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1. Insights into the Structure and Reactivity of Cu(III)-OH
Complexes Through Ligand Design
1.1. Introduction
Copper metalloenzymes capable of binding and acitivating dioxygen (O2) for the
oxidation of organic substrates have been of interest to researchers for a number of
years.1 Synthetic bioinorganic chemists have sought to understand the structure and
properties of copper-oxygen intermediates through the development of model
complexes.2,3 To date, several well-defined copper complexes featuring reduced oxygen
species have been prepared and characterized, primarily through reaction of Cu(I)
complexes with O2 (Figure 1.1).4 Combined insights from studies of enzymatic processes
and copper-oxygen model complexes have greatly contributed to the understanding of the
mechanisms of reactions catalyzed by Cu and involving O2 that take place within these
enzymes.
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Figure 1.1. Copper-oxygen intermediate motifs established through synthetic models
Along the pathway of O2 activation in biological systems, O2 has been shown to
bind to metal sites in different coordination motifs and oxidation states. Upon activation,
the O-O bond of O2 is often fully cleaved to form high-valent metal-oxo or hydroxo
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species ([MO(H)]n+).5,6,7 Model complexes that contain [MO(H)]n+ units have been
established for the first transition series including, but not limited to M = Mn,8,9,10,11
Fe,12,13 Co,14,15,16,17 and Ni.18,19 However, calculated overall free energies are not
favorable and activation energies are prohibitively high for the formation of [CuO]+
species via homolytic O-O bond cleavage of CuO2 adducts, such as copper(II)hydroperoxos (Cu(II)-OOH).7 The electronic structures of Cu(II)-OOH synthetic and
enzyme active site models feature stronger O-O and weaker M-O bonding than other first
transition series MO2 adducts, as Cu lacks the available d orbitals for multiple M-O
bonding. Reactive [CuO]+ species have been observed in the gas phase,20 proposed to be
highly reactive by theory,21,22 and invoked as intermediates in synthetic mechanisms.23
However, no examples of discrete complexes with this unit have been characterized,
making them exciting targets for synthesis, particularly in view of their possible
involvement in oxidation catalysis.
My thesis work and recent synthetic efforts in the Tolman laboratory have
targeted the preparation and study of copper(III)-hydroxides ([CuOH]2+) which may be
envisioned as protonated versions of [CuO]+ species. The strategy used has been to
perform the one-electron oxidation of copper(II)-hydroxides ([CuOH]+). This approach
circumvents the unfavorable O-O bond cleavage step that would be necessitated starting
from reactions with O2. This chapter will focus on the establishment of our interest in
mononuclear [CuOH]2+ species as potential reactive intermediates in oxidation reactions,
and the factors that govern Cu(III)-OH reactivity which have inspired my thesis work.
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1.2. Mono-Cu Active Sites and Cu-O(H) Complexes
1.2.1. Bio-Inspiration: Polysaccharide Monooxygenase (PMO) Enzymes
In utilizing a copper active site and O2, copper metalloenzymes such as
polysaccharide monooxygenases (PMOs) are able to catalyze challenging oxidative
reactions. For example, PMO enzymes enhance the oxidative degradation of biomass
sources including chitin and cellulose.24 Cellulose is of great interest as a primary
feedstock for sustainable commodities and biofuels, as it is the world’s most abundant
biopolymer with an estimated annual production of over 80 x 1012 kg.25 However,
cellulose and other biopolymers are comprised of recalcitrant polysaccharide units that
are resistant to mechanical and chemical degradation. As the effective degradation of
biomass sources is a major research objective, understanding how PMO enzymes disrupt
the structures of polysaccharides is of great interest. Seminal examples in which PMO
enzymes were shown to cleave glycosidic bonds via oxygenase-type mechanisms in
chitin-26 and cellulose-active27 PMOs were reported in 2010 and 2011 (Figure 1.2).
H 2O

PMO, O2 + 2e- + 2H+
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Figure 1.2. Representative scheme for the cleavage of glycosidic bonds in chitin to
an oxidized product by PMO enzymes. Adapted from Ref [26]
Since 2010, three families of PMO enzymes have been established and termed
‘auxiliary activity’ AA9, AA10, and AA11 enzymes.28,29 Variants of each AA-PMO
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enzyme have been characterized by X-ray crystallography.24,29 The active site in each of
the AA-PMOs contains a single Cu atom coordinated in a ‘histidine brace’ near the center
of an extended flat face of the enzyme. For example, Hemsworth et al. reported the
structure of Cu-BaCBM33 (PDB: 2yox), an AA10 PMO in 2013.30 As seen in the full
representation of Cu-BaCBM33 (Figure 1.3, left), the copper active site (cyan sphere)
resides near the surface of the enzyme. The conserved active site location is proposed to
allow for docking of biomass polymers through interaction with various residues.
Histidine brace copper active sites are also conserved throughout AA-PMO structures
(Figure 1.3, right), which feature N,N,N-T-shape coordination through the N-terminal
histidine residue and an additional histidine residue.

Figure 1.3. Representation of the X-ray structure of Cu-BaCBM33 with the Cu atom
shown in cyan (PDB: 2yox, left). Active site electron density map contoured at 1σ for
Cu-BaCBM33 (PDB: 2yox, right). Adapted from Ref [30]
While histidine brace copper active sites are conserved throughout AA-PMOs,
variation of residues in close proximity to their active sites has been observed (Figure
1.4). Noteworthy variations include the substitution of a neighboring tyrosine with a
4

phenylalanine residue in AA10-PMOs, a conserved alanine residue observed in AA10
and AA11 PMOs, and variable N-methylation of the N-terminal histidine of AA9-PMOs.
The tyrosine residues of AA9 and A11-PMOs are located slightly below the N,N,N’-Cu
plane with observed Cu-O axial interactions outside of the range for a formal copper
oxygen bond, between ~2.8 - 3.2 Å.24,29 While the phenylalanine residues of AA10PMOs are non-coordinating, these hydrophobic bulky residues are thought to contribute
to regulating O2 binding to the coordination site opposite of the N-amino terminus. The
neighboring alanine residue of AA10 and AA11-PMOs, which is not observed in AA9PMOs, is also proposed to regulate active site reactivity by ‘overhanging’ the copper
active site. While certain AA9-PMO structures have featured N-methylated N-terminal
histidines, N-methylation has not been observed in the histidine brace of any AA10 or
AA11-PMO structures. Currently the role of the methyl group and the reason for its
absence or presence is still under investigation.24

Figure 1.4. Comparison of AA9 (left), AA10 (center), and AA11 (right)-PMO active
sites. Adapted from Ref [29]

Mechanistic insights into the reactivity of PMOs with O2 have been reported
through X-ray crystal structures of putative oxygenated intermediates, solution state
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measurements, and computational models.31 For example, an X-ray structure for the
AA9-PMO enzyme, N. crassa PMO-2 (PDB: 4EIR), has been reported by Li et al.
depicting a diatomic molecule assigned as an O2n- species located in close proximity to
the active site (Figure 1.5).31a The diatomic molecule exhibits an O-O bond distance of
1.16 Å and is located ~ 3 Å from the copper ion. Although the observed O-O bond length
is lower than expected for dioxygen or superoxide (1.2 - 1.3 Å) the model is assigned as
weakly coordinated copper(II)-η1-superoxide species. While assignment of the PMO-2
structure as a Cu(II)-η1-O2- can be debated, it is important to note that the structure was
obtained in the absence of substrate. Without substrate present, O2 molecules can
reversibly bind and dissociate from PMO active sites on the enzyme surface.

Figure 1.5. Representation of the active site in X-ray structure of N. crassa PMO-2
(PDB: 4EIR). Atom color by element: carbon (green), nitrogen (blue), oxygen (red),
copper (orange), hydrogen (white)
A recent study of O2 reactivity for AA9-PMOs in the absence of substrate by
Kjaergaard et al. supports a mechanism of rapid one-electron reduction of O2 followed by
superoxide release, through spectroscopic and computational methods.31b Stopped-flow
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absorption and EPR spectroscopy measurements support a rapid inner-sphere oneelectron reduction of O2 by the Cu(I) state of the enzyme, with a rate constant of >0.15
s-1. Computational models also indicate that the formation of a four-coordinate tetragonal
Cu(II)-η1-O2- is thermodynamically favorable (ΔE° = -14.7 kcal/mol, ΔG° = -2.6
kcal/mol). The ability of AA9-PMOs to overcome the thermodynamically difficult oneelectron reduction of O2, at a single copper center, is attributed to the three-coordinate Tshaped geometry of the Cu(I) active site. The histidine brace coordination featured in
AA9-PMOs fosters an open coordination site in the potential square-plane of the copper
ion, which allows for O2 binding with minimal reorganization energy. The T-shaped
geometry also allows for excellent σ-overlap between the histidine brace residues and the
Cu dx2-y2 orbital. As a result the energy of the filled antibonding dx2-y2 orbital is raised,
allowing for favorable overlap with the π*-LUMOs of O2. Together, the kinetic studies
and optimized active site structures for O2 activation in solution provide key mechanistic
evidence for the coordination geometries of the reduced and O2-bound states of AA9PMOs.
Although study of the reaction mechanisms catalyzed by PMOs is still in the early
stages, PMOs are not believed to react with biomass substrates through random attack of
released oxygen species. Instead, PMOs are proposed to bind and subsequently cleave
glycosidic bonds of biomass polymers using copper-oxygen intermediates.26,27a,32
Proposed reaction mechanisms for PMOs are highly similar to those of non-coupled
binuclear copper enzymes such as peptidylglycine α-hydroxylating monooxygenase
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(PHM) and dopamine β-monooxygenase (DβM) (Figure 1.6).33 The mechanism begins
via reduction of the PMO-Cu(II) resting state by a heme cofactor in cellobiose
dehydrogenase (CDH). The PMO-Cu(I) active site then binds and reduces O2, forming a
copper(II)-superoxide. The proposed Cu(II)-O2- intermediate then abstracts a hydrogen
atom from either the (1) or (4) position of the biopolymer substrate. Subsequently, upon
protonation, the resulting copper(II)-hydroperoxide is proposed to undergo homolytic OO bond cleavage. The resulting [CuO]+ intermediate then couples to the substrate radical,
after which the substrate is released to reform the PMO-Cu(II) resting state. The
implication of CuO2 and [CuO]+ species in the oxidative mechanisms of reactions
catalyzed by PMOs heightens the interest in developing model complexes of these types.

Figure 1.6. Proposed mechanism of PMO activity towards cellulose. Adapted from
Ref [27a]
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1.2.2. Proposed Reactivity and Synthetic Pursuit of [CuO]+ Species
Although a [CuO]+ species is not proposed to be the active oxidant in PMO
enzymes, the reactivity of [CuO]+ species with hydrocarbons has been supported by
observations in the gas phase20 and theoretical calculations.21 For example, a comparative
study of the reaction of bare first-row transition metal oxide ions ([MO]+) with methane,
MO+ + CH4  M+ + CH3OH, determined the most favorable reaction energies to be for
M = Cu. The calculated energy diagram for reaction of a triplet [CuO]+ species with
methane was found to be energetically favorable toward production of methanol (ΔEcalc =
-50.0 kcal/mol, Figure 1.7).21a

Figure 1.7. Potential energy diagram of low-spin and high-spin states for the reaction
pathway of CuO+ + CH4  M+ + CH3OH. Reproduced from Ref [21a]
Ten years after the theoretical work was reported, Dietl et al. demonstrated that
gaseous bare [CuO]+ can efficiently activate methane under thermal conditions.20c
Employing laser desorption/ionization from
9

63

Cu targets in the presence of a He/N2O

plasma, [CuO]+, [Cu(OH)]+, and [Cu(OH2)]+ ions were produced and detected by FT-ICR
mass spectrometry. It was presumed that the reactive [CuO]+ species was generated by
oxo-transfer from N2O, which then abstracted a hydrogen atom from methane to form the
methyl radical and [Cu(OH)]+ in 40% yield.
Additional studies using mass spectrometry techniques have probed the reactivity
of ligated [CuO]+ species in the gas phase.20b,20d Two such examples include [(bipyR)CuO]+ and [(phen)CuO]+

(Figure 1.8), each of which were generated upon

electrospray ionization (ESI) of solutions containing Cu(NO3)2 and ligand, followed by
collision-induced dissociation (CID) of the resulting mass-selected [LCuNO3]+ ions.
While neither [LCuO]+ was reactive towards methane, [(phen)CuO]+ activated small
hydrocarbons such as propane and butane. Additionally, both [LCuO]+ ions underwent
ligand oxidation reactions through activation of the C-H bonds found in their respective
supporting ligands.

Figure 1.8. Selected examples of [CuO]+ generated through high energy collisions
that have been detected by mass spectrometry techniques
A [CuO]+ species was described in the literature to have two possible electronic
ground states, either an S = 1 copper(II)-oxyl radical or an S = 0 copper(III)-oxo.7,22 The
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former is formally a d9 copper(II) ion with an O(p)5 oxyl radical ligand, and the latter is a
d8 copper(III) ion with and O(p)6 oxo ligand. Computational studies examining the role of
[CuO]+ species in the active site of PHM found that the S = 1 copper(II)-oxyl radical state
is electronically favored by ~ 5 kcal/mol over a copper(III)-oxo form.34 The Cu-O bond
of the copper(II)-oxyl radical is proposed to be very weak, comprised of only a half σbond. The weak bonding interaction is contributed to the O(p)5 configuration of the oxyl
radial, in that a half-occupied oxygen p-orbital is assigned to be non-bonding. Therefore,
a Cu-O bond order of less than one has been proposed for copper(II)-oxyl radicals.
Support for the radical nature of copper(II)-oxyls has been shown through calculated spin
densities for the PHM active site model, which assigns significant unpaired electron spin
density on the oxygen atom.
The instability of the Cu-O bond calculated for copper(II)-oxyls has been
proposed to be a contributing factor impeding the synthetic preparation of a discrete
[CuO]+ species. However, copper model complexes have often proposed [CuO]+
intermediates to be responsible for observed C-H bond activation and O-atom transfer to
supporting ligands.23 Examples include reactions of Cu(I) and Cu(II) complexes with O2
or oxo-transfer agents such as iodosobenzene (PhIO) or trimethylamine N-oxide (TMAO)
(Figure 1.9). Despite years of study and the most current advances in ligand design, a
synthetic [CuO]+ species has not been prepared in solution regardless of the donor types,
ligand geometry, or steric environment employed.
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Figure 1.9. Reactions described in refs [23a,b,h] wherein [CuO]+ intermediates were
invoked.

1.2.3. Establishment of Cu(III)-OH Complexes as Potent Chemical Oxidants
The copper(III)-hydroxide moiety ([CuOH]2+) can be considered as a protonated
form of the [CuO]+ unit (Figure 1.10). Although [CuOH]2+ species are not commonly
proposed in established enzymatic mechanisms of O2 activation, consideration of
[CuOH]2+ species as stabilized [CuO]+ units presents an interesting synthetic opportunity
to investigate a new regime of copper-oxygen intermediates.
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Figure 1.10. Depiction for the relationship of [CuO]+ and [CuOH]2+ units
The

Py

LH2 ligand framework was selected for initial studies towards the

development of Cu(III)OH species, as these ligands incorporate several aspects utilized in
the mono copper active sites of PMOs (Figure 1.11). The histidine-brace of PMO active
sites and

Py

LH2 ligands both feature similar T-shaped N,N,N-coordination environments

with equivalent trans-donors and a unique central nitrogen. Additionally, the conserved
residues in close proximity of the Cu site in PMOs are akin to the flanking 2,6-substituted
aryl groups of

Py

LH2 in that both steric environments promote an open coordination site

trans to the central donor.

Figure 1.11. Comparison of AA10-PMO enzyme active sites and PyLH2 ligand
frameworks
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Copper-hydroxides ([PyLCuOH]n+, n = -1, 0; R = iPr) were first reported by
Donoghue et al. in 2011.35 The copper(III)-hydroxide species,

Py

LCu(III)OH, was

prepared at -80 °C by reacting [PyLCu(II)OH]- with one equivalent of ferrocenium
hexafluorophosphate (FcPF6) (Figure 1.12). Spectroscopic assignment through EPR,
EXAFS, and X-ray absorption spectroscopy (XAS) established

Py

LCu(III)OH as the first

example of a copper(III)-hydroxide complex. The complex was found to be EPR silent,
consistent with an S = 0 d8 Cu(III) configuration. Consistent with Cu(III) formulation,
contraction of Cu-N/O average bond distances by 0.09 Å in the EXAFS spectrum and a
~1.7 eV shift to higher energy in the Cu K-edge XAS spectrum relative to [PyLCu(II)OH]were observed.

Figure 1.12. Preparation of PyLCu(III)OH
Monitoring the chemical oxidation of [PyLCu(II)OH]- at -80 °C by UV-visible
spectroscopy revealed an intense feature at λmax (ε) = 540 nm (~12,400 M-1 cm-1) that was
assigned to be a ligand-to-metal charge transfer (LMCT).35 The decay of this prominent
feature was monitored in probing the reactivity of

Py

LCu(III)OH with dihydroathracene

(DHA). The complex was found to react rapidly with DHA at -80 °C, yielding anthracene
and the corresponding PyLCu(II)OH2 complex (Figure 1.13). An overall second-order rate
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law –d[PyLCu(III)OH]/dt = k[DHA][PyLCu(III)OH] was determined, with k = 1-24 M-1 s-1
from -80 to -30 °C. The second-order rate constant for reaction of

Py

LCu(III)OH with

DHA at -80 °C is significantly faster than most other nonheme manganese,10,11,36
iron,12d,37,38 and copper(III)39 species.

Figure 1.13. Reaction of PyLCu(III)OH with DHA

Further investigation into the reactivity of
by Tehranchi et al. in which

Py

LCu(III)OH species was conducted

Py 2-

L (R = Me) was employed.40 It was postulated that the

reduced steric environment of

Py 2-

L

(R = Me) would result in enhanced reactivity.

Suitable conditions for comparable chemical oxidation of [PyLCu(II)OH]- (R = Me, iPr)
complexes with FcPF6 were established, utilizing 1,2-difluorobenzene (1,2-DFB) at -25
°C. By UV-visible spectroscopy it was determined that both PyLCu(III)OH species could
be formed and displayed closely analogous features (Figure 1.14).
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Figure 1.14. UV-visible spectra of PyLCu(III)OH (R = iPr, black; R = Me, blue) at -25
°C in 1,2-DFB. Reproduced from Ref [40]
Under these conditions the rate of self-decay for PyLCu(III)OH (R =Me) was ~105
times faster than of the R = iPr analog. Despite the significant increase in self-decay,
however, the rate of reaction towards DHA was unperturbed. The comparable rates of
reactivity towards DHA for

Py

LCu(III)OH (R = Me, iPr) highlight the necessity of an

adequate steric environment to inhibit self-decay pathways and that reduced steric
environments do not increase the rate of reactivity towards substrates for

Py

LCu(III)OH

species.

1.3. Hydrogen Atom Abstraction by M-O(H) Complexes
1.3.1. Further Investigation of Cu(III)OH Reactivity
The rate of reactivity with DHA observed for

Py

LCu(III)OH (R = iPr) is

significantly higher than those observed for previously investigated copper-oxygen
species.2,3,4,23d,41,42 The reaction also exhibits a large kinetic isotope effect (kH/kD = 44 at
-70 °C) consistent with a rate-determining hydrogen atom abstraction (HAT)
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mechanism.35 HAT reactions represent a subclass of proton-coupled electron transfer
(PCET) reactions, in which the PCET event is concerted.43 As proton transfer (PT) and
electron transfer (ET) steps (Figure 1.15, the horizontal and vertical terms) occur in a
concerted manner in HAT mechanisms, through the transfer of H·, HAT is commonly
represented by the diagonal term of thermodynamic square schemes (Figure 1.15, left).
The thermochemical properties (pKa, E°, BDFE/BDE) that describe the respective PT and
ET equilibria of PCET/HAT mechanisms are boxed in Figure 1.15. The driving force for
a given reaction is influenced by the acidity/basicity and redox properties of the
oxidized/reduced forms of a reagent (X), all of which contribute to the bond dissociation
enthalpy or free energy of the X-H bond formed in the product complex (Figure 1.15).

Figure 1.15. Generic thermodynamic square scheme for concerted vs. stepwise
transfer of e- and H+ (left) and representative square scheme for the [LCuO(H)x]y states
related to the HAT reactivity of PyLCu(III)OH
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A square scheme relating the corresponding [LCuO(H)x]y states for the reaction of
Py

LCu(III)OH with DHA is shown in Figure 1.15 (right). The corresponding [LCuOHx]y

reactant and product states to consider are shown on the corners of the square. Of the four
potential states the only of which has not been observed experimentally is
[LCu(III)OH2]+. Starting from oxidation of [PyLCu(II)OH]- to PyLCu(III)OH, protonation
to yield [PyLCu(III)OH2]+ is not observed in the presence of DHA. Consistent with an
HAT mechanism, PyLCu(III)OH rapidly abstracts an equivalent of H· from DHA to yield
LCu(II)OH2 without observation of [LCu(III)OH2]+ on the currently available timescale.
The high rate of reactivity for

Py

LCu(III)OH with DHA, in comparison to

previously studied oxidants, is intriguing as [PyLCu(II)OH]- is a weak oxidant (E1/2 =
-0.074 V vs. Fc+/Fc in THF). Since the initial report by Donoghue et al., further
investigation into the thermodynamics of the observed HAT process has been conducted
by Dhar et al..44 Seeking mechanistic insights and further comparison to the properties of
other [MO(H)]n+ complexes, determination of the BDE for the O-H bond formed in
Py

LCu(II)OH2 was sought through the use of the square scheme in Figure 1.15.

Determination of the bond dissociation energy (BDFE or BDE) for a given system can be
considered a relationship between the thermodynamic parameters pKa and E° (Figure
1.15). As the energy change is independent of path, adjacent pKa and E° values can be
used to calculate bond dissociation enthalpy (BDE) or free energy (BDFE) using a square
scheme and Hess’ Law.43 Determination of the pKa for PyLCu(II)OH2 (pKa = 18.8 ± 1.8 in
THF) enabled a BDE of ~90 kcal/mol to be calculated.44 The BDE for the O-H bond of
18

Py

LCu(II)OH2 was calculated, opposed to the BDFE, as entropic effects were considered

to be negligible. Although this assumption is not always valid, the minor structural
differences between

Py

Py

LCu(III)OH and

LCu(II)OH2 likely result in a small

reorganization energy for the HAT pathway.

1.3.2. Research Goals: Ligand Design for Cu(III)OH
The rate (k) of HAT processes for species including, but not limited to [MO(H)]+
(M = Mn,10,11,45 Fe,12d,13,38,46 Ru47),5,8,48 metal-hydrides,49 metal complexes with reactive
ligand frameworks,37,39,50 and organic radical systems51 have been shown to correlate to
X-H bond dissociation energies (BDFE/BDE). As HAT processes are driven by hydrogen
atom acceptors that exhibit a high affinity for electrons and protons, higher rates are
observed upon formation of stronger X-H product bonds. This correlation allows for
comparison of HAT processes for a wide range of reagents. Although the rate of HAT for
Py

LCu(III)OH towards DHA is higher than several established systems of [MO(H)]n+

species, reported examples of Cu(III)OH complexes are exclusively supported by

Py 2-

L

ligands.35,40
In the projects proposed herein, we sought to prepare Cu(III)OH complexes with
alternative supporting ligands from

Py 2-

L . Ligands were designed to impact the Cu(II/III)

redox potential and the basicity of the coordinated hydroxide ligand, as these factors (E°,
pKa) have been shown to influence the kinetic and thermodynamic properties
(BDFE/BDE) of HAT processes. In the case of PyLCu(III)OH, the low oxidation potential
19

(E1/2 = -0.074 V vs. Fc+/Fc in THF) suggests the strongly donating amido donors of the
N,N,N’-PyL2- ligand framework are able to readily stabilize the resultant square-planar
Cu(III) geometry. At the same time, the pKa of

Py

LCu(II)OH2 (pKa = 18.8 in THF)

indicates that [PyLCu(II)OH]- acts as a strong base in solution, comparable to DBU and
iminophosphorane bases in THF.52 To effect changes in these properties, novel ligands
were designed to influence the Cu coordination geometry while retaining adventitious
features from

Py 2-

L ligands. The work described herein is aimed at addressing how these

properties influence Cu(III)OH reactivity, as observation of equivalent, improved, or
diminished reactivity would place the properties PyLCu(III)OH in perspective.
Chapter 2 reports the synthesis of arylcarboxamido(arylimino)pyridine ligands,
R

L(H), with variable aryl substitution.

environments to

Py

R

L(H) ligands feature analogous steric

LH2, but upon deprotonation they would be monoanionic due to the

asymmetric N,N’,N’’-carboxamido-imine substitution. Therefore a Cu(II)OH unit
supported by RL- would be neutral, as opposed to anionic [PyLCu(II)OH]-. We propose
that RL- ligands should support Cu(II) complexes with Cu(II/III) oxidation potentials
greater than the -0.074 V vs. Fc+/Fc value observed for [PyLCu(II)OH]- (Figure 1.16). At
the same time [RLCu(III)OH]+ should be a stronger oxidant, but feature a less basic
hydroxide ligand, as the Cu(III) center would be less stabilized by RL-.
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Figure 1.16. Proposed RL(H), RLCu(II)OH, and [RLCu(III)OH]+ species
Chapter

3

reports

the

continued

investigation

of

R

L(H)

arylcarboxamide(arylimino)pyridine ligands towards supporting Cu(III)-OH species.
Alternative to the synthetic strategies employed in Chapter 2, RL(H) ligands are used as
neutral O,N,N’-RL(H) ligands. A variety of RL(H)MX2 complexes are prepared and used
as synthetic precursors towards N,N’,N’’-[RLCu(III)OH]+ species through linkage
isomerism.
Chapter 4 explores the effect of replacing the pyridine donor in
piperidine or N-methyl-piperidine in

Pip

Py 2-

L with either

L(R’)H2 ligands. As a counterpoint to RL(H)

ligands employed in Chapters 2 and 3, PipL(R’)2- ligands were proposed to support Cu(II)
complexes with Cu(II/III) oxidation potentials lower than [PyLCu(II)OH]- (Figure 1.17).
While retaining a highly similar coordination environment, the increased basicity of
piperidine (pKa ~ 11) vs. pyridine (pKa ~ 5) was proposed to increase the electron
donating character of PipL(R’)2- ligands. Although [PipL(R’)Cu(II)OH]- would be a milder
oxidant than [PyLCu(II)OH]- the hydroxide ligand of

[PipL(R’)Cu(II)OH]- would be

expected to be even more basic than that of [PyLCu(II)OH]-.
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Figure 1.17. Proposed PipL(R')H2, [PipL(R')Cu(II)OH]-, and PipL(R')Cu(III)OH species
The appendices following the main body of this thesis detail my involvement in
several co-authored works involving my analysis of various compounds through
resonance Raman and X-ray crystallography. As the motivation for these projects vary
from the presented works in the body of the thesis, a brief introduction to each is
provided.
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2. Synthesis and Characterization of N,N’,N’’-Cu(II) Complexes
Supported by Arylcarboxamido(arylimino)pyridine Ligands.
In part from:
David W. Boyce, Debra J. Salmon, William B. Tolman. “Linkage Isomerism in
Transition-Metal Complexes of Mixed (Arylcarboxamido)(arylimino)pyridine Ligands”
Inorg. Chem., 2014, 53, 5788-5796.

