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To Mowm and Dad,
and my younger brother Erif

“All’s well that ends better.”

-J.R.R. Tolkien, The Lord of the Rings

“Ah yes... I was wondering what would break first... your spirit, or your body?”

-Bane, The Dark Knight Rises
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ABSTRACT

This dissertation focuses on the incorporation of non-innocent or multifunctional
moieties into different ligand scaffolds to support one or multiple metal centers in close
proximity. Chapter 2 focuses on the initial efforts to synthesize hetero- or homometallic
tri- or dinuclear metal carbonyl complexes supported by para-terphenyl diphosphine
ligands. A series of [MoM’(CO)4]-type clusters (M = Ni, Pd; M’ = Fe, Co) could be
accessed and used to relate the metal composition to the properties of the complexes.
During these studies it was also found that non-innocent behavior was observed in
dinuclear Fe complexes that result from changes in oxidation state of the cluster. These
studies led to efforts to rationally incorporate central arene moieties capable managing
both protons and electrons during small molecule activation.

Chapter 3 discusses the synthesis of metal complexes supported by a novel para-
terphenyl diphosphine ligand containing a non-innocent 1,4-hydroquinone moiety as
the central arene. A Pd’-hydroquinone complex was found to mediate the activation of
a vatiety of small molecules to form the corresponding Pd’-quinone complexes in a
formal two proton / two electron transformation. Mechanistic investigations of
dioxygen activation revealed a metal-first activation process followed by subsequent
proton and electron transfer from the ligand. These studies revealed the capacity of the
central arene substituent to serve as a reservoir for a formal equivalent of dihydrogen,
although the stability of the M-quinone compounds prevented access to the Pd"-
quinone oxidation state, thus hindering of small molecule transformations requiring
more than two electrons per equivalent of metal complex.

Chapter 4 discusses the synthesis of metal complexes supported by a ligand

containing a 3,5-substituted pyridine moiety as the linker separating the phenylene
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phosphine donors. Nickel and palladium complexes supported by this ligand were
found to tolerate a wide variety of pyridine nitrogen-coordinated electrophiles which
were found to alter central pyridine electronics, and therefore metal-pyridine n-system
interactions, substantially. Furthermore, nickel complexes supported by this ligand were
found to activate H-B and H—Si bonds and formally hydroborate and hydrosilylate the
central pyridine ring. These systems highlight the potential use of pyridine n-system-
coordinated metal complexes to reversibly store reducing equivalents within the ligand
framework in a manner akin to the previously discussed 1,4-hydroquinone diphosphine
ligand scaffold.

Chapter 5 departs from the phosphine-based chemistry and instead focuses on the
incorporation of hydrogen bonding networks into the secondary coordination sphere
of [Fes(ps-O)]-type clusters supported by various pyrazolate ligands. The aim of this
project s to stabilize reactive oxygenic species, such as oxos, to study their spectroscopy
and reactivity in the context of complicated multimetallic clusters. Herein is reported
this synthesis and electrochemical and M&ssbauer characterization of a series of
chloride clusters have been synthesized using parent pyrazolate and a 3-aminophenyl
substituted pyrazolate ligand. Efforts to rationally access hydroxo and oxo clusters from
these chloride precursors represents ongoing work that will continue in the group.

Appendix A discusses attempts to access [Fe;Ni]-type clusters as models of the
enzymatic active site of [NiFe] carbon monoxide dehydrogenase. Efforts to construct
tetranuclear clusters with an interstitial sulfide proved unsuccessful, although a (us-S)
ligand could be installed through non-oxidative routes into triiron clusters. While
[FesNi(us-O)]-type clusters could be assembled, accessing an open heterobimetallic

edge site proved challenging, thus prohibiting efforts to study chemical
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transformations, such as hydroxide attack onto carbon monoxide or carbon dioxide
coordination, relevant to the native enzyme. Appendix B discusses the attempts to
synthesize models of the full H-cluster of [FeFe|-hydrogenase using a bioinorganic
approach. A synthetic peptide containing three cysteine donors was successfully
synthesized and found to chelate a preformed synthetic [FesS4 cluster. However,
efforts to incorporate the diiron subsite model complex proved challenging as the
planned thioester exchange reaction was found to non-selectively acetylate the peptide

backbone, thus preventing the construction of the full six-iron cluster.
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Chapter 1

GENERAL INTRODUCTION



INTRODUCTION

This dissertation focuses on the study of multifunctional and non-innocent ligands
in the context of small molecule activation in a variety of mono- and multinuclear
complexes. This general concept was explored in two distinct types of systems: 1)
multiple diphosphine ligands containing non-innocent central arene, 1,4-hydroquinone,
or pyridine-based moieties poised to interact with supported transition metals, and 2)
the incorporation of hydrogen bonding moieties into the secondary coordination
sphere of site-differentiated [Fes(ps-O)]-type clusters as a way to stabilize terminal oxido
ligands in multinuclear complexes. In recent decades the use of redox or acid / base
non-innocent ligands as well as secondary coordination sphere hydrogen bonding
networks to promote novel reactivity, facilitate catalysis, or stabilize otherwise reactive
intermediates has grown into an area of substantial research effort. However, the
development of ligand scaffolds capable of storing / delivering both protons and
electrons to small molecule substrates in transition metal-mediated processes and the
study of hydrogen bonding networks in multinuclear complexes are comparatively less
so. The work reported herein seeks to address these two concepts with appropriate
background and references incorporated into each individual chapter. This chapter
aims to discuss the interest in these avenues of research in more general terms and
describe the motivations and development of each of the related projects.

For the purposes of this dissertation multiple classes of ligand non-innocence can
be defined. The term redox non-innocence will be used to describe systems in which
the ligand serves as an electron reservoir. These systems typically have low-lying
unpopulated ligand-based orbitals that are more easily reduced than the coordinated

metal center. From the discovery of the redox non-innocence 1,2-dithiolene ligands by
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Eisenberg and Gray in the 1960s to more recent examples such as bis(imino)pyridine
ligands studied extensively by Weighart and Chirik as well as others (Bart, Berben), the
use of redox non-innocence has resulted in the ability to mediate a range of challenging
chemical transformations, including some more commonly associated with noble metal
catalysis, in Earth-abundant first-row transition metals. Work from the Heyduk group
has also applied this strategy to achieve a variety of redox transformations at formally
d” metal centers by taking advantage of redox-active aminophenolate ligand scaffolds.

A second class of non-innocent ligand can be described as acid / base non-innocent
whereby the ligand is capable of facilitating the transfer of protons or other
electrophiles by serving as a local Lewis basic or acidic site. Inspiration for these systems
can be partially attributed to enzymatic systems such as [FeFe|-hydrogenase which takes
advantage of an aza dithiolate ligand to facilitate dihydrogen evolution or oxidation by
serving as a base during catalysis. A recent example of this type of strategy are the PNN
pincers reported by Milstein, which utilize the reversible deprotonation of a benzylic
position in the ligand framework to mediate chemical transformation. Work by Mayer
and Savéant has demonstrated electrocatalytic systems can take advantage of pendant
protic or basic functionalities that alter the product selectivity in dioxygen and carbon
dioxide reduction in porphyrin-based systems.

Conceptually, these systems are related to ligand scaffolds which utilize secondary
coordination sphere tuning with hydrogen bond donating or accepting moieties to
stabilize reactive species. The Borovik group has employed a variety of mono- and
multinucleating scaffolds employing hydrogen bonding networks to isolate and study a
variety of high-valent metal centers coordinated to terminal oxygenic fragments to

spectroscopically characterize and study their reactivity. More recently, others such as
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the Fout and Szymczak group have also begun to incorporate hydrogen bonding
functionalities into novel ligand scaffolds as well. While most effort has focused on
monometallic systems, examples of dinuclear complexes featuring hydrogen bond
networks have also been reported to a much lesser extent. These ligands do not
facilitate or mediate proton transfer to or from metal-bound species; however, they
provide a unique secondary coordination sphere environment whose influence on small
molecule reactivity can be studied in its own right.

Finally, there is one last class of non-innocent ligands that can be defined are both
redox and acid / base non-innocent, meaning they are capable of storing and delivering
both electrons and electrophiles during metal-mediated small molecule activation.
Systems capable of this are considerably less common though not unprecedented.
Again, Nature can serve as a source of inspiration with NAD™ whose core pyridinium
moiety is capable of serving as an organic hydride acceptor, formally two electrons and
a proton. This concept has been recently applied and reviewed by the Colbran group.
Another notable example comes from the Heyduk group in the reduction of dioxygen
using an amine bis(phenolate) supported Zr complex. Our own group has recently
published the use of n-bound Mo-catechol complexes demonstrating the capacity to
transfer a variety of electrophiles and electrons to dioxygen. With the reduction of many
small molecules including carbon dioxide, dioxygen, and dinitrogen requiring the input
of multiple protons and electrons, the exploration of ligand scaffolds capable of
facilitating the transfer of multiple electron and electrophile equivalents could serve as
a strategy to achieve these challenging reductions and impart selectivity on the types of
products produced. Overall, the interest in multifunctional and non-innocent ligands

stems from the desire to develop novel strategies to accomplish challenging chemical
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transformations. By emphasizing metal-ligand cooperativity, the reactivity observed by
these complexes can often be described as greater than the sum of its parts as
individually neither component can accomplish the targeted chemical behavior.
Building off the initial reports of non-innocent para-terphenyl diphosphine ligands
in our group, efforts turned to rationally incorporating multifunctional moieties into
both mono- and multinuclear complexes. While a variety of hetero- and homometallic
tri- and dinuclear complexes were synthesized (Chapter 2), with evidence for central
arene redox non-innocence arising from strong metal-arene interactions that were
observed in dinuclear Co, and Fe, complexes (Chapter 2). Efforts to rationally
incorporate non-innocent aromatic linkers were then expanded to two new ligand
scaffolds: a para-terphenyl diphosphine containing a 1,4-hydroquinone fragment as the
central arene moiety (Chapter 3), and a 3,5-substituted pyridine diphosphine ligand
(Chapter 4). Metal complexes supported by both ligand scaffold showed differing small
molecule with the hydroquinone system being capable of rapidly delivering reducing
equivalents to substrates, while the pyridine diphosphine system could efficiently add
B-H, Si-H, and hydride equivalents into the ligand scaffolds. Most recently, efforts to
incorporate hydrogen bonding networks into the secondary coordination sphere of
[Fes(ns-O)]-type complexes have also been attempted (Chapter 5). Overall, this body
of work aims to expand the range of ligand scaffolds capable of reversibly storing both
protons and electrons during small molecule activation and gain insight into how

hydrogen bonding network play into reactivity in multinuclear clusters.



CHAPTER 2

SYNTHESIS OF MULTINUCLEAR CARBONYL COMPLEXES SUPPORTED

BY A PARA-TERPHENYL DIPHOSPHINE LIGAND

The text for this chapter was reproduced in part from:

Suseno, S.; Horak, K. T.; Day, M. W.; Agapie, T. Organometallics, 2013, 32, 6883-
6886.

Horak, K. T.; Velian, A.; Day, M. W.; Agapie, T. Chem. Commun., 2014, 50, 4427-
4429.

Horak, K. T'; Lin, S.; Rittle, J.; Agapie, T. Organometallics, 2015, 34, 4429-4432.



Abstract

Multinuclear hetero- and homometallic clusters supported by para-terphenyl
diphosphine ligands were targeted with the goal of studying cooperative small
molecule activation across multiple metal centers. A series of isostructural trinuclear
complexes of metal composition PdxFe, Pd»Co, and NixFe, were synthesized in a
stepwise fashion. Using dinuclear precursors (Pd'> and Ni') supported by para-
terphenyl diphosphine ligands allowed for the selective incorporation of a single
additional metal center. The effects of both metal composition and ligand electronics
on cluster properties were studied. These results highlight the importance of metal-
metal interactions in mixed-metal sites of structurally analogous clusters. Additionally,
cofacial Fes, Coz, Niz, and Ni; complexes supported by a para-terphenyl diphosphine
ligand were prepared. Central arene deplanarization and a u2:(7,7°) coordination mode
suggest partial bis-allyl character in the Fe, and Co, complexes. An oxidation induced

shift in Fes-arene binding highlights the non-innocent nature of the arene ligand.



INTRODUCTION

Discrete mixed-metal complexes have been studied for molecular-level insight into the
structural and electronic factors that influence cluster properties.! As the performance of
heterogenous catalysts, in terms of activity, durability, selectivity, or cost, can be improved
upon inclusion of cometals, an understanding of the underlying metal-metal interactions is
needed.” To gain insight into such interactions, the study of well-defined, homogeneous,
multinuclear heterometallic complexes has been pursued. Heterometallic dinuclear complexes
are an active area of current research.” Additionally, heterometallic trinuclear complexes in
triangular geometries are particularly appealing as one of the simplest model clusters
displaying major and minor metal components and direct interactions between all metals,
similar to heterogeneous catalysts. Although many advances have been made on the synthesis
of multinuclear complexes containing isolated triangular heterometallic motifs,>* systematic
access to related isostructural clusters suitable for structure-property studies is limited.
Triangular trinuclear motifs are common in multinuclear heterometallic complexes, but
differences in nuclearity, supporting ligands, or cluster oxidation states make systematic

comparisons challenging.’

Another advantage of multinuclear systems is their potential to facilitate multi-
electron transformations by distributing the redox load across several metal centers.
Dinuclear metal complexes also have the potential to act in a cooperative fashion in
small molecule activation and multi-electron processes.” In particular, low-valent Fe;,
Co», and Ni, complexes have been shown to participate in a variety of transformations,
including proton reduction,”™® dihydrogen activation,” Pauson-Khand-type

cycloadditions, C—C coupling,”™ group transfer,”* and carbon dioxide activation.”™”
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The development of novel dinucleating ligand scaffolds and complexes capable of both
undergoing redox processes and facilitating novel chemical transformations is currently
a topic of active research.® Our group has recently utilized bis- and
tris(phosphinoaryl)benzene ligands as multinucleating scaffolds for Ni and Pd
complexes, where the central arene participates as a flexible donor ligand.>®’

The following chapter summarizes two distinct projects targeting multinuclear
hetero- and homometallic complexes. Herein we report the rational synthesis of a series
of isostructural, low oxidation state heterometallic complexes of the M,M’-type,
supported by two para-terphenyl diphosphine ligands with differing central arene
electronics. We also describe a series of homometallic, dinuclear, first-row transition
metal complexes supported by a para-terphenyl diphosphine and study the flexible Fe,-
arene coordination observed upon one-electron redox chemistry.

RESULTS AND DISCUSSION
2.1 Ligand Synthesis

Scheme 1. Synthesis of ligand para-terphenyl diphosphine ligands

Br ’
R ipr 'Pr
;2 Pr-p R=IPr
B(OH), 1) 4.1 tBuLi, THF R
' K»COj3, Pd(PPh3)s 2)2.1 P(Pr),Cl O $ 2 O
R PhMe, EtOH, H,0 R
AR 1(R=H)

1-(OMe); (R = OMe)

The synthesis of the parent para-terphenyl diphosphine ligand (1) was accomplished
according to literature procedure (Scheme 1).* The synthesis of the more electron-rich
para-terphenyl diphosphine ligand, 1-(OMe)., which contains a 1,4-dimethoxybenzene
central arene as opposed to a central phenylene, was accomplished using a similar

synthetic route (Scheme 1). A Pd-catalyzed Suzuki coupling between 2-bromophenyl
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boronic acid and 2,5-diiodo-1,4-dimethoxy benzene (A) provided the desired para-
terphenyl dibromide precursor (B). Subsequent lithium halogen exchange using fer#-
butyl lithium (Buli) followed by addition P(/Pr).Cl yielded the desired ligand, 1-

(OMe),, following workup.

70 °C
N il e
60 °C
~ e I
50 °C
W PR W
40 °C
N eI
30°C
S S
20 °C
A AN .,/L 1
1H iPr-CH (CeDe) 1H iPr-CH; (CeDe) 31P{lH} (CeDe)

2322212019181.71.6 1312 1110090807 15 10 5 0 -5 -10 -15
f1 (ppm) f1 (ppm) f1 (ppm)

Figure 1. VI-NMR spectra for 1-(OMe)s.

In solution, 1-(OMe); shows two broad /Pr methine resonances (2.05, 1.87 ppm)
and a broad methyl signal by 'H NMR. Two *'P{'H} signals (-1.18, -2.67 ppm) of
inequivalent integration are also observed in contrast to 1, which shows a single peak at

7.55 ppm (Figure 1). These data are consistent with hindered rotation around the aryl—
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aryl bonds at room temperature as a result of the steric clash between the bulky
phosphine moieties and the orzho-methoxy central arene substituents of 1-(OMe)..
Similar solution NMR behavior has been reported in a related mefa-terphenyl
diphosphine ligand.” To test this hypothesis, variable temperature (VT) NMR
experiments were pursued with 1-(OMe).. Heating a sample of 1-(OMe), to 70 °C in
CeD¢ was sufficient for coalescence of the /Pr methine proton resonances and resulted
in substantially sharper methyl signals (Figure 1). Additionally, a single *'P resonance at
-0.2 ppm was observed at 70 °C, confirming the presence of a single ligand rather that
two distinct phosphorus-containing species in solution. The synthesis of 1-(OMe):
allows for a study of the effects of central arene electronics on the spectroscopic
properties of supported metal complexes.

2.2 Synthesis and Characterization of Heterometallic Trinuclear NM-Type Clusters

We have previously reported the chemistry of homometallic clusters coordinated by
multidentate phosphinoarene ligands.” ® ' Targeting heterometallic trinuclear clusters,
dinuclear Pd; (2) and Ni, (7) precursors were treated with the tetracarbonyl anions of Fe and
Co (Scheme 2). [Na]z[Fe(CO),] was found to react with 2 and 7 to yield [Pd>Fe]” (3) and [Ni.Fe]"
(8) cores, respectively, while [Na][Co(CO)4] generated the corresponding [Pd.Co]” (4) core
following reaction with 2. Reactions of 7 and [Na][M(CO),] (M = Co (n = 4), Mn (n = 5))
precursors yielded multinuclear Ni-carbonyl clusters, which will further discussed in Section
2.3, rather than a [Ni;M]" (M = Co, Mn) core. Mo(CO)3(MeCN); was found to react with 2 to
yield the corresponding [Pd2Mo]** core (6), demonstrating that salt metathesis reactions with
anionic transition metal carbonyl precursors were not required to construct heterometallic

trinuclear complexes.
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Scheme 2. Synthesis of heterometallic trinuclear complexes.
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THF
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These complexes represent very rare examples of triangular clusters, with only two Pd,Co,

four Ni>Fe, and no Pd,Fe species structurally characterized previously. ™ > *&

“ Spectroscopic
and structural parameters of these reported clusters are challenging to compare due to
differences in cluster oxidation state and the identity of supporting ligands. The present series

maintains the same ligand environment while varying the identity of the major and minor

metal components. To analyze the effect of ligand electronics on cluster properties, a
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diphosphine variant with para-methoxy-substitution of the central arene, 1-(OMe), (Scheme
2), was employed to support analogous multinuclear complexes. A one-pot metalation of 1-
(OMe), with [Pd:(MeCN)g][BF4]. followed by the addition of [Na];[Fe(CO)4] or
[Na][Co(CO)4] yielded the desired [Pd:Fe]’ (3-(OMe)z) or [Pd.Co]” (4-(OMe),) cores,
respectively. Adapted literature procedures were used to synthesize the analogous Ni,
precursor (7-(OMe)z) via a comproportionation reaction with Ni(COD), (COD = 1,5-
cyclooctadiene) and NiCl.dme (dme = 1,2-dimethoxyethane). 7-(OMe); was allowed to react
with [Na]>[Fe(CO)4] to obtain the targeted [NiFe] core (8-(OMe),). Multiple techniques have
been utilized to compare the reported compounds: electrochemical measurements, NMR
spectroscopy, Mossbauer spectroscopy, and IR spectroscopy in addition to structural

comparisons from solid-state structures.

Single crystal X-ray diffraction (XRD) studies were performed for 3, 4, 6, 3-(OMe),, and
8 (Figure 2). The homodinuclear moiety (M>) is bound to the phosphine and arene donors in
a manner reminiscent of the precursors (2 and 7).> '™ '' The apical metal (M’) of the
M,M’(CO)4—type clusters display interactions with the M, core and two CO ligands, one
bridging each M—M’ interaction. For complex 6, the all three CO ligands support the Pd, core-
Mo interaction. One CO ligand bridges across one face of the Pd:Mo core in a 3 fashion,
while the remaining two each bridge a different Pd—Mo interaction. Despite the variation of
apical and dinuclear core metal identity as well as ligand electronics, the clusters remain largely
isostructural, with the exception of 6. The metal-metal distances for Pd2M(CO).—type clusters
are similar between complexes 3, 4, and 3-(OMe), with Pd—Pd distances ranging between
2.5643(3) and 2.5853(3)(2) A and Pd—M’ distances ranging between 2.5374(3) and 2.5541(6)

A. Owing the larger size of Mo compared to Fe or Co, complex 6 shows a considerably
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expanded trinuclear core with a Pd—Pd distance 2.6220(2) A and Pd-Mo distances of
2.8176(3) and 2.7516(3) A. Complex 8 shows shorter metal-metal distances of 2.3931(8) and
2.4169(6) A for Ni-Ni and Ni-Fe, respectively, due to the smaller size of Ni compared to Pd.
Both average Pd—Pd and Ni—Ni distances are similar to the metal-metal distances in a
previously reported mono-atom bridged complexes such as the dmdbt-Pd, complex (dmdbt

= 4,6-dimethyldibenzothiophene) and complex 7.%'"

c4

Pd-Pd - 2.5643(3) Meo” 1-39005)

Pd-Fe - 2.5374(3)
1-2.4936(19)
2-212018(15)
3.2.6197(19)

Pd1-Pd2 - 2.5776(3)
Pd1-Fe - 2.5512(6)
Pd2-Fe - 2.5541(6)

1-2.461(3) 3 -2.206(3)

2-2213(3) 4-2.528(3)

1.396(3)
c1 C6

1.404(5)
c1 o

CJ’ c4
1.376(3)
Pd1-Pd2 - 2.5853(3)
Pd1-Co - 2.5472(4)
Pd2-Co - 2.5472(4)

c3

Ni-Ni - 2.3931(8)
Ni-Fe - 2.4169(6)

1-2.466(2) 4-2.189(2) 1-2.405(3)
2-2.163(2) 5-2.376(2) 2-2.027(3)
3-2.607(2) 3-2.266(3)

1.421(3)
c1 C6

1.3994(18)
c1 C6

c4

c3
1.392(3)
Pd1-Pd2 - 2.5996(2)
Pd1-Co - 2.6077(3)
Pd2-Co - 2.5989(3)
1-2.2831(18) 3 - 2.3478(18)
2-2.4531(19) 4 - 2.3340(18)

c3 c4
1.3779(19)
Pd1-Pd2 - 2.6220(2)
Pd1-Mo - 2.8176(3)
Pd2-Mo - 2.7516(3)
1-2.4437(13) 3 - 2.2248(13)
2-2.2438(13) 4 - 2.3999(13)

Figure 2. Solid-state structures and select bond metrics for the synthesized trinuclear
compounds. Hydrogen atoms, solvent, and counter ions have been omitted for clarity.

The binding mode of the central arene and the NMR characteristics core for each complex
allows for the interrogation of the effect of changing of the apical metal on the Mz moiety.

Isoelectronic compounds 3 and 4 show slightly different metal-arene interactions, changing
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from pseudo-Cy 1:(17,7) to w:(i757). The closest Pd—C contacts ate slightly shorter in 4
compared to 3, potentially a consequence of the cationic nature of 4 leading to stronger metal-
arene interactions. Complex 6 and 3-(OMe), both show different p:(77,7°) coordination
modes in the solid-state with the M, moiety of the former binding to C1-C2 and C4—C5 while
the latter coordinates to adjacent C—C bonds (C1-C2 and C5—CO0) as seen in the Pd, precursor
2. Complex 8 shows a psendo-Cs 10:(77,7) coordination mode reminiscent of 3. In solution,
complexes 3, 4, and 8 show single resonances ('H NMR spectroscopy) for central arene
protons (8(ppm) 3: 5.92; 4: 6.39; 8: 5.78), indicating fluxional central arene coordination on
the NMR timescale. The significantly upfield shifted resonance for the central arene protons
compared to 1 (7.55 ppm) is indicative of metal-arene interactions as observed by XRD. NMR
data for the MoM’(CO)4-type clusters supported by 1-(OMe); ligand also show an upfield shift
of the central arene proton resonance (3(ppm) 3-(OMe),: 5.51; 4-(OMe),: 5.80; 8-(OMe).:
5.30) compared to free ligand (6.83 ppm) again consistent with strong metal-arene interactions.
Distortions of the central arene consistent with a reduced arene or bis-allyl assighment as seen
in previously characterized Co, and Fe; complexes, which will be discussed in greater detail in
Section 2.3, are not consistent with the solid-state structures despite spectroscopic evidence

for significant metal-arene interactions.'*

Solution infrared (IR) spectroscopy was used as a measure of the effect of the identity of
the homodinuclear component (M) and supporting ligand on the cluster properties. The
clusters containing the Fe(CO), moiety display bands corresponding to C—O stretches (veo(cm®
" 3: 1901 (s), 1874 (m), 1848 (s), 1843 (w, sh); 3-(OMe).: 1898 (s), 1867 (m), 1838 (s,
coincidental overlap with weak shoulder vco stretch); 8: 1896 (s), 1874 (m), 1821 (m), 1798 (w,

sh)). Complex 8 shows a larger reduction in average carbonyl stretching frequency (20 cm™).
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The effect of the more electron-rich central arene of 3-(OMe); is seen in the average carbonyl
stretching frequencies that shift by 7 cm™” to lower energy compared to 3, though the
magnitude of the change is smaller. These differences indicate that the moiety in direct contact
with Fe (Ni, or Pdy) has a larger effect than the more distant arene ligand. M&ssbauer data was
obtained to further to probe the electronic differences between Fe-containing complexes
(Figure 3-5). The isomer shifts and quadrupole splitting of all complexes (8 (mm s™) (AEq
(mm-s™)) 3: -0.10 (1.08), 3-(OMe)2: -0.09 (1.13), 8: -0.11 (0.83)) are within 0.02 mm s™ range
suggesting the presence of similar Fe centers despite the differences observed by IR
spectroscopy. Complex 4 shows IR absorptions at higher energy (2057 (s), 2012 (m), 1915 (m),
and 1878 (w, sh) cm™) compared to 2, consistent with the expected trends for isoelectronic
complexes based on higher nuclear charge for Co vs Fe. Complex 6 shows three IR
absorptions (1900 (s), 1847 (s), and 1799 (s) cm™) consistent with the asymmetry of the solid-
state structure. The C;, symmetry of the Mo(CO);(MeCN); precursor results in the
appearance of only two IR absorptions: an A; set at 1920 cm™ and an E set at 1796 cm™."?
The average vco stretching frequencies of complex 6 (1849 cm™) are slightly shifted to higher
energy compared to the precursor (1837 cm™), consistent with binding of the Mo center to

an electron-deficient dicationic Pd, core.
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Figure 3. Zero-field *’Fe Mossbauer spectrum for 3, 80 K. Data: black dots; spectral fit: blue

line; and residual: grey dots.
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Figure 4. Zero-field *’"Fe Méssbauer spectrum for 3-(0Me), and minor decomposition (green
line) following removal from glovebox, 80 K. Data: black dots; spectral fit: red line;

deconvolution: blue and green lines; residual: grey dots.
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Figure 5. Zero-field *’Fe Méssbauer spectrum for 8, 80 K. Data: black dots; spectral fit: blue

line; and residual: grey dots.

Computational studies were performed on simplified models of 3, 4, 3-(OMe),, and 8
(see Table 3 for details and representative molecular orbitals for all compounds). Calculated
metal-metal distances are in good agreement with solid-state parameters obtained from XRD
studies (Table 1) with largest deviations in M—M and M—M’ distances see for complex 7 at
0.046 and 0.020 A, respectively. Differences in computed average carbonyl stretching
frequencies largely agree with the experimental differences (Table 2). Select computed MOs
are highlighted for a truncated model of 3 (3-Mey) (Figure 3). Natural bond orbital (NBO)
calculations reveal Wiberg bond indices (WBIs) consistent with weak bonds of comparable
strength for both M-M (3-Mez: 0.1647, 4-Me2z: 0.1647, 3-(OMe).-Mez: 0.1658, 8-Me::
0.1647) and M-M’ (3-Me2: 0.2147, 4-Me;: (0.1758, 0.1753), 3-(OMe). -Me;: (0.2133, 0.2131),
8-Me;: 0.2140) interactions in all complexes (Figure 27). These results are consistent with a
previously reported bonding picture with the formally 18-electron M(CO), fragment donating

electron density to the M, fragment, which states that M—M’ interactions provide the largest
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stabilization responsible for cluster formation."? These weak M—M’ interactions suggest direct

electronic communication between the M(CO)4 moiety and the homodinuclear core.

Table 1. Comparison of Calculated and Experimental Bond Metrics

Average Aver
erage
Complex | vco(calc) (cm'1) vco(calc) veo(expt) (cm'l) verag 4
4 veo(expt) (cm™)
(cm™)
2029.2, 1980.3 1901 1874
3 ’ ’ 1971.4 (5), 1874 (m), 1867
1948.4,1927.5 1848 (s), 1843 (w, sh)
2110.7, 2076.0, 2057 (s), 2012 (m),
4 2050.4 1966
2023.8, 1991.2 1915 (m), 1878 (w, sh)
1898 (s), 1867 (m) 1838
2024.3,1976.3, (s, coincidental overlap
-(OM 1960.3 1860
3-OMe): | 931 4. 19093 with weak should
stretch)
2015.0, 1964.1, 1896 (s), 1874 (m) 1821
8 1951.7 1847
1924.7,1902.8 (m), 1798 (w, sh)

Table 2. Comparison of Calculated and Experimental IR Parameters

Complex | dM-M)cuc A) | dM-M)ex (A) | dM-M)euc (A) | d(M-M)exe (A)
3 2.5889 2.5643(3) 2.5379, 2.5382 2.5374(3)
2.6077(3
4 2.5983 2.5853(3) 2.5463, 2.5464 2.5472((4))’
3-(OMe), 2.5988 2.5776(3) 2.5398, 2.5402 2.5512(6),
2.5541(6)
8 2.3474 2.3931(8) 2.3970, 2.3976 2.4169(6)
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Figure 6. Sclect molecular orbitals calculated for a truncated version of 3 (3-Mey) that
show interactions between (clockwise from LUMO), M-M/M-M’, M—M, M-arene,
and M—M’ moieties.

Cyclic voltammetry (CV) experiments were conducted on complexes of the trinuclear
series (see Experimental Section for full conditions). Quasireversible reductions for all
complexes were observed at (3: -2.43 V), (4: -1.31, -1.81 V), (3-(OMe)2: -2.62 V), and (8: -
2.29,-2.75 V) vs the ferrocene/ferrocenium (Fc/Fc") couple in tetrahydrofuran (THF) (Figure
7). Irreversible oxidations are observed for all complexes. While comparable CV data for Pd,Fe
and NiFe complexes are absent from the literature to the best of our knowledge, a systematic
study of ligand variation in isoelectronic Pd2Co complexes has been reported.* The reported
trinuclear complex [Pd>Co(u-dppm)a(ps-CO)2(CO)| [PFe] (dppm = 1,1-
bis(diphenylphosphino)methane) was reported to have two one-electron reductions with Ei/»
potentials comparable to 4 at -1.20 V and -1.63 V vs Fc¢/Fc" in THF despite significant

differences in supporting ligands.
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Figure 7. Cyclic voltammetry data for the reported MoM’(CO)4—type complexes.
Both Pd,Fe complexes, 3 and 3-(OMe)., display CV behavior with only a single, two-

electron electrochemical reduction observed at more negative potentials than both peaks for
4. The reduction of 3-(OMe); is ~200 mV more negative than 3, a consequence of the more
electron-rich supporting arene. The NiFe complex 8 shows similar electrochemical behavior
as 4, with two reduction events, but at potentials ~1 V more negative. The more electron-rich
NizFe complex, 8-(OMe),, also shows two quasireversible reductions (-2.42, -2.88 V) shifted
to more negative potentials by approximately ~130 mV compared to 8 (Figure 8). The
increased charge of the Pd,Co core relative to the NixFe or Pd,Fe complexes likely contributes
to the positive shift in the redox events for complex 4, making the reduction more facile.
Opverall, the electrochemical data indicate that metal composition and supporting ligand play
a significant role in cluster properties as the variation of apical metal (Fe to Co) and dinuclear

core (Pd; to Niy) significantly affects redox behavior.
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Figure 9. Cyclic voltammetry data for the complex 6.

CV experiments in acetonitrile (MeCN) were also conducted on complex 6 (Figure 9). As
with the aforementioned trinuclear clusters, irreversible oxidations are observed. Reminiscent

of the electrochemical behavior of 4 and 8, a pair of quasireversible reduction events (-0.64,
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-1.28 V) are observed for complex 6. These reductions occur at considerably more positive
potentials compared to MoM’(CO)4-type clusters, which is likely attributable to the increased

cationic charge of compound 6.

In light of the electrochemical observations, chemical reductions were performed with 3,
4, 3-(OMe),, and 8. The Fe-containing complexes led to complex mixtures of products. The
neutral [Pd2Co]’ core, complex 5, was successfully isolated upon treatment of 4 with one
equivalent of cobaltocene (Scheme 2). While unstable at room temperature, single crystals
suitable for XRD analysis were obtained at -35 °C (Figure 2). Coordination of the dinuclear
core to the central arene has shifted to u:(77,7°) and the bridging CO ligands have adopted a
different geometry, with one bound #; across the Pd>Co core, indicative of increased back-
bonding to the n-acidic ligands. In agreement, IR spectra of complex 5 display CO stretching
frequencies of 2007 (s), 1920 (m, sh), 1879 (m), and 1837 (m) cm™ that are shifted to lower
energy compared to 4. Increases in Pd—Co and Pd—Pd bond distances by 0.06 and 0.03 A,
respectively, are consistent with weakened M—M and M—M’ interactions. Solution electron
paramagnetic resonance (EPR) data for 5 obtained in a toluene glass at 77 K shows a thombic
signal (g = 2.128, 2.032, 1.930) with hyperfine coupling to the Co nucleus (A = 119, 65, 105)
(Figure 10), and compares well to a comparable literature complex.* The flexible coordination
the central arene and CO ligands likely helps stabilize complex 5, allowing for its isolation.
Opverall, the synthesis of a new series of heterometallic trinuclear complexes allowed for the

systematic study of the effects of changes in metal composition and ligand electronics.
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Figure 10. X-band EPR spectrum of 5 collected at 77K in a toluene glass (blue). EasySpin
simulation of EPR data (red).

2.3 Synthesis and Characterization of Homometallic Di- and Trinuclear Carbonyl Complexces
Efforts targeting homometallic multinuclear complexes were also pursued. After
multiple days of ultraviolet irradiation, a THF solution of compound 1 and Fe;(CO)12
yielded a Fe, complex, 9, in 11% isolated yield (Scheme 3). Refluxing a toluene (PhMe)
solution of compound 1 and Cox(CO)s at 110 °C overnight cleanly afforded a Co:
complex, 11, in 54% isolated yield (Scheme 3). The analogous cofacial Ni, complex was
prepared by the reduction of a previously synthesized Ni'-Ni' dichloride complex, 7,
with [Na][Co(CO)4], or [Na][Mn(CO)s] which served as a source of both reducing
equivalents and carbon monoxide (CO) ligands. The Ni» complex, 12, was isolated in
11% yield (Scheme 1). An alternative synthesis of complex 4 involved the careful
addition of four equivalents of CO to two equivalents of Ni(COD), and compound 1
(Scheme 3). However, this method was lower yielding and not used as the primary

synthetic route. The low yields for compounds 9 and 12 are due to purification
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procedures, which require isolation of crystalline material. The reaction mixtures for
the syntheses of these complexes display the desired compounds as the major species
by *'P NMR spectroscopy. An added complication was the gradual conversion of 12
into a mixture of a Niz(CO)4 complex (13-CO) and a mononickel carbonyl complex (1-
Ni(CO)) in solution. 13-CO could be independently synthesized by metalating 1 with
three equivalents of Ni(COD), in the presence of a five equivalents of carbon
monoxide, which afforded the product in 74% yield (Scheme 3). Control of CO
stoichiometry is necessary, as a large excess results in the excessive coordination of
carbon monoxide to generate previously characterized transfacial dinuclear Ni(CO), (n
= 2-3) complexes.®
Scheme 3. Synthesis of homometallic multinuclear carbonyl complexes of Fe, Co, and
Ni
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Single crystal XRD studies of complexes 9, 11, 12, and 13-CO confirmed the
stabilization of multinuclear homometallic fragments by metal-arene interactions
(Figure 11). The dinuclear core of complex 9 and 11 coordinate in a w2:(7,7") fashion to

the central arene. In 9, the phosphines coordinated to each Fe center are roughly
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colinear with the Fe—Fe vector, resulting in a structure of psexdo-Co, symmetry. The zig-
zag arrangement of the P,Co, moiety in 11, imposed by the bridging and terminal CO
ligands on Co, effects the overall psexdo-C, symmetry of the dicobalt complex. In
complex 9, the planes defined by C1-C2-C3 and C4-C5-C6 show an average dihedral
angle of 26° with the C1-C3-C4-C6 plane. Central arene deplanarization is also
observed in complex 11, with a dihedral angle averaging approximately 23° between
both the C2-C3-C4 and C5-C6-C1 planes with the C1-C2-C4-C5 plane. The
deplanarized central arene carbons of complex 11 are or#ho to the aryl substituents,
oriented to match the Co—Co vector. The C—C bonds separating the 77-M moieties are
considerably elongated, averaging approximately 1.469 A for C1-C6 and C3—C4 in
complex 2 and 1.470 A for C1-C2 and C4—C5 in complex 11. These structural features
are consistent with reduction of the arene to generate a bis-allyl motif and formal
oxidation of the M; core by two electrons to yield a M'-M' unit (M = Fe, Co). Further
supporting this assignment are short M—arene distances that are consistent with
literature bisallyl Fe, or Co. complexes.'* Bridging arene complexes of Fe; and Cos
displaying a bis-allyl motif are very rare and typically have the two metal centers bound
in transfacial manner.'>'* Compounds 9 and 11 represent unusual examples of cofacially
coordinated z»-arene complexes. The Fe—Fe distance in complex 9 (2.7563(2) A) is
comparable to a cofacial w:(7°,7)-toluene Fe, complex at 2.746(1) A,'*" but shorter than
typical bis-allyl diiron compounds which range between 2.927(3) and 3.138(3) A.'*
The Co—Co distance (2.6035(2) A) in 11 is in the range for a formal single Co"-Co"

bond."”
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In contrast to the Fe; and Co; systems, the Nix core of complex 12 binds wa:(77,7) to
adjacent C—C bonds of the central arene (Figure 11). In the solid-state, complex 12 shows
partial localization of single bond character at C1-C6, C2—-C3, and C4—C5, indicative of
disrupted aromaticity. No deplanarization of the central arene ligand is observed, suggesting
that bisallyl character is not present. While transfacial wo:(77,7°)-arene Ni’Ni’ complexes are
known," complex 12 displays the first structurally charactetized cofacial wo:(77,7°) binding
mode. The coordination sphere of Ni in complex 12 is reminiscent of Nix(CO)s;(dppm), with
a phosphine donor replaced by an arene double bond for each metal center and twisting of
the dihedral angle defined by the two terminal carbonyl carbons and the Ni—Ni vector (dppm
= bis(diphenyphosphino)methane).'”

An XRD study reveals that complex 13-CO has similar structural features another
previously reported trinickel complex supported by a related ligand scaffold (Figure 11).™
Instead of a third phosphine arm, Ni3 binds a terminal CO ligand. The Ni; core of complex
13-CO binds ws:(77,77,77) to adjacent C—C bonds of the central arene. Central arene C—C bond
distances range between 1.419(2) and 1.435(2) A indicating strong Ni backbonding, This is
also corroborated by short Ni-arene distances in 13-CO which range between 2.130(2) to
2.185(2) A with an average distance (2.157 A) comparable to that of 12 (2.195 A). The Ni-Ni
distances in compound 13-CO (2.4394(3), 2.4466(3), 2.4746(3) A) are substantially shorter
than those in 12 (2.6313(4) A), which may be attributable to the more constrained triangular
geometry. Consistent with the solid-state structure, the solution IR spectrum of 13-CO shows
bands at 2002, 1873, and 1830 cm’, indicative of terminal and bridging carbon monoxide

coordination.”
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Figure 11. Solid-state structures and select bond metrics for synthesized compounds.
Hydrogen atoms, solvent, and counter ions have been omitted for clarity.

The 'H NMR chemical shifts of the central arene protons of complex 9, 11, and 12
are shifted upfield in comparison to the parent ligand, as a singlet at 4.39 ppm, a pair
of 1:1 singlets at 4.29 and 3.95 ppm, and a singlet at 5.85 ppm, respectively, indicating
that strong metal-arene interactions and disruption of aromaticity are preserved in
solution. The NMR spectra of 9 are consistent with the high symmetry observed in the
solid-state structure. Variable temperature (VT) NMR experiments were performed for
complexes 11 and 12. For 11, VT 'H NMR experiments show broadening of the central
arene and methine protons upon heating, with coalescence observed around 80 °C
(Figure 12). At 100 °C, the central arene and methine protons each show a single broad
peak. The fluxional process consistent with the observed NMR features involves the

interconversion of the two pseudo-C; isomers by partial rotation of the Co. unit around
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the central arene ring. VT 'H NMR studies with complex 12 show decoalescence of the
central arene protons into a pair of doublets at -20 °C (Figure 13). Further cooling to -
78 °C was not sufficient to resolve the central arene protons into four separate
resonances, indicating that the complex was not locked out as the Ci solid-state
structure due to partial rotation of Niz-unit. In agreement, the *'P NMR spectrum
shows a single peak, even at -78 °C. The lower energetic barrier for the fluxional process
in 12 versus 11 may be due to a smaller molecular distortion, particularly of the central

ring, necessary for partial rotation of the M, unit of 12.
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Figure 12. VT 'H NMR (500 MHz, ds-PhMe) spectra of 11 with central arene protons (Left)

and methine protons (Right) shown.
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Figure 13. VT 'H NMR (500 MHz, d-PhMe) spectra of 12 with central arene protons (Left)
and methine protons (Right) shown. Starred peak corresponds to the partial decomposition

of 12 to 13-CO over course of experiment.

The weaker M-arene interactions of 12 compared to 9 or 11 may also contribute to the
solution instability of the complex. The disproportionation of the Ni’ centers and CO ligands
of 12 may occur through a bimolecular process. A preliminary XRD structure containing two
cocrystallized Ni complexes, one containing a Ni; core (molecule 1) reminiscent of 13-CO
while the other possesses a Ni(CO), unit (molecule 2), which supports this hypothesis (Figure
14). The nickel center of molecule 2 is coordinated by only one phosphine donor, allowing

the other to bind to molecule 1. While other disproportionation pathways may also be
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operative, this structure provides evidence that two equivalents of 12 could exchange a nickel

center via a transient dimer complex.

Molecule 2

Molecule 1

Figure 14. Preliminary solid-state structure highlighting a potential intermolecular
pathway for the disproportionation of 12 to 13-CO and a mononuclear Ni carbonyl
complex in solution.

Solution NMR data for 13-CO is consistent with the psexdo-C,, solid-state structure. Two
distinct resonances central arene protons are observed at 5.65 and 4.57 ppm, consistent with
strong metal-arene backbonding. Two methine signals (2.30, 2.11 ppm) and a single resonance
(50.32 ppm) are observed by 'H and *'P{'"H} NMR, respectively. The terminal carbon
monoxide ligand of complex 13-CO is readily substituted upon addition of
trimethylphosphine (PMes) to yield complex 13-PMe; (Scheme 3). While single crystals
suitable for XRD analysis have not been obtained to date due to the compound’s high
solubility, spectroscopic characterization of the complex indicates an intact triangulo-trinickel

core. The C; symmetry of complex 13-CO has not been perturbed by PMes substitution as
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two '"H NMR resonances corresponding to the methine protons are observed (2.41 and 2.24
ppm). The *P{'H} NMR spectrum of 13-PMe; displays the terphenyl phosphines as a
doublet at 51.49 ppm and the PMe; as a triplet at -6.61 ppm; the observed multiplicity is
consistent with the assigned structure. Strong metal-arene interactions are also maintained
based on the upfield-shifted "H NMR resonances at 5.12 and 4.67 ppm. The substitution of
the terminal CO ligand is supported by the IR spectrum, showing only bands indicative of
bridging CO ligands (1854, 1783 cm™) and the disappearance of the peak at 195.08 ppm (°C
NMR) observed for complex 13-CO. The increased electron density of Ni3 induced by the
ligand substitution is reflected in the 0.53 upfield shift of the arene C-H "H NMR peak
compared to 13-CO and the lower stretching energy of the bridging CO ligands. The lability
of this terminal CO ligand suggests that coordination and activation of other molecules at the

Ni; unit in 13-CO may be possible.

The IR spectrum of complex 9 displays peaks corresponding to terminal CO
stretches at 1966, 1914, 1903, and 1880 cm™. This is comparable to an asymmetrically
substituted ~ [FeFe]-hydrogenase =~ model  complex,  (z-pdt)[Fe'(CO) (PMes)]
[Fe'(CO):(IMes)] (pdt = 1,3-propanedithiolate, IMes =  1,3-bis(2,4,6-
trimethylphenyl)imidazol-2-ylidene), with CO stretches at 1972, 1933, 1897, and 1882
cm.*” Complex 11 shows peaks consistent with the presence of two terminal (1946 and
1928 cm™) and one bridging (1771 cm™) CO ligands, as observed in the solid-state.”'
Similatly, complex 12 shows IR absorptions for two terminal (1972, 1952 cm™) and one
bridging (1803 cm™) CO ligands.”

Cyclic voltammetry (CV) studies of complex 9 revealed a quasireversible oxidation

at -0.44 V versus the Fc/Fc™ couple (Figure 15). Complexes 11 and 12 did not show
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reversible redox events in CV studies, and chemical oxidations led to decomposition.
The addition of one equivalent of ferrocenium hexafluorophosphate to a THF solution
of complex 9 resulted in a color change from orange-red to green. The one-electron
oxidized complex, 10, was isolated in 41% yield, but was found to be unstable in
solution at ambient temperatures. However, crystals of complex 10 grown at -35 °C

were stable for weeks in the solid-state and proved suitable for XRD analysis.
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Figure 15. Cyclic voltammogram of 9 with potentials referenced to the Fc¢/Fc™ couple.
Oxidation of complex 9 results in significant structural changes to both the
coordination mode of the Fex core to the central arene and the nature of the central
arene deplanarization (Figure 11). The diiron core binds in an w:(7%,7") fashion,
consistent with a distorted neutral ene-diene assignment for the arene. The longest C—

C distances are C1-C2 and C3—C4 (average of 1.467 A), which correspond to the bonds
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separating the metal-bound olefin and diene fragments. This is an unusual structural
motif for an arene coordinated to a dinuclear unit. The Fe—Fe bond of 10 has contracted
to 2.6320(3) A, over 0.12 A shorter compared to complex 9. This is suggestive of a
strengthened metal-metal bonding interaction and is in agreement with the shorter Fe—
Fe bond of 2.423 A observed in a comparatively more oxidized literature z»-arene Fe,
complex.” The IR spectrum of 10 shows peaks at 2010, 1972, 1938, and 1917 cm
consistent with terminal CO stretches. These values are indicative of weaker back-
bonding from metal to CO in 10 compared to 9, consistent with a higher formal
oxidation state in the former. The aforementioned [FeFe]-hydrogenase model complex
has been chemically oxidized by one electron and also shows higher terminal CO
stretching frequencies at 2036, 1997, and 1987 cm™,* with shifting of the IMes ligand
from an apical to a basal position. Given the trans-spanning nature of the phosphine
arms in compound 1, such a rearrangement is not readily accommodated and instead
M-arene coordination is perturbed from w:(77,7’) to give a pseudo-square pyramidal
geometry around Fel. The neutral ene-diene assignment of the central arene challenges
a formal oxidation state assignment of 10 as Fe'Fe'" and underscores the potential redox
participation of the central arene in the interconversion of 9 and 10. Such ambiguity in
formal oxidation state assignments is not uncommon for non-innocent ligands.*
Although the central arene may also be regarded as a formal electron acceptor and
redox non-innocent ligand, its most notable aspect is the ability to accommodate a

variety of coordination modes and support reversible electron-transfer chemistry at the

Fes-(ur-arene) unit.
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CONCLUSIONS
In summary, the synthesis of new series of hetero- and homometallic multinuclear clusters
was accomplished. In Section 2.2, access to a family of structurally related heterometallic
trinuclear complexes allowed for the systematic study of the effects of changes in metal
composition and ligand electronics. The identity of the minor, apical metal significantly
impacts the C-O stretching frequency, as expected given the weak M—M’ interaction and
changes in Pd—arene interactions. The identity of the homodinuclear moiety metal of the
bimetallic core also affects the CO stretching frequency, >'P{'"H} NMR chemical shifts, and
Moéssbauer parameters. Ligand electronics were found to affect the spectroscopic features of
the clusters, but to a lesser extent than changes in metal identity. Electrochemical behavior
varied considerably with metallic composition and nature of the supporting arene. Overall,
the present studies provide a quantitative evaluation of the effect of metal identity and
supporting ligands in triangular low oxidation state metal clusters. Future studies with these
complexes focuses on gaining further insight into heterometallic effects on chemical and

physical properties of transition metal clusters.

The discussed homometallic multinuclear Fe, Co, and Ni complexes presented in Section
2.3 show that the combination of pendant donors surrounding an arene moiety provides a
versatile multidentate platform to support a variety of multinuclear complexes of first-row
transition metals. Beyond the intriguing structural aspects, the redox-induced reorganization
of the arene highlights its flexible coordination modes and the ability to accommodate electron
transfer chemistry. Future work will focus on employing the redox non-innocence and

coordination lability of n-bound aromatic systems for reactivity.
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EXPERIMENTAL SECTION
General considerations.

All air- and/or water-sensitive compounds were manipulated using standard vacuum
or Schlenk line techniques or in an inert atmosphere glove box. The solvents for air- and
moisture-sensitive reactions were dried over sodium benzophenone ketyl, calcium hydride, or
by the method of Grubbs.”> All NMR solvents wete purchased from Cambridge Isotopes
Laboratories, Inc. and dried over sodium benzophenone ketyl or calcium hydride. Unless
mentioned otherwise, reagents were used as received from commercial suppliers without
further purification. Bis(1,5-cyclooctadiene)nickel(0), nickel(Il) dichloride dimethoxyethane
adduct, Fe;(CO)1» stabilized with 10 wt. percent methanol, tetrakis(acetonitrile)palladium(II)
tetrafluroborate, cobaltocene, and tris-(dibenzylideneacetone)dipalladium(0) were ordered
from Strem Chemicals, Inc. 2-bromophenylboronic acid was purchased from Ark Pharm, Inc.
Chlorodiisopropylphosphine, ferrocenium hexafluorophosphate, and carbon monoxide were
purchased from Sigma Aldrich. Iodine monochloride, Co,(CO)s, [#BusN][PF¢], and ferrocene
were purchased from Alfa Aesar. 1,4-dimethoxy-2,5-diiodobenzene,”  1,4-bis(2-
diisopropylphosphinophenyl)benzene,’ compounds 1 and 7,° [Pd(MeCN);]2[BF4],”
Na[Co(CO)4],”* and Na,[Fe(CO)4]*" were synthesized according to literature procedures. All
'H, C, and *'P spectra were recorded on Varian Mercury 300 MHz, or Varian INOVA-500
or 600 MHz spectrometers at room temperature. Chemical shifts for 'H and "C NMR data
are reported relative to residual solvent peaks and are C and 'H decoupled, respectively,
unless otherwise noted.”® *'P NMR chemical shifts are reported with respect to the deuterated
solvent used to lock the instrument and are 'H decoupled unless otherwise noted. IR spectra

were obtained as solution samples using a Cal', window cell on a Thermo Scientific Nicolet
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6700 FT-IR spectrometer or as thin films on a Bruker Alpha FT-IR spectrometer with a
diamond ATR attachment. Elemental analyses were performed by Robertson Microlit

Laboratories, Ledgewood, NJ.

