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The Anisotropic  Structure Ref inement  of 
4 - M e t h y l - l , 2 - D i t h i a - 4 - C y c l o p e n t e n e - 3 - T h i o n e  on an IBM Type 650 Computer  
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An anisotropic refinement of the structure of 4-methyl-I, 2-dithia-4-cyclopentene-3-thione, $3C4H 4, 
has been carried out on an IBM 650 computer using the differential Fourier synthesis technique. 
Although the shifts in atomic coordinates were small, the thermal anisotropy was appreciable and 
the convergence of the refinement was slow in that  six cycles of refinement were required. 

The difference in molecular dimensions as compared with the results from isotropic analysis 
reported previously were less than 0.05 A, but the standard deviations, as calculated by Cruick- 
shank's method, were halved with a corresponding reduction in the agreement index. 

The methyl  carbon atom has thermal parameters about 40 % greater than those of the carbon 
atoms in the five-membered ring. This is believed to be a real effect due, at least in part, to a sta- 
tistical displacement of the methyl  group out of the plane of the ring, by about 0.1 A, as a conse- 
quence of a close intramolecular CH z • • • S distance of 3.23 A. 

Introduction 

The purpose of this work was twofold. F i r s t ly  to test  
and  record the experience with an  anisotropic refine- 
men t  program which has been developed by  Shiono 
(1958) for the IBM: 650 computer ;  secondly to explore 
fur ther  the ref inement  of a s tructure for which the 
appl icat ion of a least squares and  a Fourier  ref inement  
had  given somewhat  different  results at  the isotropic 
stage (Kehl & Jeffrey,  1958). 

The structure of 4-methyl-  1,2-dithia-4-cyclopentene- 
3-thione, I, was well suited for test ing an anisotropic 
ref inement  procedure, since there was evidence, from 
the  isotropic analysis  results, t ha t  the  molecule was 
v ibra t ing  as a rigid body with an ampl i tude  normal  
to the plane of the  molecule signif icantly greater t h a n  
tha t  in the  plane. There was also the observation 
tha t  the  me thy l  carbon atom, C(6), had  an apparent  
average mean  square ampl i tude  of v ibra t ion  40% 
greater  t han  t ha t  of the  other atoms in the molecule, 
which required fur ther  clarification. 

The structure contains l ight and  heavy  atoms in 
close p rox imi ty ;  C(3), for example,  is in a position 
very  susceptible to overlapping or series-termination 
effects from the adjacent  S(2) and  S(3) atoms, and i t  
was of interest  to determine whether  this  could lead 
to any  difficulties in the refinement,  in view of certain 
s implifying approximat ions  used in the theory. 
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The anisotropic  re f inement  technique 

To proceed from the verified approximate  structure,  
i.e. the  solved phase problem, to the  f inal  stage of the  
analysis  we prefer to use, as far as is possible, refine- 
ment  methods  which can be carried out ent irely wi th in  
the computing machine,  as is general ly t rue for the 
least-squares methods  but  not necessarily so for the  
Fourier  methods.  For this  reason, we have developed 
programs for the IBM type  650 computer  using the  
differential  Fourier  synthesis  technique ra ther  t han  
the  difference Fourier,  as recently described by Leung, 
Marsh & Schomaker  (1957), for example.  

The ref inement  technique tha t  we favor with an 
IBM 650 is to apply  the isotropic differential  synthesis  
ref inement  cycle programs, i.e. synthesis  and structure 
factor computat ions,  (Shiono, 1957) unti l  the atomic 
parameter  shifts are small ;  then calculate the in- 
dividual  atomic anisotropic components,  Be in the 
expression for the form factors 

f ~ )  = f~0) exp -¼ {B~lh2a .2 + B~22k2b *~ + B~al2c .2 
+ B.~32klb* c* + B~121hc* a* + B~22hka* b* } 

from the curvatures of the atomic peaks in the ob- 
served and calculated Fourier  syntheses, and f inal ly 
to rei terate the calculation of both anisotropic and 
position parameter  shifts unt i l  both are negligible. 

The quanti t ies  B~¢ are then  direct ly comparable 
with the usual  form of the isotropic tempera ture  factor 

f ~ )  = f~0)exp  - { B  ~ sin 2 0/22}. 

In  calculating the  anisotropic parameters  from the 
curvatures of the  atomic peaks we have  used the 
theory of Cruickshank (1956a) and made  use of the  
approximat ions  which he recommends.  In  par t icular  
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I n i t i a l  p a r a m e t e r s  
L e a s t  s q u a r e s  

I s o t r o p i e  

I 

1 .866  
5 .490  
2 .054  
4 .63  
4-63 
4 .63  

I 

0 . 1 3 4  
4 . 8 4 8  
1 .183 
4 .47  
4 .47  
4 .47  

I 
- - 0 . 3 8 6  

2 .220  
0 .029  
5-10 
5-10 
5-10 

T a b l e  1.  Anisotropic refinement parameters in A and A 2 

4 - m e t h y l -  1 , 2 - d i t h i a -  4 - c y c l o p e n t e n e -  3 - t h i o n e  

P a r a m e t e r  s h i f t s  f r o m  d i f f e r e n t i a l  s y n t h e s i s  r e f i n e m e n t  
I s o t r o p i c  A n i s o t r o p i c  F i n a l  

~ ,  p a r a m e t e r s  

II III IV V VI VII 

0"001 -- 0.001 0.000 0.000 0.000 1.866 
0.003 0.003 0.002 0.001 -- 0-000 5.499 

--0"006 0"005 0"003 0"002 O'OO1 2"059 
- -  1"02 0"37 0"24 0"20 --0"01 4"22 

1-63 - -  1"09 0"41 0"21 --0"03 5"55 

3"46 --1"54 0"62 0"39 --0"06 7"15 
- -  0"29 - -  O" 19 - -  0"09 - -  0"06 - -  0-04 - -  0"69 

0 . 4 0  0 .06  0 .07  - -  0 .02  0.01 0 .40  
- -  0"36 - -  0" 10 - -  0"05 - -  0 .02  - -  0"02 - -  0" 574 

