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ABSTRACT: Heteronuclear magnesium—iron carbonyl cation com-
plexes MgFe(CO)," (n = 4—9) are prepared in the gas phase and are
detected by mass-selected infrared photodissociation spectroscopy in
the carbonyl stretching frequency region. The geometric structures
and the metal—metal bonding are discussed with the aid of quantum
chemical calculations. The MgFe(CO)," cation is a coordinatively
saturated complex. Each complex is characterized to contain more
than one isomer. The small complexes (n = 4—6) possess the Mg—Fe
bonded [(OC),_sMg—Fe(CO),]* and/or [(OC),_sMg—Fe(CO),]*
structures with all the carbonyl ligands terminally bonded. For the
larger complexes with n = 7-9, the [(OC),_4Mg—Fe(CO),]*
structure is the major isomer experimentally observed. In addition,
the [(OC),_sMg—OC—Fe(CO),]* isomer involving a linear bridging
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carbonyl ligand is also characterized. Bonding analyses indicate that each [(OC),_4Mg—Fe(CO),]* complex contains a Mg—Fe
electron-sharing ¢ bond. The metal—metal bond is described as a Mg(+I)—Fe(0) bond in MgFe(CO)," and as a Mg(+II)—Fe(-I)

bond in the larger n = 5—9 complexes.

B INTRODUCTION

Metal—metal bonded complexes have been intensively studied
for decades, not only due to their various applications in
catalysis, molecule activation and enzyme mimicry but also for
fundamental understanding of metal—metal bonding.l_6
Although this area was once dominated by d- and f-block
metals,” ' considerable progress has also been achieved for
metal-metal bonding containing p-block main group
metals.' ™% As electropositive s-block metals, alkaline earth
metals are well-known in forming ionic or coordination
compounds in the fully oxidized +2 oxidation state, whose
covalent bonding properties were not taken seriously until
recent years.''~>° A milestone on alkaline earth metal—metal
bonding was reached in 2007, when the first stable Mg(I)—
Mg(I) bonded complex LMg—MgL (L = bulky guanidinate or
p-diketiminate) was reported by Jones and co-workers.”” Since
then, a class of complexes containing the homonuclear Mg(I)—
Mg(I) bond have been synthesized, which are considered as
widely applicable, quasi-universal reducing agents in organic
and inorganic S)rnthesis.30_34 Very recently, a trinuclear
(BDI)MgMgMg(BDI) complex was reported, which is
confirmed to contain a mixed-valence Mg(I)—Mg(0)—Mg(I)
bonding unit.*

Magnesium can also form heteronuclear metal—metal bonds
with either d-block or p-block metals. Since the first
unsupported Mg—Fe bonded complex synthesized in 1974,
quite a few examples of heteronuclear complexes involving
Mg—Fe, Mg—Co, Mg—Mn, Mg—Zn, and Mg—Al bonds have
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been reported.’’** Recently, the heteronuclear anion
complexes MgFe(CO),” and Mg,Fe(CO),” were generated
in the gas phase and were studied by infrared photo-
dissociation spectroscopy in this laboratory. Both complexes
are characterized to contain an electron-sharing Mg(I)—
Fe(—II) o bond. The Mg,Fe(CO),” complex involves a
relatively weak covalent Mg(0)—Mg(I) ¢ bond.* Here we
report the gas-phase generation and spectroscopic character-
ization of heteronuclear magnesium—iron carbonyl cation
complexes MgFe(CO),* (n = 4—9). Infrared photodissociation
spectroscopy combined with theoretical calculations confirm
that the MgFe(CO)," is a coordinatively saturated complex
and each complex possesses a [(OC),_,Mg—Fe(CO),]*
structure containing an electron-sharing Mg—Fe ¢ bond.

