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ABSTRACT: ETS—NOCV charge and bond energy analyses
have been carried out for a broad range of transition-metal
carbonyl complexes L—[M], comprising different ligand classes,
transition metals, and coordination geometries. The resulting
electronic redistributions are visually assigned to ¢ donation, 7
backbonding, and related interactions. We propose a Hirshfeld
partitioning of these electronic redistributions to afford the
corresponding charge flow contributions Aq,, Aq,, etc. Taken
together, a detailed picture of the dative bonding arises, in terms
of both energetics and the extent of o-electron donation and 7-
electron backbonding. The charge flows Agq, and Agq,
appropriately quantify trends in the ligand o-donor and 7-
acceptor abilities and are transferable across the transition-metal
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complexes studied and thus promise to be suitable descriptors for ligand knowledge bases. As a case in point, the TEP is well
reproduced by the calculated v (A;) frequencies and is 3 times more strongly affected by Aq,, than by Aq,, with an additional
modest steric influence. Further, empirical relationships are derived among the charge flows Agq, and Agq,, the (L)W(CO);
carbonyl stretching frequencies, and the ligand’s steric volume %V}, which allow estimating the o-donor and 7-acceptor abilities
of phosphines from experimental observables. On the other hand, direct Cl:=L—0c* interactions are identified in several cis-
(L)Ir(CO),Cl complexes, which compromises the use of these species as experimental probes for ligand parameters.

B INTRODUCTION

The chemical and physical properties of transition-metal
complexes are primarily determined by the electronic and
steric influence of the ligands. Several models have been
developed to describe these ligand properties,’ of which the
Tolman Electronic Parameter (TEP) is well-established and is
widely used to guide the fine-tuning of organometallic
complexes, e.g. in homogeneous catalysis. The TEP corre-
sponds to the CO A; stretching frequency of complexes
(L)Ni(CO); as originally determined for various P-donor
ligands;”> a lower vco(A;) value indicates a more strongly
electron donating ligand on account of increased metal to
carbonyl 7 backbonding. The TEP was later used to quantify
the electronic properties of other ligands, including N-
heterocyclic carbenes (NHCs) and divalent carbon(0)
compounds.” Different metal complexes, such as square-planar
cis-(L)M(CO),Cl (M = Ir, Rh) that are easier to prepare and
handle, have been studied and their CO stretching frequencies
were correlated to the TEP.*

Tolman ascribed the coordinating power of ligands primarily
to their o-donor and 7z-acceptor abilities,” but the TEP is a
measure only of their net donor strength. Moreover, recent
studies question its reliability for multiple reasons.” The TEP
performs poorly when different ligand types are compared™
and fails to describe the bonding trends in linear gold
complexes, which are governed by = backbonding.Sb In
addition, the CO stretching frequencies were shown to be
affected by through-space ligand interactions® and by mode
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coupling between vibrations.”** Thus, there is a need for
alternative descriptors to build ligand knowledge bases with
more predictive power.

Several models have been proposed to unravel the TEP and
to offer more suitable ligand electronic parameters.” ¢
However, the sophisticated method QALE (quantitative
analysis of ligand effects)® ™ relies intricately on a variety of
experimental data, which prohibits its use in predicting the
coordination properties of novel ligands under design. The
theoretical parameters CEP (computationally derived ligand
electronic parameter, ie. calculated vcp(A;) for (L)Ni-
(CO)s),6d LTEP (local TEP, i.e. mode-decoupled veo(A))), ™
MESP (molecular electrostatic potential minimum at the
ligand’s lone pair region),’ ¢ and the average local ionization
energy” do not have this limitation, but in turn they do not
provide a straightforward separation into o-donor and 7-
acceptor contributions. The same is true for the metal—ligand
electronic parameter (MLEP, i.e. local L—Ni(CO); bond force
constant), which could be derived from experimental data but
so far has been computed.™

In a different vein, the ligand—metal bonding has been
described in detail either on the basis of the total electron
density or energetically by various quantum chemical
methods.””'* In the first category fall the quantum theory of
atoms in molecules (QTAIM),® which computes properties
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over atomic basins and bond paths derived from the topology
of the total density; the natural bond orbital (NBO)’
description as an optimal Lewis structure with second-order
perturbations; and the charge decomposition analysis (CDA)"
in terms of the fractions of electrons shared between orbitals of
both fragments. On the other hand, the bonding energetics can
be dissected by the constrained space orbital variation
(CSOV)'" method of sequentially relaxing and mixing each
of the superposed fragment wave functions or by the extended
transition state (ETS)'*> model in terms of fragment
preparation, electrostatic interaction, Pauli repulsion, and
orbital interactions partitioned by symmetry. The recent
natural orbitals for chemical valence (NOCV) model'® extends
ETS by extracting the principal electronic redistributions
occurring upon bonding, which usually can be readily assigned
toeg. ocand & interactions, *% and the orbital interactions are
partitioned accordingly. While the aforementioned analyses
deliver a wealth of detailed insights, their execution and
interpretation requires considerable expertise and some
methods are impracticable for larger, nonsymmetric complexes.
Furthermore, the obtained ligand bonding parameters are often
not readily transferable to other series of complexes (see also
below).

