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The structure of the complex C4HsFe(CO)3, prepared from butadiene and iron pentacarbonyl, 
has been determined, at  - 4 0  °C, by three-dimensional Fourier methods and refined by least- 
squares techniques. The compound crystallizes in the orthorhombic system, space group Pnma, 
with four molecLfles in a unit cell of dimensions a= 11.6, b = 11.1, c =6.2 A. The molecule contains 
the butadiene group in the cisoid form z-bonded to the iron atom to which are also bonded the 
carbonyl groups in roughly trigonal arrangement. The Fe-C(butadiene) distances are 2-06 and 
2.14 A, whilst the average Fe-C(carbonyl) distance is 1.76/l.  The C-C distances are 1.46 and 1.45/~ 
and are in agreement with delocalization of the n-electrons. 

Introduct ion 

Although Rheilen, Gruhl,  Hessling & Pfrengle (1930) 
f irst  repor ted  the  prepara t ion  of butadiene iron- 
t r icarbonyl ,  i t  has only recent ly  been reinvest igated 
(Hal lam & Pauson,  1958) and  re formula ted  as a 
~-complex (II). The earlier s t ruc tura l  proposal of 
Rheilen et al. (I) would yield a 34-electron configura- 
t ion in conflict with the  observed d iamagnet i sm and  
remarkable  chemical s tabil i ty.  More recently,  Green, 
P r a t t  & Wilkinson (1959), mainly  on the  basis of 
nuclear m~gnetio re~on~nco measurements, h~ve con- 
sidered in addi t ion the  s t ruc ture  (III) .  To determine 
the  exact  s t ruc tu ra l  geometry  in the  hope of being 
able to infer the type  of bonding possible within the  
molecule, ~ three-dimensional  X - r a y  analysis  was 
under taken .  A pre l iminary  report  of the s t ructure  has 
been published (Mills & Robinson, 1960). 

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

A sample of butadiene i rontr iearbonyl  was k indly  
supplied by  Prof. Pauson  and approx imate ly  1 cm 
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of the  liquid was placed in a L indemann  glass tube  
(0-2 m m  diameter) .  The sample was cooled by  a s t ream 
of cold ni t rogen whilst  mounted  inside the  low- 
t empera tu re  equipment  supplied with the  Nonius 
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Table 1. Final positional parameters and estimated standard deviations 
x/a y/b z/c (l(x) cr(y) 

Fe 0.0788 ¼ 0.1000 0.002/~ 0/k 
C(1) -- 0.0434 ¼ -- 0.0634 0.013 0 
O(1)  --0.1271 ¼ --0.1717 0-010 0 
C(2) 0.1630 0.1345 -- 0.0194 0.008 0.015 
0(2) 0.2144 0.0585 -- 0.0928 0-007 0.011 
C(4) 0.0012 0.1226 0.3154 0.011 0.016 
C(5) 0.0997 0.1848 0.4082 0.010 0.011 

a(z) 
o.002 A 
o.o13 
O.OLO 
0.008 
0.007 
0.009 
0.008 

Weissenberg goniometer.  A single crystal  was even- 
t ua l l y  grown in the t ip  and  subsequent ly  main ta ined  
at  - 4 0  °C throughout  the analysis.  Oscillation and  
Weissenberg photographs,  t aken  with Co K s  radia- 
t ion, yielded the following data.  

Butadiene  i rontr icarbonyl  CaH6Fe(CO)8, m.p. 19 °C. 
Formula  weight 193.97. 
Orthorhombic 

a = l l . 6 ,  b---l l .1,  c=6.2_~,  al l  +0.1 A. 

Dm (in aq. zinc chloride at  0 °C) ca. 1.5 g.cm -8. 
De (at - 4 0  °C) 1.61 g.cm -3. 
N u m b e r  of molecules per uni t  cell, Z = 4 .  
Systemat ic  absences: 

hkO absent  when h = 2n + 1 and  
Okl absent  when k + 1 = 2n + 1. 

Possible space groups Pnma and Pn21a. 
Linear  absorpt ion coefficient" /~ = 40 cm-1. 

Three-dimensional  in tens i ty  da ta  were collected by  
the  equi- incl inat ion technique.  Because of the dif- 
f icul ty  of growing crystals  in  other orientations,  only 
those levels perpendicular  to the b axis were collected 
(hO1 to h51) and these were es t imated  v isua l ly  by  the 
mul t ip le-f i lm method.  In  this  way  390 reflexions 
were included of which 21 were too weak to be 
measured.  The da ta  were processed and  put  on an  
approx imate ly  absolute scale wi th  the  programme 
wri t ten  for the Mercury computer  by  Dr J .  B land  
(Mills & Rollet t ,  1961). 

