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The X-ray Structure of Rh~CI(C4H6)2 
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Sezione I, Piazza Leonardo da Vinci 32, 20133 Milano, Italy 

(Receiced 27 December 1967 and in recised form 26 February 1968) 

RhCI(C4H6)2 crystallizes in the te t ragonal  system,  space g r o u p  P~2~m ( a =  b = 7-90 +_ 0"03 ; c = 6 - 9 2  
5:0.02 A);  two equiva len t  molecules ,  wi th  c rys ta l lographic  C2,, symmet ry ,  are con ta ined  in the  uni t  
cell. The  d i sag reemen t  factor ,  ca lcula ted  on  385 observed  th r ee -d imens iona l  reflexions, is 0-062 after  4 
cycles o f  least-squares  ref inement .  Cons ide r ing  each bu tad iene  g r o u p  as a b iden ta te  l igand,  the  meta l  
c o o r d i n a t i o n  a p p r o x i m a t e l y  co r r e sponds  to a square  pyramid .  The  i n d e p e n d e n t  b o n d  lengths  a nd  
angles are (A):  R h - C 1 = 2 . 4 4 - + 0 - 0 1 ;  R h - C  ( e x t e r n a l ) = 2 . 2 1 + 0 - 0 1 ;  R h - C  ( in te rna l )=2 .15+_0 .01 ;  
C - C  (internal  b o n d ) =  1.45_+0.02; C - C  (external b o n d ) =  1-38+_0.02; C - C - C =  1 1 7 + 0 . 6  ° 

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

In  a p r e v i o u s  s h o r t  c o m m u n i c a t i o n  (Po r r i ,  L i o n e t t i ,  
A i l e g r a  & I m m i r z i ,  1965), t h e  c h e m i c a l  p r e p a r a t i o n  

and the crystal structure of RhICI(C4H6)2 (I) were 
briefly described. Now we purpose to discuss in more 
de ta i l  t h e  r e su l t s  o f  o u r  X - r a y  i n v e s t i g a t i o n  o f  (I) a f t e r  
t h e  l e a s t - s q u a r e s  r e f i n e m e n t .  

x/a 
R h O" 5000 
CI 0"5000 
C( 1 ) 0"7077 
C(2) 0-7779 

Standard deviations 
a(x) (A) 

Rh 
CI 
C(I) 0"011 
C(2) 0"011 

T a b l e  1. Fractional coordinates and thermal factors 

.v/b zlc Biso (/~Z) Bll = B22 (~2 )  B33 (~2 )  B12 (/~z) 
0"0000 0.2197 2.10 . . . .  
0.0000 - 0" 1336 - - 5"89 0.56 - 1"54 

- 0.0779 0"4005 3"31 - -  - -  - -  
- 0-03 ! 1 0.2250 2.98 . . . . .  

a(y) (A) a(z) (A) cr(Biso) (Az) a(Bll)  = 0"(B33) (A 2) o'(BI2) (A z) 
a(Bzz) (A2) 

--- 0"001 0"01 - -  - -  - -  
- -  0"004 -- 0"37 0" 17 0"44 

0"011 0"015 0"19 -- -- -- 

0.009 0"012 0" 17 . . . .  

1 b 

I 

i i 

© 
Rh 

i i 
O o 6 I 2A 
Cl C 

Fig. 1. Molecular packing of (1), in projection along the c axis. The shortest interatomic non-bonding distances arc shown;  only 
the 3" 15 ,& distance between C atoms is intramolecular.  
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Table 2. Observed and calculated structure .factors 
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H ~ L ¢ 0  FC p ~  

o * * . . .  6~9  0 9 

0 176 196 0 | n  

0 1 6 6  1 2 3  o q 

o n?  6~  o i 

o 5? 53 o 

o 6o  18 o t 

o * IT In o 

o *..., 231 s o o ~  

o S7 47  o 

o 16:) 162 s o n n  ? 

o ?1 ps  o s 

o 1 1 3  1 1 1  5000  9 

o I? t ~  o I n  

o ?~ 73 5000  i l  

o . i? :) o i:) 

o t n  6 t  s o o n  

o • I S  o n 

o t 4  t o  s o n n  

o • 17 1 o 

o * 18 IS s o o o  

o n 9  i o 6  n 

o IS 1o o 

o 165 160 o 

o 1 1  M 5000 

o n7 a n  o 

I,~ K L FO FC PH 
X l t F~ ¢~ ~X 

! • I T  5 5 0 0 0  

8 • I n  1 6  o x ? 

