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ABSTRACT: Tolman’s electronic parameter (TEP) derived
from the A -symmetrical CO stretching frequency of nickel—
phosphine—tricarbonyl complexes, R;PNi(CO);, is brought to
a new, improved level by replacing normal with local
vibrational frequencies. CO normal vibrational frequencies
are always flawed by mode—mode coupling especially with
metal—carbon stretching modes, which leads to coupling
frequencies as large as 100 cm™" and can become even larger
when the transition metal and the number of ligands is
changed. Local TEP (LTEP) values, being based on local CO
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stretching force constants rather than normal mode frequencies, no longer suffer from mode coupling and mass eftects. For 42
nickel complexes of the type LNi(CO)s, it is shown that LTEP values provide a different ordering of ligand electronic effects as
previously suggested by TEP and CEP values. The general applicability of the LTEP concept is demonstrated.

1. INTRODUCTION

An easy but basic understanding of the electronic influence of
ligands in transition metal chemistry is one of the prerequisites
for the design of suitable catalysts in homogeneous catalysis.
Molecular orbital theory in combination with reliable quantum
chemical calculations can provide valuable and detailed insight
in this connection. However, an experimental measure for the
ligand electronic and steric activity is an attractive alternative as
it circumvents lengthy discussions about the accuracy of the
method and/or basis set used in the quantum chemical
calculations.

The Tolman electronic parameter (TEP) and the Tolman
cone angle 6" represent such measures describing the
electronic and steric properties of phosphine ligands in
transition metal complexes. The TEP is derived from the A;-
symmetrical CO stretching frequency in the infrared spectrum
spectrum of nickel—tricarbonyl—phosphine complexes of the
type RyPNi(CO), because this vibrational frequency is well-
separated from other frequencies and can easily be detected in
the measured spectrum. Phosphine ligands possess a distinct
electronic and steric tunability, seldom participate directly in
the reactions of a transition metal complex, and can be used to
modulate the electronic properties of the adjoint metal center.?

Phosphines® are 6-donors, where their donor ability increases
(decreases) with R being an alkyl (aryl) group or any other
electron-donating (withdrawing) substituent R. Electron-
donating phosphines increase the electron density at the
metal, and accordingly, the metal is more prone to back-
bonding with the CO ligands, which involves a dz(M)-z*(CO)
interaction, which weakens the CO bond strength. The change
in the CO bond strength is sensitively registered by the A;-
symmetrical CO stretching frequency, which therefore was
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chosen by Tolman as a measure for the electronic activity of the
phosphine ligand. The TEP, as simple and useful as it is, faces
two major complications. Phosphines can also be involved in
back-donation via a dz(M)-6*(P—C) hyperconjugative mech-
anism, which can obscure the interpretation of the TEP values.
Apart from this, the bulkiness of a phosphine ligand can
overrule electronic factors; therefore, it is important to assess
the steric requirements of the liagand by the cone angle 6.

Tolman’s original work was triggered by investigations by
Strohmeier and co-workers”® in the 1960s who investigated the
o-donor ability and m-acceptor strength of various ligand
classes. Using arene chromium(0) tricarbonyl complexes in a
photochemical ligand exchange reaction, they found that when
the electron density on the arene ligand is increased, the
electron density on the metal also increases, thus favoring back-
bonding toward the CO and other ligands, which was
quantified via the CO stretching frequency.

Since then, TEPs were derived from measured infrared
spectra of carbonyl complexes of vanadium,” chromium,®™”
molybdenum,S’m_13 tungsten,5’6’13_16 magnesium,4 iron,” ™!
rhodium,*%® and iridium.>>?¢ Computational electronic
parameters (CEP) were determined using mostly density
functional theory (DFT) methods.”” —>* Several review articles
summarized the experimental and theoretical work in this
field 73

One of the first compilations of CEPs, which included a set
of 68 LNi(CO); complexes, was published by Crabtree and co-
workers.”” These authors could show that the calculated CO
stretching frequencies correlate well with the measured TEP
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values. Gusev presented extensive compilations of CEPs for
LNi(CO);, LIrCI(CO),, LIrCp(CO),*® and 76 N-heterocyclic
carbene complexes.”” In this work, he critically discussed the
question whether a single parameter can adequately describe
the donor properties of ligands with very diverse bonding
effects. Tonner and Frenking®® determined CEPs for a series of
LNi(CO); and LRuCI(CO), complexes with carbene and
divalent carbon(0) ligands. They could show that carbon(0)
ligands CX,, with X = PR, (carbodiphosphoranes) or NHC
(carbodicarbenes) are much stronger donors than carbene and
phosphine ligands. CEP values based on semiempirical
calculations were published for LMo(CO);, LW(CO);, CpRh-
(Cco)(L) complexes,36 and for rhodium Vaska complexes.37
Recently, CEPs were calculated for CO adsorption on
transition metal clusters (Ni—Au).*®

Already in the 1960s, attempts were made to relate ligand
effects in metal carbonyl complexes to empirically derived force
constants by applying a mathematical procedure developed by
Cotton and Kraihanzel.'”*® Cotton derived a relationship
between CO bond orders and CO force constants to describe
their bond strengths in LM(CO); complexes.'” Although
empirical in nature, his approach was able to reflect the relative
m-acceptor strength of various ligands, e.g., identifying PF; as a
stronger m-accepting ligand than CO and identifying ligands
such as alkylformamids as z-donors. Aubke and co-workers
discussed the bond strength in the isoelectronic and isosteric
series [Au(CN),]”, Hg(CN),, and [Au(CO),]* based on the
CN and CO stretching frequencies and force constants.*’
Other approaches to elucidate ligand effects on the CO
vibrational frquuencies were based on empirical ligand-specific
parameters.3'1’4

Suresh and Koga suggested that the molecular electrostatic
potential (MESP) provides a basis to calculate the CO
stretching frequency of transition metal carbonyl complexes*
where the usefulness of this approach has been questioned.”
Boxer and co-workers** discussed the vibrational Stark effect
measured by the Stark tuning rate Ay on carbonyl and nitrosyl
stretching frequencies in model compounds and proteins. Alyea
and co-workers* suggested ways of differentiating between &
and 7 effects influcencing the CO stretching frequency by
referring to thermochemical data such as pK, values. Giering
combined electronic and steric effects by introducing the QALE
concept (Quantitative Analysis of Ligand Effects). The original
approach*® was extended and modified over the years to
provide detailed knowledge about the electronic and steric
influences of phosphine ligands on metal centers.

In view of the large number of both experimental and
computational investigations triggered by Tolman’s concept, it
seems to be generally accepted that the CO stretching
frequency is a reliable parameter that reflects the electronic
and steric effects of the ligands in a transition metal complex.
Measured as well as calculated CO stretching frequencies refer
to normal vibrational modes and these are the result of mode—
mode coupling, for example, between M—C and C=O
stretching modes. There were attempts to suppress this mode
coupling;27 however, these were done incompletely. A
suppression of mode—mode coupling requires two steps: (i)
elimination of electronic coupling, which is done by
diagonalization of the Hessian matrix and (ii) elimination of
mass-coupling, for which one has to solve the mass-decoupled
Euler—Lagrange equations.*” Crabtree and co-workers™” did
only part the first step (by diagonalizing the sub-Hessian
containing the Ni(CO); unit). They failed to eliminate mass
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(kinematic) coupling, the importance of which is documented
in this work.

In this work, we will solve this problem in a rigorous way by
basing Tolman’s original concept on local rather than normal
vibrational frequencies. A local mode, as originally derived by
Konkoli and Cremer,”” is the true counterpart of the
delocalized normal vibrational mode as was proved by Zou
and co-workers.*** For each bond of a molecule, the
corresponding local stretching mode can be derived from
calculated or experimental frequencies®® and the associated
local stretching force constant is perfectly suited to act as bond
strength descriptor.®' ~>*> We will show that the local Tolman
electronic parameter (LTEP) based on the local CO stretching
frequency @® (LTEPw) or the local CO stretching force
constant k* (LTEPk) differs from TEP or CEP values due to
mode coupling as induced by mass effects.

The results of this work are presented in the following way.
In section 2, the determination of the local mode properties
from experimental or calculated frequencies is summarized. In
section 3, three homoleptic metal carbonyls for which all
vibrational frequencies were measured will be described using
the local counterparts of the normal CO stretching frequencies.
This study is extended to 42 nickel—phosphine—tricarbonyl
complexes in section 4 where the LTEP values obtained in this
work are compared with previously published TEP and CEP
values. Finally, in section S, the conclusions of this work are
summarized.

2. COMPUTATIONAL METHODS

Part of this work is based on measured vibrational frequencies and part
on calculated frequencies. For the purpose of using the former to
derive local mode frequencies, we shortly sketch the procedure of
getting vibrational force constants based on experimental frequencies,
then we derive local mode frequencies and force constants, and finally,
we will utilize the latter to derive suitable parameters in the form of
CO bond orders. For our derivation, we need the Wilson equation of
vibrational spectroscopy:>*

(1)

where F! is the calculated force constant matrix expressed in internal
coordinates g,, D collects the vibrational eigenvectors d, in form of
column vectors (u = 1,-+, Ny, with Ny, = 3N — L; N, number of
atoms; L, number of translations and rotations), G is the Wilson G-
matrix,”* and A is a diagonal matrix containing the vibrational
eigenvalues A, = 47°c’w,” where ), represents the vibrational
frequency of mode d,. The kinetic energy matrix G is determined
using the atomic masses and the B matrix

FID = G 'DA

@)

where B is a rectangular (N, X 3N) matrix containing the first

derivatives of coordinates g, with regard to the Cartesian coordinates.
For the purpose of determining the force constant matrix F4 from

the experimental frequencies, we solve the following relationship:*°

(©)

where F'Y, D', and A’ are obtained from appropriate quantum
chemical auxiliary calculations. The diagonal matrix AA is defined by
the differences 0™ — @%*. Hence, the unknown perturbation matrix

"
AF? can be calculated from eq 4:

G=BM'B

(F1 4+ AF)D' = G 'D’(A’ + AA)

4)

By defining D = G™V?D’, which leads to D'D = DD’ = I and setting
AF = G'?AFG'”, an eigenvalue problem can be defined according to

©)

AFD’' = G'D'AA

AFD = DAA
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Figure 1. Geometries (upper part) and NBO charges (lower part) of metal—carbonyl compounds 1, 2, and 3. Experimental bond lengths in blue;
electron diffraction results in normal print; 1 from ref 73., 2 from ref 76., 3 from ref 80.; X-ray data in italics from refs 74 and 81; DFT bond lengths
in black and normal print, M06; or italics, BALYP. NBO charges obtained with MO06.

which is solved by diagonalization. In this way, AF and AF are
calculated and lead directly to the force constant matrix FY,
corresponding to the experimental frequencies.