II III IV V VI VII 

0 .004  0 .003  - -  0 .001  - -  0 .001  - -  0 . 000  0 .138  
0 .001  - -  0 . 000  0 .000  - -  0 . 000  - -  0 . 000  4 . 8 4 8  

-- 0-019  0 .011  0 .001 0 . 0 0 0  0 .000  1 .176  
- -  1.35 0 .08  0 .04  0 .04  - -  0 .09  3 .10  

1.55 - -  1.06 0 .26  0 .13  - - 0 . 0 4  5 .15  
4 .19  - - 1 - 7 6  0 .45  0 .29  - - 0 . 0 8  7-23 

- -  0 .03  0 .03  - -  0 .03  - -  0"02 - -  0 .02  - -  0-08  
0 .03  0 . 0 4  - -  0 .02  0 .02  - -  0 .01 - - 0 . 0 5  

- -  0.01 0 .02  0 .04  0 .02  - -  0 .01 0 .04  

I I  I I I  I V  V V I  V I I  

- -  0"000 0 .004  - -  0"000 - -  0"001 - -  0 . 0 0 0  - -  0"384 
- -  0"006 0 .008  0 .002  0"000 0 .000  2 .224  

0"061 - -  0"001 - -  0-001 - -  0"000 0"000 0 .034  
- - 1 . 1 6  0 .35  0 .18  0 .14  - - 0 . 0 3  4 .48  

1"46 - -  0" 77 0"45 0 .20  - -  0 .03  6 .25  
2 .89  - -  1.39 0"55 0 .32  - - 0 . 0 8  7 .08  
0"22 0"01 - -  0"02 - -  0 .02  - -  0 .02  0"18 

- - 0 . 4 9  - - 0 " 1 3  - - 0 . 1 5  - - 0 . 0 9  - - 0 . 0 7  - - 0 . 9 6  
- -  1.24 - -  0 .02  - -  0"02 - -  0 .02  - -  0.01 - -  1.31 

S t a n d a r d  
d e v i a t i o n s  

s.d.  

0 .005  
0 .005  
0 . 0 0 5  
0 .28  
0 .26  
0 .38  
0 .30  
0 .24  
0 .26  

s .d .  

0 . 004  
0 .005  
0 .005  
0 .24  
0 . 2 6  
0 . 3 8  
0 . 3 0  
0 . 2 2  
0 .24  

s .d .  

0.0O5 
0 . 0 0 6  
0 -006  
0 .30  
0 .30  
0-38 
0-32 
0 .26  
0 .28  

C 4 I I I  I I I  I V  V V I  V I I  s .d .  

x 1 .998  - - 0 . 0 2 1  0 .000  0 .001 0-004  0 . 0 0 0  1 .982 0 .017  
y 2 .969  0 .005  - -  0"031 0 .006  - -  0 .001  - -  0 .001  2 .947  0-017 
z 1 .204  0 .040  - -  0 . 0 0 8  0 .003  0 .000  0 .000  1 .240 0 .016  
B l l  4" 98 - -  0" 87 - -  0" 56 - -  0"02 - -  0"02 - -  0" 10 3" 35 1" 00 
B ~  4"98 1"79 - -  1"72 0"09 0"03 - -  0" 11 4-88 0"98 
Baa 4 .98  2 .90  - -  2 .47 0 .50  0-34 - -  0 .12  5 .73  1 .18  
B2a - -  1.33 - -  0 .44  - -  0 .26  - -  0" 10 - -  0-08 0 .39  1.00 
B a l  - -  - - 0 . 3 2  0 .48  0"30 0 .24  0 .08  0 .73  0 .80  
BI~. - -  - -  0 .46  0 .33  - -  0 .01 0 .06  0 .04  - -  0 .05  0 .90  

C a I I I  I I I  I V  V V I  V I I  s .d .  

x 0 .692  - - 0 - 0 2 9  0 .011  - - 0 . 0 1 2  0"001 0 .001 0-664  0"017 
y 3 .259  - -  0 .002  - -  0 . 016  - -  0 .007  0 .001  0 .001 3-236 0 .016  
z 0-727 0 .057  - -  0"035 0 .002  0"005 0"003 0-759  0 .018  
B11 4 .12  - -  1.08 0 .65  0 .34  0 .22  0" 13 4 .38  1-02 
Bg~ 4 .12  1.93 - -  1.15 0-17 0 .03  - - 0 . 0 6  4 .91  0 .98  
Bza 4" 12 3-89 - -  2 .25  0-35 0 .27  - -  0"03 6-09 1 .26 

B2~ - -  0 ' 3 8  0 ' 1 3  - 0 ' 2 2  - - 0 ' 1 4  - 0 ' 0 1  0 ' 2 3  1 ' 04  
B a l  - -  - - 0 . 1 7  0 .28  - - 0 . 2 5  - - 0 . 1 9  - - 0 . 0 6  - - 0 . 3 5  0 .84  
BI~ - -  - -  0 .47 - -  0-10 - -  0 .45  - -  0.21 - -  0 .02  - -  1.23 0 .92  

C a I I I  I I I  I V  V ¥ I  V I I  s .d .  

x 2 .658  - -  0 .027  - -  0 . 030  0 .035  0 .007  0 .001  2 .645  0 . 0 2 8  
y 1 .566  0 .080  - - 0 . 0 1 8  0 .012  - - 0 . 0 0 4  - - 0 . 0 0 6  1-631 0 .027  
z 1 .073 - -  0 .025  0 .011  - -  0 .001 0 .007  0 .003  1-069 0 .035  

