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The Crystal Structure of Tetracarbonyl  (Acrylonitrile)  Iron 
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The crystal structure of tetracarbonyl(aeryionitrile)iron, (CO)4(CH, a = C H - C X ) F e ,  at low temper- 
ature, has been determine(t by three-dimensional methods. In a monoelinie unit cell, 

a=12.09, b = l l ' 4 5 ,  c=6 .585A;  fl=110.4 ° , 

space group P2,/a, there arc four monomeric molecules. After aniso/ropic refinement, R =0.094. 
The eo-ordiimtion round the iron atom is essentially a trigonal bipyramid; the apices are occupied 
by two carbonyl groups with Fe-C = 1-99 _+ 0-01 A and the equatorial plane contains two more Fe-C 
bonds of length 1-76 _+ 0.01 A and one bond from iron to the C:C double bond of acrylonitrilc with 
Fc-C = 2.09 and 2-10 _+ 0.01 A. The equatorial plane consists of the iron atom, the two carbon atoms 
and two oxygen atoms of the carbonyl groups and the two carbon atoms of the double bond. The 
mean C-O bond length is 1.13_+0.02 A and Fe-C-O is always linear. The dimensions in the co- 
ordinate(! acrylonitrile are CH.,=(;H = 1.40, C H - C  = 1.45, C - N  = 1.20 A. all _+0.02 A; C - C N  
is linear and the C - C  - C  angle is 116 ° _+ 1 °. 

Introduction 
Acrylonitr i le  (or vinyl cyanide), CH2 = C H - C N  forms 
complexes with metals, e.g. bis acrylonitr i le  nickel 
(Schrauzer, 1959) and te t racarbonyl  (acrylonitrile) iron 
(Kett le & Orgel, 1960). Several modes of coordinat ion 
are possible, but  the spectroscopic evidence has been 
interpreted as indicat ing a strong interact ion between 
the metal  and the carbon-carbon double bond and 
n(me between the metal  and the cyanide group. 

The X-ray  crystal-s tructure analysis of tetra-  
ca rl)onyl(acrylonitrile) iron was under taken  to estab- 
lish the s tereochemistry of the complex and to deter- 
mine the bond lengths with sufficient accuracy to 
indicate the na ture  of the bonding;  accordingly three- 
dimensional methods were used and observations made 
at  low temperature .  

Experimental 
A sample of the compound was provided by Dr 
S. F. A. Kett le.  I t  melts at  40 °C. and readily sublimes 
at  room tempera ture  forming pale yellow crystals on 
cold surfaces. I t  is decomposed by l ight and in air 
and so it had  to be stored in sealed tubes. Samples 
which were left undis turbed in the dark for some t ime 
wc,'e found to have changed; sometimes single crystals 
grew whiskers and sometimes several small crystals 
had formed one large one. Crystals were most con- 
venient ly  examincd in a petr i  dish which was sur- 
rounded by solid carbon dioxide and into which a 
stream of carbon dioxide was blown gent ly  to main ta in  
an inert  atmosphere.  When the dish was mounted  
on the stage of ~ binocular microscope a fur ther  stream 
of carbon dioxide was bh)wn from below to prevent  
condensat ion of moisture from ot)scuring the view. 

Single crystals, suitable for X-ray  work, were 
sealed into glass capillary tubes. After prolonged 
exposure to X-rays they  became polycrystal l ine and 
then  decomposed. Even tua l ly  all the crystals de- 
composed before we could obtain photographs  of a 
crystal  set about  [b]. However, for each of the [a] 
and [c] axes we obtained all the in tensi ty  photographs 
from one crystal  which was not  visibly different at  the 
end of the exposures. 

