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Abstract

Chapter 1. Overview of Carbon Dioxide Hydrogenation for the Production of Formic Acid

As the world’s energy demands increase, our resources dwindle and the need for a
sustainable energy source is pertinent. Our current energy infrastructure is dominated by fossil
fuel use. Hydrogen, on the other hand, is potentially an ideal energy carrier as it is emissions-free
when burned and can be used in fuel cells. Significant advances are still needed to develop more
efficient ways to produce and store H,. The hydrogenation of CO, to formic acid and/or methanol

provides an encouraging and reversible approach for a hydrogen storage material.

AG (kcal/mol)

COz(9) + Ha(g) === HCO-H () +7.8
COz(g) + Hz(@) + NHz(@ad) === HcOP(ag) * NH (aq)  -23
CO,(g) + 3Ha(g) === CHZOH(l) + HyO(l) -2.1

The first example of homogeneously catalyzed hydrogenation of carbon dioxide was in 1976.
Over the past 40 years, there has been excellent progress in the development of catalysts for CO,
hydrogenation. Typically, homogenous catalysts found to be effect are 2" and 3" row transition
metals of groups 8-10. In recent years, base-metals (common and inexpensive metals) have
demonstrated promising results. This chapter is designed to highlight important discoveries

throughout the history of carbon dioxide hydrogenation.



Chapter 2. Development of a Transition Metal / N-Heterocyclic Carbene Cooperative
System for the Hydrogenation of Carbon Dioxide to Formic Acid

Over the past few decades, the conversion of small molecules such as H,, Ny, O,, CHy,
C,Hy, CO, and CO, have attracted considerable attention. Many of these molecules are
thermodynamically or kinetically stable and their usefulness depends on overcoming significant
barriers. Frustrated Lewis pairs and N-heterocyclic carbenes have become common strategies to
activate unreactive small molecule likes CO, and H,. However, a hybrid approach utilizing both a
transition metal and an activator has only recently been investigated for the transformation of
small molecules to more useful and complex compounds. A novel method for these
transformations is the use of a bifunctional catalyst system that incorporates a Lewis basic N-
heterocyclic carbene and a Lewis acidic transition metal. This chapter highlights our
serendipitous discovery that small quantities of bicarbonate and other inorganic salts enhanced
the productivity of formic acid in CO, hydrogenation reactions. The phenomenon was general for
many noble-metal catalysts and for one of the most efficient base-metal hydrogenation catalysts.
Additionally, the synthesis of a transition metal complex bearing a pendant dihydroimidazolium
salt is described. Stoichiometric and catalytic applications of the newly designed complex were

explored in investigate our Lewis base / transition metal approach to small molecule activation.
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Chapter 3. Chemistry of Iron N-Heterocyclic Carbene Complexes

N-heterocyclic carbenes are one of the most versatile ligands in organometallic chemistry
due to their unique properties as ancillary ligands. Although NHCs are typically potent o-donors
(a) with minor contributions from s*-backdonation (b), they also have the ability to accept

electron density from the metal center as two-electron (c) or one-electron (d) interactions.

(@) NHC—>M o-donation (b) M—> NHC n*-backdonation

(¢) NHC — M n-donation ) M—> NHC =*-single electron transfer

S
'} —o s e

Since the first examples of metal-NHC complexes were reported in the 1960°s, numerous studies
have been devoted to the synthesis of new NHCs, to their characterization, and to their use as
ligands in transition metal complexes. The coordination chemistry of NHCs with late transition
metals has been studied extensively. However, the chemistry of iron—-NHC complexes has not
been developed to the same extent as other late transition metals. This chapter highlights
important discoveries throughout the history of iron-NHC complexes, while emphasizing the

nature of the metal-carbene bond.



Chapter 4. Reactivity of Bis(amidinato)-N-Heterocyclic Carbene Iron Complexes

Over the past few decades, the development of highly active and selective transition
metal catalysts has attracted considerable attention. While the metal employed largely influences
the expectations for catalytic activity, the importance of supporting ligands in tuning the
reactivity of any given complex is vital. Our group recently synthesized a bis(amidinato)-N-
heterocyclic carbene complex of iron as an analogy to the highly active bis(imino)pyridine iron
complexes. We hypothesized that having an N-heterocyclic carbene as the central donor instead
of pyridine could have significant impacts on the reactivity of such iron complexes. This chapter
highlights the synthesis of iron bis(amidinato)-N-heterocyclic carbene complexes spanning
multiple oxidation states previously described by our group. Through a combination
characterization techniques, the bis(amidinato)-N-heterocyclic carbene was discovered to have
unique interactions with the iron center, which change depending on the oxidation state of the
metal. Additionally, we undertook investigations into the reactivity of these complexes with
azides, hydrides, alkyl reagents, and ethylene. The results of which supported the capability of the
bis(amidinato)-N-heterocyclic carbene ligand to act as a redox and chemical non-innocent ligand.

(a) high oxidation states
spin transitions complexes

—I BF,
Pr CI CI Pr Pr CI CI Pr

Pr N— —N Pr N—Fe—N lPr

)\NANJ\ NJAN
A L

active for diazene formation

(b) low oxidation states

Pr ¢ Pr

|
) - . . N
Pr N—Fe—N ipr §—Fe —CI/N,

AT oy

redox non-innocent ligand  chemical non-innocent ligand



Contents

Chapter 1. Overview of Carbon Dioxide Hydrogenation for the Production of Formic

1.2

1.3

1.4

....................................................................................................................................... 1
INEPOAUCTION ..ttt ettt e 2
1.1.1 Hydrogen Production ............ceccuieiiieriieiiie et 2
1.1.2 Hydrogen Storage SYSEIMS ......c.eerueeriiieriiieeiieeiieesieeeeieeeeeeesteeseeeesseesseeeneees 3
1.1.3 Hydrogenation of Carbon Dioxide to Formic Acid and/or Methanol.............. 5
Noble-Metal CatalyStS .......c.eeieuieriiieiieerieeeiee ettt eee ettt et e et e s beeesaeeesnneees 8
1.2.1 RROGIUM .ottt et ettt 8
1.2.2 RUhONMIUM ..ottt ettt 12
1.2.3 0 TEIAIUIM ettt ettt ettt et e 20
Base-Metal CatalySts .......ccceeveiiiiiieiiieiiee ettt et e 28
L3010 THOM ettt ettt s 29
1.3.20 Cobalt ..ttt 33
RETEICIICES ...ttt ettt e 38

Chapter 2. Development of a Transition Metal / N-Heterocyclic Carbene Cooperative

System for the Hydrogenation of Carbon Dioxide to Formic Acid ........ccceoovveviiiiiiienireninns 41
2.1 INEEOAUCTION ..ttt st st sttt s st s 42
2.1.1 Reactivity of Frustrated Lewis Pairs with COx....cccccevveiriiniiniiiiiniiiiiiieene 42

2.2

2.3

2.4

2.1.2 Hybrid Transition Metal / Frustrated Lewis Pair Approach for Activation

OF €O ettt sttt ettt ettt 47
2.1.3 Reactivity of N-Heterocyclic Carbenes with COj ....cccooeeniiniiiiinneinennenncns 50
Design of a Transition Metal / N-Heterocyclic Carbene Cooperative System ........... 55
2.2.1 Strategies to Increase Nucleophilicity of Metal-Hydride Bonds...................... 55
2.2.2 Approaches to Increase Electrophilicity of Carbon Dioxide .......cc..ccceeveennee. 59
Addition of Imidazolium, Dihydroimidazolium, Bicarbonate, and Other Salts.......... 62
2.3.1 Imidazolium and Dihydroimidazolium Salts...........cccceeverrrirenireniieniee e, 62
2.3.2 Bicarbonate and Other Inorganic Salts ..........ccccccceeriirriiiniiieiieeeeee e, 70

Synthesis, Characterization, and Activity of a Ruthenium Complex Bearing

a Pendant Dihydroimidazolium...........ccoevviiiriiiiiiiiiiie e 80
2.4.1 Design, Synthesis, and Characterization..........ccc.ceeceereeneeneeneenerneeneeneeneens 80
2.4.2  Stoichiometric REACTIVILY .....cuveiouirreiieeiiieiie ettt s 86



W S OF: 111 5 (o N1 5 A 1TSS 93
2.5 CONCIUSIONS ...ttt st sttt s 98
B T 25 q o 1<3 5101 10 L2 1 OSSP 99
2.6.1 General Considerations .........c..eveereerieneinienienieneeneeeeneee et eas 99
2.6.2  Experimental PrOCEAUIES ........cccerrriiieiiieiierie ettt 101
2.7 RETETEIICES ...ttt ettt st st sttt st st 117
B T o o1 1 - USSR 120
Chapter 3. Chemistry of Iron N-Heterocyclic Carbene CompleXxes ........c.cccveevverereeeneeenneens 149
3.1 INEFOAUCTION ..ttt sttt et naees 150
3.2 Notable Examples of o-Donating NHC Ligands..........cccceeveveriieriiieniiienieeie e 151
3.2.1 Ruthenium Catalyzed Olefin Metathesis .........ccceeeeeeeiieriiieniieniee e 151
3.2.2 Palladium Catalyzed C—C Cross Coupling Reactions ...........cccccceerevvercreennnenn. 154
3.3 Reactivity with o-Donating [ron—NHC CompleXes.........cccvrvveeriiieriieeniieeieeeiieenenn 158
3.3.1 Polymerization REACtIONS ........ccecuieriiiriiieiiie et 159
3.3.1.1 Atom Transfer Radical Polymerization.............ccceeevveriverceerneennnnnn 159
3.3.1.2 Ring-Opening Polymerization............ccceeeeeerirenieenieenieeeiee e 161
3.3.2 C—C Bond Forming Reactions ..........ccceeervierriirriiireiie et siee e 165
3.3.2.1 Kumada Cross-Coupling.......ccccceevvuierriirrnireniienieesiee e sieeeiee e 165
3.3.2.2  Allylic AIKYlation........ccccvieeiieriieeiie ettt 170
3.3.3 Reduction REACTIONS ....ccceeviiiiiiiiiiiiiiiieeiceic e 173
3.3.3.1 Hydrosilylation.........cceeeeiieriieniie it 173
3.3.3.2 Hydrogenation..........cceeeeueieeieeniiesiiieeieeeieeeeieeeseeeseeeseeeseeesseeeneees 177
3.4 n-Bonding and Single Electron Bonding in Metal-NHC Complexes.............cc....... 180
3.5 RETEIENCES ..ttt sttt sttt et naees 189
Chapter 4. Reactivity of Bis(amidinato)-N-Heterocyclic Carbene Iron Complexes.............. 192
4.1 INEEOAUCLION ..ttt ettt st st st st st s s 193
4.1.1 Bis(imino)pyridine [ron COmMPIEXES ......cevvreriiriiiieeiieeiieeie e 193
o P O O T o151k 1 PRSP 194
4.1.1.2 Electronic Structure and its Effects on Reactivity ..........cccccervneenne. 200

4.1.2 Modifications to the Bis(imino)pyridine Ligand Structure ..........ccccecvverenennee. 206

il



4.2 Synthesis and Characterization of Complexes Bearing Bis(amidinato)-N-

Heterocyclic Carbene Ligands ..........ccccceevoiiriiiiniieiiiecee et 213
4.2.1  INTEOAUCTION ..ottt ettt e et ea 213
4.2.1.1 Iron(Il) and Iron(III) COMPIEXES......eeevvrerireriireiieeiie e 213
4.2.1.2 Formally Iron(I) and Dicarbonyl Iron(0) Complexes ....................... 217
4.2.2 Synthesis of a Bis(dinitrogen) Formally Iron(0) CompleX.........cccceecvveruennee. 222

4.3 Catalytic and Stoichiometric Reactivity of Complexes Bearing Bis(amidinato)-N-
heterocyclic Carbene Ligands ..........cccoereieiiieiiieiiie ettt 225
4.3.1 Aziridination and Diazene Homo-coupling ...........cccceeeeeerivenieenieeniee e 225
4.3.2 Redox and Chemical Non-Innocence of CDA Ligands...........cccceeveerveernennnee. 229
4.3.2.1 Reactivity with Super Hydride..........cccceeviiiriiiniieiieeeecee e 229
4.3.2.2 Reactivity with an Alkyl Lithium Reagent ............ccccevvvvencernnnnnnne. 233
4.3.2.3 Reactivity with Ethylene ........c.cccoooiiriiiniiiiiiece e 235
4.4 CONCIUSIONS ...ttt ettt st st st sttt s 239
TS 25 q o 1<3 0101 11012 1 OSSP 241
4.5.1 General Considerations .........c..eceereereeneenienienieneenieeeeneeie e ens 241
4.5.2 Experimental PrOCEAUIES ........cccerriiiiiiieiieiie ettt s 244
4.0 RETETEICES ..c.uveuiiiiieiiiiieete ettt ettt st st sttt s s s 250
A o<1 1 - SRS 253
Appendix. X-ray Crystallographic Data..........cccceeeirriiiiiiiiniieieeeee e 255

A.1 Data for (x’-carbonate)(p-cymene)(triphenylphosphine)ruthenium (2.40) at

A.2 Data for {N,N-l,3-bis[l-(2,6-diisopropylphenylimino)ethyl]-2-(K2-butane)4,5,6-
trihydropyrimidyl}iron chloride or dinitrogen (4.40) at 100 K..........ocoooovvvvviiiennnen. 268



v
Acknowledgements

I have been extremely fortunate to have had many people in my life that have supported
me and shaped me into the person that I am today. I would like to express my sincere gratitude to
Boston College and the Boston College Chemistry department. Dale Mahoney and Ian Parr have
been constant sources of support and guidance for me. I also would like to thank Professors
Lynne O’Connell and Neil Wolfman for helping me reaffirm my passion and love for teaching.
They have reminded me that making a positive impact on the future of our world doesn’t have to
mean being a professor who cares more about cutting-edge research than their students. Instead,
my aim as a teacher can be to prepare my students to be good citizens of the world and to be
satisfied, well-rounded human beings. They have made me realize that it’s not just a job; it’s a
purpose for living.

I am extremely appreciative of my advisor, Jeffery A. Byers, for allowing me to be one of
the first members of his group. It was a unique opportunity to see what it takes to be an assisitant
professor. I will forever be grateful for his continued interest in my education. Jeff has always
challenged and encouraged me be a better scholar and scientist. Without him, I’d be nowhere near
the scientist that I am today. I would also like to thank my former undergraduate research advisor,
Professor Timothy W. Funk. He has been helpful in providing me advice many times during my
graduate school career. Tim was and remains my best role model for a scientist, mentor, and
teacher. Additionally, I would like to thank the members of my thesis committee, Professors
Amir H. Hoveyda and T. Ross Kelly for their continued support and guidance.

Furthermore, 1 would like to thank all the graduate, undergraduate, and post-doctoral
students who have made graduate school an unforgettable experience. Every member of the Byers
group at one point or another (Ashley Biernesser, David Cote, Julia Curley, Kayla Delle Chiaie,
Carolyn Heusser, Hilan Kaplan, Aman Kaur, Jeff Kehl, Zhehui Li, Teresa Mako, Cesar Manna,

Ben Reiner, Aris Vasilopoulos, Mikey Wojnar, Charlie Wolstenholme, Lauren Yablon, and



v
Xiaofei Zhang) has made a great impact on the person that I am today. Specifically, Hilan has

been an extremely influential person and mentor for me at Boston College. He has taught me to
think critically, over-analyze everything I do, and always do control reactions in a timely manner.
Lauren and Julia have truly become two of my best friends. They are both incredibly smart and
talented people who I know will be extraordinarily successful in anything and everything they do.
My mentees, Charlie, Julia, and Aris, have all be amazingly intelligent and gifted students. I've
enjoyed getting to know them and watching them grow as chemists and as people. Lastly, Cesar
has given me guidance and unwavering encouragement. He has always been motivating and
inspiring. He has taught me patience and compassion and helped me realize that I need to try and
enjoy my life because I only get one.

Finally, I would like to thank my parents, Peter and Marcella Drake, for all of the love
and support they have given me. Thank you for telling me what I’m capable of. For giving me the
support that I needed when I didn’t know I needed it. For believing that I have the talent to reach
any goal I aspire to. For teaching me I should never settle for less than what I deserve. For
showing me how to fight for what I believe in and giving me the strength to stand up for myself.
For reminding me that being successful shouldn’t come at the price of happiness. And for
understanding that my journey, albeit unusual, is whatever I make of it and not what other people
think of it. You have shown me true love in its rarest form, what it feels like, and how it can
extend beyond life’s obstacles and challenges. Without each of you, I’d be nowhere near the

person I am today, and the person I’m still working on becoming.



vi

Abbreviations
|AE| quadrupole splitting (Mossbauer)
o alpha
B beta
) chemical shift (NMR); isomer shift (Mdssbauer)
u micro
X magnetic susceptibility
r half width at half height (Mdssbauer)
A angstrom
Ac acetyl
acac acetylacetonyl
alkyl-PP; tris(2-(diphenylphosphino)ethyl)phosphine
AIBN azobisisobutyronitrile
Ar aryl
aryl-PP; tris(2-(diphenylphosphino)phenyl)phosphine
Bn benzyl
br broad
BS broken symmetry
Bu butyl
bpy 2,2’-bipyridine
cal calorie(s)
cald calculated
CAAC cyclic(alkyl)(amino)carbene
cat. catalyst
CDA carbenodiamidine, bis(amidinato)-N-heterocyclic carbene
cod cyclooctadiene
conv. conversion
Cp cyclopentadienyl
Cy cyclohexane
d doublet (NMR)
DABCO 1,4-diazabicyclo[2.2.2]octane



DBU
dcpe
dd

ddd
DFT
DMAP
dmdppe
DMF
dmpbz
dmpb
dmpe
dmpent
dmpp
DMSO
DOE
dppb
dppbz
dppe
dq

dt
EPR
equiv.
ESI+
Et

Fc

GC

hept
hfacac

HMDS

1,8-diazabicycloundec-7-ene
1,2-bis(dicyclohexylphosphino)ethane
doublet of doublets (NMR)

doublet of doublet of doublets (NMR)
density functional theory
4-(dimethylamino)pyridine
(2-(dimethylphosphino)ethyl)diphenylphosphine
dimethylformamide
1,2-bis(dimethylphosphino)benzene
1,4-bis(dimethylphosphino)butane
1,2-bis(dimethylphosphino)ethane
1,5-bis(diemthylphosphino)pentane
1,3-bis(dimethylphosphino)propane
dimethylsulfoxide

department of energy
1,4-bis(diphenylphosphino)butane
1,2-bis(diphenylphosphino)benzene
1,2-bis(diphenylphopshino)ethane
doublet of quartets (NMR)

doublet of triplets (NMR)

electron paramagnetic resonance
equivalent(s)

electrospray ionization (positive ion mode)
ethyl

ferrocene

giga

gram(s)

gas chromatography

hour(s)

heptet (NMR)
hexafluoroacetylacetone

hexamethyldisilazane (bis(trimethylsilyl)amine)

vil



viii

HOMO highest occupied molecular orbital
HRMS high resolution mass spectrometry
Hz hertz

IR infrared spectroscopy

Pr isopropyl

coupling constant in Hz (NMR)

kilo
L liter(s)
LAH lithium aluminium hydride
LUMO lowest occupied molecular orbital
M molarity (mol/L); molecular formula (HRMS)
m milli; multiplet (NMR)
MALDI matrix-assisted laser desorption
MAO methylaluminoxane
Me methyl
Mes mesityl, 2,4,6-trimethylphenyl
MHz megahertz
min. minute(s)
MMAO modified methylaluminoxane
mol mole(s)
nbd 2,5-norbornadiene
"Bu n-butyl
Oct octyl
NHC N-heterocyclic carbene

NH,O,CNH, ammonium carbonate

NMR nuclear magnetic resonance

ORTEP Oak Ridge thermal ellipsoid plot

PDI pyridyldiimine, bis(imino)pyridine; polydispersity index
pent pentet (NMR)

P para

pent pentet

Ph phenyl



pin
phen
PLA
PNP
Pr

pyr

triphos-1
triphos-2
Ts

tt

Vkd

v/iv

VT

pinacol

1,10-phenanthroline

poly(lactic acid)
2,6-((di-substituted-phosphino)methyl)pyridine
propyl

pyridine

quartet (NMR)

singlet (NMR)

spin

supercritical carbon dioxide

single electron transfer

superconducting quantum interference device
triplet (NMR)

tris(2-aminoethyl)amine

tert-butyl

triplet of doublets (NMR)

temperature

tetrahydrofuran

thin layer chromatography
N,N,N,N-tetramethylethylenediamine
2,2,6,6-tetramethylpiperidine
trimethylsilyl

turnover number

turnover frequency
1,1,1-tris(diphenylphosphino)methane
1,1,1-tris(diphenylphosphinomethyl)ethane
tosyl, p-toluenesulfonyl

triplet of triplets (NMR)
Verkade’s base, 2,8,9-triisopropyl-2,5,8,9-tetraaza-1-phosphabicyclo
[3.3.3]Jundecane)

volume/volume

variable temperature

X



Chapter 1

Overview of Carbon Dioxide Hydrogenation for the Production of Formic Acid




1.1 Introduction

As the world’s energy demands increase, our resources dwindle and the need for a
sustainable energy source is pertinent. Our current energy infrastructure is dominated by fossil
fuel use. Hydrogen, on the other hand, is potentially an ideal energy carrier as it is emissions-free
when burned and can be used in fuel cells. A number of key challenges must be overcome for
hydrogen to be used broadly to solve global energy problems. Significant advances are needed to
develop more energy efficient and cost-effective methods for purification and delivery, to design
more effective hydrogen storage systems, and to enable more durable fuel cells for converting

hydrogen into electrical energy.

1.1.1 Hydrogen Production
Industry already produces and uses hydrogen on a massive scale. The current platforms
for producing hydrogen are largely based on fossil fuels, are unsustainable for energy use, and

lead to the emission of significant quantities of CO,, a greenhouse gas (Table 1.1). ">

Table 1.1. Current industrial methods of hydrogen production

Process Reaction (kczﬁ};lnol) Advantages Disadvantages
steam. CH, + H,0 ~ CO + 3H, +49 high H?/Coz non-abundant
reformation ratio feedstock
gasification 3C + Oz + H;O==3CO + H; +22 reusable expensive
by-products
water-gas CO + HyO === CO, + H, 03 cheap CO,

shift emissions

In order for hydrogen to replace fossil fuels and become a widely used energy source, its
production must come from a sustainable feedstock. Recently, scientists have taken a step toward

this goal by producing hydrogen from water. Advances in thermochemical water-splitting, 3



3
electrolysis of water,* and photochemical water-splitting > are making it economically feasible to

obtain hydrogen from an abundant source. For example, Daniel Nocera’s group has developed
wireless solar water-splitting cells from earth abundant metals for direct solar-to-fuel conversion
(Figure 1.1).° The cell mimics photosynthesis by generating H, and O, using inorganic materials
consisting of catalysts interfaced with light harvesting semiconductors. This significant
advancement in direct solar-to-fuel conversion is one of the first steps toward realizing a world

fueled by a sustainable energy source.

Figure 1.1. Wireless solar water-splitting cell using silicon-based semiconductors and earth
abundant catalysts 6

indium 3jn-a-Si stainless
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Co
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1.1.2 Hydrogen Storage Systems

Despite hydrogen’s great potential as an alternate fuel, its use as a general energy carrier
is limited. ” The public opinion of hydrogen usage as a fuel is skewed by the Hindenburg
catastrophe. However, recent investigations into this disaster have shown that the ship caught on
fire due to its highly flammable “skin” material, not because of the hydrogen gas it contained. 8

The process of burning hydrogen can be done in an efficient and controlled way to provide



4
energy as needed. In addition, hydrogen has a high energy-to-weight ratio, especially compared to

gasoline, which makes it an ideal alternative fuel (Figure 1.2). However, due to the low
volumetric energy density, on-board storage in the size of current vehicles is almost impossible.
Therefore, the development of a hydrogen storage material for stationary, portable, and

transportation applications is necessary.

Figure 1.2. Energy densities of current and potential fuel sources
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A variety of systems have been investigated for hydrogen storage including metal organic
frameworks, ’ metal hydrides, 1% amine boranes, '’ biomass, 2 and hydrogenation of carbon
dioxide to methanol (MeOH) " or formic acid '* (Table 1.2). While each system has its
advantages and disadvantages, the hydrogenation of carbon dioxide to formic acid and/or
methanol is a promising candidate for the production of easily transportable liquid fuels or

hydrogen storage materials. These processes are highly reversible and can be used as direct fuels

or in fuel cells as opposed to many of the other systems for H, storage.



Table 1.2. Systems for the storage of molecular hydrogen

System H, Capacity (wt%) Advantages Disadvantages
Gaseous H, 5 easily burned high pressure equipment
metal organic frameworks 8-12 tunable low temperature
metal hydrides 10-18 solid-state storage low reversibility
ammonia borane 20 high wt% low reversibility
biomass 15 well developed sustainability issues
methanol 12.6 excellent fuel poor atom economy
formic acid 4.4 high reversibility low storage capacity

1.1.3 Hydrogenation of Carbon Dioxide to Formic Acid and/or Methanol

The hydrogenation of carbon dioxide to formic acid and/or methanol provides an
encouraging approach to the development of an efficient and reversible hydrogen storage material
(Table 1.3). Although the production of formic acid from carbon dioxide and hydrogen is uphill
by +7.8 kcal/mol, with the addition of a base the reaction proceeds favorably to the formate salt
(entry 2). Despite favorable thermodynamics, transformations of carbon dioxide have high kinetic
barriers, which necessitate the need for a catalyst to efficiently produce formic acid from CO,.
This transformation can also undergo further hydrogenation to give methanol. However, this
process loses one equivalent of hydrogen as water per molecule of methanol produced (entry 3).
Alternatively, formic acid has also recently been utilized in direct formic acid fuel cells. '® Both of

these strategies could provide economically and chemically viable hydrogen storage materials.

Table 1.3. Hydrogenation of carbon dioxide to formic acid and methanol "

Entry Reaction AG (kcal/mol)
1 CO»(g) + Hp(@ === HCOH () +7.8
2 COp(@ + Ha(@ + NHg(ad) <= HCO3(aq) * NHi(aq)  -23

3 CO,(g) + 8Ha(g) === CHZOH(l) + HLO(l) 2.1
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The first example of the synthesis of formic acid by the hydrogenation of CO, was

reported by Farlow and Adkins in 1935 using Raney nickel as the catalyst (Scheme 1.1). 7 The
rate and yield of the reaction (determined based on the amine present) varied with the structure of
the amine. However, at 100-200 bar and between 80 °C and 150 °C, all reactions proceeded with

at least a 55% yield of the desired formate of the amine.

Scheme 1.1. Homogenously catalyzed hydrogenation of carbon dioxide to formic acid in the
presence of amines

Raney Ni

EtOH, 80 °C RNH
CO, + Hp = ~ HCOH — 2 » HCO.H-NHR

55-76%

In 1976, Inoue et al. reported the first homogeneously catalyzed example. ' (Table 1.4)
Reactions proceeded with selective formation of HCO,H-NEt; (triethylamine) as the only organic
product. Rhodium and ruthenium complexes bearing triphenylphosphine (PPh;) ligands
demonstrated high TONs (turnover numbers) and TOFs (turnover frequencies) than palladium

and nickel complexes containing PPh; or 1,2-bis(diphenylphosphino)ethane (dppe) ligands.

Table 1.4. First homogeneously catalyzed hydrogenation of CO, to formic acid

cat.

COQ +
NEt,, H,0, 23 °C, 20 h

2
(25 bar) (25 bar)

> HCO,H-NEt,

Entry Cat. TON* TOF (h'")’
1 Pd(dppe), 12 0.60
2 Ni(dppe)2 7 0.4
3 Pd(PPh;), 3 0.2
4 RhCI(PPhs); 22 1.1
5 H,Ru(PPh;), 87 4.4
6 H;Ir(PPhs); 15 0.75

“TON = (mol HCO,H-NEt;)/(mol cat.). "TOF = (mol
HCO,H-NEt;)/(mol cat.)/(20 h).
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At this point the mechanism was not fully understood, but the group postulated (i) formation of a

metal-hydride followed by (i) insertion into CO, to yield a metal formate. Upon addition of water
or base, (ii7) the formate salt would be released and H, would regenerate the active metal-hydride

species.

Scheme 1.2. Proposed mechanism for CO, hydrogenation by Inoue et al.

HCOj,H-base Ho
(M]
base (iii) ()
i [M]-H
M]~ 0 A H
(ii)
COo,

Since these first discoveries, there has been excellent progress in the development of
catalysts for the hydrogenation of CO, to formic acid. Typically, homogeneous catalysts found to
be effective for this reaction are 2" and 3™ row metals of groups 8-10 with halides or hydrides as
anionic ligands. In recent years, base-metals (common and inexpensive metals such as aluminum,
iron, cobalt, nickel, copper and zinc) have demonstrated promising results. The following sections
are designed to highlight important discoveries throughout the history of carbon dioxide
hydrogenation. They are by no means a comprehensive list of all catalysts capable of this

reaction.



1.2 Noble-Metal Catalysts

1.2.1 Rhodium

Many of the investigations after the initial discovery by Inoue ef al. demonstrated the use
of rhodium catalysts for the hydrogenation of CO, to formic acid. Nicholas and Tasi utilized
[Rh(nbd)(PMe,Ph);]BF, (1.1, nbd = 2,5-norbornadiene) for CO, hydrogenation (Table 1.5) based
on the complex’s previous reactivity to promote hydrogenation of polar functional groups like

ketones (Table 1.5). ' Reactions proceeded on par with TOFs previously reported in 1976.

Table 1.5. [Rh(nbd)(PMe;Ph);]BF, (1.1) catalyzed hydrogenation of CO; to formic acid

S
PMe,Ph -~ |BF
|
@/Rh—PMegPh
<\
PMe,Ph
1.1
CO, + Hy > HCO.H

(48bar)  (48bar)  'HF40°C 24h

Entry Conditions TON* TOF (h )’
1 dry THF 34 1.4
2 wet THF (0.4% H,0) 78 3.3
3 pretreat with H,, wet THF 130 53
“TON = (mol HCO,H)/(mol cat.). "TOF = (mol HCO,H)/(mol
cat.)/(24 h).

These results indicated that an increase in water content accelerates formic acid
production (entries 1 and 2). Upon addition of H, to complex 1.1, rhodium dihydride species (1.2-
1.4) were formed (Scheme 1.3). Submitting these complexes to 10 bar BCO, revealed that
rhodium-aquo complex 1.3 and rhodium-THF complex 1.4 underwent insertion of CO,, while

complexes 1.1 and 1.2 were unreactive, which supported the importance of H,O in this system.



Scheme 1.3. Stoichiometric H, and CO, reactions with [Rh(nbd)(PMe,Ph);|BF, (1.1) ([P]
PMe,Ph)

o
PMe,Ph  |BFa [Pl [Pl
| Ha o [PligoH , [Plegh H
J—fih-PMezPh THF or THFH,0  [P]” 1 ~H " H
PMegPh [F] [P]
1.1 1.2 1.3, S =H,0
1.4, S =THF
13C0,
0
W
13
Pl ol L Pl o
PI= T ~H T s~y
[P] [P]
1.2 S =H,0 or THF

In the early 1990’s, Walter Leitner and coworkers also investigated the use of rhodium

catalysts for hydrogenation of CO, to formic acid. Over the span of three years, Leitner ef al.

published on a variety of rhodium complexes that demonstrated higher activity than ever reported

before (Table 1.6). 2> #

Table 1.6. Rhodium catalyzed hydrogenation of CO, by Leitner et al.

CO, + H, cat. > HCOH-NEts
(20bar) (20 bar) PMSO/NEts (5:1),23°C
Entry Cat. Time (h) TON* TOF (b )’
1 [Rh(cod)(u-C1)], (1.5) 20 12 0.60
2 1.5 + dppb© 6 250 42
3 1.5 + PPhy’ 18 120 6.4
4 [Rh(cod)(u-H)]4 (1.6) 18 21 1.2
5 1.6 + dppb* 18 2200 120
“TON = (mol HCO,H-NEt;)/(mol cat.). "TOF

= (mol HCO,H-NEt;)/(mol
cat.)/(time). “1.2 equiv./cat. “2.4 equiv./cat.

9
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The reactivity of [Rh(cod)(u-Cl)], (1.5, cod = 1,5-cyclooctadiene) used directly or in the presence

of either 1,4-bis(diphenylphosphino)butane (dppb) or PPh; was investigated. The TONs and
TOFs increased significantly with the addition of a phosphine ligand (entries 1-3). Therefore, the
presence of a phosphine ligand is necessary for high activity and the stability of the catalyst. In
comparison to the results of Nicholas and Tsai, hydride complex [Rh(cod)(u-H)]s+ (1.6) was
synthesized and tested for its catalytic competency with dppb as the ligand. The system showed a
high efficiency with up to 2200 TONSs achieved in 18 hours (entry 5).

Based on these results, the authors postulated a mechanism accounting for the large

increase in formic acid production by rhodium species 1.6 (Scheme 1.4). >

Scheme 1.4. Proposed mechanism for the rhodium catalyzed hydrogenation of CO,

[Rh(cod)(u-H)l4 [Rh(cod)(u-Cl)]2
1.6 15
dppb dppb
P p Gl
N/
mhoH| < He B (
P/ slow P \/
X

|

HCO,H P\
Rh—H CO,
[ /
P
1.
H
H

P

I:.th.\\\o_s \ /O‘
p—HN<o=>"H Rh_ >—H
P s/ 0
1.10 1.9

—

Ho
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Previous reports of reactions with complex 1.5, dppb, and H, have described the slow formation

of rhodium hydrides similar to complex 1.8.%* When the hydride-bridged complex 1.6 was used
as the catalyst precursor, it was postulated that in the presence of dppb, intermediate 1.8 would
form rapidly. Based on the increased activity of this system, species 1.8 was concluded to be the
active catalytic intermediate that would then undergo hydride insertion into CO, to form
intermediate 1.9. Addition of H, to form 1.10 followed by reductive elimination would then
regenerate the active species; thus yielding a very active catalytic system.

In the late 1990’s, Leitner et al. investigated a variety of rhodium phosphine complexes

demonstrating the highest TOFs reported to date (Table 1.7). >

Table 1.7. Catalytic activity of [(R,P)-(X)-(PR;)|Rh(hfacac) (1.11) complex derivatives

1.1
CO, = He > HCOH-NEts
(20 bar) (20 bar) DMSO/NEt; (5:1), 25°C, 5h

Entry  Complex X R P-Rh-PAngle(® TON* TOF (h")’
1 1.11a (CHy), Cy 84.97(2) 390 77
2 1.11b (CHy), 'Pr 86.01(7) 480 95
3 1.11c (CHy);  Ph 90.77(6) 1500 300
4 1.11d (CHy);  Ph 93.08(3) 2800 570
5 1.11e (CH),; Cy 98.93(6) 6700 1300

“TON = (mol HCO,H-NEt;)/(mol cat.). "TOF = (mol HCO,H-NEt;)/(mol cat.)/(5 h).

Complexes bearing the general structure [(R,P)-(X)-(PR;)]Rh(hfacac) (1.11, hfacac =
hexafluoroacetonate) were synthesized in order to improve the catalytic activity by variation of
the ligand structure. All of complexes (1.11a-1.11e) were catalytically active and the ligand

structure had a significant influence on their activity. For the series of ligands, an increase of the
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relative catalytic activity with increasing P-Rh—P angle was observed. This increase is due to a

combination of the chain length and the substituents of the bi-dentate phosphine, although
electronic effects were not ruled out. Complex 1.11e, bearing a cyclohexyl-substituted phosphine
binding through a five-membered chelate with rhodium, was the most active species for CO,

hydrogenation at the time.

1.2.2 Ruthenium

Although many investigations at the time were geared toward the use of rhodium
catalysts, Noyori, Jessop, and lkariya reported the first highly active ruthenium species in the
early 1990°s. *’ They discovered that certain ruthenium catalysts were active for the
hydrogenation of CO, in a supercritical state (scCO,). When carbon dioxide is heated beyond its
critical point, 73 bar and 31 °C, the gas and liquid phases merge into a single supercritical phase.
The authors postulated that the use of scCO, would be ideal because supercritical fluids combine
characteristics associated with gas phase reactions (such as miscibility with other gases and high
mixing rates) with properties of liquid solvents (such as their ability to dissolve and transport
organic compounds). *® Reactions in scCO, were indeed more efficient than analogous reactions
in benzene or THF using RuH,(PMe;), (1.12) as the catalyst (entries 1-3). In addition, reactions

demonstrated TOFs on par with the most active rhodium species at this time.

Table 1.8. Hydrogenation of CO, to formic acid in scCO,

CO, + Hy cat. (1 equiv.) > HCO,H-NEt,

(120 bar) (70 bar) NEta/H2O (12000:30), 50 °C, scCO,

Entry Cat. Solvent ~ TOF (h'')*
1 RuH,(PMe3)4 (1.12) benzene 4
2 1.12 THF 80
3 1.12 scCO, 1400
4 RuCl,(PMes), (1.13) scCO, 1040

“TOF = (mol HCO,H-NEt;)/(mol cat.)(1 h).
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The activity of RuCl,(PMes)s (1.13) was also investigated in scCO,. This species

efficiently catalyzed the hydrogenation; however, it showed a distinct induction period during
which the yellow species 1.13 changed to colorless. The authors postulated this induction period
was due to the base (triethylamine) promoting slow conversion of 1.13 to either the dihyride
complex 1.12 or RuHCI(PMe;),. Further investigations of 1.12 and 1.13 showed the unique

difference between these two complexes (Table 1.9). »

Table 1.9. Effect of catalyst precursor on TON and TOF of hydrogenation

co, -+ H cat. (1 equiv.) > HCO,H-NEt,

2 o]
(120 bar) (70 bar) NEt5/H,0 (1600:30), 50 °C, scCO,

Entry Cat.  Time (h) TON* TOF (h )’

1 1.12 1 1400 1400
2 1.12 3 1900 630
3 1.13 1 230 230
4 1.13 16 2600 160

“TON = (mol HCO,H-NEt;)/(mol cat.). "TOF = (mol
HCO,H-NEt;)/(mol cat.)/(1 h).

Within the first hour, dihydride complex 1.12 was much faster than dichloride complex
1.13 (Table 1.9, entries 1 and 3). However, an interesting effect occurred over the course of the
reaction. The production of formic acid catalyzed by RuH,(PMes); (1.12) decreased as the
reaction proceeded until plateauing at 3 hours (Figure 1.3). On the other hand, reactions catalyzed
by RuCl,(PMes)4 (1.13) exhibited an induction period of approximately 1 hour, but continued to

produce formic acid. Unfortunately, the authors provided no explanation for these curious results.
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Figure 1.3. Dependence of formic acid production on reaction time. Reaction conditions are
defined in Table 1.9. Trend lines are shown as a guide for the eye only.
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Further efforts by Jessop were geared toward optimizing the reaction and providing a
detailed mechanism for the ruthenium catalyzed hydrogenation of CO,. First, the effect of the
base was explored by changing the identity and the quantity (Table 1.10). The authors found that

the reaction was profoundly dependent on the identity and quantity of the base.

Table 1.10. Effect of the base on the TON of hydrogenation

RuCly(PMe3), (1.13) (1 equiv.)

CcOo, + 5 . . » HCO,H-Base
(120 bar) (70 bar) H,0 (30 equiv.), 50 °C, scCO,
Entry Base Base Equiv. Time(h) TON‘ TOF (h'')’ Prod/Base
1 K,CO; 280 16 140 8.8 0.48
2 KOH 1900 15 260 17 0.14
3 NH4O,CNH, 960 15 39 2.6 0.041
4 NEt; 1600 16 2600 160 1.6
5 NEt; 3700 24 3400 140 1.2
6 NEt; 9400 84 6000 71 0.63
7 NEt; 12000 47 7200 150 0.61

“TON = (mol HCO,H-Base)/(mol cat.). "TOF = (mol HCO,H-Base)/(mol cat.)/(time).
“Prod/Base = (mol HCO,H-Base)/(mol base).
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Reactions with solid bases such as potassium carbonate, potassium hydroxide, or ammonium

carbamate (NH4O,CNH,) facilitated production of formic acid, but with lower TONs (entries 1-
3). The amount of NEt; had a strong effect on the rate of the reaction (entries 4-7).

The authors determined that the optimal amount of NEt; was 1600 equivalence relative to
the catalyst. This was supported by reactions under these conditions demonstrating the highest
initial TOF (after 1 h) among all those tested (Figure 1.4). Reactions with a large excess of base
were thought to have lower TOFs because NEt; is not very miscible with supercritical CO,
causing phase separations. Any attempts to utilize bases insoluble in scCO, yielded lower
amounts of formic acid, indicating the rate of formic acid production is greater if the system is

homogeneous.

Figure 1.4. Effect of the amount of NEt; on the initial rate of formic acid production as
measured during the first hour. Reaction conditions are defined in Table 1.9. Trend lines
are shown as a guide for the eye only.
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The authors also noted the importance on the amount of base relative to the amount of

formic acid produced (Table 1.10, Prod/Base). This number is valuable because the presence of
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base is crucial for favorable thermodynamics. In this catalytic system, the optimal amount of base

occurred at a product to base ratio of 1.6. Leitner ef al. observed product to base ratios of 1.6-1.8
in DMSO with the most active rhodium catalysts. > Ratios of greater than one are common for

nonprotic solvents where acid-base adducts can form (Figure 1.5).

Figure 1.5. Acid-base adducts commonly formed in nonprotic solvents
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In addition, the rate of hydrogenation was improved in the presence of promoting
additives. These additives are commonly water or alcohols (Table 1.11). Both water and methanol
increased the rate of the reaction. However, methanol had a much larger effect on the production
of formic acid. As with the base, reactions of single-phase tend to be much faster than those with

multiple phases.

Table 1.11. Effect of additives on the rate of formic acid production

RuH,(PMej), (1.12) (1 equiv.)

C02 + H2
NEt; (1600 equiv.), 50 °C, scCO,

(120 bar) (70 bar)

HCO,H-NEtg

Entry  Additive  Additive Equiv.  Phases  Time(h) TON‘ TOF (h'")’

1 N/A N/A 1 1 680 680
2 H,0O 30 1 1 1400 1400
3 H,O 190000 2 1 34 34

4 MeOH 4300 1 0.5 2000 4000
5 MeOH 83000 2 0.5 750 1500

“TON = (mol HCO,H-NEt;)/(mol cat.). "TOF = (mol HCO,H-NEts)/(mol cat.)/(1 h).
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Based on these results, the authors proposed a mechanism for the hydrogenation of CO,

to formic acid (Scheme 1.5). Previous mechanisms proposed by Leitner ef al. required a metal
hydride species. Although catalyst precursor 1.13 does not contain hydride ligands, conversion
into a hydride species should be facile in the presence of H, and base. In fact, hydrogenation
reactions catalyzed by trans-RuCly(dmpe), (dmpe = 1,2-bis(dimethylphosphino)ethane)
demonstrated no activity because the ruthenium species could not be converted to a hydride
complex. ** Therefore, a hydride ligand in the catalyst is a prerequisite for catalytic activity.
Scheme 1.4 illustrates a possible mechanism under current reaction conditions, where water or
alcohol would act as a promoter. In this mechanism, a phosphine ligand on ruthenium hydride
1.14 is replaced by ROH (water or alcohol) to generate species 1.15. Insertion of CO, into the
ruthenium-hydride bond would occur to give 1.16, which upon addition of H, would produce

HCO;H and regenerate active species 1.15.

Scheme 1.5. Proposed mechanism for ruthenium catalyzed CO, hydrogenation to formic
acid. (X= H or Cl, R=H or Me, [P] = PMe;)

CO,
i ROH _ [P] " X [P] - X
[P]l‘. o X [T Lo [ Lot
P~ Y ~H rr o PIT Fg‘er [P] ’F:;:OQCH
[P]
1.14 1.15 1.16
HCOH  Hy

In more recent reports, Jessop and coworkers focused on studying the mechanism further

and improving the catalytic activity. In 2002, the activity of RuCl(OAc)(PMes)s (1.17) was
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investigated because of its similarities to the active species 1.16 containing formate as a ligand.*'

Under non-supercritical conditions, complex 1.17 was utilized to test the effect of different bases

and additives on the reaction (Table 1.12).

Table 1.12. Optimization of RuCI(OAc)(PMe;)s (1.17) catalyzed hydrogenation reactions
under non-supercritical conditions

RuCI(OAc)(PMe3), (1.17) (1 equiv.)'

CcO + H
2 2 50 °C, 10 h

(20 bar) (20 bar)

HCO,H-Base

Entry Base” Additive’ TON° TOF (h")*

1 KOH MeOH 2 0.2
2 K,CO; MeOH 7 0.7
3 NEt; N/A 10 1
4 NEt; MeOH 180 18
5 NEt; PhOH 320 32
6 NEt; CeFsOH 510 51
7 NPr; CeFsOH 560 56
8 NOct; CeFsOH 40 4
9 TMEDA CeFsOH 490 49
10 DBU CeFsOH 530 53

“1600 equiv. "30 equiv. “TON = (mol HCO,H-Base)/(mol
cat.). “TOF = (mol HCO,H-Base)/(mol cat.)/(10 h).

A variety of organic [NEt;, tripropylamine (NPr;), trioctylamine (NOcts), 1,8-
diazabicycloundec-7-ene (DBU)] and inorganic [KOH, K,COs;, tetramethylethylenediamine
(TMEDA)] bases were tested for their ability to promote the production of formic acid. For solid
bases, MeOH was added as the solvent and for liquid bases, the base itself was the solvent. All
inorganic bases were ineffective, while organic bases with intermediate basicity were the most
effective. Additionally, a range of alcohols was tested and although water and MeOH were
previously used, more acidic alcohols were found to be far more effective.

Based on these results, Jessop and coworkers demonstrated that reactions catalyzed by
1.17 using pentafluorophenol as the alcohol and triethylamine as the base in supercritical CO,

gave a TOF of 95,000 h™', more than an order of magnitude greater than previously observed. In
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fact, these activities remain among the highest ever reported for this reaction. In 2009, Linehan,

Jessop, and coworkers reported a mechanistic investigation using high pressure NMR

spectroscopy (Scheme 1.6).

Scheme 1.6. Mechanism of CO, hydrogenation catalyzed by RuCl(OAc)(PMes), (1.17) ([P] =
PMe3)
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They proposed the active catalytic species is a cationic ruthenium hydride (1.18) formed by the
addition of H,, base, and alcohol. Addition of an alcohol to RuCI(OAc)(PMe;)s (1.17) would
facilitate the isomerization to a k’-acetate species (1.19). Independently synthesized species
similar to 1.19 performed the hydrogenation reaction well in the presence and absence of alcohol.
After addition of H,, a ruthenium dihydrogen complex (1.20) would be formed. At this point, the
authors proposed the acetate ligand would act as an internal base to deprotonate the metal-bound

hydrogen forming the ruthenium-hydride 1.18. The addition of an external base would accelerate



20
this process by forming a strong acid-base adduct with acetic acid or hydrochloric acid. Without

the acetate ligand to act as an internal base, the catalytic activity was decreased suggesting that
the formation of 1.18 was slower. The reaction would then proceed as previously described with

(i) addition of CO,, (if) hydride insertion, (iif) addition of H,, and (iv) release of formic acid.

1.2.3  Iridium

Despite the significant advancements in CO, hydrogenation by ruthenium complexes, the
desire for more efficient complexes was still strong. Work in the early 2000’s began to focus on
iridium complexes even though the first example by Inoue ef al. demonstrated low activity (Table
1.4, entry 6). In 2004, Himeda ef al. reported the use of half-sandwich iridium complexes for CO,

hydrogenation based on their previous activity in transfer hydrogenations (Table 1.13). >

Table 1.13. Iridium bipyridyl or phenanthroline catalyzed hydrogenation of CO,

CO, + Hyp > HCOK
KOH (10000 equiv.), H>O

Entry Ligand R Temp. (°C)  Pressure (bar)’ TON’  TOF (h')

1 bpy H 80 40 105 6
2 bpy  OH 80 40 6800 4000
3 bpy  OH 120 60 190000 42000
4 phen H 80 40 59 3
5 phen  OH 80 40 6100 2600
6 phen  OH 120 60 222000 33000

“Total pressure. CO,/H, = 1:1. "TON = (mol HCO,K)/(mol cat.). “TOF = (mol
HCO,K)/(mol cat.)/(1 h).
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Although initial catalytic systems demonstrated low activity (entries 1 and 4), optimization of the

ligand and the catalytic conditions provided highly active catalytic systems.**** The addition of
the two hydroxyl substituents on the 2,2’-bipyridine (bpy) or 1,10-phenanthroline (phen) ligand
caused a dramatic enhancement of catalytic activity (entries 3 and 6). The authors proposed a

mechanism for the hydrogenation of CO; in aqueous media (Scheme 1.7).

Scheme 1.7. Proposed mechanism for hydrogenation of CO, in aqueous media
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Typical reaction conditions were initially basic, which would facilitate the deprotonation of pre-

catalyst 1.21. This transformation would convert the water-insoluble species 1.21 into the water-
soluble iridium complex 1.22. The active catalytic species 1.23 would be generated in the
presence of H,. The authors then proposed an outer-sphere metal-hydride insertion into
bicarbonate, which would likely form under high pressures of CO, in H,O. The formation of
tetrahedral intermediate 1.24, followed by addition of H, would produce H,O and formate, while
regenerating the iridium-hydride species 1.23. The high catalytic activities with the addition of
hydroxyl substituents on the catalyst were attributed to the strong electron donating effects of the
oxyanion formed under basic conditions.

In the early 2010’s, Fujita, Himeda, and coworkers investigated alterations to iridium

36-3% Complexes with hydroxyl

complexes like 1.21 to improve the catalytic activity (Table 1.14).
groups at the ortho-position instead of para (1.25 and 1.26) demonstrated higher TOFs within the

first hour of formate production.

Table 1.14. Hydrogenation of CO, catalyzed by iridium complexes bearing ligands with
ortho-substituted hydroxyl groups

C]
HO - [s0,2° HOWOH_‘ 2Cl
I |
T NF O NN P
Ir Ir I Ir -
or N 1 equiv.
HZO/ \N N cl’ \N \N/ Cl (1 equiv.)
| |
pZ
HO HO )\)\OH
1.25 1.26
002 + H2 > HCOQNa

NaHCO4 (100000 equiv.), H,O

Entry Cat. Temp. (°C)  Pressure (bar)” TON” TOF (h")

1 1.25 80 10 9000 8000
2 1.25 120 10 11000 23000
3 1.26 50 40 150000 16000
4 1.26 80 50 80000 54000

“Total pressure. COy/H; = 1:1. "TON = (mol HCO,Na)/(mol cat.). “TOF =
(mol HCO,Na)/(mol cat.)/(1 h).
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The authors proposed a mechanism based on the increased activity due to the change in

hydroxyl position on the ligand (Scheme 1.8).

