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The equilibrium structures and vibrational frequencies of the iron complexes [Fe(CN)x(CO)y]q (x ) 0−6 and y )
0−5) have been calculated at the BP86 level of theory. The nature of the Fe−CN and Fe−CO has been analyzed
with an energy partitioning method. The calculated Fe−CO bond lengths are in good agreement with the results
of X-ray structure analysis whereas the Fe−CN bonds are calculated somewhat longer than the experimental
values. The theoretically predicted vibrational frequencies of the C−O stretching mode are always lower and the
calculated CN- frequencies are higher than the observed fundamental modes. The results of the bonding analysis
suggest that the Fe−CO binding interactions have ∼55% electrostatic character and ∼45% covalent character.
There is a significant contribution of the π orbital interaction to the Fe−CO covalent bonding which increases when
the complexes become negatively charged. The strength of ∆Eπ may even be larger than ∆Eσ. The Fe−CN-

bonds have much less π character. The calculated binding energy of the Fe−CO π-interactions correlates very
well with the C−O stretching frequencies.

Introduction

Iron complexes with CO and CN- ligands have become
the focus of intensive experimental investigations in recent
years1 because Fe(CN)(CO) moieties were found to be
catalytic centers in hydrogenase enzymes.2 From a physi-
ological point of view, it is remarkable to find carbonyl and
cyano groups as native ligands in metallo proteins. In order
to understand the reactivities of the latter species, it would
be helpful to know about the structures and properties of
mixed iron carbonyl cyano complexes [Fe(CN)n(CO)6-n]q,
but only some members of this family of Fe(II) complexes
are known. Recently, Koch and co-workers succeeded in the

synthesis of the complexestrans-[Fe(CN)4(CO)2]2-,3 cis-[Fe-
(CN)4(CO)2]2-, and fac-[Fe(CN)3(CO)3]1-.4 Together with
the compounds [Fe(CN)6]4-,5,6 [Fe(CN)5CO]3-,7,8 and [FeCN-
(CO)4]1- 9 synthesized in the 18th, 19th, and 20th centuries,
respectively, one obtains a series of similar compounds which
is well suited for a comparative theoretical investigation. In
order to analyze the bonding situation in the hexacoordinated
iron complexes with cyano and carbonyl ligands and to
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predict theoretically the structures and properties of the yet
unknown moleculesmer-[Fe(CN)3(CO)3]1-, trans-[Fe(CN)2-
(CO)4], cis-[Fe(CN)2(CO)4], and [FeCN(CO)5]1+, we carried
out quantum chemical calculations using DFT methods of
the geometries, bond energies, and vibrational frequencies
of the isoelectronic compounds [Fe(CN)n(CO)6-n]q. We
additionally calculated the pentacoordinated complexes
[FeCN(CO)4]1- and [Fe(CO)5] and the Fe(III) complex
[Fe(CN)5CO]2-.

The interactions of a transiton metal with the isoelectronic
ligands CO and CN- are usually discussed in terms of the
donor-acceptor model of Dewar, Chatt, and Duncanson10,11

(DCD). Experimental findings suggest thatπ-back-donation
is very important for most carbonyl complexes12 while cyano
ligands bind mainly throughσ-donation.13 We investigated
the iron-carbonyl and iron-cyano interactions with an
energy partitioning analysis (EPA)14,15 that has been found
very useful for investigating the nature of the bonding in
donor-acceptor complexes.16 The advantage of the EPA
method is that it gives not only a quantitative estimate of
the energy contributions of theσ-donation andπ-back-
donation but also a quantitative estimate of the electrostatic
contributions and the Pauli repulsion to the chemical bonding.

IR spectroscopy is a very important analytical tool to
experimentally investigate this kind of transition metal
complex. Therefore, for the experimentally yet unknown
compounds the prediction of their vibrational spectra (Raman
and IR) should be useful in order to identify them spectro-
scopically. For the experimentally known complexes, we
report in this paper about a comparison of calculated C-O
and C-N- vibrational frequencies with the corresponding
experimental values. Thorough studies of C-O vibrational
modes of pure transition metal carbonyl complexes have been
performed by Thiel and Frenking.17-19 They could show that
the BP86 functional performs best among the available DFT
functionals to predict vibrational data for this class of
compounds. The topic of this paper is a theoretical study of
the structures, vibrational spectra, and bonding analysis
of the complexes [Fe(CN)6]4- (1), [Fe(CN)5CO]3- (2), trans-
[Fe(CN)4(CO)2]2- (3-trans), cis-[Fe(CN)4(CO)2]2- (3-cis),
fac-[Fe(CN)3(CO)3]1- (4-fac), mer-[Fe(CN)3(CO)3]1-

(4-mer), trans-[Fe(CN)2(CO)4] (5-trans), cis-[Fe(CN)2(CO)4]
(5-cis), [FeCN(CO)5]1+ (6), [FeCN(CO)4]1- (7), [Fe(CO)5]
(8), and [Fe(CN)5CO]2- (9).

