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The crystal structure of 2,4,6-tribromoaniline has been determined from three-dimensional X-ray data, 
corrected for secondary extinction effects. The orthorhombic unit cell of dimensions a = 13.441 + 0.004, 
b = 14.623 + 0.008, and c = 4.263 + 0.002/~,, contains four molecules. The space group symmetry is 
P212121. The positions of the atoms in the molecule deviate slightly from a planar configuration owing 
to intramolecular repulsions between the amino group and the adjacent bromine atoms and, for the 
same reason, the triangle formed by the three bromine atoms is somewhat distorted from threefold 
symmetry. The amino group is apparently pyramidal. The compound is isostructural with 1,3,5-tri- 
bromobenzene and 1,3,5-trichlorobenzene. Both bromine containing compounds melt at approximately 
119 °C. Intermolecular distances are of the van der Waals type. 

Introduction 

Preliminary studies revealed that 2,4,6-tribromoaniline 
crystallizes with the same space group as that reported 
for 1,3,5-tribromobenzene (Milledge & Pant, 1960). 
The unit-cell dimensions were observed to differ only 
slightly from those of symmetric tribromobenzene. 
Both compounds melt at approximately 119°C. Thus 
the crystal structures and lattice energies must be rather 
similar in the two cases. The entropies of fusion, how- 
ever, should differ appreciably if the crystal structure 
of 2,4,6-tribromoaniline is not disordered. 2,4,6-tri- 
bromoaniline is an 'overcrowded' compound with the 
possibility of atoms being displaced from a common 
plane. The amino group might favour a pyramidal con- 
figuration, as is observed for example in aniline (Evans, 
1960). Since these factors may be expected to influence 
further the values of the entropy of fusion, it was of con- 
siderable interest to compare the implications of the 
X-ray diffraction analysis with experimental values for 
the entropies of fusion. The heats of fusion of these 
compounds have not been determined hitherto, but 
it is hoped that results will be available shortly. 

Experimental 

Aniline reacts readily with bromine in a dilute gla- 
cial acetic acid solution to form a precipitate of the 
slightly soluble 2,4,6-tribromoaniline. The compound 
was dried and recrystallized from ethanol to yield 
colourless, needle-shaped single crystals having a mel- 
ting point of 119 °C. Several single crystals of practi- 
cally square cross section of dimensions 0.06 x 0.06mm 2 
were mounted in a thin-walled boron-lithium capillary 
and used in obtaining intensity measurements at room 
temperature. Integrated equi-inclination Weissenberg 
photographs were obtained of the reflexions of the 
first four layers, with rotation of the specimen through 
200 ° about the needle (c) axis, using filtered Cu Kc~ 
radiation. All of the measurable spot intensities of the 

five film photographs of each layer were obtained 
photometrically, while the weakest intensities were esti- 
mated visually. The mean intensity data of each layer 
line (normalized to a common scale) were corrected for 
effects due to the Lorentz and polarization factors in 
the normal way. No explicit correction was applied for 
absorption, although secondary extinction effects were 
corrected during structure refinement. The total number 
of reflexions of the four layers is 974 while the number 
having non-zero intensity is 715. The remaining re- 
flexions (of non-observable intensity) were allocated 
intensities according to I=½1min. The unit-cell dimen- 
sions were refined by the use of least-squares techni, 
ques based on 15 resolved and indexed lines measured 
on a powder photograph obtained with a Guinier 
camera, using KCI as a calibrated standard. 

Determination of the structure 

The crystals belong to the orthorhombic system. The 
unit cell of dimensions a= 13.441 (0.004) •, b= 14.623 
(0.008) A and c=4.263 (0.002)A~ contains four mole- 
cules of 2,4,6-tribromoaniline. The numbers in paren- 
theses are estimated standard deviations in cell dimen- 
sions. The values correspond closely to those recently 
reported for this compound by Schlemper & Konnert  
(1967). The calculated density is 2.614 g.cm -3. The non- 
centrosymmetric space group is P212121, whose axially 
projected symmetries are pgg. There is one molecule 
per assymmetric unit. 

Approximate values of the x and y parameters of 
the three independent bromine atoms were derived 
from the projection of the Patterson function along 
the c axis (Fig. 1). A permanent set of structure factor 
signs was then obtained from electron density maps 
which revealed the approximate positions of the light 
atoms, except for those of hydrogen. The parameters 
were further refined by full-matrix least-squares tech- 
niques wherein the bromine atoms were given aniso- 
tropic temperature factors which were computed accor- 
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ding to the expression exp[-~llh2-l-f122k2+fla312+fl12hk+ 
fl13hl+f123kl)]. Following this procedure the R value fell 
from 15-5 % to 6.6%, excluding some reflexions which 
were obviously suffering from extinction effects, to- 
gether with the non-observed reflexions. 

The next step was to find approximate values of the 
z parameters of the bromine atoms. Firstly, relative 
values of the z parameters were derived by means of a 
comparison of the molecular dimensions obtained 
from the projection, with those of an assumed planar 
model. Structure factors of indices hkl, hk2 and hk3 for 
different values of z were then computed for the three 
bromine atoms having the same relative positions. The 
plot of R value vs z (non-observable reflexions excluded) 
revealed a well-defined minimum approximately equal 
to 0.25. The corresponding z values of the bromine 
atoms served as a basis for a further least-squares re- 
finement, wherein reflexions of different layers had to 
be taken separately in order to include the refinement 
of individual scale factors. Isotropic temperature fac- 
tors were used. This process was continued until the 
R value had dropped to approximately 17%. The z 
values of the nitrogen atoms and of the carbon atoms 
were then computed and incorporated in the process 
of refinement, in which isotropic temperature factors 
continued to be used. The experimental data were then 
converted to a common scale of values and employed 
simultaneously in a further least-squares refinement 
which involved anisotropic temperature factors of the 
bromine atoms. An R value of 8.1% was thus obtained. 

