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Abstract

Reactions of an amidophosphine supported ditantalum tetrahydride, ((NPNS!]Ta), (u-
H)4 and COy (x =1, 2) were studied and all products were fully characterized. Se-
lective deuteration allows for the production of two deuterated isotopomers which
were used in low temperature NMR and GC-MS experiments in order to support a
computationally determined mechanism.

Iron and cobalt complexes of a ferrocene linked bis(phosphinoamide) were
synthesized and characterized by X-ray crystallography and Mdssbauer spectroscopy.
The cobalt complex contains a Co—Fe bond that was absent in the all-iron complex.
The Co—Fe bond was further studied using DFT calculations, which suggest that
the bond is comprised of donation from the iron center to the cobalt center (Fe —
Co) and back donation from the cobalt center to antibonding orbitals in the fer-
rocene backbone (Co — fc*). A putative nickel complex supported by the same
bis(phosphinoamide) ligand underwent a reductive elimination of the amidophos-
phine groups forming a new P-N bond.

Reactions between the aforementoned iron complex and H,, CO, and other
electrophiles were studied and the products of these reactions were fully charac-
terized. The products of these reactions show that the iron phosphinoamides can

cooperativley activate a variety of bonds without changing the oxidation state at
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iron. Upon reduction, the iron complex forms an Fe—Fe bond while remaining in a
high spin state. The cleavage of the N=N double bond of azobenzene was achieved
under photolytic conditions using the same iron phosphinoamide and is thought to
involve formation of a putative iron imido which migrates to the phosphinoamide
groups. Due to the tendency of iron phosphinoamides to activate substrates us-
ing ligand cooperativity, an alternative ligand using amidophosphine donors was

syntheisized and initial coordination studies were performed.
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Lay Summary

Coordination chemistry is the study of metal complexes containing a metal center
and a ligand. A ligand is a molecule which protects and supports the metal center.
Some of these metal-ligand complexes function as catalysts, which make chemi-
cal transformations more energy efficient and in some cases reduce the amount of
waste produced in certain chemical reactions. Enzymes found in all living things,
are biological catalysts and typically they contain more than one metal center. Of-
ten those metal centers are iron. These enzymes can perform impressive chemical
transformations beyond the abilities of metal-ligand complexes made by scientists.
In this dissertation we attempt to simulate some of the chemical transformations fa-
cilitated by enzymes in nature by designing new iron complexes that contain more

than one iron center.
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Chapter 1

Introduction

If I have seen farther it is by standing on the shoulders of Giants.
— Sir Isaac Newton

1.1 Base Metals

1.1.1 Economic and Biological Motivations

Small molecule activation and catalysis reside at the heart of synthetic inorganic
chemistry. While noble metals (Ru, Os, Rh, Ir, Pd, Pt) have revealed tremendous
capabilities that have revolutionized a variety of chemical based industries, the
base metals (Fe, Co, Ni) have, until recently, received less attention.'™® The cost
differential between the base metals and their heavier congeners, the noble metals,
is striking. For example, iron is more than 2000 times cheaper than ruthenium,
one of the least expensive noble metals (Table 1.1). In addition to their economic
advantages, base metals have lower toxicity than the heavy metals of groups 8,
9 and 10. This is particularily useful in the pharmaceutical industry, as catalyst
recovery does not have to be as rigorous when using the less toxic base metals.’

With these advantages in mind, it is clear that replacing noble metal catalysts with

1



base metal catalysts is a worthwhile pursuit.

Table 1.1: Prices of group 8, 9 and 10 transition metals

Metal Price ($/kg)* Abundance (ppm)?
Iron Ore 0.05 56 300
Ruthenium 1350.00 0.001
Osmium 12 860.00 0.0015
Cobalt 23.76 25
Rhodium 23 467.46 0.001
Iridium 22 089.48 0.001
Nickel 8.83 24
Palladium 22 039.96 0.015
Platinum 31 342.77 0.005

“Three month averages in USD from the London Metal Exchange for base metals and the Engelhard
Industrial Bullion Prices for noble metals (September 10™ - December 10 2016)
bMass abundance taken from the CRC Handbook®

While the utilization of base metals offers substantial benefits in terms of both
cost and environmental impact, noble metals continue to dominate in many streams
of synthetic methodology, and with good reason. Catalysts based on noble met-

als are the gold standard in transformations such as C-H activation,”'! alkene

14,15 16,17

metathesis,'>!? hydrosilylation, and a variety of cross-coupling reactions.
Precious metals offer numerous advantageous over base metal complexes: (i) No-
ble metals readily undergo 2e- reduction and oxidation events and many catalytic

18-20 jpvolve oxidative addition and reductive elimination steps, therefore,

cycles
these cycles are readily accessed using noble metals. The tendency for iron and
cobalt complexes to undergo one-electron redox events has traditionally impeded
the utilization of their complexes in such catalytic cycles;?! (ii) Noble metals form

stronger metal-ligand bonds, when compared to base metals.”>~2” This allows for

more stable complexes that are less prone to ligand redistribution, and eventual de-



composition; (iii) Noble metals are usually found in Low Spin (LS) electron con-
figurations resulting in diamagnetic compounds for the common oxidation states,
which allows characterization by routine Nuclear Magnetic Resonance (NMR)
spectroscopy. In addition, some of the noble metals (1*°Pt, 13 Rh) are spin active,
providing additional spectroscopic handles. The paramagnetic nature of base metal
complexes combined with their relative instability leads to a situation where base
metal complexes are often very difficult to characterize, requiring multiple tech-
niques and large amounts of material. It should be noted that paramagnetic NMR
spectroscopy is available for some base metal complexes, however, the amount of
information provided is limited; (iv) Finally, the dearth of soluble starting materi-
als, both commercially available and reported in the literature, presents a challenge
when synthesizing base metal complexes.?®?° For these reasons the chemistry of
the base metals is less developed than that of the noble metals.

Considering the limitations previously mentioned it may seem like folly to
think iron, cobalt, and nickel could replace many of the noble metal systems we
currently utilize. Indeed, the goals of exploring base metal chemistry should be
more than simply replicating established reaction manifolds with base metals, but
in addition, finding new reaction pathways that offer access to new transforma-
tions or selectivities. As is often the case, nature provides insight into what can
be accomplished with these metals. Many impressive enzymatic transformations
occur in enzymes containing a metallic cofactor and most often these cofactors
contain multiple base metal centers. Examples include the [FeFelhydrogenase
family, the cytochrome P450 family, and [FeMo]nitrogenase whose principal co-
factors contain 2, 1, and 7 iron atoms respectively (Scheme 1.1). The family of

[FeFelhydrogenases are excellent catalysts for proton reduction, out performing



platinum in terms of required overpotential and TON.® Cytochrome P450 is able
to oxidize unactivated C-H bonds in hydrocarbons,?' and [FeMo]nitrogenase is
able to perform the complete reduction of dinitrogen to ammonia under mild con-
ditions.?>3? Clearly, in the enzymatic environment base metals can be used to per-

form complex and valuable transformations.

7

[FeaSal—S, /S/\S\
o F‘e,x
OCNC/ “C/ \coCN

2H" + 2 =/ H;

] o
- \
O, + RH + 2H" + 2e ROH + H,0O
o
Vi
o S o
S Fe——sS R
N /S NN\ /o&
(Cys)S—Fe<S/Fe""jC}~ """ FEKS_/M i® “R
N yd
N, + 8H" + 8 =—= H, + 2NH S—Fe Fe——s N(His)
2 2 3 NS

Scheme 1.1: (Top) Active site of [FeFe]Hydrogenase. (Middle) Heme co-
factor, active site of cytochrome P450. (Bottom) Iron molybdenum cofactor
(FeMoco), site of N, reduction in [FeMo]nitrogenase.

Enzymes with iron cofactors can be divided into two categories, heme and
non-heme. Both types of cofactors illustrate biological examples of ligand design
strategies, vide infra. Heme cofactors contain iron centers imbeded in porphyrin
macrocycles like the cofactor for cytochrome P450 in Scheme 1.1. These non-
innocent heme ligands allow the complex to take on a higher oxidation state than

would normally be stable under biological conditions.>! The non-heme cofactors



display a wide variety of structural motifs and supporting ligands but they typically
contain multiple iron centers. One advantage of assembling multiple iron centers
is the wide range of redox potentials available to the cluster in comparison to an
isolated iron center. For example, the family of iron-sulfur clusters, which facilitate
electron transfer in many proteins, is ubiquitous in biological systems and will not
be reviewed here other than to point out that the [4Fe-4S] clusters have redox po-
tentials ranging from -650 mV to +450 mV.3* A second advantage of polynuclear
systems is an increase in the number of possible coordination modes. For example,
site-directed mutagenesis studies have suggested that the site of N, binding is a
tetra-iron face of FeMoco.® This advantage of polymetallic binding has also been
realized in synthetic molecular systems, vide infra. Nature assembles clusters of
base metals or monomeric cofactors with redox active ligands to tune redox poten-
tials, transfer electrons, and activate substrates; these concepts of polynuclearity
and redox active ligands should be used as a guide for designing ligands for base
metals.

Drawing on the insights provided by nature, discrete polynuclear base metal
complexes are worthwhile synthetic targets. In the next sections we will look at
some examples of mononuclear and polynuclear base metal complexes, however,
it should be mentioned that heterogeneous catalysts containing base metals are also
poised to utilize these same polynuclear advantages. Many researchers have been
working on heterogeneous systems in recent years and, while difficult to study,
these systems are typically more robust than their soluble molecular cousins. In
order to gain insights about how polynuclear base metal complexes bind substrates
we have chosen to study discrete homogeneous systems that are more amenable to

characterization.



1.1.2 Iron Complexes: Catalysis and Small Molecule Activation

Discrete homogeneous complexes of iron have been shown to catalyze many im-
portant reactions including ethylene polymerization, alkene hydrogenation, ketone
hydrogenation and transfer hydrogenation, and carbon-carbon cross coupling reac-
tions. These systems contain a diverse array of ligand sets not so different from
ligand sets employed by the 2" and 3 row transition metals. In this section, we
will survey a few notable iron complexes suitable for catalysis and small molecule
activation, finding commonalities that will guide future ligand design.
Hydrogenation of alkenes and ketones using base metals was reported as early
as the 1960’s using metal carbonyls such as Fe(CO)s and C0,(C0O)3.3039 A few
years later, transfer hydrogenations with complexes of the form MX,(PPhs), were
discovered*® where M = Fe, Co, Ni and X = Cl, Br, I. However, all of these Sys-
tems suffer from harsh reaction conditions, poor chemoselectivity and substrate
scope. A breakthrough was made by Bianchini and co-workers when they found
that they could catalyze the hydrogenation of terminal alkynes to alkenes under
mild conditions (1 atm H, RT) using a tetraphosphine ligated iron(II) center, 1.1 in
Scheme 1.2.4%? Years later, the same complex was shown to be active in transfer
hydrogenation of arylalkynes producing styrene derivatives using cyclopentanol as
the hydrogen source.*® The Peters group modified the tetraphosphine ligand frame-
work by removing one P-donor and replacing it with a borane, producing a neutral
triphosphinoborane ligand and corresponding iron complex, 1.2. This complex was
able to hydrogenate alkenes to alkanes under mild conditions (1 atm H, RT) with
Turnover Frequency (TOF) up to 15 h—! 44

A major step forward in iron catalysis was the development of the bisiminopyri-



dine ligand. First reported by the Brookhart group, these ligands were coordinated
to Fe(Il) salts and the resulting complexes were the first iron based homogeneous
catalysts for ethylene polymerization.*> The Chirik group has since developed
many iron complexes using these ligands. In regards to alkene hydrogenation, the
reduced dinitrogen complex 1.3 is a hydrogenation catalyst with TOF up to 1814
h~! for 1-hexene .*>*” Not only was compound 1.3 a catalyst for direct alkene hy-
drogenation, it was also shown to oxidatively add carbon-carbon bonds using one
electron from the metal one from the ligand.*® A recent review sumarizes the reac-
tivity of base metal complexes of bisiminopyridine ligands.? The bisiminopyridine
ligand represents a synthetic example of a biological design strategy discussed in

section 1.1.1, that is, pairing base metals with redox active ligands.
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Scheme 1.2: Selected alkene hydrogenation catalysts

Selective hydrogenation and hydrogen transfer reactions of ketones and aldehy-
des are important reactions for both bulk and fine chemical processes.*’ In recog-
nition of their contributions to the field, half of the 2001 Nobel prize was split
between Professor Ryoji Noyori and Professor William Knowles for their work on
catalytic asymmetric hydrogenation reactions, with the other half awarded to Pro-
fessor Barry Sharpless for his work on catalytic asymmetric oxidations. Profes-

sor Knowles pioneered the use of rhodium complexes containing chiral auxiliary



phosphines. In particular compound 1.4 catalyzes the asymmetric alkene hydro-
genation step for the production of L-DOPA.’® Professor Noyori pioneered the
use of a ruthenium catalyst (1.5) containing asymmetric phosphines as auxiliary
ligands and a diamine ligand which acts cooperatively in the outer-sphere hydro-
genation of ketones.’' Efforts toward using iron in place of ruthenium in these
transformations have been ongoing for a number of years. Beller and co-workers
found that by adding phosphine ligands, the in situ iron carbonyl catalysts were
much more effective in transfer hydrogenation.’?> The groups of Casey and Beller
made significant improvements to the selectivity, functional group tolerance and

53,54

reaction conditions by using Knolker-type complexes, compounds 1.6 and 1.7

in Scheme 1.4, which are closely related to the organoruthenium Shvo complex.”
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Scheme 1.3: Catalysts for asymmetric hydrogenation

Morris and co-workers have recently developed a family of tetradentate lig-
ands containing phosphine, amine, and imine functionalities. These ligands are
active catalysts for asymmetric hydrogenation of ketones.”*% A representitive ex-
ample, 1.8, is shown in Scheme 1.4. These complexes are reminiscent of 1.5 with
two phosphine and two amine donors. In the case of 1.8, all four donors are teth-

ered producing a very stable compelx. In the Morris and Noyori systems previ-



ously mentioned, the dihydrogen molecule (or dihydrogen equivalent in the case
of transfer hydrogenation) is split between the nitrogen donor and the iron center
creating an Fe—H, N—H pair which then interacts with the incoming ketone.>® We
can see from these examples that when ligand cooperativity is a key component
of the reaction mechanism iron can substitute for ruthenium quite readily, how-
ever, for the highly active species (1.8 and 1.9), tri- and tetradentate ligands must
be used to overcome the lower stability of iron complexes. A new form of ligand
metal cooperativity has recently been reported by the Milstein group. This new co-
operativity is proposed to be driven by an aromatization-dearomatization cycle®
and complexes including 1.9 (Scheme 1.4) are active catalysts for the hydrogena-
tion of ketones®! and carbon dioxide.5> Deprotonation of these complexes occurs
at the benzyl linker, to generate systems that can cleave dihydrogen between the
iron center and the backbone of the ligand producing an Fe-H, C-H pair, like the

one shown in compound 1.9.
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Scheme 1.4: Selected carbonyl hydrogenation catalysts

There has been increasing interest in using iron-based systems for activation
and functionalization of small molecules including NO,% 0,,%* and CO,.% Of
particular interest to the Fryzuk research group is the activation of N,. The earliest

report of an iron dinitrogen compound is from 1976.° Over the next two decades



additional examples were sparsely reported.®”~’! Only a few of these compounds
were structurally characterized and for all examples the N-N bond lengths (1.102
A- 1.139 A) are not substantially elongated compared to free dinitrogen (1.0975
A), indicating minimal activation upon binding to the metal center.”> Another com-
monality between these early examples is that all of these species are LS with co-
ordination numbers of 5 or 6. In the last two decades a number of High Spin (HS)
iron dinitrogen complexes were reported with coordination numbers less than 5.
We will now examine several examples of these low valent iron dinitrogen com-
plexes and illustrate how they have led to progressively more activated dinitrogen

and stoichiometric functionalization of the N, unit.
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Scheme 1.5: Selected iron dinitrogen complexes with tetrahedral coordina-
tion geometries

The first tetrahedral iron compounds containing a dinitrogen ligand were re-
ported in 2003 by Peters and co-workers (1.10) using the tripodal ligand [PhB(CH,-
P'Pr,)3].73 In contrast to previously reported iron N, complexes, compound 1.10
displays a bridging end-on coordination mode for the N, ligand, and moderate ac-
tivation (N-N = 1.171 A). Interestingly, while 1.10 forms upon reduction of the

iron chloride complex [PhB(CH,P/Pr,)3]FeCl with sodium, reduction with mag-
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nesium leads to a monomeric end-on ate complex, 1.11. This report represents a
breakthrough in iron dinitrogen activation because treating compound 1.11 with
MeOTT results in the formation of a nitrogen-carbon bond. A few years later a
neutral ligand with ortho-phenylene linkers, B(CcH4P'Pr,)s, was utilized to form
another dinitrogen compound, [B(C¢H4PPr>)3]Fe(N3), which, when treated with
1,2-(dimethylchlorosilyl)ethane results in N, functionalization producing 1.12.7*
Unfortunately, total N-N bond cleavage could not be achieved by further reduction
of 1.12. It should be noted that the Arnold group also developed an anionic tri-
dentate ligand that showed a similar tetrahedral iron center and N, activation via a
diiron system, compound 1.13.7> However, functionalization of the N, unit has not
been reported for this system.

Moving to even lower coordination numbers, the Holland group has been de-
veloping iron complexes that bind, activate, and in some cases cleave N,.> The lig-
and framework used in all of this chemistry contains a 1,3-diketiminato, NacNac,
system, which can be sterically tuned by appropriate choice of N-aryl substituent.”®
Utilizing salt metathesis, three coordinate complexes of the type (NacNac)FeCl
have been reported for a variety of NacNac derivatives. Upon reduction, these com-
plexes bind dinitrogen in a bridging end-on coordination geometry illustrated by
1.14 in Scheme 1.6.”7 Interestingly, further reduction of this neutral complex yields
the dianionic ate complex 1.15, which shows even greater N-N bond elongation.”’
Attempts to functionalize the N, unit in 1.14 or 1.15 were unsuccessful as the com-
plexes react by displacing N, and binding other neutral ligands such as PR3, CO
and CgHg.”® Modifying the ligand architecture by reducing the steric bulk led to a
different product. When complex 1.16 was reduced with potassium graphite, the

trinuclear complex 1.17 was formed. In compound 1.17, the N-N bond has been
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completely cleaved by a 6-electron reduction, resulting in two nitrido ligands.”
The first nitrido is bound by three (NacNac)Fe moieties and the second bridges
two of the aforementioned centers and two potassium ions. A fourth equivalent of
(NacNac)Fe is bound through chloride bridges to the potassium promoters; com-
putational studies suggest that the potassium atoms play a role in the dinitrogen
activation.®° This result is hugely important as it shows that by tuning the steric
profile of the supporting ligands, cluster formation can be encouraged and in these

high nuclearity complexes the N-N bond of dinitrogen can be cleaved.
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Scheme 1.6: Low coordinate iron complexes cleave dinitrogen with alkali
metal promoters
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To examine the effect of the reductant, MCg reagents were used where M = Rb,
and Cs. These reagents have similar reduction potentials to KCg so the analogous
trinuclear clusters would have been expected. For Rb, the analogous complex is
obtained, however, using CsCs no N-N bond cleavage is observed and the product
is a trinuclear dinitrogen complex with three equivalents of dinitrogen bridging the
metal centers.” The different outcomes of reactions of 1.16 with MCs (M = K, Rb,
Cs) suggest that these alkali cations play a crucial role in assembling the unob-
served (NacNac)Fe(I) intermediates into polynuclear reaction sites. These reports
from the Holland group show that high spin iron complexes with low coordination
number and low oxidation states should be targets for dinitrogen activation. The
fortuitous cluster formation templated by alkali metal cations suggests that polynu-
clear reaction sites are another fruitful avenue for investigation, and construction of
more complex ligand sets could alleviate the need for spontaneous self assembly.

Recently, ligand scaffolds specifically designed for coordinating multiple metal
centers have been gaining attention. These ligand sets have been used to system-

81-84,nd to activate small molecules.35% Most

atically study metal metal bonding,
relevant to iron dinitrogen activation are the ligand sets developed by the Betley and
Murray research groups. Both ligand sets consist of three donor pockets bound to-
gether such that the open coordination sites of each metal are pointed towards the
center of the ligand scaffold. In the Betley system the ligand is hexaanionic and
when three Fe(Il) ions are installed the neutral compound displays short iron—iron
distances, which are best described as weak interactions (1.18 in Scheme 1.7).
Compound 1.18 does not spontaneously react with N,. However, treatment of 1.18

with azobenzene results in cleavage of the N-N double bond, producing compound

1.19 with two phenyl imido ligands.*®
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Scheme 1.7: Polynuclear iron complexes through ligand design

In contrast, the ligand set developed by the Murray group is a trianionic ligand

that effectively tethers three NacNac ligands into a trigonal array. Based on reports

from the Holland group, vide supra, this trigonal system should be competent in N,

reduction. Indeed, reducing the iron bromide complex, 1.20, results in complete

N-N bond cleavage and formation of a complex containing three bridging imidos,

1.21.°! While the H atom source and mechanism of formation remain unclear, la-

beling studies have shown that these imidos originate from atmospheric nitrogen.”!

Both of the examples shown in Scheme 1.7 illustrate the utility of polynuclear com-
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plexes.

Examining some of the iron complexes from above, a few design features are
common: i) low-coordinate complexes allow for stronger substrate activation; ii)
high-spin complexes display higher degrees of N-N bond elongation, although low-
spin complexes are excellent hydrogenation catalysts; iii) non-innocent ligands can
be helpful when promoting 2-electron chemistry in base metal complexes; and iv)
polymetallic clusters are crucial for the cleavage of strong bonds such as the N-N
triple bond in dinitrogen. When designing new ligands to be used for iron-based
small molecule activation, these design features should be kept in mind. In the
following sections we will look at previous ligand design in the Fryzuk group and

introduce the phosphinoamide ligand.

1.2 Ligand Design

1.2.1 Ligand Design in the Fryzuk Group

Generation 1:

MEZ Me, Me,
Ar Si_ .- _LSi
~NT ~N7T Me; Me;
| | SI\N/SI
o < Py )= (1)
Ruwu —_— ] — PR
4 N K /'!‘\ R R
Si” " TS
Me2 Me, Me,
———
[NPNST] [P2N2] [PNP]

Figure 1.1: First generation ligand design in the Fryzuk group

Ligands designed in the Fryzuk group typically combine “hard” amido and

“soft” phosphine donors into chelating arrays.®> The central hypothesis is that us-
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ing a mixed donor system allows for the formation of hard-soft acid-base mis-
matches, which affords a more reactive metal complex. For example, these hybrid
ligands (Figure 1.1) have been coordinated to early and late transition metals and
have resulted in the first examples of early metal-phosphine and late metal-amido
linkages.”*%* The first generation of hybrid ligands utilized silyl methylene linkers
to connect the disparate donor environments. Three versions of the first genera-
tion ligands were investigated: a dianionic pincer [NPNS], a monoanionic pincer
[PNP], and a dianionic macrocycle [P,N;]. Early transiton metal complexes of
[NPNS] and [P,N;] have shown remarkable N, activation and the N, units can
be hydrogenated®® and functionalized®®°® (Scheme 1.8). A problem with the first
generation ligands was that the N-Si linkers in the the ligand backbone were labile

and in many cases the ligand as well as the dinitrogen units were functionalized.
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Scheme 1.8: Dinitrogen functionalization with hybrid ligands

To avoid ligand rearrangments, modifications were made to the linkers of the
first generation [NPNSi] ligands. Aryl [A"NPN*],%-10! alkenyl [NPN®P],!02:103 and
o-thiophene [NPN®]'% Jinked amidophosphine ligands have been synthesized and
coordinated to a variety of transition metals (Figure 1.2). In some cases dinitrogen
complexes have been made, however, none of these complexes have been able to

functionalize dinitrogen like the complexes of the first generation ligands. More-
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over, none of these second generation ligands allowed for any kind of catalytic
functionalization of dinitrogen. More recently, linkerless donor sets were studied
in our lab. In particular, complexes of the group 3 and 4 metals were investigated
for a variety of transformations. The following section will explore the history of

the linkerless ligand sets and their incorporation into larger ligand scaffolds.

Ar\ /|\|/|\ ,Ar Ar< /M\ JAr Ar /M\ JAr
[ATNPN*] [NPNC?] [NPNS|

Figure 1.2: Second generation ligand design in the Fryzuk group

1.2.2 Phosphinoamides as Ligands

Neutral phosphine (P-C) and phosphite (P-O) ligands are ubiquitous P donors in
organometallic chemistry, both as monodentate donors, and as part of a larger
chelating ligand set. A new class of phosphine donor that is gaining increased at-
tention is the phosphinoamine ligand containing a P-N bond.!% These P-N bonds
are relatively easy to construct from the appropriate amine and chlorophosphine
in the presence of an external base (Scheme 1.9). For some sterically demanding
derivatives an alkali amido precursor may be required.!?> These phosphinoamines
have been used as ligands for late transition metals including a rhodium complex
capable of catalytic hydroformylation.'% Asymmetric phosphinoamines have been
synthesized and the resulting copper complexes catalyze enantioselective nucle-

ophilic addition to enones.'?
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Scheme 1.9: Synthesis of phosphinoamides

More relevant to this thesis, phosphinoamines serve as precursors to the anionic
phosphinoamide functional group. Treatment of the phosphinoamine (1.22) with
alkyl lithium reagents generates the lithium phosphinoamide (1.23) as shown in
Scheme 1.9. The amidophosphine anion has several important structural features.
The first feature is the short P-N bond length in the [RNPR’,]™ anion. The short
bond is due to a combination of phosphinoamide (A) and iminophosphide (B) res-
onance forms (see Figure 1.3). Computational modeling suggests that the phosphi-
noamide resonance structure (A) is the major contributor, except when particularly
electron withdrawing groups are attatched to phosphorus.'® The delocalization is
best described as a nitrogen based lone pair donating into the o, orbital. The N-P
bond length in phosphinoamides (~ 1.70 A) is substantially longer than the P=N

double bond (~ 1.60 A) in phosphinimines (also known as iminophosphoranes).

18



Due to the partial double bond character between the nitrogen and phosphorus
atoms, cis and frans stereoisomers are possible (Figure 1.3). Computational stud-
ies suggest that the two stereoisomers are nearly degenerate when all steric bulk is
removed, however, there is a significant barrier to interconversion (7.4 kcal/mol for
H,PNH™).!% There are four binding modes which have been observed for phos-
phinoamides. Both k! - (N) and x! - (P) coordination modes are possible. In ad-

1

dition 2 - (NP) is common'? and phosphinoamides have the potential to bridge

two metal centers in the y binding mode. %111
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Figure 1.3: Resonance forms, stereoisomers and common binding modes of
amidophosphines

Phosphinoamide complexes of rare earth metals have been reported by our
group and others. Anionic ’ate’ complexes can be formed by salt metathesis of
lithium phosphinoamides with MCl; (M =Y, Yb, Lu),112 however, neutral com-
plexes are more easily accessed by protonolysis of metal alkyl precursors M(CH;-
SiMes); (M = Sc, Y) with phosphinoamines (See Figure 1.4).19 Based on the
highly symmetric 3'P NMR spectrum displaying a small 2Jpy coupling, complex

1.24 is thought to have all four phosphinoamides bound k! - (N) in solution. The
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neutral compounds 1.25 and 1.26 were found to undergo deleterious ligand ex-

change reactions and therefore were not suitable for small molecule activation

studies.
- 10 { 5
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Figure 1.4: Phosphinoamide complexes of rare earth metals

Phosphinoamide complexes of the mid to late transition metals are more com-
monly dinuclear, displaying the p-(NP) binding mode. Phosphinoamide com-
plexes of chromium have been synthesized and can be dinuclear (1.27), or tetranu-
clear (1.28) depending on the stoichiometry of the reaction (Scheme 1.10). These
chromium complexes are active catalysts for ethylene oligermization.''3 Reduction
of the tetramer leads to a dinuclear Cr(I)/Cr(I) complex 1.29, which is an ethylene
trimerization catalyst.''# Recently the Thomas group has extended the use of phos-
phinoamides, making dinuclear complexes of iron (1.30) and manganese (1.31).111
The iron complex, 1.30, can be reduced to give a mixed valent Fe(I/I) system,
1.32, which is best described as a delocalized [Fe,]*" unit. Compound 1.32 reacts
with organic azides to produce the C3 symmetric iron imido (1.33), however, no
group transfer reactivity has been reported.' !

