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In  the simplest  case, when the peaks are well re- 
solved without  overlapping in an orthogonal cell of 
a cent rosymmetr ic  structure,  the atomic coordinate 
errors are obta ined by  dividing the slope error by  the 
peak curvatures.  For  non-eentrosymmetr ic  s tructures 
the divisor is a funct ion such as (3.16) of Cruickshank 
(1952). An exact  discussion of coordinate errors under  
general  conditions has  been given by  Cruickshank & 
Rober tson (1953). 

Conditions of validity 

For positions close to but  not  exact ly  on special po- 
sitions the densi ty  and  slope errors are in termedia te  
between the  special and general  values, and it  m a y  be 
necessary to use the exact  formulae (3) and (8). 
'Close' here means  wi th in  approx imate ly  half  the 
distance apar t  a t  which two point  atoms would be 
resolved in a similar  Fourier  analysis  containing terms 
of the same indices. 

The approximate  formulae also depend on there 
being a large number  of terms in the series, and  on 
there being no plane with a(F) much greater  t han  
for any  others. The approximate  formulae should 
ordinar i ly  be sufficient if there are more t han  about  
30 different  sub-forms. 

One of us (J. S. R.) wishes to acknowledge a Fur the r  
Educat ion and Training Grant  from the  Minis t ry  of 
Educat ion,  which enabled h im to take par t  in this  
work. 

References 
CRUICKSIIA.NK, D. W. J.  (1949a). Acta Cryst. 2, 65. 
CRUICKSHA~ZK, D. W. J.  (1949b). Acta Cryst. 2, 154. 
C R U I O E S H ~ ,  D. W. J.  (1952). Acta Cryst. 5, 511. 
CRUICKSHA_N-K, D . W . J .  & ROBERTSON, _A_. p. (1953). 

Acta Cryst. 6, 698. 
JEFFREY, G. A. & ROLLETT, J. S. (1952). Proc. Roy. Soc. 

A, 213, 86. 

Acta Cryst. (1953). 6, 707 

The Crystal Structure of c~-Thiopyridone 

BY BRUCE R. PEI~OLD* 

Crystallographic Laboratory, Cavendish Laboratory, Cambridge, England 

(Received 4 March 1953) 

The crystal  s t ructure  of a- th iopyr idone has been determined by  means of electron-densi ty projec- 
t ions on the (001) and (010) planes. The (001) project ion was solved by  direct de terminat ion  of the 
signs of Fourier coefficients. Bond lengths of the pyridine ring are interpreted in terms of a reso- 
nance structure and hence a value is deduced for the bond order of the C-S bond. The C-S 
order/length curve is discussed with reference to the results from this structure analysis and that  
of thiophthen, a-Thiopyridone molecules are linked in pairs across centres of symmetry by what 
appear to be weak hydrogen bonds between nitrogen and sulphur atoms. There are several points 
of similarity between this structure and that  of a-pyridone. 

1. Introduction 

In  a previous communica t ion  (Penfold, 1953), the 
crysta l  s tructure of the  tautomeric  compound c~- 
pyr idone was reported, the existence of the pyr idone 
tau tomer  being established by  accurate electron- 
densi ty  measurements  which led to direct location of 
hydrogen atoms. The molecule of ~-thiopyridone,  
which differs from tha t  of c~-pyridone only in tha t  the  
oxygen a tom has been replaced by  a sulphur  atom, 
is also tautomeric  in a similar  way, the two forms 
being shown in Fig. 1, I being th iopyr idone and  I I  
thiolpyridine.  I t  is therefore of some interest  to com- 
pare  its crystal  s tructure with tha t  of c~-pyridone. The 
possibil i ty of a reliable determinat ion of the C-S bond 
length is of some impor tance  because of the addi t ion 
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i t  would provide to the  very  meagre body of informa- 
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Fig. 1. Tautomeric forms of the molecule. 
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tion concerning the order/length relationship in such 
bonds. 

