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ABSTRACT: Diphosphines are highly versatile ancillary ligands in
coordination chemistry and catalysis because their structures and
donor−acceptor properties can vary widely depending on the
substituents attached to phosphorus. Experimental and theoretical
methods have been developed to quantify differences in phosphine
and diphosphine ligand field strength, but experimentally measuring
individual σ-donor and π-acceptor contributions to metal−phosphorus
bonding remains a formidable challenge. Here we report P and Cl
K-edge X-ray absorption spectroscopy (XAS), density functional theory
(DFT), and time-dependent density functional theory (TDDFT)
studies of a series of [Ph2P(CH2)nPPh2]TiCl4 complexes, where n = 1, 2, or 3. The d0 metal complexes (Ti4+) revealed both
P 1s → Ti−P π and P 1s → Ti−P σ* transitions in the P K-edge XAS spectra, which allowed spectral changes associated with
Ti−P σ-bonding and π-backbonding to be evaluated as a function of diphosphine alkane length. DFT and TDDFT calculations
were used to assign and quantify changes in Ti−P σ-bonding and π-backbonding. The calculated results for [Ph2P(CH2)2PPh2]-
TiCl4 were subsequently compared to electronic structure calculations and simulated spectra for [R2P(CH2)2PR2]TiCl4, where R =
cyclohexyl or CF3, to evaluate spectral changes as a function of diphosphine ligand field strength. Collectively, our results
demonstrate how P K-edge XAS can be used to experimentally measure M-P π-backbonding with a d0 metal and corroborate
earlier studies showing that relative changes in covalent M-P σ bonding do not depend solely on changes in diphosphine bite
angle.

■ INTRODUCTION

Phosphines and diphosphines are important ancillary ligands in
inorganic and organometallic chemistry.1 They form coordi-
nation complexes with all transition metals (as well as some
lanthanides and actinides)2−19 and show remarkable versatility
due to the large number of ways in which their substituents and
structures can be modified. As such, these ligands figure promi-
nently in homogeneous catalysis,20−22 and there have been
many experimental and theoretical studies aimed at determining
how changes to phosphorus substituents give rise to differences
in ligand field strength.23−36 Phosphines can range from strong
σ-donors to strong π-acceptors depending on the attached sub-
stituents, and changes in donor−acceptor properties have been
empirically ranked using a variety of experimental methods.
Among the earliest and most prominent of these studies were
Tolman’s formative investigations of Ni(CO)3L complexes
(where L = phosphine), which used CO stretching frequencies as
a spectroscopic reporter of changes in phosphine field strength.37

Although methods to rank phosphine and diphosphine field
strength are known, experimentally isolating and measuring
individual σ and π contributions to M-P bonding remains a sig-
nificant challenge.38 Theoretical methods have shown the most
success in quantifying individual σ and π contributions,26,36,39−41

and in some cases have been combined with experimental

results to establish predictive models. For example, it was
recently shown by Rampino and co-workers that experimental
CO stretching frequencies in square planar Rh diphosphine
complexes could be combined with calculated charge distri-
bution profiles to tease out σ and π contributions using spec-
troscopic data.42 In an earlier study, Carlton et al. showed that
comparison of 57Fe NMR shifts and CO stretches in Fe(η5-
Cp)(SnPh3)(CO)(PR3) complexes could be used to exper-
imentally distinguish between electronic σ and π effects in
phosphines and phosphites.43 As exemplified in these reports,
as well as the influential Tolman studies, CO stretching fre-
quencies are often used as indirect reporters of phosphine field
strength. However, great care must be taken when using CO as
a reporter because CO stretching frequencies are influenced
by electrostatic effects and coupling of molecular vibrations,
which can lead to erroneous conclusions about phosphine field
strength.44−47 In this context, a direct measure of orbital-mixing
in M-P bonds would be more reliable.
We postulated that an experimental method known as ligand

K-edge X-ray absorption spectroscopy (XAS) could selectively
quantify σ and π contributions to M-P bonding. Ligand K-edge
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XAS − formally an X-ray absorption near edge structure (XANES)
spectroscopy where ligand refers to the atom bound or in close
proximity to the metal−uses synchrotron-generated X-rays to
excite 1s electrons localized on the ligand into unoccupied
molecular orbitals (MOs) containing ligand p and metal d char-
acter.48−50 As a consequence of metal−ligand orbital-mixing,
forbidden 1s → nd transitions become dipole-allowed (i.e.,
1s → np) and the corresponding XAS transition intensity is
governed by the amount of ligand p-character present in the
antibonding wave function. As a result, transition intensity can
be used to quantify metal−ligand orbital-mixing in unoccu-
pied molecular orbitals. Ligand K-edge XAS was developed
and has been used most extensively for third-row ligand
elements Cl and S, but has emerged more recently for analysis
of M-P bonding. A review of ligand K-edge XAS studies of M-P
bonding, along with opportunities and challenges, was recently
reported by some of the authors.51

In this report, we describe ligand K-edge XAS, DFT, and
TDDFT studies of [Ph2P(CH2)nPPh2]TiCl4, where n = 1
(dppm), 2 (dppe), or 3 (dppp) (Chart 1). Ti4+ complexes were

targeted to investigate σ and π contributions to M-P bonding
using P K-edge XAS because we needed d0 metal complexes
with unoccupied M-P σ and π molecular orbitals available for
P K-edge transitions. This requirement appears at odds with the
function of π-acceptor orbitals in metal phosphine complexes,
which typically participate in M → P π-backbonding with
electron-rich metals. M→ P π-backbonding requires d-electrons
so that the metal can donate electron density into low-lying σ*
orbitals on phosphorus that arise from bonding between phos-
phorus and the attached substituents. However, virtual M → P
MOs involved in π-backbonding are still present even when no
d-electrons are available on the metal. Although less relevant to
our investigation here, it should be noted that positioning
π-donor ligands (such as chloride) trans to π-acceptor ligands
is proposed to result in appreciable π-backdonation in d0 metal
complexes.52−55

In addition to our desire to explore M-P donor−acceptor
properties, the bis(diphenylphosphino)alkanes shown in Chart 1
were selected because we were interested in comparing the
P K-edge XAS results to those collected on square planar
PdCl2 complexes containing the same diphosphine ligands. We
previously showed that Pd−P σ covalency did not track as
expected with the diphosphine bite angle (β; P-M-P),56,57

which is notable because β is a structural parameter that is often
used in structure/reactivity correlations in transition metal
catalysis with diphosphine ligands.58−66 The Ti complexes 1 − 3
have very different bite angles compared to the PdCl2 complexes

studied previously despite having the same diphosphine ligands.
These differences arise because the Ti4+ complexes have “non-
VSEPR” structures that distort from idealized octahedral geom-
etry, which is a phenomenon commonly observed for d0 metal
complexes.67 As previously described, DFT and TDDFT
calculations were performed on 1 − 3, as well as Ti(dcpe)Cl4
(4) and Ti(dtfpe)Cl4 (5) (where dtfpe = 1,2-bis[bis-
(trifluoromethylphosphino)]ethane) for comparison to the
XAS results and to determine how diphosphines with different
field strengths affect Ti−P σ and π bonding.

