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ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF MULTIDENTATE IMINOPYRIDINE AND

POLYPYRIDINE TRANSITION METAL COMPLEXES

The work described in this dissertation details the syntheses and characterization of transition metal
complexes featuring polypyridyl and iminopyridine ligands. The primary focus has been the synthesis of
3d metal complexes of multidentate iminopyridine ligands bearing functionalizations relevant to spin
crossover and photochemistry. These seemingly disparate areas of research are linked by the facts that
subtle metal-ligand interactions play enormous roles in determining complex properties and that
understanding these types of interactions is crucial for eventual property control.

In Chapter 1, the underpinnings of spin crossover in transition metals with d*-d’ configurations are
discussed along with progress toward linking spin-switching events with host-guest interactions in
solution. My research on Fe(Il) hexadentate iminopyridine complexes is placed into context with
extending anion sensing to biologically and environmentally relevant media. Also in Chapter 1, my work
on hexadentate iminopyridine and polypyridine Cr complexes is related to the current understanding of
the excited state behavior of 3d iminopyridine complexes, specifically, and 3d aromatic diimines in
general. Additionally, the redox non-innocence of iminopyridine and polypyridine ligands is discussed.

In Chapter 2, the preparation and characterization of a series of divalent 3d transition metal
complexes (Cr to Zn), featuring an ester functionalized multidentate, tripodal iminopyridine Schiff-base
L79%Me s reported. X-ray structural studies reveal complex geometries ranging from local octahedral
coordination to significant distortion towards trigonal prismatic geometry to heptacoordinate
environments. Regardless of coordination mode, magnetic and spectroscopic studies show the ligand to
provide moderately strong ligand fields: the Fe complex is low-spin, while the Co and Mn complexes are

high-spin at all temperatures proved. Cyclic voltammograms exhibit multiple reversible ligand-based

i



reductions, which are relatively consistent throughout the series; however, the electrochemical behavior
of the Cr complex is fundamentally different from those of the other complexes. Time-dependent (TD)
DFT and natural transition orbital (NTO) computational analyses for the ligand, its anion, and complexes
were provided by Prof. Anthony Rappé: the computed spectra reproduce the major differential features of
the observed visible absorption spectra, and NTOs provide viable interpretations for the observed
features. The combined studies indicate that for Mn-Zn complexes, neutral ligands are bound to M(II)
ions, but Cr is best described as a Cr(III) species bound to a radical anionic ligand.

In Chapter 3, the syntheses and characterizations of Fe(Il) complexes of hexadentate ligands poised
for anion-triggered spin-state switching in polar solution media are reported. The tripodal iminopyridine

5-OH 6-OH 5-ONH/B 6-ONH/B
, L and L ' L "

ligands L contain methanolic or #butylamide functional groups,
respectively. Solid-state evidence for anion-cation hydrogen bonding interactions are observed for halide
complexes of [Fe(L*°™)]*" and [Fe(L¥°""®")*"; [Fe(L™°""®")]** forms a preorganized pocket which
strongly binds CI". Strong anion binding events in the 5-position complexes are also observed in solution
via '"H NMR monitored chloride titrations in acetonitrile. And while no temperature dependence or anion
dependence on spin-state is apparent for 6-position complexes in solution, a small but significant increase

in magnetic susceptibility is observed for [Fe(L> N8>

as up to one equivalent of tetrabutylammonium
chloride is added; suggesting that spin-state control by anion-cation interactions may be accessible for this
class of compounds.

In Chapter 4, the preparation and characterization of homo- and heteroleptic Cr(IIl) coordination
complexes featuring the dimethyl 2,2'-bipyridine-4,4'-dicarboxylate (4-dmcbpy) ligand are discussed.
Static and nanosecond time-resolved absorption and emission properties of these complexes dissolved in
acidic aqueous (1 M HCl,q)) solutions were investigated by Huan-Wei Tseng and Prof. Niels Damrauer.
The photophysical data suggest that in these acidic aqueous environments these complexes store ~1.7 eV
for multiple microseconds at room temperature. The electrochemical properties of these polypyridyl
complexes were investigated by cyclic voltammetry. It is found that inclusion of 4-dmcbpy shifts the

‘cr™™ E,, by 40.22 V compared to those of homoleptic parent complexes. The electrochemical and
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photophysical data allow for excited state potentials to be determined: for [Cr(4-dmcbpy);]*", Cr™"™ lies
at +1.44 V versus F¢™ (~+2 V vs NHE), suggesting it would act as one of the most powerful
photooxidants reported.

In Chapter 5, the preparation, photophysical characterization, and computed excited state energies for
Cr(III) complexes of a family of tripodal hexadentate and tris(bidentate) iminopyridine ligands are
reported. Cyclic voltammograms reveal that the hexadentate and tris(bidentate) analogues have almost
identical reduction potentials, and overall electrochemical behavior similar to the polypyridyl complexes
described in Chapter 3. The absorption spectra of the hexadentate complexes show improved absorption
of visible light compared to the tris(bidentate) analogues. Photophysical characterization provided by
Huan-Wei Tesng and Prof. Niels Damrauer show a doublet excited state with 17 to 19 ps lifetime at room
temperature for the ester functionalized tris(bidentate) complex, while no doublet states are observed for
the ester functionalized hexadentate analogue under the same conditions. The electronic structure
contributions to the differences in observed photophysical properties are compared by extensive
computational analyses provided by Prof. Anthony Rappé. These studies indicate that the presence of
non-ligated bridgehead nitrogen atoms in the complexes of tripodal hexadentate iminopyridines
significantly reduce excited state doublet, quartet, and sextet energies and change the character of the low
lying doublet states in compared to species that show population of doublet excited states.

In Chapter 6 the syntheses and characterization of reduced forms of Cr complexes of 4-dmcbpy
(described in Chapter 4), [Cr(4-dmcbpy);]"" (n = 2, 1), and tren(py); (L1, described in Chapter 5)
[Cr(tren(py)s)]"" (n = 2) are reported. Comparison of electrochemical data for the series (n = 3, 2, 1) and
solid state structures of the divalent complexes are consistent with consecutive reducing equivalents
added to Cr polypyridine or iminopyridine complexes not residing on the metal, and that these complexes
are best described as Cr(III) ions ligated to anionic radical ligands.

Final remarks about the work in Chapters 2-6 and suggested directions for future work are presented

in Chapter 7.
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Chapter 1. Iminopyridine Complexes of First Row Transition Metals: Syntheses and Applications

1.1 Introduction

Iminopyridine ligands are a class of diimine ligand formed by Schiff-base condensation. These types
of ligands can be synthesized from functional variants of 2-pyridinecarboxaldehyde and practically any
primary amine starting material; this modularity gives them enormous versatility. The resultant ligands
provide at least two nitrogen-based coordination sites, act as good ¢ donors, and provide relatively strong
ligand fields. Iminopyridine ligands can range from bidentate to multidentate. Their denticity can be
controlled by changing the number of amine groups or aldehyde groups on the individual starting
materials. Tripodal multidentate iminopyridine ligands, such as those formed by condensation with the
amines tris(2-aminoethyl)amine) (tren) or 1,3,5-triaminocyclohexane (tach) shown in Scheme 1.1, are
able to accommodate flexible coordination geometries. Tripodal iminopyridines have been shown to
support a range of coordination modes from trigonal prismatic to trigonal antiprismatic and even seven-

. . 1
coordinate species.

I\Qz NH,
N
HoN™ " NH, H,N NH,
tren tach
B B
SN SN

B SN il \NQ
_N N~ N

tren(py)s tach(py)s

pZ
N | N
D

Scheme 1.1. Multidentate iminopyridines. Primary amines (top) used to synthesize multidentate tripodal
iminopyridines (bottom).



Functionally, iminopyridine complexes can be useful catalysts. There has been a great deal of

be2eb3 and nickel™™ bis(imino)pyridine complexes toward

research into the activity of iron,” cobalt,
ethylene polymerization and oligomerization. In these systems, the tridentate ligands include sterically
bulky aryl groups attached to the imines to access low coordinate metal species in order to provide empty
coordination sites for catalytic activity. In another instance of catalysis, copper iminopyridine complexes
are efficient catalysts for the asymmetric Henry (nitro-aldol) reaction’, which is a very useful C-C bond-
forming reaction where nitroalkanes add to carbonyls to yield B-nitroalkanols. Additionally, a wide array
of transition metal iminopyridine complexes has also demonstrated the ability to activate dinitrogen.®

We became interested in iminopyridine ligands because of their similarity to diimine ligands such as
bipyridine and phenanthroline. In our work we are interested in ligands which support long-lived excited
states, can potentially act as electron reservoirs, or have intermediate ligand fields in order to engender
spin-crossover. The study of transition metal complexes featuring multidentate iminopyridine ligand sets
is the primary focus of the work described in this dissertation. This introductory chapter includes an
overview of the spin crossover phenomenon, followed by an overview of excited-state properties in

transition metals. Lastly, there is an outline of the work to be presented in the remainder of this

dissertation.

1.2 Spin Crossover in Transition Metal Complexes

Spin crossover was first observed in 1931 for a Fe(Ill) compound;’ however, Fe(Il) is the most
commonly studied ion which undergoes spin crossover. For any octahedrally coordinated transition metal
ion with a valence electronic configuration of d* to d’, two distinct electronic ground states are possible.
As shown in Figure 1.1, if the pairing energy (IT) is larger than the ligand field splitting energy (Ao), d
electrons will fill both the t,, and e, orbitals. This results in the high-spin state which maximizes the
number of unpaired electrons, and in the case of Fe(Il) this leads to a paramagnetic state where S = 2.
Conversely, if IT is less than A, electrons will preferentially populate the t,, orbitals which minimizes the
number of unpaired electrons. This leads to the low-spin state which is diamagnetic in Fe(I) with § = 0.
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When IT and Ao are very close in magnitude it is possible for both the low-spin state and the high-spin
state to be thermally accessible, and for a metal ion to switch between low-spin and high-spin ground
states. This spin-switching transition can be triggered by multiple inputs (thermal, irradiation, pressure,
magnetic field, and chemical environment),® and is exquisitely dependent on the nature of the ligands

coordinating the metal center and the strength of the ligand field they provide.
E ‘ —

%+

1

Ap<TI Ag>TI
! 9] 0]
. ---

E E
H4 4

(ty) &) (ty )

»

Ligand field strength

Figure 1.1. Spin-spin state dependent electronic configurations. Electronic configuration of the high-spin
state (left) and low-spin state (right) of a Fe(Il) ion. Adapted from Ref. 8.

We are interested in combining spin-state switching functionality with anion sensing such that
binding of an anion to a receptor on a Fe(I[) complex causes a spin transition. In a previous report
featuring the ditopic ligand H,bip (1,1',4,4',5,5',6,6'-octahydro-2,2'-bipyrimidine), anion-dependent spin
crossover was observed in the solid state. The authors suggested the spin-state change could be due to
alteration of the ligand field by direct anion binding.” Our group’s initial work focused on demonstrating
anion-dependent spin-state switching in solution for homoleptic'® and heteroleptic'' H,bip Fe(Il)
complexes. Work on these complexes has shown that anion-dependent spin-state switching is achievable
in solution. Addition of halides (such as Br via tetrabutylammonium bromide) to solutions of H,bip

Fe(Il) complexes with weakly coordinating anions (such as tetraphenylborate) cause the complexes to



shift toward the low-spin state. This occurs because halides interact with the —NH moieties on H,bip and
the interaction increases the ¢ donating ability of the ligand.'

The main drawback to these tris(bidentate) systems is the lability of high-spin Fe(Il) complexes.
These complexes are generally stable to anion titration only in solvents of low polarity such as
dichloromethane, while heteroleptic complexes are prone to ligand scrambling unless primarily strong-
field ligands are used. Our goal was to redesign the ligand environment to enhance kinetic stability and to
make sensing possible in polar solvents. Multidentate iminopyridine ligands were an obvious candidate to
try to achieve this goal, as their higher denticity over bidentate ligands could help improve kinetic
stability. Additionally, their modular assembly nature would make synthesizing ligands, with variations in
the identity and position of anion binding moiety, relatively facile.

Due to their similarity to other diimine ligands such as bipyridine and biimidazole, iminopyridine
ligands have been utilized in spin crossover research. As stated earlier, ions with electron configurations
of d*-d’ have the capacity for spin crossover, but only with certain metal and ligand field combinations is
spin crossover practically accessable. There are few examples of spin crossover for 4d and none for 5d
transition metals since smaller I1 and larger Ao values for these metals heavily favor the low-spin state.
There are significantly more instances of spin crossover for 3d transition metals, however spin crossover
is more common for certain electron configurations than others. Many theoretically d* divalent Cr species
are better described as Cr(Ill)-ligand radicals where spin crossover on the metal is not possible,'* and
truly Cr(II) compounds displaying spin crossover do not use iminopyridine ligand sets."> Most d* Mn(III)
complexes are exclusively high-spin, and of the very few Mn(Ill) complexes which display spin
crossover, all feature anionic ligands and none are iminopyridines."”'* For divalent Mn (d’), spin

. . 1
crossover is extremely difficult to access;"

most Mn(Il) complexes are high-spin and no octahedral
Mn(II) spin crossover compounds are currently known. Spin crossover is more accessible in Fe(III) (d°)
systems but it requires ligands with mixed N, O donors or chelation exclusively by chalcogens.'> The vast
majority of Co(IIT) (d®) complexes are exclusively low-spin, and those that exhibit spin crossover use

ligands where oxygen is the chelating atom."* For Co(II) (d"), terpyridine type ligands are usually favored
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for their strong ligand fields and ability to accommodate Jahn-Teller distortions which accompany spin
switching.'® However, the iminopyridine complex [Co(pmi)s](ClO,), (pmi = 2-pyridinalmethylimine)
displays spin crossover behavior in the solid state."’

Finally, a great many Fe(Il) (d°) complexes display spin crossover behavior and those featuring
diimine ligands are well known."® Tripodal iminopyridine complexes of Fe(II) tend to be low-spin unless
steric bulk is present to prevent close approach of the ligand to the metal.' This can be achieved by
installation of any group at the 6-position (o to the pyridine N atom). The resulting longer metal-nitrogen
bonds favor the high-spin state. Tripodal iminopyridine ligands where every pyridine has non-hydrogen
substituents at the 6-position undergo thermal spin crossover at temperatures below 200 K and remain
high-spin in solution.'**'** Conversely, those that have only hydrogen substituents at the 6-position are
exclusively low spin in the solid state and in solution.'” For ligands with mixed hydrogen/non-hydrogen
substituency at the pyridine 6-positions, the resultant complexes undergo thermal spin crossover in both

the solid state and in solution.'**

If there are two hydrogens and one non-hydrogen group, the complex is
mostly low spin at room temperature in the solid state and in solution, whereas if two non-hydrogen
groups and one hydrogen is present, the resulting complex is mostly high spin in solution and in the solid
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state.

1.3 Excited State Properties in Transition Metal Complexes

In contrast to the varying ground state properties of iminopyridine complexes, such as spin switching
seen in Fe(Il) and Co(Il), there has been little work reported describing the excited state behaviors of
these types of complexes. A great deal of research has gone into studying the excited state properties of
aromatic diimine transition-metal complexes, most notably those of Cr(II)** and Ru(Il)*' polypyridyls.
These metal complexes display accessible us to ms lifetime excited states which, when combined with
redox activity, have made them very attractive materials for solar energy conversion. For Ru(Il)
complexes there has been an explosion of research on their use as sensitizers for wide bandgap metal
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oxides as part of dye-sensitized solar cells (DSSCs) since the seminal paper by Gritzel and O’Regan



published in 1991.7 In Ru(Il)-based DSSCs, the sensitizer acts as a photo-reductant which injects an
electron into the conduction band of the wide band gap semiconductor on which it is attached.
Conversely, the photo-oxidizing nature of Cr(Ill) complexes was recognized for its potential use in solar
photoconversion,24 but much less work has been done on these types of materials. Reasons for the lower
apparent interest in the Cr(IlI) systems may include: less favorable visible light absorption than similar
Ru(Il) complexes, increased ligand lability of the “Cr(Il)” species after electron transfer, and redox
catalyzed aquation of Cr(Ill) complexes in aqueous systems.** Additionally, the primary p-type
semiconductor used for sensitized hole injection, NiO, has inherent problems (lower electrical
conductivity, lower hole mobility, and band edge potentials which are relatively incompatible with
mediator species) not present for the TiO, used with sensitized electron injection.”

As a consequence of the large body of literature on Cr(Ill) polypyridyl complexes, their
photophysical behavior is well understood. Absorption of a photon excites the complex from the ‘A
ground state to a high energy *T excited state, which undergoes rapid internal conversion (IC) to a lower
energy “T excited state. This is followed by intersystem crossing (ISC) from the *T state to a °E state as

shown in Figure 1.2.%*
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Figure 1.2. Simplified Jablonski diagram for an octahedral Cr(II) complex. Adapted from Ref. 20e.



In polypyridyl Cr(IlI) complexes back intersystem crossing (BISC) is generally not favored, resulting in
long lived excited states with lifetimes on the hundreds of us range.”” The doublet excited state decays
back to the quartet ground state via phosphorescence, denoted as hvs in Figure 1.2. The energy of the
emission band varies little across different polypyridine ligand sets and is typically ~1.7 eV.

While these excited state processes enhance the prospect of charge injection in a sensitizer-wide band
gap hybrid material, Cr(IIl) polypyridyls are hampered by a significant weakness. These complexes have
small molar absorptivities at A > 450 nm,””® which makes them less suitable for visible light sensitizers.
However, the iminopyridine complex [Cr(tren(py);)](ClO,); was reported as ‘wine red’,” indicating that
changes in the ligand set could improve visible light absorption. Compared to polypyridyl complexes,
there is little information on excited state processes in iminopyridine type complexes. Work by McCusker
on the photophysical behavior of [Fe(tren(py)s)]*" is one of the few reported examples.*’

While there is a dearth of information on the excited state behavior of iminopyridine complexes, their
redox behavior is relatively well documented. Iminopyridines have been shown to easily take up reducing
equivalents added to transition-metal*® and main-group metal*’ complexes. In particular, there has been
much recent work by Wieghardt and coworkers looking at Cr-ligand radical complexes involving
iminopyridine and polypyridyl ligands.'**'***** This redox non-innocence opens the door to potential

uses as electron reservoirs which can be tapped to facilitate difficult, multielectron chemical processes.

1.4 Outline of Dissertation Chapters

The following chapters include work featuring polypyridyl and iminopyridine ligands, and focus on
the synthesis and characterization of first row transition metal complexes. Chapter 2 describes the
synthesis, characterization and computational analysis of a series of divalent tripodal hexadentate
iminopyridine complexes of first row transition metals and has been submitted to Inorganic Chemistry.”
Chapter 3 describes the synthesis, anion binding properties, and spin-state switching abilities in solution
of Fe(Il) iminopyridine complexes which feature hydrogen bonding moieties. The initial work described
on L°°" complexes was elaborated by Christina Klug which resulted in publication in Dalton
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Transactions."”® The work on L’ complexes has been submitted to European Journal of Inorganic
Chemistry.”' Chapter 4 describes the synthesis, ground state and excited state characterization of
heteroleptic Cr(IIl) polypyridyl complexes and has been published in Inorganic Chemistry.”> Chapter 5
describes the synthesis, ground state and excited state characterization, and computational analysis of
tripodal hexadentate and tris(bidentate) iminopyridine Cr(IlI) complexes and has been submitted to
Inorganic Chemistry.” Chapter 6 describes the synthesis and characterization of “Cr(II)” and “Cr(I)”
iminopyridine and polypyridyl complexes. Chapter 7 contains some final remarks about the previous five
chapters and has suggestions for future work in light of what was learned while conducting the research

for this thesis.
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Chapter 2. Structural and Electronic Comparison of 1% Row Transition Metal Complexes of a Tripodal

Iminopyridine Ligand

Reproduced with permission from [norganic Chemistry, submitted for publication. Unpublished work

copyright 2012 American Chemical Society.

2.1 Introduction

Iminopyridine ligands generate interesting chemistry when bound to a wide variety of metal ions.
These types of ligands can engender unique magnetic properties such as frameworks which support spin-
crossover with Fe(I),' and can promote unusual and novel reactivity in other first row transition metals.
Complexes with iminopyridine ligands have been studied as polymerization catalysts,” dinitrogen

. 3 . 4 . . . . 5
activators,” water reduction catalysts”, and reservoirs for electrons (i.e. non-innocent ligands).

@) N N
N_Rimine >_</:>_// ‘}N
N 3
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Scheme 2.1. Example iminopyridine ligands. Left: Generalized example of an iminopyridine ligand.
Functionalization at R” can be used to attach the ligand to substrates. Functionalization at R can be used
to favor high-spin states in Fe(Il) complexes. Alteration of R™" can affect coordination geometry. Right:
the tripodal ligand L>°°™® studied in this work.

We are particularly interested in #ripodal iminopyridine ligands, which may support novel magnetic
and/or electronic properties in first-row transition-metal complexes. In principle, such a multidentate
ligand set should improve solution stability, provide steric and electronic tunability, and offer
coordination modes for anisotropic interfacing of the complex with its environment. To illustrate, efforts
to demonstrate anion-dependent spin-state switching or solar photo-conversion require that

substitutionally labile species (e.g. high-spin Fe(II), Cr(Il), excited states of Cr(Ill)) be corralled in

solution.®

13



More specifically, the coordination environments and chemical properties of tren-based tripodal
iminopyridine ligands have been a subject of previous studies.'®” These scaffolds have seven potential
metal-binding sites for chelation, are flexible enough to support different coordination modes depending
on the metal center, and tend to be amenable to modular synthetic schemes. Minor alterations in ligand
functionalization can produce substantial changes in the coordination environment of the chelated metal.
The ability of the tripodal ligand to twist about the M—Ni.q,, three-fold axis can give rise to coordination
modes ranging from trigonal antiprismatic (locally octahedral) to trigonal prismatic geometries.
Previously reported tren-based tripodal iminopyridine complexes tend toward trigonal antiprismatic
geometries.”

Along with variation in the trigonal twist angle, functional groups appended to the pyridine moiety
can alter the metal coordination environment. The steric bulk of groups at the 6 position hinders close
approach of the pyridine N to the metal center, causing the M—N bonds to lengthen as compared to the
unfunctionalized complexes. This is of particular importance in the case of Fe(Il), where longer M—N
bonds favor the high-spin state over the low-spin state.® Structural variations of this nature can lead to
dramatic changes in the compounds’ physical, chemical and magnetic properties.*’

One avenue of potential property perturbation that has not been widely explored is the modification of
ligand electronics by addition of functional groups that do not sterically interact with the bound metal
center. Focusing on iminopyridine-type ligands,' aside from methyl incorporation at various points on
the pyridine,™ the only other type of functionalization that has been explored for tren-based iminopyridine
ligands has been inclusion of long chain alkyl groups at the 5-position to produce metallomesogens.''
These types of functionalizations typically alter the way molecules pack, but do not seem to impart
significant effects on the complexes’ electronics.

In this work, we probe how incorporation of an electron-withdrawing substituent on a tren-based
iminopyridine ligand affects the structural and electronic properties of divalent metal complexes. The
impetus for this research is to tune complex electronic structure for possible exploitation in solar
photoconversion (Cr, Zn) and spin-crossover (Cr, Mn, Fe, Co) applications. In addition, changes in ion
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size and d electron count across the 1% transition series may reasonably be expected to offer several
coordination modes, highlighting the ligand’s structural flexibility. To study how electronic alterations to
the ligand affect properties, we selected an ester functionalization at the 5-position of the pyridine. The
ester acts as an electron withdrawing group and can significantly affect the electronics of the ligand and
its resulting complexes in [Cr(polypyridine)s;]*" analogues.” In addition to its electron withdrawing
properties, the ester group provides: (a) precursors for anchoring complexes to semiconductor
substrates,'? directly related to our ongoing studies in solar photoconversion;® and (b) convenient entry
points to access other types of functionalization, including potential anion binding sites, which may be

used to influence spin-crossover in solution and in the solid-state.*"?

5-O0OMe

5-00Me\ 12 .
00Mey12* complexes, where L is

Here we present a comparison of the properties of new [M(L
trimethyl-6,6',6"-((1E,1'E,1"E)-((nitrilotris(ethane-2,1-diyl))tris(azanylylidene))tris(methanylylidene))tri-
nicotinate, and M = Cr, Mn, Fe, Co, Ni, Cu, Zn. We observe coordination flexibility throughout the 3d
series as well as interesting behavior in the [Cr(L>°™¢)]** complex, which differs significantly from the

rest of the complexes studied.

2.2 Division of Labor
All DFT calculations, interpretation of DFT data, and spectra simulations were performed by Prof.

Anthony Rappé. All syntheses and experimental characterization were done by Ashley McDaniel.

2.3 Experimental Section

2.3.1 Preparation of Compounds. Unless otherwise noted, compound manipulations were
performed either inside a dinitrogen-filled glovebox (MBRAUN Labmaster 130) or via Schlenk
techniques on an inert gas (N,) manifold. The preparations of dimethylpyridine-2,5-dicarboxylate,'*
methyl 6-(hydroxymethyl)nicotinate,” [Cr(CH;CN)4(BF,),],'® and Fe(CF;S0s),-2CH;CN'” have been
described elsewhere. Methyl-6-formylnicotinate was synthesized according to a modified literature

procedure,'® where methyl 6-(hydroxymethyl)nicotinate was substituted as the oxidation substrate.
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Pentane was distilled over sodium metal and subjected to three freeze-pump-thaw cycles. Other solvents
were sparged with dinitrogen, passed over molecular sieves, and degassed prior to use. All other reagents
were obtained from commercial sources and were used without further purification.

Caution! While we have not encountered any difficulties with compounds 2.4 and 2.5 at the 90 to
115 mg scales described here, perchlorate-containing compounds pose an explosion hazard, and should be
handled with care and only in small quantities.

Trimethyl-6,6',6"'-((1E,1'E,1"E)-((nitrilotris(ethane-2,1-diyl))tris(azanylylidene))tris(methanyl-
ylidene))trinicotinate (L>°°™¢). A solution of tren (0.05 g, 0.36 mmol) in 3 mL of anhydrous methanol
was added to a solution of methyl-6-formylnicotinate (0.21 g, 1.25 mmol) in 5 mL of anhydrous
methanol; the resulting solution was stirred at room temperature. Within 10 minutes, a white precipitate
formed; the mixture was stirred for an additional 2 h. The solid was isolated by filtration, washed with
anhydrous methanol (3 X 2 mL) and diethyl ether (3 x 2 mL) and dried in vacuo to afford 0.17 g (79%) of
product. "H NMR (CDCl;): 3.00 (6H, t), 3.80 (6H, t), 3.97 (9H, s) 7.97 (3H, d), 8.27 (3H, dd). 8.35 (3H,
s), 9.16 ppm (3H, d). ’C NMR (CDCls): 52.71, 55.29, 60.18, 120.84, 126.64, 137.77, 150.81, 157.80,
162.26, 165.67 ppm. IR (KBr pellet): ve-o 1723, vy 1646 cm™'. Absorption spectrum (CH3CN): Ao
203, 245, 256 (sh), 279 nm. HRES+MS (CH;OH): m/z 588.2580 (L¥°°M*+H)", 610.2395 (L>°°™*+Na)".

[Cr(L¥°°%)|(BF,), (2.1). A solution of [Cr(MeCN)4(BF;),] (0.132 g, 0.340 mmol) ) in 5 mL of
acetonitrile was added to a suspension of L>°°™¢ (0.200 g, 0.340 mmol) in 8 mL of acetonitrile. The
resulting dark-brown solution was stirred at room temperature for 16 h. After concentrating the solvent in
vacuo to ~2 mL, the addition of 20 mL of diethyl ether produced a dark brown precipitate. The powder
was collected by filtration, washed with diethyl ether (3 x 4 mL) and pentane (3 x 2 mL), and dried in
vacuo to afford 0.225 g (81%) of product. IR (KBr pellet): ve—o 1733, vey 1603 cm™'. Absorption
spectrum (MeCN): Anax (em) 199 (53000), 228 (31000, sh), 290 (20000), 478 (3500), 586 (1600, sh), 738
(1200), 1068 nm (1900 M 'em ™). uer (295 K): 3.40 pgp. pregr (5 K): 2.83 up. ESTMS (MeCN): m/z 319.73

([Cr(L>°°M%)1*). Anal. Calcd. for C3,Hs3B,CrEsN;Oq: C, 44.31; H, 4.09; N, 12.06. Found: C, 44.22; H,
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4.38; N, 12.35. Crystals of 2.1-:CH3;0H suitable for X-ray analysis were obtained by slow diffusion of
diethyl ether into a methanolic solution of the compound.

[Mn(L>2°™¢)](CF;S03), (2.2). A solution of Mn(CF3S05), (0.06 g, 0.17 mmol) in 3 mL of methanol
was added to a suspension of L¥°°™¢(0.10 g, 0.17 mmol) in 5 mL of methanol. The resulting light yellow
solution was stirred at room temperature for 16 h. After concentrating the solvent in vacuo to ~2 mL, the
addition of 20 mL of diethyl ether produced a yellow precipitate. The powder was collected by filtration,
washed with diethyl ether (3 x 2 mL) and dried in vacuo to afford 0.143 g (89%) of product. IR (KBr
pellet): veo 1733, ven 1601 cm™. Absorption spectrum (MeCN): Amax (€m) 195 (58000), 239 (35000),
280 (26000, sh), 287 (31000), 297 (25000, sh), 342 nm (850 M 'em ). uer (295 K): 6.46u5. e (5 K):
6.01 up. ES+MS (MeCN): m/z 791.20 ([Mn(L¥°°¢)(CF;S0;)]"). Anal. Calcd. for C3,H33FsMnN;05S,:
C, 40.86; H, 3.54; N, 10.42. Found: C, 40.72; H, 3.26; N, 10.42. Crystals of 2.2 suitable for X-ray
analysis were obtained by slow diffusion of diethyl ether into an acetonitrile solution of the compound.

[Fe(L™°°V%)|(CF;S0;); (2.3). A solution of Fe(CF3S05),-2CH;CN (0.045 g, 0.102 mmol) in 3 mL of
acetonitrile was added to a suspension of L>°°™¢ (0.060 g, 0.102 mmol) in 5 mL of acetonitrile. The
resulting dark purple solution was stirred for 16 h. After concentrating the solvent in vacuo to ~2 mL, the
addition of 20 mL of diethyl ether produced a purple-black precipitate. The powder was collected by
filtration, washed with diethyl ether (3 * 2 mL) and pentane (3 x 2 mL), and dried in vacuo to afford
0.082 g (85%) of product. IR (KBr pellet): ve—o 1731, veey 1601 cm™'. Absorption spectrum (MeCN):
Amax (€m) 200 (66000), 239 (26000), 281 (40000), 289 (36000, sh), 382 (570), 540 (760, sh), 594 nm
(1160 M'em™). "H NMR (CD;CN): 9.67 (br s, 3H); 8.66 (dd, 3H); 8.48 (dd, 3H); 7.74 (br s, 3H); 3.96
(br m, 6H); 3.81 (s, 9H); 3.19 (m, 6H). uer (295 K): 0.94 up. ES+MS (MeCN): m/z 792.13 ([Fe(L™
00Mey (CF;805)]), 321.73 ([Fe(L¥°°M%)]*). Anal. Caled. for Cs,H;3F¢FeN,0,,S,: C, 40.82; H, 3.53; N,
10.41. Found: C, 40.58; H, 3.25; N, 10.47. Crystals of 2.3-:0.62 Et,O suitable for X-ray analysis were

obtained by slow diffusion of diethyl ether into an acetonitrile solution of the compound.
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[Co(L™°°M9](C10y), (2.4). A solution of Co(ClO4),'6H,0 (0.044 g, 0.119 mmol) in 3 mL of
methanol was added to a stirring suspension of L>°°™¢ (0.070 g, 0.119 mmol) in 5 mL of methanol.
Within 10 minutes, an orange precipitate formed; the mixture was stirred for 16 h. The solid was collected
by filtration, washed with methanol (3 x 3 mL) and diethyl ether (3 x 2 mL), and dried in vacuo to afford
0.091 g (91%) of product. IR (KBr pellet): ve—o 1719, vey 1603 cm™'. Absorption spectrum (MeCN):
Amax (Em) 194 (61400), 239 (33000), 285 (29200), 385 nm (3100 M'em ™). e (295 K): 4.38 up. err (5
K): 4.15 ug. ES+MS (MeCN): m/z 745.13 ([Co(L¥°°™¢)(C10,4)]"). Anal. Calcd. for C3yH3;ClL,CoN,O,4: C,
42.62; H, 3.93; N, 11.60. Found: C, 42.66; H, 3.98; N, 11.49. Crystalline material can be obtained by
slow diffusion of diethyl ether into an acetonitrile solution of the compound, but the crystals were not
suitable for X-ray analysis.

[Co(L¥2°M)][CoCl,] (2.4a). A solution of CoCl, (0.021 g, 0.17mmol) in 3 mL of methanol was
added to a stirring suspension of L¥?°™¢ (0.100 g, 0.17 mmol) in 5 mL of methanol. Initially an orange
solution formed; it was stirred for an additional 16 h, whereupon the color slowly turned brown-green. A
brown-green power was precipitated by addition of diethyl ether. The solid was collected by filtration,
washed with diethyl ether (3 x 2 mL), and recrystallized by diethyl ether diffusion into methanol to yield

green crystals of the product. IR (KBr pellet): ve—o 1727, veen 1600 cm ™. Absorption spectrum (MeCN):
Amax 194, 239, 285, 385, 616 nm. ES*MS (MeCN): m/z 681.07 ([Co(L>°°M*)(CD]"), 323.13 ([Co(L*
OOMe)]2+).

[Ni(L¥°°Y)](C10,), (2.5). A solution of Ni(ClO,),"6H,0 (0.065 g, 0.177 mmol) in 3 mL of
methanol was added to a stirring suspension of L¥°°™¢ (0.105 g, 0.177 mmol) in 5 mL of methanol. In
the first 10 minutes, an orange precipitate forms and the mixture is allowed to stir for 16 h. The solid was
collected by filtration, washed with methanol (3 x 3 mL) and diethyl ether (3 x 2 mL), and dried in vacuo
to afford 0.13 g (87%) of product. IR (KBr pellet): ve—o 1723, veey 1604 cm™'. Absorption spectrum
(MeCN): Ama (Em) 199 (65000), 239 (33000), 284 (28000), 396 (1500), 866 nm (9.8 M 'em™). peg

(295K): 3.44 up. ESTMS (MeCN): m/z 744.20 (INi(L¥°°M)(C104)]"), 322.73 (INi(L*°°™*)]*"). Anal.
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Calcd. for C30H33C1hN7NiOy4: C, 42.63; H, 3.94; N, 11.60. Found: C, 42.45; H, 3.83; N, 12.03. Crystals of
5-2CH;CN suitable for X-ray analysis were obtained by slow diffusion of diethyl ether into an acetonitrile
solution of the compound.

[Cu(L*°°™%)](CFsS0;), (2.6). A solution of Cu(CF;SOs), (0.065 g, 0.18 mmol) in 3 mL of
acetonitrile was added to a stirring suspension of L¥°™¢ (0.106 g, 0.18 mmol) in 5 mL of acetonitrile.
The resulting mossy green solution was stirred for two hours, and then was concentrated in vacuo to ~2
mL. Mossy-green crystals were obtained from slow diffusion of diethyl ether into the concentrated
acetonitrile solution, and were collected by filtration. The collected crystals were washed with diethyl
ether (3 x 2 mL) and pentane (3 x 2 mL) to afford 0.129 g (75%) of product. IR (KBr pellet): vc-o 1728,
ven 1606 cm™'. Absorption spectrum (MeCN): Ao (ev) 195 (55000), 236 (38000), 286 (28000), 295
(25000, sh), 353 (1300, sh), 713 nm (85 M 'em™"). ur (295 K): 2.27 ug. per (5 K): 1.80 ug ES+MS
(MeCN): m/z 799.07 ([Cu(L*°°M¢)(CF;S05)]"). Anal. Calcd. for C3,Hs3CuFeN,0,,S,: C, 40.49; H, 3.50;
N, 10.33. Found: C, 40.66; H, 3.70; N, 10.64. Crystalline samples of 2.6 can be obtained by slow
diffusion of diethyl ether into methanol or acetonitrile; the crystals tend to be very large but very thin
sheets/needles, and thus far have not been suitable for X-ray analysis.

[Zn(L7°°M%)](CF3S0;), (2.7). A solution of Zn(CF;S05), (0.123 g, 0.34 mmol) in 4 mL of methanol
was added to a stirring suspension of L>°°™¢ (0.200 g, 0.34 mmol) in 3 mL of acetonitrile. The resulting
yellow solution was stirred for two hours, and then was concentrated in vacuo to ~2 mL. Crystals were
obtained from slow diffusion of diethyl ether into the concentrated methanol solution, and were collected
by filtration. The collected crystals were washed with diethyl ether (3 x 2 mL) and pentane (3 x 2 mL) to
afford 0.276 g (85%) of product. IR (KBr pellet): vc—o 1726, veen 1601 cm™'. Absorption spectrum
(MeCN): Ay (81) 195 (59000), 240 (39000), 287 (32000), 294 (26000, sh), 340 nm (910 M 'em ', sh).
'H NMR (CD;CN): 8.74 (s, 3H); 8.72 (dd, 3H); 8.13 (dd, 3H); 7.60 (d, 3H); 3.80 (s, 9H); 3.76 (m, 3H);
3.58 (dd, 3H); 3.23 (dd, 3H); 2.90 (td, 3H). ES+MS (MeCN): m/z 800.20 ([Zn(L>°°™*)(CF;S0;5)]"),

325.67 ([Zn(L*°°™*)]*". Anal. Calcd. for C3,H33F6N,01,S,Zn: C, 40.41; H, 3.50; N, 10.31;. Found: C,
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40.37; H, 3.29; N, 10.15. Crystals of 2.7 suitable for X-ray analysis were obtained by slow diffusion of
diethyl ether into an acetonitrile solution of the compound.

2.3.2 X-Ray Structure Determinations. Crystals suitable for X-ray analysis were coated with
Paratone-N oil and supported on a Cryoloop before being mounted on a Bruker Kappa Apex II CCD
diffractometer under a stream of dinitrogen. Data collection was performed at 120 K with Mo Ka
radiation and a graphite monochromator, targeting complete coverage and 4-fold redundancy. Initial
lattice parameters were determined from at least 270 reflections harvested from 36 frames; these
parameters were later refined against all data. Crystallographic data and metric parameters are presented
in Table 2.1. Data were integrated and corrected for Lorentz and polarization effects by using SAINT, and
semiempirical absorption corrections were applied by using SADABS." The structure was solved by
direct methods and refined against F~ with the program XL from the SHELXTL 6.14 software package.”
Unless otherwise noted, displacement parameters for all non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were added at idealized positions and were refined by using a riding
model where the displacement parameters were set at 1.2 times those of the attached carbon atom (1.5 for
methyl protons).

For the structure of 2.1, both BF, anions show significant disorder. The anion containing B1 is
rotationally disordered over two positions (57:43 ratio) about the axis containing the B1-F1 bond. The
anion containing F8 is disordered over two positions, where only F7 and F8 are common between the
two. The major part (83%) contains B2a, F6a and F5a, and the fluorine atoms in the major part were
refined anisotropically. The major component of this anion was used to constrain the other BF,  bond
distances and bond angles by the SAME command. All of the thermal parameters for the other disordered
BF, components were treated isotropically. A methanol solvate molecule was initially refined with
partial site occupancy (84%) and was finally modeled with full occupation as this is more chemically
reasonable; the thermal parameters were treated anisotropically.

In the structure of 2.2, neither obvious disorder nor solvate molecules are observed; however, the

highest residual peak is 2 ¢ /A’ and the deepest hole is 0.97 ¢ /A®. The residual electron density appears
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between S1 and C31 on one of the triflate anions, consistent with minor untreated triflate disorder.

In the structure of 2.3, residual electron density in the trigonal “pocket” formed by the ester groups of
the ligand cannot be modeled satisfactorily; they likely represent disordered and/or partially occupied
molecules of diethyl ether (no vc=y resonances are observed in the IR spectrum for crystals of 2.3). This
electron density was treated with SQUEEZE,*' which finds a 144.8 A® solvent void with 26 e /unit cell,
corresponding to a partially occupied (62%) diethyl ether molecule. The data in Table 1 do not include the
components removed by SQUEEZE.

For 2.4, crystals of the perchlorate salt diffract well, but have not produced reasonable structure
solutions, possibly due to twinning. An alternative anion, [CoCl]*, produces a well-defined structure
(2.4a) with no included solvent present and no disorder.

