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Note added in proof:- We have recently learned that 
the distribution exp(x cos ~), which is fundamental to 
the phase probability distributions above, was first 
derived by von Mises (1918) from the principle of 
maximum likelihood of Gauss. Its relation to the 
Gaussian distribution has prompted statisticians to 
refer to it as the circular normal distribution. A review 
of the properties and applications of it and other cir- 
cular distributions has been written by Batschelet 
(1965). 
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The Crystal Structure of N-Benzyl-4-methylthiazolium Bromide 
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The crystal structure of N-benzyl-4-methylthiazolium bromide, Ca aNSH~zBr, was determined from 
three-dimensional X-ray diffraction data. The crystals are monoclinic and the space group is P2~/c 
with four molecules per unit cell. The axial dimensions are a=9.162+_0.003, b= 11-770+0.004 and 
c= 11.070+ 0.004/~,/~= 81.93 + 0"04 °. The structure was solved by the heavy-atom method and refined 
by means of full-matrix least squares. The final R value was 0.056 on 1991 reflections which included 
221 unobserved. The bond lengths in the thiazolium ring are compared with those in thiamine and 
thiamine pyrophosphate. The conformation of the rings in this molecule differs substantially from 
that observed for the other two molecules. A weak CH. . .Br  bifurcated hydrogen bond occurs in the 
structure. Another interaction is observed between the sulfur atom and the bromide ion as the Br . . .  S 
interatomic distances average 0-3/~ less than the sum of their van der Waals radii. 

Introduction 

Breslow & McNelis (1958) have pointed out that in a 
number of biochemical reactions involving thiamine 

* Permanent address: The University of Townsville, Pimlico, 
Townsville, Queensland, Australia. 

pyrophosphate (TPP) as coenzyme the thiazolium 
zwitterion is the site of primary reaction. It was shown 
that the attachment of an aromatic ring on the N- 
methylene group of a thiazolium ring facilitates the 
formation of the catalytic zwitterion due to the induc- 
tive effect of the aromatic ring. The N-benzyl thiazo- 
lium salt and TPP are both effective catalysts to these 
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reactions in enzyme-free model systems. The present 
study of the crystal structure of N-benzyl-4-methyl- 
thiazolium bromide (BTB) was undertaken in order to 
examine bond lengths of the thiazolium portion and 
the conformation of the rings. 

Crystal data 

CnNSH12Br, M.W.=270.20, monoclinic, a=9.162+ 
0.003, b = 11-770 + 0.004, c = 11.070 + 0.004 A. and fl = 
81"93 +0"04°; V= 1181"92/~3, Z = 4 ,  Do= 1.52 g.cm -3, 
Dc=1.518 g.cm -3. F(000)=548. Space group P2a/C 
(No. 14). ¢z for Cu K,  radiation= 64.8 cm-'.  

Experimental 

Crystals of BTB were kindly supplied by Dr R. Breslow 
of Columbia University. They were recrystallized from 
methanol by slow dropwise addition of ether. The 
crystals are white and grow as diamond shaped plates 
normal to [001] with the b axis along the longer of the 
two diagonals of the diamond. The specimen used 
measured 0.11 x 0-43 x 0.38 mm. The cell constants and 
relative intensities were measured with a Picker auto- 
matic diffractometer equipped with a scintillation 
counter, using Cu Kc~ radiation. The intensities were 
corrected for Lorentz and polarization factors and 
absorption. A total of 1991 reflections were collected of 
which 221 were unobserved. All reflections for which 
I<3a(I)  were treated as unobserved, where a ( I )=  
[S+4(B1 +B2)]1/z, S is the total number of counts ac- 
cumulated during a 20 scan over a 2 ° range at 2 ° rain -1, 
B1 is the total number of counts in 15 sec at the initial 
setting and Bz is the total number of counts in 15 sec 
at the terminal setting. 

The bromine atom was located from a three-dimen- 
sional unsharpened Patterson map and the remaining 
non-hydrogen atoms from two cycles of structure fac- 
tor calculations and Fourier syntheses. At this stage 
the R value (R=NIIFo[- IFcl[/ElFo[) was 27.2 per cent. 
Scattering factors used for bromine, sulfur, nitrogen 
and carbon atoms were those of Cromer & Waber 
(1965). The atomic scattering factor for the hydrogen 
atoms was that of Stewart, Davidson & Simpson (1965). 
Anomalous dispersion corrections were made for bro- 
mine and sulphur using values listed in International 
Tables for X-ray Crystallography (1962). 

