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The structure of the cuprous chloride azomethane complex has been determined by an X-ray analysis 
in which the final parameters were evaluated from a least-squares treatment of the three-dimensional 
data. The crystal are triclinic, a =6.87, b =7-03, c =3.82 A, a =97 ° 7 ' , / /=95  ° 15', y = 111 ° 45'; space 
group P1, with one. formula trait (Cu2C12. C2H6N2) in the unit  cell. The complex contains infinite 
copper-chlorine chains (Cu-CI: 2-35 A), running parallel to the c axis, which are joined in pairs by 
weaker copper-chlorine bonds (2.55 A). The chains are further linked through trans-azomethane 
molecules by a-type copper-nitrogen bonds (1.99 A), which complete a distorted tetrahedral coor- 
dination around each copper atom. 

Introduction 

The red compound of composition CH3NCuC1, formed 
by  cuprous chloride and azomethane,  was first pre- 
pared in crystall ine form by  Diels & Koll  (1925) who 
drew at tent ion to its s imilar i ty  to the coloured inter- 
mediates  observed during the course of the Sand- 
meyer  reaction, and assigned to it the structure (I). 
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We have now determined its crystal  structure. As 
suggested by  Diels & Koll  (1925), the azomethane 
molecules l ink pairs of copper atoms through Cu-N 
bonds. The cuprous chloride, however, exists not as 
discrete dimeric molecules but  in the form of double- 
s t randed infinite chains of a l ternat ing copper and 
chlorine atoms which bear  a certain resemblance to 
the infinite three-dimensional  network of cuprous 
chloride itself. 

Crystal  data 

Cuprous chloride" 
az0methane complex, Cu0C12. C2H6N2. 

Triclinic, a=6-867  ± 0.018, b=7 .029  ± 0.018, 
c=3"821 ±0.014 A;  c¢=97 ° 7 ' ± 3 ' ,  
# = 9 5  ° 1 5 ' + 6 ' ,  y = 1 1 1 ' 4 5 ° ± 7  '. 

Volume of uni t  cell = 169 ± 2 A 3. 
Densi ty  (measured) = 2.48 ± 0.10 g.cm.-3. 
Dens i ty  (calculated) = 2.51 ± 0.03 g.cm. -3. 
One formula uni t  per uni t  cell. 
Systematic  absences: None. 

* Present address: Organic Chemistry Laboratory,  Swiss 
Federal Inst i tute  of Technology, Ziirich, Switzerland. 

Space group" P i  (assumed). 
Absorpt ion coefficient for Cu Kc~ r a d i a t i o n =  135.5 

cm.-1 .  

Exper imenta l  

The compound, prepared according to the method of 
Diels & Koll (1925), crystall ized in the form of red 
laths which were most ly  only a few microns thick and 
invar iab ly  sl ightly bent.  The specimen on which most  
of the X-ray  work was performed had  a cross section 
of 0.08 ram. x 0.01 mm. normal  to the needle axis. 
The cell constants were determined from precession 
and Weissenberg photographs cal ibrated against  
quartz (a0--4.9126/~), a lumin ium (a0--4.0489 ~), and 
sodium chloride (a0=5.6401 A); the density was mea- 
sured by  flotat ion in a mix ture  of chloroform and  
bromoform. 

Because of the shape of the crystals, it  was feasible 
to mount  them only about  the needle axis, c, for 
in tens i ty  measurements .  Multiple f i lm equi-inclination 
Weissenberg photographs were taken  of the h/c0, hkl 
and hk2 layers. In tegra ted  intensit ies of the  hkO 
reflexions with 0 < 4 5  ° were measured on the  pro- 
port ional-counter diffractometer  developed in this  
laboratory by  Arndt  & Phill ips (1957). Since the inten- 
sities obtained in this way are subject  to the same 
Lorentz and polarization corrections as those on a 
zero-layer Weissenberg photograph,  they  were used to 
calibrate direct ly an h k0 film which was then  used as 
a wedge in the visual  e~tim~tion of the remaining  
reflexions by  comparing spots of roughly the same size, 
shape, and intensi ty.  In  practice, this  proved in- 
valuable  since the curvature of the crystal caused a 
wide var ia t ion in spot shape. Oscillation photographs 
were used to bring the relat ive intensit ies of reflexions 
in different layers to a common scale. For the f inal  
refinement,  more accurate scaling was achieved by  
comparing the intensit ies of about  16 reflexions from 
each layer  with those measured on the proportional- 
counter diffractometer.  Lorentz and polarization cor- 
rections were applied to all intensit ies but  no correc- 
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tions were made  for absorption.  Copper K a  radia t ion  
(2=1 .542  /~) was used throughout .  

S t r u c t u r e  a n a l y s i s  

The extreme shortness of the  c axis enabled us to 
derive the  s t ruc ture  from the Pa t t e r son  projection 
P(u, v) and  from the generalized Pa t t e r son  projections 
involving h/el reflexions. For  the  projection P(u, v), 
the  observed values of Fe(htcO) were converted to 
un i t a ry  s t ruc ture  factors and  multiplied by  

exp ( - 2 " 3  sin~ 0) . 

The origin peak was removed.  In  the  resulting funct ion 
(Fig. 1) the four large peaks corresponding to Cu-Cu,  

b 

Fig. 1. Patterson projection :P(u, v), contour intervals on 
arbitrary scale. The origin peak has been removed. The 
v a r i o u s  i n t e r a c t i o n s  a r e  s h o w n  as  f o l l o w s :  C u - C u  ( + ) ,  

CI-C1 (x) ,  Cu-C1 ( , ) ,  Cu-N (@), Cu-C ( l ) ,  C1-N (O), 
Cl-C (FI). 