Utilizing the disparate phosphine and amido donors, heterobimetallic com-

plexes have been constructed using phosphinoamides. The Nagashima group pi-

oneered the strategy of using phosphinoamide complexes of group IV transition
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Scheme 1.10: Phosphinoamide complexes of the mid to late transition metals
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metals as ‘metalloligands’(ligands containing a metal atom) for late transtion met-
als. The first example of this strategy utilized the metalloligand ('BuNPPh;), TiCl,
(1.34) to coordinate Pt(II) precursors forming heterobimetallics containing a Pt —
Ti interaction, compound 1.35 in Scheme 1.11.'1® Later work from the Nagashima
group extended this methodology to ruthenium, copper and molybdenum.!'!7-118
They were able to synthesize a platinum allyl complex, 1.36, and show that the da-
tive Pt — Ti interaction generates increased electrophilicity at the m-allyl moiety,
trans to the titanium center.''” Building off this methodology, the Thomas group
has examined early-late heterobimetallics containing Co — Zr interactions 1.37.
This open shell system contains three amidophosphine ligands and binds dinitro-
gen to the cobalt center upon reduction, forming 1.38.19 If the reduction of 1.37 is
performed under argon, compound 1.39 is obtained, which upon exposure to CO,,
cleaves one of the carbon oxygen bonds forming compound 1.40.'2%-122 It should
be noted that 1.38 is a catalyst for the hydrosilyation of ketones.'?* The work by
the Nagashima and Thomas groups illustrates the utility of phosphinoamides in
constructing heterobimetallic complexes across the periodic table.

It is clear from the examples in Scheme 1.11 that phosphinoamides can be used
to build early/late heterobimetallic frameworks. As discussed previously, we would
like to be able to build polymetallic base metal complexes. Recently the Thomas
group has shown that not only can these ligands form homobimetallic compounds
of iron, vide supra, but heterobimetallics can be formed between iron and other
mid transition metals.!?*~126 These complexes are formed with control over the
binding site for each metal, and there are no reports of metal or ligand scrambling
within theses complexes. The Cr/Fe and V/Fe (1.41 and 1.42) complexes allowed

for detailed study of the metal-metal multiple bond upon reduction and oxidation
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(1.43, 1.44, 1.45).122 This work provides an excellent comparison to the Cr/Fe
V/Fe heterobimetallics (amongst others) that have been developed in the Lu lab
(See Scheme 1.12). We will not explore the systems developed by the Lu lab in

detail because they do not employ phosphinoamide ligands.
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Scheme 1.12: Heterobimetallic complexes of phosphinoamide ligands.

1.2.3 Tethered Phosphinoamides

Phosphinoamide ligands are typically labile, easily interconverting between bind-
ing modes. This lability creates a situation where control of stoichiometry in
M(R,PNR), compounds is difficult, and ligand redistribution is common.!?® In
an effort to control the coordination modes and number of bound ligands, re-
searchers have begun designing multidentate ligands containing multiple phosphi-
noamide groups. The Stephan group has developed bis(phosphinoamide) ligands
with aliphatic linkers (R,PNH(CH;),NHPR;) where n =2 or 3. When mixed with

nickel halides these ligands were found to coordinate nickel in the aminophos-
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phine/phosphinoamide (x3-P,n?-N,P; 1.46) or bis(aminophosphine) («3-P,C,P; 1.47)
coordination modes (Figure 1.5).!>7 A second generation of these ligands were de-
signed with a neutral amine donor tethering three aminophosphine donors. Ruthe-
nium complexes of this tris(phosphinoamine) were synthesized and deprotonation
of the complex leads to compound 1.48 containing one 12> phosphinoamide and
two phosphinoamine donors. This complex was shown to activate CO, coopera-
tively between the nucleophilic phosphorus atom and the electrophilic ruthenium
center, and is an active catalyst for the hydroboration of CO,.'?® A third itera-
tion, again pioneered by the Stephan group, contained two phosphinoamine donors
flanking a central thiol donor. Protonolysis with Hf(CH,Ph),4 led to the formation
of compound 1.49, which is the first example of a tethered bis(phosphinoamide)
complex. This complex was found to activate CO, cooperatively, analogous to the
ruthenium system.!?® However, no catalytic hydroboration was reported for this
complex, presumably due to the stronger M-O bond in the hafnium system. The
high degree of flexibility in the backbone of the ligands developed by the Stephan
group has led to C-H bond activation in the case of nickel, and ligand dissocia-
tion in the case of ruthenium. However, an interesting feature of these systems is
the nucleophilicity of the P atom in the phosphinoamides, and their ability to act
cooperatively with a metal center to activate CO,.

Our group has investigated the use of phosphinoamide ligands with rare earth
elements and discovered that ligand redistribution was common.!?” In order to
avoid this challenge we searched for an appropriate linker. Our attention soon
turned to work done by the Arnold and Diaconescu groups which utilized 1,1’-
diaminoferrocene based ligands such as fc(NH;),,13%13! fc(NHSiR3),!32-13% and

fc(NHAr),.!%% Using these ligands, complexes of zirconium and ruthenium could
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Figure 1.5: Coordination modes of alkyl linked phosphinoamides

be developed, which were active catalysts for olefin polymerization and transfer
hydrogenation, respectivley.!3!:136 Utilizing the same ferrocene (fc) linker we con-
structed the bis(aminophosphine) ligand 1,1’-fc(NHP'Pr,), (1.50). With 1.50 in
hand, a scandium alkyl complex, 1.51, could be formed, via protonolysis. Unlike
previous scandium alkyls supported by phosphinoamide ligands, compound 1.51
cleanly reacts with dihydrogen to produce a rare scandium hydride, 1.52.'37 We
wondered whether this bis(phosphinoamide) ligand set would be a good candidate

for supporting polymetallic complexes of the base metals.
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Scheme 1.13: Hydrogenation of a scandium alkyl. ¢: Sc(CH;SiMes)3(THF);3
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1.3 Scope of Thesis

Examining the bis(phosphinoamine), 1.50, while considering the design features
mentioned in section 1.1.2, we thought that this ligand would be useful for syn-
thesizing polynuclear base metal complexes. Phosphinoamide donors have been
shown to bridge multiple metal centers, including iron. The ferrocene linker pro-
vides a rigid backbone that will enable the controlled assembly of metal complexes
containing only two phosphinoamide donors, yielding low coordinate complexes.
In addition the ferrocene backbone is potentially redox non-innocent.'3® A direct
N-M bond between this ligand set and an appropriate metal has the potential to
react with hydrogen in a cooperative fashion, similar to the Noyori and Morris
systems (Scheme 1.4).

This thesis will discuss the coordination chemistry of hybrid amidophosphine
donors with transition metals. Chapter 2 contains mechanistic studies of reactions
between a tantalum tetrahydride supported with the 1¥ generation [NPNSI] lig-
ands and C; sources, CO, and CO. Chapter 3 focuses on the synthesis of base
metal complexes supported by the new ferrocene linked bis(phosphinoamide) lig-
and, 1.50. Chapter 4 examines the reactivity of a dimeric iron complex with a wide
array of small molecules. Chapter 5 discusses future directions for the compounds

reported in this thesis as well as new ligand designs.
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Chapter 2

Reduction of Carbon Monoxide
and Carbon Dioxide by a
Ditantalumtetrahydride

Education is what remains after one has forgotten what one has
learned in school — Albert Einstein

2.1 Complete Reduction of Carbon Monoxide

2.1.1 Introduction

The analogy between carbon monoxide (CO) and dinitrogen (N,) is often made to
rationalize their relative abilities to be activated by transition metal complexes. '’
Even though these molecules are isoelectronic, the more polar CO is a much better
ligand than N, largely because of the smaller energy gap between the Highest
Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital
(LUMO) for CO as compared to N,, which allows better overlap of these orbitals

with appropriate transition metal d-orbitals. In addition, unlike dinitrogen, carbon
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monoxide undergoes migratory insertion processes, which are key to a number of
industrial catalytic processes such as hydroformylation, Fischer Tropsch, and the
acetic acid synthesis;'*? by comparison, the only industrial process that utilizes N,
as a feedstock is the Haber-Bosch ammonia synthesis,'#! which does not involve
any migratory insertion steps with intact dinitrogen.'#?

We recently described the facile activation of dinitrogen (N,) by a dinuclear
tantalum tetrahydride, ((NPN]Ta),(u—H), 2.1 to generate the side-on end-on di-
tantalum dinitrogen complex, ([NPN]Ta), (1t — n? : n'—N,)(u—H), 2.2.143:144 Ag
this N, complex displays a rich reactivity that results in E-N bond formation (E
=B, C, Al, Si) and even N-N bond cleavage,l“3 we wondered if a similar kind of
activation process could be realized for carbon monoxide (CO) by reaction with
tetrahydride 2.1 (i.e., formation of 2.3 in Scheme 2.1). What we discovered was

that CO can be activated by an apparent series of migratory insertion processes

involving 2.1 in a manner quite different from its isoelectronic analogue, N,.

2.1.2 Results and Discussion

While the reaction of 2.1 with N, proceeds smoothly with excess N,,!4+143 the
corresponding reaction of 2.1 with CO requires stoichiometric addition of CO as
excess carbon monoxide results in a complicated mixture of products. Addition of
exactly 1 equiv of CO to 2.1 results in the formation of a dark brown solution from
which red crystals could be obtained in reasonable yield (54%). The spectroscopic
characteristics of the isolated material show that it is an unsymmetrical species
with inequivalent phosphorus-31 nuclei (two sharp singlets at 6 20.2 and 12.1 in
the 3'P{'H} NMR spectrum) and a very complicated 'H NMR spectrum with eight

distinct silyl methyl groups, consistent with C; symmetry. These patterns alone
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made it clear that this product was not 2.3 (Scheme 2.1), the anticipated analogue
of the side-on end-on N, complex 2.2, as both species would have Cy symmetry.
In particular, no peaks were observed in the '"H NMR spectrum of the product in
the downfield region between & 8-18, which is diagnostic for a bridging hydride
of the type Ta,(u-H),. Moreover, the aromatic protons displayed a complicated
upfield-shifted pattern of four coupled resonances in the range of 6 4.8 — 6.4. The

use of carbon-13 labeled carbon monoxide ('*CO) was confusing as the isolated

product did not display any isotope-enhanced peaks in the 3C NMR spectrum.

However, we did observe an intense peak at 6 -4.5 when the solution and gas phase
were carefully analyzed by '3C NMR spectroscopy before separation of the product

from the crude reaction mixture; this peak corresponds to 3CHy. The reaction of
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the polydeuteride (2.1-d», vide infra) with 1 equiv of CO resulted in the formation
of an isotopologue of the final product, whose upfield 'H NMR resonance at &
4.98 is absent. While a number of possible structures were considered, particularly
in light of previous studies wherein upfield shifted aromatic proton resonances of
a cyclometalated N-Ph unit were observed,'#¢ the isolation of suitable crystals for
X-ray analysis provided an unequivocal answer.

As shown in Figure 2.1, the product 2.4 has a dinuclear structure and there is
both a bridging hydride unit and a bridging oxo. Also interesting is the 7w-bound
cyclometalated N-CcH, group of one of the amido donors; this feature in 2.4 ra-
tionalizes the upfield shifted proton resonances observed as they are due to this
unique cyclometalated ring. As a resonance for the bridging hydride was not de-
tected in the range from & -20 to +50 in the '"H NMR spectrum, we suggest that it
is buried under the aromatic resonances. Attempts to confirm this using the various
deuterated forms of 2.1 (cf., 2.1-d;, or 2.1-d,) were inconclusive.

A mechanism for the formation of 2.4 is proposed in Scheme 2.2 that takes
advantage of previous studies on the reaction of carbon monoxide with tantalum
hydrides.!#7-14° The structure of the initial adduct of CO with the tetrahydride,
Ta,H,eCO, could not be detected and therefore its formulation is speculatively
shown as a simple end-on CO bound to one of the Ta centers of the dinuclear
tetrahydride. Subsequent migratory insertion generates the bridging 1n2-formyl,
Ta,H;eCHO, which is then converted to the methylene-oxy species,
Ta,H,eCH,O, via migratory insertion. The next step is a reductive ring opening of
a ditantalamethylene oxy 4-membered ring to generate a coordinated methylidene
and tantalum-oxo species. Another migratory insertion of the methylidene and one

of the hydrides generates the methyl-u-oxo hydride, Ta,HeCH;O, which upon
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Figure 2.1: ORTEP diagram of 2.4 (silylmethyls omitted and only ipso
carbons of the N- and P-phenyls are shown, except for the cyclometal-
lated phenyl). Selected bond lengths (A) and bond angles (°): Tal-Ta2
2.7240(6), Tal-C18 2.095(4), Ta2-C18 2.399(4), Ta-C17 2.501(4), Tal-
O1 1.925(3), Ta2-O1 2.009(3), Tal-H1 1.96(5), Ta2-H1 1.92(5), Tal-Nl1
2.127(3), Tal-N2 2.081(4), Tal-P1 2.6706(12), Ta2-N3 2.043(4), Ta2-N4
2.068(3), Ta2-P2 2.6154(12), Tal-N1-C13 94.8(2), N1-C13-C18 104.4(3),
Tal-C18-C13 95.0(3), C18-Tal-N1 64.81(14), C17-C18-Tal 143.2(3), Tal-
C18-Ta2 74.29(13), Tal-O1-Ta2 87.60(11), O1-Tal-N1 107.72(12), O1-Tal-
N2 126.07(13), O1-Tal-C18 100.74(14), N2-Tal-C18 116.15(15), N2-Tal-
N1 122.77(13), N3-Ta2-N4 113.35(13), N3-Ta2-C18 102.07(14), N4-Ta2-
C18 144.54(14), O1-Ta2-N3 91.87(12), O1-Ta2-N4 88.40(12), O1-Ta2-C18
88.85(13)

reductive elimination of CH, would generate the highly coordinatively unsaturated

species Ta,O; it is this species that we propose undergoes activation of the N-Ph

moiety to generate the observed cyclometalated derivative 2.4.

Carbon monoxide can be cleaved by both mononuclear and multinuclear early

transition metal'>" and lanthanide complexes.!! In certain cases, the systems uti-

lized are low oxidation early transition metal complexes, such as Ta(silox)3152
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Scheme 2.2: Proposed mechanism for CO reduction by 2.1

or W,(silox),Cl,'>3 (where silox = OSiBu';), and the cleavage process operates

154

via reduction of the CO.">"* Other examples include multistep processes involving

migratory insertion,'47-149

sometimes through the intermediacy of a coordinated
formyl unit. As proposed above in Scheme 2.2, the dinuclear ditantalum system
cleaves CO by a combination of migratory insertion steps and a reductive cleavage
step. In an effort to better understand the mechanism of the reaction of tetrahydride

2.1 with CO, we examined possible intermediates and transition states computa-

tionally.
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Computational Details

Tantalum atoms were treated with the small core Stuttgart-Dresden relativistic
Effective Core Potential (ECP) in combination with its adapted basis set.!>>150
Carbon, oxygen, nitrogen and hydrogen atoms have been described with a 6-
31G(d,p) double-¢ basis set.!” Silicon and phosphorus atoms were treated with
the Stuttgart-Dresden ECP in combination with its adapted basis set and additional
d polarization functions.' %1% Calculations were carried out at the Density Func-
tional Theory (DFT) level of theory using the hybrid functional B3PW91.160:161
Geometry optimizations were performed without any symmetry restrictions and
the nature of the extremes (minima and transition states) was verified with ana-
Iytical frequency calculations. Gibbs free energies were obtained at T = 298.15
K within the harmonic approximation. Intrinsic Reaction Coordinate (IRC) cal-
culations were performed to confirm the connections of the optimized transition
states. DFT calculations were carried out with the Gaussian09 suite program.'6?
The electronic density (at the DFT level) has been analyzed using the Natural Bond
Order (NBO) technique.'® Calculations have been realized in the gas-phase and
the real NPN ligands have been computed.

To begin, we computed the structure of the ditantalum tetrahydride 2.1 and
compared it to an incomplete X-ray crystal structure (see Appendix, Figure A.1).
The computed structure is presented in Figure 2.2 with selected bond lengths and
angles. It confirms the presence of four bridging hydrides and the global structure
matches the structure observed experimentally'®* for the complex ([P,N,]Ta), (-
H)s. The NBO analysis is consistent with the presence of the Ta(IV) oxidation

state and the presence of a Ta-Ta bond. This is further confirmed by analyzing

the molecular orbitals. Indeed, the HOMO of this complex corresponds to the o-
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interaction of two d orbitals of tantalum (Figure 2.3), suggesting that the electrons

stored in the Ta-Ta bond can be used to reduce substrates.

Figure 2.2: Computed structure of complex 2.1. NPN ligands have been sim-
plified for clarity. Selected bond distances (A), bond angles (deg) and torsion
angles (deg) ; comparisons to the incomplete structure of 2.1 (see Supporting
Information) are given where applicable in brackets: Tal-Ta2 2.589 [2.57],
Ta-P 2.605, Tal-N1 2.104 [2.08], Tal-N2 2.124 [2.09], Ta2-N3 2.124 [2.09],
Ta2-N4 2.104 [2.08], Tal-H1 1.965, Tal-H2 1.918, Tal-H3 1.978, Tal-H4
1.909, Ta2-H1 1.918, Ta2-H2 1.965, Ta2-H3 1.909, Ta2-H4 1.978, P1-Tal-P2
154.57, Ta2-Tal-P1 128.97, Ta2-Tal-N1 122.69, Tal-H1-Ta2 83.61, P1-Tal-
Ta2-P2 179.99 [180], N1-Tal-Ta2-N4 179.98.

The reaction between 2.1 and CO is complex. The first part of the Gibbs free
energy profile of the reaction between 2.1 and CO is presented in Figure 2.4. Each
minimum of the profile has been optimized in its singlet and triplet spin-states and
the singlet spin-states are also found to be the most stable for all minima, by 8~30
kcal/mol. Thus, the reactivity takes place on the singlet potential energy surface.

The first step of the reaction is the coordination of CO to 2.1 involving both

Ta centers. Interestingly, two of bridging hydride groups have become terminal in
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Figure 2.3: Schematic depiction of the HOMO for complex 2.1, correspond-
ing to the metal-metal overlap.

order to allow the coordination; this was not considered in the original proposed
mechanism shown in Scheme 2.2. The coordination mode shows the CO to be
unsymmetrically bridging in a u-n'-n' mode with quite different Tal-C and Ta2-
C distances of 2.08 Aand 2.43 A, respectively. The C-O bond length is 1.19 A,
which is elongated with respect to free CO (1.13 A), which supports some 7-back-
donation from the two tantalum centers. The HOMO of this system corresponds to
the interaction between the Ta centers and CO and is depicted in Figure 2.5. The
coordination of CO is exergonic by -7.8 kcal/mol. Interestingly, this resembles the

aforementioned product of CO activation shown in Scheme 2.1, by analogy to the
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Figure 2.5: Schematic depiction of the HOMO for Ta,H,eCO, correspond-
ing to the metal-CO overlaps; the bridging hydrides are not shown and most
of the ligands except for the two amido donors on each tantalum are omitted.

N, activation; however, in this calculation the side-on, end-on CO species, loss
of H, does not occur as in the case of dinitrogen activation. Rather, the adduct
Ta,H,eCO easily undergoes migratory insertion of CO into a terminal Ta-H bond.
Indeed, the transition state of insertion lies at only +1.9 kcal/mol above the adduct,
and the formation of the corresponding formyl, Ta, H;eHCO, is exergonic by -8.2
kcal/mol with respect to Ta,H,eCO. The structure of the first transition state, TS, -
CO, has the hydride poised for migratory insertion to generate the formyl group in
a u-n'-n? coordination mode.

The next step of the reaction is the facile migration of the other terminal hy-
dride (transition state TS,-CO at +11.4 kcal/mol), which generates Ta,H,eH,CO

that contains a coordinated formaldehyde unit, whose formation is slightly ender-
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gonic by +5.0 kcal/mol with respect to the formyl Ta, H;eHCO. The formaldehyde
group is unsymmetrically bridging the two Ta centers, with the Tal-C, Ta2-C, Tal-
0, and Ta2-O distances being 2.16 A, 2.41 A, 2.24 A, and 2.16 A, respectively.
At this point, the Ta-Ta distance is equal to 2.66 A, consistent with the presence
of a Ta-Ta bond and the Ta(IV) formal oxidation state. This intermediate can fur-
ther react by breaking the C-O bond of the formaldehyde moiety with concomitant
oxidation of both Ta(IV) centers to Ta(V). Overcoming this third transition state,
TS;-CO, is the most difficult part of the reaction since the activation barrier is
equal to +19.2 kcal/mol with respect to Ta,H,eH,CO; interestingly, the overall
barrier can be defined as the conversion of Ta,H;eHCO to TS;-CO, and requires
+24.2 kcal/mol. However, the next intermediate is Ta,H,e(CH,)O, which is exer-
gonic by -23.5 kcal/mol with respect to Ta,H,eH,CO. Ta,H,e(CH,)O displays
a bridging p-oxo group as well as a bridging hydride, a terminal methylene group
on Tal and a terminal hydride on Ta2. From this point on, different pathways have
been examined computationally in order to generate the experimentally observed
product 2.4, but only three were found to be competitive and these are summarized
schematically in Figure 2.6.

The three pathways A, B, and C, in Figure 2.6, differ in the order of the mi-
gratory insertion of the methylene unit and the activation of the N-phenyl moiety,
which results in differences on where the ortho proton of the activated N-phenyl
group ends up. In path A, the ortho-C-H ends up as the bridging hydride, whereas
in paths B and C, one of the original bridging hydrides of 2.1 remains in the bridg-
ing position. We anticipated that testing this would be straightforward based on
our earlier reportl“4 on the preparation of ([NPN]Ta),(u-D)4, 2.1-d* which should

generate CD, via path A, whereas both paths B and C generate CD;H. However,
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Figure 2.6: Starting with the putative tetradeuteride, ([NPN]Ta),(u—D),;
three proposed pathways leading to the experimental product with concomi-
tant release of deuterated methane from Ta,H,e(CH,)O. In pathways B and
C, CD;H is produced whereas in path A, CD, would result.

we have since discovered that the preparation of 2.1-d4 by addition of excess D,
to the precursor trimethyl [NPN]TaMe; is more complicated and actually results
in the formation of 2.1-d,, wherein all eight of the ortho-C-H units on the N-Ph
moieties have also been deuterated, in addition to formation of the four bridging
deuterides (Scheme 2.3). None of ortho-C-Hs of the phenyl on the phosphine moi-
ety are exchanged. To distinguish paths A-C in Figure 2.6, the use of 2.1-d|, would
not be useful as CD, would result in all cases.

However, we have determined that the deuteration of the trimethyl complex in

hexanes results in less deuterium incorporation; this arises from precipitation of the
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partially deuterated complex, which presumably intercepts the isotopic incorpora-
tion process. By '"H NMR spectroscopy, there is no incorporation of deuterium
into the ortho-C-H positions of the N-Ph groups, and partial deuteration of the
bridging tantalum hydrides (Scheme 2.3). In fact, the formation of a mixture of
isotopologues ([NPN]Ta),(u-D)s_(u-H), (x = 0-4) can easily be determined by
the isotopically perturbed signals in the 'H NMR spectrum in the tantalum hydride
region.'**148 While the mechanism of this process is currently under investigation,

by correlating the number of deuterium atoms of the partially deuterated dinuclear
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hydride 2.1-d to the amount of deuterium contained in the methane product, we
are able to provide some support for one of the pathways. By Gas Chromatography
Mass Spectrometry (GC-MS) analysis, we observe the formation of approximately
equal amounts of CD, and CD;H from the reaction of 2.1-d, with CO; CD,H, is
also likely produced but its parent ion overlaps with CD;* ions from CD,. The
deuteration of the trimethyl complex in Et,O is homogeneous throughout, which
likely promotes exchange of both the bridging hydrides and the ortho-C-H bonds
(Scheme 2.3). Reaction of CO with the fully deuterated material 2.1-d, results in
the formation of CD, exclusively as expected.

While the other pathways are found to be energetically accessible, only the
Gibbs free energy profile for path A is shown in detail. The Gibbs free energy
profile of pathway A is presented in Figure 2.7. It begins by the migration of the
bridging hydride group of Ta,H,e(CH,)O to the carbene group in order to form
Ta,He(CH;)O. The activation barrier is equal to +16.1 kcal/mol with respect to
Ta,H,e(CH,)O and the energetic gain is only 2.3 kcal/mol. The Ta-Ta distance
has decreased from 3.15 A in Ta,H,e(CH,)O to 2.83 A in Ta,He(CH;)O which is
consistent with the passage from Ta(V) to Ta(IV). The terminal hydride becomes a
bridging hydride in order to slightly stabilize the complex. Then, this new bridging
hydride can also migrate towards the methyl group in order to release a methane
molecule and form the Ta(III) p-oxo complex Ta,O. This latter complex presents
a bent Ta-O-Ta angle of 89.1° allowing the formation of a double Ta-Ta bond.
This is confirmed by analyzing the HOMO and HOMO-1 of the complex, which
correspond respectively to one 7 and one ¢ orbital arising from the overlap of the

d orbitals of the metal centers (Figure 2.8).
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Figure 2.8: The calculated HOMO (top) and HOMO-1 (bottom) for the
Ta=Ta of the putative intermediate Ta,O

The activation barrier corresponding to its formation is equal to +27.9 kcal/mol
and the reaction is exergonic by -14.2 kcal/mol, both with respect to Ta,He(CH;)O.
This thermodynamic gain is mainly due to the formation of the stable methane
molecule along with the entropic gain due to the release of a small molecule (TAS
estimated to 10~15 kcal/mol at room temperature).'® Thus, the formation of the
coordinately unsaturated Ta, O complex itself is not a favorable process, otherwise
the energetic gain would be much larger than the 14.2 kcal/mol calculated. In order
to stabilize the complex, the last step of the reaction is the C-H activation of the
ortho C-H bond of an N-phenyl group of the NPN ligand, leading to the observed
product 2.4. The transition state lies only at +2.1 kcal/mol above the oxo complex
and the reaction is exergonic by -22.9 kcal/mol with respect to Ta, O, which is con-
sistent with the low stability of Ta,O. The product exhibits a bridging oxo group
(Tal-O bond length of 2.02 A and Ta2-O bond length of 1.95 A, versus 2.009(3)
and 1.925(3) exp.), a bridging hydride (Tal-H bond length of 2.02 A and Ta2-H
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bond length of 1.92 A, versus 1.92(5) and 1.96(5) exp.) and a phenyl bridging
ligand, coordinated by the ortho-carbon (Tal-C bond length of 2.42 A and Ta2-C
bond length of 2.11 A versus 2.399(4) and 2.095(4) exp.). It is thus a Ta(IV) com-
plex, which is confirmed by the short Ta-Ta bond distance (2.75 A versus 2.7240(6)
exp.). It is noteworthy that the quintet spin-state of the Ta(IIl) p-oxo complex is
more stable than the singlet spin-state by 3.6 kcal/mol, but in the first case, the
Ta-O-Ta angle becomes linear, which would make the last reaction step forbidden.
We can thus assume without risk that there is equilibrium between the singlet and
the quintet spin-states, and that the singlet spin-state complex Ta, O reacts directly

to generate 2.4.

2.1.3 Conclusions

The reaction of CO with the highly reducing ditantalum tetrahydride complex 2.1
proceeds by a series of migratory insertion reactions. Of particular interest for
this process is how CO interacts with the starting hydride. By using a computa-
tional approach, an adduct structure is proposed that involves CO interacting with
tetrahydride 2.1 wherein two of the bridging hydrides isomerize to terminal hy-
drides, presumably to open up a coordination site. In fact, one of the interesting
insights that is suggested from these calculations is the importance of the terminal
hydride unit in the migratory insertion processes documented in this work. While
the starting tetrahydride 2.1 contains four bridging hydrides in its ground state,
each insertion process involves a terminal hydride interacting with a small organic
moiety in a bridging position. While dinuclear complexes have offered unique ac-
tivation modes for small molecules, mainly by invoking simultaneous interactions

154,166,167

with two metal centers, in this work, we show that a strongly reducing
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dinuclear center in concert with available hydrides for migratory insertion can con-
vert an important C; molecule, CO, into CH, via complete utilization of the four

bridging hydrides.

2.2 Reduction of Carbon Dioxide Promoted by a
Dinuclear Tantalum Tetrahydride Complex

2.2.1 Introduction

Carbon dioxide (CO,) is potentially a plentiful C, source that continues to occupy
discussions related to climate change.!®® While conversion of CO, to higher-value
carbon-based materials is a worthy goal, it is clear that these kinds of approaches
are not realistic as a way to sequester this greenhouse gas,'®” particularly if dihy-
drogen (H,) derived via steam reforming is involved. Nevertheless, from a funda-
mental point of view, discovering systems that can transform CO, with!’%-!72 or

(174176

without H,!7 is of considerable interes and may provide hints on ways to

better utilize this ever-more-abundant resource.!”’