Theoretical Methods

The geometries of the molecules have been optimized at the
nonlocal DFT level of theory using the exchange functional of
Becke20 and the correlation functional of Perdew21 (BP86). The
calculations of the energy minimum structures and the vibrational
frequencies have been carried out with the program package
Gaussian 98,22 which allows analytical calculations of the second
derivatives of the BP86 energy functionals with respect to the
nuclear coordinates. The calculation of the bonding energy and the
EPA were carried out using ADF.23

For the frequency calculations we used a 6-31G(d) basis set for
carbon, nitrogen, and oxygen and a nonrelativistic small-core ECP
for iron with a (441/2111/41) valence basis set derived from the
(55/5/5) basis of Hay and Wadt.24 This basis set combination has
been introduced as standard basis set II.25 All optimized structures
were found to be energy minima at BP86/II.

The EPA calculations with ADF were carried out at the BP86
level using uncontracted Slater orbitals (STOs)26 with triple-ú
quality in the valence region and double-ú quality in the core region
augmented by one set of polarization function (TZP) using
geometries that were optimized at BP86/TZP. Relativistic effects
were accounted for by the zero order regular approximation
(ZORA).27 The (1s)2 core electrons of carbon, oxygen, and nitrogen
and the (1s2s2p)10 core electrons of iron were treated by the frozen
core approximation.28

The EPA method of ADF is based upon the energy decomposi-
tion analysis developed independently by Morokuma14 and by
Ziegler and Rauk.15 In this method the instantaneous interaction
energy (∆Eint) between the two fragments can be divided into three
components

where∆Eelstatgives the electrostatic interaction energy between the
fragments, which have been calculated with a frozen electron
density distribution in the geometry of the complex.∆EPauli gives
the repulsive four-electron interactions between occupied orbitals,
and∆Eorb gives the stabilizing orbital interactions. Since∆Eorb can
be considered as an estimate of the covalent contributions to the
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∆Eint ) ∆Eelstat+ ∆EPauli + ∆Eorb (1)
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bonding, the ratio of∆Eelstat/∆Eorb indicates the electrostatic and
covalent nature of the bond. Furthermore, the contributions ofσ
andπ bonding to a covalent multiple bond can be determined by
partitioning the∆Eorb term into the contributions by orbitals that
belong to different irreducible representations of the point group
of the interacting system.

The bond dissociation energyDe ) -∆Ee can be determined
from ∆Eint and the fragment preparation energy∆Eprep, which is
the energy necessary to promote fragments from their equilibrium
geometry and electronic ground state to the geometry and electronic
state of the optimized structure:

Further details about the method can be found in the literature.23a

Results and Discussion

Geometries and Vibrational Spectra.Figure 1 shows
the optimized structures of the complexes1-9 and the
calculated values of the Fe-CO and Fe-CN bond lengths
at BP86/II (BP86/TZP). Tables with complete sets of
coordinates are given as Supporting Information. Experi-
mental bond lengths which were determined by X-ray
structure analysis are shown in italics.

The calculated Fe-CO and Fe-CN distances at BP86
using the larger basis set TZP are always slightly longer
(0.005-0.010 Å) than the BP86/II values, but the differences
are not very large and need not be further discussed. The
experimental iron-ligand bond lengths of the all-cyano

Figure 1. Calculated structures [Fe(CO)x(CN)y]q and metal-ligand bond distances at BP86/II [Å]. BP86/TZP values are given in parentheses. Experimental
bond lengths are given in italics, taken from refs 3, 4, 6, 8, 9a, and 9c.