Cu-C1 (twice) and  C1-C1 interactions are very  promi- 
nent.  The eight peaks corresponding to the  inter- 
actions Cu-N,  Cu-C, C1-N, C1-C (all twice) can also be 
recognised. Approx imate  x and y coordinates of all 
a toms (excluding hydrogen) were thus  derived and  
subsequent ly  refined by  Fourier  and difference-syn- 
thesis methods.  

To obtain  the z coordinates, the  generalised Pa t te r -  
son functions 

i l  

cPz(u, v) = foP(U, 

.Pl<  v/=IiP<u 

v, w). cos 2~w. dw 

1 +h +k 
= - -  __~ ~ IF(h/cl)I 2 cos 2z~(hu+kv) 

A - h  - k  

v, w). sin 2~w. dw 

1 +h +~ 
= -- ~' .2.: IF(h/cl)l~ sin 2z~(hu +kv) 

A - h  --k 

were computed wi th  unmodified values of F2(h/cl). 
Since the  u and  v coordinates of the vector  peaks  

were known,  the  w coordinate of the  peak  a t  (u z, vl, wz) 
could be found from the relat ion 

wz--(1/2~) tan-z(sPl(ul ,  vi)lcPi(ul, vz)) . 

The present  case, with only eight a toms in the  uni t  
cell, is ve ry  favourable  for resolution and  indeed the  
w components  of all bu t  one of the  twelve vectors 
appear ing in P(u, v) could be es t imated  direct ly from 
the maps  (Fig. 2). F rom this informat ion the  z coor- 
dinates of all the a toms were derived. 
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Fig. 2. Generalized Patterson projections (a) cPz(u, v) and 
(b) sPl(u, v). Contour intervals on arbitrary scale. Identifica- 
tion of interactions as in Fig. 1. 

At  this stage, the  calculation of s t ruc ture  factors  
for a few general hlcl planes indicated t h a t  the  coor- 
dinates were sufficiently accurate  to wa r r an t  proceed- 
ing directly to a three-dimensional  ref inement  by  the  
method  of least  squares. I t  was thought  advisable,  
however,  because of the wide var ia t ion  in the  qual i ty  
of the  intensi ty  measurements  derived from different  
sources, first to assign weights (indicated in Table l) 
to the  observed d a t a  in accordance with a priori 
est imates of their  reliability. In  assigning these 
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Fig. 3. Difference Fourier projection d(x, y). Contour levels 
at intervals of 0"5 e.A -e. Vertical and horizontal hatching 
indicates regions greater than + 1 e./~ -2 and less than --1 
e.A -2 respectively. 
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T a b l e  1. Observed a n d  calculated s t ruc ture  fac tors  

The  weight  w was used in the  express ion S = 27w2l/1•12 for  the  q u a n t i t y  minimized  b y  the  least -squares  analysis  

k w Fo Fc 
OkO 

l s  30 19-0 +21"5 
2 s  22 39"0 --39"4 
3~ 22 39"2 -- 38"2 
4 s  30 13.5 -- 12.4 
5 s  30 17-3 + 15.8 
6 26 11.4 +9.4 
7 6 < 2  + 1 . 8  
8 19 1.6 - -2 .2  

lk0  

- -8  6 < 2  --1-1 
- -7  2 < 3  + 0 . 2  
- - 6 s  30 3-7 +3 .1  
- - 5 s  30 9.8 + 9 . 4  
--4s 30 21.3 - -22.0  
--3c~ 24 28.1 --27.6 
- - 2 s  28 23.9 +21-8  
- - l s  20 37.2 +39-7  

Oa 15 50.6 + 54.8 
I s  24 23.9 --24-8 
2 s  17 55.1 - -59.0  
3c~ 30 19.2 --19.8 
4 a  30 16.6 + 1 5 . 3  
5 s  24 22.6 + 2 2 . 0  
6 25 3.4 + 3.1 
7 19 3.9 --3.7 

2k0 

- -8  19 5.8 --6.1 
- -7  2 < 3  - -1 .0  
- -  6~x 30 4.0 + 2.8 
- - 5 a  30 14.0 + 1 3 . 9  
- - 4 a  30 7.1 --6-7 
- - 3 a  30 21-5 --22-5 
- - 2 a  30 21.0 +20-5  
-- l a  28 25.4 +21-2  

Os 30 4.5 0-0 
l s  22 35-3 - -33.7  
2 a  30 20.2 - -22.0  
3 s  30 12.0 + 9.0 
4 a  30 19.2 + 17-9 
5 25 9.8 + 1 1 . 0  
6 19 6.0 + 6 . 8  
7 19 6.0 - -6 .8  

3k0 

- -8  25 8-3 --7.9 
- -7  25 7.2 --8.7 
- - 6 ~  30 17.0 + 1 5 . 3  
--5(x 30 11.9 + 9 . 5  
- -  4 o ~  30 14-6 - -  13.7 
- - 3 ~  26 30.6 - -28.8  
- - 2 a  30 1.6 + 0 . 5  
- - 1 ~  30 15'1 + 1 6 ' 6  

0 s  30 14.2 + 11.0 
lc~ 30 15-6 -- 15-5 
2 a  30 2-8 --4.1 
3 s  30 12.2 +12 .3  
4 2 < 3  + 2 . 7  
5 19 2.7 - -1 .6  
6 19 4.8 --5.2 

4k0 

- -8  6 < 2  --0"3 
- -7  25 14-9 + 1 5 . 5  
- - 6 s  30 15.6 +14 .2  
- 5 s  30 8.3 - -9 .8  

k w Fo .Fc 
- - 4 a  20 33.5 --32.8 
--3c~ 30 20.5 --18.0 
- - 2 a  30 22.1 + 2 2 . 2  
- - l s  30 22.9 +23-1 