Inspection of the resulting Fo-Fe table showed that 
correction of the experimental data for secondary ex- 
tinction effects was desirable, especially in the deter- 
ruination of the hydrogen parameters. The correction 
was based on Zachariasen's theory (Zachariasen, 1963). 
Values of the derivative of the absorption factor (in- 
verse of transmission factor) with respect to the absorp- 
tion coefficient as a function of the Bragg angle arid the 
equi-inclination angle, were obtained from the appro- 
priate tables given in International Tables for X-ray 
Crystallography Vol. II, p.295 (Buerger, 1960) assuming 
for simplicity a cylindrical shape for the crystal. The 
value of the constant C in F e o r r  = Fo(1 + CflI) was deter- 
mined separately for each layer by minimizing N(Fc -  
Feorr) 2. Corrected values of the observed amplitudes 
are collected in Table 1. The scale factors and atomic 
parameters were then adjusted against the corrected 
data using least-squares techniques. Only small changes 
in the parameter values were thus obtained. 

A three-dimensional partial difference synthesis was 
then evaluated using these data. The contributions to 
the structure factors from all atoms except those of 
hydrogen were subtracted. Electron density maxima 
representing the hydrogen atoms of the carbon ring 
appeared in the positions to be expected. The amino- 
hydrogen positions were difficult to predict and are 
therefore less trivial. They also appeared as relatively 
well defined peaks. The maximum electron densities of 
the hydrogen atoms are from 0.6 to 0.8 e.A -3, which 

agrees with results obtained for other hydrogen con- 
taining compounds [see for example McDonald (1960); 
Brown & Marsh (1963)]. 

Since the geometry of the amino group is of consider- 
able interest, further refinements of the positions of 
the amino hydrogen atoms were attempted using least- 
squares techniques. Only those reflexions for which 
sin 0/2 < 0.35 A -1 were included, and all other parame- 
ters were held constant. An isotropic temperature fac- 
tor of 3 A 2 was assigned to the hydrogen atoms of 
which the two hydrogen atoms of the benzene ring 
were represented by the calculated values of the space 
coordinates, assuming a C-H distance of 1-90 A. In 
this way, a small but significant reduction in 22 W(Fo-  
Fc) 2 was achieved. As was to be expected, the corres- 
ponding R value decreased very little. Values of the 
positional parameters of the hydrogen atoms and their 
standard deviations are given in Table 2. 

In continuing the process of refinement, the contribu- 
tions of the hydrogen atoms were included as fixed 
quantities based on the values in Table 2. Prior to 
further calculation, the weights of the reflexions, deter- 
mined from the weighting scheme W= (kl + Fo + k2Fo2), 
were altered slightly in order to reduce the variation of 
W(Ifol- IFcl). In the subsequent refinement, which was 
based on isotropy of the lighter atoms, the atomic par- 

@ 
@ 

4A 
l J J I ! 

@ 

@ 

Fig. 1. Electron density projection along the c axis based on 
corrected values of observed structure factor amplitudes. 
Contours at intervals of 2 e.A-2 for the light atoms and at 
intervals of 10 e.A-2 for bromine. The first contour represents 
2 e.A-2. 



A. T. C H R I S T E N S E N  A N D  K. O. S T R O M M E  659 

T a b l e  1. Observed and calculated structure factor amplitudes including calculated phases 
The observed ampli tudes are corrected for effects due to secondary extinction. 
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b 8 0 2 ~ o 9  23.61 180.0 16 8 0 1 4 o ~  15o05  100.0 5 8 I 2 0 o 3  10.33 IZbol 15 I l I / . 5  I0.00 - I ~ . 3  
6 9 0 ~3.1 ~1 ,~ !  0 16 9 0 l b . 7  1~.83 0 5 I I  1 20.0 21.09 - 2~ .5  15 2 l 2~.3 ~6.3R - 9 . 8  
6 10 0 8 5 o l  ~ 1 . 4 4  0 15 1 0 2 t . 1  2 6 , 1 6  90o0 5 1~ 1 1 o . 4  1 3 . / 6  - ~ 9 . 4  15 3 1 1~.1  1 9 , ~ 2  - ~ 2 . 2  
b I I  0 22.~ 23.06 180o0 15 2 0 l l o l  10.23 90.0 5 13 1 16o2 17.~b IO7o~ 15 7 I 13.8 15.91 I~2.3 
6 12 0 2~ .a 23.o~ 0 15 3 0 I / . o  19.~4 .90.0 5 17 l 13.6 10.~o ~.9 16 0 1 15.3 I~.00 90.0 
b 13 0 33.5 32.b~ 100.0 15 • 0 lu .5  9 . /6  -90.U b 0 I ~?.0 47.69 90°0 16 l l 1~.2 17.52 175.1 

6 l l 5 0 , o  b l . O 3  1 ~ . 5  16 2 l 1 0 , 5  1 1 . 0 7  - 2 6 , ~  
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Table 1 (cont.) 
16 4 1 1303 15070 - 8 2 , 9  6 1 2 72,5 74,24 15.8 15 0 2 13.3 11.81 "0 7 3 3 3 u . l  2901U 110.4 
16 5 I 15,2 18005 -9,0 6 2 2 4 5 0 6  47043 I14.0 15 2 2 1 9 , 0  21052 7805 7 5 J 2~101 Ib.4g -11909 
16 6 l 9,5 13046 I12,2 6 3 Z 5 0 o 2  49,04 ,6 15 6 2 1302  16.75 -135,0 7 6 3 4 J 0 5  39.99 Ib6o9 

