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INTRODUCTION 

Although mercury derivatives of transition metal carbonyl c6mpounds1-33 
have been known since 1928 when Fe(CO)4Hg,Cl, was first reported’ and although 
many proposals have been made concerning their stereochemistry, the structures of 
none of these compounds have been previousIy determined by X-ray diffraction. The 
nature of the iron carbonyl mercury halide derivatives in particular has been a subject 
of considerable speculation. The reaction of Fe(CO), with excess HgXz (X = Cl, Br, 
or I) in aqueous solution yields the compound Fe(CO),Hg,X,, which first was 
proposed’*’ to be either a double salt, Fe(CO),-Hg,X,, or an addition compound, 
HgFe(CO),-HgX,. The formulation of Hg,Fe(CO),X, also was suggested3. Sidg- 
wick4 postulated that in the presumab!y related Fe(CO),(HgCH,),, the product of 
the reaction of H,Fe(CO), with CH,HgOH, each mercury atom is coordinated to 
a methyl group and to an oxygen atom of a carbonyl group with the four carbonyl 
carbon atoms arranged tetrahedrally about the iron atom. 

The present investigation of (BrHg),Fe(C0)4 has revealed a monomeric 
octahedral-type structure containing two &-oriented Fe-HgX bonds. Subsequent 
spectroscopic analyses of (XHg),Fe(CO), (X = Cl, Br, 1)5-7 not only have indepen- 
dently established the correct molecular configuration but also have provided insight 
into the nature of the Fe-HgX bonds. 

EXPERIMENTAL 

X-ray examination of (IHg),Fe(CO), 
_ Prior to the X-ray study of (BrHg),Fe(CO),, work was carried out on (ClHg),- 

Fe(CO), and (IHg),Fe(Ca),. Samples of these latter two compounds were generously 
supplied to us by Dr. E. Coffey of E. I. DuPont de Nemours Company (Wilmington, 
Delaware) and later were prepared in our laboratories by the reaction of iron penta- 
carbonyl with the corresponding mercuric halidelV2. Recrystallization techniques on 
the chloride analogue fail&o yield single crystals which gave satisfactory X-ray data. 
-- 
* Presented before the Division of Inorganic Chemistry, 15th Southeastern Regional ~marican Chemical 
Society Meeting, Charlotte, NC., November 14-16,1963. Based in part on a dissertation submitted by 
H. Wallace Baird to the Graduate School of the University of Wisconsin in partial fulfillment of the re- 
quirements for the degree of Doctor of Philosophy_ 
** Woodrow Wilson Predoctoral Fellow. Present Address: Department of Chemistry, Wake Fores; 
College, Winston-Salem, NC. 
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Unit cell and space group of (BrHg),Fe(CO), 
The parameters of the orthorhombic unit cell are a = 24.84+0.06 A, b = 

13.65 to.03 A, and c = 12.91 kO.03 A. The calculated density of 4.43 g/cm3 based 
on 16 (BrHg),Fe(CO), formula species per unit cell falls between the observed den- 
sities of 4.02 and 4.66 g/cm3 measured for (ClH&Fe(CO), and (IHg)-),Fe(CO),, 
respectively3”. 

The space group FddZ(C:F, No. 43) was uniquely defined by the systematic 
absences of Iz + k, k + 1, h + I f 2n for (Ml); k + If 4n for (Okl) ; and h + If 4~2 for 
(h0Z). The choice of this non-centrosymmetric space group was confirmed both from 
the peak concentration in the Patterson synthesis and from the resulting structural 
determination_ The iron atoms were found to be in two sets of B-fold special positions 
(Ba; O,O,z; &, 4, $tz; + F centering) located on twofold axes, while the 16-fold sets 
of general positions (16b: s,_vzs; -U,_?,z: i-x, i+y, $+z; $+x-, i-J?, $+z; tF center- 
ing) were found to be occupied by mercury atoms (two sets), bromine atoms (two 
sets), carbon atoms (four sets), and.oxygen atoms (four sets)36. The structural deter- 
mination, therefore, involved the location of two crystallographicdl!y independent 
half-molecules consisting of two iron, two mercury, two bromine, four carbon, and 
four oxygen atoms. 