∆Ee) ∆Eprep+ ∆Eint (2)
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complex [Fe(CN)6]4- (1) and the all-carbonyl complex
[Fe(CO)5] (8) which may be used as reference values indicate
that the theoretical Fe-CN distances are slightly longer than
the values which are obtained through X-ray structure
analysis while the calculated Fe-CO bonds are a bit shorter
than the experimental data, but the differences are not very
large. We want to point out that the BP86 calculations predict
that the axial Fe-CO bond in iron pentacarbonyl is longer
than the equatorial bond which is in agreement with
experiment. In a previous theoretical study we found that

the bond lengths of donor-acceptor bonds tend to become
shorter in the solid state because of interatomic interactions.29

Deeth et al. reported a similar effect for transition metal
complexes with carbonyl and chloride ligands.30

A comparison of the calculated and experimental metal-
ligand bond lengths of [Fe(CN)5CO]3- (2) shows some

(29) Jonas, V.; Frenking, G.; Reetz, M. T.J. Am. Chem. Soc. 1994, 116,
8741.

(30) Bray, M. R.; Deeth, R. J.; Paget, V. J.; Sheen, P. D.Int. J. Quantum
Chem.1996, 61, 85.

Table 1. Comparison of the Experimental and Theoretical C-O and C-N Stretching Modes at BP86/IIi

BP86/II experiment

compd ν(CO) ν(CN) IR int Raman act. ir rep ν(CO) ν(CN) IR int Raman act.

1 [D6h] [Fe(CN)6]4- 1998 540 0.0 T2u 2044a strong
2 [C4V] [FeCO(CN)5]3- 1890 829 18 A1 1931b strong

2108 17 258 A1
2094 52 166 A1 2095 shoulder
2083 0.0 219 B2
2073 275 0.4 E 2075 strong

3-trans [D4h] trans-[Fe(CO)2(CN)4] 2021 0.0 87 A1g 2067 mediumg

1960 1463 0.0 A2u 1992c medium
2143 0.0 265 A1g 2121
2128 0.0 188 B1g 2112 medium
2119 147 0.0 Eu 2104 medium

3-cis [C2V] cis-[Fe(CO)2(CN)4]2- 1995 612 21 A1 2022d strong
1953 844 37 B2 1967 strong

2148 6.4 200 A1
2139 35 95 B2 2106 medium
2135 16 155 A1
2123 127 0.0 B1 2080 medium

4-fac [C3V] fac-[Fe(CO)3(CN)3]1- 2075 440 31 A1 2121d medium weak
2025 678 59 E 2096 strong medium

2174 0.01 161 A1 2162 weak medium
2167 9 83 E 2140 weak medium

4-mer [C2V] mer-[Fe(CO)3(CN)3]1- 2094 24 88 A1
2036 1101 5.5 B2
2028 616 63 A1

2155 48 0.3 B1
2164 6.0 116 A1
2172 0.0 197 A1

5-trans [D4h] trans-[Fe(CO)4(CN)2] 2154e 0.0 106 A1g

2114 0.0 153 B1g

2089 857 0.0 Eu
2189 0.0 186 A1g

2176 5.7 0.0 A2g

5-cis [C2V] cis-[Fe(CO)4(CN)2] 2146 49 81 A1

2096 789 7 B1
2095 404 88 A1
2079 518 76 B2

2186 7.9 143 A1
2181 0.2 76 B2

6 [C4V] [Fe(CO)5CN]1+ 2197e 32 159 A1

2139 567 1.5 E
2133 330 96 A1

2184 3.5 58 A1
2157 0.0 154 B2

7 [C3V] [Fe(CO)4CN]1- 2023 136 17 A1 2040f not reported
1951 652 54 A1 1951 not reported
1948 1137 42 E 1933 not reported

2140 27 124 A1 2118 not reported
8 [D3h] [Fe(CO)5 2109 0.0 55 A1′ 2121h not reported

2037 0.0 121 A1′ 2042 not reported
2031 1148 0 A2′′ 2034 strong
2018 966 51 E′ 2013 strong not reported

