
130 

Acta Cryst. (1959). 12, 130 

The Crystal and Molecular Structure of Benzamide  
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The crystal structure of a stable form of benzamide has been determined by means of electron- 
density projections down the two short crystallographic axes. The crystals are monoclinic, space 
group P2~/c with a ---- 5.59, b = 5.01, c ---- 21.93 A, fl = 90 ° 45'. Measurements of bond lengths 
and angles, with standard deviations of 0.017 A and 1-0 ° respectively, have enabled estimates to 
be made of bond orders in the amide group in which C-N --- 1.31, C-O = 1.24 A. The molecules 
are non-planar with an angle of 26 ° between the amide group and benzene ring. The non-planarity 
is shown to be due to steric hindrance and is discussed in relation to similar molecules of known 
configuration. Hydrogen bonds connect pairs of molecules into centrosymmetrical dimers which 
are themselves linked by further hydrogen bonds into endless chains. 

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

An analysis of the crystal  s t ructure  of benzamide, 
C6HsCONH~., was under taken  as pa r t  of a p rogramme 
of investigations of the molecular dimensions of simple 
organic compounds containing an unsubst i tu ted  ter- 
minal amide group. A part icular  point of interest  
with benzamide is the question of whether  or not  the 
molecule is planar.  In  two recent s t ructure  determina- 
tions, the similar molecules, benzoic acid (Sim, 
Rober tson & Goodwin, 1955) and nicotinic acid 
(Wright & King, 1953), have been shown to be ap- 
proximate ly  planar,  while nicotinamide (Wright & 
King, 1954) is not. The results of the present  analysis 
in an approximate  form were described by us a t  the 
1957 Dunedin meeting of the Austra l ian and New 
Zealand Association for the Advancement  of Science 
(Penfold & White,  1957). 

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

Commercial  benzamide was recrystallized from ben- 
zene, suitable crystals for X - r a y  examinat ion being 
obtained by slow evaporat ion of the solvent. Crystals 
of two different forms were found. Crystals of form I I  
consisted of needles and plates, were invar iably de- 
formed and were not  examined further .  Form I 
crystallized in large blocks, stable at  room tempera-  
tures, having no par t icular  di~'ection of elongation. 
The followin 8 account refers to form I. 

Crystallographic data 
Benzamide, CTONH~; monoclinic, 

a = 5.59±0.01, b = 5.01±0.01, c = 21.93+0.05 ~ ,  
fl = 90 ° 4 5 ' + 1 0 ' ,  

axial lengths being determined by  the method of 
Mathieson (1957). Absent  spectra:  (hO1) for 1 odd and 
(0/c0) for ]c odd, indicating probable space group P21/c 
which was confirmed by the s t ructure  analysis. Four  

molecules per unit  cell. Densi ty  (calc.) 1.31 g.cm. -a, 
observed 1-28 g.cm. -3. Linear  absorpt ion coefficient 
for Cu K a  radiat ion,  tt = 9.0 cm. -1. 

Using Cu K ~  radiat ion,  complete sets of (h0/) and 
(Okl) relative intensities were obtained by use of 
s t andard  Weissenberg techniques and visual compar- 
ison of spots with an intensi ty scale. The da t a  were 
recorded from two crystals for each zone, the smaller 
crystals (cross-sectional dimensions 0 .34×0.24 mm. 
and 0.39 × 0.17 mm. respectively) being produced by 
controlled dissolution of much larger crystals in 
benzene, and being then dipped in liquid air in an 
a t t emp t  to minimize extinction. In tens i ty  da t a  from 
the large crystals were used only for the weakest  
reflections. 

3. S t r u c t u r e  d e t e r m i n a t i o n  and r e f i n e m e n t  

An a t t emp t  was made to solve the s t ruc ture  by  the  
Fourier- t ransform method,  the assumption being 
made, as with salicylic acid (Cochran, 1953) and ben- 
zoic acid (Sire, Rober tson & Goodwin, 1955) t h a t  
pairs of p lanar  molecules would be hydrogen bonded 
across centres of symmet ry  to form dimers. This 
a t t emp t  failed, as did also an a t t e m p t  to in terpre t  
the near-origin peaks of the Pa t te rson  projection 
P(u, w), because, as the later  analysis showed, the  
benzamide molecule is far  from planar.  