9 * 1 8  IX  s o o o  9 7 

o - • 0 * *  176 7 s n n  i n  7 

o ao TO o 11 7 

o iSS 124 7500 n n 

o 6 t  ~2 o 9 n 

o 81 7A ? s o o  I n  m 

o ~o 11 n 9 9 

o 66 sn ?500  I o 

o 19 19 o s' o 

o 3 t  36 7SO0 

o • II S O 

o ~o 2 6  7 s n o  

o * i s  ~ o 

**•.• 62 SgPO 

71 67 3079  

80 6 t  5617  

113 103 75S4 

2S 7? 6061  

6 6  6 1  25n4 

27 ?~ S~6S 

so 6 6  :)2n2 

• i? n SZOS 

• IS 6 S 6 6 6  

• is In :)41n 

9o ~:) 747s 

~ 3  2~ 9 7 6 6  

7~ 6 ~  7 s n t  

71 IS  971q  

6 7  6 l  7%00 

• 12 I:) 9500 

~s ~ s  7 t s ' n  

• 1~ T 9 t 7 o  

7~ S'6 ?SS6 

• is 6 997S' 

6 P  s~ 1 9 S 6  

IiO 9 6  7 2 0 6  

2o s'o ~61'6 

6 S  6 2  P646 

17 i~ 6291 

6 9  6 ~  2~7m 

• I~ 9 620S 

79 ~n ;6SS 

• i s  6 s 0 7 9  

• 1 6  1 6  2 s 2 0  

~A ~p  9 8 7 9  

6 ~  59 734~ 

:)~ s'o 79 

5n 51 7519  

• 1 7  17 6 7 0  

• I~ 7 2~9 

79 2 7  ~ 4 P ~  

I S  62 P561 

• 12 13 50~2 

36 t s  7 ] 1 7  

• I~ 9 S O 0 0  

27 26 2 6 n o  

• is ~ s y o o  

in IS n q n ~  

~7 i n  766A 

• 13  7 9 4 ~ : )  

2A ~ *  7139  

• i s  8 8 9 ~ n  

• 1 6  1 ~  7 6 1 o  

i 

s 

6 

7 

n 

o 

i n  

7 0 * 12 I n i i  

8 2 o ss s a  o l:) 

9 ? o * 16 s n s' 

IO z o 6 2  t 7  o 1 

I 1  ? o • 1 6  I 5 n o n  , .  p 

I? 2 0 * 17 18 o s ? 

1 1 o 16s 1 ' . 9  S O 0 0  6 

6 1 o 2S ~ 1  ~ o n o  2 

s 3 o 9T 1 0 1  s o o o  n 2 

6 3 o * 11 I s o n o  q 

1 3 o 77 7 S  soon in 7 

n ~j o • 13 2 soon I I s' 

9 3 o ~n i n  s o o n  Is' s' 

I n  3 o • 1 6  O ~oon 1 

I t  3 o t 3  :)S sooo ~ I 

12 1 o • 17 o o s t 

6 6 o 1 1 5  1 1 o  o 

s 4 o I ~  c~ s o o o  7 

6 4 0 6 6  68 o 

7 4 o • 13 7 ~ooo 

n 4 o 4n 47  o I n  

9 4, o • 15 6 sono 11 t 

I n  6 0 78 7~ n I:) i 

11 a, o • I 7 5 ~ o n o  6 4 

1 2  6 o l i t  17 o s 6 

5 S o 6 1  S 7  1o.oo A .~ 

s o • 13 6 0 ~ 6 

7 s o ss sl s o o n  n 4 

a s o . 16 ~ O 

9 S o i~, in soon in ~. 

I O  5 o • 1 6  o o i i  4 

11 s o :)o :)6 s o o o  I ~  

12 S o * in ~ o s s 

6 6 o s t  s t  o ^ s 

7 6 o • I,. 6 o 7 .. 

8 6 o 6 0  ~8 o s 

9 6 0 * 1 6  4 o 9 s 

I 0  6 o 19 2 2  0 I n  s 

II 6 0 * le i o il 

7 7 o is 66 s o o n  6 

8 7 o • 16  I o 7 6 

9 7 o :)9 ~I soon ~ 6 

tO 7 o • 17 :) s o o n  , 6 

1 1  ? o i n  1 5  s o o n  i o  6 

8 8 o 1 1  27 (~ 1) 6 

7 7 * 13 5 17PX 

t l  :)n ?( ,46 

• 1s  6 6 6 1 7  

• I S  17 ~ 4 S : )  

