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Complexes [CaFe(CO),]" (n =5-12) with d—d Bonding
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Abstract: Heteronuclear calcium—iron carbonyl cation com-
plexes in the form of [CaFe(CO),]* (n=5-12) are produced in
the gas phase. Infrared photodissociation spectroscopy in
conjunction with quantum chemical calculations confirm that
the n=10 complex is the coordination saturated ion where
a Fe(CO), fragment is bonded with a Ca(CO), fragment
through two side-on bridging carbonyl ligands. Bonding
analysis indicates that it is best described by the bonding
interactions between a [Ca(CO)s’* dication and an [Fe-
(CO),]  anion forming a Fe—Ca d—d dative bond in the
[(CO)sCa—Fe(CO),J* structure, which enriches the pool of
experimentally observed complexes of calcium that mimic
transition metal compounds. The molecule is the first example
of a heteronuclear carbonyl complex featuring a d—d bond
between calcium and a transition metal.

The alkaline earth elements are among the most electro-
positive elements in the periodic table and they are usually
classified as main-group elements that belong to the s-block
atoms. They readily lose the outermost valence s electrons to
form ionic compounds. The coordination chemistry of alka-
line earth metal ions was thus considered to be relatively
simple and uninteresting for quite a long time. The metal—
ligand interactions are expected to be predominantly electro-
static with negligible orbital interactions, and are mostly
governed by Coulomb interactions and steric factors.?
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However, recent investigations indicate that the alkaline
earth elements have a much richer coordination chemistry
than hitherto thought. Many alkaline earth metal coordina-
tion compounds show unusual geometric and electronic
structures with covalent bonding character.’™ In particular,
the zero and monovalent heavier alkaline earth metals show
an unexpected bonding situation that mimic transition
metals.®!!! Tt was found that the heavier group-2 atoms
form octa-coordinated carbonyl and dinitrogen complexes
M(CO); and M(N,)s (M =Ca, Sr, Ba) as well as tribenzene
complexes M(Bz); (M = Sr, Ba) in solid neon matrix.’ " The
bonding situation in these complexes is similar to transition
metal complexes following the 18 electron rule with the metal
d orbitals playing a crucial role in metal-ligand bonding. The
octa-coordinated carbonyl and dinitrogen complexes of
monovalent metal ions were also formed in the gas phase,
which show similar bonding as the neutral complexes.!"!
Computational investigations indicate that d orbitals also
contribute significantly to the bonding of divalent heavier
alkaline earth metal complexes.'” A recent theoretical
analysis of the chemical bonds in alkaline earth oxides,
imides and dihydrides as well as a calcium complex suggests
that the valence orbitals of Ca, Sr, Ba comprise the (n)s and
(n—1)d AOs, the latter being much more important than the
former, which is a characteristic feature of the transition
metals.["’]

Here we report the generation and spectroscopic charac-
terization of heteronuclear calcium—-iron carbonyl cation
complexes in the gas phase. Infrared spectroscopy in con-
junction with theoretical calculations confirm that the coor-
dinatively saturated [CaFe(CO),o]" cation possesses a [Ca-
(CO)g)*'[Fe(CO),] ™ structure involving significant Fe—Ca d—
d dative bonding supported by two side-on bridging carbonyl
ligands.

The heteronuclear calcium—iron carbonyl cation com-
plexes are prepared by a pulsed laser vaporization/supersonic
expansion ion source in the gas phase, and are detected by
mass-selected infrared photodissociation spectroscopy in the
carbonyl stretching vibrational frequency region as described
in detail previously.'¥ The mass spectrum of ion complexes
produced by pulsed laser vaporization of a pure calcium metal
target in an expansion of helium seeded with carbon
monoxide with traces of Fe(CO)s impurity is shown in
Figure 1. The spectrum is dominated by a progression of
mass peaks that can be assigned to the heteronuclear calcium-
iron carbonyl cation complexes in the form of [CaFe(CO),]*
(n=4-12). The [Ca(CO),]" (n=0-5) peaks are also pre-
sented. The [CaFe(CO),,]" cation is always the most intense
peak among this series of cations at different experimental
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Figure 1. Mass spectrum of heteronuclear calcium—iron carbonyl
cation complexes produced by pulsed laser vaporization of a calcium
metal target in an expansion of helium seeded by carbon monoxide
with traces of Fe(CO)s impurity.

conditions, suggesting that this cation is the coordination
saturated complex. The higher coordinated complexes
involve weakly bound ligands attached to the external surface
of the stable [CaFe(CO),(]* cation, which are formed only
because of the cold supersonic beam conditions.

