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Crystals of nickel etioporphyrin I I  are tetragonal or twinned-orthorhombic, pseudo-tetragonal, 
with a = 14-6 s, c = 12.51 /~. The space group appears to be I41/amd with Z = 4. From data  ob- 
tained at  room temperature a structure has been deduced which yields R ---- 0.24 for 132 non-zero 
reflections. The structure has 15 parameters, excluding those for hydrogen. Flat  molecules, related 
by a 41 axis, lie with their mean planes parallel to (001) at  heights s l ,  ~, ~, and ]. The Ni atoms lie 
upon sites of symmetry 4m2 with the Ni-N bonds in mirror planes {100}. By random distribution, 
enantiomorphous molecules acquire a statistical symmetry not inherent in the individual molecule. 
A rapid decline of intensities with increasing 20, which drastically limits the number of observed 
reflections, leads to abnormally high, anisotropic ' temperature factors'. The magnitude of these 
factors is ascribed to disorder. 

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

The crystals of nickel e t ioporphyrin I I ,  C32Ha6N4Ni 
(Fig. 1), were prepared by  Dr Winslow Caughey. They 
are ve ry  soft, opaque, te t ragonal  d ipyramids  {101}, 
pseudo-octahedra,  0.05 to 0.10 ram. on an edge. They 
are deep purple with vitreous luster, and very  thin 
f ragments  weakly  t r ansmi t  red light. The mater ia l  
decomposes in the solid s ta te  a t  approx imate ly  350 °C. 

Using Cu K s  radiat ion,  precession photographs  were 
t aken  of reciprocal-lattice nets containing the reflec- 
tions hkO, hO1, hkl, and hhl. Cell dimensions obtained 
from these photographs  are:  

a = 14.6s, c = 12.51 A .  The cell volume is 2696 A 3. 

No single crystal  was large enough for its densi ty  to 
be determined on the Berman  balance, and the total  
quan t i t y  of crystals available was insufficient for a 
pycnometr ie  determinat ion.  By  flotation in Ni(N03) e 
solutions, a value of ~ = 1.5±0.2 g.cm. -a was obtained. 
Wi th  Z = 4, the  calculated densi ty  is 1-37 g.cm. -a. 

With in  the  limits of visual observation,  reflections 

hkl, khl, ]¢hl, and h]cl have equal intensities (to within 
±10  %) so t h a t  the Laue class is t aken  as 4/m, 2/m, 2/m. 
The space group is then  uniquely determined by the  
following conditions for reflection: 

hkl: (h+k+l) even 
hkO; h and k e v e n  
hhl: (2h+l) even. 

The mult ipl ici ty of the  general position is 32. 
Equi-inelination Weissenberg photographs  of nine 

levels perpendicular  to the  c axis were t aken  with 
Cu K s  radiat ion.  Exposures  of 36 to 60 hours were 
necessary. Trial exposures for longer periods failed to 
yield addit ional  reflections. Three films were used, and 
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intensities were measured on an a rb i t r a ry  scale by  
visual comparison with a cal ibrated str ip prepared  
using the same crystal.  The collimator aper ture  was 
1 mm. No diffuse background was observed except  for 
a possible elongation of spots in the [001] direction 
which is difficult to distinguish from an elongation 
always present  due to some back-lash in the  camera  
used. There are 952 possible reflections in the region of 
reciprocal space covered by the  photographs  taken.  
Reflections were obtained only out to 0 = 48 ° which 
limit encompasses 309 possible reflections. Only 138 
of these reflections were observed at  room tempera-  
ture.  Lorentz-polarizat ion corrections are applied. In  
view of the small size of the crystal,  about  0.05 mm. ,  
absorpt ion corrections are omitted.  