We have described the facile activation of dinitrogen (N,) by dinuclear tanta-
lum tetrahydride, ((NPN]Ta),(u-H)4 (2.1, where NPN = PhP(CH,SiMe,NPh),), to
generate the side-on end-on ditantalum dinitrogen complex ([NPN]Ta)z(u-nZ:n I
No)(u-H), (2.2;'431%44 Scheme 2.4). Given that N, is a very stable, inert molecule,
the question arose as to what the outcome would be in the reaction of tetrahydride
2.1 with the very stable CO, molecule. Herein we report our efforts to examine
the reactivity of CO, with the strongly reducing ditantalum tetrahydride complex

2.1. What emerges from this work is a rare example of a dinuclear metal hydride

system that functionalizes CO, and retains its dinuclearity.
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2.2.2 Results and Discussion

Our initial inspiration to examine the activation of CO, was based on the report that
certain zirconium and hafnium dinitrogen complexes react productively with CO,
to generate new N-C bonds and regiospecific hydrazides.!”® However, the reaction
of CO, and the tantalum side-on end-on N, complex 2.2 led to the formation of a
multitude of products even when the stoichiometry of added CO, was controlled.
Undaunted, we turned to the reaction of the ditantalum tetrahydride 2.1 with CO,
and discovered that a single product could be obtained provided that strict con-
trol of the stoichiometry was followed. For example, if excess CO, is used, very
complicated spectra are obtained, indicative of a mixture of products, perhaps a
consequence of migratory insertion of CO, in the tantalum-amido linkages of the
NPN ligand. However, if exactly 1 equiv of CO, is employed, a clean reaction en-
sues with the formation of only one very symmetrical product (60% recrystallized
yield) on the basis of a singlet at § -13.1 observed in the >'P NMR spectrum. The
corresponding '"H NMR spectrum shows a triplet resonance downfield at § 6.81,

which simplifies to a singlet upon 3'P decoupling and integrates to two H atoms.
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Analysis by heteronuclear single quantum coherence indicates that these H atoms
are not C-bound, consistent with the presence of bridging tantalum hydrides, and
are likely a Ta,(u-H), moiety. Also diagnostic in the 'H NMR spectrum is a sin-
glet at § 6.11 that again integrates for two H atoms. That these two sets of proton
resonances are derived from the bridging hydrides of 2.1 was confirmed by the use
of 2.1-dy, in which all four bridging hydrides and all eight of the o-NPh protons
are deuterated (See Scheme 2.3); in this reaction, the peaks at 8 6.81 and 6.11 both
disappear in the "H NMR spectrum, as does a peak at § 6.89 due to the o-H atoms
of the NPh moiety of the NPN ligand. When '*C-labeled CO, was utilized, the
resonance at § 6.11 becomes a doublet with ' Joz = 110 Hz. Given our earlier pub-

lication!”®

of the complete disassembly of CS, to generate the ditantalum species
with a bridging methylene, an analogous structure was considered. However, there
are no bridging hydrides in the CS, disassembly product, and the chemical shift of
the resonance due to the bridging methylene of this material occurs at § 4.5 in the
'"H NMR spectrum, which is considerably upfield of the methylene resonance ob-
served for the CO, product 2.5. In fact, a recent report of the reaction of CO, with

a mononuclear tantalum hydride to generate a ditantalum species with a methylene

diolate fragment proved to be a better analogy. 3"

H H
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Scheme 2.5: Reduction of CO, using 2.1
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Si2

Si1’

Figure 2.9: Selected bond lengths (A) and bond angles (deg) for 2.5: Tal -
N1 2.091(7), Tal - N2 2.062(6), Tal - P1 2.628(2), Tal - O1 1.980(5), Tal -
Tal 2.7688(7), N1 - Sil 1.742(7), N2 - Si2 1.739(7), C1 - O1 1.384(7); O1 -
C1-01 117.009), Tal - O1 - C1 126.4(5), O1 - Tal - O1 117.0(9), O1 - Tal
- N1 91.6(2), O1 - Tal - N2 91.6(2), N1 - Tal - N2 118.2(3), Ol - Tal - P1
160.99(15), N1 - Tal - P1 77.82(19), N2 - Tal - P1 79.08(19), O1 - Tal - Tal
83.45(14).

The solid-state structure of this complex (2.5) is shown in Figure 2.9, along
with the transformation in Scheme 2.5; the most notable feature of 2.5 is the bridg-
ing methylene diolate unit between the two Ta centers. The Tal-O1 bond length of
2.5 of 1.980(5) A is slightly longer that the Ta-O bonds of 1.929(5) and 1.917(2)
A found in two dinuclear methylene diolate complexes formed via intermolecular
processes. '3 The other parameters of this u-OCH,O unit compare unremarkably
to other examples of this rare kind of fragment with the exception that the O-C-O

angle in 2.5 of 117.0(9)° is larger than the aforementioned dinuclear systems [cf.
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111.4(7) and 109.7(3)°]'8 and a tetrayttrium cluster [cf. 107.6(3)°]'8! that contain
this unit.

The formation of 2.5 likely involves hydride addition reactions most probably
through a formate-type intermediate.®>!’" In an effort to shed light on this pro-
cess, possible structures of intermediates and transition states were examined com-
putationally. DFT [B3PW91//SDDALI(Ta,P)/6-31G** (other atoms)] calculations
were carried out on the full system.

The Gibbs free-energy profile of the reaction between 2.1 and CO, is presented
in Figure 2.10. For each minimum, singlet and triplet spin states have been con-
sidered, and the singlet spin states are always the most stable, by 20-50 kcal/mol.
Thus, the reactivity takes place on the singlet potential energy surface.

ArG° (kcal/mol)

Figure 2.10: Gibbs free-energy profile of the reaction between the tetrahy-
dride complex 2.1 and CO,. NPN ligands have been simplified for clarity.
Atoms colors: Ta, green; P, orange; N, blue; O, red; C, black; H, white. For
atom numbering, Tal is on the left, while Ta2 is on the right.
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The first step of the reaction is coordination of CO, to 2.1, involving the two
Ta centers. In Ta,H,eCO,, two bridging hydride groups have become terminal
in order to liberate one coordination site on each Ta center and thus allow the -
n%:n2-coordination mode of CO,, all of which happens in a concerted fashion.
The computed O-C-O angle is 132.8° and both C-O bonds are equal to 1.26 A,
suggesting that CO, has been reduced by 2.1. The Ta-Ta distance has increased
from 2.59 to 3.01 A so that the Ta-Ta bond has been broken. This is confirmed
by NBO analysis, which gives an oxidation state of +5 for each Ta, suggestive of
the presence of CO22*, at least formally. NPA charges show that the C atom of
CO, is strongly positively charged (+0.70). The formation of this adduct is slightly
exergonic by -3.4 kcal/mol, but it readily transforms to give the dinuclear u-n?:n2-
formato Ta,H;eHCO,. Indeed, the transition state corresponding to the hydrogen
transfer from one Ta center to CO, lies at only +10.7 kcal/mol with respect to
Ta,H,eCO,, while the formation of Ta,H;eHCO, is exergonic by -11.4 kcal/mol
with respect to the adduct. The geometry of the first transition state is standard
because one O atom of CO, has just moved away from the Ta-Ta-CO, plane of
Ta,H,eCO, in order to allow the terminal hydride to bridge from the Ta center to
the C atom of CO,. All other bond lengths or angles are mostly unchanged.

The intermediate Ta, H;eHCO, presents a nearly symmetrical u-n%:n2-HCO,
moiety. The Ta-Ta distance is 2.95 A, which is not consistent with a formate unit
between two Ta(IV) centers unless the two d electrons remain unpaired. NBO
analysis shows that there are no unpaired electrons in the d orbitals of the Ta cen-
ters or the presence of a Ta-Ta bond. The Lewis configuration extracted from the
NBO shows a covalent bond between Tal and the C atom and two dative bonds

from both negatively charged O atoms to each Ta center. The system can thus be
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described with two electrons delocalized between both Ta-C bonds and formally
Ta(V) centers. The formation of the experimental product involves the transition
state TS2-CO,, which corresponds to the transfer of the second terminal hydride
to the C atom of the HCO, unit. The activation barrier is calculated to be +20.5
kcal/mol, which is high but still kinetically accessible. The geometry of this tran-
sition state looks like that of TS1-CO,, discussed above. The formation of 2.5 is
calculated to be exergonic by -17.4 kcal/mol with respect to the dinuclear formate
complex Ta,H;0HCO,. The computed structure of 2.5 is similar to the experimen-
tal one, for example, with C-O, Ta-O, and Ta-Ta bond lengths of 1.40 [1.388(10)
A exp], 1.95 A [1.982(8) A exp], and 2.80 A [2.7693(9) A exp], respectively. The
HOMO still corresponds to the ¢ interaction of the two d orbitals of Ta, confirming
the Ta(IV) oxidation state. The importance of the metal is clearly evident because
calculations using copper surfaces detail quite different intermediates.'%?

The reaction of CO, with the highly reducing ditantalum tetrahydride complex
2.1 proceeds by a migratory insertion process followed by reductive elimination,

as summarized in Scheme 2.6.

2.2.3 Conclusions

Of particular interest is how CO, interacts with the starting hydride. By using a
computational approach, a low-energy structure emerged, wherein CO, binds re-
ductively with tetrahydride 2.1 to generate Ta,H,eCO,, wherein two of the bridg-
ing hydrides become terminal and the CO, unit is formally a CO,>~ moiety. One
of the interesting insights that result from these calculations is the importance of
the terminal hydride unit in the transformation documented in this work. While the

starting tetrahydride 2.1 contains four bridging hydrides in its ground state, each
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step in the process involves a terminal hydride interacting with a small organic
moiety in a bridging position. In the first transfer, the u-n2:n?-formato complex
Ta,H;eHCO, is generated and finally the methylene diolate product 2.5; this latter
process is formally a dinuclear C-H reductive elimination, wherein the two Ta(V)
centers of Ta,H;eHCO, are converted to Ta(IV) moieties in 2.5.

While dinuclear complexes offer unique activation modes for small molecules,
mainly by invoking simultaneous interactions with two metal centers, in this work,
we show that the strongly reducing ditantalum complex in concert with available
hydrides can convert the important C; source CO, to a reduced form, in this case,

a methylene diolate fragment.
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Chapter 3

Synthesis of Base Metal
Complexes of the Type [fc(NP)|]M

The only place where success comes before work is in the dictionary
— Vince Lombardi

3.1 Synthesis of Iron and Cobalt Complexes of a
Ferrocene-Linked Diphosphinoamide Ligand and
Characterization of a Weak Iron-Cobalt Interaction

3.1.1 Introduction

The recent interest in the use of earth abundant or base metals (e.g. Fe, Co, Ni) in
lieu of precious metals (e.g., Ru, Rh, Pd) in homogeneous catalysis is due to lower
cost, higher availability and decreased environmental and health issues, especially
with Fe-based systems.!? From a burgeoning spate of publications,7-81,90184-196
it has emerged that the chemistry of the base metals can be more complicated than
that of the precious metals. This is particularly the case because paramagnetic

complexes are often found for these elements, especially with Fe and Co,!?7-201

54



and simple two-electron oxidative addition and reductive elimination processes,

which are a staple for precious metal catalytic cycles, are not as common for base

metal catalyst precursors. 202
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Scheme 3.1

The kinds of ligand environments used to generate base metal complexes are
not too different from those found for the precious metals.!*®203204 To promote
versatility we have been exploring ligand sets that incorporate amido and phos-
phine donors into chelating arrays.®>?% We have already shown that these kinds of
donors can stabilize complexes of the early and late transition metal elements®>~4206
including a number of the aforementioned base metals.'*®!* Ongoing efforts in
our group have focused on the effect of the linkers that connect the disparate
donor environments on the structures and reactivity of the resultant metal com-

plexes. We have previously reported (Scheme 3.1) metal complexes stabilized

by diamido donors with one or two phosphine units connected in macrocyclic
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(A)?07-210 or chelating arrays using o-phenylene (P—C¢H,—N: C),0-101211 9 3.
thiophenyl (P—C,H,S—N:) D:!*3 or methylene-dimethysilyl (P—CH,SiMe,—N

d109,137

A B)?07-210.212 Jinkers. More recently, we have investigate phosphinoamide

10111213 in which there is no linker between the amido and the phosphine

donors
donor, and have the general formula [R,P—NR’]™. Of particular interest is the
use of a ferrocenediamine scaffold to generate a diphosphinoamido donor set as
depicted in E'*7 in Scheme 3.1. One intriguing feature of this system is the pres-
ence of the ferrocene unit that can undergo redox chemistry and therefore act in a
non-innocent fashion.?!*

In this contribution we outline the coordination chemistry of 1,1’ -ferrocenebis-
(diisopropylphosphinoamide) with Fe(II) and Co(II) precursors, which generate
new structural motifs in base metal chemistry that result from this linkerless donor
set. What emerges from this study is that a weak metal-metal bond can arise from

the interaction of the closed-shell iron center of ferrocene with an open-shell base

metal center.

3.1.2 Results and Discussion

130 i5 easily converted to 1,1’-ferrocenebis(diisopropylphos-

1,1’-Ferrocenediamine
phinoamine), fc(NHP'Pr,),, 1.50, as previously reported.'3” Deprotonation of 1.50
with KH leads to formation of the dipotassium derivative, K, [fc(NP'Pry),], 3.1,
which can be stored under nitrogen as a solid for several weeks without significant
degradation. An X-ray single crystal structural analysis (See Figure A.3) of this
material indicates that it is polymeric in the solid state; nevertheless, it serves as a

useful metathesis reagent as described below.

The reaction of 3.1 with FeBr,(THF), results in the formation of a species that
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has the empirical formula, Fe[fc(NP),], 3.2, as a red brown solid. Complex 3.2 is
paramagnetic, and assuming a monomeric structure, exhibits a lower than expected
effective magnetic moment (U Evans Method: 3.3 ug, Gouy: 3.2 ug), and gives
rise to an NMR spectrum that contains 10 paramagnetically-shifted singlets over

the range of 6 + 120 to —80.
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Scheme 3.2

From the NMR evidence alone, it is clear that 3.2 cannot be a mononuclear
complex with a geometry similar to E in Scheme 3.1 (M = Fe), as one would predict
only five resonances in the 'H NMR spectrum on the basis of C;, symmetry. In
addition the ¢ value does not match simple spin-only values expected for a high

spin (HS) or low spin (LS) monomeric Fe(Il) complex. Fortunately, single crystals
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can be grown by slow evaporation of hexanes; the solid-state molecular structure

is shown in Figure 3.1, along with selected bond lengths and angles.

Figure 3.1: ORTEP diagram of 3.2 with ellipsoids drawn at 50% proba-
bility. All H atoms and ‘Pr methyl groups have been omitted for clarity.
Selected bond lengths (A) and angles (deg): Fe2-Fel 3.5341(4); Fel-Fel’
3.9241(5); Fel-P1 2.4443(4); N1-Fel 1.9459(12); N2-Fel 1.9217(12); N1-P1
1.6692(13); N2-P2 1.6993(12); N2-Fel-N1 123.47(5); N1-Fel-P1 115.71(4);
P1-Fel-N2 120.81(4).

In the solid state, 3.2 is dimeric with bridging and terminal phosphine donors
generating two three-coordinate Fe(II) centers, in addition to the ferrocene Fe(II)
units. Complex 3.2 displays C; symmetry where the inversion center of the molec-
ular structure sits in the middle of an elongated six-membered heterocyclic ring
made up of two Fe(Il) centers and two phosphinoamide moieties. The bridging
phosphinoamides in 3.2, (N1-P1 & 1.67 A), are similar to other iron N-Aryl phos-
phinoamide complexes,!!! all of which are longer than typical N-alkyl substituted
phosphinoamides'!21> due to competing delocalization of the nitrogen based lone

pair into ¥ orbitals of the arene rings. The trigonal planar coordination geometry
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of 3.2 results in an unstrained ligand backbone characterized by the tilt angle of
0.13°216-219 and bite angle of 107.34° (See Figure 3.2 for depiction of Cp tilt (ct)
and bite (0) angles). Other examples of trigonal planar iron phosphinoamide com-

111,115

plexes have been reported by the Thomas group and in all cases the N-P axes

are perpendicular to the donor atom plane.

Figure 3.2: Cp tilt angle (left) and bite angle (right).

Using a dimeric structure, the room temperature effective magnetic moment of
3.2 was determined to be 6.7 up by the Evans method, and 6.6 up using a Gouy bal-
ance; the agreement between methods indicates that the dimer formulation exists
in both the solution and solid state. As already mentioned, the paramagnetically
shifted "H NMR spectrum of 3.2 displays 10 shifted singlets in C¢Dg as shown in
Figure 3.3. In dg-THEF, a slightly shifted set of 10 singlets is again observed, in-
dicating that the dimeric structure is maintained in the presence of excess ethereal
donors. However, when 3.2 is dissolved in ds-pyridine, a simplified spectrum is
observed in which 5 signals can be detected (Figure 3.3). When the pyridine solu-
tion is evaporated to dryness and the residue dissolved in C¢Dg, the original 10 line
pattern is again observed, indicating that in the presence of pyridine, a different
structure is generated, but reversion to the dimer 3.2 occurs when the pyridine is

removed.
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Figure 3.3: 300 MHz 'H NMR spectra of 3.2 in C4Dg (top), dg -THF (mid-
dle), ds - pyridine (bottom): * denotes residual proton peak(s) of the NMR
solvent; 1 denotes protonated ligand, 1.50.

In an effort to investigate this apparent change in symmetry, the reaction of

3.2 with p-dimethylaminopyridine (DMAP) was examined, which resulted in the

isolation of the mononuclear complex 3.3. This mononuclear derivative can also

be accessed by direct reaction of the potassium salt 3.1 with FeBr,(THF), in the

presence of a slight excess of DMAP and the NMR spectrum of 3.3 is similar to

that of 3.2 in ds - pyridine. The effective magnetic moment of 3.3 in solution (5.1

ug) is within the range expected for a HS Fe(Il) center (Scheme 3.3).
The single crystal X-ray structure of 3.3 is shown in Figure 3.4, along with

selected bond lengths and angles. The iron center in 3.3 displays a distorted tetra-

hedral geometry, with a large N1-Fe2-N1' angle for the ferrocene based nitrogen

donors (120.66°) and a more constricted N2-Fe2-N2! angle for the DMAP donors
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(91.55°). This type of distortion is common in four-coordinate complexes with
1,1’-diaminoferrocene based ligands'3>?2° due to the large bite angle imposed.
The N-P bond lengths are very typical of an aryl-phosphinoamide and similar to
that found for the unbound N-P unit in the dimer 3.2. Upon changing the coor-
dination geometry from trigonal planar in 3.2 to tetrahedral in 3.3 we observe an
elongation of the Fe-Fe distance to 3.60 A which is typical for tetrahedrally bound
systems displaying no interaction with the ferrocene backbone,!32133:220.221

The >’Fe Mossbauer spectra of 3.2 and 3.3 are shown in Figure 3.5; each com-
pound displays two doublets arising from the two unique Fe(I) centers. The spec-

trum of 3.2 was fit as a pair of quadrupolar doublets. Based on the isomer shift

and quadrupolar splitting of 1.50 (See Figure C.1) and other ferrocene based lig-
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Figure 3.4: ORTEP diagram of 3.3 with ellipsoids drawn at 50% probability.
All H atoms and ‘Pr methyl groups have been omitted for clarity. Selected
bond lengths (A) and angles (deg): Fe2-Fel 3.6059(5); Fel-N1 1.9650(15);
Fel-N2 2.1223(14); N1-P1 1.6855(15); N1-Fel-N1/ 120.66(8); N2-Fel-N2!
91.55(8); N1-Fel-N2 106.15(6).

ands??!'~22* the doublet with AEq = 2.34 mm/s was assigned to the ferrocene iron
center. The doublet with AEq = 1.02 mm/s, assigned to the trigonal planar Fe(II)
center, displays an isomer shift value of 0.43 mm/s consistent with a HS Fe(Il) ion.
Trigonal planar iron complexes with a diamido phosphine donor set are relatively

78,225,226 and to our knowledge, only one other has been characterized

uncommon,
by Mossbauer spectroscopy (See Table 3.1).!'! While the quadrupolar splitting
(1.02 mm/s) of the trigonal planar iron in 3.2 is substantially smaller than that of
[Fe(NP),(NP)FeCl], there is some ambiguity in the latter as to whether the tetra-

hedral or trigonal planar iron center is being observed. However, the quadrupolar
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Figure 3.5: Zero field >’Fe Mossbauer spectra of 3.2 (top) and 3.3 (bot-
tom) recorded at room temperature. Black diamonds are data points from
the Mossbauer experiment, green curves are fits for the ferrocene iron (6 =
0.43 mm/s, AEq = 2.34 mm/s for 3.2; 6 = 0.45 mm/s, AEq = 2.36 mm/s for
3.3), blue curves are fits for the non-ferrocene iron centers (0 = 0.43 mm/s,
AEq = 1.02 mm/s for 3.2; § = 0.71 mm/s, AEq = 2.22 mm/s for 3.3), and red
curves are fits for total contributions.
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splitting of 3.2 is consistent with other trigonal planar species®?7-28

particularly the
electron-rich, dimeric [Fe(N(SiMe3)2)2]2.229 Not surprisingly, in the mononuclear
complex 3.3 the ferrocene iron displays nearly identical Mdssbauer parameters to
the ferrocene iron in 3.2. The second doublet, attributed to the tetrahedral Fe(II)
center, displays a typical isomer shift and quadrupolar splitting for HS tetrahedral
Fe(1I).190:230-232

To further investigate the coordination chemistry of K,[fc(NP),], 3.1, we per-
formed a salt metathesis with CoCl,(py),. We were able to isolate a solid by con-
ducting the reaction of 3.1 and CoCl,(py), in a hydrocarbon solvent such as pen-
tane or toluene, to precipitate the product (compound 3.4) directly. If the reaction
is conducted in a more polar solvent the product rapidly decomposes. Fortunately,
single crystals could be obtained by performing the metathesis in toluene at high
concentration; the solid-state molecular structure is shown in Figure 3.6 along with
selected bond lengths and angles. In order to confirm that the solid state molec-
ular structure was consistent with the bulk sample we performed a powder X-ray
diffraction analysis, see Figure 3.7.

The overall dimeric structure of 3.4 is similar to that of the iron-based 3.2, but
with one striking difference: whereas in 3.2 the non-ferrocene iron adopts a trigonal
planar geometry, the cobalt center of 3.4 adopts a nearly square planar geometry as
a result of an interaction with the iron of the ferrocene backbone. While the Co-Fe
bond length in 3.4 is very similar to the sum of the van der Waals radii, the dramatic
difference in Fe-M distances between 3.2, 3.5341(3) A and 3.4, 2.8451(10) A,
suggests an electronic interaction is responsible for this nearly 0.7 A contraction,
as steric effects should be similar between the two complexes. One of the further

consequences of this Fe-Co interaction in 3.4 is the disposition of the nitrogen
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Figure 3.6: ORTEP diagram of 3.4 with ellipsoids drawn at 50% probability.
All H atoms and ‘Pr methyl groups have been omitted for clarity. Selected
bond lengths (A) and angles (deg): Fel-Col 2.8451(10); N1-Col 1.854(2);
N2-Col 1.877(2); N1-P1 1.676(2); N2-P2 1.697(2); Col-P1 2.1562(11); N1-
Co1-N2 159.64(9); P1-Col-Fel 166.90(2); N1-Col-Fel 80.50(7); N1-Col-
P196.19(6); C1-N1-Col 95.64(15).

atoms, N1 and N2, in the 1,1’-diaminoferrocene backbone. The C1-N1-Fel angle
of 115.12(2)° in 3.2 shows a relatively strain-free sp>-hybridized nitrogen atom,
in contrast to the more acute C1-N1-Col angle of 95.64(15)° in 3.4. In addition,
the Cp plane angle of the ferrocene backbone increases from 0.1° in 3.2 to 6.9°
in 3.4, which indicates more strain of the rigid backbone in the latter complex.
Interactions between the iron of ferrocene and a metal bound by donor atoms in
the 1,1 position are known including Fe-Pd?*3-23% and Fe-Pt>3%?%0 interactions.
Outside of the two aforementioned metals, only a few examples!33134221.241 of

this kind of interaction have been reported. To our knowledge, 3.4 represents the

first example of a ferrocene-stabilized group 9 metal. It is only the second example
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Figure 3.7: PXRD for bulk 3.4 compared to a projection obtained from single
crystal X-ray diffraction data of 3.4.

with a 1% row transition metal, the other being a titanium complex which can be
thought of as a Lewis acid Lewis base interaction (d® Fe(1l) — d° Ti(IV)).!33
While the ferrocene iron centers in 1.50, 3.2 and 3.3 display similar isomer shift
and quadrupole splitting values, the Mdssbauer spectrum of 3.4 displays a single
quadrupole doublet for the ferrocene center, which has a contracted quadrupolar
splitting of 2.01 mm/s. Figure 3.8 shows the overlay of the fits for the ferrocene
centers in 3.2 and 3.4 illustrating the smaller quadrupolar splitting of the dicobalt
derivative, 3.4, compared to the diiron, 3.2. A similar ferrocene-metal interac-

tion has been recently characterized®?! for a closed-shell ruthenium complex of a
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Figure 3.8: Zero field >’Fe Mossbauer spectrum of 3.4 collected at room
temperature fit as a quadrupolar doublet; 6 = 0.42 mm/s, AEq = 2.01 mm/s
(top) and an overlay of the ferrocene center fits for 3.2 in black and 3.4 in red,
showing the contraction of the latter (bottom).
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ferrocene diamide ligand. While the fc-M bond lengths are similar (Fe-Ru: 2.80
A; Fe-Co: 2.84 A), the ruthenium complex displays an even smaller quadrupolar
splitting, 1.81 mm/s, possibly due to greater orbital overlap with the larger 4d metal
ruthenium.

Table 3.1: Mossbauer parameters for 3.2, 3.3, 3.4 and related compounds.

Compound Isomer Shift (mm/s) | Quadrupolar Splitting (mm/s)
1 0.48 2.52
3.2¢ 0.43 2.34
0.43 1.02
3.3¢ 0.45 2.36
0.71 2.22
34 0.42 2.01
[Fe(NP),(NP)FeCl]? 0.60 1.80
(Fe(N(SiMes),)5) 0.58 1.02

% The iron of the ferrocene moiety is listed above; b (NP) : N"Per"Plr2

3.1.3 Magnetic Measurements

In an effort to determine the spin states and gain insight into the electronic struc-
ture of 3.2, 3.3 and 3.4 we performed Variable Temperature (VT)-magnetometry.
Figure 3.9 shows the plots of effective magnetic moment (Lg) vs. T for 3.2, 3.3
and 3.4. The monomeric 3.3 displays a fairly constant tegr value from 300 K down
to 55 K, with an average value of 5.1 ug. After 55 K the data undergo a brief rise
to a maximum of 5.3 up at 22 K before falling steeply to a minimum of 4.2 ug at
1.8 K. This data can be fit with a Curie-Weiss Law with parameters of C = 3.222(4)
cm?® K mol~! and ® = -1.89(6) K (see Figure D.1 for fit). The room temperature
Uer value for 3.3 is higher than the spin only value of 4.9 up expected®*? for high
spin d®; however, this is common with tetrahedral Fe(II) centers due to spin-orbit-

coupling.>** Examining 3.2 we see a room temperature magnetic moment of 6.6 g
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per dimer that slowly begins to decrease until ~125 K at which point u.s decreases
to a minimum of 1.4 ug at 1.8 K. The gradual decrease of usr with decreasing tem-
perature is consistent with an antiferromagnetic exchange between the two trigo-
nal planar iron centers. The combination of weak anti-ferromagnetic coupling and
zero-field splitting creates a situation where modelling is not of significant value
and was not pursued. We tentatively assign 3.2 as having two central HS Fe(II)
centers (spin only: 9.8 ug) with weak antiferromagnetic coupling between the two
trigonal planar iron centers. It should be noted that performing Evans method?*+243
on a C¢Dg solution of 3.2, yields a room temperature magnetic moment of 6.7 ug.
The agreement between room temperature measurements in the solid state and in
solution indicates that the dimeric nature of 3.2 is maintained in solution. The pro-
posed antiferromagnetic exchange is likely intramolecular mediated through the
N-P bridges or by direct exchange and not by intermolecular exchange processes.
Due to a large Fe-Fe distance of 3.9241(5) A, we prefer magnetic exchange through
the amidophosphine bridges as a rationale for the low magnetic moment.

In Figure 3.9, the overall shape of the Ueg vs T curves for 3.2 and 3.4 are sim-
ilar; however, the most striking difference is the low U for 3.4 throughout the
entire temperature range. Starting at 4.2 ug at 300 K (confirmed by Gouy balance)
Uesr gradually decreases to 3.0 up at 16 K, indicative of weak antiferromagnetic
coupling. Below 16 K ¢ sharply falls to a value of 1.2 ug at 1.8 K, which is at-
tributed to a combination of Zeeman and zero field splitting; again modelling was
not pursued. The low room temperature value of g is higher than the spin only
value but consistent with other LS square planar Co(II) centers with some second-
order spin-orbit coupling.!*>>#>246 Based on structural and magnetic analysis of

3.2 and 3.4 it is evident that the electronic structures of these two compounds are
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Figure 3.9: Variable-temperature effective magnetic moment (Ug) for 3.2,
3.3 and 3.4 collected under an applied DC field of 1 T.

drastically different. The observation of LS Co(II) centers in the dimer further sup-
ports a Fe-Co interaction in 3.4, as the additional donor interactions would result

in a stronger ligand field and therefore a low spin complex.

3.1.4 DFT Calculations

In order to confirm the spin state assignments obtained from VT-magnetomerty,
and investigate the Fe-Co interaction in 3.4 we turned to DFT methods. We per-
formed geometry optimizations on the full molecules of 3.2 and 3.4 using the
atomic coordinates obtained from the solid-state molecular structures as an initial
geometry. Both LS and HS configurations for 3.2 (S=0and S=4)and 3.4 (S=1

and S = 3) were evaluated at the BP8624723 level of theory using triple-{-valence
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basis sets. The HS (S =4) and LS (S = 1) spin states were found to be more stable
for 3.2 and 3.4 respectively, supporting the spin state assignments made based on
VT-magnetometry. In both cases, the geometry obtained in silico for the more sta-
ble spin state is very similar (See Figure B.1 and Figure B.2 in Appendix B) to the
geometry obtained by single crystal diffraction studies; the less stable spin states
show large distortions from the experimentally determined coordinates. A few of
the observed and calculated bond metrics are compared in Table 3.2, for a more

expansive set see Table B.3.

