1 0 2  1 0 2  

I 12 -  32  
11 11 -  - 4  
1 2  Q* - 83  

- 6 .K .4  

6?  - 43  
218  2 3 0  

2 277  -314  
3 3 ~  - 3 2 3  
• - 39  
~ 81  6 ?  

65  - , 3  
v 98  - 98  

98  - 91  
~6  - 130  

1o 96  -~v  
I I  ?3  * 
12 138  - 122  
13 13 .  - 121  
14  51 1 4  
1 5  223  2 1 0  
1 6  2 6  - ~ 6  
I ?  14*  - 15  
18 78  8 .  
19 20  - 23  

? , K * *  

o 2?"  - 6  
I 127  1 .1  

- ? .K .4  

146  - 1 6 2  
1 9 ,  • 

l a 2  - 1 3 5  
9 8  88  

4 98  102  
1 2 2  - 1 3 7  
1 4 0  1 4 1  

1 8 *  - 2 3  
38  26 

I 3?  15 
I I  Q6 -R6  
12 228  -2o?  
13 64  • 8  
14 31 1 2  
15 3?  - 43  
16 94  - 9  

- 8 ,~ ,4  

243  264  
178  - 1 7 9  
1 0 6  111  

42  - • 8  
• 5~  - 58  
5 8?  - 85  

1 3 "  
11~ -35  130  

10 83  V3 
I I  5?  45  

0 ,~ .5  

3 .8  - 389  
2 3 a  - 2~2  

3 ~6~  -292  
4 2 5 4  - 2 6 8  
2 ?95  -287  

~30  -271  
v 15 .  

2 41 
63  -~ "  

11 i ? e  ~o 
1 2  203  18¢. 
13 1 8 "  - 3 1  
14 50  - 6  
15 64 - ~8  
16 1 • i  - 12 .  
i ?  364  - 3~  

i ~  ~ - I ~?  
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Table ¢ (cont.) 
2~ 40 39  
21  1 7 -  3 7  
22  14.~ 141 
23  ~ 7 2  
24  -46  

I * K . 5  

136  135 
4G2 52 I 

3 1 7 0  - 17 "  
~ 5 5 5  5 6 4  

446  -43 ,6  
215 Z0S 

i,'° , ~  - ,_~ 
1 2  1 1 1  - 9 5  
13  50 - 46  
14 501 *73  
15 I71 -157 
16 311 292  
I ?  1 4 9  - 1 4 6  
18 105  116  
19  ? 3  76  
2n  232  -245  
21  4a - 6 7  
22  I IO - 12 .  
23  121 11 
2 ,  9 .  3 .  

- I . < . 5  

:T 27 
3 -342  

3 250  -257  
77  - . 9  

375  - 369  
102  -11 •  

7 430  401  

2 6  
I") 1 6 •  I 0  
11 t 75  160 
I ? 72  6?  
1 3  4*  27  
14 276  -276  
15  92  -83  
15 119 -120 
17 I ~  I 07  
1 8  - 40  
~9  1 2 5  * t 3 1  

13~ 138  
21  1 7 ~  I I  
2~  81 I 02  
23  2O 39  
2 ,  I ?  - * 5  
25  I 02  120  

2 *< ,5  

53  - 33  
201  218  

3 61 69  
• 76  56  

175  167  
17 •  i o  
56 -6O 

516 -•96 
359  342  

I 1 2 8  - I Z 3  
I I 91  95  
I P 84  - 56  
13  6 2  4 3  
I •  2O•  -~ 
15  55 6 4  
I~, 2O5 201  
17 ? ~  s 3  
1 8  6 - 7 2  

• 6 " *  
21 76  -72  
22  171 -179  

-~oK ,_  +- 

• 8 6  - 5 3 3  
• 98  5a2  

"1 ; ' 9?  3 3 1  
1 7 3  169  
Inn  88 
119  330 

7 112  I 10  
8 6 3 3  - 810  

1 9 6  1 9 •  
I "  •57 -•io 
11 145 108 

13 1 8 •  
I •  • 2 7  • O 3  
15  82  -56  
16  376  377  
1 7  92  8 9  
18 1 5 7  - 152  
l q  I 05  - 8 5  
2 ~ 9'~ - 92  
21 1"5 131 
2~ 286 -3O 
23  1 • *  
2 •  11 • -7 

3 . * ( ,  ~ . 

~. ~: -42 
2 - 2 4 "  

"~ 1 7 4  I ? 9  
• ~ 6 !  - ~ ? *  
• ~ 169 -16~ 
5 19 -  

139  132  
3 2 5  3O I 
265  - 25 •  12 1 6 9  158  

I I 2O6 192  
12  • •  • 6  
13 ~ • 9  
I •  I - I 09  
15 ? ?*  
16 5~ - 59  

19 -37 

I 9 6  

- 3 . . ( . +  

1 3 6 g  - 3 " ? 5  
i • •  1 9  .g . . . .  

- 1 9  
1 2 3  135  
I I ~ - m 9  

7 ] 88  - 187  
296 - 2 9 2  
234  2O5 

ii . . . .  
6 •  5 3  
18 "  -2O 

I 3 46  -74  
14 172  -160 
1 5  174  - 1 7 7  
1 6  1 1 6  - I I 0  
17 265  - 263  
16 19• - • 5  19 ;~ 75 
2O - 7 5  
21 112  - I 01  
22 15• ~H~ 

i o *  - 9  

• . ' < . 5  

2O*  12  
73  52 
71 - 6 7  

• 2o~ 2n9 
59 - 6 3  
2O• - 12  

155  154  
19 "  -38 

69  50 
i 57 - 37  , i  :~ - ,2  
I ~  • 1 9  
13 i T *  I ?  
l a  l i e  114  
I q  3 4  - 63  

I ?  134  
1 6  ?5  ?6  

- * * < * 5  

193  201  
599  -613  

7O - 68  
592 - 5 7 *  

16 "  25  
166  -162  

66  -52  
601  ~70  

~ I 0 "  
I 3 1 6  294  
II 38  36  
12 7 7  - 83  
13 19 .  - 12  
I• 266  *254  
1 5  2O•  - 21  
1 6  377  - 3 6 0  

1 6 "  - 1 0  
17 "  - 29  

2n  79  62  

I *K .6  

361  395  
232  242  
310  - 3 5 1  
1 1 9  - 120  
519 536  
117  -120  

* ':+ i{ 309  3 
166  t 56  

i o  390  365  
I I  68  -6O  
12  173  -165  
1 3  363  -346  
14 IO* 125 
15 130  -119  
16  67  - 92  
I ?  152  -152  
1 8  132  I ~  
19 I 09  
2O 16 •  ~ 
21 62  
22  7 5  - ~  
23  37  

- I . < . 6  

o 216  234  
72  61 

164 1 8 9  
3 8 8 O  9 5 1  

21 14" =~4 • 454  - ' 6 "  
22  142  152  ~. 225  Z13  
23  9 "  33  . 92  - 447  

1 5 "  - 18  
5 .< .5  o 15 •  14 

9 283  - 286  
72 29 1o 97 66  

1 ~ 3  l a g  I I  2 • 2  - 236  
3O5 3O2 26  - 29  12 2 . . . . . . . .  o, 3oo 

68  g2  14 91 88  
162  -177 15 ,9. =~ 

65  - 7 6  16 92  -I oo 
1 2 3  - 116  17 2 3 3  222  

I 257  -239  1 9  1 8 -  
- 7 9  2O 236  2 •5  I I  8o  

12 59  3 5  21 " 3  - • o  
1 3  13e B 22  147  1 5 9  
l a  13• 131 23  I05 - 1 1 "  
15 I 06  16 24 59  6 9  

- 5 . ~ . 5  

~ ~ ,  - 1 2  
1 8 "  1 3  

I 169  166  
• 297  311 
5 I 02  59  

190  -180  
39O t38~2 
165  

19 •  1 9  
io  52 3~  
I i  158 ~ •  
12 1 3 3  1,5 
1 3  1 1 7  1 2 3  

1 9 •  1 9  
8 8  7O 

1 7  17 •  28  
IO i o l  94 
1 9  120 -129  
2O 91 -B6 
21 50 45 

6 . < . 5  

35 • 2  
88  - 9 1  

3 I • *  -15 
* 142  - I • 4  

• • • 9  
I05 i oo  
I 08  - I 0 2  

29  -27  

,~ io91°" io~ 
- 6 ,< ,~  

106  IO• 
2~  2 0 3  

g 3  -61 
223  233  

7 179  175  

lO ~ .  -5~ 
I i  12 i . .  _;f 
1 3  67 
14 160 154 
I ~  16 •  - i i  
16 94  102 
17 1 6 3  166  
I~  117  - 116  
1 9  IO• I ~  

- ? , < * 5  

9O -87  
267  - 2q t  

3 196 -a6  
28 •  - 28 .  

