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Summary: Precise, low-temperature crystal structures 
of the archetypal mononuclear metal carbonyls Ni(CO)4 
and Fe(CO)5 are reported. Ni(CO)4 is tetrahedral with 
Ni-C = 1.817(2) A and C-0  = 1.127(3) A. Fe(C0)S is 
slightly distorted (in an anti-Berry pseudorotation sense) 
from ideal trigonal- bipyramidal geometry with mean 
axial Fe-C = 1.81 l (2 )  A and C-0  1 . I 1  7(2) A and mean 
equatorial Fe-C = 1.803(2) A and C-0  = 1.133(3) A. 
Crystal data at 198 K: Ni(CO)4, space group Pas, a = 
10.832(5) A, Z = 8, 937 unique reflections out of 3160 
measured reflections, R(F) = 0.042, R , (P)  = 0.090; Fe- 
(CO)e, spacegroup C2/c, a = 11.740(2) A, b = 6.806(1) A, 
c = 9.341 (3) A;O= 107.59(1)', Z = 4,823 unique reflections 
out of  954 measured reflections, R(F) = 0.029, R , ( P )  = 
0.057. 

The solid-state structures of nickel tetracarbonyll and 
iron pentacarbony12 are known with limited precision (and 
accuracy?) in spite of their importance as prototypical 
metal carbonyl complexes and as precursors of many 
thousands of organometallic species. In part the lack of 
precise studies compared with those carried out on, for 
example, Cr(CO)sJ3 is a consequence of the low melting 
points, high vapor pressures, and high toxicity of both 
complexes, particularly in the case of Ni(C0)4.4 In the 
course of our studies5 on the fine structural details, 
molecular packing, and solid-state dynamics of organo- 
metallic species we felt that it was high time that the 
structures of these two molecules were redetermined by 
up-to-date methods. Our objectives were to provide precise 
dimensions for these archetypal species for use in cali- 
bration of quantum-mechanical treatments of metal 
carbonyls, of molecular modeling procedures, and atom- 
atom potential models of their crystal structures.6 In 
addition, precise structure analyses are invaluable for 
detailed evaluation of dynamic solid-state processes in 
these systems' and for comparison with the results of 
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structure determinations in other phases, e.g. gas-phase 
electron diffraction.8 

Results and Discussion 

Single-crystal X-ray diffraction intensities for each 
compound were measured by counter methods at  two 
temperatures (198 and 228 K) on single crystals grown 
directly on the diffractometer by repeated cycles of partial 
melting and refreezing of the pure liquids contained in 
0.3-mm thin-walled glass capillaries. The available atomic 
coordinates of Ni(C0)d and Fe(C0)5 were used as starting 
points for refinement of data. In the following only the 
results of the refinementag against the full lower temper- 
ature data sets will be discussed. High-order refinements, 
thermal motion analysis, and a detailed analysis of the 
molecular and crystal structures will be the subject of a 
future full paper. Crystal data and details of measure- 
ments for the two data collections at 198 K are reported 
in Table I. Fractional atomic coordinates and relevant 
bond distances and angles are reported in Tables I1 and 
111, respectively. 

Within the context of this note we wish to summarize 
only the main structural observations. 

(i) Space group determination and structural refinement 
give results that are consistent with the previous reports; 
we unequivocally confirm that the correct space group 
choice for Fe(C0)S is C2/c .  

(ii) In the solid state Ni(C0)4 is tetrahedral within 
experimental uncertainties; the molecule lies on a crys- 
tallographic 3-fold axis (Figure 1). 

(iii) Ni-C and C-0 distances show, however, substantial 
differences (in light of the current precision) from the 
previously reported values: Ni-C and C-O bond lengths 
for the unique C(1)0(1) carbonyl are 1.819(3) and 1.125- 
(3) A, while those for the general position carbonyl C(2)- 
O(2) are 1.815(2) and 1.128(3) 8, with Ni-C-0 = 179.7- 
(1)'. These values are to be compared with 1.84(3) and 
1.15(3) A in the early X-ray single-crystal study1 and 1.835- 
(2) and 1.139(2) A by gas-phase electron diffraction"J0 (r, 
values). 
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Table I. Crystal Data and Details of Measurements for 
Ni(C0)4 and Fe(C0)S 

formula C4Ni04 CSFeOs 

a, A 10.832(5) 11.740(2) 
b, A 6.806( 1) 
c, A 9.341(3) 
6, deg 107.S9( 1) 
v, A' 1270.9 711.5 
Z 8 4 
temp, K 198 198 
X(Mo Ka), A 0.710 69 0.710 69 
~ ( M o  Ka), cm-I 2.99 2.09 
transmission coeffn 0.72-1.00 0.86-1 .OO 

219 limits, deg 70 60 
no. of rflns measd 3160 954 
Rim 0.033 0.013 
no. of unique rflns 937 823 
no. of unique rflns 604 752 

no. of variables 28 52 
R U ( W  0.090 0.057 
RF 0.042 0.019 
GOF 1.506 1.483 

Intensity data were corrected for absorption by azimuthal scanning 
at loo steps (+scan, x > 80°) of seven and three reflections for Ni(C0)4 
and Fe(C0)5, respectively. For least-squares refinements (against unique 
F2 values) the SHELXL92 program was used.9b 