■ RESULTS AND DISCUSSION
Synthesis and Structural Characterization. The Ti

complexes 1 − 3 were prepared as described previously by
treating TiCl4 with the corresponding diphosphine (dppm,
dppe, or dppp, respectively) in toluene.68 Ti(dcpe)Cl4 (4),
where dcpe = bis(dicyclohexylphosphino)ethane, was prepared
similarly and is described for the first time. The molecular
structures of 1 and 3 have yet to be reported, so we collected
their single-crystal X-ray diffraction data so that their exper-
imental structures could be compared to the XAS and DFT
results (Figure 1). Selected bond distances and angles are

provided in Table 1 along with those obtained from DFT cal-
culations (vide infra). Not surprisingly, the biggest structural
change across the series is observed in the P−Ti−P and Ti−
P−C angles. The diphosphine bite angle increased sequentially
in a stepwise fashion from 65.09(3) in 1 to 76.66(5)° in 2 to
80.66(2)° in 3 as the number of methylene units in the dip-
hosphine backbone increased. These are significantly smaller
than those in [Ph2P(CH2)nPPh2]PdCl2 complexes with the
same diphosphine ligands at 72.68(3)° (dppm), 85.82(7)°
(dppe), and 90.58(5)° (dppp) due to the d0 configuration and
the associated distortions from octahedral geometry.53,67 Like-
wise, the Ti−P−C angles increased from 95.1(1)° in 1 to
111.76(7)° in 3. Only subtle differences were observed in the
experimental Ti−P and Ti−Cl bond distances and the Cl−Ti−Cl
angles. XRD data collected on twinned crystals of 4 confirmed
chelation of dcpe to TiCl4 (Figure S1), but the twinning could
not be modeled to produce an acceptable R-factor for more
thorough structural comparisons.

P and Cl K-Edge XAS Studies. To investigate the elec-
tronic structure of the Ti complexes, we collected their P and
Cl K-edge XAS data at the Stanford Synchrotron Radiation
Lightsource (SSRL) in Menlo Park, CA. The Ti complexes are
all highly air-sensitive, which required special measures to
avoid exposing the samples to air during loading. In past exper-
iments, we and others have shown that moderately air-sensitive
samples can be protected from air during sample loading by

Chart 1. Ti(IV) Compounds Studied with Ligand K-Edge
XAS and DFT (left) and a Simplified Orbital Depiction of
M-P σ and π Bonding (right)

Figure 1. Molecular structures of Ti(dppm)Cl4 (1; left) and
Ti(dppp)Cl4 (3; right). Ellipsoids are drawn at a 35% probability
level. The second molecule of Ti(dppm)Cl4 in the asymmetric unit
cell, cocrystallized solvent molecules, and hydrogen atoms have been
omitted from the figure.
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(1) sealing them behind a layer of thin polypropylene in a
glovebox, (2) transporting them to the beamline in a sealed
container, and (3) quickly transferring them to the sample
chamber, sometimes using a glovebag for additional protec-
tion.69 However, this method did not work for the more air-
sensitive Ti complexes 1−3. The problem is that the protecting
layer of polypropylene must be thin to avoid attenuation of the
X-rays at the P K-edges (the attenuation length of polypro-
pylene is ca. 53 μm at 2150 eV),70 but such thin barriers allow
small amounts of air to effuse through the material fast enough
to decompose the complexes described here. To overcome this
challenge, we prepared a custom gas flow cell designed to keep
the samples under a continuous flow of UHP He during trans-
fer to the sample chamber and data collection (Figure S4). The
continuous flow of He quickly removes any air that passes
through the polypropylene window before it can decompose
the sample. This allowed us to collect reproducible data for
1−3. In contrast, repeated attempts to collect XAS data on the
cyclohexyl-substituted 4 were unsuccessful; only peaks attrib-
uted to decomposition were observed. We were unable to deter-
mine if the decomposition was photoinduced or due to small
amounts gas impurities during handling at SSRL. However, we
note that 4 is more air-sensitive than 1−3, consistent with the
well-known increased air-sensitivity of alkyl vs phenyl substi-
tuted phosphines.
The Cl K-edge XAS spectra for 1−3 each revealed two

resolved pre-edge features that closely match those reported
for the octahedral dianion in (PPh4)2TiCl6 (Figure 2).

71 Anal-
ysis of the second derivative traces revealed that the two peak
positions were almost identical for all three complexes and
shifted ca. 0.4−0.5 higher energy relative to those observed in
the Cl K-edge XAS spectrum of (PPh4)2TiCl6 at 2820.80 and
2822.25 eV (Table 2).71 The first pre-edge features in the
spectra of 1−3 were located at 2821.2 eV, whereas the second
features were located at 2822.7−2822.8 eV. On the basis of peak
assignments made for (PPh4)2TiCl6 and our TDDFT calcu-
lations presented in the following section,71 the first pre-edge
feature in each spectrum was assigned as 1s → Ti−Cl π*, and
the second higher energy feature was assigned as 1s→ Ti−Cl σ*.
The Cl K-edge pre-edge peaks were modeled with curves

containing a 1:1 mixture of Lorentzian and Gaussian lineshapes

(as described previously),49,56,57,69,72 to quantify their relative
intensities (Figure 3). The postedge was modeled with a step
function containing a 1:1 mixture of arctan and error functions.
The relative intensities of the first peak assigned to 1s → Ti−
Cl π* were 1.07(5) (1), 1.21(6) (2), and 1.09(5) (3), whereas
those for the 1s → Ti−Cl σ* transitions at higher energy were
0.94(5), 0.83(4), and 0.91(5) for 1−3, respectively. Although
there appears to be a statistically significant intensity difference
between the σ and π transitions for 2 compared to 1 and 3, we
attribute this to the decreased resolution in the spectra of 1 and 3.

Table 1. Experimental (XRD) and Calculated (DFT) Bond Distances and Angles for 1−3a

Ti−P (Å) Ti−Cl (Å) P−Ti−P (deg) Ti−P−C (deg) Cleq−Ti-Cleq (deg)

compd expt calcd expt calcd expt calcd expt calcd expt calcd

Ti(dppm)Cl4 2.662(1) 2.690 2.2749(8) 2.306 65.09(3) 65.2 95.1(1) 96.6 106.56(4) 110.1
(1) 2.664(1) 2.690 2.2895(8) 2.306 95.3(1) 96.6

(molecule 1) 2.249(1) 2.246
2.244(1) 2.246

Ti(dppm)Cl4 2.6435(9) 2.2723(9) 65.27(3) 95.2(1) 108.51(4)
(1) 2.646(1) 2.294(1) 95.5(1)

(molecule 2) 2.2560(8)
2.262(1)

Ti(dppe)Cl4 2.660(2) 2.715 2.265(2) 2.307 76.66(5) 76.7 106.8(2) 106.2 107.74(7) 105.8
(2) 2.640(2) 2.712 2.296(2) 2.307 106.1(2) 106.2

2.265(2) 2.251
2.251(2) 2.251

Ti(dppp)Cl4 2.6832(6) 2.733 2.3013(6) 2.313 80.66(2) 80.8 111.09(7) 110.1 105.19(2) 106.6
(3) 2.6888(7) 2.733 2.2799(6) 2.312 111.76(7) 110.0

2.2619(7) 2.242
2.2324(7) 2.242

aBond distances and angles for 2 are reported in ref 68. A polymorph of 2 with similar structural metrics is reported in the Supporting Information.