B EXPERIMENTAL AND COMPUTATIONAL
METHODS

The heteronuclear magnesium—iron carbonyl cation com-
plexes were produced in the gas phase by a pulsed laser
vaporization/supersonic expansion source, and were detected
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by mass-selected infrared photodissociation spectroscopy as
described in detail previously.*® The 1064 nm fundamental of a
Nd:YAG laser (Continuum, Minilite II) was applied to
vaporize a magnesium metal target. The carbonyl complexes
were produced in a pulsed supersonic expansion of helium
seeded with 10% CO containing a trace of Fe(CO); impurity
at 0.7—1.2 MPa backing pressure during the laser vaporization
process. The cation products were then skimmed and detected
by a time-of-flight mass spectrometer (TOFMS). To obtain
infrared photodissociation spectra of target cations, the cations
were respectively mass-selected, decelerated, and irradiated by
a tunable infrared laser. The dissociation laser was generated
from an OPO/OPA system (Laser Vision) pumped by a
Nd:YAG laser (Continuum Surelite EX). The laser energy is
about 0.5—1.0 mJ/pulse in the range of 1600—2280 cm™'.
After laser irradiation, the dissociated fragment cations
together with undissociated parent cations were reaccelerated
and detected by a second TOFMS. Monitoring the
dissociation efliciency as a function of laser wavenumber
gave the infrared spectrum of the complex. The wavenumber
was scanned in steps of 2 cm™! and the dissociation efficiency
was averaged over 300 laser shots per step. The wavenumber
was calibrated by absorption spectrum of carbon monoxide.
Quantum chemical calculations were carried out to confirm
the geometric and electronic structures of the target
complexes. Equilibrium geometry optimizations and vibra-
tional frequency simulations were performed at the B3LYP-
D3/6-311+G(d) level.”’~*° The harmonic vibrational frequen-
cies were scaled by a factor of 0.969, which is obtained from
the ratio of experimental stretching frequency of 2143 cm™" for
CO and the calculated value of 2213 cm™". All calculations
were performed using the Gaussian 09 program.”’ To better
understand the chemical bonding in the complexes, energy
decomposition analysis with natural orbitals of chemical
valence (EDA-NOCV)>>** was carried out. The instantaneous
interaction energy (AE,,) between two fragments of a
molecule is decomposed into three main components: the
Pauli repulsion energy (AEy,,;), the quasi-classical electrostatic
interaction energy (AEq,.) and the orbital interaction energy
(AE,;). The total AE,, is further partitioned into several
pairwise contributions of the orbital interactions, clarifying the
dominant covalent interactions and the orbitals involved. The
EDA-NOCYV bonding analyses were performed at the PBE/
TZ2P level with the ADF 2014 program package’* using the
geometries optimized at the B3LYP-D3/6-311+G(d) level.

B RESULTS AND DISCUSSION

Figure 1 shows the mass spectrum of the carbonyl cation
complexes produced by pulsed laser vaporization of a pure
magnesium metal target in an expansion of helium seeded with
10% CO containing trace of Fe(CO); impurity. Besides the
peaks due to mononuclear magnesium carbonyl complexes
Mg(CO),* (n 2—4), mass peaks due to heteronuclear
magnesium—iron carbonyl complexes MgFe(CO),* (n = 4—9)
are observed. The mass peaks of MgFe(CO)," remain intense
under different experimental conditions while the signals of the
MgFe(CO),"* (n > 10) complexes are hardly observed,
suggesting that the MgFe(CO),* complex is a coordinatively
saturated species.

The heteronuclear complexes MgFe(CO)," (n = 4—9) are
each mass-selected and subjected to infrared photodissocia-
tion. Each complex dissociates via the loss of a CO ligand in
the carbonyl stretching frequency region. The resulting
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Figure 1. Mass spectrum of the heteronuclear carbonyl cation
complexes produced by pulsed laser vaporization of a magnesium
target in an expansion of helium seeded by 10% carbon monoxide
with trace of Fe(CO); impurity.

infrared photodissociation spectra are shown in Figure 2.
The MgFe(CO)," complex dissociates quite inefficiently even

[
5_
)
2 4
[7]
=
2
E (e)
2 37
2 @ NN
Ta
x 2
(© M
14(b) A~ N =
(a) AN |
0 T T T T T T
1600 1700 1800 1900 2000 2100 2200

Wavenumber (cm™)

Figure 2. Infrared photodissociation spectra of (a) MgFe(CO),", (b)
MgFe(CO),", (c) MgFe(CO),", (d) MgFe(CO),*, (e) MgFe(CO);",
and (f) MgFe(CO)," in the carbonyl stretching frequency region.

