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The Crystal and Molecular Structure of Diindenyl Iron 

BY JAMES TROTTER* 

Chemistry Department, The University, Glasgow W. 2, Scotland 

(Received 16 December 1957) 

The structure of diindenyl iron has been determined from projections down two crystal axes, 
and the 'sandwich' nature of the molecule is well illustrated in these projections. The aromatic 
rings are probably rotating freely in solution and in the vapour state, but fixed in the crystal, 
and the present analysis shows that  the molecular configuration is not trans, as originally postu- 
lated, but gauche. Disorder in the crystal reduces the accuracy with which the molecular dimen- 
sions have been determined. 

1. Introduction 

Diindenyl  cobalt, Co(C9H~)2, the first member  of a 
new type of complex of indene with the t ransi t ion 
metals,  analogous to but  ra ther  less stable than  the 
cyclopentadienyl  derivatives,  was obtained by Fischer, 
Seus & J i ra  (1953). Di indenyl  iron, Fe(C9H~)2, was 
prepared by Fischer & Seus (1953) and by Pauson & 
Wilkinson (1954), and powder photographs indicated 
tha t  the iron and cobalt compounds have similar  
structures. 

The properties of the molecules indicate tha t  they  
have structures similar  to the cyclopentadienyl com- 
plexes, with the central  meta l  a tom si tuated between 
the f ive-membered rings, which are parallel. A three- 
dimensional  X-ray  invest igat ion of ferrocene (Dunitz, 
Orgel & Rich, 1956) shows tha t  in the solid state the 
f ive-membered rings are fixed in the staggered con- 
figuration, but  in the vapour  phase and in solution the 
rings are rotat ing freely (Pauson, 1955). I t  is probable 
tha t  the aromatic rings in the indenyl  analogues are 
also rotat ing in solution, but  tha t  the molecules have  
a fixed configuration in the solid, and it was postulated 
tha t  the s ix-membered rings are probably  in the trans 
configuration. 

The present investigation,  which was under taken to 
obtain an accurate account of the geometry and 
dimensions of the di indenyl  iron and di indenyl  cobalt 
molecules, using X-ray  diffraction methods,  has been 
confined to the iron analogue, which is more stable in 
air than  the cobalt  compound. 

collected using Co K s  radia t ion (2 = 1.790 ~),  and  
the unit-cell  dimensions were obtained by  use of single- 
crystal  rotation, oscillation and moving-f i lm photo- 
graphs about  the a, b, c and [101] axes. 

Crystal data.--Diindenyl iron, Clsg14Fe; M=286 .1  ; 
m. 184--185 ° C. (in an evacuated tube). Monoclinie 
a =  11.324-0.03, b = 7.85+0.02, c = 8.09+0.02 ~ ,  
fl = 115.3°4-0.5 °. Volume of the uni t  cell = 650.0 A 3. 
Densi ty,  calculated (assuming two molecules per uni t  
cell) = 1.462 g.cm. -3, found 1.457 g.em. -3. Absorp- 
t ion coefficients for X-rays:  ~ = 1.790 A, # = 26.4 
cm. -1. Total  number  of electrons per uni t  cell = 296. 
Absent  spectra:  (hO1) when h is odd; possibly (0k0) 
when k is odd. Space group is either C~-Pa, C~h-P2/a, 
or C~h-P2a/a. 

The intensit ies were measured on moving-f i lm ex- 
posures of the equatorial  layers for crystals ro ta t ing  
about  the b and c axes, the mult iple-f i lm technique 
(Robertson, 1943) being used to correlate strong and  
weak reflexions. The range of intensit ies measured 
was about  1600 to 1, the est imates being made visually.  
The cross-sections of the crystals, normal  to the rota- 
t ion axes, were 0 .20x0.06  mm. and 0 .40x0.20 m m .  
for the (hOl) and (hk0) zones respectively, and ap- 
proximate  absorption corrections were applied by  con- 
sidering the pa th  length in the crystals of rays re- 
fleeted from their  centres (Albrecht, 1939). The values  
of the structure factors were derived by  the usual  
formulae for a mosaic crystal,  and are listed in Table 3. 
The absolute scale was derived by correlation with the  
2' values calculated from the f inal  coordinates. 

2. Exper imenta l  

Crystals of dfindenyl  iron are deep-purple in colour, 
reasonably stable in air, and consist of th in  plates 
elongated along the b axis with {001} developed. The 
densi ty  was determined by flotat ion in potassium 
iodide solution. 

The da ta  required for the X-ray  invest igation were 

* Present address : Pure Physics Division, National Research 
Council, Ottawa, Canada. 