Table 3.2: Computed and experimental bond metrics for 3.2 and 3.4.

Bond Metric 3.2 34
expt S=0 S=4 expt S=1 S=3
Fe-M (A) | 3.5341(4) 2914 3.522 | 2.845(1) 2.871 3.203
M-P(A) |24442(4) 2.160 2439 | 2.156(1) 2.182  2.403
N-M-N (°) | 123.47(5) 157.17 124.85 | 159.64(9) 158.90 139.97

With the spin states confirmed we examined the bonding between Fe and Co
in 3.4. Through NBO analysis, the Mayer bond order?*>2*° for the Fe-Co unit was
calculated to be 0.21, indicative of a weak but significant bonding interaction. In
comparison, 3.2 displays a Fe-Fe Mayer bond order of 0.04. Due to the scarcity of
weak M-M bonds between 3d metals that have been characterized using the Mayer
bond order, direct comparison is difficult. The carbonyl cluster Fe;(CO),, and
dimeric [CpCoH(CO)], display bond orders of 0.42%! and 0.3422%2 respectively,
and are described as single bonds. However, other complexes of 1,1’-substituted
ferrocene based ligands, which display a Fe-M interaction have been studied. For
complexes with Pd(0.26), Pt(0.31) and Ru(0.26) the Mayer bond order is typically

less than other metal metal single bonds.'3+2?!
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Gratifyingly, three of the high lying molecular orbitals show bonding interac-
tions between the iron and cobalt centers. HOMO-6 in 3.4 is a highly delocalized
orbital (See Figure B.11) which displays an Fe-Co ¢ interaction. In addition a pair
of 7 bonding orbitals can be found, HOMO - 9/10 see Figure 3.10. For 3.2 the high
lying orbitals, HOMO — HOMO-20, were examined for similar interactions and
none were found; a complete set of frontier molecular orbitals for 3.2 and 3.4 are

shown in Figure B.3 to Figure B.11.

Figure 3.10: HOMO-9, for 3.4. HOMO-104, HOMO-75 and HOMO-8 are
similar.

The optimized coordinates of 3.4 were then used in subsequent analysis using
NBO 6.0.253 Analysis of the natural bond orbitals reveals a sigma overlap between
a filled valence orbital on iron and an empty ¢* orbital between cobalt and phos-
phorus, as shown in Figure 3.11. The natural localized molecular orbitals generated
from these natural bond orbitals are predominately iron based with a 2.2% contri-
bution from cobalt.

Furthermore, NBO second order perturbation analysis of donor-acceptor inter-
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Figure 3.11: Contour plots of Left: NBO 91 (Fe) and NBO 250 (Co-P*)
overlap. Right NLMO 91.

actions reveals several stabilizations from filled orbitals on cobalt to empty orbitals
in the ferrocene unit (11.41 kcal/mol) and vice versa (7.79 kcal/mol). In addition to
direct interactions, there are several donations from filled cobalt-ligand bonding or-
bitals to empty orbitals on iron (10.42 kcal/mol) for a total of 29.62 kcal/mol. Note
that these energy values are described for only one Fe-Co pair. For a detailed list
of relevant second order interactions see Table B.4 The nearly equal energy con-
tributions of Fe — Co and Co — Fe are surprising given that a recently reported
iron-ruthenium interaction®?! showed only donation from filled ferrocene-based

orbitals to empty ruthenium-based orbitals.

3.1.5 Summary and Conclusions

Using the dianionic ferrocene-based diphosphinoamide ligand precursor, we have
been able to prepare dimeric base metal complexes that incorporate iron(II) and
cobalt(Il) centers symmetrically bridged by phosphinoamide units. Each of these

dimers exhibits similar structures that involve a central six-membered heteroatom
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ring flanked by closed shell ferrocene units that also display uncoordinated phos-
phine moieties. The key difference in these structures is evident in the geome-
tries of the open-shell iron and cobalt centers. In the diiron dimer 3.2, each iron
is trigonal planar, while in the dicobalt dimer 3.4, each cobalt displays a square
planar geometry, due to a significant interaction with each ferrocene iron center.
This interaction has been confirmed by DFT analysis showing bonding orbitals en-
compassing the iron and cobalt centers and NBO analysis suggesting that a filled
valence orbital on ferrocene donates to an low-lying 6*¢,_p orbital.

Other ferrocene — M bonding interactions are well known and have been re-
ported for M = Pd, Pt, Ru and Ti, all of which display closed-shell configurations.
To our knowledge, this is the first example of a ferrocene — M bond to an open-
shell metal ion. A rationale for the difference in the interaction of the two dimeric
complexes reported here is likely that the HS Fe(Il) centers in 3.2 do not have
available orbitals for donation from the ferrocene unit, whereas in 3.4 the low-spin
Co(II) centers mimic closed-shell Pd(IT) and Pt(II) ions with available metal-based
orbitals for interaction with the ferrocene Fe centers. Chapter 4 will focus on the

reactivity of these structurally unique dimers.

3.2 Attempted Synthesis of Group 10 Phosphinoamides

3.2.1 Introduction

In the previous section we examined the coordination chemistry of a bisamidophos-
phine ferrocene ligand by performing salt metathesis reactions of 3.1 with iron and
cobalt halides to produce metal complexes of the type ([fc(NP'Pr)2]M),. During

these syntheses, we discovered that the iron center of the ferrocene backbone can
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act as a donor to the cobalt center, yielding the square-planar coordination environ-
ment observed in 3.4. While square planar Co(II) complexes like 3.4 are becom-
ing more common because of their potential application in catalysis ,>>*%63 the
number of square planar d’ metal complexes pales in comparison to the plethora
of square planar d® complexes based on group 10 metals. For this reason, we
wondered if the group 10 metal complexes would be more stable than the cobalt
derivative 3.4. Therefore, we endeavoured to synthesize compounds of the type
([fc(NP'Pr;),]M), where M = Ni, Pd, Pt. If indeed these diamagnetic complexes
were more stable than 3.4, this would allow us to characterize the Fe— M donation

in solution and examine any potentially non-innocent effects this interaction would

have on small molecule activation.

3.2.2 Attempted Synthesis of Group 10 Complexes

Initial synthetic efforts were directed toward platinum in order to take advantage
of the NMR spectroscopic handle provided by the spin-active '>>Pt nucleus. We
initially tried the same salt metathesis methodology, shown to be successful with
iron and cobalt. However, using the dipotassium salt 3.1 and a variety of PtL;X»
(Scheme 3.4) metathesis reagents resulted in intractable mixtures, which, when
analyzed by solution phase 3!P NMR spectroscopy, did not display any evidence of
phosphorus-platinum coupling. Salt metathesis with Pd(II) sources (Scheme 3.4)
resulted in similarly intractable mixtures. In addition, based on the observation
of black precipitate in both the Pd and Pt reaction mixtures, we concluded that
reductive elimination to Pt’ was too facile with this electron rich ligand set.

An alternative synthetic strategy was attempted involving a two step coordina-

tion and deprotonation protocol using PtCl,(PPh3), as the metal precursor. Stirring
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Scheme 3.4: Attempted synthesis of ([fc(NP!Pr,),]M), where M = Pd, Pt

a solution of the diphosphinoamine 1.50 with PtCl,(PPh3), and monitoring by 3p
NMR spectroscopy leads to a spectrum with two new resonances corresponding
to a major and minor product. Both resonances display coupling to platinum and
are separated by a mere 0.71 ppm. The 'Jpp, coupling constants for the major and
minor products are 2547 Hz and 2565 Hz, respectively, consistent with a platinum-
phosphorus bond. Due to the similar chemical shifts and coupling constants we
tentatively assigned these resonances to cis/trans isomers of [fc(NHPPr;), |PtCl,.
The '"H NMR spectrum displays two N-H resonances at 5.64 and 5.95 ppm, with
the major N-H resonance split into a virtual triplet, which, upon 3'P decoupling
collapses to a singlet. Virtual coupling requires strong coupling between the equiv-
alent phosphorus nuclei suggesting that the major product is the species with the

trans arrangement of the phosphorus atoms, shown for 3.5 in Scheme 3.4. Unfor-
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tunately, deprotonation of this complex with a wide variety of bases led to either
no reaction (NEt3, KO'Bu) or decomposition to an intractable mixture (KHMDS,
LiHMDS, KH, MeLi). As we were unable to generate ([fc(NP!Pr)2]Pt)» using this
route, complete characterization of 3.5, including determination of the solid state
molecular structure, was not pursued.

A third synthetic route was envisioned whereby a platinum alkyl complex of
1.50 could undergo alkane elimination to generate the desired ([fc(NP'Pr3),]Pt),.
After converting PtCl,(SMe,); to (Pt(/,L—SMez)Mez)2264 addition of 1.50 resulted
in conversion, as evidenced by 3'P NMR spectroscopy, to a single product 3.6,
with 1Jpp, = 2029 Hz. Characterization by 'H NMR spectroscopy reveals the same
pattern as 3.5 with one additional resonance for the methyl groups at 0.97 ppm.
Gentle heating (50°C) of 3.6 results in no reaction and more aggressive heating
(100°C) results in decomposition of 3.6 and formation of a platinum mirror on the
inside of the NMR tube. No resonances are observed in the 'H NMR spectrum for
methane or ethane, however, several low intensity signals were observed between
0 and 1 ppm.

Our inability to synthesize phosphinoamide complexes of platinum and palla-
dium led to investigations of the coordination chemistry of Ni(II), another d® metal
ion, unique from its heavier congeners due to its ability to adopt both square pla-
nar and tetrahedral coordination geometries.?®2%6 We began by performing salt
metathesis between 3.1 and a variety of NiX,;L, compounds where X = Cl, Br and
L = DME, THEF, PPhs. In all of the reactions a new diamagnetic compound, 3.7 in
Scheme 3.5, was observed by 3!P NMR spectroscopy in varying purity.

The original synthesis of 3.7 was performed using NiCl,(PPh3);, however,

subsequent syntheses have utilized the much cheaper and more atom economical

77



—TT
70 69 68
- J

J A

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 15 1.0 0.5 0.0

Figure 3.12: 3'P{!H} (162 MHz, insert) and 'H NMR (400 MHz) spectra of
compound 3.7 in C¢Dy

NiBr,. Examination of the *'P and '"H NMR spectra of 3.7, shown in Figure 3.12,
suggested that we had indeed synthesized the desired ([fc(NP'Pr),]Ni), complex.
The 3'P NMR spectrum displays two resonances coupled to one another (*Jpp =
40.7 Hz) with very similar chemical shifts (A = 1.16 ppm). The '"H NMR spec-
trum is consistent with inequivalent ligand arms, displaying 4 sets of resonances
for the iso-propyl protons, as would be expected for a complex with an analogous
structure to 3.4. The stability of 3.7 was demonstrated by multiple heating and
cooling cycles from 25°C to 80°C followed by '"H NMR analysis, showing no sig-
nificant compound degradation.

Single crystals of 3.7 were grown by cooling a toluene/hexanes solution to -40
°C, and the solid-state molecular structure was established by single-crystal X-ray
diffraction, and shown in Figure 3.13. Surprisingly, the structure shows a com-
pound containing no nickel and a new P-N bond formed between the phosphorus
of one phosphinoamide and the nitrogen of the other ligand arm, a completely un-

expected result. Examination of the bond lengths obtained from the solid-state
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molecular structure shows that the N1-P1 bond length (1.565(3) A)is substantially
shorter than the other two P-N distances (> 1.7 A) suggesting that an oxidation of
one amidophosphine has occurred and there is now a formal double bond between
N1-P1. The N1-P1 distance of 3.7 is comparable to other phosphinimines from our

group (1.5594(1) A) and others (~1.58 A).27

Figure 3.13: ORTEP diagram of 3.7 with ellipsoids drawn at 50% probability.
All H atoms and ‘Pr methyl groups have been omitted for clarity. Selected
bond lengths (A) and angles (deg): N1-P1 1.565(3); N2-P2 1.750(3); P1-N2
1.720(3) C1-N1 1.391(5); C6-N2 1.443(5); Fel-P1 3.5182(12); N1-P1-N2
114.95(16); P1-N1-C1 126.4(3); P1-N2-C6 119.4(2); P1-N2-P2 1.479(5); Cp
tilt angle 9.40(17).

The salt metathesis reaction with nickel is more complicated than with iron
or cobalt. Balancing the equation, Ni’ and KBr must be produced in the reac-
tion. We attempted to identify a putative Ni intermediate in the reaction by trap-
ping with PMe,Ph. Adding 5 eq of PMe;,Ph to the reaction of the dipotassium
salt 3.1 and NiBr; yields a reaction mixture with a resonance at -9.5 ppm in the
3lp NMR spectrum, attributed to Ni(PMe;Ph)4. All other resonances in the spec-
trum could be attributed to compound 3.7 and excess PMe,Ph.2%® The addition of
PMe,Ph did not allow us to observe a Ni intermediate, however, the observation of

Ni(PMe,Ph), is evidence for the production of Ni® during the course of the reac-
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tion. We propose that a Ni(Il) intermediate like (fc(N PiPr,),Ni), (or a monomeric

complex fc(NP'Pr;),NiL,) is initially formed before rapid reductive elimination

occurs to yield 3.7 (Scheme 3.5). All attempts to isolate or characterize the pro-

posed (fc(NP'Pr;),Ni), intermediate, including low temperature 31p and 'H NMR

studies, were unsuccessful.

T
THF
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~
~
e
3.7
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Scheme 3.5: Synthesis of 3.7.

The similar chemical shifts of the two phosphine environments (Figure 3.12)

80

in 3.7 was surprising given that one is a P(V) phosphinimine and one is a P(III)
phosphinoamine. We undertook VT-NMR spectroscopy studies to identify any
exchange processes and, under gentle heating (328 K), observed the coalescence
of the phosphorus resonances (Figure 3.14). This was surprising as the exchange
of the inequivalent phosphorus atoms requires cleavage and formation of a P-N

bond on the NMR time scale. Repeating this experiment with multiple heating and



cooling cycles does not result in product decomposition; the original spectra are
observed every time upon returning to room temperature. Unfortunately, we were
not able to fully resolve the two signals at low temperature because at temperatures
below 209 K solubility issues prevent the collection of quality data. There is no

indication from Figure 3.14 that the signals are fully separated even at 209 K.
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Figure 3.14: VT-3!P (162 MHz) NMR spectra of compound 3.7 in dg-toluene

To the best of our knowledge compounds like 3.7 where a R,P—NR—PR,=NR
linkage is present are virtually unknown, with only one report of the protonated
cation R,P—~NR—PR,—~NHR*.2% However, aryl phosphoramidines ArNHPR,NAr
and the deprotonated phosphoaramidinates are known and the latter have been
shown to stabilize copper(I) carbenes?’’ and zirconium complexes competent in

ethylene polymerization.?’! In these systems, no ligand rearrangements are re-
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ported even at elevated temperatures up to 353 K, indicating that the phospho-
ramidinate linkage is not inherently labile. We suggest that the chemical exchange
in 3.7 is triggered by a delocalization of electron density from the Cp ring into the
aminophosphine arm of the ligand, breaking the P-N single bond (A in Scheme 3.6).
The iminophosphoranide produced (B) can attack the phosphorus atom resulting in
a rearomatization of the Cp ring (C). However, the lone pair of the phosphorus(II)
center could also trigger the same P-N bond cleavage and this possibility can not

be ruled out.
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Scheme 3.6: Proposed mechanism of exchange in 3.7.

3.2.3 Nickel Complexes of Unlinked Phosphinoamides

As previousely mentioned, compounds of the type RN=PR/-NR-PR/, are unknown.
If the reaction between NiBr, and 3.1 could be generalized to unlinked phosphi-
noamides this reaction could provide a simple route to neutral unsymmetric imine
/ phosphine ligands like compound 3.8 in Scheme 3.7. A potential reaction scheme
is shown in Scheme 3.7, whereby unsymmetric ligands could be constructed in two
steps starting from anilines and chlorophosphines. In order to investigate this pos-
sibility we began by synthesizing a monomeric phosphinoamine that we had previ-

ously used,'*® ArNHPPr,, where Ar = 3,5-dimethylphenyl, 3.9. Subsequently, 3.9
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was treated with potassium hydride and the resulting phosphinoamide, 3.10, was

fully characterized.

. . H
NH, NEts R N\ @\N\\ / R2
PR,CI R i) KH o RyP—N R
_— )L > 2F T
i) NiX;

38

Scheme 3.7: Attempted synthesis of asymmetric P,N ligands.

Treating 3.10 with NiBr, results in an immediate reaction to form a new com-
pound. While the symmetry displayed in the 'H and 3'P NMR spectra is consistent
with coupled phosphinoamides, the chemical shifts of the phosphorus resonances
were highly separated (68.8 ppm and 29.9 ppm) in contrast to that observed for 3.7.
In addition, the integration of aryl and iso-propyl proton resonances indicates that
there are twice as many P'Pr, groups as NAr groups. Again, clarity was established
only after single crystals were grown for X-ray diffraction. The solid-state molec-
ular structure is shown in Figure 3.15, and shows a very strange and unexpected
compound, 3.11, which contains two nickel ions, two bridging phosphinoamide
ligands and two terminal phosphide ligands. The Fenske group has previously
reported salt metathesis of Li[PhNPPh,] with NiCl,(PPhs), and have found that
during salt metathesis ligand rearangments are common,>’> however, neither of the
compounds reported are analogous to compound 3.11.

Examining the solid-state molecular structure more closely we see that the
nickel atoms have adopted a square planar geometry (sum of internal angles 359.7°,

273

1477 = 0.25) involving a Ni-Ni bond. Metal-metal interactions are known in

nickel(IT) dimers,?’+275 however, in these cases the square-pyramidal nickel atom
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Figure 3.15: ORTEP diagram of 3.11 with ellipsoids drawn at 50% prob-
ability. All H atoms and ‘Pr methyl groups have been omitted for clar-
ity. Selected bond lengths (A) and angles (deg): Nil-Nil’ 2.4741(6); Nil-
N1 1.9008(5); Nil-P1 2.5983(7); Nil-P1’ 2.1239(5); Nil-P2 2.1952(5);
N1-P1 1.6402(4); P2-Nil-N1 100.12(2); P2-Nil-P1’ 102.78(2); P1-N1-Nil
94.121(18); 109.08(2).

is surrounded by 4 donor atoms from the ligands and the metal-metal interaction
is normal to the donor plane. In contrast, the Ni(II) ions in 3.11 are bound by
only three donor atoms and the metal-metal bond is in the donor plane. Another
interesting structural feature of 3.11 is the short N1-P1, P1-Nil’ and long N1-Nil
distances. As discussed in Chapter 1, the N-P bond length of phosphinoamine lig-
ands can be invaluable in characterizing the ligand as one of two possible resonance
structures (see Figure 1.3): phosphinoamide or iminophosphoranide. In this case,
the contracted P-N bond in combination with a weaker and longer N-Ni, compared
to 3.2 and 3.4, bond suggests that the iminophosphoranide resonance structure is a
better description of this compound.

Although 3.11 is structurally interesting it seems as though our goal of a gen-
eral methodology for the coupling of amidophosphines is not possible by this
route. The product obtained, 3.11, clearly does not account for all the starting

materials and by mass balance the by-product should be ArNNAr where Ar = 3,5-
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Scheme 3.8: Reaction between 3.10 and NiBr,.

dimethylphenyl. However, we were unable to detect this byproduct using GC-MS

or 'H NMR spectroscopy.

3.3 Conclusions and Future Directions

The diphosphinoamide ligand, compound 1.50, has been successfully installed on
iron(Il) and cobalt(Il) using a salt metathesis methodology. While both compounds
display the same overall dimeric structure, the cobalt(Il) complex shows an addi-
tional interaction with the iron atom in the ferrocene backbone. This interaction has
been characterized using X-ray crystallography and 3’Fe Mossbauer spectroscopy,
and studied using DFT. The iron compound, 3.2, has been shown to maintain its
dimeric structure in solution until a significantly strong donor such as pyridine or
p-dimethylaminopyridine is added. On the other hand, 3.4 undergoes rapid decom-
position in solution before it can be characterized. Attempts at forming complexes
of group 10 metals led to a reductive elimination and formation of 3.7 in the case of
nickel. Attempts to generalize this reaction to intermolecular coupling of phosphi-

noamides were unsuccessful. Moving forward, 3.2 will be subjected to a battery of
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experiments with the aim of characterizing how this polyiron system behaves un-
der reducing and oxidizing conditions as well as its binding and activation modes
for a variety of small molecules. It is impractical to study the reactivity of 3.4 due
to it’s instability in solution and while the reactivity of 3.3 could be interesting it is

beyond the scope of this thesis.
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Chapter 4

Small Molecule Activation with
an Iron Phosphinoamide Dimer

Success consists of going from failure to failure without loss of
enthusiasm. — Winston Churchill

4.1 Reactions with Hydrogen and Carbon Monoxide

4.1.1 Reaction with Hydrogen

As discussed in Chapter 1, iron complexes containing amido and imine donors can
catalyze hydrogenation/dehydrogenation and transfer hydrogenation reactions.>’-38:60:61
Unfortunately we quickly discovered that compound 3.2 is not an appropriate
catalyst for acceptorless alcohol dehydrogenation or transfer hydrogenation re-
actions. Compound 3.2 reacts rapidly with alcohols producing the protonated
bis(phosphinoamine) ligand, 1.50, as evidenced by 'H NMR spectroscopy. No
additional products are observed by '"H NMR spectroscopy and a likely end-state

for the iron is the insoluble material, isolated from the reaction mixture. Interest-

ingly, reaction of compound 3.2 or 3.1 with acetonitrile also produces compound
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1.50. The fact that compound 3.2 reacts with acetonitrile but not toluene allows us

to put limits on the pK, of compound 1.50 (31.3 — 41).276:277

~ _ Roh =

= N\/" /<\/ CH3CN H\—é
Fle Fe—f; 7_./N

b ) A [ o e

b
3.2 \<I-—— toluene
e

Scheme 4.1: Reaction of phosphinoamide salts with various solvents

In order to investigate whether compound 3.2 could catalyze hydrogenation
reactions we examined reactions of 3.2 with H,. When a toluene solution of 3.2
was exposed to H, gas, a color change was observed from dark brown to light
orange, along with concomitant formation of a dark precipitate. When the volatiles
were removed and the residue was redissolved in C¢Dg a crude NMR spectrum
was obtained that contains resonances attributed to 1.50 in the diamagnetic region
of the spectrum and no major resonances in the paramagnetic regions. In order to
determine whether adventitious water was responsible for the formation of 1.50,
side by side hydrogenations of 3.2 and the potassium salt 3.1 were performed,
as shown in Scheme 4.2. While hydrogenation of the iron dimer (3.2) produced
protonated ligand, no reaction was observed in the hydrogenation of compound
3.1, thus eliminating the possibility of any trace H,O.

The production of compound 1.50 suggests a heterolytic cleavage of H, oc-

curs over the Fe—N bonds in compound 3.2. We propose that once all the Fe-N
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Scheme 4.2: Reaction of phosphinoamide salts with dihydrogen

bonds are hydrogenated, the resulting ”[fc(NHPPr,),]FeH,” intermediate decom-
poses via reductive elimination forming H», Fe? and 1.50. We were able to support
this proposal by observing that the solids produced in the reaction mixture are at-
tracted to a bar magnet and are therefore ferromagnetic, consistent with Fe® forma-
tion. Simultaneous to our investigation, the Morris group reported that asymmetric

transfer hydrogenation reactions of ketones using iron complexes thought to be

278 279

homogeneous?’® were actually catalyzed by Fe® nanoparticles formed in situ.
Interestingly, these nanoparticles were able to catalyze enantioselective transfer
hydrogenation and the authors suggest that chirality of the ligand is imparted via
coordination to the surface of the nanoparticle. We attempted transfer hydrogena-

tion and direct hydrogenation of ketones using compound 3.2 as a precatalyst but

no conversion was observed.
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Facility

Figure 4.1: Selected TEM images of a carbonized reaction mixture of 3.2 and
H, showing inconsistent morphologies and particle sizes

We sought to evaluate the morphology of the Fe(0) produced in the hydrogena-
tion of compound 3.2 for comparison to the active Fe(0) nanoparticles reported by
Morris and coworkers. After exposing 3.2 to 4 atm of H, for 12 h the volatiles
were removed in vacuo and the resulting residue was heated to 700 °C in a tube
furnace for 16 h to remove the organic residues. The resulting solids were analyzed
by Transmission Electron Tomography (TEM) and some representative images are
shown in Figure 4.1. The TEM images show inhomogeneous particles with a wide
range of diameters (100 nm - 2000 nm) and inconsistent morphologies. No further

study of these particles was undertaken.

4.1.2 Reactions with Carbon Monoxide

The iron catalysts for ketone hydrogenation (compound 1.6 - 1.9 in Scheme 1.4)

have higher coordination numbers and lower spin states (HS vs LS) than com-
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pound 3.2 and contain one or more CO ligand. We hypothesized that addition of
CO ligands to compound 3.2 would increase the ligand field enough to create a
low spin complex, similar to compound 1.8. Exposing a toluene solution of 3.2
to 1 atm of carbon monoxide for 16 h produces an intractable mixture of param-
agnetic materials. If the reaction mixture is left under a carbon monoxide atmo-
sphere for several days without stirring, low yields (2 - 5%) of dark red crystals
of a new compound, 4.1, are obtained. The solid state molecular structure shown
in Figure 4.2 depicts a surprising disassembly of the ferrocene-based ligand. The
short C1-N1, C2-C3, C4-C5 and long C1-C2 and C1-C5 bond lengths indicate
that each 'Pr,PNCsHy fragment has been oxidized by two electrons producing a
neutral cyclopentadieneimine fragment. These ligands coordinate to the iron cen-
ters in a w(n*Cp - P) coordination mode, yielding a dimeric piano stool complex
reminiscent of the Knolker complexes discussed in Chapter 1. It should be noted
that the reaction between compound 3.2 and excess carbon monoxide (shown in
Scheme 4.3) is completely atom economical and can be thought of as a reduction
of the iron atoms by the ‘Pr,PNCsH,4 fragment, however, due to the low yields of
this compound complete characterization was not pursued.

If the amount of carbon monoxide is limited to one equivalent, a new highly
asymmetric species, 4.2, is observed by '"H NMR spectroscopy in the crude reac-
tion mixture. After purification, black crystals of compound 4.2 can be obtained.
Redissolving these crystals produces the same '"H NMR spectrum (Figure 4.3) as
the crude reaction mixture. Single crystals of compound 4.2 can be grown by slow
evaporation of hexanes and the solid-state molecular structure is shown in Fig-
ure 4.4. One carbon monoxide ligand is bound to one of the non-ferrocene iron

centers and one of the ligand arms has reversed its coordination geometry from
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Figure 4.2: ORTEP diagram of 4.1 with ellipsoids drawn at 50% prob-
ability. All H atoms and ‘Pr methyl groups have been omitted for clar-
ity. Selected bond lengths (A) and angles (deg): Feli-C2 2.1443(12);
Fel’-C3 2.0748(13); Fel-C4 2.0742(14); Fel-C5 2.1317(12); Fel-Cl
2.3636(12); C1-N1 1.3252(15); C2-C3 1.4291(16); C4-C5 1.4152(16); C1-
C2 1.4527(16); C1-C5 1.4668(16) N1-P1 1.6642(11); C12-O1 1.1532(15);
C1-N1-P1 123.78(9); Fe1-C12-01 176.45(10).
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Figure 4.3: 300 MHz 'H NMR spectra of 4.2 in C¢Dy
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u-N,P to u-PN, as shown in Scheme 4.3. As a result, the non-ferrocene iron cen-
ters are formally Fe(I)/Fe(Ill). It is tempting to suggest that the binding of carbon
monoxide results in an electron transfer and ligand rearrangement between the in-
terior iron centers. °'Fe Mossbauer spectra of compound 4.2 were collected at
room temperature and 77 K in order to help assign the oxidation states of the iron
centers, see Figure C.3. The data collected was fit with four doublets, however,
the data quality is low enough that other fits are possible and conclusive oxidation

states could not be assigned.
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Scheme 4.3: Reactions of compound 3.2 with carbon monoxide

The IR stretching frequency of the CO ligand in compound 4.2 is 1880 cm ™.
Direct comparison of this stretching frequency is difficult because, to the best of
our knowledge, no high spin iron complexes containing CO ligand(s) have been
reported. Octahedral low-spin iron complexes reported by the Morris (1.8) and

Milstein (1.9) group both contain carbonyl ligands with similar stretching frequen-
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cies to the CO ligand in 4.2, u;r = 1894 and 1865 respectively. Therefore the CO
ligated iron center in 4.2 is consistent with a low spin iron carbonyl.’*%? To answer
the original question, whether addition of a CO ligand would produce a more stable
hydrogenation catalyst, compound 3.2 was exposed to one atmosphere of hydrogen

and again we observed decomposition to insoluble material and protonated ligand,

1.50.