For observations with Co K~ radiat ion,  the crystals 
were cooled in a stream of cold nitrogen with an 
appara tus  adapted  from tha t  described by Rober tson 
(1960). Unit-cell dimensions were measured from 
ro ta t ion  and Weissenberg photographs,  a, c and sinfl 
being determined by a least-squares method of suc- 
cessive approximat ion;  the results were 

a=12 . ( )9+0 .03 ,  b=11 .45+0-02 ,  c=6.585+0-01 A ,  

fl = 110.4 + 0.7 ° at  120 + 10 °K. 

The space group was uniquely determined as P21/a 
and, with four formula units (M.W. = 220.96) per unit, 
cell (U=854-3  •3), the calculated densi ty  was 1.72 
g.cm.-3; this seemed a reasonable value compared with 
tha t  of other  iron carbonyl complexes (direct obserwl- 
t ion was rendered impossible by the reac t iv i ty  of the 
compound). A crystal  0.15 ram. in diameter  was set 
about  the [a] axis and a set of equi-inclination Wcis- 
senberg photographs was taken  for the layer lines 
Okl...4kl, the tempera ture  of the crystal  being 
120_+ l0 °K. Some photographs  ()f several crystals at  
this tempera ture  set about  the [c] axis were obtained. 
Another  crystal ().15 ram. in diameter  was set about 
the [c] axis and a set of equi-inclination Weisscnberg 
t)hotographs taken  for ht'O...hk3; at the end of this 
t ime it was found tha t  a gradual 'softening' of a 



1118 T H E  C R Y S T A L  S T R U C T U R E  O F  ' ] ' b ] T ] . ~ A C A R | _ ~ O N Y L  ( A C R Y L O N I T R I L E )  I R O N  

~ b 

ii. 

0 
0 

L9 (~ 3-~ .... .(~ 
% .  .~. ~: ~_g " 

"i~.~-~~ • " ...?_ ~ /" 
.' : "k :.'" 

1 

Fig. 1. Project ion  of the  strueture down  [001] showing  the des ignat ions  of all tile a toms  m one moleeule.  
T h e  n u m b e r s  are  d i s t a nc e s  in A b e t w e e n  the  pail 's of a t o m s  i n d i e a t e d  b y  d o t t e d  l ines.  
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Fig.  2. P r o j e c t i o n  of the  s t r u c t u r e  d o w n  [100]. T h e  n u m b e r s  are  d i s t anees  in A b e t w e e n  ~he pa i rs  of a t o m s  i nd i ca t ed  by  d o t t e d  
l ines a n d  show the  elosesg a .pproaeh of a molecu le  to  i ts n e i g h b o u r  in the  n e x t  un i t  eell a long  [c]. 
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Dewar tube had led to a rise in the temperature to computer with a programme written by one of us 
about 220 °K. For both sets of multiple-film photo- (A. R. L.). The average value of - / I B  was 1.8 _+ 0.1 A2 
graphs, intensities were estimated visually with the for all layer lines. No absorption correction was 
aid of a calibration strip ; then Lorentz and polarization applied; the absorption coefficient is 43 cm.-L 
corrections were applied on the Leeds University 
Ferranti Pegasus computer (which will now be called 
'the computer') with a programme written by Dr S truc ture  d e t e r m i n a t i o n  
F. M. Lovell, and Phillips (1954) corrections were Patterson projections down [001] and [100] served to 
applied with a programme written by one of us locate the iron atoms and showed that they occupied 
(A. I~. L.). To correlate the layer lines and allow for general positions in the space group P21/a. With the 
the differencc in temperature a set of simultaneous co-ordinates x/a=0.240, y/b=0 .073  and z/c=0.212 
equations was set up to solve for - A B z  (i.e. the the agreement indices for the iron atom only were 
temperature factor required to reduce the lth layer Rae0=0-44, R0ez=0"53. Attempts  to solve the structure 
line about [c] to the same effective temperature, in projection were unsuccessful. 
120 °K., as used for photographs about [a]) and the The signs of the structure factors were calculated 
scale factor" the calculation was carried out on the for all (hkl) reflections for the iron atom only. A three- 
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Table 2. Final  fractional co.ordinates and standard deviations 

