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Investigating The Impacts Of Internal Electrostatic Fields On Homogeneous
Transition Metal Complexes
Abstract
The use of electrostatic fields to influence chemical reactivity is a rapidly growing field ofstudy and is
increasingly invoked as a strong contributor to enzyme catalysis. Analogous research applied to
homogeneous inorganic chemistry remains comparatively underexplored, however several recent
examples of transition metal complexes containing rigidly oriented internal electrostatic fields have
showcased promising advantages associated with this “non-classical” design strategy. Herein, we report
a series of tris(2-aminoethyl)amine (tren)-based tris(phosphinimine) ligands (R3P3tren) and their
coordination to transition metals. The phosphinimine moieties contained in these ligands are best
represented by a zwitterionic resonance picture in which an anionic charge is positioned on nitrogen and
a cationic charge is positioned on phosphorous. Coordinating these ligands to Cu(I) ions results in the
formation of trigonal pyramidal complexes wherein the cationic phosphonium residues are held in the
secondary coordination spheres in close proximity to an open coordination site. Detailed experimental
and computational studies on these complexes revealed that the presence of the cationic charges
impacts the electronic structures of the complexes to promote unique 2:1:2 splitting of the d-orbital
manifolds, which subsequently impacts the experimentally determined Cu(I)/Cu(II) redox potentials.
Treatment of these complexes with O2 at low temperature (-85 to -100 °C) in THF results in the formation
of end-on (h1) cupric superoxide complexes, as evidenced by spectroscopic, reactivity, and computational
studies. The cupric superoxide complex bound by the permethylated ligand derivative, Me3P3tren, is longlived compared to the majority of literature analogs (t/12 = 10.4 h at -85 °C), and computational analysis
implicates the charged phosphonium residues on the periphery of the O2 binding pocket as being
important to this stability. Experimental corroboration for this postulation was provided through use of a
new series of ligands, CF3-PhMe2P3tren, in which the identity of the substituent at the 4-positions of the
phosphinimine phenyl groups was modulated (X = NMe2, H, CF3). The X-PhMe2P3tren ligands impart
systematic adjustments to the electronic and secondary sphere electrostatic properties of the copper
complexes while maintaining a consistent steric profile in the vicinity of the O2 binding pockets. Key
differences in the thermal stabilities and hydrogen atom transfer (HAT) kinetics were observed across
this series of h1 cupric superoxide complexes, which are discussed in the context of both intra- and intermolecular electrostatic interactions. Notably, the most stable cupric superoxide complex of the series
(bound by CF3-PhMe2P3tren) displays markedly improved thermal stability compared to the Me3P3trenbound cupric superoxide complex and can be observed as high as room temperature on a multi-minute
timescale. Finally, Me3P3tren was bound to Mo to form a facially bound molybdenum tricarbonyl
Me3P3tren-Mo(CO)3, which is compared to several isostructural analogs that were prepared using
literature-reported tetradentate ligands with N4 donor sets (tren, tris[2-(dimethylamino)ethyl]amine
(Me6tren), and tris(2-pyridylmethyl)amine (TMPA)). Two-electron oxidation of Me3P3tren-Mo(CO)3 in the
presence of various counter anions resulted in the formation of trigonal bipyramidal MoII complexes in
which two of the three CO ligands dissociated ([Me3P3tren-Mo(CO)]2+). Large differences (ca. 50 cm-1)
in the CO stretching frequency for [Me3P3tren-Mo(CO)]2+ were observed depending on the identity of
counteranion employed, and computational analysis supports a model in which through-space
electrostatic interactions between the anions and [Me3P3tren-Mo(CO)]2+ lead to varying degrees of CO
activation.
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ABSTRACT

INVESTIGATING THE IMPACTS OF INTERNAL ELECTROSTATIC FIELDS ON
HOMOGENEOUS TRANSITION METAL COMPLEXES
Alexander B. Weberg
Dr. Neil C. Tomson

The use of electrostatic fields to influence chemical reactivity is a rapidly growing field of
study and is increasingly invoked as a strong contributor to enzyme catalysis. Analogous research
applied to homogeneous inorganic chemistry remains comparatively underexplored, however
several recent examples of transition metal complexes containing rigidly oriented internal
electrostatic fields have showcased promising advantages associated with this “non-classical”
design

strategy.

Herein,

we

report

a

series

of

tris(2-aminoethyl)amine

(tren)-based

tris(phosphinimine) ligands (R3P3tren) and their coordination to transition metals. The
phosphinimine moieties contained in these ligands are best represented by a zwitterionic
resonance picture in which an anionic charge is positioned on nitrogen and a cationic charge is
positioned on phosphorous. Coordinating these ligands to CuI ions results in the formation of
trigonal pyramidal complexes wherein the cationic phosphonium residues are held in the secondary
coordination spheres in close proximity to an open coordination site. Detailed experimental and
computational studies on these complexes revealed that the presence of the cationic charges
impacts the electronic structures of the complexes to promote unique 2:1:2 splitting of the d-orbital
manifolds, which subsequently impacts the experimentally determined CuI/CuII redox potentials.
Treatment of these complexes with O2 at low temperature (-85 to -100 °C) in THF results in the
formation of end-on (h1) cupric superoxide complexes, as evidenced by spectroscopic, reactivity,
and computational studies. The cupric superoxide complex bound by the permethylated ligand
derivative,

Me3

P3tren, is long-lived compared to the majority of literature analogs (t/12 = 10.4 h at -

85 °C), and computational analysis implicates the charged phosphonium residues on the periphery
iv

of the O2 binding pocket as being important to this stability. Experimental corroboration for this
postulation was provided through use of a new series of ligands, X-PhMe2P3tren, in which the identity
of the substituent at the 4-positions of the phosphinimine phenyl groups was modulated (X = NMe2,
H, CF3). The

X-PhMe2

P3tren ligands impart systematic adjustments to the electronic and secondary

sphere electrostatic properties of the copper complexes while maintaining a consistent steric profile
in the vicinity of the O2 binding pockets. Key differences in the thermal stabilities and hydrogen
atom transfer (HAT) kinetics were observed across this series of h1 cupric superoxide complexes,
which are discussed in the context of both intra- and inter-molecular electrostatic interactions.
Notably, the most stable cupric superoxide complex of the series (bound by CF3-PhMe2P3tren) displays
markedly improved thermal stability compared to the

Me3

P3tren-bound cupric superoxide complex

and can be observed as high as room temperature on a multi-minute timescale.
Finally,
complex,

Me3

Me3

P3tren was bound to Mo0 to form a facially bound molybdenum tricarbonyl

P3tren-Mo0(CO)3, which is compared to several isostructural analogs that were

prepared using literature-reported tetradentate ligands with N4 donor sets (tren, tris[2(dimethylamino)ethyl]amine (Me6tren), and tris(2-pyridylmethyl)amine (TMPA)). Two-electron
oxidation of Me3P3tren-Mo0(CO)3 in the presence of various counter anions resulted in the formation
of trigonal bipyramidal MoII complexes in which two of the three CO ligands dissociated ([Me3P3trenMoII(CO)]2+). Large differences (ca. 50 cm-1) in the CO stretching frequency for [Me3P3trenMoII(CO)]2+ were observed depending on the identity of counteranion employed, and computational
analysis supports a model in which through-space electrostatic interactions between the anions
and [Me3P3tren-MoII(CO)]2+ lead to varying degrees of CO activation.
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CHAPTER I – Introduction

1.1 Dissertation Statement

This dissertation focuses on the study of through-space electrostatic (Coulombic)
interactions in the secondary coordination spheres of homogeneous inorganic metal complexes.
Specifically, the incorporation of cationic charges into ligand secondary coordination spheres will
be discussed through the lenses of perturbations to the d-orbital manifolds and subsequent
influence on small molecule binding and activation.
The incorporation of internal electrostatic fields into transition metal complexes is a new
and rapidly developing design strategy both for modulating the physical and chemical
characteristics of metal complexes and for rationally impacting chemical reactivity patterns. This
chapter aims to give a snapshot of the field as it exists in May of 2021, with the intent of putting
subsequent chapters into appropriate context. Section 1.2 will briefly summarize the nature of
electrostatic fields and include examples of how tangential fields of study have applied these
concepts to chemical reactivity, while the bulk of this chapter, Section 1.3, will describe recent
examples of electrostatic effects associated with homogeneous transition metal complexes.

1.2 Electrostatic fields and their influence on chemical reactivity
1.2.1 Electric and electrostatic fields defined
Electric fields (EFs) are central to the study of atomic physics and chemistry in that they
are invoked to describe the attractive forces between electrons and protons – a concept at the heart
of atomic structure and chemical bonding. As a manifestation of the electromagnetic force, an EF
is a force field surrounding a charge (or set of charges) that influences other charges through either
attraction or repulsion.1 It can be described, spatially, as a vector field wherein the magnitude of
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each vector represents the electric force per charge experienced, or “felt”, by a stationary cationic
point charge located at the position of the vector. Electric field lines (Figure 1.1) are often used as
a qualitative depiction of an EF that illustrate the direction of the force vectors within the field, the
arrows of which are defined as the direction that a positive test charge would be pushed if placed
into the field (i.e. positive to negative unless otherwise specified).

a)

b)

Figure 1.1 Electric field lines for a) point charges of opposite sign in close proximity, and b)
separated anodic and cathodic plates.

In the case of an EF generated by charged species that are not changing in position with
respect to time, the field can be simplified to the description of an electrostatic field (ESF).1 In this
case, the laws of electrostatic effects can be described by Coulomb’s Law (equation 1.1), which
describes the force that an electrically charged particle, q1, exerts on another charged particle, q2,
at a distance of r:
"=

1 (! ("
4&' ) "

(1.1)

where e represents the permittivity of the medium. Rearrangement of equation 1.1 yields equation
1.2, which defines the electrostatic field, E, as the force per unit of charge at each point in space:
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1.2.2 ESFs impacting chemical reactivity
Inasmuch as orbital energies reflect the energy of a single electron experiencing the
waveform and potential energy environment of the orbital, the structure of the valence manifold of
a molecule should be susceptible to the application of a properly aligned ESF. In this way, the
incorporation of internal or external ESFs into chemical reactions provides a promising new avenue
for imposing control over reaction outcomes and increasing reaction efficiencies through the
stabilization of key transition states. The general importance of local ESFs to enzymatic function
was originally proposed by Warshel2 and has since gained momentum in the field.3–6 A particularly
dramatic and well-studied example, reported by Boxer and co-workers, involves the enzyme
ketosteroid isomerase (KI), an enzyme that catalyzes the transformation of sterols into hormonallyactive ketosteroids.3 The authors studied the enolization of 5-androstene-3,17-dione (Figure 1.2),
the mechanism of which is the same in solution as in the enzyme, thereby allowing for a direct
measure of the catalytic effect imparted by KI (18 kcal/mol).7–11 The lengthening of the C=O bond
in 5-androstene-3,17-dione during the rate-limiting enolization transformation (Figure 1.2)
corresponds with an increased dipole moment associated with the bond. Specifically, since the
transition state for this process is expected to have a larger dipole moment along the C–O bond
axis than that of 5-androstene-3,17-dione, the presence of an opposing ESF should stabilize the
dipole of the transition state to a greater extent than the dipole of 5-androstene-3,17-dione, thereby
contributing to the catalytic effect of the enzyme. Using 19-nortestosterone as a vibrational probe
molecule, the authors performed Stark spectroscopy to quantify the magnitude of ESFs at this
position for KI and several KI mutants. Wild-type KI was found to impart an ESF of 14.4(6) V/nm
on the C=O bond of 19-nortestosterone, while various mutations led to subdued ESF strengths.
Crucially, a linear correlation between enzyme catalytic performance and ESF strength was
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established for KI and its mutants, suggesting that ESFs play a dominant role in the enzyme’s
catalytic abilities. Using the measured ESF strength from wild-type KI, the authors estimated that
the presence of ESFs in the active site of KI accounts for 72% of the total catalytic effect of this
enzyme. Accumulated work in this area of enzymology has been used in support of the argument
that electrostatic effects of this type may be general to enzyme catalysis.4,5,12

5-androstene-3,17-dione

Dienolate intermediate
O

Tyr16

O

Tyr16

OH

OH

O
CO2H
Asp103

O
H

CO2H
O

O

Asp103

Asp40

HO

O
Asp40

19-nortestosterone
(vibrational probe molecule)
Me OH

O

Figure 1.2 Enolization reaction of 5-androsten-3,17-dione occurring at the active site of ketosteroid
isomerase (KI), shown by Boxer and co-workers to be greatly enhanced by the presence of internal
ESFs.3,5 Red arrows indicate dipole moments associated with the C=O or C–O bonds.
19-nortestosterone was used as a vibrational probe for measuring local ESF strengths via Stark
spectroscopy.

Research outside of the biochemical field has investigated the effects of ESFs on the
electronic structures and reactivity profiles of various materials. This work has included i) the use

4

of bulk, external EFs,13–15 ii) the study of anion effects on reaction selectivity,16,17 iii) the study of
electrostatic stabilization of in situ-generated radical species,18–22 and iv) in-depth computational
studies on reaction barrier (de)stabilization of organic molecules bearing charged functional
groups.23–28 In 2010, Shaik and co-workers computationally predicted that even in instances where
molecules are neutral (dienes and dienophiles), bond forming rate enhancements can be achieved
through application of properly aligned ESFs.29 In their study, the authors showed that varying the
alignment and magnitude of computationally-generated ESFs led not only to changes in the
predicted rates for Diels-Alder reactions, but also affected the predicted exo/endo selectivity of
various reaction products. In a groundbreaking 2016 report, Darwish, Ciampi, Diez-Perez, and
Coote experimentally verified the Shaik predictions through use of a scanning tunneling microscopy
(STM) “break junction” approach.15 In their experiments, the authors tethered dienes to an STM tip,
which was brought into close contact (ca. 1 nm) to dienophiles tethered to a flat gold surface
(Figure 1.3a). An ESF was generated through application of a potential bias across the junction,
the magnitude and sign of which were systematically modulated. Importantly, this experimental
setup allowed for a high level of control over the orientation of the ESFs with respect to the reactant
molecules. The frequency of chemical events was monitored by counting spikes in current,
indicating a junction spanned by the Diels-Alder product. Accordingly, a five-fold increase in the
reaction frequency was found to occur when an ESF was applied from diene to dienophile (depicted
with an arrow in Figure 1.3b), which would be expected to stabilize a minor resonance form of the
transition state in which an anionic charge is positioned on the diene and a cationic charge is
positioned on the dienophile (Figure 1.3b). Computational analysis of the reaction qualitatively
corroborated the experimental findings.
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Figure 1.3 a) Experimental set-up for the Darwish, Ciampi, Diez-Perez and Coote study of the
Diels-Alder reaction in which the diene was tethered to an STM tip and the dienophile was tethered
to a flat gold surface.15 Potential biases of varying magnitude and alternating sign were applied
across the gap between STM tip and gold surface. b) Resonance structures of a proposed
Diels-Alder reaction transition state; the minor resonance contributor (right) is stabilized by a
properly aligned ESF (shown with an arrow) due to the separation of charge.

In 2013, Kanan and co-workers found success in applying bulk EFs to affect selective
control over the products formed in the (porphyrin)Rh-catalyzed intramolecular reactions of
1-diazo-3,3-dimethyl-5-phenylhex-5-en-2-one (Figure 1.4).13 Bulk EFs were generated through
application of a potential bias across electrode plates (composed of a doped silicon dielectric
material with an Al2O3 surface). The Rh porphyrin catalyst was tethered to the electrode surface,
thus enforcing the position of the catalyst within the dielectric-electrolyte interface where the
magnitudes of EFs are greatest. In the absence of a potential bias, the ratio of the insertion product
(a) to the cyclopropanation product (b) was found to be ca. 1:10 (Figure 1.4). This ratio increased
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as a voltage was applied (1.0:6.3 at -5 V), indicating a greater Coulombic stabilization of the
zwitterionic transition state associated with the formation of product a as compared with the
“noncharged” transition state associated with the formation of product b (Figure 1.4). Even larger
changes to the a:b product ratio were observed upon decorating the electrode surface with
additional charged functionalities (1.9:1.0 at -5 V), the results of which represent an 8-fold change
in product selectivity due to the presence of EFs.
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Figure 1.4 Parallel electrode plates used to impose ESFs in the vicinity of the Rh porphyrincatalyzed intramolecular reaction of 1-diazo-3,3-dimethyl-5-phenylhex-5-en-2-one to form products
a and b.13 Key transition states associated with the formation of a and b are shown (right), which
are inequivalently (de)stabilized by the presence of EFs.

The examples outlined above demonstrate how EFs and ESFs can be harnessed to
directly impact chemical reactivity through transition state (de)stabilization and selectivity control.
These techniques, however, require tedious modifications to substrate and/or catalyst in order to
properly align the EFs in orientations that will impart the desired reactivity. Additionally, the strength
7

of the ESFs are limited by the dielectric breakdown of the solvent medium, which generally occurs
at field strengths between 0.01 – 0.1 V/nm,30 which is ca. 2 orders of magnitude smaller than ESFs
present within enzyme active sites (as discussed above).3–5

1.3 Internal ESFs in homogeneous inorganic complexes

Homogeneous inorganic chemistry is a field that has the potential to benefit tremendously
from the incorporation of rationally oriented internal ESFs designed to promote small molecule
binding and/or reactivity. Charged groups can be positioned in the secondary coordination spheres
of metal complexes through direct incorporation into the ligand scaffolds. This strategy has the
advantages of a) maintaining a high degree of control over the positions and orientations of the
charged moieties and b) enforcing small distances between the charges and the substrate
molecules, which is important for imparting strong ESFs (equations 1.1 and 1.2) while avoiding
dielectric breakdown of the solvent medium. The pursuit of harnessing internal electrostatic
interactions to impart productive reactivity has recently become a burgeoning subfield of
homogeneous inorganic chemistry, examples of which are introduced herein.

1.3.1 Electrostatic control of redox potentials
In 2017 the Yang group reported a series of cobalt complexes bound by a novel
N,N’-ethylene-bis(salicylimine) (salen)-based ligand containing a macrocyclic crown ether moiety
in the secondary coordination sphere, in which they could position charges in the form of alkali or
alkaline earth metals (Na+, K+, Ca2+, Sr2+, and Ba2+) (Figure 1.5a).31 In this seminal study, the
authors discovered large anodic shifts in the CoII/CoI redox couples as compared to the analogous
CoII complex bound by the salen ligand derivative with methoxy group substitution in place of the
crown ether functionality. Only minor deviations from the parent complex were observed in the
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UV-vis and IR spectra for these compounds, and the primary coordination spheres of the
complexes were found to be similar upon examination of their solid-state structures. These
observations led the authors to conclude that the large shifts in the CoII/CoI redox couples were not
a result of inductive effects upon coordination of the Lewis acidic metals to the secondary
coordination spheres. Instead, the shifting redox couples of the CoII complexes were found to
correlate more closely with the calculated electric field potentials imparted by the alkali/alkaline
earth metals, thereby implicating internal ESFs in anodically shifting the redox couples.
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Figure 1.5 a) A series of salen-bound CoII complexes reported by Yang and co-workers containing
redox-innocent metals tethered in the crown ether pocket,31 b) an analogous series of NiII
complexes reported by Yang and co-workers,32 c) a series of NiII complexes wherein the inductive
effects of the ligand were modulated via substitution at the 5-positions of the salen rings,32 and d)
a series of bis(carboxamide)pyridine-bound CuII hydroxide complexes, reported by Tolman and coworkers, containing cationic (-NMe3+), neutral (-H) or anionic (-SO3–) substitutions at the 4-positions
of the carboxamide aryl rings.33 For a) and b) “none” indicates the salen complex containing
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methoxy group substitution at the 3-positions of the salen rings in place of the crown ether
functionality.

In 2018, the Yang and Alexandrova groups published a synthetic/computational study
using the same crown ether-modified salen ligand system.32 In this study, the authors coordinated
the ligand to NiII and positioned both monocationic (K+) and dicationic (Ba2+) metals within the
pendant crown ethereal moiety (Figure 1.5b). Compared to the analogous complex bearing salen
with methoxy substitution in place of the crown ether, the NiII/NiI redox couples were found to shift
to more positive potentials as the charge in the secondary coordination sphere was increased
(120 mV shift for K+, 340 mV shift for Ba2+). The NiII/NiI redox couples and UV-vis spectral features
for this series of compounds were compared to those of an analogous series of NiII complexes
bound by salen ligands containing substitution at the 5-positions of the salen aromatic rings (-CF3,
-Cl, -tBu, and -OMe) (Figure 1.5c). Despite shifts in UV-vis spectral features being smaller for the
complexes containing charged metals in the secondary coordination spheres (indicating smaller
inductive changes), the measured shifts in the NiII/NiI redox couples were found to be significantly
larger, indicating that electrostatic effects (as opposed to inductive effects) were the primary driver
associated with the anodically shifting potentials. Computational analysis of the complexes
containing K+ and Ba2+ in the secondary coordination spheres indicated that the valence orbitals
were uniformly stabilized via incorporation of the main group ion; the degree of stabilization was
found to be dependent on the magnitude of the charge of the ion.
The Tolman group reported a series of bis(carboxamide)pyridine ligands in which distal
charges (both cationic and anionic) were positioned in the secondary coordination spheres of the
ligands via incorporation of charged functional groups (-NMe3+ and -SO3–) at the 4-positions of the
carboxamide aryl rings (Figure 1.5d).33 Cupric hydroxide complexes bound by these ligands, and
by the parent ligand (without charges in the secondary sphere), were synthesized. Notably, the
resulting series of complexes displayed similar solid-state geometries, as indicated by X-ray
crystallography, as well as remarkably similar UV-vis and EPR spectra, suggesting that the primary
11

coordination spheres of the complexes are minimally affected by the distal charges. However,
evaluation of the electrochemical properties of these complexes revealed notable changes in the
(formally) CuII/CuIII redox couples, wherein the (-NMe3+)-substituted complex exhibited the most
anodic redox potential (140 mV vs. Fc/Fc+), while the (-SO3–)-substituted complex exhibited the
most cathodic redox potential (-135 mV vs. Fc/Fc+). This study, in combination with Yang’s studies
discussed above, highlight how appropriately positioned charges can impart through-space
Coulombic interactions that either stabilize, or destabilize, electron transfer involving transition
metal complexes.

1.3.2 Electrocatalytic CO2 reduction catalysis
The subfield of CO2 reduction electrocatalysis has recently experienced great
improvements through the incorporation of internal ESFs. In 2016, Savéant and co-workers
reported a series of iron tetraphenylporphyrin complexes containing either cationic (-NMe3+) or
anionic (-SO3–) functional group substitutions at the ortho- or para-positions of the porphyrin phenyl
rings (Figure 1.6a).34 In this study, the authors found that the iron complex containing cationic
charges in closest vicinity to the CO2 binding site (the ortho-substituted analog) was by far the most
successful CO2 reduction electrocatalyst, displaying both decreases in catalytic overpotential and
increases in turnover frequencies (TOFs). This catalyst was found to outperform all other reported
CO2 reduction electrocatalysts, and the authors proposed a through-space Coulombic stabilization
of an intermediate Fe0-CO2 adduct as being operative in its catalytic success (Figure 1.6b). Key to
this postulation, the authors also reported a series of iron tetraphenylporphyrin complexes in which
inductive effects were modulated through the perfluorination of various numbers of prophyrin
phenyl groups (monokis-, bis-, and tetrakis-pentafluorophenyl groups on porphyrin) (Figure 1.6c).
A linear trend between TOF and catalytic overpotential was established across this series;
however, the complexes containing charged residues deviated from this trend, displaying largerthan-expected TOFs for -NMe3+ functionalization and smaller-than-expected TOFs for -SO3–
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functionalization, thereby suggesting that the differences observed in the electrocatalytic
performances of the ammonium/sulfate-substituted complexes were independent of conventional
inductive effects.

a)

b)

n+/–
X2

X2
X1

through-space Coulombic
interactions:

X1

N
N Fe

N

N

N

X1

O

O

N

FeI

X1
X2

X2
X1
H
H
NMe3+

c)

C

X2
SO3–
NMe3+
H

Ph

Ph

C6F5

Ph

N
N

C6F5
N

N

Fe N

N

N
Ph

C6F5
N

Fe N
N

C6F5

Ph

Fe N
N

C6F5

C6F5

C6F5

Figure 1.6 a) Iron tetraphenylporphyrin electrocatalysts, published by Savéant and co-workers,34
containing either cationic (-NMe3+) or anionic (-SO3–) substitutents at different positions on the
porphyrin phenyl rings, b) schematic of a proposed through-space Coulombic interaction between
cationic ammonium groups on the tetraphenylprophyrin ligand and a bound CO2•– molecule, and c)
a series of iron tetraphenylporphyrin complexes in which inductive effects were systematically
modulated through incorporation of pentafluorophenyl substituents.
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Following the work by Savéant, several reports of CO2 reduction electrocatalysts
containing charged functional groups have been reported (Figure 1.7),35–41 with all showing that the
incorporation of second sphere cationic charges results in enhanced electrocatalytic CO2 reduction.
Strong support for these catalytic improvements as being electrostatic in nature was provided by
Mayer and co-workers in a publication featuring an experimental and computational analysis of
small molecule (CO2, O2, and CH3COO–) binding to the Savéant iron tetraphenylporpyrin complex
containing -NMe3+ substitution at the ortho- positions of the phenyl rings.42 In this study, the authors
measured acetate and dioxygen equilibrium binding constants and computationally evaluated
interactions between the bound small molecules and the ammonium groups in the secondary
coordination sphere. Acetate binding was experimentally found to be inhibited in solvents with
higher dielectric constants or in the presence of high concentrations of electrolyte, thereby
implicating the permittivity of the reaction medium as influencing the electrostatic effects as
predicted by Coulomb’s law (equations 1.1 and 1.2). DFT evaluation of rotamers of the CO2•– and
O2•– adducts were undertaken, in which the distal oxygen atoms of these small molecules were
directed either towards, or away from, the ammonium groups in the secondary coordination sphere.
These calculations revealed that through-space Coulombic interactions with the -NMe3+ groups led
to a stabilization for CO2 binding (-5.5 kcal/mol when the distal oxygens were directed toward the
ammonium groups) and to a slight destabilization for O2 binding (+1.1 kcal/mol when the distal
oxygen was directed toward an ammonium group). It should be noted, however, that CO2 and O2
binding events were calculated for iron in differing oxidation states (Fe0 and FeII respectively). The
results of this study showcase the stabilizing effect that charged moieties can have on CO2
reduction/binding and lend support to the assertion that through-space electrostatic effects
productively contribute to catalysis in the systems depicted in Figure 1.7.
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Figure 1.7 Examples of charge incorporation into the secondary coordination spheres of CO2
electroreduction catalysts.35–41

1.3.3 Other instances of enhanced reactivity via internal electrostatic effects
In 2004, Shaik and co-workers computationally studied the impacts of applying external
ESFs in the vicinity of Compound I, the iron-oxo porphyrin active site of cytochromes P450.43 In
nature, Compound I is capable of both hydroxylating strong C–H bonds and epoxidizing C=C
bonds, which has prompted widespread interest from the biochemistry and synthetic chemistry
communities alike.43,44 In their study, Shaik and co-workers found that application of
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computationally-generated ESFs, of varying magnitude and orientation, were capable of impacting
the electronic structure of Compound I, which in turn led to the (de)stabilization of transition states
toward the aforementioned reactivity. The authors found that the selectivity for hydroxylation vs.
epoxidation could be rationally adjusted through incorporation of appropriately oriented ESFs.
Shaik and co-workers later showed that similar results could be obtained with nonheme iron oxo
complexes when ESFs were oriented along the Fe=O bond axis.45 Following in the wake of the
Shaik predictions, the Groves group reported the formation of an oxyferryl porphyrin radical-cation
complex, designed as a mimic of Compound I, that contained cationic pyridinium substitutions
around the periphery of the complex (Figure 1.8a).46 The complex was shown to undergo kinetically
fast C–H hydroxylation reactions, as compared with literature analogs. In a related 2017
publication, Groves and co-workers reported a ferric hydroxide complex bound by a porphyrazine
ligand containing charged pyridinium substitutions around the periphery of the ligand (Figure
1.8b).47 This ferric hydroxide complex was found to undergo hydrogen atom abstraction reactions
to form the corresponding ferrous aqua complex, the O–H bond dissociation energy (BDE) of which
was estimated to be 84 kcal/mol. Again, incorporating charges into the ligand structure was found
to drastically increase the rates for these reactions, with hydrogen atom transfer (HAT) rates for
this complex being 5-6 orders of magnitude greater than those of other reported ferric hydroxide
complexes. In a recent computational study, Shaik and co-workers characterized the fast kinetics
observed in these systems through the lens of electrostatic effects.48 The authors performed DFT
analysis on C–H activation reactions using both the Groves complexes and “uncharged” analogs
in which the cationic pyridinium groups were replaced with neutral pyridine residues. Using their
recently-developed “TITAN” code,49 the authors calculated the ESF strengths along the Fe=O
bonds of the Groves complexes. Computationally generated ESFs of equal magnitudes were then
imposed along the Fe=O bond axes of the “uncharged” analogs, resulting in calculated transition
states that closely reproduced the geometries and energies of the transition states calculated for
the Groves complexes. These results implicated ESFs emanating from the charged pyridinium
moieties in these complexes as being the dominant contributor to the overall catalytic effect.
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Figure 1.8 a) An iron oxo complex, reported by Groves and co-workers,46 shown to engage in fast
C–H hydroxylation chemistry, and b) an FeIII hydroxide complex shown to engage in
unprecedentedly fast HAT reactivity with C–H bonds.47 Computational analysis by the Shaik group
implicated the fast kinetics of these systems to be almost exclusively due to the presence of internal
ESFs.48

Using their previously-reported salen-based ligand containing a crown ether functionality,
the Yang group, in 2018, reported the aerobic oxidation and oxygenation of cyclohexene using FeIII
catalysts containing either K+ or Ba2+ tethered in the secondary coordination sphere (Figure 1.9).50
In previous studies with salen-FeIII catalyst derivatives, only complexes with sufficiently oxidizing
FeIII/FeII redox couples (≥ -0.27 V vs. Fc/Fc+) were found to catalyze this reaction.51 The FeIII/FeII
redox couples for the salen-FeII catalysts containing K+ or Ba2+ in the secondary coordination
spheres fell below the threshold for C–H oxidation (-0.71 V and -0.57 V respectively), but both
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complexes were found to be competent catalysts for the transformation of cyclohexene to
cyclohexanol/cyclohexanone in the presence of O2. Evidence was provided for an established
radical-chain mechanism as being operative in this system, wherein oxidation of an organic
hydroperoxide complex by the FeIII catalyst is rate limiting.51–53 The authors speculated that the
redox-innocent metals (K+ or Ba2+) tethered in the secondary coordination spheres of the catalysts
interact with the lone pairs of the organic hydroperoxide to promote electron transfer. Additionally,
these complexes exhibited unprecedented stability to water during catalysis, the degree to which
scaled with the magnitude of charge (Ba2+ > K+). This study further highlights the orthogonal nature
between primary and secondary coordination sphere effects on reactivity; the cationic charges in
the secondary coordination spheres of the catalysts not only impacted the redox potentials but were
also found to be integral in stabilizing key transition states and/or intermediates on the proposed
catalytic cycle.
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O
Mn+ = K+, Ba2+

Figure 1.9 Aerobic oxygenations of cyclohexene using Yang’s FeIII salen catalyst with redox
innocent metals tethered in the secondary coordination spheres.50

Mayer and co-workers recently reported the electrocatalytic oxygen reduction reaction
(ORR) using a FeIII electrocatalyst bound by the tetraporphyrin ligand reported by Savéant
(Figure 1.10).54,55 The authors found no catalytic improvement over other iron porphyrin
electrocatalysts, corroborating the study discussed in section 1.3.2 in which O2 binding was (nearly)
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unaffected by the presence of cationic groups in the secondary coordination sphere.42 Previous
studies with iron porphyrin ORR electrocatalysts established “scaling relationships” between
log(TOFmax) and effective overpotential under various reaction conditions, wherein changes in acid
concentration, acid pKa, O2 concentration, or catalyst E1/2 values led to increases in log(TOFmax) at
the expense of effective overpotential, or vice versa.55 For the FeIII electrocatalyst studied by Mayer,
however, modulating the identity of the buffer solution led to an unprecedented inverse scaling
relationship between log(TOFmax) and effective overpotential. The cause of this phenomenon was
found to relate to buffer anion (carboxylate) binding to the catalyst, which was strongly enhanced
by the presence of the cationic charges in the secondary coordination sphere. This binding of the
buffer conjugate base resulted in changes to the E1/2 values of the iron catalyst (cathodic shifts with
increasing buffer pKa), which synergistically combined with the established scaling relationship of
buffer acidity to result in an unprecedentedly efficient ORR electrocatalyst (low effective
overpotential and high TOFmax).
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+ 4 e+ 4 H+
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2 H2O
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Figure 1.10 The oxygen reduction reaction (ORR) electrocatalyst studied by Mayer and coworkers.54,55 The cationic ammonium moieties enhance the binding of buffer conjugate base to the
complex, which ultimately contributes to high catalytic efficiency.
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1.3.4 Intermolecular electrostatic interactions in catalyst design
In some cases, electrostatic interactions have been harnessed intermolecularly, either
between complexes or between complexes and their counter-ions, to modulate reactivity and
reaction selectivity. Although not an exhaustive collection, several recent and well-characterized
examples of this class of electrostatic effect are briefly highlighted in this section.
Ahlquist, Zhang, Wang and co-workers recently reported alterations to the known
2,2’-bipyridine-6,6’-dicarboxylate (dba)-bound ruthenium water oxidation catalyst (WOC) in which
cationic (N-methylpyridinium) and/or anionic (-SO3–) functional groups were incorporated into the
axial donor ligands of the catalysts (Figure 1.11a-c).56 The authors found that water oxidation using
either a Ru-dba catalyst containing both cationic and anionic charges (Figure 1.11a) or a mixture
of a Ru-dba catalyst containing two cationic charges with a Ru-dba catalyst containing two anionic
charges (Figure 1.11b,c) led to improvements in catalytic performance by over an order of
magnitude. Previous studies on dba-bound ruthenium WOC catalysts had established that the
intermolecular coupling of two RuV=O units to form a “pre-reactive dimer” – the species immediately
precedes O–O bond formation – is rate limiting.57,58 In the present study, intermolecular electrostatic
attraction between two catalyst monomers was found to provide an additional driving force for
formation of the pre-reactive dimer, thereby leading to larger TOFs for catalysis (Figure 1.11d). The
authors employed a variety of techniques, including NMR, electrical conductivity, small-angle X-ray
scattering, and cryotransmission electron microscopy experiments, in conjunction with DFT and
molecular dynamics calculations, to characterize the intermolecular electrostatic interactions at
play during catalysis.
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Schematic showing how combining the catalysts with charges in the secondary coordination
spheres eases the formation of the pre-reactive dimer complex.56

In 2018, Yang and co-workers discovered that cationic charges in the secondary
coordination spheres of MnV nitride complexes led to enhanced stability upon oxidation
(Figure 1.12).59 Previous studies with salen-MnVN complexes had unveiled a direct correlation
between the MnV/MnIV redox potentials and the rate of N2 formation upon oxidation of the MnVN
complexes, wherein more reducing complexes displayed slower rates of N2 formation.60 In the Yang
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study, however, an inverse relationship was observed in which the most oxidizing complexes
(containing Ba2+ or Sr2+ in the secondary coordination spheres) were shown to impart the smallest
k2 rate constants for N2 release upon oxidation. The authors suggested that intermolecular
repulsion between the cationic charges in the MnVI nitride complexes was responsible for
destabilizing the transition states for these second-order N-N coupling reactions.
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Figure 1.12 MnV nitride complexes, reported by Yang and co-workers,59 which were shown to
display inverse scaling relationships between MnV/MnIV recox potentials and the rate of N2 release
upon oxidation. The authors cited intermolecular electrostatic repulsion in the transition state for N2
formation as determining this unusual trend in reactivity.

In the Tolman study discussed above (section 1.3.1, Figure 1.5d) the cupric hydroxide
complexes bound by the differently-charged bis(carboxamide)pyridine ligands were chemically
oxidized to formally CuIII-OH complexes, which were subsequently shown to abstract hydrogen
atoms from 9,10-dihydroanthracene.33 BDEs for the resulting cupric aqua complexes were
measured in both organic and aqueous media, and the complex containing cationic charges in the
secondary coordination sphere was found to have slightly stronger O–H bonds than the complex
containing anionic charges in the secondary coordination sphere (91-91.5 kcal/mol vs.
87-91 kcal/mol respectively). Despite the modest increase in the thermodynamic driving force for
hydrogen atom abstraction by the CuIII-OH complex containing cationic charges, the kinetics for
HAT with this complex were over two orders of magnitude slower than that of the CuIII-OH complex
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containing anionic charges. The discrepancy between thermodynamics and kinetics in this case
was found to result from tight ion pairing between the -NMe3+ groups and the bulky
tetrakis(3,5-bis(trifluoromethyl)phenyl)borate anions in the secondary coordination sphere, which
sterically crowded the complex active site, thereby resulting in an attenuated rate for HAT.
In 2014, Kanan and co-workers reported regioselective control of AuI-catalyzed aryl alkynyl
sulfide rearrangements to dihydrobenzothiepinones using electrostatic anion-cation pairing in the
catalysts (Figure 1.13).16 In this system, the ratio of the resulting regioisomers were found to change
depending on a) the dielectric constant (e) of the reaction solvent and b) the identity of the counter
anion (SbF6–, PF6–, BF4–, or BArF4–) employed. The authors used DFT analysis to evaluate the
electronic structures of the transition states for the two regioisomers studied in these reactions (a
and b in Figure 1.13) and discovered that differences in the dipole moments of the transition states
between the two regioisomers (Dr) was dependent on the identity of substitution at the 3-positions
of the aryl rings. In almost all cases, the dipole of the transition state associated with the formation
of regioisomer b was calculated to be larger than that of the transition state associated with the
formation of regioisomer a. Importantly, Dr values for the various substrates were found to correlate
with the experimentally determined differences in regioselectivity in high polarity vs. low polarity
solvents (dichloromethane, e = 8.93 vs. toluene, e = 2.38). These results are consistent with an
electrostatic interaction between the counter-anion and the dipole of the reaction’s transition state
to affect the ultimate regioselectivity of the reaction. In low polarity solvents, regioisomer b is
electrostatically favored over regioisomer a; however, in higher polarity solvents (e ≥ 8) the
cation-anion pairing is quenched, and regioisomer b becomes less-favored or disfavored as
compared to regioisomer a. Consistent with this model, when larger anions (BArF4–) were
employed, little to no difference in regioselectivity was observed upon varying the dielectric of the
solvent medium, indicating that the larger structure of BArF4 prevents close contact between the
anionic charge and the bound substrate, thereby disallowing electrostatic influence on
regioselectivity.

23

L

Au

O
S

R

cat. =

L-AuI

a

O
S

---X

X– = SbF6–
PF6–
BF4–
BArF4–

S

R

O

cat.
S

R

b
L
R

O

R
Au

O
S

R

r (a) / D

r (b) / D

Dr / D

Ptoluene/PDCM

Me

4.1

4.0

-0.1

0.9

OMe

2.9

4.8

0.7

1.3

F

2.6

5.4

2.5

3.1

Cl

2.5

5.9

3.3

5.0

Br

2.4

7.5

5.0

2.7

9.0

6.6

6.3

CF 3

Figure 1.13 AuI-catalyzed rearrangement of aryl alkynyl sulfides to dihydrobenzothiepinones
PrO
reported by Kanan and co-workers.16 The iregioselectivity
of the reaction was found to be dependent

c)

on the dielectric of the reaction solvent,iPrO
the sensitivity of which was found to be dependent on
P
AuI
SbF6
iPrO
differences in dipole moments between the relevant transition states for the formation of
cat. =

i
regioisomers a and b (Dr). Ptoluene and PPrO
DCM refer to the product ratios of b/a in each respective

solvent.
O

O

cat.

R

R

24

R

O

Similarly, in 2017, Kanan and co-workers reported an AuI-catalyzed hydroarylation reaction
in which the regioselectivity of the products was modulated via interaction with the catalysts’ SbF6–
counteranions (Figure 1.14).17 Experimental modulation of the solvent dielectric was again found
to substantially skew the ratio of regioisomers observed to form, the trends of which were
reproduced computationally. DFT analysis of the transition states indicated large differences
between the charge distributions for different regioisomers, suggesting that electrostatic
interactions with the counteranion led to inequivalent stabilization of the transition states for the two
isomers, ultimately leading to electrostatically determined regioselectivity for the reaction.
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Figure 1.14 AuI-catalyzed hydroarylation reaction, reported by Kanan and co-workwers,17 in which
product regioselectivity is modulated via electrostatic interaction between the cationic AuI complex
and the SbF6 counteranion. Substrate substitution: R = Cl, Br, I, OTf, Me, 3,4-(CH2)3, OMs, OMe,
and OAc.
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1.4 Dissertation Overview

The reports discussed in section 1.3 are cutting-edge examples of the incorporation of
internal ESFs into transition metal complexes, and they highlight both the versatility and the wide
scope of applications for this novel design strategy. As can be inferred upon examination of the
timeline for the studies outlined above, this area of investigation, within the context of homogeneous
inorganic chemistry, is still in its inaugural years. This dissertation aims to contribute to the rapidly
expanding sphere of knowledge accumulating in this field. The experimental and theoretical results
included within are centered around a novel series of tris(2-aminoethyl)amine (tren)-based
tris(phosphinimine) ligands (R3P3tren), introduced in Chapter II. These ligands are shown to contain
a high degree of cationic character on the phosphorous residues of the phosphinimine moieties,
which are positioned in the secondary coordination spheres and in close proximity to the resulting
small molecule binding pockets of the metal complexes to which they are bound. The studies
described in this dissertation are centered around a) evaluating the presence of ESFs emanating
from the phosphonium residues in the secondary coordination spheres of metal complexes and b)
harnessing the internal ESFs to productively affect small molecule binding and/or activation.
Chapter II introduces a series of R3P3tren ligands and reports their coordination to CuI ions.
The resulting CuI complexes were evaluated computationally, which predicted unique 2:1:2 dorbital splitting patterns. Upon comparison to analogous trigonal pyramidal CuI complexes reported
in the literature, a correlation between electrostatic potential in the binding pocket and a stabilization
of the dz2 orbitals in these complexes was established, thereby implicating through-space
electrostatic effects as contributing to the unique electronic structures on these complexes.
Chemical oxidation of the

Me3

P3tren-bound CuI complex confirmed the DFT-predicted valence

manifold of the CuI complexes, since the resulting CuII complex displayed a Jahn-Teller distortion,
indicating that oxidation occurred from the dx2-y2/dxy orbital set as opposed to the dz2 orbital. Further
analysis suggested that the Jahn-Teller distortion upon oxidation of the CuI complexes cathodically
shifted the CuI/CuII redox potentials, resulting in the most reducing CuI complex of the series having
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an unprecedentedly cathodic potential for a CuI/CuII couple in a complex with a trigonal pyramidal
geometry. This chapter is most closely aligned with the studies outlined in section 1.3.1.
Chapter III explores the low temperature oxygenation of the Me3P3tren-bound CuI complex
from Chapter II to form an end-on (h1) cupric superoxide complex. This complex was characterized
through UV-vis spectroscopy and characteristic reactivity studies, namely HAT reactivity with a
phenolic substrate and reduction of a separate CuI complex to form a novel heteroleptic di-cupric1,2-µ-peroxide complex. Importantly, the thermal stability of the cupric superoxide complex was
found to be much greater than the vast majority of those reported previously (t1/2 > 30 h at -100 °C
in THF). DFT studies on this complex determined that the enhanced stability of this complex was
likely a synergistic combination of a) the presence of steric bulk in the secondary coordination
sphere, b) the highly cathodic CuI/CuII redox potential for the complex, and c) through-space
electrostatic stabilization of the superoxide anion. The results presented in this chapter are most
closely aligned with the studies outlined in section 1.3.3.
Chapter IV represents an expansion of Chapter III in which a new series of the tren-based
tris(phosphinimine) ligands (X-PhMe2P3tren) are introduced. This series is used to modulate the
electrostatic profile of the ligand while maintaining a consistent steric profile around phosphorous.
Cupric superoxides bound by this series of ligands were formed, and kinetic studies on the
decomposition of these complexes suggested a mechanism consistent with previously reported
cupric superoxide complexes, in which the superoxide species oxidize the CuI precursors to form
homoleptic di-cupric-1,2-µ-peroxide complexes. Counterintuitively, the cupric superoxide complex
bound by the least-reducing ligand (CF3-PhMe2P3tren) was found to be most stable to thermal
decomposition, thereby implicating the larger electrostatic potential in the binding pocket of this
complex as having a large stabilizing effect. Careful kinetic analysis revealed, however, that the
significant boost in thermal stability for this complex is likely due to intermolecular electrostatic
repulsion between the cupric superoxide complex and its CuI precursor complex. The results
presented this chapter are most closely aligned with the studies outlined in 1.4.4.
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Chapter V describes the synthesis and characterization of series of Mo0 tricarbonyl
complexes bound by a) the

Me3

P3tren ligand and b) several analogous ligands from the literature.

Analysis of experimental bonding and CO activation parameters in conjunction with DFT studies
gave no indication of CO activation resulting from ESFs emanating from the phosphonium groups
of

Me3

P3tren. Oxidation of the

Me3

P3tren-bound complex resulted in the formation of a dicationic

C3v-symmetric complex in which two of the CO ligands were dissociated. The degree of CO
activation in this complex was found to depend on the counteranion identity, wherein more localized
anions resulted in far lower CO stretching frequencies in the IR spectrum. Importantly, this trend
was maintained in the solution phase, and modulating the dielectric of the solvent medium was
found to partially quench this effect. The experimental trends were reproduced computationally and
showcased electrostatic cation-anion interactions as being a convenient tool for tuning small
molecule activation in metal complexes. The results of this chapter are most closely aligned with
the studies highlighted in section 1.3.4.
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CHAPTER II
Using Internal Electrostatic Fields to Manipulate the Valence Manifolds of Copper
Complexes

* The material in this chapter is adapted from Weberg, A. B.; McCollom, S. P.; Thierer, L. M.; Gau,
M. R.; Carroll, P. J.; Tomson, N. C. Using Internal Electrostatic Fields to Manipulate the Valence
Manifolds of Copper Complexes. Chem. Sci. 2021. https://doi.org/10.1039/D0SC06364A –
Published by the Royal Society of Chemistry.1 This article is licensed under a Creative Commons
Attribution-NonCommercial

3.0

Unported

License

(http://creativecommons.org/licenses/by-

nc/3.0/).

2.1 Introduction
Frontier orbitals are at the heart of chemical reactivity. Many reactions can be simplified to
an interaction between the highest occupied molecular orbital (HOMO) of one species and the
lowest unoccupied molecular orbital (LUMO) of another. Deliberate control of the frontier orbital
energies is therefore crucial to facilitating desirable chemistry and preventing side reactions. The
development of new tools for manipulating valence manifolds may be envisioned to support the
creation of unique catalysts, photochemical reagents, and separations technologies.
The active site architectures of metalloenzymes have historically provided much inspiration
to this task. Current design principles such as metal choice, active-site geometries, use of pHresponsive ligands, incorporation of hydrogen-bonding moieties into secondary coordination
spheres, and the use of multinuclear clusters have all received inspiration or analogy in bioinorganic
chemistry. An underexplored concept from enzymology is the use of properly aligned electric fields
for reaction site engineering. As described in Chapter I, the application of this burgeoning method
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to transition metal chemistry provides a promising new avenue for exerting precise control over the
electronic structures and reactivity profiles of homogeneous systems.
Beyond the electrostatic effects outlined in section 1.3, little is known about the origin,
magnitude, and impact of internal electrostatic fields on transition metal centers. Herein, we report
a series of CuI complexes bound by novel tetradentate, tren-based tris(phosphinimine) ligands that
exhibit a dramatic effect on the CuI/CuII redox potential. The major resonance contributors of the
phosphinimine moieties of the ligands are the charge-separated, zwitterionic forms, in which a
substantial amount of cationic charge on phosphorous results in the development of a cationic
electrostatic field near an open coordination site at the metal center. The use of classical
coordination chemistry, electrochemistry, and a textbook Jahn-Teller distortion allowed for an indepth view into the effects brought by the development of strong, local electrostatic fields within
this series of molecules.

This work:
δ+
CH
δ+3
R2P CH3
R 2P N
N

δ+
H3C

Electrostatic
stabilization

PR2

N
N

Figure 2.1 Schematic overview of the electrostatic effect described in this chapter. Adapted from
Ref 1.
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2.2 Results and discussion
2.2.1 Ligand design and syntheses
Phosphinimines are often employed as strong, neutral, organic bases. Some are
commercially available, and their pKa values can range from 26 to 50, allowing for a multitude of
applications.2,3 These high basicities are on par with, or stronger than, the neutral bases 1,8diazabicyclo(5.4.0)undec-7-ene

(DBU),

1,1,3,3-tetramethylguanidine

(TMG),

and

triazabicyclodecene (TBD),4 and can be attributed to significant anionic character at the nitrogen
atoms. Dyson and co-workers used DFT calculations to support the presence of significant ylidic
character at the N–P bond of HN=PH3 (δN = -1.28; δP = +1.14).5 We calculated similar charge
distributions for a series of P-substituted N-methyl phosphinimines, with the most notable change
from the parent phosphinimine being an increase in the partial positive charge on phosphorous as
alkyl/aryl/amido groups are introduced on phosphorus (Figure 2.2).

PR3
N
R'
minor

PR3
N
R'
major

Dyson:
-PR3 = -PH3
R' = H

Ncharge

Pcharge

-1.28

+1.14

-PR3

R'

Ncharge

Pcharge

-PH3
-PMe3
-PMe2Ph
-PMePh2
-PPh3
-PMe2(NEt2)

H
Me
Me
Me
Me
Me

-1.21
-1.03
-1.03
-1.01
-1.01
-1.05

+1.06
+1.74
+1.74
+1.75
+1.75
+1.94

Figure 2.2 Relevant resonance structures of truncated phosphinimine ligands as confirmed by
calculated natural population analysis (NPA) charges. These charges are consistent with those
calculated by Dyson and co-workers.5 Reproduced from Ref 1.
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We next sought to incorporate phosphinimine moieties into a multidentate ligand scaffold6–
13

with the intention of positioning multiple cationic phosphonium residues about a single open

coordination site at a metal center. Ideally, the ligand would simultaneously take advantage of the
strong σ-donation offered by the Lewis basic phosphinimine nitrogens.14–19 A tris(2aminoethyl)amine (tren) ligand backbone was selected due to the multitude of complexes bound
by related ligands that have been described in the literature. The novel series of tren-based
tris(phosphinimine)ligands (R3P3tren) were synthesized via the Staudinger reaction (Scheme 2.1),
wherein the ratio of aryl:alkyl substituents bound to the phosphorous atoms in the secondary
coordination sphere was systematically modulated (PR3 = PMe3, PMe2Ph, PMePh2, PPh3).
Additionally, in order to probe the impact of incorporating a strong electron-donating group bound
to phosphorous, a PR3 = PMe2(NEt2) substituted ligand was synthesized following the same
reaction scheme. These ligands were characterized using standard analytical techniques (see
Experimental section). The
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P{1H} NMR spectral resonances were identified at ca. 3 ppm, with a

modest upfield shift as the number of aryl groups bound to phosphorous was increased. Notably,
the 31P{1H} NMR spectral resonance for the PR3 = PMe2(NEt2) derivative was observed significantly
downfield of the rest (20.79 ppm), indicative of a more electron-deficient phosphorous atom. This
is consistent with the calculated charges on phosphorous, which showed a marked increase for the
PMe2(NEt2)-substituted phosphinimine compared to the all-alkyl/aryl-substituted analogs.

2.2.2 Synthesis of [R3P3tren-Cu]+ complexes (1PR3) and electrochemical studies
Treatment of

R3

P3tren with 1 equiv of CuBArF4•4MeCN (BArF4 = B(C6F5)4-) in

tetrahydrofuran (THF) afforded the cuprous complexes 1PR3 as white (1PMe3) or yellow (1PMe2Ph,
1PMePh2, 1PPh3, 1PMe2(NEt2)) solids (Scheme 2.1). Crystallographic analyses of 1PMe3, 1PMe2Ph, and 1PPh3
revealed trigonal pyramidal complexes (Figure 2.3). The Cu–Nax distances range from 2.175 –
2.236 Å (1PMe2Ph < 1PMe3 < 1PPh3), and the Cu–Neq distances range from 2.017 – 2.081 Å (1PMe3 <
1PPh3 < 1PMe2Ph). Neither trend was found to correlate with the steric bulk of the phosphorus
substituents. Notably, the vacant axial coordination site of 1PMe3 is retained in the solid state,
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irrespective of the identity of the anion or the presence of Lewis basic solvents. NMR spectra of
1PR3 were obtained in CD3CN and found to display C3v symmetry on the NMR timescale; single
31

P{1H} resonances were located downfield (between 20 and 25 ppm) of those for the free ligands

(R3P3tren). For 1PMe2(NEt2), the single spectral resonance corresponding to the phosphorous
environment is observed further downfield at 38.11 ppm.

N3
N3

N3
N

3PR3
Et2O
-3 N2

R 3P
R 3P N
N

N
N

R3P tren
3

PR3

CuX
THF
r.t.

R 3P
R 3P N
N

X
CuI
N
1PR3

PR3 = PMe3, PMe2Ph, PMePh2, PPh3, PMe2(NEt2)

Scheme 2.1 Syntheses of ligands and CuI complexes. Reproduced from Ref 1.
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Figure 2.3 Solid state structures of a) 1PMe3, b) 1PMe2Ph, and c) 1PPh3. Ellipsoids shown at 50%
probability, hydrogen atoms and anions omitted for clarity. Reproduced from Ref 1.

Electrochemical studies of 1PR3 were undertaken in isobutyronitrile (IBN) and are reported
relative to Fc/Fc+. As shown in Figure 2.4, 1PR3 displayed quasi-reversible E1/2 features that we
assign as the CuI/CuII redox couples. The most anodic feature was observed for 1PPh3 at -415 mV.
As the ratio of alkyl:aryl substituents bound to phosphorous increased, a cathodic shift in the
CuI/CuII redox potential was observed, culminating with 1PMe3 at -780 mV. This E1/2 value is
remarkably reducing, and to the best of our knowledge represents the most cathodic CuI/CuII redox
couple for this geometry reported to date. The trend in redox potentials suggested that an increase
in the number of alkyl groups on phosphorus caused an increase in the σ-donation of the
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phosphinimine nitrogen to Cu, thereby creating increasingly electron-rich metal centers across the
series. However, 1PMe2(NEt2), which would be expected to have the strongest σ-donation due to the
increased anionic character on the nitrogen donor atom, was found to have a CuI/CuII couple of 740 mV, a value that is 40 mV more anodic than the CuI/CuII redox couple of 1PMe3 and similar to
the redox couple observed for 1PMe2Ph. Combined with the structural data, these results indicate
that the secondary coordination sphere plays a role in the electronic structures of the metal centers
across this series. We thus turned to density functional theory (DFT) to generate an impression of
the valence manifold that could be carried into further experimental studies with this system.
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-780 mV

-750 mV

-740 mV

-650 mV
2 μA
-415 mV

Potential / V vs. Fc/Fc+

Figure 2.4 Cyclic voltammograms of 1PMe3 (red), 1PMe2Ph (blue), 1PMe2(NEt2) (black), 1PMePh2 (green),
and 1PPh3 (purple) showing the CuI/CuII redox couples in isobutyronitrile (IBN). Reproduced from
Ref 1.

