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Mg(I)–Fe(–II) and Mg(0)–Mg(I) covalent bonding
in the MgnFe(CO)4

� (n = 1, 2) anion complexes:
an infrared photodissociation spectroscopic and
theoretical study†

Xiaoyang Jin, Guanjun Wang and Mingfei Zhou *

Heteronuclear magnesium–iron carbonyl anion complexes MgFe(CO)4
� and Mg2Fe(CO)4

� are produced

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 dis-

cussed with the aid of quantum chemical calculations. Both complexes are characterized to have a

doublet electronic ground state with C3v symmetry containing a Mg–Fe bond or a Mg–Mg–Fe bonding

unit. Bonding analyses indicate that each complex involves an electron-sharing Mg(I)–Fe(–II) s bond.

The Mg2Fe(CO)4
� complex involves a relatively weak covalent Mg(0)–Mg(I) s bond.

Introduction

Molecular compounds containing metal–metal bonds have
aroused considerable research interest for decades.1–6 Metal–
metal bonding is quite common for transition metals and
p-block main group metals. However, the alkaline-earth ele-
ments are rarely involved in metal–metal bonding. Due to the
electropositive nature, the alkaline earth metals readily lose the
two valence ns electrons to form fully oxidized ionic compounds
and are very reluctant to form covalent metal–metal bonds.
Significant efforts have been made to synthesize and characterize
metal–metal bonded compounds involving the alkaline earth
elements,7–42 among which magnesium is the most studied one
for both the homonuclear and heteronuclear systems.14–39

The first dimeric Mg(I) compound (L)MgMg(L) stabilized by
extremely bulky chelating anionic N-ligands was synthesized by
Jones and coworkers in 2007.14 Subsequently, a library of com-
plexes containing the homonuclear Mg(I)–Mg(I) bond have been
reported.15–17 These magnesium(I) dimers are recognized as valu-
able reducing agents, capable of reductive C–C and N–N bond
coupling, C–F, C–H, C–C and CQC bond activation or cleavage
and CO reductive oligomerization.18–26 Although initially classified
as a normal covalent s bond,27 the Mg(I)–Mg(I) bond was later
claimed to contain a non-nuclear attractor (NNA).28 The Mg(I)–
Mg(I) bond lengths in different dimeric Mg(I) compounds were

measured to lie over a wide range.29 The longest bond interaction
(43.2 Å) so far was detected in the [{SiNDipp}MgNa]2 complex,
which was augmented by persistent Na-aryl interactions.30 More
than dimeric Mg(I) compounds, strongly reducing beta-diketi-
minate complexes containing magnesium in its zero oxidation
state were isolated recently, among which a compound with a
linear Mg3 core that could formally be described as a Mg(I)–Mg(0)–
Mg(I) unit was reported.31

Magnesium also forms heteronuclear complexes with either
the d-block or p-block metals. Since the synthesis of Mg–Fe
bonded complexes in 1974,32 a number of heteronuclear com-
plexes containing Mg–Fe, Mg–Pt, Mg–Zn and Mg–Al bonds have
been reported.33–38 The first Mg(0)–Mn(II) bonded complex was
reported in 2014,35 whose reductive reactivity towards CO2 and
H2O has recently been examined.39 Here we report the genera-
tion and spectroscopic characterization of MgFe(CO)4

� and
Mg2Fe(CO)4

� in the gas phase. Mass-selected infrared photo-
dissociation spectroscopy and theoretical calculations indicate
that both complexes involve an electron-sharing Mg(I)–Fe(–II) s
bond. The Mg2Fe(CO)4

� complex involves a relatively weak
covalent Mg(0)–Mg(I) s bond.

Experimental and
computational methods

The magnesium–iron carbonyl anion complexes were gener-
ated in the gas phase by a pulsed laser vaporization/supersonic
expansion ion source and were detected by mass-selected infrared
photodissociation spectroscopy as previously described in detail.43