2. Exper imenta l  

The material used was kindly supplied by Prof. 
L. Hunter of University College, Leicester, in the form 
of very small yellow 'needles. Recrystallization from 
benzene yielded larger crystals in two different habits, 
needles elongated parallel to the b axis, and thin 
plates with greatest elongation parallel to the c axis 
and greatest development of the (100) face. 

Crystallographic and physical data 
c~-Thiopyridone, CsNSHs; monoclinic, 

a = 14.35, b = 6.31, c = 6.10 A (all ± 0 . 3 % )  
fl = 103 ° 01'±5'.  

Absent spectra: hOl and 0k0 when h and k, respectively, 
are odd. Space group P21/a. Four molecules per unit 
cell. Density ( ta lc . )=  1.375 g.cm. -a. Absorption co- 
efficient for Cu K s  radiation, # = 42 cm. -1. 

Complete sets of relative intensities of hO1 and hkO 
spectra were obtained using normal Weissenberg 
techniques with visual estimation of intensities. To 
the hkO set of intensities only, for which a plate- 
shaped crystal was used, corrections were made for 
spot shape as suggested by Broomhead (1948). No 
absorption corrections were applied. All intensi~ies 
were converted to an absolute scale by the statistical 

me thod  of Wilson (1942), and values of the unitary 
structure factors, [U(hkl)l, were calculated (Kasper, 
Lucht & Harker, 1950). 

3. P a t t e r s o n  p r o j e c t i o n s  

Unsuccessful attempts were made to determine the 
coordinates of the sulphur atom from sharpened 
Patterson projections on (001) and (010). The reasons 
for failure, which appeared later, were first that  the 
S-S peak in a general position in the (001) projection 
was no higher than several other chance peaks, and 
secondly that  in the (010) projection the S-S peak 
occurred adjacent to the peak of equal height corre- 
sponding to the vector between centrosymmetrically 
related pyridine rings. Without a knowledge of the 
sulphur position, trial-and-error methods using struc- 
ture factor graphs are impracticable because the values 
of structure f~ctor8 ~re so very ~en~itive to the position 
of the heavy atom. 

4. D e t e r m i n a t i o n  of  t h e  s i g n s  of  the  c o e f f i c i e n t s  
, F ( h k O )  . 

I t  has been shown (Cochran, 1952) that  the relation 

S(hkl) = S(h'kT)S(h+h' ,k+k' , l+l ' ) ,  (1) 

where S(hkl) denotes the sign of F(hkl), is very probably 
true when l/(3n). U > 1, n being the symmetry hum- 

ber and U the r.m.s, value of the three unitary struc- 
ture factors U(hkl), U(h'k'l') and U(h+h', k+k', l+l'). 
I t  was used on the hkO coefficients of this structure 
in much the same way as in the successful solution 
of one projection of the crystal structure of L-glutamine 
(Cochran & Penfold, 1952). The presence of the 
comparatively heavy sulphur atom is an advantage 
as it makes the average value of I U[ for all spectra 
fairly high, and some individual values particularly 
high, circumstances favourable for the use of equation 

_ _  f N 2"~ 1/2 
(1). The value of U 2 is equal t o / E ~ ,  where nj is 

the fraction of electrons in the cell associated with 
the j th  atom, and for this structure has the value 
0.21 compared with 0.16 for glutamine. There are 
nineteen ]U(hkO)[ values greater than 0.30 and of 
these, six are greater than 0.40 and three are greater 
than 0.50. Clearly Harker-Kasper inequalities (Harker 
& Kasper, 1948) can be expected to establish some 
signs or sign relationships, but the inequalities were 
not tested at the initial stage. 