The n=9-11 cation complexes are each mass-selected for
infrared photodissociation. All these cation complexes dis-
sociate by losing CO ligand(s) with unfocused IR laser. The
vibrational spectra in the CO stretching frequency region for
the n=9-11 complexes are shown in Figure S1 of Supporting
Information. The spectra for the n =9 and 10 complexes are
quite similar, each exhibits five well-resolved bands in the
carbonyl stretching frequency region. Similar bands are also
presented in the spectrum of the n =11 complex. In addition,
a weak band at 2157 cm™! is also observed for the n=11
complex. This band is slightly blue-shifted from that of free
CO and is due to the absorption of a weakly bound CO
ligand.”! The observation of a weakly bound CO ligand
confirms that the n=11 cation is a weakly bound complex
involving a [CaFe(CO),(]" core cation. The observation of
two bands below 1800 cm™' implies that the cation involves
two bridged carbonyl ligands.'”! The other bands are due to
vibrations of the terminally bonded carbonyl ligands. The
band in the 2200 cm™' region, which is about 60 cm™' blue-
shifted from that of free CO, is due to vibration(s) of carbonyl
ligand(s) that is coordinated to a highly electrophilic metal
center with negligible metal-to-CO backdonation.'”! The
spectral feature suggests that the [CaFe(CO),o]* cation is
coordinatively saturated at calcium and iron.

We optimized the geometry of [CaFe(CO),]" using
density functional theory (DFT) at the B3LYP/6-311 + G(d)
level of theory. Details of the calculations are given in
Supporting Information. Figure 2 shows the calculated geom-
etry and the most important bond lengths and angles. The
optimized structure of [CaFe(CO),(]" has C, symmetry and
a *A’ electronic state featuring a Fe(CO), fragment that is
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Bond  12-4 2.680 12-5 2.680
12-11 2.803 11-10 1121
12-19 2.813 19-20 1121
1-5 1.765 5-9 1.179
1-4 1.765 4-8 1.179

Angle  £1-12-17 125.2 £12-1-2 93.9
Z£1-12-15 153.0 £12-1-3 167.7
£1-12-13 88.4 £12-1-5 59.7
£1-12-21 78.7 £3-1-2 101.4
£3-1-3 1173 £15-12-21 1283
£1-3-7 179.8 £12-15-16 179.5
Z12-13-14 174.2 £12-17-18 1731
£12-19-20 174.2 £12-11-10 1731
£12-21-22 173.4 £1-2-6 179.1
£1-12-5 34.6 £1-5-9 163.1
£1-12-4 34.6 £1-4-8 163.1

Figure 2. Calculated equilibrium geometry of the [CaFe(CO);o]" cation
at the B3LYP/6-311+G(d) level. Bond lengths are given in A, angles
in degree. The color code is: gray (C); yellow (Ca); purple (Fe); red
(0).

bonded to a Ca(CO)y moiety with a Ca—Fe distance of
3.096 A and two side-on bridging carbonyl ligands of Fe(CO),
tilted toward Ca with a bending angle Ca-Fe-CO of 59.7°. The
calculated Ca—Fe distance of 3.096 A is slightly longer than
the sum of standard single bond radii of Ca and Fe, which is
2.87 A8l Calculations using a different (BP86) functional
give a very similar geometry with a somewhat shorter Ca—Fe
distance of 2.955 A (Figure S2). We have chosen B3LYP for
this project, because it gives the best agreement of the
calculated IR spectrum with the observed data (see below).
The calculated geometry indicates that the Fe(CO), and
Ca(CO)s moieties are mainly bonded by direct Fe-Ca
interactions and by two bridging CO ligands. Please note
that one of the CO ligands of the Ca(CO), moiety, which is in
a trans position to the Fe(CO), fragment, has a much wider
bond angle of 153.0° and it has a significantly longer Ca—CO
bond of 2.974 A than the other Ca—CO bonds, which are
between 2.803-2.813 A.

Table 1 shows the comparison of the experimental and
calculated C-O stretching modes. The full set of calculated
vibrational frequencies and IR intensities is given in Table S3
of Supporting Information. The agreement between the
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Table 1: Comparison between experimental and calculated (B3LYP/6—
311+ G(d) level) vibrational frequencies (cm™') of [CaFe(CO);o]™.

