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Abstract Through-space NMR shieldings were calculated
for trinuclear metal-carbonyl compounds [M;3(CO);;]
(M = Fe, Ru, Os), employing the nucleus-independent
chemical shift approach. The through-space shieldings
were visualized as a contour plot of iso-chemical shielding
surfaces, and were applied to quantify the overall
anisotropic effect of the carbonyl groups, as well as to
identify the influence of the transition metal on the scopes
of the corresponding anisotropy cones. The shielding
surfaces show that the anisotropic effect of the carbonyl
groups at equatorial positions changes depending on the
metal. This effect was associated with 7—backdonation
from the metal to the carbonyl groups in that position, in
agreement with geometric data as well as calculated NMR
parameters. Therefore, visualization of the through-space
NMR shieldings of trinuclear metal-carbonyl compounds
of group 8 is able to reflect the distinct arrangements of
the carbonyl groups in these organometallic compounds.
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Introduction

Trinuclear metal-carbonyl compounds of group 8, [M3(CO),5]
(M = Fe, Ru, Os), are important precursors in organome-
tallic chemistry, since they are used as starting materials in
the production of a large variety of other organometallic
compounds [1-3]. The [Fe;(CO);,] complex is the most
studied species in this group. Its structure has two
bridging carbonyl groups and C,, symmetry [4, 5]. The
[Ru3(CO);,] and [Os;3(CO);,] complexes have structures
with all of the carbonyl groups at terminal positions in Dy
(quasi D3},) symmetry (Fig. 1) [6-9]. Theoretical calculations
[10—13] support the experimental findings.

Recently, the sigma aromaticity model [14, 15] was
employed to account for the higher stability of these metal
triangles relative to other congener metal polygons [16].
Nucleus-independent chemical shift (NICS) analysis showed
quantitative evidence of sigma aromaticity/antiaromaticity in
the [M3(CO);,))/[M4(CO)16)] (M = Fe, Ru, Os) complexes
[16]. The NICS technique [17] computes the absolute
chemical shielding of a virtual nucleus (ghost atom) at
chosen points in the vicinity of the molecule. An NICS value
of <0 at the center of a ring indicates the presence of induced
diatropic ring currents or aromaticity, whereas an NICS
value of >0 indicates induced paratropic ring currents or
antiaromaticity. Among the methods based on magnetic
properties [18-20], NICS has become the most widely used
aromaticity probe due to its simplicity and efficiency
[21-24]. This concept can also be employed to visualize
the through-space NMR shieldings of molecules via a
contour plot of iso-chemical shielding surfaces, whereby
the molecule is placed at the center of a grid of ghost atoms,
and chemical shieldings are calculated for each point in the
grid. It is then possible to gain quantitative information about
the spatial extent of the anisotropy effects originating, for
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Fig. 1 Structures of [M5(CO);,] a
complexes. a M = Fe (C,,).
b M = Ru and Os (D3y,)

example, from unsaturated chemical bonds [25, 26] and ring
currents of aromatic systems [27, 28]. Visualization of the
sign and scope of the anisotropy effect gives a clear
indication of shielding or deshielding positions.

In the present work we calculated the through-space
NMR shielding values for trinuclear metal-carbonyl
compounds [M3(CO);,] M = Fe, Ru, Os) in order to
quantify the overall anisotropic effect of the carbonyl
groups, as well as to identify the influence of the transition
metal on the scopes of the corresponding anisotropy cones.
In particular, we were interested in determining the effects
of bridging and terminal (axial and equatorial) carbonyl
groups on the relative energies of conformers and their
contributions to structural stabilization.