x/a y/b z/c a(x) (7(y) a(z) 
Fo 0-2396 0-4247 0-2053 0.002 A 0.002 .~ 0-003 ?t 
C~ -0.373 0.373 0.025 0.014 0.013 0"0]4 
C 2 -0.160 0-39!) -0.007 0.013 0.011 0.o14 
C.~ -0.160 0"304 0.355 0-014 0.012 0"015 
(74 -0.322 0.448 0"418 0.013 0.01 l 0.016 
(?.~ -0.251 0.604 0.136 0-015 0.012 0.016 
(?~ -0.141 0-579 0"292 0.015 0"013 0.016 
C7 - 0.128 0-608 0"513 0.015 0.012 0"016 
O~ - 0.459 0.342 - 0-090 0.010 0.009 0.010 
O 2 -0.117 0.381 -0 . I36  0.010 0-009 0.010 
O.~ - 0.110 0.227 0.450 0.009 0.008 0-0 l0 
()~ -0.369 0.456 0.541 0.012 0.010 0.012 
N -0.114 0.634 0"697 0.012 0.011 0"013 

d imens iona l  Four ier  synthes is  was ca lcula ted  with a 
p r o g r a m m e  wr i t t en  by Pil l ing,  Lovel l  & Bujosa  
(Cruickshank et al., 1961). The four carbonyl  groups 
were easi ly  iden t i f i ed  and  the re  were five o the r  peaks  
of 4-5  e .A -.~. As there  are on ly  four a toms  in acryloni-  
tr i le one of these  peaks was spur ious;  to d e t e r m i n e  
which,  and  also to f ind which peak  r ep resen ted  a 
n i t rogen  a tom,  a cycle of leas t -squares  r e f inemen t  was 
carr ied out.  The  co-ordinates  of all five posi t ions were 
t a k e n  as those  of carbon a toms,  which,  wi th  the  iron 
a tom and  the  four carbonyl  groups,  were inc luded  in 
the  s t ruc ture - fac tor  calculat ion.  The sca t te r ing  factor  
of W a t s o n  & F r e e m a n  (1961) was used  for Fe and  
of Berghuis  et al. (1955) for carbon and  oxygen  wi th  
isotropic  t e m p e r a t u r e  factors cor responding  to m e a n  
square  ampl i t udes  of v ibra t ion  of 0-02 fk ~ for i ron and  
0.03 /~2 for the  o ther  a toms.  R was 0.36 and  large 
shifts in the  t e m p e r a t u r e  factors  of two of the  five 
' carbon '  a toms  iden t i f i ed  the  spurious and  the  n i t rogen  
a toms.  The s t ruc tu re  is dep ic t ed  in Figs. 1 and  2 in 
p ro jec t ion  a long [001] and  [100] respect ively .  

R e f i n e m e n t  

R e f i n e m e n t  was carr ied out  by the  m e t h o d  of least  
squares  wi th  a p r o g r a m m e  x~witten by Cru ickshank  & 
Pil l ing (1961). Af ter  3 cycles of i sot ropic  r e f i nemen t  
the  isotropic v ib ra t ion  p a r a m e t e r  for i ron (0.018 A -°) 
was g rea te r  t h a n  t h a t  of some of the  l ight  a toms,  
an effect  which seemed  a t t r i b u t a b l e  to neglec t  of the  
effect of anoma lous  dispersion.  The  real con t r ibu t ion  
of t he  anoma lous  dispersion,  3.8e, was s u b t r a c t e d  
f rom the  sca t te r ing  factor  for i ron and  ano the r  cycle 
of r e f inemen t  carr ied out ;  this  gave a v ib ra t i on  
p a r a m e t e r  of 0.0023 A 2 for i ron compared  wi th  
0-012 A 2, the  smal les t  va lue  for a carbon a tom.  
A th ree -d imens iona l  difference synthes is  also in- 
d i ca t ed  t h a t  the  sca t te r ing  factor  of i ron was now too 
low, and  so an anomalous  dispers ion correct ion of 
2 e lect rons  was used;  this  p roved  sa t is factory  for 
2 cycles of isotropic and  5 cycles of anisot ropic  
re f inement .  R e f i n e m e n t  was comple te  when  the  largest  
shift  in a p a r a m e t e r  was 0.3 t imes  the  cor responding  
s t a n d a r d  devia t ion .  To check the  sca t te r ing  factor  of 
iron a final difference sect ion was ca lcula ted  and  