IU(25)1 = 0.51 and 1U(34)1 = 0.32 were first as- 
sumed to be positive, thus fixing the origin. Then, 
use was made of the fact that  for this space group 

S(hk) = ~(hk) = - S ( h k ) =  -S(hk)  
and when (h+k) is odd (2) 

S(hk) = S(h~) = S(h~)= S(~k) 
when (h+k) is even. (3) 

Equations (2) and (3) were used in the following way: 

S(06) = S(14,3)S(14,3) 

where [U(06)I = 0.78 and 1U(14,3)[ = 0-55. Therefore 
S(06) is negative, a result confirmed by high values 
for IU(83)1 and [U(10,3)[. Similarly S(40)was shown 
to be negative. Thence, by assuming S(60)=  a and 

r 

. . . . . .  

Fig. 2. First electron-density projection on (001) with the final 
position of the molecule indicated. In  this s3mthesis only 
those 41 terms were included whose signs had been deter- 
mined by sign relationships. Arbi t rary contour interval  
doubled about sulphur atom. 
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S(14,3) = b, sign determination proceeded as a chain 
process by use of equation (1) until probable signs 
had been given to 41 structure factors (including all 
for which IUl was  > 0.30) o u t  of a total of 117. 
Most were in terms of a and/or b but there were 
strong indications that  a was negative. Therefore, 
using these 41 terms, two Fourier syntheses were 
evaluated, one with a = - . a n d  b = - ,  the other with 
a = - and b = +.  The first sign combination gave 
a map which could not be interpreted in terms of the 
a-thiopyridone molecule, but the map corresponding 
to the second combination (Fig. 2) showed a clear 
picture of the molecule, and the large majority o~ the 
signs were clearly correct. 

Approximate x and y atomic coordinates were 
assigned from this map. After subsequent refinement, 
it was shown that  only one sign of the original 41, 
that  of IU(35)1 -- 0.14, had been incorrectly assigned. 

An investigation was made of the amount of progress 
which could have been made at the initial stage by 
the use of Harker-Kasper inequalities. I t  appeared 
that  they would have determined absolutely only two 
signs, S(40) and S(06), and would have given in ad- 
dition four simple sign relationships involving seven 
different structure factors. Thus the sign-determining 
process could have been initiated but could not have 
been carried far enough to determine the structure for 
certain. 

5. E lec t ron-dens i ty  projections 
Refinement of the (001) projection proceeded by the 
use of successive (Fo-Fc)-syntheses. The sulphur 
atom was assigned a greater-than-average temperature 
factor of exp [ -0 .5  sin" 0], but all other atoms were 
given the average molecular value of exp [ -1 .3  sin e 0]. 

[ - -  

0 1 ~  ! . . . . .  

Fig. 3. F ina l  e lec t ron-dens i ty  projec t ion  of one molecule  on 
(001). Contours  a t  an  in terva l  of 1.0 e .A -~" (2.0 e .A -~ abou t  S), 
s ta r t ing  a t  2.0 e./~ -~. 

Hydrogen atoms were allowed for in F calculations 
by placing them at calculated covalent bond distances 
from the appropriate ring atoms. The factor R = 
%IF~-FcI-ZIFol was reduced to 0.136 or, if zero Fo 
values are omitted, 0-124. The final electron-density 
projection on (001) is shown in Fig. 3. 

Relative z coordinates were assigned by clamping a 
model of the planar molecule in the correct position 
over the known (001) projection. The correct transla- 
tion of the molecule was fixed because, with x and y 
coordinates fixed, the S-S peaks on the two Patterson 
projections could be determined and hence the z 
coordinate of the sulphur atom. hO1 structure factors 
were calculated and refinement of the (010) projection 
proceeded as before. In this case, however, the thermal 
vibration of the sulphur atom is markedly anisotropic, 
as can be observed from the appearance in one region 
of the first D map (Fig. 4), and the final greater-than- 
average temperature factor assigned to it was 
exp [ -1 .2  sin ~ ( q - 4 5  °) sin ~ 0] (Hughes, 1941), indi- 
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Fig. 4. The  first  D m a p  p ro jec ted  on (010) in t he  region of the  
su lphur  a t o m  (position m a r k e d  wi th  cross). Contours  a t  an 

2 2 in te rva l  of 0.2 e . A - ,  s t a r t ing  a t  0-2 e . A -  ; nega t ive  con- 
tours  broken.  