Once all matrices are available to set up eq 1, the equation is solved
by standard procedures, which implies a diagonalization of matrix F? to
obtain the diagonal matrix K that provides the force constants for
normal modes d,. The local vibrational mode vectors a, associated
with a leading parameter g,*” are calculated with the help of eq 6:*~*

Kd

a = ———
dK'd

n
(6)
here d, is a row vector of matrix D. The local mode force constant kj, is
given by eq 7:
ké=alKa,

?)
and the local mode frequency @, can be obtained from

a
( wu)Z — Gnnkn

" 4n*? (8)
where the G-matrix element G,, corresponds to the local mode
mass.*’

The above procedure is based on the assumption that the normal
mode vectors of eq 1, i.e, matrix D can be approximated with the
calculated matrix D" obtained within the harmonic approximation of
the Wilson equation. Test calculations carried out in this work show
this assumption to be reasonable. When varying method and/or basis
set, the final local mode frequencies change by 10 cm™ or less.
Noteworthy is that the same assumption has been used successfully
when scaling harmonic frequencies to obtain better approximations to
measured frequencies.”>*®

Zou and co-workers have shown that the local mode frequencies
can be related to normal mode frequencies in an adiabatic connection
scheme (ACS).*® For this purpose, eq 1 is partitioned into a diagonal
and an off-diagonal part. The diagonal part leads to the local mode
frequencies whereas the sum of diagonal and off-diagonal part leads to
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the normal mode frequencies. By slowly switching on the off-diagonal
part with the help of a perturbation parameter 4 (0 < 1 < 1), mode—
mode coupling develops stepwise. If the changes in the frequencies are
plotted as a function of /, the corresponding ACS diagram reveals how
mass-effects, avoided crossings (AC), etc. add to mode—mode
coupling and how the local mode frequencies change.*****”%® The
difference @, — @} = @y, leads to the coupling frequencies w,
They can be tested by the zero-point energy (ZPE) condition

coup*

ZPE(normal) = ZPE(local) + ZPE(coup) 9)

where ZPE(local) and ZPE(coup) correspond to the ZPE values
calculated with local mode and coupling frequencies, respectively.*>*

For an N-atom molecule of a given point-group symmetry, the Ny,
normal vibrational modes are exactly defined, which, however, is not
the case for local vibrational modes. Because a given local mode is
independent of all other local modes (which leads to the advantage
that it is not dependent on the way the molecular geometry is
described), one can start with any redundant set of internal
coordinates to set up the ACS. However, when increasing 4 = 0 —
1 only those local mode frequencies, the mode vectors of which have
the largest overlap with the normal vibrational modes, converge to
frequencies ), whereas all other local mode frequencies converge to
zero. In this way, a unique set of N,; local vibrational modes is
selected.

In previous work, the local stretching force constants were used as
relative bond strensgth descriptors, which can be applied in form of a
bond order n.3**** This implies the definition of suitable reference
bonds with defined n-values. In this work, we use the CO bond in
methanol and that in formaldehyde as reference bonds with n = 1 and
n = 2, respectively. Utilizing the extended Badger rule,">* we have
shown that the bond order is related to the local stretching force
constant k* by a power relationship of the type n = a(k®)" where
constants a and b are obtained using the two reference bonds and the
condition that for a force constant of zero the bond order also is zero.
A bond order relationship based on the experimental frequencies of
methanol and formaldehyde® was derived to determine the CO bond
orders of the homoleptic carbonyl complexes Ni(CO), (1), Fe(CO);

dx.doi.org/10.1021/ic4024663 | Inorg. Chem. 2014, 53, 478—495



Inorganic Chemistry

Table 1. Experimental Normal Mode Frequencies @, and the Corresponding Local Mode Force Constants k;; and Frequencies

% of Ni(CO), (1)°

u symmetry w, [em™] # parameter
21 A, 2132 8 C5-09

20 T, 2058 7 C4-08

19 T, 2058 6 C3-07

18 T, 2058 S C2-06

17 T, 459 4 Nil—C5

16 T, 459 3 Nil—-C4

15 T, 459 2 Nil—C3

14 T, 423 21 Nil-C5-09
13 T, 423 20 Nil—-C4-08
12 T, 423 19 Nil-C3-07
11 E 380 18 Nil-C2-06
10 E 380 17 Nil-C5-09
9 A, 371 1 Nil—C2

8 T, 300 16 Nil—-C4-08
7 T, 300 15 Nil-C3-07
6 T, 300 14 Nil-C2-06
5 T, 80 13 C3-Nil—C5
4 T, 80 12 C3—-Nil-C4
3 T, 80 11 C2-Nil-C5
2 E 62 10 C2—-Nil-C4
1 E 62 9 C2—-Nil-C3

ZPE [kcal/mol]: 19.08

k* [mdyn A™'] o [em™] Ocomp [em™]
17.195 2063.2 69.2
17.195 2063.2 -S54
17.195 2063.2 -S54
17.195 2063.2 -54

1.900 569.5 —110.6
1.900 569.5 —110.6
1.900 569.5 —110.6
0.152 293.1 130.0
0.152 293.1 130.0
0.152 293.1 130.0
0.152 293.1 86.9
0.152 293.1 86.9
1.900 569.5 —198.7
0.152 293.1 6.9
0.152 293.1 6.9
0.152 293.1 6.9
0.360 198.3 —118.3
0.360 195.3 —115.3
0.360 195.3 —1158.3
0.360 195.3 —133.3
0.360 195.3 —133.3
19.80 —-0.72

“For each local mode, the driving internal coordinate and the coupling frequencies @, is given. Zero-point energies (ZPE) are added to verify the
ZPE-additivity requirement ZPE(total) = ZPE(local) + ZPE(coup). Bending and torsional force constants are given in mdyn A/rad’. For a

numbering of atoms, see Figure 1.

(2), and Mo(CO)¢ (3) (see Figure 1) where the parameters of the
bond order relationship were determined as a = 0.351; b = 0.694.

DFT calculations were carried out with the B3LYP functional®>®?
and the M06 functional of Truhlar and co-workers®* employing the
aug-cc-pVTZ basis set of Dunning and co-workers.*>*® Using M06,
the bond order relationship derived is given by a = 0.327 and b =
0.686. The normal vibrational modes of all molecules investigated in
this work were analyzed in terms of local vibrational modes using the
CNM (characterizing normal modes) approach by Konkoli and
Cremer®’ as integrated in the quantum chemical program package
COLOGNE2013.% In this work, the results of the CNM analysis are
presented in the form of bar diagrams, which give the contributions of
the various local modes to a specific normal mode (in %) in form of
color-coded ranges for a given bar.

3. ANALYSIS OF THE VIBRATIONAL FREQUENCIES OF
NI(CO),, FE(CO)s, AND MO(CO),

In Tables 1—3, the experimental frequencies for 1, and
37 are listed. For each normal mode, frequency w,, the
corresponding local mode force constants kj and frequency wy,
the parameter, which drives the local mode (given according to
the notation in Figure 1), and the coupling frequency @coyy
which provides a measure of mode—mode coupling, are given.
The zero point energy condition is fulfilled in all three cases:
ZPE(normal) = ZPE(local) + ZPE(coup). In Figures 2 and 3,
the vibrational normal modes of 1 are analyzed with the help of
a normal mode decomposition diagram and the ACS between
local and normal frequencies. For 2, the same analysis is
provided in Figures 4 and 5 whereas Figures 6 and 7 summarize
results for 3.

Nickel Tetracarbonyl (1). In Figure 1, experimental
geometries of 17>7* are compared with M06 (black, normal
print) and B3LYP geometries (black italics), which are
bracketed by the gas phase result (NiC, 1.838; CO, 1.141

69,70 2 71
)
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A)” and the solid state result (NiC, 1.817; CO, 1.127 A).”*
NBO charges are given in the lower half of Figure 1.

The four highest frequencies of 1 (Table 1, Figure 3)
correspond to the four CO stretching frequencies split up into a
single A;-symmetrical normal stretching mode (#21) at 2132
cm™" and three T,-symmetrical modes at 2058 cm™" (splitting:
75 ecm™'). All four frequencies emerge from one local mode
frequency at 2063 cm™' (see Figure 3), which is significantly
(112 cm™) lower than that of free CO (2170 cm™') whereas
the frequency of normal mode 21 is only 38 cm™" smaller than
that of free CO. The lowering of the local CO stretching
frequency is the result of o-donation and 7z-back-donation
involving the Ni and the CO molecular orbitals (MOs) where
the back-donation from Ni to CO requires the #, and e-
symmetrical 3d(Ni) orbitals.

Clearly, by using the normal CO stretching frequency of the
Aj-symmetrical mode as a bond strength descriptor, the full
amount of CO weakening cannot be correctly described
because of a mass-dependent splitting of A;- and T,-
symmetrical modes. Another deficiency of the normal mode
frequencies becomes apparent when the mode decomposition
of the CO stretching modes in terms of local modes are
analyzed (see Figure 2). All CO stretching modes couple with
the NiC stretching modes, leading to a non-negligable
admixture of about 4%. This leads to coupling contributions
to the CO stretching frequencies and obscures the description
of the CO bond strength.