65  66  

~ 5 3  
86 7 2  

i; . . . . . .  36 • I  15. I~ 
~3  I * •  

180  -167  
I 32 -21  
16  1 1 5  - 1 1 2  

-8.K.5 

51  63  
156 - 28  
57 -6O 
15" - 28  

5 58  48  
62 - 69  
9 8  - 78  

1 5 ~  146  
12• I0  

i o  102  9 0  
I I  3O -2  

O*< ,6  

1 7 7  - 206  
157 - 1 6 1  

90  101 
• 9 - • o  

• lOO 95 
15.  

3 0 9  3O 
~ e ~  9 2  

51  - 5 3  
~ • 9 6  . 6 2  

I 1 3 6  - 1 . 2  
I1  157  -151  

232  -203  
I ~  102  -91 
~•  67  - 45  
15  219  -206  
~ 6 44  50 

62  5"  
I B  1 9 "  1 8  
19 54  •7  
2O 1 7 •  28  
21 39  , 5  
22  11o -109  
23 173  19~ 
24 9 •  

2 .< *6  

i 1 3 2  I • 2  
I ?O  1 9 6  
234  258  

3 258  2 6 0  
i 2 ,9  -252 

210  2O9 
2 3 7  - 228  

81 - 63  
260  -24? 
596  -565 

I 74 72  
I I  52  -19 
12 526  510  
13  I I I  - 12 •  
I •  77  62  
15 216  Z16  
1 6  55 - 0 *  
1 7  72 • 6  
l e  167  - 170  
19 45  -53  
2O 6O •2  
21 5•  - • •  
22  66  78  

n 131 l a *  
I~8 150 
3 1 5  310  
1 7 9  - 178  
193  -203  
767  ?9 *  
I 03  IO0  

7 269  248  
236  206  
225  -200  

~ n 56  51 
I 1 1 3  9 7  

I ~  2 4 2  2 1 1  
13 145 - I • I  
14 127  -131  
15 1 • 1  t ~  
16  *4  59 
I?  I g i  -12 
18 19 •  -19 
19 121 116 
2O 69  9 "  
21 i n 9  106 
22  117  128  
23  62  ? 2  
24  i n •  - 6  

3 ,~ .6  

202  - 2 1 7  
81  -7• 

2 149  1 6 8  
9 4  8 9  

316  -32 •  
269  270  
197  - 1 8 1  

83  95  
2O*  - 27  
73  - 77  

I 44  -40 
11 77 - 6 
12 6O ~ •  
1 3  1 3 0  1 0 9  
14 5 •  - 18  
15 1 7 •  -3O 
16 91 7a 
I ?  1 5 -  18 
18  1 0 9  - 1 1 ~  
1 9  I 1 "  - 
2O 130 -130 

- 3 * < , 6  

723  -760 
137  -127 
*66 - 4 9 7  
,71 - ' 8 6  
337 347  
312 -303 
501 a79  
388  3 7 3  

93  -84  
9 382  339 

1o 4 •  - 28  
I !  22 •  217  
I ~  279 - 273  
1 3  261  - 262  
I •  73 - * 9  
15 1 • 6  -136 
16 55 -43 
17 187  -181  
IB  247  2 •5  
19 176  182 
2O 215 219 
21 257  269  
22  69  -72 
23  41  32 

• *< ,6  

58  - 57  
I09 - I 0 5  
1 •7  - 162  

1 9 6  -2Hk 
* 64  76  
5 150 - 157  

I • 7  1 3 7  
191 -3? 

8 I07 I 0 •  
279  262  

I I06 - 92  
I i  1 7 1  - i i  

12 160 -147 
13 00 69  
14 I~e - 3O  
IS  181 - 1 7 ~  
1 6  1 2 •  
17  3 3  - 1 5  

- • . < . 6  

? 86  88  
1 6 "  - I •  

2 6 3  3 5 3  334  -27~  
61 71 

123  -131  
286  -30~  
l a t  - 132  

4 0  - 41  
61  - 1 9  

IO  I ~  3 5  
I I  - 1 6 2  
1 2  206  -204  
1 3  20q  - 1 9 ' 5  
1 4  2O•  - 36  
15 1 7 5  - 1 6 9  
,7'* :~.  -5~ 
18 5O -24  
19  ?o  -76  

? 2O 8O - a 
21 30  -41 
22  5?  - 6 •  

5 ,< *6  

7 ':~ 156 
56  

7 6  - 66  
1 0 5  1 0 3  

* 96 I0~ 
16" 
58 - 6 6  

7 1 5 "  - 22  
• 7 - 66  
• o - 45  

IO IO I  89  
I I  97  - 86  
1 2  35 - 2 "  

- 5 .K .6  

3 2 n  3 ,~o 96 
a I i i  

3 236  225  

1 7 9  
1 1 7  - 124  

~ 51  - * 
8 7  - ? z  

IO 6~ -53 
I1  298  - 290  
I ?  62  6 5  
1 3  1 9 1  1 7 7  
14 19• - 32  
15 72 81 
1 6  105  -109  
1 7  I I I  t oo  
18 112 -113  
19  65  - 76  
2C ~ •  - 71  
21 I • - 1 • 3  

6*< ,6  

? 55 63 
151  1 4 1  

I f :  "} 
i oo  - 99  

. I  46  
6 52  - 66  

- 6 .K .6  

• 73  - • 9 2  
1 0 3  - 120  

7B 91 
135  -1 "2  

* 62  - 7 6  
• 8 1 9  

3 1 9  3 1 7  
7 149  147  

167  1 6 7  
186  1 8 2  

io  io9 - i o 4  
11 171 L? !  
12 76  - 77  
1 3  IB *  - 15  
I •  1 . 6  - 1 •1  
1 5  191  - 1 8 3  
16 122  1 1 7  
I ?  59  - 55  
16  2"  ~ 7  
19 ~ o 

- 7 ,K+6  

19" 29  
47 - 23  
81 - 8 7  

231  -234  
• 82  82  

18 • -34 
105 97  
104 1 0 4  

18. 2O 
9 ~4 -2 •  

IO 58  -56  
I i  122  11o 
12 85 -?5 
1 3  178  -152  

16  • 3 4  

- 6 *< ,6  

~ .  126 
: I++ ,+~ 
3 I+. + 1 1 1  - 1 1  

96  -66  
99  - 9 "  

9 113  - I 0 9  
I0 9 •  9 0  
11 73  -76 

O,< ,7  

751 822  
16 •  

28 - 22  
: ,?,. -i,323 

573  -556 
101 91 

9 151 14" 
1o l e *  - i o  
I i  2 •4  2~) 4 
1 2  152  - 1 3 7  
1 3  233  226  
14 1 •9  - 1~8  
15 199  1 6 1  
16 I 08  . 94  
1 7  2 ~  - 2 .~  
I O  18 t  - 19 ~; -g :  
2O 
21 173 - 1 6 6  
22  17 
2 3  1 1 6  12 

I , < , 7  

26O - 2 6 7  
130 1 • 9  

3 163  171 

• 2a9 - -~5~  
5 242  249  

1 3 7  I • I  :? IO 
8 a - • 19  

73  - 66  
239  2~2  

12 o - i o  
13  1 5 2  - 1 3 8  
la 147  - 1 3 2  
1 5  7 9  77 
16 79  ? ~  
I ?  185  1 8  
1 8  I 05  - 95  
19 153  I ~  
2 0  6 6  
21  1 2 1  1 5  
2 2  7 2  - 6 5  

- I , < . 7  

28O 3 1 1  
2 5 3  - 273  

3 6 ~  - 12  
219 2 2 8  

03  -76  
301 -305  
352  -326  
255 253 

I ~  120  -108  
258  -243  

I i  2O5 - 198  
12 I 23  - 1 1 4  
I ~  1 2 5  131  
14 IOO - 92  
15 20 t  14 
16 IOn  -83  
1 7  94  -90  
18 140  1 2 5  
19 5 6  -5~ 
2O 72  - 94  
21 8O 75 
22  1 3 "  1 6  
23  27  24  

2.K.7 

279  -311  
19 "  21  

106 1 1 9  
68  63  

263  -259 
139  155 
I 06  1 0 6  
200  IB7  
38?  -351  

1 155 - 1 3 7  
201  -59  

12 58 -32 
1 3  141 -137 
14  18 -  16 
1 5  e ,  - 64  
16 I ? *  -9  
17 191 193 
18  63  -36  
1 9  1 3 "  - 1 3  
2O 41  , 5  

- 2 . K . 7  

392  - • 26  
1 3 6  1 3 7  
137  145  
178  181 
] 23  3O8 

Z2  -55 
85O 832  
t 1 2  g2  
136  - 1 3 3  

1 6 9  - 8 6  
I I  3 6 9  - 338  
12 1 9 "  - I •  
1 3  3 1 1  - 2 8 6  
14 62  64  
15 164 -155 
1 6  87  -9 •  
17 • • 0  430  
1 8  9 5  8 •  
I q  113  112  
20 1 7 .  - 46  
21 15 "  3O 
22  76  b l  
23  188  -210  

3 , < , 7  

I 3~6 385  
I 16  - 1 1 6  

81 - 9 6  
a 115  129  

3•7 - 336  
9O - 7 6  

2*3  - 243  
203  181 

I ~  1 9 "  - 1 6  
84  62  

IOI q~ 
12 56 •o 
1 3  247  238  

1 6 •  1 3  
I 3 7  - 1 7  
16 71 - 68  
17 146  -144  
l e  127  120 

-3 .< *~  

I 122  
3 412  •10  

22 •  - 231  
18• - 172  
565 556 

176  3O 
268  -254  

I ~  175  - 152  
216  205  

I1  188  1 9 •  
12  • 3  28  
1 3  8?  -91 
14 109 IOO 
15 165 1 7 2  
i~ 1~g 192 , ,9 
1 8  1 8 1  - 8 4  
19 67  ?o  
2O 169  16 ,  
21 82  0 9  
22  "4  - 33  
2 3  IO *  I 

4 ,< *?  