The 1064 nm fundamental of a Nd:YAG laser (Continuum, Minilite
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II) was applied to vaporize a magnesium metal target. The metal
carbonyl complexes were produced during the laser vaporization
process in a pulsed supersonic expansion of helium seeded with
10% CO containing traces of Fe(CO)5 impurity at 0.7–1.2 MPa
backing pressure. The anions were skimmed and analyzed by
time-of-flight mass spectrometry (TOFMS). The target anions were
mass-selected and decelerated to experience subsequent infrared
photodissociation. An OPO/OPA system (Laser Vision) pumped by
a Nd:YAG laser (Continuum Surelite EX) was employed to provide
a tunable infrared laser of energy of about 0.6–1.0 mJ per pulse in
the range of 1600–2200 cm�1. After laser irradiation, the disso-
ciated fragment anions together with undissociated parent anions
were reaccelerated and detected by using a second colinear TOFMS
instrument. The IR spectra were obtained by monitoring the
dissociation efficiency as a function of the laser wavenumber.
The laser wavenumber was scanned in steps of 2 cm�1 and
the dissociation efficiency was averaged over 250 laser shots per
step. The wavenumber was calibrated by the absorption
spectrum of CO.

In order to analyze the IR spectra and to confirm the
geometric and electronic structures of the anion complexes,
quantum chemical calculations were performed. Density func-
tional theory (DFT) calculations at the B3LYP/aug-cc-pVTZ
level44–46 using the Gaussian 09 program47 were carried out to
optimize the equilibrium geometries and to simulate the
vibrational frequencies. The harmonic vibrational frequencies
were scaled by a factor of 0.971, which was obtained from the
ratio of experimental stretching frequency of 2143 cm�1 for CO
and the calculated value of 2207 cm�1. Mayer and Fuzzy bond
orders of the most stable structures were calculated at the
B3LYP/cc-pVTZ level using the B3LYP/aug-cc-pVTZ optimized
geometries. Charge populations of the lowest lying structures
with Hirshfeld, VDD, QTAIM and NPA at the B3LYP/aug-cc-
pVTZ level were analyzed using the Multiwfn program48 or NBO
3.0 in the Gaussian 09 program. Energy decomposition analysis
with natural orbitals of chemical valence (EDA-NOCV)49,50 was
applied to study chemical bonding. The EDA-NOCV bonding
analysis decomposes the instantaneous interaction energy
(DEint) among two or more fragments of a molecule into three
main components: the Pauli repulsion energy (DEPauli), the
quasi-classical electrostatic interaction energy (DEelstat) and
the orbital interaction energy (DEorb). The total DEorb is further
partitioned into several pairwise contributions of the orbital
interactions, making it possible to clarify the dominant cova-
lent interactions and the orbitals involved. The EDA-NOCV
analyses were performed at the PBE/TZ2P level with the ADF
2014 program package51 using the B3LYP/aug-cc-pVTZ opti-
mized geometries.

Results and discussion

The mass spectrum of the anion complexes produced by laser
vaporization of a magnesium metal target in an expansion of
helium seeded with 10% CO containing trace of Fe(CO)5 impurity is
shown in Fig. 1. Besides the peaks due to Fe(CO)4

� and FeC(CO)4
�,

two intense mass peaks (m/z = 192 and 216) due to magnesium–iron
carbonyl anion complexes MgFe(CO)4

� and Mg2Fe(CO)4
� are

observed. The isotopic splitting of magnesium (24Mg, 25Mg and
26Mg) can be clearly seen (See Fig. S1, ESI†), which confirms the
number of Mg atoms involved in these species. Both mass peaks
remain quite intense under different experimental conditions,
while the peaks of Mg1,2Fe(CO)n

� with n 4 4 are barely
observed, indicating that MgFe(CO)4

� and Mg2Fe(CO)4
� should

be coordinatively saturated complexes. Both complexes are then
mass-selected and subjected to infrared photodissociation. Both
complexes dissociate via the loss of a Mg atom rather than a CO
ligand in the terminal carbonyl stretching frequency region.
Under focused IR laser irradiation, the dissociation efficiency of
MgFe(CO)4

� is extremely low (below 1% at 1841 cm�1), while
that of Mg2Fe(CO)4

� is higher (9% at 1847 cm�1), suggesting
that Mg–[Fe(CO)4

�] is more strongly bound than Mg–
[MgFe(CO)4

�]. The dissociation of MgFe(CO)4
� requires multi-

photon absorption. The observation of the fragmentation chan-
nel via the loss of a magnesium atom suggests that the
MgFe(CO)4

� anion has a Mg–Fe bonded Mg–Fe(CO)4 structure,
in which all four CO ligands are coordinated on the Fe center.
The infrared photodissociation spectra of MgFe(CO)4

� and
Mg2Fe(CO)4

� are shown in Fig. 2a and c, respectively. The
spectrum of MgFe(CO)4

� exhibits two broad bands centered at
1841 and 1953 cm�1, while that of Mg2Fe(CO)4

� exhibits three
bands centered at 1847, 1875 and 1959 cm�1.