2.1. Overview
A large-scale synthesis for a series of arylcarboxamido(arylimino)pyridine ligands,
R

L(H), with variable aryl substitution is presented. Utilized as monoanionic, tridentate

N,N’,N’’-pincer ligands the novel coordination chemistry of these ligands towards Cu(II)
was explored. Various RLCu(II)X (X = Cl-, NO3-, OAc-) complexes were prepared and
characterized through X-ray crystallography, UV-visible and EPR spectroscopy, ESI-MS,
and cyclic voltammetry. RLCuX complexes were designed to raise the Cu(II)/Cu(III)
oxidation potential in comparison to the widely studied analogous Cu(II) complexes
supported by bis(arylcarboxamido)pyridine ligands,

Py 2-

L . The oxidative features

observed in cyclic voltammetry experiments exhibited shifts of ~ +0.5 V in comparison
to analogous [PyLCu(II)X]- complexes. RLCuOH complexes were targeted synthetically
through the use of RLCu(II)X (X = Cl-, NO3-, OAc-) complexes as synthetic precursors.
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2.2. Introduction
Bis(arylcarboxamido)53 and bis(arylimino)-pyridines54 (Figure 2.1,

Py

LH2 and L’)

are well established tridentate, meridional binding, N,N,N’-pincer ligands that have been
used to support a wide variety of transition metal complexes. Because substitution of the
flanking aryl groups is facile, variable steric environments may be designed to support a
wide range of complexes.
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NH

HN
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R
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R

N
N

N
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R'

R

iPrMeL(H)

O
N
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N
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N
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N
NH

N
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R

N

O
Ph
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O
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N
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N

(R = iPr, R' = Me)

R = n-Bu, n-octyl,
n-dodecyl, CH 2Ph

R'

R'

R' = Me, Et, iPr

iii

Figure 2.1. Selected N,N,N pincer ligands

Cu(II) complexes supported by doubly deprotonated bis(arylcarboxamido)
pyridines (PyL2-) have been shown to exhibit novel properties, including the ability to
readily support Cu(III) species upon chemical oxidation.35,40 The rigid coordination
sphere and strong electron-donation from the dianionic N,N,N’ bis(arylcarboxamido)
ligands have been found to be advantageous for stabilizing Cu(III) complexes.
Arylcarboxamido(arylimino)pyridine ligands (Figure 2.1,
Me2

iPr2

L(H),

iPrMe

L(H), and

L(H)) were targeted as alternative ligand frameworks, designed specifically for

shifting the E1/2 of the Cu(II)/Cu(III) oxidation potential to higher values.
As described in Chapter 1, our interest in varying the oxidation potential of
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copper(II)-hydroxide complexes is aimed towards understanding the influence of the
Cu(II)/Cu(III) redox potential and the basicity of the hydroxide ligand on hydrogen atom
abstraction (HAT) reactivity. Currently in the literature there are two examples of
thermally sensitive copper(III)-hydroxides that rapidly oxidize 9,10-dihydroanthracene
(DHA) via HAT, producing the resulting copper(II)-aquo complexes and anthracene.35,40
Both species are supported by

Py 2-

L ligands (Figure 2.1, R = iPr35 or Me40) and exhibit

Cu(II)/Cu(III) oxidation potentials more negative than the Fc+/Fc couple. The mild
oxidation potentials of these complexes suggest that the basicity of the hydroxide ligand
must be high in order to result in the observed rapid rates of HAT.
Arylcarboxamido(arylimino)pyridine ligands, RL(H), were envisioned as synthetic
hybrids of

Py

LH2 and L’ ligands. With appropriate choice of aryl groups in the hybrid

ligands, the overall steric environment of a potential copper-hydroxide complex would be
preserved, but in this case a monoanionic ligand would result upon deprotonation.
Therefore, as depicted in Figure 2.2, a copper(II)-hydroxide supported by an RL- ligand
would be neutral and the subsequent copper(III)-hydroxide would be cationic, in
comparison to the analogous anionic and neutral PyLCuOH complexes. As a consequence
of decreasing the negative charge on the supporting ligand, and raising the Cu(II)/Cu(III)
oxidation potential, we hypothesized that the resulting [Cu(III)OH]+ complex should be a
more powerful oxidant, but at the same time would also have a less basic hydroxide
ligand. Studying the reactivity of [RLCu(III)-OH]+ complexes should then allow for
investigation of which effect, redox potential or basicity, is the dominant thermodynamic
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influence on the reactivity towards substrates.
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Figure 2.2. Comparison of RL- and PyL2- supported CuOH complexes
Unlike the relative synthetic ease of preparing PyLH2 and L’ ligands,55,56 which can
both can be synthesized on multi-gram scales in one step, prior to our work57 there had
been no direct synthesis reported for RL(H). The

iPr2

L(H) derivative had been previously

reported on a scale of 4 mg isolated yield as the result of a nickel-dioxygen promoted
ligand oxidation reaction and subsequent demetallation.58 Ligands i59 and ii60 (Figure 2.1)
represent noteworthy relatives of

R

L(H) ligands; in addition to alkyl-substituted

carboxamido analogues, iii61,62,63, which served as initial synthetic inspiration for our
proposed ligands.
This chapter will detail the large-scale synthesis developed for RL(H) ligands and
the structural and spectroscopic characterization of RLCu(II)X (X = Cl-, NO3-, OAc-)
complexes. The effect of reducing the charge on the supporting ligand is also elucidated
through cyclic voltammetry in comparison to the known E1/2 values of
complexes. Attempts to prepare an RLCu(II)OH complex will also be described.
26

Py

LCu(II)

2.3. Results and Discussion
2.3.1. Synthesis and Characterization of RL(H) Ligands (R = iPr2, iPrMe, Me2)
A

six-step

large

scale

synthesis

for

the

targeted

arylcarboxamido(arylimino)pyridine ligands, RL(H), was designed starting from 2,6dibromopyridine. The first four steps are a combination of published procedures that
required slight modifications to afford the asymmetric precursor, 6-acetylpicolinic acid
(iv) (Scheme 2.1).64,65
Scheme 2.1. Synthesis of 6-picolinic acid (a) n-BuLi, -78 °C, (b) DMA; (c) 1,2ethanediol, 4-toluenesulfonic acid, Δ; (d) n-BuLi, -78 °C; (e) CO2 (s); (f) HCl (aq); (g)
3M HCl, Δ.
(a)
Br

N

Br

(b)

(c)
Br

N

(g)

(d)
Br

N

O

O
O

O

(e)
(f)

N
OH

O
O

O

N
OH

O

Iv

Use of the desired aniline allowed for the synthesis of ligands RL(H) with the
selected aryl substitution from 6-acetylpicolinic acid (iv) (Scheme 2.2). The chosen
functionality of the arylcarboxamide group was first installed via treatment of 6acteylpicolinic acid (iv) with oxalyl chloride, followed by reaction with the desired
aniline in the presence of NEt3. Attempts to isolate the acid-chloride intermediate that
was presumably generated upon reaction with oxalyl chloride were unsuccessful, while
the adopted in situ synthetic route of proceeding on to reaction with the desired aniline
readily yielded the desired ketocarboxamide precursors (v). The -iPr and -Me substituted
precursors were characterized by 1H and

13
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C NMR spectroscopy, and ESI-MS; the

exclusive installation of the carboxamide-aryl functionality is apparent through 1H NMR
spectroscopy with the observation of an N-H amide proton (-iPr, 9.35; -Me, 9.43 ppm)
and one set of aryl protons (~ 7.2 ppm) that integrate to 1 and 3 protons respectively.
Scheme 2.2. Synthesis of RL(H) ligands

Installation of the arylimino moieties was achieved by adding the desired
ketocarboxamide precursor (v) to a preformed mixture of TiCl4 and the desired aniline.
The overall yields for RL(H) were up to 47% with each ligand being isolated on up to a 2
gram scale. The formulations for

R

L(H) were confirmed by

spectroscopy, ESI-MS, and in the case of
overall molecular symmetry of the

iPrMe

R

1

H and

13

C NMR

L(H) by X-ray crystallography. With the

L(H) ligands broken, in comparison to

bis(arylcarboxamide) or imino pyridine ligands, the 1H NMR spectra exhibit unique
environments for each proton. This effect is readily observed in the 1H NMR spectrum of
iPrMe

L(H) in which the protons located on the respective carboxamide and imino aryl

groups exhibit distinct resonances between 7.5 – 6.5 ppm (Figure 2.3). In the X-ray
crystal structure of

iPrMe

L(H) the amide, pyridine, and imine functionalities are coplanar

as they align along a crystallographic mirror plane, with the imine donor (N3) oriented
away from the putative N,N’,N’’-metal ion binding pocket (Figure 2.4, see section 2.5.3
for complete refinement details). Bond distances and angles are consistent with expected
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values for the indicated functional groups and no exogenous solvent molecules or
hydrogen-bonding interactions were observed in the structure.

Figure 2.3. 1H NMR spectrum of iPrMeL(H) in CD2Cl2 at room temperature
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Figure 2.4. Representation of the X-ray structure of iPrMeL(H) with all nonhydrogen
atoms shown as 50% thermal ellipsoids and the hydrogen atom attached to the amide
N atom as a sphere. Selected interatomic distances (Å), estimated standard
deviations are indicated in parentheses: N(1)-C(1) 1.344(3), O(1)-C(1) 1.223(3),
C(2)-N(3) 1.260(3)

2.3.2. Synthesis of RLCuX (X = Cl-, NO3-, OAc-) Complexes
Synthetic conditions for RLCu(II)X (X = Cl-, NO3-, OAc-) complexes were first
developed using iPr2L(H); successful syntheses were then applied towards the preparation
of analogous Cu(II) complexes supported by

iPrMe

L(H) and

Me2

L(H) (Scheme 2.3). The

specific synthetic procedures and characterization data are described below. The resulting
complexes were employed as precursors for the synthesis of RLCu(II)OH complexes
through a variety of metathesis reactions (see section 2.3.6).
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Scheme 2.3. Synthesis of N,N’,N’’-RLCuX (X = Cl-, NO3-,OAc-) complexes
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L(H) and CuCl2 or

Cu(NO3)2·2.5 H2O with sodium methoxide at room temperature afforded dark green
solutions. After removal of insoluble salts and evaporation of the resultant green
solutions, the complexes

iPr2

LCu(II)X (X = Cl-, NO3-) were isolated in good yields (100

mg scale, 70-80%) as green powders. Analogous RLCuCl complexes were prepared under
identical reaction conditions using

iPrMe

L(H) and

Me2

L(H) for comparative purposes.

Alternatively, RLCuOAc complexes were synthesized without the addition of an external
base, upon refluxing either

iPr2

L(H) or

iPrMe

L(H) and Cu(OAc)2·H2O in MeCN. Upon

cooling and removal of solvent analogous green powders were obtained (100 mg scale,
70-80%).

2.3.3.

R

LCuX (X = Cl-, NO3-, OAc-) X-ray Crystal Structures

Single crystals of

R

LCu(II)X complexes were obtained upon vapor diffusion

techniques incorporating various solvents at -20 °C. Specifically,
NO3-, OAc-),

iPrMe

LCu(II)X (X = Cl-, OAc-), and

Me2

iPr2

LCu(II)X (X = Cl-,

LCuCl were all characterized by X-

ray crystallography (Figure 2.5 and Figure 2.6, see Table 2.1 and Table 2.2 for selected
interatomic distances (Å), and section 2.5.3 for complete refinement details). In all of the
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structures a similar tetragonal geometry for the Cu(II) ion is observed, with disparate CuN bond distances following the trend Cu-N(pyridyl) < Cu-N(amide) < Cu-N(imine). The
average bond distances observed range from 1.924 Å (pyridyl), 1.978 Å (amide), and
2.094 Å (imine) reflecting the targeted asymmetric N,N’,N’’-bonding environment.
While the

iPr2

LCuCl and

iPrMe

complexes, the X-ray structure of

LCuCl X-ray structures show isolated square planar

Me2

LCuCl is comprised of polymeric repeating units

through bridging axial coordination of the carboxamide carbonyl of one monomeric
copper complex to a neighboring complex (Cu1-O1’ = 2.345(3) Å). We attribute this
difference as being due to the decreased steric environment of its methyl substituted aryl
groups. While the RLCu(II)X (X = NO3-, OAc-) structures also are tetragonal, unlike their
chloride analogues they exhibit intramolecular axial coordination through the polydentate O-atoms of the nitrate (Cu1-O3 = 2.524(2) Å) and acetate (R = iPr2, Cu1-O2 =
2.369(2) Å; R = iPrMe, Cu1-O3 = 2.456(3) Å) ligands, respectively.
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Figure 2.5. Representations of RLCuCl X-ray structures with all non-hydrogen atoms
shown as 50% thermal ellipsoids. iPr2LCuCl (top left), iPrMeLCuCl (top right),
Me2
LCuCl (bottom). Axial bonding interactions (Cu-O > 2.30 Å) are denoted with
dashed lines.
Table 2.1. Selected interatomic distances (Å) for RLCuCl X-ray structuresa
Cu(1)-N(1)
Cu(1)-N(2)
Cu(1)-N(3)
Cu(1)-Cl(1)
iPr2

LCuCl

iPrMe
Me2
a

LCuCl

LCuCl

1.960(3)

1.939(2)

2.098(3)

2.1923(9)

1.962(3)

1.926(3)

2.070(3)

2.1755(10)

2.005(3)

1.934(3)

2.130(3)

2.2092(10)

Estimated standard deviations are indicated in parentheses.
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Figure 2.6. Representations of RLCuX X-ray structures with all non-hydrogen atoms
shown as 50% thermal ellipsoids. iPr2LCuNO3 (top left), iPr2LCuOAc (top right),
iPrMe
LCuOAc (bottom). Axial bonding interactions (Cu-O > 2.30 Å) are denoted with
dashed lines.

Table 2.2. Selected interatomic distances (Å) for RLCuX (X = NO3-, OAc-) X-ray
structuresa
Cu(1)-N(1)
Cu(1)-N(2)
Cu(1)-N(3)
Cu(1)-X
iPr2

LCuNO3

1.9684(18)

1.9064(19)

2.064(2)

O2: 1.9632(17)

iPr2

LCuOAc

1.999(3)

1.913(3)

2.127(3)

O3: 1.921(2)

1.974(2)

1.923(2)

2.075(2)

O2: 1.932(2)

iPrMe
a

LCuOAc

Estimated standard deviations are indicated in parentheses
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2.3.4. Spectroscopy of RLCu(X) (X = Cl-, NO3-, OAc-) Complexes
Positive-ion ESI-MS, UV-vis, and EPR spectroscopic techniques were used to
further characterize RLCu(II)X complexes. The positive-ion ESI mass spectra (Figure 2.7
and Figure 2.8) displayed intense peak envelopes indicative of mono-copper species
corresponding to [RLCuX + Na+]+, [RLCuX + H+]+, or [RLCu(II)+]+. Assignment of the
observed peak envelopes was supported by simulation of the appropriate mass and
isotope patterns for the proposed cationic species. Varying amounts of higher-mass
dimeric species were also observed in all of the spectra, with increasing amounts of the
[(RLCu)2] dimeric species being observed in the Me2L and iPrMeL complexes. These results
are consistent with the decrease of the overall steric environment of these complexes in
comparison to iPr2LCuX species.
UV-visible and EPR spectra of RLCu(II)X exhibited closely similar features to
those previously reported for
R

Py

LCu(II) complexes.35,40,66 The UV-vis spectra of

LCu(II)X (Figure 2.9) display a broad charge transfer band centered at ~ 400 nm (ε ~

2000 M-1cm-1) and a d-d transition around 650 nm (ε < 500 M-1cm-1). X-band EPR
spectra of frozen solution samples of RLCuX between 2-30 K exhibit rhombically
distorted axial signals with observable N-superhyperfine coupling (Figure 2.10).
Parameters obtained from spectral simulations compare favorably to those of Cu(II)
complexes supported by

Py 2-

L

ligands (Table 2.3). Well-resolved N-superhyperfine

features, a gz value of ~ 2.2, and a large A║(Cu) ~ 195 x 10-4 cm-1 have been identified as
characteristic signatures of N,N’,N’’-RLCu(II)X species. The only exception being
Me2

LCuCl, as it exhibits significantly less well resolved N-superhyperfine coupling and a
35

smaller A║(Cu) value (165 x 10-4 cm-1) than the EPR spectra of iPr2L- and iPrMeL- RLCu(X)
complexes. This deviation in the observed EPR spectrum of Me2LCuCl is again attributed
to the reduced steric bulk of the flanking aryl groups, allowing for stronger axial ligand
interactions with the copper center. These EPR data for Me2LCuCl are consistent with the
increased intensity of dimeric [Me2LCu]2 peaks observed in the ESI mass spectrum and
the polymeric coordination through the carboxamide carbonyls observed in the X-ray
crystal structure.
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iPr2

LCuCl, m/z [assignment]: 581.22 [iPr2LCuCl] + H+]+, 1163.60 [2(iPr2LCuCl) + H+]+

iPrMe

LCuCl, m/z [assignment]: 548.24 [iPrMeLCuCl + Na+]+, 1073.29 [2(iPrMeLCuCl) +
Na ]
+ +

Me2

LCuCl, m/z [assignment]: 490.64 [Me2LCuCl + Na+]+, 961.04, [2(Me2LCuCl) +
Na ]
+ +

Figure 2.7. Positive-ion ESI-MS spectra of RLCuCl spectra in MeOH. Full spectra
(left column), simulated peaks are indicated with (*), corresponding peak envelope
simulations (center and right columns) and assignments are listed above the
corresponding spectra for each complex
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iPr2

LCuNO3, m/z [assignment]: 545.14 [iPr2LCu+]+, 1154.21 [iPr2LCuNO3 + iPr2LCu+]+

iPr2

LCuOAc, m/z [assignment]: 545.23 [iPr2LCu+]+, 1149.38 [iPr2LCuOAc +
iPr2
LCu+]+

iPrMe
iPrMe

LCuOAc, m/z [assignment]: 489.13 [iPrMeLCu+]+, 1039.26 [iPrMeLCuOAc +
LCu+]+

Figure 2.8. Positive-ion ESI-MS spectra of RLCuX (X = NO3-, OAc-) complexes in
MeOH. Full spectra (left column), simulated peaks are indicated with (*),
corresponding peak envelope simulations (center and right columns) and
assignments are listed above the corresponding spectra for each complex
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Figure 2.9. UV-vis spectra for for iPr2LCuCl (top left), iPrMeLCuCl (top right),
Me2
LCuCl (middle left), iPr2LCuNO3 (middle right), iPr2LCuOAc (bottom left),
iPrMe
LCuOAc (bottom right)
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Figure 2.10. Experimental (black) and simulated (blue) EPR spectra for
iPr2
LCuCl (top left), iPrMeLCuCl (top right), Me2LCuCl (middle left), iPr2LCuNO3
(middle right), iPr2LCuOAc (bottom left), iPrMeLCuOAc (bottom right)
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Table 2.3. EPR Simulation Parameters Derived from Experimental RLCuX Spectra.a
gx
gy
gz
A║(Cu)
A(Nav)
A(Cl)
iPr2

LCuCl

2.065

2.09

2.20

196

15

15

2.06

2.045

2.185

197

15

15

LCuCl

2.08

2.05

2.23

165

12.5

12.5

LCuOAc

2.037

2.072

2.21

190

15

-

2.07

2.055

2.20

194

15

-

2.040

2.045

2.20

198

15

-

iPrMe
Me2
iPr2

iPrMe
iPr2
a

LCuCl

LCuOAc

LCuNO3

Units of A are x 10-4 cm-1; measured in frozen solution at 2-30 K.

2.3.5. Redox Properties of RLCuX (X = Cl-, NO3-, OAc-) Complexes
The effect of monoanionic RL- coordination on the oxidation potential of neutral
R

LCuX complexes relative to analogous anionic [PyLCuX]- species was probed by cyclic

voltammetry (CV). All CV measurements reported herein were measured in acetone (0.1
M Bu4NPF6) under inert atmosphere using a standard three-electrode configuration
consisting of a glassy carbon working electrode, platinum counter electrode, and a Ag+
reference electrode, and were internally referenced to the Fc+/Fc couple.
Single reversible oxidative waves, independent of scan rate, at nearly identical
potentials were observed for iPr2LCuCl and iPrMeLCuCl upon scanning anodically with E1/2
= 0.760, and 0.768 V vs Fc+/Fc respectively (Figure 2.11). Both complexes exhibited no
other features upon scanning anodically, a linear relationship between peak current (Ip,a
and Ip,c) and the square root of scan rate, and ΔE values close to that of an ideal reversible
one-electron process (Table 2.4).
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Figure 2.11. Cyclic voltammograms of iPr2LCuCl (top left) and iPrMeLCuCl (top
right) performed in acetone (100 mV s-1, 0.1 M Bu4NPF6). Plot of current (µA) as a
function of the square root of scan rate (v1/2) (bottom): linear fits, iPr2LCuCl (red
traces, ip,a (filled circles) r2 = 0.9994 , ip,c (open circles) r2 = 0.9997; iPrMeLCuCl
(blue traces, ip,a (filled squares) r2 = 0.9981 , ip,c (open squares) r2 = 0.9994.
Cyclic voltammograms of RLCuX (X = NO3-, OAc-) demonstrated single oxidative
features upon scanning anodically between ~ 0.70 and 0.80 V vs. Fc+/Fc. Unlike the
reversible voltammograms observed for RLCuCl, the NO3- and OAc- analogs typically
displayed irreversible oxidative waves below scan rates of 500 mV s-1. The use of higher
scan rates allowed for quasi-reversible cathodic current to be detected (Figure 2.12); scan
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rates of at least 1000 mV s-1 were required in order to approximate E1/2 values for RLCuX
(X = NO3-, OAc-). Approximation of the ratio of anodic and cathodic current revealed
Ip,a/Ip,c values of ~ 1 (Table 2.4) for the voltammograms of RLCuX (X = NO3-, OAc-)
measured at 5000 mV s-1, indicating that the observed oxidative features are
electrochemically reversible. This implies that the lack of reversibility at lower scan rates
is due to a chemical event that precludes the observation of reversible cathodic current,
such as a shift from coordination from η1- to η2-coordination in the respective NO3- or
OAc- anions to better stabilize the oxidized species that is formed electrochemically.

Table 2.4. RLCuX electrochemical parametersa
E1/2 [V]
Ep,a [V]
Ep,c [V]
iPr2

Ip,a/Ip,c

0.760

0.792

0.730

62

1.13

LCuNO3c

0.785

0.876

0.739

137

1.52

LCuOAcc

0.708

0.783

0.628

155

1.10

LCuClb

0.768

0.800

0.734

66

1.20

LCuOAcc

0.723

0.792

0.654

138

iPrMe
iPrMe
a

ΔE [mV]

LCuCl

iPr2
iPr2

b

+

b

-1 c

All values reported vs. Fc /Fc; Scan rate = 50 mV s , 5000 mV s
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1.12
-1

Figure 2.12. Variable scan rate (red trace, 50 mV s-1; blue trace, 500 mV s-1); black
trace, 5000 mV s-1) cyclic voltammograms of iPr2LCuNO3 (top left), iPr2LCuOAc (top
right), iPrMeLCuOAc (bottom)

The large positive shift in the observed oxidation potentials for RLCuX species
supports the hypothesis that installing the neutral arylimino donor into the supporting
ligand significantly raises the oxidation potential of RLCuX complexes. Consistent with
the difference in overall charge of the compounds, the oxidation potential of iPr2LCuCl is
larger by almost 0.5 V, iPr2LCuCl (0.760 V), than [PyLCuCl]- (R = iPr, E1/2 = 0.296 V vs.
Fc+/Fc).57
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2.3.6. Attempted Synthesis of RLCu(II)OH Complexes
Metathesis reactions combining

R

LCuX (X = Cl-, NO3-, OAc-) and either

Bu4NOH or KOH led to an instantaneous color change of the reaction mixture of green to
brown/yellow and ultimately a mixture of unidentifiable products that commonly
contained de-metallated RL(H) and various salts. Another synthetic route towards an
R

LCu(II)OH involved reacting RLCuCl complexes with AgSbF6. Reaction with AgSbF6

resulted in the immediate formation of a white precipitate in solution and after filtration
and removal of solvent, the re-isolation of a green solid from the reaction. ESI-MS
analysis was used to confirm the complete removal of chloride ion, by confirming that
each batch of product no longer contained any peaks attributable to RLCuCl species after
reaction with AgSbF6. The resulting green complexes are proposed to be solvent-labile
[RLCu(S)n]SbF6 species ((S)n = variable solvent coordination), poised to readily
coordinate a fourth anionic ligand to reform neutral square-planar complexes. However,
subsequent reaction with hydroxide sources again yielded brown/yellow reaction
mixtures with large amounts of protonated ligand.
Subsequent reactivity studies with [iPr2LCu(S)n]SbF6 demonstrated that less
nucleophilic phenoxides can potentially form stable RLCuX species. Upon reaction of
tetrabutylammonium p-nitrophenoxide with [iPr2LCu(S)n][SbF6] single crystals suitable
for X-ray diffraction were isolated from the resultant reaction mixture and determined to
be

iPr2

LCu(O-Ph-4-NO2) (Figure 2.13; see section 2.5.3 for complete refinement details).

The structure of iPr2LCu(O-Ph-4-NO2) exhibits tetragonal N,N’,N’’-RLCu(II) coordination
analogous to the RLCuX (X = Cl-, NO3-, OAc-) structures. Disparate Cu-N bond distances
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follow the established trend of Cu-N(pyridyl) < Cu-N(amide) < Cu-N(imino). Despite the
steric bulk of the supporting

iPr2 -

L , the p-nitrophenoxide ligand is able coordinate axially

to a neighboring copper center; intermolecular interactions of this type had only been
previously observed in the X-ray structure of Me2LCuCl.

Figure 2.13. Representation of the X-ray crystal structure of iPr2LCu(O-Ph-4-NO2).
Selected interatomic distances (Å), estimated standard deviations are indicated in
parentheses: Cu(1)-N(1) 2.015(2), Cu(1)-N(2) 1.918(2), Cu(1)-N(3) 2.124(2), Cu(1)O(1) 1.8661(19), Cu(1)’-O(4) 2.605(2)
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2.4. Summary and Conclusions
A modular large-scale synthetic procedure for the preparation of RL(H) ligands with
variable aryl substitution was developed. Various tetragonal RLCuX complexes were
synthesized and characterized structurally through X-ray crystallography to display an
asymmetric N,N’,N’’-L- coordination environment. Analysis by UV-visible and EPR
spectroscopy showed that RLCuX display highly similar spectroscopic signatures to
Py
R

LCu(II) species in solution. While cyclic voltammetry experiments confirmed that

LCuX possess significantly different redox properties, displaying oxidation potentials

above 0.70 V vs. Fc+/Fc. These results support our initial proposal that reducing the
charge of the supporting ligand would result in more positive Cu(II) oxidation potentials.
A comparative study of how redox potential and hydroxide basicity impact the
reactivity of copper(III)-hydroxide complexes was not possible due to the synthetic
difficulties we encountered in efforts to prepare
R

R

LCu(II)OH complexes. Although

LCu(II)OH complexes eluded characterization through the methods presented in this

chapter, several noteworthy synthetic and spectroscopic achievements were gained.
Continued studies with RL(H) ligands will be presented in Chapter 3, primarily exploring
their coordination chemistry as neutral O,N,N’ donors.
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2.5. Experimental Section
2.5.1. General Considerations
All solvents and reagents were obtained from commercial sources and used as received
unless otherwise stated.