showed a small t rough  of - k  e./~ -3 a t  this posi t ion 
and  zero a t  the  posi t ions of the  carbonyl  carbon 
a toms.  The  final observed  and  calcula ted  s t ruc tu re  
factors are shown in Table  l ;  for these  Rh~.~=0.()94. 

I n  the  leas t -squares  r e f inemen t  the  func t ion  min-  
imized  was R'=_~w([Fo[-lFc[) 2 where the  we igh t ing  
factor  w was 

1/{6.66 + IFo! + 0"006251Fol2} ; 

this  m a d e  the  average  value  of R '  for a set of planes 
wi th in  a range of ]Fol a p p r o x i m a t e l y  cons tan t  for all 
ranges of IFo[. An app rox ima te  scale factor  had  been 
ob t a ined  f rom a Wilson plot  for the  h/c0 pro jec t ion  
and  the  scale factor  was one of the  pa rame te r s  in the  
re f inement .  

I n  Table  2 the  a tomic  co-ordinates  and  the i r  
s t a n d a r d  dev ia t ions  are given.  Table 3 shows the  final 
values, referred to the  monocl in ic  crystal  axes, for 
the  tensor  componen t s  descr ibing the  anisotropic  
v ib ra t ion  of the  a toms ;  the  s t a n d a r d  dev ia t ions  
ca lcula ted  in the  least  squares r e f inemen t  are also 
shown. The tensor  componen t s  U~j are those occurr ing 
in the  t e m p e r a t u r e  factor  

exp ( - - 2 ~  (h'~a*~U,~ + 2hka*b*U12+. . . ) ) ,  

so tha t ,  for ins tance,  U~I is the  mean-square  a m p l i t u d e  
of v ib ra t ion  of the  a tom paral lel  to the  a* axis. 

A l though  the  v ib ra t ion  pa rame te r s  are small,  an 
analysis  of the  t he rma l  mo t ion  was carr ied out  with 
a p r o g r a m m e  wr i t t en  by Bujosa  & Cru ickshank  

Fe 
C1 
C2 
Cs 
C4 
C5 
C6 
C7 
O 1 
()~ 
Oa 
04 
N 

Table 3. Thermal parameters 
( x 103 A 2) 

