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Abstract

Late Transition Metal Pre-Catalysts for the Hydrogenation of Carbonyl-Containing
Substrates

Zuzana Culakova

Chair of the Supervisory Committee:
Professor Karen I. Goldberg
Department of Chemistry

This thesis describes efforts to develop new pre-catalysts for the hydrogenation of
challenging carbonyl substrates, including esters and amides. We seek to understand the
mechanisms by which these catalysts operate, and to use this understanding to rationally design
new pre-catalysts, as well as to identify complexes that can operate in a multi-catalyst cascade for

the stepwise hydrogenation of CO2 to methanol. Chapter One outlines the motivations for this



work. The history and development of ester and amide hydrogenation pre-catalysts is discussed,
as well as the rationale and precedent for using catalytic cascades to synthesize methanol from
COs.. Chapter Two explores the hydrogenation of lactone substrates by a bipyridine-supported half-
sandwich iridium complex. This is a rare example of an ester hydrogenation pre-catalyst that is
tolerant to the addition of acid. Chapter Three describes computational studies into the mechanism
of ester and amide hydrogenation by aliphatic pincer-supported complexes of iron and ruthenium.
Subtle disparities in the hydrogenation mechanism between ester and acid model substrates
highlight the influence of substrate identity on reactivity. We find that, surprisingly, the highest
calculated barrier in amide hydrogenation involves the rupture of the hemiaminal intermediate,
rather than initial hydrogenation of the carbonyl group. Chapter Four describes the hydrogenation
of simple formate substrates by PCP- and POCOP-supported complexes of iridium. The crucial
roles of acid additives in pre-catalyst activation and catalyst deactivation pathways are explored.
These efforts showcase the limitations of ionic ester hydrogenations and illustrate how
understanding the reactivity of metal complexes enables rational pre-catalyst selection and design.
Finally, in Chapter Five, these iridium pre-catalysts are successfully incorporated into cascade

systems for the conversion of CO2 to methanol.
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Chapter One. A review of technologies for homogeneous hydrogenation of esters

and amides

1.1  Catalytic carbonyl hydrogenation: history and background

The hydrogenation of the carbonyl functional group, which contains a nucleophilic oxygen
and an electrophilic carbon, requires the delivery of two hydrogen atoms, often as a proton and
hydride (Figure 1.1), to generate an alcohol. The reduction of carbonyl-containing substrates is a
vital transformation in synthetic chemistry, with widespread applications in the production of both

commodity and fine chemicals.?

) O---- IT'
+
Ol -- --H
R R
Figure 1.1. Schematic for hydrogenation of carbonyl substrates

Two Nobel Prizes have been awarded for developments in catalytic hydrogenation. Paul
Sabatier was given the Nobel Prize in Chemistry in 1912 for his work on the hydrogenation of
unsaturated organic compounds using heterogeneous materials, particularly nickel catalysts.?
Sabatier and coworkers had developed systems using molecular Hz to directly hydrogenate
substrates including alkenes, nitriles, benzene, aldehydes, and ketones.>* This work provided the
foundation for modern hydrogenation chemistries, some of which are still in use today.® In 2001,
William Knowles and Ryoji Noyori shared half of the Nobel Prize in Chemistry with Barry
Sharpless for their work on transition metal catalysts for asymmetric hydrogenation of ketones and
aldehydes.®

Today, ketones and aldehydes are reduced by H> using homogeneous catalysts, under mild

conditions and with excellent control over stereochemistry.®’ In both industrial and laboratory

1



settings, catalytic homogeneous hydrogenation presents several general advantages over other
hydrogenation technologies, such as the use of metal hydride reagents. Dihydrogen is an abundant,
inexpensive, and atom-economical reagent for these reactions. Well-tuned homogeneous catalysts
perform reactions selectively, eliminating side reactions and enabling sensitive functional groups,

such as carbon-carbon double bonds, to remain intact under the reaction conditions.!

Figure 1.2. Resonance in carbonyl substrates (a) Resonance structures for
dimethylformamide. (b) p electrons (left, Natural Bonding Orbital) and delocalization

through the carbonyl © system (right, Natural Localized Molecular Orbital) Gaussian 09,
PBEO-D, Def2TZVP.Molecular Orbital) Gaussian 09, PBEO-D, Def2TZVP

However, carbonyl substrates with a heteroatom (N or O) a to the carbonyl present a greater
challenge than the hydrogenation of ketones and aldehydes,®® and industrially relevant
homogeneous hydrogenation catalysts are less prevalent for these substrates. In these molecules,
electron density from the heteroatom p orbital is delocalized into the carbon p orbital and carbonyl
7* bond. This is formally represented as a combination of two resonance structures (Figure 1.2a),
and the delocalization can be easily visualized in calculated PNBO/NBO images (Figure 1.2b).
The increased electron density reduces the electrophilicity of the carbonyl carbon, hindering
hydride transfer to the substrate. Owing to the challenge presented by the unfavorable electronic
structures of esters, amides, carboxylic acids, and other deactivated carbonyls, there are fewer
known efficient homogeneous catalysts for these transformations.* As such, the development of
new homogeneous hydrogenation pre-catalysts, and relevant applications, is the focus of this

thesis.



1.2 Ester hydrogenation

In a typical ester hydrogenation, reduction of the carbonyl group is accompanied by cleavage
of the bond between the carbonyl carbon and the alkoxy oxygen, ultimately resulting in alcohol
products (Scheme 1.1). Historically, the hydrogenation of such materials generally employed an
indirect hydrogen source and reductant, for example, elemental sodium as a reductant and an
alcohol as a proton source, as in the Boulveault-Blanc reduction of carboxylic acids to primary

alcohols, developed in 1903 (Scheme 1.2).>810

O catalyst
g o h, 2 oo+ ROH
R OR'

Scheme 1.1. General scheme for hydrogenation of esters

o}
L Na R"OOH + R'OH
R” "OR' EtOH
Scheme 1.2. Boulveault-Blanc reduction of carboxylate substrates

More commonly today, metal hydride or borohydride reductants are used to carry out
preparative reductions of esters. The most frequently reported reductant for ester hydrogenations
in pharmaceutical synthesis is LiAlH4 (LAH), though other reagents used include NaBHa, Di-
isobutyl aluminum hydride (DIBAL), and BH3zSMe,.” These reagents are highly reactive and air-
sensitive, and therefore require special handling and transportation methods. Some of these
reagents lack functional group compatibility; LAH, for example, also reduces carboxylic acids,
amides and acyl halides. Additionally, these metal hydride reagents are typically used in excess
and must be quenched prior to reaction workup, generating stoichiometric metal waste which must
be separated from the desired products.®

Heterogeneous hydrogenation catalysts, many similar to those studied by Sabatier,
circumvent some of the issues associated with metal hydride regents, namely poor atom economy.

Copper chromite catalysts are a common choice for large-scale reductions, with reactions



proceeding at high temperatures (200-300 °C) and pressures (100-300 bar Hz). This method is used
industrially to convert lipids and fatty oils, such as coconut oil and tallow, to fatty alcohols, for use
as detergents and surfactants.'* However, these catalysts are sensitive to sulfur and halogen poisons
that may be present in substrates in trace quantities. Additionally, they are often not selective for
C-O bond hydrogenation, and also reduce other unsaturated functionalities, such as alkenes.®
Compared to heterogeneous catalysts, the metal hydride reactions described previously operate
under milder conditions and can show improved selectivity, for example preserving double bonds
and generating fewer side products. Despite their disadvantages, metal hydride reagents continue
to be commonly used in the synthesis of pharmaceuticals and other fine chemicals.
Homogeneously catalyzed ester hydrogenation is a rapidly growing area of research in the
search for alternative strategies that operate under milder conditions and require a less laborious
work-up. After a few early reports using ruthenium-based pre-catalysts, the field has expanded
tremendously, with many important developments disclosed in the last two decades. The first
example of homogeneous hydrogenation of unactivated esters was reported by Grey and
coworkers in 1980. In this work, [(PhsP)(Ph2P)RuH2-K*=diglyme], was used to catalytically
reduce methyl acetate and ethyl acetate, albeit with low conversion (22% and 8% respectively).'?13
In 1998, Teunissen and Elsevier employed a Ru-triphos (triphos = 1,1,1-
tris(diphenylphosphinomethyl)ethane) pre-catalyst to hydrogenate unactivated esters with an
unprecedentedly high turnover number (TON) (>2000 for benzyl benzoate).**® This system was
later re-investigated by Leitner and coworkers for reduction of bio-derived carboxylic acids®’
and various carbonyl containing substrates, including esters,'®° as well as for the direct conversion

of CO2 to methanol.?° This versatile system will be discussed in more detail in Chapter Two.



In 2006, Milstein and coworkers first reported a bi-functional ruthenium pre-catalyst for ester
hydrogenation. They demonstrated 86% conversion of ethyl acetate to ethanol under moderate
conditions (0.2 mol% [Ru], 115 °C, 12 hours, 5.4 bar H).?! First, activation of the pre-catalyst
occurs by dehydrohalogenation using base (KO'Bu), resulting in loss of a proton from the ligand
methylene arm and dearomatization of the pyridine ring. Based on experimental®® and
computational evidence,?? hydrogenation is thought to proceed by hydrogen cleavage across the
meter center and basic site on the pincer arm, accompanied by rearomatization of the pyridine ring.

An outer-sphere transfer subsequently moves the proton and hydride to the substrate (Scheme 1.3).
H H H
‘P‘Buz ‘P‘Buz ‘PtBuz
/ KO'Bu 7 +H, /
£ _N-Ru-cO ——— ¢ __'N-Ru-CO £ __"N-Ru-CO
4 -HCl 4 -H, 4
N‘ N N‘
Cl H
N = NEt,
pre-catalyst OH o)

R'$X R')J\X

H

X=H, R, OR
Scheme 1.3. Generalized mechanism for hydrogenation of a carbonyl substrate by
Milstein’s PNN catalyst?!

The discovery of a range of effective pre-catalysts for ester hydrogenation, bearing pincer
ligands with phosphorous and nitrogen substituents, followed the initial 2006 report by Milstein
and coworkers.181123 These systems exhibited faster rates of hydrogenation and/or operated under
milder conditions. Most of these complexes require activation by base to access the catalytically
active species. Like the complexes in Scheme 1.3, these pre-catalysts have in common their
reliance on the presence of a basic site on the ligand, which is thought to facilitate heterolytic
hydrogen cleavage by storing a proton equivalent. In contrast, ruthenium/triphos, along with a

related colbalt/triphos combination,? and a half-sandwich iridium complex studied by our group



(see Chapter Two for more details)? remain the only systems studied for ester hydrogenation that
can operate under acidic conditions.

Notable among this generation of ester hydrogenation pre-catalysts are those with aliphatic
PNP ligands (PNP = bis[(2-dialkylphosphino]ethyl)amine). The PNP scaffold allows tuning of
both sterics and electronics of the compounds by modifications of the alkyl groups on the
phosphorous arms. The resulting complexes are highly efficient for hydrogenation of carbonyl
groups, among other reactions. The first of these complexes, Ru(H)(CI)(CO)(HN(CH2CH2PPh,).,
was reported by researchers from the Takasago International Corporation in 2011. This complex
was shown, with addition of a base activator, to be a highly active pre-catalyst for a variety of ester
substrates, including methyl benzoate. Since then, a large number of reports have been published
exploring variations of this complex, facilitating diverse hydrogenations,?®® and
dehydrogenations,?” among other reactions?® (see Chapter Three for a more detailed discussion).

Recently, competent ester hydrogenation pre-catalysts based on iron,23! iridium,2>%
cobalt, 24333 manganese,®2 and osmium,***! with sulfur,*? or N-heterocyclic carbene***° based
ligands have been reported. A selection of these pre-catalysts is shown in Figure 1.3. Despite the
efficacy of these complexes for hydrogenation reactions, many are sensitive to air and other small
molecules, limiting their widespread utility. As such, there is still a need to develop active ester

hydrogenation systems that are robust under diverse conditions.
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Figure 1.3. Selected pre-catalysts for the hydrogenation of carboxylic acid derivatives

1.3  Amide hydrogenation

Amide hydrogenation reactions usually proceed to give one of two possible sets of products:
either an amine and alcohol, resulting from cleavage of the C-N bond, or water and an amine, from
C-O bond cleavage (Figure 1.4).6 Catalysts selective for C-O bond cleavage, such as metal

hydride reagents, were developed earlier, and are more widely used in industry.

0 —> HNRR"+ R” “OH

H
RJ\NR‘R" XNR R" L H,0+R” NRR"
Figure 1.4. Two pathways for amide hydrogenation: C-O bond cleavage vs. C-N bond
cleavage

The hydrogenation of amides is conceptualized as mechanistically similar to that of esters,
but these reactions generally require more forcing conditions and there are fewer reports of this
transformation. The first catalytic hydrogenation of amides was reported in 1934 by Adkins and
Wojcik, decades after the first communication of catalytic ester hydrogenation. Copper chromite

catalysts under forcing conditions (>140 bar H, 250 °C) were used in this study.*” More recently,



highly efficient bimetallic heterogeneous catalysts that operate under more moderate conditions
(typically 160-180 °C and 100 bar H) have been developed. However, these catalysts often exhibit
low selectivity due to further reactions of the products (e.g. reduction of phenyl to cyclohexyl,
conversion of primary amines to secondary amines).*®4® A heterogeneous Rh/Mo catalyst
synthesized from Mo(CO)s and RhCl3.3H20 was one of the first efficient bimetallic hydrogenation
pre-catalysts for deoxygenative hydrogenation of primary carboxamides that avoids secondary
amide formation. It operates at 130-160 °C, and 50-100 bar Hz, though the major drawbacks are
its susceptibility to poisoning by the trace CO produced during the reaction, and poor functional
group tolerance.®® These flaws continue to limit the application of these pre-catalysts in
pharmaceutical and fine chemical synthesis.*

As with esters, stoichiometric metal hydrides, often LAH or NaBHjs, are frequently used to
reduce amides in the synthesis of phramaceuticals.”*® As previously discussed, side reactions are
common, especially in the presence of water, and these reagents will also reduce aldehydes,
ketones, nitriles, acyl halides and other functional groups. A notable alternative, stoichiometric
borane reagents, such as BoHe/THF, are also selective for C-O bond cleavage and are tolerant to
other carbonyl functional groups, such as ketones and esters.*® Alternatively, electrochemical
techniques for amide hydrogenation have been developed.*® However, these transformations
require the formation of radical intermediates and are limited to amides with stable radical anions,
for example substrates with aryl rings. Reduction of amides to amines without use of a hydride
reagent is an active research area for pharmaceutical developments,® as the shortcomings of
existing heterogeneous catalysts and metal hydride reductants continue to motivate a search for
improved, selective hydrogenation pre-catalysts that operate under milder conditions. Chapter

Three will discuss in more detail a number of highly active homogeneous pre-catalysts that were



recently reported for amide hydrogenation. There is a significant overlap between these catalysts
and those that are active for ester hydrogenation. In contrast to heterogeneous catalysts, which are
usually selective for deoxygenative hydrogenation, many homogeneous catalysts facilitate C-N
bond cleavage to give alcohol and amine products.® The mechanistic origin of this difference in
selectivity is not fully understood and is investigated in Chapter Three. The development of this

previously unrealized transformation creates opportunities for new synthetic pathways.

1.3.1 C-O Bond cleavage

Few homogeneous amide hydrogenation catalysts are selective for C-O bond cleavage.
Literature examples are limited to Ru/triphos, especially in the presence of an acid additive,® and
a PCP pincer-supported iridium complex combined with tetrakis[3,5-bis(trifluoromethyl)-
phenyl]borate (NaBArr) and boron-based Lewis acids, such as B(CsFs)3, reported by Zhou and

coworkers.> Neither of these systems contain an available basic site on the ligand.

1.3.2 C-N Bond cleavage

Catalysts based on aliphatic PNP scaffolds®*# or Milstein’s catalysts®* and related scaffolds
have been found to be highly active for amide hydrogenation, and are selective for C-N bond
cleavage. Figure 1.3 shows a selection of these catalysts. In some cases, both ruthenium and iron-
based versions exhibit similar activities, a surprising result since first-row metal catalysts are often
less active than their second- or third-row counterparts.> These catalysts, and their mechanisms

of activity will be discussed in Chapter Three.

1.4  Cascade catalysis
The development of efficient ester and amide hydrogenation catalysts has allowed for new

applications, such as cascade catalysis for the conversion of CO, to methanol, and other small
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molecules. Methanol is an essential chemical feedstock and fuel.>® Currently, methanol is made by
reaction of synthesis gas, or syn-gas, a mix of Hz, CO and CO, over a heterogeneous catalyst such
as CuO/ZnO/Al,0s at 250-300 °C and 50-100 bar,>® according to the equations in Scheme 1.4.%°
Syn-gas is generated by the partial oxidation of carbon-containing feedstocks, such as coal, natural
gas or petroleum, at elevated temperatures and pressures. However, syn-gas obtained from steam
reforming of methane (performed at 800-1000 °C, 20-30 bar, over a nickel catalyst) is generally
preferred, as it is low in catalyst-poisoning impurities, such as H.S, COS and mercaptans.>®

Overall, this process is energy intensive and relies on carbon feedstocks.

CO + 2H, = CH;0H AH,oex = -21.7 keal mol!
CO, +3H, = CH;0H + H,0 AH,ggx = -11.9 kcal mol™!
CO,+H, == CO +H,0 AH,ogk = 9.8 keal mol™!

Scheme 1.4. Equations governing methanol sysnthesis from syn-gas®

Due to the large number of bonds broken and formed, methanol synthesis from CO and H;
is a challenging transformation for any single catalyst. In using a cascade, the hydrogenation can
be separated into simpler steps, and catalysts can be optimized for each transformation, leading to
systems that are highly active under more moderate conditions. Overall, this should allow for more
sustainable methanol production.

In 2011, Sanford and coworkers reported a single-reactor cascade for the homogeneous
hydrogenation of CO to methanol. In their system, CO: is hydrogenated to formic acid by cat. A,
((PMe3)sRu(CI)(OAC)). Next, the formic acid undergoes transesterification with alcohol solvent
assisted by scandium triflate (Sc(OTf)3) (cat. B) to produce a formate ester. The ester is then
hydrogenated to generate two equivalents of alcohol using Ru(PNN)(H)(CO) cat. C, (Scheme 1.5).
Logistically, the process was limited by incompatibility between catalysts and reaction

components. For example, cat. C is incompatible with cat. B. It is likely that Sc(OTf)z decomposes
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under reaction conditions to give triflic acid (HOTT), as the degradation of metal triflates to yield
HOTTf is well precedented.>” HOTf then deactivates cat. C, presumably by protonation of the basic
site. In the initial publication, this problem was resolved by physically separating cat. A/B from
cat. C inside the reactor vessel and relying on distillation to transport methyl formate for further
participation in the cascade. However, the activity of this system was limited, producing 21
turnovers of methanol under the optimized conditions, far less than the TON of each of the
individual steps with their respective catalysts. A related Ru(PNN) ester hydrogenation pre-
catalyst reported by Milstein®* (Scheme 1.3) was also investigated by Sanford as a potential cat.
C. Methyl formate hydrogenation by the complex was severely inhibited in a Ho/CO2 mixture, as
compared to pure H,.%® Later studies showed that this complex reacts with CO, to make formate
adducts.>® The sequestration of catalyst in these inactive forms is likely responsible for hindering

hydrogenation activity in the presence of CO..

3H2 + COZ _____________________ > CH3OH + Hzo
H
- ) P'Bu

PM83 cat A. Hzl 2H2 T ROH cat. C / 2
MesP< | _PMe; __ N-Ru—CO
MesP™ L "OAc j\ ROH j\

€3
Cl
H OH -H,0 H OR
cat. B
Sc(OTf),

Scheme 1.5. Schematic for cascade hydrogenation of CO, to methanol via an ester
intermediate. Adapted from Sanford®®

A number of other cascade systems have been reported since the initial report by Sanford and
coworkers. Organic carbamates and carbonates, including propylene carbonate or dimethyl
carbonate have been proposed as alternate intermediates for tandem cascades (Figure 1.5).696? The
most successful systems reported to date proceed through amide intermediates. Following reports
of amide hydrogenation by aliphatic PNP-based catalysts, Sanford and coworkers disclosed a

related cascade that operates with dimethylformamide as the intermediate, taking advantage of the
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reaction of dialkylamines with CO; to assist with carbon capture.®® Using a PNP ruthenium pre-
catalyst and a dimethylamine co-catalyst, they achieved near-complete (95%) conversion of CO-
to a mixture of methanol, dimethylammonium formate and dimethylformamide, generating up to
550 TON of methanol (Figure 1.6). The entropically disfavored initial carboxylation required
lower temperatures than the hydrogenation step, necessitating a temperature ramp over the course
of the reaction. The authors found that the rate of dimethylammonium dimethylcarbamate
hydrogenation is competitive with catalyst decomposition; compatibility issues continue to limit
the performance of cascade systems. In their conclusion, Sanford and coworkers highlight the need

for development of improved hydrogenation catalysts.53

co, H,0 o CO,
>< o0 4h, >_\
0 /

0
o
2 ROH P CO;, MeOH 2 HNR; RzNJ\O
®H,NR,
o) HO OH
MeOH 3H
MeOH 3H -H0 2
2 + H20

Figure 1.5. Proposed cascades for conversion of CO2 to methanol®®-52

1-BH;
[Ru] = C‘I\J\/|l?F>Ph2
PRP~, ~CO

0.30 mol% [Ru]

) )
5 mol% K3PO4
o + + CH30H + H,0
CO, , Hp 7.6 mmol NMe;, HJ\O H)J\NMez —
(2.5 bar) (50 bar) THE \@HZNMeZ y 1870 TON
95°C(18 h)—>155°C (36 h)
550 TON

Figure 1.6. Cascade catalysts for production of methanol from CO. via carbamate
intermediates®®
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Olah and coworkers demonstrated a similar scheme instead using pentaethylenehexamine
(PEHA) in tandem with ruthenium pre-catalysts based on the same aliphatic PNP scaffold. After
optimization, they were able to produce > 2000 turnovers (79% yield) of methanol relative to initial
CO», and demonstrate the recyclability of their system with modest loss of activity after 5
recycles.% While these early successes are promising, we anticipate that a better understanding of
the mechanism by which these catalysts operate and are deactivated will facilitate the rational

design of more robust and active systems.

1.5  Dissertation Summary

This work describes efforts to identify and investigate new catalysts for hydrogenation of
challenging carbonyl substrates. Chapter Two describes the investigation of the hydrogenation of
lactone substrates by a rare example of an acid-tolerant ester hydrogenation catalyst, a half-
sandwich iridium complex. Chapter Three explores the mechanism of ester and amide
hydrogenation by aliphatic pincer-supported complexes of iron and ruthenium using
computational methods. Subtle disparities in the mechanism of hydrogenation between methyl
formate and formamide substrates are discussed, highlighting the significant influence of substrate
identity on reactivity. Chapter Four describes the development of PCP- and POCOP-supported
complexes of iridium as catalysts for the hydrogenation of simple ester substrates. Chapter Five
builds upon the understanding of catalysts activation by acids and deactivation pathways built in
Chapter Four as these catalysts are effectively applied in cascade systems for the conversion of
CO: to methanol. Together, Chapters Four and Five show how understanding the reactivity of
metal complexes can lead to the rational development of new catalysts systems for specific

applications.
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Chapter Two. Iridium catalyzed base-free hydrogenation of lactones™

2.1 Introduction

With characteristic fruity or musky odors, lactones are cyclic esters often used as components
in flavors and fragrances.? Lactones, which can be obtained from cellulosic biomass by a
combination of catalytic transformations and biochemical routes, such as fermentation, are
anticipated to be important intermediates in the production of commodity chemicals from bio-
derived feedstocks. The development of efficient technologies to transform lactones into
commercially valuable products is of great interest.

Depolymerization of cellulosic biomass generates D-glucose, which can be subject to acid-
catalyzed dehydration (Scheme 2.1).> The resulting hydroxymethylfurfural (HMF) can be
converted to levulinic acid, while a final hydrogenation and dehydration affords y-valerolactone
(GVL). Similarly, succinic, fumaric, and malic acids can be produced by fermentation of cellulosic
feedstocks* and converted to the respective lactones. The diol products from lactone hydrogenation
can be used as chemical intermediates, plasticizers, and in lubricants.® GVL hydrogenation
produces 1,4 pentanediol which, under acidic conditions, is dehydrated to 2-methyl
tetrahydrofuran (2-MeTHF) as shown in Scheme 2.1.5 2-MeTHF is a (US-approved) drop-in fuel
additive for gasoline.® It is also often marketed as a “greener” alternative to THF, benefiting from
a higher boiling point, and lower propensity for peroxide formation.” More broadly, cyclic ethers
are valuable as perfumery molecules, solvents in the polymer and pharmaceutical industries, fuels,

and precursors for polymers; for example, THF is used to produce LYCRA.®

*The work in this chapter was previously published in, and is adapted with permission from Brewster, T. P.;
Rezayee, N. M.; Culakova, Z.; Sanford, M. S.; Goldberg, K. I. Base-Free Iridium-Catalyzed Hydrogenation of
Esters and Lactones. ACS Catal. 2016, 6 (5), 3113-3117. Copyright 2016 American Chemical Society.
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Scheme 2.1. A pathway for transformation of cellulosic biomass to commercial products

Despite recent advances, ester hydrogenation is much less thoroughly studied than other
catalytic reactions, such as alkene hydrogenation, and remains a challenge for homogeneous
catalysis.® ! Reports of homogeneous catalysts for ester hydrogenation that operate under acidic
conditions are limited. The development of acid-tolerant ester hydrogenation pre-catalysts would
enable their application to a wider variety of situations. For example, a cascade system pioneered
by Sanford and coworkers to convert CO2 to methanol via ester intermediates was ultimately
limited by the Lewis acidic transesterification catalyst interacting with, and inhibiting the ester
hydrogenation catalyst (See Chapters One, Four and Five for more detail on cascade system).*?