Synthesis of 1,4-bis(2-bromophenyl)-2,5-(dimethoxy)benzene (B-R) (R = -OMe)

The Suzuki coupling to produce the terphenyl product was run as a modification of
literature procedure.” A Schlenk tube fitted with a Teflon stopper was charged with 1,4-
dimethoxy-2,5-diiodobenzene (5.00 g, 12.82 mmol, 1 equiv.), 2-bromo-phenylboronic acid
(5.41 g, 26.9 mmol, 2.1 equiv.), and K,CO; (10.63 g, 76.9 mmol, 6 equiv.). Toluene (270 mL),
ethanol (65 mL), and water (65 mL) were then transferred to the Schlenk tube along with a
magnetic stirbar. The mixture was degassed by two freeze pump thaw cycles and then put
under positive nitrogen pressure. Under a strong counterflow of nitrogen, Pd(PPhs), (741 mg,
0.64 mmol, 0.05 equiv.) was added and the solution became a pale yellow color. The reaction
mixture was then heated to 65 °C and stirred for 16-24 hrs while monitoring the reaction by
GC-MS. The volatiles were then removed on a rotovap and the residue triturated with water,
then methanol, and finally dichloromethane to yield the product as an off-white powder. Yield:
4.22 g (67 %). '"H NMR (500 MHz, CDCls) 8 7.42-7.36 (unresolved m, 4H, aryl-H), 7.23 (m,
2H, aryl-H), 6.82 (s, 2H, central aryl-H), 3.74 (s, 6H, OCHs). "C NMR (126 MHz, CDCl3) &
150.20 (s), 129.61 (s), 132.64 (s), 131.68 (s), 130.35 (s), 128.82 (s), 127.04 (s), 124.13 (s), 114.45
(s), 56.39 (s). GC-MS (m/z): Calcd, 447.95 (M"), Found: 448.1 (M"). FAB-MS (m/z): Calcd,

447.9496 (M"), Found: 447.9486 (M").
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Synthesis of 1,4-bis(2-(diisopropylphophino)phenyl)-2,5-(dimethoxy)benzene
(1-(OMe),)

Phosphination run as a modification of literature procedures.” A Schlenk tube fitted
with a screw-in Telfon stopper was charged with 1,4-bis(2-bromophenyl)-2,5-
dimethoxybenzene (1.5 g, 3.34 mmol, 1 equiv.) and a magnetic stirbar. Tetrahydrofuran (150
mL) was then to the Schlenk tube. The reaction was cooled to -78 °C and Zer#-butyllithium (1.7
M pentane solution, 8 mL, 13.7 mmol, 4.1 equiv.) was added while stirring to generate a pale
yellow solution. The reaction mixture was allowed to warm to room temperature and then
stirred for an additional hour. During this time the solution became a cloudy suspension.
Chlorodiisopropyl phosphine (1.12 mL, 7.02 mmol, 2.1 equiv.) was then added to the reaction
via syringe. The solution immediately became a homogenous pale yellow solution which was
allowed to stir for 16 hours. The volatiles were then removed under reduced pressure on the
Schlenk line. The yellowish residue was then suspended in ¢z 100 mL of toluene and filtered
through a Celite pad. The filtrate was then dried under reduced pressure. This residue was
then triturated with acetonitrile («z. 20 mL) which removed colored impurities to leave the
product as a white powder. Yield: 0.6 g (34 %). "H NMR spectra of product is broad at room
temperature due to hindered rotation around aryl-aryl bonds. This is corroborated by *'P
NMR, where two distinct peaks are observed at room temperature. 'H NMR (300 MHz, CsD)
8 7.49 (m, 2H, aryl-H), 7.43 (m, 2H, aryl-H), 7.19 (m, 4H, aryl-H), 6.83 (s, 2H, central aryl-H),
3.43 (s, 6H, OCHj3), 2.05 (m, 2H, CH), 1.87 (m, 2H, CH), 1.06 (m, 24H, CHs). *'P{'H} NMR
(121 MHz, CiDg) 6 -1.18 (s), -2.67 (s). This is due to the formation of two different
atropisomers at room temperature due to hindered rotation around the aryl-aryl bonds. A

single *'P resonance is observed at -0.2 ppm at 70 °C. "C{'H} NMR (126 MHz, CsDs) 5 149.98
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(s), 147.34 (d, Joc = 30.5 Hz), 136.26 (d, Jpc = 22.0 Hz), 131.97 (s), 130.90 (s), 130.65 (s), 128.12
(s), 126.33 (s), 115.02 (s), 54.93 (s), 25.42 (broad s), 24.03 (broad s), 23.38 (broad ), 20.35
(broad s), 19.89 (broad s), 19.12 (broad s). GC-MS (m/z): Caled: 522.28 (M"), Found:

521.2761. FAB-MS (m/z): Calcd: 521.2738 (M"), Found: 521.2761 (M").

Synthesis of Complex 3

Compound 2 was generated iz situ from the reaction of 1,4-bis(2-
diisopropylphosphinophenyl)benzene (1) (100 mg, 0.216 mmol, 1 equiv.)) with
[Pd(MeCN);)2[BF,]. (MeCN = acetonitrile) (136.8 mg, 0.216 mmol, 1 equiv.). This was
accomplished by charging a 20 mL scintillation vial with the 1,4-bis(2-
diisopropylphosphinophenyl)benzene and a magnetic stirbar before adding the
[Pd(MeCN);]2[BF4]2 as a solution in acetonitrile (ca. 5 mL) and allowing the mixture to stir over
1 hr at room temperature. During this time the solution became a homogeneous red.
Formation of 1 could be confirmed by *'P NMR of reaction mixture. Na,[Fe(CO)4] was added
as a partially solubilized suspension in tetrahydrofuran (cz. 2 mL) at room temperature. The
solution immediately became a darker red and the reaction was allowed to stir for 1 hr.
Volatiles were then removed under reduced pressure. The residue was suspended in
acetonitrile and filtered onto a Celite pad. The solid was washed with additional acetonitrile
until washes became colorless. The remaining material was dissolved in tetrahydrofuran
filtered through the Celite pad. Removal of volatiles yielded the product as a red solid. Yield:
80 mg (44 %). Single crystals suitable for X-ray diffraction studies were grown from the vapor

diffusion of hexanes into a concentrated tetrahydrofuran:benzene (1:1) solution at room
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temperature. 'H NMR (300 MHz, CDq) 8 7.18 (s, 2H, aryl-F), 8 7.11-6.98 (m, 6H, aryl-F), 5
5.92 (s, 4H, central aryl-H), 8 2.26 (m, 4H, CH), & 1.25 (dd, Jen = 18.1, Jun = 7.0 Hz, 12H,
CHs), 8 0.89 (dd, Jou = 8.5, Jun = 7.2 Hz, 12H, CHy). *"P{'H} NMR (121 MHz, CDg) 8 53.36
(s). BC{'H} NMR (126 MHz, CD,CL) 8 225.26 (s), 149.04 (vt, Joc = 14.0 Hz), 141.36 (vt, Jec
= 14.3 Hz), 132.80 (), 132.17 (vt, Jec = 7.0 Hz), 130.66 (s), 128.19 (s), 118.03 (s), 111.15 (),
26.62 (vt, Jec = 8.4 Hz), 19.33 (s), 18.64 (). IR (CaF: window, CeHg, cm™) veo: 1901 (s), 1874
(m), 1848 (s), 1843 (w, sh). Anal. Calcd. for: CssHyFeO4P,Pd, (3) (%): C, 48.42; H, 4.78.

Found: C, 48.25; H, 5.08.

Synthesis of Complex 4

Compound 3 was generated in an analogous fashion to the procedure described in the
synthesis of 3 again using 4-bis(2-diisopropylphosphinophenyl)benzene (40 mg, 0.0865 mmol,
1 equiv.) and [Pd(MeCN);]2[BF4]> (MeCN = acetonitrile) (54.7 mg, 0.0865 mmol, 1 equiv.). To
the 7z sitn generated acetonitrile solution of 2 was added [Na][Co(CO)4] (16.8 mg, 0.0865
mmol, 1 equiv.) as an acetonitrile solution (cz. 2 mL). The reaction mixture was allowed to stir
for 1 hr at room temperature. During this time the reaction mixture turned a deep purple-red.
The volatiles were then removed under reduced pressure. The residue was then suspended in
benzene and collected on a Celite pad. The solid was then washed with additional benzene
until the washes became colorless. The washed solid was then dissolved in tetrahydrofuran
and filtered through the Celite pad. Removal of volatiles yielded the product as a purple-red
solid. Yield: 40 mg, (49 %). Single crystals suitable for X-ray diffraction were grown by the

vapor diffusion of hexanes into a concentrated tetrahydrofuran:benzene solution at room
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temperature. 'H NMR (300 MHz, CD5CN) & 7.92-7.62 (m, 8H, aryl-H), 6.39 s, 4H, central
aryl-H), 2.72 (m, 4H, CH), 1.18 (m, 24H, CH;). >'P{'"H} NMR (121 MHz, CD;CN) 8 61.83
(s). "F NMR (282 MHz, CD;CN) & 61.83 (s)."C{'H} NMR (126 MHz, CD;CN) & 203.70
(broad), 146.58 (vt, Joc = 12.6 Hz), 136.83 (vt, Joc = 17.7 Hz), 133.50 (s), 132.60 (s), 132.23 (s),
129.77 (s), 116.42 (s), 114.30 (s), 26.40 (s), 18.84 (s), 18.04 (s). IR (CaF, window, THF, cm™)
Veo: 2057 (s), 2012 (m), 1915 (m), 1878 (w, sh). Anal. Calcd. for: C3sHsBCoF,O4P,Pd; (4) (%0):

C, 43.76; H, 4.32. Found: C, 43.58; H, 4.48.

Synthesis of Complex 5

Compound 4 (50 mg, 0.0535 mmol, 1 equiv.) was added to a 20 mL scintillation vial.
Tetrahydrofuran (ca. 5 mL) was added to fully dissolve 4. Cobaltocene (10.1 mg, 0.0535 mmol,
1 equiv.) was added as a tetrahydrofuran solution (1 mL) and the reaction mixture was allowed
to stir for 1 hr. During this time the solution changed from purple-red to a green-brown. The
volatiles were removed under reduced pressure. The residue was suspended in hexanes and
collected over a Celite pad. The solid was washed with hexanes until only a pale green tinge
remained in the washes which were initially brown. The remaining green colored material was
dissolved in benzene and brought through the Celite pad. The benzene filtrate was then dried
to a solid under reduced pressure. The benzene soluble material was then dissolved in minimal
diethyl ether and then several drops of hexamethyldisiloxane were added. The product was
then precipitated by the slow evaporation of diethyl ether. Yield: 14 mg (31 %). The product
is unstable and prone to decomposition. Therefore characterization was obtained immediately

after synthesis. Single crystals were obtained from the vapor diffusion of diethyl ether out of
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a concentrated solution of 5. IR (CaF, window, THF, cm™) vco: 2007 (s), 1920 (m, sh), 1879
(m), 1837 (m). Anal. Calcd. for: C5sH4CoO4P2Pd: (5) (%0): C, 48.25; H, 4.76. Found: C, 48.24;

H, 4.61.

Synthesis of Complex 3-(OMe).

A Schlenk tube fitted with a screw-in Telfon stopper was charged with 1-(OMe)2 (100
mg, 0.191 mmol, 1 equiv.) and a magnetic stirbar. [Pd(MeCN);]2[BF4]. (MeCN = acetonitrile)
(121 mg, 0.191 mmol, 1 equiv.) was transferred as an acetonitrile solution (cz. 20 mL) and the
mixture was allowed to stir at room temperature for 1 hr. During this the time the reaction
mixture became a homogenous deep red. [Na],[Fe(CO)4| (40.9 mg, 0.191, 1 equiv.) was then
added as a partially solubilized tetrahydrofuran suspension (cz. 2 mL) and the reaction was
allowed to stir for 1 hr at room temperature. The volatiles were then removed under reduced
pressure. The residue was triturated with hexanes and collected over a Celite pad. The solid
was then washed with additional hexanes until the washes became colotless. Then 10 mL of
cold ether were used to wash the solid. The remaining solid was dissolved in benzene and
brought through the Celite pad. Removal of volatiles yielded the product as a red solid. Yield:
40 mg (23 %). Crystals suitable for X-ray diffraction studies were grown from the vapor
diffusion of hexanes into a concentrated tetrahydrofuran:benzene (1:1) solution. "H NMR (300
MHz, CsDy) 8 7.47 (d, Jun = 7.6 Hz, 2H, aryl-H), 7.28 (m, 2H, aryl-H), 7.20 (m, 2H, aryl-H),
7.09 (t, Jun = 7.4 Hz, 2H, aryl-H), 5.55 (s, 2H, central aryl-H), 2.94 (s, 6H, OCHj3), 2.40 (m,
2H, CH), 2.27 (m, 2H, CH), 1.33 (m, 12H, CHj3), 0.99 (aq, Jun = 7.2 Hz, 6H, CH3), 0.91 (aq,

Jun = 7.2 Hz, 6H, CH3). *'P{'"H} NMR (121 MHz, CDy) 8 56.92 (s). "C{'H} NMR (126
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MHz, CD,Cly) 8 225.48 (s), 147.08 (vt, Joc = 14.7 Hz), 143.24 (vt, Jec = 15.0 Hz), 140.86 (s),
132.70 (s), 132.20 (vt, Jec = 7.6 Hz), 130.83 (s), 128.05 (s), 54.90 (s), 26.84 (d, Joc = 8.6 Hz),
26.71 (d, Jec = 8.4 Hz), 19.56 (vt, Jec = 5.1 Hz), 19.41 (vt, Jec = 4.6 Hz), 18.77 (s), 18.53 (s).
IR (CaF, window, CsHs, cm™) veo: 1898, 1867, 1838 (fourth IR stretch likely coincidentally
underneath 1838 band by analogy to the IR of compound 3). Anal. Calced. for:

C36H44FCOGP2Pd2 (3-(0Me)2) (O/O)Z C, 4786, H, 491 Found: C, 4814 H, 486

Synthesis of Complex 8

A Schlenk tube fitted with a screw-in Teflon stopper was charged with 7 (300 mg,
0.462 mmol, 1 equiv.) and a magnetic stirbar. Tetrahydrofuran (cz. 20 mL) was then transferred
to the Schlenk tube to yield a green homogeneous solution. [Nal[Fe(CO)4] (100.7 mg, 0.462
mmol, 1 equiv.) was added as a partially solubilized tetrahydrofuran suspension (cz. 10 mL).
This addition resulted in an immediate color change from green to brown within a minute.
The reaction mixture was allowed to stir at room temperature for 1 hr. Volatiles were then
removed under reduced pressure. The dark brown residue was suspended in hexanes and
filtered on a Celite pad. The solid was then washed with hexanes until the washes were
colorless. The remaining solid was then washed with 10 mL cold diethyl ether. Finally, the
product was dissolved with benzene and brought through the Celite pad. The benzene soluble
material was lyophilized to yield the product as a brown powder. Yield: 160 mg (41 %). Crystals
suitable for X-ray diffraction studies could be grown from the slow vapor diffusion of hexanes
into a concentrated tetrahydrofuran:benzene (1:1) solution. However, the compound

decomposes in solution over extended periods of time and the cleanest material was obtained
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without crystallization. 'H NMR (300 MHz, CeD¢) 8 7.17 (d, Jun = 7.4 Hz, 2H, aryl-H), 7.05-
6.90 (m, GH, aryl-H), 5.78 (s, 4H, central aryl-H), 2.32 (h, Jun = 7.0 Hz, 4H, CH), 1.19 (m,
12H, CH;), 0.89 (aq, Jun = 7.0 Hz, CHs). *P{'"H} NMR (121 MHz, CiDq) & 43.18 (s). “C{'H}
NMR (126 MHz, CiDq) & 225.38 (broad s), 150.24 (vt, Jpc = 14.2 Hz), 138.27 (vt, Jpc = 15.0
Hz), 131.40 (s), 130.23 (s), 130.09 (s), 127.70 (s), 103.31 (s), 102.02 (s), 25.18 (vt, Joc = 9.7 Hz),
18.60 (s), 17.66 (s). IR (CaF, window, C¢Hs, cm™) veo: 1896, 1874, 1821, 1798.3 (sh). Anal.

Calcd. for: C3sHyFeO4P:Niz (8) (%0): C, 54.60; H, 5.39. Found: C, 54.69; H, 5.35.

Synthesis of Complex 6

Compound 2 (82.7 mg, 0.089 mmol, 1 equiv.) was transferred to a 20 mL scintillation
vial equipped with a magnetic stirbar. Acetonitrile (cz. 5 mL) was then added to dissolve the
compound and then Mo(CO);(MeCN); (27.2 mg, 0.089 mmol, 1 equiv.) was then added as a
suspension in ¢. 1 mlL acetonitrile. Following addition of the molybdenum precursor the
reaction mixture immediately became homogeneous. After 1 hr, volatiles were removed under
reduced pressure and the solid residue was triturated with THF until washes became colorless
leaving behind clean material as a red solid. Yield: 77 mg (75.2 %). 'H NMR (300 MHz,
CDsCN) 8 7.86 — 7.80 (m, 2H, ArH), 7.79 — 7.68 (m, 4H, ArH), 7.55 (dd, ] = 7.7, 1.5 Hz, 2H,
ArH), 6.50 (s, 4H, central-ArH), 2.83 — 2.67 (m, 4H, CH), 1.26 — 1.10 (m, 24H, CH;). "C
NMR (126 MHz, CD;CN & 230.16 (s), 146.16 (vt, Jor = 12.1 Hz), 135.07 (vt, Jo» = 18.5 Hz),
133.35 (s), 132.61 (s), 132.13 (vt, Jor = 7.1 Hz), 129.91 (s), 126.56 (s), 123.43 (s), 25.69 (t, Jor =
9.9 Hz), 18.06 (s), 17.41 (s). ”'P NMR (121 MHz, CD5sCN) § 56.87. "F NMR (282 MHz,

CD:CN) & -151.77.
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Synthesis of Complex 4-(OMe);

1-(OMe): (55.1 mg, 0.105 mmol, 1 equiv.) was transferred to a 20 mL scintillation vial
equipped with a magnetic stirbar. [Pd(MeCN)s]2[BF4]> (MeCN = acetonitrile) (66.7 mg, 0.105
mmol, 1 equiv.) was transferred as an acetonitrile solution (cz. 5 mL) and the mixture was
allowed to stir at room temperature for 1 hr. During this the time the reaction mixture became
a homogenous deep red. [Na][Co(CO)4] (20.88 mg, 0.105 mmol, 1 equiv.) was then added as
a solution in ¢a. 5 mL acetonitrile and the reaction mixture was allowed to stir for 1 hr at room
temperature. During this time the reaction mixture turned a deep purple-red. The volatiles
were then removed under reduced pressure. The residue was then suspended in benzene and
collected on a Celite pad. The solid was then washed with additional benzene until the washes
became colorless. The washed solid was then dissolved in tetrahydrofuran and filtered through
the Celite pad. Removal of volatiles yielded the product as a purple-red solid. 'H NMR (300
MHz, CD3;CN) 6 7.90 — 7.62 (m, 1H), 5.80 (s, OH), 3.25 (s, 1H), 2.83 — 2.61 (m, 1H), 1.36 —
1.25 (m, 1H), 1.20 — 1.07 (m, 3H). >'P NMR (121 MHz, CD;CN) 8 64.99. "F NMR (282 MHz,

CDsCN) & -151.87.

Synthesis of Complex 7-(OMe).

Compound 1-(OMe); (300 mg, 0.574 mmol, 1 equiv.) was transferred to a 20 mL
scintillation vial equipped with a magnetic stirbar. Ni(COD), (158.3 mg, 0.574 mmol, 1 equiv.)
was then added as a suspension in THF (e 5 mL). The reaction mixture was allowed to stir
for 10 min during which time the solution turned a deep red. NiCL.dme (126 mg, 0.574 mmol,
1 equiv.) was then added as a suspension in minimal THF, resulting in formation of a green

solution. The reaction mixture was allowed to stir for 24 hrs before volatiles were removed
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under reduced pressure to yield a green powder which was carried on to the synthesis of 8-
(OMe); without further purification. "H NMR (300 MHz, Benzene-ds) 8 7.43 (d, ] = 7.8 Hz,
1H), 7.03 (t, ] = 7.1 Hz, 1H), 6.90 (t, ] = 7.3 Hz, 1H), 6.82 (d, ] = 7.4 Hz, 1H), 6.30 (s, 1H),
3.78 (s, 3H), 1.86 (t, ] = 6.9 Hz, 0H), 1.77 (q, ] = 7.0 Hz, 1H), 1.37 (d, ] = 6.9 Hz, 4H), 1.26
(d, J = 7.0 Hz, 4H), 1.01 (d, ] = 6.9 Hz, 4H), 0.93 (d, ] = 6.8 Hz, 4H). 'P NMR (121 MHz,

Benzene-ds) 8 64.74.

Synthesis of Complex 8-(OMe).

Compound 7-(OMe). (40 mg, 0.0563 mmol, 1 equiv.) was transferred to a 20 mL
scintillation vial equipped with a magnetic stirbar as a solution in THF (. 4 mL). To the
rapidly stirring solution was added [Na];[Fe(CO)4] (12.1 mg, 0.0563 mmol, 1 equiv.) as a
suspension in ¢z. 1 mL THF. The reaction mixture was allowed to stir for 1 hr before volatiles
were removed under reduced pressure to yield a brown residue. The residue was triturated
with hexanes and filtered over a Celite pad until washes became colorless. The solid was then
washed with a small portion of diethyl ether. The remaining material was dissolved in benzene
and brought through the Celite pad and lyophilized to afford the product as a brown solid. 'H
NMR (300 MHz, CsD¢) 6 7.41 (d, ] = 7.7 Hz, 2H, ArH), 7.15 — 7.05 (m, 4H, ArH), 6.98 (t, |
= 7.3 Hz, 2H, ArH), 5.30 (s, 2H, central-ArH), 3.27 (s, 6H, OCHs), 2.73 — 2.57 (m, 2H, CH),
2.11 (m, 2H, CH), 1.49 — 1.39 (m, 6H, CH;), 1.20 — 1.10 (m, 6H, CH3), 0.98 — 0.90 (m, 12H,

CHs). P NMR (121 MHz, CDg) & 44.99.
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Synthesis of Complex 9

Compound 1 (300 mg, 0.648 mmol, 1 equiv) was transferred as a solution in ¢z. 10 mL
THF into a quartz Schlenk tube fitted with a screw-in Teflon stopper along with a magnetic
stir bar. Fe3(CO)12 (10 wt % MeOH stabilizer) (359.3 mg, 0.648 mmol, 1 equiv) was then added
as a solution in ¢z 20 ml. THF. The reaction mixture was then thoroughly degassed and
allowed to stir for 1 hr, during which time the solution turned from green to a deep red. The
reaction mixture was then subjected to UV photolysis under a 200 W Hg-Xe lamp for 2-3 days
until the desired product was determined to be the majority species by >'P NMR. During
photolysis, the solution was degassed every few hours. Volatiles were then removed under
reduced pressure. The dark red/orange residue was washed with hexanes then diethyl ether
until only a pale orange color remained in washes. The remaining material was dissolved in
THF and filtered through a Celite pad and the filtrate dried under reduced pressure. The solid
was then recrystallized by the vapor diffusion of hexanes into a concentrated THF solution.
Resulting dark red/orange crystals were washed with hexanes and dried under reduced
pressure. Yield: 48.4 mg (11 %) 'H NMR (300 MHz, CsDy) & 7.57 (d, 2H, aryl-H), 7.10 (t, 2H,
aryl-H), 6.97 (t, 2H, aryl-H), 6.88 (t, 2H, aryl-H), 3.76 (s, 4H, central aryl-H), 2.20 (m, 4H, CH),
0.98 (dd, 12H, CHj), 0.82 (dd, 12H, CH;) ppm. *'P NMR (121 MHz, C:Dg) 8 90.59 (s) ppm.
PC NMR (126 MHz, C:Dg) 8 221.3 (d), 149.4 (d), 139.0 (d), 130.2 (d), 129.3 (s), 129.0 (s),
126.84 (s), 96.8 (s), 57.6 (s), 26.7 (d), 17.2 (d) ppm. IR (ATR film, cm™) vco: 1966, 1914, 1903,

1880. Anal. Calcd. for: CssHyoFe:O4P: (9) (%0): C, 59.50; H, 5.87. Found: C, 59.29; H, 5.74.
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Synthesis of Complex 11

Compound 1 (100 mg, 0.216 mmol, 1 equiv) was transferred as a solution in ¢z. 15 mL
toluene into a Schlenk tube fitted with a screw-in Teflon stopper along with a magnetic stir
bar. Cox(CO)s (74 mg, 0.216 mmol, 1 equiv) was then added as a solution in ¢z. 15 mL toluene.
The brown reaction mixture was heated to 110 °C for 1 hour. The solution was then degassed,
1 atm of fresh N, readmitted, and then heated at 110 °C for an additional 2-3 hours. During
this time the solution turned green. The reaction mixture was then dried under reduced
pressure. The green powder was washed with ¢z. 10 mL of ether and the remaining material
dissolved in THF and filtered through a Celite pad and dried under reduced pressure to yield
a green powder as the clean product. Yield: 78 mg (54 %). 'H NMR (300 MHz, CsD) 8 7.51
(d, 2H, aryl-H), 7.14 (t, 2H, aryl-H), 7.05 (t, 2H, aryl-H), 6.93 (m, 2H, aryl-H), 4.29 (broad s,
2H, central aryl-H), 3.95 (d, 2H, central aryl-H), 2.90 (m, 2H, CH), 2.19 (m, 2H, CH), 1.15 (m,
12H, CH3), 0.99 (dd, 6H, CH3), 0.89 (dd, 6H, CH;) ppm. *'P NMR (121 MHz, CsDg) & 80.20
(s) ppm. “"C NMR (126 MHz, C¢Dg) & 271.45 (s), 215.4 (s), 153.21 (d), 135.25 (d), 130.40 (s),
129.46 (s), 127.65 (s), 127.42 (m), 87.39 (s), 61.65 (d), 60.15 (s), 27.29 (t), 24.51 (s), 18.32 (s),
18.13 (s), 17.86 (s), 17.28 (s) ppm. IR (CaF, window, THF, cm™) vco: 1946, 1928, 1771. Anal.

Calcd. for: C33H40Co0205P, (11) (%): C, 59.65; H, 6.07. Found: C, 59.90; H, 6.07.

Synthesis of Complex 12

Complex 7 (100.0 mg, 0.154 mmol, 1 equiv) was transferred as a solution in ¢z. 6 mL
of THF into a 20 mL scintillation vial along with a magnetic stir bar. [Na][Co(CO)4| (29.8 mg,

0.154 mmol, 1 equiv) was then added as a solution in ¢a. 4 mL of THF. The reaction mixture
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was stirred for 30 minutes at room temperature, during which time the solution turned from
green to brown/yellow. The solution was then dried under reduced pressure, and the resulting
solid was triturated with diethyl ether, filtered through a Celite pad, and then dried under
reduced pressure. The solid from the filtrate was recrystallized by the vapor diffusion of
pentane into a concentrated THF solution to yield ruby red rectangular crystals. Complex 12
is unstable in solution and slowly decomposes to two different products by *'P NMR at 50.32
(13-CO) and 32.31 ppm.™ Yield: 11 mg (11 %) 'H NMR (300 MHz, CsDs) 8 7.26 (broad d,
2H, aryl-H), 7.15-6.96 (broad m, 6H, aryl-H), 5.85 (broad s, 4H, central aryl-H), 2.32 (m, 4H,
CH), 1.44-0.80 (broad m, 24H, CH;) ppm. *'P NMR (121 MHz, CsD¢) & 34.80 (s) ppm. “C
NMR (126 MHz, CsD¢) 8 235.66 (s), 196.96 (s), 151.41 (d), 133.72 (d), 130.41 (s), 129.37 (s),
128,56 (d), 126.92 (s), 118.51 (d), 105.64 (broad s), 73.93 (broad s), 25.66 (broad s), 18.00
(broad s) ppm. IR (CaF, window, THF, cm™) vco: 1972, 1956.4, 1803. Anal. Calcd. for:

C33H4oN1OsP2 (12) (%): C, 59.69; H, 6.07. Found: C, 59.61; H, 6.10.

Synthesis of Complex 12 from 1

Compound 1 (20 mg, 0.039 mmol, 1 equiv) and Ni(COD), (21.2 mg, 0.077 mmol, 2
equiv) were transferred as a solution in ¢z. 5 mL of THF into a Schlenk tube fitted with a
screw-in Teflon stopper along with a magnetic stirbar. The solution was stirred for ca. 20
minutes at room temperature during which time the solution turned deep red. The reaction
mixture was then thoroughly degassed. The solution was cooled to -78 °C, and ¢a. 4 equivalents
of CO were admitted using a calibrated gas bulb. The solution was then allowed to slowly

warm to room temperature while stirring over 30 minutes during which time the color changed
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from red to orange and finally to pale yellow. The volatiles were then removed under reduced
pressure. While complex 4 was found to be the majority product, a significant quantity of
impurities of P>Ni3(CO), as well as a transfacical polycarbonyl dinickel complex, with each
phosphine coordinated to a Ni(CO); or Ni(CO), fragment, was observed which proved
difficult to remove by recrystallization.” ™ Synthesis from complex 7 was therefore pursued

as the predominant route to complex 12.

Synthesis of Complex 10

Complex 9 (30.0 mg, 0.043 mmol, 1 equiv) was transferred as a solution in ¢z. 6 mL of
THF to a 20 mL scintillation vial along with a magnetic stit bar. Ferrocenium
hexafluorophosphate (14.5 mg, 0.043 mmol, 1 equiv) was then added as a solution in ¢z. 4 mL
of THF. The reaction mixture was stirred for 30 minutes during which time the solution
changed from red/orange to green/brown. The reaction mixture was then concentrated
under reduced pressure, and cz. 5 mL of diethyl ether was added to precipitate out the product.
The solid was washed with additional diethyl ether and then dissolved in minimal THF before
filtering through a Celite pad and removing volatiles under reduced pressure. The emerald
green residue was recrystallized by vapor diffusion of pentane into a concentrated THF
solution at -35 °C to yield dark green crystalline needles. Complex 10 is wnstable in THEF
solution and decomposes overnight at room temperature to ill-defined species. Complex 10
also immediately decomposes in acetonitrile. As a crystalline solid, complex 10 is indefinitely
stable at room temperature. Yield: 14.7 mg (41 %). '"H NMR (300 MHz, 4-THF) shows no

signals between 200 and -70 ppm, consistent with a paramagnetic compound with a weakly
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associated PF; counteranion. P NMR (121 MHz, 4-THF) shows no signals between 200 and
-200 ppm, consistent with a paramagnetic compound with a weakly associated PF
counteranion. ’F NMR (282 MHz, d-THF) shows a broadened doublet centered at -70.32
ppm, consistent with a weakly associated PF; counteranion. IR (ATR film, cm™) vco: 2010,
1972, 1938, 1917. Anal. Calcd. for: CsHyFeFe,O4P5 (10) (%): C, 49.13; H, 4.85. Found: C,

49.40; H, 4.85.

Synthesis of Complex 13-CO

A Schlenk tube fitted with a screw-in Teflon stopper was charged with 1,4-bis(2-
diisopropylphosphino)phenyl)benzene (1) (500 mg, 1.08 mmol, 1 equiv) and Ni(COD), (891.9
mg, 3.24 mmol, 3 equiv). THF (cz. 60 mL) was added and then the combined reaction mixture
was degassed and sealed. After stirring for two hours a color change from yellow to dark red
was observed. Following degassing the solution, the reaction mixture was cooled to -78°C
and 5 equivalents of CO was admitted using a calibrated gas bulb. The reaction was allowed
to slowly warm to room temperature while stirring. During this time the solution turned a
bright red/orange. While stitring for an addition 16 h, the solution slowly turned
yellow/brown, at which time volatiles were removed under reduced pressure to yield a
yellow/brown residue. The residue was dissolved in minimal THF and filtered through a celite
pad. The product was recrystallized from the filtrate by the slow vapor diffusion of hexanes
over 3 days at room temperature to afford pure product as large dark crystals (37% yield). 'H
NMR (300 MHz, CsDg) 6 7.42 (d, 2H, aryl-H), 7.09-6.89 (m, 6H, aryl-H), 5.65 (s, 2H, central

aryl-H), 4.57 (s, 2H, central aryl-H), 2.30 (m, 2H, CH), 2.12 (m, 2H, CH), 1.25 (dd, 6H, CH),
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1.06 (dd, 12H, CHs), 0.89 (dd, 6H, CHs). P NMR (121 MHz, C,D¢) & 50.32 (s). *C NMR
(126 MHz, CeDy) 8 246.87 (s), 245.58 (s), 195.08 (s), 151.56 (m), 134.28 (m), 131.62 (s), 129.32
(s), 127.60 (s), 126.33 (s), 91.06 (s), 70.98 (s), 66.64 (s), 26.87 (m), 24.30 (m), 20.18 (s), 18.84
(s), 18.03 (1), 17.58 (s). IR (CaF, window, THF, cm™) vco: 2002, 1873, 1830. Anal. Calcd. for:

C34HaoNi:O4P2 (13-CO) (%): C, 54.40; H, 5.37. Found: C, 54.31; H, 5.28.

Synthesis of Complex 13-PMe;

In an inert atmosphere glovebox, a 20 mL scintillation vial was charged with 13-CO
(102 mg, 0.136 mmol, 1 equiv) and dissolved in THF (cz. 10 mL). While stirring, PMe; (1 M
in THF, 149 pL, 1.1 equiv) was added via syringe. The reaction slowly turned from yellow to
bright orange over the 16h reaction time. Volatiles were removed under reduced pressure to
yield an orange residue. Pure product was obtained by the vapor diffusion of hexanes out of
a concentrated hexanes/hexamethyldisiloxane solution to yield an orange precipitate (74%
yield). '"H NMR (300 MHz, C¢Dg) 8 7.71 (m, 2H, aryl-H), 7.07 (m, 4H, aryl-H), 6.94 (t, 2H,
aryl-H), 5.13 (d, 2H, central aryl-H), 4.67 (d, 2H, central aryl-H), 2.41 (m, 2H, CH), 2.24 (m,
2H, CH), 1.38 (dd, 6H, CH), 1.16 (m, 12H, CHj), 1.00 (d, 9H, CHs), 0.99 (dd, 6H, CHs). *'P
NMR (121 MHz, CsDg) 8 51.50 (d, ] = 16.6 Hz), 6.61 (t, ] = 16.6 Hz). "C NMR (126 MHz,
CsDg) 6 259.93 (s), 250.72 (s), 153.21 (m), 135.345 (m), 131.55 (s), 128.87 (s), 127.26 (t), 125.74
(t), 88.31 (s), 68.17 (s), 63.15 (s), 27.01 (m), 24.47 (m), 20.45 (s), 19.11 (), 18.29 (), 17.82 (s),
14.48 (d). IR (CaF, window, CsHe, cm™) veo: 1854, 1783. Anal. Caled. for: CssHaNi;O5Ps (6)

(%): C, 54.13; H, 6.18. Found: C, 54.44; H, 6.10.
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Electrochemistry Details

Electrochemical measurements of complex 3, 4, 6, 3-(OMe)., 8, 8-(OMe),, and 9 were
taken on a Pine Instrument Company biopotentiostat model AFCBP1 as 3 millimolar
solutions in tetrahydrofuran using 0.1 molar [#BuyN][PF¢] as the electrolyte with a platinum
wire counter electrode, a glassy carbon working electrode, and a silver/silver nitrate reference
electrode in 0.1 molar [#BusN][PF] as an acetonitrile solution. Electrochemical measurements

of compounds were internally referenced to ferrocene.
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Figure 16. Complex 3 full cyclic voltammogram.
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Figure 17. Complex 4 full cyclic voltammogram.
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Figure 18. Complex 3-(OMe): full cyclic voltammogram.
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3 Reduction at-2.43 V
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Figure 21. Plot of the scan rate dependence for the reduction of compound 3 with the

cathodic (blue) and anodic scans (orange).
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Figure 22. Plot of the scan rate dependence for the first reduction of compound 4 with the

cathodic (blue) and anodic scans (orange).
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4 Reduction at-1.81V
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Figure 23. Plot of the scan rate dependence for the second reduction of compound 4 with

the cathodic (blue) and anodic scans (orange).
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Figure 24. Plot of the scan rate dependence for the reduction of compound 3-(OMe), with

the cathodic (blue) and anodic scans (orange).
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8 Reduction at-2.29V
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Figure 25. Plot of the scan rate dependence for the first reduction of compound 8 with the

cathodic (blue) and anodic scans (orange).
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Figure 26. Plot of the scan rate dependence for the second reduction of compound 8 with

the cathodic (blue) and anodic scans (orange).
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Mossbauer Details

Spectra were recorded on a spectrometer from SEE Co. operating in the constant
acceleration mode in a transmission geometry. Spectra were recorded with the temperature of
the sample maintained at 80 K. The sample was kept in an SVT-400 Dewar from Janis, at zero
tield. Application of a magnetic field of 54 mT parallel to the y-beam did not cause detectable
changes in the spectra recorded at 80 K. The quoted isomer shifts are relative to the centroid
of the spectrum of a metallic foil of a-Fe at room temperature. Samples were prepared by
grinding polycrystalline material into a fine powder and then mounted in a cup fitted with a
screw cap as a boron nitride pellet. Data analysis was performed using the program WMOSS

(www. wmoss.org) and quadrupole doublets were fit to Lorentzian lineshapes.
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Computational Details

All calculations were performed with DFT as implemented in Gaussian 09 Revision C.01.”
Geometry optimizations and electronic structure calculations were performed with the TPSSh
hybrid functional® that, incorporating 10% exact exchange (c.f. BLYP 0% and B3LYP 20%),
has been shown to be effective for calculating transition metal-containing compounds.” The
LANL2DZ basis set and effective core potential® for Pd atoms and the 6-31++G(d,p) basis
set” for all other atoms was used. No solvent corrections were used. For all compounds
isopropyl substituents on the phosphine ligands were truncated to methyl groups and have
been designated with the -Me; suffix to the appropriate compound numbers. Geometry
optimizations of 3-Me; and 3-(OMe),-Me; were performed under the C; point group, while
4-Me; and 8-Me; were optimized without symmetry constraints. Optimization stationary
points were confirmed with subsequent frequency calculations that did not return imaginary
frequency vibrations < -10 cm™. All molecular orbital illustrations are depicted with a 0.05
isosurface value. Natural bond order (NBO) calculations were performed to elucidate the
nature of the M-M interactions. There is an unresolved error with NBO3, as implemented in
Gaussian09°, when trying to do bonding analysis of these compounds. So to perform NBO
bond analysis, the following procedure was used: the atomic coordinates from the Gaussian09
geometry optimizations were used to run single-point calculations in Orca (version 3.0.3™),
and Orca was used to generate input files (*.47) for NBOG6 * analysis. The NBOG input files
were modified by including the keywords BNDIDX and PLOT and listing analogous
connectivity patterns in a $CHOOSE block before running. The natural localized molecular
orbitals (NLMOs) were visualized using the pre-orthogonalized natural atomic orbitals basis

set by opening the *.38 NBOG output files with JMol.
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Table 3. Select Molecular Orbital Illustrations for 3-Me,, 4-Me;, 3-(OMe)-Me, and 8-Me>

3-Me; 4-Me; 3-(OMe),-Me; 8-Me» Rep. MO

M-M and
M-M’
antibonding

LUMO LUMO LUMO

M-M o-
bonding

HOMO-2 HOMO HOMO-2 HOMO-1
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HOMO-4

HOMO-5

HOMO-4

M-CO
backbonding

HOMO-5

HOMO-16

HOMO-5

HOMO-7

M-M’ &
antibonding
and M-M
)
antibonding

HOMO-10

HOMO-13

HOMO-10

HOMO-9

M-M n-
antibonding
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HOMO-17

HOMO-18

HOMO-18

HOMO-17

M-M and
M-M’
bonding

HOMO-19

HOMO-17

HOMO-20

HOMO-18

M-P
bonding

HOMO-20

HOMO-23

HOMO-21

HOMO-19

M-arene
bonding




3-(OMe),-Me;, 78-Me,

62%, 62% 63%, 78% 70%, 64% 61%, 62%

Figure 27. a) Metal-metal and metal-CO Wiberg bond indices and b) (group 10 metal center)—(apical metal center) (M—M’) natural
localized molecular orbitals (NLMOs) and their contributions to total M—M’ bond orders

64
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Crystallographic Information

CCDC 1056167-1056171 contain the supplementary crystallographic data for the
published compounds in Section 2.2. CCDC 981915, 737475, 981916, and 981917 contain the
supplementary crystallographic data for the published complexes in Section 2.3. These data

can be obtained free of charge from The Cambridge Crystallographic Data Centre via

www.ccde.cam.ac.uk/data_request/cif.

Refinement Details

In each case, crystals were mounted on a glass fiber or nylon loop using Paratone oil, then
placed on the diffractometer under a nitrogen stream. Low temperature (100 K) X-ray data
were obtained on a Bruker APEXII CCD based diffractometer (Mo sealed X-ray tube, K, =
0.71073 A). All diffractometer manipulations, including data collection, integration and scaling

were carried out using the Bruker APEXII software.*

Absorption corrections were applied
using SADABS.” Space groups were determined on the basis of systematic absences and
intensity statistics and the structures were solved by direct methods using XS (incorporated
into SHELXTL) and refined by full-matrix least squares on F>. All non-hydrogen atoms were
refined using anisotropic displacement parameters. Hydrogen atoms were placed in idealized

positions and refined using a riding model. The structure was refined (weighted least squares

refinement on F?) to convergence.
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Special refinement details for 10

10 was crystallized from a THF-hexanes vapor diffusion at -35 °C in an inert atmosphere
glovebox. It was found to crystallize with a disordered THF solvent molecule with one oxygen
modelled isotropically. The structure also contains an outer-sphere hexafluorophosphate

anion that was satisfactorily modelled.



Table 4. Crystal and refinement data for complexes reported in Section 2.2

Complex 3 4 5 6 3-(OMe), 8
empirical | Ci7H20Fe0500 | CaoHa7.50BCOF | C34H20C004P | CaiHs2B2FsM | CigHasFeOgs | CizHaoFeoso
formula ,PPd 4N1.5004P,Pd> 2 Pd> oN40sP; Pd; P, Pd, NiO,P
formula wt 421.62 1033.77 846.33 1193.16 903.30 373.93
T (K) 100 100 100 100 100 100
a A 11.4622(6) 15.9326(8) 15.7355(5) 7.7570(7) | 14.0587(5) | 11.5996(6)
b, A 13.3606(7) 16.5136(9) 13.6086(4) 15.4169(13) 14.2422(5) 13.1456(7)
c, A 11.1153(5) 18.4384(10) 15.8392(5) 19.7029(18) | 18.4208(6) 10.9589(5)
a, deg 90 90.490(3) 90 95.586(4) 90 90
B, deg 90 114.618(2) 90.1244(15) 91.721(4) 90 90
y, deg 90 105.162(2) 90 95.546(4) 90 90
v, & 1702.22(15) 4218.4(4) | 3391.77(18) | 2332.2(4) 3688.3(2) | 1671.05(15)
z 4 4 4 2 4 4
Orthorhomb o o o Orthorhom | Orthorhomb
cryst syst . Triclinic Monoclinic Triclinic . .
ic bic ic
space P2,2:2 P P121/n1 P, P2:2:2; P2,2:2
group
deoes, 1.645 1.628 1.657 1.699 1.627 1.486
g/cm
0 range, 1.832to 1.289 to 1.822 to 1.039 to 2.035to 2.342 to
deg 30.581 26.372 36.252 45.367 36.442 30.569
g, mm* 1.595 1.367 1.662 1.170 1.482 1.675
Semi- Semi- Semi- Semi- Semi- Semi-
) empirical empirical empirical empirical empirical empirical
abs cor
from from from from from from
equivalents equivalents equivalents | equivalents | equivalents | equivalents
GOF* 1.172 1.077 1.175 1.042 1.070 1.082
R1,” wR2P 0.0142, 0.0264, 0.0378, 0.0401, 0.0325, 0.0342,
(1>20(1)) 0.0352 0.0669 0.0791 0.1295 0.0638

0.0898




Table 5. Crystal and refinement data for complexes reported in Section 2.3
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Complex 9 11 12 10 13-Co
empirical . .
formula CasHa004P2Fe; C39H46C0,03P; C33HaoNi203P2 CssHasFeFe204.50P3 C34H40Ni304P;
formuta 686.33 742.56 664.01 867.32 750.73
T(K) 100 100 100 100 100
a, A 14.3107(5) 10.0645(4) 14.1146(4) 8.8633(4) 13.2747(6)
b, A 11.4723(4) 11.1061(5) 15.1785(4) 15.6066(7) 14.3889(6)
c, A 20.2029(7) 32.262(1) 15.6000(4) 27.166(1) 17.0160(7)
a, deg 90 90 90 90 90
B, deg 108.029(2) 91.975(2) 115.380(1) 98.310(2) 90
v, deg 90 90 90 90 90
v, A3 3154.0(2) 3604.0(3) 3019.6(1) 3718.4(3) 3250.2(2)
z 4 4 4 4 4
cryst syst Monoclinic Monoclinic Monoclinic Monoclinic Orthorhombic
space
group P2:/c P2:/n P2i/c P2,/c P2:242,
ety 1.4453 1.369 1.461 1.549 1.534
g/cm
® rj;‘:e 3to 73.66 1.94t036.81 | 1.972t030.656 | 2.000to30.598 | 1.85to 37.24
u, mm-? 1.058 1.045 1.386 0.980 1.855
Semi-empirical | Semi-empirical Semi-empirical . » Semi-empirical
Semi-empirical
abs cor from from from . from
. . . from equivalents .
equivalents equivalents equivalents equivalents
GOF¢ 1.076 1.517 0.983 1.602 1.091
a b
?Il; ZVZF({S) 0.0302,0.1373 | 0.0373,0.0624 0.0321, 0.1090 0.0267, 0.0732 0.0344, 0.0615

“R1=X||Fol-|Fcl| / Z|Fol

F&)?1/ (n-p) /2

b WR2 = { T [W(Fo>-F2)2] / T [w(Fo?)?] }2

“GOF = 5 = { X [w(Fo*
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EPR Details

Spectrum was collected on an X-band EPR (Frequency: 9.391 GHz; Power: 0.645 mW;
Modulation Amplitude: 1 G) as a toluene glass at 77 K. EPR simulation run using EasySpin
program for Matlab.” Simulation parameters: g = [2.128, 2.032, 1.930], Iw = 2, HStrain = |20,

20, 20], Nucs = ‘Co’, A = [119 65 105].
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CHAPTER 3

SYNTHESIS AND REACTIVITY OF METAL COMPLEXES SUPPORTED BY
A NON-INNOCENT HYDROQUINONE PARA-TERPHENYL

DIPHOSPHINE LIGAND
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Abstract

A novel para-terphenyl diphosphine ligand was synthesized with a non-innocent
hydroquinone moiety as the central arene (1-H). Psexdo-tetrahedral 4-coordinate Ni'
and Pd’-quinone (2 and 3, respectively) complexes proved accessible by metalating 1-
H with the corresponding M"(OAc), precursors. O, does not react with the Pd’-
quinone species (3) and protonation occurs at the quinone moiety indicating that the
coordinated oxidized quinonoid moiety prevents reactivity at the metal. A 2-coordinate
Pd’-hydroquinone complex (4-H) was prepared using a one-pot metalation with Pd"
followed by reduction. The reduced quinonoid moiety in 4-H shows metal-coupled
reactivity with small molecules. 4-H was capable of reducing a variety of substrates
including dioxygen, nitric oxide, nitrous oxide, 1-azido adamantane, trimethylamine #-
oxide, and 1,4-benzoquinone quantitatively producing 3 as the Pd-containing reaction
product. Mechanistic investigations of dioxygen reduction revealed that the reaction
proceeds through a 7>-peroxo intermediate (Intl) at low temperatures followed by
subsequent ligand oxidation at higher temperatures in a reaction that consumed half an
equivalent of O, and produced water as a final oxygenic byproduct. Control
compounds with methyl protected phenolic moieties (4-Me), displaying a Ag' center
incapable of O binding (7-H) or a cationic Pd-H motif (6-H) allowed for the
independent examination of potential reaction pathways. The reaction of 4-Me with
dioxygen at low temperature produces a species (8-Me) analogous to Intl
demonstrating that initial dioxygen activation is an inner sphere Pd-based process
where the hydroquinone moiety only subsequently participates in the reduction of O,

at higher temperatures, by H" /e transfers.
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INTRODUCTION

Dioxygen is commonly employed as an oxidant in biology where active site architecture
regulates the delivery of reducing equivalents and protons to the substrate." Similar strategies
for electron® or proton management’ using non-innocent ligand frameworks have been
developed in synthetic systems. However, ligands capable of both proton and electron
transfers during small molecule activation remain uncommon.”* Aerobic oxidation chemistry
using Pd’ has seen many advances recently due to the appeal of employing dioxygen as a
stoichiometric oxidant in a strategy akin to biological oxidase catalysts. Pd-catalyzed aerobic
oxidations utilizing the reversible two proton-two electron couple of 1,4-benzoquinone as an
additive has important applications in organic methodology.® The use 1,4-benzoquinone and
its derivatives as stoichiometric or catalytic oxidants in their own right has also recently been
reviewed.” Recent mechanistic studies have highlighted the complicated reaction pathways
available in the combination of redox active metal (Pd), redox active organic additive that can
also act as ligand (1,4-benzoquinone), and O, * Although in catalysis with Pd, 1,4-
benzoquinone is used as a direct oxidant, we are particularly interested in the reactivity of the
reduced counterpart, as a venue for providing protons and electrons for substrate activation
in the presence of a reactive metal site. At the same time, the effect of the nature of the
quinonoid fragment (reduced vs oxidized) on the chemistry of Pd with O, is particularly
relevant to organic methodology. To that end, proximity to the reactive metal site is
instrumental. Efforts to directly incorporate quinonoid moieties into ligand frameworks for
Pd have been reported.” Though the interconversion of the hydroquinone and quinone forms
of these ligands has been observed in some instances, the reduction of dioxygen with these
Pd systems has not been reported. The use of n-bound quinonoid moieties as ligands has seen

a several applications."
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Our group has reported the use of bis- and trisphosphinoarylbenzene ligands as scaffolds
for mono- and multinuclear, n-bound transition metal complexes.'' Non-innocence of the
central arene moiety has been observed with cationic Ni-H complexes with respect to H-
migration as well as with dinuclear Fe and Co carbonyl complexes with respect to partial
reduction of the ring,''®''® The incorporation of a catechol moiety into the ligand scaffold
capable of transferring multiple electrons and protons or other electrophiles during dioxygen
reduction has also been recently reported for a Mo complex.''® In that case, there is no
evidence that the metal center undergoes inner sphere chemistry with O,, although electronic
coupling with the quinonoid moiety and transfer of electrophile from catechol is instrumental
for reactivity. With its established inner sphere chemistry with O,, Pd provides an ideal case
study for the effect of a pendant non-innocent group capable of transferring both electrons
and protons. Moreover, given the utilization of Pd, hydroquinone, and O in catalysis the
present studies have implications to organic methodology. We report the synthesis of a para-
terphenyldiphosphine ligand containing a 1,4-hydroquinone moiety and the cooperative small

molecule activation observed in a Pd’ complex.