Approxhna te  x and z atomic coordinates were 
eventual ly determined by successfully accounting for 
the largest (hO1) structure  factors of low order. In  
par t icular  the very  intense (104) reflection for which 
the un i ta ry  s t ructure  factor U = 0.55, defined the  
general lie of the molecule. This t r ia l -and-error  
solution was aided by an optical Fourier  synthesizer  
which was used to perform permuta t ion  syntheses 
(Woolfson, 1954) with the fourteen largest  s t ruc ture  
factors. These syntheses could be searched rapidly  for 
recognizable benzamide molecules and it was found 
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A t o m  x y 

C 1 0 . 2 9 2  0-031 
C 2 0 .478  0 .073  
C a 0 . 6 4 4  0 .272  
C a 0 -822  0 -296  
C 5 0 .823  0 -129  
C 6 0.647 --0.071 
C 7 0 .481  - - 0 . 0 9 7  
O 0-195  - -  0 .189  
N 0 . 2 3 0  0 .241  

Table 1. Atomic coordinates and temperature factors 

z X" (A) Y (A) Z" (A) ac tic ),(hO1) v2c >,(Okl) 

0 . 0 6 0 8  1 .610  0 .155  1 .333 - -  - -  0 .5  - -  0"3 
0 . 1 0 8 6  2 -636  0 .366  2 .382  - -  - -  0 .3  - -  0 .3  
0 . 1 0 3 8  3 .564  1-363 2 . 2 7 6  - -  - -  0 .5  - -  0 . 8  
0 . 1 4 8 2  4 .544  1 .483 3 . 2 5 0  0 .5  0 .5  (0 .75 )  32 ° 0 .8  
0 . 1 9 7 6  4 .533  0 -646  4 . 3 3 3  0 .3  0 .8  (0.7)  32 ° 0 ' 8  
0 . 2 0 3 6  3 .551 - - 0 . 3 5 6  4 .465  0 .5  0-5 (0 .75)  32 ° 0 .8  
0 . 1 5 8 9  2 .638  - - 0 . 4 8 6  3 .485  - -  - -  0 .5  - -  0 .3  
0 . 0 5 3 0  1 .074  - - 0 . 9 4 7  1-162 0"3 0-8 (0.7)  32 ° (0.4)  
0"0284  1"275 1"207 0"623 - -  - -  0"5 - -  0"5 

possible to l imit  the number  of sign combinat ions to 
four which could then each be tested by actual  
structure-factor calculation. The optical machine  was 
similar  in principle to tha t  described by Woolfson 
(1954), a modificat ion of the shut ter  cocking mechan- 
ism of the 35 mm. camera body (used instead of 
Woolfson's f i lm-strip printer) making  it  possible to 
take mult iple  exposures without  advancing the film. 

Ref inements  of positional and tempera ture  factor 
parameters  were effected s imultaneously by  means of 
repeated difference syntheses (Cochran, 1951). Para- 
meters for atomic tempera ture  factors over and above 
a general molecular tempera ture  factor are listed 
in Table 1, the form of the expressions being 
exp [ - y  sin 2 0] for isotropic vibrat ions and 
exp [ -{ac+f lc  sin 2 (~-y~c)} sin 2 0] (Hughes, 1941) for 
anisotropic vibrations,  the terms in the lat ter  expres- 
sion having  the same significance as in the applicat ion 
of Cochran (1951). Structure factors F(hO1) calculated 
for the atoms with these listed tempera ture  factors 
were f i t ted to the observed values by  a scaling func- 
tion s, the 'overall  molecular temperature  factor '  
which approximates  to exp [ - 3 . 1  sin 9 0/;t 9] and which 
is given in Table 2. 

Table 2. Overall molecular temperature factor s for F (hO1) 
0 .2  0 .4  0 . 6  0 .8  1-0 

s 0 . 98  0 .96  0 .94  0-89  0 .81 

1.2 1.4 1.6 1.8 
s 0 .70  0 .59  0 .47  0 .36  

in the calculations of s tructure factors and  their  co- 
ordinates are listed in Table 3. :Final coordinates 

Table 3. Hydrogen coordinates in A 
A t o m  X" Y Z" 

H a 3 .58  2 .01  1 .46  
H 4 5 .26  2 .20  3 .13  
H 5 5-23 0 .77  5 .02  
H 6 3 .57  4 .03  5 .25  
H 7 1.93 3 .85  3 .57  
H ~ l  0 .52  1 .00 0 -04  
H•2 1.21 2.18 0.81 

J 
(a) -~ c 

Approximate  y coordinates for all a toms were 
assigned from a knowledge of the x and z coordinates 
and  from assumed bond lengths. Ref inement  using 
(Okl) structure factors proceeded as for the (010) 
projection except tha t  ass ignment  of an anisotropic 
tempera ture  factor was made only for the oxygen atom 
(the factor being exp [ - 0 . 8  sin 2 q9 sin 2 0]), random 
electron-density errors in the final difference map  
being such as to obscure other fine detail. The scaling 
funct ion for s tructure factors F(Okl) approximated  to 
exp [ - 2 . 5  sin ~ 0/22]. 