The most notable reported acid-tolerant ester hydrogenation catalyst is a Ru/triphos (triphos
= 1,1,1-tris(diphenylphosphinomethyl)ethane) system originally investigated by Elsevier and
coworkers.® This system was subsequently further explored by Leitner and coworkers®>*’ and
other groups,'® as was a related cobalt/triphos system.!® Ru/triphos catalyzed reduction of v-
valerolactone is efficient at elevated temperatures (>140 °C) and pressures (>50 bar H»),
selectively generating 1,4, propanediol.!” Acidic additives such as p-toluenesulfonic acid catalyze
the dehydration of diol to 2-MeTHF.'® A mechanism for this transformation has been proposed
based on experimental investigations and computational modeling, using Density Functional

Theory (DFT) (Scheme 2.2). The substrate first coordinates to the Ru center via the carbonyl
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oxygen. A hydride transfer from Ru-H to the carbonyl carbon is followed by proton transfer from
the dihydrogen ligand to the substrate oxygen. Subsequent metal-free, acid-catalyzed ring opening
of the free lactal and substrate re-coordination the metal produces a Ru-hydroxyl aldehyde
intermediate. From this intermediate, hydroxyl aldehyde hydrogenation proceeds analogously to

the initial lactone hydrogenation to generate the diol product.®

h,P \ /PPh2 P I/Pth Ph,P \ /F’Ph2 thP\ /PPh2

H/I\ /l\

Yf °I>/ T

Scheme 2.2. Intermediates in a proposed mechanism for y-valerolactone hydrogenation by
Ru/triphos®®

2.2 Prior results with Cp*Ir and motivations for studying lactone hydrogenation
Previous work in the Goldberg group identified an iridium half-sandwich complex capable of
formic acid disproportionation to methanol, CO, and H20.%° This system was then applied to
related reactions, including the hydrogenation of carboxylic acid substrates.?* In addition, several
other ruthenium, iridium and rhodium half-sandwich complexes supported by bipyridine ligands
were  explored  for  carboxylic  acid hydrogenation.?> ~ Upon  optimization,
[Cp*Ir(bpyOMe)(H20)](OTf)2 (Cp* = pentamethylcyclopentadienyl anion, bpyOMe = 4,4’-
dimethoxy-2,2’-bipyridine) complex 1 was identified as the most active pre-catalyst for this
reaction.?! Carboxylic acid hydrogenation using these half-sandwich complexes was proposed to
proceed by a mechanism analogous to that shown in Figure 2.1. First, a proton is transferred from
the highly acidic iridium dihydrogen complex to the carbonyl group. This is followed by hydride
transfer to the carbonyl carbon. The acetal intermediate can further react to form an equivalent

each of alcohol and aldehyde, which undergoes a second hydrogenation cycle, producing a second
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equivalent of alcohol. The authors found that adding electron donating substituents to the bipyridyl
ligand improved catalyst activity, as did the addition of a Lewis acid (LA) additive, scandium
triflate (Sc(OTf)3). They postulated that increasing the electron density at the metal leads to a more
hydridic hydride that is better able to transfer to substrate, while the LA additive can activate
substrate to hydride transfer by interacting with the carbonyl oxygen. In contrast to the mechanism

proposed for Ru/triphos, substrate does not coordinate in the inner sphere of the half-sandwich

complexes.
= =
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Figure 2.1. General mechanism proposed for ester and carboxylic acid hydrogenation by
1, adapted from Brewster and coworkers?



We sought to generalize this chemistry to hydrogenation of ester substrates. Our group
previously reported the hydrogenation of levulinic acid to 90% y-valerolactone as well as fully
reduced 2-MeTHF, indicating some hydrogenation of the cyclic ester.?! We were interested in
further understanding the reactivity of these iridium half sandwich catalysts for the hydrogenation
of lactone substrates. The effect of substrate ring size and sterics near the ester on hydrogenation

was investigated.

2.3  Hydrogenation of DVL and GVL by iridium pre-catalyst 1

The study of lactone hydrogenation was carried out in conjunction with additional studies of
ester hydrogenation by Cp*Ir bipyridine catalysts in our group and the Sanford group.* The most
active of the catalysts studied for carboxylic acid hydrogenation, 1, was chosen for our studies.?
A series of esters and lactones were screened for reactivity under a variety of conditions: neat, in
ethereal solvent (1,4-dioxane), and in the presence of the Sc(OTf)s. Lactones with varied ring sizes

and with methyl substituents as shown in Figure 2.2 were investigated.

o) O 0

- o e (O
L1 L2 L3 L4 L5
Figure 2.2 Lactone substrates investigated

Hydrogenation of the 5-membered ring y-butyrolacone (L1) and y-valerolactone (L2) in the
presence of 1 under relatively mild conditions (100 °C, 30 bar Hz) (Table 2.1) afforded trace
amounts of the corresponding diol, in addition to cyclic ether formed by acid-catalyzed
dehydration (major product). Hydrogenation of L1, bearing a decreased steric profile, was more
facile than for L2. This is consistent with the sensitivity to steric bulk observed for other ester
substrates. Catalyst turnover number (TON) also decreased when the reaction was carried out in

the ethereal solvent, dimethoxyethane (DME) rather than in neat solution. This difference in TON
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may be attributed to the lower effective substrate concentration slowing the rate of hydrogenation,
leading to less product generated in 16 hours.
o) +H O 0
@) 2 2
m N )\(\/)/\/ )n
Scheme 2.3. General reaction scheme for lactone hydrogenation

Table 2.1: Hydrogenation of L1 and L2 with 1

Solvent | Time (h) A(.:i.d Ll k2
additive TON (st. dev)
Neat 16 - 291 (7) 76 (5)
Neat 16 Sc(OTf); | 410 (53) | 200 (19)
Neat 65 - 487 (16) | 166 (54)
DME 16 - 33 (4) 27 (5)
DME 16 Sc(OTf)s | 23 (6) 19 (3)
DME 65 - 69 (4) 78 (6)

Neat: 2 mL substrate, 2 mM 1, (20 mM Sc(OTf)s), 30 bar Hy, 100 °C.
In solvent: 1 mmol substrate, 0.5 mol% 1, (0.5 mol% Sc(OTf)3), 1
mL DME, 30 bar H,, 100 °C. Characterization: GC-FID. TON
reported as amount of cyclic ether produced, normalized to substrate
quantity.

In contrast to the Ru/triphos catalyst system, 1 directly catalyzes the dehydration of diol to
ether. Increased turnover with the increased reaction time (65 h vs 16 h) indicated that the catalyst
is still active after 16 hours. However, the increase in TON was not proportional to the increased
time, suggesting that some catalyst deactivation occurs over the course of the reaction, perhaps
due to product inhibition or catalyst decomposition. In neat substrate, the presence of Sc(OTf)s
increased TON, consistent with previous observations with carboxylic acids. Surprisingly,
decreased activity was observed with Sc(OTf)z additive in reactions with substrates dissolved in
DME. We hypothesize that competitive interactions between the LA and solvent may reduce the

effectiveness of the acid in activating substrate. However, it is not clear why addition of LA in
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solvent would lead to fewer TON of product generated after 16 hours than in the absence of the

LA.

2.4  Water sensitivity of lactone hydrogenation

Due to the fact that water is produced in the acid-catalyzed dehydration step, we were curious
about the effect of water on the activity of 1. We found that, when reactions were conducted in
THF solvent, the addition of one drop of water (approx. 100 mol%) resulted in a significant
decrease in substrate conversion after 16 hours, as determined by *H NMR spectroscopy (25%
conversion for sample without water, 5% conversion for samples with added water, both with and
without one eq. Sc(OTf)s). Based on this result, we hypothesize that inhibition by water, which is
produced from dehydrative condensation of diols products to cyclic ethers, is contributing to the

non-linear increase in TON at longer times.

2.5  Hydrogenation of lactones with ring size > 6 by iridium pre-catalyst 1

For larger-ringed lactone substrates, L3, L4, and L5, we observed relatively rapid conversion
of starting material to a mixture of products by NMR spectroscopy (Table 2.2). However, only
small amounts of the product mixture could be attributed to diol or cyclic ether, as confirmed by
comparison to authentic samples. Electrospray ionization mass spectroscopy revealed product
masses corresponding to oligomers with ester subunits. Our evidence suggests that oligomerization
outcompetes hydrogenation-dehydration to cylic ethers. For lactones with ring size > 6, the rate of
dehydrative polymerization of the ester subunits is competitive with the rate of hydrogenation by
catalyst 1. Conducting the reaction in DME solvent results in a higher proportion of monomeric
product but does not entirely suppress oligomer formation. Ring-opening polymerization of
lactones is a well-studied reaction, and is known to be catalyzed by both Lewis and Brgnsted

acids.???% We hypothesize that, in the absence of added acids, cationic Ir-based species may be
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filling this role. For example, the electrophilic Ir metal in the coordinatively unsaturated
[Cp*Ir(bpyOMe)]" complex may act as a LA, or the acidic dihydrogen complex
[Cp*Ir(bpyOMe)(H2)]" may be the acid catalyst for diol dehydration.

Table 2.2. Hydrogenation of L3, L4, L5 with 1

. Acid | L3 L4 L5
Solvent | Time (h) .. .
additive | 9% substrate consumption
Neat 16 -- 97 79 100
DME 16 -- 97 100 100

Neat: 2 mL substrate, 2 mM 1, 30 bar Hz, 100 °C. In solvent: 1 mmol
substrate, 0.5 mol% 1, 1 mL DME, 30 bar H», 100 °C. Characterization:
IH NMR, CHCl;z internal standard.

2.6 Conclusions

In conclusion, we found that 1 was an active catalyst for the hydrogenation of lactones with
five membered rings under relatively mild conditions (100 °C, 30 bar Hz). Addition of Sc(OTf)3,
enhances TON when added to reactions with neat substrate, though a small decrease in activity is
observed upon addition of Sc(OTf)z in 1,4-dioxane solvent. Pre-catalyst 1 directly catalyzes the
dehydration of the diol intermediate to the cyclic ether, regardless of whether or not acid is added.
This contrasts with the Ru/triphos system, where, diol products are converted to cyclic ethers only
in the presence of added acids. Finally, we found that 1 is not an effective catalyst for
hydrogenation of lactones with ring size > 6, as such substrates formed oligomers under

hydrogenation conditions.

2.7 Experimental details

General Considerations:

Chemicals were used as received from commercial sources unless otherwise specified.
Substrates for hydrogenation were either opened and stored in a nitrogen glovebox or degassed

prior to use. THF was dried by passage over activated alumina and molecular sieves. Complex 1
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was synthesized according to literature procedures.'* Deuterated NMR solvents (CDCls, CD2Cls,
and CDsCN) were obtained from Cambridge Isotope Laboratories and used as-received. Cyclic
ethers tetrahydropyran,?* 2-methyl tetrahydropyran® and oxepane®® were synthesized
independently by dehydration of the corresponding diol over Nafion-H.?” These samples were used
to confirm the identities of hydrogenation products.

NMR analysis: *H NMR spectra were recorded on 300 MHz or 500 MHz Bruker
spectrometers and were referenced to the residual solvent peak. An internal standard was used to
determine product yields in aliquots of reaction product mixture. Product identities were confirmed
by addition of commercially available pure substances, when available.

GC Analysis: GC-FID analysis was performed on an Agilent Technologies 7890A GC
system using an Agilent Technologies DB-FFAP column. Calibration curves were constructed for
starting material, diol and cyclic ether products with reference to an internal standard using pure
materials obtained from commercial sources. GC was used for substrates where all products were
commercially available (y-valerolactone and y-butyrolactone).

ESI-MS analysis: Electrospray ionization mass spectrometry was performed by Loren Kruse
at the University of Washington. All samples prepared for ESI-MS were obtained with 2 mM
catalyst in 2 mL substrate heated at 100 °C for 65 hours.

GC-MS Analysis: GC-MS analysis was performed on an Aligent 5975 GC/MSD instrument.
Samples were prepared by dissolving a small amount of reaction product in dichloromethane.

Representative procedures for hydrogenation

High pressure hydrogenation reactions were carried out in 30 mL Parr Instruments 5000

Multiple Reactor system vessels fitted with a PTFE liner at the stated hydrogen pressure.
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Neat: In a nitrogen glovebox, 10.3 mg (0.0120 mmol) 1 was massed into a glass vial. 6 mL y-
valerolactone was added to the vial via syringe and the solution was swirled to dissolve. 2 mL
aliquots of the resulting yellow solution were dispensed into each of three PTFE-lined Parr reactors
with PTFE-covered stir bars. Reactors were closed and removed from the glovebox, pressurized
with 30 bar Hz, and purged with a constant flow of H> for a minute. Reactors were heated at 100
°C for 16 hours under stirring. After the reactors were allowed to cool, excess pressure was vented.
Reactors were shaken and opened in air. Product characterization was conducted as follows:

Sample preparation for NMR spectroscopy: Known volume aliquots (50.0 or 100 pL) of the

reaction mixture were dispensed into an NMR tube. Known volumes of chloroform (20.0 or 40.0
ML) or benzene (20.0 uL) internal standard were added directly to the NMR tube, and an
appropriate NMR solvent (CD2Cl,, CDCls or CD3CN) was added. NMR tubes were capped and
shaken prior to spectrum acquisition.

Sample preparation for GC-FID analysis:

Neat: A 50.0 uL aliquot of reaction material and 10.0 puL n-propanol (internal standard) were
diluted to 5.00 mL with acetone in a volumetric flask.

In Solvent: 250.0-500.0 uL sample and 10.0 pL n-propanol were diluted to 5.00 mL with acetone
in a volumetric flask.

Neat, with acid additive: In a nitrogen glovebox, 19.7 mg (0.040 mmol) Sc(OTf)s was massed
into a PTFE Parr reactor liner. In a glass vial, 10.5 mg (0.0122 mmol) 1 was massed out. 6 mL of
y-valerolactone was added to the vial via syringe and the solution was swirled to dissolve. A PTFE
liner and stir bar was inserted into a stainless steel Parr reactor, and 2.0 mL of the catalyst/substrate
solution was dispensed into the reactor. Results reported as an average of three trials using the

same catalyst/substrate solution.
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In solvent with acid: In a nitrogen glovebox, 4.3 mg (0.0050 mmol) pre-catalyst 1 and 2.5 mg
(0.0051 mmol) ScOTfs was weighed into a PTFE Parr reactor liner. The liner with stir bar was
inserted into a stainless steel Parr reactor. 1 mL dimethoxyethane and 0.095 mL of y-valerolactone
(0.99 mmol) was dispensed into the reactor via syringe. Reactor was closed, pressurized, heated,
cooled and opened as above. Results reported as an average of three trials.

In solvent, no acid: Procedure identical to above, with no acid added.

Water added: A stock solution of L2 (0.25 mL, 2.61 mmol) and catalyst 1 (12.6 mg, 0.0147
mmol) in 3.0 mL THF was prepared, and 1 mL aliquots were dispensed into three PTFE-lined Parr
reactors. Nothing additional was added to the first reactor. To the second reactor, one drop of H.O
(approx. 50 pL, 2.8 mmol) was added. To the third reactor, one drop of H2O and one equivalent
of Sc(OTf)s (2.2 mg, 0.0045 mmol) were added. Reactions were conducted as described above.
The reaction solution was analyzed by *H NMR, (100 pL solution, 20 uL benzene internal standard

in CD.Cly).
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Chapter Three. A computational investigation of the mechanism of ester and amide

hydrogenation by PNP-supported pre-catalysts'+

3.1 Introduction

3.1.1 Motivations for computational studies on PNP-supported ester and amide hydrogenation

catalysts

Aliphatic pincer complexes of Fe and Ru are efficient catalysts for ester?® and amide*?®
hydrogenation. However, hydrogenations with these catalysts require high temperature (> 100 °C)
and pressures (> 30 bar) and are thus carried out in high-pressure reactors. This limits the ability
of most laboratories to carry out in situ monitoring, conduct kinetic studies, or even observe
catalyst speciation under reaction conditions. Owing to the difficulty of conducting mechanistic
studies with these complexes, we have turned to computational studies to help elucidate these
mechanisms. We hope that developing an understanding of the mechanism for substrate
hydrogenation with these pre-catalysts will aid in the rational design of new hydrogenation
catalysts that operate under milder conditions, are stable to oxygen and moisture, and are
compatible with other pre-catalysts used in CO2 to methanol cascades, as described in Chapter
One. Additionally, we are interested in the mechanistic origin of the reported selectivity for C-N

bond cleavage over C-O bond cleavage by these pincer-supported pre-catalysts.

T This work was carried out with guidance from Prof. Odile Eisenstein and Prof. Eric Clot at the Chimie Théorique,
Méthodologies, Modélisation group at the Université de Montpellier 2, in Montpellier, France. | gratefully
acknowledge support from a Chateaubriand STEM Fellowship, administered by the Embassy of France in the United
States, which enabled a 6-month stay in France from January to July 2016.

t A portion of the work in this chapter was previously published in, and is adapted with permission from Artls Suarez,
L.; Culakova, Z.; Balcells, D.; Bernskoetter, W. H.; Eisenstein, O.; Goldberg, K. I.; Hazari, N.; Tilset, M.; Nova, A.
The Key Role of the Hemiaminal Intermediate in the Iron-Catalyzed Deaminative Hydrogenation of Amides. ACS
Catal. 2018, 8751-8762.1 Copyright 2018 American Chemical Society.
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Shvo-and Noyori-type pre-catalysts incorporate bifunctional ligands that have been found to
be valuable in catalytic hydrogen transfer reactions. While these catalysts are not active for ester
or amide hydrogenation, they are effective catalysts for hydrogenation of ketones and related
substrates. Extensive mechanistic studies have been carried with both catalysts, providing insight
into the exact role of the bifunctional ligand and a starting point for investigating mechanisms of
other hydrogenation catalysts. Differences in these mechanisms will be discussed to give a
framework for mechanistic investigations into the hydrogenation by aliphatic PNP-supported

catalysts discussed in this chapter.

3.1.2 Shvo’s catalyst: evolving mechanistic understanding

The Shvo catalyst was first reported in 1984 by Youval Shvo and colleagues,® and has since
been found to catalyze a diverse range of oxidative and reductive reactions, including
hydrogenation of alkenes, alkynes and carbonyl substrates with Ha, hydroboration of aldehydes,
ketones and imines, dehydrogenative coupling of alcohols to esters, and alkylation of amines with
alcohols.’® The pre-catalyst is an air-stable dinuclear species, A, shown in Figure 3.1. The
cyclopentadienone ligand enables the catalyst to facilitate oxidation and reduction by storing
proton equivalents on the ligand; hydride equivalents are stored on the Ru center.
Disproportionation of the dimer leads to two species, a reducing 18 electron Ru(ll) with
cyclopentanol and hydride ligands (A2), and an oxidizing 16 electron Ru(0) with cyclopentanone

and an open site (A1).1!
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Figure 3.1 Shvo pre-catalyst (A) and suggested disproportionation into catalytically
relevant species (Al and A2)

The mechanisms for oxidations and reductions by Shvo’s pre-catalyst have been investigated
in extensive computational and experimental studies.!* We will focus here on the mechanism of
carbonyl (ketone and aldehyde) reduction and the reverse dehydrogenation reaction, as they are
most relevant to the carbonyl substrates presented in this chapter.

The 18-electron species, A2, pictured above has been hypothesized to be a crucial
intermediate in reactions with Shvo’s pre-catalyst, and a number of mechanistic studies have
suggested that the hydrogen transfer to carbonyl substrates occurs in a concerted fashion from this
complex.®2  Two  general  mechanisms  were  commonly  suggested  for
hydrogenations/dehydrogenations: an inner-sphere mechanism where the substrate coordinates
directly to the metal center, (Shvo®* and Backvall*>") or an outer-sphere mechanism, where the
substrate does not coordinate to the Ru center, supported by Casey® (Figure 3.2). Suggested
transition states for each mechanism are shown in Figure 3.2; both mechanisms include A2, as
well as Al (which has never been experimentally observed), as prominent intermediates. Based
on these mechanisms, it has been suggested that preventing catalyst dimerization, and thus
ensuring a higher effective concentration of A1, will result in a more efficient catalyst. Casey and
coworkers sought to achieve this by replacing the hydroxy group on the cyclopentadiene ring with
a bulkier phenylamine, to make [2,5-dimethyl,-3,4-diphenyl(;°-C4CNHPh)]Ru(CO).H.* They

found that this complex is slow to hydrogenate benzaldehyde, and attribute this drawback to the
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reduced acidity of the phenylamine and thus diminished ability to protonate carbonyl groups
during reduction. Protonation of the complex with triflic acid resulted in a much more acidic

protonated phenylamine and rapid benzaldehyde hydrogenation, but the difficulty of protonating

the complex is expected to impede its ability to cleave hydrogen.2°
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Figure 3.2. Two mechanisms suggested for dehydrogenation (as drawn) and
hydrogenation (microscopic reverse) of carbonyl substrates by Shvo’s catalyst!

Casey and coworkers report experimental evidence against a ring-slip inner sphere
mechanism. They found that substituting the cyclopentadienol proton for SiEts impedes the H-D
exchange between the ruthenium hydride and aldehyde (PhCDO). If a ring-slip mechanism were
operative, the SiEts complex would still be expected to be susceptible to ring slip and H-D
exchange.'® Recent calculations reveal a low barrier (8 kcal mol™?) for outer sphere hydrogen
transfer from 18 electron A2 to formaldehyde, in contrast to inner-sphere mechanisms involving
ring slippage, which were calculated to be at least 34 kcal mol? higher.? An outer-sphere
mechanism is also used in the construction of a kinetic model for benzaldehyde and acetophenone
hydrogenation by a Shvo catalyst with a [2,5-diphenyl-3,4-ditolyl] cyclopentadienone ligand that
accurately reproduced the kinetic behavior of the reactions.*®
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Our understanding of the mechanism has changed over time as new experimental and
computational studies have been disclosed. A very recent study of aldehyde disproportionation
and related reactions by Gusev and coworkers has suggested a slightly different mechanism. Their
calculations support a mechanism that avoids the formation of Al. Very slow reactions of A2 with
ethanol suggest that the inner sphere pathway in Figure 3.2 is unlikely; the modern mechanism
proposed by Gusev and coworkers for hydrogenation/dehydrogenation reactions by Shvo’s
catalyst is reproduced in Scheme 3.1.
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Scheme 3.1. Modern mechanistic proposal for carbonyl hydrogenation/dehydrogenation
reactions with Shvo catalyst adapted from Gusev and coworkers??

These detailed studies of carbonyl hydrogenation/alcohol dehydrogenation by Shvo’s catalyst
are notable for a few reasons. Our understanding of this seemingly simple catalyst system has
continued to evolve over a 40 year period. There is strong evidence for the formal involvement of
the cyclopentadienone oxygen as a basic site that orients substrates and assists hydride transfers.
However, while trapping studies were used as evidence for the accessibility of Al, Gusev et al
have demonstrated that, in fact, Al is not catalytically relevant.?? Gusev’s study concludes by
using the newly developed mechanistic understanding to make recommendations for improving
the next generation of Shvo-type catalysts. Specifically, Gusev suggests that energy of reaction of

the 18 electron A2-like species with an alcohol be within 2 kcal mol™ of the reaction product (the
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18 electron Ru-alkoxide and H>), to ensure the availability of catalytically relevant intermediates.
The authors suggest that DFT calculations will be an effective tool for identifying next-generation
pre-catalysts with the necessary attributes. We likewise hypothesize that DFT studies will give
insight into hydrogenation mechanisms by (PNP)-based pre-catalysts, that allow for the

identification of improved systems.

3.1.3 Noyori-type catalysts: evolving mechanistic understanding

Ketones are one of the most commonly hydrogenated substrates, and as pro-chiral molecules,
they are a platform for the synthesis of chiral secondary alcohols. However, in the 1990s, Noyori,
Ikariya and coworkers developed complexes shown in Figure 3.3 for asymmetric ketone
hydrogenation (B) and transfer hydrogenation (C).?® Since then, extremely active and selective
catalysts that are industrially relevant have been developed based on these systems. In an example
published by researchers from Takasago Chemical Corporation, a ruthenium-based pre-catalyst
with a xylyl-BINAP ligand (BINAP = 2,2'-bis(diphenylphosphino)-1,1'-binaphthyl), 0.001 mol%)

achieved 35,000 TON min?, with >99% ee for the hydrogenation of acetophenone to 1-

@R'
H
Ar, | ARu~
s e

phenylethanol at 51 bar H, and ambient temperature.?

