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Abstract

Transiﬁon Metal Catalysts for Hydrogen Storage and Carbon

Dioxide Activation

Elizabeth A. Bielinski

2015

This dissertation describes the synthesis of a series of transition metal compounds and their reactivity
with hydrogen and carbon dioxide for application in reversible hydrogen storage in organic molecules.
Chapter 1 is a review of hydrogen storage molecutes and discusées each from the perspectives of safety,
availability, and environmental impact. Heterogeneous and homogeneous catalysts for dehydrogenation of
these molecules are also discussed here. In Chapter 2, a family of PNP pincer-supported iron compounds is
investigated by Mdssbauer spectroscopy and magnetic circular dichroism with the goal of elucidating the
degree of solution-state flexibility of the PNP pincer ligand. Chapter 3 expands on this family of PNP
pincer-supported iron compounds with the synthesis of several new compounds through reaction with
hydrogen and carbon dioxide. Furthermore, these compounds are shown to be highly active catalysts for
formic acid dehydrogenation in the presence of a Lewis acid co-catalyst. The action of the Lewis acid co-
catalyst is further demonstrated in Chapter 4, where PNP pincer-supported iron compounds are used as
catalysts for aqueous-phase methanol dehydrogenation. Chapter 5 describes the synthesis, characterization
and reactivity of a family of palladium and nickel compounds supported by allyl, cyclopentadienyl, and
indenyl ligands. These compounds are shown to react with simple electrophiles, although they do not show

the desired reactivity with carbon dioxide.
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Chapter 1: Hydrogen Storage and the Search for an Alternative Energy Vector

L Thesis Prospectus

This thesis is an investigation into iron (Fe) catalyzed dehydrogenation of the liquid organic molecules
formic acid and methanol, primarily for their use as hydrogen storage molecules. This chapter describes the
growing need for an energy vector to replace fossil fuels, gives an overview of current technologies for
using hydrogen as an energy vector, and describes several hydrogen storage molecules of interest. Chapter
2 describes the synthesis of a series of pincer-supported Fe compounds and the investigation of pincer
flexibility in solution using magnetic circular dichroism (MCD) and Mdssbauer spectroscopy. Chapter 3
focuses on the use of several pincer-supported Fe compounds as highly active catalysts for formic acid
(FA) dehydrogenation and highlights the discovery of Lewis acids as co-catalysts for this reaction. The
utility of the Lewis acid co-catalysts is extended to Fe-catalyzed methanol (MeOH) dehydrogenation in
Chapter 4. Chapter 5 describes the synthesis of a family of palladium (Pd) and nickel (Ni) compounds
supported by combinations of allyl, cyclopentadieny! (Cp) and indenyl (Ind) ligands and investigates their

reactivity with simple electrophiles.

II. Introduction

Beginning in ihe year 1769, when James Watt patented a highly efficient steam engine, global demand
for fossil fuels has grown steadily, with the world demand for coal increasing 800-fold between 1769 and
2006." In 2013 the worldwide energy consumption reached 16 terawatts (TW), much of which was
obtained from fossil fuels (oil, coal and natural gas).” Furthermore, this demand is projected to increase to
27.6 TW by 2050 and 43 TW by 2100.® Coincident with the increased burning of fossil fuels is the
emission of carbon dioxide (CO,), a known greenhouse gas; atmospheric levels of CO, are now in excess
of 380 ppm, a significant increase from 210-300 ppm where they had remained for the past 420,000 years.4
This increase in atmospheric levels of CO, (as well as other greenhouse gases produced from fossil fuel
burning) has contributed to a temperature increase of 0.8°C since 1880, increasing the melting rate of Artic

ice, killing coral reefs and disrupting a host of other ecosystems.” In addition to the environmental impact



of burning fossil fuels, there are a variety of geopolitical and economic arguments against their continued
use. While the natural reserves of fossil fuels are not set to be expended in the near future (current estimates
allow for 50-150 years of oil reserves and 1,000-2,000 years of coal, shale and tar sands reserv«es)3a it is
certainly true that the majority of these reserves are concentrated in a portion of fhe world with significant
political unrest. Furthermore, even if foreign relations with countries controlling the vast supply of fossil
fuels remain cordial, this does nothing to ensure the price of such fuels will be appropriate for usage at our
current rate and economic state.1’3’f"

Creating an energy economy based on non-fossil fuels requires that the new energy vector (method of
storage and transport) be cheap, abundant, environmentally benign, and free from geopolitical

327 and other renewable

entanglement. Much research has focused on the use of solar power via solar cells
energy sources like nuclear power,® water,” wind,'® and geothermal energy ®!" While these energy vectors
fulfill several requirements, such as environmental safety and abundance, the greatest barrier to
implementatioﬂ, aside from cost, is the need to store and transport energy. Many renewable energy sources,
particularly solar and wind, are not only intermittent, but also lack a vehicle for storage and transport,
decreasing their utility for long-range applications. It has long been suggested that storing energy in
chemical bonds, particularly in the bonds of molecular hydrogen (H,), would create a vector by which
energy can be stored, transported and selectively reléased for use.”®*'? This chapter will focus on the

implementation of a hydrogen economy, focusing on the barriers associated with this energy vector, as well

as recent advances in hydrogen storage molecules and catalysts for their selective dehydrogenation.

111 Hydrogen as an energy vector

The potential of H; to act as a clean fuel lies in the fact that its combustion with oxygen produces only
water as a byproduct. In this combustion, H, releases three times greater chemical énergy per unit mass
than any other chemical fuel (142 MJ/kg for H, compared to 47 MJ/kg for liquid hydrocarbons).“"13 When
burned with only oxygen, the subsequent mixture will contain nothing but water vapor; however, when
burned in air the mixtures can contain various nitrogen and oxygen compounds of the general formula
NO,."” More importantly, H, can be used as a source of protons and electrons in proton-exchange

membrane (PEM) fuel cells' (Figure 1.01). PEM fuel cells can generate electrical energy with efficiencies



upwards of 50%, far surpassing the limits set on traditional internal combustion engines by the Camot

cycle:.""‘3

Excess Fuel Water and heat out
H,0
0,
Fuelin v Airin

Anode Electrolyte  Cathode

Figure 1.01. Combustion of H, in a proton-exchange membrane (PEM) fuel cell.

While hydrogen is one of the most abundant elements on Earth, less than 1% occurs in its molecular form
as H, gas;'’ most hydrogen is tied up in the chemical bonds of water, hydrocarbons, and biomass.'> The
lack of abundant molecular H; is a significant barrier to its use as an energy vector. Although it is possible
to produce H, by using sunlight to split water in a photovoltaic cell,” the vast majority (48 million metric
tons per annum) of H, is still produced from steam reforming (SMR) of fossil fuels (Eq 1) or through the
water gas shift (WGS) reaction (Eq 2)."5 Despite being a complicated, non-renewable, multi-step catalytic
process, SMR is the most popular industrial method for H; production and will remain so as long as the
cost of natural gas is low to moderate. A more detailed analysis of renewable H, production can be found in

the review by Fierro et al.'® This thesis will deal exclusively with the problems of H; storage and release.

CHp + NHyO ———— nCO + (n + mi2)Hy,  AHOggk = 206.2 kd mol-! (for n=1) Eq (1)

CO+ Hzo ~—————— C02 + H2 AHOZQBK =-41.2 kJ mol! Eq (2)

In addition to the need for a renewable method of H, production, the potential H, economy encounters a
large barrier in terms of storage, transport, and selective release. For example, fueling a car simply on the

energy generated from electrochemical combustion of H in a PEM fuel cell would require 4kg of Ha,

which would occupy a volume of 45m® at room temperature and atmospheric pressure.'>'® It is possible to




carry the same amount of H, in a compressed form, but this would require outfitting cars with specialized
carbon fiber-reinforced tanks capable of holding pressures of up to 700 bar (10,000 psi). Furthermore,
significant energy is lost during the compression process and any analysis of the use of cryogenic H, must
weigh the potential H, lost to boil-off against the inherent safety concerns associated with carrying such a
volume of a highly-flammable gas.'® H, has very high diffusivity and burns with an invisible flame, which
increases the risks associated with leaks in a storage system."