In the structure of 2.7, the anions and cation reside on special positions with three-fold symmetry.
One of the triflate anions is disordered over two symmetry-related positions such that O and F atoms are
located at the same position. This disorder was modeled simply as each site being occupied by a single
type of atom (O or F) with half of the sites assigned to O and half assigned to F. Meanwhile, the triflate
C-S axis does not coincide with the crystallographic three-fold axis: this generates four sites over which
the C and S are disordered. The disorder was modeled with two sites set as C and two set as S, but no

mixing of S and C positions.
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Table 2.1. Crystallographic data for compounds 2.1-2.5 and 2.7.°

2.1' CH;0H 2.2 2.3 2.4a 2.5-2CH;CN 2.7
formula C31H37BoCrFgN;,O;  C3oH33FeMnN;01,S, - C3oHiysFgFeN701,S,  C3oHi3CLCoN7O  CasH3oCpNoNiO,  CioHisFeN7O12S:Zn
fw 845.30 940.71 941.62 847.29 927.35 951.14
color, habit  brown needles yellow plates purple plates green plates orange plates yellow blocks
T,K 120(2) 120(2) 120(2) 120(2) 12002) 120(2)
space group P1 P1 P2ic P23 P1 R3
VA 2 2 4 4 2 3
a, A 11.8630(4) 12.5586(11) 15.6283(13) 15.4332(4) 12.3690(8) 10.042(2)
b, A 12.9273(5) 12.6047(11) 19.4132(16) 15.4332(4) 12.7685(8) 10.042(2)
c, A 13.1753(5) 12.8933(11) 14.4401(13) 15.4332(4) 13.9210(9) 35.268(9)
o, deg 81.305(2) 93.705(5) 90 90 73.345(3) 90
B, deg 71.683(2) 94.262(5) 115.895(4) 90 86.927(3) 90
v, deg 71.499(2 103.718(5) 90 90 73.045(3) 120
v, A3 1816.04(12) 1970.1(3) 3941.2(6) 3675.94(17) 2013.7(2) 3079.8(12)
deater glem®  1.546 1.586 1.587 1.531 1.529 1.538
GOF 1.028 1.042 1.016 1.036 1.034 1.068
Ri(wWR»", % 5.05 (12.81) 434 (11.60) 4.04 (10.53) 231 (5.56) 3.70 (10.24) 423 (12.47)

“ Obtained with graphite-monochromated Mo K, (1 = 0.71073 A) radiation.
" Ry = Z|F| — Fl ZIFo, WRy = {2 [WES — FEY ZIw(FSY ]} for Fo > do( Fo).



2.3.3 Other Physical Methods. Absorption spectra were obtained with a Hewlett-Packard 8453
spectrophotometer in quartz cuvettes with 1 cm or 1 mm path lengths in air (or in an airfree glass cuvette
under dinitrogen for 2.1); all experiments were performed at room temperature. Infrared spectra were
measured with a Nicolet 380 FT-IR spectrometer. Mass spectrometric measurements were performed in
the positive ion mode on a Finnigan LCQ Duo mass spectrometer, equipped with an analytical
electrospray ion source and a quadrupole ion trap mass analyzer. Cyclic voltammetry experiments were
carried out inside a dinitrogen-filled glove box in 0.1 M solutions of (BusN)PF¢ in acetonitrile unless
otherwise noted. The voltammograms were recorded with either a CH Instruments 1230A or 660C
potentiostat, using a 0.25 mm Pt disk working electrode, Ag wire quasi-reference electrode, and a Pt wire
auxiliary electrode. All voltammograms shown were measured with a scan rate of 0.1 V/s. Reported
potentials are referenced to the ferrocenium/ferrocene (Fc'/Fc) redox couple and were determined by
adding ferrocene as an internal standard at the conclusion of each electrochemical experiment. Solid-state
magnetic susceptibility measurements were performed using a Quantum Design model MPMS-XL
SQUID magnetometer at 295 and 5 K on finely ground samples prepared under a dinitrogen atmosphere.
The data were corrected for the magnetization of the sample holder by subtracting the susceptibility of an
empty container; diamagnetic corrections were applied using Pascal’s constants.”” '"H NMR spectra were
measured using Varian INOVA 300 MHz or 400 MHz instruments. Magnetic susceptibilities in CD;CN
or de-DMSO solution were determined by the Evans method.” Elemental analyses were performed by
Robertson Microlit Laboratories, Inc. in Madison, NJ.

2.3.4 Electronic Structure Calculations. Unrestricted B3LYP hybrid density functional SCF and
TD-DFT studies® were carried out in the G09 suite of electronic structure codes.” The geometries for
[M(L™°°M)](BF,), and [Cr(L>°°™%)](BF,); were optimized as isolated, gas phase ion pairs; note that
BF, anions were used for all computed structures. Due to the importance of the amine nitrogen in the
electronic spectroscopy, the M-N,nie distance was constrained to the respective experimental distances
shown in Figure 2.2. For Cu this distance optimized to 3.243A. The Cr cation and BF, anions were
removed to generate the coordinates for L¥%°™¢. The LANL?2 basis sets and effective core potentials were
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used for the transition metals;** H, B, C, N, O and F were described with a 6-31g* model.*’” Simulated
electronic absorption spectra utilized a Gaussian line shape, computed oscillator strengths and peak

positions as well as a 0.15 eV linewidth.

2.4 Results

2.4.1 Syntheses. Shown in Scheme 2.2, the ligand L*°°¢

is synthesized via Schiff-base
condensation of tren (tris-2(aminoethyl)amine) and a slight stoichiometric excess of methyl-6-
formylnicotinate. The reaction produces a white precipitate and can be isolated in good yield. The ligand

is slightly soluble in polar organic solvents such as methanol, acetonitrile, chloroform and

dichloromethane, but is insoluble in hydrocarbons and diethyl ether.

0
Mook N, Jj*/
NH N 5-O0OMe
o N/<\/ > 3H,0 N N 3"

[Cr(CH3CN)4(BF,),]
CH5CN Mn(OTf),
or CH;OH Fe(OTf),-2CH;CN
MX, + L5OOMe  — [\ 5-OOMex, MX, =  Co(ClO,),6H,0
Cu(OTf),
Zn(OTf),

Scheme 2.2. Syntheses of the ligand L>°°™¢ (top) and the divalent complex salts 2.1-2.7 (bottom).

The preparations of the divalent metal complex salts are straightforward (Scheme 2.2). The
complexes form upon mixing polar-organic solutions of MX, with slurries of the ligand in the same
solvent under an inert atmosphere. The choice of solvent is primarily dictated by the metal precursor—
methanol was used for bare or hydrated metal salts, while acetonitrile was used for acetonitrile-solvated
metal salts. The metalation reaction proceeds quickly as evidenced by almost immediate changes in the

colors of the reaction mixtures. The tetrafluoroborate and triflate salts 2.1-2.3, 2.6 and 2.7 remain soluble
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but can be isolated by concentrating the reaction mixture, followed by precipitation with diethyl ether.
The perchlorate salts 2.4 and 2.5 precipitate directly from solution and can be isolated by filtration. The
isolated yields for the complexes are typically >80%. The product complexes are all generally air stable in
the solid-state and in solution; however, the Cr complex is air-sensitive in solution and must be handled
under inert atmosphere. Crystalline material can be isolated by slowly diffusing diethyl ether into
concentrated acetonitrile solutions of each of the complexes, although methanol gives better crystals for
2.1. While Cr(II) complexes have been reported to disproportionate in protic solutions,”® we observe no
evidence of disproportionation of 2.1 in methanol.

2.4.2 Structural Comparisons. The X-ray structures determined for the compounds reported here
(Table 2.1, Figures 2.1 and Al.1) reveal cationic mononuclear complexes which are in general well-

separated from each other by charge balancing anions.

Figure 2.1. Side-on view of the [M(L>°°Y%)]** complex cation in the structure of 2.5-:2CH;CN, rendered
with 40% probability ellipsoids. Green, red, dark blue and gray ellipsoids represent Ni, O, N and C atoms,
respectively. All hydrogen atoms are omitted for clarity. Similar views for the complexes in 2.1-2.4 and
2.7 are provided in Figure Al.1.

All iminopyridine nitrogen atoms are bound to the metal ion; in the cases of the Mn and Co complexes
2.2 and 2.4, the bridgehead (tren) nitrogen atom is significantly closer to the metal center (Figure 2.2).

The average trigonal twist angle ¢’* (Table A1.1) varies from 39.9° to 54.5°, which indicates that all of
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the complexes are closer in geometry to octahedral/trigonal antiprismatic rather than trigonal prismatic.
The complexes most distorted away from octahedral local geometry contain Mn (2.2), Co (2.4a) and Zn

(2.7) ions.

' 3.0867(1)A

N2,
I 2.6262(2)A /1:9 2.694(3)A
G@ N1
N1

Figure 2.2. Geometry of the first coordination sphere around the M(II) ions and distance to tether N atom
of ligand L¥°™¢, Ellipsoids are drawn at 40% probability. N1 is the apical tether nitrogen, even- and
other odd-numbered N atoms are within imine and pyridine moieties, respectively. Solid lines denote
coordination bonds with distances less than the sum of the van der Waals radii for the two atoms. Dashed
lines show the distance between apical N1 and the metal center, but do not necessarily indicate bonding
interactions.

For this family of complexes, the metal nitrogen bonds follow a pattern where the M—Nj,;i,e bonds are
shorter than the M—N,uigine bonds. In the more regularly octahedral complexes 2.1, 2.3, and 2.5, this
difference is small (~0.03 A), while in the structures that are markedly distorted from octahedral (2.2,
2.4a, and 2.7), the differences are much larger (0.15-0.25 A). Chromium-containing 2.1 displays unusual
variation between different arms of the tripodal ligand in addition to the metal-pyridine/imine bond
variations. The Cr-N bonds on one of the ligand arms are shorter by at least 0.04 A compared to the other

two arms. This is accompanied by shortening of the C—C bond bridging between the two coordinating N

atoms and lengthening of both N—C bonds. These differences are consistent with radical anion character
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localized on the ligand arm interacting with a Cr(Ill) center; such bond alternation has been observed
recently in other reduced forms of Cr diimine and iminopyridine compounds.>*’

In these complexes, the ester groups are part of the conjugated system including the pyridine and
imine. Generally, the esters are nearly coplanar with the pyridines, and all complexes have ester-pyridine
torsion angles of less than 20°. The Ni complex 2.5 has both the maximum (19.60°) and minimum (1.89°)
torsion angles of all the complexes. It is interesting to note that for every complex except Fe-containing
2.3, the ester groups all point the same direction on all three arms, with the carbonyl oxygen pointing
away from the metal center. However, in the Fe case, only one of the ester groups adopts this position.
Additionally, the three ester groups can be thought to form a trigonal pocket. For complexes 2.1, 2.3, 2.4
and 2.5, the sides of the trigonal pocket®® range from 5.3 to 6.5 A. For complexes in 2.2 and 2.7, the
distances are much shorter and range from 3.9 to 4.6 A. The smaller trigonal pocket coincides with the
much smaller twist angles for these two complexes, and distortion away from octahedral geometry.

2.4.3 Comparison of Magnetic Properties. The room temperature magnetic moments for 2.1-2.6
indicate that compounds 2.2, 2.4, and 2.5 contain high-spin ions with 5, 3 and 2 unpaired electrons,
respectively. Meanwhile, the data for 2.1 and 2.3 are consistent with low-spin Cr(Il) and Fe(Il) ions,
containing 2 and 0 unpaired electrons, respectively. Note that for 2.1 the magnetic data is equally
consistent with strong antiferromagnetic coupling between a ligand radical anion and a Cr(IIl) cation to
give an S = 1 ground spin state, and such coupling has been previously observed for [Cr™(bpy).(bpy )]*'-
type complexes.” In addition to the solid-state magnetic moment measurements, solution susceptibility
measurements carried out on 2.3 show that the Fe(Il) ion remains low spin and diamagnetic up to 80 °C in
ds-DMSO. For Ni(Il) and Cu(Il), single electron configurations with two and one unpaired electrons,
respectively, are expected, and these are observed for compounds 2.5 and 2.6. A solid-state magnetic
moment was not collected for complex 2.7 due to the d'’ configuration for Zn(Il); diamagnetism in
solution is confirmed by Evans’ method (‘H NMR) susceptibility measurements. Magnetic moments of
2.1, 2.2, and 2.4 collected at 5 K indicate that the low temperature spin states are unchanged from the
room temperature determinations.
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2.4.4 Electronic Absorption Comparisons. The ground state UV-Visible absorption properties of
each of the complexes were studied in acetonitrile solution at room temperature. Shown in Figure Al.2,
each of the complexes shows three intense absorption bands in the ultraviolet part of the spectrum, with
molar absorptivities greater than 25000 M '-cm™'. These bands are analogous to three UV bands present
for the free ligand but shifted slightly: the band at 245 nm in the free ligand is blue-shifted to 239 nm in
each of the complexes, and the lowest energy UV band at 279 nm in the free ligand is red-shifted by 5-8
nm in the complexes.

The visible absorption spectra for 2.1-2.7 are shown in Figure 2.3 (top). The high-spin complexes
(2.2, 2.4, and 2.5) and complexes 2.6 and 2.7 are all similar and devoid of strong features at wavelengths
longer than 500 nm. Complex 2.2 has no absorption bands in the visible region, while complexes 2.4 and
2.7 have a band of moderate intensity centered at 386 and 340 nm, respectively. The Ni complex 2.5 has a
moderately intense band centered at 395 nm and a very weak band at 866 nm; the latter is indicative of a
d-d transition. The Ni(II) d-d band at 866 nm can be used to calculate A,, the energy difference between
the to, and e, orbitals in this approximately octahedral ligand field. For 2.5, A, corresponds to 11550 cm .
Complex 2.6 displays similar features to 2.5, with a moderately intense band at 353 nm and a weak band
at 713 nm. The low-spin complex 2.3 has a rich visible absorption spectrum compared to the previously
discussed species: the Fe complex displays bands of moderate intensity at 382, 540 and 594 nm.

The Cr compound 2.1 exhibits moderately intense absorption throughout the visible and into the near
IR, with prominent peaks at 478, 586, 738, and 1068 nm. This behavior is qualitatively different from the
other divalent metal complexes reported here. We note that transitions through the visible and into the
near IR of similar band intensity are observed for Cr(III) complexes chelated to anionic bipyridine ligand
radicals.”

2.4.5 Simulated Electronic Absorption Spectra. In order to understand the observed periodic trends
in the visible absorption spectra, TD-DFT and natural transition orbital (NTO) analyses have been carried
out on the free L>°°™¢ ligand and its anion (Figure A1.3) and complexes 2.1-2.7 (Figures 2.3 and A1.4).
Select NTO pairs are associated with the relevant transitions (Figure A1.4).
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Figure 2.3. Experimental (top) and TD-DFT simulated (bottom) visible electronic absorption spectra for
2.1-2.7, plotted on the same relative scales. Experimental data were collected on solutions in acetonitrile.

For the free ligand L>°°M¢, at the computed geometry for 2.1, the lowest energy transitions (A < 550
nm) correspond to transitions from the bridgehead nitrogen lone pair — iminopyridine n* orbitals. The
HOMO of trimethylamine is provided in Figure A1.5 to illustrate the orbital character of a typical amine
lone pair. When the free ligand is reduced, the bridgehead nitrogen lone pair transitions shift to lower
wavelength and new iminopyridine — iminopyridine 7* bands appear at 600 nm and 900 nm.

The experimental and computed complex visible spectra collected in Figure 2.3 in the same scale

suggest that the computed spectra reproduce the major differential features of the observed visible
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spectra. Specifically, 2.1 displays a number of high wavelength (A > 500 nm) features. The Fe(Il)
complex 2.3 has a significant transition around 600 nm. The Mn(II), Co(Il), and Zn(II) transitions in 2.2,
2.4, and 2.7, respectively, are weaker and tend toward lower wavelengths, while the computed Ni(II) and
Cu(II) spectra (2.5 and 2.6) display high wavelength features not present in the observed spectra.

Select NTOs collected in Figure Al.4(b-h) provide viable interpretations for the observed features.
For the computed spectrum of 2.1 provided in Figure 2.3 (bottom) a number of low intensity transitions
contribute to the broad band above 550 nm: they correspond to iminopyridine — iminopyridine ©* bands
(Figure A1.4b), comparable to those computed for the anion of L>°°M¢ discussed above (Figure Al.3).
Bridgehead nitrogen lone pair — iminopyridine ©* transitions are computed to occur around 450 nm, and
transitions with significant t,, — e,* character are found below 400 nm. For 2.2 (Figure Al.4c) low
intensity bridgehead nitrogen lone pair — iminopyridine ©* transitions are computed near 450 nm and
iminopyridine — iminopyridine ©* bands below 400 nm. As expected for low spin 2.3 (Figure Al.4d)
there is significant metal d orbital participation in the prominent 400-450 nm features correspond to a
metal (t,) — iminopyridine w* transitions, while the weaker (A > 600 nm) transitions represent
bridgehead nitrogen lone pair — iminopyridine ©n* character. For the Co(Il) complex 2.4 (Figure Al.4e)
the highest wavelength transitions display bridgehead nitrogen lone pair — iminopyridine n* character.
For the Ni(II) complex 2.5 (Figure Al.4f), the highest wavelength transition possesses significant metal
t,, — e, character; bridgehead nitrogen lone pair — iminopyridine n* transitions occurring at lower
wavelength. For the Cu(Il) complex 2.6 (Figure Al.4g) a high wavelength bridgehead nitrogen lone pair
— e,* transition is inserted into the spectrum. When Zn(II) is inserted into the ligand to make 2.7 (Figure
Al.4h) the bridgehead nitrogen lone pair — iminopyridine n* transition shifts to lower wavelength (A <
450 nm), relative to the free ligand.

2.4.6 Electrochemistry. Each of the complexes displays rich electrochemical behavior (Figure 2.4).
The hallmark of these species is the presence of multiple reversible reductions. For 2.2-2.5 and 2.7, three
reversible reductions between —1.0 and —1.75 V (vs Fc”") and one irreversible reduction at potentials
more negative than —2.10 V are observed. For each of the complexes, an irreversible oxidation is
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observed at positive potentials greater than 1.0 V. The electrochemical events common to all complexes
are most likely ligand-based since they vary little with the identity of the chelated metal. Additionally, the
participation of other iminopyridine ligands in redox behavior has been previously observed for divalent

1¥ row transition-metal complexes.’
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Figure 2.4. Cyclic voltammograms of the M(II) complexes in 2.1-2.7, collected in 0.1 M TBAPF,
acetonitrile solution with a scan rate of 100 mV/s. The potentials are referenced to ferrocene.

In addition to the redox events described above, involvement of the metal ion is also evident for 2.3-
2.6. Compounds 2.3 and 2.4 also display one reversible oxidation at +0.71 and +0.26 V, respectively,
which are tentatively assigned to metal-based 3+/2+ couples. The very positive potential for oxidation of
the Fe complex falls between reported potentials assigned to the 3+4/2+ couple for similar
[Fe(iminopyridine);]*" complexes.”’ The assigned 3+/2+ couple for Co-containing 2.4 also matches

closely to the potential reported for a similar [Co(iminopyridine);]*” complex.’'® The Ni complex 2.5
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exhibits an additional quasi-reversible reduction at —2.51 V, tentatively assigned to the 2+/1+ couple,
which occurs at slightly more negative potentials than those reported for hexacoordinate iminopyridine
Ni(I) complexes.”> An irreversible oxidation occurs at +1.04 V and is tentatively assigned to the
oxidation of Ni(Il) to Ni(IlI). The Cu complex 2.6 displays an additional reversible reduction at —0.43 V
which is assigned to the 2+/1+ couple. This falls between the reported oxidation potentials for a di-Cu(I)
iminopyridine cryptand and the reduction potentials of its di-Cu(Il) aminopyridine cryptand analogue
which are each assigned to the Cu 2+/1+ couple.”

The behavior for the Cr complex 2.1 is qualitatively different than that of the other metal complexes.
For 2.1, four reversible reductions, one quasi-reversible reduction right at the edge of the solvent window,
and one reversible oxidation are observed. The £, potentials for the events in 2.1 are nearly identical to
those reported for the trivalent analogue, [Cr(L>°°™)|(BF,);.** However, the rest potentials for 2.1 and
for [Cr(L>°°M¢](BF,); are separated by the 3+/2+ wave. In addition to the nature of the redox events, the
spacing of the waves in 2.1 is different compared to complexes 2.2-2.5. The redox events for 2.1 begin at
more positive potentials and are more widely spaced in relation to each other than those for 2.2-2.5. The
more positive potentials are likely due to the Cr center being trivalent instead of divalent, which would

also affect the spacing between reduction waves.

2.5 Discussion

The tripodal iminopyridine ligand L¥°°™¢ displays considerable geometric flexibility in ligating first
row transition-metal ions (Figure 2.1). Despite the structural diversity, when comparing the behavior of
first row metal complexes 2.1-2.7, the absorption spectra, electrochemical behavior, and many of the
structural characteristics of this family of complexes are similar, and reflect the dominance of the ligand
in determining physical properties. Below, we discuss in more detail some instances where significant
metal-ligand interactions arise, including ligand field parameters relevant to spin-crossover applications,

as well as the very different behavior of the Cr-containing compound 2.1 relative to the other species.
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2.5.1 Electronic Structure Considerations for the “Cr(II)” Complex. Comparison of 2.1 and the
one electron oxidized counterpart [Cr(L¥°°™¢)](BF,);** provides a more complete picture of the true
electronic character of 2.1. The cyclic voltammograms of the two Cr complexes are basically identical,
with the only difference being the nature of the event at most positive potential. In 2.1 this event is an
oxidation, while in [Cr(L*>°°™¢)](BF,); it is a reduction.

Structurally, the two complexes are similar; however, several key distances in the iminopyridine
ligand are different. Shown in Table 2.3, the lengthening of the C-N bond on the imine (z) and to a lesser
extent on the pyridine (x), coupled with shortening of the C-C iminopyridine bridge (y) upon reduction
from [Cr(L>°°™*)]*" to [Cr(L>°°M)]*" is a hallmark of localization of the reducing equivalent on one arm

of the iminopyridine ligand.’

Table 2.3. Selected iminopyridine ligand bond lengths for 2.1 and average iminopyridine ligand bond
lengths for complexes 2.2-2.5, 2.7, and [Cr(L>°°Y)](BE,):.

Complex (metal) x (A) v (A) z (A)

2.1(Cp) 1361(3)  1454(3)  1.28803) | |
13652)  14653)  1.280(3) o 0.0
13763)  14208)  131103) e

2.2 (Mn) 1352[3]° 14743  1271[3]" | -l

2.3 (Fe) 1362031 1451[3]°  1.287[3]" ZN N

2.4 (Co) 1.351(1)" 1.469(2)" 1.267(2)" Vs ©

2.5 (Ni) 1353[2]°  1468[2]°  1.274[2]° z N N

2.7 (Zn) 13505 14685  1255(6)" R R

[Cr(L¥2°™9|(BF,);° 1.364(2)" 1.463(2)" 1.275(2)°
“ The errors for these bond distances were calculated by averaging the bond distances for each type of
bond and taking the square root of the sum of the squares of the bond esds.
” There is only one crystallographically independent bond of this type, so there are no average bond

distances.
“See Chapter 5.

Comparison of the iminopyridine ligand bond lengths in 2.1 shows that one x and z in 2.1 are
significantly longer than analogous average bond lengths in the other structurally characterized divalent
complexes (also Table 2.3). Similarly, the one y in 2.1 is significantly shorter than its counterpart average

in 2.2-2.5 and 2.7. Along with the changes in ligand bond lengths, numerous intense bands in the
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absorption spectrum of 2.1, including bands in the near IR, are features common to other complexes in
which Cr(III) is bound by ligand radical anion species.”
Unrestricted B3LYP hybrid density functional results are consistent with the structural and

spectroscopic studies. A comparison of 2.1 and [Cr(L>°M

)]1(BF,); show that spin density on the metal
center and first coordination sphere are nearly identical; in the divalent species (2.1), significant spin

density is located in the 7 system of a single arm of the ligand L¥°°™¢, as shown in Figure 2.5.

Figure 2.5. Comparison of net spin density plots for 2.1 (left) and [Cr(L>°°™¢)](BF,); (right), scaled at
0.003 atomic units. Triplet and quartet states, respectively, are displayed. Blue surfaces correspond to net
a spin density and green to net 3 spin density. Note additional [ spin density on one pyridine “arm” of the
iminopyridine ligand in the “Cr(I)” complex.
The Ms = 1 spin density plot for 2.1 can be characterized as a Cr(IIl) (S = */,) ion antiferromagnetically
coupled to a ligand-based electron. Comparison of low energy transitions (A > 550 nm) for 2.1 and the
anion of the free ligand support this model (Figures A1.3 and A1.4). The magnetic moment indicating S =
1 is also consistent with strong antiferromagnetic coupling. All of these data point to the true identity of
2.1 as being [Cr"(L¥°°™¢) |(BF,)..

2.5.2 Trends in Electronic Transitions for L™°° Complexes. Good qualitative agreement

between experimental and TD-DFT-computed absorption spectra allow us to establish the orbital

character of key features (via NTO analyses), important for the application of these kinds of complexes in
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solar photo-conversion schemes. First, the importance of the bridgehead nitrogen atom is evident in the
spectrum of the free ligand: all transitions involve the amine as a starting point. In turn, it is reasonable to
expect that tuning the N'"M distance in transition metal complexes will strongly perturb photophysical
properties.

Second, it is evident that for most of the first row complexes studied, the ligand dominates the
transitions in the visible spectrum. The lowest energy transitions for 2.1 (Cr), 2.2 (Mn), 2.4 (Co) and 2.7
(Zn) show predominantly LLCT character, although it should be noted that the near-IR absorptions for
2.1 are related to a reduced ligand and are qualitatively different from the other compounds. Transitions
featuring larger metal orbital contributions occur higher in energy, although with some overlap in the
visible spectrum. The low-spin Fe(Il) complex 2.3 is a clear exception, as its lowest energy transitions are
largely MLCT in character. The lowest energy transition for the Ni(I[) complex 2.5 is ligand field, as
expected. A LMCT transition for the Cu(Il) analogue 2.6 is predicted but not observed, at least not at the
sample concentrations used. Overall, the L¥°°™¢ ligand shows interesting potential for photophysical
exploitation, provided that increased metal participation can be achieved. Compound 2.1 indicates that
use of trivalent metals is promising; substituent tuning offers an alternative route.

2.5.3 Electronic Structure Considerations for Spin-State Switching. For metals with d* to d’
electron configurations in locally octahedral coordination environments, two spin states with different
numbers of unpaired elections are possible, depending on whether electrons preferentially populate the e,
orbitals before filling the t,, orbitals. The two energetic terms which dictate whether a complex has a
high-spin (where S is maximized) or a low-spin (where S is minimized) configuration are the pairing
energy, I, required to pair electrons in the t,, orbitals and the energy difference between the e, and the t,,
orbitals, A,.*

As discussed above, the “Cr(II)” complex in 2.1 is better described as an antiferromagnetically
coupled d° ligand radical anion system, and the high spin state is not accessible due to the strength of the
coupling between the metal and ligand spin centers. Additionally, the ligand sets that have formerly
demonstrated spin switching in Cr(IT) and Mn(II) complexes do not include diimines or iminopyridines.™
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Spin  switching has been observed for the d* [Cr(depe)l,],)’ where depe is 1,2-
bis(diethylphosphino)ethane, and for methyl and ethyl mono-alkylated Mn(II) manganocenes and the
parent unfunctionalized compound, which all have d° configuration. Therefore it is unsurprising that 2.1
remains S = 1 and 2.2 remains S = 5/2 down to the lowest temperatures probed (5 K). For the ligand
system discussed here, we will only focus on the d® and d’ species.

In d° Fe(Il) complexes, iminopyridine ligands provide strong enough ligand fields®® that unless
functional groups ortho to the pyridine N are installed to sterically stabilize the high-spin state, the
complexes are exclusively low spin at room temperature. We hypothesized that an electron withdrawing
group at the 5-position may reduce the ligand field strength of the iminopyridine by pulling electron
density away from the pyridine N, making it a weaker ¢ donor, and thus allow access to the spin-
switching regime. The value of A, (also, 10D,) calculated from the Ni(II) spectrum can be used to predict
spin-crossover tendency in Fe(Il) complexes using the same ligand set. For Ni(I) D, values between 1120
and 1240 cm ', the corresponding Fe(II) complexes are expected to fall in the spin-crossover range.”**
Therefore, based on the Ni(Il) ligand field parameter alone, which is 0.1*¥A, or 1155 cm ', this Fe(II)
complex would be expected to exhibit spin-crossover. In this work, the available solution and solid-state
data indicate that the Fe(II) complex 2.3 remains low-spin at all conditions tested, signifying that the ester
incorporation does not sufficiently weaken the ligand field for spin-crossover to manifest. We note that
the ligand field parameters discussed above are merely guides for evaluating spin-crossover behavior with
Ns coordination environments, and that there are many exceptions which do not follow this trend. In this
case, there may be geometric constraints introduced by tethering the three arms of the ligand together
which preclude spin-crossover, which are not present in more commonly studied tris(diimine) Fe(II)
complexes.*

For Co(1I), strong ligand fields are necessary to force spin pairing in the d’ species.*’ Previously, a
[Co(iminopyridine);]*" complex had been reported as high-spin at room temperature, with gradual spin-
crossover starting at approximately 250 K.** In the case of the tripodal ligand L¥>°™¢, while the magnetic
moment for 2.4 does decrease as the temperature is lowered, it ultimately remains high spin in the solid-
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state down to 5 K with a pe 0of 4.15 ug, For an S = 3/2 ion and g = 2, the spin only L. is expected to be
3.87 pp, the actual pgr for Co(Il) species is frequently greater than this due to unquenched orbital angular
momentum and g values are greater than 2. The stability of the high-spin state could be due to the
weakened ligand field provided by the ester functionalized ligand, or it could be due to geometric
constraints imposed by the tren capping group which prevent reaching the low spin state. Notably, the
hexadentate ligand may not allow for the exploitation of Jahn-Teller distortions common to bis-tridentate
Co(I) complexes shown to be spin-crossover species, such as [Co(terpy),]*".*""* In these systems,
stronger m-interaction occurs between the center N donor moieties on each of the ligands in comparison to
the two flanking N donor moieties on each ligand. This effectively acts as a tetragonal compression along
the z-axis, which favors the low-spin state over the high-spin state in Co(II) (less population of
antibonding orbitals). Since there cannot be preferential imine versus pyridine coordination along the z-
axis with L¥°°¢, the Jahn-Teller-induced distortions observed in 2.4a tend to be C; symmetric rather
than tetragonal, and the low-spin state is not stabilized in 2.4 and 2.4a even though the ligand field is

strong enough to prevent access of the high-spin state in the Fe(Il) analogue 2.3.

2.6 Conclusions and Outlook

The survey of ester-functionalized iminopyridine complexes presented in this work display an
interesting variety of coordination environments around the chelated metal ions. The complexes
encompass geometries from very regular octahedral coordination, to highly strained trigonal
antiprismatic, to seven-coordinate centers. Despite the wide variation in coordination, most of the
complexes have very similar absorption spectra; they seem to divide into high-spin or low-spin electron
configurations. Along with the absorption spectra, the electrochemical behaviors of the complexes are
remarkably similar. These species display several ligand-based redox events which are mostly
unperturbed by the metal identity. However, the redox state of the chelated metal dramatically affects
these ligand-based redox events. In reality, the Cr complex 2.1 is best described as a Cr(II) metal center
coordinated to a ligand radical anion, whereas complexes 2.2-2.7 are truly divalent metals chelated by a
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neutral ligand. Exploitation of ligand non-innocence in solar and/or thermal chemical transformations is
underway. Additionally, ligand field considerations suggest that the Fe(Il) analogue 2.3 is poised to
display spin-crossover; however, 2.3 remains low-spin even at elevated temperatures. Exploring the role

of ligand geometric constraints on spin-crossover accessibility will be pursued in due course.
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Chapter 3. Synthesis of Functionalized Hexadentate Fe(Il) Complexes: Toward Anion-Dependent Spin

Switching in Polar Media

Reproduced in part with permission from European Journal of Inorganic Chemistry, submitted for

publication. Unpublished work copyright 2012 Wiley-Blackwell.

3.1 Introduction

We and others are interested in understanding the factors that control spin-state switching in solution
in order to develop new applications for spin-crossover (SC)-based materials.' Since small energies
separate high-spin (HS) and low-spin (LS) states in a typical Fe(II) SC system, non-covalent interactions
between a complex and its environment significantly impact the observed spin states. Under the right
conditions — a suitably balanced ligand field, complex solution stability and sufficiently perturbing host-
guest interactions — spin-state switching may act as a reporter in a chemical sensing scheme.

Anions provide an attractive substrate for sensing since they play important roles in biology and the
environment.” Recognizing the impacts on living systems, interest in effective anion sensing has spurred
work designing molecular sensor species.”*® Metal incorporation into sensing architectures has become
increasingly widespread: they are used to influence complex geometry, add additional reporting
functionality (e.g., optical, electrochemical, or magnetic differences in the anion-free and -associated
states) or to be the site of anion-binding itself.*** Specific to spin-state switching schemes, it appears that
anion-sensing and spin-crossover complexes are a natural fit, since an electrostatic cation-anion
interaction offers a strong chemical trigger for SC property perturbation and most SC complexes are
cationic.

Hydrogen-bonding interactions are particularly well suited for anion sensing; installation of hydrogen
bond donors has led to successful anion recognition and binding in metal-based complex cations in
solution. Our efforts have focused on incorporation of Fe(II) metal centers into complexes with hydrogen
bond donor moieties which are capable of anion recognition. The anion-binding event can induce Fe(II)
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center spin-crossover in an appropriately tuned ligand field, resulting in dramatic changes in complex
magnetic and optical properties.” The changes in magnetic properties can be probed by solid state and
solution magnetic susceptibility measurements as well as by direct monitoring of proton chemical shifts
in the '"H NMR. The optical properties are often easily followed by electronic absorption spectroscopy
and are sometimes apparent by visual inspection.

Fe(Il) complexes featuring the bidentate ditopic ligand H,bip demonstrate solution phase anion-
dependent spin switching.”° Recently we have demonstrated that homo- and heteroleptic Fe(II)
complexes using H,bip, a diimine ligand with -NH hydrogen bonding moieties, demonstrate solution
phase anion-dependent spin switching.”** However, in order to minimize ligand exchange in solution,
these studies must be performed in dichloromethane, a solvent of low polarity. Extending this proof-of-
concept work into more polar media (such as alcohols, acetonitrile, or water) would be more relevant to
the aqueous conditions of biological media or environmental samples. In order to do this, ligand lability
must be minimized.

One way to reduce enhance complex thermodynamic stability is by exploiting the chelate effect.
Increasing ligand denticity should improve the thermodynamic stability of the resulting metal complex
while in solution, and a single hexadentate ligand would be ideal. Hexadentate ligands based on the
Schiff-base condensation of tris(2-aminoethyl)amine (tren) with pyridinealdehydes combine with Fe(II) to
produce SC species;’ a variety of Fe(I) complexes with related tripodal ligands (shown in Scheme 3.1)
also demonstrate tunable SC behavior. Hoselton and coworkers synthesized SC complexes using the
ligands L'-L*.° The authors found that L* formed exclusively HS complexes in solution between 185 K
and 435 K, whereas L' formed only LS complexes up to 350 K. Only the mixed ligands L* and L’ formed
complexes capable of spin-crossover, and spin transition onset temperature was seen to decrease with

increasing methyl substitution, as expected from increasing steric bulk.
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Scheme 3.1. Tripodal hexadentate ligands. Adapted from Ref. 7.

While spin switching has been demonstrated in several Fe(Il) complexes which have been
synthesized using tren-based tripodal ligands, most include either pyridine or imidazole moieties
containing varying degrees of aliphatic or aryl steric bulk as shown in Scheme 3.1. However, none of
these complexes have been shown to act as an anion receptor,® which is unsurprising given the absence of
anion-binding functional groups. Ideally, it would be possible to couple an appropriately tuned ligand
field provided by a hexadentate ligand with the electronic or steric/geometric influence of guest binding
to generate the SC regime. Alteration of non-inner sphere anions has been shown to have a dramatic
effect on SC transitions of identically chelated Fe(II) cations.’ It is reasonable to hypothesize that direct
anion-ligand interaction has the potential to perturb the ligand field enough to cause a spin state transition
in a cation poised for spin-crossover since spin-state transitions only require energy perturbations on the
order of kT (~2.5 kJ/mol at room temperature).

Competent anion-binding is optimized when multiple hydrogen bonding groups are oriented toward a
single binding site or pocket, and when hydrogen bonding is coupled with electrostatic interactions. '’

Poising -NH and —OH groups can encourage direct anion-ligand interaction in tripodal complexes
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(Scheme 3.2). Metal-based anion receptors can effectively combine these two binding modes, as shown in
the recent work by Fabbrizzi and coworkers on a trisimidazolium cage organized around a Fe(II) ion, that
is capable of binding spherical and linear anions.'' A second example uses Cu®* ions to preorganize a

tripodal ligand to sense phosphates. "
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Scheme 3.2. Potential anion-binding functional groups (left), tripodal ditopic ligand family used in this
work (center), and actual ligand configurations used (right).

To observe Fe(Il) anion-dependent spin switching in solution, several criteria need to be met. The
complex must competently bind anions, which means appropriate anion-binding motifs must be
incorporated into the ligand architecture. The host-guest association must sufficiently perturb the ligand
field to prompt spin-state switching and the spin switching event must take place in a relatively narrow
temperature range: between 0°C to 100°C for aqueous solutions, and in slightly larger temperature
windows for polar-organic solvents such as methanol or acetonitrile. These last two criteria are highly
dependent on the ligand field.

In this work, we targeted ligands based on pyridines functionalized at the 5- or 6-position as shown in
the center of Scheme 3.2. Functionalization at these positions would include groups capable of hydrogen
bonding, such as -OH and —NH, as shown on the right of Scheme 3.2. Chelation of the ligand to a Fe(II)
center would provide positive charge to attract anions and also organize the hydrogen bond donor groups

into a pocket where anions could bind. The ligand field provided by the diimine ligand arms would be
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near the SC regime."” Lastly, we hypothesized that successful anion-binding could do two possible things.
Similar to the behavior observed for Hybip complexes,’ successful anion-binding would increase ligand
field strength in HS 6-postion complexes to cause HS — LS switching. Or anion-binding to LS 5-position
complexes could cause geometric perturbation of the Fe(Il) center by pushing ligand arms out, leading to
lengthening of Fe—N bonds and transition to the HS state. Herein, we report on the spin behavior of Fe(II)
complexes of L5OH SONHBu y 6OH and LEONIBY where we find competent cation-chloride interactions
in polar solution and potential evidence for spin-state switching as a result of anion-binding for the 5-

position complexes.