The local NiC stretching frequencies are at 570 cm™
whereas the normal mode frequencies are at 459 (T,) and
371 cm™" (A;). There is an avoided crossing between the NiC
stretching and NiCO bending modes at 4 = 0.97, which leads to
mode—mode mixing and makes it difficult to assess from the
vibrational spectrum information on the NiC bond. However,

1
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Table 2. Experimental Normal Mode Frequencies @, and the Corresponding Local Mode Force Constants k;; and Frequencies

! of Fe(CO); (2)°

u symmetry w, [em™] # parameter
27 A 2121 10 C6—-011

26 A 2042 8 C4-09

25 A" 2034 9 C5-010

24 E' 2013 7 C3-08

23 E’ 2013 6 C2-07

22 E' 645 3 Fel-C4

21 E’ 645 2 Fel—-C3

20 A" 619 S Fel—-C6

19 E” 543 27 Fel—-C6—-011
18 E” 543 26 Fel-CS5-010
17 E’ 488 22 Fel—C6-011
16 E’ 488 21 Fel-C5-010
15 A" 474 25 Fel—C4-09
14 A/ 443 4 Fel—CS

13 E' 429 23 Fel-C2-07
12 E’ 429 20 Fel—-C4-09
11 Ay 413 1 Fel—-C2

10 Ay 383 19 Fel-C3-08
9 E” 378 24 Fel-C3-08
8 E” 378 18 Fel-C2-07
7 A" 105 15 C4—Fel—CS
6 E’ 100 17 CS5—Fel—C6
N E' 100 16 CS—Fel-C6
4 E” 97 14 C3-Fel-CS$§
3 E” 97 13 C2—Fel-C$§
2 E’ 64 12 C2—Fel—-C4
1 E’ 64 11 C2—Fel—-C3

ZPE [kcal/mol]: 25.94

k* [mdyn A™'] ®° [em™] Ocomp [em™]
16.924 2046.8 74.2
16.456 2018.3 23.7
16.924 2046.8 —12.8
16.456 2018.3 -5.3
16.456 2018.3 -=5.3

2.458 649.8 —4.8
2.458 649.8 —4.8
2.510 656.6 —37.6
0.427 402.3 140.7
0.427 402.3 140.7
0.427 402.3 85.7
0.427 402.3 85.7
0.258 360.5 113.5
2.510 656.6 —213.6
0.379 378.7 50.3
0.379 378.7 50.3
2.458 649.8 —236.8
0.379 378.7 43
0.258 360.5 14.5
0.344 360.5 14.5
0.703 269.5 —164.5
0.439 230.5 —130.5
0.438 230.5 —-130.5
0.703 269.5 —-172.5
0.703 269.5 -172.5
0.301 184.4 —-1204
0.301 184.4 —-120.4
26.98 -1.05

“For each local mode, the driving internal coordinate and the coupling frequencies @, is given. Zero-point energies (ZPE) are added to verify the
ZPE-additivity requirement ZPE(total) = ZPE(local) + ZPE(coup). Bending and torsional force constants are given in mdyn A/rad’. For a

numbering of atoms, see Figure 1.

the local NiC stretching force constant of 1.900 mdyn/A
reveals that the metal—C bond is relatively weak, which is in
line with a measured BDE (bond dissociation energy) of just 25
+ 2 kcal/mol for 1.”°

Iron Pentacarbonyl (2). Some DFT methods (MO6,
BPW91) describe the axial (ax) FeC bond as being slightly
shorter than the equatorial (eq) FeC bond (M06: 1.8209 (ax)
vs 1.8211 A (eq); see Figure 1), which is confirmed by the
electron diffraction result in the gas phase (1.806 (ax) vs 1.827
A (eq)”® but not by the X-ray diffraction analysis.”* In line with
the X-ray results (1.811 (ax) vs 1.803 A (eq)), other DFT XC
functionals (B3LYP, BP86) predict the equatorial bonds to be
slightly shorter (B3LYP: 1.8263 (ax) vs 1.8205 A (eq)).
Similarly, confusing results have been found by other
authors.”””®

The local CO stretching frequencies of the ax- and egq-
positioned ligands are 2047 and 2018 cm™', respectively, thus
indicating that the eq-CO bonds are somewhat weaker than the
ax ones in line with DFT bond lengths of 1.137 (eq) vs 1.134
(ax, M06) and 1.141 (eq) vs 1.137 A (ax, B3LYP) and local CO
stretching force constants of 16.456 (eq) and 16.924 mdyn/A
(ax, Table 2). Normally, a weaker CO bond indicates stronger
7-back-donation from the metal atom, which should be
reflected by a stronger FeC bond and stretching force constant.
The values for the ax-FeC bonds are @® = 657 cm™ and k* =
2.510 mdyn/A. For the eq-FeC bonds, they are 650 cm™" and
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2458 mdyn/A (see Table 2), respectively, ie, a slightly
stronger axial FeC is connected to a slightly stronger CO bond.

Irrespective of the description of ax and eq bond lengths,
experimental frequencies and all DFT XC frequencies
calculated in this work always lead to a larger force constant
for the ax-FeC bonds, provided the local vibrational modes are
derived from the normal vibrational modes (see Supporting
Information). This confirms that the vibrational properties are
much more sensitive to changes in bond strength than
measured or calculated bond lengths, provided one has the
local mode data available. The latter reflect the curvature of the
PES (potential energy surface) at the equilibrium minimum;
therefore, they are directly related to the bond strength whereas
the bond length is only indirectly related to the bond strength
and is, accordingly, not reliable.

The local mode properties show that (i) z-back-donation
should be stronger for 2 than for 1 and (ii) the relative strength
of the FeC bonds is no longer in line with the common
explanation that z-back-donation from the metal atom leads to
strengthening of the metal—carbon and a weakening of the CO
bond: NiC, k* = 1.900; ax-FeC, 2.510; eq-FeC, 2.458 mdyn/A
and (Ni)CO, 17.195; ax-(Fe)CO, 16.924; eq-(Fe)CO, 16.456
mdyn/AA (see Tables 1 and 2). Observation i can be explained,
considering the larger electronegativity of Ni (y = 1.75)
compared to that of Fe (1.64”%), which is in line with the fact
that the HOMO of 1 is lower in energy than that of 2. Hence,
the higher lying Fe(3d)-HOMO and the fact that Fe is more

dx.doi.org/10.1021/ic4024663 | Inorg. Chem. 2014, 53, 478—495
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Table 3. Experimental Normal Mode Frequencies @, and the Corresponding Local Mode Force Constants k;; and Frequencies

" of Mo(CO)¢ (3)°

u sym. w, [em™] # param.

33 Ay 2121 7 C2-08

32 Eg 2028 11 C6—-012

31 E‘g 2025 8 C3-09

30 Ty, 2003 10 C5-011

29 T, 2003 9 C4-010

28 T, 2003 12 C7-013

27 T, 596 19 Mol-C2-08 (y)
26 T,, 596 23 Mol-C6-012 (y)
25 T, 596 17 Mol—-C6-012 (x)
24 T, 507 16 Mol-C5-011 (x)
23 T,, 507 15 Mol—C4—010 (x)
22 Ty, 507 20 Mol1-C3-09 (y)
21 Ty, 477 14 Mol—C3-09 (x)
20 o 477 21 Mol—C4—010 (y)
19 Ty 477 2 Mol-C5-011 (y)
18 Alg 391 1 Mol-C2

17 E‘g 381 S Mol-C6

16 E‘g 381 2 Mo1-C3

15 T, 367 4 Mol—Cs

14 " 367 6 Mol—C7

13 T, 367 3 Mol—C4

12 Ty 342 18 Mol-C7-013 (x)
11 Ty 342 24 Mol-C7-013 (y)
10 Ty 342 13 Mol—-C2-08 (x)
9 Ty, 82 32 C3—Mol-C5

8 T, 82 30 C4—Mol—C7

7 T, 82 25 C2—Mol—C6

6 T;_g 79 28 C3—Mol-Cé6

s Ty 79 2 C6-Mol—Cs

4 ng 79 31 C2—Mol-C3

3 T, 60 29 C6—Mol—-C4

2 T, 60 27 C5—Mol—C7

1 T,, 60 33 C5—Mol—C4
ZPE [kcal/mol]: 29.82

“For each local mode, the driving internal coordinate and the coupling frequencies @

k? [mdyn A™'] @ [em™] Ocoup [em™]
16.482 2020 101
16.482 2020 S
16.482 2020 S
16.482 2020 -17
16.482 2020 -17
16.482 2020 -17

0.326 336 260
0.326 336 260
0.326 336 260
0.326 336 171
0.326 336 171
0.326 336 171
0.326 336 141
0.326 336 141
0.326 336 141
1.782 532 —141
1.782 532 —151
1.782 532 —151
1.782 532 —165
1.782 532 —165
1.782 532 —165
0.326 336 6
0.326 336 6
0.326 336 6
0.541 200 —118
0.541 200 —118
0.541 200 —118
0.541 200 —121
0.541 200 —121
0.541 200 —121
0.541 200 —140
0.541 200 —140
0.541 200 —140
30.23 —0.40

is given. Zero-point energies (ZPE) are added to verify the

coup

ZPE-additivity requirement ZPE(total) = ZPE(local) + ZPE(coup). Bending and torsional force constants are given in mdyn A/rad’. For a

numbering of atoms, see Figure 1.

negatively charged (—2.288 vs —1.195 e; Figure 1) explain that
Fe donates electron density to an empty 7*(CO) MO better
than Ni, thus weakening the CO bonds more, as reflected by
the local CO streching force constants and frequencies.