Exptl. Calcd.®! Mode

2195 2191-22028 CO str. of Ca(CO),

2107 2078 sym. str. of terminal COs of Fe(CO),
2004 201 asym. str. of terminal COs of Fe(CO),
1796 1812 sym. str. of bridged COs of Fe(CO),
1743 1766 asym. str. of bridged COs of Fe(CO),

[a] Six narrow-spaced lines. [b] The calculated frequencies are scaled by
a factor of 0.969 which is given by the ratio of the experimental
(2143 cm™') and calculated (2212 cm™) stretching frequency of free CO.

measured and the theoretical frequencies of the CO stretch-
ing mode is very good. This comes to the fore when the
simulated IR spectrum shown in Figure 3b is compared to the
experimental spectrum in Figure 3a. There is no doubt that
the observed cation [CaFe(CO),]" exhibits the [(CO),Ca—
Fe(CO),]" structure shown in Figure 2.

Figure 4a shows the Laplacian distribution of the charge
density V?o(r) of [CaFe(CO),]" in the plane Ca-Fe-CO
where the CO is a bridging carbonyl. There is a bond critical
point (bcp) and bond path for the Ca-Fe and Fe-CO
interactions but not for the Ca—CO pair. It has been shown
before that the absence of a bcp and a bond path between two
atoms does not rule out strong attractive interactions.!’”’ The
curvature of the charge distribution does not yield a critical
point between Ca and the carbon atom of the tilted CO but
the bending angle suggests some attraction between the
atoms. Figure 4 a shows also the atomic partial charges given
by the QTAIM analysis. The metal atoms both carry positive
charges of 0.59 e (Fe) and 1.59 ¢ (Ca) whereas the oxygen
atoms have uniformly large negative charges between —1.04 e
and —1.17 e. Significant differences are found between the

Intensity (a.u.)

(a)
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Figure 3. a) Experimental and b) simulated IR spectra of [CaFe(CO),]".
The simulated spectrum is obtained from the scaled (0.969) harmonic
vibrational frequencies and intensities calculated at the B3LYP/6—

3114 G(d) level by applying Lorentzian line shape function with
5cm™! full-width-at-half-maximum.
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(a)
q[Ca(CO)s] =1.73: q[Fe(CO)s] =-0.73.

P ci=-0.02

p* k=103
(b)

Figure 4. a) Partial charges q and Laplacian distribution of the charge
density V’p(r) of [CaFe(CO),o]" in the plane Ca-C4-Fe. Red lines

indicate areas of charge concentration (V2o(r) < 0) while blue lines

show areas of charge depletion (V?o(r) >0) at the B3LYP/6-311 + G(d)
level. The solid lines connecting the atomic nuclei are the bond paths.
Green dots are bond critical points, and red dots are ring critical
points. b) Calculated spin density of [CaFe(CO),o]" in the doublet state
at the B3LYP/6-311+ G(d) level. The calculated spin densities are
taken from the Mulliken atomic spin densities (in a.u.).

positively charged carbon atoms of the CO ligands bonded to
Fe, which are between 0.66 € and 0.95 e, and the C atoms of
the CO ligands bonded to Ca, which are between 1.06 e and
1.08 e. The calculated charge distribution suggests that the
Ca(CO), fragment carries a positive charge of 1.73 e whereas
the Fe(CO), fragment has a negative charge of —0.73 e. The
unpaired electron of the radical cation is nearly exclusively
localized at the Fe atom where it occupies mainly a 3d(w) AO.
Figure 4b shows the calculated spin density of [CaFe(CO),(]".

More detailed information about the bonding situation in
[CaFe(CO),q]* is provided by the EDA-NOCYV analysis of the
cation. We used the fragments [Ca(CO)¢]? and [Fe(CO),]’
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with different charges q and electronic states as interacting
species. The best description of the interatomic interactions in
the complex is given by using the dication [Ca(CO)¢J*" and
the radical anion [Fe(CO),]” as interacting fragments,
because they give the smallest value for the orbital interaction
AE,,.”" Table 2 gives the numerical results of the EDA-

Table 2: EDA-NOCV results of [CaFe(CO),,]" by using the double(D) and singlet(S)
fragments at the B3LYP/TZ2P//B3LYP/ 6-311+G(d) level. Energy values are given
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orbitals of the [Ca(CO)¢*" fragment are antibonding with
regard to the Ca—CO(trans) bond, which explains the very
long bond. Further examination of the acceptor orbitals at
[Ca(CO)4]*" reveals a large participation of the 3d AO of Ca.
Thus, the overall orbital interactions between [Ca(CO)]*"
and [Fe(CO),]” are the combination of Ca—Fe bond forma-
tion accompanied by the attraction between Ca and
the bridging CO ligands that uses the 3d AOs of
calcium as acceptor orbitals. This is a striking
example for the strength of the EDA-NOCV

method, which gives very detailed information

in kcalmol™.