3.2 Division of Labor
All experimental work was performed by Ashley McDaniel. The preliminary work on complexes of

L%°" described here was continued by Christina Klug.'**

3.3 Experimental Section

3.3.1 Preparation of Compounds. Unless otherwise noted, compound manipulations were
performed either inside a dinitrogen-filled glovebox (MBRAUN Labmaster 130) or via Schlenk
techniques on an inert gas (N,) manifold. The preparations of [Fe(SO3;CF;),(CH;CN),]"*, diethyl pyridine-
2,5-dicarboxylate,””  2,5-pyridinedimethanol,'®  6-(Hydroxymethyl)picolinaldehyde,'””  and  6-
(methoxycarbonyl)nicotinic acid'® have been described previously. Literature procedures for generating
amides from acid chlorides' were modified to use 6-(methoxycarbonyl)nicotinic acid as the starting
material and tert-butylamine as the reagent to give methyl 5-(tert-butylcarbamoyl)picolinate. N-(zert-
butyl)-6-formylnicotinamide was synthesized analogously to methyl 6-formylnicotinate.”” Pentane was
distilled over sodium metal and subjected to three freeze-pump-thaw cycles. Other solvents were sparged
with dinitrogen, passed over molecular sieves, and degassed prior to use. All other reagents were obtained

from commercial sources and were used without further purification.
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5-(Hydroxymethyl)picolinaldehyde (3.1). A synthesis has been reported in a patent®' using SeO, as
the oxidant, while in this synthesis MnO, is used as an alternative oxidizing agent.' 2,5-
pyridinedimethanol (0.486 g, 3.49 mmol) was dissolved in CHCI; (100 mL). Activated MnO, (6.07 g,
69.9 mmol) was added and the suspension was stirred at room temperature. After 45 min, the mixture was
filtered through Celite, the solids were washed with CHCI; (3 x 100 mL), and the filtrate was collected.
The solvent was removed by rotary evaporation to give a yellow solid, which was purified by column
chromatography (EtOAc on silica gel) to give 0.165 g (34%) of light yellow powder. "H NMR (300 MHz,
CDCl;, 8): 4.86 (s, 2H, -CH,OH), 7.90 (d, 1H, H?), 7.96 (d, 1H, H*), 8.75 (s, 1H, H®), 10.05 (s, 1H, CHO),

which qualitatively matches previously reported chemical shifts.*’

H6 H7
H' N o’HS
|
N Noy S ks s
H? RS M (6,6',6"-((1E,1'E,1""E)-((nitrilotris(ethane-2,1-

diyl))tris(azanylylidene))tris(methanylylidene))tris(pyridine-6,3-diyl))trimethanol (L¥°"). In air, 5-
(Hydroxymethyl)picolinaldehyde (0.203 g, 1.46 mmol) was dissolved in methanol (6 mL). A methanolic
solution (5 mL) of tris(2-aminoethyl)amine (tren) (0.071 g, 0.486 mmol) was added and the resulting
yellow solution was heated at reflux for 14 hours. The solvent was removed by rotary evaporation,
leaving 0.245 g (97%) of an orange oil. '"H NMR (300 MHz, CDCl;_8): 2.94 (t, 6H, H'), 3.50 (t, 3H, H®),
3.70 (t, 6H, H), 4.73 (s, 6H, H"), 7.62 (dd, 3H, H’), 7.82 (d, 3H, H*), 8.08 (s, 3H, H*), 8.54 (d, 3H, H°),

and is included as Figure A2.6. ESI-MS (MeOH): 526.27 m/z ([(L*°")Na]").

! While working on the L7°°™¢ ligand described in Chapter 2, a literature procedure using SeO, as the oxidant to
generate the aldehyde precursor was employed. However residual Se gave the isolated product a brick red color and
unrecognized transesterification from the previous synthetic step made the reaction look unsuccessful. An
alternative literature reported oxidant, MnO,, was subsequently used and gave the desired product. This
methodology was extended to the ligands reported in this chapter. Use of MnO, has drawbacks; it is required in 10-
20 fold excess and the yields are typically lower than those for reactions using SeO,. In the future, SeO, is probably

a better choice for oxidation.
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[Fe(L>°")]S0, (3.2). A solution of FeSO4-7H,0 (13.7 mg, 0.049 mmol) in methanol (3 mL) was
added to a stirring solution of L™°" (24.5 mg, 0.049 mmol) in methanol (2 mL). Upon combination, the
reaction mixture immediately turned violet-fuchsia followed by formation of a fuchsia precipitate. The
mixture was stirred for an additional 16 h, after which the precipitate was collected by filtration to give
24.3 mg (75%) of product. ESI-MS (MeOH): 558.07 m/z ([Fe(L™°"-H)]"), 279.73 m/z ([Fe(L>°")]*").

[Fe(L™°™)|(BF,), (3.3). Solid Fe(BE,),"6H,0 (50.3 mg, 0.149 mmol) was added to a stirring
methanolic solution (3 mL) of L (73.4 mg, 0.146 mmol), resulting in an immediate color change to
violet-plum. The mixture was stirred for 2 hours and a dark plum precipitate formed. The precipitate was
collected by filtration to give 94.5 mg (88%) of plum-colored solid. ESI-MS (CH;CN): 279.67 m/z
([Fe(L™°™)]*). "H NMR (300 MHz, CD;CN_ 3): 3.08 (m, 6H, H"), 3.39 (m, 3H, H®), 3.53 (m, 6H, H?),
4.50 (d, 6H, H"), 6.96 (s, 3H, H?), 8.06 (d, 3H, H), 8.19 (d, 3H, H), 9.09 (d, 3H, H®) and is included as
Figure A2.7. Calcd. for Cy;H33B,FgFeN,O;: C, 44.24; H, 4.54; N, 13.38. Found: C, 43.70; H, 5.02; N,
13.36 and, upon repeat analysis, C, 43.56; H, 4.80; N, 13.25. Crystals suitable for X-ray diffraction were
grown by diethyl ether diffusion into a concentrated solution of the complex in acetonitrile.

[Fe(L™°")](BPh,), (3.4). An aqueous solution (3 mL) of NaBPh, (14.7 mg, 0.043 mmol) sparged
with dinitrogen was added to a stirring, dinitrogen-sparged aqueous solution (2 mL) of [FeL>°"]SO, (12.1
mg, 0.018 mmol), resulting in the immediate formation of a fuchsia precipitate. The solid was collected
by filtration, washed with dinitrogen-sparged distilled water (10 mL) and dried in vacuo to give 16.0 mg
(72%) of fuchsia powder. '"H NMR (300 MHz, CD;CN._ §): 3.03 (6H, H"), 3.38 (3H, H*), 3.46 (6H, H?),
4.49 (6H, H"), 6.83 (8H, BPhy), 6.90 (s, 3H, H?), 6.97 (16H, BPhy), 7.26 (16H, BPhy), 8.04 (3H, H’), 8.15
(3H, HY, 8.94 (3H, H% and is included as Figure A2.8. ESI-MS (CH;CN): 878.07 m/z ([Fe(L™

"BPh,]"), 279.67 m/z ([Fe(L™°%)™).
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HZ2 H® R4 3 itrilotri
(6,6',6'""-((1E,1'E,1""E)-((nitrilotris(ethane-2,1-

diyl))tris(azanylylidene))tris(methanylylidene))tris(pyridine-6,2-diyl))trimethanol (L*°Y). 6-
(Hydroxymethyl)picolinaldehyde (0.150g, 1.10 mmol) was dissolved in methanol (30 mL). To this, a
methanolic solution (10 mL) of tren (0.053 g, 0.37 mmol) was added and the resulting yellow solution
was brought to reflux. After 16 hours the resulting orange solution was cooled and the solvent was
removed by rotary evaporation to give 0.181 g (100%) of an orange oil. 'H NMR (300 MHz, CDCl,, §):
2.98 (t, 6H, HY), 3.74 (t, 6H, H?), 4.12 (br s, 3H H®), 4.75 (s, 6H, H’), 7.25 (d, 3H, H®), 7.68 (d, 3H, H"),
7.81 (t, 3H, H’), 8.26 (s, 3H, H’) and is included as Figure A2.9. ESI-MS (MeOH): 526.27 m/z ([(L*
OH)Na]+)‘

[Fe(L*°")](SOsCF3), (3.5). A solution of L*°" (0.486 g, 0.965 mmol) in methanol (3 mL) was added
to a stirring solution of [Fe(SO;CF;),(CH3CN),] (0.421 g, 0.965 mmol) in methanol (1 mL). The resulting
dark-red solution was stirred for 16 hours, and then the solvent was removed in vacuo to give a red
residue. The residue was triturated with diethyl ether (10 mL) to give a dark red powder. The powder was
collected by filtration and washed with diethyl ether (3 x 3 mL) to give 0.756 g (91%) of product. ESI-
MS (CH;0H): 558.20 m/z ([Fe(L*°"-H)]").

[Fe(L*°")|(BF,), (3.6). Solid Fe(BF,),-6H,0 (58.8 mg, 0.174 mmol) was placed under dinitrogen.
To this, a dinitrogen-sparged methanolic solution (5 mL) of L*°" (85.6 mg, 0.170 mmol) was added by
syringe. The resulting solution immediately turned deep red. The solution was stirred for 10 min, after
which the solvent was removed in vacuo to give a dark red residue 98 mg (79%). ESI-MS (CH;0H):
558.20 m/z ([Fe(L"°"-H)]").

[Fe(L*°™]I, (3.7). A solution of tetrabutylammonium iodide (TBAI) (0.178 g, 0.481 mmol) in
acetonitrile (5 mL) was slowly added to a stirring solution of [Fe(L*°")](SO5CFs), (0.178 g, 0.208 mmol)

in acetonitrile (3 mL). Upon addition, a red precipitate formed and the mixture was stirred for 16 hours.
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The precipitate was collected by filtration and washed with cold acetonitrile (3 x 3 mL) and diethyl ether
(3 x 3 mL) to give 0.119 g (70%) of product. ESI-MS (CH;0H): 558.20 m/z ([Fe(L*°"-H)]").

[Fe(L*°")|Br, (3.8). A solution of FeBr, (0.042 g, 0.199 mmol) in methanol (3 mL) was slowly
added to a stirring solution of L*°" (0.100 g, 0.199 mmol) in methanol (4 mL). The resulting dark-red
solution was stirred for 1 hour, and then the solvent was removed in vacuo to give a red residue. The
residue was triturated with pentane (10 mL) to give a dark-red powder. The powder was collected by
filtration and washed with pentane (3 x 3 mL) to give 0.114 g (80%) of product. ESI-MS (CH;0H):
558.20 m/z ([Fe(L*°"—H)]"). Crystals suitable for X-ray diffraction were grown by pentane diffusion into
a concentrated solution of the complex in a mixture of ethanol and methanol.

[Fe(L*°™)C1, (3.9). A solution of solution of L*°" (0.200 g, 0.397 mmol) in methanol (4 mL) was
slowly added to a stirring solution of FeCl, (0.051 g, 0.397 mmol) in methanol (2 mL). The resulting red-
purple solution was stirred for 16 hours, and then the solvent was removed in vacuo to give a dark-red
residue. The residue was triturated with diethyl ether (10 mL) to give a dark-red powder. The powder was
collected by filtration and washed with diethyl ether (3 x 3 mL) to give 0.193 g (77%) of product. ESI-
MS (CH;OH): 558.20 m/z ([Fe(L*°"—H)]".

[Fe(L*°")](BPh,), (3.10). A solution of NaBPh, (0.233 g, 0.680 mmol) in acetonitrile (4 mL) was
added to a stirring solution of FeCl, (0.043 g, 0.340 mmol) in acetonitrile (4 mL). The mixture was stirred
for 2 hours at room temperature, finally producing a colorless solution and a white precipitate. The
precipitated NaCl was removed by filtration. The filtrate was added to a solution of L*°" (0.171 g, 0.340
mmol) in acetonitrile (8 mL), immediately forming a dark-red solution. The solution was concentrated in
vacuo to SmL and filtered to remove residual NaCl. The solvent was removed from the filtrate in vacuo,
leaving a sticky purple-red residue which was triturated with methanol (3 x 3 mL) and diethyl ether (3 % 3
mL) to give a purple-red powder. The powder was collected by filtration, washed with diethyl ether (3 x 3
mL), and dried in vacuo to give 0.363 g (89%) of a brick red solid. ESI-MS (CH;CN): 279.60 ([Fe(L"

917, 558.20 m/z ([Fe(L"°"-H)]").
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H2 H® H*
6,6',6"-(1E,1'E,1""E)-((nitrilotris(ethane-2,1-

diyl))tris(azanylylidene))tris(methanylylidene))tris(N-(tert-butyl)nicotinamide) L>°"®". A solution
of tren (0.131 g, 0.88 mmol) in acetonitrile (2 mL) was added to a solution of N-(tert-butyl)-6-
formylnicotinamide (0.60 g, 2.91 mmol) in acetonitrile (8 mL). Upon addition, the reaction mixture
darkened to a dark-yellow color. The reaction mixture was stirred at room temperature for 16 hours, and
then the solvent was removed in vacuo to leave 0.52 g (85%) of yellow powder product. '"H NMR (300
MHz, CD5CN, 8): 1.45 (s, 27H, H*), 2.92 (t, 6H, H"), 3.72 (t, 6H, H?), 6.86 (s, 3H, H’), 7.85 (d, 3H, H"),
8.00 (dd, 3H, H”), 8.22 (s, 3H, H%), 8.78 (d, 3H, H%), and is included as Figure A2.10. ESI-MS (CH;0H):
733.53 ([(L™°""®")Na]")

{[Fe(L>°N""®")|cC1},[FeCly] (3.11). A solution of L>*®" (0.070 g, 0.098 mmol) in acetonitrile (3
mL) was added to FeCl, (0.019 g, 0.147 mmol) stirring in acetonitrile (1 mL). The resulting dark-purple
solution was stirred for 2 hours at room temperature, and then the solvent was removed in vacuo to give a
purple residue. This solid was triturated with diethyl ether (10 mL) to give a dark-purple powder. The
powder was collected by filtration and washed with diethyl ether (3 x 3 mL) to give 0.064 g (72%) of
product. '"H NMR (400 MHz, CDsCN, 3): 1.23 (27H, H®), 3.08 (6H, H"), 3.42 (3H, H?), 3.56 (3H, H?),
7.56 (3H, H), 8.22 (3H, H*), 8.34 (3H, H’), 8.98 (3H, H’), 9.07 (3H, H’), and is included as Figure
A2.11. ESI-MS (CH;CN): 801.33 m/z ([Fe(L>°™®"\CI]"), 383.27 m/z ([Fe(L>°"®")]*"). Calcd for
CogH10sClgFesN,»Og: C, 51.99; H, 6.04; N, 15.55. Found: C, 51.87; H, 6.16; N, 15.33. Crystals suitable for
X-ray diffraction were grown by diethyl ether diffusion into a concentrated solution of the complex in
acetonitrile.

[Fe(L™°N®")|(BF,), (3.12). A solution of Fe(BF,),-6H,0 (0.024 g, 0.076 mmol) in acetonitrile
(3mL) was added to a solution of L>°N"" (0.054 g, 0.076 mmol) in acetonitrile (2 mL) . The resulting

dark-purple solution was stirred for 2 hours at room temperature, and then the solvent was removed in
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vacuo to give a purple residue. This solid was triturated with diethyl ether (10 mL) to give a dark-purple
powder. The powder was collected by filtration, washed with diethyl ether (3 x 3 mL) and dried in vacuo
to give 0.061 g of product. '"H NMR (400 MHz, CD5CN, 8): 1.31 (27H, H*), 3.09 (6H, H"), 3.56 (3H, H?),
3.71 (3H, H%), 6.79 (3H, H'), 7.37 (3H, H®), 8.34 (3H, H*), 8.45 (3H, H%), 9.27 (3H, H?), and is included
as Figure A2.12. ESI-MS (CH;CN): 853.0 m/z ([Fe(L>°"®")(BF,)]"), 383.27 m/z ([Fe(L¥°N"E")™).
Calcd for C39Hs6B,FgFeN 0Oy (3-H,0): C, 48.88; H, 5.89; N, 14.61. Found: C, 48.94; H, 5.74; N, 14.35.
[Fe(L™°N"®") | (BPh,),5Clys (3.13). A solution of {[Fe(L>°"®")|cCl},[FeCl,] (0.040 g, 0.022
mmol) in dichloromethane (3 mL) was added to a stirring mixture of NaBPh, (0.034 g, 0.100 mmol) in
dichloromethane (3 mL). The resulting dark-purple mixture was stirred for 16 hours, and then filtered to
remove precipitated NaCl. The solvent was removed in vacuo from the dark-purple filtrate to give a dark-
blue residue. The residue was triturated with diethyl ether (10 mL) to give a dark purple powder. The
powder was collected by filtration and washed with diethyl ether (3 x 3 mL) to give 0.051 g (90%) of
product. Based on'H NMR integration and peak shifts, this is a mixed salt with incomplete anion
exchange. '"H NMR (400 MHz, CD;CN, §): 1.25 (27H, H®), 3.06 (6H, H'), 3.43 (3H, H?), 3.58 (3H, H?),
6.82 (6.5 H, BPh,), 6.98 (13H, BPh,), 7.26 (13H, BPhy), 7.49 (3H, H®), 8.20 (3H, H*), 8.34 (br, 3H, H'),
8.34 (3H, H’), 9.05 (3H, H?), and is included as Figure A2.13. ESI-MS (CH;CN): 1085.20 m/z ([Fe(L™

ONHIBU)(BPh4) ) 383 20 m/Z ([FC(LS ONHtBU)]2+)

k%)

diyl))tris(azanylylidene))tris(methanylylidene))tris(N-(tert-butyl)picolinamide) (LSONHBYy A

6,6',6"-((1E,1'E,1""E)-((nitrilotris(ethane-2,1-

solution of tren (0.025 g, 0.171 mmol) in acetonitrile (1 mL) was added to a solution of N-(tert-butyl)-6-
formylpicolinamide (0.136 g, 6.59 mmol) in acetonitrile (2 mL) to give a golden-yellow solution. The
reaction mixture was stirred at room temperature for 16 hours, and then the solvent was removed in

vacuo, resulting in a sticky residue. The residue was triturated with pentane (3 x 2 mL) to yield 0.085 g
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(70%) of yellow powder. 'H NMR (300 MHz, CDCl;, §) 1.49 (s, 27H, H®), 3.04 (t, 6H, H"), 3.84 (t, 6H,
H?), 7.84 (t, 3H, H%), 7.97 (s, 3H, H), 8.05 (d, 3H, H®), 8.19 (d, 3H, H*), 8.38 (s, 3H, H?) and is included
as Figure A2.14.

[Fe(L"°N%)|C1, (3.14). A solution of FeCl, (0.007 g, 0.056 mmol) in methanol (1 mL) was added
to a stirring solution of L**“"®" (0.040 g, 0.0561 mmol) in methanol (3 mL). The resulting dark-purple
solution was stirred for 16 hours, and then the solvent was removed in vacuo to give a purple residue. The
residue was triturated with diethyl ether (5 mL) to give a dark-purple powder. The powder was collected
by filtration and washed with diethyl ether (3 X 3 mL) to give the final product. ESI-MS (CH3;0H):
765.40 m/z ([Fe(L"°"™_H)]").

[Fe(L*°""®")](SO;CF3), (3.15). A solution of [Fe(SO5CF;),(CH;CN),] (0.024 g, 0.056 mmol) in
methanol (1 mL) was added to a stirring solution of L**"®" (0.040 g, 0.0561 mmol) in methanol (3
mL). The resulting dark-purple solution was stirred for 16 hours, and then the solvent was removed in
vacuo to give a purple residue. The residue was triturated with diethyl ether (5 mL) to give a dark-purple
powder. The powder was collected by filtration and washed with diethyl ether (3 x 3 mL) to give the final
product. ESI-MS (CH;0H): 947.07 m/z ([Fe(L™°"®" )(SO;CF;) -CH;0H]"), 916.20 m/z ([Fe(L*
ONHIBUY (S05CF3)]"), 765.40 m/z ([Fe(LSONB—H)]M.

3.3.2 X-Ray Structure Determinations. Crystals suitable for X-ray analyses were coated with
Paratone-N oil and supported on a Cryoloop before being mounted on a Bruker Kappa Apex II CCD
diffractometer under a stream of dinitrogen. Data collection was performed at 100 or 120 K with Mo Ka.
radiation and a graphite monochromator, targeting complete coverage and 4-fold redundancy. Initial
lattice parameters were determined from at least 500 reflections harvested from 36 frames; these
parameters were later refined against all data. Crystallographic data and metric parameters are presented
in Table 3.1. Data were integrated and corrected for Lorentz and polarization effects by using SAINT, and
semiempirical absorption corrections were applied by using SADABS.* The structure was solved by

direct methods and refined against F° with the program XL from the SHELXTL 6.14 software package.”
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Unless otherwise noted, displacement parameters for all non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were added at idealized positions and were refined by using a riding
model where the displacement parameters were set at 1.2 times those of the attached carbon atom (1.5 for

methyl protons).

Table 3.1. Crystallographic data for compounds 3.3, 3.8 and 3.11.°

3.3-CH;CN 3.8:0.5MeOH-0.5 EtOH  3.11-3CH;CN-(CH;CH,),0
formula C29H3(,B2F8FCN303 ng,50H33BI‘2FeN7O4 ngHl 17C16FC3N23O7
fw 774.13 757.32 1989.30
color, habit  purple blocks red plates purple plates
7,K 100(2) 100(2) 120(2)
space Pna2, P2,/c P1
Z 8 4 2
a, A 15.4403(3) 10.0980(2) 11.9443(11)
b, A 12.2839(2) 14.0077(3) 21.0685(18)
c, A 34.8855(6) 22.0804(5) 21.1533(18)
o, deg 90 90 73.208(4)
B, deg 90 94.7740(10) 89.076(4)
Y, deg 90 90 84.615(4)
v, A’ 6616.6(2) 3112.43(11) 5073.4(8)
deate, g/em’  1.554 1.616 1.302
GOF 1.056 1.055 1.023
Ri(WR,)", 4.42 (10.28) 3.61(8.71) 6.00(14.33)

“ Obtained with graphite-monochromated Mo K, (1 = 0.71073 A) radiation.
" Ry = X|Fo| — IFl/ZIF), WRy = {Z[w(F! = FEYVEWFSY'T} ' for F, > 40( Fy).

In the structure of 3.3-CH;CN, positional disorder in one of the BF, anions was treated by splitting
atoms F15 and F16 over two positions (refined to a 56:44 ratio); all thermal parameters were treated
anisotropically.

In the structure of 3.8:0.5CH;0H-0.5 CH;CH,OH, one of the bromide counter ions is disordered over
two positions that refine to a 47:53 ratio. Both parts of Brl were treated anisotropically. There is also
positional disorder for the hydroxyl group containing O3 that is disordered over two positions in a 69:21
ratio. Both parts of O3 were also treated anisotropically. There is additionally disorder in the alcohol
solvent molecules within the unit cell. The disordered solvent was refined as 50% methanol and 50%
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ethanol disordered over two positions with the oxygen atom O4 common to both and at full occupation.
All atoms in the disordered solvent were treated anisotropically and the restraints SIMU and DELU were
applied.

Solvate molecule disorder in the structure of 3.11-3CH;CN-(CH3CH,),0 was modeled in the
following manner. Two acetonitrile molecules were modeled at full occupancy. The occupancy of the
third acetonitrile molecule was originally tied to a free variable that refined to 70-80% occupancy; this
was rounded to full occupancy to give a more chemically reasonable value. Positive residual electron
density near the terminal C atom (C82) may be due to further disorder. SAME, DELU and SIMU
restraints were used on each of the acetonitrile molecules with the acetonitrile containing N21, C79, and
C80 as the model for SAME. Meanwhile, the diethyl ether molecule is disordered over two positions at
two sites. Because of the large amount of disorder in this solvent molecule, H atoms were not added to the
model. Both disordered solvent molecules were treated isotropically.

3.3.3 Other Physical Methods. Absorption spectra were obtained with a Hewlett-Packard 8453
spectrophotometer in glass cuvettes with 1 cm path lengths in air and near IR spectra were recorded using
a Cary 500 spectrophotometer; all experiments were performed at room temperature. Mass spectrometric
measurements were performed in either the positive ion or negative ion mode on a Finnigan LCQ Duo
mass spectrometer, equipped with an analytical electrospray ion source and a quadrupole ion trap mass
analyzer. 'H NMR spectra were measured using Varian INOVA 300 MHz or 400 MHz instruments.
Magnetic susceptibilities in solution were determined by the Evans method** and diamagnetic corrections

were applied using Pascal’s constants.”

3.4 Results and Discussion
3.4.1 Syntheses. The ligand syntheses for L>°" and L*°" are relatively straightforward and necessitate
only one step using precursors found in the literature and tren, which is commercially available, as shown

in Scheme 3.3.
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Scheme 3.3. Synthetic pathways for ligands L>°" and L*°".

The 5-hydroxy- or 6-hydroxy-substituted aldehyde starting materials react cleanly with tren to afford the
desired tripodal ligands. Neither L¥°" nor L*°" precipitate from solution and both are isolated as oils.
This is a notable difference from the ester based ligand described in Chapter 6 (L¥*°™¢) and the two
amide based ligands L>°®" and LSO a]] of which are isolated as free flowing powders.

The syntheses of ligands L>°™®" and L*°*®" provide some challenges and are more elaborate, as

shown in Schemes 3.4 and 3.5.

S A
PhMe, SOCI, _ EtZO t-BuNH, NS
_Aten _oczn LA ol
o)
>, i I
CaCl,, NaBH, >[\ “ 10 eq MnO,, CHCI, j\N S
1 2 THF/MeOH N Y A 16 h H | o
0°C, 2h NP ~OH ’ N

>|\ O NH, 0 =N /N
N Xy * NH, X NH, CHCN.N, >N?_,_<\:/)_/ NSO

LE—ONHEBU

Scheme 3.4. Synthetic pathway for ligand L¥°N"®"_ The steps in the top row of the synthetic scheme are
modified from Ref. 49. The steps in the middle row are adapted from Ref. 33.

56



N
N/ C303C|6 'BUNHZ
ELO, 0°C C

MeOH ooc O (0] THF RT

X
CaCly, NaBH, o | _
Ol 12 1:2 THF/MeOH N OH, eq MnO,, CHCI; N7

OC 2h >(NH A, 14.5h

NH, \
+ NH2 H NH, CHaCN, N, + 3H,0
N

L6 -ONHtBu

L6-ON HiBu .

Scheme 3.5. Synthetic pathway for ligand

Initially, a published synthetic route®® was used to try to install a 5-position amide via the
transformation of 5-position methyl ester precursors. However, this methodology proved unsuccessful,
perhaps due to the increased steric bulk of the #-butyl amine relative to diaminopropane. A successful
alternative synthetic path involves protecting the 2-position as a methyl ester and generating an acid
chloride from an unprotected acid or carboxylate at the 5- or 6-positions, respectively. The acid chloride
for LY can be successfully synthesized using thionyl chloride; however, violent decomposition of
the 6-position acid chloride in the presence of excess thionyl chloride and air in the synthesis of L*°N"®"
prompted the use of a different chlorinating agent. One possibility for the difference in acid chloride
stability could be the increased reactivity of the 6-position over the 5-position. Triphosgene (which is
highly toxic) is effective for forming the 2-position acid chloride and it is more safely handled than its
monomeric counterpart. The obtained acid chlorides react readily with #-butylamine to generate the
desired amide functionalizations. The amide functionalizations are untouched by the reduction and

oxidation steps needed to convert the 2-position ester to the aldehyde, and which are analogous to the

steps described for the synthesis of ligands L>°" and L*°".
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Each of the ligands was characterized by "H NMR and positive ion ESI-MS. The major ESI-MS peak
for each of the isolated ligands corresponds to the sodium adduct of the ligand. The "H NMR for each
ligand clearly shows loss of the aldehyde resonance downfield of 10 ppm, and a new resonance in the 8-
8.4 ppm region due to imine formation. In each ligand, the three arms that tether to the apical N atom of
the tren are equivalent on the 'H NMR timescale and the peaks are split in ways consistent with the 3-fold
symmetric ligand structure.

Metalation of the ligands by Fe(Il) is straightforward. Solutions of bare or solvated Fe(Il) salts react
rapidly to form the desired complexes when introduced to solutions of the free ligand. The Fe(Il)
complexes [Fe(L™°")]X (X = SO,> (3.2), (BF;), (3.3), (BPhy ), (3.4)) and [Fe(L>°™®")]X (X = (CI"
Y([FeCL] )os (3.11), (BF;), (3.12), (BPhy);s(Cl)os (3.13)) are purple and are all stable in air.
Interestingly, attempts to directly make the chloride salt of [Fe(L¥*"®")]* result instead in the formation
of a salt that contains both chloride and [FeCl,]*" anions. Evans’ method room temperature '"H NMR
spectra indicate the complexes are all low-spin, which makes their air stability unsurprising. In these
complexes the spin state seems to be insensitive to anion identity at ambient temperature, and weakly
interacting counter anions (e.g. triflate or tetraphenylborate) give rise to the same low-spin state as the
counter anions that can interact strongly or coordinate to hydrogen bond donors (e.g., sulfate or halides).
As with the 5-position methyl ester complex discussed in Chapter 1, alteration of complex electronics by
ligand functionalization is insufficient to prompt spin transition.

The 6-position functionalized ligand L*®" reacts to form Fe(II) complexes [Fe(L*°")]X (X =
(CF3S037), (3.5) (BF4 ), (3.6), (IN), (3.7), (Br), (3.8), (CI'), (3.9), (BPh; ), (3.10)) which are generally
red in color and are air-sensitive in solution, whereas Fe(I) complexes with the ligand L*°NB" [Fe(L%
ONHBuy13 (X = (CI'), (3.14), (CF5S05 ), (3.15)) are purple and air sensitive in solution. Room temperature
'"H NMR spectra of the 6-position complexes show peaks that are paramagnetically broadened and shifted
in the range of 200 to —50 ppm. The complexes have yuT values calculated by the Evans’ method that are
typical for high-spin Fe(Il) centers. Similar to the 5-position complex discussed above, alteration of the
counter anion has no effect on the spin state at room temperature in the solid state and does not prompt
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spin switching at lowered temperatures in solution. Further investigation of solid state spin switching for
complexes of L*°" was carried out by Christina Klug.'*

3.4.2 Solid State Structural Characterization. In order to explore anion-cation interactions in the
solid state and to potentially access solid-state spin transitions at low temperature, crystals of 3.3-CH;CN
and 3.8:0.5 MeOH-0.5 EtOH were structurally characterized at 100 K and crystals of

3.11-3CH;CN-(CH;CH,),0 were structurally characterized at 120 K. The Fe-containing cation for each

complex is shown in Figure 3.1.

Figure 3.1. Complex cation and interacting anions in 3.3-CH;CN (left), 3.11:3CH;CN-(CH;CH,),0
(center), and 3.8-0.5 CH30H-0.5 CH;CH,OH (right) shown at 40% probability. Hydrogen atoms bonded
to carbon and minor disorder components have been omitted for clarity.

The Fe-N bond distances for the S-position functionalized 3.3-CH;CN and
3.11:3CH;CN-(CH;CH,),0 are typical of low-spin Fe(II),"*" and range from 1.948(3) to 1.996(3) A and
1.848(3) to 1.991(3) A, respectively. The apical N lies 3.460(4) A from the Fe center in 3.3-CH;CN, and
has nearly planar geometry with C-N-C angles of 119.3(4) to 120.9(4)°. Similarly, the apical N in
3.11-:3CH;CN-(CH;CH,),0 is also nearly planar and lies 3.489(3) A from the Fe center, with C-N-C
angles of 118.9(3) to 120.6(3)°. These values contrast with the 6-position functionalized 3.8-0.5
MeOH-0.5 EtOH, which remains high-spin at 100 K. The Fe—N bond distances are longer than those

found in low-spin Fe(I) complexes and range from 2.1386(16) to 2.3728(18) A. The apical N is also
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clearly pyramidalized with more acute C—N—C angles that range from 116.90(17) to 117.28(17)° and a
shorter N-Fe distance of 3.242(2) A. Key Fe-N distances and the angles around the apical N atom for

each of the structures are tabulated in Table 3.2.

Table 3.2 Key bond distances and angles in crystal structures.

Complex Distance (A) Angle (°)
[FeL °")(BF,),-CH,CN (3.3)
Fe' Nimine 1.948(3) C-Napica-C 119.8(4)
1.950(4) 120.2(4)
1.966(4) 120.1(4)
Fe' Npyridine 1.975(3)
1.978(3)
1 1.981(3)
Fe _Napical 3460(4)
Fe’Ninine 1.951(3) C-Napica-C 120.9(4)
1.955(3) 119.8(4)
1.961(3) 119.3(4)
Fe’Noyridine 1.957(3)
1.972(3)
FeN 4650
€ —Napical -
{[Fe(L>""B")]cCl},[FeCl,]-3CH;CN-(CH;CH,),0 (3.11)
Fe' Ninine 1.948(3) C-Napica-C 118.9(3)
1.953(3) 120.6(3)
1.954(3) 120.4(3)
Fe'Niyridine 1.973(3)
1.984(3)
1 1.991(3)
Fe' Nypical 3.489(3)
Fe’Nimine 1.952(3) C-Napica-C 120.5(3)
1.959(3) 119.2(3)
1.966(3) 120.3(4)
Fe’Noyridine 1.971(3)
1.994(3)
i 1.994(3)
Fe’N,pical 3.472(4)
[FeL"°"]Br,-0.5CH;OH-0.5 CH;CH,OH (3.8)
Fe' Ninine 2.1386(16) C-Napica-C 116.90(17)
2.1538(16) 117.23(17)
2.1619(17) 117.59(17)
Fe'Niyridine 2.2834(16)
2.3139(16)
2.3728(18)
Fe' Npical 3.242(2)
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The complex cations in each of the structures participate in hydrogen bonding interactions in the solid
state. The atoms involved and distances for these hydrogen bonding interactions are tabulated in Table
3.3. In the case of 3.3-CH;CN, where no free halide ions are present, all but one of the hydroxyl groups
participate in hydrogen bonding interactions with hydroxyl groups on adjacent cations. The O-O
distances compare closely to an average reported O—-O distance of 2.76(10) A for —OH to —OH

interactions.”’

Table 3.3. Hydrogen bonding interactions and close contacts to anions in crystal structures.

Complex Interacting atoms (DH—A) Distance (A)

Hydrogen bonding interactions

[FeL>“"](BF,),-CH;CN (3.3) 01-04 2.744(5)
03-06 2.882(5)
04-05 2.755(5

{[Fe(L> "B ]cCl},[FeCly]-3CH;CN-(CH;CH,),0 ©

3.11) N4-Cl1 3.169(4)
N7-Cl1 3.186(3)
N10-Cll 3.194(4)
N14-CI2 3.199(4)
N17-CI2 3.220(4)
N20-CI2 3.201(3)

[FeL*°"]Br,-0.5CH;0H-0.5 CH;CH,OH (3.8) 01-Brl 3.336(4)
O3A-Brl 3.204(5)
02-Br2 3.213(2)

Non-hydrogen bonding anion close contacts

[FeL>“"](BF,),-CH;CN (3.3) 01-F9 2.725(5)
02-F3 2.930(5)
03-F13 2.807(4)
06-F7 2.814(4)

{[Fe(L>°N"®")]cCl},[FeCly]-3CH;CN-(CH;CH,),0 C8_Cll

(3.11) 3.276(3)
c21-Cll 3.378(4)
C34-Cl1 3.300(4)
C47-CI2 3.365(5)
C60—CI2 3.289(4)
C21-Cl4 3.281(4)
C29-Cl4 3.355(3)
CI5-C31 3.353(4)
CI5-C55 3.170(3)
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In the complexes containing halide anions, there are multiple direct hydrogen bonds between the
anions present and the hydrogen bonding functional groups on the pyridine. In 3.8-0.5 MeOH-0.5 EtOH,
the O—Br distances are typical of hydrogen bonding interactions seen in the literature, where the mean O—
Br distance for an —OH to Br interaction is 3.254(8) A.*® Similarly, the N—Cl distances in
3.11-:3CH;CN-(CH;CH,),0 are very close to the reported mean N—Cl distance of 3.181(6) A for sp’
NHCl interactions.”®

While there are no interactions between the cation and anions in 3.3-CH;CN with distances small
enough to be considered hydrogen bonds, there are several close contacts between the BF, anions and the
hydroxyl groups on the complex cation. These distances and cation-anion close contacts for 3.11 are also
included in Table 3.3. In 3.11, many of the close contacts occur between the 6-positon on the pyridine and
the bound CI'; however, the 6-position H atoms are not pointing directly into the cavity holding the
chloride. Additionally, there are close contacts between the imine group and the chlorine atoms of the
[FeCl,]* anion.

3.4.3 Solution Spin-State Studies. Although cation-anion interactions have been observed in the
solid state for Fe(Il) complexes with 5- or 6-position functionalized tripodal ligands, and salts of
[Fe(L*°™)]*" show temperature-dependent changes in solid-state interactions and spin states,"** neither
anion-binding in solution nor anion-dependent spin-state behavior has been observed in solution for
tripodal ligand Fe(Il) complexes. Despite the clear anion-cation interactions in the structures discussed
above, in the solid state none of these complexes show any perturbation of their spin-states away from
the expected states for tripodal ligands with either all H-atoms (LS, L’) or all non-H atoms at the 6-
position (HS, L°). However, conditions can be very different in solution, compared to the solid state.*’

Room temperature solution magnetic susceptibility measurements confirm that the complexes of

5-OH 5-ONH/B 6-OH 6-ONHB
L L " L L "

and are low-spin, and complexes and are high-spin regardless of anion.

Due to their low-spin nature at room temperature, and the lack of temperature dependent spin-switching

in solution for [Fe(L>°°™%)]*" (in 2.3, see Chapter 2)*’, temperature dependent spin-switching was not

L>°" and LY For complexes of L*°" and L&

investigated for complexes of , ymI values in
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solution range between 2.98 and 3.45 emu-K-mol'. Each of the 6-position complexes studied by variable
temperature 'H NMR remains high-spin in solution as the temperature is lowered to 183 K as shown in

Figure 3.2, and no anion dependence on spin state is evident.

35 B o

=~ - °

é 25

v 1 o [Fe(L=oN=)(OTf),

'g 2.0i o [Fe(L*oMaw)Cl,

L 5] o [Fe(L%H))(BPh,),

=] o [Fe(L*")](OTf),

=

> 1.0+ o [Fe(L**)Cl,
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Figure 3.2. Variable temperature magnetic susceptibility data for 6-position Fe(II) complexes in solution.
The lines are provided as a guide to the eye.

Errors associated with Evans’ method susceptibility measurements are on the order of 5%-10%,’® which

can account for the variation in yu7 values between the different samples. Additional studies on

6-OH 13a

complexes of L in both solution and in the solid state were carried out by Christina Klug. ™ Initial
solution state measurements on [FeL*°"]I, where yuT values dropped as temperature decreased were
found to be due to poor solubility of the complex at low temperatures, and not due to spin-crossover in
solution.

3.4.4 Solution Anion-Binding Studies. The high-spin nature of the L’-type complexes makes
assessing anion-binding in solution difficult because peaks can rarely be positively assigned in the 'H
NMR spectra due to paramagnetic broadening and shifting. For these reasons, we have primarily focused
anion-binding studies on the 5-position species. Intrigued by the evidence of strong chloride binding in

the solid state strucure containing 3.11, we explored the solution behavior of these tripodal complexes

toward anion interaction.
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The degree of interaction can be probed by 'H NMR spectroscopy. In diamagnetic compounds, strong
interactions between anions and the —OH or —NH protons result in downfield shifts of the proton
resonances due to electrostatic deshielding. Addition of excess Cl™ in CD3;CN to Ru(Il)-based amide anion
receptors produces downfield shifts of nearly 2 ppm for protons involved in hydrogen bonding.*" Similar
shifts are observed for hydrogen bonding protons in LS Fe(II)-based imidazolium anion receptors.'' The
LS nature of complexes like 3.3 and 3.12 should allow for the unambiguous detection of anion-binding. If
spin-state switching accompanies anion-binding, susceptibility increases can be detected by the Evans
method.

The "H NMR spectrum in CD;sCN of the Fe(BF,), salt of L>°", 3.3, does not display paramagnetic
peak shifting or broadening, indicating the complex remains LS in solution. All of the peaks in the 'H
NMR spectrum can be assigned, including that of the —OH proton at 3.38 ppm. The position of this peak
is not shifted greatly from the chemical shift for the —OH proton in the free ligand, 3.50 ppm in CDCls;.
The similarity of the peak positions argues that tetrafluoroborate is not interacting strongly with the
hydroxyl groups in solution. However, upon addition of excess TBACI to a solution of 3.3, the 'H NMR
spectrum changes (Figures 3.3 and A2.4).

Small downfield shifts of 0.05 and 0.22 ppm are observed for the imine proton (H®) and the proton at
the 6-position (H®), respectively. More dramatically, the —OH proton (H®) shifts 1.6 ppm downfield to 5.0
ppm. The magnitude of this shift indicates that there is strong interaction in CD;CN between the —OH
proton and the added CI". In addition to the large  shift, the splittings of the —OH proton and the adjacent
methylene protons (H’) change: they now each appear as a doublet of doublets with an integration of
three protons, indicating that the methylene protons are no longer equivalent. A likely explanation for this
is that the interacting Cl  effectively locks the methanol group in a single conformation, orienting one
hydrogen atom on the methylene toward the metal center and the other away from it, resulting in

magnetically inequivalent positions.
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Figure 3.3. 300 MHz 'H NMR of [Fe(L>°")](BF,), in CD;CN at 24.9 C (top) and after addition of
TBACI (bottom).

of L™ show similar anion-dependence in their 'H NMR spectra. For both

Complexes
{[Fe(L¥°N"®")]cCl},[FeCl,] (3.11) and [Fe(L>°~"®")](BF,), (3.12), all proton resonances can be
assigned, including those of the -NH protons, which lie at 9.12 and 6.79 ppm, respectively. Alteration of
the counter anion does not obviously influence the spin state of the [Fe(L>°~"®")]*" complex cation at
room temperature, but the large difference in -NH chemical shift implies anion-binding is operative in
solutions containing CI .