Scheme 1.8. Proposed mechanism for iridium catalysts bearing ligands with ortho-
substituted hydroxyl groups
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Upon loss of water and deprotonation of 1.25, iridium complex 1.27 would be generated. After

addition of H, to 1.27, an iridium dihydrogen complex 1.28 would be formed. The ortho-
substituted hydroxyl groups would act as pendant bases to deprotonate complex 1.28. The role of
the ortho-substituted hydroxyl groups to facilitate formation of the iridium-hydride 1.29 was
supported by DFT calculations as the energy barrier of heterolytic H, cleavage was stabilized (12
kcal/mol versus 14 kcal/mol for 1.21).°7 Although bases in solution could deprotonate species
1.29, a proton-relay to give iridium-hydride 1.30 was preferred according to DFT calculations.
Hydride insertion into CO;, would give iridium-formate 1.31 followed by release of formate to
regenerate iridium complex 1.27.

In addition, Nozaki et al. reported on the synthesis and catalytic activity of an iridium-

PNP-pincer complex (PNP = 2,6-((di-substituted-phosphino)methyl)pyridine) (Table 1.15). 39

Table 1.15. Iridium-PNP-pincer 1.32 catalyzed hydrogenation of CO,

. I H_
ProP —Ir—PPr,

H N\ (1 equiv.)
| =
1.32
002 + H2 > HCOzH'BaSE
H,O/THF (50:1)
Entry Base” Temp. (°C)  Pressure (bar)’ Time (h) TON® TOF (b *

1 KOH 25 50 48 0 0
2 KOH 100 1.3 40 43 1
3 KOH 120 60 48 3500000 73000
4 KOH 200 50 2 300000 150000
5 NEt; 200 50 2 75 380
6 N(CH,CH,0H); 200 50 2 29000 14000

“5 x 10° equiv. "Total pressure. COo/H, = 1:1. “TON = (mol HCO,H-Base)/(mol cat.). “TOF =
(mol HCO,H-Base)/(mol cat.)/(1 h).
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The iridium complex with isopropyl groups on the phosphorous atoms (1.32) showed higher

activity than reported for any other catalyst to date. Under aqueous conditions, the temperature,
the pressure, and the identity of the base significantly effected the production of formic acid.
With KOH as the base at 120 °C and 60 bar, complex 1.32 demonstrated a TON of 3.5 million
and a TOF of 73,000 h™' (entry 3).

In 2011, Nozaki et al. investigated the mechanism of iridium-PNP-pincer catalyzed

hydrogenation reactions based on experimental and theoretical results (Scheme 1.9). *

Scheme 1.9. Mechanism of iridium-PNP-pincer catalyzed CO, hydrogenation

, IH_
ProP —Ir—PPr, CO,
HoN
/ | =
H
H H
I H 12 _10H
’PrQP—/IIr—P’PrZ ’PrgP—/Ilr—P’Prz
HN H N
| = | =
1.37 1.33 ©0H
H
? HCoS
H H
. I , . | ,OH
’PrQP—/I{—P’PrZ ’Pr2P—/IIr—P’Pr2
HN HON
| = | =
1.36 'I'/OHQ 1.34
ProP —Ir—PPr,
HN
H,0 | P

1.35
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The authors first proposed the facile insertion of the iridium-hydride into carbon dioxide to form

iridium-formate species 1.33. Ligand substitution facilitated by excess base and release of
formate would lead to complex 1.34. DFT calculations indicated that the formation of 1.34 is
thermodynamically favorable, although kinetically inaccessible at room temperature supporting
the need for higher temperatures (Table 1.15, entries 1 and 3). Deprotonative dearomatization of
complex 1.34 would then give iridium-aquo species 1.35, which would then release water to form
iridium-dihydride 1.36. The generation of iridium species 1.36 is thermodynamically favorable
and the activation barrier for the proton transfer was calculated to be 14.4 kcal/mol. Addition of
H, to 1.36, forming iridium-hydrogen species 1.37, followed by rearomatization of the ligand
would regenerate the iridium-trihydride complex 1.32. The rate-determining step was proposed to
be the deprotonative dearomatization of complex 1.34. This hypothesis was supported by the
importance of the identity and amount of the base utilized (entries 4-6, footnote a).

In 2011, Hazari et al. also investigated iridium-pincer complexes for their reactivity in

CO, hydrogenation (Table 1.16). "

Table 1.16. Iridium-pincer ([P] = P'Pr,) catalyzed hydrogenation of CO;

HoH
g 7l

Ir—H (1 equiv.)
[P]

H
CO, + H, 1.38 > HCOXK
KOH (5000 equiv.), H>,O

Entry  Temp. (°C) Pressure (bar)’  TON’ TOF (h")

1 125 55 3800 160

2 145 55 49000 2100
3 165 55 120000 4900
4 185 55 350000 15000
5 185 41 39000 1600
6 185 28 28000 1200
7 185 14 3900 160

“Total pressure. COy/H, = 1:1. "TON = (mol HCO,K)/(mol cat.).
“TOF = (mol HCO,K)/(mol cat.)/(24 h).
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They explored trans-(HN(CH,CH,P'Pr,))IrH; (1.38) for its catalytic activity in the hydrogenation

of CO, to formic acid. Similar to Nozaki’s complex, 1.38 demonstrated higher TONs and TOFs
than with previously investigated rhodium and ruthenium complexes. Decreases in temperature
and pressure led to lower catalytic activities for iridium-trihydride complex 1.38.

The authors proposed a simple mechanism for hydrogenation (Scheme 1.10). Insertion of
the iridium-hydride bond into CO, would generate iridium-formate 1.39, which would be
facilitated by the H-bond donor on the ligand. Then, addition of H, would release formate and

form iridium 1.40. Iridium-pincer 1.38 would be regenerated by addition of base to 1.40.

Scheme 1.10. Proposed mechanism of iridium-pincer catalyzed CO, hydrogenation

T—[P]H
H20 <N “ir—H CO,
G
° H
OH 1.38
 H—H H
Yl o=(
N_h||r_H H[p]o
> [P] |t
140"' <N ‘|r:H
' )
1.39
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1.3 Base-Metal Catalysts

Most complexes developed for hydrogenation of CO; to formic acid involve noble-metals
that are expensive and rare. In order for this process to be beneficial for industrial scale and
transportation applications, an inexpensive base-metal catalyst that produces formic acid with
activities that rival the noble-metal systems is required. The first example following the
investigation by Inoue et al. in 1976 (Table 1.4, entry 2) was reported by Jessop and coworkers in
2003.**In a series of tests, combinations of base-metal salts and phosphine ligands were explored
(Table 1.17). The results showed that 1,2-bis(dicyclohexylphosphino)ethane (dcpe) was the
optimal ligand for both metal salts compared to PPh; and dppe. A pre-formed batch of
NiCly(dcpe) was tested and found to be capable of catalyzing the production of formic acid in up
to 4400 TONs (entry 7). Although this does not approach that of the very efficient rhodium,
ruthenium, or iridium catalyst precursors, the TON exceeded that of the only previously reported

base-metal catalyst for this reaction.

Table 1.17. Base-metal screening for CO, hydrogenation

CO, -+ H, metal salt (1 equiv.) ~ HCO,H-DBU

(60 bar) (40 bar) DBU (220 equiv.), DMSO, 50 °C, 7.5 h

Entry  Metal Salt  Phosphine® TON’ TOF (h'')°

1 FeCl; PPh; 20 2.7
2 FeCl; dppe 23 3.1
3 FeCl; dcpe 113 15
4 NiCl, PPh; 0 0

5 NiCl, dppe 45 6.0
6 NiCl, dcpe 117 16
7 NiCly(dcpe) N/A 4400 20

"Mono-dentate phosphine = 3 equiv. Bi-dentate phosphine = 1.5
equiv. "TON = (mol HCO,H-DBU)/(mol metal salt). “TOF =
(mol HCO,H-DBU)/(mol metal salt)/(7.5 h). “Conditions: cat. =
pre-formed NiCl,(depe), DBU (12000 equiv.), time = 216 h.
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1.3.1 Iron

In 2010, Beller and coworkers investigated different iron precursors and various nitrogen
and phosphorous containing ligands for hydrogenation of bicarbonate (Table 1.18). * No catalysis
was observed with bi- or tri-dentate phosphines or amines such as dppe, 1,1,1-
tris(diphenylphosphino)methane (triphos-1), and tris(2-aminoethyl)amine (TAEA) (entries 1-3).
However, the hydrogenation proceeded with a catalyst formed in situ from Fe(BF,), and the tetra-
dentate ligand (alkyl-PPs, tris(2-(diphenylphosphino)ethyl)phosphane) (entry 4). Lower or higher
temperatures (entries 5 and 6), as well as noncationic iron salts like Fe(acac); (acac =

acetylacetonate) and FeCl, (entries 7 and 8) led to a decrease in activity.

Table 1.18. Iron catalyzed hydrogenation of sodium bicarbonate

NaHCO; + H, —@ _ HcoNa + H,0
(60 bar) MeOH, 20 h
Entry Cat. Temp. (°C) TON* TOF (h'")’
1 Fe(BF4),/dppe 80 0 0
2 Fe(BF,),/triphos-1 80 0 0
3 Fe(BF4),/ TAEA 80 0 0
4 Fe(BF,),/alkyl-PP+ (1.41) 80 610 31
5 1.41 60 83 4.2
6 1.41 100 76 3.8
7 Fe(acac)s/alkyl-PP; 80 173 8.7
8 FeCl,/ alkyl-PP; 80 69 3.5

“TON = (mol HCO,Na)/(mol cat.). "TOF = (mol HCO,Na)/(mol cat.)/(20 h).

The Fe(BF4),/alkyl-PP; (1.41) catalyst was then applied to the hydrogenation of CO, to
produce methyl formate in the presence of methanol (Scheme 1.11). Methyl formate was
generated with a TON of 590, which is five times higher than the previous best result with iron

catalysts (Table 1.17, entry 3).
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Scheme 1.11. Fe(BF,),/PP; (tris(2-(diphenylphosphino)ethyl)phosphane) catalyzed
hydrogenation of CO, to methyl formate

1.41 (1 equiv.) > HCO,H-NEtg MeOH HCO,Me
NEt; (4200 equiv.), 100 °C, 20 h

TON =590
TOF (h-1) = 30

COQ + H2
(30 bar) (60 bar)

In 2012, Beller et al. reported the modified synthesis of a tetra-dentate phosphine ligand
(aryl-PP;, tris-(2-(diphenylphosphino)phenyl)phosphane). ** ** The activity of Fe(BF,), and the
new aryl-PP; ligand was explored for hydrogenation of sodium bicarbonate (Table 1.19.). Similar
to reactions with the alkyl-PP; ligand, higher and lower temperatures led to decreases in reactivity
(entries 2 and 4). However, the catalyst was stable at 100 °C, which is an advantage to the
previously more sensitive alkyl-PP; ligand. Changes to the iron precursor revealed that in
addition to Fe(BF4),, Fe(acac)s;, FeCl,, Fe(acac),, and FeF, all showed high catalytic activity

(entries 5-8).

Table 1.19. Iron aryl-PP; catalyzed hydrogenation of sodium bicarbonate

NaHCO; + H, —@ _ HcoNa + H,0
(60ba)  MeOH, 20h
Entry Cat. Temp. (°C) TON* TOF (h )’
1 Fe(BF,),/aryl-PP; (1.42) 80 1600 80
2 1.42 60 870 44
3 1.42 100 1500 75
4 1.42 120 280 14
5 Fe(acac)s/aryl-PP; 80 1600 80
6 FeCly/aryl-PP; 80 900 45
7 Fe(acac),/aryl-PP; 80 1600 80
8 FeF,/aryl-PP; 80 1500 75

“TON = (mol HCO,Na)/(mol cat.). "TOF = (mol HCO,Na)/(mol cat.)/(20 h).



31
The hydrogenation of CO; in methanol using 1.42 as the catalyst was also investigated in

the presence of an amine base (Table 1.20). The direct hydrogenation of CO, in the presence of
triethylamine led to a mixture of formic acid and methyl formate. Addition of water suppressed
the formation of methyl formate, generating only formic acid (entry 2). When using
dialkylamines as the base such as dimethylformamide (DMF), the formation of formamides was
observed. The TONs achieved with the aryl-PP; ligand are over an order of magnitude higher in

comparison with any previously reported iron system.

Table 1.20. Hydrogenation of CO; to methyl formate or dimethylformamide

Fe(BF 4)o/aryl-PP5 (1.42) (1 equiv.)

CO, ~ 2 - : . > product
(30 bar) (60 bar) NEt; (2600 equiv.) or HNMe, (2900 equiv.), MeOH, 100 °C, 20 h
Entry Products Additive TON* TOF (h'")’
1 HCO,;Me/HCO,H (1:1) N/A 1700 85
2 HCOH H,0¢ 1900 95
3 DMF/HCO,H (24:1) N/A 2300 115
4 DMEF/HCO,H (10:1) HNMe,’ 5100 260

“TON = (mol product)/(mol cat.). "TOF = (mol product)/(mol cat.)/(20 h).
“H,0 = 12 equiv. “HNMe, = 5800 equiv.

To understand the mechanism of these Fe-catalyzed hydrogenation reactions, in situ
NMR measurements were performed (Scheme 1.12). Addition of aryl-PP; to Fe(BF,), in THF
generated iron species 1.43 exhibiting one fluorine ligand derived from the original BF, anion.
The formation of an iron-hydride-hydrogen complex 1.44 at 80 °C with the addition of H, was
proposed. Addition of CO, to complex 1.44 provided no formation of formic acid or formate.
Only after the addition of base did the group observe the disappearance of 1.44 and the formation
of product. The presence of base is necessary to convert iron-hydride-hydrogen complex 1.44 into

a more active reduction catalyst 1.45. Subsequent insertion of CO; into the iron—hydride bond
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generated 1.46, followed by coordination of H, produced formate and regenerated the complex

1.44.

Scheme. 1.12. Postulated mechanism for iron catalyzed hydrogenation of CO,
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Work by Milstein and coworkers also demonstrated significant advancements in iron
catalyzed hydrogenation of CO; to formic acid. In 2011, the group reported the synthesis and
catalytic activity of an iron-PNP-pincer complex similar to the iridium species 1.32 (Table 1.15,
Scheme 1.9) developed by Nozaki (Table 1.21).* The iron complex with tert-butyl groups on the

phosphorous atoms (1.47) demonstrated high activity at low pressures of CO, and H, under
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aqueous conditions. The group found that decreasing the pressure led to lower catalytic activity.

In a similar fashion as RuH,(PMe;)4 (1.12), developed by Noyori and coworkers, Milstein et al.
discovered that the amount of base was important for high TONs and TOFs. Milstein and others *’
postulated a mechanism that was the same as iridium-PNP-pincer 1.32 involving deprotonative

dearomatization of the ligand (Scheme 1.9).

Table 1.21. Iron-PNP-pincer 1.47 catalyzed hydrogenation of CO,

CO
| H
tBUQP_/Fe_PtBU_g
H'N

| ~ (1 equiv.)
=

1.47

COz + H2 > HCOQNa + HQO

H,O/THF (10:1)

Entry NaOH Equiv. Pressure H,, CO, (bar) Time (h) TON“ TOF (h')’

1 1000 4.15,4.15 14 340 24
2 1000 5.52,2.76 8 480 60
3 1000 6.66, 3.33 10 530 53
4 500 6.66, 3.33 10 340 34
5 1500 6.66, 3.33 5 570 110
6 2000 6.66, 3.33 5 790 160
7 3000 6.66, 3.33 5 690 120

“TON = (mol HCO,Na)/(mol cat.). "TOF = (mol HCO,Na)/(mol cat.)/(time).

1.3.2 Cobalt

In addition to iron catalysts, recent work has been focused on the use of cobalt catalysts
for the hydrogenation of CO, to formic acid. In 2012, Beller ef al. investigated the use of the
alkyl-PP; ligand with cobalt complexes instead of iron (as in 1.41). First, they investigated the
combination of Co(BF,), and alkyl-PP; (1.48) for use in hydrogenation of bicarbonate (Scheme
1.13).* Similar to that of the analogous iron complex, tests with bi- or tri-dentate ligands showed

no activity, which cobalt salts Co(acac);, Co(acac),, and CoCl, showed similar activity.
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Scheme 1.13. Cobalt catalyzed hydrogenation of sodium bicarbonate

Co(BF ;)?/alkyl-PP; (1.48)
H,0, 120 °C, 20 h

TON = 3900
TOF (h-1) =195

NaHC03 + H 2
(60 bar)

HCOzNa + Hzo

The complex was then tested for its ability to catalyze CO, hydrogenation to produce
methyl formate (Table 1.22). Methyl formate was generated with a TON of 430, which is on par
with the iron catalyzed variant. Increasing the amount of base resulted in higher catalytic activity
as the cobalt catalyzed demonstrated TONs of 660 and TOFs of 33, which are slightly higher than

that of iron (entry 4).

Table 1.22. Co(BF,),/alkyl-PP; (1.48) catalyzed hydrogenation of CO, to methyl formate

Co(BF,),/alkyl-PP5 (1.48) (1 equiv.)
MeOH, 100 °C, 20 h

COQ + H2

HCOZMG

Entry  NEt; Equiv.  Pressure H,, CO, (bar) TON* TOF (h'")’

1 500 60, 30 430 22
2 500 10, 10 60 3.0
3 500 5,5 26 1.3
4 4000 60, 30 660 33

“TON = (mol HCO,Me)/(mol cat.). "TOF = (mol HCO,Me)/(mol cat.)/(20 h).

In 2013, Fujita and Himeda synthesized and explored a cobalt complex analogous to the
half-sandwich complexes 1.21 and 1.25 for CO, hydrogenation (Table 1.23).* Cobalt bipyridyl
complex 1.49 demonstrated the hydrogenation of CO; to formate. The activity decreased as the
temperature was decreased. Although TONs and TOFs were lower than previously synthesized
cobalt complexes, this is the first example of a non-phosphine cobalt complex that can mediate

CO; hydrogenation under aqueous conditions without the addition of organic solvents.
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Table 1.23. Cobalt bipyridyl 1.49 catalyzed hydrogenation of CO;

®
—| ,
/ OH
|
Co (1 equiv.)
N |
OH
1.49
NaHCO4 (2500 equiv.), H>,O

2 » HCO,Na
(20 bar) (20 bar)

Entry Temp.(°C)  Time (h) TON* TOF (b )’

1 100 2 42 21

2 90 2 49 25

3 80 7 59 8.4

4 25 38 7.0 0.18
“TON = (mol HCO,Na)/(mol cat.). "TOF = (mol HCO,Na)/(mol
cat.)/(20 h).

The most recent significant example of a cobalt based catalyst for the hydrogenation of

CO, was reported by Linehan et al. in 2013. %%

Using thermodynamic parameters of hydricity
(AGy-) and acidity (pK,) as guides, the group designed a catalytic system based on a simple
catalytic cycle (Scheme 1.14). The catalytic cycle contains three essential reactions: (A) a hydride
transfer from metal complex 1.50 to CO,, (B) addition of H, to the resulting metal complex 1.51,
and (C) the regeneration of the metal hydride complex 1.50 by deprotonation of 1.52. In order to
obtain catalytic results at room temperature and pressure, the energetics of the reactions in steps
A and C needed to be well matched in the catalytic system.

Hydride donor abilities (or the free energy for cleaving H™ from a metal hydride) have
been characterized for a range of complexes using experimental and computational approaches.
33736 Noble-metal based phosphine complexes are better hydride donors than their respective

cobalt counterparts. However, improving the hydride donating ability of complexes like 1.50

increases the strength of the base needed to deprotonate dihydride species like 1.52. If steps A
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and C are significantly mismatched in energy, catalysis will be slower. Therefore, Linehan and

coworkers designed their catalytic system so that step A would be thermodynamically favorable
(AGy-(A) = -8 keal/mol)>”*® and that complex 1.52 could be deprotonated (pK(1.52)cuc = 33.7)
> The deprotonation of 1.52 requires a base that has a conjugate acid with a similar or higher pK,
value. The group chose Verkade’s base (Vkd, 2,8,9-triisopropyl-2,5,8,9-tetraaza-1-
phosphabicyclo[3.3.3]lundecane) because with a reported pK, of 33.6 for its conjugate acid, it is

matched in energy. >

Scheme 1.14. Proposed catalytic cycle for CO; hydrogenation using cobalt complex 1.50
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Co(dmpe),H (1.50, dmpe = 1,2-bis(dimethylphosphino)ethane) was investigated for
hydrogenation of CO, to formate using Verkade’s base and other commonly used bases (Table
1.24). Consistent with the thermodynamic data, 1.50 was active for hydrogenation of CO, to
formate. To confirm that the strength of the base affects the activity, the group tested weaker

bases like NEt; and DBU for which the corresponding conjugate acids have pK, values of 24.3
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and 18.8, respectively. © With the weaker bases, the catalytic activity was much lower as

compared to Verkade’s base (entries 1-3). Cobalt complex 1.50 demonstrated a TON of 9,400
and TOF of 74,000 h™" after less than an hour with a low catalyst loading. The complex was also

active at pressures as low as 1.0 bar (entry 6).

Table 1.24. Catalytic conversion of CO; and H, to formate with Co(dmpe),H (1.50)

M62|I| M62

P. A P
Co. i
Z:P, \P: (1 equiv.)
M62 Meg

1.48
COZ + H2 > HCOzH'Base
THF, 21 °C, <1 h

Entry  Cat. Loading (mM) Base  Pressure (bar)’ TON” TOF (h")

1 40 NEt; 40 2 N/A
2 40 DBU 20 59 140
3 0.40 Vkd 20 2100 54000
4 0.040 Vkd 20 9400 74000
5 0.28 Vkd 1.8 1900 6400
6 0.28 Vkd 1.0 2000 3400
7 2.8 Vkd 1.8 210 850

“Total pressure. COy/H, = 1:1. "TON = (mol HCO,H-Base)/(mol cat.). “TOF = (mol
HCO,H-Base)/(mol cat.)/(< 1 h).

The rationally designed cobalt complex 1.50 demonstrates activities comparable to the
best noble-metal complexes developed to date. The present system, although remarkably active,
is still limited as Verkade’s base is expensive and obscure, which may prevent scale-up or
development into a commercially viable process. However, this work done by Linehan and
coworkers demonstrates the utility of using fundamental thermodynamic parameters to help
design effective catalytic systems. Future work in the field of CO, hydrogenation is focused on

the development of new catalytic systems that are cheap and efficient.
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Development of a Transition Metal / N-Heterocyclic Carbene Cooperative System for the
Hydrogenation of Carbon Dioxide to Formic Acid
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2.1 Introduction

Over the past few decades, the conversion of small molecules such as H,, Ny, O,, CHy,
C,Hy, CO, and CO, have attracted considerable attention. 1.2 Many of these small molecules are
thermodynamically or kinetically stable and their usefulness depends on overcoming significant
barriers. However, because their usefulness could be beneficial for the survival of the world,
fundamental research is of great importance. Although small molecule activation has historically
been exclusively associated with transition metals, ' the use of compounds with main group

. . . 3-5
elements has become more ubiquitous in recent research.

2.1.1 Reactions of Frustrated Lewis Pairs with CO,

In 1923, Gilbert N. Lewis classified molecules that behave as electron-pair donors as
bases and conversely electron-pair acceptors as acids.® The combination of a simple Lewis acid
and Lewis base results in neutralization similar to the corresponding combination of Brensted
acids and bases.’ However, in the case of Lewis acids and bases, instead of forming water, the
combination results in a Lewis acid-base adduct. In 1942, Brown and coworkers noted that
although most combinations of Lewis acids and bases formed classical Lewis adducts, steric
demands can intervene in the formation of donor-acceptor adducts of pyridines with

trimethylborane (BMes) (Scheme 2.1). 8

Scheme 2.1. Reactivity of pyridines with BMe; and BF;

G>B'\/|e3
|
®
N\ BMes N\
| — |
Pz 7
©)]
o
®
NS BFs N BMe; _
| - | — > No Reaction



43
Adduct formation was observed for pyridine, but lutidine failed to form an adduct. Additionally,

lutidine formed a stable adduct with BF; but did not react with BMe;. Molecular models provided
a rational for this observation based on steric interactions of the ortho-methyl groups of lutidine
with the methyl groups of the borane.

In 1950, Wittig and Benz described the reaction of 1,2-didehydrobenzene (generated in
situ from o-fluorobromobenzene) reacted with a mixture of the Lewis base triphenylphosphine
and the Lewis acid triphenylborane (BPhs) to give an o-phenylene-bridge phosphonium-borate
(Scheme 2.2a).° Years later, Tochtermann, a former member of the Wittig group, observed the
formation of a non-classical Lewis acid-base adduct from trityl anion and BPh; (Scheme 2.2b). 10
At the time, both groups had not realized the special nature of the bulky Lewis pairs that did not

yield the classical Lewis acid-base adducts.

Scheme 2.2. Early FLP reagents
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In a collaborative report, Stephan et al. and Erker ef al. found that CO, reacted with

frustrated Lewis pairs in a straightforward fashion. "

A solution of B(C¢Fs); and tri-tert-
butylphosphine (P‘Bus) was covered with an atmosphere of CO,, resulting in the immediate
precipitation of a white solid (Scheme 2.3). The structural data for this compound confirmed the

formula was ‘BusP(CO,)B(C4Fs); (2.1) in which CO, reacted with phosphine and borane to form

P—C and O-B bonds. X-ray crystallography revealed that the geometry about the carbon atom
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from the CO, molecule was approximately trigonal-planar. The thermal stability of 2.1 was

examined and liberation of CO, occurred upon heating to 80 °C under vacuum, indicating that the

CO, addition is reversible.

Scheme 2.3. Reversible CO, uptake and release by frustrated phosphine-borane Lewis pairs
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After this initial discovery, many groups focused their research on the transformation of
CO; to other useful chemicals. In 2009, Ashley, O’Hare, and coworkers demonstrated the first
homogeneous process for the conversion of CO, into methanol utilizing FLPs. '> The reaction of
H, with an equimolar mixture of TMP (MesCsNH, 2,2,6,6-tetramethylpiperidine) and B(CgFs)3
gave the salt [TMPH]-[HB(C¢Fs);] (2.2). 13 Ashley et al. found that the addition of CO, to 2.2

produced [TMPH]-[HCO,B(C¢F5)s] (2.3), a formatoborate complex (Scheme 2.4).

Scheme 2.4. Reversible reduction of CO, to formate 2.3 with H, activation by FLP 2.2
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When complex 2.3 was heated above 110 °C for long periods of time, the production of
multiple new species was evident. Field-ionization mass spectrometry of reactions with *CO,

showed the mixture comprised B(C¢Fs);, TMP, and *CH;OB(C¢Fs)s. Based on these results, a
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mechanism was proposed to support the formation of these species (Scheme 2.5). The reversible

decomposition of the borohydride salt 2.2 generates free H,, TMP, and B(C¢Fs);. The attack of
B(C¢Fs); on the acyl oxygen atom of formatoborate 2.3 would produce intermediate 2.4. Hydride
reduction of the activated formate 2.4 by an equivalent of salt [TMPH]-[HB(C¢Fs);] (2.2) then

would lead to the formaldehyde acetal intermediate 2.5 and B(CgF5)s.

Scheme 2.5. Proposed mechanism for the reduction of CO, by [TMPH]-[HB(C¢F5);] (2.2)
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Hydride reduction of the activated formate 2.4 by an equivalent of salt [TMPH]-[HB(C¢F5)3] (2.2)

then would lead to the formaldehyde acetal intermediate 2.5 and B(CeFs);. The [TMPH]"
counterions may serve as H' donors in the cleavage of 2.5 to give H,CO-B(C¢Fs); (2.6) and
[TMPH]-[HOB(C4Fs);]. Intermediate 2.5 is expected to be a potent electrophile and would
undergo a final hydride reduction in the presence of 2.2 to form [TMPH]-[CH;0B(C¢F5);] 2.7.
The group postulated thermolysis of species 2.7 would lead to the formation of methanol
(Scheme 2.6). Since the only labile source of protons is the [TMPH]  cation, the
[TMP][CH3;0H B(C¢Fs);] adduct 2.8 would form. Previous studies have shown that such adducts
can dissociate to give free CH3;0H and B(C¢Fs);. At the high temperatures required for this
reaction, protonation of the C¢F5 rings (to yield CH;0-B(CgFs), (2.9) and C¢FsH) appeared to be

faster, which precluded any catalytic turnover.

Scheme 2.6. Thermolysis of [TMPH]-[CH3;0B(C¢F5);] (2.7) to produce methanol
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In 2010, Piers et al. reported the tandem frustrated Lewis pair/borane catalyzed
deoxygenative hydrosilylation of carbon dioxide to methane. " In the presence of triethylsilane,
the same FLP-derived species [TMPH]-[HCO,B(C¢Fs);] (2.3) was converted to a formatosilane

(2.10), which could then be hydrosilylated to methane (Scheme 2.7).
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Scheme 2.7. Proposed mechanism of deoxygenative hydrosilylation of CO, to CH,4
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2.1.2 Hybrid Transition Metal / Frustrated Lewis Pair Approach for Activation of CO,

In recent years, Stephan '> and Wass '® have targeted a hybrid approach to carbon dioxide
activation by exploiting both transition metal systems and the concept of FLPs. While the
previous main group FLPs offered novel ways to activate unreactive substrates, some of these
systems suffer from a common limitation in that, apart from stoichiometric chemistry the
products are often inert toward further reactivity. While advances have been made recently, the
current systems are unrealistic in terms of technological applications because reactive co-reagents
are necessary.

In 2011, Wass et al. reported analogues of main group FLPs where the Lewis acidic
borane component is replaced with an electrophilic transition metal center.'® By combining the
ability of transition metal complexes in catalysis with the capability of FLPs to active substrate

molecules new pathways and reactivity patterns could be exploited. The group synthesized a
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variety of zirconium complexes containing phosphinoaryloxide ligands that could be used to

activate carbon dioxide (Scheme 2.8). Exposure of chlorobenzene solutions of zirconium
complexes 2.11 and 2.12 to 1 bar CO, resulted in an immediate reaction to complex 2.13, which
is similar to reactivity with main group FLPs (Scheme 2.8a). However, unlike main group
systems, these transition metal analogues do not liberate CO, upon thermolysis, instead they
slowly decompose. Attempts to reduce 2.13 with H, or amine boranes (like Me,NHBH,) were

unsuccessful.

Scheme 2.8. Reactivity of cationic zirconocene-phosphinoaryloxide complexes
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The group previously reported the synthesis of the zirconocene-hydride complex 2.14
from heterolytic cleavage of H, with complex 2.12. Exposure of 2.14 with 1 bar of CO, yielded

the formate complex 2.15 (Scheme 2.8b). Further reactivity of formate species 2.15 was not
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attempted, however, this intermediate for stepwise CO, reduction suggests promise for these

systems in the future.

In 2012, Sgro and Stephan published the frustrated Lewis pair inspired CO, reduction by
a ruthenium tris(aminophosphine) complex (2.16). > The system demonstrated capture and
activation of CO, for catalytic reductions of boranes, yielding methoxyboranes and O(BR;), as
products (Scheme 2.9). Exposure of ruthenium 2.16 to CO; resulted in immediate precipitation of
2.17, which upon addition of excess HBpin generated MeOBpin and O(Bpin),. The mechanism is
thought to involve successive hydroborations of the CO, fragment of 2.17. The binding of CO, in
2.17 exploits the cooperative action of the pendant Lewis basic phosphine and Lewis acidic
ruthenium center. These observations demonstrate that transition metal catalysts can be designed

based on an activation strategy that is analogous to main group frustrated Lewis pairs.

Scheme 2.9. Proposed catalytic cycle for the reduction of CO; by ruthenium complex 2.16
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2.1.3 Reactions of N-Heterocyclic Carbenes with CO;

In addition to frustrated Lewis pairs, the activation of carbon dioxide by N-heterocyclic
carbenes (NHCs) has attracted significant interest recently. Although known for ligands on
transition metals'” or nucleophilic catalysts, "® NHCs have become widely investigated for small

1920 1n 1999, Kuhn and coworkers first discovered the reactivity of NHCs

molecule activation.
with CO, to form imidazolium carboxylates like 2.19 (Scheme 2.10). %' Subsequent reactions with

2.19 generated isolable imidazolium species with carboxylic acids (2.20), esters, or acid

chlorides, which were mostly unreactive in further investigations.

Scheme 2.10. Reactivity of N-Heterocyclic Carbenes with CO,
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Since the reactivity of NHCs with CO, was discovered, Louie and coworkers have been
interested in utilizing the resulting zwitterionic intermediates for the transformation and
functionalization of carbon dioxide. In 2003, they reported the reversible carboxylation of NHCs
using 1,3-bis(mesityl)imidazolium chloride or 1,3-bis(2,6-diisopropylphenyl)imidazolium
tetrafluoroborate and potassium tert-butoxide under an atmosphere of CO, (Scheme 2.11). 2

Using BC NMR analysis, the addition of BCO, to a solution of imidazolium carboxylate 2.21a
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led to an enhancement in the carbonyl peak of 2.21a and suggested that the bound CO, was

equilibrating with free >CO,. Thermogravimetric analysis (TGA) provided further evidence for
reversible carboxylation. Clean loss of 10.6% of the weight of 2.21a (corresponding to the mass
of CO;) was observed between 136 and 164 °C. The same behavior was observed with
imidazolium carboxylate 2.21b. The Louie group synthesized a series of imidazolium
carboxylates and investigated each for their ability to release CO,.> Based on TGA analysis, as
the steric bulk on the N-substituents increased, the ability of the NHC-CO, to decarboxylate

increased.

Scheme 2.11. Reversible carboxylation of imidazolium salts (X = Cl or BFy)
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The application of imidazolium carboxylates has typically been limited to the preparation

of metal-NHC complexes ** **and ionic liquids. *”**

In 2008, Lu et al. published on the catalytic
activity of an imidazolium carboxylate species toward the coupling of CO, with epoxides.* The
group tested a variety of complexes for the catalytic coupling of CO, with propylene oxide to
afford propylene carbonate (Table 2.1). The structure of the catalyst greatly dictated the yield.
Bulky unsaturated imidazolium carboxylates 2.21a and 2.21b gave higher yields compared to
their saturated counterparts 2.22a and 2.22b. Sterically accessible imidazolium salts like 1,3-
dimethylimidazolium carboxylate (2.21¢) only demonstrated 19% yield. Based on thermolysis

experiments, unsaturated salts have lower thermal stabilities than their saturated counterparts,

indicating that catalysts with higher thermal stability show lower activity.



Table 2.1. Reactions of CO, and propylene oxide catalyzed by imidazolium carboxylates

ofo

XL

R ~N @ N -R (05 mol%)
\-=-{ o
0 R R N

- 0" 0
LN CO, (20 bar), 120 °C, 24 h \_&

Entry Cat. R R’ Yield (%)
1 2.21a 2,6-'Pr,Ph H 100
2 2.21b 2.4,6-Me;Ph H 45
3 2.21¢ Me H 19
4 2.22a 2,6-'Pr,Ph H, 87
5 2.22b 2.4,6-Me;Ph H, 25

52

The group proposed a possible mechanism based on these findings (Scheme 2.12). The

zwitterionic carboxylate would add to the epoxide via nucleophilic attack and generate a new

zwitterion 2.23. The alkoxy anion would attack the carbon atom of the CO, group to produce the

cyclic carbonate and the free N-heterocyclic carbene, which would quickly react with CO; to

regenerate the zwitterionic carboxylate catalyst.

Scheme 2.12. Possible mechanism for the reaction of CO;, with epoxides catalyzed by

imidazolium carboxylates
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In 2009, Zhang, Ying, and coworkers demonstrated the conversion of CO, into methanol

with silanes. ** After mixing imidazolium carboxylate 2.21b and diphenylsilane under 1 bar of
CO,, diphenylsilane was fully consumed. The group performed the reaction with *CO, and
within 90 minutes, the formation of silylacetal (HPh,SiOCH,OSiPh,H, 2.24) and methoxide
(HPh,SiOCH3, 2.25) intermediates was observed. These NMR studies supported the hypothesis
that CO, was reduced to methoxide products with hydrosilane as the hydrogen source. After 24
hours, the conversion of diphenylsilane was 90% indicating that imidazolium carboxylates are
more efficient than transition metal catalysts, which required weeks to provide such reduction
products. *' The group proposed a possible reaction pathway based on their spectroscopically

observed intermediates (Scheme 2.13).

Scheme 2.13. Proposed catalytic cycle and reaction pathway for conversion of CO, to
methanol (R = 2,4,6-Me;Ph)
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The carboxyl moiety of the zwitterionic imidazolium carboxylate 2.21b would attack the

electropositive hydrosilane center and promote hydride transfer to form intermediate 2.26.
Alternatively, the nucleophilic N-heterocyclic carbene could activate the Si—H bond to facilitate
attack by the imidazolium carboxylate. Intermediate 2.26 would react with other free hydrosilanes
to provide silylacetal intermediate 2.24 and methoxide 2.25. To convert the methoxide
intermediate 2.25, the reaction was subjected to hydrolysis conditions and methanol was typically
produced in over 90% yield based on the hydrosilane. The TON and TOF for the zwitterionic
imidazolium carboxylate catalyst under ambient conditions reached 1840 and 26 h™', respectively.
In contrast, a zirconium catalyst®' was reported to have TON and TOF values of only 92 and 0.54
h!, respectively, and ruthenium catalysts **** typically achieve values of 78-400 and 2.8-17 h ™',

respectively.
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2.2 Design of a Transition Metal / N-Heterocyclic Carbene Cooperative

System

2.2.1 Strategies to Increase Reactivity of Metal- Hydride Bonds

In order for the process of CO, hydrogenation to become beneficial for large scale, an
inexpensive and efficient catalytic system that produces formic acid under mild conditions is
necessary. Recent work on the development of base-metal catalysts has provided a glimpse into
the possibility of constructing a reasonable approach to this reaction. However, most complexes
using abundant metals still demonstrate activities that are lower than the best noble-metal
catalysts (See Chapter 1). Exceptions to this trend are iron (1.47) * and cobalt (1.50)* systems
taking advantage of fundamental organometallic chemistry to rationally design transition metal
complexes that are more active. The success of such catalysts is thought to be due to the hydricity
of the metal-hydride bond. Hydride donor abilities (or the free energy for cleaving H from a

metal hydride, AGy-) have been characterized for a range of complexes (Figure 2.1). 36739

Figure 2.1. Experimentally and computationally measured hydride donor abilities of
transition metal complexes of the general structure H-M(ligand), *
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Second and third row transition metal complexes are better hydride donors than their

respective first row transition metal counterparts. Although the ligands bound to the metal dictate
the absolute hydricity (AGy-) for all metal-hydride complexes experimentally or computationally
explored, the trend remains the same. Most research into the hydrogenation of CO, has described
the rate-determining step of the catalytic cycle as a metal-hydride insertion into the carbon of
CO,. These investigations on hydricity support experimental results that indicate base-metal
catalysts are less reactive toward carbon dioxide.

In 2009, Nozaki ef al. reported on the highly active iridium-PNP-pincer complex 1.32. %
Under aqueous conditions, the group proposed the iridium—hydride bond was so hydridic that the
rate-determining step was no longer hydride insertion into CO,. Instead, the rate-determining step
was proposed to be the deprotonative dearomatization of the iron-hydroxide intermediate 1.34

(Scheme 2.14).

Scheme 2.14. Iridium-PNP-pincer 1.32 catalyzed hydrogenation of CO,
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Hazari and coworkers also highlighted the importance of the nucleophilicity of the metal—

hydride by comparing the computational energies for a series of Ir—H insertions into CO,.*' They
hypothesized that more nucleophilic hydrides would make metal-hydride insertions into CO,
more favorable. As hydrides are one of the strongest trans-effecting ligands, “a variety of trans-

hydride complexes were compared for their ability to insert into carbon dioxide (Table 2.2).

Table 2.2. Comparative computational AGy- for a series of Ir—H insertions into CO,*

Entry Compound Ir-H Bond Length (A)  AG® (kcal/mol)”
1 trans-(PMes);IrH; 1.681 (1.613) 3.75 (15.0)
2 trans-(NHC);1rH;* 1.662 (1.640) —4.59 (8.68)
3 trans-(PMes)(NHC)IrH;* 1.673 (1.640) 1.01 (7.74)
4 trans-(HN(CH,CH,P'Pr,))IrH; (1.38) 1.678 (1.584) —4.88 (18.4)

“Numbers in parentheses refer to values for the hydride frans to the L type ligand. PAGe =
Gibbs free energy, 298 K, 1 bar, with solvent corrections for THF. “NHC = 1,3-dimethyl-4,5-
dihydroimidazol-2-ylidene.

Metal-hydride insertions into CO, were favored with iridium-pincer complex trans-
(HN(CH,CH,P'Pry))IrH; (1.38). To support this phenomenon being kinetic and not
thermodynamic, the bond lengths of the metal-hydride bonds were determined to be similar in
length with no trend based on the Gibbs free energy (AGy-). Similar to Nozaki’s iridium species,

trans-(HN(CH,CH,P'Pr,))IrH; (1.38) demonstrated high TONs and TOFs (Scheme 2.15).

Scheme 2.15. Iridium-pincer 1.38 catalyzed hydrogenation of CO,
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In 2011, Milstein and coworkers attempted to use these investigations to explore iron

catalyzed hydrogenation reactions (Scheme 2.16). ** It is hypothesized that the success of
Milstein’s iron-PNP pincer 1.47 is due to the frans-effect of the hydrides making the metal—

hydride more nucleophilic compared to typical base-metal catalysts.

Scheme 2.16. Iron-PNP-pincer 1.47 catalyzed hydrogenation of CO,
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In 2013, Linehan ef al. reported on the hydrogenation of CO; catalyzed by cobalt-hydride
species 1.50 (Scheme 2.17).>>** Using thermodynamic parameters of hydricity (AGy-) and
acidity (pK,) as guides, the group designed a catalytic system that was extremely active for

formic acid production.

Scheme 2.17. Co(dmpe),H (1.50) catalyzed hydrogenation of CO,
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2.2.2  Approaches to Increase Reactivity of Carbon Dioxide

A complimentary approach is to activate carbon dioxide to make it more electrophilic,
and therefore more prone to nucleophilic attack by a metal-hydride bond. Based on previous
success with transition metals and FLPs, we hypothesized that a bifunctional catalyst system that
incorporates a Lewis base and a transition metal would be well suited for the conversion of CO,
to formic acid. Addition of an N-heterocyclic carbene and a transition metal under pressures of

CO; and H; could facilitate the reduction of CO, to formic acid (Scheme 2.18).

Scheme 2.18. Proposed CO, hydrogenation catalyzed by a Lewis basic NHC and Lewis
acidic transition metal
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Based on the known reactivity of NHCs with CO,, formation of a zwitterionic
imidazolium or dihydroimidazolium carboxylate should be facile. Protonation of this species by
addition of H, and a transition metal would form a carboxylic acid intermediate 2.27 that would
be prone to nucleophilic attack. The formation of such a species is not unprecedented as Kuhn

and coworkers demonstrated the synthesis of imidazolium carboxylic acid moiety 2.20 upon
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addition of HCI to imidazolium carboxylate 2.19.%' Delivery of a metal-hydride would form the

tetrahedaral intermediate 2.28, which would then eliminate formic acid and regenerate the N-
heterocyclic carbene. Again, formation of an intermediate such as 2.28 is not unprecedented as
Zhang, Ying, and coworkers proposed the formation of tetrahedral intermediate 2.26.*° The
formation of the carboxylic acid intermediate 2.27 should activate CO, and facilitate hydride
insertion. Consequently, higher catalytic activity should be observed compared to reactions with
free carbon dioxide.

A major challenge with this strategy is the strong tendency for N-heterocyclic carbenes to
bind with transition metals. To overcome this hurtle, we have targeted bulky NHCs that will be
less likely to interact with the sterically encumbered transition metal. Furthermore, the judicious
design of a ligand containing a pendant N-heterocyclic carbene could prevent binding to the metal
center (Figure 2.2). In addition to steric bulk around the periphery of the NHC, employing a rigid
aryl spacer (with ortho-, meta-, or para-substitution) between the NHC and an ancillary group
could provide precise control over the distance between the metal center and the NHC. The steric
encumbrance and constrained geometry should discourage binding to the metal center while still

allowing for activation of the relatively small carbon dioxide molecule.

Figure 2.2. Ligand design for the development of a bifunctional catalyst (blue = NHC for
CO; activation with steric bulk, red = geometrically rigid spacer, green = ancillary group)
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It is our view that combining the ability of transition metal complexes with the reactivity

of N-heterocyclic carbenes offers exciting possibilities for exploration into new activation
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pathways. Although NHCs have been demonstrated to have moderate nucleophilicity but high

Lewis and Brensted basicity, their use as Bronsted bases remains limited. Several
transesterification reactions using NHCs have been reported, * ¥ in which the carbene species
were believed to exhibit Brensted base characteristics. Additionally, use of NHCs as Bronsted
base catalysts for Michael addition reactions ** or transformations of rearrangements of
cyclopropyl enol esters have been explored recently. * We hypothesize that the addition of an
NHC as a pendant Brensted base on a transition metal catalyst could also provide enhanced
production of formic acid. The generation of a bifunctional complex not only has the potential to
be used in hydrogenation of CO,, but also a variety of useful chemical transformations. The
general concept of a Lewis acidic transition metal in close proximity with a Lewis base can be
advantageous for the activation of other ubiquitous functional groups such as carbon monoxide,

methane, alkenes, alkynes, aldehydes, and boranes.
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2.3 Addition of Imidazolium, Dihydroimidazolium, Bicarbonate and Other

Salts

2.3.1 Imidazolium and Dihydroimidazolium Salts

Initial investigations were focused on the addition of imidazolium salts to a transition
metal system. Since base-metal catalysts often have low activity, we chose to investigate
ruthenium catalysts that have demonstrated moderate activity in the past. First, we explored the

effect of imidazolium salts on reactions catalyzed by RuCl,(PPh;); (2.29) (Table 2.3).

Table 2.3. Addition of imidazolium salts to RuClL,(PPh;); (2.29)

o
_ A \PPhy
PhgP RéUI\PPhs

2.29
002 + H2 > HCOZH—NOCt3

Jpr Y ipr,, x©

(22 bar) (47 bar) .
g @
\—/ j

Pr Pr
NOcts (10 equiv.)
DMSO, 50 °C, 21 h

Entry X Y TON* Acid/Base” Increase (%)°

14 N/A N/A 55 (19) 5.5 N/A

24/ Cl H 65 (17) 6.5 18

348 HCO; H 110 (30) 11 100

4° N/A CO, 111 (26) 11 101
“TON = (mol HCO,H-NOct;)/(mol cat.), represented as an average of at least three
experiments with average errors in parentheses. "Acid/Base = (mol HCO,H-NOct;)/(mol
NOct;). “Increase = {[TON — TON(entry 1)]/TON(entry 1)} x 100. “No additive.
°Additive:cat. = 5. /1,3-bis(2,6-diisopropylphenyl)imidazolium chloride (2.30). 1,3-
bis(2,6-diisopropylphenyl)imidazolium bicarbonate (2.31).

Formic acid production was increased by 100% upon the addition of small quantities of 1,3-

bis(2,6-diisopropylphenyl)imidazolium bicarbonate or carboxylate salts. No increase in activity
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was observed with imidazolium chloride salts, indicating the presence of the bicarbonate or

carboxylate is important.

Based on work done by Jessop and Noyori when studying RuH,(PMes), (1.12) catalyzed
reactions, »° the amount of base relative to the amount of formic acid produced is extremely
important. This number is valuable because the presence of base is crucial for favorable
thermodynamics. Jessop, Noyori, and coworkers determined that reactions with product/base
ratios of around 1 were ideal. Under our conditions, product to base ratios were between 5 and 11
(Table 2.3, FA/Base). We then investigated the effect of the amount of base on the reaction
(Table 2.4). Upon increasing the amount of base, larger amounts of formic acid were produced.
Additionally, reactions with added 1,3-bis(2,6-diisopropylphenyl)imidazolium carboxylate salt

2.21a demonstrated a 199% increase in formic acid production (entries 3 and 4).

Table 2.4. Effect of the amount of base on reactions catalyzed by RuCl,(PPh;); (2.29)

Cl

| \PPh
—Ru." 3
PhaP —Ruppp?

Cl

2.2
002 + H2 9 > HCOQH—NOCtg

(22bar) (47 bar) O%O

Jpr T Pr.,
Q\N N ’O
ipr \=/ iy
2.21a
DMSO, 50 °C, 21 h

Entry NOct; Equiv. TON®  TON (2.21a)”  Acid/Base’ Increase (%)’
1 60 69 (3) 123 (4) 2.1 78
2 200 73 (6) 218 (5) 1.1 199
“TON = (mol HCO,H-NOct;)/(mol cat.), represented as an average of at least three
experiments with average errors in parentheses. "TON with 2.21a, 2.21a:cat. = 5.
‘Acid/Base = (mol HCO,H-NOct;)/(mol NOcts) in reactions with 2.21a. “Increase =
{[TON(2.21a) — TON]/TON} x 100.
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To investigate the generality of these results, CO, hydrogenation reactions were carried

out using RuCl,(p-cymene)(PPh;) (2.32) in the presence and absence of imidazolium carboxylate
salts (Table 2.5). Similar to results with RuCly(PPh;s); (2.29), the addition of imidazolium

carboxylate salts gave higher TONs as compared to reactions without any additives.

Table 2.5. Addition of imidazolium salts to RuCl,(p-cymene)(PPh;) (2.32)

COQ + H2 o > HCOQH—NOCt?,
(22 bar) (47 bar) O IO

R' ‘\R . R’
Qe

NOcts (60 equiv.)
DMSO, 50 °C, 21 h

Entry R R’ TON*  Acid/Base” Increase (%)
1 N/A N/A 26 (8) 0.4 N/A
24 Pr H 47 (12) 0.8 81
3¢ Me Me 33 (3) 0.5 27

“TON = (mol HCO,H-NOct;)/(mol cat.), represented as an average of at
least three experiments with average errors in parentheses. "Acid/Base =

(mol HCO,H-NOct;)/(mol NOct;). “Increase = {[TON — TON(entry
1)J/TON(entry 1)} x 100. “Additive:cat. = 5.

Previous investigations into ruthenium-catalyzed hydrogenation of CO, discovered that
the identity of the base was also extremely important. A base screen was done with 1,4-
diazabicyclo[2.2.2]octane = (DABCO), 4-(dimethylamino)pyridine (DMAP), TMEDA,
tributylamine (NBus), and KOH (Table 2.6). The identity of the base affected the production of
formic acid, however, neither the aqueous pK, of the conjugate acid or the state (solid or liquid)
of the base dictated whether the activity was high or low. All bases, except for KOH,

demonstrated enhanced production of formic acid with the addition of imidazolium carboxylate
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2.21a. Reactions utilizing NBu; as the base showed the highest TON and increase in TON from

reactions without the presence of imidazolium carboxylate 2.21a.