Figure 4.4: ORTEP diagram of 4.2 with ellipsoids drawn at 50% prob-
ability. All H atoms and ‘Pr methyl groups have been omitted for clar-
ity. Selected bond lengths (A) and angles (deg): C45-0O1 1.162(3); N1-P1
1.6726(19); N2-P2 1.6659(17); N3-P3 1.6617(17); N4-P4 1.6886(19); Fe2-
N2 1.8559(15); Fe2-P2 2.2321(8); Fe2-P1 2.2441(10); Fe2-P3 2.2432(9);
Fe3-N1 2.0033(16); Fe3-N3 1.9968(18); Fe3-N4 1.9287(17); Fe2-C45-
O1 169.79(18) P1-Fe2-P3 96.59(3); P1-Fe2-C45 97.23(9); NI1-Fe3-N3
108.48(7); N1-Fe3-N4 131.24(7); N3-Fe3-N4 120.16(7).

The above results suggest that phosphinoamide ligands are not suitable for co-
operative activation of dihydrogen due to complex instability. Modifications to

the ligand scaffold providing a larger chelate ring, vide infra could help remediate
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these issues by keeping the Fe—H N—H pair stable long enough to react with an in-
coming substrate. Moving forward we will investigate the oxidation and reduction

of compound 3.2 and investigate its reactivity with various small molecules.

4.2 Redox Behaviour of ([fc(NP'Pr;);]Fe),, Formation of
a Fe-Fe Bond and Cleavage of Azobenzene

The impressive transformations facilitated by heterogeneous catalysts?8-285 and

multimetallic co-factors in metalloenzymes, such as nitrogenase,”-2%% have led
to interest in the study of polynuclear molecular systems.!#>2%-292 The ability of

metalloenzymes to perform multielectron reductions?®*2%4

using iron-based cofac-
tors is particularly noteworthy considering the conditions of the intracellular en-
vironment. Despite significant efforts, the binding and activation of substrates by
these polynuclear sites remain poorly understood.>**2°® Attempts to create syn-
thetic models of these polyiron sites has been of increasing interest,?%3299-34 a5
such studies may reveal insights into complex redox processes. Of particular note,
recent reports of polyiron complexes supported by abiological ligands detail the
activation of substrates relevant to nitrogen fixation.?%!13-305-307 guch studies are
important because these synthetic systems can be more easily studied than the nat-
urally occurring enzymes, which allows for a more detailed description of their
electronic structures, factors affecting metal-metal bonding, and substrate bind-
ing,308.309

Betley and coworkers have contributed to this area with the isolation of the
trinuclear, high-spin cluster of Fe(II) centers (A in Scheme 4.4), which is capable

of cleaving the N-N bond of azobenzene (PhN=NPh) with no external reductant.””

We have previously reported the tetrairon dimer 3.2 that contains two ferrocenyl
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diphosphinoamides supporting two high spin Fe(Il) ions; this ancillary ligand sys-
tem also can be used to generate a mixed tetranuclear Fe;-Co, system that displays
interesting Fe—Co interactions (compound 3.4).3!9 Based on reports from our group
and others that show how dinitrogen can be activated and functionalized by dinu-

clear or trinuclear complexes,>-8%-91,93:96.144,191

we investigated the redox reactivity
of 3.2 to examine structural changes, as well as interaction with small molecules
related to dinitrogen fixation. In this section, we report the oxidation and reduction

of 3.2, and the cleavage of azobenzene by 3.2.

e 5/
CO“F I /Si7/ N/ /<\/
e\N/.' e N _% |
4\ >

Scheme 4.4: Polyiron Complexes

Initially, we sought to use cyclic voltammetry to study the redox behaviour
of 3.2 but the results were poor, with multiple irreversible waveforms observed in
both the reductive and oxidative regimes (see Figure E.1 in Appendix E) suggesting
that compound 3.2 undergoes a chemical reaction following reduction or oxidation.
We then examined chemical oxidants and reductants. Although 3.2 reacts rapidly
with numerous oxidants of the type Ag(Y) and X, (Y= OTf", ClI", BPh,, X =
Br, 1) the cleanest reactions were obtained using the molecular iodine equivalent

1,2-diiodoethane. Treatment of 3.2 with four equivalents of 1,2-diiodoethane re-
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sulted in conversion to a new paramagnetic product. Limiting the equivalents of
1,2-diiodoethane simply results in partial conversion to the same product. The sto-
ichiometry of the reaction suggested that the oxidation was more than a simple
Fe(IT)/Fe(Ill) event. Recrystallization from toluene/hexanes mixture results in the
formation of dark red crystals of a new paramagnetic product, 4.3, with an empir-
ical formula of [fc(NP'Pr,),]Fely (56 %). X-ray analysis of 4.3 revealed the solid
state molecular structure, shown in Figure 4.5. The P-N bond shortens from 3.2
(1.6993(12) A) to 4.3 (1.603(7) A) demonstrating that the electron-rich phosphi-
noamide arms of the ligand have been oxidized while both iron atoms remain in
the Fe(II) oxidation state. We suggest that irreversible oxidation of the P-N bond
is contributing to the poor quality of CV data in the oxidative regime.

Attempts to generate a dinitrogen complex by reduction of 3.2 under mild con-
ditions (Na/Hg or cobaltacene under 4 atm N;) were unsuccessful. Upon reduction
with excess KCg 3.2 does not coordinate dinitrogen but rather undergoes a rear-
rangement to form an iron-iron bond between the two internal iron centers (Fig-
ure 4.5). The Fel-Fe2 distance decreases from 3.9241(5) A in 3.2 to 2.4760(6)
A in 4.4, similar to the diiron (Fe!/Fe'!) trisphosphinoamide complex reported by
the Thomas group (2.4645 A).!'> In order for the iron centers in 4.4 to get close
enough to form a bond, the ferroceene backbones of the ligand must twist to be-
come perpendicular to each other (cp plane to cp plane angle = 84.75°- 86.05°).
The iron-iron bond, formed upon reduction of 3.2 illustrates the potential for the
storage of reducing equivalents in this system. Compound 4.4 is stable as a solid
in the glovebox freezer for up to a week; however, in a C4Dg solution 4.4 reverts
back to over 50% compound 3.2 in less than 48 hours. The magnetic moment of

4.4 (7.8 up) indicates that the complex maintains a maximally high spin S=7/2
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Figure 4.5: ORTEP diagram of 4.3 (left) and anionic portion of 4.4 (right)
with ellipsoids drawn at 50% probability. All H atoms and ‘Pr methyl
groups have been omitted for clarity. Selected bond lengths (A) and angles
(deg) of 4.3: Fel-Fe2 3.4836(17); N1-P1 1.607(7); N2-P2 1.603(7); Fel-
I1 2.6889(13); Fel-12 2.6428(13); P1-13 2.408(3); P2-14 2.409(3); I1-Fe-
12 104.97(4); N1-Fe-N2 115.7(3); cp tilt[216, 219] 2.78; and 4.4: Fel-Fe2
3.7016(10); Fe2-Fe3 2.4755(7); Fe3-Fe4 3.6954(10); N1-P1 1.690(3); N2-
P2 1.651(3); Fe2-N2 1.975(3); Fe2-N1 1.983(3); Fe2-P2 2.7252(11); Fe3-
P2 2.3607)10); N1-Fe2-N2 11.49(11); N2-Fe2-P4 110.22(8); N1-Fe2-Fe3
136.97(8); cp tilt?'%21? for Fel 1.18 and Fe4 0.88.

ground state. It has been observed that diiron systems displaying a M-M bond
contract upon oxidation?!! with the rationale being a depopulation of the M-M
anti-bonding orbitals. However, in a recent contribution, Betley and coworkers re-
port that the same triiron system that activates PhANNPh (A in Scheme 4.4) displays
a contracted Fe-Fe distance (0.13 A) upon reduction.’® Compound 3.2, 1.30 and
A in Figure Scheme 4.4 represent rare examples of polyiron compounds that dis-
play increased iron-iron interactions upon reduction while maintaining a high-spin
state, and therefore population of metal-metal anti-bonding orbitals. The reactivity

of 4.4 with nitrogen rich substrates such as PANNPh has so far led to complicated
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mixtures, no doubt due to the high reactivity of this complex.
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Scheme 4.5: Reactivity of 3.2

While 3.2 was unable to coordinate dinitrogen even under reducing conditions,
we wondered how 3.2 would react with the N=N double bond in azobenzene.

31

Cleavage of PhNNPh is known for iron*!? and ruthenium?®'® carbonyl clusters,

which involve transfer of the putative metal imidos to CO to form isocyanates.

314 and a trinuclear iron complex®’

More recently, a trinuclear ruthenium hydride
were shown to cleave PANNPh into metal imido fragments. We thought that com-
plex 3.2, containing four iron(Il) centers, would also have the available reducing
equivalents to cleave the PhNNPh bond.

Exposing compound 3.2 to azobenzene does not result in a reaction as evi-

denced by 'H NMR spectroscopy. Even heating the mixture to 70 °C for 12 hours
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Figure 4.6: 'H NMR spectra (400 MHz, 298 K) of A: (left and right) Initial
solution of trans-PhINNPh; B: (left) Solution after irradiation at 350 nm for 25
min (right) Solution after irradiation at 350 nm for 60 min; C: 30 minutes after
mixing with (left) and without (right) compound 3.2. Green: trans-PhNNPh
and red:cis-PhNNPh

does not result in any new signals in either the paramagnetic or diamagnetic 'H
NMR spectra. However, when a solution of 3.2 and PhNNPh in C¢D¢ was irradi-
ated with UV light (350 nm) a reaction was observed by NMR spectroscopy to a
new paramagnetic product, 4.5. Initially we hypothesized that 3.2 could only react
with cis-PhNNPh due to steric congestion. To test this we produced a mixture of
cis/trans-PhNNPh by photolysis and added compound 3.2 in the absence of UV
light. No reaction was observed, however, 3.2 does seems to catalyze the cis/trans
isomerization of azobenzene (See Figure 4.6). Compound 4.5 could only be pro-

duced when both reactants are exposed to UV light together, indicating that the
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role of UV radiation is more than isomerization of azobenzene. Single crystals of
4.5 were obtained by cooling a solution of pentane, and the solid state structure is

shown in Figure 4.7.

Figure 4.7: ORTEP diagram of 4.5 with ellipsoids drawn at 50% prob-
ability. All H atoms and ‘Pr methyl groups have been omitted for clar-
ity. Selected bond lengths (A) and angles (deg): Fel-Fe2 4.0103(4); NI1-
P1 1.6142(13); P1-N3 1.6260(14); N1-Fel 2.0558(13); P1-Fel 2.7176(5);
N3-Fel 2.0634(14); N1-P1-N3 96.90(7); N1-Fel-N2 98.04(5); N1-Fel-N3
72.13(5); N3-Fel-N4 118.01(5).

Unexpectedly two new P-N bonds were formed and the resulting N-P-N frag-
ment has similar P1-N1 and P1-N3 bond lengths of 1.6119(14) A and 1.6260(14) A
respectively, indicate a delocalized diiminophosphorinato anion. Interestingly the
ferrocene linker forces the iron center to adopt a distorted square-planar geometry
(1423 = 0.19). Compound 4.5 displays a room temperature magnetic moment of
2.9 up, consistent with the spin only value of two unpaired electrons (S = 1) and
other square planar Fe(I) complexes.?*?> Replacing PhANNPh with tolNNtol (tol =

4-methylphenyl) results in conversion to a new paramagetic product, 4.6, which

101



displays a very similar '"H NMR spectrum to compound 4.5. Using a 50:50 mix-
ture of PANNPh and tolNNtol in a reaction with compound 3.2 and analysis by
mass spectrometry allowed us to observe the parent peak for the “mixed” species,
[fc(NP'Pr,NPh)(NPPr,Ntol)|Fe, suggesting that the reaction is not a concerted
reaction between ArNNAr and [fc(NP'Pr,),]Fe.

Diiminophosphinato ligands have been used to support metal metal bonds in

315-317 318-322 and

alkali earth metals, rare earth element polymerization catalysts
group 10 cross-coupling catalysts.3>3-32> To the best of our knowledge, this is the
first report of a bis(diiminophosphorinato)iron complex, however, a diiron sys-
tem with a bridging diiminophosphorinato backbone has been reported.?!> While
diiminophosphorinatos are most commonly synthesized from phosphines and or-
ganic azides, synthesis from azobenzene is precedented. Recently, a reaction be-
tween the Ti/Co phosphinoamide complex, (THF)Ti(ArNPR,);Co(N,) (Ar =2,4,6-
trimethylphenyl , R = ‘Pr), and azobenzene has been reported to result in cleavage
of azobenzene and formation of one diiminophosphorinato and one bridging metal
imido.3?® We suggest that an iron imido is produced in the reaction between PhN-
NPh and compound 3.2, but this imido quickly reacts with a phosphinoamide arm
of the ligand. The complex most similar to 3.2 is Fe('PrNPPh,);Fe(PMe3),!!
which reacts with organic azides to produce an iron imido. However, this imido is
not reported to react with the bound amidophosphine ligands and we suggest that
the geometric differences between the two complexes, namely the presence of an
n'-N phosphinoamide in compound 3.2, is responsible for the divergent reaction
profiles of these complexes.

In this report, we present a polyiron complex that, under photolytic condi-

tions, cleaves azobenzene through a proposed but undetected iron imido. We also
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note that 3.2 undergoes a ligand rearrangement forming a metal-metal bond upon
reduction while maintaining a high-spin S = 7/2 state. From a ligand design per-
spective, it appears that amidophosphine donors are too electron-rich to study ox-
idation of high-spin iron clusters. Further work will involve determining whether
the proposed imido, generated during the reaction of 3.2 with PANNPh, can be
trapped before transfer to the phosphine. New ligand designs will focus on scaf-
folds that can support higher nuclearity iron systems that are more redox-innocent,
and stay dimeric throughout redox processes and reactions with nitrogen-rich small

molecules.

4.3 Cooperative Activation of Polar Multiple Bonds

In the previous section we described the redox behavior of compound 3.2 and
showed that the site of oxidation is the phosphinoamide arms. Based on this ob-
servation we investigated the reactivity of 3.2 with electrophilic carbon centers
of CO,, PhACHO and PhCN to determine whether the phosphinoamide would be
the most nucleophilic site. Metal-bound phosphinoamides react with carbon-based
electrophiles as initially reported for zirconium phosphinoamides and nitriles.??’
Later, reports of CO, activation by (CO),CpM(R,PNR’) (M = Fe,Ru) emerged;>?8
however, in all of the aforementioned cases, the [R,PNR’]~ anion is best described
by the iminophosphide resonance structure (See Figure 1.3). A better comparison
to compound 3.2 can be found in a report from the Stephan group,'?® where a
ruthenium amidophosphine complex (B in Scheme 4.6) was found to insert CO,
between the metal phosphorous bond forming a 5-membered ring from the metal,

amidophosphine and CO; molecule. The ruthenium amidophosphine complex re-

ported by the Stephan group is an active (albeit poor) catalyst for the hydroboration
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of CO,. We wondered if our iron complex featuring four amidophosphines and a
more ridgid ferrocene-backbone, 3.2, would activate CO, using the same metal-

ligand cooperativity observed for compound B.
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Scheme 4.6: Reactions between metal-bound amidophosphines and CO,

Treatment of a solution of 3.2 with excess carbon dioxide results in decompo-
sition to an intractable mixture of diamagnetic and paramagnetic materials. How-
ever, when the equivalents of CO, are limited, a light orange solution was observed
from which light yellow crystals, 4.7, were isolated. A solution made from these
crystals shows 15 paramagnetically shifted peaks in the 'H NMR spectrum (See
Figure 4.8), 5 more than the would be expected for a dimeric structure similar to
compound 3.2.

The solid state molecular structure of 4.7 is shown in Figure 4.9 and reveals the

expected asymmetric dimeric structure, shown in Scheme 4.6, which clearly shows
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Figure 4.8: 300 MHz 'H NMR spectrum of 4.7 in C¢Dj

that a cooperative CO, binding event has taken place utilizing the electron-rich
amidophosphine as a Lewis base. In addition, one equivalent of 1.50 is present in
the lattice, bound by hydrogen bonding between the phosphinoamine N-H groups
and the oxygen atoms of 4.7, which explains the 5 extra signals observed in the 'H
NMR spectrum. When ultra-pure CO, was used under rigorously dry conditions
the same color change was observed, however, these reaction mixtures failed to
yield crystalline material. We propose that the activation of CO, occurs regardless
of whether adventitious water is present or not, but that crystallization requires
an appropriate hydrogen bond donor. From the bond length contraction of N2-
P2 from 1.6993(12) A in 3.2 to 1.617(4) A in 4.7 and concomitant elongation of
the Fe-N2 bond from 1.9218(12) A in 3.2 to 2.061(3) A in 4.7, it is clear that the
CO, activation proceeds via oxidation of the phosphinoamide unit. The solution
magnetic moment of 4.7 (5.9 uB) was measured by the Evans method and is lower
than the expected spin-only value for two high-spin Fe(Il) centers (9.8 uB). From
the magnetic moment, we conclude that the dimeric structure remains intact in

solution and suggest that an increase in antiferromagnetic coupling is responsible
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for the decreased magnetic moment in 4.7 compared to the starting material (U s =
6.7 uB). Although compound 3.2 is able to cooperatively activate two equivalents
of CO», neither 3.2 nor 4.7 catalyze the hydroboration of CO,, as observed by !'B

NMR spectroscopy.

Figure 4.9: ORTEP diagram of 4.7 and co-crystallized protonated ligand,
1.50, with ellipsoids drawn at 50% probability. All H atoms and ‘Pr methyl
groups have been omitted for clarity. Selected bond lengths (A) and an-
gles (deg): Fel-Fe2 3.6854(9); Fe2-Fe2’ 3.5592(11); Fe2-N1 2.061(3); Fe2-
N2 1.956(3); Fe2-P2’ 2.4635(11); Fe2-O1 2.084(3); N1-P1 1.617(4); N2-
P2 1.673(3); N3-P3 1.695(4); P1-C12 1.857(5); C12-0O1 1.262(6); C12-02
1.221(6); O2-H1 2.04(6); N3-H1 0.84(6); N1-Fe2-N2 114.24(13); N2-Fe2-
P2’ 109.32(10); N1-Fe2-O1 85.99(13).

After observing that the outer sphere cooperative activation of CO, is more
favorable than a direct, exclusive interaction with the iron centers, we turned our
attention to another substrate with an electrophilic carbon center, benzaldehyde.
In order to determine the stoichiometry of the reaction between benzaldehyde and

compound 3.2 we performed small scale reactions with 1, 2, 4 and ~100 equiv-
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alents of benzaldehyde in deuterated solvent and monitored the reactions by 'H
NMR spectroscopy. Addition of 1 or 2 equivalents of benzaldehyde resulted in
a mixture of products evidenced by the numerous peaks in the 'H NMR spectra.
When 4 or ~100 equivalents were added to compound 3.2, conversion to one ma-
jor product, compound 4.8, was observed suggesting that all four amidophosphine
arms had been substituted (Scheme 4.7). In order to investigate whether a coop-
erative activation would occur with a less electrophilic substrate we examined the
stoichiometry of the reaction between 3.2 and benzonitrile in an identical manner
to the reaction with benzaldehyde. Treatment of 3.2 with benzonitrile provided a
similar '"H NMR spectrum of a new paramagnetic compound, 4.9, regardless of
the stoichiometry of benzonitrile (1,2,4 or 100 equiv.) suggesting only a single
phosphinoamide arm was functionalized. While 4.9 does not react with additional
equivalents of benzonitrile, a reaction can be observed by 'H NMR spectroscopy
upon addition of a more electrophilic substrate like benzaldehyde or methyl ben-
zoate, however these products could not be characterized. It is interesting to note
that unlike the addition of excess CO,, addition of excess benzaldehyde (> 4 eq)
or benzonitrile (> 1 eq) does not result in further reaction. We hypothesize that
the small steric profile of CO, allows for further deleterious reactions.

Single crystals of both 4.8 and 4.9 were grown and the solid state molecular
structures are show in Figure A.4 and Figure A.5 respectively. The relevant N—P
bond lengths in compounds 4.7 - 4.9 are contracted by ~ 0.1 A compared to the
starting material, compound 3.2, indicating that the phosphinoamides have been
converted to iminophosphoranes. The intrairon distance between the non-ferrocene
irons has decreased for compounds 4.7 - 4.9 by 0.36, 0.61, and 1.03 A respectively,
however, only the Fe—Fe distance of compound 4.9 (2.8932(13) A) is below the
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Scheme 4.7: Reactions between compound 3.2 and electrophilic carbon cen-
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sum of the covalent radii (3.06(8) A).3?*

It appears that amidophosphines are not suitable ligands for the study of the
interaction of polyiron systems with CO, due to the propensity of these complexes
to activate polar unsaturated bonds in a cooperative fashion. Future work should
look at modified ligand designs without the electron-rich amidophosphine donors,
therefore avoiding this type of metal-ligand cooperativity. This could be done by
introducing electronic spacers between the nitrogen and phosphorus atom, or by
removing the phosphorus donor entirely, vide infra. Further study of the reactions

between compound 3.2 and polar unsaturated molecules could investigate the po-

108



tential application of these complexes as catalysts in functionalization reactions

such as hydrosilyation.
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Chapter 5

Future Work and Conclusions

I was taught that the way of progress is neither swift nor easy
—Marie Curie

5.1 Thesis Synopsis

This thesis is divided into two distinct branches, one focused on an amidophosphine-
supported ditantalum tetrahydride, and the other focused on the synthesis and re-
activity of polyiron complexes. The goal of the first branch was to investigate the
transformations of carbon monoxide and carbon dioxide by the ditantalum tetrahy-
dride, 2.1. This work was preceded by two discoveries by Dr. Joachim Ballmann.
First, that compound 2.1 can completely reduce carbon monoxide to methane, re-
sulting in an oxo bridged ditantalum species, 2.4. Second, when compound 2.1 is
exposed to carbon dioxide, two hydrides are transfered resulting in a bridging di-
olate. The second branch involved investigating the coordination chemistry of the
1,1’-bis(phosphinoamide)ferrocene, 1.50 with base metals and probing the ability
of these complexes to activate small molecules with a focus on dinitrogen. This

ligand set had been previously developed by Dr. Nathan Halcovitch to prevent
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ligand redistribution in early transition metal phosphinoamide complexes.
Chapter 2 covers all of the tantalum amidophosphine chemistry, and consists of
two publications. Based on our previous reports of a ditantalum tetrahydride, 2.1,
which spontaneously activates dinitrogen in a side-on-end-on binding mode,'** we
examined the reaction between 2.1 and isoelectronic carbon monoxide. We found,
however, that instead of a side-on-end-on activation product, we obtained a new
ditantalum species containing no new carbon atoms, and a bridging oxide, com-
pound 2.4. The fate of the carbon atom was identified as methane based on an
experiment using labeled '3CO. After consulting with our computational collab-
orators they suggested three separate mechanistic pathways for the reaction. All
three have energy barriers that are within the error of the calculations and thus,
experimental evidence was required to reveal the operative mechanism. The criti-
cal difference between the mechanisms is that in one, all 4 tantalum hydrides are
used to produce the methane, while in the others, a proton from one of the N-Ph
rings is removed by a Ta-CH3. An isotopic labeling study reveals two different iso-
topologues of compound 2.1, one where only the hydrides are deuterated and one
where all hydrides and all ortho N-Ph protons were deuterated. Using these two
isotopologues in reactions with carbon monoxide we trapped the product methane
and analyzed its mass by GC-MS. These results support a mechanism that involves
a transient Ta(III)=Ta(IlI) double bond, which rapidly cyclometalates the N-Ph ring
by oxidative addition of a C-H bond. To probe the catalytic potential of these trans-
formations, regeneration of the tetrahydride 2.1 was pursued through treatment of
2.4 with E-H reagents (Et3SiH, "BuSiHs, LiAlH4, NaBH4, THF-BH3). However,
in all cases either no reaction was observed or many phosphorus containing species

were observed by >'P NMR spectroscopy, none of which were compound 2.1.
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Section 2.2 details the reaction of tetrahydride 2.1 with carbon dioxide. In this
case, retention of the O—C-O framework is observed after two hydride transfers
resulting in a diolate-bridged ditantalumdihydride, 2.5. My main contributions to
this publication were finishing the characterization of compound 2.5 and using d*-
2.1 to prove that the hydrogen atoms of the methylene diolate originate from the
hydrides of 2.1. In addition to the published material, we sought to observe re-
action intermediates consistent with the minima suggested by DFT calculations.
Regardless of temperature, the product and starting material were observed exclu-
sively.

Chapter 3 details the coordination chemistry of the 1,1’-bis(phosphinoamide)fe
-rrocene ligand, 1.50, with base metals. We isolated complexes of iron(Il) (3.2) and
cobalt(Il) (3.4), which exist in a dimeric form. Interestingly the cobalt complex,
which is only stable in the solid state, displays weak bonding interactions between
the iron of the ferrocene backbone and the cobalt center. This interaction was char-
acterized by °’Fe Mossbauer spectroscopy, SQUID magnetometry and modeled
with DFT calculations. The calculations suggest that this interaction is comprised
of donation from the iron center to the cobalt center (Fe — Co) and back donation
from the cobalt center to antibonding orbitals in the ferrocene backbone (Co —
fc*). We sought to synthesize the analogous nickel(I) complexes, however, elim-
ination of Ni(0) and oxidation of the dianionic ligand to compound 3.7 was too
facile.

Chapter 4 covers a selection of reactions between the dimeric iron phosphi-
noamide 3.2 and various small molecules. Treatment with dihydrogen led to het-
erolytic cleavage of H; across the Fe-N bond, which unfortunately results in de-

composition to Fe(0) and compound 1.50. Addition of carbon monoxide to com-
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pound 3.2 is more complicated than originally imagined and resulted in a ligand
rearrangement. This illustrates the reluctance of compound 3.2 to break apart into
monomers. Reactions with polar unsaturated organic molecules led to nucleophilic
attack of the organic substrate by the phosphorus atom of the ligand, forming met-
allocycles. To our dismay, compound 3.2 does not react with N, when reduced
with KCg under 4 atmospheres of dinitrogen. Instead, reduction of compound 3.2
results in formation of a metal-metal bond between the iron centers resulting in a
bimetallic Fe-Fe unit with an average formal oxidation state of +1.5 for each iron
center, [Fe,]3*. Reaction of 3.2 with ArNNAr under photolytic conditions led to
the cleavage of the N=N double bond. We propose that an unobserved iron imido
intermediate is formed prior to imido transfer to the phosphorus atom, resulting
in two [NPNAr]~ ligand arms on the 1,1’ferrocene backbone in compound 4.5
and 4.6. Reactions between compound 3.2 and oxidants generally afford multiple
products, however, using the iodine equivalent ICH,CH,I conversion to a single
product is observed where both phosphinoamide arms have been oxidized, 4.3.
Throughout Chapter 4 the phosphinoamide arms of compound 3.2 were found to
be non-innocent, often acting as nucleophilic iminophosphide, which complicated

investigation of small molecule activation by two iron centers.

5.2 Future Directions

5.2.1 Re-Designing the 1,1’-diphosphinoamide Ligand for
Polymetallic Complex Formation

The ferrocene-linked phosphinoamide ligand undergoes bond-forming reactions
and displays redox non-innocence in many of the reactions performed with com-

pound 3.2. Typically the phosphinoamide functions as a nucleophile, leaving the
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oxidation state of the iron unchanged, which illustrates the metal ligand coop-
erativity in these iron phosphinoamide complexes. However, due to the strong
P-C bond formed when reacting with organic electrophiles, the ability of these
complexes to catalytically functionalize organic electrophiles is likely unrealistic.
Unfortunately, the observed ligand cooperativity precluded reactivity at the metal
center and/or the ferrocene backbone. In order to eliminate phosphinoamide in-
volvement we redesigned the ligand by placing an electronic spacer between the
nitrogen and phosphorus atoms. Initially we decided to keep the spacer as short
as possible to encourage short intermetallic distances and thus chose a methylene
linker. Professor Connie Lu has recently pioneered the use of methylene linked
tris(amidophosphine) as ligands for homo- and heterobimetallic base metal com-
plexes. Highlighting their successes with these ligands is a dicobalt complex capa-

ble of catalytic silyation of dinitrogen.®’
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Scheme 5.1: Synthesis of ferrocene-linked bis(amidophosphine)
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Starting from 1,1’-diaminoferrocene we envisioned a reaction with ditertbutyl-
phosphine and p-formaldehyde producing a novel tetradentate ligand set 5.1. RNH—
CH,-PR; linkages can be formed by a condensation reaction between a primary
amine and a dialkylphosphinomethanol,*** which can be generated from secondary
phosphines and p-formaldehyde. Using this methodology we developed a melt pro-

cedure for the synthesis of compound 5.1 depicted in Scheme 5.1. Upon toluene ex-
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traction and precipitation from pentane, an orange semi-solid was isolated. Charac-
terization by '"H NMR spectroscopy and elemental analysis confirmed the identity
as the desired bis(aminophosphine), compound 5.1. With the bis(aminophosphine)
now available, we anticipate that a variety of bimetallic compounds of the form A
in Scheme 5.1 can be synthesized and evaluated as catalysts for dinitrogen func-
tionalization.

i) 2.2 "BuLi

LE S
NH /T N
>/_
N

0.5 (Fe(Mes),),

[ EP. }/I ....... ,L(': K—NC:> =P YR, L

Scheme 5.2: Installing multiple metals in the ferrocene-linked
bis(amidophosphine)

After succesfully synthesizing the neutral form of the methylene-linked ligand,
we turned our attention to installing base metals into the donor pockets. Taking
cues from the Lu group, we decided to install the first metal center by a deprotona-
tion / salt metathesis route, shown in Scheme 5.2 (top). We began by deprotonat-
ing compound 5.1 with "BuLi; monitoring the reaction by 'H NMR we observed
the disapearence of the N—H resonance after 1 hour. Removing the volatiles, and

washing with pentane afforded a red powder, which was immediately redissolved

115



in THF and treated with FeBr,(THF), resulting in a dark red solution. After allow-
ing the salt metathesis reaction to proceed for 16 hours, the paramagnetic complex
5.2 was isolated as dark red needles. Unfortunately this compound persistently
crystallizes with a fine needle morphology, which is not suitable for X-ray diffrac-
tion. However, using elemental analysis we were able to confirm that the needles
have the expected empirical formula CogH,4N,P,Fe,. The 'H NMR spectrum of
5.2 displays 5 signals, which are assigned as 1 very broad methylene resonance,
2 Cp resonances, and 2 fert-butyl resonances based on integration, see Figure 5.1.
Inequivalency in the fert-butyl resonances is inconsistent with a Cp, symmetric
structure like the one shown in Scheme 5.2 and led to uncertainty in our assign-
ment.