under focused IR laser irradiation (2% at 2043 cm™). The
MgFe(CO)," (n = 5—9) complexes all exhibit appreciable
dissociation efficiency under unfocused IR laser irradiation
(>5%), indicating relatively weak metal-CO bonding. For the
small n = 4—6 complexes, no bands below 1900 cm™ are
observed, indicating that all the carbonyl ligands are terminally
bonded. In contrast, weak bands below 1900 cm™' are
observed for the larger n = 7—9 complexes, suggesting the
involvement of bridge bonded carbonyl ligands. No band is
observed in the tagged CO stretching frequency region
(~2160 cm™) in the spectrum of MgFe(CO),", indicating
that all the CO ligands are chemically bonded.”™>”
Quantum chemical calculations are performed to validate
the experimental assignments and to determine the structures
of the heteronuclear magnesium—iron carbonyl complexes.
The optimized geometries, relative energies and simulated IR
spectra calculated at the B3LYP-D3/6-311+G(d) level for
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different isomers of MgFe(CO)," (n = 4—9) are shown in
Figures S1—S6, respectively. The simulated IR spectra are
compared to the experimental ones in Figures 3-8,
respectively. The most stable structure of each complex is
calculated to have a doublet ground state.

For the MgFe(CO)," complex, the first two lowest-lying
isomers are both Mg—Fe bonded with a bare Mg atom bonded
to a Fe(CO), fragment. The first isomer possesses C,,
symmetry with the Mg atom coordinated to a near planar
Fe(CO), fragment. The second isomer has C, symmetry,
which is predicted to be 1.2 kcal-mol™" less stable than the first
isomer. The third and fourth isomers (Figure S1 in Supporting
Information) lie more than 16 kcal-mol™" higher in energy than
the most stable isomer. The simulated spectra of the first two
lowest-lying isomers are compared to the experimental
spectrum in Figure 3. The results suggest that the
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Figure 3. Calculated structures and relative energies (kcal'mol™") of
the first two lowest-lying isomers of MgFe(CO)," at the B3LYP-D3/
6-311+G(d) level of theory. Color codes for atoms: red, O; gray, C;
purple, Fe; green, Mg. Their simulated IR spectra are compared to the
experimental spectrum (in red). The simulated spectra were obtained
from scaled (0.969) harmonic vibrational frequencies by applying the
Lorentzian line shape function with a 5 cm™ full-width-at-half-
maximum.

experimentally observed MgFe(CO)," complex possesses the
second structure with Mg—Fe bonded C,; symmetry. However,
the coexistence of the first structure cannot be ruled out.

Six low-lying isomers are predicted for MgFe(CO);", all in
the doublet ground state, as shown in Figure S2. The most
stable isomer has a C,, structure with a bare Mg atom
coordinated axially to a C,, symmetric Fe(CO); fragment. The
second isomer has C,, symmetry with a bare Mg atom
coordinated to an equatorial CO ligand of the Fe(CO);
fragment with Dy, symmetry in forming a linear bridging CO
ligand. This isomer is predicted to be 3.7 kcal-mol™" higher in
energy than the most stable structure. The third lowest-lying
isomer has a Mg—Fe bonded structure with one CO ligand
terminally bonded on Mg and four CO ligands terminally
bonded on Fe. This structure is 7.5 kcal-mol ™" higher in energy
than the most stable isomer. The fourth isomer also contains a
linear bridging CO ligand, which can be regarded as being
formed by a bare Mg atom coordinated to an axial CO ligand
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of the Fe(CO); fragment with D5, symmetry. The fifth isomer
can be regarded as being formed via adding an additional CO
ligand to the Mg center of the most stable isomer of
MgFe(CO),". The sixth isomer can be regarded as being
formed between a Mg(CO), fragment and a Fe(CO),
fragment. The last three isomers are calculated to lie 8.9,
10.2, and 24.8 kcal-mol™! above the most stable isomer. The
simulated spectra of the first three lowest-lying isomers are
compared to the experimental spectrum in Figure 4. The
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Figure 4. Calculated structures and relative energies (kcal'mol™) of
the first three lowest-lying isomers of MgFe(CO);* at the BALYP-D3/
6-311+G(d) level of theory. Color codes for atoms: red, O; gray, C;
purple, Fe; green, Mg. Their simulated IR spectra are compared to the
experimental spectrum (in red). The simulated spectra were obtained
from scaled (0.969) harmonic vibrational frequencies by applying the
Lorentzian line shape function with a S cm™ full-width-at-half-
maximum.

second structure with a linear bridging CO ligand can clearly
be ruled out. The simulated spectrum of the third isomer
matches the experimental spectrum, suggesting that the
experimentally observed MgFe(CO)s* complex possesses the
[(OC)Mg—Fe(CO),]" structure, which can be regarded as
being formed via adding an additional CO ligand to the Mg
center of the experimentally observed MgFe(CO),* complex.
The experimental spectrum is quite broad, and the first
structure most likely coexists.