AN ‘R X=0T
P N "// ': R - 3 S
Ar2 H i :
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Noyori, 1995 Noyori-lkariya, 1995

Figure 3.3. Noyori and Noyori-Ikariya pre-catalysts B and C%

Similar to the Shvo pre-catalyst, the unprecedented activity of these complexes was attributed

to the ability of the ligand amine to assist in hydrogen transfer, termed bifunctional metal/ligand
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catalysis by Noyori and coworkers.2® Important transition states implicated in this mechanism are
shown in Figure 3.4. Consistent with available experimental and computational studies, hydrogen
transfer between catalyst and substrate was thought to occur through one concerted hydrogen
transfer transition state. Similarly, hydrogen cleavage is described as a one-step process, assisted
by a proton shuttle.?” These fundamental mechanistic steps have formed the basis for conventional

understanding of outer-sphere hydrogenations.?®-3!
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Figure 3.4. Key transition states suggested for transfer hydrogenation and hydrogen
cleavage by Noyori-type catalysts?®

However, recent computational studies suggest a more nuanced situation. With a higher level
of theory and the inclusion of explicit solvent molecules, the hydrogen transfer is found to be
formally asynchronous. An outer-sphere hydride transfer generates an ion-pair intermediate, while
the six membered concerted transfer hydrogenation transition state pictured in Figure 3.4 is only
observed in the gas phase.?3* This intermediate is a “branching point”, and accesses a new
pathway for H. cleavage that is found to be competitive with proton-shuttle-assisted hydrogen
cleavage, where the alkoxide generated serves as a base to deprotonate the metal-bound Hz (Figure
3.4).233% With this branching point, the lowest energy hydrogenation pathway allows the N-H
moiety to be retained, and the ligand is formally a spectator throughout the cycle and thus
considered “chemically innocent”. However, the N-H does still assist in orientation and

stabilization of substrate, allowing it to “dock” at the metal center, facilitating hydrogen transfer.
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The amine ligands in Noyori-like catalysts are therefore still considered to have a cooperative
effect. Indeed, substitution of N-H for N-Me has been shown to dramatically decrease catalyst
activity.®® This distinction in mechanism has implications for pre-catalyst design; understanding
the stabilizing role of the N-H moiety will encourage the development of catalyst variations that

can better stabilize and lower the energy of the H-transfer transition states.?>®

3.1.4 Ester and amide hydrogenation by aliphatic PNP complexes

As described in Chapter One, homogeneous pre-catalysts with basic nitrogen sites on the
ligand have recently been developed for the hydrogenation of carbonyl substrates. Ruthenium and
iron-based carbonyl complexes with an aliphatic PNP pincer ligand (PNP = N(CH.CH2PR>)),
(Figure 3.5, (PNP)M(CO))) are selective and efficient catalysts for a wide range of
transformations, including ester?3 % and amide hydrogenation®>®® as well as the reverse
dehydrogenative reactions.3”*% These catalysts are selective for C-N bond cleavage in the

hydrogenation of amides.

H t
7 "\P Buy " ~~__ M=FeRu
74 N N~_ PRz R =alkyl
N—Ru—CO ( Sy
=N(Et), R, H

E (PNP)M(CO)
Figure 3.5. Selected ester hydrogenation catalysts*6-48

A number of groups have performed relevant calculations investigating C-N vs C-O bond
cleavage and the formation of esters and amides, respectively, facilitated by Milstein’s complexes
(Figure 3.5, D and E) and variants.*¢* The activity of these pre-catalysts is attributed to the ability
to store an Hy equivalent across the metal and basic site on the ligand arm (see Chapter 1).
Analogous computational studies have been carried out on aliphatic (PNP)M(CO) complexes (M

= Fe, Ru) and include investigations into methanol dehydrogenation to form CO2*5° and ester
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hydrogenation/dehydrogenative coupling of alcohols to form esters.®”5%2 Most closely related to
the studies on ester and amide hydrogenation reported herein is a recent publication by Beller and
coworkers, which investigates the hydrogenation of methyl benzoate by (""PNP)M(CO), (M = Fe,
Ru, and Os).*® In these studies, the PNP imine group is suggested to be the basic site that assists

in hydrogen/dehydrogenation by storing a proton equivalent.

As with the Noyori and Milstein pre-catalysts, the availability of the backbone nitrogen has
been implicated as a requirement for efficient hydrogenation. Beller and coworkers found that
alkylation of the PNP amine completely inhibited the hydrogenation of methyl benzoate, using
two pre-catalysts (""PNMeP)Fe(H)2(C0O), PPNMeP = bis[2-diisopropylphosphino)ethyl]methyl
amine), and (P'PNMeP)Fe(H)(BH4)(CO). The  secondary  amine containing
(P'PN"P)Fe(H)(BH4)(CO) was very active for the hydrogenation of methyl benzoate, achieving
97% yield after 6 hours at 100 °C and 30 bar Hz in THF using 1 mol% Fe. This result shows that
accessing a PNP species with protonated nitrogen is essential to catalytic activity and so
corroborates an outer-sphere mechanism that includes hydrogenation of the carbonyl substrate by
(P'PN"P)Fe(H)2(C0).% Likewise, alkylated (P"PNMeP)Ru(H)(CI)(CO) and KOH activator was
found to be 2.5 times less active than the equivalent ""PNP for the dehydrogenation of MeOH to
C0O25 In a related study, Beller and coworkers found that the hydrogenation of 4-
phenylbenzonitrile was efficiently catalyzed by pre-catalyst (P"PNHP)Fe(H)(BH4)(CO), but the
methylated pre-catalyst was inactive for nitrile hydrogenation. Once again, the mechanism is
proposed to be a concerted outer-sphere hydrogen transfer to substrate.>® These studies suggest
that the backbone nitrogen plays a significant role in ester hydrogenation, and perhaps also amide

hydrogenation by aliphatic PNP complexes.
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Interestingly, the nitrogen basic site does not fulfill the same role with all substrates and
metals. Recent work by Bernskoetter and coworkers investigated the hydrogenation of CO: to
formate in the presence of base 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) using
(P'PNP)Co(CO)2(Cl).% They found that methylation of the ligand amine improved catalyst activity
50-fold over a protonated ligand backbone. Structural parameters and electrochemical
measurements detected no significant electronic differences between the complexes. Similarly,
Hazari, Bernskoetter and coworkers demonstrated a similar effect in the iron-catalyzed
hydrogenation of CO; to formate®’ (Figure 3.6). They found that, for both pre-catalysts, the resting
state of the catalyst is the formate-bound complex resulting from CO insertion into the Fe-H bond.
Displacement of this formate is likely the rate limiting step in both CO2 hydrogenation and the
reverse formic acid dehydrogenation reaction. The increase in activity with an alkylated nitrogen
is attributed to the disruption of a stabilizing N-formate interaction, facilitating formate extrusion

from the catalyst.

]l
Co \ N\ Fe
(el = PRy, R='Pr [Fel = NOPRz R=Pr
( /CO\CO TON = 29000 /Fe\co TON = 6030
[Color[Fe] O R=Cy R IL R=Cy
it 2 TON = 8910
LiOTf )J\_ H*DBU TON = 24,000
C02+H2 —_— H O _| CI /BH3 i
xs DBU R=Pr
THF or MeCN, D \\pRZ PR TON = 42350
(/CO\CO | ( e~\“ 2R =Cy
R=Pr / | CO TON =46110
TON = 450

Figure 3.6. CO2 hydrogenation by methylated and protonated PNP complexes of Co and
Fe. Conditions for Co: 3 umol catalysts, 3.6 g DBU, 500 mg LiOTf, 5 mL MeCN, 34.5 bar
CO2, 34.5 bar Hy, 45 °C, 16 h, average of three runs.®®*® Conditions for Fe: 70 bar 1:1
H2/CO2, 0.3 umol catalyst, 10 mL THF, 3.6 g DBU, 7.5:1 BDU/LIiOTf, 80 °C®’

41



3.1.5 Ester and amide hydrogenation by aliphatic PNP complexes

We sought to elucidate the mechanism for hydrogenation of carboxylic acid derivatives
(HC(O)ER, where E = NR’ or O, R,R’ = alkyl) into alcohol and a second equivalent of alcohol (E
=) or amine (E = NR”) using aliphatic PNP complexes of Fe and Ru (Scheme 3.2). We aimed to
understand similarities and differences between hydrogenation of several reactants, specifically
ester, amide, and aldehydes that are produced as a side product and also enter the catalytic cycle
(HC(O)X, X = NR2, OR, H), so that we could design improved cascade systems for CO;
conversion to MeOH. With this goal in mind, we also investigated CO> as another “carbonyl”
derivative, with focus on rationalizing the experimentally observed inhibition of hydrogenation

activity in the presence of CO..
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Scheme 3.2. Generalized mechanism for ester/amide hydrogenation by 1Rv and 1F¢

A generalized mechanism for ester or amide hydrogenation by PNP-supported complexes of
Fe or Ru is shown in Scheme 3.2. The cycle begins with dihydrogen cleavage across the M-N
bond. Next, transfer hydrogenation to the substrate results in an intermediate hemiaminal or
hemiacetal. This intermediate reacts further to cleave the C-E bond and produce an aldehyde,

which is subjected to a second hydrogenation cycle. In the case of ester hydrogenation, the overall
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reaction produces two equivalents of alcohol, and for amide hydrogenation, and alcohol and amine
are generated. A concern in reactions involving amides is the selectivity of the step proceeding the
hydrogenation. The hemiaminal intermediate species that is formed can either undergo cleavage
of the C-N bond or the C-O bond. All (RPNP)Ru and Fe complexes studied to date are selective
for C-N bond cleavage and the work described in this chapter addresses the origin of this

selectivity.
3.2  Results and discussion of computational investigations

3.2.1 Structure of the pre-catalyst

We note that the calculated structure of the (P"PNP)Fe(CO) is in good agreement with the
published solid state structure.®® In particular, the calculated Fe-N and Fe-CO bond lengths are
well reproduced; 1.730 and 1.870 A respectively (calculated) vs 1.8569(7) and 1.7320(9) A
(experimental). The calculations also reproduce the distorted trigonal bipyramidal structure
expected in d® MLs complexes with n-donating ligands.®® The calculated geometry of
(P"PNP)Fe(CO), for which an experimental crystal structure is unavailable, is also very similar,
with a Fe-C distance of 1.726 A, and a Fe-N distance of 1.864 A, suggesting that the changing R
= Pr to R = Ph does not have a significant effect on the structure. These data suggest that our
calculation methodology is appropriate for this system. Crystal structures for the analogous

(P"PNP)Ru(CO) or complexes with R = Ph were not available at the time of this study.

3.2.2 Hydrogen addition and cleavage

Hydrogen coordination and cleavage across the M=N bond (Figure 3.7) is the first step in the
catalytic scheme. Even though the hydrogen cleavage mechanism has been established in several

previous works,3"2°%1-5% we will discuss it briefly to have a coherent description of the reaction at
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the present level of calculations. Coordination of Hy is endoergic, indicating a weak coordination
energy of dihydrogen. The calculated M-H; bond dissociation energy, AH, is 0.3 and 3.2 kcal mol™
for Fe and Ru respectively. This weak interaction is likely due to the large trans-influence of the
hydride and limited back-donating power of the metal (that is interacting strongly with CO).5! As
expected, the H ligand is aligned with the P-M-P bond and stabilized by a backbonding interaction
between the Hz o* and the metal d orbital.®%® The orthogonal N-M-CO axis is disfavored as the

associated metal d orbital is already engaged in backbonding with the CO ligand.
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Figure 3.7. Hydrogen cleavage without (solid line) and with (dashed line) an implicit
molecule of MeOH

The hydrogenated product is calculated to be exoergic by 8.4/11.0 kcal mol™* (Fe/Ru) relative
to separated reactant and H,. These values agree with those published by the groups of Yang,>
Guan,®? and Hazari.*” Experimentally Schneider, Jones and coworkers,®” and Beller and

coworkers® report facile Hz addition to (""PNP)Fe(CO), along with Hz elimination under vacuum.
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We confirmed that for Fe, the substitution of (""PNP) by (P"PNP) does not notably affect these

barriers (grey, Figure 3.7).

A computational study by Goldman and coworkers describes thermodynamic corrections for
non-standard conditions. They find that the difference between standard conditions and a reduced
hydrogen pressure, (prz = 1.0 x 107 bar) is approximately 32.0 entropy units, (9.5 kcal mol ™ at 298
K) for a state that includes free H.%* When this correction is applied to the energies shown in
Figure 3.7, H> cleavage and dissociation by (PNP)M(CO) is expected to be nearly
thermodynamically neutral, and thus attainable under vacuum. However, our results contradict the
recent computational report from Beller and coworkers, who find hydrogen cleavage to be isoergic
under standard conditions.>® Our calculations are consistent with available experimental results
and most theoretical studies. Additional calculations suggest that alternative mechanisms for H;
coordination and cleavage involving CO dissociation (35.9 kcal mol for Ru) and phosphorus arm

dissociation (24.5 kcal mol™) are unlikely to contribute to the overall mechanism.

3.2.3 Hydrogenation of esters to alcohols

A number of groups have employed DFT to investigate the mechanism of ester hydrogenation
and related reactions by Ru and Fe PNP complexes, particularly focusing on the hydrogen transfer
between catalyst and substrate.®”5%52 To enable direct comparisons, we calculated a pathway for
ester hydrogenation with our computational methodology.

The overall Gibbs energy profile for methyl formate hydrogenation is shown in Figure 3.8.
The hydrogenation of methyl ester into two methanol molecules is exoergic overall by 14 kcal
mol?. Intermediate a shows the substrate coordinating to catalyst via the electrostatic interaction

of the carbonyl oxygen to the ligand nitrogen. This positions the carbonyl carbon above the
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hydride, and the transition state for transferring the hydride (TS1) is 6.7/6.1 kcal mol™ (Fe/Ru)
above the adduct. The product of the hydride transfer, b, is a high-lying intermediate. Proton
transfer follows with essentially no barrier (TS2) to form c, the hemiacetal adduct weakly bound
to the metal amido complex. Rotation of the substrate within the metal coordination sphere gives
d, a more stable intermediate where the methoxy oxygen, rather than the hydride, is coordinated
to the metal. This intermediate releases formaldehyde with no detectable activation barrier (TS3
for Ru). No equivalent transition state could be detected for Fe, and a relaxed scan of the relevant
C-O bond distance confirms that the potential energy surface is flat. Complex e can release
methanol with a barrier of 21.0/22.5 kcal mol™? (Fe/Ru) (TS4). The resulting five-coordinate
complex (f) is re-hydrogenated (g) and can further hydrogenate formaldehyde with no detectable
barrier, consistent with reported calculations.®”>* Further hydrogenation regenerates the starting
metal complex. We note that calculated energies are very similar for Fe and Ru; there is not a
significant difference in the ability of the Fe and Ru complexes to transfer hydrogen to the ester
substrate.

Due to the difference in magnitude of the entropic contributions, some intermediates are
positioned higher than their respective transition state. In all cases, the endpoint enthalpies are
confirmed to be lower than the transition states enthalpies. The overall highest point on this Gibbs
free energy surface is 25.9/26.9 kcal mol? (Fe/Ru) (TS H. split), which is consistent with the
requirement of heating for the reaction to proceed. This point corresponds to the hydrogen cleavage
by the catalyst prior to hydrogen transfer to formaldehyde. A larger network of molecules is
expected to assist with hydrogen bonding, likely further lowering the energy of this transition

state. 567
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Figure 3.8. Methyl formate hydrogenation free energy profile showing a metal-assisted
substrate cleavage via a “slippage” transition state

It is interesting to note that the C-O bond cleavage occurs with no barrier and is exoergic from
the hemiacetal adduct, d. A related work by Guan and coworkers studied hydrogenation of methyl
benzoate by ("PNP)Ir(CO). They propose an alternative mechanism that requires re-coordination
of substrate prior to C-O bind cleavage rather than release of benzaldehyde analogous to TS3.5 It
is not clear whether this discrepancy arises from calculations or from different choice of substrate
and ligand R group. However, computational studies by Hazari and coworkers on methanol
dehydrogenation (the reverse of the reaction studied above) using a (MePNP)Fe(CO) model system
also suggest that the reaction proceeds through the equivalent of “slippage” TS3.%” Our results are
also qualitatively similar to those of Beller and coworkers, but provide more detail about how the
hemiacetal may evolve into methanol and formaldehyde.>® Because our calculated energies
diverged from those of Beller and coworkers at the hydrogen cleavage step, a direct comparison

of energies further along the ester hydrogenation pathway was not made.
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3.2.4 Hydrogenation of amide to alcohol and amine

The reaction pathway for amide hydrogenation with Fe and Ru catalysts is shown in Figure
3.9. The transfer of the hydride and proton is concerted but asynchronous and described by only
one transition state (TS1), but is otherwise similar to the ester. The main differences between the
amide and ester hydrogenation reside in what occurs after the formation of the intermediate
hemiacetal/hemiaminal. We could not locate a transition state for the elimination of formaldehyde
to form the amido dimethylamine complex. However, the amido complex (e) that would result
from the C-N cleavage of the hemiaminal with the assistance of the metal has a high energy relative
to the starting materials (37.7/35.3 kcal mol™ Ru/Fe) and is an unlikely intermediate. This may be
due to the trans- influence of the hydride ligand disfavoring the coordination of the amido, which
is itself a strong electron-donor relative to a methoxy functional group. Experimental studies of
platinum and ruthenium complexes corroborate stronger M-alkoxy vs M-amino bonds.®® A relaxed
scan of the potential energy surface along the C-N bond showed no significant barrier in addition
to the unfavorable thermodynamics. A similar result was observed by Hasanayn and Harb in their
computational investigation of Milstein’s complex E (Figure 3.5) for dehydrogenative coupling of

alcohols and amines to ester and amides.*®
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Figure 3.9. Dimethylformamide hydrogenation free energy profile showing metal-assisted
substrate cleavage via “slippage”. The lower grey pathway corresponds to metal-free
hemiaminal decomposition
The high energy of the amido dimethylamine product suggests that the “slippage” transition
state to liberate formaldehyde may be much less accessible for amides than it was for esters. We
thus investigated alternative pathways to decompose the hemiaminal. Based on work by Guan and
coworkers,*¢52 we considered the alternative C-N bond cleavage pathway depicted in Scheme 3.3.
This was found to be a lowest-energy pathway for dehydrogenative synthesis for the reverse
reaction, amide synthesis by Milstein’s PNN catalyst. We found a significant penalty for the

formation of C-N bond cleavage species, (AG* = 42.5/41.9 kcal mol™, Ru/Fe). Because this product

is unlikely to be formed, we chose not to search for the associated transition structures.

49



H H ¥ H
H XNMeZ MeN_ /|, /I _H ! _H
? NMeZ (lj H | MeZ'\ll_-_lc Mezl\f ﬁ
|?| 'T' — » H — H (@] — I-\l ll —_— |'|| (@]
PN | L~ N L
CN//'M‘\\P N7 P CN// |\I/|‘\\P CN//'M‘\\P CN/"l\:A‘\\P
'~ :
P | CO CoeMS P~ | ~Nco P” | CO P” | co
H P™ | "CO H H H

Ru AG = 42.5 kcal mol™!
Fe AG = 41.9 kcal mol™

Scheme 3.3 Alternative C-N bond cleavage pathway, analogous to work by Guan and
coworkers*6:>2

The lowest pathway we located corresponds to a 24.1 kcal mol™ barrier for decomposition of
hemiaminal into amine and formaldehyde with the assistance of a methanol proton relay and no
metal (Figure 3.10). The decomposition of the hemiacetal under the same conditions has a higher
activation barrier and is not on the calculated lowest energy pathway for methyl formate
hydrogenation. Without a proton shuttle, the barrier is significantly higher for the substrates
modeled. The key differences between the hydrogenation of ester and amine are not in the initial
substrate hydrogenation step, but rather in the C-O vs C-N bond cleavage, and the participation vs

absence of the metal catalyst in this process.

No MeOH OMe: 41.8
shuttle:  NMe,: 37.5

(15.2)
ER = NMe, ( (5.1) O
= )J\" R—EH +MeOH
(AG =0 kcal mol™") -~~~ _
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R 2 MeOH
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(reaction thermodynamic)

Figure 3.10 Hemiaminal and hemiacetal decomposition outside the metal coordination
sphere

Sanford et al. have been able to monitor the rate of DMF hydrogenation using

(“PNHP)RU(H)(BH4)(CO) and (“YPNMP)Fe(H)(BH.)(CO) precatalysts by in situ Raman
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spectroscopy. By comparing the initial rates of hydrogenation, they found that the Ru pre-catalyst
was 1.7 times faster than Fe.8 While we calculated that the highest barrier, Hz cleavage, was more
challenging for Ru, the difference between the mechanisms was overall small, and this discrepancy
is within reasonable computational error. We expect that a hydrogen bonding network in solution
may further lower the hydrogen cleavage barrier.®>%” Moreover, calculations provide support for
the small difference in Fe vs Ru, though, as Sanford and coworkers noted, large differences in
hydride donor ability between 2" and 3™ row metals are apparent in other systems.®® Sanford and
coworkers also found that the rate of DMF hydrogenation by (“YPN"P)Fe(H)(BH4)(CO) was
slower at 20 bar H than 50 bar Hz, but that there was no further increase in rate at 70 bar Hz. This
suggests that at lower Hz concentrations, the hydrogen cleavage may be rate-limiting, but a
different step may be rate-limiting at high pressures.® The modest 6 kcal mol™ difference calculated
between the highest barriers in Figure 3.9 is consistent with this; higher pressures can be expected
to facilitate hydrogen coordination and cleavage.

We were unable to locate energetically accessible transition structures that resulted in
deoxygenative carbonyl C-O bond cleavage for either methyl formate or dimethylformamide
substrates. This is in agreement with experimental observations of exclusively C-N bond cleavage

products and with previous computational works on related systems.*6:47

3.2.5 CO2 hydrogenation by 17¢ and 1RY: Inhibition of ester and amide hydrogenation

Similar to observations by Sanford and coworkers for Milstein’s complex,” (P"PNP)Fe(CO)
is known to react with CO, to produce a stable intermediate.>”>° In our calculations, hydride
transfer to the CO. occurs in a similar manner as other carbonyl substrates with an achievable

barrier (9.2/16.3 kcal mol™). However, we were unable to isolate a transition state for formal
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proton transfer (Figure 3.11). As before, exchanging coordination of the C-H for oxygen results in

a more stable adduct.

H H H
[l]/_|jP \ 0o=C
RN _ -1 \ !
CP"Y"CO (AG = 0 kcal mol’") Y\ Ru-40 ﬁ' L
+CO, \_Fe-7.2 ENKIJATP
P’A‘CO

Figure 3.11. CO> hydrogenation and formation of a low-lying formate complex

We find that catalyst deactivation in a one-pot CO, to MeOH catalytic cascade’*® may be
attributed to the low barrier to the hydrogenation of CO,, combined with the low energy of the
formate adduct (-7.2/-4.0 kcal mol (Fe/Ru)) relative to species calculated on the ester and amide
hydrogenation pathways. This mode of deactivation differs from that observed by Sanford for
Milstein’s complex, where the CO, adds across the cooperative ligand arm and ruthenium center
but is not hydrogenated.’® We implicate the relative stability of the formate complex, and observe
that, generally, bifunctional basic sites on the ligand make a catalyst vulnerable to deactivation by
substrate. Experimentally, in their investigations of CO2 hydrogenation to formate, Bernskoetter
and coworkers have observed similar (""PNP)Fe-formate species to be the resting state in their
catalytic cycle. They found that addition of a Lewis acid facilitated substrate release by cleaving
the N-H bond. Furthermore, they observed much higher CO2 hydrogenation activity (60000 vs

9000 TON) when using a tertiary amine ligand-based (""PNPM¢)Fe(CO)-based pre-catalysts. They
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suggest that hydrogenation proceeds under analogous mechanisms for both systems, but the methyl

amine is less strongly associated with the formate, facilitating substrate release.®’

3.2.6 Insights from recent works

A recent computational/experimental study by Gauvin and coworkers sheds new light onto
the mechanism of alcohol dehydrogenative coupling by complexes based on (RPNP)Ru(CO), and
thus onto the mechanism of the microscopic reverse reaction, ester hydrogenation, as well.** A
(P"PNHP)Ru(H)(OEL)(CO) complex stabilized by a molecule of EtOH, where EtOH has added
across the metal and ligand nitrogen, was intercepted and crystallographically characterized
(Figure 3.12). NMR spectroscopic studies demonstrated that ethanol facilitates proton/hydride
exchange with (P"PNHP)Ru(H)(CO), and also accelerates the rate of H elimination, consistent
with calculations showing a lower barrier for Hz elimination with a proton shuttle. Gauvin and co-
workers confirmed the presence of aldehydes as intermediates in the alcohol dehydrogenative
coupling, giving support to a mechanism involving aldehyde intermediates, such as those
calculated above. However, they find that, for alcohol dehydrogenative coupling, an alternative
Tischenko-like mechanism is also competitive, and that it is likely that changing conditions favor

either mechanism and also can change the rate determining step.*

7 0-H
| . )
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Figure 3.12. (P"PN"P)Ru(H)(OEt)(CO) complex characterized by Gauvin and coworkers*!