B n 7 .03 - - 0 . 4 1  - - 0 . 4 8  0 .73  0 .25  0 . 0 9  7 .13 1.82 
B22 7.03 1.15 - - 2 . 0 5  0 .05  0 .08  0 .10  6 .20  1 .50 
Baa 7 .03  6.71 - -  1.74 0 .93  0 .66  0 .01 12.98 3 .28  
B2a - -  3 .37  - -  2 .22 0 .32  0 .27  0 .07  1.47 2 .08  

Bzl - -  - -  1" 81 - -  0"29 - -  0"36 - -  0 .26  - -  0 .08  - -  2 .69  1"84 
BI~ - -  0 .24  0 .45  0" 18 - -  0-04 0 .08  1.09 1.48 
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Table 1 (cont.) 

Initial parameters Parameter shifts from differential synthesis refinement 
Least squares Isotropie Anisotropic 

Isotropic . ^ 
C~ I II III IV V 

x 2.681 -- 0.055 0-018 0.006 0-009 
y 4-030 -- 0.015 -- 0.013 -- 0-013 0.000 
z 1.897 -- 0-017 -- 0.010 -- 0.005 -- 0-003 
B1, 4.96 -- 1.06 -- 0.06 -- 0.14 0-07 
B92 4.96 0.96 --0.81 0.51 0.14 
Baa 4-96 5.14 --2.26 0.67 0.33 
B23 - -  0"73 -- 0"36 -- 0"02 0"02 
Bat - -  -- 1.06 -- 0.04 0.27 0.27 
BI~ - -  -- 0-09 -- 0.34 0.04 0"03 

Final Standard 
parameters deviations 

VI VII s.d. 
0.002 2-649 0.016 

--0.001 3-989 0.018 
--0.001 1.861 0.023 
-- 0-03 3.56 1.02 

0.01 5.69 0.98 
0.01 8.53 1.26 

--0.03 0.23 1-04 
0.10 --0.44 0.84 
0.08 --0.25 0.92 

we have  used the  approximat ion  formulae given in 
Cruickshank 's  paper  in equations (3-7) to (3.10), 

( w i t h  b l l  -~ B11(a*~/4), b12 = B12(a*b*/2), etc.). 

Since the s t ructure  is non-centrosymmetr ical ,  space 
group P2~2121, Cruickshank 's  equat ion (3.12) was 
used to compute the anisotropic pa rame te r  correc- 
tions, this being equivalent  to the 'n-shift rule'  for a 
non-centrosymmetr ica l  coordinate pa ramete r  refine- 
ment .  

Cruickshank (1956a) discussed in some detail  the  
slow convergence of the anisotropic refinements when 
he applied them to several structures.  In  our results 
we found a similar tendency for the calculated thermal  
pa ramete r  shifts to overshoot,  a l though our results 
appear  to be more consistent than  his. We concluded 
tha t ,  in this analysis a t  least, an  op t imum speed of 
ref inement  would have  been obtained by  taking  a 
uniform 50% of all calculated anisotropic thermal  
pa rame te r  shifts, a t  each ref inement  stage. 

T h e  r e s u l t s  o f  t h e  a n i s o t r o p i c  r e f i n e m e n t  

Experiences with s t ruc ture  ref inement  on large com- 
puters  during the past  few years  has not  proved, in 
all cases, to run  the fully au tomat ic  and smooth 
course t h a t  was perhaps  envisaged a t  one time. While 
this m a y  be due solely to s tar t ing the  au tomat ic  
ref inement  too soon, it  still seems to be a wise pre- 
caution to Watch carefully the way  in which the posi- 
tion and anisotropic t empera tu re  parameters  change 
a t  each step in the refinement.  Since this is the  first 
t ime t h a t  use has been made  of this par t icular  com- 
put ing program we have reproduced the details of the 
ref inement  shifts a t  each stage in Table 1. 

As with the differential synthesis isotropic analysis  
(Kehl & Jeffrey,  1958), the  s tar t ing point  of the  refine- 
ment  was a set of coordinates and isotropic tempera-  
ture  factors obtained by the least-squares minimizat ion 
procedures described by Friedlander,  Love & Sayre  
(1955) and computed through five cycles using an 
IBM type  704. The observed and calculated differential 
syntheses were computed from which the  coordinate 
shifts in A and anisotropic t empera tu re  factor  shifts in 
-~,  given in Table 1 column I I ,  were obtained from the 

slopes and curvatures  of the  atomic peaks.  For  the  
coordinate shifts, the  values obtained from the dif- 
ferential  synthesis equations were multiplied by  1.5 
for the  n-shift  rule. For  the  the rmal  paramete rs  a 
factor  of 2 is introduced into the  computa t ion  in the  
non-centrosymmetr ica l  case and to apply  an equivalent  
n-shift  the values were multiplied by 0.75. 

The second cycle of ref inement  gave shifts based on 
the  comparison of the observed Fourier  peaks with 
those computed from the calculated synthesis wi th  
the  anisotropic s t ruc ture  factors.  In  the major i ty  of 
cases it was found t h a t  the anisotropic shifts had  been 
considerably overest imated.  Consequently the  com- 
puted  values were subsequent ly  mult ipl ied by 0.5; 
i.e. the  anisotropic factors were given an  n-shift  of 
unity,  (as for the centrosymmetr ical  case). The co- 
ordinate shifts were multiplied by 1-5 as before. 
These shifts appear  in column I I I .  Three more cycles 
(columns IV, V, VI) were applied a t  the  end of which 
the  largest  coordinate shift  was 0.005 J~ (C6, y) and 
the  largest  anisotropie pa rame te r  shift was 0.127 /~2 
(C3, Bll). 