In this article, we introduce intuitive computational
parameters that quantify and dissect the amount of charge
transfer for each bonding mode in transition-metal complexes.
The chemical bonding of a wide range of ligands in various
metal—carbonyl complexes is investigated with the ETS—
NOCV charge and energy decomposition scheme.'”'> We
apply the Hirshfeld partitioning'® to the resulting NOCV
electronic redistributions—which are matched to o, 7, and
related bonding contributions by visualization'**—to obtain
associated charge flows. These charge flow contributions
quantify how many electrons move from the ligand to the
metal fragment or vice versa through each binding mode, which
is a straightforward definition of the o-donating and 7-accepting
ability of a ligand in a transition-metal complex. We show that
the charge flow contributions reproduce commonly accepted
trends in ligand electronic properties and are well correlated
across complexes of different transition metals and coordination
geometries. A couple of anomalies are attributed to additional
specific interactions that are also apparent from the NOCV
electronic redistributions and from structural features. Next, we
relate the L—Ni(CO); charge flows to vco(A;) frequencies in
order to dissect the TEP into o-donor, z-acceptor, and steric
influences. Finally, empirical equations are derived for
estimating the charge flow contributions from spectroscopic
data for P-donor W(CO); complexes. Thus, the proposed
method builds a bridge between theoretical and experimental
concepts in transition-metal chemistry, highlights some of the
complications in constructing accurate empirical models using
ligand knowledge bases, and offers predictive power in ligand
design.

B EXPERIMENTAL SECTION

All experiments were carried out under an argon or CO atmosphere
using standard Schlenk techniques and dried and degassed solvents.
Selected tetracarbonyliron(0) complexes were synthesized to confirm
their carbonyl stretching frequencies in apolar solvent. FT-IR spectra
were recorded on a PerkinElmer Spectrum Two instrument equipped
with ATR (trimethylamine complex) or a PerkinElmer Paragon 1000
apparatus. As most of the substances slowly decompose in solution, a
small amount of sample was dissolved in the specified alkane
immediately prior to analysis. The CO, absorption band at 667
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cm ™ was included in the spectrum and used as internal reference.

Further details, including NMR characterizations, are contained in the
Supporting Information.

Tetracarbonyl(pyridine)iron(0) was synthesized following a liter-
ature procedure.’” FT-IR (n-hexane + pyridine): 2051.0, 1966.8,
1941.3, 1907.4 cm™..

Tetracarbonyl(trimethylamine )iron(0) was synthesized following a
literature procedure.mb FT-IR (n-heptane): 2049.9, 1963.7, 1932.9
cm ™.

Tetracarbonyl(tris(tert-butyl)phosphine)iron(0) was synthesized
following a literature procedure.16C FT-IR (n-hexane): 2042.3,
1964.7, 1926.2, 1892.0 cm™ ..

Tetracarbonyl(triphenylphosphine)iron(0) was synthesized analo-
gously to the tris(tert-butyl)phosphine complex. In a Schlenk tube
under an inert atmosphere, triiron(0) dodecacarbonyl (0.52 g, 1.0
mmol) was dissolved in dry methanol (25 mL) and triphenylphos-
phine (780 mg, 2.97 mmol) was added. The mixture was sonicated at
50 °C for several hours. All volatiles were removed under vacuum, and
the residue was redissolved in n-hexane and extracted with acetonitrile.
The product was recrystallized from the hexane phase. FT-IR (n-
hexane): 2050.0, 1977.4, 1944.3, 1909.1 cm™.

Computational Methods. Density functional theory (DFT)
calculations were performed with ADF 20107 at the BP86/ZORA/
TZP level of theory;'* see section 2 in the Supporting Information for
details. All structures were optimized and subjected to frequency
analyses to confirm that they are minima and to obtain the CO
stretching frequencies vco. The ligand steric parameter %V, was
determined from the optimized cis-(L)Ir(CO),Cl structures analo-
gously to the procedure of Cavallo and Nolan (see section 2.2 in the
Supporting Information)," taking a coordination sphere of 3.50 A
radius at 2.10 A from the donor atom; %V, (Ni) was determined
accordingly with a 3.50 A sphere at Ni in the optimized (L)Ni(CO),
complexes.