0°---~ 1 A 
I I - - - • 

Fig. 5. F ina l  e lec t ron-dens i ty  pro jec t ion  of one molecule  on 
(010). Contours  a t  an  in terva l  of 1"0 e .A -2 (2.0 e .A -2 abou t  S), 
s ta r t ing  a t  2.0 e./k -2. 
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eating tha t  the m a x i m u m  vibra t ion  direction makes  
an angle of 45 ° with the  c axis. The appearance of 
f inal  D maps  in regions remote from atoms was ra ther  
bet ter  t han  for the  (001) projection and it  was felt  
just if ied to apply  greater- than-average tempera ture  
factors to C a of exp [-0.6(½/c*) 2] and  to C a of 
exp [ - 0 . 3  sin s 0]. The average molecular  tempera ture  
factor was exp [ - 1 . 1  sin ~ 0]. The factor R was re- 
duced to 0.116 or, if zero Fo values are omitted,  
0.100. The f inal  electron-density project ion on (010) 
is shown in Fig. 5. Coordinates of atoms other t h a n  
hydrogen are l isted in Table 1, and observed and  
calculated structure factors for the hk0 and  hOl zones 
are compared in Tables 3 and  4. 

Table 1. Atomic coordinates 

A t o m  x (A) y (A) z (A) 

S 1.327 2.756 2.026 
N 1.00 1.51 --0.36 
C i 1-64 1.50 1.03 
C u 2-53 0.37 1.46 
C a 2-69 -- 0.58 0.63 
C a 1-98 --0.57 --0.88 
C 5 1-16 0-53 - -1 .20 

The s tandard  deviat ion (s.d.) in electron density,  
a(Q), was determined as by  Cochran (1948) and  the 
s.d. in coordinate, a(xi), as by  Cox & Cruickshank 
(1948). Results  were: 

a(~) = 0.30 e .A-2±10% for both  projections. 

The mean  value of a(xi) was the same for both projec- 
tions, i.e. 

a(xi) = 0.018 A for C and  N atoms, 
a(xi) = 0.006/~ for the S atom. 

S.d's in bond lengths, a(r), were hence as follows: 

for C-C and  C-N bonds, 
a(r) = 1 / 2 × 0 . 0 1 8  = 0.025 ~; 

for the C-S bond, 
a(r) = (0.0182+0.0062) ½ = 0.020 A .  

We m a y  therefore take  the l imit  of error in these 
bond lengths to be 0.065 _~ and  0.050/~ respectively, 
with a l imi t  of error in bond angle of about  5 °. 

as 0.13 J~ shorter t han  the  sum of the Paul ing  covalent  
radi i  for carbon and  sulphur,  and  therefore mus t  

- . . .  11¢P~127o 

1 "3T~1 "52 

Fig. 6. Bond lengths (m Angstrbm units) and bond angles. 
S' is the atom to which N has been assumed to be hydrogen 
bonded. 

possess considerable double character,  a fact  which 
makes  the existence of tau tomer  I I  most  unlil~ely. 

Significance of the carbon-sulphur bond 

The relat ionship between order and  length for C--S 
bonds has been discussed by  Cox, Gillot & Je f f rey  
(1949), who have also summar ized  exper imenta l  
evidence for the  lengths of the pure single and double 
bonds, and their  paper  will be referred to in the  
ensuing discussion. The order/ length curve for C-S 
bonds is not  known with sufficient accuracy for us to 
deduce the  bond order of the C1-S bond in c~-thio- 
pyridone directly from its length. We may,  however,  
consider the remaining bond lengths and, assuming 
tau tomer  I, calculate the weights of the  different  
possible resonance contributors which lead to best  
agreement  with observed bond lengths. An indicat ion 
of the bond order for C1-S is then  obtained.  The 
possible resonance contributors are analogous to those 
listed for ~-pyridone (Pen/old, 1953) and it  was found 
tha t  the best weights are exact ly  those of set (b) 
chosen for this  compound. Bond lengths, re, calculated 
for this  set are compared with those observed, %, in 
both ~-pyridone and a- thiopyridone in Table 2. For  
thiopyridone,  the r.m.s, value of ]ro-rc[ is 0.04 A, 