Figure 2. Normalized and background-subtracted fluorescence yield P
K-edge (top) and Cl K-edge (bottom) XAS data for Ti(dppm)Cl4
(1; black trace), Ti(dppe)Cl4 (2; red trace), and Ti(dppp)Cl4 (3; blue
trace).
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The lower resolution allows the second curve in each spectra
to broaden and capture some of the area under the first curve.
We were able to fit both curves reproducibly, as evident from
the small standard deviations in the peak areas shown in paren-
theses in Figure 3, but summing the two peak areas yielded
practically identical values for 1−3 (2.01, 2.04, and 2.00,
respectively). The calculated oscillator strengths from our
TDDFT calculations also suggest only small differences in the
intensity of Ti−Cl σ and π transitions for 1−3 (vide infra).
Although the overlapping pre-edge features limited analysis

of separate σ and π contributions to covalent Ti−Cl bonds, we
were able to quantify how they combined for comparison to
other Ti complexes. The sum of the two Cl pre-edge peak

intensities were converted into percent Cl 3p character per
bond using the D2d-Cs2CuCl4 intensity standard developed by
Solomon and co-workers.49 The three values derived for 1−3
were identical within error at 28(1)% Cl 3p per Ti−Cl bond.
These fall within the range of summed values reported pre-
viously for (PPh4)2TiCl6 (22%),71 (C5H5)2TiCl2 (25%),73,74

(C5Me5)2TiCl2 (25%),75 (C5H5)TiCl3 (32%),73 and TiCl4
(37%).73

The P K-edge XAS data collected for 1−3 all revealed
spectra with a small pre-edge shoulder at ca. 2144 eV and
unresolved features merged into the rising edge. Analysis of the
second derivative trace for 1 allowed us to identify several
minima at 2145.2, 2145.7, and 2146.8 eV prior to the white line
(the most intense peak), and similar features were observed in
the P K-edge spectra of 2 and 3. The P K-edge data was
modeled with curve fits, as described for the Cl K-edge data,
but the low peak-to-peak resolution led to relatively large uncer-
tainties in the pre-edge intensities (>10%; Figure 3). Also, unlike
the Cl K-edge XAS data, which are relatively well-understood
and more easily interpreted for octahedral Group IV metal com-
plexes,71 interpretation of the P K-edge data for 1−3 required
DFT and time-dependent density functional theory TDDFT
calculations to help assign and corroborate our analysis of the
spectral features.

DFT and TDDFT Studies. Dispersion-corrected ground-
state DFT calculations were performed as previously described
by us on optimized gas-phase structures of 1−3 (see the
Supporting Information for details). The B3LYP functional
was used because it has been shown to be remarkably accurate
in the simulation of experimental XAS spectra via TDDFT for
transition metal,56,69,71,74−76 main group,72,77,78 lanthanide,79

and actinide complexes.17,71,75,76 Although some of the bond
distances are slightly overestimated, which is common for DFT
even when correcting for dispersion, the calculated structural
metrics for 1−3 were in good agreement with the experimental
data (Table 1). Even though we were unable to collect XAS
data on 4, we performed calculations on 4 and the hypothetical
complex 5 with CF3 substituents attached to P so that their
electronic structures could be compared to 1−3.
Data obtained from the DFT calculations were used to

construct the MO correlation diagram provided in Figure 4.
Labels and Mulliken symbols were assigned by analyzing the
individual virtual Kohn−Sham orbitals for 1 in C2v point group
symmetry, whereas 2 and 3 were assigned using C2 symmetry
due to the staggered ethylene and propylene phosphine linkers
that eliminate the C2v mirror planes. As expected, all three Ti

Table 2. Experimental and Calculated P and Cl K-Edge XAS Peak Positions (eV), Calculated Oscillator Strengths
( f; Uncorrected from TDDFT Calculations), and Pre-edge Peak Assignments for Ti(dppm)Cl4 (1), Ti(dppe)Cl4 (2),
and Ti(dppp)Cl4 (3)

Ti(dppm)Cl4 (1) Ti(dppe)Cl4 (2) Ti(dppp)Cl4 (3)

expt calcd f assignment expt calcd f assignment expt calcd f assignment

P K 2144.1 2144.1 0.0007 1s → Ti−P π 2143.9 2144.0 0.0004 1s → Ti−P π 2144.0 2144.0 0.0003 1s → Ti−P π

2145.2 2145.3 0.0013 1s → Ti−P σ* 2145.1 2145.2 0.0016 1s → Ti−P σ* 2145.2 2145.2 0.0013 1s → Ti−P σ*
2145.7 2145.6 2146 2145.7 2145.9 2145.8
2146.8 2146.1 2147 2146.2 2146.8 2146.3
2147.5 2147.5 2147.8 2147.4 2147.5 2146.6
2147.8 2148.8 2148.8
2149.3 2149.2

Cl K 2821.2 2821.3 0.0067 1s→Ti−Cl π* 2821.2 2821.2 0.0065 1s→Ti−Cl π* 2821.2 2821.2 0.0064 1s→Ti−Cl π*
2822.8 2822.7 0.0039 1s→Ti−Cl σ* 2822.8 2822.7 0.0041 1s→Ti−Cl σ* 2822.7 2822.7 0.0041 1s→Ti−Cl σ*
2824.6 2824.6 2824.8

Figure 3. P K-edge (left) and Cl K-edge (right) XAS curve fit models
for Ti(dppm)Cl4 (1), Ti(dppe)Cl4 (2), and Ti(dppp)Cl4 (3). Experi-
mental data points are depicted as open circles and the model fit is
shown as a red trace. Total residual data equal to the experimental
data minus the curve fit is offset below the trace and depicted in
orange.
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complexes have five unoccupied MOs derived from the Ti 3d-
orbitals mixing with frontier orbitals on P and Cl. MOs
assigned as 1a1, 1a2, and 1b2 are π-type MOs derived from the
nondegenerate 3dx2−y2, 3dxz, and 3dyz orbitals and the comple-
mentary σ-type MOs 2b1 and 2a1 derived from the 3dxy and
3dz2 are higher in energy. Analysis of the virtual Kohn−Sham
orbitals revealed that the π-type orbitals are best described as
Ti−P π and Ti−Cl π*, whereas the σ-type orbitals are anti-
bonding Ti−P and Ti−Cl σ* (Figure 5).

Analysis of the calculated MO compositions revealed that
the first five MOs in 1−3 have significant Cl 3p character with
values ranging from 15.6−25.4% (Table 3). In contrast, only
the LUMO and σ-type MOs (2b1 and 2a1 for 1; 3b and 3a for
2 and 3) have appreciable amounts of P 3p character. The
LUMO in 1 (Ti−P π) has more P 3p character (3.6%) than
the LUMO in 2 and 3 (1.6 and 1.4%, respectively). A similar
reduction in Ti−P σ* orbital mixing is observed in the 2a1

or 3a MOs derived from in-phase P lone pair mixing with the
torus of the Ti 3dz2 orbital, as shown in Figure 6. In contrast,
P 3p character in the Ti−P σ* MO derived from out-of-phase
P lone pair mixing with the lobes of the Ti 3dxy (2b1 or 3b)
was slightly higher in 2 (10.4%) vs 1 (9.0%) and 3 (8.8%).
This is notable because 2b1 for 1 and 3b for 2 and 3 are the
same MOs that were previously interrogated in P K-edge XAS
and DFT studies of d8 square-planar PdCl2 complexes with
bis(diphenylphosphino)alkanes and bis(dicyclohexylphosphino)-
alkanes.56,57 Remarkably, despite significant differences in metal-
type, P-M-P bite angles, coordination geometry, and oxidation
state, the Ti complexes 1−3 show the same relative trend in
P 3p orbital mixing (Figure 6), albeit with lower amounts of
P 3p character overall compared to the Pd complexes.
TDDFT calculations were in excellent agreement with the

ligand K-edge XAS data collected for 1−3 and corroborated the
influence of Cl and P 3p mixing in the MOs on the observed
transition intensities (Figure 7). The simulated Cl K-edge
spectra each revealed two pre-edge peaks arising from collec-
tions of clustered Cl 1s → Ti−Cl π* and Cl 1s → Ti−Cl σ*
transitions, respectively. The sum of the calculated oscillator
strengths for the first pre-edge peak were larger than the second
pre-edge peak, consistent with the modeled Cl K-edge peak
intensities (Table 2). Only small differences in the calculated
oscillator strengths were observed for 1−3, consistent with our
assessment based on curve fits of the experimental data (vide
supra).
In contrast to the Cl K-edge results, the simulated P K-edge