In order to further study the solution interaction between chloride and [Fe(L¥°""*")]** TBACI was
used to titrate 1.25 equivalents of CI” to a solution of 3.12, and the proton shifts were monitored by 'H
NMR (Figures 3.4 and A2.5). From the titration data, downfield shifts are seen for the amide proton, as
expected from comparison of the separately collected spectra of 3.11 and 3.12. The amide peak ultimately
shifts +2.2 ppm, indicating very strong cation-anion interactions. The proton in the 6-position also shows

modest downfield shifts upon chloride titration, consistent with its proximity to the bound anion. The

other aromatic protons on the pyridine and the imine proton all show small upfield shifts, as shown in
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Figure 3.4. Similar upfield shifts for protons pointing away from the anion-containing cavity are observed

for the tris(imidazolium) Fe(II) complex studied by Fabbrizzi and coworkers."'
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Figure 3.4. Chemical shift values for aromatic protons in [Fe(L>°~"®")(BE,), (3.12) during titration of
TBACI. 'H NMR spectra were collected in CD;CN at 400 MHz and 23.5° C. Lines are provided as guides
to the eye.

Focusing on the large downfield shifts, it is useful to compare this result to the heteroleptic Ru(Il)
complex reported by Beer and coworkers (also studied in CD3;CN), where a bipyridine ligand decorated
with two z-butyl amide groups is poised for selective anion chelation.”' For this Ru(Il) complex, the amide
-NH undergoes a 1.62 ppm shift upon addition of 1 equivalent of CI” and quantitative analysis of the
titration data gives a stability constant of 6700 M. In the Fe(II) systems described here, we expect
comparable association constants for the L>®" system and even stronger association for the LN
system. This improved anion-binding is likely due to the tripodal pocket created by Fe(Il) complexation,
in contrast to the bidentate chelation available in the Ru(Il) system. Fabbrizzi’s tris(imidazolium) Fe(II)

system has been also been studied through 'H NMR titrations and association constants calculated (6300

M for CI" in 4:1 CD;CN:D,0)."" However, direct comparison to our iminopyridine systems is difficult
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because anion-binding is highly sensitive to solvent polarity and competing hydrogen bonding
interactions. Titrations with a very similar tris(imidazolium) Fe(II) complex have been done in CD;CN:
these give imidazolium C—H peak shifts of 2.67 ppm after addition of one equivalent of TBACI and yield
an association constant for CI” of 1.4x10° M'** It is likely that [Fe(L>°N"®")]*" would not bind anions as
strongly as these systems since it is a dicationic species, whereas the tris(imidazolium) Fe(Il) complex
cations have charges of 5+.

One intriguing observation from the chloride titration study of 3.12 is that the TMS capillary and bulk
solvent TMS peaks are split upon addition of TBACI, which is indicative of a slight increase in magnetic
susceptibility. The chemical shifts and apparent y\7 value continue to increase until one equivalent of
TBACI has been added, to a value of 0.22 emu-K-mol ' based on the concentration of [Fe(L™
ONHBu 1 (BE,),. After 1 equivalent of TBACI has been added, the chemical shift between the two peaks
remains constant (Figure 3.5).
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Figure 3.5. Chemical shift values for bulk TMS peak relative to capillary TMS in sample of
[Fe(L>°N"")|(BF,), (3.12) after addition of varying amounts of TBACL. '"H NMR spectra collected in
CD;CN at 400 MHz and at 23.5° C.

Possible causes for an increase in magnetic susceptibility include (a) oxidation of the LS Fe(Il) center

to Fe(IIl), (b) paramagnetic impurities in TBACI, (c) formation of HS tetrahedral [FeCL,]*, or (d) an
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authentic increase in the HS fraction of [Fe(L”°™"®")]*" in solution, possibly due to interaction with the
added CI" ions. Regarding scenario (a), spectra collected on solutions of [Fe(L™°“"®")](BF,), kept
rigorously airfree show the same splitting of the TMS reference peaks upon addition of TBACI, so
oxidation to Fe(Ill) by air is unlikely to be the cause of the apparent increase in yyT. Responding to (b),
impurities in the TBACI would continue to accumulate with each new addition of TBACI to the sample,
yet this is not observed — the lack of further change after addition of one equivalent of TBACI suggests
that impurities are not the cause of the splitting in the TMS peaks. Regarding (¢), electronic absorption
spectroscopic measurements of solutions of 3.12+TBACI do not show [FeCl,]*". We note that the small
molar absorptivity value of the absorption (~70 M 'ecm™ at 2466 nm™) makes this ion difficult to detect at
the concentrations used for the NMR-monitored titrations. On the other hand, we also note that the 'H
NMR spectra for 3.11 and 3.12+TBACI are similar but not identical (Figures A2.5, A2.11-12).
Additionally, for a HS Fe(II) ion, such as that in [FeCls]*, a yuT value of 3.0 cm’Kmol ' is expected.
To achieve this yuT value with the TMS peak splitting observed, solely through the formation of
[FeCl4]2—, a minimum concentration of 0.28 mM [FeCl,]*” must be formed upon the first addition of
TBACI. This would be 84% conversion of all TBACI added to [FeCl]* and would give rise to more than
5% of the ligand L™°""®" present as free ligand, which would be apparent in the '"H NMR. Since none of
the resonances for the free ligand are observed in the 'H NMR spectrum after addition of TBAC], it is
unlikely that [FeCl;]* is being formed in large enough quantities to account for the TMS peak splitting.
Although determining the mechanism requires further study, the available evidence is consistent with

5-ONHtBu)] 2+

scenario (d): chloride binding to [Fe(L appears to be linked to an increase in the Fe(Il) HS:LS

ratio.

3.5 Conclusions and Outlook
Four new tripodal ligands have been synthesized and successfully used to make Fe(Il) coordination

6-OH . .. . . .
L are air-sensitive, remain high-spin from room temperature

complexes. Complexes formed from
down to 183K in solution, and alteration of counter anion does not change their properties. Structural
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characterization of [FeL*°"]Br,-0.5EtOH-0.5MeOH shows anion interaction between the hydroxyl
groups and the bromide anions; however, the complex remains high-spin in the solid state down to 100 K.
Ligands with functionalization at the 5-pyridine position form exclusively low-spin complexes at room
temperature that are air stable in the solid state and in solution. While these complexes do not show
anion-dependent spin state properties, they do interact strongly with anions in the solid state and in
solution. Structural characterization of {[Fe(L>°N"®")]cCl},[FeCl,] clearly shows a chloride anion
bound by the three amide protons in the pocket created by Fe(Il) coordination to the ligand. In addition to
the solid state evidence for anion-binding, addition of chloride to 3.3 and 3.12 produce large downfield
shifts for hydroxyl and amide protons, respectively, indicating strong cation-anion interactions in
solution.

The intriguing observation of magnetic susceptibility increases in solutions of [Fe(L>°""®")]**
titrated with chloride suggests that anion-triggered spin-state switching may emerge in Fe(II) complexes
where the ligand field is slightly weaker. For tripodal iminopyridine ligands, the available results®'***’
demonstrate that functionalization at all three 6- and 5- positions generate exclusively HS and LS Fe(1I)
complexes, respectively. Moving toward the spin-crossover regime may be achieved by employing mixed
arm tripodal ligands: Drago and coworkers have demonstrated HS:LS tunability by adjusting steric bulk
at the 6-position;° the incorporation of anion-binding moieties has not been explored.

In order to combine spin switching with anion-binding in these types of tripodal complexes it would
be necessary to produce mixed-arm tripodal ligands that include -NH or —OH groups. One variant would
contain two arms with anion-binding functional groups at the 5-position and a single arm with a simple
functionalization at the 6-position, such as a methyl group. Based on the behavior of mixed arm tripodal
complexes reported by Drago and coworkers,’ these types of complexes are expected to be mostly low-
spin at in solution at room temperature and transition to mostly high-spin when the temperature is
elevated.

A second variant that may be more appropriate for observing spin-switching near room temperature
would include one arm without any functionalization on the pyridine and two arms with anion-binding
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groups at the 6-position. This type of complex is expected to be mostly high-spin at room temperature and
transition to mostly low-spin at reduced temperature in solution. This combination may be more useful
since anion-binding with only two arms is unlikely to cause dramatic conformational changes in the
complex, and instead electronic properties must be perturbed to induce spin state switching. Anion-
binding has been shown to increase ligand field strength, promoting transition to the low-spin state for
high-spin species in solution.”* However, it is not known if 6-position functionalizations such as the #-
butyl amide groups create a pocket that is suitable for anion-binding as structural data have not yet been
obtained for these species.

Alternatively, changing trigonal twisting®* by modification or substitution of the tren backbone may
afford spin-crossover complexes without impacting an already demonstrated robust anion-binding pocket.
Both of these strategies are being pursued in our laboratory to target anion-triggered spin-state switching

in polar media.
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Chapter 4. Synthesis and Solution Phase Characterization of Strongly Photooxidizing Heteroleptic

Cr(IIl) Tris-Dipyridyl Complexes

Reproduced with permission from McDaniel, A. M.; Tseng, H.-W.; Damrauer, N. H.; Shores, M. P.
Inorg. Chem. 2010, 49, 7981-7991. Copyright 2010 American Chemical Society and available at

http://pubs.acs.org/doi/abs/10.1021/1c1009972.

4.1 Introduction

A large body of research has clarified the physical and synthetic prerequisites for achieving efficient
light-to-electrical energy conversion in dye-sensitized solar cells (DSSCs) wherein excited states of
inorganic chromophores can inject electrons into wide band-gap ceramic semiconductors.' Early
experimental successes, promising economic factors, and the sheer magnitude of the scientific issues
involved have meant that other paradigms for dye-sensitization of charge transport remain relatively
unexplored. One such opportunity involves photoinduced interfacial /ole transfer. Optimization of this
paradigm would expose numerous opportunities in solar energy conversion, including initiation of
catalytic oxidative reactions critical for water splitting,” photocathodic solar cells (where current runs in
the direction opposite to Gritzel cells),” and tandem photovoltaic cells,* where both electrodes are
photoactive.**’

Despite these promises, relatively little is known about the physio-chemical factors that must be
controlled if photoinduced hole injection processes are to be exploited for solar energy conversion. To our
knowledge, there are only a few reports in the literature where this initial photophysical mechanism drives
a photocathodic current in a DSSC device.**® There are only three systems reported where hole injection

is time-resolved and shown to be ultrafast®®’

and only three disclosures where hole transfer participates in
a dye-sensitized heterojunction solar cell.® Finally, only in three reports has hole injection functioned as
one half of a tandem photovoltaic cell.** The latter of these is the current efficiency record holder for p-

type DSSCs (0.20% overall efficiency). Clearly, whereas the paucity of results alludes to the significant
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challenges involved in this area, it also offers the freedom to explore new materials and methods for
controlling energetics and carrier-transfer rates.

Searching for molecular sensitizers capable of initiating excited-state oxidation of wide band-gap
semiconductors, we note tris-dipyridyl complexes of Cr(Ill) as one promising class of compounds.
Serpone and Hoffman studied homoleptic analogues for solar energy conversion purposes ca. 25 years
ago.'” Parent complexes such as [Cr(bpy);]’" or [Cr(phen);]’" have excited state redox potentials
sufficient to oxidize water to dioxygen if 4¢” oxidation could be achieved. They also have long excited
state lifetimes, which should promote hole injection into an attached semiconductor surface. Although
they absorb visible light ~50 times more weakly than [Ru(bpy)s]*" (at 450 nm),'*"" chromium is several
orders of magnitude more abundant than ruthenium'” and ligand modifications can improve absorption
properties (vide infra).

Heteroleptic polypyridyl complexes of Cr(III) represent potentially functional model systems, which
to our knowledge have not been studied as components of hybrid materials. Dipyridyl ligands with
carboxylate functional groups located at the 4 and 4’ positions can serve to anchor the sensitizer to metal
oxide surfaces, as has been demonstrated extensively in Ru(Il)-containing analogues.' As discussed in
this paper, the electronic properties of the Cr(III) center can be tuned by judicious choice of the ancillary
dipyridyl-type ligands (NN). Although structurally homologous with Ru(Il) complexes, the synthesis of
heteroleptic Cr(Il) dipyridyl complexes is not straightforward, as efforts to activate the inert metal center

often result in ligand scrambling.”

Nevertheless, a recently disclosed methodology employing
[(NN),Cr(OTf),]" complexes as synthons'*'* shows the way to a new class of molecular species with
potential for efficient hole injection into semiconductor substrates. Herein, we describe the preparations
as well as electrochemical and photophysical investigations of a family of structurally related heteroleptic
Cr(Ill) dipyridyl complexes (Scheme 4.1). The solution phase investigation of these compounds
demonstrates their ability to act as strong photooxidants, and the electronic flexibility afforded by ligand
substitution allows us to explore fundamental structure/function relationships in our search for efficient

hole transfer to semiconductor substrates.
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Scheme 4.1. Target structures of [(NN),Cr(4-dmcbpy)]’* complexes. The (NN) ligands impart electronic
tunability, while 4-dmcbpy makes possible covalent attachment to semiconductor surfaces.
4.2 Division of Labor

Interpretation of photophysical data was done by Huan-Wei Tseng and Prof. Niels Damrauer at the
University of Colorado, Boulder. All photophysical characterization was conducted by Huan-Wei Tseng.
Initial synthetic work using [2,2'-bipyridine]-4,4'-dicarboxylic acid (dcbpy) was carried out by Dr. Md. K.

Kabir. All other synthetic work and ground-state characterization was done by Ashley McDaniel.

4.3 Experimental Section

4.3.1 Preparation of Compounds. Unless otherwise noted, the syntheses of heteroleptic tris-
dipyridyl Cr(III) complexes were performed in air with atmospheric moisture excluded by use of a
CaCOs;filled drying tube. For synthetic routes employing Cr(II) starting materials and for preparation of
[Cr(NN),(OTf),]OTf (OTf = trifluoromethanesulfonate), compound manipulations were performed either
inside a dinitrogen-filled glovebox (MBRAUN Labmaster 130) or via Schlenk techniques on an inert gas
(N2) manifold. The commercially-obtained ligand 4.,4'-dimethyl-2,2"-bipyridine (Me,bpy) was
recrystallized from ethyl acetate before use. The ligand dimethyl 2,2'-bipyridine-4,4'-dicarboxylate (4-

dmcbpy) was synthesized according to the literature.'> The preparations of [(phen),Cr(OTf),](OTf),
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[(bpy)>Cr(OTf),](OTf), and [Cr(CH;CN)4(BF,),] have been described elsewhere.'® The homoleptic
complexes [Cr(NN);](OTF);, where (NN) is phen, Phyphen, or Me,bpy, were prepared by refluxing
[Cr(NN),(OTY),]JOTf in CH,Cl,, with five equivalents of the same (NN) ligand for 16 h and collecting the
precipitated yellow solids by filtration. The complex [Cr(bpy);](BF,); was prepared analogously to [Cr(4-
dmcbpy);](BF,); (4.8), using bpy in place of 4-dmcbpy. Electronic absorption spectra,'® ESI-MS and
clean electrochemical traces confirmed the identity and purity of the previously reported homoleptic
complexes. Pentane was distilled over sodium metal and subjected to three freeze-pump-thaw cycles.
Other solvents were sparged with dinitrogen, passed over alumina, and degassed prior to use. All other
reagents were obtained from commercial sources and were used without further purification.

[(phen),Cr(4-dmcbpy)](OTY); (4.1). Solid 4-dmcbpy (0.71 g, 2.62 mmol) was added to a solution of
[(phen),Cr(OTf),]JOTS (1.50 g, 1.75 mmol) in 125 mL of dichloromethane and heated to reflux. Over 5
days, a bright-yellow precipitate formed. The solid was isolated by filtration, washed with
dichloromethane (3 % 30 mL) and dried in vacuo to afford 1.86 g (94%) of product. IR (KBr pellet): vc—o
1728 em™". uer (295 K): 3.90 ug. ES'MS (CH;CN): m/z 228.27 ([4.1-30Tf]"), 981.67 ([4.1-OTf]").
Anal. Calced. for C41HxgN¢CrFoO3S;5: C, 43.51; H, 2.49; N, 7.42. Found: C, 43.23; H, 2.33; N, 7.27.
Crystals suitable for X-ray analysis were obtained by slow diffusion of diethyl ether into an acetonitrile
solution of the compound.

[(Phzphen),CrClL|Cl (4.2). Solid anhydrous CrCl; (0.10 g, 0.60 mmol) was added to a suspension of
Ph,phen (0.40 g, 1.20 mmol) in 35 mL of absolute ethanol. A trace amount (< 2 mg) of zinc dust was
added and the mixture was heated to reflux for 1 hr, resulting in a green-brown mixture. The mixture was
filtered and an olive green solid was isolated from the filtrate by rotary evaporation to afford 0.49 g (98%)
of product. IR (KBr pellet): ve_y 1620 cm™'. ES'MS (CH;CN): m/z 788.27 ([4.2—C1]"). The compound
was used in the next synthetic step without further purification or characterization.

[(Ph,phen),Cr(OTH),]OTf (4.3). Under a dinitrogen atmosphere, trifluoromethanesulfonic acid (2

mL, 22.60 mmol) was slowly added to solid 4.2 (0.40 g, 0.49 mmol) to give a red-orange solution.
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Dinitrogen was bubbled through the stirring solution for 24 hr, after which the solution was cooled in an
ice bath and 250 mL of diethyl ether was added. After standing 4 hr, a beige-peach colored solid
precipitated from solution. The solid was isolated by vacuum filtration and rinsed with diethyl ether (3 x
30 mL) to afford 0.47 g (83%) of product. IR (KBr pellet): vey 1625 cm™'. ES'MS (CH;CN): m/z
1014.20 ([4.3—OTf]"). The compound was used in the next synthetic step without further purification or
characterization.

[(Ph,phen),Cr(4-dmcbpy)]|(OTf); (4.4). Solid 4-dmcbpy (0.140 g, 0.515 mmol) was added to a
solution of 4.3 (0.209 g, 0.17 mmol) in 30 mL of dichloromethane and heated to reflux. Over 14 days, a
yellow precipitate formed. The solid was isolated by filtration, washed with dichloromethane (3 < 10 mL)
and collected to afford 0.07 g (27%) of product. IR (KBr pellet): ve-o 1734 ecm™. uer (295 K): 3.36 us.
ES'MS (CH;CN): m/z 329.80 ([4.4-30Tf]*"), 1285.60 ([4.4-OTf]"). Anal. Calcd. for CgsHyy
N¢CrFo0,3S;: C, 54.36; H, 3.09; N, 5.85. Found: C, 54.12; H, 3.05; N, 5.75.

[(Me;bpy),CrCL]Cl (4.5). Solid anhydrous CrCl; (0.43 g, 2.71 mmol) was added to a solution of
Me,bpy (1.00 g, 5.43 mmol) in 60 mL of absolute ethanol. A trace amount (< 4 mg) of zinc dust was
added and the mixture heated to reflux for 1 hr, resulting in a green-brown solution. A grey-green solid
precipitated from the reaction mixture upon cooling. It was collected by filtration, washed with cold
absolute ethanol (3 x 10 mL) and dried in vacuo to afford 1.12 g (78%) of product. IR (KBr pellet): vc
1616 cm™'. ES'MS (CH;CN): m/z 490.00 ([4.5—~CI]"). The compound was used in the next synthetic step
without further purification or characterization.

[(Me;bpy),Cr(OTf),]OTf (4.6). Under a dinitrogen atmosphere, trifluorormethanesulfonic acid (2
mL, 22.60 mmol) was added to solid 4.5 (0.35 g, 0.67 mmol) to give a red-orange solution. Dinitrogen
was bubbled through the stirring solution for 24 hr, after which the solution was cooled in an ice bath.
Diethyl ether (250 mL) was slowly added to form a pink precipitate. The solid was isolated by filtration

and rinsed with diethyl ether (3 x 50 mL) to afford 0.53 g (92%) of product. IR (KBr pellet): ve—y 1627

77



cm . ES'MS (CH;CN): m/z 718.13 ([4.6-OTf]"). The compound was used in the next synthetic step
without further purification or characterization.

[(Me;bpy),Cr(4-dmcbpy)]|(OTH); (4.7). Solid 4-dmcbpy (0.07 g, 0.26 mmol) was added to a solution
0f 4.6 (0.20 g, 0.23 mmol) in 30 mL of dichloromethane and heated to reflux. Over 9 days, a light-yellow
precipitate was formed. The solid was isolated by filtration, washed with dichloromethane (3 x 10 mL)
and dried in vacuo to afford 0.13 g (48%) of product. IR (KBr pellet): vc-o 1739 em ™. g (295 K): 4.01
up. ES+MS (CH;CN): m/z 23093 ([4.7-30Tf]*"), 989.60 ([4.7-OTf]"). Anal. Calcd. for
C41H36N6CrFy045S5: C, 43.20; H, 3.18; N, 7.37. Found: C, 42.94; H, 3.11; N, 7.28.

[Cr(4-dmcbpy);](BF4); (4.8). Under a dinitrogen atmosphere, a solution of [Cr(CH;CN)4(BF;),]
(0.13 g, 0.74 mmol) in 4 mL of acetonitrile was added to a suspension of 4-dmcbpy (0.33 g, 2.44 mmol)
in 4 mL of acetonitrile to form a forest green solution. The solvent was removed in vacuo to afford a
forest-green solid. Addition of AgBF, (0.04 g, 0.19 mmol) to a solution of the isolated green solid (0.20 g,
0.19 mmol) in 5 mL of acetonitrile resulted in a yellow solution along with a light-grey solid. The
solution was filtered and the filtrate was treated with 15 mL of diethyl ether to precipitate a bright-yellow
solid. The solid was recrystallized by diethyl ether diffusion into acetonitrile resulting in bright-yellow
crystals. The crystals were collected by filtration, washed with dichloromethane (3 x 3 mL) followed by
diethyl ether (3 x 5 mL) and dried in vacuo to afford 0.10 g (45%) of product. IR (mineral oil): vc-o 1737
cm . Uerr (295 K): 4.15 ug. ES'MS (CH5CN): m/z 289.67 ([4.8—3BF4]3+). Anal. Calcd. for CsH36 NCrF 5
B;01,: C, 44.67; H, 3.21; N, 7.44. Found: C, 44.46; H, 3.08; N, 7.28.

4.3.2 X-Ray Structure Determinations. A suitable crystal of 4.1-1.3CH;CN was coated with
Paratone-N oil and supported on a Cryoloop before being mounted on a Bruker Kappa Apex II CCD
diffractometer under a stream of dinitrogen. Data collection was performed at 110 K with Mo Ka
radiation and a graphite monochromator. Crystallographic data and metric parameters are presented in
Table 4.1. Data were integrated and corrected for Lorentz and polarization effects by using SAINT, and

semiempirical absorption corrections were applied by using SADABS."” The structure was solved by
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direct methods and refined against F* with the program XL from the SHELXTL 6.14 software package.'®
Unless otherwise noted, displacement parameters for all non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were added at idealized positions and were refined by using a riding
model where the displacement parameters were set at 1.2 times those of the attached carbon atom (1.5 for
methyl protons). In the structure of 4.1-1.3CH;CN, two of the triflate anions show positional disorder and
one solvent molecule is only partially occupied. Complete experimental parameters and disorder

treatment is discussed in Appendix 3.

Table 4.1. Crystallographic Data for [(phen),Cr(4-dmcbpy)](OTf);-1.3CH;CN (4.1-1.3CH;CN). ¢

4.1-1.3CH;CN
formula Ca3.60H31.90CrFoN730 O13S5 S3
fw 1185.24
color, habit  yellow plates
T,K 110(2)
space group Pl (triclinic)
Z 2
a, A 12.6215(7)
b, A 13.9620(8)
c, A 17.2034(15)
a, deg 99.574(4)
B, deg 106.338(4)
Y, deg 115.479(2)
v, A’ 2477.6(3)
deate, glem’ 1,589
GOF 1.026

Ri(WR,)", % 4.64 (10.17)

“ Obtained with graphite-monochromated Mo K, (1 = 0.71073 A) radiation.
PRy =3||F,| - |FU[/Z|Fy), WRy = {Z [W(Fy" — F&)) Z[w(Fy )1} for F, > 4o( Fy).

4.3.3 Photophysical Measurements. All photophysical measurements were undertaken with
complexes dissolved in 1 M HCly,q). This alters the nucleophilicity of the solvent, thereby decreasing the
quantum Yyield of associative excited state reactions (formation of seven-coordinate solvento species)

which ultimately would lead to polypyridyl ligand substitution by solvent molecules.'*" The ground-
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state absorption spectra were obtained with a Hewlett-Packard 8453 spectrophotometer in quartz cuvettes
with 1 cm or 1 mm path lengths; experiments were performed at room temperature. Quartz cuvettes (1 cm
x 1 cm) with silicone septa seal screw caps were used for the following measurements. Transient
absorption spectra were performed at 20-21 °C without deoxygenation (see Supporting Information for
details). Emission spectra, emission quantum yields, and single-temperature emission lifetime
experiments were measured at 23-24 °C with deoxygenation on dilute samples (see Supporting
Information for details). Teflon tubing was used to introduce a stream of argon into the solution. Prior to
measurements, samples were purged with argon for 30 min to remove oxygen. For the longer lifetime
species such as [Cr(phen);]*", which are highly sensitive to 0, concentrations, this methodology proved
far more effective and facile at achieving reproducible results than using freeze-pump-thaw cycles. Each
measurement was done with argon flowing on top of the solution. In these emission experiments the
temperature of the sample was controlled using a water-jacket cuvette holder connected to a constant-
temperature circulator. For temperature-dependent experiments, emission lifetimes were measured every
10 °C from 10 to 80 °C and the lifetime measured at 23-24 °C was also included.

For the normalized emission quantum yields reported in Table 4.3, we compared the integrated
emission of each complex relative to that of the standard [Cr(phen);]*" in 1 M HCl,q according to the Eq.

4.1.”° Both measurements are made back to back.

2
CDW,k — (Dstd(lunk ][Astd J(nunkj (41)
Aunk Istd nstd

In this expression, @, and @, are the emission quantum yields of the unknown and standard,

respectively, under the conditions of the measurement. To our knowledge @, (for [Cr(phen);]*") has not
been previously measured and is set to one in this column of Table 3 as has been done previously.'*'""
The quantities 7, and I, are the integrated emission intensities of the sample and the standard,
respectively, at 650-850 nm. The quantities 4,,, and 4, are the absorbances of the sample and the

standard, respectively, at the excitation wavelength (320 nm). Care was taken to ensure that these are both

close to 0.1 as mentioned above. Finally #,,, and 7y, are the indices of refraction of the sample and the
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standard solution, respectively. Since the same solvent was used in both measurements, the last term in
Eq. 1 can be ignored. For these measurements, no differences were observed in absorption spectra
collected before and after the emission measurements.

To determine the emission quantum yields reported in Table 4.3, we first measured ®,, for
[Cr(phen);](OTF); in 1 M HCl,, relative to [Ru(bpy);](PFs), in acetonitrile for which the absolute
quantum yield (®,,) of 0.062 is known.”' The refractive indices of pure acetonitrile and 1 M HCl,, were
used in the calculation. The quantum yields for the rest of the seven complexes were then calculated with
respect to ®@,,; determined for [Cr(phen);]’". The error bars reported with these seven quantum yields are
determined by combining the percentage experimental errors from the individual normalized emission

quantum yields (A%) with the percentage error in the measurement made between [Cr(phen)s]*" and

[Ru(bpy)s]*" (B%) according to the equation: Error% =+ A>+B*%

Further detailed information about instrumentation and methods for photophysical measurements are
included in Appendix 3.

4.3.4 Other Physical Methods. Infrared spectra were measured with a Nicolet 380 FT-IR
spectrometer. Mass spectrometric measurements were performed in the positive ion mode on a Finnigan
LCQ Duo mass spectrometer, equipped with an analytical electrospray ion source and a quadrupole ion
trap mass analyzer. Cyclic voltammetry experiments were carried out inside a dinitrogen filled glove box
in 0.1 M solutions of (BusN)PF¢ in acetonitrile unless otherwise noted. The voltammograms were
recorded with either a CH Instruments 1230A or 660C potentiostat using a 0.25 mm Pt disk working
electrode, Ag wire quasi-reference electrode, and at Pt mesh auxiliary electrode. All voltammograms
shown were measured with a scan rate of 0.1 V/s. Reported potentials are referenced to the
ferrocenium/ferrocene (Fc'/Fc) redox couple and were determined by adding ferrocene as an internal
standard at the conclusion of each electrochemical experiment. Solid-state magnetic susceptibility
measurements were performed on finely ground samples prepared in air using a Quantum Design model

MPMS-XL SQUID magnetometer at 295 K. The data were corrected for the magnetization of the sample

81



holder by subtracting the susceptibility of an empty container; diamagnetic corrections were applied using
Pascal’s constants.”” Elemental analyses were performed by Robertson Microlit Laboratories, Inc. in

Madison, NJ.

4.4 Results and Discussion

4.4.1 Synthesis and Characterization of Heteroleptic Cr(III) Complexes. Although there is
literature precedent for heteroleptic Cr(IlI) dipyridyl complexes, the preparation of species that contain at
least one carboxylate group (for eventual attachment to semiconductor surfaces) was not known prior to
our efforts. The preparative routes we have developed are outlined in Schemes 4.2-4.3. Typically,
heteroleptic dipyridyl complexes of Cr(Ill) are synthesized using [(NN),Cr(OTf),](OTf) precursors: the
weakly coordinating triflate anions can be easily removed from otherwise inert Cr(IIl) centers, and

replaced by a third diimine species with minimal ligand scrambling.'>"*

Initial attempts to prepare
complexes using 2,2'-bipyridine-4,4'-dicarboxylic acid (dcbpy) or its disodium salt do not afford pure
products. Whereas mass spectral analysis show peaks at anticipated m/z ratios (consistent with
[(phen),Cr(4-dcbpy)]"), analysis of isotopic distribution patterns reveal 2+ charges for those ions. We
speculate that the products actually formed are dimeric [(NN),Cr(4-dcbpy)],>* species, where carboxylates
coordinate in preference to the imines due to the oxophilic nature of Cr(IIl), allowing the 4-dcbpy ligand
to bridge between two metal centers. Masking the carboxylates on dcbpy by conversion to methyl ester
groups (4-dmcbpy) avoids undesirable metal coordination by the carboxylates. Where (NN) is phen,
Ph,phen, or Me,bpy, the ester-protected ligand 4-dmcbpy is found to react cleanly, albeit sluggishly, with

[(NN),Cr(OTf),](OTY) via Scheme 4.2 to form the heteroleptic complexes 4.1, 4.4 and 4.7, respectively,

as yellow solids.

Scheme 4.2. Synthesis of heteroleptic Cr(Ill) polypyridyl complexes.

4-dmcb
[(NN),CrCl,]CI M» [(NN),Cr(OTf),](OTf) ﬂ» [(NN),Cr(4-dmcbpy)](OTf)3
-3HCI 2Cly
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The homoleptic complex salt [Cr(4-dmcbpy);](OTf); (4.8) cannot be prepared via Scheme 4.2, since
deprotection of the esters during triflate exchange with [Cr(4-dmcbpy),CL]CI results in dimerization of
the Cr complexes. Instead, we find that a Cr(Il) solvento complex, [Cr(CH3CN),(BF,),], can serve as a
suitable starting material.'®® The labile Cr(II) ion is easily ligated by three equivalents of the 4-dmcbpy
ligand. Oxidation by Ag(l) affords the tetrafluoroborate salt of the homoleptic Cr(Ill) complex in

reasonable yield (Scheme 4.3).

Scheme 4.3. Synthesis of homoleptic 4.8.

4-
_3U-AMCBBY)_ r(4-dmebpy)si(BF a)s 9B 4 Ag + [Cr(4-dmcbpy)s](BF )

CH3CN, N, CH3CN

[Cr(CH3CN)4(BF4)2]

In contrast to the phen-containing heteroleptic complex 4.1, the bpy-containing analogue [(bpy),Cr(4-
dmcbpy)]*" resists formation via Scheme 4.2, although the reasons for this are not known at this time. To
our knowledge, only two successful syntheses of bpy-containing heteroleptic complexes have been
reported, [(bpy)ZCr(phen)](OTf)313 and [(bpy),Cr(DPPZ)](OTf); (where DPPZ is dipyridophenazine).23
We speculate that the ring-locked configuration and higher basicity of the phenanthroline-type ligands
minimize opportunities for deleterious ligand exchange before replacement of the more labile triflate
anions, whereas the less rigid dipyridyl ligands offer greater opportunity for ligand scrambling. Attempts
to make heteroleptic bpy-containing complexes via the more reactive Cr(Il) synthon (a la Scheme 4.3)
have led thus far to intractable mixtures of homo- and hetero-leptic products.

Besides the usual methods employed for identification and characterization of the complexes, the
solid state structure of the phen-containing complex 4.1 has been confirmed by X-ray crystallography
(Figure 4.1). All bond distances and angles are as expected for a Cr(IIl) ion in a tris-chelate ligand
environment. Relevant crystallographic data are shown in Table 4.1; additional structural and geometric

data are included in Appendix 3.
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Figure 4.1. Structure of the [(phen),Cr(4-dmcbpy)]’" complex cation, as observed in 4.1-1.3CH;CN,
rendered with 40% ellipsoids. H atoms are omitted for clarity. The complex resides on a general position.
Bond distances and angles are available in Appendix 3.

4.4.2 Exploration of photophysics and electrochemistry of Cr(I1I) systems in solution. We have
explored the basic photophysical and electrochemical properties of these systems in order to better
understand the nascent and long-lived excited-states that will be called upon to drive hole-injection
following photo-excitation in later studies. Key questions to be addressed here include: (1) how efficient
are these complexes as optical absorbers? (2) how much energy is stored in the excited state? (3) for how
long is it stored in unbound solution phase systems? (4) what driving force might we expect for hole
transfer photochemistry? and (5) what are the transient absorption features we might use in later
femtosecond pump/probe studies to determine hole-injection rates?

4.4.2a Electronic Absorption. Sensitization of hole transfer photochemistry demands light
absorption in the material-bound metal complex as an initial step. If Cr(III) polypyridyl complexes are to
serve in this role it is important that ligand modifications render visible light absorption more efficient
than pure spin-allowed ligand-field excitation (¢ = 50—-100 M 'em™). UV-visible absorption spectra in
1 M HCl,q for complexes containing substituted bipyridine ligands are shown in Figure 4.2. Also

included for purposes of comparison are spectra for [Cr(bpy)s]*" and [Cr(Me,bpy);]>". Absorption data for
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all complexes considered in this manuscript are presented in Table 4.2. Note that spectra for previously
reported homoleptic complexes'™ were reacquired to allow for unambiguous quantitative comparisons to

the new heteroleptic complexes.

60000 ——7 (NN) = Me,bpy
—— 8 (NN) = 4-dmcbpy
50000 — [Cr{bpy).]"
[Cr(Me bpy).]”

£ 40000
° NS
S 30000 o ———
é 450 500 550
20000 A (nm)
10000
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250 300 350 400 450

A (nm)

Figure 4.2. Electronic absorption spectra for Cr(Ill) dipyridyl complexes in 1 M HCl,q at room
temperature.

As shown above, these complexes are strongly absorptive in the UV owing to ligand-centered 1 — n*
transitions; these are also observed in the free ligands. For [Cr(bpy);]’", [Cr(Me,bpy)s]>", and 4.7, this
includes the band in the vicinity of 300 nm. Ligand-centered © — ©* transitions due to the presence of 4-
dmcbpy are seen red shifted by ~10 nm in 4.7 and ~30 nm in 4.8. For [Cr(bpy)s]>", [Cr(Me,bpy);]**, and
4.7, the band in the vicinity of 350 nm appears to be charge transfer in nature based on its intensity (see
Table 4.2) and the fact that it is absent in the free ligand. A similar band is observed for 4.8 as a shoulder
at ~375 nm. This red shift is consistent with expectations for MLCT given the presence of electron
withdrawing substituents on the 4-dmcbpy ligands. However, one might also expect red shifting for
LMCT if such ligands serve to reduce electron—electron repulsion in the metal-centered orbitals. It is
noted that the ~350 nm band in [Cr(bpy);]’" is most often attributed to LMCT'®*** since there is an

energetic penalty for oxidizing Cr(IIl) to Cr(IV) as would formally occur during MLCT.
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Table 4.2. Room temperature electronic absorptions for Cr(IIl) tris-dipyridyl complexes.

Complex Amax/NM (S/M’lcm’l)
[Cr(phen)3]3+ 269 (52500); 285 (31800), sh; 323 (11200), sh; 342 (6810), sh;

358 (3710); 405 (821), sh; 435 (558), sh; 454 (285), sh
[Cr(thphen)3]3+ 283 (103000); 307 (108000); 362 (35300), sh;

380 (26200), sh; 445 (2820), sh; 484 (1730), sh
[Cr(bpy)3]3+ 265 (15700); 275 (15500); 305 (21300), sh; 313 (23100);

346 (8100); 360 (5680), sh; 402 (950), sh; 428 (682), sh; 458 (291), sh
[Cr(Meszy)3]3+ 278 (23100); 307 (25800); 342 (8530);

[(phen),Cr(4-dmcbpy)]**
(in 4.1)

[(Phyphen),Cr(4-dmcbpy)]**
(in 4.4)

[(Me;bpy),Cr(4-dmebpy)]**
(in 4.7)

[Cr(4-dmcbpy)s]**
(in 4.8)

354 (6590), sh; 394 (892), sh; 418 (602), sh; 446 (256), sh

269 (50600); 285 (29900), sh; 329 (14300); 368 (5020), sh;
418 (1130), sh; 450 (634), sh; 480 (163), sh

284 (63300); 311 (59300); 368 (21500), sh;
389 (11600), sh; 455 (1950), sh; 491 (1270), sh

279 (23000, sh; 308 (21500); 333 (13500); 351 (9570), sh;
369 (4410), sh; 398 (1140), sh; 422 (866), sh; 451 (429), sh

294 (14800), sh; 322 (20000), sh; 333 (22700); 360 (10500), sh;
372 (8210), sh; 420 (1280), sh; 448 (1020), sh; 480 (415), sh

For each of the bpy-containing complexes, a broad and modestly structured absorption feature is
observed tailing into the visible spectrum (Figure 4.2 inset). Even for the known tris-homoleptic
complexes [Cr(bpy)s]’” and [Cr(Me,bpy)s]*", the observed molar absorptivities are larger than would be
expected for pure spin-allowed ligand field transitions (*A, — *T), and have been discussed in the
literature.'® Here we accept that trigonal splitting is small (~20 cm™')* and that these systems can be
discussed with state designations normally reserved for systems with octahedral symmetry. The origin of
this intensity enhancement is currently uncertain, but it has been claimed that spin-spin coupling between
the (*A,) Cr(Ill) center and the triplet states of the aromatic ligand is a possible source.'®*® Juban and
McCusker have argued that visible absorption enhancement in [Cr(bpy)s]*” is due to intensity borrowing

from ligand-centered transitions.”” This should be kept in mind as a possible mechanism in future
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explorations of 4-dmcbpy ligand-containing systems. It is noted here that for a Cr(IIl) species, [Cr(4-
dmcbpy);]*" (4.8) shows appreciable sensitization of visible light, with a molar absorptivity of
940 M 'em™' at 450 nm. This portends eventual control of this critical property through judicious
structural and electronic modifications.

Figure 4.3 presents UV-visible absorption spectra for homo- and heteroleptic complexes containing
phen-based ligands. Addition of 2% MeOH by volume to 1 M HCl,q was necessary to increase solubility
for the Phyphen-containg complexes.'” Like the bipyridine-containing complexes discussed in Figure
4.2, intense ligand-centered m — =w* transitions are observed in the UV. For complexes with the

unsubstituted phen ligand, this is most prominently observed at ~270 nm with very little shifting relative

150000+ 90001 —— 1 (NN) = phen
> ——4 (NN) = Ph,phen
120000+ Gooooj  —— forphen
Py s [Cr(Ph,phen).]*
T =3000
& 90000
7 0 . ——
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Figure 4.3. Electronic absorption spectra for Cr(II) complexes containing phenanthroline-based ligands:
[Cr(phen);]’" and 4.1 in 1 M HCl(aq) [Cr(Phyphen);]*" and 4.4 in 1 M HCl,q) with MeOH (2 % v/v). All
spectra were collected at room temperature.

to the free ligand (264 nm for phen in CH,Cl,).Such transitions are significantly stronger and red shifted
in complexes containing the Phyphen ligand as evidenced by intense absorption bands at ~285 nm and
~310 nm. This is likely due to the presence of a larger and more delocalized 7 -system. For these two
complexes, Cr(Phyphen);]’” and 4.4, new absorption features appear at ~375 nm upon formation of the

metal complex. It is also noted that the intensity of the ~310 nm band mentioned above changes

significantly relative to the free ligand where it appears as a shoulder to the bluer 1 — 7* band. We
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believe these substantive changes upon complexation herald charge transfer transitions (again, LMCT,
MLCT, or both). For Cr(phen);]*" and 4.1, features absent in the free ligand spectra are observed at ~340
nm. The Phyphen-containing species 4.4 shows even more promising absorption of the visible spectrum
than [Cr(4-dmcbpy);]’" (4.8) discussed above: at 450 nm & = 1960 M 'em™' and at 480 nm ¢ =
1490 M 'em™.