Ni(C0)d Fe(C0)s 

space group Pa3 a / c  

scan mode w/2e 

(F2 > 2u(P))" 

Table II. Atomic Coordinates for Ni(C0)4 and Fe(CO)s 
atom X Y I 

Ni(C0)4 
Ni 0.1218412) 0.12184121 0.12 184(21 
c1 
0 1  
c 2  
0 2  

Fe 1 
c1 
c 2  
c 3  
01 
0 2  
0 3  

0.21878il5) 
0.27872( 12) 
0.0231(2) 

-0.03870( 14) 

O.ooO0 
0.08312(13) 
0.12939(15) 
0.0000 
0.1 3541 (12) 
0.20922( 13) 
0.0000 

0.21 878( 15) 
0.27872( 12) 
0.02757( 15) 

-0.03102(13) 

0.16650(4) 
0.3035(2) 
0.1640(2) 

-0.0981(4) 
0.3912(3) 
0.1609(2) 

-0.2639(3) 

Fe(C0)s 

0.21878(15) 
0.27872( 12) 
0.2 190( 2) 
0.2789S( 1 5 )  

0.2sOO 
0.4136(2) 
0.1828(2) 
0.2500 
0.51 58(2) 
0.14 1 3( 2) 
0.2500 

Table III. Bond Lengths (A) and mea (den) 
Ni(C0)4 

N i x 2  1.8 1 S(2) c1-01 1.125(3) 
Ni-Cl 1.819(3) c2-02 1.128(2) 

C2-Ni-CZa 109.65(6) 0141-Ni  180.0 
C2-Ni-C 1 109.29(6) 02-C2-Ni 179.66(15) 

Fe(CO)s 
Fel-C3 1.801(3) c1-01 1.136(2) 
Fel-Cl 1.804(2) c2-02 1.117(2) 
Fel-CZ 1.8 1 l(2) c3-03 1.128(4) 

C3-Fel-Cl 121.1 l(5) C2-Fel-C2a 178.94(10) 
C1-Fel-Cla 117.78(10) 0141-Fe l  179.4(2) 
C3-Fel-CZ 89.47(5) 02x2-Fe l  179.43(15) 
Cl-Fel-CZ 90.38(7) 03-C3-Fel 180.0 

(iv) Fe(C0)6 possesses the well-known trigonal-bipy- 
ramidal structure, with the crystallographic 2-fold axis 
passing through C(3)0(3) and the Fe atom (Figure 2). 

(10) We note that the comparison of geometric parameters derived 
from crystallographic and gas-phase studies is fraught with difficulties. 
In particular, corrections must be applied to both seta of results. These 
corrections are nontrivial, especially for near-linear but flexible M-C-O 
units. 

n 

Figure 1. Displacement ellipsoid plot (50% ) of the molecular 
structure of Ni(C0)h. The crystallographic 3-fold axis passes 
through atoms Ni, C(1), and O(1). 

Figure2. Displacement ellipsoid plot (50%) of the molecular 
structure of Fe(C0)5. The crystallographic 2-fold axis passes 
through atoms Fe(l), C(3), and O(3). 

(v) The equatorial carbonyl ligands C(1)0(1) and C(3)- 
O(3) show slightly shorter Fe-C and longer C-O bond 
lengths (1.804(2), 1.801(3) A; 1.136(2), 1.128(4) A; average 
F d - O  = 179.4(2)O) than does the axial ligand C(2)0(2) 
(1.811(2), 117(2) A). In the earlier C2/c refinement carried 
out by Donohue and CaronFb Fe-C distances were found 
to range from 1.76(3) to 1.81(3) A (average 1.79(4) A), while 
C-O ranged from 1.10(4) to 1.14(2) (average 1.12(2) A). 
The magnitude of the Fe-C axial vs equatorial band length 
distortion(0.44%)isnotablylessthaninanalogouap-block 
trigonal-bipyramidal species (e.g. in PFs P-F, = 1.577 A 
and P-F, = 1.534 A; i.e. distortion 2.8%, by gas-phase 
electron diffraction).ll Interestingly, in the most recent 
gas-phase electron diffraction studyBbJo the average equa- 
torial Fe-C distance was reported to be longer than the 
axial value (1.827(3) vs 1.807(3) A) while the C-O distances 
were indistinguishable (mean C-O = 1.152(3) A). 

(vi) There is a small angular distortion of the trigonal 
bipyramid in crystalline Fe(C0)6 with the axial ligands 
closing on the unique carbonyl (C(l)-Fe-C(2) = 89.47- 
(5)O, C(2)-Fe-C(2a) = 178.94(10)O), two equatorial angles 
opened from their ideal values (C(3)-Fe-C(1) = 121.11- 
(5)"), and the thirdslightlyclosed (C(l)-Fe-C(la) = 117.8- 
( 1 ) O ) .  This distortion is of an anti-Berry pseudorotation 

(11) Haneen, K. W.; Bartell, L. W. Inorg. Chem. 1966,4, 1775. 
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type, i.e. in the direction away from a square-based di Chimica"G. Ciamician", UniversitAdi Bologna, for their 
pyramidal geometry in which C(l)-Fe-C(2) = C(1)-Fe- hospitality during a sabbatical stay in Bologna. We thank 
C(3) = ca. 1 0 5 O .  Prof. G. Longoni for invaluable assistance in sample 

preparation. 
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