Least-squares refinement 

The structure factor least-squares program ORFLS 
(Busing, Martin & Levy, 1962) modified by Shiono 
(1965) for the IBM 7090 computer was used. Initially 
unit weight was assigned to each reflection and isotropic 
temperature factors applied for two cycles which re- 
duced R to 15.6%. A further cycle of least-squares 
using anisotropic temperature factors and unit weight 
produced an R of 9.7%. At this stage of the refinement 
a Fourier difference synthesis allowed the location of 

all hydrogen atoms. A least-squares cycle based on all 
atoms, giving the hydrogen atoms the anisotropic 
temperature factors of the atoms to which they were 
bonded, reduced R to 8.3% (the hydrogen positional 
parameters were refined but their thermal parameters 
were held constant). Application of the absorption cor- 
rection and a change to a weighting scheme based on 
the a of the individual reflections reduced R to 5.6% on 
all reflections and 5.2% on the observed. In the final 
weighting scheme W= 1/a 2 where a=aexp+O.O5F. In 
this expression aexp is the experimental a based on 
counting statistics. This weighting scheme was used 
because it was found empirically to produce a constant 
WA 2 as a function of IFI. 

The final atomic parameters and their standard de- 
viations are given in Table 1 and the vibration param- 
eters and their standard deviations are given in Table 2. 
The observed structure amplitudes and those calculated 
with the parameters of Tables 1 and 2 are given in 
Table 3. 

Table 1. Fractional coordinates and e.s.d.'s 

x y z 
Br 0"03627 (5) 0-18114 (4) 0"02096 (4) 
S 0"95437 (9) 0-10229 (9) 0.3256 (1) 
N 0"1995 (3) 0.4272 (3) 0-1748 (2) 
C(13) 0"3376 (6) 0"0919 (4) 0.4624 (4) 
C(4) 0"2327 (4) 0"4692 (3) 0"0560 (3) 
C(5) 0"8426 (5) 0"0645 (3) 0-4564 (3) 
C(2) 0"1036 (4) 0.4888 (3) 0.2450 (3) 
C(6) 0"2640 (5) 0-3219 (3) 0-2181 (4) 
C(9) 0"5967 (7) 0"4249 (7) 0.3534 (6) 
C(8) 0"4529 (6) 0.4181 (5) 0.3249 (4) 
C(7) 0.4192 (5) 0-3371 (3) 0-2439 (4) 
C(12) 0"5277 (6) 0.2643 (5) 0.1884 (5) 
C(11) 0.6701 (7) 0.2755 (8) 0.2183 (7) 
C(10) 0.7034 (6) 0"3495 (7) 0-2991 (8) 
H(131) 0"315 (6) 0"178 (4) 0"455 (4) 
H(132) 0"342 (5) 0"055 (4) 0"375 (4) 
H(133) 0"434 (6) 0"101 (4) 0.488 (4) 
H(5) 0.854 (5) 0.406 (3) 0.033 (4) 
H(2) 0.073 (5) 0.482 (3) 0.311 (4) 
H(61) 0.201 (5) 0.284 (3) 0-283 (4) 
H(62) 0-258 (5) 0.266 (3) 0.162 (4) 
H(9) 0.623 (7) 0.464 (6) 0:415 (6) 
H(8) 0.380 (6) 0.464 (5) 0.352 (4) 
H(12) 0.463 (6) 0.171 (4) 0-128 (5) 
H(I1) 0.750 (6) 0.213 (6) 0.177 (6) 
H(10) 0.804 (6) 0.356 (5) 0.336 (6) 

Discussion 

The molecular geometry is summarized in Figs. 1, 2 
and 3 and in Tables 4 and 5. In Tables 4 and 5 are 
shown1 for comparison the bond lengths and angles of 
the corresponding portions of the thiamine pyrophos- 
phate hydrochloride molecule (Pletcher & Sax, 1969) 
and of thiamine chloride hydrochloride (Kraut & Reed, 
1962). These data exhibit an overall good agreement 
between similar bonds in BTB and the other two com- 
pounds. The bonds in the thiazolium ring of BTB 
agree to better than 2a, except for N-C(2) and C(4)- 
C(5), which are both shorter by 3 to 4a. Although 
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Breslow & McNelis (1958) have stated that the in- 
crease in catalytic activity from BTB to thiamine is 
partly due to the greater inductive effect of the pyrim- 
idine ring with respect to the benzene ring, it is uncer- 
tain whether or not the observed bond shortening is a 
consequence of this chemical effect since the deviations 
are of borderline significance. 