Table 2.6. Effect of base identity on the activity of RuClL(p-cymene)(PPh;) (2.32)

—~( 2>

[
Ru..,

- N Cl
PhaP” g

232
CO, + H, » HCO,H-Base

(22 bar) (47 bar) ,.P? :@E’gr

NG N
pr \=/ ipr
2.21a
DMSO, 50 °C, 21 h

Entry Base” pK,” TON* TON (2.21a)°  Increase (%)
1 DABCO 3.0,8.8 173 (18) 231 (7) 34
2 DMAP 9.2 0 (0) 10 (2) N/A
3 TMEDA 74,102 107 (14) 161 (11) 50
4 NBu; 10.9 307 (45) 547 (60) 78
5 KOH 15.7 369 (33) 333 (100) 9.8

400 equiv. "pK, of the conjugate acid in H,O. “TON = (mol HCO,H-Base)/(mol cat.),
represented as an average of at least three experiments with average errors in
parentheses. “TON with 2.21a, 2.21a:cat. = 5. “{[TON(2.21a) — TON]/TON} x 100.

While initial results were obtained with 2,6-diisopropylphenyl or mesityl imidazolium
salts, we wanted to investigate the structural dependence of the additive on the reactivity (Table
2.7). Although not all salts demonstrated the same increase, all did show some enhancement in
the production of formic acid. Both sterically accessible (2.21¢) and sterically hindered [1,3-
bis(tert-butyl)imidazolium (2.21d)] salts demonstrated an increase in activity with no trend based
on sterics. The mesityl-substituted salt 2.21a was more active as compared to its
dihydroimidazolium counterpart 2.22b. This observation was not explored further, but the results

do not seem to be based on electronics, as there was no trend based on the pK, of the salt.
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Table 2.7. Effect of the carboxylate structure on the reactivity of catalyst 2.32

—~ o<

[
Ru.,,

- 3 'Cl
PhsP” Y
2.32
CO2 + H2 ) > HCOQH—NBU3
(22bar) (47 bar) o I/O

R-N=N-R

NBuj (400 equiv.)
DMSO, 50 °C, 21 h

Entry R R’ pK.* TON’ Increase (%)°
1 N/A H N/A 307 (45) N/A
24 2,4,6-Me;Ph H 20.8 567 (108) 84
34 2,4,6-Me;Ph H, 21.3 349 (139) 14
44 Me H 23.0 477 (60) 55
54 Bu H 25.2 362 (44) 18

“bK, of the conjugate acid in H,O. "TON = (mol HCO,H-NBus)/(mol cat.),
represented as an average of at least three experiments with average errors in
parentheses. “{[TON — TON(entry 1)]/TON(entry 1)} x 100. “Additive:cat. = 5.

We hypothesized that the benefit of carboxylate salts could be due to at least four
possible roles: (1) a Bronsted base by stabilizing formic acid; (2) a ligand for the transition metal;

(3) a source of bicarbonate; (4) an activator to stabilize carbon dioxide.

Scheme 2.19. Possible roles of imidazolium carboxylates on the hydrogenation of CO;
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First, we investigated the ability for the imidazolium carboxylate to act as a Brensted

base. With RuCl,(PPh;); (2.29) and RuCl,(p-cymene)(PPh;) (2.32), we compared the activity of

reactions with exogenous base only, exogenous base and 2.21a, and 2.21a only (Table 2.8).

Table 2.8. Use of imidazolium carboxylate as a Brensted base

¢l — o<

| .PPh
—Ru." 3 I
Ph3P R|U\Pph3 or /Ru\"'ICI
Cl PhsP” g,
2.29 2.32
CO, + H, > HCO,H-Base
oLo
(22 bar) (47 bar) ) .
JPr IfPr,,,
Q\N N @
pr \=/ ipr
2.21a

DMSO, 50 °C, 21 h

Entry Cat. NOct; Equiv. 2.21a Equiv. TON Increase (%)”
1 60 0 69 (3) N/A
2 2.29 60 5 123 (4) 78
3 0 65 227 (4) 229
4 60 0 26 (8) N/A
5 2.32 60 5 47 (12) 81
6 0 65 114 (8) 338

“TON = (mol HCO,H-NOct;)/(mol cat.), represented as an average of at least three
experiments with average errors in parentheses. “Increase = {{TON — TON(no
additive)]/TON(no additive)} x 100.

If imidazolium carboxylates cannot act as Brensted bases, then reactions without
exogenous base should give no activity. We would anticipate that if the carboxylate were acting
solely as a Brensted base, then reactions with 60 equiv. of NOct; / 5 equiv. of 2.21a and reactions
with only 65 equiv. of 2.21a would give the same TON. The fact that reactions without any
NOct; (entries 3 and 6) showed activity demonstrates that 2.21a can act as a Bronsted base.

However, since reactions with 60 equiv. of NOct; and 5 equiv. of 2.21a and reactions with 65
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equiv. of 2.21a only gave different results, the imidazolium carboxylate is not acting solely as a

Brensted base.
Second, we explored the possibility that the addition of the imidazolium carboxylate
could be facilitating the formation of a metal-NHC complex by synthesizing an N-heterocyclic

carbene variant of RuCly(p-cymene)(PPhs) (2.32), RuCly(p-cymene)(NHC) (2.33) (Table 2.9). o

Table 2.9. Use of imidazolium carboxylate as an ancillary ligand on ruthenium

u.,
Au.. @ c

PhgP ’ \CICI N ‘Mes
2.32 2.33
C02 + H2 > HCOzH—NBU3
(22bar) (47 bar) e @,\?
Me \Q\\ I e ‘0, Me
NDN O
Me \—/ Me

2.21b

NBus (400 equiv.)
DMSO, 50 °C, 21 h

Entry Cat. TON* TON (2.21b)" Increase (%)
1 2.32 307 (45) 567 (108) 84
2 2.33 294 (67) 508 (1) 42,65

“TON = (mol HCO,H-NBu;)/(mol cat.), represented as an average of at least three
experiments with average errors in parentheses. "TON with 2.21b, 2.21b:cat. = 5. “Increase
= {[TON(2.21b) — TON]/TON} x 100. {[TON(2.32) — TON(2.33)]/TON(2.33) x 100.

If a ruthenium-NHC complex provided a similar increase in activity as adding the
imidazolium carboxylate, then forming such a complex could possibly be providing the
enhancement in reactivity. However, if the ruthenium-NHC complex demonstrates a different
TON, then it is unlikely that such a complex is forming. The ruthenium-NHC 2.33 provides a

similar activity to that of the complex 2.32 (entries 1 and 3). These results indicate that the

addition of 2.21b is not solely facilitating the formation of a metal-NHC complex. Further
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support is the rate enhancement demonstrated with the addition of 2.21b to RuCly(p-

cymene)(NHC) (2.33). However, this does not rule out the possibility that the imidazolium
carboxylate is facilitating the formation of a ruthenium-NHC and a supplementary role.

Third, we investigated the capability of the imidazolium carboxylate to act as a source of
bicarbonate. It is known that, with the addition of water, imidazolium carboxylates are in
equilibrium with their corresponding bicarbonates. 2 If the addition of a different source of
bicarbonate provides similar results, the imidazolium carboxylates could be acting as a source of
bicarbonate (Table 2.10). The addition of potassium bicarbonate (KHCO;) or potassium
carbonate (K,COj) provides a similar increase in TON. This indicates that the equilibrium

between the imidazolium carboxylate and bicarbonate can provide a source of bicarbonate.

Table 2.10. Use of imidazolium carboxylate as a source of bicarbonate

—o<

[
Ru.,
- N'Cl
PhsP Cl
2.32
ar ar
Me \Q‘\MGIMG Me
NN O
Me \—=/ Me
2.21b
or KHCOS or K2003

NBus (400 equiv.)
DMSO, 50 °C, 21 h

Entry Additive TON* Increase (%)
1 N/A 307 (45) N/A
2 2.21b 567 (108) 84
3¢ KHCO; 577 (32) 87
4 K,CO; 562 (53) 83

“TON = (mol HCO,H-NBus)/(mol cat.), represented as an average of
at least three experiments with average errors in parentheses. "Increase
= {[TON — TON(entry 1)]/TON(entry 1)} x 100. “‘Additive:cat. = 5.
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2.3.2 Bicarbonate and Other Inorganic Salts

We discovered that formic acid production increased by 84% upon the addition of small
quantities of KHCOj; to reactions catalyzed by RuCly(p-cymene)(PPhs) (2.32) (Table 2.11) with
600 equivalence of exogenous base. > Productivity could be further increased by up to 140% with

the addition of more KHCO; (entries 3 and 4).

Table 2.11. RuClL(p-cymene)(PPh;) (2.32) catalyzed hydrogenation promoted by KHCO;

I
Ru.,
< y"Cl
PhsP Cl
2.32
COQ + H2 - > HCOZH—NBU3
(22 bar) (47 bar) NBus (600 equiv.)
DMSO, 50 °C, 21 h

Entry Additive KHCOs:cat ratio TON* Increase (%)

1 N/A N/A 324 (48) N/A
2 KHCO; 5 595 (63) 84

3 KHCO; 50 674 (24) 108
4 KHCO; 100 779 (52) 140

“TON = (mol HCO,H-NBus)/(mol cat.), represented as an average of
at least three experiments with average errors in parentheses. *{[TON
— TON(entry 1)]/TON(entry 1)} x 100.

Cognizant of the known sensitivity for CO, hydrogenation to base concentration, > we
carried out reactions at various tributylamine concentrations in the presence and absence of the
KHCOs; additive. As expected, the activity of the catalytic system was optimal at intermediate
base concentrations for reactions run in the presence and absence of KHCO; (Figure 2.3).
Interestingly, the effect of the added KHCO; was more pronounced at an optimal tributylamine

concentration.
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Figure 2.3. Sensitivity of CO, hydrogenations to NBu; concentration. Reaction conditions
are defined in Table 2.11 where KHCOj:cat. ratio = 5. Error bars represent average errors.
Trend lines shown are a guide for the eye only.
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To investigate the generality of the phenomenon, reactions were carried out using a

variety of known catalysts in the presence and absence of KHCO; (Figure 2.4, Table 2.12).

Figure 2.4. Noble-metal catalysts used for hydrogenation of CO,
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Under our initial conditions, six of nine noble-metal complexes demonstrated at least a

31% and up to a 510% increase in productivity with the addition of KHCO;. Two catalysts
showed no beneficial effect (entries 6 and 7), and only one showed a substantial decrease in
activity (entry 8). Although RuCl(OAc)(PMes),s (1.17) demonstrated no increase in productivity,
the remarkable activity of this catalyst may have masked the beneficial effect of the additive due
to the predominance of formic acid decomposition that occurs when formic acid is produced in
excess of added base (HCO,H/NBu; = 2.4). > The productivity is lower in comparison to the
reported value due to differences in solvent and pressure. This explanation does not account for
2.38 and 2.39, which show no beneficial effect or decrease in activity upon addition of KHCO;.
We currently have no explanation for these outliers, but it is not associated with the fact that these
catalysts proceed by an “outer sphere” rather than an “inner sphere” hydrogenation mechanism;
otherwise, catalysts 2.35 and 2.36 would not show enhanced productivity upon addition of

KHCO; (entries 2 and 3).

Table 2.12. Noble-metal catalyzed hydrogenation of CO, in the presence and absence of
KHCO;

cat.
COQ + H2 ) > HCOzH—NBUG}
(22bar) (47 bar)  NBus (800 equiv.)
DMSO, 50 °C, 21 h

Entry Cat. TON* TON (KHCO;)" Increase (%)
1 2.34 9(1) 55 (7) 510
2 235 130 (13) 260 (30) 100
3 2.36 286 (23) 475 (65) 66
4 2.37 561 (32) 804 (75) 43
5 2.29 386 (8) 505 (22) 31
6 1.17 1332 (88) 1430 (206) 7
7 2.38 692 (53) 634 (78) -8
8 2.39 419 (19) 165 (16) —61

“TON = (mol HCO,H-NBu;)/(mol cat.), represented as an average of at
least three experiments with average errors in parentheses. "TON with
KHCO;, KHCOj:cat ratio = 5. ‘Increase = {[TON(KHCO;) -
TONJ]/TON} x 100.
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We next explored an iron CO, hydrogenation catalyst reported by Beller and coworkers,

Fe(BF,),-6H,0/alkyl-PP; (1.40) > (Table 2.13). Utilizing conditions similar to those described in
the original report, reactions with 1.40 demonstrated a minimal increase in activity with the
addition of KHCO; (entry 1). No reaction was observed under the conditions in Table 2.12.
However, reactions catalyzed by FeCly/alkyl-PP; showed an 80% increase in formic acid
production with the addition of KHCOj; (entry 2). The productivity is lower than reported due to

the increased concentration of NEt; required to achieve reproducible results.

Table 2.13. Iron catalyzed hydrogenation of CO; in the presence and absence of KHCO;

cat.
CO, + Ho > HCO,H-NEt;

(22 bar) (47 bar) NEt; (600 equiv.)
MeOH, 100 °C, 21 h

Entry Cat. TON* TON (KHCO;)" Increase (%)
1 Fe(BFa)/alkyl-PP; (1.40) 124 (5) 187 (58) 51
2 FeCly/ alkyl-PP; 142 (8) 256 (60) 80

“TON = (mol HCO,H-NEt;)/(mol cat.), represented as an average of at least three
experiments with average errors in parentheses. . "TON with KHCO;, KHCOs:cat ratio =
5. “Increase = {{TON(KHCO3) — TON]/TON} x 100.

In order to gain some mechanistic understanding, stoichiometric reactions were
conducted between RuCl,(p-cymene)(PPh;) (2.32) and KHCO; under 1 bar of CO, in DMSO-dg
at 50 °C. The progress of these reactions was monitored by 'H and *'P NMR spectroscopy.
Analysis of the *'P NMR spectrum of the mixture after 16 h indicated the presence of PPhs,
OPPhs, and two new species with resonances at +33 ppm and +45 ppm (Figure 2.5). In the 'H
NMR spectrum, free p-cymene and a new ruthenium species containing bound p-cymene were

observed.
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Figure 2.5. Time course of the stoichiometric *'P experiment of RuCl(p-cymene)(PPhs)
(2.32) and KHCO; in DMSO-d; at 50 °C under 1 bar CO,
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We speculated that the new complexes being formed were ruthenium complexes
containing bicarbonate or carbonate as ligands. To verify this hypothesis Ru(i’>-0,CO)(PPh;)(p-

cymene) (2.40) was independently synthesized *® and crystals suitable for X-ray crystallography

were obtained (Figure 2.6).

Figure 2.6. Crystal structure of Ru(x’-0,CO)(PPh;)(p-cymene) (2.40) with thermal
ellipsoids represented at the 50% probability level
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The *'P NMR spectrum of 2.40 shows a peak at +33 ppm, which is the same shift as one

of the two species formed during the reaction between 2.32 and KHCO;. To test its catalytic
competency, 2.40 was subjected to our standard hydrogenation conditions (Scheme 2.20).
Compared to ruthenium-dichloride complex 2.32 (Table 2.11, entries 1 and 2), 2.40 demonstrated

a similar activity to what was observed upon the addition of KHCOs to 2.32.

Scheme 2.20. Activity of Ru(ic*-0,CO)(PPh;)(p-cymene) (2.40) for CO, hydrogenation

2.40
COQ + H2 ; » HCOzH—NBU3
(22 bar) (47 bar) NBuj (600 equiv.)
DMSO, 50 °C, 21 h

TON = 481 (21)
TON (KHCO,) = 492 (32)

Importantly, no further increase in activity was observed upon addition of additional KHCO;.
These results suggest that a critical role of the bicarbonate additive is to form complexes similar
to 2.40, which are superior catalysts compared to the dichloride complexes commonly used as
CO; hydrogenation catalysts.

While several researchers have speculated about the importance of ruthenium bicarbonate
or carbonate species for CO, hydrogenation, > > discrete carbonate complexes had never before
been examined as catalysts for CO, hydrogenation. However, Noyori, Jessop, and coworkers
disclosed that replacing a chloride with an acetate led to increased activity for RuCI(OAc)(PMe;)4
(1.17) compared to RuCl,(PMes)s (1.13). *Ina subsequent report, Jessop concluded that the
increased activity observed for 1.17 was due to the complex’s ability to more readily form

[RuH(PMe;)4]" (1.18) via the intramolecular deprotonation of [Ru(1r]2-H2)(0Ac)(PMe3)4]+ (1.20)
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by acetate (Chapter 1, Scheme 1.5). > We hypothesized that the bicarbonate additives disclosed

herein serve a similar role as does acetate in 1.17.
To test this hypothesis, we carried out hydrogenation reactions catalyzed by 2.32 in the
presence of various inorganic salts capable of binding in the k’-coordination mode and whose

conjugate acids span a wide pK, range (Figure 2.7).

Figure 2.7. Hydrogenation of CO, with addition of various inorganic salts. Reaction
conditions defined in Table 2.11 where additive:cat. ratio = 5. Error bars represent average
errors. (Dotted line = TON without additive)
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If the additive serves as an internal base, we reasoned that the productivity of the reaction
would depend on the pK, of the additive. These experiments revealed no trend between
productivity and the aqueous pK, of the additive. For example, KNO; was one of the most
effective additives for the reaction despite nitrate being significantly less basic than bicarbonate.
While many additives resulted in increased activity, some such as sulfates and phosphates
demonstrated no improvement. Interestingly, when the additive demonstrated a beneficial effect,
the increased productivity occurred at about the same level. This observation further demonstrates

that the role of the additive is unrelated to its electronic properties.
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Based on these observations, we hypothesize that the role of the additive is related to its

structure. One possibility is that the additive prevents decomposition by bridging two metal atoms
thereby forming a bimetallic resting state (Scheme 2.21). Jessop and coworkers observed similar
dimeric species to be stable and catalytically competent during their mechanistic investigations

into the hydrogenation of CO, catalyzed by RuCI(OAc)(PMe;)4 (1.17). >

Scheme 2.21. Mechanistic proposal for the role of additives in the hydrogenation of CO,
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Consistent with this possibility was the species observed during the stoichiometric
reactions between 2.32 and KHCO; with a resonance at +45 ppm in the *'P NMR spectrum. This
species was also observed as the exclusive product when 2.40 was exposed to DMSO-d; at 50 °C
under one bar of CO,, and was accompanied by free p-cymene observed in the 'H NMR spectrum

(Figure 2.8). These data suggest that the species is a DMSO adduct containing PPh; and
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carbonate ligands, which was not observed in the absence of KHCO;. Although attempts to

definitively identify this species have been unsuccessful, one possibility is that it is a bimetallic

complex containing bridging carbonate ligands.

Figure 2.8. Time course of the *'P NMR of Ru(i*-0,CO)(PPhs)(p-cymene) (2.40) in DMSO-
dg at 50 °C under 1 bar CO,
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To investigate the importance of our findings, we explored a ruthenium CO, hydrogenation
catalyst reported by Leitner and coworkers, Ru(acac)s/triphos-2 (2.41; triphos-2 = 1,1,1-
tris(diphenylphosphinomethyl)ethane) (Table 2.14), which is one of the most active homogenous
catalyst for methanol production. ° Utilizing conditions similar to those described in the original
report, reactions with 2.41 demonstrated a decrease in activity with addition of KHCO; (entries 2
and 3). However, without the presence of acid (determined by the addition of MeSO;K instead of

MeSO;H), the activity of 2.41 is much lower (entries 1, 2 and 5). Without acid, the addition of
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KHCO;j; increased the activity of 2.41 by 110% (entries 1 and 4), which is consistent with the

increased activity demonstrated for catalytic systems producing formic acid.

Table 2.14. Ruthenium catalyzed hydrogenation of CO; to methanol

Ru(acac);
+
Ph,P \{\/Pth
PPh,
2.41
COZ + H2 o > MeOH
(10 bar) (33 bar) EtOH, THF, 140 °C, 24 h
Entry Additive(s) TON“ Increase (%)

1 N/A 10 N/A
2¢ MeSO;H 50 400
3%¢ MeSO;H / KHCO; 29 190
47 KHCO; 21 110
5 MeSO;K 6 —4(

“TON = (mol MeOH)/(mol cat.). “Increase = {[TON —
TON(entry 1)]/TON(entry 1)} x 100. “MeSO;H(K):cat.
= 1.5. “KHCOs:cat. = 5.
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2.4 Synthesis and Activity of a Ruthenium Complex Bearing a Pendant

Dihydroimidazolium Salt

2.4.1 Design, Synthesis, and Characterization

We hypothesized that the development of a judiciously designed transition metal
complex containing a pendant N-heterocyclic carbene could facilitate the reduction of CO; to
formic acid. A major challenge with this strategy is the strong tendency for N-heterocyclic
carbenes to bind with transition metals. To overcome this hurtle, we have targeted a bulky NHC
and rigid aryl spacer with tunable substitution between the NHC and the ancillary phosphine
group. The steric encumbrance and constrained geometry should discourage binding to the metal
center while still allowing for activation of the relatively small carbon dioxide molecule. A
concise and generalized route to the desired N-heterocyclic carbene ligand 2.42 is outlined in
Scheme 2.22. Based on the findings of Grubb and coworkers,(’1 we envisioned access to the N-
heterocyclic carbene ligand 2.42 by cyclization of the dissymmetrically substituted ethylene
diamine 2.43. We plan to form diamine 2.43through the combination of oxo-acetic acid 2.44 and

3-(diphenylphosphino)aniline (2.45).

Scheme 2.22. Proposed retrosynthesis for the N-heterocyclic carbene ligand 2.42

Pr
PPr ;e H Pr g NH,
N
- @ - N — OH *

NN pr M N 3
) —/ M0 PPh,
Pr PPh

2.42 2.43 2 2.44 2.45

The forward synthesis commenced with production of the oxo-acetic acid substrate 2.44

from commercially available starting materials (Scheme 2.23). Addition of chloroooxoacetate to a
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solution of 2,6-diisopropylaniline and NEt; gave the oxo-acetate 2.46 in a 95% yield, which was

used without further purification. The oxo-acetic acid substrate 2.44 was isolated after the

addition of 1 M sodium hydroxide to oxo-acetate 2.46 in a 72% yield.

Scheme 2.23. Synthesis of oxo-acetic acid substrate 2.44

iPr Pr
NH, i oEt_ NEtg Q 1 MNaOH_
“Cl B OFt OH
THF N T THE
O 0°Cto23°C - H o) 23°C
2.44

Pr 12 h Pr 12 h P

95% 2.46 72%

The synthesis of 3-(diphenylphosphino)aniline 2.45 was achieved after slight
modifications to a known literature procedure (Scheme 2.24). 62 Addition of one equivalent of n-
butyl lithium (nBuLi) followed by one equivalent of chlorotrimethylsilane to 3-bromoaniline at

—78 °C gave the mono-trimethylsilyl (TMS) protected aniline.

Scheme 2.24. Synthesis of 3-(diphenylphosphino)aniline 2.45

NHz i) nBuLi, THF N(SiMe3), i) nBuLi, THF N(SiMe3),
-78 °C, 10 min -78 °C, 10 min
ii) Me3SiCl iy PPh,CI
-78 °C -78°Ct023°C
Br 30 min Br 12 h PPh,
iii) nBuLi, THF 247 2.48
. -78 (?, 10 min 2 M HCI
iv) Me3SiCl MeOH
-78°Cto23°C 0
12 h 23°C
24 h
NH,
PPh,
2.45

60% overall
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After addition of a second equivalent of each, TMS protected aniline 2.47 was isolated and used

without further purification. The use of subsequent one equivalent additions was necessary to
avoid lithium-halogen exchange of the aryl-bromine bond. Also important for the same reason
were the short reaction times in steps (i) and (iii). At =78 °C, TMS protected aniline 2.47 was
treated with nBuLi followed by chlorodiphenylphosphine to generate diphenylphosphino TMS
protected aniline 2.48. The desired 3-(diphenylphosphino)aniline 2.45 was isolated by treatment
of 2.48 with 2 M hydrochloric acid in 60% 3-step yield after flash chromatography in 10% ethyl
acetate in hexanes.

The synthesis of the diamine 2.43 was achieved over two steps (Scheme 2.25). First,
intermediate 2.49 was generated by in situ formation of acid chloride 2.50 by addition of oxalyl
chloride and dimethylformamide (DMF) to oxo-acetic acid 2.44. Addition of 3-
(diphenylphosphino)aniline 2.45 in CH,Cl, followed by NEt; gave oxalamide 2.49. It was

necessary to add triethylamine after the addition of 2.45 to achieve reproducible results.

Scheme 2.25. Synthesis of the dissymmetrically substituted ethylene diamine 2.43

150 °C, 12 h
2.43 PPh, 70%

)DMF, O
Pr Cl cl Pr NH,
0 o 0
OH > clf
N CH,Cl, N
Pr o) 23°C, 4 h Pr o] PPh;
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Diamine 2.43 was synthesized upon treating a solution of oxalamide 2.49 in THF with

lithtum aluminum hydride at 150 °C in a pressure vessel. Reactions at lower temperatures
demonstrated reduction of only one of the two amides to the corresponding amine. Cyclization of
the dissymmetrically substituted ethylene diamine 2.43 with triethylorthoformate and an
ammonium salt generated a dihydroimidazolium salt (Table 2.15). Reactions after 1 hour,
utilizing ammonium tetrafluoroborate salts, provided pure material in high yields.
Dihydroimidazolium salts 2.51 and 2.52 are sensitive to acid under ambient conditions as they
often generate phosphine oxide products; therefore, all reactions under acidic conditions require

usage of air and moisture free techniques.

Table 2.15. Synthesis of dissymmetrically substituted dihydroimidazolium salts 2.51 and
2.52

Pr © PPh
H pr X 2
NN HC(OEt)3, NH X
pr H 120 °C NN
Pr
PPh
2.43 2 2.51, X = Cl
2.52, X = BF,

Entry X Time (h) Yield

1 Cl 12 33
2 Cl 1 54
3 BF, 1 69

The first attempt to synthesize transition metal complexes bearing a pendant
dihydroimidazolium salt ligand 2.51 utilized RuCl;-nH,O in an analogous fashion to the synthesis
of RuCl,(PPhs); (2.29) (Scheme 2.26). Based on analysis of the 'H NMR spectrum of the reaction
mixture, the diagnostic dihydroimidazolium peak at 11.6 ppm disappeared and a new
dihydroimidazolium peak at 11.1 ppm appeared. The 3'P NMR spectrum showed a change in the

chemical shift from —5.2 ppm to +28.5 ppm, which is common for metal bound phosphines.
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Although it seemed like a new ruthenium complex was formed, further characterization proved

difficult because the complex was extremely insoluble in most solvents.

Scheme 2.26. Synthesis of a ruthenium complex bearing a pendant dihydroimidazolium
ligand from RuCl;-nH,0

Py Cle PPh,
RUC|3’ nHzo . . .
AN ———— > unidentified species
N@ N MeOH
‘ — 65°C,12 h
Pr
2.51

In an effort to synthesize and characterize a ruthenium complex bearing a pendant
dihydroimidazolium salt ligand, 2.51 or 2.52 was added to dichloro(p-cymene)ruthenium(Il)
dimer in an analogous fashion to the synthesis of RuCl,(p-cymene)(PPhs) (2.32) (Scheme 2.27).
Analysis of the *'P NMR spectrum of the isolated red solid indicated the formation of a
ruthenium-phosphine bond with a resonance at +25.2 as opposed to —5.2 ppm in the starting
material. In the '"H NMR spectrum, no major changes were observed with the exception of new

peaks due to the p-cymene group.

Scheme 2.27. Synthesis of a ruthenium complex bearing a pendant dihydroimidazolium
ligand from [Ru(u-Cl);(p-cymene)],
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Although X-ray quality crystals of either 2.53 or 2.54 were not obtained, rigorous 'H, *'P,

13C, COSY, NOESY, and HSQC NMR analysis were able to elucidate the structure. Specifically,
the dihydroimidazolium ring is directed away from the ruthenium center. This determination was
made based on a through-space interaction between protons on the backbone of the

dihydroimidazolium moiety and a proton on the aryl spacer (Figure 2.9).

Figure 2.9. Solution phase structural determination based on NMR studies of 2.54 in
MeCN-d3
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In order to understand the behavior of ruthenium complexes like 2.53and 2.54 in future
stoichiometric and catalytic reactions, 'H and *'P NMR studies were conducted with complex
2.54. At room temperature, the complex is stable for up to two days in MeOD-d, and MeCN-d.
However, in DMSO-dq, the *'P NMR spectrum exhibits two resonances at +25 and +26 ppm in a
ratio of 1:3, respectively. Similarly to RuCl,(p-cymene)(PPh;) (2.32), the appearance of a new
species is thought to be due to the formation of a ruthenium-DMSO adduct. The complex was
then heated to 50 °C under 1 bar of N, in a variety of solvents. In MeOD-d, and MeCN-d;, with

the exception of H/D exchange of the dihydroimidazolium proton, no change was observed over
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the course of 16 hours. In DMSO-d, ruthenium complex 2.54 exhibited the same two resonances

as at room temperature in addition to free ligand.

2.4.2 Stoichiometric Reactivity

Based on the fact that, with the addition of water, dihydroimidazolium carboxylates are in
equilibrium with their corresponding dihydroimidazolium bicarbonate, > we postulated that the
activation of carbon dioxide could be achieved through the synthesis of a dihydroimidazolium
bicarbonate species. The reactivity of ruthenium complex 2.54 with KHCOj; at 50 °C under 1 bar
of CO, was examined in a variety of solvents. In MeOD-ds, MeCN-d;, and DMSO-d;, the
complex decomposed over the course of 16 hours. With the addition of excess base (NBus), in
DMSO-dg, complex 2.54 was converted into an unknown species. Resonances assigned to the
protons of the backbone of the dihydroimidazolium moiety (4.58 (t) and 4.32 (t) ppm) and the
protons of the p-cymene ring (5.24 (m) ppm) had converted to new peaks ranging from 5.6 to 8.4
ppm. Analysis of the 3'P NMR spectrum revealed both bound and free phosphine ligand.

Since RuCl,(p-cymene)(PPh;) (2.32) converted to Ru(O,CO)(p-cymene)(PPh;) (2.40),
triphenylphosphine, and triphenylphosphine oxide under similar conditions, > the behavior of the
dihydroimidazolium tetrafluoroborate ligand was examined. In DMSO-dg, the addition of KHCO;
to dihydroimidazolium tetrafluoroborate 2.52 converted the compound to an unknown species
with similar 'H resonances as with ruthenium species 2.54. With the addition of NBus, in DMSO-
ds, compound 2.52 was converted into the same unknown species. In addition, oxidation of the
phosphine was observed with a shift in the >'P NMR resonance from —5.2 ppm to +24 ppm. In
MeOD-d,, with the exception of H/D exchange of the dihydroimidazolium proton, no change was
observed over the course of 16 hours. Although these properties are unique to 2.52, reactions

were not clean enough to investigate further.
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Addition of base to dihydroimidazolium tetrafluoroborate 2.52 afforded free carbene 2.42

(Scheme 2.28). The reactivity of free carbene 2.42 with carbon dioxide was then investigated. In

toluene, the free carbene was treated with one atmosphere of CO, at room temperature.

Scheme 2.28. Synthesis and reactivity of free N-heterocyclic carbene 2.42 with CO,

o
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Using symmetrical NHCs explored in the past, the desired carboxylate salt precipitates out of
solution and isolated by filtration. With free carbene 2.42, no precipitation occurred and the
resulting solid isolated was a complex mixture. Analysis of the 'H and *'P NMR spectra indicated
the formation of multiple species and three new phosphorous containing compounds immediately
upon addition of CO,. Unfortunately, this reaction was not clean enough to investigate further.

In order to investigate the ruthenium-phosphine complex 2.54 further, we set out to

synthesize the analogous ruthenium-NHC complex (Scheme 2.29).

Scheme 2.29. Reactivity of free N-heterocyclic carbene 2.42 with [Ru(p-Cl),(p-cymene)],
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Upon addition of the free N-heterocyclic carbene 2.42 to [Ru(u-Cl),(p-cymene)],, a species

similar to the ruthenium-phosphine bound complex 2.54 was isolated. 'H and *'P NMR spectra
match those of complex 2.54 synthesized from the dihydroimidazolium tetrafluoroborate.
Interestingly, ruthenium bound N-heterocyclic carbene and free phosphine was not observed.
Although the majority of the NMR studies conducted indicated the instability of
ruthenium complex 2.54, the synthesis of Ru(Kz-OZCO)(PPh3)(p-cymene) (2.40) was completed
in a 1:1 mixture of acetone and water. Therefore, the reactivity of ruthenium complex 2.54 with
KHCO; was investigated in 1:1 acetone-d¢/D,O and the progress of the reaction was monitored

by 'H and *'P NMR spectroscopy (Figure 2.10).

Figure 2.10. *'P NMR spectra of stoichiometric reactions of complex 2.54 with KHCO;
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Based on the *'P NMR spectrum, after five minutes the starting material and three new species

with resonances at +33.1 (A), +31.5 (B/B’), and +28.5 ppm were apparent. At one hour, the
starting material had been completely consumed and the major phosphorus containing
compounds were at +33.1 (A), +31.5 (B), and +31.4 (B’) ppm. After a total of sixteen hours, the
*'P NMR spectrum showed two major resonances at +31.5 and +31.4 ppm in a ratio of 1:1.2,
respectively. Based on the '"H NMR spectrum, after 5 minutes resonances for new bound p-
cymene at 5.94 (d) and 5.63 (d) ppm, new aromatic protons at 7.13 (m) and 6.99 (m) ppm, and
new dihydroimidazolium backbone protons at 3.96 (m), 3.43 (t), and 3.38 (t) ppm were observed.
After 16 hours, the starting material had been completely consumed and the new resonances
observed were the major peaks.

We speculated that the new species A being formed was a ruthenium complex containing
bicarbonate or carbonate, similar to that observed with Ru(KZ-OZCO)(PPh;)(p-cymene) (2.40).
Based on the knowledge that the dihydroimidazolium bicarbonate and carboxylate are in
equilibrium, ** we postulated that these could be compounds B and B’. In order to investigate this
equilibrium, 'H and *'P NMR spectra were collected at 50 °C and then again after cooling to 25
°C. At 50 °C, there was one broad phosphorus resonance at +31.4 ppm in the *'P NMR spectrum.
The 'H NMR signals became broad and the resonances for the dihydroimidazolium backbone at
4.26 (br m), 3.71 (br m), and 3.41 (br m) ppm began to coalesce. Upon cooling back to 25 °C,
both the 'H and *'P NMR spectra were the same as before heating to 50 °C. This supports an
equilibrium mixture, not a conversion or decomposition to a new species upon heating. The
dihydroimidazolium tetrafluoroborate ligand 2.52 was then treated with KHCOj; in the same in
1:1 acetone-ds/D>O mixture. The '"H NMR spectrum showed starting material along with two new
species with similar '"H NMR resonances as those seen with ruthenium complex 2.54. The *'P
NMR spectrum displayed three resonances at —5.58, —=5.69, and -5.17 ppm in a 1:1.4:1.4 ratio,

respectively. Although the conversion is much lower (due to the fact that dihydroimidazolium
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tetrafluoroborate 2.52 is not soluble in 1:1 acetone and water), the ligand and the ruthenium

complex act similarly when KHCOj; is added.

To further explore these new complexes, the reactivity of ruthenium complex 2.54 with
KH"CO; was monitored by *C NMR in 1:1 acetone-d¢/D,O (Figure 2.11). Based on 'H and *'P
NMR spectroscopy, complex 2.54 had completely converted to the two new species previously
observed after a total of eight days. The *C NMR spectrum showed three °C labeled moieties:
one at 165 ppm, corresponding to a ruthenium carbonate (similar to that observed for Ru(ic*-
0,CO)(PPh;3)(p-cymene) (2.40)); one at 160 ppm, corresponding to bicarbonate, and one at 125

ppm, corresponding to free carbon dioxide.

Figure 2.11. ®C NMR spectra of stoichiometric reactions of complex 2.54 with KH"”COj
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The appearance of a peak corresponding to a carboxylate at 155 ppm was not observed.

Assuming the two species formed were in equilibrium, *C NMR spectra were collected at 50 °C
and then again after cooling to 25 °C. At 50 °C, the signal corresponding to free carbon dioxide
disappeared, while the other two peaks at 165 and 160 ppm remained unchanged. Upon cooling
to 25 °C, both the 'H and *'P NMR spectra were the same as before heating to 50 °C. We
hypothesized that the free CO, could be removed and then the equilibrium between 2.54/KHCO;
and the products would produce more CO,. Therefore, °C NMR spectra were collected after
exposing the mixture to vacuum and then after 16 hours at 25 °C. After exposure to vacuum, the
signal corresponding to free carbon dioxide disappeared. Unfortunately, after allowing the sample
to sit for 16 hours at 25 °C, the observation of more CO, was not seen. We currently have no
explanation for this result, but our other NMR data suggest the structure is an equilibrium
mixture.

To make sure that this was not common behavior for dihydroimidazolium compounds,
the reactivity of KH"CO; with 1,3-(2,6-diisopropylphenyl)dihydroimidazolium bromide was
monitored by 'H and *C NMR in 1:1 acetone-dy/D,0. Unlike with ruthenium complex 2.54, the
dihydroimidazolium bicarbonate is not in equilibrium with a second species at 25 °C in 1:1
acetone and water. In addition, based on the °C NMR spectrum, the only °C labeled species is
bicarbonate. With the 1,3-(2,6-diisopropylphenyl)dihydroimidazolium bromide starting material
there is no formation of >CO,. This does not disprove the existence of the free carbene for this
species, but indicates that if in equilibrium with a free carbene, the equilibrium constant is faster
than the NMR timescale.

Based on these results, we hypothesized that the result of the reaction between 2.54 and
KHCO; is an equilibrium between ruthenium carbonate complexes containing a
dihydroimidazolium bicarbonate and a free carbene (or quenched in the presence of D,0) (Figure

2.12). The mass spectrometry data also supports this hypothesis as it suggests a ruthenium (p-



cymene) species containing a dihydroimidazolium ligand quenched in the presence of H,O.

Figure 2.12. Proposed structure of newly formed ruthenium species 2.55
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In order to better understand the behavior of this newly formed ruthenium carbonate

mixture in future stoichiometric and catalytic reactions, 'H and *'P NMR studies were conducted.

At room temperature, the mixture is stable for short periods of time in MeOD-d4 and DMSO-ds.

The mixture was then heated to 50 °C under 1 bar of N, for sixteen hours. In MeOD-d;, the ratio

of the two *'P NMR signals changed and a new species at +52.5 ppm was observed. The identity

of this new species was never determined. In DMSO-d, five new 3'p NMR signals were observed

at +45.5, +45.4, +26.1, +26.0, and —5.7 ppm. Similar to the reactivity with Ru(Kz-OzCO)(PPh3)(p-

cymene) (2.40) in DMSO-dq, these peaks were attributed to ruthenium-DMSO adducts (+45.5,
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+45.4), oxidized phosphine dihydroimidazolium ligand salts (+26.1, +26.0), and free

dihydroimidazolium ligand (-5.7), respectively. In 1:1 acetone-d¢/D,0, the mixture was stable at
room temperature for days and at 50 °C for at least sixteen hours.

Preliminary stoichiometric reactions with ruthenium carbonate mixture 2.55 were
investigated. First, hydrogen was added to the species in 1:1 acetone-d¢/D,O at 4 bar (Scheme
2.30). Based on 'H and *'P NMR spectra, after one hour at room temperature no reaction had
occurred. The reaction was never heated or allowed to continue further than one hour. Second,
iridium-cyclooctadiene dimer was added to the species in MeCN-d;. The reaction was heated to
75 °C for thirty minutes, after which time the dark green reaction turned red. Although there was
no change in the 'H NMR signals for [Ir(cod)Cl],, there was free p-cymene and three resonances
in the *'P NMR spectrum at +26.5, +22.4, and +22.2 ppm. The identity of these newly formed
species were never determined. Although, the behavior of ruthenium carbonate mixture 2.55 in
MeCN-d; at 75 °C was not investigated, based on the data obtained from other solvents at 50 °C,

it is believed that species 2.55 decomposed under the reaction conditions.

Scheme 2.30. Stoichiometric reactions with ruthenium carbonate mixture 2.55

) H, (4 bar) [Ir(cod)Cl], "
no reaction - 2.55 » decomposition
1:1 acetone-dg/D,0 MeCN-ds
23°C,1h 75 °C, 30 min

2.43 Catalytic Activity

CO; hydrogenation reactions were carried out using ruthenium complex 2.54 in the
presence and absence of KHCOj; using our standard reaction conditions (Scheme 2.31). Reactions
catalyzed by 2.54 demonstrated a 100% increase in formic acid production with the addition of
KHCO3, which is similar to reactions with RuCl,(PPhs)(p-cymene) (2.32). However, the absolute

TONSs of complex 2.54 were lower than ruthenium 2.32.



Scheme 2.31. Hydrogenation of CO, catalyzed by ruthenium complex 2.54 in DMSO
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Based on our 'H and *'P NMR studies, complex 2.54 decomposed in DMSO-dj at 50 °C.

Therefore, we sought to explore the activity of 2.54 with various solvents and bases (Figure 2.13).

Figure 2.13. Ruthenium 2.49 catalyzed hydrogenation of CO; with alternative solvents and

bases
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In comparison to RuCl,(PPh;)(p-cymene) (2.32), complex 2.54 demonstrated similar or lower

activity in MeOH, THF, and H,O/THF (3:1). These results are not extremely surprising, as we
have previously observed no increase in formic acid productivity with dihydroimidazolium salts
that do not have bicarbonate or carboxylate anions.

Therefore, we investigated the catalytic activity of ruthenium carbonate mixture 2.55 in
the hydrogenation of CO, formic acid. Based on our 'H and *'P NMR studies of 2.55, we chose to
explore reactions in 1:1 acetone/H,O (Table 2.16). Reactions in 1:1 acetone/H,O demonstrated
overall much lower activity as compared to those previously seen in DMSO. With KOH as the
base, reactions catalyzed by Ru(Kz-OZCO)(PPh3)(p-cymene) (2.40) and ruthenium complex 2.54
showed an increase in activity, while ruthenium mixture 2.55 showed a decrease in activity as
compared to complex 2.32. Since the difference in reactivity is minimal and the average error was
not determined, the differences could be insignificant. With NBus as the base, all catalysts
produced more formic acid than 2.32. While the percent increase was significant, the absolute
difference in TONs is so minor that it could again be negligible as the average error was not

determined.

Table 2.16. Hydrogenation of CO; in 1:1 acetone/H,O

cat.
COz v Ho > HCO,H-Base
(22 bar) (47 bar) 1:1 acetone/H,0O
50 °C, 21 h
Entry  Base’ Cat. TON? Tncrease (%)
1 232 18 N/A
2 240 20 1
30 KOH s o 17
4 255 9 50
3 232 4 N/A
6 240 14 250
7 NBUBoas4 2 450
8 255 10 150

‘600 equiv. "TON = (mol HCO,H-NBu;)/(mol cat.).
"Increase = {[TON — TON(2.32)]/TON(2.32)} x 100.
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In addition to the hydrogenation of carbon dioxide to formic acid, we explored the

coupling of carbon dioxide and epoxides to give cyclic carbonates. As previously mentioned,
multiple research groups have demonstrated this process via NHC catalysis (Table 2.1, Scheme
2.12). Therefore, we believed our metal-imidazolinium system could enhance the reactivity of
CO, toward coupling with epoxides. First, we explored conditions developed by Lu and
coworkers for the imidazolium and dihydroimidazolium carboxylate catalyzed coupling of CO,
and propylene oxide (Table 2.17).* 2% At 120 °C, reactions with the previously reported 1,3-(2,6-
diisopropylphenyl)imidazolium carboxylate (2.21a) gave a 91% yield of the desired cyclic
carbonate (entry 1). In an attempt to generate the imidazolium carboxylate in situ, a base known
to deprotonate imidazolium salts, 1,8-diazabicycloundec-7-ene (DBU), was added to 1,3-(2,6-
diisopropylphenyl)imidazolium chloride (2.30) (entry 2). Reactions with this mixture gave the
desired product in a 98% yield. Reactions catalyzed by DBU alone generated the product in a
100% yield. This is not surprising considering the DBU catalyzed (or co-catalyzed) coupling of

CO, and epoxides has previously been demonstrated. > **

Table 2.17. Coupling of CO; and propylene oxide at 120 °C

(0]
0 cat. (0.5 mol%) L
PN - 0 0
CO, (20 bar) \_<
CH,Cly, 120 °C, 24 h
Entry Cat. Yield”
1 2.21a 91
2 2.30/DBU 98
3 DBU 100
4 2.55 6

“Determined by "H NMR using DMF as
an internal standard.



97
Reactions with ruthenium mixture 2.55 generated the cyclic carbonate product in only a

6% yield. This result is in agreement with prior 'H and *'P NMR experiments in MeOD-d; and
DMSO-d; suggesting the decomposition of species 2.55 at elevated temperatures. Therefore, the
coupling of carbon dioxide and epoxides to give cyclic carbonates was explored at 50 °C in
CH,Cl,, MeOH, DMSO, MeCN, THF, and 1:1 acetone/H,O. Under all conditions explored, the
ruthenium mixture 2.55 gave no desired product. In addition, reactions with IPr-CO,, IPr-HCl /
DBu, and DBU gave less than 2% yields in 1:1 acetone/H,O. The poor catalytic performance of
ruthenium mixture 2.55 suggests that stoichiometric reactions with epoxides (and other

electrophiles) are warranted before further catalytic reactions can be explored.
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2.5 Conclusions

In conclusion, we have demonstrated that the addition of imidazolium and
dihydroimidazolium bicarbonate or carboxylate salts increased activity for the hydrogenation of
CO, to formic acid. Investigations into the role of such imidazolium and dihydroimidazolium
salts led to the discovery that KHCO; and other similar additives also increased activity for a
variety of transition metal complexes. The increased activity is likely related to the ability of the
additive to act as a ligand for the transition metal to form species such as the ruthenium carbonate
2.40. The effect was general for many noble-metal catalysts and for one of the most efficient
base-metal hydrogenation catalysts. Preliminary mechanistic investigations revealed that the
additive does not act as an internal base to facilitate catalyst turnover but the activity is instead
related to its structural characteristics. Regardless of its specific function, increased formic acid
production resulting from the addition of small quantities of inexpensive additives provides a
practical and economic way to increase catalytic productivity.

The synthesis of a novel ruthenium complex bearing a pendant dihydroimidazolium salt
was carried out. Based on the reactivity of ruthenium complex 2.54 with KH"CO;, the
equilibrium mixture between a dihydroimidazolium bicarbonate ligand and either a free carbene
or an hydroxyl-masked carbene is promising for small molecule activation. Although initial
stoichiometric and catalytic and stoichiometric reactions geared toward utilizing this unique
characteristic of ruthenium mixture 2.55 were unsuccessful, further reactions are warranted.
Stoichiometric reactions with electrophiles such as CS,, epoxides, aldehydes, and enones could

implicate the importance of such an interesting complex.
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2.6 Experimental

2.6.1 General Considerations

Unless otherwise stated, all reactions were carried out in oven-dried glassware in a
nitrogen atmosphere glove box or using standard Schlenk line techniques.® Solvents were used
after passage through a solvent purification system similar to the one reported by Grubbs °® under
a blanket of argon. Particularly air-sensitive manipulations were performed using solvent that was
then degassed by briefly exposing the solvent to vacuum. Unless otherwise stated, all work-up
and purification procedures were carried out with reagent grade solvents (purchased from Fisher
Scientific, Inc.) in air. Flash chromatography was performed according to the procedure of Still et
al. " with ZEOCHEM® SEPIX 560 40-63 mm silica gel. Thin-layer chromatography was
performed using Analtech TLC Uniplates”, Silica matrix purchased from Sigma-Aldrich. TLC
plates were visualized by exposure to ultraviolet light. Organic reagents were purchased from
Sigma-Aldrich, TCI America, or Fisher Scientific. RuCl(OAc)(PMes), (1.17), RuCl(OAc)(PPh;);
(2.37), and Fe(BF,4), 6H,O were purchased from Sigma-Aldrich. Tris(2-
(diphenylphosphino)ethyl)phosphine (alkyl-PP;) was purchased from Acros Organics.
RuCl[(R,R)-Ts-DENEB] (2.35), RuCl[(R)-xylylbinap][(R)-diapena] (2.36), RuClL[(R)-
xylylbinap][(R,R)-dpen] (2.38), RuBF,(p-cymene)[(R,R)-Ts-dpen] (2.39), Ru(acac);, FeCl, and
1,1,1-tris(diphenylphosphinomethyl)ethane (triphos-2) were purchased from Strem Chemicals.

Compounds 1,3-bis(2,6-diisopropylphenyl)imidazolium carboxylate (2.21a), * 1,3-
bis(2,4,6-trimethylphenyl)imidazolium carboxylate (2.21b), 68 1,3-dimethylimidazolium

? 1,3-di-tert-butylimidazolium carboxylate (2.21d), "° 1,3-bis(2,6-

carboxylate (2.21¢), 6
diisopropylphenyl)dihydroimidazolium carboxylate (2.22a), *° 1,3-bis(2,4,6-trimethylphenyl)
dihydroimidazolium carboxylate (2.22b) % 1,3-bis(2,6-diisopropylphenyl)imidazolium chloride
(2.30), 7' and 1,3-bis(2,6-diisopropylphenyl)imidazolium bicarbonate (2.31) ® were prepared

according to the known literature procedures.
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'H NMR spectra were recorded on a Varian VNMRS (500 MHz) or INOVA (500 MHz)

spectrometer. Data are reported as follows: chemical shift, multiplicity (s = singlet, br s = broad
singlet, d = doublet, dd = doublet of doublets, ddd = doublet of doublet of doublets, dt = doublet
of triplets, dq = doublet of quartets, t = triplet, td = triplet of doublets, tt = triplet of triplets, q =
quartet, pent = pentet, hept = heptet, m = multiplet), coupling constants (Hz), and integration. *C
NMR spectra were recorded on a Varian VNMRS (125 MHz) or INOVA (125 MHz)
spectrometer with complete proton decoupling. All chemical shifts are reported in ppm from
tetramethylsilane with the solvent as the internal reference (‘"H NMR: Acetone-ds = 2.05 ppm,
MeCN-d; = 1.94 ppm, C¢Dg = 7.16 ppm, CDCl;= 7.26 ppm, D,0O = 4.79 ppm, CD,Cl,= 5.32
ppm, DMSO-ds= 2.50 ppm, MeOD-d; = 3.31 ppm; “C NMR: Acetone-ds = 29.84, 206.26 ppm,

MeCN-d; = 1.32, 118.26 ppm, C¢Dg = 128.06 ppm, CDCl;= 77.16 ppm, CD,Cl,= 53.84 ppm,

DMSO-ds = 39.52 ppm, MeOD-d; = 49.00 ppm). *'P NMR spectra were recorded on a Varian
VNMRS (202 MHz) or INOVA (202 MHz) spectrometer reported relative to a phosphoric acid
external standard (0.00 ppm). Infrared spectra were recorded on a Bruker Alpha-p spectrometer.
High-resolution mass spectra were obtained at the Boston College Mass Spectrometry Facility
using ESI+ or MALDI ionization mode.