Methodology

[M3(CO);5] clusters can exist in one of three conformations
with C,y, D3 or D3p, symmetry. The [Fe;(CO);,] complex is
found in the C,, symmetry, with two bridging carbonyl
groups [4, 5], while [Ru3(CO);,] and [Os3(CO);,] are found
in the D3 arrangement, with all carbonyl groups in terminal
positions [6-9]. We fully optimized the geometries of each
[M3(CO);,] complex in the three conformations, and
confirmed that the doubly bridged arrangement is the ground
state for the [Fe3(CO);,] case and that the all-terminal
arrangement is the ground state for the [Ruz(CO);,] and
[0s3(CO);,] complexes. Calculation of the Hessian matrix
confirmed that the C,, geometry is the true minimum for
[Fe3(CO),5] and the D3 geometry is the minimum for both
[Rus(CO);5] and [Os3(CO);,]. All geometric optimization
and energy calculations were done with the hybrid B3LYP
functional [29, 30]. For [Fe;(CO),,], three different basis
sets were employed: 6-31G(d) [31, 32], 6-31+G(d) [33] and
LANL2DZ [34, 35]. LANL2DZ is a pseudopotential that
includes the D95V basis set for the valence electrons and a
relativistic effective potential for the core electrons. Only the
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LANL2DZ pseudopotential was used for [Ru3(CO);,] and
[0s3(CO) 2]

The same combination of functional and basis sets was
used to calculate '*C relative chemical shifts using the
gauge-independent atomic orbital (GIAO) approach [36, 37]
and tetramethylsilane (TMS) as a reference, calculated at the
same level. NICS values, in ppm, were computed using the
GIAO method at the same theoretical level as described
above. The ghost atoms were placed on a lattice of 10
to —10 A with a step size of 0.5 A in the three dimensions.
The resulting NICS values were then transformed into a
contour file. Shielding surfaces were obtained for values
of =5.0, 2.0, —1.0, —0.5 and —0.1 ppm shielding and
0.1 ppm deshielding.

All calculations were done with the Gaussian 03 package
[38]. The shielding/deshielding surfaces were visualized
using the SYBYL software [39].

Results and discussion
Bridging [Fe5(CO),,] structure

The C,, structure of the [Fe3(CO);,] complex calculated
with the LANL2DZ pseudopotential is the most stable
arrangement. The relative energies found for the D3 and
Dj,, structures are 1.87 and 12.23 kcal mol ', respectively,
thus confirming experimental findings [40].

The through-space NMR shieldings of [Fe;(CO);,],
calculated at the different theoretical levels, are shown in
Fig. 2. This figure clearly indicates that the shielding/
deshielding surfaces are quite similar for the three
methods. A shielding surface (yellow) is seen along
the bond axis of the carbonyl groups. A deshielding
surface (red) is found perpendicular to the bond axis of
the carbonyl groups. The through-space shieldings are
strongly influenced by the anisotropic effects of the
carbonyl groups, as indicated by the overlap of the
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Fig. 2 Shielding surfaces of [Fe3(CO);,], C,, symmetry, at different theoretical levels, where a yellow surface represents —0.1 ppm shielding and

a red surface represents 0.1 ppm deshielding

corresponding deshielding surfaces (red) of the carbonyl
groups with the center of the ring. Table 1 shows the
NICS values calculated at the center of the ring along
the direction normal to the ring plane (the z-direction).
The effects on the chemical shifts of those virtual nuclei
are shielding from zero until 2 A above or below the metal
plane, and deshielding beyond this limit.

The '*C NMR spectrum of [Fe;(CO);,] was calculated to
evaluate the degree of shielding/deshielding on the carbonyl
carbons. Table 2 shows the '*C chemical shifts calculated at
different theoretical levels, as well as those measured by
solid-state NMR [41, 42]. The "*C resonances observed for
the carbonyl groups, in ppm, from either 25 °C or =93 °C,
follow the sequence: bridging (C,4, Cs) > axial (Cy,, Cy3) >
pseudo-axial (C;,, C;s5) > equatorial (C,o—C,;) > pseudo-
equatorial (Cg, Co), according to their positions on the
triangular ring. For the static structure (7=-93 °C), the
difference between the axial (pseudo-axial) and equatorial
(pseudo-equatorial) chemical shifts is 18(11) ppm. The
theoretical results are in qualitative agreement with the
experimental ones, although smaller positive deviations are
found using the 6-31G(d) basis set. In this case, the carbon
atoms at the equatorial positions are nearly 11 ppm more
shielded than those at the axial positions.