Deterrninatiun of’ the structure of (BrHg)2Fe(C0)1 
The interpretation of the three-dimensional Patterson function led to a self- 

consistent set of coordinates for the two independent mercury atoms which gave 
discrepancy factors of R, = [El [FO[ - IF,1 (./ZIF,j] x 100 = 22% and R2 = [CwI IF01 - 
IF,! ~2pvFgj~‘” x 100 = 29%. For the calculation of structure factors an isotropic 
thermal parameter of 2.0 A’ arbitrarily was chosen for the mercury atoms. The first 
approximation to a three-dimensional electron density map*, phased on the contri- 
butions of the mercury atoms (Hg, and HgJ, showed only four prominent peaks 
(other than those of the two mercury atoms) in the asymmetric part which were 
attributed to the two iron atoms (Fe, and Fe,) and two bromine atoms (Br, and 
BrJ. Two of these latter peaks were located on the crystallographic twofold axes 
and were designated as the iron atoms (See Figs. l-3). Structure factor calculations 
based only on the mercury and bromine atoms decreased the unweighted discrepancy 
factor to RI = 17%. A further lowering of R, to 15% occurred when the iron atoms 
were included. A three-dimensional difference Fourier synthesis of the form F,, - F, 
(Hg, Br, Fe) was calculated, and atomic coordinates were obtained for the four 
carbonyl groups. For the fourteen independent atoms the R, and R2 values were 
14 and 18%,respectively, at this point. 

Least-squares refinement 3g of the twelve interlayer scale factors and the posi- 
tional and isotropic thermal parameters of the six heavy atoms was attempted, but 
the thermal parameter of Fe, became nonpositive-definite. Since a three-dimensional 
difference map revealed some anisotropy in the thermal motion of the mercury 
atoms, a least-squares heavy-atom anisotropic relinement (with the scale factors 
held constant) also was attempted but again gave nonpositive-definite thermal param- 

* Since both the Sly-Shoemaker Fourier Program3’ and the Blount Fourier Program38 do not calculate 
correctly for symmetries involving diamond glides, the Fourier maps for Fdd2 were qmputed on the 
basis of the unit cel1 symmetry of the monoclinic space group F2 by inclusion of a second octant of reci- 
procal space in the input data. 
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Fig. 1. The molecular ccnfiguration of (BrHg),Fe(CO)& 

Fig 2. [ lOO] projection of rhe row of molecules along the 2, antis at x =J =O. 

Y- b/z 

Fig. 3. A composite of a three-dimensional [OOl] electron density synthesis showing the heavy atoms. 
Comours are at intervals of 10e/A3. The doubIe-primed superscript refers to the symmetry equivalent 
position: x, ++y, f-t-z- 

eters. The misbehavior of the thermal parameters is attributed mainly to an incom- 
plete correction for the large absorption effects which probably also accounts in part 
for the difference. in the fmal least-squares. and Fourier atomic coordinates (Me 
i@xz). Consequently, a least-squares refmement of scaie factors and the initial coor- 
dinates of the heavy atoms obtained from the Fourier maps was begun anew with 
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only an overall isotropic temperature factor used for further adjustment of the 
thermal parameters_ The third iteration gave parameter shifts which were small 
compared to the corresponding standard deviations and yielded an R, of 14% and 
an R2 of 13%. Attempts to refme the carbon and oxygen atoms by least-squares were 
unsuccessful_ 

TABLE 1 

FINAL ATOMIC PzUAMEE& 

Atom X(101G,) YW~,) z(lO”cr,) B 

Hg, 

Br, 

Fe, 

Fez 

C, 

01 

G 

02 

G 

0, 

C, 

0, 

a 
b 

: 

: 

: 

a 
b 

a 
b 

a 

a 

a 

a 

0.0356 -0.0917 
0.0340(6) -0.0894(12) 

0.0602 0.0365 
0.0593(5) 0.0378(11) 

0.0647 -0.1947 
O.O657(18j -0.1837(41) 

0.0998 0.1031 
0.1027(17) 0.0998 (41) 