0 l 2 2b,b  29.Ul  9000 6 4 2 7U,7 780/7 1900 16 0 2 804 8,03 0 7 7 3 2U,3 180~1 - l u 3 , a  
0 2 2 5 3 0 3  50,88 18000 6 5 2 47,7 45,10 -161,8 16 I 2 18,3 21,19 Zl ,b 7 8 3 1 7 0 4  1 4 , 0 9  -7.3 
0 3 2 30.1 27 .93  9 0 , 0  b b 2 35,1 34,38 - 1 3 , 9  0 l 3 41,7  52,64 "90 ,0  7 9 3 16,9 l l . b 2  - 6 2 . 7  
0 4 2 24 ,6  20.T1 0 6 7 2 23 ,9  23,70 -12405 0 2 3 51,1 50,2U 0 7 12 3 l b , ~  16,41 - i 6 6 . 2  
0 5 2 42 ,3  39,80 -9000 6 8 2 3801 36,bb -138 ,4  0 3 3 53,7 51,00 - 90 ,0  8 0 3 bb,3 62,42 90,0 
0 6 2 103,7 108,24 0 6 9 2 21 ,b  18,27 " - 5 , 3  0 4 3 23,3 22084 0 8 1 3 22,~ 20.36 - 1 3 . 4  
0 7 2 2~09 27,38 "9000 6 lO 2 21,~ 18.38 -149 .3  0 S 3 25,1 21.39 9000 8 2 3 20.1 18.49 1505 
0 8 2 2 5 0 3  23,71 0 6 I I  2 2 U , b  1 6 , 9 7  95,6 0 6 3 1 4 0 8  1 2 , 2 4  18000 8 3 3 3 1 0 9  28092 110,5 
0 10 2 9 3 ° n  9 2 . b l  1 8 0 . 0  6 12 2 2 0 0 8 "  1 8 , 1 2  1 5 1 . 4  0 7 3 2 0 , 5  1 8 o 8 5  9 0 0 0  8 4 3 4 8 , b  4 4 . 5 4  - 8 2 , b  
0 11 2 25,7 19.bb 9000 7 0 2 27,3 26087 180,0 0 8 3 26,0 22,22 -180 ,0  8 5 J 3809 35.07~ 114.3 
0 12 2 4005 41038 180,0 7 1 2 31o2 29,84 -5709 0 9 3 18,8 17043 -9000 8 b 3 2~,7 21051 -13307 
0 13 2 19,~ 15099 90,0 7 2 2 2502 26,54 -99o7 Q 11 3 2205 23021 9000 8 7 3 2000 17, T7 -9708 
0 14 2 3101 37024 0 7 3 2 4 0 . ~  38.74 - 6 9 . 4  0 12 3 1Bed 17oU5 0 8 8 3 2506 23054 960~ 
0 16 2 17o7 22,12 0 7 4 2 20,1 19.83 - 55 ,1  0 15 3 10,9 22.60 -9000 8 9 3 3907 38038 -8507 
0 17 2 90 i  11,68 -9000 7 5 E 49,5 48.12 96,8 1 I) 3 23,9  32026 -90 ,0  8 13 3 17o2 21,04 86,5 
1 0 2 38o7 48023 IUO,O 7 6 2 2400 24,17 1508 1 1 3 70,3 77.20 7 ,5  9 1 3 1001 11.31 25o9 
I I Z 7 9 0 5  87079 -57,6 7 7 2 6 0 0 7  59094 9500 I 2 3 2 4 0 5  240U8 -58,8 9 2 3 2 5 0 n  23093-I5909 
I 2 2 12~09 1210~2 - I 0 4 ; I  7 8 2 1 8 0 3  14 .90  11609 I 3 3 55,2 52006 -178o6 9 3 3 37oi 33,52 13205 
1 3 2 82.2 H0.72 28.4 7 9 2 22o9 24025 - 9 9 . 5  1 4 3 48.2 40071 3504 9 4 3 30,5  26086 15805 
1 4 2 6U08 57003 l l , b  7 11 2 49o5 51024 - 8 4 , 7  1 5 3 66,~ 63040 -17602 9 b 3 17ol 140~0 15o8 
1 5 2 6508 b2,b8 94.1 7 12 2 17.4 16.o5 - 157 .6  1 6 3 21,5 21010 59.0 9 7 J 3508 32.39 -1400 
1 6 2 b O o S  65,7~ 6207 7 13 2 9ob 13,~4 68,0 1 7 3 2502 23088 - 4 3 , 7  9 8 3 2b°1 23076 603 
1 7 Z 45,9 44,13 -16005 7 15 2 2400 24066 9509 1 8 3 5508 54031 17001 9 9 3 19.3 19.33 -12007 
1 8 2 1307 120~0 -20 .0  8 0 2 1906 20038 0 1 9 3 2001 17040 - b . 9  9 11 J 18ol 22.34 17504 
1 9 2 3000 30.19 -153 .8  8 1 2 5607 55.06 - 33 .4  1 10 3 27,6 28.01 -146 .3  10 0 3 17o4 15.10 - 9 0 . 0  
I 10 2 3403 33.40 -166,1  8 2 2 2002 25.82 106,3 1 . 1 i  3 14.2 12.61 Sb.5 10 1 3 34,0 31.15 - 4 3 - 3  
1 11 2 1600 12,59 34,3 8 3 2 49.8  47,90 - 4 , 7  1 12 3 2503 26.41 - 2 4 . 9  10 3 3 21-1 17046 - 1 2 1 . 3  
I 12 2 27,2 24,82 1b l . 7  8 4 2 4207 40,1~ 13807 1 14 3 1909 21,51 11.9 10 5 3 3205 29099 130ob 
1 13 2 2103 20.92 - 36 ,5  8 5 2 50,7 47088 143,8 2 0 3 l O , l  8,20 - 90 ,0  10 10 3 1305 11.25 110,~ 
1 lb  2 1404 14031 -33 .8  8 b Z 2607 26023 - 4 3 , 6  2 1 3 23,b 25075 82o3 11 1 3 2306 22.35 12o4 
1 17 2 8o9 11035 11504 8 7 2 3204 33023 .11100 2 2 3 53.4 540~3 49.3 11 2 3 4806 46.23 - 1 7 4 . 7  
2 0 2 24o6 26094 -180 ,0  8 8 2 2~,8 28075 -50 ,4  2 3 3 5601 55,20 91ol  "11 3 3 21.1 20.bd 144.1 
2 1 2 7801 87,84 -13507 8 9 2 13,9 120~8 - 3 7 ' 8  2 4 3 2207 22036 32.0 11 b J 1709 140r4 l o 2 . 1  
2 2 2 56.7 58043 12006 8 I0 2 1 9 0 8  15.90 -I5705 2 5. 3 3 5 0 9  35.32 113.0 I I  6 3 25.9 Z~.54 -7.b 
2 3 2 55,9 55013 -172,0 8 I I  2 22ol 24.30 -94,2 2 6 3 7 0 0 9  09o~@ -10500 11 7 3 11,3 I~.U6 -92.5 
2 4 2 5302 52,58 6507 8 12 2 1207 14029 8001 2 7 3 490~ b0,47 - 8 6 . 0  12 1 3 lbob 14001 603 
2 5 2 11309 109,82 42.9 8 15 2 130U 1 4 , 7 5  52,1 2 8 3 3 4 o b  3505~ "12502 12 2 3 19.5 I 5 0 1 4  108.1 
2 6 2 28 ,4  28012 -b02 9 0 2 38,4 40060 0 2 9 3 3103 31,~7 - 7 8 . 3  12 5 J 1706 19.31 -155 ,1  
2 7 2 29,8 29.04 7502 9 I 2 22,3 19016 - I i b , 9  2 I0 3 51,0 51045 97,4 12 6 3 3 3 0 5  35,~3 -83.3 
2 8 2 4501 42,17 -8000 9 2 2 75,7 75033 -79 ,0  2 12 3 25,3 24009 7 0 , 9  13 1 3 22.0 23001 14009 
2 9 2 37,2  35010 - 1 5 1 . 2  9 3 2 1609 16,28 151,7 Z 13 3 23,2 25,73 82.0 13 2 3 140~ 15.19 168,4 
2 10 2 32,8  31,07 -13702 9 4 2 3800 34092 -176 ,1  2 14 3 20,3 2404u -bb ,4  13 3 3 2404 25.o9 3006 
2 I I  2 3 5 0 3  35.94 -62.3 9 5 2 2 2 o 6  19058 87,9 3 0 3 48.8 50000 -90.0 13 7 3 T.9 160d3 -126.b 