I 2O5 2O8 

1 8 •  
i 58 1 5  134  120  

86 - 75  
138  - 125  
87 77 
17" 3 9  

IO 15" 0 
11 • 3  --41 
12 I • *  9 
13  86  72  
I •  35 - 3 3  
15 122  I 06  

- - • .K *7  

320  33O 
17 "  - 2  

185  - 1 9 9  
• 17" 22  

18+ 5 
190 -175 
5•0 -526 

69  - 6 5  

i ,  2,3 ;g ;  
12  I 02  8 "  

13 2~  2G2 
1~ 168  -1~  
15 4?  42  
16 I I 7  116  
I ?  201 - 201  
18 I?O 34  
I q  1 6 e  29  
20  7 .  81 
21 12e  -25  
22  48  - 50  

97  - I 02  
62  66  
46 - 31  
53  - 56  

5 142  146  
109  I 00  

66  74  
1 •2  - 1 3 3  

51 52 
IO 62  59  

- 5 ,< ,7  

115  - 126  
1 8 ~  39  

3 104  - 97  

3 • 9  
9 0  - 7 7  

? 171  1 6 0  
~ 1 9 t  2 5  

202 195  
~ ̂  123 -115 

1 427  - • 0 6  
12  1 9 2  - 1 7 9  
1 1  2 7 1  - 2 5 1  
14 86  76  
15 60 - 5 "  
16 83  - 66  
17 131  109  
18 9 •  91 
19 1 •6  1 •8  
2~  5~ 
21  • -5~ 

- 6 . < . 7  

2?*  - 209  
98 - 103  

i oo  
5 5  ? 1  

1 2 0  - I I I  
3a3  328  
1 3 2  121 
264  -2~2  

50 - 16  
I i  1 6 o  - 154  
1 2  120  112 
1 3  191  - 182  
14 1 6 3  I • ?  
15 7 9  - 62  
16 62  65  
17 75  7 9  
18 77  7 6  
19 •3  37  

-7.<.7 

94  88  
9 2  io1 
19o I I  
98  -75 

30?  -292  
63  60  

1 3 4  - 130  
86  " --70 

1~  5• -51 
SO 65  

172 152  
1 2  7 3  66  

108  
1 2 -  1 2  

1 5  2 •  - 1 8  
1 6  2 2  1 0  

-6.<.7 

15*  - 18  
60  - 41  
15• 40 
51 53  
8• -70 

158 -140 
9 76  60  

17 " "  2, -f~ 
0 ,< ,8  

? : ;  ~: 
2 -292  

4 1 8 0  -17 
230  -226  
1 1 6  -95  

66  71 
1o1 -98  

9 e 3  56 
1~ 163  146  
I1 277  260  
12 73 -75 
13 90  -08 
1 •  171 177  
15 66  66  
16 18 *  20  
17 1 8 "  -~ 
10 I ? *  1 
19 13 •  1 •0  
20  •8 - 66  
21 1 5 9  1 5 8  
22  3 *  - 56  

I.<.8 

71 - • 6  
69  -67 

231 250  
• 92  - 515  

4 330  - 337  
62  - 72  
6 ~  - 80  

144 1 3 6  
1 8 6  - 1 9 0  
287  258  

I 251 - 232  
i i  205  1 9 3  
12 3 0 3  272  
13 80 -78 
I •  1 9 *  - 23  
15 1 5 7  -141 
16 67  77  
i ?  99  -102 
I ~  109  - 96  
19 4 9  32 
20  "6 3• 
21 116  1 3 5  

- I , < . 8  

? 71 -49 
1 3 •  1 2 4  
330  -368  
3~  •00  
Z*9 265  
218  209  
1 6 3  155 
168  -157  

68  - 9  
I ~  • 2 4  - 3 9 3  

1 9 *  - 19  
I1 25 •  . 229  
12 3 3 2  - 31 •  
1 3  106 7* 
I• 62  -66  
15  3 •5  3 Z ~  
16 57  28  
17 9~  e6 

18 ~1o  207  
19 87  - 9 •  
20 56 52  
21 171 0185  
22  130  -142  

2 .< .8  

~ ? 3  - 8 4  
7 3  - 85  

117 - I 11  
197 206 

118  - 1 ~ 3  
8 204  1 9 2  

- ?6  
11 19 •  -13 
12 108  -1oo  
13 237  235  
14 91 - -76  ,5 :~ 39 
16 50 
17 1~.~ IO2  
1 8  62  
1 9  6 9  - 76  

- 2 .< .8  

0 36  - 23  
161 74-1~ 
I t ,  ~ 1 o  
162  166  
274  -261  

$ 107 - 1 1 8  
2•?  - 239  

6 6  
10  ~ - 5 3  
I I  I - 1 6 9  
1 ~  1 9 *  - 1 8  
1 3  226  203  
14 20*  13  
1 5  1 8 6  - 1 6 •  
16 72  - 82  
17 18o 2S 
18 47  - 60  
19 74 -7 •  
20  15~ - • 3  
21 131  - I • O  
2 2  I 1 *  24  

3 *< *8  

151 1 5 1  
6 7  - ~ 8  

2 51 75  
I I 7  123 
225  223  

5 122  - 1 1 8  
1,2 ~ 

18*  - 
• 8 - • 4  
l ee  18 

IO 17 .  16  
I 1  •1 -46  
12  3 6  -35 
13 96  98  
14 57 47  
15 41 30  
1 6  I I  • 13 

-3,<18 

? 7 2  51  
180  -194  
290  326  
2 •6  - 252  
• 58  - • 65  
57 Tf~ 

123  - 
128  113  

3 1 6  2 9 8  
1 0  7 6  - 8 6  
I1  222  206  
12  3 3 1  321 
1 3  143  -129 
14  76  - 76  
15 223  -202  
16 71 5~ 
17 18 t  - 
18 185 -190 
19 ? o  82  
2n  120 - 118  

2 2  1 1 "  

o 156 175 
7 •  - 70  
55 48 

3 2 9 6  - 297  

i 17 "  1 7  90  -~0  
83  - 75  
75  74  
69  - 76  

123  130  
I I•I 129  

82  71 
12  2 .  I •  
13 158 -153 

- 4 .K .8  

o 220  - 236  
1 339  362  
2 1 4 9  -150 
3 • ?  4 8  
• 44  37  
5 1 8 6  1 9 ~  
6 159 I • 7  
7 1 9 "  18 
8 19"  3 •  
9 308  -363  

10 68 - 86  
I 1  108  - 1 o •  
12 73  - 6 •  
13 19" 8 
14 19* 30 
1 5  381 355  
1 6  98  97  
17 60 68  
18 102  I 10  
19 151 - I •  
20  7 6  51  
21 27  -40 

5 , < . 8  

c 62  -50  
73  ?~  
I 1 -  - 

109 - I I 0  
I01 -86  
70 -60 

5 9 *  -13  

- 5 . K . 8  

9 6  - 9 6  
1 4 5  1 5 6  
162 -167  
215 232  

• 251 2 6 1  
7Z  75 

252  2 *6  
292  - 277  
126  11 •  

9 362  -337  
1~ 2 6 6  2 •5  
11 11o -1o3 
I ~  171 -156 
1 3  3R 2 •  
I •  6 3  6 0  
1 5  1 1 3  1 2 8  
16 1 7 *  - I Y  
17  51 41 

18 97  9Z 
19 66  - 6 "  
20  36  38  

- 6 *K .e  

o 27* 2 9 7  
232  -230 

81  77  
39  - 59  
65  3 .  