S o l u t i o n  of  the  s t r u c t u r e  

A two-dimensional  Pa t te rson  synthesis  projected down 
the  b axis gave the (x, z) i ron positions and an electron- 
dens i ty  project ion was calculated wi th  phases based 
on this  a tom alone. The molecule was not recognized 
in  this  projection, because of the  considerable overlap 
which occurs near  the origin, and  so we turned  direct ly  
to the three-dimensional  data.  

The space group Pnma requires the  molecule to 
have  mirror  symmet ry ,  and  so the Fe atoms mus t  
lie in  the planes y=  ¼, ~; if the space group is Pn21a, 
the  y coordinate of one a tom is a rb i t r a ry  and we can 
set t ha t  of the Fe a tom to ¼, ~. The coordinates of 
the iron atom are thus  completely determined by the 
(010) projection. 

The first  three-dimensional  electron-densi ty syn- 
thesis was based on phases from the iron atoms alone. 

This synthesis  thus  contained mirror  planes at  y=  
¼, ~ irrespective of the  true space group. The tr igonal  
a r rangement  of CO groups was clearly recognizable 
with one CO group in the  mirror  plane. There was 
no evidence of two 'half  sets' of t r icarbonyl  groups 
and  we conclude tha t  the true space group is Pnma 
and subsequent  calculations were based upon this  
symmet ry .  A second synthesis,  with phases based 
upon the Fe(CO)3 group, was calculated from those 
reflexions for which IFcf > ~th of the m a x i m u m  iron 
contr ibut ion for the reflexion. The whole molecule 
was revealed at  this  stage and  the agreement  index  
R=•l lFoI-Fcl] /• lFo I for non-zero intensi t ies  was 
29%. The successive levels were scaled onto the  t r ia l  
s t ructure  and  after  two difference syntheses  R was 
21.9%. 

The ref inement  was completed by  least-squares 
methods.  The scat ter ing factors used were those of 
Berghuis et al. (1955) for carbon and oxygen and  
tha t  of F reeman  & Wood (1959) for iron. An allowance 
was made  for the anomalous scat ter ing by  iron, 
due to the p rox imi ty  of the  absorpt ion edge to the 
wavelength used, by  subtract ing 3-8 electrons over 
the  whole range before appl icat ion of the t empera ture  
factor. The ref inement  was carried out on the Mercury 
computer  with the SFLS programme wr i t t en  by  Dr 
J.  S. Rol le t t  (Mills & Rollet t ,  1961). When  the shifts 
were negl igibly small ,  the  R factor for all  non-zero 
reflexions was 7.7%. Es t ima ted  s t andard  deviat ions 
of the posit ional  parameters  were obta ined from the  
diagonal  elements  of the inver ted  3 × 3 matr ices  used 
to obta in  the f inal  (negligible) shifts. F rom these the  
average s tandard  deviat ions were found to be 0.002 A 
for Fe, 0.009 J~ for oxygen and  0.011 ~ for carbon. 
The f inal  posit ional  parameters ,  together  wi th  stan- 
dard  deviations,  are given in  Table 1 and  the rmal  

Table  2. Thermal exponent coefficients 
Allowance was made for anisotropic thermal motion 

by the expression 

2-10--4(bllh2+b22k2+O23~2+O12hk+blahl+b23kl) 
for the thermal exponent  

bn be2 b3a ba~ bla b2a 
Fe 48 77 152 -- 1 0 0 
C(1) 74 234 220 --7 0 0 
O(1) 96 391 379 -216 0 0 
C(2) 93 52 276 --32 96 -- 128 
0(2) 157 73 501 14 111 --98 
C(4) 184 129 217 --4 --173 122 
C(5) 146 138 160 58 0 87 
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p a r a m e t e r s  in  T a b l e  2. T h e  c a l c u l a t e d  r e f l e x i o n  011 
w a s  a l w a y s  grea ter  t h a n  t h a t  observed ,  a n d  w a s  
o m i t t e d  f r o m  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  on  the  

T a b l e  3. Interatomic distances and angles 
The bond-length errors listed are three standard deviations 

(excluding errors in the unit-cell parameters) 

Fe-C(4), Fo--C(7) 2-14+0.04 A Fo-C(1)-O(1) 179 ° 
Fe-C(5), Fo-C(6) 2.06 + 0.03 Fe-C(2)-O(2) 178 
Fo-C(2), Fe--C(3) 1.77-+ 0.03 Fo-C(4)-C(5) 67 
Fo--C(1) 1-74 + 0.04 Fe-C(5)-O(4) 73 
c(4)-e(5), c(6)-c(7) 1.46_4o.o5 0(4)-0(5)-e(7) 118 
C(5)-C(6) 1-45 + 0.06 C(1)-Fe-C(2) 102 
C(1)-O(1) 1.18 + 0.05 C(2)-Fe-C(3) 93 
C(2)-O(2), C(3)-O(3) 1-13_+0.04 C(2)-Fo-C(4) 91 
C(2)-C(3) 2.56 _+ 0.05 C(4)-Fe-C(7) 83 
C(3)-C(7) 2.80 _+ 0.05 
C(4)-C(7) 2.83 + 0.05 

The standard deviation of the difference between Fo-C(4) 
and Fo-C(5) is 0.016 A. 

s u p p o s i t i o n  t h a t  t h i s  w a s  due  to  e x t i n c t i o n .  T h e  
'unobserved '  r e f l e x i o n s  were  a lso  o m i t t e d .  