6.  D e s c r i p t i o n  a n d  d i s c u s s i o n  o f  s t r u c t u r e  

In Fig. 6 are shown the bond lengths and bond angles 
observed in this  analysis.  There are obvious errors in 
the lengths of C2-C a and Ca-C 4, the former being 
observed as 0.04 J~ less t han  the theoret ical  pure 
double-bond length, and the lat ter  as being v i r tua l ly  
a pure single bond. 

Al though there is no direct evidence of the existence 
of the th iopyr idone  tau tomer  (I in  Fig. 1) ra ther  t han  
the  thiolpyridine,  the former is much  more l ikely 
both by  ana]ogy with ~-pyridone and  by  consideration 
of the length of the Ci-S bond. This bond is observed 

Table 2. Observed and calculated bond lengths in the 

pyridine rings of ~.thiopyridone and ~.pyridone 
a-Thiopyridone c~-Pyridone 

B o n d  ~ (/~) re (A) re (-~) 

G1-C~ 1.45 1.44 1.44 
C~-C a 1.35 1-29 1-33 
Ca-C 4 1-44 1-52 1.42 
Ca-C 5 1-37 1-37 1-37 
Cs-N 1-33 1-33 1-34 
~ - C  1 1.40 1-39 1-40 

rc values are those calculated for set (b) of the weights of 
resonance contributors listed for the structure of a-pyridone 
(Penfold, 1953). 
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Table 3. Observed and calculated structure factors for the hlcO zone 

$'¢ v a l u e s  w e r e  d e r i v e d  u s i n g  t h e  .f v a l u e s  l i s t e d  b y  J a m e s  & B r i n d l e y  (1931) to  w h i c h  w e r e  a p p l i e d  t h e  a v e r a g e  m o l e c u l a r  

h k Fo 
0 0 - -  
2 17"4 
4 61"6 
6 35"2 
8 17"8 

10 20"6 
12 14"8 
14 3"6 
16 0 

1 1 3"2 
2 43"2 
3 33"2 
4 42"4 
5 35"2 
6 2"0 
7 11"6 
8 19"6 
9 18"0 

10 9-6 
11 7"6 
12 2"8 
13 1"6 
14 3"2 
15 6"4 
16 0 
17 5"6 

0 2 28"4 
1 22"0 
2 8"4 
3 16"0 
4 12"4 
5 8"4 
6 2"4 
7 10"0 
8 3"6 
9 3"2 

10 10-0 
l l  4"0 
]2  8"8 
13 3"2 

t e m p e r a t u r e  f a c t o r  a n d  t h e  

F~ 
232 

20.2 
- - 6 6 . 0  
- - 3 5 . 5  
- - 1 6 . 2  

19.8 
15.3 

- -  2.2 
0 

0 
- - 4 7 - 4  
- - 2 9 . 6  
- - 4 7 - 4  

38.0 
2.7 

11.4 
19.8 

- - 1 7 - 3  
9.2 

- -  7-3 
- -  2 . 9  

- -  2 - 4  

- -  4-1 
7.9 
1.1 
4.0 

23-8 
21.0 

- -  6.9 
16.0 

- - 1 1 . 8  
- -  7.1 
- -  0-3 
- - 1 0 . 2  
- -  4.9 
- -  3-5 

10-1 
5.6 1 
8.9 2 
2.6 

g r e a t e r - t h a n - a v e r a g e  a t o m i c  t e rn  

h k Fo F~ 
14 3.6 - -  3-3 
15 1.6 1-7 
16 6.0 - -  4-2 
17 0 - -  0-1 

1 3 12-0 - - 1 2 - 3  
2 8"8 - - 1 0 . 0  
3 2.4 1.6 
4 12.8 - - ] 5 . 2  
5 12.4 13-4 
6 0 - -  0.3 
7 4.4 5.2 
8 14.4 16.1 
9 4-8 - -  4.9 