In  both projections, hydrogen atoms were placed 
at  a distance of 1.0 ~ from each of the atoms Ca, C4, 
C 5, C 6, C 7 on the cont inuat ion of a line joining opposite 
atoms of the benzene ring, and also at  one th i rd  of the 
distance from the amide nitrogen atom to a hydrogen 
bonded oxygen. These hydrogen atoms were included 

sinf 

o 1 2A 
I , , , , , , , , , !  I 

Cb) 

F i g .  1. E l e c t r o n - d e n s i t y  p r o j e c t i o n s  (a)  o n  (010) ,  (b) o n  (100) .  
C o n t o u r s  a t  a n  i n t e r v a l  o f  1.0 e . A  -2 ,  s t a r t i n g  a t  2 .0  e./Ix - 2 .  

9* 
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Table 4. Observed and calculated structure factors 

h k ~ F O FC 

-- 256 0 0 0 212~:~.1 ,2.3 
-21 .7  

°0° ~ 6.0 
0 0 8 31.7 -29.2 
0 0 10 11.~ -t2.0 
0 0 t2 20.t -21.1 
Q o l k  5.0 -5.1 
o o 16 h .7  -5.9 
o o 18 6.1; 6.1; 
o o 20 15.7 13,.t 
o o 22 9.6 -lO.5, 
o o 23, 5 .7  -6.1 
0 0 26 <0.6 o.1 
0 0 28. 0 .7  -0.3 

1 0 2--g 1.[* -1.7 
I 0 ~'6 1.7 -1.9 

2.3, 3.1 
1 °  N 3.0 29 
1 0 0.7 -0.9 
1 o ~ 1 .6  - 1 . o  
1 o ~ 5.9 -5.0 

16.3, -17.3 
15.7 -13.6 

1 o ~ 31.5 26.5 
1 o g ~6.o ~9.5 
I o E 99.5 119.9 

0 "2 1.0  0.0 
o o 35.0 -56.0 

1 o 2 17.6 17./4 
I o  o ~ 500 511  

27.1 -27 .0  
1 o 8 5,7.5 -3,9.5 
I o 10 13,.9 -16.3 
I 0 12 9.9 8.1 
1 o 1/4 12 .2  t 2 . 7  
1 0 16 18.b. 18 .0  
I 0 18 16.o - t 6 . 8  
1 o 2o 6.1 -5.6 
1 o 22 8 . 0  8 . 6  
1 o 2/4 1 .7  - 1 . 8  
1 0 26 1 . 0  0 . 6  

2 o ~ 1.7 2.3  
~ o ~  29 36  

1.1 -1.6 
2 o ~ 0 .7  -o .1  ggg 3.7 3.6 

- 9 . 0  ~ N  ~:; -6.6 
22.6 25.~ 

2 0 lO 20.0 20.6 
2 o "~ 15.1 1[,.I 

h k ( Po Fo 

17.2 18.1; 
20° ~ , 3  6 6  

31.0 -31.5 
20 o 5,3.8 =3 

0 ~ 31.3 -32.,  
56.7 -55.3 

2 0 6 13.5, -12.1 
018o 3 ,~  3,o1;78 

2 o t2  9.3 8.9  
2 o lb,. 1 .0  - 0 . 7  
2 o 16 1.1 0.6 
2 o t 8  8 .0  9.1 
2 o 20 2.9 -3 .1  
2 0 22 < 0 . 8  0.1 
2 o 23, <0.7 0.5, 
2 0 26 2.9 1.7 