O~ 30 15-6 + 12.2 
Ic~ 30 I0.I -- 10.8 
2o¢ 30 12.9 -- 12.3 
3 25 2.8 + 3 . 2  
4 19 2.8 --0.1 
5 6 < 2  --1"3 

5k0 

- -8  23 4.4 +5-5  
- -7  19 10.4 + 9 . 8  
- -  6 25 2.8 - -  2.8 
- - 5 a  30 18.2 --18.5 
- - 4 a  30 17.7 --20.8 
--3c¢ 30 3-9 + 4 . 6  
- - 2 a  20 36.1 + 3 7 . 2  
- - i s  30 15.3 + 1 4 . 4  

0 s  30 10.8 -- 11.8 
i s  30 15.3 - -17.2  
2 25 11.3 --9-2 
3 19 4.0 + 4 . 0  
4 19 5.0 + 4 . 9  

6kO 

--8 19 1.6 +2.1 
- -7  19 3.4 + 3 . 8  
- -6  19 7-1 - -8 .6  
- -5  25 10.7 --11.2 
--4 25 2.8 +3.8 
- -  3c~ 30 12.2 + 13.0 
--2c~ 30 16.6 +17 . 7  
- - l a  30 4-2 --3.3 

0 25 18.1 -- 19.5 
1 25 7-9 - -9 .0  
2 19 4-0 +4-2  
3 19 7-1 +7-9  

7kO 

- -7  19 1-9 + 4 . 0  
- -6  2 < 3  --1.1 
- -5  19 4.0 --5-4 
- -4  21 5.4 + 5 . 6  
- -3  27 5.0 + 6 . 5  
- -2  3 < 3  - -1 .4  
- -1  19 7.5 - -8 .2  

0 19 6.0 + 6 . 2  
1 19 2-8 + 1 . 9  
2 19 4-5 + 6 . 3  

8kO 

- 6  6 < 2  - 0 . 3  
- 5  19 4.0 - 5 . 4  
- 4  6 < 2  - 1 . 9  
- 3  6 < 2  + 2 . 3  
- -2  6 < 2  + 0 . 6  
- - I  6 < 2  --2-5 

0 19 2.9 +1 .1  

- -  8kl 

0 5 < 2  --2.7 
1 16 9-3 --11.6 
2 16 4-4 --5.6 
3 16 3.4 + 5 . 6  
4 18 8-4 + 10.2 

} w Eo 2'c 
5 2 < 3  +5 -0  
6 16 2"5 --2-6 

- -  7kl 

- -2  5 < 2  +0"6  
--1 2 < 3  --1.9 

0 18 4.8 --6.1 
1 20 6"8 --7-7 
2 3 < 3  + 2 . 0  
3 22 13.0 + 15.1 
4 22 11.2 + 12.2 
5 20 6.6 --8.7 
6 18 9"5 --11.1 
7 16 2.5 --3"3 

- -  6kl 

- -3  2 < 3  - 2 . 2  
- -2  3 < 3  + 1 . 5  
--1 2 < 4  + 1 . 5  

0 2 < 4  --4"6 
1 3 < 4  --0.2 
2 22 8"3 + 8-7 
3 22 5.6 +6 .1  
4 2 < 4  + 3 . 2  
5 22 12.5 --13.4 
6 22 9"9 --11-7 
7 16 4-8 +6-2  
8 16 7"0 +6"6  

- -  5kl  

- -5  16 3-4 --5.1 
- - 4  16 4.4 --6"2 
- -3  3 < 3  + 2 . 6  
- -2  22 9-4 + 10 . 8  
- -  1 2 2  1 1 - 2  + 10.6 

0 22 7.6 --9-9 
1 22 14.1 -- 14-4 
2 22 7-2 + 8 . 9  
3 22 4.4 + 3 . 9  
4 3 < 3  --2-1 
5 22 5.2 --4.7 
6 3 < 3  --3-3 
7 16 8.0 + 6 . 9  
8 16 4-5 + 4 . 3  

- -  4kl  

- -5  16 5"2 --7.3 
- - 4  2 < 3  + 1 . 3  
- -3  16 19.5 +20-7  
- -2  22 12.7 + 1 3 . 6  
--1 22 6.0 --7.5 

0 18 27.6 --26.8 
1 18 27-6 --25.8 
2 22 17-3 +20 . 2  
3 18 26 2 + 2 2 . 8  
4 19 2.5 +0.9 
5 16 7.7 --7-8 
6 16 4.8 - -3 .4  
7 16 3.9 + 3 . 2  
8 I <4 --I.I 

- -  3kl 

--6 16 3.4 --4.0 
--5 3 <3 +1-4 
--4 22 10.7 +9.9 
--3 18 2 2 . 0  +23.8 
- -2  22 4.8 --3-4 
-- 1 18 42.7 -- 44-2 

k w Fo  2'c 
0 s  26 30"0 --29-6 
1 22 9"7 + 9 -3  
2 11 45"0 + 46-7 
3 a  30 24.0 +23-4  
4 19 12.8 --11-0 
5 19 19.8 - -21 .3  
6 16 6-4 - -8 .4  
7 16 8.6 +7 -8  

- - 2 k l  

- -7  2 < 3  - -0 .2  
- -6  2 < 3  - -2 .2  
- -5  20 6.8 +6-3  
- -  4 22 8.5 + 7.4 
- -3  22 3.6 +5-6  
- -2  16 22.0 - -20.3  
-- lc~ 20 42.7 --42-6 

0c~ 30 2.0 +1 -3  
l a  20 49.6 +49 -0  
2 a  20 49.6 + 5 1 . 0  
3 20 14-4 --15-0 
4 13 33.8 --34-2 
5 16 13-1 - -13.6  
6 16 3.4 + 1 . 1  
7 16 14.9 + 1 3 . 6  