XAS spectra revealed a broader distribution of transitions,
which accounted for the overlapping peaks and lower peak res-
olution in the experimental P K-edge XAS data. The simulated
P K-edge spectra for 1−3 from TDDFT calculations were also
remarkably accurate and allowed us to assign the spectral fea-
tures. The lowest energy pre-edge feature was P 1s → LUMO
(Ti−P π), whereas closely spaced transitions assigned to P 1s→
Ti−P σ* and P 1s → ligand were observed at higher energy.
The calculated oscillator strengths from TDDFT closely mir-
rored the relative changes in P 3p orbital-mixing in the associ-
ated MOs mixing in the excited state (as provided in Table 3
and Figure 6). The calculated spectra also allowed us to
determine the origin of the white line feature, which is assigned
to Ti−P π* transitions involving the higher energy Ti 4p
orbitals. These Ti−P π* orbitals have small amounts of Cl p
character that give rise to higher energy features in the Cl K-edge
XAS spectra (>2824.5 eV), as captured in the experimental curve
fit models (Figure 3) and simulated spectra from TDDFT (see
below).
DFT and TDDFT calculations performed on 4 revealed how

changing the phosphorus substituents from phenyl to alkyl
affected the metal−ligand bonding and the simulated XAS
spectra. Calculations on the hypothetical molecule Ti(dtfpe)-
Cl4 (5), where dtfpe = 1,2-bis[bis(trifluoromethylphosphino)]-
ethane, were also performed to investigate the nature of the
Ti−P σ and π bonding with a stronger-field diphosphine
ligand. It is well-known that electron-withdrawing fluorine
substituents increase metal-phosphine π-backbonding by
lowering the energy of the π-acceptor orbitals. Indeed, the
calculated MOs in 5 are shifted lower in energy relative to
those in 1 − 4 due to the electron-withdrawing CF3 groups.
The calculated MO diagrams for 4 and 5 show the same
d-orbital splitting and assignments as 1−3. One other notable
distinction for 4 is the lack of low-lying phenyl π orbitals

Figure 4. Calculated molecular orbital correlation diagram for 1−5.
Symmetry labels correspond to those used in Table 3.

Figure 5. Representative virtual Kohn−Sham orbitals calculated for 1.
C2v and C2 point group symmetry labels correspond to those used in
Table 3. The y-axis was used as the principal C2 axis to keep the
calculated dz2 MOs (2a1 or 3a) aligned with the z-axis.
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that extend just beyond the d-manifold (as observed in 1−3;
Figure 4).
We compared the P 3p character mixing in the Ti−P π and

σ MOs as a function of ligand field strength. A plot of the %P
3p character revealed that Ti−P π orbital mixing increases as
expected with increasing ligand field strength in the order of

4 (alkyl) < 2 (phenyl) < 5 (CF3), whereas P 3p character in the
Ti−P σ* MO (3b) decreases (Figure 8). Simulated P K-edge
XAS spectra from TDDFT calculations on 2, 4, and 5 show the
same trend (Figure 9). The calculated oscillator strength for
P 1s → 1a (Ti−P π) increases only slightly in the order 4 ∼ 2
< 5 ( f = 0.0004−0.0005), whereas P 1s → 3b (Ti−P σ*)

Table 3. Calculated MO Energies, Compositions, And Symmetry Labels for Ti(dppm)Cl4 (1), Ti(dppe)Cl4 (2), Ti(dppp)Cl4
(3), Ti(dcpe)Cl4 (4), and Ti(dtfpe)Cl4 (5)

MO Compositions (%)

Tia P Cla

compd MO # and assignment energies (eV) p d s p d p d

1-C2v 146 (2a1) −1.22 0.9 43.4 0.6 10.4 1.2 18.8 0.8
145 (2b1) −1.68 1.8 54.8 3.2 9.0 0.8 14.0 0.6
144 (1b2) −2.78 0.7 80.8 0.2 17.6 0.6
143 (1a2) −2.79 80.8 0.2 17.5 0.8

LUMO 142 (1a1) −2.88 76.8 1.0 3.6 0.6 15.6 0.6
HOMO 141 (1b1) −6.87 0.1 4.9 5.2 22.6 0.6 28.6
2-C2 150 (3a) −1.24 1.5 60.6 1.4 3.6 0.4 25.4 1.2

149 (3b) −1.60 1.7 56.0 3.3 10.4 0.8 15.0 0.6
148 (2b) −2.76 0.7 81.2 0.2 17.4 0.6
147 (2a) −2.82 80.8 0.2 17.4 0.8

LUMO 146 (1a) −2.95 0.2 78.5 0.8 1.6 0.6 15.8 0.6
HOMO 145 (1b) −6.66 0.2 5.6 2.8 16.4 0.4 20.6
3-C2 154 (3a) −1.21 1.4 56.4 1.0 3.0 0.6 24.0 1.0

153 (3b) −1.58 1.8 52.8 2.6 8.8 0.8 14.8 0.6
152 (2b) −2.70 0.9 81.4 0.2 16.6 0.6
151 (2a) −2.73 80.4 0.2 0.4 0.2 17.2 0.8

LUMO 150 (1a) −2.85 0.4 78.2 0.4 1.4 0.4 15.6 0.6
HOMO 149 (1b) −6.53 0.1 7.4 3.4 17.6 0.4 15.0
4-C2 162 (3a) −1.19 1.5 64.0 1.8 3.8 0.2 26.0 1.2

161 (3b) −1.36 1.8 59.5 4.2 12.4 0.4 15.6 0.6
160 (2b) −2.72 0.9 81.8 0.2 16.1 0.6
159 (2a) −2.75 81.2 0.2 0.6 0.2 15.9 0.8

LUMO 158 (1a) −2.84 0.4 79.0 0.4 1.4 0.4 15.8 0.8
HOMO 157 (1b) −6.56 0.3 7.6 3.4 31.8 0.2 35.2
5-C2 134 (3a) −2.20 1.0 63.2 1.6 2.5 0.5 27.8 1.1

133 (3b) −2.67 1.1 64.2 2.9 5.3 0.8 20.5 0.8
132 (2b) −3.62 0.6 78.9 19.5 0.8
131 (2a) −3.67 79.3 19.4 0.8

LUMO 130 (1a) −3.89 0.4 75.3 1.0 2.1 0.7 17.5 0.6
HOMO 129 (1b) −8.09 0.5 1.2 4.9 24.9 57.4

aTi and Cl s-orbital character ≤0.5% in the MOs provided.

Figure 6. Left, comparison of calculated %P 3p character in the Ti−P σ* and Ti−P π derived from the Ti 3dz2 (2a1 or 3a) and 3dx2−y2 (1a1 or 1a),
respectively, for 1−3. Right, comparison of %P 3p character in the M-P σ* derived from the dxy (2b1 or 3b) in 1−3 and PdCl2
bis(diphosphino)alkane complexes as a function of methylene units in the diphosphine backbone. The P-M-P angles for each series of
compounds are provided in the figure for reference.56,57
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decreases across the same series ( f = 0.0019, 0.0016, and 0.0010
for 4, 2, and 5, respectively). Collectively, these results demon-
strate the expected changes in diphosphine σ-donor and
π-acceptor ability as a function of ligand field strength, as reported
previously in DFT studies of other diphosphine complexes.26

■ CONCLUSIONS
In summary, we have demonstrated how analyzing diphos-
phine complexes containing a d0 metal ion such as Ti4+ can be
used to investigate orbital mixing in M-P σ and π bonds. Our P
K-edge XAS results revealed small, but spectroscopically

measurable Ti−P π-bonding in all three phenyl-substituted
Ti diphosphine complexes. Simulated spectra obtained from
TDDFT calculations reproduced the experimental spectra and
allowed us to determine how Ti−P σ-bonding changes as a
function of alkane length in the diphosphine backbone. Our
analysis revealed that orbital-mixing in the Ti−P π and Ti−P
σ* derived from the Ti 3dx2−y2 and 3dz2, decreases as the
diphosphine alkane linker length is increased. In contrast, a
unique increase in Ti−P σ* orbital-mixing between the Ti 3dxy
and the phosphine lone pairs for the dppe complex 2 com-
pared to 1 and 3 with dppm and dppp, respectively. Despite
large differences in metal-type (early vs late transition metal),
oxidation state, coordination geometry, and P-M-P bite angle,
the relative differences in Ti−P σ bonding are identical to the
10% relative increase in Pd−P σ* orbital-mixing previously
reported for Pd(dppe)Cl2 and Pd(dcpe)Cl2 vs PdCl2 com-
plexes with one or three methylene groups in the diphosphine
backbone.56,57 Collectively, these results corroborate our previ-
ous reports that changes in M-P σ bonding cannot be explained
by only accounting for changes in diphosphine bite angle.
Comparison of DFT and TDDFT calculations on bis-