To support our characterization we investigated an alternative synthetic route
to compound 5.2. A protonolysis reaction between 5.1 and Fe;Mesy (Mes = 2,4,6-
trimethylphenyl) was examined. Treatment of 5.1 with Fe,Mes, results in an im-
mediate color change to a dark red solution and after 4 hours the volatiles were
removed in vacuo yielding a dark red powder. This powder displayed a similar set
of 5 signals as was previously observed for the material obtained by salt metathesis.
Crude spectra for both syntheses of compound 5.2 are shown in Figure 5.1.

The convergence of the salt metathesis and protonolysis reactions to a single
product, strongly supports the identity of those products being compound 5.2. For
comparison, the Lu lab does not attempt to isolate the “metalloligand”, rather a
second metal is added in situ, which improves the crystallinity. Considerable ef-
forts are still required to uncover the potential of this ligand set, including instal-
lation of a second metal, proving that 5.1 is a suitable pro-ligand for construction

of bimetallic complexes of the type [fc(NCH,P'Pr,); |JFeMX,,. Additionally, us-
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Figure 5.1: 'H NMR (400 MHz) spectra of compound 5.2 in Ce¢D¢ from
protonolysis reaction between 5.1 and Fe,Mes, (top) salt metathesis reac-

tion between 5.1, "BuLi and FeBr,(THF), (middle) and after recrystallization
(bottom). The peaks attributed to 5.2 are indicated with a *

ing a different base metal for the initial protonolysis with compound 5.1 such as
Co(py)2(CH,SiMes), could offer access to a new set of bimetallic combinations.
Following synthesis and isolation of bimetallic compounds, reduction under ni-
trogen could offer insight into the effect of different electronic configurations on

dinitrogen coordination complexes.

5.2.2 More Ligands Based on 1,1’-diaminoferrocene

The 1,1’-diaminoferrocene scaffold has been employed by the Arnold and Dia-
conescu groups in dianionic bidentate ligands bearing silane and arene substituents

as a means to tune the electronic and steric environments,!31-134136.220 However,
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ligands synthesized from this backbone with higher denticities (1.50 and 5.1) are

rare. For example, the bis(salen) ligand developed by Arnold and coworkers®3!

demonstrates a tetradentate ligand environment with group 4 metals. These salen

complexes have application in catalytic ring-opening polymerization of lactones,

as reported by Diaconescu and coworkers. Interestingly, the authors showed that

substrate selectivity was oxidation state dependent with regards to the ferrocene

scaffold.?!* The ligands synthesized in this thesis were designed in pursuit of poly-

metallic systems, but many other ligands based on the 1,1’diaminoferrocene scaf-

fold have intriguing potential. We will now present a variety of ligand designs that

offer promising reactivity potential.
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Scheme 5.3: Proposed synthesis of novel cyclic ligands with 1,1’diaminofer-

rocene backbones

As discussed in Chapter 1, the tridentate amidophosphine, [NPN]S, has al-

lowed us to uncover unprecedented reactivity in tantalum complexes. By replacing

the N-Ph groups of [NPN]% with the Cp rings of 1,1’-diaminoferrocene, a macro-

cyclic [NPN] ligand (A in Scheme 5.3) can be envisioned. This macrocyclic de-
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sign, which has a small internal binding pocket would likely coordinate facially
to large transition metals like tantalum, similar to the coordination geometry ob-
served in [NPN]¥iTaMes3, the precursor to the side-on-end-on dinitrogen complex,
compound 2.2. An even smaller macrocycle (B in Scheme 5.3) could be accessed
by employing a simple CH, linker. This smaller macrocycle would further reduce
the steric projection of the ligand, allowing for more unencumbered dimerization.
A proposed synthesis of each ligand set is shown in Scheme 5.3 based on previous
synthetic reports from our group'** and others.33?

The Meyer group uses pyrazole backbones for tethering two coordination pock-
ets, which are typically polydentate ligands that have been previously reported to
support monometallic complexes. These pyrazole-tethered ligands have been co-
ordinated to a variety of transition metals including a diruthenium water oxidation

catalyst.®

Building from this idea we suggest the 1,1’diaminoferrocene backbone
could serve a similar role as the pyrazole backbone. For example, established
ligands like [NPN15, a-diimines, bisiminopyridine, aminopyridines could be teth-
ered producing ligands A - D in Scheme 5.4. These ligands would be well suited
for bimetallic coordination and potentially allow for detailed study of multimetallic
transformations in situ. In addition, having two metal centers in close proximety
could allow for novel activation modes for dinitrogen and other small molecules.

This concept of using 1,1’diaminoferrocene backbone to tether previously estab-

lished ligands is currently being explored by members of our group.

5.2.3 Future Work with Iron Compounds

After discovering compound 3.2, we imagined a wide array of small molecules

that could be activated by the two Fe(Il) centers. We intended to systematically
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Scheme 5.4: Ligands designed for bimetallic coordination with 1,1°-
diaminoferrocene backbones based on previously established ligands.

study reactions between compound 3.2 and various small molecules, oxidants and
reductants, but unfortunately most reactions led to inconclusive results. For exam-
ple, a systematic study of different oxidation reactions similar to the reaction of
3.2 with diiodoethane was undertaken to see the effects of adding elemental oxy-
gen, sulfur, as well as one electron oxidants like silver(I) and ferrocinium salts. In
all cases compound 3.2 undergoes a reaction but crystalline material could not be
isolated from the reaction, and the paramagnetic nature of the product(s) precludes
structural characterization by NMR spectroscopy. Paramagnetic 'H NMR spectra
are particularly difficult to analyze in this case because the putative Fe(Ill) formed
in these reaction typically displays line broadening that is 10-1000 times wider

than Fe(II).333 In addition to the oxidants mentioned, activation of P4, NO and CS,
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appeared promising but the reaction mixtures failed to yield crystalline material.
Employing 3.2 as a metalloligand we exposed compound 3.2 to additional
equivalents of FeBr,(THF); in an effort to synthesize compound A (Scheme 5.5),
which led to the observation of an unusual reaction. The results of this reaction
looked initially promising based on the 'H NMR spectrum containing 5 peaks,
consistent with Cp, symmetric coordination of [fc(NP'Pry),]*~. Single crystals
suitable for X-ray diffraction were isolated in low yields ( < 10 %) and, to our
surprise, the solid state molecular structure reveals a compound with 10 new iron
centers (5.3 in Scheme 5.5); multiple views of the solid state molecular structure
are shown in Figure A.6. Along with the iron centers there are 16 bromide ligands
(all but two are bridging) and two oxide ligands. Balancing the charges all iron
centers remain Fe(Il), however, the source of the —oxo ligands is troubling. Hy-
pothesizing that adventitious water was causing the formal elimination of HBr we
attempted to increase the yield of this reaction by adding stoichiometric amounts
of water to the solvent; the presence of water proved ineffective. Characterization
of this compound beyond X-ray crystallographic analysis is difficult. Traditional
C,H,N elemental analysis is consistent with the the expected empirical formula
C44H,Br (Fe,,N,O,P,, however the solution molecular structure can not be con-
firmed by this route as the 'H NMR spectrum is broad and very symmetric. It
is easy to imagine various cluster formulations that would give rise to similar 'H
NMR spectra. We attempted to characterize this cluster using mass spectrometry,
however, no parent ions were detected. Reassuringly, this synthesis is reproducible,
and additional trials afforded crystals with unit cell parameters consistent with 5.3.
To date, characterization of 5.3 and associated byproducts necessary for mass bal-

ance remains elusive.
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5.3

Scheme 5.5: Formation of an FeBr; cluster

In 5.3, the bis(phosphinoamide)ferrocene ligand appears to cap a FeBr, cluster
which resembles an ionic lattice of FeBr,. The striking symmetry of this cluster
is illustrated with multiple views of the solid state molecular structure shown in
Appendix A. As emphasized in Chapter 1, polyiron complexes are found as active
sites in nitrogenase as well as all-iron compounds capable of cleaving the N-N
bond of dinitrogen. In the context of N, reduction, the existence of compound
5.3 is intriguing due to the large number of metal centers. Controlled synthesis
and potential for homogenous catalysis remain unanswered questions, however,

the number of coordination sites and reducing equivalents is enticing.
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5.3 Final Conclusions

This dissertation is the result of countless hours spent coaxing compounds into
crystallization and staring at very broad NMR spectra. As outlined in Chapter 1,
iron is a versatile metal, with economic and environmental benefits, but using it
comes with a host of issues, the most noticeable being the intense reliance on crys-
tallography, which impedes rapid progress. The phosphinoamide functional group
plays a feature role in this dissertation. While unlinked phosphinoamides have been
used to form polyiron complexes in the Thomas lab,''> which form iron imidos, the
susceptibility for the N—P units to undergo redox or bond forming transformations
precluded diverse reactivity at the metal center. We attribute this non-innocence
to the coordination mode of the phosphinoamide, specifically, the 1'-N binding
resulting in a dissociated phosphine. Phosphinoamide ligands are intriguing for
their simplicity and wide array of coordination modes. However, as we have seen
repeatedly they are often non-innocent, especially when exposed to oxidants and
electrophiles. Harnessing the cooperative activation illustrated in section 4.3 could
result in cooperative catalysis, analagous to the ruthenium tris(phosphinoamine)
system developed by the Stephan group.!?® Alternatively, modifications to the lig-
and arms of compound 1.50, as detailed in section 5.2, could alleviate these prob-
lems and allow for the study of polymetallic systems unimpeded by ligand coop-
erativity. Construction of trimetallic systems based on the methylene-linked ami-
dophosphine 5.1 show promise, and as a linear M-M-M-N-N unit has never been

synthesized there is potential for a highly activated N, unit.%’
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Chapter 6

Experimental Details

6.1 General Procedures

6.1.1 Laboratory Equipment and Procedures

Unless otherwise noted all procedures were performed using standard Schlenk
technique or inside a glovebox (MBraun) equipped with a freezer (-40 °C) under
an atmosphere of dry dinitrogen using oven-dried (200 °C) glassware and cooled
under dynamic vacuum. A “bomb”, as referenced in the experimental procedures

below, is a thick-walled glass reactor fitted with a Kontes needle valve.

6.1.2 Solvents

Anhydrous hexanes, toluene, diethyl ether and tetrahydrofuran were purchased
from Aldrich, sparged with dinitrogen and dried further by passage through towers
containing activated alumina and molecular sieves. Pentane and Hexamethyldis-
iloxane (HMDSO) were refluxed over sodium benzophenone ketal, distilled un-
der positive Ny pressure and degassed via several freeze-pump-thaw cycles. C¢Dy

was stirred over sodium benzophenone ketal, vacuum transferred and freeze-pump-
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thaw degassed; toluene-d®, THF-4® and and pyridine-d® were stirred over activated
molecular sieves and freeze-pump-thaw degassed. Gaseous reagents (H,, D,, CO,,
CO) were dried by passage through a trap containing activated molecular sieves

prior to use.

6.1.3 Starting Materials

Paraformaldehyde, toINNtol, PANNPh and "BuLi (1.6 M in hexanes) were pur-
chased from commercial suppliers and used as received. KH was purchased from
Aldrich, placed on a glass frit, washed with anhydrous pentane under dinitrogen
and dried in vacuo. NiBr, was purchased from Aldrich, oven-dried and cooled
under dynamic vacuum. DMAP and ICH,CH,I were purchased from Aldrich and
recrystallized from diethyl ether/hexane and diethyl ether respectively. PhCHO
and PhCN were purchased from Aldrich, fractionaly distilled and stored over ac-
tivated molecular sieves. FeBr,(THF), was preparred by Soxhlet extraction of
FeBr; with anhydrous THF under dinitrogen and recrystallized from the THF so-
lution. "Bu,PH was prepared by reducing Bu, PCI with lithium aluminum hydride
and fractional distillation of the reaction mixture. [P(CH,SiMe,NPh),]TaMe,,'*’
fc(NHP'Pry),, 137 CoClzpy4,28 ArNHP"Prz,109 KC8,334 and 1,1’ -diaminoferrocene!3?

were prepared according to literature methods.

6.1.4 Instrumentation and Methods of Analysis

'H, 13C and 3!'P NMR spectra were recorded on a Bruker Avance 300 or 400 MHz
spectrometer. 'H and '>*C NMR chemical shifts were referenced to residual sol-
vents signals from the deuterated solvents. 3'P NMR chemical shifts were refer-

enced to external samples of phosphoric acid (85 % in aqueous solution) at & = 0

125



Elemental analyses (EA) determinations were performed using a Carlo Erba
Elemental Analyzer 1108, and were performed in the Department of Chemistry at
the University of British Columbia by Mr. Derek Smith.

Suitable single crystals were selected in a glovebox, coated in STP motor oil
and mounted on a glass loop. Single crystal X-ray data sets were collected on a
Bruker DUO Apex II diffractometer with graphite-monochromated Mo Ko radia-
tion (A = 0.71073 A) at a temperature of 90 K. Data were collected and integrated
using the Bruker SAINT software package.>*®> Absorption corrections were per-
formed using the multiscan technique (SADABS).33¢ The structures were solved
by direct methods and refined using all reflections with the SHELX-2013%7 pro-
gram package. All non-hydrogen atoms were refined anisotropically. All structures

were solved and refined using the WinGX (version 1.80.05)338

or Olex2 (version
1.2.5)3% software packages. Crystallographic tables containing unit cell and re-
finement information are located in Appendix A.

Powder X-ray diffraction experiments were performed on a Bruker Apex II
diffractometer with Cu K, radiation (1 = 1.54184 A) using an area detector. Pow-
der samples were packed in a borosilicate glass capillary (0.7 mm diameter, from
Charles Supper Company) under nitrogen and then flame sealed. Two measure-
ments were taken on the sample, centering the X-ray beam on two different posi-
tions of the capillary to ensure reproducibility.

>TFe Mossbauer spectra were recorded using a W.E.B. Research Mossbauer
spectroscopy system at room temperature. A >’Co (in rhodium matrix) source with

a strength of 25 mCi was used. The detector was a Reuters-Stokes Kr/CO, propor-

tional counter. The sample powders were loaded in a high-density polyethylene flat
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washer, wrapped in parafilm and secured with Kapton tape. The sample chamber
was evacuated to -28 “Hg and back filled to -25 "Hg with He. The velocity was

scanned between 4 and —4 mms !

using a constant acceleration triangle wave-
form, and calibrated against a Fe foil measured at 295 K in zero magnetic field.
All isomer shifts (8) are relative to Fe foil. Fitting of the data was performed using
WMOSS software, which is available free of charge at http://wmoss.org/.

Magnetic susceptibility data were acquired in the solid state using a Quantum
Designs MPMS5 SQUID magnetometer for VT measurements, or Mk 1 Johnson
Matthey magnetic susceptibility balance at room temperature. Magnetic moments
in solution were obtained using Evans NMR method.?*+243

GC-MS analysis of head space gases was performed on a Agilent Technologies
5975B instrument. The ionization was done by electron impact at 1494 EMV. The
Column used was a HPSMS - 5 % phenyl methyl siloxane. The program was as
follows: 3 minutes at 50 °C ramp at 10 °C/min to 180 °C, hold at 180 °C for 5 min.

The elution time for head space gases was 1.9 min. A image of the apparatus used

is provided in Figure F.1

6.1.5 Computational Details for Chapter 3

DFT Calculations were carried out using the Gaussian 09'%? package. Calculations

247,248

were performed at the BP86 level of theory, using triple- -potential (TZP)

basis sets and effective core potentials on Fe and Co. Calculation of NBOs,3*

NLMOs,**! and Mayer Bond Order was performed using NBO 6.0.25% Images of

orbitals were generated using NBOPro6,23 as well as Chemcraft.3*?
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6.2 Synthesis of Compounds

6.2.1 Complexes Pertaining to Chapter 2

PhP(CH,SiMe,NPh), Ta(u-O)(u-H)Ta(x-0-C-C4H4-NSiMe, CH,)PhP(CH, Si-
Me,NPh) (2.4)

A pale yellow solution of [NPN]TaMe; (600 mg, 0.908 mmol) in Et,O (50 ml)
was transferred into a thick-wall glass vessel equipped with a Teflon valve and
thoroughly degassed via three freeze-pump-thaw cycles. The vessel was immersed
in liquid dinitrogen, filled with H, gas and sealed under atmospheric pressure. The
reaction mixture was allowed to warm to room temperature, while the pressure
inside the vessel slowly rose to approximately four atmospheres. After stirring
at room temperature overnight, a deep purple solution of ([NPN]Ta),(u-H)4 (2.1)
was obtained. The vessel was cooled in liquid nitrogen, the headspace evaporated
and the solution thoroughly degassed at -78°C. The vessel was immersed in lig-
uid dinitrogen and carbon monoxide (10 mL, 0.409 mmol, 0.9 eq) condensed into
the vessel from a calibrated glass bulb. Note that exposure to dinitrogen has to be
avoided during this procedure, due to the N,-sensitivity of 2.1. The vessel was then
sealed under static vacuum and the reaction mixture slowly warmed to room tem-
perature. Within 30 min the purple solution turned brown-orange. After stirring
for another 15 min, all volatiles were removed in vacuum. Hexamethyldisiloxane
(approx. 10 mL) was added to the tacky residue, resulting in the precipitation of
the product as a brown powder, which was filtered off, rinsed with hexamethyl-
disiloxane (2 x 2 ml) and dried in vacuum. Yield: 310 mg, 0.249 mmol, 61%.
3SIP{'H} NMR (& in ppm, C4D¢ 293 K, 162 MHz) 20.2 (s), 12.1 (s); "H NMR (§
in ppm, C4Dg 293 K, 400 MHz) 7.93 (m, 2H), 7.74 (m, 2H), 7.31 (m, 4H), 7.05

128



(m, 8H), 6.85 (m, 4H), 6.72 (m, 3H), 6.59 (t, 1H, J =7.2 Hz), 6.47 (d, 2H, J =7.3
Hz), 6.34 (dd, 1H, J = 5.3Hz, 7.8Hz), 6.04 (t, 1H, J =7.3Hz), 5.48 (app t, 1H, J =
5.8Hz), 4.98 (d, 1H, J = 6.5 Hz), 1.57 (m, 5H), 1.27 (m, 1H), 1.06 (m, 1H), 0.81
(m, 1H), 0.45 (s, 3H), 0.41 (s, 3H), 0.35 (s, 3H), 0.08 (s, 3H), -0.07 (s, 3H), -0.10
(s, 3H), -0.20 (s, 3H), -0.29 (s, 3H); *C{'H} NMR (§ in ppm, C¢D; 293 K, 101
MHz) 163.5 (d, 2Jcp = 12.7 Hz), 160.8 (d, *Jcp = 8.62 Hz), 156.4 (d, *Jcp = 7.27
Hz), 155.2 (d, 3Jcp = 5.61 Hz), 154.8 (d, *Jcp = 6.31 Hz) 138.24 (d, 'Jcp = 28.12
Hz), 136.5 (d, 'Jcp =27.58 Hz), 133.8 (d, *Jcp = 13.63 Hz) 131.8 (d, *Jcp = 11.50
Hz) 130.4 (s), 129.1 (s), 129.0 (s), 129.0 (s), 128.7 (s), 128.6 (s), 127.6 (s), 127.3
(s), 127.2 (s), 127.1 (s), 126.0 (s), 125.3 (s), 122.6 (s), 122.2 (s), 121.5 (s), 107.2
(s), 98.1 (s), 19.5 (d, 2Jcp = 3.64 Hz), 17.7 (s), 14.8 (s), 13.9 (s), 5.21 (s), 3.56 (d,
3Jcp = 4.42 Hz), 3.03 (s), 2.49 (d, 3Jcp = 7.07 Hz), 2.38 (s), 2.09 (s), 1.12 (d, 3Jcp
=10.6 Hz) 0.53 (d, 3Jcp = 5.69 Hz). MS (EI) m/z (%) 1246 (100%) [M+]. Anal.
Calcd. for C,gHy,N,O,P,Si,Ta,: C, 46.22; H, 5.01; N, 4.49. Found: C, 46.17; H,
5.24; N, 4.33

Reaction of '*CO with (PhP(CH,SiMe,NPh), Ta),(1—H),

A pale yellow solution of [NPN]TaMe; (53 mg, 0.0401 mmol) in C¢Dg¢ (5 ml) was
transferred into a thick-wall glass vessel equipped with a Teflon valve and thor-
oughly degassed via three freeze-pump-thaw cycles. The vessel was immersed in
liquid dinitrogen, filled with H, gas and sealed under atmospheric pressure. The re-
action mixture was allowed to warm to room temperature, while the pressure inside
the vessel slowly rose to approximately four atmospheres. After stirring at room
temperature overnight, a deep purple solution of [([NPN]Ta),(u-H)4 (2.1) was ob-
tained. After removing the over-pressure of hydrogen the solution was cannula

transferred to an NMR tube equipped with a Teflon valve and the tube was filled
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with C¢Dg ( 3 mL) until 1 mL of headspace remained. The NMR tube was im-
mersed in liquid nitrogen and the volatiles were removed under high vacuum. '3CO
(1 mL, 0.409 mmol) was condensed into the NMR tube from a break seal flask. The
NMR tube was sealed and allowed to warm to room temperature. Within 30 min
the solution had turned brown-orange, indicative that the reaction was complete.
The reaction mixture was characterized by NMR spectroscopy. *'P{'H} NMR (&
in ppm, C¢Dg 293 K, 162 MHz) 20.2 (s), 12.1 (s); 'H NMR (0 in ppm, CeDg 293
K, 400 MHz) 7.93 (m, 2H), 7.74 (m, 2H), 7.31 (m, 4H), 7.05 (m, 8H), 6.85 (m,
4H), 6.72 (m, 3H), 6.59 (t, 1H, J = 7.2 Hz), 6.47 (d, 2H, 7.3 Hz), 6.34 (dd, 1H, J
=5.3Hz, 7.8Hz), 6.04 (t, 1H, J = 7.3Hz), 5.48 (app t, 1H, J = 5.8Hz), 4.98 (d, 1H,
J =6.5Hz), 1.57 (m, 5SH), 1.27 (m, 1H), 1.06 (m, 1H), 0.81 (m, 1H), 0.45 (s, 3H),
0.41 (s, 3H), 0.35 (s, 3H), 0.08 (s, 3H), -0.07 (s, 3H), -0.10 (s, 3H), -0.20 (s, 3H),
-0.29 (s, 3H); 3C{"H} NMR (8 in ppm, C4Dy 293 K, 101 MHz) 133.8 (d, 3Jcp
=13.63 Hz), 131.8 (d, 3Jcp = 11.50 Hz), 130.4 (s), 129.1 (s), 129.0 (s), 129.0 (s),
128.7 (s), 128.6 (s), 127.6 (s), 127.3 (s), 127.2 (s), 127.1 (s), 126.0 (s), 125.3 (s),
122.6 (s), 122.2 (s), 121.5 (s), 17.7 (s), 14.8 (s), 13.9 (s), 5.21 (s), 3.56 (d, 3Jcp =
4.42 Hz), 3.03 (s), 2.49 (d, *Jep = 7.07 Hz), 2.38 (5), 2.09 (5), ), 1.12 (d, *Jcp =
10.6 Hz) 0.53 (d, 3Jcp = 5.69 Hz), -4.26 (s).

[PhP(CH,SiMe,NPh), Ta(u—H)],(u—OCH,0) (2.5)

A solution of [PhP(CH,SiMe,NPh),Ta],(u—H), (2.1) in Et,O (50 ml) was pre-
pared from [PhP(CH,SiMe,NPh),]TaMe; (600 mg, 0.908 mmol) and thoroughly
degassed. Subsequently, the thick-wall glass vessel was immersed in liquid dini-
trogen and carbon dioxide (10 mL, 0.409 mmol, 0.9 eq) condensed in from a cali-
brated glass bulb. The vessel was sealed under static vacuum and warmed to room

temperature. A brown solution was obtained after stirring at room temperature for
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1 h. The solvent was evaporated to afford a brown residue, which was recrystal-
lized from a minimum amount of pentane (approx. 10 ml) at -40°C. The product
was collected on a sintered glass frit, washed with cold pentane (2 x 1 ml) and
dried under vacuum. Yield: 345 mg, 0.22 mmol, 60%. 'H NMR (CgDg, 400 MHz
): 6 0.12 (s, 12H, SiCH,), 0.15 (s, 12H, SiCH;), 1.18 (m, 8H, SiCH,P), 6.11 (s,
2H, OCH,0), 6.81 (t, 2Jy p = 4.8 Hz, 2H, TaH,Ta), 6.89 (d, *Jy 4 =7.4 Hz, 8H, o-
NPh), 6.96 (t, *Jy i = 7.3 Hz, 4H, p-NPh), 7.03 - 7.14 (m, 6H, m-PPh and p-PPh),
7.18 (t, *Jy iy = 7.6 Hz, 8H, m-N-Ph), 7.74 (m, 4H, 0-PPh). 'H{3'P} NMR (C¢Dy),
selected peaks only: 1.18 (m, 8H, SiCH,P), 6.81 (s, 2H, TaH,Ta), 7.74 (d, 3JH_,H
= 7.0 Hz, 4H, 0-PPh). 3'P{!H} NMR (C¢Dq, 161 MHz): § 13.1 (s). °C APT
NMR (C¢Dg, 101 MHz): 6 2.4 (s, SiCH;), 16.2 (s, SiCH,P), 110.6 (s, OCH,0),
122.7, 128.4, 129.7, 130.2, 132.4 and 132.7 (o-, m- and p-Ph carbons), 138.9 (d,
1Jc7p = 25 Hz, ipso-PPh carbon), 153.9 (s, ipso-NPh carbon). MS (EI) m/z (%):
1278 (100%) [M]+. Elemental Anal.: Calcd. for C4HgyN,O,P,Si,Ta,: C 46.01;
H 5.20 N 4.38. Found: C 45.36; H 5.19; N 4.20

[PhP(CH,SiMe,-0-D,-NPh), Ta(u—D)],(u—OCD,0) (d,-2.5)

A sample of di»-2.5 was prepared in a manner identical to that for 2.5 using D,
gas. 'H NMR (C¢Dg, 400 MHz): & 0.12 (s, 12H, SiCHj), 0.15 (s, 12H, SiCH;),
1.18 (m, 8H, SiCH,P), 6.96 (t, 3Jy u = 7.3 Hz, 4H, p-NPh), 7.03 - 7.14 (m, 6H,
m-PPh and p-PPh), 7.18 (d, 3Jy u = 7.6 Hz, 8H, m-N-Ph), 7.74 (m, 4H, 0-PPh).
3TP{!H} NMR (C¢Dg, 400 MHz): § 13.1 (s). 2H NMR (Et,0, 61.4 MHz): § 6.2
(spr» OCD,0), 6.6 - 8.0 (sp, TaD,Ta and o-D,-NPh).

[PhP(CH,SiMe,NPh), Ta(u—H)1,(u—O0'"*CH,0) (1*C-2.5)

A sample of '3C-2.5 was prepared in a manner identical to that for 2.5 using '*C-

enriched carbon dioxide. 'H NMR (C¢Dg, 400 MHz), selected peaks only: 6 6.11
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(d, YJcy = 164 Hz, 2H, OCH,0). 3C{'H} NMR (C¢D, 400 MHz), selected
peaks only: & 110.6 (s, OCH,0), '3C NMR (gated-decoupling, C¢Dg, 101 MHz),
selected peaks only: & 110.6 (t, 'Je g = 164 Hz OCH,0).