2.2.3 DFT calculations on 1PR3 and comparison to literature analogs
DFT calculations on 1PR3 were compared to a series of literature examples selected for the
similarities they offer in terms of structure and donor type (Figure 2.5a). The most facile point of
comparison is tren-CuI, which shares the architecture and N4 donor set of P3tren. We have similarly
included the TMG3tren-CuI complex due to parallels between the basic guanidyl groups of this
ligand and the phosphinimine groups on 1PR3. Other recent ligand design efforts have generated
CuI centers in similar geometries but with widely varying redox potentials. Karlin and co-workers
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reported a series of

X

TMPA-CuI complexes (TMPA = tris(2-pyridylmethyl)amine) wherein a

systematic change in the CuI/CuII redox couple was attained through substitution at the parapositions of the TMPA pyridyl rings.20 Introducing electron-donating groups at these positions
resulted in a shift of the CuI/CuII couple to more negative potentials, ultimately attaining a potential
of -0.70 V (vs. Fc/Fc+) for the dimethylamino-substituted XTMPA derivative (NMe2TMPA). This value
was ~0.3 V more cathodic than the CuI complex bound by the parent ligand (HTMPA).
DFT geometry optimizations were performed on the cations of 1PR3, tren-CuI, TMG3trenCuI,

H

TMPA-CuI,

tBu

TMPA-CuI,

OMe

TMPA-CuI, and

NMe2

TMPA-CuI. In accord with available

experimental data, it was found that MeCN coordination to HTMPA-CuI was energetically favorable,
forming a 20 e- complex. The other CuI complexes preferentially retained an open coordination site
trans to the tertiary nitrogen. The geometries for all four-coordinate complexes were best described
as trigonal pyramidal, and the five-coordinate MeCN adduct of HTMPA-CuI adopted a C3v geometry
that is best described as trigonal bipyramidal. In all cases, the calculated bond distances about
copper provided excellent agreement with experimental data (see Experimental section). One
observation that will be important to the ensuing discussion is that the trend in Cu–Nax distances
observed experimentally (1PMe2Ph < 1PMe3 < 1PPh3) was reproduced using these computational
methods.
The calculations revealed an interesting trend in the ligand field splitting pattern. The
pseudo-C3v-symmetric geometries allow for valence manifolds containing nearly degenerate e-sets
of dxz/dyz character (1e) and dx2-y2/dxy character (2e), along with an a1-symmetric dz2 orbital. For
H

TMPA-CuI-MeCN,

tBu

TMPA-CuI,

OMe

TMPA-CuI, NMe2TMPA-CuI, TMG3tren-CuI, and tren-CuI, 1e is

lowest in energy, followed by 2e, and then a1 as the HOMO, creating 2:2:1 d-manifold splitting
pattern. As expected, HTMPA-CuI-MeCN exhibits the highest energy a1 due to the ligand field effect
of the additional axial donor. Removal of MeCN leads to the trigonal pyramidal HTMPA-CuI model
compound suitable for comparison to the other four-coordinate complexes in this series (Figure
2.5b); this four-coordinate species retains the 2:2:1 splitting pattern of the other XTMPA congeners.

45

a)
N
N

CuI N
N

XXTMPA-Cu
TMPA-CuI I

25

N

NMe2

H 2N
H 2N

CuI
N

NH2

I I
tren-Cu
tren-Cu

a1

20
15

2e
a1

2e

10
5
1e

Cu
I

3 tr

1PMe3

tre
n-

Cu
I
PA
-

G

H

TM

-5

en
-C
uI

1e

TM

0

NM
e2

Relative Energy / kcal mol-1

CuI
N

30

PA
-C
uI

b)

NMe2

I I
TMG33tren-Cu
TMG
tren-Cu

TM

X
X

Me2N
Me2N
Me2N
N
Me2N
N
X

Figure 2.5 a) CuI complexes from the literature for computational comparison points to 1PR3, and
b) DFT calculated MO diagram for CuI complexes (energies referenced arbitrarily to 1e of 1PMe3.
Reproduced from Ref 1.

For 1PR3, the d-manifolds switch to 2:1:2 configurations, with the 2e set containing the
HOMO and HOMO-1 (Figure 2.5b for 1PMe3). This inversion in the valence manifold splitting pattern
may be thought to result from two primary contributors. First, the stronger ligand field strength of
the partially anionic phosphinimine nitrogen σ-donors creates a larger split between 1e and 2e,
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effectively raising the energy of 2e in 1PR3 relative to 2e in the reference compounds. Second, a
significant variation in the relative energy of a1 (dz2) was observed. The energy of a1 decreases
from TMPA-CuI to

tBu

TMPA-CuI,

OMe

TMPA-CuI,

NMe2

TMPA-CuI, TMG3tren-CuI, and tren-CuI. As

expected, this trend was found to correlate closely with the Cu–Nax bond distance, as the ligand
field strength in the axial direction will exert the most influence on the destabilization of dz2 (R2 =
0.98; Figure 2.6, yellow); i.e. the longer the Cu–Nax distance, the lower the a1 energy. The 1PR3
complexes, however, provide notable deviations from this trend. Using 1PMe3 as an example, the
predicted Cu–Nax distance of 2.244 Å would be expected to result in an a1 energy of ca. 23.3
kcal/mol, but the energy of a1 is instead calculated to lie nearly 6 kcal/mol lower in energy (17.5
kcal/mol, Figure 2.6, red). This unexpected and significant decrease in the energy of a1 appears to
work in concert with the aforementioned destabilization of 2e to create the 2:1:2 ligand field splitting
pattern. Similar effects for 1PMe2Ph, 1PMe2(NEt2), and 1PMe2Ph are observed, to varying degrees (Figure
2.6, blue, black, and green).
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Figure 2.6 Calculated energy of a1 as a function of calculated Cu–Nax bond distance. Reproduced
from Ref 1.

On considering the ylidic character of the phosphinimines and the geometric constraints
imposed by the tren backbone of the

R3

P3tren ligands, the possibility arose that the deviations in

the energy of a1 may reflect stabilization from cationic electrostatic fields emanating from the
phosphonium residues. This view is supported by evaluation of the electrostatic potential along the
canonical z-axis radiating away from the copper centers in the complexes evaluated above. In the
absence of electrostatic fields in the secondary coordination sphere, one would expect the potential
experienced by a test charge placed along this vector to diminish with a ca. 1/r dependence,
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according to the Coulombic interaction of that test charge with the Cu ion. Indeed, this behavior is
observed for HTMPA-CuI,

tBu

TMPA-CuI,

OMe

TMPA-CuI, NMe2TMPA-CuI, and tren-CuI (Figure 2.7).

However, deviations from 1/r behavior of the electrostatic potential are apparent in the cases of
1PR3 (Figure 2.7). In these cases, clear maxima along the z-axis are observed at ca. 2.75 Å, a
position that lies in-plane with the three nearest phosphonium carbon atoms, which are ca. 2.5 Å
from the z-axes. Evaluation of the electrostatic potential gradients along the z-axes for 1PR3 predicts
the presence of local electrostatic fields, located at ca. 2.2 Å from the copper centers, ranging in
magnitude from 3 – 12 V/nm (Experimental section, Figures 2.15 – 2.16, Table 2.2). These field
strengths are on par with what has been measured both in enzymes using vibrational Stark
spectroscopy21–23 and in organized matter via neutron and synchrotron/X-ray diffraction studies,24
and it would therefore be large enough in magnitude to interact with the electron pair in a1. The
TMG3tren-CuI complex also shows a modest deviation from the expected 1/r dependence in
electrostatic potential, rising at ca. 2 Å to a plateau in electrostatic potential that persists to ca. 4 Å
from the copper center (Figure 2.7). This may be thought to result from the contribution of ionic
resonance pictures available to the guanidinyl units in which a cationic charge is located on one of
the amino nitrogen atoms. The modest deviation in electrostatic potential in this case is consistent
with the crystallographic data, which indicate that the TMG groups show minor contributions from
these ionic resonance structures.
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1PMe2(NEt2)

Electrostatic Potential / a.u.

1PMe2Ph

1PMe3

TMG3tren-CuI

1PMePh2
tren-CuI
HTMPA-CuI
OMeTMPA-CuI

NMe2TMPA-CuI

tBuTMPA-CuI

Distance from Cu (z-direction) / Å

Figure 2.7 One-dimensional electrostatic potential map along the canonical z-axes of the CuI
complexes. Reproduced from Ref 1.

Deviations in the a1 orbital energies (Figure 2.6) increase in order from 1PMePh2 < 1PMe3 <
1PMe2Ph » 1PMe2(NEt2). This ordering was found to directly correlate with the calculated strength of the
electrostatic field present along the canonical z-axes of the molecules (Figure 2.8, green triangles),
thereby implicating the cationic phosphonium residues as having a through-space electrostatic
stabilizing effect on a1 (Figure 2.9a). The strengths of the electrostatic fields in 1PR3 were also found
to inversely correlate with the calculated Cu–Nax distances (Figure 2.8, purple diamonds). This
observation suggests that electrostatic attractions between the occupied a1 orbitals and the
phosphonium residues work in concert with the rigidity of the ligand backbones to pull the Nax atoms
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closer to the copper centers (Figure 2.9b). This stereoelectronic effect is significant in that it
represents a physical consequence of electrostatic stabilization of a1. Together, the observations
discussed within this section support a direct relationship between the physical properties observed
in this system and the magnitude of the electrostatic fields emanating from the cationic

R² = 0.9568

15

R² = 0.9436

2.27

2.25

10
1PMePh2

1PMe2(NEt2)

1PMe3

1PMe2Ph

2.23

5

0
0.11

0.12

0.13

0.14

Calculated Cu-Nax Distance / Å

Deviation From Expected a1 Engery / kcal mol-1

phosphonium residues in the secondary coordination spheres in 1PR3.

2.21
0.15

Local Maximum in Electrostatic Potential / a.u.

Figure 2.8 Correlations between the ~2.75 Å local maxima in electrostatic potential and i) a1 orbital
energies (green triangles, left y-axis, R2 = 0.96) and ii) calculated Cu–Nax bond lengths (purple
diamonds, right y-axis, R2 = 0.94). Reproduced from Ref 1.
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Figure 2.9 a) Qualitative MO diagram showing the impact of the Cu–Nax distance on the a1 orbital
without stabilizing ESFs (blue) and with stabilizing ESFs (red), and b) the stereoelectronic impact
of enhanced attraction between the a1 orbital and the phosphonium residues, dependent on the
strength of the internal ESFs. Reproduced from Ref 1.

2.2.4 Chemical oxidation of 1PMe3 and DFT analysis of the CuII products
To validate the computationally predicted valence manifold for 1PR3, we performed
chemical oxidations of one of the P3tren-CuI complexes. The 2:1:2 d-orbital splitting patterns
calculated for 1PR3 suggest that 1 e– oxidations would generate holes with significant 2e character.
The resulting CuII complexes would contain doubly degenerate electronic ground states, which
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would then be susceptible to primary Jahn-Teller distortions. By contrast, the 2:2:1 d-orbital splitting
pattern predicted for the other compounds in this class would yield singly degenerate S = 1/2 states
upon oxidation, precluding Jahn-Teller distortions from occurring. Thus, the presence or absence
of a Jahn-Teller distortion in the CuII analog of 1PMe3 may be used to resolve the structure of the
CuI valence manifold.
Upon treatment of 1PMe3 with AgBArF4•4MeCN in THF, the colorless solution immediately
turned red, concomitant with precipitation of a dark solid (Ag0). The CuII product proved resistant to
crystallization, but independent synthesis of the dication through ligation of cupric triflate with
Me3

P3tren in MeCN afforded [(Me3P3tren)Cu][OTf]2 (2PMe3, Figure 2.10a). This red material shows the

same UV-vis spectral features as the oxidation product described above and the same cyclic
voltammetry trace as 1PMe3 (Experimental section, Figure 2.27). Single crystals of 2PMe3 were grown
by diffusion of pentane into a 1,2-difluorobenzene (DFB) solution of the complex; however, radiative
decay of the crystalline sample during X-ray diffraction experiments (Cu-Kα radiation source, λ =
1.5406 Å) resulted in incomplete data set collection and subsequently poor X-ray model refinement
(R = 27 %). Although the exact bond lengths and angles derived from the preliminary solid-state
structure of 2PMe3 are not statistically reliable, the data were adequate to reveal a four-coordinate
CuII complex clearly distorted to a pseudo-Cs symmetry via a Jahn-Teller distortion (Figure 2.10b).
This result may be contrasted with the 1-electron oxidation of 1PMe3 using triphenylmethyl
chloride, which resulted in the formation of the yellow/green five-coordinate complex
[(Me3P3tren)CuCl][OTf]

(3PMe3,

Figure

2.10a),

which

exists

in

the

solid-state

as

a

pseudo-C3v-symmetric complex with an axial chloride ligand. Significant differences in the solidstate geometries between 2PMe3 and 3PMe3 are highlighted in the selected bond distances and
angles shown in Figure 2.10b. Complex 2PMe3 exhibits shorter Cu–Neq distances, a longer Cu–Nax
distance, and a marked distortion of the equatorial donors from a nearly trigonal geometry in 3PMe3
(<Neq–Cu–Neq = 113-126°) to a T-shaped geometry in 2PMe3 (<Neq–Cu–Neq = 106-147°).
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Figure 2.10 a) Synthetic schemes for 2PMe3 and 3PMe3, and b) solid state structures of 2PMe3 and
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3PMe3 with select bond distances and angles tabulated below (structural data for 2PMe3 are
dx2-y2
2
preliminary due to incomplete data set collection stemming from dradiative
sample degradation
z
during the XRD experiment). Adapted from Ref 1.

dx2-y2/dxy

dz2
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54

DFT geometry optimization calculations on the cationic portion of 2PMe3 replicated the JahnTeller distortion observed experimentally, regardless of the starting geometry (Figure 2.11, left, b
(spin down) orbitals). As expected, the distortion lifted the degeneracy of 2e, increasing the energy
of the singly occupied dx2-y2 and decreasing the energy of dxy. In an effort to examine the uniqueness
of the Jahn-Teller distortion observed in 2PMe3, the analogous, four-coordinate CuII complexes
bound by HTMPA,

tBu

TMPA-CuI,

OMe

TMPA-CuI, NMe2TMPA, TMG3tren, and tren were evaluated by

the same methods as those used for 2PMe3. The calculated CuII ions were found to exhibit C3v
symmetry, closely matching the experimental geometries, and consistent with the presence of an
a1-symmetric vacancy. Comparable DFT analysis of the five-coordinate complex 3PMe3 supports
the conclusion that its 3-fold symmetry results from Cl– destabilization of dz2, thereby reverting the
ligand field splitting to a 2:2:1 pattern (Figure 2.11, right, b orbitals) that is inactive toward a JahnTeller distortion for a d9 metal ion.
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Figure 2.11 DFT-derived molecular orbital diagrams showing the b (spin down) d-manifold for 2PMe3
and 3PMe3. Adapted from Ref 1.

Time-dependent density functional theory (TD-DFT) predictions added support that the
valence manifold structures of the red CuII species 2PMe3 and the green CuII species 3PMe3 both
persist in the solution phase. The experimentally measured UV-vis spectrum of 2PMe3 (Figure 2.12a
and 2.12b, solid orange trace) contains three prominent features at ca. 400 nm (25,000 cm-1), 526
nm (19,000 cm-1), and 700 nm (14,200 cm-1) that were reproduced computationally (Figure 2.12a
and 11b, dashed orange trace). The feature at 400 nm is assigned as the dyz➝dx2-y2 transition, and
the feature at 526 nm is assigned as the dxz➝dx2-y2 transition. The feature calculated at 700 nm is
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best described as a ligand to metal charge transfer (LMCT) from the phosphinimine moieties to the
empty dx2-y2 b orbital, though the experimental and calculated intensities are both predicted to be
low. A single broad feature is observed in the near infrared spectrum (NIR) (Figure 2.12b, solid
orange trace) at ca. 1190 nm (8,403 cm-1) that was reproduced computationally (Figure 2.12b,
dashed orange trace) as a combination of the dxy à dx2-y2 and dz2 à dx2-y2 transitions.
The experimental UV-vis spectrum of 3PMe3 (Figure 2.12a, solid blue trace) contains
prominent features at ca. 360 nm (27,800 cm-1) and 750 nm (13,300 cm-1), which were also
reproduced computationally (27,800 cm-1 and 14,388 cm-1) (Figure 2.12a, dashed blue trace).
Although the dxz/dyz à dz2 transitions are predicted to be within this energy range (23,444, 23,489
cm-1), they likely are not observed due to low intensities (ecalc = 13 – 14 M-1cm-1). A single broad
feature is observed in the NIR spectrum of 3PMe3 (Figure 2.12b, solid blue trace) that was
reproduced computationally (Figure 2.12b, dashed blue trace) as the dxy/dx2-y2 à dz2 transitions.
The calculated energies of the various d-d transitions for 2PMe3 and 3PMe3 are tabulated in
Figure 2.12c and are marked on the spectra in Figure 2.12a/b with arrows (orange for 2PMe3, blue
for 3PMe3).
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Figure 2.12 a) Experimental and TD-DFT generated UV-vis spectra of 2PMe3 and 3PMe3, b) near IR
region of electronic spectra for 2PMe3 and 3PMe3, and c) tabulated d-d transitions for 2PMe3 and 3PMe3.
Calculated d-d transitions are indicated on the spectra with arrows. Reproduced from Ref 1.

2.2.5 DFT evaluation of the CuI/CuII redox potentials
The calculated redox potentials for this series of complexes were evaluated as a way to
gauge the extent to which the Jahn-Teller distortions, the phosphinimine donor strengths, and the
through space electrostatic effects individually contribute to the highly cathodic CuI/CuII couples.
As mentioned above, Karlin and co-workers have shown that variations in the donor strength of
TMPA-based ligands significantly impacts CuI/CuII redox potentials, and the Tolman group has
used distal charged residues to influence CuII/CuIII redox potentials as a function of the sign of the
charged group. Jahn-Teller effects have also been shown to impact the thermodynamics of electron
transfer. For example, a ~0.6 V shift in redox potentials for a series of CuI bis(1,10-phenanthroline)
complexes has been ascribed to the varying extent of Jahn-Teller distortion available to complexes
as a function of the steric bulk in their secondary coordination spheres.25–27
In the present case, the trends in the experimental redox potentials were reproduced
computationally for 1PMe3 and the XTMPA- CuI complexes20 discussed above (Table 2.1). The mean
unsigned error of 120 mV is on par with the current state-of-the-art.28 In order to evaluate the impact
of the Jahn-Teller distortion in 2PMe3 on the CuI/CuII redox potential, a C3v-symmetric analog of 2PMe3
was evaluated by constraining the Neq-Cu-Neq angles to 120°. The structure optimized with this
constraint was then used to calculate a hypothetical CuI/CuII redox potential in which the CuI
symmetry is maintained upon oxidation of 1PMe3 (denoted as C3v-CuI/C3v-CuII). This redox couple (630 mV) is on par with the calculated redox potential for

NMe2

TMPA-CuI (-617 mV), indicating that

the phosphinimine donors act as strong σ-donors to create electron-rich CuI centers. Importantly,
however, the C3v-CuI/C3v-CuII potential is calculated to be substantially more anodic than the
CuI/CuII redox potential that takes into account the Jahn-Teller distortion on oxidation
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(C3v-CuI/Cs-CuII, -890 mV; Table 2.1). This 260 mV shift in potential indicates that the geometric
change accompanying oxidation provides a substantial driving force (ca. 6 kcal/mol) for electron
transfer from 1PMe3.

Table 2.1 Calculated and experimental CuI/CuII redox couples for complexes with available
experimental data.20 The error represents the signed error between experiment and calculation.
Average unsigned error = 120 mV. Adapted from Ref 1.

Complex

Calc. Pot. (mV)

Exp. Pot. (mV)

Error (mV)

1PMe3
C3v-CuI/Cs-CuII
C3v-CuI/C3v-CuII

-890
-630

-780

-110
+150

1PMe2Ph

-579

-750

+171

1PMe2(NEt2)

-822

-740

-82

1PMePh2

-640

-650

+10

HTMPA-CuI

-232

-400

+168

-303

-460

+157

TMPA-CuI

-311

-490

+179

NMe2TMPA-CuI

-617

-700

+83

tBu

TMPA-CuI

OMe

It remained to consider the origin of the >350 mV range in redox potentials for 1PR3. The
potentials do not clearly track with the donor strengths of the phosphinimines, and the
characterization of the oxidation as being 2e (dx2-y2/dxy)-based suggests that the extent of
electrostatic stabilization of a1 is not responsible. This is supported by the observation that the
magnitude of the electrostatic potential along the canonical z-axis does not scale with the CuI/CuII
redox couple. We thus hypothesized that the steric bulk of the phosphinimine substitutions was
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responsible for modulating the extent to which the Jahn-Teller distortion stabilized the oxidized CuII
ions.
This steric effect was evaluated through calculation of a modified Tolman cone angle (q*)
for the phosphinimine substituents in the R3P3tren ligands (see Experimental section for details on
the calculation of q*). Upon plotting the experimental CuI/CuII redox potentials versus q*, a direct
relationship between steric bulk in the secondary coordination sphere and the CuI/CuII redox
potential is realized (Figure 2.13). Indeed, for cone angles >140°, a linear relationship (R2 = 0.99)
is observed. This observation can be explained by considering that the maximum amount of
stabilization of the CuII species (and thus the most cathodic CuI/CuII redox potential) will occur for
ligands with small values of θ*, for which the limited steric profile of the ligand allows for the most
distortion by the tethered arms of the ligand backbone. As the steric profile of the ligand increases,
the CuII species become increasingly prohibited accessing Jahn-Teller-distorted geometries
(Figure 2.14), resulting in a systematic anodic shift in the CuI/CuII redox potentials. The non-linearity
of the data shown in Figure 2.13 on inclusion of 1PMe3 suggests that a lower bound for the cone
angle at which the Jahn-Teller distortion is inhibited lies between 123° and 141°. Overall, these
data indicate that while electrostatic effects appear to be critical for engendering a Jahn-Teller
distortion in 2PR3, the steric profile of the secondary coordination sphere is responsible for
fine-tuning the CuI/CuII redox potentials.
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Figure 2.13 Plot of redox potential versus q*, showing a linear relationship between potential and
steric bulk for values of q* > 141° (black trendline, R2 = 0.99). The blue trendline (R2 = 0.77) includes
all five complexes of the series. Reproduced from Ref 1.
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Figure 2.14 Schematic depicting the inhibition of an “ideal” Jahn-Teller distortion with increased
steric bulk in the secondary coordination sphere. Reproduced from Ref 1.

2.3 Conclusions
This study demonstrates the ability of strategically-placed charged residues to directly
impact the valence manifolds of homogeneous inorganic complexes. This technique is independent
of the specific donor bound to the metal center, allowing for orthogonal control of valence orbital
energies by way of through-bond and through-space effects. In the present example, electrostatic
fields (ESFs) emanating from cationic phosphonium residues in the secondary coordination
spheres of 1PR3 stabilize the valence MO a1 (dz2) orbitals. This stabilization would typically result in
an anodic shift in redox potential, but the strong σ-donation from the phosphinimine donors provides
an orthogonal destabilization of the CuI 2e set, producing counter-intuitive shifts in CuI/CuII redox
potentials. The resulting inversion of the valence manifold brought by these complementary effects
generates a system capable of undergoing a Jahn-Teller distortion upon oxidation, providing an
additional thermodynamic driving force for electron transfer. Studies to assess the impact of ESFs
on small molecule (O2) binding and reactivity are discussed in Chapters III – V.
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2.4 Experimental section
2.4.1 General considerations
All experiments were carried out under an atmosphere of purified nitrogen using standard
Schlenk line techniques or in a dry, oxygen-free glovebox. All glassware, molecular sieves, stir
bars, cannulas, and Celite were dried in a 150 °C oven for at least 12 h prior to use. Solvents
(tetrahydrofuran, acetonitrile, isobutyronitrile, n-pentane, o-difluorobenzene, diethyl ether (Et2O))
were dried by passage through a column of activated alumina and stored over 4 Å molecular sieves
under an inert atmosphere, while dibutyl ether was dried with sodium/benzophenone and distilled
under an inert atmosphere of dinitrogen. Deuterated solvents were purchased from Cambridge
Isotope Laboratory, dried over Na0/benzophenone (C6D6) or CaH2 (CD3CN), isolated via vacuum
transfer or distillation, and stored under an inert atmosphere over 3 Å molecular sieves.
Trimethylphosphine and tris(azido)tren were prepared according to modified literature procedures
(see below), and CuBArF4•4MeCN was prepared according to a literature procedure.29 All other
reagents were obtained from commercial sources and used without further purification. 1H, 13C{1H},
and 31P{1H} NMR spectra were recorded on a Bruker UNI 400 spectrometer. All chemical shifts (δ)
are reported in units of ppm and referenced to the residual proteo-solvent resonance for 1H and
13

C{1H} chemical shifts. External H3PO4 was used for referencing

31

P chemical shifts. Elemental

analyses were performed by Midwest Microlab, LLC or on a Costech ECS 4010 analyzer at the
University of Pennsylvania.

2.4.2 Synthetic procedures
Synthesis of trimethylphosphine (PMe3)
Trimethylphosphine was prepared in bulk according to the following procedure, which is a
modification of that reported in the literature:30 Magnesium turnings (101 g, 4.15 mol) were
rigorously flame-dried in a 3 L, 2-necked Schlenk flask, followed by the addition of 1.5 L dry and
degassed dibutyl ether (Bu2O) and a large magnetic stir bar. Several crystals of iodine (I2) was
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added to activate the magnesium surface, and the mixture was stirred until the solution became
colorless. The flask containing the reaction suspension was cooled in ice bath (0 °C), and methyl
iodide (240 mL, 3.85 mol) was added dropwise over the course of 2 h. The reaction was warmed
to room temperature and stirred under N2 overnight to ensure the full formation of the Grignard.
The flask containing the Grignard was cooled in a -10 °C salt/ice bath, and a Bu2O solution (300
mL) of triphenyl phosphite (300 mL, 1.14 mol) was added dropwise via cannula over the course of
2.5 h. Upon completion of the addition of triphenyl phosphite, the reaction was warmed to room
temperature, and the flask was fitted with a distillation apparatus connected by a 15-inch Vigreux
column with a 250 mL Schlenk flask containing a stir bar as the receiving vessel. The reaction
mixture was distilled, and fractions were collected until the thermometer read 110 °C. The donor
pot was quenched via addition of excess (> 85 g, 1.14 mol) sodium hypochlorite (left to stir overnight
to ensure full quenching prior to disposal). The collected fractions were again distilled, this time
with use of a 6-inch Vigreux column. The product was collected at 38 °C in a 100 mL Schlenk bomb
(73.8 g, 85% yield). The identity of the pure phosphine was confirmed via NMR spectroscopy, and
the material was used without further purification. 1H NMR (400 MHz, C6D6, 300 K): δ = 0.90 (d,
9H, JPH = 4 Hz) ppm. 31P{1H} NMR: (162 MHz, C6D6, 300 K): δ = -62.60 (s) ppm.

Synthesis of 2-azido-N,N-bis(2-azidoethyl)ethaneamine (tris(azido)tren)
WARNING: extreme caution should be used when using organic azides, especially with
such high percent-nitrogen content. We have not experienced any safety issues with this particular
molecule under the conditions described below; however, the use of proper personal protective
equipment and blast shields is recommended to ensure safe handling. We also recommend
keeping the molecule in solution at all times to lower the chance of runaway (explosive) thermal
decomposition.
Tris(azido)tren was prepared according to the following procedure, which is a modification
of that reported in the literature:31 2-chloro-N,N-bis(2-chloroethyl)ethanammonium chloride (1.6 g,
6.64 mmol) was combined with sodium azide (2.4 g, 36.92 mmol) in DMSO (50 mL) while open to
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the air. The resulting reaction mixture was heated to 92 °C for 8 h. Upon cooling to room
temperature, cold deionized water (300 mL) was added, and the resulting aqueous mixture was
basified with sodium carbonate (3.2 g, 30.2 mmol). The aqueous mixture was extracted with Et2O
(3 x 200 mL), and the combined organic layers were washed with deionized water (3 x 100 mL),
and brine (100 mL). The Et2O solution was dried with sodium sulfate, then transferred to a Schlenk
bomb where oxygen was removed via 3 freeze-pump-thaw cycles. Extreme caution was exercised
to keep the product in solution at all times to lower the possibility of detonation. The Et2O mixture
was dried rigorously over CaH2 for 2-4 d, after which time the heterogeneous mixture was filtered
through a plug of Celite. The product was used without further purification while assuming
quantitative yields.

Synthesis of Me3P3tren
A Schlenk tube containing a Et2O solution (~50 mL) of tris(azido)tren (6.64 mmol) was
cooled to 0 °C. Trimethylphosphine (2.03 mL, 19.92 mmol) was added quickly via an air-tight
syringe, and the solution was stirred at 0 °C for 5 min before warming to room temperature. The
resulting reaction mixture was stirred at room temperature for 6 h while open to a mineral oil bubbler
to prevent a buildup of pressure from N2 evolution. Volatile materials were then removed in vacuo,
and the resulting white solid was washed with n-pentane. The phases were separated via cannula
filtration, and the resulting white solid was dried under vacuum for 30 min (1.5 – 1.8 g, 62-74%
yield). 1H NMR (400 MHz, C6D6, 300 K): δ = 3.60 (dt, 6H, JHH = 8 Hz, JPH = 24 Hz), δ = 3.16 (t, 6H,
JHH = 8 Hz), δ = 0.93 (d, 27H, JPH = 12 Hz) ppm. 13C{1H} NMR (101 MHz, C6D6 300 K): δ = 63.49
(d, JPC = 17 Hz), δ = 45.60 (d, JPC = 7 Hz), δ = 16.63 (d, JPC = 65 Hz) ppm. 31P{1H} NMR (162 MHz,
C6D6, 300 K): δ = 3.40 (s) ppm.

Synthesis of Me2PhP3tren
A Schlenk flask containing a Et2O solution (~50 mL) of tris(azido)tren (6.64 mmol) was
cooled to 0 oC. Dimethylphenylphosphine (2.83 mL, 19.92 mmol) was added quickly via an air-tight
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syringe. The resulting solution was warmed to room temperature and stirred for 6 h while open to
a mineral oil bubbler to prevent a buildup of pressure from N2 evolution. Volatile materials were
removed in vacuo to generate a clear, viscous oil. The product was crystallized from a 1:1 mixture
of Et2O and n-hexane at -78 oC, and the phases were separated via cannula filtration. Upon
warming to room temperature, the material lost crystallinity and formed a liquid, which was washed
extensively with n-hexane to remove residual phosphine. The product was further dried under
vacuum for a minimum of 30 min. The resulting liquid was washed with cold Et2O, and upon removal
of all volatile materials, the product was isolated as a free-flowing solid (2.28 g, 62%). 1H NMR (400
MHz, C6D6, 300K): δ = 7.62 (m, 6H), δ = 7.12 (m, 9H), δ = 3.65 (dt, 6H, JHH = 8 Hz, JPH = 20 Hz), δ
= 3.25 (t, 6H, JHH = 8 Hz), δ = 1.23 (d, 18H, JPH = 12 Hz) ppm.

13

C{1H} NMR (101 MHz, C6D6,

300K): δ = 137.12 (d, JPC = 86 Hz), δ = 130.72 (d, JPC = 8 Hz), δ = 130.40 (d, JPC = 2 Hz), δ =
128.46 (d, JPC = 10 Hz), δ = 63.20 (d, JPC = 18 Hz), δ = 45.42 (d, JPC = 6 Hz), δ = 16.12 (d, JPC =
68 Hz) ppm. 31P{1H} NMR (162 MHz, C6D6, 300K): δ = 2.60 (s) ppm.

Synthesis of MePh2P3tren
A Schlenk tube containing a Et2O (~50 mL) solution of tris(azido)tren (6.64 mmol) was
cooled to 0 oC. Methyldiphenylphosphine (3.71 mL, 19.92 mmol) was added in one portion via an
air-tight syringe. The resulting solution was warmed to room temperature and stirred for 6 h while
open to a mineral oil bubbler to prevent a buildup of pressure from N2 evolution. All volatile materials
were then removed in vacuo, and the resulting pale oil was washed with n-hexane. The phases
were separated via cannula filtration, and the resulting oil was dried under vacuum for 30 minutes.
The resulting solid was washed with cold Et2O, and upon removal of all volatile materials in vacuo,
the product was isolated as a white free-flowing powder (3.09 g 63%). 1H NMR (400 MHz, C6D6,
300K): δ = 7.67 (m, 12H), δ = 7.05 (m, 18H), δ = 3.68 (m, 6H), δ = 3.28 (t, 6H, JHH = 8 Hz), δ = 1.55
(d, 9H, JPH = 20 Hz) ppm.

13

C{1H} NMR (101 MHz, C6D6, 300K): δ = 135.80 (d, JPC = 93 Hz), δ =

131.62 (d, JPC = 9 Hz), δ = 130.49 (d, JPC = 3 Hz), δ = 128.39 (d, JPC = 10 Hz), δ = 62.90 (d, JPC =
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19 Hz), δ = 45.22 (d, JPC = 6 Hz), δ = 14.98 (d, JPC = 67 Hz) ppm.
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P{1H} NMR (162 MHz, C6D6,

300K): δ = 1.81 (s) ppm.

Synthesis of Ph3P3tren
A Schlenk tube containing a Et2O solution (~50 mL) of tris(azido)tren (6.64 mmol) was
cooled to 0 oC. A THF solution (5 mL) of triphenylphosphine (5.22, 19.92 mmol) was added to the
reaction mixture via cannula transfer. The resulting solution was warmed to room temperature and
stirred for 6 h while open to a mineral oil bubbler to prevent a buildup of pressure from N2 evolution.
All volatile materials were then removed in vacuo, and the resulting white solid was washed with nhexane. The phases were separated via cannula filtration, and the product was extracted into Et2O
(10 mL), which was filtered through a plug of Celite. The resulting solution was allowed to sit at -20
o

C overnight to crystallize unreacted triphenylphosphine. The mother liquor was separated by

filtration and all volatile materials of the filtrate were removed in vacuo. The resulting white solid
was dried under vacuum for a minimum of 30 min (3.39 g, 55%). 1H NMR (400 MHz, CDCl3, 300K):
δ = 7.57 (m, 18H), δ = 7.42 (m, 9H), δ = 7.33 (m, 18H), δ = 3.11 (m, 6H), δ = 2.65 (t, 6H, JHH = 8
Hz) ppm. 13C{1H} NMR (101 MHz, CDCl3, 300K): δ = 133.62 (d, JPC = 19 Hz), δ = 132.67 (d, JPC =
9 Hz), δ = 131.11 (d, JPC = 3 Hz), δ = 128.39 (d, JPC = 11 Hz), δ = 61.21 (d, JPC = 18 Hz), δ = 44.44
(d, JPC = 6 Hz) ppm. 31P{1H} NMR (162 MHz, CDCl3, 300K): δ = 11.52 (s) ppm.

Synthesis of Me2(NEt2)P3tren
A Schlenk tube containing a Et2O solution (~50 mL) of tris(azido)tren (1.33 mmol) was
cooled to 0 oC. A Et2O solution (100 mL) of PMe2(NEt2) (500 mg, 3.75 mmol) was added to the
reaction mixture via cannula transfer. The resulting solution was warmed to room temperature and
stirred for 6 h while open to a mineral oil bubbler to prevent a buildup of pressure from N2 evolution.
All volatile materials were then removed in vacuo, and the resulting white solid was washed with nhexane. The phases were separated via cannula filtration, and the resulting white solid was dried
under vacuum for a minimum of 30 min (431 mg, 60%). 1H NMR (400 MHz, C6D6, 300K): δ = 3.60
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(dt, 6H, JHH = 8 Hz, JPH = 20 Hz), δ = 3.25 (t, 6H, JHH = 8 Hz), δ = 2.73 (m, 12H), δ = 1.07 (d, 18H,
JPH = 12 Hz), δ = 0.84 (d, 18H, JHH = 6 Hz) ppm. 13C{1H} NMR (101 MHz, C6D6, 300K): δ = 62.77
(d, JPC = 21 Hz), δ = 44.76 (d, JPC = 7 Hz), δ = 38.30 (d, JPC = 2 Hz), δ = 14.48 (d, JPC = 19 Hz), δ
= 13.72 (s) ppm. 31P{1H} NMR (162 MHz, C6D6, 300K): δ = 20.79 (s) ppm.

Synthesis of [Me3P3tren-CuI]BArF4 (1PMe3)
[Tetrakis(acetonitrile)copper(I)][tetrakis(pentafluorophenyl)borate] (CuBArF4•4MeCN) (400
mg, 0.44 mmol) was dissolved in THF (30 mL), and the Schlenk flask containing the solution was
cooled to -78 °C. One equivalent of Me3P3tren (162 mg, 0.44 mmol) dissolved in THF (10 mL) was
transferred to the flask via cannula, resulting in the formation of a colorless solution. The reaction
mixture was warmed to room temperature and stirred for an additional 20 min. Volatile materials
were then removed in vacuo, resulting in the formation of a white solid. The product was extracted
with Et2O (30 mL) and filtered through a plug of Celite. Volatile materials were again removed in
vacuo, and the resulting white solid was washed with n-pentane. The phases were separated via
cannula filtration, and the product was dried under vacuum for 30 min (350 mg, 72%). Single
crystals suitable for crystallographic analysis were obtained by storing a saturated Et2O solution at
-78 °C for two days. 1H NMR (400 MHz, CD3CN, 300 K): δ = 2.99 (dt, 6H, JHH = 6 Hz, JPH = 16 Hz),
δ = 2.51 (t, 6H, JHH = 4 Hz), δ = 1.49 (d, 27H, JPH = 16 Hz) ppm. 13C{1H} NMR (101 MHz, CD3CN,
300 K) δ = 58.49 (d, JPC = 10 Hz), δ = 45.27 (d, JPC = 2 Hz), δ = 15.81 (d, JPC = 68 Hz) ppm. 31P{1H}
NMR (162 MHz, CD3CN, 300 K): δ = 24.39 (s) ppm. Anal. Calcd. For C39H39BCuF20N4P3: C, 42.16;
H, 3.54; N, 5.04. Found: C, 42.52; H, 3.56; N, 5.00.

Synthesis of [Me2PhP3tren-CuI]BArF4 (1PMe2Ph)
CuBArF4•4MeCN (400 mg, 0.44 mmol) was dissolved in THF (30 mL), and the Schlenk
flask containing the solution was cooled to -78 °C. One equivalent of

Me2Ph

P3tren (244 mg, 0.44

mmol) dissolved in THF (10 mL) was transferred to the flask via cannula, resulting in the formation
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of a yellow solution. The reaction mixture was warmed to room temperature and stirred for an
additional 20 min. Volatile materials were removed in vacuo, resulting in the formation of a yellow
solid. The product was washed with Et2O (3 x 30 mL), the phases were separated via cannula
filtration, and the resulting yellow solid was dried under vacuum for 30 min (420 mg, 74%). Single
crystals suitable crystallographic analysis were obtained following diffusion of n-pentane into a THF
solution of 1PMe2Ph at room temperature. 1H NMR (400 MHz, CD3CN, 300K): δ = 7.81 (m, 9H), δ =
7.55 (m, 3H), δ = 7.49 (m, 9H), δ = 3.00 (dt, 6H, JHH = 6 Hz, JPH = 18 Hz), δ = 2.52 (t, 6H, JHH = 6
Hz), δ = 1.72 (d, 18H, JPH = 12 Hz) ppm.

13

C{1H} NMR (101 MHz, CD3CN, 300K): δ = 134.07 (d,

JPC = 85 Hz), δ = 132.63 (d, JPC = 3 Hz), δ = 131.47 (d, JPC = 9 Hz), δ = 129.73 (d, JPC = 11 Hz), δ
= 57.82 (d, JPC = 14 Hz), δ = 45.43 (d, JPC = 2 Hz), δ = 15.70 (d, JPC = 73 Hz) ppm.
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P{1H} NMR

(162 MHz, CD3CN, 300K): δ = 22.23 (s) ppm. Anal. Calcd. for C54H45BCuF20N4P3: C, 50.00; H,
3.50; N, 4.32. Found: C, 49.96; H, 3.38; N, 4.57.

Synthesis of [MePh2P3tren-CuI]BArF4 (1PMePh2)
CuBArF4•4MeCN (400 mg, 0.44 mmol) was dissolved in THF (30 mL) and charged to a
Schlenk flask that was cooled to -78 °C. One equivalent of

MePh2

P3tren (326 mg, 0.44 mmol)

dissolved in THF (10 mL) was transferred to the flask via cannula, resulting in the formation of a
yellow solution. The reaction mixture was warmed to room temperature and stirred for an additional
20 min. Volatile materials were then removed in vacuo, resulting in the formation of a yellow foam.
The product was extracted with Et2O (30 mL) and filtered through a plug of Celite. Volatile materials
were again removed in vacuo, and the resulting yellow solid was washed with n-pentane. The
phases were separated via cannula filtration, and the product was dried under vacuum for 30 min
(450 mg, 69%). 1H NMR (400 MHz, CD3CN, 300K): δ = 7.65 (m, 12H), δ = 7.54 (m, 6H), δ = 7.41
(m, 12H), δ = 3.05 (dt, 6H, JHH = 6 Hz, JPH = 20 Hz), δ = 2.52 (t, 6H, JHH = 6 Hz), δ = 1.84 (d, 9H,
JPH = 12 Hz) ppm. 13C{1H} NMR (101 MHz, CD3CN, 300K): δ = 132.92 (d, JPC = 2 Hz), δ = 132.41
(d, JPC = 9 Hz), δ = 132.40 (d, JPC = 92 Hz), δ = 129.73 (d, JPC = 12 Hz), δ = 58.05, δ = 45.90, δ =

70

15.29 (d, JPC = 78 Hz) ppm.
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P{1H} NMR (162 MHz, CD3CN, 300K): δ = 21.83 (s) ppm. Anal.

Calcd. for C69H57BCuF20N4P3: C, 55.87; H, 3.47; N, 3.78. Found: C, 55.82; H, 3.52; N, 3.83.

Synthesis of [Ph3P3tren-CuI]OTf (1PPh3)
Ph3

P3tren (408 mg, 0.44 mmol) was dissolved in THF (30 mL) and transferred to a Schlenk

tube containing [CuOTf]2•C6H6 (110 mg, 0.22 mmol) via cannula, resulting in the formation of a
yellow solution. The reaction mixture was stirred for 30 min. Volatile materials were then removed
in vacuo, resulting in the formation of a yellow solid. The product was washed with toluene (30 mL),
followed by n-pentane (3 x 10 mL). The product was then dried under vacuum for 30 min, resulting
in a yellow solid (450 mg, 69%). Single crystals suitable for crystallographic analysis were obtained
by diffusion of n-pentane into a THF solution of 1PPh3 at room temperature. 1H NMR (400 MHz,
CD3CN, 300K): δ = 7.64 (m, 18H), δ = 7.47 (m, 9H), δ = 7.25 (m, 18H), 3.08 (dt, 6H, JHH = 4 Hz,
JPH = 16 Hz), δ = 2.47 (t, 6H, JHH = 6 Hz) ppm. 13C{1H} NMR (101 MHz, CD3CN, 300K): δ = 133.64
(d, JPC = 21 Hz), δ = 133.01 (d, JPC = 3 Hz), δ = 130.57 (d, JPC = 97 Hz), δ = 129.66 (d, JPC = 12
Hz), δ = 58.61 (d, JPC = 14 Hz), δ = 46.22 ppm. 31P{1H} NMR (162 MHz, CD3CN, 300K): δ = 22.29
(s) ppm. Anal. Calcd. for C61H57CuF3N4O3P3S: C, 64.29; H, 5.04; N, 4.92. Found: C, 64.21; H,
5.42; N, 4.86.

Synthesis of [Me2(NEt2)P3tren-CuI]BArF4 (1PMe2(NEt2))
CuBArF4•4MeCN (80 mg, 0.088 mmol) was dissolved in THF (5 mL), and one equivalent
of

Me2(NEt2)

P3tren (47.6 mg, 0.088 mmol) dissolved in THF (2 mL) was transferred to the vial via

pipet, resulting in the formation of a pale yellow solution. The reaction mixture was stirred for an
additional 20 min. Volatile materials were removed in vacuo, resulting in the formation of a tan solid.
The product was extracted with Et2O (10 mL) and filtered through a plug of Celite. Volatile materials
were again removed in vacuo, and the resulting tan solid was washed with n-pentane. The phases
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were separated via cannula filtration, and the product was dried under vacuum for 30 min (86 mg,
79%). 1H NMR (400 MHz, CD3CN, 300 K): δ = 3.01 (m, 18H), δ = 2.55 (t, 6H, JHH = 6 Hz), δ = 1.49
(d, 18H, JPH = 16 Hz), δ = 1.06 (t, 18H, JHH = 8 Hz) ppm. 13C{1H} NMR (101 MHz, CD3CN, 300K):
δ = 59.74 (s), δ = 45.25 (s), δ = 39.66 (d, JPC = 3 Hz), δ = 15.09 (d, JPC = 88 Hz), δ = 14.91 (d, JPC
= 2 Hz) ppm. Anal. Calcd. for C48H60BCuF20N7P3: C, 44.96; H, 4.72; N, 7.65. Found: C, 44.60; H,
4.92; N, 8.67.

Synthesis of [Me3P3tren-CuII][OTf]2 (2PMe3)
Me3

P3tren (101 mg, 0.274 mmol) was dissolved in MeCN (5 mL), and the resulting solution

was transferred via cannula into a solution of Cu(OTf)2 (90 mg, 0.249 mmol) in MeCN (10 mL). The
solution quickly turned to a dark red color and was allowed to stir for 5 min, after which time all
volatile materials were removed in vacuo. The resulting dark oil was washed with THF (3 x 30 mL),
followed by trituration with n-pentane. The resulting crimson solid was dried under vacuum for 30
min and was used without further purification. Single crystals suitable for crystallographic analysis
were obtained by diffusion of n-pentane into an o-difluorobenzene solution of the product. Anal.
Calcd. for C17H39CuF6N4O6P3S2: C, 27.97; H, 5.38; N, 7.67. Found: C, 27.64; H, 5.48; N, 7.89.

Synthesis of [Me3P3tren-CuII-Cl]BArF4 (3PMe3), method A:
Triphenylmethyl chloride (14 mg, 0.0504 mmol) was dissolved in THF (3 mL), forming a
colorless solution that was transferred via cannula into a THF solution (5 mL) of 1PMe3 (56 mg,
0.0504 mmol). The resulting mixture immediately turned to a vibrant green color. The solution was
allowed to stir for 5 min, at which point all volatile materials were removed in vacuo. The resulting
green, oily solid was washed extensively with n-hexane, followed by extraction into Et2O. Single
crystals suitable for crystallographic analysis were obtained by storing a saturated Et2O solution of
the material at -78 °C; however, the resulting material did not provide suitable microanalytical data.
One reason may be the incomplete removal of Gomberg’s dimer, which has a similar solubility
profile to that of 3PMe3.
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Synthesis of 3PMe3, method B:
Step 1: Formation of [Me3P3tren-CuII-Cl]Cl
Me3

P3tren (200 mg, 0.54 mmol) was dissolved in MeCN (10 mL), and the resulting solution

was cannula transferred into a MeCN slurry (5 mL) of CuCl2 (66 mg, 0.49 mmol). The reaction
mixture was stirred for 30 min at room temperature, at which point a green solution had formed.
The reaction was filtered through Celite, to give a clear, green filtrate. Following concentration
under vacuum, the product was precipitated via addition of Et2O. The resulting yellow solid was
washed extensively with pentane and was used without further purification. Single crystals suitable
for crystallographic analysis were obtained by diffusion of Et2O into a concentrated MeCN solution
of the complex (see supplementary information) (176 mg, 71% yield). Anal. Calcd. For
C15H39Cl2CuN4P3: C, 35.83; H, 7.82; N, 11.14. Found: C, 36.21; H, 7.84; N, 10.90.
Step 2: Formation of 3PMe3
To a MeCN solution (10 mL) of [Me3P3trenCuCl]Cl (150 mg, 0.30 mmol) was added a
solution of AgBArF4•4MeCN (259 mg, 0.27 mmol) in MeCN (5 mL). Α white solid (AgCl) was
observed to precipitate immediately after addition. The reaction was stirred in the dark for an
additional 10 min, at which point the reaction mixture was filtered through Celite. Volatile materials
were removed in vacuo to yield a green, pseudo-solid. The product was extracted into Et2O, forming
a green solution that was filtered through Celite to remove insoluble materials. The filtrate was
concentrated under vacuum, then precipitated by addition of n-pentane to produce a pale green
solid. The phases were separated via filtration, and the resulting green solid was dried under
vacuum for 30 min to afford 3PMe3, which was used without further purification (164 mg, 53 % yield).
Anal. Calcd. For C39H39BClCuF20N4P3: C, 40.86; H, 3.43; N, 4.89. Found: C, 40.69; H, 3.31; N,
4.93.
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2.4.3 Determination of electrostatic field strengths
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Figure 2.15 Electrostatic potential as a function of distance from copper in the canonical z-direction.
Solid lines represent 6th order polynomial fits to the calculated data. The functions that fit the data
for each complex are shown below. These functions are necessary for calculating electrostatic
fields along the canonical z-axes of the complexes, which is represented by the gradient in
electrostatic potential with respect to distance. Reproduced from Ref 1.
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1PMe3
y = 0.02323x6 - 0.52311x5 + 4.78372x4 - 22.58878x3 + 57.54229x2 - 74.26552x + 40.94026
R² = 0.99986

1PMe2Ph
y = 0.04038x6 - 0.93125x5 + 8.72286x4 - 42.20006x3 + 110.21054x2 - 145.94353x + 79.55198
R² = 0.99990

1PMePh2
y = 0.01308x6 - 0.29478x5 + 2.70363x4 - 12.84060x3 + 32.97521x2 - 42.97510x + 25.02208
R² = 0.99983

1PMe2(NEt2)
y = 0.04712x6 - 1.05818x5 + 9.64554x4 - 45.40547x3 + 115.48734x2 - 149.25834x + 79.61112
R² = 0.99970

TMG3tren-CuI
y = 0.00763x6 - 0.16669x5 + 1.49140x4 - 6.99171x3 + 18.00632x2 - 23.93301x + 15.66221
R² = 0.99916

H

TMPA-CuI

y = 0.00695x6 - 0.16225x5 + 1.55793x4 - 7.86623x3 + 21.99933x2 - 32.57947x + 23.00252
R² = 0.99997

tBu

TMPA-CuI

y = 0.00697x6 - 0.16279x5 + 1.56415x4 - 7.90484x3 + 22.12619x2 - 32.71709x + 22.69368
R² = 0.99996
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OMe

TMPA-CuI

y = 0.00702x6 - 0.16391x5 + 1.57486x4 - 7.95579x3 + 22.23588x2 - 32.71777x + 22.43461
R² = 0.99995

NMe2

TMPA-CuI

y = 0.00711x6 - 0.16624x5 + 1.59880x4 - 8.08678x3 + 22.62029x2 - 33.11195x + 21.57856
R² = 0.99965

tren-CuI
y = 0.00863x6 - 0.20144x5 + 1.93574x4 - 9.78233x3 + 27.35089x2 - 40.20054x + 26.99751
R² = 0.99992
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Figure 2.16 Electrostatic field strength along the canonical z-axes of various C3-symmetric trigonalpyramidal copper complexes. The metal is placed at the origin in these calculations. Negative ESF
values correspond to a force that would move a positive charge away from the metal center at that
position along the z-axis. Reproduced from Ref 1.
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Table 2.2 Tabulated maxima in electrostatic field strength along the z-axes for 1PR3 and TMG3tren.
Reproduced from Ref 1.

Complex

Max. ESF (V nm-1)

Dist. from Cu (Å)

1PMe3

5.99

2.12

1PMe2Ph

11.72

2.22

1PMePh2

3.43

2.17

1PMe2(NEt2)

10.56

2.17

TMG3tren-CuI

1.47

2.33
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2.4.4 Determination of modified Tolman cone angles (q*)
The q* values were determined by analyzing the phosphonium components in the
optimized structures of the 1PR3. The P-N bond lengths were first increased to 2.28 Å, such that a
more direct comparison could be made to Tolman cone angles.32 Doubling the average of the three
qi angles gave the cone angle for a phosphinimine, and the final value for q* was determined by
averaging this value across the three phosphinimines in each metal complex (see Figure 2.17). A
van der Waals radius of 1.2 Å was used for hydrogen.

P
2.28 Å

H

a

qi

d

N
qi = a + 180/p ´ tan-1(rH/d)
%
∗

! = 2/3 & !&
"#$

Figure 2.17 Illustration of the method used to determine the cone angles (q*). Reproduced from
Ref 1.
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2.4.5 Electrochemical measurements
Cyclic voltammetry and square-wave measurements were carried out using a BASi Epsilon
Eclipse electrochemistry analyzer. All electrochemical measurements were performed under an N2
atmosphere inside of a glovebox. A platinum disk was used as the working electrode, and platinum
wire was used as the counter electrode. An isobutyronitrile (IBN) solution of Ag/AgNO3 contained
within a solution cell was used as the reference electrode. The measurements were performed at
room temperature in IBN containing 0.1 M tetrabutylammonium hexafluorophosphate as the
electrolyte. A concentration of 1 mM was used for the analyte in all electrochemical experiments
presented here.
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Figure 2.18 Cyclic voltammograms of 1PMe3. Reproduced from Ref 1.
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Figure 2.19 Cyclic voltammograms of 1PMe2Ph. Reproduced from Ref 1.
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Figure 2.20 Cyclic voltammograms of 1PMePh2. Reproduced from Ref 1.
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Figure 2.21 Cyclic voltammograms of 1PPh3. Reproduced from Ref 1.
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Figure 2.22 Cyclic voltammograms of 1PMe2(NEt2). Reproduced from Ref 1.
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Figure 2.23 Overlaid cyclic voltammograms of 1PMe3 and 2PMe3. Reproduced from Ref 1.
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2.4.6 NMR spectra

P

C6D5H

Figure 2.24 1H NMR (400 MHz) spectrum of PMe3 in C6D6 (T = 298 K).
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P

Figure 2.25 31P{1H} NMR (162 MHz) spectrum of PMe3 in C6D6 (T = 298 K).
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Figure 2.26 1H NMR (400 MHz) spectrum of Me3P3tren in C6D6 (T = 298 K).
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Figure 2.27 31P{1H} NMR (162 MHz) spectrum of Me3P3tren in C6D6 (T = 298 K).
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Figure 2.28 13C{1H} NMR (101 MHz) spectrum of Me3P3tren in C6D6 (T = 298 K).