167  - 153  
1oo - 98  
11o 118  
19" -13 

218  I 97  
I 0  163  153  
I i  65  -31 
12 102  1~o 
13 38  34 
14 28  25  
15 127  - 1 2 2  
16 124 - 128  
17 21 - 36  
18 •0  - 50  

-70<,8 

1 6 6  0187  
*9  -5" 
*9 5•  
• 1 5 •  

12~I.. "1!? 
69  - 6 0  

4 2  3 
103  83  

I IOO - 9 *  
11 a3 33 
12 156 I,O 
13 62  50 
14 98  - 82  
15 IOe  -2  

- 8 .~ ,0  

196  206  
9R -11o 
9 6  9 8  
62  -37  

153 148  
l a i  129 

? 47  - , 7  
126  I 1 "  
152  - 1 •9  
56 - • 3  

I • 2  -17  

0 ,~09  

228  
287  Oa 
265  278  

80  - 82  
210  205  

88  - 87  
• 58 - • a 2  

9 2  - 8 9  
I 21 •  -201 
II 164 145 
12 6?  73  
13 96  88  
I *  171 155 
15 51 • 2  
16 2 •1  239  
1 7  1 6 *  - 33  
1 8  76  - 7 1  
1 9  70 -69  
20  3g  -52 

1 . < . 9  

120  -120  
9 1  - 1 1 6  
I q *  3 3  

168  -157 

. . . . . .  20. I 
7 2 8 8  2 8 3  g . . . . .  ~ 

IO  6 •  4 •  
11 191  ? 
12 19 .  - 2  
1 3  60  -63  
1. 30 -52  
15 76  58  
1 6  145 -145 
IV 13• 135 
1 9  8 5  - 6 8  
19 108 - 11o  

- I . K . 9  

83  -53  
71 6 5  

178  -178  
18 t  - I I  

5 109  I 1 "  
6 9  38  

1 "2  - 133  
66 -55  

21 •  221 
1o 19 .  4 •  
11 88 67  
12 79  66  
1 3  52 , 5  
I *  105 108 
15 53  -•* 
1 18 .  o 

*o -57  
18  36  •o 
19 51 69  
20 88  67  
21 75 - 77  

2 .K .9  

20 "  - 13  
1 6 3  -159 

3 1 9 "  - 26  
136  -14 205 21t 

6 25?  -245  
7 1 " 9  132  
~ 2 4 2  2 3 9  

7 2  6 4  
I ~  230  215  
11 I • ?  - I • 1  
12 6 3  6 2  . . . . .  g~ 
I •  1 1 6  - 1  
1 5  4 7  -55  
16 105 -107 
1 7  41  38 

-2,<,9 

- 307  

253  8 3  . 2 •7  
183 182  

181 -12  
• 2 31 

312  303 
o 2?  - 27  

i0  271 2 •3  

136 - 1 6 1  
5 2  - * 9  

, •  ~ .223 
16 ~3  -187  
17 IR l  - i 0  
im  6~ 31 
l q  1 0 6  l q g  
~n 36 31 

~8 -6 
63  7~ 

I ~ 5  1 1 2  
~ 8 2  7 5  

17 "  - 1 6  
71 -63  
69  -79 
82  78  

1 165 -I'9 
I I  71 ?3  

13 12" -12 
I *  74 70 

-3.<.9 

133  136  
328  355  

51 . 6  
352  369  
1 3 4  - 1 3 3  

6 287  -2~5  
? 53  ? 

71 91  
104  -103  

9 0  
1 3  12 ~ 

191 - 8  
164  151 

62 _ 2 ~  183 
20  i o *  - 109  
21 4 9  -Op  

4 ,~ ,q  

~ ~: .  -6~. 
9~  -90 
9m -IOO 

m ~o -*1 
73 75  
56 - 53  

192 - 179  
11 • 

IO 36 3~ 

- a . < . 9  

I 6" -21 
331 351 
133  0 1 4 3  
344  3 .6  
399 - . 1o  
374  372  
142  -140  
347  - 339  

65  36  
IO 16o -143 
11 20 t  -5 
12 70 - 51  
13  51 13 
I *  231 209  
15 68  - 58  
16 178  171 
17 16 "  -12 
18 15 .  - 21  
1 9  199  -204 
20  3 *  - * 2  
21 4?  51 

-5.<.9 

133  -139  
232  -249  

8 0  - 81  
219  - 228  

65  56  
157  130  
201 - 36  
65  32  

1~ 1 3 1  -117 
1 1 8  11o 

- . 9  12  
1 3  IB *  - i o  
1 .  I75 - I ~  
15 I ? *  
16 171 -160 
17 51 -59  
18 38 -30 
19 118  122 

- 6 .K09  

73  82  
20 *  1 6  

3 1 9 1  4"  
• 196  - 5  

1 . 8  154 
1 9 *  - 61  
66  -57 
65  6~ 

1~ 1~.  171 
- 19  

II 18 "  50  
12  102  -93  
13  ~e 3 8  
14 50 -160 
1 5  65  66  
1 6  63  -88  
I ?  39  -36  

- 7 , K , 9  

115 132  
189  195 

3 *o 3*  
319  320  
• 3 -53 
6 9  -66 
• I -31 
61  -45  
4 "  - 28  

io 260  -243  
t t  * q  42  
12 73 - 70  
13 65  66  
14 104 I 03  

-~ ,K ,9  

? 5 5  

86  -? 
6 50 *0 
? 30  91 

i 1 .  - I  
io 55 *2  

? 1 9 1  - * *  
19" 

160  16~ 
I qS  - I I  

1 8 o  - 1 9 1  
1 0 6  9~ 

6 6  6 8  
? 1 6 4  1 6 6  

6 ~  83 
19 "  - 129  

I I~I . . . .  
17  2 2 1  2 1 5  
I ~  I O 9  - q 7  

I * i 1 n  - 115  

16 6 9  55 
io? - ~ i  

i ~  -e~ 

I,K,I~ 

19~ 206 

19. 
6 255  -2 "2  
? 115 -103 

57  -35  
10 -  - 21  

~ ̂  83  63  
x s~  - * I  

I ~  127  i ~0  
11 127 I LO  
1 .  i 02  99  

i m 66 - ~ g  
~I - 6o  
~o 81 

18 ~1  - 104  

- 1 , ~ , i c .  

225  -250  
135 135 
268  -273  

3 222  -212  
4 336  330  

* ?  - 2 1  
136 12~ 
19" 
20 .  - 2  
52 50 

im 147  - i . 9  
11 196  166  
1 2  311 -265  

11 . . . . .  " 8  -29 
15 181 -15  
16  88  95  
I ?  99  -n9  
1~ i ? ?  1 7 6  
1 9  124 - 1 1  
2 c  1 1 8  1 1 3  

2.~.I0 

97  - I 1~  
19 .  

121  - 130  
62  52  

1 4 4  161  
1 8 0  - 14  

1 2 5  1 1 8  
? 1 8 1  1 6  

51  -41 
121 I~? 

IO 1 6 "  - 33  
11 * 8  - . 9  
12 186  - 175  
13  *6  
1 .  1 7  - 25  
15 ao - 31  

- 2 ,< ,10  

? 302 3 1 8  
5 9  1 0 1  

2 7 3  5 3  
I 65  18  

109  -lO& 
*~  66  

1 9 2  - 186  
150  -138 
235  -215  

20 -  8 
I 0  219  212  
I1  8 5  - 79  
1 2  191 56 

14 165 152 
1 5  56  1 5  
16 56  -28  
17 59  -SS  
18 15o o 
1 9  130  -I 
2~ 63  -77 

3.<010 

1 .?  - 1 6 2  
78  61 

195 -190 
66 - 06  
82  75  
4?  13 
97  105  
i ~ +  - 23  
51 56 
33 -31 

1o 67 33 

1 2  I - 1 6 1  

-30K.10 

m 495 553  
184  - 1 9 7  
469  492  
291 297  

191 33  
6 .  - 71  

281 - 27 .  
19o 28  

- * 3  
1o 156 156  
I I  203  - 200  
1 2  265 2 6 1  

12 . . . .  217  213  
1 5  66  -75  
16 63 - 62  
17  9*  9 3  
18  143  -143  
19  52  -32  
20 59 -59 

4*K , IO  

I I -  - o  
~ 9 5  ~ 6  

6 5  6 5  

4 84  - 85  
5 17 49  

-4.~.I0 

? 43  - 108  
a?  - 48  
19 "  32  
1 9 1  -35  

4 19 *  - 6  

219  22  
? 9 8  80  

213  190  
l a?  I * I  

IO 268  -252  
11 181 173 
- 1 9 1  - 18  

17o - I 19  
~ 29  - 56  

6 9 8  IO *  
I ? 53 39 
18  76 77 
~, 5~ 62 

• i o  

- ~ ,< ,1o  

121 -129  
1 1 3 2  144 

io~ - 106  
. 157  -175  

62 - 76  
5 I00 1o i  
6 ~1 - ~ 1  

1 6 7  1 5 3  
l Sn  -135 



752 THE CRYSTAL STRUCTURE OF THIAMINE HYDROCHLORIDE (VITAMIN Bz) 

Table 4 (cont.) 

1~ 19o  13  
1 6 7  - 1 6 !  