4.4.2b Static Emission. Each of the bis-heteroleptic polypyridyl Cr(Ill) complexes that we have
synthesized (4.1, 4.4, 4.7, and 4.8) is emissive at room temperature following electronic excitation.
Emission spectra are shown in Figure 4.4 for dilute samples of the four ester-containing species in
thoroughly deoxygenated 1 M HCl,q following excitation at 320 nm. The peaks of these spectra have
been scaled to reflect relative intensity with respect to the nearly simultaneous measurement of a standard
([Cr(phen)s]*" in thoroughly deoxygenated 1 M HCl,q). We note that the wavelength of maximum
emission at ~730 nm in 4.1, 4.7, and 4.8 is largely invariant to any changes made to the polypyridyl
ligands. As shown in Table 4.3, the model homoleptic species [Cr(phen)s]’", [Cr(bpy)s]’", and
[Cr(Me,bpy)s]’" emit most strongly at this approximate wavelength. Such emission A, invariance is
common to Cr(IIl) polypyridyl species and indicates that the lowest-energy excited state is insensitive to
the ligand field, as would be the case for a ’E state with a t2g3 configuration involving a spin flip.'*® By
analogy to a large number of known emissive Cr(IIl) polypyridyl complexes, the main emission band
seen at ~730 nm is assigned to the ’E—*A (ground state) transition and the shoulder that occurs at
~700 nm is assigned to the *T—"A (ground state) transition.'* Interestingly, and somewhat counter to the
above discussion, Figure 4.4 and Table 4.3 show that the two species containing the Phyphen ligand,
[Cr(Phyphen);]*" and [(Phyphen),Cr(4-dmcbpy)]’” (4.4), have an emission Ame that is shifted ~14 nm to
the red. For [Cr(Phyphen);]’" this has also been reported elsewhere, although no explanation has been
offered.'™ Electron delocalization via the larger m-system of the aryl-substituted ligand would reduce
electron-electron repulsion in the t,,’ configuration of the E state. However, a complete explanation of
emission shifting must be more subtle as a similar reduction of repulsion in the t2g3 configuration of the ‘A
ground state might be expected to cancel the effect in the excited state, thereby leading to no shift in the
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emission maximum. One plausible explanation lies in the fact that doublet configurations involving spin
pairing within individual metal orbitals contribute to the description of the emissive states in all of the
these molecules explored herein, but for the aryl-substituted versions, the energetic perturbation due to
these configurations is smaller as intraligand electronic delocalization takes effect.”® Ultimately it will be
important to determine whether there are connections between these emission-shifting effects and the

states playing roles in the absorption intensity borrowing (vide supra).
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Figure 4.4. Emission spectra for Cr(IIl) polypyridyl complexes in deoxygenated 1 M HCl,q following
excitation at 320 nm. On this intensity scale, the value 1 corresponds to the peak height in emission
collected for [Cr(phen);]*".
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Table 4.3. Photophysical data for Cr(III) polypyridyl complexes in 1 M HCl,g).

06

Normalized Emission Quantum  Emission ‘
Emission® Eg" Emission Quantum Yield™® Lifetime™* \ E,S /KT
Complex Amax /nM /eV Yield**¢ x10° /us In(4)" A/s" mol’
[Cr(phen);]* 730 1.70 1 12£1° 30444 28.940.5 3.5x107 51l
[Cr(Ph,phen);]*” 744 1.67 2.5+0.4 30458 425420 2641 2.4x10" 4543
[Cr(bpy):]** 729 1.71 0.21£0.01 2.5+0.2¢ 692 27.0£03 5.5x10" 431
[Cr(Mesbpy)s]* 732 1.70 0.7440.03 8.9+0.9¢ 196+8 28.540.5 2.3x10"”  49+1
hen),Cr(4-dmcbpy)]**
[((f; an))z r(4-dmcbpy)] 732 170 0.28+0.01 3.440 48 8743 27.8:0.5 12x107  46xl
3+
Eg}j‘zﬂ})len)zcr(“'dmp”] 742 1.68 0.55+0.02 6.6£0.7¢ 10848  27.340.5 7.5x10" 4541
3+
Ei(yﬁb)py”cr(“'dm"bp”] 734 1.70 0.1540.01 1.8+0.2¢ 47+1 286402 2.6x10% 461
3+
Eglrfg)imbpy”] 733 170 0.012+0.002 0.14+0.02¢ 77+03 26704 4.1x10" 37+

* The measurements were done at 23-24 °C.
" See text for details on the calculation of Eqy.
¢ The errors represent 26 (two times of standard deviation) from nine measurements (three independent experiments for each sample, three
measurements for each experiment.)
¢ The normalized emission quantum yields were determined with respect to [Cr(phen)s]**.
¢ Emission quantum yields reported are relative to the standard [Ru(bpy);]*" in acetonitrile with a 0.062 absolute emission quantum yield. See
Experimental for details.
E

" Errors reported reflect 26 from the fitting of a single temperature-data set to a linear Arrhenius model 1 4 L=InA——.
obs RT

¢ See Experimental for details on the calculation of these error bars.



The emission spectra shown in Figure 4.4 allow us to determine the amount of energy stored in the
long-lived excited states of these systems. This is a critical piece of information in assessing the oxidation
potential available following absorption of UV-visible light. The values reported in Table 4.3 are for Eq

(equivalent to the AG stored in the excited state) where we have modified the observed maximum of the

0-0 vibronic transition (Eo) with its width (Av,, . ) according to the expression

0,1/2

0,1/2

E,, =E,+(Av, ) /16k,TIn2 (4.2)
For emissive MLCT species (commonly, Ru", Os", and Re') one generally uses a Franck-Condon analysis

to determine E, and AV .*° Here, because emissive features from the E — ‘A ground state are

o2 -
relatively narrow, we determine these quantities directly from the energy and width of the most intense
band in the emission spectra.

We also report emission quantum yields in Table 4.3 for 4.1, 4.4, 4.7, 4.8, and our set of tris-
homoleptic species relative to [Cr(phen);]*". The expression for the emission quantum yield ¢, in terms
of radiative (k;) and non-radiative (k) rate constants is shown in Eq 4.3. Here ks and 745 are inversely

related and refer to the observed rate constant and lifetime, respectively.

~ Dk, ~ Dk, ~ (4.3)
¢em - zk}” + anr - kﬂbs - TObSZkr

If a comparison is drawn between [Cr(phen);]’" and [(phen),Cr(4-dmcbpy)]’" (4.1), it is seen that

introduction of a single 4-dmcbpy ligand drops the quantum yield to 28% of its value in the homoleptic
species. For the comparisons between [Cr(Me,bpy);]*" and [(Me,bpy).Cr(4-dmcbpy)]’* (4.7) or between
[Cr(Phyphen);]*" and [(Phyphen),Cr(4-dmcbpy)]*” (4.4), these values are 21% and 21.5%, respectively. In
the comparison between [Cr(bpy)s]*” and [Cr(4-dmcbpy);]*'(4.8), introduction of three 4-dmcbpy ligands
in place of the three bpy ligands drops the quantum yield to ~6% of the value prior to the substitution.
The origin of these quantum yield changes is discussed below.

4.4.2¢ Time-Resolved Emission. To understand these trends in radiative quantum yields, we have

measured the observed lifetimes (7o) of the emissive ’E states in the full set of complexes and these are
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also reported in Table 4.3. For the new complexes reported here, the lowest energy excited-state lifetimes
range from 108 ps (for 4.4) to 7.7 us (for 4.8). This is encouraging as it suggests there may be ample time
in the °E excited-state of the respective complexes to engage in hole transfer photochemistry. In the
comparison between [Cr(phen);]*" and [(phen),Cr(4-dmcbpy)]*” (4.1), the observed lifetime drops from
304 ps to 87 ps upon introduction of the 4-dmcbpy ligand. This latter value is 29% of that measured for
the tris-homoleptic species. Similar comparisons made between [Cr(Me,bpy);]’" and [(Me,bpy),Cr(4-
dmcbpy)]** (4.7) or between [Cr(Phyphen);]*” and [(Ph,phen),Cr(4-dmcbpy)]’” (4.4) yield the values 24%
and 25%, respectively. The comparison between [Cr(bpy)s]’" and [Cr(4-dmcbpy);]*" (4.8) shows that
introduction of a full set of ester-containing ligands drops the observed lifetime (7.7 ps) to 11% of the
value obtained for [Cr(bpy)s]’" (69 us). The various percentage changes in 7q, shown here are similar to
those seen above for ¢.,. This correspondence suggests (by Eq. 4.3) that introduction of the 4-dmcbpy
ligand mainly affects the rate constants for non-radiative relaxation pathways (k).

In order to better understand the origin of the lifetime drop for 4.8, we have explored the temperature

dependence of emission lifetimes for the complete series of complexes over the range 283 K — 353 K.

204
o [Cr(bpy)s]*
m 8 (NN) = 4-dmcbpy
15] 353K
313K
3 283 K
[=]
= 10
£
5 |
0 ‘ . ‘ | ‘
2.8 3.0 3.2 3.4 3.6
1000/T (1/K)

Figure 4.5. Temperature dependence of the observed rate constant k,,; = 1/7,, for [Cr(bpy)g]3+ and 4.8 in
degassed 1 M HCl,).
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A representative example is shown in Figure 4.5 for 4.8 compared to [Cr(bpy);]’" as the natural log of the
observed rate constant (k,,s) versus 1000/T. Other data sets for the remaining compounds are shown in
Figure A3.3.

In all cases we observe temperature dependence. The high-degree of linearity for all data sets
suggests that in this temperature range (throughout which we have a fluid solution) the activated process
dominates the observed rate constant relative to temperature-independent contributions to k, and k. >°
Table 4.3 includes a listing of the measured Arrhenius preexponential (4) and activation energy (E,) for
each system. With this information we can see general trends emerge, especially if we draw comparisons,
as before, between pairs of compounds where ancillary ligands are the same. For example in comparing
[Cr(phen);]*" and 4.1 it is seen that introduction of the ester-containing ligand serves to drop the activation
energy by 5 klJ/mol. Given that the preexponential 4 drops modestly between [Cr(phen)s;]’” and 4.1, the
concomitant decrease in E, is responsible for the shortening of the lifetime from 304 ps to 87 ps. A
similar decrease in E, is also observed between [Cr(Me,bpy);]*" and 4.7 and the system with shortest
lifetime, 4.8, also has the smallest E,, which is 6 kJ/mol less than that measured for [Cr(bpy)s]*". These
observations can be explained if introduction of the electron-withdrawing ester ligand weakens the ligand
field via an inductive effect, thereby decreasing the barrier to excited states having a tzgzeg configuration.
Such states would have significant nuclear distortions (primarily metal-ligand bond distances) and
through these displacements larger non-radiative decay rates. Given the magnitude of the Arrhenius
preexponential 4 measured for these systems, it is unlikely that these complexes are thermally activated
directly through back-intersystem-crossing from the °E to the *T manifold. Rather one might need to
invoke deactivation through states with appropriate nuclear distortion but also with doublet electron spin
character. It is noted that differences in activation energy alone are not sufficient to explain the significant
lifetime variation between [(Phophen),Cr(4-dmcbpy)]’” (4.4) where 74 = 108 pus, and
[Cr(Phyphen);]’ 'Where 7o = 425 ps. Here, differences in the Arrhenius preexponential A are the primary
origin of the observation. It does not appear to be simply a consequence of the reduced rigidity of the di-
ester ligand and related entropic effects as we do not see A increase between [Cr(phen);]’" and
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[(phen),Cr(4-dmcbpy)]** (4.1). Detailed theoretical exploration is needed to determine, for example,
whether there are changes in the density of electronic states at the activation energy of ~45 kJ/mol in the
comparison between [Cr(Ph,phen);]’” and [(Ph,phen),Cr(4-dmcbpy)]’” (4.4) that might influence the
relative mechanisms for nonradiative decay.

4.4.2d Ground and Excited State Reduction Potentials. Along with emission data, the second
critical component for finding excited state redox potentials is the determination of ground state ‘Cr"™""
and ‘Cr™™ couples. Each of the heteroleptic dipyridyl complexes 4.1, 4.4, and 4.7 show 4 reversible l¢”

IV/II1
> couples for these systems

reductions, and in the case of 4.8, six reversible waves are seen. The ‘Cr
have not been observed as they are outside of the acetonitrile solvent oxidation window. These data are

presented here in Figure 4.6 and Table 4.4.

——4(NN) = Ph,phen

—>

|10 nA

—7(NN) = Me_bpy

-

|20 nA

——8(NN) = 4-dmcbpy 50 nA

10 05 00 -05 -10 -15 -20 -25
Potential (V vs Fc*/Fc)

Figure 4.6. Comparison of cyclic voltammograms for the 4-dmcbpy containing complexes 4.1, 4.4, 4.7,
and 4.8 in 0.1 M TBAPF; acetonitrile solution. Arrows indicate the starting point and direction for each
voltammogram. For 4.4, 4.7, and 4.8, the potential is referenced to ferrocene (from a voltammogram
which includes Fc collected immediately after the displayed voltammogram).
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As shown, the first reduction for complexes containing the ester ligands is facile, with E;, occurring
between —0.47 and —0.42 V versus Fc'/Fc for all species containing a single ester ligand. We find that the
position of the first wave can be tuned through the functional groups present on the attached ligands. The
presence of two strongly electron withdrawing ester groups on the ligand 4-dmcbpy shifts the initial
‘Cr™™ process to more positive potentials compared to those previously reported for hetero- and
homoleptic [Cr(NN)3]3+ cornplexes.m’19b This is shown in Table 4.4: for 4.1, 4.4, and 4.7, the first ‘Cr™"™
reduction occurs at a potential at least 0.22 V more positive than the homoleptic species that lack an ester
ligand. For [Cr(4-dmcbpy)s]’" (4.8) this first reduction is remarkably shifted an additional ~0.2 V in the
positive direction compared to the complexes containing a single 4-dmcbpy. For this species the presence
of three ligands carrying electron withdrawing groups is able to move the ‘Cr”™ and ‘Cr™ ™
reductions to within the acetonitrile window, leading to the observation of six reversible waves. While
each of these reductions is listed as a change in the Cr formal oxidation state (matching the literature

24031 and it is reasonable to surmise

precedent), these processes are more likely due to ligand reduction,
that the presence of electron withdrawing groups allow for each 4-dmcbpy ligand to be reduced by two

electrons.

Table 4.4. Ground and excited state reduction potentials for Cr(IIl) polypyridyl complexes.

(E,, vs Fc'/Fc, V)*

3+2+ 241+ 1H0 0/1- 1-2—  2-3—  “3+2+°
[Cr(phen)s] -0.65 -1.17 -171 221 +1.05
[Cr(Phyphen);] -0.67 -1.11 -1.63 -2.05 +1.00
[Cr(bpy)s] -0.63 -1.15 -1.72 -2.34 +1.08
[Cr(Me,bpy);s] -0.79 -129 -1.82 +0.91
[(phen),Cr(4-dmcbpy)] (4.1) -042  -1.01 -161 -1.90 +1.28
[(Phyphen),Cr(4-dmcbpy)] (4.4) 045 -0.99 -1.54 -1.87 +1.23
[(Mesbpy),Cr(4-dmcbpy)] (4.7) 047 -1.11  -171 -1.92 +1.23
[Cr(4-dmcbpy);] (4.8) -026 —0.68 -121 -1.74 -193 210 +1.44

“ Conditions for cyclic voltammetry of Cr Complexes: Electrolyte, 0.1 M TBAPF¢ in CH;CN; WE, Pt;
CE, Pt Wire; Scan Rate, 100 mV/s.” Calculated from Eq. 4.4.
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The half wave reduction potential of the excited state can be estimated using the ground state half

wave reduction potential and the one electron potential corresponding to the spectroscopic excited state:*>
EI/Z(CrTII*/IT) — EOO(CrIIT*/ITI) + E1/2(Cr]II/H) (44)

The use of Ey as a potential (rather than energy) is acceptable in this context because the excited state is
only acting as a one-electron acceptor. As discussed in the context of Table 4.3, E, is largely invariant to
ligand substitution patterns. Others have noted that the *E emission maximum in Cr(III) species is solvent
insensitive and we have observed that Eq does not change between aqueous (where our spectroscopic
measurements have been done) and acetonitrile (where our electrochemical measurements have been
done) environments. On the other hand, the ground state (first) reduction potentials show ligand
dependence (Table 4.4). Thus, the excited state reduction potential is tunable. These values are compiled

in Table 4.4 for all the complexes studied. Equation 4 allows us to predict a Cr™""

couple of +1.22 to
+1.27 V versus Fc'/Fc for the heteroleptic complexes. In order to compare the excited state potentials of
these Cr(IIl) complexes to other photo-electrochemically active species reported in the literature, the
measured redox potentials have been converted to reference NHE (Fc'/Fc is 0.40 V vs SCE in 0.IM
TBAPF,” and SCE is 0.241V vs NHE**). We note that this comparison is approximate due to differences
in solvent and supporting electrolyte, but it is still useful.’® In the case of 4.8, the Cr"™™" couple is
calculated to be a remarkable +2.08 V versus NHE while 4.1, 4.4, and 4.7 are +1.92 V, +1.87 V, and
+1.87 V versus NHE, respectively. As a point of reference, a similar ester-functionalized [Ru(NN);]*"
complex shows an excited state reduction potential of +1.26 V (vs NHE) for Ru"".*® Nocera and
coworkers reported +1.78 V (vs NHE) for a Re"” complex,’” while Sullivan and coworkers reported
+2.71 V (vs NHE) for a Re"”" complex.”® Reports of Cr'"™"" potentials from non-polypyridyl complexes

. . . TIT#/11
are very rare in the literature, however an amine-based Cr

system has been reported with an excited
state reduction potential of +0.77 V (vs NHE).* Indeed, the ester-containing Cr(III) complexes 4.1, 4.4,
4.7 and 4.8 offer themselves as potentially powerful excited-state oxidants.

4.4.2¢ Transient Absorption. In future studies involving hole transfer photochemistry between

Cr(I1I) systems and wide band-gap semiconductors to which they are bound, it will be important to be
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able to interrogate the time-dependent behavior of the lowest energy excited-state manifold in these
complexes without relying on emission and on potentially very short time scales. A valuable tool in this
context is transient electronic absorption (TA) spectroscopy. With time resolution from tens of
femtoseconds to milliseconds, TA spectroscopy has been central to unraveling mechanism in dye-
sensitized heterojunction solar cell materials.'"** Here we do not consider the earliest transient events but
rather explore absorption features once these molecules are electronically relaxed in the “E excited states.
The spectrometer used here employs ~10 ns excitation pulses centered at 355 nm and the transient
features probed with white light decay with single exponential behavior on ps timescales. Within such
timescales, it is well established that the “E excited-state of these complexes in fluid solution at room

212841 TA spectra collected

temperature is vibrationally cool and thermally equilibrated with the solvent.
for the tris-homoleptic compounds [Cr(phen);]*" [Cr(bpy):]*", [Cr(Me,bpy);]’", and [Cr(Ph,phen)s]*" are
shown in Figure A3.2 and these agree with previously reported spectra collected under similar
experimental conditions.'™ Spectra for the two additional bis-heteroleptic complexes 4.1 and 4.7 are also
shown in Figure A3.2. In the case of 4.7, the spectrum is quite similar to the related tris-homoleptic
species [Cr(Me,bpy)s;]*". There are some qualitative differences between 4.1 and [Cr(phen);]’" in terms of
relative band intensities but these are unremarkable and are not considered here further. In Figure 4.7 are
plotted transient absorption (TA) spectra for 4.8 (left) and 4.4 (right). As discussed above, these species
have the most promising molar absorptivities at visible wavelengths and are likely, therefore, to be used
in future semiconductor sensitization experiments.

Both difference spectra show a resolved bleach feature centered at 360 nm, a strong absorption
feature at ~400 nm, and a broad absorption further to the red. In the case of 4.4, this redder absorbance is

very broad and appears to peak at ~550 nm. The magnitude of the bleach in both transient spectra

provides a useful metric for estimating excited-state molar absorptivities at various wavelengths.
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Figure 4.7. Transient absorption spectra on a a ps timescale for 4.8 (left) and 4.4 (right) in 1 M HCl,g).
The spectra were determined from a single exponential fit to transient absorption (or bleach) kinetics
collected at each of the wavelengths for which there is a dot. The lines are included as guides to the eye.
In the ground state optical spectra shown in Figure 4.2 and Figure 4.3, complexes 4.8 and 4.4 exhibit
molar extinction coefficients at 360 nm of &gomm = 10500 M 'em™' and &3500m = 23400 M 'cm ',
respectively. In the limiting case that the —AA at 360 nm for these two spectra is entirely due to loss of
ground state absorption, then it is possible to assign a lower limit to excited-state molar absorptivities

(e*on) for observed absorption features. In the case of 4.8, we measure AA =—0.014 at 360 nm and AA =
0.020 at 400 nm such that €%, .y > 14400 M 'ecm™'. A similar observation is made for 4.4 although the
absorptivities are even larger. In this case %409 nm = 23300 M 'em™ and €*559 y > 16500 M 'em ™. In these
spectra (and very likely in the whole series of Cr(IIl) polypyridyl complexes we have considered), the
transient absorption features with appreciable AA are clearly not assignable to ligand-field absorption
occurring from the t2g3 configuration of the °E excited state. The strength of the absorption features
suggest these are charge transfer in nature originating from the “E and °T excited states, although it is not
possible at this time to assign MLCT and/or LMCT to any particular feature. The t2g3 configuration of the
°E excited state is not expected to significantly perturb the ligand n-system, so ligand centered 1 — 7*
transitions are unlikely to play a prominent role. It may be possible that the observed transitions,

especially those near 400 nm, borrow some intensity from such excitations as Juban and McCusker”’ have
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argued occurs in the ground state of [Cr(bpy);]*". The important point to stress here is that excited-state
absorption features in the visible spectrum for these complexes have significant oscillator strength. In
more complex environments such as when complexes are bound to heterogeneous semiconductor
surfaces, such features may be a useful and easily observable diagnostic of “E lifetime and related hole-

injection rate constants.

4.5 Conclusions and Outlook

The preparation of heteroleptic dipyridyl Cr(Ill) complexes that contain at least one carboxylate
group (for eventual attachment to semiconductor surfaces) was not known prior to our efforts. We have
synthesized four such complexes, including three heteroleptic [(NN),Cr(4-dmcbpy)]*" species. We have
also explored the basic photophysical and electrochemical properties of these systems in order to better
understand the nascent and long-lived excited-states that will be called upon to drive hole-injection
following photo-excitation in later studies.

The electronic absorption studies show a combination of ligand-centered, metal-centered ligand field,
and charge-transfer transitions. Nevertheless, it is noted here that for a Cr(Ill) species with Phyphen
ancillary ligands, [(Phophen),Cr(4-dmcbpy)]’” (in 4.4), shows appreciable sensitization of visible light,
with a molar absorptivity of 1270 M 'ecm™' at 491 nm. Time-resolved emission studies show that the
introduction of the 4-dmcbpy ligand decreases the doublet excited state lifetimes of the complexes with
respect to their tris-homoleptic analogues. Notwithstanding, excited-state lifetimes are sufficiently long
that we can anticipate photo-induced hole transfer to suitable semiconductor substrates. Additionally,
preliminary electrochemical studies show that the introduction of the 4-dmcbpy significantly shifts
reduction potentials of the complexes to more positive values. The combination of cyclic voltammetry
and static emission studies indicates that strongly oxidizing excited states are possessed by this class of
molecules.

The strongly oxidizing excited states found for the Cr(Ill) dye complexes coupled with the reported
long excited-state lifetimes lead us to believe these species will be capable of hole injection into p-type
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semiconductors with suitably aligned valence bands. Further, the excited-state absorption features for
these heteroleptic complexes should serve as handles for studying the hybrid dye-sensitized materials.

Efforts are underway to incorporate these dye complexes into semiconductors to form hybrid materials.
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Chapter 5. Syntheses and Photophysical Investigations of Cr(IIl) Hexadentate Iminopyridine Complexes

and Their Tris(Bidentate) Analogues

Reproduced with permission from [norganic Chemistry, submitted for publication. Unpublished work

copyright 2012 American Chemical Society.

5.1 Introduction

The photophysics and photochemistry of Cr(Ill) complexes are relevant to third generation solar
photoconversion schemes. Chromium is an earth-abundant metal, and surrounding Cr(III) ions with
appropriate ligands can produce powerful photooxidants." The excited-state properties of Cr(III) tris-
diimine (e.g., bpy, phen) complexes are well known, and the long (us) lifetimes observed make these
compounds potentially useful for dye-sensitized hole-injection photovoltaic devices and/or
photooxidative catalytic schemes.'™ In principle, the photophysical properties are tunable: in the previous
chapter on heteroleptic tris-dipyridyl Cr(Ill) complexes (Chapter 4), we observed subtle changes in the
ground-state electronic absorption and more pronounced changes in electrochemical and excited-state
photophysical properties when the ligand set was altered.”® Drawbacks to using Cr(III) tris-diimine
complexes in photoconversion schemes are: relatively weak absorption of visible light, poor stability in
non-acidic aqueous solution, and increased lability of the formally reduced species in a photooxidative
scenario following hole transfer.

Enhanced solution stability may be addressed by increasing the denticity of the ligand(s) chelating the
chromium center. Photochemical studies on a few chromium complexes ligated by multidentate amine
ligands® or tethered bipyridines* have uncovered long-lived °E excited-states, although it should be noted
that all of these species are yellow and therefore do not absorb strongly in the visible spectrum. However,
a structural study for [Cr(tren(impy);)](ClO,); reports a ‘wine red’ color for crystals of the hexadentate
ligand-containing Cr(IIl) complex salt,” which contrasts with the typical bright-yellow coloration of the
hetero- and homo-leptic tris(bidentate) polypyridyl complexes of Cr(III)." Thus, complexes featuring
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tripodal ligands could have enhanced absorption in the visible wavelengths coupled simultaneously with
increased stability against ligand exchange in photoreduced species. Although there are few chromium
complexes with hexadentate imine ligands,”® the tripodal system shown in Scheme 5.1 offers a ligand set
similar to the tris-diimine complexes studied previously, as well as the potential for kinetic stability and
electronic and steric tunability. Since bidentate iminopyridine analogues are easily prepared via Schiff-
base condensations, we might also straightforwardly evaluate how photophysical and electrochemical
properties change between tethered (hexadentate) podand ligands and those without a tether
(tris(bidentate)).

Herein, we report the preparations, characterizations, photophysical properties and computational
analyses of a family of Cr(Ill) iminopyridine complexes. A comparison of tripodal hexadentate
complexes with their tris(bidentate) analogues reveals very similar ground-state behaviors (e.g.,

structures, electrochemistry, solution stability), but unexpectedly divergent photophysical properties.

Scheme 5.1. Hexadentate tripodal (L1 and L2) and bidentate iminopyridine (L3 and L4) ligands used in

this study.
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5.2 Division of Labor

Interpretation of photophysical data was done by Huan-Wei Tseng and Prof. Niels Damrauer at the
University of Colorado, Boulder. Stability testing in acetonitrile and all photophysical characterization

was conducted by Huan-Wei Tseng. All DFT calculations and NTO analyses were performed by Prof.
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Anthony Rappé. Syntheses of L1, L2 and 5.2 were carried out by Ethan Hill under the direction of Ashley
McDaniel. All other synthetic work, ground-state characterization, and stability testing in 1M HCI and

acetonitrile were done by Ashley McDaniel.

5.3 Experimental Section

5.3.1 Preparation of Compounds. Unless otherwise noted, compound manipulations were
performed either inside a dinitrogen-filled glovebox (MBRAUN Labmaster 130) or via Schlenk
techniques on an inert gas (N,) manifold. The preparations of dimethylpyridine-2,5-dicarboxylate,’
methyl 6-(hydroxymethyl)nicotinate,® the hexadentate ligand trimethyl 6,6',6"-
((1E,1'E,1"E)~((nitrilotris(ethane-2,1-diyl))tris(azanylylidene))tris-(methanylylidene))-trinicotinate (L2),’
[Cr(CH;CN)4(BE,),]," and thianthrene tetrafluoroborate (Th'BF,)'' have been described elsewhere.
Methyl-6-formylnicotinate was synthesized according to a modified literature procedure,'> where methyl
6-(hydroxymethyl)nicotinate was substituted as the oxidation substrate. The tripodal ligand tren(impy);
(L1) (tren = tris-(2-aminoethyl)amine) was synthesized from a reported procedure." Pentane was distilled
over sodium metal and subjected to three freeze-pump-thaw cycles. Other solvents were sparged with
dinitrogen, passed over molecular sieves, and degassed prior to use. All other reagents were obtained
from commercial sources and were used without further purification.

[Cr(L1)](BF,); (5.1). A structure of the perchlorate salt of the [Cr(LL1)]*" species has been previously
reported,” however the synthetic route is not amenable to preparing bulk amounts of material. A solution
of [Cr(CH3CN)4(BF,),] (0.30 g, 0.78 mmol) in 3 mL of acetonitrile was added to a solution of L1 (0.32 g,
0.78 mmol) in 5 mL of acetonitrile to form a dark-brown solution. Addition of a solution of Th'BF, (0.25
g, 0.83 mmol) in 4 mL of acetonitrile caused the solution color to lighten to red-orange. A red-orange
solid was precipitated by addition of diethyl ether (30 mL). The solid was isolated by filtration, washed
with dichloromethane (3 x 5 mL) and diethyl ether (3 x 5 mL), and then dried in vacuo to afford 0.50 g

(88%) of product. IR (KBr pellet): vey 1638 ecm™'. Absorption spectrum (CH3;CN): Anax (enm) 204
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(45900), 292 (12200), 321 nm (8800 M "-cm™). pey (295K): 3.70 up. ES+MS (CH;CN): m/z 503.17
([Cr(L1)F,]"). ES-MS (CH;CN): m/z 813.00 m/z ([Cr(L1)(BF4)4]). Anal. Calcd. for Co4H,7B3CrF ,N7: C,
39.71; H, 3.75; N, 13.51. Calcd. for 5.1-:2H,0: C, 37.83; H, 4.10; N, 12.87. Found: C, 38.08; H, 4.37; N,
12.69. We note that the 5.1 is hygroscopic, and that broad peaks at 3610 and 3266 cm ' indicating uptake
of water appear in the IR spectrum if the sample is not kept under dry conditions.

[Cr(L2)](BFy)3 (5.2). A solution of [Cr(CH3CN)4(BF,),] (0.13 g, 0.34 mmol) in 3 mL of acetonitrile
was added to a suspension of L2 (0.20 g, 0.34 mmol) in 5 mL of acetonitrile to form a dark brown
solution. Upon addition of a solution of Th'BF, (0.13 g, 0.43 mmol) in 4 mL of acetonitrile the solution
lightened to a tan brown color. A tan-brown solid was precipitated by addition of diethyl ether (30 mL)
and was isolated by filtration. The isolated powder was washed with dichloromethane (3 x 5 mL), and
diethyl ether (3 x 5 mL), and then recrystallized twice by diethyl ether diffusion into a concentrated
solution of acetonitrile to yield 0.15 g (49%) of crystalline product. IR (KBr pellet): vc—o 1733, ven 1638
and 1610 cm™". Absorption spectrum (CH3CN): Ay (€n) 201 (63000), 246 (sh 19000), 303 (16000), 390
nm (2100 M "-em™). uer (295 K): 4.57 pp. ESTMS (CH;CN): m/z 677.13 ([Cr(L2)F,]"). ES-MS
(CH;CN): m/z 987.07 m/z ([Cr(L2)(BF4)4] ). Anal. Calcd. for C3,H;36B;CrF1,NgOg (5.2-CH;CN): C, 40.84;
H, 3.86; N, 11.91. Found: C, 40.58; H, 4.04; N, 11.65. Crystals suitable for X-ray analysis were obtained
by slow diffusion of diethyl ether into an acetonitrile solution of the compound.

(E)-N-(pyridin-2-ylmethylene)ethanamine (L.3). A solution of 70% ethylamine in water (0.80 g)
was added to a solution of 2-pyridinecarboxaldehyde (1.08 g, 10.1 mmol) in 20 mL of methanol
containing 4A molecular sieves. The resulting mixture was stirred at room temperature for 2 h and then
filtered to remove the molecular sieves. The solvent was removed from the filtrate in vacuo to afford a
tan-colored oil. The oil was extracted into 20 mL of pentane and the solvent was removed in vacuo to
afford 1.03 g (76%) of product as a pale-yellow oil. 'H NMR (CDCl): 1.31 (3H, t), 3.70 (2H, quar), 7.29
(1H, dd), 7.72 (1H, td). 7.96 (1H, d), 8.38 (1H, s), 8.63 ppm (1H, d). °C NMR (CDCls): 16.24, 55.86,

121.39, 124.79, 136.72, 149.63, 154.89, 161.54 ppm. IR (KBr pellet): veoy 1649 cm™'. Absorption
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spectrum (pentane): Am. 196, 234, 264 (sh), 271, 280(sh) nm. HRES+MS (CH;0H): m/z calculated:
135.0922; found: 135.0915 (L3+H)".

[Cr(L3);](BF4); (5.3). A solution of [Cr(CH;CN)4(BF4),] (0.062 g, 0.159 mmol) in 3 mL of
acetonitrile was added to a solution of L3 (0.066 g, 0.493 mmol) in 4 mL of acetonitrile to form a dark
brown solution. Upon addition of a solution of Th'BF, (0.051 g, 0.167 mmol) in 4 mL of acetonitrile, the
dark solution lightened to a yellow color. The solvent volume was reduced to 1 mL in vacuo to precipitate
thianthrene as a white solid, which was removed by filtration. The filtrate was treated with diethyl ether
(20 mL) to precipitate a yellow solid. The solid was isolated by filtration, washed with dichloromethane
(3 x 3 mL) and diethyl ether (3 x 3 mL), and then dried in vacuo to afford 0.104 g (91%) of product. IR
(KBr pellet): veoy 1635 and 1601 cm ™. Absorption spectrum (CH3CN): Ay (€m) 208 (51000), 224 (sh
37000) 246 (sh 12400), 298 (13400), 315 nm (sh 11400 M '-cm™). uer (295 K): 3.86 up. ES+MS
(CH;CN): m/z 151.47 ([Cr(L3);]’"), 236.40 ([Cr(L3);F]*"), 358.13 ([Cr(L3),F,]"). ES-MS (CH;CN): m/z
802.20 m/z ([Cr(L3)3;(BF4)4] ). Anal. Caled. for C,4H;0B;CrF,Ng: C, 40.32; H, 4.23; N, 11.75. Found: C,
37.75; H, 4.25; N, 10.99. Calcd. for 5.3-:2.5H,0 C, 37.93; H, 4.64; N, 11.06.

(E)-methyl 6-((ethylimino)methyl)nicotinate (L4). A solution of 70% ethylamine in water (0.23 g)
was added to a solution of methyl-6-formylnicotinate (0.45 g, 2.72 mmol) in 15 mL of methanol
containing 4A molecular sieves. The resulting mixture was stirred at room temperature for 2 h, and then
filtered to remove the molecular sieves. The solvent was removed from the filtrate in vacuo. The resulting
orange residue was extracted into 50 mL of pentane and filtered. The solvent was removed from the
filtrate in vacuo, resulting in an ivory powder. This was sublimed at reduced pressure and 30 °C to yield
0.44 g (84%) of product as colorless crystals. 'H NMR (CDCl;): 1.34 (3H, t), 3.75 (2H, quar), 3.97 (3H,
s) 8.07 (1H, d), 8.33 (1H, dd). 8.44 (1H, s), 9.23 ppm (1H, d). °C NMR (CDCl;): 16.11, 52.67, 56.00,
120.84, 126.64, 137.78, 150.82, 158.05, 160.78, 165.68 ppm. IR (KBr pellet): ve-o 1725, ven 1649 cm ™.
Absorption spectrum (pentane): Am. 199, 245, 254 (sh), 278 nm. HRES+MS(CH;0H): m/z calculated:

193.0977; found: 193.0967 (L4+H)".
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[Cr(L4);](BF4); (5.4). A solution of [Cr(CH;CN)4(BF,),] (0.049 g, 0.125 mmol) in 3 mL of
acetonitrile was added to a solution of L4 (0.075 g, 0.388 mmol) in 4 mL of acetonitrile to form a dark
brown red solution. Upon addition of a solution of Th'BF, (0.04 g, 0.13 mmol) in 4 mL of acetonitrile,
the dark solution lightened to a yellow color. The solvent volume was reduced to 1 mL in vacuo to
precipitate thianthrene as a white solid, which was removed by filtration. The filtrate was treated with
diethyl ether (20 mL) to precipitate a yellow solid. The powder was isolated by filtration, washed with
dichloromethane (3 x 3 mL) and diethyl ether (3 x 3 mL), and then dried in vacuo to afford 0.090 g (80%)
of product. IR (KBr pellet): vc—o 1736, ven 1633 and 1607 cm . Absorption spectrum (CH3;CN): Apax
(em) 205 (57000), 222 (sh 45000), 299 (17600), 321 nm (sh 14600 M "-cm™). ur (295 K): 4.11 ug.
ES+MS (CH;CN): m/z 209.47 ([Cr(L4);]™"), 474.13 ([Cr(L4),F,]"). ES-MS (CH;CN): m/z 976.13 m/z
([Cr(L4)3(BF4)4] ). Anal. Caled. for C50H34B3CrF,N¢Og: C, 40.53; H, 4.08; N, 9.45;. Found: C, 40.45; H,
3.89; N, 9.39. Crystals suitable for X-ray analysis were obtained by slow diffusion of diethyl ether into an
acetonitrile solution of the compound.

5.3.2 X-Ray Structure Determinations. Crystals of 5.2 and 5.4 suitable for X-ray analysis were
coated with Paratone-N oil and supported on a Cryoloop before being mounted on a Bruker Kappa Apex
I CCD diffractometer under a stream of cold dinitrogen. Data collection was performed at 120 K with
Mo Ko radiation and a graphite monochromator, targeting complete coverage and 4-fold redundancy.
Initial lattice parameters were determined from 342 reflections (5.2) and 500 reflections (5.4) harvested
from 36 frames; these parameters were later refined against all data. Crystallographic data and metric
parameters for 5.2 and 5.4 are presented in Table 5.1. Data were integrated and corrected for Lorentz and
polarization effects by using SAINT, and semiempirical absorption corrections were applied by using
SADABS.'* The structure of 5.2 was solved by direct methods and the structure of 5.4 was solved by
Patterson techniques; both structures were refined against F° with the program XL from the SHELXTL
6.14 software package."” Unless otherwise noted, displacement parameters for all non-hydrogen atoms

were refined anisotropically. Hydrogen atoms were added at idealized positions and were refined by using
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a riding model where the displacement parameters were set at 1.2 times those of the attached carbon atom
(1.5 for methyl protons).