90

γ
γ
PhMe2P
PhMe2P N
N

N
N

α

P

ε ζ
η

β

ζ&η
ε

pentane

α

C6D5H

β

THF

Figure 2.29 1H NMR (400 MHz) spectrum of Me2PhP3tren in C6D6 (T = 298 K).
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Figure 2.30 31P{1H} NMR (162 MHz) spectrum of Me2PhP3tren in C6D6 (T = 298 K).
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Figure 2.31 13C{1H} NMR (101 MHz) spectrum of Me2PhP3tren in C6D6 (T = 298 K).
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Figure 2.32 1H NMR (400 MHz) spectrum of MePh2P3tren in C6D6 (T = 298 K).
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Figure 2.33 31P{1H} NMR (162 MHz) spectrum of MePh2P3tren in C6D6 (T = 298 K).
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Figure 2.34 13C{1H} NMR (101 MHz) spectrum of MePh2P3tren in C6D6 (T = 298 K).
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Figure 2.35 1H NMR (400 MHz) spectrum of Ph3P3tren in CD3Cl (T = 298 K).
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Figure 2.36 31P{1H} NMR (162 MHz) spectrum of Ph3P3tren in CD3Cl (T = 298 K).

98

Ph3P
Ph3P N
N

ζ
ε

N
N

α

P

θ

η

β

CDCl3

η

PPh3

ε ζ

θ
β

α

Figure 2.37 13C{1H} NMR (101 MHz) spectrum of Ph3P3tren in CD3Cl (T = 298 K).
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Figure 2.38 1H NMR (400 MHz) spectrum of Me2(NEt2)P3tren in C6D6 (T = 298 K).
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Figure 2.40 13C{1H} NMR (101 MHz) spectrum of Me2(NEt2)P3tren in C6D6 (T = 298 K).
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Figure 2.41 1H NMR (400 MHz) spectrum of 1PMe3 in CD3CN (T = 298 K).
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Figure 2.43 13C{1H} NMR (101 MHz) spectrum of 1PMe3 in CD3CN (T = 298 K).
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Figure 2.44 1H NMR (400 MHz) spectrum of 1PMe2Ph in CD3CN (T = 298 K).
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Figure 2.45 31P{1H} NMR (162 MHz) spectrum of 1PMe2Ph in CD3CN (T = 298 K).
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Figure 2.46 13C{1H} NMR (101 MHz) spectrum of 1PMe2Ph in CD3CN (T = 298 K).
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Figure 2.47 1H NMR (400 MHz) spectrum of 1PMePh2 in CD3CN (T = 298 K).
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Figure 2.48 31P{1H} NMR (162 MHz) spectrum of 1PMePh2 in CD3CN (T = 298 K).
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Figure 2.49 13C{1H} NMR (101 MHz) spectrum of 1PMePh2 in CD3CN (T = 298 K).
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Figure 2.50 1H NMR (400 MHz) spectrum of 1PPh3 in CD3CN (T = 298 K).
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Figure 2.51 31P{1H} NMR (162 MHz) spectrum of 1PPh3 in CD3CN (T = 298 K).
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Figure 2.52 13C{1H} NMR (101 MHz) spectrum of 1PPh3 in CD3CN (T = 298 K).
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Figure 2.53 1H NMR (400 MHz) spectrum of 1PMe2(NEt2) in CD3CN (T = 298 K).
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2.4.7 X-ray crystallographic details
X-ray intensity data were collected on a Bruker D8QUEST CMOS area detector or on a
Bruker APEXII CCD area detector, employing graphite-monochromated Mo-Kα radiation (λ =
0.71073 Å) at a temperature of 100 K. Rotation frames were integrated using SAINT, producing a
listing of unaveraged F2 and σ(F2) values. The intensity data were corrected for Lorentz and
polarization effects and for absorption using SADABS.33 The structure was solved by direct
methods – ShelXT.34 Refinement was done by full-matrix least squares based on F2 using
SHELXL-201734 or SHELXL-2018.35 All reflections were used during refinement. The weighting
scheme used was w = 1/[σ2(Fo2 ) + (0.0369P)2 + 9.9284P] where P = (Fo2 + 2Fc2)/3. Non-hydrogen
atoms were refined anisotropically and hydrogen atoms were refined using a riding model.
Crystals of 2PMe3 were weakly diffracting and required use of a Cu-Kα radiation source (λ =
1.5406 Å) at a temperature of 100 K. Long X-ray exposure times during the data collection led to
consistent radiation decay of the sample, resulting in incomplete data sets (60 – 70%) for the
sample. Bond lengths and angles in the solid-state structure of 2PMe3 are therefore less reliable than
other structures reported herein, however the resolution was sufficient to determine the presence
of a Jahn-Teller distortion in 2PMe3.

Table 2.3 Summary of Structure Determination of 1PMe3.
Empirical formula

C39H39BCuF20N4P3

Formula weight

1111.00 g/mol

Temperature

100 K

Crystal system

triclinic

Space group

_
P1

a

13.4430(19) Å

b

14.253(2) Å
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c

14.599(2) Å

α

93.503(7)°

β

105.397(6)°

γ

107.916(6)°

Volume

2534.8(6) Å3

Z

2

dcalc

1.456 g/cm3

μ

0.631 mm-1

F(000)

1120.0

Crystal size, mm

0.17 × 0.14 × 0.08

2θ range for data collection

2.93 - 55.068°

Index ranges

-15 ≤ h ≤ 17, -18 ≤ k ≤ 18, -18 ≤ l ≤ 18

Reflections collected

43606

Independent reflections

11597[R(int) = 0.0372]

Data/restraints/parameters

11597/0/622

Goodness-of-fit on F2

1.012

Final R indexes [I>=2σ (I)]

R1 = 0.0367, wR2 = 0.0873

Final R indexes [all data]

R1 = 0.0558, wR2 = 0.0964

Largest diff. peak/hole

0.55/-0.57 eÅ-3

Table 2.4 Summary of Structure Determination of 1PMe2Ph.
Empirical formula

C54H45BCuF20N4P3
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Formula weight

1297.20 g/mol

Temperature

100 K

Crystal system

monoclinic

Space group

P21/n

a

12.8794(5) Å

b

28.2479(10) Å

c

15.6613(6) Å

β

110.7600(10)°

Volume

5327.9(3) Å3

Z

4

dcalc

1.617 g/cm3

μ

0.614 mm-1

F(000)

2624.0

Crystal size, mm

0.33 × 0.29 × 0.12

2θ range for data collection

5.144 - 55.124°

Index ranges

-16 ≤ h ≤ 16, -36 ≤ k ≤ 36, -20 ≤ l ≤ 20

Reflections collected

130044

Independent reflections

12282[R(int) = 0.0756]

Data/restraints/parameters

12282/0/754

Goodness-of-fit on F2

1.104

Final R indexes [I>=2σ (I)]

R1 = 0.0456, wR2 = 0.0835

Final R indexes [all data]

R1 = 0.0657, wR2 = 0.0897

Largest diff. peak/hole

0.42/-0.42 eÅ-3
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Table 2.5 Summary of Structure Determination of 1PPh3.
Empirical formula

C66H67CoF6N4O7P3S2

Formula weight

1358.19 g/mol

Temperature

100 K

Crystal system

monoclinic

Space group

P21/c

a

16.9769(4) Å

b

15.0310(3) Å

c

24.8133(5) Å

β

94.0320(10)°

Volume

6316.2(2) Å3

Z

4

dcalc

1.428 g/cm3

μ

0.489 mm-1

F(000)

2820.0

Crystal size, mm

0.25 × 0.12 × 0.1

2θ range for data collection

3.17 - 55.1°

Index ranges

-22 ≤ h ≤ 22, -18 ≤ k ≤ 19, -32 ≤ l ≤ 32

Reflections collected

85004

Independent reflections

14579[R(int) = 0.0421]

Data/restraints/parameters

14579/0/802

Goodness-of-fit on F2

1.017
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Final R indexes [I>=2σ (I)]

R1 = 0.0338, wR2 = 0.0846

Final R indexes [all data]

R1 = 0.0451, wR2 = 0.0908

Largest diff. peak/hole

0.72/-0.48 eÅ-3

Table 2.6 Summary of Structure Determination of 3PMe3.
Empirical formula

C43H49N4OBF20ClP3Cu

Formula weight

1220.57 g/mol

Temperature

100 K

Crystal system

monoclinic

Space group

P21/c

a

16.4423(16) Å

b

20.7390(19) Å

c

15.7833(15) Å

β

104.388(5)°

Volume

5213.2(9) Å3

Z

4

dcalc

1.555 g/cm3

μ

0.672 mm-1

F(000)

2476.0

Crystal size, mm

0.35 × 0.18 × 0.08

2θ range for data collection

2.558 - 55.028°

Index ranges

-21 ≤ h ≤ 21, -26 ≤ k ≤ 26, -20 ≤ l ≤ 20
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Reflections collected

133454

Independent reflections

11993[R(int) = 0.0330]

Data/restraints/parameters

11993/0/678

Goodness-of-fit on F2

1.031

Final R indexes [I>=2σ (I)]

R1 = 0.0351, wR2 = 0.1009

Final R indexes [all data]

R1 = 0.0401, wR2 = 0.1059

Largest diff. peak/hole

1.60/-0.88 eÅ-3

Table 2.7 Summary of Structure Determination of [Me3P3tren-CuII-Cl]Cl.
Empirical formula

C15H39Cl2CuN4P3

Formula weight

502.85 g/mol

Temperature

100 K

Crystal system

orthorhombic

Space group

Pbca

a

16.2129(7) Å

b

16.8046(7) Å

c

17.8201(8) Å

Volume

4855.1(4) Å3

Z

8

dcalc

1.376 g/cm3

μ

1.325 mm-1

F(000)

2120.0
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Crystal size, mm

0.33 × 0.14 × 0.13

2θ range for data collection

4.172 - 55.042°

Index ranges

-21 ≤ h ≤ 20, -21 ≤ k ≤ 21, -23 ≤ l ≤ 22

Reflections collected

118076

Independent reflections

5586[R(int) = 0.0321]

Data/restraints/parameters

5586/0/235

Goodness-of-fit on F2

1.056

Final R indexes [I>=2σ (I)]

R1 = 0.0197, wR2 = 0.0516

Final R indexes [all data]

R1 = 0.0222, wR2 = 0.0531

Largest diff. peak/hole

0.47/-0.53 eÅ-3

2.4.8 Computational details for copper complexes
All density functional theory (DFT) calculations were performed with the ORCA program
package, v3.0.3.34 Geometry optimizations were carried out at the restricted (CuI complexes) or
unrestricted (CuII complexes) B97-D3 level of DFT. The def2-TZVP basis sets and the def2-TZVP/J
auxiliary basis sets (used to expand the electron density in the resolution-of-identity (RI) approach)
were used for all atoms except carbon and hydrogen. All carbon and hydrogen atoms were
described using the def2-SVP basis sets and def2-SV/J auxiliary basis sets.36–40 These
functional/basis set combinations were chosen for their aptitude in describing non-covalent
interactions/dispersion forces and for their convenient balance of accuracy and computational cost.
The conductor-like screening model (COSMO; dipole moment corresponding to acetonitrile) was
implemented for all calculations described within.
The SCF calculations were tightly converged (1x10-8 Eh in energy, 1x10-7 Eh in the density
change, and 5x10-7 in the maximum element of the DIIS error vector). In all cases the geometries
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were considered converged after the energy change was less than 1x10-6 Eh, the gradient norm
and maximum gradient element were smaller than 3x10-4 Eh-Bohr-1 and 1x10-4 Eh-Bohr-1,
respectively, and the root-mean square and maximum displacements of all atoms were smaller
than 6x10-4 Bohr and 1x10-3 Bohr, respectively.
Numerical frequency calculations were used to verify that the calculated structures
represented either local minima (ground states) or saddle points (transition states) on the potential
energy surface. The reported energies are Gibbs free energies, calculated for 298.15 K and 1.00
atm, as obtained from numerical frequency calculations on the optimized geometries. Electrostatic
potential maps (Figure 2.7) were generated by calculating electrostatic potential along the z-axes
of the complexes every 0.1 Bohr radii (0.052 Å) using the orca_vpot utility program.
In order to compare orbital energies across complexes containing different (and different
numbers of) atoms, a normalization of the orbital energies was required. Small deviations in the
energies of experimental X-ray absorption spectrum (XANES) pre-edge and rising edge features
for Cu complexes bearing the same oxidation state,41 combined with the computational
determination that core energies are only minorly impacted by changes to the ligand field (even
very large changes in ligand field),42 implicate the calculated Cu 1s orbital as a physicallymeaningful internal reference. Orbital energies were normalized by calculating differences in
energies from the computed Cu 1s orbitals (Cu 1s is the orbital least-perturbed by the ligand field,
which is supported by calculated 100% Cu contribution to these orbitals). This step was necessary
to achieve the linear trend between a1 energy and Cu-Nax distance for the literature-reported
complexes (Fig 6). For Figs 5, 6, and 8, the dxz orbital of 1PMe3 was arbitrarily set to 0 kcal/mol to
allow for convenient energy values for facile comparison across the various complexes.
Time-dependent density functional theory (TD-DFT) calculations were carried out
according to the same methodology described above (unrestricted B97-D3 functional; def2-TZVP
basis set and def2-TZVP/J auxiliary basis set on all atoms except for carbon and hydrogen; def2SVP basis set and def2-SV/J auxiliary basis set for carbon and hydrogen; COSMO with dipole
moment corresponding to acetonitrile). The 20 lowest-energy excited states were calculated for
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each complex described within. Transition assignments were based on the orbital contributions to
a given state, however some states are composed of mixed transitions, thereby leading to higherthan-expected molar absorptivity values for d-d transitions.
Optimized cartesian coordinates for the compounds discussed within have been published
and can be found in the Electronic Supplementary Information.1

2.4.9 Redox potential calculations
For the redox potential calculations, the change in free energies for the redox processes
(DGred/ox) were calculated by taking the differences between the calculated free energies for the
reduced (CuI) and oxidized (CuII) complexes.43 For species predicted to coordinate solvent upon
oxidation, the calculated free energy for acetonitrile was included in the DGred/ox calculations. To
calculate the redox potentials as referenced to NHE, a value of -4.28 eV was subtracted from
DGred/ox, and the conversion value of -0.630 V was subtracted from this value to give the E° values
as referenced to Fc/Fc+.43,44 Relevant free energies for the complexes used to calculate redox
potentials are shown below:
MeCN: -132.6248337 Eh
1PMe3: -3478.227854 Eh
2PMe3: -3478.079713 Eh
Me3

P3tren-CuII (C3v-constrained): -3478.070168 Eh

1PMe2Ph: -4052.508296 Eh
2PMe2Ph: -4052.34872 Eh
1PMePh2: -4626.787167 Eh
2PMePh2: -4626.629827 Eh
1PPh3: -5201.07596 Eh
2PPh3: -5200.919534 Eh
1PMe2(NEt2): -3997.314891 Eh
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2PMe2(NEt2): -3997.164239 Eh
H

TMPA-CuI-MeCN: -2688.352206 Eh

H

TMPA-CuII-MeCN: -2688.179884 Eh

tBu

TMPA-CuI-MeCN: -3159.190533 Eh

tBu

TMPA-CuII-MeCN: -3159.020821 Eh

OMe

TMPA-CuI-MeCN: -3031.408327 Eh

OMe

TMPA-CuII-MeCN: -3031.238915 Eh

NMe2

TMPA-CuI-MeCN: -3089.739079 Eh

NMe2

TMPA-CuII-MeCN: -3089.580913 Eh
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Figure 2.55 Comparison between calculated and experimental CuI/CuII redox potentials for 1PR3
and XTMPA-CuI complexes. Reproduced from Ref 1.
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2.4.10 Computational details for truncated phosphinimines
All density functional theory (DFT) calculations were performed with the ORCA program
package, v3.0.3.34 Geometry optimizations were carried out at the unrestricted B97-D3 level of
density functional theory, and the def2-TZVP basis sets and the def2-TZVP/J auxiliary basis sets
were used for all atoms.36–40 The Conductor-like Screening Model (COSMO; dipole moment
corresponding to acetonitrile) was used for all calculations.
The SCF calculations were tightly converged (1x10-8 Eh in energy, 1x10-7 Eh in the density
change, and 5x10-7 in the maximum element of the DIIS error vector). In all cases the geometries
were considered converged after the energy change was less than 1x10-6 Eh, the gradient norm
and maximum gradient element were smaller than 3x10-4 Eh-Bohr-1 and 1x10-4 Eh-Bohr-1,
respectively, and the root-mean square and maximum displacements of all atoms were smaller
than 6x10-4 Bohr and 1x10-3 Bohr, respectively.
Numerical frequency calculations were used to verify that the calculated structures
represented either local minima (ground states) or saddle points (transition states) on the potential
energy surface. The natural bond orbital (NBO) analysis was carried out using the NBO 7.0
program,45 which was run through Orca 3.0.
Optimized cartesian coordinates for the compounds discussed within have been published
and can be found in the Electronic Supplementary Information.1
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CHAPTER III
A Synergistic Approach to End-on Cupric Superoxide Stability

3.1 Introduction
Copper-dioxygen chemistry has proven to be a rich field of study for both the inorganic and
bioinorganic communities, in part due to the biochemically convenient CuI/CuII redox couple and
the bioavailability of copper.1–3 Indeed, many important natural metalloenzymes employ copper in
their active sites and include active copper-dioxygen intermediates within catalytic cycles that are
able to initiate difficult substrate transformations, such as oxidations or oxygenations of O-H, N-H,
and C-H bonds. A commonly invoked intermediate in copper-containing oxidases (galactose
oxidase,

copper

amine

oxidase)1–3

and

oxygenases

(peptiglycine

alpha-hydroxylating

monooxygenase (PHM), dopamine β-monooxygenase, tyramine β-monooxygenase)1,4–6 is the
end-on (η1) cupric superoxide, which is generally proposed to perform hydrogen atom abstractions
to activate substrates. Indeed, in 2004, Amzel and coworkers reported an X-ray structure of PHM
trapped in its precatalytic state and containing an h1 cupric superoxide unit, providing key support
of the notion that this class of species is key to the enzyme’s catalytic cycle.6 As a result, there has
been notable interest within the inorganic chemistry community in isolating h1 cupric superoxide
model complexes and studying correlations between their structure and reactivity.
The small, but expanding, collection of molecular h1cupric superoxides that have been
reported in the literature are all bound by multidentate (tri- or tetradentate) ligands and generated
either through treatment of CuI complexes with dioxygen7–17 or through salt metathesis of a CuII
complex with potassium superoxide (KO2).18,19 A complicating factor for the study of cupric
superoxide model complexes, which was identified early on in this field, is their thermal instability.
In the earliest studies, the formation of short-lived cupric superoxide complexes could only be
detected through use of stopped-flow UV-vis spectroscopy under cryogenic conditions (-80 to -120
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°C).8,9,17 In these studies, it was found that reversible O2 binding resulted in mixtures of CuI and
CuIIO2 complexes in solution, leading to the cupric superoxide complexes rapidly oxidizing the CuI
precursor complexes to form thermodynamically preferred di(cupric)-μ-1,2-peroxide complexes. In
the past two decades, an impressive range of work has been published featuring ligand design and
modification, which has led to enhancements in the thermal stabilities of end-on cupric superoxides.
Strategies for accomplishing these feats have focused on 1) increasing steric bulk in the secondary
coordination sphere to prevent formation of di-cupric-peroxide complexes from forming (Figure
3.1a),11,12,14,16,20 2) cathodically shifting the CuI/CuII redox potentials in order to favor dioxygen
reduction and binding (Figure 3.1b),9 and 3) incorporating intramolecular hydrogen bonding
residues into the secondary coordination sphere to stabilize the bound superoxide anion (Figure
3.1c).7,15
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Figure 3.1 Representative examples of cupric superoxide stabilization via a) increased steric bulk
in the secondary coordination sphere, b) cathodically shifting the CuI/CuII redox potentials of the
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cuprous precursor complexes, and c) incorporation of intramolecular hydrogen bonding residues
into the secondary coordination spheres.

Chapter II of this dissertation detailed the synthesis of a highly-reducing (E1/2 = -780 mV
vs. Fc/Fc+) CuI complex bound by the novel tris[2-(trimethylphosphiniminato)ethyl]amine ligand
(1PMe3, Scheme 3.1).21 The phosphinimine moieties in the secondary coordination sphere of 1PMe3
are best described by a zwitterionic resonance picture (Figure 2.2), which results in significant
cationic character being incorporated into the secondary coordination sphere in the vicinity of the
small molecule binding pocket of 1PMe3. We reasoned that an intramolecular electrostatic interaction
between dioxygen and these cationic charges (akin to intramolecular hydrogen bonding) could help
to stabilize a cupric superoxide complex formed via oxygenation of 1PMe3. Additionally, the highly
cathodic CuI/CuII redox potential of 1PMe3 would be expected to favor O2 reduction/binding, and the
steric bulk introduced by the phosphininimine moieties would be expected to slow/prevent
di(cupric)-μ-1,2-peroxide formation. The low temperature oxygenation of 1PMe3 was therefore
studied, and spectroscopic, reactivity, and computational analyses of the resulting cupric
superoxide product are discussed through the lenses of the design principles outlined above.

3.2 Results and discussion
3.2.1 Formation of cupric superoxide complex 4PMe3
Treatment of a colorless THF solution of 1PMe3 with an excess of dioxygen gas at -100 °C
resulted in the rapid (< 10 s) formation of a vivid green solution, the color of which persisted at low
temperature. The low temperature (-100 °C) electronic absorption spectrum of this compound
displays intense features at 413 nm (24,200 cm-1, ε = ~3,500 M-1cm-1), 700 nm (14,300 cm-1, ε =
~800 M-1cm-1), and 950 nm (10,500 cm-1, ε = ~100 M-1cm-1) (Figure 3.2), characteristic of the
formation of an end-on cupric superoxide complex, [Me3P3tren-CuO2]+ (4PMe3) (Scheme 3.1). All
reported five-coordinate end-on cupric superoxide complexes display similar absorptions in the
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range of 390 – 420 nm (22,600 – 26,000 cm-1) which have been assigned as ligand to metal charge
transfer (LMCT) transitions, with extinction coefficients reported between 1,000 and 4,000 M-1cm1 7,9–12,16,17,20,22

.

The DFT optimized structure of 4PMe3 predicts a pseudo-C3v-symmetric primary

coordination sphere about the CuII center, and the TD-DFT calculated spectrum closely reproduces
the experimental absorption features associated with 4PMe3 (Figure 3.2, see Experimental section
for details). The UV-vis spectral features associated with 4PMe3 were found to be highly persistant
at -100 °C (t1/2 > 30 h), which stood out as unusual for this class of molecules and will be discussed
in more detail below.
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Scheme 3.1 Formation of cupric superoxide 4PMe3 via oxygenation of 1PMe3 at low temperature (100 °C in THF).
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Figure 3.2 Experimental (solid) and calculated (dashed) electronic absorbance spectrum for 4PMe3.
Individual calculated electronic transitions are depicted as vertical maroon bars.

3.2.2 Formation of cupric azide model compound 5PMe3
To further support the assignment of 4PMe3 as an end-on cupric superoxide complex, an
isostructural end-on cupric azide complex was synthesized. Cupric azide complexes can be used
to model structural characteristics of h1 cupric superoxide complexes (Cu-N-N angles are
comparable to Cu-O-O angles in cupric superoxide complexes), and also UV-vis spectral features
(cupric azide LMCT features are generally similar in energy and intensity to the corresponding
cupric superoxide LMCT features).7,23–27 Treatment of the previously-reported complex [Me3P3trenCuII-Cl]BArF4 (3PMe3, Chapter II)21 with an excess of sodium azide resulted in the formation of a
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vibrant green slurry containing the cupric azide complex [Me3P3tren-CuN3]+ (5PMe3) (Scheme 3.2).
Single crystals of 5PMe3 were obtained from Et2O, and elucidation of the solid-state structure
revealed a geometry about copper that is best described as trigonal bipyramidal (Figure 3.3). The
infrared spectrum for 5PMe3 displays a single sharp feature at 2051 cm-1, consistent with the
asymmetric N-N stretching vibration of a metal-bound azide moiety, which is similar to isostructural
analogs reported in the literature (Experimental section, Figure 3.11).7,23–27 Importantly, spectral
features in the UV-vis spectrum of 5PMe3 are qualitatively similar to those of 4PMe3 (Figure 3.4), which
is consistent with previous reports of isostructural end-on cupric superoxide and azide
complexes.7,23–27 Specifically, the UV-vis spectrum contains an intense feature at 380 nm (2500 M1

cm-1) which is comparable to the LMCT feature for 4PMe3, and lower intensity features at ca. 720

and 980 nm.
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Scheme 3.2 Formation of cupric azide complex 5PMe3.
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Figure 3.3 Solid-state structure of 5PMe3 in a) side-view, and b) top-view. Hydrogen atoms, solvent
molecules, and the BArF4- anion were omitted for clarity.
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Figure 3.4 UV-vis traces for 4PMe3 (solid black line, THF, -100 °C) and 5PMe3 (solid red line, THF,
25 °C).
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3.2.3 Reactivity of 4PMe3
Further experimental evidence corroborating the assigned identity of 4PMe3 as an h1 cupric
superoxide complex was provided via reactivity studies at low temperature (-100 °C). Enzymatic h1
cupric superoxides are generally invoked to abstract hydrogen atoms from substrates or amino
acid residues,1–6 and several synthetic h1 cupric superoxide complexes have been shown to model
this reactivity.7,10,11,15,28–31 Hydrogen atom abstraction from 2,6-di-tert-butyl-4-methoxyphenol (O–H
BDE = 78.31 ± 0.13 kcal/mol)32 were achieved with 4PMe3 under an atmosphere of N2, the reactions
of which were monitored by UV-vis spectroscopy (Scheme 3.3). Upon addition of the phenol to a
deoxygenated THF solution of 4PMe3, features associated with the superoxide were observed to
decay concomitant with the growth of sharp features at ca. 400 nm, corresponding to features
associated with 2,6-di-tert-butyl-4-methoxyphenoxyl radical (Figure 3.5).33 The reaction was found
to display second order kinetics, and a kinetic isotope effect (k2(H)/k2(D), KIE) of 3.0 ± 0.3 was
measured upon use of the deutero (OD) analogue of the phenol (Figure 3.6) (see Experimental
section for details). This KIE value is characteristic of a primary KIE, which is consistent with
hydrogen

atom

transfer

(HAT)

reactivity

reported

complexes.7,10,11,15,28–31
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Scheme 3.3 Reactivity of 4PMe3, including HAT reactivity with 2,6-di-tert-butyl-4-methoxy phenol
and reduction with [HTMPA-CuI]BArF4 to form the putative di-cupric-1,2-µ-peroxide complex 6PMe3.
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Figure 3.5 Decay of UV-vis spectral features associated with 4PMe3 following addition of 2,6-di-tertbutyl-4-methoxy phenol in THF at -100 °C. Conditions: temperature = -100 °C, initial concentration
of 2,6-di-tert-butyl-4-methoxyphenol = 1.43 mM, initial concentration of 1PMe3 = 0.5 mM, time
between measurements = 15 s.
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Figure 3.6 Plot of the observed rate constants (kobs) for 4PMe3 decomposition at -100 °C as a
function of proteo- (red) and deutero- (blue) 2,6-di-tert-butyl-4-methoxyphenol concentration. The
data were used to determine second order rate constants (k2) and the associated KIE (k2(H)/k2(D)).

Tolman

and

coworkers

showed

previously

that

their

C2v-symmetric

bis(carboxamide)pyridine-ligated cupric superoxide complex was capable of oxidizing the tris(2pyridylmethyl)amine (HTMPA)-ligated CuI complex ([HTMPA-CuI]+) to form a heteroleptic di-cupric1,2-µ-peroxide complex.18 Since di-cupric-1,2-µ-peroxide complexes display characteristic UV-vis
spectral features (intense features between 500 – 650 nm), we targeted the formation of an
analogous heteroleptic di-cupric-1,2-µ-peroxide complex as further support for our assignment of
4PMe3 as an h1 cupric superoxide complex. Upon treatment of a deoxygenated solution of 4PMe3 with
1 equiv of [HTMPA-CuI]BArF4 in a UV-vis cuvette at -100 °C, features associated with 4PMe3
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immediately bleached, concomitant with the growth of two dominant features at 520 nm (19,200
cm-1, ε = ~860 M-1cm-1) and 610 nm (16,400 cm-1, ε = ~570 M-1cm-1) that are characteristic of
di(cupric)-μ-1,2-peroxide complexes (Scheme 3.3, Figure 3.7). We tentatively assign this product
as the heteroleptic di-cupric-1,2-µ-peroxide complex [Me3P3tren-Cu-O2-Cu-HTMPA]2+ (6PMe3),
however the possibility that 2 equiv of [HTMPA-CuI]+ are able to dissociate O2 from 4PMe3 to form
the homoleptic [(HTMPA-CuII)2O2]2+ complex cannot be ruled out at this time. We find this alternative
assignment unlikely, since the LMCT feature associated with 4PMe3 appears to fully diminish upon
treatment with [HTMPA-CuI]BArF4. In any case, this experiment gives solid experimental evidence
for an intact O2 unit being imbedded in the structure of 4PMe3.

Normalized Absorbance / A.U.

1PMe3
4PMe3
6PMe3

Wavelength / nm
Figure 3.7 Experimental UV-vis spectra for 1PMe3 (dotted gray trace), 4PMe3 (solid black trace), and
6PMe3 (solid purple trace). All spectra were recorded in THF at -100 °C and the absorbance values
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were adjusted to account for the change in concentration following the addition of a THF solution
of 1PMe3 to 4PMe3.

3.2.4 Stability comparisons to literature analogs
At temperatures greater than -100 °C 4PMe3 decomposes irreversibly into intractable CuII
products, as evidenced by the monitored decay of its UV-vis spectral features (Figure 3.8).
However, the features in the UV-vis spectrum associated with 4PMe3 are remarkably long-lived
compared to many of its literature analogs. It should be noted that the C2v-symmetric complex
reported by Tolman and coworkers remains one of the most kinetically stable cupric superoxide
complexes (t1/2 = 12.5 h at -60 °C),19 however the following discussion will be reserved for
comparisons with trigonal bipyramidal literature analogues in order to more directly assess bonding
and electrostatic influences on cupric superoxide stability. Mononuclear pseudo-C3v-symmetric
cupric superoxide complexes typically exhibit half-lives that are too fast to be studied with methods
other than stopped-flow UV-vis spectroscopy (ms – s timescales) at temperatures ranging from 80 to -120 °C. The decompositions of these superoxides are evident by the loss of the LMCT
transition features and appearances of the spectroscopic signatures of the homoleptic di(cupric)μ-1,2-peroxides. The superoxide systems for which homoleptic di(cupric)-μ-peroxide signals are
not seen – as is the case presently – are characterized by either more reducing copper centers or
the presence of hydrogen bonding moieties in the secondary coordination sphere.7,9,15 Quantitative
data on the thermal stabilities of these compounds are not always available or easily compared
due to inequivalent conditions, but at -100 °C, the half-life of 4PMe3 was found to be >30 h; XTMPAbased cupric superoxides containing H-bonding moieties in the secondary coordination spheres
were reported to exhibit similar levels of stability at -135 °C.7 Further, the longest-lived cupric
superoxides in this geometry that have been reported in the literature are the tris(4-dimethylamino)substituted TMPA-ligated cupric superoxide ([NMe2TMPA-Cu-O2]+), with t1/2 = ~4 h in THF at -85 °C,
and the tris(4-methoxy)-substituted TMPA-ligated cupric superoxide ([OMeTMPA-Cu-O2]+), with t1/2
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= ~3 h in 2-MeTHF at -90 °C.9 The stability of 4PMe3 was monitored at -85 °C in THF and found to

Molar Absorptivity / M-1 cm-1

exceed the stability of these literature analogs (t1/2 = 10.4 h).

Wavelength / nm

Figure 3.8 Thermal decay of 4PMe3 in THF at -40 °C. Spectral traces were acquired every 1 min.

3.2.5 DFT analysis of 4PMe3
In order to more fully assess factors that contribute to the thermal stability observed for
4PMe3, the electronic structure of the complex was studied computationally. The DFT-derived
canonical orbitals of 4PMe3 were considered for electrostatic impacts on dioxygen binding and
reduction. The b (spin-down) molecular orbitals are shown in Figure 3.9, which are in qualitative
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agreement with those calculated previously for the cupric superoxide complex bound by
TMG3tren.34 Bonding between the superoxide anion and the cupric center involves a σ-interaction
between the O2-based p*s and Cu dz2, while the O2-based p*v mixes with a small amount of Cu dxz
through a polar p-interaction. TD-DFT calculations predict that the intense feature at 413 nm in the
UV-vis spectrum of 4PMe3 is comprised of an LMCT transition best described by p*s à dz2, while the
lower intensity broad feature observed at 950 nm in the UV-vis spectrum is comprised of transitions
best described as dx2-y2/dxy à dz2 (Figures 3.2 and 3.9).

d z2

Energy / kcal mol-1

π*v

dx2-y2/dxy
π*σ

dxz/dyz

Figure 3.9 DFT-derived b (spin-down) molecular orbitals of 4PMe3 (orbitals arbitrarily referenced to
the dxz orbital.
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DFT-optimized structures for cupric superoxides bound by HTMPA and

NMe2

TMPA were

also calculated (designated as [HTMPA-Cu-O2]+ and [NMe2TMPA-Cu-O2]+ respectively), and the
orbitals of interest were quantitatively compared to those of 4PMe3 (Figure 3.10). The most notable
difference between the valence manifolds of [HTMPA-Cu-O2]+ and [NMe2TMPA-Cu-O2]+ is found in
the energies of the dx2-y2/dxy orbitals, which are more destabilized in [NMe2TMPA-Cu-O2]+ due to the
enhanced electron-donating properties of the NMe2TMPA ligand.
Two primary features are apparent when comparing the TMPA-based systems to 4PMe3.
The first is that the dx2-y2/dxy set is shifter higher in energy for 4PMe3, which is in agreement with the
enhanced σ-donating properties of the

R3

P3tren ligands (Chapter II).21 The other is an apparent

stabilization of the dz2 and p*v orbitals as compared with those of [HTMPA-Cu-O2]+ and [NMe2TMPACu-O2]+. These stabilizations are reminiscent of the stabilization of the a1-symmetric d-orbital in the
CuI complexes bound by the R3P3tren ligands discussed in Chapter II. They are thus consistent with
an electrostatic interaction between the superoxide anion and the phosphonium residues of 4PMe3.
Based on these findings, it would be expected that destabilization of the dx2-y2/dxy set via strong
σ-donation in the xy-plane would combine with the electrostatic stabilization of dz2 to produce
particularly low-energy dx2-y2/dxy à dz2 transitions in 4PMe3. Indeed, the broad feature centered at
950 nm in the UV-vis-NIR spectrum of 4PMe3 is uniquely low in energy compared to available
experimental data for other pseudo-C3v-symmetric cupric superoxide complexes. These data
provide critical experimental corroboration for this computational model.
The electrostatic stabilization of the dz2 and p*v orbitals in 4PMe3 becomes more significant
upon consideration of the Jahn-Teller distortion observed upon chemcial oxidation of 1PMe3 which
was shown to cathodically shift the CuI/CuII redox potential observed for 1PMe3 (Chapter II).21 Since
4PMe3 is predicted to be trigonal bipyramidal, the measured CuI/CuII redox potential for 1PMe3 should
be thought of as artificially cathodic as compared to the redox event relevant to cupric superoxide
formation (i.e. there is less thermodynamic driving force associated with electron transfer in the
absence of the Jahn-Teller distortion). Indeed, the hypothetical CuI(C3v) à CuII(C3v) redox event,
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which would be the more relevant value when considering oxygenation of 1PMe3, was predicted to
be -630 mV vs. Fc/Fc+, which is more positive than the experimental CuI/CuII redox potential for
[NMe2TMPA-CuII-O2]+ (-700 mV vs Fc/Fc+).9 In other words, the improved stability of 4PMe3 as
compared to [NMe2TMPA-CuII-O2]+ is likely a result of steric and electrostatic properties as opposed
to electronic/redox properties.

Relative Energy
Energy/(kcal/mol)
Relative
kcal mol-1

2
ddz2z
p*π*
v v

*
pπ*
sσ

dxxy2-y2/dxy
dx2-y2/d

d /d
dxz/dyz xz yz
HTMPA-CuO +
2

[HTMPA-Cu-O2]+

NMe2TMPA-CuO +
2

[NMe2TMPA-Cu-O2]+

Me3P tren-CuO +
3
2
(2PMe3-O2)
PMe3

4

Figure 3.10 Quantitative comparison of the valence orbital manifolds for various cupric superoxide
complexes (b orbitals, referenced arbitrarily to the dxz orbital of 4PMe3).
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3.3 Conclusions
The heightened thermal stability of 4PMe3 appears to result from a synergistic combination
of the three design principles introduced above: 1) the phosphonium groups in the secondary
coordination sphere provide kinetic stabilization by impeding the formation of a homoleptic
di(cupric)-μ-1,2-peroxide complex, 2) the cathodic CuI/CuII redox couple of 4PMe3 favors O2 binding
and reduction, and 3) electrostatic interactions between the phosphonium groups and the
superoxide anion stabilize the superoxide by disfavoring O2 dissociation. As stated earlier, the
highly cathodic CuI/CuII redox potential measured for 1PMe3 does not represent the thermodynamics
of oxidation involved in the formation of 4PMe3 owing to the absence of a Jahn-Teller distorted
geometry in 4PMe3. The relevant redox event would be expected to occur at less negative potentials,
thereby bolstering the importance of through-space intramolecular electrostatic interactions in 4PMe3
to its overall thermal stability. Studies to further disentangle the individual contributions of these
design principles to the thermal stability of 4R3 are discussed in Chapert IV.

3.4 Experimental section
3.4.1 General considerations

All experiments were carried out under an atmosphere of purified nitrogen using standard
Schlenk line techniques or in an inert atmosphere glovebox. All glassware, molecular sieves, stir
bars, cannulas, and Celite were dried at 150 °C for at least 12 h prior to use. Solvents
(tetrahydrofuran (THF), diethyl ether (Et2O), and n-pentane) were dried by passage through a
column of activated alumina and stored over 4 Å molecular sieves under an inert atmosphere.
Deuterated benzene (C6D6) was dried over Na0/benzophenone, isolated via distillation, and stored
over 3 Å molecular sieves under an inert atmosphere. Deuterated acetonitrile (CD3CN) was dried
over calcium hydride, isolated via vacuum transfer, and stored of 3 Å molecular sieves under an
inert atmosphere. 2,6-di-tert-butyl-4-methoxyphenol was purchased from commercial sources. The

152

deuterated phenolic substrate, 2,6-di-tert-butyl-4-methoxyphenol-d1, was prepared according to a
literature procedure,29 and the extent of deuteration was found to be 89%, as determined by
integration of the phenolic proton resonance at 4.54 ppm in C6D6 (Figure 3.18). All other reagents
and solvents were purchased from commercial sources. 1H and 2H NMR spectra were recorded on
a Bruker UNI 400 spectrometer. All chemical shifts (d) are referenced to the residual proteo-solvent
resonances. Dioxygen and dinitrogen gases were dried via passage through a column of Drierite
prior to sparging into the reaction vessels. Variable-temperature UV-vis measurements were
collected on a Cary 60 spectrophotometer equipped with a Unisoku USP-203A cryostat, and all
measurements were obtained using cuvettes with path lengths of 1 cm. IR spectra (KBr pellet) were
collected using a JASCO FT/IR-480 Plus spectrophotometer.

3.4.2 Synthetic procedure for formation of cupric azide complex (5PMe3)
To a THF solution (5 mL) of 3PMe3 (104 mg, 0.09 mmol)21 was added an excess of solid
sodium azide (15 mg, 0.23 mmol). The resulting reaction slurry was stirred at room temperature for
6 h, over which time the reaction mixture became more vibrantly green in color. The reaction slurry
was filtered through a plug of Celite, and all volatile materials were removed in vacuo. The resulting
green residue was extracted with Et2O (20 – 30 mL) and the resulting solution was filtered through
a plug of Celite. Volatile materials were removed in vacuo, and the resulting green powder was
triturated with n-pentane and dried under vacuum for 1 h. Single crystals suitable for
crystallographic analysis were obtained from Et2O. IR (THF): nNN = 2046 cm-1. UV-vis (THF): lmax
= 389 nm (e = 2500 M-1cm-1). Evans Method (CD3CN): µeff = 2.2 µB (see Figure 3.12). 1H NMR (400
MHz, CD3CN, 300 K): d = 3.52 (broad singlet) ppm. Anal. Calcd. for C39H39BCuF20N7P3: C, 40.63;
H, 3.41; N, 8.50. Found: C, 40.16; H, 3.32; N, 8.48.
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Figure 3.12 1H NMR spectrum of 5PMe3 with trimethoxybenzene (TMB) as internal and external
standards for Evans method measurement35 (concentration of 5PMe3 = 18 mM in CD3CN).
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Figure 3.13 UV-vis spectra of 5PMe3 at various concentrations.
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Figure 3.14 Molar absorptivity determination for the 389 nm feature observed in the UV-vis
spectrum of 5PMe3.
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3.4.3 Procedure for generation of [Me3P3tren-CuO2]+ (4PMe3)
A THF solution of 1PMe3 (0.5 mM, 3.0 mL) was prepared under an inert dinitrogen
atmosphere in the glovebox and was added to a UV-vis cuvette fitted with an airtight cap and a
Teflon septum. The sample was cooled to a low temperature (-85 °C or -100 °C) in the UV-vis
cryostat, and a spectrum was obtained in order to establish the signature of the starting material.
Dry O2 was sparged through the solution for 10 seconds, and spectra were recorded at regular

Absorbance / A.U.

intervals starting 15 seconds after the beginning of the O2 sparge.

Wavelength / nm

Figure 3.15 UV-vis spectra of 1PMe3 (gray trace) and 4PMe3 in THF at -85 °C. The black trace
represents the spectral features associated with 4PMe3 directly following oxygenation, and the red
trace represents the spectral traces associated with 4PMe3 after 30 min at -85 °C.

156

3.4.4 Treatment of 4PMe3 with 2,6-di-tert-butyl-4-methoxyphenol
A THF solution of 1PMe3 (0.5 mM, 3.0 mL) was prepared in a glovebox and added to a
UV-vis cuvette fitted with an airtight cap and a Teflon septum. The sample was cooled to -100 °C
in the cryostat, and a spectrum was obtained in order to confirm the fidelity of the CuI sample prior
to the experiment. The cuvette was sparged with O2 for 10 s, and a spectrum was recorded to
confirm the formation of 4PMe3. The cuvette was next sparged with dry N2 for 30 s in order to remove
excess O2. A THF solution (0.1 mL) of 2,6-di-tert-butyl-4-methoxyphenol was added via syringe
through the septum, and spectra were recorded every 15 seconds to track the progress of the
reaction. The reaction progress was monitored by tracking changes in absorbance at 700 nm.
Pseudo-first-order plots analyzing the first 10% of intensity loss from this feature were obtained, in
which ln[(At – Af)/(Ai – Af)] was plotted against time (s). The slopes of the trendlines for these plots
were used to obtain values of kobs which were used in determining the second order rate constant
associated with the reaction.
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Ln[(At – Af)/(Ai – Af)]

Time / s

Figure 3.16 Representative examples of pseudo-first-order integrated rate law plots for the
treatment of 4PMe3 (0.50 mM) with 2,6-di-tert-butyl-4-methoxyphenol at 0.49 mM (black), 0.97 mM
(blue), and 1.43 mM (red) concentrations. The observed rate constants (kobs) are tabulated in Table
3.1 below.

Table 3.1 Experimentally observed rate constants (kobs, s-1) for the reaction of 4PMe3 with 2,6-di-tertbutyl-4-methoxyphenol at -100 °C in THF at various initial phenol concentrations.

Initial Phenol
Concentration
(mM)

(Trial #1)

(Trial #2)

(Trial #3)

kobs / s

Standard
Deviation

0.49

0.0027

0.0030

0.0023

0.0028

0.00033

0.97

0.0071

0.0080

0.0071

0.0074

0.00052

1.43

0.0116

0.0101

0.0130

0.0116

0.00146

kobs / s-1

kobs / s-1

kobs / s-1
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Figure 3.17 Representative examples of pseudo-first-order integrated rate law plots for the
treatment of 4PMe3 (0.50 mM) with 2,6-di-tert-butyl-4-methoxyphenol-d1 at 0.49 mM (black), 0.97
mM (blue), and 1.43 mM (red) concentrations. The observed rate constants (kobs) are tabulated in
Table 3.2 below.

Table 3.2 Experimentally observed rate constants (kobs, s-1) for the reaction of 4PMe3 with 2,6-di-tertbutyl-4-methoxyphenol-d1 at -100 °C in THF at various initial phenol concentrations.

Phenol
Concentration

Trial #1

Trial #2

Trial #3

Average

Standard
Deviation

0.49

0.0011

0.0016

0.0007

0.0011

0.00045

0.97

0.0027

0.0023

0.0021

0.0024

0.00031

1.43

0.0050

0.0029

0.0033

0.0037

0.00111

(mM)
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3.4.5 NMR Spectra for 2,6-di-tert-butyl-4-methoxyphenol-d1

OD
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OMe b

b

a
C6D5H

Residual OH

Figure 3.18 1H NMR (400 MHz) spectrum of 2,6-di-tert-butyl-4-methoxyphenol-d1 in C6D6 (T =
300 K).
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Figure 3.19 2H NMR (400 MHz) spectrum of 2,6-di-tert-butyl-4-methoxyphenol-d1 in C6D6 (T =
300 K).
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3.4.6 Formation of [Me3P3tren-Cu-O2-HTMPA]2+ (6PMe3)
In the glovebox, a solution of 1PMe3 in THF (0.75 mM, 2.0 mL) was prepared and transferred
into a cuvette fitted with an airtight Teflon septum. The reaction cuvette was cooled to -100 °C in a
UV-vis cryostat, and a spectrum was obtained in order to confirm the fidelity of the Cu(I) sample.
Dry O2 was sparged through the cooled solution for 10 seconds and a spectrum was obtained to
confirm the formation of 4PMe3. Dry N2 was then sparged through the cuvette for 2 minutes to clear
O2 from the reaction vessel. A precooled solution (-94 °C) containing 1 equiv of [HTMPA-CuI]BArF4
(1.5 mM, 1.0 mL) was cannula transferred into the reaction cuvette, and a UV-vis spectrum was
obtained (Figure 3.7).

3.4.7 Controlling conditions for formation of 6PMe3
In the glovebox, neat THF (2.0 mL) was added to a UV-vis cuvette fitted with an airtight
Teflon septum. The cuvette was cooled to -100 °C in the UV-vis cryostat and was sparged with dry
O2 for 10 seconds. The solution was then sparged with dry N2 for 2 minutes to remove the O2. A
precooled solution (-94 °C) containing 1 equiv of [HTMPA-CuI]BArF4 (1.5 mM, 1.0 mL) was cannula
transferred into the cuvette, and a UV-vis spectrum was obtained. The measured spectrum shows
no sign of residual O2 being present in the cuvette, since no signals associated with the reported
[(HTMPA2Cu2)O2]2+ complex were observed (Figure 3.20, red trace). Following this measurement,
O2 was sparged through the cuvette, and spectral features associated with the HTMPA-bound
homoleptic di-cupric-1,2-µ-peroxide complex ([(HTMPA-CuII)2O2]2+) were observed to form (Figure
3.20, blue trace).8
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Absorbance / A.U.

Wavelength / nm

Figure 3.20 UV-vis trace following i) cooling 2.0 mL THF to -100 °C in a UV-vis cuvette, ii) sparging
the solution with O2 for 10 s, iii) sparging the solution with N2 for 2 mins, and iv) addition of a precooled (-94 °C) THF solution of [TMPA-Cu]BArF4 (1.5 mM, 1.0 mL) to the cuvette via cannula
transfer (red trace). Following this procedure, O2 was sparged through the reaction cuvette and
spectral features associated with [HTMPA-CuII2O2]2+ were observed to form (blue trace).
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3.4.8 X-ray crystallographic details
X-ray intensity data were collected on a Bruker D8QUEST CMOS area detector, employing
graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) at a temperature of 100 K. Rotation
frames were integrated using SAINT, producing a listing of unaveraged F2 and σ(F2) values. The
intensity data were corrected for Lorentz and polarization effects and for absorption using
SADABS.36 The structure was solved by direct methods – ShelXT.37 Refinement was done by fullmatrix least squares based on F2 using SHELXL-201737 or SHELXL-2018.38 All reflections were
used during refinement. The weighting scheme used was w = 1/[σ2(Fo2 ) + (0.0369P)2 + 9.9284P]
where P = (Fo2 + 2Fc2)/3. Non-hydrogen atoms were refined anisotropically and hydrogen atoms
were refined using a riding model.

Table 3.3 Summary of structure determination of 5PMe3.