The solvents tetrahydrofuran (THF), diethyl ether (Et2O),

toluene, pentane, and dichloromethane were passed through solvent purification columns
(Glass Contour, Laguna, CA). Dichloromethane and acetonitrile were dried over CaH2
then distilled under vacuum prior to use. THF was dried over sodium/benzophenone prior
to use. Acetone was dried over activated 3 Å molecular sieves and distilled under vacuum
prior to use. Purified solvents were stored in a nitrogen filled glovebox over either
activated 3 Å molecular sieves or CaH2 and filtered through a 0.45 µm PTFE syringe
filter immediately before use. All complexes were prepared under dry nitrogen using
standard Schlenk techniques or in a Vacuum Atmospheres inert atmosphere glovebox,
unless otherwise stated. 2,6-dibromopyridine was recrystallized from benezene/n-heptane
and dried prior to use. The synthesis of 6-acetylpyridine-2-carboxylic acid was performed
according to the literature64,65 with slight modifications.57
UV-vis spectra were recorded with an HP8453 (190-1100 nm) diode array
spectrophotometer. Elemental analyses were performed by Complete Analysis
Laboratories, Inc. (Parsippany, NJ) and Robertson Microlit Laboratory (Ledgewood, NJ).
EPR spectra were recorded with a Bruker Continuous Wave EleXsys E500 spectrometer
at either 2 K or 30 K. EPR simulations were performed by using Bruker SimFonia
software (version 1.25). NMR spectra were recorded on either Varian VI-300 or VXR
300 spectrometers at room temperature. Chemical shifts (δ) for 1H and 13C NMR spectra
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were referenced to residual protium in the deuterated solvent (1H) or the characteristic
solvent resonances of the solvent nuclei (13C). ESI-MS were recorded with a Bruker
BIOTOF II instrument in positive ion mode. Cyclic voltammetry was performed in a
three-electrode cell with Ag+/Ag reference electrode, platinum auxillary electrode, and
glassy carbon working electrode and analyzed with BASi Epsilon software.
Tetrabutylammonium hexafluorophosphate (Bu4NPF6) was used as the supporting
electrolyte. X-ray crystallography data collections and structure solutions were conducted
by using either Siemens SMART or Bruker APEX II CCD instruments and the current
SHELXTL suite of programs.67
2.5.2. Synthetic Procedures
6-acetyl-2-bromo-pyridine: This compound was prepared according to a literature
procedure, but was isolated in lower yield (30%) than reported compared to 82%68,
85%65. Purification of the crude reaction mixture was completed by passage through
silica gel using EtOAc/Pentane (1:10). The compound was characterized by comparison
to values in the reported 1H NMR spectrum.
6-bromo-2-(2’-methyl-1’,3’-dioxolan-2’-yl)-pyridine:

This

compound

was

prepared according to a literature procedure64 with modifications to the purification
procedures. Product was initially isolated as orange oil, as reported, and was
subsequently purified by column chromatography on silica gel (EtOAc/Pentane (1:10)) to
yield a white solid (60%). The compound was characterized by comparison to values in
the reported 1H NMR spectrum.
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6-(2’-methyl-1’,3’-dioxolan-2’-yl)-2-pyridinecarboxylic acid: This compound
was prepared according to a literature procedure.64 Our isolated yield of 90%, was greater
than the reported literature value of 57% which is most likely attributed to the isolation of
the starting material, 6-bromo-2-(2’-methyl-1’,3’-dioxolan-2’-yl)-pyridine, as a white
solid rather than orange oil. The compound was characterized by comparison to values in
the reported 1H NMR spectrum.
6-acetylpicolinic acid: This compound was prepared in 90% yield from 6-(2’methyl-1’,3’-dioxolan-2’-yl)-2-pyridinecarboxylic

acid.64

The

compound

was

characterized by comparison to values in the reported 1H NMR spectrum.
6-acetyl-N-(2,6-diisopropylphenyl)picolinamide: 6-Acetyl-2-pyridinecarboxylic
acid (1.69 g, 10.3 mmol) was dissolved in toluene (100 mL), treated with oxalyl chloride
(1.39 mL, 16.5 mmol) and refluxed overnight under N2. The solvent was removed in
vacuo after cooling the mixture to room temperature. The resulting brown solid and 2,6diisopropyl aniline hydrochloride salt (2.4 g, 11.3 mmol) was dissolved in THF (75 mL)
and cooled to 0 °C under N2. Triethylamine (3.6 mL, 25.7 mmol) was then added via
syringe resulting in the immediate formation of a white precipitate. After stirring for 15
min at 0 °C the reaction mixture was warmed to room temperature and subsequently
brought to reflux for 2 h. After cooling to room temperature the reaction mixture was
filtered and the resulting brown filtrate was concentrated by rotary evaporation. The
resulting residue was then washed with hexanes to yield a brown solid and isolated via
filtration. The brown solid was then dissolved in a 10:90% EtOAc:pentane solution and
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passed through charcoal. Evaporation of the resulting filtrate yielded a white solid (2.46
g, 74%). 1H NMR (300 MHz, CD2Cl2): δH 9.35 (br s, 1H, NH), 8.43 (d, 1H, J = 8.4 Hz,
Py H), 8.23 (d, 1H, J = 7.5 Hz, Py H), 8.10 (t, 1H, J = 7.8 Hz, Py H), 7.37 (t, 1H, J = 7.6
Hz, Ar H), 7.26 (d, 2H, J = 7.2 Hz, Ar H), 3.14 (m, 2H, Ar CH(CH3)2), 2.77 (s, 3H,
C(O)CH3), 1.22 (d, 12 H, J = 6.9 Hz, Ar CH(CH3)2). 13C NMR (300 MHz, CD2Cl2): δC
23.9, 26.1, 29.5, 124.1, 124.6, 126.3, 128.9, 131.9, 139.5, 146.9, 149.7, 152.6, 163.4,
199.0. Anal. Calcd for C20H24N2O2: C 74.04, H 7.46, N 8.64. Found C 73.96, H 7.29, N
8.55.
6-acetyl-N-(2,6-dimethylphenyl)picolinamide: 6-Acetyl-N-(2,6-dimethylphenyl)
picolinamide was synthesized following the identical procedure as was used for 6-acetylN-(2,6-diisopropylphenyl)picolinamide,

except

with

the

substitution

of

2,6-

dimethylaniline for 2,6-diisopropyl aniline (1.92 g, 70%). 1H NMR (300 MHz, CD2Cl2):
δH 9.43 (br s, 1H, NH); 8.44 (d, 1H, J = 7.5 Hz, Py H), 8.22 (d, 1H, J = 7.8 Hz, Py H),
8.10 (t, 1H, J = 7.8 Hz, Py H), 7.17 (br s, 3H, Ar H), 2.78 (s, 3H, C(O)CH3), 2.31 (s, 6H,
Ar CH(CH3)2). 13C NMR (300 MHz, CD2Cl2): δC 18.8, 26.1, 124.5, 126.2, 127.8, 128.7,
134.5, 136.0, 139.4, 149.8, 152.6, 162.1, 199.0. Anal. Calcd for C16H16N2O2: C 71.62, H
6.01, N 10.44. Found C 71.71, H 6.01, N 10.40.
iPr2

L(H): A solution of 2,6-diisopropylaniline (3.7 mL, 19.8 mmol) was dissolved

in 100 mL toluene and cooled to 0 °C under N2. TiCl4 (0.36 mL, 3.3 mmol) was added
via syringe and the resulting cloudy brown solution was stirred for 2 h. After warming
the

solution

to

room

temperature
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a

solution

of

6-acetyl-N-(2,6-

diisopropylphenyl)picolinamide (2.14 g, 6.6 mmol) in 40 mL of toluene was added to the
reaction. The reaction mixture was then refluxed for 16 h. After cooling to room
temperature, Et2O (100 mL) was added and the reaction mixture was stirred for 15 min.
The reaction mixture was then filtered through Celite and the brown-yellow filtrate was
concentrated via rotary evaporation. The resulting brow-yellow solid was purified by
column chromatography on silica gel (EtOAc/Pentane (1:10); Rf = 0.36) to yield a yellow
solid (2.02 g, 63%). The 1H NMR spectrum and high resolution ESI-MS of

iPr2

L(H) are

previously reported58 and correlate well with the current data. 1H NMR (300 MHz,
CD2Cl2): δH 9.45 (br s, 1H, NH), 8.61 (d, 1H, J = 7.8 Hz, Py H), 8.36 (d, 1H, J = 7.5 Hz,
Py H), 8.08 (t, 1H, J = 7.8 Hz, Py H), 7.39-7.08 (m, 6H, Ar H), 3.17 (m, 2H, Ar
CH(CH3)2, N-arylcarboxamide), 2.76 (m, 2H, Ar CH(CH3)2, N-arylimine), 2.26 (s, 3H,
N=CCH3), 1.24-1.14 (m, 24 H, Ar CH(CH3)2).

13

C NMR (300 MHz, CD2Cl2): δC 17.5,

23.1, 23.5, 23.9, 28.9, 29.5, 30.3, 123.6, 124.1, 124.1, 124.4, 124.5, 128.8, 132.1, 136.2,
138.8, 146.7, 146.9, 149.3, 155.5, 163.9, 166.4. Anal. Calcd for C32H41N3O: C 79.46, H
8.54, N 8.69. Found C 79.42, H 8.66, N 8.51.
iPrMe

for

iPr2

L(H): iPrMeL(H) was synthesized following the identical procedure as was used

L(H), except using 2,6-dimethylaniline instead of 2,6-diisopropylaniline (1.81 g,

64%). 1H NMR (300 MHz, CD2Cl2): δH 9.45 (br s, 1H, NH), 8.63 (d, 1H, J = 7.8 Hz, Py
H), 8.36 (d, 1H, J = 7.5, Py H), 8.08 (t, 1H, J = 7.8 Hz, Py H), 7.39-6.93 (m, 6H, Ar H),
3.17 (m, 2H, Ar CH(CH3)2), 2.23 (s, 3H, N=CCH3), 2.05 (s, 6H, Ar CH(CH3)2, Narylimine), 1.24 (d, 12H, J = 6.9 Hz, Ar CH(CH3)2, N-arylcarboxamide).13C NMR (300
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MHz, CD2Cl2): δC 16.8, 18.2, 23.9, 29.5, 123.7, 124.1, 124.1, 124.5, 125.8, 128.4, 128.8,
132.1, 138.7, 146.9, 149.1, 149.3, 155.5, 163.9, 166.5. Anal. Calcd for C28H33N3O: C
78.65, H 7.78, N 9.83. Found C 78.59, H 7.80, N 9.79. X-ray quality crystals were
obtained from slow evaporation of a concentrated CH2Cl2 solution at room temperature.
The aryl isopropyl group composed of C15-C17, the group was best modeled as
disordered over two positions (62:38). Modeling the hydrogen atoms on C8 (imine
methyl group) was challenging due to its location on the crystallographic mirror plane.
The most appropriate model was determined to be allowing H8A to refine as a halfoccupied hydrogen atom, with the remaining hydrogens located off the mirror plane with
full occupancy.
Me2

for

iPrMe

L(H):

Me2

L(H) was synthesized following the identical procedure as was used

L(H), except starting from 6-acetyl-N-(2,6-dimethylphenyl)picolinamide instead

of 6-acetyl-N-(2,6-diisopropylphenyl)picolinamide (1.92 g, 70%). 1H NMR (300 MHz,
CD2Cl2): δH 9.50 (br s, 1H, NH), 8.62 (d, 1H, J = 7.8 Hz, Py H), 8.35 (d, 1H, J = 6.6 Hz,
Py H), 8.07 (t, 1H, J = 7.8 Hz, Py H), 7.16-6.92 (m, 6H, Ar H), 2.31 (s, 6H, Ar
CH(CH3)2, N-arylcarboxamide), 2.23 (s, 3H, N=CCH3), 2.04 (s, 6H, Ar CH(CH3)2, Narylimine). 13C NMR (300 MHz, CD2Cl2): δC 16.8, 18.2, 18.9, 123.7, 124.0, 124.4, 125.8,
127.7, 128.4, 128.6, 136.0, 138.7, 155.5, 176.7. Anal. Calcd for C24H25N3O: C 77.60, H
6.78, N 11.31. Found C 77.49, H 6.69, N 11.40.
iPr2

LCuCl: Anhydrous CuCl2 (0.0353 g, 0.263 mmol) and iPr2L(H) (0.1156 g, 0.239

mmol) were placed in a 100 mL round bottom flask and dissolved in 20 mL of THF
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forming a golden-brown solution. Sodium methoxide (0.5 M in MeOH, 0.57 mL, 0.287
mmol) was added causing the solution to turn dark green with light colored precipitate.
After stirring for 16 h, the reaction was filtered and the solvent was removed via rotary
evaporation. The resulting green residue was dissolved in CH2Cl2 (10 mL) and filtered to
remove any insoluble material. Pentane (50 mL) was then added and the mixture was
placed in a -20 °C freezer for several hours. The resulting green solid was isolated by
vacuum filtration (0.101 g, 73%). MS (ESI+, CH3OH): m/z = 581.16 [iPr2LCuCl + Na+]+.
UV-vis (CH2Cl2) λmax (ε, M-1cm-1): 440 (1785); 675 (260) nm. EPR [9.64 GHz,
CH2Cl2/Toluene (1:1), 2 K]: gx = 2.065, gy = 2.090, gz = 2.200, A║(Cu): 196 x10-4 cm-1,
A(N): 15 x10-4 cm-1, A(Cl): 15 x10-4 cm-1. Anal. Calcd for C32H40ClCuN3O: C 66.07, H
6.93, N 7.22. Found C 65.98, H 6.89, N 7.13. X-ray quality crystals were obtained by
vapor diffusion of pentane into a concentrated CH2Cl2 solution of

iPr2

LCuCl at -20 °C.

The aryl isopropyl groups composed of C47-C49 and C50-C52, were best modeled as
disordered over two positions (C47-C49 (48:52), C50-C52 (55:45)). Platon Squeeze was
used to remove electron density that was unable to be modeled to a reasonable solution
with standard methods. The removed electron density was not interacting with the metal
complex and was most likely comprised of disordered pentane molecules. Based on the
estimated electron count/cell that was removed by Platon up to six pentane molecules
could have potentially occupied the void space in the structure.
iPr2

LCuNO3:

iPr2

LCuNO3 was synthesized as for

iPr2

LCuCl, except using

Cu(NO3)2·2.5 H2O instead of CuCl2 (0.083 g, 47%). MS (ESI+, CH3OH): m/z = 545.14
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[iPr2LCu+]. UV-vis (acetone) λmax (ε, M-1cm-1): 400 (1570); 625 (320) nm. EPR [9.64
GHz, acetone, X K]: gx = 2.04, gy = 2.045, gz = 2.20, A║(Cu): 198 x10-4 cm-1, A(N): 15
x10-4 cm-1. Anal. Calcd for C32H40CuN4O4: C 63.19, H 6.63, N 9.21. Found C 63.08, H
6.52, N 9.09. X-ray quality crystals were obtained by vapor diffusion of diethyl ether into
a concentrated acetone solution of iPr2LCuNO3 at -20 °C.
iPr2

LCuOAc: A suspension of

iPr2

L(H) (100 mg, 0.21 mmol) and Cu(OAc)2·H2O

(45 mg, 0.23 mmol) in 50 mL MeCN was heated to reflux for 2 h, resulting in a dark
green solution. Upon cooling to room temperature, the reaction was stirred with MgSO4
for 30 min. The reaction mixture was then filtered and the solvent was removed via
rotary evaporation to yield a dark green solid (0.0964 g, 77%). MS (ESI+, CH3OH): m/z
= 545.21 [iPr2LCu+]+. UV-vis (CH2Cl2) λmax (ε, M-1cm-1): 385 (1972); 655 (275) nm. EPR
[9.64 GHz, CH2Cl2/toluene (1:1), 30 K]: gx = 2.0375, gy = 2.0725, gz = 2.2100, A║(Cu):
190 x10-4 cm-1, A(N): 15 x10-4 cm-1. Anal. Calcd for C34H43CuN3O3: C 67.47, H 7.16, N
6.94. Found C 67.43, H 7.17, N 6.85. X-ray quality crystals were obtained by vapor
diffusion of pentane into a concentrated CH2Cl2 solution of iPr2LCuOAc at -20 °C.
iPrMe

used for

LCuCl:

iPr2

iPrMe

LCuCl was synthesized following an identical procedure as was

LCuCl, except using

iPrMe

L(H) instead of

iPr2

L(H) (0.0989 g, 70%) . MS

(ESI+, CH3OH): m/z = 548.24 [iPrMeLCuCl + Na+]+. UV-vis (CH2Cl2) λmax (ε, M-1cm-1):
435 (1976); 660 (346) nm. EPR [9.64 GHz, CH2Cl2/Toluene (1:1), 2 K]: gx = 2.060, gy =
2.045, gz = 2.185, A║(Cu): 197 x10-4 cm-1, A(N): 15 x10-4 cm-1, A(Cl): 15 x10-4 cm-1.
Anal. Calcd for C28H32ClCuN3O: C 63.99, H 6.14, N 8.00. Found C 63.85, H 6.04, N
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7.94. X-ray quality crystals were obtained by vapor diffusion of pentane into a
concentrated CH2Cl2 solution of

iPrMe

LCuCl at -20 °C. In order to best model Cl3, a

disordered chlorine atom which is part of an uncoordinated CH2Cl2 molecule, Cl3 was
modeled over two positions (52:48).
iPrMe
iPrMe

LCuOAc:

L(H) instead of

iPrMe
iPr2

LCuOAc was synthesized as for

L(H) (0.103 g, 80%).

iPr2

LCuOAc, except using

MS (ESI+, CH3OH): m/z = 489.13

[iPrMeLCu+]+. UV-vis (acetone) λmax (ε, M-1cm-1): 375 (1860); 645 (343) nm. EPR [9.64
GHz, CH2Cl2/Toluene (1:1), 2 K]: gx = 2.070, gy = 2.055, gz = 2.200, A║(Cu): 194 x10-4
cm-1, A(N): 15 x10-4 cm-1. Anal. Calcd for C30H35CuN3O3: C 65.61, H 6.42, N 7.65.
Found C 65.49, H 6.41, N 7.54. X-ray quality crystals were obtained by vapor diffusion
of pentane into a concentrated CH2Cl2 solution of

iPrMe

LCuOAc at -20 °C. The aryl

isopropyl group composed of C15-C17 was best modeled over two positions (61:39).
DFIX, SADI, and DELU constraints and restraints were applied to the coordinated OAcanion (C29, C30, and O2) in order to best model the ligand with appropriate bond angles
and distances. Platon Squeeze was used to remove electron density that was unable to be
modeled to a reasonable solution with standard methods. The removed electron density
was not interacting with the metal complex and was most likely comprised of disordered
pentane molecules. Based on the estimated electron count/cell that was removed by
Platon up to two pentane molecules could have potentially occupied the void space in the
structure.
Me2

LCuCl:

Me2

LCuCl was synthesized as for
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iPr2

LCuCl, except using

Me2

L(H)

instead of iPr2L(H) and the reaction time was shortened to 30 min (longer times resulted in
lower yields) (0.111 g, 76%). MS (ESI+, CH3OH): m/z = 490.64 [Me2LCuCl + Na+]+. UVvis (CH2Cl2) λmax (ε, M-1cm-1): 435 (1964); 655 (348) nm. EPR [9.64 GHz, THF/Toluene
(1:1), 2 K]: gx = 2.08, gy = 2.05, gz = 2.23, A║(Cu): 165 x10-4 cm-1, A(N): 12.5 x10-4 cm-1,
A(Cl): 12.5 x10-4 cm-1. Unfortunately, repeated attempts to obtain satisfactory CHN
analysis were unsuccessful. X-ray quality crystals were obtained by vapor diffusion of
Et2O into a concentrated MeCN solution of Me2LCuCl at -20 °C.
iPr2

LCu(O-Ph-4-NO2):

iPr2

LCuCl (0.0253 g, 0.0435 mmol) was dissolved in THF

(4 mL) and transferred into a vial containing AgSbF6 (0.0149 g, 0.0435 mmol). The
immediate formation of a white precipitate was observed in the green solution. After
stirring for 30 min the reaction was filtered and solvent was concentrated down to ~ 1
mL. 10 mL of diethyl ethter was then added to the vial resulting in the precipitation of a
green solid, after stirring for 10 min the reaction mixture was placed in the glove-box
freezer for 1 h to ensure full precipitation of the product. The green solid was collected
by vacuum filtration, washed with pentane (3 x 10 mL), and dried under vacuum for 1 h.
The green solid was then dissolved in 4 mL THF and transferred to a vial containing
tetrabutylammonium p-nitrophenoxide (0.0166 g, 0.0435 mmol), the reaction mixture
progressively turned a dark brown-orange color with visible precipitate. After stirring for
30 minutes the reaction mixture was filtered, concentrated to ~ 1 mL total volume, and
set-up for vapor-diffusion with excess diethyl ether. The resulting brown-orange crystals
were analyzed by X-ray diffraction techniques to be iPr2LCu(O-Ph-4-NO2).
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2.5.3. Summary of X-ray Crystallographic Details
Table 2.5. X-ray Crystallographic Details for iPrMeL(H), iPr2LCuCl, and iPr2LCuNO3

Empirical Formula
Formula Weight (g/mol)
Temperature (K)
Wavelength (Å)
Crystal System
Space Group
a (Å)

C28H35N3O
429.59
173(2)
0.71073
Orthorhombic
Pnma
11.8952(9)

C32H40ClCuN3O
581.66
173(2)
0.71073
Orthorhombic
Pca21
29.888(3)

[iPr2LCuNO3]2
2(C3H6O)
C70H92Cu2N8O10
1332.60
123(2)
0.71073
Orthorhombic
Pca21
30.7495(19)

b (Å)
c (Å)
α (°)
β (°)
γ (°)
Volume (Å3)
Z
Absorption coefficient
Density (calc) (Mg/m3)
Theta range for data (°)
Absorption correction
Completeness
Reflections collected
Independent reflections
Parameters, restraints
R1, wR2 (for I > 2σ(I))
R indices (all data)
Goodness-of-fit on F2
Largest peak, hole (e.Å-3)
F(000)
Index ranges

12.1727(9)
17.5867(13)
90
90
90
2546.5(3)
4
0.068 mm-1
1.121
2.03 to 27.46
Multi-scan
99.4%
14696
3036
182, 2
0.0544, 0.1490
0.0931, 0.1754
1.022
0.331 and -0.298
928
-15 ≤ h ≤ 11
-15 ≤ k ≤ 15
-22 ≤ l ≤ 20

13.4602(15)
16.7818(19)
90
90
90
6751.4(13)
8
0.752 mm-1
1.145
1.36 to 27.50
Multi-scan
99.9%
75738
15444
715, 49
0.0468, 0.0923
0.0734, 0.0992
1.009
0.311 and -0.247
2456
-38 ≤ h ≤ 38
-17 ≤ k ≤ 17
-21 ≤ l ≤ 21

13.2908(8)
16.8728(10)
90
90
90
6895.7(7)
4
0.679 mm-1
1.284
1.67 to 27.48
Multi-scan
99.8%
51012
14067
833, 1
0.0326, 0.0693
0.0431, 0.0734
1.039
0.337 and -0.282
2824
-39 ≤ h ≤ 39
-17 ≤ k ≤ 17
-15 ≤ l ≤ 21

Crystal size (mm3)
Crystal color, morphology

0.30 x 0.20 x 0.20
yellow, block

0.30 x 0.30 x 0.20
green, block

0.50 x 0.50 x 0.40
green, block

Compound

iPrMe

iPr2

L(H)
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Table 2.6. X-ray Crystallographic Details for iPr2LCuOAc, iPrMeLCuCl, iPrMeLCuOAc
Compound

iPr2

iPrMe

iPrMe

LCuOAc
2(CH2Cl2)
C36H47Cl4CuN3O3
775.11
123(2)
0.71073
Triclinic
P-1
10.3780(9)

LCuCl
(CH2Cl2)
C29H34Cl3CuN3O
610.48
173(2)
0.71073
Triclinic
P-1
9.6620(12)

LCuOAc
(CH2Cl2)
C31H37Cl2CuN3O3
634.08
173(2)
0.71073
Monclinic
P21/c
16.9991(8)

b (Å)
c (Å)
α (°)
β (°)
γ (°)
Volume (Å3)
Z
Absorption coefficient
Density (calc) (Mg/m3)
Theta range for data (°)
Absorption correction
Completeness
Reflections collected
Independent reflections
Parameters, restraints
R1, wR2 (for I > 2σ(I))
R indices (all data)
Goodness-of-fit on F2
Largest Peak, Hole (e.Å-3)
F(000)
Index ranges

13.5976(12)
14.1980(13)
109.0600(10)
90.7160(10)
98.7430(1)
1867.6(3)
2
0.909 mm-1
1.378
1.81 to 27.42
Multi-scan
98.0%
21290
8350
434, 0
0.0521, 0.1354
0.0842, 0.1532
1.051
0.502 and -0.873
810
-13 ≤ h ≤ 13
-17 ≤ k ≤ 17
-18 ≤ l ≤ 18

12.0158(16)
14.1155(18)
89.148(2)
87.467(2)
67.6840(10)
1514.6(3)
2
1.012 mm-1
1.339
1.44 to 26.45
Multi-scan
99.2%
6196
6196
351, 7
0.0521, 0.1288
0.0815, 0.1448
1.022
1.084 and -0.824
634
-12 ≤ h ≤ 12
-15 ≤ k ≤ 15
-0 ≤ l ≤ 17

13.5041(7)
16.7200(8)
90
109.2390(10)
90
3623.8(3)
4
0.781 mm-1
1.162
1.97 to 26.00
Multi-scan
99.7%
29637
7104
377, 13
0.0478, 0.1453
0.0616, 0.1540
1.150
0.774 and -0.626
1324
-20 ≤ h ≤ 20
-16 ≤ k ≤ 16
-20 ≤ l ≤ 18

Crystal size (mm3)
Crystal color, morphology

0.30 x 0.30 x 0.20
green, block

0.20 x 0.20 x 0.10
green, plate

0.50 x 0.40 x 0.30
green, block

Empirical Formula
Formula Weight (g/mol)
Temperature (K)
Wavelength (Å)
Crystal System
Space Group
a (Å)
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Table 2.7. X-ray Crystallographic Details for Me2LCuCl, iPr2LCuOPh-4-NO2
Compound

Me2

iPr2

Empirical Formula
Formula Weight (g/mol)
Temperature (K)
Wavelength (Å)
Crystal System
Space Group
a (Å)

C24H24ClCuN3O
469.45
173(2)
0.71073
Orthorhombic
P212121
8.8885(14)

LCu(OPh-4NO2) 2(CH2Cl2),
C6H5NO3
C46H53Cl4CuN5O7
993.27
173(2)
0.71073
Orthorhombic
P212121
14.1386(7)

b (Å)
c (Å)
α (°)
β (°)
γ (°)
Volume (Å3)
Z
Absorption coefficient
Density (calc) (Mg/m3)
Theta range for data (°)
Absorption correction
Completeness
Reflections collected
Independent reflections
Parameters, restraints
R1, wR2 (for I > 2σ(I))
R indices (all data)
Goodness-of-fit on F2
Largest Peak, Hole (e.Å-3)
F(000)
Index ranges

13.849(2)
17.692(3)
90
90
90
2177.8(6)
4
1.146 mm-1
1.146
1.87 to 27.32
Multi-scan
99.2%
11845
4847
271, 0
0.0405, 0.0790
0.0633, 0.0875
1.025
0.337 and -0.515
972
-10 ≤ h ≤ 11
-13 ≤ k ≤ 17
-22 ≤ l ≤ 22

14.2373(7)
23.7940(11)
90
90
90
4789.6(4)
4
0.733 mm-1
1.377
1.68 to 27.47
Multi-scan
99.8%
35564
10904
568, 0
0.0423, 0.0995
0.0591, 0.1083
1.023
0.534 and -0.366
2068
-17 ≤ h ≤ 18
-18 ≤ k ≤ 18
-19 ≤ l ≤ 30

Crystal size (mm3)
Crystal color, morphology

0.50 x 0.20 x 0.20
green, block

0.50 x 0.30 x 0.20
brown, block
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3. Synthesis and Linkage Isomerism of O,N,N’-Transition Metal
Complexes of Arylcarboxamide(arylimino)pyridines
In part from:
David W. Boyce, Debra J. Salmon, William B. Tolman. “Linkage Isomerism in
Transition-Metal Complexes of Mixed (Arylcarboxamido)(arylimino)pyridine Ligands”
Inorg. Chem., 2014, 53, 5788-5796.