RESULTS AND DISCUSSION

Section 3.1 Ligand Synthesis

The desired ligand, 1-H (Scheme 1), was readily synthesized in five steps from
commercially available starting materials. 2,5-diiodo-1,4-hydroquinone was synthesized
according to literature procedures in two steps from 1,4-dimethoxybenzene. Methoxymethyl
acetal (MOM) protection of both OH moieties to produce compound A was accomplished in
dichloromethane (DCM) using diisopropyl ethyl amine as the base. A palladium-catalyzed

Suzuki coupling with 2-bromophenyl boronic acid as the coupling partner yielded the desired
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terphenyl ligand precursor (B). Subsequent lithium halogen exchange with zer#butyl lithium

(/BuLli) followed by addition the chloro diisopropyl phosphine yielded the desired ligand (1-
H). Much like the dimethoxy variant presented in Chapter 2 (Section 2.1 1-(OMe)), hindered
rotation results in multiple *'P{'H} resonances (1.80, -0.06 ppm) at room temperature as well

as a broadened 'H spectrum.

Scheme 1. Synthesis of 1-H
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Section 3.2 Synthesis of Hydroguinone and Quinone Diphosphine-Supported Metal Complexes

Ni and Pd complexes supported by both the hydroquinone and quinone forms of
compound 1-H were targeted. Metalations with Ni" or Pd" diacetate proceeded in
tetrahydrofuran (THF), though elevated temperatures were required for nickel. Both reactions
yielded the corresponding M*-quinone complexes 2 and 3 (~60% yield) as green and purple
solids, respectively (Scheme 2).

The quinone assignment for the central arene was corroborated by strong vco infrared
(IR) absorptions at 1597 and 1603 cm™ for complex 2 and 3 respectively. While the quinone
form of 1-H could not be isolated, likely due to reactivity with the phosphine moieties, a shift
to lower Vco stretching frequencies relative to 2,5-diphenyl-1,4-benzoquinone (1640 cm™)"™

consistent with data reported for other m-bound Ni and Pd quinone cornplexes.13 Solution
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NMR data in CD,Cl; for 2 and 3 are consistent with either C; symmetric structures or a fast
exchange process on the NMR time scale that exchanges the front and back of the molecules
(as drawn). Both complexes show sharp singlets (2: 6.13 ppm, 3: 6.10 ppm) corresponding to
the central quinone protons and two distinct methine resonances (2: 2.52, 2.24 ppm, 3: 2.406,
2.33 ppm) in the '"H NMR spectra. By *'P{'"H} NMR, single resonances are observed at 54.30
and 55.02 ppm for 2 and 3 respectively. Strong metal-to-ligand charge transfer bands for both
complexes give both complexes their distinct colors (2: €33 = 5000 M ecm™, €456 = 1700 M
cm’, €623 = 650 M cm™; 3: €316 = 8300 M cm™, €375 = 6200 M cm, €544 = 2400 M cm ™).
Formally these metalations result in the two proton / two electron oxidation of the
hydroquinone moiety with the acetates and the M" center serving as the proton and electron

acceptors respectively.

Scheme 2. Synthesis of reported metal complexes
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Figure 1. Solid-state structures and selected bond distances for complexes 2, 3, 4-H, 5-H, 6-
H, and 7-H (top to bottom). Cocrystallized solvent, counteranions, and most hydrogen atoms
omitted for clarity. Bond lengths highlighted in red are too long to represent substantial
interactions. Disorder of the hydroquinone oxygen positions has been omitted for clarity for

complexes 6-H and 7-H.

Single crystal X-ray diffraction (XRD) studies of 2 and 3 (Figure 1) confirm short C-O
distances (2: 1.246(1) A; 3: 1.243(4) 1.242(5) A) consistent with the quinone assignment for
the central arene. Both complex 2 and 3 bind the quinone moiety in an 7* fashion similar to
previously reported metal-quinone complexes."” " While 7* binding has precedent for Pd, it
should be noted that the majority Pd-quinone structures show 7” coordination.”* '*>'* Both
complex 2 and 3 display a distorted tetrahedral geometry with similar 7,” values of 0.54 and
0.55 respectively using the two phosphine donors and the centroids of the coordinated C—C

double bonds as the ligand contacts. Strong metal-arene interactions are evident from short



80
average M-C distances of 2.16 and 2.32 A for 2 and 3 respectively. Substantial backbonding

into the quinone C—C double bonds is also evident from the elongated C—C distances of
1.402(2) A for 2 and 1.400(5) and 1.408(5) A for 3. A deplanarization of the quinone moiety
is also observed with a C1-(C2-C3-C5-C6 centroid)-C4 angle of 162.2° for 3 and 160.2 ° for

the analogous angle in 2.

Cyclic voltammetry (CV) studies of 2 and 3 in THF were also pursued to establish the
redox chemistry of m-bound quinone moiety. Free quinone in DMSO shows two reductions
to the corresponding radical anion and the closed shell dianion at -0.91 V and -1.71 V versus
Fc/Fc".* Complex 2 shows a quasireversible reduction event centered at -1.59 V, possibly a
two-electron process, and an irreversible oxidation event at 0.77 V versus Fc/Fc" (Figure 2).
Complex 3 shows a more complicated CV data with two quasireversible reductions centered
at-1.97 and -1.68 V and an irreversible oxidation at 0.54 v versus Fc/Fc" (Figure 3). However,
additional oxidation events are observed at -1.09 and -0.4 V corresponding to the reduction
events suggesting the formation of multiple species upon two-electron reduction of 3.
Literature electrochemical data for Pd complexes with quinonoid moieties incorporated into
the ligand scaffold show reductions at far milder potentials suggesting that the direct
coordination of Ni or Pd to the quinone m-system results in significant changes in the

electronic properties of the ligand.” %%
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Figure 2. Cyclic voltammetry data for complex 2.
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Figure 3. Cyclic voltammetry data for complex 3.
Efforts to regenerate the hydroquinone form of the central arene by reduction of the
quinone in 3 directly was attempted. Conceptually, this transformation corresponds to the

delivery of two protons and electrons to the central quinone moiety (Scheme 3), which can be
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accomplished with dihydrogen (Pathway 1), discrete sources of protons and electrons

(Pathway 2), or through the successive delivery of two hydrogen atoms (Pathway 3).

Scheme 3. Summary of reduction attempts of 3

1) Hz )
'Pr

.
2)2HY, 2e _ O OH
S 2
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-No direct reaction of 3 -Electrochemical -No H-atom transfer
with dihydrogen studies with weak from TEMPOH
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-Pd/C or Pt/C most Stc:;_chlo:etn(; b for 1,4-benzoquinone
selective studies showed best and TEMPOH
-Inconsistent scale up resuts with KCg or
sodium napthalenide

Complex 3 proved incapable of rehydrogenating itself with dihydrogen even at elevated
temperatures with multiple atmospheres of pressure. The coordinatively saturated nature of
the Pd” center likely prevents dihydrogen coordination. Furthermore Pdo binding to the 7-
accepting quinone moiety results in an electron-poor metal center which would disfavor
oxidative addition to form a Pd" dihydride. The addition of an external heterogeneous
hydrogenation catalyst proved sufficient to generate modest conversions to the desired
hydroquinone though some demetalation and other phosphorus-containing species were also
observed. Pd/C or Pt/C proved to be the most selective hydrogenation catalysts, however

inconsistent results in scale ups were observed with this approach.

The regeneration of the hydroquinone moiety with discrete reductants and acids was also
pursued. Given the isolation of stable electrochemical reductions, similar CV studies in the
presence of para-Bu benzoic acid were pursued (Figure 4). The addition of acid to complex
3 in cyclic voltammetry experiments resulted in substantial changes in the reductive behavior

(Figure 4). An improvement in the chemical reversibility of complex 3 was observed with a
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broad quasireversible oxidative (-0.81 V vs Fc/Fc") with a very large peak-to-peak separation
(1.47 V). The presence of a weak proton source facilitates the reductive and oxidative
processes for complex 3 while also substantially improving the potential at which chemical

reduction can occut.

30.04

-20.0

Current (pA)

70,0

-120.0
4.0

Potential (V)

Figure 4. Cyclic voltammetry data for 3 in the presence of varying equivalents of para-Bu

benzoic acid.

The obtained CV data suggest strong reductants (~ -1.5 V vs Fc/Fc") would still be
required for effective reduction of 3 in the presence of two equivalents of para-Bu benzoic
acid. No reaction was observed when using Zn" or Mg" as the reductants. A slow reaction was
observed with a Na’ mirror, however a decomposition product was observed to be the major
species by NMR. Kinetically faster reductants were then surveyed and it was found that
sodium napthalenide and potassium graphite were capable of a rapid reaction to yield the
hydroquinone-Pd’ complex as the major species. However, removal of naphthalene or other

impurities proved challenging due to their similar solubility in hydrocarbon solvents.
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Finally, a reaction between complex 3 and 1-hydroxy-2,2,6,6-tetramethyl-piperidine
(TEMPOH) (BDFE = 71.0 kcal/mol) was attempted. Unfortunately, no formation of product
was observed, which is likely attributable to the weak O—H bond of the first H-atom delivered
to 1,4-benzoquinone (65.2 kcal/mol) despite the strength of the first O—H bond in 1,4-

hydroquinone (81.5 kcal/mol).

The direct synthesis of Ni’ and Pd’ complexes with the hydroquinone form of 1-H was
pursued without using complex 3 as a precursor. Attempted metalations of 1-H with
Ni(COD), (COD = 1,5-cyclooctadiene) generated complicated mixtures of species. However,
both Pd’ (4-H) and Pd" (5-H) species supported by 1-H proved isolable (Scheme 1). 4-H was
synthesized as brown powder in 84% vyield using a one-pot synthesis involving initial
metalation with PdCl,(COD) in THF followed by reduction with Ni(bipy)(COD) (bipy = 2,2’-
bipyridine). Treatment of 1-H with PdCl,(COD) followed by halide abstraction with silver
triflate resulted in the formation of a cationic monochloride species, 5-H, which could be
isolated as a dark red powder in 32% yield. Both 4-H and 5-H are stable as solids, but
substantial decomposition to a complicated mixture of species in solution is observed over
time.

Solution NMR spectra for both 4-H (C¢Ds) and 5-H (CD3;CN) show a sharp singlet (4-
H: 6.94 ppm, 5-H: 6.72 ppm) and a broad resonance (4-H: 4.14 ppm, 5-H: 8.18 ppm) by 'H
NMR that correspond to the central hydroquinone CH and OH protons, respectively. One
methine resonance at 1.88 and 3.12 ppm by 'H NMR and a sharp singlet at 33.85 and a broad
resonance at 34.22 ppm by *'P{'H} NMR are observed for 4-H and 5-H, respectively. These
data are consistent with psexdo-C, symmetry or fast exchange processes on the NMR time scale.
Single crystals suitable for XRD analysis were obtained for 4-H and 5-H (Figure 1). Complex

4-H was found to cocrystallize with a decomposition product where the central arene was
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converted to a 2,3-dihydro-1,4-benzoquinone moiety. Formation of this species suggests that
decomposition of 4-H in solution may occur via a metal-mediated isomerization of the
hydroquinone moiety. The hydroquinone assignment for the central arene of 4-H is supported
by C-O distances of 1.387(3) and 1.365(3) A, which are consistent with single bonds. The Pd’
center in 4-H is two coordinate as long Pd1-C1 and Pd1-C6 distances of 2.836(2) and
2.830(2) A respectively represents a negligible metal-arene interaction. Consistent with this
assignment, all the C-C bond distances of the central hydroquinone moiety do not vary
substantially, ranging between 1.388(3) and 1.405(3) A and are in line with structures of
reported 2,5-diphenyl-1,4-hydroquinone moieties.”” The P1-Pd1-P2 angle of 165.08(2)° also
supports this assignment and is also likely enforced by the #ans-spanning nature of the rigid
para-terphenyl framework. These data indicate no disruption of aromaticity is occurring as
would be expected upon metal coordination, making the best description of 4-H a 14 ¢, two-

coordinate Pd" complex with a spectator hydroquinone moiety.

In complex 5-H, the C-O bond lengths of 1.349(3) and 1.363(3) A are comparable to 4-
H and consistent with the hydroquinone assignment for the central arene. Furthermore,
complex 5-H crystallizes with a clear hydrogen bonding interaction between a hydroquinone
OH moiety and a neighboring triflate. The Pd" center shows an 7 interaction with the central
arene trans to the Cl ligand with Pd1-C1 and Pd1-C6 distances of 2.451(3) and 2.290(3) A
respectively. Disrupted aromaticity in the hydroquinone moiety is evident from the alternating
shorter (C1-C6, C2-C3, C4-C5) and longer (C1-C2, C3-C4, C5-C6) C-C bond lengths
which indicate partially localized olefinic character resulting from Pd coordination. The
geometry about Pd is squate planar with a 74" value of 0.10 using the two phosphines, chloride,

and centroid of the C1-C6 bond as metal contacts. Complexes 3, 4-H, and 5-H demonstrate
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the flexible nature of the Pd-central arene coordination (7, 7

, 77) and how Pd oxidation state
(4-H to 5-H) and hydroquinone/quinone interconversion can influence preferred binding

modes.
Section 3.3 Small Molecule Activation by 4-H and Synthesis of Control Compounds

Hydroquinone-Pd” (4-H) and quinone-Pd’ (3) complexes were investigated for reactivity
with small molecules toward utilization of protons and electrons stored in the central arene.
Clean oxidation of 4-H to 3 was observed with a variety of gaseous oxidants including
dioxygen, nitric oxide, and nitrous oxide, which were all confirmed to produce water as the
oxygenic reaction byproduct by 'H NMR spectroscopy when reaction volatiles were
transferred between J-Young tubes. 1-azido adamantane was also found to effect the
transformation with the formation of 1l-amino adamantine confirmed by gas
chromatography-mass spectrometry (GC-MS). Additionally, trimethylamine #»-oxide, 1,4-
benzoquinone, and 2,4,6-tri(ferbutyl)phenoxyl radical were also found to react with 4-H to
form 3. With all the surveyed small molecule substrates, no further oxidation of 3 was

observed.

A more detailed mechanistic understanding of the rapid reactivity of 4-H with dioxygen
was pursued. The reactions of Pd and Pt complexes with molecular dioxygen have been
recently reviewed."® The direct activation of dioxygen by low-coordinate Pd” complexes has

119 However, a bis-(5'-superoxo)® and a

been reported and typically yields an 7*-peroxo.
terminal 7'-superoxo” have been reported. Therefore it is possible that initial dioxygen
activation can occur at the Pd’ center prior to subsequent activation of the hydroquinone
moiety. The reaction of Pd" hydrides with dioxygen to yield hydroperoxo complexes has also
6a, 8, 22

been reported though the reaction mechanism varies with different supporting ligands.

Therefore, the possibility of proton transfer to the Pd center from the hydroquinone moiety
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prior to dioxygen activation must also be considered. The autooxidation of some
hydroquinones by dioxygen in the absence of catalyst has been reported, most notably in the
anthraquinone process which is the primary means of industrial hydrogen peroxide
production.”” As a net change in Pd oxidation state does not occur in the conversion of 4-H
to 3, it is possible that the reaction with dioxygen is entirely mediated by the ligand without
involvement of the metal center. Previous studies with a related catechol diphosphine ligand
have shown that dioxygen activation likely occurs by an initial outer sphere electron transfer
step offering another mechanistic proposal.''* Cooperative activation of dioxygen by both Pd

center and the ligand in a concerted process is also plausible.

In order to address the aforementioned mechanistic possibilities, suitable complexes to
investigate different reactivity patterns were synthesized. To test for Pd-only initial dioxygen
activation, a Pd’ complex supported by a previously reported diphosphine ligand with a para-
dimethoxy substituted central arene was synthesized (4-Me, see section 2.1 for detailed
synthesis) using the same synthetic route as 4-H with the product obtained as an orange solid
in 98% yield (Scheme 1). Solution NMR data (CsDg) are consistent with pseudo-C; symmetry
or a fast exchange processes on the NMR time scale with chemical shifts comparable to 4-H.
Sharp singlets are observed for the central arene CH and OMe proton resonances at 6.86 and
3.49 ppm respectively. One methine resonance at 1.96 ppm by "H NMR and a sharp singlet at

33.81 by 'P{'H} NMR are also seen.

To test for the potential reactivity of Pd-H species, complex 4-H and 4-Me were
protonated with one equivalent of pyridinium triflate to yield 6-H and 6-Me respectively
(Scheme 1). Solution NMR data for both species (CD;CN) are quite similar and consistent
with psendo-C, symmetry or fast exchange processes on the NMR time scale. Reminiscent of

5-H, the central arene CH proton resonances appear as sharp singlets at 6.79 and 6.99 ppm
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for 6-H and 6-Me, respectively. The OH and OMe protons appear as a broad resonance at

7.42 and a sharp singlet at 3.73 ppm, respectively. A single methine proton resonance is
observed (6-H: 2.46 ppm; 6-Me: 2.48 ppm). Both complexes coincidentally show the Pd-H
resonances as a triplets (6-H: Jou = 8.5 Hz, 6-Me: Jou = 9.0 Hz) at -16.33 ppm, while the
'P{'H} NMR shows a doublet centered at 41.57 ppm for 6-H and a broadened singlet at

41.93 ppm for 6-Me.

Single crystals suitable for XRD analysis were obtained for 6-H (Figure 1). The
hydroquinone oxygens were nearly equivalently disordered across the C1/C4 and C3/C6
positions, only the majority species has been shown in Figure 1 for clarity. While this disorder
precludes assessment of the C—O bond lengths, the central arene bond distances show an
alternation of long and short distances analogous to 4-H suggestive of disrupted aromaticity
in a hydroquinone moiety rather than a quinone assignment. The Pd-center shows 7
coordination to C1-C6 akin to 5-H though the Pd1-C1 and Pd1-C6 distances are longer at
2.501(4) and 2.477(3) A respectively. 6-H and 6-Me are cationic and therefore represent a Pd-
H that could potentially arise from intermolecular proton transfer between equivalents of 4-
H. These complexes will provide insight into the behavior of Pd-H species on the current
ligand platforms and probe how the non-innocence of the hydroquinone moiety affects
reactivity. An alternative Pd-H accessible from 4-H could be neutral, corresponding to
(formal) intramolecular proton transfer from the hydroquinone moiety to the Pd center. Such

a compound has not been observed or isolated to date.

To probe for ligand-only reactivity, a Ag' complex, 7-H, was synthesized by metalation of
1-H with silver triflate in THE The product was isolated as colorless needles in 68% yield

following recrystallization. Solution NMR data (CD;CN) is consistent with psexdo-C, symmetry
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or a fast exchange process on the NMR time scale. The central hydroquinone OH and CH
proton resonances appear as a broad singlet at 6.98 ppm and a sharp singlet at 6.85 ppm
respectively. Additionally, a single methine resonance at 2.52 ppm is observed. The *'P{'H}
NMR shows two pairs of doublets centered at 28.33 with Jpa, values of 559.7 and 484.9 Hz

owing to coupling to '"Ag (52% abundance) and ' Ag (48% abundance) nuclei.

Single crystals of 7-H suitable for XRD analysis were obtained. Like 6-H, nearly
equivalent disorder of the hydroquinone oxygens is present precluding detailed analysis of the
C-0O bond lengths. Agl-C1 and Agl-C6 distances are in excess of 2.9 A consistent with a
negligible metal-arene interaction similar to that of 4-H. C-C bond lengths in the
hydroquinone moiety do no show an alternation of longer and shorter bond distances. This
structural information indicates that 7-H serves as a suitable electronic and structural control
for dioxygen reactivity with the hydroquinone moiety, as no substantial metal-arene interaction

perturbs the reactivity of the central arene moiety as seen in 4-H.
Section 3.4 Studies of Initial Dioxygen Activation

The reactivity of dioxygen with all control compounds was pursued (Scheme 4). At room
temperature 4-Me was found to rapidly react with dioxygen to form a complicated mixture
of species. This reactivity differs from that of previously reported bis(phosphine) Pd’
complexes which are known to form (77-peroxo) complexes stable enough to be structurally
characterized."” "> """ "0 Compound 7-H showed no reaction for multiple weeks at room
temperature when exposed to one atmosphere of dioxygen (Scheme 3). This indicates that
direct oxidation of the hydroquinone moiety of the ligand by dioxygen is not a facile reaction
pathway and it likely does not occur in the reaction of 4-H. Compound 6-H showed a color

change upon mixing to generate a bright pink species that shows a peak at Amex = 520 nm. By
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'P{'H} and 'H spectroscopy, the starting material is consumed within 6 hours, resulting in
the formation of a new major species, 3(H)". No peaks are observed upfield of 0 ppm,
suggesting the lack of a Pd-H moiety. An identical UV/Vis spectrum was obtained upon
addition of one equivalent of pyridinium triflate to 3 in THF leading to the assignment of
this product as the protonated quinone species. 6-Me showed reaction with dioxygen upon
mixing at room temperature to generate a complicated mixture of species. To test for the
direct oxidation of the hydroquinone moiety in 6-H by dioxygen, 5-H was treated with O,
since dioxygen activation across Pd"-Cl bond has not been reported to the best of our
knowledge. No reaction with dioxygen was observed for complex 5-H. Similar to 7-H, these
results suggest that oxidation of the hydroquinone moiety to the corresponding quinone is

likely metal-mediated as no evidence for direct ligand chemistry has been seen.

Studies of dioxygen reactivity at lower temperatures were pursued to detect intermediates
for mechanistic insight. Dioxygen addition to 4-H at -78 °C resulted in the formation of a
new species (Intl, Scheme 5, 2) by *'P{'H} NMR (THF). Intl shows two coupling doublets
35.38 and 30.77 ppm (Jer = 32 Hz) consistent with an asymmetric species in solution (Scheme
5, ¢). Low temperature solution IR data showed no absorptions consistent with a C—O double
bond, indicating that no conversion of the hydroquinone moiety to a quinone or semiquinone
form had occurred. While observed to be stable at -78 °C for up to an hour, Intl was found
to be quite thermally sensitive with 80% conversion to 3 occurring at -50 °C over an hour.
These data suggest that a Pd-only binding and activation of dioxygen is occurring at lower

temperatures without any participation of the hydroquinone.
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Scheme 4. Summary of room temperature reactivity
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To testif the hydroquinone moiety was necessary for initial activation, dioxygen was added
to a solution of 4-Me at -78 °C, in which the phenolic moieties are protected with methyl
groups (Scheme 5, b). The formation of a new species, 8-Me, was observed upon mixing by
NMR (d-THF) (Scheme 5, c). Similar to Intl, *'P{'H} NMR shows two coupling doublets at
34.04 and 29.87 ppm (Jer = 24.0 Hz) again consistent with an asymmetric species suggesting
the formation of a very similar species by NMR. By 'H NMR, two signals for the central arene
CH (6.87 and 6.66 ppm) and OMe (3.56 and 3.47 ppm) protons are observed. Three distinct

methine proton signals that integrate 1:1:2 appear at 3.67, 3.59, and 1.98 ppm). Unlike Int1, 8-
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Me was found to be stable for over four weeks at -78 °C in THF and for over multiple hours
at -40 °C with no sign of decomposition. This information further supports the assignment
of direct dioxygen binding at the Pd’ center without involvement of the hydroquinone moiety.
Furthermore, the increased stability of 8-Me suggests that the hydroquinone moiety, when

present, facilitates further reactivity with the Pd-coordinated O, moiety.

Scheme 5. Proposed dioxygen activation mechanism for 4-H and 4-Me
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No reaction of 6-H or 6-Me with dioxygen was observed at -30 °C by *P{'H} NMR

(CDsCN), suggesting that the activation of dioxygen by 4-H likely does not occur via a
cationic Pd-H species. However, reactivity from a neutral complex generated by intramolecular
protonation to form a Pd-H moiety and deprotonated hydroquinone cannot be ruled out. The
similarity of Intl and 8-Me by NMR further suggests that the activation of dioxygen by 4-H
does not occur via a Pd-H species, given that the precursor to 8-Me does not have acidic
protons. Gas quantification experiments using a Toepler pump was used to determine the
equivalents of dioxygen consumed by each reaction (Table 1). At 25 °C, 4-H and 6-H were
found to consume 0.54 * 0.02 and 0.95 £ 0.04 equivalents of dioxygen, respectively. Oxygen
addition to 4-Me at -78 °C showed consumption of 0.96 * 0.08 equivalents of dioxygen.
During the freeze-pump-thaw cycles of Intl during Toepler pump experiments a noticeable
purple hue developed in the reaction vessel indicating the partial formation of 3 regardless of
attempts to keep reaction mixtures from warming up substantially. These experiments with 4-
H were likely unsuccessful due to the decreased thermal stability of Intl compared to 8-Me

as seen in NMR experiments.

The binding of a single equivalent of dioxygen to 4-Me at low temperatures rules out the
formation of a bis-('-superoxo) (Scheme 6, a). The literature example of a 7'-(superoxo)
complex was observed to convert to the corresponding 7>-peroxo over 80 minutes at
temperatures above -82 °C.*' Therefore, the most plausible assignment for 8-Me and, due to
similarities by *'P{'H} NMR, Intl, is an 7°-peroxo species (Scheme 6, a).** Furthermore, 7'-
(superoxo) would be expected to bind the oxygenic ligand in a position #rans to the central
arene moiety as seen in the case of 5-Cl resulting in equivalent phosphine donors on the NMR
time scale. Differences in reaction rates at low temperature and the amount of dioxygen

consumed make reactivity derived from a Pd-H species less likely (Scheme 6, b). The absence
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of oxidation of 7-H rules out hydroquinone oxidation akin to that of the anthraquinone
process (Scheme 6, ¢).” It is also noteworthy that the reactivity appears to proceed through an
initial inner sphere intermediate unlike previous reports on molybdenum carbonyl complexes
(Scheme 6, d). Finally, cooperative activation of dioxygen between the Pd center and
hydroquinone ligand is also ruled out as no evidence for hydroquinone oxidation by IR was
observed for Intl. Additionally, the same type of intermediate can be accessed with 4-Me

which does not have the ability to transfer protons / H-atoms (Scheme 0, ¢).

Scheme 6. Possible Dioxygen Activation Mechanisms
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As both 4-H and 4-Me activate dioxygen at low temperatures to likely form 7°-peroxo
species, the electrophilic or nucleophilic character of the oxygenic moiety of 8-Me was tested
with external substrates. As a test for electrophilic character, 8-Me was mixed with
cyclohexene, 2,4,6-triter/butylphenol, methyl para-tolyl sulfide, or triphenylphosphine.” No
formation of cyclohexanone or sulfoxide product was observed by GC or GC-MS
spectroscopy. No formation of 2,4,6-tritertbutylphenoxyl radical was observed by UV/Vis
spectroscopy suggesting that an H-atom abstraction pathway is not occurring (BDFE (kcal
mol") in DMSO: 2,4,6-tri(ferdutyl)phenol = 80.6, 1,4-hydroquinone = 80.0).* The formation
of triphenylphosphine oxide was detected by GC-MS. However low temperature NMR
experiments show this reaction to proceed by initial triphenylphosphine substitution of 1-Me

18a and

to form (PPh3)Pd(;7-Oz) by compatison to literature *'P{'H} chemical shifts
independent synthesis from Pd(PPh;)s and dioxygen (Figure 22). Subsequent phosphine
oxidation therefore likely does not involve terphenyl diphosphine. As a test for nucleophilic
character, cyclohexane carboxyaldehyde or para-trifluoromethyl benzylalcohol were added to
8-Me.” »" In both cases oxidation products, cyclohexene and the corresponding
benzaldehyde, were observed by GC and GC-MS analysis respectively, suggesting nucleophilic
character for 8-Me. These data taken together with the control reactions indicate that dioxygen
activation at 4-H occurs through a Pd-only mediated formation of a (j°-peroxo) species with

nucleophilic character. Hydroquinone activation occurs subsequently through an inter- or

intramolecular proton transfer.

Low temperature NMR experiments were run to probe whether both intermolecular
proton transfer occur. First, intermolecular proton transfer was tested by studying the reaction
of dioxygen with a mixture of 4-Me and the Ag' complex, 7-H (Figure 23). At -78 in THF,

8-Me was formed in the presence of 7-H upon the addition of dioxygen. Warming the
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reaction mixture to -40 °C did not result in any detectable reaction over more than 30 minutes
suggesting intermolecular proton transfer is not occurring at these temperatures. In contrast,
Intl shows significant conversion over 30 min, even at -50 °C. The dioxygen reactivity of 4-
H in the presence of 7-H was also tested (Figure 23). As with 4-Me, oxygen addition at -78
°C in THF resulted in the formation of Intl in the presence of 7-H. Warming the reaction
to -40 °C showed near quantitative conversion of Intl to form 3 within 10 minutes without
any detectable consumption with 7-H. While these experiments do not rule out intermolecular
proton transfer during conversion of Intl, they do suggest that such proton transfer to the
analogous (7°-peroxo) species supported by 4-Me without a pendant hydroquinone moiety

either does not occur or is not sufficient for subsequent reactivity of the O, moiety.

Oxygen addition at -78 °C to a THF solution of 4-H resulted in a color change from
yellow/brown to orange/brown within thirty seconds consistent with the rapid formation of
Intl by UV/Vis (Figure 5). Warming the UV/Vis solution of Intl to -25 °C resulted in the
conversion to a new intermediate (Figure 6), in contrast to the NMR experiments, with a Amax
of 480 nm over the course of approximately 30 minutes. This suggests that at lower
concentrations, the rates of steps following the formation of Intl (and Int2) are slowed
enough to allow the observation of an additional intermediate. Low temperature solution IR
data at -35 °C showed the appearance of an absorption at 1601 cm™ attributable to the
formation of a substantial quantity of 3. However, a small absorption at 1650 cm™ (Figure 18)
was also observed that may be attributed to the transient formation of Int2, which suggests
stepwise activation of the hydroquinone moiety. Int2 was observed to gradually convert to 3,
the final reaction product, over the course of 3 hours at -25 °C (Figure 7). Cooling the solution
of Int2 to -78 °C could not arrest the conversion to 3, though the reaction was slower. The

formation of Int2 and 3 both occur with isosbestic points indicating that these
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transformations correspond to the clean interconversion of these species. These data show
that Int2 possesses an activated hydroquinone with at least partial quinone character by IR
spectroscopy. The UV/Vis spectra of Int2 is inconsistent with a Pd® protonated quinone, as
such structure is assigned to be the product of 6-H with dioxygen, which can be prepared
independently, and shows a peak at i = 520 nm. Therefore, it is proposed that Int2 is a Pd"
species with the metal center coordinated to a semiquinone moiety (Scheme 5, a). An anionic
oxygenic fragment could be released or still remain coordinated to the metal center in a
distorted geometry. If the oxygenic fragment is released, Int2 would formally correspond to
(3)H" which is inconsistent with the spectroscopic data. Therefore, it is proposed that an
oxygenic moiety remains coordinated, and because of coordination #7ans to the central arene,
a second proton transfer is slow allowing observation of this intermediate. As one equivalent
of dioxygen is assigned to be bound in Intl while only half an equivalent is consumed by the
net reaction to 3, a dioxygen release must occur during the conversion of Intl to 3 via an
intermolecular disproportionation process. If the oxygen release has already occurred by the
time formation of Int2 then the proposed anionic oxygenic fragment may be a hydroxide
ligand. However, if dioxygen release occurs in the conversion of Int2 to 3, then the bound
oxygenic fragment may be a hydroperoxo species. Unfortunately, the instability of these
intermediates and fluorescence from the ligand prevented detailed IR or resonance Raman
spectroscopy to further characterize the identity of the reaction intermediates. As intermediate
Int2 is not observed at the higher concentrations of the NMR experiments, the steps
following the formation of Int2 must be slower than its generation. The concentration effect
could be a consequence of the intermolecular reaction required for the proposed

disproportionation.
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Figure 5. Solution UV /Vis spectrum for 4-H after warming to -78 °C following O, addition.
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Figure 6. Solution UV/Vis spectrum for 4-H after warming to -25 °C with O, addition over
30 minutes.
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Figure 7. Solution UV/Vis spectrum for the decay of Int2 at -25 °C over multiple hours.

Kinetics analysis of the conversion of Int2 into 3 were run to determine the reaction
order and gain insight into the reaction mechanism. Two assumptions went into making the
calculations: 1) complete conversion to 3 had occurred and 2) the concentration of Int2 is
equal to the final concentration of 3 as inferred from the presence of an isosbestic point.
Utilizing the UV/Vis data displayed in Figure 7, and the above assumptions extinction
coefficients can be calculated for both Int2 and 3 at 480 nm and 535 nm. A check of these
calculated coefficients were plugged into calculations for the expected summed absorbance
values at 480 nm and 535 nm for comparison to experimental data. Good agreement was
observed as shown in Figure 8 and Figure 9. This absorbance data was converted into
concentrations of Intl and 3 using the assumption 2 and plotted (Figure 10) against time.
Plotting the natural log of Int2 concentration against the natural log of time (Figure 11)
showed a curved line not consistent with first order process. Plotting the inverse of Int2
concentration against time (Figure 12) gave a straight line over approximately 120 minutes

though noisy data disrupted the fitting of data and greater conversion. However, the linear



100

regression of the initial 110 minutes (Figure 13) gave an R* value of 0.97 suggesting the

interconversion of Int2 and 3 is a second order process.
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Figure 8. Solution UV /Vis spectrum for the decay of Int2 at -25 °C over multiple hours.
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Figure 10. Solution UV/Vis spectrum for the decay of Int2 at -25 °C over multiple hours.
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Figure 11. Solution UV /Vis spectrum for the decay of Int2 at -25 °C over multiple hours.
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Figure 12. Solution UV/Vis spectrum for the decay of Int2 at -25 °C over multiple hours.
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Figure 13. Solution UV/Vis spectrum for the decay of Int2 at -25 °C over multiple hours.

In catalytic Pd-meditated organic transformations that utilize benzoquinone as a
stoichiometric oxidant, the regeneration of Pd"X; species required for substrate oxidation

relies on the transfer of reducing equivalents from Pd’ to the quinone moiety.® Compound 3
g ¢q q Y.
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allows investigation of the propensity of a Pd’ center coordinated to the m-system of the
quinone to undergo oxidation or protonation. As supported by CV data and air stability, the
oxidation of 3 to form a Pd"-quinone complex requites strong oxidant. Excess (5 equivalents)
aqueous hydrogen peroxide was found to slowly bleach the characteristic UV/Vis features of
3 (88% conversion over 12 hours) at room temperature, however well-defined reaction
products could not be isolated. The present reactivity suggests that loss of the benzoquinone
ligand might be necessary prior to (or in concert with) oxidation of Pd’, for example with O,.”
In the present system, 4-H undergoes facile reaction with O,, showing that upon removal of
hydroquinone coordination, oxidation of Pd” occurs readily. As Pd"-H species are known
intermediates in benzoquinone mediated chemistry, further studies were performed with 6-
H.()a

Scheme 7. Proposed Dioxygen Activation Mechanism of 6-H
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Figure 14. Solution UV /Vis spectrum for 6-H at 25 °C following O, addition over multiple

hours.
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Figure 15. Solution UV /Vis spectrum for the conversion of Int3 to (3)H" after over multiple
12 hours.

By UV/Vis spectroscopy, 6-H was found to convert to a pink compound with Am. of 500
nm over several hours following oxygen addition at room temperature (Figure 14). The

subsequent conversion to the final product that has a Am of 520 nm (Figure 15) requires
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greater than 16 hours for completion as judged by the slowly shifting Ama in the UV/Vis

spectrum. Toepler pump experiments indicate the overall reaction consumes a single
equivalent of dioxygen. Based on literature precedence this reaction may proceed via the initial
formation of a hydroperoxo species in a geometry akin to 5-H where the central
hydroquinone moiety is #rans to the oxygenic ligand. Whether this transformation occurs via a
reductive elimination / deprotonation route or a hydrogen-atom abstraction pathway as
proposed in the literature is unknown at this point (Scheme 7).”*»** Subsequent deprotonation
of the hydroquinone moiety by the hydroperoxide results in release of H>O, and formal
reduction of the metal center by the pendant hydroquinone.”® Given the difference in rate of
oxidation between 6-H and 4-H, a cationic Pd-H is not an intermediate consistent with the
fast reaction of 4-H with O,. Previously, benzoquinone has been reported to promote
reductive elimination of carboxylic acid from Pd-H complexes.® The final product (3(H)") in
the reaction of 6-H with O, lacking diagnostic Pd-H peaks by 'H NMR spectroscopy,
indicates that formation of such hydritic species by formal oxidation via protonation at the
metal is unfavorable. The T-acidic benzoquinone moiety bound to Pd” makes the metal center

electron deficient and stabilizes the lower oxidation state.

CONCLUSIONS

A novel non-innocent ligand platform capable of cooperatively mediating the
multiproton-multielectron reduction of multiple substrates at a Pd’ center has been
synthesized based on a hydroquinone-diphosphine moiety. Reduction of O, was studied in
detail. The reaction occurs by an initial Pd-mediated step which involves binding of one
equivalent of dioxygen to form a nucleophilic 77-peroxo species assigned by comparison to

complex 8-Me, displaying a dimethylated hydroquinone moiety. Subsequent activation of the
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hydroquinone moiety occurs at higher temperatures with a second intermediate observable by
UV/Vis spectroscopy at low concentrations. The reported reactivity represents an overall
transformation that requires both the redox active metal capable of binding O, as well as the
non-innocent pendant hydroquinone within the same molecule. A related Pd’ complex (4-
Me), lacking the hydroquinone moiety, or Ag'-hydroquinone complex (7-H), lacking a metal
center capable of binding O,, do not reproduce the reactivity independently or even in
combination. Overall, the described results highlight the potential for the reduction of small
molecule substrates by utilizing auxiliary redox-active and acid-base non-innocent moieties to
store reducing equivalents. From the perspective of oxidation organic methodology utilizing
the Pd-benzoquinone combination, O, does not react with the isolated Pd’-benzoquinone
species and protonation occurs at the quinone moiety indicating that the oxidized quinonoid

moiety prevents reactivity at the coordinated metal.



107
EXPERIMENTAL SECTION

General considerations.

All air- and/or watet-sensitive compounds were manipulated using standard vacuum or
Schlenk line techniques or in an inert atmosphere glove box. The solvents for air- and
moisture-sensitive reactions were dried over sodium benzophenone ketyl, calcium hydride, or
by the method of Grubbs.”” All NMR solvents were purchased from Cambridge Isotopes
Laboratories, Inc. and dried over sodium benzophenone ketyl or calcium hydride. Unless
mentioned otherwise, reagents were used as received from commercial suppliers without
further purification. Nickel(IT)acetate, palladium(II)acetate, chlorodiisopropylphosphine,
boron tribromide, silver trifluoromethanesulfonate, 1.7 M 7Buli in pentane,
diisopropylethylamine, 1,4-dimethoxybenzene, were purchased from Sigma Aldrich. (1,5-
cyclooctadiene)palladium(II)chloride, bis(1,5-cyclooctadiene)-Ni(0), tetrakis-
(triphenylphosphine)palladium(0), tris-(dibenzylideneacetone)-dipalladium(0), were purchased
from Strem Chemicals Inc.lodine monochloride was purchased from Alfa Aesar. , 2-
Bromophenylboronic acid was purchased from Ark Pharm. 2.1 M methyl chloromethyl ether
(MOMCI) in toluene,® (2,2’-bipyridine)(1,5-cyclooctadiene)nickel(0),” 1,4-dimethoxy-2,5-
diiodobenzene,” 2,5-diiodo-1,4-hydroquinone,” and 1-Me* were made according to literature
procedures. All 'H, °C, and *'P spectra were recorded on Varian Mercury 300 MHz, or Vatian
INOVA-500 or 600 MHz spectrometers at room temperature. Chemical shifts for "H and °C
NMR data are reported relative to residual solvent peaks.” P NMR chemical shifts are
reported with respect to the deuterated solvent used to lock the instrument. Solution IR
spectra were obtained as solution samples using a Cal', window cell on a Thermo Scientific
Nicolet 6700 FT-IR spectrometer. Iz situ solution IR spectra were recorded on an iC10

ReactIR (Mettler Toledo) equipped with a K4 conduit and a SiComp Sentinel sensor in a



108

custom-made glass vessel. The UV/Vis spectra were recorded on a Vatian Cary Bio 50
spectrophotometer. Low-temperature UV /Vis spectra were obtained using a Varian dip-probe
(661.202-UV, 10 mm) and custom-made glass vessel. Elemental analyses were performed by

Robertson Microlit Laboratories, Ledgewood, NJ.

Synthesis of 2,5-diiodo-1,4-bis(methoxymethylether)hydroquinone (A)

The synthesis of 2,5-diiodo-1,4-bis(methoxymethylether)hydroquinone has been
previously reported, however this protocol provides an alternative synthetic route. 2,5-diiodo-
1,4-hydroquinone (2 g, 5.53 mmol, 1 equiv) was added to a 3-neck flask under a counterflow
of nitrogen. Degassed, anhydrous dichloromethane (100 mL) was then added with a cannula
to yield a suspension. Diisopropylethylamine (11.6 mL, 66.3 mmol, 12 equiv) was then added
with a syringe and the reaction mixture allowed to stir for 1 minute. Methylchloromethylether
was then added (~2.1 M in PhMe, 26.3 mL, 55.3 mmol, 10 equiv) with a syringe and the
reaction was allowed to stir for 3-4 hours during which time the solution became homogenous.
The reaction was monitored by GC-MS until all starting material was consumed. The reaction
mixture was then washed with a saturated sodium bicarbonate solution. The organic layer was
then collected and dried with magnesium sulfate before volatiles were removed by rotary
evaporation to yield the clean product as an off-white residue. Characterization matched

previous literature reports. Yield: 2.07 g (83 %).
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Synthesis of 2,5-bis(2-bromophenyl)-1,4-(methoxymethylether)hydroquinone (B)

The Suzuki coupling to produce the terphenyl product was run as a modification of
literature procedure.” A Schlenk tube fitted with a Teflon stopper was charged with 2,5-
diiodo-1,4-bis(methoxymethylether)hydroquinone (500 mg, 1.11 mmol, 1 equiv.), 2-bromo-
phenylboronic acid (468.6 mg, 2.33 mmol, 2.1 equiv.), and K,CO; (921.3 mg, 6.67 mmol, 6
equiv.). Toluene (26 mL), ethanol (6 mL), and water (6 mL) were then transferred to the
Schlenk tube along with a magnetic stirbar. The mixture was degassed by two freeze pump
thaw cycles and then put under positive nitrogen pressure. Under a strong counterflow of
nitrogen, Pd(PPhs), (64.2 mg, 0.056 mmol, 0.05 equiv.) was added and the solution became a
pale yellow color. The reaction mixture was then heated to 65 °C and stirred for 16-24 hrs
while monitoring the reaction by GC-MS. The volatiles were then removed on a rotovap and
the residue extracted using dichloromethane and water. The organic layer was then collected
and dried using magnesium sulfate before volatiles were removed on a rotovap. Following
recrystallation from dichloromethane-methanol the product was obtained as off-white
crystalline powder. Yield: 400 mg (71 %). '"H NMR (500 MHz, CDCL3) 8 7.67 (d, Jun = 8.0 Hz,
ArH, 2H), 7.37 (m, ArH, 4H), 7.25 — 7.20 (m, ArH, 2H), 7.06 (s, central-ArH, 2H), 5.02 (broad
s, OCH,0, 4H), 3.33 (s, OCH;, 6H). "C NMR (126 MHz, CDCls) § 149.23 (s), 139.54 (s),
132.68 (s), 132.17 (broad s), 131.93 (s), 129.00 (s), 127.11 (s), 124.21 (s), 118.74 (s), 96.14 (s),
56.20 (s). GC-MS (m/z): Caled, 508.0 (M"). Found: 508.0 M"), FAB-MS (m/z): Calcd,

506.9630 (M+). Found: 506.9623 (M").
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Synthesis of 2,5-bis(2-(diisopropylphosphino)phenyl)-1,4-hydroquinone (1-H)
Phosphination run as a modification of literature procedures. A Schlenk tube fitted with a
screw-in ~ Telfon  stopper  was  charged  with  2,5-bis(2-bromophenyl)-1,4-
bis(methoxymethylether)hydroquinone (1 g, 1.96 mmol, 1 equiv.) and a magnetic stirbar.
Tetrahydrofuran (60 mL) was then to the Schlenk tube. The reaction was cooled to -78 °C and
tert-butyllithium (1.7 M pentane solution, 5.4 mL, 8.07 mmol, 4.1 equiv.) was added while
stirring to generate a pale yellow solution. The reaction mixture was allowed to warm to room
temperature and then stirred for an additional hour. During this time the solution became a
cloudy suspension. Chlorodiisopropyl phosphine (0.656 mlL., 4.13 mmol, 2.1 equiv.) was then
added to the reaction via syringe. The solution immediately became a homogenous pale yellow
solution which was allowed to stir for 16 hours. The volatiles were then removed under
reduced pressure on the Schlenk line. Acidified methanol (13 mL concentrated HCI, 60 mL
MeOH) was quickly degassed on the Schlenk line and then cannula transferred to the dried
reaction residue which formed a pale yellow homogeneous solution. The reaction mixture was
allowed to stir for 4 hrs at 70 °C to ensure complete removal of the methoxymethylether
protecting group before all volatiles were removed under reduced pressure. The reaction was
then brought into a wet inert atmosphere glovebox and extracted with dichloromethane. The
organic layer was washed with saturated aqueous potassium carbonate followed by saturated
ammonium chloride. The organic layer was then dried over magnesium sulfate and the
volatiles were then removed under reduced pressure. After drying the residue overnight with
heating to 60 °C the reaction was then brought into the dry inert atmosphere glovebox. The
residue was washed with cold pentanes and then cold ether to yield the pure product as an
off-white solid. Yield: 460 mg (47 %). 'H NMR spectra of product is broad at room

temperature due to hindered rotation around aryl-aryl bonds. This is corroborated by *'P
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NMR where two distinct peaks are observed at room temperature. 'H NMR (300 MHz, CsD)

8 7.22 (broad s, ArH, 4H), 7.05 (broad s, ArH, 4H), 5.78 (broad s, OH, 1H), 5.42 (broad s,
OH, 1H), 1.93 (broad s, CH, 2H), 1.71 (broad s, CH, 2H), 0.84 (unresolved m, CH;, 24H).
PC{'"H} NMR (126 MHz, CsDy) & 145.76 (s), 134.38 (d, Jec = 45.8 Hz), 131.94 (5), 129.24 (s),
127.01 (s), 121.76 (s), 120.72 (s), 25.35 (s), 21.97 (s), 21.33 (5), 19.89 (5), 19.27 (s), 18.18 (s). At
room temperature, 1 shows two distinct >'P NMR signals due to hindered rotation around the
aryl-aryl bonds. *P{'"H} NMR (121 MHz, CsDs) & 1.80 (s), -0.06 (s). FAB-MS (m/z): Calcd:

495.2578 (M*). Found: 495.2582 (M").

Synthesis of Complex 2

Compound 1-H (100 mg, 0.202 mmol, 1 equiv.) was dissolved in tetrahydrofuran (6 mL)
and transferred to a Schlenk tube fitted with a screw-in Teflon stopper. Ni(OAc), (35.7 mg,
0.202 mmol, 1 equiv.) was suspended in tetrahydrofuran and then added to the solution of 1.
The Schlenk tube was then sealed and heated to 80 °C for 16 hours outside the glovebox
during which time to solution became a cloudy green. The reaction mixture was then dried
under reduced pressure and brought back into the inert atmosphere glovebox. The crude
residue was suspended in diethyl ether and filtered onto a Celite pad. The green solid was
washed with additional diethyl ether until the washes became colorless. The product was
brought through the Celite pad using tetrahydrofuran. The combined tetrahydrofuran filtrate
was dried under reduced pressure to yield the clean product as a green powder. Yield: 65 mg
(58 %). '"H NMR (500 MHz, CD,CL) & 7.62 (d, Jun = 7.6 Hz, AtH, 2H), 7.58 (t, Jun = 7.4 Hz,
ArH, 2H), 7.50 (t, Jun = 6.7 Hz, ArH, 2H), 7.45 (t, Jun = 7.5 Hz, ArH, 2H), 6.16 (s, central

ArH, 2H), 2.56 (m, CH, 2H), 2.28 (m, CH, 2H), 1.32 — 1.24 (m, CH,, 12H), 1.21 (dd, Jen =
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16.1 Hz, Jun = 7.0 Hz, CH;, 6H), 1.09 (dd, Jpn = 15.8 Hz, Jun = 7.0 Hz, CH,, 6H). "C{'H}

NMR (126 MHz, CD,Cl) 8 162.79 (s), 146.43 — 145.62 (m), 138.53 — 136.77 (m), 130.95 (d,
Joe = 16.1 Hz), 127.68 (s), 120.33 — 117.76 (m), 96.46 (s), 27.29 (m), 19.99 (s), 17.97 (s), 17.82
(s), 17.43 (s). *'P{"H} NMR (121 MHz, CD,Cly) 8 54.30 (s). IR (CaF, window, THF, cm™) vc.
o: 1597. Anal. Caled. for: CsoHzsNiO5 (2) (%): C, 65.36; H, 6.95. C3HayCLNiO, (2DCM) (%6):

C, 58.53; H, 6.34. Found: C, 58.94; H, 6.18.

Synthesis of Complex 3 using Pd(OAc):

Compound 1-H (100mg, 0.202 mmol, 1 equiv.) was dissolved in tetrahydrofuran (10 mL)
and transferred to a 20 mL scintillation vial. Palladium diacetate (45.4 mg, 0.202 mmol, 1
equiv.) was added as a tetrahydrofuran solution, which in the immediate formation of a deep
purple solution. The reaction mixture was allowed to stir for 16 hours before volatiles were
removed under reduced pressure to yield a purple residue. The residue was filtered through a
Celite pad with tetrahydrofuran. The combined tetrahydrofuran filtrate was dried under

reduced pressure to yield the product as a purple powder. Yield: 70 mg (58 %0).