Empirical formula

C43H49BCuF20N7OP3

Formula weight

1227.15 g/mol

Temperature

100 K

Crystal system

monoclinic

Space group

P21/c

a

16.5506(10) Å

b

20.5218(13) Å

c

15.8428(10) Å

β

105.663(3)°

Volume

5181.2(6)Å3

Z

4
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dcalc

1.573 g/cm3

μ

0.629 mm-1

F(000)

2492.0

Crystal size, mm

0.43 × 0.25 × 0.23

2θ range for data collection

5.754 - 55.21°

Index ranges

-21 ≤ h ≤ 21, -26 ≤ k ≤ 26, -20 ≤ l ≤ 20

Reflections collected

129735

Independent reflections

11995 [R(int) = 0.0550]

Data/restraints/parameters

11995/0/696

Goodness-of-fit on F2

1.051

Final R indexes [I>=2σ (I)]

R1 = 0.0318, wR2 = 0.0722

Final R indexes [all data]

R1 = 0.0410, wR2 = 0.0771

Largest diff. peak/hole

0.43/-0.58 e–/Å3

3.4.9 Computational details
All density functional theory (DFT) calculations were performed with the ORCA program
package, v3.0.3.37 Geometry optimizations were carried out at the unrestricted B97-D3 level of
DFT. The def2-TZVP basis sets and the def2-TZVP/J auxiliary basis sets (used to expand the
electron density in the resolution-of-identity (RI) approach) were used for all atoms except carbon
and hydrogen. All carbon and hydrogen atoms were described using the def2-SVP basis sets and
def2-SV/J auxiliary basis sets.39–43 These functional/basis set combinations were chosen for their
aptitude in describing non-covalent interactions/dispersion forces and for their convenient balance
of accuracy and computational cost. The conductor-like screening model (COSMO; dipole moment
corresponding to THF) was implemented for all calculations described within.
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The SCF calculations were tightly converged (1x10-8 Eh in energy, 1x10-7 Eh in the density
change, and 5x10-7 in the maximum element of the DIIS error vector). In all cases the geometries
were considered converged after the energy change was less than 1x10-6 Eh, the gradient norm
and maximum gradient element were smaller than 3x10-4 Eh-Bohr-1 and 1x10-4 Eh-Bohr-1,
respectively, and the root-mean square and maximum displacements of all atoms were smaller
than 6x10-4 Bohr and 1x10-3 Bohr, respectively.
Numerical frequency calculations were used to verify that the calculated structures
represented local minima on the potential energy surface. The reported energies are Gibbs free
energies, calculated for 298.15 K and 1.00 atm, as obtained from numerical frequency calculations
on the optimized geometries.
In order to compare orbital energies across complexes containing different (numbers of)
atoms, a normalization of the orbital energies was required. Small deviations in the energies of
experimental X-ray absorption spectrum (XANES) pre-edge and rising edge features for Cu
complexes bearing the same oxidation state,44 combined with the computational determination that
core energies are only minorly impacted by changes to the ligand field (even with very large
changes in ligand field),45 implicate the calculated Cu 1s orbital as a physically-meaningful internal
reference. Orbital energies were thus normalized to the computed Cu 1s orbital energies for each
complex.
Time-dependent density functional theory (TD-DFT) calculations were carried out
according to the same methodology described above. The 20 lowest-energy excited states were
calculated. Transition assignments were based on the majority orbital contributions to a given state.
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3.4.10 Optimized cartesian coordinates for CuO2+ complexes
Optimized Cartesian Coordinates for 4PMe3 (Å):
Cu

-0.0545119

-0.0671286

0.12137543

O

-0.7169839

-0.3998138

2.94991708

O

0.18741385

0.02652306

2.1443725

P

3.14286077

0.45755867

0.3694363

P

-2.1295457

2.35843337

0.75293534

P

-1.1151548

-3.1025947

0.59254097

N

1.77389033

0.974878

-0.2651802

N

-1.8046252

1.04698268

-0.0924171

N

-0.0910047

-2.1609351

-0.1936951

N

-0.1709447

-0.0562575

-2.1379431

C

1.1272055

0.4701749

-2.5975984

H

1.0398607

0.89040167

-3.6132077

H

1.83246341

-0.3648749

-2.6425328

C

1.66754161

1.51217809

-1.6152079

H

2.62060005

1.89139585

-2.0090774

H

0.98341008

2.37338105

-1.5946096

C

4.64184202

1.06017883

-0.4644402

H

4.67835661

0.69328158

-1.4937492

H

5.52033423

0.69090707

0.07282631

H

4.65281648

2.15365054

-0.4662028

C

3.28871065

0.99373486

2.09313443

H

3.30097486

2.0871731

2.12212774

H

4.20849035

0.5997813

2.53542219

H

2.42462599

0.62889404

2.65296092

C

3.32031063

-1.3533816

0.42257173

H

2.38103475

-1.7841548

0.78244496

H

4.14751915

-1.6517431

1.07379646

H

3.5082579

-1.7206278

-0.5907663

C

-1.3031639

0.82438133

-2.4761238

H

-1.7123379

0.57019492

-3.4675435

H

-0.9318628

1.85192591

-2.5201376

C

-2.3833247

0.75144691

-1.3947256

H

-3.197636

1.43252588

-1.6773914

H

-2.8213199

-0.2576913

-1.3829536
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C

-3.0396174

2.01453614

2.28679881

H

-4.0110096

1.58134966

2.03076476

H

-3.1880027

2.92912274

2.86981943

H

-2.4667635

1.28960827

2.87172477

C

-3.123736

3.59844035

-0.1296463

H

-2.6160861

3.89621636

-1.0510509

H

-3.248284

4.47463037

0.51280352

H

-4.1101687

3.19470635

-0.3715804

C

-0.6196015

3.21197075

1.2768386

H

0.02627457

2.50452498

1.80139718

H

-0.8662447

4.05157848

1.93368728

H

-0.0916663

3.57404987

0.39064479

C

-0.3962704

-1.4565927

-2.5344408

H

-0.0697941

-1.6259202

-3.5739941

H

-1.4711261

-1.6545645

-2.4852681

C

0.31519438

-2.407239

-1.5722597

H

0.12504651

-3.4371816

-1.9035579

H

1.40060371

-2.2584547

-1.6546554

C

-0.4425882

-3.618247

2.19459117

H

0.47425335

-4.1885216

2.0191143

H

-1.1663418

-4.2385577

2.73270661

H

-0.214053

-2.7297573

2.78680909

C

-1.5388787

-4.6432907

-0.273507

H

-2.0211959

-4.4195114

-1.2288607

H

-2.2314563

-5.2176807

0.34884819

H

-0.6381198

-5.2383189

-0.4479452

C

-2.7020723

-2.3008714

0.96134156

H

-2.5000005

-1.329419

1.41863169

H

-3.300859

-2.9173084

1.63886207

H

-3.2454498

-2.1493779

0.02391341

Optimized Cartesian Coordinates for [HTMPA-CuO2]+ (Å):
Cu

-0.0410083

-0.0181538

0.05675032

O

-0.2118916

-0.0034556

-1.9511631

O

-1.3799586

0.05171718

-2.4464446

N

0.33907692

-0.0349184

2.22760098
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N

-0.95663

1.77781499

0.60541629

N

2.04872013

-0.1152968

0.06158649

N

-1.1026995

-1.7388113

0.59409571

C

0.37692848

1.38338878

2.6063205

C

1.6284962

-0.7189641

2.38458047

C

-0.7897575

-0.7714272

2.80967861

C

-1.8414958

2.47711159

-0.1228933

C

-0.6704012

2.18044934

1.86140749

C

2.85938748

0.14891585

-0.9764418

C

2.58897382

-0.3534496

1.27498333

C

-1.5317509

-2.701718

-0.2388925

C

-1.2147157

-1.9235839

1.92607237

H

1.36459502

1.77113269

2.32940555

H

0.26756751

1.52321963

3.69076132

H

1.43827868

-1.7975129

2.32765631

H

2.08275751

-0.5223563

3.3657635

H

-1.63352

-0.0756623

2.88947801

H

-0.5683041

-1.1271424

3.82470977

C

-2.4750898

3.61564384

0.36493814

H

-2.0434432

2.10189432

-1.1221696

C

-1.2762395

3.30199942

2.42291978

C

4.24430595

0.18722506

-0.85192

C

3.96627416

-0.3175286

1.48027635

C

-2.0895814

-3.8916768

0.21737081

H

-1.4201488

-2.5034657

-1.3012008

C

-1.7481648

-3.0957105

2.45783016

C

-2.186688

4.03502712

1.66289115

H

-3.1815206

4.15218995

-0.2601075

H

-1.0357022

3.59231049

3.44101753

C

4.80766204

-0.0468057

0.40215823

H

4.36887643

-0.5012254

2.47180333

C

-2.1951402

-4.0937416

1.59297453

H

-2.4231713

-4.6408455

-0.493096

H

-1.811509

-3.2198178

3.53525282

H

-2.6674149

4.91452873

2.08069424

H

5.88472317

-0.0138334

0.5410038

H

-2.6134549

-5.0150526

1.98757219

H

4.86028057

0.40444783

-1.7183423
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H

2.37293764

0.33553937

-1.9298886

Optimized Cartesian Coordinates for [NMe2TMPA-CuO2]+ (Å):
Cu

-0.039864

0.07387728

-0.0890087

N

-0.0367664

0.04849297

2.12799051

N

-1.0656014

-1.70454

0.27182109

N

-1.0088827

1.87394214

0.30413149

N

2.01215483

-0.0405924

0.27742914

C

-1.2421563

-0.7109734

2.48238043

C

-0.0885681

1.46137251

2.51749013

C

1.2130513

-0.6224876

2.50034179

C

-1.2463048

-2.7290377

-0.5830741

C

-1.4232367

-1.8987342

1.56193088

C

-1.7545695

2.603414

-0.5483924

C

-0.9963311

2.25515503

1.60192493

C

3.01193503

0.22432262

-0.5860603

C

2.34694782

-0.2384551

1.57318229

H

-2.0996448

-0.0386998

2.356758

H

-1.230511

-1.0337993

3.53312809

H

0.92800014

1.86303816

2.42299881

H

-0.3907901

1.58892313

3.56693461

H

1.04573905

-1.7020388

2.40405801

H

1.48682053

-0.4299466

3.54748223

C

-1.7777148

-3.9499977

-0.218671

H

-0.938625

-2.5507235

-1.6106426

C

-1.9510477

-3.0894532

2.02522869

C

-2.4925724

3.70812485

-0.1739129

H

-1.7506115

2.27517974

-1.5850076

C

-1.7167417

3.33556632

2.07642651

C

4.34198585

0.30390113

-0.2238329

H

2.71966793

0.37711475

-1.6216421

C

3.64760247

-0.161307

2.03603326

C

-2.1585622

-4.1750036

1.13141061

H

-1.8881144

-4.7174839

-0.974319

H

-2.1974338

-3.1742759

3.07644304

C

-2.4980324

4.12044953

1.18588259
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H

-1.6655084

3.57103766

3.13261112

C

4.711568

0.11343403

1.13499647

H

5.07879059

0.51999707

-0.9867647

H

3.83480243

-0.3237424

3.09036414

H

-3.0596541

4.2371508

-0.928989

N

-3.2085813

5.1946662

1.60984885

N

6.00064488

0.19279988

1.54968873

N

-2.6786502

-5.3568831

1.5461731

C

-2.8376593

-6.4606294

0.60414655

H

-3.2633933

-7.3146651

1.12986894

H

-3.5115865

-6.1882759

-0.2174767

H

-1.8723636

-6.7623988

0.17919996

C

-3.0628605

-5.5445569

2.94110706

H

-3.4899644

-6.540028

3.05826441

H

-2.1975634

-5.4573978

3.61049116

H

-3.815065

-4.8067371

3.24618985

C

-3.9909458

5.97994145

0.66041864

H

-4.4777565

6.79484828

1.19463818

H

-3.352998

6.4098989

-0.1218116

H

-4.7659439

5.36808095

0.18211514

C

-3.1788436

5.59091289

3.01385672

H

-3.814219

6.46564133

3.14696874

H

-3.554739

4.78876979

3.66157917

H

-2.1612551

5.84902383

3.33358813

C

7.0664164

0.46340153

0.58963863

H

8.02199622

0.46281821

1.11317561

H

7.09973881

-0.3045233

-0.1935972

H

6.93330272

1.4423918

0.11207053

C

6.33640779

-0.0023152

2.95602617

H

7.4105719

0.12727452

3.08383328

H

5.82192624

0.72814835

3.59246494

H

6.06617975

-1.0107285

3.29506057

O

-0.127033

0.24274499

-2.0851227

O

0.38117576

-0.6962355

-2.7836263
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CHAPTER IV
Internal Electrostatic Fields Stabilize End-on Cupric Superoxide Complexes: A
Systematic Study

4.1 Introduction
As described in Chapter III, cupric superoxide complexes have traditionally been difficult
to study due to the prevalent thermal instability of the systems that have been investigated to date.
The earliest reports on h1 cupric superoxide complexes required the use of stopped-flow UV-vis
spectroscopy under cryogenic conditions (-80 to -120 °C) in order to simply observe the transient
[CuO2] species.1–3 In these reports, it was discovered that an equilibrium for O2 binding to CuI was
established prior to the rate-limiting reduction of the h1 cupric superoxide complexes by the cuprous
precursor to form di-cupric-1,2-µ-peroxides (Figure 4.1). Creative approaches to improving the
thermal stability of cupric superoxide complexes have therefore focused on either a) increasing Keq
for oxygen binding (Figure 4.1, step i) such that there is limited cuprous compound in solution
available for reducing the cupric superoxide,2,4,5 or b) decreasing k2 (Figure 4.1, step ii) to slow or
prevent the formation of the di-cupric-1,2-µ-peroxide complex.3,6–10 With respect to the latter
strategy, an early breakthrough in the field was accomplished by Sundermeyer and Schindler
through use of the TMG3tren ligand.9 In their study, the authors discovered that the presence of the
bulky guanidyl groups in the secondary coordination sphere of the ligand led to an observable O2
binding equilibrium, which was found to be fully reversible (Figure 4.2). In a subsequent publication,
the authors reported the solid-state X-ray structure of the h1 cupric superoxide complex bound by
TMG3tren,10 and this compound remains the only molecular example of a crystallographically
characterized h1 cupric superoxide complex reported to date.
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Figure 4.1 Precedented mechanism for cupric superoxide decomposition.
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Figure 4.2 Reversible binding of O2 to TMG3tren-CuI is possible due to the steric bulk in the
secondary coordination sphere of the complex, which prevents di-cupric-1,2-µ-peroxide complex
formation.

The general instability of end-on (h1) cupric superoxide complexes provides a convenient
vehicle for studying the impacts that internal electrostatic fields have on small molecule
binding/activation. Additionally, the numerous well-characterized and elegantly studied examples
already reported in the literature provide precedent for characterization details and decomposition
mechanistic studies. The results outlined in this chapter are discussed through the context of
systematically studying the impacts that internal electrostatic fields in copper complexes have on
cupric superoxide stability.
As discussed in Chapters II and III, the dominant resonance picture for a phosphinimine
compound is its zwitterionic form, in which there resides an anionic charge on nitrogen and a
cationic charge on phosphorous (Figure 2.2). The previous study on CuI complexes bound by
R3

P3tren ligands (1PR3, PR3 = PMe3, PMe2Ph, PMePh2, PPh3, PMe2(NEt2)), reported in Chapter II,
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indicated that electrostatic fields emanating from the cationic phosphonium residues in the
secondary coordination spheres were capable of influencing the valence d-orbital manifolds of the
complexes. Chapter III focused on the permethylated analog, 1PMe3, and it was postulated that the
large amount of cationic electrostatic potential in the O2 binding pocket of the complex contributed
to the observed thermal stability of the h1 cupric superoxide complex (4PMe3) formed upon
oxygenation. However, the degree to which through-space Coulombic interactions contribute to the
stability of 4PMe3 was not established since steric, electronic, and electrostatic properties of
Me3

P3tren are much different than those of the ligands utilized in literature-reported cupric

superoxide complexes. Oxygenations of all of the cuprous complexes reported in Chapter II would
likewise not give meaningful comparisons to 4PMe3, since the steric profiles are so different across
the series of complexes.
The series of CuI complexes introduced in this chapter, 1PMe2Ph-X (Scheme 4.1), were
designed to deconvolute the individual contributions of sterics, electronics, and electrostatics on h1
cupric superoxide stability. Only the substituents at the 4-positions of the phosphinimine phenyl
groups are modulated across the series; these positions are on the peripheries of the complexes
and well removed from the O2 binding sites. The steric profiles in the secondary coordination
spheres of 1PMe2Ph-X can therefore be considered to be consistent across the series, which is
important since steric changes have been shown to dramatically change the thermal stabilities of
h1 cupric superoxide complexes.3,6–10

4.2 Results and discussion
4.2.1 Syntheses of ligands and CuI complexes
A new series of tren-based tris(phosphinimine) ligands,

X-PhMe2

P3tren (X = CF3, H, NMe2),

was synthesized via the Staudinger reaction between 2-azido-N,N-bis(2-azidoethyl)ethaneamine
(tris(azido)tren) and the corresponding phosphine (Scheme 4.1). The 31P{1H} NMR spectra for each
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ligand (THF-d8) display single sharp singlets, consistent with C3v-symmetric geometries on the
NMR timescale. The spectral resonances in the

31

P{1H} NMR spectra are nearly identical across

the series (between 0.20 and 0.91 ppm); however, spectral resonances associated with the
phosphinimine phenyl groups in the 1H NMR spectra shift systematically downfield from
PhMe2

P3tren to H-PhMe2P3tren to CF3-PhMe2P3tren. Notably, 1H NMR spectral resonances associated with

the phosphinimine methyl groups also shift downfield from
PhMe2

NMe2-

NMe2-PhMe2

P3tren (1.44 ppm) to

H-

P3tren (1.52 ppm) to CF3-PhMe2P3tren (1.58 ppm), indicating that the electronic alteration extends

further into the phosphinimine moieties upon substitution at the 4-positions of the phenyl rings.
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Scheme 4.1 Syntheses of X-PhMe2P3tren ligands (X = NMe2, H, CF3) and coordination to CuI ions to
form 1PMe2Ph-X, and low-temperature oxygenations of 1PMe2Ph-X to form end-on cupric superoxide
complexes, 4PMe2Ph-X.

The

X-PhMe2

P3tren ligands were coordinated to CuI ions via treatment with 1 equiv of

CuBArF4•4MeCN (BArF4 = B(C6F5)4-) in tetrahydrofuran (THF), resulting in the formation of 1PMe2Ph-X
(Scheme 4.1). The solid-state structure of 1PMe2Ph-H was reported in Chapter II and was shown to
adopt a pseudo-C3v geometry in the solid state that is best described as trigonal pyramidal (Figure
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2.3). 1H,

31

P{1H}, and

13

C{1H} NMR spectra of 1PMe2Ph-X are consistent with a C3v geometry on the

NMR timescale (Experimental section, Figures 4.45 – 4.54), and a systematic downfield shift in the
31

P{1H} spectral resonance was observed from 1PMe2Ph-NMe2 (18.96 ppm) to 1PMe2Ph-X (19.85 ppm) to

1PMe2Ph-X (21.87 ppm). As observed for the free ligands, 1H NMR spectral features associated with
the phosphinimine aryl and methyl groups were also observed to shift downfield as the substituent
at the 4-position of the phenyl group becomes more electron-withdrawing.
Electronic alteration of the phosphinimine moieties in 1PMe2Ph-X is further displayed in
changes in the electronic spectral features across the series. The colors of the complexes change
from pale yellow, to yellow, to orange for 1PMe2Ph-NMe2, 1PMe2Ph-H, and 1PMe2Ph-CF3, respectively. This
qualitative change reflects changes in the high-energy UV-vis features, tentatively assigned as
MLCT transitions, which are systematically red-shifted from 1PMe2Ph-NMe2 to 1PMe2Ph-H to 1PMe2Ph-CF3
(Experimental section, Figure 4.18).
Electrochemical studies on 1PMe2Ph-X were undertaken in isobutyronitrile (IBN) and E1/2
values are reported relative to the ferrocene/ferrocenium (Fc/Fc+) redox couple. 1PMe2Ph-X display
quasi-reversible E1/2 features, which we assign as the CuI/CuII redox couples (Figure 4.3,
Experimental section, Figures 4.25 – 4.27). A significant and systematic shift in the CuI/CuII redox
couples was observed across the series (DE1/2 = 0.14 V). The most reducing analog, 1PMe2Ph-NMe2
(-0.82 V vs. Fc/Fc+), displayed a CuI/CuII redox couple that was 40 mV more negative than that of
1PMe3 (Chapter II, Figure 2.4), which was, to this point, the most reducing isolated CuI complex
reported.
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Figure 4.3 Stacked cyclic voltammograms of 1PMe2Ph-NMe2 (green), 1PMe2Ph-H (blue), and 1PMe2Ph-CF3
(orange), showing their CuI/CuII redox couples in isobutyronitrile (iPrCN) and referenced to the
ferrocene/ferrocenium (Fc/Fc+) redox couple. Scan rate = 200 mV s-1, electrolyte = [Bu4N][PF6]
(100 mM), analyte concentration = 1 mM.

4.2.2 DFT analysis of CuI complexes
DFT geometry optimizations were performed on the cations of 1PMe2Ph-X. Consistent with
previous computational studies on 1PMe2Ph-H and other 1PR3 analogs, 1PMe2Ph-NMe2 and 1PMe2Ph-CF3
were calculated to have 2:1:2 d-orbital splitting patterns. The electrostatic potential was evaluated
at varying distances from copper along the canonical z-axes of the complexes in a manner
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analogous to that described in Chapter II. For each complex, a local maximum in electrostatic
potential was calculated to occur ca. 2.7 Å from copper; the magnitude of each maximum increased
significantly from 1PMe2Ph-NMe2 (0.123 a.u.) to 1PMe2Ph-H (0.145 a.u.) to 1PMe2Ph-CF3 (0.164 a.u.) (Figure
4.4, filled circles). To control for small changes in geometry between complexes (specifically with
respect to phosphinimine methyl group arrangement), geometry optimizations were undertaken on
1PMe2Ph-NMe2 and 1PMe2Ph-CF3 wherein the positions of all atoms, except for those of the X groups
(NMe2 or CF3), were constrained to be identical to 1PMe2Ph-H. One dimensional electrostatic potential
maps were calculated for these constrained complexes, which showed almost no difference from
the non-constrained versions (Figure 4.4, open circles). It should be noted that although the
electrostatic potentials of the binding pockets for these complexes differ greatly, the gradients in
electrostatic potential with respect to distance along the canonical z-axes of these complexes (i.e.
the electrostatic field strengths) were found to be nearly identical (11.7 – 12.3 V/nm) ca. 2.2 Å from
Cu (Experimental section, Figures 4.16 and 4.17, Table 4.3).
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Distance from Cu (z-dir.) / Å

Figure 4.4 Calculated electrostatic potential as a function of distance from Cu along the canonical
z-axes of 1PMe2Ph-NMe2 (green), 1PMe2Ph-H (blue), and 1PMe2Ph-CF3 (orange). Open circles for 1PMe2PhNMe2

(green) and 1PMe2Ph-CF3 (orange) represent calculations in which the parent structure was

constrained to be identical to that of 1PMe2Ph-H.

4.2.3 Formation of cupric superoxide complexes
Treatment of THF solutions of 1PMe2Ph-X with dioxygen resulted in the rapid formation (<10 s)
of vibrant green solutions, the colors of which persisted for hours at -100 °C. Low temperature
UV-vis measurements (-100 °C) of these compounds displayed traces that are consistent with the
formation of h1 cupric superoxide complexes, 4PMe2Ph-X (Figure 4.5, Scheme 4.1). Spectral features

185

associated with 4PMe2Ph-X were found to be qualitatively similar across the series of complexes, each
of which contained an intense, high-energy feature at ca. 420 nm (assigned previously as a ligand
to metal charge transfer (LMCT) band), and lower-intensity, low-energy features at ca. 700 nm and
900 nm. A systematic (but subtle) red shift was observed in the energy of the ca. 700 nm feature,
from 4PMe2Ph-CF3 to 4PMe2Ph-H to 4PMe2Ph-NMe2 (Figure 4.5) that was not observed for the LMCT band
at 420 nm. The UV-vis spectral features associated with 4PMe2Ph-X were found to irreversibly decay
with time, and well-defined isosbestic points were identified for each variant (Experimental section,
Figures 4.19 – 4.21). Importantly, the decay processes were found to occur at different rates across
the series of complexes, and 4PMe2Ph-CF3 was found to be the most stable over a wide range of
temperatures (-100 – 25 °C), followed by 4PMe2Ph-H, and then 4PMe2Ph-NMe2. Remarkably, UV-vis
spectral features associated with 4PMe2Ph-CF3 could be observed at room temperature (25 °C) over
the timespan of minutes (Figure 4.6). This result is significant in that it provides the first direct
(although qualitative) comparison in O2 binding equilibrium with the cupric superoxide bound by
TMG3tren ([TMG3tren-Cu-O2]+) (Figure 4.2). Although [TMG3tren-Cu-O2]+ is kinetically stable, at
room temperature the O2 binding equilibrium lies almost completely in the non-bound form (CuI +
O2).11 The observation of intense (ca. 1600 M-1cm-1, >50% of 4PMe2Ph-CF3 formation) UV-vis spectral
features associated with 4PMe2Ph-CF3 in THF at 25 °C therefore provides direct proof that O2 binding
to 1PMe2Ph-CF3 is thermodynamically preferred over O2 binding to [TMG3tren-CuI]+.
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Figure 4.5 UV-vis spectra of 4PMe2Ph-NMe2 (green), 4PMe2Ph-H (blue), and 4PMe2Ph-CF3 (orange)
at -100 °C in THF.
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Figure 4.6 UV-vis spectra of 4PMe2Ph-CF3 generated at room temperature in THF. Spectral traces
were recorded in 12 second intervals.

4.2.4 Mechanistic investigations into superoxide decomposition
As discussed above, the thermal stabilities of 4PMe2Ph-X were found to correlate directly to
the character of the X substituents bound to the 4-positions of the phosphinimine phenyl rings.
Figure 4.7 depicts second order rate plots for decompositions of 4PMe2Ph-X in THF at -50 °C, at which
temperature 4PMe2Ph-CF3 displayed the smallest kobs value for decomposition (0.16 ± 0.03 M-1 s-1),
followed by 4PMe2Ph-H (2.0 ± 0.3 M-1 s-1), and 4PMe2Ph-NMe2 (3.6 ± 0.3 M-1 s-1). This stability ranking for
4PMe2Ph-X is counterintuitive when considering the measured CuI/CuII redox potentials for 1PMe2Ph-X,
in that 1PMe2Ph-CF3 was found to be the least reducing analog of the series and 1PMe2Ph-NMe2 was found
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to be the most. As described earlier, more reducing cuprous complexes have been shown to form
more stable cupric superoxide complexes due to their greater propensity to reduce O2 to O2•-, which
shifts the O2 binding equilibrium toward the cupric superoxide complex (step i in Figure 4.1).2 The
observed ranking in cupric superoxide stability does, however, correlate with the amount of cationic
electrostatic potential calculated to exist in the O2 binding pocket (Figure 4.4). This observation is
consistent with the hypothesis that internal electrostatic fields play a large part in stabilizing
superoxide binding to copper, but in the absence of decomposition mechanistic data, this trend
would provide little meaning, since the term “stability” is arbitrary without a process against which
that stability is defined. Accordingly, kinetic and computational studies were undertaken to elucidate
mechanistic details surrounding cupric superoxide decomposition and to study the impacts that

Concentration-1 / M-1

internal electrostatic fields play in the process.

Time / s

3.3

Figure 4.7 Second order rate plots of the thermal decompositions of 4PMe2Ph-NMe2 (green), 4PMe2Ph-H
(blue), and 4PMe2Ph-CF3 (orange) in THF at -50 °C.
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The kinetics of cupric superoxide decomposition at various concentrations of 4PMe2Ph-X were
studied in order to determine the order of the reaction with respect to cupric superoxide. Linear
plots were obtained upon plotting the log of the initial decomposition rates vs. the log of
concentration at -50 °C (for 4PMe2Ph-NMe2 and 4PMe2Ph-H) and at 0 °C (for 4PMe2Ph-CF3) (Figure 4.8), the
slopes of which were close to 2, indicating decomposition pathways that are second order with
respect to superoxide. The second order dependence on 4PMe2Ph-X in thermal decomposition is
consistent with the precedented decomposition mechanism pictured in Figure 4.1; specifically, use
of the pre-equilibrium approximation produces the following rate law:

)/01 =

2" [56%% 7" ]"
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= 2&'(
3#$ [7" ]
[7" ]

(4.1)

The rate of cupric superoxide decomposition was also found to display an inverse
dependence on O2 concentration, which is similarly consistent with the rate law shown in equation
4.1. The decomposition rates of 4PMe2Ph-X that resulted from oxygenation of 1PMe2Ph-X with a mixture
of 1% O2 in N2 at -50 °C were compared to decomposition rates measured when oxygenating with
100% O2 under otherwise identical conditions. Sizeable rate enhancements were observed for all
three variants of 4PMe2Ph-X when using lower partial pressures of O2 (1% in N2; ca. 0.01 atm) for the
oxygenations (Figure 4.9). These enhancements in the rate constants for decomposition became
increasingly dramatic from 4PMe2Ph-CF3 (15-fold increase) to 4PMe2Ph-H (38-fold increase) to 4PMe2PhNMe2

(63-fold increase), which correlates with the overall thermal stabilities of the complexes.
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y = 1.93x - 0.61
R2 = 0.99
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Figure 4.8 Plot of the log of initial rates of decomposition vs. the log of concentration in THF for a)
4PMe2Ph-NMe2 at -50°C, b) 4PMe2Ph-H at -50 °C, and c) 4PMe2Ph-CF3 at 0 °C. Concentrations were
estimated by the starting concentration of 1PMe2Ph-X prior to oxygenation.
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Figure 4.9 Second order rate plots for cupric superoxide decompositions under an atmosphere of
O2 (black circles) and under 1% O2 in N2 (colored circles) for a) 4PMe2Ph-NMe2, b) 4PMe2Ph-H, and c)
4PMe2Ph-CF3. These measurements were all carried out in THF solution (0.5 mM starting
concentration of 1PMe2Ph-X) at -50 °C.

Further corroboration for the mechanism outlined in Figure 4.1 as being operative in
superoxide decomposition was achieved through treatment of the cupric superoxide complexes
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with the cuprous precursor complexes. One equiv of 1PMe2Ph-CF3 was added to a solution of
4PMe2Ph-CF3, the headspace of which had been deoxygenated via sparging with N2. A clear
acceleration in the decomposition rate of 4PMe2Ph-CF3 was observed upon addition of 1PMe2Ph-CF3 as
compared to the deoxygenated sample of 4PMe2Ph-CF3 prior to the addition (Figure 4.10). Of particular
note is the observation that the stability of a deoxygenated sample of 4PMe2Ph-CF3 in the presence of
added 1PMe2Ph-CF3 is still greater than the stability of a deoxygenated sample of 4PMe2Ph-NMe2 under
otherwise identical conditions. This observation provides solid support for the second step of
superoxide decomposition – CuIIO2•– + CuI -> CuII–O2–CuII (step ii in Figure 4.1) – as being
substantially slower for 4PMe2Ph-CF3 than for 4PMe2Ph-NMe2. This suggests that the k2 step may be the
dominant factor in the heightened thermal stability of 4PMe2Ph-CF3 over the other members of the

Absorbance at 700 nm / A.U.

series, not a change Keq.

Time / s

Figure 4.10 UV-vis spectral changes at 700 nm with respect to time for 4PMe2Ph-CF3 under an
atmosphere of N2 (orange circles) and after addition of 1 equiv of 1PMe2Ph-CF3 (black circles).
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The thermal decompositions of 4PMe2Ph-X were studied over a wider temperature range (-40
°C to -60 °C for 4PMe2Ph-NMe2 and 4PMe2Ph-H, 0 °C to -50 °C for 4PMe2Ph-CF3) in order to attain Arrhenius
plots for the decomposition reaction of each cupric superoxide complex. The Arrhenius equation
(equation 4.2) can be rearranged to yield equation 4.3 such that a plot of ln(k) vs. 1/T will yield a
linear relationship wherein the activation energy (Ea) can be obtained from the slope of the linear
fit and the pre-exponential factor (A) can be obtained from the y-intercept. The pre-exponential
factor, or frequency factor, is a numerical reporter of the frequency of molecular collisions which
result in a chemical reaction. Each chemical reaction has a unique value of A, which is most directly
impacted by steric bulk; increasing steric bulk results in fewer available orientations for a productive
collision to occur, thereby decreasing the frequency of said collisions, which would be reported by
smaller pre-exponential factors.

)*!

2 = 91 +,

ln(2) = ln(9) −

(4.2)

-- 1
=>

(4.3)

The Arrhenius plots for the thermal decompositions of 4PMe2Ph-X are shown in Figure 4.11,
and activation energies and pre-exponential factors associated with these processes, as calculated
from the Arrhenius equation, are tabulated in Table 4.1. The slopes of the trendlines in the
Arrhenius plots that track 4PMe2Ph-X decomposition are nearly parallel (Figure 4.11), indicating similar
activation energies across the series of complexes (ca. 12 kcal/mol). Large changes, however, are
observed in the pre-exponential factors associated with the thermal decompositions of 4PMe2Ph-X
(Table 4.1). Error in the pre-exponential factor of 4PMe2Ph-H is significant (Table 4.1), however errors
in the pre-exponential factors for 4PMe2Ph-NMe2 and 4PMe2Ph-CF3 are small enough to confidently assign
a distinction between these values for the two complexes. Since the activation energies associated
with the thermal decompositions of 4PMe2Ph-NMe2 and 4PMe2Ph-CF3 are nearly identical, differences in
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the pre-exponential factors must therefore result from differences in the frequencies of molecular

Concentration-1 / M-1

orientation for collision. The similar steric profiles across the series of 4PMe2Ph-X suggest that the
differences in electrostatic potential in the secondary coordination spheres of the complexes are
responsible for the differences in the pre-exponential factors for thermal decomposition;
intermolecular electrostatic repulsion can be understood to reduce the frequency of suitably
oriented collisions to form the di-cupric-1,2-µ-peroxide complexes. This model is consistent with
the thermal stabilities of 4PMe2Ph-X, which correlate with the magnitude of cationic electrostatic
potential in the secondary coordination spheres, as opposed to the CuI/CuII reduction potentials
measured for 1PMe2Ph-X.
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Figure 4.11 Arrhenius plots for the thermal decompositions of 4PMe2Ph-NMe2 (green), 4PMe2Ph-H (blue),
and 4PMe2Ph-CF3 (orange) in THF.
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Table 4.1 Arrhenius plot activation energies and pre-exponential factors for the thermal
decompositions of 4PMe2Ph-X.

Activation energy
Ea / kcal mol-1

Pre-exponential factor
A / 1 x 109 M-1 s-1

4PMe2Ph-NMe2

12.0 ± 0.2

2,200 ± 800

4PMe2Ph-H

11.7 ± 2.1

700 ± 3000

4PMe2Ph-CF3

12.0 ± 0.5

80 ± 80

DS
DH
DG (-100 °C)
q(Odistal)
-1 mol-1 )
-1 )
-1 )
(cal
K
(kcal
mol
(kcal mol
4.2.5 DFT calculations on cupric superoxide
complexes

4PMe2Ph-NMe2
4PMe2Ph-H
4

q(Oproximal)

-27.7

-3.58

1.21

-0.255

-0.123

-37.6

-4.49

2.02

-0.242

-0.117

-37.8

-2.94

3.59

-0.233

-0.114

DFT geometry optimizations were performed on the cations of 4PMe2Ph-X. The valence orbital

manifolds of the optimized structures are qualitatively similar to that of 4PMe3 (Chapter III, Figure
PMe2Ph-CF3
3.9). Time-dependent density functional theory (TD-DFT) calculations were performed on the
optimized structures of 4PMe2Ph-X, which qualitatively reproduced the experimental spectra for these
complexes and also reproduced trends in the UV-vis spectral features across this series of

Complex section, Figure
Max. ESF
(V nm
Dist. from
Cu2 (Å)
complexes (Experimental
4.56).
The-1)thermodynamics
of O
binding to 1PMe2Ph-X
4PMe2Ph-NMe2
12.30 parameters for O2 binding
2.17 are tabulated in Table
were calculated,
and the relevant thermodynamic
4PMe2Ph-H

11.72

2.22

4PMe2Ph-CF3

11.72

2.22

4.2. For all three complexes, O2 binding is predicted to be slightly endergonic. The formation of
4PMe2Ph-NMe2 is predicted to be most favorable at -100 °C (DG = 1.21 kcal/mol), followed by 4PMe2PhH

(DG = 2.02 kcal/mol), and 4PMe2Ph-CF3 (DG = 3.9 kcal/mol). This trend in calculated O2 binding was

corroborated by the degree of charge transfer from copper to O2 in 4PMe2Ph-X, as indicated by the
Mulliken atomic charges calculated for the superoxide oxygen atoms (Table 4.2) and is consistent
with the trend in the CuI/CuII redox couples measured for 1PMe2Ph-X (Figure 4.3). It should be noted
that the calculated Gibbs free energy values for O2 binding are not corroborated by experimental
data; removal of dioxygen from the reaction cuvettes containing 4PMe2Ph-X via sparging with N2
materially impacts the rate of second order decomposition but does not greatly diminish the initial
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UV-vis spectral features associated with 4PMe2Ph-X at -100 °C. This indicates that O2 dissociation is
kinetically facile at this temperature but that O2 binding is exergonic in all three derivatives. Still, it
is reasonable to expect that the calculated trend in O2 binding thermodynamics is valid, since the
trend in experimental UV-vis spectral features was reproduced by this computational model. This
calculated trend in O2 binding would suggest that the CuI/CuII redox potentials in 1PMe2Ph-X are the
dominant contributor to O2 binding, such that 1PMe2Ph-NMe2/4PMe2Ph-NMe2 has the largest value of Keq,
but that this energy gain is counteracted by a decrease in the energy barrier to di-cupric-1,2-µperoxide formation such that the total activation energy for cupric superoxide decomposition
remains similar across the series of 4PMe2Ph-X.

Activation energy
Ea / kcal mol-1

Pre-exponential factor
A / 1 x 109 M-1 s-1

4
± 0.2
± 800
Table 4.2 DFT-calculated thermodynamic
parameters12.0
for the
reaction: 1PMe2Ph-X 2,200
+ O2 à
4PMe2Ph-X,
PMe2Ph-NMe2

4PMe2Ph-H

11.7 ± 2.1

700 ± 3000

4PMe2Ph-CF3

12.0 ± 0.5

80 ± 80

and Mulliken charges calculated for the oxygen atoms in 4PMe2Ph-X.

DS
(cal K-1 mol-1)

DH
(kcal mol-1)

DG (-100 °C)
(kcal mol-1)

q(Odistal)

q(Oproximal)

4PMe2Ph-NMe2

-27.7

-3.58

1.21

-0.255

-0.123

4PMe2Ph-H

-37.6

-4.49

2.02

-0.242

-0.117

4PMe2Ph-CF3

-37.8

-2.94

3.59

-0.233

-0.114

4PMe3

-35.1

-8.67

-2.60

-0.244

-0.104

The molecular orbitals of 4PMe2Ph-X evaluated for the presence of an electrostatic-dependent

Complex

2

Max. ESF (V nm-1)

Dist. from Cu (Å)

*

stabilization of the dz /p v orbitals, as was observed for 4PMe3 in Chapter III. Very little change,

4PMe2Ph-NMe2

12.30

2.17

however, was observed in the4PMe2Ph-H
energies of the orbitals across
(Figure 4.12).
11.72the series of complexes
2.22
*
PMe2Ph-NMe2 11.72
Opposite to predictions, the4pPMe2Ph-CF3
is the most stabilized in this2.22
series, despite
v orbital of 4

4PMe2Ph-NMe2 containing the least amount of cationic potential in the vicinity of the O2 binding pocket.
This result raises the possibility that the electrostatic field strength, as opposed to electrostatic
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potential, is the more important value in assessing electrostatic impacts on orbital energies.
Additional computational studies are need to evaluate this idea further.

dz 2

Relative Energy / kcal mol-1

p* v

dx2-y2/dxy
p* s

dxz/dyz
4PMe2Ph-NMe2

4PMe2Ph-H

4PMe2Ph-CF3

Figure 4.12 Quantitative molecular orbital diagram of 4PMe2Ph-X – the orbitals were arbitrarily
referenced to the dxz orbital of 4PMe2Ph-NMe2.

The general mechanism for cupric superoxide decomposition was probed through DFT
calculations using the smallest (truncated) phosphinimine ligand derivative, Me3P3tren (Figure 4.13).
Truncating the ligands in this way is reasonable since 4PMe3 shows similar spectroscopic features
and decomposition rates to the 4PMe2Ph-X derivatives (Chapter III). O2 binding to 1PMe3 was calculated
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to be slightly exergonic (DG = -2.6 kcal/mol) at -100 °C (Table 4.2). Formation of the di-cupric-1,2µ-peroxide complex, however, was calculated to be considerably endergonic (DG = 9.6 kcal/mol).
This species is not observed experimentally (nor for any of the 4PMe2Ph-X derivatives), suggesting
that facile transformation of this species into further decomposition products may occur. The DFT
optimized structure of the di-cupric-1,2-µ-peroxide complex (Figure 4.14a) contains Cu–O bond
lengths of 2.05 and 2.06 Å, and the O–O bond length (1.32 Å) is lengthened as compared to the
O–O bond length calculated for 4PMe3 (1.284 Å). Of note, one of the two Cu–Nax bond lengths is
predicted to be considerably longer 2.58 Å (shown in Figure 4.14b as a red dashed bond) than the
other Cu–Nax interaction (2.33 Å). Although attempts to calculate the transition state for formation
of the di-cupric-1,2-µ-peroxide complex have proven unsuccessful thus far, a relaxed surface scan
was acquired in which one of the Cu–O distances (blue bond in Figure 4.14b) was constrained to
longer distances in 0.5 Å steps, the results of which estimated the relevant barrier height for
peroxide complex formation to be 10.7 kcal/mol (Figure 4.13). Interestingly, the relaxed surface
scan predicts a local minimum in energy at ca. 2 Å of lengthening, which occurs due to the
thermodynamic gains from concomitant reformation of the Cu–Nax bond mentioned above (red
bond in Figure 4.14b). The estimated barrier height obtained from this relaxed surface scan (10.7
kcal/mol) is in reasonable agreement with the activation energies associated with 4PMe2Ph-X
decomposition, which were ca. 12 kcal/mol as determined by analysis of the Arrhenius plots shown
in Figure 4.11.
The energetics of the calculated mechanism depicted in Figure 4.13 are consistent with
the experimental data reported herein. The pre-equilibrium of O2 dissociation from 4PMe2Ph-X
precedes the rate-determining formation of a di-cupric-1,2-µ-peroxide complex, in line with the
pre-equilibrium approximation employed to obtain the rate law displayed in equation 4.1. Although
experimental evidence to support the DFT-predicted trend in the O2 binding thermodynamics is
unavailable without use of stopped-flow UV-vis spectroscopy, formation of the di-cupric-1,2-µperoxide was experimentally determined to be slowest for 4PMe2Ph-CF3 (since the decomposition rate
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of the 1PMe2Ph-CF3/4PMe2Ph-CF3 mixture was slower than that of deoxygenated 4PMe2Ph-NMe2). If the DFTpredicted trend in O2 binding is valid (which would be consistent with the CuI/CuII redox couples
measured for 1PMe2Ph-X), then the observed trend in 4PMe2Ph-X stability must rely on the rates of dicupric-1,2-µ-peroxide formation as opposed to the Keq for O2 binding. Factors that determine the
rate of di-cupric-1,2-µ-peroxide complex formation is influenced by two factors: i) the energy barrier
(ΔG‡) to the di-cupric-1,2-µ-peroxide complex formation, and ii) varying degrees of intermolecular
electrostatic repulsion which impacts the frequency of suitable reaction collisions. The former
influence – ΔG‡ of peroxide formation – must exhibit a ranking of 4PMe2Ph-NMe3 < 4PMe2Ph-H < 4PMe2PhCF3

in for the total activation energies to be nearly equivalent (12 kcal/mol) across the series of

complexes. The latter influence – the frequency of suitable reaction collisions (expressed as the
pre-equilibrium factor, A) – trends in a ranking of 4PMe2Ph-NMe3 > 4PMe2Ph-H > 4PMe2Ph-CF3 due to varying
degrees of intermolecular electrostatic repulsion and is the primary driver for the large stability
differences observed across this series of compounds.

relaxed surface scan

Gibbs Free Enegy / kcal mol-1

9.6
CuII2O2 + O2

10.7 kcal mol-1
2.6
CuIIO2 +

CuI + O2

0.0
2CuIIO2

Figure 4.13 DFT-calculated mechanism for di-cupric-1,2-µ-peroxide complex formation from 4PMe3.
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a)

b)

PMe
PMe
3 3
Me3P
NN
N
N
CuII O
O
CuII N
N
NN
PMe3
MeMe
3P 3P

Figure 4.14 a) DFT-calculated structure for the Me3P3tren-bound di-cupric-1,2-µ-peroxide complex,
and b) the Chemdraw representation of the structure.

4.2.6 HAT reactivity
In 2018, Karlin and co-workers showed that incorporating hydrogen-bonding moieties into
the secondary coordination spheres of XTMPA-ligated cupric superoxide complexes led to both
increased thermal stability and increased HAT reactivity.5 Since hydrogen bonding is largely
electrostatic in nature, we reasoned that the larger magnitude of cationic electrostatic potential in
close proximity to the superoxide moiety in 4PMe2Ph-CF3 as compared to 4PMe2Ph-NMe2 may lead to
differences in HAT reactivity between the two complexes. Both 4PMe2Ph-CF3 and 4PMe2Ph-NMe2 were
found to react with 2,6-di-tert-butyl-4-methoxyphenol (O–H BDE = 78 kcal/mol)12 in THF at -100°C,
as evidenced by rapid (ca. 1-5 min) decay of the UV-vis spectral features associated with 4PMe2PhX

, and concomitant with the growth of sharp spectral features at ca. 400 nm corresponding to the

2,6-di-tert-butyl-4-methoxyphenoxyl radical (Experimental section, Figures 4.23 and 4.24). Neither
superoxide complex was found to react with 2,4,6-tri-tert-butylphenol (O–H BDE = 81 kcal/mol)12
even when used in a large excess (50 equiv), thereby establishing a similar thermodynamic range
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of reactivity for both complexes. The kinetics of hydrogen atom abstraction from 2,6-di-tert-butyl-4methoxyphenol was studied for both complexes, and second order rate constants and KIE values
were determined for each (Figure 4.15). The second order rate constant associated with HAT from
2,6-di-tert-butyl-4-methoxyphenol for 4PMe2Ph-CF3 (12.7 ±1.3 M-1 s-1) was found to be roughly double
that of 4PMe2Ph-NMe2 (6.14 ± 0.37 M-1 s-1). Next, kinetic isotope effects (k2(H)/k2(D), KIEs) were
measured for each reaction via comparison to second order rate constants obtained with 2,6-ditert-butyl-4-methoxyphenol-d1. Both 4PMe2Ph-NMe2 and 4PMe2Ph-CF3 display primary KIE values,
however the KIE for 4PMe2Ph-NMe2 (6.4 ± 1.2) was found to be much larger than that of 4PMe2Ph-CF3
(2.7 ± 0.4). Clearly, the differences in cationic potential surrounding the O2 binding pocket and/or
differences in the redox chemistry of 4PMe2Ph-NMe2 and 4PMe2Ph-CF3 result in non-negligible differences
in HAT reaction kinetics. These data are consistent with the XTMPA-based systems containing Hbonding moieties in the secondary coordination spheres in that increased electrostatic interaction
with O2•– results in enhanced reactivity.
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a)
KIE = 6.4 ± 1.2
-1 -1

kobs / s-1

kH = 6.14 ± 0.37 M s
R2 = 0.99

kD = 0.96 ± 0.17 M-1 s-1
R2 = 0.92

[2,6-di-tert-butyl-4-methoxyphenol] / M

b)

kobs / s-1

kH = 12.7 ± 1.3 M-1 s-1
R2 = 0.97

KIE = 2.7 ± 0.4

kD = 4.64 ± 0.49 M-1 s-1
R2 = 0.97

[2,6-di-tert-butyl-4-methoxyphenol] / M

Figure 4.15 Plots of the observed rate constants (kobs) for a) 4PMe2Ph-NMe2 and b) 4PMe2Ph-CF3
decompositions at -100 °C as a function of proteo- (red) and deutero- (blue) 2,6-di-tert-butyl-4methoxyphenol concentration. The data were used to determine second order rate constants (k2)
and the associated KIEs (k2(H)/k2(D)).
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4.3 Conclusions
This study highlights the impact that internal electrostatic fields have on the thermal
stabilities of cupric superoxide complexes. The series of

X-PhMe2

P3tren ligands introduced herein

allowed for the systematic study of electronic and electrostatic influence on reactivity by holding
the steric profiles of the secondary coordination spheres constant. The measured CuI/CuII redox
potentials for the cuprous complexes, 1PMe2Ph-X, were shown to correlate with the electron-donating
character of the X group bound to the 4-positions of the phosphinimine phenyl groups, such that
1PMe2Ph-NMe2 was found to be the most reducing analog (-0.82 V vs. Fc/Fc+) and 1PMe2Ph-CF3 was
found to be the least reducing analog (-0.68 V vs. Fc/Fc+). The maxima of cationic potential that
was developed at the open coordination sites of 1PMe2Ph-X were calculated to have the opposite
trend (1PMe2Ph-NMe2 < 1PMe2Ph-H < 1PMe2Ph-CF3), thereby setting up a direct competition between the
contributions from redox potential and electrostatic potential on cupric superoxide stability.
Upon oxygenation of 1PMe2Ph-X, UV-vis spectral features consistent with the formation of the
h1 cupric superoxide complexes 4PMe2Ph-X were observed to form at low temperatures. The analog
containing the most cationic electrostatic potential in the secondary coordination sphere,
4PMe2Ph-CF3, was found to be the most persistent cupric superoxide of the series, with its UV-vis
spectral features persisting as high as room temperature for several minutes. This result initially
suggested that the heightened electrostatic potential in the secondary coordination sphere of
1PMe2Ph-CF3 led to a greater extent of O2 reduction/binding; however, in-depth kinetic studies and
DFT calculations implicate the second step of thermal decomposition, namely formation of a
di-cupric-1,2-µ-peroxide complex, as being more heavily impacted by the presence of these
charges. Specifically, similar activation energies associated with the thermal decompositions of
4PMe2Ph-X implicated the pre-exponential factors as the dominant contributors to the differences
observed in the decomposition rates of 4PMe2Ph-X. Considering the consistent steric profile across
the series of 4PMe2Ph-X, the large differences in pre-exponential factors are likely a consequence of
varying degrees of intermolecular electrostatic repulsion between 4PMe2Ph-X and 1PMe2Ph-X, resulting
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in the observed cupric superoxide stability ranking of 4PMe2Ph-NMe2 < 4PMe2Ph-H < 4PMe2Ph-CF3. Finally,
it was found that differences in ligand electronic/electrostatics between 4PMe2Ph-NMe2 and 4PMe2Ph-CF3
impacted HAT reaction rates with 2,6-di-tert-butyl-4-methoxy phenol, with 4PMe2Ph-CF3 acting as the
faster hydrogen atom abstractor by a factor of 2.

4.4 Experimental section
4.4.1 General considerations
All experiments were carried out under an atmosphere of purified nitrogen using standard
Schlenk line techniques or in an inert atmosphere glovebox. All glassware, molecular sieves, stir
bars, cannulas, and Celite were dried at 150 °C for at least 12 h prior to use. Solvents
(tetrahydrofuran (THF), isobutyronitrile (IBN), n-pentane, diethyl ether (Et2O)) were dried by
passage through a column of activated alumina and stored over 4 Å molecular sieves under an
inert atmosphere. Deuterated solvents (THF-d8 and C6D6) were dried over Na0/benzophenone,
isolated via vacuum transfer or distillation, and stored under an inert atmosphere over 3 Å molecular
sieves under an inert atmosphere. Tris(azido)tren was prepared according to a modified literature
procedures

(as

described

in

Chapter

(dimethylamino)phenylphosphonous

dichloride

II),

and

CuBArF4•4MeCN,

(PCl2Ph-NMe2),

and

44-

(trifluoromethyl)phenylphosphonous dichloride (PCl2Ph-CF3) were prepared according to literature
procedures.13–15 All other reagents and materials were obtained from commercial sources and used
without further purification. 1H,

13

C{1H}, and

31

P{1H} NMR spectra were recorded on a Bruker UNI

400 spectrometer. All chemical shifts (δ) are reported in units of ppm and referenced to the residual
proteo-solvent resonance for

1

H and

13

C{1H} chemical shifts. Variable-temperature UV-vis

measurements were collected on a Cary 60 spectrophotometer equipped with a Unisoku USP203A cryostat, and all measurements were attained using cuvettes with path lengths of 1 cm.
Elemental analyses were performed at the University of Rochester, under an inert atmosphere,
using a PerkinElmer 2400 Series II Analyzer.
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4.4.2 Synthetic procedures
Synthesis of dimethyl-(4-dimethylamino-phenyl)-phosphine (PMe2Ph-NMe2):
Dimethyl-(4-dimethylamino-phenyl)-phosphine was prepared according to a modified
version of a literature procedure:16 to a precooled (0 °C) solution of PCl2Ph-NMe2 (4.73 g, 21.3
mmol) in Et2O (250 mL) was added 2 equiv of MeMgCl (3.0 M, 14.2 mL, 42.6 mmol) in THF
dropwise over ca. 20 min. A white precipitate was observed to form during the addition. Upon the
full addition of Grignard, the reaction mixture was warmed to room temperature and stirred for 3 h
under an atmosphere of N2. The reaction phases were separated via cannula filtration, and the
solvent was removed under partial vacuum (10 mmHg) at 0 °C. The resulting liquid was distilled to
give clean product, which was weighed and handled in the glovebox (2.70 g, 70%). 1H and 31P{1H}
NMR spectra were obtained in order to confirm the purity of the compound (Figures 4.28-4.29), the
spectral features of which matched literature reports.16

Synthesis of dimethyl-(4-trifluoromethyl-phenyl)-phosphine (PMe2Ph-CF3):
To a precooled (0 °C) solution of PCl2Ph-CF3 (1.95 g, 7.89 mmol) in Et2O (250 mL) was
added 2 equiv of MeMgBr (3.0M, 6.58 mL, 19.74 mmol) in THF dropwise over ca. 20 min. A white
precipitate was observed to form during the addition. Upon the full addition of Grignard, the reaction
mixture was warmed to room temperature and stirred for 3 h under an atmosphere of N2. The
reaction phases were separated via cannula filtration, and solvent was removed under partial
vacuum (10 mmHg) at 0 °C. The resulting liquid was distilled to give clean product, which was
weighed and handled in the glovebox (0.95 g, 58 %). 1H NMR (400 MHz, C6D6, 300K): δ = 7.30 (d,
2H, J = 7 Hz), δ = 7.10 (t, 2H, J = 7 Hz), δ = 0.94 (d, 6H, JPH = 3 Hz) ppm. 13C{1H} NMR (101 MHz,
C6D6, 300K): δ = 148.71 (d, JPC = 19 Hz), δ = 130.67 (d, JPC = 17 Hz), δ = 129.71 (d, JPC = 32 Hz),
δ = 124.97 (m), δ = 124.86 (q, JCF = 273 Hz), δ = 13.76 (d, JPC = 15 Hz) ppm.

31

P{1H} NMR (162

MHz, C6D6, 300K): δ = -44.69 (s) ppm. 19F{1H} NMR (C6D6, 300K): δ = -62.38 (s) ppm.
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Synthesis of NMe2-PhMe2P3tren:
To a solution of tris(azido)tren (1.1 g, 4.96 mmol) in Et2O (5 mL) was added 3 equiv of
PMe2Ph-NMe2 (2.7 g, 14.89 mmol) in THF (5 mL) at room temperature. The resulting colorless
solution was stirred at room temperature for 2 h, while open to a mineral oil bubbler to prevent a
buildup of pressure from N2 evolution. During this time, pure product precipitated from the reaction
solution, including single crystals of X-ray quality (see Figure 4.55 for the solid-state structure). The
mother liquor was decanted from the white solid, and the product was dried under vacuum for 30
min and used without further purification (2.74 g, 81%). 1H NMR (400 MHz, THF-d8, 300K): δ =
7.52 (t, 6H, J = 9 Hz), δ = 6.71 (d, 6H, J = 8 Hz), δ = 3.02 (dt, 6H, JHH = 7 Hz, JPH = 22 Hz), δ = 2.95
(s, 18H), δ = 2.50 (t, 6H, J = 7 Hz), δ = 1.43 (d, 18H, JPH = 12 Hz) ppm.

13

C{1H} NMR (101 MHz,

THF-d8, 300K): δ = 149.86 (d, JPC = 3 Hz), δ = 129.44 (d, JPC = 9 Hz), δ = 119.93 (d, JPC = 96 Hz),
δ = 109.38 (d, JPC = 11 Hz), δ = 60.70 (d, JPC = 19 Hz), δ = 42.73 (d, JPC = 6 Hz), δ = 37.29 (s), δ
= 13.80 (d, JPC = 68 Hz) ppm. 31P{1H} NMR (162 MHz, THF-d8, 300K): δ = 0.55 (s) ppm.

Synthesis of CF3-PhMe2P3tren:
To a solution of tris(azido)tren (343 mg, 1.53 mmol) in Et2O (15 mL) was added 3 equiv of
PMe2Ph-CF3 (0.95 g, 4.59 mmol) at room temperature. The resulting colorless solution was stirred
at room temperature for 12 h, while open to a mineral oil bubbler to prevent a buildup of pressure
from N2 evolution. All volatile materials were removed in vacuo, and the resulting colorless oil was
triturated with n-pentane. The resulting colorless oil was dissolved in Et2O (3 mL) and was
recrystallized at -20 °C. The resulting colorless microcrystals were isolated and dried under vacuum
for 30 min, and this product was used without further purification (0.87 g, 75%). 1H NMR (400 MHz,
THF-d8, 300K): δ = 7.96 (t, 6H, J = 8 Hz), δ = 7.72 (d, 6H, J = 8 Hz), δ = 3.07 (dt, 6H, JHH = 7 Hz,
JPH = 22 Hz), δ = 2.54 (t, 6H, J = 8 Hz), δ = 1.58 (d, 18H, JPH = 12 Hz) ppm.

13

C{1H} NMR (101

MHz, THF-d8, 300K): δ = 143.00 (d, JPC = 82 Hz), δ = 132.79 (d, JPC = 33 Hz), δ = 132.22 (d, JPC =
9 Hz), δ = 125.91 (m), δ = 125.37 (q, JFC = 273 Hz), δ = 63.11 (d, JPC = 19 Hz), δ = 45.30 (d, JPC =
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7 Hz), δ = 16.25 (d, JPC = 69 Hz) ppm.
19

31

P{1H} NMR (162 MHz, THF-d8, 300K): δ = 0.20 (s) ppm.

F{1H} NMR (THF-d8, 300K): δ = -65.48 (s) ppm.

Synthesis of 1PMe2Ph-NMe2:
CuBArF4•4MeCN (130 mg, 0.14 mmol) was dissolved in THF (5 mL), and 1.05 equiv of
NMe2-PhMe2

P3tren (103 mg, 0.15 mmol) dissolved in THF (5 mL) was added to the vial via pipette,

resulting in the formation of a red solution. The reaction mixture was stirred at room temperature
for 10 min. Volatile materials were removed in vacuo, resulting in the formation of a foam. The
product was dissolved in Et2O (10 mL), and the resulting solution was filtered through a plug of
Celite. The volatile materials were removed in vacuo, and the resulting pale yellow residue was
triturated with n-pentane. The n-pentane was decanted off, and the resulting pale-yellow solid was
dried under vacuum for 30 min and used without further purification (189 mg, 93%). 1H NMR (400
MHz, THF-d8, 300K): δ = 7.65 (t, 6H, J = 8 Hz), δ = 6.75 (d, 6H, J = 9 Hz), δ = 3.06 (dt, 6H, JHH = 9
Hz, JPH = 17 Hz), δ = 2.98 (s, 18H), δ = 2.55 (t, 6H, JHH = 6 Hz), δ = 1.71 (d, 18H, JPH = 12 Hz) ppm.
13

C{1H} NMR (101 MHz, THF-d8, 300K): δ = 153.69 (d, JPC = 2 Hz), δ = 132.86 (d, JPC = 10 Hz), δ

= 118.02 (d, JPC = 96 Hz), δ = 112.54 (d, JPC = 12 Hz), δ = 57.86 (s), δ = 45.49 (s), δ = 40.10 (s), δ
= 16.18 (d, JPC = 73 Hz) ppm.

31

P{1H} NMR (162 MHz, THF-d8, 300K): δ = 20.86 (s) ppm. Anal.

Calcd. for C60H60BCuF20N7P3: C, 50.52; H, 4.24; N, 6.87. Found: C, 49.93; H, 3.98; N, 6.69.