Reactions at elevated pressures were run in 1.5 x 13.5 cm ampules equipped with
magnetic stir bars in a 450 mL high-pressure vessel from Parr Instrument. Yields from
hydrogenation reactions were determined by "H NMR spectroscopy in D,0 using an INOVA 400
NMR spectrometer with a Varian SMS-50 auto-sampler. Quantitative information was obtained
by first calibrating the T, of the formate proton (T, = 7.246) and the dimethylformamide standard
protons (T = 6.342), then by adjusting the delay time (d1) such that it was 5*T; (d1=40, nt=16).

Selected single crystals suitable for X-ray crystallographic analysis were used for

structural determination. The X-ray intensity data were measured at 100(2) K (Oxford

Cryostream 700) on a Bruker Kappa APEX Duo diffractometer system equipped with a sealed
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Mo-target X-ray tube (A= 0.71073 A) and a high brightness IuS copper source (A = 1.54178 A).

The crystals were mounted on a goniometer head with paratone oil. The detector was placed at a
distance of 5.000 cm from the crystal. For each experiment, data collection strategy was
determined by APEX software package and all frames were collected with a scan width of 0.5° in
w and ¢ with an exposure time of 10 or 20 s/frame.

The frames were integrated with the Bruker SAINT Software package using a narrow-
frame integration algorithm to a maximum 26 angle of 56.54° (0.75 A resolution) for Mo data and
136.50° (0.83 A resolution) for Cu data. The final cell constants are based upon the refinement of
the XYZ-centroids of several thousand reflections above 20 o(/). Analysis of the data showed
negligible decay during data collection. Data were corrected for absorption effects using the
empirical method (SADABS). The structures were solved and refined by full-matrix least squares
procedures on |F| using the Bruker SHELXTL (version 6.12) software package. All hydrogen
atoms were included in idealized positions for structure factor calculations except those forming
hydrogen bonds or on a chiral center. Anisotropic displacement parameters were assigned to all

non-hydrogen atoms, except those disordered.

2.6.2 Experimental Procedures

General procedure for hydrogenation of CO, in dimethylsulfoxide (DMSQO). The
desired additive (5 uwmol) was added to the ampule if necessary. To each ampule, a 0.001 M
solution of the catalyst in DMSO (1 mL, 1 umol) was added followed by base. The ampules were
placed in the pressure vessel and purged with CO, for 5 minutes. The vessel was pressurized with
CO; (22 bar) and allowed to equilibrate for 5 minutes at 23 °C, then heated to 50 °C for 20
minutes. After 20 minutes at 50 °C, the pressure was approximately 26 bar. The vessel was then
pressurized with hydrogen (47 bar, total pressure = 69 bar) and allowed to equilibrate for 5

minutes at 50 °C. The reactions were stirred at 50 °C for 21 hours. The vessel was then cooled to
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0 °C in an ice bath, and the pressure was slowly released. The ampules were removed from the

vessel and allowed to warm to 23 °C. Dimethylformamide (100 uL, 1.29 mmol) was added to
each ampule as an internal standard, and an aliquot (200 uL) was removed and mixed with D,O

(700 uL). The mixture was filtered through Celite and analyzed by "H NMR spectroscopy.

General procedure for hydrogenation of CO; in methanol (MeOH). The metal
catalyst (0.030 mmol), P(CH,CH,PPh;); (0.030 mmol), and methanol (120 mL) were added
sequentially to the vessel. Upon addition of the P(CH,CH,PPh,);, the mixture turned purple
(lavender with Fe(BF,), and bright purple with FeCl,). When appropriate, potassium bicarbonate
(0.15 mmol) was added to the vessel and the mixture was stirred for 1 hour, upon which time the
mixture turned pale yellow. Triethylamine (2.5 mL, 18 mmol) was added to the vessel, and the
vessel was purged with CO, for 5 minutes. The vessel was pressurized with CO, (30 bar), and
allowed to equilibrate for 5 minutes. The vessel was then pressurized with H, (60 bar, total
pressure = 90 bar) and allowed to equilibrate for 5 minutes. The vessel was heated to 100 °C at
which point the pressure was approximately 129 bar. The reaction was stirred at 100 °C for 21
hours. The vessel was then allowed to cool to 50 °C, then to 0 °C in an ice bath. The pressure was
then released and the reaction was allowed to warm to 23 °C. Tetrahydrofuran (2.0 mL, 25 mmol)
was added to the solution, and an aliquot (200 uL) was removed and mixed with D,O (700 uL).

The mixture was filtered through Celite and analyzed by 'H NMR spectroscopy.

General procedure for epoxide and CO, coupling. Catalyst (0.025 mmol) was added to
the appropriate ampule as necessary. To each ampule, propylene oxide (350 uL, 5.00 mmol) was
added followed by solvent (1 mL). The ampules were placed in the pressure vessel and purged
with CO, for 5 minutes. The vessel was pressurized with CO, (20 bar) and allowed to equilibrate

for 5 minutes at 23 °C, then heated to the desired temperature for 20 minutes. The reactions were
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stirred at for 24 hours. The vessel was then cooled to 0 °C in an ice bath, and the pressure was

slowly released. The ampules were removed from the vessel and allowed to warm to 23 °C.
Dimethylformamide (100 uL, 1.29 mmol) was added to each ampule as an internal standard, and
an aliquot (200 uL) was removed and mixed with D,O (700 uL). The mixture was filtered

through Celite and analyzed by '"H NMR spectroscopy.

Dichlorotris(triphenylphosphine)ruthenium [RuClL,(PPh;3);] (2.29). A mixture of

ruthenium trichloride hydrate (0.290, 1.40 mmol, 1.00 equiv.),

Cl
| A

PhgP —RIU';I;E,?]?’ triphenylphoshine (2.24 g, 8.53 mmol, 6.10 equiv.), and MeOH (18 mL)
Cl

was refluxed for 4 hours. The resulting purple/brown mixture was
cooled to 23 °C and filtered, washing with Et,0O. The product was isolated as a red/brown solid

(1.29 g, 96%). Spectroscopic data were in agreement with the reported literature values. ">

Dichloro(p-cymene)(triphenylphosphine)ruthenium [RuClL(p-cymene)(PPh;)] (2.32).

@ : A mixture of dichloro(p-cymene)ruthenium(Il) dimer (0.0979 g, 0.159

Ru.. mmol, 1.00 equiv.), triphenylphosphine (0.0891 g, 0.339 mmol, 2.10

equiv.), and CH,Cl, (4 mL) was stirred at 23 °C for 24 hours. The dark

orange/red solution was concentrated in vacuo. The product was obtained after precipitation of a
dark orange solid with hexanes (0.1339 g, 74%). Spectroscopic data were in agreement with the
reported literature values. 7 [Dichloro(p-cymene)ruthenium(Il) dimer was synthesized from a
mixture of ruthenium trichloride hydrate (0.712 g, 3.43 mmol, 1.00 equiv.), a-phellandrene (3.2
mL, 20.0 mmol, 5.80 equiv.), and EtOH (49 mL) was refluxed for 12 hours. The resulting
red/orange solution was cooled to 23 °C and concentrated in vacuo. The product was obtained
after precipitation of an orange solid with hexanes (0.7066 g, 67%). Spectroscopic data were in

agreement with the reported literature values. ]
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Dichloro(p-cymene)(1,3-bis(mesityl)imidazol-2-ylidene)ruthenium [RuCl,(p-cymene)

(NHCO)] (2.33). (Performed by Cesar M. Manna.) In an inert atmosphere

Mes [ glove box, a mixture of 1,3-bis(mesityl)imidazolium chloride (1.21 g,
\ u.,
N » 'Cl
@ Cl 3.56 mmol, 2.00 equiv.), tert-butoxide (0.44 g, 4.04 mmol, 2.30 equiv.),
N
‘Mes

and THF (25 mL) were stirred at room temperature for 40 minutes. The

resulting orange solution was concentrated and added to a solution of dichloro(p-
cymene)ruthenium(Il) dimer (1.06 g, 1.78 mmol, 1.00 equiv.) in toluene (25 mL). The reaction
mixture was stirred at 23 °C for 2 hours. The resulting brown slurry was concentrated in vacuo
and the remaining solid was washed with Et,0 and pentane sequentially. The product was
obtained in quantitative yield. Spectroscopic data were in agreement with the reported literature

51
values.

Chlorotris(triphenylphosphine)rhodium [RhCI(PPh;);] (2.34). (Performed by Cesar

Phsp“'-th-“‘PPhs M. Manna.) A mixture of rhodium trichloride hydrate (0.40 g, 1.9

Cl™  ~“PPhg . . : :
mmol, 1.0 equiv.), triphenylphosphine (2.4 g, 9.2 mmol, 4.8 equiv.), and

ethanol (19 mL) was refluxed for 30 minutes. The resulting red slurry was filtered (hot). The red
product was obtained in quantitative yield. Spectroscopic data were in agreement with the

reported literature values. ™

(x*-carbonate)(p-cymene)(triphenylphosphine)ruthenium [Ru(k*-O,CO)(p-cymene)

—~ o<

Rlu cymene)(triphenylphosphine)ruthenium (RuCly(p-cymene)(PPhs)) (2.32;

(PPh3)] (2.40). (Performed by Cesar M. Manna.) A mixture of dichloro(p-

Phsp” o ©
*o

0.20 g, 0.35 mmol, 1.0 equiv.), potassium bicarbonate (0.080 g, 0.81

mmol, 2.3 equiv.), acetone (4 mL), and water (0.4 mL) was stirred for 3

hours. The resulting yellow slurry was concentrated to dryness and the remaining solid was
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extracted with dichloromethane and filtered through Celite and dried under vacuum. The product

was obtained in quantitative yield. 'H NMR (CD,Cl,, 500 MHz): 8 = 7.35-7.53 (m, 15H, Ph),
5.20 (d, J = 6.1 Hz, 2H, C¢Hy), 5.11 (d, J = 6.4 Hz, 2H, CcHy), 2.49 (pent, J = 6.9 Hz, 1H,
CHMe,), 2.00 (s, 3H, MeC¢Hy), 1.19 (d, *Jun = 6.8 Hz, 6H, CHMe,). >C NMR (CD,Cl,, 125
MHz): § = 165.4 (s, COs), 134.5 (d, Jcp = 9.7 Hz, Ph, meta), 131.5 (d, Jcp = 44.8 Hz, Ph, ipso),
131.0 (s, Ph, para), 128.5 (d, Jcp = 9.7 Hz, Ph, ortho), 106.9 (s, CiPr, p-cymene), 96.5 (s, CMe,
p-cymene), 87.8 (d, Jcp = 4.2 Hz, C¢Ha, 2CH), 87.3 (d, Jcp = 5.4 Hz, C¢Ha, 2CH), 31.8 (s,
CHMe,), 22.9 (s, CHMe,), 18.8 (s, MeC¢Hy). *'P NMR (CD,Cl,, 202 MHz): 8 = +33.1.
Spectroscopic data were in agreement with the reported literature values. "® IR (neat): 3052, 1649,
1611, 1477, 1433, 1231, 1031, 996, 757, 700.27, 524, 495 cm'. HRMS (ESI+): Calcd. for

CosHooPRu [M + H]" 497.1063, Found 497.1051.

1-(2,6-diisopropylphenyl)-3-(3-(diphenylphosphino)phenyl)dihydroimidazol-2-

ylidene (2.42). In an inert atmosphere glove box, a mixture of 1-
_ PPh,
1]

Pr (2,6-diisopropylphenyl)-3-(3-(diphenylphosphino)phenyl)

N N dihydroimidazolium tetrafluoroborate (2.52; 0.0528 g, 0.0910

mmol, 1.00 equiv.) and sodium bis(trimethylsilylamide) (0.0168
g, 0.0910 mmol, 1.00 equiv.) in toluene (4 mL) was stirred at 23 °C for 12 hours. The yellow
mixture was filtered through Celite, washing with toluene. The solvent was removed in vacuo to
afford the title compound 2.42 as a yellow solid (0.0382 g, 85%). '"H NMR (C¢Ds, 500 MHz): &
8.18 (d, /=10 Hz, 1H), 7.52-7.48 (m, 4H), 7.23 (t, J = 10 Hz, 1H), 7.16-7.12 (m, 4H), 7.10-7.01
(m, 7H), 3.22 (t,J =10 Hz, 2H), 3.10 (t, J = 10 Hz, 2H), 3.02 (hept, J= 10 Hz, 2H), 1.22 (d, /=5
Hz, 6H), 1.17 (d, J =5 Hz, 6H). BC NMR: Decomposition before obtaining spectrum. 3P NMR
(CsDs, 202 MHz): 5 —4.29. IR (neat): 2956, 1585, 1431, 1380, 1262, 1189, 739, 691, 490 cm .

HRMS (ESI+): Caled. for C33HisNoP [M + H]' 491.26161, Found 491.26165.
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N'-(2,6-diisopropylphenyl)-N>-(3-(diphenylphosphino)phenyl)ethane-1,2-diamine

(2.43). In an inert atmosphere glove box, lithium aluminum

Pr
H hydride (0.4831 g, 12.7 mmol, 4.00 equiv.) was weighed out in
Pr H to a pressure vessel (450 mL Parr Instrument) equipped with a
PPh, | magnetic stir bar. THF (24 mL) was added and the mixture was

cooled to 0 °C. A solution of oxalamide 2.49 (1.617 g, 3.18 mmol, 1.00 equiv.) in THF (8 mL)
was added drop-wise, during which time the reaction bubbled. The vessel was sealed and the
reaction was heated to 150 °C for 12 h. The reaction was monitored by thin layer chromatography
with 20% ethyl acetate in hexanes (R = 0.76). The bright yellow mixture was cooled to 0 °C.
Water (20 mL) was carefully added to quench any remaining lithium aluminum hydride, and the
mixture was filtered through a pad of Celite. The filtrate was transferred into a separatory funnel
containing water (20 mL), and the product was extracted with CH,Cl, (3 x 20 mL). The combined
organics were dried over magnesium sulfate, filtered, and concentrated. The crude residue was
filtered through a pad of silica gel with 10% ethyl acetate in hexanes as eluent (Rf = 0.30) to
deliver the title compound 2.43 as a yellow oil (1.1976 g, 78%). 'H NMR (CDCls, 500 MHz): §
7.38-7.33 (m, 10H), 7.20 (td, J = 1.5, 7.5 Hz, 1H), 7.12-7.08 (m, 3H), 6.72-6.64 (m, 3H), 3.34 (t,
J=5.5Hz, 2H), 3.24 (hept, J = 7 Hz, 2H), 3.09 (t, J = 5.5 Hz, 2H), 1.21 (d, J= 7 Hz, 12H). °C
NMR (CDCls, 125 MHz): 6 148.06 (d, Jcp = 8.4 Hz), 142.66, 137.36 (d, Jcp = 11 Hz), 133.72 (d,
Jep =20 Hz), 132.08 (d, Jcp = 11 Hz), 129.27, 128.57, 128.37 (d, Jcp = 7.1 Hz), 124.10, 123.54,
123.08 (d, Jcp = 18 Hz), 118.42 (d, Jcp = 23 Hz), 117.74, 113.22 (d, Jcp = 13 Hz), 50.37, 44.25,
27.61, 24.19. *'P NMR (CDCls, 202 MHz): § —3.85. IR (neat): 2959, 1736, 1590, 1433, 1240,
1044, 743, 693 cm'. HRMS (ESI+): Calcd. for C3,HzN,P, [M + H]" 481.27726, Found

481.27723.
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2-((2,6-diisopropylphenyl)amino)-2-oxo-acetic acid (2.44). To a solution of oxoacetate

2.46 (3.610 g, 13.0 mmol, 1.00 equiv.) in THF (87 mL) was added 1 M

Pr
7
| Q oH sodium hydroxide (65 mL, 65 mmol, 5.0 equiv.). The biphasic mixture
S JS(
10

was stirred at 23 °C for 12 h. The reaction was monitored by thin layer

chromatography with 20% ethyl acetate in hexanes (R¢ = 0). The mixture was poured into diethyl
ether (100 mL). The combined organics were washed with 1 M sodium hydroxide (50 mL). The
combined aqueous layers were acidified with 2 M hydrochloric acid (75 mL), and extracted with
ethyl acetate (3 x 50 mL). The combined organics were washed with brine (50 mL), dried over
magnesium sulfate, and filtered. The solvent was removed in vacuo to afford the title compound
2.44 as a colorless solid, which was used without further purification (2.7732 g, 85%). '"H NMR
(CDCls, 500 MHz): 6 8.54 (br s, 1H), 7.37 (t, J = 7.5 Hz, 1H), 7.22 (d, J = 7.5 Hz, 2H), 2.94
(hept, J = 7 Hz, 2H), 1.20 (d, J = 7 Hz, 12H). C NMR (CDCl;, 125 MHz): § 160.03, 157.24,
145.85, 129.73, 128.71, 124.15, 29.20, 23.80. Spectroscopic data were in agreement with the
reported literature values. IR (neat): 3260, 2960, 1761, 1685, 1528, 1458, 1338, 1229, 1181,
1162, 948, 780, 757, 723, 490 cm™'. HRMS (ESI+): Calcd. for C14HyN,05 [M + H]" 250.14432,

Found 250.14508.

3-(diphenylphosphino)aniline (2.45). To a solution of protected aniline phosphine 2.48
(13.3804 g, 31.7 mmol, 1.00 equiv.) in MeOH (320 mL) was added 2 M
hydrochloric acid (79 mL, 160 mmol, 5.0 equiv.) and the reaction was stirred at

PPh, 23 °C for 2 h. The reaction was monitored by Gas Chromatography (RT: 12.8
min; Column Flow: 1 mL/min H,; Column Temp.: 80 °C - 250 °C; Run Time: 15.5 min.) The
mixture was neutralized with 2 M sodium hydroxide (80 mL), and the product was extracted with
ethyl acetate (3 x 100 mL). The combined organics were washed with brine (100 mL), dried over

magnesium sulfate, filtered, and concentrated. The crude residue was purified by flash column
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chromatography with 10% ethyl acetate in hexanes as eluent (R; = 0.41) to deliver the title

compound 2.45 as a colorless solid (6.087 g, 69%). "H NMR (CDCls, 500 MHz): & 7.34-7.32 (m,
10H), 7.13 (td, J = 1.5, 7.5 Hz, 1H), 6.71 (&, J = 1.5, 8.5 Hz, 1H), 6.66 (dd, J = 2, 7.5 Hz, 1H),
6.61 (dt, J=1.5, 8.5 Hz, 1H), 3.63 (br s, 2H). >C NMR (CDCl;, 125 MHz): & 133.98 (d, Jcp = 24
Hz), 132.30 (d, Jcp = 12 Hz), 132.08 (d, Jcp = 12 Hz), 129.60 (d, Jcp = 12 Hz), 129.57 (d, Jcp =
12 Hz), 128.86, 128.64 (d, Jcp = 13 Hz), 125.11 (d, Jcp = 24 Hz), 121.00 (d, Jcp = 26 Hz),
116.58. *'P NMR (CDCl;, 202 MHz): 8 —4.86. Spectroscopic data were in agreement with the
reported literature values. IR (neat): 3358, 1616, 1587, 1475, 1431, 1299, 1265, 1090, 1025, 991,
782, 743, 690 cm'. HRMS (ESI+): Caled. for C;sH;;N\P; [M + H]" 278.10986, Found

278.10967.7*

Ethyl 2-((2,6-diisopropylphenyl)amino)-2-oxoacetate (2.46). To a solution of 2,6-

diisopropylaniline (4.0 mL, 21 mmol, 1.1 equiv.) in THF (64 mL) was

Q[ )S‘/ OFEt added triethylamine (3.0 mL, 22 mmol, 1.1 equiv.), and the solution

was cooled to 0 °C. Chlorooxoacetate (2.2 mL, 19 mmol, 1.0 equiv.)

was added drop-wise, during which time a colorless solid precipitated out. The mixture then
gradually warmed to 23 °C and was stirred for 12 h. The reaction was monitored by thin layer
chromatography with 20% ethyl acetate in hexanes (R = 0.46). The mixture was filtered through
a pad of Celite. The filtrate was washed with 2 M hydrochloric acid (50 mL), and extracted with
ethyl acetate (3 x 50 mL). The combined organics were washed with brine (50 mL), dried over
magnesium sulfate, and filtered. The solvent was removed in vacuo to afford the title compound
2.46 as a colorless solid, which was used without further purification (5.3037 g, 99%). '"H NMR
(CDCls, 500 MHz): & 8.36 (br s, 1H), 7.34 (t, J=7.5 Hz, 1H), 7.20 (d, J = 8 Hz, 2H), 4.45 (q, J =
7 Hz, 2H), 3.01 (hept, J = 7 Hz, 2H), 1.46 (t, J = 7 Hz, 3H), 1.21 (d, J = 7 Hz, 12H). "C NMR

(CDCls, 125 MHz): 6 161.27, 156.06, 146.04, 129.54, 129.19, 123.94, 63.90, 29.12, 23.86, 14.24.
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Spectroscopic data were in agreement with the reported literature values. "’ IR (neat): 2961, 1737,

1685, 1504, 1464, 1368, 1301, 1280, 1205, 1176, 1159, 1019, 797, 732 cm ‘. HRMS (ESI+):

Calced. for C16H»4N,O; [M + H] 278.17562, Found 278.17514.

N-(3-bromophenyl)-1,1,1-trimethyl-N-(trimethylsilyl)silanamine (2.47). A solution of

] 3-bromoaniline (4.0 mL, 37 mmol, 1.0 equiv.) in THF (41 mL) was
N(SlMe3)2

cooled to =78 °C and 2.74 M n-butyl lithium in hexanes (14.7 mL, 40.3

Br mmol, 1.10 equiv.) was added. The reaction was stirred at —78 °C for 10

min. Chlorotrimethylsilane (5.1 mL, 40 mmol, 1.1 equiv.) was added and the solution was stirred
at =78 °C for 30 min. At —78 °C, 2.74 M n-butyl lithium in hexanes (14.7 mL, 40.3 mmol, 1.10
equiv.) was added and the reaction was stirred at —78 °C for 10 min. Chlorotrimethylsilane (5.1
mL, 40 mmol, 1.1 equiv.) was added. The solution was then gradually warmed to 23 °C and
stirred for 12 h. The reaction was monitored by gas chromatography (RT: 7.8 min; Column Flow:
I mL/min Hy; Column Temp.: 80 °C - 250 °C; Run Time: 15.5 min.) The mixture was filtered
through a pad of Celite. The filtrate was concentrated to afford the title compound 2.47 as a pale
orange oil, which was used without further purification (10.5248 g, 91%). Spectroscopic data

were in agreement with the reported literature values. ”®

N-(3-(diphenylphosphino)phenyl)-1,1,1-trimethyl-N-(trimethylsilyl)silanamine

, (2.48). A solution of protected aniline 2.47 (10.5048 g, 33.2 mmol, 1.00
N(SlMe3)2

equiv.) in THF (33 mL) was cooled to —78 °C and 2.74 M n-butyl lithium

PPh, in hexanes (13.4 mL, 36.7 mmol, 1.10 equiv.) was added. The reaction

was stirred at —78 °C for 10 min. Chlorodiphenylphosphine (6.8 mL, 37 mmol, 1.1 equiv.) was
added. The solution was then gradually warmed to 23 °C and stirred for 12 h. The reaction was

monitored by gas chromatography (RT: 13.3 min; Column Flow: 1 mL/min H,; Column Temp.:
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80 °C - 250 °C; Run Time: 15.5 min.) The mixture was filtered through a pad of Celite. The

filtrate was concentrated to afford the title compound 2.48 as a pale yellow oil, which was used
without further purification (13.4347 g, 96%). Spectroscopic data were in agreement with the

reported literature values. ™

N'-(2,6-diisopropylphenyl)-N*-(3-(diphenylphosphino)phenyl)oxalamide (2.49). To a

Pr solution of oxo-acetic acid 2.44 (1.0267 g, 4.12 mmol, 1.00
)OS(H equiv.) in CH,Cl, (20 mL) was added oxalyl chloride (385 pL,

Pr H e} 4.55 mmol, 1.10 equiv.). Dimethylformamide (10 pL, 0.13
PPhs | mmol, 0.030 equiv.) was added, immediately causing the

colorless solution to bubble. The reaction was stirred at 23 °C for 4 h, during which time the
solution turned bright yellow. The solvent was removed in vacuo. The yellow residue was
dissolved in CH,Cl, (10 mL) and the solution was cooled to 0 °C. A solution of 3-
(diphenylphosphino)aniline (2.45; 1.265 g, 4.56 mmol, 1.10 equiv.) in CH,Cl, (10 mL) was
added. Triethylamine (805 pL, 5.78 mmol, 1.40 equiv.) was then added drop-wise, during which
time the reaction turned cloudy. The mixture then gradually warmed to 23 °C and was stirred for
12 h. The reaction was monitored by thin layer chromatography with 20% ethyl acetate in
hexanes (R¢ = 0.84). The solvent was removed in vacuo, and the crude residue was dissolved in
CH,CI, (20 mL). The mixture was poured into saturated aqueous ammonium chloride (20 mL),
and extracted with ethyl acetate (3 x 20 mL). The combined organics were washed with 2 M
sodium hydroxide (20 mL), brine (20 mL), dried over magnesium sulfate, and filtered. The crude
residue was purified by flash column chromatography with 10% ethyl acetate in hexanes as eluent
(R¢ = 0.35) to deliver the title compound 2.49 as an off-white solid (1.726 g, 85%). 'H NMR
(CDCls, 500 MHz): 6 9.27 (br s, 1H), 8.84 (br s, 1H), 7.87 (ddd, J =1, 2.5, 8 Hz, 1H), 7.43 (dt, J

= 1.5, 8 Hz, 1H), 7.39-7.31 (m, 12H), 7.22 (d, J = 8 Hz, 2H), 7.17 (tt, J = 1, 7.5 Hz, 1H), 3.00



111
(hept, J = 7 Hz, 2H), 1.20 (d, J = 7 Hz, 12H). *C NMR (CDCls, 125 MHz): § 159.45, 157.60,

145.97, 139.32 (d, Jcp = 13 Hz), 136.69 (d, Jcp = 10 Hz), 133.93 (d, Jcp = 19 Hz), 130.86 (d, Jcp
=20 Hz), 129.53 (d, Jcp = 7.7 Hz), 129.13, 128.78 (d, Jcp = 6.8 Hz), 124.55 (d, Jcp = 19 Hz),
123.87, 120.19, 119.88, 118.43, 115.68, 29.05, 23.78. *'P NMR (CDCl;, 202 MHz): § —4.43. IR
(neat): 2961, 1664, 1583, 1498, 1476, 1397, 1383, 1237, 793, 737, 692 cm'. HRMS (ESI+):

Calced. for C3,H34N,0,P; [M + H]" 509.23579, Found 509.23328.

1-(2,6-diisopropylphenyl)-3-(3-(diphenylphosphino)phenyl)dihydroimidazolium

chloride (2.51). To a mixture of diamine 2.43 (1.177 g, 2.45

o O PPhe
' mmol, 1.00 equiv.) and ammonium chloride (0.1389 g, 2.59
2
N@N mmol, 1.03 equiv.) was added triethylorthoformate (12.2 mL,
Pr

73.3 mmol, 30.0 equiv.). The reaction was heated to 120 °C for 1
hour. The solvent was removed in vacuo. In an inert atmosphere glove box, the crude residue was
washed with diethyl ether (10 mL) to afford the title compound 2.51 as an off-white solid (0.7002
g, 54%). '"H NMR (CD,Cl,, 500 MHz): § 11.60 (s, 1H), 8.44 (ddd, J = 0.5, 2.5, 8 Hz, 1H), 7.55-
7.50 (m, 3H), 7.40-7.31 (m, 11H), 7.24 (td, /=1, 7 Hz, 1H), 7.12 (dq, /=1, 8 Hz, 1H), 4.52 (t, J
=11 Hz, 2H), 4.26 (t, J= 11 Hz, 2H), 2.90 (hept, J = 7 Hz, 2H), 1.33 (d, /=7 Hz, 6H), 1.29 (d, J
= 7 Hz, 6H). °C NMR (CD,Cl,, 125 MHz): § 158.38, 148.26, 146.67, 136.76 (d, J = 11 Hz),
134.43 (d, J = 20 Hz), 132.92, 131.90, 131.08, 129.49 (d, J = 30 Hz), 129.34 (d, J = 12 Hz),
128.97, 125.52, 125.06, 120.88, 49.42, 29.67, 25.38, 24.48, 24.01. *'P NMR (CD,Cl,, 202 MHz):
8 —4.49. IR (neat): 2962, 1617, 1583, 1465, 1407, 1303, 1282, 1179, 743, 693, 557 cm'. HRMS

(ESI+): Calcd. for C33HyN,P; [M + H]™ 491.26229, Found 491.26161.
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1-(2,6-diisopropylphenyl)-3-(3-(diphenylphosphino)phenyl)dihydroimidazolium

©

Pr  BF4
N
N AN( 3
&

PPh,

tetrafluoroborate (2.52). To a mixture of diamine 2.43 (0.6171
g, 1.29 mmol, 1.00 equiv.) and ammonium tetrafluoroborate

(0.1621 g, 1.55 mmol, 120 -equiv.) was added

triethylorthoformate (6 mL, 40 mmol, 30 equiv.). The reaction

was heated to 120 °C for 1 hour. The solvent was removed in vacuo. In an inert atmosphere glove

box, the crude residue was washed with diethyl ether (10 mL) to afford the title compound 2.52

as an off-white solid (0.5252 g, 71%). '"H NMR (DMSO-d, 500 MHz): & 9.84 (s, 1H), 7.6-7.53

(m, 4H), 7.44-7.39 (m, 8H), 7.32-7.28 (m, 4H), 7.16 (t, J = 5 Hz, 1H), 4.62 (t, J = 10 Hz, 2H),

4.29 (t, J = 10 Hz, 2H), 3.06 (hept, J = 5 Hz, 2H), 1.24 (d, J = 5 Hz, 6H), 1.19 (d, J = 5 Hz, 6H).

C NMR (DMSO-ds, 125 MHz): § 156.24, 147.48, 146.66, 145.02, 139.62, 136.21 (d, J = 10

Hz), 133.78 (d, J = 20 Hz), 131.43, 130.76, 129.76, 129.74, 129.33 (d, J = 6.6 Hz), 128.29,

125.22, 119.11, 53.94, 28.07, 25.08, 24.41, 23.71. >'P NMR (DMSO-d,, 202 MHz): & —5.20. IR

(neat): 2963, 1617, 1583, 1437, 1312, 1291, 1260, 1128, 1071, 724, 685, 587, 542, 524 cm .

HRMS (ESI+): Caled. for C33H3sN,Py [M + H] 491.26229, Found 491.26161.

Dichloro(p-cymene)(diphenyl-(3-(3-(2,6-diisopropylphenyl)dihydroimidazolium

Pr

Pr

chloride)phenyl))ruthenium (2.53). In an inert atmosphere
glove box, a solution of ruthenium dichloro p-cymene dimer

(0.0159 g 0.0260 mmol, 1.00 equiv.) and 1-(2.6-

diisopropylphenyl)-3-(3-(diphenylphosphino)phenyl)dihydro-
imidazolium chloride (2.51; 0.0285 g, 0.0540 mmol, 2.10

equiv.) in CH,Cl, (1 mL) was stirred at 23 °C for 12 hours.

Hexanes was added to the dark red solution to induce precipitation of the title compound 2.53 as

an orange solid (0.0291 g, 67%). '"H NMR (MeCN-d;, 500 MHz): § 9.13 (s, 1H), 8.58 (d, J = 12
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Hz, 1H), 7.84-7.81 (m, 4H), 7.56-7.48 (m, 7H), 7.38-7.35 (m, 4H), 7.12 (t, J = 8.0 Hz, 1H), 5.24

(d,J= 6.3 Hz, 2H), 5.21 (d, J = 6.2 Hz, 2H), 4.55 (t, J = 11 Hz, 2H), 4.28 (t, J = 11 Hz, 2H), 3.03
(hept, J = 7.3 Hz, 2H), 2.52 (hept, J = 6.7 Hz, 1H), 1.85 (s, 3H), 1.25 (d, J = 6.8 Hz, 2H), 1.22 (d,
J= 6.8 Hz, 2H), 0.99 (d, J = 6.6 Hz, 2H); (MeOD-d,, 500 MHz): & 9.33 (s, 1H), 8.60 (d, J = 12
Hz, 1H), 7.88-7.85 (m, 4H), 7.59-7.52 (m, 7H), 7.42-7.36 (m, 4H), 7.59 (t, J = 8.8 Hz, 1H), 5.35
(d, J= 6.4 Hz, 2H), 5.24 (d, J = 6.0 Hz, 2H), 4.65 (t, J = 10 Hz, 2H), 4.37 (t, J = 11 Hz, 2H), 3.03
(hept, J = 6.4 Hz, 2H), 2.64 (hept, 7.1 Hz, 1H), 1.88 (s, 3H), 1.31 (d, J = 6.8 Hz, 6H), 1.27 (d, J =
6.8 Hz, 6H), 1.07 (d, J = 6.9 Hz, 6H); (DMSO-ds, 500 MHz): § 9.68 (m, 1H), 8.26 (d, J = 12 Hz,
1H), 7.83-7.79 (m, 4H), 7.55-7.51 (m, 8H), 7.43-7.39 (m, 4H), 5.35 (d, /= 6.1 Hz, 2H), 5.31 (d, J
= 6.2 Hz, 2H), 4.52 (t, J = 11 Hz, 2H), 4.31 (t, J = 10 Hz, 2H), 3.09-3.04 (m, 3H), 1.78 (s, 3H),
1.22 (d, J = 6.7 Hz, 6H), 1.18 (d, J = 6.5 Hz, 6H), 0.95 (d, J = 6.9 Hz, 6H). '°C (MeCN-d;, 125
MHz): § 154.43, 146.65, 135.17 (d, J = 44 Hz), 134.14, 133.84 (d, J = 10 Hz), 131.56, 131.47,
130.97 (d, J = 2.4 Hz), 129.92, 128.98 (d, J = 8.4 Hz), 128.45 (d, J = 9.9 Hz), 127.07 (d, J= 17.5
Hz), 125.03, 118.81, 109.45, 96.53, 90.00 (d, J = 4.0 Hz), 86.96 (d, J = 5.6 Hz), 53.86, 49.22,
30.17, 28.17, 24.20, 23.22, 20.94, 16.92. *'P NMR (MeCN-ds, 202 MHz): § +26.61; (MeOD-d,,
202 MHz): § +27.20; (DMSO-ds, 202 MHz): § +26.31. IR (neat): 2962, 1624, 1582, 1465, 1434,
1301, 1260, 1052, 1027, 749, 691, 526, 505 cm™'. HRMS (ESI+): Calcd. for C43HsoCLN,PRu [M

+H]" 797.2390, Found 797.23501.
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Dichloro(p-cymene)(diphenyl-(3-(3-(2,6-diisopropylphenyl)dihydroimidazolium

tetrafluoroborate)phenyl))ruthenium (2.54). In an inert

| . . . i
/Ru- "Cl @BF4 atmosphere glove box, a solution of ruthenium dichloro p
Cl
PhaP cymene dimer (0.0452 g, 0.0740 mmol, 1.00 equiv.) and 1-(2,6-
N diisopropylphenyl)-3-(3-(diphenylphosphino)phenyl)dihydro-
\\—@—N Pr

imidazolium tetrafluoroborate (2.52; 0.1027 g, 0.180 mmol, 2.10
Pr

equiv.) in CH,Cl, (3 mL) was stirred at 23 °C for 12 hours.

Hexanes was added to the dark red solution to induce precipitation of the title compound 2.54 as
an orange solid (0.1571 g, 92%). 'H NMR (MeCN-ds, 500 MHz): § 8.64 (s, 1H), 8.62 (d, J = 10
Hz, 1H), 7.84-7.80 (m, 4H), 7.56-7.49 (m, 8H), 7.39-7.36 (m, 3H), 7.32-7.30 (m, 1H), 5.23-5.20
(m, 4H), 4.56 (t, J =5 Hz, 2H), 4.29 (t, J = 5 Hz, 2H), 3.06 (hept, J = 5 Hz, 2H), 2.51 (hept, /=5
Hz, 1H), 1.85 (s, 3H), 1.26 (d, J = 5 Hz, 6H), 1.21 (d, J = 5 Hz, 6H), 0.99 (d, J = 5 Hz, 6H). *C
(MeCN-d5, 125 MHz): 3 155.40, 147.62, 136.14 (d, J = 44 Hz), 135.21, 135.10, 134.80 (d, J =
9.6 Hz), 132.48 (d, J = 13 Hz), 131.93, 130.89, 129.95 (d, J = 8.2 Hz), 129.42 (d, J = 9.8 Hz),
128.03 (d, /=17 Hz), 126.00, 119.77, 110.42, 97.50, 90.96 (d, J = 4.9 Hz), 87.92 (d, J = 4.9 Hz),
54.83,50.19, 31.14, 29.14, 25.17, 24.19, 21.91, 17.89. *'P NMR (MeCN-d;, 202 MHz): & +25.22.
IR (neat): 2959, 1624, 1582, 1465, 1433, 1300, 1048, 1030, 749, 692, 526, 505 cm™'. HRMS

(ESI+): Caled. for C43Hs5oCI,N,PRu [M + H]™ 797.2132, Found 797.21411.
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(x 2-carbonate)(p-cymene)(diphenyl-(3-(3-(2,6-diis0pr0pylphenyl)dihydro

|
/RU;'HO HCO?
Ph,P O~xo
N .
®
S NH T
D
Pr
Rl Rl
U;'HO U;'uo
PhoP” O PhoP” O
0 @)
or
N/w Pr N/w Pr
N AN
DO -
D
Pr Pr
+ 002 + COZ + D2O

imidazolium bicarbonate)phenyl))
ruthenium (2.55). A solution of
ruthenium dichloro  p-cymene

diphenyl-(3-(3-(2,6-diisopropyl
phenyl)dihydroimidazoliumphenyl)
tetrafluoroborate (2.54; 0.0660 g,
0.0750 mmol, 1.00 equiv.) and
potassium bicarbonate (0.0172 g,
0.1720 mmol, 2.30 equiv.) in 1:1
acetone/H,0O (5 mL) was stirred at 23
°C for 4 days. The yellow/green

solution was concentrated in vacuo

and filtered through Celite, washing

with methanol. The solvent was removed in vacuo to afford the title compound 2.55 as a green

solid (0.0601 g, 95%). 'H NMR (MeOD-d., 500 MHz): & 8.42 (s, 1H), 8.08 (s, 2H), 7.55-7.35 (m,

18H), 7.29-7.22 (m, 5H), 6.90-6.83 (m, 3H), 6.81-6.78 (m, 3H), 6.76-6.71 (m, 2H), 5.52 (d, J= 5

Hz, 4H), 5.35 (d, J = 5 Hz, 4H), 3.77 (t, J = 5 Hz, 2H), 3.71 (t, J = 5 Hz, 2H), 3.27 (t, J = 5 Hz,

2H), 3.17 (t, J = 5Hz, 2H), 3.01-2.90 (m, 4H), 2.59-2.52 (m, 2H), 1.99 (s, 6H), 1.22-1.18 (m,

24H), 1.15-1.12 (m, 12H); (1:1 acetone-d¢/D,0):  7.70-7.61 (m, SH), 7.61-7.53 (m, 16H), 7.49-

7.46 (m, 3H), 7.44 (d, J = 10 Hz, 2H), 7.39 (d, J = 10 Hz, 2H), 7.12-7.07 (m, 2H), 6.97 (d, J= 5

Hz, 1H), 6.92 (d, J= 5 Hz, 1H), 6.86 (d, J = 10 Hz, 2H), 5.71-5.69 (m, 4H), 5.53-5.52 (m, 4H),

3.91-3.88 (m, 4H), 3.35 (t, J = 5 Hz, 2H), 3.30 (t, J = 5 Hz, 2H), 3.04-2.98 (m, 4H), 2.70- 2.64

(m, 2H), 2.14 (s, 6H), 1.31-1.29 (m, 12H), 1.26-1.19 (m, 24H). °C NMR (MeOD-d,, 125 MHz):

0 165.38 (d, J = 2.3 Hz), 164.64, 164.50, 160.01, 148.40 (d, J = 12 Hz), 148.26 (d, J = 12 Hz),
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135.10, 134.06 (d, J = 10 Hz), 134.02 (d, J = 11 Hz), 132.19 (d, J = 9.3 Hz), 131.64 (d, J = 10

Hz), 130.56 (d, J = 2.3 Hz), 130.49 (d, J = 2.4 Hz), 130.20, 129.90, 129.52, 129.20, 129.12,
128.84, 128.45, 128.37, 128.14 (d, J = 10 Hz), 128.06 (d, J = 10 Hz), 125.74, 124.33, 124.04,
122.07 (d, J = 9.8 Hz), 121.93 (d, J = 11 Hz), 117.59 (d, J = 12 Hz), 117.18 (d, J = 12 Hz),
114.55, 114.33, 106.82, 106.70, 96.18, 86.85, 86.60, 50.14, 41.32, 40.65, 31.19, 31.16, 28.33,
28.12, 24.12, 24.00, 22.81, 22.60, 21.42, 17.13. *'P NMR (MeOD-d,, 202 MHz): § +33.39,
+33.32 (1.4:1); (1:1 acetone-dg/D;0): & 31.50, 31.43 (1:1.6). IR (neat): 2961, 1664, 1617, 1590,
1434, 1252, 1054, 743, 693, 509 cm'. HRMS (ESI+): Caled. for C43Hs:N,OPRu [M + HJ*

743.2795, Found 743.2729.
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H NMR Spectrum of 1-(2,6-diisopropylphenyl)-3-(3-(diphenylphosphino)phenyl)dihydro-

imidazol-2-ylidene (2.42) in C¢Dy.
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P NMR Spectrum of 1-(2,6-diisopropylphenyl)-3-(3-(diphenylphosphino)phenyl)dihydro-

C6D6.

dazol-2-ylidene (2.42) i
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"H NMR Spectrum of N'-(2,6-diisopropylphenyl)-N*-(3-(diphenylphosphino)phenyl)ethane-

1,2-diamine (2.43) in CDCl;.

15°95°91121-20-¥1L02
0¥:55:91124-20-¥102
e

00SY'Y

0000"4

0

0z

BOOMGOBONN HIWNBUO

2ydd

RTE
N wa s
Oi

a
indzs
052

UBLEA
£1002 KL 981-¥08-077

Py PYEIDAD HL 048

-¢28-07r /09 /EIB0 HWN [EIEQ PUOM jdoiysaq /QTr /518N [

anjep

v 8 oL L
Il L : _ :

fary NN = N W = ©
p o O o OO N
Mw N ww OCOHO =
P i e L=

9€559 9215 BAYSdS ZZ

¥9€91 8215 pasnboyy 12

Hi SNEPNN 02

Z'9001- Aousnbai4 1semoT 61

§Z108 WPIM 830805 G

$5'66% fousnbaij seBwonoads 1

81eQ UOEDYIPOK B
81eQ uowsinboy G
Swi) uomsinboy v

UM @sind €1
feaq uonexeey Z1
uieD JanEs0ay Ll
SUBDS JO JSQWNN 01
B0
wawuadxg
80UBNDES BSINY
aimessdwa)
WBAeS
JB18WOoRdSdS
wbuQ

epL

L L I A s e

SweN ep4 Bleg

Jejeweled



123

BC NMR Spectrum of N'-(2,6-diisopropylphenyl)-N>-(3-(diphenylphosphino)phenyl)ethane-

1,2-diamine (2.43) in CDCl;.

0¢ ov 09 08 001 0clL ovi 091 08l 002
1 1 1 1 1 1 1 1 1 1
A _ i = _
- -
>n
| ®
£ | oL
: (5] o
N O
g w
~
|
N
Py
(=2}
—
9€659 8215 BA080S 727
99.2¢ 8215 pasnboy 12
oel SNBPNN 02
_ FArd o Aouanbaid 1samo 61
ﬂ 0'00052 WPpIM [BA23DS g1
..Im £5°001 Aouanbaij Jelawonosds /1

10:4Z:0L151-40-5102
9€:52:80151-40-5102

01E°)

00509

0000}

08

00002

O4d 80 X0y

2ydd at

ndzs
H Ak 05z
Y N W £Pm

SJwua
UBUEA
£0D0272€L 9161-508-077
PY /PYEID0DOEL QIBI-508-017 /508 /E1BQ HWN /B0 SUOM /doINsSQ /QTIF /588N

anjeA

3jeQ UONEDYIPOK S
81eQ uowsinbay G}
Sw|| uowsinbay ¢y

WP BSINd €1

Az uonexe|@y Zi

UlED JanE0aY

23

SUBDS JO JBQWINN 0}

004
wawuadxg
80UBNDES BSNY
ainjesadwe)
uBARS
PEIETTLYLEL
wbuo

e

SWeN 214 Bleg

Jejeweled

N ™M T 9 9N o>



124
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3P NMR Spectrum of N'-(2,6-diisopropylphenyl)-N>-(3-(diphenylphosphino)phenyl)ethane-
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of N'-(2,6-diisopropylphenyl)-N’-(3-(diphenylphosphino)phenyl)

'H NMR Spectrum

oxalamide (2.49) in CDCl;.
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BC NMR Spectrum of N'-(2,6-diisopropylphenyl)-N*-(3-(diphenylphosphino)phenyl)

oxalamide (2.49) in CDCl;.
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of N'-(2,6-diisopropylphenyl)-N’-(3-(diphenylphosphino)phenyl)

P NMR Spectrum

oxalamide (2.49) in CDCl;.
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H NMR Spectrum of 1-(2,6-diisopropylphenyl)-3-(3-(diphenylphosphino)phenyl)dihydro-

imidazolium chloride (2.51) in CD,Cl,.
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BC NMR Spectrum of 1-(2,6-diisopropylphenyl)-3-(3-(diphenylphosphino)phenyl)dihydro-

imidazolium chloride (2.51) in CD,Cl,.
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H NMR Spectrum of 1-(2,6-diisopropylphenyl)-3-(3-(diphenylphosphino)phenyl)dihydro-

imidazolium tetrafluoroborate (2.52) in DMSO-d;.

1

68°66%
00:8€°12194-20-¥102
90:58°91181-20-¥1L02
oz

005ty

0000°4

0e

9z

BOOMSGOBONN HIWNBUO
ak

id Indzs

® o5z
N ~ N oewp

SJwua
“ydd ) USHEA
OSWa HI e8si-v28-a7r
PY /PFOSING HL BREL-I8-0r /v08 /2180 ¥IWN /BI12Q PUOM /doiysaq /g /518sn |

anjep

l € L 8 6 ol L ¢l
Il 1 1 1 1 1 1 1

o N N o= Wow =
@ O o [= 2] oONOoOO® o
o ~ w o o= e B o
e’ ey [EPE “whsbe b

9€559 825 BA2ads 27

vae9l 8215 pasnboy 1z

HI SN3PNN 02

VUGB Aousnbaij 1semoT 61

'ZL08 WPIM [BR0sdS g1

Kauanbau4 JejBwondsds /1

SieQ UonEOYIPO 9i

ajeq uowsinbay §i
Sw|| uowsinbay ¢y

WPIM Bsnd €1
AeiaQ uonexe@y Z1

UlED JanE0aY

23

SUBDS JO JSQWNN 0}

004
wawuadxg
80UBNDES BSNY
ainessdwa)
uBARS
JB1BWOADSTS
wbuo

e

Swen sp4 Bleg

Jejeweled

- N M T D W~ @D



132

BC NMR Spectrum of 1-(2,6-diisopropylphenyl)-3-(3-(diphenylphosphino)phenyl)dihydro-

imidazolium tetrafluoroborate (2.52) in DMSO-d;.
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'"H NMR Spectrum of Dichloro(p-cymene)(diphenyl-(3-(3-(2,6-diisopropylphenyl)dihydro-

imidazolium chloride)phenyl))ruthenium (2.53) in MeCN-d;.
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9

'"H NMR Spectrum of Dichloro(p-cymene)(diphenyl-(3-(3-(2,6-diisopropylphenyl)dihydro-

imidazolium chloride)phenyl))ruthenium (2.53) in MeOD-d,.
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'"H NMR Spectrum of Dichloro(p-cymene)(diphenyl-(3-(3-(2,6-diisopropylphenyl)dihydro-

imidazolium chloride)phenyl))ruthenium (2.53) in DMSO-d;.
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BC NMR Spectrum of Dichloro(p-cymene)(diphenyl-(3-(3-(2,6-diisopropylphenyl)dihydro

imidazolium chloride)phenyl))ruthenium (2.53) in MeCN-d;.
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'"H NMR Spectrum of Dichloro(p-cymene)(diphenyl-(3-(3-(2,6-diisopropylphenyl)dihydro-

imidazolium tetrafluoroborate)phenyl))ruthenium (2.54) in MeCN-d;.
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BC NMR Spectrum of Dichloro(p-cymene)(diphenyl-(3-(3-(2,6-diisopropylphenyl)dihydro-

imidazolium tetrafluoroborate)phenyl))ruthenium (2.54) in MeCN-d;.
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'"H NMR Spectrum of (k’-carbonate)(p-cymene)(diphenyl-(3-(3-(2,6-diisopropylphenyl)

dihydro-imidazolium bicarbonate)phenyl)) ruthenium (2.55) in MeOD-d,.
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¥

'"H NMR Spectrum of (k’-carbonate)(p-cymene)(diphenyl-(3-(3-(2,6-diisopropylphenyl)

dihydro-imidazolium bicarbonate)phenyl)) ruthenium (2.55) in 1:1 acetone-d¢/D,0O.
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BC NMR Spectrum of (k’-carbonate)(p-cymene)(diphenyl-(3-(3-(2,6-diisopropylphenyl)

dihydro-imidazolium bicarbonate)phenyl)) ruthenium (2.55) in MeOD-d,.
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P NMR Spectrum of (ic’-carbonate)(p-cymene)(diphenyl-(3-(3-(2,6-diisopropylphenyl)

dihydro-imidazolium bicarbonate)phenyl)) ruthenium (2.55) in MeOD-d,.
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P NMR Spectrum of (ic’-carbonate)(p-cymene)(diphenyl-(3-(3-(2,6-diisopropylphenyl)

dihydro-imidazolium bicarbonate)phenyl)) ruthenium (2.55) in 1

1 acetone-dy/D,0.
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Chapter 3

Chemistry of Iron N-Heterocyclic Carbene Complexes
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3.1 Introduction

Carbenes are one of the most versatile ligands in organometallic chemistry due to their
unique properties. In 1964, Ernst Otto Fischer reported the first example of a transition-metal
carbene complex (3.1) (Figure 3.1)." Since this discovery, carbene ligands containing n-donating
substituents (i.e., heteroatoms) are called Fischer carbenes. They are typically in the singlet
ground state, which means 2 electrons paired in the carbene lone pair with the p-orbital
unoccupied. Fischer-type carbenes prefer the singlet state because the empty p-orbital is

stabilized by the neighboring heteroatoms.