I t  6 6  
I ?  t • Q  -128 
13 79  -7• 
14 16~  - 12  

15 87  93 
17 103  -106  
18  50  52  

- 6 .K . t0  

o 279  300  

9 3  1 0 6  
3 ~o 85  
• 63 - 6 1  

19~ 30  
328 - 323  

? 119  - 113  
8 Z77  -277  

IOZ  - I 0 3  
I t l 5  114  
11 Ime  --7 
12 1 8 5  I ?~  

I •  t ~o  1~8  
t~  33  31 

-v,<,to 

1 2 3  I '~ .  
18* -20 
tO *  - 1 8  

~ • 2  37 

6 16 "  - 31  
? 1 6 "  * 

5 3  * 
t o  81 6 5  
11 123  -103  
12 70 - ~ 3  
13 I t *  12 

-8.~.13 

o 218  - 2 3 2  
I | C  - 1 0 7  

• o 36  
78 - 6 6  
1 3 -  17 
63  -~o 

1 • ?  1 • 6  
31 Z5  
36  ~5  
51 52  

O ,K , I I  

16~  -169  
1oo Q9 

96  114 
1 4 6  134 

- 1 9 8  
260  253  

191  15  
45  39  

I i  119  - 105  
IZ  102  lO t  
13 1 8 9  - 1 6 1  
14 1 6 6  I ~  
1~ • 6  - 47  
| 6  6 6  71 
t ?  1 6 6  161 

l*~,lt 

19* -Z4  
3 19 -  - 3 8  

5 ~  5 6  
85  -69  

159  -1 •o  
8 120  105 

g f :  N I • 
11 3B - 41  

| 3  I • t  33  
| 4  |~@ Z9  
I~  I l l  - 34  

- I , K ~ I I  

52  71 
88  - 8 7  
66  75  

13Z - 1 3 6  
197  -187  
16Z I~  

? 19o - 1 3  
8 6 2  - • 6  

171 - 1 4 6  
1 19~ 17~ 
I t  t o~  89  
IZ  6~  6~  

15 15*  - 20  
16 I • *  I ~  
I ?  13 -  - 
18 I 05  - 104  

• - 109  

- t 27  
? - 82  

? 159  
t ~ *  
62  67  

| 0  78 71 
I i  73  7~  
I~  I l l  - 18  
13  42  •6  

- 2 . ~ , 1 1  

1~7  I ~ 7  
161 - 166  

361  -360  
" 277  - 27~  

2oe - 1 ~  
• o l  - 390  

20e  37  
93  -70 

Io 205 1 9 9  
I i  6 3  ~ 9  
I~  26  64  
13 1O l  I o4  
14 123  - ! 1 4  
15 72  6 5  
16 eO - 1 0 1  
17 159 -150 
18 40  - 35  
19 50  -55  

3 , ~ , 1 1  

- 2 6  

4 29  o 

26  28  
1ol 77 

163  - 1 5 9  

- 3 . ~ . 1 1  

7o -76 
76  -89  
73 -I03 
73 26  

5 276  261  
? t  - ~ 8  
2oe 13 

8 tO4 -I07 
1~ 147  130 

t12 -!t2 
I1 17Z  - 1 6 8  
12 102  - 1 o o  . . . . . . .  g~ 
I •  3 8  
I~  16 "  I ~  
16 40 - I s  
t 7  33  4 3  
18 36  - 2 3  
19 13~  132  

-4.~*11 

6 8  39 
20* - t 9  

~ 2 5 e  z 6 7  

211 203  
Z78  - 26 t  

7 164  15~  

IO 98  -83  
I t  ~2  - 4  
t? ~4  1o~ 
13 17 .  
14 134 1~4 

16 28 - 3 1  
17 1o~ | 04  
18 38  2 3  

200  2 1 5  
I ~  - I ~  ~ 78 
226  -ZZ9  
36O -353  

i ~ *  20 
IC6  - 8 7  

~ 6  69  
3Z - 27  

1o 20o  273  
I i  2 1 8  207 
I z  81 :~  
13 138  l 
14 1 2 6  - 113  
I ~  43  33  
16  27  - 43  
17 lOS  - 3 5  

3 81 -79 ,?&. -,o._,. 
123 IOl  

39  - -47  
17 -  - 1 3  
6 9  - 61  

1o 16*  
11 150  - z~  

12 14* - 1 3  
13 *2  34  
14 3 7  - 3 8  
15 33  3 3  

- 7 ,K , | I  

I 147  - 1 5 0  
5Z  64  
56  - 41  

4 16o 39  

3 ?  o ~ 
? 5~  4~  

I I  170  - I  
12 46  33  

- S e K e I I  

I1  i 11 

o , < , I ~  

62  ~o 

4 t 20  112  
I l O  - I lO  

18 *  - 18  
7 74  o74  

17 *  2 3  
123  122  

i n  16 *  21 
I i  34 40 
12 4 7  - 1o  
13 29  44  
14 20  -o 
15 126  -128  

I , ~ . 1 2  

48  -Or  
70  68  
71 - 82  

109  123  
• 16*  40 

16e  -tl 

I s *  - 1~  
203  -192  

1 I t Q  112  
I I  144  - 1 2 ~  
I ~  i l l  
13 6~  ~6  

7 3  7 
l i t  133 
293  -303  

• I ~o  -~6  
1645 - 1 6 7  
1 9 2  181 
141 1 3 8  
1 9 9  1 8 0  
348  322  

t o  170 11 
I t  1 2 6  129  
17 I ~  103  
13 - 30  

14 14 .  - 3 9  
1~ 93  - 9 6  
16 l i e  4 3  
17 25  - 4 1  

z *~ ,12  

o 79  80  

3 ¢)9 - 1~2  
13* - 
28 - 1 ~  

• 4~ - ~  

- 2 . . , 12  

z 0 -  - 24  ] ~ ,,4 1 1 6  
- a ?  4 

I*O - 1 3 9  
I 51 - 3 2  
11 60  ~ 3  
12 53  -43  
13  I b  o 23  
14 I ~ *  I1  
I~  161 1 5 5  
16 30  33 
1 7  44  45  

- 3 , < , 1 2  

~5 - 74  

~ 8 8  - 2  
~ | 9 *  

72  
? t 2~  
8 l qe  " o 

206 - 1 9 1  
1 18*  35 
I1  1Be 33 
I ?  ?~  - ?o  
13 51 64  
14 6~  - 67  

| 7  64  

- 4 ,~ ,12  

I g  • - ~8  
1 9 9  - Z t ~  

67  -74  
331 - 342  

30 - 123  
19o - ~ b  

105  84  

307 2 

| 3  1 5 -  - 3 4  
14 20  ~4~ 
15 246  2 
16 02  - 0 6  
17 98 - 96  

i o  1 1 2  - I 0 6  
66  - 7 3  
9B IO?  
19~ 24  

4 19 "  - 3 9  
e~ 114  - 1 1 7  
6 119  1~8  
? IB~ - 7  

t 7 1  15  
l ~ 1 oo -89  
11 1 6 s  46  
12 73  7~  
13 14* 
14 36  - 

16 91~ 

- 6 * J ( ,  I 2 

59  - 6  :~ 
I 71  172  

2 18~  -29  
181 1 8 7  

6~  - 53  
81 77  
50 40 
16 "  - 48  

149  129  

1o 140  
l I 8 3  - 69  

; ' 5  - 
1~13 I / °  13 

3 6  

14 • - l ~  

- ? , < ,  12 

! I ~ , *  - 2  
15* - 22  

.~ 121 - 127  
i 3 2  27  14e  2 6  

1 4 "  28  
? 3?  26  

12 *  - 1 9  
1 1 -  - 3  

i o  i o ~  17  
l t 89  7Z  

- 8 , ' ~ *  12 

o 62  60  
73 - ?1  
~ 8  - 63  

3 73  - 78  
60  42  

o , , < ,  13 

206  -216  
85  - 92  

3 78 - 8 4  
,~ 39  - 5 7  

1 9 8  2O4 

4 2  
134  12e3 

1 4 "  11 
l 13'*  t O  
I I  131 0129  
12  93  - 95  

l , K , t 3  

• - 3 7  
3 - 5 8  

13o  --D4 
13~ 12 

7 3  68  

-1 *~ .13  

I 1 ~  115  
127  111 
111 IG8  

5 8  - 6 0  
1 1 5  - 109  

17~  i o  
16 .  - ?  