In order to obtain a better quality IR spectrum of the
MgFe(CO)4

� anion, the MgFe(CO)5
� anion complex with the fifth

CO ligand being weakly tagged is formed for infrared photodisso-
ciation. The complex dissociates quite efficiently (over 20% at
1847 cm�1) using an unfocused IR laser beam via loss of a CO
ligand, confirming that the fifth CO ligand is weakly bound. The
infrared photodissociation spectrum of MgFe(CO)5

� is shown in
Fig. 2b, which exhibits three intense bands at 1847, 1873 and
1955 cm�1. In addition, a weak band at 2133 cm�1 is also
observed, which is slightly red-shifted from that of free CO. This
band is attributed to the absorption of the weakly bound CO

Fig. 1 The mass spectrum of the magnesium–iron carbonyl anion com-
plexes produced by pulsed laser vaporization of a magnesium metal target
in an expansion of helium seeded by 10% carbon monoxide with traces of
Fe(CO)5 impurity.
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ligand.52,53 Therefore, the 1847, 1873 and 1955 cm�1 bands can
be assigned to the vibrational fundamentals of the MgFe(CO)4

�

core anion. The band positions of MgFe(CO)4
� and Mg2Fe(CO)4

�

are almost the same and the spectral patterns are similar to that
of BeFe(CO)4

�, which was characterized to have a Be–Fe bonded
structure with C3v symmetry.12 It is worthy to mention that the
bands are obviously red-shifted from those of Fe(CO)4

�.54 The
carbonyl stretching frequencies of the aforementioned species
are listed in Table 1.

Quantum chemical calculations are performed to validate
the experimental assignments and to elucidate the structures
and chemical bondings of the MgFe(CO)4

� and Mg2Fe(CO)4
�

anion complexes. The optimized geometries and relative ener-
gies at the B3LYP/aug-cc-pVTZ level for different isomers of
MgFe(CO)4

� and Mg2Fe(CO)4
� are shown in Tables S1 and S2 in

the ESI,† respectively, The most stable structure of each
complex with its simulated IR spectrum compared with the
experimental spectrum is shown in Fig. 3. The structure of
MgFe(CO)5

� with a tagging CO is shown in Fig. S4 in the ESI.†
The most stable structure of MgFe(CO)4

� has a 2A1 ground state
and C3v symmetry involving a Mg–Fe bond with all the CO
ligands coordinated to the Fe center. The second isomer is
predicted to lie 15.1 kcal�mol�1 higher in energy than the most
stable structure. The most stable structure of Mg2Fe(CO)4

� also
has a 2A1 ground state and C3v symmetry with a Mg–Mg–Fe
bonding moiety. The second and third lowest-lying isomers are

predicted to lie 5.2 and 30.9 kcal�mol�1 above that of the most
stable structure. As shown in Fig. 3 and Fig. S2 and S3 in the
ESI,† for each complex, both the band positions and IR
intensities of the simulated IR spectrum of the most stable
structure match very well with those of the experimental IR
photodissociation spectrum, confirming that the MgFe(CO)4

�

and Mg2Fe(CO)4
� anion complexes generated in the gas phase

are both in the 2A1 ground state with C3v symmetry, containing
a heteronuclear Mg–Fe bond or a Mg–Mg–Fe bonding unit.

Besides the bands due to the CO-tagged complex, there is an
additional weak band at 1815 cm�1 in the spectrum of
MgFe(CO)5

� (Fig. 2b). This band is most likely due to another
MgFe(CO)5

� isomer. Theoretical calculations predict that the
most stable isomer of MgFe(CO)5

� has C3v symmetry with
all the CO ligands chemically bound to the metal centers
(Fig. S4 in the ESI†). This structure is predicted to be about
5.4 kcal mol�1 more stable than the CO-tagged isomer. This
isomer is expected to have much a lower IR dissociation
efficiency than the tagged complex.