Figure 3.1. First example of a Fischer metal-carbene complex and typical ground state

OMe I
1 MeO 1,0\
(CO)sW= " ph
Ph :

3.1 singlet carbene

Because of this singlet ground state, they are predominately o-donors consisting of an
interaction between the filled lone pair of the carbene carbon and an empty metal d-orbital
(Figure 3.2a). Additionally, Fischer-type carbenes can participate in s-backbonding interactions

of a filled metal d-orbital to the empty p-orbital on the carbene carbon (Figure 3.2b).

Figure 3.2. Common binding modes of Fischer-type carbene ligands

(a) NHC—>M o-donation (b) M—>NHC =*-backdonation
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These interactions provide the unique bonding character observed in Fischer-type carbenes. They

often have significant m-bond character with the carbene carbon being electrophilic in nature.
Although metal m-backdonation is present, the direct o-donation is only partially compensated by
the backdonation. Therefore, Fischer-type carbenes are typically found on electron-rich, low
oxidation state metal complexes containing mid to late transition metals.

One of the most esteemed examples of Fischer-type carbenes is N-heterocyclic carbenes
(NHCs). After isolation of stable NHCs was discovered in 1991 by Arduengo ef al.,’ an
extraordinary amount of work focused on the understanding of the coordination chemistry with
metal cornplexes.3 The frontier molecular orbitals are the same as typical Fischer-type carbenes.
They are often best viewed as strong o-donors with minor contributions from m-backdonation
from transition metals. Since Ofele ** and Wanzlick ® reported the first examples of metal-NHC
complexes in the 1960’s, numerous studies have been devoted to the synthesis of new NHCs, to

their characterization, and to their use as ligands in transition metal complexes.

3.2 Notable Examples of -Donating NHC Ligands

3.2.1 Ruthenium Catalyzed Olefin Metathesis

The discovery of metal-NHC complexes spurred extensive investigations to understand
the impact these ligands could have on catalysis. One of the most remarkable examples of the
usefulness of metal-NHC complexes is in the field of ruthenium-catalyzed olefin metathesis.
During the late 1980°s and early 1990’s, research that led to the development of ruthenium-based
catalysts was initiated. In 1995, Grubbs published some of the first well-defined ruthenium-
alkylidene complexes, one of which is now known as the first-generation Grubbs catalyst (3.2, L
= PCy;, R = Ph) (Scheme 3.1).” These ruthenium-based alkylidene complexes demonstrated high

reactivity, had good functional group tolerance, and were stable toward moisture and air.
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Scheme 3.1. Proposed ruthenium-based alkylidene catalyzed olefin metathesis

'|- Cl
Ru:
/1R
Cl™ Pey,
3.2
'l- Cl
Z R RU=_ Z R
c’ R
3.3
T CLR | ¢
R o Ru=
7/ |u | /1 R
<k gl o’ —

Mechanistic studies with this catalyst led the Grubbs’ group to conclude that the
mechanism first involved dissociation of one phosphine to generate the reactive 14-electron

ruthenium intermediate 3.3. °

The group found that more basic phosphines like
tricyclohexylphosphine (PCys;) instead of triphenylphosphine gave higher activity with unstrained
and acyclic olefins. They postulated that the higher activity was a result of sterics and electronics
of the phosphine ligand. Bulky phosphines should increase phosphine dissociation and stabilize
complex 3.3. Additionally, electron-donating phosphines should increase phosphine dissociation
by stabilizing the vacant coordination site trans to them. The magnitude of these two effects is

manifested in the differences in activities between 3.3 and catalysts containing PPh; ligands.

However, the two properties must also be balanced as less bulky, basic phosphines (such as
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primary alkyl phosphines) coordinated too strongly to the metal and were not susceptible to

dissociation and initiation of the catalytic cycle.

Under many conditions, the dissociation of one phosphine to generate the active
metathesis catalyst is the rate-determining step. * Although a number of techniques utilizing
chelating ligands gave slight improvements in reactivity, a new ligand system was required for

’ and Nolan ' independently discovered that the

further enhancements. In 1999, Grubbs
substitution of one of the phosphines in the catalyst with an N-Heterocyclic carbene (3.4)

produced changes in reactivity (Figure 3.3).

Figure 3.3. NHC-based ruthenium metathesis catalysts developed by Grubbs

Mes NN ~Mes Mes NN ~Mes
T T

Cl .Cl
RuU— Ru—
c” ¥ Ph c” ¥ Ph
F’Cy3 PCy3
3.4 35

The imidazolium-based NHC provided strong electron-donation to stabilize the
intermediates, which allowed the phosphine lability required for the formation of the active 14-
electorn species. Later in the same year, Grubbs published on the synthesis of a dihydroimidazol-
2-ylidene-based ruthenium complex now known as the Grubbs second-generation catalyst (3.5),
which was more active than 3.4."' Based on their earlier mechanistic work, they assumed that the
increased activity of the NHC systems was a result of the NHC ligands strong o-donating ability
and the resulting strong trans-effect. > However, detailed mechanistic work demonstrated that the
rate of the formation of the active 14-electron species was actually slower for the NHC systems.
"> They proposed that the increased rate was the result of the increased reactivity of the active 14-

electron species with the olefin instead of the dissociated phosphine.
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Also in 1999, Hoveyda et al. reported other related, very active, and functional-group

tolerant ruthenium metathesis catalysts (Figure 3.4). The first-generation catalyst 3.6 * is derived
from Grubbs’ first-generation catalyst bearing only one phosphine and a chelating alkylidene
ligand. The second-generation catalyst 3.7'* contains the same chelating alkylidene ligand and a

dihydroimidazolium based N-heterocyclic carbene.

Figure 3.4. Hoveyda-Grubbs first and second-generation ruthenium catalysts

PCy3 Mes ~N<=N~Mes
Ne
Ru=—
1o ]
3.6 3.7

These catalysts are more active than the second-generation Grubbs catalyst because the
dissociation of the chelating alkylidene ligand is faster than dissociation of the phosphine.
Therefore, the active catalyst remains in the metathesis cycle and side reactions with the
phosphine are avoided. They are also especially useful for difficult cases of metathesis of poly-
substituted olefins and selective cross-metathesis. The development and activity of these

complexes highlights the excellent o-donating capabilities of N-heterocyclic carbenes.

3.2.2 Palladium Catalyzed C—C Cross Coupling Reactions
Another noteworthy example of the effectiveness of metal-NHC complexes is in

palladium catalyzed C—C cross-coupling reactions. "> '®

Mono-dentate, bulky, electron-donating
tertiary phosphines have historically been employed as ancillary ligands in coupling systems. The

importance of careful selection of ancillary ligands can be explained by looking at the generally
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accepted mechanism for palladium catalyzed C-C cross-coupling reactions (Scheme 3.2). A

zerovalent palladium species 3.8, stabilized by electron-donating and/or bulky ligand(s),
undergoes oxidative addition with an aryl halide to generate palladium(II) complex 3.9. Addition
of an aryl-M reagent, where M is commonly boron, magnesium, tin, silicon, or zinc, results in
transmetalation to palladium generate M—X and palladium(ll) intermediate 3.10. Species 3.10
undergoes reductive elimination to couple the aryl groups and regenerate the palladium(0) species
3.8. The choice of ancillary ligands can affect both the oxidative addition and the reductive

elimination steps by stabilizing or destabilizing intermediates during the catalytic cycle.

Scheme 3.2. Postulated mechanism for palladium catalyzed cross-coupling reactions

Ar'—Ar Ln_Pdo Ar—X
3.8
L, —Pdi ~ AT L, —Pdi ~ AT
SAr ~X
3.10 3.9
X-M  Ar—M

Herrmann and coworkers first introduced Pd—-NHC complexes to cross-coupling

reactions in 1995, ' 18

Previous complexes typically contained phosphine ligands, which
commonly have issues due to phosphine dissociation into inactive species. Because of this reason,
an excess of ligand is almost always required to control the equilibrium between free and bound
phosphine. Herrmann and coworkers demonstrated Heck and Suzuki reactions utilizing a
palladium complex bearing a bi-dentate imidazolium ligand (3.11) (Table 3.1). Olefination of aryl

halides catalyzed by 3.11 demonstrated high activity (entries 1 and 2). The group postulated the

high activity was due to the complexes extreme stability to heat, oxygen, and moisture. In
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comparison to palladium catalysts containing phosphine ligands, 3.11 (and other Pd-NHC

complexes) is much more stable, which should help prevent decomposition of intermediate
palladium species like 3.9 and 3.10. Suzuki cross-coupling of aryl halides with phenylboronic

acid resulted in unsymmetrically substituted biaryl compounds in high yields (entries 3-5).

Table 3.1. PdA-NHC catalyzed Heck and Suzuki cross-coupling reactions

O
R R' or R'-[M] R

120 °C,12-24 h

Entry R X R’ [M] Additive  Yield (%)
1 OMe Br o 95
OAc Cl 0 "N (0.3 equiv.) 60

OMe Br 80
K>COs

OAc CI ©)\ BOH: 3 euiv) 60

NO, Br 99

Since their first discovery in 1995, Pd-NHC complexes have become more common for

wm B~ W

Heck and Suzuki reactions. However, research toward the development of palladium catalysts
containing NHCs for Kumada cross-couplings has only recently been reported. Compared to
other organometallic cross-coupling reactions, substrate scopes of Pd-NHC catalyzed Kumada
reactions have been limited. Predominately only aryl Grignard with aryl halides have been
examined. Only a handful of reports have demonstrated well-defined Pd-NHC catalysts (Table
3.2). Reactions catalyzed by 3.12," 3.13,% and 3.14*' proceeded in high yields of the desired

cross-coupled product with a variety of substituted aryl halides and Grignard reagents. Similar to
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complexes used for Heck and Suzuki cross-coupling reactions, these Pd species are either highly

active at low temperatures or stable up to the high temperatures required for reactivity. These
results can be attributed to the presence of the NHCs, as their o-donating capabilities provide
strong coordination to the metal center that stabilizes reactive intermediates during the catalytic

cycle and helps discourage side reactions.

Table 3.2. PdA-NHC catalyzed Kumada cross-coupling of aryl halides and aryl Grignards

\ Me
P N g ==
. Pd” iPr Me
@\ cl,_ Gl JPr cl” C|/F>OI
Pd_ Pd_ _ oOr Pr =N o, Of Me)?N Me
Pr cI” Cl YJ @/N _ N_A
N .
iPr Pr Me Me
3.13 3.14 3.15
Arl-Cl *+ Are-MgBr ———> Ar'-Ar?
Entry Cat. Ar'-Cl Ar’-MgBr Yield (%)

Cl
MgBr
| L "

3.13
Cl MgBr
2 69
Cl MgBr
)ij 100
MeO

3.14
cl S
4 | )—MgBr 95

3.15

,
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3.3 Reactivity of o-Donating Iron-NHC Complexes

The reactivity and coordination chemistry of metal-NHC complexes has been studied
extensively. Most of these reactions take advantage of NHCs for their excellent o-donating
capabilities. Metathesis and cross-coupling reactions catalyzed by ruthenium- and palladium-
NHC complexes, respectively, highlight these o-donating characteristics. On the other hand, the
chemistry of iron—-NHC complexes has not been developed to the same extent as other late
transition metals. The first isolation of an iron-NHC compound occurred in 1969 (Figure 3.5),*

yet their application in homogeneous catalysis was relatively limited until the last decade.

Figure 3.5. First isolated Fe—-NHC complex

_\
Me -NN-me

Fe(CO),

A series of reports published in the last few years have shown that iron—-NHC compounds
have considerable potential for unique and wide-ranging applications. Iron—-NHC catalysis has
resulted in numerous applications such as polymerization, 2~ ** C—C bond forming, ** ** and

reduction reactions. 2>~

The following sections are designed to highlight important discoveries
throughout the history of iron—-NHC complexes, while emphasizing the nature of the metal-

carbene bond. They are by no means a comprehensive list of all iron—-NHC complexes, nor are

they representative of all reactions iron—-NHC complexes are capable of.
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3.3.1 Polymerization Reactions

3.3.1.1 Atom Transfer Radical Polymerization

Atom transfer radical polymerization (ATRP) is among the most effective and most
widely used methods of controlled radical polymerization. ATRP allows scientists to easily form
polymers by putting together monomers in an organized, piece-by-piece fashion. Such
polymerizations demonstrate characteristics of a living and controlled polymerization. They can
also be shut down or re-started as desired depending on the reaction conditions. In an ATRP
process, a transition metal complex activates a dormant initiator to generate radicals via a one-
electron process (Scheme 3.3). Simultaneously, the transition metal is oxidized. After initiation,
the radical can react with the monomer, generating polymer with a radical that can react further.

Termination typically occurs by radical-radical combination.

Scheme 3.3. General mechanism of a metal mediated ATRP (R-X = initiator—halide, m =
monomer, P = polymer)

kact . kt
R—X + [MPP ~/—=— X—[M™ + R ---°-- > R-R
kdeact
m
P’ m
kp

The living character of the polymerization is supported by first-order dependence on the
transition metal concentration, a linear increase in polymer molecular weight with conversion,
and narrow polydispersity. The key to ATRP is controlling the equilibrium between dormant
initiator and activated radical initiator. If k. < kgeact, then the concentration of radicals in solution

is low, which is necessary to reduce radical-radical termination events. In addition, it is ideal for
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the rate of propagation (k,) to be faster than the rate of termination (k) so that polymerization

occurs instead of termination.

Since 1995 when Sawamoto ** and Matyjaszewski >’ independently discovered ATRP, it
has become an important method for the synthesis of polymers. ATRP mediated by an iron-NHC
complex dates back to a report by Grubbs and coworkers in 2000. > The group postulated that the
substitution of commonly used phosphine or amine ligands with N-heterocyclic carbenes would
be beneficial. In addition to being excellent electron donating ligands, they are less toxic than
many phosphines and amines and are easy to prepare and handle. Synthesis of the iron—-NHC
complex 3.16 was achieved through addition of the iron salt FeBr, (or FeCl,) to the imidazol-2-
ylidene ligand. The homogenous ATRP of styrene initiated with 1-phenylethyl bromide and 3.16

provided polystyrene with high conversion of styrene (Table 3.3, entry 1).

Table 3.3. Iron—-NHC mediated ATRP of styrene and methyl methacrylate

S=(

ipr-N ?N ~ipr
FeBr,

iPr\NJ\

ANJPr

R1 3.16 R?

Entry R’ R’ PDI”
1 Ph H 1.14

2 CO,Me Me 1.47
“PDI = polydispersity index, My/M,
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The rate of polymerization is among the highest reported for metal mediated ATRP in

organic solvents. The number average molecular weight (M;) increased linearly over time and
agreed with theoretical molecular weights (M,(exp.) = 3400 g/mol, M,(theo.) = 4000 g/mol)
demonstrating good control. In addition, a narrow polydispersity index (1.14) was achieved. The
ATRP of methyl methacrylate using complex 3.16 and ethyl 2-bromoisobutyrate as the initiator
produced poly(methyl methacrylate) in high conversion (entry 2). Results were similar to that of
polystyrene with slightly broader polydispersity (1.47).

The polymerization rates rival copper based systems and yield polymers with narrow
polydispersity. The increased electron-donating ability of the NHC ligands plays an important
role on the activity of ATRP catalysts. The group postulated that the high Lewis basicity of the
imidazol-2-ylidene may lower the redox potential of the iron(Il) complexes facilitating halide
abstraction from any dormant polymer chains. This would shift the equilibrium toward growing
polymer radicals and therefore increase the rate of polymerization. Importantly, the increased rate
of polymerization (and increased concentration of radicals) does not compromise the control. The
ATRP reactions can also be performed using in situ prepared complexes from iron salts and the
free N-heterocyclic carbene ligand, but a slight decrease in the activity was observed. To date this

iron—NHC complex is the only example that has been shown to mediate ATRP reactions.

3.3.1.2 Ring-Opening Polymerization

Ring-opening polymerization (ROP), a form of chain-growth polymerization, differs
from ATRP in that the reactive species can be radical, anionic, or cationic. In the ring-opening
polymerization of lactones, the mechanism proceeds via anionic ring-opening polymerization that
involves nucleophilic reagents and metal-alkoxide complexes (Scheme 3.4). Ring opening is
triggered by coordination of the monomer to the metal catalyst through the carbonyl group. This

coordination facilitates the insertion of the metal-alkoxide into the carbonyl by increasing the
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nucleophilicity of the metal-alkoxide and electrophilicity of the carbonyl group. The newly

formed metal species can then coordinate a new monomer, the metal-alkoxide can insert, and the

polymerization can propagate.

Scheme 3.4. General mechanism of a metal initiated ring-opening polymerization of ¢-
caprolactone

[M]<OR

o :
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(0]
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In 2006, Shen et al. reported an iron—-NHC complex that was active for the ring-opening
polymerization of e-caprolactone. *Tron complex 3.17 was synthesized from a mixture of FeBr,
sodium hexamethyldisilazane (NaHMDS), and the imidazolium chloride salt of the ligand. Iron
complex 3.17 was used for the ROP of e-caprolactone in toluene at 80 °C (Table 3.4). The
starting material conversion increased by increasing the polymerization time, while the M, of the
obtained polymer decreased. The molecular weight distribution of the polymer slightly broadened
as the polymerization time increased. The poor control on M, as well as the decrease in M, over
time indicates that there are inter- or intramolecular transesterification events occurring during the
polymerization reaction. The iron-NHC complex 3.17 could not be efficiently inhibiting these
transesterifications over the course of the e-caprolactone polymerization. Since the

polymerization of e-caprolactone initiated with iron—alkoxides typically proceeds via the
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coordination-insertion mechanism described in Scheme 3.6, the group postulated the process with

complex 3.17 should be similar. According to this mechanism, the poly(caprolactone) obtained
should contain a unit of the aryl-oxo-functionalized imidazolium ligand at one end of the polymer
chain. Therefore, the group synthesized small chain e-caprolactone oligomers and observed the

presence of phenyl and imidazolium peaks in the 'H NMR spectrum of the polymer.

Table 3.4. Activity of 3.17 for the ROP of e-caprolactone

Bu o A

Entry Time(h) Conv. (%) M, (kg/mol) PDI*

1 0.5 20 12.2 2.1
2 1 31 8.6 1.9
3 2 45 4.7 23
4 3 66 4.6 2.1
5 12 100 4.0 3.1

“PDI = polydispersity index, My/M,

Following their initial report, Shen and coworkers published two other iron—-NHC
complexes for the ROP of e-caprolactone (Figure 3.6).>* Both complexes demonstrated higher
reactivity and the reaction time could be reduced to 9 hours instead of 12. However, the

polydispersities were still broad and the issues concerning transesterification could not be solved.
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Figure 3.6. Iron-NHC complexes used for the ring-opening polymerization of ¢-
caprolactone

In 2014, our group reported the preparation of high molecular weight poly(lactic acid)
produced by an efficient iron catalyst bearing a bis(amidinato)-N-heterocyclic carbene ligand. *
Hilan Z. Kaplan and Cesar M. Manna investigated the reactivity iron bis(alkoxide) complex 3.18
with (rac)-lactide (Scheme 3.5). The rate of the polymerization observed for 3.18 was similar to
that observed for other iron complexes.* However, the M, observed was significantly higher,

which was attributed to the presence of the strong o-donating capabilities of the NHC ligand.

Scheme 3.5. Polymerization of (rac)-lactide catalyzed by iron—-NHC complex 3.18
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0 M,, = 39.5 kg/mol
PDI =1.26
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3.3.2 C-C Bond Forming Reactions

3.3.2.1 Kumada Cross-Coupling

Cross-coupling reactions have become one of the most useful and well-established
methods for forming C—C bonds. In this area, palladium, nickel, and copper catalysts are the most
widely used for the synthesis of complex and functionalized organic molecules. The first example
using an iron catalyst was reported in 1971 by Kochi and coworkers, who presented the reaction
of alkenyl halides with alkyl Grignards in the presence of catalytic amounts of FeCl;.*® Since
then, iron-based catalysts have become extremely efficient and valuable for cross-coupling
reactions of Grignard reagents with primary and secondary alkyl halides. Although the potential
of NHC ligands in coupling reactions is evident by the success of palladium catalysts (See 3.2.2),
the use of iron catalysts bearing NHC ligands is only recently emerging.

In 2006, Bedford et al. reported the first example of an iron—-NHC complex in the
reaction of aryl Grignards and bromoalkanes (Table 3.5). % The group demonstrated that a well-
defined iron-NHC complex 3.19 can catalyze the cross-coupling of p-tolylmagnesium bromide
and a range of secondary and primary bromoalkanes. The authors also showed that a series of
complexes formed in situ from FeCl; and a dihydroimidazolium salt (3.20) gave high yields of
the desired cross-coupling products. Within the series of dihydroimidazolium salts, 1,3-bis(tert-
butyl)dihydroimidazolium chloride gave the best result (entry 4). These complexes showed only
small amounts (15% or less) of 4,4’-bitolyl resulting from homo-coupling of the aryl Grignard.
Additionally, almost no products due to homo-coupling, 3-H elimination, or H-atom abstraction
of the starting material were observed (less than 3% total in all reactions). These complexes also

outperformed phosphine, phosphite, and arsine ligands.



Table 3.5. First example of iron—-NHC catalyzed Kumada Coupling

QZ Pr Br pr
\/

N

J

"

'P”\@—F.e I
XN N

N
¥

Pr

FeC|3

1 AN 1

MgBr
o [

Entry RX Cat/R*  Yield (%)
1 3.19 94
2 Br 3.20/Bu 97
3 O/ 3.20/Cy 87
4 3.20/Mes 45
5 Br 3.19 89
6 /O 3.20/Bu 81
7 3.19 71
8 octyl-Br 3.20/Bu 73
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3.19 3.20 R
reflux, Et,O /©/

The authors also proposed a mechanism based on previous reports of Kumada cross-

coupling reactions by Kochi, 37 Firstner, ** and Nakamura (Scheme 3.6). >’ The active iron

species is formed upon reduction of iron(IIl) to a lower oxidation state iron(n) (n = 0, 1, or 2).

The active iron species then reacts with the alkyl halide by the transfer of a single electron to

generate an alkyl radical and an X—iron(n+1) species. They propose that the alkyl radical could be

free or associated to the iron center. Transmetalation with the Grignard reagent generates an iron—

aryl complex, which is then attacked by the radical to form the product and regenerate the

catalyst. The group believed that the superiority over other ligands was attributed to the greater

electron donating ability of NHCs relative to phosphines, resulting in a more strongly reducing

iron center.
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Scheme 3.6. Proposed mechanism of iron-NHC catalyzed Kumada cross-coupling by
Bedford

Fell
ArMgX
Ar-Ar
Ar-R Fen R_X
Ar-Fen+1 X-Fen+1
R’ R’
MgX, ArMgX

Recently, Nakamura and coworkers reported the cross-coupling of primary, secondary,
and tertiary chloroalkanes, which are more challenging substrates than bromoalkanes. >’ For a
selective coupling, the group found that slow addition of the Grignard reagent was crucial to
avoid B-H elimination products. The group noticed that the consumption of starting material only
started to occur after addition of at least 5 equivalence of Grignard relative to the amount of
FeCls. Based on these results, Nakamura et al. proposed a slightly different mechanism specific
to each species formed along the catalytic cycle (Scheme 3.7). Similar to the mechanism
proposed by Bedford, Nakamura suggested that the active Fe" species 3.21 is generated by the

reduction of the Fe™

salt in the presence of ArMgBr and an imidazolium chloride salt. The
neutral species 3.21 reacts with an additional equivalence of ArMgBr to dissociate one NHC
ligand and form the anionic iron(Il) intermediate 3.22. Species 3.22 can undergo single electron
transfer (SET) with the alkyl chloride to afford an alkyl radical and iron(III) complex 3.23. After

elimination of the desired cross-coupling product and association of an NHC ligand, the active

iron species 3.21 is regenerated. Therefore, the initial consumption of 5 equivalence of ArMgBr
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is necessary to deprotonate the ligand precursor salts (2 equiv.) and form the reduced iron(1l)-

biaryl species 3.21 (3 equiv.).

Scheme 3.7. Proposed mechanism of Kumada cross-coupling by Nakamura
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In 2009, Nakamura et al. also reported aryl-aryl cross-coupling catalyzed by in situ
generated iron—-NHC complexes from dihydroimidazolium chlorides and FeF; or FeF, salts. **
Typically, aryl-aryl cross-coupling reactions are difficult due to the formation of homo-coupling
products. Remarkably, the system developed by Nakamura and coworkers eliminated Grignard
homo-coupling side reactions. Such reactions show high efficiencies of coupling various
Grignard reagents with both electron-withdrawing and electron-donating substituted aryl

chlorides (Table 3.6).
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Table 3.6. Aryl-aryl cross-coupling reactions catalyzed by an in situ generated iron—-NHC

FeF2 @
+ Cl

A 4
3 = R
, R MgBr o N'® N/ R3 | XN
R cl @ r — iPr . R2 _
R4 RS

R1 R R®
T 1 Arylélzahde = s Grignard s Yield (%)
1 OMe H H Me H 92
2 F H H OMe H 91
3 F F H OMe H 81
4 H H 1-butene Me H 18
5 H H OMe H Me 90
6 H NMe; H H H 94

The remarkable success of this iron species is believed to be a combination of the
persistent NHC and the fluoride anion ligated throughout the reaction. Reactions with mono-
dentate or bi-dentate phosphines instead of the dihydroimidazolium chloride salt achieved yields
of only 5%. Reactions were also highly dependent on the identity of the dihydroimidazolium salt.
NHCs with less bulky (1,3-bis(mesityl)dihydroimidazolium) or more weakly binding
(unsaturated) than 1,3-bis(2,6-diisopropylphenyl)dihydroimidazolium led to lower yields. This
suggests that the NHC remains ligated to the metal center and is necessary to stabilize
coordinatively unsaturated iron centers during catalysis. Analogous fluoride-free reactions using
FeCl; led to significant quantities of homo-coupled bi-aryl products, which highlights the
importance of fluoride coordination to iron throughout the catalytic cycle.

The proposed mechanism starts with the synthesis of the heteroleptic metalate iron(II)
complex 3.24, which can then undergo oxidative addition with the aryl halide (Scheme 3.8). The
newly formed iron(IV) species 3.25 can then undergo reductive elimination to form the desired

aryl-aryl product and iron complex 3.26. The active species 3.24 is regenerated by
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transmetalation with the aryl Grignard reagent. The process is extremely practical for achieving

high yielding unsymmetrical bi-aryl products with exceptional cross-coupling selectivity.
Additionally, it highlights the ability of iron-NHC complexes to catalyze cross-coupling

reactions.

Scheme 3.8. Proposed mechanism for aryl-aryl cross-coupling with FeF, precursor

S)

Cl FelF,
R-nZN-R 2 ArMgBr
Ar'-H + MgBrClI
,\D N-R
MgBrCl T: AT ARl
Fov (
1 V-
Ar'MgBr BrMg -
3.24
NNR ,\’:\ N-R
R .Cl RS e
Fell FelV
g A
BrMg ~~ BrMg
9326 9 325
Arl—Ar2

3.3.2.2  Allylic Alkylation

In addition to cross-coupling reactions, a lot of research has been focused on allylic
alkylation reactions as versatile tools for the formation of C—C bonds. The reaction is typically
catalyzed by molybdenum, ruthenium, palladium, and iridium transition metal systems. Recently,
iron has proven to be a suitable metal for this type of catalysis. In 2006, Plietker ef al. reported

the use of [NBuy][Fe(CO);NO] (3.27) with a combination of different phosphine ligands for the
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alkylation of allylic carbonates with pro-nucleophiles.* Without the addition of exogenous base,

the allylated compounds were synthesized in moderate to excellent yields (53-92%) and high
regioselectivity (98:2). In 2008, Plietker and coworkers developed an allylic alkylation catalyzed
by iron complexes with NHC ligands. * The group demonstrated that a variety of
dihydroimidazolium salts could be utilized as ligands using iron complex 3.27 (Table 3.7). The
reaction of malonate with a Michael donor led to the formation of two possible products (A and
B). Product A resulted from ipso-substitution, while product B was formed through a o-n-o
isomerization mechanism, which is rare for iron-catalyzed reactions. Interestingly, the
regioselectivity of the addition of the malonate nucleophile was controlled using specific NHC
ligands. With the fert-butyl substituted dihydroimidazolium ligand, the ipso-substitution product
A was predominately formed (entry 1). However, with the 2,4,6-trimethylphenyl substituted
dihydroimidazolium ligand, the regioselectivity observed was inverted, and isomer B was

obtained as the major product.

Table 3.7. Imidazolium and dihydroimidazolium based ligands for allylic alkylation
reactions

[NBu,J[Fe(CO)s(NO)] (3.27)

©
PFq
R-nyA -R
CO,Bu N@N BuO,C.__CO,Bu  BuUO,C . _CO,Bu
> +
W BuO,C.__CO,Bu (1 equiv.) \L Q\
Base A B
Entry R Base A:B Ratio Conv. (%)
1 ‘Bu 91:9 74
2 Pr NaNH, 84:17 68
3 4-MeOPh 73:37 12
4 2,6-"Pr,Ph KO'AM* 33:67 38
5 2,4,6-Me;Ph 9:91 98

“KO'AM = potassium 2-methylbutan-2-olate
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The regioselectivity differences could be explained by looking at the mechanism of this

allylic alkylation (Scheme 3.9). Addition of base to a dihydroimidazolium salt and iron complex
3.27 would generate a new iron complex 3.28. A o-allyl species 3.29, which can be formed upon
treatment of 3.28 with the starting material, can react via two subsequent routes to give A or B.
Species 3.29 can participate in a direct substitution reaction with the nucleophile to form product
A via an S\2’ elimination, or can isomerize to m-allyl complex 3.30. If the NHC ligand is
sterically encumbered (R = ‘Bu), this isomerization to m-allyl complex 3.30 would be disfavored
and product A would form preferentially. If the NHC ligand allows this isomerization (R = planar
aryl groups), then formation of a different o-allyl species 3.31 and substitution with the

nucleophile will preferentially form product B.

Scheme 3.9. Proposed mechanism for iron—-NHC catalyzed allylic alkylation
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The same group continued to publish on the allylic alkylation with iron-NHC complexes.

4% They have been able to control product formations and use various allyl carbonates and
nucleophiles to provide a wide array of complex products. In addition, the group demonstrated
regioselective alkoxylations using activated double bonds (Scheme 3.10). A broad variety of
functional groups were tolerated on the aryl group of the Michael acceptor or on the allylic
carbonate. Products were formed in good yields and typically 99:1 (or 1:99) regioselectivity of A
to B depending on the NHC ligand used allowing for complete control of the products formed.

This reaction, again, highlights the unique ability for the strong o-donating N-heterocyclic

carbene ligand to stabilize intermediate iron centers, promoting selective reactivity.

Scheme 3.10. Regioselective alkoxylation of activated alkenes

[NBu,][Fe(CO)4(NO)] (3.27)

©
PFe .
Me OMe
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o NN CN CN
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3.3.3 Reduction Reactions
3.3.3.1 Hydrosilylation

The selective reduction of double bonds is a fundamental strategy in chemical synthesis.
Although typically catalyzed by ruthenium, rhodium, palladium, iridium and platinum, since the
1980°s iron catalyzed reductions have become more successful. However, the first example of an
iron—NHC species was a pendant NHC-Cp piano stool complex (3.32) reported in 2010 by Royo

and coworkers (Scheme 3.11). *° Hydrosilylation of p-substituted benzaldehydes catalyzed by
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3.32 proceeded in almost quantitative yields. However, alkyl-substituted aldehydes or ketones

were not converted.

Scheme 3.11. Hydrosilylation of benzaldehyde derivatives catalyzed by 3.32
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In 2011, Darcel and coworkers published a variety of ketone and aldehyde reductions
using well-defined piano stool iron-NHC complexes (Scheme 3.12).*’ Iron complex 3.33 was
active for hydrosilylation with various silanes producing over 20 examples of alcohols with alkyl,

aryl, or H substitutions. Complex 3.34 was active for hydrosilylation under visible light

irradiation.

Scheme 3.12. Iron—NHC reduction of ketones and aldehydes
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Under these conditions, better activities and increased rates were observed for

acetophenone derivatives with nitrile, amine, or alkene functional groups. Reactions utilizing
catalysts without NHC ligands (such as CpFe(CO), or CpFe(CO)I) demonstrated yields of less
than 10% desired product. This supports that NHC ligands have a significant influence on the
activity. Additionally, piano stool iron complex 3.34 is active for the reduction of amides, esters,

and imines by hydrosilylation under irradiation (Table 3.8). **

Complex 3.34 is efficient for the
reduction of various secondary and tertiary amides to the corresponding amines in 77-98% yields

(entries 1 and 2). The reaction was suitable for both aromatic and aliphatic amides. With primary

amides, the reduction did not lead to the corresponding amine, but instead to nitrile compounds.

Table 3.8. Reduction of amides, esters, and imines via hydrosilylation catalyzed by 3.34

: /
oc,"e N
oC
,N\/)
Mes
3.34
Starting Material : » Product
PhSiH,
hv
Entry  Starting Material Product Conv. (%)
Q FE
1 R™ "NR 77-98
RJLNR'Z 2
b N
2 =z 73-98
R™ “NH, R
O P + PN
3 By R”"OR " R” "OH 46-49
R OR
R N R “NH

4 /|k )\ 57-95
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Complex 3.34 reduced esters to their corresponding ethers and alcohols in 46-49% with

selectivities of 2:3. The authors noted that iron—-NHC complex 3.34 was less active compared to
its PCy; analogue. However, reactions catalyzed by 3.34 gave higher selectivity in favor of the
ether, while in the case of the phosphine, the alcohol was preferred. The reduction of imines
yielded the corresponding amines in 57-95 % yields. Various functional groups were tolerated,
such as halogens, ketones, esters, and alkenes. The mechanism(s) of these hydrosilylation
reactions is still unclear, but the ability of the NHC ligand to stabilize coordinatively unsaturated
iron complexes is undoubtedly important.

Darcel and coworkers reported another example of the selective reduction of esters
catalyzed by a iron(0)-NHC complex (3.35) (Scheme 3.13).*" A broad variety of substrates were
used such as alkyl, benzyl, and phenyl substituted esters; all which proceed in yields of 65-95%.
High selectivities for the reduction to the corresponding aldehydes were observed when a
secondary silane was used. When tertiary or primary silanes were used, either no reduction, or

selective reduction to the alcohol took place.

Scheme 3.13. Reduction of esters to aldehydes via hydrosilylation catalyzed by 3.35
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The group also explored the mechanism for iron—-NHC 3.35 catalyzed reduction of esters
(Scheme 3.14). The mechanism starts with the formation of a 16-electron species 3.36 by

dissociation of one CO ligand. Oxidative addition of Et,SiH, yields iron(II) 3.37. Addition of the
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ester can generate either complex 3.38 or 3.39 depending on whether the Fe—H or Fe—Si bond

inserts into the carbonyl of the ester. Reductive elimination of 3.38 or 3.39 regenerates the active
species 3.39 and forms a silylacetal, which upon addition of acid be converted into the aldehyde.
Again, the o-donating capabilities of the NHC ligand stabilize the low oxidation state

intermediates in the catalytic cycle, facilitating excellent reactivity.

Scheme 3.14. Proposed mechanism for the iron—-NHC 3.35 catalyzed reduction of esters
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3.3.3.2 Hydrogenation
Apart from reduction via hydrosilylation, reduction with dihydrogen is also a useful

synthetic tool for the production of complex organic molecules. Additionally, transfer
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hydrogenation can also be particularly useful. In 2010, Royo and coworkers utilized the iron—

NHC pendant piano stool complex 3.32 for the reduction of ketones to their corresponding
alcohols (Scheme 3.15).° Reduction of acetophenone, benzophenone, and cyclohexanone in the

presence of 2-propanol and KOH gave the desired products in 85-100%.

Scheme 3.15. Transfer hydrogenation of ketones catalyzed by 3.32
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In 2012, Glorius et al. reported one additional example of transfer hydrogenation
catalyzed by an iron-NHC complex (Scheme 3.16). * Reduction of 2’-acetonaphthone proceeded

in the presence of LiO'Pr in isopropanol in up to 98% yield.

Scheme 3.16. Transfer hydrogenation of 2’-acetonaphthone catalyzed by 3.40
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Chirik and coworkers demonstrated reduction of olefins with dihydrogen in 2012 using a

low valent iron(0) complex 3.41 (Table 3.9). 3! The reaction tolerates a variety of functional
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groups, including esters, which often cause catalyst deactiviation in other systems. This reactivity

is attributed to the bulky aryl substituents on the stable tri-dentate bis(N-heterocyclic
carbene)pyridine ligand. Although reduction of one tetra-substituted substrate was demonstrated,
no conversion was observed with tetramethylethylene (entries 9 and 10). When the bis(N-
heterocyclic carbene)pyridine ligand was replaced with a bis(imino)pyridine ligand, almost all
reactions proceeded in lower yields, demonstrating the importance of the electron donating NHC

ligand.

Table 3.9. Hydrogenation of olefins catalyzed by 3.41

N R
PrN Fe N pr
Chow A

Y

starting material 3.41 > product
Hs (4 bar)
Entry Starting Material Product R Conv. (%)
1 JV JV Pr 89
X Ph Ph
2 Ph Ph Me >95

3 0 0 Pr >95
4 )\/LLO ™~ Mo ™~ Me 35
5 Pr 20
6 O/ O/ Me >95

68

9 Pr 0
X N/A
10 Me 0

|

S
5 v
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3.4 mn-Bonding and Single Electron Bonding in Metal-NHC Complexes

While much of the reactivity of metal-NHC complexes exemplifies the excellent o-
donation of the NHC ligand, m-donation and single electron donation from the carbene are also
possible. In 2006, Jacobsen and coworkers reported a computational assessment of o and -
contributions in a series of metal-NHC complexes. * Through a combination of orbital
interactions, steric interactions, and bond enthalpy, the authors calculated the amount of -
bonding in over thirty metal-NHC complexes. For all complexes (iron, ruthenium, osmium, or
gold) studied the authors reported at least a 10% contribution to the metal-NHC bond from -
bonding interactions (Figure 3.7). This nt-bonding interaction would consist between the filled -
symmetric orbital on the carbene carbon and an empty metal d-orbital. Although no examples
have been isolated to date, this theoretical study demonstrates the potential for m-bonding

interactions to occur between transition metals and NHCs.

Figure 3.7. x-bonding interactions in metal-NHC complexes

Also possible are single electron contributions, referred to as non-innocent ligands.
Jorgensen first introduced the concept of a non-innocent ligand in 1966, in which he established
that “ligands are innocent when they allow oxidation states of the central atoms to be defined.”*°
Essentially, a non-innocent ligand is one that will be easily oxidized or reduced by one or more

electrons (Figure 3.8). Upon addition of the carbene to the metal center, the carbene m*-
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antibonding orbital mixes with a d-orbital from the metal to generate bonding and antibonding

molecular orbitals. This interaction increases the ligand field splitting to such an extent that the
vacant st*-antibonding molecular orbital is actually lower in energy than the metal d > orbital.
When the metal d > orbital is filled and is the highest occupied molecular orbital (HOMO),
intramolecular electron transfer from the metal to the carbene can occur. Additionally, the same
phenomenon can occur by the external addition of an oxidant or reductant, where the ligand can

donate or accept an electron, respectively.

Figure 3.8. Molecular orbital mixing diagrams for metal-NHC bonding with redox non-
innocent ligands

The ability for ligands to be redox non-innocent inherently changes the nature of the
metal-carbene interaction. The carbene would gain radical character, thus becoming more
nucleophilic and more reactive in nature. Although NHCs are typically potent o-donors, they do
have the ability to accept electron density from the metal center. However, to date there have
been few reports of complexes displaying redox non-innocence at the N-heterocyclic carbene
carbon. While there are no isolated NHC complexes that demonstrate non-innocence, a
theoretical study of reactions of imidazol-2-ylidenes with a hydrogen atom suggests this type of

reactivity is possible. In 2002, Clyburne, Percival, and coworkers computed the potential for the
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addition of a radical to stable NHCs (Table 3.10).”" The addition of a hydrogen atom to carbenes

3.42 and 3.43 could occur at (a) the carbene carbon to produce 3.42a or 3.43a, or (b) the alkene
carbon to produce 3.42b or 3.43b. The group computed the structures of the carbenes and their

corresponding radicals using DFT calculations.

Table 3.10. Selected bond lengths (A) and angles (°) calculated for carbenes 3.42 and 2.43
and their radicals

H
..2 .o
RSP " e Ak R-y N -R
\—/ ———— FNTNT or e L,
R TR = R” R
RI RI
3.42, R =Pr,R'=Me a b

3.43, R =Mes,R' =H

Entry Parameter 342 342a 342b 343 343a  3.43b
1 NI-C2 1.386 1.397
) N3-C2 1.377  1.430 1358 1.392 1.431 1367
3 N1-C5 1.414 1.411
4 N3_C4 1.415 1.418 1496 1411  1.409 1504
5 C4-C5 1.367 1.363 1.505 | 1.357 1.356 1.491
6 NI1-C2-N3 1024 104.6 104.8 | 101.2  104.0 103.6

For radicals 3.42a and 3.43a, the N1(N3)—C2 bond lengths (entries 1 and 2) and N1-C2-
N3 (entry 6) bond angle were found to be larger than those in the parent carbenes. The
lengthening of the N1(N3)—C2 bonds makes sense as the character of these bonds became more o
in nature. Because the p-orbital on the carbene carbon is now filled, the donation from the
nitrogen lone pairs decreases, lengthening the bond. The C4—CS5 bond lengths (entry 5) remained
approximately the same, indicating there is no delocalization throughout the ring. The structure of
3.42b and 3.43b were found to be considerably different from those of the parent carbenes. The
C4-C5 bond was significantly longer due to the change from m to o bonding at the site of

addition. Spin density calculations on complex 3.42a indicated that the majority of the unpaired
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spin density (74.9%) is localized on C2, with 9.3% on each of the adjacent nitrogen atoms. In

3.42b, most of the unpaired spin density is localized on C4 (83.3%), with a small amount of
delocalization onto N1 (7.3%), N3 (6.3%), and C2 (7.8%).

With the exception of that one study, very little is known about the addition of a radical
to a carbene to yield a new radical. In 2007, Tumanskii, Apeloig, and coworkers investigated the
potential for one-electron processes to be used with metal-NHC complexes (Scheme 3.17). *
Photolysis of [Re(CO)s], (A > 300 nm) generates a thenium centered radical 'Re(CO)s that can
react with free NHC 3.43 to generate radical adduct 3.44. Complex 3.44 is persistent at room
temperature for several days. The electron paramagnetic resonance (EPR) spectrum showed
hyperfine coupling to the rhenium metal center, the imidazole nitrogen atoms, and two protons.
The formation of 3.44 was also supported by matrix-assisted laser desorption/ionization time of

flight (MALDI-TOF) mass spectrometry.

Scheme 3.17. Reactivity of NHC 3.43 with rhenium and manganese upon UV irradiation
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Reaction of free NHC 3.43 with [Mn(CO)s], under UV irradiation (A > 300 nm) led to a
different type of product. The EPR spectrum showed hyperfine coupling with only the manganese
nucleus. This result suggests that the product is a Mn-centered radical in which one of the
carbonyl ligands has been substituted by carbene 3.43. Complex 3.45 is persistent at room
temperature for up to 16 hours. The difference in reactivity between [Re(CO)s], and [Mn(CO);s],
may result from the known two orders of magnitude faster substitution of CO in manganese

carbonyl complexes than analogous rhenium carbonyl complexes. > The calculated spin density
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of 3.44 indicates that 53% of the spin density is localized on the central carbon atom of the NHC

ligand and 34% on the other atoms of the imidazol-2-ylidene ring. In contrast, 85% of the spin
density is localized on the manganese atom in 3.45.

In contrast to Arduengo-type N-heterocyclic carbenes, cyclic(alkyl)(amino)carbenes
(CAACs) have recently been shown to demonstrate redox non-innocent properties. In 2013,
Bertrand et al. reported the isolation of mononuclear gold complexes bearing two CAAC ligands.
> A bis(CAAC)AU'CI complex (3.46) was reduced in an attempt to isolate the corresponding
gold(0) species (Scheme 3.18). The gold—carbene bond length in 3.47 (1.991(2) A) is slightly
shorter than in the gold(I) precursor (2.0321(11) A). Additionally, the carbon-nitrogen bond of
the CAAC ligand (1.344(3) A) is longer than in the gold(I) precursor (1.304(2) A). Both changes
indicate significant m-backdonation of the unpaired electron from gold to the ligands. Natural
bond order (NBO) analysis showed that the spin density in 3.47 is mainly localized on the
carbene carbons (60%) and the nitrogen atoms (20%), while only 17% is localized on the gold
metal center. In effect, the result is a gold center that has significantly more gold(I) character than
gold(0) due to the ligand reduction. A similar phenomenon occurs when utilizing mononuclear

copper complexes with CAAC ligands, > but does not occur in iron or cobalt complexes. *°

Scheme 3.18. Reduction of bis(CAAC)Au'Cl complex 3.46 with potassium

e

3.47
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In analogy to the bis(CAAC)Au 3.47 example, Roesky, Frenking, Dittrich, and

coworkers reported similar reactivity with manganese > and zinc complexes > bearing CAAC
ligands. Upon reduction of (CAAC)MnCI, (3.48) with KCsin the presence of additional CAAC
ligand, bis(CAAC)Mn (3.49) was isolated (Scheme 3.19). The magnetic moment at room
temperature of 4.15 ug is close to the spin only value for an S = */, system, not the value common
for a two-coordinate manganese compound (5.92 ug, S = °/,). This result indicated that complex
3.49 contains a covalent bond between the carbene carbon atom and the central manganese atom,
leaving a radical center at the carbene moiety. Further investigations established that the data best
represented an antiferromagnetic coupling between a manganese(l) center (S = 2) and one radical

spin (S = '/,) that is delocalized on the two carbene carbon atoms.

Scheme 3.19. Reduction of (CAAC)MnCIl, complex 3.48 with potassium graphite
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Reactivity studies of the two-coordinate manganese complex 3.49 revealed some
interesting results. Complex 3.49 acts as an effective dihydrogen splitter at room temperature. In
fact, a molecule of hydrogen was split homolytically by the two radical centers connected by the
manganese center to produce 3.50 (Scheme 3.20). In comparison to frustrated Lewis pair
chemistry, the group tested the use of the free CAAC ligand for H, splitting. Indeed, the free

CAAC ligand does cleave dihydrogen at 35 °C for 5 hours. In comparison, complex 3.49, where



186
the CAAC is bound to Mn as a delocalized radial, cleaves H, at 25 °C within a few seconds. Such

an activation of H, or other small molecules could be extremely useful for a variety of

applications.

Scheme 3.20. Homolyptic cleavage of H, to generate manganese complex 3.50
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Additionally, Fischer-type carbenes, especially those of paramagnetic, first-row transition
metals, have demonstrated redox non-innocent behavior. > Reactive Fischer-type carbene
complexes are key intermediates in several catalytic reactions such as olefin metathesis,
cyclopropanation, and C—H bond insertion. However, up until recently their potential redox non-
innocence has received considerably much less attention. The lowest unoccupied molecular
orbital (LUMO) of Fischer-type carbene complexes is carbene carbon centered, which makes it
possible to form carbon-centered radicals upon one-electron reduction of these complexes. In
1976, Casey et al. showed that one-electron reduction of group 6 transition metal carbene
complexes lead to the formation of carbon-centered radical anions, as evidenced by EPR
spectroscopy (Scheme 3.21). ® Recently, the radical reactivity of these complexes has been
investigated for stoichiometric transformations. Carbon-centered radicals such as tungsten
complex 3.51 have been employed in C—C bond forming reactions to under go dimerization or

radical addition to electron-poor olefins.
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Scheme 3.21. Synthesis and stoichiometric reactivity of tungsten carbene 3.51
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Fischer-type carbene ligands also demonstrate redox non-innocence at paramagnetic
metal(IT) complexes of group 9 transition metals. For example, Co'(porphyrin) (3.52) is an

effective catalyst for olefin cyclopropanation (Scheme 3.22). ¢'~%*

Reactions catalyzed by 3.52 (or
variants of this complex) demonstrate unprecedented reactivity, stereocontrol, and ability to effect
cyclopropanation with near stoichiometric amounts of alkenes, avoiding carbene dimer formation.

The remarkable reactivity of this complex differs significantly from typical copper and rhodium

based systems that generate electrophilic Fischer-type carbene intermediates. Based on EPR and
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DFT studies, the catalytically active cobalt carbene complex has a strong carbon-radical

character. The mechanism for cyclopropanation involves the reaction of cobalt(Il) species 3.52
with a diazo-compound to generate the carbon-centered radical species 3.53. Addition of radical
species 3.53 to the olefin generates complex 3.54, which can undergo cyclopropane ring closure
to form the desired product. The last step is describe as a radical-type C—C bond coupling with

simultaneous hemolytic splitting of the Co—C bond to regenerate cobalt(Il) species 3.52.

Scheme 3.22. Carbene-centered radical mechanism for cyclopropanation of olefins
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This phenomenon causes the carbene to lose its typical Fischer-type carbene character
and gain radical character, thus becoming more nucleophilic in nature. Given the similarities
between Arduengo-type NHCs and Fischer-type carbenes in that both are potent o-donors and
have the ability to accept electron density from the metal center, it is interesting that to date there
have been few reports of complexes displaying redox non-innocence at the N-heterocyclic

carbene carbon.
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Chapter 4

Reactivity of Bis(amidinato)-N-Heterocyclic Carbene Iron Complexes
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4.1 Introduction

Over the past few decades, the development of highly active and selective transition
metal catalysts for the preparation of industrial chemicals and pharmaceuticals has attracted
considerable attention. Noble-metals such as ruthenium, rhodium, palladium, iridium, and
platinum have demonstrated remarkable activities for a wvariety of useful chemical
transformations. However, their cost, toxicity, and scarcity warrant the development of cheap,
non-toxic, and earth abundant alternatives. Recently, there has been an increasing effort to
develop base-metal catalysts into useful and practical replacements for noble-metal catalysts. '
Such systems utilizing iron have been shown to be active for oxidation, reduction, hydrogenation,
cycloaddition, polymerization, and coupling reactions. * However, very few of these catalysts
have been adopted for the preparation of industrial chemicals and pharmaceuticals; therefore, the

field of base-metal catalysis remains underdeveloped.

4.1.1 Bis(imino)pyridine Iron Complexes

While the metal employed largely influences the expectations for catalytic activity, the
importance of supporting ligands in tuning the reactivity of any give complex is vital. In
particular, complexes bearing bis(imino)pyridine (PDI) ligands (4.1) have been shown to be

exceptionally useful for a diverse series of chemical transformations (Figure 4.1).