3.2.7 Initial conclusions

Based on calculated pathways, the rate of hydrogenation of esters by iron and ruthenium alkyl

PNP complexes is likely related to the stability of the alcohol adduct formed after the liberation of
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formaldehyde. For amide substrates, selectivity for C-N bond cleavage over C-O bond is not
determined by the same “slippage” mechanism evident for the ester case. Metal-free hemiaminal
decomposition assisted by a proton shuttle is a viable pathway for C-N bond cleavage, and
proceeds with a lower barrier than the metal-assisted C-N bond cleavage that were evaluated.
Finally, we see that formate adducts are relatively stable compared to ester and amine
hydrogenation intermediates, rationalizing CO: inhibition of carbonyl hydrogenation, suggesting

that these complexes are not a good choice for one-pot tandem CO2 to methanol cascade systems.

Conventionally, esters, amides and related substrates are considered difficult to hydrogenate
due to the difficulty in transferring hydrides to carbonyl carbons of reduced electrophilicity.” In
this study we note that, for both ester and amide hydrogenation, the transfer hydrogenation of the
substrate does not provide the highest energy barrier in the calculated reaction profiles. Improved
hydrogenation efficiency will thus not come from increasing the hydricity of the metal hydride,
but rather from better facilitating cleavage of the C-N or C-O bond between the carbonyl carbon

and amine or alkoxy group, respectively.

More broadly, as with the Shvo and Noyori systems, we again encounter the idea that
mechanistic schemes initially proposed are often incorrect — and these inaccuracies can impact
experimental design. These works illustrate both the power of calculations as an aid to elucidating
mechanism, but also the pitfalls: a mechanism that has not been considered cannot be found. We
emphasize the necessity of experimentally verifying calculations as much as possible, the need to
computationally explore diverse ideas, and the need to re-visit mechanistic proposals based on new

experimental or computational results.
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3.3 Further computational investigation of amide hydrogenation by (""PNP)Fe(CO)

Further computational studies of amide hydrogenation were conducted in a multi-site
collaboration with researchers at Yale University, the University of Missouri, and the University
of Oslo.! Hydrogenation of a secondary amide, formanilide was investigated. The (""PNP)Fe(CO)
pre-catalyst was considered in this work, as the goal was to understand the differences in
hydrogenation activity between the two substrates. Experimental hydrogenation of formanilide
resulted in 99% conversion to methanol and aniline at 100 °C and 30 bar H», using
(P'PNP)Fe(H)(CO) catalyst. Under the same conditions, DMF hydrogenation was only achieved

upon addition of formanilide as a co-catalyst.®

The hydrogen cleavage step was found to proceed as described above. Analogous to methanol
(Figure 3.7), the formanilide is also capable of acting as a proton relay, resulting in a 4 kcal mol™
barrier for the addition of H, to across the Fe-N bond of (P"PNP)Fe(H)(CO). The subsequent
hydride transfer/proton transfer to substrate proceeds by the same mechanism for both substrates.
As expected, the barriers for this transformation are significantly higher for DMF, due to the
reduced electrophilicity of the carbonyl carbon, due to more electron donation from the dimethyl
than phenyl substituent. This difference is also reflected in the higher energy of the hemiaminal

intermediates, Figure 3.13.

hydride transfer proton transfer
- H aE: B H ¢t ’
O ~
Q fNRR' ?_fNRR' e - )0<H
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R=R'=Me 23.1kcalmol’ R=R'=Me 23.4 kcal mol™

Figure 3.13. Energies of transfer hydrogenation of formanilide and DMF
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The biggest differences in the mechanism arose in the C-N bond cleavage step, which is the
highest-barrier step in the hydrogenation of both substrates, and likely the rate determining step.
For formanilide, the highest-energy barrier is C-N bond cleavage assisted by the catalyst (Figure
3.14 (a)) with an overall highest barrier of 24.9 kcal mol™. The equivalent C-N bond cleavage in
the case of DMF is inaccessible, at 41.0 kcal mol™ (Figure 3.14 (b)). Instead, we found that for
DMF, hemiaminal decomposition can be assisted by a proton relay, for example, formanilide
(Figure 3.14 (c)). Other proton shuttles, for example MeOH and dimethylamine, gave higher
overall barriers for proton-assisted C-N bond cleavage (29.6 kcal mol™? and 33.8 kcal mol™?). We
note that the barrier for this transformation is still higher than for the metal-assisted pathway for
formanilide, in line with the experimental results of slower DMF hydrogenation relative to
formanilide hydrogenation, even in the presence of formanilide co-catalyst.

(a) Formanilide Fe-assisted C-N bgrid cleavage
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(b) DMF Fe-assisted C-N bond cleavage (c) formanilide assisted hemiaminal decomposition
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Figure 3.14. Selected pathways for formanilide and DMF hydrogenation by
(P'PNP)Fe(H)(CO): (a) Fe-assisted cleavage of formanilide C-N bond and elimination of
phenylamine (b) Fe-assisted cleavage of DMF C-N bond, (c) formanilide-assisted (metal-

free) hemiaminal decomposition for hydrogenated DMF and formanilide.
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This work re-emphasizes the fact that the traditional wisdom that the hydrogenation of
electron-rich carbonyls is limited by the transfer hydrogenation step does not hold for all catalysts.
The efficiency of hydrogen transfer is not limiting for either case and so focusing on, for example,
increasing catalyst hydricity may not appreciably improve reaction rates. Furthermore, we find the
mechanism for hydrogenation may vary even for seemingly similar substrates and,
consequentially, different approaches are needed to improve catalytic activity with different
substrates. Specifically, formanilide hydrogenation would benefit from a catalyst that better
facilitates C-N bond cleavage and is not susceptible to poisoning by intermediates. In the case of

DMF, an improved co-catalyst may improve reactivity.

3.4  Computational details

Calculations in Section 3.2 were performed using the Gaussian09 software package.”> The
computations were performed using complexes 1R" and 17 without simplification of the ligand
framework. Methyl formate and dimethylformamide were chosen as models of experimentally
used substrates. Tetrahydrofuran is commonly used as a solvent in these hydrogenation reactions
and was chosen for the self-consistent reaction field (SCRF) solvent correction calculations.
Geometry optimizations were performed in the gas phase on the complete molecule using the
PBEO functional and the full DEF2SVP basis set for all atoms, with an effective core potential
(ECP) for Ru. Dispersion correction was included using the GD3BJ model. This combination of
basis set and functional have been shown to effectively model iridium systems.” Minima and
transition structures were verified by frequency calculations. Transition structures were perturbed
along the reaction coordinate (by IRC calculations, or by manually perturbing in the direction of
the imaginary frequency) to verify connecting minima. Single point energies were calculated for

optimized structures using the DEF2QZVPP basis set and the SMD solvent model (tetrahydrofuran
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solvent). Single point energy calculations were repeated with the optimized geometries and the
DEF2QZVPP basis set with a variety of functionals. For proton transfer events with high barriers,
an explicit methanol molecule was used to investigate the lowering of barriers via a proton shulttle.
For this study we assume that an appropriate model of the catalyst as shown in Figure 3.2, even
though in practice, a pre-catalyst such (PN"P)M(H)(BH4)(CO) or (PNHP)M(H)(CI)(CO) along
with stoichiometric alkoxide base are commonly used. Catalyst activation has been previously

studied and was not further considered.>?

The computational methodology in section 3.3 differed from that described above. The GGA
MO6 functional was used for all calculations. Structures were optimized using the LANL2DZ
basis set on Fe and the 6-31+G** basis set for all other elements. Vibrational frequencies were
computed to verify energy minima and transition states. Thermochemistry corrections were
obtained for experimentally relevant conditions, p = 30 atm and T = 373 K. Energies were refined
with single-point calculations using LANL2TZ for Fe and 6-311+G** on the other atoms.
Solvation was incorporated in both optimizations and single point calculations using THF solvent
in the SMD model. To increase numerical accuracy and facilitate convergence, the ultrafine grid
was used in all calculations.
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Chapter Four. Base-free hydrogenation of formate esters by pincer-supported

iridium complexes

4.1 Introduction

4.1.1 Motivations: Catalyst incompatibility in tandem cascades

Tandem catalytic cascades present a promising route for the hydrogenation of CO: to
methanol (MeOH) and other commercially relevant products, as described in Chapter One. The
Sanford group pioneered cascade systems for the hydrogenation of CO> to MeOH via a process
that employed three separate catalysts in one vessel to achieve the overall transformation in a series
of three simpler reactions (Scheme 4.1).! Thus far, the success of this and similar cascades systems
has been limited by incompatibility of hydrogenation catalysts with CO. or other system
components.t3 Many ester hydrogenation catalysts used in these cascade systems have a basic site
that is essential for hydrogenation activity (see Chapter Three for further discussion). Catalyst
basic sites, such as the nitrogen in the (PNN)Ru catalyst used in Sanford’s first-generation cascade
(Scheme 4.1, cat. C), are susceptible to interactions with acids that render these complexes inactive
for ester hydrogenation and diminish the overall activity of the cascade system. Sanford and
coworkers found that the scandium triflate (Sc(OTf)3) co-catalyst in their cascade inhibits the
(PNN)Ru ester hydrogenation catalyst. While Sc(OTf)s is often considered to be water-stable,
metal triflates have been demonstrated to undergo decomposition, for example by reaction with
benzene or methylene chloride solvent, to generate triflic acid (HOTf).* Though Sanford partially
solved this issue by physically separating cat. B from cats. A and C, substitution of an acid-tolerant

cat. C would circumvent this co-compatibility issue and operationally simplify the system.
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3H2 + C02 """"""""""" > CH3OH + Hzo

H
PMe, Cat-A Hzl 2H, T-ROH cat. C P'Bu,
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Scheme 4.1. Schematic for cascade hydrogenation of CO, to MeOH via an ester
intermediate. Adapted from Sanford!

To our knowledge, there are three reported homogeneous systems that can hydrogenate ester
substrates using molecular H, under protic conditions.>” In all of these examples, the ligand is
thought to be a spectator. However, these proton-tolerant pre-catalysts typically exhibit lower
activity (TON >1000 vs TON >10,000) and require more forcing conditions than catalysts that
operate under neutral or basic conditions.®

We are therefore interested in developing new pre-catalysts for acid-tolerant ester
hydrogenation. Pincer-supported iridium complexes exhibit good thermal stability and have been
well-studied as catalysts for transformations such as the hydrogenation of olefins and the reverse
reaction, the dehydrogenation of sp® carbon-carbon bonds,®** as well as related reactions, such as
silane dehydrocoupling,'? and the borylation of small molecules.*® Recent work in our group has
studied steric and electronic factors affecting the structure and reactivity of (RPCP)Ir(CO) (PCP =
3-CsHs-2,6-[CH2PR2]2, R = 'Pr, 'Bu) and (RPOCOP)Ir(CO), (POCOP = k3-CeH4-2,6-[OPR2]2), R=
'Pr, 'Bu) complexes, particularly hydrogen addition to these complexes.41® Oxidative addition of
hydrogen in a cis- fashion was only found to be possible with the smaller alkyl group, R = 'Pr Y’and
R = Me.!® When R='Pr, thermally induced isomerization converts the cis- dihydride to the trans-
dihydride while the reduced steric profile allows the interconversion to proceed at room

temperature, reaching equilibrium between the cis- and trans- isomers in a day. A second proton-
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catalyzed hydrogen addition pathway that directly generates the trans- dihydride was observed for

both R = 'Pr and R = '‘Bu (Scheme 4.2).

e e

Y WE 2 b
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Q\ thermodynamic product
RE |/H IER
P ——Ir—FRKs
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Scheme 4.2. Iridium species accessible by reaction of the (pincer)Ir(CO) scaffold with acid
and/or hydrogen, adapted from Goldberg and Heinekey®®

Recently, Goldberg, Heinekey and coworkers obtained NMR evidence for
(BYPOCOP)Ir(H)(H2) complexes (Figure 4.1)'® Electron poor (Lewis acidic) metal centers better
stabilize coordinated dihydrogen. Hydrides of electron deficient metal centers are less hydridic,
and less susceptible to protonation. Indeed, installation of an electron-withdrawing protonated
dimethylamino (NHMe2") group on the ®'POCOP backbone results in the generation of
dihydrogen complex under milder conditions (40 vs 80 bar H,) than when ligand is
unfunctionalized. The isolation and characterization of dihydrogen complexes is well
documented,®1%-22 and dihydrogen complexes of iridium are known to be strong acids.? As such,
pincer (BYPOCOP)Ir(CO)-based dihydrogen complexes have been suggested as catalytic

intermediates in the deoxygenation of glycerol to 1,3-propanediol and 1-propanol by
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(BUPOCOP)Ir(C0).162425 [ridium dihydrogen complexes are also invoked as intermediates in
related transformations, such as Hz addition to a (‘YPOCOP)Ir(CHs) complex?®
R R Condition 1 Ratio A : B

® @ = i = 1:2
H, R = H, counterion = OTf

80 bar H,, CD,Cly, -80°C

conditions
tBuzP—Ilr/—PtBuz Bu,P—Ir—P'Bu, Condition 2 1:5
CO A HY co B R = NH,", counterion = BArF,,

40 bar H,, CD,Cly, -80°C
Figure 4.1. [(POCOP)Ir(H)(H2)CO]* species observed via NMR spectroscopy*®

4.1.2  Proposed catalytic cycle for ester hydrogenation

The ability of POCOP-supported complexes to deliver proton and hydride equivalents has
been exploited in previous studies of polyol conversion to alcohols.?*? We hypothesized that the
characteristics that facilitate these reactions would also make these pincer-supported iridium
complexes viable ester hydrogenation pre-catalysts.

A proposed mechanism for ester hydrogenation by these complexes is shown in Scheme 4.3.
We envision an ionic hydrogenation mechanism, where after coordination of Hz to an Ir(lll)
hydride, a strongly acidic dihydrogen ligand can deliver a proton to the substrate. Protonation of
the carbonyl oxygen will increase the electrophilicity of the carbonyl carbon. The iridium trans-
dihydride is expected to an accessible hydride donor, as hydrides typically exhibit a strong trans-
effect.?” As proposed in previous studies, the hemiacetal intermediate generated after the first
H*/H- transfer will decompose in solution to produce an equivalent of alcohol and aldehyde.® The
aldehyde will then be rapidly hydrogenated by a second iteration of the transfer hydrogenation
cycle. Additionally, we hypothesized that the absence of basic functional groups on the ligand

scaffold would limit acid sensitivity, and also catalyst deactivation due to CO> coordination.
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Scheme 4.3. Envisioned ionic ester hydrogenation mechanism using a (pincer)Ir(CO)-
based catalyst

Relatedly, Jensen et al reported the stoichiometric reaction of (®“PCP)Ir(H), with MeOH to
produce (BYPCP)Ir(CO) at 200 °C in toluene and in the presence of tert-butyl ethylene.?® Heinekey
and Goldberg found that polyol deoxygenation reactions using 5-coordinate (pincer)ir(H):
complexes generated (pincer)Ir(CO) species, with CO arising from substrate decarbonylation.?4%
Reactions of alcohol and aldehyde decarbonylation by pincer Ir complexes based on the B“POCOP
ligand have been studied in more detail by Koridze et al.?® They found that 5-coordinate
(BY“POCOP)Ir(H). will decarbonylate primary alcohols ethanol (EtOH) and MeOH at room
temperature. Additionally, they disclosed decarbonylation of acetaldehyde by (B“POCOP)Ir(H)z,

was well as the formation of a Ir-hydrido acetaldehyde adduct. Further reactions show that the Ir-
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acetaldehyde adduct is unlikely to be an intermediate in the decarbonylation of EtOH, and they
propose a mechanism for alcohol decarbonylation that proceeds via a hydrido-dihydride
intermediate (Figure 4.2). Reactions of MeOH and paraformaldehyde with (B'POCOP)Ir(H);
generate a mixture of trans-("®"POCOP)Ir(H)2(CO) and (BY“POCOP)Ir(CO), the latter arising from

hydrogen elimination from the dihydride.

| oEt
EtOH - H,
t (') Qt t (') Qt t ? Qt —>t (') ~\H Qt
BU2P Jr‘—P BU2 BUZP CIr—P BU2 BU2P_~|I'_P BU2 BU2P_|F_P BU2
H H H H OEt
H, H:C' co

Figure 4.2. Mechanism for EtOH decarbonylation by (tBuPOCOP)Ir(H). proposed by
Koridze and coworkers?®

Goldberg, Heinekey and coworkers note that pre-installation of a CO trans- to the pincer aryl
carbon suppresses further substrate decarbonylation by the pincer catalyst.2#?® Given that alcohol
products and aldehyde intermediates are expected to be generated over the course of ester
hydrogenation reactions, we chose to investigate pre-catalysts containing CO ligands.

After we began our investigations into ester hydrogenation using PCP and POCOP
complexes, Zhou and coworkers published the deoxygenative hydrogenation of N-
phenylacetamide to water and ethylphenylamine using 2 mol% (®YPOCOP)Ir(H)(CI) or
(P"POCOP)Ir(H)(CI) at 50 bar Hz and 120 °C in toluene.® They reported high yields and selectivity
only in the presence of stoichiometric boron-based Lewis acids (LAS), notably B(Ce¢Hs)s, and 2
mol% [Na][B(3,5-(CFs)2CsHs)s] (NaBAr ). They proposed a mechanism related to that
presented in Scheme 4.3. Envisioned ionic ester hydrogenation mechanism using a (pincer)Ir(CO)-
based catalyst The catalytic cycle begins with sequential proton transfer from an iridium
dihydrogen-hydride complex to the carbonyl oxygen of the amide substrate, followed by hydride

transfer to the carbonyl carbon from the resulting iridium dihydride, generating hemiaminal. They
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suggest that the LA is necessary to activate the substrate by coordination to the carbonyl oxygen
prior to proton transfer. To complete the cycle, the hemiaminal undergoes dehydration to generate
an imine, which is then further hydrogenated. Deuterium incorporation studies provided evidence

for an imine intermediate.3°

4.1.3 Sterics and electronics of pincer iridium complexes

We chose to investigate a series of iridium complexes with varied steric and electronic
features, based on the Ir(I) complexes showed in Figure 4.3. Larger ‘Bu groups on the pincer
phosphines are expected to slightly increase the electron density at the metal center versus R = 'Pr,
as the more substituted alkyl groups are more electron-rich.3* An electron-rich metal center would
facilitate fundamental reactions such as C-H activation, and, in our proposed hydrogenation
scheme, is expected to result in a more hydridic hydride and, by extension, produce a more acidic
dihydrogen complex. However, the effect of a decreased steric profile often dominates over
electronic differences, and experiments have shown that (P"PCP)Ir-based pre-catalysts are more

efficient at alkane dehydrogenation than (B“PCP)Ir(CO) based pre-catalysts.*?

o, 0 o 0

R2P_|Ir_PR2 R2P_IF_PR2 2P_|r_P 2 2P_|r_

co
E=0,R=Pr(1) 1a 1b 1c 1d
E=0,R="'Bu(2) 2a 2b - -
E = CH,, R =Pr (3) 3a 3b 3c 3d
E = CH,, R ='Bu (4) 4a 4b 4c 4d

Figure 4.3. (pincer)Ir complexes screened for ethyl formate hydrogenation

Electronic effects from substitution of the R groups or methylene linker for O are more
nuanced. The oxygen present in the POCOP ligand contributes n electron density to the aryl

ligand.®® Additionally, c-electron donation from the phosphorus to the ligand oxygen creates a net

71



positive charge on the phosphorous. However, overall charge on the iridium remains nearly
unchanged from PCP to POCOP, as the positive phosphorus is balanced by the increased negative
charge on the aryl carbon. This results in a difference in charge distribution in the CO ligand, with
the POCOP backbone giving a more polarized bond, more triple bond character, and a higher
stretching frequency.®® This effect is observed experimentally in the blue shift (increase) of CO
stretching frequencies when O is substituted for CH> as the linker in the pincer arm; for example
(BYPCP)Ir(CO)*® (4a) vs (BYPOCOP)Ir(CO)* (2a) (vco (CH2Cly) = 1913 vs 1937 cm
respectively). Previous work has shown that & rather than o effects tend to dominate the differences
in the CO stretching frequency.®* Similarly, elongation of the H-D distance (determined by
decreased Jup) in (R-BUPOCOP)Ir cis-hydride-deuteride complexes provides evidence for
increased m- backdonation from iridium to the D-H o*.when electron-rich R-substituents are
installed on the ligand backbone para- to the Ir-C bond.® In general, we expect more electron-rich

metal centers to exhibit more facile oxidative addition of Hz (or aryl C-H) bonds.*

4.2  Catalytic hydrogenation of ethyl formate by pincer iridium pre-catalysts

4.2.1 General considerations

Pincer-supported iridium pre-catalysts (Figure 4.3) were screened for hydrogenation activity
of a simple model substrate, ethyl formate (EF). EF is relevant as a proxy for the methyl formate
intermediate in the Sanford cascade for MeOH production from CO; and Hz.! The ethyl group
allows us to differentiate alcohol equivalents produced from the carbonyl moiety of the substrate
from the ethoxy fragment.

Scheme 4.4 shows the products we observed in ethyl formate hydrogenation reactions. In

addition to MeOH and EtOH, the expected hydrogenation products, methyl formate (MF), (from
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transesterification), and diethyl ether (from dehydrative coupling of EtOH) were sometimes
observed. Dialkoxy methane products, ROCH2OR’, (R, R’ = Me or Et) are observed in reactions
with neat substrate or alcohol solvent. These may be attributed to the reaction of a hemiacetal
intermediate with an equivalent of alcohol.

Side products observed

1. L T v eor e RgmoR
MeOH + EtOH + oo
ethyl formate (EF) transesterification decf(;); (Z)r/?rfg/e acetal formation

Scheme 4.4. Observed products from ethyl formate hydrogenation reactions

In many reactions, we observe less MeOH, MF and EF (total C; equivalents, originating from
the formate portion of the EF) than expected based on the amount of substrate added to the reaction.
Mass balance for C; equivalents is shown in Table 4.1 as the ratio of measured C; fragments to C;
fragments from the ethyl portion of the substrate (MeOH equiv: EtOH equiv, Table 4.1). Though
we are not sure of the origin of this disparity, we hypothesize that some C1 equivalents are lost to
the formation of low-boiling products, such as MF (bp 31.8 °C) that are easily liberated during
workup. Another explanation is decomposition of intermediates, such as the decomposition of
formic acid (produced from transesterification of formate ester and water) to CO. and Hy, as well
as decomposition of formaldehyde to CO and H». Poor mass balance is exacerbated in reactions
with added acid and with low TON. We also noted that control reactions with no catalyst or
additive returned EF in 95% recovery, as quantified by *C NMR spectroscopy. This is likely due
to physical losses, resulting from the high volatility of EF (boiling point = 54.3 °C) and substrate

loss in reactor headspace.
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4.2.2 P"POCOP pre-catalysts

The Ir(l) species (P"POCOP)Ir(CO) (la) was found to be a poor pre-catalyst for EF
hydrogenation under the chosen conditions, producing 6 TON MeOH after 16 hours (Table 4.1,
Entry 1). Analysis of 3P NMR spectra of the reaction mixture post-reaction revealed one
resonance at 174.0 ppm, corresponding to dihydride complex trans-(P"POCOP)Ir(H)2(CO), (1b).
This is consistent with previous observations of hydrogen addition to 1a,® and indicates that the
iridium dihydride is accessed under reaction conditions. Independently prepared 1b gave an
identical result when used as a pre-catalyst (entry 9 vs 1).

Table 4.1. EF hydrogenation by (RPOCOP)Ir complexes.?

0.25 mol % [Ir]
1.5 equiv. additive

j\ /\ S0barHz | EtoH + MeOH
H O 1,4 dioxane
140 °C, 16 h
Entry | [Ir] pre-catalyst Additive TON MeOH MeOH equiv.:
equiv. (st. dev.) | EtOH equiv.