Determinat ion  of the s tructure  

The C atoms are numbered  in Fig. 1. The molecule is 

(4) (s) 
H3C CH2-CH 3 
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Fig. 1. Nickel etioporphyrin II.  
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Fig. 2. Patterson section at Z----0. Contoured at arbitrary 
intervals. Origin is at the center of the square. 

ini t ia l ly  assumed to be p lanar  and the origin of the 
cell is placed at a center of s y m m e t r y  at  distances 
0, - I ,  ~ from site 4m2. The space group requires tha t  
the four iNi atoms occupy position b (or a, equivalent  
by  a change of_origin) of mul t ip l ic i ty  4. The symmet ry  
of the sites is 4m2. A s tudy  of the space group reveals 
that ,  wi thin  the assumptions made about  the shape 
of the molecule, one only need consider two possible 
orientations of the molecules. The molecules, related 
by  a 41 axis, must  lie parallel  to (001) with their  Ni 
atoms at  (½, 1, ~), (0, I, ~-), (0, ~,-~), and (½, ~, ~). The 
space-group conditions for the hkO reflections amount  
to a halving of a 1 and ag. in basal projection, so tha t  
the basal ly  projected molecules must  be translat ion- 
equivalent .  The two possible orientations of the mole- 
cules differ only by  a 45 ° rotat ion in the horizontal 
plane. The pyrrole rings m a y  be directed along the 
a directions or along the directions of the base diag- 
onals; i.e. ei ther the C 1 atoms lie upon the 2-axes 
(position g) and the iN atoms lie in the vert ical  mirrors 
(position h), or vice versa. 

The basal ly  projected molecules must  have sym- 
me t ry  411. The heavy  iNi atoms and the mean  planes 
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Fig. 4. The structure projected on (100). 
The C 5 atoms are half-atoms. 

of the molecules lie at  heights  ~, 8, -~, and ~, parallel  
to (001) with only one molecule at  each of these 
heights. For these reasons the Pat terson section at 
Z = 0 shows an image of the p lanar  par t  of the mole- 
cule (Fig. 2). The Pat terson section also shows tha t  
the N atoms occupy sites in the vert ical  mirrors and 
the C1 atoms lie on the 2-axes. 

Note that ,  owing to the presence of an ethyl  group 
on each pyrrole ring, the s y m m e t r y  of the projected 
molecule (Fig. 1) is not  4ll, as required by  the space 
group, but  ll2, or lower, depending on the configura- 
t ion of the C 5 atoms. Stat ing the problem in another  
way:  there are only sixteen C 5 atoms in a space group 
of mul t ip l ic i ty  th i r ty- two and they  cannot  be placed 
into any  special position without  unreasonable  distor- 
t ion of normal  bond lengths and angles. The only 
a l ternat ive  is to place ½ C 5 in general position. Physi-  
cally, this means  tha t  the molecules are equal ly  divided 
between two enant iomorphous configurations and 
that ,  being randoml_y distr ibuted,  they  assume a 
stat ist ical  s y m m e t r y  42m (Fig. 3). 

Fig. 4 shows the structure projected on (001). The 

P a l P ,  

, 4  P ,  ,4 D, 

222 222 4"2m 
Fig. 3. Statistical symmetry of the molecule. The C s atoms in the molecule at the right are half-atoms. 
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fundamenta l  domain  selected is bounded by the five 
planes:  z 0, z ¼, y = ¼, x = 0, and x + y  = a 

An approximate  s tructure,  using rough coordinates 
obtained from the Pa t t e r son  section, was used to 
calculate s t ructure  factors,  omit t ing C 5, making no 
t empera tu re  corrections, and placing all a toms in the  
fundamenta l  domain  a t  z = ~. These s t ructure  factors 
yield R ~ 0 . 4 5 ,  where R = ZIIFo[-[Fc]I--Z[Fo[. On 
the basis of this calculation signs were given to most  
of the  observed F ' s  and an electron-density section a t  
z = -~, similar to the one shown in Fig. 5, was com- 
puted.  F ' s  recalculated using x, y coordinates ob- 
ta ined from the E.D.  section, placing all a toms in 
the fundamenta l  domain  a t  z = s 1, excluding zero 
reflections, omit t ing C 5 atoms, and applying an iso- 
tropic t empera tu re  correction with B = 4.8/~2, yield 
R = 0-35. 