9 [C4V] [Fe(III)CO(CN)5]2- 1997 644 42 A1 2064b strong
2153 14 144 A1 2098 not reported
2125 3 802 A1
2116 0.0 727 B2
2111 0.2 0.2 E

a Reference 6.b Reference 8.c Reference 3.d Reference 4.e This mode is a simultaneous CO/CN-mode.f Reference 9a.g Raman data are taken from a
personal communication with Koch.h Reference 9b.i Frequencies in cm-1, IR intensities in KM mol-1, Raman activities in Å4 amu-1.
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differences between theory and experiment. The theoretically
predicted Fe-CO distance (1.731 and 1.735 Å) is slightly
shorter than the experimental value (1.753 Å) like in iron
pentacarbonyl while the Fe-CN distance which is trans to
Fe-CO is significantly longer (1.984 and 1.989 Å) than the
observed value (1.903 Å). Another surprising result is that
the calculations predict the Fe-CN distance which is trans
to Fe-CO to be clearly longer than the Fe-CN bond length
that is trans to another Fe-CN bond (1.948 and 1.955 Å)
while the X-ray structure analysis give the opposite trend
(Figure 1). The experimentally derived data indicate that the
Fe-CNtrans distance is slightly shorter than the Fe-CNcis

bond length (1.915 Å). A similar discrepancy between theory
and experiment is found for the complexes3-cis and4-mer.
The calculations predict that the Fe-CN bonds which are
trans to CO are slightly longer than the Fe-CN bonds which
are trans to another CN- ligand while the X-ray structure
analysis gives the opposite trend. It is possible that inter-
molecular forces between the highly charged species yield
significant changes of the bond lengths of the free molecules.
The calculated metal-carbon bond lengths of the remaining
complexes3-trans, 4-fac, and7 are in reasonable agreement
with the experimental values (Figure 1). Note, however,
that the calculated Fe-CO bond length of4-fac (1.789 and
1.797 Å) is somewhat shorter than the experimental value
(1.828 Å). According to the calculations, the oxidation of
the Fe(II) complex [Fe(CN)5CO]3- (2) to the Fe(III) species
[Fe(CN)5CO]2- (9) yields a significant lengthening of the
Fe-CO bond and a clearly shorter Fe-CNtrans bond while
the Fe-CNcis bond length remains nearly the same.

Table 1 gives the calculated and experimental vibrational
frequencies and the Raman activities and IR intensities. The
C-O stretching frequencies lie between 20 cm-1 (compound
3) and 70 cm-1 (compound4-fac) below the experimental
values. Thiel et al. have reported a similar effect during the
investigation of pure transition metal-carbonyl complexes
with the BP86 functional. They proposed a shift factor of
28.3 cm-1 for the prediction of frequencies for this class of
compounds.18 Interestingly, the theoretical C-N frequencies
lie in most cases above the experimental values. The different
performance of the BP86/II calculated frequencies becomes
obvious when Figure 2 is considered which shows a plot of
the theoretical and experimental vibrational frequencies of
the C-O and C-N stretching modes.

The calculated vibrational modes suggest that the C-O
stretching frequency of the octahedral Fe(II) complexes
[Fe(CN)n(CO)6-n]q is shifted toward higher wavenumbers
when n becomes smaller which is in agreement with
experiment (Table 1). The same trend is predicted for the
C-N stretching mode, but the increase is not as steep as for
the C-O fundamental. The theoretically predicted frequen-
cies and intensities listed in Table 1 should be a helpful
guideline for the identification of the yet unknown species
of the series. A pertinent example is the Fe(III) complex
[Fe(CN)5CO]2- (9) which could not be identified by X-ray
structure analysis. After oxidation of the Fe(II) complex
[Fe(CN)5CO]3- (2), Koch et al. could only detect a species
with an IR frequency of 2064 cm-1 (compound2: 1931
cm-1).9 We calculated a shift of more than 100 cm-1 upon
oxidation of compound2 to compound9 which supports the
hypothesis that the latter

Table 2. ETS Analysis of the Fe-CO bond with CN- in Trans Position at BP86/TZPc

2 3-cis 4-fac 4-mer 5-cis 6 7 9

r([Fe]-L) 1.74 1.77 1.80 1.79 1.82 1.86 1.77 1.78
[Fe] Fe(CN)53- Fe(CO)(CN)42- Fe(CO)2(CN)3- Fe(CO)2(CN)3- Fe(CO)3(CN)2 FeCN(CO)41+ FeCN(CO)31- Fe(CN)52-