The o-donation from the CO ligand to the metal involves,
for the ax ligands, the 3d(Fe) orbital and, for the eq CO
ligands, the 3dxy(Fe) orbitals. Overlap is better for the former
than the latter (L—Ni—L angle, 120°% lobe angle, 90°).
Accordingly, the axial CO ligands should be stronger o-donors
(confirmed by the charges shown in Figure 1) and establish
stronger FeC bonds, which obviously is more effective than
bond strengthening via z-back-donation.

In the ACS of 2, mode coupling causes a splitting of the ax-
CO frequencies by 87 cm™" and that of the eq-CO frequencies
by 29 cm™, which leads to a crossing of the A,’ (axial) and A,”
(eq) frequencies (see Figure S). The larger splitting of the ax-
CO stretches is a consequence of the coaxial alignment of their
mode vectors compared to an unfavorable angle of 120° (a 90°
arrangement would suppress any coupling) enclosed by the eq-
CO mode vectors. In both cases, mode coupling involves the
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FeC stretching modes which, because of this, contribute to the
CO normal modes (Figure 4).

The normal mode FeC stretchings range from 443 (axial) to
645 cm™" (eq) and are difficult to characterize without the local
vibrational modes because they mix among each other, with the
various bending modes and also with the CO stretching modes.
It is important to note that the splitting of the CO stretching
frequencies depends on the symmetry of the molecule, the
closeness of the local mode vectors in the molecule, the
direction of the mode vectors (strong coupling if an angle of 0
or 180° is enclosed, no coupling if the angle is 90°), and the
ratio of the masses involved. These factors change from
molecule to molecule; therefore, the splitting of the CO
stretching frequencies is different (74 in 1; 87 and 29 cm™ in
2) as well as the coupling frequencies for the symmetrical CO
stretching modes (69, 74, and 24 cm™"). This makes the use of
the frequencies of the A)-symmetrical modes for diagnostic
purposes questionable.

Molybdenum Hexacarbonyl (3). We have included in our
analysis a complex with an element of the second transition
metal period, which has a different number of CO ligands and,

dx.doi.org/10.1021/ic4024663 | Inorg. Chem. 2014, 53, 478—495
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Figure 2. Characterization of the normal modes of Ni(CO), in terms of local mode contributions. Each of the 21 normal mode vectors, d,, is
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mode vectors, a,. The local mode parameters are presented in form of a color code (right side of diagram; for numbering of atoms, see Figure 1).
Contributions larger than 5% are given within the partial bars representing a local mode.

accordingly, a different symmetry. The experiment®® and

theory are in line with regard to the geometry of 3 (see Figure
1).

The local CO stretching frequencies and force constants of 3
are 2020 cm™! and 16.482 mdyn/A. This indicates that the CO
bonds are comparable to those in 2. 7-Back donation is as
strong as in 2, which is in line with an electronegativity y(Mo)
=1.30"” and an NBO charge of Mo in 3 of —2.456 e (Figure 1).
The local force constants reveal that the MoC bonds are weak
(1.782 mdyn/A), which reflects the fact that the magnitude of
the 4drn(Mo)—2pz(C) overlap is reduced (MoC bond length:
2.063 A*).

The normal CO stretching frequencies are at 2121 (4,,),
2025 (E,), and 2003 cm™" (T},) where the coupling frequencies
are 101, 5, and —17 cm™ leading to a splitting of 118 cm™
(Figure 7). Although the highly symmetrical CO stretching
frequency can be easily identified as in the case of 1 and 2, it
alone cannot reflect the properties of the CO bond in 3 as these
are disguised by mode—mode couplings. Clearly if these change
due to an exchange of one of the CO ligands by another ligand,
the mode coupling situation becomes more complicated.

The local MoC stretching frequencies are at 532 cm™,
corresponding to a force constant of 1.782 mdyn/A. Due to
mode couplings with bending modes and avoided crossings
with the latter (Figure 7), the corresponding normal mode
frequencies spread in the range 367—391 cm ™', which are easy
to analyze once the local mode frequencies are obtained.

Although the number of data points is too small to be
statistically relevant, it is interesting to note that local and
normal mode CO stretching frequencies correlate only with
significant scattering (R* = 0.85) where the same is true for a
correlation between local CO frequencies and calculated CO
bond lengths (see Supporting Information). Both normal mode

484

frequencies and bond lengths are at best qualitative descriptors
of the changes in the bond strength of CO; therefore, they are
also not suitable as reliable electronic parameters as Tolman
had originally hoped. However, we will show in the following
that Tolman’s original idea is very useful, provided one converts
normal mode frequencies into local mode frequencies.

4. EXTENSION OF TOLMAN’S CONCEPT: THE LOCAL
TOLMAN ELECTRONIC PARAMETER (LTEP)

In this section, we will introduce the local TEP (LTEP) based
on the local properties of the vibrational modes. As obvious
from the discussion above, such an LTEP can be easily applied
to different carbonyl complexes as it is no longer constrained to
a given class of carbonyls such as the nickel—phosphine
carbonyls."”? Special efforts were made by Crabtree and co-
workers®” to establish a computational counterpart to the TEP
coined CEP, which both confirmed and extended the usefulness
of the TEP. Therefore, we will focus in this work on a subset of
the nickel-tricarbonyl complexes LNi(CO); used by Crabtree
and co-workers®’ (see Figure 8) to demonstrate the usefulness
of the TEPs.

In Figure 9, measured and MO6-calculated vibrational
frequencies for 1, 2, and 3 are compared. They agree reasonably
with a standard deviation of 9.9 cm™ and an R* of 0.9997.
However, more important is the comparison of measured and
calculated CO stretching frequencies, which leads to a standard
deviation of just 3.0 cm™. This result implies that it is
straightforward to scale calculated CO stretching frequencies by
a suitable scaling factor derived from Ni(CO), to obtain CEP
and LTEP values close to TEP and the corresponding
experimentally based LTEP values, respectively.

In Table 4, the vibrational properties of the nickel—
tricarbonyl complexes L1—-L42 are listed and compared with

dx.doi.org/10.1021/ic4024663 | Inorg. Chem. 2014, 53, 478—495
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Figure 3. Adiabatic connection scheme of Ni(CO), (1) based on
experimental frequencies. Panels a and b show the upper and lower
frequency ranges, respectively. For symmetries and the notation of
normal mode as well as local mode frequencies, see Table 1. Compare
also with Figure 1.

the measured TEP literature values taken from Crabtree and
co-workers.”” For each ligand L, the calculated CO bond length
r, the calculated CEP and its scaled counterpart, CEP, the local
CO stretching frequency ®“ its scaled value @®“ the
corresponding force constant k, and the bond order n based
on the latter are given. The scale factor was determined from
measured and calculated frequencies of Ni(CO), (see Table 4)
and applied to correct (at least approximately) for anharmo-
nicity effects. For the same reason, &@” values were determined.
Especially important is the coupling frequency w,,,, because
the latter reveals the deviation of the CEP (or TEP) from its
electronic value due to mode coupling. Also given are electron
density and energy density at the CO bond critical point as they
may also reflect the strength of the CO bond and by this the
degree of z-back-donation.

Comparison of TEP, CEP, and LTEP. For the 42 ligands
chosen, the TEP varies by 208 cm ™ in the range 1981 to 2189
cm™, i.e.,, by 10%. Similar values are obtained for CEP and CEP
(see Table 4). Positively charged L lead to high TEP values
because they withdraw electronic charge from Ni and reduce 7-
back-donation to the CO ligands yielding high CO stretching
frequencies. Anionic ligands donate electronic charge to the Ni
atom and increase its z-back-donation, yielding low TEP values.
In view of the accuracy of the measured frequencies and their
sensitivity to the ligand L, the usefulness of the TEP and CEP is
convincing.
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However, the coupling frequencies @, for L1—L42 vary by
78 cm™! from 22 to 100 cm™ revealing that, even for the CO
stretching modes of the highest symmetry, mode—mode
coupling cannot be neglected and, accordingly, CEP and TEP
provide qualitative rather than quantitative measures of the
electronic effect of ligand L. The LTEP defined by the local CO
stretching mode @ is always smaller than TEP (or CEP) and
varies by 284 (scaled: 271) cm™ or 13% from 2282 (2184) to
1998 (1913) cm™. It is more sensitive than the TEP or CEP as
their mode—mode coupling leads to a dampening of electronic
effects.

In Figure 10, the TEP and CEP are compared with the
LTEP. As already indicated by the coupling frequencies, the
scattering of both TEP and CEP values is relatively large (R* =
0.985 and 0.970, respectively). The calculated standard
deviations are 5.4 and 8.0 cm™. Strong deviations are found
for both anionic and neutral ligands L. The ascend of the
correlation line is smaller than 1, which corresponds to the fact
that the sensitivity of TEP and CEP is not as large as that of the
LTEP. Both 1 and free CO deviate distinctly from the
correlation shown in Figure 10.

The vibrational frequency is an observable, ie., it can be
directly measured. However, its use as an electronic parameter
is problematic because it depends on the masses of the atoms
involved in a vibration. Since Tolman focused on just the CO
group, the mass effect on the frequency may be considered as
being constant, thus establishing the TEP as a true electronic
parameter. This argument falls short if the ligand L lowers the
symmetry from C;, to C; or even C;, which leads to new
coupling situations with different reduced masses. Hence, the
use of TEP or CEP for a ligand L leading to any symmetry is
flawed by mass effects. This, of course, no longer holds for the
local CO stretching frequencies, which always depend on the
same reduced mass defined by a single CO ligand.