The R factor  dropped from 0.21 (least squares, 
isotropic) to 0.126. The s t andard  deviations* of the  
atomic coordinates and thermal  paramete rs  as com- 
puted by  the method  of Cruickshank (1949, 1950, 
1956a) are given in Table 1. The s t andard  deviations 
of the position paramete rs  were reduced on average 
by a factor  of 0.56 as compared with the  isotropic 
analysis.  The observed and calculated s t ruc ture  
ampli tudes  and the phase angle components  are given 
in Table 2. The atomic scat ter ing factors used were 
those of Viervoll & Ogrim (1949) for sulphur and Berg- 
huis et al. (1955) for carbon. The comparison of ob- 
served and calculated curvatures  of the atomic peaks 
is shown in Table 3; these d a t a  m a y  be compared 
with those given in Table  7 in the paper  by Kehl & 
Jef f rey  (1958) report ing the  results of the isotropic 
analysis by differential  Fourier  syntheses. The ratios of 

52@obs./Sx2 to 52@0~io./5x ~ etc. 

* The standard deviations given in Tables 1 and 6 were 
computed with equal weights for all AFs. With a weight of 
unity for the centrosymmetrical AFs, as compared with two 
for the general phases, the s.d.s, are reduced on average by 
a factor of 0.7. 
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T a b l e  2 .  O b s e r v e d  a n d  c a l c u l a t e d  s ~ r u c ~ u r e  f a c t o r s  

h ~ x  Igol I ~J  A~ 

16.9 I ~ . 2  14 .~  
o 11 4 . 2  

g I ~  .... 12., ~:~ 0 ! 0  . . . . .  9 . . . .  9.7 
25 .3  2 6 . 2  2 6 . 2  

g ~ 9.9 ~:~ 7.5 
9 . 2  - ? . 4  

g ~ ~ 6~:~ ,76:o5 
o 3 3 6.4 5 . 6  

g I O' 37.o 30"32 .3o.~ 
o 4 1 1 2 . 6  1 2 . 4  1 2 . 4  
o 4 2 8. O 8 . 8  8 .8  
o 4 3 4.  O 3.8 - 3.8 
o ~ 3,:~ 3~:? 
o o ~g ~o:~ I~:~ .13., 
o 6 116.113.9 -13o9 
o o 2 25.3 2 O . 4  2 0 . 4  
~ ~ 5.6 5.3 5.3 

8 . 0  6 . 1  
o 7 7 2  3 . 0  
o 3 2 . 4  
g 88 o 1 , . ~  . . . . .  ,o.4 

13.7 10.8 -10.8 
o ~ , . 8 3 6 . 1  -36. I 

4. O 4.1 4. 
o 9 1 4 .  O 3 . 8  
_ ~_  o z 1 . 2  

gl;; 56 ~4 .... 
1.9 

o IO I 5 . 6  4 . 6  4 . 5  
glg~ 7.6 7 : Z - 7 : Z  
Ooll ~ 6 ..... 

11 5 . 6  4.2 
o 12 o .I ,I 
o 12 1 7 . 6  7 . 8  7.8 
g 13 ~ . . . . . . .  . 

14 9.2  8 . 6  - s. 
o 14 I . 8  

15 I I.I 
16 4 , 0  4 . 8  4 . 8  

I ~ ............... 9 4 7o 
22.1 ~1.4 21.3 1,7 4 7 l 

42 ~ 76~ 9,:o ~:I ~:~ .9 ~ ~ 
9.8 2 7 1 2 8 . 5  2 6 . 7  . 4  2 6 . 7  4 7 4 

" 1 .1  9.7 ~ ~ , .6 96 - 9 7  ~ 887 
4 . 8  8.5 . 5 . 5  

..... 6 ...... ~ ~ ~ 
~ o'~ ~8.110.0 ",5:8' _~.6 . . . . .  .1.8212 ~ ~ 

:,~.o ~ ~ ~g 6.,. 8.9 2.9 8.4 
- 5 :6  8 .0  7.7 - 7 . 7  -7 .9  ~ ~ - . ,  ,27.' 3.8 

llgg ": 4 ..... ," 9943 
,4.~ 14.8 i~:8 4 ioo 

38.~ ~ I°° 1 1 5 . 7 1 1 :  ~ .11"62.8 "I. ~ ioi° ; 
21o3 3 . 2  3 . 6  - 2 . 1  z .~  4 1 o 3  

4 11 - 5 . 1  8. -16.4 ~11~ ~:~ ~:~ ~ . , . ~  11 o 

2 I I  Z 4 . 0  4.1  4 . 0  . 7  I I  
2 12 0 1.7 1.7 4 12 o 

~12,122.4  . . . . . . . .  3 . 6 3 . 3 3  .I: 15 ,,1,;12 
6.~ ,~13137 ~:o ~:;  .~:~ 2.7 ,~13137 
3. O 

. . . .  z 13 O 2 . . . .  • . . . . .  6 . . . .  44 14 ? 
14 7 . 2  8 . 3  - 8 . 3  14 

214 1 . 5  .4 .?.. 4 15 o 

;:: .2., . . . . . . . . . . . . .  , 03 
- 3 . 8  2 . 4  2 . 4  

12 I g~ 7.6 6.4 - 6 . 4  ~ I?  O 4  

1 . 9  3 O 4  . 8  . 8  
o Z8 . . . . . . . . . . .  ~ I 3 ~ I I ;  1~:~ 156: I . . . . . . . . .  