6.2.2 Complexes Pertaining to Chapter 3

[fc(NP'Pr,),]K,(THF); 55 (3.1)

To an oven-dried Schlenk flask was added fc(NHPiPrz)2 (2.563 g, 5.717 mmol)
and KH (1.829 g, 45.74 mmol). THF (100 mL) was added via cannula resulting in
an orange suspension that was stirred for 16 hours resulting in a deep red solution
with white precipitate. The solution is filtered through Celite, to remove excess
KH, and reduced to dryness in vacuo resulting in a red sticky solid. The red solid
is suspended in pentane, filtered with a glass frit, washed with pentane (3 x 15 mL)
and dried in vacuo. Yield: 2.93 g, 4.767 mmol, 83%. 3'P{'H} NMR (§ in ppm,
DMSO0-d®, 293 K, 162 MHz) 70.1 (s); "H NMR (8 in ppm, DMSO-d®, 293 K, 400
MHz) 3.60 (s, 5SH, THF), 3.18 (s, 4H, Cp), 2.96 (s, 4H, Cp), 1.76 (s, SH, THF),
1.29 (broad sept, 4H, J = 5.4 Hz, ‘Pr CH), 1.01 (d, 12H, J = 5.4 Hz, 'Pr CH3), 0.86
(d, 12H, J = 4.7 Hz, 'Pr CH3); 3C{'H} NMR (§ in ppm, DMSO-d® , 293 K, 101
MHz, ipso-Cp carbon not found) 66.97 (s, THF O—CH,), 58.76 (s, Cp), 56.65 (d,
3Jcp = 17.17 Hz, Cp), 27.99 (d, 'Jcp = 15.31 Hz, P-CH), 25.09 (s, CH, THF),
20.14 (d, 2Jcp = 18.81 Hz, CH,), 18.59 (d, 2Jcp = 10.52 Hz, CH;). Anal. Caled
for CygH;540sNgPgFe Kq: C, 52.76; H, 7.54; N, 4.56. Found: C, 52.64; H, 7.61;
N, 4.60.

([fc(NP'Pr,),]Fe), (3.2)

To an oven-dried Schlenk flask containing Kz[fc(NHPiPr2)2](THF) (2.50 g, 4.07
mmol) and FeBr,(THF), (1.50 g,4.17 mmol) was added THF (100 mL), resulting
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in a brown slurry that was allowed to stir for 12 hours. The resulting solution was
filtered through Celite, reduced to dryness and washed with cold pentane (3 x 5
mL). The resulting brown solids were isolated and further dried in vacuo. Yield:
1.48 g, 1.47 mmol, 72%. 3'P{'H} NMR (§ in ppm, C¢Dg, 293 K, 121 MHz):
962.0 (s). "H NMR (3 in ppm, C¢D, 293 K, 300 MHz) 109.51 (s), 76.95 (s),
62.13 (s), 12.98 (s), -2.08 (s), -3.73 (s), -13.12 (s), -13.42 (), -74.46 (s), -77.70(s).
MS (EI) m/z (%): 1004 (14%) [M]+. Anal. Calcd for C,,H,,N,P,Fe,: C, 52.62;
H, 7.23; N, 5.58. Found: C, 52.39; H, 7.36; N, 5.40. U.s (solution 25 °C ) 6.7 ug.
Uesr (solid, Gouy balance, 25°C) 6.6 ug.

[fc(NP'Pr,),]Fe(DMAP), (3.3)

Synthesis A: To an oven-dried Schlenk flask containing ([fc(NP'Pr,),]Fe), (0.452
g, 0.45 mmol) and 4-dimethylaminopyridine (0.220 g, 1.80 mmol) was added Et,O
(50 mL) via cannula at room temperature. After stirring for 16 hours, the volatiles
were removed in vacuo and the resulting solids were suspended in Et,O (10 mL)
and filtered to give yellow powder. Yield: 0.430 g, 0.576 mmol, 64%. 'H NMR
(6 in ppm, C¢Dyg, 293 K, 300 MHz): 57.82 (s), 31.76 (s), 15.90 (s), 12.13 (s), 0.44
(s), -1.34 (s), -26.91 (s), -56.99 (s). Anal. Calcd for C3HssNgP,Fe,: C, 57.92; H,
7.56; N, 11.26. Found: C, 57.61; H, 7.52; N, 11.28. U (solution 25°C) 4.9 ug.
Uesr (solid, Gouy balance, 25°C) 5.1 ug.

Synthesis B: To an oven-dried Schlenk flask containing Kz[fc(NPiPrz)z](THF)
(0.100 g, 0.167 mmol), FeBr,(THF), (0.060 g, 0.167 mmol) and 4-dimethylamino-
pyridine (0.040 g, 0.327 mmol) was added THF (25 mL) via cannula at room tem-
perature. After 16 hours, the volatiles were removed in vacuo and the resulting
orange-red solids were extracted with toluene (15 mL), filtered through Celite and

reduced to dryness. The resulting orange-yellow solids were suspended in Et,O (5
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mL), filtered, and dried in vacuo resulting in a fine yellow powder. Yield: 0.088 g,
0.117 mmol, 71%.

([fc(NP'Pr,),1Co), (3.4)

To an oven-dried Schlenk flask containing K, [fc(NPiPrz)z] (0.200 g, 0.335 mmol)
and CoCl,(py), (0.152 g, 0.341 mmol) was added pentane (50 mL) via cannula.
The resulting slurry was allowed to stir at room temperature for 16 hours at which
point the resulting dark brown solids were filtered away from the light orange su-
pernatant and dried in vacuo. Due to solubility and stability issues, the resulting
KClI cannot be separated from the product therefore all calculations are based on
a molecular formula including four equivalents of KCl and the characterization is
all performed in the solid state. Yield: 82%. Very small quantities of X-ray quality
crystals can be obtained by performing the reaction in saturated toluene, without
stiring and decanting the supernatant away from the crystals which grow on the
side of the vial. To confirm that the solid state molecular structure is representative
of the bulk powder isolated; a PXRD analysis was performed. MS (EI) m/z (%):
1010.2081 (100%) [M]+. Anal. Calcd for C,,H,,N,P,Fe,Co,K,Cl,: C, 40.38; H,
5.55; N, 4.28. Found: C, 40.15; H, 5.34; N, 3.97. U.s (solid, Gouy balance, 25°C)
2.7 ug.

fe(NP'Pr,=N(P'Pr,) (3.7)

To an oven-dried Schlenk flask containing H,[fc(NP'Pr3),] (0.050 g, 0.11 mmol)
and KH (0.030 g, 0.75 mmol) was added THF (5 mL) and the solution was allowed
to stir for 16 hours. The solution was filtered through Celite into an oven dried
Schlenk flask containing NiBr, (29 mg, 0.13 mmol) suspended in THF (1 mL)
and allowed to stir for 2 hours, turning the red solution dark brown. The volatiles

were removed in vacuo and the resulting solids were extracted with toluene (3 x
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1 mL). The toluene solutions were combined, reduced to 2 mL, and cooled to -40
°C, resulting in crystallisation of the product. The toluene solution was decanted
for successive crystallization and the black crystals were dried in vacuo. Yield: 43
mg, 86% . 3'P{'H} NMR (8 in ppm, C¢Dg, 293 K, 162 MHz): 69.2 (d, 2Jpp =
40.7 Hz, P4), 68.1 (d, 2Jpp = 40.7 Hz, Pp); 'H NMR (& in ppm, C¢Dy, 293 K, 400
MHz): 4.03 (m, 2H, fcC—H), 4.00 (m, 4H, fcC—H), 3.70 (m, 2H, fcC—H), 2.50
(sept, 2H, 3Jyp = 7.0 Hz, "Pr C-Hyp), 1.89 (sept, 2H, 3Jyn = 6.9 Hz, 'Pr C-Hp),
1.33(dd, 6H, *Jyp = 15.0 Hz, 3/ = 7.1 Hz 'Pr CH;,), 1.26 (dd, 6H, 3Jyp = 15.5
Hz, 3Jupu = 7.2 Hz 'Pr CH;,), 1.12 (dd, 6H, *Jgp = 17.0 Hz, 3Jyu = 7.4 Hz Pr
CH,p), 0.78 (dd, 6H, *Jyp = 11.5 Hz, *Jypn = 7.0 Hz 'Pr CHy3); 1°C APT NMR
(6 in ppm, C¢D¢, 101 MHz): §, 106.31 (d, 2J(;Ja = 13.4 Hz, ipso cp), 91.66 (d,
2Jcp = 6.0 Hz,ipso cp), 69.20 (s, cp ), 67.89 (d, 3Jcp = 6.7 Hz, cp), 66.71 (s, cp),
66.52 (s, cp), 28.85 (dd, J = 77.8, 9.7 Hz, CH or CH3), 27.04 (d, J = 20.4 Hz, CH
or CH3), 22.18 (d, J = 24.9 Hz, CH or CH3), 18.28 (t, J] = 3.2 Hz, CH or CH3),
17.94 (dd, J = 5.3, 3.2 Hz, CH or CH3), 17.77 (d, ] = 12.2 Hz, CH or CH3). Anal.
Calcd for Cy,HzcFeN,P,: C, 59.20; H, 8.13; N, 6.28. Found: C, 58.91; H, 8.11;
N, 5.96.

K[ArNPPr,] (3.10)

To an oven-dried Schlenk flask containing ArNHP'Pr, (Ar = 3,5-dimethylphenyl)
(0.500 g, 2.11 mmol) and KH (0.210 g, 5.24 mmol) was added THF (50 mL),
resulting in a colorless solution, and allowed to stir at room temperature. After
16 hours, the excess KH was filtered off through a Celite plug, and the volatiles
were removed in vacuo yielding a white solid. The white solids were suspended in
benzene (20 mL) and stirred for 30 min yielding a white suspension. Filtration of

this suspension yields a crystalline white powder. Yield: 0.520 g, 90%. 3'P{'H}
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NMR (8 in ppm, THF-d%, 293 K, 162 MHz) 56.2 (s); 'H NMR (& in ppm, THF-
d®, 293 K, 400 MHz) 6.21 (s, 2H, 0-Ar), 5.54 (s, 1H, p-Ar), 1.95 (s, 6H, Ar-CH3),
1.47 (sept, Jy g = 7.0 Hz, 2H, ‘Pr-CH), 0.94 (dd, *Jz iy = 7.0 Hz,* Iy p = 10.3 Hz,
12H, 'Pr-CH3). '3C APT NMR (8 in ppm, THF-4®, 101 MHz, ipso-Ar carbon not
found) 137.60 (s, Ar C-CHy), 116.87 (s, o/pAr C-H), 116.69 (s, o/pAr C-H), 29.03
(d, "Jcp = 16.2 Hz, 'Pr CH), 27.17 (s, Ar CH3), 20.50 (d, 2Jcp = 21.3 Hz, 'Pr
CH3), 18.90 (d, ZJC’P =9.84 Hz, 'Pr CH3). Anal. Calcd for C,4Hy;KNP: C, 61.50;
H, 8.42; N, 5.09. Found: C, 61.22; H, 8.65; N, 4.75.

([ArNP'Pr,INi(P'Pr,)), (3.11)

To a slurry of NiBr, (20 mg, 0.092 mmol) in THF (2 mL) was added dropwise
a solution of K[ArNP'Pr;] (Ar = 3,5-dimethylphenyl) (0.050 g, 0.182 mmol) in
THF (2 mL) and the solution was allowed to stir at room temperature for 2 hours.
The solution was reduced to dryness and the red/orange residue was extracted with
pentane (2 x 3 mL) and filtered through Celite yielding an intense orange solution.
This solution was concentrated to (~1 mL) and cooled to -40°C resulting in the
formation of dark red crystals. Yield (0.018 g, 46 %). *'P{"H} NMR (8 in ppm,
C¢Dg, 293 K, 162 MHz) 68.8 (d, 2Jpp = 44.8 Hz ), 29.9 (d, 2Jpp = 44.8 Hz ); 'H
NMR (0 in ppm, C¢Dg, 293 K, 400 MHz) 6.71 (s, 2H, 0-Ar), 6.42 (s, 1H, p-Ar),
2.10 (s, 6H, Ar-CH3), 1.47 (sept, 3]y g = 7.0 Hz, 2H, 'Pr-CH), 1.29 (sept, *Jy p =
7.0 Hz, 2H, 'Pr-CH), 0.99 (dd, *Jy y = 7.0 Hz,*J p = 9.8 Hz, 12H, 'Pr-CH3) 0.96
(dd, 3y g = 7.0 Hz, T p = 10.7 Hz, 12H, ‘Pr-CH3).

6.2.3 Complexes Pertaining to Chapter 4

((CsH,NP'Pr,)Fe(CO),), (4.1)
To an oven dried bomb was added a solution of ([fc(NP'Pr,),]Fe), (0.100 g, 0.0996

136



mmol) in toluene (5 mL). The solution was degassed via 3 freeze-pump-thaw cy-
cles and then exposed to 1 atm of CO at 77 K. The flask was allowed to warm to
room temperature without stirring for 14 days resulting in the formation of dark
red crystals. Yield 0.006 g, 0.01 mmol, 5%.

fc(NP'Pr,),Fe(CO)fc(NP'Pr;),Fe (4.2)

To an oven dried bomb was added a solution of ([fc(NP"Prz)z]Fe)2 (0.100 g, 0.0996
mmol) in toluene (5 mL). The solution was degassed via 3 freeze-pump-thaw cy-
cles and then exposed to CO (2.4 mL, 0.1 mmol) at 77 K. The flask was allowed to
warm to room temperature with stirring for 16 hours. The volatiles were removed
in vacuo and the resulting solids were extracted with a 3:1 hexanes:toluene mixture
(4 mL) filtered through Celite and recrystallized at -40 °C, resulting in dark brown
crystals. Yield 0.085 g, 0.083 mmol, 83%. 'H NMR (& in ppm, C¢Dj, 293 K, 400
MHz) 51.86 (s), 29.23 (s) 28.73 (s), 27.16 (s), 24.23 (s), 23.38 (s), 22.39 (s), 20.19
(s), 17.30 (s), 14.89 (s), 13.33 (s), 10.08 (s), 1.04 (5s), -0.24 (s), -2.81 (5s), -5.60 (5),
-8.40 (s), -12.16 (s), -13.30 (s), -20.22 (s), -33.88 (), -61.15 (s), -75.86 (s). Anal.
Calcd for C,sH,,Fe,N,OP,: C, 52.35; H, 7.03; N, 5.43. Found: C, 51.98; H, 6.85;
N, 5.71. pico = 1880cm™!. w, sy =5.3 uB.

fc(NP'Pr,1),Fel, (4.3)

To an oven-dried Schlenk flask was added ([f(:(NP"Prz)Z]Fe)2 (0.100 g, 0.0996
mmol) and toluene (5 mL). A solution of ICH,CH,I (0.118 g, 0.419 mmol) in
toluene (5 mL) was added dropwise and the resulting solution was allowed to stir
for 16 h. The volatiles were removed in vacuo and the resulting solids were re-
crystallized from a 50/50 mixture of toluene and hexanes resulting in dark red
crystalline solids, which were dried in vacuo. Yield 0.112 g, 55.7 %. '"H NMR (8
in ppm, C¢Dyg, 293 K, 400 MHz) 18.36 (s), 4.74 (s), 3.19 (s), 0.88 (s), -9.33 (s).
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Anal. Calcd for C,gHy,Fe,I,N,P,: C, 31.61; H, 4.02; N, 2.54. Found: C, 31.94;
H, 4.12; N, 2.50. g (solution 25 °C ) 5.4 ug.

[(fc(NP'Pr;),Fe), I[K(THF),] (4.4)

To an oven-dried Schlenk flask was added ([fc(NP'Pr»),]Fe),> (0.100 g, 0.0996
mmol) and toluene (5 mL) and chilled to -30 °C. In a separate Schlenk flask KCq
was suspended in toluene (5 mL) and chilled to -30 °C. The ([fc(NP"Plrz)z]Fe)2
solution was cannula transferred to the KCyq slurry and allowed to warm to room
temperature with stirring for 6 h. The resulting slurry is filtered through Celite and
and the volatiles were removed in vacuo leaving a black residue. The residue was
dissolved in a minimal amount of THF, layered with hexanes and cooled to -35 °C
resulting in the formation of black crystals which were filtered and dried in vacuo.
Yield: 0.094 g, 0.064 mmol, 64%. 'H NMR (8 in ppm, C¢Dg, 293 K, 400 MHz)
188.42 (s), 36.80 (s), 34.10 (s), 25.32 (s), 15.14 (s), 12.08 (s), 11.51 (s), -2.75 (s),
-17.86 (s), -29.72 (s). Anal. Calcd for CcgH ,oFe,KN,O4P,: C, 55.33; H, 8.19; N,
3.80. Found: C, 55.11; H, 7.82 ; N, 3.98. U (solution 25 °C ) 7.8 ugp.
fc(NP'Pr,NPh),Fe (4.5)

An oven dried bomb was loaded with (Fe[fc(NP'Pr;),]), (0.100 g, 0.0996 mmol),
PhINNPh (0.020 g, 0.110 mmol) and toluene (10 mL). The bomb was sealed, re-
moved from the glovebox and irradiated with UV-light (350 nm) for 20 hours. The
solution was then filtered, removing minimal solids, and reduced in vacuo to 1 mL.
Pentane (1 mL) was added and the solution was cooled to -40 °C resulting in for-
mation of an orange powder. Yield: 0.057 g, 0.083 mmol, 83 %. 'H NMR (8§ in
ppm, C¢Dg, 293 K, 400 MHz) 98.3 (s), 30.2 (s), 28.9 (s), 8.0 (s), 0.32 (s), -0.6 (s),
-10.7 (s), -13.6 (s). Anal. Calcd for CgH,oFe,KN,O4P,: C, 55.33; H, 8.19; N,
3.80. Found: C, 54.98 ; H, 8.36 ; N, 4.11. Us (solution 25 °C ) 2.9 ug.
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fc(NP! Pr;Ntol),Fe (4.6) An oven dried NMR tube was loaded with (Fe[fc(N PiPr3)>2]1)2
(0.010 g, 0.0099 mmol), tolNNtol (0.004 g, 0.019 mmol) and toluene (10 mL). The
NMR tube was sealed, removed from the glovebox and irradiated with UV-light
(350 nm) for 20 hours. The solution was then filtered, removing minimal solids.
'H NMR (8 in ppm, C¢Dg, 293 K, 400 MHz) 98.9 (s), 30.1 (s), 28.3 (s), 25.9 (s),
8.1 (s), 0.6 (s), -0.51 (s), -13.4 (s).

((fe(NP'Pr,)(NP'Pr,CO,))Fe), (4.7)

To an oven dried bomb was delivered a solution of ([fc(NP"Prz)z]Fe)2 (0.061 g,
0.0607 mmol) in THF (~ 10 mL). The solution was degassed via 3 freeze-pump-
thaw cycles and CO; (3 mL, 0.12 mmol) was delivered at 77 K. The solution was
allowed to warm to room temperature and stirred for 4 hours. The resulting yellow
solution was reduced in vacuo and the resulting yellow-brown solids were recrys-
talized from toluene (~ 1 mL) at -40 °C. Yield: 0.047 g, 0.0430 mmol, 64 %. 'H
NMR (8 in ppm, C¢Dg, 293 K, 400 MHz) 90.2 (s), 72.3 (s), 47.3 (s), 34.3 (s), 24.1
(s), 16.0 (s), 11.1 (s), 9.8 (8), -2.8 (8), -23.2 (s), -27.2 (5), -30.6 (s), -36.5 (s), -41.9
(s), -84.1 (s). Anal. Calcd for CyH;,Fe,N,O,P, o C,,HysFeN,P, C, 53.01; H,
7.20; N, 5.45. Found: C, 53.33; H, 7.46 ; N, 5.02. g (solution 25 °C ) 5.9 ug.
(fc(NP'Pr,CHPhO),Fe), (4.8)

To an oven-dried vial containing ([fc(NP"Prz)z]Fe)2 (100 mg, 0.0996 mmol) and
toluene (2 mL) was added benzaldehyde (40 mg, 0.38 mmol), resulting in an or-
ange solution that was allowed to stir for 30 min. The solution was reduced to
dryness in vacuo resulting in an orange-yellow solid. The orange-yellow solid was
dissolved in minimal hexanes, and the solution was filtered through Celite. The
orange filtrate was allowed to recrystallize at -40 °C, resulting in the formation of

a yellow solid, which was filtered through a glass frit and dried in vaccuo. Yield:
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69 mg, 0.048 mmol, 48% yield. "H NMR (& in ppm, C¢D, 293 K, 400 MHz) 94.6
(s), 68.1 (s), 35.3 (s), 34.1 (s), 18.6 (s), 15.7 (s), 13.4 (s), 12.6 (s), 10.6 (s), 10.1 (s),
2.8 (8), -6.6 (s), -7.1 (s), -21.1 (5), -29.4 (s), -32.8 (8), -39.4 (5s), -43.9 (s), -82.0 (5).
Anal. Calcd for C;,HggFe,N,O,P,: C, 60.52; H, 6.77; N, 3.92 Found: C, 60.04 ;
H, 6.56 ; N, 4.11. Ucs (solution 25 °C ) 5.8 ug.
(fc(NP'Pr,)(NP'Pr,CPhN))Fefc(NP'Pr;),Fe (4.9)

To an oven-dried 50 mL round bottom flask containing ([fc(NP"Pr2)2]Fe)2 (200
mg, 0.199 mmol) and toluene (2 mL) was added benzonitrile (20 mg, 0.19 mmol),
resulting in a dark purple solution that was allowed to stir for 30 min. The solution
was reduced to dryness in vacuo, resulting in a black solid. The black solid was
suspended in hexane, filtered through a glass frit, washed with hexane (3 x 2 mL)
and dried in vacuo, resulting in a red powder. Yield 145 mg, 0.131 mmol, 69%
yield. "H NMR (§ in ppm, d®-THF, 293 K, 300 MHz) 18.99 (s), 18.52 (s), 18.06
(s), 17.57 (s), -3.40 (s). -4.54 (s), -34.24 (s). Anal. Calcd for C5;H,,Fe,NsP,: C,
55.31; H, 7.01; N, 6.32 Found: C, 55.11 ; H, 6.81 ; N, 6.87. U (solution 25 °C)

6.4 HUB.

6.2.4 Complexes Pertaining to Chapter 5

fc(NHCH,P'Bu,); (5.1)

To an oven-dried Schlenk flask containing fcNH, (2.9 g, 0.013 mol) and p-CH,O
(0.80 g, 0.027 mol) was added ‘Bu,PH (5.0 mL, 3.9 g, 0.027 mol). The flask was
heated to 110 °C under a dinitrogen atmosphere for 2.5 h until the formation of
water vapor had stopped. The resulting orange-brown solids were extracted with
toluene filtered through Celite, and the resulting solution was cooled to -40 °C,

forming a waxy orange solid. Yield 4.01 g, 0.0076 mmol, 58.5% yield. *'P{'H}
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NMR (8 in ppm, d8-toluene, 293 K, 162 MHz) 28.3 (s); 'H NMR (§ in ppm, d®-
toluene, 293 K, 400 MHz) 3.94 (s, 4H), 3.89 (s, 4H), 3.18 (d, 4H, %Jyp = 5.9 Hz),
2.42 (broad s, 2H), 1.17 (d, 36 H, 3Jup = 10.9 Hz); 3C{'H} NMR (3§ in ppm,
d8-toluene, 293 K, 101 MHz) 112.4 (d, *Jcp = 13.5 Hz), 63.4 (s), 56.1 (s), 42.2 (d,
Wep = 14.8 Hz), 31.2 (d, 'Jep = 21.0 Hz), 29.9 (d, 2Jcp = 13.3 Hz) Anal. Calcd.
for C,gHs FeN,P,: C, 63.15; H, 9.46; N, 5.26. Found: C, 63.21; H, 9.49; N, 5.22.
fc(NCH,P'Bu,),Fe (5.2)

Synthesis A: To a solution of fc(NCH,P'Bu,), (0.25g, 0.47 mmol) in ether (15
mL) was added 1.6 M "Bul.i in hexanes (0.57 mL, 0.91 mmol) at -78 °C. The
solution was allowed to warm to room temperature over 3 h. This solution was
added dropwise to an oven dried Schlenk containing FeBr,(THF), (0.16 g, 0.44
mmol) suspended in THF (5 mL). The reaction was allowed to stir for 16 h at
which point the volatiles were removed in vacuo. The resulting red solids were
extracted with hexanes, filtered through Celite and recrystallized from hexanes at
-40 °C affording red needle-shaped crystals. Yield 0.088 g, 0.15 mmol, 32% yield.
"H NMR (§ in ppm, C¢Dg, 293 K, 400 MHz) 53.1 (s), 16.8 (s), -5.7 (s), -14.9 (s),
-66.1 (s). Anal. Calcd. for C,gHgN,P,Fe,: C 57.36; H, 8.25; N, 4.78. Found: C,
57.55, 8.31, 4.44.

Synthesis B: To an oven dried Schlenk containing fc(NCH,P'Bu,), (0.050 g, 0.094
mmol) in toluene (5 mL) was added dropwise a solution of Fe;Mes; (0.027 g,
0.045 mmol) in toluene (5 mL). The resulting red solution was allowed to stir at
room temperature for 2.5 h. The solution was reduced to dryness in vacuo and the
resulting solids were recrystallized from hexanes. Yield 0.026 g, 0.044 mmol, 47%

yield.
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Appendix A

Crystallographic Appendix

Figure A.1: ORTEP plot (30% thermal ellipsoids) of the molecular struc-
ture of 2.1 (refinement incomplete). Silyl-methyl and ligand N,P-phenyl-ring
carbons (except ipso positions) have been omitted for clarity. Selected bond
lengths (A, rounded to two decimal places) and angles (°, rounded to integer
values): Tal-Tal’ 2.57; Tal-N1 2.08; Tal-N2 2.09; Tal-P1 2.56; Ta-H rang-
ing from 1.87 to 1.92; N1-Tal-N2 113; H-Ta-H (cis) 61 to 64; H-Ta-H (trans)
91 to 94; P1-Tal-Tal-P1 180; H1-H1-H2-H2 0.

161



Figure A.2: ORTEP diagram of 1.50 with ellipsoids drawn at 50% probabil-
ity. All H atoms have been omitted for clarity. elected bond lengths (A) and
angles (deg): C1-N1 1.4021(4); N1-P1 1.7130(3). Cp plane angle = 0° due to
inversion center at Fel

Figure A.3: ORTEP diagram of 3.1 with ellipsoids drawn at 50% probability.
All H atoms, ‘Pr methyl groups and carbons from the THF molecules have
been omitted for clarity. The figure represents 1/3 of the asymmetric unit with
an extra Cp ring shown to illustrate connectivity. Refinement not complete.
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Figure A.4: ORTEP diagram of 4.8 with ellipsoids drawn at 50% probability.
All H atoms and ‘Pr methyl groups have been omitted for clarity. Selected
bond lengths (A) and angles (deg): Fel-Fe2 4.0122(11); Fe2-Fe3 3.3087(11);
NI1-P1 1.607(4); N2-P2 1.618(4); P1-C12 1.857(5); Fe2-N1 2.239(4); Fe2-
N2 2.108(4); Fe2-O1 1.987(4); Fe2-02 2.132(4); Fe3-02 2.040(3); Fe2-03
2.077(3); Fe3-03 2.177(4); P1-C12-01 105.7(4); N1-Fe2-01 81.13(15); O2-
Fe2-N1 170.87(14); O2-Fe2-01 91.90(14); Fe2-O2-Fe3 104.92(15); Fe2-03-
Fe3 102.09(14).
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Figure A.5: ORTEP diagram of 4.9 with ellipsoids drawn at 50% probability.
All H atoms and ‘Pr methyl groups have been omitted for clarity. Selected
bond lengths (A) and angles (deg): Fel-Fe2 3.4980(14); Fe2-Fe3 2.8932(13);
Fe3-Fe4 3.7358(14); N1-P1 1.600(5); N2-P2 1.656(5); N3-P3 1.682(5); N4-
P4 1.656(5); Fe2-N1 2.017(5); Fe2-N2 1.935(5); Fe2-P4 2.4187(19); Fe2-
N5 2.008(5); Fe3-N3 1.972(5); Fe3-N4 2.021(5); Fe3-P2 2.5703(19); Fe3-N5
2.011(5); Fe2-N5-Fe3 92.1(2); N1-Fe2-N2 112.7(2); N1-Fe2-N5 87.6(2); N2-
Fe2-P4 109.56(14); N3-Fe3-N4 112.0(2); N3-Fe3-N5 122.8(2); N3-Fe3-P2
120.85(6).
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Figure A.6: ORTEP plot (30% thermal ellipsoids) of 5.3 All H atoms and ‘Pr
methyl groups have been omitted for clarity.
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Table A.1: Crystal data and refinement details for 2.5

Compound 2.5
empirical formula C4oHeuN,O,P,Si1,Ta,
formula weight 1277.24
crystal size [mm] 0.18 x 0.16 x 0.10
crystal system monoclinic

space group
a[A]

b[A]

c[A]

o [°]

B I°]

v [°]

V[A%]

p [gem?]