Figure 2 shows that the anisotropic effect of the carbonyl
groups, which exhibits shielding surfaces (yellow) along
the bond axis, is strengthened at the equatorial positions
compared to that at the axial positions. This result indicates

Table 1 NICSs (ppm) calculated for [Fe;(CO);,] along the z-direction
passing through the center of the ring

Distance (A) B3LYP/ B3LYP/ B3LYP/
6-31+G(d) 6-31G(d) LANL2DZ
2.5 0.36 0.99 0.82
2.0 ~0.18 0.00 ~0.30
15 ~7.06 ~6.81 -5.67
1.0 ~20.34 ~18.49 ~17.51
0.5 ~34.06 -29.97 -29.97
0.0 ~41.15 -36.10 -36.37

that there is a correlation between the intensity of the
anisotropic effect and the '*C chemical shift. The magnetic
shielding is larger at equatorial positions where the
carbonyl carbons are more heavily shielded, so they display
lower chemical shifts.

[M3(CO);,] structures with all of the carbonyls at terminal
positions

As mentioned before, the most stable structure of [Fe3(CO);,]
has two bridging carbonyl groups with C,, symmetry. The

Table 2 Relative isotropic '*C chemical shifts, 5(ppm) from TMS, for
[Fe3(CO);,] calculated at different theoretical levels, and those
measured by solid-state NMR

Atom B3LYP/  B3LYP/ B3LYP/  Exp® Exp”
6-31+G(d) 6-31G(d) LANL2DZ T=25°C T=-93°C
C4  263.14 256.26  284.85 226.1 2388
C5  263.14 25626 284.85 2245 2365
Cc8  213.88 208.63  236.63 2032 1983
C9  213.88 208.63  236.63 2018 1983
C-12 22428 22043 249.73 2102 209.5
C-13 22428 22043 249.73 2141 209.5
C-14 22428 22043 249.73 2141 2095
C-15  224.28 22043 249.73 2102 209.5
C20 222.17 21712 246.52 201.8 1983
Cc21  222.17 21712 246.52 2032 1983
C22 23248 22798  257.13 2245  216.0
C-23 23248 22798  257.13 226.1  216.0

“[41], P[42]
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Fe3(CO)q2 Ru3(CO)42 Os3(CO)12

Fig. 3 Shielding surfaces of M;(CO),,, D;, symmetry, where a yellow surface represents —0.1 ppm shielding and a red surface represents
0.1 ppm deshielding

[Rus(CO);,] and [Os;3(CO)p5] clusters both have minimum  carbonyl groups in the axial or equatorial positions correlate
energy structures with Dy symmetry, although the Dy, form  with the '>C chemical shift. It is thus worth analyzing the
is only slightly higher in energy. For the bridged [Fe;(CO);5] same effect in [Ru3(CO);,] and [Os3(CO);,]. To better
structure, we found that the anisotropic effects of the  differentiate between the two positions (axial and equatorial),

D D P

Fe3(CO)12 Ru3(CO)12 Os3(CO)12

Fig. 4 Shielding surfaces of [M3(CO);,], D3, symmetry. The blue, cyan, blue-green, green and yellow surfaces represent, respectively, —5, =2,
—1, —0.5 and —0.1 ppm shielding, while a red surface represents 0.1 ppm deshielding
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we only analyzed the Dj, structures. As there is no
all-electron basis set for Ru and Os, the B3LYP/LANL2DZ
combination was used to calculate the through-space NMR
shielding values of the D3y, structures. The calculated values
for the shielding surfaces of the Ds;, structures (Fig. 3)
confirm that the anisotropic effect of the carbonyl groups
is strengthened at equatorial positions compared to the
corresponding axial positions. The shielding surface
values decrease in the sequence Fe > Ru > Os. Figure 4
shows shielding surfaces at —0.1 ppm (yellow) for the
carbonyl groups at the equatorial positions in the Fe, Ru
and Os clusters at 9, 8 and 7 A from the center of the ring,
respectively. The distance between the oxygen atom and
the green shielding surface at —0.5 ppm (green) also
decreases in the same order. In contrast to this, the
anisotropic effects of the carbonyl groups at axial
positions increase from Fe to Os.