0 .7  -1.1 ~°o~  <o6 o1 
3 o t . o  1.6 
3, g ~ 1.9 -2.1 

< 0 . 9  - 1 . 0  ~ 3.7 ,., 
5.1 5.1 
3 .0  - 0 . 3  ~o°~  80 99 ,~ ~ 5.7 -5,.7 

35.3 37.1 
° o t1;.5, -13,./4 

t 2 . 9  -15.6 
3 0 0 25. t -26 .0  
3 o 2 3 .7  5,.o 

o ~ 3~:,~ 29.O6o 
3 o 8 8.9 8 .7  
3 o 1o 20.0 18.5, 
3 o t2  1.9 1.1 
3 o 15, 2.9 - 2 . 7  
3 0 16 2.9 1.7 
3 o 18 <0.9 -o.1 
3 o 20 3.1 - 3 . 0  
3 o 22 2.6 1./4 
3 0 2~ 2.1 1.6 

~ o o g  35, 1;.1 
1;.5, 3.k 

~ g ~  3.7 -3,.7 
6.0 -3,.0 

o ~-~ 12.8 -13.1 
~ 0  ~ 1.3, 0.1 

1.1 0.9 
1; 0 I~ 9.7 -9.7 

h k { F o Pc 

3, o ~ 5 .7  7.3 
/4 o o 8 .0  8.1 
t~ 0 2 16.9 16.2 

o 4 1 t . 6  11.6 
k 0 6 5.1 5.9 
3, o 8 <0.9 1.3 
3, o t o  5.9 - 5 . 7  
14 0 12 5.6 5. t  
1; o 11; 2.9 -2 .9  
3, o 16 10.o -8.6 
3, o 18 1.0 0.9 
3, o 20 0 .7  -0.3, 
k o 22 3.3 -2.3 

5 0 ~'6 1.3, 1.7 
5 0 1-8 3,.3 -6.3 
5 oTg 2 .3  -0.6 
5 0 ~ <0.8 0.7 
5 o 12 <0.9 1.3 
5 0 1-5 1.1 2.5, 

oo ~ 29 3 o  
3.3, 3,.I 

5 0 ~ 3 .7  3.1 
5 o '2 15,.7 15,.7 
5 o o 3 .7  b,.1 
5 o 2 13.0 -11.7 
5 0 b, 7.3 7.9 
5 0 6 1.5, o.3 
5 o 8 t .3 ,  - 2 . 3  
5 0 10 h.7 -3,.5, 
5 0 12 9.7 -9.3 
5 0 15, < 0 . 8  o . k  
5 0 16 2.1 -1.o 
5 o 18 <0.6 0./4 
5 0 20 1.9 0.1 

o~<o5 06 
<0.6 -0.6 

6 0 1-0 2.1; 2.6 
60-~ 2.9 2.3 

]~ 3.7 3.1 
3. I -2.1 

0 ° 2 9.0 -8.8 
6 o o 9.1 8.9  
6 o 2 2.6 1.9 
6 0 5, 7.5, -7.9 
6 o 6 3 .0  -2 .3  
6 0 8 5.1 -5.1 
6 o lO 1 .o  0.6 
6 0 12 t . 6  0 .0  
6 0 II~ 0.7 0.6 

h k 6 F 9 F 9 

77 X ~ ~:~ .1.1 2°3, 
7 o <0.5 0.6 
7 o o 3.1 - 3 . 9  
7 o 2 0 . 7  - 0 . 6  
7 0 h 1.7  -1.3, 
7 0 6 1 .o  o .7  

0 t 1 37.6 50.8 
o 1 2 3o.1 -33.5 
o 1 3 26.0 -26 .7  
o 1 3, 2.7 -3.1; 
ooi 65 15o 13.3 

16.2 t 6 . 7  
o t 7 30.1 -29.1 
o 1 8 6.1 h.9 
O~ 190 5 .6  - 6 . 3  

20.6 -22.5 
0 1 11 t . 2  -0 .2  
00 ~ 12 23 .0  - 2 3 . 5  

13 8.7 - 8 . 5  

. 6.3 
o ,  

o 1 3,.6 -6.3 
o 1 17 3.6 3.2 
0 1 18 2.9 2.3, 
o 1 19 10.3, t l . 5 ,  
0 1 20 2.5, 2.9 
o 1 21 2.5, - 1 . 7  
o 1 22 2.3, - 1 . 7  
01 23 ~:~ 7 5  
O l  25, 3,.5, 
o 1 25 1.5 1.2 
o 1 26 3,.I 6.1 
0 1 27 1 .5  - 2 . 2  

0 2 0 23.8 -25.5 
0 2 1 12.1 12.1; 
0 2 2 22.3 -22 .5  
0 2 3 8 .7  t 0 . 2  
o 2 3, 7.3 -5.1 o~ ~ ~:~ 1;1 