• 2 12 2 19,8 16044 92,0 9 6 2 46,7 45,22 12009 3 1 3 3009 32,09 16607 14 3 3 1201 130r5 6b.7 
2 14 2 210'~ 2 2 0 9 4  65,4 9 7 2 1601 12003 82o8 3 2 3 810, 78,78 -17901 14 0 3 IU ,5  1100~ ~0.0 
2 15 2 1807 24,77 145,6 9 9 2 1907 18021 - 5 2 , 5  3 3 3 2206 21,14 21,5 14 1 3 13o~ Ib,UO 74ol  
2 17 ~ 8o5 11016 9006 9 10 2 1902 15025 - 1 8 , 8  3 4 3 370~ 37048 6608 
3 0 2 3~01 40099 0 9 11 2 17,3 15077 -9105 3 5 3 3808 37,17 30,9 
3 1 2 5404 58,16 - 1 0 7 , 9  9 12 2 1601 14071 SO,O 3 6 3 4208 41040 35,5 
3 2 2 56,6  60,76 - 8 7 , 3  10 0 2 3003 34021 0 3 7 3 2305 19030 -117 ,5  
3 3 2 72,8 72057 120~2 10 1 2 11,3 13,03 13,1 3 8 3 1909 18,02 -11107 
3 4 2 9807 95,24 -10409 10 2 2 1103 11094 -176 ,2  3 10 3 2409 24,11 -10609 
3 5 2 2907 31049 ~104 10 3 2 3~,2 33,?0 4 ,6  3 12 3 13,2 12,28 - 8 , 8  
3. 6 2 22.3 20058 133,6 10 4 2 2608 25,11 -15205 3 13 3 1~01 19,61 163,7 
3 7 2 4908 49,9~ - b l , 9  10 5 2 20,6  20045 309 4 0 3 53,2 51081 - 9 0 , 0  
3 8 2 74.2  75o81 89,4 10 6 2 2108 19,03 ,8  4 1 3 b3,1 61061 74,7 
3 9 2 18,~ 15089 -1309 10 7 2 3501 35,67 -16705 4 3 3 6005 60,08 88,6 
3 10 ~ 26ol  23.77 5804 10 8 2 20,9  19.86 3,1 4 2 3 23,1 22,64 -b106 
3 11 Z 20o3 18070 b102 10 9 2 33,8 32,94 -177 ,2  4 4 3 4~,!~ 41052 55,2 
3 12 2 41o2 ~1,55 - 7 7 , 0  10 10 2 20,8 22032 160o3 4 5 3 48,0 47071 -105 ,0  
3 14 2 2004 20-72 - 100 .4  10 13 2 2204 25.05 407 4 6 J 2101 19013 11007 
3 IS 2 17,4 18,57 -151 .0  11 0 2 24,2  24,14 0 4 7 3 26,~ 23,61 -13709 
4 0 2 114,7 123024 180,0 11 1 2 46,8  44,87 - 83 ,7  4 8 3 2205 210U8 167,9 
4 1 2 39, t  39061 - 9 1 , 6  11 3 2 43,7  41046 5701 4 9 3 18o8 15,37 2208 
4 2 2 2903 29.97 " 7 3 . 8  11 4 2 2503 24041 136,4 4 12 3 18o3 18014 - b l , l  
4 3 2 55o2 51098 2601 11 5 2 3103 29043 94o5 5 0 3 2308 24026 -9000 
4 4 2 84,6  ~3,42 - 2 8 , 4  11 6 2 1100 11060 150~8 5 1 3 20,1 16,72 3905 
4 5 2 40,8 41023 4006 11 7 2 2001 17088 -11009 5 2 3 2909 29.U0 -14903 
4 6 Z 902 8045 -60 ,1  11 8 2 17o9 15,22 "72 ,8  5 3 3 40,3 38,40 29,6 
4 7 2 5605 56056 167,9 11 9 2 1904 17,46 "161 ,0  5 4 3 41,0 41018 171,1 
4 8 2 4402 4 2 0 ~ 6  139,1 12 0 2 19o4 14015 - 1 8 0 0 0  5 5 3 41o9 45066 17809 
4 9 2 4 5 0 9  46086 -15802 12 I 2 20oi 14,49 167,5 5 6 3 3 4 o 3  350~7 5503 
4 10 2 2903 27009 67,7 12 2 2 2203 17034 94,0 5 7 3 5000 52,10 -171 ,4  
4 11 2 2104 19.96 -4603 12 3 2 15,b 10,39 20,1 5 8 3 3702 34,59 -1o2 
4 13 2 31,9 34,68 l o l  12 4 2 27,7 26,10 61,0 5 9 3 26,9 25089 -10o l  
4 14 2 "20o9 20,71 - 124 ,7  12 5 2 32,8  31,74 - 1 5 , 0  5 l l  3 45ol  45.29 - 3 , 4  
5 0 2 44o0 47,40 0 12 1 2 18,5 16,13 - 155 ,8  5 12 3 21,b E l ,01  -156o3 
5 l 2 41 ,8  43,17 5,0 12 8 2 18,b 15o61 - 9 7 , 8  6 0 3 82,6 76o12 90o0 
5 2 2 57o5 5 8 , 8 4  71,8 12" 9 2 22,6  25.15 168.9 6 l 3 26.2 24.48 ~5.8 
5 3 2 54,9 54.93 -8o2 13 l 2 30,3  35,69 -103p9 6 2 3 2 ~ , I  24,41 20o7 
5 4 2 46 ,7  4 4 , 4 6  -130 ,7  13 2 2 2 6 , 8  26,03 93,3 6 3 3 l / , l  l l , ~  -114 ,3  
5 5 2 17,1 14,54 "16o6 13 3 2 19ol 20,45 122,9 6 4 3 62o~ bS,0b -7502 
5 6 2 54o5 b6o36 -14406 13 4 2 15,3 12o47 -68o9 6 5 3 41 ,b  37,92 -125o7 
5 7 2 52,8  53,07 161,2 13 5 2 34,4 31,97 75,8 6 8 3 22o8 23,64 153,9 
5 8 2 55,2  55,93 78,3 13 6 2 20,6  l g , 7 0  -103 ,3  b 9 3 38,3 34,J5 7 b , l  
5 9 2 ' 24,9 2 6 . 9 7  - 147 ;8  14 0 2 16,9 IS ,41 -180 ,0  6 I I  3 17,0 14,24 -8o2 
5 10 2 25,4 23,56 21 ,8  14 ! 2 I S , 8  14084 - 1 2 , 9  6 12 3 1~,3 10,50 36.2 
5 I I  2 11,4 7,81 -107 ,1  14 2 2 17o8 18084 b0,2 6 13 3 17.5 17o~1 -Sb,1  
5 12 2 32,3 32,82 - 6 3 , 4  14 3 2 12,7 12,60 - 1 3 , 3  6 14 3 9.~ b,71 4203 
5 13 2 22,1 23*38 9o0 14 6 2 17,7 19,75 -159o0 7 l J 2~.2 27017 55.8 
6 0 2 79o8 86,42 180,0 14 7 2 13,5 13,93 15703 7 2 3 53.5 b,~,4~ - 1 , ~  
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Table 2. Positional parameters of  the hydrogen atoms 
of molecule A (Fig. 3) 