I ~  15 .  2 9  
80  -78  

12  
1 )  I |  • 
14 t oe  16  

2 ,~ ,13  

t 8@ 75  

-20~ ,13  

1 2 8  IOO 
81 8 0  

3 18 -  32  
124  114 

Q2 -83  
200  17~ 
152  1 5 6  

5O 
l o  * - 2 0  

I~  1 4 e  13  
13 37  31 
14 61 51 
15 2~  -32  

- 3 . ~ * 1 3  

203  -214  
96  - 89  
37  - 31  

423  - 119  
5 227  2 1 6  

51 61 
1 3 5  131 
131 I l O  
~o 15  

I 103  Q4 
41 I ~ ,  -12~5 
12 I ~ e  2 7  
13 104  - 1 0 3  
14 IZ3  - 118  
15 23  Z4  

- 4 ,K ,13  

59  - 77  
18e  -39 
9 2  -84 
18e  - 42  

127  127  

? 18~ 
63  - 56  
8 5  7 5  

1o 6 3  51 
I I  82  -9 !  
12 ~ - 52  

14  16 - 
I ~  IO *  

18~ 09  
144  144  

3 0  5 ~  
22~  2 1 9  
12e  -122  

67  -~2  
131 - 1 2 3  

5 5  3 6  

190  - I ~  
I I  8 6  
12 1 2 e  
13 41 45  
14 I15 116 

- - 6 .K *13  

- 49  

1 5 .  - 1 3  
15e  -27  
1 5 .  - 8  

14@ -9  
13e  - 9  

IO 9 8  8 8  
It 5 7  - 5 2  
t 2  29  

- ? ,~ .13  

57  - 

3 | 3 ~  
l tO  - 1 0 9  

61 61 
80  80  

130  1 1 9  
6 9  60  

0 , ~ , 1 4  

81 73  

i 13~  - 
60  -48  
44  - 41  

, ,- o;g 7 3  

1 .~ .14  

~ -°°.4 
- 1 .~ .14  

103  115  
118  -I09 

2 15e  - o  
74  ?1 
15o  - 1 7  
15o 19  

140  - 1 2 9  
140  - t 9  

1 0 9  - 104  
o 1 t ~  - - t 6  

'° ,IF -,o~ I t  

- 2 , < . 1 4  

197  -1~5  
47  4Z  

2 40  - 4  
I lO  97  

16e  42  
5 36  - 24  

1 5 3  171 
1 5 .  - 1 3  

I Z l  1 1 8  
14* - 2 1  

to 1 6 7  - 1 5 7  
11 4 0  - 4 6  
12 ! 1 6  -I~ 
13 62  

- 3 . K , 1 4  

1 o ?  
1 7 .  - 19  
17o 14 
29  47  
9b  89  
81 7 6  
1 5 e  15  

8 49  40  
43  - 39  

] 4 6  - - 4~  
11 25  2~  
12  50  - 42  
13  30  - ~  

- 4 . ~ e | 4  

~ 6 3  2 ? 3  
~ 6 3  

- 45  
7 3  - 7 2  
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were compared with the final values for the same bond 
lengths computed f r o m  hydrogen atom positional 
parameters output by least-squares cycle 12, and 
with the standard C-H bond lengths for these groups. 

The average C-H distance in the methyl groups had 
changed from 0.91 _+ 0.08 to 0.98 _+ 0.05 A, while for 
the methylene groups the average C-H distance had 
changed from 1.04_+ 0.08 to 1.09_+ 0.10 A. The spec- 
troscopic internuclear C-H distances in these groups 
are 1.10 and 1.07 _~ (Sutton, 1958). The uncertainties 
given with the above figures are average deviations 
among the six bond lengths in each group. As judged 
from these results, the least-squares refinement of 
hydrogen atom positions was of marginal value. 

A concluding round of structure factor calculations 
resulted in an R factor of 8.0% for the 3039 reflections 
with observable intensities. In answer to the question 
raised above, there appears to be little interaction 
in this structure between anisotropie temperature 
factor parameters of non-hydrogen atoms and posi- 
tional parameters of hydrogen atoms. The refined 
atom-parameters are given in Tables 1, 2 and 3. 
Observed and calculated structure factors are listed 
in Table 4. 

A final difference-Fourier synthesis computed from 
these structure factors was examined for indications 

of the three missing hydrogen atoms, but we failed 
to find anything that was stereochemically convincing. 
The highest positive region in the map had an electron 
density of 0.41 e.A -s. The most negative region, 
however, fell to - 1 . 2 2  e.A-s. Indeed, each of the 
three heavy atom sites was straddled by a pair of 
holes lying at plus and minus 1 /~ in the direction of 

Q 20 '  

\ 

\ \  

184 

/ 

/ 

@,,, 

H20  

. . . .  

~ , * : ~ , o  - -~° 

\ \  

@ 2 1 "  X 

Fig.  1. Computed orthographic projection of a single thiamine 
hydrochloride molecu le .  P r o j e c t i o n  is along the dh'eetion 
[0.5725, - -0-0528,  0.1671].  
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Fig. 2. Packing of molecules in the crystal structure of thiamine hydrochloride. 
(a) Orthographic projection along a axis. (b) Orthographic projection along c axis. 

the  b axis, a n d  a p p r o x i m a t e l y  1 e./~ -3 deep. Corre- 
spondingly ,  the  leas t -squares  Fo scale constant ,  as 
r e c o m p u t e d  separa te ly  for each level  of #, showed a 
d i s t inc t  t rend ,  reaching  a m i n i m u m  of 0.93 a t  ]c--10 
a n d  r is ing on e i ther  side to 1-13 for # - 0  a n d  1.17 for 

A C 1 5 - - 4 9  

# = 25. W e  bel ieve t h a t  th is  behav io r  is due to neglect  
of t he  absorp t ion  correction, which,  owing to the  
c rys ta l  shape  a n d  m e t h o d  of d a t a  collection, should  
have  been  a s t rong func t ion  of the  k index  b u t  on ly  
weak ly  d e p e n d e n t  on h a n d  1. 
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R e s u l t s  and  d i s c u s s i o n  

Fig. 1 shows a single molecule of thiamine hydro- 
chloride in orthographic projection along the direction 
[0-5725,-0.0528,0-1671].  The 17 hydrogen atoms 
located in the first difference-Fourier synthesis are 
shown with their final positional parameters as com- 
puted by the least-squares refinement. Hydrogen 
atoms not actually found in the difference map are 
omitted, although their approximate locations can be 
inferred from the distribution of hydrogen bonds, 
indicated by dashed lines. The b axis in Fig. 1 is 
horizontal, and both the a and c axes are pointing 
obliquely away from the observer. 

:Fig. 2 shows the packing of molecules in the crystal 

Table 5. Bond lengths of covalent bonds not involving 
hydrogen atoms, and their estimated standard deviations 

Bond Length 

S 1-C 2 1.667±0.006/t~ 
S 1-C 5 1.718_+0.006 
C 2-N 3 1-332_+0.007 
N 3-C 4 1.401±0.007 
C 4-C 5 1.349±0.007 
C 4-C 6 1"479±0.008 
C 5-C 7 1-499±0.008 
C 7-C 8 1"524±0.010 
C 8 - 0  9 1.417±0.009 
N 3-C 10 1.476±0.007 
C 10-C 15 1.496±0.008 
N l l - C  12 1"333_+0"007 
C 12-N 13 1-306±0.007 
N 13-C 14 1-367 ± 0"007 
C 14-C 15 1.434±0.007 
C 15-C 16 1"354±0.007 
N l l - C  16 1.362±0.007 
C 12-C 17 1.492±0.008 
C 14-N 18 1.316±0.007 

Table 6. Bond angles for covalent bonds not involving 
hydrogen atoms, and their estimated standard deviations 

Angle Degrees 

C 2-S 1-C 5 91.8±0.3  
S 1-C 2-N 3 112.3_+0.4 
C 2-N 3-C 4 I13 .3±0 .4  
C 2-N 3-C 10 124.9±0-4 
C 4-N 3-C 10 121.8±0.4 
:N 3-C 4-C 5 111.9±0.4 
N 3-C 4-C 6 120.2±0.4 
C 5-C 4-C 6 127.9±0.5 
S 1-C 5-C 4 110.7±0.4 
S 1-C 5-C 7 121.1±0.4 
C 4-C 5-C 7 128.1±0.5 
C 5-C 7-C 8 110.8±0.5 
C 7-C 8-0 9 118"020"5 
N 3-C 10-C 15 113.5±0.4 
C 12-N l l - C  16 120.7±0.4 
N 11-C 12-N 13 122.9±0.4 
N l l - C  12-C 17 117.2±0.4 
N 13-C 12-C 17 119.9±0.4 
C 12-N 13-C 14 118.8±0.4 
N 13-C 14-C 15 120.5 ± 0.4 
N 13-C 14-N 18 116.9±0.4 
C 15-C 14-N 18 122.5±0.4 
C 14-C 15-C 16 116.8±0.4 
C 10-C 15-C 16 119.6±0.4 
C 10-C 15-C 14 123.5±0.4 
N l l - C  16-C 15 120.3___0.4 

structure. Hydrogen atoms are omitted for clarity. 
Hydrogen bonds are indicated by dashed lines. 
Fig. 2(a) represents an orthographic projection along 
t h e  d i r e c t i o n  of  t h e  a a x i s ;  F ig .  2(b) is a n  o r t h o g r a p h i c  

projection along the direction of the c axis. The 
labeled molecule is the same one shown in Fig. 1. 

:Bond lengths and angles for covalent bonds not 
involving hydrogen atoms are given in Tables 5 and 6. 
Hydrogen-bond lengths and angles are listed in Tables 
7 and 8. Table 9 contains the bond lengths of covalent 
bonds involving hydrogen atoms. 