Ulx (7 U22 
4 I 13 
2 7 25 
o 6 9 
7 7 12 
0 6 9 

15 7 4 
19 7 15 
20 7 3 
10 5 31 
17 5 21 
14 5 9 
34 6 24 
12 6 18 

(7 Ua: ~ (7 Ux2 (7 U2a (7 UI: ~ (7 

I 15 1 - - 1  1 1 1 4 ] 
7 8 7 8 6 7 6 11 7 
6 9 7 - 4  5 - -1  5 - - 6  7 
6 21 8 --4 5 --12 5 --9 7 
6 18 8 10 5 0 5 --3 7 
6 30 9 2 5 --2 5 --3 S 
7 23 9 1 6 -- [7 6 14 S 
6 32 9 5 5 8 6 23 ,~ 
5 15 5 --7 4 3 4 --7 5 
5 12 5 5 4 --1 4 14 5 
4 25 6 6 4 3 4 3 5 
5 40 7 1 5 --2 5 25 7 
6 20 7 5 5 5 5 7 ~ 
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(Cruickshank,  1956; Cru i ckshank  et al., 1961). The 
resul t s  showed t h a t  the  a s s u m p t i o n  t h a t  the  molecule 
moved  as a r ig id  b o d y  was jus t i f ied  wi th in  exper imen-  
ta l  error,  a p a r t i c u l a r l y  sa t i s f ac to ry  resu l t  in view of 
the  u n c e r t a i n t y  in the  correct ion for the  anomalous  
dispers ion of the  i ron a tom.  As shown in Table  4, 
most  of the  mot ion  was t r ans l a t iona l ,  so t h a t  v c r y  
snmll  correct ions in the  co-ordinates  would be requi red  
to al low for the  s y s t e m a t i c  error  due to ro ta t iona l  
osci l la t ion;  these  correct ions were ca lcu la ted  b y  
Cru i ckshank ' s  i m p r o v e d  procedure  (1961) and  the  
la rges t  change  in a co-ordin~te was 0.003 A (in x 
for 04). I n  Tab le  5 the  corrected co-ordinates  are shown 
in _~, X ' ,  Y and  Z'  being measured  wi th  respect  to 
o r thogona l  axes paral le l  to a, b a n d  c*. 

Tab le  4. Principal axes of the translational and rotational 
ten3ors with respect to orthogonal axes parallel to the 

crystallographic a, b and c* axes 

Mean square amplitude Direction cosines 
of translat ion _, 

0.004 A 2 ~- 0"935 0"253 - 0.249 
0-018 --0-228 0.108 0.968 
0.013 0.271 0.962 --0.044 

Root mean square angular 
oscillation 

0 ° --0-979 0.168 --0.120 
2-6 --0.023 0-489 0.872 
2.! 0.205 0.856 --0.474 

Tab le  5. Corrected atomic co-ordinates with respect to 
orthogonal axes 

X' Y Z' 
Fo -3.367 A 4.862 .-~ 1.267 A 
C~ --4.570 4.269 0-151 
C~_ -- 1-915 4-566 -- 0.045 
C a - 2.745 3.480 2.193 
C 4 - 4.856 5.127 2.577 
C~ - 3.345 6.914 0.835 
C 6 - -  2.376 6.628 1.803 
C 7 -- 2.723 6.960 3.166 
O 1 --5.342 3.912 --0.555 
02 -- 14)98 4-368 -- 0.839 
O a -- 2.364 2.592 2.780 
O 4 -- 5.707 5.222 3.339 
N - -  2"974 7.261 4.302 

D i m e n s i o n s  of the  m o l e c u l e  

T h e  molecule is monomer ic  and  consists  of f ive l igands  
a r r a n g e d  a b o u t  the  i ron in the  form of a t r igona l  
l)ip37"amid as depic ted  in  Fig. 3. The bond lengths  
and  angles were ca lcu la ted  from the  corrected co- 
o rd ina tes  as g iven by  the  compute r  to four  decimal  
placcs, no t  f rom the  rounded-off  va lues  in Tab le  5. 
The  bond  leng ths  are shown in Fig. 3. Thei r  s t a n d a r d  
dev ia t ions  are 0.012-0.014 _~ for Fc-C,  0.016-0.019 A 
for C-O, 0.020 _~ for C - N  and  0.022 A for C-C. The 
bond angles and  the i r  s t a n d a r d  dev ia t ions  are shown 
in Table  6. The  equa tor ia l  p lane  of the  t r igona l  
b i p y r a m i d  conta ins  the  i ron a tom,  C1, O1, C3 and  O3 

and  the  two carbon a toms,  C5 and  C6 which cons t i tu te  
one l igand ;  the  equa t ion  of the  p lane  is 

0-704X' - 0" 157 Y' - 0"693Z' + 3"999 = 0 

a n d  the  m a x i m u m  dev ia t ion  from i t  is + 0.038 _~ for C6. 