E.s.d. in parentheses. The numbering is that of Fig.2. 

x y z 
H(1) 0-765 (0.006) 0.949 (0.006) 1.153 (0.03) 
H(2) 0.615 (0.006) 0.963 (0.006) 1.095 (0.03) 
H(3) 0-835 (calc) 0.693 (calc) 0.655 (calc) 
H(4) 0.524 (calc) 0.732 (calc) 0.467 (calc) 

ameter values of Table 3 were derived. The correspon- 
ding R value is 5.52% and the calculated structure fac- 
tors are listed in Table 1. In view of the relatively large 
values of the s tandard deviations for the resulting iso- 
tropic temperature factors of  the light atoms, anisotro- 
pie temperature coefficients for these atoms were in- 
eluded in the least-squares refinement. In these calcul- 
ations, the posit ional parameters were held constant 
and the non-observable reflexions excluded. It trans- 
pired that  a somewhat  better result was obtained when 
only the reflexions of higher indices were employed 
(sin 0/2 < 0.35 A-1), as had been noted previously 
(Cruickshank,  1958). The final values of  the anisotropic 
temperature factors thus obtained are given in Table 3 
together with estimated values of s tandard deviations. 
Those of the bromine atoms changed very little, and 
differ by less than  the estimated errors f rom the previ- 
ous values. The R value was little altered by this proce- 
dure. It was found that the ]?tj matrices for the carbon 
atoms C(1), C(4) and C(5) are not positive definite and 

therefore do not have physical significance. This is 
probably  caused mainly  by the coupling between the 
fl33 values and the calculated individual  scale factor val- 
ues which could not be refined simultaneously.  

The rigid body mot ion analysis was based on a stan- 
dard treatment (Cruickshank,  1956) al though it has 
recently been shown that  the method is not strictly 
correct in the case of non-centrosymmetr ic  molecules 
(Schomaker & Trueblood,  1966). Parameters,  exclud- 
ing the position of the origin, which was determined 
by trial and error (Pawley, 1963), were refined using 
least-squares techniques. The light atoms were excluded 
from the calculations, since some of them have larger 
values of  observed vibration ampli tudes than the other 
atoms which are more  distant f rom the l ibrat ion centre. 