(diphosphino)ethane complexes with cyclohexyl and trifluor-
omethyl substituents (dcpe and dtfpe, respectively) with
Ti(dppe)Cl4 revealed the expected changes in diphosphine
σ donor and π acceptor strength as a function of ligand field
strength. Notably, Ti−P π-bonding increased slightly in the
order dcpe < dppe < dtfpe, whereas phosphine σ-donor strength

Figure 7. Comparison of experimental (solid line) and calculated
(dashed line) P and Cl K-edge XAS spectra for Ti(dppm)Cl4 (1),
Ti(dppe)Cl4 (2), and Ti(dppp)Cl4 (3). Calculated transitions are
represented as red bars and their heights represent relative differences
in oscillator strength. Labels indicate the dominant MO mixing in the
excited state and correspond to those provided in Table 3 and Figure 4.

Figure 8. Comparison of %P 3p character in the 1a (Ti−P π; blue)
and 3b (Ti−P σ*; red) MOs of phosphorus substituents in
Ti(dcpe)Cl4 (4), Ti(dppe)Cl4 (2), and Ti(dtfpe)Cl4 (5).

Figure 9. Simulated P K-edge XAS data for Ti(dcpe)Cl4 (4; top),
Ti(dppe)Cl4 (2; middle), and Ti(dtfpe)Cl4 (5; bottom). Individual
TDDFT transitions are represented as red bars. Calculated transitions
are represented as red bars and their heights represent relative
differences in oscillator strength. Labels indicate the dominant MO
mixing in the excited state and correspond to those provided in Table 3
and Figure 4.
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decreased across the same series. Even though the Ti complexes
are d0, the results revealed that the vacant Ti−P π-backbonding
MOs are present and ready to participate in π-backbonding once
d-electrons are provided. Notable in this respect is the fact that
formally reduced Ti2+, Ti0, and Ti2− complexes are known to
form with strong π-acceptor ligands such as CO and PF3.

80−83

Although our P K-edge XAS studies demonstrated how
σ and π contributions to M-P bonds can be distinguished, the
pre-edge features lacked sufficient resolution to experimentally
quantify differences in M-P orbital-mixing using curve fit
models. This is a common issue in P K-edge data of transition
metal complexes with phosphorus ligands,51 but as shown here,
TDDFT calculations can be used in tandem to help extract
rich electronic structure information from the spectra. We anti-
cipate that the calculations can be used to more rapidly identify
metal−ligand combinations that yield highly resolved pre-edge
features for comparative analysis of phosphine and diphos-
phine donor−acceptor properties using P K-edge XAS.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the ACS
Publications website at DOI: 10.1021/acs.inorgchem.8b01511.

Experimental details and NMR spectra for 4, photos of
XAS cell, complete XAS spectra, atomic coordinates, and
Mulliken charges from DFT (PDF)

Accession Codes
CCDC 1846146−1846148 contain the supplementary crys-
tallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
emailing data_request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: scott-daly@uiowa.edu.
*E-mail: jkeith@colgate.edu.
ORCID
Scott R. Daly: 0000-0001-6229-0822
Author Contributions
All authors have given approval to the final version of the
manuscript.
Funding
The American Chemical Society’s Petroleum Research Fund
(55989-DNI3).
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
S.R.D. is grateful to The American Chemical Society’s
Petroleum Research Fund for their support, and J.M.K. thanks
Colgate University for computational resources. C.M.D. would
like to thank the U.S. Department of Education for a Graduate
Assistance in Areas of National Need (GAANN) fellowship.
We thank Dale Swenson for collecting the single-crystal XRD
data. Portions of this research were carried out at the Stanford
Synchrotron Radiation Laboratory (SSRL), which is a national
user facility supported by the US Department of Energy, Office
of Science, Office of Basic Energy Sciences, under Contract
DE-AC02-76SF00515.

■ REFERENCES
(1) Phosphorus(III) Ligands in Homogeneous Catalysis: Design and
Synthesis; Kamer, P. C. J., van Leeuwen, P. W. N. M., Eds.; Wiley:
West Sussex, U.K., 2012.
(2) Edwards, P. G.; Andersen, R. A.; Zalkin, A. Tertiary Phosphine
Derivatives of the f-Block Metals. Preparation of X4M-
(Me2PCH2CH2PMe2)2, where X is Halide, Methyl or Phenoxy and
M is Thorium or Uranium. Crystal Structure of Tetraphenoxybis-
[bis(1,2-dimethylphosphino)ethane]uranium(IV). J. Am. Chem. Soc.
1981, 103, 7792−7794.
(3) Duttera, M. R.; Fagan, P. J.; Marks, T. J.; Day, V. W. Synthesis,
Properties, and Molecular Structure of a Trivalent Organouranium
Diphosphine Hydride. J. Am. Chem. Soc. 1982, 104, 865−867.
(4) Tilley, T. D.; Andersen, R. A.; Zalkin, A. Tertiary Phosphine
Complexes of the f-Block Metals. Crystal Structure of Yb[N-
(SiMe3)2]2[Me2PCH2CH2PMe2]: Evidence for a Ytterbium-γ-Carbon
Interaction. J. Am. Chem. Soc. 1982, 104, 3725−3727.
(5) Brennan, J.; Shinomoto, R.; Zalkin, A.; Edelstein, N. Preparation
of Tertiary Phosphine Complexes of Tetravalent and Trivalent
Uranium Methyltrihydroborates. Crystal Structures of Tetrakis-
(methyltrihydroborato)(1,2-bis(dimethylphosphino)ethane)uranium-
( I V ) a n d T r i s (m e t h y l t r i h y d r o b o r a t o ) b i s ( 1 , 2 - b i s -
(dimethylphosphino)ethane)uranium(III). Inorg. Chem. 1984, 23,
4143−4146.
(6) Edwards, P. G.; Andersen, R. A.; Zalkin, A. Preparation of
Tetraalkyl Phosphine Complexes of the f-Block Metals. Crystal
structure of Th(CH2Ph)4(Me2PCH2CH2PMe2) and U(CH2Ph)3Me-
(Me2PCH2CH2PMe2). Organometallics 1984, 3, 293−298.
(7) Wasserman, H. J.; Moody, D. C.; Ryan, R. R. Tertiary Phosphine
Complexes of Trivalent Uranium: Preparation and Structure of
Bis[1,2-bis(dimethylphosphino)ethane]tris(tetrahydroborate)-
uranium. J. Chem. Soc., Chem. Commun. 1984, 532−533.
(8) Zalkin, A.; Brennan, J. G.; Andersen, R. A. Dibenzyl[1,2-
bis(dimethylphosphino)ethane]bis(cyclopentadienyl)thorium(IV).
Acta Crystallogr., Sect. C: Cryst. Struct. Commun. 1987, 43, 421−423.
(9) Zalkin, A.; Brennan, J. G.; Andersen, R. A. [1,2-Bis-
(dimethylphosphino)ethane]bis(cyclopentadienyl)dimethylthorium-
(IV) and [1,2-Bis(dimethylphosphino)ethane]dichlorobis-
(cyclopentadienyl)thorium(IV). Acta Crystallogr., Sect. C: Cryst. Struct.
Commun. 1987, 43, 418−420.
(10) Cary, D. R.; Arnold, J. Preparation of Lanthanide Tellurolates
and Evidence for the Formation of Cluster Intermediates in Their
Thermal Decomposition to Bulk Metal Tellurides. J. Am. Chem. Soc.
1993, 115, 2520−2521.
(11) Cary, D. R.; Arnold, J. Synthesis and Characterization of
Divalent Lanthanide Selenolates and Tellurolates. X-ray Crystal
Structures of Yb[SeSi(SiMe3)3]2(TMEDA)2 and {Eu[TeSi-
(SiMe3)3]2(DMPE)2}2(μ-DMPE). Inorg. Chem. 1994, 33, 1791−
1796.
(12) Edelman, M. A.; Hitchcock, P. B.; Hu, J.; Lappert, M. F.
Organoactinide Chemistry. Part 2. The Chemistry of Some Novel
Cyclopentadienylthorium Complexes. New J. Chem. 1995, 19, 481−
489.
(13) Spencer, L. P.; Gdula, R. L.; Hayton, T. W.; Scott, B. L.;
Boncella, J. M. Synthesis and Reactivity of Bis(imido) Uranium(VI)
Cyclopentadienyl Complexes. Chem. Commun. 2008, 4986−4988.
(14) Swartz, D. L., II; Spencer, L. P.; Scott, B. L.; Odom, A. L.;
Boncella, J. M. Exploring the Coordination Modes of Pyrrolyl Ligands
in Bis(imido) Uranium(VI) Complexes. Dalton Trans. 2010, 39,
6841−6846.
(15) Newell, B. S.; Schwaab, T. C.; Shores, M. P. Synthesis and
Characterization of a Novel Tetranuclear 5f Compound: A New
Synthon for Exploring U(IV) Chemistry. Inorg. Chem. 2011, 50,
12108−12115.
(16) Kraft, S. J.; Fanwick, P. E.; Bart, S. C. Carbon-Carbon
Reductive Elimination from Homoleptic Uranium(IV) Alkyls Induced
by Redox-Active Ligands. J. Am. Chem. Soc. 2012, 134, 6160−6168.
(17) Spencer, L. P.; Yang, P.; Minasian, S. G.; Jilek, R. E.; Batista, E.
R.; Boland, K. S.; Boncella, J. M.; Conradson, S. D.; Clark, D. L.;