Synthesis of Complex 3 using Pd;(dba); and O,

Compound 1-H (300 mg, 0.606 mmol, 1 equiv.) was dissolved in tetrahydrofuran (10 mL)
and then transferred to a 20 mL scintillation vial. Tris(dibenzylideneacetone dipalladium(0)
(277.7 mg, 0.303 mmol, 0.5 equiv.) was then partially dissolved in tetrahydrofuran (10 mL) and
added to the solution of 1. The reaction mixture was allowed to stir for 30 minutes. The

scintillation vial was then removed from the inert atmosphere glovebox and exposed to air
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and allowed to stir for 1 hour. The reaction immediately turned a deep purple upon exposure
to air. The reaction mixture was then poured onto a silica plug that had been wet packed with
ethyl acetate (Note: the product is not indefinitely stable on silica and should be eluted quickly
from the plug column). Excess dibenzylideneacetone was eluted with ethyl acetate as
evidenced by a yellow band. The product was then eluted with methanol taking care to collect
only the purple band. The methanol filtrate was then dried under reduced pressure. The purple
residue was dried on the Schlenk line overnight and brought into the glovebox where it was
dissolved in dry dichloromethane and redried under reduced pressure to yield the product as
a purple powder. Yield: 219.7 mg (60 %). '"H NMR (300 MHz, CD,Cl,) 8 7.62 — 7.54 (m, AtH,
2H), 7.53 — 7.48 (m, ArH, 4H), 7.47 — 7.37 (m, ArH, 2H), 6.10 (s, central ArH, 2H), 2.46 (dtt,
CH, 2H), 2.33 (m, CH, 2H), 1.13 (m, CH;, 24H). "C{'H} NMR (126 MHz, CD,CL) 8 165.45
(s), 146.28 — 145.30 (m), 140.90 — 139.75 (m), 132.41 (s), 130.78 (s), 129.82 (s), 128.81 (vt, Jpc
= 7.9 Hz), 127.82 (d, Joc = 2.5 Hz), 102.64 (s), 28.18 — 27.56 (m), 26.85 — 25.79 (m), 19.38 (t,
Jre = 3.7 Hz), 18.70 (vt, Joc = 3.6 Hz), 18.34 (s), 18.05 (s). *'P{'"H} NMR (121 MHz, CD:Cl)
8 55.02 (s). IR (CaF, window, THF, cm™) vco: 1603. Anal. Caled. for: CsHssFO4PoPd (3) (%0):
C, 60.16; H, 6.39. Anal. Calcd. for: C31H4CLO4P,Pd (32DCM) (%): C, 54.44; H, 5.90. Found:

C, 54.90; H, 6.00.

Synthesis of Complex 4-H

Compound 1-H (300 mg, 0.606 mmol, 1 equiv.) was dissolved in tetrahydrofuran (10 mL)
and transferred to a Schlenk tube fitted with a screw-in Teflon stopper. (1,5-
cyclooctadiene)palladium(II) dichloride (173.2 mg, 0.606 mmol, 1 equiv.) was then added as a

partially dissolved suspension in tetrahydrofuran (15 mL). The reaction mixture was allowed
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to stir for 2 hours during which time the reaction became a homogeneous orange solution.
(1,5-cyclooctadiene) (2,2’-bipyridine)nickel(0) (195.6 mg, 0.606 mmol, 1 equiv.) was then
dissolved in tetrahydrofuran (15 mL) and transferred to the reaction mixture. This resulted in
an immediate color change to a heterogeneous brown/orange suspension. After stirring for
15 minutes the reaction mixture was filtered through a Celite pad with washing with additional
tetrahydrofuran until washes became less colored. The combined tetrahydrofuran filtrate was
dried under reduced pressure to yield a brown residue. This residue was then redissolved in
benzene and lyophilized to yield the product as a brown powder. Yield: 305 mg (84 %). Note:
the product is not indefinitely stable in solution and eventually decomposes to a mixture of
species. However, it is stable in the solid state. 'H NMR (300 MHz, CcDg) § 7.41 — 7.29 (m,
ArH, 4H), 7.12—-7.03 (m, ArH, 4H), 6.94 (s, central ArH, 2H), 4.14 (s, OH, 2H), 1.88 (m, CH,
4H), 1.35 (m, CH;, 12H), 0.95 (m, CH;, 12H). "C{'H} NMR (126 MHz, CsDs) & 145.26 (s),
144.83 (vt, Jec = 10.2 Hz), 135.02 (vt, Joc = 9.7 Hz), 132.01 (s), 129.67 (s), 128.57 (s), 128.19
(s), 124.22 (s), 29.15 (vt, Joc = 6.1 Hz), 27.82 (vt, Joc = 6.2 Hz), 22.04 (vt, Joc = 8.3 Hz), 21.82
(vt, Jec = 9.1 Hz), 20.80 — 20.30 (m). >P{'H} NMR (121 MHz, CsDs) & 33.85 (s). Anal. Calcd.

for: CoHwO.P,Pd (4) (%): C, 59.95; H, 6.71. Found: C, 60.21; H, 6.71.

Synthesis of Complex 5-H

Compound 1-H (100.7 mg, 0.204 mmol, 1 equiv.) was dissolved in tetrahydrofuran (8 mL)
and added to a 20 mL scintillation vial containing (1,5-cyclooctadiene)palladium(II) dichloride
(58.1 mg, 0.204 mmol, 1 equiv.). The reaction mixture was allowed to stir for 2 hours during
which time the solution became a homogeneous orange. Silver triflate (52.3 mg, 0.204 mmol,

1 equiv.) was then added as a tetrahydrofuran solution resulting in an immediate color change
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to a dark red. The solution was allowed to stir for 30 minutes before filtering the solution
through a Celite pad. Tetrahydrofuran washes eluted further product from the Celite pad. The
combined tetrahydrofuran filtrate was dried under reduced pressure to yield a red residue. This
residue was recrystallized from acetonitrile:diethyl ether to yield the product as dark red
crystals. Yield: 56.1 mg (31.6 %). Noze: the product is not indefinitely stable in solution and
eventually decomposes to a mixture of species. However, it is stable in the solid state. "H NMR
(300 MHz, CDsCN) 8 8.18 (broad s, OH, 2H), 7.86 (m, ArH, 2H), 7.79 — 7.65 (m, ArH, 4H),
7.59 (m', ArH, 2H), 6.72 (s, central ArH, 2H), 3.12 (m, CH, 4H), 1.42 — 1.07 (m, CH;, 24H).
PC{'"H} NMR (126 MHz, CD;CN) & 148.17 (s), 143.58 (s), 133.80 (s), 133.23 (s), 132.55 (s),
130.76 (s), 130.14 (s), 128.81 (s), 128.28 (s), 27.35 (s), 26.89 (vt, Joc = 11.5 Hz), 19.61 (s), 19.34
(s), 18.74 (s). "P{'H} NMR (121 MHz, CD;CN) & 34.22 (s). "F NMR (282 MHz, CD5CN) &
-79.40 (s). Anal. Calcd. for: Cs1HaF3OsP.PdS (5) (%0): C, 47.40; H, 4.51. Found: C, 47.62; H,

5.13.

Synthesis of Complex 6-H

Pyridinium triflate (44.7 mg, 0.195 mmol, 1 equiv.) was partially dissolved in
tetrahydrofuran (4 mL) in a 20 mL scintillation vial. Compound 4-H (117.2 mg, 0.195 mmol,
1 equiv.) was the added as a tetrahydrofuran solution which resulted in an immediate lightening
of the solution from yellow/brown to yellow. After stirring for 16 hours the reaction mixture
was dried under reduced pressute to yield the product as a foamy yellow/orange solid in
quantitative yield. '"H NMR (300 MHz, CD;CN) & 7.84 — 7.75 (m, ArH, 2H), 7.71 — 7.53 (m,
ArH, 6H), 7.42 (broad s, OH, 2H), 6.79 (s, central ArH, 4H), 2.46 (m, CH, 4H), 1.19 — 1.01

(m, CHs, 18H), 0.94 (m, CH;, 6H), -16.33 (t, Jou = 8.5 Hz, PdH, 1H). *C{'H} NMR (126
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MHz, CD;CN) & 144.58 (s), 143.99 (vt, Jpc = 7.2 Hz), 132.28 (s), 131.11 (s), 130.12 (s), 128.38

(s), 126.64 (), 125.97 (vt, Jec = 19.2 Hz), 110.30 (s), 28.11 (vt, Joc = 13.1 Hz), 27.30 (vt, Jpc =
12.5 Hz), 19.68 (s), 19.44 (s), 18.60 (s), 18.41 (s). *P{'H} NMR (121 MHz, CDsCN) & 41.57
(d, Jou = 6.7 Hz). "FNMR (282 MHz, CDsCN) & -79.34 (s). Anal. Caled. for: CsHyF;05P,PdS

(6) (%): C, 49.57; H, 5.50. Found: C, 49.32; H, 5.36.

Synthesis of Complex 7-H

Compound 1-H (129.5 mg, 0.262 mmol, 1 equiv.) was dissolved in tetrahydrofuran (8 mL)
and then added to a 20 mL scintillation vial with silver triflate (67.2 mg, 0.262 mmol, 1 equiv.).
The reaction mixture was allowed to stir for 3 hours to yield a pale pink solution before being
dried under reduced pressure. The residue was then dissolved in minimal acetonitrile and
filtered through a Celite pad, which removed the pinkish color. The product was then
recrystallized from an acetonitrile:diethyl ether vapor diffusion to yield white crystalline
needles. Yield: 134 mg (68 %). '"H NMR (500 MHz, CDsCN) 8 7.81 — 7.77 (m, AtH, 2H), 7.72
—7.68 (t, Jun = 7.6 Hz, 2H), 7.63 (t, Jun = 7.7 Hz, ArH, 2H), 7.58 (dq, Jun = 7.5 Hz, Jun = 1.8
Hz, ArH, 2H), 6.98 (broad s, OH, 2H), 6.85 (s, central ArH, 2H), 2.52 (m, CH, 4H), 1.32 —
1.15 (m, CH;, 12H), 1.02 (m, CH;, 12H). "C{'H} NMR (126 MHz, CD;CN) & 147.80 (s),
144.47 (vt, Jec = 8.7 Hz), 132.62 (d), 131.00 (s), 130.30 (s), 128.58 (s), 126.91 (d, Jec = 5.3 Hz),
126.88 — 126.48 (m), 118.16 (s), 26.12 (dd), 25.78 — 25.34 (m), 20.93 (vt, Jec = 5.9 Hz), 20.65
(vt, Jec = 5.9 Hz), 19.50 (m). *'P{'"H} NMR (121 MHz, CDsCN) & 28.33 (d, Jpa, = 559.7 Hz),
28.33 (d, Jeag = 484.9 Hz). "F NMR (282 MHz, CD;CN) & -79.32 (s). Anal. Calcd. for:

C31H40AgF305P28 (7) (O/O)Z C, 4954, H, 537 Found: C, 4977, H, 515
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Synthesis of Complex 4-Me

Compound 1-Me (327.3 mg, 0.626 mmol, 1 equiv.) was dissolved in tetrahydrofuran (10
ml) and transferred to a Schlenk tube fitted with a screw-in Teflon stopper. (1,5-
cyclooctadiene)palladium(II) dichloride was then added as a partially dissolved suspension in
tetrahydrofuran (15 mL). The reaction mixture was allowed to stir for 2 hours during which
time the solution became a homogeneous yellow/orange. (1,5-cyclooctadiene)(2,2’-
bipyridine)nickel(0) was added as a solution in tetrahydrofuran (20 mL) which resulted in
immediate consumption of the purple nickel complex and the formation of a heterogeneous
orange solution. The reaction mixture was stirred for an additional 30 minutes before filtering
through a Celite pad. Additional tetrahydrofuran was used to wash product through the Celite
pad. The combined tetrahydrofuran filtrate was dried under reduced pressure to yield an
orange residue. This residue was redissolved in benzene and lyophilized to yield the product
as an orange powder. Yield: 385.8 mg (98 %). "H NMR (300 MHz, CsD¢) 8 7.63 (m, ArtH, 2H),
7.45 (m, ArH, 12H), 7.22 (m, ArH, 4H), 6.86 (s, central ArH, 2H), 3.49 (s, OCH;, 6H), 1.96 (
m, CH, 4H), 1.36 (m, CH;, 12H), 1.00 (m, CH;, 12H). "C{'H} NMR (126 MHz, CsDy) &
149.30 (s), 147.29 (vt, Jec = 10.0 Hz), 133.88 (vt, Jpc = 10.9 Hz), 131.25 (s), 129.95 (s), 126.81
(s), 125.74 (s), 55.09 (s), 28.58 (vt, Joc = 0.2 Hz), 28.40 (t, Jec = 6.3 Hz), 22.18 (vt, Jec = 8.6
Hz), 21.97 (vt, Joc = 8.8 Hz), 20.82 (s), 20.52 (s). *'P{'H} NMR (121 MHz, CsDs) & 33.81 (s).

Anal. Calcd. for: C5,HauOoP2Pd (9) (%): C, 61.10; H, 7.05. Found: C, 60.62; H, 6.81.

Synthesis of Complex 6-Me

Pyridinium triflate (94.8 mg, 0.413 mmol, 1 equiv.) was partially dissolved in

tetrahydrofuran (5 mL) in a 20 mL scintillation vial. Compound 4-Me (260.3 mg, 0.413 mmol,
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1 equiv.) was then added as a tetrahydrofuran solution (10 mL) which resulted in an immediate
color change from orange to yellow. After stirring for 16 hours the reaction mixture was dried
under reduced pressure to yield the product as a foamy yellow/orange solid in quantitative
yield. "H NMR (300 MHz, CDsCN) & 7.86 — 7.75 (m, ArH, 2H), 7.75 — 7.51 (m, ArH, 6H),
6.99 (s, central ArH, 2H), 3.73 (s, OCH;, 1H), 2.55 — 2.42 (m, CH, 4H), 1.17 — 1.01 (m, CH;,
12H), 1.00 — 0.84 (m, CH;, 12H), -16.33 (t, Jen = 9.0 Hz, PdH, 1H).”C{'H} NMR (126 MHz,
CD;CN) & 148.03 (s), 144.17 (vt, Joc = 7.0 Hz), 132.17 (s), 130.98 (s), 128.39 (s), 127.92 (s),
125.55 (vt, Jec = 19.0 Hz), 107.70 (s), 56.49 (d), 27.76 (vt, Jec = 13.3 Hz), 27.18 (vt, Jpc = 13.2
Hz), 19.63 (s), 19.24 (s), 18.55 (s), 18.22 (s). *'P{'H} NMR (121 MHz, CDsCN) & 41.93 (s).
“F NMR (282 MHz, CDsCN) 8 -79.37 (s). Anal. Calcd. for: CsHisF;OsP.PdS (10) (%): C,

50.87; H, 5.82. Found: C, 50.19; H, 5.47.

In Situ Preparation of Complex 8-Me

4-Me (11.6 mg, 0.0184 mmol, 1 equiv) was dissolved ds-THF and transferred to a J-Young
tube. The solution was then frozen and the headspace removed under vacuum. Excess O (1
atm) was then added and the solution was carefully mixed to avoid warming the solution.
Immediate and quantitative conversion to 8-Me was observed by NMR at -78 °C. Nose: The
compound is stable at low temperatures with no decomposition detected by NMR for hours
at -40 °C or two weeks at -78 °C. However, around 0 °C decomposition to a mixture of species
in observed. Solutions can be degassed to remove excess O by placing solutions under
dynamic vacuum at -78 °C if prepared in a Schlenk tube or by multiple freeze-pump-thaw
cycles if care is taken not to warm the solution above -40 °C. All NMR characterization was

obtained at -40 °C. "H NMR (500 MHz, ds-THF) & 7.62 (dd, Jun = 7.8 Hz, Jun = 5.1 Hz, ArH,
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1H), 7.54 (dd, Jun = 7.8, Jun = 5.1 Hz, ArH, 1H), 7.52 — 7.46 (m, ArH, 4H), 7.44 — 7.38 (m,

ArH, 2H), 6.87 (s, central aryl ArH, 1H), 6.66 (s, central aryl ArH, 1H), 3.56 (s, OCH, 3H),
3.47 (s, OCH, 3H), 2.67 (m, CH, 1H), 2.59 (m, CH, 1H), 1.98 (m, CH, 2H), 1.37 (m, CH;,
12H), 1.13 — 1.04 (m, CH,, 6H), 0.85 (m, CH,, 6H). *C{'H} NMR (126 MHz, dsTHF) &
151.03 (s), 149.81 (s), 146.60 (d, Joc = 16.0 Hz), 145.46 (d, Jec = 16.1 Hz), 133.84 (s), 133.06
(s), 132.99 (s), 132.77 (s), 130.28 (s), 130.09 (s), 129.66 (d, Jec = 6.1 Hz), 129.52 (d, Jec = 5.8
Hz), 129.14 (s), 128.95 (d, Joc = 7.2 Hz), 128.78 (s), 128.61 (d, Joc = 6.6 Hz), 128.21 (s), 127.97
(s), 127.87 (s), 127.67 (s), 127.48 (s), 126.06 (s), 125.53 (s), 113.70 (d, Joc = 13.2 Hz), 54.43 (s),
28.36 (d, Joc = 14.2 Hz), 27.26 (d, Joc = 11.5 Hz), 25.48 (d, Joc = 20.2 Hz), 22.70 (d, Joc = 18.0
Hz), 22.37 (d, Joc = 15.1 Hz), 20.04 (), 19.53 (d, Jpc = 13.1 Hz), 19.33 (d, Joc = 7.1 Hz), 18.86
(d, Joc = 5.6 Hz), 17.26 (d, Joc = 4.5 Hz), 16.32 (d, Jec = 6.0 Hz). *'P{'H} NMR (202 MHz,

ds-THF) & 34.04 (d, JJor = 23.8 Hz), 29.87 (d, }Jpp = 24.0 Hz).

Synthesis of Complex (3)H"

6-H (13.9 mg, 0.019 mmol, 1 equiv) was dissolved in CD;CN and transferred to a J-Young
tube. The solution was then frozen and the headspace removed under vacuum. Excess O (1
atm) was then added and the sample was allowed to thaw to room temperature with inversion
to ensure adequate mixing. A gradual color change from yellow/orange to a pink/red solution
was obsetved over 6" hours. NMR revealed quantitative conversion to a new species, (3)H",
that could be isolated as a red powder following removal of volatiles. "H NMR (300 MHz,
CD;CN) 8 7.76 — 7.51 (m, 8H), 6.39 (s, 2H), 2.63 (m, 2H), 2.54 (m, 2H), 1.24 — 0.96 (m, 24H).
"C NMR (126 MHz, CD5sCN) 8 142.35 (d, Jec = 13.7 Hz), 139.70 (d, Jec = 37.2 Hz), 133.34

(5), 132.23 (s), 131.57 (s), 129.09 (d, Jec = 13.6 Hz), 127.38 (s), 105.94 (s), 28.10 (d, Joc = 19.1
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Hz), 26.35 (d, Jec = 26.1 Hz), 18.73 (s), 18.07 (s), 17.83 (s), 17.23 (s). *'P NMR (121 MHz,

CDsCN) 8 64.39. F NMR (282 MHz, CD-CN) § -79.34.

Volumetric Measurement of O, Consumption

Toepler Pump Experimental Details

To determine the stoichiometry of reaction of O, with compounds 4-H, 4-Me, and 6-H,
a solution of the compound to be tested was degassed via three freeze-pump-thaw cycles on
a high vacuum line. While the solution (benzene for 4-H, THF for 4-Me and 6-H) was still
frozen, a known amount of O, (~3-5 equiv) was measured with a volumetric Schlenk bulb
(33.28 mL or 43.48 mL). The exact procedure then varied depending on the compound used.
For 4-H and 6-H, the solution of compound was then warmed to room temperature and
while stirring vigorously the O, was then added to the reaction mixture. For 4-Me, the solution
was warmed to -78 °C and while stirring vigorously the dioxygen was added to the reaction
mixture while this temperature was maintained. All reactions were allowed to stir for lhr.
During this time, the solution of 4-H and 6-H were observed to change color from
brown/yellow and pale yellow to purple and pink respectively. No substantial color changed
was observed following O, addition to 4-Me at low temperature. The solution was again
frozen, and the gas present in the headspace was measured by Toepler pump (30.23 mL
volume). Three freeze-pump-thaw cycles were carried out on the final reaction solution to
recover all unreacted gases. Table 1 summarizes all the separate runs of volumetric

measurements.
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Table 1. Results of volumetric O, measurements. Volumetric bulb volume = 33.28 ml* or

43.48 mL", Toepler pump volume = 30.25 mL..

Run cmpd T(K) mmol Cmpd 0, added Final O, mmol O, Equiv
(mmHg) (mmHg) Consumed Consumed
1° 4-H 295 0.0902 151 197 0.0507 0.56
28 4-H 295 0.0928 152 197 0.0490 0.53
3P 4-H 295 0.0850 182 234 0.0454 0.53
4> 6-H 295 0.0808 186 224 0.0712 0.88
5P 6-H 295 0.0800 190 227 0.0758 0.95
6° 6-H 295 0.0750 187 226 0.0703 0.94
7° 4-Me 295 0.0849 157 172 0.0882 1.04
8b 4-Me 295 0.0885 157 178 0.0783 0.89
gb 4-Me 295 0.0909 159 176 0.0863 0.95
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ReactIR Spectra

4-H in THF
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Figure 16. Solution ReactIR spectrum for 4-H at -78 °C before O, addition.
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Figure 17. Solution ReactlIR spectrum for 4-H at -78 °C after O, addition.
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Oxidation of 4-H to 3 by Various Substrates

Dioxcygen

4-H (10.1 mg, 0.0170 mmol, 1 equiv) was transferred to a Schlenk tube as a solution in ca.
2 mL of THF. The solution was degassed by three freeze-pump-thaw cycles and then cooled
to -78 °C. Excess O (1 atm) was then added and allowed to stit vigorously for several minutes.
The reaction mixture was then degassed under dynamic vacuum at -78 °C while stirring
vigorously for 8 minutes. The reaction mixture was then warmed to room temperature. During
this time the solution immediately turned purple indicative of the formation of 3. Volatiles
were then removed under reduced pressure and NMR of the residue taken in C¢Dg, which
confirmed the quantitative formation of 3. If the reaction is run in a J-Young tube in C¢Ds the
formation of water could be confirmed by vacuum transferring the volatiles of the reaction

into another J-Young tube.

Nitric Oxide

4-H (10.0 mg, 0.0167 mmol, 1 equiv) was dissolved in CsDg and transferred to a J-Young
tube. The sample was frozen and the headspace removed. Nitric oxide (1 equiv) was measured
in a calibrated gas bulb and then condensed into the J-Young tube. The sample was then
warmed to room temperature. The solution turned purple as soon it thawed indicating the
rapid formation of 3. This was confirmed by NMR which showed quantitative conversion to
3. The formation of water could be confirmed by vacuum transferring the volatiles of the

reaction into another J-Young tube.
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Nitrous Oxide

4-H (9.9 mg, 0.0165 mmol, 1 equiv) was dissolved in C¢Ds and transferred to a J-Young
tube. The sample was frozen and the headspace removed. Excess nitrous oxide (1 atm) was
then added to the J-Young tube. The sample was then warmed to room temperature. The
reaction was then monitored by NMR. The slow formation of 3 was observed by NMR over
the course of 12 hrs, however simultaneous decomposition of 4-H typical of solution samples
allowed to stand has also occurred. A color change from brown-yellow to a purple was
observed over the course of the reaction. The formation of water could be confirmed by

vacuum transferring the volatiles of the reaction into another J-Young tube.

2,4,6-Tri(tertbutyl) Phenoxyl! Radical

4-H (10.0 mg, 0.0167 mmol, 1 equiv) was dissolved in ca. 1 mL of THF and transferred
to a 20 mL scintillation vial equipped with a magnetic stirbar. 2,4,6-trizer/butyl phenoxyl radical
(8.2 mg, 0.033 mmol, 2 equiv) as then added as a solution in ca. 1 mL THF. This resulted in
the immediate formation of a purple solution consistent with formation of 3. The volatiles

were then removed under reduced pressure. Successful conversion to 3 was confirmed by *'P

NMR.

1-Azido Adamantane

4-H (10.6 mg, 0.0180 mmol, 1 equiv) was dissolved in ca. 1 mL of THF and transferred

to a 20 mL scintillation vial equipped with a magnetic stirbar. 1-Azido adamantane (3.2 mg,
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0.0180 mmol, 1 equiv) was added as a solution in ca. 1 mL of THF and the reaction was
allowed to stir for 2 hrs. During this time the solution turned from yellow-brown to purple,
indicative of conversion to 3. The volatiles were then removed under reduced pressure.
Successful conversion to 3 was confirmed by *'P NMR. The formation of 1-amino adamantine
was confirmed by GC-MS comparisons to the retention time and mass data for an authentic

sample.

Trimethylamine n-oxide

4-H (10.0 mg, 0.0166 mmol, 1 equiv) was dissolved in ca. 1 mL of MeCN and transferred
to a 20 mL scintillation vial equipped with a magnetic stirbar. Trimethylamine #-oxide (1.3 mg,
0.0173 mmol, 1.04 equiv) was added as a solution in ca. 1 mL of MeCN and the reaction was
allowed to stir for 2 hrs. During this time the solution turned from yellow-brown to purple,
indicative of conversion to 3. The volatiles were then removed under reduced pressure.

Successtul conversion to 3 was confirmed by P NMR.

1,4-Benzoquinone

4-H (10.0 mg, 0.0166 mmol, 1 equiv) was dissolved in ca. 1 mL of THF and transferred
to a 20 mL scintillation vial equipped with a magnetic stirbar. 1,4-Benzoquinone (1.8 mg, 0.167
mmol, 1 equiv) was then added as a solution in ca. 1 mL of THF and the reaction was allowed
to stir for 2 hrs. During this time there was a rapid color change from brown-yellow to purple,
indicative of conversion to 3. The volatiles were then removed under reduced pressure.

Successtul conversion to 3 was confirmed by P NMR.
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Representative Conditions for Testing Substrate Oxidation by 8-Me

Para-trifluoromethyl benzy! alcobol

In a Schlenk tube equipped with a magnetic stirbar, 4-Me (11.3 mg, 0.0180 mmol, 1 equiv)
and 1,3,5-trimethoxybenzene (3.7 mg, 0.0180 mmol, 1 equiv), for an internal standard, was
dissolved in ca. 5 mL of THF. The solution was degassed by a series of three freeze-pump-
thaw cycles, then cooled to -78 °C. Excess O, (1 atm) was then added the solution was stirred
vigorously to ensure complete conversion to 8-Me The solution was then degassed under
dynamic vacuum at -78 °C while stirring vigorously for several minutes. The reaction was then
put under a N atmosphere and para-trifluoromethyl benzyl alcohol (24.6 uL, 0.180 mmol, 10
equiv) was added via syringe. The reaction mixture was allowed to stir for 4 hrs before a GC-
MS aliquot was taken under a strong counterflow of N, GC-MS indicated partial conversion
to the corresponding benzaldehyde and unreacted benzyl alcohol by comparison to retention
time and mass data for authentic samples. Addition of more equivalents of O did not lead to

further conversion to product.

Para-trifluoromethyl-benzaldebyde

No oxidation of the benzaldehyde was observed by GC-MS.

Cyclohexane Carboxaldelyde

Partial conversion to cyclohexene observed by GC by comparison to retention time for

an authentic sample.
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Cyclobexene

No oxidation of cyclohexene was observed by GC. In particular, no cyclohexanone was

observed by comparison to retention time for an authentic sample.

Triphenylphosphine

Partial conversion to triphenylphosphine oxide observed by GC-MS by comparison to
retention time and MS data for an authentic sample. However, low temperature >'P NMR
experiments indicate that substitution of 1-Me by 2 equivalents of PPhs to yield (PPhs),Pd (>
O2) occurs (*'P shift observed at 33.18 ppm consistent with literature data obtained in DMF
(33.4 ppm) or CDCI; (33.2 ppm)). By comparison to the *'P integration of against an internal
standard of OP(OMe)s, the disappearance of 8-Me occurs at the same rate of 1-Me and
(PPh;),Pd(n*-O5) formation. Subsequent formation of phosphine oxide observed by GC-MS

likely occurs from this complex rather than 8-Me.
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Figure 22. NMR spectra taken at -78 °C in THF confirming the substitution of PPh; for 1-

Me in solution in compound 8-Me.

Methyl-para-tolyl sulfide

No oxidation of the aryl-alkyl sulfide was observed.
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Electrochemical Details

Electrochemical measurements of complex 2 and 3 were taken on a Pine Instrument
Company biopotentiostat model AFCBP1 as 3 millimolar solutions in tetrahydrofuran using
0.1 molar [#BusN][PF¢] as the electrolyte with a platinum wire counter electrode, a glassy
carbon working electrode, and a silver/silver nitrate reference electrode in 0.1 molar
[#BuyN][PF¢] as an acetonitrile solution. Electrochemical measurements of compounds were

internally referenced to ferrocene.
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Crystallographic Information

CCDC 1440560-1440565 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystallographic Data Centre

via www.ccdc.cam.ac.uk/data request/cif.

Refinement details

In each case, crystals were mounted on a glass fiber or nylon loop using Paratone oil, then
placed on the diffractometer under a nitrogen stream. Low temperature (100 K) X-ray data
were obtained on a Bruker APEXII CCD based diffractometer (Mo sealed X-ray tube, K, =
0.71073 A). All diffractometer manipulations, including data collection, integration and scaling
were carried out using the Bruker APEXII software.” Absorption cotrections were applied
using SADABS.” Space groups were determined on the basis of systematic absences and
intensity statistics and the structures were solved by direct methods using XS (incorporated
into SHELXTL) and refined by full-matrix least squares on F°. All non-hydrogen atoms were
refined using anisotropic displacement parameters. Hydrogen atoms were placed in idealized
positions and refined using a riding model. The structure was refined (weighted least squares

refinement on F?) to convergence.



Table 2. Crystal and refinement data for reported complexes.
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Complex 2 3 4-H 5-H 6-H 7-H
empirical | CisH19Clo.osNioso | Cs2Ha3025P2 CasHagF3ClO6P2 | C31HaiF3OsP2Pd | Csz33Has33Ag
C69H8804P4Pd2
formula oP Pd PdS S F305.33P2S
f”\'ﬂ/"t“'a 277.84 636.00 1318.07 857.58 751.04 776.20
T(K) 100 200 100 100 100 99.98
a, A 16.8334(5) 24.0630(6) 12.900(3) 13.040(6) 19.7535(3) 31.152(3)
b, A 16.8334(5) 24.0630(6) 13.564(3) 19.284(8) 19.7535(3) 31.152(3)
c, A 20.9194(8) 20.9789(6) 19.638(3) 15.679(6) 19.7535(3) 20.2695(18)
a, deg 90 90 106.655(6) 90 110.8200 90
B, deg 90 90 91.342(6) 108.373(18) 110.8200 90
y, deg 90 90 97.356(5) 90 110.8200 120
v, A 5927.8(4) 12147.4(7) 3258.4(12) 3742(3) 5617.9(3) 17035
z 16 16 4 4 6 18
cryst syst Tetragonal Tetragonal Triclinic Monoclinic Rhombohedral Trigonal
sace P2/ncc P-424c P-1 P12:/n1 R3cR R3c
group
deaes, 1.245 1.391 1.344 1.515 1.332 1.362
g/cm
0 range, 1.197 to 1.583 to 1.729 to 2.147 to
1.711t036.343 2.17 t0 29.22
deg 37.310 37.026 36.211 30.664
g, mm? 0.797 0.745 0.696 0.767 0.685 0.723
. . Semi- Semi- . . . . Semi-
Semi-empirical o . Semi-empirical | Semi-empirical .
empirical empirical empirical
abs cor from from from
. from from . . from
equivalents . . equivalents equivalents .
equivalents equivalents equivalents
GOF® 0.952 1.167 0.874 1.022 0.972 0.904
R1,® wR2° 0.0527, 0.0521, 0.0475,
0.0406, 0.1039 0.0529, 0.1286 | 0.0318, 0.0720
(I>20(1) 0.0995 0.0944 0.1239

R1=X]| |Fo|'|Fc||/Z|Fo|

F?)2/ (n-p) }/2

b WR2 = { = [W(Fo2-F2)?] / = [w(Fo2)?] 12

©GOF = S = { X [w(Fo*
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Figure 23. NMR spectra taken at -78 °C in THF confirming the substitution of PPhs for 1-Me in

solution in compound 8-Me.
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CHAPTER 4

SYNTHESIS AND REACTIVITY OF METAL COMPLEXES SUPPORTED BY
A PYRIDINE DIPHOSPHINE LIGAND WITH TUNABLE ELECTRONICS

UTILIZING REMOTE LEWIS ACID BINDING
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Abstract

Metal complexes supported by ligands with chemically modifiable pendant groups
are of interest for controlling reactivity. We report on the coordination chemistry and
reactivity of a multidentate phosphine ligand framework that contains Lewis acid
binding sites. 3,5-Bis-(2-phosphinophenyl)-pyridine coordinates low oxidation state
metal centers such as Ni’ and Pd’ via the phosphine donors and the n-system of the
heterocycle. Electrophilic reagents such as B(C¢Fs);, Me", and BCy,OTf were
demonstrated to bind the available pyridine nitrogen, generating the Ni complexes
(2Ni-B(C¢Fs);, 2Ni-Me, 2Ni-BCy.OTf). Analogous compounds were prepared for
Pd (2Pd, 2Pd-B(C¢Fs)s, 2Pd-H). The effect of Lewis acid binding was evaluated by
single crystal X-ray diffraction studies and spectroscopy. Lewis acid binding to 2Pd
leads to a stronger 7' interaction between the metal and the heterocycle n-system. Ni
binds in an 7° fashion, but the Lewis acid-free species is not monomeric. Ni
coordination results in disruption of pyridine aromaticity as indicated by localization
of double- and single-bond character in the solid state. CO adducts were prepared for
Lewis acid-free (4Ni(CO)) and Lewis acid—bound species (H'—, Me"—, and B(C¢Fs)s—
bound; 4Ni(CO)-H, 4Ni(CO)-Me, 4Ni(CO)-B(C¢Fs);) that show a significant shift
of the CO stretching frequency from 1930 cm™ to 1966-1976 cm™, respectively, clearly
indicating communication of ligand electronics to the metal center. A NO adduct
(6Ni) with negligible metal-pyridine interactions was obtained upon sequential
reaction of 2Ni with [OMes][BF4] then [NO][BF,]. Treatment of 2Ni with silanes and
boranes results in pyridine dearomatization involving heteroatom-H bond activation
with the heteroatom binding to the pyridine nitrogen, and the hydrides delivered to

the ortho positon of pyridine. This demonstrates that the electronics of the pendant
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pyridine are drastically affected upon metal binding and enables unusual ligand-based
substrate activation. The described chemistry highlights a strategy for tuning the

properties of metal centers by ligand post-synthetic modifications.
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INTRODUCTION

Alterations to ligand electronics can dramatically alter the properties of transition metal
complexes. Efforts to develop chemically switchable ligands that show variable ligand
electronics have been explored.' One such strategy has involved the binding of the Lewis acids
to sites on the ligand framework to remotely tune the electronics.” This approach is amenable
to the late-stage, modular tuning of ligand electronics, and serves as a way to rapidly assemble
a range of complexes from a common precursor thereby avoiding the potentially time-
consuming independent synthesis of multiple ligands. For SXS’ and PXP* pincer ligands,
where X is either an aryl or pyridine carbon or a pyridine or pyrazine nitrogen, remote
hydroxyl, amino, or basic N-heterocycle sites have been incorporated into the ligand scaffold.
However, the systematic functionalization of these groups with Lewis acids has not been
reported, to the authors’ knowledge. Our group has previously studied mefa-substituted
bis(phosphinoaryl)benzene ligand systems that bind in a P-arene-P pincer geometry (Figure
1).” Related diphosphines with other pendant n-systems have been reported.® #P,Ni was found
to coordinate a variety of ligands, and Ni methylidene and Niimide complexes were implicated
as intermediates that perform further intramolecular chemistry, such as CH amination.
Complexes displaying Ni-ligand multiple bonding have been elegantly synthesized and studied
by Hillhouse e /. and others.” As an alternative to the central arene donor in #P.Ni, pyridine
is known to bind a variety of electrophiles under mild conditions that can significantly alter
the electronics and reaction chemistry of the heterocycle.* The properties of metal complexes
bound to pyridine n-systems have been shown to be influenced by N-functionalization of the
pyridine.” Herein, we report the synthesis and charactetization of n-bound nickel and

palladium complexes supported by a diphosphine ligand containing a n-coordinated pyridine
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moiety that can be functionalized with electrophiles to alter the properties of the metal

complex.

IP'I. IPE
- P//Pr P L [ 'Pr

ipr 4
Prp—J~ O iPr\\P__®/ O
O O
mPNi mP,NiL
(L = CO, MeCN, CI)

Figure 1. Ni complexes of meta-terphenyldiphosphine ligands.
RESULTS AND DISCUSSION
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The desired ligand (1) was synthesized in two steps from commercially available
starting materials. 3,5-(2-bromophenyl)pyridine (B) was synthesized from 3,5-
dibromopyridine (A) and 2-bromophenylboronic acid in a palladium-catalyzed Suzuki
coupling reaction and could be isolated as a colorless material following
recrystallization. Subsequent phosphination was accomplished using a lithium halogen
exchange reaction with Zr#-butyl lithium (/Bul.i) followed by the addition of P(Pr).Cl
as an electrophile. Following workup, 1 could be isolated in gram quantities as a
colorless powder.

Section 4.2 Synthesis and Electrophile Reactivity of INi and Pd Complexces.
Metallations with nickel and palladium precursors were targeted as these metals are known

to readily bind to related P-arene-P ligands (Scheme 2).>*> !’ Mixing benzene solutions of 1
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and bis(1,5-cyclooctadiene)nickel(0) (Ni(COD),) in a stoichiometric ratio yielded 2Ni as a

brown solid after removal of volatile materials. The corresponding palladium complex (2Pd)
was  synthesized  cleanly  starting  from  palladium  dimethyl — (N,N,N’,N’-
tetramethylethylenediamine) (TMEDA) with mild heating to 70 °C for 16 hours. After workup

2Pd could be isolated as an orange solid.

Scheme 2. Synthesis of nickel and palladium complexes
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Solution NMR spectroscopic data for 2Ni and 2Pd are consistent with pseudo-C;
structures with single *'P resonances at 40.32 and 33.76 ppm and two distinct isopropyl
methine 'H resonances at (2.28, 2.07) and (2.12, 1.86) ppm respectively. #P.Ni has previously
been shown to have a C; structure in the solid-state arising from #* coordination to the central
arene m-system despite possessing pseudo-C; solution NMR characteristics. This suggests that
solution NMR data for 2Ni and 2Pd could arise from changes in metal-pyridine m-system
coordination modes on the NMR time scale, resulting in apparent symmetry across the plane
perpendicular to the pyridine ring containing the nitrogen and para-pyridyl carbon. The *'P

NMR spectrum at room temperature for 2Ni is a broad singlet, which is suggestive of a slow
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dynamic process. This is corroborated by the 'H NMR where broadened resonances for the
central pyridine protons are observed at 7.82 and 4.35 ppm for the or#ho-pyridyl (C3 and C4
protons) and para-pyridyl (C1 proton) signals respectively. The proton signals are significantly
upfield shifted from that of the free ligand at 8.96 and 7.89 ppm. This indicates significant
disruption of pyridine electronic environment upon binding of the nickel center as seen with
Ni complexes on related ligand platforms.” "' The H-C1 shows the largest upfield shift,
consistent with that proton being directly bonded to the carbon atom that shows the strongest
interactions with the nickel center. Cooling a sample of 2Ni in ds-toluene to -80 °C freezes
out the fluxional process evident at room temperature leading to the observation of two pairs
of coupling *'P resonances at (46.07, 40.63 ppm (}Jpr = 75.0 Hz)) and (23.69, 22.79 ppm (Jpp
= 85.6 Hz)) of equal integration (Figure 2). These data suggest a dimerization process may be
occurring likely arising due to pyridine coordination to a Ni center in another equivalent of
complex. The pyridine protons of 2Pd appear at 8.29 and 7.90 ppm for C3/C4 and Cl
protons respectively. Interestingly, the H-C1 does not show any upfield shift and instead the
H-C3/C4 show the larger upfield deviation from 1. This is suggestive of comparatively weaker
metal-pyridine T-system interaction and is consistent with palladium being less effective at

backbonding than nickel.
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Figure 2. Variable temperature NMR (202 MHz *'P, ds-toluene) data for 2Ni.

Attempts to selectively functionalize the pyridine nitrogen of 1 with Lewis acids prior to
metallation were challenged by lack of selectivity relative to binding to phosphine. However,
tris(pentafluorophenyl)borane (B(C¢Fs)3) was found to coordinate to 1 exclusively through the
pyridine nitrogen to yield 1-B(CsFs)s by NMR spectroscopy. 1-B(CsFs); shows a single *'P
resonance at -5.58 ppm, which is close to that of the 1(-5.75 ppm). The C3/C4 and C1 protons
are also only slightly shifted and appear at 8.82 and 8.04 ppm respectively. ’"F NMR show
three resonances at -131.46, -155.96, and -162.87 ppm shifted from the resonances of free
borane (-130.29, -143.60, and -161.54 ppm), and consistent with four-coordinate boron."
These data are inconsistent with borane binding to a phosphine moiety as a significant *'P
shift is expected" in addition to asymmetry in the pyridine protons if only one equivalent of

borane was bound. The observed binding selectivity is assigned to the large steric profile of
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the borane, which disfavors binding to more sterically hindered phosphine donors compared

to the pyridine nitrogen.
Scheme 3. Electrophile functionalization of pyridine nitrogen

iPr—l [OTH] Pr iPr_—l (o]

) | _Pr | ip
) | pr SiMe-OTf ipr P MeOTf ip P
lpr P IVie3 iPr 'Pr P
O CeHs Fr P—®/ O CeHe IPr\\P—®/ O
Y, ) —_— [N
N\, - -
o< a s
\Me
2Ni
2Ni-Me
2Ni-SiMe, [HNEt3][OTf]
BCy,OTf CgHg or THF .Pr "ot
CeHs _'Pr

[N

'Pr N
i N ]
Pr\P O ,Pr\ Pr e
@
N / 3Ni Q )
TfO~ \/ |
N

2Ni-BCy,OTf |
H

ipr P
PNy~ O

IPEPr |Pl.—|[OTf]

||:>IPr iPr
*c} i W’

2Pd-H

Analogous metallation procedures with Ni(COD), were found to be effective with 1-
B(CF5s)s, yielding 2Ni-B(C¢Fs); as a dark brown solid in (Scheme 2). Additionally, a clean
metallation with NiCly(dme) was observed to yield 2NiCl-B(C¢Fs)s. A one-pot procedure
starting from Pd" was found to be the most effective way to access 2Pd-B(C¢Fs)s. Initial
metallation of PdCL(COD) produced a homogeneous orange solution, presumed to be a
PdCl, complex supported by 1-B(C¢Fs)s. This was followed by reduction with (2,2-
bipyridine) (COD)nickel(0) to yield the desited Pd” complex. After workup 2Pd-B(CsFs); was

isolated as a bright pink solid.

"H NMR data of 2Ni-B(CsFs); and 2Pd-B(CFs)s show single *'P resonances at 41.94

and 34.06 ppm and two distinct isopropyl methine 'H resonances at (2.07, 1.78) and (2.02,
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1.69) ppm, respectively. These data are consistent with a pseudo-C; symmetric structure or a
fluxional process in solution. Interesting only small differences in *'P NMR shifts are seen
between 2Ni and 2Ni-B(CeFs); despite the binding of B(C¢Fs); to the pyridine nitrogen,
indicating that >'P NMR is either not a good indicator of electronic changes caused by Lewis
acid binding or that the P-atoms are not significantly affected. ’F NMR data show sets of
three signals (2Ni-B(CeFs)s: -131.35, -157.406, -163.85 ppm; 2Pd-B(C¢Fs); -131.04, -157.30, -
163.73 ppm), at similar chemical shifts as for 1-B(CeFs)s, consistent with pyridine coordination
of B(C¢Fs)s. In contrast to *'P NMR, the '"H NMR spectra of compound 2Ni-B(C¢Fs); show
a further upfield shift of the pyridine protons, with the H-C1 signal showing at 3.18 ppm
compared to 4.35 ppm for 2Ni. This shift is likely due to the electronic effect caused by
binding of the Lewis acid. The electron withdrawing B(CsFs); group to the pyridine nitrogen
results in the central pyridine ring becoming a better n-acceptor ligand for the electron-rich
Ni’ center. Consequently, strong metal-pyridine Tt-system interactions result in an even greater
upfield shift of the H-C1 compared to 2Ni. Consistent with the NMR data for analogous
nickel complex, 2Pd-B(C¢Fs); also shows a significant upfield shift in the central pyridine
protons with the H-C3/C4 signals at 7.69 and H-C1 signal at 6.39 ppm. While 2Pd showed a
H-C1 pyridine resonance essentially the same as free phosphine, 1, the upfield shift in 2Pd-
B(C¢Fs)s indicates a significant metal-pyridine mt-system interaction that results from the more

electron deficient borane-bound pyridine.

2NiCl-B(C¢Fs)s is not expected to have a metal-pyridine n-system interaction based on
previous reports from group for a related mP,NiCl, compound.”™ Consistent with this
assignment is the absence of upfield shifted NMR resonances corresponding to the central
pyridine ring, Instead a substantial downfield shift of the central pyridine C1-H resonance

compared to free ligand is observed (8(ppm) 2NiCl-B(CsFs)s: 10.84, 1-B(CeFs)s: 8.04). A
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comparable shift in the C3/C4 proton resonances is not observed again highlighting to
increased sensitivity of the C1 protons to the metal center (5(ppm) 2NiCl,-B(CeFs)s: 8.57, 1-
B(C4Fs)s: 8.82). 2NiCle-B(CFs); shows two distinct methine proton resonances (2.46, 1.56
ppm) and a single *'P signal at 7.51 ppm. These data are consistent with a pseudo-C; symmetric
structure or a fluxional process in solution. This unusual chemical shift for the C1 proton
(10.42 ppm) has been previously observed in a related complex, mP,NiCl,, again supporting

a similar structural assignment.

To expand the series of Lewis acids investigated, functionalization of the pyridine nitrogen
was attempted starting with metallated species, 2Ni and 2Pd, by reaction with various
electrophiles. 2Ni was found to react quantitatively with methyl triflate and dicyclohexylboron
triflate to yield 2Ni-Me and 2Ni-BCy,OTH, respectively (Scheme 3), that were both obtained
as dark brown solids. Trimethylsilyl triflate was also found to generate a new green species,
2Ni-SiMes, by NMR. However, this compound was not stable likely due to loss of silylation
of the glass, though the use of presilylated NMR tubes improved the lifetime of the
compound. NMR evidence indicates selective derivatization of the pyridine nitrogen by the
electrophile rather than a nickel-based reaction such as an oxidative addition. 2Ni-Me displays
a single *'P resonance at 31.13 ppm and two distinct isopropyl methine 'H resonances at 2.57
and 2.45 ppm, consistent with a C; symmetric structure or a fluxional process in solution. The
methyl protons that do not correspond to the isopropyl substituents of 2Ni-Me appear at
2.77 ppm and do not show *'P coupling. This chemical shift and lack of 3-bond coupling to
phosphorus indicate that methylation has not occurred at the metal center, but rather at the
pyridine nitrogen. Of particular note is the chemical shift for the H-C1 of the pyridine which
appears as a triplet (] =5.03 Hz) at 1.95 ppm, furtherupftield than the aliphatic isopropyl methine

protons. *'P decoupling the 'H spectrum results in an singlet resonance for the H-CI,
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indicating that coupling to two equivalent *'P nuclei results in the observed triplet. This
significantly upfield shifted H-C1 and H-C3/C4 (6.76 ppm) tesonances again indicates a
substantial Ni-pyridine T-system interaction that is stronger than either 2Ni or 2Ni-B(CeFbs)s.
This likely arises from the cationic nature of the electrophile bound to the pyridine nitrogen
(B(CoFs)s vs Me") which results in a substantially more electron deficient central pyridine. For
2Ni-BCy,OTf{ the cyclohexyl substituents complicate the aliphatic region of the 'H NMR
spectrum. However, the H-C1 can be assigned to a peak at 3.45 ppm, close to that of 2Ni-

B(C:Fs)s. The *'P NMR chemical shift 42.29 ppm again is only slightly shifted from 2Ni.
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Figure 3. Solid-state structures and selected bond metrics for (left to right) 2Ni and 3Ni.

Hydrogen atoms and solvent have been omitted for clarity.

The reaction of triethylammonium triflate (Scheme 3) with 2Ni selectively forms a
dinuclear mono-protonated species, 3Ni, (Figure 1), which precipitates out of reaction
mixtures when run in benzene though tetrahydrofuran is also compatible as a solvent (vide

infra). Pyridinium triflate was found to cleanly react with 2Pd to produce a mononuclear



151
complex, as a pink material (2Pd-H). Reactions of 2Pd with other electrophiles yielded

complex mixtures of products and were not pursued further. In line with other complexes,
2Pd-H is C, symmetric in solution with a >'P NMR resonance at 32.08 ppm and two distinct
isopropyl methine 'H resonances at 2.77 and 2.30 ppm in ds-acetonitrile. Upfield shifted H-
C3/C4 (7.28 ppm) and H-C1 (6.16 ppm) resonances are observed, and are consistent with
metal-pyridine m-system interactions that are stronger than in 2Pd and comparable to those
seen in 2Pd-B(C¢Fs)s. Importantly, the proton resonance derived from the pyridinium triflate
is seen as a broad resonance at 9.88 ppm. This is a region is consistent with a pyridinium
moiety not a palladium hydride. Furthermore, no apparent coupling to *'P nuclei is observed,
which would be expected in the case of a Pd-H moiety. These results agree with the results of
reactivity 2Ni with electrophiles, which demonstrate that selective derivatization of the

pyridine nitrogen is also possible with Pd.

Solid-state structures were obtained by single crystal X-ray diffraction (XRD) studies. 2Ni
was found to crystallize as a dinuclear species with the pyridine nitrogen of one equivalent of
complex (moiety 1) binding to the nickel center of the other (moiety 2) (Figure 3). The
observed dimetization in the solid state agrees well with the *'P solution NMR data obtained
for 2Ni at -80 °C suggesting the reversible pyridine coordination is responsible for the
observed broadening of 'H and *'P signals at room temperature. Consistent with structures

of Ni’ complexes on related ligands,™ > "'

the metal center in moiety 1 of 2Ni binds to the
central pyridine in an 77 fashion with Ni—C1 and Ni-C2 distances of 1.944(1) and 2.067(1) A
respectively. Disrupted aromaticity is evident from the central pyridine bond metrics by
comparing bond distances for C2—C3 (1.432(2) A) to C4—C5 (1.362(2) A) and C3-N1 (1.320(2)
A) to C4-N1 (1.386(2) A). The significant differences seen in each of these pairs of bond

distances highlights the partial localization of double bond character around the central
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pyridine ring. Significant backbonding from Ni is also evident from the C1-C2 distance

(1.439(2) A), which is longer than all other C—C bond in the pyridine.

Moiety 2 of 2Ni shows 7' coordination of nickel to the central pyridine, a binding mode
shift observed upon acetonitrile coordination in a related Ni’ complex supported by a meta-
substituted bis(phosphinoaryl)benzene ligand (Figure 1).* This binding mode change results
in a longer Ni—C30 contact of 1.997(1) A. Aromaticity still appears to be disrupted within the
pyridine ring, though to a lesser extent than seen in moiety 1 since the compared distances
(C31-C32: 1.419(2) C33-C34: 1.379(2)) and (C32-N2: 1.327(2) C33-N2: 1.357(2)) show
smaller differences. This portion of the structure of 2Ni demonstrates the potential for

flexible metal-pyridine n-system interactions that varies with ligand coordination.