Four low-lying isomers are predicted for MgFe(CO),", as
shown in Figure S3. The most stable isomer has C, symmetry,
which can be viewed as being built from the most stable C,,
structure of MgFe(CO);* by adding the sixth CO to the Mg
center. The second structure is predicted to have a
[(OC),Mg—Fe(CO),]* structure with C, symmetry. It is
predicted to be only 0.5 kcal'mol™" higher in energy than the
most stable structure. The third and fourth structures both
involve a linear bridging CO ligand, which can be viewed as
being built from the second and fourth stable structures of
MgFe(CO);" by adding the sixth CO on the Mg center. These
two structures are predicted to be 1.4 and 6.3 kcal'mol™’
higher in energy than the most stable structure. The simulated
spectra for the first three lowest-lying isomers are compared to
the experimental spectrum in Figure S. The spectrum of the
first isomer fits the experimental spectrum above 2050 cm™*

https://doi.org/10.1021/acs.jpca.3c02295
J. Phys. Chem. A 2023, 127, 4483—-4491


https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c02295/suppl_file/jp3c02295_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c02295/suppl_file/jp3c02295_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c02295/suppl_file/jp3c02295_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c02295/suppl_file/jp3c02295_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c02295/suppl_file/jp3c02295_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c02295?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c02295?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c02295?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c02295?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c02295?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c02295?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c02295?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c02295?fig=fig4&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.3c02295?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A pubs.acs.org/JPCA
25000 .
3 1 2Ar C *g -9
20000 > 0042 (0) A, C, w? R
(c) A, Cg s 3 20000 { AE =3.5 @3
1AE=14 @
£ By
2 15000 3 B j,
] ' i oo
E | (b) _A,Cs 3/‘ oi’ %0 ‘g 15000 (b) ZA;’CS d“ L 4 :“
s AE=05 ® {AE =34
% 10000 % & 10000 1 o 3
] 2Ar C — 29 ) 2a0 b @
o | (@) A, Cg o & (a) %A, C, ®H : 20
AE =0.0 S ° laE=0.0 g
5000 - 5000 -
0 Exptl J\N\A 0 Exptl. N A//\/JU\/W
1600 1700 1800 1900 2000 2100 2200 1600 1700 1800 1900 2000 2100 2200

Wavenumber (cm™)

Figure 5. Calculated structures and relative energies (kcal'mol™') of
the first three lowest-lying isomers of MgFe(CO)4* at the BALYP-D3/
6-311+G(d) level of theory. Color codes for atoms: red, O; gray, C;
purple, Fe; green, Mg. Their simulated IR spectra are compared to the
experimental spectrum. The simulated spectra were obtained from
scaled (0.969) harmonic vibrational frequencies by applying the
Lorentzian line shape function with a S cm™ full-width-at-half-
maximum.

quite well, indicating that the experimentally observed
MgFe(CO)4* complex is dominated by the [(OC)Mg—
Fe(CO);]* structure. As shown in Figure S, relatively weak
bands below 2050 cm™ (1966, 1984, and 2026 cm™) are also
observed in the experimental spectrum, which can be
attributed to the second isomer.

Seven low-lying isomers are found starting with various
possible geometries of MgFe(CO),", and the results are shown
in Figure S4. The most stable structure is predicted to have a
[(OC);Mg—Fe(CO),]" structure with C, symmetry, which can
be viewed as being built from the second most stable structure
of MgFe(CO)4* by adding the seventh CO to the Mg center.
The second lowest-lying isomer possesses a [(OC),Mg—OC—
Fe(CO),]* structure involving a linear bridging carbonyl
ligand. The third isomer has a [(OC),Mg—Fe(CO);]*
structure with C; symmetry. The second and third structures
are predicted to be 3.4 and 3.5 kcal'mol™ higher in energy
than the most stable isomer. The other four isomers lie above
the first isomer by 4.6, 8.1, 9.4, and 12.4 kcal'mol™},
respectively. Comparison of the simulated and experimental
spectra (Figure 6) indicates that the MgFe(CO)," complex is a
mixture involving more than one isomer. The observation of a
band around 1950 cm™ indicates the involvement of the
[(CO);Mg—Fe(CO),]* structure with a Mg—Fe bond. The
observation of a band centered at 1808 cm™ confirms the
involvement of the [(OC),Mg—OC—Fe(CO),]" structure
possessing a linear bridging CO ligand.