The calculated Mg–Fe and Mg–Mg bond distances and bond
orders in the MgFe(CO)4

� and Mg2Fe(CO)4
� anion complexes

are presented in Table 2. The Mg–Fe bond distance in
MgFe(CO)4

� is predicted to be 2.49 Å. This value is close to
the sum of the single bond covalent radii of magnesium and
iron (Mg + Fe = 2.53 Å)55 and is much longer than that of the
double bond covalent radii (Mg + Fe = 2.18 Å).56 The Mg–Fe and
Mg–Mg bond distances in Mg2Fe(CO)4

� are calculated to be
2.46 and 3.15 Å, respectively. The latter value is much longer
than the single bond covalent radii of magnesium (2.72 Å).55

Fig. 2 The infrared photodissociation spectra of (a) MgFe(CO)4
�,

(b) MgFe(CO)5
� and (c) Mg2Fe(CO)4

� in the carbonyl stretching frequency
region.

Table 1 Observed and calculated (B3LYP/aug-cc-pVTZ level) carbonyl
stretching frequencies (cm�1) of MgFe(CO)4

�, MgFe(CO)5
�, Mg2Fe(CO)4

�

and Fe(CO)4
�

Exptl. Calcd.

MgFe(CO)4
� 1841, 1953 1847, 1872, and 1938

MgFe(CO)5
� 1847, 1873, 1955, and 2133 1848, 1869, 1936, and 2141

Mg2Fe(CO)4
� 1847, 1875, and 1959 1843, 1871, and 1941

Fe(CO)4
� 1861, 1872, and 1978a 1859, 1872, and 1962

a Ref. 54.

Fig. 3 Optimized equilibrium geometries of the most stable C3v struc-
tures of 2A1-MgFe(CO)4

� and 2A1-Mg2Fe(CO)4
� at the B3LYP/aug-cc-

pVTZ level. Their simulated IR spectra are compared with the experimental
spectra. The bond lengths are given in Å, and angles in degrees. Color
codes for atoms: red, O; gray, C; purple, Fe; and green, Mg.
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The Mayer and Fuzzy bond orders for the Mg–Mg bond are 0.57
and 0.75, respectively, indicating a certain but weak chemical
bonding between two magnesium atoms. The Mayer bond
order and Fuzzy bond order share the same physical founda-
tion although they define atomic regions in a different way,
thus in general agreement.57 The calculated bond dissociation
energies (D0) of the MgFe(CO)4

�, MgFe(CO)5
� and Mg2Fe(CO)4

�

anion complexes via the loss of a Mg atom and a CO ligand with
respect to the minimum energy structures of the fragments are
shown in Table S3 in the ESI.† D0(–Mg) is much lower than
D0(–CO) for both MgFe(CO)4

� and Mg2Fe(CO)4
�, in agreement

with the experimental observation that both complexes dissoci-
ate via the loss of a Mg atom rather than a CO ligand.
The D0(–Mg) value of Mg2Fe(CO)4

� is calculated to be only
2.5 kcal�mol�1, comparable to the weak covalent Be–Be bond
in the Be2 molecule (2.7 kcal�mol�1),58 suggesting a weak
Mg–Mg bond.

Population analyses are performed for MgFe(CO)4
� and

Mg2Fe(CO)4
� and the values are listed in Tables S4 and S5 in

the ESI.† The contours of the frontier canonical Kohn–Sham
valence molecular orbitals (MOs) are shown in Fig. 4 and the
AO contributions are listed in Tables S6 and S7 in the ESI.† The
results show that the negative charge of MgFe(CO)4

� is mainly
located on the Fe(CO)4 moiety (Table S4, ESI†). The SOMO
(11a1) of MgFe(CO)4

� composed of 64.9% Mg (45.9% 3s +
19.0% 3p) and 21.3% Fe is roughly Mg–Fe non-bonding in
character. It is bonding between the Mg 3p and Fe 3d orbitals
but is antibonding between the Mg 3s and Fe 3d orbitals. The
HOMO-2 (10a1) is a s-type Mg–Fe bonding MO formed by the
Mg 3s AO and the SOMO of Fe(CO)4

�. The HOMO-1 (9e1) and
HOMO-3 (8e1) are both p-type MOs of the Fe(CO)4

� moiety with
negligible contribution from Mg. This bonding analysis
indicates that MgFe(CO)4