Results and discussion 

Values of intramolecular  distances and angles are given 
in Table 4, where errors due to uncertainties in the cell 
dimensions have been disregarded, and the number ing  
is the same as in Fig. 2. The l ibration correction of in t ra -  
molecular  distances (Cruickshank,  1961) was found to 
be significant only for the Br(2)-C(4) distance. (For 
the others, the corrections amount  to about  ½ the stan- 
dard deviation.) The mean value of the ca rbon-ca rbon  
bond length is 1.383 ~ .  Structural details of  the benzene 
ring as revealed by the deviations of the individual  C - C  
bond lengths from the average value, etc. are lost owing 

Table 3. Thermal and positional parameters of  atoms of molecule A (Fig. 3) 

The numbering refers to Fig.2. E.s.d.'s in parenthesis. 

x y 
Br(1) 0.8916 (0.0001) 0.8572 (0.0001) 
Br(2) 0.6781 (0.0001) 0.5914 (0.0001) 
Br(3) 0.4781 (0.0001) 0.9024 (0.0001) 
N 0-6865 (0.0009) 0.9499 (0.0008) 
C(1) 0-6839 (0-0010) 0.8656 (0.0009) 
C(2) 0.7700 (0.0011) 0.8151 (0.0010) 
C(3) 0.7687 (0.0011) 0-7334 (0.0011) 
C(4) 0.6791 (0.0011) 0.7029 (0-0010) 
C(5) 0.5945 (0.0011) 0.7532 (0-0010) 
C(6) 0.5978 (0.0012) 0-8349 (0.0011) 

Z 

1.0039 (0.0005) 
0.3292 (0.0005) 
0-7879 (0.0005) 
1.0485 (0.0037) 
0.8804 f0.0039) 
0.8367 (0.0048) 
0-6754 (0.0050) 
0.5425 (0-0047) 
0.5729 (0.0040) 
0.7478 (0.0045) 

Br(l) 0.00393 0.00531 0.03554 0.00022 -0.00649 0.00104 
(0.00008) ( 0 . 0 0 0 0 9 )  ( 0 . 0 0 1 3 4 )  (0.00017) (0.00074) (0.00070) 

Br(2) 0"00884 0.00366 0.03825 - 0.00187 0.00536 - 0.00556 
(0-00015) ( 0 - 0 0 0 0 8 )  ( 0 " 0 0 1 4 4 )  ( 0 . 0 0 0 2 0 )  ( 0 . 0 0 0 8 1 )  (0.00070) 

Br(3) 0.00393 0-00557 0.05099 0.00122 0.00027 - 0.00425 
(0"00009) ( 0 " 0 0 0 1 1 )  ( 0 - 0 0 1 4 9 )  ( 0 " 0 0 0 1 8 )  ( 0 " 0 0 0 6 8 )  (0"00075) 

N 0"00514 0"00233 0"02831 0"00086 0"00262 0"00128 
(0"00081) ( 0 " 0 0 5 3 )  ( 0 - 0 1 1 1 8 )  ( 0 " 0 0 1 1 6 )  ( 0 " 0 0 6 1 3 )  (0"00420) 

C(1) 0"00329 0"00441 0"00421 - 0.00040 0"00435 0"00877 
(0"00066) ( 0 - 0 0 0 7 5 )  ( 0 " 0 1 1 6 2 )  ( 0 " 0 0 1 2 7 )  ( 0 " 0 0 4 1 0 )  (0"00437) 

C(2) 0.00485 0.00452 0.00352 0.00131 - 0.00584 0.00271 
(0.00085) ( 0 . 0 0 0 8 5 )  ( 0 . 0 1 1 6 2 )  ( 0 . 0 0 1 4 8 )  ( 0 . 0 0 5 2 0 )  (0.00624) 

C(3) 0.00341 0.00489 0.01734 0-00137 0.00357 0-00937 
(0-00073) ( 0 . 0 0 0 9 1 )  ( 0 . 0 1 2 1 8 )  ( 0 . 0 0 1 3 9 )  ( 0 . 0 0 5 2 9 )  (0.00645) 

C(4) 0.00335 0.00376 - 0.00575 - 0.00180 0.00770 0.00870 
(0-00133) ( 0 . 0 0 0 7 4 )  ( 0 . 0 1 1 3 9 )  ( 0 . 0 0 1 7 3 )  ( 0 . 0 0 7 2 6 )  (0.00437) 

C(5) 0-00513 0.00487 - 0.00901 - 0.00036 - 0.00430 0.00489 
(0.00102) ( 0 . 0 0 0 8 8 )  ( 0 . 0 1 2 4 3 )  ( 0 - 0 0 1 5 4 )  ( 0 . 0 0 4 6 3 )  (0-00465) 

C(6) 0.00673 0.00399 0.02541 - 0.00376 - 0.00119 0-00017 
(0.00116) ( 0 . 0 0 0 8 4 )  ( 0 . 0 1 5 5 3 )  ( 0 . 0 0 1 7 5 )  ( 0 . 0 0 7 0 3 )  (0.00504) 
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to inaccuracy in the bond length values. It should, how- 
ever, be possible to predict values of bond lengths 
within the benzene ring on a different, semi-empirical 
basis. (See e.g. Sakurai, Sundralingam & Jeffrey, 
1963). It appears from Table 4 that the C-C-C  bond 
angles having apices at the halogen bonded carbon 
atoms have been observed to be larger than 120 ° , 
whereas the corresponding bond angle centred at the 
carbon atom linked to the amino group has been found 
to be less than 120 °. Similar results have been obtained 
for 2-chloro-4-nitroaniline (McPhail & Sim, 1965), 
p-chloroaniline (Palm, 1966) and 2,5-dichloroaniline 
(Sakurai etal.,  1963). In other aniline derivatives, such 
as 4-nitroaniline (Trueblood, Goldish & Donohue, 
1961) 2,3,4,6-tetranitroaniline (Dickinson & Stewart, 
1966) and 1,3,5-trinitro-2,4,6-triaminobenzene (Cady 
& Larsson, 1965), the C-C-C bond angles at the carbon 
atoms adjacent to the amino groups have all been ob- 
served to be significantly less than 120 ° . Conversely, in 
pure halogenbenzenes, the C-C-C bond angles cen- 
tred at the halogenated carbon atoms seem in general 
to exceed 120 ° (see e.g. Sutton, 1965). 