To avoid the complications associated with transporting large quantities of H; gas, it has been proposed
to reversibly store H, absorbed onto solids or in the chemical bonds of another molecule. Absorption-based
storage of H, involves the use of single-walled nanotubes'’ (SWNTs) or metal-organic frameworks
(MOFs)."® These methods have shown great promise, but the overall utility suffers due to lack of complete
and easy reversibility, as well as overall quantity of H, stored.” Storage in chemical bonds encompasses a
variety of metal hydrides and salts, ammonia borane, hydrazine, N-heterocycles, and liquid organics such
as formic acid and methanol. Given the appropriate catalyst, these hydrogen storage molecules (HSM) can
be decomposed to release hydrogen suitable for combustion in a PEM fuel cell, or direct use in other
applications. It is also important to address the production of byproducts of dehydrogenation, their
environmental impact, and their potential for use in regeneration of the H, storage molecule. Each of these

approaches, along with the barriers to application and further considerations, is discussed below.

a) Hydrogen storage in metal hydrides

H, storage in metal hydrides of compounds such as LaNis, Mg,Ni and MgH, has been studied
extensively.”” However, these compounds incorporate elements of high molecular weight, and as such, the
percent H, by weight is low and far beneath the standards set by the Department of Energy (DOE).">'®
Another important metric is the “operating pressure/temperature (P/T) window”, the conditions at which
the metal hydride favorably releases H,. The range that would be appropriate for energy applications (for
example, use in cars) lies between 1-10 atm and 25-120°C.'® Metal hydrides of LaNis, Mg,Ni and MgH,

have P/T operating windows far outside this range (>300°C), making them unlikely candidates for

favorable, reversible H; storage.




More recently, Group I and II salts of [AlH,], [NH.], and tBH4]' (“complex hydrides™) have received
attention for H, storage (Figure 1.02a).'%"" These compounds also have unfavorable kinetic barriers to
reversible (de)hydrogenation, but work 'by Bogdanovic and Schwickardi®® showing that NaAlH, doped with
Ti underwent solid state dehydrogenation at 150°C has renewed interest in metal hydrides as HSM. Similar
effects have been seen using zirconium and vanadium chlorides as dopants, which have also reduced the
time required for hydrogenation by a factor of 2. However, these materials suffer from poor stability over
the course of repeated dehydrogenation/hydrogenation cycling.'* Doping effects have also been studied on
LiNH;, which undergoes dehydrogenation as shown 'in Figure 1.02b. In the absence of Mg doping, LiNH,
undergoes dehydrogenation beginning at 277°C. As the concentration of Mg is increased, the
dehydrogenation temperature lowers to 100°C,'™ well within an appropriate P/T operating window.
Finally, alkali metal and alkaline-earth metal borohydrides contain the highest percent H, by mass. LiBH,

19¢

releases H, upon melting at 280°C."”™ However, there is limited research on their behavior as H, storage

molecules due to their inherent instability.

8) NaAlH, —— NaH + Al+32H,  Tuenycrogenation = 265°C

NaAlH; T2 NaH + Al+32Hy  Teenyarogenaton = 150°C

b)  LiNHz+LiH —» LipNH + H; Taehydrogenation = 277°C
LiNH, + LiH M3.9093M o | NH + H, T dehydrogenation = 100°C

Figure 1.02. Effect of doping on dehydrogenation temperature of complex metal hydrides.
Additional concerns surrounding metal hydrides focus on safety and implementation. Metal hydrides, in
particular [AIH,]", are highly water sensitive and storage vessels must be developed to exclude water.
Furthermore, regeneration of metal hydrides will most certainly require “off-board” recharging® and in the

recharging process itself, metal hydrides suffer from incomplete rehydrogenation.*'*

b) Ammonia Borane

A particularly exciting molecule, ammonia borane (AB) boasts 19.6% by weight H, (Figure 1.03).'%%!
There are a variety of homogeneous, transition metal catalysts,”” as well as acid catalysts,” that are capable
of dehydrogenating AB at temperatures and pressures relevant for use in every day application. AB.

dehydrogenation is proposed to proceed through a 3-step process, each releasing one equivalent of H,



(Figure 1.032).2"® In the first stép, AB is dehydrogenated to release 1 equivalent of H; and an N-B
byproduct of the general formula (H,N-BH,),, of which cyclotriborazane (Figure 1.03b) is an example.
The second step releases another equivalent of H, and byproducts such as borazine (HN-BH),. Finally, the
remaining equivalent of H; is released to give boron nitride. This complete dehydrogenation releases 3
equivalents of H,. However, there is currently no broadly applicable method by which AB can be
regenerated from boron nitride. > There is one DFT-directed study suggesting that it might be possible to
regenerate AB from poiyborazylene, a polymer of borazine formed under extended heating.> While this
would allow for cycling of hydrogen storage and release, it is only possible to regenerate AB from
polyborazylene, not boron nitride. As such, the total weight percent H, released drops to 13.06%, or two-
thirds of the initial theoretical yield. Ramachandran and co-workers have reported Ru-catalyzed solvolysis
of AB to yield [NH,][B(OMe)], which can be treated with NH,Cl and LiAlH, to regenerate AB.*
However, there has been no report of recycling Al(OMe), back to LiAlHy, a necessary step to create a

catalytic cycle.

HN-BHy —3» 1 (HN-BHo), + Hp, (1)

a)
{HH-BHp), — I~ (HN-BH), + H, @
(HN-BH), —————3= BN +H, (3)
5 H
HZN/ NN, N S N
b) o i
HN —BH; “
& Ble B~ WA BH
\H/ \ﬁ/ 2 \/ 2
2

ammonia borane (AB)  cyclotriborazane borazine Bis-BN cyclohexane
Figure 1.03. a) Stepwise dehydrogenation of ammonia borane (AB) b) AB and related cyclic
borane compounds.

Other boron hydride systems have also been investigated, most recently Bis-BN cyclohexane (Figure
1.O3b).27 Unlike AB and its derivatives, Bis-BN cyclohexane is kinetically stable in both solution and the
solid state at 150°C, which is attractive if H, storage is needed for long periods of time under more extreme
conditions. Both heterogeneous and homogeneous catalysts are capable of dehydrogenating Bis-BN
cyclohexane to release its 4.8% hydrogen. Pd/C mediates the dehydrogenation at 120°C to give 75%

conversion, but higher temperatures (150°C) were required to achieve conversion >95%. Even more




impressive, when subjected to 5 mol% Ru(Cl),(NH,CH,CH,PR;); (R = 'Bu), Bis-BN cyclohexane
undergoes dehydrogenation at room temperature in 15 min, yielding >95% conversion of Bis-BN
cyclohexane. At more elevated temperatures, 65°C, only 0.5 mol% catalyst was required to give the same
conversion (Scheme 1.01). While these results are certainly promising, Bis-BN cyclohexane suffers from
similar problems to AB. The synthesis of Bis-BN requires 5 steps, including reduction with LiAlH,, and
two steps involving significant amounts of strong acids. Furthermore, in addition to H,, dehydrogenation of
Bis-BN cyclohexane produces boron, carbon, nitrogen-containing cage structures (Scheme 1.01). These

were found to be highly crystalline, but no methods for regeneration Bis-BN cyclohexane are currently

known.
PJ/C (10mol%)  [Ru} (0.1 mol%) /
H /\NH toluene, 150°C  ©f  THF, 85°C VB —7/'NH
8 2 1hr 12 hr HN _BH l
2 > 4Hp+ IHN l——BH
HoN \/BHZ > 85 % conversion HB LN A
<Pllh \\\\\N
(Ru] = ) < (
/ | \
Scheme 1.01. Dehydrogenation of Bis-BN cyclohexane catalyzed by
RU(Cl)z(NH2CH2CH2P( BUz))
¢) Hydrazine

Anhydrous hydrazine is a colorless, oily liquid at room temperature and has H, content of 12.5% by
weight.2® It has been widely used as a propellant in rocket propulsion and in automobile air bags, as a
blowing agent in polymer synthesis, and as a starting material for many pesticide syntheses.”” In its
anhydrous form, hydrazine undergoes decomposition by one of two processes; incomplete decomposition
(Eq 3) releases 4 equivalents of NH; and no H, gas, while complete decomposition (Eq 4) releases 2

equivalents of H; along with N, 2%

3 HNNHy ————3»  4NHz + N, Eq (3)

H2NNH2 ———— N2+ 2 Hz Eq (4)



Selectivity for complete over incomplete dehydrogenation is of importance if hydrazine is to be used for H,
storage. While it is possible to further dehydrogenate NH; to H,, this requires temperatures >400°C, a
significant and unnecessary increase from 30-80°C where a variety of reported catalysts effect complete
decomposition to produce high yields of H,.** Despite its high H, content and production of only N as a
byproduct of decomposition, hydrazine is extremely toxic and explodes on contact with metal surfaces,
although supported metal surfaces (such as supported nanoparticles) do not show this behavior.”” Hydrazine
is toxic to bacteria, algae and marine wildlife.” Additionally, it is not permissible to dispose of hydrazine in
wastewater, and any water contaminated with hydrazine must be collected and treated with NaClO or H,0,,
as well as assessed for possible NH; contamination as a result of incomplete decomposition.”’ Because of
its toxicity and explosive nature, anhydrous hydrazine has received less attention than hydrous hydrazine as
a possible H, storage molecule. Nonetheless, SiO;-supported Ni, Pd, and Pt catalysts have shown activity
for H, production (with 90% selectivity for Hy) at 50°C.*' Increasing the temperature results in a decrease
in selectivity, until H; is once again the favored product at temperatures >400°C. As was described above,
this suggests competition between Eq (3) and Eq (4) and highlights the power of temperature control over
selectivity.