The ETS—NOCV scheme (also named EDA—NOCYV after the
energy decomposition analysis of ADF that implements the ETS
model) was applied to study the interactions of 34 ligands L with
metal fragments Ni(CO);, cis-Ir(CO),Cl, Fe(CO),, and W(CO); as a
ligand to metal dative bond is formed to afford complexes L—
Ni(CO);, cis-L-Ir(CO),Cl, ax-L—Fe(CO),, and L-W(CO);. The
extended transition state (ETS) method decomposes the net bonding
energy BDE into four contributions:'” the preparation energy AE,.p
required to bring the separate fragments from their optimum spatial
and electronic structures to those in the total molecule, the
electrostatic attraction (AV,,) and Pauli repulsion (AEp,,;) between
the fragments, and the total orbital interaction energy AE,;, reflecting
the stabilization energy gained by relaxation of the sum-of-fragments
electron density to that of the total molecule:

—BDE = AE

prep + (AVelstat + AEPauli) + AEci

(1)

The difference between the sum-of-fragments density pgymg., and
that of the total molecule p,, is called the deformation density Ap.
Mathematically, NOCV analysis'® represents Ap as a sum of pairs of
complementary eigenvectors (y_;, ;) with corresponding eigenvalues
(—¢, &) that are equal in magnitude but opposite in sign. Chemically
speaking, the NOCV pairs (y_; ;) are donor and acceptor orbitals
and &; denotes the net electron transfer from donor to acceptor orbital.
This brings about an electronic redistribution Ap; with associated
contribution AE; to the total orbital interaction energy, which can be
computed according to eqs 2 and 3:

Ap(F) = Y Ap(F) = Y. &[—w X(7) + v’ (7)] )

AE, = Z AE, = 2 e[—F"_, _+F",] 3)

where F'™ is the Kohn—Sham matrix defined over NOCVs with
respect to the transition state density (being the average of Psumfrag 20d
Pmol)- Typically only few NOCV pairs contribute significantly to the
bonding, and visualization of each electronic redistribution Ap; usually
allows unambiguous assignment as, e.g, o- or 7-type bonding.13g
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Exemplary electronic redistributions for the complexes studied in this
article are depicted in section 2.6 in the Supporting Information.

Preliminary Hirshfeld partitionings'® of the electronic redistrib-
utions (see the main text) were performed with a standalone C
program that numerically integrates density data from the TAPE21 file
using a cubic grid. After this proof of concept, the partitioning was
implemented by SCM in a development version of ADF (build
201302062204), providing superior integration accuracy and workflow
efficiency. The charge flow analysis is now available in the ADF2017
release through the keyword “PRINT NOCVHirshfeld”.

B RESULTS AND DISCUSSION

Scheme 1 lists the 34 ligands L and 4 metal carbonyl fragments
[M] studied, encompassing different donor elements, transition
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metals, and coordination geometries. A comprehensive range of
ligand types was considered, including phosphines, arsines,
amines, pyridine, (iso)nitriles, CO, and NHCs. Several of these
complexes have been experimentally synthesized and charac-
terized.

Ligand Bonding Decompositions. The ligand—metal
bonding in the complexes in Scheme 1 is usually described in
analogy to the Dewar—Chatt—Duncanson (DCD) model for
alkene 7 complexes.zI’Hd’w’b'f That is, both the ligand and the
metal fragment have a singlet electronic ground structure and
engage in synergistic ¢ donation, from the ligand’s lone electron
pair into the metal’s d2 orbital, and 7z backbonding, from the
metal’s d,, and/or d,, orbitals into antibonding z* ligand
orbitals. The L—[M] net bond energies were decomposed
accordingly within the ETS—NOCV framework. For most of
the complexes, only the first four NOCV pairs were found to
contribute significantly to the coordinative bonding. As
reported previously'*® and as illustrated for (PH;)Ni(CO); in
Figure 1, the associated electronic redistributions Ap; are
readily assigned to L—M o-donation, L«M 7 backbonding (in
two orthogonal planes along the L—M bond), and a modest &
back-donation from primarily the metal’s d 2 orbital into the
lowest-energy A,-symmetric 6* orbital of the ligand;'*® see the
Supporting Information for all decomposition results and
further examples.

The depicted electronic redistributions not only illuminate
the primary bonding interactions (e.g., donation of part of the
ligand’s lone electron pair into the bonding region, Figure 1
left) but also feature clear contributions on the carbonyl
moieties. The L—-M o-donating interaction is accompanied by
an accumulation of charge from the metal d > orbital into the
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Figure 1. Main electronic redistributions for the H;P—Ni(CO),
bonding. Green and orange contours signify charge density
accumulation and depletion, respectively (o, +£0.004 au; 7, +0.002
au, one of two equivalent contributions shown; ¢*, +0.001 au); note
that these contours do not represent orbitals with phases.

CO 7 systems, reflecting the increased M—n*., backbonding
that is responsible for the small TEP observed for strong o-
donor ligands. Conversely, the L«M 7 backbonding from the
metal d,, and d,, orbitals features a depletion of charge in the
CO 7 systems, reflecting the competition with M—n¥cq
backbonding that leads to a larger TEP.