- -  l h l  

- -8  5 < 2  + 3 . 3  
- -7  3 < 3  + 0 . 4  
- -6  23 7-7 --8.1 
- -5  2 < 4  - -0 .3  
- -  4 22 6.8 + 6.8 
- -3  22 3.8 +4-1  
- - 2 s  30 16-9 -- 17-1 
--1 22 11.1 --12-6 

0o~ 26 30.0 +30-7  
1 22 22.6 +24-7  
2 a  30 13.7 +15-6  
3 28 31-5 --32-3 
4 28 31.5 --31-7 
5 20 8.6 + 8-7 
6 18 14-4 +13-3  
7 16 9.4 + 8 . 0  

0kl  

- 8  3 < 2  - -0 .2  
- -  7 22 7.7 - -  7.4 
- 6  22 13-0 --12-4 
- -5  21 4.8 + 5 - 4  
- 4  21 18.0 + 2 0 . 0  
- 3 s  30 21.5 +18-3  
-2c~  30 12.6 - 1 7 - 4  
--1 4 33.8 --31-8 

0c~ 24 25.5 + 23-9 
1 7 < 2  + 3 . 0  
2 22 6-0 -- 5.5 
3c~ 30 12-2 - -11.8  
4 22 8.7 - -8 .9  
5 20 12.6 + 13.3 
6 16 7-9 --8.1 
7 1 < 4  --1.1 

l k l  

- -8  16 6.7 --6-4 
- -7  18 10.1 --11.1 
- -6  18 3.9 - -2 .6  
- -5  18 26-2 + 2 7 . 4  
- -4  18 24-6 +24-5  
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k w 2"0 2"c 
- -3  22 5.8 --6.1 
--2(x 20 36.6 --37.6 
--1 10 53.6 --50-4 

0 a  24 26.2 + 25-4 
1 18 28.8 +30-6  
2~ 30 3.4 + 1-4 
3 22 5-1 --6-3 
4 22 5.1 --4"0 
5 1 < 6  + 4 . 1  
6 1 < 5  - -1 .0  
7 3 < 3  - -2 .0  

2kl  

- -8  15 7-9 - -6 .4  
- -7  3 < 3  - -1 .5  
- -6  12 8.4 + 9 - 3  
- -5  18 27.3 + 2 9 . 6  
- -4  22 6.9 +4 .1  
- -3  16 46.3 - -46 .4  
- -2  6 40.6 --37-3 
- - i s  30 4.5 --1.9 

Ov¢ 20 4 8 . 0  +46.8 
lc¢ 30 31-1 + 3 1 . 5  
2 22 5.5 --7.1 
3 22 17.4 -- 18.0 
4 22 8.5 - -9 .7  
5 1 < 5  + 4 - 0  
6 2 <4 + I - i  

3kl 

--8 16 2.6 --3.5 
- -7  16 5.6 + 5 . 0  
- -6  16 8-5 +8-5  
- -5  16 8.5 + 8 . 3  
- -4  16 13.4 --13.1 
- - 3 a  26 33.8 - -38.0  
- -  2 22 5.2 - -  5.9 
--1 10 37.1 +33-9  

0 10 39.0 + 4 0 . 3  
1 1 < 5  - -2 .6  
2 16 22.4 - -24.3  
3 a  30 14.9 -- 13.5 
4 2 < 3  - -1 .8  
5 16 8.5 +8-9  
6 2 < 3  + 4 . 3  

4kl  

- -8  16 5.6 - -5 .4  
- -7  2 < 3  + 0 . 5  
- -6  22 4.8 + 4 . 9  
- -  5 22 2.9 + 1 . 0  

- -4  22 10.6 -- 10.1 
- -3  23 11.4 --10.8 
- -2  19 15-9 +12-7  
-- 1 17 20.7 + 18.8 

0 16 9.0 + 9 . 2  
1 16 16.2 -- 16-7 
2 16 16.2 --19.5 
3 1 < 5  + 2 . 7  
4 16 8-2 +7"9  
5 1 < 3  + 5 . 7  

5kl  

- -8  16 7.7 --6.7 
- -7  3 < 3  + 0 . 7  
- -  6 22 8.8 + 8-7 
- -5  22 8.9 + 7 . 2  
--4 22 4-9 --5"5 
--3 22 9-5 --9"3 
- -  2 23 8.0 + 7.2 

T a b l e  1 (cont.)  

} w 2'0 2"c 

--1 1 < 6  + 2 . 6  
0 1 < 6  - -4 .0  
1 1 < 6  --5.3 
2 1 < 5  --3-1 
3 22 6.7 + 6-5 
4 2 < 3  +4-9  

6kl  

- -8  16 3.4 - 2 . 2  
- -7  16 8.3 + 8 . 7  
- -6  18 10.2 + 9 . 9  
- -5  2 <4 + 0 . 9  
--4 20 9.1 --9.8 
--3 19 1 4 - 5  --13.8 
- -2  I <6 + 3 . 2  
--1 16 5.5 + 7 . 4  

0 I <5 +0.8 
I 1 < 5  + 0 . 7  
2 1 < 4  + 0 . 6  
3 2 < 3  + 0 . 9  

7kl  

- -7  16 7.4 + 9 . 3  
- -6  2 < 4  + 3 . 1  
- -5  21 8.9 --10.5 
- -4  22 9.5 --10-1 
- -3  20 5.7 --2.7 
--2 20 8.6 +8.4 
- -1  20 9.5 + 9 . 5  