3.1. Overview
An alternative route towards an arylcarboxamido(arylimino)pyridine supported
copper(III)-hydroxide complex, [RLCu(III)OH]+, was envisioned through the preparation
of O,N,N’-RL(H)Cu(II) complexes that could undergo linkage isomerism to access
N,N’,N’’-species. Neutral O,N,N’-RL(H)M(II)X2 (M = Fe, X = Br-; M = Co, Cu, Zn, X =
Cl-) complexes were studied with the aim of establishing O,N,N’-carboxamide
coordination chemistry and conditions suitable for linkage isomerism. Cationic, solventlabile O,N,N’-[RL(H)Cu(II)]2+ species were prepared through the use of non-coordinating
anions and readily formed stable O,N,N’-[RL(H)Cu(II)OH2]2+ aqua adducts. Subsequent
treatment of [iPrMeL(H)Cu(II)OH2][SbF6]2 with multiple equivalents of base and a
chemical oxidant at low temperature afforded an intermediate that resembled
[PyLCu(III)OH] by UV-visible spectroscopy.
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3.2. Introduction
Arylcarboxamide(arylimino)pyridine ligands, RL(H), were proposed as potential
supporting ligands for [RLCu(III)OH]+ complexes in Chapter 2. Synthetic difficulties
prevented the isolation of RLCu(II)OH complexes on a preparative scale through the use
of N,N’,N’’-RLCu(II)X (X = Cl-, NO3-, OAc-, SbF6-) precursors. In this chapter the use of
R

L(H) ligands as neutral O,N,N’-coordinating ligands is described.
Reaction of RL(H) ligands with divalent metal salts, M(II)X2, in the absence of

base was envisioned to result in a less sterically hindered O,N,N’ coordination motif. It
was hypothesized that the resultant coordination mode upon reaction with M(II)X2 would
be dependent on the nature of the anion, X- (Figure 3.1). In the presence of M(II)X2 salts
with coordinating anions, such as halides, neutral five-coordinate trigonal bipyramidal or
square pyramidal RL(H)M(II)X2 complexes would likely be favored. Few examples of
neutral O,N,N’-L(H)MX2 (M = Fe, Ni; X = Cl-) complexes have been reported by Sun
and co-workers using analogous alky-substituted-carboxamide (arylimino)pyridine
ligands.69,70 Alternatively, M(II)X2 salts featuring non-coordinating anions, such as SbF6-,
could potentially form cationic [RL(H)M(II)(S)n]2+ ((S)n = variable solvent ligation)
species with multiple labile coordination sites.
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Figure 3.1. Potential O,N,N’ coordination modes of RL(H) ligands with M(II)X2 salts.
Linkage isomerism is prevalent in inorganic chemistry and allows for the design
of and conversion between metal complexes featuring multiple coordination modes that
can possess potentially divergent properties.71 Stimuli such as heat,72 light,73 ultrasound,74
vapor,75 electrolysis,76 and or changes in pH77 have been shown to induce linkage
isomerism for various coordination complexes. The preparation of O,N,N’-carboxamide
complexes, RL(H)M(II)X2, was motivated by the potential for base-induced linkage
isomerism to yield N,N’,N’’-carboxamido complexes that were previously inaccessible
through alternative synthetic methods.
As was detailed in Chapter 2, N,N’,N’’-RLCu(II)X complexes were not amendable
to the synthesis of copper(II)-hydroxide complexes through reaction with OH- sources.
Therefore, an alternate synthetic pathway towards the preparation of RLCuOH complexes
through O,N,N’-L(H)Cu(II)OH2 species was proposed. Di-cationic [RL(H)Cu(II)OH2]2+
complexes were envisioned as precursors towards [RLCu(III)OH]+ species via linkage
isomerism, oxidation, and deprotonation of the aquo ligand (Figure 3.2). Preparation and
subsequent reactivity studies of an in situ [RLCu(III)OH]+ would then allow for the
previously proposed investigation (Chapter 2) of which effect, redox potential or
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hydroxide basicity, is the dominant thermodynamic influence on the reactivity of
copper(III)-hydroxides (in comparison to established PyCu(III)OH complexes35,40).
R

2+ [SbF 6]2

H
N
R

N
O

Cu
OH 2

N
R'

R'

+ [SbF 6]

+ Base

O
R

N
N
R

N

Cu
OH 2

R'

R'

+

+ Base/Oxidant

O
R

N
N
R

CuIII N
R'
OH

R'

Figure 3.2. Proposed synthetic pathway from O,N,N’-RL(H)Cu(II)OH2 to N,N’,N’’R
LCu(III)OH

This chapter will detail the preparation of RL(H)MX2 and [RL(H)Cu(S)n][SbF6]2
complexes featuring O,N,N’-carboxamide coordination. Structural and spectroscopic
characterization of these complexes will be presented and compared to the N,N’,N’’carboxamido complexes discussed in Chapter 2. Non-reversible base-induced linkage
isomerism from O,N,N’-carboxamide to N,N’,N’’-carboxamido coordination was also
established through multiple forms of spectroscopy and X-ray crystallography. Efforts
towards linkage isomerism, subsequent oxidation and deprotonation of an [RLCuOH2]+
complex in the attempted synthesis of an in situ [RLCu(III)OH]+ will also be described.
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3.3. Results and Discussion
3.3.1. Synthesis and Characterization of iPrMeL(H)M(II)X2 Complexes
The arylcarboxamide(arylimino)pyridine ligand,

iPrMe

L(H), was used to screen the

viability of synthesizing O,N,N’-RL(H)M(II)X2 complexes through reaction with divalent
metal ions in the absence of added base (Scheme 3.1). Addition of M(II)X2 salts to
solutions of
iPrMe

iPrMe

L(H) resulted in immediate color changes. The neutral complexes

L(H)MX2 (M = Fe, X = Br-; M = Co, Cu, Zn, X = Cl-) were isolated as purple (M =

Fe), green (M = Co), orange (M = Cu), and off-white solids (M = Zn) upon precipitation
from the respective reaction mixtures (50 mg scale, 70-90%). Characterization via ESIMS, UV-visible spectroscopy, 1H NMR spectroscopy (M = Zn), X-ray crystallography
(M = Co and Zn), and EPR spectroscopy (M = Cu) established the spectroscopic and
structural properties of iPrMeL(H)MX2 complexes.
Scheme 3.1. General synthetic procedure for O,N,N’-iPrMeL(H)MX2 complexes

O

N
NH

N

M(II)X 2

H
N

N
O

N

M
X

X

iPrMeL(H)FeBr

2

(M = Fe, X = Br)

iPrMeL(H)CoCl

2

(M = Co, X = Cl)

iPrMeL(H)CuCl

2

(M = Cu, X = Cl)

2

(M = Zn, X = Cl)

iPrMeL(H)ZnCl

Positive ion ESI mass spectra of

iPrMe

L(H)MX2 displayed intense peak envelopes

indicative of O,N,N’-[iPrMeL(H)MX+]+ species, in addition to various additional
[iPrMeL(H)MX+] fragmentation and [iPrMeL(H)MX]2+ dimeric peak envelopes (Figure 3.3).
Assignment of the observed peak envelopes was supported by simulation of the
appropriate mass and isotope patterns for the proposed cationic species.
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iPrMe

L(H)FeBr2, m/z [assignment], 562.17 [iPrMeL(H)FeBr+]+

iPrMe

L(H)CoCl2, m/z [assignment], 521.06 [iPrMeL(H)CoCl+]+

iPrMe

L(H)CuCl2, m/z [assignment], 525.27[iPrMeL(H)CuCl+]+, 547.14 [iPrMeLCuCl +
Na+]+

iPrMe

L(H)ZnCl2, m/z [assignment], 526.17[iPrMeL(H)ZnCl+]+

Figure 3.3. Positive ion ESI-MS spectra of iPrMeL(H)MX2 spectra in MeOH. Full
spectra (left column), simulated peaks are indicated with (*), corresponding peak
envelope simulations (center and right columns) and assignments are listed above
the corresponding spectra for each complex.
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UV-visible spectra of O,N,N’-iPrMeL(H)MX2 (Figure 3.4) differed significantly
from the N,N’,N’’-RLCuX spectra discussed in Chapter 2. While both types of complexes
displayed broad charge transfer bands around 400 nm, their intensities differed. For
O,N,N’-iPrMeL(H)MX2, ε ~ 1000 M-1 cm-1 or less, in comparison to features with ε ~ 2000
M-1 cm-1 for the N,N’,N’’-RLCuX cases. For the Cu(II) compounds of both types lowerenergy d-d transitions were observed with ε < 500 M-1 cm-1 .

Figure 3.4. UV-visible spectra for iPrMeL(H)FeBr2 (top left), iPrMeL(H)CoCl2 (top
right), iPrMeL(H)CuCl2 (bottom left), iPrMeL(H)ZnCl2 (bottom right)

While the UV-visible spectrum of

iPrMe

L(H)ZnCl2 is essentially featureless in the

visible region, the 1H NMR spectrum provides a glimpse into its nature in the solution
state. Carboxamide O,N,N’-coordination is supported by the presence of an amide N-H
proton at 10.18 ppm, along with the characteristic asymmetry of the carboxamide and
imino aryl functionalities that exhibit distinct resonances between 7.5 and 6.5 ppm
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(Figure 3.5). In comparison to the
corresponding to the N-H of

iPrMe

1

H NMR spectrum of

iPrMe

L(H), the peak

L(H)ZnCl2 is shifted downfield by over 0.7 ppm,

indicative of a significantly deshielded amide proton.

Figure 3.5. 1H NMR spectrum of iPrMeL(H)ZnCl2 in (CD3)2SO
Single crystals suitable for X-ray crystallography of iPrMeL(H)MX2 (M = Co, Zn, X
= Cl-) were obtained via vapor diffusion techniques. The X-ray crystal structures of
iPrMe

L(H)CoCl2 and

iPrMe

L(H)ZnCl2 are nearly isostructural (Figure 3.6, see section 3.5.3

for complete refinement details). Both display five-coordinate geometries illustrating the
O,N,N’-carboxamide coordination environment of

iPrMe

L(H). The respective τ values of

0.566 (M = Co) and 0.491 (M = Zn) indicate coordination geometries intermediate
between trigonal bipyramidal and square pyramidal.78 Metal-ligand bond distances (Table
3.1) are significantly elongated in comparison to those previously observed in the anionic
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N,N’,N’’-iPrMeLCuX X-ray structures, consistent with neutral O,N,N’ coordination. In
both structures the amide proton, H1A, participates in hydrogen-bonding with various
adventitious solvent molecules (acetonitrile, water, diethyl ether).

Figure 3.6. Representations of iPrMeL(H)MCl2 X-ray structures (M = Co, left) and (M =
Zn, right) with all non-hydrogen atoms shown as 50% thermal ellipsoids and the
hydrogen atoms attached to the amide N atoms as spheres

Table 3.1. Selected interatomic distances (Å) for
[iPrMeL(H)CuCl(MeCN)]2[CuCl4] X-ray structures.a
iPrMe

L(H)CoCl2

iPrMe

L(H)ZnCl2

iPrMe

L(H)CoCl2,

iPrMe

[iPrMeL(H)CuCl(MeCN)]2
[CuCl4]

M(1)-O(1)

2.2533(17)

2.2501(18)

2.068(3)

M(1)-N(2)

2.0537(18)

2.074(2)

1.930(3)

M(1)-N(3)

2.2115(19)

2.288(2)

2.052(3)

M(1)-Cl

2.255(8)b

2.228(9)b

2.1722(11)

M(1)-N(4)

-

-

2.321(4)

a

L(H)ZnCl2,

Estimated standard deviations are indicated in parentheses. bM(1)-Cl entries for
iPrMe
L(H)MCl2 structures represent an average bond distance for M(1)-Cl(1) and M(1)Cl(2).
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While repeated attempts to obtain single crystals suitable for X-ray crystallography
of

iPrMe

L(H)FeBr2 and

iPrMe

L(H)CuCl2 were unsuccessful, the composition of both

complexes was confirmed by elemental (C, H, N) analysis. However, a single
crystallization experiment for

iPrMe

L(H)CuCl2 yielded a small amount of orange crystals

determined to be [iPrMeL(H)CuCl(MeCN)]2[CuCl4] (Figure 3.7, see section 3.5.3 for
complete refinement details). The O,N,N’-coordination about the Cu atom exhibits
contracted bond distances in comparison to the

iPrMe

L(H)MCl2 (M = Co, Zn) structures

(Table 3.1), including Cu-N(2)pyridyl and Cu-Cl distances similar to those observed in
N,N’,N’’-RLCuCl structures. Nonetheless, location of the amide N-H proton from the
difference Fourier map and the overall charge balance in the structure supports
assignment of the supporting ligand as protonated

iPrMe

L(H). Attempts to prepare

sufficient [iPrMeL(H)CuCl(MeCN)]2[CuCl4] crystals for comparison to the iPrMeL(H)CuCl2
starting material were unsuccessful. Crystals of [iPrMeL(H)CuCl(MeCN)]2[CuCl4] are
likely representative of a decomposition product, in which an equivalent of CuCl42- is
generated through disproportionation of copper(II) and chloride ions in solution. CuCl42then serves as an hydrogen-bond acceptor, bridging between the amide protons of two
molecules of [iPrMeL(H)CuCl(MeCN)]+.
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Figure 3.7. Representation of the X-ray structure of [iPrMeL(H)CuCl(MeCN)]2[CuCl4]
with all non-hydrogen atoms shown as 50% thermal ellipsoids and the hydrogen
atoms attached to the amide N atoms as spheres. Hydrogen-bonding interactions (2.0
< Cl-H < 3.0 Å) are indicated with dashed lines.
Analysis of a frozen solution sample (1:1, MeCN/toluene) of

iPrMe

L(H)CuCl2 by

EPR spectroscopy at 2 K provided another unexpected result, in that the X-band EPR
spectrum exhibits an isotropic signal centered at gx,y,z = 2.14 with no apparent copper
hyperfine splitting. The isotropic signal is unchanged over a range of temperatures (2-30
K) and upon preparation in various solvents. Suspecting that this signal might arise from
CuCl2 rather than the complex, we examined the EPR spectrum of an independently
prepared sample of CuCl2 in the same solvent mixture under the same conditions.
Comparison of the data to that of

iPrMe

L(H)CuCl2 revealed clear differences, ruling out

CuCl2 being the source of the isotropic signal for the complex (Figure 3.8).
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Figure 3.8. EPR spectra of iPrMeL(H)CuCl2 (left; black = experimental, blue =
simulation) and comparison of iPrMeL(H)CuCl2 (right, black) and anhydrous CuCl2
(right, blue). All spectra above are frozen solution (1:1, MeCN/toluene) samples
Few examples of isotropic signals have been reported for CuX2 (X = Cl-, ClO4-,
SCN-, NO3-) complexes supported by neutral N,N,N-ligands.79,80,81,82 Isotropic signals for
S = 1/2, Cu(II) complexes are unusual because the nuclear spin of copper, I = 3/2,
typically produces a four line hyperfine splitting pattern into the spectrum (2I + 1 = 4).
Additionally, frozen solution samples of Cu(II) complexes are composed of all
orientations of the complex with respect to the fixed magnetic field, which upon
application of magnetic field during the EPR experiment should result in g anisotropy
(weighted by the composition of complexes with specific parallel or perpendicular
orientations).83 Anisotropic g values and four line copper hyperfine interactions were
observed in EPR spectra of N,N’,N’’-RLCuX (introduced in Chapter 2), which raised
further curiosity as to why neither g anisotropy nor copper hyperfine interactions are
observed in the EPR spectrum of

iPrMe

L(H)CuCl2. To investigate this phenomenon
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further,

an

analogous

N,N,N’-L’CuCl2

complex

(L’

=

2,6-bis[1-(2,6-

diisopropylphenylimino)ethyl]-pyridine) was investigated.
While Cu(II)X2 bis(arylimino)pyridine species have been studied84,85,86 the specific
complex L’CuX2 (X = Cl-) that was chosen for comparison had yet to be prepared in the
literature. Preparation of L’CuCl2 was performed according to the synthetic procedure
used for iPrMeL(H)CuCl2 and was isolated in good yield as an orange solid (100 mg scale,
89%). The X-ray structure of L’CuCl2 was determined (Figure 3.9, see section 3.5.3 for
complete refinement details) and the metal ion geometry was found to be squarepyramidal (τ = 0.179), with the Cu atom slightly displaced out of the N,N,N’,Cl(1)-plane
towards Cl(2). The axial Cu(1)-Cl(2) bond distance is elongated by ~ 0.25 Å in
comparison to the Cu(1)-Cl(1) bond, while the Cu-N bond distances are similar to those
found for [iPrMeL(H)CuClMeCN]+. Importantly, the EPR spectrum of L’CuCl2 displays an
isotropic signal centered at gx,y,z = 2.12 (Figure 3.9) that is nearly identical to that
exhibited by

iPrMe

L(H)CuCl2. As the types of signals observed in EPR spectra of Cu(II)

complexes are dependent upon the coordination environment of the metal center, it is
likely that

iPrMe

L(H)CuCl2 exhibits a square-pyramidal geometry analogous to L’CuCl2.

While the observation of isotropic EPR spectra, under these conditions, is consistent
between the discussed Cu(II)X2 pyridyl-imine complexes, the exact factors contributing
to the origin of the isotropic signals are not clear.
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Figure 3.9. The frozen solution (1:1, DCM/toluene, measured at 30 K) EPR spectrum
(left, black = experimental, blue = simulation) of L’CuCl2 and a representation of the
X-ray structure with all non-hydrogen atoms shown as 50% thermal ellipsoids (right).
Selected interatomic distances (Å), estimated standard deviations are indicated in
parentheses: Cu(1)-N(1) 2.112(3), Cu(1)-N(2) 1.945(3), Cu(1)-N(3) 2.009(3), Cu(1)Cl(1) 2.2096(12), Cu(1)-Cl(2) 2.4430(12)

3.3.2. Monitoring Linkage Isomerism of O,N,N’-iPrMeL(H)MX2 Complexes
Aiming to test the ability of O,N,N’-RL(H)Cu(II) complexes to undergo linkage
isomerism to N,N’,N’’-RLCu(II) ligation, reactions of

iPrMe

L(H)CuCl2 with NEt3 were

monitored by EPR and UV-visible spectroscopy. A series of independently prepared
frozen solution (1:1, MeCN/toluene) samples of iPrMeL(H)CuCl2 with 0 – 2 equivalents of
NEt3 were analyzed by EPR spectroscopy. The observed spectra show a transition from
the isotropic EPR signal of
iPrMe

iPrMe

L(H)CuCl2 to an axial signal characteristic of N,N’,N’’-

LCuCl with increasing equivalents of NEt3 (Figure 3.10). The EPR spectrum of an

independently prepared frozen sample (1:1, MeCN/toluene) of iPrMeLCuCl exhibits g and
A║(Cu) values in agreement with the observed titration product (blue spectrum, Figure
3.10).
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Figure 3.10. EPR spectra monitoring the conversion of iPrMeL(H)CuCl2 to iPrMeLCuCl
by the addition of aliquots of NEt3 in 1:1, MeCN/toluene. iPrMeLCuCl2 + 0 eq NEt3
(black), + 0.25 – 1 eq (grey), independently synthesized iPrMeLCuCl (blue)
Linkage isomerism from iPrMeL(H)CuCl2 to iPrMeLCuCl was also monitored by UVvisible spectroscopy. Consistent with the result observed by EPR spectroscopy, addition
of base to an orange solution of iPrMeLCuCl2 results in an immediate color change to dark
green. Progressive addition of base results in a transition of the observed spectra to
spectral features consistent with the UV-visible spectrum of independently synthesized
iPrMe

LCuCl (Figure 3.11). The combined EPR and UV-visible spectroscopy titration data

support the ability of O,N,N’-RL(H)Cu(II) complexes to undergo linkage isomerism to
N,N’,N’’-ligation in the solution state upon reaction with mild bases, such as NEt3.
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Figure 3.11. UV-vis spectra monitoring the conversion of iPrMeL(H)CuCl2 (black) to
iPrMe
LCuCl (blue, + 1 eq) by the addition of increasing equivalents of NEt3 in MeCN
with intermediate (+ 0.12 – 0.88 eq) spectra shown in grey (left). Titration data
monitoring increase in intensity of the spectral feature at 415 nm (right)
Further support of linkage isomerism in O,N,N’-iPrMeL(H)MX2 complexes was
sought through the structural characterization of linkage isomerism products. Single
crystals suitable for X-ray diffraction were isolated from small scale experiments (~15
mg) in which solutions of O,N,N’-iPrMeL(H)MX2 (M = Fe, X = Br-; M = Cu, X = Cl-)
were treated with base . Despite repeated attempts, single crystals of N,N’,N’’-cobalt or
zinc species could not be isolated. Although O,N,N’-iPrMeL(H)FeBr2 eluded structural
characterization, red crystals of its linkage isomerism product were obtained after
reaction with NEt3 (Figure 3.12, see section 3.5.3 for complete refinement details). The
five-coordinate geometry of

iPrMe

LFeBr(MeCN) is closer to square pyramidal than

trigonal bipyramidal, as evidenced by its low τ value of 0.132; considering the MeCN
ligand as axially coordinated and Br(1) as canted out of the square plane. NEt3 also
induced the formation of iPrMeLCuCl single crystals, from a concentrated THF solution of
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iPrMe

L(H)CuCl2. The green crystals were isostructural to the structure reported in Chapter

2 with the exception of an exogenous non-coordinated THF solvent molecule being
present in the unit cell instead of a molecule of CH2Cl2 (see section 3.5.3 for complete
refinement details). The structural characterization of these linkage isomerism products
supports the solution state spectroscopic evidence that O,N,N’- to N,N’,N’’-linkage
isomerism can be effected upon reaction with base.

Figure 3.12. Representation of the X-ray structure of iPrMeLFeBr(MeCN), with all
non-hydrogen atoms shown as 50% thermal ellipsoids. Selected bond distances (Å),
estimated standard deviations are indicated in parentheses: Fe(1)-N(1) 2.099(2),
Fe(1)-N(2) 2.101(2), Fe(1)-N(3) 2.308(2), Fe(1)-N(4) 2.097(2), Fe(1)-Br(1)
2.4143(4)

3.3.3. Synthesis and Characterization of [RL(H)Cu(II)][SbF6]2 Complexes
Cu(II) complexes with non-coordinating SbF6- anions were prepared upon reaction
of RL(H) ligands with [Cu(MeCN)5][SbF6]2. Green solutions resulted with use of iPr2L(H)
and

iPrMe

L(H), but reactions with

Me2

L(H) resulted in dark brown solutions from which

compounds could not be isolated. In the cases of iPr2L(H) and iPrMeL(H) the isolated green
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solids were shown to be cationic O,N,N’-[RL(H)Cu(S)n][SbF6]2 ((S)n = variable solvent
coordination) complexes via X-ray crystallography, ESI-MS, and UV-visible and EPR
spectroscopy. Compounds that were isolated on a preparative scale (50 mg, 70%) include
[iPr2L(H)Cu(MeCN)]2+, [iPrMeL(H)Cu(MeCN)2]2+, and [iPrMeL(H)Cu(OH2)(THF)]2+, while
[iPrMeL(H)Cu(THF)2]2+ was characterized exclusively by X-ray crystallography.
Analysis of crystals obtained from the use of dry non-coordinating, coordinating,
and “wet” (non-dried) solvents by X-ray crystallography supported the assignment of
various [RL(H)Cu(S)n][SbF6]2 species. Crystals analyzed from concentrated dry CH2Cl2
solutions

supported

the

assignment

of

anaerobically

prepared

solids

as

[RL(H)Cu(MeCN)n][SbF6]2 (R = iPr2, n = 1 (Figure 3.13); R = iPrMe, n = 2 (Figure
3.14), see section 3.5.3 for complete refinement details). Both structures feature Cu(II)
ions with tetragonal coordination that can be considered pseudo-octahedral in the solidstate through inclusion of the axial anion (Cu-F) and or solvent interactions. Typical CuO,N bond distances of ~ 2 Å consistent with O,N,N-RL(H) ligation (Table 3.2), amideSbF6 (H-F) hydrogen bonding, and exogenous CH2Cl2 solvent molecules are also
observed in both structures.
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Figure 3.13. Representation of the X-ray structure of [iPr2L(H)Cu(MeCN)][SbF6]2
(Cu-F distances > 2.65 Å are depicted with dashed lines). All non-hydrogen atoms
are shown as 50% thermal ellipsoids and the hydrogen atoms attached to the amide N
atoms as spheres.

In the case of [iPrMeL(H)Cu(MeCN)2]2+, additional crystals obtained through the use
of dry THF exhibited displacement of the coordinated MeCN molecules, in the resulting
structure of [iPrMeL(H)Cu(THF)2]2+ (Figure 3.14, see section 3.5.3 for complete
refinement details). The crystal structure of [iPrMeL(H)Cu(THF)2]2+ features similar CuO,N bond distances (Table 3.2) to the [RL(H)Cu(MeCN)n]2+ species. The primary
difference being that three non-coordinating THF molecules are present in the structure
of [iPrMeL(H)Cu(THF)2]2+, which outcompete the SbF6- anions for hydrogen-bonding to
the amide N-H.
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Figure 3.14. Representations of [iPrMeL(H)Cu(S)2][SbF6]2 X-ray structures (S =
MeCN, left; S = THF, right), with all non-hydrogen atoms shown as 50% thermal
ellipsoids, the hydrogen atoms attached to the amide N atoms as spheres, and a noncoordinating SbF6- omitted for clarity. Axial interactions with counterions (Cu-F
distances > 2.65 Å) are depicted with dashed lines.
Consistent with the solvent labile nature observed above, dissolution and
subsequent recrystallization of [iPrMeL(H)Cu(MeCN)2]2+ in “wet” THF outside of the
glove

box

yielded

[iPrMeL(H)Cu(OH2)(THF)][SbF6]2.

The

X-ray

structure

of

[iPrMeL(H)Cu(OH2)(THF)][SbF6]2 (Figure 3.15, see section 3.5.3 for complete refinement
details) is similar to that of the [RL(H)Cu(S)n]2+ species in regards to bonding interactions
(Table 3.2), overall geometry of the Cu(II) ion, and hydrogen bonding interactions
observed through non-coordinated THF solvate molecules.
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Figure 3.15. Representation of the X-ray structure of [iPrMeL(H)Cu(OH2)THF][SbF6]2
with Cu-F > 2.65 Å, Cu-O > 2.2 Å distances, and hydrogen bonding interactions
(H(water)-O(THF)) depicted as dashed lines. All non-hydrogen atoms are shown as
50% thermal ellipsoids, the hydrogen atoms attached to the amide N atoms as
spheres, and a non-coordinating SbF6- omitted for clarity
Table 3.2. Selected interatomic distances (Å) for [RL(H)Cu(S)n][SbF6]2 X-ray structuresa
Cu(1)Cu(1)Cu(1)Cu(1)-Solv
O(1)
N(2)
N(3)
[iPr2L(H)Cu(MeCN)]2+
1.9910(16) 1.8938(19) 2.0223(19)
N4: 1.921(2)
[iPrMeL(H)Cu(MeCN)2]2+

2.046(3)

1.915(4)

2.036(4)

[iPrMeL(H)Cu(THF)2]2+

2.027(3)

1.915(4)

2.026(4)

[iPrMeL(H)Cu(OH2)(THF)]2+

2.044(2)

1.912(2)

2.067(2)

a

N4: 1.902(5)
N5: 2.191(6)
O2: 1.934(3)
O3: 2.206(3)
O2: 1.914(2)
O3: 2.235(2)

Estimated standard deviations are indicated in parentheses
The prominent peak envelopes observed upon positive-ion ESI-MS analysis of

[RL(H)Cu(S)n]2+ were assigned as [RLCu+] fragments (presumably formed under the
ionization conditions of the experiment), supported by simulation of the appropriate mass
and isotope patterns (Figure 3.16). Species with [RL(H)Cu2+]2+ or higher-mass dimeric
formulations were not observed, unlike for

iPrMe
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L(H)MX2 complexes. UV-visible spectra

of [RL(H)Cu(S)n]2+ are similar to those of RLCuX complexes discussed in Chapter 2, in
that they exhibit a charge transfer band around 400 nm and a d-d transition around 650
nm (Figure 3.17).
[iPr2L(H)Cu(MeCN)]2+ m/z [assignment]: 545.23 [iPr2LCu+]+

[iPrMeL(H)Cu(MeCN)2]2+ m/z [assignment]: 489.18 [iPrMeLCu+]+

[iPrMeL(H)Cu(OH2)(THF)]2+ m/z [assignment]: 489.21 [iPrMeLCu+]+

Figure 3.16. Positive ion ESI-MS spectra of [RL(H)Cu(S)n]2+ complexes in MeOH.
Full spectra (left column, simulated peaks are indicated with (*), corresponding peak
envelope simulations (right column) and assignments are listed above the
corresponding spectra for each complex.

82

Figure 3.17. UV-vis spectra of [RL(H)Cu(S)n]2+ complexes in CH2Cl2. R = iPr2, S =
MeCN, n = 1(left); R = iPrMe, S = MeCN, n = 2 (center); R = iPrMe, S = OH2, THF,
n = 2 (right)
EPR spectra for [RL(H)Cu(S)n]2+ (Figure 3.18) revealed notable differences in
comparison to

R

LCuX and

iPrMe

L(H)CuCl2. The distinct differences between

[RL(H)Cu(S)n]2+ EPR spectra and those of

R

LCuX allow for neutral O,N,N’ and

monoanionic N,N’,N’’-coordination to be distinguished. Frozen solution EPR spectra of
O,N,N’-[RL(H)Cu(S)n]2+ at 30 K exhibited larger gz (~2.3 vs. 2.2), decreased rhombicity
(gx ~ gy), smaller A║(Cu) values (~160 vs 190 x10-4 cm-1), and no observable Nsuperhyperfine coupling.

Figure 3.18. Experimental (black) and simulated (blue) EPR spectra of
[RL(H)Cu(S)n]2+ complexes. R = iPr2, S = MeCN (left); R = iPrMe, S = MeCN, n = 2
(center); R = iPrMe, S = OH2, THF n = 2 (right)
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Further support for the observed O,N,N’- EPR spectral features was gained through
the

preparation

of

the

analogous

bis(arylimino)pyridine

complex,

N,N,N’-

[L’Cu(MeCN)][SbF6]2. Reaction of [Cu(MeCN)5[SbF6]2 with L’ formed a dark green
solution, from which a green solid was isolated (100 mg scale, 87%). Crystals suitable for
X-ray crystallography were obtained from diffusion of pentane into a concentrated
toluene solution and exhibited tetragonal Cu coordination and axial Cu-F interactions, as
was observed in O,N,N’-[RL(H)Cu(S)n]2+ structures (Figure 3.19, see section 3.5.3 for
complete refinement details). The frozen solution EPR spectra of [L’CuMeCN]2+ at 30 K
(Figure 3.19) and those of [iPrMeL(H)Cu(S)n]2+ complexes are highly similar, providing
further support for the distinct spectral features exhibited by O,N,N-RL(H)Cu(II)
complexes through structural and spectroscopic correlation.