0 0 
0 0 

0 0 
0 0 

0.075 0.075 

0.125 0.108 

0.021 - 0.092 

0.038 -0.158 

0.0000 2.1 
o.oooo (-)* 21 

0.2949 2.1 
0.2966(16) 2.1 

0.1501 5.1 
O-1454(34) 5.1 

0.1356 5.1 
0.1404(34) 5.1 

-0.1467 2.6 
-0.46 11(62) 2.6 

O-4536 2.6 
0.4611(62) 2.6 

-0.150 5.1 

-0.150 6.1 

- 0242 5.1 

-0.300 6.1 

a 0.038 -0.142 0.458 5.1 

a 0.058 -0.250 0.460 6.1 

a 0.067 0.012 0.550 5.1 

a 0.092 0.070 0.617 6.1 

a a: Successive Fourier syntheses b: least-squares refinement with an overall temperature factor. The B’s 
of like atoms have been fixed as equal. b Since the symmetry requirements of Fdd2 do not specify the origin 
of the unit cell in the c-direction. the z coordinate of Hg, arbitrarily was chosen at Oc and was not varied. 

Refinement by successive Fourier and difference Fourier syntheses then was 
carried out. Within the region of the reciprocal lattice covered (i.e., 9< 23O), 101 
reflections were too weak to be recorded; structure factors for these reflections were 
derived by assignment of intensity values of 4 Imin for a given reciprocal Ievei4’. 
Fourier maps were calculated wherein the phase of each structure factor was computed 
from the contribution of all fourteen atoms. Three-dimensional difference maps of 
the form F. -F, (Hg, Br, Fe) were used to refine the coordinates of the light atoms; 
A back-shift correction was made for the -last Fourier synthesis to minimize the 
Fourier series termination errors. 

The final parameters for the Fourier and the least-squares reimements are 
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TABLE 3 

INTRAMOLECULAR AND Ih‘TERMOLECULAR DISTAANCES 
- 

Atoms Fourier Least-squares 

rejh2ment refinement 
Estimated 
std. dev. 
(lower limit) 

509 

Hg, _ _ _ Hg; 3.07 A 
Hgz _ . _ Hg; 3.15 

Hg,-Br, 
Hgl-BrZ 

2.50 
2.45 

Hg,-Fe, 2.44 
Hgz-Fe, 2.59 

2.97 

3.12 

2.41 
2.44 

2.28 
2.64 

0.03 
0.03 

0.05 
0.05 

0.07 
0.07 

Fe,-G 2.13 0.12 
Fe,-C2 1.83 0.12 
Fez-C3 2.15 0.12 
Fe&, 2.15 0.12 

G-01 1.33 0.15 
Q-0, 1.26 0.15 

c3-03 1.57 0.15 

G-0, 1.13 0.15 

Hg, _. _ Hg2 4.23 4.25 0.03 
Hg, . . . Br, 3.56 3.59 0.05 
Hg, . _ _ Br:, 3.79 3.85 0.05 
Hgz . . . Br, 3.67 3.60 0.05 
Hg, _ _ . Br; 4.22 4.17 0.05 

Br, _ _ _ Br, 4.16 3.98 0.06 
Br, _._Sr> 4.28 4.34 0.06 
Br, . _ . J3r; 6.21 5.98 0.07 
Br, . . . Br> 5.70 5.78 0.07 

Hg, _ _ _ Br,” 340 3.38 0.06 
HgIu . . . Br, 3.29 3.26 0.06 

a Refers to position f-x, 2-k): g+z. 

given in Table 1. Table 2 lists the observed and calculated structure factors from 
the Fourier refinement. Tables 3 and 4 give the distances and bdnd angles, respectively. 
Estimated standard deviations of the interatomic distances and angles involving only 
the heavy atoms were obtained from the least-squares full inverse mat.rix4’, whereas 
the estimated standard deviations for the molecular parameters involving both heavy 
and light atoms were obtained from the variance matrix corresponding to no param- 
eter correlation between atoms. The standard deviations of the positional parameters 
utilized in this diagonal matrix were taken from the least-squares refinement for the 
heavy atoms ; for each of the light atoms the standard deviation of a positional param- 
eter was assigned from the diierence Fourier refinement to be 0.10 A. The standard 
deviations calculated in this way for the molecular parameters involving only the 
heavy atoms agreed closely with the corresponding values from the full inverse least- 
squares matrix. These estimated uncertainties are based on the inherent assumption 
of no systematic error and hence in this case represent only the lower limits of the 
actual errors. 