Synthesis of 1PMe2Ph-CF3:
CuBArF4•4MeCN (102 mg, 0.11 mmol) was dissolved in Et2O (5 mL), and 1 equiv of
PhMe2

CF3-

P3tren (85 mg, 0.11 mmol), dissolved in Et2O (5 mL), was added to the vial via pipette, resulting

in the formation of an orange solution. The reaction mixture was stirred at room temperature for 10
min. The solution was concentrated to ca. 1 mL in vacuo, and the product was precipitated by
addition of n-pentane (10 mL). The mother liquor was decanted from an orange oil, then more npentane was added to the oil, and the vial was allowed to sit at room temperature for 30 min until
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a solid formed. The n-pentane was decanted away, and the resulting orange solid was dried under
vacuum for 30 min before being used without further purification (158 mg, 94%). 1H NMR (400
MHz, THF-d8, 300K): δ = 8.07 (t, 6H, JHH = 8 Hz), δ = 7.81 (d, 6H, J = 8 Hz), δ = 3.11 (dt, 6H, JHH
= 5 Hz, JPH = 18 Hz), δ = 2.58 (t, 6H, J = 6 Hz), δ = 1.86 (d, 18H, JPH = 16 Hz) ppm. 13C{1H} NMR
(101 MHz, THF-d8, 300K): δ = 139.11 (d, JPC = 89 Hz), δ = 138.18 (d, JPC = 42 Hz), δ = 132.24 (d,
JPC = 10 Hz), δ = 126.46 (m), δ = 124.87 (q, JPC = 274 Hz), δ = 57.42 (s), δ = 45.29 (s), δ = 15.28
(d, JPC = 73 Hz) ppm.

31

P{1H} NMR (162 MHz, THF-d8, 300K): δ = 21.87 (s) ppm.

19

F{1H} NMR

(162 MHz, THF-d8, 300K): δ = -64.00 (s), δ = -132.70 (s), δ = -165.01 (t), δ = -168.48 (t) ppm. Anal.
Calcd. for C57H42BCuF29N4P3: C, 45.60; H, 2.82; N, 3.73. Found: C, 45.59; H, 2.74; N, 3.58.
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Electrostatic potential / V

4.4.3 Determination of electrostatic field strengths

Distance from Cu in z-direction / Å

Figure 4.16 Electrostatic potential as a function of distance from copper in the canonical z-direction.
Solid lines represent 6th order polynomial fits to the calculated data for 1PMe2Ph-NMe2 (green), 1PMe2PhH

(blue), and 1PMe2Ph-CF3 (orange). The functions that fit the data for each complex are shown below.

These functions are necessary for calculating electrostatic fields along the canonical z-axes of the
complexes, which is represented by the gradient in electrostatic potential with respect to distance.
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1PMe2Ph-NMe2:
y = 0.04426x6 - 1.01203x5 + 9.39306x4 - 45.00961x3 + 116.42437x2 - 152.71530x + 81.71586
R2 = 0.9998

1PMe2Ph-H:
y = 0.04426x6 - 1.01203x5 + 9.39306x4 - 45.00961x3 + 116.42437x2 - 152.71530x + 81.71586
R2 = 0.9999

1PMe2Ph-CF3:
y = 0.03967x6 - 0.92372x5 + 8.73933x4 - 42.72062x3 + 112.76298x2 - 150.98532x + 83.64054
R2 = 0.9999
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Electrostatic field / V nm-1

Activation energy
Ea / kcal mol-1
4PMe2Ph-NMe2
4PMe2Ph-H

Pre-exponential factor
A / 1 x 109 M-1 s-1

12.0
± 0.2
± 800
Distance
from
Cu in z-direction /2,200
Å
11.7 ± 2.1
700 ± 3000

4PMe2Ph-CF3

12.0 ± 0.5

80 ± 80

Figure 4.17 Electrostatic field strength along the canonical z-axes of 1PMe2Ph-NMe2 (green), 1PMe2PhH

DS
DHThe metalDG
(blue), and 1PMe2Ph-CF3
(orange).
is (-100
placed°C)
at the origin
in )theseq(O
calculations.
Negative
q(Odistal
proximal)

(cal K-1 mol-1)

(kcal mol-1)

(kcal mol-1)

ESF values correspond
to a force
charge away from
the metal center
4PMe2Ph-NMe2
-27.7
-3.58that would move
1.21 a positive -0.255
-0.123
at that position -37.6
along the z-axis.
4PMe2Ph-H
-4.49

4PMe2Ph-CF3

-37.8

-2.94

2.02

-0.242

-0.117

3.59

-0.233

-0.114

Table 4.3 Tabulated maxima in electrostatic field strength along the z-axes for 1PMe2Ph-X.

Complex

Max. ESF (V nm-1)

Dist. from Cu (Å)

4PMe2Ph-NMe2

12.30

2.17

4PMe2Ph-H

11.72

2.22

4PMe2Ph-CF3

11.72

2.22
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4.4.4 Procedures for generation of 4PMe2Ph-X
A THF solution (0.5 mM, 3.0 mL) of 1PMe2Ph-X was prepared under an inert dinitrogen
atmosphere in the glovebox and added to a UV-vis cuvette fitted with an airtight cap with a Teflon
septum. The sample was cooled to low temperature in the UV-vis cryostat, and a spectrum was
attained in order to establish the signature of the starting material. Dry O2 (either 100% or 1% in
N2) was sparged through the solution for 12 seconds, then timed measurements were recorded
starting 15 seconds after the beginning of the O2 sparge. In the cases in which 1PMe2Ph-X was added
to solutions of 4PMe2Ph-X, the solutions of 4PMe2Ph-X were deoxygenated via vigorous sparging with N2
for 30 seconds before injecting the solution of 1PMe2Ph-X via syringe.
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Absorbance / A.U.

4.4.5 Representative UV-vis spectral data

Wavelength / nm
Figure 4.18 UV-vis spectra of 1PMe2Ph-NMe2 (green), 1PMe2Ph-H (blue), and 1PMe2Ph-CF3 (orange) in THF
(concentration = 0.5 mM).
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Absorbance / A.U.

Wavelength / nm

Figure 4.19 UV-vis spectra with time for 4PMe2Ph-NMe2 at -40 °C in THF. Spectral traces were
recorded in 15 second intervals.
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Absorbance / A.U.

Wavelength / nm

Figure 4.20 UV-vis spectra with time for 4PMe2Ph-H at -40 °C in THF. Spectral traces were recorded
in 15 second intervals.
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Absorbance / A.U.

Wavelength / nm

Figure 4.21 UV-vis spectra with time for 4PMe2Ph-CF3 at 0 °C in THF. Spectral traces were recorded
in 15 second intervals.
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Absorbance / A.U.

Wavelength / nm
Figure 4.22 UV-vis spectra of 1PMe2Ph-NMe2 (yellow trace), 4PMe2Ph-NMe2 (green trace), and a mixture
of 1PMe2Ph-NMe2 and 4PMe2Ph-NMe2 (black trace). The solution of 4PMe2Ph-NMe2 was deoxygenated via
sparging with N2 prior to addition of 1PMe2Ph-NMe2. New spectral features are observed to form that
cannot be recreated mathematically via the additive combination of the independent spectral traces
of 1PMe2Ph-NMe2 and 4PMe2Ph-NMe2, thereby complicating direct comparisons with the experiment using
1PMe2Ph-CF3/4PMe2Ph-CF3.

4.4.6 Treatment of 4PMe2Ph-X with 2,6-di-tert-butyl-4-methoxyphenol
A THF solution of 1PMe2Ph-X (0.25 mM, 3.0 mL) was prepared in a glovebox and added to a
UV-vis cuvette fitted with an airtight cap and a Teflon septum. The sample was cooled to -100 °C
in the cryostat, and a spectrum was obtained in order to confirm the fidelity of the CuI sample prior
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to the experiment. The cuvette was sparged with O2 for 12 s, and a spectrum was recorded to
confirm the formation of 4PMe2Ph-X. The cuvette was next sparged with dry N2 for 20 s in order to
remove excess O2. A THF solution (0.1 mL) of 2,6-di-tert-butyl-4-methoxyphenol was added via
syringe through the septum, and spectra were recorded every 12 seconds to track the progress of
the reaction. The reaction progress was monitored by tracking changes in absorbance at 700 nm.
Pseudo-first-order plots analyzing the first 10% of intensity loss from this feature were obtained, in
which ln[(At – Af)/(Ai – Af)] was plotted against time (s). The slopes of the trendlines for these plots
were used to obtain values of kobs which were used in determining the second order rate constant
associated with the reaction (Tables 4.4 – 4.7).
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Absorbance / A.U.

Wavelength / nm

Figure 4.23 UV-vis spectra with time following treatment of 4PMe2Ph-NMe2 with 2,6-di-tert-butyl-4methoxyphenol in THF at -100 °C. Initial concentration of phenol = 1.37 mM, initial concentration
of 4PMe2Ph-CF3 = 0.25 mM. Spectra were recorded in 12 s intervals.
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Absorbance / A.U.

Wavelength / nm

Figure 4.24 UV-vis spectra with time following treatment of 4PMe2Ph-CF3 with 2,6-di-tert-butyl-4methoxyphenol in THF at -100 °C. Initial concentration of phenol = 1.48 mM, initial concentration
of 4PMe2Ph-CF3 = 0.25 mM. Spectra were recorded in 12 s intervals.
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Table 4.4 Experimentally observed rate constants (kobs, s-1) for the reaction of 4PMe2Ph-NMe2 with 2,6di-tert-butyl-4-methoxyphenol at -100 °C in THF at various initial phenol concentrations.

Initial Phenol Concentration (mM)

kobs / s-1

0.59

0.0028

0.93

0.0041

1.37

0.0066

1.91

0.0108

2.22

0.124

Table 4.5 Experimentally observed rate constants (kobs, s-1) for the reaction of 4PMe2Ph-NMe2 with 2,6di-tert-butyl-4-methoxyphenol-d1 at -100 °C in THF at various initial phenol concentrations.

Initial Phenol Concentration (mM)

kobs / s-1

1.15

0.0022

1.70

0.0024

2.22

0.0027

2.73

0.0034

3.21

0.0042
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Table 4.6 Experimentally observed rate constants (kobs, s-1) for the reaction of 4PMe2Ph-CF3 with 2,6di-tert-butyl-4-methoxyphenol at -100 °C in THF at various initial phenol concentrations.

Initial Phenol Concentration (mM)

kobs / s-1

0.59

0.0031

1.04

0.0074

1.48

0.0112

1.81

0.168

2.22

0.242

Table 4.7 Experimentally observed rate constants (kobs, s-1) for the reaction of 4PMe2Ph-CF3 with 2,6di-tert-butyl-4-methoxyphenol-d1 at -100 °C in THF at various initial phenol concentrations.

Initial Phenol Concentration (mM)

kobs / s-1

1.15

0.0026

1.70

0.0038

2.22

0.0061

2.73

0.0097

3.12

0.0112
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4.4.7 Electrochemical measurements
Cyclic voltammetry measurements were carried out using a BASi Epsilon Eclipse
electrochemistry analyzer. All electrochemical measurements were performed under an N2
atmosphere inside of a glovebox. A platinum disk was used as the working electrode, and a
platinum wire was used as the counter electrode. An isobutyronitrile (IBN) solution of Ag/AgNO3
contained within a solution cell was used as the reference electrode. The measurements were
performed

at

room

temperature

in

IBN

containing

100

mM

tetrabutylammonium

hexafluorophosphate as the electrolyte. A concentration of 1 mM was used for the analyte in all
electrochemical experiments presented here.
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Voltage vs. Fc/Fc+ / V
Figure 4.25 Cyclic voltammograms of 1PMe2Ph-NMe2 at various scan rates.

Solvent: Isobutyronitrile
Analyte concentration: 1 mM
Electrolyte: [nBu4N][PF6]
Electrolyte concentration: 100 mM
Working electrode: Platinum
Counter electrode: Platinum
Reference electrode: Ag/AgNO3
Internal reference: Fc/Fc+
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Voltage vs. Fc/Fc+ / V
Figure 4.26 Cyclic voltammograms of 1PMe2Ph-H at various scan rates.

Solvent: Isobutyronitrile
Analyte concentration: 1 mM
Electrolyte: [nBu4N][PF6]
Electrolyte concentration: 100 mM
Working electrode: Platinum
Counter electrode: Platinum
Reference electrode: Ag/AgNO3
Internal reference: Fc/Fc+
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Voltage vs. Fc/Fc+ / V
Figure 4.27 Cyclic voltammograms of 1PMe2Ph-CF3 at various scan rates.

Solvent: Isobutyronitrile
Analyte concentration: 1 mM
Electrolyte: [nBu4N][PF6]
Electrolyte concentration: 100 mM
Working electrode: Platinum
Counter electrode: Platinum
Reference electrode: Ag/AgNO3
Internal reference: Fc/Fc+
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4.4.8 NMR spectra
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Figure 4.28 1H NMR (400 MHz) spectrum of PMe2Ph-NMe2 in C6D6 (T = 298 K).
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Figure 4.29 31P{1H} NMR (162 MHz) spectrum of PMe2Ph-NMe2 in C6D6 (T = 298 K).
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Figure 4.30 1H NMR (400 MHz) spectrum of PMe2Ph-CF3 in C6D6 (T = 298 K).
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Figure 4.31 31P{1H} NMR (162 MHz) spectrum of PMe2Ph-CF3 in C6D6 (T = 298 K).
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Figure 4.32 13C{1H} NMR (101 MHz) spectrum of PMe2Ph-CF3 in C6D6 (T = 298 K).
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Figure 4.33 Aromatic region: 13C{1H} NMR (101 MHz) spectrum of PMe2Ph-CF3 in C6D6 (T = 298
K).

233

CF3

γ

ε ζ
P

η
α

β

Figure 4.34 19F{1H} NMR spectrum of PMe2Ph-CF3 in C6D6 (T = 298 K).
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Figure 4.35 1H NMR (400 MHz) spectrum of NMe2-PhMe2P3tren in THF-d8 (T = 298 K).
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Figure 4.36 31P{1H} NMR (162 MHz) spectrum of NMe2-PhMe2P3tren in THF-d8 (T = 298 K).
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Figure 4.37 13C{1H} NMR (101 MHz) spectrum of NMe2-PhMe2P3tren in THF-d8 (T = 298 K).
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Figure 4.38 1H NMR (400 MHz) spectrum of H-PhMe2P3tren in THF-d8 (T = 298 K).
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Figure 4.39 31P{1H} NMR (162 MHz) spectrum of H-PhMe2P3tren in THF-d8 (T = 298 K).
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Figure 4.40 13C{1H} NMR (101 MHz) spectrum of H-PhMe2P3tren in THF-d8 (T = 298 K).
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Figure 4.41 1H NMR (400 MHz) spectrum of CF3-PhMe2P3tren in THF-d8 (T = 298 K).
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Figure 4.42 31P{1H} NMR (162 MHz) spectrum of CF3-PhMe2P3tren in THF-d8 (T = 298 K).
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Figure 4.43 13C{1H} NMR (101 MHz) spectrum of CF3-PhMe2P3tren in THF-d8 (T = 298 K).
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Figure 4.44 19F{1H} NMR spectrum of CF3-PhMe2P3tren in THF-d8 (T = 298 K).
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Figure 4.45 1H NMR (400 MHz) spectrum of 1PMe2Ph-NMe2 in THF-d8 (T = 298 K). The peak centered
at 1.72 ppm is a combination of resonances associated with the phosphonium methyl groups (g)
and THF; subtracting the integral for the downfield THF peak (3.02) from the integral for this feature
gives an integral of 17.99 for g.
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Figure 4.46 31P{1H} NMR (162 MHz) spectrum of 1PMe2Ph-NMe2 in THF-d8 (T = 298 K).
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Figure 4.47 13C{1H} NMR (101 MHz) spectrum of 1PMe2Ph-NMe2 in THF-d8 (T = 298 K).
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Figure 4.48 1H NMR (400 MHz) spectrum of 1PMe2Ph-H in THF-d8 (T = 298 K).
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Figure 4.49 31P{1H} NMR (162 MHz) spectrum of 1PMe2Ph-H in THF-d8 (T = 298 K).
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Figure 4.50 13C{1H} NMR (101 MHz) spectrum of 1PMe2Ph-H in THF-d8 (T = 298 K).
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Figure 4.51 1H NMR (400 MHz) spectrum of 1PMe2Ph-CF3 in THF-d8 (T = 298 K).
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Figure 4.52 31P{1H} NMR (162 MHz) spectrum of 1PMe2Ph-CF3 in THF-d8 (T = 298 K).
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Figure 4.53 13C{1H} NMR (101 MHz) spectrum of 1PMe2Ph-CF3 in THF-d8 (T = 298 K).
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Figure 4.54 19F{1H} NMR spectrum of 1PMe2Ph-CF3 in THF-d8 (T = 298 K).
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4.4.9 X-ray crystallographic details
X-ray intensity data were collected on a Rigaku XtaLAB Synergy-S diffractometer equipped
with an HPC area detector (Dectris Pilatus3 R 200K) and employing confocal multilayer opticmonochromated Mo-Kα radiation (λ = 0.71073 Å) at a temperature of 100K. Preliminary indexing
was performed from a series of thirty 0.5° rotation frames with exposures of 0.25 second. A total of
1666 frames (14 runs) were collected employing ω scans with a crystal to detector distance of 34.0
mm, rotation widths of 0.5° and exposures of 3.3 seconds. Rotation frames were integrated using
CrysAlisPro, producing a listing of unaveraged F2 and σ(F2) values. A total of 54832 reflections
were measured over the ranges 4.304 ≤ 2θ ≤ 56.556°, -13 ≤ h ≤ 12, -15 ≤ k ≤ 15, -23 ≤ l ≤ 23
yielding 9345 unique reflections (Rint = 0.0664). The intensity data were corrected for Lorentz and
polarization effects and for absorption using SCALE3 ABSPACK (minimum and maximum
transmission 0.8258, 1.0000). The structure was solved by direct methods - SHELXT. Refinement
was by full-matrix least squares based on F2 using SHELXL-2018. All reflections were used during
refinement. The weighting scheme used was w=1/[σ2(Fo2 )+ (0.0874P)2 + 0.2955P] where P =
(Fo2 + 2Fc2)/3. Non-hydrogen atoms were refined anisotropically and hydrogen atoms were refined
using a riding model. Refinement converged to R1 = 0.0481 and wR2 = 0.1305 for 7629 observed
reflections for which F > 4σ(F) and R1 = 0.0595 and wR2 = 0.1372 and GOF = 1.046 for all 9345
unique, non-zero reflections and 427 variables. The maximum Δ/σ in the final cycle of least squares
was 0.001 and the two most prominent peaks in the final difference Fourier were +0.85 and -0.52
e/Å3.
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Figure 4.55 Solid-state structure of

NMe2-PhMe2

P3tren. Thermal ellipsoids displayed at 50%

probability, and hydrogen atoms were removed for clarity.

Table 4.8 Summary of Structure Determination of NMe2-PhMe2P3tren.
Empirical formula

C36H60N7P3

Formula weight

683.82 g/mol

Diffractometer

Rigaku XtaLAB Synergy-S (Dectris Pilatus3 R 200K)

Temperature

100 K

Crystal system

triclinic

Space group

_
P1

a

9.8041(3) Å

b

11.3967(2) Å

c

17.5660(4) Å
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α

92.236(2)°

β

104.635(2)°

γ

93.362(2)°

Volume

1892.83(8) Å3

Z

2

dcalc

1.200 g/cm3

μ

0.192 mm-1

F(000)

740.0

Crystal size, mm

0.28 × 0.19 × 0.09

2θ range for data collection

4.304 - 56.556°

Index ranges

-13 ≤ h ≤ 12, -15 ≤ k ≤ 15, -23 ≤ l ≤ 23

Reflections collected

54832

Independent reflections

9345 [R(int) = 0.0664]

Data/restraints/parameters

9345/0/427

Goodness-of-fit on F2

1.046

Final R indexes [I>=2σ (I)]

R1 = 0.0481, wR2 = 0.1305

Final R indexes [all data]

R1 = 0.0595, wR2 = 0.1372

Largest diff. peak/hole

0.85/-0.52 eÅ-3
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4.4.10 Computational details
All density functional theory (DFT) calculations were performed with the ORCA program
package, v4.2.1.17 Geometry optimizations were carried out at the restricted B97-D3 level of DFT.
The def2-TZVP basis sets and the def2/J auxiliary basis sets (used to expand the electron density
in the resolution-of-identity (RI) approach) were used for all atoms except carbon and hydrogen.
All carbon and hydrogen atoms were described using the def2-SV(P) basis sets and def2/J auxiliary
basis sets.18–22 These functional/basis set combinations were chosen for their aptitude in describing
non-covalent interactions/dispersion forces and for their convenient balance of accuracy and
computational cost. The conductor-like screening model (CPCMC; dipole moment corresponding
to THF) was implemented for all calculations described within.
The SCF calculations were tightly converged (1x10-8 Eh in energy, 1x10-7 Eh in the density
change, and 5x10-7 in the maximum element of the DIIS error vector). In all cases the geometries
were considered converged after the energy change was less than 1x10-6 Eh, the gradient norm
and maximum gradient element were smaller than 3x10-4 Eh-Bohr-1 and 1x10-4 Eh-Bohr-1,
respectively, and the root-mean square and maximum displacements of all atoms were smaller
than 6x10-4 Bohr and 1x10-3 Bohr, respectively.
Numerical frequency calculations were used to verify that the calculated structures
represented either local minima (ground states) or saddle points (transition states) on the potential
energy surface. The reported energies are Gibbs free energies, calculated for 273 K and 1.00 atm,
as obtained from numerical frequency calculations on the optimized geometries. Electrostatic
potential maps were generated by calculating the electrostatic potential along the z-axes of the
complexes every 0.052 Å using the orca_vpot utility program.
Time-dependent density functional theory (TD-DFT) calculations were carried out
according to the same methodology described above. The 40 lowest-energy excited states were
calculated for each complex described within.
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Calculated Molar Absorptivity / M-1 cm-1

Energy / cm-1

Wavelength / nm
Figure 4.56 TDDFT-calculated UV-vis spectra for 4PMe2Ph-NMe2 (green), 4PMe2Ph-H (blue), and 4PMe2PhCF3

(orange). Trends in energy for the ca. 700 nm feature, although slightly exaggerated, are

reproduced via this computational method.
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4.4.11 Optimized cartesian coordinates
Optimized cartesian coordinates for 1PMe2Ph-NMe2 (Å):
Cu

0.00376242

-0.003302

-0.007877

P

-1.125826

2.83361662

-0.9825452

P

3.03086612

-0.4521857

-0.979871

P

-1.868004

-2.4217145

-0.9607733

N

-1.0706116

1.76042975

0.19671141

N

2.07302464

0.03753879

0.19703971

N

-0.9710952

-1.8275517

0.21660123

N

0.01080059

0.00390882

2.22327786

C

-0.9637822

1.04787945

2.55742473

H

-0.8247346

1.42506122

3.59872696

H

-1.9693884

0.59721029

2.49742074

C

-0.9144006

2.23187872

1.57595322

H

-1.7270481

2.93265202

1.87485149

H

0.03961346

2.78878778

1.7184201

C

-2.5154701

4.00736903

-0.865606

H

-3.4514973

3.42209456

-0.7934631

H

-2.565661

4.6610323

-1.7558532

H

-2.4017666

4.63345041

0.03822534

C

-1.3817447

1.95349835

-2.5413817

H

-0.5037926

1.31194022

-2.7306947

H

-1.4845207

2.68732744

-3.3627107

H

-2.2918365

1.33016458

-2.4712758

C

0.36862449

3.83180617

-1.1629612

C

0.40422877

5.10207261

-1.7811673

H

-0.5140222

5.55540065

-2.1764415

C

1.59779698

5.81368636

-1.9168217

H

1.56844383

6.79036456

-2.409348

C

2.831081

5.28557376

-1.4270888

C

2.78479366

4.00386516

-0.8002049

H

3.69543218

3.54757354

-0.3993109

C

1.58576954

3.30224179

-0.6751919

260

H

1.6012343

2.30844408

-0.2040459

C

1.40232976

0.32878724

2.55382162

H

1.65929944

0.03233722

3.5988349

H

1.51636227

1.42402519

2.48069302

C

2.40174712

-0.3199237

1.57994753

H

3.41606946

0.03271141

1.87575086

H

2.40219454

-1.4228075

1.7350019

C

2.4127797

0.22189548

-2.5403595

H

1.41628689

-0.2081429

-2.7409647

H

3.10391087

-0.0578156

-3.3575761

H

2.33646448

1.32190098

-2.4667296

C

4.74627271

0.15101665

-0.8483825

H

4.71634513

1.25456448

-0.7759378

H

5.34393288

-0.1377132

-1.7325122

H

5.2193347

-0.2649682

0.05999587

C

3.13784947

-2.2447541

-1.1776165

C

2.08884497

-3.0400441

-0.6617658

H

1.23750045

-2.5628095

-0.1555016

C

2.08949661

-4.4272506

-0.8091704

H

1.25476931

-4.9934852

-0.384128

C

3.14844491

-5.0992533

-1.4907896

C

4.20548668

-4.289253

-2.0071563

H

5.04564627

-4.7453871

-2.539501

C

4.19380948

-2.9022762

-1.8483448

H

5.03002058

-2.3280138

-2.2681706

C

-0.4038104

-1.3595991

2.57029624

H

-0.7955052

-1.4191554

3.61372552

H

0.48889906

-2.0055189

2.51141281

C

-1.457333

-1.9156148

1.59630117

H

-1.6594946

-2.9668662

1.90436641

H

-2.4149232

-1.3640305

1.73548177

C

-0.9705876

-2.2112457

-2.5167335

H

-0.8658837

-1.131033

-2.7178309

H

-1.542106

-2.6842597

-3.3372844
261

H

0.02991421

-2.6732311

-2.4327581

C

-2.1888978

-4.2115936

-0.832771

H

-1.2144465

-4.7291033

-0.7530144

H

-2.7267712

-4.5891181

-1.7219469

H

-2.7910602

-4.4192692

0.07067155

C

-3.4798162

-1.6297046

-1.1559506

C

-3.6275498

-0.301597

-0.6933227

H

-2.7745812

0.21531995

-0.2298292

C

-4.8324247

0.38667006

-0.833873

H

-4.8914149

1.40989011

-0.449838

C

-5.9650435

-0.2218408

-1.4540071

C

-5.8102291

-1.5654147

-1.9128295

H

-6.6433936

-2.0879394

-2.3925377

C

-4.5987524

-2.2432863

-1.7629719

H

-4.5350492

-3.2733988

-2.1368386

N

-7.1502554

0.45534387

-1.6019139

C

-8.293397

-0.1939382

-2.2317026

H

-8.0690223

-0.4913161

-3.2781564

H

-9.1438341

0.50734497

-2.2478518

H

-8.6036585

-1.1023322

-1.6734048

C

-7.2677384

1.83161329

-1.1374786

H

-7.1048018

1.90914529

-0.0415321

H

-8.2804956

2.2042816

-1.362606

H

-6.5345112

2.49590274

-1.6430558

N

3.14933649

-6.4637698

-1.6438176

C

4.23539342

-7.1219169

-2.3595588

H

5.21499131

-6.9337323

-1.8721579

H

4.30118959

-6.7752845

-3.4130923

H

4.05796383

-8.2099167

-2.3644627

C

2.03632449

-7.2556304

-1.1359776

H

1.07396935

-6.955567

-1.6040795

H

1.93132002

-7.1521893

-0.0354387

H

2.21400674

-8.3190491

-1.3659109

N

4.00933405

5.97953358

-1.5525207
262

C

5.25766485

5.3876826

-1.0884427

H

5.48039991

4.43407918

-1.6145832

H

5.22832982

5.18116506

0.00188332

H

6.08513908

6.08989763

-1.2821916

C

4.03192905

7.27137766

-2.2275736

H

3.36556761

8.00205059

-1.72369

H

3.71264276

7.18668035

-3.2886989

H

5.05852744

7.67246406

-2.2057975

Optimized cartesian coordinates for 1PMe2Ph-H (Å):
Cu

-0.0082694

-0.1071556

-0.0147104

P

-1.1293313

2.78029942

-0.8419257

P

3.01403451

-0.539997

-1.01857

P

-1.9191897

-2.4605575

-1.0853029

N

-1.0586216

1.65161677

0.27901952

N

2.05546724

-0.1069366

0.17697217

N

-1.015902

-1.9192139

0.1088523

N

0.00481079

-0.2174372

2.20512772

C

-0.9630988

0.81287424

2.59890272

H

-0.8195905

1.13110353

3.65838912

H

-1.9717485

0.37310205

2.51600102

C

-0.9048066

2.04848492

1.6841229

H

-1.7140199

2.73707662

2.0153329

H

0.05295067

2.58920841

1.8562392

C

-2.5016488

3.95887031

-0.6423642

H

-3.4359718

3.37544492

-0.5425314

H

-2.5875023

4.63097914

-1.5156182

H

-2.3469105

4.56352601

0.26971389

C

-1.3806164

1.99410353

-2.448615

H

-0.5051944

1.36060665

-2.6737594

H

-1.4817178

2.77285005

-3.2272829

H

-2.2928749

1.37130295

-2.4143472
263

C

0.38164474

3.78981322

-0.9982142

C

0.38297515

5.09435704

-1.5357735

H

-0.5489543

5.55885818

-1.8808798

C

1.58357764

5.81402239

-1.6401919

H

1.57589774

6.82790623

-2.0624862

C

2.79028582

5.24023288

-1.2052222

H

3.72806212

5.80645708

-1.2854023

C

2.79285244

3.94320822

-0.6646836

H

3.73346095

3.49259788

-0.3188332

C

1.59628484

3.21816773

-0.5597057

H

1.60657935

2.19728406

-0.1504892

C

1.39912352

0.08255151

2.55038525

H

1.6550551

-0.2681731

3.57796287

H

1.51944939

1.17925828

2.53272527

C

2.392879

-0.5228667

1.54430679

H

3.40868438

-0.1828424

1.8463918

H

2.39379566

-1.6312474

1.64862855

C

2.38962292

0.16737817

-2.5588606

H

1.39395878

-0.2598804

-2.7689187

H

3.08015727

-0.0854849

-3.384842

H

2.3107176

1.26461808

-2.4544516

C

4.72980827

0.04635361

-0.8608393

H

4.69904458

1.13950698

-0.6949221

H

5.31434731

-0.16385

-1.7750661

H

5.21497914

-0.4427403

0.00336428

C

3.12177693

-2.3401942

-1.2915471

C

2.04834756

-3.1357111

-0.8341754

H

1.1851771

-2.6632318

-0.3429459

C

2.07187504

-4.5254303

-1.0261166

H

1.23470443

-5.1382552

-0.6642371

C

3.16095085

-5.1329561

-1.673645

H

3.17759018

-6.2211361

-1.8221179

C

4.23196494

-4.3452923

-2.128911

H

5.08578415

-4.815308

-2.6352785
264

C

4.21542745

-2.9549181

-1.9372559

H

5.06016101

-2.3561612

-2.2997529

C

-0.4150932

-1.5959763

2.48154066

H

-0.7973785

-1.7103626

3.52326622

H

0.47284893

-2.2428614

2.37914452

C

-1.4819396

-2.091689

1.49039545

H

-1.6807213

-3.1592491

1.73452582

H

-2.4364641

-1.5488279

1.67435755

C

-1.0590779

-2.177113

-2.6480175

H

-0.9460493

-1.0895893

-2.798002

H

-1.6543368

-2.6025294

-3.4773121

H

-0.0633447

-2.6549686

-2.6125475

C

-2.2656965

-4.2460876

-1.0213451

H

-1.2990953

-4.7758346

-0.9294301

H

-2.7811488

-4.59074

-1.9363367

H

-2.8941288

-4.4731424

-0.1409718

C

-3.540924

-1.6406113

-1.2429061

C

-3.6759603

-0.3492068

-0.6879632

H

-2.817467

0.12730103

-0.1927619

C

-4.8966704

0.33515376

-0.7885983

H

-4.9950675

1.33820759

-0.3510432

C

-5.9898718

-0.2586383

-1.4417305

H

-6.9447254

0.27873428

-1.5189201

C

-5.860341

-1.5442216

-1.9943589

H

-6.7120438

-2.0128628

-2.5055305

C

-4.642564

-2.2349423

-1.8940269

H

-4.5602058

-3.237626

-2.3315231

Optimized cartesian coordinates for 1PMe2Ph-CF3 (Å):
Cu

-0.0011081

-3.373E-05

0.00043068

P

-1.1288081

2.84063025

-0.9867729

P

3.02327988

-0.4529854

-0.9781448
265

P

-1.8728866

-2.4218366

-0.9480051

N

-1.0633042

1.76752827

0.18728388

N

2.05970973

0.02904821

0.192285

N

-0.9847282

-1.8101885

0.22190457

N

0.00473009

0.01783371

2.21564899

C

-0.9810574

1.05275093

2.551431

H

-0.847813

1.4280534

3.592887

H

-1.9823861

0.59355938

2.48860147

C

-0.9374732

2.23934776

1.57436933

H

-1.766078

2.92542671

1.85715228

H

0.00493999

2.81093243

1.72859624

C

-2.4839436

4.04406825

-0.8490426

H

-3.4277892

3.48019267

-0.7281767

H

-2.5553094

4.67571342

-1.7532282

H

-2.3256744

4.68732314

0.0355501

C

-1.3643736

1.98701055

-2.5592337

H

-0.4900348

1.34044265

-2.7477191

H

-1.4540369

2.73101316

-3.3724075

H

-2.2811179

1.37180929

-2.5085087

C

0.39801848

3.82949658

-1.1790588

C

0.42489003

5.094288

-1.7985771

H

-0.4918445

5.5472321

-2.1940175

C

1.6322015

5.79712648

-1.9284497

H

1.64124532

6.77737221

-2.4175783

C

2.82104041

5.23780984

-1.4316662

C

2.80101301

3.9776884

-0.8034783

H

3.72897492

3.54294391

-0.4107001

C

1.59703672

3.27726926

-0.6777466

H

1.59338291

2.28412128

-0.2058257

C

1.39321496

0.36029053

2.5483987

H

1.64934955

0.07736481

3.59609119

H

1.49647361

1.45566224

2.46520991

C

2.40155785

-0.2900681

1.58614771

H

3.40933059

0.08942339

1.8642009
266

H

2.42419082

-1.3885164

1.7625369

C

2.42987677

0.20192053

-2.5521693

H

1.4274057

-0.2125513

-2.7559248

H

3.12274224

-0.0997327

-3.3595181

H

2.37455007

1.30402182

-2.4952492

C

4.75100847

0.08814865

-0.8154516

H

4.75460667

1.18802445

-0.6973128

H

5.34247807

-0.180509

-1.7095469

H

5.2059089

-0.3785657

0.07727092

C

3.09363805

-2.2678718

-1.201498

C

2.0585823

-3.0408702

-0.6328502

H

1.23667952

-2.5516223

-0.0922138

C

2.05131405

-4.4309456

-0.789948

H

1.24561509

-5.0266773

-0.3426127

C

3.07565878

-5.0630966

-1.5202972

C

4.11016711

-4.3015174

-2.0889228

H

4.90907623

-4.7875953

-2.6595404

C

4.11860322

-2.9083003

-1.9251704

H

4.93306289

-2.3301776

-2.3778756

C

-0.3951868

-1.3488173

2.57412073

H

-0.778883

-1.4059117

3.6193604

H

0.50259096

-1.9872499

2.51368731

C

-1.4515203

-1.9170062

1.61130948

H

-1.6320626

-2.9732158

1.91003873

H

-2.415773

-1.3821626

1.76266834

C

-1.0111406

-2.2058025

-2.5192087

H

-0.9067469

-1.1257854

-2.7216275

H

-1.5973044

-2.6776783

-3.3295168

H

-0.0110313

-2.6714761

-2.4551415

C

-2.2268177

-4.1980918

-0.7964132

H

-1.2635911

-4.7279947

-0.6754838

H

-2.7407819

-4.5838962

-1.6956268

H

-2.8580413

-4.3796057

0.09242361

C

-3.4974201

-1.6068681

-1.1553039
267

C

-3.627994

-0.2875841

-0.6689846

H

-2.770779

0.21576656

-0.1989881

C

-4.8404861

0.39586848

-0.8058078

H

-4.9362387

1.41996706

-0.4232559

C

-5.9359915

-0.2303555

-1.4308182

C

-5.8165112

-1.5442197

-1.9128481

H

-6.6656256

-2.0368984

-2.3991454

C

-4.6003619

-2.2296149

-1.7715418

H

-4.525948

-3.2537948

-2.1554172

C

3.02367377

-6.5665469

-1.679803

F

4.07000765

-7.0650943

-2.3857603

F

1.88257239

-6.9616824

-2.3246446

F

3.01790806

-7.2024359

-0.4696832

C

-7.2272698

0.54575997

-1.5669436

F

-7.7201067

0.92153817

-0.3481543

F

-8.2073611

-0.153602

-2.1931399

F

-7.0444432

1.70097596

-2.2778056

C

4.14460378

5.95989126

-1.5552167

F

4.04200017

7.15926313

-2.1817996

F

5.05546638

5.21864995

-2.2581435

F

4.70657349

6.19469767

-0.3310827

Optimized cartesian coordinates for 1PMe3 (Å):
Cu

-0.0039202

-0.0169709

0.01432681

P

-0.4003206

2.94229354

-0.6661427

P

2.77070829

-1.1288847

-0.6525849

P

-2.3587614

-1.8437431

-0.6456699

N

0.55578578

1.98001977

0.17255692

N

1.4603378

-1.4786092

0.18647746

N

-2.0031637

-0.5287349

0.18448335

N

0.00440672

-0.0042092

2.25125958

C

0.03054279

1.4260954

2.57546475
268

H

0.40076644

1.60817681

3.61342196

H

-1.0066456

1.80080545

2.52848067

C

0.88885513

2.23368985

1.57663663

H

0.80420346

3.30645215

1.85934986

H

1.95551691

1.96727505

1.72798318

C

0.06491764

4.70151523

-0.6157992

H

-0.0299606

5.08430398

0.41774376

H

-0.5999971

5.28978167

-1.2761061

H

1.11381306

4.81040796

-0.9495247

C

-0.3102931

2.4412073

-2.3997021

H

0.74392882

2.46505174

-2.730196

H

-0.916493

3.12546772

-3.0227727

H

-0.701099

1.41120599

-2.4904114

C

-2.173396

2.91661567

-0.2535046

H

-2.5199608

1.86874253

-0.3433482

H

-2.7473821

3.57376834

-0.9349399

H

-2.3081683

3.26235744

0.78853909

C

1.22976526

-0.7380012

2.58573711

H

1.19644351

-1.1462034

3.62482987

H

2.07037036

-0.023889

2.54302131

C

1.51211494

-1.8872802

1.59253793

H

2.48637945

-2.3410792

1.88020014

H

0.7543745

-2.6837012

1.74584275

C

2.29305865

-0.9784891

-2.3887016

H

1.79446008

-1.9108655

-2.7101374

H

3.18765323

-0.7943804

-3.0129339

H

1.5892868

-0.1318915

-2.4884219

C

4.07336136

-2.3986703

-0.585832

H

4.44801443

-2.4972202

0.45031761

H

4.91584714

-2.1131

-1.2437121

H

3.65470388

-3.367987

-0.9153767

C

3.61898986

0.43221563

-0.2569543

H

2.87564463

1.24698662

-0.3560975

H

4.47312762

0.60036826

-0.9409182
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H

3.98706743

0.39250164

0.78542335

C

-1.2456763

-0.6954216

2.58465534

H

-1.5831086

-0.4617539

3.62347551

H

-1.050572

-1.7809803

2.54080514

C

-2.3804573

-0.3609173

1.59085385

H

-3.2649572

-0.9699507

1.88153901

H

-2.6828019

0.69655137

1.73904541

C

-1.9905894

-1.5205

-2.3847597

H

-2.5425209

-0.6204494

-2.7111083

H

-2.2877166

-2.3897035

-3.0013269

H

-0.9042767

-1.3443205

-2.4896884

C

-4.1112513

-2.3307994

-0.5725338

H

-4.3820536

-2.5968055

0.46648489

H

-4.2898986

-3.2078026

-1.2229196

H

-4.7392449

-1.4839275

-0.9069191

C

-1.4364824

-3.3591343

-0.2371196

H

-0.3580109

-3.1306239

-0.3401398

H

-1.7233295

-4.1888087

-0.9117259

H

-1.6546823

-3.645908

0.8087529

Optimized cartesian coordinates for 4PMe2Ph-NMe2 (Å):
Cu

-0.0841167

0.07236021

0.00024478

O

-0.3160477

0.12873743

-2.0358057

O

0.41482681

-0.5550908

-2.843682

N

-0.0559421

0.16720156

2.37430121

N

-1.6819669

1.35175692

0.3618351

N

-0.3236146

-1.9107223

0.45110393

N

1.7813844

0.9101131

0.31240996

C

-3.2960792

2.20261855

-1.8502749

C

-0.6922398

3.30913683

-1.3469619

C

-0.221093

-3.8571772

-1.6565976

C

-2.5278707

-2.1908642

-1.2220864
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C

3.25913774

1.43637942

-2.0595286

C

3.08388542

-1.2118776

-0.9705752

C

-1.1846913

1.04494887

2.72613462

H

-0.8082346

2.08053257

2.78475588

H

-1.5994829

0.77637374

3.72482143

C

-2.2736632

1.00540919

1.64505202

H

-2.7147448

-0.0152946

1.60225345

H

-3.0893994

1.69564281

1.9504951

C

-0.2309636

-1.2332643

2.7895508

H

-1.3123708

-1.4275882

2.89167163

H

0.24380644

-1.4179459

3.7806648

C

0.31939843

-2.1940832

1.72727222

H

1.42030327

-2.0616696

1.64413684

H

0.14806587

-3.2343268

2.07728238

C

1.26544557

0.72940705

2.69479943

H

1.98020832

-0.1065141

2.79104356

H

1.24219581

1.27030398

3.669041

C

1.76167955

1.64503766

1.5669165

H

1.08099628

2.51994769

1.48047466

H

2.75910381

2.04163679

1.85233359

P

-2.1346551

2.60418686

-0.5082966

P

-1.1605409

-3.0016335

-0.3565312

P

3.10670617

0.53478627

-0.4894951

H

-1.0078432

4.16159093

-1.977114

H

-0.2192946

2.53023437

-1.9692833

H

0.03461512

3.6470615

-0.5879028

H

-4.2176618

1.76542894

-1.4234307

H

-2.8051294

1.44348817

-2.4877587

H

-3.5470992

3.09288157

-2.4572507

H

0.63979033

-4.3826382

-1.2036298

H

0.15840396

-3.079974

-2.3458816

H

-0.8517425

-4.5757624

-2.2131194

H

-3.1873398

-1.7109837

-0.4777214

H

-3.0948808

-2.9428121

-1.8020834
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H

-2.128007

-1.4140729

-1.8953041

H

3.94105024

-1.4366487

-1.6328364

H

2.13327758

-1.4141263

-1.4959214

H

3.13467024

-1.8388537

-0.0631735

H

4.17006471

1.13695942

-2.6111355

H

3.27578358

2.52386397

-1.8616452

H

2.3645171

1.19695523

-2.6633666

N

-3.5226892

-7.0979697

3.40034135

C

-2.9884682

-6.1833239

2.52890344

C

-3.3620181

-4.8044056

2.57563718

H

-4.0868749

-4.4494869

3.3141981

C

-2.8138435

-3.8827458

1.68637536

H

-3.1249053

-2.8318964

1.76451885

C

-1.8748534

-4.2685261

0.70047241

C

-1.4986002

-5.6283296

0.65292457

H

-0.7683537

-5.9752514

-0.0882575

C

-2.035491

-6.565538

1.53751348

H

-1.7080395

-7.6060258

1.45377042

H

4.22120887

-0.8145161

1.83649903

C

4.89800259

0.00811733

1.56806707

C

4.61924648

0.81509796

0.43954024

C

5.51441374

1.86911365

0.1539171

C

6.64183348

2.10436592

0.94263688

C

6.93341278

1.28637708

2.07552497

C

6.01862322

0.22770307

2.36652118

H

6.18564103

-0.4319277

3.22317381

H

5.33644784

2.52825014

-0.7046062

N

8.04247493

1.50561412

2.85231414

H

7.30234563

2.93312255

0.67104287

C

-2.6396884

5.54112838

2.28734858

H

-1.9861977

6.00989462

3.02901804

C

-2.1029803

4.56484633

1.45080971

H

-1.0445308

4.29680671

1.57264423

C

-4.0128976

5.9236831

2.18416364
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C

-2.8847117

3.91835324

0.46408537

N

-4.551175

6.88126862

3.0059286

C

-4.7984099

5.26506781

1.19109685

C

-4.242355

4.29090554

0.35960812

H

-5.8561896

5.51405959

1.06460123

H

-4.8913455

3.8145355

-0.3852999

C

-3.1214536

-8.4981262

3.33041116

C

-4.4904704

-6.6755553

4.40595017

H

-3.3618436

-8.9408234

2.34085396

H

-3.6624325

-9.0680831

4.10342684

H

-2.0318853

-8.6192374

3.50829588

H

-4.0584456

-5.919556

5.09525671

H

-4.7964248

-7.5504683

5.00252298

H

-5.3988119

-6.2394576

3.93923715

C

-3.723853

7.53148385

4.01532233

C

-5.9566668

7.24844845

2.88094298

C

8.95323541

2.60006865

2.53738094

C

8.29876036

0.66899653

4.01886952

H

-6.1843035

7.64958007

1.87078858

H

-6.193541

8.02842521

3.62288347

H

-6.6228367

6.3793239

3.06609913

H

-3.3176543

6.7981137

4.74376006

H

-4.3361835

8.26271166

4.56811299

H

-2.8696077

8.0718476

3.55553712

H

8.42082324

-0.3976338

3.73534422

H

7.47447083

0.73818252

4.76034662

H

9.22958361

1.00315369

4.50586124

H

9.3817297

2.49018329

1.51891408

H

9.78428918

2.59826711

3.26178385

H

8.44399804

3.5858024

2.59374874

Optimized cartesian coordinates for 4PMe2Ph-H (Å):