Z

F(000)

p [mm~']

Tmin/Tmux

hkl range

6 range [°]
meassured refl.
unique refl.

refined parameters
completeness to 6 [%]
goodness-of-fit
R1,wR2 (I >20(1))
R1, wR2 (all data)
res. el. dens. [e- A3]

C2/c (No. 15)
22.1884(16)
11.7359(9)
25.096(2)
90
97.377(2)
90
6480.9(9)
1.309
4
2356
3.531 (Mo-Ka)
0.431/0.702
2226, +13, + 29
1.64 - 25.02
21114
5695
285
99.9
0.966
0.0519, 0.1245
0.0737, 0.1328
4.172/-1.544
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Table A.2: Crystal data and refinement details for 1.50 and 3.1

Compound 1.50 31
empirical formula C,,H;gFeN, P, C,cH;6FeK,N,OP,
formula weight 448.34 588.58
crystal size [mm] 0.44x0.20x0.18 0.17x0.16 x 0.08
crystal system monoclinic triclinic
space group C2/c (No. 15) P—1 (No. 2)
a[A] 18.063(5) 16.608(4)

b [A] 14.407(4) 16.689(3)
c[A] 10.848(3) 19.732(2)
a[°] 90.00 112.329(11)

B [°] 122.754(5) 106.485(3)

Y I°] 90.00 106.206(4)

Vv [A3] 2374.0(12) 5147.9(11)

p g cm?] 1.254 1.138

Z 4 8

F(000) 960 1846

g [mm~'] 0.779 (Mo-Ka) 0.789 (Mo-Ka)
Tin/ Tinax 0.3763/0.7452 0.6120/0.7460
hkl range +21,+17, £ 12 +23,-23-25,+£27
0 range [°] 1.95-25.10 1.242 —30.149
meassured refl. 14339 27690
unique refl. 1858 27690
refined parameters 132 848
completeness to 6 [%] 98.6 91.1
goodness-of-fit 1.091 1.024

R1,wR2 (I >20(1))
R1, wR2 (all data)
res. el. dens. [e- A3]

0.0737, 0.2029
0.0786, 0.2084
1.586/-0.891

0.1165, 0.2644
0.1452, 0.2771
3.3284/-2.43
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Table A.3: Crystal data and refinement details for 3.2 and 3.3

Compound 3.2 33
empirical formula Cy,H;4Fe,N, P, CycHseFe,Ng P,
formula weight 502.17 746.51
crystal size [mm] 0.22x0.20x0.14 0.14x 0.10 x 0.05
crystal system monoclinic monoclinic
space group P21/n (No. 14) C2/c (No. 15)
a[A] 10.3912(8) 21.5781(11)
b[A] 12.2273(10) 10.6543(5)
c[A] 19.1171(15) 17.4825(8)
a[°] 90.00 90.00

B [°] 96.112(2) 112.2320(10)
Y [°] 90.00 90.00

V [A3] 2415.1(3) 3720.4(3)

p [g cm?] 1.381 1.333

Z 4 4
F(000) 1056 1584

u [mm~'] 1.344 (Mo-Ko) 0.900 (Mo-Ko)
Tonin/ Tnax 0.6139/0.7456 0.6633/0.7459
hkl range -12-13,-15-10,+24 +29,+14,+24
0 range [°] 1.98 - 27.59 2.04 - 29.45
meassured refl. 21051 19671
unique refl. 5580 5155
refined parameters 253 215
completeness to 6 [%] 99.6 99.5
goodness-of-fit 1.026 1.023

R1,wR2 (I >20(I))
R1, wR2 (all data)
res. el. dens. [e- A3]

0.0237, 0.0599
0.0292, 0.0634
0.521/-0.266

0.0348, 0.0785
0.0568, 0.0872
0.710/-0.313
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Table A.4: Crystal data and refinement details for 3.4 and 3.7

Compound 34 3.7
empirical formula C,,H;4CoFeN, P, Cy,H;¢FeN, P,
formula weight 505.25 446.32
crystal size [mm] 0.10 x 0.08 x 0.07 0.25x0.11x0.05
crystal system monoclinic monoclinic
space group P21/n (No. 14) P21 (No. 4)
a[A] 9.969(5) 9.745(2)

b [A] 12.244(5) 10.920(3)
c[A] 19.170(5) 10.448(3)
al°] 90.00 90.00

B [°] 98.468(5) 91.151(5)

Y I°] 90.00 90.00

V [A3] 2314.4(16) 1111.7(5)

p [g cm?] 1.450 1.333

z 4 2
F(000) 1060 476

g [mm~'] 1.492 (Mo-Ko) 0.832 (Mo-Ka)
Tnin/ Tinax 0.6585/0.7456 0.6435/0.7453
hkl range +12,£15,+£24 -11-12,£13,+ 12
6 range [°] 1.98 - 27.52 1.95-26.14
meassured refl. 18977 15384
unique refl. 5307 4391
refined parameters 253 252
completeness to 6 [%] 99.5 99.5
goodness-of-fit 1.014 1.065

R1,wR2 (I >20(1))
R1, wR2 (all data)
res. el. dens. [e- A3]

0.0354, 0.0674
0.0601, 0.0751
0.618/-0.359

0.0338, 0.0807
0.0373, 0.0824
0.776 /-0.321
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Table A.5: Crystal data and refinement details for 3.11 and 4.1

Compound 3.11 4.1
empirical formula C,oH;37NNiP,, 0.5(CsH,) C,¢H;4Fe,N,0,P,
formula weight 444.19 614.21
crystal size [mm] 0.31 x 0.09 x 0.06 0.10x 0.10 x 0.05
crystal system monoclinic monoclinic
space group P21/n (No. 14) C2/c (No. 15)
a[A) 15.919(5) 23.955(5)
b[A] 8.787(3) 11.231(4)
c[A] 17.620(6) 9.830(4)
a[°] 90.00 90.00

B [°] 97.814(8) 90.664(5)

Y [°] 90.00 90.00

V [A3] 2441.9(14) 2644.5(19)

p g cm?] 1.208 1.543

Z 4 4

F(000) 956 1280

u [mm~!] 0.933 (Mo-Ka) 1.254 (Mo-Ko)
Tnin/ Tnax 0.761/0.946 0.6617/0.7460
hkl range + 19, +10,-21-19 +33,+15,+13
6 range [°] 1.854 —26.234 1.700 — 30.026
meassured refl. 18629 27810
unique refl. 4872 3855
refined parameters 243 163
completeness to 6 [%] 99.1 99.8
goodness-of-fit 1.028 1.045

R1,wR2 (I >20(I))
R1, wR2 (all data)
res. el. dens. [e- A3]

0.0411, 0.0912
0.0663, 0.1014
0.840/-0.510

0.0228, 0.0592
0.0269, 0.0610
0.486/-0.267
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Table A.6: Crystal data and refinement details for 4.2 and 4.3

Compound 4.2 4.3
empirical formula CysH.,Fe,N,OP,  0.5(CyoHy,Fe,1,N,P;)
formula weight 1032.34 550.95
crystal size [mm] 0.18x0.15x 0.12 0.06 x 0.06 x 0.02
crystal system triclinic monoclinic
space group P—1(No. 2) Cc (No. 9)
a[A] 13.920(3) 14.8284(13)

b [A] 14.903(7) 17.0000(15)
c[A] 16.3381(11) 14.5439(13)
a[°] 109.772(4) 90

B [°] 101.935(4) 90.654(2)

Y [°] 106.720(5) 90

V[A3] 2884.3(17) 3666.0(6)

p g cm?] 1.189 1.996

Z 2 8

F(000) 1084 2104

u [mm~1] 1.128 (Mo-Ka) 4.268 (Mo-Ko)
Tnin/ Tnax 0.6980/0.7458 0.6284/0.7453
hkl range +18,+20,+22 -18-10,+20,+£ 17
6 range [°] 1.751 -28.729 1.822 —26.099
meassured refl. 56376 26127
unique refl. 14822 6304
refined parameters 548 302
completeness to 6 [%] 99.2 99.8
goodness-of-fit 1.007 1.136

R1,wR2 (I >20(I))
R1, wR2 (all data)
res. el. dens. [e- A3]

0.0317, 0.0719
0.0534, 0.0811
0.443/-0.443

0.0243, 0.0572
0.0252, 0.0575
0.564/-0.507
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Table A.7: Crystal data and refinement details for 4.4 and 4.5

Compound 4.4 4.5
empirical formula CesH poFe,KN,O(P, Cy,HyeFe N, P,
formula weight 1475.24 684.39
crystal size [mm] 0.23x0.05x0.05 0.12x0.11 x 0.08
crystal system monoclinic monoclinic
space group P21/c (No. 14) P21/n (No. 14)
a[A] 14.292(3) 13.6777(7)

b [A] 21.153(5) 13.5134(6)
c[A] 24.731(6) 17.7979(8)
al°] 90 90

B [°] 91.213(5) 94.0140(10)
v [°] 90 90

v [A3] 7475(3) 3281.6(3)

p [g cm?] 1.311 1.385

Z 4 4
F(000) 3145 1440

g [mm~'] 0.951 (Mo-Ko) 1.011 (Mo-Ka)
Tin/ Tinax 0.6530/0.7456 0.6760/0.7456
hkl range -18-17,-26-27,£32 +17,+£17,£-23-15
6 range [°] 1.720 — 27.548 1.818 — 27.503
meassured refl. 68997 30760
unique refl. 17128 7523
refined parameters 792 563
completeness to 6 [%] 99.5 99.9
goodness-of-fit 0.985 1.022

R1,wR2 (I >20(1))
R1, wR2 (all data)
res. el. dens. [e- A3]

0.0482, 0.0958
0.0917,0.1123
0.980/-1.005

0.0279, 0.0638
0.0372, 0.0675
0.421/-0.236
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Table A.8: Crystal data and refinement details for 4.7 and 4.8

Compound 4.7 4.8
empirical formula Cs4Hs5N3P3Fe; 5 C73.5Hgg 5sFe4N4O4P4
formula weight 770.34 1450.85
crystal size [mm] 0.29x 0.18 x 0.08 0.24x0.11 x 0.07
crystal system Monoclinic Triclinic
space group C2/c (No. 15) P—1(No. 2)
a[A] 18.292(3) 13.1417(11)
b[A] 28.392(4) 23.350(2)
c[A] 18.367(4) 27.418(2)
a[°] 90 88.065(2)

B [°] 116.591(2) 76.473(2)

v [°] 90 81.651(3)

v [A3] 8530(2) 8093.3(12)

p [g cm?] 1.200 1.191

Z 8 4

F(000) 3248 3060

u [mm~'] 0.985 (Mo-Ka) 0.826 (Mo-Ka)
Tnin/ Tinax 0.6054/0.7452 0.6368/0.7452
hkl range -21-22,-34-20,-22 -20 + 15, +27, £ 32
6 range [°] 1.490 —25.390 1.166 — 25.159
meassured refl. 22830 103776
unique refl. 7774 28748
refined parameters 418 1633
completeness to 6 [%] 99.1 99.0
goodness-of-fit 1.163 0.981

R1,wR2 (I >20(1))

R1, wR2 (all data)

res. el. dens. [e- A3]

0.0584, 0.1569
0.0895, 0.1740
1.134/-0.584

0.0645, 0.1259
0.1384, 0.1516
0.666/-0.479
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Table A.9: Crystal data and refinement details for 4.9

Compound 4.9
empirical formula Cs;Hg Fe,NsP,
formula weight 1193.62
crystal size [mm] 0.18 x 0.11 x 0.07
crystal system monoclinic
space group P21/c (No. 14))
alA] 14.1719(3)
b[A] 31.7623(6)
c[A] 13.7659(3)

o [°] 90

B [°] 110.7260(10)
vI[°] 920

V [A3] 5791.7(2)

p g cm?] 1.369

Z 4
F(000) 2528

g [mm~'] 9.225 (Cu-Ka)
Tnin/ Tinax 0.4185/0.7530
hkl range + 16, &+ 37,-15-16
0 range [°] 2.782 — 67.860
meassured refl. 43002
unique refl. 10186
refined parameters 649
completeness to 6 [%] 97.2
goodness-of-fit 1.007

R1,wR2 (I >20(1))
R1, wR2 (all data)
res. el. dens. [e- A3]

0.0722, 0.1731
0.1239, 0.2045
0.948/-0.858
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Appendix B

Computational Appendix

Table B.1 Optimized xyz coordinated for 3.2

AXZNQAEAZZIIIIITTOZTTOTO

-3.69183100
-4.43243700
-3.76036400
-3.66095200
-4.72679500
-2.96350700
-4.00660600
-3.90886100
-3.32081200
-5.03605200
-1.10130300
-3.52181300
-1.96076900
1.04009300

1.46852000

-2.05902400
-4.93221900
-5.97120500
2.46372900

1.02704500

0.58351800

-2.97589500

-3.04030900
-3.63115700
-3.44043100
-4.52693500
-3.13343900
-2.94465700
-1.54569500
-1.22990800
-0.92358600
-1.32183200
-1.57670500
-3.08340100
-3.40926900
-0.91509700
0.71745700

-3.08290000
-4.34630400
-4.39475800
1.35023000

-1.22659100
-2.24026900
-3.71423100

3.61032100
3.04283000
5.09624600
5.24577400
5.53263300
5.67778200
3.43233300
2.38124300
4.03254200
3.76285900
0.52167400
-1.54606500
2.91340300
1.48280100
1.17848500
1.21595000
-0.77496800
-1.09676900
1.96680900
3.34458900
3.37963600
0.34859200
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3.89670200
4.41763200
4.50212400
5.56602800
-1.88690200
-1.76998800
-4.40487000
-4.97125100
-3.11505700
-4.03902700
-2.96755200
-3.27918800
-2.63734200
-1.63077600
3.46262600
3.60510500
2.21467000
1.23706400
2.37892700
3.10748300
2.22147200
2.83188000
2.46149800
3.37237000
0.01918700
-0.96464700
0.37135000
-0.12608700
2.64962200
2.83833400
1.75152300
3.50702300
2.18189300
2.17142100
2.95483800
1.20301600
-0.59849600
0.29220200
-0.63197700
-0.46614500

1.12201300

0.43471500

1.96443900

2.02912200

-5.30495000
-5.38885100
-3.48797700
-2.77156600
-6.13148600
-5.79085000
-7.19112200
-6.09156500
-4.69948300
-5.06114300
2.74652000

3.50647400

2.38390600

2.81076700

-1.24454300
-1.92236800
-1.60222400
-0.24485300
-1.99392000
-1.67200000
-0.28438000
-0.32662800
0.75752900

-0.58654800
-1.75550800
-0.69122000
-2.06416800
-2.33671100
-3.47457800
-3.68594300
-4.11417600
-3.77707800
-5.84730700
-5.30623500
-5.75437200
-6.91613600

1.95155400
1.28821900
2.94669200
3.16878700
3.12753900
4.22589100
0.24945400
0.83999000
2.70829600
3.20095400
2.98550900
1.62115500
-0.66029000
-0.86094100
3.56167600
4.32812800
2.95119700
3.16535900
4.07870600
3.60764400
5.11165100
4.13765200
0.85392500
1.38927400
4.02231200
3.52778300
4.01199900
5.07335900
-0.65218600
-0.87532700
-1.21365200
-1.03250500
1.15621700
2.23651500
0.69661400
0.74642200
2.48675200
2.84279100
1.38987300
2.72897300
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-3.83998500
-3.90989500
3.69183100
4.43243700
3.76036400
3.66095200
4.72679500
2.96350700
4.00660600
3.90886100
3.32081200
5.03605200
1.10130300
3.52181300
1.96076900
-1.04009300
-1.46852000
2.05902400
4.93221900
5.97120500
-2.46372900
-1.02704500
-0.58351800
2.97589500
-3.89670200
-4.41763200
-4.50212400
-5.56602800
1.88690200
1.76998800
4.40487000
4.97125100
3.11505700
4.03902700
2.96755200
3.27918800
2.63734200
1.63077600
-3.46262600
-3.60510500

-5.09442900
-5.80777400
3.04030900
3.63115700
3.44043100
4.52693500
3.13343900
2.94465700
1.54569500
1.22990800
0.92358600
1.32183200
1.57670500
3.08340100
3.40926900
0.91509700
-0.71745700
3.08290000
4.34630400
4.39475800
-1.35023000
1.22659100
2.24026900
3.71423100
-1.12201300
-0.43471500
-1.96443900
-2.02912200
5.30495000
5.38885100
3.48797700
2.77156600
6.13148600
5.79085000
7.19112200
6.09156500
4.69948300
5.06114300
-2.74652000
-3.50647400

-1.33754900
-2.15706200
-3.61032100
-3.04283000
-5.09624600
-5.24577400
-5.53263300
-5.67778200
-3.43233300
-2.38124300
-4.03254200
-3.76285900
-0.52167400
1.54606500

-2.91340300
-1.48280100
-1.17848500
-1.21595000
0.77496800

1.09676900

-1.96680900
-3.34458900
-3.37963600
-0.34859200
-1.95155400
-1.28821900
-2.94669200
-3.16878700
-3.12753900
-4.22589100
-0.24945400
-0.83999000
-2.70829600
-3.20095400
-2.98550900
-1.62115500
0.66029000

0.86094100

-3.56167600
-4.32812800
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-2.21467000
-1.23706400
-2.37892700
-3.10748300
-2.22147200
-2.83188000
-2.46149800
-3.37237000
-0.01918700
0.96464700

-0.37135000
0.12608700

-2.64962200
-2.83833400
-1.75152300
-3.50702300
-2.18189300
-2.17142100
-2.95483800
-1.20301600
0.59849600

-0.29220200
0.63197700

0.46614500

3.83998500

3.90989500

-2.38390600
-2.81076700
1.24454300
1.92236800
1.60222400
0.24485300
1.99392000
1.67200000
0.28438000
0.32662800
-0.75752900
0.58654800
1.75550800
0.69122000
2.06416800
2.33671100
3.47457800
3.68594300
4.11417600
3.77707800
5.84730700
5.30623500
5.75437200
6.91613600
5.09442900
5.80777400

-2.95119700
-3.16535900
-4.07870600
-3.60764400
-5.11165100
-4.13765200
-0.85392500
-1.38927400
-4.02231200
-3.52778300
-4.01199900
-5.07335900
0.65218600

0.87532700

1.21365200

1.03250500

-1.15621700
-2.23651500
-0.69661400
-0.74642200
-2.48675200
-2.84279100
-1.38987300
-2.72897300
1.33754900

2.15706200
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Table B.2 Optimized xyx coordinates for 3.4

Co
Fe

IO I IZIQZIQOT I IZIQZIQOT I IDQOZITITIOIDOQOZZTONNZZTT

1.19084800
3.16981200
0.61484800
1.92220200
1.86988400
1.08396100
2.07394200
2.76536000
1.84929100
0.88037500
4.17312400
4.72634900
-0.34165800
-1.30242000
-0.54429100
0.07574300
1.83577200
1.72567700
0.91508100
2.68179300
2.07260200
2.94738000
1.98701200
2.69167600
2.47566400
1.81580800
1.93919500
1.93063700
3.14263900
4.10187800
3.05522000
3.19464800
3.10064500
3.26024300
0.61161300
-0.25524000

1.75658600
2.88394300
-1.06375300
3.60908000
3.13178300
0.56378000
1.16603600
3.65374300
2.23851000
2.68640600
3.32184400
2.60411500
-0.32236200
-0.27636200
-0.65363900
0.69438500
-3.60619200
-3.80903000
-3.95275600
-4.20899300
-2.11780200
-1.77022500
-1.34797700
-2.06031300
-0.36448700
-1.68175700
5.52052000
5.70003600
6.27057400
5.93298700
7.35191500
6.15128600
2.58480600
3.35789800
6.06134200
5.58018600

-0.35145100
1.39634600
1.36118100
-3.11667800
-1.44631300
1.07649400
1.86466300
-0.50686700
2.82256500
3.02921300
-0.33012700
-0.93018000
3.90192500
3.36768800
4.93490400
3.94778800
1.05520700
2.13147400
0.55885900
0.68158500
0.76077900
1.33927600
3.95555400
3.49989700
4.00200800
4.99446400
-3.15064600
-4.24381400
-2.55432500
-2.97596900
-2.76584600
-1.46200200
3.42166300
4.17136100
-2.59396200
-3.07376800
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0.53351300
0.53404800
0.63230900
0.16785300
2.43156200
1.44003500
3.70466600
4.40762400
3.51251500
4.01958500
4.68979500
5.70983900
4.12608700
5.19066300
3.91350800
3.87028600
4.90038200
3.14929400
2.33450900
2.46456100
3.24348400
1.48661700
3.61464800
3.68490800
3.97212900
3.74970700
3.34439400
5.02748600
-1.19084800
-3.16981200
-0.61484800
-1.92220200
-1.86988400
-1.08396100
-2.07394200
-2.76536000
-1.84929100
-0.88037500
-4.17312400
-4.72634900

5.88537200
7.14948100
-1.30146700
-2.30286800
4.59983700
5.01574800
3.25298400
3.75995500
0.92356900
0.20966600
4.09564800
4.06453800
1.77058800
1.82383800
3.79911500
4.89853400
3.49113000
3.40259500
-1.87043000
-0.79664800
-2.40783100
-2.22622300
4.88231100
5.54548100
1.73942400
1.31028000
1.21105600
1.52392400
-1.75658600
-2.88394300
1.06375300
-3.60908000
-3.13178300
-0.56378000
-1.16603600
-3.65374300
-2.23851000
-2.68640600
-3.32184400
-2.60411500

-1.50950700
-2.76371400
3.22665800
3.30851600
0.55040500
0.71354500
-3.68746800
-3.00276100
1.84554700
1.20080700
0.75725000
1.13671300
2.82295800
3.04486700
-5.11307900
-5.15790300
-5.50073200
-5.80437200
-0.73182700
-0.94703400
-1.05396600
-1.33889800
1.30264100
2.16328800
-3.64549600
-2.65571500
-4.38213500
-3.88914500
0.35145100
-1.39634600
-1.36118100
3.11667800
1.44631300
-1.07649400
-1.86466300
0.50686700
-2.82256500
-3.02921300
0.33012700
0.93018000
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0.34165800

1.30242000

0.54429100

-0.07574300
-1.83577200
-1.72567700
-0.91508100
-2.68179300
-2.07260200
-2.94738000
-1.98701200
-2.69167600
-2.47566400
-1.81580800
-1.93919500
-1.93063700
-3.14263900
-4.10187800
-3.05522000
-3.19464800
-3.10064500
-3.26024300
-0.61161300
0.25524000

-0.53351300
-0.53404800
-0.63230900
-0.16785300
-2.43156200
-1.44003500
-3.70466600
-4.40762400
-3.51251500
-4.01958500
-4.68979500
-5.70983900
-4.12608700
-5.19066300
-3.91350800
-3.87028600

0.32236200
0.27636200
0.65363900
-0.69438500
3.60619200
3.80903000
3.95275600
4.20899300
2.11780200
1.77022500
1.34797700
2.06031300
0.36448700
1.68175700
-5.52052000
-5.70003600
-6.27057400
-5.93298700
-7.35191500
-6.15128600
-2.58480600
-3.35789800
-6.06134200
-5.58018600
-5.88537200
-7.14948100
1.30146700
2.30286800
-4.59983700
-5.01574800
-3.25298400
-3.75995500
-0.92356900
-0.20966600
-4.09564800
-4.06453800
-1.77058800
-1.82383800
-3.79911500
-4.89853400

-3.90192500
-3.36768800
-4.93490400
-3.94778800
-1.05520700
-2.13147400
-0.55885900
-0.68158500
-0.76077900
-1.33927600
-3.95555400
-3.49989700
-4.00200800
-4.99446400
3.15064600
4.24381400
2.55432500
2.97596900
2.76584600
1.46200200
-3.42166300
-4.17136100
2.59396200
3.07376800
1.50950700
2.76371400
-3.22665800
-3.30851600
-0.55040500
-0.71354500
3.68746800
3.00276100
-1.84554700
-1.20080700
-0.75725000
-1.13671300
-2.82295800
-3.04486700
5.11307900
5.15790300
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Figure B.1 Overlay of solid state molecular structure (red) and calculated

-4.90038200
-3.14929400
-2.33450900
-2.46456100
-3.24348400
-1.48661700
-3.61464800
-3.68490800
-3.97212900
-3.74970700
-3.34439400
-5.02748600

-3.49113000
-3.40259500
1.87043000
0.79664800
2.40783100
2.22622300
-4.88231100
-5.54548100
-1.73942400
-1.31028000
-1.21105600
-1.52392400

geometry (green) for 3.2

5.50073200
5.80437200
0.73182700
0.94703400
1.05396600
1.33889800
-1.30264100
-2.16328800
3.64549600
2.65571500
4.38213500
3.88914500
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Figure B.2 Overlay of solid state molecular structure (red) and calculated
geometry (green) for 3.4

Table B.3 Comparison of calculated and experimental bond metrics for 3.2
and 3.4. Bond lengths in A and angles in °

Complex  Bond Metric  Calculated Experimental

N-P; 172 1.67

N-P, 1.73 1.70

Fe - N; 1.94 1.95

Fe - N, 1.91 1.92

3 Fe-P 2.44 2.44
ST p— Fe 3.52 3.53

Fe o Fe 3.98 3.92
N-Fe-N 124.8 123.5

Cp Plane Angle 2.1 0.1

N-P, 172 1.68

N-P, 174 1.70

Co-N; 1.86 1.85

Co-N, 1.88 1.88

5 Co-P 2.18 2.16
S Co 2.87 2.84
A Co 430 423
N-Co-N 158.9 159.6

Cp Plane Angle 8.2 6.9
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Molecular Orbitals of 3.2

Figure B.3 LUMO, (left) and LUMO+1,, (right) for 3.2 (Isosurface value =
0.02)

Figure B.4 LUMOg (left) and LUMO+1g (right) for 3.2 (Isosurface value =
0.02)
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Figure B.S HOMO, to HOMO-7,, for 3.2 (Isosurface value = 0.02)
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o o

Figure B.6 HOMOg (left) and HOMO-15 (right) for 3.2 (Isosurface value =
0.02)

Molecular Orbitals of 3.4

Figure B.7 LUMO, (left) and LUMO+1,, (right) for 3.4 (Isosurface value =
0.02)
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Figure B.8 LUMOg (left) and LUMO+1g (right) for 3.4 (Isosurface value =
0.02)

Figure B.9 HOMO,, (left) and HOMO-1, (right) for 3.4 (Isosurface value =
0.02)
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Figure B.10 HOMOg (left) and HOMO-14 (right) for 3.4 (Isosurface value =
0.02)

Figure B.11 HOMO-6,, for 3.4 (Isosurface value = 0.02)
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Table B.4 Second order perturbation theory analysis of 3.4

Spin Donor Acceptor Energy (kcal/mol)
a 86. LP (2)Co 1 247. LV (1)Fe 2 1.84
B 85.LP(1)Co 1 246. LV ( 1)Fe 2 3.00
a 88.LP (4)Co 1 389. 3C*( 1)Fe2-C7-C8 3.18
B 87.LP (3)Co 1 389. 3C*( 1)Fe2-C7-C8 3.39
B 88.LP (1)Fe 2 245. LV (1)Co 1 1.16
a 89.LP (1)Fe 2 249. BD*(1)Co 1-N 6 0.99
B 88.LP (1)Fe 2 249. BD*(1)Co I-N 6 0.94
a 89. LP ( 1)Fe 2 250. BD*( 1)Co 1- P 67 2.33
B 88.LP (1)Fe 2 250. BD*( 1)Co 1- P 67 2.37
a 107.BD (1)Co 1-N 6 247. LV ( 1)Fe 2 3.58
B 105.BD (1)Co 1-N 6 246. LV ( 1)Fe 2 2.37
a 107. BD (1)Co 1-N 6 389. 3C*( 1)Fe2-C7-C8 3.15
B 105. BD (1)Co 1-N 6  389. 3C*( 1)Fe2-C7-C8 3.52
a 108. BD (1)Co 1- P 67 247. LV ( )Fe 2 3.00
B 106. BD ( 1)Co 1- P 67 246. LV (1)Fe 2 3.39
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Appendix C

Mossbauer Appendix
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Figure C.1 Zero field >’Fe Mossbauer spectra of 1.50. See Table 3.1 for
isomer shifts and quadrupole splittings.
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Figure C.2 Zero field 'Fe Mossbauer spectra of 3.4. § = 0.42mm/s; AEq =
2.01mm/s.
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Figure C.3 Zero field >’Fe Mossbauer spectra of 4.2. Fits of the four iron
centers (purple) & = 0.45 mm/s, AEq = 2.31 mm/s; (green) d = -0.08 mm/s,
AEq = 1.29 mm/s; (orange) 6 = 0.76 mm/s, AEq = 1.89 mm/s; (blue) 6 = 0.45
mm/s, AEq = 0.66 mm/s.
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Appendix D

SQUID Magnetometry

O v v v 1]
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Figure D.1 Plot of yy,T vs T for 3.4 fit with a Curie-Weiss law, C = 3.222(4)
cm?® K mol~1 and ® = -1.89(6) K.
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Appendix E

Cyclic Voltammetry
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Potential (V vs fc/fc*)

Figure E.1 Cyclic voltammogram of complex 3.2 (in 0.1 M ["BusN][PF¢] in
THF; scan rate = 100 mv s~!
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Appendix F

Gas Chromatography Mass
Spectrometry

Figure F.1 Adapter used for head space analysis
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