ETS-NOCV Descriptors. We first tested whether the
NOCYV eigenvalues ¢, and &, (as did Mitoraj et al."*%) or the
orbital interaction energies AE; and AE, would be suitable to
quantify the magnitude of the o-donating and 7-backbonding
interactions, respectively. However, both €, and AE, for L—
Ni(CO)j; are found to correlate poorly with those for the other
three series of complexes (see section 3.3 in the Supporting
Information), and in part separate trends can be recognized for
the different ligand classes. For &, this is likely due to the fact
that the related electronic redistribution Ap, also contains
contributions from polarizations within both the ligand and the
metal fragment. AE,, on the other hand, depends intricately on
the energy gaps and overlaps between the ligand’s lone pair—
being a variable admixture of the coordinating element’s
valence s and p, orbitals—and the metal’s interacting s, p,, and
d, orbitals (Figure 2, left). This affords a set of molecular

Figure 2. Basic orbital interaction diagrams for L=M ¢ donation (left;
energy levels not drawn to scale) and L«M 7 backbonding (right;
analogous interaction in the yz plane not shown).

orbitals (MOs) for which a change in the total o-bonding
stabilization energy is hard to trace back to individual
perturbations in fragment orbital energy levels and overlaps,
undermining any simple correlation. In addition, the extent and
diffuseness of the L s vs L p,, orbital depends differently on the
coordinating element and, as a result, their relative contribu-
tions will differ in the bonding of the various ligand classes.
We note that, for 7 backbonding, acceptable to good
correlations across the series of complexes are found for Y&,
and for ) AE, (summing the two mutually orthogonal LM
m-backbonding contributions). At least for the complexes
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studied here, the basic L 7*—M d orbital interaction scheme
(Figure 2, right) is less complicated than that for ¢ donation.
The coordinating element plays only a minor role because
along with the L 7 orbitals also the L s and L p, orbitals
become more extended/compact, leading to a longer/shorter
L—M bond, which in part offsets the effects on the L z,,,*—M
d..,. overlaps. Hence, the ligand- and metal-dependent
perturbations to the energy gaps and orbital overlaps appear
to affect the z-bonding stabilization energy > AE, in a quite
straightforward, proportional way. However, this is not self-
evident: perturbations that invert the ordering of the L #* and
M d energy levels would break the monotony of the trend.
Further, like €, also Y ¢, includes intrafragment polarizations,
which for other complexes may be manifested in a less orderly
manner than is apparently the case here.

All in all, neither the NOCV eigenvalues ¢; nor the orbital
interactions AE; are suitable as general descriptors of the ligand
electronic properties in coordinate bonding.

Charge Flow Contributions Ag, and Ag,. As mentioned
above, the electronic redistributions Ap; consist of polarizations
between as well as within the fragments: ie., they extend over
the whole complex. We realized that the flow of charge from
the ligand to the metal moiety or vice versa, as induced by an
NOCYV interaction i, could be quantified by partitioning the
corresponding electronic redistribution Ap; between both
fragments. This should provide a much better description of
the dative bonding character than the eigenvalues ¢; discussed
above, as the unrelated polarizations within each fragment are
disregarded. A well-established procedure that suits our
purpose is the Hirshfeld partitioning,"* in which the property
of interest is integrated over space, at each point weighted by
the ratio between the chosen fragment and the sum-of-
fragments electron densities. Accordingly, each electronic
redistribution Ap; affords a charge flow contribution Aq,-f'ag as
expressed by eq 4, with illustrations for Ag,™' for H,P—
Ni(CO);:

\
Aqifrag: - X dT (4)
Api & P, frag P. sumfrag

Positive/negative Aqiﬁag values indicate net charge transfer
from/to the fragment in question. As the electronic
redistributions Ap; sum to the deformation density Ap (eq
2), by definition the fragment’s formal charge Q™8 (being 0 for
L and [M] here) plus all charge flow contributions Aqiﬁag
equals its Hirshfeld fragment charge within the total molecule,

QHﬂagi
fra fra fra,
Q s 4+ E Aqt_ s = q g (s)

In this work, we chose to calculate Aq,-[M] with respect to the
transition-metal fragment [M], as it remains very similar across
all studied ligands, thus keeping any numerical errors more
systematic; these values were then negated to get the Ag," with
respect to the ligand (hereafter simply denoted Ag;).

In the course of our research, the group of Tarantelli
published the closely related charge-displacement analysis,””**
in which the NOCV electronic redistributions Ap; are
partitioned simply by a plane that is moved (typically) along
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the bonding axis. The resulting charge-displacement functions
provide a detailed description of the bonding character, and
their applicability appears promising. Then again, we think that
our approach offers the following merits. First and foremost,
proper partitioning is warranted also when one or both
fragments bear groups that protrude toward the other fragment,
as is the case for eg. ortho-substituted NHC complexes.
Conversely, the charge-displacement functions are contami-
nated by contributions from intrafragment polarizations on
such substituents at positions where the partitioning plane
happens to cut through them. Second, the method presented
here consolidates the spatially dependent charge displacements
into a single number per bonding type, which are more
amenable for use as quantifiers in comparative analyses as
illustrated below, and their interpretation is more accessible to
chemists outside this subfield.