J. Organometal. Gem_, 7 (1967) 503-514 



TABLE 4 
BOND ANGLES 

Atoms ’ Fourier Least-squares 
re_finement refinement 

Esiamed 
std. det:. 
(tower timit) 

Hg,-Fek-Hgi 78.0” 
Hg,-Fez-H& 75. I 
Fe,-I!@,-Br, J74_9 
Fe,-EIg,-Br, 165.3 
Br r-Hgx-Hg; 128.8 
Br,-Hg&g> 119.8 
c,-Fe,-&?, 86.8 
Cz-Fe,-Hg, 93.9 
CI-k%,-& 93.9 
C2-Fe l-C; 95.7 
C,-Fe,-Hgz 86.9 
C,-RQ-Hg, 87.8 
C&+-C* 83.6 

C,Fe,-c; 1093 Cl-Fe,--c; 177.7 
C3-Fe,-c; 176.8 
Fez-+-O, 171.2 
Fe&-C,-Oz J74.0 
Fe,-&-0, i73.4 
Fez-C,-0, 162.9 

81.1” 
72.6 

177.3 
169.0 
JS8.7 
122.1 

2.5O 
‘7.3 
1.3 
1.4 
id 
1.1 
33 
3.3 
4-5 
7.4 
3.1 

2.8 
4.0 

;:z 
6.9 
8.3 
9.1 
7.3 
9.3 

The atomic scattering factors used in this entire analysis were those of Thomas 
and Umeda4” for mercury, bromine, and iron and those of Berghuis et a!P3 for 
carbon and oxygen. Corrections for anomalous dispersion effects44 were made in the 
least-squares refinements. 

In order to provide further verification of the structure, the three-dimensional 
Patterson map was checked against the vectors due to the heavy atoms. With the 
Fourier atomic coordinates the peak height distribution of ah significant Patterson 
peaks except two moderately sized ones could be satisfactorily explained on the 
basis of the kavy atom vector sets. The distances of the intramolecular vectors 
agreed within experimental error with thase from both refinements. The heavy atom 
peaks are clearly reveakd io Fig. 3, which is a superposition of the appropriate 
electron density contours projected onto the (HII) plane taken from the fii three- 
dimension& Fourier synthesis. Fig. 4 ihustrates the composite electron density 
contour seedoss parallel to the (601) p&me for the four independent cz&onyf groups 
of the two molecuks which are obtained from the foal difference Fourier synthesis. 
The resolution of these carbon and oxygen atomsobtained in this heavy atom probkt$ 
is good even though the atomic coordinates are not accurately known. Besides these 
light atam peaks,, the finaf difference Fourier map did not reveal any peaks of signi- 
ficant heigh;t other &n those involving anisotropy of the heavy atoms. The insensi- 
ti&y of the carbon and oxygen atoms to a Zeast-squares refinement of the photo- 
grapfiicilata is not surprising in this case, especially skce they comprise less than two 
percent of the total scattering power. 



CRYSTAL ANDMOLECULARSTRUCTURE OF (BrHg),Fe(CO)S 511 

D y- 
Fe;) 

\. 

‘Fe, 
: b/e 

Fig. 4. A composite of a three-dimensional [001-j partial-difference electron density synthesis showing the 
carbonyl groups. Contours are at every 1 e/A’ with lowest contour at 2 e!A3. The single-, double-, and 
triple-primed superscripts refer to the positions .Z, _P, z; _ , x *+J, p+z; and .?, ~--JL $+; respectively. The 
positions of the heavy atoms which are subtracted out are indicated. 

DISCUSSION 

Solid (BrHg),Fe(CO), exists as discrete molecules of idealized symmetry 
C,,-2mm in which each central iron atom is approximately octahedrally coordinated 
to four carbonyl groups and to two cis-HgBr ligands as shown in Fig. 1. The large, 
estimated standard deviations reflect that the determined lnolecular parameters are 
not as precise as one would desire. Nevertheless, despite the Iarge inaccuracies of the 
light atom coordinates, the carbon and oxygen atoms are clearly apparent in the 
composite density difference map (Fig. 4). Consequently, this X-ray investigation 
unambiguously gives the overall molecular configuration with the first direct proof 
for the existence of transition metal-mercury bonds. Since the distances and angles 
from the Fourier refmement show more internal consistency than those from the 
least-squares refinement, the molecular parameters based on the Fourier refinement 
are utilized in this discussion. 