With safety in mind, research has focused more on the use of hydrous hydrazine (H;NNH,*H,0), which
does not exhibit the same explosive qualities as its anhydrous counterpart. Nanoparticles (NPs) of Fe, Co,
Ni, Cu, Ru, Rh, Ir, Pt and Pd have been investigated for activity toward dehydrogenation of hydrous
hydrazine.*? Of these, Rh-based NPs were found to be the most active and selective (44% selectivity) for
dehydrogenation at 25°C. This selectivity could be improved to give 100% at 25°C by the addition of Ni at
a Rh:Ni ratio of 4:1.>> While these selectivities and conditions are impressive and appropriate for
application in fuel cells, the use of expensive and rare noble metals, especially Rh, is not ideal. Qiang and
co-workers extended their work with Rh NPs to first row transition metals and reported the use of Ni-Fe
NPs at 70°C to give 81% selectivity for H, release.*® This selectivity could be increased 100% by the
addition of NaOH. It was suggested that NaOH acted to basify the catalyst surface, thus decreasing the
favorability for the formation of basic NH;. Ni-Fe NPs in other ratios (Ni;Fe and NiFe;) showed lower

selectivities for H, production, 89% and 71% respectively, and were not affected by the addition of base.



However, base addition did increase selectivity of NiysPtss (61% to 86%) and Niselrso (7% to 95%) NPs,
indicating it may be a more universal promoter than previously thought.**

Afthough these NP systems show high selectivity at low temperature, they all require the use of
surfactants such hexadecyltrimethylammonium bromide (CTAB) to allow for high dispersion and an
increased surface area. Surfactants can often decrease the overall catalytic performance of NPs as they
compete with NPs for open sites on the supporting surface, make preparation of NPs difficult, and often
require inert atmospheres for processing.”® In 2015, Jiang and co-workers reported the one-step, 10-minute,
surfactant-free synthesis of Niy¢FepsMo NPs. These NPs exhibit excellent catalytic activity and show
100% selectivity for H, production from hydrous hydrazine at 50°C.”* Furthermore, these particles could be
recycled through at least 3 iterations of hydrazine dehydrogenation with no loss in activity or selectivity.
Combining the knowledge of how to safely work with hydrous hydrazine with simplified syntheses of
surfactant-free, non-noble metal NPs opens doors for future work on hydrazine dehydrogenation. However,
it still remains to be seen if hydrazine geﬁeration from N, and H; is possible, as this would be necessary to

create a renewable cycle for H, storage.”®

d) N-Heterocycles

N-heterocycles represent a promising HSM due to their increased safety and stability as compared to
metal hydrides and AB, as well as ease of transport and distribution using existing infrastructure.’
Additionally, liquid fuels would not require the engineering of sophisticated high-pressure, low-
temperature fuel tanks, as would be required for use of gaseous H2.‘6 Furthermore, their direct
dehydrogenation would produce only organic byproducts that could feasibly be regenerated in an off-board
recharging station.® However, N-heterocycles do not contain a high percent H, by weight (typically 6-8%
combared to AB 19.6%). In addition, only the hydrogen released from the N-heterocycle is combusted to
generate energy, whereas in gasoline, the hydrogen and carbon are both combusted. This translates to an N-
heterocycle fuel producing only 17% of the energy content of a comparable gasoline fuel.®* However,
maintaining the carbon framework means no CO, is produced as a result of combustion; this is certainly
positive given the detrimental environmental effects of CO,. Finally, the retained carbon framework

presents the opportunity for direct regeneration of the fuel, creating a closed, carbon-neutral cycle.




For some time, it had been assumed that reversible (de)hy&rdgenation of organic compounds was not
possible, due to unfavorable energetics, both thermodynamic and kinetic.® The few examples reported
required temperatures in excess 375°C to release H, from cyclohexane. However, it is possible to define a
temperature, Ty, at which AG = 0. At T, the entropy created by release of H, offsets the unfavorable
enthalpy. Furthermore, when using N-heterocycles rather than all-carbon systems, T4 can be lowered
significantly 5 Crabtree and co-workers reported computational results showing the ring size, number and
placement of nitrogens in the N-heterocycle can drastically change the energetics of dehydrogenation.36
-Specifically, five-membered rings with nitrogen in the 1 and 3 positions show the most significant
thermodynamic driving force for dehydrogenation.

Using this information, many groups have designed homogeneous catalysts for the (de)hydrogenation of
N-heterocycles.”” In order for N-heterocycles to act as HSM, reversibility under moderate conditions is
required. In 2009, Fujita and co-workers reported the first homogeneous system for reversible
(de)hydrogenation of N-heterocycles using a Cp*Ir catalyst (Scheme 1.02).™ Using 2 mol% catalyst in
refluxing p-xylene, they were able to obtain 100% conversion and 100% yield of a variety of quinoline
derivatives. Furthermore, the reverse reaction could be carried out with 4 mol% catalyst under 1 atm H, at
110°C, again in 100% conversion and yield. To fully demonstrate the utility of this system, Fujita and co-
workers were able to perform 5 consecutive dehydrogenation/hydrogenation cycles with only 2% loss in

yield by the fifth cycle.

[Ir) 2 mol%
pxylene, reflux
20 hr

+2H = N =
N N/ ’ l , \CI
H \_/ 0

[Ir] 4 mo!%, 1 atm H,
p-xylens, 110°C
20 hr

100% conversion and yield, 5 cycles possible

Scheme 1.02. Reversible (de)hydrogenation of 2-methylquinoline catalyzed by Cp*ir
catalyst.

Following this excellent discovery, Crabtree and co-workers reported an Ir catalyst capable of

hydrogenating a wide variety of quinoline derivatives, with high yields and selectivity, at room temperature




and only 1 atm H, (Scheme 1.03).3 7@ While this system did not explore reversibility, it demonstrates the
remarkable activity of homogeneous catalysts and set the groundwork for future work toward applicable

reversible H; storage in N-heterocycles.

yd
fir} 1 mol% N
1 mol% PPhgy J W, RN
1 atm H2 [lf] "'I’ o
to|uene RT Ph P/ \\
3

>95 % conversion

Scheme 1.03. Hydrogenation of 2-methylquinoline catalyzed by an NHC-Ir catalyst.

More recently, Jones and co-workers reported the first Fe-based catalyst for reversible N-heterocycle
(de)hydrogenation.™ At catalyst loadings of 3 mol%, 100% conversion- was seen for catalytic
dehydrogenation of ,2,3,4-tetrahydroquinaldine. Isolated yields in excess of 60% were seen for a variety
of N-heterocycles, including methylindoline and piperidine derivitives, of which a representative example
is shown in Scheme 1.04a. The reversibility of this reaction was demonstrated by subjecting the related
unsaturated N-heterocycles to 3 mol% catalyst and low pressures of H;, (representative example shown in
Scheme 1.04b). The addition of base was required when using catalyst 2 and the mechanism of action was
determined to be the formation of the active species, 3. Catalyst 1 was able to undergo thermal loss of BH,
to generate this active species in-situ in the absence of base. Furthermore, isolated samples of 3 were found
to give comparable catalytic activity. The reactivity of these and related Fe compounds will be further

discussed in relation to dehydrogenation of FA (Chapter 3) and MeOH (Chapter 4).

l fl '
= 2
Xyl ene. re ux _ X

91% yield (_ l_:E (_— o

N —Fe —CO
3 mol% 2 (_/| <_/ \
KO'Bu (10mol%)
b) = 5atmH, . E-= PiPrz
P THF, 80°C
N 24 hr N X=BH3 (1) o Br (2) 3
92 % yield

Scheme 1.04. Representative examples of Fe-catalyzed {de)hydrogenation of N-heterocycles.
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) | Liquid organics: formic acid and methanol
i Formic Acid

Formic acid (FA) was first proposed as an HSM in 1978 By Bloom and co-workers.*® In particular, they -
noted that FA was easily formed from the electrocatalytic reduction of CO,,” and thus offered a convenient
way to utilize CO, in the search for alternative energy vectors.*® Since this original report, there have been
many subsequent reports of CO, reduction to FA, using both electrocatalytic, heterogeneous® as well as
thermal, homogeneous®' transition metal catalysts. Furthermore, it has recently been shown that FA can be
generated renewably from biomass.”” The dehydrogenation of FA is thermodynamically favored, and

releases one equivalent of H; of sufficient purity for direct use in PEM fuel cells® (Eq 5).