10 10.0 11-2 
11 3.2 - -  2.9 
12 5-6 - -  7 7 
13 0 - -  0.7 
14 11.6 - - 1 2 . 0  
15 0 0.5 
16 0 0.6 

0 4 2-0 3.5 
1 12.4 12-3 
2 6.0 4.9 
3 21.6 21.8 
4 • 3.2 - -  2-2 
5 0 - -  0.5 
6 8.0 - -  7.7 
7 14.2 - - 1 4 - 9  
8 3"6 0.2 
9 7.2 - -  5.4 

10 0 0.6 
11 4.0 4.3 
12 1.6 - -  0.3 
13 2.0 2.1 
14 0 - -  1-1 
15 2.0 1.9 

5 0 0 
22.8 - - 2 5 . 6  

3 e r a t u r e  f a c t o r s  

h k Fo  F c  

3 6.8 6-7 
4 14.0 - - 1 4 . 6  
5 7-6 - -  7-2 
6 4.4 3.5 
7 4.4 - -  3.1 
8 12.8 12.6 
9 2.4 4.2 

10 7.2 7.8 
11 0 0-9 
12 4.8 - -  4-5 
13 2.0 - -  0.4 
14 3.6 - -  3.5 

0 6 22.4 - - 2 6 . 2  
1 0 - -  1.6 
2 3.6 - -  3.9 
3 4.0 4.8 
4 11-6 12.8 
5 2.0 3.6 
6 7-6 7-4 
7 6.4 - -  5-7 
8 4-4 3.5 
9 2.4 - -  2-0 

10 2.0 - -  4.4 
11 2.4 0"9 
12 3.2 - -  3.7 

1 7 0 - -  1.] 
2 0 - -  1-2 
3 2.8 3.7 
4 4.0 5.6 
5 5.2 - -  4.1 
6 1.2 0"3 
7 2.0 - -  1.4 
8 1.2 - -  2.3 
9 2.0 3"5 

0 8 3-6 - -  4.2 
1 0 - -  1.2 
2 0 0.3 
3 1.6 2.8 

which is rather higher than  the s.d. in the observed 
bond lengths, but  the discrepancy is due entirely to 
the two bonds C2-C3 and Cs-C4, the mean value of 
Ire-tel being only 0-027 /~. This is a rather unsatis- 
factory state of affairs, but  it is felt tha t  the excellent 
agreement for the other four observed bond lengths 
of the ring, both with calculated values and with those 
observed in ~-pyridone, is a strong indication tha t  the 
weights assigned represent well the resonance con- 
tributions to this structure. Such a combination of 
weights indicates a double-bond character for Cz-S 
of 65±5 %. 

We are now able to define a point on the C-S 
order/length curve between those which correspond 
to pure single and pure double bonds. As can be seen 
from Fig. 7, the point we have obtained lies, within 
experimental error, on the lower straight line joining 
the two extreme points corresponding to pure single 
and pure double bonds which were arrived at by Cox 
et al. This straight line, however, does not fit the 

points which were obtained by comparison of the bond 
orders calculated for thiophthen by Evans & de t teer 
(1949) with those observed by Cox et al. I t  seems un- 
likely, by analogy with other bond-order/length/energy 
curves (e.g. Skinner, 1945) tha t  the true curve would 

oThis analysis 
1"8C ~ i o p h t h e n  mlculations 

o 

~ 1-7C 

o 

I "60 
0 50 100 

Double bond-character (%) 

Fig .  7. C - S  b o n d  l e n g t h  as  a f u n c t i o n  of b o n d  o rde r .  
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Table 4 .  Observed and calculated structure factors for the hO1 zone 

F v a l u e s  he re  re fe r  o n l y  t o  t w o  molecu le s  i n s t e a d  of  f o u r  as  in  t h e  hkO f igures ,  t h e  u n i t  cell be ing  h a l v e d  in  p r o j e c t i o n  o n  (010). 
h indices  l i s ted  re fer  t o  th i s  h a l v e d  cell. 