� contains a Mg–Fe s bond.
In order to quantitatively understand the bonding interactions

between Mg and Fe in the MgFe(CO)4
� anion complex, energy

decomposition analysis with natural orbital for chemical valence
(EDA-NOCV) is performed. Table 3 shows the numerical results of
the EDA-NOCV calculations using either Mg in the 3P (3s13p1)
excited state and Fe(CO)4

� in the 2A1 ground state or Mg+ in the
2P (3s03p1) excited state and Fe(CO)4

2� in the 1A1 ground state as
interaction fragments. The former describes the HOMO-2 as
electron-sharing s bonding, while the latter describes it as
Mg+ ’ Fe(CO)4

2� dative s bonding. According to the results listed
in Table 3, the former description with fragments Mg + Fe(CO)4

�

leads to a much smaller value for the orbital interaction DEorb than

the description using fragments Mg+ + Fe(CO)4
2�, which indicates

that the former moieties should be chosen for analyzing the
interatomic interactions.59–61 The calculated values indicate that
the bonding between Mg and Fe(CO)4

� has a higher electrostatic
character (61.7%) than covalent character (38.3%). The decom-
position of DEorb suggests that the dominant orbital interaction is
a s-type electron-sharing bonding (See Table S8, ESI†), which
contributes 88.9% of the covalent interaction. The two Mg ’

Fe(CO)4
� dative p bonding components are really weak, each

having a calculated interaction energy of only 4.1 kcal�mol�1,
which is to some extent negligible for the Mg–Fe bonding.

The Mg2Fe(CO)4
� anion can be recognized as MgFe(CO)4

�

being further bonded with another magnesium atom, forming
a Mg–Mg bond. Population analyses indicate that the negative
charge is largely located at the Fe(CO)4 moiety, with the middle
Mg atom being partially positively charged and the terminal Mg

Table 2 Calculated bond distances and bond orders of the Mg–Fe and
Mg–Mg bonds in MgFe(CO)4

� and Mg2Fe(CO)4
�. The Mayer and Fuzzy

bond orders are calculated at the B3LYP/cc-pVTZ level using the geome-
tries optimized at the B3LYP/aug-cc-pVTZ level

Bond distance
(Å)

Mayer bond
order

Fuzzy bond
order

MgFe(CO)4
� Mg–Fe 2.494 0.73 0.82

Mg2Fe(CO)4
� Mg–Fe 2.455 0.48 0.78

Mg–Mg 3.151 0.57 0.75

Fig. 4 The contours of the frontier Kohn–Sham canonical valence MOs
(isosurface = 0.03 a.u.) at the B3LYP/aug-cc-pVTZ level of the most stable
C3v structure of (a) 2A1-MgFe(CO)4

� and (b) 2A1-Mg2Fe(CO)4
�. Color codes

for atoms: red, O; gray, C; purple, Fe; and green, Mg.

Table 3 EDA-NOCV results at the PBE/TZ2P level of 2A1-MgFe(CO)4
�

using (a) Mg in the 3P (3s13p1) excited state and Fe(CO)4
� in the 2A1 ground

state and (b) Mg+ in the 2P (3s03p1) excited state and Fe(CO)4
2� in the 1A1

ground state as interaction fragments. Energy values are given in
kcal�mol�1

Energy Mg (3P) + Fe(CO)4
� (2A1) Mg+ (2P) + Fe(CO)4

2� (1A1)

DEint �92.2 �364.3
DEPauli 176.4 136.3
DEelstat

a �165.8 (61.7%) �346.3 (69.2%)
DEorb

a �102.8 (38.3%) �154.3 (30.8%)
DEorb(s)

b �91.4 (88.9%) �116.2 (75.3%)
DEorb(p1)

b �4.1 (4.0%) �6.8 (4.4%)
DEorb(p2)

b �4.1 (4.0%) �6.8 (4.4%)
DEorb(rest)

b �3.2 (3.1%) �24.5 (15.9%)

a The values in parentheses give the percentage contribution to the total
attractive interactions DEelstat + DEorb. b The values in parentheses give
the percentage contribution to the total orbital interactions DEorb.
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atom being essentially neutral. According to the contours of
MOs (Fig. 4b) and the contributions of AOs (Table S7, ESI†), the
SOMO, HOMO-2 and HOMO-4 are all s-type MOs. The SOMO
(12a1) with composition of 39.4% terminal Mg, 39.1% middle
Mg and 12.7% Fe is more or less Mg–Mg non-bonding in
character as there is significant contribution from the 3p AOs
of the Mg atoms. It is antibonding between the 3s AOs of Mg
but is bonding between the Mg 3p AOs. The HOMO-4 (10a1),
mainly formed by the 3s AOs of the Mg atoms, is a Mg–Mg
bonding MO. The other MOs are not involved in Mg–Mg
bonding.