3. Structure analys is  
Space group 

Of the (hO1) reflexions with h even, 56 independent  
reflexions were observed of a possible 81 observable  
with Co K s  radiation,  and no reflexions with h odd 
were recorded, so tha t  the presence of a glide plane a 
is established. Only (040) of the (0It0) reflexions was 
observed with cobalt  radia t ion (a weak (020) spot was 
recorded when Cu K s  was used) and no reflexions 
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Fig. 1. Electron-density projection on (010); all phase angles zero. Contours at intervals of 1 e.A -2, 
one-electron line broken, except on the iron atom, where contours are 6, 10, 15, 20, . . .  e.A -2. 
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Fig. 2. First trial structure;  space group Pa. 

with k odd. These absences indicate the presence of a 
screw axis 21, but the evidence is rather doubtful 
since the number of (0k0) planes observed is small. 

The /V(z) test for centrosymmetry was apphed to 
the (hO1) and (hkO) zone intensities, and in each case 
the intensity distribution corresponded to a centro- 
symmetric projection. 

Both these lines suggested that  the space group is 
P21/a, and structure analysis proceeded on this basis. 

However, the screw axis is not definitely established 
and the N(z) test might not be reliable in the presence 
of the heavy iron atom, so that  it was borne in mind 
that  the space group might still be Pa or P2/a. 

The (010) projection 
The space group P21/a requires four asymmetric 

units per unit cell, and since the unit cell contains 
only two molecules, each molecule has a centre of 
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symmetry at the iron atom, and the two iron atoms in 
the unit cell are at (0, 0, 0) and (½, ~-, 0). The molec- 
ular centre of symmetry defines the configuration of 
the molecule; the six-membered rings must be trans, 
as postulated. 

The iron atoms contribute 2fFe or 0 towards the 
structure factors according as (h+k) is even or odd, 
and, using the heavy-atom method, preliminary 
analysis was carried out in a direct manner. The func- 
tion ~(x, z) was computed using positive signs (zero 
phase angle) for all F(hO1); this function is shown in 
Fig. 1. The iron atom and the carbon atoms of the 
five-membered ring are clearly resolved, but the 
positions of the six-membered rings are less certain. 
If the iron atom and five-membered rings are fixed, 
positions have to be chosen for eight more carbon 
atoms; there are, however, fourteen available peaks, 
two of these being much heavier than the rest and 
probably corresponding to two overlapping carbon 
atoms. There are then sixteen available sites (two sets 
of eight, related by a centre of symmetry at the iron 
atom) and only eight atoms. Some of these sixteen 
peaks are very low, with peak height 2-4 e./~ -9 com- 
pared with 6-8 e.A -~ for the atoms of the five- 
membered rings. 

I t  seems likely then that  this electron-density map 
contains a false centre of symmetry. The origin of the 
projection has been chosen at one of the iron atoms, 
so that  the phase angles of the contributions of the 
iron atoms to the structure factors are zero. Since 
these phase angles have been used to compute the 
electron density, they must inevitably give a centro- 
symmetrical structure, and, if the true structure is not 
centrosymmetrical, the electron-density map repre- 
sents a superposition of two structures--the correct 
one, and another related to it by centres of symmetry 
at the iron atoms, and midway between the iron atoms. 
So that  of each pair of centrosymmetrically related 
peaks only one is correct, and when only one peak of 
each pair was chosen, the structure shown in Fig. 2 
was obtained. The space group is now Pa, and the 
molecular configuration is not trans, but gauche. 

Structure factors were calculated from these iron 
and carbon positions. In the calculation, the scattering 
factor used for iron was that  given in the International 
Tables, corrected for the anomalous dispersion of the 
Co K s  radiation, and for thermal vibration, taking 
B = 3.5 A 2. McWeeny's scattering curve was used for 
the carbon atoms, with B = 4.4 /~. In general the 
agreement between measured and calculated values 
was quite good, with R = 29% over all the (hO1) 
planes. There were, however, a few exceedingly poor 
agreements (especially 201, 205, 600, 603) and some 
of these were planes of small sin 0, so that  this struc- 
ture did not seem to be the correct one, although it 
might be close to the true structure. 

In Fig. 1 the height of the peak where atoms 7 
and 7' overlap is ll½ e./~ -2, so that  there is associated 
with atoms 7 and 7', and the false atoms related to 

these by a centre of symmetry at the iron, a total 
peak height of 23 e.A -2, which is much too great for 
only two carbon atoms. There is also a deficiency of 
density at atoms 4 and 4', with peak heights just over 
2 e./~ -9. The agreement between measured and cal- 
culated structure factors would be improved if a 
structure which explained these excesses and deficien- 
cies of electron density could be chosen. 