. .  . . . . . .  . . . . . . ° . . ° °  . . . . . . . . . .  ° . . . . . .  ° . . , .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  • . . . . .  

~ 3  _ ¢ _  

.A,"P ~,¢. I..¢,.,_ .IxOlj.C12/..,,_ 

, 

5 C C 

Fig. 1. Bond distances and valency angles in N-benzyl-4- 
methyithiazolium bromide. 

In Table 4 are shown the bond lengths of the benzene 
ring prior to and after absorption correction during the 
refinement. A marked shift in length of 0.07 ~ occurred 
for the bond C(10)-C(l l )  as compared with average 
shifts of 0.024 A for the other bonds of the benzene 
ring and of 0.018 A for all other bonds of the whole 
molecule. A rigid-body analysis using a program 
written by Schomaker & Trueblood (1968) and modi- 
fied by Shiono (1968) for the IBM 1130 computer 
produced the bond lengths as listed in Table 4, which 
show the C(10)-C(11) bond length of 1.333 A. No de- 
finite explanation could be found to account for this 
abnormally short bond. It is possible that a systematic 
error was introduced with the application of the ab- 
sorption correction (correction factor applied to the 
F's varied from 1-37 to 2.07 with the average correction 
amounting to 1.501 since the second largest change 
following the absorption correction is observed for the 
parallel bond between C(71 and C(8). However, the 
bond distances following the absorption correction 
agree much better in general with the other two struc- 
tures. It is also possible that the rigid-body analysis 
does not provide an appropriate description of the 
vibrational parameters of the benzene ring. 

The equations of the planes of the thiazolium and 
benzene rings are given in Table 6 along with distances 
from the planes. Both rings are quite planar and in the 
case of the thiazolium ring, the methyl and methylene 
substituents deviate only slightly from the plane. The 
dihedral angle between the benzene and thiazolium 
rings is 75.7 °. Although this value compares favorably 
with that found in thiamine (76 °, Kraut & Reed, 1962) 
and thiamine pyrophosphate (83.3 °, Pletcher & Sax, 
19691, the conformation of the rings in BTB does differ 
substantially. If the coplanar conformation of the two 
rings (as in thiochrome) is taken as a reference, then the 
conformation in BTB is described by a clockwise rota- 
tion about the C(6)-N bond of 103.4 ° and a counter- 
clockwise rotation about the C(6)-C(7) bond of 55-3 ° 
The magnitudes of the corresponding angles in thi- 
amine are 9-4 and 73.5 ° and in thiamine pyrophosphate 
3.6 and 93.2 ° (Pletcher & Sax, 1969). Since BTB does 

Br 0.01655 (9) 
S 0.0136 (1) 
N 0.0103 (3) 
C(13) 0.0173 (6) 
C(4) 0.0117 (4) 
C(5) 0"0160 (5) 
C(2) 0"0100 (4) 
C(61 0.0132 (5) 
C(9) 0"0194 (9) 
C(8) 0"0135 1'61 
C(7) 0.0122 (5) 
C(12) 0.0152 (6) 
C(11) 0"0132 (7) 
C(10) 0"0109 (6) 

Table 2. Atomic vibration parameters 

fl22 fl33 ill2 
0"00786 (5) 0"00649 1'6) --0"00085 (3) 
0"00809 (9) 0"00774 (9) --0"00148 (8) 
0"0068 (2) 0"0061 (2) -- 0"0006 (2) 
0.0091 (4) 0.0068 (3) 0.0003 (4) 
0.0073 (3) 0.0059 (3) -0 .0010 (3) 
0.0081 (3) 0"0062 (3) 0"0009 (3) 
0.0078 (3) 0"0062 (3) 0"0001 (21 
0.0064 (3) 0.0080 (3) 0"0001 (3) 
0"0206 (9) 0"0135 1"6) -0"0032 (7) 
0.0144 (5) 0"0109 (5) 0"0007 (4) 
0.0089 (3) 0"0076 (3) 0"0009 (3) 
0.0120 (5) 0.0125 (5) 0.0043 (4) 
0"0209 (9) 0"0165 (7) 0"0059 (7) 
0"0210 (8) 0"0195 (9) -0-0007 (6) 

ill3 
0"00036 (5) 