C) 
1'15 

() 

' ~ .v  ~,,_,,,/~ Fe 

~ ' 9 8  

C 
Fig. 3. The bond hmgth.~, 2~ in tetra(,arbonyl(acrylonitrile) iron. 

) 
1"16 

) 

The acry loni t r i l e  group is also p lanar ,  the  equa t ion  is 

0-405X' + 0-905 Y' - 0.132Z'  - 4.790 = 0 .  

I t  is not  paral le l  to the  04-02  axis  of the  t r igona l  
b ipy ramid ,  the  angle be tween  th is  axis a n d  the  normal  
to the  p lane  being 76.4 ° . P r o b a b l y  th is  represen ts  an  
equi l ib r ium be tween  the  repuls ion  be tween  N and  04 
which are separa ted  b y  3.54 _~ a n d  the  a t t r a c t i o n  
be tween  the  ~ bond  sys t em a n d  the  iron. 

D i s c u s s i o n  

The s t ruc tu re  consists  of monomer ic  molecules he ld  
on ly  b y  v a n  der  Waa l s  forces and  so accounts  for the  
h igh vo la t i l i t y  of the  solid. All the  in te rmolecu la r  
separa t ions  of less t h a n  3.5 ~ were ca lcu la ted ;  there  
were no a b n o r m a l l y  shor t  values,  and  the  more 
i m p o r t a n t  ones are shown in Figs.  1 and  2. 

As p red ic ted  b y  K e t t l e  & Orgel (1960) from a s t u d y  
of the  inf ra- red  spec t rum,  on ly  the  olefine group of 
the  acry lon i t r i l e  molecule is co-ordinated  to the  iron. 
The  d imens ions  of the  uncomplexed  molecule,  deter-  
mined  spect roscopica l ly  (Costain & Stoicheff,  1959), 

are C : C--1 .339,  C-C = 1.426, C • N =  1-164 A, C-C-C  
= 1 2 2  ° 37', and  C - C - N  was a s smned  to be l inear.  
F o r m a t i o n  of the  complex has  resu l ted  in two signifi- 
can t  changes ;  the  bond  l eng th  of the  olefinic bond has 
increased by  3 t imes  the  s t a n d a r d  dev ia t ion  to 1.40 .&, 
and  the  C-C-C  angle  has  been reduced  by  6 t imes  
the  s t a n d a r d  dev ia t ion  to 116 °. A s imilar  increase in 
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I)ond length has been found in other olefine complexes 
(e.g. Alderman,  Owston & Rowe, 1960). The observed 
increase in the olefine bond length is in agreement  
with the theory  t ha t  the olefine-metal  bonding consists 
of a a-bond formed /)etwccn electrons in the filled 
z~ 1)onding orbital  on the olefine and an empty  orbital  
on the rectal, and of a ~-bond formed between elec- 
trons in a filled orbital  on the metal  and an empty  
ant i-bonding orbital  on the ligand. The geometry  of 
the molecule indicates tha t  both these orbitals on the 
iron a tom lie in the equatorial  plane. Bond angles can 
I)c affected by environmental  factors as wcll as by the 
hyl)ridization rat io on the central  atoms. In  this 
s t ructure  there does not seem to t)e an environmental  

factor favouring a decrcase in the C-C-C angle, 
so t ha t  it m a y  be at t r i t )utcd to a change in the 
hybridizat ion ratio which now includes a larger propor- 
tion of p character  in the carbon-carbon  bonds. 

The four independent  C-O bond lengths do not 
differ significantly from their mean value 1.13 7t 
which is the same as t ha t  in carbon monoxide. The 
Fe -C-O groups are all linear. 