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.8b01511
Inorg. Chem. XXXX, XXX, XXX−XXX

H

http://pubs.acs.org
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.8b01511
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b01511/suppl_file/ic8b01511_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1846146&id=doi:10.1021/acs.inorgchem.8b01511
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1846148&id=doi:10.1021/acs.inorgchem.8b01511
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
mailto:scott-daly@uiowa.edu
mailto:jkeith@colgate.edu
http://orcid.org/0000-0001-6229-0822
http://dx.doi.org/10.1021/acs.inorgchem.8b01511


Hayton, T. W.; Kozimor, S. A.; Martin, R. L.; MacInnes, M. M.;
Olson, A. C.; Scott, B. L.; Shuh, D. K.; Wilkerson, M. P. Tetrahalide
Complexes of the [U(NR)2]

2+ Ion: Synthesis, Theory, and Chlorine
K-Edge X-ray Absorption Spectroscopy. J. Am. Chem. Soc. 2013, 135,
2279−2290.
(18) Rozenel, S. S.; Andersen, R. A. A New X-ray Crystal Structure
(100 K) of Yb[N(SiMe3)2]2[Me2PCH2CH2PMe2]. Inorg. Chim. Acta
2014, 422, 202−205.
(19) Rozenel, S. S.; Edwards, P. G.; Petrie, M. A.; Andersen, R. A.
Eight Coordinate 1,2-Bis(dimethylarsino) and 1,2-Bis-
(dimethylphosphino)-benzene Complexes of Uranium Tetrachloride,
UCl4[(1,2-Me2E)2C6H4]2 where E is As or P. Polyhedron 2016, 116,
122−126.
(20) van Leeuwen, P. W. N. M.; Kamer, P. C. J. Featuring Xantphos.
Catal. Sci. Technol. 2018, 8, 26−113.
(21) Gillespie, J. A.; Dodds, D. L.; Kamer, P. C. J. Rational Design of
Diphosphorus Ligands - A Route to Superior Catalysts. Dalton Trans.
2010, 39, 2751−2764.
(22) Hartwig, J. F. Organotransition Metal Chemistry: From Bonding
to Catalysis; University Science Books: South Orange, NJ, 2010.
(23) Ortuno, M. A.; Castro, L.; Buhl, M. Computational Insight into

103Rh Chemical Shift-Structure Correlations in Rhodium Bis-
(phosphine) Complexes. Organometallics 2013, 32, 6437−6444.
(24) Jover, J.; Fey, N. Screening Substituent and Backbone Effects
on the Properties of Bidentate P,P-Donor Ligands (LKB-PPscreen).
Dalton Trans. 2013, 42, 172−181.
(25) Jover, J.; Fey, N.; Harvey, J. N.; Lloyd-Jones, G. C.; Orpen, A.
G.; Owen-Smith, G. J. J.; Murray, P.; Hose, D. R. J.; Osborne, R.;
Purdie, M. Expansion of the Ligand Knowledge Base for chelating
P,P-donor ligands (LKB-PP). Organometallics 2012, 31, 5302−5306.
(26) Flener Lovitt, C.; Frenking, G.; Girolami, G. S. Donor-Acceptor
Properties of Bidentate Phosphines. DFT Study of Nickel Carbonyls
and Molecular Dihydrogen Complexes. Organometallics 2012, 31,
4122−4132.
(27) Fey, N.; Orpen, A. G.; Harvey, J. N. Building Ligand
Knowledge Bases for Organometallic Chemistry: Computational
Description of Phosphorus(III)-Donor Ligands and the Metal-
Phosphorus Bond. Coord. Chem. Rev. 2009, 253, 704−722.
(28) Fey, N.; Harvey, J. N.; Lloyd-Jones, G. C.; Murray, P.; Orpen,
A. G.; Osborne, R.; Purdie, M. Computational descriptors for
chelating P,P- and P,N-donor ligands. Organometallics 2008, 27,
1372−1383.
(29) Tromp, M.; van Bokhoven, J. A.; van Strijdonck, G. P. F.; van
Leeuwen, P. W. N. M.; Koningsberger, D. C.; Ramaker, D. E. Probing
the Molecular Orbitals and Charge Redistribution in Organometallic
(PP)Pd(XX) Complexes. A Pd K-edge XANES Study. J. Am. Chem.
Soc. 2005, 127, 777−789.
(30) Kuehl, O. Predicting the Net Donating Ability of Phosphines -
Do We Need Sophisticated Theoretical Methods? Coord. Chem. Rev.
2005, 249, 693−704.
(31) Frenking, G.; Wichmann, K.; Frohlich, N.; Loschen, C.; Lein,
M.; Frunzke, J.; Rayon, V. M. Towards a Rigorously Defined
Quantum Chemical Analysis of the Chemical Bond in Donor-
Acceptor Complexes. Coord. Chem. Rev. 2003, 238−239, 55−82.
(32) Drago, R. S.; Joerg, S. Phosphine EB and CB Values. J. Am.
Chem. Soc. 1996, 118, 2654−2663.
(33) Joerg, S.; Drago, R. S.; Sales, J. Reactivity of Phosphorus
Donors. Organometallics 1998, 17, 589−599.
(34) Landis, C. R.; Feldgus, S.; Uddin, J.; Wozniak, C. E.; Moloy, K.
G. Computational Assessment of the Effect of σ-π Bonding Synergy
and Reorganization Energies on Experimental Trends in Rhodium-
Phosphine Bond Enthalpies. Organometallics 2000, 19, 4878−4886.
(35) Wilson, M. R.; Prock, A.; Giering, W. P.; Fernandez, A. L.;
Haar, C. M.; Nolan, S. P.; Foxman, B. M. π Effects Involving Rh-PZ3