Structurally characterized complexes of Ni and Pd with a t-bound pyridine are very rare.
The only example to the authors’ knowledge is a bis-N-heterocyclic carbene complex of Ni
bound 77 to the C3-C4 positions of a pyridine coordinated via the nitrogen to AlMes."* Though
an analogous coordination mode is observed in moiety 1 of 2Ni, the average Ni—C distances
are longer by 0.025 A in 2Ni. This is consistent with weaker backbonding into the coordinated
C. fragment as evidenced from the 0.17 A shorter C—C distance in 2Ni. Disrupted aromaticity
is also evident in the literature compound though differences in C—C and C—N distances range
between 0.01-0.035 A. This is likely attributable to electronic differences attributable to the N-
heterocyclic carbene ligands as well as the coordination of AlMe; rather than the Ni center of
moiety 2.

The solid-state structure of 3Ni is reminiscent of that of 2Ni, again with a 3-coordinate
nickel complex (moiety 1) binding through its pyridine nitrogen to a protonated equivalent of

complex (moiety 2). The bond metrics for moiety 1 of 3Ni are similar to the analogous ones
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of 2N, indicative only of minor perturbation as the site of protonation is quite remote. More
substantial changes are seen in bond metrics of moiety 2 of 3Ni. A different pattern of
disruption of aromaticity is observed with similar C31-C32/C33-C34 (1.366(4), 1.376(3) A)
and C32-N2/C33-N2 (1.354(3), 1.349(3) A) bond distances seen on opposite sides of the
pyridine ring relative to the N2-C30 vector. Consistently, C30-C31 and C30-C34 distances
are both lengthened, at 1.455(3) and 1.445(3) A, respectively. Contraction of the Ni-C30
distance to 1.930(2) A suggests a stronger interaction between the metal and the 7-system
compared to 2Ni. These distances are consistent with partial isolation of C30 from the n-
system of the pyridine, which results in delocalization across the remaining 5-atoms. The
above structural parameters demonstrate the plasticity of pyridine n-system and its potential

to rearrange as a function of Lewis acid functionalization of the pyridine nitrogen.
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Figure 4. Solid-state structures and selected bond metrics for 2Ni-B(C¢Fs); and 2Ni-
BCy,OTf. Hydrogen atoms have been omitted for clarity.

2Ni-B(C¢Fs); and 2Ni-BCy,OTf both crystallize as discrete complexes (Figure 4). They
display four-coordinate boron centers. The nickel center is coordinated in an 77 fashion to the
central pyridine in a manner comparable to moiety 1 of 2Ni and 3Ni. Furthermore, the
distortions of observed in the pyridine moiety are very similar between 2Ni-B(CeFs)s, 2Ni-
BCy,OTf and moiety 1 of 2Ni and 3Ni. Overall, the structural parameters of these

complexes are indicative of stronger interactions between the metal center and the n-bound
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heterocycle compared to moiety 2 of 2Ni where the pyridine nitrogen is not coordinated.
However, this comparison must be taken cautiously given that the metal center in moiety 2 of
2Ni is four-coordinate, while the other compounds display three-coordinate metal centers. In
the case of 2Ni, the comparison is complicated by the dinuclear nature of the crystallized
complex. In contrast, Pd complexes and carbon monoxide adducts of Ni complexes (vide
infra) provide better points of reference as they are mononuclear in both Lewis acid-bound

and —free states.

5 436(2) ©11.436(2)

c1
o 409(8)S11.426(4)

Figure 5. Solid-state structures and selected bond metrics for 2Pd, 2Pd-B(CeFs)s, and 2Pd-

H. Hydrogen atoms have been omitted for clarity.

As mentioned above, 2Pd, 2Pd-B(CeFs)s, and 2Pd-H crystallize as the discrete monomers
allowing the direct comparison of the effect of the electrophile on the structural parameters
(Figure 5). All complexes show 7' coordination to the central pyridine ring with Pd-Cl1
distances of 2.282(3), 2.169(1), and 2.158(1) A respectively. The significant shortening of the
Pd-C1 distance is attributed at a stronger interaction between the electron rich Pd” and the
more electron deficient borane and proton functionalized pyridine moieties. Symmetric

distortions of central pyridine bond metrics relative to the N1-C1 vector are seen, with C2-
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C3 and C4-C5 (0.002 A average change) as well as C3-N1 and C4-N1 (0.004 A average

change) showing negligible differences. However, between complexes differences can be
observed. An elongation of C1-C2 and C1-C5 bonds is seen in 2Pd-B(C¢Fs); and 2Pd-H
(ranging between 1.436(2) to 1.431(2) A) vs 2Pd (1.409(5) and 1.426(4) respectively) again
suggestive of a stronger metal-pyridine interaction. C2-C3 and C4-C5 distances shorten by
an average of 0.015 and 0.038 A while C3-N1 and C4-N1 clongate by an average of 0.013
and 0.008 A for 2Pd-B(C¢Fs); and 2Pd-H respectively relative to 2Pd. The geometry around
palladium is T-shaped with a P1-Pd1-P2 angle of 155.65(3), 160.89(2), 156.97(1) ° for 2Pd,
2Pd-B(C¢Fs)s, and 2Pd-H respectively. For comparison, the P1-Ni-P2 angles are between
133 and 139 in compounds 2Ni-B(C¢Fs); and 2Ni-BCy,OTf, moiety 1 of 2Ni and 3Ni. Due
to the metal center’s increased size, the coordination angle of the diphosphine is larger with
palladium. Additionally, the coordination flexibility of the palladium complexes may be limited
and a binding akin to that of molecule 1 of 2Ni may not be sterically accessible.

Section 4.3 Binding of Small Molecules to Ni Complexes

To further study the effect of pyridine modification of ligand electronics on the properties
of the metal centers, a series of carbon monoxide adducts was pursued to take advantage of
CO as a spectroscopic reporter based on its infrared stretching frequency (Scheme 4).
Treatment of with one equivalent of CO was found to quantitatively convert 2Ni, 2Ni-
B(C¢Fs)s, and 2Ni-Me to the corresponding mono-CO adducts, 4Ni(CO), 4Ni(CO)-
B(CsFs)s, and 4Ni(CO)-Me respectively. The veo for 4Ni(CO) appears 1930 cm™. The
related complex supported by the meta-terphenyl diphosphine ligand shows a more activated
CO (Vco = 1916 cm™) indicative of the more electron rich benzene vs pyridine resulting in a

metal center more prone to undergo n-backbonding with CO.>** The binding of Lewis acids to
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the pyridine nitrogen results in a shift to higher vco values as the pyridine ring becomes more
electron deficient and competes as an acceptor ligand with the CO (vco (cm™): 4Ni(CO)-
B(C4Fs)3 (1976) and 4Ni(CO)-Me (1960)). The addition of an equivalent of pyridinium
triflate to 4Ni(CO) results in the quantitative formation of 4Ni(CO)-H which shows a vco
of 1975 cm™. Interestingly, 4Ni(CO)-B(CsFs); and 4Ni(CO)-H show similar vco frequencies
despite the difference in charge. It is notable that changing the supporting n-system from
benzene to pytidine has a smaller effect (~14 cm™) on Vco compared to binding Lewis acids
to the pyridine nitrogen (36 to 45 cm™).

Scheme 4. Synthesis of small molecule-coordinated Ni complexes
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NMR data indicate that the introduction of the CO ligand significantly alters the metal-
pyridine interaction (Figure 6). Each complex shows NMR data that is consistent with a Cg
symmetric species or a fluxional process in solution as seen from the sharp *'P singlet (8(ppm):
4Ni(CO) (33.83), 4Ni(CO)-B(C¢Fs)s (31.84), 4Ni(CO)-Me (34.74), and 4Ni(CO)-H (35.69
in CD3;CN)) and two distinct "H signals observed for the isopropyl methines (§(ppm):

4Ni(CO) (233, 2.06), 4Ni(CO)-B(CFs); (2.17, 1.74), 4Ni(CO)-Me (2.27, 1.98), and
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4Ni(CO)-H (2.82, 2,49 in CD;CN)). The signal for the H-C1 ((8(ppm): 4Ni(CO) (6.23),

4Ni(CO)-B(CeFs); (4.61), 4Ni(CO)-Me (4.53), and 4Ni(CO)-H (4.80 in CDs;CN)) and
C3/C4 ((3(ppm): 4Ni(CO) (6.23), 4Ni(CO)-B(C¢Fs)s (4.61), 4Ni(CO)-Me (4.53), and
4Ni(CO)-H (4.80 in CD;CN)) shifts downfield indicating a weaker metal—pyridine
interaction, a consequence of competing n-backbonding between metal and pyridine vs CO.
Corroborating the similarities in the IR data, both 4Ni(CO)-B(C¢Fs); and 4Ni(CO)-Me

show similar chemical shifts for the H-C1 despite the charge difference.

Solid-state structures for 4Ni(CO) and 4Ni(CO)-H were obtained allowing for
comparison to the CO-free analogs and evaluation of the effect of pyridine derivatization with
monometallic Ni species (Figure 7). Both 4Ni(CO) and 4Ni(CO)-H show 7 coordination to
the central pyridine moiety, differing from mP;Ni-CO which shows 7' coordination.” The
shortest Ni—Ciqg distance is 2.254(1) A in mP;Ni-CO which is longer than in both 4Ni(CO)
(2.119(1) A) and 4Ni(CO)-H (2.029(1) A) consistent with stronger interactions between the
electron rich Ni’ center and the electron deficient heterocycle relative to benzene. These
differences in the interactions with the =m-systems are corroborated by the vco values.
Disrupted aromaticity is observed in both 4Ni(CO) and 4Ni(CO)-H with significant
differences in bond metrics observed for C2-C3 vs C4-C5 as well as C3-N1 vs C4-N1
indicating partial localization of double and single bonds. The shortest Ni-pyridine
interactions for 4Ni(CO) and 4Ni(CO)-H, 2.119(1) and 2.029(1) A respectively, are
clongated relative to moiety 2 of 2Ni (1.997(1) A) and 3Ni (1.966(2) A), respectively,
consistent with the CO ligand being overall more acidic than the N-bound pyridine and leaving
the metal center less prone to backbonding to the n-system of pyridine. It is worth noting that

the pattern of aromaticity disruption (localized double bond character) and coordination

mode are different between 4Ni(CO) and 4Ni(CO)-H vs moiety 2 of 2Ni and 3Ni despite
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both complexes being 4-coordinate at nickel. This structural difference may be a consequence
of CO being smaller than substituted pyridine and accommodating 7°-coordination to the

central n-system.
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Figure 6. "H NMR comparison for all isolated Ni monocarbonyl complexes. Peaks denoted
by an asterisk indicate the C1 proton of the central pyridine ring, All spectra are taken in CsDs

with the exception of 4Ni(CO)-H which was obtained in CD;CN.
Comparison between 4Ni(CO)-H and 4Ni(CO) provides insight into the effect of
protonation on pyridine coordination to metal. 4Ni(CO)-H shows shorter Ni-C contacts vs

4Ni(CO) consistent with stronger interaction between the metal and pyridine in 4Ni(CO)-
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H. Additionally, the C1-C5 distance of the Ni-coordinated C, moiety is shorter in 4Ni(CO)

(1.416(2) A) compared to 4Ni(CO)-H (1.441(2) A), suggesting weaker backbonding into the
pyridine in 4Ni(CO). These effects are likely due to the more electron deficient pyridinium

moiety being a better n-acceptor from the electron rich Ni’ center compared to pyridine.
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Figure 7. Solid-state structures and selected bond distances of 4Ni(CO), 4Ni(CO)-H, 5Ni,

and 4Ni(CN Bu). Hydrogen atoms and solvent have been omitted for clarity.

To test the ability of ligands derivatized at pyridine to support coordination of other
donors to Ni, reaction with nitrosonium ion was pursued as an isoelectronic analog of carbon
monoxide. 2Ni reacts with trimethyloxonium tetrafluoroborate ([OMes][BF,]) in THF to 7
sitn generate the N-methylated complex. Subsequently, [NO][BF,] was added causing color
change from a dark brown to a blue-brown solution. Following work up, the desired complex,
5Ni, was isolated as a dark blue crystalline solid. NMR spectra recorded in ds-acetonitrile
indicated the formation of a species that showed a broad *'P signal at 31.31 ppm. The chemical
shift of the C1 (7.55 ppm) and C3/C4 protons (9.01 ppm) appear in the aromatic region
suggesting weaker metal-pyridine m-system interactions than any of the CO complexes. This

is corroborated by the solid-state structure. The structure of 5Ni shows substantial differences
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from all other nickel complexes synthesized. A negligible Ni-pyridine interaction is present as
seen from the long Ni—C1 distance of 2.377(3) A. The sum of the P-Ni—P and P-Ni-N
angles is equal to 350.78 © and is approaching the theoretical value for ideal trigonal planar
coordination. Therefore, this complex represents a rare example of a structurally characterized
three-coordinate Ni-NO complex where both other donors are phosphines.” Central pyridine
distances also indicate a negligible Ni-heterocycle interaction as C—C (1.386(5) to 1.399(5) A)
and C-N distances, 1.337(5) and 1.350(5) A for C3-N1 and C4-N1 respectively, are quite
similar. The NO stretching frequency for 5Ni appears at 1846 cm™ (IR). The Ni-N2-O1 angle
is 163.1(4) ° which is consistent with literature linear nitrosyl moieties bound to Ni.'” These
data indicate that the pyridinium ring cannot compete with the nitrosonium ligand for

coordination of nickel.

Following the initial success with nitrosonium coordination, the binding of other small
molecules was pursued. 2Ni was found to readily bind zer~butyl isocyanide to produce
4Ni(CNBu) although the partial formation of free ligand was also observed (Scheme 4).
Analogous reactions with 2Ni-B(CsFs); resulted in a complicated mixture of products, likely
resulting from the steric profile of the B(C¢Fs); moiety. 2Ni-Me was found to readily
coordinate zer~-butyl isocyanide to yield 4Ni(CNBu)-Me. The addition of other small
molecules such as cyanide, azide, and acetonitrile to 2Ni-Me results in quantitative binding to
the Ni-center to produce 4Ni(CN)-Me, 4Ni(N3)-Me, and 4Ni(MeCN)-Me respectively.
Including 5Ni, N-methylated Ni complexes coordinate a variety of small molecules of charge
varying from anionic (CN" and N3), to neutral (MeCN, CN7Bu, and CO), and even cationic in

the case of nitrosonium.
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Figure 8. '"H NMR comparison for all isolated N-methylated Ni complexes. Peaks denoted
by an asterisk indicate the C1 proton of the central pyridine ring, All spectra are taken in CsDs

with the exception of 5Ni which was obtained in CD3;CN.

As carbon monoxide is expected to be a better n-acid than zer~butyl isocyanide, 4Ni(CO)
is expected to display a weaker Ni-pyridine n-system interaction compared to 4Ni(CN Bu)
as the coordinated ligand competes better for electron density with the heterocycle. This is
borne out in the comparison of solution NMR data for 4Ni(CO) and 4Ni(CNBu). Both
complexes show substantially upfield shifted resonances for the central pyridine protons

(4Ni(CNBu) 8(ppm) H-C1: 5.51, H-C3/C4 8.17; 4Ni(CO) &(ppm) H-C1: 6.23, H-C3/C4
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8.58) consistent with a strong Ni-pyridine n-system interaction. However, for both H-C1 and
H-C3/C4 resonances for 4Ni(CNtBu) appear further downfield compared to 4Ni(CO)
(Ad(ppm) H-C1: 0.72, H-C3/C4: 0.41) indicating more backbonding from the Ni center into
the pyridine ring for 4Ni(CNtBu). Both complexes show a comparable pair of 'H resonances
(6(ppm): 4Ni(CO) (2.35, 2.06), 4Ni(CNBu) (2.41, 2.11)) corresponding to the methine
protons. Single resonances are observed by >'P NMR (8(ppm): 4Ni(CO) 33.83, 4Ni(CN Bu)
36.56). Overall the effect of a change in m-acidity of the donor ligand moves the C1-H
chemical shift by roughly half that resulting from the binding of B(C¢Fs); to the pyridine
nitrogen (H-C1 §(ppm): 4Ni(CO)-B(C¢Fs); 4.61). Crystals suitable for XRD experiments
were obtained for 4Ni(CNBu) allowing for comparisons in the solid-state with 4Ni(CO)
(Figure 7). Both complexes show 7 coordination modes with a shorter average Ni—C distance
(@Ni(CO) 2.23 A, 4Ni(CNBu) 2.16 A) seen for 4Ni(CNBu) consistent with a stronger
Ni-pyridine n-system interaction. Otherwise, central pyridine bond lengths are consistent

localized double bond character due to Ni coordination.

In a similar way, NMR comparisons across the series of 4Ni(L)-Me (L. = CN", N5, MeCN,
CNBu, CO) and 5Ni allows for an assessment the strength of the Ni-pyridine m-system
interaction with a wide variety of small molecules while holding the pyridine substitution
constant (Figure 8). A clear trend in the chemical shift of the C1-H proton can be seen with
the more m-acidic donors resulting in a more downfield resonance (C1-H 8(ppm): 5Ni 7.55
(CD;CN), 4Ni(CO)-Me 4.49, 4Ni(CNABu)-Me 3.57, 4Ni(MeCN)-Me 2.62, 4Ni(N;)-Me
2.25, 4Ni(CN)-Me 2.95 (under TBA peak), 2Ni-Me 1.94) (Figure 8). These results
corroborate the interplay between the electronics of the small molecule and the N-

functionalized pyridine by looking at the chemical shift of the H-C1 proton.
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Overall the crystal structutres reported here indicate that the interactions of Ni” and Pd’
with aromatic n-systems become stronger upon changing the pendant donor from benzene to
pyridine to Lewis acid functionalized pyridine. This trend is maintained upon binding of
additional ligands such CO. The electronic effect of these interactions with pendant n-systems
is reflected in extent of CO bond weakening. The metal pyridine n-system interaction can also

be modulated with the n-acidity of coordinated ligand.
Section 4.4 Pyridine Dearomatization by Small Molecule Reactivity

With the influence of the aromatic ligand on the metal center demonstrated, the activation
of the heterocycle by the metal toward reactivity was also investigated. With the aromaticity
of pyridine partially disrupted by metal coordination, reactivity at the N=C moiety was
targeted. 2Ni showed no reactivity under an atmosphere of dihydrogen at room temperature
in benzene, and increasing the temperature was found to yield free phosphine, 1, presumably
with loss of nickel black. However, reactions with pinacol borane and phenylsilane led to the
formation of new species, 6Ni and 7Ni, respectively, at room temperature by NMR

spectroscopy (Scheme 5).

Attempts to obtain X-ray diffraction quality single crystal of 6Ni and 7Ni have been
unsuccessful to date. A suite of NMR experiments were employed for the structural
characterization of these compounds. Both complexes show asymmetric coupling *'P doublets
at (56.23, 44.70 ppm (}Jer = 55.7 Hz)) and (56.09, 44.77 (*Jep = 56.2)) for 6Ni and 7Ni,
respectively. Furthermore, asymmetric signals for the central pyridine protons are observed
that are consistent with the hydroboration or hydrosilylation of a C-N bond of the pyridine
rather than a 1,4 selective reaction or a formal oxidative addition at the nickel center. The
formation of a methylene moiety with diastereotopic hydrogens is supported by two doublet

proton resonances for 6Ni (4.51, 3.78 ppm (}Jun = 13.7 Hz)) and 7Ni (4.13, 3.77 ppm (*Jun
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= 13.2 Hz)) are correlated by gCOSY and couple to the same C resonance at 52.40 or 55.15

ppm, respectively, by gHSQCAD. The assignments for the remaining central pyridine protons
are completed using a combination of gHSQCAD and gHMBCAD experiments, which
confirm the location of the C1 and the remaining ortho-pyridine protons at 4.11 and 6.83 ppm
and 4.13 and 6.40 ppm for 6Ni and 7Ni respectively (Figure 9). The SiH signal of 7Ni appears
as a multiplet at 5.29 ppm. Complete assignments of the central pyridine carbons have also

been made (See Experimental Section), which support the 1,2 substitution pattern assignment.

Scheme 5. Reactivity at pyridine beyond Lewis acid binding: synthesis of dearomatized

pyridine complexes
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To further support the NMR-based structural assignments for 6Ni and 7Ni, the reactivity
of hydrides with 2Ni-Me was tested to determine if a similar dearomatization occurs. 2Ni-
Me was found to cleanly react with sodium triethylborohydride to yield the asymmetric species
8Ni. Similar to 6Ni and 7Ni coupling *'P doublets are seen at 56.52 and 44.05 ppm (Jpp =
56.4 Hz). The pattern of 'H resonances and the connectivity of the dearomatized central

pyridine ring was found to be similar to that of 6Ni. The methylene protons are observed at
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3.49 and 3.09 ppm (Jun = 12.0 Hz), while the C1 and remaining ortho-pyridine proton are

observed at 4.09 and 5.85 ppm respectively.
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Figure 9. Select portions of the gHSQCAD and gHMBCAD spectra for 6Ni (Left) and 8Ni
(Right).

Complexes 6Ni, 7Ni, and 8Ni are reminiscent of transition metal bound NAD(P)H
analogs.'” The use of pyridine and other heterocycles to store proton and electron equivalents
in metal-complexes has been previously explored for a variety of transformations.”® In the
context of T-bound ligands, catechol moieties have been shown to act as a source of both
electrons and electrophile equivalents during dioxygen activation.” 6Ni, 7Ni, and 8Ni
demonstrate the ability of the pyridine to serve as a reservoir of reducing equivalents in the
present system. Access to these reduced species is however sensitive to the steric and electronic

properties of the reagents. Diphenylsilane and triethylsilane did not react with 2Ni even at
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elevated temperatures. The addition of sodium triethylborohydride to 2Ni-BCy,OTf did not

result in the formation of a dearomatized product by 'P NMR. Although the final products
6Ni, 7Ni, and 8Ni show delivery of hydride to the pyridine, mechanistically the initial site of
reactivity, metal vs heterocycle, has not been established. A precise understanding of the
factors that govern the pyridine reduction reactivity require further investigation, as do

methodologies to transfer the reducing equivalents to an external substrate.

Section 4.5 Preliminary Mo Metalation Reactions

Preliminary attempts have been made to expand the scope of metals supported by
ligands 1 and 1-B(CeFs)s beyond Ni and Pd. Initials efforts focused on metalation
conditions with molybdenum carbonyl precursors as such compounds have served as
precursors for a variety of compounds capable of interesting multielectron
transformations on para-terphenyl diphosphine ligands."””” The stitring of 1 with
Mo (CO)3(MeCN); at 100 °C for 16 hours in toluene produced a major species at 55.17
ppm (~80 %) and a minor species at 55.89 ppm (~20 %). Efforts to separate these
complexes with solvent washes or by recrystallization proved unsuccessful. However,
protonation of this mixture with pyridinium triflate and recrystallization was sufficient
to cleanly afford 9Mo(CO);-H (Scheme 6). To date to decarbonylate or oxidize
9Mo(CO);-H have proven unsuccessful. The reaction with trimethylamine 7-oxide
was found to cleanly afford the deprotonation product, IMo(CO);, which could then
be identified as the major species in the initial metalation of 1 with Mo(CO);(MeCN)s.
The current hypothesis is that the minor species is dimolybenum complex where the
pyridine nitrogen coordinates to a second metal. The metallation of 1-B(C¢Fs)s with
Mo(CO)3;(MeCN); under identical reaction conditions produces a single new species,

9IMo(CO);-B(CsFs)s;, consistent with the aforementioned hypothesis as boron
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prefunctionalization of the pyridine nitrogen would prevent the formation of the
proposed dimolybdenum species.
Scheme 6. Synthesis of molybdenum carbonyl complexes supported by 1 and 1-B(C¢Fs);
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Solution NMR data obtained for 9Mo(CO)3 and 9IMo(CO)3-B(CsFs)s (CsDy) as
well as 9Mo(CO)s;-H (CDs;CN) are consistent with strong metal-pyridine m-system
interactions and a C; symmetric species or a fluxional process on the NMR timescale.
All compounds show a pair of resonances corresponding to the methine protons
B(ppm): 9IMo(CO); (2.67, 2.36), IMo(CO);-B(CsFs); (2.48, 2.05), 9IMo(CO);-H
(3.31, 2.58)) and a single *'P signal (8(ppm): 9IMo(CO);s 55.17, 9IMo(CO);-B(CsFs)s
55.97,9Mo(CO);-H 54.63). The 'H resonances for the central pyridine protons appear
at upfield resonances compared to the free ligands (H-(C1) d(ppm): 9IMo(CO)s 6.15,
9Mo(CO);-B(CsFs)s 4.97, 9Mo(CO)s-H 5.35) (H-(C3/4) 8(ppm): 9IMo(CO); 8.39,
9IMo(CO);-B(CsFs)s 8.11, 9Mo(CO);s-H 7.96). These data suggest that a substantial
Mo-pyridine m-system interaction which is stronger for the more electron deficient
B(C¢Fs)s- and H'-functionalized central pyridine ring. 9Mo(CO);-H shows a broad 'H

signal corresponding to the pyridinium resonance at 12.37 ppm.
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Figure 10. Solid-state structures and selected bond distances for 9Mo(CO)s-H. Hydrogen

atoms and solvent have been omitted for clarity.

Crystals of 9Mo(CO)s-H suitable for XRD analysis were obtained from a
THF/pentane vapor diffusion (Figure 10). A psexdo-octahedral coordination
environment around the Mo-center is observed, which shows 7 coordination to the
central pyridine ring. Substantial backbonding from Mo is evident from the long C1—
C2 bond distance (1.4414(15) A), which exceeds that of all other C—C bonds in the
pyridine ring. The alternation of long and short bonds in the central pyridine ring is
indicative of localization of double bond character due to Mo coordination. Efforts to
open up the coordination sphere of the Mo center by removing the carbon monoxide

ligands is being pursued.

CONCLUSIONS

A new P-pyridine-P ligand that readily binds nickel and palladium via phosphine
donors and the heterocycle m-system was developed. The interaction between the
transition metal and the m-system results in partial disruption of aromaticity. Metal
coordination to the phosphine donors and pyridine 7-system leaves the pyridine
nitrogen available for Lewis acid functionalization. Binding of groups such as boranes,

H", or Me" results in stronger interactions of the metal center with the pyridine -
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system, as reflected in both the NMR spectroscopy and structural characteristics of the
complexes. The observed differences in binding are caused by the varied ability of
pyridines to act as T-backbonding ligands; the functionalized heterocycles are more
electron-deficient resulting in a stronger interaction with the electron rich M’ centers.
CO and NO adducts of Ni were synthesized. Comparison of the CO stretching
frequencies indicate that functionalization of the pyridine nitrogen has a significant
effect on the coordinated diatomic ligand, leading to up to 46 cm™ shift to higher energy
upon B(C¢Fs); binding. Dearomatization of the pyridine ring was observed in
stoichiometric reactions between phenylsilane or pinacol borane and 2Ni, with the
heteroatom binding to nitrogen and the hydrogen orzho to N. This ligand-based
reactivity is likely a consequence of the activation of the pyridine ring by the metal
center, through disruption of aromaticity. Overall, the described results highlight a
strategy for tuning the electronic properties and reactivity of metal centers by post-
synthetic modifications of the complex instead of the more typical, and expensive, re-

synthesis of electronically altered ligands.
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EXPERIMENTAL SECTION

General considerations

Unless otherwise specified, all air- and moisture-sensitive compounds were manipulated
using glovebox or using standard Schlenk line techniques with an N, atmosphere. Anhydrous
tetrahydrofuran (THF) was purchased from Aldrich in 18 L. Pure-Pac™ containers. Anhydrous
pentanes, hexanes, benzene, toluene, diethyl ether, and THF were purified by sparging with
nitrogen for 15 minutes and then passing under nitrogen pressure through a column of
activated A2 alumina (Zapp’s).”' Benzene-d;, tetrahydrofuran-ds, and acetonitrile-d; was
purchased from Cambridge Isotope Laboratories, Inc., dried over sodium/benzophenone
ketyl (benzene and THF) or calcium hydride (MeCN) and vacuum transferred prior to use.
Unless indicated otherwise, all commercial chemicals were used as received. Ni(COD),,
PdMe, TMEDA, PdCLCOD, and Pd(PPh;)4 were purchased from Strem Chemicals Inc.. 3,5-
dibromopyridine, pinacol borane, dicyclohexylboron triflate, methyl triflate, 1M sodium
triethylborohydride in toluene, 1.7 M /Bul.i in pentane, chlorodiisopropyl phosphine, and CO
(lecture bottle) was purchased from Sigma Aldrich. Phenylsilane was purchased from Sigma
Alrich  and was dried over calcium hydride and distilled prior to use.
Tris(pentafluorophenyl)borane was purchased from Sigma Aldrich as sublimed prior to use.
2-bromophenylboronic acid was purchased from Ark Pharm, Inc. and used as received. 'H,
PC, and *'P NMR spectra were recorded on Varian Mercury 300 or Varian INOVA-500
spectrometers at room temperature unless indicated otherwise. Chemical shifts for 'H and °C
NMR data are reported relative to residual solvent peaks and are decoupled with respect to
each other unless otherwise noted.” >'P NMR chemical shifts are reported with respect to the
deuterated solvent used to lock the instrument and are 'H decoupled unless otherwise noted.

Powder and thin film ATR-IR measurements were obtained by placing a powder or drop of
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solution of the complex on the surface of a Bruker APLHA ATR-IR spectrometer probe and

allowing the solvent to evaporate (Platinum Sampling Module, diamond, OPUS software
package) at 2 cm™ resolution. Elemental analyses were performed by Robertson Microlit

Laboratories, Ledgewood, NJ.

Synthesis of 3,5-(2-bromophenyl)pyridine (B)

3,5-dibromopyridine (8.50 g, 35.9 mmol, 1 equiv), 2-bromophenylboronic acid (15.13 g,
75.3 mmol, 2.1 equiv), and potassium carbonate (29.8 g, 215.6 mmol, 6 equiv) were added to
a Schlenk tube fitted with a screw-in Teflon stopper. A magnetic stirbar, 810 mL of toluene,
195 mL of water, and 195 mL of ethanol were then added the resulting biphasic solution was
thoroughly degassed by two sequential freeze-pump-thaw cycles on a Schlenk line. Under a
strong counterflow of nitrogen, Pd(PPhs)4 (2.07 g, 1.79 mmol, 0.05 equiv) was then added to
the reaction mixture. The reaction flask was then sealed and heated to 65 °C for 16 hrs. At
this point, GC-MS analysis of an aliquot of the organic fraction indicated complete conversion
to the desired product. Volatiles were removed by rotary evaporation to yield a light orange
residue. Salts were removed by a water:dichloromethane extraction. After drying with
magnesium sulfate and filtering, the organic fraction was dried under reduced pressure. The
product was recrystallized from dichloromethane:methanol at -35 °C and obtained as a white
crystalline solid. Yield: 7.93 g (59 %) '"H NMR (500 MHz, CsD¢) 8 8.75 (d, “Jun = 2.2 Hz, PyH,
2H), 7.51 (t, Jun = 2.2 Hz, PyH, 1H), 7.40 (ddd, Jun = 8.0, Jun = 1.2, °Jun = 0.5 Hz, ArH,
2H), 6.92 (ddd, *Jun = 7.6, Jun = 1.9, °Jun = 0.5 Hz, ArH, 2H), 6.87 (td, *Jun = 7.5, i = 1.2
Hz, AtH, 2H), 6.72 (ddd, *Juu = 8.0, *Juu = 7.3, *Jun = 1.8 Hz, ArH, 2H). "C NMR (126 MHz,
CsDe) 8 149.52 (s), 139.37 (s), 137.50 (s), 136.08 (s), 133.51 (s), 131.65 (s), 129.63 (s), 127.71

(5), 123.2 4 (s). MS (m/z): Calcd, 389.9316 (M"). Found: 389.9327 (FAB-MS, M*).
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Synthesis of Compound 1

B (4 g, 10.3 mmol, 1 equiv) was dissolved in 60 mL of THF and transferred to a Schlenk
tube fitted with a screw-in Teflon stopper. The reaction mixture was then cooled to -78 °C
and then /Bul.i (1.7 M pentanes, 24.8 mL, 42.2 mmol, 4.1 equiv) was added via syringe resulting
in an immediate color change to a deep red. The reaction mixture was then allowed to warm
to room temperature and stir for 2 hrs. The reaction mixture was again cooled to -78 °C and
then chlorodiisopropyl phosphine (3.6 mL, 22.6 mmol, 2.2 equiv) was added via syringe. The
reaction was warmed to room temperature and allowed to stir for 16 hrs during which time
the solution lightened to a homogenous orange brown. Volatiles were then removed under
reduced pressure to yield a thick residue. This residue was dissolved in toluene a filtered
through a Celite pad to remove salts. The volatiles of the filtrate were then removed under
reduced pressure. The resulting residue was suspended in acetonitrile (cz. 20 mL) and then
resulting solution allowed to stand for 1 hour. During this time the residue initially became
soluble before the product began to precipitate as a yellow solid. This product was collected
via filtration and washed with additional acetonitrile until the washes became colorless. After
drying the collected solid under reduced pressure, the product was obtained as a pale yellow
solid. Yield: 2.82 g (59 %). 'H NMR (500 MHz, CsDs) & 8.94 (dd, ’Jun = 2.2 Hz, “Jpu = 1.3
Hz, PyH, 2H), 7.87 (td, ’Jun = 2.2 Hz, °Jen = 1.1 Hz, PyH, 1H), 7.45 — 7.36 (m, AtH, 2H),
7.35 —7.27 (m, ArH, 2H), 7.15 — 7.09 (m, ArH, 4H), 1.86 (pd, *Jun = 6.9, *Jpn =1.6 Hz, CH,
4H), 0.95 (dd, *Jen = 14.6, *Jun =6.9 Hz, CH;, 12H), 0.85 (dd, *Jen = 11.5, ’Jun = 6.9 Hz, CH;,
12H). "C NMR (126 MHz, CsDy) 8 150.33 (d, ’Joc = 5.9 Hz), 147.55 (d, *Joc = 28.3 Hz), 140.29
(t, “Joc = 4.9 Hz), 137.11 (d, ’Jec = 6.2 Hz), 135.64 (d, 'Joc = 24.6 Hz), 133.04 (d, *Jec = 2.9

Hz), 130.96 (d, ’Jec = 5.4 Hz), 129.01 (s), 127.42 (s), 25.01 (d, 'Jec = 15.6 Hz), 20.47 (d, *Joc =
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20.2 Hz), 19.75 (d, Jrc = 11.0 Hz). *P NMR (121 MHz, CDg) 8 -5.75. MS (m/z): Calcd,

464.2638 (M+). Found: 464.2636 (FAB-MS, M*).

Synthesis of Complex 1-B(Cc¢Fs)3

Compound 1 (562 mg, 1.21 mmol, 1 equiv.) was dissolved in benzene (s 10 mL) and
transferred to a 20 mL scintillation vial equipped with a magnetic stirbar. B(C¢Fs)s (620.7 mg,
1.21 mmol, 1 equiv.) was then added as a benzene solution (cz. 10 mL). The reaction mixture
was allowed to stir for 3 hours, during which time the solution became a slightly lighter shade
of yellow. The reaction mixture was then frozen in a -35 °C freezer and the benzene removed
by lyophilization to yield the desired product by NMR and was used without further
purification. Yield: 1.06 g (90 %) "H NMR (500 MHz, CsDs) & 8.82 (s, PyH, 2H), 8.04 (s, PyH,
1H), 7.26 — 7.18 (m, AtH, 4H), 7.08 — 6.97 (m, AtH, 4H), 1.70 (pd, 'Jun = 6.9, 'Jeu = 2.3 Hz,
CH, 4H), 0.82 (dd, *Jpu: = 14.6, 'Jun = 6.9 Hz, CH;, 12H), 0.72 (dd, *Jpus = 12.3, 'Jun = 6.9 Hz,
CH;, 12H). "C NMR (126 MHz, C¢Dg) 8 149.20 (s), 147.97 — 146.77 (m), 145.99 (d, *Joc = 7.0
Hz), 142.87 (d, *Jrc = 26.8 Hz), 141.22 (m), 139.65 — 138.95 (m), 139.18 (d, ’Joc = 5.7 Hz),
136.37 (m), 134.65 (d, 'Jec = 25.1 Hz), 132.83 (d, *Joc = 2.4 Hz), 130.22 (d, *Joc = 5.3 Hz),
129.35 (s), 128.76 (s), 128.17 (s), 23.68 (d, 'Jec = 13.6 Hz), 19.23 (d, *Jec = 18.1 Hz), 18.93 (d,
Jec = 11.4 Hz). 'P NMR (121 MHz, CsDy) 8 -5.58. "F NMR (282 MHz, CsDg) & -131.46 (s),

-155.96 (s), -162.87 (s). MS (m/z): Calcd, 976.2484 (M+). Found: 976.2389 (FAB-MS, M+).

Synthesis of Complex 2Ni
Compound 1 (1.00 g, 2.15 mmol, 1 equiv.) was transferred as a tetrahydrofuran solution
(ca. 20 mL) into a Schlenk flask fitted with a screw-in Teflon stopper and equipped with a

magnetic stitbar. Ni(COD), (593.3 mg, 2.15 mmol, 1 equiv) was then added as a
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tetrahydrofuran suspension (cz. 20 mL). The reaction mixture was then sealed and allowed to
stir for 16 hrs, during which time to solution changed color from a yellow to a dark red brown.
All volatiles were then removed under reduced pressure. The residue was then dissolved in
benzene and filtered through a Celite pad. The volatiles of the filtrate were removed under
reduced pressure to yield the product as a dark brown clumpy solid. Yield: 833 mg (74 %) 'H
NMR (300 MHz, CsD) 6 7.82 (broad s, PyH, 2H), 7.47 (d, ] = 6.9 Hz, ArH, 2H), 7.22 (d, ] =
6.0 Hz, ArH, 2H), 7.10 (m, ArH, 4H), 4.35 (s, PyH, 1H), 2.28 (m, CH, 2H), 2.07 (m, CH, 2H),
1.07 (m, CH;, 7.6 Hz, 18H), 0.91 (m, CH;, 6H). "C NMR (126 MHz, CsDs) & 150.84 (s),
142.31 (s), 136.58 (s), 132.64 (s), 129.12 (s), 128.42 (s), 128.19 (s), 106.12 (s), 59.21 (s), , 27.02
(s), 24.61 (d, "Joc = 15.6 Hz), 22.27 (s), 20.07 (d, 'Jec = 20.1 Hz), 19.25 (s).”'P NMR (121 MHz,
CsDg) 8 40.38 (s). Anal. Calcd. for: CoH3NP2Ni (2Ni) (%): C, 66.69; H, 7.53; N, 2.68. Found:

C, 65.15; H, 6.89; N, 2.21.

Synthesis of Complex 2Pd

Compound 1 (211.9 mg, 0.457 mmol, 1 equiv.) was transferred as a benzene solution (¢a.
10 mL) into a Schlenk flask fitted with a screw-in Telfon stopper and equipped with a magnetic
stirbar. PdMex(TMEDA) (127.05 mg, 0.503 mmol, 1.1 equiv.) was then added as a benzene
suspension (ca. 20 mL). The reaction mixture was then sealed and heated to 60 °C for 16 hrs,
during which time the reaction changed color from yellow to a bright orange. The solution
was then filtered through a Celite pad, and the volatiles of the resulting filtrate were removed
under reduced pressure to yield clean product as an orange solid without further purification.
Yield: 197.6 mg (76 %). "H NMR (500 MHz, CsDs) & 8.29 (s, PyH, 2H), 7.90 (s, PyH, 1H),
7.24 (m, ArH, 4H), 7.15 — 7.10 (m, ArH, 2H), 7.05 (m, ArH, 2H), 2.22 — 2.01 (m, CH, 2H),

1.86 (p, *Jun = 7.2 Hz, CH, 2H), 1.28 (dd, *Jou = 7.8, *Jun = 7.6 Hz, CH;, 6H), 1.08 (dd, ¥Jpn =
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8.0, *Jum =7.5 Hz, CH;, 6H), 0.96 (dd, *Jor = 7.9, Jun = 7.7 Hz, CH;, 6H), 0.73 (dd, *Jpn = 5.9,

Jun = 5.8 Hz, CHj, 6H). C NMR (126 MHz, CiDq) 8 147.39 (vt, Jpc = 11.1 Hz), 146.18 (s),
134.51 (vt, Joc = 13.6 Hz), 131.64 (s), 131.44 (vt, *Joc =5.0 Hz), 130.68 (s), 128.61 (s), 127.24
(s), 105.30 (s), 27.87 (vt, JJoc = 5.7 Hz), 21.75 (vt, Jpc = 7.8 Hz), 20.66 (vt, Jpc = 5.5 Hz),
17.07 (s). *'P NMR (121 MHz, CsD¢) & 33.76 (s). Anal. Caled. for: CooHysNP,Pd (2Pd) (%): C,

61.11; H, 6.90; N, 2.46. Found: C, 60.87; H, 6.70; N, 2.45.

Synthesis of Complex 2Ni-B(CsFs);

Compound 1-B(C¢Fs); (126.7 mg, 0.129 mmol, 1 equiv.)) was transferred as a benzene
solution (ca. 10 mL) into a Schlenk flask fitted with a screw-in Telfon stopper and equipped
with a magnetic stirbar. Ni(COD), (35.7 mg, 0.129 mmol, 1 equiv.) was then added as a
benzene suspension (cz. 10 mL). The reaction was allowed to stir for 16 hrs, during which time
the solution changed color from a pale yellow to dark brown. The volatiles were then removed
under reduced pressure. The brown residue was then dissolved in benzene and filtered through
a Celite pad. The volatiles of the filtrate were removed under reduced pressure to yield the
product as a dark brown solid. Yield: 94 mg (70 %) 'H NMR (500 MHz, CsDy) 8 7.42 (d, Jun
= 7.0 Hz, ArH, 2H), 7.37 (s, PyH, 2H), 7.01 (m, ArH, 2H), 7.00 — 6.94 (m, ArH, 2H), 3.18 (s,
PyH, 1H), 2.07 (m, CH, 2H), 1.85 — 1.70 (m, CH, 2H), 0.88 (dd, *Jpou = 14.7, ’Jun = 7.5 Hz,
CH;, 6H), 0.85 — 0.77 (m, 18H). "C NMR (126 MHz, CsD¢) 8 149.07 (s), 147.45 (vt, *Jpc =
10.9 Hz), 147.15 (s), 140.72 (s), 138.74 (s), 138.19 (s), 136.30 (m), 135.93 — 135.32 (m), 135.07
(s), 131.77 (d, ’Jec = 7.3 Hz), 131.13 (s), 130.48 (s), 130.09 — 129.14 (m), 128.89 (5), 128.61 (s),
119.66 (s), 104.74 (s), 49.97 — 47.80 (m), 28.42 — 26.47 (m), 22.26 — 20.89 (m), 20.15 — 18.18

(m). >'P NMR (121 MHz, CsDy) 8 41.97 (s). "F NMR (282 MHz, CsDy) 8 -131.42 (s), -157.56
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(5), -163.95 (s). Anal. Caled. for: CiH0BF;sNPaNi (2Ni-B(CeFs)s) (%): C, 54.48; H, 3.80; N,

1.35. Found: C, 55.71; H, 3.79; N, 1.28.

Synthesis of Complex 2Pd-B(C¢Fs);

Compound 1-B(CsFs); (110.3 mg, 0.113 mmol, 1 equiv.) was dissolved in tetrahydrofuran
(ca. 5 mL) and transferred to a 20 mL scintillation vial equipped with a magnetic stirbar.
PdCLCOD (32.3 mg, 0.113 mmol, 1 equiv.) was then added as a suspension in tetrahydrofuran
(¢a. 5 mL). The reaction mixture was allowed to stir for 3 hrs, during which time the solution
changed color from a yellow suspension to a homogeneous orange color. Ni(bpy)(COD) (36.5
mg, 0.113 mmol, 1 equiv.) was then added as a tetrahydrofuran solution (cz. 10 mL) resulting
in an immediate color change from orange to a pink purple solution heterogeneous solution.
The reaction mixture was allowed to stir for 30 mins before filtering through a Celite pad. The
volatiles of the filtrate were then removed under reduced pressure to yield a pink purple solid.
Yield: 96.7 mg (79 %). "H NMR (500 MHz, CsD¢) 8 7.69 (s, PyH, 2H), 7.47 (s, AtH, 2H), 7.09
—7.04 (m, ArH, 4H), 7.01 (m, AtH, 2H), 6.39 (s, PyH, 1H), 2.02 (m, CH, 2H), 1.69 (p, *Jun =
7.0 Hz, CH, 2H), 1.03 (dd, ’Jer: = 8.0, *Jun = 7.7 Hz, CH;, 6H), 0.88 (dd, *Jen = 7.9, *Jun =7.8
Hz, CH;, 6H), 0.78 (q, *Jen = 7.9, *Jun = 7.8 Hz, CH3, 6H), 0.66 (dd, *Jes =] = 6.5, *Jun = 6.2
Hz, CH;, 6H). "C NMR (126 MHz, CsDy) 8 148.97 (s), 147.04 (s), 145.25 (t), 140.80 (s), 138.81
(s), 138.22 (s), 138.00 (s), 136.37 (s), 131.56 (t, ] = 16.5 Hz), 131.51 (s), 130.35 (s), 130.07 (s),
128.63 (s), 126.81 (t, ] = 6.1 Hz), 120.10 (s), 86.87 (s), 27.80 (vt, *Jpc = 6.9 Hz), 21.32 (vt, Jpc
= 9.0 Hz), 19.77 (vt, *Joc = 6.9 Hz), 19.30 (m), 17.22 (s). *'P NMR (121 MHz, CsDs) & 34.06
(s). "F NMR (282 MHz, CDg) & -131.04 (s), -157.36 (s), -163.73 (s). Anal. Calcd. for:
CyH3BFisNP,Pd (2Pd-B(CeFs)s) (%0): C, 52.17; H, 3.63; N, 1.29. Found: C, 51.80; H, 3.69;

N, 1.71.
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Synthesis of Complex 2Ni-Me

Compound 2Ni (213 mg, 0.408 mmol, 1 equiv.) was dissolved in benzene (cz. 12 mL) and
transferred to a 20 mL scintillation vial equipped with a magnetic stirbar. MeOTf (44.7 pL,
0.408 mmol, 1 equiv.) was added by Hamilton syringe to a rapidly stirring reaction mixture,
which resulted in a color change from red brown to a darker brown. After stirring for 30 mins,
volatiles were then removed under reduced pressure to yield the desired product as a dark
brown solid without the need for further purification. Yield: 260 mg (93 %). "H NMR (300
MHz, CsD¢) 8 7.25—7.18 (m, ArH, 2H), 7.16 — 7.11 (m, ArH, 4H), 7.10 — 7.01 (m, ArH, 2H),
6.78 — 6.73 (m, PyH, 2H), 2.77 (t, YJun = 1.4 Hz, NCH;, 3H), 2.57 (m, CH, 2H), 2.45 (m, CH,
2H), 1.99 — 1.90 (t, *Jou = 5.0 Hz, 1H), 1.22 — 1.13 (m, CH3, 6H), 1.13 — 1.06 (m, CH;, 6H),
1.06 — 0.99 (m, CH;, 6H), 0.99 — 0.91 (m, CH;, 6H). "C NMR (126 MHz, C;Dy) 8 147.30 (s),
133.92 (s), 131.41 (s), 129.38 (s), 129.18 (s), 128.52 (s), 128.42 (s), 128.19 (s), 104.91 (s), 44.95
(), 41.69 (s), 26.42 (s), 23.30 (s), 19.43 (s), 18.97 (s), 18.65 (s), 18.38 (s). *'P NMR (121 MHz,
CsDg) 8 31.13 (5). F NMR (282 MHz, CDg) 8 -77.43 (s). Anal. Calcd. for: C31HpFsNNiOsP,S
(2Ni-Me) (%): C, 54.25; H, 6.17; N, 2.04. C5;HasFsNNiOsP.S (2Ni-Me+(CsHs)) (%0): C, 58.13;

H, 6.33; N, 1.83. Found: C, 57.24; H, 6.01; N, 1.70.

Synthesis of Complex 2Ni-BCy,OTf

Compound 2Ni (113.4 mg, 0.217 mmol, 1 equiv.) was dissolved in benzene (cz. 5 mL) and
transferred to a 20 mL scintillation vial equipped with a magnetic stirbar. Dicyclohexylboron
triflate (70.8 mg, 0.217 mmol, 1 equiv.)) was added as a benzene solution (cz. 5 mL), which
resulted in an immediate color change from red brown to a dark green solution before
gradually turning a dark brown similar to that of 2Ni-B(CeFs)s. The solution was allowed to

stir for 3 hrs before volatiles were removed under reduced pressure yielding the desired
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complex as a dark brown solid without the need for further purification. Yield: 120 mg (65
%). '"H NMR (300 MHz, CsDy) 8 7.43 (s, PyH, 2H), 7.41 (s, AtH, 2H), 7.11 — 7.00 (m, ArH,
6H), 3.45 (s, PyH, 1H), 2.33 (s, 2H), 2.13 (m, 1H), 2.00 — 1.80 (m, 8H), 1.71 (s, 1H), 1.43 (m,
10H), 1.30 (m, 2H), 1.10 — 0.99 (m, 6H), 0.97 — 0.81 (m, 18H). "C NMR (126 MHz, CcDy) &
147.86 (s), 142.37 (s), 136.04 (s), 133.94 (s), 131.16 (s), 130.29 (s), 104.49 (s), 29.29 (s), 28.83
(s), 28.15 (s), 27.74 (s), 27.41 (s), 27.02 (s), 21.40 (s), 19.71 (s), 18.79 (s). 'P NMR (121 MHz,

CeDg) 8 42.29. "F NMR (282 MHz, CsDg) & -77.35.

Synthesis of Complex 2Pd-H

Compound 2Pd (34.7 mg, 0.0609 mmol, 1 equiv.) was dissolved in tetrahydrofuran (ca. 4
mL) and transferred to a 20 mL scintillation vial equipped with a magnetic stirbar. Pyridinium
triflate (13.95 mg, 0.0609 mmol, 1 equiv.) was then added as a tetrahydrofuran solution (ca. 4
mL). This resulted in an immediate color change from orange to a bright pink solution. The
reaction mixture was allowed to stir for 1 hr before all volatiles were removed under reduced
pressure to yield clean product as a pink solid without further purification. Yield: 40.3 mg (92
%) '"H NMR (500 MHz, CD;CN) 8 9.88 (s, PyNH, 1H), 7.75 — 7.66 (m, ArH, 2H), 7.66 — 7.54
(m, ArH, 4H), 7.47 — 7.36 (m, ArH, 2H), 7.28 (s, PyH, 2H), 6.16 (s, PyH, 1H), 2.77 (m, CH,
2H), 2.30 (m, CH, 2H), 1.28 (dd, *Jeus = 9.2, °Jun = 6.9 Hz, CH;, 6H), 1.15 (dd, *Jpu = 8.8, *Juu
= 6.8 Hz, CH;, 6H), 1.11 — 1.01 (m, CH;, 12H). "C NMR (126 MHz, CD;CN) & 144.81 (s),
132.24 (s), 130.99 (s), 130.38 (s), 129.79 (s), 129.14 (s), 123.78 (), 77.26 (s), 27.52 (vt, 'Joc =
7.6 Hz), 21.71 (vt, 'JToc = 9.6 Hz), 19.69 — 19.18 (m), 19.05 (s), 16.82 (s). *'P NMR (121 MHz,
CD;CN) & 32.08 (s). "F NMR (282 MHz, CDsCN) 8§ -79.33 (s). Anal. Calcd. for:

CsoHwF;NO5P,PdS (2Pd-H) (%): C, 50.04; H, 5.60; N, 1.95. Found: C, 50.25; H, 5.58; N, 1.81.
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Synthesis of Complex 3Ni

Compound 2Ni (53.8 mg, 0.103 mmol, 1 equiv.) was dissolved in benzene (ca. 5 mL) and
transferred to a 20 mL scintillation vial equipped with a magnetic stirbar. Triethylammonium
triflate (27.9 mg, 0.111 mmol, 1.08 equiv.) was added as a benzene solution (cz. 5 mL). The
reaction mixture was allowed to stir for 3 hrs before volatiles were removed under reduced
pressure. The material could be recrystallized from tetrahydrofuran:hexanes to yield the
desired product as brown crystals sufficient for identification of the compound in the solid
state. In acetonitrile the complex breaks up likely due to acetonitrile coordination. The
sensitivity of the complex precluded further detailed characterization by NMR or elemental
analysis. In ds-tetrahydrofuran the >'P NMR shows two very broad signals consistent with the
solid state structure. By '"H NMR very broad signals were observed precluding assignment and
PC was too broad to observe assignable peaks. Yield: 36.8 mg (60 %). ”'P NMR (121 MHz, ds-

THF) & 42.12 (broad s), 25.68 (broad s). "F NMR (282 MHz, ds-THF) & -78.96 (s).