Figure 4.1. Bis(imino)pyridine iron complexes
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4.1.1.1  Reactivity

In the late 1990°s, Gibson ®> and Brookhart * showed that iron and cobalt complexes
containing bis(imino)pyridine (PDI, pyridiyldiimine) ligands were extremely active and long-
lived catalysts for the polymerization of ethylene (Scheme 4.1). These catalysts are robust and
extremely active for polymerization to linear, high-density polyethylene. In fact, these complexes
rivaled efficiencies of most of the potent early transition metal metallocenes complexes.’ Simple
modifications to the aryl groups on the imine moieties enabled control of the number molecular
weight (M,) of the polymer. For example, catalysts bearing 2,6-diisopropylphenyl groups (4.1a)
produced higher molecular weight polymer than catalysts bearing 2,6-dimethylphenyl groups
(4.1b). Additional modifications in the reaction conditions enabled the selective production of
olefin dimers, oligomers, polymers, 7 and cyclotrimers * (when acetylene was used as the

monomer feedstock).

Scheme 4.1. Polymerization of ethylene facilitated by iron complex 4.1a
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In 2004, Chirik ef al. further demonstrated the usefulness of complexes bearing PDI
ligands by the isolation of a bis(dinitrogen) complex 4.2 (Scheme 4.2). ° Complex 4.2 was
generated by reduction of the parent dichloride 4.1a with sodium mercury amalgam under a
nitrogen atmosphere. The complex was shown to be active for a variety of organic

transformations.
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Scheme 4.2. Preparation of bis(dinitrogen) 4.2 by reduction of dichloride complex 4.1a
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Complex 4.2 proved to be a competent catalyst for the hydrogenation of olefins at low
loadings (0.3 mol%) and low pressures of hydrogen. In fact, the iron-based catalyst outperformed
some of the more active noble-metal complexes for the hydrogenation of 1-hexene (Table 4.1). 10
Under conditions optimized for the iron system, 4.2 showed a higher TOF as compared to Pd/C,
Wilkinson’s catalyst, and Crabtree’s catalyst. Additionally, complex 4.2 is active for the

hydrogenation of functionalized and hindered olefins. '

While the catalyst tolerates functional
groups such as ketones and esters, mono-substituted amines and other Lewis bases dramatically

decrease catalytic turnover.

Table 4.1. Comparison of iron complex 4.2 with noble-metal catalysts for the hydrogenation
of 1-hexene

cat

NN - N
~ Hy, 12 min
Entry Cat. TOF (b ')
1 4.2 1800
2 10% Pd/C 370
3 RhCI(PPh;); (2.34) 10
4 [Ir(cod)(PCy3)pyr]PF 75

Chirik’s reduced iron complex 4.2 has also been applied to hydrosilylation of alkenes. 12

Although precious metal catalysts such as platinum and rhodium conventionally carry out
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hydrosilylation, Chirik ef al. reported an iron-catalyzed variant. The regioselective

hydrosilylation of 1,2,4-trivinylcyclohexane with tertiary silanes is an important transformation in
the production of low rolling resistance tires. "> Iron catalyst 4.2 exhibited selectivity for the
mono-hydrosilylation of the alkene that far exceeded results obtained with commercially used
platinum compounds (Scheme 4.3). Furthermore, the catalytic hydrosilylation proceeded with
high anti-Markovnikov selectivity, and with internal olefins, addition of PhSiH; trans-2-hexene

furnished exclusively terminally silylated products.

Scheme 4.3. Selective hydrosilylation of 1,2,4-trivinylcyclohexane catalyzed by 4.2
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Encouraged by these results, Chirik extended the scope of olefin functionalization
reactions to include the hydroboration of terminal, internal, and germinal olefins. " Such
reactions are useful for applications in organic synthesis such as Suzuki cross-coupling reactions.
13.16 Reactions catalyzed by 4.2 offer distinct advantages in substrate scope and selectivity over
the previously reported noble and base-metal catalysts. Additionally, the catalyst is effective in
the absence of organic solvents, thereby minimizing waste and facilitating product isolation.
Interestingly, the hydroboration of styrene derivatives catalyzed by 4.2 generated the anti-

Markovnikov products exclusively in high yields (Table 4.2). This selectivity is challenging due

to poor regioselectivity and competitive dehydrogenative borylation.
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Table 4.2. Anti-Markovnikov hydroboration of styrene derivatives catalyzed by complex 4.2
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The Chirik group also demonstrated the use of complex 4.2 for the intramolecular

[2n+2m] cycloaddition of a,w-dienes for the direct construction of strained four-membered rings.
7 While thermally forbidden, 8 photochemical methods, use of strained olefins, activated =
systems, and transition metal reagents have been employed to circumvent the constraints of
orbital symmetry. " The group demonstrated a series of di-olefins that undergo [2m+2s]
cycloaddition at room temperature using complex 4.2 as the catalyst precursor (Table 4.3). The
iron catalyst is tolerant of amine and ester functional groups (entries 5 and 6). In the absence of
light, the reaction yields did not change, suggesting a thermal process. In 2011, Chirik also

published the coupling of two different partners in an intramolecular fashion. *°
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Table 4.3. [2x+25nt] cycloaddition of a,w-dienes catalyzed by 4.2
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E Time (min)  Conv. (%)
CH, 300 92
SiMe, 300 0
NH 300 0
NBn 26 90
N'Bu <5 >95
C(COEt), 141 >95

m
es]
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RS
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N
\
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In 2013, our laboratory demonstrated the use of iron complexes bearing a
bis(imino)pyridine ligand for the polymerization of (rac)-lactide. 2 Starting from a bis(alkyl) iron
complex 4.3, Ashley B. Biernesser synthesized an iron bis(alkoxide) complex 4.3 (Scheme 4.4).
Iron species 4.4, either isolated or generated in situ, is an active polymerization catalyst for

producing poly(lactic acid) with very low polydispersities (PDI < 1.2).

Scheme 4.4. Synthesis of iron bis(alkoxide) bis(imino)pyridine complex 4.3
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The catalysis demonstrated several hallmarks of a living polymerization such as a linear

dependence of M, on conversion, narrow molecular weight distributions, and linear polymer
growth upon sequential addition of lactide monomer. We also noted an interesting feature of the
catalytic system: simple oxidation of the active species completely but reversibly generated an
iron complex (4.5) that was inactive for lactide polymerization. The lactide polymerization
reaction could be switched on and off by reversibly reducing and oxidizing the metal center,
respectively (Scheme 4.5). We proposed the special properties of iron complexes supported by
bis(imino)pyridine ligands explains the versatility of the complexes and that the electronic and
steric properties will be useful for polymerization and copolymerization reactions in the future.

Scheme 4.5. Polymerization of lactide to poly(lactide acid) with iron bis(imino)pyridine
complexes 4.4 and 4.5
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4.1.1.2  Electronic Structure and its Effect on Reactivity

Due to such remarkable activity in a variety of catalytic transformations, the electronic
structure of the bis(imino)pyridine ligand framework has been studied extensively. In 2004,
Chirik and coworkers first demonstrated the effectiveness of iron complex 4.2 as a competent
catalyst for hydrogenation, and subsequently hydrosilylation, hydroboration, and cycloaddition
reactions. Additionally, the group studied the electron structure through a combination of X-ray
crystallography, SQUID magnetometry, Mossbauer spectroscopy, and DFT calculations. > *
Complex 4.2 is thought to be a hybrid resonance structure between a low spin iron(0) complex
and an intermediate spin (S = 1) iron(Il) center coupled to a doubly anionic, triplet

bis(imino)pyridine ligand (Figure 4.2).

Figure 4.2. Representative electronic structure of bis(imino)pyridine iron complex 4.2
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In the solution phase, iron complex 4.2 is in equilibrium with an iron complex with a
singly bound dinitrogen molecule, which the authors believe is unambiguously an intermediate

spin (S = 1) iron(II) center coupled to a doubly anionic, triplet bis(imino)pyridine ligand with a
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magnetic moment similar to the value expected for 2 unpaired electrons. Evidence for a two-

electron reduction of the ligand was first indicated by X-ray crystallography. The C—N bond
distances of the imine moieties were elongated to 1.333 A from 1.280 A in the parent dichloride
complex 4.1a, which indicates a reduction in the C—N bond order. The Mdssbauer spectrum
featured an isomer shift of 0.39 ™/, and a quadrupole splitting of 0.53 ™/,. These values are
consistent with an intermediate spin (S = 1) iron(II) center, and are not in agreement with those

mm/

expected for an iron(0) center (isomer shift = 0 ™/;). To corroborate these experimental results,
unrestricted broken symmetry (BS) DFT calculations carried out supported the hypothesis that the
bis(imino)pyridine was acting as a redox non-innocent ligand that had been doubly reduced on
the iron center.

In support of this redox activity, the parent dichloride complex 4.1a was reduced with
one electron to a formally iron(I) complex (4.6). The Chirik group observed that the

23,24

bis(imino)pyridine ligand had been singly reduced (Scheme 4.6).

Scheme 4.6. Synthesis of bis(imino)pyridine iron complex 4.6
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Similar to bis(dinitrogen) complex 4.2, lengthening of the C-N bond was observed
crystallographically from 1.280 A in the parent dichloride complex 4.1a to 1.301 and 1.313 A in
complex 4.6. These values support a reduction, but to a lesser extent than in the doubly reduced
species 4.3. The Mdssbauer spectrum showed an isomer shift of 0.77 ™/ and a quadrupole

splitting of 0.73 ™/, which unambiguously indicate a high spin (S = 2) iron center. The solution
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state magnetic moment was measured to be 4.0 ug, which corresponds to the calculated spin only

value of 3.9 ug for a species with 3 total unpaired electrons (S = 3/2). Based on these results, the

group postulated that complex 4.6 is best represented as a high spin iron(Il) center

antiferromagnetically coupled to a singlet, anionic ligand (Figure 4.3).

Figure 4.3. Representative electronic structure of bis(imino)pyridine iron complex 4.6
dx?-y?
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The addition of sodium mercury amalgam under an atmosphere of carbon monoxide

generated a diamagnetic iron species (4.7) (Scheme 4.7). 3

Scheme 4.7. Synthesis of bis(imino)pyridine iron complex 4.7
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Based on spectroscopic and computational studies, the Chirik group established that the ground

state for this molecule can be described either as a low spin iron(II) compound with a singlet
dianionic chelate or as a traditional low spin (S=0) iron(0) d® complex with a neutral
bis(imino)pyridine ligand (Figure 4.4). The reason for the ambiguity derives from the DFT
computed HOMO of the compound, which is 68% bis(imino)pyridine in character with a large
contribution from the iron center. Unlike the bis(dinitrogen) compound 4.2, 4.7 exhibits no
spectroscopic evidence for the mixing of low-lying higher-spin excited states, and therefore, the

electronic structure can be considered a hybrid of the iron(0) and iron(II) centers.

Figure 4.4. Representative electronic structure of bis(imino)pyridine iron complex 4.7
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The ability of the bis(imino)pyridine ligand to accept one or two electrons has been
shown to be of importance with regard to catalysis. First row transition metals can undergo both
one and two-electron processes, but commonly proceed by one-electron pathways; therefore,
pairing a redox active metal to a redox non-innocent ligand presents an opportunity for controlled

two electron events. The Chirik group has used this strategy in the context of iron
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bis(imino)pyridine catalyzed reactions. For example, an interesting mechanism for the iron-

catalyzed hydrogenation of olefins was proposed (Scheme 4.8).

Scheme 4.8. Proposed mechanism for the hydrogenation of olefins catalyzed by
bis(imino)pyridine iron complex 4.2

Loss of two equivalents of dinitrogen from 4.2 (relative to the catalyst) was observed by a
Toepler pump experiment, which would lead to the coordinatively unsaturated complex 4.8.

Coordination of the olefin would generate species 4.9, which can undergo oxidative addition of
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H, to give 18-electron complex 4.10. Insertion of the Fe—H bond into the bound olefin would

form the iron-alkyl intermediate 4.11. Upon reductive elimination to form the alkane product, the
active catalytic species 4.8 would be regenerated. Formally, the iron complex would under go
oxidative addition from the starting iron(0) to an iron(Il) complex, and then after reductive
elimination would reform an iron(0) species. However, because the complex contains the redox
active bis(imino)pyridine ligand, the iron center remains an iron(Il) species, while the ligand gets
oxidized and reduced by two electrons.

Another interesting reaction that highlights the redox non-innocent nature of the
bis(imino)pyridine ligand is the [2n+2x] cycloaddition of a,w-dienes (Scheme 4.9). ?% The Chirik
group studied the mechanism by isolating intermediates and characterizing by X-ray

crystallography, Mdssbauer spectroscopy, and DFT calculations.

Scheme 4.9. Proposed mechanism for the [2x+2x] cycloaddition of a,w-dienes catalyzed by

bis(imino)pyridine iron complex 4.11
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They synthesized bis(dinitrogen) iron complex 4.12, which is analogous to 4.2, to be sure

that dissociation of one of the two imine arms of the ligand could not occur during their
mechanistic studies. Similar to 4.2, complex 4.12 is an intermediate spin (S = 1) iron center
coupled to a doubly reduced bis(imino)pyridine ligand. Upon addition of a diene (N,N-diallyl-4-
methylbenzenesulfonamide) and displacement of the dinitrogen ligands, complex 4.13 was
isolated and determined to be a high spin (S = 3/,) iron(I) center paired with a singly reduced PDI
ligand. Oxidative addition of the diene generated metallacyclopentane 4.14. Complex 4.14 is best
described as an intermediate spin (S = /) iron(IIl) coupled with a singly reduced ligand.
Reductive elimination closes the cycle and forms the bicyclic product (3-tosyl-3-
azabicyclo[3.2.0]heptane).

The ability for the bis(imino)pyridine framework to serve as a redox non-innocent ligand
enables unique catalytic activity that other base-metal catalyst do not demonstrate. It is clear from
these studies that the redox activity of the ligand can assist in the stabilization of various

oxidation states of iron while also facilitating reactivity that mimics that of noble-metals.

4.1.2 Modifications to the Bis(imino)pyridine Ligand Structure

A significant amount of work has been done to elucidate how the steric and electronic
structures of the bis(imino)pyridine framework affect the reactivity of iron complexes bearing the
ligand. Much of the focus has been on the steric properties of ligand and its implications on the
reactivity of the complexes. For example, reactions such as ethylene polymerization,
hydrogenation, hydrosilylation, and hydroboration are extremely sensitive to the steric bulk about
the N-aryl portion of the ligand. Common modifications include substitutions at the 2- and 6-
positions of the N-aryl groups. Considerably less has been done to probe the electronic

contributions and donor effects of the ligand framework. Despite the large number of
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perturbations that have been done to the N-aryl groups, these electronic modifications can mostly

be attributed to subtle inductive effects.

In contrast, Danopoulos and coworkers synthesized an analogous complex to 4.1a that
replaced the two imine moieties with significantly more o-donating N-heterocyclic carbenes
(3.19).” The authors wondered how the modification of the bis(imino)pyridine framework to a
bis(N-heterocyclic carbene)pyridine ligand would affect the reactivity of the complex. In 2005,
Danopoulos was able to isolate the corresponding bis(dinitrogen) complex (3.41) from addition of
sodium mercury amalgam to the parent dibromide 3.19 (Scheme 4.10). As an analogy to the
bis(imino)pyridine complexes, Gibson et al. tested complex 3.19 for its ability to catalyze the
polymerization of ethylene with MAO.*® While titanium, vanadium, and chromium complexes
bearing bis(N-heterocyclic carbene)pyridine ligands were active, cobalt and iron complexes

demonstrated no production of polyethylene under the conditions studied.

Scheme 4.10. Synthesis of bis(N-heterocyclic carbene)pyridine iron complex 3.41
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Additionally, in 2012, Chirik and coworkers explored the use of the bis(dinitrogen)
complex 3.41 for the hydrogenation of olefins (See Chapter 3). B The group found that the
increased donating ability of the bis(N-heterocyclic carbene)pyridine ligand significantly

increased the catalytic activity as compared to the bis(imino)pyridine framework. In fact,
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complex 3.41 in the presence of H, hydrogenated a tetra-substituted olefin, which is still a

remaining challenge for even the most active noble-metal complexes (Scheme 4.11).*

Scheme 4.11. Hydrogenation of a tetra-substituted olefin catalyzed by iron complex 3.41

Q’Pr NoN, Pr /Q

PrN Y N p
e Pr
AN AN

o
| N 3.41 N
/

3:1 cis/trans

Furthermore, a few reports have demonstrated modifications to the central pyridine of the
ligand framework. In 2010, Mohammadi et al. synthesized and studied resonance withdrawing

(4.15) and donating (4.16) groups in the para-position of the pyridine ring (Figure 4.5). 30

Figure 4.5. Para-substituted bis(imino)pyridine iron complexes
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The group tested these complexes for the polymerization of ethylene based on results

Brookhart had previous observed. 3! Brookhart’s group noticed that the reaction catalyzed by
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various nickel complexes was extremely effected by the electronic properties of the catalyst. In

fact, lowering the electron density at the metal center through the addition of electron
withdrawing groups produced more active catalysts. This supports the fact that early transition
metals have typically demonstrated higher activities than late transition metals. Mohammadi and
coworkers demonstrated that complex 4.15 with an electron withdrawing nitro group in the para-
position had a higher activity than that of 4.16. However, even though it was more active,
complex 4.15 had lower thermal stability and a shorter lifetime as compared to 4.16.

In 2012, Chirik et al. also reported the synthesis and characterization of a variety of para-
substituted bis(imino)pyridine compounds (4.17-4.20) (Scheme 4.12). ** Despite not investing any
catalytic activities, the group investigated the electronic properties of the complexes by isolating
the corresponding bis(dinitrogen) (4.17a-4.20a) and dicarbonyl (4.18b-4.20b) compounds. (The
corresponding bis(dinitrogen) complex from addition of Na(Hg) amalgam of 4.17 was not
generated, but instead a mixture of free bis(imino)pyridine ligand and one-electron reduction to

an iron—chloride species similar to iron 4.6.)

Scheme 4.12. Bis(dinitrogen) and dicarbonyl iron complexes bearing a para-substituted PDI
ligand (X = Br or Cl)
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The group explored the influence of the 4-substitution on the electronic properties by

evaluating each wusing electrochemical, vibrational, and MJdssbauer spectroscopy. The
introduction of para-substitution does not influence the redox activity of the PDI ligand. The
bis(dinitrogen) species are best described as intermediate spin (S = 1) iron(Il) centers coupled to
doubly anionic, triplet bis(imino)pyridine ligands similar to 4.2. The diamagnetic dicarbonyl
species are best considered as a hybrid of iron(0) and iron(Il) centers as in 4.7. However, the
remote substituents do have a measurable influence on the electronic properties of the metal. The
carbonyl stretching frequencies are sensitive to the identity of the para-substituent, with the most
electron poor member of the series, 4.17b (R = CF3), exhibiting the highest stretching frequencies
while the most electron rich member, 4.20b (R = NMe,), has the lowest values (Table 4.4). There
is little difference between the stretching frequencies of the parent compound 4.7 and the alkyl-

substituted derivatives 4.18b (R = Bn) and 4.19b (R = ‘Bu).

Table 4.4. Carbonyl stretching frequencies of bis(imino)pyridine dicarbonyl complexes

Entry Complex v(CO) (cm™)
1 4.17b (R = CF3) 1925, 1983
2 4.7 1914, 1974
3 4.18b (R = Bn) 1913, 1972
4 4.19b (R = ‘Bu) 1911, 1971
5 4.20b (R = NME,) 1906, 1965

In addition to simple substitutions on the pyridine ring, a few reports have replaced the
central pyridine with various heterocycles. In 2003, Gibson ef al. reported the synthesis and
characterization of pyrimidine-based complexes (4.21) with various N-aryl substituents and a
carbazole-based complex (4.22) (Figure 4.6). > Pyrimidine-based complexes afforded active

polymerization catalysts upon activation with MAO, although the activity was substantially
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reduced compared to the pyridine analogues. The authors attributed this to the reduced catalytic

stability under typical polymerization conditions.

Figure 4.6. Iron complexes bearing ligands with modifications to the central donor of the
bis(imino)pyridine ligand
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In 2012, Lavoie and Thagfi published the synthesis, characterization, and ethylene
polymerization of iron complexes bearing 1,3-bis(imino)-N-heterocyclic carbene ligands (4.23)
(Figure 4.6). 3 Although designed as a tri-dentate ligand comparable to the bis(imino)pyridine
framework, the ligand coordinated to iron (and cobalt and chromium) in a bi-dentate mode
through the carbene carbon and one of the two imine nitrogen atoms. The complexes were tested
for the polymerization of ethylene and were completely inactive.

Notably absent from the literature, as of early 2012, was a tri-dentate bis(amidinato)-N-
heterocyclic carbene analogue to the bis(imino)pyridine ligand. Our laboratory *> and Lavoie *°
independently synthesized iron complexes bearing bis(amidinato)-N-heterocyclic carbene ligands
(Figure 4.7). We hypothesized that having an N-heterocyclic carbene as the central donor could
have significant impacts on the reactivity of such iron complexes. Placement of a strong trans-
influencing ligand opposite the reactive coordination sites would effectively weaken the bond
between the metal and any bound substrates. Additionally, the increased donating ability of a

carbene over a pyridine ligand could better stabilize higher oxidation states of the iron center.
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Figure 4.7. Bis(amidinato)-N-heterocyclic carbene iron complexes
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We reported tri-dentate chelation by a bis(amidinato)-4,5,6-trihydropyrimid-2-ylidene
ligand with 2,6-diisopropylaryl N-substituted groups (4.24a). Interestingly, Lavoie reported bi-
dentate chelation when the ligand contained a 2,6-dimethylphenyl substituted ligand (4.24b).
However, Lavoie’s group obtained minimal characterization for complex 4.24b. The group
proposed a bi-dentate coordination mode because two stretching frequency bands in the imine
region of the IR spectrum were observed with values strongly suggesting coordination of only
one amidinato nitrogen atom. Attempts to grow crystals to unambiguously determine the
coordination mode of the ligand were not successful.

Our group obtained a crystal structure of 4.24a supporting a penta-coordinate iron
structure. Analysis of the X-ray crystallographic data revealed complex 4.24a contains one of the
shortest iron-NHC bond reported to date, which combined with the short iron—amidine bond
lengths leads to a more sterically congested coordination environment relative to that of the
analogous bis(imino)pyridine complex 4.1a. Since this initial discovery, our group has explored
the origin of the unique structural and electronic properties of complex 4.24a. The following
sections represent a combination of work done by Hilan Z. Kaplan, Cesar M. Manna, and myself.
They are designed to highlight my work, as well as the unique features of iron complexes bearing

bis(amidinato)-N-heterocyclic carbene ligands.
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4.2 Synthesis and Characterization of Complexes Bearing Bis(amidinato)-N-

heterocyclic Carbene Ligands

4.2.1 Introduction
4.2.1.1 Iron(Il) and Iron(IIl) Complexes

In our 2012 publication, we reported the synthesis and characterization of iron complex
4.24a bearing a bis(amidinato)-N-heterocyclic carbene.’” A high spin iron(II) configuration was
assigned to the complex based on the solution magnetic moment (W), which was measured to be
5.0 ug (XT = 3.1 cm’K/mol) in THF and 4.6 ug (X*T = 2.7 em’**K/mol) in CH,Cl, at 25 °C
using Evans’ method.*”** One electron oxidation of 4.24a was possible using acetylferrocenium
tetrafluoroborate in CH,Cl, to form complex 4.25 (Scheme 4.13). The magnetic moment in THF
at 25 °C was measured to be 5.0 ug (X*T = 3.1 cm’*K/mol), which is too low for a high spin

iron(III) complex and too high for an intermediate spin iron(IlI) complex.

Scheme 4.13. Synthesis of cationic iron(IlI) complex 4.25
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Hilan Z. Kaplan obtained dc-magnetic susceptibility data for polycrystalline samples of
4.24a and 4.25 from 2 K to 300 K (Figure 4.8). The samples demonstrated complicated magnetic
behavior as a function of temperature. At low temperatures, both complexes had low magnetic
moments that increased rapidly to a plateau at intermediate temperatures. Upon further heating,

the magnetic moment once again underwent a gradual increase until the sample reached the
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maximum temperature achievable by the experimental setup. The plateau at X+T for 4.24a

occurred from 30 K to 150 K and at 1.00 cm’+K/mol is the same as the spin only value expected
for an S = 1 metal complex. Above 150 K, the increase in magnetic moment suggests a spin state
change from an S = 1 to an S = 2 ground state. The plateau at X+T for 4.25 emerged at 25 K and
persisted up to 100 K, and at 1.78 cm’*K/mol is slightly lower than the value for an S = */, spin
state (1.88 cm’*K/mol). The best fit of the high temperature data (>100 K) suggest a higher spin
state characterized by X+T = 3.31 cm’*K/mol. This value is significantly lower than the spin only
value expected for a high spin S = °/, iron(IIl) center (4.39 cm’*K/mol), which we currently

cannot definitively explain.

Figure 4.8. Variable temperature solid-state dc-magnetization data for 4.24a and 4.25 using
SQUID. Filled symbols represent experimental data, and solid line represents the
simulation, which was obtained from a combination of two models: below 100 K, the data
were fit to intermediate spin iron complexes with significant contributions from zero-field
splitting (for S = 1 in 4.24a: g;, = 2.01, |D| = 26 cm_l, [E| =6 cm_l; for S = 3/, in 4.25: Ciso =
195, ID| = 4 em™, |[E| = 1 cm™) and above 100 K, the data was fit using X = 1[1 +
exp{(AH/R)(1/T — 1/T)}] to calculate the high spin fraction in a spin transition occurring at
a spin transition temperature (T.) according to the Sorai domain model (for 4.42a: T, = 563
K; AH =705 cm™'; for 4.25: T.=199 K; AH =502 cm™). ¥

JFeCI IBF (3)

3.0 :

iPr.

[(CIIDA

iPr.

(CDA™)FeCl, (2a)

1.0 L — vt T o=+

0 50 100 150 200 250 300
T(K)



215
To gain further insight, 4.24a and 4.25 were analyzed by variable temperature zero-field

’Fe Mossbauer spectroscopy by Hilan Z. Kaplan and Matthew J. T. Wilding at Harvard
University. At low temperatures, the Mdssbauer spectrum features isomer shift and quadrupole
splitting values that are inconsistent with a high spin iron(Il) species, which one might anticipate
in analogy to the related bis(imino)pyridine iron system (4.1a). The observed values are more
consistent with an intermediate spin (S = 1) iron(Il) center as suggested by the SQUID
measurements. Minimal changes in the Mdssbauer spectrum between 100 and 150 K are
consistent with either rapid interconversion between S =1 and S = 2 spin states or a quantum
admixed S = 1,2 spin state at elevated temperatures. The Mossbauer spectrum of 4.25 at low
temperatures demonstrated isomer shifts that were more consistent with an intermediate spin S =
3/, iron(Ill) species than a high spin S = °/, complex. As was the case with 4.24a, small
differences observed upon warming the sample to 298 K can be explained by a statistical
distribution of quantum admixed spin states.

As a final experiment directed towards understanding the spin transitions that appear to
occur in these complexes, Hilan Z. Kaplan and Bo Li carried out variable temperature X-ray
crystallographic experiments. * Consistent with a change in spin state were considerable changes
in metal-ligand bond distances in 4.24a and 4.25 upon increasing the temperature (Table 4.5). For
example, the iron—carbene bond length in 4.24a elongated from the abnormally short 1.812(2) A
to 1.882(3) A at 100 and 250 K, respectively. Additionally, the average iron-imine bond
distances extended from 2.026(4) A to 2.104(4) A. These significant increases in bond length on
the order of 0.07-0.08 A are common for complexes of iron that undergo spin transitions. *"***

To corroborate our experimental results, we carried out unrestricted DFT calculations on
both 4.24a and 4.25. Intermediate (S = 1 and */,) and high spin (S = 2 and */,) configurations were
calculated to be close in energy (ca. 5 kcal/mol) for both 4.24a and 4.25, but a low spin state

configuration (S = '/,) considered for 4.25 was significantly higher in energy (> 15 kcal/mol).
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Comparing calculated and experimental metal-ligand bond lengths supports intermediate spin

state assignments for 4.24a and 4.25 at low temperatures (<100 K). At elevated temperatures
(>100 K), the experimental bond lengths move towards what is calculated for a high spin state
structure (Table 4.5). Also consistent with this assignment were the Mdssbauer parameters, which
were calculated to be close to the experimental values observed at low temperature for the

intermediate spin state electronic configuration.

Table 4.5. Selected bond lengths (A) and Méssbauer parameters (™"/) for 4.24a and 4.25

4.24a 4.25
Exp. Calc. Exp. Calc.

100 K 250K S=1 S=2 80K 298 K S="h S="}

Fe—carbene | 1.812(2) 1.882(3) | 1.823 2.024 | 1.908(2) 2.033(2) | 1.904  2.105
Fe—imine | 2.026(4) 2.104(4) : 2.071 2.284 | 2.031(9) 2.142(12) ' 2.1202  2.262

) 0.31 0.40 0.42 0.70 0.18 0.21 0.32 0.33

|AEq] 2.14 1.93 2.17 1.43 2.21 1.58 2.78 1.67

Based on our magnetic, spectroscopic, crystallographic, and computational

investigations, we hypothesized that the electronic features of the complexes were due to the
excellent o-donating capabilities of the CDA ligands. Instead of featuring a high spin
configuration common in the bis(imino)pyridine iron(I) complex 4.1a, the CDA ligand
encourages the formation of an intermediate spin state configuration at low temperatures and a
spin equilibrium complex at elevated temperatures. We reasoned that these capabilities could be
beneficial for stabilizing high oxidation state iron complexes, so future reactivity is geared toward
investigating these complexes for their ability to support high oxidation state iron intermediates

during the catalytic aziridination of olefins (See 4.3.1)
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4.2.2 Synthesis and Electronic Structure of a Formally Iron(I)-CDA Complex

Hilan Z. Kaplan carried out the one-electron reduction of 4.24a using sodium naphthalide
in THF to form iron mono-chloride 4.26 (Scheme 4.14). The structure of the complex was then

characterized by X-ray diffraction as well as Mssbauer spectroscopy and DFT calculations.

Scheme 4.14. Synthesis of iron mono-chloride complex 4.26
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To gain insight on the electronic structure of 4.26, Hilan Z. Kaplan and Matthew J. T.
Wilding at Harvard University obtained a zero-field °'Fe Mdssbauer spectrum. Although the
spectrum features three unique doublets, suggesting that three distinct iron centers were present in
the sample, the major component is consistent with a low spin iron(I) or intermediate spin iron(II)
configuration instead of high spin iron(I). **** Crystals suitable for X-ray crystallography were
obtained for 4.26. The most striking feature of the structure is the iron—carbene bond, which at
1.791(3) A, is the shortest of all the previously synthesized iron~CDA complexes. Additionally,
the distance between the carbon of the NHC and the nitrogen atom in the ring lengthens slightly
while bonds between the nitrogens on the NHC ring and the imine carbons shorten. On one hand,
the observed changes to the ligand may be an indication of increased backdonation from the
metal into the ligand n*-antibonding orbitals, but on the other hand, they are on par with changes

observed in the reduction of bis(imino)pyridine compound 4.1a. %>
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We carried out unrestricted DFT calculations on 4.26 adopting the broken symmetry (BS)

approach used by Wieghardt, Chirik, and coworkers for calculations of bis(imino)pyridine

45, 46

complexes to calculate the most likely electronic configuration of 4.26. Low spin (S = /)
and high spin (S = */,) configurations were considered for 4.26. When calculations were carried
out with a closed shell ligand configuration normal convergence was not observed. Instead, the
calculations spontaneously converged to broken symmetry solutions where one electron resides
on the ligand. Although the calculations predict that the high spin configuration is slightly lower
in energy than the intermediate spin (ca. 5 kcal/mol), the calculated and experimental metal—-
ligand bond lengths agree better for the intermediate spin situation. The BS solution was evident

from population of a molecular orbital containing a small amount of special overlap (S = 0.64),

which is illustrated in the qualitative molecular orbital diagram for 4.26 in Figure 4.9.

Figure 4.9. Qualitative molecular orbital diagram of 4.26 obtained from the BS(2,1) solution
of an unrestricted DFT calculation. Illustrated are the molecular orbitals that are involved
in the anti-ferromagnetic coupling as well as the SOMO.
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One orbital contains significant electron density on the metal dy, orbital, while the other

contains significant electron density on a ligand-centered orbital corresponding to the b,
irreducible representation in the C,, point group. Population of the ligand orbital with this
symmetry would lead to the short metal-carbene bond distances and the deviations from normal
ligand bond distances observed in the complex. This description is consistent with the
bis(amidinato)-N-heterocyclic carbene acting as a redox non-innocent ligand where the unpaired
electron on the ligand participates in an antiferromagnetic interaction with the iron(II) metal
center. This interaction is reminiscent of bonding in the bis(imino)pyridine iron mono-chloride
complex 4.6 (Figure 4.3), except that in 4.26 the metal orbital is the n-symmetric dy, orbital rather

than the o-symmetric d > orbital for the bis(imino)pyridine complex. The b, orbital on the CDA

ligand is suited for a m-backdonation interaction from the metal dy, orbital, contributing to the
shortening of the metal-NHC carbon bond.

Hilan Z. Kaplan also investigated the two-electron reduction of 4.24a using Na(Hg)
amalgam under an atmosphere of CO to form iron dicarbonyl 4.27 (Scheme 4.15). The structure
of the complex was characterized by X-ray diffraction, Mossbauer spectroscopy and DFT

calculations.

Scheme 4.15. Synthesis of iron dicarbonyl complex 4.27
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To gain insight on the electronic structure of 4.27, Hilan Z. Kaplan and Matthew T. J.

Wilding at Harvard University obtained zero-field >’Fe Mossbauer spectrum was obtained at 90
K. The spectrum features isomer shift and quadrupole splitting value that are significantly lower
than typical iron dichloride complexes and are consistent with the strongly m-acidic nature of the
carbonyl ligands. Interestingly, Mdssbauer fitting parameters are almost identical with the
analogous bis(imino)pyridine iron dicarbonyl complex 4.7*" and correspond well to a low spin
iron(0) oxidation state. This closed shell character agrees well with the diamagnetic nature of the
compound observed by 'H NMR spectroscopy. We carried out unrestricted DFT calculations on
4.27 (B3LYP/def2-TZVP(f) on iron and the primary coordination sphere; B3LYP/def2-SV(P) for
all others). Low spin (S = 1) and high spin (S = 2) configurations were considered for 4.27. The
bond metrics predicted for the low spin (S = 1) electronic configuration are in agreement with the
experimental data. These results suggest that the best descriptor for the electronic state of the
complex is a low spin iron(0).

The DFT calculations best described the electronic state as a low spin iron(0), however,
the ligand bond distances suggest some contribution from an electronic structure with a reduced
ligand. For the bis(imino)pyridine iron dicarbonyl complex 4.7, Chirik et al. proposed a hybrid of
iron(0) and iron(Il) centers (Figure 4.4). This conclusion was based on the DFT computed
HOMO of the compound, which is 68% bis(imino)pyridine in character with a large contribution
from the iron center with no spectroscopic evidence for the mixing of low-lying higher-spin
excited states. The molecular orbital diagram in Figure 4.10 illustrates the s-bonding in complex
4.27, which is manifested in the HOMO of the complex. Significant contributions from the metal
dy, orbital (38%) and the b, orbital of the NHC ligand (47%) demonstrate a high degree of

covalency in this interaction.
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Figure 4.10. Qualitative molecular orbital diagram of 4.27 obtained from an unrestricted
DFT calculation
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To assess the impact of NHC donating abilities versus ligand framework, the IR
stretching frequencies of the carbonyl ligands were compared for the bis(amidinato)-N-
heterocyclic carbene, bis(imino)pyridine, and bis(N-heterocyclic carbene)pyridine complexes
(Figure 4.11). Complex 4.27 contains a more electron rich metal center compared to the
corresponding bis(imino)pyridine dicarbonyl complex 4.7 as evidenced by the significantly lower

IR stretching frequency observed for 4.27 (v = 1913 and 1839 cm ™).

Figure 4.11. IR stretching frequencies of iron dicarbonyl complexes
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The iron center is also more electron-rich compared to the bis(N-heterocyclic carbene) dicarbonyl

compound 4.28 reported by Danopoulos and coworkers (v = 1938 and 1897 cm ™). *® Clearly it is
not only the donating ability of the NHC, but also its location as the central donor in the pincer

ligand or the saturated nature of the NHC that provides these unique features.

4.2.3 Synthesis of a Bis(dinitrogen) Formally Iron(0)-CDA Complex

Analogous to the work Chirik and coworkers reported in 2004, we attempted the
synthesis of a bis(dinitrogen)-bis(amidinato)-N-heterocyclic carbene complex.’® Following the
procedure Chirik’s group developed for the preparation of bis(dinitrogen) complex 4.2, iron
dichloride complex 4.24a was treated with excess sodium mercury amalgam in toluene under an
atmosphere of nitrogen (Scheme 4.16). However, in contrast the bis(imino)pyridine complex,
there was no reaction with the CDA. This difference in reactivity is most likely due to the poor
solubility of 4.24a in toluene. Therefore, sodium mercury amalgam was added to complex 4.24a

in THF under an atmosphere of nitrogen and unfortunately no reaction occurred.

Scheme 4.16. Treatment of iron complex 4.24a with sodium mercury amalgam under an

atmosphere of nitrogen
iPr Cl. Cl Pr @
\/

Na(Hg),N, (1 bar)  Pr '\1_5‘9\_{\‘ Pr Na(Hg),N, (1 bar)
toluene, 23 °C N“~—~N THF, 23 °C

L

4.24a

no reaction —= > NO reaction

Next, we explored the use of potassium graphite, a commonly used reductant for first row
transition metal complexes. Treatment of iron complex 4.24a with potassium graphite under an

atmosphere of nitrogen in THF generated the singly reduced iron mono-chloride compound 4.26
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in low yield (Scheme 4.17). Under higher pressures of nitrogen and sodium mercury amalgam,

Hilan Z. Kaplan isolated a mixture of the singly reduced compound 4.26 and the bis(dinitrogen)-

bis(amidinato)-N-heterocyclic carbene complex (4.29).

Scheme 4.17. Reduction of iron dichloride complex 4.24a
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The IR spectrum of the mixture of 4.26 and 4.29 contained two very strong and distinct
stretches at 2067 and 1071 cm ', which is characteristic of symmetric and asymmetric stretches

from metal-bound dinitrogen molecules (Figure 4.12).

Figure 4.12. IR stretching frequencies of iron bis(dinitrogen) complexes
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Similar to the iron dicarbonyl complexes, we can compare the bis(dinitrogen) complexes for the

bis(amidinato)-N-heterocyclic carbene, bis(imino)pyridine, and bis(N-heterocyclic
carbene)pyridine complexes. Once again, the complex that contains the CDA ligand (4.29)
contains a more electron rich metal center compared to the corresponding bis(imino)pyridine and
bis(N-heterocyclic carbene)pyridine containing complexes (4.2 and 3.44, respectively).

Assuming the presence of 4.26 was the result of an incomplete reaction, the same
transformation was attempted with an increase in pressure and reaction time (6.5 bar and 18
hours). Unfortunately, instead of 4.29, Hilan Z. Kaplan isolated the bridged dimer 4.30 identified
it by X-ray crystallography (Scheme 4.18). Interestingly, the dimer is bridged by a ligand that has
lost the carbene-carbon of the NHC, which is perhaps a result of hydrolysis by water.
Additionally, a new C-H bond was formed between a hydrogen atom and the carbene carbon of
the CDA ligand. The bond metrics support this change as the carbene carbon now adopts a

tetrahedral geometry.

Scheme 4.18. Reduction of 4.24a with Na(Hg) at 6.5 bar N, for 18 hours
Ar_
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4.24a
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4.3 Catalytic and Stoichiometric Reactivity of Complexes Bearing

Bis(amidinato)-N-heterocyclic Carbene Ligands

Based on our magnetic, spectroscopic, crystallographic, and computational
investigations, we hypothesized that the electronic features of CDA complexes were due to the
excellent o-donating capabilities of the bis(amidinato)-N-heterocyclic carbene ligand. We
reasoned that these capabilities could be beneficial for a variety of chemical transformation so we
undertook investigations into the reactivity of these complexes with azides, hydrides, alkyl

reagents, and ethylene.

4.3.1 Aziridination and Azide Homo-coupling

Based on our characterization studies of iron(Il) 4.24a and iron(Il) 4.25 complex bearing
CDA ligands, the formation of intermediate spin state configurations at low temperatures and
spin equilibrium complexes at elevated temperatures was hypothesized. We reasoned that these
capabilities could be beneficial for stabilizing high oxidation state iron complexes, so we
undertook an investigation into the reactivity of iron bis(amidinato)-N-heterocyclic carbene 4.24a

with aryl azides in the presence of 1-octene (Table 4.6).

Table 4.6. Aziridination of 1-octene with p-tolylazide

Ar =N
NSL Nl + A N~A + Aro //N. + NH2+ other
1-octene \M/Q \(\ﬁ/b ' N~ Ar
MeCN 5 5
90°C,14 h A B (o D E
Entry Cat. Conv. (%) A B C D E
1 N/A 44 23 13 0 0 8
2 4.24a 80 25 27 6 20 3
3 4.1a 78 18 31 3 14 12
4 FeCl, 79 26 28 2 11 11
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Unfortunately, reactions catalyzed by 4.24a at 50 °C demonstrated no conversion of

either starting material. At higher temperatures, the conversion of p-tolylazide was 80% and
aziridines was observed. However, the quantity of aziridine produced was not significantly above
the background reaction that occurs without an iron catalyst (entries 1 and 2). Additionally,
bis(imino)pyridine complex 4.1a and FeCl, showed similar results under these conditions. A by-
product in reactions using 4.24a at 90 °C was the homo-dimerization of p-tolylazide to form 1,2-
di-p-tolyldiazene (C), which did not occur in the absence of the iron catalyst (Table 4.7, entry 1).
Since the catalytic homo-coupling of azides to give diazenes often proceeds through high
oxidation state iron—imido intermediates, we speculated that the formation of a diazene product

was an indicator that such an intermediate was forming.

Table 4.7. Catalytic homo-coupling of p-tolylazide

N3 NH2
cat.
[ — - Ar\ //N . +
/©/ MeCN N Ar /©/
90°C, 14 h

c D
Entry  Cat.  Conv. (%) C:D kops (x 107 s7)
1 N/A 0 N/A N/A
2 FeCl, 32 122 0.903
3 4.1a 78 3:1 5.13
4 4.24a 86 4:1 5.94
5 4.1b 91 6:1 2.69
6 4.24b 91 10:1 21.4

In order to rule out ligand dissociation, a comparison of aryl azide homo-coupling was
made using iron-CDA complex 4.24a, iron-PDI complex 4.1a, and FeCl,. After 14 hours, FeCl,,
4.1a, and 4.24a demonstrated significantly different reactivity resulting in 32%, 78%, and 86%
conversion of p-tolylazide, respectively. Whereas reactions with FeCl, (entry 2) produced only

11% diazene and 21% p-toluidine (1:2 selectivity), reactions catalyzed by 4.1a (entry 3) gave
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58% diazene and 20% p-toluidine (3:1 selectivity) and reactions catalyzed by 4.24a (entry 4)

gave 68% yield of the diazene with p-toluidine (18%) as the only by-product (4:1 selectivity).
Envisioning a mechanism where a metal-nitrene interacts with an equivalent of azide to
liberate the diazene product, we surmised that a decrease in steric bulk around the iron center
would lead to a more efficient reaction. Consistent with this hypothesis were reactions carried out
with the less sterically encumbered bis(imino)pyridine complex 4.1b and bis(amidinato)-N-
heterocyclic carbene complex 4.24b (entries 5 and 6), which both proceed with 91% conversion
and greater formation of the diazene product (6:1 and 10:1 selectivity). Kinetic measurements
revealed that the rate of azide conversion for 4.24b was nearly five times faster than both 4.1b

and 4.24a, and over an order of magnitude faster than FeCl, (Table 4.6, Figure 4.13).

Figure 4.13. Reaction rates for diazene homo-coupling (catalyst: orange circle = FeCl,, blue
squares = 4.24a, pink diamonds = 4.1a, purple squares = 4.24b, black diamonds = 4.1b,
green circles = hv)
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To rule out the formation of a free nitrene during the reaction, p-tolylazide was irradiated

with UV light. After 14 hours, diazene (54%) and hydrazine (28%) were observed (Scheme 4.21).
This data suggests that the CDA ligand remained ligated to iron and the formation of a free

nitrene intermediate is unlikely as no hydrazine was observed in reactions with 4.24a or 4.24b.

Scheme 4.19. Diazene homo-coupling under UV irradiation

N3 hv A N A H
“MeCN . ONTTUAr T AT AR kgps =8.01 x10-5 5
H
90°C,14 h
54% 28%

To support this hypothesis, aziridination reactions were carried out at 50 °C with the less
sterically encumbered 4.24b (Table 4.8). Reactions catalyzed by 4.24b resulted in the formation
of aziridine in approximately 28% yield. Unfortunately, the formation of significant quantities of
other by-products precluded the use of these complexes as efficient catalysts. Nevertheless, the
reactivity of 4.24b compared to 4.1b demonstrates that iron complexes bearing CDA ligands are
more reactive toward aryl azides than complexes with PDI ligands, perhaps because the CDA

ligands are better suited to stabilize high oxidation state iron intermediates.

Table 4.8. Aziridination of 1-octene with p-tolylazide at S0 °C

N3 N NH,
N - +Ar\ . + + other
Q tadtene W WV ‘“ o )@
MeCN

50 °C,14 h C D E

Entry Cat. Conv. (%) A B C D E

1 N/A 0 N/A N/A N/A NA NA
2 FeCl, 0 N/A N/A N/A NA NA
3 4.1b 11 0 0 0 11 0
4 4.24b 75 28 0 5 19 23
5 hv 73 10 2 29 20 11




229
4.3.2 Redox and Chemical Non-Innocence of CDA Ligands

The data obtained from the synthesis and characterization of iron-CDA complexes
prompted us to investigate the ability for the CDA ligand to be redox or chemically non-innocent.
We’ve already demonstrated the redox non-innocence of bis(amidinato)-N-heterocyclic carbene
mono-chloride complex 4.27, but understanding the full reactivity profile of CDA containing iron
complexes would allow us to design future catalytic reactions. The generation of ligand radicals
can lead to interesting ligand-centered reactivity, especially in the field of organometallic
chemistry, where redox non-innocent ligands offer ample opportunities for new and fast
transformations (See Chapter 3). On one hand, redox non-innocent spectator ligands can be used
as electron reservoirs to facilitate two-electron reactivity for transition metals that have a
tendency to react via one-electron pathways (such as cheap, first-row transition metals). On the
other hand, redox non-innocent ligands can also be used to generate reactive ligand radicals to

impose controlled ligand-centered radical-type reactivity in catalysis.

4.3.2.1 Reactivity with Super Hydride

Hilan Z. Kaplan treated iron dichloride complex 4.24a with one equivalent of Super
Hydride (LiEt;BH) and isolated iron complex 4.32 (Scheme 4.20). Interestingly, the solid-state
structure of 4.32 clearly revealed that a new C—H bond was formed between the hydride and the

carbene carbon of the CDA ligand, effectively transforming the carbene to an alkyl group.

Scheme 4.20. Addition of Super Hydride to iron dichloride complex 4.24a
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The X-ray crystal structure and bond metrics of 4.32 supported this assignment (Figure

4.14). The carbene carbon used to be planar with the nitrogens in the NHC ring, but now the
carbene carbon adopts a tetrahedral geometry. These changes in structure are evident by the
N(1)-C(1)-N(2) angle of 109.0(1)°. Additionally, the bond distances between the nitrogens in the
NHC ring and the carbene carbon lengthen, which is evidence of the double bond character in the

carbene structure being reduced to single bond character.

Figure 4.14. Crystal structure of 4.32 recorded at 100 K at the 50% probability level.
Hydrogen atoms (except the relevant C(1)-H) and solvent molecules were omitted for
clarity.
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The mechanism for the formation of 4.32 is interesting as there are two plausible
pathways for the reaction to occur (Scheme 4.21). In pathway 1, a hydride could be directly
delivered from LiEt;BH to the electrophilic carbene carbon to form 4.32. In pathway 2, a hydride
could be added to the iron center to form iron—hydride intermediate 4.33, followed by oa-
migration of the hydride to the carbene carbon. Although an a-migration such as this is not
common for NHCs, it is routine for metal bound olefins (as in hydrogenation), carbonyl ligands

and Fischer-type carbenes.
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Scheme 4.21. Possible pathways for the formation of iron complex 4.32
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The formation of complex 4.32 led us to wonder what the nature of the newly formed C—

H bond is (Scheme 4.22).

Scheme 4.22. Possible reactivity of the C—H bond in complex 4.32
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It is possible to envision the C—H bond behaving in at three ways: (1) an H™ donor to generate the

intermediate spin mono-chloride iron(Il) complex 426, (2) a proton source to form a Schrock-
type carbene complex 4.34, or (3) a hydride to formally oxidize the complex to species 4.35.°"
None of these pathways are novel for transition metal complexes, but are not typical for
Arduengo-type N-heterocyclic carbenes.

To investigate the nature of this bond, we explored the reactivity of 4.32 with several
compounds that could accept a hydrogen atom, a proton, or a hydride (Scheme 4.23). Treatment
of complex 4.32 with azobisisobutyronitrile (AIBN), a commonly used radical initiator, led to a

complex mixture of various iron containing products. Addition of CO, or H; yielded no reaction.

Scheme 4.23. Reactivity of iron complex 4.32
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We also explored the reactivity of the intermediate spin mono-chloride iron(Il) complex
4.26 because if pathway 1 was proceeding, then maybe this process is reversible. Therefore, we
treated complex 4.26 with several compounds that could donate a hydrogen atom, a proton, or a
hydride (Scheme 4.24). Addition of cyclohexadi-1,4-ene or 9,10-dihydroanthracene, commonly
used hydrogen atom donors, or H, showed no conversion of the starting complex 4.26.

Unfortunately, complexes 4.26 and 4.32 are both extremely sensitive and rapidly decompose in
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the presence of trace amounts of water or other impurities, which has hindered the progress of

these investigations.

Scheme 4.24. Reactivity of iron complex 4.26
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4.3.2.2 Reactivity with an Alkyl Lithium Reagent

Hilan Z. Kaplan treated iron dichloride complex 4.24a with one equivalent of LiCH,TMS
resulted in the formation of a new iron complex (4.36) (Scheme 4.25). Interestingly, the solid-
state structure of 4.36 clearly revealed that the nucleophile (LiCH,TMS) formed a new bond with
the carbene ligand rather than the iron center. Additionally, the high resolution mass spectroscopy

of complex 4.36 agreed with this assignment.