Crystals of complex 5.4 contain loosely-held solvate molecules, which quickly exit the lattice upon
removal of the crystals from the mother liquor. This leads to rapid cracking of the crystals, even at 120 K,
and results in moderate resolution and mediocre residuals. The residual electron density from the severely
disordered/partially occupied solvate molecules could not be modeled satisfactorily, so the data were
treated with SQUEEZE,'® which finds a 851.8 A’ solvent void with 374 e /unit cell corresponding to
approximately 8 diethyl ether molecules. The data in Table 5.1 do not include the components removed
by SQUEEZE. In addition to the solvent disorder, there is positional disorder in one ligand and in two
anions. The CHj; portion of the ethyl group on the imine containing C21 is disordered over two sites, and
the methyl group on the ester containing C30 is disordered over two sites; the site occupancies refine to
57:43 and 77:23 ratios for the groups containing C21 and C30, respectively. The BF4 anion containing
B2 has two F atoms, F5 and F6, split over two positions in an 81:19 ratio. Additionally, the BF,™ anion

containing B3 has also two F atoms, F9 and F12, split over two positions in a 57:43 ratio.
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Table 5.1. Crystallographic data for [Cr(L2)](BF,);-CH;CN (5.2-CH;CN) and [Cr(L4);](BE4); (5.4).°

5.2-CH;CN 5.4
formula C3,H36B3CrF2NgOg Cao Hae B Cr Fyp NgOg
fw 941.12 889.08
color, habit tan needle yellow block
T, K 120(2) 120(2)
space group Po6; P2y/n
VA 2 4
a, A 12.8725(2) 13.3694(8)

b, A 12.8725(2) 16.6678(9)
c, A 13.6811(4) 20.3617(11)
a, deg 90 90

B, deg 90 99.601(4)

7, deg 120 90

VA 1963.26(7) 4473.8(4)
deare, glem’ 1.592 1.320

GOF 1.140 1.105
Ri(WRy)", % 2.94 (7.83) 8.03(24.49)

“ Obtained with graphite-monochromated Mo K, (A = 0.71073 A) radiation.
"R = ZIFo| = |FVZIFol, WRy = {X[W(Fy’ = FO VEIWES)']} ' for Fy > 4o( Fy).

5.3.3 Photophysical Methods. Much of the instrumentation used was the same as our previous
report,’® and only salient details are discussed here. For static emission spectra and quantum yield
measurements, complexes were dissolved in CH;CN (HPLC-UV grade, Honeywell B&J High Purity
Solvent) at room temperature, placed in quartz cuvettes of 1 cm path length, and diluted to give
absorbances of ~0.1 at the excitation wavelength. Sample solutions were purged with argon (ultra pure
carrier grade, Airgas Inc.) for 15 minutes to remove oxygen before measurement. The measurements were
done with argon flowing on top of the solution to prevent oxygen from re-dissolving into the solution.
Samples were excited at 355 nm and emission was recorded at a relative angle of 90°. To avoid Rayleigh
scattering contamination in the emission spectra from higher orders of the 355 nm excitation, a 560 nm

long-pass filter was placed in front of the grating. The emission spectra were corrected for solvent
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scattering background and PMT response. The emission quantum yields were determined by comparing
the integrated emission of each complex to the standard [Ru(bpy);](PFs), with a known quantum yield of
0.095 in room temperature CH;CN.'” Note that this quantum yield value for the [Ru(bpy);](PFs), standard
updated relative to the value (¢em = 0.062)"® which has been extensively used in past literature.

For the measurement of emission lifetimes, sample solutions were prepared and deoxygenated in
exactly the same manner as described above and data were collected at room temperature. The sample
was excited by 355 nm laser pulses (10 Hz; ~0.3 pJ/pulse) with a pulse width of 3-5 ns (FWHM). The
emitted light was selected by a notch filter (750 £ 5 nm) and detected at 90° with respect to the excitation
laser. Each emission transient was obtained by averaging 3000 scans. The data were fit with a single
exponential decay model using a LabView program with a code of local origin.

Both static emission and emission lifetime data were acquired from multiple experiments.
Measurements were collected on three different days, in each case using freshly prepared solutions due to
degradation issues. For each of these samples on each of these days, three data sets were collected.
Quantum yield and lifetime values obtained from those nine measurements were averaged and the
standard deviations were calculated. The percentage experimental errors (* error %) reported herein

represent two times the standard deviation.

5.3.4 Other Physical Methods. Absorption spectra were obtained with a Hewlett-Packard 8453
spectrophotometer in quartz cuvettes with 1 cm or 1 mm path lengths; all experiments were performed at
room temperature. Infrared spectra were measured with a Nicolet 380 FT-IR spectrometer. Mass
spectrometric measurements were performed in either the positive ion or negative ion mode on a Finnigan
LCQ Duo mass spectrometer, equipped with an analytical electrospray ion source and a quadrupole ion
trap mass analyzer. High resolution mass spectrometric measurements were performed in positive ion
mode on an Agilent 6210 TOF LC/MS instrument, equipped with both electrospray and atmospheric

pressure chemical ionization sources and an orthogonal-axis time-of-flight mass analyzer. Cyclic
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voltammetry experiments were carried out inside a dinitrogen filled glove box in 0.1 M solutions of
(BusN)PF; in acetonitrile unless otherwise noted. The voltammograms were recorded with either a CH
Instruments 1230A or 660C potentiostat using a 0.25 mm Pt disk working electrode, Ag wire quasi-
reference electrode, and a Pt wire auxiliary electrode. All voltammograms shown were measured with a
scan rate of 0.1 V/s. Reported potentials are referenced to the ferrocenium/ferrocene (Fc™°) redox couple
and were determined by adding ferrocene as an internal standard at the conclusion of each
electrochemical experiment. Solid state magnetic susceptibility measurements were performed using a
Quantum Design model MPMS-XL SQUID magnetometer at 295 K on finely ground samples. The data
were corrected for the magnetization of the sample holder by subtracting the susceptibility of an empty
container; diamagnetic corrections were applied using Pascal’s constants.'” Elemental analyses were
performed by Robertson Microlit Laboratories, Inc. in Madison, NJ.

5.3.5 Electronic Structure Calculations. Unrestricted B3LYP hybrid density functional studies®’
were carried out in the G09 suite of electronic structure codes.”’ Geometries were optimized for each of
the quartet ground-states. For L2, the Cr-N,,i,. Was constrained to the experimental bond distance of 3.12
A. Methyl iminopyridine ligands L3" and L4” were used instead of the ethyl iminopyridine ligands L3
and L4. The LANL2% basis sets and effective core potentials were used for Cr; H, B, C, N and F were
described with a 6-31g* model.> For the spin unrestricted Mg = */, “quartet”, the excited-state energies
were computed using TD-DFT, wherein at least the lowest 16 excited-states were computed. The number
of excited-states computed was incrementally increased until the excited-state manifold reached
approached 3.5 eV; the lowest 13 for [Cr(bpy)s;](BF4);, 23 for [Cr(4-dmcbpy);](BF);, 19 for
[Cr(L2)](BF,);, and 24 for [Cr(L4°);](BF,); quartet excited-states are reported (Figure 5.7). For the
doublet manifold, broken symmetry unrestricted solutions were obtained for the aaf, afa, and Boa Mg =
Y, determinants. As described previously,”* these three single determinantal descriptions are combined to
form two multi-determinantal (MD-DFT), nearly degenerate doublet states (equations 2-9 in Ref. 24). In
addition, the lowest energy of the three single determinantal Mg = 2 “doublet” models was used to
compute a TD-DFT excited-state manifold;”> again the number of excited-states computed was
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incrementally increased until the excited-state manifold reached 3.5 eV (relative to the lowest doublet).
The doublet TD-DFT excitation energies were offset relative to the lowest Mg = %2 “doublet” state. To
compare with our MD-DFT results, estimates for spin-projected doublet states were obtained using the

Soda et al model,”® reproduced in equation (5.1).

~Ey)
E3/2_E”2:3/S2\ 752 (5.1
\" us /
In the Soda model and in the predecessor Noodleman-Davidson model,”’ the expectation values of S for
the high-spin and related spin-flipped single determinantal models are used to project out spin
contamination and more accurately estimate the energy for the true low-spin model. In equation (5.1) the
Ms = /5 “quartet” and one of the Mg = % “doublet” models are used as the high-spin and broken
symmetry models, respectively. For the Mg = °/, “sextet” manifold, a spin unrestricted SCF solution was

obtained and the lowest 8 excited-states were computed using TD-DFT.

5.4 Results and Discussion

5.4.1 Synthesis and Ground-State Characterization of Cr(III) Complexes. The Cr(III) complex
salts 5.1-5.4 are synthesized from the Cr(II) starting material [Cr(CH;CN)4(BF,;),] by the addition of
stoichiometric amounts of the hexadentate tripodal ligands (Scheme 5.2a) or bidentate iminopyridine
ligands (Scheme 5.2b), followed by oxidation by the non-coordinating oxidant thianthrene
tetrafluoroborate (Th'BF, ). Although there is literature precedent for synthesizing [Cr(L1)](ClOy); from
Cr(III) precursors,” in our hands we find that an oxidative route provides significantly higher yields. The
complex salts [Cr(L2)](BF,); (5.2) and [Cr(L4);](BFs); (5.4) can be isolated as crystalline solids. X-ray
structural data are available for 5.2-CH3;CN and 5.4 (Table 5.1). Although the structure of
[Cr(L1)](ClO4); (5.1a) has been reported in the literature,” samples of [Cr(L1)](BE,); (5.1) and

[Cr(L3)3](BF,); (5.3) have not been crystallized.
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Scheme 5.2. Preparation of Cr(Ill) iminopyridine complex salts: (a) syntheses of 5.1 and 5.2; (b)
syntheses of 5.3 and 5.4.
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Crystals of 5.2-:CH3CN can be grown by slow diffusion of diethyl ether into acetonitrile solutions of
5.2. The complex cation is shown in Figure 5.1; complete bond distances and angles are provided in the
Supporting Information (cif). The complex crystallizes in the hexagonal space group P6s;, where the
chromium center and an acetonitrile molecule sit on sites of three-fold symmetry. The chromium center is
ligated to the tripodal impy ligand by three imino and three pyridine nitrogen atoms, producing a distorted
octahedral environment (Figure A4.9). Due to the metal position on a three-fold symmetric site, only one
arm of the ligand is crystallographically independent. Also present in the asymmetric unit is a single

crystallographically independent tetrafluoroborate anion.
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Figure 5.1. Structures of the Cr(Ill) iminopyridine complex cations [Cr(L2)]*" (top) and [Cr(L4);]*"
(bottom), as observed in 5.2-CH3;CN and 5.4, respectively, rendered with 40% ellipsoids. Hydrogen atoms
and minority disordered components are omitted for clarity.

Comparison of the structure of 5.2:CH;CN and the previously reported structure of 5.1a
([Cr(L1)](Cl04);)° show many similarities and a few small differences. The local coordination
environment for 5.1a and 5.2-CH3;CN are very similar. Within error, the Cr—N bond distances are
identical: for 5.1a the average Cr—N(py) and Cr—N(imine) distances are 2.062[9] and 2.044[9] A,*®
respectively; for 5.2:CH;CN the Cr-N(py) and Cr—N(imine) distances are 2.067(2) and 2.050(1) A,
respectively. In addition, for both structures the trigonal twist angles are very similar (average 52.54° for
5.1a and 53.00(12)° for 5.2-CH;CN) and lower than the 60° expected for an ideal octahedral geometry.
The main difference between the two structures is the distance between the Cr and the bridgehead N
atoms: in 5.2-CH;CN it is 3.120(2) A, whereas in 5.1a it is 3.155(5) A. The difference in the position of
the tether N may be due in part to solvation: 5.1a lacks any co-crystallized solvent, whereas 5.2-:CH;CN
contains an acetonitrile molecule. The shorter Crbridgehead N distance in 5.2-:CH;CN may also be

attributable to weaker binding of the ester-functionalized ligand L2, or other packing effects. The
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acetonitrile solvate nitrogen atom is in close contact with the 6-position hydrogen atoms on each of the
three pyridine moieties on the iminopyridine ligand at a distance of 2.714(2) A. There are no close
contacts between the solvent molecule and the bridgehead nitrogen, however.

Yellow block crystals of compound 5.4 can also be grown by ether diffusion into acetonitrile
solutions of 5.4. The crystals contain a significant amount of solvent, which quickly exits the lattice upon
removal of the crystals from the mother liquor. The volatile nature of the solvent present in the lattice
leads to severe solvent disorder and eventual cracking of the crystals. The data for 5.4 are presented
herein to establish complex connectivity and provide additional characterization of the compound; solvent
disorder does not appear to adversely affect determination of interactions relevant to the Cr-containing
species. The complex cation in 5.4 is present as the mer isomer (Figure 5.1, bottom), and there is no
evidence for fac/mer disorder present in the solid-state structure. The Cr—N bond distances in 5.4 are not
significantly different from those found in 5.2 and range from 2.044(4) to 2.070(4) A. Bond distances and
angles are available in the Supporting Information (cif).

The isolated salts of 5.1-5.4 are soluble in strongly polar, aprotic solvents such as acetonitrile and
nitromethane, but are only slightly soluble in strongly polar protic solvents such as methanol and water.
The salts are insoluble in less polar solvents such as dichloromethane, tetrahydrofuran, diethyl ether and
hydrocarbons. The complexes dissolve readily in 1M HCl\,q), but degrade quickly, as discussed below.

5.4.2 Electrochemistry. Cyclic voltammogram (CV) data collected on fresh acetonitrile solutions
of the complexes with 0.1 M TBA'PF, as the supporting electrolyte are shown in Figure 5.2. Each of the
Cr(IIT) complexes undergo multiple reversible reductions on the CV timescale. The reduction potentials
for each of the complexes (relative to Fc™°) are reported in Table 5.2.

When comparing the tripodal to the tris(bidendate) analogues (5.1 vs 5.3 and 5.2 vs 5.4, respectively),
inclusion of the nitrogen tether atom results in a shift of the first reduction wave to more negative
potentials by 50 mV, presumably because of electron-donating properties of the tether nitrogen.”” For
successive reduction waves, the differences in potentials between tethered and non-tethered ligands varies
between 10 and 40 mV, and is smallest for the 1+/0 wave.
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[Cr(L)P 400 nA
[Cr(L2)* 100 nA
[Cr(L3).J 200 nA
[Cr(L4).J"
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Figure 5.2. Comparison of cyclic voltammograms for 5.1-5.4 in 0.1 M TBAPF; acetonitrile solution.

Table 5.2. Ground-state reduction potentials for Cr(Ill) iminopyridine complexes.

Compound E,» ¢ 3+/2+ 2+/1+ 1+/0 0/1- 1-/2—
[Cr(L1)]* —0.45 (71) —0.93(70)  -1.55(77)  —2.44 (160) irr

[Cr(L2)]* —0.25 (71) —0.67(71)  -1.12(71)  —1.89(81) -2.18 (86)
[Cr(L3);]*" —0.41 (69) 090 (71)  -1.56(72)  —2.40(89) irr

[Cr(L4);]*" ~0.20 (76) -0.63(73)  -1.11(74)  —1.87(78) -2.17 (91)
[Cr(bpy);]*™® —0.63 (72) ~1.15(71)  —1.72(69) —2.34 (74)

[Cr(phen)y”™® —0.65 (70) ~117(72)  -171(75)  —2.21(77)

“Potentials reported in V vs Fc™” (AE, in mV). Conditions for cyclic voltammetry of Cr complexes:
electrolyte, 0.1 M TBAPF; in CH;CN; WE, Pt; CE, Pt wire; scan rate, 100 mV/s. ® Data from Reference
2.

A more profound effect involves the inclusion of the electron-withdrawing ester groups, which shift
the first reduction waves toward positive potentials by approximately 200 mV. For each successive
reduction, the potential difference between the ester-functionalized and parent complexes increases.

Additionally, the ester-functionalized complexes have a fifth reversible reduction wave that is accessible

within the solvent window, whereas the parent complexes only have four accessible reduction waves and

119



the waves at the most negative potentials are irreversible. The much larger effect of the ester functionality
compared to that of the nitrogen tether is expected given the ester’s presence within the conjugated -
system of the iminopyridine ligands.

While there are very few chromium impy complexes reported in the literature,” the electrochemistry
reported here is very similar to electrochemistry for a bis(iminopyridine) Cr(Ill) complex reported by
Wieghardt and coworkers.”' For our complexes, each imine on the unfunctionalized parent ligand is able
to undergo a one-electron reduction, generating a ligand radical. Addition of a fourth reducing equivalent
to the tris-bidentate or tripodal hexadentate complex leads to an irreversible reduction. The inclusion of
the electron-withdrawing ester groups allows for two additional reversible reductions to take place for the
complex overall. It is likely that a third additional reduction wave would be present, but it is outside the
acetonitrile solvent window.

5.4.3 Electronic Absorption. For comparison, ground-state electronic absorption spectra for fresh
acetonitrile solutions of each of the complexes are shown in Figure 5.3. The spectra for each of the
complexes are similar at short wavelengths, with a strong absorption peak near 205 nm. This peak
correlates with a peak observed in the spectra of all free ligands near 200 nm. All of the iminopyridine
Cr(IIT) complexes are moderately strong UV absorbers with & of 10,000-20,000 M 'cm ' between 250 and
325 nm. Comparing the two tripodal species 5.1 and 5.2, a shoulder to the 205 nm peak occurs at 255 nm
for each complex. This shoulder correlates to a peak and shoulder at 245 and 254 nm, respectively, found
in L2 (ligand spectra in Figure A4.7). In L1 the analogous peak is significantly blue shifted and appears at
233 nm. For a comparison of the spectral features from the two tris-bidentate complexes 5.3 and 5.4, a
pronounced shoulder near 235 nm appears in each. This shoulder matches well with a peak that occurs at
234 nm for L3, and is shifted slightly from the analogous peak in L4, which lies at 245 nm.

When comparing the two parent complexes (5.1 and 5.3) to the ester-functionalized species (5.2 and
5.4), the ester-containing complexes show higher molar absorptivities in the UV region of A < 330 nm.

This is most likely due to the additional conjugation the ester groups provide to the iminopyridine ligands,

120



thus impacting ligand-centered absorptions as well as transitions that derive intensity from charge-transfer
character involving the ligands.

In addition to the ultraviolet ligand-based absorptions, there is a broad peak and shoulder feature at
~300 nm and ~325 nm, respectively, for each of the four complexes. These transitions are likely to be
charge transfer in nature because of their absence in the free ligands and their relatively strong intensities.
The lowest energy shoulder is red shifted by 5-6 nm for the ester-functionalized ligand complexes relative
to their parent iminopyridine ligand complexes. This red shift is consistent with expectations for metal-to-
ligand charge-transfer (MLCT) given the presence of electron withdrawing substituents on the ester
ligands L2 and L4. However, one might also expect red shifting for ligand-to-metal charge transfer
(LMCT) if such ligands serve to reduce electron-electron repulsion in the metal-centered orbitals. It is
noted that the ~350 nm band in [Cr(bpy);]’" is most often attributed to LMCT,>* since there is an

energetic penalty for oxidizing Cr(III) to Cr(IV) as would formally occur during MLCT. "
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Figure 5.3. Electronic absorption spectra collected in acetonitrile for Cr(IIl) complexes 5.1-5.4 in the UV
range (main) and the visible range (inset). All spectra were collected at room temperature.
The molar absorptivities of the two tris(bidentate) complexes diminish more rapidly at A > 350 nm

compared to their tripodal counterparts. Optically, this translates to more visible coloration in 5.1 and 5.2

compared to 5.3 and 5.4. Solutions of complex 5.1 appear as a tan-orange color and solutions of complex
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5.2, which has an additional peak centered at 390 nm with an € = 2100 M 'cm ', are a tan-brown color.
Compounds 5.3 and 5.4 appear light yellow in solution as well as in the solid state.

Overall, changes to the ligand structure impact the absorption properties of the metal complexes. We
find that addition of ester groups to the iminopyridine ligands helps to increase molar absorptivity for the
UV and near-UV region, while addition of the nitrogen tether increases absorptivities in the visible
wavelengths between 350 and 650 nm.

5.4.4 Probing Complex Stability in Solution. We hypothesized that tethering of the iminopyridine
ligands would increase overall complex stabilities in solution, both in the ground-state and in photo-
induced excited-states. Because photophysical properties for related tris(dipyridyl) Cr(III) complexes
must be studied in acidic media to avoid photo-excited ligand substitution and/or solvolysis,” we first
probed the properties of 5.1, 5.2 and 5.4 in 1M HCl,,q). Within 1 hour of dissolution, their spectra indicate
conversion of the initial complex to another species (Figure A4.10). A white precipitate observed in
acidic aqueous solutions of 5.2 indicates the loss of the hexadentate ligand, which may be initiated by
protonation of the bridgehead nitrogen in acidic media. Yellow-to-pink color changes observed for 5.4 are
reminiscent of the color of bis(bidentate) complex [Cr(phen),(OTf),](OTf) in the solid state and in
acetonitrile solution,”® and suggest the loss of one of the iminopyridine ligands with replacement by
solvent molecules or coordinating anions. However, we have never observed hydrolysis of the imino
groups in 1M HCl,. The fact that 5.1 also changes over time indicates that the presence or absence of
the ester functionality does not significantly impact the stability of the complexes in acidic solution.

Since the complexes have good solubility in acetonitrile and we are able to crystallize pure 5.2 and
5.4 from this solvent, we investigated the stability of those compounds in acetonitrile as an alternative to
acidic media. Relative to [Cr(phen);](OTf);, ground-state absorption for 5.2 and 5.4 in acetonitrile (Figure
A4.11) show small shifts over 24 hours. One possible explanation for the spectroscopic changes observed
in acetonitrile could be related to the hydrolytic sensitivity of the charge-balancing BF,™ anion to trace
amounts of water, which is accelerated in the presence of acidic species.”> Mass spectra of mixed
CH;CN/water solutions of 5.2 and 5.4 show peaks that contain fluorine without boron (e.g. [Cr(L4),F,]").
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The loss of BF; as a weakly interacting anion and its replacement by either fluoride- or oxygen-
containing hydrolysis products would likely generate Cr species with directly coordinated anions,
resulting in qualitatively different absorption spectra. Note that the hygroscopic nature of 5.1 and 5.3
could contribute further to anion instability for those compounds.

We conclude that, at least for the Cr(Ill) species examined here, thermodynamic stability is not
significantly enhanced by use of a hexadentate tripodal ligand relative to the bidentate iminopyridine
species on the time scales that were probed: 5.2 and 5.4 show similar solution chemistries. The
photophysical studies discussed below are carried out in fresh solutions of the compounds using dry
acetonitrile.

5.4.5 Emission Spectroscopy. In the photophysical discussions that follow, we focus on the two
compounds (5.2 and 5.4) that can be obtained as X-ray quality crystals, and more importantly contain
potential attachment points to a semiconductor surface in the form of ester functional groups. Following
excitation at 355 nm, compound 5.4 is emissive in deoxygenated acetonitrile at room temperature (Figure
5.4). The spectrum is similar to that observed for Cr(Ill) tris-bipyridyl complexes."” The most intense
band at 740 nm (1.68 eV) is assigned to “E—*A phosphorescence. A weaker shoulder observed at 700 nm
is expected to originate from the T state, which is thermally equilibrated with the °E state. An excitation
spectrum of 740 nm emission (Figure 5.5) shows that excited-states produced in the complex via
excitation throughout the reddest portion of the UV absorption spectrum convert to the emissive °E state.

The °E emission quantum yield (¢en) of 5.4 is measured (by relative comparison to a [Ru(bpy)s](PFe),
standard) to be 0.00061 + 14% in deoxygenated acetonitrile at room temperature. This represents a 64%
reduction in emissive quantum yield compared to [Cr(bpy);](OTf); where we observe @, = 0.0017 + 18%

under the same conditions.
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Figure 5.4. Emission spectra for freshly prepared solutions of 5.2 and 5.4 in deoxygenated acetonitrile at
room temperature following 355 nm excitation.
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Figure 5.5. ’E excitation spectrum for a fresh prepared solution of 5.4 in deoxygenated acetonitrile at
room temperature obtained by monitoring 740 nm emission intensity while varying the excitation
wavelength. The excitation spectrum and ground-state absorption spectrum are normalized and overlaid
for comparison.

Using nanosecond time-resolved emission spectroscopy, the “E excited-state lifetime (Tops) of 5.4 was
measured and a typical emission decay kinetic trace is presented in Figure 5.6. These data are fit with a
single exponential decay model indicating Tos = 19 us £ 3% in deoxygenated acetonitrile at room

temperature. Transient absorption kinetics (following excitation with a ~5 ns pulse at 355 nm) have also

been measured in deoxygenated acetonitrile at room temperature throughout the near-UV and visible
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spectra (350 nm — 590 nm); all data show single-exponential decay of absorption features (Figure A4.12)
with a comparable time constant (tes = 17 pus + 5%). The us time scale of emission (and absorption)
decay agrees with the expected behavior of the °E state, where the lowest energy radiative pathway is °E
— *A phosphorescence. The observed lifetime is comparable to molecules such as [Cr(bpy)s;](OTf)s,

where 35 us was measured under the same conditions used in this work.
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Figure 5.6. “E emission kinetic trace for 5.4 monitored at 750 nm in deoxygenated acetonitrile at room
temperature following 355 nm laser excitation.

It is common to combine both static and time-resolved emission data to determine non-radiative
(2 kny) and radiative (2] k,) rate constants according to Eq. 5.2, where ¢y, refers to the quantum yield of

formation of the lowest energy excited-state from the Franck-Condon state.

Pem _ Yk _ Yk _
/q)form - ket kny - Kobs = Tobs 2 kr

(5.2)
Assuming that ¢y, is close to unity (an assumption that has not yet been tested extensively for this
complex) we find that for compound 5.4, £k, = 32 s and Tk, = 52600 s to be compared with k, =47 s
"and Zk, = 27700 s measured for [Cr(bpy);](OTf); under the same conditions. Thus for 5.4 relative to
[Cr(bpy);](OTf);, 2k, is decreased by 32% while Xk, nearly doubles. Both quantities contribute to the

lower emissive quantum yield for 5.4. Although the excited-state lifetime of 5.4 is shortened relative to
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[Cr(bpy);](OTf);, it is still in the us time scale. If stability issues were not a concern, 5.4 could be a
candidate for performing photo-induced oxidation reactions or interfacial hole-transfer photochemistry,
provided that the quantum yield for forming the ’E (i.e., @1m) 1 indeed high.

Unlike the tris(bidentate) complex 5.4, the hexadentate complex 5.2 has shown no evidence for
transient absorption throughout the visible (beyond the ~5 ns excitation pulse width) or “E emission at
room temperature. This latter point is shown, for example, in Figure 4 in the wavelength region of 650-
850 nm where no emitted light is detected. This region is inclusive of where °E emission (which is
particularly insensitive to ligand or environment for the d* electronic configuration) would be observed
for most Cr(Il) species.’® The crystallographic data for 5.2 discussed previously in this paper are
unremarkable with respect to the Cr coordination environment and would not preclude a ligand field
comparable to what is present in 5.4. The major difference in the coordination environments between 5.2
and 5.4 is the facial versus meridional arrangement of the iminopyridine moieties, respectively. However,
for [Cr(a-picolylamine)]*", it is reported that fac- versus mer- coordination imparts only small differences
to complex emission properties, and both geometries give rise to “E emission with lifetimes near 200 ps at
77 K.** The lack of °E emission at room temperature in our case therefore suggests that either Xk,, is large
Or @um is small. The details are important and will be elucidated in future work, including low
temperature emission studies and transient absorption studies. Nevertheless, these initial observations,
specifically the apparent absence of appreciable °E lifetime at room temperature, suggest that 5.2 is not
ideal as a sensitizer for excited-state redox chemistry.

In addition to the “E emission found and discussed above for 5.4, we report the observation of higher
energy emitted light in the region of 350-550 nm for samples of 5.4 as well as for 5.2 with much lower
intensity (Figure A4.13). Attempts were made to measure the excited-state lifetimes using these emission
bands, however, no us emission kinetics were observed and emission could not be resolved with a laser
pulse width of ~5 ns. This suggests that excited-state lifetimes elucidated via these emission bands decay

on a time scale of ns or shorter.
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We first considered whether the higher energy emission for 5.4 suggested dual emission, wherein the
Franck-Condon state partitions between °E formation and decay via other pathways, some of which are
radiative at ~ 425 nm (Figure A4.13). Such photophysics would contribute to measurement of a small ¢,,,
via non-unity ¢y,.,. There are two observations that lead us to consider that dual emission is unlikely.
First, wavelength-dependent excitation scans of emission collected at 470 nm (Figure A4.14) show a stark
difference to those collected at 740 nm (Figure 5.5) where there is excellent agreement between the
features of ground-state absorbance and the excitation scans. Second, acetonitrile solutions of 5.4 aged for
24 hours exhibit a significant increase in the emission intensity of the ~ 425 nm band without significant
change to the 740 nm ’E band (Figure A4.13). These observations suggest the growth of a small amount
of a new strongly emissive compound as the samples age in solution. Studies performed on 5.2 give
similar results (Figures A4.13-A4.14), although the percentage change is significantly lower than what is
observed for the tris(bidentate) complex 5.4.

Cr(Ill) complexes with bidentate ligands similar to the iminopyridines reported here have been
studied.™ At 77 K, [Cr(a-picolylamine);]*" shows emission at ~700 nm, which was assigned to be ’E —
*A phosphorescence, and another emission band at ~390 nm was assigned to be ligand-centered emission.
One important piece of evidence that supports the authors’ assignment was that the free a-picolylamine is
emissive under the same condition. However, the free ligands (L1-L4) are not emissive in room
temperature acetonitrile, suggesting that the 350-550 nm emission observed in 5.4 and 5.2 is unlikely to
be due to free ligand in the case of 5.4 or from a dissociated ligand arm in the case of 5.2.

5.4.6 Electronic Structure Considerations. Photophysical behavior of Cr(Ill) complexes is
generally conceived as involving the quartet and doublet manifolds, where the lowest energy, long-lived
doublet state is essentially a linear combination of spin-flipped (Ms = 2) configurations of the metal-
based quartet ground-state. In principle, sextet states may also contribute to the photophysical behavior
observed. Based on the results presented here as well as previous work, it is clear that the ligands are

heavily involved in complex properties: ground-state reduction of these kinds of complexes places the
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d,’”***" and small changes in the ligand set appear to deactivate emission

reducing equivalent on the ligan
in 5.2 compared to 5.4.

To explore a wide range of deactivation scenarios, multi-determinantal (MD) UB3LYP-DFT and TD-
DFT computational studies were performed. Excitation energy (EE) diagrams are presented in Figure 5.7,
lowest computed excitation energies are collected in Table 5.3, and representative natural transition
orbital (NTO) plots are provided in Figure 5.8. For all complexes studied, the lowest doublet excited-
states are lower in energy than the various quartet excited-states, indicating that “E excited-states should
be energetically accessible for all the iminopyridine Cr(III) complexes studied. For complex 5.4" (using
methyl iminopyridine ligand L4" instead of ethyl iminopyridine L4), the MD-DFT calculated first doublet
excited-state energy (1.61 eV) is confirmed by experimental result for 5.4 from room temperature static
emission (1.68 eV). For [Cr(bpy)s]’", the reported “E emission of 1.71 eV compares well with the MD-
DFT calculated energy 1.60 eV. In addition, for all four complexes the lowest doublets concentrate spin
density in the three Cr t,, orbitals. However, whereas 5.4, [Cr(bpy);]’", and [Cr(4-dmcbpy);]*" show

emission from the doublet manifold, 5.2 does not. Therefore, the simple presence of a low-lying doublet

does not ensure productive emission.

Table 5.3. Computed excitation energies (EE) for selected complexes (eV)

Complex I 1"Mg= 1%doublet 1% doublet EE 1% sextet
quartet 2 EE EE (proj) (MD-DFT) EE
EE
[Cr(bpy)s](BFy)s 271 1.07 158 1.60 311
[Cr(4-dmcbpy)s](BFs)s 254 1.09 1.59 1.62 2.95
[Cr(L1)](BF.); (5.1) 192 1.05 1.55 1.57 3.14
[Cr(L2)](BF,); (5.2) 195  1.03 1.52 1.54 3.16
[Cr(L3"%](BF,): 53¢ 271 1.07 1.59 1.61 3.42
[Cr(L4')](BF,); (5.47) ¢ 286 1.08 1.61 1.61 3.29

“ Ligands marked by " are methyl-terminated instead of ethyl-terminated.
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In addition to comparison with experiment for the emissive doublet, the accuracies of the doublet
manifold energies were further probed by TD-DFT studies. States within 3.5 eV of the lowest energy
doublet were computed (since the experimental pumping wavelength of 355 nm is ~3.49 eV), absorption
spectra were calculated for 5.2 and [Cr(bpy);]’", and the latter computed spectrum was compared to the
transient absorption spectrum for [Cr(bpy);]*" (as discussed above the °E state is not observed for 5.2).
Good qualitative agreement between theory and experiment is observed (Figure A4.16).

Figures 5.7 and 5.8 highlight unique features of the tripodal complex salt 5.2 relative to [Cr(bpy)s]*",

[Cr(4-dmcbpy)s]’", and 5.4". For the doublet and quartet spin manifolds, there are sets of lower energy
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Figure 5.7. Computed excitation energies for selected Cr(III) complexes, where the ground-state quartet
energy for each complex is set at zero. For each species, the left column is the doublet manifold (D), the
middle column is the quartet manifold (Q), and the right column is the sextet manifold (S).

excited-states for 5.2, relative to the other three complexes. For the sextet manifold, 5.2 does not have the

lowest energy state but does have a significantly higher density of states than 5.1 or 5.4° (Figure 5.7).
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Additionally, the second set of doublet states of 5.2 (~2.8 eV) display different orbital character than

those of 5.4” (Figure 5.8) or [Cr(4-dmcbpy)s]*" (Figure A4.21).

Figure 5.8. Natural transition Orbitals (NTOs) for the lowest (a) doublet and (b) quartet transitions for 5.2
(left) and 5.4 (right). In each pair, the left NTO corresponds to where the excitation is from while the
right NTO is where the excitation is to. Hydrogen atoms have been removed for clarity.

As developed in the Supporting Information (Figure A4.17-A4.21), the energetic position and orbital
character of the quartet and doublet excited-states provide an explanation for the absence of observed
doublet emission and transient absorption for 5.2. Briefly, for 5.2, [Cr(4-dmcbpy)s]*", and 5.4", the lowest
quartet excited-states involve excitation from a ligand (ligand 7 or N,ui,.) orbital to an orbital that is an
admixture of ligand n* and Cr t,, character. For [Cr(4-dmcbpy)s]’" and 5.4 the second set of doublet
states arise from transitions that are dominantly Cr t,, — Cr t,, in character (lowest doublet transitions in

Figure 5.8, A4.21), as shown in Eq. 5.3 below:
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For both [Cr(4-dmcbpy);]*" and 5.4” there is a small admixture of ligand character in the donating orbital,
with larger admixture for the iminopyridine than for the bipyridine complex. In contrast, for 5.2, the
admixture of ligand character dominates: the transition for 5.2 is LMCT in nature (Namine — Cr ty
transition). For both [Cr(4-dmcbpy);]*" and 5.4” the higher energy low spin t2g3 doublet states can readily
undergo internal conversion to the lower t2g3 doublet states via the large congruence of orbital character,
electronic coupling, and ligand geometry. For 5.2, due to a disparity of orbital character and ligand
geometry, internal conversion from higher doublets to the lowest energy set of doublet states competes
with intersystem crossing to a set of quartet states with congruent orbital character (and ligand geometry)
which shares little orbital character with the lowest doublet states.

In summary, the NTO analyses show several key features. First, the involvement of the ligand’s
bridgehead nitrogen helps to explain why the tripodal complex 5.2 has much lower energy quartet and
doublet excited-states relative to its tris(bidentate) relatives 5.4” and [Cr(4-dmcbpy);]*". Second, 5.2 can
undergo photo-excitation similar to 5.4” and [Cr(4-dmcbpy)s]*", and the three complexes have reasonable
pathways for intersystem crossing into the doublet manifold. However, distinct from the non-tethered
species, intersystem crossing and/or internal conversion events allow photo-excited 5.2 to settle into a
low-energy, largely ligand-based quartet excited-state featuring little spatial congruence with the lowest
energy metal-based doublet set. This quartet has dominant ligand-based charge transfer character,
implying that there will be significant reorganization on both solvent and intramolecular nuclear
coordinates relative to the ground-state of the molecule where the quartet character is metal-based. These
factors along with the already-noted low energy of the quartet excited-state, will contribute to large non-
radiative rates for internal conversion. Indeed, the bridgehead nitrogen of the tripodal ligand introduces
“real intruder” ligand-based excited-states for complexes 5.1 and 5.2.

It is important to note that the original impetus for studying the tripodal ligand complexes — increased

absorption in the visible spectrum relative to Cr(Ill) dipyridyl species — is validated by the computational
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results: the tripodal complexes feature increased density-of-states of the quartet manifold at lower energy
compared to the other complexes studied (Figure 5.7), which is necessary for more efficient storage of
visible spectrum energy. That the bridgehead nitrogen is also a source of efficient deactivation pathways
is not readily apparent from a standard coordination chemical analysis of the ligand, especially for a

functional group that is neither bound to the metal ion nor conjugated with the binding groups.

5.5 Conclusions and Outlook

We have prepared and studied the photophysical properties of a series of Cr(III) iminopyridine
complexes, both in tethered and tris(bidentate) forms. While the solution stability of the complexes is not
markedly improved by addition of the tether, the photophysical properties of the species are quite affected
by the presence or absence of the bridgehead nitrogen moiety. The tris(bidentate) complex 5.4 shows us
emission at room temperature, similar to aromatic diimine complexes studied previously, and consistent
with the existence of a long-lived (doublet) excited-state. In contrast, the tripodal complex 5.2 does not
appear to emit from the doublet excited-state or give us time-scale transient absorption signals.
Computational results show the importance of small ligand modifications on photophysical properties. In
future studies, we will explore the synthesis of podand-type ligands where the Cr(IIl) center can be
completely incarcerated in the ligand framework, so as to avoid the formation of species due to ligand
loss or exchange. We will also seek to replace the bridgehead nitrogen with other species to probe the
electronic perturbations on excited-state behavior.

As part of this work, we have developed a computational protocol for quartet-doublet-sextet systems
that (a) gives good agreement with available experimental observations, and (b) highlights the importance
of ligand-based excited-states. Current and future computational efforts aim to incorporate the key spin-
orbit coupling intersystem crossing matrices in a straightforward and efficient manner. Controlling both

the quartet and doublet manifolds is important, and this experimentally-validated approach may be useful
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in predicting suitable Cr(III) complexes which absorb more strongly in the visible spectrum and continue

to allow efficient population of the long-lived doublet excited-state.
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Chapter 6. Synthesis of “Cr(II)” and “Cr(I)” Polypyridyl Complexes

6.1 Introduction

In our previous studies of Cr(Ill) polypyridyl complexes, we employed a synthetic route which used
“Cr(II)” precursors. We became interested in the Cr(II) and more reduced analogues of our complexes for
two reasons. In hole injection photomaterials that use Cr(III), upon hole injection the 3+ species would be
formally reduced to 2+. The reduction increases the lability of the resultant complex ion compared to the
inert Cr(IIl). Understanding the behavior of the labile reduced versions of Cr polypyridyl complexes
would help us to better design ligand sets which would improve solution stability and preserve
photophysical performance. Additionally, in Cr polypyridyl complexes the polypyridyl ligands can
behave non-innocently. As discussed in Chapter 1, the reducing equivalent that separates [Cr(L>°°M)]*
from [Cr(L°°™%)]*" actually resides on the L¥°°™¢ ligand, and both complexes are best described as
having a Cr(III) metal center. Our group is also interested in the interaction between unpaired spins, and
reduced versions of the Cr polypyridyl complexes would contain a Cr(Ill) center with three unpaired
spins and ligand radical species.

In the course of this work, Wieghardt and coworkers published work' on the synthesis and
characterization of reduced forms of [Cr(‘bpy);]", where bpy is 4,4'-di-tert-butyl-2,2'-bipyridine, and n =
3+, 2+, 1+ and 0. The work described in this chapter focuses on reduced forms of a similar ligand, 4-
dmcbpy, which contains strongly electron withdrawing ester groups in contrast to the electron donating ¢-
butyl moieties used in Wieghardt’s work. In addition, we describe the reduced form of an iminopyridine
complex, [Cr(tren(py)s]*". The structural and electrochemical data presented here are in agreement with
the observations and conclusions presented by Wieghardt and coworkers, specifically that reducing
equivalents added to Cr polypyridine'? or iminopyridine® complexes do not reside on the metal, and that

these complexes are best described as Cr(III) ions ligated to anionic radical ligands.
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6.2 Division of Labor
REU student Ethan Hill synthesized tren(impy)s;, [Cr(tren(impy);)](BFs4),, and carried out bulk
electrolysis studies on this complex under the direction of Ashley McDaniel. All other experimental work

was performed by Ashley McDaniel.