• 16 4 6 ? 7 6  

• Is ? 1 ~ . 6 6  

73 1 9  7S94 

• 16 6 9 9 6 2  

• 16 4 5 : )76  

• 0 - 0 0  s'6 :)moo 

1 t 3  131 SOO0 

:t o 7 ~5 ~o 7soo  

4 o 7 I t ?  171 s o o o  

s o ;) ~ ~ 17 7soo  

o 7 74 7; ~ s o o o  

7 0 7 27 ; '9 7100  

n 0 2 S2 so s o o o  

9 0 7 • 11 8 7100  

I 0  0 ,~ ? x  ~n  5 0 0 0  

I I o 7 • 1 ! T 7 q O 0  

I ; )  a • 1 4  1 6  s o o o  

i .~ • . . * *  1:)4 ;"it 

2 I l l  171 I ~ q  

s :) ?~ r l  171 

? 16 16 7977  

7 ." 70 66 99~,9 

x ~ 70  I ~  ~ ,? la  

0 2 1)0 ~ !  9732  

| n s' • i ;, n 1 o n ,  

II 7 P7 Pc* 9 9 1 7  

1 7  7 - 1 6  1 ~ , ~ 9  

;. ;, ;i 9 9  9O S~7; '  

• ~ s' 1 9  7n 6 S ~ O  

6 S' S' 9 1  '~0 6 9 n ; '  

s :) ~, • a ~ 4 ,nTx  

7 S' 2 is 14 711S 

n ~ ;, 6 6  ' . S  6 X 6 1  

9 S' ~ . 12 n #ss'o 

i n  7 ,~ P7 p o  s o 6 ~  

i i  7 • • 1~ i l l  ? I n S  

l p  l s' 71 I n  4991 

i • 111 l o g  9 n ~ 1  

,. ~ 2 I ?  i ~  7 n ~ s  

s I ~ ~n ~,8 41 

6 ] 2 14 14 IO=,7 

7 1 s' 16 ~,S 190 

i 2 12 ~o 91 

i I i ~ 7~ s' I  ~61 

4 6 7 16 i n  4 7 1 1  

4 2 S'2 2S' n i a 9  

• . 6 2 S9 ",7 ss'ns 

7 4 P 17 16 T6S6 

n 6 2 39 3 9  6 9 6 2  

q 6 7 • 17 I n  7 n l 4  

1o 6 ~ ~s ~6 sa~s 

i I 4 ~ • i ~  6 7671 

f s 2 n~  ~s ?1 

S 1 17 17 2 3 1 n  

? s ~ 67 61 7~ 

9 5 7 ?7 77 9 9 7 9  

i o  .5 2 • II 9 s'6lO 

|I 5 ~ 22 19 ~0 

X-ray analysis of the single crystals• phere, hkl reflexions with l ranging from 0 to 7 were 
Determination of the space group collected by the usual Weissenberg equi-inclination 

technique (Mo K~ radiation); the c axis coincides with 
Transparent, yellow-orange, elongated single crystals the axis of elongation of the crystals. The old data con- 
of (I) form directly from the reaction described by sisting of the (hkl) layers with h + k = 0  and h + k =  1 
Porri et al. (1965). In order to be able to record the X- (Porri et al. 1965) were disregarded in the least-squares 
ray spectra, the crystals, which rapidly decompose in refinement, because of the less favourable crystal shape 
air, were put in thin glass tubes, under an inert atmos- used. 
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The tetragonal unit cell of  (1) has the following 
parameters" a =  b = 7.90 + 0.03 A ; c = 6.92 +_ 0.02 A ; 
Z = 2 ;  V = 4 3 2 + 4 A  ~. 

The calculated density (Deale = 1"67 g.cm -3) agrees 
with the experimental value, measured by floatin~ crys- 
tal techniques, to within a few per cent. Systematic re- 
lationships among the X-ray intensities are" 

(a) [F(hkl)J = IF(khl)[ " 
(b) IF(hkO)J with h+k = 2 n +  1 are very weak" 
(c) [ F(h00)[ 4:0 only if h = 2n. 

Because of  (b), relationship (c) has not been assumed 
as generally valid. Since no systematic absences are 
observed on the 00l reflexions, possible space groups 
are those corresponding to the numbers (International 
Tables .for X-ray Crystallography, 1952): 89 (P422), 
90 (P4212); 99 (P4mm),  111 (P42m), 113 (P421m), 
115 (P4m21 and 123 (P4/mmm). Since only two mol-  
ecules are present per unit cell, and all the carbon 
atoms cannot be placed on an element of  crystallo- 
graphic symmetry, the last group must be discarded; 
in fact, it contains too many general positions, 16, 
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instead of 8 as in the remaining space groups. Each 
molecule must therefore contain only 2 crystallo- 
graphically different carbon atoms, and the Rh and CI 
atoms must lie on highly special sites. Condition (b) 
suggests that, in the structural projection along c, Rh 
and CI of each molecule are superposed giving rise to 
a centered arrangement. The above conditions are 
fulfilled only by the space groups Nos. 90, 113 and 115. 
The first of these is readily discarded because the Rh-CI 
axis would coincide with a fourfold symmetry axis; this 
is physically impossible unless an improbable statistical 
disorder is present; the last space group has been dis- 
carded on the basis of packing considerations, which 
will not be discussed further here. 