Table 6. Bond angles and their standard deviations 

C . - F e - C  1 102.0° / F e - C 1 - O  , 17!t° / 
( ' l - F e - C a  108. l Fe- C2-O 2 178 _ lO 
(':,--I~'e-(~ 6 110.9 [' + %6° Fe -Ca  () 3 179 [ + 
C 6 - F e - C  5 39.0 J F e - C 4 - O  4 177 ) 

('u -Fo -C 1 
C2-Fe-C 3 
C2-Fo C 5 
C., Fe-(~o 
Cf-Fe -C 1 
( '1- Fe-Ca 
C4-Fe-C 5 
C V Fe-C~ 

91.8 
88.4 
!)0. l 
87.0 + 0.6 ° 87"2 
91.3 
90.7 
94.2 

F e - - C s C  6 70"4} 
F e - C 6 - C  5 70.6 ± 0'7° 

C5-C6-C ~ 116 ± 1 ° 

C6-C;-N 178 ± l ° 

If  the centre of the olefine bond is considered as 
one l igand position, the iron a tom is surrounded by 
five ligands a t  the corners of an approximate ly  
trigonal bipyramid.  In  the equatorial  plane, the 
observed bond angles (Table 6) differ from the 'ideal'  
values, C1-Fe-Ca= 120 ° and C s - F e - C I = C 6 - F e - C a =  
100.5 °, in a direction which suggests tha t  the Fe-Ca-Oa 
bond is repelled by  the cyanide group. If  the five 
}rending orbitals on the iron are formed by hybridiza- 
tion of the 3d~.,, the 4s and the three 4p orbitals, 
the configuration prcdictcd (Kimball,  1940) is a 
trigonal bipyramid,  as we have found" further ,  this 
hybridizat ion should lead to longer apical than  
equatorial  bonds in agreement  with our observation 
for the Fe-carbonyl  carbon bonds" apical = 1.99 + 0.01 
..~, equa to r i a l=  1.76_+ 0.01 i~. (As the ' trigonM' axis 
lies almost  along the [101] axis of the crystal,  see 
Fig. 4, the bond lengths are sensitive to errors in ft. 
For example if fl is reduced by 1 ° the apical bond 
length decreases by 0.02 A, but  the observed difference 
in the two kinds of bond length is 0-23 A which is 
highly significant.) 

This is the second compound of iron in which a 

+ 0'38( 

+ 0'46 

[~o13 

tr igonal bipyramidal  configuration has been found;  
the first was iron pentacarbonyl  which was investi- 
ga ted  by electron diffraction by Ewens & Lister (1939). 
In  tha t  determinat ion the bond lengths were assumed 
to be equal, the mean value being 1.84_+0.03 _~, 
which is in agreement  with our mean value of 1.85 A 
(two lengths of 1.99 A and three of 1-76 A). Although 
the observed dipole moment  and some interpretat ions 
of the infra-red spectrum have since favoured a 
te t ragonal -pyramidal  configuration for iron penta- 
carbonyl,  Cotton & Par ish (1960) in the most  recent 
survey of the evidence consider a trigonal b ipyramid 
to be more probable. They also, on the basis of the 
infra-red spectra of a number  of complexes LFe(CO)4 
(where L is PhaP, CHa.NC, C2HsNC, COH.~NC) deduce 
t ha t  these five-co-ordinated complexes are based on 
a trigonal 1)ipyramid with L in the apical position. 
Our results support  the view tha t  five-co-ordinate 
Fe(O) compounds are tr igonat bipyramids  but  in our 
compound (with L =  CH_o : C H . C i N )  the subst i tut ion 
is equatorial.  I t  should be possible to distinguish be- 
tween apical and equatorial  subst i tut ion from thc 
infra-red spectra,  the former giving rise to 3 and the 
la t ter  to 4 carbonyl stretching frequencies. Ket t le  & 
Orgel repor ted a weak peak a t  2226 cm.-1 (the normal  
C ! N  region) and a medium one a t  2110 cm. -1 and 
two strong peaks one with an almost  resolved shoulder 
in the 2050-1950 cm. -1 region; it  thus appears  tha t ,  
as predicted, there are four peaks in the carbonyl 
region 2110-1950 cm. -1, the one a t  2110 cm. -1 cot'- 
responding to a par t icular ly  strong C-O bond. 