Ligand Donor/Acceptor Ability. For all four classes of
complexes, Figure 3 shows scatter plots of the L—[M] charge
flows Ag, and Y Aq,, the latter being the sum of the two
mutually orthogonal 7 contributions. The plots are quite similar
(but see below), demonstrating the general applicability of the
charge flow contributions Ag; to describe ligand donor/
acceptor abilities. Different ligand classes are readily distin-
guished, e.g. the isonitriles and CO (moderate ¢ donors but
strong 7 acceptors), amines and pyridine (weak ligands in both
respects), and the NHCs (strong ¢ donors but weak 7
acceptors). Further, the 7-electron-poor pNHC™® features large
values for Ag, as well as for —Y Aq,, as expected for this
strongly o donating and 7 accepting ligand. Thus, the
computed charge flows bear an intuitive, close connection to
experimental chemists” parlance for organometallic complexes.

The series PH,F;_,, PH,Me,_,, and PMe,Ph,_, (n = 0-3)
have been connected by lines to highlight the substitution
trends. Going from PH; to PMe;, as expected the ¢ donation
(as quantified by Agq,) increases monotonically with the
number of methyl groups, while the 7z backbonding
(=X Aq,) decreases only slightly. However, replacement of
methyls by phenyl groups (from PMe; to PPh;) hardly affects
the charge flow contributions. This suggests that, at least in
their complexes with metal carbonyls, alkyl- and arylphosphines
have similar o-donor and z-acceptor properties—that is, their
differing coordinating strengths must in large part be due to
steric effects.”” This is supported by the similar TEPs of
PMe,Ph;_, as well as by their ETS bonding energy
decompositions (see section 2.4 in the Supporting Informa-
tion): e.g.,, the Me;P—Ni(CO)j; total “steric” interactions E, are
2.8 kcal mol™" less weakening but the total orbital interactions
E,; are only 1.5 kcal mol™ stronger than for the PPh, analogue.

The fluorine substitution trend shows more interesting
features, which we will first discuss for the Ni, Fe, and W
complexes. Going from PH; to PF; we find that the #
backbonding (—> Aq,) increases significantly up to PHF,, but
then for PF; it remains essentially the same while the o-
donation decreases markedly. This strongly nonmonotonic
behavior is not at all apparent from the TEPs of the
fluorophosphines that follow a closely linear trend (calculated
Veo(A;) for H,F,_,P—Ni(CO)y: 2047.35, 2055.89, 2064.85,
and 2073.71 cm™" for n = 0—3, respectively). This is because
the TEP expresses only the net donor ability of a ligand: i.e, a
reduction in ¢ donation has a similar effect on the vcg(A;) as
does an increase in 7 backbonding. Thus, the TEP is a poor
predictor for coordinating properties and applications in which
o- versus z-induced effects are quite distinct from those in L—
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Figure 3. Scatter plots of o-donor and 7-acceptor charge flows in the L—[M] bonding. Marker styles indicate the ligand’s coordinating element
(gray, C; blue, N; green, P; violet, As); lines connect the series PH,F;_,, PH,Me;_,, and PMe,Ph;_, (n = 0-3).

Ni(CO),,"“°>***" as may be the case with e.g. the reactivity of
transition-metal catalysts.

In comparison to the other three classes of complexes, the
substitution trend for cis-(PH,F;_,)Ir(CO),Cl (n = 0-3)
shows a prominent exception. The cis-H,FP—Ir(CO),Cl
bonding features much less ¢ donation and only slightly
more 7 backbonding than that in cis-H;P—Ir(CO),CL
Inspection of the NOCV electronic redistributions reveals
that this is due to donation from a lone electron pair on
chlorine into the opposite P—F ¢* antibond (Figure 4), as also
reflected by the rather acute P=Ir—Cl angle of 71.75° in cis-
(PH,F)Ir(CO),Cl versus 81.35° in cis-(PH;)Ir(CO),CL

To alesser extent, similar Cl: —L ¢* interactions are found in
the cis-Ir(CO),Cl complexes of AsF;, PCl;, PHF,, PH,Me;_, (n
= 0-3), and PMe,CF;, whereas those of NH;, pNHC, and
P'Bu, feature a Cl--H—N or Cl---H—CM® ancillary contact.
Indeed, for almost all of these ligands, differences are apparent
between the scatter plots of charge flows for L—Ni(CO); and
cis-L—Ir(CO),Cl (cf. Figure 3A vs Figure 3B). These secondary
interactions compromise the transferability of the charge flows
from the nickel carbonyl complexes to cis-(L)Ir(CO),Cl, and
more in general they signify the challenge of empirically
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ZP-Ir-Cl = 71.75°

Ap,
€,=0343€

Figure 4. (left) Second-largest electronic redistribution for the cis-
H,FP-Ir(CO),Cl bonding (£0.002 au contours). (right) Schematic
depiction of the Cl: -»P—F ¢* interaction.

modeling ligand effects accurately using a knowledge base with
a limited set of generic parameters.