6.3 Experimental Section

6.3.1 Preparation of Compounds. Unless otherwise noted, compound manipulations were
performed either inside a dinitrogen-filled glovebox (MBRAUN Labmaster 130) or via Schlenk
techniques on an inert gas (N;) manifold. [Cr(CH;CN)4(BF;),] and the ligands dimethyl 2,2'-bipyridine-
4.4-dicarboxylate  (4-dmcbpy)* and  (E)-N1-(pyridin-2-ylmethylene)-N2,N2-bis(2-((E)-(pyridin-2-
ylmethylene)amino)-ethyl)ethane-1,2-diamine (tren(impy);)’ were synthesized according to the literature.
Pentane was distilled over sodium metal and subjected to three freeze-pump-thaw cycles. Other solvents
were sparged with dinitrogen, passed over alumina, and degassed prior to use. All other reagents were
obtained from commercial sources and were used without further purification.

[Cr(4-dmcbpy);](BF,), (6.1). Under a dinitrogen atmosphere, a solution of [Cr(CH;CN)4(BF;),]
(0.148 g, 0.38 mmol) in 3 mL of acetonitrile was added to a suspension of 4-dmcbpy (0.342 g, 1.256
mmol) in 6 mL of acetonitrile to form a forest green solution. The solvent volume was reduced to 3mL in
vacuo and treated with 15 mL of diethyl ether to afford a forest green precipitate. The solution was
filtered, the isolated powder was washed with diethyl ether (3 x 2 mL), and then dried in vacuo to afford
0.385 g (97%) of product. IR (mineral oil): vc—o 1727 cm™'. Absorption spectrum (MeCN) Apax, (€): 313
(25900), 478 (2220), 635 (2630), 770(sh, 1700), >1100 nm (>2000 M 'em ™). Crystals suitable for X-ray
analysis were obtained by slow diffusion of diethyl ether into an acetonitrile solution of the compound.

[Cr(4-dmcbpy);](BFs) (6.2). Solid 6.1 (0.148g, 0.14 mmol) was added to 6 mL of N,N-
dimethylformamide. Upon dissolution, the initially green solid formed an indigo colored solution. After

stirring overnight, the solution was added to 40 mL of diethyl ether to precipitate an indigo solid. The
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solid was collected by filtration and washed with diethyl ether (3 x 2 mL) and pentane (3 x 2 mL), and
dried in vacuo to afford 0.133 g (98%) of product. IR (KBr pellet): vc—o 1716 cm™'. Absorption spectrum
(MeCN) Anax:414 (sh), 454, 556, 624, 668, 806, >1100 nm. ES+MS (MeCN): m/z 868.07 ([Cr(4-
dmcbpy);]"), 596.12 ([Cr(4-dmcbpy).]"). 434.07 ([Cr(4-dmcbpy)s]*).

[Cr(tren(impy);)](BF,), (6.3). A solution of [Cr(MeCN),(BF,),] (0.188 g, 0.484 mmol) in 3 mL of
acetonitrile was added to a solution of tren(impy); (0.200 g, 0.484 mmol) in 5 mL of acetonitrile to form a
dark brown solution. After stirring for 2 h, the reaction solution was concentrated to ~2 mL in vacuo, then
added to 18 mL of diethyl ether to produce a dark brown precipitate. The powder was collected by
filtration, washed with diethyl ether (3 x 2 mL) and pentane (3 x 2 mL), and dried in vacuo to afford
0.299 g (97%) of product. Crystals suitable for X-ray analysis were obtained by slow diffusion of diethyl
ether into an acetonitrile solution of the compound.

6.3.2 Bulk Electrolyses. Electrochemical experiments were carried out inside a nitrogen filled
glovebox at ambient temperature in a two compartment cell. Each cell compartment contained
approximately 30 mL of 0.1M TBAPF; acetonitrile solution and the two compartments were separated by
a porous glass frit (24.2 mm diameter and 4 mm thick). In the working compartment was kept a coiled Pt
wire or Pt mesh attached to a Pt wire electrode as the working electrode and an Ag wire quasi-reference
or a non-aqueous Ag/Ag’ (0.1M AgNO; in CH;CN, Vycor frit) electrode as the reference electrode and a
flea magnetic stirbar to maintain solution agitation. In the auxiliary compartment a solid Pt flag or Pt
mesh basket electrode was used as the auxiliary electrode. Between 60 to 200 mg of “Cr(Il)” complex
was dissolved in the working compartment solution.

Prior to bulk electrolysis experiments, a cyclic voltammogram of the solution in the working
compartment was carried out to determine the potential at which to carry out the bulk electrolysis. Bulk
electrolysis experiments were carried out in constant potential mode and current and charge passed were

monitored. Over the course of the experiment diffusion of the Cr containing species through the frit into
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the auxiliary compartment was observed by the yellow coloration of the solution in the auxiliary
compartment (indicating presence of Cr(III) species).

Future experiments would benefit from a dual compartment cell with a smaller diameter frit
connecting the two compartments. Additionally, better results were obtained when using a Ag/Ag" non-
aqueous reference electrode instead of a Ag wire quasi-reference, most likely due to the ability of the Ag
quasi-reference potential to ‘float’ as the composition of the solution changed over the course of the
experiment.

6.3.3 X-Ray Structure Determinations. Crystals suitable for X-ray analysis were coated with
Paratone-N oil and supported on a Cryoloop before being mounted on a Bruker Kappa Apex II CCD
diffractometer under a stream of dinitrogen. Data collection was performed at 120 K with Mo Ka
radiation and a graphite monochromator, affording complete coverage and 4-fold redundancy. Initial
lattice parameters were determined from 500 reflections harvested from 36 frames; these parameters were
later refined against all data. Crystallographic data and metric parameters are presented in Table 6.1. Data
were integrated and corrected for Lorentz and polarization effects by using SAINT, and semiempirical
absorption corrections were applied by using SADABS.® The structures were solved by direct methods
and refined against F° with the program XL from the SHELXTL 6.14 software package.” Unless
otherwise noted, displacement parameters for all non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were added at idealized positions and were refined by using a riding model where the
displacement parameters were set at 1.2 times those of the attached carbon atom (1.5 for methyl protons).

In the structure of 6.1:2 CH3CN, one of the 4-dmcbpy ligands and one of the BF, anions are
positionally disordered. In one 4-dmcbpy ligand, an ester group contains a disordered methyl group split
over two positions including C29 and C29a. The disorder refines to a 56:44 occupancy ratio and both
carbon atoms were treated isotropically. In the BF, anion containing B67, each of the four fluorine atoms
are disordered over two positions and refine to an 86:14 ratio. The major part of the disorder was treated

anisotropically and the minor part was refined isotropically. The bond lengths and angles in the
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disordered anion were constrained to match those of the non-disordered anion by using the SAME
command.

The structure of 6.3 includes disorder in one of the anions. The BF, anion containing B2 is
rotationally disordered along the B2-F5 axis and F6, F7, and F8 are split over two positions. The disorder
refines to a 54:46 occupancy ratio and each set of fluorine atoms were treated anisotropically. The bond
lengths and angles in the disordered anion were constrained to match those of the anion containing B1 by

using the SAME command.

Table 6.1. Crystallographic data for compounds 6.1 and 6.3.°

6.1-:2CH;CN 6.3
formula C46H42B,Cr FsN3O 1, C,4H»7B,CrFgN;
fw 1124.50 639.15
color, habit  green plates brown plates
T,K 120(2) 120(2)
space group  P2i/c P2i/c
Z 4 4
a, A 10.1513(4) 15.9010(9)
b, A 26.2084(9) 10.7443(6)
c, A 18.3876(7) 17.0864(9)
a, deg 90 90
B, deg 90.192(2) 114.907(3)
Y, deg 90 90
v, A’ 4892.0(3) 2647.6(3)
deate, glem’ 1.527 1.603
GOF 1.040 1.137
Ri(WRy)", % 5.51(13.64) 3.72 (10.68)

“ Obtained with graphite-monochromated Mo K, (A = 0.71073 A) radiation.
PRy =3=F,|— |F||[/Z|F,|, WRy = {Z[W(Fy — F2VZwW(F.H)} " for F, > 4o( F,).

6.3.4 Other Physical Methods. Absorption spectra were obtained with a Hewlett-Packard 8453
spectrophotometer in airfree glass cuvettes; all experiments were performed at room temperature. Infrared
spectra were measured with a Nicolet 380 FT-IR spectrometer. Mass spectrometric measurements were
performed in the positive ion mode on a Finnigan LCQ Duo mass spectrometer, equipped with an

analytical electrospray ion source and a quadrupole ion trap mass analyzer. Cyclic voltammetry

141



experiments were carried out inside a dinitrogen filled glove box in 0.1 M solutions of (BusN)PFs in
acetonitrile unless otherwise noted. The voltammograms were recorded with either a CH Instruments
1230A or 660C potentiostat using a 0.25 mm Pt disk working electrode, Ag wire quasi-reference
electrode, and a Pt wire auxiliary electrode. All voltammograms shown were measured with a scan rate of
0.1 V/s. Reported potentials are referenced to the ferrocenium/ferrocene (Fc™”) redox couple and were
determined by adding ferrocene as an internal standard at the conclusion of each electrochemical

experiment.

6.4 Results and Discussion

6.4.1 Syntheses. In the course of preparing [Cr(4-dmcbpy)s]** for photophysical studies as discussed
in Chapter 3, we found that the trivalent species could be easily accessed through synthesis of the divalent
species, followed by in situ oxidation using a chemical oxidant. We also found that the [Cr(4-dmcbpy);]**
complex is isolable as the tetrafluoroborate salt (6.1) when [Cr(CH;CN)4(BF,),] was added to three
equivalents of the ligand. The forest-green solid is isolated in high yield by diethyl ether precipitation
from the reaction mixture and can be crystallized by diethyl ether diffusion into acetonitrile.

Initially we attempted to access the more reduced forms of the tris 4-dmcbpy complex, namely [Cr(4-
dmcbpy);]” and [Cr(4-dmcbpy);]° in multiple ways. We attempted chemical reductions using cobaltocene
in dichloromethane (DCM) and sodium diphenylketyl radical in tetrahydrofuran (THF). We attempted
disproportionation of [Cr(4-dmcbpy)s]*" to [Cr(4-dmcbpy);]*" and [Cr(4-dmcbpy)s]” in methanol as
disproportionation of [Cr(phen);]*" had been reported previously in protic solvents.® None of these
methods produced the monovalent or neutral tris complexes, so we then turned to bulk electrolysis. We
attempted bulk electrolysis of [Cr(4-dmcbpy);]*" in acetonitrile solution; however, this also did not yield
the desired complexes.

Serendipitously, when reattempting the bulk electrolysis in an alternate solvent, N,N-
dimethylformamide (DMF), upon dissolution of [Cr(4-dmcbpy);](BF,), there was a near instantaneous
color change from the deep-green color of the initial complex to an intense blue-purple color. From this
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mixture, a blue-purple powder can be isolated by diethyl ether precipitation. Electrochemical, mass
spectroscopic and electronic absorption characterization of the isolated power indicates that it is [Cr(4-
dmcbpy);](BF,) (6.2). The UV-Visible spectrum of [Cr(4-dmcbpy);](BF,) (6.2) includes multiple bands
in the visible range which diminish over time if the sample is exposed to air. Aerobic oxidation yields a
violet to green color change and a spectrum which is nearly identical to freshly prepared samples of
[Cr(4-dmcbpy);](BF4), (6.1) as shown in Figure 6.1 and AS5.3. Additionally, the main ion found in
positive-ion mode mass spectrometry is 868.07 m/z with an isotopic pattern that matches [Cr(4-
dmcbpy);]” (Figure A5.4-6). Crystals of this complex can be grown by diethyl ether diffusion into
concentrated methanol solution; however, the crystals obtained do not diffract well enough to be suitable

for structure determination.

Absorbance (AU)

V1OIUOI o
Wavelength (nm)

Figure 6.1. Comparison of electronic absorption spectra of [Cr(4-dmcbpy);]"" complexes in CH;CN.
Violet trace is 6.2, n = 1. Green trace is 6.2 after aerobic oxidation. Dashed dark green trace is 6.1, n = 2.
There have been reports of DMF’s use as a reducing agent for metal species previously in the
literature; however, it is generally used to make nanoparticles of electropositive metals like Ag”,” Au*","
and Pd*",'"" and for Pt/Ni alloys.'* There are several potential byproducts to DMF oxidation,"® but most
pathways for DMF oxidation generate gases (CO or CO,, and H,). Since no obvious effervescence or gas
or pressure generation was observed accompanying the green to indigo color change, it is likely that
another pathway is active. One route which does not necessitate gas generation includes the production of

carbamic acid and protons.” It is worth noting that all of the routes to DMF oxidation discussed above
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require water. While the exact reduction potential for DMF has not been reported, the solvent has a
working range of approximately 1.0 to 3.2 V vs Fc™,'* and it is used extensively as a medium for
electrochemical experiments. It was unexpected that it would be sufficiently reducing to convert the
[Cr(4-dmcbpy)s]*” to [Cr(4-dmcbpy)s]”, especially given that it is electrochemically stable over the
potential range that encompasses the[Cr(4-dmcbpy);]*""* couple.

Similar to the preparation of [Cr(4-dmcbpy);](BF,),, [Cr(tren(impy);)](BF4), (6.3) can be isolated by
diethyl ether precipitation of the reaction mixture. This complex can be crystallized by slow diffusion of
diethyl ether into concentrated acetonitrile solution.

6.4.2 Solid-State Structural Characterization. Compounds 6.1 and 6.3 can be obtained as
diffraction quality crystals. Both complexes crystallize in the space group P2,/c. For each complex, there
is minimal disorder in the complex cation, but significant disorder with the BF, anions. The complex
cations for both 6.1 and 6.3 are shown in Figure 6.1 below. As discussed in Chapters 2 and 5, the
iminopyridine complexes synthesized with Cr(II) starting materials are best described as a Cr(III) metal
center ligated to an anionic ligand radical. This is true for the iminopyridine complex 6.3 as well and can
be directly seen through the comparison of iminopyridine bond lengths both within the complex and by

comparison to the Cr(III) analogue. "

=

Figure 6.2. The complex cation for 6.1 (left) and two views of the complex cation for 6.3 (center and
right) shown at 40% probability. Hydrogen atoms have been omitted for clarity.
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One arm of the tripodal ligand tren(impy); has longer C—N bonds and a shorter C—C bridge bond than
the other two arms in 6.3 and all of the arms in [Cr(tren(impy);)](ClO,)s, as shown in Table 6.2. The case
of the bipyridine complex [Cr(4-dmcbpy);](BF,), is more difficult to parse. There is no obvious
lengthening or shortening of any of the imine C—N or bridge C—C bonds, respectively, when comparing
all three 4-dmcbpy ligands in 6.1 or in comparison to the single 4-dmcbpy in [(phen),Cr(4-
dmcbpy)](OTf); (3.1).'° This is likely due to the larger conjugated system present on the bipyridine type
ligands; delocalization of the reducing equivalent is more favorable and so large impacts on the length of

a few bonds is much more difficult to observe.

Table 6.2. Selected ligand diimine ligand bond lengths.

Complex x (A) v (A) z(A)

[Cr(tren(impy)s)](BE.)» 135802) 1468Q2) 127702) S oM
1363(2) 14542) 1.284(2) > N "¢ NN
1378Q2) 14222) 1318(Q2) SN N

[Cr(tren(impy)s)](BF.)s" 1365(9) 1.445@8) 1.266(9) R R

1.365(6) 1.455(9) 1.264(7)
1.353(8)  1.435(9) 1.274(8)
[Cr(4-dmcbpy)s](BF.), 1.365(2)  1.460(2) 1.369(2)
1.360(2) 1.4582) 1.370(2)
1.364(2) 1.4792) 1.365(2)

[(phen),Cr(4-dmcbpy)](OTf),” 1.364(4) 1.480(3) 1.360(4)
“ From Ref. 15 ” From Chapter 4.

6.4.3 Electrochemical Characterization and Bulk Electrolysis. The [Cr(4-dmcbpy);]"" complex
cation displays six reversible redox waves regardless of the starting oxidation state, as shown in Figure
6.3. For the tren(impy); complexes, three reversible redox waves and one irreversible redox wave is
accessible. There is very little change in the position of each of the redox events as the overall charge of

the complex cation changes for [Cr(4-dmcbpy);] and [Cr(tren(impy);], as can be seen in Table 6.3.
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[Cr(4-dmcbpy).](BF ), | 50 nA

| 20 nA
[Cr(4-dmcbpy) J(BF ),

[Cr(4-dmcbpy) J(BF ) | 10 YA

[Cr(tren(impy).)](BF ),

[Cr(tren(impy).)](BF ),

1 0 -1 -2 -3

Potential (V vs Fc*?)

Figure 6.3. Comparison of cyclic voltammograms for 4-dmcbpy and tren(impy); Cr complexes in 0.1 M
TBAPF, acetonitrile solution.

Table 6.3. Reduction potentials for 4-dmcbpy and (tren(impy)3 Cr complexes.
(Eip vs F¢™, V)*

3+/2+ 2+/1+ 1+/0 0/1- 1-/2— 2—/3—
[Cr(4-dmcbpy);1(BF4); —0.26 —0.68 -1.21 -1.74 -1.93 -2.10
[Cr(4-dmcbpy);](BF4), -0.25 —-0.69 -1.21 -1.75 -1.94 -2.09
[Cr(4-dmcbpy);](BFa4) —0.26 —-0.69 -1.22 -1.76 -1.94 -2.10
[Cr(tren(impy);)](BF,); —0.45 —0.93 —-1.55 —2.44
[Cr(tren(impy);)](BF4) —0.46 -0.94 -1.56 —2.42

“ Conditions for cyclic voltammetry of Cr complexes: Electrolyte, 0.1 M TBAPF; in CH;CN; WE, Pt; CE,
Pt Wire; Scan Rate, 100 mV/s.

The only real difference in the cyclic voltammograms is the nature of each of the redox events. As
discussed in Chapter 3, for [Cr(4-dmcbpy);](BF,);, each of the reversible redox waves is actually a

reduction. In the two reduced analogues [Cr(4-dmcbpy);](BF,), and [Cr(4-dmcbpy);](BF,), the nature of
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some of the redox events change. In [Cr(4-dmcbpy);](BF,),, the wave at the most positive potential
(—0.256 V vs Fc™) occurs as an oxidation and in [Cr(4-dmcbpy);](BF;) both waves at —0.250 and —0.686
V vs Fc' are oxidations. The nature of the waves (oxidative or reductive) can be verified by performing a
cyclic voltammogram under stirring conditions. This type of experiment can also show the rest potential
and the true oxidation state of the species in bulk solution. For example, a stirring experiment on
[Cr(4-dmcbpy);](BF,) is shown in Figure 6.4. As potential progresses from positive potentials at the left
to negative potentials at the right, the magnitude of the anodic current decreases in two noisy steps at
approximately 0.50 V and 0.05 V (vs Ag wire). This is followed by a plateau of nearly constant current
between 0 and —0.4 V (vs Ag wire) which is has positive sign as potential sweeps negative and negative
sign as potential sweeps positive. Lastly, a region of highly variable but increasing cathodic current

follows another noisy current step at —0.6 V.

4O
Lo -

3.01
254
201
154
104 -
057
01
051
-1.0
154/

-2.0 T e
16 12 08 04 0 -04 -0.8 -1.2 -16 =-2.0

Current / 1e-5A

Potential / V vs Ag wire

Figure 6.4. Stirring experiment cyclic voltammogram of [Cr(4-dmcbpy);](BF,) done to determine
oxidation state in bulk solution. The cyclic voltammogram was carried out in 0.1 M TBAPF6 acetonitrile
solution. In this figure, the rest potential is denoted by *, the potential was initially swept positive, then
negative, and back to the starting point, and the potential is referenced directly to the Ag wire and not to
the Fc+/0 couple.
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The areas of noisiness and high current variability indicate potentials at which electron transfer occurs
between the electrode and the bulk solution, while the region of constant (small) current just negative of 0
V indicates minimal electron transfer processes between the electrode and the bulk solution and is
indicative of the rest potential of the solution and of the oxidation state of the major Cr species. In this
potential region, [Cr(4-dmcbpy);]” is the major component of the solution and we can clearly see two
oxidation waves as the potential becomes more positive. Attempts to achieve spontaneous reduction of
[Cr(tren(impy);)](BF4), in DMF yielded no color changes and no apparent reaction.

From the cyclic voltammograms of each complex, we hypothesized that under the right conditions we
would be able to access the formally zero-valent Cr species. We first turned to chemical reducing agents;
the [Cr(4-dmcbpy);] complex would require a reducing agent with a formal potential between —1.3 and
—1.6 V vs Fc™ and the [Cr(tren(impy);)] complex would require a reductant with a formal potential
between —1.6 and —2.5 V vs Fc” to access the overall neutral Cr analogue. Considering the reductant for
[Cr(4-dmcbpy);], there are remarkably few common chemical reducing agents that can access the
potential window for the zero-valent Cr complex, and the only potentially compatible reducing agent was
cobaltocene (CoCp,).'*

Attempts to use two equivalents of CoCp, in DCM to reduce [Cr(4-dmcbpy);](BFs), to [Cr(4-
dmcbpy);] did not appear successful. Although there was an immediate green to intense purple color
change upon addition of the CoCp, to the [Cr(4-dmcbpy);](BF,), solution, there was no evidence of the
reaction proceeding to the neutral species. After this, a stronger reducing agent, sodium diphenylketyl
radical in THF (=2.30 V vs Fc™),'"* was employed. Slow addition of a solution of two equivalents of
sodium diphenylketyl radical in THF to a stirring solution of [Cr(4-dmcbpy);](BF4), did not yield any
product with properties consistent with the desired [Cr(4-dmcbpy);]. A cyclic voltammogram (Figure
AS5.7) of the reaction product from the reduction has a rest potential just negative of the 2+/1+ couple,
indicating an oxidation state of +1 at the lowest for the bulk material.

As an alternative to chemical reduction, we attempted to use bulk electrolysis to synthesize [Cr(4-
dmcbpy);] from [Cr(4-dmcbpy);](BF,),. Over the course of the experiment the potential was held at the
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potential midway between the 1+/0 and 0/1— couples (—1.0 V vs Ag wire), and the working compartment
solution changes from green to purple. The solution from the working compartment is isolated and the
solvent removed to yield a solid purple product mixed with residual supporting electrolyte. An IR
spectrum of this mixture shows complete loss of the ester carbonyl stretch at 1727 cm ™' (Figure A5.8),
indicating that the process of bulk electrolysis is incompatible with this particular ligand type.

With this in mind, we turned to applying bulk electrolysis to the complex [Cr(tren(impy);)](BF.),
which has no ester functionality. Similar to the experiment on [Cr(4-dmcbpy);](BF,),, the potential was
held between the 1+/0 and 0/1— couples (—1.8 V vs Ag/Ag" reference electrode). Again the working
compartment solution undergoes a color change to purple, however in this instance a dark colored solid
also adheres to the working electrode. The solubility of the solid is much different than the precursor
[Cr(tren(impy);)] salts and appears to be soluble only in DCM. A cyclic voltammogram of the solid
reaction product in 0.1 M TBACIO, DCM solution no longer shows any reversible electrochemical
processes (Figure AS5.9). It is possible that the iminopyridine ligand also makes [Cr(tren(impy);)]
unsuitable for reduction of past the 2+ oxidation sate. While a neutral Cr iminopyridine complex has been
reported previously,’ it is important to note that the ligands used contain bulky groups adjacent to the

imine which can sterically protect the radicals that form upon reduction.

6.5 Conclusions and Outlook

We explored the chemistry of reduced analogues of [Cr(4-dmcbpy);](BFs); and
[Cr(tren(impy);)](BF,);. While the divalent complex cations of both Cr species were easily obtained,
accessing more reduced versions proved to be more difficult. The monovalent [Cr(4-dmcbpy);](BF,) was
obtained by spontaneous reduction of [Cr(4-dmcbpy);](BF;), in DMF; however, similar reactivity was
not seen for [Cr(tren(impy);)](BF4),. Attempts to synthesize and isolate the zero-valent analogues of both
complexes were made via use of chemical reducing agents and by bulk electrolysis, but were

unsuccessful. Since neutral Cr complexes of bipyridine without functional groups'’ or with saturated
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functional groups' have been reported in the literature, we speculate that the ester functionalities and the

iminopyridine ligands may make the desired complexes less isolable.
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Chapter 7. Final Remarks and Future Work

The work in the previous five chapters focused on the synthesis and characterization of transition
metal complexes featuring multidentate iminopyridine or polypyridine ligands. The primary applications
of the synthesized complexes are in the areas of spin-crossover and solar energy photo-conversion.
Although the work on spin-crossover focuses primarily on ground state properties and the work on solar
energy photo-conversion deals heavily with excited state properties, these two disparate areas are linked
by the fact that small changes in the ligand architecture can give rise to large changes in complex
behavior. The goal of this work has been to understand metal-ligand interactions and to develop new
ligands and complexes which display desired properties.

Chapter 2 looks at divalent transition-metal (Cr-Zn) complexes of the tripodal iminopyridine ligand

LS -OOMe 5-O0Me

, and considers how metal-ligand interactions affect observation of spin-crossover. The L
ligand provides a fairly strong ligand field, although the addition of ester groups at the 5-position should
weaken the field compared to the unfunctionalized parent ligand. It is interesting to note that coordination
to the L7°°™ ligand leads to an exclusively LS Fe(II) complex, even though the ligand field parameter
(D,) 1s in the range expected for spin-crossover. The probable reason for this apparent discrepancy is that
the ligand field parameter D, is not as reliable for tripodal complexes, or that the range for expected spin-

crossover is shifted to lower energies for this type of geometry. Both the L7 °°¢

and parent tren(py);
ligands give Fe(Il) complexes that are strictly LS, but both ligands yield Ni(Il) D, values that should
make Fe(Il) spin-crossover possible.

Also in Chapter 2, in the case of [Cr(L>°°™*]*, the nature of the metal-ligand interaction gives rise to
a complex with qualitatively different behavior that the rest of the divalent species. From the X-ray

L799M1* is best described as a

structural, spectroscopic, and electrochemical experimental data, [Cr(
Cr(IIl)-anionic ligand radical complex, unlike the other divalent species which are M(Il)-neutral ligand
complexes. Computational studies performed by Prof. Anthony Rappé, including TD-DFT calculated

visible absorption spectra, give good qualitative agreement with the experimentally collected absorption
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spectra. Additionally, NTO analyses provide insight into the orbitals involved in the transitions that give
rise to visible light absorption. A direct benefit from the comparison of the theory based and
experimentally based spectroscopic data and their good agreement is that it validates the computational
approach used for these complexes; conclusions may be drawn about theory derived data where
spectroscopic handles are not accessible. Understanding the nature of the transitions and the orbitals
involved will allow theory to help direct alterations in the ligand in order to improve visible properties for
solar photo-conversion applications.

The main focus in Chapter 3 is studying how installation of hydrogen-bonding functional groups at
different positions on tripodal iminopyridine ligands affect Fe(Il) complex spin-crossover and anion-
binding behavior in solution. Addition of amide- or hydroxy-based functional groups at either the 5-
postion or the 6-position appears to have no large impact on spin-state behavior in solution; in this work,
all complexes studied with 6-position functionalization remain high-spin in solution while all complexes
without 6-position functionalization remain low-spin. However, the complexes with 5-position amide and
hydroxy functionalizations show dramatic anion-dependent 'H NMR spectra that indicate strong anion
binding in solution. In addition to the anion-binding behavior, CI titrations of [Fe(L™°""®")](BF,), also
display a small but significant increase in splitting between the bulk and capillary TMS peaks, and the
solution magnetic susceptibility, as up to 1 equivalent of CI™ is added. The current experimental evidence

points to an anion-dependent increase in the high-spin fraction of [Fe(L> N>

as being responsible
for the increase in solution magnetic susceptibility. While instillation of hydrogen-bonding functional
groups in either the 5-position or the 6-position does not engender anion-dependent spin-state switching
in solution, the 5-position functionalized ligands do show strong solution- and solid-state anion binding.
Moving to mixed-arm ligands that include both 5-position and 6-position functionalization may allow
spin-crossover access in solution. However, these mixed ligands will likely require more complex
synthesis and purification than the previously studied exclusively 5- or 6-position substituted ligands.
Some technique for protecting all of the primary amines on tren and then deprotecting them individually

for reaction without generating a statistical mixture of products would be a desirable way to generate pure
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mixed arm ligands. If this is not feasible, purification of the statistical ligand mixtures may be another
viable way to recover the desired ligands without contamination. For this route, the amide-based ligands
would be better candidates because of their relative ease of handling; the ligand and its precursors are
solids with bulky groups adjacent to the hydrogen-bond donor, while the alcohol-based ligand precursors
tend to be oils which prevent crystallization, and the sterically unhindered alcohol tends to streak on
columns, leading to poorer separations.

Chapters 4 and 5 focus on the ground-state and photophysical properties of Cr(III) complexes. In
Chapter 4, hetero- and homoleptic Cr(Ill) polypyridyl complexes featuring the ester-functionalized
4-dmcbpy ligand are discussed. Ground state characterization shows that inclusion of 4-dmcbpy only
slightly perturbs the electronic absorption spectra, giving rise to small red-shifts and increases in molar
absorptivity. However, the electron withdrawing nature of the 4-dmcbpy ligand makes each [(NN),Cr(4-
dmcbpy)]’* easier to reduce that its homoleptic [(NN);Cr]’* counterpart by at least 200 mV. In contrast to
small changes in ground state spectra, excited state photophysical characterization provided by Huan-Wei
Tseng and Prof. Niels Damrauer shows inclusion of the 4-dmcbpy ligand greatly reduces both the excited
state lifetime and the quantum yield of [(NN),Cr(4-dmcbpy)]’" complexes compared to the homoleptic
[(NN);Cr]** versions. Despite the reduction in excited state lifetime, all 4-dmcbpy complexes store ~1.7
eV in the excited state and have lifetimes of multiple ps. These lifetimes would be sufficient for hole-
injection into NiO, the most commonly used semiconductor for p-type dye-sensitized solar cells.
Additionally, the excited-state reduction potentials are all > 1.9 V vs NHE, which would be strongly
photo-oxidizing and sufficient to achieve hole-injection. From this work, the most promising ligand
combinations for a heteroleptic Cr(IlI) dye would include an ester functionalized ligand such as 4-dmcbpy
or methyl-1,10-phenanthroline-5-carboxylate, that would provide a way to attach to a surface, enhance
(photo)oxidizing power and give rise to small red shifts in the visible absorption spectrum with the caveat
that the quantum yield and excited-state lifetime would decrease with incorporation of the ester based

ligand. Ancillary ligands, such as 4,7-di(anthracen-1-yl)-1,10-phenanthroline or phenanthro-
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[3,4,5,6-defgh][1,10]phenanthroline, would have a large conjugated m-system to improve molar
absorptivities and to improve excited-state lifetimes and quantum yields.

Preliminary work fabricating NiO porous films on transparent conductive oxide (FTO) on glass and
subsequent sensitization ran into many problems. Polymer templated Ni*",' NiO nanopowder slurry” and
Ni(OH), colloid® doctor blade deposition and hydrothermal® deposition methods were tried to produce
NiO films. The quality of the films produced by all of these methods is highly variable in my hands.
Ni(OH), colloid films adhere well to the glass or FTO substrates, but generally turn out darkly colored
(brown to black) and have varying uniformity over the film surface and between batches. NiO
nanopowder and hydrothermally deposited NiO tend to produce uniform looking films that have problems
with adhesion to the FTO or bare glass substrates. Polymer templated NiO produces the most transparent
films, but film uniformity and transparency often varies dramatically over the surface of the film and
between batches.

In addition to the variability of the NiO films, achieving sensitization with the Cr(IIl) species is
problematic. One major drawback of homo- and heteroleptic polypyridyl complexes is their poor
absorption of visible light at A > 500 nm, which makes it difficult to detect their presence on darkly
colored NiO films by visible absorption spectroscopy. Additionally, the ester based complexes must be
hydrolyzed in order for adhesion to take place. Attempts to use an acidic/basic pretreatment method
described by Qu and Meyer’ for ester sensitizer adsorption to TiO, were made; however, our dyes and
substrates appear to have incompatible stabilities. NiO is unstable toward acid, making acidic
pretreatment for ester hydrolysis incompatible and the Cr(Ill) complexes are unstable toward base,
making basic pretreatment for ester hydrolysis also incompatible. Pretreatment with acid for TiO,
substrates followed by soaking in Cr(III) ester dye solutions does produce sensitization, so ultimately if a
route could be found to separately hydrolyze the Cr(Ill) dyes, sensitization to NiO would become
possible.

The poor visible absorption of the polypyridyl Cr(III) complexes prompted the investigation of the
ground state and photophysical properties of a family of Cr(Ill) multidentate iminopyridine complexes
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described in Chapter 5. Alteration of the ligand set from bidentate polypyridines (Chapter 4) or bidentate
iminopyridines, to tripodal hexadentate iminopyridines moderately improves visible light absorption and
leaves ground state electrochemical behavior virtually untouched. However use of the multidentate ligand
causes dramatic changes in complex excited state behavior. Photophysical characterization performed by
Huan-Wei Tseng and Prof. Niels Damrauer show that addition of the tether to the iminopyridine ligands
effectively turns off Cr(II[) complex *E emission. Building on the previous work in Chapter 2, TD-DFT
calculations and NTO analyses provided by Prof. Anthony Rappé give insight into the nature of the
excited state transitions of the Cr(III) complexes. Here, lower energy quartet states that are only present
for the tripodal species [Cr(L2)]*" allow a path for non-radiative decay. Additionally, the orbitals involved
in both the lowest energy doublet and quartet transitions are ligand based, involve the tether N atom, and
are very similar, which can allow facile back intersystem crossing from any doublet states formed. In
future work, the understanding gained through the work describe in Chapter 5 will inform ligand
alterations that preserve access to long lived excited states. A prime candidate for achieving this would be
to move from the nitrogen based tether tren, to another tether such as 2-(aminomethyl)-2-methylpropane-
1,3-diamine or cyclohexane-1,3,5-triamine (tach), which do not have amine-based tethering groups.
However, the lower energy quartet states may be responsible for both the detrimental non-radiative decay
pathway and for the beneficial increase in visible absorption, so changing the tether away from nitrogen
could have unintended consequences.

In Chapter 6, reduced analogues of Cr(Ill) polypyridine and iminopyridine complexes are studied. In
these divalent and monovalent complexes, crystallographic, spectroscopic and electrochemical
characterization point to reducing equivalents residing on the ligands, and not on the Cr center.
Understanding this non-innocent ligand behavior and learning how to control electron localization would
be useful for designing new complexes for multi-electron redox transformations. Scarce and expensive
transition metals such as ruthenium and platinum are currently used for these types of reactions, but it

would be advantageous to use 3d metals, such as chromium, that are more abundant and cost effective.
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Although 3d metals typically undergo one electron processes, non-innocent ligands could act as electron
reservoirs to accept or provide additional electrons for multi-electron processes.

One of the overall the goals of the work contained in this dissertation has been to understand how
changes to the ligand affect ground state and excited state complex properties. The compounds studied in
this work have shown that small changes in the ligand set, such as going from an untethered to a tethered
system, can lead to dramatic and unexpected changes in complex behavior. Understanding metal-ligand
interactions and how they change as the ligand is altered will be crucial for tailoring complexes with

specific properties in the areas of spin-crossover and solar photo-conversion.
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Appendix Al. Supporting Information for Chapter 2
The work presented in Chapter 2 has been submitted to Inorganic Chemistry as: McDaniel, A. M.;

Rappé, A. K.; Shores, M. P., Structural and Electronic Comparison of 1" Row Transition Metal

LS-OOMe

Complexes of a Tripodal Iminopyridine Ligand. X-ray structural data for [M( )X, complexes (2.1-

3, 2.4a, 2.5, and 2.7) will be available as a crystallographic information file (CIF) and detailed DFT
calculation and NTO analysis data will be available in pdf form on the Internet upon publication. In
addition, these data will be archived electronically along with an electronic version of this dissertation and

available through the Shores Group.

A1.1 Full Reference 25 from Chapter 2:

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Scalmani,
G.; Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H. P.;
Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.;
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; J. A. Montgomery,
J.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin, K. N.; Staroverov, V. N.;
Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.;
Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.;
Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, P.;
Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, O.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.;
Fox, D. J. Gaussian 09, Revision B.1, Gaussian, Inc.: Wallingford CT, 2009.
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Scheme A1.1. Synthesis of the ligand aldehyde precursor; i: MeOH, catalytic H,SOy, reflux 17 h; ii:
NaBH,, CaCl,, 1:2 THF: MeOH, 0°C, 45 min; iii: SeO,, dioxane, 65°C, 48 h.
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Table A1.1. Selected geometric data for complexes 2.1-2.5 and 2.7.

Complex (Metal) M-Nimine (A) M-Nyyridine M-Nieer (A) ¢ (deg)
2.1 (Cr) 2.0327[28]°  2.0598[27]*  3.0867(1) 51.7
2.2 (Mn) 22064[201¢  2.4371[19]°  2.5463(2) 39.9
2.3 (Fe) 1.9471[19]*  1.9764[19]°  3.4271(3) 54.5
2.4a (Co) 2.0790(11)"  2.2283(10)" 2.6262(2) 50.4
2.5 (Ni) 2.0856[12]*  2.1161[12]°  3.3030(2) 50.9
2.7 (Zn) 2.095(3)" 2.348(3)" 2.694(3) 46.0

“ The errors for these bond distances were calculated by averaging the bond distances for each type of
bond and taking the square root of the sum of the squares of the bond esds.

” There is only one crystallographically independent bond of this type, so there are no average bond
distances.

&&‘%}’ B i

Figure Al.1. Side-on views of the [ML>°°Y]*" complex cations in the structures of 2.1-5 and 2.7,
rendered with 40% probability ellipsoids. Red, dark blue and gray ellipsoids represent O, N and C atoms,
respectively. All hydrogen atoms are omitted for clarity.
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Figure A1.2. UV absorption spectra of complexes 2.1-2.7 in CH;CN at room temperature.
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Figure A1.3. Simulated electronic absorption spectra and select natural transition orbital (NTO) pairs for
(a) L¥°°M¢ and (b) its anion, (L¥°°™¢)". For each NTO pair, the electron is transferred from the left
structure to the right structure. NTO pairs are numbered in order of increasing energy of transition.
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Figure A1.4. Simulated electronic absorption spectra and select natural transition orbitals (NTOs) for
compounds 2.1-2.7"(pages 163-164); for each NTO pair, the electron is transferred from the left structure
to the right structure; NTO pairs are numbered in order of increasing energy of transition: (a) overlay of
the computed spectra; (b) Cr 2.1; (¢) Mn 2.2"; (d) Fe 2.3"; (e) Co 2.4"; (f) Ni2.57; (g) Cu 2.6"; (h) Zn 2.7".
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Figure A1.5. Orbital amplitude surface for the HOMO of trimethylamine.
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Appendix A2. Supporting Information for Chapter 3

Part of the work presented in Chapter 3 has been submitted to European Journal of Inorganic
Chemistry as: McDaniel, A. M.; Shores, M. P., Synthesis of Functionalized Hexadentate Fe(ll)
Complexes: Toward Anion-Dependent Spin Switching in Polar Media. X-ray structural data for
complexes 3.3 and 3.11 will be available as a crystallographic information file (CIF) and on the Internet
upon publication. In addition, these data, and data for 3.8 will be archived electronically along with an

electronic version of this dissertation and available through the Shores Group.

A2.1 Additional Information on Calculating Binding Constants Using 'H NMR Data
The preliminary work described in Chapter 3 suggests that strong binding of CI” is achieved in

L7ONIBY 12 and by [Fe(L>°")]*". Quantification of the association constants for these

solution by [Fe(
species would be useful and could potentially be done using 'H NMR titration data. In addition to the
IstOpt program (http://www.7d-soft.com/) previously used by our group to calculate association
constants for Fe(Il) anion binding complexes from electronic absorption spectroscopic data,' two
programs have been used in the literature to calculate anion association constants using 'H NMR titration
data.

The program HypNMR is available for purchase from Dr. Peter Gans at Protonic Software

(http://www.hyperquad.co.uk/hypnmr.htm). This program processes NMR chemical shift data (shifts

averaged by virtue of fast exchange) to get equilibrium constants and has been used to calculate
association constants for the trisimidazolium cage organized around Fe(II) by Fabbrizzi and coworkers.”
The original publication on HypNMR applied NMR spectroscopy as a method for determining
protonation constants for polyprotic bases.’

A second program, WinEQNMR2, is freely available for download

(http://www.nuigalway.ie/chem/Mike/wineqnmr.htm). After obtaining the program files, users must

contact Dr. Michael J. Hynes to obtain the password for file extraction. This program and its predecessors
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WinEQNMR and EQNMR have been used in ~550 publications to calculate anion association constants
in organic and transition metal-based compounds, including the amide functionalized bipyridine Ru(II)
complexes reported by Beer and coworkers.” The original publication in Dalton Transactions must be

referenced for each publication reporting binding constants determined using WinEQNMR2.’