However, no perfectly-ordered structure would re- 
solve these difficulties. The agreement could be im- 
proved and peak height anomalies removed only if 
some of the scattering matter of the present structure 
was transferred from the origin to the positions of 
atoms 7 and 7'. Since chemical evidence definitely 
suggests that  the iron atom is sandwiched between 
the five-membered rings, the structure which resulted 
from this transfer is that  shown in Fig. 3. I t  is the 
structure of Fig. 2, plus another related to it by a 
centre of symmetry midway between the origin and 
the position of atoms 7, 7'. This centre of symmetry 
need be only approximate, but structure factors were 
calculated assuming that  it was an exact centre, and 
also assuming that the two differently-oriented mole- 
cules occurred in equal proportions. The space group 
is again P21/a , and the origin was taken at the centre 
of symmetry. The discrepancy immediately dropped 
to 12.4%, and all gross anomalies were removed, so 
that  this structure is almost certainly the correct one. 

All the photographic records were carefully re- 
examined for evidence of weak intermediate layer lines 
which would indicate an ordered arrangement of the 
two different orientations, or of diffuse spots indicating 
partial ordering, but these were not present. The two 
orientations must therefore occur at random through- 
out the crystal. 

A difference synthesis was computed, and some of 
the atoms shifted by small amounts. The final value 
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Fig. 3. Second trial structure; space group P21/a. 
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Fig. 4. Final  electron-density projection on (010). Contours at 
intervals of i e .~ -2, w i th  the one-electron contour broken, 
except  on the  iron a toms  where  the  contours  are a t  intervals  
of 5 e.A -2. 

of R was 11.6%; 1.3% of this is due to (001) and (201), 
which may be affected by extinction. Measured and 
calculated structure factors are listed in Table 3. 
The final Fourier synthesis, computed with measured 
Fo values and calculated signs, is shown in Fig. 4. 

The (001) "projection 

In computing the initial electron-density projection 
down the c axis, all terms with (h+/c) even were 
included with + sign; of those with (h+k) odd only 
F(120) and F(210) are of considerable magnitude, and 
since F ( l l 0 )  is large and necessarily positive, it follows 
from the sign relation (Cochran, 1952) 

s(h) = s(h ' ) .s (h+h')  

tha t  these two terms have the same sign, which may  
be taken as either positive or negative. 

Examination of the Fourier map indicated tha t  the 
y coordinate of the iron atom is close to zero. The 
indenyl radicals are almost normal to the projection 
plane and none of the individual carbon atoms is 
resolved. Owing to the extreme overlap, the y coor- 
dinates of the carbon atoms could not be determined 
accurately; they were adjusted by trial on the Fourier 
map until satisfactory agreement between measured 
and calculated (hkO) structure factors was obtained. 
The final value of R was 19.2%; 8-6% of this, how- 
ever, is due to (001), (110), (120) and (210), which may 
be affected by extinction. 

Measured and calculated structure factors are listed 
in Table 3. The final Fourier series was computed 
using the signs of the final calculated structure factors 
(Fig. 5). The 'sandwich' nature of the molecule is well 
illustrated. 

Coordinates and molecular dimensions 
The final coordinates of the atoms in the asymmetric 

unit are listed in Table 1. 
The indenyl radicles are approximately planar, the 

equations of the mean planes being: 

0 .558x '+0 .773y ' -0 .302z ' -  1.768 = 0 
and 

0.519x' +0.802y ' -0 .295z '  + 1.659 -- 0 ,  

where x', y', z' are expressed in •ngstrSm units, and 
are referred to orthogonal axes a', b and c, where a'  
is perpendicular to b and c. 

The root-mean-square deviation of the carbon atoms 
from these planes is 0.06 A. The angle between the 

b 
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Fig.  5. (a) F ina l  e lec t ron-densi ty  pro jec t ion  on (001). Contour  interval  2 e .A -2. (b) P ro jec t ion  on to  (00l) of molecules  in one 
or ienta t ion;  those  in the  second or ienta t ion  are re la ted to these  b y  centres  of s y m m e t r y  a t  (0, 0, 0) and  (½, ½, 0). 
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Table 1. Coordinates of the atoms in the asymmetric unit 
A t o m  x/a y/b z/c 

F o  - - 0 . 0 4 0 1  0 - - 0 . 1 7 1 3  
C 1 - - 0 . 0 3 1 i  ÷ 0 . 2 6 5 0  - - 0 . 1 8 1 7  