Transferability of Ag, and Agq, across Metal Com-
plexes. To assess the transferability of the charge flow
contributions, we performed linear regressions among all four
series of complexes under study, as shown in Figure 5. The
intercepts are all rather small and statistically significant only in
some cases, but for consistency we chose to perform all
regressions with intercept. The Aq, values for the Ir, Fe, and W
complexes correlate well with those for L—Ni(CO),, certainly
considering the wide scope of ligands investigated here. In
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Figure S. Linear regressions for the o-donor (left) and 7-acceptor (right) charge flows in the L—[M] bonding. Marker colors indicate the ligand’s

coordinating element (gray, C; blue, N; green, P; violet, As).

addition, the —Y Aq, values for the Fe and W complexes
correlate particularly well with those for L—Ni(CO),, while
those for cis-L—Ir(CO),Cl show somewhat more scatter due to
the mixed-in secondary interactions discussed above. As long as
one stays alert for such specific interactions with ancillary
ligands, the charge flows Aq, and —).Aq, appear to be well
transferable to other complexes, having different coordination
geometries. This renders them promising candidates for ligand
knowledge bases as quantitative descriptors of the o-donor and
m-acceptor abilities.

Analogous to Hammett correlations for aryl derivatives that
afford relative reaction constants from the slopes of the
substituent trends,”* the linear regressions in Figure S reveal
how the charge flows depend on the electronic properties of the
transition-metal moieties. The slopes signify that the o-
accepting ability of [M] increases in the order W(CO); <
Ni(CO); = Ir(CO),Cl < Fe(CO), and the z-donating ability
in the order Ir(CO),Cl < Ni(CO); < Fe(CO), ~ W(CO),.
One may envision that the regression coeflicients relate to the
charge on the transition-metal moiety, on the diffuseness,
polarizability, and energy levels of the metal’s valence orbitals,
and on the ease by which electron density is transferred to or
from the ancillary ligands. However, a more detailed
investigation of these aspects is beyond the scope of the
current study.

Correlation of Ag, and Ag, with the TEP. We believe
that the charge flow contributions may earn a broad scope of
applicability as quantifiers of o donation and 7 backbonding. As
a prototypical example, we use them here to construct a model
describing the TEP. At the same time, this affords a better
understanding as to what constitutes the TEP.

We first compare our calculated v values with available
experimental values (see Figure 6, the Experimental Section
and section 3.1 in the Supporting Information). At the BP86/
TZP level of theory a very good congruity is obtained, in
agreement with previous findings using other DFT levels of
theory.”**'** Oftentimes a frequency scaling factor is applied
to the calculated o, which in this case is near unity
irrespective of whether experimental data for polar media (in
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Figure 6. Regression analysis of experimental versus calculated
carbonyl stretching frequencies. The good correlations justify the use
of the BP86/TZP frequencies so as to include complexes that lack
experimental data (see the main text).

most cases DCM) or apolar media (in most cases hexane) is
used for the regression. This is in line with reports that
postulate a fortuitous cancellation of model errors for BP86
frequencies.”’ The found strong congruity supports the use of
the calculated vy as indicators of the ligand electronic
properties, allowing us to include complexes that have not yet
been synthesized or for which the experimental data may be
unreliable (see the remarks in section 3.1 of the Supporting
Information). On the other hand, the complexes bearing
(iso)nitriles as well as Ni(CO), had to be left out because their
TEP values are strongly affected by vibrational coupling with
the ligand’s C=X stretching mode.

While constructing a suitable multivariate regression model,
we found that there is a dependence on the ligand’s
coordinating element. This dependence may have its origin in
the Hirshfeld partitioning, which is performed using the
densities of the isolated ligand and transition metal moieties.
The resulting bias toward the neutral fragments” may not
affect the partitioned properties equally in all cases—especially
regarding the nature of the coordinating atoms, in whose
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vicinity the largest changes in charge density occur. Thus, we
decided to scale the ligand’s charge flows Aq, and —Y Agq, by
the empirical factor f,; (el = C, N, P, As), where f5, is taken to be
1, as the TEP is based on the P-donor—Ni(CO); complexes.
The other scaling factors were optimized such as to minimize
the sum of squared residuals of the multivariate model.

Furthermore, the inclusion of a steric parameter improves the
model particularly for P‘Buy and the NHCs; the ortho
substituents of the latter are approaching the metal carbonyl
moiety and hence have a stronger steric interaction in
comparison to most substituted phosphines. We chose to use
%V4u:(Ni), the percentage of volume occupied by the ligand
within a sphere of radius 3.50 A around nickel in the BP86/
ZORA/TZP computed structures of complexes L—Ni(CO),
(see also ref 19). Thus, the following multivariate regression
model was obtained to fit the calculated vco(A,):

Unodat (cm ™) = 2134(5) — 0.87(18) X %V, (Ni)
— f, % [355(20) x Aq_ — 116(12)
X —Z Aq”] ©)

where f. = 1.278, fy = 1.574, fp = 1, and f,, = 0.986. For the
30 complexes (L)Ni(CO); under consideration, this model
affords a good R? value of 0.9684 (o, = 3.7 cm™, Figure 7); F