Eight stable isomers are found for the MgFe(CO) "
complex, as shown in Figure SS. The most stable isomer
possesses a metal—-metal bonded [(CO),Mg—Fe(CO),]*
structure. The second isomer is predicted to have a
[(OC);Mg—OC—Fe(CO),]* structure involving a linear
bridging carbonyl ligand, which is 2.5 kcal'mol™" less stable
than the first isomer. The third isomer has a Mg—Fe bonded
[(OC);Mg—Fe(CO)s]* structure without symmetry. It is
predicted to be 4.0 kcal'mol™ above the most stable isomer.
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Figure 6. Calculated structures and relative energies (kcal'mol™') of
the first three lowest-lying isomers of MgFe(CO)," at the BALYP-D3/
6-311+G(d) level of theory. Color codes for atoms: red, O; gray, C;
purple, Fe; green, Mg. Their simulated IR spectra are compared to the
experimental spectrum. The simulated spectra were obtained from
scaled (0.969) harmonic vibrational frequencies by applying the
Lorentzian line shape function with a S cm™ full-width-at-half-
maximum.

The simulated IR spectra of the three lowest-lying isomers are
shown in Figure 7. The simulated spectrum of the most stable
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Figure 7. Calculated structures and relative energies (kcal-mol™') of
the first three lowest-lying isomers of MgFe(CO);* at the B3LYP-D3/
6-311+G(d) level of theory. Color codes for atoms: red, O; gray, C;
purple, Fe; green, Mg. Their simulated IR spectra are compared to the
experimental spectrum. The simulated spectra were obtained from
scaled (0.969) harmonic vibrational frequencies by applying the
Lorentzian line shape function with a S cm™ full-width-at-half-
maximum.

isomer matches well with the major features in the
experimental spectrum, indicating that the MgFe(CO),*
complex possesses the Mg—Fe bonded [(CO),Mg—Fe-
(CO),]* structure. The observation of a very weak band
around 1820 cm ™' implies the involvement of the [(OC);Mg—
OC—Fe(CO),]* structure with a linear bridging carbonyl
ligand as well.

Six low-lying isomers are predicted for MgFe(CO),", which
are shown in Figure S6. The first isomer has a [(OC),Mg—
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OC—Fe(CO),]* structure with C,, symmetry involving a linear
bridging carbonyl ligand. The second isomer possesses a Mg—
Fe bonded [(CO),Mg—Fe(CO);]* structure with C,,
symmetry, which lies 2.1 kcal-mol™" above the first structure.
The third isomer has a [(OC);Mg—Fe(CO),]* structure with
C, symmetry, which is 3.9 kcal-mol™" higher in energy than the
first isomer. As shown in Figure 8, the simulated spectrum of
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Figure 8. Calculated structures and relative energies (kcal'mol™') of
the first three lowest-lying isomers of MgFe(CO),* at the BALYP-D3/
6-311+G(d) level of theory. Color codes for atoms: red, O; gray, C;
purple, Fe; green, Mg. Their simulated IR spectra are compared to the
experimental spectrum. The simulated spectra were obtained from
scaled (0.969) harmonic vibrational frequencies by applying
Lorentzian line shape function with a S cm™ full-width-at-half-
maximum.

the third isomer matches well with the experimental spectrum,
indicating that the coordinatively saturated MgFe(CO),*
complex possesses the [(CO);Mg—Fe(CO),]" structure
containing a Mg—Fe bond. A very weak band at 1829 cm™
is also observed in the experimental spectrum, suggesting that
the first structure is also presented in the experiment.

Infrared photodissociation spectroscopy in combination
with theoretical calculations confirm that the MgFe(CO),*
(n=4-9) complexes each contain more than one isomer. The
small complexes (n = 4—6) possess the Mg—Fe bonded
structures with all the carbonyl ligands terminally bonded.
Both the [(OC),_,Mg—Fe(CO),]" and [(OC),_sMg—Fe-
(CO),]* isomers are presented for the n = S, 6 complexes.
For the larger complexes with n > 6, the [(OC),_,Mg—
Fe(CO),]" structure is the major isomer experimentally
observed. In addition, the [(OC),_;Mg—OC—Fe(CO),]*
isomer involving a linear bridging carbonyl ligand is also
characterized. Table 1 shows the comparison of the
experimental and calculated carbonyl stretching frequencies
of the MgFe(CO),* (n = 4—9) complexes. The values in bold
correspond to the terminal CO ligands coordinated on the Mg
center. These values for the [(OC),_,Mg—Fe(CO),]*
structures retain close to 2200 cm ™, significantly blue-shifted
from that of free CO at 2143 cm™}, indicating that the
corresponding CO ligands are coordinated on the positively
charged Mg centers.