Nevertheless, it is desirable to assign to the frequency-based
LTEP the corresponding local force constant k?, which is also
given in Table 4. The local CO stretching force constants
change by 26.% (4.91 mdyn/A) from 16.127 to 21.037 mdyn/
A) and thus, they are much more sensitive than the CO
stretching frequencies. As in previous work, we have converted
the local stretching force constant, which is an excellent bond
strength descriptor, into a bond order n for easier use (see
Figure 11).#5%%%3 The CO bond orders n(CO) for ligands
L1-L42 change from 2.638 to 2.198 and by varying 18% in
dependence of ligand L from a strong, closer to a triple bond to
a weak, closer to a double bond (see Table 4 and Figure 11).
The value of free CO is 2.563 and for 1 = L3, 2.439 (see Table
4).

The bond order, based on the local stretching force constant,
has to be used in connection with the local CO stretching
frequency to establish a general LTEP, which can easily be
extended to ligands other than CO as probes for the electronic
structure of a transition metal complex. For simplicity reasons,
we distinguish between the two parameters by LTEPw and
LTEPn, respectively.

In previous studies in the literature, little emphasis has been
laid on the length of the CO bond as it was considered to be
too insensitive. The calculated r values of Table 4 reveal that
the CO length changes from 1.1165 to 1.1515 A, ie., just 3% or
0.0350 A, which is too small to be reliably reproduced by
experimental means instead of the computational tools used in
this work. When the calculated CO bond lengths are correlated
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with the CO bond orders n (Supporting Information), the
scattering of the r values is substantial and does not suggest to
use r as a quantitative CO bond strength descriptor.

Cremer and Kraka®»® demonstrated that the bond strength
is also reflected by the electron and energy density at a bond
critical point r, (p, = p(r.) and H, = H(r.)) where a negative
electron density indicates a covalent bond. Indeed, there is a
linear relationship between n and these two quantities (see
Supporting Information); however, again the scattering is too
large to consider these relationships more than semiquantative.

Most important is that the LTEP changes the order of
electronic effects obtained with the TEP or CEP, which is
indicated in Table 4 by reordering ligands according to their
LTEP (the numbering of complexes is done using the TEP
values of Crabtree and co-workers.”” This will be discussed in
the next subsection.

In Figure 12, MO interaction diagrams are shown, which are
used to rationalize the various ligand effects. They are made by
choosing a suitable coordinate system, e.g, the z-direction as
the direction of the Ni—L bond, the xy-plane perpendicular to
the Ni-L direction, and the x-direction in the direction of one of
the CO ligands when this is projected into the xy-plane. In this
way, one of the CO ligands is in the xz-plane and one can
distinguish between an in-plane (ip) and two out-of-plane
(oop) CO ligands. Furthermore, we will distinguish for Cs,-
symmetrical ligands, such as AX;, between ecclipsed or
staggered CO ligands.

Using this coordinate system, o-donation of the ligand is into
the 3d,2(Ni) or the 4p,(Ni) orbital. The Ni-atom has a 3d*4s”
electron configuration whereas, in Ni complexes, one considers
a 3d'%4s° configuration and expects the four ligands to fill up
the 4s4p orbitals to obtain the 18-electron configuration of Ar
in the valence shell. Hence, one can consider 6- or z-donation
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to either polarize the distribution of the 3d electrons or increase
the amount of negative charge at the Ni atom by filling “empty”
3d(Ni) orbitals. The latter choice facilitates the discussion as it
is simpler to explain back-donation via the 3d orbitals than by
constructing linear combinations of 4p(Ni) orbitals that suit the
same purpose.

For the coordinate system chosen, 7-back-donation to CO
can proceed via the 3d,?(Ni) orbital by a direct overlap with the
7* orbital of the ip CO or an indirect mechanism caused by an
increase of the electron density at Ni via the 3d,2,,2(Ni) orbital
(see panels b and e in Figure 12). It is obvious that by choosing
a different coordinate system, orbitals 3d> and 3d,,,» would
exchange their role; however, the overall 7-back-donation result
would be the same. On the basis of the coordinate system given
in Figure 12, we will rationalize the electronic effects of the
different ligands L utilizing the LTEP values of Table 4. Our
analysis will be guided by the LTEP values rather than the
PMO (perturbational MO) analysis; however, we will use the
latter to test for any contradictions between LTEP and PMO
description.

Cationic Ligands. The electron withdrawing ability of a
cationic ligand will diminish the chance of 7-back-donation into
the empty 7*(CO) orbitals; therefore, strong CO bonds, as
reflected by high LTEP values, result. One would expect that
the electron withdrawing ability of ligand O=N* (L1) is larger
than that of H-C* (L2). However, ligand L2 has one electron
less and thereby an empty pz orbital (assuming that both
ligands establish a o-donor bond to Ni) for accepting negative
charge from Ni (7-back-donation to L). We calculate a NiC(H)
local stretching force constant k* of 5.077 mdyn/A compared to
a Ni—N value of 3.876 mdyn/A in L1. Hence, L2 more
effectively withdraws negative charge from Ni and accordingly
reduces 7-back-donation to CO to a minimum, which leads to
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Inorganic Chemistry

1

2120
2100 |
2080 -|
©%9,10)

2060

2040
»%(6,7,8)

Local Mode Frequencies w? [cm™]

Normal Mode Frequencies ,, [cm™]

E)

0.4

05 06

0 01 02 03 07 08 09 1.0
Scaling Factor A
(a)
1 1 1 1 1
w21-22(E’) \_ W20(A2")
—goo | @i(12345) \_\%,:
o ; €
£ w1g.17(E
S 10?(21,22,26,27) o 01s(A0”) 1617(E) =
%5 500 w1g.19(E") L3
2 0%(19,20,23) 3
— o
% 400 - — 01 (A) T §
=] o
g <\awa(18,24,25) W12.13(E") ws.o(E") 2
L 300 . w?(13,14,15) w10(A) re
8 walE. | 8
ws6(E"), | =
i 200, AN w7(A") | g
o
BRI ©?(11,12) . 5
100 ’ »?3(16,17) ﬁ; z
Wq.2
T T T T T T T T
0 01 02 03 04 05 06 07 08 09 10

Scaling Factor A
(b)

Figure 5. Adiabatic connection scheme of Fe(CO); (2) based on
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frequency ranges, respectively. For symmetries and the notation of
normal mode as well as local mode frequencies, see Table 2. Compare
also with Figure 1.

the largest LTEP values found for the 42 complexes
investigated in this work. The TEP and CEP values based on
normal CO stretching frequencies lead to an incorrect order of
the two ligands.

Neutral Ligands. Comparing phosphine with amine ligands
leads to a unexpected order of electron withdrawing abilities:

PE(L4) > PCL(LS) > PHE(L7) > NE(LS)
> NH,F(L13) > PH,(L19) > PH,Me(L23)
> P(OMe),(L18) > NH,(L24) > NMe,(L26)
> PMe,;(L27)

where averaged LTEP values are taken if the symmetry, due to
the ligand L, is reduced to C. Obviously, phosphines are
stronger electron withdrawing from Ni than amines. This has to
do with the o-donor and 7-acceptor ability of AX; (A =P or N;
X = H, halogen, Me). Clearly, PF; is a better o-donor
(involving the electron lone pair) than NF; due to the lower
electronegativity of P compared to N. Both molecules are z-
acceptors involving the 6*(AX) orbitals (see panel d in Figure
12). For PF,, the latter are in the range of the 3d(Ni) orbitals
whereas, for NF;, these are lower in energy because two rather
than just one electronegative atom is involved. The difference
in o-donation and dm-acceptance leads to a much stronger PNi
bond (k* = 1.338 mdyn/A) in L4 than the NNi bond (k* =
0.078 mdyn/A) in L8.
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The importance of the 6*(AX) acceptor ability (one could
also speak of pseudo-7* orbitals as normally done in the case of
AX; groups) becomes obvious when considering the PCly
ligand. This is definitely a better o-donor than PF;; however,
it is also a weaker dz-acceptor because the 6* (PCl) orbitals are
higher in energy for the less electronegative Cl atoms. The NiP
bond of L5 is weaker (k* = 0.997 mdyn/A) than that of L4.
PCl; is less electron withdrawing, which gives Ni a somewhat
higher chance of back-donating into the CO orbitals. The same
conclusions can be drawn using the polarization picture
discussed above.

The electron withdrawing ability of L becomes smaller with
decreasing numbers of halogen atoms bonded to P or N.
Methyl groups raise the 6* orbitals. If the methyl groups are
bonded to an electronegative atom such as N, the d7z electron
withdrawing ability is somewhat larger than when the methyl
groups are linked to the more electropositive P atom. It is
interesting to note that also individual LTEP values can be
observed for the three CO groups when the symmetry is
lowered to C, as in L7, L13, or L23. For example, in L7 the
LTEPw and LTEPn values are higher for those CO groups that
are eclipsed with the PF bonds, which confirms the preferred 7-
back-donation into the ¢*(PF) orbital and therefore, less into
the eclipsed CO bonds, thus leading to their higher CO bond
strength as reflected by the LTEP values.

The ordering of all AX; ligands shown above and based on
the associated LTEP values can be easily rationalized in terms
of the orbital interaction rules. Only in the case of L18, does
the TEP-CEP ordering deviate from the LTEP ordering. The
P(OMe); ligand (as in the case of PF;) has lower lying 6* (PO)
orbitals for accepting 3d density from Ni; therefore, its LTEP
values are higher than those of PMe;. However, the methyl
groups reduce this effect so that L18 takes an intermediate
position between L19 and L27, which is not correctly described
by the TEP and CEP values.

Carbenes :CX, can establish strong bonds with Ni as in the
case of ligand L14 (k% = 2.600 mdyn/A), which possesses (for a
positioning of the X substituents in the yz-plane) an empty p,
orbital. Hence, the NiCX, bond results from 6-sp>(C) donation
to the 3d. orbital and pz-acceptance from an occupied 3d,,
orbital. This has a different effect on the three CO groups: the
ip CO group (perpendicular to :CX,) can more strongly donate
to the partially emptied 3d,,(Ni) orbital, with which it overlaps
strongly (contrary to the two oop CO groups, see panel c in
Figure 12). The NiC bond becomes much stronger (k* = 1.961
mdyn/A compared to k* = 1.335 mdyn/A in the case of L7). -
Back donation via the 3d,? +y2(Ni) orbital affects only the oop
CO groups, which obtain lower LTEP values.