273

Cu

0.03625581

0.00690125

0.02314798

O

-0.1540555

0.11354

-2.021472

O

0.51876582

-0.6390447

-2.8146684

N

0.05408876

-0.0236978

2.36140395

N

-1.5818874

1.26419586

0.43073155

N

-0.237918

-2.0002166

0.35056335

N

1.87061131

0.90525838

0.34763517

C

-3.303442

1.97310545

-1.7641978

C

-0.7555974

3.24149121

-1.3371022

C

-0.3045797

-3.9988212

-1.7161805

C

-2.4563797

-2.1237204

-1.3449643

C

3.29044831

1.45770565

-2.0447261

C

3.24464585

-1.1918007

-0.9511786

C

-1.0683645

0.84232145

2.76796666

H

-0.6874493

1.87264639

2.87118759

H

-1.4722383

0.52703778

3.75621385

C

-2.1688907

0.85624009

1.69916561

H

-2.6160614

-0.1589975

1.61488215

H

-2.9784221

1.53389872

2.04511149

C

-0.1280755

-1.440898

2.72143073

H

-1.2094435

-1.630765

2.82867269

H

0.35621662

-1.668137

3.69796738

C

0.40128989

-2.3601765

1.61367073

H

1.50357662

-2.2498121

1.52856064

H

0.21116269

-3.4117875

1.91589727

C

1.37803498

0.51660956

2.71473794

H

2.09705231

-0.3212511

2.72960563

H

1.36322037

0.9713222

3.73166911

C

1.85117646

1.52879143

1.66348715

H

1.15715237

2.39613758

1.64987802

H

2.84356782

1.91792551

1.97269644

P

-2.129614

2.45504898

-0.4627788

P

-1.1627184

-3.0166785

-0.452992

P

3.18741505

0.55501921

-0.475231
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H

-1.1375346

4.07533371

-1.9552664

H

-0.2613358

2.49095164

-1.9777449

H

-0.027504

3.6180061

-0.5975643

H

-4.1885264

1.49349739

-1.30684

H

-2.7885888

1.23414347

-2.406319

H

-3.6165983

2.83967694

-2.3762138

H

0.50540463

-4.5849966

-1.244268

H

0.14323966

-3.2827948

-2.4306541

H

-0.999437

-4.674907

-2.2489092

H

-3.0266704

-1.5011226

-0.6342887

H

-3.1262847

-2.8536772

-1.8363504

H

-1.9954115

-1.4694624

-2.102827

H

4.11202215

-1.3817227

-1.6110408

H

2.30446404

-1.4319134

-1.4804721

H

3.3162481

-1.8174023

-0.0444379

H

4.21493786

1.19746144

-2.5934126

H

3.25457963

2.54522509

-1.8512274

H

2.40986847

1.1724311

-2.6486064

H

-3.7731758

-6.5634277

3.21349495

C

-3.2788725

-5.8976987

2.49333561

C

-3.5812827

-4.5244172

2.48254086

H

-4.3126285

-4.1145031

3.19179067

C

-2.9472755

-3.6748781

1.56644082

H

-3.1820261

-2.6023543

1.57085354

C

-2.0092852

-4.1901321

0.64410923

C

-1.7109244

-5.5674356

0.66090084

H

-0.9829601

-5.9881466

-0.0424541

C

-2.3440294

-6.4162758

1.58359839

H

-2.1042938

-7.4879517

1.58979533

H

4.43824982

-0.8362271

1.75276092

C

5.05057187

0.04655083

1.52726451

C

4.70772492

0.89485172

0.45101832

C

5.50099964

2.03050145

0.18866826

C

6.62450134

2.30702822

0.98380268
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C

6.9618722

1.45612164

2.04849421

C

6.17239297

0.32512241

2.31979041

H

6.43194816

-0.3426818

3.15197916

H

5.2484675

2.70609604

-0.6369709

H

7.84124738

1.67400662

2.66926892

H

7.23850388

3.19175725

0.76885308

C

-2.7277841

5.35926984

2.34909754

H

-2.1178641

5.84643324

3.12155938

C

-2.156432

4.38384266

1.52141496

H

-1.1028258

4.10453514

1.65653078

C

-4.0804423

5.7099442

2.19136677

C

-2.9298022

3.753028

0.52124013

H

-4.529421

6.4727486

2.84157827

C

-4.8568455

5.0826168

1.20418391

C

-4.285557

4.10691688

0.37088843

H

-5.9140676

5.35266601

1.07996095

H

-4.905531

3.6259739

-0.3946538

Optimized cartesian coordinates for 4PMe2Ph-CF3 (Å):
Cu

0.00082294

-0.049809

-0.043729

O

-0.1615599

-0.0085403

-2.0942878

O

0.67983265

-0.5951391

-2.8635351

N

-0.0312574

-0.0543779

2.30041851

N

-1.8605905

0.82093956

0.31015299

N

0.18756193

-2.0607328

0.30453921

N

1.5963152

1.21229185

0.31901669

C

-3.8088525

1.25767234

-1.7671844

C

-1.4455528

2.88787371

-1.5037722

C

0.65765791

-4.059975

-1.7128527

C

-1.8804016

-2.7188872

-1.4600957

C

2.86116423

2.14005145

-2.0554984

C

3.43444238

-0.4670809

-0.9965555
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C

-1.3340555

0.52976875

2.66909986

H

-1.2035452

1.61959742

2.77986614

H

-1.685121

0.12902217

3.64619206

C

-2.3761627

0.29209274

1.56881895

H

-2.5776207

-0.7973992

1.47547529

H

-3.3293936

0.76545614

1.88717816

C

0.11185856

-1.473735

2.6704485

H

-0.8982217

-1.9090015

2.75618867

H

0.61203279

-1.5782211

3.65931821

C

0.8683405

-2.2487239

1.58449466

H

1.91292488

-1.8771891

1.51710116

H

0.93015526

-3.3127935

1.89574319

C

1.1228069

0.78017789

2.67807169

H

2.01132128

0.12793488

2.74246881

H

0.96746568

1.24307349

3.67879044

C

1.39465934

1.84980436

1.61306897

H

0.52741229

2.54179011

1.55664368

H

2.26469951

2.45686909

1.93852469

P

-2.6272236

1.9091892

-0.5524107

P

-0.446913

-3.2702721

-0.5100628

P

2.95468427

1.20658587

-0.5047591

H

-1.9852064

3.67994873

-2.0554181

H

-0.9198673

2.22506404

-2.2123024

H

-0.7077315

3.33562138

-0.8156984

H

-4.5814173

0.65891426

-1.2502824

H

-3.240389

0.59538949

-2.4472426

H

-4.2857357

2.06675312

-2.3517963

H

1.56164739

-4.4345265

-1.1982895

H

0.95735863

-3.2776023

-2.4353627

H

0.15445698

-4.8885383

-2.245732

H

-2.5972392

-2.2171295

-0.7873022

H

-2.3548898

-3.5957578

-1.9387436

H

-1.5536165

-2.0037934

-2.2327639

H

4.33245243

-0.4337918

-1.6416764
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H

2.58840275

-0.9161731

-1.5482158

H

3.63772074

-1.0713306

-0.0951872

H

3.82570914

2.11623929

-2.5963809

H

2.56784338

3.18423519

-1.8426028

H

2.07852125

1.66890239

-2.6777861

C

-2.4345479

-7.4727133

3.50561877

C

-1.9328518

-6.4809575

2.47807482

C

-2.5567537

-5.2193812

2.40345732

H

-3.388371

-4.9729271

3.07470078

C

-2.109473

-4.278929

1.47222906

H

-2.5937238

-3.2953565

1.42911378

C

-1.0428752

-4.5856381

0.59793286

C

-0.4282729

-5.8486681

0.6800833

H

0.40331416

-6.1106106

0.01673832

C

-0.8698882

-6.7953478

1.61786039

H

-0.3814413

-7.774325

1.6723831

H

4.40510164

0.16440009

1.79481031

C

4.8252302

1.14956077

1.55664165

C

4.34472523

1.88417527

0.44968798

C

4.89078965

3.15270619

0.17806031

C

5.90633946

3.67981787

0.99037304

C

6.37847584

2.93892511

2.08482792

C

5.83653502

1.6698694

2.36866265

H

6.20393727

1.09018516

3.22414322

H

4.5318749

3.74613824

-0.6700346

C

7.47428363

3.47169767

2.98307163

H

6.32414899

4.6670872

0.76526136

C

-3.4470097

4.72405387

2.30118583

H

-2.8573063

5.31863802

3.00724122

C

-2.8026247

3.85321735

1.41435006

H

-1.7086676

3.77055288

1.44553224

C

-4.8492015

4.82404504

2.27969299

C

-3.5446968

3.08333298

0.49432694

C

-5.5865135

5.74732587

3.22605851
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C

-5.5999559

4.05758942

1.36994896

C

-4.949584

3.19206411

0.48098036

H

-6.6940266

4.13441842

1.35394333

H

-5.5503293

2.60278345

-0.2205075

F

-1.7663479

-8.6536496

3.47559723

F

-3.7589013

-7.7572023

3.32397996

F

-2.31806

-6.9796983

4.77584167

F

-4.7568306

6.4293966

4.05657002

F

-6.4649314

5.05924571

4.01586102

F

-6.3253213

6.67601991

2.54807193

F

7.89002849

4.71559634

2.63382635

F

8.57534351

2.6618623

2.96442342

F

7.06694125

3.53712526

4.28622466

Optimized cartesian coordinates for 4PMe3 (Å):
Cu

0.01037013

-0.0016037

0.00791716

O

0.46523238

-0.6636127

-2.8116133

O

-0.0653645

0.19539385

-2.0187097

P

-2.4631713

2.05930806

-0.4474036

P

3.03103149

1.06636248

-0.4793636

P

-0.6000668

-3.1672749

-0.4269879

N

-1.0726453

1.82431332

0.2960861

N

2.08756586

0.04780301

0.30597644

N

-1.0270041

-1.8203657

0.31612421

N

0.00244963

0.0194088

2.26913211

C

-0.8808505

1.13594566

2.66123507

H

-0.6372027

1.48551438

3.69055972

H

-1.920358

0.76356237

2.66995925

C

-0.7907485

2.2840897

1.649095

H

-1.4685411

3.09481392

1.990606

H

0.23346999

2.7129794

1.67532383

C

-3.5633074

3.25963303

0.35746239
279

H

-3.8486005

2.89880255

1.36310904

H

-4.4760396

3.37712283

-0.2562415

H

-3.0551097

4.23775795

0.44616702

C

-2.2032265

2.68215885

-2.1284439

H

-1.6892465

3.65979585

-2.0686456

H

-3.1709694

2.79685427

-2.6525279

H

-1.5629951

1.96708097

-2.6752386

C

-3.4647377

0.55661953

-0.6496701

H

-2.8183334

-0.2500468

-1.0423637

H

-4.3149381

0.73767328

-1.3345013

H

-3.8451222

0.24982685

0.3420245

C

1.40934005

0.2280419

2.66435298

H

1.58868586

-0.1519969

3.6958317

H

1.60777492

1.31415571

2.66358881

C

2.35827219

-0.4299531

1.6555549

H

3.39918923

-0.2412441

1.99053735

H

2.22317724

-1.5317829

1.68666983

C

3.60998831

0.3834239

-2.0558459

H

4.21500924

-0.5189814

-1.8477733

H

4.22033662

1.12719355

-2.6026366

H

2.73280892

0.09750764

-2.6633894

C

4.53387831

1.55087276

0.4177063

H

4.2650225

2.04654505

1.36886415

H

5.10994454

2.25665608

-0.2097103

H

5.15713798

0.66181387

0.62563351

C

2.20086698

2.6210175

-0.9085836

H

1.2496175

2.3907369

-1.4195872

H

2.84652474

3.23683127

-1.5632094

H

1.97707117

3.17011946

0.02373363

C

-0.5226376

-1.2991759

2.67319941

H

-0.9411189

-1.2566303

3.70470812

H

0.31645975

-2.0169142

2.67835845

C

-1.5702275

-1.7920116

1.66860094

H

-1.9421749

-2.77827

2.01557682
280

H

-2.4467354

-1.1112898

1.69181545

C

-1.3897877

-3.3047859

-2.0513739

H

-2.4858993

-3.3446921

-1.9074849

H

-1.0455223

-4.2169557

-2.5749083

H

-1.1284003

-2.4143863

-2.6498547

C

-1.0429216

-4.6922015

0.45441337

H

-0.5324561

-4.7272931

1.43457143

H

-0.7200169

-5.5585703

-0.1528764

H

-2.1372807

-4.7419205

0.60404595

C

1.18365838

-3.2900218

-0.7323007

H

1.52366042

-2.3536586

-1.209513

H

1.41197174

-4.1556643

-1.3828782

H

1.69749171

-3.4050116

0.23972858

Optimized cartesian coordinates for [NMe2TMPA-CuO2]+ (Å):
Cu

-0.0105015

0.06238979

-0.1007531

N

-0.0081348

0.04187428

2.110325

N

-1.062033

-1.7084237

0.263202

N

-0.9712453

1.87536557

0.28871762

N

2.04504567

-0.0603074

0.26677702

C

-1.2311341

-0.6899737

2.46675537

C

-0.0289031

1.45949226

2.49377276

C

1.23026574

-0.6554106

2.48188977

C

-1.2607038

-2.731808

-0.5905665

C

-1.42456

-1.8889788

1.55750451

C

-1.7328104

2.59365016

-0.5605629

C

-0.9543088

2.25350709

1.59100653

C

3.04368416

0.22220495

-0.593795

C

2.374413

-0.2600904

1.56688598

H

-2.0811805

0.00325029

2.31862445

H

-1.2340138

-0.9970066

3.53375426

H

1.00009678

1.84651224

2.36407191
281

H

-0.3030401

1.59550644

3.56107403

H

1.04492016

-1.7390041

2.35490037

H

1.49619228

-0.4866919

3.54638796

C

-1.8161323

-3.9502676

-0.222009

H

-0.9474018

-2.5579026

-1.6279671

C

-1.9741668

-3.0757401

2.02825264

C

-2.4925093

3.69188222

-0.1796002

H

-1.7280684

2.26139961

-1.6065444

C

-1.692441

3.32761363

2.07444551

C

4.37912241

0.32009834

-0.2254417

H

2.74743751

0.3764452

-1.6388478

C

3.67898932

-0.1682341

2.03816966

C

-2.2006211

-4.167441

1.13527508

H

-1.9381955

-4.7221689

-0.9860872

H

-2.2256785

-3.1483014

3.08967284

C

-2.4984231

4.10421191

1.18690541

H

-1.6350617

3.56072688

3.14094859

C

4.74919514

0.1265123

1.13939662

H

5.11886539

0.5526981

-0.9957473

H

3.86098511

-0.3329285

3.10347702

H

-3.077996

4.21310987

-0.9412487

N

-3.229327

5.1663233

1.61999154

N

6.03903294

0.22080129

1.56086659

N

-2.7406023

-5.3426711

1.55648265

C

-2.9327698

-6.4413111

0.61166872

H

-3.3797541

-7.2975168

1.14173823

H

-3.6134609

-6.146437

-0.2127578

H

-1.9678599

-6.7665752

0.17128424

C

-3.1072922

-5.5223698

2.95938281

H

-3.5382679

-6.5275814

3.0930857

H

-2.2225592

-5.4296911

3.62266217

H

-3.8627438

-4.7742123

3.27485949

C

-4.0405218

5.93210218

0.67531268

H

-4.5486684

6.74692373

1.21546067
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H

-3.4125611

6.37899386

-0.1223633

H

-4.8122974

5.29355486

0.19883765

C

-3.2056213

5.54939687

3.02984822

H

-3.8558216

6.42688317

3.17549473

H

-3.5774854

4.72801874

3.676113

H

-2.1797302

5.81656248

3.35668087

C

7.10259375

0.51960283

0.60377066

H

8.06800638

0.54267682

1.13416345

H

7.15734995

-0.254056

-0.1891478

H

6.9440095

1.50604576

0.12176455

C

6.36867117

0.02044236

2.97012833

H

7.45481938

0.14491321

3.10709068

H

5.84858734

0.75952996

3.61340188

H

6.08805957

-0.9983008

3.3080282

O

-0.0892709

0.22395988

-2.0979288

O

0.44369731

-0.7045902

-2.7911021

Optimized cartesian coordinates for [(Me3P3tren)Cu-O2-Cu(Me3P3tren)]2+ (Å):
Cu

5.06139734

-2.1415866

-0.3155988

O

3.05259193

-1.1072235

1.61465318

O

3.56633967

-0.9392174

0.40658865

P

5.74888907

0.4915102

-2.1887703

P

2.4479165

-3.9016923

-1.2027456

P

6.35382682

-2.6007123

2.61123823

N

5.28452822

-1.0356432

-2.2198407

N

3.87386123

-3.9751262

-0.4889531

N

6.64068144

-2.0778797

1.12294756

N

6.57695087

-3.5228589

-1.4142618

C

7.01470398

-2.7799477

-2.6082284

H

7.43854254

-3.4728657

-3.3719792

H

7.81895555

-2.0840885

-2.3111429

C

5.85644055

-1.9646324

-3.191582
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H

6.22004569

-1.4649485

-4.114507

H

5.05705989

-2.6586067

-3.521681

C

6.2734779

1.16954613

-3.7916901

H

7.21044455

0.68884647

-4.1277907

H

6.4504693

2.25595927

-3.6794836

H

5.48111897

1.00212759

-4.5447779

C

4.36435694

1.51683289

-1.6551353

H

3.5751227

1.4590572

-2.4263203

H

4.68247643

2.56794342

-1.5265749

H

3.96831719

1.11407587

-0.7086293

C

7.13426422

0.87556682

-1.0704102

H

6.9238384

0.42788173

-0.0826968

H

7.28196883

1.96790482

-0.9723341

H

8.05336657

0.41965387

-1.4834002

C

5.85588687

-4.7611903

-1.7558797

H

6.56603132

-5.6110414

-1.8825107

H

5.34648298

-4.6077236

-2.7234371

C

4.79238602

-5.087961

-0.7033113

H

4.28486908

-6.0260228

-1.0124409

H

5.2935668

-5.3227506

0.25670232

C

1.14046317

-3.5019756

-0.0194031

H

1.13730155

-4.2770081

0.76693444

H

0.16031669

-3.4997172

-0.5304266

H

1.33253667

-2.5163596

0.43905562

C

1.91024688

-5.4486472

-1.991736

H

2.61503154

-5.7299068

-2.7959344

H

0.90594652

-5.2969177

-2.430112

H

1.86187612

-6.2607473

-1.2428324

C

2.29704665

-2.6419952

-2.5047217

H

2.79049628

-1.7157317

-2.1594063

H

1.23340767

-2.4543719

-2.7463533

H

2.8218353

-2.9986444

-3.4096046

C

7.658958

-3.7332789

-0.4382067

H

8.6064047

-4.0227472

-0.9495512
284

H

7.37062167

-4.570472

0.2224615

C

7.86338462

-2.4823014

0.42291509

H

8.71447455

-2.6710823

1.10977789

H

8.1836056

-1.6435814

-0.2251601

C

7.83488325

-3.1153868

3.52969685

H

8.30016161

-3.9972441

3.05263392

H

7.53499723

-3.3838949

4.56013689

H

8.56490761

-2.2856125

3.56633124

C

5.22051502

-4.0163868

2.73574578

H

4.36646236

-3.8346739

2.05741694

H

4.86860751

-4.1557479

3.77486243

H

5.75004604

-4.9293652

2.40873317

C

5.59722839

-1.3013857

3.60883463

H

6.25178172

-0.4135189

3.58234318

H

5.49007091

-1.6441835

4.65405819

H

4.60038093

-1.0572799

3.20054712

Cu

1.8290769

0.24451439

2.56775728

P

4.12500332

2.53120345

2.86023243

P

-0.4149048

0.55114346

0.08134928

P

1.57651752

-2.2512427

4.87188531

N

2.63048332

2.17970325

2.40493747

N

-0.0700725

0.10811432

1.57547175

N

1.86534683

-0.7252689

4.50404839

N

0.21526716

1.60946725

4.05215559

C

0.8233571

2.93659374

3.97190369

H

0.06723921

3.74471827

4.12291664

H

1.56278334

3.02801439

4.78855979

C

1.54966996

3.14375676

2.63490514

H

1.90020004

4.19673494

2.59098645

H

0.81748632

3.03057906

1.81119173

C

4.52809707

4.30208196

2.78748634

H

3.97570015

4.85900198

3.56611597

H

5.61353636

4.42589691

2.96215284

H

4.26858253

4.70344236

1.79025618
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C

5.30412248

1.72732869

1.75801703

H

5.31371989

2.28727132

0.80915711

H

6.31711913

1.74718465

2.19858068

H

4.99801612

0.68750244

1.56017368

C

4.63541816

2.0506011

4.54296966

H

4.43602187

0.9755854

4.6922347

H

5.71426209

2.25315211

4.68506286

H

4.05623316

2.63571022

5.28019634

C

-1.0769455

1.47174252

3.38082859

H

-1.9199934

1.51865279

4.10987842

H

-1.2047075

2.320021

2.68678293

C

-1.1416785

0.16423269

2.57258036

H

-2.1625657

0.07192891

2.1363757

H

-1.0259237

-0.6929248

3.26745249

C

1.11324455

0.83953714

-0.8152591

H

1.77151286

-0.0406078

-0.7269133

H

0.89450396

1.05221025

-1.8779229

H

1.62702954

1.69983207

-0.3517511

C

-1.3704723

-0.6720507

-0.8727687

H

-2.3205691

-0.8800543

-0.3450043

H

-1.5948647

-0.2898914

-1.886752

H

-0.7910459

-1.6080395

-0.9482886

C

-1.4021449

2.07268111

-0.1231429

H

-0.8582919

2.93203645

0.30856311

H

-1.5832328

2.25682656

-1.1993223

H

-2.3757303

1.96099241

0.38916318

C

0.28113186

0.97495233

5.36735967

H

0.10885906

1.71216711

6.18806611

H

-0.526644

0.22538054

5.42795837

C

1.62278774

0.25937936

5.56614914

H

1.63657306

-0.1770305

6.59076993

H

2.43146529

1.01207347

5.55475184

C

1.50352976

-3.233904

3.37154661

H

2.38782361

-3.0278706

2.74791628
286

H

1.44686603

-4.3086275

3.62464695

H

0.60273181

-2.9308179

2.81101725

C

2.82803803

-3.012105

5.95691555

H

2.86659965

-2.4516199

6.91013468

H

2.58070028

-4.0699571

6.16701592

H

3.81639933

-2.9504364

5.46890276

C

0.01244879

-2.5953646

5.74614124

H

-0.8378518

-2.2818832

5.11315741

H

-0.0675667

-3.6784736

5.9595951

H

-0.0183454

-2.0392056

6.70112963
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CHAPTER V
Outer Sphere Anions Electrostatically Activate Carbon Monoxide Ligands in
Molybdenum Complexes

5.1 Introduction
Carbon monoxide (CO) is one of the most classic and ubiquitous ligands in transition metal
organometallic chemistry. CO is considered one of the strongest field ligands known,1,2 primarily
due to its substantial p-acidity,3,4 and has therefore been used extensively in the stabilization of
highly-reducing complexes in low oxidation states.5–8 From a synthetic perspective, CO is an
important C1 building block molecule that forms the basis for the Fischer-Tropsch process,9–11 and
is similarly gaining importance as an intermediate in the electrocatalytic reduction of CO2 to form
products containing higher carbon contents.12–17 Strategies to impart enhanced activation of CO at
transition metal catalysts therefore remains an important synthetic goal in the organometallic field.
As a ligand, CO is often used as a convenient internal vibrational probe, since the strong
C–O bond exhibits intense stretching frequencies in isolated regions of vibrational (IR/Raman)
spectra (1600 – 2200 cm-1). The energies of these stretches can provide key information into the
electronic environments of transition metal centers.3,4,8 Bonding between CO and transition metals
is traditionally discussed with respect to a synergistic combination of i) a σ interaction between the
CO 5s orbital and a metal d-orbital, and ii) p-backbonding interactions between metal d-orbitals
and the CO p* orbitals.18,19 The p-backbonding interactions have been well documented, through
experiment and theory, to result in a weakening of the C-O bond (CO activation), since the resulting
bonding orbitals contain varying degrees of CO p* orbital character. Efforts to activate CO have
therefore focused on strengthening this p-interaction, generally via incorporation of electrondonating support ligands designed to increase the electron density at the transition metal center.
The M–CO s interaction is generally postulated to exert the opposite effect as M–CO p-bonding,
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wherein enhanced s-bonding results in a strengthening of the C–O bond. This latter paradigm is
supported by the higher stretching frequency of CO+ (2184 cm-1) as compared to CO (2143 cm-1),
and by reports of “non-classical” transition metal carbonyl complexes that display carbonyl
stretching frequencies much higher in energy than that of “free” CO.20,21 The conventional
explanation for this observation is that the CO 5s orbital contains antibonding character between
carbon and oxygen, thereby resulting in a stronger C–O bond upon oxidation, or upon enhanced
s-donation from this orbital to the metal.18,19

O

O

O

C

C

C

I

II

III

Figure 5.1 Resonance forms for carbon monoxide. Upon placement of a cationic charge in close
vicinity to carbon, resonance form I will be electrostatically stabilized, while resonance form III will
be electrostatically destabilized.

Orthogonal to the effects of s- and p-bonding between transition metals and CO, the
presence of electrostatic fields in the vicinity of the bound CO ligand represents a third (and lessexplored) strategy for influencing CO activation. In a computational study by Goldman and
Krogh-Jespersen, the authors found that positioning cationic point charges in close vicinity to the
carbon atom of CO resulted in larger calculated CO force constants and shorter C–O bond
distances than that of “free” CO, the degree of which was dependent on both the position and the
magnitude of the point charge.22 Others have reported similar computational observations with
respect to “free” and surface-bound CO.23–25 The origin of this effect can be visualized via a simple
valence bond model in which the resonance structure containing an anionic charge on carbon is

293

stabilized by the presence of a cationic charge near carbon (Resonance form I, Figure 5.1), thereby
providing additional weight to the resonance form with triple bond character. A related, but distinct,
interpretation of these results can be described as a decrease in the polarization of CO in the
presence of an appropriately aligned electrostatic field, thereby increasing the covalency of the
interaction between carbon and oxygen and causing the molecule to become more “N2-like” (NN
stretching frequency of “free” N2 = 2330 cm-1 as determined by Raman spectroscopy).26,27 Upon
calculation of CO coordination to s-acceptor ions (H+ and CH3+), Goldman and Krogh-Jespersen
found that the degree of CO activation differed only slightly from analogous calculations in which
cationic point charges were positioned at identical distances from CO, thereby implicating
electrostatic fields as having the dominating influence on CO activation as compared to s-donation
from the CO 5s orbital.22 More recent computational studies have corroborated this assessment,
characterizing M–CO p interactions and electrostatic interactions as having competing impacts on
the activation of CO.28,29
Given carbon monoxide’s apparent sensitivity to electrostatic fields and its ubiquity in
organometallic chemistry, the formation of a carbonyl complex bound by one of the R3P3tren ligands
was targeted. This chapter describes the formation and characterization of a series of Mo0
tricarbonyl complexes bound by

Me3

P3tren (chosen for its enhanced crystalline properties as

compared to the other R3P3tren analogs) and by tren (Figure 2.5a), HTMPA (Figure 2.5a), and tris[2(dimethylamino)ethyl]amine (Me6tren). Comparing across this series of compounds gives little to
no indication that the phosphonium methyl groups in

Me3

P3tren electrostatically contribute to the

activation of the carbonyl units in the resulting molybdenum complex; however, upon oxidation to
a MoII monocarbonyl complex, the identity of the counter-anions was found to have an unexpectedly
large impact on the CO stretching frequencies. The results reported within are discussed in the
context of electrostatic anion-cation interactions, and DFT studies are provided to further probe the
nature of these interactions.
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5.2 Results and discussion
5.2.1 Synthesis of and characterization of Me3P3tren-Mo0(CO)3 (7PMe3)
The isostructural and isoelectronic ligand analog to

Me3

P3tren, TMG3tren, was previously

ligated to Mo0 via treatment of Mo(CO)3(MeCN)3 with the free ligand.30 The resulting complex is a
monometallic molybdenum tricarbonyl complex wherein the apical amino nitrogen of TMG3tren and
two of its three guanidine ligand arms are facially bound to molybdenum, while the third guanidine
ligand arm remains uncoordinated (TMG3tren-Mo0(CO)3, Scheme 5.1a, Figure 5.2b).30 In an
attempt to form the analogous
Me3

Me3

P3tren complex, Mo(CO)3(EtCN)3 was treated with 1 equiv of

P3tren at room temperature in THF, which resulted in the immediate precipitation of 7PMe3

(Scheme 5.1b). X-ray-quality single crystals of 7PMe3 were obtained from MeCN (-20 °C), and
elucidation of the solid-state structure revealed the formation of a complex with a distorted
octahedral geometry that is isostructural to TMG3tren-Mo0(CO)3 (Figure 5.2a). Two of the
phosphinimine arms and the tertiary amine group of Me3P3tren are bound facially to the molybdenum
center of 7PMe3, while the third phosphinimine arm, evidently unable to displace any of the three
carbonyl ligands, is left dangling in space. The 31P{1H} NMR spectrum of 7PMe3 revealed signals at
30.40 and 11.97 ppm that integrate in a 2:1 ratio, respectively, indicating that the Cs-symmetric
geometry observed in the solid state of 7PMe3 is maintained in solution on the NMR timescale
(Experimental section, Figure 5.16). Similarly, distinctions between the chemical environments of
the bound and unbound arms of Me3P3tren are observed in the 1H and 13C{1H} NMR spectra of 7PMe3,
and discrete diastereotopic environments are observed for the aliphatic backbone protons of the
bound ligand arms (Experimental section, Figures 5.13 – 5.15). The solid-state IR spectrum of 7PMe3
displays two intense features in the carbonyl stretching frequency region located at 1868 cm-1 and
1723 cm-1 (Experimental section, Figure 5.35). Although 7PMe3 adopts a geometry that is best
represented by the Cs point group, the presence of only two carbonyl features in the IR spectrum
suggests that the primary coordination sphere is better described by a C3v symmetry; i.e. the
phosphinimine donors are similar enough in donor character to the tertiary amine of Me3P3tren such
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that two of the three carbonyl group vibrations (a’ and a’’ in Cs, e in C3v) occur at similar energies
(ca. 1723 cm-1), while the fully symmetric group vibration (a’ in Cs, a1 in C3v) occurs at higher energy
(1871 cm-1).

a)

previously-reported TMG3tren-ligated complex:

Mo(CO)3(MeCN)3 + TMG3tren

O
TMG
C
O
TMG N Mo0 C
C O
N
N

MeCN
40 - 50 °C

N
NMe2

Me2N

TMG3tren-Mo0(CO)3

b)

this work:

O
C

Mo(CO)3(EtCN)3

N
N

+

N
N

THF, r.t.

O
N Mo0 C
C O
N
N
N

N
N

N
N

=

Me3P

3tren

-Mo0(CO)

L4

(7PMe3)

3

tren
Me6tren
HTMPA

Scheme 5.1 a) The previously-reported synthesis of TMG3tren-Mo0(CO)3, and b) the syntheses of
the isostructural L4-Mo0(CO)3 complexes ligated by Me3P3tren, tren, Me6tren, and HTMPA.

5.2.2 Syntheses of L4-Mo0(CO)3 analogs
In an effort to further evaluate 7PMe3 for unique structural qualities, a series of analogous
compounds (L4-Mo0(CO)3) were synthesized under similar conditions (see Experimental section for
synthetic details). Using simple isostructural ligands to

Me3

P3tren (tren, Me6tren, HTMPA), three

additional novel compounds were prepared (tren-Mo0(CO)3, Me6tren-Mo0(CO)3, HTMPA-Mo0(CO)3,
Scheme 5.1b) and fully characterized. Combined with the previously-reported TMG3tren-Mo0(CO)3
complex, these compounds provide a relevant and sizeable series of complexes for evaluating
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unique characteristics in 7PMe3. Single crystals of X-ray quality were grown for each complex (Figure
5.2) and selected structural parameters for their solid-state structures are provided in Table 5.1.
Notably, two asymmetric units are observed in the unit cell of tren-Mo0(CO)3, and each unit is
included separately in Figure 5.2 and Table 5.1. The distances between molybdenum and the
carbonyl carbon atoms (Mo–C1, Mo–C2, Mo–C3) do not change significantly across the series of
complexes, indicating minimal differences in p-donor character as a function of the identity of the
ligands.
Solid-state IR spectra were collected for the L4-Mo0(CO)3 complexes, each of which
displays qualitatively similar CO stretching features to 7PMe3 (Experimental section, Figures 5.36 –
5.38, with values tabulated in Table 5.1). Unlike in 7PMe3, the lower energy features associated with
the asymmetric CO group vibrations were split into two distinct features for each of these complexes
due to a lowering of the e-symmetry of the group vibrations (C3v) to a’ and a’’-symmetric group
vibrations (Cs). As expected, the energies for the carbonyl group vibrations of the L4-Mo0(CO)3
complexes were found to generally correlate with the average C–O bond distances obtained from
their solid-state structures (Figure 5.3), both of which suggest a CO activation ranking of HTMPAMo0(CO)3 < Me6tren-Mo0(CO)3 < tren-Mo0(CO)3 < TMG3tren-Mo0(CO)3 < 7PMe3. This ranking
correlates with the kinetics of ligand exchange dynamics observed in the NMR spectra for these
complexes; complexes with the most-activated carbonyl groups (tren-Mo0(CO)3, TMG3trenMo0(CO)3 and 7PMe3) clearly display Cs-symmetry in solution, while the complex with the leastactivated carbonyl groups (HTMPA-Mo0(CO)3) displays a C3v geometry in solution. Me6trenMo0(CO)3, the complex with intermediate values for its CO stretching frequencies, displays
broadened features in the NMR spectra, consistent with a correspondingly intermediate rate of
ligand exchange. Indeed, obtaining the

1

H NMR spectrum of Me6tren-Mo0(CO)3 at lower

temperature (268 K) resulted in the decoalescence of the broad resonances into what can be
recognized as Cs-symmetry (Figures 5.18 and 5.19). This observed ranking of CO activation and
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corresponding rate of ligand exchange gives an indication of the s-donating character of this series
of ligands, and notably corroborates the computational predictions reported in Chapter II.
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Figure 5.2 Solid-state structures for a) 7PMe3, b) TMG3tren-Mo0(CO)3, c) Me6tren-Mo0(CO)3, d)
H

TMPA-Mo0(CO)3, e) unit #1 of tren-Mo0(CO)3, and f) unit #2 of tren-Mo0(CO)3. Solvent molecules

and hydrogen atoms removed for clarity.
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Table 5.1 Tabulated solid-state IR features corresponding to carbonyl group vibrations and select
solid-state structural parameters for L4-Mo0(CO)3 complexes.
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Figure
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distances in the L4-Mo0(CO)3 complexes. 7PMe3 is highlighted in red for context.
7PMe3

5.2.3 Evaluation of 7PMe3 for internal electrostatic activation
Correlations between the solid-state structural parameters and the CO stretching
frequencies were examined for the L4-Mo0(CO)3 complexes in order to evaluate 7PMe3 for unique
bonding characteristics. A general correlation was discovered between the Mo–N4 bond distances
and the energies of the carbonyl group vibrations (Figure 5.4a, R2 = 0.84, 0.79) wherein longer
bond lengths were found to correlate with lower energy vibrational frequencies. Of note, data points
corresponding to 7PMe3 (Figure 5.4a, red circles) do not fall outside of this trend. Next, the
“equatorial” Mo–N distances (average of Mo–N1 and Mo–N2) were evaluated with respect to the
carbonyl stretching frequencies (Figure 5.4b). Although it should be noted that 7PMe3 (Figure 5.4b,
red circles) appears to contain more activated carbonyl ligands than would be expected given the
average Mo–Neq distance in the solid-state structure, the lack of a clear linear trend among the
other L4-Mo0(CO)3 complexes severely diminishes the significance of this observation. As such,
based on X-ray crystallography, IR spectroscopy, and theoretical calculations, it cannot, at this
time, be determined whether the phosphonium residues in the secondary coordination sphere of
7PMe3 are active in electrostatically activating the carbonyl ligands in the complex.
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Figure 5.4 a) A scatter plot of the energies of the CO stretching features and the Mo–N4 bond
distances for the L4-Mo0(CO)3 complexes. The trendlines represent least-squared linear regression
fits to the data within each series. b) A scatter plot of carbonyl stretching frequency vs. the average
of the Mo–N1 and Mo–N2 bond distances for the L4-Mo0(CO)3 complexes. Data points
corresponding to 7PMe3 are highlighted in red for context.

5.2.4 Oxidation of 7PMe3
The chemical oxidation of 7PMe3 was carried out in order to study the impact of higher
oxidation states on electrostatic interactions between the ligand phosphonium groups and the
carbonyl ligands bound to molybdenum (Scheme 5.2). Upon treatment of 7PMe3 with 2 equiv of trityl
chloride (Ph3CCl) in MeCN, the yellow solution turned to a vibrant green, the color of which lost its
vibrancy over the course of ca. 15 mins. Gomberg’s dimer, generated as a byproduct in the
reaction, was removed with THF washes, and single crystals of X-ray quality of the resulting
complex, 8PMe3-[Cl]2, were obtained from diffusion of Et2O into an MeCN solution of the complex.
Elucidation of the solid-state structure of 8PMe3-[Cl]2 revealed the formation of a C3v-symmetric,
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dicationic MoII complex bound by Me3P3tren in which only one of the three carbonyl ligands remains
bound to the metal, with the charge of the ion balanced by two outer-sphere chloride anions (Figure
5.5a, Scheme 5.2). The C–O bond distance in 8PMe3-[Cl]2 (1.201(2) Å) is substantially lengthened
compared to the C–O bond distances in 7PMe3, while the molybdenum-carbonyl distance is
substantially shortened (1.875(2) Å), consistent with enhanced p-backbonding into the CO
fragment. The solid-state IR spectrum of 8PMe3-[Cl]2 features a single sharp peak in the carbonyl
stretching region at 1700 cm-1 (Figure 5.6), which is consistent with a highly activated carbon
monoxide ligand. The

31

P{1H} NMR spectrum of 8PMe3-[Cl]2 contains a single sharp resonance at

48.41 ppm (Experimental section, Figure 5.26), which is shifted downfield from the phosphorous
resonances observed for 7PMe3. 1H and 13C{1H} NMR spectra of 8PMe3-[Cl]2 are likewise consistent
with a C3v-symmetric geometry in solution on the NMR timescale (Experimental section, Figures
5.24 – 5.25).
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Scheme 5.2 Chemical oxidations of 7PMe3 to 8PMe3-[X]2 in the presence of various anions (Cl–, OTf–
, and BArF4–).
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Chemical oxidations of 7PMe3 were also carried out using silver triflate (AgOTf) and silver
tetrakis(pentafluorophenyl)borate (AgBArF4, Scheme 5.2), which formed analogous complexes
differing only in the identity of the outer-sphere anions (8PMe3-[OTf]2 and 8PMe3-[BArF4]2
respectively). An improved synthesis of 8PMe3-[BArF4]2, involving salt metathesis between
8PMe3-[Cl]2 and NaBArF4 (Scheme 5.2), yielded material of higher purity. Single crystals of X-ray
quality were obtained for 8PMe3-[OTf]2 and 8PMe3-[BArF4]2, and elucidation of their solid-state
structures revealed only minor structural changes across the series of complexes (Table 5.2).
Notably, however, the C–O bond length in 8PMe3-[BArF4]2 (1.139(5) Å) is 0.06 Å shorter than those
in 8PMe3-[OTf]2 (1.201(3) Å) and 8PMe3-[Cl]2 (1.201(d) Å), which is a statistically significant margin.
Additionally, the Mo–C1 bond length in 8PMe3-[BArF4]2 (1.936(4) Å) is greater than the Mo–C1 bond
length in 8PMe3-[OTf]2 (1.881(2) Å) which is greater than the Mo–C1 bond length in 8PMe3-[Cl]2
(1.875(2) Å), consistent with increasing carbonyl activation as the outer-sphere anions become
more compact. Corroboration for this observation was realized in the solid-state IR spectra for this
series of compounds (Figure 5.6). Each compound displays a single, relatively sharp spectral
resonance associated with the carbon monoxide stretching vibration, however the energies for
these vibrations were found to systematically change across the series, decreasing from 8PMe3[BArF4]2 (1752 cm-1) to 8PMe3-[OTf]2 (1722 cm-1) to 8PMe3-[Cl]2 (1700 cm-1) (Figure 5.6, Table 5.2).
These results indicate the presence of through-space, electrostatic interactions between the
carbonyl complexes and the outer-sphere anions that can be rationally tuned via substitution of the
anion. Analogous chemical oxidations of tren-Mo0(CO)3, Me6tren-Mo0(CO)3, or HTMPA-Mo0(CO)3
were undertaken to assess the generality of this effect, but efforts to identify the products of these
reactions have been unsuccessful thus far.
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Figure 5.5 Solid-state structures of a) 8PMe3-[Cl]2, b) 8PMe3-[OTf]2, and c) 8PMe3-[BArF4]2. Thermal
ellipsoids are shown at 50% probability, the OTf- and BArF4- anions are depicted in wireframe
format, and hydrogen atoms are omitted for clarity.
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Figure 5.6 Carbonyl stretching frequencies for 8PMe3-[X]2 observed by IR spectroscopy, showing a
systematic red-shift upon modulation of the anions from Cl- to OTf- to BArF4-. Spectra were recorded
in the solid state.
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5.2.5 DFT calculations on 8PMe3-[Cl]2: electrostatic anion effect
Strategic DFT calculations were undertaken in order to gain a clearer picture of the
observed through-space, electrostatic cation-anion interactions (see Experimental section for
details). Firstly, a geometry optimization and a vibrationally frequency calculation were performed
on 8PMe3-[Cl]2, wherein the Mo–Cl distances were constrained to their experimental (solid-state)
values (5.881 and 5.265 Å). The optimization produced a structure that closely reproduced the
experimental bond lengths and angles in 8PMe3-[Cl]2, and the vibrational frequency calculation
predicted a CO stretching frequency of 1689.85 cm-1, which is close in energy to the experimentally
determined value (1700 cm-1). The outer sphere chlorides occupy positions slightly below the MoN3
plane formed by the three phosphinimine donor atoms such that the Mo–Cl distances are smaller
than the CO–Cl distances (Figure 5.7). Next, geometry optimizations and vibrational frequency
calculations were performed on amended structures in which a) the Mo–Cl distances were
systematically modulated to distances closer to and further from molybdenum, in intervals of 0.5 Å,
while b) constraining the positions of all atoms, except for the carbonyl carbon and oxygen atoms,
in order to control for the impacts of changes in coordination geometries on carbonyl activation.
The carbonyl carbon and oxygen atoms were allowed to relax such that differences in CO activation
could be observed. Decreasing the Mo–Cl distances was found to result in a systematic decrease
in the calculated CO stretching frequencies (Figure 5.7), suggesting that electrostatic fields
emanating from the chloride anions, in this orientation, have an activating influence on the carbonyl
moiety in 8PMe3-[Cl]2. The systematic red-shift observed in the CO stretching frequencies for 8PMe3[OTf]2 and 8PMe3-[BArF4]2 can therefore be interpreted as an attenuated electrostatic activation due
to increasing distances between the point charges (anions) and the molybdenum center, in
combination with an increasing diffuseness of the anionic charges, as the anions are modulated
from Cl- to OTf- to BArF4-.
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Figure 5.7 DFT-calculated CO stretching frequencies wherein the Mo–Cl distances in 8PMe3-[Cl]2
were systematically modulated. All atoms, except for the carbonyl carbon and oxygen atoms, were
spatially constrained in order to control for the impacts of changing coordination geometries on the
calculated CO stretching frequencies.

Analogous calculations were performed on the isostructural complex bound by Me6tren
([Me6tren-MoII(CO)][Cl]2), despite the isolation of this compound being experimentally elusive. The
structure for [Me6tren-MoII(CO)]2+ was firstly optimized, and was calculated to adopt a C3vsymmetric geometry that is isostructural to 8PMe3-[Cl]2, although the CO stretching frequency
calculated for this structure is much higher in energy (1827.11 cm-1 vs. 1689.85 cm-1). Next, chloride
anions were added to the calculations in positions identical to those in the calculations for 8PMe3[Cl]2. As in the case of 8PMe3-[Cl]2, as the chloride ions were constrained in closer proximity to Mo,
the CO stretching frequency was calculated to decrease substantially (Figure 5.8). Indeed, the
change in CO stretching frequency over to total range of Mo–Cl bond distances was calculated to
be 19.07 cm-1, which is nearly identical to that calculated for 8PMe3-[Cl]2 (19.49 cm-1). These
calculations suggest that the through-space electrostatic activation of CO by outer sphere anions
is not specific to complexes bound by R3P3tren and is probably a general phenomenon.
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Figure 5.8 DFT-calculated CO stretching frequencies wherein the Mo–Cl distances in [Me6trenMo0(CO)]Cl2 were systematically modulated. All atoms, except for the carbonyl carbon and oxygen
atoms, were spatially constrained in order to control for the impacts of changing coordination
geometries on the calculated CO stretching frequencies.

The DFT-derived canonical orbitals of 8PMe3-[Cl]2 were examined, and well-defined
molybdenum d-orbitals and CO p* orbitals were identified. Upon modulation of the Mo–Cl
distances, it became clear that electrostatic fields emanating from the chloride anions have the
effect of uniformly destabilizing this manifold (Figure 5.9a). The influence of distance on
electrostatic fields emanating from the chloride anions was next considered, and since the chloride
ions (both experimentally in the solid state and computationally) are in closer proximity to the
molybdenum center than to the carbonyl fragment, it followed that electrostatic fields emanating
from the chloride ions may have a larger destabilizing impact on the molybdenum d-orbital manifold
than on the carbonyl orbitals. As such, 8PMe3-[Cl]2 was separated into its individual fragments: the
molybdenum complex without CO and the CO ligand without the molybdenum complex. Single
point calculations were performed on the fragments while the chloride anions were modulated in
an identical orientation to the original calculations. The dxz/dyz orbitals of the [(Me3P3tren)Mo]2+
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fragment and the p* orbitals of the CO fragment are depicted in Figure 5.9b, and while both sets of
orbitals are destabilized as the chloride ions are moved to closer proximity, the molybdenum
orbitals are destabilized to a greater extent (ca. twice as much). The resulting bonding picture
features a scenario in which the energetic gap between the molybdenum dxz/dyz fragment orbitals
and the CO p* fragment orbitals is diminished when the chloride ions are in closest proximity to the
complex, thereby resulting in increased covalency in the p-bonding between these sets of orbitals.
This increased covalency in the Mo–CO p bonds would be expected to place enhanced CO
character on the bonding orbital, thereby leading to increased activation of the CO moiety. Indeed,
upon examination of the bonding Mo–CO p-orbitals it was found that the molybdenum dxz/dyz orbital
contributions are attenuated as the Mo–Cl distances are decreased, while the CO p* orbital
contributions increase as the Mo–Cl distances are decreased (Figure 5.10). It should be noted,
however, that the changes in orbital character are rather subtle, and therefore may not be the
primary cause for changes in the calculated CO stretching frequencies.
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Figure 5.9 a) Quantitative molecular orbital (MO) diagrams of 8PMe3-[Cl]2 with modulated Mo–Cl
distances, and b) MO diagrams showing CO p* orbitals and molybdenum dxz/dyz orbitals prior to
CO binding (i.e. fragment orbitals attained via single point calculations) with modulated Mo–Cl
distances.
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Figure 5.10 DFT-calculated molecular orbital contributions to the Mo–CO p orbitals (values
averaged between the HOMO and HOMO-1 orbitals).

To further assess the impact of vicinity of the chloride anions on activation of the carbonyl
unit, a series of analogous DFT calculations were performed using a single chloride anion (overall
cationic system) which was positioned in closer proximity to the CO ligand than to the molybdenum
center of the complex (Figure 5.11). The position of the chloride anion was again systematically
modulated to different distances from the complex while constraining the positions of all atoms,
except for the carbonyl carbon and oxygen atoms. In this case, decreasing the CO–Cl distance led
to a systematic increase in the calculated carbonyl stretching frequency (Figure 5.11), thereby
supporting the hypothesis that proximity to the anion(s) is/are crucial in determining the impacts of
the electrostatic fields.
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Figure 5.11 DFT-calculated CO stretching frequencies wherein the Mo–Cl distance in [Me3P3trenMoII(CO)][Cl]+ was systematically modulated. All atoms, except for the carbonyl carbon and oxygen
atoms, were spatially constrained in order to control for the impacts of changing coordination
geometries on the calculated CO stretching frequencies.

5.2.6 Electrostatic anion effect in the solution phase
X-ray analysis of 8PMe3-[Cl]2 revealed that in the solid state, the chloride anions inhabit
positions that are suited for activation of the carbonyl unit, as indicated by DFT calculations.
Although interesting from a fundamental perspective, this observation would not provide general
relevance to complex/reaction design, since the vast majority of molecular chemical reactions are
accomplished in solution. As such, solution IR spectra (iPrCN) of 8PMe3-[Cl]2 and 8PMe3-[BArF4]2
were obtained in order to evaluate the presence or absence of an anion-derived electrostatic effect
under the more dynamic conditions of the solution phase. Both complexes displayed a single sharp
CO stretching frequency in solution at different energies, with 8PMe3-[Cl]2 (1715 cm-1) displaying a
more activated carbonyl ligand in solution than 8PMe3-[BArF4]2 (1740 cm-1, Figure 5.12). This
observed anion-dependent CO activation in the solution phase indicates that a) there is substantial
cation-anion interaction in solution, and that b) the chloride anions in 8PMe3-[Cl]2 self-arrange around
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the dicationic complex in a way which is productive for CO activation (i.e. closer to molybdenum
than to CO). The latter indication can be explained when considering the highly polar character of
the dicationic molybdenum complex, [Me3P3tren-Mo(CO)]2+, which has a calculated dipole moment
of 3.40 Debye directed from Mo to CO. The large dipole moment of this complex is likely responsible
for arranging the chloride anions toward the cationic portion of the molecular dipole, which in turn
positions them in closer proximity to molybdenum for enhanced CO activation.
If the anion-dependent differences in CO stretching frequency are primarily due to
electrostatic interactions, then increasing the dielectric of the solvent medium should result in
attenuated interaction between [Me3P3tren-Mo(CO)]2+ and the outer-sphere anions. Accordingly, a
solution-phase IR spectrum of 8PMe3-[Cl]2 was obtained in MeCN (er = 38.8), which has a dielectric
constant nearly double that of iPrCN (er = 20.4). The spectral resonance corresponding to the CO
vibration in 8PMe3-[Cl]2 was found to red-shift in MeCN (1726 cm-1, DnCO = +11 cm-1) and broaden
in shape (Figure 5.12). This result is consistent with a (partially) quenched electrostatic interaction
as the solvent dielectric is increased, and further implicates electrostatic interactions as being
responsible for the differences in CO stretching frequencies across the series of 8PMe3-[X]2
compounds. Comparisons to IR spectra in lower polarity solvents was prohibited by the limited
solubility of 8PMe3-[Cl]2.
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Figure 5.12 Solution IR spectra of 8PMe3-[Cl]2 and 8PMe3-[BArF4]2 in iPrCN and MeCN.

5.3 Conclusions
Various molybdenum-carbonyl complexes were synthesized in an effort to investigate
electrostatic interactions between the phosphonium groups of

Me3

P3tren and carbon monoxide.

Accordingly, the pseudo-octahedral Mo0 tricarbonyl complex, 7PMe3, was synthesized, along with
several isostructural/isoelectronic analogs bound by tren, Me6tren and HTMPA. Investigations into
the structural and spectroscopic characteristics of these compounds did not support the presence
of significant electrostatic activation of the carbonyl ligands in 7PMe3. However, upon oxidation to
the MoII mono-carbonyl complex, 8PMe3-[X]2, it was serendipitously observed that changing the
identity of the outer-sphere anions led to dramatically shifted carbonyl stretching frequencies,
consistent with a through-space electrostatic activation of the CO ligand. The electrostatic
activation was probed via DFT calculations, which reproduced trends in the carbonyl activation and
implicated the position of the anion relative to the molybdenum center as being operative in
determining whether the anion would have an activating or deactivating impact on CO. Solution
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phase IR spectra of 8PMe3-[X]2 indicated that the anion-derived electrostatic activation of CO is also
operative in solution, which is likely a result of the anions being pre-oriented by the molecular dipole
of the dicationic molybdenum complex (calculated dipole = 3.4 Debye). The results of this study
are likely general to charged metal complexes containing substantial molecular dipoles, and
highlights anion identity and solvent choice as facile design principles for tuning small molecule
activation in homogeneous molecular complexes and catalysts.

5.4 Experimental section
5.4.1 General considerations
All experiments were carried out under an atmosphere of purified nitrogen using standard
Schlenk line techniques or in a dry, oxygen-free glovebox. All glassware, molecular sieves, stir
bars, cannulas, and Celite were dried in a 150 °C oven for at least 12 h prior to use. Solvents
(tetrahydrofuran, acetonitrile, isobutyronitrile, n-pentane, o-difluorobenzene, diethyl ether (Et2O))
were dried via passage through a column of activated alumina and stored over 4 Å molecular sieves
under an inert atmosphere. Deuterated solvent (CD3CN) was purchased from Cambridge Isotope
Laboratory, dried over CaH2, isolated via vacuum transfer, and stored under an inert atmosphere
over 3 Å molecular sieves. Molybdenum tricarbonyl-tris(propionitrile) (Mo(CO)3(EtCN)3) and silver
tetrakis(pentafluorophenyl)borate

(AgBArF4)

were

prepared

according

to

a

literature

procedures.31,32 Ligands (tren, Me6tren, HTMPA) and all other reagents (trityl chloride, silver triflate)
were obtained from commercial sources, dried under vacuum in the presence of P2O5 as a
desiccant, and used without further purification. 1H,

13

C{1H}, and

31

P{1H} NMR spectra were

recorded on a Bruker UNI 400 spectrometer. All chemical shifts (δ) are reported in units of ppm
and referenced to the residual proteo-solvent resonance for 1H and

13

C{1H} chemical shifts.

Elemental analyses were performed at the University of Rochester, under an inert atmosphere,
using a PerkinElmer 2400 Series II Analyzer.
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5.4.2 Synthetic procedures
Synthesis of Me3P3tren-Mo0(CO)3 (7PMe3)
To a THF solution (10 mL) of Mo(CO)3(EtCN)3 (68 mg, 0.2 mmol) was added 1 equiv of
Me3

P3tren (73 mg, 0.2 mmol). A pale precipitate formed following the addition, and the solid was

collected on a glass frit. The resulting pale-yellow solid was washed with THF (3 x 5 mL), dried
under vacuum for 30 min, and used without further purification (78 mg, 0.14 mmol, 72% yield).
Single crystals suitable for X-ray crystallography were obtained from an MeCN solution cooled
to -20°C overnight. 1H NMR (400 MHz, CD3CN, 300 K): δ = 3.30 (dt, 2H, JHH = 8 Hz, JPH = 16 Hz),
δ = 3.00 (m, 6H), δ = 2.64 (m, 2H), δ = 2.43 (dt, 2H, JHH = 6 Hz, JPH = 12 Hz), δ = 1.61 (d, 18H, JPH
= 12 Hz), δ = 1.36 (d, 9H, JPH = 12 Hz) ppm.

13

C{1H} NMR (101 MHz, CD3CN, 300 K) δ = 234.33

(s), δ = 229.42 (s), δ = 70.96 (d, JPC = 17 Hz), δ = 61.98 (d, JPC = 12 Hz), δ = 47.03 (d, JPC = 2 Hz),
δ = 41.71 (s), δ = 16.08 (d, JPC = 66 Hz), δ = 15.74 (d, JPC = 69 Hz) ppm. 31P{1H} NMR (162 MHz,
CD3CN, 300 K): δ = 30.40 (s, 2P), δ = 11.97 (s, 1P) ppm. Anal. Calcd. For C18H39MoN4O3P3: C,
39.42; H, 7.17; N, 10.22. Found: C, 39.04; H, 7.02; N, 10.22.

Synthesis of tren-Mo0(CO)3
To a THF solution (15 mL) of Mo(CO)3(EtCN)3 (410 mg, 1.18 mmol) was added 1 equiv of Me6tren
(0.18 mL, 1.20 mmol) at room temperature. The reaction mixture was stirred at room temperature
for 1 h, during which time the product precipitated from solution. A pale-yellow solid was separated
via cannula filtration, then the solid was washed with THF at room temperature (3 x 10 mL).
Residual solvent was removed from the product in vacuo (1 h), and the product was used without
further purification. Single crystals suitable for X-ray crystallography were obtained from diffusion
of Et2O into a MeCN solution of the product at room temperature. 1H NMR (400 MHz, CD3CN, 300
K): δ = 3.24 (s, 2H), δ = 3.12 (s, 2H), δ = 3.04 (s, 2H), δ = 2.86 (s, 4H), δ = 2.75 (d, 2H, J = 12 Hz),
δ = 2.44 (s, 2H), δ = 2.17 (s, 2H), δ = 1.07 (s, 2H) ppm. Anal. Calcd. For C9H18MoN4O3: C, 33.14;
H, 5.56; N, 17.17. Found: C, 33.31; H, 5.31; N, 17.15.
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Synthesis of Me6tren-Mo0(CO)3
To a THF solution (15 mL) of Mo(CO)3(EtCN)3 (490 mg, 1.42 mmol) was added 1.1 equiv
of Me6tren (360 mg, 0.42 mL, 1.56 mmol) at room temperature. The reaction mixture was stirred at
room temperature for 1 h, during which time the product precipitated from solution. A pale-yellow
solid was isolated via cannula filtration, and the precipitate was washed with THF at room
temperature (3 x 10 mL). Residual solvent was removed from the product in vacuo (1 h), and the
product was used without further purification (390 mg, 0.95 mmol, 67% yield). Single crystals
suitable for X-ray crystallography were obtained from diffusion of Et2O into a MeCN solution of the
product at room temperature. 1H NMR (500 MHz, CD3CN, 268 K): δ = 3.14 (t, 2H, J = 8 Hz), δ =
3.06 (s, 2H), δ = 2.81 (s, 6H), δ = 2.70 (m, 2H), δ = 2.64 (d, 2H, J = 15 Hz), δ = 2.50 (s, 6H), δ =
2.19 (s, 6H) ppm. 13C{1H} NMR (101 MHz, CD3CN, 300 K) δ = 60.99 (s), δ = 56.57 (s), δ = 55.51
(s), δ = 51.03 (s), δ = 46.41 (s) ppm. Anal. Calcd. For C15H30MoN4O3: C, 43.90; H, 7.37; N, 13.65.
Found: C, 44.00; H, 7.34; N, 13.61.

Synthesis of HTMPA-Mo0(CO)3
To a THF solution (10 mL) of Mo(CO)3(EtCN)3 (168 mg, 0.49 mmol) was added 1.1 equiv
of HTMPA (155 mg, 0.54 mmol) at room temperature. The reaction mixture turned from yellow to
red upon addition of the ligand, and the resulting solution was stirred at room temperature for 1 h.
All volatile materials were removed in vacuo, and the resulting red solid was triturated with Et2O.
The solid residue was taken up in a small volume of THF (3 mL), layered with pentane (5 mL), and
stored at -20 °C for 16 h. The mother liquor was then decanted away from the crystals, and residual
solvent was removed in vacuo (1 h). The red product was used without further purification (186 mg,
0.398 mmol, 81% yield). Single crystals suitable for X-ray crystallography were obtained via
recrystallization from THF/pentane at -20 °C. 1H NMR (400 MHz, CD3CN, 300 K): δ = 8.73 (d, 3H,
J = 4 Hz), δ = 7.63 (t, 3H, J = 6 Hz), δ = 7.22 (d, 3H, 4 Hz), δ = 7.14 (t, 3H, J = 6 Hz), δ = 4.51 (s,
6H) ppm. 13C{1H} NMR (101 MHz, CD3CN, 300 K) δ = 231.84 (s), δ = 158.60 (s), δ = 151.12 (s), δ
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= 138.20 (s), δ = 124.40 (s), δ = 124.13 (s), δ = 67.94 (s) ppm. Anal. Calcd. For C21H18MoN4O3:
C, 53.63; H, 3.86; N, 11.91. Found: C, 53.59; H, 3.85; N, 11.73.

Synthesis of [Me3P3tren-MoII(CO)][Cl]2 (8PMe3-[Cl]2)
To a MeCN solution (10 mL) of 7PMe3 (69 mg, 0.126 mmol) was added 2 equiv of trityl
chloride (Ph3CCl) (70 mg, 0.252 mmol) as a solid at room temperature. The solution immediately
turned to a green color. The solution was stirred at room temperature for 1 h, at which point the
reaction solution was filtered through a plug of Celite. The resulting brown solution was
concentrated in vacuo until less than 1 mL of solvent remained, at which point the product was
precipitated via the addition of Et2O (15 mL). The reaction phases were separated via cannula
filtration, and the light brown solid was washed with THF (2 x 10 mL) and Et2O (10 mL). The brown
solid was dried in vacuo for 1 h (52 mg, 0.097 mmol, 77%). Crystals of 8PMe3-[Cl]2 suitable for
crystallographic analysis were obtained from diffusion of Et2O into an MeCN solution of the
complex. 1H NMR (400 MHz, CD3CN, 300 K): δ = 3.60 (m, 6H), δ = 2.49 (d, 6H, JHH = 6 Hz), δ =
1.90 (d, 27H, JHH = 12Hz) ppm.

13

C{1H} NMR (101 MHz, CD3CN, 300 K) δ = 56.94 (s), δ = 53.84

(d, JPC = 5 Hz), δ = 16.46 (d, JPC = 67 Hz) ppm. 31P{1H} NMR (162 MHz, CD3CN, 300 K): δ = 48.41
(s) ppm. Anal. Calcd. For C15H30MoN4OP3: C, 34.12; H, 6.98; N, 9.95. Found: C, 34.25; H, 6.92;
N, 10.04.

Synthesis of [Me3P3tren-MoII(CO)][OTf]2 (8PMe3-[OTf]2)
To a MeCN solution (10 mL) of 7PMe3 (46 mg, 0.083 mmol) was added 2 equiv of AgOTf
(43 mg, 0.168 mmol) as a solid at room temperature. The solution immediately turned to a green
color as a black precipitate formed. The solution was stirred at room temperature for 1 h, at which
point the reaction phases were separated via filtration through a plug of Celite. The resulting brown
solution was concentrated in vacuo until less than 1 mL of solvent remained, at which point the
product was precipitated via the addition of Et2O (15 mL). The reaction phases were separated via
cannula filtration, and the light brown solid was washed with THF (2 x 10 mL) and Et2O (10 mL).
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The brown solid was dried in vacuo for 1 h (58 mg, 0.073 mmol, 88%). Crystals of 8PMe3-[OTf]2
suitable for crystallographic analysis were obtained from diffusion of Et2O into an MeCN solution of
the complex. 1H NMR (400 MHz, CD3CN, 300 K): δ = 3.61 (q, 6H, J = 6 Hz), δ = 2.52 (t, 6H, JHH =
6 Hz), δ = 1.92 (d, 27H, JHH = 12Hz) ppm.

13

C{1H} NMR (101 MHz, CD3CN, 300 K) δ = 55.69 (d,

JPC = 11 Hz), δ = 53.15 (d, JPC = 4 Hz), δ = 16.51 (d, JPC = 67 Hz) ppm.

31

P{1H} NMR (162 MHz,

CD3CN, 300 K): δ = 50.06 (s) ppm. 19F{1H} NMR (CD3CN, 300K): δ = -79.47 (s) ppm. Anal. Calcd.
For C18H39F6MoN4O7P3S2: C, 27.35; H, 4.97; N, 7.09. Found: C, 26.99; H, 4.75; N, 6.85.