Table 2 shows the Mg—Fe bond distances, bond dissociation
energies, and NPA charges of the Mg(CO),_, and Fe(CO),
fragments in the [(CO),_,Mg—Fe(CO),]" isomers (n = 4—9).
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Table 1. Observed and Calculated (B3LYP-D3/6-311+G(d)
Level) Carbonyl Stretching Frequencies (in cm™) of
MgFe(CO)," (n = 4—9)“

Exptl Caled
MgFe(CO)," 2043, 2067, 2123 4b 2057, 2078, 2084, 2126
4a 2079, 2133
MgFe(CO)s" 1998, 2020, 2074, Sc 2023, 2045, 2067, 2110,
2114, 2218 2238
5a 2080, 2106, 2139
MgFe(CO)s" 2066, 2090, 2114, 6a 2069, 2082, 2102, 2139,
2154, 2186 2178
1966, 1984, 2026, 6b 1987, 2012, 2049, 2100,
2130, 2224 2226"
MgFe(CO)," 1944, 1964, 2010, 7a 1965, 1990, 2034, 2091,
2078, 2214 2218°
1808, 2054, 2104, 7b 1799, 2069, 2078, 2108,
2146, 2156 2132, 2138
MgFe(CO)g" 1926, 1952, 2010, 8a 1950, 1977, 2032, 2085,
2102, 2168, 2208 2178, 2188, 2223"
1820, 1976, 2076, 8b 1797, 2010, 2062, 2070,
2146 2077, 2130”
MgFe(CO)," 1925, 1949, 1999, 9c 1944, 1970, 2014, 2082,
2101, 2207 2188-22147
1829, 2031, 2061 9a 1824, 2032, 2067, 2076,"
2135, 2144

“The bold values represent or contain the stretching frequencies of
the carbonyl ligands coordinated on Mg. bTwo narrow-spaced lines.
“Three narrow-spaced lines. “Five narrow-spaced lines.

The increase of CO ligands has weak effect on the Mg—Fe
bond distances, which vary in a small range of 2.465 to 2.608
A. These values are quite close to the sum of the smgle -bond
covalent radii of Mg and Fe (Mg + Fe = 2.53 A),”® suggesting
that the Mg—Fe bonds are all single bonds. The Mg—Fe bond
dissociation energies are all close to 40 kcal-mol™ from n = 4
to 9. Natural population analysis shows that the Fe(CO),
fragment is almost neutral and the positive charge is located on
the Mg center in the MgFe(CO)," complex (Table 2). The
positive charge on the Mg(CO),_, fragment increases
monotonically with the number of coordinated CO ligands
on Mg increasing, indicating electron transfer from Mg to the
Fe(CO), fragment. Figure 9 shows the singly occupied
molecular orbital (SOMO) and the highest doubly occupied
molecular orbital (HOMO-1) of the coordinatively saturated
MgFe(CO),* complex, and those of the [(CO),_,Mg—
Fe(CO),]* (n = 4—8) complexes are shown in Figure S7.
For each complex, the unpaired electron is mainly located at
the Fe center. The HOMO-1 is a o-type Mg—Fe bonded
orbital.

Energy decomposition analysis with natural orbital for
chemical valence (EDA-NOCYV) is performed to get deep
insight into the Mg—Fe bonding in these complexes. The
bonding situation in the coordinatively saturated MgFe(CO)4*
complex is investigated using either Mg(CO);" in the doublet
ground state and Fe(CO), in the triplet ground state or
Mg(CO)¢* in the singlet ground state and Fe(CO),” in the
doublet ground state as interacting fragments. The former
describes the HOMO-—1 as electron-sharing ¢ bonding while
the latter describes it as (CO);Mg**«<Fe(CO),” dative
bonding. The numerical results of the EDA-NOCV calcu-
lations for MgFe(CO),* are shown in Table S1. Since the
description using the fragments Mg(CO);* (D) and Fe(CO),
(T) leads to a smaller value for the orbital interaction AE_,
this descrlgptlon should be chosen for analyzing the bonding
situation.””° The numerical results (Table 3) indicate that the

https://doi.org/10.1021/acs.jpca.3c02295
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Table 2. Mg—Fe Bond Distances (in A), Dissociation Energies (in kcal'mol™'), and Natural Charges of the [(CO),_,Mg—