We find the following LTEP order for carbenes and some
related ligands where averaged values are used when the CO
ligands are different because of the C, symmetry:

n-H, (L6, 18.600) > H,C (L14, 18.557)

> EC (L10, 18.517) > H,C=C (L12, 18.480)
> H,C=CH, (L16, 18.492 mdyn/A)

For difluorocarbene, the empty 2p.m orbital is lowered in
energy due to the F substituents, which should lead to a
stronger withdrawal of 3d,,(Ni) density than in the case of
methylene. However, the 2p, 7 orbital is partially filled with 7-
density from the F atoms and, accordingly, the electron
withdrawal ability of CF, is lower than that of CH, as is the o-
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Figure 6. Characterization of the normal modes of Mo(CO)s in terms of local mode contributions. Each of the 33 normal mode vectors, d,, is
represented by a bar (mode number and experimental frequencies are given at the bottom of each bar), which is decomposed in terms of 33 local
mode vectors, a,. The local mode parameters are presented in form of a color code (right side of diagram; for numbering of atoms, see Figure 1.
Contributions larger than 5% are given within the partial bars representing a local mode.

donor ability because of the electronegative F substituents (k* =
1.863 mdyn/A compared to 2.600 mdyn/A in the case of CH,).
Methylene establishes a stronger NiC bond, increases the
strength of the 6-NiC bond of the ip CO (because of stronger
3d,,(Ni) density withdrawal), and leads to stronger z-back-
donation via the 3d,2(Ni) orbital (see panel b in Figure 12).

The oop NiC bonds do not benefit from the withdrawal of
3d,,(Ni) density; therefore, they are weaker. z-Back-donation
in the oop CO bonds proceeds via the 3d,2,* orbital (see panel
e in Figure 12), which is affected by exchange repulsion with
the 6(CF) electrons. Therefore, 7-back-donation into the 7*
orbitals of the oop CO ligands is stronger for L10 than for L14
and lower LTEP values result in the former case. Similar
explanations hold for the LTEP values when a vinylidene ligand
is used where, however, an empty 2pyn'(C) orbital has to be
considered.

The #-HH ligand is a weak o-donor but, via its o* orbital, is a
good 3dm-acceptor (see f) in Figure 12), which leads to a
lengthening of the HH bond to 0.805 A. This leads to a strong
NiC bond for the eclipsed CO ligand (k* = 2.056 mdyn/A
compared to 1.552 for the oop NiC bonds) and a consequential
CO bond strengthening reflected by higher LTEP values.
Because the o-donor and 6*-acceptor ability of 7-HH balance
each other largely, Ni remains to be a weak 7-back-donor for
the oop CO ligands involving the 3d,2,,> electrons thus yielding
somewhat lower LTEP values.

The #-ethene ligand adopts a position along the y-axis (see
panels g and h in Figure 12). In this position, it can effectively
interact with the 3d,,,> orbital so that the latter can accept
negative charge from the 7(CC) orbital, thus increasing its 7-
back-donation ability: the oop CO ligands adopt clearly lower
LTEP values than when interacting with the #-HH ligand.
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The importance of the orbital energy for assessing the
potential 7-acceptor ability of a ligand becomes obvious in the
following series:

O=C (L3) > S=C (L9) > N=N (L11)
> HC=N (L21) > MeC=N (L22)

Clearly, CO has a lower z* energy than N,, which makes it a
better acceptor, whereas its o-donor ability is larger than that of
N,. Therefore, L in L11 withdraws less density from Ni and 7-
back-donation leads to lower LTEP values for the Ni(CO),
unit. In the case of the CS group, the 7* orbital has an energy
between that of CO and N,, which leads to intermediate LTEP
values.

The change from an NN to a HCN ligand implies an
increased o-donor ability whereas the m-acceptor abilities
remain comparably small. An increase in o-donation into the
3d,2(Ni) orbital also increases the 7-back-donation ability of Ni
(see panel b in Figure 12) and leads to lower LTEP values. This
trend is continued if a methyl group donates electron density
via hyperconjugation to the nitrile group as in L22.

The o—n-donor trends can be side-tracked by geometrical
features. The ligand H,S should be a stronger - and z-donor
than H,O. However, it adopts a tilted form where neither its ¢
nor its 77 lone pair orbital is pointing toward the Ni atom. This
orientation makes an anomeric delocalization of the electron
lone pairs into the 6*(NiC) orbitals possible, thus strengthen-
ing the NiS bond (k* = 0.399 mdyn/A), which is significantly
stronger than the Ni—O bond (k* = 0.151 mdyn/A) in L1S
where the H,O ligand is not tilted, donates density from both
6(0) and 7(O) lone pair orbital and consequently causes the
LTEP values to be lower than in L20. For dimethylether, this
effect is enhanced because of electron density donation from
the methyl groups caused by hyperconjugation.

dx.doi.org/10.1021/ic4024663 | Inorg. Chem. 2014, 53, 478—495
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Figure 7. Adiabatic connection scheme (ACS) of Mo(CO); (3) based
on experimental frequencies. Panels a and b show the upper and lower
frequency ranges, respectively. For symmetries and the notation of
normal mode as well as local mode frequencies, see Table 3. Compare
also with Figure 1.

For dimethylthioether, electrostatic effects cause an opposite
tilting. Hyperconjugation leads to a lowering of the a’-
symmetrical 3pz(S) lone pair orbital, which therefore, can
mix with the a’-symmetrical 6(S) lone pair orbital to become a
strong donor orbital donating negative charge to the 3d(Ni)
orbital. This leads to stronger 7z-back-donation to the 7*(CO)
orbital and lower LEP values. The following order, contrary to
that obtained by the TEP (CEP) values, results:

H,S (L20) > H,0 (L15) > Me,0 (L17) > Me,S (L25)

Anionic Ligands. Especially for anions, it becomes obvious
(see Table 4) that both TEP and CEP do not provide the same
order of ligand effects given by the LTEP values. For example,
the LTEP parameters clearly indicate that Ni z-back-donation
to CO increases for halogen ligands X~ if the atomic number of
X decreases:

I" (L30) > Br™ (L31) > CI” (L29) > F~ (L34)
> H™ (L41)

where H™ has been included in this series. At first glance, this
may be unexpected because the electron withdrawing ability of
F is clearly larger than that of I. However, in the anions, the
XNi stretching force constant increases from 0.557 (1), 0.650
(Br), 0.732 (Cl), 1.218 (F) to 1.401 (H), thus indicating that
the XNi bond strength increases with decreasing atomic
number. Hydrogen has a much lower electron affinity (0.75
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eV®) than F (3.40 eV) or the other halogens. Accordingly, the
hydride anion is a strong donor and the charge is accepted via
the 3d,(Ni) orbital, which implies back-donation into the
antibonding CO 7* orbitals as discussed above (see panel b in
Figure 12). Accordingly, relatively strong NiC (k* = 2.466
mdyn/A) and weak CO bonds (k* = 16.224 mdyn/A) are
obtained.

In the case of F~, o-donation is weaker in view of its larger
electron affinity. Also, there is pzz(F)-donation to the 3d,,(Ni)
and 3d,,(Ni) orbitals, which causes weakening of the NiC
bonds (a—CO donation is reduced) whereas the CO bonds are
somewhat stronger (compared to L41) due to reduced z-back-
donation. As the atomic number of halogen X increased,
overlap between the np(X) and 3d(Ni) orbitals is decreased
and the HOMO energy of X~ raises above that of the 3d(Ni)
orbitals so that ¢ and pz-donation both become weaker, which
causes a stepwise increase of the NiC and CO bond strength.
The LTEP values can reflect only one of these electronic effects
however by complementing them by the NiL and NiC
stretching force constants the existence of the two effects is
verified.

For the other anionic ligands, the following order is given by
the LTEP values (based on averaged values in the case of C;
rather than C;, symmetry):

NC™ (L32, 17.027) > CN~ (L28, 17.013)
> HS™ (L3S, 16.789) > HCC™ (L33, 16.784)
> MeS™ (L37, 16.739) > MeO (L36, 16.522)
> H,Si™ (L39, 16.472) > HO (L38, 16.400)
> H,C™ (L42, 16.178) > ON™ (L40, 16.127)

which differs significantly from the one given by the TEP (or
CEP) values. This series confirms some effects already
discussed: (i) a negatively charged second row atom is a
stronger donor than a negatively charged third row atom, which
has to do with the energy of the HOMO and the orbital overlap
(too high and diffuse, respectively, for the latter). Therefore,
L42 leads to lower LTEP values than L39 and L38 to a lower
than L3S. (ii) A methyl group increases the donor ability of the
ligand due to hypercongugation as in L37 or L36. (iii) A triple
bond is a weaker donor (because of sp hybridization and
increased electronegativity) than a double bond (sp” hybrid-
ization). This explains the lower LTEP values of L40 compared
to L28. Secondary effects arise from the electronegativity of the
triple bond partner. The LTEP values are lower for L33 than
for L32 because, in the latter case, the electronegativity of the N
atom makes the nitrile atom a weaker donor.

In summary, the LTEP values are in line with the electronic
effects to be expected on the basis of PMO theory and
accordingly are more reliable than any electronic parameter
based on the normal CO stretching frequency, which via
mode—mode coupling includes electronic effects of neighbor-
ing atoms and/or groups.