A plot of ln(F~/Fo) versus S 2, where S = (sin 0)/~ 
and F ° is the s t ructure  factor  calculated using the  
theoretical  scat tering factors, is completely unsatis- 

hk~ IFol ~c 
(s = 0.87) 

200 83 104 
220 69 52 
400 96 - - 7 5  
420 50 - - 4 6  
440* 139 137 
600 73 61 
620 58 - -  63 
800 37 45 
820 57 - -  74 
660 41 - - 4 4  
860 30 - - 3 1  

10,2,0 44 - - 5 3  
880 52 58 

12,6,0 20 14 
14,0,0 17 16 
14,2,0 16 - - 1 1  

(s---- 1.07) 

101" 171 - - 2 6 0  
211 17 9 
301 66 - - 4 9  
321 26 21 
411 61 - - 4 9  
501 61 - - 5 5  
431 20 39 
521 24 49 
611 67 - - 7 4  
541 20 1 
701 25 - - 4 4  
721 58 58 
741 35 - - 2 3  
811 19 - - 2 1  
831 33 38 
761 31 34 
921 20 33 
851 26 - - 2 4  

10,3,1 20 18 
11,0,1 36 - - 2 1  
11,2,1 18 24 

fac tory  for obtaining t empera tu re  corrections, indicat- 
ing a pronounced anisotropy;  moreover,  the  magni- 
tude of the t empera tu re  corrections indicates a dis- 
order. Numerous  a t tempts ,  not  discussed here, were 
made  to modify the s t ructure  within reasonable limits 
so t ha t  these corrections would be reduced to a more 
reasonable magni tude  and to obtain  bet ter  agreement  
between observed and calculated F ' s .  A t t empt s  a t  
improvement  of the si tuation were finally abandoned.  

Table 1. Trimetric coordinates of the atoms 
in the fundamental domain 

A t o m  x y z P o s i t i o n  

~ N i  ½ ¼ ~ 4b 4 m 2  
½ N  0.375 ¼ 0.122 16h m 
½ C 1 0.342 1 - - 0 " 3 4 2  ~ 16g 2 

C 2 0.311 0.316 0.119 32i 1 
C 3 0.217 0-300 0.125 32i  1 
C4 0.137 0.363 0 .133 32i  1 

(½C)5 0.089 0.366 (0.023) 32i 1 

Table 2. Calculated and observed structure factors 

T h e  sca le  f a c t o r ,  s, is g i v e n  fo r  e a c h  leve l  

hkl IFol .Fc 

(s = 0"89) 

004* 110 - - 3 7 5  
204 46 - - 4 2  
224 27 49 
314 12 - - 1 3  
404 34 - -  27 
424 45 51 
444 42 - -  56 
604 69 - -  75 
624 54 54 
824 46 27 
664 37 23 
844 20 - -  5 
864 29 33 

10,0,4 23 - -  16 
10,2,4 35 36 

884 35 - - 4 6  

hkl IFol Fc 
(s = O-84) 

112 73 104 
202 20 4 
312 53 85 
332 47 - -  27 
512 76 96 
532 8 - -  1 
712 67 60 
552 31 - -  14 
732 56 - - 5 6  
752 39 31 
932 30 - - 4 0  
772 40 - -  30 
952 22 15 

11,1,2 41 37 
992 27 31 

( s - - - -0-82)  

105 t 57 170 
215 15 13 
305 18 24 
325 26 - -  18 
415 24 28 
435 20 - -  25 
505 29 20 
525 15 - -  25 
615 39 42 
725 39 - - 3 3  

705 fi7 ~fi 
745 25 19 
835 21 - - 2 5  
765 25 - -  25 
875 12 - -  20 

11,0,5 24 17 
985 16 19 

(s = 0.82) 

103" 123 258 
213 29 l0  
3O3 16 55 
323 13 - -  24 
413 12 - - 2 7  
433 58 26 
503 16 17 
523 32 - -  30 
613 66 - - 5 9  
543 20 18 
703 30 28 

723 55 - - 4 9  
743 16 28 
813 30 - - 2 4  
833 20 36 
923 30 - - 3 0  
763 29 - - 3 0  

10,3,3 23 25 
873 27 28 

11,0,3 26 26 
11,2,3 21 - -  23 

983 25 2O 

* H i g h  i n t e n s i t y  r e f l ec t ions  o m i t t e d  f r o m  c o m p u t a t i o n  of R .  
R e f l e c t i o n s  in p r o x i m i t y  to  s h a d o w  of b e a m  c a t c h e r ,  o m i t t e d .  

hkl IFol Fc 

(s : 0-74) 

116 t 31 - - 6 0  
206 35 5 
316 21 - - 3 5  
336 22 22 
516 36 - - 3 2  
606 17 - -  2 
716 33 - -  32 
736 27 31 
756 2O - -  22 
936 17 22 
776 24 17 

11,1,6 21 - - 2 2  

(s = 1.08) 

107 43 - - 4 6  
417 9 27 
437 29 - - 2 3  
507 17 - - 2 3  
617 27 29 
707 17 20 
727 26 22 
817 15 14 
837 11 - -  18 
927 22 12 

10,1,7 16 9 
877 21 - - 1 4  

(s = 0.77) 

008 85 90 
208 19 22 
408 14 8 
428 15 - -  15 
608 26 27 
628 21 - -  21 
828 20 - - 1 7  
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Fig. 5. Electron-density section at z = ~. Contoured at 

intervals of 0.5 e./~ -a, except for Ni which is contoured 
at intervals of 2 e./l, -a. Zero contour is broken. Origin at 0. 