- 7 . 0  
g~  ~ t5.3 15.8 

9 .5  - 9 . 2  
o 2 9 12.1; 10.7 
0 2 10 t 0 . 2  10.9 
o 2 11 15.5 -16.5 
0 2 12 2.7 5.1 
o 2 13 5.6 -b,.6 
0 2 15, 9 . 5  7 .3  
0 2 15 5 . t  1;.9 
0 2 16 9 .o  9 .o  
0 2 17 h.1 -6.1 
o 2 t8  3,.1 5.6  

h k £ FO Fq 

0 2 19 2 .9  - 1 . 9  
o 2 20 1.7 0.5 
o 2 21 1 .7  1 .5  
0 2 22 3 .4  - 2 . 9  
0 2 23 <1 .3  - 0 . 7  
o 2 2b, 1.9 1 .0  
0 2 25 1.9 t . 9  

0 3 1 3.3, - 2 . 9  
0 3 2 5 . t  h . 6  
0 5 3 8 . 0  - 8 . 0  
0 3 1; 15 .6  -12.3, 
o 3 5 10.7 -10.9 
o 3 6 <1.3 - 1 . 2  
0 3 7 5.1 6 .5  
o 3 8 12.6 12.8 
~ 1 ~  ~:~ 6.5 

5 .6  
o 3 t l  1.7 2.3, 
o 3 t 2  5.8 3.1; 
o 3 13 5.1 5.3 ~ ~ ~ tt.3, 12.~ 

1.9 0.2 
0 3 16 1;.6 5 .6  
0 3 17 < 1 . 5  0 .2  
0 3 18 h,3, -5.1 
o 3 19 < 1 . 5 ,  0.2 
0 3 20 2.2 -1.7 
0 3 21 1.7 -0.5 
0 3 22 2.2 -2.1; 
o 3 23 1.5  -1.9 
0 3 2k 1.9 - 2 . 7  

o /4 o 7.0 [*.3, 
o 3, 1 1;.3, -1;.6 
0 3, 2 13.3  13.3  
o 4 3 17.0 -19.b, 
o 3, h 2.h 2.7 
o 3, !5 8.2 -7.5 
0 1; 6 1;.I -5.1 
o b, 7 1;.1; h.1 
0 1; 8 1.9 2.7 
o L~ 9 1.9 -2.1; 
0 1; 10 2.9 - 3 . 9  
0 1; 11 2.b, 3 . 2  
0 ~ 12 <1.5 -1.9 
0 1; 13 h.3, 3 .9  
o k 13, 2./4 -1.9 
o 3, 15 6.3  7 .0  
0 3, 16 <1.3, -0.5 
o 4. 17 5.3, 3.5, 
o 3, 18 < 1 . 2  -0.2 
o 1; 19 1.5 -1.7 
0 5, 2o 1.9 - 1 . 9  
0 1; 21 2.7 - 2 . 7  

h k 6 F 9 F@ 

o h 22 1.9 0.7 

0 5 1 t . 9  o . 5  
0 5 2 6 .3  - 5 . 8  
o 5 } 12.1 13 .3  
0 5 b. 11 .2  - 1 1 . 6  
o 5 5 <1.5 -0.5 
o 5 6 < 1 . 5  0 .5  
0 5 7 6.3 -5.8 
o 5 8 2 .7  - 2 . 2  
o 5 9 6 . t  - 5 . 3  
0 5 t 0  2.9 -2 .2  
0 5 11 k.1; -4.1; 
0 5 12 < 1 . 3  -0 .5  
o 5 13 -'- '1.2 - 1 . 2  
0 5 1/4 -<1.1 - 0 . 7  
g ~ l ~  2.9 2.2 

3.6 3.6 
o 5 17 2.9 3.1; 

o 6 o 14.6 -3.15 
0 6 1 < 1 . 1  1.9 
0 6 2 < 1 . 1  1 .2  
0 6 3 . < 1 . 0  -0.5 
0 6 3, 1.5  1 .9  
0 6 5 < t . 0  -0.2 
o 6 6 1 .9  - 1 . 7  
0 6 7 < 0 . 9  0.5  
0 6 8 2.9 - 2 . 7  
0 6 9 1.2 -0.7 
0 6 10 2.7 -2.9 