5. CHEMICAL RELEVANCE: DIRECT ANALYSIS AND
JUSTIFICATION OF THE TOLMAN ELECTRONIC
PARAMETER

The TEP provides indirect information about the strength of
the ligand-transition metal interaction whereas the local mode
approach presented in this work provides the direct
information about the Ni—L bond strength in form of the

dx.doi.org/10.1021/ic4024663 | Inorg. Chem. 2014, 53, 478—495
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Figure 9. Correlation of calculated with measured normal mode
frequencies @, including all frequencies or just the CO stretching
frequencies (inset). M06/aug-cc-pVIZ calculations.

local Ni—L bond stretching force constants k*(NiL). Hence, all
information is available to directly test the reliably of the TEP.

The TEP is based on the assumptions that the A;-
symmetrical CO stretching frequency of LNi(CO); is only
slightly affected by mode coupling effects and that it reflects the
donor/acceptor activity of L, i.e., ¢ or 7 bonding effects of L
change the density at Ni, which is reflected via 7-back-donation
by the CO stretching frequency. The coupling frequencies
listed in Tables 1—4 (experimentally or computationally based)
range from 20 to 100 cm™' and indicate that the first
assumption is at best of qualitative nature.
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With regard to the second assumption, three additional
considerations have to be made. (i) Frequencies are mass-
dependent and therefore not reliable if the electronic effects of
different ligands and transition metals are compared. Local
modes derived either from measured or calculated frequencies
lead to local force constants, which are better electronic
parameters because they do not depend on masses. (i) The
TEP depends critically on the assumption that the M—L
bonding interactions lead to change in the NiC bonding
interactions, which is correctly reflected by the CO stretching
frequency irrespective of whether ¢ or 7 bonding effects are
involved. iii) Tolman” invented a cone angle as a measure for
the bulkiness of a ligand. Bulky ligands establish weaker
bonding to the transition metal, which can be anticipated from
the value of the cone angle. The local mode stretching force
constant reflects all changes in bonding whether caused by
steric or other environmental effects; therefore, an extra steric
parameter is not needed. Interactions between bulky ligands
can quantitatively be accessed by the local bending force
constants.

Hence, it remains to test the quantitative validity of the TEP
by clarifying whether a change in the M—L bonding
interactions is correctly reflected by the CO bond strength.
This is possible with local mode force constants, which are
quantitative and reliable measures of bond strength.>' ™ Just as
the CO local stretching force constants are available, so too are
the NiL local mode stretching force constants.

dx.doi.org/10.1021/ic4024663 | Inorg. Chem. 2014, 53, 478—495
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Table 4. Electronic Parameters LTEP, CEP, and TEP for Complexes L1-L42 Based on CO Stretching Properties®

complex

L2
L1

L4

L3

Ls

L9
L7-2
L10-1
L12-1
L6-1
L13-1
L14-1
L6-2
L7-1
L11
L14-2
LS
L10—-2
L12-2
L13-2
L16-1
L16—2
L19
L23-2
L20-2
L21
L15-2
L20-1
L18
L17-1
L15-1
L25-2
L22
L23-1
L17-2
L24
L26
L27-1
L27-2
L25-1
L30”
L32
L28
L31
129
L35-2
L33
L37-2
L35-1
L37-1
L38-1
L36-1
L36—2
L39
L34
L38-2
L41
L40—1
L42
L40—2
co

ligand

CH*
NO*
PF;
cOo
PCl,
CS
PHF,
CF,
CCH,
i*-H,
PH,F
CH,
i*-H,
PHF,

HCC™
MeS™
SH™
MeS™
OH™
MeO™
MeO™
SiHjy

CH3™
NO~

symmetry

elolNeNeNeNeNeNe!

L0000 00(

e e el eNe!

cov

r(CO)
(A]
1.1165
1.1170
1.1312
1.1318
1.1312
1.1315
1.1320
1.1326
1.1326
1.1331
1.1328
1.1326
1.1327
1.1330
1.1330
1.1319
1.1337
1.1318
1.1316
1.1338
1.1336
1.1347
1.1349
1.1354
1.1356
1.1355
1.1352
1.1358
1.1358
1.1365
1.1366
1.1364
1.1364
1.1364
1.1355
1.1376
1.1377
1.1373
1.1373
1.1376
1.1436
1.1443
1.1436
1.1438
1.1440
1.1454
1.1461
1.1460
1.1468
1.1470
1.1465
1.1463
1.1461
1.1491
1.1460
1.1479
1.1518
1.1498
1.1515
1.1498
1.1236

k*(co)
LTEPk
[mdyne A™']
21.037
20.964
18.830
18.768
18.762
18.729
18.707
18.619
18.603
18.600
18.598
18.589
18.580
18.579
18.576
18.541
18.506
18.466
18.419
18.409
18.408
18.354
18.326
18.250
18.245
18.233
18.204
18.196
18.141
18.120
18.115
18.115
18.106
18.095
18.039
17.991
17.937
17.925
17910
17.907
17.079
17.027
17.013
16.994
16915
16.818
16.784
16.755
16.732
16.708
16.612
16.539
16.513
16472
16.465
16.294
16.224
16.191
16.178
16.127
20.170

@*(CO)
LTEPw
[em™]
2282.1
2278.1
2159.0
21558.5
2155.1
21532
2152.0
2146.9
21459
2145.8
2145.7
21452
2144.6
2144.6
2144.4
21424
21403
2138.0
2135.3
2134.7
2134.7
2131.6
21299
2125.5
21252
2124.5
21229
21224
2119.2
2118.0
2117.6
2117.6
2117.1
2116.5
21132
21104
2107.2
2106.5
2105.6
21054
2056.2
2053.1
2052.2
2051.1
2046.3
2040.4
2038.3
2036.6
2035.2
2033.7
2027.9
2023.4
2021.8
2019.3
20189
2008.4
2004.1
2002.1
2001.2
1998.1
22344

@°(CO)
[em™]
2184.4
2180.6
2066.6
2063.2
2062.9
2061.0
2059.9
2055.0
2054.1
2054.0
2053.9
2053.4
2052.8
2052.8
2052.6
2050.7
2048.7
2046.5
2043.9
2043.3
2043.3
2040.4
2038.7
2034.5
2034.2
2033.6
2032.0
2031.6
2028.5
2027.3
2027.0
2027.0
2026.5
2025.9
2022.8
2020.1
2017.0
2016.3
2015.5
2015.3
1968.2
1965.2
1964.4
1963.3
1958.7
1953.1
1951.1
1949.4
1948.1
1946.7
1941.1
1936.8
1935.3
1932.9
1932.5
1922.4
1918.3
1916.4
1915.5
1912.6
2076.9

491

@coup(CO)
[em™]
22.4
27.5
47.9
64.9
46.8
44.7
46.6
S51.9
49.6
57.5
45.6
484
58.7
54.0
52.4
S1.2
62.2
60.8
60.2
56.6
50.4
53.5
533
51.8
58.0
SL.8
68.7
60.8
56.0
715
74.0
56.2
59.9
60.8
76.3
64.2
64.4
59.1
60.0
68.4
68.6
69.3
78.3
76.2
81.4
69.9
75.2
68.0
75.1
70.9
77.3
88.6
90.2
S2.1
99.6
96.8
73.7
774
72.0
81.4
0.0

TEP*’
[em™]
2189.5
2193.5
21108
2120.0
2107.0
2097.7

2097.1
2094.1
2102.6
2090.9
2089.3

2100.8
2096.3

2100.2

2083.6

2083.2

2078.9

2081.3
2079.5
2082.9
2085.3

2078.5
2075.3

2073.3
2067.6
2064.1

2072.8
2033.6
2028.5
2035.1
2033.5
2034.0

2020.5

2016.5
2011.3
2006.4
2013.2

2005.2
2016.8

1989.5
1990.4
1981.3

CEP
[em™]
2304.5
2305.6
22069
22204
22019
2197.9

2198.8
2198.5
2203.3
2191.3
2193.6

2198.6
2196.8

2202.5

2185.1

2183.2

2176.3

2183.2
2175.2
2189.5
2191.6

2177.0
2177.3

2174.6
2171.6
2165.6

2173.8
2124.8
2122.4
2130.5
2127.3
2127.7

2113.5

2110.3
2104.6
2105.2
2112.0

2071.4
2118.5

2077.8
2079.5
2073.2

CEP
[em™]
22132
22143
21195
2132.5
21147
2110.8

2111.7
2108.5
2116.0
2104.5
2106.8

21115
2109.8

2118.3

2098.6

2096.7

2090.1

2096.7
2089.1
2102.8
2104.8

2090.8
2091.1

2088.5
2085.6
2079.8

2087.8
2040.7
2038.4
2046.1
2043.1
2043.4

2029.8

2026.8
2021.3
2021.8
2028.4

1989.3
2034.6

199S.5
1997.1
1991.1

n(CO)
LTEPn

2.638
2.632
2.445
2.439
2.439
2.436
2434
2.426
2.425
2424
2424
2.423
2422
2422
2422
2419
2.416
2412
2.408
2.407
2.407
2.402
2.400
2.393
2.392
2.391
2.389
2.388
2.383
2.381
2.381
2.381
2.380
2.379
2.374
2.370
2.365
2.364
2.362
2.362
2.287
2282
2.280
2.279
2271
2.263
2.259
2257
2.255
2252
2.243
2.237
2.234
2.230
2.230
2214
2.207
2.204
2.203
2.198
2.563

Pe
[e A7)
3451
3.449
3.333
3.330
3.332
3.329
3.326
3.320
3.319
3.316
3.319
3.318
3.320
3.318
3.318
3.328
3.311
3.327
3.329
3.311
3.313
3.303
3.302
3.298
3.296
3.297
3.299
3.294
3.296
3.289
3.287
3.290
3.289
3.290
3.296
3.280
3.279
3.283
3.283
3.281
3.124
3.224
3.229
3.227
3.228
3.214
3.209
3.209
3.203
3.201
3.204
3.206
3.208
3.184
3.209
3.194
3.165
3.176
3.164
3.176
3.396