2 - -  0 .0021  + 0 .1465  - -  0 .3038  
3 ÷ 0 -1307  + 0 . 0 6 9 8  - -  0 .2030  
4 ~- 0 . 2 4 8 4  + 0 .0527  -]-- 0 .1518  
5 + 0 .2290  + 0 .1432  + 0 .3021  
6 ~- 0 . 1 4 5 6  ~- 0 . 2 4 0 0  + 0 .3229  
7 + 0 .0512  + 0 .2999  + 0 .1540  
8 + 0 .0562  -~ 0 . 2 2 1 4  - -  0 .0067  
9 ~- 0 .1512  ~- 0 . 1 0 9 6  - -  0 . 0 1 9 0  
1 '  - - 0 . 0 5 1 2  - - 0 . 2 6 5 0  - - 0 . 1 8 1 7  
2 '  - -  0 . 1627  - -  0 .2273  - -  0 . 3 3 5 0  
3 '  - -  0 . 2 4 1 0  - -  0 .1103  - -  0 .2692  
4 '  - -  0 . 1945  - -  0 . 0 2 8 8  -I- 0 .0737  
5 '  - -  0 . 1092  - -  0 -0497  -[- 0 -2418  
6 '  - -  0 -0064  - -  0 .1491  q- 0 -2999  
7" -'t- 0 .0311  - -  0 .2459  q- 0" 1540 
8 '  - -  0 . 0 6 7 0  - -  0 .1949  - -  0 .0299  
9 '  - -  0 .1767  - -  0 .0996  - -  0 . 0 7 9 6  

plane normals is 3 °, so that  the indenyl radicles are 
parallel within the limits of experimental error, and 
the perpendicular distance between them is about 
3.43 A. 

The bond lengths and valency angles in the mole- 
cule were calculated from the coordinates of Table 1. 
The molecule has a twofold symmetry axis passing 
through the iron atom, and parallel to and midway 
between the planes of the indenyl rings. In addition, 
since it is not expected that  the accuracy is very good 
(this point will be discussed later) it was assumed 
that  the symmetry of the indenyl radicals is mm, and 
the bond lengths and valency angles were averaged. 

1 "30 

F i g .  6. M e a n  b o n d  l e n g t h s  a n d  v a l e n c y  a n g l e s  
i n  d i i n d e n y l  i r o n .  

The mean lengths and angles are shown in Fig. 6, 
to 0.01 A in bond length and 1 ° in valency angle. 

A view of the molecule along the normal to the 
planes of the aromatic rings is shown in Fig. 7. and 
this illustrates the gauche configuration of the mole- 

F i g .  7. V i e w  of t h e  m o l e c u l e  a l o n g  t h e  n o r m a l  t o  t h e  p l a n e s  
of t h e  a r o m a t i c  r i n g s .  

cule. All the intermolecular contacts correspond to 
normal van der Waals interactions, and there appears 
to be no strain in building the two different orienta- 
tions into the crystal. 

4. D i s c u s s i o n  

Since there is only a small number of observed (0k0) 
reflexions, the true space group of the crystal was 
rather doubtful, and during the course of the analysis, 
different space groups were used (Table 2). Even 

Table 2. Course of the analysis 
S p a c e  g r o u p  M o l e c u l a r  

S t a g e  u s e d  c o n f i g u r a t i o n  

1 P21/a trans 
2 Pa gauche 
3 .P21/a gauche 

in the final stage, the centre of symmetry need not 
be exact, and the true space group might be Pa, 
although it would approximate very closely to P21/a. 

There is no doubt however that  the molecular con- 
figuration is not trans, as originally postulated, but 
gauche (Fig. 7). The perpendicular distance between 
the planes of the rings is 3.43 •, and the gauche con- 
figuration is possibly stabilized, with respect to the 
trans, by weak van der Waals forces between the atoms 
of the two six-membered rings. 

I t  seems unusual that  the two differently-oriented 
molecules should occur randomly in the crystal, but 
the molecule is non-polar, and the lattice energy is 
determined by the van der Waals forces between the 
carbon and hydrogen atoms of neighbouring molecules. 
Fig. 3 shows that  the positions of the carbon and 
hydrogen atoms in the two orientations are not very 
different. The iron atoms, which have very different 
positions in the two orientations, are situated in the 
interiors of the molecules, and have little influence on 
the intermolecular forces. 
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OO0 - -  289 
001 72 + 81 