0 2 < 4  + 1 . 0  
1 3 < 3  --3.8 

8kl  

- -6  2 < 3  - -2 .4  
- -5  16 6.7 - -8 .7  
- -4  16 4-4 - -2 .6  
- -3  16 5.2 + 6 . 9  
- -2  16 7.3 + 8 . 3  
--1 2 < 3  + 1 . 0  

- -8k2 

I 5 < 2  + 0 . 9  
2 2 < 3  + 2 . 0  
3 2 < 3  --0.7 
4 2 < 3  --0.1 
5 5 < 2  + 1 . 5  

-- 7k2 

--2 5 <2 --2.4 
- - I  15 6.4 +7.0 

0 15 9.6 + 1 1 . 2  
1 2 < 3  - - 0 . 6  

2 15 9.5 --10.1 
3 15 6.1 - -5 .6  
4 2 < 3  + 2 . 8  
5 2 < 3  + 0 . 8  
6 2 < 3  + 2 . 2  

- -  6k2 

- -3  5 < 2  - -0 .6  
- -2  15 7.0 + 8 . 7  
--1 15 11.3 + 1 2 . 8  

0 2 < 3  + 1 . 7  
1 15 13.7 - -14.0  
2 15 18-0 --17.3 
3 1 < 5  --3-9 
4 15 15.0 + 1 8 . 3  
5 15 8.4 +8.5 

k w 2,0 2,c 

6 2 < 3  - 4 . 1  
7 5 < 2  - 1 . 4  

- 5k2 

- -4  5 < 2  + 0 . 8  
- -3  15 5.9 + 4 . 6  
- -2  15 7.5 + 9 . 7  
- I  20 6.5 +6.8 

0 20 1 6 . 5  --16.1 
1 16 2 7 . 6  --25-1 
2 3 < 3  + 1 . 2  
3 20 15-1 + 1 4 . 5  
4 20 19.6 + 2 0 . 6  
5 1 < 5  + 4 . 3  
6 15 15.0 - -14.9  
7 15 7.2 - -7 .0  

-- 4k2 

- -5  5 < 2  + 0 . 7  
- -4  2 < 3  --2-0 
- -3  15 3.7 + 2 . 8  
- -2  2 < 3  + 0 . 8  
--1 3 < 3  - -1 .5  

0 20 11"7 -- 11-4 
I 20 1 8 . 0  --16"5 
2 20 18-5 + 19.0 
3 17 23-4 + 2 3 . 6  
4 20 5.7 + 2.7 
5 15 13.2 - -12.8  
6 15 15.7 - -14.0  
7 2 < 3  - -0 .4  

- -  3k2 

- -6  15 3-1 + 2 . 3  
- -5  15 4-2 - -4 .9  
- - 4  15 12.7 - -12 .4  
- -3  3 < 3  + 3 . 3  
- -2  20 9.3 + 1 0 . 2  
--1 3 < 3  + 1 . 7  

0 3 < 3  - -1 .6  
1 20 10.8 - 8 . 8  
2 20 10.9 + 10.3 
3cx 30 10.3 +10 .1  
4 20 7.2 - 6 . 4  
5 15 14.7 - 1 3 . 2  
6 2 < 3  - 4 . 6  
7 15 8-8 + 9 . 6  

-- 2k2 

- -7  15 2.5 + 2 . 2  
- -6  18 7.2 - -6 .9  
- -5  20 11.3 --11-4 
- -4  22 9.8 - -8 .7  
- -3  22 17.8 + 1 8 . 8  
--2c¢ 18 29.7 + 2 9 . 3  
- -  1 20 2.3 - -  2-8 

0 16 23.4 --22-6 
l a  30 21.1 - -18.8  
2 20 7.8 + 9 . 0  
3 20 9.8 + 6.7 
4 1 < 5  --0.i 
5 1 < 5  - -0 .6  
6 1 < 5  - -2 .5  
7 15 6.0 +6-1 

- -  lk2 

- -7  5 < 2  - -2 .5  
- -  6 20 12.7 - -  12.6 
- -  5 2 0  7 . 0  - -  5 . 5  

k w Fo 2,c 
- -4  20 12-8 + 1 3 . 2  
- -3  18 29.4 +31"4  
- - 2 a  30 16.2 + 1 3 . 8  
--1 15 32"5 --32-6 

0 13 39"6 --39.7 
1 20 11"3 -- 12"8 
2cx 24 30-6 + 3 2 . 6  
3 20 18"3 + 1 9 . 6  
4 20 6-0 --4-3 
5 1 < 5  --2-5 
6 15 6"0 --5"7 
7 2 < 3  0-0 

0k2 

- -8  5 < 2  --0.7 
- -7  3 < 3  --2.1 
- -  6 20 6"0 - -  6.4 
- -  5 20 5.9 + 5.4 
--4 20 16.2 + 19.6 
- -3  20 16.8 +18-2  
--2oc 30 19.5 --20.0 
--1 5 45.1 --50.7 

0 20 10.9 - -8 .4  
1 12 22.1 +21-7  
2 14 29.7 + 36-0 
3 a  30 10.1 +11 .1  
4 20 19-8 -- 19.9 
5 15 10.8 - -10.5  
6 2 < 3  --1-9 

lk2 

--8 5 <2 +1-8 
- -7  3 < 3  +0 .1  
- -6  20 4.2 --4.1 
- -  5 20 6.5 + 5.2 
- -  4 20 5.6 + 7-3 
- -3  20 3.1 --0.5 
- -  2 a  30 17.9 - -  18-3 
--1 12 28.0 --28-7 

0 a  24 23.0 +21-2  
1 14 30.1 +32 .8  
2(x 30 8-3 + 8 . 8  
3 18 11.7 - -12.0  
4 15 17.5 --19.3 
5 1 < 5  - -2 .9  
6 15 5-4 + 5 . 2  