- 4 . 4  - 3 .4  
~ i  3 4.5 ~ - 1 2 . 0  1 4 . 1 1 2 . 8  

3.3 4 4. O 2 . 9  - .6 - 2 . 8  5 2 1 
4 . 2  33 1 10 . . . . . .  1 3 . 8  lZ .  87"8 55 22 

1 8 . 9  2 2 . 8  3 2 
3 2 2 5 1 . 4  5 2 . 5  5 . 2  52 .  Z 5 2 4 

7.8 3 Z 3 6. O 5 . Z  4 .3  - 2 . 8  53 o 
33 ~ .  1 8 : ~ 3 1 7 . 8  3 . 4  - ~ . 3 1 ~ . 8 3 1  5 3 1  

.7:o ~ ~ 1.1 ~ ~ .......... ~.8 5 3 4  1 6 . 1 1 4 . 6  1 4 . 6  
. . . . . . . . . . . . .  , 33 ~ 9 . . . . .  
0 2  9 . 2  8 .3  8 .3  4.0 4 . 7  
. . . . . .  97 - 9 7  ~ ~ . . . . . . .  

38, o 39.9 
?~ 30.146.2 1 -46.2 334~ . . . . . .  
1 1 5 8 . 4  6 0 . 6  5 o , 2  - 3 3 . 9  4 9. z 10.2; 

I ~  ~ : ~  2~:~ 6.5 . . . . .  ~:~ I ~  4,8"6 I:~ 
1 0 4  . . . .  31.95 . . . . . . . . . .  - 3 1 . 9  3 3 5 5 1 1 0 . 0 1 9 " 3 1 ~ : 1  

I ;  ............ 2 8 . 9 2 7 . 5  _5.19 . . . . .  27.l 33 ~ 17:~ 1~:o~ 
g ~:~ . . . .  6 . . . . .  ~ ~o . . . . . . . .  

6 . 5  1 0 . 4  l l . O  6 . 5  
31 29 . . . . . . . . . . . . . .  33 ~ 6 . 8 6 . 5  
3 2 1 2 . 6  1 2 . 3  1 1 . 4  4 . 6  2 . 4  1 . 8  

4 .  O 5 . 1  
. . . .  ~ 76O' 5 . 6 3 . 1  ~ 4 1  . . . . . . .  ~ 3 . 6  - 3 . 5  

" 2 0 . 5 1 8 . 4  
4 0 2 5 . 5 3 " 8  28.969"3 . . . . .  -16.2-69"3 3 3 7 7 2  l . . . . . .  

,~ ~ 21.912., 2~:~ . 7:~ .2~:g ~ ~ 43 . . . .  :~ 
o 12 .1  7 . 8  - 7 . 8  .... 33 ~o 345 .~:~ 
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C 8 ,  0 . 0 3 9 ;  C s,  0 . 0 0 3 ;  C 6, 0 . 0 0 6  / ~ ;  ( c . f .  X + 0 - 8 3 9 Y -  

2 - 4 8 5 2  = 1 . 3 7 9  a n d  0 . 0 3 0 , - 0 . 0 2 3 ,  0 - 0 2 2 , - 0 . 0 1 1 ,  

r e s p e c t i v e l y ,  f r o m  t h e  i s o t r o p i c  d i f f e r e n t i a l  s y n t h e s i s  
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Table  3. Observed and calculated peak heights and curvatures in e.A -3 and e.A -5 

@ Ahh Akk All Akl Ahl Ahk 
f o b s .  20.59 -- 179 .72  --165.82 -- 137.94 --6.46 3.69 -- 10-58 

$1 calc. 2 0 - 0 2  --175.00 --161.13 -- 133.94 --5.88 3.57 --10-05 

obs. 21.57 --198.06 --169.83 --136.13 --0.55 --2.33 -- 2-22 S~ 
calc. 20.96 --191-38 --164.76 --131.93 --0.38 --2.14 -- 2.07 

] o b s .  19.41 -- 167 .70  --149.31 -- 128.58 1.09 --9.19 --15.41 Sa 
calc. 19-00 -- 163-88 --146.04 --125.34 ].34 -- 8.16 --14.93 

obs. 5.99 -- 50.93 -- 41.67 -- 30.03 --0.06 --2.81 1.44 C5 
calc. 5.95 -- 50.51 -- 41.46 -- 29-89 --0.00 --3.08 1-12 

obs. 6.21 -- 48.14 -- 44-62 -- 43.13 1-64 -- 1.42 0.08 Ca 
calc. 6-58 -- 50.47 -- 46.71 -- 44-81 2.01 --1-64 -- 0.11 

Ca { obs. 6.59 -- 48-37 -- 46.95 -- 38.65 4.26 2.47 0.74 
calc. 6.35 -- 47.15 -- 44.98 -- 37.21 4.22 2.66 0.85 

j o b s .  4-48 -- 29.65 -- 28.07 -- 20.32 1.23 --2.14 3.50 C6 
calc. 4.24 -- 28.30 -- 26.79 -- 19.34 1.03 --1.88 3.18 

Table  4. Fractional atomic coordinates and bond lengths 

S 1 
S~. 
Sa 
Ca 
Ca 
Ca 
C6 

S1-S 2 
$2-C a 
SI-C 5 

x y z 
0-1511 0.4420 0.5009 
0"0112 0"3897 0.2861 

--0.0311 0.1788 0.0083 
0"0538 0.2601 0-1846 
0.1605 0-2369 0.3017 
0.2145 0-3206 0"4528 
0.2141 0.1311 0"2602 

2.047 A Ca-S a 1.627 A 
1.747 Ca-C a 1.432 
1-713 Ca-C 5 1.384 

Ca-C 8 1.483 A 

analysis) .  This is ve ry  close to  t he  'bes t '  p lane  t h r o u g h  
all t he  a toms,  X + O . 8 4 9 Y - 2 . 4 7 0 Z  = 1.429. 