HCOLH > COp+H,  AG=-329kimol!  Egq(5)

The DOE has set criteria such that by the year 2015, any potential HSM must contain 9% by weight H,.°
FA is 4.8% by weight H; and falls below this, arguably ambitious, standard. Furthermore, FA is a corrosive
acid, which, in concentrated amounts, can cause significant burns to skin and mucous membranes of
humans and animals.* It is dangerous if ingested in large amounts (vide infra), although arguably no more
toxic than ingesting large quantities of gasoline.* FA is approved by the Food and Drug Administration
(FDA) to be used as a food additive and many FA derivatives are used as sweeteners and artificial flavors.
Additionally, many biological processes are capable of clearing FA from the body and the half-life of FA in
human blood plasma is a mere 45 min.* Overall, FA is considered to be generally non-toxic, stable, and
easily transportable using current infrastructure. In addition, its dehydrogenation is favorable at moderate
temperatures and ambient pressure, a feature that is not true of other H; storage molecules such as metal
hydrides and AB. %214

Heterogeneous catalysts for FA dehydrogenation have been known since 1930, although most of these
systems were not designed with hydrogen storage in mind, and required high temperatures to release
significant amounts of H,.** Additionally, this lack of optimization led to high yields of CO formation, a
known poisoning agent of PEM fuel cells.* More recent work has focused on the use of AL,Os-supported

Au nanoparticles. These particles have shown good selectivity for FA dehydrogenation and produce very
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little CO at temperatures around 80°C, comparable to homogenous systems (vide infra).*® The use of noble
metals such as Ir, Pd, Pt, Ru and Rh on activated carbon surfaces highlights some of the shortcomings of
heterogeneous FA dehydrogenation.”’” Under similar conditions to those used on Au nanoparticles, these
metals give moderate relativities for FA dehydrogenation. However, they also produce a significant
amount of CO. The addition of water and increased temperatures (>220°C) improved selectivity and
decreased CO production. However, the addition of water makes these materials unsuitable for use in fuel
cells and the elevated tehperatures make their application impractical.” Heterogeneous catalysts are of
great interest in systems where the separation of the catalyst from the product mixture is important for high
yields and purity. Selective release of H; for use in transportation certainly falls into this category, but the
need for elevated temperatures and the poor selectivity of many heterogeneous catalysts has hindered their
application in these systems. |

The earliest work on FA dehydrogenation using homogenous catalysts focused on noble metals, in
particular ruthenium (Ru) and iridium (Ir). In 1967 Coffey described the activity of IrH,CI(PPh;); which
gave a turnover frequency (TOF) of 1187 hr' and turnover numbers (TON) of up to 10,000.* However,
this reaction required temperatures of greater than 100°C and the addition of excess phosphine ligand to
achieve such rapid turnover and extended catalyst life. It was not until 1998 that another homogenous
system of similar activity was reported. Puddephatt and co-workers reported the use of a Ru dimer, [Ruy(p-
CO)CO)4(u-dppm),] (dppm = diphenylphosphinomethane), for FA decomposition which gave a TON of
500 after 20 minutes.* Following these initial discoveries, a variety of Ru and Ir catalysts showing high
activity (TON often >350,000) were reported by Fujita® (Table 1,01 C), Himeda®' (Table 1.01 D), Beller’

(Table 1.01 E), and Reek> (Table 1.01 F).
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Table 1.01. Selected homogeneous transition metal catalysts for FA dehydrogenation.

PtBU2
H
Fe(BF 2 6 H,0 / N ——FeiCO
4 eq P((CH,CHPPh)} ={ |
PBUz
A B
2+ 3042'
- PR ~ -
Cp* _NUNH _pR 5
/Ir< Q :R:u<C| N o}lr%o N
Ho" NTNH e i R\él/ l*l'l \Ié/R
~ \ J g
PR =PPh, o)
R = 4-Buy-phenyl
D E F
Catalyst TOF (h™)* TON Yield (%) Reaction Conditions Reference
A 5,390 92,417 1 4 eq ligand 80°C, PC* Beller”
B Notgiven 100,000 100 . 50 mol% NEt; 40°C, dioxane  Milstein®
C 228,000  308,000° _ 1:1 90°C Fujita®®
HCOzHZN&COzH
D 34,000° 10,000 100 Aqueous HCO,H 80°C Himedasbl
E 902 10,000 11:10 o Beller*?
10 HeoH:0ctNMe, 80°C
F 3,092¢ 10,000 10 Toluene 85°C Reek>

®Measured after the first hour, "Measured after the first 10 min, “Performed at 80°C, “Measured after 12-35% conversion
achieved. °PC = propylene carbonate .

There are only two examples of first row transition metal catalysts for FA dehydrogenation, both utilizing
Fe. In 2011, Beller and co-workers reported the first Fe-based catalyst for FA dehydrogenation using
Fe(BF,);*6H,0 and 4 equivalents of the ligand PP; (tris[(2-diphenylphosphino)ethyl]phosphine to achieve
a TON of 92,000 (Table 1.01 A).>* Three years later, Milstein and co-workers reported a pincer-supported
Fe catalyst that, with the addition of 50 mol% NEt;, achieved TON of 100,000 (Table 1.0] B).”> While
these catalysts show high activity at moderate temperatures (40-80°C), overall reaction times are very long
(on the order of days) and TOF and TON do not come close to those achieved with noble metal catalysts.

A common problem with many of these systems remains the need for added base, often in large excess,

52b,55-56 amine

or complicated ligands that often contained a pendant base.”®>** In systems requiring base,
bases such as triethylamine (NEt;) and di-methyl-octylamine (OctNMe,) are most common. It has long
been known that NEt; forms 3:1 adducts with FA to give “activated FA”" These NEt;:FA adducts are

highly reactive reducing agents and are often used in organic chemistry as an in-situ source of hydrogen.*”
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58 Whether this is the action of the added base in FA dehydrogenation is still unknown, although research
presented in Chapter 3 delves further into this topic. |

If FA is to be a useful H, storage molecule, highly active catalysts for dehydrogenation must made from
cheap, abundant, non-toxic metals. Furthermore, they must be used in combination with simple, easily
synthesized or commercially available supporting ligands, preferably in the absence of expensive and

potentially dangerous additives.

ii. Methanol

Methanol is one of the most important industrial chemicals in the world, with worldwide consumption
reaching nearly 50 million metric tons in 2011.%° Nearly 85% of this methanol is converted to other
industrial products such as formaldehyde, methyl tert-butyl ether (MTBE), and acetic acid.” Since the
1920s, methanol has been used as a fuel in the highly specialized Otto engines of racing cars and
airplanes.6° However, despite the decrease in emissions of NOy, hydrocarbons and CO, Otto engines
produce a significant amount of formaldehyde.” As such, direct use of methanol as a fuel is no more
environmentally or health conscious than the use of fossil fuels.

The use of methanol as an HSM is attractive for reasons beyond its 12.3% by weight H, content,
Methanol is non-corrosive and readily biodegraded by the enzyme alcohol dehydrogenase, which is found
in most microorganisms that inhabit the soil.” It has been determined that methanol poses no significant
environmental threat as accumulation in the atmosphere, water or ground would be negated by the action of
alcohol dehydrogenase.” However, methanol does pose a significant threat to human life, if consumed in
exceés. Methanol poisoning, first reported in 1855, occurs when methanol is degraded in the body to FA.
In the presence of folic acid, this FA can be further degraded to harmless CO, and H,0.% However, folic
acid in this amount is not generally present in the human body, and excessive methanol absorption can lead
to FA build up and ultimately poisoning. Despite these health concerns, methanol is still of great interest as
an HSM because it is already produced and transported worldwide on an enormous scale. The required
infrastructure and safety measures to avoid ill effects to humans have already been developed, tested and

proven effective. A true barrier to the use of methanol as a H, storage molecule lies in the fact that is
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currently produced from steam reforming of natural gas and/or the use of WGS reaction.” This is a non-
sustainable and environmentally detrimental method of productién. Renewable and environmentally-benign
production of methanol is an enormous area of research and has seen marginal success in homogeneous
systems,” with significant progess greatly needed to make methanol dehydrogenation a renewable
hydrogen product.ion cycle.