Synthesis of Complex 4Ni(CO)

Compound 2Ni (71.7 mg, 0.137 mmol, 1 equiv.) was dissolved in benzene (cz. 20 mL) and
transferred to a Schlenk flask fitted with a screw-in Teflon stopper and equipped with a
magnetic stirbar. This solution was degassed and CO (1.3 equiv.) admitted to the reaction flask.
The solution stirred for 3 hrs during which time a lightening of the solution was observed. All
volatiles were then removed under vacuum. The resulting brown residue was dissolved in
benzene and transferred to a 20 mL scintillation vial. Lyophilization of the solvent yielded the
desired clean product as a brown powder without further purification. Yield: 71.4 mg (94.5 %)
"H NMR (500 MHz, CsDy) 8 8.58 (broad s, PyH, 2H), 7.34 — 7.26 (m, AtH, 4H), 7.11 (t, *Jun

= 7.4 Hz, ArH, 2H), 7.06 (t, *Jun = 7.3 Hz, ArH, 2H), 6.23 (s, PyH, 1H), 2.63 — 2.20 (m, CH,
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2H), 2.19 — 1.94 (m, CH, 2H), 1.13 — 1.04 (m, CH;, 6H), 1.00 (dd, Jen =14.6, Jun = 6.9 Hz,

CH;, 12H), 0.84 (dd, JJpu = 6.8, Jum = 6.6 Hz, CH;, 6H). *C NMR (126 MHz, CiDg) 5 197.31
(s), 148.37 (s), 145.30 (s), 134.32 (s), 130.54 (s), 129.60 (s), 129.06 (s), 128.20 (s), 83.07 (s),
28.52 (vt, 'Jpc =10.6 Hz), 25.74 (vt, Joc = 6.5 Hz), 19.72 (t, *Joc = 4.9 Hz), 18.81 (vt, Jpc = 4.7
Hz), 18.14 (s), 17.70 (s). P NMR (121 MHz, CDs) & 33.81 (s). IR(thin film, ATIR) veo: 1930
cm’. Anal. Caled. for: C3HyNNiOP, (4Ni(CO)) (%): C, 65.48; H, 7.14; N, 2.55. Found: C,

65.23; H, 6.87; N, 2.34.

Synthesis of Complex 4Ni(CO)-B(C¢Fs);

Compound 2Ni-B(CeFs); (48.2 mg, 0.046 mmol, 1 equiv.) was dissolved in benzene (ca.
10 mL) and transferred to a Schlenk flask fitted with a screw-in Teflon stopper and equipped
with a magnetic stirbar. This solution was degassed and CO (1.3 equiv.) admitted to the
reaction flask. The solution stirred for 3 hrs during which time a lightening of the solution
was observed. All volatiles were then removed under vacuum. The resulting brown residue
was dissolved in benzene and transferred to a 20 mL scintillation vial. Lyophilization of the
solvent yielded the desired clean product as a brown powder without further purification.
Yield: 42.6 mg (86 %). '"H NMR (300 MHz, C:Dg) & 8.03 (s, PyH, 2H), 7.59 (dd, *Juu = 7.7,
Tun = 2.9 Hz, ArH, 2H), 7.04 (m, AtH, 2H), 6.96 (d, ’Jun = 4.7 Hz, ArH, 4H), 4.57 (¢, *Jou =
6.8 Hz, PyH, 1H), 2.17 (h, ’Jun = 7.0 Hz, CH, 2H), 1.74 (h, ’Jun = 6.9 Hz, CH, 2H), 0.87 —
0.73 (m, CHs, 6H), 0.59 (m, CHs, 18H). "C NMR (126 MHz, CsDg) 8 197.39 (s), 149.10 (s),
147.15 (s), 147.03 — 146.11 (m), 140.95 (s), 138.64 (s), 138.41 (s), 136.47 (m), 131.61 — 130.78
(m), 130.41 (d, *Joc = 32.4 Hz), 129.19 (s), 128.66 (s), 128.18 (s), 119.03 (s), 113.82 (s), 68.61
(), 27.30 (vt, 'Jec = 10.2 Hz), 24.29 (vt, 'Jec = 6.7 Hz), 19.07 — 18.32 (m), 17.92 — 16.97 (m),

16.69 (5). ”'P NMR (121 MHz, CsD¢) 8 31.84 (s). "F NMR (282 MHz, CsDy) & -130.79 (s), -
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157.28 (s), -163.66 (s). TR (thin film, ATIR) vco: 1976 cm™. Anal. Caled. for: CisHyBFsNNiOP,

(4Ni-B(C¢Fs)s) (%) C, 54.27, H, 3.70; N, 1.32. CqHsBFisNNiOP; (4Ni(CO)-

B(CoFs)5-2(CsHe)) (%): C, 59.14; H, 4.22; N, 1.15. Found: C, 58.57; H, 4.32; N, 1.12,

Synthesis of Complex 4Ni(CO)-H

Compound 2Ni (72.9 mg, 0.140 mmol, 1 equiv.) was dissolved in benzene (cz. 20 mL) and
transferred to a Schlenk flask fitted with a screw-in Telfon stopper and equipped with a
magnetic stirbar. This solution was degassed and CO (1.3 equiv.) admitted to the reaction flask.
The solution stirred for 3 hrs during which time a lightening of the solution was observed
consistent with the formation of 4Ni(CO). All volatiles were then removed under vacuum.
The residue was then redissolved in tetrahydrofuran (ca. 4 mL) and transferred to a 20 mL
scintillation vial equipped with a magnetic stirbar. Pyridinium triflate (31.98 mg, 0.140 mmol,
1 equiv.) was then added as a tetrahydrofuran solution (cz. 2 mL), which resulted in a color
change from brown to a red brown. This reaction was allowed to stir for 1 hr before all volatiles
were removed under reduced pressure to yield the desired product as a red brown powder.
Yield: 52.0 mg (67.7 %). '"H NMR (500 MHz, CD;CN) & 11.78 (broad s, NH, 1H), 7.84 (d,
Tan = 3.7 Hz, PyH, 2H), 7.75 (m, AtH, 2H), 7.63 (m, ArH, 4H), 7.54 (m, ArH, 2H), 4.79 (t,
Jen = 6.1 Hz, PyH, 1H), 2.82 (h, *Jun = 6.9 Hz, CH, 2H), 2.49 (h, *Jun = 7.0 Hz, CH, 2H),
1.32 (dd, ’Jen = 12.2, °Jun = 7.1 Hz, CH;, 6H), 1.08 (m, CH;, 12H), 0.88 (dd, *Jen = 13.6, *Jun
= 7.0 Hz, CH;, 6H). "C NMR (126 MHz, CD;CN) & 198.82 (s), 145.31 (vt, *Jec = 11.5 Hz),
132.41 - 131.83 (m), 131.62 (d, 'Jec = 12.5 Hz), 130.50 (s), 129.66 (s), 129.10 (s), 113.51 (vt,
Jec = 5.7 Hz), 66.74 (s), 27.55 (vt, 'Joc = 10.7 Hz), 24.75 (vt, *Joc = 7.6 Hz), 19.22 (s), 18.19

(5), 17.54 (s), 17.01 (s). P NMR (121 MHz, CDsCN) & 35.69 (s). ’F NMR (282 MHz, CDCN)
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8 —7925 (S) IR(thm ﬁlm, ATIR) Vco: 1975 C1’1’171. Anal. Calcd. for: C31H40F3NNIO4P28

(4Ni(CO)-H) (%): C, 53.16; H, 5.76; N, 2.00. Found: C, 51.96; H, 5.39; N, 2.54.

Synthesis of Complex 4Ni(CO)-Me

Compound 2Ni-Me (35.9 mg, 0.052 mmol, 1 equiv.) was dissolved in benzene (¢cz. 10 mL)
and transferred to a Schlenk flask fitted with a screw-in Teflon stopper and equipped with a
magnetic stirbar. This solution was degassed and CO (1.3 equiv.) admitted to the reaction flask.
The solution stirred for 3 hrs during which time a lightening of the solution. All volatiles were
then removed under vacuum. The resulting red brown residue was dissolved in acetonitrile
and transferred to a 20 mL scintillation vial. Removal of the volatiles under reduced pressure
yielded the desired clean product as a red brown powder without further purification. Yield:
34.7 mg (93 %). 'H NMR (500 MHz, CDg) & 7.95 (dd, *Jun = 7.8, YJun = 3.5 Hz, ArH, 2H),
7.65 (d, Jun = 4.0 Hz, PyH, 2H), 7.37 (dd, Juu = 9.3, *Jun = 5.7 Hz, AtH, 2H), 7.22 (dd, ] =
9.0, 5.8 Hz, AtH, 2H), 7.16 (m, AtH, 2H), 4.51 (t, ’Jon = 6.2 Hz, PyH, 1H), 3.75 (s, NCH;,
3H), 2.34 — 2.22 (m, CH, 2H), 1.98 (p, ’Jun = 6.7 Hz, CH, 2H), 0.89 (m, CH;, 12H), 0.70 (dd,
Ten = 13.5, *Jun = 6.8 Hz, CH;, 12H). "C NMR (126 MHz, C;Dg) 8 145.02 (vt, *Jpc = 11.4
Hz), 136.12 (s), 131.82 — 131.01 (m), 130.79 (s), 130.57 (s), 130.41 (s), 129.33 (s), 128.21 (s),
115.61 (s), 67.44 (s), 45.67 (s), 27.75 (vt, 'Jec = 10.4 Hz), 24.84 (vt, Joc = 7.1 Hz), 19.36 (s),
18.39 (s), 17.75 (s), 17.42 (s). >'P NMR (121 MHz, CDg) & 34.74 (s). "F NMR (282 MHz,
CsDg) 8 -77.53 (s). IR(thin film, ATIR) vco: 1966 cm™. Anal. Caled. for: CsHipFsNNiO4P,S

(4Ni(CO)-Me) (%0): C, 53.80; H, 5.93; N, 1.96. Found: C, 54.09; H, 5.98; N, 1.71.
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Synthesis of Complex 5Ni

Compound 2Ni (98.8 mg, 0.189 mmol, 1 equiv.) was dissolved in tetrahydrofuran (cz. 5
mL) and transferred to a 20 mL scintillation vial equipped with a magnetic stirbar. While
stirring vigorously, [OMes][BF,] (28.0 mg, 0.189 mmol, 1 equiv.) was added as a suspension in
tetrahydrofuran (cz. 5 mL). The reaction mixture was allowed to stir for ¢a. 2 hrs during which
time the [Me;O][BF,] solubilized and a significant darkening of the solution to a color similar
to 2Ni-Me was observed. At this point, [NOJ][BFs] was added as a suspension in
tetrahydrofuran (cz. 5 mL) and the vial was rapidly sealed. The reaction mixture was allowed
to stir for 16 hrs during which time to solution a heterogenous brown with visible blueish
precipitate forming upon standing. The reaction mixture was then filtered over a Celite pad
and washed with copious tetrahydrofuran until washes became colorless leaving a blue colored
precipitate. The product was eluted from the Celite pad using acetonitrile, and volatiles of the
blue filtrate were removed under reduced pressure. The product could be purified by
crystallization from acetonitrile:diethyl ether to yield the desired complex as blue crystals.
Yield: 34 mg (24.3 %). The compound is unstable in solution and prone to decomposition.
Peaks associated with the dominant decomposition product are indicated in the appropriate
NMR spectra. 'H NMR (500 MHz, CD;CN) 8 9.01 (s, PyH, 2H), 8.16 — 8.05 (m, ArH, 2H),
7.89 (m, ArH, 4H), 7.81 — 7.74 (m, ArH, 2H), 7.55 (s, PyH, 1H), 4.54 (s, NCH;, 3H), 2.94 (m,
CH, 4H), 1.19 — 1.04 (m, CH;, 24H). P NMR (121 MHz, CD;CN) & 31.31 (broad s). °C
NMR (126 MHz, CD3sCN) & 143.96 (s), 143.35 (s), 140.35 (d, *Jec = 14.0 Hz), 134.41 (s), 133.27
(s), 132.20 (s), 132.09 (s), 131.46 (s), 131.07 (s), 128.50 (s), 128.04 (d, 'Jec = 24.4 Hz), 49.13 (s),
2719 (s), 24.17 (s), 18.89 (s), 17.25 (s). IR(powder, ATIR) vno: 1846 cm™. Anal. Calcd. for:
Cs0HaBoFsNoNiOP, (BNi) (%): C, 48.63; H, 5.71; N, 3.78. CsoHyB:FsNoNiOP, (5Ni-

Me-MeCN) (%): C, 49.15; H, 5.80; N, 5.37. Found: C, 48.13; H, 5.42; N 5.15.
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Synthesis of Complex 6Ni

Compound 2Ni (24.6 mg, 0.047 mmol, 1 equiv.) was dissolved in benzene (ca. 2 mL) and
transferred to a 20 mL scintillation vial equipped with a magnetic stirbar. Pinacol borane (6.9
ul, 0.047 mmol, 1 equiv.) was then added via Hamilton syringe. The reaction mixture was
allowed to stir for 6 hrs before volatiles were removed under reduced pressure yielding the
product without further purification. Yield: 29.1 mg (95 %). 'H NMR (500 MHz, C;Dy) 8 7.78
dd, ’Jan = 7.4, Jun =2.9, ArH, 1H), 7.55 (ddd, “Jun = 7.3, TJun = 3.8, “Jun = 2.2 Hz, ArH,
1H), 7.33 (ddd, *Jun = 8.8, Jun = 4.5, *Jun = 2.2 Hz, ArH, 1H), 7.13 — 7.10 (m, ArH, 1H), 7.10
—7.06 (m, ArH, 2H), 7.05 — 7.00 (m, ArH, 1H), 6.83 (d, *Jun = 1.5 Hz, Py-(C3)H, 1H), 4.51
(dd, Jun = 13.6, *Jun = 1.6 Hz, Py-(C4)H, 1H), 4.14 — 4.08 (m, Py-(C1)H, 1H), 3.78 (dtd, 'Jun
= 13.6, ‘Jour = 3.3, ’Jun = 1.2 Hz, Py-(C4)H, 1H), 2.35 — 2.21 (m, CH, 2H), 2.00 (pd, Juu =
7.0, ’Jun = 5.0 Hz, CH, 1H), 1.83 — 1.73 (m, CH, 1H), 1.25 — 1.15 (m, ovetlapping Pr and
pinacol CHj;, 9H), 1.12 (s, pinacol CH;, 6H), 1.09 — 0.99 (m, /Pr CH;, 12H), 0.98 (s, pinacol
CH;, 3H), 0.95 — 0.84 (m, Pr CH;, 6H). "C NMR (126 MHz, CsDs) 8 155.90 (d, *Jpc = 32.8
Hz), 150.24 (d, *Jpc = 15.2 Hz), 148.59 (d, *Jec = 11.3 Hz), 148.33 (d, *Jec = 11.5 Hz), 131.87
(d, 'Jec = 20.1 Hz), 131.01 (s), 129.66 (d, 'Joc = 8.4 Hz), 129.45 (s), 129.21 — 128.87 (m), 128.20
(s), 125.75 (m), 125.48 (s, Py(C2)), 120.81 (d, ‘Joc = 5.3 Hz, Py(C3)), 82.33 (s), 71.21 (d,’Jec =
14.6 Hz, Py(C5)), 59.22 (d, *Jrc = 10.9 Hz, Py(C1)), 52.41 (s, Py(C4)), 28.83 (d, 'Jec = 10.8 Hz),
27.73 (d, 'Tec = 15.1 Hz), 24.85 (s), 24.56 (), 24.23 (d, *Jec = 11.2 Hz), 23.83 (d, *Joc = 15.7
Hz), 21.12 (d, *Jec = 12.8 Hz), 20.91 (d, *Jec = 7.9 Hz), 19.72 (d, *Jec = 8.6 Hz), 19.38 (d, *Jec
=11.3 Hz), 19.27 (d, *Jec = 7.5 Hz), 18.97 (s), 18.88 (s), 18.78 (s). >'P NMR (121 MHz, CsD)

856.23 (d, ] = 55.8 Hz), 44.70 (d, ] = 55.6 Hz).



185
Synthesis of Complex 7Ni

Compound 2Ni (213.4 mg, 0.408 mmol, 1 equiv.) was dissolved in benzene (cz. 10 mL)
and transferred to a 20 mL scintillation vial equipped with a magnetic stirbar. Phenylsilane
(50.4 pL, 0.408 mmol, 1 equiv.) was then added via Hamilton syringe. The reaction mixture
was allowed to stir for 1 hr before volatiles were removed under reduced pressure yielding the
product without further purification. Yield: 245 mg (95 %). 'H NMR (500 MHz, CsDy) 8 7.70
(m, AtH, 1H), 7.63 (m, ArH, 1H), 7.50 (m, AtH, 1H), 7.37 (t, ’Jun = 6.6 Hz, ArtH, 1H), 7.15
— 7.00 (m, ArH, 6H), 6.40 (d, “Jun = 7.9 Hz, Py-(C3)H, 1H), 5.29 (m, SiH., 2H), 4.18 — 4.09
(m, Py-(C1)H, 1H), 4.01 (d, 'Jun = 13.2 Hz, Py-(C4)H, 1H), 3.77 (dd, 'Jun = 13.1, *Jun = 3.7
Hz, Py-(C4H, 1H), 2.29 (m, CH, 2H), 2.05 (m, CH, 1H), 1.78 (m, CH, 1H), 1.24 (m, CH;,
12H), 1.14 — 0.98 (m, CH;, 6H), 0.94 (m, CH;, 6H). "C NMR (126 MHz, CcD) 8 155.77 (d,
Jec = 33.4 Hz), 150.32 (d, *Jec = 15.2 Hz), 148.80 (d, 'Jec = 10.9 Hz), 148.55 (d, 'Joc = 11.2
Hz), 135.69 (s), 134.91 (s), 133.13 (s), 131.72 (d, ’Jec = 7.2 Hz), 131.50 (d, ’Jec = 6.9 Hz),
131.16 (s), 130.11 (s), 129.76 (s), 129.59 (s), 129.43 (s), 128.90 (s), 128.30 — 127.87 (m), 125.83
(s), 125.58 (s), 124.96 (s, Py(C2)), 123.65 (d, ] = 5.0 Hz, Py(C3)), 70.71 (d, *Joc = 13.9 Hz,
Py(C5)), 59.00 (d, *Jec = 11.2 Hz, Py(C1)), 55.13 (s, Py(C4)), 28.71 (d), 27.68 (d, 'Jec = 15.3
Hz), 24.03 (d, 'Tec = 15.7 Hz), 21.44 (d, 'Jec = 12.7 Hz), 20.95 (m), 19.71 (d, *Jec = 8.4 Hz),
19.45 (d, *Jpc = 10.9 Hz), 19.25 (d, *Jec = 6.4 Hz), 19.10 (d, *Joc = 4.5 Hz), 18.97 (d, ’Jpc = 11.7

Fz), 18.86 (s). P NMR (121 MHz, CDg) 8 56.09 (d, ] = 56.2 Hz), 44.77 (d, ] = 56.1 Hz).

Synthesis of Complex 8Ni
Compound 2Ni-Me (83.7 mg, 0.121 mmol, 1 equiv:) was dissolved in benzene (¢cz. 10 mL)
and transferred to a 20 mL scintillation vial equipped with a magnetic stirbar. While stirring

vigorously, sodium triethylborohydride (1 M toluene solution, 122 pl., 0.122 mmol, 1 equiv.)
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was then added via Hamilton syringe resulting in an immediately lightening of the solution
and precipitation of salts. The reaction was allowed to stir for 1 hr before the reaction mixture
was filtered through a Celite pad. The volatiles of the filtrate were removed under reduced
pressure yield the desired product without further purification. Yield: 62.4 mg (95 %). 'H
NMR (300 MHz, CsD¢) 8 7.81 (dd, *Jun = 7.7, YJun = 3.0, AcH, 1H), 7.46 (dd, Juu = 7.7, Jun
=4.0, AtH, 1H), 7.34 (dd, *Jun = 7.4, ’Jun = 5.7, AtH, 1H), 7.21 — 7.08 (m, ArH, 1H), 7.10 —
7.03 (m, ArH, 3H), 7.00 (m, AtH, 1H), 5.85 (m, Py-(C3)H, 1H), 4.09 (t, *Jen = 5.9 Hz, Py-
(C1)H, 1H), 3.49 (d, 'Jun = 12.0 Hz, Py-(C4)H, 1H), 3.09 (d, 'Jun = 12.0 Hz, PyH, 1H), 2.36
(s, NCH;, 3H), 2.34 — 2.17 (m, CH, 2H), 2.00 (m, CH, 1H), 1.81 (m, CH, 1H), 1.31 — 1.09 (m,
CH;, 12H), 1.03 — 0.84 (m, CH;, 12H). "C NMR (126 MHz, CDg) 8 156.12 (d, *Jec = 33.1
Hz), 150.66 (d, 'Tec = 13.7 Hz), 148.75 (d, 'Joc = 11.9 Hz), 131.99 (d, *Jec = 27.6), 131.17 (s),
130.10 (d, JJec = 5.5 Hz, Py(C3)), 129.58 (s), 129.33 (s), 129.29 — 129.16 (m), 125.82 (d, ’Jec =
4.3 Hz), 125.06 (d, ’Jec = 4.1 Hz), 120.05 (s, Py(C2)), 71.13 (d, *Jec = 14.4 Hz, Py(C5)), 61.43
(d, ’Joc = 7.4 Hz, Py(C4)), 58.48 (d, ’Joc = 10.8 Hz, Py(C1)), 42.29 (s), 29.84 (s), 29.09 (d, 'Jrc
=10.3 Hz), 27.63 (d, 'Jc = 15.2 Hz), 24.49 (d, 'Jrc = 15.8 Hz), 21.51 (d, 'Jec = 12.9 Hz), 21.19
—20.59 (m), 19.67 (m), 19.40 — 18.80 (m), 10.73 (s). >'P NMR (121 MHz, CDe) 8 56.52 (d, |
= 56.5 Hz), 44.05 (d, ] = 56.4 Hz). Anal. Calcd. for: C50H4iNNiP, (8Ni) (%): C, 66.94; H, 8.05;

N, 2.60. Found: C, 67.16; H, 7.96; N, 2.43.

Synthesis of Complex 2NiCl-B(CeFs)3

1-B(C¢Fs); (22.7 mg, 0.023 mmol, 1 equiv.) was dissolved in THF (. 2 mL) and
transferred to a 20 mL scintillation vial equipped with a magnetic stirbar. NiCl,(dme) (dme =
dimethoxyethane) (5.1 mg, 0.023 mmol, 1 equiv.) was transferred as a suspension in miminal

THF and the combined reaction mixture was allowed to stir overnight at room temperature.
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Volatiles were then removed under reduced pressure and the residue dissolved in benzene and
filtered through a Celite pad. The benzene filtrate was then lyophilized to afford the product
as an orange-yellow powder. "H NMR (300 MHz, CsD¢) & 10.84 (s, 1H, Py-(C1)H), 8.57 (s,
2H, Py-(C3/C4)H), 7.41 (d, ] = 7.6 Hz, 2H, AtH), 7.03 — 6.94 (m, 4H, AtH), 6.84 (t, ] = 7.6
Hz, 2H, ArH), 2.46 (s, 2H, CH), 1.63 — 1.52 (m, 2H, CH), 1.48 (m, 6H, CH;), 1.10 (m, 6H,
CHs), 0.91 (m, 12H, CHz). >'P NMR (121 MHz, CDg) 8 7.51. "F NMR (282 MHz, CsDy) 6 -

130.88, -155.80, -162.71.

Synthesis of Complex 2Ni-SiMe;

2Ni (29.0 mg, 0.056 mmol, 1 equiv.) was dissolved in C¢Ds and transferred to a J-young
tube that had been previously silylated with trimethylsilyl chloride. Trimethylsilyl triflate (10.1
ul, 0.056 mmol, 1 equiv.) was added via Hamilton syringe and the tube was capped and
inverted several times to ensure adequate mixing. The reaction mixture immediately turned
from brown to a green/brown color during inversion. NMR data confirmed the quantitative
conversion to 2Ni-SiMes; by *'P NMR. The product is semistable in solution but will
decompose to a mixture of species over time though this can be slowed in silylated glassware.
"H NMR (300 MHz, CsDg) 8 7.26 — 7.00 (m, 10H, ovetlapping ArH and Py-(C3/4)H), 2.70
(m, 2H, CH), 2.63 — 2.49 (m, 2H, CH), 1.99 (t, ] = 5.4 Hz, 1H, Py-(C1)H), 1.26 — 1.18 (m, 6H,
CH;), 1.17 - 1.06 (m, 12H, CHj), 1.00 (m, 6H, CH3), 0.30 (s, 9H,SiCHj). *'P NMR (121 MHz,

CsDy) 8 26.58.""F NMR (282 MHz, CsDg) & -77.33.
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Synthesis of Complex 4Ni(CN Bu)

2Ni (14.9 mg, 0.029 mmol, 1 equiv.) was dissolved in C¢Ds and transferred to a J-young
tube. Tert-butyl isocyanide (3.23 pL, 0.029 mmol, 1 equiv.) was added via Hamilton syringe
and the tube was capped and inverted several times to ensure adequate mixing. NMR data
confirmed the formation of 4Ni(CN ABu) along with some small decomposition to free ligand
(~17 %) by >'P NMR. '"H NMR (300 MHz, CsDs) & 8.17 (s, 2H, Py-(C3/4)H), 7.47 (m, 2H,
ArH), 7.33 — 7.28 (m, 2H, ArH), 5.51 (s, 1H, Py-(C1)H), 2.41 (m, 2H, CH), 2.11 (m, 2H, CH),
1.17 = 1.02 (m, 27H, ovetlapping CHs and C(CHj)3), 0.90 — 0.81 (m, 6H, CHs).”'P NMR (121
MHz, CsDg) 6 36.56. Crystals grown from this NMR reaction were used to obtain the solid-

state structure for 4Ni(CN Bu).

Synthesis of Complex 4Ni(CN Bu)-Me

2Ni-Me (17.5 mg, 0.025 mmol, 1 equiv.) was dissolved in CsDg and transferred to a NMR
tube. Tert-butyl isocyanide (2.9 L, 0.025 mmol, 1 equiv.) was then added by Hamilton syringe
and the tube was capped and inverted several times to ensure adequate mixing. NMR data
confirmed the quantitative formation of 4Ni(CNBu)-Me by NMR. 'H NMR (300 MHz,
CsDg) 8 7.53 —=7.44 (m, 1H), 7.27 — 7.13 (m, 2H), 3.80 (t, ] = 1.8 Hz, 1H), 3.62 — 3.54 (m, OH),
2.35 (dq, / = 10.7, 3.5 Hz, 1H), 2.01 (dt, ] = 13.4, 6.7 Hz, 1H), 1.18 (s, 3H), 1.00 — 0.91 (m,
1H), 0.91 — 0.83 (m, 1H), 0.82 — 0.69 (m, 2H). *'P NMR (121 MHz, CDg) & 35.13. "F NMR

(282 MHz, CsDg) 8 -77.49.
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Synthesis of Complex 4Ni(MeCN)-Me

2Ni-Me (20.0 mg, 0.029 mmol, 1 equiv.) was dissolved in MeCN. Volatiles were then
removed under reduced pressure to afford 4Ni(MeCN)-Me in quantitative yield. '"H NMR
(300 MHz, CcDg) & 7.23 — 7.17 (m, 2H, ArH), 7.16 — 7.07 (m, 6H, overlapping ArH and Py-
(C3/4)H), 7.02 — 6.98 (m, 2H, ArH), 3.45 (s, 3H, NCH;), 2.62 (t, ] = 6.1 Hz, 1H, Py-(C1)H),
2.44 (m, 2H, CH), 2.20 — 2.05 (m, 2H, CH), 1.40 (s, 3H, CH;CN), 1.00 — 0.90 (m, 12H, CH;),

0.83 (m, 12H, CHs). >'P NMR (121 MHz, CsDg) & 32.03. F NMR (282 MHz, CsD¢) & -77.67.

Synthesis of Complex 4Ni(CN)-Me

2Ni-Me (15.3 mg, 0.022 mmol, 1 equiv.) was dissolved in THF (¢cz. 5 mL) and transferred
to a 20 mL scintillation vial equipped with a magnetic stirbar. Tetrabutylammonium cyanide
(6.0 mg, 0.022 mmol, 1 equiv.) was then added as a solution in ¢z. 1 mLL THF and the reaction
was allowed to stir for 3 hrs. Volatiles were then removed under reduced pressure. *'P NMR
data in C¢D¢ shows the clean conversion to a new species, however, removal of the
tetrabutylammonium triflate with solvent washes of recrystallization proved difficult. Partial
NMR data obtained for 4Ni(CN)-Me. '"H NMR (300 MHz, CsDy) 8 7.25 (d, ] = 7.4 Hz, 2H,
ArH), 7.19 — 7.03 (m, 6H, AtH), 6.55 — 6.49 (m, 2H, Py-(C3/4)H), 3.05 — 2.92 (m, 1H, Py-
(C1)H overlapping with tetrabutylammonium triflate peaks), 2.64 (s, 3H, NCH), 2.56 (m, 4H,

CH). P NMR (121 MHz, CsD¢) & 36.02. "F NMR (282 MHz, CsDg) & -77.67.

Synthesis of Complex 4Ni(IN3)-Me
2Ni-Me (22.0 mg, 0.032 mmol, 1 equiv.) was dissolved in THF (ca. 5 mL) and transferred

to a 20 mL scintillation vial equipped with a magnetic stirbar. Tetrabutylammonium azide (9.1
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mg, 0.032 mmol, 1 equiv.) was then added as a solution in . 1 mL. THF and the reaction was
allowed to stir for 3 hrs. Volatiles were then removed under reduced pressure. >'P NMR data
in C¢Ds shows the clean conversion to a new species, however, removal of the
tetrabutylammonium triflate with solvent washes of recrystallization proved difficult. Partial
NMR data obtained for 4Ni(N3)-Me. 'H NMR (300 MHz, CsD¢) & 7.26 (d, ] = 7.5 Hz, 2H,
ArH), 7.13 (m, 6H, ArH), 6.58 (s, 2H, Py-(C3/4)H), 2.71 (s, 3H, NCHs), 2.67 — 2.56 (m, 2H,
CH), 2.48 (s, 2H, CH), 2.25 (t, ] = 6.2 Hz, 1H, Py-(C1)H). ’'P NMR (121 MHz, CsDy) & 32.07.

"F NMR (282 MHz, CsD¢) & -77.67.

Synthesis of 9Mo(CO);" from 1

1(412.9 mg, 0.890 mmol, 1 equiv.) was dissolved in toluene (cz. 10 mL) and transferred to
a Schlenk tube fitted with a screw-in Teflon stopper and a magnetic stirbar. Mo(CO)3;(MeCN);
(297 mg, 0.980 mmol, 1.1 equiv.) was then added as a suspension in ¢z. 10 mL of toluene and
the reaction vessel was sealed and heated to 100 °C for 16 hrs. During this time the reaction
mixture turned a red/orange color. Reaction volatiles were removed under reduced pressure.
NMR in C¢Dg revealed the predominant formation of 9Mo(CO)s along with an impurity (~20
%) with a very similar NMR characteristics (both *'P and 'H) believed to be a dimolybdenum
complex where the pyridine nitrogen of one equivalent of 9Mo(CO); is coordinated so a
Mo(CO)n(L)m species. Efforts to remove this impurity with solvent washes or recrystallizations

proved unsuccessful so that material was carried forward as synthesized.
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Synthesis of Complex 9Mo(CO);-H

9Mo(CO);* (55 mg) was dissolved in THF (w. 5 ml) and transferred to a 20 mlL.
scintillation vial equipped with a magnetic stirbar. Pyridinium triflate (18.9 mg, 0.082 mmol, 1
equiv. using effective mass if all YMo(CO)sz) was then added as a solution in ¢z. 2 mL of THF
and the reaction mixture was allowed to stir for 3 hrs at room temperature. Reaction volatiles
were then removed under reduced pressure. The residue was then recrystallized from
THF/pent vapor diffusion to yield clean 9Mo(CO);-H. 'H NMR (300 MHz, CD;CN) & 11.80
(broad s, 1H, Py-(N1)H), 7.96 (s, 2H, Py-(C3/4)H), 7.76 (m, 2H, ArH), 7.60 — 7.54 (m, 2H,
ArH),7.52-7.44 (m, 2H, ArH), 7.24 (m, 2H, ArH), 5.35 (s, 1H, Py-(C1)H), 3.28 (m, 2H, CH),
2.64 — 2.43 (m, 2H, CH), 1.59 — 1.40 (m, 6H, CH3), 1.25 (m, 6H, CH), 1.15 (m, 12H, CH,).
PC NMR (126 MHz, CD;CN) 8 217.62 (t, Jer = 12.0 Hz), 211.49 (t, Jor = 7.4 Hz), 207.86 (¢,
Jer = 8.0 Hz), 145.19 (vt, Jep = 10.4 Hz), 139.05 (s), 137.82 (vt, Jep = 14.4 Hz), 130.79 (s),
130.14 (s), 129.91 (s), 128.95 (s), 119.46 (s), 69.68 (s), 34.23 (t, Jer = 9.0 Hz), 27.29 (vt, Jop =
11.3 Hz), 19.68 (s), 19.15 (s), 18.82 (s), 17.85 (s). >'P NMR (121 MHz, CDsCN) & 54.63. ’F

NMR (282 MHz, CD;CN) & -79.35.

Synthesis of Complex 9Mo(CO); from Complex 9Mo(CO);-H

9Mo(CO);-H (22.5 mg, 0.028 mmol, 1 equiv.) was dissolved in MeCN (. 5 mL) and
transferred to a 20 mL scintillation vial equipped with a magnetic stirbar. Trimethylamine 7-
oxide (2.2 mg, 0.028 mmol, 1 equiv.) was then added as a solution in ¢z. 1 mL of MeCN) The
reaction mixture was allowed to stir for 3 hrs at room temperature. Reaction volatiles were
then removed under reduced pressure. Rather than decarbonylation, deprotonation and clean
formation of 9Mo(CO); without the impurity was obtained in quantitative yield. '"H NMR

(500 MHz, CoD) & 8.39 (s, 2H, Py-(C3/4)H), 7.16 (d, ] = 7.8 Hz, 2H, AtH), 7.00 (t, ] = 7.5
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Hz, 2H, ArH), 6.90 (t, ] = 7.5 Hz, 2H, ArH), 6.77 (dd, ] = 7.7, 1.9 Hz, 2H, ArH), 6.15 (t, ] =

2.0 Hz, 1H, Py-(C1)H), 2.67 (m, 2H, CH), 2.42 — 2.29 (m, 2H, CH), 1.52 (m, 6H, CH), 1.24
(m, 6H, CHs), 1.00 (m, 12H, CHs). ®C NMR (126 MHz, CiDy) 8 222.27 (t, Jor = 10.5 Hz),
212.98 (s), 211.76 (d, Jer = 9.0 Hz), 148.33 (s), 146.51 (t, Jer = 11.2 Hz), 139.91 (vt, Jop = 11.5
Hz), 130.06(s), 129.31 (vt, Jop = 4.1 Hz), 128.62 (s), 128.41 (s), 86.09 (s), 33.60 (vt, Jp = 7.9
Hz), 28.22 (vt, Jor = 10.5 Hz), 20.29 (s), 19.74 (vt, e = 3.8 Hz), 19.27 (s), 18.48 (s). P NMR

(121 MHz, CsD¢) & 55.17. "F NMR (282 MHz, C,D) & -78.17.

Synthesis of Complex 9Mo(CO);-B(CsFs)3

1-B(C¢Fs); (56 mg, 0.057 mmol, 1 equiv.) was dissolved in toluene (sz. 5 mlL) and
transferred to a Schlenk tube fitted with a screw-in Teflon stopper and a magnetic stirbar.
Mo(CO)3(MeCN)3 (17.4 mg, 0.057 mmol, 1 equiv.) was then added as a suspension in caz. 5
mL of toluene and then the reaction vessel was sealed and heated to 100 °C for 16 hrs.
Reaction volatiles were then removed under reduced pressure to yield the desired product. 'H
NMR (300 MHz, CsDg) & 8.11 (s, 2H, Py-(C3/4)H), 7.09 — 6.85 (m, 8H, ArH), 4.99 — 4.95 (m,
1H, Py-(C1)H), 2.48 (m, 2H, CH), 2.10 — 1.97 (m, 2H, CH), 1.27 (dd, ] = 15.4, 7.1 Hz, 6H,
CH5), 1.06 — 0.93 (m, 6H, CHs), 0.88 — 0.77 (m, 12H, CH;). *'P NMR (121 MHz, CsDy) &

55.97. YF NMR (282 MHz, CsDy) 6 -130.44, -156.55 (t, | = 20.9 Hz), -163.32.



193

Crystallographic Information

CCDC 1400900-1400909 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystallographic Data Centre

via www.ccdc.cam.ac.uk/data request/cif.

Refinement Details.

In each case, crystals were mounted on a glass fiber or nylon loop using Paratone oil, then
placed on the diffractometer under a nitrogen stream. Low temperature (100 K) X-ray data
were obtained on a Bruker APEXII CCD based diffractometer (Mo sealed X-ray tube, K, =
0.71073 A) or a Bruker PHOTON100 CMOS based diffractometer (Mo micro-focus sealed
X-ray tube, K, = 0.71073 A). All diffractometer manipulations, including data collection,
integration, and scaling were carried out using the Bruker APEXII software.”” Absorption
corrections were applied using SADABS.* Space groups were determined on the basis of
systematic absences and intensity statistics and the structures were solved by direct methods
using XS%, by intrinsic phasing using XT (incorporated into SHELXTL), or by charge flipping
using Olex2 and refined by full-matrix least squares on F>.*° All non-hydrogen atoms were
refined using anisotropic displacement parameters. Hydrogen atoms were placed in the
idealized positions and refined using a riding model. The structure was refined (weighed least
squares refinement on F?) to convergence. Graphical representation of structures with 50%
probability thermal ellipsoids was generated using Diamond visualization software.”” Data

collection and refinement details are included in the Supporting Information.
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Complex 2Ni 2Pd ZNi-B(C5F5)3 ZPd-B(CGF5)3 3Ni
i;”ﬁ:;f:' Ce3HsoN2NizPs CaoH3sNP,Pd CacHasBsF1sNNiP, | CarHsoBFisNp,pd | CesHasFsNaNiz
0O3P,S
fOrV’v“t“'a 1116.66 569.95 1069.51 1081.94 1272.71
T(K) 100 100(2) 99.99 100.03 100.01
a, A 18.7148(7) 8.6112(7) 40.5679(17) 13.4502(7) 20.003(3)
b, A 13.0646(5) 17.8635(16) 12.1876(4) 14.6571(7) 13.924(2)
o A 25.9359(9) 8.8154(11) 20.6773(7) 22.5392(11) 22.832(4)
a, deg 90 90 90 90 90
B, deg 109.324(2) 99.464(4) 114.405(2) 91.080(2) 22.832(4)
y, deg 90 90 90 90 90
v, A3 5984.1(4) 1337.6(2) 9309.9(6) 4442.6(4) 6267.1(18)
z 4 4 4 4 4
cryst syst Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
space
sroup P121/n1 P21 C12/c1 P121/c1 P121/n1
o, 1.239 1.415 1.526 1.618 1.349
g/cm
0 :j‘;‘gge 1.630-30.557 | 2.342t045.810 | 1.759t030.538 | 2.280t036.326 | 1.720-28.677
w, mm? 1.058 0.831 0.582 0.589 0.792
. . . . Semi-
Semi-empirical Semi-empirical . . . . L
Semi-empirical Semi-empirical empirical
abs cor from from . .
. . from equivalents | from equivalents from
equivalents equivalents .
equivalents
GOF¢ 0.775 0.885 1.017 1.014 1.003
R1,® wR2" 0.0437,
(1> 20(1) 0.0364, 0.0843 0.0639, 0.1107 0.0361, 0.0867 0.0414, 0.0897

0.0840
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Complex 2Ni-BCy,OTf 2Pd-H 4Ni(CO) 4Ni(CO)-H 5Ni
irica | CazHe1BFsNNiO CeaHooBaF16N
empirica 4217161 3 3 . . 64119004 161N6
| formula - CaoHaoFsNO3sP,PdS C3oH3gNNiOP, | C31HaoF3sNNiO4P,S Ni,O,Ps
f°rV"v“t”'a 848.43 720.03 550.27 700.35 1563.95
T(K) 100.01 100.01 100.0 99.98 100.11
a, A 15.7224(11) 12.2515(8) 11.5436(5) 12.7394(14) 11.4094(4)
b, A 12.6201(9) 11.1901(7) 15.7065(6) 15.2760(17) 11.4298(4)
c, A 22.1023(15) 24.2291(15) 15.3374(5) 16.7217(19) 30.3230(12)
a, deg 90 90 90 90 92.4620(10)
B, deg 109.324(2) 102.437(3) 90.135(2) 101.186(2) 100.545(2)
v, deg 90 90 90 90 107.826(2)
v, A3 4170.8(5) 3243.8(4) 2780.81(18) 3192.3(6) 3680.2(2)
z 4 4 4 4 2
cryst .. . .. . S
syst Monoclinic Monoclinic Monoclinic Monoclinic Triclinic
space
group P121/c1 P121/c1 P121/c1 P121/c1 P-1
e, 1.351 1.474 1.314 1.457 1.411
g/cm
0 range, 1.764 to 2.981 to
2.522 t0 30.530 1.702 to0 30.570 1.822 to 30.519
deg 30.552 78.736
g, mm* 0.645 0.783 0.836 0.828 2.208
. . Semi- Semi-
Semi-empirical . . . . .. ..
Semi-empirical empirical Semi-empirical empirical
abs cor from . .
. from equivalents from from equivalents from
equivalents . .
equivalents equivalents
GOF® 1.041 1.076 1.005 1.050 1.078
R1,?
0.0321, 0.0810,
wR2® (1> | 0.0417,0.1143 0.0211, 0.0508 0.0248, 0.0634
20(1)) 0.0724 0.2035




Table 3. Crystal and refinement data for reported complexes.

Complex 4Ni(CNtBu) 9Mo(CO)s-H
ef:‘::::;:' CaaHasBFsNaNiP; C33H40F3MONOgP2S
formuta 605.39 793.60
T (K) 99.98 99.95
a, A 17.460(2) 10.1276(2)
b, A 10.8834(13) 24.7845(6)
c, A 16.865(2) 14.5371(3)
a, deg 90 90
B, deg 94.574(7) 110.2770(10)
v, deg 90 90
v, A 3194.6(7) 3422.79(13)
z 4 4
cryst syst Monoclinic Monoclinic
eroun P12:/e1 P12,/c1
:/c‘rga 1.259 1.540
® Z":gge 1.170 to 36.520 2.296 t0 30.525
g, mm™* 0.733 0.599
2bs cor Semi-empirical from Semi-empirical from
equivalents equivalents
GOF® 0.963 1.041
R1, wh2 0.0363, 0.1185 0.0211, 0.0493
(1> 20(1))

R1=X]| |Fo|'|Fc||/Z|Fo|

FCZ)Z] / (n'p) }1/2

b WR2 = { = [W(Fo2-F2)?] / = [w(Fo2)?] 12

©GOF = S = { = [w(Fo>

196
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Chapter 5

SYNTHESIS OF SITE-DIFFERENTIATED [FE4(u4-O)] COMPLEXES
SUPPORTED BY PYRAZOLATE LIGANDS POSSESSING PENDANT

HYDROGEN BOND DONORS
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Abstract

The synthesis of site-differentiated [Fes(ps-O)] clusters supported by a
hexa(pyridyl) tris(alkoxide)ligand and two different types of pyrazolates is described.
Building off previous results with phenyl pyrazolate supporting ligands, sterically
smaller scaffolds are explored using parent pyrazolate and 3-aminophenyl pyrazolate.
The aminophenyl substituents were utilized to successfully construct a secondary
coordination sphere hydrogen bonding network capable of forming stabilizing
interactions with terminal chloride and hydroxide ligands bound to the apical Fe
center. Terminal chloride and azide complexes were also synthesized with the parent
pyrazolate ligand to directly compare spectroscopic parameters with the analogous
complexes containing hydrogen bonding networks. Cyclic voltammetry experiments
and Mossbauer spectroscopy were utilized to better understand the properties of the

described clustets.
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INTRODUCTION

The biological activation of many small molecules including dihydrogen, dioxygen,
carbon dioxide, water, and dinitrogen is accomplished at complicated multimetallic
active sites capable of managing the delivery of protons and electrons to and/or from
the substrate.' The use of multiple metal centers to store oxidizing equivalents is
exemplified by the [Mn4Ca] cluster in the oxygen evolving complex (OEC) of
photosystem II (PSII), which catalyzes the conversion of water into molecular
oxygen.'™? The reverse reaction, dioxygen reduction to water, can be accomplished by
cytochrome ¢ oxidase as well as multicopper oxidases, such as laccase.'®’ Beyond the
careful control of cluster nuclearity and metal identity, Nature also frequently employs
hydrogen bonding networks or acid/base moieties to help facilitate these chemical
transformations.” In P450 enzymes a complicated hydrogen bonding network helps to
stabilize dioxygen binding and is also instrumental in mediating proton transfer.*>

The use of secondary coordination sphere effects has become increasingly common
in synthetic systems relevant to biological dioxygen reduction® or water oxidation’ in
recent years. In Fe complexes, terminal Fe(Ill)- and Fe(IV)-oxo as well as Fe(III)-
sulfide and -selenide compounds derived from their elemental sources have been
isolated utilizing tris(amido)amine scaffolds with stabilizing hydrogen bonding
networks (Figure 2).* More recently, nitrite reduction to nitric oxide and a terminal oxo
moiety has also been recently observed in an azafulvene tripodal scaffold with Fe
(Figure 2).” These results demonstrate the ability of these types of scaffolds to
fundamentally change the types of accessible Fe complexes by stabilizing reactive
oxygenic species. While this strategy has been most commonly employed in

monometallic systems, examples of dinuclear systems have also been reported."’
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Figure 2. Literature examples of Fe and Cu complexes with pendant hydrogen-bonding

moieties.

Our group has recently reported the synthesis of a series of tetrairon (us-oxido)
([Fes(us-O)]) clusters (Figure 2)."" Notably, these complexes showed four isolable
oxidation states with localized redox behaviour isolated in the triiron core rather than
the site-differentiated apical iron center based on solid-state structural analysis and
Moéssbauer data. While the apical Fe center is 4-coordinate as synthesized, the isolation
of a series of complexes with nitric oxide (NO) coordinated to the apical iron center
also proved accessible enabling the use of NO molecule as an IR reporter for the
electronics of apical metal as a function of the triiron core oxidation state (Figure 2).
Additional studies with oxygen atom transfer reagents with these clusters resulted in
C—H or C-F bond activation and coordination of the resultant phenoxide to the apical
iron center as shown in Figure 2. While no characterization of the reactive species is
presently available these data suggest the ability oxygen atom transfer reagents to work
in conjunction with [Fe4(ps-O)] core to accomplish the intramolecular activation of
strong aryl-X bonds. Herein we report efforts to further elaborate the range of
accessible [Fe4(ps-O)]-type clusters by further functionalizing the existing the
pyrazolates scaffold to include hydrogen bonding moieties in an effort to stabilize

reactive oxygenic species at the apical Fe. Efforts to open the steric congestion at the
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apical Fe center to promote intermolecular reactivity and expand the variety of small

molecules capable of binding were also pursued.
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Figure 2. Outline of the design principles for the targeted ligand framework
RESULTS AND DISCUSSION

Section 5.1 Ligand Synthesis

The general synthetic strategy aimed to construct hydrogen bonding networks by
modifying the established strategies employed for previously reported [Fes(ps-O)]
phenyl pyrazolate-supported clusters in our group. Starting from 3-amino pyrazole
((INH2)PzH), multiple hydrogen bonding scaffolds were targeted (Scheme 1).
(NH;)PzH is precedented to undergo Buchwald-Hartwig couplings with a variety of

aryl and aromatic heterocyclic substrates to selectively afford mono-functionalized
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> These conditions were utilized to afford 3-aminophenyl pyrazole

product.
((PhINH)PzH) in multigram quantities. (PhINH)PzH could then be quantitatively
deprotonated using sodium hexamethyldisilazide (NaHMDS) for afford the
corresponding pyrazolate salt of the ligand (PhINH)PzNa). The N-acetylation of
(NH:)PzH was accomplished according to a reported patent procedure to afford
(AcNH)PzH, however, due to the initial successes observed with (PhINH)PzNa
further efforts with this ligand were not pursued.

Scheme 1. Synthesis of hydrogen bonding pyrazole derivatives
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Section 5.2 Synthesis of [Fes(us-O)] Complexes Supported by Parent Pyrazolate

Initial studies were carried out with parent pyrazole to access a less sterically
crowded environment around the apical Fe and promote intermolecular reactivity and
the coordination of small molecules. Initial syntheses involved the non-oxidative
installation of the pyrazolates and apical Fe center from a cationic [Fe';(ps-O)Cls]
complex discussed in Appendix A. However, the reaction was sluggish and yielded
inconsistent results despite the initial success on smaller scales. The optimized synthetic
route involved the use of an oxidative route starting from the previously reported
Fe"5(OAc); complex, 1,"> more akin to strategies utilized in the reported pyrazolate-

supported complexes.'' The use of methyl triflate to remove acetates as reported for
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phenylpyrazolate-supported clusters yielded messy reaction mixtures that were difficult
to purify. Consequently, the use of alternative methods of acetate removal were
pursued.