Computation t imes  on a basic IBM 650 

(A) Structure factors with anisotropic temperature factors 
I n  an  aniso t ropic  r e f i n e m e n t  t he  s t ruc tu re  factors  

m u s t  be c o m p u t e d  e i ther  in the  genera l  form, i.e. 
P1  or P1,  or in a special mod i f i ed  form (e.g. Ro l l e t t  
& Davies,  1955). I n  th is  p rog ram we use t h e  genera l  
fo rm and  there fore  h a v e  28 a toms  of two  k inds  in P1.  
The  s y m m e t r y  t r ans fo rma t ions  for t he  t e m p e r a t u r e  
factors  were o b t a i n e d  f rom the  t a b u l a t i o n  of Trueb lood  
(1956). The  calculat ions were  carr ied out  a t  t he  r a t e  
of 20 sec . / s t ruc ture  factor  and  the  to ta l  ca lcula t ion for 
672 ref lexions r equ i r ed  3.75 hours.  The  full capac i ty  
of t he  p rog ram is f i f ty  a toms  of e ight  d i f fe rent  k inds .  

(B) Differential ~ynthesi8 
This p rog ram computes  e lec t ron densi t ies ,  slopes and  

curva tu res  a t  se lected points ,  close to  t he  a tomic  
maxima., for t he  obse rved  and  ca lcula ted  Four ie r  
syn theses  and  solves t he  equa t ions  for t he  pos i t ional  
p a r a m e t e r  shifts, a t  t he  ra te  of 28 minu t e s  per  a t o m  
wi th  672 reflexions.  

(C) Anisotropic temperature factor refinement 
This computes  the  s u m m a t i o n s  for Cru ickshank ' s  

equa t ions  (3.7) and  (3.9) by  means  of which,  us ing 
e q u a t i o n  (3.10), t he  shif t  in  t h e r m a l  p a r a m e t e r s  is 
ca lcula ted  f rom the  differences in t he  cu rva tu res  of 
t he  a toms  in t he  obse rved  and  ca lcula ted  syntheses .  
Since these  sums m a y  change  only  s l ight ly  du r ing  t he  
course of t he  r e f i n e m e n t  i t  is possible in  prac t ice  to  
c o m p u t e  t h e m  once only. I f  some of t he  p a r a m e t e r  
shifts are large however ,  this  m a y  pro long  t he  con- 
ve rgence  of t he  r e f inement .  I n  this  analysis ,  we com- 
p u t e d  t he  s u m m a t i o n s  in going f rom cycle I to  I I  
and  again  f rom I I  to  I I I ,  using t he  l a t t e r  va lues  for t he  
r e m a i n d e r  of t he  cycles where  the  shifts  were  small .  
W i t h  7 a toms  and  672 ref lexions in P212121, t he  com- 
p u t a t i o n  t imes  were  2.5 hours  for i sot ropic  to aniso- 
t ropic,  I -> I I ,  7.7 hours  for aniso t ropic  to  anisotropic ,  
II -~ III. 

The programs maintain five-figure accuracy through- 
out. These times have been reduced by about 20% 
with small modifications in the programs to employ 
indexing accumulators and magnetic core storage. 

Comparison with the previous isotropic analyses 

The  first  r e f i n e m e n t  p rocedure  used on th is  s t ruc tu re  
was t he  least  squares  I B M  704 p rog ram of F r i ed lander ,  
Love  & Sayre  (1955), which  was carr ied t h r o u g h  f ive 
cycles un t i l  t he  coord ina te  and  isotropie  t h e r m a l  
p a r a m e t e r  shifts  were  negligible.  Because  t he  resul ts  
were ' suspect '  for reasons discussed in t he  previous  
paper ,  (Kehl  & Jef f rey ,  1958), a d i f ferent ia l  Four ie r  
syn thes i s  ca lcula t ion  was carr ied out  wi th  iden t ica l  
d a t a  and  some fu r the r  p a r a m e t e r  shifts  were  ob ta ined .  
These  gave  a more  accep tab le  set  of bond  leng ths  for 
t he  molecule  and  were  f avored  in  the  earl ier  paper  as 
t he  best  r e f i n e m e n t  so lu t ion  ob ta inab le  a t  t he  iso- 
t ropic  stage.  

The  shifts  to  t he  f inal  pa ramete r s ,  g iven  by  t he  
an iso t ropic  r e f inemen t ,  f rom those  of t he  isotropic  
least  squares  and  t he  isotropic  d i f ferent ia l  syn thes i s  
resul ts  are shown  in  Table  5. These  resul ts  are  in- 
t e res t ing  in as m u c h  as t h e y  show t h a t  t he  least-  
squares  coordina tes  were  t he  s l ight ly  b e t t e r  of t he  
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Table 5 

Shifts to final pa rame te r s  i n / ~  f rom 

Isotropic least squares Isotropie  different ial  syntheses  
^ A 

• . r 

Ax Ay Az Mean Ax Ay Az 
S 1 0"0001 0"0086 0"0047 ] 0"0010 0"0055 0"0111 
S 2 0-0047 0.0002 0.0070 / 0.0040 0.0014 0.0011 0.0119 / S a 0.0023 0-0035 0.0045 0.0026 0.0094 0.0018 

o0,,, 00... o / o ooo  o o / 
C a 0.0162 0.0218 0.0357 0.0047 0.0276 0.0043 
C 5 0.0321 0.0418 0.0363 0.0291 0.0236 0.0269 0.0192 
C G 0.0135 0.0648 0.0042 0.0129 0.0146 0.0208 

Mean  

0.0051 

0.0168 

two for the sulphur atoms but  were considerably 
poorer for the carbon atoms. This appears contrary 
to the effect of weighting, since the 1If weights on the 
Fourier terms, as compared with the least squares, 
should tend to suppress the influence of the higher 
order reflexions for which the sulphur contributions 
will be relatively the more dominant. An alternate 
explanation is the effect of omission of the least- 
squares cross-terms in a structure in which the light 
and heavy atoms are associated rather closely in a 
compact molecule undergoing thermal motion of 
comparatively large amplitude. This would imply that  
the isotropic least-squares refinement had not com- 
pletely converged and it is relevant to note tha t  in 
the last two cycles of the least-squares computations 
the isotropic temperature factors were all changing in 
the same positive sense by magnitudes on average as 
big as in the previous cycle (AB ~ 0-1), although the 
coordinate shifts were less than 0.005 A. 