Therefore, the resulting space group is P'42~m (No. 
113); the molecule is placed on two crystallographic 
mirror planes, intersecting at right angles. The Rh-CI 
axis coincides with the intersection line, which is also 
a twofold axis in the structure (Fig. 1); the (rigorous) 
molecular symmetry is therefore represented by the 
C2v group. The butadiene group must assume a cis 
conformation, because the two halves of each group 
must be mirror images. 

Structural resolution and refinement 

The Rh and Cl z coordinates were first derived from a 
two-dimensional Patterson synthesis on the (110) pro- 
jection; then location of all non-hydrogen atoms was 

completed by the usual Fourier methods on the same 
projection. 

From the data previously collected (Porri et al. 1965), 
consisting of the (hkl) layers with h + k = 0  and h =  
k =  1, a fairly well resolved image of the molecular 
electron density has been obtained with the use of the 
modulated Fourier synthesis method (Buerger, 1960). 
The electron density about the Rh atom position 
showed an essentially spherical symmetry (~20/~zZ~- 

~)20/6q ( A" q-Y ) 2 12 =26 e.~-2), while only about the Cl 

atom the contours were markedly ellipsoidal 

' [2 = 5"5 e'A-2)" The final Weis" 

senberg equi-inclination data were collected by turning 
the crystal about the c axis, and we decided to refine 
the 8 layer scale factms independently; under these 
conditions, as it has been stressed by Lingafelter & 
Don,hue  (1966), the anisotropic refinement of the Rh 
atom would have been incorrect, because of its large 
average contribution to the reflexions. For the above 
reasons we decided to apply anisotropic thermal fac- 
tors to the e l  atom only. 

The full-matrix least-squares refinement was carried 
out with the aid of a general program prepared by one 
of us (lmmirzi, 1967). The atomic scattering factors 
were calculated according to Vand, Eiland & Pepinsky 
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(1957), using the values suggested by Moore (1963) for 
the constants Ai, B~, C~, ai, b~. After four cycles during 
which Xw[[ Fohs(hkl)l- [Fcale(hkl)l] z was minimized, the 
final shifts were less than 10% of the corresponding 
standard deviations for the atomic coordinates and 
less than 50% for the thermal factors. The weighting 
scheme suggested by Cruickshank (1965) was used, 
yielding a final disagreement factor R=0.062 for 385 
independent observed reflexions out of 535 reciprocal 
lattice points with d> 0.60 A, giving a ratio of 17.5 ob- 
served reflexions per paIameter. Giving the non-ob- 
served reflexions an arbitrary structure factor equal to 
one half of the observable limit, increases the total 
disagreement factor to 0.093. Table 1 reports the re- 
sulting fractional coordinates and thermal factors 
together with their standard deviations. 

The full list of observed and calculated structure 
factors is reported in Table 2. 

Considerations on the crystal packing and on the 
molecnlar structure 

By assuming each butadiene group as a bidentate 
ligand, linked to the metal through its outer C-C 
bonds, the fivefold coordination around the Rh atom 
approximately corresponds to a square pyramid (Fig. 
2). As has been observed for other organometallic 
complexes (Mills & Robinson, 1963; Allegra, Logiu- 
dice, Natta, Giannini, Fagherazzi & Pino, 1967), the 
distances from the metal atom to the atoms of the 
ligands are significantly shorter than to the outer 
atoms. This seems to be in qualitative agreement with 
the observation that the central (C-C) bond of each 
ligand is almost significantly longer than the adjacent 
bonds: the rc electron contribution of the central bond 
to the coordination with the metal seems larger than 
that of the other (C-C) bonds. According to Churchill 
& Mason (1967), in the case of the M-butadiene co- 
ordination, the electron back-donation to the con- 
jugated ligands should be very small since it should in- 
volve the bz(2) ligand combination, which tends to 
increase the double bond character of the inner bond. 

As shown in Fig. 1 the most characteristic feature of 
the molecular packing consists of the fourfold ar- 
rangement of up and down molecules around each 
axis. No C. • • C intermolecular distance is shorter than 
3.65 ./~; the shortest C l . . .  C contact distance between 
molecules superposed along c is also 3-65 A. As for 
the intramolecular non-bonding distances, it seems 
worth mentioning that, as a result of the coordination 
to the metal, one C . . . C  contact between different 
butadiene ligands is shorter (3.15 .~) than that found in 
graphite (3.40 •) (Wyckoff, 1963). 

The authors acknowledge the helpful assistance of 
Dr Porri and Dr Lionetti, who supplied as with the 
samples. 
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Fig. 2. Resulting molecular structure of (I). Average estimated 
standard deviations are: 

Rh-CI 0-005 A 
Rh-C 0.012 
C--C 0.019 
C--C-C 0-6 ° 
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