The earliest report of methanol dehydrogenation was in 1985 when Saito and co-workers reported the use
of [Ru(OAc)4Cl] in combination with PPh; to produce formaldehyde and methyl formate as well as Hj
with a TOF of 0.59 hr'® In 2013, Griitzmacher® reported a Ru catalyst (Table 1.02, A) with the
complicated trop,dad ligand which is capable of storing several equivalents of H;. Using this cataiyst it was
possible to achieve yields of H, of 90% from the dehydrogenation of 1:1 MeOH:H,0. More importantly,
Griitzmacher’s catalyst is active in the absence of base, which is not true of the Ru-based system'
subsequently reported by Beller.® Beller’s pincer-supported Ru catalyst (Table 1.02, B) achieved
unprecedented TONs, but suffered from low yields and the requirement for 8M KOH. However, in 2014
Beller reported a bicatalytic Ru system that was capable of base-free MeOH dehydrogenation (Table 1.02,
C). This system also suffered from low yields and TON. Milstein also reported a pincer-support Ru
catalyst capable aqueous phase methanol dehydrogenation (Table 1.02, D).*” As with Griitzmacher’s
catalyst, this Ru complex was dependent on the action of the ligand to reversibly add H,. However,
Milstein’s catalyst required addition of ba_se. The only example of a first row transition metal catalyst was
reported in 2013 when Beller described the use of an Fe catalyst (Table 1.02, E).% Again, this catalyst
required significant amounts of 8M KOH for activity and gave only a 6% yield of H, from a 4:1
MeOH:H,0 mixture. Chapter 4 outlines a new advance allowing for base-free methanol déhydrogenation

using an Fe catalyst.
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Tabie 1.02. Homogeneous transition metal catalysts for aqueous-phase MeOH dehydrogenation
to COz and Ha.

L) rE ;
&’ Rlu‘v‘\// Q '> ’ _RUE—CO

E= P'Prz
K(dme)z
A B
H H
:ra\’ . = :'“\/
H 2 H \ ./ N/ H_ H
as P, N *{/N &l
N—Ru\———-CO + PhP—Ru—PPh, R N-—-—-Fe\—co
D \P> oc” &P A3
H Ph, H
E=PPr, E=PPr,
D E
Catalyst  Ratio MeOH:H,0 Solvent Additive TON Yield (%) Reference
A 1:1 MeOH:H,0 THF - 540 90 Griitzmacher®
B 4:1 MeOH:H,0 Neat SMKOH 350,000 27 Beller®®
C 4:1 MeOH:H,0 Triglyme - 4200 26 Beller®®
D 1:1 MeOH:H,0 Toluene KOH 28,000 77 Milstein®’
E 4:1 MeOH:H,0 Neat 8M KOH 9800 6 Beller®

IV. Conclusions

The implementation of an environmentally-benign, renewable energy vector is essential for the continued
evolution of our global economy; H; is a possible energy vector that produces only H,O as a byproduct.
However, the safety concerns associated with H, gas necessitate the development of reversible hydrogen
storage molecules. Many of the proposed HSM discussed above must overcome similar problems including
lack of renewable sources of starting materials or regeneration of the spent fuel, selectivity for H, over fuel
cell-poisoning side products, toxicity of the energy vector, or production of environmentally harmful side
products. Much research. has focused on mitigating these ill effects as well as producing highly active
catalysts composed of cheap and abundant materials. This thesis will focus exclusively on the use of Fe-
based catalysts for the dehydrogenation of FA and methanol. FA and methanol are among the safest HSM
in terms of environmental and health effects, ease of transport, and overall reactivity with transition metal
catalysts. Furthermore, both are industrially important chemicals, which increases the demand for the
development of renewable syntheses. The following chapters will contain detailed discussions of syntheses

of Fe-based catalysts, optimization of catalytic conditions for FA and methanol dehydrogenation, as well as
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a discussion of the application of Lewis acid co-catalysts for catalytic enhancement.
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Chapter 2: Synthesis and Spectroscopic Investigation of PNP Pincer-Supported Fe Compounds

L Introduction

Over the last two decades pincer ligands have become some of the most versatile and important ligands
for stabilizing reactive transition metal complexes.' In general, their straightforward and modular syntheses
allow for relatively facile tuning of both the steric and electronic properties of the resulting pincer-
supported complexes. Furthermore, the strong binding of these ligands to a variety of different metals often
generates complexes with extremely high thermal stability. As a result, transition metal complexes
supported by pincer ligands have been utilized for the activation of small molecules such as CO,” and N;’
and as catalysts for a variety of processes including alkane dehydrogenation,* alkane metathesis,’ olefin
polymerization® and transfer hydrogenation.® However, despite the impressive applications of pincer-
supported complexes, the binding of pincer ligands to transition metals has not been explored to the same
extent as the coordination of simple monodentate and bidentate ligands. Therefore, fundamental studies on
the properties of pincgr-supported transition metal complexes, which could provide insight for the design of
the next generation of reactive species, are important.

In recent years, "PN"'P-type pincer ligands of the general formula HN{CH,CH,(PR,)}, (R = alky! or aryl)
have received significant attention’ due to their ability to support transition metal catalysts and stabilize
complexes in unusual geometries. For example, Beller and co-workers™’* have demonstrated catalytic
dehydrogenation of methanol to H,and CO, using both Fe and Ru complexes supported by a "PN"P ligand,
while Schneider and co-workers utilized this ligand to prepare the first examples of square planar Rh, Ru
and Ir nitrides.”™" In almost all reported complexes supported by "PN"P ligands, the ligandAbinds ina
meridional fashion, as expected for a pincer ligand. Nevertheless, there are a handful of examples,
particularly in dimeric complexes, where the "PN"P ligand binds in a facial orientation.’”*™"™ This has led
to speculation that these ligands, especially those with alkyl linkers, are not only flexible, but also that
reactive intermediates may lead to different products depending on whether the ligand is in a meridional or
facial geometry.” However, at this stage, there are no examples of complexes supported by RPNPP ligands
which have been shown to exist in both meridional or facial geometries either in solution or the solid state.

In general, this type of interconversion has rarely been demonstrated for pincer ligands.® This chapter
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describés a number of five coordinate Fe complexes supported by the RpNMP ligand, HN{CH,CH,(PR,)};
(R = 'Pr (*PN"P), 'Bu (B*PN"P) or cyclohexyl (“PNP)). A variety of techniques, including X-ray
crystallography, Mdssbauer, and magnetic circular dichroism (MCD) spectroscopy, show that these
complexes exist as isomers in which the ®pPN"P ligand can be in a pseudo-meridional or a pseudo-facial
geometry. These studies conclusively demonstrate that these ligands are flexible in solution, which could
be a crucial factor in the reactivity of this important class of compounds. Below is presented a brief
discussion of the flexible binding of these "PN"P -supported Fe compounds. A detailed explanation of the

Méssbauer and MCD spectroscopy can be found in the Ph.D thesis of Kathlyn Fillman.’

IL Results and Discussion
This work has been previously published.'® Synthesis and crystallization conditions for 1a-¢ were initially

reported by Dr. Timothy Schmeier."!

Using a modification of a procedure described by Milstein and co-workers,'? the ligands *"PN'P, ®*PN"P
and “PN"P were coordinated by heating the free ligand with anhydrous FeCl, in THF (Figure 2.01). The
new pincer supported complexes 1a-c are insoluble in THF and precipitate out of the reaction mixture as
white solids. The reaction proceeded more slowly as the steric bulk of the phosphine substituent was
increased. The coordination of the *'PN"P ligand required only two hours to reach completion, while the
BUpNHP and “’PN"P ligands required longer reaction times. The new complexes la-c are paramagnetic and
solution magnetic measurements using the Evans' NMR method, performed by Cassie Pan, were consistent

with an S = 2 ground state for each complex.

_—E E |
FeCl H ! B 1a; E =PPr, Time=2hrs
— %2 . "SN—Fe—Cl 1b;E=PCy,, Time=4hrs

H-—N
1 THF, 65°C, Time <_ /I 1c; E = PBuy,Time = 16 hrs
E E ¢

Figure 2.01. Synthesis of "\PN"P-Supported Fe Compounds
Complexes 1a and 1c were characterized by X-ray crystallography. Interestingly, two different

polymorphs of complex 1a were crystallized, as shown in Figures 2.02a and 2.02b. In one polymorph the
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Fe center is in a distorted square pyramidal geometry (1a*’) with one acetonitrile molecule in the crystal
lattice, whereas in the other polymorph the Fe is in a distorted trigonal bipyramidal geometry (1a™). In
1a® the 'PNP ligand is coordinated in the expected meridional fashion and occupies positions around
the base of the square pyramid, with one of the chloride ligands occupying the axial position. The P(1)-
Fe(1)-P(2) bond angle is 151.60(4)°. The degree of distortion from square pyramidal was quantified by
calculating the value 7." On the scale of 0 to 1, where 0 denotes idealized square pyramidal character and 1
idealized trigonal bipyramidal character, T is 0.053. In contrast, in 1a™® the ""PN"P ligand coordinates
facially and the P(1)-Fe(1)-P(2) bond angle is 117.96(4)°, while the angle between the nitrogen atom of the
PrpNHP ligand, Fe(1) and CI(2), which occupies one of the apical positions, is 170.19(8)°. Here, the value
of t is 0.79. Facial coordination of the "PN"P ligand has been observed mainly in dimeric species, &7
although the structure of (""PNMP)CoCl, is quite similar to 1a™".™ The Fe(1)-N(1) bond distance is
significantly elongated in 12" (2.372(4) A) compared to 1a°" (2.260(4) A), while the Fe-P bond lengths
are elongated in 1a*® (2.5506(11) & 2.5853(11) A) compared to 1a™ (2.4976(9) & 2.4857(9) A). In both
cases this is probably related to the trans-influence. In 1a*™® the central nitrogen atom of the "'PN"P ligand
is directly opposite a chloride ligand, whereas in 1a°" it is not directly opposite any ligand. However, in