Figure 3.19. The frozen solution (1:1, CH2Cl2/toluene, measured at 30 K) EPR
spectrum (left, black = experimental, blue = simulation) of [(L’CuMeCN][SbF6]2 and
a representation of the X-ray structure of [L’CuMeCN][SbF6]2 with all nonhydrogen atoms shown as 50% thermal ellipsoids (right). Selected interatomic
distances (Å), estimated standard deviations are indicated in parentheses: Cu(1)-N(1)
2.037(3), Cu(1)-N(2) 1.892(3), Cu(1)-N(3) 2.023(3), Cu(1)-N(4) 1.927(3), Cu(1)F(3) 2.672(3), Cu(1)-F(12) 3.098(3).
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3.3.4. Attempted Synthesis of an Cu(III)OH Complex via Linkage Isomerism
The envisioned linkage isomerism, deprotonation, and oxidation of an O,N,N’[RL(H)Cu(OH2)]2+ complex targeting the preparation of a [RLCu(III)OH]+ complex was
pursued starting from [iPrMeL(H)Cu(OH2)(THF)][SbF6]2. Reactions were monitored at
low temperature using UV-visible and EPR spectroscopy, due to the previously reported
thermal

instability

of

Py

LCu(III)OH

complexes.35,40

Attempts

to

characterize

[iPrMeL(H)Cu(OH2)(THF)][SbF6]2, in the absence and presence of base, by cyclic
voltammetry in MeCN (0.1 M Bu4NPF6) did not reveal any oxidative electrochemical
events upon scanning anodically up to ~ 2 V vs. Fc+/Fc. The lack of observed oxidative
features for [iPrMeL(H)Cu(OH2)]2+ or the in situ generated [iPrMeLCu(OH2)]+ species
implies that cationic [RLCu(II)]+ complexes are not readily oxidized. Therefore, access to
[RLCu(III)OH]+ should be dictated by the pKa required to deprotonate the aquo ligand,
forming an in situ neutral RLCu(II)OH. By analogy to RLCuX (X = Cl-, NO3-, OAc-),
discussed in Chapter 2, the resultant RLCu(II)OH should exhibit an E1/2 value of ~ 0.7 0.8 V vs. Fc+/Fc.
2,6-Lutidine was selected as an appropriate base to effect the required
deprotonations, replacing NEt3 due to its instability towards strong oxidants. Strong
chemical oxidants with potentials of ~ +1 V vs. Fc+/Fc including WCl6 and the
triarylaminium cation radical [N(aryl)3]+ (aryl = 2,4-dibromophenyl) were selected to
ensure that an oxidizing agent of appropriate strength was used.87 Dichloromethane was
used exclusively as the solvent in the reactions described herein due to its compatibility
with the chosen chemical oxidants.
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A shift in the UV-visible spectrum of [iPrMeL(H)Cu(OH2)(THF)][SbF6]2 at -80 °C
consistent with O,N,N’- to N,N’,N’’ linkage isomerism was observed after addition of two
equivalents of 2,6-lutidine. Subsequent addition of an equivalent of WCl6 or [N(aryl)3]+
to the reaction at low temperature provided a deeply colored purple solution (λmax = 535
nm, ε ~ 8,500 M-1 cm-1, Figure 3.20). Control reactions with [iPrMeL(H)Cu(MeCN)2]2+
confirmed that the intense purple solution was only generated upon chemical oxidation of
[iPrMeL(H)Cu(OH2)(THF)][SbF6]2 in the presence of multiple equivalents of base.

Figure 3.20. UV-visible spectra of 0.15 mM [iPrMeL(H)CuOH2]2+ (left, black
spectrum), + 2 eq. 2,6-lutidine (left, green spectrum), + 1 eq. WCl6 (left, purple
spectrum) at -80 °C in CH2Cl2; frozen solution CH2Cl2 EPR spectrum of + 1 eq. WCl6
product at 30 K (right)

Although the species produced displays a very similar UV-visible spectrum to those
of previously characterized

Py

LCu(III)OH35,40 HAT reactivity was not observed in the

presence of excess of 9,10-dihydroanthracene (DHA). The formation of anthracene was
not detected via GC-MS, UV-visible or NMR spectroscopic analysis. Further analysis of
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the purple species by EPR spectroscopy did not support assignment as a copper(III)hydroxide complex, in that the EPR spectra of the species was not silent and exhibited a
signal comparable to previously observed Cu(II) complexes (Figure 3.20). Further
investigation would be required to assign the exact nature of the purple intermediate, but
was not pursued due to the lack of evidence of metal-based oxidation or HAT reactivity
towards DHA. Based on the lack of EPR silence and the redox active nature of pyridylimine ligands88 the purple intermediate is most likely a copper(II)-ligand radical species.
Recent work by Ray and co-workers has established that Lewis acid stabilized copper(II)nitrene radical intermediates, [Cu(II)(NR·)-Sc],89,90 are also thermally sensitive purple
intermediates with characteristic absorption features of ~540 nm, supporting that this type
of absorption feature is not exclusive to copper(III)-hydroxide complexes.
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3.4. Summary and Conclusions
The coordination chemistry of neutral O,N,N’-RL(H) ligands was explored. Various
complexes including

iPrMe

L(H)M(II)X2 and [RL(H)Cu(S)n][SbF6]2 were characterized

structurally and through multiple forms of spectroscopy. X-ray structures of complexes
supported by neutral O,N,N’-RL(H) coordination were shown to exhibit elongated M-O/N
bond distances than those supported by monoanionic, N,N’,N’’-RL- coordination.
Spectroscopic characterization of [O,N,N’-RL(H)Cu(II)]2+ species revealed notable
differences, in comparison to previously studied N,N’,N’’-RLCuX complexes, allowing
for O,N,N’- and N,N’,N’’ coordination to be distinguished in solution.
The established spectroscopic properties of O,N,N’- and N,N’,N’’-coordination
provided means for monitoring base-induced linkage isomerism between O,N,N’- and
N,N’,N’’-coordination. Synthesis of an [RLCu(III)OH]+ complex through linkage
isomerism and deprotonation of an [RL(H)CuOH2]2+ complex was explored. Upon
reaction with strong chemical oxidants the resultant species appeared to be similar to
previously reported

Py

LCu(III)OH complexes by UV-visible spectroscopy. However,

characterization by EPR spectroscopy did not support the occurrence of a metal based
oxidation, and the lack of HAT reactivity towards substrates is inconsistent with results
for other

Py

LCu(III)-hydroxides. Although RL(H) ligands have not been shown to be

suitable for the preparation of [RLCu(III)OH]+ complexes, the structural and
spectroscopic characterization provided through these studies may be useful as the
foundation for future applications of this versatile ligand framework.
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3.5. Experimental Section
3.5.1. General Considerations
All solvents and reagents were obtained from commercial sources and used as
received unless otherwise stated. The solvents tetrahydrofuran (THF), diethyl ether
(Et2O), toluene, pentane, and dichloromethane were passed through solvent purification
columns (Glass Contour, Laguna, CA). CH2Cl2 and MeCN were dried over CaH2 then
distilled under vacuum prior to use. THF was dried over sodium/benzophenone prior to
use. Acetone was dried over activated 3 Å molecular sieves and distilled under vacuum
prior to use. Purified solvents were stored in a nitrogen filled glovebox over either
activated 3 Å molecular sieves or CaH2 and filtered through a 0.45 m PTFE syringe filter
immediately before use. All complexes were prepared under dry nitrogen using standard
Schlenk techniques or in a Vauum Atmospheres inert atmosphere glovebox, unless
otherwise stated. Ligands

iPrMe

L(H),

iPr2

L(H),

Me2

L(H) were synthesized according to the

literature.57 Cu(MeCN)5(SbF6)2 was synthesized according to published procedures.91,92.
2,6-bis[1-(2,6-diisopropylphenylimino)ethyl]pyridine, L’, was synthesized according to
the literature.93 The triarylamine N(aryl)3 aryl = C6H4Br2-2,4 and its corresponding
triarylaminium cation, were synthesized according to published procedures.94
UV-visible spectra were recorded with an HP8453 (190-1100 nm) diode array
spectrophotometer. Low temperature UV-vis experiments were performed using a
Unisoku low temperature UV-vis cell holder. GC-MS analysis was performed using an
Agilent Technologies 7890A GC system and 5975C VL MSD. Elemental analyses were
performed by Complete Analysis Laboratories, Inc. (Parsippany, NJ) and Robertson
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Microlit Laboratory (Ledgewood, NJ). EPR spectra were recorded with a Bruker
Continuous Wave EleXsys E500 spectrometer at either 2 K or 30 K. EPR simulations
were performed by using Bruker SimFonia software (version 1.25). NMR spectra were
recorded on either Varian VI-300 or VXR 300 spectrometers at room temperature.
Chemical shifts (δ) for 1H and

13

C NMR spectra were referenced to residual protium in

the deuterated solvent (1H) or the characteristic solvent resonances of the solvent nuclei
(13C). ESI-MS were recorded with a Bruker BIOTOF II instrument in positive ion mode.
Cyclic voltammetry was performed in a three-electrode cell with Ag+/Ag reference
electrode, platinum auxillary electrode, and glassy carbon working electrode and
analyzed with BASi Epsilon software. Tetrabutylammonium hexafluorophosphate
(Bu4NPF6) was used as the supporting electrolyte. X-ray crystallography data collections
and structure solutions were conducted by using a Bruker APEX II CCD instrument and
the current SHELXTL suite of programs.67
3.5.2. Synthetic Procedures
iPrMe

L(H)FeBr2: FeBr2 (26 mg, 0.12 mmol) and

iPrMe

L(H) (51 mg, 0.12 mmol)

were dissolved in 4 mL THF and the solution immediately turned dark blue. After
stirring for 30 min a dark blue solid was collected by vacuum filtration, washed with
pentane (3 x 10 mL), and dried under vacuum for 1 h (0.0621 g, 81%). UV-vis (MeCN,
25°C) λmax (ε, M-1 cm-1): 560 (137). MS (ESI+, CH3CN): m/z = 562.17 [L(H)FeBr+].
Calculated (C28H33Br2N3OFe): C 52.28, H 5.17, N 6.53. Found C 52.01, H 5.09, N 6.42.
Dark red crystals of

iPrMe

LFeBr(MeCN) were isolated from a solution of
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iPrMe

L(H)FeBr2

(15 mg, 2 mL THF) and 1 drop of Et3N after diffusion of pentane at -30 °C.
iPrMe

L(H)CoCl2: CoCl2 (16 mg, 0.12 mmol) and

iPrMe

L(H) (53 mg, 0.12 mmol)

were stirred in 10 mL of a 1:1 acetone/MeCN mixture to yield a bright green solution.
After stirring 2 h, the reaction mixture was filtered and the filtrate was concentrated to
approximately 2 mL total volume. Et2O (10 mL) was added to the solution which was
then cooled to -30 °C. The resulting green powder was collected by vacuum filtration,
washed with pentane (3 x 10 mL), and dried under vacuum for 1 h (0.0463 g, 71%). MS
(ESI+, CH3CN): m/z = 521.06 [iPrMeL(H)CoCl+]+. UV-vis (MeCN) λmax (ε, M-1cm-1): 590
(230); 685 (303) nm. Anal. Calcd for C28H33Cl2N3OCo: C 60.33, H 5.97, N 7.54. Found
C 60.18, H 5.87, N 7.45 . X-ray quality crystals were obtained by vapor diffusion of Et2O
into a concentrated MeCN solution of

iPrMe

L(H)CoCl2 -30 °C. A non-coordinated

molecule of diethyl ether (O2, C31-C34) was modeled as disordered over two positions
(62:38).
iPrMe

L(H)CuCl2: Anhydrous CuCl2 (16 mg, 0.12 mmol) and iPrMeL(H) (50 mg, 0.12

mmol) were combined in 4 mL MeCN. The solution was stirred at room temperature for
30 min resulting in an orange-brown solution. Et2O (12 mL) was added to the solution
which was then cooled to -30 °C. The resulting orange-brown solid was collected by
vacuum filtration, washed with pentane (3 x 10 mL), and dried under vacuum for 1 h
(0.0624 g, 95%). MS (ESI+, CH3OH): m/z = 525.27 [iPrMeL(H)CuCl+]+. UV-vis (MeCN)
λmax (ε, M-1cm-1): 400(sh) (726); 450 (700); 890 (94) nm. EPR [9.64 GHz,
MeCN/Toluene (1:1), 30 K]: gx,y,z = 2.14. Anal. Calcd for C28H33Cl2N3OCu: C 59.84, H
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5.92, N 7.48. Found C 59.71, H 5.82, N 7.46. X-ray quality crystals of
[iPrMeL(H)CuCl(MeCN)]2[CuCl4] were obtained by vapor diffusion of Et2O into a
concentrated MeOH solution of iPrMeL(H)CuCl2 over a period of one month at -20 °C.
iPrMe

L(H)ZnCl2: ZnCl2 (16 mg, 0.12 mmol) and

iPrMe

L(H) (50 mg, 0.12 mmol)

were dissolved in 4 mL THF. After stirring for 15 min a light colored precipitate formed
in the solution. The solid was collected by vacuum filtration, washed with pentane (3 x
10 mL), and dried under vacuum for 1 h (0.0488 g, 74%). 1H NMR (300 MHz,
(CD3)2SO): δH 10.18 (br s, 1H, NH); 8.55 (d, 1H, J = 7.5 Hz, Py H), 8.24-8.18 (m, 2H, Py
H), 7.36-6.90 (m, 6H, Ar H), 3.11 (m, 2H, Ar CH(CH3)2), 2.94 (s, 3H, N=CCH3), 1.99 (s,
6H, Ar CH(CH3)2, N-arylimine), 1.15 (d, 12H, J = 6.6 Hz, Ar CH(CH3)2, Narylcarboxamide). MS (ESI+, CH3CN): m/z = 526.17 [iPrMeL(H)ZnCl+]+. Anal. Calcd for
C28H33Cl2N3OZn: C 59.64, H 5.90, N 7.45. Found C 59.58, H 5.78, N 7.35. X-ray quality
crystals were obtained by vapor diffusion of Et2O into a concentrated MeCN solution of
iPrMe

L(H)ZnCl2 at -30 °C.
L’CuCl2: Anhydrous CuCl2 (28 mg, 0.208 mmol) and L’ (0.100 g, 0.208 mmol)

were combined in 5 mL (2:10, MeCN/DMF). After stirring 30 min the reaction was a
clear orange-brown color. The reaction mixture was then concentrated to ~ 1 mL total
volume and excess Et2O (10 mL) was added to the solution which was then cooled to -30
°C for 1 h. The resulting orange-brown solid was collected by vacuum filtration, washed
with Et2O (3 x 10 mL), and dried under vacuum for 1 h (0.1137 g, 88.9 %). EPR [9.64
GHz, CH2Cl2/Toluene (1:1), 30 K]: gx,y,z = 2.12. X-ray quality crystals were obtained by
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vapor diffusion of Et2O into a concentrated MeCN solution of L’CuCl2 at -30 °C.
[iPr2L(H)Cu(MeCN)][SbF6]2: Cu(MeCN)5(SbF6)2 (81 mg, 0.10 mmol) and iPr2L(H)
(50 mg, 0.11 mmol) were combined in 4 mL THF. After stirring for 30 min, pentane (10
mL) was added. A green solid precipitated and was isolated by vacuum filtration. The
resulting green powder was washed with pentane (3 x 10 mL) and dried under vacuum
for 1 h (0.0767 g, 70%). MS (ESI+, CH3OH): m/z = 545.23 [iPr2LCu+]+. UV-vis (CH2Cl2)
λmax (ε, M-1cm-1): 428 (1864); 665 (463) nm. EPR [9.64 GHz, CH2Cl2/Toluene (1:1), 30
K]: gx = 2.06, gy = 2.07, gz = 2.27, A║(Cu): 165 x10-4 cm-1. Anal. Calcd for
C32H41N3OCuSb2F12 (iPr2L(H)Cu; the MeCN ligand was lost upon drying of the crystals
under vacuum prior to analysis): C 37.73, H 4.06, N 4.12. Found C 37.43, H 4.26, N 4.76.
X-ray quality crystals were obtained by vapor diffusion of pentane into a concentrated
CH2Cl2 solution of [iPr2L(H)Cu(MeCN)][SbF6]2 at -20 °C.
[iPrMeL(H)Cu(MeCN)2][SbF6]2: [iPrMeL(H)Cu(MeCN)2][SbF6]2 was synthesized
following as for [iPr2L(H)Cu(MeCN)][SbF6]2 except
iPr2

iPrMe

L(H) was used in place of

L(H) (0.0890 g, 73%). MS (ESI+, CH3OH): m/z = 489.18 [iPrMeLCu+]+. UV-vis

(CH2Cl2) λmax (ε, M-1cm-1): 415 (1060); 690 (215) nm. EPR [9.64 GHz, CH2Cl2/Toluene
(1:1), 30 K]: gx = 2.06, gy = 2.07, gz = 2.27, A║(Cu): 165 x10-4 cm-1. Anal. Calcd for
C32H39N5OCuSb2F12: C 36.79, H 3.76, N 6.70. Found C 36.73, H 3.81, N 6.44. X-ray
quality crystals were obtained by vapor diffusion of pentane into a concentrated CH2Cl2
solution of [iPrMeL(H)Cu(MeCN)2][SbF6]2 at -30 °C. X-ray quality crystals of
[iPrMeL(H)Cu(THF)2][SbF6]2 were obtained by vapor diffusion of diethyl ether into a
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concentrated THF solution of [iPrMeL(H)Cu(MeCN)2][SbF6]2 at -30 °C. A noncoordinated molecule of THF (O6, C45-C48) was modeled as disordered over two
positions (35:65).
[iPrMeL(H)Cu(OH2)THF][SbF6]2: Cu(MeCN)5(SbF6)2 (93 mg, 0.12 mmol) and
iPrMe

L(H) (57 mg, 0.12 mmol) were combined in 4 mL THF in a glovebox. After stirring

for 30 min, the reaction was removed from the glovebox and 10 mL of wet solvent (THF)
was added to the reaction mixture. The reaction was allowed to continue stirring for 1 h,
after which the solvent was removed. The resulting green residue was taken up in 5 mL
THF and pentane (100 mL) was added to the flask. A green solid resulted after several
hours of storage at -20 °C. The solid was isolated via vacuum filtration and washed with
pentane (3 x 10 mL) (0.0884 g, 63%). MS (ESI+, CH3OH): m/z = 489.21 [iPrMeLCu+]+.
UV-vis (CH2Cl2) λmax (ε, M-1cm-1): 410 (2395); 695 (375) nm. ESI-MS: m/z 489.2186
(LCu+). EPR [9.64 GHz, THF/toluene (1:1), 30 K]: gx = 2.03, gy = 2.11, gz = 2.27,
A║(Cu): 155 x10-4 cm-1. Anal. Calcd for C32H43CuF12N3O3Sb2: C 36.51, H 4.12, N 3.99.
Found C 36.60, H 4.29, N 3.76. X-ray quality crystals were obtained by vapor diffusion
of pentane into a concentrated CH2Cl2 solution of [iPrMeL(H)Cu(OH2)THF][SbF6]2 at -20
°C. One of the SbF6- anions (Sb1, F1-F6) was best modeled as disordered over two
positions (82:18).
[L’Cu(MeCN)][SbF6]2: [Cu(MeCN)5][SbF6]2 (174 mg, 0.223 mmol) and L’ (100
mg, 0.208 mmol) were combined in 6 mL of THF. After stirring 30 min the reaction was
a clear green color. The reaction mixture was then concentrated to ~ 1 mL total volume
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and excess pentane (10 mL) was added to the solution which was then cooled to -30 °C
for 1 h. The resulting orange-brown solids were collected by vacuum filtration, washed
with pentane (3 x 10 mL), and dried under vacuum for 1 h (0.2055 g, 87.2 %). EPR [9.64
GHz, CH2Cl2/toluene (1:1), 30 K]: gx = 2.07, gy = 2.04, gz = 2.22, A║(Cu): 180 x10-4 cm1

. X-ray quality crystals were obtained by vapor diffusion of Et2O into a concentrated

toluene solution of [L’Cu(MeCN)][SbF6]2 at -30 °C.
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3.5.3. Summary of X-ray Crystallographic Details
Table 3.3. X-ray crystallographic details for
[iPrMeL(H)CuCl(MeCN)][CuCl4]

L(H)CoCl2,

L(H)ZnCl2,

C36H45Cl2N7OZn
728.06
173(2)
0.71073
Monoclinic
C2/c
25.876(5)

[iPrMeL(H)CuCl
(MeCN)]2
[CuCl4]2(C3H6O)
C64H78Cl6Cu3N10O2
1422.68
173(2)
0.71073
Monoclinic
P21/c
17.3657(18)

b (Å)
c (Å)
α (°)
β (°)
γ (°)
Volume (Å3)
Z
Absorption coefficient
Density (calc) (Mg/m3)
Theta range for data (°)
Absorption correction
Completeness
Reflections collected
Independent reflections
Parameters, restraints
R1, wR2 (for I > 2σ(I))
R indices (all data)
Goodness-of-fit on F2
Largest peak, hole (e.Å-3)
F(000)
Index ranges

15.6687(11)
16.1572(11)
90
103.6310(10)
90
3600.4(4)
4
0.662 mm-1
1.274
1.84 to 27.63
Multi-scan
99.5%
40794
8317
425, 18
0.0447, 0.1140
0.0696, 0.1283
1.026
0.577 and -0.518
1460
-19 ≤ h ≤ 19
-20 ≤ k ≤ 20
-21 ≤ l ≤ 20

8.9106(16)
35.414(6)
90
106.930(2)
90
7812(2)
8
0.802 mm-1
1.238
1.73 to 27.43
Multi-scan
99.2%
36915
8857
435, 0
0.0462, 0.1112
0.0685, 0.1199
1.031
0.432 and -0.359
3056
-33 ≤ h ≤ 33
-11 ≤ k ≤ 11
-45 ≤ l ≤ 45

25.757(3)
15.5914(16)
90
96.7010(10
90
6926.2(12))
4
1.193 mm-1
1.364
1.53 to 27.52
Multi-scan
99.6%
76918
15890
766/6
0.0621, 0.1555
0.0931, 0.1775
1.015
1.834 and -1.594
2948
-22 ≤ h ≤ 22
-33 ≤ k ≤ 33
-20 ≤ l ≤ 20

Crystal size (mm3)
Crystal color, morphology

0.50 x 0.10 x 0.10
green, block

0.50 x 0.10 x 0.10
colorless, block

0.50 x 0.30 x 0.20
orange, block

Empirical Formula
Formula Weight (g/mol)
Temperature (K)
Wavelength (Å)
Crystal System
Space Group
a (Å)
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iPrMe

iPrMe

L(H)CoCl2
C4H10O, OH2,
CH3CN
C34H48Cl2CoN4O3
690.59
173(2)
0.71073
Monoclinic
P21/c
14.6340(10)

Compound

iPrMe

iPrMe

L(H)ZnCl2
4(CH3N)

Table 3.4. X-ray crystallographic details for L’CuCl2, iPrMeLFeBr(MeCN), iPrMeLCuCl
iPrMe

LFeBr(MeCN)
2(CH3CN)

[iPrMeLCuCl]
(C4H8O)

Compound

[L’CuCl2]
C4H10O

Empirical Formula
Formula Weight (g/mol)
Temperature (K)
Wavelength (Å)
Crystal System
Space Group
a (Å)

C37H53Cl2CuN3O
690.26
173(2)
0.71073
Monoclinic
P21/c
13.762(3)

C34H41BrFeN6O
685.49
173(2)
0.71073
Triclinic
P-1
9.8971(8)

C32H40ClCuN3O2
597.66
173(2)
0.71073
Triclinic
P-1
9.7058(8)

b (Å)
c (Å)
α (°)
β (°)
γ (°)
Volume (Å3)
Z
Absorption coefficient
Density (calc) (Mg/m3)
Theta range for data (°)
Absorption correction
Completeness
Reflections collected
Independent reflections
Parameters, restraints
R1, wR2 (for I > 2σ(I))
R indices (all data)
Goodness-of-fit on F2
Largest peak, hole (e.Å-3)

15.076(3)
18.378(4)
90
102.961(3)
90
3716.0(14)
4
0.763 mm-1
1.234
1.77 to 25.49
Multi-scan
98.4%
28963
6791
397, 0
0.0599, 0.1496
0.0983, 0.1763
1.020
1.207 and -0.984

12.8819(11)
13.9503(12)
79.4820(10)
76.9190(10)
89.5990(10)
1702.2(2)
2
1.652 mm-1
1.337
1.61 to 27.36
Multi-scan
98.6%
19469
7607
388,0
0.0432, 0.1172
0.0523, 0.1233
1.025
1.274 and -0.608

12.0364(9)
14.2126(11)
86.7990(10)
87.2090(10)
67.9830(10)
1536.2(2)
2
0.830 mm-1
1.292
1.83 to 27.50
Multi-scan
98.1%
16505
6923
359, 0
0.0428, 0.1060
0.0585, 0.1148
1.033
1.081 and -0.543

F(000)

1468

712

630

Index ranges

-16 ≤ h ≤ 16
-18 ≤ k ≤ 18
-22 ≤ l ≤ 19

-12 ≤ h ≤ 12
-16 ≤ k ≤ 16
-18 ≤ l ≤ 18

-12 ≤ h ≤ 11
-15 ≤ k ≤ 15
-18 ≤ l ≤ 18

Crystal size (mm3)
Crystal color,
morphology

0.40 x 0.20 x 0.10
orange, block

0.50 x 0.30 x 0.20
red, block

0.30 x 0.20 x 0.20
green, block
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Table 3.5. X-ray crystallographic details for [iPr2LCuMeCN][SbF6]2,
[iPrMeL(H)Cu(MeCN)2][SbF6]2, [iPrMeL(H)Cu(MeCN)2][SbF6]2
Compound

[iPr2L(H)CuMeCN]
[SbF6]2 CH2Cl2

[iPrMeL(H)Cu(MeCN)2]
[SbF6]2 2(CH2Cl2)

[iPrMeL(H)Cu(THF)2]
[SbF6]2 3(C4H8O)

Empirical Formula

C35H46Cl2CuF12N4OSb2
1144.70
173(2)
0.71073
Monoclinic
P21/c
12.9023(6)

C33.50H42Cl3Cu
F12N5OSb2
1172.11
173(2)
0.71073
Monoclinic
P2/c
20.2971(10)

C48H73CuF12N3O6Sb2

19.3103(9)
17.8355(9)
90
93.7960(10)
90
4433.9(4)
4
1.889 mm-1
1.715

10.3003(5)
23.4639(16)
90
115.4040(10)
90
4431.2(4)
4
1.951 mm-1
1.757

23.537(3)
21.026(3)
90
94.366(2)
90
5557.1(13)
4
1.432 mm-1
1.581

1.90 to 27.42
Multi-scan
99.4%
50106
10044

1.76 to 27.49
Multi-scan
99.6%
42887
10155

1.94 to 27.48
Multi-scan
98.8%
51617
12584

524, 0
0.0282, 0.0707
0.0349, 0.0759
1.0041
1.146 and -0.989

528,0
0.0561, 0.1611
0.0758, 0.1795
1.052
1.805 and -1.517

662, 20
0.0591, 0.1613
0.0834, 0.1774
1.024
1.661 and -1.254

2260
-16 ≤ h ≤ 16
-24 ≤ k ≤ 24
-23 ≤ l ≤ 23
0.50 x 0.50 x 0.40
green, block

2304
-26 ≤ h ≤ 26
-13 ≤ k ≤ 13
-30 ≤ l ≤ 30
0.20 x 0.20 x 0.20
green, block

2676
-14 ≤ h ≤ 14
-30 ≤ k ≤ 27
-26 ≤ l ≤ 27
0.40 x 0.30 x 0.20
green, block

Formula Weight
Temperature (K)
(g/mol)
Wavelength (Å)
Crystal System
Space Group
a (Å)
b (Å)
c (Å)
α (°)
β (°)
γ (°)
Volume (Å3)
Z
Absorption coefficient
Density (calc)
(Mg/m3)
Theta range for data
Absorption correction
(°)
Completeness
Reflections collected
Independent
reflections
Parameters, restraints
R1, wR2 (for I > 2σ(I))
R indices (all data)
Goodness-of-fit on F2
Largest peak, hole
(e.Å-3)
F(000)
Index ranges
Crystal size (mm3)
Crystal color,
morphology
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1323.13
173(2)
0.71073
Monclinic
P21/c
11.2616(15)

Table 3.6. X-ray cyrstallographic details for [iPrMeL(H)Cu(OH2)(THF)][SbF6]2,
[(L’Cu(MeCN)][SbF6]2
[L’Cu(MeCN)][SbF6]2
C7H8

Formula Weight
Temperature (K)
(g/mol)
Wavelength (Å)
Crystal System
Space Group
a (Å)

[iPrMeL(H)Cu(OH2)(THF)]
[SbF6]2 CH2Cl2,
3(C4H8O)
C45H69Cl2Cu
F12N3O6Sb2
1353.97
173(2)
0.71073
Triclinic
P-1
13.9719(7)

b (Å)
c (Å)
α (°)
β (°)
γ (°)
Volume (Å3)
Z
Absorption

14.6765(7)
16.1109(8)
97.7770(10)
103.9150(10)
114.5700(10)
2810.8(2)
2
1.509 mm-1

12.5633(6)
20.4977(10)
90
101.7750(10)
90
4671.8(4)
4
1.681 mm-1

Density (calc)
coefficient
Theta range (°)
Absorption

1.600 Mg/m3

1.635 Mg/m3

1.70 to 27.47
Multi-scan

1.66 to 27.46
Multi-scan

99.4%
28033

99.8%
53808

12579

10671

673, 35

550,0

0.0389, 0.1003

0.0406, 0.0970

0.0499, 0.1078
1.047

0.0560, 0.1067
1.050

1.000 and -1.026 e.Å-3
1362
-18 ≤ h ≤ 18; -19 ≤ k ≤ 18;
-20 ≤ l ≤ 20
0.50 x 0.50 x 0.40
green, block