1 la -- 6.4 (6) 31:100

2 la NaOTf* 58 (8) 44:100

3 la LiOTf* 4 (6) 20:100

4 la HBF4.Et,0 74 (4) 64:100

5 la HOTf 158(21) 67:100

6 la HNTT, All substrate consumed

7* la HNTf 222(2) 74:100

8 1c HoO** 111 (1) 42:100

9 1b -- 52 (2) 33:100
10 1b HOTf 138 (14) 69:100
11 1c -- 149 (16) 78:100
127 1d -- 0 --

13f le -- 164 74:100
14 2a -- 15 (8) 56:100
15 2a HOTf 00) 0:100

2 Conditions: 0.50 mol% [Ir] catalyst, 1.5 equiv additive, 4 mmol EF, 2 mL 1,4-dioxane, 50 atm
Hy, 140 °C, 16 hours. MeOH equiv = MeOH + MF, EtOH equiv = EtOH + 2x diethyl ether —
MF. *5 equivalents. **20 uL. Entries based on the average of two or more trials. fOne trial. #5
hours. Products in entry 6 not quantified.
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Protonation of the substrate at the carbonyl oxygen is expected to activate the carbon, making
it more susceptible to hydride transfer by increasing the electrophilicity. We hypothesized that
addition of a Brgnsted acid would achieve this either by direct protonation of the substrate or by
generation of a highly acidic iridium dihydrogen hydride complex. The use of Brgnsted acid
additives as promoters for ester hydrogenation has been previously reported for other ester
hydrogenation catalysts that do not have a basic site on the ligand. As described in Chapter Two,
we have found that addition of HOTf promotes the hydrogenation of lactones and other ester
substrates by a half-sandwich iridium complex, [Cp*Ir(bpyOMe)(H.0)](OTf). (Cp* =
pentamethylcyclopentadienyl anion, bpyOMe = 4,4’-dimethoxy-2,2’-bipyridine).® Similarly, p-
toluenesulfonic acid, bis(trifluoromethanesulfonyl)imide (HNTf;) and other acids have been
shown to facilitate the hydrogenation of ester substrates by Ru/triphos (triphos = 1,1,1-
tris(diphenylphosphinomethyl)ethane).>37-3°

Gratifyingly, addition of 1.5 equiv. of HOTT (relative to 1a) to the reaction mixture resulted
in 158 TON of MeOH produced over 16 hours (entry 5). We observed, within error, the same
results with pre-catalyst 1b and added HOTf (TON = 138, entry 10), confirming that both
complexes are catalytically competent. We found that la reacts with HOTf to give
(P'POCOP)Ir(H)(CO)(OTf) (1c). This complex can also be prepared by treatment of 1d with
AgOTf. The presence of a triplet at -25.59 ppm in the *H NMR spectrum suggests triflate is
coordinated to the metal in solution. The solid-state structure of 1c also shows the triflate anion is
bound to the iridium center. The use of 1cas a pre-catalyst resulted in similar activity (148 vs 158
TON MeOH, entry 11 vs entry 5). For experiments with triflate, added either as HOTf or in 1c,
31p and 'H NMR spectra of the reaction mixture obtained after catalysis revealed a large number

(< 7) of Ir species, among which we identified 1b and 1c. Consistent with earlier experiments, 1la

75



was not present. From these experiments, we conclude that accessing an Ir(111) mono-hydride aids
catalyst activation with the "POCOP scaffold. This activation can occur in situ via addition of
HOTT to a suitable pre-catalyst.

We next sought to investigate the effects of acid strength and counterion identity. The addition
of 1.5 equiv. of HBF4*Et,O, a weaker acid (pKa = -10.3 vs -11.4 for HOTf)* with a less-
coordinating anion, produced less MeOH (74 vs 158 TON, entry 4 vs entry 5) after 16 hours. The
post-reaction 3P NMR spectra showed a singlet at 174.2 ppm, suggesting that 1b remains the
predominant complex in solution. We then investigated the addition of superacid HNTf2, a notable
alternative to HOTf.*! HNTf, is a stronger acid than HOTf (pKa = -11.9 vs -11.4 in 1,2-
dichloroethane),*® while low nucleophilicity, large steric profile, and delocalization of negative
charge over the whole molecule makes the NTf, anion a particularly poor ligand to metal centers.*?
Additionally, as it is a solid, HNTT: is also easier to handle and purify than HOTf. When HNTf
was introduced as the acid additive, substrate was entirely consumed after the 16 hour reaction
time (entry 6, TON MeOH not determined). Based on the Hz pressure consumption recorded for
the 16 hour experiment, we determined that the reaction was nearly complete at 5 hours; indeed,
an experiment with a 5 hour reaction time generated 222 TON MeOH (entry 7). We propose that
the increased acidity and diminished propensity for counterion coordination of this additive have
contributed to the increased the rate of substrate hydrogenation and increased MeOH production.

To further investigate the effect of anion coordination to the metal center, trans-
(P"POCOP)Ir(H)(CI)(CO), trans-1d was introduced as a pre-catalyst. Chloride is expected to
coordinate much more strongly to the metal center than all counterions studied above. Supporting
our previous hypothesis, we found that this complex was inactive for EF hydrogenation (entry 12).

'H and 3P NMR spectroscopy revealed that the chloride remains coordinated trans- to the hydride;
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trans-1d remains the only iridium-containing species detected in solution following reaction. We
hypothesize two reasons for the inactivity of 1d: 1) strong coordination of the chloride blocks the
open site necessary for hydrogen coordination, and 2) hydride trans- to the chloride is expected to
be less hydridic than hydride trans- to hydride as in 1b, making the hydride transfer from 1d less
favorable. The ability of the iridium center to lose an anion is essential to generating an active EF
hydrogenation catalyst based on the ""POCOP scaffold. Overall, these results suggest the binding
of counterions trans- to the Ir(111) hydride inhibits hydrogenation activity; less or non-coordinating
counterions are essential to effective acid additives for enhancing MeOH generation. The greatest
activity for EF hydrogenation by (P"POCOP)Ir(CO)-based pre-catalysts is observed with a strong
acid with a less-coordinating anion, HNTT; (e.g. entries 6-7).

LAs have been shown to improve catalyst activity for the hydrogenation of esters and amides.®
It is thought that coordination of electrophilic LAs to the carbonyl oxygen renders the carbonyl
carbon more electrophilic. Testing this hypothesis, we found that the addition of 5 equiv. NaOTf
to hydrogenation experiments with 1aresulted in an increase in MeOH produced (58 vs 6, Table
4.1, entry 2 vs entry 1) for 1a with no additive. This is still notably less than the 158 TON (entry
5) by laand 1.5 equiv. HOTf. However, addition of 5 equiv. LIOTf resulted in 4 equiv. MeOH
produced (entry 3), demonstrating no improvement over experiments without added LA. We do
not understand the origin of this enhancement or the difference between NaOTf and LiOTf, but
we note that metal-triflate LAs studied are less effective additives for assisting EF hydrogenation
by P'POCOP complexes than the equivalent protic acid, HOTf. This result further emphasizes the
observed necessity of catalyst activation by protonation.

The lifetime of 1c was assessed in a recycling experiment. In this experiment, a reactor was

loaded, pressurized and heated as usual. Instead of the usual workup, the reactor was loaded with
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additional substrate, and re-pressurized for a second cycle. Comparison of aliquots of reaction
mixture before and after the second pressurization showed 134 TON MeOH in the first cycle and
298 TON MeOH in the second cycle (Table 4.2, entries 1a and 1b), representing 164 TON MeOH
produced in the second pressurization. The increase in TON during the second cycle may be due
to increased total concentration of EF substrate in the reactor. Internal pressure inside the reactor
was monitored, and steady rates of pressure decrease measured in the reactor suggest consistent
hydrogen consumption throughout both cycles. From these results, we can conclude that the
catalytic species is not deteriorating. Furthermore, TON numbers in the screening reactions in
Table 4.1 are limited by availability of substrate; this suggests that catalyst activity is robust
beyond 160 TON, and that we have not yet reached the upper bound on TON possible. We expect
that optimization of reaction conditions could dramatically increase the activity of EF
hydrogenation reactions with la.

Table 4.2. Two EF hydrogenation cycles with reactor recharge®*

Entry pre-catalyst time TON MeOH TON EtOH | TON formate
equiv. equiv. equiv. remain
la 1c 16 h 134 174 586
1b recharge + 16 h 298 558 236
2a 4a 16 h 93 151 684
2b recharge + 16 h 241 340 327

anitial conditions: 0.50 mol% [Ir] catalyst, 4 mmol EF, 2 mL 1,4-dioxane, 50 atm H,, 140 °C, 16 hours. Recharge =
addition of 4 mmol EF. *calculations use 2.323 mL total original solution volume. MeOH Equiv = MeOH + MeOF.
TON EtOH Equiv. = EtOH + EtOEt. TON formate equiv. represents formate remaining = EtOEt + MeOF.

In an effort to improve TON by increasing substrate concentration, EF hydrogenation was
attempted in neat substrate. Using a low catalyst loading (0.0062 mol% 1c), we were able to
observe up to 3175 TON MeOH equivalents in a single trial at 140 °C, and 6840 TON MeOH
when the temperature was increased to 160 °C for 18 hours). A screen of the effects of reaction

pressure, temperature and catalyst concertation was carried out. Under the conditions investigated,
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increasing catalyst loading, increasing reaction pressure and increasing temperature were all found
to increase substrate consumption and TON MeOH produced.

In these neat reactions, we also identified the formation of dialkoxy methane products of the
form (ROCH20R, R = Et or Me), in addition to MeOH and EtOH. We hypothesize that this occurs
by reaction of the hemiacetal intermediate with alcohol. Notably, we did not observe these side-
products under the more dilute reaction conditions. It is likely that dilution in 1,4-dioxane
decreases the likelihood that hemiaminal intermediates are intercepted by alcohol equivalents; we
do not observe dialkoxy methane products. Because of this formation of side products, and

significant loss of C1 products, we did not conduct further studies in neat substrate.

4.2.3 BYPOCOP pre-catalysts

We found that the more sterically hindered (®“POCOP)Ir(CO) (2a) was a poor catalyst for EF
hydrogenation, both with and without an HOTf additive (0 TON and 15 TON MeOH, Table 4.1,
entries 15 and 14 respectively). The addition of hydrogen to 2a to form dihydride complex
(BYPOCOP)Ir(H)2(CO) (2b) is not observed in the absence of catalytic acid.*>?* The difficulty of
accessing these Ir(111) species and decreased access to the metal due to steric demands from the
‘Bu- groups**>?* may both contribute to the inability 2a to of serve as an efficient EF

hydrogenation pre-catalyst.

4.2.4 'P'PCP pre-catalysts

We hypothesized that increasing the hydride donor ability of the iridium center while retaining
the reduced steric profile of the isopropyl-substituted phosphorous atoms might improve catalyst
activity by facilitating hydride transfer. These features are present in (P"PCP)Ir(CO) (3a), which

is also reported to react with H in a facile manner to form trans-3b*® The lower carbonyl
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stretching frequency (v(CO)chaciz = 1920 cm™) of 3a suggests a more electron-rich metal center
than 1a (v(CO)chaciz = 1944 cm™).1>17 By extension, we expect that the corresponding dihydride
complexes of the more electron rich ligand scaffold will be more hydridic.

Table 4.3. EF hydrogenation by "PCP complex 3a and derivatives.?

0.25 mol % [Ir]
1.5 equiv. additive

j\ . S0barHz | EtoH + MeOH
H (0] 1,4 dioxane
140 °C, 16 h
Entry | [Ir] pre-catalyst Additive TON MeOH MeOH equiv.:
equiv. (st. dev.) | EtOH equiv.
1 3a - 9.4 (0.4) 48:100
2 3a LiOTf* 23 (8) 53:100
3 3a HBF4.Et,0 231 (25) 70:100
4 3a HBF4.Et,0 200 76:100
5 3a HOTf 9.5(1.4) 46:100
6' 3a HNTf 227 73:100
77 3a HNTf, 106 51:100
8 3f - 159 (13) 73:100
9 3e -- 20 (5) 68:100
107 3d - 0 --

@ Conditions: 0.50 mol% [Ir] catalyst, 1.5 equiv. additive, 4 mmol EF, 2 mL 1,4-dioxane, 50 atm
H,, 140 °C, 16 hours. MeOH equiv. = MeOH + MF, EtOH equiv. = EtOH + 2x diethyl ether — MF.
*5 equivalents. #5 hrs. Entries based the average of two or three trials. TOne trial.

The results of EF hydrogenation screening reactions using ""PCP-based pre-catalysts are
presented in Table 4.3. Analogous to the results obtained with 1a, 3a is a poor pre-catalyst for EF
hydrogenation, resulting in 9.4 TON MeOH after 16 hours (Table 4.3, entry 1). 3'P NMR spectra
of the reaction mixture showed a single signal at 58.8 ppm, corresponding to dihydride complex
(P'PCPIr(H)2(CO) (3b), again indicating hydrogen addition to the catalyst under reaction
conditions. As with the "POCOP analog, LA additive LiOTf produced only a modest increase
activity, with 23 TON MeOH after 16 hours (entry 2). When (""PCP)Ir(H)(CI)(CO) (3d) pre-
catalyst is introduced as a mixture of cis- and trans-3d (entry 10), we also observe no activity for

EF hydrogenation (like 1d). The only iridium-containing species detected in solution after the
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hydrogenation experiment is trans-3d, consistent with previously observed isomerization to the
more thermodynamically stable trans- isomer upon heating of cis- 3d in solution.*

The behavior of 3a with protic acid additives differed from la. Use of HBF4<Et,O additive
resulted in 231 TON MeOH and near-complete substrate consumption after 16 hours (Table entry
3), with 200 TON MeOH after only 5 hours (entry 4), a higher activity than with the POCOP
scaffold (74 TON MeOH after 16 hrs). Retention of C; equivalents was higher at the shorter time
point, suggesting that side reactions with the MeOH product may be contributing to poor mass
balance. Curiously, addition of HNTf> resulted in 227 TON MeOH at 16 hours, but only 106 TON
at 5 hours, indicating that for "PCP complexes, HNTf, is a less effective additive than weaker
acid HBF4+Et20.

The addition of HOTTf to reactions with 3a suppressed hydrogenation, leading to only 9.5
TON MeOH after 16 hours. In these reactions, a white precipitate was observed during workup.
Analysis by 'H NMR spectroscopy revealed a triplet corresponding to a hydride at -10.24 ppm,
characteristic of a strong donor ligand trans- to the hydride. This complex was identified to be
bis-carbonyl [(P"PCP)Ir(H)(CO).][OTf] (3e), which can be prepared independently by treatment
of 3a with HOTf in CH2Cly, followed by exposure to an atmosphere of CO. Complex 3eis not a
competent pre-catalyst for EF hydrogenation (entry 9). To further investigate the origin of the
higher activity of HBF4Et,0, [(P"PCP)Ir(H)(CO).][BF4] (3f) was prepared by addition of
HBF4.Et20 to 3a, followed by exposure to CO atmosphere. We noted that 3f was moderately
active for EF hydrogenation (TON = 159, entry 8), but still less so than 3a/HBFs<Et; (entry 3).
Additionally, we did not see evidence for 3a in NMR spectra of reaction mixtures from

experiments with 3a/HBF4Et,O. Clearly, differences in anion identity and ligand scaffold
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determine whether (pincer)Ir(CO)2(H)(X) species are produced, and to what extent these species
sequester iridium intermediates off-cycle.

425  BYPCP pre-catalysts

Based on the improved activity of (""PCP)Ir-based systems over (""POCOP)Ir based pre-
catalysts, we investigated the (B“PCP)Ir(CO) (4a) scaffold. Despite the increased steric profile of
the ligand, we hypothesized that increased hydricity of the dihydride and better stability of these
complexes may result in greater reactivity for EF hydrogenation. Gratifyingly, the EF
hydrogenation reaction using 4a in the absence of acid produced 164 TON MeOH after 16 hours
(Table 4.4, entry 1), significantly more than using 3a (9.4 TON, Table 4.3, entry 1) or 1a (6.4
TON, Table 4.1, entry 1). The *'P NMR spectra of the reaction mixtures showed two signals, 4a
and trans- (‘®“PCP)Ir(H)2(CO), 4b. This suggests that a significant amount of dihydride 4b is
accessed under high Hz pressures, despite the reported challenge of adding H> to 4a at lower
pressures.'®>% As the EF and high-pressure reactors are not vigorously dried, trace water, as well
as alcohols produced during reaction, presumably are available to provide a source of protons to
catalyze hydrogen addition to the pre-catalyst.®® A color change from colorless to yellow is
observed in minutes after the reactors are opened. As with the hydrogen addition, acid-catalyzed
elimination of H, from 4b (colorless) to make 4a (yellow) has been reported,” and is likely
catalyzed by alcohol products or trace water when the H> atmosphere is released. We also noted
the same (or increased) catalyst activity in a reactor recharge experiment analogous to that carried
out with 1c, with 93 TON MeOH measured after the first cycle and 241 TON after the second

(Table 4.2).
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Table 4.4. EF hydrogenation by ®YPCP complex 4a and derivatives.?

0.25 mol % [Ir]
1.5 equiv. additive

j\ . S0bart | gioH + MeOH
H (0] 1,4 dioxane
140 °C, 16 h
Entry | [Ir] pre-catalyst Additive TON MeOH MeOH Equiv:
equiv (st dev) EtOH Equiv
1 4a -- 163 (10) 87:100
2 4a LiOTf* 114 (5) 82:100
3 4a HBF4.Et,0 158 (2) 69:100
4 4a HOTf 22.4 (20.3) 32:100
5 4a H.O** 180 (20) 80:100
8f 4d - 0 -
9 de -- 20 (6) 58:100
10 4f - 127 (3) 81:100

@ Conditions: 0.25 mol% [Ir] catalyst, 1.5 equiv. additive, 4 mmol EF, 2 mL 1,4-dioxane, 50 atm H,
140 °C, 16 hours. MeOH equiv. = MeOH + MF, EtOH equiv. = EtOH + 2x diethyl ether - MF. *5
equivalents. **20 uL. Entries based on two or three trials. One trial®

In contrast to catalyst scaffolds 1a and 3a, the addition of Lewis acid and Brgnsted acid
additives to hydrogenation reactions with 4a either had no effect (entry 3) or reduced EF
hydrogenation activity (entries 2 and 4). When HBF4*Et,O was used, the iridium species in
solution after reaction were primarily 4a and 4b, just as when only 4a was used as pre-catalyst.
However, addition of HOTf decreased MeOH turnover, (22 TON, entry 4). Upon workup,
reactions with added HOTT yielded a white precipitate that is partially soluble in reaction solution
at room temperature. The *H NMR spectrum of this product indicated a single species with a
hydride shift at -10.20 ppm in the *H NMR spectrum, indicative of a strong donor ligand trans- to
the hydride, as well as a single 3P NMR signal at 68.9 ppm (in CD.Cl.). The solid state structure
showed a second CO molecule bound trans- to hydride, [(B“PCP)Ir(H)(CO):][OTf] (4€). As was
the case for analogous complex 3e, 4e was not an active EF hydrogenation catalyst, producing 20
TON MeOH after 16 hours (entry 9). However, related complex [(B“PCP)Ir(H)(CO).][BF4] (4f)

produced 127 TON MeOH (entry 10), a partial restoration of catalytic activity of the 4a/
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HBF4*Et,O combination. 3P NMR spectroscopy showed 4b as the most abundant iridium species
in solution after the reaction.

We also investigated the effect of LIOTf, which decreased TON MeOH from 164 to 114
(Table 4.4 entry 2). Finally, we also noted that addition of 20 uLL water to the reaction mixture did
not impact hydrogenation activity, as we observed the same activity within error with water added

as without (180 TON, entry 5 vs 163 TON, entry 1, respectively).

4.2.6 Discussion of catalyst inactivation by CO coordination

Over the course of our studies, we isolated species of the form [(Rpincer)Ir(H)(CO)2][X]
reaction mixture after EF hydrogenation reactions using 4a/H* and 3a/H*. A related complex,
[(B“POCOP)Ir(H)(CO)2][BF4], obtained by addition of CO to [(*®“POCOP)Ir(H)(CO)][BF], has
been previously reported by Goldberg and Heinekey.!* Complexes of the type
[(Rpincer)Ir(H)(CO)2][X] were readily synthesized by addition of relevant acid to (Rpincer)Ir(CO),
followed by addition of 1 atm CO in CHCly, as shown in Scheme 4.5. Consistent with the result
of Goldberg and Heinekey, we found that all of the dicarbonyl complexes synthesized were stable
to loss of CO under vacuum.'* However, we were able to observe partial CO dissociation when a
J-Young tube containing solutions of [(Rpincer)Ir(H)(CO)2][X] were heated to 80 °C under static

vacuum (see section 4.7.4).

_|x

HX, then CO (1 atm)

A =
RoP—Ir—PR, CHyCl,, 23°C RP—IF—PR,
Cco OCco
E =0,CH, HX = HOTY, HBF 4eEt,0
R='Pr, 'Bu

Scheme 4.5. General synthesis of [(Rpincer)Ir(H)(CO)2][X] dicarbonyl complexes

84



We were then curious whether [(PPOCOP)Ir(H)(C0).][OTf] (1e) complex is formed in EF
hydrogenation reactions with 1a/HOTT, and synthesized 1e by addition of CO to a solution of 1c.
We confirmed that a small amount of 1e is present in the reaction mixture after EF hydrogenation
using 1c pre-catalyst. Additionally, 1e showed similar activity for EF hydrogenation as 1c (Table
4.1, entries 13 and 11, respectively) indicating that, while the dicarbonyl species may be an off-
cycle species, in the case of the P'POCOP-based pre-catalysts, the catalytically relevant
intermediate may still be accessed from 1e. 3P NMR spectra of this solution after reaction showed
a similar distribution of numerous phosphorous-containing iridium species as when the 1c pre-
catalyst is used.

We were surprised to find that for both ™PCP and ®YPCP-based complexes,
[(Rpincen)Ir(H)(CO).][OTf] was a  much less  effective  pre-catalyst  than
[(Rpincer)Ir(H)(CO)2][BF4]. The identity of the counterion has a significant impact on catalyst
inhibition; triflate anion is more deleterious to catalyst activity than BF4, both when protic acid is
added to the Ir(l) pre-catalyst and when part of a complex of the form [(Rpincer)Ir(H)(CO)2][X].
More work would be necessary to elucidate origin of this difference. However, decomposition of
BF4 anions to BFs is known, especially at high temperatures.*® It is possible that decomposition
of BFs prevents either CO formation or generation of [(Rpincer)Ir(H)(CO)2]*. It would be
interesting to investigate the effect of BFs on hydrogenation activity, as preliminary experiments
have suggested that tris(pentafluorophenyl)borane (B(CsFs)s) significantly assists EF
hydrogenation by 3a. Single trials with B(CeFs)3 additive and 1a resulted in 52 TON MeOH, 3a =
240 TON MeOH and 4a = 131 TON MeOH, (4 mmol EF, 0.25 mol% [Ir], 1.25 mol% B(CsFs)s3,
50 bar H, 140 °C, 16 hrs.) Boron LAs including B(CeFs)3 and BF3*OEt; have been shown by Zhou

and coworkers to act as promoters in a related reaction, the deoxygenative hydrogenation of
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secondary amides using a Ru(triphos)(H).CO pre-catalyst.** Similarly, they report that B(CsFs)3
promotes deoxygenative hydrogenation of amides by (RPOCOP)Ir(H)(CI) (R= 'Pr, 'Bu) pre-
catalysts related to those studied in this chapter.*® Given these promising initial results, and that
borane LAs do not have available protons, we believe that borane LAs warrant further study as
alternative additives for activating (Rpincer)Ir(CO) while avoiding proton-catalyzed side reactions,
such as ether formation.

A control experiment was conducted using 1¢ and MeOH in place of substrate. Because CO
coordinates readily to 1c to generate 1e, we expected that if MeOH decomposition was the source
of CO, lewould be generated and easily identified by diagnostic NMR signatures. There was no
evidence of 1e in both *H and 3P NMR spectra of the reaction solution. Thus, we hypothesize that
CO produced during the reaction must come from other species present in the reaction mixture,
such as formate or hemiacetal intermediate.

Together, these experiments suggest that for P"POCOP, P'PCP and BYPCP pre-catalysts, the
presence of Brgnsted acids facilitates decarbonylation. Excess CO coordinates to protonated Ir(111)
species, generating a cis-dicarbonyl complex that is not catalytically active. For each pincer
scaffold, counterion identity is critical for determining if the dicarbonyl complex can easily access
the catalytic cycle. We find that P"POCOP-based pre-catalysts are most active with the strongest
acid and least coordinating counterion HNTf>, but is still active with added HBF4s*Et,O and HOTf
(increasing activity ordered with acid strength). In contrast, ""PCP supported pre-catalyst 3a is
most active with HBF4+Et,O additive, followed by HNTTf, but addition of HOTf does not result in
an active pre-catalyst/acid combination. Finally, 4a did not require the addition of acid additives,
unlike 1a and 3a. Addition of HBF4<Et,O did not impact EF hydrogenation, while HOTf was

detrimental. Overall, the two most active pre-catalyst/additive combinations were 1la/HNTF,
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generating 222 TON MeOH after 5 hours, (Table 4.1 entry 7) and 3a/HBF4*Et>0O, with 220 TON
MeOH after 5 hours, (Table 4.3, entry 4). Careful consideration of additive identity is thus an

important factor in the design of improved pre-catalyst/additive combinations.