The numerical results of the EDA-NOCV calculations of
Mg2Fe(CO)4

� are listed in Table 4. The fragments Mg (3s13p1,
3P) + MgFe(CO)4

� (2A1) give a much smaller value for the orbital
interaction DEorb than using the Mg+ (3s03p1, 2P) +
MgFe(CO)4

2� (1A1) fragments. Therefore, the former fragments
should be chosen for analyzing the interatomic interactions.
Under this description, the covalent interaction DEorb (52.9%)
is slightly higher than the electrostatic character DEelstat

(47.1%). The decomposition of DEorb into pairwise orbital
interactions suggests that there is only one major component
to the total orbital interactions, which provides 95.3% of DEorb.
This orbital interaction can be identified with the help of the
associated deformation densities (See Table S9, ESI†) and the
fragment orbitals to the electron-sharing s bonding interaction
between the two fragments. The calculated instantaneous
interaction energy (DEint) of 73.8 kcal�mol�1 is significantly
larger than the bond dissociation energy of 2.5 kcal�mol�1. The
DEint is different from and should not be confused with the
bond dissociation energy D0. The fragments used in the EDA-
NOCV analysis are not in their ground state or relaxed
geometries.62 Based on the aforementioned bonding analyses,
the Mg–Mg bonding contains apparent covalent interaction
despite the very long bond distance and small bond dissocia-
tion energy.

To assess the potential single-reference nature of the elec-
tronic structures of both complexes, additional single-point
multi-configurational SCF calculations using the complete-
active-space self-consistent field (CASSCF) method63 at the DFT
optimized geometries are performed. The CASSCF calculations

using 7 electrons in 9 orbitals for MgFe(CO)4
� and 9 electrons in

9 orbitals for Mg2Fe(CO)4
� reveal that both complexes do not

have significant multi-reference features. The major configu-
ration has a weight of about 85% for both complexes.

It is meaningful to clarify the valence of Mg in the
MgFe(CO)4

� and Mg2Fe(CO)4
� anion complexes. Although the

Mg–Fe bonding in MgFe(CO)4
� is better described by using

the neutral Mg (3P) atom and the Fe(CO)4
� (2A1) anion as

interaction fragments, the electron-sharing Mg–Fe s bond is
apparently a polarized one. The NOCV eigenvalue of the defor-
mation densities nk, which indicates the size of charge migra-
tion, is larger for the a term than for the b term (See Table S8,
ESI†), suggesting electron density migration from Mg to Fe in
the Mg–Fe s bond. The calculated charge on Mg is +0.52 (AIM)
or +0.47 (NPA), also indicating electron migration from Mg to
Fe during the bonding. These results define the valence of Mg
as +1 in the MgFe(CO)4

� anion. The Mg–Mg bonding in the
Mg2Fe(CO)4

� anion is appropriately described using the neutral
Mg (3P) atom and the MgFe(CO)4

� (2A1) anion as interaction
fragments. According to the deformation densities nk (Table S9,
ESI†), the terminal Mg atom gains only slightly more electron
density than MgFe(CO)4

� during electron-sharing s bonding.
The calculated charge of the terminal Mg (�0.11 with AIM or
�0.02 with NPA) is very close to zero. The valence of the
terminal Mg can thus be recognized as zero, suggesting a
Mg(0)–Mg(I) bond in the Mg2Fe(CO)4

� anion. The Mg(I)–Mg(I)
bond is well recognized in homonuclear complexes since the
first report in 2007,14 but the Mg(0)–Mg(I) bond is rarely
reported. A recent progress in low oxidation state alkaline-
earth metal chemistry is the isolation of the first Mg(0) complex
containing a Mg2Na2

2+ cluster stabilized by superbulky, mono-
anionic, b-diketiminate ligands. A related complex containing a
Mg(I)–Mg(0)–Mg(I) bonding unit was also reported, in which the
two Mg(0)–Mg(I) bonds were determined to have an equal
distance of 2.8876(5) Å.31 The gas-phase complex Mg2Fe(CO)4

�

with a Mg(0)–Mg(I) bond reported here contains no bulky
group, which is predicted to have a much longer Mg(0)–Mg(I)
bond distance of 3.15 Å.