Scheme 2. Synthesis of [Fes(us-O)] clusters supported by pyrazolate
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Preliminary results had shown that the synthesis of [Fe4(us-O)] clusters supported
by phenyl pyrazolate ligands from the previously reported calcium oxo hydroxo cluster
was possible. Additionally, acetate removal from 1 with calcium triflate to produce a
[Fe"35(OAC)2(OTY)] complex has also been described. Therefore, the use of calcium
triflate as an acetate sink was explored. Gratifyingly, this approach proved successful to
reproducibly access the desired [Fes(ns-O)] complex, 3-Cl, in a one-pot procedure.
Calcium triflate addition to 1 in THF resulted in the 7z situ formation of a
[Fe"35(OAC)2(OTY)] complex as a yellow/brown suspension. The subsequent addition
of sodium pyrazolate resulted in the formation of a homogeneous red/orange solution.
The addition of iodosylbenzene (PhIO) resulted in the formation of a brown solution

s, which is presumably the [Fe;Na(us-O)] cluster by analogy to previously reported
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syntheses. Installation of the apical Fe center could then be accomplished utilizing
FeCl,. The calcium salts proved more readily removed due to their lower solubility in
DCM thus allowing for the clean isolation of 3-Cl as a brown powder. Electrospray
ionization mass spectrometry (ESI-MS) provided mixed results for these clusters likely
attributable to the decreased steric protection and moisture and oxygen sensitivity.
Crystals suitable for single crystal X-ray diffraction (XRD) studies were obtained
for 3-Cl (Figure 3). In the solid-state, 3-Cl displays a structure reminiscent of the
phenylpyrazolate-supported clusters previously reported by our group with the Fe; core
bridged to the apical Fe center by the (us-O) and pyrazolate ligands. The apical Fe center
is 5-coordinate, likely to the reduced steric protection without the phenyl substituents,
with a terminal chloride ligand trans to the (us-O). A 15 parameter of 0.968 for the apical
Fe center indicates a trigonal bipyramidal geometry. Fe—(u4-O) distances to the Fe; core
are consistent with an [Fe'"Fe'';] assignment with two longer (2.071(4), 2,145(3) A) and
one shorter (2.024(4) A) distances. These data suggest that chloride coordination to the
apical Fe center is sufficient to induce a redox rearrangement compared to other
reported [Fe"sFe"z(us-O)] clusters, which show localization of an apical Fe" center in
the apical position in four and five coordinate geometries. This is likely attributable to
the anionic charge of the chloride ligand, a hypothesis that is supported by the

111

localization of an apical Fe™ center in [Fes(ps-O)] clusters with chelating phenoxide

pyrazolate ligands.
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Figure 3. Solid-state structure 3-Cl (top), and the truncated the [Fes(ns-O)] core of 3-
Cl1 (A). Select bond metrics for 3-Cl (B, Left) and 4-Cl1 (B, Right). Hydrogen atoms,
counterions, solvent molecules, and most of the supporting tris(alkoxide) hexa(pyridyl)

ligand have been omitted for clarity.
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Figure 4. Comparison of NMR spectra for 3-Cl (red trace) and 3-Nj (blue trace) in
CDs;CN. Boxed regions highlight the largest distinguishing features resulting from
chloride substitution.

Substitution of the apical chloride was attempted. The addition of an excess of
sodium azide yielded the desired terminal azide compound, 3-Ns; (Scheme 2).
Confirmation of the presence of the azide ligand was confirmed by infrared (IR)
spectroscopy, which showed an absorption at 2060 cm™. This stretch is more activated
than in sodium azide (2129 cm™' and comparable to another reported trigonal

111

bipyramidal Fe™ terminal azide complex supported by an amine tris(thiolate) ligand
(2048 cm™)."” By NMR spectroscopy, 3-N3 appears quite similar to 3-Cl (Figure 4)
indicating there are no substantial structural or electronic differences between the two

complexes. A preliminary solid-state structure (R1 = 39.35%) also supports the

formation of a terminal azide complex (Figure 5). Attempts to photolyze 3-Nj; with a
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75 W Xenon lamp did not result in decomposition of the terminal azide to an Fe-nitride
and dinitrogen. Attempts to repeat these reactions in different cluster oxidation states

with a more powerful lamp are currently being pursued.
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Apical Fe(lll) Fe
e Basal Fe(ll)
= == Basal Fe(ll) 2
-4 -3 -2 -1 0 1 2 3 4

Velocity (mm/sec)

Figure 6. Zero-field *’Fe Méssbauer spectrum at 80 K of 3-Cl (black dots) and global
fit (red trace) with simulated parameters (i) & (mm/s) = 0.490, |AEq| (mm/s) = 0.637
(blue trace); (i) 6 (mm/s) = 0.284, | AEq| (mm/s) = 1.413 (orange trace); (iii) & (mm/s)
= 1.238, |AEq| (mm/s) = 2.745 (green trace); (iv) 6 (mm/s) = 1.076, |AEq| (mm/s)
= 2.915 (purple trace).
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Figure 7. Zero-field >’Fe Mossbauer spectrum at 80 K of 3-Nj (black dots) and global
fit (red trace) with simulated parameters (i) 6 (mm/s) = 0.525, |AEq| (mm/s) = 0.754
(blue trace); (i) 6 (mm/s) = 0.390, |AEq| (mm/s) = 1.384 (orange trace); (iii) & (mm/s)
= 1.101, |AEq| (mm/s) = 2.983 (green trace); (iv) 8 (mm/s) = 1.084, | AEq| (mm/s)
= 2.615 (purple trace).

Mossbauer spectra were collected for 3-Cl and 3-N3 (Figure 6, 7) with simulated

parameters summarized in Table 1. In both cases the data can be best fit as two Fe"

111

centers and two Fe™ centers. Based on the solid-state data for 3-Cl and by comparison

to previously synthesized phenoxide complexes in related clusters, the Fe™

component
with the larger quadrupole splitting (Figure 5, 6 orange traces) was assigned as the apical
Fe center for both complexes (3-Cl 8 (mm/s): 0.284, |AEq| (mm/s): 1.413; 3-N3 8
(mm/s): 0.390, |AEq| (mm/s): 1.384). Further support for this assignment comes

111

from a pair of anionic monometallic Fe™~ complexes supported by an amine

tris(thiolate)  ligand  ([IN(CH.CH.S)s]*). Both the [EtN][Fe'CI(NS;)] and
[EtN][Fe(N3)(NS3)] complex for this ligand were isolated with solid-state
characterization confirming a trigonal bipyramidal 5-coordinate geometry akin to the

apical Fe center in 3-Cl and 3-Nj;. These complexes also have comparable reported
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Moéssbauer isomer shifts ([E4N][Fe"X(NS3)]: X = CI' & (mm/s): 0.258, |AEq|

(mm/s): 0.982; X = N3 & (mm/s): 0.352, |[AEq| (mm/s): 0.731). Furthermore, the
trend of larger isomer shifts and smaller quadrupole splitting for the terminal azide
compared to the chloride is reproduced in both pairs of complexes. Taken together
these data all support the assignment of the apical Fe center as an Fe'" with an [Fe''Fe';]
core for both 3-Cl and 3-N3.

Table 1. Summary of M6ssbauer parameters for complexes 3-Cl and 3-N3

parameters

Cmpd. Formula & (mm/s) |AEq| (mm/s) %
3-Cl  [LFe;OFe(P2):Cl[OTH] 0.490 0.637 25
0.284 1.413 25

1.238 2.745 25

1.076 2915 25

4-Cl  [LFe;OFe(P2):Cl[OTH] 0.483 0.635 25
0.320 0.679 25

0.496 0.927 25

1.086 2.946 25

3-N;  [LFe;OFe(P2);(N3)|[OTH] 0.525 0.754 25
0.390 1.384 25

1.101 2.983 25

1.084 2.615 25

[E6N][FeCINS,)] 0.258 0.982 ;

[E&:N][Fe(N3)(NSs)] 0.352 0.731 -
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Figure 8. Stacked and normalized cyclic voltammograms (CVs) of 3-Cl (blue trace)
and 3-Nj (red trace) in DCM at a scan rate of 100 mV/s. CVs were recorded a
concentration of 2 mM and 1 mM for 3-Cl and 3-INj; respectively using a glassy carbon,
platinum wire, and silver wire as working, counter, and reference electrodes
respectively. 0.1 M [#BusN][PF¢] was used as the supporting electrolyte.

Cyclic voltammetry (CV) studies of 3-Cl and 3-Nj; were performed (Figure 8). Both

complexes nearly identical electrochemical behavior with two quasireversible
oxidations (3-Cl: -0.435, 0.26 V vs Fc¢/Fc'; 3-Nj: -0.448, 0.22 V vs Fc/Fc")
corresponding to the [Fe'";Fe',]/[Fe'"sFe'"] and [Fe'"sFe'"]/[Fe™y] couples respectively,
and one quasireversible reduction (3-ClL: -1.32 vs Fc/Fc'; 3-N3: -1.31 V vs Fc¢/Fc")
corresponding to the [Fe'";Fe';]/[Fe"Fe''s] observable for both complexes. Compared
to previously reported [Fes(us-O)] clusters supported by phenylpyrazolate ligands, the

oxidation to the [Fe'y] state is unusual. For both [LFes(us-O)(PhPz)s][OTf]> and
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[LFes(ps-O)(NO) (PhPz)3][OTH]. two reductions at (-1.733, -0.727 V vs Fc/Fc") and (-

1.662, -0.712 V vs Fc/Fc") and one oxidation at 0.018 and 0.005 V vs Fc/Fc" were
observed for each complex respectively. While these complexes were reported to yield
an [Fe"y] cluster utilizing decamethylcobaltocene as the reductant, no such oxidation
state is electrochemically accessible with 3-Cl or 3-Nj; in DCM. This suggests that
chloride or azide coordination in 3-Cl and 3-Nj results in a significantly more electron-
rich cluster that is substantially harder to reduce as seen from the shifts in the
[Fe">;Fe's)/[Fe'"Fe's] (AEy, ~ -600 mV) and [Fe,Fe';]/[Fe'"sFe'] (AE,, ~ -450 mV)
couples relative to [LFes(us-O)(INO) (PhPz)s][OT1], which also possesses a 5-coordinate

apical Fe center.
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Figure 9. Comparison of NMR spectra for 3-Cl (bottom red trace), 4-Cl (blue trace),
and 4-OTf (top red trace) in CD2Cl. Inset shows the "’F NMR spectra for 4-OTT.
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Figure 10. Zero-field *’Fe Méssbauer spectrum at 80 K of 4-Cl (black dots) and global
fit (red trace) with simulated parameters (i) 8 (mm/s) = 0.483, |AEq| (mm/s) = 0.635
(blue trace); (i) 6 (mm/s) = 0.320, |AEq| (mm/s) = 0.679 (orange trace); (iii) & (mm/s)
= 0.496, |AEq| (mm/s) = 0.927 (green trace); (iv) 8 (mm/s) = 1.086, |AEq| (mm/s)
= 2.946 (purple trace).

Attempts to isolate 3-Cl in different oxidation states utilizing chemical oxidations
and reductants was attempted. A clean oxidation with ferrocenium triflate was observed
to yield the [LFe"™;Fe"(us-O)(Pz);Cl|[OTf]. complex, 4-Cl (Scheme 2). Substantial
differences between 3-Cl and 4-Cl are observed by 'H NMR spectroscopy (Figure 9).
Single crystals suitable of XRD analysis were obtained for 4-Cl (Figure 3). A
comparable overall cluster geometry is observed for the one-electron oxidized complex.
75 parameter of 0.941 for the apical Fe center again indicates an approximately trigonal
bipyramidal geometry. Fe—(u4-O) distances to the Fe; core are now consistent with an
[Fe™,Fe'"] assignment with one longer (2.186(3) A) and two shorter (1.983(3), 2.012(3)
A) distances. The O4-Fe; centroid distance shortens from 1.118 to 1.065 A, which
results in an elongation of the Fe4—O4 distance from 1.864(4) to 1.924(3) A. Méssbauer

data was also collected for 4-Cl (Figure 10). 4-Cl shows simulated parameters
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summarized in Table 1. The data clearly indicates the presence of an [Fe';Fe"]| cluster
confirming successful one-electron oxidation. This data is consistent with a formal
oxidation of the Fes core rather than an apical Fe-based redox process. Fe4—Cl and
Fe4-N distances contract in 4-Cl, likely to compensate for the decreased donor
strength of the (us-O) to Fe4 as the Fes core becomes more oxidized. Otherwise 3-Cl
and 4-Cl remain largely isostructural as expected given the rigidity of the tris(pyrazole)
supporting framework.

Attempts to reduce 3-Cl yielded inconsistent results. Attempts to access the [Fe''y]
oxidation state of the cluster was attempted using silver triflate. In an NMR scale
reaction halide abstraction rather than one electron oxidation appears to be the most
consistent with the data. This is supported by the similarity of NMR features to the
starting material (Figure 9) and the approximately 2:1 ratio of peaks observed in the "F
NMR (Figure 9, inset) consistent with free triflate in solution with a single triflate
coordinated the apical Fe center. The use of stronger metallocene-based oxidants is
currently being pursued to access the [Fe'y] cluster oxidation state without the risk of
halide abstraction. Efforts to install terminal oxygenic fragments on 3-Cl utilizing silver
nitrite and tetrabutylammonium meta-periodate cleanly yielded 4-Cl suggesting the use
of 4-OTf or another less coordinating ligand coordinated to the apical Fe center might
be necessary for productive chemistry.

Section 5.3 Synthesis of [Fes(us-O)] Complexes with a Hydrogen Bonding Network

Efforts then turned to the synthesis of related clusters supported by pyrazolates
capable of forming a hydrogen bonding network to moieties coordinated to the apical
Fe center. Previous results with phenoxide pyrazole ligands and pyridine pyrazole

indicated that both 5 and 6-member chelates from the pyrazolate were feasible.
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Therefore the use of the 3-aminophenyl pyrazole ligand (PhINH)PzH) was pursued

due to the smaller, 4-member ring size which would likely prevent chelation. Analogous
cluster construction procedures for 3-Cl were utilized allowing for the isolation of the
analogous [LLFe™,Fe",(us-O) (PhNHPz);Cl|[OTf] complex, 6-Cl, in a one pot synthesis
from 1 (Scheme 3). A preliminary solid-state structure obtained for the complex
confirmed the connectivity of the tetranuclear core (Figure 11). While a detailed
comparison of bond metrics is prohibited by the comparatively lower quality of the
crystal structure (R1 = 20.65%), a substantial elongation of the Fe—Cl bond distance (~
2.68 A) has occurred compared to 3-Cl (2.339(2) A). This elongation is consistent with
a previous report on a three-fold symmetric ligand capable of hydrogen bonding to a
terminal Fe—Cl ligand.'® However, this Fe—Cl distance is unusually long though a better
solid-state structure is required to support this claim. The three N—ClI distances for the
aminophenyl moieties are all roughly 3 A long consistent with a hydrogen bonding
interaction. Geometrically the three NH hydrogen bond donors are arranged in a nearly
C; arrangement about the chloride ligand. As a consequence of the hydrogen bonding
to the chloride, the ligand loses electron density and forms a weaker interaction with
the Fe center.

The [Fe",Fe';] oxidation state was confirmed by the Méssbauer data obtained for

111

6-Cl (Figure 12). The apical Fe center has been assigned as the Fe™ component with
the larger quadrupole splitting (8 (mm/s) = 0.504, |AEq| (mm/s) =1.066), however
no Mossbauer data for comparable hydrogen bonded Fe—Cl moieties have been

reported in the literature for structurally characterized complexes making confirmation

of this assignment more tenuous. The remaining components of the Mdssbauer
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spectrum are comparable to reported parameters for Fe'"' and Fe" enters is related
complexes (Table 2).

Scheme 3. Synthetic routes to [Fes(ns-O)] clusters supported by (PhNH)Pz ligands
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Figure 11. Solid-state structure of the [Fes(us-O)] core of 6-Cl1 (A) and 6-OH (B). Select
bond metrics for 6-OH (B, Right). Hydrogen atoms, counterions, solvent molecules,
and most of the supporting tris(alkoxide) hexa(pyridyl) ligand have been omitted for

clarity.
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Figure 12. Zero-field *’Fe Méssbauer spectrum at 80 K of 6-Cl (black dots) and global
fit (red trace) with simulated parameters (i) & (mm/s) = 0.483, | AEq| (mm/s) = 0.685
(blue trace); (i) 8 (mm/s) = 0.504, | AEq| (mm/s) =1.066 (orange trace); (iii) 6 (mm/'s)
= 1.012, |AEq| (mm/s) = 2.254 (green trace); (iv) 6 (mm/s) = 1.118, |AEq| (mm/s)
= 3.080 (purple trace).

The electrochemical behavior of 6-Cl in DCM was also studied using cyclic
voltammetry experiments (Figure 13). While the sample was not entirely pure as
evidenced by small shoulders on redox events, 6-Cl also displays one quasireversible (-
1.15 V vs Fc¢/Fc") reduction and two quasireversible oxidations (-0.42, 0.16 V vs
Fc/Fc") again indicating chloride binding substantially shifts the redox potentials
compared to [LFes(ps-O)(INO)(PhPz);|[OTH].. Interestingly, despite the presence of
electron-donating aminophenyl substituents compared to 3-Cl there not appear to be
a shift in reduction potentials to more negative values. In fact the reduction potential
corresponding to the [Fe,Fe';]/[Fe'Fe's] couple of 6-Cl is actually approximately
+150 mV more positive that 3-Cl. However, the oxidation events corresponding to the
[Fe'";Fe's)/[Fe'"sFe'"] and [Fe™sFe'"] /[ Fe'y] couples respectively occur at similar (+10

mV) and lower (-98 mV) potentials. This suggests that at higher oxidation states the
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electron-donating aminophenyl substituents do facilitate oxidation of the complex. At
higher potentials ~ 0.6 V vs Fc/Fc" another irreversible oxidation is observed, however
this could correspond to a ligand oxidation of one of the aminophenyl substituents
rather than a [Fe"'y]/[Fe'VFe"'5] couple. However, further characterization of this third
oxidation event is required.

Table 2. Summary of M&ssbauer parameters for complex 6-Cl

parameters
Cmpd. Formula & (mm/s) |AEq| (mm/s) %
4 [LFe;OFe(PhNHPz);Cl|[OTH] 0.483 0.685 25
0.504 1.066 25
1.012 2.254 25
1.118 3.080 25

Attempts to chemically access different redox states of 6-Cl was attempted. Much
like 3-Cl, the reduction of 5-Cl proved sluggish and provided inconsistent results.
However, the addition of ferrocenium triflate resulted in the formation of the one
electron oxidized complex, 7-Cl (Scheme 3). Solution NMR indicates, 7-Cl looks quite
distinct from 6-Cl (Figure 14). Future attempts to access the [Fey] complex will be
made. Solid-state characterization and Mossbauer spectroscopy will be pursued to
better assess differences that arise upon one-electron oxidation of the [Fes(us-O)] core.

A serendipitous result was obtained from attempts to synthesize [Fes(ps-O)]-type
clusters using Fe(OTf), rather than FeCl, as the fourth equivalent of Fe. With older
batches of Ca(OTY), and PhIO, the formation of a new species by NMR that was later
confirmed to the a terminal hydroxide moiety by XRD analysis was observed (Figure
11). The Fe—O(H) distance of 1.955(3) A is consistent with comparable species in the
literature stabilize by hydrogen bonding interactions.'’™'” Fe—O4 distances to the Fe3

core are consistent with an [Fe'Fe';] assignment as evidenced with the two long
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(2.135(3), 2.090(3) A) and one short (1.888(3) A) bond length. A distortion from the

pseudo-Cs-fold symmetric distribution of the aminophenyl hydrogen bond donors is

observed consistent with the assignment as a hydroxo ligand.

1007 0.2270V, 8.9233 JA -
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5.0
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<
3 0.0
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5.0 j
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-10.0 ‘ ‘ ‘ . . ‘
2.0 -1.0 0.0 1.0

Potential vs. Fc/Fc™ (V)

Figure 13. Cyclic voltammogram (CV) data for 6-Cl (red trace) in DCM at a scan rate
of 50 mV/s. CVs were recorded a concentration of 1 mM using a glassy carbon,
platinum wire, and silver wire as working, counter, and reference electrodes

respectively. 0.1 M [#BusN][PF¢] was used as the supporting electrolyte.
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Figure 14. 'H NMR comparison for 6-Cl (red trace) and 7-Cl (blue trace) in CD,CL.

Scheme 4. Synthesis of [Fes(us-O)] clusters with a terminal hydroxide ligand
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However, efforts to reproducibly synthesize 6-OH from 1 proved challenging.

Depending on the source starting materials 6-Cl was observed to be the majority
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species produced on multiple occasions. As the source of the terminal hydroxide ligand
is likely from adventitious water or hydroxide impurities coordinated to the calcium or
iron triflate precursors, efforts to rationally synthesize 6-OH from alternative
precursors was pursued. A previously reported [Fe;Ca(ps-O)(u-OH)] complex was
utilized as a precursor as both the oxo and hydroxo ligand content need to synthesize
6-OH is already present in the precursor. This route proved successful on smaller scales
though incomplete transmetalation was often observed in reactions. Future efforts will
focus on the scaling up of this route. Additionally, efforts to utilize salt metathesis
routes to convert 6-Cl into 6-OH with precursors such as [NMe4[OH], KOH, or
NaOH will also be pursued. Once reproducible routes to 6-OH are established, efforts
will turn to the stabilization of terminal oxo species utilizing the stabilizing effects of

the hydrogen bonding network provided by the (PhINH)PzH ligands.

6-OH

6-Cl

. ) h_

150 140 130 120 110 100 90 8 70 60 50 40 30 20 10 0 -10 -20 -30
f1 (ppm)
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Figure 14. '"H NMR comparison for 6-Cl (red trace) and 6-OH (blue trace) in CD;CN.

Section 5.4 Miscellaneons Crystal Structures

CONCLUSIONS

In conclusion, two new pyrazolate ligands have been explored study the effect of
reduced steric bulk and hydrogen bonding networks on the small molecule activation
reactivity of site-differentiated [Fes(us-O)] clusters. The reduction of steric bulk allows
access to terminal chloride complexes where the apical Fe center prefers the Fe™
oxidation state rather than Fe" as scen with reported clusters. With the parent
pyrazolate ligand, clean substation of the chloride ligand for azide can be observed.
Moéssbauer parameters for the apical Fe center are in good agreement with previously
reported literature complexes. Efforts to construct hydrogen bonding networks
surrounding the apical Fe center have also proven successful. Compared the 3-Cl and
4-Cl, preliminary solid-state structures obtained for 6-Cl shows an unusually long Fe—
Cl bond consistent with hydrogen bonding from all three aminophenyl NH moieties to

the chloride ligand. This unusually long elongation may also be attributable to the

unusual stability of these pyrazolate-supported scaffolds to stabilize coordinatively-
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unsaturated, 4-coordinate apical Fe centers using phenyl pyrazolate ligands. Efforts to
synthesize terminal oxo and hydroxo moieties in a rational fashion are currently under

development in the group.
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EXPERIMENTAL SECTION

General considerations.

Unless otherwise specified, all air- and moisture-sensitive compounds were manipulated
using glovebox or using standard Schlenk line techniques with an N, atmosphere. Anhydrous
tetrahydrofuran (THF) was purchased from Aldrich in 18 L. Pure-Pac™ containers. Anhydrous
pentanes, hexanes, benzene, toluene, diethyl ether, and THF were purified by sparging with
nitrogen for 15 minutes and then passing under nitrogen pressure through a column of
activated A2 alumina (Zapp’s)."® Benzene-d;, tetrahydrofuran-ds, and acetonitrile-d; was
purchased from Cambridge Isotope Laboratories, Inc., dried over sodium/benzophenone
ketyl (benzene and THF) or calcium hydride (MeCN) and vacuum transferred prior to use.
Unless indicated otherwise, all commercial chemicals were used as received. 'H, °C, and °'P
NMR spectra were recorded on Varian Mercury 300 or Varian INOVA-500 spectrometers at
room temperature unless indicated otherwise. Chemical shifts for "H and C NMR data are
reported relative to residual solvent peaks and are decoupled with respect to each other unless
otherwise noted.” Powder and thin film ATR-IR measurements were obtained by placing a
powder or drop of solution of the complex on the surface of a Bruker APLHA ATR-IR
spectrometer probe and allowing the solvent to evaporate (Platinum Sampling Module,
diamond, OPUS software package) at 2 cm™ resolution. (PhNH)PzH'” and 1" were

synthesized according to literature procedures.

Synthesis of Complex 3-Cl

Compound 1 (300 mg, 0.250 mmol, 1 equiv) and calcium triflate (135.2 mg, 0.400 mmol,

1.6 equiv) were transferred to a Schlenk tube fitted with a screw-in Teflon stopper and
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equipped with a magnetic stirtbar. THF (cz. 20 mL) were then added the combined mixture
was allowed to stir for 1 hr during which time the solution changed from an orange suspension
to a yellow-brown suspension. Sodium pyrazolate (67.5 mg, 0.750 mmol, 3 equiv) was then
added as a solution in ¢z. 5 mLL THF. The reaction mixture immediately turned a deep red
color and became more homogeneous and was allowed to stir for 2 hrs. Iodosylbenzene (55.0
mg, 0.250 mmol, 1 equiv) was then added as a suspension in THF (cz. 5 mL). The reaction
mixture was allowed to stir for 3 hrs during which time the solution became brown. FeCl,
(34.8 mg, 0.275 mmol, 1.1 equiv) was then added as a suspension in THF (¢z. 5 mL) and the
reaction mixture was allowed to stir for 16 hrs. Reaction volatiles were then removed under
reduced pressure. The residue was washed with DCM and filtered through a Celite pad until
washes became clear to remove salts. Volatiles from the filtrate were then removed under
reduced pressure to yield 3-Cl as a brown powder. Yield: 317.5 mg (87 %). '"H NMR (300
MHz, CD;CN) & 137.35 (s, 1H), 89.43 (s, 1H), 79.77 (s), 78.92 (s), 59.05 (s), 53.43 (s), 44.69
(s), 24.52 (s), 22.32 (s), 14.07 (s), 11.53 (s), -2.07 (s), -19.99 (5). "F NMR (282 MHz, CD;CN)
8 -79.28. Fe Méssbauer: 8 (mm/s) (|AEq| (mm/s)): 0.490 (0.637), 0.284 (1.413), 1.238

(2.745), 1.076 (2.915).

Synthesis of Complex 3-N3

Complex 3-Cl (106.9 mg, 0.066 mmol, 1 equiv) was transferred to a 20 mL scintillation
vial equipped with a magnetic stirbar. Sodium azide (43.1 mg, 0.660 mmol, 10 equiv) was then
added as a suspension in THF (cz. 5 mL). The combined reaction mixture was allowed to stir
for 16 hrs. Reaction volatiles were then removed under reduced pressure. The residue was

washed with DCM and filtered through a Celite pad until washes became colotless. Volatiles
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from the filtrate were then removed under reduced pressure yielding the product as a brown
solid. Yield: 80 mg (75 %). "H NMR (300 MHz, CDsCN) & 134.98 (s), 85.41 (s), 78.71 (s),
57.78 (s), 52.28 (s), 42.41 (s), 26.25 (s), 22.79 (s), 14.18 (s), 13.84 (5), 11.84 (5), -3.25 (s), -18.16
(s). “F NMR (282 MHz, CDsCN) & -79.31. IR: v(N3): 2060 cm™. >’Fe Mossbauer: 8 (mm/s)

(|AEq| (mm/s)): 0.525 (0.754), 0.390 (1.384), 1.101 (2.983), 1.084 (2.615).

Synthesis of Complex 4-Cl

Complex 3-Cl (106.9 mg, 0.069 mmol, 1 equiv) was transferred to a 20 mL scintillation
vial equipped with a magnetic stirbar. Ferrocenium triflate (23.2 mg, 0.069 mmol, 1 equiv) was
then added as a solution in ¢z. 5 mL. of DCM. The reaction mixture was allowed to stir for 1
hr. Reaction volatiles were then removed under reduced pressure. The residue was washed
with benzene and filtered through a Celite pad to remove the majority of the ferrocene
byproduct. The residue was then washed with DCM to elute the product. The volatiles of the
DCM filtrate were then removed under reduced pressure. The obtained product was then
recrystallized from a DCM:Et,O vapor diffusion yielding the product as a brown precipitate.
Yield: 101 mg (86 %). "H NMR (300 MHz, CD,CL) & 154.10 (s), 112.63 (s), 90.11 (s), 88.40
(s), 70.87 (s), 68.20 (s), 38.78 (s), 36.90 (s), 15.95 (s), 12.62 (s), 11.32 (s), 11.04 (s), -2.16 (5), -
12.07 (s). "F NMR (282 MHz, CD,Cl,) 8 -77.96. ’Fe Méssbauer: § (mm/s) (| AEq| (mm/s)):

0.483 (0.635), 0.320 (0.679), 0.496 (0.927), 1.086 (2.9406).
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Synthesis of Complex 6-C1

Compound 1 (700 mg, 0.583 mmol, 1 equiv) and calcium triflate (317 mg, 1.75 mmol, 1.6
equiv) were transferred to a Schlenk tube fitted with a screw-in Teflon stopper and equipped
with a magnetic stitbar. THF (ca. 40 mL) were then added the combined mixture was allowed
to stir for 1 hr during which time the solution changed from an orange suspension to a yellow-
brown suspension. (PhNH)PzNa (317 mg, 1.75 mmol, 3 equiv) was then added as a solution
in ¢ca. 5 mL. THF. The reaction mixture immediately turned a deep red color and became more
homogeneous and was allowed to stir for 2 hrs. Iodosylbenzene (128.3 mg, 0.583 mmol, 1
equiv) was then added as a suspension in THF (cz. 5 mL). The reaction mixture was allowed
to stir for 3 hrs during which time the solution became a deep purple. FeCl, (81.3 mg, 0.641
mmol, 1.1 equiv) was then added as a suspension in THF (cz. 5 mL) and the reaction mixture
was allowed to stir for 16 hrs. During this time the reaction mixture change color from purple
to a blue/putple color. Reaction volatiles were then removed under reduced pressure. The
residue was washed with DCM and filtered through a Celite pad until washes became clear to
remove salts. Volatiles from the filtrate were then removed under reduced pressure to yield
mostly pure 6-Cl as a blue/purple powder. Yield: 750 mg (73 %). During purification attempts,
it was found dissolving this material in acetonitrile and filtering through a second Celite pad
afforded clean 6-Cl suitable for further analysis. However, much of the material had been split
between different purification protocols making an accurate estimate a yield via this method
challenging. '"H NMR (300 MHz, CD5CN) 8 110.86 (s), 65.12 (s), 63.95 (s), 46.55 (s), 41.69 (s),
35.66 (s), 22.54 (s), 15.97 (s), 13.89 (5), 11.26 (s). "F NMR (282 MHz, CD5CN) 8 -79.30. *’'Fe
Mossbauer: & (mm/s) (|AEq| (mm/s)): 0.483 (0.685), 0.504 (1.066), 1.012 (2.254), 1.118

(3.080).
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Synthesis of Complex 7-Cl

Complex 6-Cl (80 mg, 0.046 mmol, 1 equiv) was transferred to a 20 mL scintillation vial
equipped with a magnetic stirbar. Ferrocenium triflate (15.3 mg, 0.046 mmol, 1 equiv) was
then added as a solution in ¢a. 5 mL. of DCM. The reaction mixture was allowed to stir for 1
hr. During this time a color change from blue to green/blue was observed. The reaction
mixture was concentrated (ce. 1 mL) under reduced pressure and then E;O (cz. 20 mL) was
added to precipitate the product. The reaction mixture was filtered onto a Celite pad and
washed with Et,O until the filtrate became colotless. The residue was then washed with DCM
to elute the product. The volatiles of the DCM filtrate were then removed under reduced
pressure. The obtained product was then recrystallized from a DCM:Et,O vapor diffusion
yielding the product as a brown precipitate. Yield: 71.7 mg (83 %). 'H NMR (300 MHz,
CDCly) & 147.38 (s), 88.11 (s), 73.48 (s), 72.16 (s), 64.65 (s), 60.41 (s), 16.33 (s), 12.34 (s), -

9.87 (s). "F NMR (282 MHz, CD,Cl,) & -76.74.

Moéossbauer Details

Zero-field *"Fe Mossbauer spectra were recorded at 80 K in the constant acceleration
mode on a spectrometer from See Co (Edina, MN) equipped with an SVT-400 cryostat (Janis,
Wilmington, WA). The quoted isomer shifts are relative to the centroid of the spectrum of a
a-Fe foil at room temperature. Samples were prepared by grinding polycrystalline material (20
mg) into a fine powder and pressed into a homogeneous pellet with boron nitride in a cup
fitted with a screw cap. The data were fitted to Lorentzian lineshapes using the program

WMOSS (Wwww.wmoss.oto).
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Maoéssbauer simulation details for compounds 3-Cl, 3-N3, 4-Cl, and 6-Cl.

All spectra were simulated by four pairs of symmetric quadrupole doublets with equal
populations and Lorentzian lineshapes, and refined to a minimum by the method of least
squares optimization (a total of 13 fitting parameters per spectrum). For all spectra, the
observed resonances spanned the region from -1-3 mm s”'. Any resonances appearing above
2 mm s indicate the presence of high spin Fe(I) centers and must correspond to species with
isomer shifts ~1 mm s™, given the range of observed resonances. In short, the Méssbauer data
were modeled to be consistent with our previously reported triiron-oxo/hydroxyl clusters,®

and our previously reported tetranuclear iron clusters.



Table 1. Crystal and refinement data for reported complexes.

Complex 3-Cl 4-Cl 6-OH
empirical | C79HagCIFsFesN12 | C7,HssCIFsFesN130 | CogeoH7.19F3FeaNss
formula 0105 S, O10775
formuta 1673.20 1696.26 1933.04
T (K) 99.97 100.01 100.0
a, A 12.4451(10) 12.2975(7) 17.2031(6)
b, A 26.739(2) 17.0691(10) 17.6939(5)
c, A 24.0447(18) 18.4705(11) 18.0034(6)
a, deg 90 76.376(2) 118.107(2)
B, deg 96.775(2) 86.452(2) 103.647(2)
y, deg 90 85.738(2) 103.659(2)
v, A3 7945.2(11) 3753.6(4) 4294.5(3)
z 4 2 2
cryst syst Monoclinic Triclinic Triclinic
oo P121/cl P-1 P-1
gd/c‘r:s 1.399 1.501 1.495
° e | 22441029127 | 23121030552 | 8871079265
u, mm?* 0.847 0.929 6.197
abs cor Semi-empirical Semi-empirical Semi-empirical
from equivalents | from equivalents from equivalents
GOF* 1.043 1.021 1.017
21:2‘“(’;?: 0.0872,0.2200 | 0.0940, 0.2788 0.0658, 0.1569

3R1=X||Fol|-|Fc|| / Z|Fol
F2)? / (n-p) }/*

® WR2 = { 2 [W(Fo>-F2)2] / T [w(Fo?)2] }2

CGOF =S ={% [w(Fo*
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APPENDIX A

TOWARDS THE SYNTHESIS OF HETEROMETALLIC MULTINUCLEAR
COMPLEXES AS MODELS OF [NIFE]-CARBON MONOXIDE

DEHYDROGENASE
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Abstract

Synthetic models of [NiFe| carbon monoxide dehydrogenase (CODH) were
targeted with the aim of isolating open heterobimetallic edge sites in [Fes;Ni] clusters
that mimic parts of both the [Fe;NiS4|-cubane and exo Fe site of the enzymatic active
site. While a cationic [Fe'3(u3-S)] cluster could be accessed, its application to higher
nuclearity clusters proved challenging, and no nickel containing clusters could be
isolated. A [Fe"';Fe"Ni"(ns-O)] cluster could be isolated with the apical nickel center
supported by both a chelating bis(oximate) ligand (PRABOH:) and an acetate ligand.
However, efforts to open a heterobimetallic edge site with electrophiles resulted in
loss of both the nickel center and PRABOH; ligand. While overall unsuccessful, this
project provided insight into several design principles for the rational construction of
heterometallic trinuclear complexes supported by the previously reported

tris(alkoxide) hexa(pyridyl) ligand framework.
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INTRODUCTION

The reduction of carbon dioxide and subsequent conversion into lower oxygen
content products and liquid fuels is an area of active research due its relative abundance
and identity as a greenhouse gas.' In biology, the selective two proton / two electron
reduction of carbon dioxide (CO,) to carbon monoxide (CO) can be reversibly
mediated by the enzyme carbon monoxide dehydrogenase (CODH) at a
heterobimetallic [FesNi] cluster (Figure 1).> In a CO,-coordinated solid-state structure
obtained for the enzyme, the core of inorganic cofactor structurally resembles an [FesSq]
cubane with one metal vertex replaced with a nickel center, which shows an elongated
interaction with S4, resulting in an open cubane structure.”® Instead, S4 binds a fourth
Fe center exo to the cubane. At this unique [NiFe] heterobimetallic edge site is where

the reversible conversion of CO, and CO occurs through the mechanism proposed in

Figure 1B.
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Figure 1. A) Active site structure of [NiFe]-CODH and B) proposed enzymatic
catalytic cycle. Image credit for the pymol figure for [NiFe]-CODH goes to Dr. Davide

Lionetti.
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To better understand the enzymatic mechanism, many synthetic models of the

[NiFe] CODH active site have been developed (Figure 2).” While a complete structural

model of the active site have not been reported to date, likely attributable to the

complexity and asymmetry of the target [FesNi| cluster, various aspects of the native

cofactor, including heterometallic [NiFe] complexes,” the [FesNi] cubane,™ * and

relevant fundamental chemical transformations at monometallic Ni complexes,™ the

have been successfully incorporated in synthetic complexes. However, the coordination

of CO: or hydroxide attack onto CO has not been demonstrated at [NiFe] complexes

to date.
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Figure 2. Select reported [NiFe] CODH model complexes and the modeled portions

of the enzymatic active site.



239

Our group has previously reported the rational synthesis of numerous
heterometallic multinuclear clusters supported by a tris(alkoxide) hexa(pyridyl) ligand
framework (LHj, Figure 3).* While these systems have provided insight into
relationship between redox-active metals and the Lewis acidity of redox-inactive metals
in [MsM’(ps-O) (r2-OH)|] (M = Mn, Fe) and Mn3;MO, cubanes, the extension of these
clusters to small molecule activation has not been reported. Herein, we discuss the
attempts to synthesize [Fe;Ni(ps-X)]-type clusters with open edge sites capable of
coordinating carbon dioxide to mimic the enzymatic active site of [NiFe] CODH
(Figure 3). This strategy aims to model the [NiFe| heterobimetallic edge site as well as
two additional Fe centers contained within the cubane moiety. Triiron tris(acetate)
precursors support by LHj3 have previously been reported in our group and will serve
as an entry point into this chemistry. The triiron core is rigidly locked into a chair
cyclohexane-like arrangement, which for the remainder of figures in this appendix will
be abbreviated as a triangular arrangement of Fe centers as this core geometry remains

invariant throughout the described chemistry (Figure 3).
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Figure 3. Targeted [Fe;Ni(us-X)] complexes as novel models of the [NiFe] CODH.
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RESULTS AND DISCUSSION

Section A.1 Ligand Syntheses

Scheme 1. Syntheses of surveyed ligands
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Many ligands were surveyed to determine which ligands would be most suitable to
the stabilization of heterometallic [Fe;M]-type complexes. With the aim of supporting
low-valent apical Ni centers, N-(PPhz) Pz and (PPh,;)PyH were synthesized according
to literature protocols (Scheme 1).” The softer phosphine donors would be expected to
preferentially bind the apical metal based on steric clash with the LH3 ligand to form a
N-anchored three-atom bridge to the Fe; core. Conceptually, these ligands would
replace bridging acetate ligands commonly observed in other multimetallic complexes
reported by our group. The reaction of (PPh2)PzH with sodium hexamethyldisilazide
(NaHMDS) cleanly afforded the deprotonated pyrrole moiety, (PPh;)PzNa. This
opens up multiple avenues for ligand incorporation into clusters with both salt

metathesis or protonlysis routes viable depending on ligand precursor utilized.
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Multidentate chelating ligand architectures were also pursued to provide additional
donors to support the apical metal center. To this end, PRABOH,; and PyPzH were
also synthesized according to literature procedures (Scheme 1).° Unpublished results in
the group had studied the use of these ligands in tetranuclear clusters suggesting their
application to the synthesis of [Fe;Ni] clusters would be worth pursuing.”’
Section A.2 Attempts to Synthesize [Fe;Ni(us-S)] Clusters

To better mimic the active site of [NiFFe] CODH, an interstitial sulfide was targeted.
The addition of bis(trimethylsilyl)sulfide (S(SiMe3)2) to a cationic [Fe'3(OAc)(OTf)]
(OTt = trifluoromethanesulfonate or triflate) complex (2) in acetonitrile (MeCN)
cleanly afforded the desired Fes;(us-S) (3) cluster in quantitative yield by NMR with loss
of trimethylsilylacetate. This represents a different synthetic strategy compared to other
tetranuclear oxido-containing clusters reported from our group which require an
oxidative installation of the interstitial atom. Compound 3 could also be cleanly be
isolated from the corresponding [Fe'5(OAc)s] complex (1) in a one-pot procedure in
MeCN by first generating 2 7z situ by adding half an equivalent of calcium triflate to act
as an acetate sink. S(SiMes), was then added resulting in an immediate color change to
a red solution characteristic of 3.

Scheme 2. Syntheses of Fes(us-S) Cluster

Me
AcO >; o ;) gss %Aa(OTf)z
AcO \ / ) S(SiMe3),
\Fe7 TTFe MeCN
Fe

1
Ve —-,[OTﬂ 5 _—l[OTf]
ACC\’ )f\\? S(SiMes), Fe7 \Fe

Fe/o Fe MeCN Fe
Fe \_/ 3
2
M(OAc),

(M = Zn, Ni)



242
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Figure 4. Solid-state structure of complex 3. Hydrogen atoms, solvent molecules, and
counterions have been omitted for clarity. Select bond metrics for 3 and the cationic
[Fe's(ps-O)(MeCN)s] cluster are also presented.

The [Fe"3(us-S)] assignment was confirmed by single crystal X-ray diffraction
(XRD) analysis with samples recrystallized from acetonitrile/ether vapor diffusion
(Figure 4). In the solid-state, each Fe center is five-coordinate and shows distorted
square pyramidal geometry with an intermediate s parameter for each Fe center (Fel:
0.43, Fe2: 0.34, Fe3: 0.31). This differs substantially from a crystallographically
characterized [Fe"s3(us-O)] complex with the same metal oxidation states. The smaller
oxide interstitial atom enables where acetonitrile coordination to each Fe center,
resulting in 6-coordinate psexdo-octahedral metal centers. Consistent with the larger size
of the interstitial sulfur atom relative to the oxygen Fe—X distances are considerably
elongated in compound 3, ranging from 2.3751(13) to 2.4119(13) A, compared to
2.098(2) A in the case of the [Fe's(us-O)] complex. As a consequence, the distances
between the Fes-centroid and the interstitial atom elongates from 1.076 to 1.685 A
representing a substantial 0.61 A shift. The sum of the angles around the interstitial

atom are also markedly different shrinking with the larger sulfur atom to 228.18 © versus
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288.19 ° in the case of the (u3-O) ligand. Counterintuitively, the Fe—Fe distances

contract for compound 3 (2.977, 2.927, 2.955 A) relative to the [Fe"s(us-O)] complex
(3.120 A), which necessarily results in a elongation of the Fe; centroid to (alkoxide-O);

centroid distance from 1.044 to 1.074 A.

3 + Zn(OAc); (6 hr)
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Figure 5. '"H NMR data showing the quantitative conversion of 3 into 2 following
addition of Zn(OAc)s.

Despite the convenient ability to isolate compound 3, the installation of the fourth
metal center proved challenging. Previously reported tetranuclear clusters have always
required supporting ligands such as acetates or pyrazolates. Therefore the binding to
N-(PPh;)Pz and (PPhz)PyNa to compounds 3 was pursued. However, these
reactions only resulted in a complicated mixture of products by NMR that could not

be purified or characterized. The addition of Ni'- or Zn"(OAc): salts also resulted in
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the conversion of 3 back into the bis(acetate) complex 2 over multiple hours (Figure
5). A dark precipitate also formed consistent with loss of insoluble metal chalcogenides
byproducts. Attempts to oxidize compound 3 with ferrocenium salts also resulted in
complicated mixtures by NMR from which Fe;Cl, complexes could be crystallized
indicating loss of the interstitial sulfide. As a result it became apparent that the
installation of the fourth metal center using 3 was difficult due to the propensity to lose
the sulfide either as metal chalogenides or as elemental sulfur. Efforts to construct
[NiFe] CODH model complexes turned to alternative strategies.
Section A.3 Attempts to Synthesize [FesINi(us-O)] Clusters

After attempts to construct higher nuclearity clusters with compound 3 proved
unsuccessful, efforts turned to the synthesis [FesNi] clusters with a (us-O) ligand to
build off of established results in the group with asymmetric [FesM(ps-O)]-type
clusters.” Previous results in the group suggested that [Fe;O] and [Fe;ZnO] clusters had
been accessible using PyPzH or PRABOH: in conjunction with acetate ligands.’
Therefore, the use of these ligands when constructing [Fe;Ni| clusters was pursued.
Due to the low propensity of Ni" to coordinate carbon dioxide efforts focused on the
isolation of [Fe;Ni] possessing a bridging or terminal hydroxide ligand whose
nucleophilic attack on carbon monoxide or isoelectronic analogs could be studied.

Initial efforts focused on transmetalation reactions from a previously reported
[FesCa(ps-O)(n2-OH)] complex (4) which had served as the precursor to a variety of
heterometallic [FesM]-type clusters. The addition of Ni(OTf), was found to result in
the quantitative recovery of starting material. As numerous other M(OTf¥), salts have
previously been shown to transmetallate in [Mn3;CaO4] and [M3Ca(ps-O)(u-OH)| M =

4c,4d, 8

Mn, Fe) clusters, it was proposed that the low solubility of the nickel precursor led



245

to the lack of observed reactivity. To improve the solubility of the nickel precursor,
transmetalation reactions with Ni(MeCN)(OTY), were attempted, however again no
conversion was observed (Scheme 3). A clean reaction to form a new species was
observed if NiClz(dme) was used as the nickel source. However, a solid-state structure
obtained of the product indicated the formation of a cationic [Fe"'3Cl3(u3-O)] cluster
(5) indicating loss of the calcium center without nickel incorporation. A structurally
related [Fe'";Cls] complex (6) without the bridging oxido ligand could be accessed
directly from LH3 by adapting the synthetic protocols for 1 to utilize FeCl, rather than
Fe(OAc), as the iron precursor. Of note a more efficient synthesis has been recently
developed by Charlie Arnett in the group, which involves the addition of
trimethylsilylchloride to 1. This protocol avoids the difficult to remove
triethylammonium derived salts and should be used and the synthesis for complex 6 in
the future. A preliminary solid-state structure with highly disordered solvent was
obtained for 6 allowing direct comparison to complex 5 (Figure 6).

Scheme 3. Synthesis of Fe;Cls—type compounds
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Figure 6. Solid-state structures of 5 (top) and 6 (bottom). Hydrogen atoms, solvent
molecules, and counterions have been omitted for clarity.

The (u-O) ligand of 5 helps enforce shorter average Fe—Fe distances (3.02 A)
compared to 6 (3.32 A) by approximately 0.3 A. As a result the Fes centroid to
(alkoxide-O); centroid distance is longer in 5 compared to 6, 1.148 and 0.966 A
respectively, due to the geometric constraints of the chair cyclohexane-like core of the
complex. Complex 6 shows distorted square planar geometries around each Fe center
with 15 parameters of 0.393, 0.436, and 0.330 for Fel, Fe2, and Fe3 respectively. The
metrics of 5 can also be compared to the cationic [Fe"3(MeCN);(p3-O)]. Consistent with

111

higher oxidation state of each Fe center (Fe™ vs Fe") in complex 5, shorter Fe-O4

(d(A): Fel: 1.9222(13), Fe2: 1.9457(13), Fe3: 1.9107(14)), Fe-Fe (d(A): Fel-Fe2: 3.021,
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Fel-Fe3: 3.015, Fe2-Fe3: 3.025), and Fes centroid to (alkoxide-O)s centroid distances

(0.814 A) are observed.

As transmetalation reactions directly from 4 proved unsuccessful, efforts to
substitute supporting ligands prior to transmetalation was attempted. Previous results
had shown that PRABOH; substitution onto 4 resulted in selective protonlysis with
the (u2-OH) resulted in the formation of complex 7 (Scheme 4). From complex 7 the
addition of Ni(MeCN)s(OTf), was found to cleanly yield a new species by NMR (8).

Scheme 4. Synthesis and reactions of PRABOH; stabilized Fe;Ni complexes
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Two solid-state structures for 8 was obtained, which confirmed the formation of a
dicationic [FesNi] complex with a formal oxidation state assignment of [Fe'';Fe"Ni"|

I oxidation state of 7 has occurred.

indicating cluster reduction from the Fe
Transmetalation of calcium for nickel results the PRABOH, substitution for another
acetate resulting in both oximate oxygens coordinating to Fe2 and Fe3, which is likely

attributable to the small size of nickel compared to calcium. The remaining three

nitrogeneous donors of the PRABOH; ligand form a facially coordinating chelate for
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the apical Ni center. Different geometries around the apical Ni center are observed in
the different solid-state structures with one showing a 5-coordinate psexdo-square planar
geometry (ts = 0.44) while acetonitrile coordination in the second structure results in a
pseudo-octahedral nickel geometry. While the psexdo-octahedral structure is of low-
quality (R1 = 16.3%), the crystal structure of the 5-coordinate nickel was of sufficient
quality to thoroughly analyze the bonding metrics. Elongation of the Fel—-O4 distance
(2.079(3) A) relative to the comparable distances for Fe2 and Fe3, 1.942(3) and 1.960(3)
A respectively, is indicative of localization of the Fe' center in the Fel position. The
Nil1—O4 distance is slightly shorter than the Fe—O4 distances at 1.924(3) A. Complex 8
shows O4 to Fe; centroid (0.929 A) and Fe; centroid to (alkoxide-O); centroid (1.096
A) distances that are intermediate to 5 and the [Fe;(MeCN);(us-O)] centroid, however
structural and oxidation state differences preclude further interpretation of these
comparisons.

Efforts to open up a bimetallic edge site by acetate removal were then pursued. As
trimethylsilyl triflate had previously been shown to oxidize clusters, the addition of
methyl triflate to 8 was attempted. NMR reactions indicated the formation of a
previously reported [Fe;(OAc)(OT1),] complex (9) suggesting loss of the apical nickel
center along with the PRABOH; ligand had also occurred. Consequently, further
efforts to install hydroxide ligands or bind carbon dioxide to complex 8 were
discontinued.

Similar attempts to construct [FesNi] clusters with a previously synthesized Fe;
mono(PyPz) bis(acetate) precursor (7). The addition of Ni(MeCN)s(OTf1), to complex
10 did not result in the formation of a [Fe;Ni| complex, but rather the loss of the PyPz

ligand from the triiron core. Low quality crystals identified an iron-containing product
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as a different structural form of the [Fe;(OAc)(OTf),] complex (11). If iodosylbenzene

(PhIO) was added prior to Ni(MeCN)s(OTf), a complicated mixture of species was
formed by NMR, however low quality crystals confirmed the formation of a [Fe;Ni]
species. Unfortunately, efforts to reproduce these results of purify reactions products
proved unsuccessful and this approach to [NiFe| heterobimetallic clusters was also

discontinued.
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Fe2: 1.942(3)

Fe3: 1.960(3) N
Ni1: 1.924(3)
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Fe1-Fe3: 3.009 Fe
Fe2-Fe3: 3.087 I e

d(X-Ni) -

N7: 1.956(5)
N8: 1.985(5)
NO: 2.091(5)
06: 1.945(4)

Figure 7. Solid-state structures of 8 with and without acetonitrile coordination.

Hydrogen atoms, solvent molecules, and counterions have been omitted for clarity.
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Scheme 5. Attempted synthesis of [FesNi] complexes
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Figure 8. Preliminary solid-state structures for 11 and 12.