Fe(CO),]" (n = 4—9) Isomers

NPA group charge

complex structure Mg—Fe bond distance Mg—Fe bond dissociation energy Mg(CO),_, Mg Fe(CO), Fe

4b 2.577 41.0 0.99 0.99 0.01 —-1.62
Sc 2.494 40.9 1.26 1.11 —-0.26 -1.80
6b 2.465 42.5 1.37 1.02 —-0.37 —-1.84
7a 2.478 422 1.38 0.76 —-0.38 —-1.80
8a 2.520 39.9 1.40 0.55 —0.40 -1.79
9c 2.608 38.1 1.43 0.37 —-0.43 —-1.78

e @ back-donation character, which is sharply weakened by the

‘ ? L electron density migration effect of the electron-sharing o

[ - § oo o. bonding, resulting in the blue shift of the stretching frequencies

f ’ of the CO ligands coordinated on the Mg atom.
: 'a EDA-NOCV calculations are further performed for the
SOMO HOMO-1 coordinatively unsaturated species [(CO)"_4Mg—Fe(CO)4]+

Figure 9. Contours of the singly occupied molecular orbital (SOMO)
and the o-type bonding MO (isosurface 0.04 au) of the
MgFe(CO)," complex.

bonding between the fragments Mg(CO)s* and Fe(CO),
possesses a higher covalent character (59.7%) than electro-
static character (40.3%). The decomposition of AE,, into
pairwise orbital interactions suggests that the dominant orbital
interaction is an o-type electron-sharing bonding, contributing
80.9% of the covalent interaction. The AE 4,y and AE ;)
correspond to two (CO);Mg*<Fe(CO), dative = bonding
components; both are rather weak, leading to orbital
interaction energies of only 3.2 and 3.0 kcal-mol ™. Figure 10
exhibits the deformation densities Ap and the most relevant
associated MOs of the fragments corresponding to these
interactions. Therefore, the Mg—Fe bonding in the MgFe-
(CO)y" complex is identified as Mg—Fe electron-sharing &
single bonding.

The o bonding deserves a more careful investigation.
According to Figure 10a, the a term of the deformation
densities represents electron migration from Fe(CO), (T) to
the SOMO of Mg(CO);" (D) while the ff term represents the
electron migration in an opposite direction. The NOCV
eigenvalue vl of the deformation densities indicates the size of
charge migration. The Iyl value is much larger than the Izl
value, suggesting significant electron density migration from
the SOMO of Mg(CO);" to Fe(CO), during the ¢ bonding,
causing the Mg(CO); moiety highly positively charged. The
SOMO of Mg(CO);* initially contains some Mg — CO =«

(n = 4—8). Considering the positive charge populated on the
Mg(CO),_4 (n = 4—8) moieties is smaller than that on the
Mg(CO); fragment in MgFe(CO),", only the fragments
Mg(CO),_," in the doublet ground state and Fe(CO), in
the triplet ground state are used to study the Mg—Fe bonding.
The numerical results are shown in Table 3. The Mg—Fe
bonding in [(CO),_,Mg—Fe(CO),]" (n = 4—8) should all be
identified as Mg—Fe electron-sharing ¢ single bond. The
instantaneous interaction energies (AE,,) for the Mg—Fe
bonding in [(CO),_,Mg—Fe(CO),]* (n 4-9) are all
calculated to be close to SO kcal'‘mol™". Although AE,, and
bond dissociation energy have different physical meanings,
they both indicate that the Mg—Fe bonding is hardly
strengthened or weakened due to CO coordination to the
Mg center.