x, y, z for C, N and O atoms are listed as fractions 
of the-unit cell edges in Table 1. In the same table, 
X', Y, Z' are coordinates in ~ngstrSm units referred to 
orthogonal axes a,b and c', such that X ' = X + Z  cos fl 
and Z' = Z sin ft. Observed and calculated structure 
factors are listed in Table 4. Values for R = 
lllFobsl--IFc~oll-IIFobsl were R(._hO1)=O.087 for 
all observed reflections except (104), and R(Okl)= 
0.115 for all observed reflections except (011). These 
two reflections were the most  intense in theh" respec- 
t ive zones and had values of Ftobs.l-IFoalo.I 23 times 
and 16 times the respective averages, the observed 
value being low in each case. It was concluded that 
their intensities had been reduced by extinction. In 
deriving the final electron-density maps shown in 
Fig. 1, the calculated values of these two structure 
factors were used in the Fourier syntheses. Omission 
oi hydrogen atoms ~rom the calculations caused R to 
rise to 0.106 and 0.146 for the (hO1) and (Okl) zones 
respectively.  In Fig. 2 is shown the final difference 
map derived by subtracting all atoms but the hy- 
drogens from @obs.. This map serves to confirm the 
expected positions for all H atoms except H~2 which 
is involved in a hydrogen bond. Electron-density errors 
are expected to be high in this region where the amide 
group is unresolved and there is no direct evidence 
for the exact position of HN2. 

© 

o 1 2A 
ii,,|,t,,,l I 

F i g .  2 .  P r o j e c t i o n  of  e l e c t r o n - d e n s i t y  o n  (010) f r o m  w h i c h  
t h e  c o n t r i b u t i o n s  of  C ,  N a n d  O a t o m s  h a v e  b e e n  s u b -  
t r a c t e d .  C a l c u l a t e d  p o s i t i o n s  of  H a t o m s  are  i n d i c a t e d  b y  
b l a c k  d o t s .  C o n t o u r s  a t  0 . 2 ,  0 . 4 ,  0 " 6 ,  0 . 8  o . / 1 - 2 ,  n e g a t i v o  
c o n t o u r  b r o k e n .  
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4. Accuracy 

Standard deviations in electron density and in atomic 
coordinates were estimated by the method of Cruick- 
shank (1949). / iF, the error in the F values, has been 
taken to be IFobs.l--IFcalo]. Standard deviations in 
electron density ~(@0) are 0.20 e./~ -2 for the (010) 
projection and 0.25 e./~ -2 for the (100) projection. 
Standard deviations in coordinates are 

a(x)-a(z)=O.OlO A, ~(y)=0.015 J~ for carbon, 
a(x)=a(z)=O.O09 _~, a(y)=0.013 A for nitrogen, 
~(x)=a(z)=O.OO8 A, ~(y)--0.012 A for oxygen. 

Hence standard deviations in all bond lengths will be 
approximately 0.017 J~, taking into account the fact 
that  the C-O and C-N bonds are nearly parallel to 
the b axis. The standard deviation in bond angle is 
1.0 ° as determined by the method of Ahmed & 
Cruickshank (1953). 

5. Descript ion of s t r u c t u r e  

Bond lengths and angles of the benzamide molecule 
are shown in Fig. 3. The benzene ring is well described 

1 - 3 ~  

0 ° 118°~ 

1 "39 ~ ' 3 5  

119 ° 121°~ 

1 "48 

Fig. 3. Bond lengths and bond angles in the benzamide 
molecule, represented as a plane for convenience. 

by the equation 4 . 4 3 3 X ' - 4 . 7 3 5 Y - 3 . 7 0 8 Z ' - I  = 0  
which represents a plane. The r.m.s, distance of the 
ring atoms from this plane is 0.014 J~. Distances of 
all atoms from the plane are Hsted in Table 5, only 
C~, N and 0 showing significant departures. In the 
group CeCINO , none of the atoms deviates by as 
much as 0.01/~ from the mean plane 3.203X'-1.040 Y 

Table 5. Distances of atoms from mean plane 
of benzene ring 

Atom /I Atom /I 
C~ +0.06 A Ce --0.017 A 
C 2 -F0"016 C 7 -}-0.007 
C 3 --0.012 O -}-0-53 
C 4 -}- 0.010 N -- 0.45 
C 5 - -  0 . 0 0 4  

- 2 - 9 6 7 Z ' - 1  = 0. The molecule can therefore be 
described as a plane benzene ring and a plane amide 
group twisted about the connecting bond C1-C~, the 
angle of intersection of the two planes being 26 ° . 