General features 
Somewhat unexpectedly, the extra proton has been 

found on N i l  opposite the amino group of the 
pyrimidine ring. This is in contrast to adenine hydro- 
chloride, where the extra proton appears on the ring 
nitrogen adjacent to the amino group of the pyrimidine 

Table 7. Hydrogen.bond lengths and their estimated 
standard deviations 

Bond Length 
N 18-C120 3.245± 0.008/~ 
H39-C120 2.4 ±0.1 
N 18-C120" 3-248 ± 0.008 
H38-C120'  2.4 ±0.1 
N 11-C121' 3-050 ± 0.007 
I-134-CI 21" 2.3 ±0.1 
C 16-C121" 3.533± 0.009 
H 33-C121" 2.5 ±0.1 
C 2-C120" 3.475± 0.009 
H 30-C120" 2.6 ±0-1 
O 9-C120 3.175 ± 0.009 
0 9 - 0  19 2.961 +0.010 
0 19-0121 3.163 ± 0.009 

Table 8. Hydrogen.bond angles and their estimated 
standard deviations 

Angle Degrees 
C 1 4 - N  18 -C120 137"4±0.3 
C 1 4 - N  18 -C120' 128.2±0.3 
C120 - N  18 -C120' 94-4± 0.1 
H 3 9 - N  18 -C120 16 ± 5  
H 3 8 - N  18 -C120" 8 ± 5  
C 1 2 - N  11 -C121' 124"7±0"3 
C 16-:N 11 -C121' 114.6±0-3 
H 3 4 - N  11 -C121' 2 ± 5  
N 11 -C 16 -C121" 133.4±0.3 
C 15-C  16 -C121'" 106"3±0.3 
I - I33-C 16 -C121" 18 ± 5  
S 1 - C  2 -C120" 115.9±0.2 
N 3 - C  2 - C 1 2 0 "  128.6±0-3 
H30-C 2-C120" 10 _+5 
C 8 - 0  9 -C120 102.5±0.3 
C 8 - O  9 - 0 1 9  115.4±0-4 
0 1 9 - 0  9 -C120 120-7±0.3 
O 9 - O  19 -C121 98-2±0.3 
O 9-C120 - N  18 125.8±0.2 
O 9-C120 - N  18' 104.5±0.2 
0 9-C120 -C 2' 73.9±0-2 
N 18-C120 - N  18' 85.6±0.1 
N 18-C120 -C 2" 160.0±0.2 
N 18'-C120 -C 2" 93-0___0.2 
C 16-C121"-O 19" 88.6±0.2  
C 16-C121"-N l l '  112.0±0.2 
O 19'-C121"-N 11" 127-3 ± 0.2 
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Table 9. Bond lengths of covalent bonds involving 
hydrogen atoms 

Standard deviations are approximately 0.1 A 

Bond Length Bond Length 
C 8-H23 1.1 A C 10-H 31 1"0 /~ 
C 8-H 24 1"3 C 10-Iff 32 1.0 
C 7-H 25 1"1 C 16-H 33 I-1 
C 7-H 26 0"9 N l l - H  34 0.7 
C 6-H 27 1-0 C 17-H 35 1"0 
C 6 - i  28 0"9 C 17-It 36 1.1 
C 6-H 29 1.0 C 17-H 37 1.0 
C 2-H 30 0"9 N 18-H 38 0"9 

N 18-H 39 0"9 

port ion (Cochran, 1951). A possible explanat ion  for 
this  behavior  in terms of qual i ta t ive  resonance theory 
is given below. 

Both the thiazol ium ring and  the pyr imidine  ring 
are p lanar ;  for both the r.m.s, deviat ion of ring atoms 
from the least-squares plane is 0.007 ~,  and  the 
m a x i m u m  deviat ion is 0.011 A. In  addition, the 
pyr imid ine  ring, a t tached  atoms C10, C17 and N18, 
and the hydrogen-bonded chloride ions C120, C120', 
C121' and  C121" are approximate ly  coplanar, with no 
a tom displaced by  more t han  0.09 J~ from the least- 
squares plane. The normal  to this  plane is approx- 
ima te ly  parallel  to the reciprocal latt ice direction 
[1, 4.5, 1] and consequently the reflections l ,  4, 1 and 
1, 5, 1 are two of the strongest, comparable only to 
2, 0, 0. 

The planes of the th iazol ium and pyr imid ine  rings 
are at a dihedral  angle of 76 ° and  are oriented so tha t  
the  amino group of the pyr imid ine  could readi ly  
interact  with C2 of the thiazol ium group. Exper iments  
with commercial  models suggest tha t  rotat ion of the 
two rings with respect to one another  is not completely 
unhindered,  a l though other conformations are cer- 
t a in ly  possible. In  these, however, C2 and N18 are 
less favorably  disposed for interaction.  Assuming tha t  
the conformation found in the crystal  is also the most 
stable in solution, i t  is t empt ing  to conjecture tha t  this  
explains the rap id i ty  of the reaction invest igated by 
Maier & Metzler (1957). These authors have reported 
the immedia te  conversion of th iamine  to a yellow form 
at p H  11.6. Spectroscopic evidence indicates the 
occurrence of a sequence of reactions involving 
removal  of two protons and  formation of a bond 
between N18 and C2 to produce a tricyclic compound. 
One can also imagine tha t  the spatial  relat ionship of 
these two groups m a y  be of significance for the 
biological ac t iv i ty  of th iamine.  I t  is known (White 
et al., 1959) tha t  oxythiamine,  in which a hydroxyl  
group is subst i tu ted for the amino group on the 
pyr imidine  ring, is ac tual ly  a th iamine  ant imetabol i te .  

Bond lengths and angles 
The four C-C bonds projecting from the rings are 

somewhat  short, wi th  an  average length of 1-492 A. 
Other  bond lengths and alagles external  to the two 
rings are wi th in  the normal  range. 

W i t h i n  the  rings, bond lengths  are satisfactorily 
explained by  simple resonance theory, which gives the 
following par t ia l  contr ibutions from canonical struc- 
tures for the pyr imid ine  group: 

+ 

NH2 NH2 NH. 

N/~ N I 

NH NH NH 
+ + 

I, 23 % II, 25% III,  30% 

+ ÷ 

NH2 NHe 
-.. / I  

N / \ /  N .  

NH NH 
+ + 

IV, 2% V, 20% 

and for the th iazol ium group: 

\ s s+ 

> - -  

- ; - / . .  

. . . .  - - N  N 

/ \ 
I, 50 % II, 35 To III, 15 To 

+N> / S+ ', +> S+ 

-~'" \ 
IV, 0% V, 0% 

The above resonance contributions were calculated 
by  applying the well known formula of Paul ing (1960, 
equat ion 7-3) relat ing bond number  and interatomic 
distance. S tandard  single-bond distances D1 were 
shortened by 0-04 A for C-C and C-N, and  by 0.05 .& 
for C-S bonds to allow for the bent-bond effect. 
The numerical  values given must  of course be regarded 
as rough approximat ions  only, owing to the large 
errors inherent  in such calculations. Nevertheless the 
fractional contributions arr ived at are quite reasonable 
in view of the charge distr ibut ions of the various 
canonical structures. 

As ment ioned above, the extra proton of the 
pyr imidine  port ion of the molecule has been found 
a t tached to N l l ,  opposite the amino group, whereas 
in adenine hydrochloride the ring ni t rogen adjacent  
to the amino group is protonated instead. The following 
reasoning shows this behavior  to be consistent with 
the large contr ibut ion of pyr imidine  canonical struc- 
ture I I I .  

Consider the possible canonical structures which 
would contr ibute  to the unprotonated form of the 
pyr imidine :  five structures analogous to those shown 
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Table  

Axis i B~ cia Cib Cic 
S 1 1 4.73 --0.379 0.368 0"930 

2 2.98 0.821 0.556 -- 0.220 
3 2-16 0.426 --0-745 0-295 

C 2 1 3.80 --0.443 -0.104 0.994 
2 2.99 0.075 --0.994 --0.102 
3 2"47 0.893 0-032 0.046 

N 3 1 2.90 --0.387 -0.377 0.926 
2 2.37 --0.909 0"006 --0.011 
3 2-03 --0.153 0.926 0.378 

C 4 1 3-61 --0-375 --0.271 0.962 
2 2"92 0"925 0.177 --0.068 
3 1.88 0"066 0-946 0.263 

C 5 1 3-92 -0.163 --0.141 0.958 
2 2.83 0.961 0.202 --0.218 
3 2"29 --0.224 0"969 0.185 

C 6 1 5-53 --0.734 --0.039 0.918 
2 3.30 --0.444 0.783 --0.217 
3 2-48 0.514 0.621 0.332 

C 7 1 5.49 -- 0.445 0.033 0-999 
2 4.04 --0.849 0.303 --0.050 
3 2.00 --0.286 --0-952 0.018 

C 8 1 5-67 --0.239 0.124 0.977 
2 5-28 0.709 -- 0.655 -- 0.050 
3 2.78 --0.663 --0.745 0.207 

O 9 1 6.36 0.666 0.048 0.409 
2 5.22 0.695 -- 0.403 - 0.826 
3 3-61 --0.272 --0.914 0.387 

C10 1 4.01 --0.878 0.143 0.775 
2 2.62 --0.473 --0.098 --0.608 
3 2.01 --0.080 --0.985 0.173 

N l l  1 3.57 0.736 --0.110 0.310 
2 3.06 0.606 --0.330 --0.907 
3 1.96 --0.300 --0.937 0.284 