The *C chemical shifts of the Dy, structures (Table 3)
were calculated using the 6-31G(d) basis set for oxygen
and carbon atoms and the LANL2DZ pseudopotential for
the metals. The same behavior as that found for
[Fe3(CO)15] (Cyy symmetry) was observed for the Djy
structures. The carbonyl carbons at equatorial positions are
more shielded than those at axial positions. The differences
in chemical shift (Ad) between the axial and equatorial
positions for the [Fe;(CO);,] and [Ru3(CO);,] clusters are
quite similar: 23.04 and 25.71 ppm, respectively. This
difference is substantially reduced to 14.66 ppm for
[0s5(CO);,]. Considering the synergistic nature of the
M-CO bond in these systems, it may be postulated that the
increase in the anisotropic effect at equatorial positions may
be related to better —backdonation from the metal to the
carbonyl groups, contributing to better electron delocalization
and a stronger anisotropic effect. The differences between the
axial and equatorial shielding surfaces decrease from Fe to Os.
Because of the higher polarizability of the heavier metal, the
degree of electron backdonation tends to even out the
shielding effects at the two positions for osmium.

An analysis of geometric data (Tables 4 and 5) supports
this proposition. The O...O and C...C distances between two
equatorial carbonyl groups are bigger than the equivalent
distances between axial carbonyls (Table 4). This indicates
that the overlap of the yellow shielding surfaces seen at the
equatorial positions is not due to the carbonyl groups being

Table 3 Isotropic '>C chemical shift, 5(ppm) from TMS, of
[M;5(CO);,] calculated with B3LYP/6-31G(d)/LANL2DZ

Metal C-axial C-equat. Ad

Fe 238.65 215.61 23.04
Ru 229.66 203.95 25.71
Os 213.94 199.28 14.66

Table 4 O...0 and C...C distances (A) between two equatorial
carbonyl groups and two axial carbonyl groups, and M—C-O angles at
axial and equatorial positions

Metal C..C C..C 0..0 0..0 M-C-0 (°)
axial equat. axial equat. axial/equat.

Fe 2.73 2.83 3.05 3.57 170.87/178.39

Ru 2.87 3.47 3.13 3.86 171.65/178.41

Os 2.92 3.51 3.09 3.89 174.41/179.08

in closer proximity, but to a stronger anisotropic effect (see
Figs. 2 and 3). The M—C-O angles at the axial positions are
more distorted than those at the equatorial ones: Fe (170.87/
178.39°), Ru (171.65/178.41°) and Os (174.41/179.08°).
This stronger distortion can be attributed to steric electronic
hindrance due to the three axial carbonyl groups above and
below the plane of the ring. This distortion may decrease the
mi-backdonation and the electron delocalization at the axial
positions. In addition, M—CO bond lengths at equatorial
positions are shorter, and the electronic charges on the O
atoms are larger at equatorial positions than at axial ones
(Table 5), reinforcing our proposal.

Conclusions

Visualization of the through-space NMR shieldings of
trinuclear metal-carbonyl compounds [M3(CO);,] (M = Fe,
Ru, Os) shows that the shielding/deshielding surfaces are
quite similar for different calculation levels. The carbonyl
groups display shielding (yellow) along the bond axis and
deshielding (red) perpendicular to the bond axis. The
anisotropic effect of the carbonyl groups is strengthened at
equatorial positions. Considering the synergistic nature of
the M—CO bonding in these systems, it may be postulated
that the increase in the anisotropic effect at equatorial
positions may be related to better —backdonation from the
metal to the carbonyl groups, which is associated with better
electron delocalization, since at those positions the M—C
distances are smaller, the charges on the O atoms are greater,
and the M—C-O angles are less distorted, resulting in a
stronger anisotropic effect. This effect decreases from Fe to

Table 5 M-C distances (A) and Mulliken charges on O atoms at axial
and equatorial positions

Metal M-C M-C Charge on ~ Charge on
axial (A) equat. (A) axial O equat. O

Fe 1.811(1.819)* 1.785(1.791)*  —0.116 —0.134

Ru 1.959(1.942)°  1.933(1.921)°  —0.095 -0.101

Os 1.958(1.946)° 1.927(1.912)°  —0.089 —-0.103

abe Experimental average values, *[40], °[8], ©[9]
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Os. Metal clusters with higher polarizabilities show less of a
difference in the anisotropic effect between the axial and
equatorial positions. Our discussion is supported by solid-
state NMR experiments for [Fe;(CO);,], which show that
the '>C chemical shifts at equatorial positions are shifted
upfield by 20 ppm compared to those at axial positions. The
13C NMR spectra calculated for these species are qualita-
tively in agreement with the experimental ones.
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