0 0 - -  116 
1 11.4 11-1 
2 32.0 - -  34.3 
3 18.8 - - 1 8 . 7  
4 9.6 - -  7-9 
5 11.0 10.4 
6 8.0 8.0 
7 2.2 - -  1-2 
8 0 0.4 

I 0 - -  1.O 

g 0 - -  0 . I  

4-2 4-1 
g 9-0 8.0 
g 7-0 - -  7.3 

13.6 - - 1 3 . 3  
1.4 1.1 

11.2 - -  7.5 
T 17.0 18.7 
0 17.8 18.7 
1 22.8 - - 2 1 . 3  
2 1.2 1.3 
3 9.0 7.6 
4 6"0 6.2 
5 0-8 0.4 
6 10-8 - - 1 1 . 8  
7 1.0 - -  0"8 
8 7.4 7.9 

2 1.2 1.8 
g 2.0 - -  2 . 1  

2.4 - -  2.8 
o - 0.2 
o 0.3 

4 7.2 7.9 
g 10.0 8.3 

8.8 - -  8.2 
~ 18.8 - - 1 9 . 5  
0 21.2 - - 2 0 . 6  
1 17.2 18.2 

h l 

2 
3 
4 
5 
6 
7 
8 

3 
g 

0 
1 
2 
3 
4 
5 
6 
7 

4 

g 

0 
1 
2 
3 
4 
5 

32.4 30.6 
0 - -  0.5 

11.6 - - 1 1 . 0  
10.0 - - 1 0 . 5  

4.6 - -  5.7 
8.8 7.6 
3"6 5.1 

1.2 - -  1.3 
2.4 - -  2.4 
0 - -  0 . 2  

8 . 6  8 " 0  

5-0 5-6 
7"8 - -  7.4 
9.8 - -  10.4 
4.4 - -  5-1 
3.6 3-1 
5.8 4.4 

12.0 12.2 
0.4 0"3 

11.2 - - 1 1 . 3  
1.6 - -  1.8 
3"6 3.8 
3"8 3.3 
0 0"2 

1.2 
3"6 
5.2 
6-0 
8-8 
1.8 
9-2 
5.0 
8.0 
8-6 
0 
6.4 
4.6 
0 

2.0 
3"5 
4.8 

- -  5-7 
- -  9.0 

1.3 
8-9 
5"3 

- -  8.2 
- -  9.2 

1-0 
6-0 
4.5 
0.4 

h 1 P, F¢ 
6 2-8 - -  2-1 

5 0 - -  0.7 
1 . 2  - o.3 

g 1 . 8  - 1.1 
g o 0.5 

9.4 9-6 
2-6 1.5 
8.4 - -  9"9 

T 8 . 4  - -  6-3 
0 3"6 - -  3.0 
1 7.4 6.5 
2 12-0 8-6 
3 0 - -  0.1 
4 7.6 - -  6-0 
5 3.2 - -  3-4 

6 0 - -  0.3 
g o - 0.5 

5.4 6.0 
5-6 7-6 
8 . 0  - 8.6 
9.2 - -  9.2 

T 2-2 1.9 
0 6-6 5-6 
1 5.4 5.3 
2 3-0 - -  2.8 
3 5 . 2  - -  4-4 
4 0.4 1.0 

g 7 0 - -  2-0 
o 1.9 
0 1-2 
o - 0.4 
3.8 3-3 

T 1.6 - -  0.4 
0 3.4 - -  3-0 
1 4-4 - -  3.1 
2 1-2 - -  2.4 

be concave to the axes, and Cox et al. have suggested 
that  the single- and double-bond lengths may be 
greater than those they originally assumed. Thus an 
increase of 0.03 A in each of these assumed lengths 
would lead to a fit for the thiophthen points, assuming 
a straight-line plot. This alternative plot is shown in 
Fig. 7 (upper line) and it can be seen that  it fits the 
thiopyridone point almost as well as the first plot. 
Clearly it is desirable to have a rather more accurate 
estimate of all the thiopyridone bond lengths so that  
an intermediate point on the C-S 0rder/length curve 
can be fixed with some precision. 