H

@

[Hartree A73]

—6.429
—6.425
—6.136
—6.130
—6.135
—6.128
—6.120
—6.104
—6.102
—6.094
—6.102
—6.096
—6.105
—6.100
—6.098
—6.119
—6.081
—6.124
—6.128
—6.084
—6.090
—6.063
—6.060
—6.050
—6.043
—6.047
—6.049
—6.039
—6.045
—6.024
—6.020
—6.029
—6.028
—6.031
—6.043
—6.004
—6.001
—6.013
—6.013
—6.007
—5.426
—5.866
—5.879
—5.874
—5.869
—5.841
—5.829
—5.828
—5.813
—5.808
—5.816
—5.822
—5.827
—5.766
—5.829
—=5.791
=5.719
—5.743
—5.716
—5.743
—6.284
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Table 4. continued

“The L numbering follows the TEP values; however, the ligands are ordered according to the LTEP values obtained in this work so that the
differences between the two electronic parameters becomes visible. Overlined frequencies correspond to scaled values using scaling factors of 0.9604
(normal) and 0.9572 (local frequencies) obtained with the experimental frequencies of Ni(CO),. Electron density, p,, and | energy density, H,, were
calculated at the bond critical point r.(CO). For a numbering of complexes, see Figure 8. M06/aug-cc-pVTZ calculations. bMo6/ aug-cc-pVTZ with
effective core potential for the iodine atom. “M06/6-311G(d,p) had to be used to enforce convergence.
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Figure 11. CO bond orders n given for 1, 2, 3, free CO, and the
LNiCO; complexes L1-L42 as a function of the local CO stretching
force constants, k%

In Figure 13a, the local NiL and NiC stretching force
constants of LNi(CO); (L = F~, CI~, Br~, I") are plotted as a
function of the local CO stretching force constants. The inset
of Figure 13a gives the relationship between k*(NiL) and
k*(NiC). There exist (inverse) quadratic relationships in the
latter two cases so that an inverse linear relationship between
the NiL and CO bond strength (expressed by the local
stretching force constants k*) results confirming that a strong
Ni—halogen bond leads to a larger charge transfer to Ni,
stronger back-donation into the 7z*(CO) orbital, and a
subsequent decrease of the CO bond strength. Hence, the
TEP is quantitatively justified, which, in view of the interaction
mechanism discussed above, is reasonable.

In Figure 13b, the situation is analyzed for the phosphme
ligands investigated in this work. Tolman’s original work"?
focused on R;PNi(CO);; therefore, this analysis is relevant.
Although there is a linear relationship (R* = 0.973) between
k*(CO) and k*(NiC), a similar relationship between k*(CO)
and k*(NiP) does not exist. The analysis of the data reveals that
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Figure 12. Orbital interaction diagrams between ligand L and the
Ni(CO); rest. (a) Coordinate system used. Atoms in parentheses are
above or below the given plane. (b) o-Donation from the lone-pair
orbital of a carbene to the 3d2(Ni) orbital followed by z-back-
donation to the 7%(CO) orbitals. (c) Electron withdrawal from the
3d,,(Ni) orbital into a 2p,7 orbital of a carbene leads to stronger o-
donation from the ip CO. (d) Electron withdrawal from the 3d,,(Ni)
orbital into the 6*(PF) orbitals of PF; leads to stronger ¢ donation
from the ip CO. (e) 7-Back-donation from the 3d,,,,,(Ni) orbital into
the 7%(CO) orbitals of the oop CO ligands. (f) Electron withdrawal
from the 3d,.(Ni) orbital into the 6* orbital of H, leads to stronger o-
donation from the ip CO. (g) Electron donation from the z(CC)
orbital of ethene into the 3d,>(Ni) orbital followed by 7-back-donation
to the 7%(CO) orbitals. (h) Electron withdrawal from the 3d (Nl)
orbital into the 7*(CC) orbital of ethene leads to stronger o- donatlon
from the oop CO ligands.

different situations can be distinguished. For L = PH;, PMeH,,
and PMe;, stronger phosphine—Ni bonding with increased
hyperconjugative activation of the lone pair of P leads to an
increase of electron density at Ni and back-donation to the
7#*(CO) orbital. An inverse relationship between k*(NiL) and
k?(CO) also obtained for the halogen ligands is suggested by
the dashed line in Figure 13b.

For L = PH,;, PFH,, PF;, an increase rather than a decrease
of the CO bond strength with an increase of the Ni—P bond
strength is observed. This results from the fact that z-back-
donation into the ¢*(PE) orbitals (see section 4) leads to a
strengthening of the NiP bond but reduces also m-back-
donation to CO. Hence, the basic assumption of the TEP that
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Figure 13. (a) Comparison of the local stretching force constants
k“(CO) with the corresponding k*(NiL) and k*(NiC) values for
complexes LNi(CO); with L = F~, CI” Br~ I". The inset gives a
comparison between k*(NiC) and k*(NiL). (b) Comparison of the
local stretching force constants k?%(CO) with the corresponding
k‘(NiL) and k*(NiC) values for complexes LNi(CO); with L =
phosphine.

the strengthening of the Ni—L bond leads to an increase of the
electron density at Ni is not fulfilled because of different Ni—L
bonding mechanisms.

The situation becomes even more complicated in the case of
symmetry lowering as for L = PFH,, PHF, where different CO
ligands have to be considered, steric effects as for L = P(OMe),,
which lower the Ni—L bond strength, or for L = PCl;, where
the lower electronegativity of Cl changes the availability of the
6*(PX) orbital and increases the availability of the P lone pair
orbital for stronger electron donation to the Ni atom. Hence,
the basic assumption of the TEP is no longer fulfilled and there
is only a qualitative relationship between the strength of the
Ni—L and CO bonds.

Because different electronic effects of L will affect the CO
bond strength differently, the reliability of the TEP as an
indirect NiL descriptor has to be investigated for each L. In any
case, the local mode approach provides a direct measure for the
M-L bond strength irrespective of the nature of M or L and
provides for the first time insight into the quantitative or
qualitative nature of the TEP. For ligands with similar
electronic nature, eg, L = F~, CI7, Br", I, quantitative
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relationships can be established and directly used in connection
with the TEP.

6. CONCLUSIONS

This work has demonstrated that vibrational spectroscopy
provides excellent tools to describe the electronic structure and
chemical bonding in transition metal complexes. There are not
many molecular properties that can be measured with a similar
accuracy and, in addition, sensitively register small variations in
the bonding structure of closely related molecules. Contrary to
previous investigations of the TEP, we base our work on mode-
decoupled local modes, which, via their properties, reliably
describe the CO bond strength. Although mode coupling is
relatively small (coupling frequencies up to 70 cm™), it leads to
an erroneous order of TEP or CEP values. Clearly, Tolman
could not refer to local modes when he started his work.
Therefore, we see our work as an important extension of
Tolman’s seminal work.

(1) We have introduced the local mode-based electronic
parameter LTEPw, which via the local CO stretching
frequencies provides a direct measure of the CO bond strength
without being flawed by mode coupling. LTEPw values have to
be complemented by LTEPk (based on the local stretching
force constant k%) or the simpler to use LTEPn values (based
on the CO bond order derived from k®-constants) because the
latter are no longer mass-dependent. The three parameters
provide a reliable and unique description of the changes in the
CO bond strength in dependence of changes with regard to the
metal or the ligand sphere.

(2) The shortcomings of CEP and TEP values are caused by
coupling of the CO stretching mode with metal—carbon
stretching vibrations. The coupling frequencies quantify mode
coupling and reveal significant errors if the highest a-
symmetrical CO stretching frequency @, is used. Depending
on the complex symmetry and the mode coupling scheme
different reduced masses are involved, which influences the
TEP or CEP values significantly.

(3) An advantage of the LTEP concept is that its three
parameters can be easily derived from either experimental or
calculated frequencies (LCEP) where in the former cases just
an auxiliary calculation based on perturbation theory is needed
to obtain the force constant matrix associated with the
experimental frequencies.

(4) There are significant differences between the TEP (or
CEP) and the LTEP when describing the electronic properties
of ligands L in LNi(CO); complexes with regard to their
magnitude or the relative electronic activity of closely related
ligands L. Typical for such cases are the different orderings of
carbenes, halogen anions, or chalcogen containing ligands.

(5) The analysis of the LTEP values reveals that one has to
distinguish between o and 7 effects of L, which lead to changes
in the NiC and CO bond strengths. By using the LTEP values
plus the local stretching force constants of all Ni bonds these
effects can be separated. Depending on the orientation of a 7-
donor orbital of L, weakening or strengthening of the NiC
bonds can be observed, which is especially relevant for carbene
ligands and #-bonded ligands.

(6) The order of ligands based on the LTEP values can be
fully rationalized by orbital interaction explanations based on
PMO theory.

(7) With the LTEP values, electronic effects can be position-
specifically identified, which is useful for complexes of lower
symmetry, e.g, C-symmetry, as investigated in this work. It can
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be concluded that LTEP values will also handle cases of strong
steric interactions simplifying Tolman’s use of two parameters
(electronic and steric) to just one.

(8) The comparison of the homoleptic complexes Ni(CO),
(1), Fe(CO)s (2), and Mo(CO); (3) reveals that LTEPs can
be used to describe the electronic influence of the transition
metal or that of the ligand sphere caused by their number or
the overall arrangement. For example, the LTEP values provide
a unique distiction between axial and equatorial CO groups in
the case of 2.

(9) Because the local mode approach presented in this work
leads to a direct evaluation of the Ni-L bond strength via the
local Ni-L bond stretching force constant, the use of the TEP as
quantitative or qualitative descriptor of the Ni-L bond strength
can be specified, which is discussed for two examples.

In future work, we will investigate how the LTEP approach
presented in this work can be extended to transition metal
complexes in general by utilizing local M—L stretching force
constants directly.
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