L CO CO CO CO CO CO CO CO
∆Eint -62.7 -49.1 -42.0 -45.0 -42.4 -45.9 -63.1 -45.2
∆EPauli 181.9 172.4 161.3 156.7 140.9 114.6 147.5 165.0
∆Eelstat -127.1(51.9%)a -120.0(54.2%) -112.3(55.2%)) -110.6(54.8%) -100.7(54.9%) -86.0(53.6%) -108.0(51.3%) -115.4(54.9%)
∆Eorb -117.6(48.1%)a -101.4(45.8%) -91.0(44.8%) -91.2(45.2%) -82.6(45.1%) -74.5(46.4%) -102.6(48.7%) -94.8(45.1%)
∆Eσ -46.5(39.6%)b -45.54(44.9%) -49.4(54.3%) -47.6(52.2%) -48.2(58.4%) -45.5(61.1%) -42.7(41.6%) -46.0(48.6%)
∆Eπ -70.3(59.8%)b -55.9(55.1%) -41.6(45.7%) -43.3(47.5%) -34.4(41.6%) 28.9(38.8%) -59.9(58.3%) -47.3(49.9%)
∆Eprep 10.8 7.0 4.9 5.3 3.5 1.7 3.7 8.0
∆E
()-De)

-51.9 -42.1 -37.2 -39.7 -38.9 -44.3 -59.4 -37.2

a Contribution to the whole attractive interaction∆Eelstat + ∆Eorb. b Contribution to the whole orbital interaction∆Eorb. c Energies in kcal/mol, bond
length in Å.

Table 3. ETS Analysis of the Fe-CO Bond with CO in Trans Position at BP86/TZPc

3-trans 4-mer 5-trans 5-cis 6 7 8

r([Fe]-L) 1.79 1.81 1.83 1.83 1.86 1.79 1.80
[Fe] Fe(CO)(CN)42- Fe(CO)2(CN)3- Fe(CO)3(CN)2 Fe(CO)3(CN)2 FeCN(CO)41+ FeCN(CO)31- Fe(CO)4
L CO CO CO CO CO CO CO
∆Eint -43.2 -40.5 -41.0 -40.6 -44.5 -53.2 -54.6
∆EPauli 159.2 155.5 144.5 149.8 131.6 164.1 134.8
∆Eelstat -110.8(54.8%)a -107.8(55.0%) -100.4(54.1%) -103.5(54.4%) -92.5(52.5%) -119.1(54.8%) -98.0(51.7%)
∆Eorb -91.6(45.2%)a -88.1(45.0%) -85.1(45.9%) -86.9(45.7%) -83.7(47.5%) -98.3(45.2%) -91.4(48.3%)
∆Eσ -46.1(50.3%)b -50.2(56.9%) -54.0(63.5%) -55.7(64.1%) -57.4(68.6%) -29.1(29.7%) -47.6(52.1%)
∆Eπ -45.0(49.1%)b -38.0(43.1%) -30.9(36.3%) -31.2(35.9%) -26.2(31.4%) -69.1(70.3%) -43.8(47.9%)
∆Eprep 7.3 5.5 5.0 4.3 3.7 8.6 8.1
∆E
()-De)

-35.9 -35.0 -35.9 -36.3 -40.9 -44.6 -46.5

a Contribution to the whole attractive interaction∆Eelstat + ∆Eorb. b Contribution to the whole orbital interaction∆Eorb. c Energies in kcal/mol, bond
length in Å.
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species was indeed prepared by Koch. According to the
theoretical Raman frequencies, complex9 should also be
distinguishable from the reduced species by its very strong
Raman signal at∼2120 cm-1.

Bonding Analysis. The results of the EPA of the Fe-
CO and Fe-CN- bonds are shown in Tables 2-5. The
bonding analyses were carried out using one ligand CO or
CN- and the remaining metal fragment in the low-spin state
where the metal has a closed-shell t2g

6-like configuration as
interacting species. The presentation of the results follows
an ordering scheme where we first give the data of the Fe-
CO bonds which are trans to a cyano ligand (Table 2). Next
we show the results of the Fe-CO bonds which are trans to
another carbonyl ligand (Table 3). Table 4 gives the EPA
results for the Fe-CN- bonds which are trans to CO while
Table 5 shows the results for Fe-CN- bonds trans to CO.