B o n d  l e n g t h s  a n d  ang le s  were  c a l c u l a t e d  w i t h  t h e  
p r o g r a m m e  w r i t t e n  b y  Dr  R.  A. Sparks  a n d  are s h o w n  
in  T a b l e  3. 

D i s c u s s i o n  o f  t h e  s t r u c t u r e  

The  s t ruc ture  (Fig.  1) is e s s e n t i a l l y  t h a t  s u g g e s t e d  b y  
H a l l a m  & P a u s o n  w i t h  t h e  b u t a d i e n e  re s idue  in  a 
e i so id  a r r a n g e m e n t .  The  space  group  i m p l i e s  t h a t  t h e  
molecule has m-symmetry: the mirror  p l a n e  p a s s e s  
through the atoms 0(1),  C(1) and Fe, and bisects 
the C(5)-C(6) bond, which requires the atoms C(4), 
C(5), C(6) and C(7) of the butadiene residue to be 
strictly coplanar. The trigonal axis of the carbonyl 
groups makes an angle of 61 ° with this plane. The 
i r o n - c a r b o n  d i s t a n c e s  (2.14 a n d  2 .06  A;  F e - C ( 4 ) - C ( 5 )  67 ° 
a n d  F e - C ( 5 ) - C ( 4 )  73 °) s e e m  to  e x c l u d e  the  p o s s i b i l i t y  of  

IOlFol loFc 
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T a b l e  4. Observed and calculated structure factors 
These are arranged in the order k, h, L 101Fo], 10[Fcl 

1 IOIFol  Zogc 1 zolgol IOFc i IOIFol 1OFC 1 101Fol IOFc 
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Cs C6 
Fig. 1. Schematic representation of molecular geometry. 

a simple a-bond between the iron atom and any of 
the carbons, and the bonding is essentially that  of a 
~-complex. The Fe atom is closer to the centres of 
the butadiene bonds than to the carbons themselves: 
Fe-(C4-CS) 1.97 J~ and Fe-(C5-C6) 1.92 A. The C-C 
bond lengths, 1-45 and 1.46 A, are identical within 
the rather large experimental error, and we cannot 
be certain from these results that  they are significantly 
shorter than a C-C single bond formed between two 
sp 2 hybridized atoms as in butadiene itself, where a 
value of 1.48 +_ 0.01 /~ has been determined (Almen- 
ningen, :Bastiansen & Traetteberg, 1958). The lengths 
of those bonds, originally double in butadiene itself, 
have undoubtedly increased, and the values reported 
are consistent with complete delocalization of the 
~-electrons. 

The coordination of the Fe atom can be described 
as square pyramidal, the base of the pyramid being 
formed by two of the carbons of the linear carbonyls 
and the terminal carbon atoms of the butadiene. The 
Fe atom is displaced 0.18 _~ out of the basal plane in 
the direction of the third carbonyl group. This feature 
is similar to those found in Fe2(COH)9(C0)6MeCCMe 
(Hock & Mills, 1961), and Co2(C0)gHCCI-I (Mills & 
Robinson, 1959). The mean Fe-C (carbonyl) distance 
of 1.76 /~ is in good agreement with those found in 
related compounds, e.g. Fee(COH)e(C0)sMeCCMe, 
Fe2(C0)4(CsHs)2 (Mills, 1958) and CsHsFeg(C0)6 
(Dickens & Lipscomb, 1961a). 

The two Fe-C distances, 2.14 and 2.06 A, are, 
on the basis of probability estimations (Cruickshank 
& Robertson, 1953), significantly different, and this 
same feature has since been observed in two cyclo- 
octatetraene derivatives (Dickens & Lipscomb, 1961a, 

1961b) and in two tropolone derivatives (Dodge & 
Schomaker, 1961; Dahl, 1961), where the same 
geometry of a four-carbon-atom conjugated double- 
bond system prevails although in these cases the 
terminal carbon atoms are now members of cyclic 
systems. 

If the hydrogen atoms attached to the terminal 
carbons in the butadiene residue are not coplanar 
with the carbon atoms, but instead are arranged so 
that  one is directed towards the adjacent carbon 
position in one of these cyclic systems, then the proton 
resonances reported by Green et al. are explained. 

We wish to thank the Department of Scientific and 
Industrial Research for a grant towards X-ray 
apparatus, and the staff of the Computing Machine 
Laboratory for permission to use the Mercury com- 
puter. We are indebted to Drs J. A. Bland, J .S .  
Rollett and R. A. Sparks for the use of their com- 
puter programmes. 
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