Compounds. The Quantitative Analysis of Ligand Effects (QALE).
Organometallics 2002, 21, 2758−2763.
(36) Leyssens, T.; Peeters, D.; Orpen, A. G.; Harvey, J. N. How
Important Is Metal-Ligand Back-Bonding toward YX3 Ligands (Y =

N, P, C, Si)? An NBO Analysis. Organometallics 2007, 26, 2637−
2645.
(37) Tolman, C. A. Electron Donor-Acceptor Properties of
Phosphorus Ligands. Substituent Additivity. J. Am. Chem. Soc. 1970,
92, 2953−2956.
(38) Song, S.; Alyea, E. C. An Assessment of the Parameters
Relevant to the Subdivision of σ and π Electronic Effects in M-P
bonds. Comments Inorg. Chem. 1996, 18, 145−164.
(39) Couzijn, E. P. A.; Lai, Y.-Y.; Limacher, A.; Chen, P. Intuitive
Quantifiers of Charge Flows in Coordinate Bonding. Organometallics
2017, 36, 3205−3214.
(40) Ardizzoia, G. A.; Brenna, S. Interpretation of Tolman Electronic
Parameters in the Light of Natural Orbitals for Chemical Valence.
Phys. Chem. Chem. Phys. 2017, 19, 5971−5978.
(41) Gonzalez-Blanco, O.; Branchadell, V. Metal-Phosphorus
Bonding in Fe(CO)4PR3 Complexes. A Density Functional Study.
Organometallics 1997, 16, 5556−5562.
(42) Fuse, M.; Rimoldi, I.; Facchetti, G.; Rampino, S.; Barone, V.
Exploiting Coordination Geometry to Selectively Predict the σ-Donor
and π-Acceptor Abilities of Ligands: A Back-and-Forth Journey
Between Electronic Properties and Spectroscopy. Chem. Commun.
2018, 54, 2397−2400.
(43) Mampa, R. M.; Fernandes, M. A.; Carlton, L. Iron-57 NMR
and Structural Study of [Fe(η5-Cp)(SnPh3)(CO)(PR3)] (PR3 =
Phosphine, Phosphite). Separation of Steric and Electronic σ and π
Effects. Organometallics 2014, 33, 3283−3299.
(44) Setiawan, D.; Kalescky, R.; Kraka, E.; Cremer, D. Direct
Measure of Metal-Ligand Bonding Replacing the Tolman Electronic
Parameter. Inorg. Chem. 2016, 55, 2332−2344.
(45) Cremer, D.; Kraka, E. Generalization of the Tolman Electronic
Parameter: the Metal-Ligand Electronic Parameter and the Intrinsic
Strength of the Metal-Ligand Bond. Dalton Trans. 2017, 46, 8323−
8338.
(46) Kalescky, R.; Kraka, E.; Cremer, D. New Approach to Tolman’s
Electronic Parameter Based on Local Vibrational Modes. Inorg. Chem.
2014, 53, 478−495.
(47) Ciancaleoni, G.; Scafuri, N.; Bistoni, G.; Macchioni, A.;
Tarantelli, F.; Zuccaccia, D.; Belpassi, L. When the Tolman Electronic
Parameter Fails: A Comparative DFT and Charge Displacement
Study of [(L)Ni(CO)3]

0/‑ and [(L)Au(CO)]0/+. Inorg. Chem. 2014,
53, 9907−9916.
(48) Glaser, T.; Hedman, B.; Hodgson, K. O.; Solomon, E. I. Ligand
K-Edge X-ray Absorption Spectroscopy: A Direct Probe of Ligand-
Metal Covalency. Acc. Chem. Res. 2000, 33, 859−868.
(49) Solomon, E. I.; Hedman, B.; Hodgson, K. O.; Dey, A.; Szilagyi,
R. K. Ligand K-edge X-ray Absorption Spectroscopy: Covalency of
Ligand-Metal Bonds. Coord. Chem. Rev. 2005, 249, 97−129.
(50) MacMillan, S. N.; Lancaster, K. M. X-ray Spectroscopic
Interrogation of Transition-Metal-Mediated Homogeneous Catalysis:
Primer and Case Studies. ACS Catal. 2017, 7, 1776−1791.
(51) Donahue, C. M.; Daly, S. R. Ligand K-edge XAS Studies of
Metal-Phosphorus Bonds: Applications, Limitations, and Opportu-
nities. Comments Inorg. Chem. 2018, 38, 54−78.
(52) Ciancaleoni, G.; Belpassi, L.; Marchetti, F. Back-Donation in
High-Valent d0 Metal Complexes: Does It Exist? The Case of Nb(V).
Inorg. Chem. 2017, 56, 11266−11274.
(53) La Pierre, H. S.; Arnold, J.; Bergman, R. G.; Toste, F. D.
Carbon Monoxide, Isocyanide, and Nitrile Complexes of Cationic, d0

Vanadium Bisimides: π-Back Bonding Derived from the π Symmetry,
Bonding Metal Bisimido Ligand Orbitals. Inorg. Chem. 2012, 51,
13334−13344.
(54) La Pierre, H. S.; Minasian, S. G.; Abubekerov, M.; Kozimor, S.
A.; Shuh, D. K.; Tyliszczak, T.; Arnold, J.; Bergman, R. G.; Toste, F.
D. Vanadium Bisimide Bonding Investigated by X-ray Crystallog-
raphy, 51V and 13C Nuclear Magnetic Resonance Spectroscopy, and V
L3,2-Edge X-ray Absorption Near-Edge Structure Spectroscopy. Inorg.
Chem. 2013, 52, 11650−11660.
(55) Mazzotta, M. G.; Pichaandi, K. R.; Fanwick, P. E.; Abu-Omar,
M. M. Concurrent Stabilization of π-Donor and π-Acceptor Ligands

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.8b01511
Inorg. Chem. XXXX, XXX, XXX−XXX

I

http://dx.doi.org/10.1021/acs.inorgchem.8b01511


in Aromatized and Dearomatized Pincer [(PNN)Re(CO)(O)2]
Complexes. Angew. Chem., Int. Ed. 2014, 53, 8320−8322.
(56) Donahue, C. M.; McCollom, S. P.; Forrest, C. M.; Blake, A. V.;
Bellott, B. J.; Keith, J. M.; Daly, S. R. Impact of Coordination
Geometry, Bite Angle, and Trans Influence on Metal-Ligand
Covalency in Phenyl-Substituted Phosphine Complexes of Ni and
Pd. Inorg. Chem. 2015, 54, 5646−5659.
(57) Blake, A. V.; Wei, H.; Lee, K.; Donahue, C. M.; Keith, J. M.;
Daly, S. R. Solution and Solid-State Ligand K-Edge XAS Studies of
PdCl2 Diphosphine Complexes with Phenyl and Cyclohexyl
Substituents. Eur. J. Inorg. Chem. 2018, 2018, 2267−2276.
(58) van Zeist, W.-J.; Bickelhaupt, F. M. Steric Nature of the Bite
Angle. A Closer and a Broader Look. Dalton Trans. 2011, 40, 3028−
3038.
(59) Anstaett, P.; Schoenebeck, F. Reductive Elimination of ArCF3
from Bidentate PdII Complexes: A Computational Study. Chem. - Eur.
J. 2011, 17, 12340−12346.
(60) van Zeist, W.-J.; Visser, R.; Bickelhaupt, F. M. The Steric
Nature of the Bite Angle. Chem. - Eur. J. 2009, 15, 6112−6115.
(61) Birkholz, M.-N.; Freixa, Z.; van Leeuwen, P. W. N. M. Bite
Angle Effects of Diphosphines in C-C and C-X Bond Forming Cross
Coupling Reactions. Chem. Soc. Rev. 2009, 38, 1099−1118.
(62) van Leeuwen, P. W. N. M.; Freixa, Z. Bite Angle Effects of
Diphosphines in Carbonylation Reactions. Mod. Carbonylation
Methods 2008, 1−25.
(63) Kuehl, O. The Natural Bite Angle - Seen from a Ligand’s Point
of View. Can. J. Chem. 2007, 85, 230−238.
(64) Freixa, Z.; Van Leeuwen, P. W. N. M. Bite Angle Effects in
Diphosphine Metal Catalysts: Steric or Electronic? Dalton Trans.
2003, 1890−1901.
(65) Van Leeuwen, P. W. N. M.; Kamer, P. C. J.; Reek, J. N. H. The
Bite Angle Makes the Catalyst. Pure Appl. Chem. 1999, 71, 1443−
1452.
(66) Dierkes, P.; van Leeuwen, P. W. N. M. The Bite Angle Makes
the Difference: a Practical Ligand Parameter for Diphosphine Ligands.
J. Chem. Soc., Dalton Trans. 1999, 1519−1530.
(67) Kaupp, M. ″Non-VSEPR″ Structures and Bonding in d0