4.3  Expanded substrate scope

We sought to expand the scope for hydrogenations using (Rpincer)Ir(CO) catalysts. We
investigated the hydrogenation of ethyl acetate (EA) with 1a under the conditions in Table 4.1 and
did not observe conversion of substrate after 16 hours, as comfirmed by quantitative 3C NMR
spectroscopy. Addition of 2 equivalents of HOTT to the reactions did not facilitate catalysis. At 10
equiv. HOTT relative to catalyst, hydrolysis of EA was observed (1%), as evidenced by the
observed 1:1 ratio of acetic acid and diethyl ether (presumably from EtOH dehydration) and EtOH.
Similarly, use of 3a and 1.5 equiv. HNTf, or HBF4.Et2O (conditions active for EF hydrogenation)
resulted in only the trace formation of EtOH (~2% conversion, 8 TON). The difference in EF and
EA hydrogenation may be due to the increased steric bulk at the carbonyl carbon. This decreased
activity may also be compounded by the 1,4-dioxane solvent. In the reported hydrogenation of
esters by [Cp*Ir(bpy-OMe)OH2][OTf]2, neat EF is hydrogenated about three times faster than EA
(341 TON vs 106 TON). In DME solvent, EF is hydrogenated seven times faster than EA (173
TON vs 24 TON).® Further studies would be necessary to determine if the solvent (in this case 1,4-
dioxane) is suppressing hydrogenation activity compared to neat substrate by the (pincer)Ir pre-
catalysts studied here. It is also possible that (Rpincer)Ir(CO)/additive combinations not yet
investigated are active for EA hydrogenation

Aiming to compare to our previous results hydrogenating y-valerolactone (GVL) using a
[Cp*Ir(bpy-OMe)OH,][OTf]2, pre-catalyst in Chapter Two, we investigated the hydrogenation of

GVL by the two (pincer)Ir/additive combinations most active for EF hydrogenation. We found
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that 4a was inactive for GVL hydrogenation under the conditions employed for EF hydrogenation
above (4 mmol GVL, 0.25 mol% [Ir], 2 mL 1,4-dioxane, 50 atm Hz, 140 °C, 16 hours). The
combination of 3aand 1.5 equiv. HBF4.Et.O under the same conditions resulted in 12% conversion
of substrate (TON = 48) to 2-MeTHF. Published systems for GVL hydrogenation under acidic
conditions give similar results.*” We conclude that the (Rpincer)Ir(CO) catalysts studied are not
highly active for the transformation of GVL.

Attempts to hydrogenate dimethylformamide (DMF) using 1a, 1c, or 3a resulted in no
conversion of DMF (Scheme 4.6). This contrasts with results reported by Zhou and coworkers
using (P"POCOP)Ir(H)(CI) pre-catalysts, despite similar temperatures, pressures and reaction
times. However, the experiments of Zhou and coworkers use toluene as the solvent instead of neat
substrate, a much higher catalyst loading (1 mol% vs 0.055 mol%) and require stoichiometric LA
additive. It is possible that conditions similar to those reported by Zhou would result successful

amide hydrogenation by the iridium pre-catalysts studied here.

o 0.055 mol% [Ir] (1a, 1c, or 3a) .
> no conversion

H NMe, 140 °C, 50 bar H,,
16 h

Scheme 4.6. Attempted hydrogenation of DMF using pre-catalysts 1a, 1c, or 3a

We were also interested in the hydrogenation of dimethyl carbonate (DMC), as a potential
intermediate in a CO> capture cascade (See Chapter One, Figure 1.5). To distinguish MeOH
produced hydrogenation of the carbonyl carbon from that originating from the alkoxy fragments,
we assessed the hydrogenation of diethyl carbonate (DEC). When DEC (2 mL, 16.50 mmol) was
subjected to hydrogenation conditions (0.05 mol% 1c, 18 h, 140 °C), no discernable MeOH was
produced, but consumption of DEC and EtOH was observed by *H NMR spectroscopy. We
hypothesize that acid-catalyzed transesterification of water for the alkoxy fragments will generate

carbonic acid, H.COs, which can decompose to CO, and H.O. Control experiments showed that
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this decomposition of DEC can also be catalyzed by 1 mol% sulfuric acid under the same
conditions.

Overall, we found that any increases in the steric demand of substrates significantly impacted
hydrogenation activity. As we are interested in catalysts that operate under mild conditions, we
chose not to pursue more forcing conditions (e.g. higher temperatures, pressures or catalyst

loadings) in an effort to increase catalyst activity.

4.4  Probing the EF hydrogenation mechanism

Initial screening reactions with 1c in neat substrate suggest that increasing pressure,
temperature, and pre-catalyst loading increases MeOH production from EF hydrogenation. The
details of these experiments are given in section 4.8.5. We have observed EF hydrogenation by
P'PCP and P'POCOP-based pre-catalysts and acid, either with acid and iridium pre-catalyst added
separately to the reaction vessel, or added together as pre-formed Ir(lI1)(H)(X)(CO). We
hypothesize that for these hydrogenations, substrate protonation (either by an iridium dihydrogen
complex or directly by HX) is essential for hydrogenation. However, in the case of ®UPCP pre-
catalysts, this activation is unnecessary. This may be due to the increased hydride donor ability of
dihydride complex 4b eliminating the need for activation by H*. For PCP-based catalysts,
sequestration of [(Rpincer)Ir(H)(CO).][OTf] species impedes hydrogenation activity while
catalytically active species may be accessed from the "'POCOP pre-catalyst, 1c. This may be
because the PPOCOP ligand scaffold contributes less electron density to iridium than the
analogous PCP ligand, leading to a CO ligand that is more weakly bound and more easily
displaced. We have not identified the source of the additional CO, but hypothesize that CO may
be generated by decarbonylation of aldehyde intermediates competitive with aldehyde

hydrogenation.?®
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4.5  Structural comparison of (pincer)lr(CO)-based species

45.1 Geometries of (Rpincer)Ir(H)(CO)*- based complexes

We were able to characterize [(Rpincer)Ir(H)(CO).][OTf] species (Rpincer = ""PCP, P"POCOP
BUPCP) by X-ray crystallography. Like related six-coordinate pincer Ir complexes, these
molecules have pseudo-octahedral geometry, with one CO bound equatorially and one CO bound
in the axial position. Crystal structures of related (Rpincer)Ir(H)(CO)* species 1c and 4c were
obtained and show triflate anion binding to the metal center trans- to the hydride, via the sulfonate
oxygen. Attempts to synthesize (P"PCP)Ir(H)(CO)(OTf) either by chloride abstraction from 3d
(mixture of cis- and trans-) or by addition of HOTf to 3a resulted in mixtures of products.
However, we were able structurally characterize [(P"PCP)Ir(H)(H20)(CO)][HBF.], from a
catalytic reaction mixture from EF hydrogenation by 3aand HBF4+Et,O (section 4.8, Figure 4.14).
In this structure, water is coordinated trans- to the hydride, analogous to a structure of closely
related [(P"POCOP)Ir(H)(H20)(CO)][HBF4] reported by Goldberg and Heinekey as was the
related structure of [("®"POCOP)Ir(H)(CO)][HBF.], without water coordinated.* The steric profile
of the 'Bu groups is thought to hinder coordination of adventitious water to the metal center. We
are not aware of any (Rpincer)Ir(H)(CO)" structure with BF4 bound at the metal center, consistent

with our understanding of BF4, as a less coordinating counterion.

X_P1R2 X_P1R2

Car |+\\\\Caxoax (or X) Carl .CO
LIr—CeqOeq r 21

H | C20,

X_P2R2 X_P2R2

Figure 4.4 (pincer)lr complexes and labeling scheme.

Along with previously reported (Rpincer)Ir(CO)-based complexes, we now have available a
set of molecules that allows structural comparisons based on small changes in ligation. A chart of

structural parameters for complexes presented in this work as well as selected complexes from the
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literature is available in Table 4.5. Figure 4.4 describes the geometry of these complexes and the
labeling of substituents used in this section. Overall, we note that complexes with the more
electron-rich PCP scaffold show a larger P-Ir-P bite angle, but longer Ir-P and Ir-aryl bonds,
compared with POCOP-based complexes (for example, see Table 4.5 entry 1 vs entry 3). However,
changes in the Ir-Ogq distance are minimal, suggesting that the increased oxygen pi-donation to Ir
in the POCOP complexes roughly balances out the increased electron density available on Ir from

the PCP ligand. These trends are consistent through the different (Rpincer)Ir species studied.

4.5.2 Structural parameters for (Rpincer)Ir(H)(CO)(X) complexes

Structures for Ir(1) (Rpincer)Ir(CO) complexes analogous to (Rpincer)Ir(H)(CO)* species are
known and provide a point for comparison. The structural changes resulting from addition of H-X
are small. P"POCOP complexes may be taken as a representative case study for these differences,
as we observe that these trends hold within sets of complexes with each ligand scaffold. The most
striking change is an increase in the Ir-Oeq distance, (from 3.018(8) to 3.055(1) A (1a vs 1c, Table
4.5, entry 15a vs 5), suggesting weaker coordination of the CO group, due to less electron density
available for backbonding to CO. Small increases are also seen in the aryl C-Ir and P-Ir bond
lengths, while the P-Ir-P bond angle decreases slightly. This is consistent with decreased electron
density available from Ir in a higher oxidation state and having formed additional Ir-ligand bonds.

There are fewer notable structural differences within (Rpincer)Ir(H)(CO)*; as expected for
complexes with similar electronic structures, there are no significant differences in bond lengths
when comparing available structures of (Rpincer)Ir(H)(CO)* species. However, the steric demand
of the ligand bound trans- to hydride can distort the Ceq-Ir-X bond angle, as in the case of sterically
crowded 4c (96.47(8)°, entry 9) or when water is bound, as in [(*"PCP)Ir(H)(H20)(CO)][HBF]

(96.53(9)°, entry 6). Structures of trans-(RPOCOP)Ir(H)(CI) show CO-Ir-Cl angles close to 90°
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(91.8(2)° for 1d, entry 12), as expected for bound anion with a smaller steric profile. Analogous

structures of trans-(RPCP)Ir(H)(CI) are not available for comparison.

4.5.3 Structural changes from coordinating CO trans to hydride

We observe that the coordination of a second CO ligand trans to hydride, causes significant
structural changes. The axial CO-Ir-CO¢q angle is distorted significantly away from the 90°
expected in an octahedral geometry (Ceq-Ir-Cax = 98.64(9)° for 1e) We hypothesize that this is due
to the orientation of the axial CO ligand to maximize backbonding interactions. The metal dz?
orbital best available in the axial position does not have the correct symmetry to donate into the
m* orbital of the axial CO. Examining the Ir-O bond distance can give insight into the character of
the Ir-CO interaction without relying on Ir-C bond distances where the location of the carbon is
more uncertain due to the high electron density near the Ir. The Ir-O¢q distance increases upon
binding of the second CO, (Oeq-Ir = 3.086(2) A for 1e and 3.055(1) A for 1c, entries 1 and 5), due
to decreased electron density at iridium available for backbonding to COeq in competition with
COax. Similarly, Ir-Car increases in length upon coordination of axial CO, as does Ir-P, while the
P-Ir-P angle decreases (154.01(2)° vs 157.303(14)°for le vs 1c, entries 1 and 5). The CO in the
axial position is located further from the iridium (Ir-Oax = 3.107(2) A for 1e, entry 1), consistent
with the higher trans- influence of hydride relative to Car. It is therefore the axial CO that is likely

to dissociate from the complex first (see section 4.8.4).
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Table 4.5. Selected structural parameters for (pincer)Ir(CO) molecules

Name PIrP (°) CeqlrCax(®) 1r-PL(A) Ir-P2(A) 1r-Car (A) 1r-Ocq(A) 1r-Oax (A) Ir-Ceq (A) Ir-Cax (A)
1 [(PPOCOP)Ir(H)(CO),][OTf] 154.01(2) 98.64(9)  2.3154(6) 2.3276(6) 2.068(2)  3.086(2) 3.107(2) 1.964(2) 1.994(2)
2 [(®B“POCOP)Ir(H)(CO).][BF4]* 152.52(2) 98.76(8)  2.3641(6) 2.3635(6) 2.061(2)  3.062(2) 3.091(1) 1.941(2) 1.974(2)
3 [(PPCP)Ir(H)(CO),][OTf] 154.52(5)  99.8(3)  2.3412(10) 2.114(6)  3.082(5) 3.098(5) 1.960(7) 1.978(7)
4 [(BUPCPIr)(H)(CO),][OTH] 156.61(12) 102.8(6)  2.375(3) 2.120(13)  3.049(11) 3.106(10) 1.954(12) 1.949(11)
PIrP (°) CeqlrX Ir-PLA)  Ir-P2(A) Ir-Car (A)  1r-Ocq(A) Ir-anion Ir-Ceq (A) Ir-OH;
5 (PPOCOP)Ir(H)(CO)(OT) 157.303(14) 88.19(6)  2.3088(4) 2.3154(4) 2.0602(15) 3.055(1) 2.267(1) 1.9117(16)
6 [(PPOCOP)Ir(H)(H.0)(CO)][BF4]** 157.62(2) 96.53(9) 2.3146(7) 2.3181(7) 2.051(2)  3.058(2) - 1.925(3)  2.241(1)
7 [(B'POCOP)Ir(H)(CO)][BF4]“ 158.29(2) - 2.3258(5) 2.3225(5) 2.028(2)  3.049(2) - 1.917(2)
8 [(PPCP)Ir(H)(H20)(CO)][BFa] 163.26(6)  97.4(3) 2.327(2)  2.331(2) 2.090(7)  3.057(5) - 1.906(6)  2.245(6)
9 (BUPCP)Ir(H)(CO)(OTH) 159.62(2)  96.47(8)  2.3428(8) 2.3460(7) 2.087(2)  3.051(2) 2.276(1) 1.919(2)
PIrP(®) ClIrc2(® Ir-P1(A) 1r-P2(A) Ir-Car(A) 1r-01 (A Ir-02(A) 1Ir-C1(A) Ir-C2(A)
10 (PPOCOP)Ir(CO),* 152.22(7) 113.5(4)  2.306(2) 2.291(2) 2.114(8)  3.053(7) 3.040(6) 1.934(9) 1.876(9)
11 (PPCP)Ir(CO),* 142.86(3) 105.3(1)  2.3117(9) 2.3055(9) 2.119(3)  3.060(3) 3.037(3) 1.920(3) 1.894(3)
(®“versions not stable)*®
PIrP(®)  CelrCl  Ir-P1(A) 1r-P2(A) Ir-Car (A)  1r-01(A) Ir-CL(A)  Ir-Cl
12 (P"PPOCOP)Ir(H)(Cl)(CO)™ 157.36(7)  91.8(2) 2.304(1) 2.296(2) 2.051(7)  3.053(5) 1.906(7)  2.483(2)
13 ("BUPOCOP)Ir(H)(CI)(CO) 155.48(4)  91.4(1) 2.335(1) 2.347(1)  2.058(4)  3.046(4) 1.903(4)  2.511(1)
14 cis-(P"PCP)(H)(CI)(CO) 161.12(4)  91.6(1) 2.319(1)  2.321(1)  2.063(5)  3.078(4) 1.946(4)  2.468(1)
PIrP (°) Ir-PL(A)  Ir-P2 (A) Ir-Car (A)  1r-Oeq(A) Ir-Ceq (A)
15 (P"PPOCOP)Ir(CO) (1)* 157.39(9) 2.260(2) 2.258(3)  2.05(1) 3.02(1) 1.88(1)
15a (P"POCOP)Ir(CO) (2)* 157.95(8) 2.274(2)  2.245(2)  2.027(8)  3.018(8) 1.86(1)
16 (P"PPOCOP)Ir(H),(CO)™*® 157.13(2) 2.2814(6) 2.2894(6) 2.062(1)  3.039(1) 1.894(2)
17 (BUPOCOP)Ir(CO)* 157.51(4) 2.279(2)  2.285(2) 2.060(4)  3.036(4) 1.884(4)
18 (PPCP)Ir(CO) (1)* 163.70(4) 2277(1)  2.291(1)  2.096(4)  3.008(4) 1.850(4)
19a (PPCP)Ir(CO) (2)* 163.53(4) 2.271(1)  2.287(1) 2.087(4)  3.016(4) 1.857(4)
20 (BUYPCP)Ir(CO)*® 163.1(1) 2.298(3)  2.305(3)  2.09(1) 2.98(1) 1.85(1)
20a (BUPCP)Ir(CO)%® 164.6(1) 2.292(3)  2.297(4)  2.100(8)  3.039(6) 1.875(9)

Ceq = carbon of CO ligand in plane with pincer, Ca = carbon of CO ligand bound in the axial position, Oeq and Oax are respective oxygen atoms. Ca is carbon of
pincer aryl ring bound to Ir, P1 and P2 are ligand phosphorous atoms. [(®“PCP)Ir(H)(CO),][OTf] representative bond lengths and angles shown from major
species. [(P"PCP)Ir(H)(CO)2][OTf] had two unit cells with similar bond lengths; data for one is given as representative.
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Related Ir(1) (P'pincer)Ir(CO). complexes have also been reported (entries 10 and 11).° As
these complexes are 5-coordinate and can take a distorted square planar or trigonal bipyramidal
geometry, a wider CO-Ir-CO angle is observed (ex. 113.5(4)° for ("POCOP)Ir(CO)z, entry 10)
as well as a smaller P-Ir-P angle (152.22(7)° for (""POCOP)Ir(CO)., entry 10). As expected, Ir(l)
complexes have shorter Ir-P bonds, longer Ir-Car bonds and shorter Ir-CO bonds than the Ir(111)
dicarbonyls, due to the increased electron density available (for example, see entry 1 vs 10).
Overall, observed trends in structural parameters reflect differences expected from associated

steric and electronic contributions.

46  Conclusions

Understanding the reactivity of a family of pincer iridium complexes with hydrogen has led
to the development of a new system capable of hydrogenating formate esters. In investigating
four pincer scaffolds with small differences in steric and electronic characteristics (""POCOP,
PrPCP, BUPOCOP, and BUPCP), we observed a range of catalytic activity. Building on prior
reports of ester hydrogenation by catalysts with spectator (chemically innocent)>®374¢ ligands,
we expected acid additives to increase hydrogenation activity. ®YPCP-supported pre-catalyst 4a
was found to be the most active for EF hydrogenation without additives. In fact, we did not
identify any acid additives that accelerated EF hydrogenation by 4a. As this is the most electron-
rich scaffold studied, we hypothesize that the dihydride 4b would have most hydridic hydrides,
and the most acidic corresponding dihydrogen hydride complex, enabling the transfer of protons
and hydride to substrate without additional activation. In contrast, we found that ""POCOP- and
P'PCP-supported 1a and 3a, respectively, were poor pre-catalysts for EF hydrogenation when
employed on their own. However, the addition of protic acids served to activate these pre-

catalysts. Activity was strongly dependent on the acid strength and counterion identity. For the
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P'POCOP scaffold, HNTT, additive resulted in the most active pre-catalyst/additive combination,
while for P'PCP, HBF4+Et,O was the most effective additive, followed by HNTf,and then HOTT.

With added HOTT, we observed deactivation of P'PCP 3a and BYPCP 4a by formation of
catalytically inactive dicarbonyl complexes 3e and 4e. Interestingly, the formation of P"POCOP
le is not a deactivation pathway; 1e is an active pre-catalyst. Additionally, dicarbonyl complexes
with BF4 counterion instead of OTf (3f and 4f) are also active pre-catalysts, indicating a strong
anion dependence. We note that metal triflate LAs LiOTf and NaOTf did not lead to significant
enhancements in MeOH TON, and when added with ®Y“PCP pre-catalyst 4a, were detrimental to
EF hydrogenation. Finally, '®BUPOCOP pre-catalyst 2a was not active, which we attribute to the
large steric profile and relatively electron-poor ligand.

While hydrogenations by pre-catalysts reported here are confined to formate esters, they are
robust under conditions that impede many reported systems (added water, added LA or protic
acid). Though we have not optimized reaction conditions to maximize TON of MeOH produced,
single experiments with pre-catalyst 1¢c demonstrated over 6000 TON of MeOH produced, though
1c was not the most active pre-catalyst combination screened. Given this, we are optimistic about
the possibility of further increases in TON of MeOH. These qualities may make them viable
candidates for cascade systems that convert CO; and Hz into MeOH via formate ester
intermediates. The inclusion of these catalysts in cascade systems is the subject of ongoing work

in our group, and preliminary investigations are reported in Chapter Five.
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4.7  Experimental

4.7.1 General Considerations

Experiments and manipulations were performed using Schlenk technique under N
atmosphere or a nitrogen-filled glovebox, unless otherwise specified. All solvents and liquid
reagents were degassed with N2 prior to use. 1,4-dioxane, ethyl acetate and formic acid were
stored over 4A molecular sieves, and EtOH was stored over 3A molecular sieves under inert
atmosphere. HNTT. was purified by sublimation. All other reagents were used as received. NMR
spectra were obtained on a Bruker AV 700, Bruker AV-500, DRX-500 or AV300 NMR
instrument. High-pressure experiments were conducted using a Parr Series 5000 Multi Reactor
system, equipped with stirring and pressure monitoring. Reactor temperature monitored by
thermocouples embedded in the aluminum heating block and regulated by SpecView software.
Infrared spectra were recorded on a Bruker Tensor 27 FTIR instrument. X-ray data was collected
at -173 °C on a Bruker APEX 11 single crystal X-ray diffractometer, using Mo-radiation.

Complexes 1d,** 3d,*® 4d,*" 2b,*® 1a,%® 2a,%* 3a,%° and 4a'® were synthesized according to

literature procedures.

4.7.2 Experimental procedures

Sample procedure for high pressure reactor hydrogenation experiment with HOTf

In a N2 atmosphere glovebox, 6.1 mg (0.0099 mmol) 4a was massed into a PTFE Parr reactor
liner. Into a glass vial, 5.3 uL (0.060 mmol) HOTf was dispensed via microliter pipette, and 2 mL
1,4-dioxane was added. The HOTF solution was agitated to mix, and 0.5 mL was dispensed into
the PTFE liner via syringe. A further 1.5 mL of 1,4-dioxane was added via syringe to bring the

total solvent volume to 2.0 mL, and 323 puL (4.0 mmol) EF was added to the reactor via pL
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syringe. The reactor was equipped with a stir bar and sealed and removed from the glovebox. The
reactor was connected to the Parr gas manifold, and the manifold was purged with Hz. The reactor
atmosphere was exchanged for H through 3-4 pressurize-purge cycles, and the reactor was
pressurized to 50 bar Hz. The reactor was heated to 140 °C and stirred at 300 rpm. After 16 hours,
the reactor was removed from the heat, allowed to cool for twenty minutes and then cooled on
ice. The reactor was vented, opened and the contents were analyzed.
Analysis of Parr reactor experiments

The reactor was opened, and 50 pL mesitylene were added to the reactor via uL syringe. The
contents of the reactor were agitated to ensure good mixing. For *3C experiments, 4.5-5 mg
Cr(acac)s was weighed into a NMR tube. A 500 pL aliquot of solution was placed into the tube.
Quantitative **C NMR spectra were collected using an inverse-gated pulse sequence. For '*H NMR
spectroscopic analysis, a 500 uL aliquot was placed into an NMR tube containing a CsDs glass
capillary. 3'P NMR spectra were obtained of neat reaction solution and referenced to an external
H3PO4 standard.
Synthesis of [(P"POCOP)Ir(H)(CO)][OTf] 1c

In an N2 atmosphere glovebox, 0.3153 g (0.531 mmol) of trans-1d and 0.135 g (0.525 mmol)
AgOTf were loaded into a 50 mL Schlenk flask. 20 mL of N2 sparged CH.Cl, was added via
syringe. The resulting solution was stirred in the dark for two hours, after which time an orange
solution with white precipitate was observed. The solution was cannula filtered to a second
Schlenk flask, and the solvent was removed under vacuum. In a nitrogen atmosphere box, the
resulting solid was dissolved in 2 mL CH.Cly, transferred to a vial, layered with Et.O and pentane,
and left to crystallize at -30 °C. The resulting product was recrystallized three times, and the final

product was obtained as colorless to pale pink crystals. Yield: 0.341 g (0.480 mmol), 90%.
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NMR: 'H NMR (CD:Cl,, 300 MHz): & 7.03 (t, 3Jun = 8.02 Hz, 1H; Ar-H), 6.64 (d, 3Jun = 8.04,
2H; Ar-H), 3.11, (m, 2H, CH(CH3)z), 2.58 (m, 2H, CH(CH3)2), 1.50-1.35 (m, 12H; ‘Pr-H), 1.20-
1.05 (m, 6 H; 'Pr-H), 0.99-0.87 (m, 6H; 'Pr-H), -25.19 (t, 2Jpr = 13.26, Ir-H). 3P NMR (CD:Cl>,
121 MHz) & 171.4 (s). *C{*H} NMR (CD-Cl,, 125.7 MHz, 27.65 °C): & 180.31 (m, Ir-CO),
165.82 (M, Car), 130.07 (s; Car), 128.81 (m; Car), 106.27 (m; Car), 31.37 (vt, YJpc + 3Jpc = 15.7
Hz; PCH(CHs)2), 28.68 (m, PCH(CH3)z), 18.91 (m, PCH(CHa)2), 18.63 (m; PCH(CHz)2), 18.14
(s; PCH(CHs)2), 15.91 (s; PCH(CHs)2). IR (solution, CH2Cl,, cm™): v(CO) = 2048.
Synthesis of [(P"POCOP)Ir(H)(CO).][OTf] 1e