1a®" the two phosphorus atoms are trans to each other, whereas in 1a'® they are not trans to any ligand.
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Figure 2.02. a) ORTEP" of 1a°" (Selected hydrogen atoms and solvent of crystallization omitted
for clarity). Selected bond lengths (A) and angles (°): Fe(1)-Cl(1) 2.3678(10), Fe(1)-Cl(2)
2.3033(11), Fe(1)-N(1) 2.255(3), Fe(1)-P(1) 2.5506(11), Fe(1)-P(2) 2.5853(11), P(1)-Fe(1)-P(2)
151.60(4), P(1)-Fe(1)-Ci(1) 99.08(4), P(1)-Fe(1)-Cl(2) 96.56(4), P(1)-Fe(1)-N(1) 78.12(8), P(2)-
Fe(1)-Ci{1) 99.77(4), P(2)-Fe(1)-Cl(2) 95.87(4), P(2)-Fe(1)-N(1) 77.93(8), Cl(1)-Fe(1)-
CI(2)111.92(4), N(1)-Fe(1)-CI(1) 99.66(8), N(1)-Fe(1)-CI(2) 148.42(8). b) ORTEP™ of 1a™
(Selected hydrogen atoms omitted for clarity). Selected bond lengths (A) and angles (°): Fe(1)-
CI(1) 2.3390(8), Fe(1)-Cl(2) 2.3338(9), Fe(1)-N(1) 2.373(2), Fe(1)-P(1) 2.4976(9), Fe(1)-P(2)
2.4857(9), P(1)-Fe(1)-P(2) 118.03(3), P(1)-Fe(1)-CI(1) 122.98(3), P(1)-Fe(1)-Ci(2) 94.78(3), P(2)-
Fe(1)-N(1) 76.83(7), P(2)-Fe(1)-CI(1) 109.49(3), P(2)-Fe(1)-Cl(2) 102.17(3), P(2)-Fe(1)-N(1)
77.82(7), Cl(1)-Fe(1)-Cl(2)104.52(3), N(1)-Fe(1)-Ci(1) 84.58(6). N(1)-Fe(1)-Cl(2) 170.15(7).

In general, for simple five-coordinate (SC) transition metal compounds the potential energy surface is
quite flat and the energy difference between trigonal bipyramidal and square pyramidal geometries can be

small.’®

The structures of 1a°" and 1a™ are the first example where a complex containing the same "PN"P
ligand crystallizes in both meridional and facial geometries. Furthermore, this behavior has only been noted
in three examples with any kind of pincer ligand.® A potential cause for the different structures could be
related to hydrogen bonding. In 12", there is a weak hydrogen bonding interaction between the
coordinated acetonitrile molecule and one of the chloride ligands, while in both structures there is hydrogen
bonding between the N-H group of the ligand and one of the chloride ligands. However, DFT calculations
in the gas phase (where there are no hydrogen bonding effects) at the MO6L level, located two minimum

®P without the use of any

energy structures, which gave reasonably good agreement with 1a°*¥ and 1a
constraints. The calculated structure of 1a°" is 0.73 kJ mol™ lower in energy than the calculated structure
of 1a™ which is consistent with the observation of two different polymorphs. Similar results were

obtained with the uB3LYP functional. This suggests that packing effects are not responsible for the

observation of both isomers, although the packing between the two compounds is very different.
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The crystal structure of 1e (Figure 2.03a) is essentially isostructural with 1a°*’. The ®*PN"P ligand is
coordinated in a meridional fashion (the P(1)-Fe(1)-P(2) angle is 150.33(4)°) and the Fe center is in a
distorted square pyramidal geometry (the value of T is 0.033). A structural overlay (Figure 2.03 b) of 12
and 1c reveals that the extra methyl groups present on ®*PN"P compared with "PN"P occupy space above
the open coordination site of 1¢. This pushes CI(2) away from the open site and the CI(1)-Fe(1)-C1(2) bond
angle is more acute in 1¢ (106.95(4)°) compared Qith 1a™ (111.97(5)°).

a) b)

Figure 2.03. a) ORTEP™ of 1¢ (Selected hydrogen atoms omitted for clarity). Selected bond
lengths (A) and angles (°): Fe(1)-Cl(1) 2.3334(14), Fe(1)-Cl(2) 2.3385(11), Fe(1)-N(1) 2.221(3),
Fe(1)-P(1) 2.6144(15), Fe(1)-P(2) 2.6111(14), P(1)-Fe(1)-P(2) 150.33(4), P(1)-Fe(1)-Ci(1)
100.75(5), P(1)-Fe(1)-Cl(2) 97.81(4), P(1)-Fe(1)-N(1) 78.15(10), P(2)-Fe(1)-CI(1) 100.02(5), P(2)-
Fe(1)-Ci(2) 96.13(4), P(2)-Fe(1)-N(1) 77.35(10), CI(1)-Fe(1)-Ci(2) 106.95(4), N(1)-Fe(1)-Ci(1)
100.70(11), N(1)-Fe(1)-CI(2) 152.30(11). b) Structural overlay of 1a*” (green) with 1¢ (red).

’Fe Mossbauer spectroscopy, performed by Kathlyn Fillman, was used to investigate the electronic
structures of as-isolated powder samples of 1a-1¢ in the solid state (Figure 2.04). In all cases the samples
were not exposed to acetonitrile. The 80 K Mossbauer spectrum of 1a (Figure 2.04a) is well-fit to a single
Fe species with 8 = 0.86 mm/s and AEq = 2.89 mm/s. For 1b (Figure 2.04b), the best fit to the 80 K
Madssbauer data comprises a single major component with & = 0.86 mm/s and AEq = 2.98 mm/s (~ 97 % of
all Fe, red component). A minor species, which has parameters in the expected range for a potential Fe(III)
impurity is also present (& = 0.46 mm/s, AEQ = 0.69 mm/s, ~ 3% of all Fe, blue component). The 80 K
Maéssbauer spectrum of 1c (Figure 2.04c) is well-fit to a single Fe species with 8 = 0.99 mm/s and AEq =
2.69 mm/s. The observed isomer shifts for the three ("PN"P)FeCl, complexes all fall in the range of 0.85-

1.0 mmy/s, consistent with the presence of high-spin, S = 2 Fe(ll) species.'® By comparison, the high-spin S

= 2 distorted square pyramidal (PNPP)FeCl, complex (PN™P = 2,6-CsH;N(CH,P'Pry),, where a pyridine
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forms the central part of the pincer ligand) has Mossbauer parameters of 6 = 0.80 mm/s and AEq = 2.56
mm/s.'® It is notable that while the Mossbauer parameters 6f 1a and 1b are very similar, 1c exhibits a
higher isomer shift (0.99 mm/s vs. 0.86 mm/s; error in & is + 0.02 mm/s) as well as 2 smaller quadrupole
splitting (2.69 mm/s vs. 2.89 mmys; error in AEq = 0.04 mm/s). This variation suggests the possible
presence of a different structural distortion for 1c in the solid-state powder, which is more rigorously
determined by direct evaluation of the observed differences in the d-d transitions of the powders in NIR
MCD spectroscopy (vide infra). Lastly, no contributions of minor species corresponding to a second Fe(Il)
5C species are observed in the solid-state spectra. Consistent with this, there is also no evidence of a second
species from the d-d transitions observed of the same solid samples in NIR MCD (vide infra). If presel;t,

such a minor species is below our detectable limit and would represent ~ < 1-2% of all Fe present.
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Fngure 2.04. 80K *'Fe Mossbauer data (black dotsg and fit (black lines) of solid powders of a)
"PN"P)FeCly; 1a, b) (YPN"P)FeCly; 1b and c¢) (®*“PN"P)FeCly; 1c. For 1b, both major and
minor components are present in the best fit as described in the text.
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Near-infrared (NIR) MCD studies were performed on the solid-state powder samples used for Mossbauer
spectroscopy, in order to further probe the electronic and geometric structures of 1a-1¢ (Figure 2.05). The 5
K, 7T NIR MCD spectrum of a mull of 1a (Figure 2.05a, blue) exhibits two ligand-field (LF) transitions at
<5000 cm™ and 10560 cm™. A very similar set of LF transitions (bands at < 5000 cm™ and 10770 cm'*) are
also observed in the 5K, 7T NIR MCD spectrum of a mull of 1b (Figure 2.05a, green). In contrast, the 5K,
7T NIR MCD spectrum of 1c exhibits only a single LF transition at 9260 cm™ (Figure 2.05a, red).
Importantly, the energies of the observed LF transitions can be directly related to the coordination number
and geometry of the Fe(Il) complexes.”” For a S = 2 Fe(ll) 5C complex, the LF splittings have been
previously quantified using both LF theory calculations and MCD measurements of well-defined
coordination complexes with nitrogen and oxygen ligands. As shown in Figure 2.06, in distorted square
pyramidal 5C Fe(lI) (S = 2) complexes, the °E state splits by ~ 5000 cm’’ resulting in two LF transitions at
> 10000 cm™ and ~ 5000 cm™.'”"* By comparison, distortion to a trigonal bipyramidal 5C structure leads to