D i s c u s s i o n  of the  s t r u c t u r e  

The bond lengths and bond angles are shown in Fig. 1 ; 
the values in parenthesis are those obtained from the 

(2.04A) 
S2 2.047 A $I 

• - -  ,~ ° ° 

1.747 A F "l 1,713A 
( 1 ~  / ~  (1.67A) 

11.9.8 ° 1112".4 o 11"9.7o ! _ 
C3 

11-~83A 
1(1.49]k) 

°C6 

Fig. 1. Structure of the C4H48 a molecule, 
showing the  bond  angles and  bond lengths.  

As compared with the results of the isotropic analysis, 
the largest difference, 0.04 J~ in S1-C 5, was less than 
2.5 times the standard deviation of the final analysis, 
and the difference in C-C bonds was less than the 
standard deviations. Obviously, for the determination 
of molecular dimensions and bond lengths, the law of 
diminishing returns has been very much in operation. 
I t  is however, gratifying that,  with the exception of 
the C-CH 3 bond, the small changes in bond lengths 
are all in directions to conform more closely with 
predictions from chemical theory and observations on 
related structures. Thus, the $2-C 8 and S,-C s lengths 
of 1.75 and 1.71 A are closer to the values reported 
from structures in which these bonds occur in similar 
molecular environments, e.g. thiophthen, II ,  1.72, 
1-74 /~, (Cox, Gillot & Jeffrey, 1949); fl-isoprene 
sulphone, I I I ,  1.76, 1-74 A, (Jeffrey, 1951); thiophene, 
IV, 1.74/~, (Schomaker & Pauling, 1939); thianthrene, 
V, 1.74, 1.75, 1.76, 1.78 /~, (Lynton & Cox, 1956; 
Rowe & Post, 1958). 

Similarly the thione bond length, C3-Ss, 1.63 A, is 
now closer to predictions for the double bond length. 
The discussion in terms of valence bond representation 
is unchanged from that  presented in the earlier paper, 
(Kehl & Jeffrey, 1958). 

CH3 

S 
C / \C CH 
[I II [L 
C C \  /CH 

S 

/ C = C (  

HC CH 2 

\ s /  
0 / \ 0  

II. III .  

HC CH / \ 
HC CH 

\ s /  

IV. 

H H 

H c / f C ~ c / S ~ c / / C ~ c H  

I H LI I 
HC~cjC ~ SjC~C jCH 

t t  H 
V. 

differential synthesis isotropic analysis. The mean 
standard deviations of the bond lengths computed by 
Cruickshank s (1949) method are S-S, 0.007 /~; S-C 
(ring), 0.017 A; C-C (ring), 0.024 •; C-CH a, 0.035 _~. 

I t  is interesting to note the comparatively narrow 
range of bond lengths which are reported for the 
heterocyclic five membered rings which have in com- 
mon only that  they contain both sulphur and con- 



G. A. J E F F R E Y  AI~D R.  SHIOI~O 453 

jugated  carbon atoms. For compounds I, II ,  I I I  and 
IV, the S-C bond lengths lie between 1.72 and 1.76 A. 
This is s ignif icantly shorter t han  the well-established 
C-S single bond length and  correspond to bond orders 
between 1.5 and 1.2 depending somewhat  on how one 
choses to relate order to length (Cox & Jeffrey,  1951). 

The C-C bond lengths also show a similar  generaliza- 
tion : 

Compound I II III IV 
Formal single 1.43 1-41 1.47 1.44 
Formal double 1"38 1.36 1.38 1.35 

The differences in the lengths of the formal double 
bonds are certainly wi th in  the exper imental  errors of 
the analyses and it  is questionable whether  there are 
s ignif icantly observed differences among the  formal  
single bond lengths. There is also uni formi ty  in the 
s tereochemistry of the five membered  ring in tha t  it is 
planar ,  within exper imenta l  error, and the angles 
subtended at  the sulphur  atoms are 95 ° wi thin  +4  ° . 

Even  with the  increased precision of this  fur ther  
analysis,  however, some of the interest ing fine details 
of the bond length results can only be discussed in 
terms of 'possible significance'.  

The S-S bond is quite accurately measured and 
agrees so well with m a n y  other single bond measure- 
ments  tha t  it must  be described as a pure a-bond, 
despite the conjugation throughout  the rest of the five 
membered  ring. Since 1.82 A is a well established C-S 
single bond length (Cox & Jeffrey,  1951; Abrahams,  
1956), the C-S bonds in this molecule are s ignif icantly 
shorter, p resumably  due to n-character  arising from 
interact ion between the d-orbitals of the  sulphur  atoms 
and the p-orbitals of the adjacent  carbons. The small  
difference of 0.035 A between S1-C 5 and Se-C a is 
suggestive in tha t  it is associated with adjacent  con- 
jugated C-C bonds which are respectively donor and 
accepter,  but  i t  is too small  to be significant. 

The thione bond length is so close to the somewhat  
inde termina te  C-S double bond length (e.g. 1.61 A, 
Abrahams,  1956) that ,  for the present, i t  represents 
one of the more accurately measured values for this 
type  of bond. 