In a 20 mL Kontes valve flask, 40.7 mg (0.0571 mmol) 1c was dissolved in 4 mL CHCl..
The flask was briefly exposed to vacuum and filled with CO gas. The solution was stirred for half
an hour remaining colorless. CH>Cl> was removed under vacuum. In a nitrogen atmosphere
drybox, the resulting white solid was dissolved in minimal (0.5 mL) CHCl,, transferred to a vial,
layered with 1 mL pentane and 0.5 mL Et2O, and stored at -30 °C. The mother liquor was
decanted, leaving 28.2 mg (0.0381 mmol, 67% yield) of a colorless crystalline product, which
was further dried under vacuum. Crystals obtained were suitable for X-ray crystallography.
IH NMR (CD:Cly, 300.10 MHz, 24 °C, 8) 7.10 (tt, 3Jun = 8.13 Hz, Jp= 1.06 Hz, 1H; Ar-H), 6.74
(d, 3Jun = 8.13 Hz, 2H; Ar-H), 2.84 (m, 2H; P-CH(CHs)2), 2.65 (m, 2H; P-CH(CHs3)2), 1.46 (m,
12H; P-CH(CHa)2), 1.19 (m, 6 H, P- CH(CH3)2), 1.07 (m, 6 H, P- CH(CHa)2, -10.67 (t, 2Jpn =
14.43 Hz, Ir-H). 3'P{'*H} NMR (CD:Cl, 121.49 MHz, 24 °C, §) 160.5 (s). BC{"H} NMR
(CD2Cly, 125.7 MHz, 27.65 °C, §) 165.15 (m, Ir-CO), 163.49 (m, Ca), 130.68 (s; Car), 108.75
(m; Car), 108.11 (m, Cay), 33.83 (vt, Lpc + 3Jpc = 17.42 Hz; PCH(CHs3)2), 32.50 (m, PCH(CHs)2),
17.85-17.73 (m, PCH(CHs3)2), 17.31 (s PCH(CHs).. One Ir-CO not observed, consistent with

reported spectra of (P"'POCOP)Ir carbonyl species.*®
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Synthesis of [(®“PCP)Ir(H)(C0).][OTf] 4e

In a nitrogen atmosphere drybox, a 50 mL Kontes valve flask was charged with 46.5 mg
(0.0758 mmol) 4a dissolved in 5 mL CH2Cl>. To this yellow solution, triflic acid (11.7 uL, 0.0132
mmol) was added. On a vacuum manifold, the flask was subjected to one freeze-pump-thaw cycle,
and was backfilled with CO, resulting in a color change to pale yellow. The solution was allowed
to stir for half an hour. CH>Cl, was removed under vacuum, producing colorless crystals and a
brown residue. In a nitrogen atmosphere drybox, the solids were dissolved in minimal (1 mL)
CHCly, transferred to a vial, layered with 1 mL pentane and 0.5 mL Et,0, and stored at -30 °C.
The filtrate was decanted, leaving a colorless crystalline product which was further dried under
vacuum. Crystals obtained were of sufficient quality for X-ray diffraction.
IH NMR (CD:Cl, 300.10 MHz, 27 °C, 8) 7.18 (d, Jun = 7.5 Hz, 1H; Ar-H), 7.09 (t, Jun = 7.5 Hz,
2H; Ar-H), 3.75 (dvt, 23w = 17.4, 2Jpn + “Jpn = 4.4 Hz, 2H; Ar-CH2PR), (dvt, 2Jun = 17.4, 2Jpn
+%Jpy = 4.0 Hz, 2H; Ar-CH2PR), 1.5 (vt, 3Jpn + 3Jpn = 7.8 Hz, 18H; PC(CHa)3), 1.31 (vt, 3Jp +
5Jpn = 7.7 Hz, 18H; PC(CHa)s3), -10.20 (t, 2Jpn = 12.2 Hz, 1H). 3'P{*H} NMR (CDCly, 121.49
MHz, 27 °C, §) 69.7 (s). *C{*H} NMR (CD2Cl,, MHz, 25 °C): § 170.77 (m, Ir-CO), 168.53 (m,
Ir-CO), 148.52 (m; Car), 137.15 (s; Car), 128.17 (s; Car), 124.08 (m; Car), 38.49 (m, CH2PRy),
37.55 (m,; ArCH2PR>), 30.19 (s; PC(CHa)s3), 29.19 (s; PC(CH3)3).
Synthesis of [(P"PCP)Ir(H)(CO).][BF4] 3f

In a nitrogen atmosphere drybox, a 20 mL Kontes valve flask was charged with 42.5 mg
(0.076 mmol) 3a dissolved in 2 mL CHxCl». To this yellow solution, HBF4¢Et.O (12 uL, 0.088
mmol) was added, resulting in a pale yellow solution. On a vacuum manifold, the flask was
subjected to three freeze-pump-thaw cycles and then was backfilled with CO, resulting in a rapid

color change to pale yellow. The solution was allowed to stir overnight. CH.Cl> was removed
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under vacuum to yield colorless solid. In a nitrogen atmosphere drybox, the solids were dissolved
in minimal (1 mL) CH2Cly, transferred to a vial, layered with 1.5 mL pentane and 0.2 mL Et.0O,
and stored at -30 °C. The filtrate was decanted, leaving behind 30 mg (0.044 mmol, 58% yield)
of a pale yellow crystalline product.
IH NMR (CD:Clz, 300.10 MHz, 25 °C):  7.17 (d, Jun = 7.5 Hz, 1H; Ar-H), 7.07 (m, 2H; Ar-H),
3.67 (m, 2H; Ar-CHzPR), 2.56 (m, 2H; PCH(CHs)), 2.40 (m, 2H; PCH(CHa)2), 0.91-1.47 (m,
24H; PCH(CHy2)2), -10.24 (t, 2Jpn = 12.66 Hz, 1H; Ir-H). 3'P{*H} NMR (CD:Cl, 121.49 MHz,
25 °C): § 51.8 (s). BC{*H} NMR (CDClz, MHz, 24.7 °C): § 167.28 (m, Ir-CO), 166.25 (t, 2Jpc
=5.07 Hz; Ir-CO), 147.33 (m; Car), 135.16 (s; Car), 127.76 (m; Ca), 124.12 (m; Cay), 39.13 (Vt,
Lpc + 3Jpc = 17.95 Hz; CHoPRy), 27.73 (vt, Wpc + 3Jpc = 15.09 Hz; PCH(CHa),), 26.67 (vt, 1Jpc
+ 3Jpc = 17.31 Hz; PCH(CHza)2), 19.61 (s; PCH(CHa)2), 19.57 (s: PCH(CHs)2), 18.74 (s;
PCH(CHs3)2), 18.23 (s; PCH(CHj)2).
Synthesis of [(P"PCP)Ir(H)(CO).][OTf] 3e

In a nitrogen atmosphere drybox, a 20 mL Kontes valve flask was charged with 54.3 mg
(0.097 mmol) 3a dissolved in 3 mL CH2Cl». To this yellow solution, 9 uL HOTT (0.102 mmol)
was added, resulting in a pale yellow solution. On a vacuum manifold, the flask was subjected to
two freeze-pump-thaw cycles and then was backfilled with CO, resulting in a color change to
paler yellow. The solution was allowed to stir overnight. CH2Cl> was removed under vacuum,
producing pale yellow solid. In a nitrogen atmosphere drybox, the solids were dissolved in
minimal (0.5 mL) CH.Cly, transferred to a vial, layered with 2 mL pentane and 0.2 mL Et.O, and
stored at -30 °C. The filtrate was decanted, leaving behind approximately 40 mg (0.054 mmol, 56
% vyield) of a pale yellow-green crystals that were X-ray suitable for diffraction. The product was

dried under vacuum prior to use in catalytic reactions
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IH NMR (CD4Cly, 499.71 MHz, 24.3 °C): 6 7.17 (d, Jun = 7.5 Hz, 1H; Ar-H), 7.08 (m, 2H; Ar-
H), 3.68 (M, 4H; Ar-CH2PR), 2.57 (m, 2H; PCH(CHa)2), 2.41 (m, 2H; PCH(CH3)), 1.31-1.43
(m, 12H; PCH(CH2)2), 1.19 (m, 6H; PCH(CHz2)2), 1.00 (m, 6H; PCH(CH2)2), -10.24 (t, “Jpn =
12.66 Hz, 1H; Ir-H). *'P{*H} NMR (CD2Cl,, 121.49 MHz, 25 °C): & 51.8 (s). *C{*H} NMR
(CD2Clp, MHz, 24.7 °C): § 167.31 (t, 2Jpc = 5.05 Hz; 1r-CO), 166.28 (t, 2Jpc = 5.05 Hz; Ir-CO),
147.35 (m; Car), 135.13 (s; Car), 127.69 (s; Car), 124.07 (m; Car), 39.09 (vt, *Jpc + 3Jpc = 17.78
Hz; CH2PRy), 27.68 (Vt, Lpc + 3Jpc = 15.18 Hz; PCH(CHa)2), 26.61 (vt, Wpc + 3Jpc = 17.29 Hz;
PCH(CH3)2), 19.59 (s; PCH(CHa)2), 19.54 (s; PCH(CHa)), 18.71 (s; PCH(CHa)2), 18.19 (s;
PCH(CHs)2).
Synthesis of [(BUPCP)Ir(H)(CO).][BF4] 4f

In a nitrogen atmosphere drybox, a 20 mL Kontes valve flask was charged with 43.4 mg
(0.0707 mmol) 4a dissolved in 2 mL CH2Cl>. To this yellow solution, 10 pLL HBF4Et20 (0.0735
mmol) was added, resulting in a green solution. On a vacuum manifold, the flask was subjected
to three freeze-pump-thaw cycles and then was backfilled with CO, resulting in a rapid color
change to pale peach. The solution was allowed to stir for three days. CH2Cl> was removed under
vacuum, producing pale brown solid. In a nitrogen atmosphere drybox, the solids were dissolved
in minimal (1 mL) CHCl,, filtered through a pipette celite filter, transferred to a vial, layered
with 2 mL pentane and 0.2 mL Et;0, and stored at -30 °C. The filtrate was removed, leaving
behind 46 mg (0.063 mmol, 89 % yield) of a pale brown crystalline product.
IH NMR (CD2Clz, 300.10 MHz, 25 °C): & 7.18 (d, Jun = 7.5 Hz, 1H; Ar-H), 7.09 (t, 2Jun = 7.4
Hz, 2H; Ar-H), 3.75 (dvt, 2Jun = 17.3, 2Jpu + “Jpu = 4.1 Hz, 2H; Ar-CH2PR), (dvt, 2Jun = 17.4,
2pn + “Jpn = 3.7 Hz, 2H; Ar-CHPR), 1.51 (Vt, 3Jpr + 5Jpn = 7.6 Hz, 18H; PC(CH3)s), 1.31 (vt,

33pr + Jpn = 7.7 Hz, 18H; PC(CHa)s), -10.20 (t, 2Jpn = 12.2 Hz, 1H; Ir-H). 31P{*H} NMR (CD:Cls,
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121.49 MHz, 25 °C): § 68.7 (s). *C{*H} NMR (CD2Cl,, MHz, 25 °C): § 170.7 (t, 2Jpc = 4.6 Hz,
Ir-CO), 168.3 (t, 2Jpc = 5.6 Hz; Ir-CO), 148.44 (m; Car), 137.05 (s; Car), 128.02 (5; Car), 123.93
(m; Car), 38.33 (vt, Wpc + 3Jpc = 14.8Hz; CH2PRy), 37.39 (m,; ArCH2PRy), 30.05 (s; PC(CHs)3),
29.03 (s; PC(CH3)a).
Preparation of (Rpincer)Ir(H)(CI)(CO) samples for X-ray diffraction

Crystals of cis-3d suitable for X-ray diffraction were grown by slow evaporation of 3d in a
ternary mixture of CHxCl», Et,O, and pentane under ambient atmosphere. Crystals of 2d suitable
for X-ray diffraction were obtained by addition of excess HCI*Et,O to a sample of 2a dissolved
in CH2Cl_, followed by precipitation from a mixture of CH.Cl, pentane and HCI+Et,O stored at
-30 °C under ambient atmosphere.
Preparation of (B“PCP)Ir(H)(CO)(OTf) 4c sample for X-ray diffraction

A sample of 4a(36.2 mg, 0.0593 mmol) was dissolved in pentane in a 20 mL vial, resulting
in a yellow solution. In a second vial, 6.5 pL HOTf (0.073 mmol), was diluted in approximately
5 mL of pentane. Acid solution was gradually added to the solution of 4a, which decolorized as
a pale yellow solid precipitated, until no further color change was observed. The vial was stored
at -30 °C overnight before solvent was removed, generating pale yellow solid that was ~5% 4a
and 95% (BUPCP)Ir(H)(CO)(OTf) 4c, analyzed by *H and *'P NMR spectroscopy. Crystals of 4c
suitable for X-ray diffraction were obtained by crystallization from a ternary mixture of CH2Clo,

Et,O, and pentane stored at -30 °C.

4.7.3 Catalyst longevity experiment: 1c and 4a

In a nitrogen atmosphere drybox, a stainless steel high-pressure reactor was charged with 6.1
mg (0.025 mmol) 4a, [or 7.1 mg (0.025 mmol) 1c], 323 puL (4 mmol) EF and 2 mL dioxane. The

reactor was placed onto the high-pressure manifold, purged with H> and pressurized to 50 atm.
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The reactor was heated for 16 hours, cooled on ice, and the excess Ha pressure was released. The
reactor was brought into the drybox and opened. An additional aliquot of 323 uL (4 mmol) EF
was added, the solution was briefly stirred to mix, and a small amount (~500 ul) was removed,
and the reactor was closed. This aliquot was used to make a sample for NMR spectroscopy
containing 400 pL reaction mixture, 5 mg Cr(acac)s and 10 uL mesitylene. The reactor was once
more placed onto the high-pressure manifold, purged with H, and pressurized to 50 bar. The
reactor was heated for 16 hours, then cooled on ice. A second sample was made up for *C NMR

spectroscopy as above.
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Figure 4.5. Reactor pressure as a function of reaction time during EF hydrogenation and
recharge experiments with pre-catalysts 1c and 4a

4.7.4 CO dissociation NMR experiment: Example with 1e

A J-Young NMR tube was charged with approximately 2 mg (0.0027 mmol) 1e.
Approximately 0.4 mL CDCl, was vacuum transferred into the tube. *H and 3'P NMR spectra
were recorded. The tube was heated at 80 °C for 30 minutes, without mixing. The tube was

removed from heat, and NMR spectra were recorded.
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Figure 4.6. 'H and *'P NMR spectra of 1e in CD>Cl,, demonstrating CO dissociation after

heating at 80°C under static vacuum

4.7.5 Pressure/temperature/catalyst concentration screen using 1c

High-pressure reactors equipped with PTFE liners were loaded on the benchtop with the

specified amount of 1c (between 0.00625 and 0.05 mol%, see Figure 4.7) and with 2mL EF.

Reactors were sealed, purged with Hz and pressurized with the specified amount of H (between

10 and 85 bar, see Figure 4.7) and heated for 18 hours under stirring. Reactors were cooled on

ice, vented, opened and 200 pL mesitylene was added to each reactor. Reactors were agitated to

mix, and a 500 pL aliquot of reaction mixture was analyzed by quantitative *C NMR

spectroscopy.
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Figure 4.7. EF hydrogenation by 1c as a function of pressure, temperature and catalyst
concentrations. Chart (a) represents varied temperatures at 50 bar Hz, 0.00625% 1c, (b)
increasing pressure at 140 °C, 0.0125% 1c (c) concentration dependence at 50 bar Hz, 140
°C. Note: [formate = MeOF + EtOF, methanol = MeOH + MeOF + 2MeOMe, ethanol =
EtOH - MeOF +2 EtOEt]
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4.7.6 NMR spectra

'H NMR spectrum (CD2Clz, 300 MHz) and 3'P{'H} spectrum (CD2Clz, 121 MHz) (inset) of
(P'POCOP)Ir(H)(CO)(OTH), 1c
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Figure 4.8. *H. 3P and *3C NMR spectra of 1c
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'H NMR spectrum (CD,Cl2, 300 MHz) and *!P{*H} spectrum (CD:Cl,, 121 MHz) (inset) of
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Figure 4.9. *H. 3P and *C NMR spectra of 1e
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'H NMR spectrum (CD,Clz, 500 MHz) and *!P{*H} spectrum (CD:Cl,, 121 MHz) (inset) of

[(P'PCPIr(H)(CO).][OTf], 3e
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Figure 4.10.H. 3P and *C NMR spectra of 3e
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'H NMR spectrum (CD,Cl2, 300 MHz) and *!P{*H} spectrum (CD:Cl,, 121 MHz) (inset) of

[(BYPCP)Ir(H)(CO).][OTf], 4e
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Figure 4.11. *H. 3P and *C NMR spectra of 4e
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'H NMR spectrum (CD,Cl2, 300 MHz) and *!P{*H} spectrum (CD:Cl,, 121 MHz) (inset) of

[(P"PCP)Ir(H)(CO)2][BF4], 3f
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Figure 4.12. *H. 3P and 3C NMR spectra of 3f
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'H NMR spectrum (CD,Cl2, 300 MHz) and *!P{*H} spectrum (CD:Cl,, 121 MHz) (inset) of
[(BYPCPIr(H)(CO).][BF], 4f
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Figure 4.13. *H. 3P and 3C NMR spectra of 4f
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4.8 Supplemental Information for X-ray crystallography

Table 4.6. X-ray crystallographic parameters:

PIPPOCOPIF(H)(CO)(OTH)

(BYPCPr(H)(CO)(OTH)

PIPOCOPIF(H)(CO)2[OTH]

BUPCPIr(H)(CO)2[OTT]

Ca6Ha4F3IrO4P2Se

C27Ha4F31rOsP2Se

Empirical formula Ca0Hs2F3IrOsP2S CH:Cla Ca1H32F3IrO7P2S CH,Cl»
Formula weight 711.66 848.74 739.67 876.75
Temperature (K) 100(2) 100(2) 100(2) 100(2)
Wavelength (A) 0.71073 0.71073 0.71073 0.71073

Crystal system Orthorhombic Monoclinic Orthorhombic Orthorhombic
Space group P21212: P 21/n Pbca Pbca
Unit cell axes (A) a=10.5174(7) a =16.5246(5) a =14.6048(15) a=15.492(5)

b = 10.8905(8) b = 12.6284(4) b = 17.4510(18) b = 24.393(5)
¢ = 22.9325(16) ¢ = 17.5400(5) ¢ = 21.058(2) ¢ =18.535(5

Unit cell angles (°) a=90 a=90 a=90 a=90

B =90 B =116.5530(10) B =90 B=90

vy=90 Yy =90 vy =90 y =90

Volume (A3) 2626.7(3) 3274.16(17) 5367.1(9) 7004(3)
z 4 4 8 8

Density (calculated)

(mg/m?) 1.800 1.722 1.831 1.663
Absorption
coefficient 5.338 4.451 5.231 4.166
(mm)
F(000) 1400 1696 2912 3504
Crystal size (mm?) 0.30 x 0.10 x 0.05 0.230 x 0.200 x 0.170 0.40 x0.35x0.35 0.26 x 0.05 x 0.05
Theta range for data 1.78 to 28.66° 1.408 to 28.375° 1.93 t0 26.02° 1.38 t0 25.35°
collection
Reflections collected 117186 15829 353041 129012
Independent 6681 8154 5260 6335
reflections
Rint 0.0322 0.0244 0.0424 0.0892
Completeness to
theta (%) 100.0 99.9 99.7 96.1
Max. and min. 0.7762 and 0.2973 0.8188 and 0.4105
transmission
Data/Restraints/ 6681 /0 /310 8154/0 /376 5260 /1/327 6335 /321 /578
parameters
G°°d”es§;°f'f't on 1.066 1.051 1.067 1.203
Final R indices R1 =0.0096, wR2 = R1=0.0195, wR2 = _ _ R1 =0.0689, wR2 =
[1>2sigma(l)] 0.0227 0.0411 R1=00157, wR2 =0.0371 0.1401
- R1 =0.0098, wR2 = R1 =0.0235, wR2 = _ _ R1=0.0787, wR2 =
R indices (all data) 00228 0.0422 R1=0.0167, wR2 = 0.0377 0.1446
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Table 4.6 continued

PrPCPIr(H)(CO)2[OTf]

PIPCPIr(H)(H20)(CO)[BF4]

BUPOCOPIr(H)(CI)(CO)

Empirical formula

C23H36sF3IrOsP2S

C21H3sB1F4lrO2P2

C23H40ClIrOsP2

Formula weight 735.72 663.6 654.14
Temperature (K) 100(2) 100(2) 100
Wavelength (A) 0.71073 0.71073 0.71073
Crystal system Orthorhombic Triclinic Orthorhombic
Space group Pmc2: P-1 Pbca
Unit cell axes (A) a = 8.9556(7) 8.7574(10) a=12.2958(3)
b = 14.9968(11) 11.6894(12) b = 14.9618(4)
¢ = 21.0354(17) 13.7367(15) ¢ = 28.3971(8)
Unit cell angles (°) a=90 a=97.491(6) a=90
B=90 B =104.330(6) p=90
vy=90 v=103.303(6) vy=90
Volume (A3) 2825.2(4) 1299.5(2) 5224.1(2)
z 4 2 8
De”“%gﬂ;‘;'ated) 1.730 1.696 1.663
Absorpt(iﬁ]“m‘f?)em"ie”t 4.963 5.304 5.357
F(000) 1456 656 2608.0
Crystal size (mm?) 0.57x0.14x0.14 0.14 x 0.08 x 0.08 0.05 % 0.05 x 0.02
Theta range for data 1.936 to 28.302° 1.561 to 26.521° 2.868 to 61.084°
collection
Reflections collected 26729 28698 57079
Independent reflections 7167 10308 7989
Rint 0.0252 0.0565 0.0845
Complete(g/i;:s to theta 99.9 100.0
Max and min. 0.5752 and 0.7457 0.5752 and 0.7457
Data/Restraints/ 7167/ 1/350 10308/ 4/ 294 7989/0/287
parameters
Goodness-of-fit on F? 1.035 1.016 1.011
F['I”j‘éstg'r?]‘:(‘l’;]es RL= 005, wR = R1=0.0447, WR2 = 01050 | R:=0.0361, wR, = 0.0622
R indices (all data) R1= obOégilez - R1=0.0535 wR2 = 0.112 R1 = 0.0673, wR2 = 0.0721

Largest diff. peak and
hole (e. A?)

0.440 and -0.370

2.843 and -2.305

1.45/-1.72
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Figure 4.14. ORTEPs* of complexes crystallized

Details: ORTEP“® structures of crystallized compounds drawn at 50% probability (hydrogen atoms have been
omitted for clarity). [(P"POCOP)Ir(H)(CO):][OTf] crystallized with one molecule in the unit cell with one
triflate counterion located in the outer sphere. [(P"PCPIr)(H)(CO),][OTf] crystallized as two molecules in the
unit cell with a triflate counterion outer sphere. [(®“PCP)Ir(H)(CO).][OTf] crystallized as two molecules in
the unit cell, one doubly disordered, with triflate counterion and one solvent molecule [CH.CI;].
(P'POCOP)Ir(H)(CO)(OTH) crystallized as one molecule in the unit cell, triflate anion is bound to the Ir center
trans- to the hydride. (B'PCP)Ir(H)(CO)(OTf) crystallized as one molecule in the unit cell and one solvent
molecule [CH.Cl;], triflate anion is bound to the Ir center trans- to the hydride.
[(P"PCP)Ir(H)(H20)(CO)][HBF4] crystallized as one molecule in the unit cell, with water bound to Ir trans-
to hydride, and BFanion outer sphere. (‘B“POCOP)(H)(CI)(CO) crystallized as a single molecule in the unit
cell.
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Chapter Five. Further applications of (pincer)Ir(CO) pre-catalysts

51 Introduction

5.1.1 Motivations: Catalyst incompatibility in tandem cascades

This chapter describes our efforts to extend the chemistry of (pincer)Ir(CO) pre-catalysts to
additional transformations. Our primary focus was implementing these complexes in cascades for
conversion of CO, to methanol (MeOH) via ester intermediates, building on work discussed in
Chapter 4. Seminal work by Sanford demonstrated the conversion of CO2to MeOH via a methyl
formate (MF) ester intermediate using a combination of three catalysts in a single vessel: a CO>
hydrogenation cat. A, transesterification cat. B and ester hydrogenation cat. C (Scheme 5.1).% In
the initial report, only 21 TON MeOH were achieved. Due to the incompatibility of cat. C with
cat. B, cat. C was physically separated from cat. A and cat. B in an open vessel inside the reactor.
MF produced by cat. A / cat. B was transported through the reactor atmosphere by diffusion to the

solution containing cat. C. Hydrogenation activity was further limited by the interaction of basic

sites on cat. C with CO, !