The two views along the b and a axes of the ar- 
rangement of benzamide molecules in the crystal are 
shown in Fig. 4. The molecules are connected by two 
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Fig. 4. Views of the arrangement of molecules (a) along the 
b axis, (b) along the a axis showing hydrogen bonds as 
broken lines. 

sets of N - H . .  • O type hydrogen bonds, the first set 
of length 2.96 /~ joining pairs of molecules across 
centres of symmetry to form dimers, and the second 
set of length 2-91 J~ joining such dimers into endless 
chains extended along the b axis. On account of their 
non-ptanarity the molecules exist in right- and left- 
handed forms, there being two of each form in the 
unit cell. The two hydrogen-bond angles C1-N-O' are 
117 ° for the bonds across the centre of symmetry 
involving H~I, and 134 ° for bonds involving H~2. 
Of the other intermolecular-approach distances (not 
involving hydrogen), the shortest is that  of 3.51 /~ 
joining N of one molecule to C 4 of another separated 
from the first by a translation a. 
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6 .  D i s c u s s i o n  

Molecular dimensions 
None of the bonds of the benzene ring differ sig- 

n i f icant ly  from each other or from the mean  observed 
value of 1.38 A, a value which itself does not differ 
s ignif icantly from the accepted value of 1.39 A. The 
ring does not depart  s ignificantly from planari ty ,  but  
the  results of the extended ref inement  of the 
an thracene  structure (Robertson, 1958), where one 
carbon a tom is s ignif icantly displaced from the mean  
molecular  plane, suggest tha t  p lanar i ty  is not neces- 
sar i ly to be expected of aromatic  rings whose atoms 
have  close intermolecular  contacts in the crystal  
setting. The bond length C~-C~, at 1.48 J( is signifi- 
cant ly  less t han  1.54 A the s tandard  length for single 
bonds. I t  is the same length as the corresponding bond 
in  the analogous compounds benzoic acid (Sire, 
Robertson & Goodwin, 1955) and nicotinic acid 
(Wright & King,  1953) al though in nicot inamide 
(Wright & King, 1954) the observed length is 1.52 J(. 
Shortening in this bond has been interpreted to mean  
tha t  there is some double-bonded character consequent 
upon resonance between the amide (or carboxyl) 
group and  the ring. The observed length of 1.53 A 
for the C-CH a bonds in hexamethy l  benzene (Brock- 
way  & Robertson, 1939) suggests tha t  there is very  
l i t t le  shortening of bonds a t tached to aromatic rings 
when there is no possibil i ty of resonance. Confirmation 
of this from structures refined by  modern Fourier  
techniques would be desirable. We shall, however, in 
the  following discussion assume tha t  the shortening 
in the bond: C1-C ~ is due to some double-bond char- 
acter. 

The bond lengths and angles in the amide group 
m a y  be discussed prof i tably  with the aid of the 
extensive compilat ion of da ta  for amides made by  
H a h n  (1957) who has examined the relat ionship of 
both bond lengths and of bond angles to bond order. 
He has assumed s tandard  bond lengths C=O,  1-205; 
C-O( - ) ,  1.425; C = N  (+), 1.235; C - N ,  1.475. In  Table 6 

Table  6. Observed and calculated bond lengths and angles 
in the benzamide amide group 

Bond or Double bond character (%) with 
angle Observed calculated lengths and angles 
C1-C ~ 1"48 A 10% 1"49 A 
C1-N 1"31 35 1"32 
C1-O 1-24 55 1"25 
0-C1-N 122 ° 90 12~.6 ° 
C~-C1-N 116 26 115.2 
C~-C1-O 122 64 121.2 

are listed the amide bond lengths and angles for 
benzamide together with the values calculated as 
described by H a h n  (1957). This table m a y  be compared 
wi th  Hahn ' s  Table 7. The order of agreement  is satis- 
factory. 

Molecular configuration 
I t  is on the overall molecular configuration of 

benzamide tha t  this s tructure analysis  provides the 
most significant and perhaps the most useful informa- 
tion. Of those compounds whose crystal  structures 
are known, nicotinamide,  nicotinic acid and benzoic 
acid are the most closely related chemically.  The 
benzamide configuration will be compared ~dth these 
three. In  the two acids, the oxygen atoms show small  
but  significant displacements from the plane of the 
ring, the average displacements being 0-035 A for 
benzoic acid and 0.075 A for nicotinic acid i.e. there 
is a very small  angle of twist  (<  4 °) between carboxyl  
group and ring. The two amides show large displace- 
ments  for the nitrogen and oxygen atoms, the averages 
being 0.45 /~ for nicot inamide and 0.49 A for benz- 
amide, corresponding to twists of the amide groups 
away from p lanar i ty  of 24 ° and 26 ° respectively. An  
examinat ion  for these compounds of the non-bonded 
approach distances of the amide and carboxyl  groups 
to the ortho carbon and hydrogen, Ca and Ha, proves 
enlightening. In  Table 7 are listed the observed dis- 