The carbonyl ligand is usually considered as a strongπ
acceptor. A previous EPA study of the isoelectronic com-
plexes [TM(CO)6]q (TMq ) Hf2-, Ta-, W, Re+, Os2+, Ir3+)
has shown that the metal-ligand π-orbital interactions
between one CO ligand and the [TM(CO)5]q fragment
contribute between 56.6% ([Hf(CO)6]2-) and 26.2%
([Ir(CO)6]3+) to the total∆Eorb term. An increase of the
π-orbital interactions when the complexes become more
negatively charged is also found for the mixed carbonyl/
cyano complexes which are studied here. Tables 2 and 3
show that, in the hexacoordinated Fe(II) complexes2-6,
the calculated values of the absolute and relative contribu-
tions of ∆Eπ to the bonding interactions increases from the
positively charged species6 to the trianion2. Note that the

total contribution of the orbital term to the attractive
interactions remains rather constant between 45% and 48%.
The EDA results show that the Fe-CO binding interactions
which are trans to CN- (Table 2) have a significantly larger
π-contribution than the Fe-CO bonds in the same complex
which are trans to CO (see complexes4-mer, 5-cis, 6, Table
3). Note, however, that the axial Fe-CO bond of the
pentacoordinated complex7 has lessπ-contribution than the
equatorial Fe-CO bonds which do not have a ligand that is
trans to the carbonyl group. We also want to point out that
the oxidation of the Fe(II) complex2 to the Fe(III) complex
9 weakens the iron-carbonyl π-interactions which is the
reason that the orbital contributions in the latter compound
and, thus, the strength of the Fe-CO bond is reduced (Table
2).

It is generally said that the strength of the metal-CO
π-interactions has a strong influence on the C-O stretching
frequency which is therefore often used as a probe of the
π-bonding. A charge partitioning analysis of (CO)5W-L
complexes with various ligands L using the CDA method32

showed that there is indeed a correlation between the amount
of W f L π-back-donation and the calculated vibrational
mode of the carbonyl ligand.13a Figure 3 shows a plot of the
theoretically predicted C-O stretching frequencies and the
energy contribution of∆Eπ to the bonding interactions. There
is a good correlation between∆Eπ andν(CO) which changes
toward higher wavenumbers when∆Eπ becomes less.

(31) Diefenbach, A.; Bickelhaupt, F. M.; Frenking. G.J. Am. Chem. Soc.
2000, 122, 6449.

(32) Dapprich, S.; Frenking, G.J. Phys. Chem.1995, 99, 9352.

Table 4. ETS Analysis of the Fe-CN Bond with CO in Trans Position at BP86/TZPc

2 3-cis 4-fac 4-mer 5-cis 6 7 9

r([Fe]-L) 1.99 1.96 1.95 1.95 1.94 1.94 1.95 1.95
[Fe] FeCO(CN)42- Fe(CO)2(CN)31- Fe(CO)3(CN)2 Fe(CO)3(CN)2 Fe(CO)4(CN)+ Fe(CO)52+ Fe(CO)4 Fe(CO)(CN)41-

L CN- CN- CN- CN- CN- CN- CN- CN-

∆Eint 81.7 -7.3 -100.1 -104.0 -202.3 -312.2 -94.3 -13.2
∆EPauli 125.8 146.0 163.0 162.1 171.0 162.6 144.0 144.9
∆Eelstat 26.3 -67.6(44.1%)a -160.7(61.1%) -162.9(61.2%) -254.3(68.1%) -343.3(72.3%) -147.7(62.0%) -69.8(44.2%)
∆Eorb -70.4 -85.6(55.8%)a -102.4(38.9%) -103.1(38.8%) -119.0(31.9%) -131.5(27.7%) -90.7(38.0%) -88.3(55.8)
∆Eσ -56.2(79.8%)b -70.5(82.4%) -84.7(82.6%) -85.9(83.3%) -94.5(79.5%) -100.4(76.4%) -70.8(78.1%) -71.0(80.4%)
∆Eπ -12.6(17.8%)b -15.1(17.7%) -17.8(17.4%) -16.4(15.9%) -24.4(20.5%) -28.8(21.9%) -19.7(21.7%) -12.7(14.6%)
∆Eprep 4.6 3.7 3.0 4.9 3.8 3.6 2.0 5.2
∆E
()-De)

-86.3 -3.6 -97.1 -99.1 -198.4 -308.6 -92.3 -8.0

a Contribution to the whole attractive interaction∆Eelstat + ∆Eorb. b Contribution to the whole orbital interaction∆Eorb. c Energies in kcal/mol, bond
length in Å.