Systems. Angew. Chem., Int. Ed. 2001, 40, 3534−3565.
(68) Blackman, C. S.; Carmalt, C. J.; Parkin, I. P.; Apostolico, L.;
Molloy, K. C.; White, A. J. P.; Williams, D. J. Single-Source CVD
Routes to Titanium Phosphide. J. Chem. Soc., Dalton Trans. 2002,
2702−2709.
(69) Lee, K.; Wei, H.; Blake, A. V.; Donahue, C. M.; Keith, J. M.;
Daly, S. R.; Kwon, H. Y. Ligand K-edge XAS, DFT, and TDDFT
Analysis of Pincer Linker Variations in Rh(I) PNP complexes:
Reactivity Insights from Electronic Structure. Dalton Trans. 2016, 45,
9774−9785.
(70) X-ray Attenuation Length; http://henke.lbl.gov/optical_
constants/atten2.html (accessed February 18, 2018).
(71) Minasian, S. G.; Keith, J. M.; Batista, E. R.; Boland, K. S.; Clark,
D. L.; Conradson, S. D.; Kozimor, S. A.; Martin, R. L.; Schwarz, D. E.;
Shuh, D. K.; Wagner, G. L.; Wilkerson, M. P.; Wolfsberg, L. E.; Yang,
P. Determining Relative f and d Orbital Contributions to M-Cl
Covalency in MCl6

2‑ (M = Ti, Zr, Hf, U) and UOCl5
− Using Cl K-

Edge X-ray Absorption Spectroscopy and Time-Dependent Density
Functional Theory. J. Am. Chem. Soc. 2012, 134, 5586−5597.
(72) Donahue, C. M.; Lezama Pacheco, J. S.; Keith, J. M.; Daly, S. R.
Sulfur K-edge X-ray Absorption Spectroscopy and Time-Dependent
Density Functional Theory of Arsenic Dithiocarbamates. Dalton
Trans. 2014, 43, 9189−9201.
(73) DeBeer George, S.; Brant, P.; Solomon, E. I. Metal and Ligand
K-Edge XAS of Organotitanium Complexes: Metal 4p and 3d
Contributions to Pre-edge Intensity and Their Contributions to
Bonding. J. Am. Chem. Soc. 2005, 127, 667−674.
(74) Kozimor, S. A.; Yang, P.; Batista, E. R.; Boland, K. S.; Burns, C.
J.; Christensen, C. N.; Clark, D. L.; Conradson, S. D.; Hay, P. J.;
Lezama, J. S.; Martin, R. L.; Schwarz, D. E.; Wilkerson, M. P.;
Wolfsberg, L. E. Covalency Trends in Group IV Metallocene
Dichlorides. Chlorine K-Edge X-Ray Absorption Spectroscopy and

Time Dependent-Density Functional Theory. Inorg. Chem. 2008, 47,
5365−5371.
(75) Kozimor, S. A.; Yang, P.; Batista, E. R.; Boland, K. S.; Burns, C.
J.; Clark, D. L.; Conradson, S. D.; Martin, R. L.; Wilkerson, M. P.;
Wolfsberg, L. E. Trends in Covalency for d- and f-Element
Metallocene Dichlorides Identified Using Chlorine K-Edge X-ray
Absorption Spectroscopy and Time-Dependent Density Functional
Theory. J. Am. Chem. Soc. 2009, 131, 12125−12136.
(76) Minasian, S. G.; Keith, J. M.; Batista, E. R.; Boland, K. S.;
Kozimor, S. A.; Martin, R. L.; Shuh, D. K.; Tyliszczak, T.; Vernon, L.
J. Carbon K-Edge X-ray Absorption Spectroscopy and Time-
Dependent Density Functional Theory Examination of Metal-Carbon
Bonding in Metallocene Dichlorides. J. Am. Chem. Soc. 2013, 135,
14731−14740.
(77) Blake, A. V.; Wei, H.; Donahue, C. M.; Lee, K.; Keith, J. M.;
Daly, S. R. Solid Energy Calibration Standards for P K-edge XANES:
Electronic Structure Analysis of PPh4Br. J. Synchrotron Radiat. 2018,
25, 529−536.
(78) Daly, S. R.; Keith, J. M.; Batista, E. R.; Boland, K. S.; Clark, D.
L.; Kozimor, S. A.; Martin, R. L. Sulfur K-edge X-ray Absorption
Spectroscopy and Time-Dependent Density Functional Theory of
Dithiophosphinate Extractants: Minor Actinide Selectivity and
Electronic Structure Correlations. J. Am. Chem. Soc. 2012, 134,
14408−14422.
(79) Loble, M. W.; Keith, J. M.; Altman, A. B.; Stieber, S. C. E.;
Batista, E. R.; Boland, K. S.; Conradson, S. D.; Clark, D. L.; Lezama
Pacheco, J.; Kozimor, S. A.; Martin, R. L.; Minasian, S. G.; Olson, A.
C.; Scott, B. L.; Shuh, D. K.; Tyliszczak, T.; Wilkerson, M. P.;
Zehnder, R. A. Covalency in Lanthanides. An X-ray Absorption
Spectroscopy and Density Functional Theory Study of LnCl6

x‑ (x = 3,
2). J. Am. Chem. Soc. 2015, 137, 2506−2523.
(80) Sikora, D. J.; Rausch, M. D.; Rogers, R. D.; Atwood, J. L.
Formation and Molecular Structure of Bis(η5-cyclopentadienyl)bis-
(trifluorophosphine)titanium. J. Am. Chem. Soc. 1981, 103, 982−984.
(81) Wreford, S. S.; Fischer, M. B.; Lee, J.-S.; James, E. J.; Nyburg, S.
C. X-ray Crystal Structure of Bis[1,2-bis(dimethylphosphino)ethane]-
dicarbonyltrifluorophosphinetitanium, a Phosphine-Substituted De-
rivative of Titanium heptacarbonyl. J. Chem. Soc., Chem. Commun.
1981, 458−459.
(82) Edwards, B. H.; Rogers, R. D.; Sikora, D. J.; Atwood, J. L.;
Rausch, M. D. Formation, Reactivities, and Molecular Structures of
Phosphine Derivatives of Titanocene. Isolation and Characterization
of a Titanium Monoolefin π Complex. J. Am. Chem. Soc. 1983, 105,
416−426.
(83) Chi, K. M.; Frerichs, S. R.; Philson, S. B.; Ellis, J. E. Highly
Reduced Organometallics. 23. Synthesis, Isolation, and Character-
ization of Hexacarbonyltitanate(2-), (Ti(CO)6

2‑). Titanium NMR
Spectra of Carbonyltitanates. J. Am. Chem. Soc. 1988, 110, 303−304.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.8b01511
Inorg. Chem. XXXX, XXX, XXX−XXX

J

http://henke.lbl.gov/optical_constants/atten2.html
http://henke.lbl.gov/optical_constants/atten2.html
http://dx.doi.org/10.1021/acs.inorgchem.8b01511