2.692 and -2.055 e.Å-3
2292
-24 ≤ h ≤ 24; -16 ≤ k ≤
16; -26 ≤ l ≤ 26
0.50 x 0.40 x 0.20
green, block

Compound
Empirical Formula

Completeness
correction
Reflections
collected
Independent
reflections
Parameters,
restraints
R1, wR2 (for I >
2σ(I))
R indices (all data)
Goodness-of-fit on
Largest peak,
hole
F2
F(000)
Index ranges
Crystal size (mm3)
Crystal color,
morphology
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C42H54CuF12N4Sb2
1149.93
173(2)
0.71073
Monoclinic
P21/n
18.5317(9)

4. Preparation of a Copper(III)-Hydroxide Complex Supported by a
Piperidine Dicarboxamido Pincer Ligand
Aspects of this work were reported previously in the M.S. thesis of H. Zhang with whom
this work was completed in close collaboration
Zhang, H. M.S. Thesis, “Ligand Effects on the Properties of Cu(III)-OH Species”
University of Minnesota, 2014. [95]

4.1. Overview
Novel bis(arylcarboxamido)-piperidine and N-methyl-piperidine ligands, PipL(R’)H2 (R’ =
H, Me), have been prepared and employed as supporting ligands for a series of copperhydroxide complexes. Using the dianionic tridentate N,N,N’-pincer ligands,

Pip

L(R’)2-,

complexes [PipL(R’)Cu(II)OH]- featuring both alkali metal and tetraalkyl ammonium
countercations were prepared. The structures and redox properties of [PipL(R’)Cu(II)OH]were evaluated through solid and solution state techniques, including X-ray
crystallography, UV-visible and EPR spectroscopy, and cyclic voltammetry. Comparison
of [PipL(R’)Cu(II)OH]- to previously studied complexes supported by

Py 2-

L

revealed

differences in the properties of the copper(II)-hydroxide species but identical reactivity of
the copper(III)-hydroxides towards 9,10-dihydroanthracene (DHA).
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4.2. Introduction
The rapid reactivity towards DHA of a 2,6-bis(arylcarboxamido)pyridine
supported Cu(III)-OH complex,

Py

LCu(III)OH, established the viability of copper(III)-

hydroxides as reactive intermediates in oxidative reactions.35 In seeking to evaluate
characteristics responsible for the observed reactivity and to possibly discover new
transformations, we hypothesized that replacing the pyridine donor in
piperidine in

Pip

Py 2-

L

with a

L(R’)H2 (R’ = H, Me), could enable new insights to be attained. We

envisioned that new ligands
differences compared to

Pip

L(R’)2- would have intriguing steric and electronic

Py 2-

L (Figure 4.1). The piperidine ring would be expected to

adopt various non-planar conformations upon coordination that could impart steric
influences. More importantly, because the pKa values for free piperidine (pKa ~ 11) and
pyridine (pKa ~ 5) indicate that piperidine is a significantly stronger base, increased σdonation to a metal center for

Pip 2-

L

would be anticipated.96 The increased electron

donating character would be expected to cause lower Cu(II/III) oxidation potentials as
well as greater basicity for a coordinated hydroxide ligand. The relative importance of
these two effects could be evaluated by studying the reactivity of
complexes.
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Pip

L(R’)Cu(III)-OH

O
R

O

N
NH

HN

O

R

R

NH

R

R
PyLH

O

N
R'

PipL(R')H

R

HN
R

R

2

R = iPr
R' = H, Me

2

Figure 4.1 Comparison of 2,6-bis(arylcarboxamido) pyridine (PyLH2) and piperidine
(PipL(R’)H2) ligands

Examples of multi-dentate N,N,N-ligands featuring 2,6-disubstituted piperidines
(Figure 4.2)97,98,99 are scarce in comparison to analogous pyridine-containing ligands. A
noteworthy relative of
synthesis of

Pip

Pip

L(R’)H2 is i. Ligand i provided synthetic inspiration for the

L(R’)H2 ligands in that a [(i)Ni(II)]2+ complex was prepared via

hydrogenation of the analogous [pyridine-(i)Ni(II)]2+ complex.98
R

R
NH

N
H

N

HN

N

R
N

N

N
H

N

RO 2C
RO 2C

H

R

i

ii

N

iii
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N

N

N
N
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N
N

N

iv

H
N
N

v

Figure 4.2. Selected 2,6-disubstituted piperidine ligands
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Studies comparing the properties of metal complexes supported by various
macrocylic tertiary and secondary amine ligands similar to i, have established the
relationship known as the N-methylation effect.100 While N-methyl piperidine (pKa ~ 10)
is only slightly less basic96b than piperidine (pKa ~ 11) in water, the additional methyl
group increases the steric bulk, which influences the structural and spectroscopic
properties of metal complexes.100 We thus envisioned that variation of R’ in

Pip

L(R’)2-

could influence the properties of Cu(II) and Cu(III) complexes, and enable further
evaluation of the thermodynamic influences (pKa, redox potential) on reactivity with C-H
bonds.
This chapter will detail the preparation of PipL(R’)H2 proligands (R’ = H, Me) and
the structural and spectroscopic characterization of [PipL(R’)Cu(II)OH]- complexes. The
impact of N-methylation on [PipL(R’)Cu(II)OH]- complexes is elucidated through
comparison of structural and spectroscopic properties for species with R’ = H or Me.
Ultimately, the effects of the increased electron donation from

Pip

L(R’)2- relative to

Py 2-

L

were determined through a combination of cyclic voltammetry and reactivity studies on
copper(II)- and (III)-hydroxide complexes.
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4.3. Results and Discussion
4.3.1. Synthesis and Characterization of PipL(R’)H2 Ligands (R’ = H, Me)
Inspired by the reported synthesis of [(i)Ni(II)]2+ via hydrogenation of the
analogous [pyridine-(i)Ni(II)]2+ complex,98 appropriate conditions for hydrogenation of
Py

LH2 to

Pip
Py

Pip

Py

L(H)H2 were developed (Scheme 4.1). Hydrogenation of

LH2 to yield

L(H)H2 was achieved by loading a Fisher Porter pressure tube with a MeOH slurry of

LH2 and Pd/C (10 wt.%), 7 atm of H2 (g), and heating to 75 °C for 24 h (2 g, 54.4%).

Satisfactory reaction conditions including solvent, temperature, catalyst type, and H2 (g)
pressure were developed by reference to related procedures for the hydrogenation of the
corresponding functional groups comprising PyL(H)H2.101
Scheme 4.1. Synthesis of PipL(H)H2. Adapated from Ref [95]
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R
PyLH

2

R

7 atm H 2 (g)
Pd/C (10 wt.%)
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R
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O
HN

R

R

R

PipL(H)H

R = iPr

2

R = iPr

Selective hydrogenation of the pyridine ring to yield
1

N
H

Pip

L(H)H2 was confirmed by

H, 13C, and 1H-1H COSY NMR spectroscopy. The 1H NMR spectrum of PipL(H)H2 lacks

resonances for aromatic pyridine protons between 8.60 – 8.0 ppm, retains the
carboxamide N-H resonance at 9.36 ppm, and exhibits several new resonances from the
piperidine ring between 3.5 – 1.5 ppm (Figure 4.3).
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Figure 4.3. 1H NMR spectrum of
Adapted from Ref [95]
The N-methylated derivative,

Pip

Pip

L(H)H2 in d6-(CD3)2SO at room temperature.

L(Me)H2, was prepared via reaction of

Pip

L(H)H2

with iodomethane in the presence of base (Scheme 4.2, 1 g, 77%). The selective Nmethylation of the piperidine nitrogen was confirmed by 1H, 13C, and 1H-1H COSY NMR
spectroscopy. Notably, the 1H NMR spectrum displays carboxamide N-H resonances and
a new signal for the N-methyl group at 2.65 ppm.
Scheme 4.2. Synthesis of PipL(Me)H2. Adapted from Ref [95]
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4.3.2. Synthesis and X-ray Crystal Structures of [PipL(R’)Cu(II)] Complexes
Copper(II)-hydroxide complexes supported by

Pip

L(R’)2- were prepared using

reaction conditions similar to those for the preparation of [PyLCuOH]- complexes.35,40 A
mixture of PipL(R’)H2 and copper(II)-triflate was first treated with 2 equivalents of either
NaOMe or KOtBu to yield green solutions. Subsequent addition of Bu4NOH resulted in a
dark purple solution, from which purple solids were isolated after filtration of insoluble
materials and removal of solvent (Scheme 4.3, 100 mg, 40-70%).
Scheme 4.3. Synthesis of [M][PipL(R’)CuOH] complexes. Adapted from Ref [95]
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O
N

R

R

[M][PipL(R)CuOH]
R = iPr
R' = H or Me
M = Na + or K +

The isolated solids were characterized as [M][PipL(R’)CuOH] by X-ray
crystallography. Single crystals suitable for X-ray crystallography of all four variants (R’
= H, Me; M = Na+, K+) were obtained from diffusion of diethyl ether into concentrated
MeOH solutions of the respective complexes. The [M][PipL(R’)CuOH] structures are
isostructural to each other regardless of M+ ion, featuring nearly identical unit cell
parameters and structure parameters, and multiple molecules of adventitious MeOH per
asymmetric unit (Figure 4.4, see section 4.5.3 for complete refinement details).
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Figure 4.4. Representations of [M][PipL(R’)CuOH] X-ray structures (M = Na+, R’ =
H, top left; M = K+, R’ = H, top right; M = Na+, R’ = Me, bottom left; M = K+, R’ =
Me, bottom right) with M-O distances > 2 Å depicted as dashed lines. All nonhydrogen atoms are shown as 50% thermal ellipsoids and the hydrogen atoms
attached to the Pip-N and O(3) atoms as spheres

[PipL(H)CuOH]- structures were solved in the centrosymmetric space group C2/c,
such that the M+ ion is half occupied over two crystallographic inversion centers within
the asymmetric unit. The solid state structures of [M][PipL(H)CuOH] (M = Na+, K+) are
therefore comprised of polymeric repeating units through bridging M(1)-O(3) hydroxide
and

M(2)-O(1/2)

carboxamide

carbonyl

coordination,

linking

one

anionic

[PipL(H)CuOH]- to a neighboring complex (Figure 4.5, top). Similarly, the
[PipL(Me)CuOH]- structures display two unique positions for the M+ ions that bridge
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between neighboring [PipL(Me)CuOH]- units, but are not related by crystallographic
symmetry operations. The [PipL(Me)CuOH]- structures were solved in the noncentrosymmetric space group P1, which has no inversion centers. Therefore, the M+
bridged

units

observed

in

the

structures

are

best

described

as

dimeric

[M][PipL(Me)CuOH] species in the asymmetric unit (Figure 4.5, bottom).

Figure 4.5. Expanded representation of the [M][PipL(R’)CuOH] X-ray structures
depicting intramolecular ion and hydrogen-bonding interactions (dashed lines) through
ball and stick models (M = Na+, R’ = H, top; M = K+, R’ = Me, bottom).
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Limited examples of mononuclear copper(II)-hydroxides have been structurally
characterized by X-ray crystallography, the majority of which are supported by neutral102
or monoanionic103 tripodal ligands. Currently, there are only two examples of squareplanar mononuclear copper(II)-hydroxides with Cu-O bond distances under 1.90 Å.104,105
As neither structure features alkali metal-hydroxide interactions, the closest point of
comparison for [M][PipL(R’)CuOH] structures is that of [Et4N][PyLCuOH] (R = Me);105
bond distances for [Et4N][PyLCuOH] are included in Table 4.1 for comparison. The
copper-hydroxide bond distances in [PipL(R’)CuOH]- are longer than that in [PyLCuOH]by up to 0.04 Å. Consistent with variable alkali metal-hydroxide interactions, shorter
M(1)-O(3) bonds correspond to longer Cu(1)-O(3) distances. We hypothesize that the M
= K+ structures exhibit longer M(1)-O(3) distances due to an increase in ionic radii for K+
vs. Na+ and favorable cation-π interactions that are observed with the flanking aryl
groups.

Table 4.1. Selected interatomic distances (Å) for [M][PipL(R’)CuOH] X-ray structuresa
[M][PipL(R’)CuOH]

Cu(1)-N(1)

Cu(1)-N(2)

Cu(1)-N(3)

Cu(1)-O(3)

O(3)-M(1)

M = Na+, R’ = H

1.9805(12)

1.9946(12)

1.9829(12)

1.8822(10)

2.2415(10)

M = K , R’ = H

1.9895(19)

1.988(2)

1.970(2)

1.8593(16)

2.5295(16)

+

M = Na , R’ = Me

1.963(3)

2.032(3)

1.959(3)

1.885(2)

2.292(3)

M = K+, R’ = Me

1.959(3)

2.025(3)

1.962(3)

1.872(3)

2.518(3)

2.004(2)

1.924(3)

2.004(2)

1.845(3)

-

+

Py

[Et4N][ LCuOH]
(R = Me)
a

b

Estimated standard deviations are indicated in parentheses. bReproduced from Ref[105]

109

Replacement of pyridine by piperidine results in distortion of the Cu(II) geometry
in the

Pip

L(R’)2- structures, in comparison to commonly reported square-planar

Py

LCu(II)

species.35,40,105,106,107 In each structure the piperidine ring adopts a chair confirmation with
the piperidine N-atom raised slightly out of the N,N-Cu-OH plane. The Cu(1)-N(1,3)amido bond distances of ~1.98 Å are consistent with analogous distances in previously
reported

Py

LCu(II) structures.35,40,105,106,107 However, despite the greater basicity and

expected σ–donation of the piperidine moiety, the Cu(1)-N(2)-piperidine bond distances
(~2 Å) are elongated in comparison to PyLCu-N(py) distances (~1.92 Å) (Table 4.1). We
propose that the elongated Cu(1)-N(2)-piperidine bond distances are due to the altered
hybridization of the central nitrogen of

Pip

L(R’)2-. As the shift from sp2 (PyL2-) to sp3

hybridization (PipL(R’)2-) hinders the ability of the piperidine nitrogen lone pair to overlap
with the dx2-y2 orbital residing in the N,N-Cu-OH plane. Comparison of Cu(1)-N(2)piperidine bond distances between

Pip

L(H)2- and

Pip

L(Me)2- coordination shows slightly

longer Cu(1)-N(2) and shorter Cu(1)-N(1,3)-amido bond distances in the

Pip

L(Me)2-

structures (Table 4.1), consistent with the predicted N-methylation effect.100
Dissolution of [Na][PipL(H)CuOH] in water or methanol was accompanied by
color changes from purple to red. The resulting species were determined to be
Pip

L(H)CuOH2 and [Na{15-crown-5}][PipL(H)CuOMe] (crystallized in the presence of

15-crown-5) upon characterization of recrystallized material by X-ray crystallography
(Figure 4.6, see section 4.5.3 for complete refinement details). Both structures display
similar

Pip

L(H)2- N,N,N’-distorted tetragonal Cu geometries comparable to the
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[M][PipL(R’)CuOH] structures, with slight variations in the Cu-O/N bond distances
(Table 4.2). Consistent with the substitution of an anionic hydroxide for a neutral aquo
ligand, the Cu(1)-O(3) bond distance for

Pip

L(H)CuOH2 is longer by

Additionally, the Cu(1)-N(1,3)-amido bonds in
[PipL(H)CuOH]-

by

0.06

Å.

The

Pip

~ 0.1 Å.

L(H)CuOH2 are shorter than in

Cu(1)-N(1-3)

bonds

in

[Na{15-crown-

5}][PipL(H)CuOMe] are similar to those observed in the [PipL(H)CuOH]- structures, while
the Cu(1)-O(3)-methoxide bond is contracted to 1.8191(13) Å (Table 4.2). The shorter
Cu(1)-O(3) bond distance is consistent with the short copper-hydroxide bond distance
observed in [Et4N][PyLCuOH], featuring a non-coordinating Et4N+ countercation.
Crystallization of [PipL(H)CuOMe]- in the presence of 15-crown-5 was shown to
completely sequester the Na+ ion, preventing any interaction with the coordinated
methoxide ligand, further supporting that M+ interactions influence the Cu(1)-O(3) bond
lengths in the [PipL(R’)CuOH]- structures.

Figure 4.6. Representations of PipL(H)CuOH2 and [Na{15-crown-5}]
[PipL(H)CuOMe] X-ray structures. All non-hydrogen atoms are shown as 50%
thermal ellipsoids with the hydrogen atoms attached to pip-N(2) and aquo-O(3) as
spheres. Na+-O distances greater than 2.25 Å are depicted with dashed lines.
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Table 4.2. Selected Interatomic Distances (Å) for PipL(H)CuOH2 and [Na{15-crown5}][PipL(H)CuOMe]a
Pip

L(H)CuOH2

[Na{15-crown-5}]

Cu(1)-N(1)

Cu(1)-N(2)

Cu(1)-N(3)

Cu(1)-O(3)

1.9367(13)

1.9809(12)

1.9483(13)

1.9891(11)

1.9918(15)

1.9805(14)

1.9948(15)

1.8191(13)

Pip

[ L(H)CuOMe]
a

Estimated standard deviations are indicated in parentheses.

The observation of the formation of

Pip

L(H)CuOH2 and [PipL(H)CuOMe]- upon

dissolution of [PipL(H)CuOH]- in water or methanol suggests that the [PipL(R’)CuOH]species are too basic to study in protic solvents. Attempts to compare the solution state
properties of [PyLCuOH]- and [PipL(R’)CuOH]- in either THF or acetone were hindered
due to poor solubility of the latter. Lacking the Bu4N+ ions utilized by [PyLCuOH]-,35,40
which allowed for spectroscopic and electrochemical properties to be established in THF
or acetone, the solubility of [M][PipL(R’)CuOH] complexes was too low to allow for
accurate measurements to be made in non-polar organic solvents. Two alternative
strategies towards increasing the solubility of [PipL(R’)CuOH]- species in less polar
aprotic organic solvents were tested: addition of crown ethers to sequester the M+ ions,
and replacement of the M+ ions by [Me4N]+. The complexes [Na+{15-Crown5}][PipL(H)CuOH] and [K+{18-crown-6}][PipL(H)CuOH] were prepared by adding the
corresponding crown ether to the reaction under the conditions described in Scheme 4.1.
[Me4N][PipL(H)CuOH] was prepared by treating a mixture of

Pip

L(H)H2 and copper(II)-

triflate with 4 equivalents of Me4NOH, followed by work-up of the resultant purple
solution. Crystals suitable for X-ray diffraction of these complexes were obtained from
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diffusion of diethyl ether in MeOH solutions of the respective complexes (Figure 4.7 and
Figure 4.8, see section 4.5.3 for complete refinement details).
[Na+{15-Crown-5}][PipL(H)CuOH] and [K+{18-crown-6}][PipL(H)CuOH] exhibit
nearly identical Cu-N, Cu-O and M-O bond distances to those observed in the
[M][PipL(H)CuOH] structures (Table 4.3) but are not isostructural. Similar to
[M][PipL(H)CuOH], [M{crown-ether}][PipL(H)CuOH] structures were solved in a
centrosymmetric point group (P-1) in which the M+ ion resides on two half occupied
centers of inversion linking one [PipL(H)CuOH]- unit to another. Interestingly the solid
state structures show that the M(1)+ ion position still directly interacts with the hydroxide
ligand, and is unaffected by the presence of the respective crown ether. The M(2)+ ion is
sequestered by the crown-ether and becomes coordinatively saturated through interaction
with adventitious MeOH. With M(2)+-interactions eliminated, the MeOH molecules
coordinated to M(2)+ establish the intermolecular interactions responsible for the
polymeric nature of the structures through hydrogen-bonding to the carbonyl O-atoms of
Pip

L(H)2-.
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Figure 4.7. Representations of [Na{15-crown-5}0.5][PipL(H)CuOH] (top) and [K{18crown-6}0.5][PipL(H)CuOH] (bottom) X-ray structures. All non-hydrogen atoms are
shown as 50% thermal ellipsoids with the hydrogen atoms attached to N(2) and O
atoms as spheres. M+-O distances greater than 2.2 Å and hydrogen-bonding
interactions depicted with dashed lines

As was observed in the [M{crown-ether}][PipL(H)CuOH] structures, the Cu-N/O
bond distances for [Me4N][PipL(H)CuOH] were nearly identical to [M][PipL(H)CuOH].
While similar Cu-N distances were expected, we had hypothesized that a [PipL(H)CuOH]species featuring a non-coordinating countercation, such as Me4N+, should exhibit a
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shorter Cu(1)-O(3) bond distance more analogous to [Et4N][PyLCuOH]. However, the
Cu(1)-O(3) bond distance of 1.8787(17) Å is intermediate to the distances observed in the
[M][PipL(R’)CuOH] structures. While eliminating the alkali metal-hydroxide interaction
was desirable to investigate the effect on the copper-hydroxide bond distance, doing so
also altered the solid-state structure of [Me4N][PipL(H)CuOH]. The lack of M+ ions in the
asymmetric unit allows for a unique [PipL(H)CuOH]- unit, in which no atoms are partially
occupied through crystallographic inversion centers. The absence of M+ ions also results
in an increased amount of adventitious MeOH in the asymmetric unit. There are 4-5
molecules of MeOH per asymmetric unit of [Me4N][PipL(H)CuOH]; four are fully
occupied and one partially occupied. The observed MeOH molecules act as both
hydrogen-bond acceptors, from the piperidine N-H, and donors to both carbonyl oxygen
atoms and the hydroxide ligand (Figure 4.8, bottom). Without a M+ ion being present in
close proximity, two molecules of MeOH associate closely above and below the
hydroxide ligand. Considering that the hydroxide O(3) atom acts as a hydrogen-bond
donor to two separate molecules of MeOH, the intermediate Cu(1)-O(3) distance is less
surprising, as less electron density is available for binding to the Cu center.
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Figure 4.8. Representation of the X-ray structure of [Me4N][PipL(H)CuOH]
([PipL(H)CuOH]- only, top) with all non-hydrogen atoms shown as 50% thermal
ellipsoids and the hydrogen atoms attached to N, O atoms as spheres. And the
hydrogen-bonding interactions within the structure as dashed lines, as a ball and stick
model with 2,6-diisopropylaryl groups are omitted for clarity, bottom).
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Table 4.3. Selected interatomic distances (Å) for[Na{15-crown-5}0.5][PipL(H)CuOH],
[K{18-crown-6}0.5][PipL(H)CuOH], [Me4N][PipL(H)CuOH]a
[Na{15-crown

Cu(1)-N(1)

Cu(1)-N(2)

Cu(1)-N(3)

Cu(1)-O(3)

O(3)-M(1)

1.9769(12)

1.9909(12)

1.9786(12)

1.8783(11)

2.2122(11)

1.9735(12)

1.9879(11)

1.9797(12)

1.8613(11)

2.5106(11)

1.9792(18)

1.9955(17)

1.9806(18)

1.8787(17)

-

Pip

-5}0.5][ L(H)CuOH]
[K{18-crown
-6}0.5][PipL(H)CuOH]
[Me4N][PipL(H)CuOH]
a

Estimated standard deviations are indicated in parentheses.

In addition to providing interesting structural comparisons, the [M{crownether}]+ and [Me4N][PipL(H)CuOH] complexes were shown to be readily soluble in THF
and acetone; allowing for the spectroscopic and electrochemical studies discussed in the
remainder of this chapter. Although the preparation of [M{crown-ether}][PipL(H)CuOH]
complexes discussed above yielded crystals useful for structural comparison, it was later
determined that their independent synthesis was unnecessary. Equivalent [M{crownether}][PipL(R’)CuOH] species could be prepared in situ from direct addition of a crownether to a THF or acetone slurry of any complex with the formula [M][PipL(R’)CuOH].

4.3.3. Characterization of [PipL(R’)CuOH]- Complexes by EPR Spectroscopy and Cyclic
Voltammetry
X-band EPR spectroscopy was used to investigate whether the various supporting
cations (M+, M+{crown-ether}, or Me4N+) effect the Cu(II) environment in solution, and
to draw comparisons to the established properties of [Bu4N][PyLCuOH].35 Frozen
solution samples of either THF or acetone solutions were prepared and analyzed at 2-30
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K. The observed spectra for [PipL(R’)CuOH]- species exhibit similar features to those
previously reported for [PyLCuOH]- and to each other (Figure 4.9). All spectra display
rhombically distorted axial signals with well resolved N-superhyperfine coupling and
large A║(Cu) ~ 200 x 10-4 cm-1 values. Parameters obtained from spectral simulations
compare favorably to those of [PyLCuOH]-, with negligible deviation between the
[PipL(R’)CuOH]- spectra featuring different supporting ions (Table 4.4). The equivalent
[PipL(R’)CuOH]- EPR spectra indicate that any interactions with M+ countercations in the
solution state do not perturb the Cu(II) coordination sphere.

Figure 4.9. EPR spectrum of [Na{15-crown-5}][PipL(H)CuOH] (left; black =
experimental, blue = simulation) and stacked experimental spectra for an expanded
comparative view of the gx,gy/N-superhyperfine region of the EPR spectra of
[PipL(H)CuOH]- (right; [Na]+ (red), [Na{15-crown-5}]+ (black), [Me4N]+ (blue))
complexes. Adapted from Ref [95]
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Table 4.4. EPR simulation parameters derived from experimental [PipL(R’)CuOH]Spectraa
gx
gy
gz
A║(Cu)
A(Nav)
[PipL(R’)CuOH]-

2.06

2.03

2.19

200

15

[Bu4N][PyLCuOH]b

2.032

2.055

2.185

196

16.3

a

Units of A are x 10-4 cm-1; bReproduced from Ref [35]
Although [M+], [M+{crown-ether}], and [Me4N][PipL(R’)CuOH] exhibit closely

similar structural and spectroscopic properties, investigation of their electrochemical
properties through cyclic voltammetry (CV) revealed drastically different behavior
between PipL(H)2- and PipL(Me)2- species. All cyclic voltammograms reported herein were
measured in either acetone (0.1 M Bu4NPF6) or THF (0.3 M Bu4NPF6) under inert
atmosphere using a standard three-electrode configuration consisting of a glassy carbon
working electrode, platinum counter electrode, and a Ag+ reference electrode, and were
referenced to the Fc+/Fc couple.
Cyclic voltammograms of [PipL(H)CuOH]- species in acetone display multiple
irreversible anodic features ±1 V vs. Fc+/Fc. The anodic features observed for
[PipL(H)CuOH]- occur at Ep,a ~ -0.315, 0.320, and 0.715 V vs. Fc+/Fc (500 mV s-1)
(Figure 4.10).

119

Figure 4.10. Cyclic voltammogram of [PipL(H)CuOH]- performed in acetone (0.1 M
Bu4NPF6; ± 1 V vs. Fc+/Fc; 500 mV s-1)
All of the observed features for [PipL(H)CuOH]- are electrochemically
irreversible, regardless of scan-window, direction, or rate. Chemical irreversibility was
also observed upon investigation of scan-rate dependence and stability over multiple
cycles of scans. The initial anodic features of Ep,a ~ -0.315 and 0.320 V shift up to +150
mV for voltammograms measured between 50 – 5000 mV s-1 (Figure 4.11, left – current
is corrected for scan-rate dependence with respect to the Randles-Sevcik equation108).
The scan rate dependence of the initial features suggests that an electrochemicallyinduced reaction is taking place upon scanning anodically, while the lack of scan-rate
dependence for the third feature implies that a common product is formed. Loss of over
half of the observed current upon continuation of the voltammogram for a second cycle
suggests that the electrochemically-induced reaction is irreversible (Figure 4.11, right).
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Figure 4.11. Cyclic voltammograms of [PipL(H)CuOH]- in acetone: (left) variable
scan rate (red, 50 mV s-1; blue, 500 mV s-1; black, 5000 mV s-1) voltammograms;
(right, adapted from Ref [95]) eight consecutive scan cycles between ±1 V vs.
Fc+/Fc at 500 mV s-1
The electrochemical properties observed by CV for [PipL(H)CuOH]- differ from
those of [PyLCuOH]- in acetone, as the latter exhibits a quasi-reversible one-electron
oxidation at -0.076 V vs. Fc+/Fc.35 We propose that the lack of reversibility and
instability for the oxidative features of [PipL(H)CuOH]- can be attributed to the available
proton of

Pip

L(H)2-. In support of this notion, free piperidine has proven to be a reducing

agent capable of promoting base-assisted electron transfer through cleavage of the
piperidine N-H bond in the presence109,110 and absence111 of base.
Cyclic voltammograms of [PipL(Me)CuOH]- were recorded in acetone and THF.
In either solvent, voltammograms of [PipL(Me)CuOH]- exhibit a prominent anodic feature
at Ep,a ~ -0.215 V vs. Fc+/Fc. Upon scanning ~ ±1 V vs. Fc+/Fc at 100 mV s-1 the initial
anodic feature exhibits some reversible current in acetone but is irreversible in THF.
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Irregular anodic features of varying reversibility, similar to features observed in the the
CV of [PipL(H)CuOH]-, are also observed (Figure 4.12).