Synthesis of [Me3P3tren-MoII(CO)][BArF4]2 (8PMe3-[BArF4]2)
To an MeCN solution (5 mL) of 8PMe3-[Cl]2 (47.8 mg, 0.089 mmol) was added 2 equiv of
NaBArF4 (152 mg, 0.178 mmol) as a solid at room temperature. A colorless precipitate began to
form immediately, and the reaction mixture was stirred at room temperature for 2 h. The reaction
phases were separated via filtration through a plug of Celite, and all volatile materials were removed
from the filtrate in vacuo to give a light brown solid. The product was then extracted from this solid
into Et2O, yielding a suspension that was again separated via filtration through a plug of Celite. The
filtrate was concentrated in vacuo until less than 1 mL of solvent remained, at which point the
product was precipitated through the addition of n-pentane (10 mL). A light brown solid was isolated
by decantation and, then washed with pentane (3 x 10 mL) and dried for 1 h in vacuo. Crystals of
8PMe3-[BArF4]2 suitable for crystallographic analysis were obtained from diffusion of n-pentane into
an o-difluorobenzene solution of the complex (41 mg, 0.023 mmol, 25%). 1H NMR (400 MHz,
CD3CN, 300 K): δ = 3.59 (q, 6H, J = 6 Hz), δ = 2.49 (t, 6H, JHH = 6 Hz), δ = 1.90 (d, 27H, JHH =
12Hz) ppm. 13C{1H} NMR (101 MHz, CD3CN, 300 K) δ = 55.96 (d, JPC = 11 Hz), δ = 53.22 (d, JPC
= 5 Hz), δ = 16.44 (d, JPC = 66 Hz) ppm.
ppm.
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31

P{1H} NMR (162 MHz, CD3CN, 300 K): δ = 50.12 (s)

F{1H} NMR (CD3CN, 300K): δ = -133.77 (d), δ = -163.87 (t), δ = -168.30 (t) ppm. Anal.

Calcd. For C64H39B2F40MoN4OP3: C, 41.54; H, 2.12; N, 3.03. Found: C, 42.05; H, 2.44; N, 2.54.
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5.4.3 NMR spectra

CD2HCN

THF

Figure 5.13 1H NMR (400 MHz) spectrum of 7PMe3 in CD3CN (T = 298 K).
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THF

Figure 5.14 13C {1H} NMR (101 MHz) spectrum of 7PMe3 in CD3CN (T = 298 K).
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CD3CN

THF Et2O

THF

Et2O

Figure 5.15 “Zoomed-in” 13C {1H} NMR (101 MHz) spectrum of 7PMe3 in CD3CN (T = 298 K).
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Figure 5.16 31P {1H} NMR (162 MHz) spectrum of 7PMe3 in CD3CN (T = 298 K).
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CD2HCN

Figure 5.17 1H NMR (400 MHz) spectrum of Me6tren-Mo0(CO)3 in CD3CN (T = 298 K).
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CD3CN

THF

THF

Figure 5.18 1H NMR (400 MHz) spectrum of Me6tren-Mo0(CO)3 in CD3CN (T = 268 K).

326

298 K

THF

CD3CN
THF

CD3CN

288 K

THF

THF

CD3CN

278 K

THF

THF

CD3CN

268 K

THF

THF

Figure 5.19 Variable temperature 1H NMR (400 MHz) spectra of Me6tren-Mo0(CO)3 in CD3CN.
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CD3CN
CD3CN

Figure 5.20 13C {1H} NMR (101 MHz) spectrum of Me6tren-Mo0(CO)3 in CD3CN (T = 298 K).
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CD2HCN
THF

THF

Figure 5.21 1H NMR (400 MHz) spectrum of HTMPA-Mo0(CO)3 in CD3CN (T = 298 K).
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Figure 5.22 13C {1H} NMR (101 MHz) spectrum of HTMPA-Mo0(CO)3 in CD3CN (T = 298 K).
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CD3CN

THF

THF

Figure 5.23 1H NMR (400 MHz) spectrum of tren-Mo0(CO)3 in CD3CN (T = 298 K).
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CD2HCN
THF

Figure 5.24 1H NMR (400 MHz) spectrum of 8PMe3-[Cl]2 in CD3CN (T = 298 K).
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CD3CN

CD3CN

Figure 5.25 13C {1H} NMR (101 MHz) spectrum of 8PMe3-[Cl]2 in CD3CN (T = 298 K).
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Figure 5.26 31P {1H} NMR (162 MHz) spectrum of 8PMe3-[Cl]2 in CD3CN (T = 298 K).
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CD3CN

Et2O

Et2O

Figure 5.27 1H NMR (400 MHz) spectrum of 8PMe3-[OTf]2 in CD3CN (T = 298 K).
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CD3CN

CD3CN

Figure 5.28 13C {1H} NMR (101 MHz) spectrum of 8PMe3-[OTf]2 in CD3CN (T = 298 K).
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Figure 5.29 31P {1H} NMR (162 MHz) spectrum of 8PMe3-[OTf]2 in CD3CN (T = 298 K).
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Figure 5.30 19F {1H} NMR spectrum of 8PMe3-[OTf]2 in CD3CN (T = 298 K).
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CD3CN

THF

THF

pentane
pentane

Figure 5.31 1H NMR (400 MHz) spectrum of 8PMe3-[BArF4]2 in CD3CN (T = 298 K).
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CD3CN

CD3CN

pentane

THF

THF

pentane

Figure 5.32 13C {1H} NMR (101 MHz) spectrum of 8PMe3-[BArF4]2 in CD3CN (T = 298 K).
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Figure 5.33 31P {1H} NMR (162 MHz) spectrum of 8PMe3-[BArF4]2 in CD3CN (T = 298 K).
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Figure 5.34 19F {1H} NMR spectrum of 8PMe3-[BArF4]2 in CD3CN (T = 298 K).
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5.4.4 IR spectra for L4-Mo0(CO)3 complexes
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Figure 5.35 Solid state (KBr pellet) IR spectrum of 7PMe3.
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Figure 5.36 Solid state (KBr pellet) IR spectrum of tren-Mo0(CO)3.
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Figure 5.37 Solid state (KBr pellet) IR spectrum of Me6tren-Mo0(CO)3.
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Figure 5.38 Solid state (KBr pellet) IR spectrum of HTMPA-Mo0(CO)3.
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5.4.5 X-ray crystallographic details
X-ray intensity data were collected on a Bruker D8QUEST CMOS area detector, on a
Bruker APEXII CCD area detector, or on a Rigaku XtaLAB Synergy-S diffractometer equipped with
an HPC area detector (Hypix-6000HE) and employing graphite-monochromated or confocal
multilayer optic-monochromated Mo-Kα radiation (λ = 0.71073 Å) at a temperature of 100 K.
Rotation frames were integrated using SAINT, producing a listing of unaveraged F2 and σ(F2)
values. The intensity data were corrected for Lorentz and polarization effects and for absorption
using SADABS.33 The structure was solved by direct methods – ShelXT.34 Refinement was done
by full-matrix least squares based on F2 using SHELXL-201734 or SHELXL-2018.35 All reflections
were used during refinement. The weighting scheme used was w = 1/[σ2(Fo2 ) + (0.0369P)2 +
9.9284P] where P = (Fo2 + 2Fc2)/3. Non-hydrogen atoms were refined anisotropically and hydrogen
atoms were refined using a riding model.

Table 5.3 Summary of structure determination of 7PMe3.
Empirical formula

C18H40MoN4O3P3

Formula weight

549.39 g/mol

Diffractometer

Rigaku XtaLAB Synergy-S (HyPix-6000HE)

Temperature

100.00 K

Crystal system

monoclinic

Space group

P21/c

a

13.9403(3) Å

b

9.1796(2) Å

c

21.1686(5) Å

β

109.163(2)°

Volume

2558.77(10) Å3
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Z

4

dcalc

1.426 g/cm3

μ

0.725 mm-1

F(000)

1148.0

Crystal size, mm

0.32 × 0.09 × 0.07

2θ range for data collection

4.882 - 56.562°

Index ranges

-18 ≤ h ≤ 18, -12 ≤ k ≤ 12, -28 ≤ l ≤ 28

Reflections collected

73871

Independent reflections

6360 [R(int) = 0.0604]

Data/restraints/parameters

6360/0/271

Goodness-of-fit on F2

1.057

Final R indexes [I>=2σ (I)]

R1 = 0.0318, wR2 = 0.0842

Final R indexes [all data]

R1 = 0.0367, wR2 = 0.0866

Largest diff. peak/hole

1.02/-0.82 eÅ-3

Table 5.4 Summary of structure determination of tren-Mo0(CO)3.
Empirical formula

C9H18MoN4O3

Formula weight

326.21 g/mol

Diffractometer

Rigaku XtaLAB Synergy-S

Temperature

100 K

Crystal system

orthorhombic

Space group

Pca21

a

15.1433(3) Å

348

b

10.3453(2) Å

c

16.0629(3) Å

Volume

2516.45(8) Å3

Z

8

dcalc

1.722 g/cm3

μ

1.046 mm-1

F(000)

1328.0

Crystal size, mm

0.23 × 0.23 × 0.2

2θ range for data collection

4.768 - 56.54°

Index ranges

-20 ≤ h ≤ 20, -13 ≤ k ≤ 13, -21 ≤ l ≤ 21

Reflections collected

47760

Independent reflections

6208[R(int) = 0.0373]

Data/restraints/parameters

6208/1/308

Goodness-of-fit on F2

1.035

Final R indexes [I>=2σ (I)]

R1 = 0.0172, wR2 = 0.0387

Final R indexes [all data]

R1 = 0.0179, wR2 = 0.0389

Largest diff. peak/hole

0.27/-0.46 eÅ-3

Flack parameter

0.52(3)

Table 5.5 Summary of structure determination of Me6tren-Mo0(CO)3.
Empirical formula

C15H30MoN4O3

Formula weight

410.37 g/mol

Diffractometer

Rigaku XtaLAB Synergy-S

349

Temperature

100 K

Crystal system

monoclinic

Space group

P21/n

a

8.1388(2) Å

b

18.8037(4) Å

c

12.1277(3) Å

β

90.302(2)°

Volume

1855.99(8) Å3

Z

4

dcalc

1.469 g/cm3

μ

0.726 mm-1

F(000)

856.0

Crystal size, mm

0.35 × 0.2 × 0.15

2θ range for data collection

4.332 - 56.554°

Index ranges

-10 ≤ h ≤ 10, -25 ≤ k ≤ 25, -16 ≤ l ≤ 15

Reflections collected

35778

Independent reflections

4597[R(int) = 0.0418]

Data/restraints/parameters

4597/112/281

Goodness-of-fit on F2

1.058

Final R indexes [I>=2σ (I)]

R1 = 0.0204, wR2 = 0.0515

Final R indexes [all data]

R1 = 0.0239, wR2 = 0.0528

Largest diff. peak/hole

0.31/-0.34 eÅ-3
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Table 5.6 Summary of structure determination of HTMPA-Mo0(CO)3.
Empirical formula

C29H34MoN4O5

Formula weight

614.54 g/mol

Diffractometer

Rigaku XtaLAB Synergy-S

Temperature

100 K

Crystal system

monoclinic

Space group

P21/n

a

7.47800(10) Å

b

23.9134(4) Å

c

15.4036(3) Å

β

96.262(2)°

Volume

2738.10(8) Å3

Z

4

dcalc

1.491 g/cm3

μ

4.301 mm-1

F(000)

1272.0

Crystal size, mm

0.2 × 0.12 × 0.08

2θ range for data collection

6.854 - 148.938°

Index ranges

-9 ≤ h ≤ 9, -29 ≤ k ≤ 29, -18 ≤ l ≤ 15

Reflections collected

34341

Independent reflections

5582[R(int) = 0.0601]

Data/restraints/parameters

5582/0/353

Goodness-of-fit on F2

1.070

351

Final R indexes [I>=2σ (I)]

R1 = 0.0424, wR2 = 0.1172

Final R indexes [all data]

R1 = 0.0462, wR2 = 0.1220

Largest diff. peak/hole

1.32/-1.98 eÅ-3

Table 5.7 Summary of structure determination of 8PMe3-[Cl]2.
Empirical formula

C20H45Cl2MoN6OP3

Formula weight

645.37 g/mol

Temperature

100 K

Crystal system

monoclinic

Space group

P21/c

a

16.486(3) Å

b

14.888(2) Å

c

12.817(2) Å

β

102.662(5)°

Volume

3069.3(8) Å3

Z

4

dcalc

1.397 g/cm3

μ

0.781 mm-1

F(000)

1344.0

Crystal size, mm

0.24 × 0.12 × 0.05

2θ range for data collection

2.532 - 55.08°

Index ranges

-21 ≤ h ≤ 21, -17 ≤ k ≤ 19, -16 ≤ l ≤ 16

Reflections collected

50885

352

Independent reflections

7074[R(int) = 0.0442]

Data/restraints/parameters

7074/0/309

Goodness-of-fit on F2

1.048

Final R indexes [I>=2σ (I)]

R1 = 0.0221, wR2 = 0.0536

Final R indexes [all data]

R1 = 0.0280, wR2 = 0.0564

Largest diff. peak/hole

0.47/-0.48 eÅ-3

Table 5.8 Summary of structure determination of 8PMe3-[OTf]2.
Empirical formula

C18H39F6MoN4O7P3S2

Formula weight

790.50 g/mol

Temperature

100 K

Crystal system

monoclinic

Space group

P21/c

a

8.9388(10) Å

b

27.593(3) Å

c

13.6364(15) Å

β

107.392(5)°

Volume

3209.6(6) Å3

Z

4

dcalc

1.636 g/cm3

μ

0.765 mm-1

F(000)

1616.0

Crystal size, mm

0.24 × 0.09 × 0.06
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2θ range for data collection

2.952 - 55.362°

Index ranges

-11 ≤ h ≤ 11, -36 ≤ k ≤ 35, -17 ≤ l ≤ 17

Reflections collected

53608

Independent reflections

7467[R(int) = 0.0400]

Data/restraints/parameters

7467/276/433

Goodness-of-fit on F2

1.128

Final R indexes [I>=2σ (I)]

R1 = 0.0291, wR2 = 0.0696

Final R indexes [all data]

R1 = 0.0330, wR2 = 0.0713

Largest diff. peak/hole

0.68/-0.51 eÅ-3

Table 5.9 Summary of structure determination of 8PMe3-[BArF4]2.
Empirical formula

C64H39B2F40MoN4OP3

Formula weight

1850.46 g/mol

Diffractometer

Rigaku XtaLAB Synergy-S

Temperature

100 K

Crystal system

triclinic

Space group

_
P1

a

15.4717(4) Å

b

17.7605(6) Å

c

18.7584(5) Å

α

112.308(3)°

β

112.840(3)°

γ

96.069(2)°
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Volume

4196.8(2) Å3

Z

2

dcalc

1.464 g/cm3

μ

3.003 mm-1

F(000)

1832.0

Crystal size, mm

0.20 × 0.08 × 0.04

2θ range for data collection

5.632 - 149.004°

Index ranges

-19 ≤ h ≤ 19, -22 ≤ k ≤ 21, -23 ≤ l ≤ 23

Reflections collected

95825

Independent reflections

16959[R(int) = 0.0983]

Data/restraints/parameters

16959/0/1072

Goodness-of-fit on F2

1.064

Final R indexes [I>=2σ (I)]

R1 = 0.0850, wR2 = 0.2426

Final R indexes [all data]

R1 = 0.0950, wR2 = 0.2581

Largest diff. peak/hole

1.65/-1.56 eÅ-3
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5.4.6 Computational details
All density functional theory (DFT) calculations were performed with the ORCA program
package, v3.0.3.34 Geometry optimizations were carried out at the restricted B97-D3 level of DFT.
The def2-TZVP basis sets and the def2-TZVP/J auxiliary basis sets (used to expand the electron
density in the resolution-of-identity (RI) approach) were used for all atoms.36–40 These
functional/basis set combinations were chosen for their aptitude in describing non-covalent
interactions/dispersion forces and for their convenient balance of accuracy and computational cost.
The conductor-like screening model (COSMO; dipole moment corresponding to THF) was
implemented for all calculations described within.
The SCF calculations were tightly converged (1x10-8 Eh in energy, 1x10-7 Eh in the density
change, and 5x10-7 in the maximum element of the DIIS error vector). In all cases the geometries
were considered converged after the energy change was less than 1x10-6 Eh, the gradient norm
and maximum gradient element were smaller than 3x10-4 Eh-Bohr-1 and 1x10-4 Eh-Bohr-1,
respectively, and the root-mean square and maximum displacements of all atoms were smaller
than 6x10-4 Bohr and 1x10-3 Bohr, respectively.
Numerical frequency calculations were used to verify that the calculated structures
represented local minima (ground states) on the potential energy surface.
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Table 5.10 Comparison between experimental and calculated CO stretching frequencies for L4Mo0(CO)3 complexes.

7PMe3

TMG3tren-Mo (CO)3
0

tren-Mo (CO)3
0

Me6tren-Mo0(CO)3

H

TMPA-Mo0(CO)3

Exp. CO stretching
frequencies / cm-1

Calc. CO stretching
frequencies / cm-1

Error / cm-1

1871

1868

-3

1723

1723

0

1723

1715

-8

1883

1869

-14

1740

1726

-14

1730

1717

-13

1885

1888

+3

1757

1738

-19

1718

1736

+18

1896

1894

-2

1773

1747

-25

1738

1743

+5

1896

1884

-12

1774

1768

-6

1752

1756

+4
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5.4.7 Optimized cartesian coordinates for L4-Mo0(CO)3 complexes
Optimized cartesian coordinates for 7PMe3 (Å):
Mo
P
P
P
O
O
O
N
N
N
N
C
H
H
C
H
H
C
H
H
H
C
H
H
H
C
H
H
H
C
H
H
C
H
H
C
H
H
H

0.1706599782
-1.1279727867
-2.4816637068
3.5911536955
2.7418820325
0.6351708001
2.1839109619
-1.3669966425
-1.6972911939
2.2023431136
-0.3674585109
-0.9754586122
-0.1669665117
-1.4548206408
-1.9917985771
-2.7770391396
-2.4812877040
-0.4971858679
0.5070238925
-0.4755751504
-1.1481816583
-2.6585424024
-3.3801373289
-2.4475803354
-3.0850127294
0.0360806734
-0.3367884985
0.1359601762
1.0093514415
-1.3299179627
-1.0082174313
-2.3069048356
-1.4835541511
-0.5809233806
-2.3243361961
-3.9997902632
-3.7504207451
-4.5367227067
-4.6371227435

0.3163234301
3.5119689996
-1.4867760653
0.1391443903
2.0376319412
0.4877529152
-2.0587729584
2.0088682157
-1.0214705415
-0.4908891358
0.0668194621
1.3645489301
2.0994886232
1.3005712807
1.8213370824
1.0614157612
2.7282904311
3.5479635014
3.1241553239
4.5861869052
2.9564540406
4.4999533289
4.0216353505
5.5139774710
4.5575412000
4.5116931312
4.5881241867
5.5181257169
4.0153864857
-1.0582661305
-1.6791438523
-0.6403623719
-1.9136184529
-2.5298218442
-2.6051816680
-2.4223112313
-3.3708086776
-2.6322047657
-1.8335790165

0.5020198443
0.3978959833
-0.6210114262
5.2651151263
0.8763774136
-2.5642965689
0.3657160595
0.8911519509
0.6849199126
5.6777949804
2.8686049699
3.2505467162
3.3115151051
4.2395891580
2.2055348861
2.1073854959
2.5929108802
-1.2881320015
-1.3092977120
-1.6330407900
-1.9348779360
0.3771440351
-0.2911866983
0.0249078807
1.3821551906
1.3854378144
2.4114428649
0.9667170013
1.3909096627
3.0733508672
3.9166501909
3.3299111625
1.8185446475
1.6826140902
1.9873089445
-0.2557831107
0.2275146381
-1.1854446254
0.4099700299
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C
H
H
H
C
H
H
H
C
H
H
C
H
H
C
H
H
H
C
H
H
H
C
H
H
H
C
C
C

-1.5584268652
-0.6575530595
-2.1674777622
-1.2668881044
-2.9933757599
-3.5676141706
-3.5986004751
-2.1047664322
0.9174142654
1.6343648543
1.2618223889
0.9331718940
0.6858345752
0.1370555408
3.6546033020
3.0192853386
4.6778844452
3.2879630625
4.3668207191
4.3902200366
5.3882370432
3.7838557416
4.8038252783
4.4970254992
5.7964121227
4.8355752014
1.7429119536
0.4429988202
1.3928834511

-2.5459991698
-2.0140421578
-2.7996567313
-3.4644154262
-0.0309864551
0.6249618953
-0.3377163236
0.5015342165
-0.1781128634
0.5348528072
-1.1744659517
-0.0642746350
0.9742808379
-0.6891617781
1.9646514901
2.2936134092
2.3033531650
2.4076652363
-0.4121035223
-1.5058776781
-0.0249848626
-0.0613496995
-0.3148213521
0.1087808220
0.0581810774
-1.4049501100
1.4082893937
0.4430295025
-1.1754482007

-1.7796098076
-2.0933026745
-2.6530003304
-1.2607284882
-1.5579127682
-0.8999817637
-2.4159472407
-1.8984157601
3.5743103314
3.1612810515
3.2845796621
5.1061549389
5.3882541730
5.5352689381
5.1336232935
4.3055395265
4.9443620490
6.0642483556
3.6961079839
3.6823693150
3.6149995700
2.8410177320
6.5330849572
7.4931165802
6.2644950304
6.6160849508
0.7230842161
-1.3896627692
0.4226359833

Optimized cartesian coordinates for tren-Mo0(CO)3 (Å):
Mo
O
O
O
N
N
N
C
C
H

4.6830685842
3.1419888521
1.9625970943
5.2081727918
6.6319796129
5.7585620207
4.6469370997
3.0042411385
5.8964176532
5.9136958187

13.0849539494
10.9460943369
14.5842644643
14.6203173620
11.8017656836
14.5897549622
11.9933470044
14.0258340730
14.0524168122
14.8515497300

6.4370795006
4.7796072939
6.6640375303
3.7840840716
6.5236471630
7.8799966640
8.5909804425
6.5802182267
9.2549209839
10.0061642809

359

H
C
C
C
C
H
H
H
H
C
C
H
H
H
H
C
N
H
H
H
H
H
H
H
H

6.8594020700
5.0028683750
3.7430494685
3.3476426007
4.7569018588
4.9046524117
3.8063185587
5.1492948073
6.6594537057
5.7996712064
6.3113853882
7.4520825380
6.8827672924
1.9875703388
1.5014700531
3.0097833192
1.7877126604
2.8010081614
3.8659644148
3.3681615677
2.5573678593
7.1826478786
5.5433460248
6.6120403771
5.5257346274

13.5381963905
14.0344179272
11.7508797591
11.2751964806
13.0978290071
12.7096652220
13.6398075738
15.4029062416
14.9202702472
11.0463795675
10.6057594505
12.2707904417
11.5221884816
9.0746678875
9.6262830748
10.7393827371
9.9268394784
11.5735824947
10.1882406598
10.4471985573
11.9554016090
9.9512386145
10.0424377393
11.5407927031
10.1662229988

9.3147476037
4.7938497845
5.4080839537
8.7281265437
9.5822803221
10.6001993396
9.5638252490
7.8841078504
7.5435904695
8.6985110054
7.3374376880
6.9051798355
5.5791877434
9.5047747550
10.9542357284
10.1248893878
10.0254643922
10.8032223687
10.5472059665
8.0127606180
8.4038177688
7.4760821816
6.8009709957
9.2371907441
9.2885229471

Optimized cartesian coordinates for Me6tren-Mo0(CO)3 (Å):
Mo
O
O
O
N
N
N
C
C
H
H
C
C
C

4.7562564244
3.1425494287
1.9758206437
5.3719059590
6.6899145675
5.6876956298
4.6788511596
3.0571522175
5.9017383786
5.9805968754
6.8630223384
5.1297415205
3.8003494965
3.3687668870

13.1025745419
11.0234672767
14.4765377716
14.5810471226
11.5904274770
14.7925938638
12.0505936340
13.9945789693
14.1245537595
14.8696800531
13.6081735718
14.0211552863
11.7900274679
11.3472935921

6.4572254378
4.8150300602
6.4569071051
3.7919789100
6.4420301741
7.9556314806
8.5966882180
6.4873988788
9.2630540165
10.0695919185
9.2214460107
4.8061997739
5.4346396938
8.7213844350

360

C
H
H
C
H
H
H
C
H
H
H
C
C
C
C
C
C
C
N
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H

4.7921796192
4.9792745374
3.8276999389
4.7092504507
4.5093890725
5.1131949654
3.7716842085
6.9499569352
7.7083905353
7.3245197222
6.7668299932
5.8107408716
6.2371145068
8.0165989264
6.8446736099
2.3840978628
1.2345357509
3.0174033730
1.9224569402
7.1225872953
5.9025611863
7.6278926391
8.3258995094
8.7649153097
7.9879839103
2.8631710092
1.5291615201
3.1101787826
0.3959164624
0.8412273540
1.8973035273
2.6850176837
3.9020534469
3.3852506823
2.5906726666
6.6507098417
5.5381728454
7.0365394562
5.3969919547

13.1425234801
12.7383683273
13.6551716586
15.8947013758
16.3441087279
16.6587045845
15.5147513486
15.3987712160
14.6306799528
16.1444809734
15.8878812808
11.0814795355
10.5248820625
12.0981335580
11.0126885439
8.5448550725
9.7423239620
10.8261310817
9.8567905806
11.8059001703
10.5737705344
10.2383047101
12.8763675715
11.2905159490
12.5173703067
8.6161838122
7.8679288532
8.0930608978
9.0446650826
10.7195425987
9.3724254295
11.6641915470
10.3919595815
10.5280503696
12.0375899464
11.5839975302
10.2488040750
9.7815591558
10.0134994980

9.6027808161
10.6071361381
9.6303834407
8.1217964278
7.1487073908
8.8043315623
8.5251109246
7.4798947176
7.3436156629
8.1984271744
6.5214492570
8.7175287131
7.3723008404
6.8455072962
5.0851747469
9.6056805020
11.3382710624
10.1227491299
10.0542226056
4.3889824689
4.7605641206
5.0840743923
6.1452670858
6.8304920899
7.8503802887
8.6250856780
9.5124856181
10.3112201830
11.2426698650
11.6362689367
12.1461085759
10.7426686595
10.6279379894
8.0009954794
8.3907115162
9.1984046476
9.3752359489
7.5243469070
6.8958001771

361

Optimized cartesian coordinates for HTMPA-Mo0(CO)3 (Å):
Mo
O
O
O
N
N
N
N
C
C
H
H
C
C
H
C
H
C
C
H
C
C
H
C
H
C
C
H
H
C
H
C
H
H
C
C
H
C
H
C
H

0.0055092310
1.1828897028
-2.8028053488
0.1069997074
-0.9214578610
2.0911788908
1.0693218248
0.0426885624
0.7518010983
-1.2374625189
-1.2907768705
-2.0437044741
-1.4281559370
3.6718111554
3.8500147568
4.7289136970
5.7542773790
2.3664469684
4.4408431732
5.2273100362
0.0605456750
3.1162840691
2.8471633424
-2.0992317058
-2.4812541369
-0.0243295563
1.1867521580
1.4815643571
0.8458328222
0.9401103012
1.8440554738
0.1411675691
1.1211485685
-0.6227526280
-1.7505989203
-1.0721323714
-0.6454355383
-2.2680749130
-2.7933149562
-1.7399712235
-1.8385809751

0.1897564697
-2.6004491114
-1.0974451556
0.9578282443
2.1001112636
0.8672338581
-1.3886955163
0.0800720903
-1.5403096922
0.7067530581
0.8577523598
0.0210491918
2.0215673582
0.9491591589
0.9280680699
1.0484511538
1.1030963241
0.8780865868
1.0732611961
1.1549378186
0.6501709450
0.9733836936
0.9598633881
3.0883531721
2.9892293660
-1.5578481909
0.8965457136
0.5826949264
1.9345131955
-1.5472546879
-1.4038048119
-1.3456070549
-1.7070405369
-1.9002116015
-0.5888545490
3.2501389533
3.2655120541
4.2713381401
5.1140003878
4.3519629546
5.2532292492

-0.0625535235
-0.8246603452
-0.5204197809
-3.0762770378
0.7484405991
0.5472535794
5.0094094553
2.3019139617
-0.5400707094
2.7126273637
3.7987155222
2.4298049469
2.0021043459
2.3530206045
3.4238592420
1.4495053678
1.8033523328
1.8723114091
0.0847586202
-0.6586168221
-1.9352506780
-0.3230485970
-1.3738336702
2.5917343861
3.6033342663
4.2407499046
2.8011648796
3.8061982664
2.8710163039
6.3342542964
6.9250532041
2.7537071444
2.4355201171
2.2059180527
-0.3530331487
0.0619373296
-0.9356356803
1.8720067937
2.3118140347
0.5835485875
-0.0129264660
362

C
H
C
H
C
H

-0.2622714474
-0.3064992439
-1.2682334298
-2.1242311324
-1.3899408424
-2.3452001775

-1.8846327066
-2.0055961824
-1.9035977763
-2.0458368480
-2.0698417596
-2.3419015481

6.9565234311
8.0348377417
4.7803366805
4.1268159980
6.1585066196
6.5992416298

Optimized cartesian coordinates for TMG3tren-Mo0(CO)3 (Å):
Mo
O
O
O
N
N
N
N
N
N
N
N
N
N
C
H
H
C
H
H
C
C
H
H
H
C
H
H
H
C
H
H
H

0.0733671901
3.0505381183
1.0070316131
0.2065004743
-0.8337895276
-0.0590664680
1.1783284995
-0.4508923342
-2.2327209420
-2.6771081712
-3.7663367000
-1.9529841808
-3.6115456639
-1.4686342226
-0.3175355773
-0.7750077259
0.7591014750
-0.5757003806
-0.0943038555
-1.6513947066
0.2005328526
1.0132342857
-0.0066434778
1.7128383626
1.2019831952
2.4668375001
2.5169235050
2.6259625189
3.2610209622
0.2392496898
1.3151729304
-0.0866815142
0.0263397949

-0.0966108375
0.7750341406
-3.0358492382
0.1044524656
2.0675329873
0.0429834869
-1.8100549908
-0.9463227091
-0.3701786827
-2.6431254043
-1.4947284780
4.8988706247
5.9444565065
6.8971517471
2.4284833006
3.3601072504
2.5934638500
1.3303556328
1.6178649839
1.2934034155
-0.8715246161
-3.2009098744
-3.3750482207
-3.4884795392
-3.8421467448
-1.4684995638
-0.3936147630
-1.9678653616
-1.7766262815
-1.3249791724
-1.3493512231
-2.3081800484
-0.5815369640

-0.0448772969
-0.2845649813
-0.4409647084
-3.1464994460
0.4023360078
2.2896948602
3.0028811773
4.4156294125
-0.2489720124
0.0385290169
-1.6682519455
-0.5582897372
-1.7939238327
-1.7790601217
1.7434043086
2.1101153029
1.6381976287
2.7641832069
3.7093226070
2.9738497424
3.2012576307
3.3899628513
3.7345852860
4.1876090961
2.5194539621
2.4231027093
2.2646160028
1.4629240378
3.1193099160
5.6414509406
5.4683542876
6.0086136707
6.4204222547

363

C
H
H
H
C
H
H
C
H
H
C
C
H
H
H
C
H
H
H
C
H
H
H
C
H
H
H
C
H
C
H
H
C
C
H
H
H
C
H
H
H
C

-1.8708308144
-2.3422928155
-2.0580375268
-2.3394080117
-2.3274581202
-2.7590675639
-2.6510604679
-2.7992355887
-3.8983777433
-2.4891935901
-2.8648989005
-2.5283213071
-2.6953883536
-3.2393433147
-1.5089652122
-2.1968095652
-2.4667103284
-1.1077549312
-2.6628489371
-3.4876819029
-2.4519628666
-4.1518915540
-3.6313166988
-4.9791863733
-5.1416981278
-4.9329088572
-5.8359289969
-0.3342629912
-0.7771098212
-0.5570419242
-0.1460111550
0.0706078781
-2.3029796932
-4.3578572362
-3.6728311125
-4.9729477343
-5.0220050783
-4.4347374181
-3.8500913126
-5.2923693633
-4.8107572342
-0.5208638737

-0.6797237960
-0.5944561826
0.2429983914
-1.5143550918
1.9657643107
2.9475840935
1.6489519995
0.9310539726
0.9007816249
1.2440160229
-1.4570007417
-3.9020731190
-3.7451730185
-4.6532052968
-4.2850286048
-2.6554666688
-1.7138167032
-2.7609067351
-3.4917591538
-0.8277373214
-0.4908388100
0.0307025956
-1.5420799938
-2.2964939065
-2.6655417268
-3.1538545246
-1.6742345327
3.0120738653
2.7066425971
4.5212505695
4.8305934607
5.0079732877
5.8807688346
7.1943403727
8.0405959410
7.2019317225
7.3209779970
4.7517204487
3.8727748473
4.8485895052
4.6049077840
7.5420699224

4.5681469512
3.5911861846
5.1344176943
5.1061928353
0.3974452490
0.1854291087
1.3900954513
-0.6059489810
-0.6053515377
-1.6122645603
-0.6250663105
-0.6818179795
-1.7472245105
-0.3142424776
-0.5459614834
1.4061678325
1.8792090414
1.4552381026
1.9423356626
-2.9311591346
-2.9513631359
-3.1032271657
-3.7527885855
-1.6267930903
-0.6133151729
-2.3139525239
-1.9180297123
-0.6386124388
-1.5898168195
-0.4450070672
0.5268525989
-1.2099249732
-1.3254319944
-1.6823725034
-1.6386203739
-0.7679699715
-2.5452741098
-1.6708894595
-1.9470670455
-2.3461032395
-0.6457724206
-0.8883432789

364

H
H
H
C
H
H
H
C
C
C
H

-0.6311352754
-0.7173292658
0.5187390125
-1.5731164847
-2.2591825295
-0.5846897852
-1.9336705039
1.9209552038
0.6479026827
0.1226171588
0.7431253709

7.1445367377
8.6245527436
7.3949309196
7.4704645916
6.8750832276
7.4683116365
8.5109400904
0.4338608409
-1.9155629426
0.0241977743
2.8407869891

0.1210221187
-0.8571074667
-1.2138426995
-3.1092620254
-3.7129479703
-3.5900548324
-3.0875925267
-0.1410617348
-0.2737245917
-1.9635861759
-0.7168688335

5.4.8 Optimized cartesian coordinates for [L4-MoII(CO)]2+ complexes
Optimized cartesian coordinates for [Me3P3tren-MoII(CO)]2+ (Å):
Mo
P
P
P
O
N
N
N
N
C
H
H
C
H
H
C
H
H
H
C
H
H
H
C
H
H

-0.0128962511
1.3784383261
-3.1411954207
1.7625771491
0.0287861886
0.7762414417
-2.0036785547
1.1786111532
-0.0457197485
0.0819544781
-0.9007190434
0.3810079190
1.0729325263
2.1046077544
0.9771730227
2.0125703442
1.2095813226
2.8188219979
2.4036452133
2.7541536078
3.5102376313
2.3912414021
3.1908510274
0.1243621047
-0.1591256535
-0.7441962887

0.0075621860
-2.8210779949
0.2221533096
2.6169176351
0.0085608828
-1.8268837567
0.2367783826
1.6092820703
0.0060585691
-1.4114526728
-1.8761678718
-1.4941129735
-2.1400958242
-1.8555215677
-3.2109749355
-4.3602469917
-4.9057709908
-4.1534747726
-4.9724876266
-2.0803104526
-1.7450543606
-1.2345281834
-2.8263294919
-3.2970383410
-2.4383108038
-3.6947321309

0.0370962055
-0.7609113538
-0.8239728914
-0.7513089555
-3.0374725462
0.4117933231
0.3727850027
0.4193567285
2.3218056179
2.7319428711
2.6209881895
3.7856810908
1.8388155496
2.0819228271
2.0406529100
-0.0531767428
0.4486250229
0.6545804778
-0.8704973483
-1.6607958901
-0.9457920665
-2.2447916507
-2.3315999992
-1.9598184452
-2.5678714303
-1.4298826256

365

H
C
H
H
C
H
H
C
H
H
H
C
H
H
H
C
H
H
H
C
H
H
C
H
H
C
H
H
H
C
H
H
H
C
H
H
H
C

0.5448751393
-1.3455189134
-1.2540296161
-1.5895326688
-2.4536999560
-2.7316535518
-3.3353960248
-4.8065837978
-4.8930516818
-5.0416009746
-5.5149644198
-3.1622226376
-3.2549133786
-2.2384758054
-4.0158905526
-2.9080332986
-2.0138894982
-2.8263781823
-3.7812223504
1.1085687263
2.0043565519
1.0052849705
1.2668765126
0.4996821009
2.2375019947
2.7738274495
3.6356820927
2.1829618556
3.1275729884
0.4499828344
-0.2210604622
-0.1019796456
0.8899219894
2.8149452660
2.2175381342
3.5809189090
3.2930113740
0.0128522342

-4.0735991759
0.5982461782
1.6833943404
0.3632409421
0.1193763164
-0.9183766183
0.7383442761
0.4260295695
1.3870299030
-0.3860406674
0.4011352287
-1.3281439206
-2.1606934420
-1.4224445913
-1.3302842755
1.5619653802
1.3868814181
2.5061992751
1.5945449515
0.8299869451
0.2094260086
1.1444211909
2.0408283603
2.7956408679
2.4951258431
3.9355370311
3.5114928834
4.5405703470
4.5709280755
3.4356562880
3.9404306236
2.6924042888
4.1713834652
1.7542024456
1.0802579940
1.1981194900
2.4995013185
0.0082152031

-2.6063296791
2.7134221800
2.6232842533
3.7584001555
1.7893978820
2.0131286221
1.9798773864
-0.1478283262
0.3651750912
0.5443047332
-0.9805072179
-1.7445238277
-1.0419492307
-2.3152898228
-2.4290080748
-2.0022604610
-2.6001769116
-1.4589116566
-2.6613292329
2.7489940970
2.6682364181
3.7964286557
1.8436361910
2.0584377150
2.0633412022
-0.0371886677
0.4839551718
0.6545501221
-0.8538759196
-1.6772520656
-0.9770126595
-2.2527735176
-2.3572094442
-1.9276848376
-2.5411962946
-1.3822788778
-2.5709669008
-1.8306627842

Optimized cartesian coordinates for [Me6tren-MoII(CO)]2+ (Å):
Mo

0.0043251295

-0.0208483376

0.0455626627

366

O
N
N
N
N
C
H
H
C
H
H
C
H
H
C
H
H
C
H
H
C
H
H
C
C
C
C
C
C
C
H
H
H
H
H
H
H
H
H
H
H
H

0.0031364809
0.7566653272
-2.0870732662
1.3410511078
0.0051067385
0.2348192303
-0.7268370793
0.6302814802
1.1973598823
2.1944507334
1.2911643164
-1.3258773723
-1.2910997288
-1.5479755299
-2.4128856116
-2.5322451550
-3.3763555196
1.1084701129
2.0351822834
0.9415624727
1.2289128246
0.3488422908
2.1006096371
0.0035251522
-2.9985376975
-2.2844984544
1.1176151172
2.7033101877
-0.4022646764
1.8876715830
1.5429091344
2.2322373561
2.7127380131
-0.7305226808
-1.2168276179
-0.0881158807
-2.8238880151
-4.0369993688
-2.8084316183
-1.9846738355
-1.7075387289
-3.3432606337

-0.0652744824
-1.9964090897
0.3233263417
1.6293451454
0.0116152611
-1.3868300659
-1.9017137908
-1.4017013158
-2.0979776863
-1.6558994875
-3.1538656500
0.5217313285
1.6121942189
0.2104779945
0.0239994006
-1.0587889284
0.4787600514
0.9180121599
0.3425774950
1.2858071473
2.0897937443
2.7341019973
2.7034396239
-0.0481573625
-0.4668947377
1.7750667444
2.7962512683
1.0762112070
-2.9033005546
-2.4061365853
-2.4227146101
-3.4026509508
-1.7016876321
-2.7756014541
-2.6899625952
-3.9413318685
-0.1843298317
-0.2549777358
-1.5319311720
1.9747553090
2.3856577401
2.0263536598

-3.0402943235
0.4450845991
0.4139989586
0.3937344746
2.3537106259
2.8163915930
2.8412789520
3.8386831840
1.8857838926
1.9397307311
2.1594514597
2.7903722545
2.7897203028
3.8176827184
1.8578628965
1.9348102749
2.1098983319
2.7820403224
2.7995955200
3.8011239409
1.8277030447
1.8833623365
2.0770437797
-1.8611900990
-0.4697940890
0.1167606548
-0.5145833911
0.1201419605
0.1808888570
-0.4432938911
-1.4761010588
-0.1473144774
-0.3382837375
-0.8522826738
0.8732774813
0.3286180863
-1.5068730784
-0.1938934367
-0.3377506192
-0.9138016375
0.8113409460
0.2342347939

367

H
H
H
H
H
H

1.2797970409
1.8200939793
0.1002772450
2.7402767960
2.9408383582
3.4449536376

2.4835095878
3.5940202133
3.1682383987
0.7032170140
0.2819725972
1.8727710223

-1.5450116122
-0.2509343640
-0.3941456617
-0.9051514564
0.8280609274
0.2359367504

5.4.9 Varying Mo–Cl distances in [Me3P3tren-MoII(CO)][Cl]2
Optimized cartesian coordinates for 8PMe3-[Cl]2 with experimental chloride positions (Å):
Mo
P
P
P
O
N
N
N
N
C
H
H
C
H
H
C
H
H
H
C
H
H
H
C
H
H
H
C
H
H
C

0.0475992997
-2.3899825155
-0.5964012986
2.9883941211
0.0765918242
-1.4445282941
-0.3616010112
1.9598581277
0.0262521629
-0.6075449229
0.1365059085
-0.9119299965
-1.7984152714
-2.6716535060
-2.0436973419
-1.4572637097
-1.0896485105
-2.1198444172
-0.6354812363
-3.1328314875
-2.3728208192
-3.8921923335
-3.6026272173
-3.7622007553
-4.3628286729
-4.3828692775
-3.3609149133
-0.7733349664
-1.8270984631
-0.6299655061
-0.4342251786

0.0470551897
2.0900851696
-3.0288156081
1.1464026393
0.1150261619
1.3707680510
-1.9014144575
0.6334099490
0.0365118005
1.3104291217
2.1024350457
1.2819819291
1.6296349608
1.0291189467
2.6863912700
3.2796959776
4.0502542799
3.7334553675
2.7715705165
0.8854466502
0.4615433094
1.3941245392
0.0951719310
2.9975918674
2.3340038180
3.3841247710
3.8363524998
-1.1517399061
-0.9067984010
-1.4073000382
-2.3397932583

0.0226867508
-0.7561486450
-0.8115761741
-0.7489439317
-3.0540661810
0.3955605328
0.3705332512
0.4232806845
2.3014149613
2.7082424592
2.5922223518
3.7639908360
1.8225376941
2.1060048912
1.9743514864
-1.7302543472
-1.0432150459
-2.4737914911
-2.2352864207
-1.8747015855
-2.5302275277
-2.4764754854
-1.2833344601
-0.0163511357
0.6108274825
-0.8301104470
0.5664346788
2.6772848697
2.5244621858
3.7368992159
1.7937927108

368

H
H
C
H
H
H
C
H
H
H
C
H
H
H
C
H
H
C
H
H
C
H
H
H
C
H
H
H
C
H
H
H
C
Cl
Cl

0.5177505461
-1.2364982933
0.8504010670
0.9773770255
0.7011298861
1.7346188211
-2.0239451052
-2.8887461735
-2.1670285272
-1.8590287754
-0.8755995892
-0.0452596444
-0.9505028589
-1.8182867022
1.4400139599
1.7542427786
1.5593403998
2.3155862905
2.1923414773
3.3600548001
2.3649978503
1.5321781214
3.1637882500
2.0296232482
3.3711768614
3.6980589624
4.1762959502
2.4891730390
4.5755234492
4.4258788847
5.2170452151
5.0593594246
0.0614280906
-1.6334524170
-3.8888917479

-2.7997829131
-3.0709610946
-3.1713991421
-2.2519090687
-4.0108488856
-3.3546315509
-2.6669992986
-2.5926334503
-3.4899543224
-1.7388709952
-4.6713464134
-4.9579819190
-5.3825486314
-4.6518234355
-0.0561036391
-1.0947058429
0.2071537005
0.8373536948
1.8923066424
0.5716335857
2.5703640069
2.2546212262
2.9763083808
3.3331121322
-0.1485060632
-1.0421497548
0.2048601765
-0.3706011761
1.6660964437
2.4847557247
2.0112394008
0.8263523582
0.0815019115
5.5233582307
-3.2275961734

2.0899799325
1.9304241746
-1.8835198613
-2.4545376752
-2.5696948851
-1.2673126010
-1.8407279582
-1.1714708631
-2.5481813066
-2.3866195236
-0.1147062288
0.5353432360
-0.9424005918
0.4438760442
2.7216592939
2.5913737777
3.7824344381
1.8544746245
2.1300313710
2.0470719924
-1.6647311989
-2.2933280971
-2.2929397788
-0.9570175487
-1.9417438991
-1.4046000072
-2.5936185788
-2.5421318639
-0.0448528109
0.6633204550
-0.8602477425
0.4599510419
-1.8445021289
1.3553381978
1.2496737099

0.5 Å closer to molybdenum (Å):
Mo
P
P
P

0.0475992988
-2.3899825150
-0.5964013002
2.9883941210

0.0470551916
2.0900851722
-3.0288156079
1.1464026393

0.0226867505
-0.7561486462
-0.8115761756
-0.7489439319

369

O
N
N
N
N
C
H
H
C
H
H
C
H
H
H
C
H
H
H
C
H
H
H
C
H
H
C
H
H
C
H
H
H
C
H
H
H
C
H
H
H
C

0.0810685546
-1.4445282949
-0.3616010110
1.9598581263
0.0262521628
-0.6075449241
0.1365059071
-0.9119299980
-1.7984152737
-2.6716535055
-2.0436973437
-1.4572637113
-1.0896485125
-2.1198444199
-0.6354812366
-3.1328314882
-2.3728208180
-3.8921923333
-3.6026272163
-3.7622007562
-4.3628286724
-4.3828692801
-3.3609149158
-0.7733349668
-1.8270984608
-0.6299655065
-0.4342251775
0.5177505471
-1.2364982932
0.8504010671
0.9773770267
0.7011298866
1.7346188217
-2.0239451059
-2.8887461742
-2.1670285266
-1.8590287752
-0.8755995900
-0.0452596430
-0.9505028579
-1.8182867023
1.4400139594

0.1137902711
1.3707680507
-1.9014144566
0.6334099496
0.0365118000
1.3104291211
2.1024350454
1.2819819273
1.6296349583
1.0291189471
2.6863912700
3.2796959780
4.0502542794
3.7334553683
2.7715705179
0.8854466519
0.4615433079
1.3941245417
0.0951719338
2.9975918676
2.3340038170
3.3841247707
3.8363525011
-1.1517399066
-0.9067984025
-1.4073000380
-2.3397932594
-2.7997829133
-3.0709610962
-3.1713991422
-2.2519090696
-4.0108488864
-3.3546315504
-2.6669992981
-2.5926334502
-3.4899543228
-1.7388709936
-4.6713464144
-4.9579819169
-5.3825486337
-4.6518234373
-0.0561036392

-3.0549458994
0.3955605351
0.3705332527
0.4232806840
2.3014149624
2.7082424585
2.5922223501
3.7639908356
1.8225376938
2.1060048906
1.9743514859
-1.7302543484
-1.0432150478
-2.4737914911
-2.2352864231
-1.8747015854
-2.5302275259
-2.4764754831
-1.2833344611
-0.0163511359
0.6108274838
-0.8301104492
0.5664346805
2.6772848713
2.5244621878
3.7368992172
1.7937927100
2.0899799332
1.9304241737
-1.8835198625
-2.4545376748
-2.5696948852
-1.2673126001
-1.8407279599
-1.1714708649
-2.5481813073
-2.3866195262
-0.1147062300
0.5353432339
-0.9424005935
0.4438760440
2.7216592952

370

H
H
C
H
H
C
H
H
H
C
H
H
H
C
H
H
H
C
Cl
Cl

1.7542427766
1.5593404020
2.3155862911
2.1923414756
3.3600548017
2.3649978489
1.5321781222
3.1637882508
2.0296232458
3.3711768631
3.6980589647
4.1762959506
2.4891730372
4.5755234487
4.4258788828
5.2170452127
5.0593594271
0.0632574396
-1.4893565417
-3.5164123530

-1.0947058426
0.2071537005
0.8373536925
1.8923066445
0.5716335873
2.5703640064
2.2546212247
2.9763083810
3.3331121304
-0.1485060648
-1.0421497565
0.2048601768
-0.3706011772
1.6660964459
2.4847557248
2.0112394022
0.8263523595
0.0808060827
5.0539421604
-2.9177414984

2.5913737783
3.7824344396
1.8544746243
2.1300313720
2.0470719907
-1.6647311994
-2.2933280973
-2.2929397766
-0.9570175469
-1.9417438977
-1.4046000068
-2.5936185787
-2.5421318642
-0.0448528112
0.6633204554
-0.8602477423
0.4599510399
-1.8439876076
1.2411063893
1.1335735213

0.5 Å further from molybdenum (Å):
Mo
P
P
P
O
N
N
N
N
C
H
H
C
H
H
C
H
H
H

0.0475992993
-2.3899825156
-0.5964012989
2.9883941210
0.0731763324
-1.4445282948
-0.3616010112
1.9598581266
0.0262521628
-0.6075449241
0.1365059070
-0.9119299981
-1.7984152731
-2.6716535056
-2.0436973435
-1.4572637113
-1.0896485123
-2.1198444199
-0.6354812366

0.0470551899
2.0900851715
-3.0288156081
1.1464026394
0.1146367620
1.3707680507
-1.9014144568
0.6334099488
0.0365117998
1.3104291212
2.1024350454
1.2819819272
1.6296349590
1.0291189472
2.6863912699
3.2796959780
4.0502542792
3.7334553684
2.7715705180

0.0226867511
-0.7561486462
-0.8115761757
-0.7489439317
-3.0534165483
0.3955605350
0.3705332524
0.4232806835
2.3014149624
2.7082424586
2.5922223501
3.7639908356
1.8225376938
2.1060048905
1.9743514860
-1.7302543484
-1.0432150480
-2.4737914911
-2.2352864231

371

C
H
H
H
C
H
H
H
C
H
H
C
H
H
C
H
H
H
C
H
H
H
C
H
H
H
C
H
H
C
H
H
C
H
H
H
C
H
H
H
C
H

-3.1328314883
-2.3728208180
-3.8921923333
-3.6026272162
-3.7622007564
-4.3628286725
-4.3828692800
-3.3609149155
-0.7733349670
-1.8270984608
-0.6299655063
-0.4342251788
0.5177505471
-1.2364982940
0.8504010673
0.9773770266
0.7011298865
1.7346188216
-2.0239451059
-2.8887461742
-2.1670285267
-1.8590287753
-0.8755995899
-0.0452596430
-0.9505028579
-1.8182867027
1.4400139593
1.7542427765
1.5593404020
2.3155862907
2.1923414755
3.3600548016
2.3649978489
1.5321781221
3.1637882508
2.0296232458
3.3711768627
3.6980589647
4.1762959505
2.4891730373
4.5755234492
4.4258788827

0.8854466518
0.4615433080
1.3941245417
0.0951719339
2.9975918677
2.3340038171
3.3841247709
3.8363525004
-1.1517399066
-0.9067984028
-1.4073000379
-2.3397932591
-2.7997829132
-3.0709610961
-3.1713991422
-2.2519090696
-4.0108488864
-3.3546315503
-2.6669992980
-2.5926334509
-3.4899543227
-1.7388709935
-4.6713464144
-4.9579819168
-5.3825486337
-4.6518234373
-0.0561036391
-1.0947058427
0.2071537003
0.8373536942
1.8923066446
0.5716335875
2.5703640070
2.2546212247
2.9763083810
3.3331121305
-0.1485060642
-1.0421497564
0.2048601767
-0.3706011772
1.6660964446
2.4847557248

-1.8747015853
-2.5302275259
-2.4764754831
-1.2833344611
-0.0163511360
0.6108274837
-0.8301104492
0.5664346808
2.6772848712
2.5244621877
3.7368992172
1.7937927099
2.0899799331
1.9304241736
-1.8835198625
-2.4545376748
-2.5696948852
-1.2673126001
-1.8407279599
-1.1714708648
-2.5481813073
-2.3866195262
-0.1147062300
0.5353432339
-0.9424005934
0.4438760438
2.7216592952
2.5913737782
3.7824344396
1.8544746241
2.1300313721
2.0470719908
-1.6647311985
-2.2933280973
-2.2929397767
-0.9570175471
-1.9417438984
-1.4046000066
-2.5936185787
-2.5421318642
-0.0448528112
0.6633204555

372

H
H
C
Cl
Cl

5.2170452127
5.0593594272
0.0599521863
-1.7755483398
-4.2680619718

2.0112394021
0.8263523596
0.0815602502
5.9862591134
-3.5430167528

-0.8602477423
0.4599510399
-1.8448466126
1.4679845452
1.3678594015

1.0 Å further from molybdenum (Å):
Mo
P
P
P
O
N
N
N
N
C
H
H
C
H
H
C
H
H
H
C
H
H
H
C
H
H
H
C
H
H
C
H
H
C

0.0475992992
-2.3899825138
-0.5964012986
2.9883941212
0.0688611687
-1.4445282948
-0.3616010112
1.9598581264
0.0262521630
-0.6075449240
0.1365059074
-0.9119299979
-1.7984152747
-2.6716535050
-2.0436973438
-1.4572637114
-1.0896485124
-2.1198444199
-0.6354812366
-3.1328314887
-2.3728208179
-3.8921923336
-3.6026272162
-3.7622007565
-4.3628286725
-4.3828692803
-3.3609149149
-0.7733349673
-1.8270984606
-0.6299655064
-0.4342251793
0.5177505470
-1.2364982938
0.8504010673

0.0470551919
2.0900851738
-3.0288156083
1.1464026389
0.1140863164
1.3707680497
-1.9014144562
0.6334099497
0.0365117998
1.3104291212
2.1024350455
1.2819819275
1.6296349564
1.0291189476
2.6863912704
3.2796959777
4.0502542791
3.7334553685
2.7715705178
0.8854466520
0.4615433076
1.3941245415
0.0951719337
2.9975918678
2.3340038170
3.3841247707
3.8363525005
-1.1517399066
-0.9067984028
-1.4073000379
-2.3397932593
-2.7997829132
-3.0709610960
-3.1713991422

0.0226867488
-0.7561486466
-0.8115761758
-0.7489439324
-3.0531489319
0.3955605379
0.3705332549
0.4232806818
2.3014149624
2.7082424585
2.5922223499
3.7639908356
1.8225376939
2.1060048906
1.9743514851
-1.7302543482
-1.0432150484
-2.4737914909
-2.2352864230
-1.8747015857
-2.5302275258
-2.4764754830
-1.2833344613
-0.0163511362
0.6108274839
-0.8301104494
0.5664346810
2.6772848712
2.5244621876
3.7368992170
1.7937927094
2.0899799331
1.9304241734
-1.8835198629