a smaller LF with transitions at < 10000 cm™' and < 5000 cm™./7¢*
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Figure 2.05. 5K, 7T NIR MCD spectra of (*PN"P)FeCl, complexes. NIR MCD of solid state mulls
of a) ("PN"P)FeCly; 1a, (YPN"P)FeCl,, 1b and (®*PN"P)FeCl,. 1c. Comparison of solid-state
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Figure 2.06. Ligand field energies in idealized 5C, high spin, 8 = 2 Fe (ll) compounds in either
square pyramidal or trigonal bipyramidal geometries
" Importantly, the MCD model studies of 5C Fe(II) complexes also demonstrated that changes in bond
lengths and/or distortions of square pyramidal structures can result in significant changes in the highest
energy LF transition via stabilization/de-stabilization of the doy2 orbital.!” For example, changes in the
strength of axial M-L bonding (via substitution of Cl for Br) shifts Fe out of the xy-plane and stabilizes the
dy.y2 Orbital, resulting in an increase in highest energy LF transitions by ~ 800 cm™ for [Fe(TMC)CI]" vs.
Fe(TMC)Br]* (TMC = 1,4,8,11-tetramethyl-1,4,8,1 1-tetraazacyclotetradecane).17c Furthermore, these
studies demonstrated the sensitivity of the d,o.; orbital to changes in the equatorial plane due to differences
in LF strength, where differences of up to 1800 cm™ were observed for FejO ligation in the equatorial plane
by changing the bidentate oxygen donor across the series OAc (acetate), OBz (benzoyl) and acac
(acetylacetone). Differences in LF strengths can also occur due to changes in M-L bond distances. This LF
analysis of geometries and structural distortions based on NIR MCD measurements has previously been
successfully applied to several Fe(Il) 5C species, including very low symmetry sites in non-heme Fe
metalloenzymes.”’d'f
While direct measurements of LF transition energies in 5C high-spin S = 2 Fe complexes supported by
PNP ligands have not been reported, the combination of equal numbers of stronger field phosphine ligands
and weaker field chloride ligands would be anticipated to result in LF energies for the ("\PN"P)FeCl,
complexes of comparable magnitude to those reported for the N/O- ligated model complexes previously
reported'® (as is observed from MCD in Figure 2.05). Thus, within a series of related (*"PN"P)FeCl,

complexes, the extent of distortion towards a square pyramidal vs. a trigonal bipyramidal structure can be

evaluated using the observed LF energies. The observed LF transitions for 1a (Figure 2.05a, blue) at 10560




red), the solution NIR MCD spectrum indicates the presence of LF bands at < 5000 cm™ and 10900 cm™
and 12580 cm™. The presence of the weak transition at 12580 cm™ is further demonstrated by variable-field
MCD experiments (Figure 2.07). These results show that the higher energy band is present at all field
strengths and shows behavior that is consistent with a real peak rather than an effect of baseline.

Furthermore, this high-energy feature was seen in independently prepared samples.
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Figure 2.07. 5K, variable-field NIR MCD spectra of a frozen glass sample of (""PN"P)FeCl, (1a).

Since LF theory dictates that a single Fe(Il) (S = 2) complex can exhibit only two LF transitions, the
presence of three LF bands indicates the presence of two distinct structural distortions in solution. Based
upon the energies of the two highest energy LF transitions, both species are consistent with distortion
towards square pyramidal 5C species. Interestingly, the energies of these transitions (10900 cm™ and 12580
cm™) are both increased compared to the solid state powder, consistent with an increased LF due to
stronger Fe-L bonding interactions in solution and/or distortions of the complex to de-stabilize the dyoy;
orbital (for example, a more planar equatorial plane). Overall, these results suggest that the "PN®P ligand
is able to stabilize two different distorted 5C structures of lain solution, although unlike the solid state
results, where both pseudo-square pyramidal and pseudo-trigonal bipyramidal isomers are observed, it
appears that only more square pyramidal species are present in solution. In contrast, the solution NIR MCD
spectrum of 1b (Figure 2.05¢, red) contains only two LF transitions (at < 5000 cm™ and 10770 cm™),
identical to the energies observed for 1b in the solid state mull indicating the presence of a single distorted
square pyramidal species which is unchanged between the solution and solid states. Notably, the solution
MCD spectrum of 1¢ (Figure 2.05d, red) shows a dramatic change relative to the mull spectrum (Figure

2.05d, blue), with the presence of three distinct LF transitions indicating the presence of at least two
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different Fe species in solution. This can be further substantiated by comparing peak-fit analysis of frozen

glass samples of 1a and 1¢ (Figure 2.08).
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Figure 2.08. 5K, 7T NIR MCD peak fit analysis of frozen solution glass samples of
(PPN"P)FeCl,, 1a (blue) and (B“PN"P)FeCl,, 1¢ (red).
Two high energy transitions at 9980 cm™ and 11140 cm™ are present, both higher in energy than the
transition observed in the mull at 9260 cm™. An additional LF band is also present in solution at 6770 cm™,
The dramatic changes in the LF transition energies of 1¢ in solution indicate significant structural
perturbations of 1¢ reflecting the flexibility of this B“pN"P complex. The Fe(ll) species present in solution
are best described as a distorted square pyramidal complex (11140 cm™! band) as well as a species (9890
cm’' band) with a reduced LF energy likely due to the potential distortions previously discussed for 1¢ in
the solid state (vide supra). Importantly, the NIR MCD data for 1¢ demonstrates the significant structural
changes that are possible in Fe(Il) complexes supported by "PN"P ligands between solid state and solution
environments and indicates that the ®*PN"P ligand in 1¢ does not bind in the rigid fashion often invoked

for pincer supported complexes.

III. Conclusions
For the first time, it has been demonstrated that "PN"P-type pincer ligands are flexible both in solution
and the solid state, providing further support for the hypothesis that the use of alkyl linkers in pincer

ligands generates systems that are not rigid. It can be seen that solid-state structures of these compounds are
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likely influenced by crystallization techniques, but solution-state structures appear similar across
compounds regardless of preparation methods. Although more experiments must be performed to fully
understand the link between the flexibility of the ligand and its substituents, these properties do appear to

be linked. Future work will also aim to determine if there is a correlation between flexibility and reactivity.

1V.Experimental Details

General Methods

Experiments were performed under a dinitrogen or argon atmosphere in an M-Braun dry box or using
standard Schlenk techniques unless otherwise noted. Under standard glovebox conditions purging was not
performed between uses of pentane, diethyl ether, benzene, toluene and THF; thus when any of these
solvents were used, traces of all these solvents were in the atmosphere. Moisture- and air-sensitive liquids
were transferred by stainless steel cannula on a Schlenk line or in a dry box. The solvents for air- and
moisture-sensitive reactions were dried by passage through a column of activated alumina followed by
storage under dinitrogen or argon. All commercial chemicals were used as received except where noted.
PPNHPe “PNMP,® and ®'PNMP™ were prepared using literature procedures. Anhydrous FeCl, was
purchased from Aldrich and used as received. IR spectra were measured using a diamond smart orbit ATR
on a Nicolet 6700 FT-IR instrument. Solution magnetic susceptibilities were determined by 'H NMR
spectroscopy using the Evans method."” Robertson Microlit Laboratories, Inc. performed the elemental

analyses (inert atmosphere).

X-Ray Crystallography

Crystal samples were mounted in MiTeGen polyimide loops with immersion oil. Low-temperature
diffraction data (w-scans) were collected on either a Rigaku SCXMini diffractometer with a Rigaku CCD
detector using filtered MoKa radiation (A = 0.71073 A) for 12 and 1a™ or a Rigaku MicroMax-007HF
diffractometer coupled to a Saturn994+ CCD detector with Cu K. (4 = 1.54178 A) for 1c. All structures
were solved by direct methods using SHELXS® and refined against F on all data by full-matrix least
squares with SHELXL-97* using established refinement techniques.” All hydrogen atoms were included

into the model at geometrically calculated positions and refined using a riding model. The isotropic
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displacement parameters of all hydrogen atoms were fixed to 1.2 times the U value of the atoms they are

linked to (1.5 times for methyl groups).