2k2 

- -8  15 2.7 + 2 . 3  
- -7  15 3.0 --4.0 
- -6  18 11-3 - -11 .4  
- -  5 20 5.6 + 2.6 
- -  4 20 9-5 + I0.0 
- -3  20 3-3 +0-1 
--2 5 <2 --2-9 
- -  1 c¢ 30 8.7 - -  8.7 

0oc 30 13-2 + 12.1 
10¢ 30 11.7 + 12.1 
2 20 9.6 - -7 .3  
3 20 12.7 -- 12.9 
4 2 < 3  - -5 .5  
5 15 7.0 + 7 . 4  

3k2 

- -8  15 4.4 --4-4 
- -7  20 8.7 - -9 .0  
- -  6 20 8.6 - -  8.5 
- -  5 20 9.9 + 1 1 . 4  

--4 14 2 0 . 1  +21-5 
- -3  3 < 3  + 0 . 5  
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/c w Fo /~c 
--2 20 11.3 --12"2 
- -  1 22 14-4 - -  12.2 

0 3 <3 +2.6 
1 3 <3 +3.6 
2 3 <3 --1-6 
3 3 <3 0.0 
4 7 <2 +0-2 
5 5 <2 +4.4 

4k2 

--8 15 7.7 --8.2 
- -  7 20 6.0 - -  5-3 
- -  6 20 6-0 + 5.7 
--5 20 17.0 +17.6 

Jc w F o 
--4 20 13.5 
- -  3 20 14.0 
--2 18 22.3 
- -  1 2 0  1 1 . 3  

0 20 10.8 
1 20 10.2 
2 3 <3 
3 7 <2 
4 5 <2 

5k2 
--8 15 4.2 
--7 7 <2 
--6 20 9.3 

Table  1 (cont.) 

Fc k 
+11.9 - 5  
--13.6 --4 
--21.3 --3 
--9.1 --2 

+11.9 --1 
+10.7 0 

+0.6 1 
+0.4 2 
--2.6 3 

--4-2 --7 
+1.5 --6 
+9.7 --5 

w /~o Fc 
20 9.5 + 9.2 
20 6.0 -- 6.0 
20 17.2 -- 19.7 
20 7.4 --7.7 
20 5.9 +7.0 
20 ] 3.4 + 14-8 
20 7.5 +7.3 
20 5.1 --6.1 

5 <2 --5.0 

6k2 
5 <2 +1.9 

20 2-8 +3.1 
3 < 3  - - 4 . 7  

k w Fo Fc 
--4 22 6.4 --6-7 
--3 20 8.7 --9-0 
--2 2O 6-9 +5.6 
- -  1 2 0  1 0 . 3  + l 1-5 

0 20 2.8 +4.1 
1 15 2.3 -3 .1  

7k2 
--6 5 <2 +1-6 
--5 5 <2 --0-5 
--4 5 <2 --0-1 
--3 5 <2 --0-5 
--2 15 2-8 +3.4 
- -  1 15 2-2 + 3-2 

The intensities of reflections labelled a were measured on the proportional-counter diffractometer 

Table  2. Positional parameters from the f inal  least-squares analysis 
Origin at centre of symmetry 

x/a y/b z/c (7(x) (~(y) (l(z) 
Copper 0.0737 0-1932 -0.1655 0.003 A 0.003 A 0.004 A 
Chlorine 0.2486 0.1462 0.3604 0.005 0.005 0.005 
Nitrogen --0.0477 0.4030 --0.0201 0.016 0.013 0.016 
Carbon -- 0.2665 0.3207 0.0494 0.019 0.020 0.024 

Table  3. Anisotropic temperature-factor parameters 

Bhh Blctc Bll Bhlc Bk~ Bib 
Copper 0.0419 0.0442 0.1062 0.0433 0.0187 0.0298 
Chlorine 0.0337 0-0395 0.0699 0.0272 0.0070 0.0232 
Nitrogen 0.0463 0.0290 0.0707 0.0331 -- 0.0119 0-0285 
Carbon 0-0286 0-0432 0.1322 0.0395 -- 0-0211 0.0605 

Isotropic B = 4.04 A 9 0.0364 0.0350 0-1030 0.0278 0-0202 0.0178 

The temperature factor is expressed in the form: 

2--( Bhhh2+ B kk~2+ Blll 2+ Bhkhk + B klkl + Blh l h) . 

weights ,  we were  gu ided  by  t he  fol lowing considera-  
t ions  : - - i n t ens i t i e s  which  were  m e a s u r e d  on t he  pro- 
po r t iona l - coun te r  dLffractometer  or which  h a d  been  
sub jec t  to  several  i n d e p e n d e n t  m e a s u r e m e n t s  were 
r ega rded  as especial ly reliable.  On the  o the r  hand ,  
low we igh t  was g iven  to ref lexions of poor  shape,  
w h e t h e r  due  to  t he  cu rva tu re  of t he  crystal ,  to the  
sepa ra t ion  of t he  a l  and  c~2 c o m p o n e n t s  a t  h igh  values  
of sin 0, or to  t he  d is tor t ions  t h a t  occur on upper leve l  
Weissenberg  pho tographs .  A r educ t i on  in we igh t  was 
also m a d e  for s t rong ref lexions for which  ex t inc t ion  
effects m i g h t  be appreciable .  I n  t he  final  r e f inement ,  
t he  u n o b s e r v e d  ref lexions were t r e a t e d  as hav ing  an  

F va lue  of Fmi=./V3 wi th  we igh t  inverse ly  propor-  
t iona l  to  F ~ m m . .  