10. Magni tudes  direction cosines of the principal  axes of  thermal vibration ellipsoids 

Axis i Bt Cia cib tic 
C12 1 3.21 --0.685 0-007 0.944 

2 2.94 --0.728 --0.052 --0.329 
3 1.69 0-033 --0.999 0.023 

N13 1 3.44 0.583 --0.382 0.418 
2 2-94 0.812 0.255 --0-810 
3 2.04 0-017 0.889 0.412 

C14 1 2.95 0.721 --0.063 0.337 
2 2.78 0.693 0.095 -- 0.935 
3 2.20 --0.021 0.994 0-111 

C15 1 3.12 0.275 0.034 0-766 
2 3.06 0.947 --0.181 --0.627 
3 1.84 --0.165 --0.983 0.142 

c i6  1 3.82 0.683 -- 0.094 0-384 
2 3.03 0.713 --0-128 --0.920 
3 2-11 --0-158 --0.987 0.082 

C17 1 5.42 -- 0.848 0.522 0.423 
2 4.72 0.104 0.323 --0.902 
3 2-34 0-519 0.789 0.089 

N18 1 4.87 0-542 --0.494 0-401 
2 2.77 0.395 --0.565 --0.822 
3 2-67 --0-742 --0-661 0.403 

O19 1 7.35 --0"980 --0.043 0-224 
2 6.72 0-170 0-307 --0-924 
3 4-19 --0-099 0-951 0-309 

C120 1 3.85 -- 0.040 -- 0-562 0.771 
2 2.74 0.952 --0-272 --0-514 
3 2.54 0-303 0.781 0.376 

C121 1 4.01 0.834 0.258 0-106 
2 3.21 0.374 0.386 --0-922 
3 2.46 --0.406 0.886 0.372 

above,  bu t  lacking  an  H+ a t  N i l  (posi t ion 1 in t he  
conven t iona l  r ing n u m b e r i n g  sys tem).  A m o n g  these,  
s t ruc tures  I, I I ,  IV  a n d  V wou ld  p r o b a b l y  con t r ibu te  
in abou t  t he  same p ropor t i on  as above.  B u t  s t ruc tu re  
I I I ,  w i th  a nega t ive  charge a t  N l l  in  the  u n p r o t o n a t e d  
form, wou ld  be expec t ed  to  m a k e  a m u c h  smal ler  
con t r i bu t ion  t h a n  above  because  of i ts large separa- 
t ion  of oppos i te  charges. I t  is e v i d e n t  u p o n  e x a m i n g  
the  d i s t r i bu t ion  of charges in these  canonical  struc- 
tu res  t h a t  more  resonance  s tab i l iza t ion  is to  be 
ga ined  by  add ing  a p ro ton  a t  N i l ,  and  t h e r e b y  allow- 
ing s t ruc tu re  I I I  to go f rom no con t r i bu t ion  to  a large 
one, t h a n  would  be ga ined  by  add ing  a p ro ton  at  N13 
(posi t ion 3 in  t he  conven t iona l  r ing n u m b e r i n g  sys tem)  

and so somewhat further increasing the relative 
con t r ibu t ion  of s t ruc tu re  V. I n  brief, add ing  the  p ro ton  
a t  :Ni l  creates  ano the r  s table  canonical  s t ruc tu re  ( I I I )  
whereas  this  does no t  occur u p o n  a d d i t i o n  of a p r o t o n  
at  a n y  o the r  posi t ion.  

A s imilar  discussion for aden ine  is s o m e w h a t  more  
compl ica ted ,  since i t  involves  t h e  re la t ive  cont r ibu-  
t ions  of 15 canonical  s t ruc tures .  Never the less ,  ex- 
a m i n a t i o n  shows t h a t  t he  affinit ies of t he  two cor- 
r e spond ing  r ing  n i t rogens  for a p ro ton  should  be 
m u c h  more  nea r ly  equal .  F u r t h e r m o r e ,  t he  stabil iza- 

t ion  ach ieved  u p o n  add i t i on  of t he  p ro ton  to  e i the r  
wou ld  be less i m p o r t a n t  because  of t he  larger  n u m b e r  
of possible canonical  s t ructures .  This  p r o b a b l y  expla ins  
in pa r t  t he  fact  t h a t  t he  cor responding  p K  in aden ine  
is abou t  4 (Albert ,  1959) in s t ead  of 7 as in t h i amine .  

I n  the  th i azo l ium r ing canonical  s t ruc tu re  I I I  makes  
a sizable c o n t r i b u t i o n  since i t  places a n e g a t i v e  charge 
i m m e d i a t e l y  b e t w e e n  two pos i t ive  charges. S t ruc tu res  
IV  and  V appear  to  con t r ibu te  no th ing ,  w i t h i n  t he  
r a the r  large l imi ts  of error  involved .  This  is in  accord  
wi th  the  resul ts  of the  molecular  orb i ta l  c o m p u t a t i o n s  
of P u l l m a n  & S p a n j a a r d  (1961) who  found  a fo rma l  
charge of 0.134e a t  C2. This was cons idered  by  t h e m  
to  suppor t  t he  ca ta ly t ic  m e c h a n i s m  p roposed  b y  

]~reslau (195~) and by ]~reslau & MeNellis (1959). 
B o n d  angles w i th in  the  p y r i m i d i n e  r ing are all close 

to  120 °. The  small  dif ference b e t w e e n  t he  angle  of 
120.7 ° a t  N i l  a n d  118.8 ° a t  N13 is s o m e w h a t  sur- 
pr is ing in  v iew of the  fact  t h a t  N l l  is ex t e rna l l y  
b o n d e d  to  a h y d r o g e n  a t o m  whereas  N13 is not .  
Pau l ing  & Corey (1956) h a v e  p o i n t e d  out  t h a t  one 
wou ld  expec t  t he  angle  a t  t he  r ing n i t rogens  in  
pyr imid ines  to  app roach  125 ° for t he  ex t e rna l l y  
b o n d e d  case or 106 ° for t he  u n b o n d e d  case. Suppor t  
for th is  v iew has  been  g iven  by  Spencer  (1959) who  
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noted that  the average of the corresponding angles 
found in all pertinent structure determinations was 
125 ° and 114 ° . 

In  the thiazolium ring the bond angle at S1 is 91.8 °, 
comparable to 91 ° for the corresponding angle in 
thiophen as determined by electron diffraction (Scho- 
maker & Pauling, 1939). The remaining angles within 
the thiazolium ring are very similar to one another 
and to those in thiophen. 

Hydrogen atoms and hydrogen bonds 

All hydrogen atoms of the structure have beefi 
located except those attached to the alcohol group 09 
and to the water oxygen 019. Possibly the extreme 
thermal motion of 09 and 019 is the cause of our 
failure to find the attached hydrogen atoms. Bond 
distances for C-H and :N-I[ bonds are normal; 
bond angles are not tabulated but they are reasonable 
in view of the large errors involved. 

An unusual feature of the structure is the apparent 
formation of two C - H . . .  C1- hydrogen bonds, one 
between C16 and C121", the other between C2 and 
C120". That these are very probably true hydrogen 
bonds is indicated by shortening of the interatomic 
distances H 3 3 - . .  C121" and H 3 0 . - .  C120" to 2-5 
and 2.6 A. The normal van der Waals distance would 
be 3.0 A. Furthermore, the angles H33-C16-C121"= 
18 ° and H30-C2-C120"=10 ° are within the range 
commonly found in more orthodox hydrogen bonds. 
These bonds must, however, be somewhat weaker 
than N - H . . .  C1- bonds, for which the hydrogen to 
chloride distances are 2.4, 2-4 and 2-3 A in this 
structure. 

The chloride ions Ct20 and C121 are acting as 
hydrogen bond acceptors toward four and three donor 
groups respectively. Viewed from the chloride ions, 
these bonds are not symmetrically disposed, as will 
be seen from the last nine hydrogen-bond angles in 
Table 8. 

The hydrogen bond distribution at the alcohol group 
and the water molecule is less well established than 
elsewhere in the structure since the hydrogen atoms 
involved have not been found. However the inter- 
atomic distances and angles make the assignment of 
hydrogen bonds shown in Figs. 1 and 2 appear quite 
reasonable; e.g. the water angle 09-019-C121 =98"2 °, 
the distance O19-C121=3.163 ~ (van der Waals 
distance would be 3.20 _&). 

Thermal parameters 

The parameters of the ellipsoids of thermal vibration 
have been reduced to principal axes, and the resulting 
magnitudes and direction cosines are given in Table 10. 
The quantities in columns headed C~a, c~b and Cic are 
cosines of the angles between the ith principal axis 

and the a, b and c axes of the unit  cell. The B~ are 
given in A 2. As would be expected, the water molecule, 
side chain and projecting groups show the largest 
amplitudes of thermal motion. It  is likely that  the 
thermal parameters are strongly influenced by the 
neglected absorption corrections. 
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