PMes cat.AHzl
MesP | _PMe;

MesP~ 'U\OA j)]\
€3 C
Cl
H™ OH

----------------- > CH30H + H,0

2H, T-ROH cat. C

ROH j\

-H,0 H> OR

cat. B
Sc(OTf)5

Scheme 5.1. Schematic for cascade hydrogenation of CO2 to MeOH via an ester

intermediate. Adapted from Sanford!
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5.1.2 Selection of cat. A and cat. C for next-generation cascades

We sought to improve the Sanford system by using (pincer)Ir(CO) complexes identified as
active ethyl formate (EF) hydrogenation pre-catalysts as cat. C. As these pre-catalysts do not have
a basic site on the ligand to interact with CO», and many combinations are acid tolerant or acid
accelerated, we hoped to avoid co-compatibility problems present in the initial Sanford cascade.
In Chapter Four, we demonstrated that CO coordination to the Ir(l1l) center of (pincer)Ir(CO)
based pre-catalysts in the presence of acids to form of complexes of the type
[(pincen)Ir(CO)2(H)](X) dramatically reduces EF hydrogenation activity.

Due to the CO inhibition of ester hydrogenation and facile PPh3 coordination to 1c, we were
concerned about similar inhibition by coordination of trimethylphosphine (PMes), which is
liberated from the Ru(PMes)s(CI)(OAC) cat. A2 used in the initial report by Sanford. We found
that  sterically  bulkier  triphenylphosphine  (PPhs)  coordinates  readily to
[(P"POCOP)Ir(H)(CO)][OTf] complex 1c, as evidenced by a change in the hydride signal from a
virtual triplet at 5 -25.19 to a doublet of virtual triplets, -12.64 ppm, 2Jpr = 13.26, 2Jpn = 130 Hz),
with additional splitting arising from PPhz bound at the metal center (see section 5.8.2, Figure 5.2).
This is corroborated by observation of consistent signals in the 3P NMR spectrum, a doublet at
151.0 ppm, and a triplet at -22.79 ppm, (*Jep = 17.15 Hz) in a 2:1 ratio, corresponding to the
POCOP phosphine arms and PPhs, respectively. These changes in NMR shifts and splitting are
analogous reported observations of trialkylphosphine coordination to complexes based on
(MePCP)Ir(C0)3, as well as (P"POCOP)Ir and (BYPOCOP)Ir.*

We hoped to circumvent phosphine coordination to the Ir and associated deactivation by
replacing the four PMes ligands on Ru(PMez)4(CI)(OAc) by a tetradentate chelating phosphine

ligand, preventing phosphine ligand dissociation from the ruthenium center, and thus improve the
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co-compatibility between cat. A and cat. C. A ruthenium complex with a tetradentate phosphine
ligand, (tetraphos)Ru(H)., (tetraphos = tris[2-(diphenylphosphino)ethyl]phosphine was chosen to
be the CO, hydrogenation catalyst, cat. A. The iron® and cobalt® based variants have been reported
by Beller and coworkers as efficient catalysts for hydrogenation of CO> to alkyl formates in the
presence of base. The ruthenium-based complex was shown within our group to be a suitable cat.
A alternative for hydrogenation of CO; to formate in the presence of acid and alcohol.” Scheme

5.2 illustrates this combination of pre-catalysts studied for hydrogenation of CO2to MeOH in this

chapter.
3H2 + C02 --------------------- > CH3OH + Hzo
cat. A Hzl 2H, T-ROH cat. C
o APy
Ph P//,, \\\PPh2 O O
Ru' ROH ' '
U ~ RZP_IF_PRz
Ph,P IL H HJ\OH H,0 H)J\OR |
Cco
cat. B X = CH2_ [0)
SC(OTf)3 R = tBu iPr

Scheme 5.2. CO, to MeOH cascade investigated in this work

To this end, we first investigated the CO: tolerance of EF hydrogenation by (pincer)Ir(CO)
pre-catalysts. We then assessed selected cat. B / cat. C combinations in the full cascade. In addition,
we sought to apply the (pincer)Ir pre-catalysts to related transformations reported with known ester
hydrogenation catalysts; our attempts to catalyze the dehydrogenative coupling of alcohols to
esters (the reverse reaction of ester hydrogenation), as well as efforts towards using formic acid

(FA) as an alternative hydrogen source to Hz are described.

5.2 COg2 tolerance for EF hydrogenation by (pincer)lr(CO) pre-catalysts
We assessed the CO- tolerance of (pincer)Ir(CO) pre-catalysts to evaluate their potential as
ester hydrogenation catalysts in cascades for CO. hydrogenation to MeOH. Because the pincer

ligands on these complexes do not have an available basic site, we hypothesized that they would
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not be susceptible to deactivation by reactions with CO,. To evaluate CO; tolerance of the
catalysts, EF hydrogenation experiments were carried out in the presence of CO,. Using EF as
substrate in 1,4-dioxane solvent and with pre-catalysts (P"POCOP)Ir(H)(CO)(OTf) (1c) or
(BYPCP)Ir(CO) (4a), reactors were charged with 10 bar CO2 prior to the addition of 50 bar Hy,
resulting in a total pressure of 60 bar. The results of these experiments are shown in Table 5.1.

Table 5.1. EF hydrogenation by 1c and 4a in the presence of CO;

0.25 mol% [Ir]
1.5 equiv. additive

) 10 bar CO, / 50 bar H,
= EtOH + MeOH
H o 1,4 dioxane
140 °C, 16 h
Entry | Pre-catalyst TON MeOH TON EtOH Total ethyl
equiv. (st. dev.) equiv. equiv.

1 1c 91 (9) 123 213
2 4a 52 (27) 713 231
3* 1c 149 (16) 193 353
4* 4a 163 (10) 187 360

Conditions: 0.25 mol% [Ir], 4 mmol EF, 2 mL 1,4-dioxane, 10 bar CO; and 50 bar Hy, 140 °C, 16
hours. MeOH equiv = MeOH + MF, EtOH equiv = ethanol + 2x diethyl ether — MF, Total ethyl
equiv. = EtOH equiv. + EF equiv. Entries based on the average of two or three trials. *50 bar Hz, no
COqy, results from Chapter Four.

We observed 91 TON to MeOH products (TON MeOH = MeOH + MF) with 1c pre-catalyst
and 52 TON MeOH over 16 hours when using 4a (compared to 149 and 163 TON without CO-
present (entries 3 and 4). Fewer C; equivalents arising from the formate portion of the substrate
(C1=MeOH + 2 MF + EF) were recovered in the experiment with an added CO, atmosphere, than
in analogous experiments without CO, atmosphere. However, the production of MeOH indicates
that these pre-catalysts are active under these conditions and thus have some tolerance to CO,. We
also noted incomplete mass balance of “ethyl equivalents” (C2 fragments arising from the ethoxy
portion of EF) for reactions with added CO.. Just over 200 C; “ethyl equivalents” were retained in
both experiments in the presence of CO2, out of 400 total equivalents introduced (calculated by

comparison to internal standard). Losses of this magnitude were not observed in reactions
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pressurized with only Hz. This loss of material was reproduced over numerous independent trials,
but we were unable to determine the origin of the decrease. We speculate that the two-part
pressurization may be contributing to physical loss of substrate from the reactors. If CO>
pressurization is in fact causing a physical loss of material from the reactor, this problem may be
overcome in future studies by improved engineering of the reactor setup. Observed EF
hydrogenation activity in the presence of CO> suggests that 1c and 4a are reasonable candidates
for use in CO2to MeOH catalytic cascades with acid co-catalysts. We thus moved forward with

implementing (pincer)Ir(CO) catalysts in a cascade for hydrogenating CO, to MeOH.

5.3  Application of (pincer)Ir pre-catalysts to cascade catalysis: cat. C

Ir(1) pre-catalysts (P"POCOP)Ir(CO) (1a), (P"PCP)Ir(CO) (3a), and (BUPCP)Ir(CO) 4a were
evaluated as cat. C options, as described in Table 2. We had found that 1a and 3arequire activation
by addition of acid to display high activity for EF hydrogenation, while 4a does not, and may be
inhibited by triflic acid (HOTf). No additional acid was added to the reactors, as we hoped that
trace HOTf generated under reaction conditions from scandium triflate (Sc(OTf)s) might be
sufficient to activate 1a and 3a pre-catalysts. The combination (tetraphos)Ru(H)2/Sc(OTf)s / 1a
resulted only in the formation of EF (143 TON based on [Ru]), but no MeOH production, meaning
that 1ais not catalyzing the hydrogenation of EF (Table 5.2, entry 1). Using 3a as cat. C, 19 TON
of MeOH were produced, while 121 TON of EF were generated (entry 2), indicating limited ester
hydrogenation catalyzed by 3a. Based on the results from Chapter 4, we expected both 1aand 3a
to be more active in the presence of HOTT; these results suggest that there is not sufficient acid
present under the conditions studied to adequately activate 1a or 3a. In contrast, using 4a cat. C
resulted in generation of 88 TON MeOH and 56 TON EF, and the TON MeOH observed suggests

insufficient acid generated to significantly inhibit 4a.
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Table 5.2. Cascade conversion of CO, to MeOH

cat. A/cat. B/cat.C

30 bar CO, / 60 bar H
CO, + 3H, ar -2 A, MeOH + H,0
1,4-dioxane, EtOH

Entry cat. C Time | cat. A | cat. B | cat. C | MeOH/[Ir] | EF/[Ru]
(h) (umol) | (umol) | (umol) (TON) (TON)
1 la 16 4.1 16.7 5.0 0 143
2 3a 16 4.1 16.7 5.0 19 121
3 4a 16 4.1 16.7 4.9 88 56
4* 4a 16 4.1 16.7 4.9 178 0
5* 4a 65 4.1 16.3 5.2 390 0

Conditions: Cat. A = (tetraphos)Rr(H),, cat. B = Sc(OTf)s, 2 mL 1,4-dioxane, 0.5 mL EtOH, 30 bar CO./60
bar H,, 140 °C. *5.0 Ultra high purity H, All entries from one trial.

These differences in activity may be due in part to the difference in initial solvent composition
in cascade reactions (1,4-dioxane/EtOH) versus the hydrogenation conditions (only 1,4-dioxane).
We speculate that some protonation of alcohol solvent by HOTf may reduce the availability of
(pincer)Ir(H)(CO)* species formed by protonation of (pincer)Ir(CO) by HOTf, and also result in
more (pincer)Ir(CO) or (pincer)Ir(H)2(CO). Based the low activity of ('pincer)Ir(CO) and
(P'pincer)Ir(H)2(CO) pre-catalysts studied in Chapter Four, we would expect this to reduce EF
hydrogenation by 1a and 3a. Since 4a was active for EF hydrogenation in the absence of added
acid, the protonation of solvent instead of iridium would be expected to result in an active EF
hydrogenation catalyst. It would be interesting to follow up these observations with an
investigation of the effect of excess alcohol on EF hydrogenation.

We also assessed the effect of H2 gas purity. The use of 5.0 Ultra high purity H> (99.999 %
H>) improved the overall activity when using 4a (178 vs 88 TON MeOH after 16 hours, entries 4
and 5), and complete consumption of EF. With a longer reaction time of 65 hours, 390 TON of
MeOH were generated, and there was no measurable EF observed. We did not further investigate
the cause of this difference, but note that sensitivity of ester hydrogenation catalysis to hydrogen

grade has been observed previously.®®
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Overall, these results represent a significant improvement for CO2 to MeOH cascade catalysis
from the original system published by Sanford (390 TON vs 21).! Additionally, with acid-tolerant
ester hydrogenation catalysts, it is no longer necessary to use separate vessels for cat. A/cat. B vs
cat. C. We are optimistic that future optimization, including the investigation of alternatives for

cat. B will further increase the overall efficiency of the cascade.

5.4 Investigation of alternative acids for use as cat. B

Having confirmed the activity of the cascade combination (tetraphos)Ru(H)2/Sc(OTf)s/4a, we
next attempted improve to cascade activity by optimizing cat. B. We focused on acid additives that
facilitated high activity for EF hydrogenation. The most active catalyst combinations observed in
studies in Chapter 4 were 3a and/or 1a with HNTf,, (CeFs)3B, and HBF4.Et20.

Table 5.3: Investigation of cat. B alternatives in CO2to MeOH cascade

Entry* cat. B cat. C cat. A | cat. B | cat. C | MeOH/[Ir] | EF/[Ru]
(umol) | (umol) | (umol) (TON) (TON)

1 HNTf 4a 4.1 19.2 5.0 0 68

2 HNTT, 3a 4.1 16.3 4.9 0 43

3 HBF4.Et,0 3a 5.9 18.4 5.0 0 26

4 (CeFs)3B 4a 4.1 25.0 5.0 0 0

5 (CsFs)3B 3a 4.1 25.0 5.0 0 0

Conditions: Cat A. = (tetraphos)Rr(H)2,, 2 mL 1,4-dioxane, 0.5 mL EtOH, 30 bar CO/60 bar Hz, 140 °C, 16
h. *5.0 Ultra high purity Hz. All entries represent one trial.

Table 5.3 presents the results of initial screening of these acid additives. We observed that
(CeFs)3B was not an effective cat. B, resulting in no production of EF, and therefore no MeOH
(Entries 4 and 5). HNTf. resulted in the formation of a small amount of EF but did not facilitate
hydrogenation of EF to MeOH with either 4a or 3a (entries 1 and 2). Additionally, HBF4.Et20 cat.
B only resulted in 23 TON EF observed and no MeOH. These results were surprising, as the 3a
with HBF4.Et,O and HNTT. were very active for EF hydrogenation alone. Overall, these acids

were less effective at promoting EF formation than Sc(OTf)s. It is possible that the Sc** Lewis
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acid offers benefits over protic acids and (CsFs)3B. It would be interesting to compare the activity
of Sc(NTf2)3 with Sc(OTf)s, the triflumidate anion seems more compatible with EF hydrogenation

by (pincer)Ir(CO) catalysts.

55  Attempted alcohol dehydrogenative coupling of ethanol

Alcohol dehydrogenative coupling (ADH), is the microscopic reverse of the ester
hydrogenation reaction. Many pre-catalysts active for ester hydrogenation, including Milstein’s
catalyst, ' also facilitate ADH reactions.'**® We were curious whether (pincer)Ir(CO) catalysts
are also competent for this transformation. Based on NIST thermochemistry data, dehydrogenative
coupling of ethanol (EtOH) to ethyl acetate is favorable by AG = -3.6 kcal/mol at 100 °C, and is
unfavorable by AG = 11.5 kcal/mol at 25 °C.** Removal of H, over the course of the reaction is
expected to help drive the dehydrogenative coupling.

0.035 mol% 3a
0.15 % (C4F5)3B (0]
2 EtOH > + 2H,
93 °C, 64 h o
1,4-dioxane

Figure 5.1. Reaction scheme for alcohol dehydrogenative coupling reactions

The combination of 3a and (CsFs)sB was chosen, as it was extremely active for EF
hydrogenation but does not include a protic acid that would catalyze dehydration of EtOH to
diethyl ether (Figure 2). Disappointingly, over the course of 65 hours at reflux (93 °C), formation

of trace amounts of diethyl ether and no production of ethyl acetate was observed.

5.6  Transfer hydrogenation using FA as the hydrogen source
Formic acid (FA) is an attractive alternative to molecular hydrogen, due to the relative ease
of transport and storage and avoidance of high Hz pressures.'>® Additionally, it may be produced

from renewable biomass starting materials, whereas most hydrogen used industrially today is
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produced from hydrocarbons, including natural gas or coal.}”8 The use of FA as in homogeneous
transfer hydrogenations of ester substrates has previously reported.'®2° We hypothesized that the
acid-tolerant (pincer)Ir(CO) complexes may be able to use H, from FA to hydrogenate carbonyl
substrates by transfer hydrogenation.

We first investigated the transfer hydrogenation of acetone, as ketones are more easily
hydrogenated then esters.?! A NMR tube was charged with 5 equiv. acetone and 10 equiv. FA to
1c in 1,4-dioxane (Figure 2). After mixing for 16 hours, *H NMR spectroscopy did not show any
changes in acetone and FA quantities. However, a small amount of 1b was observed. The tube was
then heated at 100 °C for four hours, and resonances corresponding to isopropanol, the
hydrogenation product of acetone appeared, as did a resonance for Hz. Additionally, the *'P NMR
signal corresponding to 1b increased in relative intensity to other Ir species observed in solution.
After 18 hours of additional heating at 100 °C, FA was consumed and the isopropanol signal
increased, as the acetone was consumed concurrently. No additional changes occurred with further
heating. Notably, dicarbonyl complex 1le was not detected at any time point, suggesting that no
CO is produced; FA decomposition to CO and H20 is not occurring under these conditions.

We repeated the experiment with EF and did not observe conversion to MeOH and EtOH,
even after extended heating at 100 °C. FA was consumed after 20 hours of heating at 100 °C, and
H. was observed in the *H NMR spectrum. We attempted the transfer hydrogenation of EF with
increased substrate and FA concentration. Due to the expected pressure increase from FA
decomposition, these reactions were carried out in high-pressure reactors. No EF hydrogenation
was observed in a reaction with 4:1 FA:EF and 0.25 mol% 1c stirred at 100 °C for 16 hours.
However, about 75% of the FA was consumed, and CO was observed in the 3*C NMR spectrum

of the reaction solution. In an effort to reduce FA decomposition, an identical experiment was
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pressurized with 4 bar H,. The added H. pressure did not appreciably slow FA decomposition. In
all cases, pressure increased in the high-pressure reactor at comparable rates (Figure 5.3, section
5.8.3). Use of lainstead of 1c produced an identical result. These experiments show that the
decomposition of FA to Hz and CO: is faster than transfer hydrogenation of EF by 1c.

The observation that FA decomposes to Hz and CO: in the presence of 1c also has implications
for EF hydrogenation catalysis. The acid-catalyzed reaction of EF and water can generate FA and
EtOH. Subsequent FA decomposition may be a contributing factor to the loss of C; equivalents in
EF hydrogenation by (pincer)Ir(CO) catalysts. Furthermore, the absence of any observation of 1e
suggests that FA decomposition to CO and H20 is not the source of CO, and thus is not
contributing to the generation catalytically inactive [(pincer)Ir(H)(CO)2][X] complexes. We note
that the decomposition of FA by (pincer)Ir(CO) may also be occurring under cascade conditions,
potentially working against CO> hydrogenation by cat. A. This suggests that ensuring rapid
conversion of FA to EF by transesterification will be important to maintaining and/or increasing

the CO, to MeOH cascade.

5.7  Conclusions

The (pincer)Ir(CO) are a promising alternative to previously studied ester hydrogenation
catalysts for application. While these catalysts were not found to be efficient for ADH and transfer
hydrogenation using FA as a hydrogen source, they did show activity in CO2 hydrogenation
cascade systems. When 4a was implemented in a cascade system with ScOTf; and
(tetraphos)Ru(H): catalysts, we observed 390 TON of MeOH produced from the hydrogenation of
COqafter 65 hours, without additional optimization. This represents a significant increase from the
21 TON in the initial system developed by Sanford, and to our knowledge is the second example

of three-component cascade conversion of CO, to MeOH under acidic conditions. Our results are
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comparable to the best results observed by Leitner and co-workers using a (triphos)Ru-based
catalyst and HNTf,, 442 TON after 24 hours at the same temperature and pressures (140 °C, 30
bar CO2/60 bar H).?> We hope to further improve upon these results by optimizing cascade
parameters such as catalyst concentrations, solvent and temperature. Our understanding of EF
hydrogenation with these pre-catalysts will guide future improvements, and high-throughput

screening is likely to be a useful tool for conducting these optimizations.

5.8  Experimental

5.8.1 General Considerations

Experiments and manipulations were performed using Schlenk technique under N
atmosphere or a nitrogen-filled glovebox, unless otherwise specified. All solvents and liquid
reagents were degassed with N prior to use. 1,4-dioxane and formic acid were stored over 4A
molecular sieves, and EtOH was stored over 3A molecular sieves. HNTf, was purified by
sublimation. All other reagents were used as received. NMR spectra were obtained on a Bruker
AV-500, DRX-500 or AV300 NMR instrument. High-pressure experiments were conducted using
a Parr Series 5000 Multi Reactor system, equipped with stirring and pressure monitoring. Reactor
temperature was monitored by thermacouples embedded in the aluminum heating block and
regulated by  SpecView  software.  (tetraphos)Ru(H).,  (tetraphos =  tris[2-
(diphenylphosphino)ethyl]phosphine was synthesized according to literature procedures.?®

(pincer)Ir(CO) complexes were synthesized as described in Chapter 4.

5.8.2 Reaction of 1c with PPhs

A J-Young NMR tube was charged with 3.62 mg (0.013 mmol) PPhs, and transferred to a N2

atmosphere glovebox, where 7.2 mg (0.010 mmol) 1c was added. The tube was sealed, removed
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from the box, and approximately 0.4 mL CD.Cl,was added to the tube via vacuum transfer to give

a pale peach solution. The contents of the tube were analyzed by H and 3'P NMR spectroscopy.

5.8.3 NMR spectra of [(P"POCOP)Ir(H)(CO)(PPhs)][OTf]

'H NMR  spectrum  (CDCl,, 300 MHz) of [(PPOCOP)Ir(H)(CO)(PPhs)][OTf]
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Figure 5.2. *H and P NMR spectra of [(P"POCOP)Ir(H)(CO)(PPh3)][OTf]
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5.8.4 Cascade hydrogenation of CO, to MeOH

Sample procedure for high pressure reactor experiment for cascade reaction

In a N2 atmosphere glovebox, 3.2 mg (0.0041 mmol) (tetraphos)Ru(H)2, 8.2 mg (0.017 mmol)
Sc(OTf)s and 3.0 mg (0.0049 mmol) 4a were weighed into a PTFE Parr reactor liner. 1,4-dioxane
(2 mL) and EtOH (0.5 mL) were added via syringe. The reactor was equipped with a stir bar,
closed, removed from the glove box, and pressurized. The reactor was heated to 140 °C and stirred
at 300 rpm. After 16 hours, the reactor was removed from the heat, allowed to cool for twenty
minutes in air and then cooled on ice. The reactor was vented, opened and the contents were
analyzed.
Sample procedure for pressurization with CO2 and Hz

Reactors were attached to the manifold, and the manifold was purged with CO2. Reactors
were pressurized with 10 bar CO; and vented three times to exchange the atmosphere, then
pressurized to 30 bar CO- and closed. The manifold was purged with Ho, and then pressurized to
90 bar. The reactors were opened to H for ~3 seconds, then sealed, and the manifold was vented.
This results in 30 bar CO2 and 60 bar H: in the reactor.
Analysis of high-pressure reactor experiments

The vented Parr reactor was opened, and 50.0 uL mesitylene were added to the reactor via
syringe. The contents of the reactor were agitated to ensure good mixing. For 3C experiments,
4.5-5 mg Cr(acac)s were massed into a NMR tube. A 500 uL aliquot of solution was placed into
the tube. Quantitative *C NMR spectra were collected using an inverse-gated pulse sequence.

Alkyl carbon signals of substrate and product were integrated versus the mesitylene methyl signal.
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5.8.5 Transfer hydrogenation experiments

Transfer hydrogenation of Acetone, EF

A J-Young NMR tube was charged with 7.1 mg (0.01 mmol) 1c, 0.4 mL 1,4-dioxane and
CsDs capillary. 3.7 uL (0.049 mmol) of acetone (N2 sparged) and 3.7 puL (0.098 mmol) FA were
added via a volumetric glass capillary to give a pale yellow solution. The tube was allowed to mix
overnight on an apparatus that rotated the tube slowly. The tube was heated at 100 °C. Reaction
was monitored by *H NMR spectroscopy.

EF substrate: Experiment conducted as above, with 10 uL (0.12 mmol) EF, 9.4 uL (0.25
mmol) FA.

Transfer hydrogenation in high-pressure reactors:

Following the general high-pressure reactor procedure above, a PTFE-lined reactor was
charged with 7.1 mg 1c, 323 uL (4.0 mmol) EF, and 600 uL (16 mmol) FA in 1 mL 1,4 dioxane.
The reactor was pressurized to 4 bar Hz, and heated for 16 hours at 100°C. Reactors were worked
up and contents were analyzed as described above. The pressures measured in the reactors over

the course of the reaction are shown in Figure 5.3 below.
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Reactor pressure as a function of time.
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Figure 5.3. Pressure traces for transfer hydrogenation reactions with (orange, grey) and
without (blue) added H. atmosphere. Time in hours.

5.8.6 Alcohol dehydrogenative coupling

Into a 25 mL Schlenk flask was weighed 12.8 mg (0.025 mmol) (CeFs)3B and 4.0 mg (0.060
mmol) 3a. 2.0 mL 1,4-dioxane and 1.0 mL EtOH were added via syringe. The Schlenk flask was
equipped with a reflux condenser and vent bubbler. The flask was heated at reflux in an oil bath.
A NMR sample consisting of a 500 ul aliquot was removed by syringe, 5 uL mesitylene internal
standard, and CeDs capillary was analyzed by *H NMR spectroscopy with 1,4-dioxane signal
suppression. Ethyl acetate was not observed.
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