Difference syntheses proved unsuccessful, apparen t ly  
due to uncer ta in ty  in the scale of Fo. 

Successive computa t ion  of the E.D.  section a t  
z = ~ and re-calculat ion of F failed to reduce R. The 
form of ' t empera tu re  correction'  used was predomi- 
nan t  in determining the  extent  of agreement.  On the 
basis of polar-coordinate plots of (1/S 2) In (F~/Fo) 
versus ~, where q0 is the angle between the reciprocal- 
lat t ice vector  and the c axis, an ellipsoid of revolution 
about  c was taken  as a reasonably good representat ion 
of the  configurat ion of B. With  this modification, the 
F ' s  were calculated and pu t  into the sign determina-  
tion for an E.D.  section a t  z = 1_. The coordinates 
from this section were used in one fur ther  calculation 
of F.  The observed F ' s  were re-scaled separate ly  for 
each level and the final section shown in Fig. 5 was 
computed.  The coordinates repor ted in Table 1 are 
t aken  from this section and from line sections passed, 
parallel  to c, through a toms C9, Ca, C4, and N. The 
x, y coordinates for C 5 are those which give the best 
agreement  for the h]c0 reflections and the z coordinate 
is chosen to give the best agreement  with normal bond- 
lengths and angles. S t ruc ture  factors calculated from 
these coordinates are given in Table 2. The following 
form was used for the correction of scat ter ing factors :  

fj  = f~ exp [-o¢1S2/(1 q-fly sin 9~)] 

where f~ is the theoretical  scat ter ing factor  for a tom j .  
The scat ter ing factor  of nickel is corrected for dis- 
persion (Dauben & Templeton,  1955). The values of 
a and fl used were as follows: 

c~i = 10.6 A ~ fl~i = 0.90 
a~  = 12.2 fly = 0-43 
c¢ c = 13.8 tic = 0.43 

The value of R is 0.24 for the observed reflections 
when a scale factor,  s, is obtained for each level 
(see Table 2). The approx imate  bond lengths obtained 
from these coordinates are given in Table 3. 

Table 3. Interatomic distances 
Intramolecular 

Ni-N 1.844-0.03 A 
N-C 2 1.35 ± 0"05 
C1-C 2 1"43 ± 0"05 
C2-C a 1"40 ± 0-05 
Ca-C a 1.47±0.08 
Ca-C 4 1.50 ± 0.05 

Intermolecular 

C2-C ~ 3-23± 0.05 
C1-C ~ 3.25 ± 0.05 

C' Ca- 3 3-27±0.05 

The fact  t h a t  the peak heights in the  electron- 
densi ty  section are much lower than  expected is 
a t t r ibu ted  to the  high ' t empera tu re  corrections'.  

D i s c u s s i o n  of the  s t r u c t u r e  

The Fourier  syntheses obtained leave little doubt  as 
to the essential correctness of the proposed s t ruc ture ;  
however,  it  is evident  t h a t  a refined s t ruc ture  cannot  
be obtained from the l imited number  of reflections. 
Hope of bringing the  value of R down to the magni- 
tude of uncer ta in ty  in in tensi ty  measurements ,  about  
15%, did not  materialize.  I t  was necessary to take  
anisotropic corrections into consideration almost  from 
the s t a r t  in order to bring R down to 0.24. 

The z coordinates shown in Table 1 indicate a slight, 
depar ture  of the molecule from planar i ty  which cannot  
be cordirmed a t  this point. 

Reflection criteria in the or thorhombic space group 
Fddd are the  same as in the  te t ragonal  space group 
F41/ddm into which I41/amd can be t ransformed by  
mat r ix  110/110/001. The possibility of an or thorhombic 
pseudo-te t ragonal  crystal  should therefore be con- 
sidered. Fddd is completely compatible with the  sym- 
m e t r y  222 of the molecule. 