Figure S8 shows the deformation densities Ap and the
relevant associated MOs of the fragments corresponding to the
o-type orbital interactions for [(OC),_Mg—Fe(CO),]* (n =
4-9). With the increase of CO ligands coordinated on the Mg
atom, the Iyl decreases and the Iyl increases gradually,
suggesting more electron density migration from Mg to Fe.
The Mg—Fe ¢ bonding is almost nonpolar in MgFe(CO),*
while it is apparently polarized to Fe in the larger complexes
according to the |zl values. Such an electron density migration
tendency is in accord with the natural population analysis listed
in Table 2. Accordingly, the valence of Mg can be recognized
as +I in MgFe(CO)," while it is altered to +II in the larger
MgFe(CO)," (n = 5-9) complexes. The Mg(+I)—Fe(0)
bonding transforms to Mg(+II)—Fe(—I) bonding due to CO

Table 3. EDA-NOCV Results of [(CO),_,Mg—Fe(CO),]* (n = 4—9) at the PBE/TZ2P Level Using the Fragments
Mg(CO),_," in the Doublet State (D) and Fe(CO), in the Triplet State (T) (Energy Values in kcal'mol ")

Energy MgFe(CO)," MgFe(CO),* MgFe(CO)¢" MgFe(CO)," MgFe(CO);" MgFe(CO),"
AE,, -52.3 —53.2 —54.0 -52.0 -50.1 -49.1
AEpi 23.7 52.1 67.4 723 73.1 73.1
AE —-16.6 (21.8%) —39.3 (37.3%) —50.8 (41.8%) —-51.2 (41.2%) —49.5 (40.2%) —49.2 (40.3%)
AE,,." —59.4 (78.2%) —66.0 (62.7%) —70.6 (58.2%) —73.1 (58.8%) —73.7 (59.8%) —73.0 (59.7%)
AE 1 o) —41.5 (69.8%) —48.1 (72.9%) —53.5 (75.8%) —56.6 (77.5%) —57.8 (78.4%) —59.1 (80.9%)
AE i 1) —4.1 (6.9%) —4.4 (6.6%) —4.4 (6.3%) —4.3 (5.9%) —4.2 (5.7%) —3.2 (4.4%)
AEuu(s n" —3.6 (6.1%) —4.5 (6.8%) —4.3 (6.1%) —4.1 (5.6%) —3.8 (5.2%) 3.0 (4.1%)
AE ey’ —-10.2 (17.1%) —9.0 (13.7%) -8.3 (11.8%) —8.0 (11.0%) -7.9 (10.7%) 7.7 (10.6%)

“The values in parentheses give the percentage contribution to the total attractive interactions AE i, + AE . ®The values in parentheses give the

percentage contribution to the total orbital interactions AE,.
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Figure 10. Plot of the deformation densities Ap (isovalue = 0.002 au for Ap, and isovalue = 0.0006 au for Ap,, Ap,) of the three most important
pairwise orbital interactions (see Table 3) and shape of the most relevant associated MOs of the fragments for MgFe(CO),". The direction of the

charge flow is red — blue. Energy values are given in keal-mol~.

coordinating on the Mg center. Although the Mg — CO n
back-donation character in the free Mg(CO),_,* complexes
increases from n = 6—9 according to the CO 2p, contributions
shown in Table S2 due to increased sp hybridization, the
increased electron transfer from Mg to Fe causes a steady
decrease of the Mg — CO 7 back-donation character with the
number of CO ligands on Mg increasing. This results in very
small shifts of the stretching frequencies of the corresponding
CO ligands from n = 6-9.

B CONCLUSIONS

Heteronuclear magnesium—iron carbonyl cation complexes
MgFe(CO)," (n = 4—9) are prepared in the gas phase. Mass-
selected infrared photodissociation spectroscopy combined
with theoretical calculations confirm that MgFe(CO),* is a
coordinatively saturated complex. Each complex is charac-
terized to contain more than one isomer. The small complexes
(n = 4—6) possess the Mg—Fe bonded [(OC),_,Mg—
Fe(CO),]" and/or [(OC),_sMg—Fe(CO);]" structures with
all the carbonyl ligands terminally bonded. For the larger
complexes with n = 7-9, the [(OC),_4Mg—Fe(CO),]*
structure is the major isomer experimentally observed. In
addition, the [(OC),_sMg—OC—Fe(CO),]* isomer involving
a linear bridging carbonyl ligand is also characterized. Bonding
analyses indicate that each [(OC),_,Mg—Fe(CO),]" complex
contains a Mg—Fe electron-sharing ¢ bond. The metal—metal
bond is described as a Mg(+I)—Fe(0) bond in MgFe(CO),*
and as a Mg(+II)—Fe(-I) bond in the larger n 5-9
complexes due to electron transfer from Mg to Fe promoted by
CO coordination on the Mg center.
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