Figure 4.12. Cyclic voltammograms of [PipL(Me)CuOH]- in acetone (left) and THF
(right) at 100 mV s-1

In contrast, isolation of the initial electrochemical event by truncating the scan
window to a maximum of +0.1 V vs. Fc+/Fc allowed for quasi-reversible oxidative
processes to be detected at variable scan rates for [PipL(Me)CuOH]- (Figure 4.13). The
initial anodic features exhibit linear relationships between peak current (Ip,a) and the
square root of scan rate (Figure 4.14); supporting assignment of the features as oneelectron oxidations. Analysis of the cathodic current revealed that electrochemical
reversibility (Ip,a/Ip,c ~ 1) can be achieved with scan rates of at least 500 (acetone) or 1500
(THF) mV s-1 (for detailed electrochemical parameters see Table 4.5). This implies the
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lack of reversibility at lower scan rates is due to a chemical event that precludes the
observation of reversible cathodic current.

Figure 4.13. Variable scan rate cyclic voltammograms of [PipL(Me)CuOH]- in
acetone (left: red, 50 mV s-1; blue = 250 mV s-1; black = 1000 mV s-1) and THF
(right: red, 50 mV s-1; blue = 500 mV s-1; black = 1500 mV s-1)

Figure 4.14. Plots of anodic current (Ip,a) vs. square root of scan rate (v1/2) for the
intial anodic feature of [PipL(Me)CuOH]- species in acetone (left, r2 = 0.9995) and
THF (right, r2 = 0.9978)
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Table 4.5. Electrochemical parameters for the Cu(II)/Cu(III) E° of [PipL(Me)CuOH]speciesa
υ (mV s-1,
E1/2 [V]
Ep,a [V]
Ep,c [V]
ΔE [mV]
Ip,a/Ip,c
Acetone)
50
-0.233
-0.198
-0.268
70
1.85

a

100

-0.233

-0.194

-0.271

77

1.45

250

-0.234

-0.192

-0.275

83

1.24

500

-0.233

-0.184

-0.281

97

1.158

υ (mV s-1,
THF)
50

E1/2 [V]

Ep,a [V]

Ep,c [V]

ΔE [mV]

Ip,a/Ip,c

-

-0.242

-

-

-

100

-

-0.225

-

-

-

250

-0.275

-0.206

-0.344

138

2.07

500

-0.268

-0.186

-0.350

164

1.56

1500

-0.261

-0.139

-0.383

244

1.05

Potentials listed are vs. Fc+/Fc
We hypothesize that the necessity of higher scan-rates to achieve electrochemical

reversibility in THF is due to the variation in bond dissociation energy (BDE) for the C-H
bonds of the respective solvents.112 The BDE for the C-H bonds of THF (92 kcal/mol) is
4 kcal/mol lower in comparison to those of acetone (96 kcal/mol). Therefore the rate of
reaction with THF would be expected to be greater, resulting in reversibility only
occurring at higher scan rates. Reactivity towards THF has been confirmed for
[PyLCuOH]- through the observation of increased reversibility at low scan rates for CV
experiments performed in THF-d8.44 Despite potential reactivity with solvent, the quasireversible

features

of

[M{crown-ether}][PipL(Me)CuOH]

exhibit

increased

electrochemical stability in comparison to [PipL(H)CuOH]- species. Evidenced by the
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improved retention of the quasi-reversible features over 10 cycles of scans in either
acetone or THF (Figure 4.15).

Figure 4.15. Voltammograms of [PipL(Me)CuOH]- scanning 10 cycles in acetone
(left, 500 mV s-1, adapted from Ref [95]) and THF (right, 1000 mV s-1).
The redox properties of [PipL(Me)CuOH]- in acetone and THF are similar to
[PyLCuOH]-, in that solvent-dependent quasi-reversible anodic features with potentials
negative to Fc+/Fc and variable higher potential features are observed. Therefore, E1/2
values for the Cu(II)/Cu(III) oxidation potentials of [PipL(Me)CuOH]- are assigned to be 0.233 (acetone) and -0.268 (THF) V vs. Fc+/Fc. These values support a shift to lower
potential approximately 150-200 mV more negative than [PyLCuOH]-. The negative shift
in oxidation potential confirms the hypothesis that replacing the central pyridine donor
with a more basic piperidine moiety lowers the resultant E1/2 of species supported by
Pip

L(R’)2-.
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4.3.4. Chemical Oxidation and Reactivity Studies of [PipL(R’)CuOH]- with DHA
As both [PipL(R’)CuOH]- (R’ = H, Me) exhibited oxidative features at potentials
negative to Fc+/Fc, chemical oxidation reactions of [PipL(R’)CuOH]- were performed
using ferrocenium salts (Fc+) at -80 °C. Monitoring the reactions through UV-visible and
EPR spectroscopy allowed for comparison to the established properties of PyLCu(III)OH,
which exhibits a thermally sensitive, EPR silent, deeply colored purple solution (λmax =
540 nm (~ 12,400 M-1 cm-1) in acetone at -80 °C.35
Chemical oxidation of [Na+{15-crown-5}][PipL(H)CuOH] in acetone at -80 °C
using FcPF6 yielded a brown-yellow solution. The resulting species at low temperature
and features a λmax = 650 nm (Figure 4.16, left). Analysis by EPR spectroscopy revealed a
spectrum characteristic of Cu(II), with minimal loss of spin integration with respect to the
initial concentration of starting material (Figure 4.16, right). Although the formation of a
new species is evident, the oxidized product of [PipL(H)CuOH]- does not exhibit spectral
features consistent with assignment as a copper(III)-hydroxide complex. Characterization
by EPR spectroscopy did not support the occurrence of metal-based oxidation, and the
lack of well-resolved N-superhyperfine coupling in the observed spectra suggests that the
product is no longer [PipL(H)CuOH]-. Further investigation would be required to assign
the exact nature of this product, but this was not pursued based on the inconsistent
spectroscopic and electrochemical features in comparison to PyLCu(III)OH.
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Figure 4.16. UV-visible spectra of 0.1 mM [PipL(H)CuOH]- (left, blue spectrum), +
1 eq. FcPF6 at -80 °C (left, black spectrum); EPR spectrum of + 1 eq FcPF6 product
(right)
Consistent with the similarities observed by CV, chemical oxidation of
[PipL(Me)CuOH]- with FcBArF4 (BArF4 = [B(3,5-(CF3)2C6H3)4]-) in THF at -80 °C
yielded a species with spectroscopic features similar to those of

Py

LCu(III)OH. The

resulting EPR silent solution is a deep purple color with λmax = 530 nm (ε ~ 9,000 M-1
cm-1). The observed UV-visible feature is slightly less intense and shifted by ~ 10 nm
compared to that of

Py

LCu(III)OH (Figure 4.17, top). Titration of up to and over one

equivalent of FcBArF4 determined that the maximum absorption of the new species
occurs upon addition of 1 equivalent of Fc+, supporting the idea that the reaction involves
a one-electron oxidation (Figure 4.17, bottom). On the basis of spectroscopic correlation
to PyLCu(III)OH, we propose that the product of [PipL(Me)CuOH]- plus one equivalent of
Fc+ is the one-electron oxidized complex PipL(Me)Cu(III)OH.
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Figure 4.17. UV-visible spectra of [PipL(Me)CuOH]- (left-black), + 1 eq FcBArF4
at -80 C in THF (left-purple); [PyLCuOH]- (right-blue dashed trace), + 1 eq FcPF6
at -80 C in acetone (right-black solid trace), adapted from Ref [35]. Titration data
monitoring the increase in intensity of the spectral feature at 530 nm (right)
Generation of PipLCu(III)OH in the presence of excess DHA (10 – 40 equivalents)
resulted in rapid decay of the purple species, as bands consistent with the formation of
anthracene grew into the spectrum (Figure 4.18). Comparison of the second-order rate
constants and activation parameters of

Pip

L(Me)Cu(III)OH and

Py

LCu(III)OH with DHA

at -80 °C displayed equivalent values within experimental error.

Pip

L(Me)Cu(III)OH

decayed according to pseudo-first order kinetics in the presence of excess DHA (10 – 40
equivalents) at -80 °C. Pseudo-first order rate constants for the reaction were obtained
from the first order fit of the decay of the absorption feature at 530 nm. As was found for
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the reaction of PyLCu(III)OH with DHA, a plot of kobs vs. [DHA] was linear (Figure 4.19,
left)

supporting

an

overall

second-order

rate

law

–d[PipLCu(III)OH]/dt

=

k[PipL(Me)Cu(III)OH][DHA], with k = 1.1 M-1 s-1 at -80 °C. The temperature dependence,
over 10 °C increments between -80 and -40 °C, of the reaction was evaluated by an
Eyring analysis, yielding parameters of ΔH≠ = 5.0 kcal mol-1 and S≠ = -32 eu (Figure
4.19, right).

Figure 4.18. UV-visible spectra of PipL(Me)Cu(III)OH (purple) decaying in the
presence of 10 equivalents of DHA at -80 °C in THF, spectra taken every 100 s are
shown in grey and the final product in green.
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Figure 4.19. Plots of kobs vs. [DHA] (left, r2 = 0.97877). Plots ln(k/T) vs. 1/T (k =
second-order rate constant) for the reaction of PipL(Me)Cu(III)OH (right - red
squares) and PyLCu(III)OH with DHA (right - black diamonds), and PyLCu(III)OH
with DHA-d4 (right - blue triangles)
The observation of indistinguishable reactivity towards DHA for
and

Pip

Py

LCu(III)OH

L(Me)Cu(III)OH suggests that their respective O-H BDEs are not significantly

affected through variation of the N-donor trans to the hydroxide. As the BDE of each
species represents a composite value dependent upon the hydroxide pKa and the
Cu(II)/Cu(III) E1/2, we propose that the two components offset each other to an equivalent
extent. Such compensation has been previously observed upon variation of ancillary
ligands for organometallic metal hydride species, CpM(CO)nH. Examples in which MH2+ pKa values (~ ± 4 units) and M-H E1/2 potentials (~ ± 0.2 V) are offsetting, or not
altered drastically enough in one component, have resulted in BDE variations of less than
10 kcal/mol for M-H2+ species in THF.49
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4.4. Summary and Conclusions
Piperidine ligands,

Pip

L(R’)H2 (R’ = H, Me), and a variety of [PipL(R’)CuOH]-

complexes have been prepared. Structural analysis of [PipL(R’)CuOH]- species by X-ray
crystallography showed that the Cu-OH and not the Cu-N bonding interactions were
dependent on the nature of the countercation. The structures of complexes supported by
Pip

L(Me)2- and PipL(H)2- revealed opposite Cu-OH and Cu-N bonding trends. Variation of

the countercation (R4N, M+, or M+{crown-ether}) did not influence the spectroscopic
properties of [PipL(R’)CuOH]- species, implicating weak, if any, interactions between
cations and anions in solution.
Drastic

differences

in

the

redox

properties

of

[PipL(H)CuOH]-

and

[PipL(Me)CuOH]- were observed through CV and upon chemical oxidation with
ferrocenium (Fc+) at -80 °C. The redox properties and spectroscopic properties of the
chemically oxidized product did not support metal based oxidation for [PipL(H)CuOH]-.
However, a scan rate dependent quasi-reversible oxidative feature was observed upon CV
analysis of [PipL(Me)CuOH]- in THF (E1/2 = -0.268 V vs. Fc+/Fc). Chemical oxidation of
[PipL(Me)CuOH]- at -80 °C upon reaction with Fc+ yielded an EPR-silent, dark purple
solution (λmax = 540 nm, ε = ~9,000 M-1cm-1) that was assigned as a

Pip

L(Me)Cu(III)OH

complex based on its similar spectroscopic properties to PyLCu(III)OH.
Surprisingly,

Pip

L(Me)Cu(III)OH and

Py

LCu(III)OH exhibited equivalent second

order rate constants and activation parameters upon reaction with DHA. This result was
unexpected due to the difference in the Cu(II/III) oxidation potential; the oxidation
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potential of [PipL(Me)CuOH]- is almost 200 mV more negative than [PyLCuOH]-. The
equivalent reactivity observed for

Pip

L(Me)Cu(III)OH and

Py

LCu(III)OH suggests that

differences in the basicity of the hydroxide ligands compensates for the thermodynamic
influence of the differences in oxidation potential.
On-going work by Debanjan Dhar, a fellow Ph.D. candidate in the Tolman group,
has established that

Py

LCuOH2 exhibits a pKa of 18.5 ± 2.2 and a bond dissociation

enthalpy (BDE) of ~90 kcal/mol.44 Based on the equivalent reactivity towards DHA, we
propose that the resulting

Pip

L(Me)CuOH2 will display a similar BDE. Assuming a

similar BDE, the relationship between BDE, E°, and pKa (BDE = 1.37pKa + 23.06E° +
CH) would suggest that the pKa of PipL(Me)CuOH2 should be approximately 21. Both the
increased pKa of ~ 3 units and ~ -0.2 V shift of the Cu(II)/Cu(III) E1/2 are within a similar
range for which equivalent BDE values have been reported for metal-hydride species.
Debanjan Dhar will be extending his analysis of the PyLCu(III)OH BDE determination, to
experimentally confirm the thermodynamic parameters that contribute to the equivalent
reactivity of PipL(Me)Cu(III)OH and PyLCu(III)OH.
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4.5. Experimental Section
4.5.1. General Considerations
All solvents and reagents were obtained from commercial sources and used as
received unless otherwise stated. The solvents tetrahydrofuran (THF) and diethyl ether
(Et2O) were passed through solvent purification columns (Glass Contour, Laguna, CA)
prior to use. THF was further dried over sodium/benzophenone then distilled under
vacuum prior to use. Methanol (MeOH) was refluxed over magnesium with I2, degassed,
and vacuum transferred prior to use. All Cu-complexes were prepared under dry nitrogen
using standard Schlenk techniques or in a Vacuum Atmospheres inert atmosphere
glovebox.
UV-visible spectra were recorded with an HP8453 (190-1100 nm) diode array
spectrophotometer. Variable temperature UV-vis experiments were performed using a
Unisoku low temperature UV-vis cell holder. GC-MS analysis was performed using an
Agilent Technologies 7890A GC system and 5975C VL MSD. Elemental analyses were
performed by Robertson Microlit Laborartory (Ledgewood, NJ). EPR spectra were
recorded with a Bruker Continuous Wave EleXsys E500 spectrometer at either 2 K or 30
K. EPR simulations were performed using Bruker SimFonia software (version 1.25).
NMR spectra were recorded on either VI-300 or VI-500 spectrometers at room
temperature. Chemical shifts (δ) for 1H and 13C NMR spectra were referenced to residual
protium in the deuterated solvent (1H) or the characteristic solvent resonances of the
solvent nuclei (13C). ESI-MS were recorded with a Bruker BIOTOF II instrument in
either negative or positive ion mode. Cyclic voltammetry experiments were performed in
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a three electrode cell with Ag/Ag+ reference electrode, platinum auxillary electrode, and
glassy carbon working electrode and analyzed with BASi Epsilon software.
Tetrabutylammonium hexafluorophosphate (Bu4NPF6) was used as the supporting
electrolyte. X-ray crystallography data collections and structure solutions were conducted
using either a Bruker APEX II CCD or Bruker D8 Photon 100 CMOS instrument and the
current SHELXTL suite of programs.67 Reactions involving H2 (g) utilized a 150 mL
Fisher Porter pressure tube. N2,N6-bis(2,6-diisopropylphenyl)pyridine-2,6-dicarboxamide
(PyLH2) was prepared according to the literature.55
4.5.2. Synthetic Procedures
(2R,6S)-N2,N6-bis(2,6-diisopropylphenyl)piperidine-2,6-dicarboxamide
(PipL(H)H2): MeOH (50 mL) was added to a mixture of

Py

LH2 (1 g, 2.06 mmol) and 10

wt% Pd/C (0.2 g, 2.06 mmol) in a Fisher Porter tube under Ar (g) via cannula. After
sealing the Fisher Porter tube and flushing the system with Ar (g) 3 x 3 atm, the vessel
was pressurized to ~ 7 atm H2 (g) and heated to 75 °C with stirring for 24 h. Upon
cooling to room temperature the reaction mixture was filtered through celite and the
collected solids were washed with MeOH (50 mL). Solvent was then removed from the
filtrate by rotary evaporation to yield a white solid. The resulting solid was dissolved in
ethyl acetate/hexanes (1:4, 200 mL) and passed through silica gel (3g) on medium fritted
funnel; unreacted PyLH2 (0.23 g, 0.47 mmol) could be recovered after removal of solvent
from the resulting filtrate. The silica gel was then flushed with 300 mL of ethyl acetate,
solvent was removed from the filtrate by rotary evaporation, and the resulting white solid
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was dried under vacuum for 24 h (0.55 g, 54.4%). 1H NMR (500 MHz, d6-(CD3)2SO): δH
9.36 (s, 2H, carboxamide-NH), 7.27-7.14 (m, 6H, ArH), 3.37 (2H, piperidine COCH),
3.13 (m, 4H, ArCH(CH3)2), 1.99-1.36 (m, 6H, piperidine C-H), 1.14 (d, 24 H,
ArCH(CH3)2).

13

C NMR (500 MHz, d6-(CD3)2SO): δC 24.0, 28.2, 30.3, 59.9, 123.2,

128.0, 133.3, 146.8, 173.6. Anal. Calcd for C31H45N3O2: C 75.75, H 9.22, N 8.55. Found
C 75.86, H 9.41, N 8.45.
(2R,6S)-N2,N6-bis(2,6-diisopropylphenyl)-1-methylpiperidine-2,6dicarboxamide (PipL(Me)H2): K2CO3 (0.3 g, 0.203 mmol) was added to a solution of
Pip

L(H)H2 (0.5 g, 0.102 mmol) in 50 mL of acetone. Iodomethane (0.14 mL, 0.203 mmol)

was then added via syringe to the stirring solution resulting in the formation of an offwhite precipitate. After stirring for 18 h, the reaction mixture was filtered and the filtrate
was concentrated by rotary evaporation to yield a pale yellow solid. (0.39 g, 77%). 1H
NMR (500 MHz, CDCl3): δH 7.82 (s, 2H, carboxamide-NH), 7.30 (t, 2H, J = 10 Hz,
ArH), 7.20 (d, 4H, J = 10 Hz, ArH), 3.08 (sept, 4H, J = 7.5 Hz, ArCH(CH3)2), 3.01-1.45
(m, 8H, piperidine CH), 2.65 (s, 3H, NCH3), 1.22 (dd, 24 H, J = 7.5 Hz, ArCH(CH3)2).
13

C NMR (500 MHz, d6-(CD3)2SO): δC 24.7, 31.7, 44.8, 70.5, 124.0, 128.9, 133.6, 147.4,

174.1. Anal. Calcd for (C32H47N3O2)MeOH: C 73.70, H 9.56, N 7.81. Found C 74.16, H
8.55, N 8.09.
[Na][PipL(H)CuOH]:

Pip

L(H)H2 (50 mg, 0.101 mmol) and copper(II)-triflate

(0.0368 g, 0.101 mmol) were combined in 2 mL MeOH. NaOMe (0.011 g, 0.202 mmol)
in 2 mL MeOH was added to the stirring solution of
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Pip

L(H)H2/Cu(Otf)2 resulting in a

dark green solution with light colored precipitate. After stirring for 30 min, Bu4NOH (1.0
M in MeOH, 0.11 mL, 0.101 mmol) was added to the solution. The resulting purple
solution was stirred for 30 min after which the reaction mixture was filtered and solvent
was removed to yield purple solids. The purple solid was washed with Et2O (3 x 10 mL)
and then dissolved in minimal MeOH and set-up for vapor diffusion with excess Et2O to
yield

purple

crystals

(0.0407

g,

68.2%).

X-ray

quality

crystals

of

[Na][PipL(H)CuOH]·3(CH3OH) were obtained by vapor diffusion of Et2O into a
concentrated MeOH solution of [Na][PipL(H)CuOH] at room temperature. Anal. Calcd for
C31H44CuN3O3Na: C 62.76, H 7.48, N 7.08. Found: C 60.83, H 7.42, N 6.97. EPR [9.64
GHz, acetone, 30 K]: gx = 2.06, gy = 2.03, gz = 2.19, A║(Cu) = 200 x 10-4 cm-1, A(N) =
15 x 10-4 cm-1.
[K][PipL(H)CuOH]: [K][PipL(H)CuOH] was synthesized following an identical
procedure as was used for [Na][PipL(H)CuOH], except using KOtBu instead of NaOMe
(0.0277 g, 45.1%). X-ray quality crystals of [K][PipL(H)CuOH]·3(CH3OH) were obtained
by vapor diffusion of Et2O into a concentrated MeOH solution of [K][PipL(H)CuOH] at
room temperature.
[Na][PipL(Me)CuOH]: [Na][PipL(Me)CuOH] was synthesized following an
identical procedure as was used for [Na][PipL(H)CuOH], except using PipL(Me)H2 instead
of

Pip

L(H)H2

(0.0244

g,

39.1%).

X-ray

quality

crystals

of

[Na][PipL(Me)CuOH]·3(CH3OH) were obtained by vapor diffusion of Et2O into a
concentrated MeOH solution of [Na][PipL(Me)CuOH] at room temperature.
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[K][PipL(Me)CuOH]: [K][PipL(Me)CuOH] was synthesized following an identical
procedure as was used for [K][PipL(H)CuOH], except using
Pip

Pip

L(Me)H2 instead of

L(H)H2 (0.0212 g, 34.0%). X-ray quality crystals of [K][PipL(Me)CuOH]·3(CH3OH)

were obtained by vapor diffusion of Et2O into a concentrated MeOH solution of
[K][PipL(Me)CuOH] at room temperature.
[Na{15-crown-5}][PipL(H)CuOH]:

[Na{15-crown-5}][PipL(H)CuOH]

was

synthesized following an identical procedure as was used for [Na][PipL(H)CuOH], except
with the addition of 15-crown-5 (0.02 mL, 0.102 mmol) (0.0177 g, 20.5%). X-ray quality
crystals of [Na{15-crown-5}0.5][PipL(H)CuOH]·2(CH3OH) were obtained by vapor
diffusion

of

Et2O

into

a

concentrated

MeOH

solution

of

[Na{15-crown-

5}][PipL(H)CuOH] at room temperature. EPR [9.64 GHz, acetone, 30 K]: gx = 2.06, gy =
2.03, gz = 2.19, A║(Cu) = 200 x 10-4 cm-1, A(N) = 15 x 10-4 cm-1.
[K{18-crown-6}][PipL(H)CuOH]:

[K{18-crown-6}][PipL(H)CuOH]

was

synthesized following an identical procedure as was used for [K][PipL(H)CuOH], except
with the addition of 18-crown-6 (0.0269 g, 0.102 mmol) (0.0213 g, 23.9%). X-ray quality
crystals of [K{18-crown-6}0.5][PipL(H)CuOH]·2(CH3OH) were obtained by vapor
diffusion of Et2O into a concentrated MeOH solution of [K{18-crown-6}][PipL(H)CuOH]
at room temperature.
[Me4N][PipL(H)CuOH]:

Pip

L(H)H2 (50 mg, 0.101 mmol) and copper(II)-triflate

(0.368 g, 0.101 mmol) were combined in 2 mL MeOH. Me4N (25% MeOH, 0.15 mL,
0.404 mmol) was added to the solution resulting in a dark purple solution with precipiate.
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After stirring for 30 minutes the reaction mixture was filtered and solvent was removed
under vacuum. The resulting purple solids were washed with Et2O (3 x 10 mL) and then
dissolved in minimal MeOH and set-up for vapor diffusion with excess Et2O to yield
purple

crystals

(0.0229

g,

35%).

X-ray

quality

crystals

of

[Me4N][PipL(H)CuOH]·4.24(CH3OH) were obtained by vapor diffusion of Et2O into a
concentrated MeOH solution of [Me4N][PipL(H)CuOH] at room temperature. EPR [9.64
GHz, acetone, 30 K]: gx = 2.06, gy = 2.03, gz = 2.19, A║(Cu) = 200 x 10-4 cm-1, A(N) =
15 x 10-4 cm-1.
Pip

L(H)CuOH2: [Na][PipL(H)CuOH] (0.50 g, 0.074 mmol) was dissolved in 6 mL

DI H2O and allowed to stir overnight. X-ray quality crystals of PipL(H)CuOH2 (0.0316 g,
75%) were obtained by slow evaporation of the H2O solution of

Pip

L(H)CuOH2 at room

temperature.
[Na{15-crown-5}][PipL(H)CuOMe]: [Na][PipL(H)CuOH] (0.50 g, 0.074 mmol)
and 15-crown-5 (0.015 mL, 0.074 mmol) were dissolved in 2 mL MeOH and allowed to
stir for 30 min. The solvent was then removed and the purple solid was redissolved in
minimal MeOH. X-ray quality crystals of [Na{15-crown-5}][PipL(H)CuOMe] (0.026 g,
42.5%) were obtained by vapor diffusion of Et2O into the solution at room temperature.
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4.5.3. Summary of X-ray Crystallographic Details
Table 4.6. X-ray Crystallographic Details for [Na][PipL(H)CuOH, [K][PipL(H)CuOH],
and PipLCuOH2
Compound

[PipL(H)CuOH]
[Na]3(CH3OH)

[PipL(H)CuOH]
[K]3(CH3OH)

Empirical Formula

C33.50H54Cu
N3NaO5.50

C33.50H54Cu
KN3O5.50

C31H47CuN3O4

Formula Weight (g/mol)
Temperature (K)
Wavelength (Å)
Crystal System
Space Group
a (Å)

673.33
123(2)
1.54178
Monoclinic
C2/c
28.2007(11)

689.44
123(2)
1.54178
Monoclinic
C2/c
28.875(3)

589.26
173(2)
0.71073
Orthorhombic
P212121
11.8300(11)

b (Å)
c (Å)
α (°)
β (°)
γ (°)
Volume (Å3)
Z
Absorption coefficient
Density (calc) (Mg/m3)
Theta range for data (°)
Absorption correction
Completeness
Reflections collected
Independent reflections
Parameters, restraints
R1, wR2 (for I > 2σ(I))
R indices (all data)
Goodness-of-fit on F2
Largest peak, hole (e.Å-3)
F(000)
Index ranges

10.4931(4)
24.5728(9)
90
97.5196(12)
90
7208.9(5)
8
1.315 mm-1
1.241
3.16 to 74.49
Multi-scan
99.4%
44353
7329
439, 2
0.0325, 0.0856
0.0372, 0.0889
1.052
0.377 and -0.270
2880
-34 ≤ h ≤ 35
-12 ≤ k ≤ 13
-27 ≤ l ≤ 30

10.4252(11)
24.380(3)
90
96.181(4)
90
7296.7(13)
8
2.205 mm-1
1.255
3.08 to 74.67
Multi-scan
99.5%
48235
7447
436, 6
0.0482, 0.1377
0.0518, 0.1407
1.053
1.280 and -1.265
2944
-36 ≤ h ≤ 36
-13 ≤ k ≤ 13
-30 ≤ l ≤ 29

13.3634(12)
18.9563(17)
90
90
90
2996.8(5)
4
0.768 mm-1
1.306
1.86 to 27.42
Multi-scan
100.0%
35127
6821
376, 6
0.0240, 0.0637
0.0257, 0.0646
1.070
0.295 and -0.205
2824
-15 ≤ h ≤ 15
-17 ≤ k ≤ 17
-24 ≤ l ≤ 24

Crystal size (mm3)
Crystal color, morphology

0.20 x 0.15 x 0.10
purple, block

0.20 x 0.10 x 0.10
purple, block

0.40 x 0.40 x 0.20
purple, plate
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Pip

L(H)CuOH2
(OH2)

Table 4.7. X-ray Crystallographic Details for [15-Na-5][PipL(H)CuOMe], [(15-c-5)0.5Na]
[PipL(H)CuOH], [(18-c-6)0.5K][PipL(H)CuOH]
[PipL(H)CuOMe]
[(15-c-5)Na]
2(CH3OH)
C44.50H76Cu
N3NaO10.50

[PipL(H)CuOH]
[(15-c-5)0.5Na]
2(CH3OH)
C38H62Cu
N3NaO7.50

[PipL(H)CuOH]
[(18-c-6)0.5K]
2(CH3OH)
C39H64Cu
KN3O8

Formula Weight (g/mol)
Temperature (K)
Wavelength (Å)
Crystal System
Space Group
a (Å)

907.61
173(2)
0.71073
Triclinic
P-1
13.0076(12)

767.44
123(2)
1.54178
Triclinic
P-1
12.3677(17)