Three  rounds  of leas t -squares  analysis  were  m a d e  
on the  c o m p u t e r  D E U C E  at  t he  Na t iona l  Phys ica l  
Labora to ry .  The  c o m p u t e r  p rog ramme ,  which  was 
dev ised  by  Dr  J .  S. Ro l l e t t  (unpubl i shed  work) refines 
b o t h  pos i t ional  and  anisot ropic  t empe ra tu r e - f ac to r  
pa r ame te r s  for all t he  a toms  s imul taneous ly ,  t ak ing  
account ,  for each a tom,  of t he  cross t e rms  b e t w e e n  its 
x, y a n d  z pa r ame te r s  as well  as those  be tween  its t em-  
pe ra tu re - fac to r  componen t s .  The  final  values  of t he  

pa ramete r s ,  g iven  in Tables 2 a n d  3, were  used  to  
calculate  a set  of s t ruc tu re  factors,  which  is given,  
t o g e t h e r  wi th  the  observed  set, in Table  1. The  cal- 
cu la ted  s t ruc tu re  factors  are based  on t he  a tomic  
sca t te r ing  factors  of Berghuis  et al. (1955). The  
h y d r o g e n  a toms  of the  m e t h y l  group were no t  inc luded,  
a l t h o u g h  the re  are fa in t  ind ica t ions  of t h e m  in t he  
f inal  difference synthes is  d(x, y) (Fig. 3) based  on these  
s t ruc tu re  factors.  

A c c u r a c y  

The  re l iabi l i ty  factor  (R=XIAFI /X IFo l )  for t h e  521 

ref lexions on the  hk0, hk l  a n d  hk2 layers  is 0.109. 
For  t he  91 ref lexions m e a s u r e d  on t he  propor t iona l -  
counte r  d i f f r ac tomete r  R = 0-068. The  s t a n d a r d  devia-  
t ions  of t he  pos i t iona l  pa ramete r s ,  ca lcu la ted  by  t he  
s t a n d a r d  m e t h o d  f rom the  final leas t -squares  analysis ,  
are g iven  in Table  2. I n t e r a t o m i c  d is tances  and  angles  
are g iven  in Table  4 t o g e t h e r  w i th  the i r  s t a n d a r d  
devia t ions .  These  are p robab ly  s o m e w h a t  under -  
e s t i m a t e d  since no accoun t  has been  t a k e n  of t he  
uncer ta in t i e s  in the  la t t ice  pa r ame te r s  which  are of 
t he  order  of 0.5 %. For  the  sake of comple teness ,  t h e  
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Table 4. Interatomic distances and angles 

U n p r i m e d  a t o m s  a re  t hose  a t  t h e  pos i t i ons  in  T a b l e  2. P r i m e d  
a t o m s  a re  r e l a t e d  to  these  b y  i nve r s i on  t h r o u g h  t he  or ig in .  
O t h e r  a t o m s  a re  i n d i c a t e d  b y  t h e  a p p r o p r i a t e  v e c t o r  t r ans l a -  

t i on  f r o m  these  pos i t i ons  

(a) I n t e r a t o m i c  d i s t ances  

Cu-C1 2 . 3 6 8 _  0.006 A 
Cu-Cl (001)  2.319 _ 0.006 
Cu-CI"  2.547 + 0-006 
C u - N  1.993 _+ 0.016 
N - N ' ( 0 1 0 )  1.257 4- 0.030 
N - C  1.459 __+ 0.026 
C1-C(100) 3.473 4- 0-022 
C1-C( 101 ) 3.754 4- 0-022 
C u - C u ( 0 0 1 )  3.821 
C u - C u '  3.008 4- 0-006 
C u - C u ' ( 0 0 1 )  3.2714- 0.006 
C1-CI(001) 3.821 
C1-CI" 3-891 + 0.010 
C1-CI'(001) 3-609 4- 0.010 

(b) B o n d  angles  

C1-Cu-CI(001)  109 ° 14'  + 13'  
C I ' -Cu -CI ( 001 )  95 ° 39'  4- 12" 
CI ' -Cu -C1  104 ° 37"_+ 12" 
N - C u - C I ( 0 0 1 )  132 ° 7"4- 28 '  
N - C u - C 1  107 ° 3 ' _  28 '  
N - C u - C I '  104 ° 2'_+ 28 '  
C u - C I - C u ( 0 0 1 )  109 ° 14'4- 13' 
Cu ' -C1-Cu(001)  84 ° 21 '4-  11' 
C u ' - C 1 - C u  75 ° 23"4- 10' 
C u - N - N ' ( 0 1 0 )  125 ° 56"4- 1 ° 14' 
C u - N - C  116 ° 4 '4-  1 ° 13" 
N ' ( 0 1 0 ) - N - C  118 ° 0 '4- 1 ° 33 '  

T h e  s t a n d a r d  d e v i a t i o n s  s h o w n  a b o v e  do  n o t  inc lude  t h e  
u n c e r t a i n t i e s  in  t h e  m e a s u r e m e n t  of t h e  cell  c o n s t a n t s  w h i c h  
a re  of t h e  o r d e r  of 0 . 5 % .  

anisotropic temperature factors are listed in Table 3. 
These we believe, are influenced by various systematic 
errors in our observations, particularly by the effects 
of absorption, by incorrect scaling of the different 
layers, and by the omission of reflections with 1 _> 3. 
We should, therefore, not place much reliance upon 
the numerical values and regard them simply as 
additional parameters introduced into the least- 
squares analysis in order to reduce the sum of the 
residuals. 

Discuss ion  

The two components, cuprous chloride and azome- 
thane, can be recognised in the crystalline complex 
as distinct entities which interact with each other only 
through the close contacts between each copper atom 
and a nitrogen atom in the nearest azomethane 
molecule. Thus it is reasonable to consider the complex 
as a molecular compound and to discuss, first, the 
structural features of the two components separately. 