2 58 --58 
3 13 --13 
4 < 5  - - 2  
5 6 + 8  
6 17 +22 
7 5 + 7  
8 5 - -  7 

208 < 4 --  2 
11 +15 

g 15 +18 
< 6  -4-1 

11 -- 8 
g 31 --28 

13 --14 
T 56 + 62 
0 49 +50 
I 5 --  6 
2 31 --25 
3 34 - -  30 
4 < 6  --  I 
5 23 +25 
6 10 +15 
7 < 4  - - 2  

40g < 5 + 4 

Table  3. Measured and calculated structure factors 

hkl 2'0 .Fc 
407 17 +22 

16 +17 
16 --18 
49 --42 
16 --14 
26 +25 

T 38 +35 
0 33 +31 
1 17 --15 
2 50 --47 
3 14 --14 
4 10 +11 
5 6 + 5 
6 < 4  + 2  

60~ < 5 + 3 
< 6  + 8  

g 7 + 7  
21 --21 
39 --36 

< 5  o 
36 +32 

i 38 +34 
0 6 + 7 
1 32 -- 30 
2 17 --19 
3 7 + 9 

hkl Fo Pc 
604 8 + 10 

5 < 4  + 3  
80~ < 4 + 3 

7 + l l  
< 6  - - 2  

20 --19 
9 - - 9  
6 + 8 

< 6  + 3  
T < 6  + 6  
0 < 6  - - 3  
1 20 --22 
2 16 --16 
3 < 5  + 3  

I008 4 + 6 
< 5  - 1  

g 17 --17 
18 --16 

< 6  - - 3  
< 6  + 7  
< 6  + 8 

Y < 6  - - 3  
0 13 --12 
1 I I  - -  9 

1206 4 --  4 
10 -- 9 

hkl .Fo .Fc 
120~ < 4 -- 1 

l l  +13 
< 4  + 5  

Y < 3  - - 6  

020 < 6 --  5 
4 30 +29  

I I0  58 +80  
2 44 -- 52 
3 Ii -714 
4 I0 --12 
5 12 -4-13 

210 48 --55 
2 24 -- 19 
3 8 - -  6 
4 28 +29 

310 5 -- 1 
2 < 6  + 7  
3 13 +11 
4 7 + 2  
5 14 +12 

410 < 6 + 3 
2 < 6  + 4  
3 15 +10 
4 15 + 4 

510 14 +15 

The  accuracy  w i t h  wh ich  t h e  molecular  d imens ions  
h a v e  been de t e rmined  is p r o b a b l y  no t  v c r y  good for 
the  fol lowing reasons :  

(i) The  presence of the  i ron a toms  reduces  the  
accu racy  of d e t e r m i n a t i o n  of t he  carbon pos i t iona l  
pa ramete r s .  

(ii) Owing to  the  disorder ,  each a tomic  pos i t ion  
represen t s  on ly  one-half  of an  a tom,  and  the  accuracy  
w i th  which  i t  has  been de t e rmined  is reduced.  I n  
add i t i on  over lap  of a tomic  peaks  (which would occur 
even  in  th ree  dimensions)  causes fu r the r  di f f icul ty .  

(iii) The  cent re  of s y m m e t r y  in  the  space group m a y  
be on ly  app rox ima te .  

(iv) The  two or ien ta t ions  m a y  no t  occur in equal  
p ropor t ions ,  a l t h o u g h  th i s  seems un l ike ly  as excess of 
one would  p r o b a b l y  give weak  super la t t i ce  lines. 

(v) The y coordinates  h a v e  no t  been de t e rmined  
w i t h  a n y  grea t  accuracy ,  owing to the  ex t r eme  overlap.  

(vi) I n  each zone the re  are 38 i n d e p e n d e n t  pos i t iona l  
p a r a m e t e r s ;  on ly  56(h0/) a n d  24(hk0) ref lexions have  
been observed.  

However ,  t he  bond  leng ths  and  v a l e n c y  angles g iven  
in  Fig.  6 are reasonable  (except  t h a t  bond  5-6 is 

r a t h e r  short) ,  b u t  n o t h i n g  can be said abou t  bond-  

l eng th  va r i a t ions  w i th in  t he  molecule.  The  m e a n  F e - C  
d is tance  is 2-10 A, m e a n  C-C d i s tance  1.43 A, m e a n  
v a l e n c y  angle  in s ix -membered  r ing  120 °, and  m e a n  
v a l e n c y  angle  in f ive -membered  r ing  108 °. 

The  au tho r  wishes  to  t h a n k  Prof .  J .  M. l~ober tson  
for his  in te res t  in th i s  work  a n d  for m u c h  he lpfu l  
discussion,  and  D r  P. L. P a u s o n  for sugges t ing  t h e  
problem,  supp ly ing  the  c rys ta ls  of d i i ndeny l  iron, a n d  
discussing var ious  points .  
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