805.57
123(2)
1.54178
Triclinic
P-1
9.7582(5)

b (Å)
c (Å)
α (°)
β (°)
γ (°)
Volume (Å3)
Z
Absorption coefficient
Density (calc) (Mg/m3)
Theta range for data (°)
Absorption correction
Completeness
Reflections collected
Independent reflections
Parameters, restraints
R1, wR2 (for I > 2σ(I))
R indices (all data)
Goodness-of-fit on F2
Largest peak, hole (e.Å-3)
F(000)
Index ranges

13.6467(13)
27.454(3)
91.6820(10)
90.4350(10)
92.4710(10)
4866.5(8)
4
0.514 mm-1
1.239
1.48 to 27.42
Multi-scan
98.8%
56851
21908
1143, 0
0.0410, 0.1030
0.0550, 0.1103
1.031
0.594 and -0.426
1952
-16 ≤ h ≤ 16
-17 ≤ k ≤ 17
-35 ≤ l ≤ 35

12.8663(18)
14.491(2)
86.378(4)
69.789(4)
70.429(4)
2035.3(5)
2
1.264 mm-1
1.252
3.26 to 75.29
Multi-scan
98.4%
33668
8277
542, 56
0.0368, 0.0940
0.0383, 0.0953
1.045
0.800 and -0.709
822
-15 ≤ h ≤ 15
-16 ≤ k ≤ 16
-18 ≤ l ≤ 18

16.0691(8)
16.8757(8)
101.0095(13)
99.6323(14)
105.7140(13)
2432.3(2)
2
1.757 mm-1
1.100
2.74 to 74.85
Multi-scan
96.9%
25681
9694
488, 1
0.0363, 0.0986
0.0393, 0.1008
1.036
0.535 and -0.398
862
-12 ≤ h ≤ 12
-20 ≤ k ≤ 20
-19 ≤ l ≤ 21

Crystal size (mm3)
Crystal color, morphology

0.50 x 0.30 x 0.20
red, block

0.50 x 0.20 x 0.15
purple, needle

0.20 x 0.10 x 0.10
purple, block

Compound
Empirical Formula

140

Table 4.8. X-ray Crystallographic Details for [Me4N][PipL(H)CuOH], [Na]
[PipL(Me)CuOH], [K][PipL(Me)CuOH]
[PipL(H)CuOH]
[Me4N]
4.24(CH3OH)
C39.23H72.94Cu
N4O7.24

[PipL(Me)CuOH]
[Na]2(CH3OH)

[PipL(Me)CuOH]
[K]2(CH3OH)

C34H54CuN3NaO4

C34H54CuKN3O4

Formula Weight (g/mol)
Temperature (K)
Wavelength (Å)
Crystal System
Space Group
a (Å)

780.08
123(2)
1.54178
Monoclinic
P21/n
14.4319(5)

671.33
173(2)
0.71073
Triclinic
P1
10.5650(5)

687.44
173(2)
0.71073
Triclinic
P1
10.5818(5)

b (Å)
c (Å)
α (°)
β (°)
γ (°)
Volume (Å3)
Z
Absorption coefficient
Density (calc) (Mg/m3)
Theta range for data (°)
Absorption correction
Completeness
Reflections collected
Independent reflections
Parameters, restraints
R1, wR2 (for I > 2σ(I))
R indices (all data)
Goodness-of-fit on F2
Largest peak, hole (e.Å-3)
F(000)
Index ranges

12.5471(4)
25.4606(8)
90
102.6623(10)
90
4498.2(3)
4
1.061 mm-1
1.152
3.25 to 74.54
Multi-scan
99.4%
50609
9164
535, 10
0.0506, 0.1373
0.0538, 0.1394
1.138
0.847 and -0.432
1693
-18 ≤ h ≤ 18
-15 ≤ k ≤ 15
-27 ≤ l ≤ 31

13.5339(6)
14.0295(6)
94.5450(10)
106.0210(10)
102.9850(10)
1857.31(14)
2
0.640 mm-1
1.200
1.53 to 27.54
Multi-scan
98.4%
21416
16242
815, 14
0.0469, 0.1262
0.0525, 0.1301
1.023
1.918 and -0.456
718
-13 ≤ h ≤ 13
-17 ≤ k ≤ 17
-18 ≤ l ≤ 18

13.4932(7)
14.0905(7)
84.4180(10)
105.4640(10)
102.3150(10)
1875.17(16)
2
0.733 mm-1
1.218
1.51 to 27.56
Multi-scan
98.4%
21863
16481
798, 7
0.0504, 0.1451
0.0549, 0.1489
1.053
2.212 and -1.236
734
-13 ≤ h ≤ 13
-17 ≤ k ≤ 17
-18 ≤ l ≤ 18

Crystal size (mm3)
Crystal color, morphology

0.15 x 0.10 x 0.10
purple, block

0.20 x 0.20 x 0.10
purple, block

0.40 x 0.30 x 0.20
purple, plate

Compound
Empirical Formula
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5. Collaborative Projects
In part from:
Taguchi, T.; Gupta, R.; Lassalle-Kaiser, B.; Boyce, D. W.; Yachandra, V. K.; Tolman,
W. B.; Yano, J.; Hendrich, M. P.; Borovik, A. S. “Preparation and Properties of a
Monomeric High-Spin MnV-Oxo Complex” J. Am. Chem. Soc. 2012, 134, 1996-1999.
Scheuermann, M.L.; Boyce, D.W.; Grice, K.A.; Kaminsky, W.; Stoll, S.; Tolman W.B.;
Swang, O.; Goldberg, K.I. “Oxygen-Promoted C-H Bond Activation at Pd” Angew.
Chem., Int. Ed. 2014, 53, 6492-6495
Rudd, P.A.; Eisenhart, R.J.; Planas, N.; Boyce, D.W.; Carlson, R.K.; Tolman, W.B.;
Eckhard, B.; Gagliardi, L.; Lu, C.C. “Pushing the limits of delta bonding in metalchromium complexes with redox changes and metal swapping” In preparation.
Donoghue, P. J.; Gupta, A. K.; Boyce, D. W.; Cramer, C. J.; Tolman, W. B. “An
Anionic, Tetragonal Copper(II) Superoxide Complex” J. Am. Chem. Soc. 2010, 132,
15869-15871.

5.1. Overview
While completing the research described in the previous chapters multiple
collaborative projects were undertaken with my contributions involving either resonance
Raman or X-ray crystallographic experiments. A brief introduction to each project will
precede the details of my contributions. Experiments pertaining to resonance Raman
spectroscopy were performed in the laboratory of Prof. Lawrence Que, Jr.. Single crystals
suitable for X-ray crystal structure determinations were prepared by Dr. Patrick
Donoghue and subsequently mounted and solved by myself in the X-ray Crystallographic
Laboratory at the University of Minnesota, as described herein.
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5.2. Collaborative Resonance Raman Spectroscopy
5.2.1. A Monomeric Nonheme High-Spin Mn(V)O
High-valent manganese-oxo species are proposed as intermediates in the oxidation
of water to dioxygen within the photosynthetic membrane protein Photosystem II
(PSII).113 Catalytic dioxygen production occurs at the oxygen-evolving complex (OEC),
which has been shown by X-ray crystallography to contain a Mn4Ca cluster supported by
a network of hydrogen-bonds within the active site of PSII.114 The structure of the OEC is
comprised of an asymmetric Mn3Ca distorted oxo-bridged cubane, with the fourth
manganese center located outside of the cubane through additional oxo coordination.
While the mechanism of water oxidation within the OEC is debated, different states (Sn)
of the OEC have been observed during the catalytic process.115,116 One proposal for the
key O-O bond formation step in the S4 state invokes the formation of a Mn(V)=O which
then couples to a neighboring Ca(II)-OH species to form a peroxo intermediate (Figure
5.1).

Figure 5.1. Proposed representation of the OEC in the S4 state, including a possible
route towards the formation O-O bond formation. Figure reproduced from Ref [119].
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The Borovik group at the University of California-Irvine, has developed synthetic
systems to study the properties of high-valent metal oxo complexes supported by
[H3buea]3- ligands ([H3buea]3- = tris[(N’-tert-butylureaylato)-N-ethylene]aminato), which
enforce trigonal symmetry and establish an intramolecular hydrogen-bonding network in
the secondary coordination sphere.117 Previous studies by the Borovik group reported the
first example of a monomeric manganese(III)-oxo complex, in which the oxo ligand is
derived from H2O and is stabilized through the intramolecular hydrogen-bonds of the
supporting H3buea ligand (Figure 5.2).117 [Mn(III)H3buea(O)]2- can be isolated as a stable
complex at room temperature and exhibits two unusually low oxidative potentials, both
negative to Fc+/Fc. Further study showed that the one-electron oxidized complex,
[Mn(IV)H3buea(O)]-,118 was also stable in solution at room temperature, but the product
of the second oxidation process was unstable at room temperature. Dr. Taketo Taguchi, a
postdoctoral researcher in the Borovik group, found that the two-electron oxidized
product was stable in solution at low temperatures. Unique UV-visible absorption spectra
for [Mn(III)H3buea(O)]2- and its oxidized products were observed by monitoring the
successive chemical oxidations at -80 °C (Figure 5.2).119
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Figure 5.2. Structure (left) and UV-visible spectra (right) of [Mn(III)H3buea(O)]2(dashed black trace), [Mn(IV)H3buea(O)]- (gray), and [Mn(V)H3buea(O)] (black) at 80 °C in 1:1 THF/DMF. Figure reproduced from Ref [119].

The UV-visible spectrum of the two-electron oxidized product, proposed to be
Mn(V)H3buea(O), (Figure 5.2., solid black trace), features several intense absorption
features including λmax (ε, M-1 cm1) = 430 (10,000), 620 (3400), and 820 nm (3600).
Resonance Raman (rR) spectroscopy was performed to confirm the presence of an oxo
ligand in the novel species. Samples were prepared as 20 mM solutions in 1:1 THF/DMF
solutions in EPR tubes and were frozen in liquid N2 prior to rR analysis. An excitation
wavelength of λex = 647.1 nm was chosen and multiple O-isotope sensitive features at
737 and 754 cm-1 were observed in the rR spectra of Mn(V)H3buea(16O). As neither
feature was observed in the rR spectra for samples of [Mn(III)H3buea(16O)]2- or
[Mn(IV)H3buea(16O)]- prepared and measured under identical conditions, the features
were assigned as a Fermi doublet centered at 746 cm-1, a relatively common phenomenon
observed in the vibrational spectra of metal-oxygen compounds.120,121,122 Upon
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preparation and analysis of Mn(V)H3buea(18O), the intensity of the two peaks comprising
the Fermi doublet decreased and a single feature at 715 cm-1 was observed (Figure 5.3).
Assignment of these features as the ν(Mn-O) of Mn(V)H3buea(O) is supported by the
observed Δ18O = 31 cm-1, which agrees with the predicted shift on the basis of a
harmonic Mn-O oscillator (ν(Mn-16O)/ν(Mn-18O) = 1.043; calcd. = 1.046).119

Figure 5.3. Resonance Raman spectra of Mn(V)H3buea(O) (λex = 647.1 nm, 77 K)
(left, 16O = black trace, 18O = blue trace). 16O-18O difference spectrum (right). Solvent
peaks are marked with an asterisk (*). Figure reproduced from Ref [119].
The observed ν(Mn-O) of Mn(V)H3buea(O) occurs at much lower energy in
comparison to nonheme low-spin Mn(V)O complexes, such as that of [DMB-Mn(V)O](ν(Mn-O) = 973 cm-1).123 High and low spin Mn(V)O species exhibit differences in
ν(Mn-O) vibrational energies as a consequence of their respective Mn-O bond orders.
Consideration of the qualitative d-orbital splitting diagram for a trigonal, d2, Mn(V)O
complex supports the notion that the trigonal symmetry enforced by the H3buea3- ligand
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favors an S = 1 spin ground state for Mn(V)H3buea(O) due to the two low-lying
degenerate dxz and dyz orbitals. On the other hand, Mn(V)O complexes in tetragonal
ligand fields, such as [DMB-Mn(V)O]-, are more likely to be low-spin because of their
low-energy dxy oribital. Consequently, low-spin d2 Mn(V)O complexes exhibit higher
ν(Mn-O) and Mn-O bond orders because their respective non-bonding orbitals are not
populated (Figure 5.4). Consistent with the removal of an electron from an orbital not
involved in Mn-O bonding, the observed ν(Mn-O) of Mn(V)H3buea(O) is slightly higher
and very similar to that of [Mn(IV)H3buea(O)]-, for which ν(Mn-O) = 737 cm-1
(measured by FTIR spectroscopy).118

Figure 5.4. Qualitative d-orbital splitting diagrams for Mn(V)O complexes of
tetragonal (left) and trigonal (right) symmetry. Figure reproduced from Ref [119].
Additional experiments performed by Taguchi et al. conclusively assigned the twoelectron oxidized product of [Mn(III)H3buea)(O)]2- as a high-spin Mn(V)H3buea(O)
complex. The parallel-mode EPR spectrum of Mn(V)H3buea(O) displays a S = 1 signal
with a characteristic six-line hyperfine pattern, and Kβ X-ray emission spectra showed
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bands consistent with assignment of the complex as a high-spin Mn(V) center.119 The
spectroscopic framework established for Mn(V)H3buea(O) serves as reference for the
future study of high-valent manganese species, such as that of the OEC in PSII.
5.2.2. Stepwise Activation of Dioxygen by a Pd(0) complex
The selective activation of C-H bonds by late transition-metal catalysts with
dioxygen (O2), a green oxidant, has motivated the development of systems for the
sustainable production of value-added chemicals and fuels from hydrocarbons.124 The
majority of palladium oxygenase-type catalysts, which incorporate oxygen atoms into
organic products, employ oxidants other than O2.125,126 While there are limited examples
of Pd(II) catalysts that can utilize O2 for oxygenase-type reactivity,127,128 a further
understanding of how palladium complexes activate O2 towards reactivity with C-H
bonds has been a focus of the Goldberg research group at the University of Washington.
The previously unexplored reactivity of Pd(0) with O2 was investigated in
collaboration with Dr. Margaret L. Scheuermann, who is now a graduate of the Goldberg
lab. Exposing solutions of the linear Pd(0) complex (1), [Pd(P(Ar)-(tBu)2)2] (Ar =
naphthyl) to air or reaction with O2 at room temperature resulted in a color change from
yellow to orange/brown. The product of the reaction was found to be the bis-(µOH)Pd(II)2 complex (2), [{(tBu2PC)PdOH}2]

tBu2

PC = tBu2PC10H6- (Scheme 5.1); a

product requiring both O-O and C-H bond cleavage, starting from (1) and O2.129
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Scheme 5.1. Reaction of (1) with air or dioxygen to yield (2)

Scheuermann et al. sought to further investigate the reaction of (1) with O2 to gain
mechanistic insights into the O-O and C-H activation steps en route to the formation of
(2). Thus, the reaction of (1) with O2 was monitored by NMR and UV-visible
spectroscopy over a range of temperatures. Monitoring the reaction by 1H and 31P NMR
spectroscopy at -95 °C in d8-THF revealed the intermediacy of a single major species.
This species, intermediate A, exhibited substantially broadened NMR signals in
comparison to (1) and (2), similar to a previously reported palladium(II)-bis-(superoxo)
complex.130 Characterization of intermediate A by UV-visible spectroscopy at -80 °C in
THF revealed a golden yellow solution with a single feature in the visible region (λmax =
403 nm, ε = 700 M-1 cm-1).129
Frozen solution samples at concentrations up to 20 mM were initially prepared for
resonance Raman (rR) spectroscopy (λex = 406.7 nm, 77 K) and revealed no non-solvent
peaks upon analysis. However, non-solvent features were observed in highly
concentrated 40 mM samples of intermediate A, likely due to the low intensity of the
UV-visible feature (ε = 700 M-1 cm-1). Samples of intermediate A prepared with
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O2

exhibited two non-solvent features at 1363 and 1383 cm-1. The observed features are
assigned as a Fermi doublet, which is often seen in the rR spectra of metal-oxygen
species,131,132 centered at 1373 cm-1. The rR spectrum for samples of intermediate A
prepared with 18O2 showed the appearance of a new peak at 1290 cm-1 and a decrease in
the intensity of the features observed in the 16O2 spectrum (Figure 5.5).129

Figure 5.5. Resonance Raman spectra (λex = 406.7 nm, 77 K) for intermediate A
prepared from 16O2 (top) or 18O2 (bottom) in THF at -80 °C. Solvent peaks are
marked with an asterisk (*). Figure reproduced from Ref [129].

The O-isotope sensitive features observed in the rR spectra of intermediate A were
assigned as the ν(O-O) for a coordinated reduced oxygen species, O2n-. Consistent with
the value predicted by Hooke’s law (Δ18Ocalc = 78 cm-1), the observed difference between
the average position of the two peaks in the 16O sample and the feature in the 18O sample
(Δ18Oobs = 83 cm-1) supported assignment of the ν(O-O) as 1373 cm-1. The ν(O-O) of
intermediate A occurs at higher energy than for most metal superoxide complexes (1100150

1200 cm-1).133,134 implying that the coordinated O2n- ligand has only been reduced (at
most) to superoxide. As has been established according to Badger’s rule, the bond length
of coordinated O2n- species correlates well to the observed ν(O-O).135,136 A ν(O-O) of
1373 cm-1 for intermediate A corresponds to an approximate O-O bond length of 1.24 Å,
which is only slightly longer than free O2 (1.21 Å).129
Over the course of an hour at low temperature solutions of intermediate A
transformed into a new species, intermediate B, which was characterized by 1H, 31P NMR
and IR spectroscopy (ν(O-O) = 924 cm-1) to be a Pd(II)-peroxo complex. Spinunrestricted DFT calculations located minimum ground states for both intermediates,
assigning A as an η1-superoxo complex and B as an η2-peroxo (Figure 5.6). The
calculated O-O bond lengths and ν(O-O) values were found to be in good agreement with
the observed values for intermediates A and B.129 Similar computational models for
potential O2 activation by Pd(0) species support the proposed initial formation of an
palladium(I)-η1-superoxo and subsequent reduction to a palladium(II)-η2-peroxo.137
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Figure 5.6. Structures for Intermediate A (left) and B (right) located by DFT. Figure
reproduced from Ref [129]

A plausible mechanism involving intermediate B undergoing addition of the
napthyl C-H bond across a Pd-O bond with concurrent loss of one phosphine lignad was
supported by further computational studies (Figure 5.7).129 Addition of the aryl C-H bond
to intermediate B would generate a cyclometallated Pd(II)-OOH from which the potential
loss of an oxygen atom, based on analogy to previous M-OOH (M = Pt, Pd)
systems,138,139,140 would yield a Pd-OH species. Dimerization of the resulting Pd-OH
species would then yield (2). The combined characterization of low temperature
intermediates A and B by Scheuermann et al. provided mechanistic insight into the single
electron steps of O2 activation and C-H bond activation from a Pd(0) complex.129
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Figure 5.7. DFT calculated reaction coordinate of intermediate B undergoing
addition of a naphtyl C-H bond across a Pd-O bond with loss of one phosphine
ligand. Adapted from Ref [129]

5.2.3. Vibrational Spectroscopy of Quintuple Bonded Chromium Complexes
In utilizing all available d orbitals two metal atoms can form up to five bonding
interactions when the combined electron configuration of the bimetallic species is d10.
Since Power and co-workers reported the first quintuple bond in a bimetallic compound
in 2005,141 five classes of complexes have been shown to support quintuple bonds
between metal atoms (Figure 5.8).142 The Lu group at the University of Minnesota has
shown that the ligand framework depicted in class v (Figure 5.8) can support a range of
multiple metal-metal bonds between different first-row transition metals,143,144 including
quintuple bonds.145
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Figure 5.8. Established classes of quintuple bonded (5) bi-metallic species. Figure
adapted from Ref [142].

The isoelectronic d10 complexes [LCrCr]-, [LMnCr], and [LCrFe]+ ([LCrM]n) were
prepared from the monometallic Cr complex (LCr, Scheme 5.2) by Dr. P. Alex Rudd,
who is now a graduate of the Lu group. Formal bond orders (FBO) of five, indicative of a
quintuple bond, were determined for [LCrCr]- and [LMnCr] through X-ray
crystallography, computational studies, and spectroscopy.145 [LCrCr]- and [LCrMn] each
feature intense (ε > 1,000 M-1 cm-1) transitions in their UV-visible/NIR spectra (Figure
5.9). Resonance Raman (rR) spectroscopy was used to investigate the nature of these
transitions and assign potential ν(M-M) vibrations for the quintuple bonds of [LCrM]n (M
= Cr, n = -1; M = Mn, n = 0).
Scheme 5.2. Synthesis of [LCrM] complexes. Adapted from Ref [145]
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Figure 5.9. UV-visible/NIR spectra for [LCrCr]- (black) and [LCrMn] (blue) in
THF at room temperature. Adapted from Ref[145]
Frozen solution samples of [LCrCr]- and [LCrMn] were analyzed using a range of
visible excitation wavelengths. Multiple low frequency bands were observed in rR
spectra (λex = 647.1 nm) of [LCrCr]- between 350-500 cm-1 (Figure 5.10, black trace).
These features are proposed to be enhanced vibrations associated with the Cr-Cr
quintuple bond coupled to various ligand modes as a result of excitation into the δ4-δ3δ*
band of the [LCrCr]- absorption spectrum. Assignment of the λmax = 675 nm feature
observed in the [LCrCr]- absorption spectra as the δ4-δ3δ* transition is supported by
CASSCF/PT2 and CASSI calculations. Additionally, excitation of [LCrCr]- off resonance
from the δ4-δ3δ* transition using λex = 514.5 nm resulted in a significant decrease in the
intensity of the observed vibrations (Figure 5.11).
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Figure 5.10. Stacked experimental (top, black) and DFT-calculated (bottom, red)
resonance Raman spectrum of [LCrCr]- (λex = 647.1 nm, 77 K). Adapted from Ref
[145]

Figure 5.11. Resonance Raman (λex = 514.5 nm, 77 K) spectrum of [LCrCr]-,
features associated with solvent are denoted with (*) and 514.5 nm notch filter (L).
Adapted from Ref [145]
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The DFT-calculated Raman spectrum of [LCrCr]- (Figure 5.10, red trace) was
determined by Rudd et al. to feature four vibrations at low frequency associated with the
Cr-Cr unit. A spectral pattern with similar relative intensities and calculated frequencies
is in good agreement with the experimental (λex = 647.1 nm) spectrum. The two most
intense calculated features at 416 and 443 cm-1 are assigned as an asymmetric Cr-Cr-Nap
and relatively pure C-Cr vibration. The lower intensity features in the calculated spectra,
344 and 524 cm-1, are assigned as ligand-based vibrations that couple to less prominent
Cr-Cr modes. Based on the nature of the DFT-calculated vibrations the ν(Cr-Cr) for the
quintuple bond of [LCrCr]- is assigned to be 434 cm-1. With limited examples available
for comparison, the assigned ν(Cr-Cr) of 434 cm-1 is lower than that of dichromium (481
cm-1),146 and quadruple bonded dichromium complexes (550-575 cm-1).147,148
Comparison with the ν(Cr-Mn) of [LCrMn] was unfortunately not possible, as no
enhanced non-solvent features were observed upon excitation with wavelengths currently
available. While ν(Cr-Mn) was sought to further the vibrational analysis of class v
bimetallic complexes, the absence of observed features is consistent the computational
assignment of the [LCrMn] λmax = 1025 nm band as the δ4-δ3δ* transition occurring at
lower wavelength (beyond our visible laser capabilities).
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5.2.4. General Considerations for Resonance Raman Spectroscopy Experiments
Resonance Raman spectra for [Mn(V)H3buea(O)] were collected using an Acton
506 spectrometer using a Princeton Instruments LN/CCD-11100-PB/UBAR detector and
ST-1385 controller interfaced with the program Winspec. Intermediate A and [LCrM]n
spectra were collected using an ACTON AM-506M3 monochromator and Princeton
Instruments ACTON PyLoN LN/CCD-1340 x 400 detector. Excitation at 406.7, 568.2,
and 647.1 nm was provided by a Spectra-Physics BeamLok 2060-KR-V krypton ion
laser. Excitation at 514.5 nm was provided by a Spectra-Physics Beamlok 2065-7S argon
laser. All Raman shifts were externally referenced to those of indene and internally
referenced to solvent vibrations.

5.3. Collaborative X-ray Crystallography
5.3.1. [N,N’-Bis(2,6-diisopropylphenyl)-2,6-pyridinedicarboxamido](4-tertbutylpyridine)copper(II)
As was detailed in Chapter 1, the reactive species in copper-promoted aerobic
oxidations relevant to biology149,150,151 and catalysis152,153 are often initiated through 1:1
Cu/O2 adducts. Examples of mononuclear 1:1 Cu/O2 adducts in which O2 is activated
include copper(II)-η1-superoxos supported by tripodal23c,154,155,156,157 or tridentate158 Ndonor ligands, copper(II)-η2-superoxos supported by tris(pyrazolyl)hydroborates159,160
and copper(III)-η2-peroxos161,162,163,164 supported by monoanionic β-diketiminate or
anilido-imines. Pursuing further advancement of the study of 1:1 Cu/O2 adducts Dr.
Patrick J. Donoghue, a postdoctoral researcher in the Tolman group, was inspired by the
use of N,N’-bis(2,6-diisopropylphenyl)-2,6-pyridinedicarboxamide (PyLH2) by Holm and
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coworkers for the preparation of Ni(II)OH complexes supported by PyL2-.165
In utilizing

Py 2-

L

to explore the properties of analogous Cu(II) complexes, Dr.

Donoghue established unique examples of copper(II)-superoxide66 and copper(III)hydroxide35 complexes. Preparation of both species utilized a solvent labile
complex,

Py

Py

LCu(II)

LCu(II)-MeCN. During the initial work towards the study of [PyLCu(O2-)]-,

attempts to characterize

Py

LCu(II)-MeCN by X-ray crystallography were unsuccessful

(the structure was later obtained35 by a former Tolman graduate student Dr. Jacqui L.
Tehranchi). Structural characterization of the solvent labile precursor was desired in order
to confirm the mononuclear, tetragonal nature of the starting PyLCu(II) complex.
Solvatochromisim of

Py

LCu(II)-MeCN was readily apparent by the observation of

color changes from green to red-brown upon dissolution of the complex in various
solvents. Taking advantage of the observed lability of the MeCN ligand, dark-red crystals
suitable for X-ray crystallography were obtained upon dissolution of PyLCu(II)-MeCN in
excess 4-tBu-pyridine and subsequent recrystallization, from which the structure of
Py

LCu(II)-(4-tBu-pyridine) was determined (Figure 5.12, see Table 5.1 for complete

refinement details).

159

Figure 5.12. Representation of the X-ray crystal structure of PyLCu(II)-(4-tBupyridine) with all non-hydrogen atoms shown as 50% thermal ellipsoids. Selected
bond distances (Å), estimated standard deviations are indicated in parentheses:
Cu(1)-N(1) 2.004(2), Cu(1)-N(2) 1.920(2), Cu(1)-N(3) 1.994(2), Cu(1)-N(4)
1.973(2). Reproduced from Ref [66].
The structure of

Py

LCu(II)-(4-tBu-pyridine) is overall square planar with highly

similar Cu-N bond distances to previously reported 2,6-dicarboxamidepyridine Cu(II)
complexes.166 The methyl groups comprising the tBu group in the 4-position of the
coordinated pyrdine ligand exhibit significant rotational disorder and were modeled over
two positions (59:41). The model resulted in a significant improvement in the thermal
parameters of C38-C40 and an increase in the quality of the structure.
pyridine) was shown to exhibit identical reactivity towards KO2 as
was also the first (of many)

Py

Py

Py

LCu(II)-(4-tBu-

LCu(II)MeCN, and

LCu(II) X-ray structures to be determined in the Tolman

group since 2010.
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Table 5.1. X-ray Crystallographic Details for PyLCu(II)(4-tBu-py)
Py

Compound

LCu(II)(4-tBu-py)

Empirical Formula
Formula Weight (g/mol)
Temperature (K)
Wavelength (Å)
Crystal System
Space Group
a (Å)

C40H50CuN4O2
682.38
173(2)
0.71073
Monoclinic
P21
10.724(3)

b (Å)
c (Å)
α (°)
β (°)
γ (°)
Volume (Å3)
Z
Absorption coefficient
Density (calc) (Mg/m3)
Theta range for data (°)
Absorption correction
Completeness
Reflections collected
Independent reflections
Parameters, restraints
R1, wR2 (for I > 2σ(I))
R indices (all data)
Goodness-of-fit on F2
Largest Peak, Hole (e.Å-3)
F(000)
Index ranges

15.122(5)
11.474(4)
90
97.422(4)
90
1845.0(10)
2
0.630 mm-1
1.228
1.79 to 27.54
Multi-scan
99.7%
21920
8388
434, 4
0.0435, 0.0938
0.0618, 0.1002
1.000
0.313 and -0.386
726
-13 ≤ h ≤ 13
-19 ≤ k ≤ 19
-14 ≤ l ≤ 14

Crystal size (mm3)
Crystal color, morphology

0.40 x 0.30 x 0.20
red, block
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