Scheme 4.25. Addition of LIiCH,TMS to iron dichloride complex 4.24a
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The X-ray crystal structure and bond metrics of 4.36 supported this structural assignment

(Figure 4.15). Analysis of the bond lengths from the crystal structure suggests that a -hydride
elimination occurred in addition to the newly formed C—C bond with the carbene carbon. Both
C(1) of the heterocycles and C(33) of the added alkyl group form bonds with the iron center.
Additionally, the C(1)-C(33) bond length is 1.408(4) A, which is too short to be a single bond.
Further evidence for the C(1)-C(33) bond having double bond character is the hybridization of

C(33), which is much closer to sp” than sp’.

Figure 4.15. Crystal structure of 4.36 recorded at 100 K at the 50% probability level.
Hydrogen atoms, isopropyl groups, and solvent molecules were omitted for clarity.

Similar to iron complex 4.32, the mechanism for the formation of 4.36 is interesting as
there are two pathways for the reaction to occur (Scheme 4.26). In pathway 1, the alkyl group
could be directly delivered from LiCH,TMS to the electrophilic carbene carbon to form 4.37. In
pathway 2, the alkyl group could be added to the iron center to form iron—alkyl intermediate 4.38,
followed by a-migration of the alkyl group to the carbene carbon. Intermediate 4.37 could then

undergo PB-hydride elimination to form iron complex 4.29, which upon reduction would generate
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complex 4.36. Although the presence of a metal-hydride has been observed via IR of the crude

reaction mixture (v = 1953 cm'), X-ray crystallography is not able to resolve iron-hydrogen
bonds. Unfortunately, the isolated yields of 4.36 are low (around 30%), and the complex is

extremely sensitive and rapidly decomposes in the presence of trace amounts of water or other

impurities.

Scheme 4.26. Possible pathways for the formation of iron complex 4.36
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4.3.2.3 Reactivity with Ethylene

Treatment of iron dichloride complex 4.24a with excess sodium mercury amalgam under
an atmosphere of ethylene resulted in the formation of a new iron complex (4.40) (Scheme 4.27).
Interestingly, the solid-state structure of 4.40 clearly revealed that two equivalents of the

nucleophile (ethylene) formed a new bond with the carbene ligand and the iron center.
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Scheme 4.27. Addition of Na(Hg) to iron dichloride complex 4.24a under an atmosphere of
ethylene
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The X-ray crystal structure and bond metrics of 4.40 supported this structural assignment
(Figure 4.16). Analysis of the bond lengths from the crystal structure suggests that the complex

contains a bridged six-membered ring across the iron—carbene bond.

Figure 4.16. Crystal structure of 4.40 recorded at 100 K at the 50% probability level.
Hydrogen atoms and solvent molecules were omitted for clarity.
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The unique reactivity of 4.24a toward ethylene is reflected by the bond metrics of 4.40. A new C—
C bond was formed between the carbene carbon and a carbon in ethylene, effectively
transforming it from a carbene to an alkyl. The Fe(1)-C(1) bond distance elongates from the short

1.812(2) A to 2.000(2) A, a value consistent with iron—alkyl bonds (Table 4.9). % As expected,
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the N(2)-C(1) bond lengthens significantly as the double bond character in the carbene is reduced

to single bonds, elongating from 1.360(3) A to 1.470(3) A. Additionally, all of the C—C bond

distances in the six-membered bridged ring have significant single bond character.

Table 4.9. Selected experimental bond lengths (A) for 4.40

Length

Fe(1)-C(1) 2.000(2)
Fe(1)-N4) 2.116(2)
Fe(1)-C(36) 2.063(3)
N#4)—-C(5) 1.307(3)
N@2)-C(1) 1.470(3)
C(1)-C(33) 1.530(4)
C(33)-C(34) 1.500(4)
C(34)-C(35) 1.488(5)
C(35)-C(36) 1.505(4)

Similar to iron complexes 4.32 and 4.36, the mechanism for the formation of 4.40 is
interesting as there is more than one possible pathway for the reaction to occur (Scheme 4.28).
According to our previous results, addition of sodium mercury amalgam under nitrogen
atmosphere (in a glove box) should convert 4.24a to a mixture of the corresponding iron mono-
chloride complex 4.26 and bis(dinitrogen) complex 4.29. In pathway 1, loss of chloride or
nitrogen ligands with association of two molecules of ethylene would generate complex 4.41.
Oxidative coupling of the ethylene molecules would generate metallacyclopentane species 4.42,
which could undergo a-migration to form the six-membered ring structure 4.40. In pathway 2, the
redox activity of the bis(amidinato)-N-heterocyclic carbene could facilitate one-electron
cycloaddition to generate the six-membered ring structure 4.40. In pathway 3, loss of one
equivalent of dinitrogen could open up the coordination sphere so that a two-electron
cycloaddition could occur, utilizing the m-bonding character of the iron—carbene bond.

Additionally, binding of the ethylene molecules could occur to generate 4.41 prior to
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cycloaddition, as is common in olefin hydrogenation catalyzed by bis(imino)pyridine iron

complexes (Scheme 4.8).

Scheme 4.28. Possible pathways for the formation of iron complex 4.40
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Although the complex was isolated and crystallized, 4.40 is extremely sensitive and
rapidly decomposes in the presence of trace amounts of water or other impurities. In fact, to date
the complex has only successfully been synthesized a total of four times by Hilan Z. Kaplan and
myself. Attempts to alter the reaction conditions (i.e., time, temperature, solvent, reductant,
glassware, stir bars), demonstrated no change to the outcome, which unfortunately precluded

further investigations into complex 4.40 and its future stoichiometric or catalytic reactivity.
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4.4 Conclusions

While N-heterocyclic carbenes have become ubiquitous in transition metal catalysis, the
electronic consequences of their binding to first row transition metals, especially to iron, remains
underexplored. Considering the renewed interest in base metals for chemical catalysis and the
usefulness of N-heterocyclic carbene ligands have demonstrated for organocatalysis, the
investigations we’ve presented have provided significant insight into the electronic consequences
that may result by ligating NHCs to iron. We’ve synthesized iron complexes supported by CDA
ligands in multiple oxidation states and through a combination of magnetic, spectroscopic,
crystallographic, and computational methods, we have been able to characterize the bonding in
most of these complexes.

A characteristic feature in the bonding of iron—-CDA complexes is a m-interaction
between a metal-based orbital and a ligand-centered orbital with large contributions from the
empty p-orbital of the NHC carbon. In the dicarbonyl complex 4.27, this interaction is manifested
as a m-backbond, which highlights the m-accepting capabilities of CDA ligands. Increasing the
oxidation state of the complex by a single electron changes the m-interaction such that complex it
is best described as an antiferromagnetic interaction between the metal and the ligand. Although
this kind of interaction has been observed for complexes of bis(imino)pyridine ligands, this is the
first isolated example demonstrating this behavior for an Arduengo-type N-heterocyclic carbene.
Further increasing the oxidation state by one-electron leads to complex 4.24a, which increases the
covalency in the iron—carbene bond to the point that is has significant s-character. This increased
metal-ligand orbital overlap may contribute to the spin equilibrium situation (or quantum
admixed spin states) in 4.24a. One more increase in oxidation state results in a complex (4.25)
that exhibits a similar spin equilibrium situation (or quantum admixed spin states), but has

significantly less one-electron interactions.
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The bonding in CDA iron complexes is particularly interesting when compared to the

analogous bis(imino)pyridine or bis(N-heterocyclic carbene)pyridine complexes of iron. We
believe that the unique features exhibited in CDA complexes are caused by the extended -
framework of the CDA ligand coupled with the electronegativity of the iron center leading to
excellent orbital overlap and energy matching. We also demonstrated these distinctive
characteristics through a variety of catalytic and stoichiometric transformations. As compared to
bis(imino)pyridine iron complexes, the better o-donating capabilities of the NHC ligand
dramatically changed the reactivity for the polymerization of (rac)-lactide and the homo-coupling
of p-tolylazide. Additionally, stoichiometric reactions with Super hydride, an alkyl lithium
reagent, and with ethylene resulted in unusual reactivity at the carbene carbon rather than the
metal center as commonly observed for metal-NHC complexes. These types of reactivity open up
the door to a number of processes that evoke redox and chemically non-innocent ligands.

Future efforts in the group will be directed toward discovering new reactions by applying
iron—CDA complexes as catalysts for a variety of reactions involving multiple oxidation states of
iron. Although the low oxidation state complexes are extremely sensitive to trace amounts of
water or other impurities, we have started to investigate the use of more soluble complexes so
solvents like pentane and toluene (that are typically easier to dry) can be used. Preliminary results
suggest these complexes are active for the hydrogenation of primary and secondary olefins.
Additionally, bis(amidinato)-N-heterocyclic complexes of cobalt could be prepared and

investigated as a comparison to the iron complexes we’ve previously synthesized.
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4.5 Experimental

4.5.1 General Considerations

Unless otherwise stated, all reactions were carried out in oven-dried glassware in a
nitrogen atmosphere glove box or using standard Schlenk line techniques.>® Solvents were used
after passage through a solvent purification system similar to the one reported by Grubbs ** under
a blanket of argon. Particularly air-sensitive manipulations were performed using solvent that was
then degassed by briefly exposing the solvent to vacuum. Unless otherwise stated, all work-up
and purification procedures were carried out with reagent grade solvents (purchased from Fisher
Scientific, Inc.) in air. Organic reagents were purchased from Sigma-Aldrich, TCI America, or
Fisher Scientific. Benzene-ds and dichloromethane-d, were purchased from Cambridge Isotope
Laboratories and were vacuum distilled from Na/benzophenone and CaH,, respectively.
Compounds  (2,6-diacetylpyridinebis(2,6-diisopropylanil)iron ~ dichloride (4.1a), * (2,6-
diacetylpyridinebis(2,6-dimethylanil)iron  dichloride (4.1b), * and N,N-1,3-bis[1-(2,6-
diisopropylphenylimino)ethyl]4,5,6-trihydropyrimid-2-ylidene iron dichloride (4.24a) ** were
prepared according to the known literature procedures.

'H NMR spectra were recorded on a Varian VNMRS (500 MHz) or INOVA (500 MHz)
spectrometer. For diamagnetic compounds, NMR spectra are reported as follows: chemical shift,
multiplicity (s = singlet, d = doublet, t = triplet, pent = pentet, hept = heptet, m = multiplet),
coupling constants (Hz), and integration. For paramagnetic compounds, NMR spectra are
reported as follows: chemical shift (peak width at half height). Infrared spectra for air and water
sensitive compounds were recorded in a glove bag filled with nitrogen or argon and were
recorded on a Bruker Alpha-p spectrometer. Magnetic moments were determined by Evans’
method according to the procedure published by Gibson and coworkers. >’ High-resolution mass
spectra were obtained at the Boston College Mass Spectrometry Facility using ESI+ or MALDI

1onization mode.
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Variable temperature (2-300 K) magnetization data were recorded in a 1 T magnetic field

on a MPMS-XL Quantum Design SQUID magnetometer. Values for magnetic susceptibility were
corrected for the underlying diamagnetic increment by using tabulated Pascal constants. The
magnetic data at low temperature (<100 K) were fit using Eckhard Bill’s julX program to obtain
zero-field splitting parameters. *® At temperatures >100 K, the data was modeled using Sorai’s*’
model as described in the text.

*’Fe Mossbauer spectra were measured on liquid nitrogen cooled samples at zero
magnetic field with a constant acceleration spectrometer (SEE Co., Edina, MN). Solid or
crystalline sampls were prepared as Paratone-N mulls in a glove box and frozen in liquid nitrogen
prior to handling in air. Isomer shifts are quoted relative to Fe foil at room temperature. Data was
processed, simulated, and analyzed using a package written by E.R.K. for IGOR Pro 6
(Wavemetrics, Lake Oswego, OR).

Selected single crystals suitable for X-ray crystallographic analysis were used for
structural determination. The X-ray intensity data were measured at 100(2) K (Oxford
Cryostream 700) on a Bruker Kappa APEX Duo diffractometer system equipped with a sealed
Mo-target X-ray tube (A= 0.71073 A) and a high brightness IuS copper source (A = 1.54178 A).
The crystals were mounted on a goniometer head with paratone oil. The detector was placed at a
distance of 5.000 cm from the crystal. For each experiment, data collection strategy was
determined by APEX software package and all frames were collected with a scan width of 0.5° in
w and ¢ with an exposure time of 10 or 20 s/frame.

The frames were integrated with the Bruker SAINT Software package using a narrow-
frame integration algorithm to a maximum 26 angle of 56.54° (0.75 A resolution) for Mo data and
136.50° (0.83 A resolution) for Cu data. The final cell constants are based upon the refinement of
the XYZ-centroids of several thousand reflections above 20 o(/). Analysis of the data showed

negligible decay during data collection. Data were corrected for absorption effects using the



243
empirical method (SADABS). The structures were solved and refined by full-matrix least squares

procedures on |F| using the Bruker SHELXTL (version 6.12) software package. All hydrogen
atoms were included in idealized positions for structure factor calculations except those forming
hydrogen bonds or on a chiral center. Anisotropic displacement parameters were assigned to all
non-hydrogen atoms, except those disordered.

All DFT calculations were carried out in an analogous fashion described by Wieghardt,
Chirik, and coworkers for the related bis(imino)pyridine complexes > using the ORCA open
access software package.” Spin unrestricted Kohn-Shalm geometry optimizations were carried
out starting from coordinates obtained from the crystal structures of compounds #. Calculations
were carried out using the B3LYP functional. The triple-d quality basis sets def2-TZVP
developed by Ahlrichs ®* ' with one set of polarization functions were used on the metal, on the
nitrogen atoms, and on all atoms attached to the metal. For all remaining carbon and hydrogen
atoms, a double-& quality def2-SV(P) basis set also developed by Ahlrichs® was used that also
included a polarizing set of d-functions on the carbon atoms. Appropriate auxiliary basis sets
were chosen to match the orbital basis sets. > * The RIJCOSX *~ ¢ approximation was used to
accelerate the calculations. We have adopted the broken-symmetry (BS) approach by Ginsberg 68
and Noodleman ® where BS(m,n) " denotes m (n) electrons that are spin up (spin down) at the
two interacting fragments. Molecular orbital pictures and spin density plots were generated using
Chimera. "' Nonrelativistic single-point calculations were carried out on the optimized geometry
to predict Mdssbauer isomer shifts (8) and quadropole splittings (JAEq|). The ORCA “CoreProp”
basis set CP(PPP) was used for iron.”* This basis set is based on the TurboMole DZ basis set
developed by Ahlrichs and coworkers and obtained from the basis set library under ftp.chemi.uni-
karlsruhe.de/pub/basen. The Ahlrichs (2d2fg,3p2df) polarization functions used were obtained
from the TurboMole basis set library under ftp.chemie.uni-karlsuhe.de/pub/basen. All other basis

sets were the same as those used in the geometry optimization calculations.
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4.5.2 Experimental Procedures

N,N-1,3-bis[1-(2,6-dimethylphenylimino)ethyl]4,5,6-trihydropyrimid-2-ylidene iron

dichloride (4.24b). (Performed by Aristidis Vasilopoulos.) In
QMe Cl. Cl Me
an inert atmosphere glove box, anhydrous iron(II) chloride (133
Me NI_Fe _IN Me
)\N AN N)\ mg, 1.05 mmol, 1.05 equiv.) was suspended in THF (15 mL)
v and cooled to —40 °C. To the cold suspension was then added

drop wise to a precooled (—40 °C) solution of sodium bis(trimethylsilyl)amide (195 mg, 1.05
mmol, 1.05 equiv.) in THF (10 mL) and the mixture was held at —40 °C and agitated occasionally
for twelve hours. The mixture was then warmed to 23 °C for twenty minutes, during which time
most of the remaining solid dissolved. The orange/brown solution was re-cooled to —40 °C,
filtered through Celite, and added to a precooled (—40 °C) suspension of 1,3-bis[1-(2,6-
dimethylphenylimino)ethyl]-4,5,6-trihydropyrimidinium chloride (414 mg, 1.00 mmol, 1.00
equiv.) in THF (10 mL). The suspension was allowed to gradually warm to 23 °C, during which
time it turned bright pink in color. The reaction mixture was allowed to stir at 23 °C for twenty-
four hours and was then concentrated in vacuo. The crude solid was dissolved in CH,Cl,, filtered
through Celite, and was washed with THF. The crude residue was recrystallized from a mixture
of CH,Cl, and pentane at —40 °C to deliver the title compound 4.24b as a bright pink red solid
(331 mg, 66%). '"H NMR (CD,Cl,, 500 MHz) & 22.82 (262.7 Hz), 18.93 (225.9 Hz), 10.51 (319.4
Hz), 7.02 (94.3 Hz), 6.86 (73.3 Hz), 6.65 (40.2 Hz), 6.58 (60.3 Hz), 4.13 (78.1 Hz), 3.80 (214.5
Hz), 2.03 (65.7 Hz), 1.66 (112.4 Hz), 1.28 (50.0 Hz), 0.99 (130.1 Hz), 0.87 (42.9 Hz), 0.45 (427.2
Hz), 0.39 (162.2 Hz), —13.16 (240.3 Hz), —31.05 (526.2 Hz), —39.52 (462.1 Hz). Spectroscopic
data were in agreement with the reported literature values. ¥ IR (neat): 1631, 1590, 1473, 1377,
1291, 1203, 1092, 1060, 1033, 1010, 817, 768 cm '. HRMS (ESI+) for C,;H3CIFeN, [M]":

Calcd. 465.15084, Found 465.15202.
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{N,N-1,3-bis[1-(2,6-diisopropylphenylimino)ethyl]4,5,6-trihydropyrimid-2-

ylidene}iron dichloride tetrafluoroborate (4.25).

_I o
. . BF4
Pr Cl‘ /Cl Pr (Performed by Hilan Z. Kaplan.) In an inert atmosphere

Pr N—Fe—N ipy -
| J\ | glove box, 2a (50.0 mg, 0.0815 mmol, 1.00 equiv.) was
)\N ~N )\

v suspended in CH,Cl, (2.0 mL) and a solution of

acetylferrocenium tetrafluoroborate (25.7 mg, 0.0815 mmol, 1.00 equiv.) in CH,Cl, (2.0 mL) was
added drop wise. Immediately upon addition, the reaction mixture changed from dark blue to a
deep red. The solution was allowed to stir for 15 minutes at 25 °C and was the concentrated in
vacuo. The crude solid was washed with pentane (5 x 10 mL) and was again dried in vacuo. The
crude residue was recrystallized from 2:3:2 Et,O/CH,Cl,/THF v/v at —40 °C to deliver the title
compound 4.25 as dark red crystals suitable for X-ray crystallography (41.9 mg, 73%). '"H NMR
(CD,Cl,, 500 MHz) & 77.58 (745.4 Hz), 60.25 (768.5 Hz), 39.06 (269.0 Hz), 7.52 (2853.2 Hz),
5.70 (358.3 Hz), 3.72 (95.9 Hz), 3.41 (11.7 Hz), 1.83 (13.9 Hz), 1.26 (14.8 Hz), 1.13 (9.4 Hz),
0.86 (14.5 Hz), —34.50 (216.3 Hz). IR (neat): 1627, 1517, 1264, 1204, 1043, 1026, 1008, 816,
803 cm . Herr = 5.0 pg at 25 °C (Evans’ method). HRMS (MALDI) for C3;HysClFeNy M]":

Calcd. 612.2449, Found 612.2450.

{N,N-1,3-bis[1-(2,6-diisopropylphenylimino)ethyl]4,5,6-trihydropyrimid-2-

ylidene}iron chloride (4.26). In an inert atmosphere glove box,

Prcr Pr : : A
[ a solution of sodium naphthalide in THF was prepared by
Pr N—Fe—N 7py

)|\N A\\N J\ stirring naphthalene (68.9 mg, 0.538 mol, 1.10 equiv.) and
K) freshly cut sodium metal (22.5 mg, 0.978 mmol, 2.00 equiv.) in

THF (16.2 mL) for 12 hours. The dark green solution was then cooled to —40 °C, filtered, and
added to a precooled (—40 °C) suspension of 4.24a (300 mg, 0.489 mmol, 1.00 equiv.) in THF

(34.4 mL). The reaction was allowed to warm to 23 °C and was stirred for 24 hours. The reaction
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mixture was then filtered through Celite, and concentrated in vacuo. The crude red solid was

washed with pentane (3 x 20 mL) and Et,O (15 mL), and dried in vacuo to deliver the title
compound 4.26 as a reddish brown solid (181 mg, 64%). Crystals suitable for X-ray
crystallography were grown from a toluene solution layered with hexanes at 23 °C. 'H NMR:
Decomposition before obtaining spectrum. IR (neat): 1526, 1424, 1407, 1322, 795, 768 cm!

(under N). HRMS (MALDI) for C3,H,sClFeN, [M]": Caled. 577.2760, Found 577.2783.

{N,N-1,3-bis[1-(2,6-diisopropylphenylimino)ethyl]4,5,6-trihydropyrimid-2-

ylidene}iron dicarbonyl (4.27). (Performed by Hilan Z.
PrOC COPr @

Kaplan.) In an inert atmosphere glove box, mercury (5.20 g,
Pr N—Fe—N ipr

)l\N J\\N J\ 26.2 mmol, 115 equiv.) was weighed into a 50 mL round bottom

K) flask. THF (12.2 mL) was added followed by freshly cut sodium

metal (26.2 mg, 1.14 mmol, 5.00 equiv.). The biphasic mixture immediately turned grey and
cloudy and was allowed to stir for 1 hour at 23 °C. A solution of 4.24a (140 mg, 0.228 mmol,
1.00 equiv.) in THF (10.6 mL) was then added via pipette. The flask was sealed with a 180° joint
and removed from the glove box. The reaction mixture was free-pump-thawed, backfilled with 1
atmosphere of carbon monoxide gas, and allowed to warm to 23 °C. After 5 minutes at 23 °C, the
mixture turned a deep green, and after 10 minutes, the color changed to a yellow/brown. The
reaction was allowed to stir for a total of 2 hours at 23 °C, after which it was thoroughly
degassed, and taken back into the glove box. The crude reaction was filtered through Celite, and
concentrated in vacuo to afford a dark yellow solid. Recrystallization from THF layered with
pentane (~1:4 THF:pentane v/v) at —40 °C delivered the title compound 4.27 as bright orange
crystals (67.3 mg, 49%). Crystals suitable for X-ray crystallography were grown from a vapor
diffusion of pentane into a saturated benzene solution at 23 °C. '"H NMR (CgDg, 500 MHZ) 6 7.15-

7.12 (m, 6H), 3.25 (hept, J = 6.8 Hz, 4H), 2.99 (t, J = 5.6 Hz, 4H), 1.59 (s, 6H), 1.55 (d, /= 6.6
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Hz, 12H), 1.40 (pent, J = 5.6 Hz, 2H), 1.11 (d, J = 7.1 Hz, 12H); BC NMR: Decomposition

before obtaining spectrum. IR (neat): 1913, 1839, 1522, 1425, 768, 625, 593 cm’! (under N).

HRMS (MALDI) for C3,HysFeN,O, [M]": Caled. 598.2970, Found 298.2972.

{N,N-1,3-bis[1-(2,6-diisopropylphenylimino)ethyl]4,5,6-trihydropyrimid-2-

ylidene}iron bis(dinitrogen) (4.29) (as a mixture with 4.26).
Pr N2N2 Pr .
\V (Performed by Hilan Z. Kaplan.) In an inert atmosphere glove
Pr N—Fe—N /pr
/H\N ;\\N J\ box, mercury (1.13 g, 5.62 mmol, 115 equiv.) was weighed into

K) a Fisher-Porter tube. THF (3.2 mL) was added followed by

freshly cut sodium metal (5.6 mg, 0.25 mmol, 5.0 equiv.). The biphasic mixture immediately
turned grey and cloudy and was allowed to stir for 1 hour at 23 °C. A solution of 4.24a (30 mg,
0.049 mmol, 1.0 equiv.) in THF (1.5 mL) was then added via pipette. The tube was sealed,
removed from the glove box, and pressurized to 5.5 bar nitrogen. After 30 seconds, the reaction
mixture turned brown/orange. After 4 hours, the reaction was taken back into the glove box. The
crude reaction was washed with pentane, filtered through Celite, and concentrated in vacuo to
afford a brown/orange solid. Crystals suitable for X-ray crystallography were grown from a vapor
diffusion of pentane into a saturated diethyl ether solution at —40 °C. '"H NMR: Decomposition
before obtaining spectrum. IR (neat): 2957, 2070, 1974, 1686, 1561, 1459, 1359, 1320, 1211,

780, 481 cm™' (under Ar).

{N,N-1,3-bis[1-(2,6-diisopropylphenylimino)ethyl]4,5,6-trihydropyrimidyl}iron

chloride (4.32). (Performed by Hilan Z. Kaplan.) In an inert

Pr ¢ Pr
[ atmosphere glove box, 4.24a (202 mg, 0.329 mmol, 1.00 equiv.)

iPr N—Fe —N iy

)l\N J\N J\ was suspended in THF (16 mL) and the mixture was cooled to —

H
K) 40 °C. A solution of LiBEt;H in THF (0.329 mL, 0.329 mmol,
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1.00 M, 1.00 equiv.) was then added drop wise, and the reaction was allowed to warm to 23 °C.

Within minutes of the addition, the reaction turned bright green and homogenous. The solution
was allowed to stir for 1 hour, and was then filtered through Celite, and concentrated in vacuo to
afford a light green solid. The crude residue was recrystallized from benzene layered with hexane
(1:1 v/v) to afford the title compound 4.32 as bright green crystals suitable for X-ray
crystallography (114 mg, 60%). '"H NMR: Decomposition before obtaining spectrum. IR (neat):
1591, 1430, 1288, 1259, 1023, 778, 687 cm™" (under Ny). e = 5.2 pp at 25 °C (Evans’ method).

HRMS (MALDI) for C3,H4,CIFeN, [M]": Calcd. 578.2839, Found 578.2814.

{N,N-1,3-bis[1-(2,6-diisopropylphenylimino)ethyl]-2-(2-

Pr (trimethylsilyl)methylene)4,5,6-trihydropyrimidyl}iron chloride
TMS
N Q (4.36). (Performed by Hilan Z. Kaplan.) In an inert atmosphere
N /0N
< N “Fe %Cl glove box, 4.24a (50 mg, 0.082 mmol, 1.0 equiv.) was suspended in

THF (4.1 mL) and the mixture was cooled to —40 °C. A solution of

LiCH,TMS in pentane (82 uL, 0.82 mmol, 1.0 M, 1.00 equiv.) was
added to the suspension and the mixture was allowed to warm to 23 °C, during which time the
mixture turned from purple to deep red. After 3 hours of stirring, the reaction was concentrated in
vacuo. The crude red solid was dissolved in benzene, filtered through Celite, and layered with
hexanes to deliver red/brown crystals of the title compound 4.36 that were suitable for X-ray
crystallography (15 mg, 28%). '"H NMR: Decomposition before obtaining spectrum. IR (neat):
2960, 2864, 1554, 1417, 1378, 833, 767 cm™' (under N,). HRMS (MALDI) for C3sHssCIFeN,Si

[M]": Caled. 663.3312, Found 663.3330.
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{N,N-1,3-bis[1-(2,6-diisopropylphenylimino)ethyl]-2-(k:-butane)4,5,6-

trihydropyrimidyl}iron chloride or dinitrogen (4.40). In an
inert atmosphere glove box, mercury (1.17 g, 5.85 mmol, 115

equiv.) was added to a 25 mL round bottom flask. THF (2.0 mL)

was added followed by freshly cut sodium (0.0055 g, 0.24 mmol,

5.0 equiv.). The biphasic mixture immediately turned grey and
cloudy and was allowed to stir for 1 hour. A suspension of 4.24a (0.0301 g, 0.0490 mmol, 1.00
equiv.) in THF (3 mL) was then added drop wise. The flask was sealed with a 180° joint and
removed from the glove box. The purple reaction mixture was freeze-pump-thawed with liquid
N, and the flask was backfilled with 1 bar of ethylene (at which point the ethylene began to
condense on top of the frozen reaction mixture). The reaction was allowed to warm to 23 °C.
After 5 minutes at 23 °C, the mixture turned deep red, and after 15 minutes, the color changed to
orange/brown. The reaction was allowed to stir for a total of 2 hours at 23 °C, after which it was
thoroughly degassed, and taken back into the glove box. The crude reaction was filtered through
Celite, and concentrated in vacuo to afford an orange oil. Recrystallization from pentane,
followed by recrystallization from diethyl ether afforded the title compound 4.40 as bright orange
crystals suitable for X-ray crystallography (0.0293 g, 94%). 'H NMR: Decomposition before
obtaining spectrum. IR (neat): 2958, 1552, 1423, 1406, 1386, 1358, 1322, 1252, 1099, 936, 794,

767 cm™' (under N,). HRMS: Decomposition before obtaining data.
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4.7 Spectra

IR Spectrum of {N,N-1,3-bis[1-(2,6-diisopropylphenylimino)ethyl]4,5,6-trihydropyrimid-2-
ylidene}iron bis(dinitrogen) (4.29).
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IR Spectrum of {N,N-1,3-bis[1-(2,6-diisopropylphenylimino)ethyl]-2-(ic>-butane)4,5,6-

trihydropyrimidyl}iron chloride or dinitrogen (4.40).

H

[431014
8G'LGL
¥6'L9L
¥8'v6.L

18°9€6

160101
oL'zceol
12,501
09'6601
9L'09L1
189811
¥9'v0CL
Lesel
y'9L2L

218821

—_— ¥L'v98C
__— 62'9¢6C
9/°896¢

00k G6 06
[94] @ouepiwsuel ]

S8

500

1000

1500

2000

2500

3000

3500

4000

Wavenumber cm-1

20/09/2013

Instrument type and / or accessory

_glovebag

HZK-bc7-134a_IR_neat

_glovebag.1

K-bc7-134a_IR_neat,

C:\Spectra\Byers\HZK\HZ

Page 1/1



255

Appendix

X-ray Crystallographic Data
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A.1 Data for (K2-carb0nate)(p-cymene)(triphenylphosphine)ruthenium (2.40)

at 100 K

Figure A.1. ORTEP plot of 2.40 with thermal ellipsoids represented at the 50% probability
level. Hydrogen atoms and solvent molecules were excluded for clarity.




Table A.1. Crystal data and structure refinement for C,sH3,04PRu (2.40).

100 K

Identification code/CCDC
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to 6 = 32.15/66.36°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [[>26(])]
R indices (all data)
Extinction coefficient

Cy9H3,04PRu /959394
CyoH;3,04PRu
575.58
100(2) K
1.54178 A
Monoclinic
P2y
a=9.0094(3) A a=90°
b=14.3971(4) A B = 94.3520(10)°
¢ =21.0729(6) A vy =90°
2725.47(14) A’
4

1.403 Mg/m’

5.463 mm-1
1184

0.20 % 0.16 x 0.10 mm’

3.72 to 69.88°
-10<sh<10,0<k<17,0<1<25
4890
4890 [Rin: = 0.0000]

98.5%
Semi-empirical from equivalents

0.6111 and 0.4079

Full-matrix least-squares on F2
4890/2 /322
1.140

R;=0.0236, ®R, = 0.0539
R;=0.0238, wR, = 0.0540
na

0.820 and —0.437 ¢.A—3

Largest diff. peak and hole
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Table A.2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters
A 2% 103) for CoH3,04PRu (2.40). U(eq) is defined as one third of the trace of the
orthogonalized Ul tensor.

X y z U(eq)
Ru(1) 4346(1) 1141(1) 3733(1) 13(1)
P(1) 4313(1) 503(1) 2709(1) 14(1)
o(1) 6662(2) 1214(1) 3820(1) 18(1)
0(2) 5494(2) -46(1) 4076(1) 18(1)
0(@3) 7958(2) 76(1) 4348(1) 26(1)
C(1) 3724(2) 2604(1) 3783(1) 20(1)
C(2) 2536(2) 2126(1) 3457(1) 20(1)
C(@3) 1850(2) 1346(2) 3731(1) 20(1)
C#4) 2457(2) 1045(2) 4331(1) 21(1)
C(5) 3608(2) 1544(2) 4681(1) 21(1)
C(6) 4259(2) 2329(1) 4414(1) 20(1)
C(7) 524(2) 876(2) 3401(1) 27(1)
C(8) 5554(3) 2851(2) 4737(1) 27(1)
C©) 4998(4) 3798(2) 4947(2) 60(1)
C(10) 6341(3) 2345(2) 5298(1) 32(1)
c(n 3344(2) 1232(1) 2104(1) 18(1)
C(12) 4000(3) 2074(2) 1944(1) 23(1)
C(13) 3295(3) 2654(2) 1494(1) 31(1)
C(14) 1910(3) 2430(2) 1214(1) 39(1)
C(15) 1235(3) 1613(2) 1383(1) 43(1)
C(16) 1957(3) 1011(2) 1818(1) 30(1)
C(17) 3357(2) -621(1) 2649(1) 17(1)
C(18) 3237(2) -1119(2) 2077(1) 22(1)
C(19) 2520(3) -1970(2) 2038(1) 26(1)
C(20) 1902(2) -2333(2) 2571(1) 26(1)
C21) 2016(2) -1846(2) 3139(1) 24(1)
C(22) 2752(2) -996(2) 3181(1) 20(1)
C(23) 6053(2) 213(1) 2352(1) 17(1)
C(24) 6349(3) 460(2) 1736(1) 33(1)
C(25) 7636(3) 150(2) 1479(1) 42(1)
C(20) 8633(3) -408(2) 1831(1) 32(1)
C(27) 8357(3) -653(2) 2442(1) 30(1)
C(28) 7079(3) -338(2) 2702(1) 25(1)
C(29) 6782(2) 394(1) 4096(1) 17(1)
O(1S) 437(2) 8906(1) 4616(1) 39(1)




Table A.3. Bond lengths [A] and angles [°] for C,oH3,04PRu (2.40).

Ru(1)-0(1)
Ru(1)-0(2)
Ru(1)-C(1)
Ru(1)-C(4)
Ru(1)-C(2)
Ru(1)-C(5)
Ru(1)-C(6)
Ru(1)-C(3)
Ru(1)-P(1)
P(1)-C(11)
P(1)-C(17)
P(1)-C(23)
0(1)-C(29)
0(2)-C(29)
0(3)-C(29)
C(1)-C(2)
C(1)-C(6)
C(1)-H(1A)
C(2)-C(3)
C(2)-H(2A)
C(3)-C(4)
C(3)-C(7)
C(4)-C(5)
C(4)-H(4A)
C(5)-C(6)
C(5)-H(5A)
C(6)-C(8)
C(7)-H(7A)
C(7)-H(7B)
C(7)-H(7C)
C(8)-C(10)
C(8)-C(9)
C(8)-H(8A)
C(9)-H(9A)
C(9)-H(9B)
C(9)-H(9C)
C(10)-H(10A)
C(10)-H(10B)
C(10)-H(10C)
C(11)-C(16)

2.0833(14)
2.0984(13)
2.184(2)
2.198(2)
2.205(2)
2.229(2)
2.238(2)
2.268(2)
2.3440(5)
1.822(2)
1.832(2)
1.837(2)
1.316(3)
1.320(3)
1.237(3)
1.408(3)
1.435(3)
1.0000
1.426(3)
1.0000
1.407(3)
1.498(3)
1.421(3)
1.0000
1.409(3)
1.0000
1.506(3)
0.9800
0.9800
0.9800
1.517(3)
1.531(3)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.383(3)

C(11)-C(12)
C(12)-C(13)
C(12)-H(12A)
C(13)-C(14)
C(13)-H(13A)
C(14)-C(15)
C(14)-H(14A)
C(15)-C(16)
C(15)-H(15A)
C(16)-H(16A)
C(17)-C(22)
C(17)-C(18)
C(18)-C(19)
C(18)-H(18A)
C(19)-C(20)
C(19)-H(19A)
C(20)-C(21)
C(20)-H(20A)
C(21)-C(22)
C(21)-H(21A)
C(22)-H(22A)
C(23)-C(28)
C(23)-C(24)
C(24)-C(25)
C(24)-H(24A)
C(25)-C(26)
C(25)-H(25A)
C(26)-C(27)
C(26)-H(26A)
C(27)-C(28)
C(27)-H(27A)
C(28)-H(28A)
O(1S)-H(10)
0(1S)-H(20)

O(1)-Ru(1)-O(2)
O(1)-Ru(1)-C(1)
0O(2)-Ru(1)-C(1)
O(1)-Ru(1)-C(4)
0O(2)-Ru(1)-C(4)

1.399(3)
1.383(3)
0.9500
1.377(4)
0.9500
1.382(4)
0.9500
1.387(3)
0.9500
0.9500
1.393(3)
1.399(3)
1.384(3)
0.9500
1.394(3)
0.9500
1.384(3)
0.9500
1.391(3)
0.9500
0.9500
1.386(3)
1.391(3)
1.390(3)
0.9500
1.378(4)
0.9500
1.376(4)
0.9500
1.388(3)
0.9500
0.9500
0.865(18)
0.856(18)

63.00(5)
101.93(7)
152.93(7)
140.00(7)

97.66(7)



C(1)-Ru(1)-C(4)
O(1)-Ru(1)-C(2)
0(2)-Ru(1)-C(2)
C(1)-Ru(1)-C(2)
C(4)-Ru(1)-C(2)
O(1)-Ru(1)-C(5)
0(2)-Ru(1)-C(5)
C(1)-Ru(1)-C(5)
C(4)-Ru(1)-C(5)
C(2)-Ru(1)-C(5)
O(1)-Ru(1)-C(6)
0(2)-Ru(1)-C(6)
C(1)-Ru(1)-C(6)
C(4)-Ru(1)-C(6)
C(2)-Ru(1)-C(6)
C(5)-Ru(1)-C(6)
O(1)-Ru(1)-C(3)
0(2)-Ru(1)-C(3)
C(1)-Ru(1)-C(3)
C(4)-Ru(1)-C(3)
C(2)-Ru(1)-C(3)
C(5)-Ru(1)-C(3)
C(6)-Ru(1)-C(3)
O(1)-Ru(1)-P(1)
0(2)-Ru(1)-P(1)
C(1)-Ru(1)-P(1)
C(4)-Ru(1)-P(1)
C(2)-Ru(1)-P(1)
C(5)-Ru(1)-P(1)
C(6)-Ru(1)-P(1)
C(3)-Ru(1)-P(1)
C(11)-P(1)-C(17)
C(11)-P(1)-C(23)
C(17)-P(1)-C(23)
C(11)-P(1)-Ru(1)
C(17)-P(1)-Ru(1)
C(23)-P(1)-Ru(1)
C(29)-O(1)-Ru(1)
C(29)-0(2)-Ru(1)
C(2)-C(1)-C(6)
C(2)-C(1)-Ru(1)
C(6)-C(1)-Ru(1)
C(2)-C(1)-H(1A)

79.64(8)
135.00(7)
161.79(7)

37.40(8)

66.58(8)
105.80(7)

94.33(7)

67.06(8)

37.42(8)

78.70(8)

89.34(7)
116.19(7)

37.85(8)

67.28(8)

67.47(8)

36.77(8)
168.54(7)
124.68(7)

67.46(8)

36.69(8)

37.13(8)

66.69(8)

79.55(8)

92.52(4)

88.27(4)
115.95(6)
123.17(6)

92.96(6)
160.60(6)
153.09(6)

96.10(6)
105.27(9)
102.88(9)
100.53(9)
112.96(7)
112.49(7)
120.90(7)

92.43(12)

91.63(11)
120.47(19)

72.11(12)

73.08(12)
119.5

C(6)-C(1)-H(1A)
Ru(1)-C(1)-H(1A)
C(1)-C(2)-C(3)
C(1)-C(2)-Ru(1)
C(3)-C(2)-Ru(1)
C(1)-C(2)-H(2A)
C(3)-C(2)-H(2A)
Ru(1)-C(2)-H(2A)
C(4)-C(3)-C(2)
C(4)-C(3)-C(7)
C(2)-C(3)-C(7)
C(4)-C(3)-Ru(1)
C(2)-C(3)-Ru(1)
C(7)-C(3)-Ru(1)
C(3)-C(4)-C(5)
C(3)-C(4)-Ru(1)
C(5)-C(4)-Ru(1)
C(3)-C(4)-H(4A)
C(5)-C(4)-H(4A)
Ru(1)-C(4)-H(4A)
C(6)-C(5)-C(4)
C(6)-C(5)-Ru(1)
C(4)-C(5)-Ru(1)
C(6)-C(5)-H(5A)
C(4)-C(5)-H(5A)
Ru(1)-C(5)-H(5A)
C(5)-C(6)-C(1)
C(5)-C(6)-C(8)
C(1)-C(6)-C(8)
C(5)-C(6)-Ru(1)
C(1)-C(6)-Ru(1)
C(8)-C(6)-Ru(1)
C(3)-C(7)-H(7A)
C(3)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
C(3)-C(7)-H(7C)
H(7A)-C(7)-H(7C)
H(7B)-C(7)-H(7C)
C(6)-C(8)-C(10)
C(6)-C(8)-C(9)
C(10)-C(8)-C(9)
C(6)-C(8)-H(8A)
C(10)-C(8)-H(8A)

119.5
119.5
121.6(2)
70.49(12)
73.82(12)
118.7
118.7
118.7
117.1Q2)
121.4(2)
121.5(2)
68.95(12)
69.05(11)
134.26(15)
121.9(2)
74.36(12)
72.48(12)
118.8
118.8
118.8
120.57(19)
71.93(11)
70.10(12)
119.0
119.0
119.0
118.02)
123.47(19)
118.35(19)
71.29(12)
69.06(11)
127.39(15)
109.5
109.5
109.5
109.5
109.5
109.5
114.4(2)
108.4(2)
110.2(2)
107.9
107.9
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C(9)-C(8)-H(8A)
C(8)-C(9)-H(9A)
C(8)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
C(8)-C(9)-H(9C)
H(9A)-C(9)-H(9C)
H(9B)-C(9)-H(9C)
C(8)-C(10)-H(10A)
C(8)-C(10)-H(10B)
H(10A)-C(10)-H(10B)
C(8)-C(10)-H(10C)
H(10A)-C(10)-H(10C)
H(10B)-C(10)-H(10C)
C(16)-C(11)-C(12)
C(16)-C(11)-P(1)
C(12)-C(11)-P(1)
C(13)-C(12)-C(11)
C(13)-C(12)-H(12A)
C(11)-C(12)-H(12A)
C(14)-C(13)-C(12)
C(14)-C(13)-H(13A)
C(12)-C(13)-H(13A)
C(13)-C(14)-C(15)
C(13)-C(14)-H(14A)
C(15)-C(14)-H(14A)
C(14)-C(15)-C(16)
C(14)-C(15)-H(15A)
C(16)-C(15)-H(15A)
C(11)-C(16)-C(15)
C(11)-C(16)-H(16A)
C(15)-C(16)-H(16A)
C(22)-C(17)-C(18)
C(22)-C(17)-P(1)
C(18)-C(17)-P(1)
C(19)-C(18)-C(17)
C(19)-C(18)-H(18A)

107.9
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
118.6(2)
122.76(17)
118.56(16)
120.5(2)
119.8
119.8
120.4(2)
119.8
119.8
119.5(2)
120.3
120.3
120.5(3)
119.7
119.7
120.5(2)
119.8
119.8
118.97(19)
119.87(16)
121.15(16)
120.7(2)
119.6

C(17)-C(18)-H(18A)
C(18)-C(19)-C(20)
C(18)-C(19)-H(19A)
C(20)-C(19)-H(19A)
C(21)-C(20)-C(19)
C(21)-C(20)-H(20A)
C(19)-C(20)-H(20A)
C(20)-C(21)-C(22)
C(20)-C(21)-H(21A)
C(22)-C(21)-H(21A)
C(21)-C(22)-C(17)
C(21)-C(22)-H(22A)
C(17)-C(22)-H(22A)
C(28)-C(23)-C(24)
C(28)-C(23)-P(1)
C(24)-C(23)-P(1)
C(25)-C(24)-C(23)
C(25)-C(24)-H(24A)
C(23)-C(24)-H(24A)
C(26)-C(25)-C(24)
C(26)-C(25)-H(25A)
C(24)-C(25)-H(25A)
C(27)-C(26)-C(25)
C(27)-C(26)-H(26A)
C(25)-C(26)-H(26A)
C(26)-C(27)-C(28)
C(26)-C(27)-H(27A)
C(28)-C(27)-H(27A)
C(23)-C(28)-C(27)
C(23)-C(28)-H(28A)
C(27)-C(28)-H(28A)
0(3)-C(29)-0(1)
0(3)-C(29)-0(2)
0(1)-C(29)-0(2)
H(10)-0(18)-H(20)

261
119.6
119.8(2)
120.1
120.1
120.0(2)
120.0
120.0
120.3(2)
119.9
119.9
120.3(2)
119.9
119.9
118.4(2)
117.87(16)
123.59(17)
120.4(2)
119.8
119.8
120.4(2)
119.8
119.8
119.8(2)
120.1
120.1
120.0(2)
120.0
120.0
121.1(2)
119.4
119.4
124.10(19)
123.91(19)
112.00(17)
100
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Table A.4. Anisotropic displacement parameters (A 2 103) for CyH;04PRu (2.40). The
anisotropic displacement factor exponent takes the form: -2p2[ h2 a*2ull + | + 2 hk a*
b* Ul2),

ull U22 u33 U23 ul3 ul2
Ru(1) 16(1) 11(1) 13(1) 2(1) 1(1) 1(1)
P(1) 15(1) 13(1) 14(1) 2(1) 0(1) 0(1)
o(1) 17(1) 18(1) 20(1) 1(1) 0(1) -2(1)
0(2) 19(1) 14(1) 20(1) 3(1) 1(1) 3(1)
0(3) 20(1) 33(1) 25(1) 6(1) -2(1) 6(1)
C(1) 27(1) 12(1) 20(1) 0(1) 4(1) 6(1)
CQ) 21(1) 19(1) 20(1) 2(1) 3(1) 9(1)
C(@3) 17(1) 22(1) 23(1) 0(1) 6(1) 6(1)
C@4) 24(1) 19(1) 22(1) 3(1) 10(1) 5(1)
C(5) 26(1) 22(1) 15(1) 1(1) 6(1) 9(1)
C(6) 25(1) 17(1) 18(1) -4(1) 1(1) 6(1)
C(7) 18(1) 30(1) 32(1) 4(1) 1(1) 1(1)
C(®) 36(1) 21(1) 24(1) -4(1) -3(1) 1(1)
C) 80(2) 28(2) 66(2) -20(1) -39(2) 15(2)
C(10) 32(1) 37(1) 25(1) 0(1) -4(1) 0(1)
C(11) 21(1) 17(1) 14(1) 1(1) 1(1) 3(1)
C(12) 27(1) 20(1) 22(1) 0(1) 4(1) 1(1)
C(13) 46(2) 22(1) 26(1) 8(1) 12(1) 8(1)
C(14) 56(2) 32(1) 27(1) 11(1) -5(1) 16(1)
C(15) 40(2) 39(2) 46(2) 4(1) -23(1) 8(1)
C(16) 28(1) 24(1) 34(1) 4(1) -8(1) 0(1)
C(17) 13(1) 15(1) 23(1) 3(1) -1(1) 2(1)
C(18) 22(1) 21(1) 24(1) -1(1) 1(1) 1(1)
C(19) 25(1) 21(1) 30(1) -7(1) -3(1) 1(1)
C(20) 22(1) 16(1) 38(1) 1(1) -7(1) -4(1)
C(21) 20(1) 22(1) 28(1) 7(1) -3(1) -3(1)
C(22) 19(1) 20(1) 20(1) 2(1) -3(1) 1(1)
C(23) 17(1) 14(1) 21(1) -5(1) 1(1) -2(1)
C(24) 32(1) 36(1) 32(1) 9(1) 12(1) 8(1)
C(25) 40(2) 47(2) 40(2) 9(1) 23(1) 6(1)
C(26) 20(1) 32(1) 45(2) -16(1) 10(1) -5(1)
C(27) 22(1) 30(1) 37(1) -15(1) -9(1) 7(1)
C(28) 27(1) 27(1) 21(1) -6(1) -2(1) 6(1)
C(29) 20(1) 20(1) 13(1) 0(1) 1(1) 2(1)

0(1S) 31(1) 35(1) 50(1) -13(1) -8(1) 7(1)
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Table A.5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Azx 10 3)
for C29H3104PRU (2.40).

X y z U(eq)
H(1A) 4289 3078 3552 24
H(2A) 2298 2260 2995 24
H(4A) 2167 421 4489 26
H(5A) 4110 1257 5072 25
H(7A) -388 1177 3522 40
H(7B) 515 220 3525 40
H(7C) 576 923 2939 40
H(8A) 6296 2960 4415 33
H(9A) 4473 4112 4583 90
H(9B) 5847 4178 5109 90
H(9C) 4316 3712 5283 90
H(10A) 6712 1746 5155 47
H(10B) 5642 2241 5624 47
H(10C) 7179 2722 5475 47
H(12A) 4936 2248 2148 27
H(13A) 3769 3211 1376 37
H(14A) 1423 2832 908 46
H(15A) 268 1464 1200 52
H(16A) 1496 443 1920 35
H(18A) 3651 -871 1712 26
H(19A) 2449 -2305 1648 31
H(20A) 1403 -2914 2545 31
H(21A) 1589 -2092 3502 28
H(22A) 2843 -671 3574 24
H(24A) 5667 842 1489 39
H(25A) 7831 323 1059 50
H(26A) 9507 -622 1653 39
H(27A) 9041 -1037 2687 36
H(28A) 6904 -502 3126 30
H(10) -350(30) 9250(20) 4565(17) 59

H(20) 820(40) 9120(20) 4972(11) 59
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Table A.6. Torsion angles [°] for CoH3,04PRu (2.40).