Molecular environment 
Figs. 8 and 9 show the crystal structure viewed along 

the c and b axes respectively. In Fig. 9 the unit out- 
lined is half the true projected unit cell, the apparent 
halving in the a direction being due to a glide plane 
parallel to (010) with translation ½a. The main feature 
of the intermolecular packing is the relationship of 
pairs of molecules about centres of symmetry, so that  

the whole structure consists of a repetition of dimers. 
This suggests a rather more powerful force of inter- 

r . r t 

. o  

° °  . . . . . . .  

0 3A . -C o-N (]-S 

Fig .  8. S t r u c t u r e  v i e w e d  a l o n g  c axis .  B r o k e n  l ines r e p r e s e n t  

p r o p o s e d  h y d r o g e n  b o n d s .  
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molecular attraction than the van der Waals type and 
we shall consider the possibility of hydrogen bonding 
between sulphur and nitrogen atoms. 

o 3A L 

Fig. 9. Structure viewed along b axis with the true unit cell 
halved in the a direction. Broken lines represent proposed 
hydrogen bonds. Key as in Fig. 8. 

The intermolecular S-:N distance is 3.26 A, about 
equal to the sum of the van der Waals radii (1.7+1.5) 
A, so that  ff a hydrogen bond is to exist between 
S and :N, a hydrogen atom must be situated very close 
to the line joining this pair. The magnitudes of the 
intermolecular angles A CI:NS' and A CANS' (where 
S' is in the molecule related by a centre of symmetry 
to that  containing C1, Cs and N) are 129 ° and 108 ° 
respectively. The sum of these two and A Cs:NC1 is 
359 °. Therefore a hydrogen atom covalently bound 
to :N, in order to preserve a planar configuration about 
this atom, will point almost directly towards S'. The 
distance between this hydrogen atom and S' would 
then be unlikely to be greater than (3.26-0.8 A) ~ 2.5 
/~, compared with the sum of van der Waals radii of 
about 2.9 A. We may therefore attribute the force of 
attraction between nitrogen and sulphur atoms to 
weak hydrogen bonding. Such hydrogen bonds have 
not been previously reported in crystals and, indeed, 
their existence is not expected from consideration 
of the electronegativity of sulphur, which is no 
greater than that  of carbon.* 

7. Comparison with the structure of a-pyridone  

The crystal structures of c~-pyridone and ~-thiopyri- 
done show some remarkably similar features , beginning 
with their unit-cell dimensions. The arrangement of 

* Strong evidence for the existence of S-H-N bonds in 
solution has been given by Hopkins & Hunter (1942) and 
by Burrows & Hunter (1952). 

molecules in the cell is the same, projected on (001). 
There is, however, a fundamental difference in space 
in that  pyridone mOlecules are linked in helices by an 
endless system of hydrogen bonds while thiopyridone 
molecules are linked only in pairs. 

The dimensions of the pyridine rings are closely 
similar, indicating, as has already been discussed, that  
the relative weights of contributing resonance struc- 
tures are the same in both compounds. I t  may be 
noted that  in both compounds the size of the internal 
angles of the ring decreases as the average lengths of 
the bonds forming these angles increases. This effect 
would appear to be related to the nature of the 
hybridization of bonding orbitals about each carbon 
atom, the existence of two bonds which are pre- 
dominantly single requiring an angle between them 
which is closer to the tetrahedral than the trigonal 
angle. 
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