Table 7. Observed and calculated non-bonded 
approaches in A 

Calculated for planar molecule 

For observed For 
Observed C-N-H angle C-N-H = 120 ° 

Benzamide : 
HN2-Ha 2-46 
HN2-Ca 2.89 
N-C a 2.83 

Benzoic acid: 
O-C a 2.79 

Nicotinamide: 
Hh'2 -Ha 2-19 
HN2-Ca 2.70 
N-C a 2.92 

Nicotinic acid : 
O-C a 2.81 

1.97 A 1.74/~ 
2.63 2.38 
2.78 

1-94 1-90 
2-55 2.50 
2.88 

tances H~2-H3, HN2-C 3 and N-C3 for benzamide and 
nicotinamide,  together with the corresponding O-C a 
distances in benzoic acid and nicotinic acid. The 
coordinates used for HN2 have in both cases been 
calculated assuming tha t  these atoms are 1-0 • from 
the amide nitrogen on the straight  line joining it  to 
its hydrogen bonded oxygen. Also listed in the table  
are the distances between the same pairs of atoms 
calculated for molecules which have no twist about  

(~1-C2 (numbering as in this paper) and in which the  
angle H~2-N-C 1 is assumed the same as before (123 ° 
for nicot inamide and 134 ° for benzamide).  This last  
assumption has been made  so tha t  differences between 
the two sets of distances listed are l ikely to be as 
near ly  as possible the result  of the twist  about  C1-C 2 
and not of any  distortion of the - N H  2 group by  
hydrogen bonds. The indications are tha t  the two 
amides are sterically hindered, a p lanar  configuration 
being unstable  because of the consequent close 
approaches (1.97 .~ and 1.94 .~) of non-bonded 
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hydrogen atoms. No such hindrance need occur in the 
two acids. We conclude that  the steric effect opposing 
planari ty in the amides must be greater in magnitude 
than the resonance effect stabilising the planar struc- 
ture (Wheland, 1955). Resonance in sterically hin- 
dered aromatic molecules has been examined by Adrian 
(1958) and a semi-empirical method for treating such 
molecules developed, so that  predictions can be made 
for the angle of twist on the basis of assumed steric 
interaction energies and resonance energies. Using 
Adrian's curves relating the interaction energies of 
non-bonded pairs of atoms, EH_ H and Ec_ m with 
their separations, we derive the following facts. As a 
result of the twist in molecules of benzamide and 
nicotinamide, there are losses of steric interaction 
energy as follows. 

For benzamide EHN2--H3 falls by 0.6 kcals/mole and 

Ec3_H3 falls by 0.3 kcals/mole. 
For nicotinamide EHN2_H3 falls by 0"4 kcals/mole 

and Ec3-~3 falls by 0.4 kcals/mole. 

Relative to a planar and symmetrical -NH~ group 
with all angles 120 °, the corresponding energy losses 
are for benzamide 1-6 and 0.8 kcals/mole and for 
nicotinamide 0.5 and 0.4 kcals/mole. 

The situation is complicated by the formation of 
two hydrogen bonds per molecule, each of energy 
approximately 2 kcals/mole (Davies, 1946), so the 
non-bonded interaction energy may have been reduced 
not only by twisting about C1-C~ but also by distor- 
tion of the -NH~ group as a result of hydrogen bond 
formation. It  is therefore not possible to make quan- 
ti tative predictions about the angle of twist. However 
it seems highly probable that  a twist of some magni- 
tude in these amides is required by steric hindrance. 

We are indebted to Mr R. H. Nokes, senior tech- 

nician of this department,  who designed and built the 
optical Fourier synthesizer. Some of the computa- 
tions were carried out on SILLIAC, the University 
of Sydney computer, and in this connection we are 
very grateful for the cooperation received from the 
director and staff of the Adolph Basser Computing 
Laboratory, and also from Dr H. C. Freeman and 
Mr J. E. W. L. Smith of the Department of Chemistry 
who were good enough to check our work. Programmes 
used were those described by Freeman (1958). We 
also acknowledge a grant from the Research Fund 
Committee of the University of New Zealand. 
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