373

H
H
H
C
H
H
H
C
H
H
H
C
H
H
C
H
H
C
H
H
H
C
H
H
H
C
H
H
H
C
Cl
Cl

0.9773770265
0.7011298865
1.7346188217
-2.0239451060
-2.8887461738
-2.1670285267
-1.8590287753
-0.8755995901
-0.0452596430
-0.9505028578
-1.8182867021
1.4400139592
1.7542427765
1.5593404020
2.3155862914
2.1923414752
3.3600548017
2.3649978487
1.5321781223
3.1637882509
2.0296232457
3.3711768633
3.6980589646
4.1762959502
2.4891730370
4.5755234488
4.4258788827
5.2170452126
5.0593594274
0.0583611538
-1.9176649330
-4.6394089299

-2.2519090696
-4.0108488865
-3.3546315502
-2.6669992979
-2.5926334511
-3.4899543228
-1.7388709934
-4.6713464147
-4.9579819169
-5.3825486337
-4.6518234371
-0.0561036390
-1.0947058425
0.2071537005
0.8373536918
1.8923066451
0.5716335881
2.5703640065
2.2546212247
2.9763083812
3.3331121307
-0.1485060650
-1.0421497563
0.2048601770
-0.3706011771
1.6660964461
2.4847557244
2.0112394020
0.8263523592
0.0815020514
6.4492273466
-3.8519293880

-2.4545376747
-2.5696948852
-1.2673126001
-1.8407279601
-1.1714708648
-2.5481813072
-2.3866195262
-0.1147062302
0.5353432339
-0.9424005935
0.4438760441
2.7216592955
2.5913737783
3.7824344396
1.8544746243
2.1300313721
2.0470719911
-1.6647311995
-2.2933280971
-2.2929397762
-0.9570175469
-1.9417438972
-1.4046000067
-2.5936185788
-2.5421318644
-0.0448528111
0.6633204558
-0.8602477421
0.4599510396
-1.8453893160
1.5806472780
1.4836066185

1.5 Å further from molybdenum (Å):
Mo
P
P
P
O
N
N

0.0475992992
-2.3899825118
-0.5964012979
2.9883941212
0.0660711568
-1.4445282947
-0.3616010113

0.0470551941
2.0900851762
-3.0288156086
1.1464026384
0.1135968831
1.3707680487
-1.9014144557

0.0226867458
-0.7561486466
-0.8115761756
-0.7489439333
-3.0528924511
0.3955605410
0.3705332576

374

N
N
C
H
H
C
H
H
C
H
H
H
C
H
H
H
C
H
H
H
C
H
H
C
H
H
C
H
H
H
C
H
H
H
C
H
H
H
C
H
H
C

1.9598581264
0.0262521629
-0.6075449241
0.1365059077
-0.9119299976
-1.7984152765
-2.6716535047
-2.0436973441
-1.4572637113
-1.0896485125
-2.1198444200
-0.6354812368
-3.1328314887
-2.3728208181
-3.8921923339
-3.6026272164
-3.7622007567
-4.3628286727
-4.3828692805
-3.3609149144
-0.7733349674
-1.8270984605
-0.6299655063
-0.4342251800
0.5177505470
-1.2364982940
0.8504010674
0.9773770265
0.7011298865
1.7346188216
-2.0239451057
-2.8887461740
-2.1670285268
-1.8590287753
-0.8755995899
-0.0452596430
-0.9505028578
-1.8182867023
1.4400139593
1.7542427765
1.5593404019
2.3155862919

0.6334099510
0.0365118000
1.3104291210
2.1024350456
1.2819819279
1.6296349538
1.0291189480
2.6863912701
3.2796959779
4.0502542788
3.7334553684
2.7715705177
0.8854466521
0.4615433075
1.3941245413
0.0951719335
2.9975918680
2.3340038169
3.3841247706
3.8363525002
-1.1517399067
-0.9067984029
-1.4073000379
-2.3397932591
-2.7997829133
-3.0709610962
-3.1713991423
-2.2519090696
-4.0108488865
-3.3546315503
-2.6669992978
-2.5926334515
-3.4899543227
-1.7388709934
-4.6713464147
-4.9579819168
-5.3825486338
-4.6518234373
-0.0561036391
-1.0947058423
0.2071537008
0.8373536896

0.4232806798
2.3014149621
2.7082424586
2.5922223497
3.7639908356
1.8225376941
2.1060048906
1.9743514843
-1.7302543484
-1.0432150483
-2.4737914910
-2.2352864232
-1.8747015859
-2.5302275258
-2.4764754829
-1.2833344613
-0.0163511361
0.6108274839
-0.8301104494
0.5664346805
2.6772848711
2.5244621875
3.7368992169
1.7937927096
2.0899799330
1.9304241730
-1.8835198630
-2.4545376748
-2.5696948853
-1.2673126002
-1.8407279601
-1.1714708651
-2.5481813072
-2.3866195261
-0.1147062301
0.5353432339
-0.9424005935
0.4438760437
2.7216592955
2.5913737786
3.7824344398
1.8544746246

375

H
H
C
H
H
H
C
H
H
H
C
H
H
H
C
Cl
Cl

2.1923414751
3.3600548017
2.3649978487
1.5321781222
3.1637882509
2.0296232456
3.3711768638
3.6980589645
4.1762959502
2.4891730369
4.5755234482
4.4258788828
5.2170452125
5.0593594276
0.0573055037
-2.0625541818
-5.0160572900

1.8923066453
0.5716335884
2.5703640056
2.2546212249
2.9763083813
3.3331121308
-0.1485060658
-1.0421497563
0.2048601771
-0.3706011769
1.6660964476
2.4847557240
2.0112394018
0.8263523590
0.0813800583
6.9212279476
-4.1652521066

2.1300313722
2.0470719913
-1.6647312004
-2.2933280967
-2.2929397758
-0.9570175467
-1.9417438963
-1.4046000068
-2.5936185788
-2.5421318644
-0.0448528109
0.6633204560
-0.8602477421
0.4599510397
-1.8456374592
1.6955080329
1.6010062546

2.0 Å further from molybdenum (Å):
Mo
P
P
P
O
N
N
N
N
C
H
H
C
H
H
C
H
H
H
C
H
H

0.0475992992
-2.3899825104
-0.5964012976
2.9883941212
0.0644231775
-1.4445282946
-0.3616010114
1.9598581265
0.0262521629
-0.6075449241
0.1365059079
-0.9119299974
-1.7984152777
-2.6716535044
-2.0436973443
-1.4572637113
-1.0896485127
-2.1198444200
-0.6354812369
-3.1328314886
-2.3728208182
-3.8921923341

0.0470551957
2.0900851777
-3.0288156088
1.1464026380
0.1133948060
1.3707680480
-1.9014144553
0.6334099519
0.0365118001
1.3104291209
2.1024350456
1.2819819282
1.6296349520
1.0291189481
2.6863912705
3.2796959779
4.0502542791
3.7334553683
2.7715705176
0.8854466522
0.4615433074
1.3941245413

0.0226867438
-0.7561486466
-0.8115761755
-0.7489439340
-3.0527638768
0.3955605431
0.3705332594
0.4232806785
2.3014149620
2.7082424586
2.5922223496
3.7639908356
1.8225376942
2.1060048906
1.9743514837
-1.7302543483
-1.0432150484
-2.4737914911
-2.2352864233
-1.8747015860
-2.5302275258
-2.4764754829

376

H
C
H
H
H
C
H
H
C
H
H
C
H
H
H
C
H
H
H
C
H
H
H
C
H
H
C
H
H
C
H
H
H
C
H
H
H
C
H
H
H
C

-3.6026272165
-3.7622007569
-4.3628286728
-4.3828692806
-3.3609149140
-0.7733349675
-1.8270984605
-0.6299655063
-0.4342251803
0.5177505469
-1.2364982941
0.8504010675
0.9773770265
0.7011298865
1.7346188216
-2.0239451057
-2.8887461740
-2.1670285269
-1.8590287753
-0.8755995899
-0.0452596430
-0.9505028578
-1.8182867024
1.4400139594
1.7542427766
1.5593404018
2.3155862923
2.1923414751
3.3600548017
2.3649978487
1.5321781222
3.1637882509
2.0296232455
3.3711768642
3.6980589644
4.1762959501
2.4891730368
4.5755234478
4.4258788829
5.2170452124
5.0593594278
0.0567082940

0.0951719334
2.9975918681
2.3340038168
3.3841247704
3.8363525007
-1.1517399067
-0.9067984030
-1.4073000379
-2.3397932592
-2.7997829134
-3.0709610961
-3.1713991424
-2.2519090696
-4.0108488865
-3.3546315503
-2.6669992979
-2.5926334516
-3.4899543227
-1.7388709934
-4.6713464149
-4.9579819169
-5.3825486338
-4.6518234369
-0.0561036392
-1.0947058422
0.2071537010
0.8373536879
1.8923066455
0.5716335886
2.5703640050
2.2546212249
2.9763083813
3.3331121310
-0.1485060664
-1.0421497563
0.2048601772
-0.3706011768
1.6660964487
2.4847557238
2.0112394017
0.8263523588
0.0813542269

-1.2833344613
-0.0163511359
0.6108274839
-0.8301104494
0.5664346801
2.6772848711
2.5244621875
3.7368992169
1.7937927094
2.0899799329
1.9304241732
-1.8835198631
-2.4545376748
-2.5696948854
-1.2673126002
-1.8407279602
-1.1714708649
-2.5481813073
-2.3866195262
-0.1147062301
0.5353432338
-0.9424005935
0.4438760436
2.7216592955
2.5913737788
3.7824344398
1.8544746249
2.1300313722
2.0470719913
-1.6647312011
-2.2933280964
-2.2929397755
-0.9570175464
-1.9417438955
-1.4046000069
-2.5936185788
-2.5421318645
-0.0448528108
0.6633204561
-0.8602477420
0.4599510397
-1.8457507077

377

Cl
Cl

-2.2049249651
-5.3853680633

7.3850242475
-4.4724708986

1.8083722761
1.7161188024

5.4.10 Varying Mo–Cl distance in [Me3P3tren-MoII(CO)][Cl]+
Cl–O distance = 3.5 Å:
Mo
P
P
P
O
N
N
N
N
C
H
H
C
H
H
C
H
H
H
C
H
H
H
C
H
H
H
C
H
H
C
H
H
C
H

-0.0000001206
-2.4448148984
-0.6517207231
2.9334135964
-0.0153667618
-1.4885978797
-0.4058815429
1.9159149604
0.0000000316
-0.6299859493
0.1129282757
-0.9244673147
-1.8291077818
-2.6996393067
-2.0729798733
-1.5212876941
-1.1472694916
-2.1908142486
-0.7042611556
-3.1980831774
-2.4442373091
-3.9630588508
-3.6623015465
-3.8100625173
-4.4047746138
-4.4383350743
-3.4033532244
-0.7960053728
-1.8511594673
-0.6427106855
-0.4651608156
0.4895576665
-1.2661029670
0.7849799254
0.9065813633

0.0000000962
2.0394575393
-3.0796837222
1.0957023167
0.0599519221
1.3254561925
-1.9468306013
0.5881599936
-0.0000000043
1.2757996490
2.0672442008
1.2522439177
1.5909300670
0.9917508960
2.6483827613
3.2245286075
3.9982493619
3.6748574320
2.7140541780
0.8296729132
0.4027247674
1.3355776291
0.0421528649
2.9504070506
2.2897408311
3.3331843042
3.7918463315
-1.1864826446
-0.9422279893
-1.4371407222
-2.3786182174
-2.8372532371
-3.1091287059
-3.2272565872
-2.3104209823

0.0000000004
-0.7654111836
-0.8139538280
-0.8042226715
-3.0688993614
0.3807065935
0.3606755452
0.3799461280
2.2788525874
2.6857010411
2.5590530613
3.7443747339
1.8097232343
2.1041333829
1.9589372164
-1.7537048321
-1.0737117485
-2.4930940508
-2.2640564817
-1.8713710371
-2.5320193504
-2.4683522421
-1.2719790746
-0.0169984939
0.6188424381
-0.8266876254
0.5581158411
2.6676896914
2.5236132306
3.7270855831
1.7865658330
2.0759474529
1.9340879572
-1.8987322343
-2.4751624701

378

H
H
C
H
H
H
C
H
H
H
C
H
H
C
H
H
C
H
H
H
C
H
H
H
C
H
H
H
C
Cl

0.6293057316
1.6749351565
-2.0888502085
-2.9473456990
-2.2385365995
-1.9290748796
-0.9243431448
-0.0879441061
-1.0069811538
-1.8617568239
1.4176384019
1.7306554991
1.5468907211
2.2850295540
2.1643486334
3.3312622113
2.3014353186
1.4627705858
3.0942971288
1.9726884025
3.3050341999
3.6369529964
4.1040038546
2.4174497405
4.5270577618
4.3840357867
5.1609056521
5.0156193999
-0.0093939757
0.0000000021

-4.0698687761
-3.4076552257
-2.7226018620
-2.6451216726
-3.5488180963
-1.7970126978
-4.7189667629
-5.0026096578
-5.4339891718
-4.6968392141
-0.0907007516
-1.1299014551
0.1774589585
0.7987160196
1.8549351106
0.5338670520
2.5154245027
2.1967949172
2.9184407806
3.2814461006
-0.2047199057
-1.0958759116
0.1456091757
-0.4295712449
1.6186131899
2.4405435595
1.9599661659
0.7812032922
0.0292604327
-0.0000000041

-2.5795877005
-1.2899937714
-1.8313509323
-1.1543733974
-2.5336178248
-2.3830516410
-0.1069071637
0.5366547758
-0.9305642274
0.4603849100
2.6862590822
2.5578423496
3.7446405455
1.8067861267
2.0786014680
1.9908183201
-1.7207084855
-2.3400087953
-2.3582435729
-1.0134207663
-1.9945522177
-1.4563651762
-2.6555681751
-2.5856177206
-0.1174418764
0.5883068974
-0.9403985943
0.3866872981
-1.8743362966
-6.5771710656

-0.0000000609
2.0394574277
-3.0796837048
1.0957020889
0.0524356933
1.3254563339
-1.9468306017
0.5881602949
0.0000000221

0.0000000199
-0.7654111748
-0.8139538318
-0.8042227196
-3.0730957424
0.3807065840
0.3606755256
0.3799461499
2.2788525732

Cl–O distance = 4.0 Å:
Mo
P
P
P
O
N
N
N
N

-0.0000003473
-2.4448150009
-0.6517208366
2.9334137382
-0.0153876547
-1.4885977166
-0.4058813927
1.9159149091
0.0000000779

379

C
H
H
C
H
H
C
H
H
H
C
H
H
H
C
H
H
H
C
H
H
C
H
H
C
H
H
H
C
H
H
H
C
H
H
H
C
H
H
C
H
H

-0.6299859895
0.1129282799
-0.9244673111
-1.8291077588
-2.6996393162
-2.0729798959
-1.5212876808
-1.1472694919
-2.1908142488
-0.7042611582
-3.1980831488
-2.4442373104
-3.9630588538
-3.6623015521
-3.8100625019
-4.4047746167
-4.4383350755
-3.4033532264
-0.7960054226
-1.8511594655
-0.6427106736
-0.4651607541
0.4895576439
-1.2661029948
0.7849799511
0.9065813597
0.6293057282
1.6749351544
-2.0888501816
-2.9473457018
-2.2385366016
-1.9290748832
-0.9243431261
-0.0879441094
-1.0069811557
-1.8617568269
1.4176384039
1.7306555004
1.5468907183
2.2850295793
2.1643486295
3.3312622119

1.2757995963
2.0672442023
1.2522439325
1.5909301040
0.9917508776
2.6483827430
3.2245286365
3.9982493587
3.6748574273
2.7140541752
0.8296729361
0.4027247614
1.3355776273
0.0421528646
2.9504070717
2.2897408275
3.3331843019
3.7918463278
-1.1864826412
-0.9422279913
-1.4371407189
-2.3786182277
-2.8372532390
-3.1091286953
-3.2272566004
-2.3104209819
-4.0698687730
-3.4076552229
-2.7226018610
-2.6451216746
-3.5488180966
-1.7970126955
-4.7189667669
-5.0026096571
-5.4339891712
-4.6968392136
-0.0907007686
-1.1299014517
0.1774589629
0.7987159266
1.8549351152
0.5338670606

2.6857010564
2.5590530601
3.7443747348
1.8097232113
2.1041333890
1.9589372241
-1.7537048173
-1.0737117508
-2.4930940534
-2.2640564856
-1.8713710536
-2.5320193455
-2.4683522404
-1.2719790721
-0.0169984948
0.6188424344
-0.8266876254
0.5581158450
2.6676896850
2.5236132337
3.7270855824
1.7865658438
2.0759474524
1.9340879534
-1.8987322196
-2.4751624735
-2.5795877030
-1.2899937735
-1.8313509415
-1.1543733961
-2.5336178243
-2.3830516375
-0.1069071611
0.5366547782
-0.9305642277
0.4603849067
2.6862590768
2.5578423498
3.7446405463
1.8067861495
2.0786014604
1.9908183153

380

C
H
H
H
C
H
H
H
C
H
H
H
C
Cl

2.3014353122
1.4627705890
3.0942971274
1.9726883977
3.3050341888
3.6369529963
4.1040038535
2.4174497393
4.5270577249
4.3840357881
5.1609056534
5.0156194083
-0.0091318017
0.0000000038

2.5154245390
2.1967949138
2.9184407745
3.2814460963
-0.2047198828
-1.0958759121
0.1456091756
-0.4295712487
1.6186132673
2.4405435472
1.9599661615
0.7812032836
0.0261128940
-0.0000000009

-1.7207084446
-2.3400088052
-2.3582435787
-1.0134207703
-1.9945522191
-1.4563651759
-2.6555681756
-2.5856177208
-0.1174418557
0.5883069035
-0.9403985961
0.3866872836
-1.8741695981
-7.0771710691

0.0000000232
2.0394574758
-3.0796837098
1.0957022226
0.0559494597
1.3254562702
-1.9468306074
0.5881601291
0.0000000091
1.2757996174
2.0672442020
1.2522439265
1.5909300877
0.9917508859
2.6483827512
3.2245286244
3.9982493600
3.6748574291
2.7140541764
0.8296729266
0.4027247638
1.3355776281
0.0421528646
2.9504070631
2.2897408290

0.0000000044
-0.7654111798
-0.8139538293
-0.8042226936
-3.0744740034
0.3807065888
0.3606755380
0.3799461387
2.2788525806
2.6857010509
2.5590530606
3.7443747343
1.8097232192
2.1041333869
1.9589372212
-1.7537048228
-1.0737117499
-2.4930940526
-2.2640564841
-1.8713710464
-2.5320193475
-2.4683522411
-1.2719790732
-0.0169984940
0.6188424359

Cl–O distance = 4.5 Å:
Mo
P
P
P
O
N
N
N
N
C
H
H
C
H
H
C
H
H
H
C
H
H
H
C
H

-0.0000002642
-2.4448149582
-0.6517207976
2.9334136676
-0.0192035628
-1.4885977825
-0.4058814439
1.9159149445
0.0000000616
-0.6299859735
0.1129282783
-0.9244673123
-1.8291077708
-2.6996393117
-2.0729798856
-1.5212876867
-1.1472694917
-2.1908142486
-0.7042611570
-3.1980831611
-2.4442373098
-3.9630588524
-3.6623015498
-3.8100625083
-4.4047746155

381

H
H
C
H
H
C
H
H
C
H
H
H
C
H
H
H
C
H
H
H
C
H
H
C
H
H
C
H
H
H
C
H
H
H
C
H
H
H
C
Cl

-4.4383350750
-3.4033532256
-0.7960054072
-1.8511594658
-0.6427106772
-0.4651607759
0.4895576520
-1.2661029850
0.7849799423
0.9065813608
0.6293057294
1.6749351551
-2.0888501909
-2.9473457008
-2.2385366011
-1.9290748819
-0.9243431326
-0.0879441083
-1.0069811550
-1.8617568258
1.4176384002
1.7306554997
1.5468907208
2.2850295698
2.1643486300
3.3312622108
2.3014353150
1.4627705878
3.0942971276
1.9726884000
3.3050341938
3.6369529969
4.1040038545
2.4174497399
4.5270577454
4.3840357875
5.1609056523
5.0156194029
-0.0104724433
0.0000000034

3.3331843027
3.7918463293
-1.1864826422
-0.9422279906
-1.4371407201
-2.3786182231
-2.8372532383
-3.1091286991
-3.2272565957
-2.3104209821
-4.0698687742
-3.4076552237
-2.7226018608
-2.6451216740
-3.5488180967
-1.7970126965
-4.7189667653
-5.0026096573
-5.4339891716
-4.6968392138
-0.0907007550
-1.1299014535
0.1774589597
0.7987159626
1.8549351158
0.5338670606
2.5154245221
2.1967949151
2.9184407761
3.2814460973
-0.2047198944
-1.0958759123
0.1456091753
-0.4295712477
1.6186132179
2.4405435561
1.9599661655
0.7812032894
0.0274520763
-0.0000000030

-0.8266876254
0.5581158432
2.6676896865
2.5236132323
3.7270855826
1.7865658421
2.0759474519
1.9340879540
-1.8987322248
-2.4751624726
-2.5795877021
-1.2899937727
-1.8313509393
-1.1543733964
-2.5336178242
-2.3830516386
-0.1069071625
0.5366547774
-0.9305642276
0.4603849079
2.6862590794
2.5578423494
3.7446405462
1.8067861386
2.0786014638
1.9908183179
-1.7207084591
-2.3400088026
-2.3582435782
-1.0134207692
-1.9945522210
-1.4563651757
-2.6555681742
-2.5856177194
-0.1174418653
0.5883068988
-0.9403985952
0.3866872919
-1.8725061751
-7.5771710696

382

Cl–O distance = 5.0 Å:
Mo
P
P
P
O
N
N
N
N
C
H
H
C
H
H
C
H
H
H
C
H
H
H
C
H
H
H
C
H
H
C
H
H
C
H
H
H
C
H
H
H

0.0000000183
-2.4448148926
-0.6517206223
2.9334138769
-0.0271602942
-1.4885979003
-0.4058817021
1.9159146520
0.0000000015
-0.6299859441
0.1129282751
-0.9244673148
-1.8291077744
-2.6996393084
-2.0729798750
-1.5212876937
-1.1472694913
-2.1908142488
-0.7042611562
-3.1980831764
-2.4442373094
-3.9630588520
-3.6623015463
-3.8100625168
-4.4047746138
-4.4383350747
-3.4033532244
-0.7960053272
-1.8511594717
-0.6427106994
-0.4651607910
0.4895576698
-1.2661029623
0.7849799067
0.9065813666
0.6293057332
1.6749351579
-2.0888502287
-2.9473456970
-2.2385365967
-1.9290748768

-0.0000000510
2.0394575368
-3.0796837456
1.0957015138
0.0539866738
1.3254561989
-1.9468305643
0.5881607800
0.0000000029
1.2757996470
2.0672442012
1.2522439183
1.5909300680
0.9917508955
2.6483827607
3.2245286086
3.9982493616
3.6748574327
2.7140541779
0.8296729154
0.4027247674
1.3355776286
0.0421528644
2.9504070529
2.2897408308
3.3331843037
3.7918463311
-1.1864826577
-0.9422279860
-1.4371407216
-2.3786182251
-2.8372532366
-3.1091287069
-3.2272565787
-2.3104209818
-4.0698687772
-3.4076552286
-2.7226018617
-2.6451216713
-3.5488180954
-1.7970126989

-0.0000000102
-0.7654111809
-0.8139538306
-0.8042227442
-3.0748420459
0.3807066239
0.3606755134
0.3799461847
2.2788525877
2.6857010401
2.5590530617
3.7443747344
1.8097232376
2.1041333812
1.9589372156
-1.7537048348
-1.0737117481
-2.4930940499
-2.2640564815
-1.8713710401
-2.5320193501
-2.4683522410
-1.2719790742
-0.0169984968
0.6188424386
-0.8266876250
0.5581158418
2.6676897014
2.5236132277
3.7270855831
1.7865658205
2.0759474571
1.9340879597
-1.8987322424
-2.4751624669
-2.5795876994
-1.2899937701
-1.8313509197
-1.1543733993
-2.5336178272
-2.3830516447
383

C
H
H
H
C
H
H
C
H
H
C
H
H
H
C
H
H
H
C
H
H
H
C
Cl

-0.9243431653
-0.0879441025
-1.0069811520
-1.8617568207
1.4176384195
1.7306555023
1.5468907088
2.2850296442
2.1643486211
3.3312622141
2.3014353068
1.4627705916
3.0942971292
1.9726883947
3.3050340836
3.6369530014
4.1040038853
2.4174497802
4.5270576635
4.3840357897
5.1609056585
5.0156194242
-0.0134756175
-0.0000000071

-4.7189667583
-5.0026096591
-5.4339891721
-4.6968392144
-0.0907007947
-1.1299014475
0.1774589770
0.7987158212
1.8549351100
0.5338670644
2.5154245803
2.1967949120
2.9184407782
3.2814460993
-0.2047195937
-1.0958759334
0.1456091236
-0.4295714144
1.6186134730
2.4405435125
1.9599661464
0.7812032627
0.0271562072
0.0000000202

-0.1069071613
0.5366547725
-0.9305642277
0.4603849121
2.6862590714
2.5578423560
3.7446405445
1.8067861366
2.0786014630
1.9908183199
-1.7207084466
-2.3400087991
-2.3582435703
-1.0134207689
-1.9945522643
-1.4563651617
-2.6555681669
-2.5856177255
-0.1174418545
0.5883069276
-0.9403985957
0.3866872623
-1.8719283731
-8.0771710649

-0.0000000035
2.0394575256
-3.0796837447
1.0957015871
0.0535392450
1.3254561819
-1.9468305695
0.5881606944
-0.0000000004
1.2757996519
2.0672442010
1.2522439166
1.5909300714
0.9917508964
2.6483827613

-0.0000000065
-0.7654111909
-0.8139538302
-0.8042227357
-3.0748925678
0.3807066203
0.3606755142
0.3799461778
2.2788525877
2.6857010391
2.5590530618
3.7443747343
1.8097232388
2.1041333807
1.9589372156

Cl–O distance = 5.5 Å:
Mo
P
P
P
O
N
N
N
N
C
H
H
C
H
H

0.0000000222
-2.4448149167
-0.6517206223
2.9334138428
-0.0274036414
-1.4885979068
-0.4058817039
1.9159146816
0.0000000005
-0.6299859383
0.1129282743
-0.9244673157
-1.8291077724
-2.6996393085
-2.0729798739

384

C
H
H
H
C
H
H
H
C
H
H
H
C
H
H
C
H
H
C
H
H
H
C
H
H
H
C
H
H
H
C
H
H
C
H
H
C
H
H
H
C
H

-1.5212876950
-1.1472694909
-2.1908142487
-0.7042611556
-3.1980829738
-2.4442374703
-3.9630588928
-3.6623015483
-3.8100625163
-4.4047746120
-4.4383350755
-3.4033532246
-0.7960053308
-1.8511594714
-0.6427106990
-0.4651607911
0.4895576698
-1.2661029623
0.7849799068
0.9065813666
0.6293057332
1.6749351579
-2.0888502286
-2.9473456970
-2.2385365968
-1.9290748768
-0.9243431652
-0.0879441025
-1.0069811520
-1.8617568207
1.4176384182
1.7306555018
1.5468907099
2.2850296375
2.1643486215
3.3312622137
2.3014353085
1.4627705911
3.0942971292
1.9726883954
3.3050341034
3.6369530002

3.2245286067
3.9982493622
3.6748574327
2.7140541782
0.8296731989
0.4027245239
1.3355775813
0.0421528423
2.9504070516
2.2897408318
3.3331843021
3.7918463334
-1.1864826550
-0.9422279863
-1.4371407218
-2.3786182244
-2.8372532367
-3.1091287069
-3.2272565787
-2.3104209819
-4.0698687773
-3.4076552286
-2.7226018616
-2.6451216713
-3.5488180955
-1.7970126990
-4.7189667584
-5.0026096590
-5.4339891721
-4.6968392144
-0.0907007933
-1.1299014479
0.1774589761
0.7987158384
1.8549351104
0.5338670642
2.5154245738
2.1967949124
2.9184407785
3.2814460994
-0.2047196345
-1.0958759291

-1.7537048361
-1.0737117480
-2.4930940495
-2.2640564811
-1.8713710213
-2.5320193873
-2.4683522346
-1.2719790599
-0.0169984952
0.6188424405
-0.8266876252
0.5581158395
2.6676897016
2.5236132274
3.7270855831
1.7865658212
2.0759474569
1.9340879595
-1.8987322427
-2.4751624669
-2.5795876993
-1.2899937700
-1.8313509200
-1.1543733992
-2.5336178271
-2.3830516447
-0.1069071616
0.5366547726
-0.9305642277
0.4603849122
2.6862590722
2.5578423555
3.7446405445
1.8067861351
2.0786014638
1.9908183201
-1.7207084506
-2.3400087986
-2.3582435705
-1.0134207686
-1.9945522569
-1.4563651647

385

H
H
C
H
H
H
C
Cl

4.1040038779
2.4174497756
4.5270576722
4.3840357892
5.1609056579
5.0156194224
-0.0135040626
0.0000000159

0.1456091347
-0.4295713903
1.6186134516
2.4405435157
1.9599661482
0.7812032649
0.0269526814
0.0000000440

-2.6555681692
-2.5856177263
-0.1174418572
0.5883069257
-0.9403985954
0.3866872651
-1.8714277954
-8.5771710528

-0.0000000594
2.0394574311
-3.0796837047
1.0957021172
0.0553383621
1.3254563201
-1.9468305974
0.5881602650
0.0000000210
1.2757995995
2.0672442013
1.2522439303
1.5909301228
0.9917508736
2.6483827392
3.2245286370
3.9982493588
3.6748574274
2.7140541753
0.8296729369
0.4027247613
1.3355776271
0.0421528643
2.9504070701
2.2897408277
3.3331843020
3.7918463282
-1.1864826423
-0.9422279909
-1.4371407179
-2.3786182315

0.0000000084
-0.7654111766
-0.8139538350
-0.8042227156
-3.0749304493
0.3807065874
0.3606755332
0.3799461493
2.2788525774
2.6857010531
2.5590530612
3.7443747350
1.8097232102
2.1041333887
1.9589372252
-1.7537048182
-1.0737117506
-2.4930940529
-2.2640564849
-1.8713710544
-2.5320193455
-2.4683522401
-1.2719790720
-0.0169984945
0.6188424346
-0.8266876254
0.5581158447
2.6676896862
2.5236132340
3.7270855826
1.7865658402

Cl–O distance = 6.0 Å:
Mo
P
P
P
O
N
N
N
N
C
H
H
C
H
H
C
H
H
H
C
H
H
H
C
H
H
H
C
H
H
C

-0.0000003638
-2.4448149963
-0.6517208333
2.9334137278
-0.0234717554
-1.4885977235
-0.4058814019
1.9159149295
0.0000000710
-0.6299859842
0.1129282786
-0.9244673139
-1.8291077431
-2.6996393187
-2.0729799011
-1.5212876816
-1.1472694918
-2.1908142487
-0.7042611582
-3.1980831486
-2.4442373103
-3.9630588539
-3.6623015521
-3.8100625036
-4.4047746163
-4.4383350753
-3.4033532263
-0.7960054176
-1.8511594671
-0.6427106763
-0.4651607332

386

H
H
C
H
H
H
C
H
H
H
C
H
H
H
C
H
H
C
H
H
C
H
H
H
C
H
H
H
C
H
H
H
C
Cl

0.4895576394
-1.2661030000
0.7849799514
0.9065813593
0.6293057283
1.6749351545
-2.0888501815
-2.9473457017
-2.2385366015
-1.9290748830
-0.9243431281
-0.0879441092
-1.0069811554
-1.8617568265
1.4176384065
1.7306554999
1.5468907183
2.2850295739
2.1643486298
3.3312622115
2.3014353155
1.4627705878
3.0942971270
1.9726883972
3.3050341938
3.6369529951
4.1040038523
2.4174497375
4.5270577299
4.3840357877
5.1609056528
5.0156194071
-0.0118086247
0.0000000052

-2.8372532392
-3.1091286933
-3.2272566012
-2.3104209811
-4.0698687730
-3.4076552230
-2.7226018615
-2.6451216742
-3.5488180964
-1.7970126955
-4.7189667671
-5.0026096572
-5.4339891711
-4.6968392135
-0.0907007695
-1.1299014517
0.1774589624
0.7987159402
1.8549351143
0.5338670583
2.5154245362
2.1967949143
2.9184407746
3.2814460964
-0.2047198866
-1.0958759122
0.1456091762
-0.4295712475
1.6186132598
2.4405435479
1.9599661615
0.7812032844
0.0271287878
-0.0000000018

2.0759474535
1.9340879534
-1.8987322191
-2.4751624754
-2.5795877027
-1.2899937734
-1.8313509401
-1.1543733962
-2.5336178246
-2.3830516380
-0.1069071612
0.5366547783
-0.9305642276
0.4603849070
2.6862590753
2.5578423487
3.7446405462
1.8067861528
2.0786014597
1.9908183141
-1.7207084475
-2.3400088043
-2.3582435785
-1.0134207700
-1.9945522123
-1.4563651764
-2.6555681771
-2.5856177262
-0.1174418574
0.5883069028
-0.9403985959
0.3866872849
-1.8710705062
-9.0771710649

-0.0000000912
2.0394574185
-3.0796837038
1.0957020738
0.0551498356

0.0000000103
-0.7654111755
-0.8139538376
-0.8042227234
-3.0749997477

Cl–O distance = 6.5 Å:
Mo
P
P
P
O

-0.0000003882
-2.4448150064
-0.6517208401
2.9334137487
-0.0240619352

387

N
N
N
N
C
H
H
C
H
H
C
H
H
H
C
H
H
H
C
H
H
H
C
H
H
C
H
H
C
H
H
H
C
H
H
H
C
H
H
H
C
H

-1.4885977092
-0.4058813955
1.9159149209
0.0000000725
-0.6299859863
0.1129282784
-0.9244673148
-1.8291077324
-2.6996393211
-2.0729799064
-1.5212876799
-1.1472694919
-2.1908142489
-0.7042611586
-3.1980831454
-2.4442373105
-3.9630588542
-3.6623015525
-3.8100625024
-4.4047746166
-4.4383350754
-3.4033532266
-0.7960054188
-1.8511594677
-0.6427106765
-0.4651607207
0.4895576360
-1.2661030039
0.7849799529
0.9065813592
0.6293057281
1.6749351546
-2.0888501796
-2.9473457018
-2.2385366015
-1.9290748832
-0.9243431274
-0.0879441093
-1.0069811555
-1.8617568266
1.4176384088
1.7306555000

1.3254563343
-1.9468305915
0.5881603180
0.0000000244
1.2757995954
2.0672442008
1.2522439309
1.5909301355
0.9917508693
2.6483827351
3.2245286405
3.9982493586
3.6748574271
2.7140541750
0.8296729395
0.4027247608
1.3355776270
0.0421528643
2.9504070717
2.2897408274
3.3331843019
3.7918463280
-1.1864826423
-0.9422279910
-1.4371407173
-2.3786182343
-2.8372532395
-3.1091286918
-3.2272566023
-2.3104209812
-4.0698687728
-3.4076552229
-2.7226018620
-2.6451216741
-3.5488180963
-1.7970126952
-4.7189667677
-5.0026096572
-5.4339891709
-4.6968392134
-0.0907007745
-1.1299014513

0.3807065873
0.3606755318
0.3799461534
2.2788525765
2.6857010531
2.5590530613
3.7443747352
1.8097232085
2.1041333890
1.9589372263
-1.7537048175
-1.0737117507
-2.4930940528
-2.2640564850
-1.8713710558
-2.5320193451
-2.4683522401
-1.2719790718
-0.0169984948
0.6188424343
-0.8266876254
0.5581158452
2.6676896863
2.5236132347
3.7270855827
1.7865658381
2.0759474543
1.9340879536
-1.8987322188
-2.4751624748
-2.5795877025
-1.2899937734
-1.8313509397
-1.1543733963
-2.5336178248
-2.3830516380
-0.1069071608
0.5366547785
-0.9305642276
0.4603849069
2.6862590743
2.5578423485

388

H
C
H
H
C
H
H
H
C
H
H
H
C
H
H
H
C
Cl

1.5468907173
2.2850295747
2.1643486301
3.3312622120
2.3014353158
1.4627705876
3.0942971270
1.9726883963
3.3050341937
3.6369529943
4.1040038515
2.4174497371
4.5270577240
4.3840357877
5.1609056531
5.0156194089
-0.0119866992
0.0000000053

0.1774589629
0.7987159360
1.8549351127
0.5338670560
2.5154245405
2.1967949142
2.9184407746
3.2814460966
-0.2047198831
-1.0958759120
0.1456091765
-0.4295712475
1.6186132778
2.4405435442
1.9599661594
0.7812032821
0.0270416055
-0.0000000008

3.7446405461
1.8067861570
2.0786014585
1.9908183128
-1.7207084458
-2.3400088039
-2.3582435776
-1.0134207699
-1.9945522096
-1.4563651767
-2.6555681783
-2.5856177278
-0.1174418547
0.5883069047
-0.9403985961
0.3866872822
-1.8708489822
-9.5771710668

5.4.11 Varying Mo–Cl distances in [Me6tren-MoII(CO)][Cl]2
Average Mo–Cl distance = 5.07 Å:
Mo
O
C
N
N
N
N
C
H
H
C
H
H
C
H
H
C
H

0.0000000002
0.0137148402
0.0061718671
0.7522095807
-2.0915238452
1.3366040838
0.0000000000
0.2295591465
-0.7321043113
0.6246752632
1.1924165389
2.1894880132
1.2861308177
-1.3311331017
-1.2963578352
-1.5535783505
-2.4178243482
-2.5372073630

-0.0000000004
-0.0094259349
-0.0032050378
-1.9809858057
0.3389641604
1.6451306262
-0.0000000003
-1.4048144399
-1.9199949533
-1.4340620480
-2.1028065220
-1.6615330938
-3.1624389816
0.5039278459
1.5942919800
0.1782583537
0.0193619767
-1.0644011342

-0.0000000087
-3.0838439413
-1.8998016784
0.3719540635
0.3725319593
0.3717972971
2.3083763798
2.7514224611
2.7687407326
3.7735376582
1.8112316102
1.8717278430
2.0700544962
2.7517180968
2.7664135907
3.7744744286
1.8119331582
1.8736048294

389

H
C
H
H
C
H
H
C
C
C
C
C
C
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
Cl
Cl

-3.3813806221
1.1032161229
2.0299236653
0.9359625550
1.2239791733
0.3438883063
2.0955900478
-3.0026870929
-2.2888518357
1.1134728790
2.6989570384
-0.4066287430
1.8835175483
1.5391048674
2.2279854606
2.7085466986
-0.7345372034
-1.2214265853
-0.0925275131
-2.8276869457
-4.0412426293
-2.8126232017
-1.9886787623
-1.7121287803
-3.3476543275
1.2760044364
1.8158605310
0.0960934008
2.7362716944
2.9362473854
3.4405593400
-1.5254912382
-3.5571373808

0.4705354723
0.9002808660
0.3246540167
1.2537081048
2.0853674978
2.7288313730
2.6954440432
-0.4387474772
1.7947416392
2.8246959146
1.0958957881
-2.8840693366
-2.3781818608
-2.3802326527
-3.3787609721
-1.6752813348
-2.7418521859
-2.6804878656
-3.9240763184
-0.1416260826
-0.2307290571
-1.5055360132
2.0089029420
2.3955027234
2.0443541424
2.5264760880
3.6186764931
3.1949549154
0.7373574956
0.2917794174
1.8907465934
5.0122011542
-2.9626735214

2.0700128972
2.7497843027
2.7595589839
3.7738830099
1.8120614609
1.8764784141
2.0703026218
-0.5225954376
0.0956726137
-0.5200956966
0.0909141614
0.0946380855
-0.5217157279
-1.5547705756
-0.2396632987
-0.4065296578
-0.9367464782
0.7896826387
0.2278608212
-1.5555388519
-0.2440934390
-0.4054786912
-0.9318778831
0.7989665138
0.2163105820
-1.5547652531
-0.2450155677
-0.3947829524
-0.9395108468
0.7876738186
0.2181509438
1.2095125426
1.1591518260

Average Mo–Cl distance = 5.57 Å:
Mo
O
C
N
N
N

0.0000000001
0.0122183670
0.0055925211
0.7522095808
-2.0915238455
1.3366040841

-0.0000000005
-0.0077508032
-0.0025710303
-1.9809858054
0.3389641602
1.6451306260

-0.0000000090
-3.0845681840
-1.9020014036
0.3719540642
0.3725319577
0.3717972965

390

N
C
H
H
C
H
H
C
H
H
C
H
H
C
H
H
C
H
H
C
C
C
C
C
C
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H

0.0000000000
0.2295591465
-0.7321043113
0.6246752632
1.1924165390
2.1894880130
1.2861308176
-1.3311331018
-1.2963578352
-1.5535783505
-2.4178243483
-2.5372073630
-3.3813806219
1.1032161229
2.0299236652
0.9359625549
1.2239791739
0.3438883061
2.0955900475
-3.0026870928
-2.2888518354
1.1134728785
2.6989570384
-0.4066287432
1.8835175484
1.5391048674
2.2279854605
2.7085466986
-0.7345372034
-1.2214265852
-0.0925275130
-2.8276869455
-4.0412426292
-2.8126232018
-1.9886787623
-1.7121287803
-3.3476543274
1.2760044367
1.8158605314
0.0960934007
2.7362716943
2.9362473855

-0.0000000002
-1.4048144398
-1.9199949533
-1.4340620481
-2.1028065220
-1.6615330938
-3.1624389817
0.5039278461
1.5942919799
0.1782583537
0.0193619763
-1.0644011340
0.4705354726
0.9002808660
0.3246540167
1.2537081049
2.0853674977
2.7288313732
2.6954440434
-0.4387474767
1.7947416393
2.8246959152
1.0958957881
-2.8840693365
-2.3781818608
-2.3802326526
-3.3787609722
-1.6752813348
-2.7418521860
-2.6804878657
-3.9240763184
-0.1416260828
-0.2307290577
-1.5055360132
2.0089029418
2.3955027234
2.0443541425
2.5264760881
3.6186764929
3.1949549146
0.7373574954
0.2917794176

2.3083763795
2.7514224610
2.7687407327
3.7735376583
1.8112316102
1.8717278429
2.0700544963
2.7517180968
2.7664135909
3.7744744287
1.8119331579
1.8736048302
2.0700128974
2.7497843026
2.7595589837
3.7738830098
1.8120614617
1.8764784143
2.0703026215
-0.5225954383
0.0956726139
-0.5200956962
0.0909141616
0.0946380854
-0.5217157278
-1.5547705757
-0.2396632988
-0.4065296578
-0.9367464785
0.7896826388
0.2278608209
-1.5555388515
-0.2440934384
-0.4054786906
-0.9318778829
0.7989665137
0.2163105821
-1.5547652537
-0.2450155678
-0.3947829516
-0.9395108468
0.7876738187
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H
Cl
Cl

3.4405593400
-1.6686130299
-3.9247535752

1.8907465934
5.4824465323
-3.2688542050

0.2181509436
1.3229891706
1.2789456178

Average Mo–Cl distance = 6.07 Å:
Mo
O
C
N
N
N
N
C
H
H
C
H
H
C
H
H
C
H
H
C
H
H
C
H
H
C
C
C
C
C
C
H
H
H
H
H

0.0000000000
0.0112373083
0.0050576583
0.7522095805
-2.0915238455
1.3366040842
0.0000000001
0.2295591466
-0.7321043113
0.6246752632
1.1924165384
2.1894880132
1.2861308179
-1.3311331019
-1.2963578352
-1.5535783504
-2.4178243485
-2.5372073625
-3.3813806220
1.1032161230
2.0299236652
0.9359625549
1.2239791738
0.3438883061
2.0955900476
-3.0026870920
-2.2888518353
1.1134728787
2.6989570384
-0.4066287428
1.8835175489
1.5391048674
2.2279854604
2.7085466984
-0.7345372035
-1.2214265855

-0.0000000004
-0.0069172072
-0.0022466698
-1.9809858058
0.3389641601
1.6451306263
-0.0000000002
-1.4048144398
-1.9199949533
-1.4340620481
-2.1028065222
-1.6615330938
-3.1624389816
0.5039278461
1.5942919798
0.1782583537
0.0193619760
-1.0644011341
0.4705354727
0.9002808660
0.3246540167
1.2537081049
2.0853674978
2.7288313732
2.6954440433
-0.4387474759
1.7947416394
2.8246959151
1.0958957880
-2.8840693378
-2.3781818604
-2.3802326527
-3.3787609722
-1.6752813348
-2.7418521857
-2.6804878647

-0.0000000071
-3.0851376022
-1.9036795604
0.3719540639
0.3725319583
0.3717972946
2.3083763794
2.7514224610
2.7687407326
3.7735376583
1.8112316103
1.8717278428
2.0700544963
2.7517180969
2.7664135909
3.7744744287
1.8119331582
1.8736048290
2.0700128974
2.7497843026
2.7595589838
3.7738830098
1.8120614617
1.8764784143
2.0703026216
-0.5225954380
0.0956726141
-0.5200956962
0.0909141618
0.0946380856
-0.5217157274
-1.5547705758
-0.2396632989
-0.4065296579
-0.9367464784
0.7896826384
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H
H
H
H
H
H
H
H
H
H
H
H
H
Cl
Cl

-0.0925275129
-2.8276869456
-4.0412426293
-2.8126232024
-1.9886787625
-1.7121287803
-3.3476543275
1.2760044367
1.8158605311
0.0960934007
2.7362716942
2.9362473855
3.4405593400
-1.8112860738
-4.3025154781

-3.9240763183
-0.1416260829
-0.2307290577
-1.5055360134
2.0089029418
2.3955027234
2.0443541425
2.5264760880
3.6186764931
3.1949549148
0.7373574955
0.2917794175
1.8907465933
5.9512175059
-3.5834850610

0.2278608210
-1.5555388515
-0.2440934387
-0.4054786916
-0.9318778830
0.7989665136
0.2163105821
-1.5547652536
-0.2450155675
-0.3947829515
-0.9395108467
0.7876738187
0.2181509437
1.4361100011
1.4020455621

Average Mo–Cl distance = 6.57 Å:
Mo
O
C
N
N
N
N
C
H
H
C
H
H
C
H
H
C
H
H
C
H
H
C
H

-0.0000000001
0.0079304626
0.0039820400
0.7522095809
-2.0915238463
1.3366040846
0.0000000003
0.2295591463
-0.7321043114
0.6246752631
1.1924165389
2.1894880136
1.2861308184
-1.3311331019
-1.2963578353
-1.5535783505
-2.4178243487
-2.5372073623
-3.3813806218
1.1032161230
2.0299236653
0.9359625545
1.2239791747
0.3438883067

-0.0000000004
-0.0039525103
-0.0013111262
-1.9809858046
0.3389641594
1.6451306265
-0.0000000003
-1.4048144395
-1.9199949531
-1.4340620484
-2.1028065222
-1.6615330940
-3.1624389814
0.5039278463
1.5942919803
0.1782583539
0.0193619740
-1.0644011336
0.4705354730
0.9002808659
0.3246540171
1.2537081049
2.0853674969
2.7288313721

-0.0000000078
-3.0864958483
-1.9056156471
0.3719540654
0.3725319558
0.3717972924
2.3083763791
2.7514224609
2.7687407326
3.7735376582
1.8112316113
1.8717278426
2.0700544958
2.7517180966
2.7664135913
3.7744744293
1.8119331559
1.8736048299
2.0700128981
2.7497843026
2.7595589840
3.7738830096
1.8120614632
1.8764784141

393

H
C
C
C
C
C
C
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
Cl
Cl

2.0955900482
-3.0026870935
-2.2888518351
1.1134728778
2.6989570384
-0.4066287428
1.8835175490
1.5391048673
2.2279854602
2.7085466979
-0.7345372034
-1.2214265855
-0.0925275134
-2.8276869453
-4.0412426288
-2.8126232017
-1.9886787626
-1.7121287798
-3.3476543274
1.2760044363
1.8158605307
0.0960934005
2.7362716943
2.9362473854
3.4405593399
-1.9520279653
-4.6717063456

2.6954440430
-0.4387474748
1.7947416397
2.8246959150
1.0958957879
-2.8840693366
-2.3781818604
-2.3802326532
-3.3787609726
-1.6752813345
-2.7418521854
-2.6804878661
-3.9240763186
-0.1416260831
-0.2307290576
-1.5055360131
2.0089029415
2.3955027230
2.0443541423
2.5264760878
3.6186764937
3.1949549153
0.7373574958
0.2917794174
1.8907465934
6.4136434082
-3.8909772633

2.0703026216
-0.5225954402
0.0956726140
-0.5200956948
0.0909141616
0.0946380857
-0.5217157266
-1.5547705763
-0.2396632993
-0.4065296584
-0.9367464782
0.7896826390
0.2278608216
-1.5555388509
-0.2440934381
-0.4054786910
-0.9318778830
0.7989665135
0.2163105824
-1.5547652531
-0.2450155674
-0.3947829516
-0.9395108466
0.7876738188
0.2181509438
1.5476996838
1.5223524870

Average Mo–Cl distance = 7.07 Å:
Mo
O
C
N
N
N
N
C
H
H
C
H

-0.0000000001
0.0055162375
0.0028598092
0.7522095809
-2.0915238462
1.3366040842
0.0000000004
0.2295591462
-0.7321043114
0.6246752634
1.1924165384
2.1894880138

-0.0000000003
-0.0028183815
-0.0010132534
-1.9809858047
0.3389641591
1.6451306273
-0.0000000004
-1.4048144393
-1.9199949533
-1.4340620481
-2.1028065226
-1.6615330939

-0.0000000047
-3.0866954364
-1.9063747440
0.3719540636
0.3725319575
0.3717972898
2.3083763796
2.7514224609
2.7687407324
3.7735376579
1.8112316117
1.8717278425
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H
C
H
H
C
H
H
C
H
H
C
H
H
C
C
C
C
C
C
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
Cl
Cl

1.2861308183
-1.3311331019
-1.2963578352
-1.5535783505
-2.4178243489
-2.5372073623
-3.3813806222
1.1032161227
2.0299236655
0.9359625547
1.2239791741
0.3438883070
2.0955900484
-3.0026870939
-2.2888518351
1.1134728785
2.6989570384
-0.4066287425
1.8835175496
1.5391048672
2.2279854602
2.7085466979
-0.7345372034
-1.2214265856
-0.0925275138
-2.8276869451
-4.0412426290
-2.8126232017
-1.9886787627
-1.7121287793
-3.3476543273
1.2760044363
1.8158605303
0.0960934003
2.7362716943
2.9362473853
3.4405593400
-2.0939106145
-5.0440472350

-3.1624389815
0.5039278463
1.5942919808
0.1782583540
0.0193619733
-1.0644011334
0.4705354724
0.9002808658
0.3246540170
1.2537081047
2.0853674976
2.7288313718
2.6954440425
-0.4387474748
1.7947416400
2.8246959142
1.0958957877
-2.8840693364
-2.3781818601
-2.3802326536
-3.3787609723
-1.6752813346
-2.7418521857
-2.6804878662
-3.9240763185
-0.1416260832
-0.2307290575
-1.5055360133
2.0089029420
2.3955027234
2.0443541421
2.5264760881
3.6186764939
3.1949549155
0.7373574959
0.2917794172
1.8907465934
6.8798174170
-4.2010930612

2.0700544956
2.7517180965
2.7664135911
3.7744744291
1.8119331554
1.8736048296
2.0700128981
2.7497843026
2.7595589840
3.7738830099
1.8120614630
1.8764784142
2.0703026220
-0.5225954405
0.0956726144
-0.5200956958
0.0909141620
0.0946380846
-0.5217157262
-1.5547705761
-0.2396632994
-0.4065296583
-0.9367464780
0.7896826396
0.2278608223
-1.5555388513
-0.2440934381
-0.4054786910
-0.9318778831
0.7989665133
0.2163105823
-1.5547652525
-0.2450155672
-0.3947829511
-0.9395108466
0.7876738186
0.2181509439
1.6601938361
1.6436858991
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Average Mo–Cl distance = 7.57 Å:
Mo
O
C
N
N
N
N
C
H
H
C
H
H
C
H
H
C
H
H
C
H
H
C
H
H
C
C
C
C
C
C
H
H
H
H
H
H
H
H
H
H

-0.0000000001
0.0050250161
0.0025999918
0.7522095808
-2.0915238462
1.3366040841
0.0000000004
0.2295591462
-0.7321043112
0.6246752634
1.1924165381
2.1894880138
1.2861308183
-1.3311331019
-1.2963578352
-1.5535783505
-2.4178243488
-2.5372073622
-3.3813806221
1.1032161227
2.0299236655
0.9359625547
1.2239791738
0.3438883070
2.0955900484
-3.0026870940
-2.2888518350
1.1134728787
2.6989570384
-0.4066287424
1.8835175497
1.5391048672
2.2279854602
2.7085466979
-0.7345372034
-1.2214265855
-0.0925275137
-2.8276869451
-4.0412426290
-2.8126232018
-1.9886787626

-0.0000000003
-0.0026847608
-0.0009996738
-1.9809858048
0.3389641591
1.6451306275
-0.0000000004
-1.4048144394
-1.9199949531
-1.4340620481
-2.1028065227
-1.6615330939
-3.1624389815
0.5039278462
1.5942919808
0.1782583540
0.0193619735
-1.0644011333
0.4705354726
0.9002808658
0.3246540170
1.2537081047
2.0853674979
2.7288313718
2.6954440425
-0.4387474750
1.7947416401
2.8246959140
1.0958957876
-2.8840693365
-2.3781818600
-2.3802326536
-3.3787609723
-1.6752813346
-2.7418521857
-2.6804878661
-3.9240763184
-0.1416260831
-0.2307290577
-1.5055360134
2.0089029421

-0.0000000040
-3.0866462785
-1.9065003115
0.3719540630
0.3725319580
0.3717972894
2.3083763796
2.7514224609
2.7687407325
3.7735376579
1.8112316117
1.8717278425
2.0700544956
2.7517180964
2.7664135911
3.7744744290
1.8119331554
1.8736048297
2.0700128981
2.7497843026
2.7595589840
3.7738830099
1.8120614628
1.8764784142
2.0703026220
-0.5225954404
0.0956726144
-0.5200956961
0.0909141621
0.0946380843
-0.5217157261
-1.5547705761
-0.2396632994
-0.4065296583
-0.9367464780
0.7896826396
0.2278608223
-1.5555388514
-0.2440934380
-0.4054786909
-0.9318778831
396

H
H
H
H
H
H
H
H
Cl
Cl

-1.7121287794
-3.3476543272
1.2760044363
1.8158605306
0.0960934004
2.7362716942
2.9362473853
3.4405593400
-2.2358474781
-5.4216587774

2.3955027234
2.0443541423
2.5264760881
3.6186764937
3.1949549154
0.7373574959
0.2917794172
1.8907465934
7.3461695696
-4.5155986871

0.7989665132
0.2163105823
-1.5547652525
-0.2450155672
-0.3947829511
-0.9395108466
0.7876738187
0.2181509440
1.7727309738
1.7667368458
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