Table 5. ETS Analysis of the Fe-CN Bond with CN in Trans Position at BP86/TZPc

1 2 3-trans 3-cis 4-mer 5-trans

r([Fe]-L) 1.96 1.96 1.95 1.95 1.95 1.95
[Fe] Fe(CN)53- FeCO(CN)42- Fe(CO)2(CN)31- Fe(CO)2(CN)31- Fe(CO)3(CN)2 Fe(CO)4(CN)+

L CN- CN- CN- CN- CN- CN-

∆Eint 155.9 74.7 -13.7 -11.1 -104.6 -203.7
∆EPauli 131.0 142.8 149.3 154.4 156.7 152.5
∆Eelstat 96.3 9.5 -78.1(47.9%)a -78.3(47.3%) -166.0(63.5%) -252.2(70.8%)
∆Eorb -71.4 -77.6 -84.9(52.1%)a -87.1(52.6%) -95.4(36.5%) -104.0(29.2%)
∆Eσ -52.1(72.9%)b -60.8(78.3%) -70.1(82.6%) -71.5(82.0%) -78.5(82.3%) -83.9(80.7%)
∆Eπ -18.0(25.2%)b -16.9(21.7%) -14.1(16.6%) -15.7(18.0%) -16.9(17.7%) -18.6(17.8%)

∆Eprep 6.6 4.8 5.2 3.6 3.3 2.6
∆E

()-De)
162.5 79.5 -8.5 -7.5 -101.3 -201.1

a Contribution to the whole attractive interaction∆Eelstat + ∆Eorb. b Contribution to the whole orbital interaction∆Eorb. c Energies in kcal/mol, bond
length in Å.
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Tables 4 and 5 give the EPA results of the iron-cyano
bonds. Note that some complexes are thermodynamically
unstable with regard to dissociation of CN- because of strong
Coloumb repulsion between the ligand and the negatively
charged metal fragment. We want to point out that the
absolute values of the interaction energies and the energy
terms of complexes which carry different charges should not
be compared with each other because the charges have a
strong influence on the calculated values particularly for∆Eint

and ∆Eelstat. The EPA results are nevertheless meaningful

because they give insight into the relative strength of theσ-
andπ-interactions.

The cyano ligand CN- is generally considered as a strong
σ-donor and a poorπ-acceptor unlike the goodπ-acceptor
CO because the negatively charged CN- has a high-lying
unoccupiedπ* MO. The EPA results in Tables 4 and 5 show
that theπ-contribution to the iron-cyano orbital interactions
is indeed much smaller compared to the iron-carbonyl
bonding (Tables 2 and 3). There is no correlation between
the charge of the complexes and the strength of∆Eπ of the
Fe-CN- complexes such as in case of the Fe-CO bond.
Note that the largest value for∆Eπ in the hexacoordinated
complexes is found for the interactions between Fe(CO)5

2+

and CN- in the positively charged species 6 (Table 4). It is
highly unlikely that the comparatively large∆Eπ value comes
from Fef CN- π-back-donation. Rather, it may partly arise
from Fe r CN- π-donation which has previously been
suggested to play a role in metal-CO bonding.33 The Fe-
CN- bonds which are trans to CO have weaker contributions
from π-back-donation than Fe-CN- bonds in the same
complex which are trans to CN-, but the differences are not
very large. The Fef L π-back-donation plays a much bigger
role for the stretching frequencies of L) CO than for L)
CN-. Note that the highest lying C-O stretching frequency
increases from2 (1890 cm-1) to 6 (2197 cm-1) by 307 cm-1

while the C-N stretching mode increase from2 (2108 cm-1)
to 6 (2184 cm-1) by only 76 cm-1.

Summary and Conclusion

The calculated geometries and vibrational frequencies of
the iron cyano/carbonyl complexes1-9 are in good agree-
ment with most experimental data. The theoretical data will
be useful for the identification of the yet unknown members
of the series [Fe(CN)x(CO)y]q. The energy partitioning
analysis of the Fe-CO bonds shows that the binding
interactions in all complexes have∼55% electrostatic
character and only∼45% covalent character. There is a
significant contribution of theπ-orbital interaction to the Fe-
CO covalent bonding which increases when the complexes
become negatively charged. The strength of∆Eπ may even
be larger than∆Eσ. The calculated binding energy of the
Fe-CO π-interactions correlates very well with the C-O
stretching frequencies. The Fe-CN- bonds have much less
π-character than the Fe-CO bonds.
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(33) Ref 12a, page 227.

Figure 2. (a) Calculated vs experimental C-O stretching modes (and
straight line with slope 1). (b) Calculated vs. experimental C-N stretching
modes (and straight line with slope 1).

Figure 3. Correlation of calculated C-O stretching modes and∆Eπ (and
regression line).
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