--0"00167 (9) 
-- 0"0006 1"21 

0"0014 (3) 
-o-0010 (2) 

0.0016 (3) 
- 0.0O03 (3) 
- 0"0007 1'31 
- 0"0073 (6) 
- 0"0O30 (4) 

0-0001 (3) 
0"0015 (4) 
0.0012 (6) 

- 0.0034 (6) 

fl23 
0"00003 (2) 
0"00015 (6) 
0"0O07 (1) 
0"0002 (3) 

-0-0001 (2) 
0.0006 (2) 
0.0001 (2) 
0-0002 (2) 
0"0028 (6) 

- 0"0000 (4) 
0-0021 1"21 
0"0023 (4) 
0.0073 (7) 
0"0101 (7) 
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T a b l e  3. Observed and calculated structure factors 
The  c o l u m n s  wi th in  each  group ,  in order f r o m  left  to right,  are the r u n n i n g  index  l, lOFo, 10Fe, 10Ac and~10Be. T h e  u n o b s e r v e d  

ref lect ions ,  w h i c h  were  as s igned  zero  we ight  in the  least  squares  re f inement ,  are m a r k e d  * 

'+ ~+ ,++ ,+,"- t++ M t++: , , . . . , . , ,  
; ;1: :++ Ill ,:1 d+ 41: II+ l+l II," :t,m:+.+++m "::.',+.:+~ ;++ ;++ ;+~ 

. . . . . . . . . . .  ,11" ,i+ , ,~ . . . . . . . . . .  
-;:  ' l l  '1+ +11 +;t +It ff++ d t  dl  ,;1: 

+t,t++,++,t++ +t . . . . . . . . . . . . . . . . . . . .  .......... +++++++ , i i  ,,1 +~+- ., +,+ s,l s++ Ii ioo i,I I , ~  I+i+ iI++ ii+I- 1 ,s ++ +~ 
+ '~::,,:.I+++,++ ++:l,l: ::I: :+ . . . . . . . . .  It: I:I III- 115 115 1+I +5 

! i l l  I~, II~" I:'i +I~ +g ~::- 
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not possess any substituents on the benzene ring, a 
greater freedom of  rotation is permitted than  is possible 
with the amino pyrimidine ring of thiamine.  

As seen in Fig.2, there are distances between the 
sulfur and bromine  atoms of 3.476 (2) and 3.491 (2) 
which are shorter than  the sum of the van der Waals  
radii, 3.80 A (Pauling, 1960). It would appear that in 
this compound  there are weak interactions between the 
atoms of the sul fur-bromine chains, similar to those 

observed by Sax, Pletcher & Pulsinelli (1969) in the 
related compound 2-(,-hydroxyethyl)-3,4-dimethyl- 
thiazol ium bromide.  

A hydrogen bond between bromine and C(2) seems 
a likely possibility in view of the polarity of  the C(2)- 
H(2) bond. Assuming that the hydrogen bond radius 
of CH is 1.64 A (Pletcher & Sax, 1969) and that the 
acceptor radius of bromide ion is 1.98 A (Wallwork, 
1962), the expectation value for a C(2). • • Br-  hydrogen 

BTB 
S----C(2) 1.671 (4) 
S----C(5) 1.712 (5) 
C(4)--C(5) 1.334 (6) 
N :: C(4) 1"398 (5) 
N- - -C(2 )  1"308 (5) 
N- - -C(6 )  1.481 (5) 
C(6)--C(7) 1.499 (6) 
C(13)-C(4) 1.495 (6) 
C(7)--C(8) 1.374 (7) 
C(8)--C(9) 1"400 (10) 
C(9)--C(10) 1.392 (11) 
C(10)-C(I 1) 1.318 (11) 
C(11)-C(12) 1.396 (10) 
C(12)-C(7) 1.390 (7) 
C(5)--H(5) 0-93 
C(2)--H(2) 0.74 
C(6)--H(61) 0"90 
C(6)--H(62) 0-96 
C(8)--H(8) 0.88 
C(9)--H(9) 0.88 
C(10)-H(10) 1.06 
C(11)-H(11) 1-08 
C(12)-H(12) 1.44 
C(13)-H(131) 1.04 
C(13)-H(132) 1.05 
C(13)-H(133) 0.97 

Table 4. Bond lengths (A) 

TPP* Thiaminet 
1-673 (3) 1"667 (6) 
1.715 (3) 1-718 (6) 
1.354 (4) 1.349 (7) 
1.391 (4) 1.401 (7) 
1.324 (4) 1.332 (7) 
1-498 (4) 1-476 (7) 
1.500 (4) 1.496 (8) 
1.495 (5) 1.479 (8) 

* Pletcher & Sax (1969). 
t Kraut & Reed (1962). 