CONCLUSIONS

Multiple attempts to rationally synthesize and study [FesNi] complexes as CODH
active site models proved unsuccessful. However, several key caveats to design of
tetranuclear clusters for subsequent projects could be gleaned from these studies. The
first is the difficulty with utilizing the heavier main group elements as the interstitial
atoms in higher nuclearity clusters. The substantial elongation of Fe—X bonds seen
between compound 3 and the [Fe'5(MeCN);(us-O)] cluster (~0.3 A)and the increase in

the Fe; centroid to X distance (~0.6 A) result in pseudo-square pyramidal 5-coordinate
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Fe centers which are reluctant to coordinate sixth ligands. The loss of metal
chalcogenide salts during attempts to construct tetranuclear clusters also proved
problematic. Furthermore, the softer nature of the sulfide donor made oxidations while
retaining the (u3-S) moiety infeasible as the formation of chloride species was observed
in these reactions, likely arising from reaction with dichloromethane as the solvent. In
combination, the inability to easily bind exogenous ligands, incorporate fourth metal
centers, or oxidize the cluster resulted in a complex that, while structurally different
from previously reported complexes in our group, was not compatible with the targeted
biomimetic complexes.

The second design principle is the strengths and limitations of the utilizing
stabilizing chelating architectures to access tetranuclear clusters. The use of PRABOH;
allowed for the isolation of [Fe;Ni] clusters which was not possible with acetate ligands
present in 4 demonstrating the type of donors available to the apical metal during
transmetalation reactions also plays a role. However, this tight chelation of the apical
metal can also result in synthetic complications when attempting to remove ligands with
exogeneous electrophiles such as methyl triflate. While in principle the chelating nature
of PRABOH; was intended to promote removal of the remaining acetate ligand, loss
of the chelating ligand and apical metal together proved to be the favorable reaction.
The use of exogeneous metal salts to remove cluster-bound ligands has been previously
been demonstrated in the synthesis of compound 2, which is conveniently synthesized
from compound 1 in MeCN with half an equivalent of calcium triflate. This was also
implicated in reactions of 10 with Ni(MeCN):(OTf*), as crystals of 11 were obtained
indicating removal of the PyPz ligand by the nickel center under reaction conditions.

Taken together these data suggest a balance between chelating to the apical metal and
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binding strength to the Fe; core exists to maintain a stable tetranuclear cluster. Though
recent success with three-fold symmetric pyrazolate [Fe O]-type clusters has allowed
for the stabilization of a vacant coordination site on the apical metal center, access to
reactive dinuclear edge sites continues to be a challenge to due to asymmetry and

reduced stability of these synthetic targets.
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EXPERIMENTAL SECTION

General considerations.

All air- and/or watet-sensitive compounds were manipulated using standard vacuum or
Schlenk line techniques or in an inert atmosphere glove box. The solvents for air- and
moisture-sensitive reactions were dried over sodium benzophenone ketyl, calcium hydride, or
by the method of Grubbs.” All NMR solvents were purchased from Cambridge Isotopes
Laboratories, Inc. and dried over sodium benzophenone ketyl or calcium hydride. Unless
mentioned otherwise, reagents were used as received from commercial suppliers without
further purification. 1,'" 27 4,**10,” N-(PPh;)Pz,” (PPh;)PyH,” PRABOH,,” and PyPzH®
were synthesized according to reported procedures. Methyl triflate, bis(trimethylsilyl)sulfide,
iodobenzene diacetate, and triethylamine was purchased from Sigma Aldrich, dried over
calcium hydride, and then distilled prior to use. Calcium triflate, zinc acetate, nickel triflate,
nickel acetate, nickel dichloride dimethoxyethane adduct, iron chloride were purchase from
Strem Chemicals Inc. All 'H, °C, and *'P spectra were recorded on Varian Mercury 300 MHz,
or Varian INOVA-500 or 600 MHz spectrometers at room temperature. Chemical shifts for
"H and "C NMR data ate reported relative to residual solvent peaks." >'P NMR chemical shifts
are reported with respect to the deuterated solvent used to lock the instrument. Elemental

analyses were performed by Robertson Microlit Laboratories, Ledgewood, NJ.

Synthesis of Complex 3 from 2

2 (196 mg, 0.151 mmol, 1 equiv) was partially dissolved in acetonitrile (20 mL) and then
transferred to a Schlenk tube fitted with a screw-in Teflon stopper. While stirring

bis(trimethylsilyl)sulfide (50 uL, 0.237 mmol, 1.56 equiv) was added as a acetonitrile solution
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(1 mL). The reaction was then allowed to stir for 16 hours during which time the solution
changed color from bright yellow to a deep red. The reaction mixture was then pumped down
to yield a dark red solid. This residue was then suspended in minimal acetonitrile as filtered
onto a Celite pad. The remaining red solid was brought through the Celite pad with
dichloromethane. The dichloromethane filtrate was then dried under reduced pressure. The
crude product was the purified by recrystallization from the vapor diffusion of diethyl ether
into a concentrated dichloromethane solution. The pure product was obtained a dark red

crystals and a red powder. Yield: 90 mg (49 %).

Synthesis of Complex 3 from 1

1 (299 mg, 0.249 mmol, 1 equiv) was suspended in acetonitrile (20 mL) and transferred to
a Schlenk tube fitted with a screw-in Teflon stopper. Calcium triflate (42.1 mg, 0.124 mmol,
0.5 equiv) was then added as a solution in acetonitrile, which resulted in a gradual color change
from a pale orange suspension to a homogeneous bright yellow color characteristic of
[LFes(OAC),][OTH] after 30 minutes. Bis(trimethylsilyl)sulfide (66.7 pL, 0.374 mmol, 1.5 equiv)
was then added as a solution in acetonitrile. The reaction was then allowed to stir for 16 hours
during which time a color change from bright yellow to a deep red was observed. The reaction
mixture was then dried under reduced pressure to yield a red residue. The residue was then
suspended in tetrahydrofuran and filtered onto a Celite pad. The red solid was then washed
with additional tetrahydrofuran until washed became colotless before the product was brought
through with dichloromethane. The combined dichloromethane filtrate was the dried under
reduced pressure to yield the pure product without further purification as a red powder. Yield:

261 mg (87 %). '"H NMR (300 MHz, CD;CN) 8(ppm) 71.8, 57.5, 43.8, 39.3, 33.4, 23.0, 16.8,
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14.7, 14.4, -0.98, -18.76. "F NMR (282 MHz, CD;CN) 8(ppm) -79.2. Anal. Calcd. for:

C58H39F3F63N60682 (3) (O/O)I C, 5783, H, 326, N, 698 Anal. Calcd. fOfZ C59H41C12F3FC3N60682

(3*(CH.CLy)) (%): C, 54.95; H, 3.20; N, 6.52. Found: C, 55.10; H, 3.16; N, 6.74.

Synthesis of Complex 5

Complex 4 (359 mg, 0.204 mmol, 1 equiv) was dissolved in acetonitrile (15 mL). This
solution was then transferred to a 20 mL scintillation vial containing nickel dichloride
dimethoxyethane adduct (67.5 mg, 0.303 mmol, 1.5 equiv). The reaction mixture was then
allowed to stir for 16 hours during which time the NiClx(dme) became homogeneous. The
reaction mixture was dried under reduced pressure to yield an orange residue. The residue was
suspended in tetrahydrofuran and filtered onto a Celite pad. The orange solid was then washed
with tetrahydrofuran until the washes became colorless. The product was then brought
through with dichloromethane. The combined dichloromethane filtrate was then dried under
reduced pressure to yield the pure product without further purification as an orange powder.
Yield: 164 mg (61.8 %)."H NMR (300 MHz, CD;CN) 8(ppm) 126.9, 97.3, 61.5, 59.3, 58.3,
53.2, 14.7, 13.5, 8.7, 6.8. "F NMR (282 MHz, CD;CN) 8(ppm) -78.9. Anal. Calcd. for:
CssH30CLsFesNeOsS,  (5)  (%): C, 53.80; H, 3.04; N, 06.49. Anal. Caled. for:
CsoHu1ClsFsFe;NeO+S, (5¢(CH2CL)) (%): C, 51.36; H, 3.00; N, 6.09. Found: C, 51.27; H, 3.00;

N, 5.82.
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Synthesis of Complex 6

LH; (303.4 mg, 0.353 mmol, 1 equiv.) and FeCl, (134.3 mg, 1.059 mmol, 3 equiv.) was
transferred into a Schlenk tube fitted with a screw-in Teflon stopper and equipped with a
magnetic stirbar. Dichloromethane (cz. 40 mL) was then added. Triethylamine (152.8 plL, 1.09
mmol, 3.1 equiv.) was then added and the reaction vessel sealed and allowed to stir for 16 hrs
at room temperature. Reaction volatiles were then removed under reduced pressure. The
residue was then triturated with tetrahydrofuran and the solids collected on a Celite pad. The
product was then eluted with copious dichloromethane. The filtrate volatiles were then
removed under reduced pressure. Following purification with tetrahydrofuran washes, the
product becomes largely insoluble and difficult to work with. Complete removal of
triethylammonium salts proved difficult proved challenging and the low solubility of the
product in dichloromethane precluded recrystallization on substantial scales. An improved
synthesis, which should be used for all future preparations, has been developed by Charlie
Arnett in the Agapie group. 'H NMR (300 MHz, CD-Cl,) 8 108.90, 76.86, 73.32), 61.31, 51.72,

42.25,26.22, 15.86, 12.84, 9.96, 8.73, 8.10, -7.56.

Synthesis of Complex 8

Compound 4 (102.8 mg, 0.059 mmol, 1 equiv.) was transferred to a 20 mL scintillation
vial equipped with a magnetic stitbar. PRABOH; (11.8 mg,0.059 mmol, 1 equiv.) was then
added as a tetrahydrofuran solution (ca. 4 mL) and the reaction mixture was allowed to stir for
6 hrs at room temperature to ensure formation of 7. Ni(MeCN)(OTf), (35.4 mg, 0.059 mmol,

1 equiv.) was then added as a solution in THF (cz. 4 mL) and the combined reaction mixture



257

allowed to stir for 16 hrs at room temperature. The reaction volatiles were then removed under
reduced pressure. The residue was then triturated with dichloromethane a filtered through a
Celite pad to remove salts from the product. The DCM filtrates were then dried under reduced
pressure and the product obtained as a brown solid. Yield: 77 mg (80 % calculated if no MeCN
coordinated to Ni center). 'HNMR (300 MHz, CD;CN) 6 185.37, 184.47, 164.06, 94.29, 92.43,
90.76, 86.93, 84.69, 83.16, 81.44, 78.88, 78.28, 76.606, 74.83, 48.61, 45.90, 37.37, 17.36, 16.66,

12.08, 9.33, 8.49, -0.53, -1.91, -4.73, -18.95, -27.69. "’F NMR (282 MHz, CD;CN) 8 -79.08.

Crystallographic Information
Refinement Details

In each case, crystals were mounted on a glass fiber or nylon loop using Paratone oil, then
placed on the diffractometer under a nitrogen stream. Low temperature (100 K) X-ray data
were obtained on a Bruker APEXII CCD based diffractometer (Mo sealed X-ray tube, K, =
0.71073 A). All diffractometer manipulations, including data collection, integration and scaling
were carried out using the Bruker APEXII software.'> Absorption cotrections were applied
using SADABS." Space groups were determined on the basis of systematic absences and
intensity statistics and the structures were solved by direct methods using XS (incorporated
into SHELXTL) and refined by full-matrix least squares on F>. All non-hydrogen atoms were
refined using anisotropic displacement parameters. Hydrogen atoms were placed in idealized
positions and refined using a riding model. The structure was refined (weighted least squares

refinement on F?) to convergence.



Table 1. Crystal and refinement data for complexes reported in Appendix A
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Complex 3 5 6 8 8 (MeCN-bound)
empirical | CesHssFsFesNg | Ce2Haa2ClsFsFesNs CrgHsoFsFesNoNi | CizsHosoF12FeeNi;
C57H39C|3F83N503
formula 0752 075 09401652 02654
f°rw’“t“'a 1360.85 1373.99 1129.84 1779.20 3138.82
T(K) 100 100 100 100.01 99.99
a, A 12.5685(13) 11.5004(4) 14.1495(8) 19.3212(6) 15.9295(7)
b, A 32.915(4) 14.8380(5) 16.7479(9) 16.7299(5) 22.5961(10)
c, A 14.5295(15) 18.0383(6) 27.1921(14) 25.9311(8) 26.0003(11)
a, deg 90 97.2724(11) 90 90 101.7460(10)
B, deg 98.698(3) 106.1004(11) 94.550(2) 111.6010(10) 102.1610(10)
v, deg 90 91.9710(12) 90 90 97.1460(10)
v, A3 5941.5(11) 2925.77(17) 6423.5(6) 7793.3 8819.2(7)
z 4 4 4 4 2
cryst syst Monoclinic Triclinic Monoclinic Monoclinic Triclinic
space P12/c1 P-1 P12.1 P12;/c1 P-1
group
ety 1.521 1.928 1.485 1.516 1.182
g/cm
0 range, 1.547 to
2.374t036.523 | 2.165t030.536 | 2.275to 30.509 2.429 to 30.154
deg 28.513
u, mm? 0.866 1.292 1.014 0.912 0.808
Semi-empirical | Semi-empirical . . Semi-empirical . .
Semi-empirical Semi-empirical
abs cor from from . from .
. . from equivalents . from equivalents
equivalents equivalents equivalents
GOF¢ 1.038 1.921 2.987 1.019 1.377
a b
‘(‘Il; 2”:’52‘3) 0.0721,0.1729 | 0.0826,0.2622 | 0.1300,0.4038 | 0.0762,0.1699 | 0.1631,0.4159

“R1=X||Fol-|Fcl| / Z|Fol

[w(Fo>Fc)’] / (n-p) 2

bWR2 = { X [W(Fo-F2)?] / Z [w(Fo2)2} 2

CGOF=S={ZX
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APPENDIX B

MODELING THE [FEFE]-HYDROGENASE H-CLUSTER: COMBINING A
PEPTIDE-SUPPORTED [FE.Ss;] CLUSTER AND A SYNTHETIC DIIRON

SUBSITE MIMIC
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Abstract

The synthesis of biomimetic model complexes of the full H-cluster of [FeFe]-
hydrogenase was targeted. Intended to be a more synthetically modular approach than
that reported by the Pickett group, the [FesS4] cluster would be supported by short
peptides of variable amino acid composition containing a conserved CX,CX,C motif.
The incorporation of the diiron subsite would then be accomplished via thioester
exchange with a specialized model complex shown to work in the literature. The
synthesis of a variety of peptides was accomplished though the solubility of the
sequences proved problematic for characterization. [FesSi] incorporation into a
peptide containing the sequence NH,-GCIACGACGW-(CO)NH: could be confirmed
spectroscopically. However, subsequent addition of the diiron subsite mimic yielded
unclear results. Furthermore, the correct binding of the diiron unit to the cluster could
not be confirmed. Instead, evidence for peptide acetylation resulting from thioester
exchange with polar residues side chains was observed. This unanticipated

complication in subsite incorporation resulted in the discontinuation of the project.
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INTRODUCTION

As a fuel, molecular hydrogen is both carbon-neutral and renewable, if produced by solar-
driven electrolysis." Currently, steam reforming of hydrocarbons, primarily methane, is the
dominant industrial method for hydrogen production.” This process is both energy intensive
and ultimately dependent on fossil fuels, making it an ineffectual method of producing
hydrogen for use as an alternative fuel. Current electrolysis cells typically require precious
metals, typically platinum,” to function without high energetic penalties in the form of catalytic
overpotentials. While inorganic materials such as molybdenum sulfide and phosphide have
emerged recently as promising low overpotential electrocatalysts for hydrogen evolution,

further research is required to continue to improve future devices.’

[NiFe] Hydrogenase [FeFe] Hydrogenase
ZH'
[Fe] Hydrogenase
small subunit methylene-HiMPT
4Fe-45] [4Fe-45) 4Fe-4S
[NIFe} : RS [4Fe }4&-453 <
canter [3Fe-45] [Fer] ) m 4 [Fe] center
large subunit [4Fe-45] ; 29 [Fe] center @6
small subunit / 7o Ve &.‘
methylene-H:MPT
H, 2H*

Figure 1. Protein crystal structures of the three classes of hydrogenases. Figure adapted
from Lubitz,\X. Chenz. Rev. 2014, 174, 4081-4148.

Inspiration for suitable replacement proton reduction electrocatalysts can be found in
nature. The hydrogenases are a family of enzymes capable of catalyzing the reversible
interconversion of protons and electrons with molecular hydrogen.* These enzymes operate
at negligible overpotentials and undergo thousands of turnovers per second while using only

14a

the earth-abundant metals iron and nickel.” Protein X-ray crystallography studies have

structurally characterized the active sites of three distinct classes of hydrogenase enzymes:
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[FeFe]-, [NiFe]-, and [Fe]-only hydrogenase (Figure 1), which each show diverse metallic

content and active site structure.” Biomimetic model complexes of each class of hydrogenase
have sought to mimic the chemical properties and reactivity of their native enzymatic
counterparts to better understand the biological systems and aid in the rational design of future
electrocatalysts.* The enzymatic active site inorganic cofactor of [FeFe]-hydrogenase, dubbed
the H-cluster, consists of [FesS4] cluster linked to an unusual diiron subsite by a bridging
cysteine ligand (Figure 2, Left). The diiron subsite itself possess multiple, biologically unusual
carbon monoxide and cyanide ligands and an azadithiolate ligand which bridges the two iron
centers in a butterfly conformation with both sulfur donors. While two model complexes have
been reported that incorporate both a diiron subsite model and a tethered redox cofactor
(Figure 2, Right), H-cluster mimics remain uncommon in the literature.” Herein we discuss
attempts to synthesize a six iron model complex of the H-cluster that utilizes and peptide to
support a [FesS4] moiety that will be tethered to a diiron subsite mimic previously reported by

Pickett and coworkers.®

HN
}\\ (IcyS) _S(Cys)

SUS 8 SSF
Hzo\ IX\ / \Feisy §(S(Cys)
Fe) (Fe), \ H¢Fel
JRIRren $X s
CcO Fe
e § s

S(Cys)

Figure 2. Schematic representation of the [FeFe|-hydrogenase active site (Left), and
synthetic model complexes mimicking both the diiron subsite and [FesSi| cluster
(Right).

RESULTS AND DISCUSSION

Section B.1 Peptide Synthesis

Scheme 1. General scheme for Fmoc-based solid phase peptide synthesis
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9-fluorenylmethyloxycarbonyl-based (Fmoc) protection schemes were employed to
produce tricysteine peptides on a rink amide resin using solid-phase peptide synthesis
protocols (Figure 4).” Subsequent cleavage from solid support using trifluoroacetic acid yielded
C-terminally amidated, unpurified peptides on a multiple 100 mg scale. Sequences of the
general form NH»-(X)iCIACGAC(X);-CONH: based on literature peptides were designed to
include an internal CX,CX,C motif previously shown to bind [FesSy]-clusters (Table 1). (X);
sequences generally consisted of one to two glycine residues followed by a tryptophan to serve
as a convenient UV/Vis (e250mm = 5600 M'em™) and "H-NMR handle, while (X); sequences

were typically a single glycine.

Unfortunately, the majority of peptides (la-1i) synthesized possessed limited solubility
making purification by reverse-phase high performance liquid chromatography (RP-HPLC)
difficult (Table 1). N-terminally acetylated peptides were virtually insoluble in all solvents
except DMF and DMSO. Ultimately, the literature peptide, 1h, was selected for preparatory-
scale RP-HPLC as it presented the highest solubility in aqueous-acetonitrile solvent systems
and was known to efficiently bind [FesS-clusters. The limited solubility of most of these
peptides is likely a reflection of the cluster-binding environment in ferredoxin proteins, which

are often buried in hydrophobic portions of the protein away from bulk solvent. The identity
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and purity of 1h was confirmed by electrospray ionization mass spectrometry (ESI-MS) and

"H-NMR spectroscopy.

Table 1. Compiled list of synthesized peptides. *Synthesized of glycine preloaded Wang resin.

Peptide # N-term. (AA), C-Term. Solubility

lat p-F-aryl-C(O)- | GCIACGWCGG -OH <10mg/mL in DMF or DMSO
1bt Acetyl- GCIACGWCGG -OH <10mg/mL in DMF or DMSO
1ct H- GCIACGACGG -OH <10mg/mL in DMF or DMSO
1d H- GCIACGWCGG -NH, <10mg/mL in DMF or DMSO
le H- CGGCGGC -NH, ~20mg/mL MeCN:H,O

1f H- CGGCGGCW -NH, <10mg/mL in DMF or DMSO
1g Acetyl- CGGCGGCW -NH, <10mg/mL in DMF or DMSO
1h H- GCIACGACGW -NH; ~20mg/mL MeCN:H,O

1i H- RGCIACGACGW -NH> ~20mg/mIL MeCN:H,O

Section B.2 Attempted Assembly of Peptide-supported H-cluster Model Complexes

To assemble the peptide-supported H-cluster, a synthetic strategy analogous to that

reported for the synthesis of 6 was adopted (Scheme 2).* Previous studies of peptide-

supported [FesSi]-clusters employed reconstitution protocols that took advantage of the

CX,CX,C motif to self-assemble clusters from dissolved iron and sulfide salts under anaerobic

conditions.” Tetracysteine peptides demonstrated near complete reconstitution yields, while

omission of a single cysteine typically showed diminished efficiencies of ~50%.” To

circumvent the reduced yields, use of a preformed cluster allowed for facile cluster binding via

thiolate exchange.

quantitative cluster incorporation in peptides."’

Similar strategies were previously shown by Holm to achieve near
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Scheme 2. Proposed synthetic scheme for the synthesis of a peptide supported H-cluster

model complex

[Fe4S4(SBn),4]INBugl,

1h
DMF, -3 BnSH

Preformed [FeiS4]-clusters have been extensively studied,'’ and the benzyl thiolate and
tetrabutylammonium variant, [Fe;S4(SBn)sJ[NBuy],, was readily synthesized. Reaction of 1h
with the preformed cluster produced a dark brown solid for which broadened "H-NMR
resonances could be observed and assigned to benzyl thiolate and peptide protons (Scheme
3). ESI-MS confirmed the formation of 2 which showed signals corresponding to [2]* and [2-
(SBn)]* ions. Electron paramagnetic resonance (EPR) spectroscopy of samples of 2 showed
no signal confirming negligible degradation of the [FesSs]*" cluster to an EPR active [Fe;Ss|”
species. Furthermore, reduction with disodium dithionite produced 4 for which a rhombic, §
= '/, EPR signal with g-values of 1.88, 1.93, and 2.06 was observed (Figure 3), in close
agreement with literature values for ferredoxin proteins.”” An independently synthesized
reduced [FesSq]-cluster precursor, [FesS4(SBn)s[NBuy|s;, produced an axial EPR signature with
g-values of 1.93 and 2.04, supporting intact cluster binding to 4."* Reactions of the reduced

cluster precursor with 1h directly yielded 4 without the use of chemical reductants (Figure 4).

With the [FesS4]-cluster bound to 1h, incorporation of the diiron subsite was attempted.
In literature reports a diiron subsite containing thiolate masked by an acetyl group was

employed.®” Thioester exchange and subsequent loss of a carbon monoxide ligand formed the
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uo-thiolate to generate six Fe cluster and release the acetylated thiolate. A similar approach
was attempted for the peptide-bound compound 2. Despite repeated attempts, reactions of
the diiron subsite with 2 never showed evidence of formation of the target complex, 4. ESI-
MS confirmed consumption of the diiron subsite complex, however only acetylated 2 and
diiron decomposition products were detected (Scheme 4). These data suggest quantitative
acetylation of peptide side chains or N-terminus of 2 without displacement of the benzyl

thiolate.

Scheme 3. Synthesis of peptide-supported [FesS4] clusters

Jj\ [Fe4S4(SBn)4][NBuyls

DMF, -3 BnSH

[Fe4S4(SBn)4lINBuslo
DMF, -3 BnSH 4

N823204
[ —— » BnS—
Fe

1:1 DMF/H,0O

EPR spectroscopy of reaction mixtures revealed an unusual feature centered around 3320
G, which could not be attributed to known [FesS]-cluster degradation products (Figure 5).
Upon reduction with disodium dithionite, the signal typical of a [FesS4]" cluster appeared

(Figure 6), confirming the presence of an intact, peptide-bound cluster.
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Scheme 4. Attempted incorporation of the diiron subsite to 4

Me

ESI-MS Products

In theory, prior acetylation of the N-terminus of 1h should be sufficient to minimize side
reactions with the diiron subsite complex. However, the limited solubility of such a peptide
would make RP-HPLC purification on reasonable scales challenging. Future peptides, will
include additional polar amino acids to improve solubility while avoiding of sites capable of

competing with the thioester exchange required for diiron linkage to the [FesS4]-cluster.
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Figure 3. EPR spectrum of 4 produced by the metalation of 1h with the reduced cluster

precursor.
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Figure 4. EPR spectrum of 4 produced by the reduction of 2 with dithionite.
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Figure 5. EPR spectrum of the reaction of 2 with the diiron subsite model complex.
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Figure 6. EPR spectrum of the reaction of 2 with the diiron subsite model complex following

reduction with dithionite.
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CONCLUSIONS

In conclusion, attempts to synthesize peptide-supported H-cluster model
complexes was attempted. Peptide syntheses were successfully accomplished utilizing
Fmoc-based approaches, however sequence optimization was required to access
peptides of sufficient solubility to properly characterize and utilize in reactions.
Incorporation of preformed [FesS4] clusters into the peptides proved successful with
degradation not observed by EPR or ESI-MS. Unfortunately, attempts construct the
full six Fe cluster proved unsuccessful as acetylation of the peptide backbone was
interfering with thioester exchange with the last thiolate ligand coordinated to the

[FesSs] cluster.
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EXPERIMENTAL SECTION

General considerations.

Unless otherwise specified, all compounds were manipulated in a glovebox under a
nitrogen atmosphere. Solvents for all reactions were dried by the Grubb's method. All
purchased chemicals were used as ordered without further purification. Fmoc-protected
amino acids, solid-phase resins and coupling reagents were purchased from Advanced
Chemtech. Trifluoroacetic acid (TFA), triisopropyl silane (TIS), diisopropylethylamine
(DIEA), and piperidine were purchased from Sigma Aldrich. HPLC-grade acetonitrile was
purchased from VWR International. All deuterated NMR solvents were purchased from
Cambridge Isotopes. 'H-NMR and *P-NMR were recorded on a Varian 300 MHz with
chemical shifts reported with respect to internal solvent at ambient temperatures unless
otherwise noted. Mass spectrometry data was obtained using the Caltech Institute of
Technology Mass Spectrometry Facility ESI-MS instrument. RP-HPLC was run on Agilent
instruments utilizing a preparatory-scale C18 column. EPR experiments were run on an X-
band Bruker instrument at 1 mmolar concentrations and 10 K unless otherwise noted. Other
EPR instrument settings include microwave frequency 9.378 GHz, microwave power 5.115
mW, receiver gain 1.00e+003, modulation frequency 100 kHz, modulation amplitude 5.00 G,
time constant 40.060 ms. Fe>(CO)sCH;C(CH.S),CH,SCOCH;,” [FesS4(SBn)4][NBuy),,'* and

[FesS4(SBn)s| [NBuy]s'* were synthesized according to literature procedures.

Peptide synthesis and purification of Compound 1h

Peptide synthesis of 1a-1i were done using identical methods. All peptide synthesis was

done open to air using undried, reagent-grade solvents. Peptide synthesis conditions were
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adapted from literature protocols."® Rink amide resin (850 mg, 0.5 mmol, 1 equiv) was added
to a 50 mL peptide synthesis vessel (Chemglass, CG-1860-03) and swelled in . 40 mL of
dichloromethane for 3 hours after which the solvent was removed by vacuum filtration. The
resin was then washed 3 times with ¢z. 30 mL of DMF. Alternating Fmoc deprotection and
amide coupling reactions were used to synthesize 1h by the stepwise addition of amino acids.
Fmoc deprotection was deemed complete by Kaiser test with . 20 mL of 20% (v/v)
piperidine in DMF agitated on a shaker for 25-30 minutes, and the resin was washed 3 times
with ¢ca. 30 mL. DMF, then 3 times with ¢z. 30 mL of dichloromethane, then 3 times again with
DMF. For amide couplings, the Fmoc-protected amino acid (2 mmol, 4 equiv), 10 mL of
freshly made 0.2 M solution of 1:1 HBTU:HOBt in DMF (2 mmol, 4 equiv), and 15 mL. of a
0.2 M DIEA solution in DMF (3 mmol, 6 equiv) were mixed and allowed to stand at room
temperature for 2 minutes. The activated amino acid was then transferred to the deprotected
resin agitated on a shaker for 3 hours or until deemed complete by Kaiser test. Excess
unreacted coupling reagents and amino acids were removed by washing 3 times with ¢z. 30 mL
DMF, then 3 times with . 30 mL of dichloromethane, then 3 times again with DMF.
Following the final Fmoc deprotection, peptides were cleaved from the resin support with 20
mL of a 95:2.5:2.5 TFA:TIS:H,O stirred for 3 hours. A orange-yellow solution was collected
by filtration and combined with TFA washes of the resin (¢z. 10 mL) and the solvent removed
in vacno. The yellowish residue was triturated with 30 mL ether, then 3 times with 30 mL of
hexanes, and then 3 more times with ether. The resulting off-white powder was carried on to
RP-HPLC purification. Saturated solutions of crude 1h (ca. 15-20 mg/mL) in 1:1 MeCN:H,O
acidified with 0.1% TFA were passed through 0.1 micron syringe filters (Pall Corporation). 2
mL injections of 1h solution were separated on a preparatory-scale C18 column using a

gradient from 0% solvent B-30% solvent B over 45 minutes at a flow rate of 20 mL/min,
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where solvent A is 5:95 MeCN:H,O acidified with 0.1% TFA and solvent B is 95:5

MeCN:H,O acidified with 0.1% TFA. Fractions containing 1h were combined and lyophilized
to yield a ca. 40 mg fluffy white powder in 8.5% overall yield. "H-NMR (300 MHz, d,-DMSO)
8 10.77 (s, 1H, Trp(N-H)), 8.57 (d, 1H), 8.23 (t, 1H), 7.55 (d, 1H), 7.40 (s, 1H), 7.29 (d, 1H),
6.53 (s, 1H), and multiple pootly resolved chemical shifts in both aliphatic and aromatic

regions. MS (m/z): caled. 939.12 [M+H]"; found 939.2 [M+H]", 961.5 [M+Na]" (ESI-MS).

Synthesis of Complex 2

12h as the trifluoroacetate salt (10.0 mg, 9.5 pmol, 1 equiv) was stirred in 4 mL. DMF for
30 minutes then was transferred to solution of [FesSi(SBn)4|[NBuy]. (12.7 mg, 9.5 umol, 1
equiv) in 1 mL of DMF. The resulting mixture was allowed to stir overnight at room
temperature. Aliquots of the reaction mixture were used for characterization. '"H-NMR (300
MHz, d.-DMSO) 6 10.76 (broad, Trp(N-H)) and multiple, pootly resolved, broadened signals
in both aliphatic and aromatic regions. MS (m/z): calcd. 705.0 [M-2(NBuy)]*; found 705.2

[M-2(NBuy)]>, 643.0 [M-SBn-2(NBu,)|* (ESI-MS).

Reduction of Complex 2 with Na$;0.

500 pL of a freshly prepared 10 mmolar disodium dithionite solution in H,O (5 pmol, 5
equiv) was added to a 500 uL aliquot of a 2 mmolar solution of 2 in DMF (1 pmol, 1 equiv).
The mixture was stirred for 30 minutes before EPR aliquots were frozen. EPR g-values (2.00,

1.93, 1.88).
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Synthesis of Complex 4

Analogous protocol used for the synthesis of 2 with the addition of the reduced cluster
precursor [FesS4(SBn)4|[NBuys (14.9 mg, 9.5 umol, 1 equiv). EPR g-values (2.04, 1.92, 1.88).
MS (m/z): caled. 705.0 [M-2(NBus)]*; found 705.2 [M-2(NBu)]*, 643.0 [M-SBn-2(NBu,)]*,

1652.2 [M-(NBu)| (ESI-MS).

Reaction of Complex 2 with Fe,(CO)sCH;C(CH-S).CH,SCOCH.

250 pLL of a freshly prepared 2 mmolar solution of Fe(CO)sCH;C(CH.S).CH,SCOCH; in
DMF was added to 250 uL of a 2 mmolar solution of 2 in DMF. The mixture was stirred for
30 minutes and aliquot was frozen for EPR. 5 equiv Na,S;O4 was added. After stirring for

an additional 30 minutes an aliquot was frozen for EPR.

Reaction of Complex 4 with Fe,(CO)sCH;C(CH.S).CH,SCOCH.

250 pL of a freshly prepared 2 mmolar solution of Fe(CO)sCH;C(CH.S).CH,SCOCH; in
DMF was added to 250 uL of a 2 mmolar solution of 2 in DMF. The mixture was stirred for
30 minutes and aliquot was frozen for EPR. 5 equiv Na,S;O4 was added. After stirring for

an additional 30 minutes an aliquot was frozen for EPR.
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Figure 1. '"H-NMR (500 MHz, CDCl;) spectrum of B.
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Figure 3. 'H-NMR (500 MHz, CsDy) spectrum of 1-(OMe)..
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Figure 4. "P{'H}-NMR (121 MHz, CDs) spectrum of 1-(OMe),.
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Figure 5. "C{'"H}-NMR (126 MHz, CsDy) spectrum of 1-(OMe)..
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Figure 6. '"H-NMR (300 MHz, CsDs) spectrum of complex 3.



53.36

280

0 A, A VA A A

150 100 50 0 -50 -100

f1 (ppm)

Figure 7. °'P{'"H}-NMR (121 MHz, CsDy) spectrum of complex 3.
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Figure 8. "C{'H}-NMR (126 MHz, CD,CL) spectrum of complex 3.
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Figure 9. "H-NMR (300 MHz, CD5CN) spectrum of complex 4.
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Figure 10. 'P{'H}-NMR (121 MHz, CD;CN) spectrum of complex 4.
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Figure 11. "C{'H}-NMR (126 MHz, CD;CN) spectrum of complex 4.
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Figure 12. "F-NMR (282 MHz, CD;CN) spectrum of complex 4.
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Figure 13. "H-NMR (300 MHz, CsDg) spectrum of complex 5.
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Figure 14. "H-NMR (300 MHz, CsDg) spectrum of complex 3-(OMe)..
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Figure 15. °'P{'"H}-NMR (121 MHz, CsDs) spectrum of complex 3-(OMe)..
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Figure 16. "C{'H}-NMR (126 MHz, CD.CL) spectrum of complex 3-(OMe)..
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Figure 17. '"H-NMR (300 MHz, CsDy) spectrum of complex 8.
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Figure 18. "'P{'H}-NMR (121 MHz, CsDs) spectrum of complex 8.
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Figure 19. "C{'H}-NMR (126 MHz, CsDy) spectrum of complex 8.
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Figure 20. "H NMR (300 MHz, CsDs) spectrum of 6.
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Figure 21. °'P NMR (121 MHz, CsDs) spectrum of 6.
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Figure 23. '"H NMR (300 MHz, CsDy) spectrum of 4-(OMe)s.
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Figure 24.”'P NMR (121 MHz, CsDy) spectrum of 4-(OMe)..
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Figure 27.”'P NMR (121 MHz, CsDy) spectrum of 7-(OMe)..
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Figure 28. "H NMR (300 MHz, CsDy) spectrum of 8-(OMe)..
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Figure 30. "H NMR (300 MHz, C;D) spectrum of 9.
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Figure 33. "H NMR (300 MHz, C,Dy) spectrum of 11.
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Figure 34.”'P NMR (121 MHz, CsDy) spectrum of 11.
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T
™M
n
)

65 60 55 50 45 40 35 30 25 20 L
f1 (ppm)

2.00 4 %

<] 583 ———

80 75

Figure 36. "H NMR (300 MHz, C;Dy) spectrum of 12.
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Figure 37. 'P NMR (121 MHz, CsD) spectrum of 12.
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Figure 38. "C NMR (126 MHz, CsDy) spectrum of 12.
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Figure 39. "F NMR (282 MHz, ds-THF) spectrum of 10.
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Figure 40. "H NMR (300 MHz, C;Dy) spectrum of 13-CO.
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Figure 41.°'P NMR (121 MHz, CsDy) spectrum of 13-CO.
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Figure 42. "C NMR (126 MHz, C¢Dy) spectrum of 13-CO.
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Figure 46. "H-NMR (500 MHz, CDCl3) spectrum of A.
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Figure 47. "H-NMR (500 MHz, CDCl3) spectrum of B.
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Figure 48. "C-NMR (126 MHz, CDCls) spectrum of B.
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Figure 49. 'H-NMR (300 MHz, CsD) spectrum of 1-H.
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Figure 51. "C-NMR (126 MHz, C¢Dg) spectrum of 1-H.
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Figure 53. 'P-NMR (121 MHz, CD-Cly) spectrum of 2.
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Figure 54. "C-NMR (126 MHz, CD,Cl,) spectrum of 2.
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Figure 57. "C-NMR (126 MHz, CD,Cl,) spectrum of 3.
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Figure 59. *'P-NMR (121 MHz, CsDy) spectrum of 4-H.
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Figure 60. "C-NMR (126 MHz, CsDy) spectrum of 4-H.
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Figure 61. "H-NMR (500 MHz, CD;CN) spectrum of 5-H.
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Figure 62. *'P-NMR (121 MHz, CD;CN) spectrum of 5-H.
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Figure 63. "C-NMR (126 MHz, CD;CN) spectrum of 5-H.
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Figure 64. "F-NMR (282 MHz, CD;CN) spectrum of 5-H.
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Figure 65. "H-NMR (500 MHz, CD3CN) spectrum of 6-H.
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Figure 66. 'P-NMR (121 MHz, CD;CN) spectrum of 6-H.
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Figure 67. "C-NMR (126 MHz, CD;CN) spectrum of 6-H.
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Figure 68. "F-NMR (282 MHz, CD;CN) spectrum of 6-H.
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Figure 69. "H-NMR (500 MHz, CD;CN) spectrum of 7-H.
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Figure 70. *'P-NMR (121 MHz, CD;CN) spectrum of 7-H.

L M t l |

150 130 110 90 70 50 30 10 -10
f1 (ppm)

290 270 250 230 210 190 170

Figure 71. "C-NMR (126 MHz, CD;CN) spectrum of 7-H.
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Figure 72. "F-NMR (282 MHz, CD;CN) spectrum of 7-H.
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Figure 73. "H-NMR (500 MHz, CsD) spectrum of 4-Me.
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Figure 74. 'P-NMR (121 MHz, C¢Ds) spectrum of 4-Me.
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Figure 75. "C-NMR (126 MHz, CsDs) spectrum of 4-Me.
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Figure 76. "H-NMR (500 MHz, CD3CN) spectrum of 6-Me.
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Figure 77. 'P-NMR (121 MHz, CD;CN) spectrum of 6-Me.
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Figure 78. "C-NMR (126 MHz, CDsCN) spectrum of 6-Me.
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Figure 80. "H-NMR (500 MHz, ds-THF) spectrum of 8-Me.
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Figure 81. °'P-NMR (202 MHz, ds-THF) spectrum of 8-Me.
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Figure 83. "H-NMR (300 MHz, ds-THF) spectrum of (3)H".
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Figure 84. *'P-NMR (202 MHz, ds-THF) spectrum of (3)H".
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Figure 86. "F-NMR (282 MHz, CD;CN) spectrum of (3)H".
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Figure 87. "H NMR (500 MHz, CsD) spectrum of mBr,N.
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Figure 88. "C{'H} NMR (126 MHz, CsDs) spectrum of mB1,N.
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Figure 89. '"H NMR (500 MHz, C¢Dy) spectrum of 1.
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Figure 90. °'P{'H} NMR (121 MHz, CsDs) spectrum of 1.
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Figure 91. "C{'H} NMR (126 MHz, CsDs) spectrum of 1.
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Figure 92. 'H NMR (500 MHz, CDy) spectrum of 1-B(CqFs)s.
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Figure 93. 'P{'"H} NMR (121 MHz, CsDy) spectrum of 1-B(CsFs)s.
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Figure 94. "C{'"H} NMR (126 MHz, CsDs) spectrum of 1-B(C¢Fs)s.
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Figure 95. "F NMR (282 MHz, CiDq) spectrum of 1-B(C¢Fs)s.
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Figure 96. '"H NMR (300 MHz, CsDy) spectrum of 2Ni.
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Figure $97. *'P{'H} NMR (121 MHz, CsDs) spectrum of 2Ni.
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Figure 98. "C{'H} NMR (126 MHz, CsDs) spectrum of 2Ni.
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Figure 99. '"H NMR (500 MHz, CsDs) spectrum of 2Pd.
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Figure 100. 'P{'H} NMR (121 MHz, C;Ds) spectrum of 2Pd.
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Figure 101. "C{'H} NMR (126 MHz, CsDs) spectrum of 2Pd.
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Figure 102. 'H NMR (300 MHz, CiDs) spectrum of 2Ni-B(CqFs)s.
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Figure 103. *P{'"H} NMR (121 MHz, CiD) spectrum of 2Ni-B(C4Fs)s.
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Figure 104. "C{'H} NMR (126 MHz, C,Dy) spectrum of 2Ni-B(C,Fs)s.
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Figure 105. "F{'H} NMR (282 MHz, CiD) spectrum of 2Ni-B(C4Fs)s.
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Figure 106. '"H NMR (500 MHz, CsDy) spectrum of 2Pd-B(C¢Fs)s.
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Figure 107. "'P{'H} NMR (121 MHz, CsDy) spectrum of 2Pd-B(CgFs)s.
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Figure 108. C{'H} NMR (126 MHz, CD) spectrum of 2Pd-B(CqFs)s.
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Figure 109. °F NMR (282 MHz, C,Dy) spectrum of 2Pd-B(C4Fs)s.
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Figure 110. 'H NMR (300 MHz, CsD¢) spectrum of 2Ni-Me.
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Figure 111. *'P{'H} NMR (121 MHz, CsDy) spectrum of 2Ni-Me.
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Figure 112. "C{'H} NMR (126 MHz, CsDy) spectrum of 2Ni-Me.
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Figure 113. "F NMR (282 MHz, CsDy) spectrum of 2Ni-Me.
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Figure 114 'H NMR (300 MHz, C;Dg) spectrum of 2Ni-BCy,OTf.
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Figure 115. 'P{'H} NMR (121 MHz, CsD¢) spectrum of 2Ni-BCy,OTf.

—

290 270 250 230 210 190 170 150 130 110 90 70 50 30 10 -10
f1 (ppm)

Figure 116. "C{'H} NMR (126 MHz, C¢D) spectrum of 2Ni-BCy,OTH.
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Figure 117. "F NMR (282 MHz, C¢Ds) spectrum of 2Ni-BCy,OTf.
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Figure 118. '"H NMR (500 MHz, CD;CN) spectrum of 2Pd-H.
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Figure 119. 'P{'"H} NMR (121 MHz, CDsCN) spectrum of 2Pd-H.
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Figure 120. “C{'H} NMR (126 MHz, CD;CN) spectrum of 2Pd-H.
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Figure 121. "F NMR (282 MHz, CD;CN) spectrum of 2Pd-H.
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Figure 122. "H NMR (300 MHz, ds-THF) spectrum of 3Ni.
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Figure 123. "'P{'H} NMR (121 MHz, ds-THF) spectrum of 3Ni.
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Figure 124. "F NMR (282 MHz, ds-THF) spectrum of 3Ni.
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Figure 125. "H NMR (500 MHz, CsDs) spectrum of 4Ni.
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Figure 126. "'P{'H} NMR (121 MHz, CsDs) spectrum of 4Ni.
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Figure 127. "C{'"H} NMR (126 MHz, C,Dy) spectrum of 4Ni.
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Figure 128. 'H NMR (300 MHz, CDs) spectrum of 4Ni-B(C4Fs)s.
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Figure 129. *P{'H} NMR (121 MHz, CiD) spectrum of 4Ni-B(CFs)s.
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Figure 130. "C{'H} NMR (126 MHz, CsDs) spectrum of 4Ni-B(CsFs)s.
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Figure 131. /F NMR (282 MHz, C,Dy) spectrum of 4Ni-B(CqFs)s.
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Figure 132. "H NMR (500 MHz, CsDy) spectrum of 4Ni-Me.
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Figure 133. 'P{'"H} NMR (121 MHz, CsDy) spectrum of 4Ni-Me.
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Figure 134. "C{'"H} NMR (126 MHz, C,Dy) spectrum of 4Ni-Me.
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Figure 135. "F NMR (282 MHz, CsDy) spectrum of 4Ni-Me.
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Figure 136. "H NMR (500 MHz, CD;CN) spectrum of 4Ni-H.
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Figure 137. 'P{'"H} NMR (121 MHz, CDsCN) spectrum of 4Ni-H.



324

—198.82

N

290 270 250 230 210 190 170 150 130 110 90 70 50 30 10 -10
f1 (ppm)

——

Figure 138. “C{'H} NMR (126 MHz, CD;CN) spectrum of 4Ni-H.
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Figure 139. "F NMR (282 MHz, CD;CN) spectrum of 4Ni-H.
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Figure 140. '"H NMR (500 MHz, CsD¢) spectrum of 5Ni. Peaks marked with an asterisk are

from the gradual decomposition of 5Ni in solution.
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Figure 141. "'P{'"H} NMR (121 MHz, CsDy) spectrum of 5Ni. Peaks marked with an asterisk
are from the gradual decomposition of 5Ni in solution.
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Figure 142. "C{'H} NMR (126 MHz, CsDs) spectrum of 5Ni.

—-151.65

00 80 60 40 20 0 -20 -40 -60 -80  -100 -120 -140 -160 -180 -2
f1 (ppm)

Figure 143. "/F NMR (282 MHz, C,Dy) spectrum of 5Ni.
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Figure 144. "H NMR (500 MHz, CsDs) spectrum of 6Ni.
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Figure 145. *'P{'H} NMR (121 MHz, C;Ds) spectrum of 6Ni.
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Figure 146. "C{'H} NMR (126 MHz, CsDs) spectrum of 6Ni.
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Figure 147. gHSQCAD NMR (500 MHz 'H, CsDs) spectrum of 6Ni.
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Figure 148. ¢HMBCAD NMR (500 MHz 'H, CsDs) spectrum of 6Ni.
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Figure 149. "H NMR (500 MHz, C¢Ds) spectrum of 7Ni.

56.32
\.55.86
_45.00

= N44.54

:

60 55 50 45

f1 (ppm)

190 170 150 130 110 9 70 50 30 10 -10
f1 (ppm)

-30 -50 -70 -90 -110 -130 -150 -170 -190

Figure 150. "'P{'H} NMR (121 MHz, CsDs) spectrum of 7Ni.

TN || IL,'H,',: WLM

230 210 190

150 130 110 90 70 50 30 10 -10
f1 (ppm)

290 270 250 170

Figure 151. "C{'H} NMR (126 MHz, CsDs) spectrum of 7Ni.
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Figure 152. gHSQCAD NMR (500 MHz 'H, CsDy) spectrum of 7Ni.
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Figure 153. gHMCAD NMR (500 MHz 'H, C¢Dg) spectrum of 7Ni.
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Figure 154. 'H NMR (500 MHz, CsDs) spectrum of 8Ni.
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Figure 155. 31P{1H} NMR (121 MHz, C¢D¢) spectrum of 8Ni.
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Figure 156. "C{'H} NMR (126 MHz, CsDs) spectrum of 8Ni.
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Figure 157. gHSQCAD NMR (500 MHz 'H, CsDy) spectrum of 8Ni.
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Figure 158. gHMCAD NMR (500 MHz 'H, C¢Dg) spectrum of 8Ni.
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Figure 149. "H NMR (300 MHz, C¢Dy) spectrum of 2Ni-SiMes.
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Figure 150. °'P{'H} NMR (121 MHz, CsD) spectrum of 2Ni-SiMe;.
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Figure 151. "F NMR (282 MHz, CsD) spectrum of 2Ni-SiMes.
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Figure 152. 'H NMR (300 MHz, CiDs) spectrum of 4Ni(CN Bu).
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Figure 153. *'P{'H} NMR (121 MHz, CsDy) spectrum of 4Ni(CN /Bu).
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Figure 154. 'H NMR (300 MHz, CiDy) spectrum of 4Ni(CN /Bu)-Me.
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Figure 155. "'P{'H} NMR (121 MHz, CsDs) spectrum of 4Ni(CN /Bu)-Me.
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Figure 156. "F' NMR (282 MHz, C;Dy) spectrum of 4Ni(CN Bu)-Me.
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Figure 157. 'H NMR (300 MHz, CsDs) spectrum of 4Ni(MeCN)-Me.
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Figure 158. "'P{'"H} NMR (121 MHz, CsDy) spectrum of 4Ni(MeCN)-Me.
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Figure 159. "F NMR (282 MHz, CsDy) spectrum of 4Ni(MeCN)-Me.
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Figure 160. "H NMR (300 MHz, CsDs) spectrum of 4Ni(CN)-Me.
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Figure 161. "'P{'H} NMR (121 MHz, CsD¢) spectrum of 4Ni(CN)-Me.
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Figure 162. 'H NMR (300 MHz, C;Ds) spectrum of 4Ni(Ns)-Me.
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Figure 163. "'P{'H} NMR (121 MHz, CsD) spectrum of 4Ni(N3)-Me.
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Figure 164. "H NMR (300 MHz, CDsCN) spectrum of 3-Cl.
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Figure 165. "F NMR (282 MHz, CD;CN) spectrum of 3-Cl.
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Figure 166. "H NMR (300 MHz, CD;CN) spectrum of 3-Nj.
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Figure 167. "F NMR (282 MHz, CD;CN) spectrum of 3-Nj.
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Figure 168. "H NMR (300 MHz, CD;CN) spectrum of 3-Cl after AgNO, addition.
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Figure 169. "F NMR (282 MHz, CD;CN) spectrum of 3-Cl after AgNO, addition.
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Figure 170. "H NMR (300 MHz, CD;CN) spectrum of 3-Cl after [TBA][IO4] addition.
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Figure 171. "F NMR (282 MHz, CD;CN) spectrum of 3-Cl after [TBA][1O,] addition.
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Figure 172. "H NMR (300 MHz, CD,CL,) spectrum of 4-CL
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Figure 173. "F NMR (282 MHz, CD,Cl; spectrum of 4-Cl.
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Figure 174. "H NMR (300 MHz, CDsCN) spectrum of 6-Cl.
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Figure 175. "F NMR (282 MHz, CD,CL,) spectrum of 6-CL.
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Figure 176. 'H NMR (300 MHz, CD,Cl,) spectrum of 7-Cl.
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Figure 177. YF NMR (282 MHz, CD;CN) spectrum of 7-CL
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Figure 178. "H NMR (300 MHz, CD3CN) spectrum of 6-OH.
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Figure 179. "F NMR (282 MHz, CD;CN) spectrum of 6-OH.
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Figure 180. "H NMR (300 MHz, CD;CN) spectrum of 9.
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Figure 181. "F NMR (282 MHz, CD3;CN) spectrum of 9.
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Figure 182. "H NMR (300 MHz, CDsCN) spectrum of 3.
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Figure 183. "F NMR (282 MHz, CD;CN) spectrum of 3.
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Figure 184. 'H NMR (300 MHz, CD,CN) spectrum of 5.
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Figure 185. "F NMR (282 MHz, CD;CN) spectrum of 5.
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Figure 186. 'H NMR (300 MHz, CD,Cl,) spectrum of 6.
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Figure 187. "H NMR (300 MHz, CD3CN) spectrum of 8.
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Figure 188. "F NMR (282 MHz, CD;CN) spectrum of 8.
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