The mean value of the C-Br bond distance is 
1.891 (0.009)A, which compares well with the C-Br 
bond lengths of 1.896+0.018 A and 1.897 (0.04)A 
observed in solid 1,2,4,5-tetrabromobenzene (Gafner 
& Herbstein, 1960) and solid 3,5-dibromo-p-aminoben- 
zoic acid (Pant, 1965) respectively. In  <̀ symmetric tri- 
bromobenzene the mean observed C-Br distance has 
been stated to be 1.857 A (Milledge & Pant, 1960), 
but no estimate of accuracy is given. In gaseous bromo- 
benzene (Rosenthal, 1964) and o-dibromobenzene and 
hexabromobenzene (Strand, 1966) the observed C-Br 
distances are 1.869 (0.0002)A 1.88 (0.008)A and 
1.879 (0.007) A, respectively. The C-Br bond lengths in 
bromo-substituted methanes are, on the other hand, 
significantly larger, viz. 1.93-1.94A (Sutton 1958, 

1965). According to theoretical and experimental re- 
suits (Bersohn, 1954) there appears to be only a small 
transfer of charge from the lone pair orbitals of the 
halogen substituent to the benzene nucleus. In bromo- 
benzene, for example, the C-Br double bond character 
(see e.g. Das & Hahn, 1958) has been estimated from 
observed nuclear quadropole constant data to be only 
0.025 electron (Rosenthal, 1964), whereas in solid 

H(2) H(1) 

ar(3) Br(1 ) 

c I) 

H(4) H(3) 

Br(2) 

Fig.2. The 2,4,6-tribromoaniline molecule. 

Br(1)-C(2) 
Br(2)-C(4) 
Br(3)-C(6) 
N----C0) 

N----H(1) 
N H(2) 

L C(2)-C(1)-C(6) 
L C(3)-C(2)-C(1) 
L C(4)-C(3)-C(2) 
L C(5)-C(4)-C(3) 
L C(6)-C(5)-C(4) 
L C(1)-C(6)-C(5) 
A N--C(1)-C(2) 
L N---C(1)-C(6) 
L H(1)-N--C(1) 
LH(2)-N--C(1) 
L H(1)-N---H(2) 

Table 4. Intramolecular distances and angles 

E.s.d.s in parentheses. The numbering refers to Fig.2. 

Distance (A) 
1"886 (0"016) C(1)-C(2) 
1.891 (0.016) (corr.) C(2)-C(3) 
1.896 (0.016) C(3)-C(4) 
1.426 (0.020) C(4)-C(5) 

C(5)-C(6) 
0.99 (0.09) C(6)-C(1) 
1.03 (0.09) 

Angle (°) 
118"5 (1"4) 
121.2 (1.4) 

• 1 1 9 . 2  (1 .4 )  
120.5 (1.5) 
118.8 (1.4) 
121.7 (1.4) 
120.5 (1.3) 
120.9 (1.3) 
103.1 (5.4) 
104.0 (5"7) 
141.7 (9.8) 

LBr(1)-C(2)-C(1) 
LBr(1)-C(2)-C(3) 
L Br(2)-C(4)-C(3) 
L Br(2)-C(4)-C(5) 
/Br(3)-C(6)-C(5) 
LBr(3)-C(6)-C(1) 

Distance (/~) 
1.386 (0.021) 
1.378 (0.023) 
1-403 (0.022) 
1.360 (0.021) 
1.407 (0.023) 
1-365 (0.022) 

Angle (°) 
119-9 (1.2) 
118 .8  (1-1)  
118.7 (1.1) 
120.8 (0.9) 
117-6 (1.2) 
120.7 (1.2) 
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1,3,5-tribromobenzene (Bucci, Cecchi, Colligiani & 
Landucci, 1965) the double bond characters of the three 
independent Br-C bonds are found to be 0.03, 0.03 and 
0-045 electrons. In 2,4,6-tribromoaniline the correspon- 
ding figures based on the experimental data of Bucci, 
Cecchi, Colligiani & Mischia (1965) are 0"035, 0.02 and 
0"036 electrons, respectively. Bersohn (1954) found that 
the trigonal hybridization of the carbon atom was 
probably the factor mainly responsible for shortening 
of carbon-halogen bond lengths in benzene derivatives 
containing halogen substituents. 

The N-C bond length has been found to be 1.426 
(0.020) ~,  in good agreement with the N-C bond length 
of 1.410 (0.016)A observed in solid 2,5-dichloroani- 
line (Sakurai etal., 1963) as is, perhaps, to be expected. 
In p-chloroaniline the N-C bond length has recently 
been observed to be 1.40 (0.01) ./k (Palm, 1966). These 
values are probably significantly less than the_quoted 
tetrahedral N-C bond distance of 1.47 (0.01) A (Lide, 
1962). Since the carbon atom is assumed to be trigo- 
nally hybridized, the shortening may result from the 
hybridization (see e.g. Lide, 1962) as well as from the 
delocalization of the lone-pair electrons of the donor 
group which, according to both theoretical and experi- 
mental investigations (see e.g. Fischer-Hjalmars, 1962; 
Kwiatkowsky, 1967; and Schaefer & Schneider, 1963), 
plays a relatively important role in aniline. 