Due to uncertaint ies  about  film shrinkage,  a decision 
as to te t ragonal i ty  or pseudo- te t ragonal i ty  could not  
be reached on the  basis of film measurements .  An 
a t t e m p t  was made  to account,  in the or thorhombic 
hypothesis,  for the apparen t  Laue s y m m e t r y  
4/m, 2/m, 2/m. The reflections most  sensitive to the  
placing of C5, either on one side of the pyrrole  ring 
or the  other,  are the  te t ragonal  reflections hhl, which 
become HOL in or thorhombic indexing. 

The contr ibut ion of C 5 in the  proposed or thorhombic 
s t ruc ture  was calculated by placing tha t  a tom in 
general position in Fddd with coordinates correspond- 
ing to those used in I41/amd. Fddd generates  only one 
C 5 for each pyrrole ring. Values of F were calculated 
for some H00 and 0H0 reflections, but  these do not  
even approximate ly  show the te t ragonal  s y m m e t r y - -  
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Table 4. Calculation of some structure factors in four hypotheses 
Hypothesis Method of calculation of zv Result 

(1) Tetragonal ½ C 5 placed in general position 

(2) Orthorhombic pseudo- 
tetragonal 

(3) Orthorhombic twin 

(4) Combination (1) and (3) 

in I41/amd 
C s placed in general position 
in 2'ddd using coordinations 
corresponding to those in (1) 

[Fc]---- (F~+F~)½/V2, 
where F 1 is calculated as in 
(2) and F 2 is calculated from 
the same structure reflected 
in (110) 
2' taken as average of that 
calculated from (1) and (3) 

R ---- 0.20 

Calculated F's do not comply with 
observed Laue symmetry 

R = 0.20 

R = 0.17 

even when considerably reduced in magni tude  by 
applying the  abnormal ly  large ' t empera ture  correc- 
tions' .  No coordinates for Cs could be found which 
would remove the discrepancies between Fz00 and 
Folio. 

The above considerations suggest t h a t  twinning of 
the  or thorhombic  (pseudo-tetragonal) crystal,  say by 
reflection in (110), might  bring about  the required 
te t ragonal  symmet ry  of the reflections. The ortho- 
rhombic- twin hypothesis  implies perfectly ordered 
domains of at  least a few hundred cells, in which the  
space group Fddd applies. 

The te t ragonal-crysta l  hypothesis  implies random 
dis t r ibut ion of r ight -handed and lef t -handed mole- 
cules even within a single cell. 

The s t ructure  factors obtained by averaging those 
from the two hypotheses correspond to a th i rd  pos- 
sibil i ty:  a combinat ion  of the two, i.e. domains of 

or thorhombic  individual  1 and of or thorhombic  in- 
dividual  2 with interspersed cells having the  r andom 
disposition of C 5. Structure  factors calculated for the  
various possibilities were compared for twen ty  re- 
flections (Table 4). 
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Dieyclopentadienylruthenium, or ruthenocene, crystallizes in the orthorhombic space group Pnma 
with a = 7.13, b = 8.99, c = 12.81 /~. There are four Ru(CsHs) 2 molecules per unit  cell. 
The ruthenium atoms form approximately a face.centered lattice, and the cyel0pentadienyl ringa 
lie in an eclipsed configuration with respect to each other about each ruthenium atom. The structure 
was refined by Fourier and least-squares methods with 791 independent reflections. The ruthenium- 
carbon distance is 2-21 /~ and the carbon-carbon bond distance in the rings averages 1-43 A. 

In troduct ion  

X-ray  invest igat ion by Fischer and his collaborators 
(Pfab & Fischer, 1953, Weiss & Fischer, 1955) in- 
dicated t ha t  the dicyclopentadienyl  compounds of iron, 

* This research was supported by the U.S. Atomic Energy 
Commission. 

cobalt,  nickel, chromium, vanad ium and magnesium 
are isomorphous, crystallizing in space group P21/c. 
Dunitz,  Orgel & Rich (1956) have reported a three- 
dimensional  analysis of the iron compound. The present  
paper  reports a three-dimensional  analysis of dicyclo- 
pentad ienyl ru thenium,  which unexpectedly  was found 
to have a quite different or thorhombic  structure.  