2085 - AsF;
PF,
Equation (6)
R? = 0.9684 PG,
PHF,@
PH,F
2055 -
TE PMe,CF @PH;
% P(OMe):@, L
i PMePh,” Ve OB e,
BN PPh y
2025 NMe il @€ Asph,PNHC
. M
HMPT, PMezgah
1Bn!M
siMe AR AIPh
aNHC2 By,
aNiC1 I'pr ICy
1995 T T 1
1995 2025 2055 2085
-1
V Model/CM

Figure 7. Application of charge flows to model the TEP according to
eq 6. Marker colors indicate the ligand’s coordinating element (gray,
C; blue, N; green, P; violet, As).

tests with reduced models confirmed that all variables are
significant (see section 3.4 of the Supporting Information). The
scaling factors f, appear to parallel the Pauling electro-
negativities y, of the coordinating elements; using f,' = (v
/xp)¥'? instead, the R? values decreases marginally to 0.9660 (o,
= 3.8 cm™"). Further investigation is warranted as to whether
this interesting finding has a more fundamental basis and
whether a similar scaling may apply to other properties
obtained through Hirshfeld partitioning. Equation 6 also
indicates that the TEP is affected about 3 times more by an
increase/decrease in o donation than by an equivalent
decrease/increase in 7 backbonding, as quantified by the

charge flows Aq, and —) Agq,, respectively.
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We wish to stress that, again, the found congruity is
exceptional considering the broad range of ligands included.
Kégl et al."** recently published a systematic investigation on
12 P-donor Ni(CO); complexes, correlating various computa-
tional parameters obtained from QTAIM, NBO, and ETS—
NOCV analyses to the TEP. Most parameters performed
clearly worse: only for the QT AIM delocalization index and the
ETS—NOCV AE, did they find comparable R* values of 0.946
and 0.931, respectively—but note that, for our somewhat more
diverse subset of 16 P-donor complexes, AE performs not that
well. If we model the calculated vco(A;) of just these 16
complexes using the charge flows Aq, and —) Aq, we do
again obtain an excellent correlation (R* = 0.9770) even
without a steric parameter.

Estimation of Ag, and Agq, from Experimental
Observables. We also sought expressions for the charge
flows Aq, and —) Aq, in terms of CO stretching frequencies.
Such relationships would allow estimating the o-donor and z-
acceptor abilities of yet other ligands from experimental
observables. However, the phosphine vs NHC complexes in
our data sets exhibit clearly different trends that could not be
readily merged by including any commonly known ligand
descriptor or by applying the aforementioned electronegativity-
related scaling factors. The NHC complexes feature through-
space interactions between the ligand’s ortho substituents and
nearby CO groups. Unsurprisingly, even the inclusion of a
(nondirectional) steric parameter such as %V, into the model
cannot properly account for such specific effects on the v¢q
values (see section 2.7 of the Supporting Information). For the
current regression modeling we therefore decided to limit
ourselves to the P-donor ligand series, for which the W(CO);
complexes afforded the smallest deviations. The regression
variables were checked for significance, leading to the following
optimal models (including a frequency scaling factor of 1.0125,
taken as the average of the slopes in Figure 6):

Aqa,model (e) = 68(5) + [38(5) X VCO(AI)

- 8.6(9) x VCO(All)

+ 1.8(4) X 1o(B))] x 1072 (7)

- Aq, a(®) = [17(5) X %V, + 5.4(7) X 1o(E)
+ 6.6(8) X 1co(Ay) — 13.6(5) X 1oo(A))
(8)

For the 16 complexes under consideration, the model for
Agq,, afforded a good R* value of 0.9561 (6, = 3.4 X 107> e) and
that for —Y Aq, an even better R* value of 0.9921 (5, = 7.0 X
1073 e). Equations 7 and 8 both involve the frequency of the
(approximately) B;-symmetric CO stretching mode, which
however is a forbidden transition in infrared absorption
spectroscopy. On the other hand, all four relevant stretching
modes of complexes (L)W(CO); are Raman active (but one
should bear in mind that these complexes are prone to
photodecomposition). For the steric contribution in eq 8,
%V} could be determined on the basis of the crystal structure
of the ligand or of any complex thereof; several W(CO);
complexes are stable, crystallizable solids. Thus, the models
described above provide a tool to experimentalists to
disentangle the o-donor and z-acceptor contributions in the
dative bonding of P-donor ligands using physical observables.
Notably, already before Tolman published his seminal work on

+ 2.4(8) X yoo(B))] x 1073
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the Ni(CO); complexes,” Cotton and Kraihanzel related the
spectroscopic properties of some (L)nW(CO)G_,, complexes to
the ligand’s electronics.”