The distance from the nitrogen atom to either of the 
adjacent bromine atoms is approximately 0.35 (0.013) 
/~ less than the sum of the corresponding van der Waals 
radii (Pauling, 1960), whereas the mean distance be- 
tween an amine-hydrogen atom and its nearest brom- 
ine neighbour is approximately 0.70 ~ less than the 
corresponding van der Waals distance. Furthermore, 
the Br(1)-Br(3) distance appears to be slightly but sig- 
nificantly longer (0.053 (0.002) ,~] than the other two 
inter-bromine distances, indicating the presence of an 
overall repulsion between the amino group and the 
adjacent bromine atoms. 

Since the positions of the bromine atoms have been 
determined to a relatively high degree of accuracy, it 
may be appropriate to consider the deviations of the 
atomic positions from the plane containing the brom- 
ine atoms, viz: 

These data show that the position of the nitrogen 
atom (and probably also that of the C(1) atom) deviate 
sligthly, but nevertheless, significantly, from the plane 
containing the three bromine atoms. This is a further 
consequence of the repulsive interaction between the 
amino group and the adjacent bromine atoms. How- 
ever, the benzene ring seems to be planar. The results 
show, in addition, that the amino group is probably 
pyramidal, with both hydrogen atoms situated on one 
side of the benzene plane, as is also indicated by spec- 
troscopic measurements on solutions (Krueger, 1962; 
Hambly & O'Grady, 1962). According to the previous- 
ly mentioned three-dimensional difference map, the 
vibration of the hydrogen atoms about their mean posi- 
tions is, as expected, very pronounced. 

Intermolecular interactions appear to be of the usual 
van der Waals type. It appears from Fig.3 that inter- 
molecular van der Waals contact distances are found 
between bromine atoms and between bromine and 
benzene hydrogen atoms, whose positions were com- 
puted from the observed positions of the carbon atoms 
and a postulated C-H bond length of 1.09/~, on the 
assumption of coplanarity and equality of the H-C-C 
bond angles. The distances from the apparently strongly 
vibrating amino group to neighbouring molecules seem 
also to be normal van der Waals contact distances. 
Thus the present compound is isostructural (isomor- 
phous) with 1,3,5-trichlorobenzene and 1,3,5-tribromo- 
benzene (Milledge & Pant, 1960); the melting point of 
the latter (119 °C) is also that of the present compound. 
It appears from Table 5 that the introduction of the 
amino group in symmetric tribromobenzene leads to 
considerable elongations of the b and c axes, while the 
a axis becomes slightly shortened. Since the C-N bonds 
are found to be nearly perpendicular to the direction of 
the a axis, the observed elongation of the other axes, 
especially the b axis, seems reasonable in view of 
Fig. 3. 

Compared with 1,3,5-tribromobenzene, 2,4,6-tribro- 
moaniline may be expected to have the higher value 
of entropy of fusion owing to its lower molecular sym- 
metry. Neglecting additional factors, the entropy in- 
crement is given by: Azs = R 1 n 6 or R 1 n 3, depending 
on whether the present molecule is planar (as is the 

Atom H(1) H(2) N C(1) 

Distance (A) -0 .32 0.25 -0.054 -0.047 

C(2) C(3) C(4) C(5) C(6) 

-0.015 -0.011 0.017 0.036 -0-012 

The estimated standard deviations in the distances of 
atoms from the given plane are: 

o-((2)=0.017 A, a(N)=0.015 A and a(H)=0.117 A. 

The standard deviations in the positions of the brom- 
ine atoms are a(x)=0.0013 /~, a(y)=0.0015 /~ and 
a(z)=0.0021 ~. The direction of the normal to the 
plane referred to the three crystallographic axes x , y  
and z, are 0.1987, 0.4839 and -0.8522, respectively. 

case in symmetric tribromobenzene) or not. 2,4,6- 
Tribromoaniline and symmetric tribromobenzene may 
be expected to form solid solutions. 2,4,6-Trichloroani- 
line has recently been reported to be monoclinic 
(Schlemper & Konnert, 1967) and is therefore not iso- 
structural with the compounds mentioned above. It 
may be mentioned that the density of 2,4,6-trichloroani- 
line is 2,5% higher than that of 1,3,5-trichlorobenzene, 
whereas the density of 2,4,6-tribromoaniline is 1.3% 
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Table 5. Unit-cell dimensions o f  some isostruetural derivatives o f  benzene at room temperature 
E.s.d. in parentheses. 

a (A) b (A) c (A) Authors 
2,4,6-Tribromoaniline 13.462 14.692 4.266 Schlemper & Konnert (1967) 

(0.008) (0.014) (0.005) 
2,4,6-Tribromoaniline 13"441 14.623 4-263 Present 

(0.004) (0.08) (0.002) 
1,3,5-Tribromobenzene 13-55 14-23 4.08 Milledge & Pant (1960) 
1,3,5-Trichlorobenzene 13.19 13.93 3.91 Milledge & Pant (1960) 

less than that of 1,3,5-tribromobenzene at room 
temperature. 

The full-matrix least-squares computer program 
used is a somewhat revised version of that written by 
Gantzel, Sparks & Trueblood (I.U.C. World List 
No. 384). The Fourier program was written by Gantzel 
& Hope, Department of Chemistry, University of 
California, Los Angeles, California, U.S.A. The pro- 
gram used for correcting the structure factor ampli- 
tudes for effects due to secondary extinction was 
written by A.T. Christensen. 

The T-co program used is a somewhat revised version 
of that written by Gantzel, Coulter & Trueblood (ACA 
Computer Program No. 232 for IBM 709 or 7090). 

We wish to thank cand. real. Rolf Mollerud for the 
Guinier photographs used in the precision determina- 
tion of the unit cell dimensions. 
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