The molecules lie on crystallographic twofold axes, and therefore the inde- 
pendent part of the unit cell is made up of two halves of two symmetry-unrelated 
molecules both located on a given twofold axis (Fig. 2). The packing then can be 
described in terms of these two molecules stacked in rows along the c direction about 
each of the eight twofold axes of the unit cell. Only the heavj atoms in the unit cell 

J. OrgoMmeral. CheM., 7 (1967) 503514 
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are shown in the [Ool] projection (Fig. 5). The heavy atom framework of this bimotec- 
ular unit (of idealized symmetry S&I) is approximately that obtained by placing 
the four bromine atoms at the comers of an equatorial @me ofa distorted octahedron 
and positioning the iron atoms at the apices. The mercury atoms are pfaced along 

D 
Fig 5. @Ol] projection of rhe heavy atoms. The doubte-primed superscript refers to x, 4 +JP, 4 tz. 

four of the apex-to-equatorial-plane edges; one set of two trcrns edges are occupied 
by two mercury a?oms Mow the equatorial plane, while the alternate set of two 
trans edges are.occupied by two mercury atoms above the plane.. The overall idealized 
S, symmetry of the bimolecular unit is retain@ with the addition of four carbonyi 
groups to each iron atom. 

As expected, the mercury coordination in (BrHg&Fe(CO), is digonal with 
no sign&ant departure of the Fe-Hg-Br &&ton from linearity. The average 
intramolecular Hg . _ _ Hg distance of 3.1 w compares favorably to the estimated Van 
der Waals Hg . . . Hg contact distance of3,OA (C’ ref. 45). The mean value of 2.47 A 
for the Hg-Br bond distance in (BrHg),Fe(CO), is in &reement with the most 
recently reported Hg-Br bond lengths in HgBr, (ZJI#~~ and 2_4+47 A from electron 
diffraction of the vapor phase and 2.48 48*49 A from X-ray diffraction of the solid), 
CH&gBr (2.406 A from microwave spectroscopy of the vapo?‘), and solid Hg,Br, 
(2.45 A from X-ray diffractior$“). 

Each mercury atom ‘formally can be considered to be in the + 1 oxidation 
st;pte with a dfosl configuration, and hence each -HgBr group functions as a one- 
electron donating pseudo-halogen thereby enabling the central iron atom in the 
diamagnetic (BrHgjjzFe(CQa to achieve a closed-shell electronic configuration. ft 
should be noted that a large number of transition metaT complexes with post-transition 
a&zns ticIudin$$ -HgX groups recently have @en prepared and characterized by 
Nyhoim, Lewis, and co-workerss,6,8.9-52,~3.~4. F ram spectroscopic studies they have 
suggested that the interaction of the highly poiarizing~&X &and with such moieties 
B I;e(CO), also involves some z-back-bonding from the filled &-orbit& of the 
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central metal (e.g., iron) to the vacant orbitals of the -HgX entity thereby giving 
partial double-bond character to the Fe-Hg bond. Consistent with their view is 
that some double-bond character has been inferred from stereochemical considera- 
tions for Hg-0 and Hg-CN bonds in several non-transition metal complexes45. 
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SUMMARY 

The crystal and molecular structure of (BrHg),Fe(CO), has been determined 
from a three-dimensional X-ray diffraction study. This compound crystallizes with 
14 formula species in an orthorhombic unit cell with space group symmetry Fdd2- 
(C::) and lattice parameters a = 24.84 A, b = 13.65 A, and c = 12.91 A. The structure 
consists of discrete molecules of (BrHg),Fe(CO).+ of idealized C,, symmetry with 
the central iron atom in an approximately octahedral environment of four car- 
bony1 groups and two cis-HgBr ligands. This X-ray study represents the first direct 
evidence for the existence of an iron-mercury bond. Crystallographic data show 
the isostructural molecular analogue (IHg),Fe(CO), not to be isomorphous in 
the solid state with (BrHg):)zFe(CO),. Crystals of (IHg)zFe(CO), are orthorhombic 
with 8 formula species in a unit cell of symmetry Pbn2, (Cz,) and of lattice parameters 
a = 13.17 is, b = 13.32 I(, and c = 13.40 A. 
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