Note on Separability of Charge Flow Contributions.
As illustrated above, the ETS—NOCV—charge flow analysis
may become a straightforward yet powerful diagnostic tool for
computational chemists. However, as with all computational
analyses, one should be cautious to use it as a black box.
Namely, the NOCV decomposition may yield linear combina-
tions of bonding interactions with (nearly) degenerate
electronic redistributions Ap;, in which case the derived charge
flow contributions Ag; are of course also admixtures. This is
unproblematic as long as the bonding interactions in question
are equivalent—for example, for the two a-backbonding
contributions in the Cj,-symmetric H;P—Ni(CO); (Figure 1,
middle) any linear combination will afford the same, valid
results. Ilustrative, however, is the case of pPNHC—Fe(CO),, in
which the electronic redistributions due to ¢ donation from the
NHC’s lone pair and to 7 backbonding into the NHC’s &
system happen to be nearly degenerate. This is indicated by
closely similar NOCV eigenvalues ¢ (see Figure 8).

L-Fe rotamer
AE = +0.26 kcal mol™

Global energy minimum

'\
Ap, ‘o + 1" Apr
€,=0.723 € £,=0.717 €
Ag,=o0.019 € Ag,=-0.324¢
'S
@ ®
Apz; ‘o -1’ Apc
g,=0.712¢ £,=0.714 €
Ag,=-o0.012¢ Ags=0.329 €

Figure 8. Primary electronic redistributions for the ax-pNHC—
Fe(CO), bonding (+0.004 au contours) in the two lowest-energy
structures.

For the global energy minimum of ax-pNHC—Fe(CO), the
NOCV decomposition affords approximately 1:1 linear
combinations of the two bonding contributions, as shown in
Figure 8 on the left.”” As the admixed bonding modes have
opposing dative character, the resulting charge flows are
erroneously close to zero (Ag; = 0.019 e, Ag, = —0.012 e).
The local minimum-energy structure shown in Figure 8 on the
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right has the transition-metal moiety rotated by 30° and
features a mirror plane through the NHC heterocycle, which
facilitates the NOCV decomposition”® into the desired ¢ and 7
contributions, as is directly apparent from the depicted
electronic redistributions. The resulting charge flows are
significantly nonzero at Aq, = 0.392 e and Aq, = —0.324 ¢,
as expected for this strongly 7 accepting NHC ligand. These
values should still be representative as electronic descriptors for
pNHC in its axial coordination to Fe(CO), as the L—Fe
rotamer is a mere 0.26 kcal mol™" higher in energy than the
global energy minimum (at BP86/ZORA/TZP), and in
solution the complex will undergo rapid L—Fe rotation
regardless.

In summary, the NOCYV electronic redistributions Ap; should
always be visually inspected (e.g., through ADFview'”* or using
any CUBE file visualization software) to ensure their correct
assignment to specific bonding modes. We note that this caveat
applies not just to the charge flow analysis presented here but
to all analyses based on NOCV decomposition (and, in general,
to any matrix diagonalization with potentially degenerate
solutions).

Bl CONCLUSIONS

A comprehensive range of transition-metal carbonyl complexes
L—[M], comprising different ligand classes, transition metals,
and coordination geometries, was studied by DFT calculations.
ETS—NOCV analysis describes the ligand—metal bonding
interaction in such complexes by a set of characteristic
electronic redistributions, which are readily assigned as e.g. o-
donating and #-backbonding interactions by visual inspection
and which extend over the whole complex. The charge flow
contributions Ag, and Agq, introduced in this article follow
intuitively from Hirshfeld partitioning of these electronic
redistributions between the ligand and the metal fragment.
With its implementation in ADF2017, the charge flow analysis
can now straightforwardly be applied in extension to the ETS—
NOCYV bonding decomposition scheme.

While they are rooted in rigorous theoretical procedures, Ag,,
and Ag, reflect the parlance of inorganic and organometallic
chemists to describe ligand—metal bonding in terms of the
extents of o-electron donation and 7-electron backbonding.
The charge flow contributions reconfirm common perceptions
regarding ligand electronic properties and are well transferable
across the studied complexes, comprising a wide variety of
ligands. As such, they appear promising for ligand knowledge
bases as quantifiers of the ligand’s o-donor and 7-acceptor
abilities, going beyond the TEP, which only reflects the net
donor strength of a ligand. In terms of Ag, and Aq, (Table S6
in the Supporting Information) the TEP is affected 3 times
more strongly by ¢ donation than by z backbonding—but
applications e.g. in homogeneous catalysis may require a
different ratio.

TEP values have recently been derived for several NHCs
from the CO stretching frequencies of their cis-Ir(CO),Cl
complexes or the rhodium analogues,” but our analyses of such
species revealed direct Cli—»L o¢* interactions for various
ligands, which compromises the transferability of their
descriptors to other types of complexes. Apart from that, the
good correlations of Ag, and Ag, across different transition-
metal series suggest that o-acceptor and z-donor scales can also
be created for the metal fragments. Moreover, the derived
empirical relationships to the CO stretching frequencies of
complexes (LYW(CO); and %Vj,, allow estimation of the o-
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donor and 7-acceptor abilities of phosphines on the basis of
experimental data. This further supports the use of the charge
flow contributions in the design of novel ligands and
complexes.
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