Fragments [Ca(CO)¢|" (D) + Fe(CO),(S) [Ca(CO)*" (S) + [Fe(CO),™ (D)

AE;, —63.2 —209.9
AEp,i 66.4 45.6
AE —34.7 (26.8%) —186.4 (73.0%)
ALy —94.8 (73.2%) —69.1 (27.0%)
AEq " —62.5(65.9%) ~20.6 (29.8%)
AE,," —13.8 (14.6%) —8.0 (11.6%)
AE, " —4.2 (4.4%) ~7.3 (10.6%)
AE " - 5.8 (8.4%)
AE 55" - 5.4 (7.8%)

AEqprest) —14.3 (15.1%) —22.0 (31.8%)

about the individual orbital interactions between
the chose fragments. The remaining orbital term
AE 1 resty cOmes mainly from intra-fragment charge
polarization of the charged fragments. The positive
charge of the cation enhances the preference of the
3d AOs of Ca for covalent bonding. This is because
the first excited state of Ca™ is °D (4s"3d"), which is
only 30 kcalmol ™! above the S state whereas the D
(4s'3d") state is the second excited state of neutral

[a] The values in parentheses give the percentage contribution to the total attractive
interactions AEgg,: + AE,,. [b] The values in parentheses give the percentage

contribution to the total orbital interactions AE,,.

NOCYV calculations along with the results using the fragments
[Ca(CO)¢]" and neutral Fe(CO), as interacting species, which
are the products of the Ca—Fe bond breakage. The latter
results consider all interactions during bond formation, while
the use of the former fragments describe the bond finally
formed. The EDA-NOCYV method is capable of addressing
both situations.

The data in Table 2 show that the major contribution to
the attractive interactions during bond formation between
[Ca(CO)y]" and Fe(CO), comes from the orbital (covalent)
term AE,, which provides 73% to the attractive forces
whereas the electrostatic (Coulomb) interaction AE, g, con-
stitutes 27 %. This is reasonable, because the driving force for
the formation of covalent bonding is due to the interference
of the wavefunctions.’!! The ratio reverses when the polar
bond is finally formed, where the Coulomb attraction
accounts for 73 % of the attractive forces.

The breakdown of the orbital term AE,, into pairwise
orbital interactions shows that the strongest individual con-
tribution in the complex comes from the donation of the
HOMO of [Fe(CO),]~ to low-lying vacant MOs of [Ca-
(CO)¢]*" which amounts to AE,,,; =—20.6 kcalmol™'. This
becomes viable by inspecting the associated deformation
density Ap, and the connected fragment orbitals, which are
shown in Figure Sa. The shape of Ap, indicates that the
charge flow occupies not only the Ca—Fe bonding region but
also the bridging CO groups. The second strongest orbital
interaction AE,,;, = —8.0 kcalmol ' comes from the donation
of the singly occupied m MO of [Fe(CO),]” to the LUMO + 3
of [Ca(CO)y)*" building a singly occupied Ca—Fe m orbital
(Figure 5b). The next three contributions AFE ;—AE s
come from orbital interactions which are due to the covalent
attraction between the bridging CO ligands of the [Fe(CO),]~
fragment to Ca (Figures Sc—e). Note that several acceptor

www.angewandte.org © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

Ca following P (4s'dp') and which is 57.1 kcalmol ™
higher than the 'S (4s%) ground state.””!

It is interesting to compare the Nalewajski—
Mrozek bond order®! P(A-B) of the Ca—Fe bond in
[(CO),Ca-Fe(CO),]* with the Ca—CO values. The
calculated value P(Ca-Fe)=0.11 indicates a weak
single bond, which is, however, larger than the P(Ca-CO)
values, which range from 0.05 to 0.08. The complete list of the
Nalewajski-Mrozek bond orders is given in Table S4 of
Supporting Information.

In summary, we report the observation of the hetero-
nuclear calcium-iron carbonyl cation complexes [CaFe-
(CO),]" (n=5-12) in the gas phase. Infrared photodissocia-
tion spectroscopy in conjunction with quantum chemical
calculations confirm that the n =10 complex is the coordina-
tion saturated ion where a Fe(CO), fragment is bonded with
a Ca(CO), moiety through two side-on bridging carbonyl
ligands. Bonding analysis indicates that the complex is best
described by the bonding interactions between a [Ca(CO)4]*"
dication and an [Fe(CO),4]~ anion forming a Fe—Ca d—d dative
bond that is completed by the attraction between Ca and the
bridging CO ligands. The observation of [(CO),Ca-Fe-
(CO),]" enriches the pool of experimentally observed com-
plexes of calcium that mimic transition metal compounds. The
molecule is the first example of a heteronuclear carbonyl
complex featuring a d—d bond between calcium and a tran-
sition metal.
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