BTB prior 
to absorption 

correction 
1"689 
1.732 
1.316 
1.416 
1"329 
1 "484 
1"486 
1.514 
1"417 
1"395 
1"384 
1"388 
1-369 
1 "361 

Benzene ring 
after rigid-body 

analysis 

1 "508 

1"390 
1 "407 
1"410 
1"333 
1 "403 
1 "407 

C(5)--S C(2) 
C(4)--C(5)--S 
N---C(4)--C(5) 
C(4)--N---C(6) 
C(2)--N---C(6) 
C(2)--N---C(4) 
S----C(2)--N 
N---C(6)--C(7) 
N---C(4)--C(13) 
C(5)--C(4)--C(13) 
C(6)--C(7)--C(12) 
C(6)--C(7)--C(8) 
C(11)-C(12)-C(7) 
C(7)--C(8)--C(9) 
C(8)--C(9)--C(10) 
C(10)-C(11)-C(12) 
C(9)--C(10)-C(11) 
C(12)-C(7)--C(8) 

Table 5. Bond angles 

BTB 
89.8 (2) o 

112"8 (3) 
110"3 (3) 
123.8 (4) 
122.5 (3) 
113"7 (3) 
113"4 (3) 
113"2 (3) 
121"1 (4) 
128.6 (4) 
118-8 (4) 
120-9 (4) 
118.3 (5) 
119"4 (5) 
119"5 (7) 
122-4 (7) 
120.0 (7) 
120.3 (5) 

* Pletcher & Sax (1969). 
t Kraut & Reed (1962). 

TPP* 
91.3 (2) ° 

111"0 (2) 
111.6 (3) 
121.9 (2) 
124-3 (2) 
113.8 (2) 
112.4 (2) 
111.3 (2) 
120.4 (3) 
128.0 (3) 

Thiaminet 
91"8 (3) ° 

110"7 (4) 
111"9 (4) 
121.8 (4) 
124"9 (4) 
113-3 (4) 
112.3 (4) 
113-5 (4) 
120"2 (4) 
127.9 (5) 



Table 6. Equations to the ring planes relative to the 
crystallographic axes 

(a) The thiazolium ring 

0.79232X+ 0.54122 Y+ 0.38991Z= 4.9232 . 

Atoms Atoms Distances 
included not included from plane 

S - 0.00225 A 
N 0"00085 
C(4) - -  0.00297 
C(5) 0.00328 
C(2) 0.00111 

C(13) - 0.03506 
C(6) -0.01431 

(b) The benzene ring 

- 0.12960X- 0.65441 Y+ 0.71942Z= - 1.16233 

C(7) 0.01073/~ 
C(8) -0.00849 
C(9) - 0.00491 
C(10) 0.01684 
C(11) - 0.01481 
C(12) 0.00064 

Fig.2. The (100) projection showing the bromine-sulfur inter- 
actions and the relative orientation of the benzene and thi- 
azolium rings. 

bond is 3.62 A. C(2) is engaged in two contacts of this 
type with bromide ions. One of these distances is 
3.542 A to a bromide ion whose coordinates are related 
to those in Table 2 by a screw axis. The other is 
3-631 A to the c-glide related bromide ion. In the first 
case the C ( 2 ) H ( 2 ) . . . B r  angle is 124 ° , and the 
H ( 2 ) . . . B r  distance is 3.06 A. In the second case the 
respective values are 143 ° and 3.00 A. The favorable 
orientation of the C(2)-H(2) bond for the format ion  of 
a bifurcated hydrogen bond together with the observed 
C ( 2 ) - - . B r  distances makes  it reasonable to classify 
this interaction as a weak hydrogen bond. 

This research is supported by the U.S. Public Heal th  
Service, National  Institutes of Health,  through Gran t  
No. HE-09068. 
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