The cuprous chloride occurs in the complex in the 
form of infinite chains 

/ C U \ c 1 / C U \ c 1 / C u \  

running parallel to the c axis. Within each chain, the 
two Cu-C1 distances are 2.32 /~ and 2.37 /~ and the 

AC13 - -  3 

angles at both copper and chlorine are tetrahedral. 
These chains, then, are just the same as those which 
would be obtained by isolating individual chains, 
running parallel to a face diagonal, from the cubic 
sphalerite-like structure of crystalline cuprous chloride 
itself, as shown in Fig. 4(a). The Cu-C1 distance in 
cuprous chloride is 2.35/~, the same (within experimen- 
tal error) as in the infinite CuC1 chains in this complex. 

' 

J i 1 i 

I I ', ,, 
i 

r~_::_':_:__k.2__g,V 

(a) 

"c 

Fig.  4. A r r a n g e m e n t  of a d j a c e n t  Cu-C1 cha ins  in  (a) cub ic  
CuC1 s t r u c t u r e  a n d  (b) CuC1 a z o m e t h a n e  c o m p l e x .  

The individual chains are connected in pairs, copper 
atoms of one chains being in register with the chlorine 
atoms of the other, to form the double stranded ar- 
rangement shown in Fig. 4(b). The inter-chain Cu-C1 
distances are 2.55/~, appreciably longer than those in 
the chains, and the additional angles formed at both 
types of atom deviate markedly from tetrahedral. 
Such a deviation is in fact required by the inversion 
points which relate the atoms of one chain to those 
of its neighbour. For since the four atoms Cu, Cu', 
C1, CI' in Fig. 4(b) must form a parallelogram, one of 
the angles CI'-Cu-C1 or Cu-CI'-Cu', must be _< ~/2. 
The relationship between the two individual chains 
in the double strand is thus quite different from that  
which exists between a pair of parallel chains in 
cuprous chloride. 

The azomethane molecules are strictly coplanar and 
must occur in the trans-configuration by virtue of the 
inversion points which occur at the centre of each 
N = N bond. The planar trans-structure has previously 
been reported from an electron-diffraction study of 
isolated azomethane molecules (Boersch, 1935) in the 
vapour phase. For the N = N  distance we obtain 
1-26 ± 0.03 A which may be compared with previously 
observed distances of 1.25 ± 0.04 J~ in difluorodiazine, 
F2N~ (Bauer, 1947), 1.24i0.05 J~ in gaseous azo- 
methane (Boersch, 1935), 1-23 A in both cis- and trans- 
azobenzene (Hampson & Robertson, 1941; de Lange, 
Robertson & Woodward, 1939) and 1.26_+0.03 J~ in 
azo-bis-N-ehloroformamidine (Bryden, 1958). The N-C 
distance is 1.46 ± 0.03 A compared with the distances 
1.47 ± 0.06 A in gaseous azomethane and 1.47 i 0.02 J~ 
in methyl azide (Pauling & Brockway, 1937). The 
N - - N - C  angle is 118±2 °. These results indicate 
that  no gross changes in the dimensions of the azo- 
methane molecule occur on molecular compound 
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formation, but  they are not sufficiently accurate to 
reveal any small distortions which might take place. 

Formally,  azomethane could complex with Cu+ 
either through its empty, antibonding ~*-orbitals 
(electron transfer from Cu + to - N  = N - )  or through 
its unshared pair (electron transfer from N to Cu+). 
Both types of bonding are known to occur in cuprous 
compounds with other unsaturated ligands. Thus, 
complexes of cuprous chloride with 2-butyne and with 
1:6-heptadiyne are of the ~-type (Carter & Hughes, 
1957), while a-bonding occurs in potassium cupro- 
cyanide, KCu (CN)2, (Cromer, 1957) where each copper 
atom is a-bonded to two carbon atoms and one nitro- 
gen atom of three different cyanide anions. 

,,, c 0oo) ',,,, 

Q ',,,, _c, c'(oIo) ',,, 

CI' 

Fig. 5. View of the st~ructure in projection down c axis. 

The only bonding contact between the azomethane 
and cuprous-chloride components in the present struc- 
ture (see Figs. 5 and 6) occurs in the N-Cu distance 
of 1.99 +0.02 /~, somewhat shorter than the l~-Cu 
distance of 2.05 _+ 0.02 /~ in potassium cuprocyanide 
(Cromer, 1957) or the sum of the standard tetrahedral 
covalent radii, 0.70 A for N and 1.35 A for Cu (Pauling, 
1940). The bonded copper atom is coplanar with the 
azomethane molecule (the methyl  group is 0.02 /~ 
from the plane of the copper and nitrogen atoms). 
Moreover, the three angles N-N-Cu,  Cu-N-C and 
C-N-N are all close to 120 °. We can therefore assume 
that  the unshared pair of electrons on each nitrogen 
atom interacts specifically with a cuprous ion forming 
a dative a-bond which provides the principal cohesive 
force between the components. Each copper atom thus 
has four neighbours, three chlorine atoms and a 
nitrogen atom, in a distorted tetrahedral arrangement. 
Each chlorine atom is in Van der Waals contact with 
two methyl  groups belonging to different azomethane 
molecules and thus achieves a 5dold coordination 
(three copper atoms at 2.32, 2.37 and 2-55/~ and two 
methyl  groups at 3-47 and 3.75 /~). 
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and to Miss D. Meuche for preparing the complex. 
One of us (I.D.B.) is also indebted to the Department  
of Scientific and Industrial  Research (D.S.I.R.) for a 
maintenance grant, and to the Managers of the Royal 
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Fig. 6. View of the structure showing azomethane molecules 
]inl~ing CuC1 chains. Labelling of the atoms corresponds, 
as does that in Fig. 5, to the labelling used in Table 4. 
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