O(1)-Ru(1)-P(1)-C(11) -118.52(8)  O(1)-Ru(1)-C(1)-C(2)1 55.99(12)
0(2)-Ru(1)-P(1)-C(11) 178.61(8)  O(2)-Ru(1)-C(1)-C(2) -151.34(14)
C(1)-Ru(1)-P(1)-C(11) -13.95(10)  C(4)-Ru(1)-C(1)-C(2) -64.79(13)
C(4)-Ru(1)-P(1)-C(11) 80.59(10)  C(5)-Ru(1)-C(1)-C(2) -101.72(14)
C(2)-Ru(1)-P(1)-C(11) 16.79(9)  C(6)-Ru(1)-C(1)-C(2) -130.93(19)
C(5)-Ru(1)-P(1)-C(11) 80.46(19)  C(3)-Ru(1)-C(1)-C(2) 28.56(12)
C(6)-Ru(1)-P(1)-C(11) 24.99(15)  P(1)-Ru(1)-C(1)-C(2) 57.20(13)
C(3)-Ru(1)-P(1)-C(11) 53.91(9)  O(1)-Ru(1)-C(1)-C(6) -73.09(13)
O(1)-Ru(1)-P(1)-C(17) 122.46(8)  O(2)-Ru(1)-C(1)-C(6) 20.4(2)

0(2)-Ru(1)-P(1)-C(17) 59.60(8)  C(4)-Ru(1)-C(1)-C(6) 66.14(13)
C(1)-Ru(1)-P(1)-C(17) “132.97(9)  C(2)-Ru(1)-C(1)-C(6) 130.93(19)
C(4)-Ru(1)-P(1)-C(17) -38.43(10)  C(5)-Ru(1)-C(1)-C(6) 29.20(12)
C(2)-Ru(1)-P(1)-C(17) -102.22(9)  C(3)-Ru(1)-C(1)-C(6) 102.37(14)
C(5)-Ru(1)-P(1)-C(17) -38.56(19)  P(1)-Ru(1)-C(1)-C(6) ~171.88(10)
C(6)-Ru(1)-P(1)-C(17) “144.01(14)  C(6)-C(1)-C(2)-C(3) “1.4(3)

C(3)-Ru(1)-P(1)-C(17) -65.1009)  Ru(1)-C(1)-C(2)-C(3) 55.58(18)
O(1)-Ru(1)-P(1)-C(23) 3.88(9)  C(6)-C(1)-C(2)-Ru(1)- 57.00(17)
0(2)-Ru(1)-P(1)-C(23) -58.99(9)  O(1)-Ru(1)-C(2)-C(1) -34.26(16)
C(1)-Ru(1)-P(1)-C(23) 108.45(10)  O(2)-Ru(1)-C(2)-C(1) 135.7(2)

C(4)-Ru(1)-P(1)-C(23) -157.01(10)  C(4)-Ru(1)-C(2)-C(1) 104.11(14)
C(2)-Ru(1)-P(1)-C(23) 139.19(10)  C(5)-Ru(1)-C(2)-C(1) 66.86(13)
C(5)-Ru(1)-P(1)-C(23) _157.14(18)  C(6)-Ru(1)-C(2)-C(1) 30.13(12)
C(6)-Ru(1)-P(1)-C(23) 97.41(15)  C(3)-Ru(1)-C(2)-C(1) 132.99(18)
C(3)-Ru(1)-P(1)-C(23) 176.32(10)  P(1)-Ru(1)-C(2)-C(1) -130.82(12)
0(2)-Ru(1)-0(1)-C(29) 5.96(11)  O(1)-Ru(1)-C(2)-C(3) -167.25(11)
C(1)-Ru(1)-0(1)-C(29) 150.08(12)  O(2)-Ru(1)-C(2)-C(3) 2.7(3)

C(4)-Ru(1)-0(1)-C(29) 62.04(15)  C(1)-Ru(1)-C(2)-C(3) ~132.99(18)
C(2)-Ru(1)-0(1)-C(29) 170.53(12)  C(4)-Ru(1)-C(2)-C(3) 28.88(12)
C(5)-Ru(1)-0(1)-C(29) 80.82(12)  C(5)-Ru(1)-C(2)-C(3) -66.13(13)
C(6)-Ru(1)-0(1)-C(29) 114.12(12)  C(6)-Ru(1)-C(2)-C(3) -102.86(14)
C(3)-Ru(1)-0(1)-C(29) 128.5(3) P(1)-Ru(1)-C(2)-C(3) 96.19(12)
P(1)-Ru(1)-O(1)-C(29) 92.73(11)  C(1)-C(2)-C(3)-C(4) -3.03)

O(1)-Ru(1)-0(2)-C(29) 5.94(10)  Ru(1)-C(2)-C(3)-C(4) 51.07(17)
C(1)-Ru(1)-0(2)-C(29) -54.89(19)  C(1)-C(2)-C(3)-C(7) 176.01(19)
C(4)-Ru(1)-0(2)-C(29) “137.09(12)  Ru(1)-C(2)-C(3)-C(7) -129.93(19)
C(2)-Ru(1)-0(2)-C(29) -166.1(2) C(1)-C(2)-C(3)-Ru(1)- 54.06(17)
C(5)-Ru(1)-0(2)-C(29) 99.60(12)  O(1)-Ru(1)-C(3)-C(4) -80.4(4)

C(6)-Ru(1)-0(2)-C(29) -68.69(13)  O(2)-Ru(1)-C(3)-C(4) 48.92(15)
C(3)-Ru(1)-0(2)-C(29) 164.12(11)  C(1)-Ru(1)-C(3)-C(4) -103.36(14)

P(1)-Ru(1)-0(2)-C(29) 99.66(11)  C(2)-Ru(1)-C(3)-C(4) -132.11(19)



C(5)-Ru(1)-C(3)-C(4)
C(6)-Ru(1)-C(3)-C(4)
P(1)-Ru(1)-C(3)-C(4)
O(1)-Ru(1)-C(3)-C(2)
O(2)-Ru(1)-C(3)-C(2)
C(1)-Ru(1)-C(3)-C(2)
C(4)-Ru(1)-C(3)-C(2)
C(5)-Ru(1)-C(3)-C(2)
C(6)-Ru(1)-C(3)-C(2)
P(1)-Ru(1)-C(3)-C(2)
O(1)-Ru(1)-C(3)-C(7)
O(2)-Ru(1)-C(3)-C(7)
C(1)-Ru(1)-C(3)-C(7)
C(4)-Ru(1)-C(3)-C(7)
C(2)-Ru(1)-C(3)-C(7)
C(5)-Ru(1)-C(3)-C(7)
C(6)-Ru(1)-C(3)-C(7)
P(1)-Ru(1)-C(3)-C(7)
C(2)-C(3)-C(4)-C(5)

C(7)-C(3)-C(4)-C(5)-
Ru(1)-C(3)-C(4)-C(5)
C(2)-C(3)-C(4)-Ru(1)
C(7)-C(3)-C(4)-Ru(1)
O(1)-Ru(1)-C(4)-C(3)
O(2)-Ru(1)-C(4)-C(3)
C(1)-Ru(1)-C(4)-C(3)
C(2)-Ru(1)-C(4)-C(3)
C(5)-Ru(1)-C(4)-C(3)
C(6)-Ru(1)-C(4)-C(3)
P(1)-Ru(1)-C(4)-C(3)
O(1)-Ru(1)-C(4)-C(5)
O(2)-Ru(1)-C(4)-C(5)
C(1)-Ru(1)-C(4)-C(5)
C(2)-Ru(1)-C(4)-C(5)
C(6)-Ru(1)-C(4)-C(5)
C(3)-Ru(1)-C(4)-C(5)
P(1)-Ru(1)-C(4)-C(5)
C(3)-C(4)-C(5)-C(6)

Ru(1)-C(4)-C(5)-C(6)
C(3)-C(4)-C(5)-Ru(1)
O(1)-Ru(1)-C(5)-C(6)
O(2)-Ru(1)-C(5)-C(6)
C(1)-Ru(1)-C(5)-C(6)

-29.66(13)

-65.81(13)

141.04(12)
51.7(4)

-178.97(11)

28.75(12)
132.11(19)
102.45(14)

66.31(13)
-86.85(12)
165.8(3)
-64.9(2)
142.8(2)

-113.8(3)

114.1(3)

-143.5(2)
-179.6(2)

27.2(2)
6.0(3)
172.97(19)
57.15(18)
-51.11(16)
129.88(19)
162.25(11)

-141.29(12)

65.99(13)
29.21(13)
131.60(19)
103.46(14)
-48.33(14)
30.65(17)
87.12(12)
-65.60(13)

-102.39(14)

-28.13(12)

-131.60(19)
-179.93(10)

-47(3)
53.35(17)
-58.03(18)
66.51(13)
129.65(12)
-30.01(13)

C(4)-Ru(1)-C(5)-C(6)
C(2)-Ru(1)-C(5)-C(6)
C(3)-Ru(1)-C(5)-C(6)
P(1)-Ru(1)-C(5)-C(6)
O(1)-Ru(1)-C(5)-C(4)

0(2)-Ru(1)-C(5)-C(4)-

C(1)-Ru(1)-C(5)-C(4)
C(2)-Ru(1)-C(5)-C(4)
C(6)-Ru(1)-C(5)-C(4)
C(3)-Ru(1)-C(5)-C(4)
P(1)-Ru(1)-C(5)-C(4)
C(4)-C(5)-C(6)-C(1)

Ru(1)-C(5)-C(6)-C(1)
C(4)-C(5)-C(6)-C(8)

Ru(1)-C(5)-C(6)-C(8)
C(4)-C(5)-C(6)-Ru(1)
C(2)-C(1)-C(6)-C(5)

Ru(1)-C(1)-C(6)-C(5)
C(2)-C(1)-C(6)-C(8)

Ru(1)-C(1)-C(6)-C(8)
C(2)-C(1)-C(6)-Ru(1)
O(1)-Ru(1)-C(6)-C(5)
0(2)-Ru(1)-C(6)-C(5)
C(1)-Ru(1)-C(6)-C(5)
C(4)-Ru(1)-C(6)-C(5)
C(2)-Ru(1)-C(6)-C(5)
C(3)-Ru(1)-C(6)-C(5)
P(1)-Ru(1)-C(6)-C(5)
O(1)-Ru(1)-C(6)-C(1)
0(2)-Ru(1)-C(6)-C(1)
C(4)-Ru(1)-C(6)-C(1)
C(2)-Ru(1)-C(6)-C(1)
C(5)-Ru(1)-C(6)-C(1)
C(3)-Ru(1)-C(6)-C(1)
P(1)-Ru(1)-C(6)-C(1)
O(1)-Ru(1)-C(6)-C(8)
0(2)-Ru(1)-C(6)-C(8)
C(1)-Ru(1)-C(6)-C(8)
C(4)-Ru(1)-C(6)-C(8)
C(2)-Ru(1)-C(6)-C(8)
C(5)-Ru(1)-C(6)-C(8)
C(3)-Ru(1)-C(6)-C(8)
P(1)-Ru(1)-C(6)-C(8)

-133.40(19)

-67.34(13)

-104.29(14)
-133.22(16)
-160.09(11)

96.94(12)
103.40(14)
66.06(13)
133.40(19)
29.12(12)
0.2(2)
0.13)
52.58(16)

-175.5(2)
-123.0(2)

-52.51(17)
2.9(3)
-53.65(17)
178.70(19)
122.16(18)
56.54(17)

-118.05(13)

-58.83(14)
131.36(19)

28.60(13)
101.57(14)

64.82(13)
147.66(12)
110.59(13)
169.81(11)

-102.77(14)

-29.79(12)

-131.36(19)

-66.55(13)
16.3(2)

0.25(19)
59.5(2)

-110.3(2)

146.9(2)

-140.1(2)

118.3(2)

-176.9(2)

-94.0(2)
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C(5)-C(6)-C(8)-C(10)
C(1)-C(6)-C(8)-C(10)
Ru(1)-C(6)-C(8)-C(10)
C(5)-C(6)-C(8)-C(9)
C(1)-C(6)-C(8)-C(9)
Ru(1)-C(6)-C(8)-C(9)
C(17)-P(1)-C(11)-C(16)
C(23)-P(1)-C(11)-C(16)
Ru(1)-P(1)-C(11)-C(16)
C(17)-P(1)-C(11)-C(12)
C(23)-P(1)-C(11)-C(12)
Ru(1)-P(1)-C(11)-C(12)
C(16)-C(11)-C(12)-C(13)
P(1)-C(11)-C(12)-C(13)
C(11)-C(12)-C(13)-C(14)
C(12)-C(13)-C(14)-C(15)
C(13)-C(14)-C(15)-C(16)
C(12)-C(11)-C(16)-C(15)
P(1)-C(11)-C(16)-C(15)
C(14)-C(15)-C(16)-C(11)
C(11)-P(1)-C(17)-C(22)
C(23)-P(1)-C(17)-C(22)
Ru(1)-P(1)-C(17)-C(22)
C(11)-P(1)-C(17)-C(18)
C(23)-P(1)-C(17)-C(18)
Ru(1)-P(1)-C(17)-C(18)

13.6(3)

-162.0(2)

-77.7(2)

-109.9(3)

74.5(3)
158.9(2)

16.0(2)
120.86(19)

-107.15(19)
-167.28(16)

-62.39(18)
69.60(17)
2.3(3)

-179.21(17)

2.7(3)
L0.7(4)
S1.7(4)

0.0(4)

176.7(2)

2.0(4)

-123.35(17)

130.04(17)
0.07(18)
57.40(19)
-49.21(19)

-179.18(15)

C(22)-C(17)-C(18)-C(19)
P(1)-C(17)-C(18)-C(19)
C(17)-C(18)-C(19)-C(20)
C(18)-C(19)-C(20)-C(21)
C(19)-C(20)-C(21)-C(22)
C(20)-C(21)-C(22)-C(17)
C(18)-C(17)-C(22)-C(21)
P(1)-C(17)-C(22)-C(21)
C(11)-P(1)-C(23)-C(28)
C(17)-P(1)-C(23)-C(28)
Ru(1)-P(1)-C(23)-C(28)
C(11)-P(1)-C(23)-C(24)
C(17)-P(1)-C(23)-C(24)
Ru(1)-P(1)-C(23)-C(24)
C(28)-C(23)-C(24)-C(25)
P(1)-C(23)-C(24)-C(25)
C(23)-C(24)-C(25)-C(26)
C(24)-C(25)-C(26)-C(27)
C(25)-C(26)-C(27)-C(28)
C(24)-C(23)-C(28)-C(27)
P(1)-C(23)-C(28)-C(27)
C(26)-C(27)-C(28)-C(23)
Ru(1)-0(1)-C(29)-0(3)
Ru(1)-0(1)-C(29)-0(2)
Ru(1)-0(2)-C(29)-0(3)
Ru(1)-0(2)-C(29)-0(1)

0.4(3)
179.65(16)
0.4(3)
-0.43)
-0.43)
1.2(3)
-1.2(3)
179.52(16)
179.15(17)
-72.34(18)
52.05(19)
-5.6(2)
102.9(2)

-132.76(18)

0.6(4)

-174.5(2)

0.2(4)
-0.5(4)
0.0(4)
-1.2(3)

174.25(18)
0.9(4)

-170.37(19)

9.13(16)
170.44(19)
-9.06(16)
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Table A.7. Hydrogen bonds for C2H3,0,PRu (2.40) [A and °].
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D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
O(1S)-H(10)...03)#1  0.865(18) 1.959(19) 2.820(2) 173(3)
O(1S)-H(20)...0(3)#2  0.856(18) 2.09(2) 2.921(3) 162(3)

Symmetry transformations used to generate equivalent atoms:

#1 x-1,y+1,z #2 -x+1,-y+1,-z+1
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A.2 Data for {N,N-1,3-bis[1-(2,6-diisopropylphenylimino)ethyl]-2-(x -

butane)4,5,6-trihydropyrimidyl}iron chloride or dinitrogen (4.40) at

100 K

Figure A.2. ORTEP plot of 4.40 with thermal ellipsoids represented at the 50% probability
level. Hydrogen atoms, solvent molecules, and counterion were excluded for clarity.
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Table A.8. Crystal data and structure refinement for C,HgClyg25FeNs 5001.50 (4.40).

100 K

Identification code/CCDC
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system

Space group
Unit cell dimensions

Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to 6 = 32.15/66.36°
Absorption correction
Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>20(1)]
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

C42H69C10.25FeN5.5001.50
C42 H69 C10.25 Fe N5.50 O1.50
739.74
100(2) K
1.54178 A
Monoclinic
P 2(1)/n
a=13.2430(12) A
b=16.6655(15) A
¢=19.0356(17) A
4200.0(7) A’
4

1.170 Mg/m’

3.313 mm-!
1307

0.200 x 0.140 x 0.100 mm’
3.338 to 70.256°
-15<h<15,-19<k<19,0</<22
14207
7488 [Rine = 0.0352]

97.6 %
Semi-empirical from equivalents
0.7532 and 0.4396

Full-matrix least-squares on F2
7488 /26 /472
1.064

R;=0.0565, oR, =0.1505
R;=0.0584, ®R, = 0.1529
na

0.799 and —0.589 e¢.A =3

a=90°
B=91.366(3)°
v =90°
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Table A.9. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters
A 2% 103) for C3;cHs;CI1FeN,Si (4.40). U(eq) is defined as one third of the trace of the
orthogonalized Ul tensor.

X y z U(eq)
Fe(1) 7240(1) 2084(1) 2390(1) 30(1)
N(1) 6033(2) 2527(1) 3516(1) 35(1)
N(2) 7437(2) 1694(1) 3837(1) 33(1)
N(@3) 6128(2) 2926(1) 2381(1) 31(1)
N#4) 8415(2) 2429(1) 3100(1) 31(1)
C(1) 6623(2) 1800(2) 3307(1) 32(1)
C(2) 5665(2) 2553(2) 4235(1) 43(1)
C(@3) 6517(2) 2370(2) 4763(1) 41(1)
C#4) 7096(2) 1613(2) 4563(1) 38(1)
C(5) 8315(2) 2087(1) 3713(1) 33(1)
C(6) 9133(2) 2062(2) 4272(2) 41(1)
C(7) 9259(2) 2942(2) 2972(1) 34(1)
C(8) 9340(2) 3687(2) 3319(1) 38(1)
C©) 10102(2) 4209(2) 3118(2) 44(1)
C(10) 10766(2) 4014(2) 2600(2) 48(1)
C(11) 10699(2) 3269(2) 2283(2) 44(1)
C(12) 9959(2) 2720(2) 2464(1) 36(1)
C(13) 8652(2) 3937(2) 3911(1) 41(1)
C(14) 9265(3) 4162(2) 4577(2) 54(1)
C(15) 7951(2) 4627(2) 3700(2) 51(1)
C(16) 9950(2) 1876(2) 2161(1) 36(1)
C(17) 10533(2) 1314(2) 2663(2) 46(1)
C(18) 10371(2) 1814(2) 1421(2) 45(1)
C(19) 5727(2) 3027(2) 3001(1) 34(1)
C(20) 4979(2) 3672(2) 3156(2) 45(1)
C(21) 5706(2) 3320(2) 1773(1) 32(1)
C(22) 4850(2) 2983(2) 1429(1) 35(1)
C(23) 4464(2) 3358(2) 830(1) 38(1)
C(24) 4903(2) 4034(2) 559(1) 40(1)
C(25) 5755(2) 4349(2) 887(1) 39(1)
C(26) 6174(2) 4002(2) 1495(1) 35(1)
C(27) 4368(2) 2213(2) 1683(2) 42(1)
C(28) 4549(4) 1539(2) 1170(2) 77(1)
C(29) 3242(3) 2333(3) 1813(3) 85(1)
C(30) 7077(2) 4404(2) 1851(1) 40(1)
C(@31) 6749(2) 5216(2) 2158(2) 49(1)
C(32) 7968(2) 4527(2) 1367(2) 55(1)
C(33) 5906(2) 1080(2) 3295(2) 42(1)




271

C(34)
C(35)
C(36)
N(5)
N(6)
CI(1)
0(1S)
C(1S)
C(2S)
C(3S)
C(4S)
0(29)
C(6S)
C(7S)
C(8S)
C(9S)

6369(3)
6708(3)
7519(3)
7744(4)
8088(3)
7748(5)
7013(2)
7353(3)
7799(3)
7387(3)
6517(3)
-309(5)
1017(15)
579(7)
-703(7)
-1684(8)

290(2)
276(2)
882(2)
2353(3)
2477(3)
2271(5)
8447(1)
7094(2)
7878(2)
9222(2)
9786(2)
4990(6)

4158(12)

4688(6)
5395(6)
5677(8)

3107(2)
2368(2)
2221(2)
1562(2)
1024(2)
1271(3)
676(1)
992(2)
762(2)
506(2)
414(2)
-19(5)
565(10)
76(6)
-609(5)
-615(6)

58(1)
57(1)
59(1)
35(1)
48(1)
64(2)
51(1)
64(1)
60(1)
68(1)
63(1)
96(2)
183(8)
84(3)
82(2)
108(3)




Table A.10. Bond lengths [A] and angles [°] for C4;HgoClyg25FeNs 500159 (4.40).

Fe(1)-N(5)
Fe(1)-C(1)
Fe(1)-N(3)
Fe(1)-C(36)
Fe(1)-N(4)
Fe(1)-CI(1)
N(1)-C(19)
N(1)-C(2)
N(1)-C(1)
N(2)-C(5)
N(2)-C(1)
N(2)-C(4)
N(3)-C(19)
N(3)-C(21)
N(4)-C(5)
N(4)-C(7)
C(1)-C(33)
C(2)-C(3)
C(2)-H(2A)
C(2)-H(2B)
C(3)-C(4)
C(3)-H(3A)
C(3)-H(3B)
C(4)-H(4A)
C(4)-H(4B)
C(5)-C(6)
C(6)-H(6A)
C(6)-H(6B)
C(6)-H(6C)
C(7)-C(12)
C(7)-C(8)
C(8)-C(9)
C(8)-C(13)
C(9)-C(10)
C(9)-H(9)
C(10)-C(11)
C(10)-H(10)
C(11)-C(12)
C(11)-H(11)
C(12)-C(16)

1.784(5)
2.000(2)
2.034(2)
2.063(3)
2.116(2)
2.271(5)
1.340(3)
1.465(3)
1.501(3)
1.361(3)
1.470(3)
1.471(3)
1.316(3)
1.432(3)
1.307(3)
1.433(3)
1.530(4)
1.524(4)
0.9900

0.9900

1.529(4)
0.9900

0.9900

0.9900

0.9900

1.502(4)
0.9800

0.9800

0.9800

1.405(4)
1.409(4)
1.393(4)
1.525(4)
1.376(4)
0.9500

1.382(4)
0.9500

1.390(4)
0.9500

1.519(4)

C(13)-C(15)
C(13)-C(14)
C(13)-H(13)
C(14)-H(14A)
C(14)-H(14B)
C(14)-H(14C)
C(15)-H(15A)
C(15)-H(15B)
C(15)-H(15C)
C(16)-C(18)
C(16)-C(17)
C(16)-H(16)
C(17)-H(17A)
C(17)-H(17B)
C(17)-H(17C)
C(18)-H(18A)
C(18)-H(18B)
C(18)-H(18C)
C(19)-C(20)
C(20)-H(20A)
C(20)-H(20B)
C(20)-H(20C)
C(21)-C(26)
C(21)-C(22)
C(22)-C(23)
C(22)-C(27)
C(23)-C(24)
C(23)-H(23)
C(24)-C(25)
C(24)-H(24)
C(25)-C(26)
C(25)-H(25)
C(26)-C(30)
C(27)-C(28)
C(27)-C(29)
C(27)-H(27)
C(28)-H(28A)
C(28)-H(28B)
C(28)-H(28C)
C(29)-H(29A)

1.527(4)
1.535(4)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.531(4)
1.533(4)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.497(4)
0.9800
0.9800
0.9800
1.405(4)
1.412(4)
1.387(4)
1.517(4)
1.375(4)
0.9500
1.379(4)
0.9500
1.396(4)
0.9500
1.517(4)
1.512(5)
1.530(4)
1.0000
0.9800
0.9800
0.9800
0.9800



C(29)-H(29B)
C(29)-H(29C)
C(30)-C(32)
C(30)-C(31)
C(30)-H(30)
C(31)-H(31A)
C(31)-H(31B)
C(31)-H(31C)
C(32)-H(32A)
C(32)-H(32B)
C(32)-H(32C)
C(33)-C(34)
C(33)-H(33A)
C(33)-H(33B)
C(34)-C(35)
C(34)-H(34A)
C(34)-H(34B)
C(35)-C(36)
C(35)-H(35A)
C(35)-H(35B)
C(36)-H(36A)
C(36)-H(36B)
N(5)-N(6)
0(1S)-C(2S)
0(18)-C(3S)
C(18)-C(28)
C(1S)-H(1S1)
C(1S)-H(1S2)
C(1S)-H(1S3)
C(2S)-H(2S1)
C(2S)-H(2S2)
C(3S)-C(4S)
C(3S)-H(3S1)
C(3S)-H(3S2)
C(4S)-H(4S1)
C(4S)-H(4S2)
C(4S)-H(4S3)
0(25)-C(7S)
0(25)-C(8S)
C(6S)-C(7S)
C(6S)-H(6S1)
C(6S)-H(6S2)
C(6S)-H(6S3)

0.9800
0.9800
1.528(4)
1.540(4)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.500(4)
0.9900
0.9900
1.488(5)
0.9900
0.9900
1.505(4)
0.9900
0.9900
0.9900
0.9900
1.150(6)
1.415(4)
1.424(4)
1.502(5)
0.9800
0.9800
0.9800
0.9900
0.9900
1.494(5)
0.9900
0.9900
0.9800
0.9800
0.9800
1.288(11)
1.400(11)
1.399(15)
0.9800
0.9800
0.9800

C(7S)-H(7S1)
C(7S)-H(7S2)
C(8S)-C(9S)

C(8S)-H(8S1)
C(8S)-H(8S2)
C(9S)-H(9S1)
C(9S)-H(9S2)
C(9S)-H(9S3)

N(5)-Fe(1)-C(1)
N(5)-Fe(1)-N(3)
C(1)-Fe(1)-N(3)
N(5)-Fe(1)-C(36)
C(1)-Fe(1)-C(36)
N(3)-Fe(1)-C(36)
N(5)-Fe(1)-N(4)
C(1)-Fe(1)-N(4)
N(3)-Fe(1)-N(4)
C(36)-Fe(1)-N(4)
C(1)-Fe(1)-CI(1)
N(3)-Fe(1)-CI(1)
C(36)-Fe(1)-Cl(1)
N(4)-Fe(1)-CI(1)
C(19)-N(1)-C(2)
C(19)-N(1)-C(1)
C(2)-N(1)-C(1)
C(5)-N(2)-C(1)
C(5)-N(2)-C(4)
C(1)-N(2)-C(4)
C(19)-N(3)-C(21)
C(19)-N(3)-Fe(1)
C(21)-N(3)-Fe(1)
C(5)-N(4)-C(7)
C(5)-N(4)-Fe(1)
C(7)-N(4)-Fe(1)
N(2)-C(1)-N(1)
N(2)-C(1)-C(33)
N(1)-C(1)-C(33)
N(2)-C(1)-Fe(1)
N(1)-C(1)-Fe(1)
C(33)-C(1)-Fe(1)
N(1)-C(2)-C(3)
N(1)-C(2)-H(2A)
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0.9900
0.9900
1.381(12)
0.9900
0.9900
0.9800
0.9800
0.9800

177.77(17)
96.00(15)
81.96(9)
91.97(16)
89.16(12)

143.20(13)

102.15(17)
79.44(9)

109.82(8)

103.42(13)

170.7(2)
97.33(16)
85.9(2)

109.4(2)

124.3(2)

117.22)

117.3(2)

116.02)

119.4(2)

114.83(19)

120.6(2)

112.77(17)

126.22(16)

120.5(2)

111.26(17)

128.20(16)

107.05(19)

111.1Q2)

108.1(2)

108.64(15)

105.46(15)

116.01(18)

110.7(2)

109.5



C(3)-C(2)-H(2A)
N(1)-C(2)-H(2B)
C(3)-C(2)-H(2B)
H(2A)-C(2)-H(2B)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3A)
C(4)-C(3)-H(3A)
C(2)-C(3)-H(3B)
C(4)-C(3)-H(3B)
H(3A)-C(3)-H(3B)
N(2)-C(4)-C(3)
N(2)-C(4)-H(4A)
C(3)-C(4)-H(4A)
N(2)-C(4)-H(4B)
C(3)-C(4)-H(4B)
H(4A)-C(4)-H(4B)
N(4)-C(5)-N(2)
N(4)-C(5)-C(6)
N(2)-C(5)-C(6)
C(5)-C(6)-H(6A)
C(5)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
C(5)-C(6)-H(6C)
H(6A)-C(6)-H(6C)
H(6B)-C(6)-H(6C)
C(12)-C(7)-C(8)
C(12)-C(7)-N(4)
C(8)-C(7)-N(4)
C(9)-C(8)-C(7)
C(9)-C(8)-C(13)
C(7)-C(8)-C(13)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9)
C(8)-C(9)-H(9)
C(9)-C(10)-C(11)
C(9)-C(10)-H(10)
C(11)-C(10)-H(10)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11)
C(12)-C(11)-H(11)
C(11)-C(12)-C(7)
C(11)-C(12)-C(16)
C(7)-C(12)-C(16)

109.5
109.5
109.5
108.1
111.7(2)
109.3
109.3
109.3
109.3
107.9
109.0(2)
109.9
109.9
109.9
109.9
108.3
118.0(2)
123.9(2)
117.9(2)
109.5
109.5
109.5
109.5
109.5
109.5
120.6(2)
119.4(2)
119.8(2)
118.0(2)
118.8(2)
123.2(2)
121.93)
119.0
119.0
119.3(3)
120.3
120.3
121.4(3)
119.3
119.3
118.6(3)
120.9(2)
120.4(2)

C(8)-C(13)-C(15)
C(8)-C(13)-C(14)
C(15)-C(13)-C(14)
C(8)-C(13)-H(13)
C(15)-C(13)-H(13)
C(14)-C(13)-H(13)
C(13)-C(14)-H(14A)
C(13)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
C(13)-C(14)-H(14C)
H(14A)-C(14)-H(14C)
H(14B)-C(14)-H(14C)
C(13)-C(15)-H(15A)
C(13)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
C(13)-C(15)-H(15C)
H(15A)-C(15)-H(15C)
H(15B)-C(15)-H(15C)
C(12)-C(16)-C(18)
C(12)-C(16)-C(17)
C(18)-C(16)-C(17)
C(12)-C(16)-H(16)
C(18)-C(16)-H(16)
C(17)-C(16)-H(16)
C(16)-C(17)-H(17A)
C(16)-C(17)-H(17B)
H(17A)-C(17)-H(17B)
C(16)-C(17)-H(17C)
H(17A)-C(17)-H(17C)
H(17B)-C(17)-H(17C)
C(16)-C(18)-H(18A)
C(16)-C(18)-H(18B)
H(18A)-C(18)-H(18B)
C(16)-C(18)-H(18C)
H(18A)-C(18)-H(18C)
H(18B)-C(18)-H(18C)
N(3)-C(19)-N(1)
N(3)-C(19)-C(20)
N(1)-C(19)-C(20)
C(19)-C(20)-H(20A)
C(19)-C(20)-H(20B)
H(20A)-C(20)-H(20B)
C(19)-C(20)-H(20C)
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112.4(2)
111.3(2)
109.8(2)
107.7
107.7
107.7
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
114.3(2)
109.3(2)
110.1(2)
107.6
107.6
107.6
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
117.1(2)
123.4(2)
119.52)
109.5
109.5
109.5
109.5



H(20A)-C(20)-H(20C)
H(20B)-C(20)-H(20C)
C(26)-C(21)-C(22)
C(26)-C(21)-N(3)
C(22)-C(21)-N(3)
C(23)-C(22)-C(21)
C(23)-C(22)-C(27)
C(21)-C(22)-C(27)
C(24)-C(23)-C(22)
C(24)-C(23)-H(23)
C(22)-C(23)-H(23)
C(23)-C(24)-C(25)
C(23)-C(24)-H(24)
C(25)-C(24)-H(24)
C(24)-C(25)-C(26)
C(24)-C(25)-H(25)
C(26)-C(25)-H(25)
C(25)-C(26)-C(21)
C(25)-C(26)-C(30)
C(21)-C(26)-C(30)
C(28)-C(27)-C(22)
C(28)-C(27)-C(29)
C(22)-C(27)-C(29)
C(28)-C(27)-H(27)
C(22)-C(27)-H(27)
C(29)-C(27)-H(27)
C(27)-C(28)-H(28A)
C(27)-C(28)-H(28B)
H(28A)-C(28)-H(28B)
C(27)-C(28)-H(28C)
H(28A)-C(28)-H(28C)
H(28B)-C(28)-H(28C)
C(27)-C(29)-H(29A)
C(27)-C(29)-H(29B)
H(29A)-C(29)-H(29B)
C(27)-C(29)-H(29C)
H(29A)-C(29)-H(29C)
H(29B)-C(29)-H(29C)
C(26)-C(30)-C(32)
C(26)-C(30)-C(31)
C(32)-C(30)-C(31)
C(26)-C(30)-H(30)
C(32)-C(30)-H(30)

109.5
109.5
120.2(2)
120.6(2)
119.1(2)
118.6(2)
119.5(2)
121.8(2)
121.7(3)
119.1
119.1
119.5(2)
120.3
120.3
121.4(2)
119.3
119.3
118.6(2)
118.8(2)
122.6(2)
110.4(2)
111.8(3)
111.1(3)
107.8
107.8
107.8
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
113.6(2)
109.3(2)
109.8(2)
108.0
108.0

C(31)-C(30)-H(30)
C(30)-C(31)-H(31A)
C(30)-C(31)-H(31B)
H(31A)-C(31)-H(31B)
C(30)-C(31)-H(31C)
H(31A)-C(31)-H(310)
H(31B)-C(31)-H(31C)
C(30)-C(32)-H(32A)
C(30)-C(32)-H(32B)
H(32A)-C(32)-H(32B)
C(30)-C(32)-H(32C)
H(32A)-C(32)-H(320)
H(32B)-C(32)-H(32C)
C(34)-C(33)-C(1)
C(34)-C(33)-H(33A)
C(1)-C(33)-H(33A)
C(34)-C(33)-H(33B)
C(1)-C(33)-H(33B)
H(33A)-C(33)-H(33B)
C(35)-C(34)-C(33)
C(35)-C(34)-H(34A)
C(33)-C(34)-H(34A)
C(35)-C(34)-H(34B)
C(33)-C(34)-H(34B)
H(34A)-C(34)-H(34B)
C(34)-C(35)-C(36)
C(34)-C(35)-H(35A)
C(36)-C(35)-H(35A)
C(34)-C(35)-H(35B)
C(36)-C(35)-H(35B)
H(35A)-C(35)-H(35B)
C(35)-C(36)-Fe(1)
C(35)-C(36)-H(36A)
Fe(1)-C(36)-H(36A)
C(35)-C(36)-H(36B)
Fe(1)-C(36)-H(36B)
H(36A)-C(36)-H(36B)
N(6)-N(5)-Fe(1)
C(28)-0(18)-C(3S)
C(2S)-C(18)-H(1S1)
C(2S)-C(18)-H(1S2)
H(1S1)-C(1S)-H(1S2)
C(2S)-C(1S)-H(1S3)

108.0
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
115.8(2)
108.3
108.3
108.3
108.3
107.4
111.9(3)
109.2
109.2
109.2
109.2
107.9
113.4(3)
108.9
108.9
108.9
108.9
107.7
119.4(2)
107.5
107.5
107.5
107.5
107.0
175.6(4)
112.1(3)
109.5
109.5
109.5
109.5
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H(1S1)-C(1S)-H(1S3)
H(1S2)-C(1S)-H(1S3)
0(18)-C(2S)-C(1S)
0(1S)-C(2S)-H(2S1)
C(1S)-C(2S)-H(2S1)
0(1S)-C(25)-H(282)
C(1S)-C(2S)-H(2S2)
H(2S1)-C(2S)-H(2S2)
0(18)-C(3S)-C(4S)
0(1S)-C(3S)-H(3S1)
C(4S)-C(3S)-H(3S1)
0(1S)-C(3S)-H(382)
C(4S)-C(3S)-H(3S2)
H(3S1)-C(3S)-H(3S2)
C(3S)-C(4S)-H(4S1)
C(3S)-C(4S)-H(4S2)
H(4S1)-C(4S)-H(4S2)
C(3S)-C(4S)-H(4S3)
H(4S1)-C(4S)-H(4S3)
H(4S2)-C(4S)-H(4S3)
C(7S)-0(25)-C(8S)
C(7S)-C(6S)-H(6S1)
C(7S)-C(6S)-H(6S2)

109.5
109.5
108.93)
109.9
109.9
109.9
109.9
108.3
109.03)
109.9
109.9
109.9
109.9
108.3
109.5
109.5
109.5
109.5
109.5
109.5
128.5(7)
109.5
109.5

H(6S1)-C(6S)-H(6S2)
C(7S)-C(6S)-H(6S3)
H(6S1)-C(6S)-H(6S3)
H(6S2)-C(6S)-H(6S3)
0(28)-C(7S)-C(6S)
0(25)-C(7S)-H(7S1)
C(6S)-C(7S)-H(7S1)
0(25)-C(7S)-H(7S2)
C(6S)-C(7S)-H(7S2)
H(7S1)-C(7S)-H(7S2)
C(9S)-C(8S)-0(2S)
C(9S)-C(8S)-H(8S1)
0(25)-C(8S)-H(8S1)
C(9S)-C(8S)-H(8S2)
0(25)-C(8S)-H(8S2)
H(8S1)-C(8S)-H(8S2)
C(8S)-C(9S)-H(9S1)
C(8S)-C(9S)-H(9S2)
H(9S1)-C(9S)-H(9S2)
C(8S)-C(9S)-H(9S3)
H(9S1)-C(9S)-H(9S3)
H(9S2)-C(9S)-H(9S3)

109.5
109.5
109.5
109.5
134.6(12)
103.5
103.5
103.5
103.5
105.3
120.2(9)
107.3
107.3
107.3
107.3
106.9
109.5
109.5
109.5
109.5
109.5
109.5
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Table A.11. Anisotropic displacement parameters (A 2x 103) for C4,HgoClig25FeNs5.5001.50
(4.40).The anisotropic displacement factor exponent takes the form: -2p2[ h2 ax2pll + | +
2 hka* b* Ul2|,

ull U22 u33 U23 ul3 ul2
Fe(1) 30(1) 31(1) 29(1) 1(1) 3(1) 2(1)
N(1) 37(1) 37(1) 30(1) 2(1) 4(1) 6(1)
N(Q2) 32(1) 38(1) 30(1) 5(1) 2(1) -1(1)
NQ@3) 32(1) 32(1) 31(1) 1(1) 4(1) 3(1)
N(4) 32(1) 28(1) 32(1) -1(1) 3(1) -1(1)
C(1) 29(1) 34(1) 32(1) 2(1) 0(1) 3(1)
CQ) 48(2) 50(2) 32(1) 3(1) 11(1) 9(1)
C(@3) 49(2) 46(2) 29(1) 2(1) 5(1) -2(1)
C@4) 42(1) 43(2) 31(1) 5(1) 3(1) -2(1)
C(5) 36(1) 31(1) 33(1) -1(1) 3(1) 1(1)
C(6) 38(2) 50(2) 36(1) 3(1) -2(1) -4(1)
C(7) 32(1) 33(1) 36(1) 2(1) 0(1) -2(1)
C(®) 40(1) 35(1) 38(1) -3(1) 0(1) -3(1)
C) 46(2) 35(1) 51(2) -4(1) -1(1) -6(1)
C(10) 42(2) 42(2) 59(2) 4(1) 4(1) -11(1)
C(11) 38(1) 45(2) 50(2) 2(1) 10(1) -3(1)
C(12) 33(1) 35(1) 40(1) 1(1) 1(1) -1(1)
C(13) 46(2) 38(1) 39(1) -7(1) 2(1) -4(1)
C(14) 63(2) 58(2) 41(2) -11(1) -5(1) -3(2)
C(15) 58(2) 48(2) 47(2) -10(1) 3(1) 7(1)
C(16) 33(1) 37(1) 39(1) -2(1) 5(1) 1(1)
C(17) 48(2) 41(2) 48(2) -3(1) -2(1) 8(1)
C(18) 39(2) 51(2) 45(2) -3(1) 7(1) 2(1)
C(19) 35(1) 34(1) 34(1) -1(1) 4(1) 0(1)
C(20) 50(2) 46(2) 40(2) 2(1) 9(1) 14(1)
C(21) 34(1) 31(1) 30(1) 1(1) 5(1) 6(1)
C(22) 34(1) 38(1) 34(1) 2(1) 4(1) 4(1)
C(23) 37(1) 41(2) 36(1) 1(1) 0(1) 3(1)
C(24) 48(2) 38(1) 35(1) 6(1) -1(1) 8(1)
C(25) 50(2) 31(1) 38(1) 4(1) 4(1) 2(1)
C(26) 40(1) 29(1) 36(1) -2(1) 4(1) 5(1)
C(27) 34(1) 48(2) 42(2) 13(1) -2(1) -4(1)
C(28) 124(4) 41(2) 67(2) 1(2) 19(2) -26(2)
C(29) 40(2) 99(3) 117(4) 54(3) 12(2) -7(2)
C(30) 46(2) 32(1) 41(1) 0(1) -1(1) -1(1)
C(31) 60(2) 32(1) 54(2) -4(1) -7(1) -2(1)
C(32) 51(2) 56(2) 58(2) -3(2) 4(1) -9(2)

C(33) 46(2) 40(2) 39(1) 4(1) -1(1) -6(1)



C(34)
C(35)
C(36)
N(5)
N(6)
Cl(1)
0(18)
C(19)
C(29)
C(38)
C(4S)

61(2)
50(2)
76(2)
36(2)
46(2)
48(2)
50(1)
69(2)
55(2)
68(2)
80(2)

48(2)
43(2)
36(2)
32(2)
68(3)
111(4)
47(1)
54(2)
57(2)
58(2)
50(2)

65(2)
78(2)
67(2)
38(3)
31(2)
33(3)
55(1)
69(2)
69(2)
79(2)
59(2)

-5(2)
2(2)
-8(2)
-5(2)
7(2)
0(3)
10(1)
10(2)
6(2)
18(2)
6(2)

-9(2)
9(2)
17(2)
9(2)
14(2)
17(2)
7(1)

-11(2)

22)
25(2)
23(2)

278
-2(2)
-3(1)
-8(2)
11(1)
16(2)
25(2)
-1(1)
2(2)
3(2)
-3(2)
5(2)
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Table A.12. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Azx 10

3) for C,HgyClig25FeNs5001.50 (4.40).

X y z U(eq)

H(2A) 5116 2155 4287 52
H(2B) 5385 3092 4332 52
H(3A) 6232 2298 5235 50
H(3B) 6989 2830 4786 50
H(4A) 7685 1539 4887 46
H(4B) 6652 1137 4602 46
H(6A) 9759 2281 4085 62
H(6B) 9246 1505 4421 62
H(6C) 8929 2383 4676 62

H(9) 10165 4715 3345 53
H(10) 11265 4388 2461 57
H(11) 11169 3129 1934 53
H(13) 8221 3465 4028 49
H(14A) 9729 3724 4701 82
H(14B) 8805 4255 4964 82
H(14C) 9653 4652 4490 82
H(15A) 8355 5087 3551 77
H(15B) 7546 4782 4103 77
H(15C) 7503 4456 3312 77
H(16) 9232 1690 2137 44
H(17A) 11237 1491 2708 68
H(17B) 10510 766 2477 68
H(17C) 10224 1325 3126 68
H(18A) 10045 2217 1117 67
H(18B) 10236 1277 1232 67
H(18C) 11101 1910 1441 67
H(20A) 5292 4068 3474 68
H(20B) 4390 3435 3378 68
H(20C) 4767 3936 2717 68
H(23) 3880 3141 601 46
H(24) 4623 4283 150 48
H(25) 6064 4812 694 47
H(27) 4703 2065 2141 50
H(28A) 4229 1670 715 116
H(28B) 4257 1041 1351 116
H(28C) 5277 1468 1113 116
H(29A) 2887 2446 1367 128
H(29B) 3154 2786 2135 128
H(29C) 2965 1845 2022 128
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H(30)

H(31A)
H(31B)
HG31C)
H(32A)
H(32B)
H(320)
H(33A)
H(33B)
H(34A)
H(34B)
H(35A)
H(35B)
H(36A)
H(36B)
H(1S1)
H(1S2)
H(183)
H(2S1)
H(2S2)
H(3S1)
H(3S2)
H(4S1)
H(4S2)
H(4S3)
H(6S1)
H(6S2)
H(6S3)
H(7S1)
H(7S2)
H(8S1)
H(8S2)
H(9S1)
H(9S2)
H(9S3)

7309
6535
7319
6186
8150
8547
7778
5608
5347
6954
5868
6120
6966
7702
8122
7893
6865
7012
8297
8149
7772
7847
6769
6141
6070
1719
638
999
1023
722
-257
-641
-1862
-1743
-2143

4055
5575
5457
5132
4013
4737
4909
1029
1193
183
-143
380
-267
820
734
6696
6906
7169
8069
7805
9196
9416
10322
9810
9594
4054
3652
4396
5166
4437
5860
5031
5885
6107
5238

2251
1774
2420
2474
1155
1640
996
3765
2955
3427
3174
2050
2260
1723
2510
1053
634
1438
1120
313
66
887
299
851
32
441
560
1035
105
-383
-694
-1017
-1083
-267
-499

48
73
73
73
82
82
82
50
50
70
70
68
68
71
71
96
96
96
72
72
81
81
94
94
94
275
275
275
100
100
98
98
162
162
162
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Table A.13. Torsion angles [°] for C4,HgoClyg25FeNs.5001.50 (4.40).

C(5)-N(2)-C(1)-N(1) -88.8(2) C(8)-C(7)-C(12)-C(11) -3.6(4)
C(4)-N(2)-C(1)-N(1) 57.1(3) N(4)-C(7)-C(12)-C(11) 171.9(2)
C(5)-N(2)-C(1)-C(33) 153.4(2) C(8)-C(7)-C(12)-C(16) 172.0(2)
C(4)-N(2)-C(1)-C(33) -60.7(3) N(4)-C(7)-C(12)-C(16) “12.4(4)
C(5)-N(2)-C(1)-Fe(1) 24.7(3) C(9)-C(8)-C(13)-C(15) 69.2(3)
C(4)-N(2)-C(1)-Fe(1) 170.51(17) C(7)-C(8)-C(13)-C(15) 112.2(3)
C(19)-N(1)-C(1)-N(2) 139.5(2) C(9)-C(8)-C(13)-C(14) -54.5(4)
C(2)-N(1)-C(1)-N(2) -52.4(3) C(7)-C(8)-C(13)-C(14) 124.0(3)
C(19)-N(1)-C(1)-C(33) -100.8(3) C(11)-C(12)-C(16)-C(18) -31.0(4)
C(2)-N(1)-C(1)-C(33) 67.3(3) C(7)-C(12)-C(16)-C(18) 153.4(3)
C(19)-N(1)-C(1)-Fe(1) 23.9(3) C(11)-C(12)-C(16)-C(17) 92.9(3)
C(2)-N(1)-C(1)-Fe(1) -167.99(19) C(7)-C(12)-C(16)-C(17) -82.7(3)
C(19)-N(1)-C(2)-C(3) -142.5(3) C(21)-N(3)-C(19)-N(1) 167.5(2)
C(1)-N(1)-C(2)-C(3) 50.3(3) Fe(1)-N(3)-C(19)-N(1) -5.7(3)
N(1)-C(2)-C(3)-C(4) -49.3(3) C(21)-N(3)-C(19)-C(20) ~13.8(4)
C(5)-N(2)-C(4)-C(3) 84.5(3) Fe(1)-N(3)-C(19)-C(20) 172.9(2)
C(1)-N(2)-C(4)-C(3) -60.0(3) C(2)-N(1)-C(19)-N(3) -179.92)
C(2)-C(3)-C(4)-N(2) 53.8(3) C(1)-N(1)-C(19)-N(3) 12.7(3)
C(7)-N(4)-C(5)-N(2) 171.4(2) C(2)-N(1)-C(19)-C(20) 1.4(4)
Fe(1)-N(4)-C(5)-N(2) -10.4(3) C(1)-N(1)-C(19)-C(20) 168.6(2)
C(7)-N(4)-C(5)-C(6) 12.2(4) C(19)-N(3)-C(21)-C(26) 103.0(3)
Fe(1)-N(4)-C(5)-C(6) 165.9(2) Fe(1)-N(3)-C(21)-C(26) -84.7(3)
C(1)-N(2)-C(5)-N(4) -9.2(3) C(19)-N(3)-C(21)-C(22) -81.0(3)
C(4)-N(2)-C(5)-N(4) -153.42) Fe(1)-N(3)-C(21)-C(22) 91.3(3)
C(1)-N(2)-C(5)-C(6) 174.2(2) C(26)-C(21)-C(22)-C(23) 2.3(4)
C(4)-N(2)-C(5)-C(6) 30.0(3) N(3)-C(21)-C(22)-C(23) -178.4(2)
C(5)-N(4)-C(7)-C(12) 116.2(3) C(26)-C(21)-C(22)-C(27) 175.6(2)
Fe(1)-N(4)-C(7)-C(12) 61.5(3) N(3)-C(21)-C(22)-C(27) -0.4(4)
C(5)-N(4)-C(7)-C(8) -68.1(3) C(21)-C(22)-C(23)-C(24) 1.2(4)
Fe(1)-N(4)-C(7)-C(8) 114.1(2) C(27)-C(22)-C(23)-C(24) -176.8(3)
C(12)-C(7)-C(8)-C(9) 3.2(4) C(22)-C(23)-C(24)-C(25) 0.4(4)
N(4)-C(7)-C(8)-C(9) “172.42) C(23)-C(24)-C(25)-C(26) -1.0(4)
C(12)-C(7)-C(8)-C(13) -175.4(3) C(24)-C(25)-C(26)-C(21) -0.1(4)
N(4)-C(7)-C(8)-C(13) 9.1(4) C(24)-C(25)-C(26)-C(30) -176.7(2)
C(7)-C(8)-C(9)-C(10) -0.3(4) C(22)-C(21)-C(26)-C(25) 1.8(4)
C(13)-C(8)-C(9)-C(10) 178.3(3) N(3)-C(21)-C(26)-C(25) 177.8(2)
C(8)-C(9)-C(10)-C(11) 2.1(5) C(22)-C(21)-C(26)-C(30) 178.2(2)
C(9)-C(10)-C(11)-C(12) 1.6(5) N(3)-C(21)-C(26)-C(30) -5.8(4)
C(10)-C(11)-C(12)-C(7) 1.2(4) C(23)-C(22)-C(27)-C(28) 67.9(4)

C(10)-C(11)-C(12)-C(16) -174.5(3) C(21)-C(22)-C(27)-C(28) -110.0(3)



C(23)-C(22)-C(27)-C(29)
C(21)-C(22)-C(27)-C(29)
C(25)-C(26)-C(30)-C(32)
C(21)-C(26)-C(30)-C(32)
C(25)-C(26)-C(30)-C(31)
C(21)-C(26)-C(30)-C(31)
N(2)-C(1)-C(33)-C(34)

N(1)-C(1)-C(33)-C(34)

-56.7(4)
125.3(3)
-55.8(3)
127.8(3)

67.3(3)

-109.1(3)

-61.9(3)

-179.0(2)

Fe(1)-C(1)-C(33)-C(34)
C(1)-C(33)-C(34)-C(35)
C(33)-C(34)-C(35)-C(36)
C(34)-C(35)-C(36)-Fe(1)
C(3S)-0(1S)-C(2S)-C(18)
C(2S)-0(18)-C(3S)-C(4S)
C(8S)-0(28)-C(7S)-C(6S)
C(7S)-0(28)-C(8S)-C(9S)

282
62.8(3)
-66.2(3)
62.2(4)
-58.5(4)
175.93)
179.3(3)

-166.3(17)

179.9(11)