Br1 G, ) BriB

Figure A2.1. Full crystal structure for 3.8, rendered at 40% ellipsoids. Disordered bromide, hydroxyl
group and solvent molecules are rendered as shaded circles.
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Figure A2.2. Full crystal structure for 3.3-CH;CN, shown as two halves (right, left) of the asymmetric unit cell and rendered at 40% ellipsoids.
Minor disordered components are included as dotted circles.
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Appendix A3. Supporting Information for Chapter 4

The work presented in Chapter 3 has been published in: McDaniel, A. M.; Tseng, H.-W.; Damrauer,
N. H.; Shores, M. P. Inorg. Chem. 2010, 49, 7981-7991. X-ray structural data for [(phen),Cr(4-
dmcbpy)](OT1);-1.3CH3CN (4.1-1.3CH3CN) are available on the Internet as a crystallographic

information file (CIF) at:

http://pubs.acs.org/doi/suppl/10.1021/ic1009972/suppl_file/ic1009972 si_002.cif

A3.1 Experimental Section

A3.1.1 X-Ray Structure Determination Details. A suitable crystal of 4.1-1.3CH;CN was coated
with Paratone-N oil and supported on a Cryoloop before being mounted on a Bruker Kappa Apex I CCD
diffractometer under a stream of dinitrogen. Data collection was performed at 110 K with Mo Ka
radiation and a graphite monochromator, affording complete coverage and 4-fold redundancy. Initial
lattice parameters were determined from 320 reflections harvested from 36 frames; these parameters were
later refined against all data. Crystallographic data and metric parameters are presented in Table 1. Data
were integrated and corrected for Lorentz and polarization effects using SAINT, and semiempirical
absorption corrections were applied using SADABS." The structure was solved by direct methods and
refined against F* with the SHELXTL 6.14 software package.” Unless otherwise noted, thermal
parameters for all non-hydrogen atoms were refined anisotropically. Hydrogen atoms were added at the
ideal positions and were refined using a riding model where the thermal parameters were set at 1.2 times
those of the attached carbon atom (1.5 for methyl protons).

In the structure of 4.1-1.3CH;CN, two of the triflate anions show positional disorder and one solvent
molecule is only partially occupied. In one anion, atoms 058, 059, S60, C61, F63 and F64 are split over
two positions, with atoms O57 and F62 common between the two triflate positions. The split atoms were
tied to a free variable which refined to a 70:30 ratio for the A and B positions, respectively. The second

triflate was handled similarly, with atoms O66, 067, S68, C69, F70, F71 and F72 split over two
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disordered positions in an 89:11 ratio, and both components having O65 in common. In both cases, the
disordered triflate portions were restrained to match the bond angles and distances found in the non
disordered triflate within the structure and the atoms in the less-occupied B sites were refined with
isotropic displacement parameters. In addition, one of the two acetonitrile solvent molecules present in
the structure (containing N76, C77 and C78) has only partial occupation (30%). The displacement
parameters for these atoms were refined isotropically. The bond distances and angles for the partially
occupied solvate atoms were also restrained to match those found for the fully occupied acetonitrile

molecule.

A3.1.2 Detailed Instrumentation and Methods for Photophysical Measurements

A3.1.2a. Emission Spectra and Quantum Yields. The complex solutions were prepared with an
absorbance of ~0.1 at 320 nm. Emission spectra were recorded at 23-24 °C using Photon Technology
International Fluorometer System with an Ushio UXL-75XE Xenon Short Arc Lamp and PTI-814
Photomultiplier Detection System with a Hamamatsu R928P photomultiplier tube operating at —1000 V
dc. The measurements were carried out at a single excitation wavelength of 320 nm, and the emission at
90° relative to the excitation light was recorded from 650 to 850 nm. Emission spectra reported here were
corrected for instrument response using a tungsten lamp provided by the manufacturer, which has been
calibrated against a NIST tungsten lamp.

A3.1.2b Emission Lifetimes. Sample solutions were prepared and deoxygenated in exactly the same
manner as described above for emission spectra and quantum yields measurements. The measurements
were done at 23-24 °C. Each sample was excited with 355 nm laser pulses (10 Hz; ~0.3 pJ/pulse)
generated by a Continuum Minilite II Q-Switched Nd:YAG Laser. Two dielectric mirrors and one
bandpass filter (300-360 nm) in front of the sample were used to eliminate residual 532 nm and 1064 nm
laser radiation. The emitted light was detected at 90° with respect to the excitation laser using a
Hamamatsu H9305-02 photomultiplier tube (PMT) operating at —900 Vdc. A notch filter (725 = 5 nm)
was placed within a lens-tube assembly (two back-to-back plano-convex lenses, f, = 25.4 mm/diameter =
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25.4 mm) in front of the detector and the emission intensity was monitored. The PMT signal was
terminated with a 50 Q resistor into a LeCroy 9384L Oscilloscope. Maximum signal levels were kept well
below the measured linearity of the PMT response. Each emission transient was acquired by averaging
3000 scans with a time window of 180 to 4000 ps depending on the lifetimes of the complexes. The data
from the oscilloscope was transferred to a personal computer and fit with a single exponential decay
model using Labview code of local origin to obtain the lifetimes. For any single lifetime measurement
(3000 scans), no sample degradation is observed in UV-Vis comparisons (after vs before).

In longer experiments such as the temperature dependent studies, samples that include bipyridine
and/or bipyridine derivatives (as opposed to phenanthroline species), except for [Cr(4-dmcbpy);]*" (4.8),
show minor degradation (less than ~10 % based on absorbance change at the excitation wavelength)
provided care has been taken to keep the excitation power low. Complex 4.8 shows a ~13 % decrease in
the absorbance at 355 nm and ~60 % increase at 325 nm. This is possibly the solvento species due to
ligand replacement of 4-dmcbpy by H,O. A similar phenomenon has been observed for [Cr(bpy);]*".> We
have measured the emission spectrum for 4.8 before and after heating to 80 °C. While the intensity
decreases, no other bands are observed in the window of 650 — 850 nm.

A3.1.2c. Transient Absorption Spectra. Transient absorption kinetics were measured every 10 nm
from 350 to 650 nm. The excitation laser pulses at 355 nm (2 Hz; 1.5 mJ/pulse) are derived from the
Continuum Minilite II Q-Switched Nd:YAG Laser described above. In this transient absorption
spectrometer setup, the laser beam is cylindrically focused onto the sample housed in a 1 cm x 1 cm
quartz cuvette at 90° to the probe beam. A Newport/Oriel lamp system with a 75 W Xenon arc lamp
(ozone-free, part number 6263) is used to provide the broad-band probe source. A 1 in. diameter beam of
this light is focused into the sample using a plano-convex f, = 100 mm lens achieving a spot size of ~1
mm diameter (approximately collimated in the 1 cm path length cuvette) and a probe volume that
overlaps with the cylindrically focused pump light. Prior to the sample, the white light is passed through a
cylindrical cell filled with water to remove IR radiation. Following the sample, the probe beam is re-

collimated and then focused via two plano-convex lenses (f, = 50 mm) into a monochromator. Based on
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entrance and exit slit widths that were used (1 mm), the wavelengths probed span &+ 2 nm. Probe intensity
as a function of wavelength is monitored with a negatively-biased Hamamatsu R-928 PMT operating at —
1000 Vdc. The standard PMT circuit has been modified to use only the first 4 dynode stages to
accommodate the probe flux (a non-zero background) with good dynamic range.* In the experiments
reported herein, the signal from the PMT was through an external 460 Q resistor into a LeCroy 9384L
Oscilloscope. Transient absorption or bleach kinetics at each wavelength were obtained by averaging 30
oscilloscope time-traces of probe intensity with the pump laser on followed immediately by averaging 30
time-traces of probe intensity with the pump off. The time window on the oscilloscope always
accommodated at least 10 multiples of the measured lifetime. These pump-on and pump-off time traces
were transferred to a personal computer and processed with Labview programs of local origin to
determine a AA signal as a function of time (at a given wavelength of data collection). The whole
collection process was repeated three times and an average AA(t) (at each wavelength of interest) was
determined. Each AA(t) signal at each wavelength of interest was fit with a single exponential decay
model. Transient absorption spectra reported herein consist of a plot of the pre-exponential of these AA(t)
kinetics fits as a function of wavelength.

In order to minimize the effect of photochemistry on transient spectra, four sample solutions were
used to obtain each spectrum (each sample accounts for 7-8 data points in the final AA spectrum). A bulk
solution (15 mL) of complex was pre-prepared with an absorbance of ~0.4 at 355 nm. An aliquot of 3.5
mL solution was transferred into a quartz cuvette for each set of 7-8 AA(t) measurements used to build the
AA()N) spectrum. No major degradation (less than ~10 % based on absorbance change at the excitation
wavelength) was observed. The AA(t) kinetics show single exponential decay and for the spectra reported

herein, samples were not deoxygenated.
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Table A3.1. Selected bond lengths and angles for [(phen),Cr(4-dmcbpy)](OTf);-1.3CH;CN
(4.1-1.3CH;CN).

Bond Lengths (4)

Cr1-N1  2.048(2) Cr1-N12  2.063(2) Crl-N15 2.051(2)
Cr1-N26 2.047(2) Cr1-N36 2.032(2) Cr1-N41 2.044(2)
Bond Angles (deg)
NI1-Crl-N12 80.58(8) NI1-Crl-N15 91.21(8) N15-Cr1-N12  88.11(8)
N26-Cr1-N1  168.65(9) N26-Cr1-N12  90.73(8) N26-Cr1-N15  81.16(9)
N36-Cr1-N1 93.77(8) N36-Cr1-N12  97.96(8) N36-Cr1-N15 172.70(9)
N36-Cr1-N26  94.66(8) N36-Cr1-N41  79.31(8) N41-Cr1-N1 94.89(8)
N41-Cr1-N12  174.60(9) N41-Cr1-N15  94.96(8) N41-Cr1-N26  94.13(8)
Torsion Angles (deg)
NI1-C14-C13-N12  0.2(3) N15-C28-C27-N26 —2.7(3)
N36-C38-C39-N41  1.6(3) C37-C38-C39-C40  2.5(4)

Figure A3.1. Full crystal structure for complex 4.1-1.3CH;CN, rendered at 40% thermal ellipsoids. H
atoms are not numbered in the figure. Minor components of disordered sites are shown in dashed circles.
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Figure A3.2. Transient absorption spectra on a us timescale for Cr(IIl) polypyridyl complexes in 1 M
HCl.q). The spectra were determined from a single exponential fit to transient absorption (or bleach)
kinetics collected at each of the wavelengths for which there is a dot. The lines are included as guides to

the eye.
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Figure A3.3. Temperature dependence of the observed rate constant (k,,; = 1/7,,) for Cr(Il) polypyridyl
complexes in degassed 1 M HCl,).



Table A3.2. Ground state reduction potentials and peak separations for Cr(III) polypyridyl complexes.
Values are assigned according to formal changes in Cr oxidation states for comparison to previous
literature reports.

Eip. V vs Fc'/Fc*

(AE,, mV)
342+ 241+ 1+/0 0/1- 1-/2— 2-/3—
[Cr(phen);] —0.65 -1.17 -1.71 —2.21
(70) (72) (75) (77)
[Cr(Phyphen);] -0.67 ~1.11 -1.63 -2.05
(74) (71) (69) (66)
[Cr(bpy)s] -0.63 ~1.15 -1.72 -2.34
(72) (71) (69) (74)
[Cr(Me;bpy)s] -0.79 -1.29 -1.82
(70) (75) (75)
[(phen),Cr(4-dmcbpy)](4.1) —0.42 -1.01 -1.61 -1.90
(70) (74) (73) (72)
[(Ph,phen),Cr(4-dmcbpy)]( 4.4) —0.45 -0.99 ~1.54 -1.87
(76) (66) (63) (73)
[(Me,bpy),Cr(4-dmcbpy)](4.7) —0.47 ~1.11 -1.71 -1.92
(67) (67) (64) (64)
[Cr(4-dmcbpy)s]( 4.8) -0.26 -0.68 -1.21 ~1.74 -1.93 -2.10
(66) (71) (72) (71) (66) (67)

“Conditions for cyclic voltammetry of Cr complexes: Electrolyte, 0.1 M TBAPF4 in CH;CN; WE, Pt; CE,
Pt Wire; Scan Rate, 100 mV/s.

189



A3.2 References

1. APEX 2, Bruker Analytical X-Ray Systems, Inc.: Madison, W1, 2008.

2. Sheldrick, G. M. SHELXTL, Version 6.14; Bruker Analytical X-Ray Systems, Inc.: Madison, WI,
1999.

3. (a) Lilie, J.; Waltz, W. L. Inorg. Chem. 1983, 22, 1473-1478; (b) Jamieson, M. A.; Serpone, N.;

Henry, M. S.; Hoffman, M. Z. Inorg. Chem. 1979, 18, 214-216; (¢) Kane-Maguire, N. A. P.;
Conway, J.; Langford, C. H. J. Chem. Soc., Chem. Commun. 1974, 801 - 802; (d) Maestri, M.;
Bolletta, F.; Serpone, N.; Moggi, L.; Balzani, V. Inorg. Chem. 1976, 15, 2048-2051; (e)
Jamieson, M. A.; Serpone, N.; Hoffman, M. Z. J. Am. Chem. Soc. 1983, 105, 2933-2937.

4. Damrauer, N. H.; Boussie, T. R.; Devenney, M.; McCusker, J. K. J. Am. Chem. Soc. 1997, 119,
8253-8268.

190



Appendix A4. Supporting Information for Chapter 5

The work presented in Chapter 4 has been submitted to /norganic Chemistry as: McDaniel, A. M.;
Tseng, H.-W.; Hill, E. A.; Damrauer, N. H.; Rappé, A. K.; Shores, M. P., Syntheses and Photophysical
Investigations of Cr(Ill) Hexadentate Iminopyridine Complexes and Their Tris(Bidentate) Analogues. X-
ray structural data for [Cr(L2)](BF,);-CH;CN (5.2:CH3CN) and [Cr(L4);](BF,); (5.4) will be available
as a crystallographic information file (CIF) and detailed DFT calculation and NTO analysis data will be
available in pdf form on the Internet upon publication. In addition, these data will be archived
electronically along with an electronic version of this dissertation and available through the Shores

Group.

A4.1 Full Reference 21 from Chapter 5:

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Scalmani,
G.; Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H. P.;
Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.;
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; J. A. Montgomery,
J.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin, K. N.; Staroverov, V. N.;
Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.;
Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.;
Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, P.;
Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, O.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.;
Fox, D. J. Gaussian 09, Revision B.1, Gaussian, Inc.: Wallingford CT, 2009.
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Figure A4.1. '"HNMR of L2 in CDCl; at 26 °C and 400 MHz.
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Figure A4.2. °C NMR of L2 in CDCl; at 26 °C and 400 MHz.

230

192



98¢'T
vom.ﬁw
(4401

T99°€
¥99°€
6L9°€
€89°€
L69°E
ToL'E
STL'E
6TIL'E

09¢’L
ueL
8LT'L
06C°L

L89'L —

mwm.w
89¢€'8 N
£09'8
0198
198
¥19'8
098
[44°k:]
v?9'8
9798

4

=€C't

——— Sl

- =£0T

- =001

- =560

- =160
—) 060

Figure A4.3. "HNMR of L3 in CDCl; at 26 °C and 400 MHz.

STC9T —

v78'ss —

1169,
OMNNNW
8YS'LL

9SETCT ~
8SLVCT —

S89'9€T —

06S'6VT —
Cr8YST —

LOS'T9T —

100 90

110
f1 (ppm)
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Figure A4.5. '"H NMR of L4 in CDCl; at 26 °C and 400 MHz.
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Figure A4.7. Absorption spectra of L1 and L2 in acetonitrile and L3 and L4 in pentane (~10puM -
ImM).

ci2

cn

Figure A4.8. The full complex cation, and crystallographically independent anion and solvent molecules
in the structure of 5.2-CH;CN, shown at 40% ellipsoids. The cation and acetonitrile each sit on a

special position of three-fold rotational symmetry, and only the crystallographically independent atoms
are labeled.
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Figure A4.9. Alternate view of Cr(III) complex cation in the structure of 5.2-:CH;CN, highlighting the
octahedral coordination of the Cr center. Hydrogen atoms are omitted for clarity and structure is shown at
40% ellipsoids.
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Figure A4.12. (a) Transient absorption spectrum for complex 5.4 recorded in deoxygenated acetonitrile at
room temperature. (b) A typical transient absorption kinetic trace at 420 nm.
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Figure A4.13. Emission spectra for complexes 5.2 and 5.4 in acetonitrile right after dissolution and at 24
hours featuring unknown emissions at 350 nm to 550 nm. The samples were excited at 300 nm.
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Figure A4.14. Excitation spectra for complexes 5.2 and 5.4 in acetonitrile at 0 and 24 hours after
dissolution. The excitation spectra were obtained by monitoring emission intensity at 470 nm and the
spectra were corrected for excitation intensity. Absorption spectra were also included for comparison.
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Figure A4.15. The full structure of 5.4 including disordered components (labeled A and B) at 40%
ellipsoids.
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Figure A4.16. Calculated doublet and quartet excited state absorption spectra of [Cr(bpy)s]’” (left) and
transient absorption spectrum of [Cr(bpy);]*+ (right). Transient absorption spectrum is from Chapter 4
and published in /norg. Chem. 2010, 49, 7981-7991.
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A4.2 Details of Computational Analyses. In order to understand why 5.1 and 5.2 do not display
doublet emission while [Cr(bpy);]*", [Cr(4-dmcbpy)s]*", and 5.4 do, multi-determinantal (MD) UB3LYP-
DFT and TD-DFT computational studies were performed. The excitation energy diagram (Figure 5.7 in
Chapter 5), has been annotated here (Figure A4.17) to highlight alternative hypotheses for the unique

+

behavior of 5.2 relative to [Cr(4-dmcbpy);]’" and 5.4. Several potential non-radiative deactivation
pathways are discussed.

1) Intersystem crossing to sextet states @, competing with intersystem crossing to the doublet state
manifold b, or internal conversion in the quartet maniford, ¢, highlighted in blue in Figure A4.17. Note,
the doublet manifold for 5.2 is depleted relative to [Cr(4-dmcbpy)s]’" and 5.4. Competitive intersystem
crossing to the sextet manifold followed by internal conversion to the lowest sextet could mediate access
to the depleted doublet manifold.

2) Reverse intersystem crossing from intermediate states in the doublet manifold, d, could compete
with internal conversion within the doublet manifold, e, highlighted in green in Figure A4.17.

3) The low lying quartet states highlighted in red in Figure A4.17, a feature unique to 5.2, could lead
to the excitation being trapped due to a lack of an intersystem crossing pathway to the doublet manifold of
comparable energy and orbital character, f. This third alternative is also available for the other molecules
shown in Figure A4.17. However, in 5.2 the lowest quartet state is more than 0.5 eV lower in energy
(relative to the other complexes) and is expected to provide a facile non-radiative pathway to the ground

state due to large Franck-Condon factors. In fact, this pathway would also serve in deactivating

phosphorescence from any low energy doublets that do form.
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NTO analyses of the high (3.1-3.5 eV), middle (2.6-3.1 eV), and low (2.1-2.6 eV) energy regions of
the electronic spectrum of 5.2 differentiate the three deactivation hypotheses outlined above (Figure
A4.18-20). Comparison of the higher energy excited state NTOs (Figure A4.18) suggests significant
spatial congruence (orbitals of similar shape in the same region of space) between some of the quartet
states and the sextet states in the 3.1-3.5 eV window. This spatial congruence suggests significant spin-
orbit coupling between the states and the potential for rapid intersystem crossing into the sextet manifold,
a. There is also significant spatial congruence between the states in the doublet and quartet manifolds in

this energy window, consistent with intersystem crossing to the doublet manifold, b.

3.1

[Cr(L2)]3*

Figure A4.18. Natural transition orbital (NTO) analyses for the 3.1-3.5 eV range for 5.2. For each orbital
pair, an electron is removed from the left orbital and deposited into the right orbital. NTO pair labels are
denoted by the spin manifold (Doublet or Quartet or Sextet) and are numbered by increasing energy of
transition.

202



The rapid back intersystem crossing hypothesis, d, finds support from the NTOs in Figure A4.19 for
states within the 2.6-3.1 eV window. In particular, the 2.92 eV doublet, D5, (Namine — Cr t,, transition)

matches the 2.93 eV quartet with Nymine — Cr €,* character, Q12.

EE (eV)

[Cr(L2)]3*

Figure A4.19. Natural transition orbital (NTO) analyses for the 2.6-3.1 eV range for 5.2. For each orbital
pair, an electron is removed from the left orbital and deposited into the right orbital. NTO pair labels are
denoted by the spin manifold (Doublet or Quartet or Sextet) and are numbered by increasing energy of
transition.
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Figure A4.20. Natural transition orbital (NTO) analyses for the 2.1-2.6 eV range for 5.2. For each orbital
pair, an electron is removed from the left orbital and deposited into the right orbital. NTO pair labels are
denoted by the spin manifold (Doublet or Quartet or Sextet) and are numbered by increasing energy of
transition.

The NTOs for the lowest energy quartet states (Figure A4.20, Nynine — Cr t;;) do not display
significant congruence with the lowest energy doublets that are low spin t2g3 configurations. The

generality of the orbital character of the lowest doublet and quartet states was probed by generating the

NTOs for the lowest doublets and quartets for [Cr(4-dmcbpy);]*", and 5.4” as well, see Figure A4.21.
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Figure A4.21. Natural transition orbitals (NTOs) for [Cr(4-dmcbpy)s]** (left), 5.2 (middle) and 5.4
(right): (a-c) the lowest three doublet transitions; (d) the lowest quartet transitions. In each pair, the left
NTO corresponds to where the excitation is from while the right NTO is where the excitation is to.
Hydrogen atoms have been removed for clarity.

For 5.2, [Cr(4-dmcbpy);]*", and 5.4" the lowest quartet excited states all involve excitation from a
ligand (ligand m or Namine) orbital to an orbital that is an admixture of ligand n* and Cr t,, character. In
contrast, while for 5.2 the lowest doublet is @ Nyyine — Cr ty, transition, for [Cr(4-dmcbpy)s]*" and 5.4 the
second set of doublet states (lowest doublet transitions) arise from transitions that are dominantly Cr t,,
— Cr ty, in character (equation 5.3 in the Chapter 5). For both [Cr(4-dmcbpy);]*" and 5.4" there is a small
admixture of ligand character in the donating orbital, larger admixture for iminopyridine than bpy. For
5.2, the admixture of ligand character dominates; the transition for 5.2 is from a Ny, ligand orbital to a

Cr ty, orbital (Nymine — Cr £, transition). For both [Cr(4-dmcbpy)s]’* and 5.4” the higher energy low spin
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t2g3 doublet states can readily undergo internal conversion to the lower t2g3 doublet states via the large
congruence of orbital character, electronic coupling, and ligand geometry. For 5.2, due to a disparity of
orbital character (and ligand geometry), internal conversion from higher doublets competes with
intersystem crossing to a set of quartet states with congruent orbital character (and ligand geometry) that

share little orbital character with the lowest doublet states.

Table A4.1. Selected bond lengths [A] and angles [°] for 5.2:CH;CN; some symmetry equivalent atoms
and all H atoms are omitted (data for all atoms available in the CIF file)

Cr(1)-N(2) 2.0506(13) 0(2)-C(10) 1.448(2) C(7)-C9) 1.496(2)
Cr(1)-N(3) 2.0680(13) C(3)-C(4) 1.463(2) B(1)-F(4) 1385Q2)
N(D)-C(1)  1.4529(17) N@3)-C8) 1.3301(19) B(1)-F(3) 1.388(2)
C(1)-C2) 1.531(2) N(3)-C(4) 1.3636(18) B(1)-F(1) 1393(2)
0(1)-C(9) 1.202(2) C(4)-C(5)  1.379(2) B(1)-FQ2) 1.401(2)
C(2)-NQ2) 1.4741(19) C(5)-C(6) 1.396(2) N@)-C(11) 1.148(5)
NQ)-C3) 1.274(2) C(6)-C(7) 1.386(2) C(11)-C(12) 1.446(5)
0(2)-C(9) 1.3310(18) C(7)-C(8) 1.398(2)

N(2)-Cr(1)-NQ2)#1  99.10(4) N(2)-C(3)-C(4) 118.02(13)
N(@2)-Cr(1)-NQ)#2  99.10(4) C(8)-N(3)-C(4) 118.53(13)
NQ)#1-Cr(1)-N2)#2  99.10(4) C(8)-N(3)-Cr(1) 128.32(10)
N(2)-Cr(1)-N(3) 79.30(5) C(4)-N(3)-Cr(1) 113.08(10)
NQ#1-Cr(1)-N3)  88.31(5) N(3)-C(4)-C(5) 122.78(14)
NQ)#2-Cr(1)-N3)  172.59(5) N(3)-C(4)-C(3) 114.39(12)
N(2)-Cr(1)-NQ3)#1  172.59(5) C(5)-C(4)-C(3) 122.78(13)
NQ)#1-Cr(1)-NG#1  79.30(5) C(4)-C(5)-C(6) 118.52(14)
NQ)¥2-Cr(1)-NQ)#1  88.31(5) C(7)-C(6)-C(5) 118.72(13)
N@3)-Cr(1)-NQ3)#1  93.40(5) C(6)-C(7)-C(8) 119.50(13)
N(@2)-Cr(1)-NG3)#2  88.31(5) C(6)-C(7)-C(9) 123.14(13)
NQ)#1-Cr(1)-NG)H2 172.59(5) C(8)-C(7)-C(9) 117.30(12)
NQ)¥2-Cr(1)-NGH2  79.30(5) N(3)-C(8)-C(7) 121.92(13)
N@3)-Cr(1)-NG3)#2  93.40(5) 0(1)-C(9)-0(2) 125.76(14)
NE@)#1-Cr(1)-NG)#2  93.40(5) 0(1)-C(9)-C(7) 123.25(14)
C(#1-N(1)-C(1)  116.69(6) 0(2)-C(9)-C(7) 110.98(13)
C(#1-N(1)-C(1}#2  116.69(6) F(4)-B(1)-F(3) 109.67(15)
C(H)-N(1)-C()#2  116.69(6) F(4)-B(1)-F(1) 110.04(16)
N(1)-C(1)-C(2) 109.96(14) F(3)-B(1)-F(1) 110.28(16)
N(2)-C(2)-C(1) 108.66(12) F(4)-B(1)-F(2) 108.62(16)
C(3)-N(2)-C(2) 119.16(13) F(3)-B(1)-F(2) 109.70(15)
C(3)-N(2)-Cr(1) 115.09(10) F(1)-B(1)-F(2) 108.49(14)
C(2)-N(2)-Cr(1) 125.75(10) N@)-C(11)-C(12)  180.000(1)

C(9)-0(2)-C(10) 115.83(13)

Symmetry transformations used to generate equivalent atoms:
#1 -y+1,x-y+1,z#2 -x+y,-x+1,z
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Table A4.2. Selected bond lengths [A] and angles [°] for 5.4; all H atoms are omitted (data for all atoms
available in the cif file)

Cr(1)-N(5)
Cr(1)-N(1)
Cr(1)-N(3)
Cr(1)-N(2)
Cr(1)-N(4)
Cr(1)-N(6)
N(1)-C3)
N(1)-C(2)
O(1)-C(9)
C(1)-C(2)
N(2)-C(8)
N(2)-C(4)
0(2)-C(9)
0(2)-C(10)
N(3)-C(13)
N(3)-C(12)
0(3)-C(19)
C(3)-C(4)
0(4)-C(19)
0(4)-C(20)
N(4)-C(18)
N(4)-C(14)

2.041(3)
2.042(3)
2.048(3)
2.057(3)
2.063(3)
2.068(3)
1.280(5)
1.484(5)
1.208(5)
1.487(6)
1.321(5)
1.375(4)
1.310(5)
1.471(6)
1.287(5)
1.479(5)
1.198(5)
1.451(6)
1.309(5)
1.466(5)
1.335(4)
1.368(4)

C(4)-C5) 1.374(5)
C(5)-C(6) 1.374(6)
N(5)-C(23) 1.295(5)
N(5)-C(22) 1.469(6)
0(5)-C(29) 1.220(7)
0(5)-C(30B) 1.68(2)
C(6)-C(7) 1.378(6)
N(6)-C(28) 1.338(5)
N(6)-C(24) 1.362(5)
0(6)-C(29) 1.302(8)
0(6)-C(30A) 1.358(8)
C(7)-C(8) 1.389(5)
C(7)-C(9) 1.502(6)
C(11)-C(12) 1.507(6)
C(13)-C(14) 1.451(5)
C(14)-C(15) 1.368(5)
C(15)-C(16) 1.376(6)
C(16)-C(17) 1.370(6)
C(17)-C(18) 1.390(5)
C(17)-C(19) 1.502(5)
C(21A)-C(22)

C(21B)-C(22)

N(5)-Cr(1)-N(1)
N(5)-Cr(1)-N(3)
N(1)-Cr(1)-N(3)
N(5)-Cr(1)-N(2)
N(1)-Cr(1)-N(2)
N(3)-Cr(1)-N(2)
N(5)-Cr(1)-N(4)
N(1)-Cr(1)-N(4)
N(3)-Cr(1)-N(4)
N(2)-Cr(1)-N(4)
N(5)-Cr(1)-N(6)
N(1)-Cr(1)-N(6)
N(3)-Cr(1)-N(6)
N(2)-Cr(1)-N(6)
N(4)-Cr(1)-N(6)
C(3)-N(1)-C(2)
C(3)-N(1)-Cr(1)
C(2)-N(1)-Cr(1)
C(8)-N(2)-C(4)
C(8)-N(2)-Cr(1)
C(4)-N(2)-Cr(1)
C(9)-0(2)-C(10)
N(1)-C(2)-C(1)
C(13)-N(3)-C(12)

C(23)-C(24) 1.430(7)
C(24)-C(25) 1.375(6)
C(25)-C(26) 1.383(8)
C(26)-C(27) 1.378(7)
C(27)-C(28) 1.393(6)
C(27)-C(29) 1.464(8)

F(1)-B(1) 1.413(6)
B(1)-F2) 1.350(5)
B(1)-F4) 1.366(5)
B(1)-F3) 1.373(5)

B(3)-F(9B) 1.284(9)
B(3)-F(9A) 1.324(7)
B(3)-F(10) 1.341(5)
B(3)-F(11) 1.353(5)
B(3)-F(12A) 1.530(8)
B(3)-F(12B) 1.570(10)
B(2)-F(5B) 1.282(12)
B(2)-F(7) 1.333(7)
B(2)-F(6A) 1.353(7)
B(2)-F(8) 1.360(6)
B(2)-F(5A) 1.438(9)
B(2)-F(6B) 1.499(12)

87.69(12) C(13)-N(3)-Cr(1) 113.9(2)
175.12(12) C(12)-N(3)-Cr(1) 128.2(2)
95.66(11) N(1)-C(3)-C(4) 118.8(3)
96.85(13) C(19)-0(4)-C(20) 116.6(3)
80.62(12) C(18)-N(4)-C(14) 118.9(3)
87.22(12) C(18)-N(4)-Cr(1) 128.7(2)
96.85(12) C(14)-N(4)-Cr(1) 112.4(2)
173.54(11) C(5)-C(4)-N(2) 121.1(4)
80.11(12) C(5)-C(4)-C(3) 123.8(3)
94.24(11) N(2)-C(4)-C(3) 115.0(3)
79.81(14) C(6)-C(5)-C(4) 119.7(3)
96.28(12) C(23)-N(5)-C(22) 121.3(4)
96.25(12) C(23)-N(5)-Cr(1) 113.7(3)
175.58(12) C(22)-N(5)-Cr(1) 124.7(3)
89.07(11) C(29)-0(5)-C(30B) 111.1(9)
120.8(3) C(5)-C(6)-C(7) 119.0(4)
113.8(2) C(28)-N(6)-C(24) 119.6(3)
125.3(3) C(28)-N(6)-Cr(1) 128.0(3)
119.0(3) C(24)-N(6)-Cr(1) 112.3(3)
129.4(2) C(29)-0(6)-C(30A) 115.0(6)
111.5(2) C(6)-C(7)-C(8) 119.4(4)
114.7(4) C(6)-C(7)-C(9) 119.1(4)
115.8(4) C(8)-C(7)-C(9) 121.5(4)
117.4(3) N(2)-C(8)-C(7) 121.93)
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0(1)-C(9)-0(2)
0(1)-C(9)-C(7)
0(2)-C(9)-C(7)
N(3)-C(12)-C(11)
N(3)-C(13)-C(14)
C(15)-C(14)-N(4)
C(15)-C(14)-C(13)
N(4)-C(14)-C(13)
C(14)-C(15)-C(16)
C(17)-C(16)-C(15)
C(16)-C(17)-C(18)
C(16)-C(17)-C(19)
C(18)-C(17)-C(19)
N(4)-C(18)-C(17)
0(3)-C(19)-0(4)
0(3)-C(19)-C(17)
0(4)-C(19)-C(17)
C(21A)-C(22)-N(5)
N(5)-C(22)-C(21B)
N(5)-C(23)-C(24)
N(6)-C(24)-C(25)
N(6)-C(24)-C(23)
C(25)-C(24)-C(23)
C(24)-C(25)-C(26)
C(27)-C(26)-C(25)
C(26)-C(27)-C(28)
C(26)-C(27)-C(29)
C(28)-C(27)-C(29)
N(6)-C(28)-C(27)
0(5)-C(29)-0(6)
0(5)-C(29)-C(27)

125.5(5)
123.0(4)
111.5(4)
111.8(3)
118.6(3)
122.1(4)
123.13)
114.93)
118.6(4)
119.9(4)
119.5(4)
119.1(3)
121.4(4)
121.03)
125.1(4)
122.2(4)
112.7(3)
123.1(7)
113.4(5)
118.9(4)
121.3(5)
115.1(4)
123.5(4)
119.2(5)
119.5(4)
119.2(5)
120.5(5)
120.3(5)
121.2(4)
121.3(7)
123.4(7)

0(6)-C(29)-C(27)
F(2)-B(1)-F(4)
F(2)-B(1)-F(3)
F(4)-B(1)-F(3)
F(2)-B(1)-F(1)
F(4)-B(1)-F(1)
F(3)-B(1)-F(1)
F(9B)-B(3)-F(10)
F(9A)-B(3)-F(10)
F(9B)-B(3)-F(11)
F(9A)-B(3)-F(11)
F(10)-B(3)-F(11)
F(9A)-B(3)-F(12A)
F(10)-B(3)-F(12A)
F(11)-B(3)-F(12A)
F(9B)-B(3)-F(12B)
F(10)-B(3)-F(12B)
F(11)-B(3)-F(12B)
F(12A)-B(3)-F(12B)
F(5B)-B(2)-F(7)
F(7)-B(2)-F(6A)
F(5B)-B(2)-F(8)
F(7)-B(2)-F(8)
F(6A)-B(2)-F(8)
F(7)-B(2)-F(5A)
F(6A)-B(2)-F(5A)
F(8)-B(2)-F(5A)
F(5B)-B(2)-F(6B)
F(7)-B(2)-F(6B)
F(8)-B(2)-F(6B)
F(5A)-B(2)-F(6B)

115.2(5)
111.5(4)
111.2(4)
110.3(3)
109.8(4)
109.3(4)
104.5(4)
131.7(6)
115.1(5)
111.6(5)
122.1(5)
115.1(4)
104.5(6)
93.0(4)
99.8(4)
102.4(9)
86.3(5)
94.2(5)
164.9(6)
129.2(10)
114.1(6)
112.1(10)
114.2(5)
111.0(5)
108.3(5)
101.8(6)
106.4(5)
101.6(10)
95.1(7)
94.0(7)
138.1(7)




Appendix AS. Supporting Information for Chapter 6

Figure AS5.1. Full structure of 6.1-2CH;CN, rendered at 40% ellipsoids.
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Figure A5.2. Full structure of 6.3, rendered at 40% ellipsoids.
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Figure AS5.3. Electronic absorption spectra showing aerobic oxidation of 6.2, [Cr(4-dmcbpy);](BF,) in
CH;CN, monitored over 35 minutes.
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Figure A5.4. Positive ion mass spectrum of [Cr(4-dmcbpy);]|(BF,;) 6.2 in CH;CN.

AMMO7-115 #1-25 RT: 0.01-0.57 AV:25 NL: 2.90E6
T: + p Full ms [50.00-1500.00]
868.1

869.0

866.0 / 871.1
. e
// \ / \ J/ . 8719
8608 861.1 _ 861.7 862.8 863.1 864.0 864.9 - e 7 N 8731 8740 874.8 8755 8758
L L B e e o e e e e e e L B e B e e e e e B e T B B e B e T A e LA o o e o s
861 862 863 864 865 866 867 868 870 871 872 873 874 875 876

miz

T
869

Figure AS5.5. Experimental isotopic pattern of the 868.07 m/z peak ([Cr(4-dmcbpy);]") of 6.2 in CH;CN.
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Figure A5.6. Simulated isotopic pattern of the 868.07 m/z peak ([Cr(4-dmcbpy);]") of 6.2 in CH;CN.
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Figure AS.7. Cyclic voltammogram of reaction product from reduction of [Cr(4-dmcbpy);](BF,), with
sodium diphenylketyl radical, collected in 0.1 M TBAPF THF solution. In this figure, the rest potential is
denoted by * and the potential is referenced directly to the Ag wire and not to the F¢™° couple.
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Figure AS5.8. KBr pellet IR spectrum of working compartment product from reduction of

[Cr(4-dmcbpy);](BFy), by bulk electrolysis in 0.1 M TBAPF; CH;CN.
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Figure AS5.9. Cyclic voltammogram of solid reaction product from reduction of [Cr(tren(impy);)](BF),
by bulk electrolysis, collected in 0.1 M TBACIO, DCM solution. In this figure, the rest potential is
denoted by * and the potential is referenced directly to the Ag wire and not to the F¢™”° couple.

214



Appendix A6. Notebook Cross-references for Iminopyridine, Polypyridine and Related Compounds

Lo AMMO02-39
[Fe(L™°M)](BF,), AMMO02-69
[Fe(L™°M](SO,), AMMO02-40
[Fe(L°")](BPh,), AMMO02-55
Lo AMMO03-13
> ONHBu AMMO02-142
[Fe(L°"""™")](BF,), AMMO09-81
([FeL> N cCl),[FeCly] AMMO09-81
[ OONHBu AMMO2-154
[(phen),Cr(4-dmcbpy)](OTf); AMMO3-71
[(Me,bpy),Cr(4-dmcbpy)](OTH); AMMO04-71
[(Phyphen),Cr(4-dmcbpy)(OTH); AMMO5-128
[Cr(4-dmcbpy)3] (BF4)3 AMMO04-147
[Cr(4-dmcbpy);](BFy), AMMO04-69
[Cr(4-dmcbpy);](BF,) AMMO06-154
L% (aka L2) AMMO08-109
[Cr(L”2°M)](BF,), AMMO8-143
[Mn(L"°°M)](OTH), AMMO8-21
[Fe(L>2°M9)](0OTH), AMMO8-64
[Co(L>2M)](Cl0,), AMMO8-153
[Ni(L”2°M)](C10,), AMMO08-63
[Cu(L>2V)](0TH), AMMO09-59
[Zn(L>°°Y%)](OTf), AMMO09-12
tren(py); (aka L1) AMMO8-23

py-im-et (aka L3)

AMMO06-134 (recommend using excess ethylamine)

E-py-im-et (aka [4)

AMMO8-46

[Cr(LD)](BF4), AMMO8-11
[Cr(L1)](BEy)s AMMO8-13 and-39
[Cr(L2)](BF,); AMMO06-97 (Ag oxidation)
AMMO06-105 (thianthrene oxidation)
[Cr(L3);](BF4), AMMO06-131
[Cr(L3);](BF4); AMMO07-49
[Cr(L4);](BF,), AMMO7-128
[Cr(L4);](BF,); AMMO07-130
[Zn(L4);](OTH), (colorless) AMMO09-19 and -26
[Zn(L4);](OTH), (blue) AMMO09-26, -43, -50 and -53
[Ga(L4);]1(NO3); (blue) AMMO8-83 and -89
[Ga(L2)](NOs); AMMO8-87 and 9-14
NaBAr" AMMO08-139
4,4',5,5-tetrahydro-2,2'-bioxazole AMMO04-85
[Cr(OAc),(H,0)], AMMO07-132
[Cr(CH;3;CN)4(BF,);] AMMO04-141
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