Taking 1-545 and 1.334/~ (c.f. Bastiansen,  Hedberg 
& Hedberg,  1957; Bartel l  & Bonham,  1957), respec- 
t ively as single and double carbon lengths and using 
a Coulson type of bond length/order relat ionship 
(Coulson, 1952), the Ca-C 4 and C4-C 5 bonds have total  
bond orders of 1-45 and 1.7 respectively. The C-CHa 
bond length presents a special problem in tha t  it is 
associated with the abnormal ly  large thermal  para- 
meters of the methy l  carbon which is discussed in the 
nex t  section. 

The t h e r m a l  mot ion  of the m e t h y l  carbon a t o m  
(c~) 

The results of the anisotropie ref inement  confirm the 
observat ion made  at the isotropic stage tha t  the ap- 

parent  r.m.s, ampl i tude  of v ibra t ion of the me thy l  
carbon a tom is greater t han  tha t  of the ring carbon 
atoms, par t icular ly  in the z direction, i.e. 0.41 /~ as 
compared with 0.28 A for Ca, for example.  

There appear  to be two interpreta t ions  of this  
observat ion;  one is tha t  the apparent  the rmal  effect 
is real and at least par t  of the bond shortening, i.e. 
1.48 vis-a-vis 1.54 A, can be accounted for in conse- 
quence, (Cruickshank, 1956b); the other is tha t  i t  
arises from an a t t empt  by  the anisotropic ref inement  
procedure to fit  the  electron dis t r ibut ion of the  me thy l  
group with an 'anisotropically spread'  carbon atom. 

To test  the la t ter  possibil i ty we replaced the C 6 
scattering factor by  one with thermal  parameters  
equal to the mean  of those of the carbon atoms in 
the  ring and included the  scattering from the  three 
hydrogen atoms. I t  was assumed tha t  the methy l  
hydrogen atoms were rotat ing unhindered about  the 
C-C bond with C-H = 1.09 A and the te t rahedral  
angles, so tha t  

f = 3fi,.Jo{4n/;t. (1.03).sin 0 .s in  9} 

where F is the angle between the reflecting plane and 
the plane containing the hydrogen atoms. 

The ref inement  cycles were then  continued to give 
the results shown in Table 6. In  two cycles the shifts 

Table 6. Positional and thermal parameters for 
methyl carbon atom 

Col. I, terminal cycle excluding hydrogens (same as final 
column, Table 1). 

Col. II, parameters assuming C 6 has same thermal motion as 
ring carbon atoms. 

Col. III, first cycle including the hydrogen atom contributions 
(free rotation). 

Col. IV, second cycle including the hydrogen atom contribu- 
tions (free rotation). 

Col. V, first cycle including the hydrogen atom contributions 
(fixed orientation). 

I II III IV v 
X 0.2141 - -  0.2124 0.2132 0.2128 
Y 0.1311 - -  0.1311 0 . 1 3 1 5  0.1313 
Z 0-2601 - -  0.2633 0 - 2 6 2 8  0.2622 
~(X) 0.0023 - -  - -  0.0022 0.0023 
a(Y) 0.0022 - -  - -  0.0022 0.0022 
a(Z) 0.0085 - -  - -  0.0080 0.0088 
B n 7.13 3.35 6.41 6.59 6.35 
B22 6.20 4.88 5.12 5-24 5.46 
B3a 12-98 5.73 12.18 11.69 12.67 
B12 1.47 0-39 1.35 1.33 1.47 
B~3 --2-69 0.73 --2.95 --2.89 --3.08 
B31 1.09 -- 0.05 0.83 1.05 0.67 
R 0.126 0.132 0.120 0-119 0"126 

became small  and the thermal  parameters  reverted to 
values close to the original. The overall change in 
thermal  parameters  was less t han  the s tandard  devia- 
t ions calculated by  Cruickshank's  method  (1956a). 
The change in positional parameters  was less t han  one 
th i rd  the s tandard  deviations. The agreement  index 
improved from 0.126 to 0.119, but  there was negligible 
change in the s tandard  deviations. 
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In view of the interpretation of this 'thermal effect', 
which is presented below, we also considered the case 
with the methyl group 'hindered' at the position of 
minimum repulsion between the hydrogens and the 
thione sulphur atom. Following the same procedure 
as described in the preceding paragraphs with the 
hydi-ogens in fixed positions (i.e. the one furthest from 
the sulphur in the plane of the molecule), the first 
refinement cycle reproduces the original anisotropy of 
the C 6 atom in much the same way as before; c.f. 
columns III and V in Table 6. A second cycle of re- 
finement was not computed in this case. 

We conclude therefore that, as far as we can judge 
from this analysis alone, the relatively large thermal 
parameters of the methyl group is a real effect and 
not an artifice arising from the model used in the 
refinement procedure. We have not been able to find 
reference to any other detailed analysis in which one 
might expect a similar observation. 

It is difficult to believe that the thermal vibration 
of the substituent methyl carbon atom is appreciably 
greater than that of the rest of the molecule. The most 
plausible explanation of this result is that the methyl 
group is statistically displaced above or below the 
plane of the molecule by about 0.1 /~ due to the non- 
bonding interaction of the thione sulphur atom in the 
same molecule, at the unusually close distance of 
3-23 _~. 

A general description of the  relat ive or ientat ion of 
the  molecules and a listing of intra-molecular  distances 
was given in the earlier paper. The changes in posi- 
t ional  parameters  resulting from the  anisotropic re- 
f inement  are such t ha t  the max imum correction to this 
list of distances is 0.04 /~. In  comparison with our 
present  theoret ical  knowledge concerning the quan- 
t i t a t ive  details of non-bonded atomic interactions,  
these differences are negligible. 

We are grateful  to the  U.S. Public Heal th  Service 
(grants E-1423 RG-5412) and the Research Corpora- 

t ion for research grants  which supported the  com- 
pu ta t iona l  work described in this paper. 
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