Two factors other than  the hybridizat ion of the 

Fig. 4. One Inolecule viewed down the [010] axis showing the 
relation between the O2-Fe-O 4 direction and [101]. The 
fractional y co-ordin,~tes of 02 and 04 are marked. 
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iron should affect the Fe-C bond lengths, l igand field 
repulsion and ~-l)onding; 1)oth arise from the filled 
orbitals on the iron, d~, dye, d~:1 and d~,_, :~. The z 
direction is t ha t  of the O,,-C2-Fe-C4-04 so t ha t  there 
is no filled orbital  directed towards  these two carbonyl 
groups and both the d~z and dy~ orbitals have the 

cs 

C6 

~ X  

C3 

(~) 

¢5 I 

{} 
11 
(b) 

Fig. 5. The equatorial plane showing the suggested orientation 
of (a) the dxy and (b) the dx'~-K' orbitals with respect to 
the ligands. 

correct symmet ry  for the format ion of ~-bonds. 
Comparison with the equatorial  plane shows tha t  both 
factors should tend to favour  longer equatorial  t han  
apical bonds. In  the equatorial  plane it is not possible 
to choose directions for x and 9 such tha t  there is no 
filled dx.~ or d~.,_,/, orbital pointing towards a ligand. 
The a r rangement  which would give the best oppor- 
tuni ty  for ~-bonding is shown in Fig. 5 ; this allows the 
d~ and dyz orbitals to form ~ bonds with C1 and C3 
respectively while the d~v orbital  can form ~ bonds 
with both. Thus there would be two ~ bonds to each 
earbonyl as for C2 and C4 but  the geometry is some- 
what  less favourable  for overlap and so a longer Fe-C 
bond would be predicted. The electrons in the filled 
d~.,-,j~ orbital  should tend to repel Ct and Ca, again 
giving a longer equatorial  bond. Nevertheless,  the 
observed equatorial  bond lengths are significantly 

shorter than  the axial ones indicating tha t  the 
hybridizat ion effect is of over-riding importance.  

So far it has not been possible to discover whether  
the radius of iron in compounds containing i ron-  
carbon bonds varies with the oxidation s ta te  of the 
iron. The results of Hock & Mills (1961) for 
Fe2(C0)6MeC" CMe suggest tha t  the difference must  
be small;  their mean Fe (0 ) -CO bond length is 1.766 A 
while the mean F e ( I I ) - C 0  bond length is 1.784 :&. 
These are comparable with the corresponding equa- 
torial bond lengths. The iron-olefine carbon bond 
lengths are not significantly different from the 
Fe(O)-~-bond carbon, 2-13 + 0.()I A, found by Hock 
& Mills (1961) or even the F e ( I I ) - s - b o n d  carbon in 
ferrocene 2-05 + 0.02 _~ (Dunitz, Orgel & Rich, 1956). 
The a r rangement  in Fig. 5 shows the d~.)_:,2 orbital 
with the correct s y m m e t r y  to form a 7r hond to an 
empty  orbital  on the olefine. 

The system of orbital  directions in Fig. 5, chosen 
to give opt imum ~-bonding in the observed configura- 
tion, also gives more n-bonding than  could be a t ta ined  
if the acrylonitrile were a t t ached  in an apical position; 
this m a y  account for the preferred equatorial  sub- 
st i tution. 

We are grateful to Dr Ket t le  for giving us the com- 
pound, to our colleagues (Cruickshank et al., 1961) 
for the use of their p rogrammes  and to the Director  
of the Leeds Universi ty  Computing Labora to ry  for 
the use of the computer.  One of us (A. R. L.) thanks  
the D. S. I. R. for a Studentship.  Some of the appa ra tus  
was provided by the Royal  Society and Imper ia l  
Chemical Industr ies  Ltd.  
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