The lack of significant p bonding distinguishes Mg–Fe
bonding from the Be–Fe bonding in BeFe(CO)4

�, which con-
tains weak but non-negligible dative p bonding interactions
between the Be 2pp AOs and the Fe(CO)4

� p MOs.12 This can be
attributed to the different atomic radius of Be and Mg, which
leads to distinct efficiency of overlapping between the metal pp

AOs and the occupied Fe(CO)4
� p orbitals. The impact of p

bonding between the metal atom and the Fe(CO)4
� fragment is

reflected in the carbonyl stretching frequencies. It is well
known that the metal to CO 2p* backdonation bonding weak-
ens the CO bond and results in a red-shift of the carbonyl
stretching frequency with respect to free CO.64–66 The MOs of
the Fe(CO)4

� fragment involved in bonding with the Be or Mg
atoms all comprise Fe - CO p backdonation bonding interac-
tions (Fig. S5, ESI†). The carbonyl stretching frequencies of
BeFe(CO)4

� observed at 1872, 1899 and 1978 cm�1 are equal or
blue-shifted from the corresponding modes of free Fe(CO)4

� at
1861, 1872 and 1978 cm�1,54 which can be understood by the

Table 4 EDA-NOCV results at the PBE/TZ2P level of 2A1-Mg2Fe(CO)4
�

using (a) Mg in the 3P (3s13p1) excited state and MgFe(CO)4
� in the 2A1

ground state and (b) Mg+ in the 2P (3s03p1) excited state and MgFe(CO)4
2�

in the 1A1 ground state as interaction fragments. Energy values are given in
kcal�mol�1

Energy Mg (3P) + MgFe(CO)4
� (2A1) Mg+ (2P) + MgFe(CO)4

2� (1A1)

DEint �73.8 �338.6
DEPauli 23.0 30.5
DEelstat

a �45.6 (47.1%) �217.7 (59.0%)
DEorb

a �51.2 (52.9%) �151.4 (41.0%)
DEorb(s)

b �48.8 (95.3%) �139.2 (91.9%)
DEorb(rest)

b �2.4 (4.7%) �12.2 (8.1%)

a The values in parentheses give the percentage contribution to the total
attractive interactions DEelstat + DEorb. b The values in parentheses give
the percentage contribution to the total orbital interactions DEorb.
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impact of p bonding. The p bonding interactions between the
vacant Be 2px/y AOs and the occupied 8e1 MOs of Fe(CO)4

�

induce electron density migration from Fe(CO)4
� to Be, which

weakens the Fe - CO p-backdonation bonding and leads to a
blue-shift of the carbonyl stretching frequencies. In the case of
MgFe(CO)4

�, the Fe - Mg p bonding is much weaker than that
in BeFe(CO)4

�. The electron density migration from Mg to
Fe(CO)4

� due to the highly polarized s bonding interaction
between Mg and Fe enhances the Fe - CO p-backdonation
bonding and leads to a red-shift of the carbonyl stretching
frequencies. The carbonyl stretching frequencies of
MgFe(CO)4

� at 1847, 1873 and 1955 cm�1 are all red-shifted
from those of free Fe(CO)4

�.54

Conclusions

The heteronuclear magnesium–iron carbonyl anion complexes
MgFe(CO)4

� and Mg2Fe(CO)4
� have been produced in the gas

phase. Infrared photodissociation spectroscopy combined with
quantum chemical calculations confirm that both complexes
have a 2A1 ground state with C3v symmetry containing a Mg–Fe
bond or a Mg–Mg–Fe bond unit. Bonding analyses indicate that
the Mg–Fe bonding is dominated by electron-sharing s inter-
actions with negligible p bonding interactions, which is differ-
ent from the Be–Fe bonding in BeFe(CO)4

�. The Mg2Fe(CO)4
�

anion contains a Mg(0)–Mg(I) bond, which contains apparent
covalent electron-sharing s interaction despite the very long
bond distance and small bond dissociation energy. The elec-
tron density migration from Mg to Fe(CO)4

� due to the highly
polarized s bonding interaction between Mg and Fe enhances
the Fe - CO p-backdonation bonding and leads to a red-shift
of the carbonyl stretching frequencies.
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