’Fe Mossbauer Spectroscopy

All solid samples for "Fe Mossbauer spectroscopy were run on non-enriched samples of the as-isolated
samples. All samples were prepared in an inert atmosphere glove box equipped with a liquid nitrogen fill
port to enable sample freezing to 77 K within the glove box. Each sample was loaded into a Delrin
Mossbauer sample cup for measurements and loaded under liquid nitrogen. Low temperature Mossbauer
measurements were performed using a See Co. MS4 Mossbauer spectrometer integrated with a Janis SVT-
400T He/N, cryostat for measurements at 80 K with a 0.07 T applied magnetic field. Isomer shifts were
determined relative to o-Fe at 298 K. All Mossbauer spectra were fit using the program WMoss (SeeCo).
Tht_a errors for the Mossbauer parameters for the multi-component fits are the following: 6 (+ 0.02 mm/s),

AEq (£ 0.04 mm/s) and % contribution (+ 3%).

Magnetic Circular Dichroism Spectroscopy

All samples for MCD spectroscopy were prepared in an inert atmosphere glove box equipped with a liquid
nitrogen fill port to enable sample freezing to 77 K within the glove box. MCD measurements of solid
powders were performed on mulls prepared with fluorolube. Solution MCD samples were prepared in 1:1
(v:v) DCM-d,:toluene-dg (to form low temperature optical glasses) in copper cells fitted with quartz disks
and a 2 mm gasket. All solution measurements were performed on ~ 3 mM solutions of the corresponding
‘ (*PN"P)FeCl, complex. Low temperature Near-infrared (NIR) MCD data were collected with a Jasco J-730
spectropolarimeter and a liquid nitrogen cooled InSb detector. The MCD instrument utilizes a modified
sample compartment incorporating focusing optics and an Oxford Instruments SM4000-7T
superconducting magnet/cryostat. This set-up permits measurements from 1.6 K to 290 K with magnetic
fields up to 7 T. A calibrated Cernox sensor directly inserted in the copper sample holder is used to
measure the temperature at the sample to 0.001 K. All MCD spectra were baseline-corrected against zero-

field scans.
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Characterization of New Compounds

(""PN"P)FeCl, (1a)

To a suspension of 206 mg anhydrous FeCl, (1 eq, 1.6 mmol) in 7 ml THF was added 500 mg
bis(diisopropylphosphinoethyl)amine (1 eq, 1.6 mmol) at 25°C. The solution was heated at reflux for 2
hours during which time 1a precipitated as a white crystalline powder. The solution was allowed to cool to
room temperature and the solid isolated by filtration. Crystals suitable for X-ray diffraction were grown
from a saturated ACN solution at -30°C or a saturated THF solution at -30°C. Yield: 0.670 g (1.5 mmol,

93%).

Anal. found (caled) for C,¢H;,CL,FeNP,: C, 44.50 (4447); H, 8381 (8.63); N, 344 (3.24). Magnetic
susceptibility (CD,Cl,): 5.54 up.IR (cm™): 3240, 2951, 2932, 2867, 1462, 1421, 1407, 1390, 1370, 1301,

1240, 1220, 1183, 1159, 1092, 1045, 929, 897, 821, 764, 692, 667, 640, 615, 549.

(“PN"P)FeCl, (1b)

To a solution of 740 mg of bis(dicyclohexylphosphinoethyl)amine (1 eq, 1.5 mmol) in 15 ml of THF was
added 200 mg of anhydrous FeCl, (1 eq, 1.5 mmol) at 25°C. The solution was heated at reflux for 4 hours
during which time 1b precipitated as a white crystalline powder. The solution was allowed to cool to room

temperature and 1b was then isolated by filtration. Yield: 350 mg (0.5 mmol, 33%).

Anal. found (calcd): C, 56.14 (56.77); H, 8.61 (9.02); N, 2.26 (2.36). Magnetic susceptibility (CD,Cl,):

5.27 ug. IR (cm): 3242,2922, 2850, 1445, 1098, 1000, 884, 855, 800, 739, 672, 562, 511.

(®*"PN"P)FeCl, (1¢)
To a solution of 1 g of bis(ditertbutylphosphinoethyl)amine (1 eq, 3.06 mmol) in 6ml of THF was added
386 mg (1 eq, 3.06 mmol) of anhydrous FeCl,at 25°C. The solution was heated at reflux for 16 hours

during which time 1¢ precipitated as a white crystalline powder. The solution was allowed to cool to room
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temperature and the solid was then isolated by filtration. Crystals suitable for X-ray diffraction were grown

from a saturated ACN/THF solution at -30°C. Yield: 1.00 g (2 mmol, 74%).

Anal. found (calcd) for C,H,Cl,FeNP,: C, 49.14 (49.20); H, 947 (9.29); N, 2.88 (2.87). Magnetic
susceptibility (CD,Cl,): 5.34 ug.IR (cm™): 3216, 2937, 2863, 1479, 1467, 1389, 1369, 1176, 1129, 1076,

1054, 1020, 971,933, 826,813,769, 690, 601,577, 506.
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Chapter 3: Lewis Acid-Assisted Formic Acid Dehydrogenation Using a Pincer-Supported Iron
Compound
I. Introduction

The continued burning of fossil fuels for energy-has contributed to the significant increase in atmospheric
levels of CO, and global temperature.' As the world population and subsequent energy demands continue
to increase, the search for alternative energy sources has become a growing area of research. Several
approaches are currently under investigation to replace fossil fuels as energy vectors,” such as H, gas,
which can be directly or electrochemically combusted .within a proton-exchange membrane fuel cell,
. producing water as the only byproduct.’ However, as a result of problems with the storage of gaseous H,
and its low volumetric energy density, chemical H, storage (CHS) based on the reversible
(de)hydrogenation of small molecules is an attractive alternative.* Formic acid (FA) can be obtained
renewably from biomass oxidation or CO, hydrogenation and is a potential liquid CHS material.* Several
heterogeneous*® and homogeneous® catalysts have been reported that can dehydrogenate FA to a mixture
of H, and CO,, which is directly suitable as a feed for fuel cells.” The most active systems are based on
expensive precious metals such as Ir,54%8ShG.6m R, 6a6beesi A, SbSc 5 g 583451 5y pd %€ In addition, in order
to achieve high turnover numbers (TON) many of the best homogeneous catalysts require either the
addition of base or have a pendant base incorporated into the ligand framework.%**™ A more detailed
discussion of highly active catalytic systems can be found in Chapter 1.

Recently, the first homogeneous Fe-based systems for FA dehydrogenation were reported.**® Milstein
and co-workers reported TONs of up to 100,000 using a pincer supported system, in the presence of 50
mol% NEt;.* Additionally, Beller et al. described an Fe catalyst which requires extra equivalents of the
tetradentate auxiliary ligand and gives approximately 92,000 TON.® Although these results with first row
transition metal catalysts are promising, the TON and turnover frequencies (TOF) are still inferior to those
achieved with precious metal catalysts, and the role of the additives in the catalytic reactions are unclear.

Previously, pincer ligands of the type HN {CH,CH,(P'Pr»)}, (""PN"P) were utilized to support Ir catalysts
for CO, hydrogenation® and Ru catalysts for ammonia borane dehydrogenation.” Furthermore, the same
ligand was used to support Fe complexes,'® which are related to catalysts for methanol dehydrogenation

1

with strong base,'" ester'> and ketone' hydrogenation and the de-/hydrogenation of N-heterocycles.™
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Chapter 2 discussed the study of a related series of ("PN"P)Fe'® compounds. This chapter outlines the
synthesis and characterization of (*PN"P)Fe compounds and their use as catalysts for FA déhydrogenation
without additional base or ligand. Instead, the strong effect of Lewis Acid (LA) co-catalysts, which enabled

TON of almost 1,000,000, is investigated.

I1. Results and Discussion

This work has been previously published.® The synthesis of ("PN"P)Fe(CO)H(CI) was originally
reported by Dr. Timothy Schmeier.”” Cassie Pan was integral in the development of the synthesis of
(“PNPP)Fe(COYH(CI) (PPN"P = HN{CH,CH,(PCy,)},). Dr. Paraskevi Lagaditis developed the synthesis

of and provided characterization data for ("'PNP)Fe(CO)H (1a) (P"PNP = N{CH,CH,(P'Pr,)}2).

The 5-coordinate amido complexes (T'PNP)Fe(CO)H (l1a) and (“PNP)Fe(CO)H (1b; GpNP =
N{CH,CH(PCy,)},) were synthesized through the dehydrohalogenation of (*PNHP)Fe(CO)H(CH'® R =
'Pr or Cy) with 1.2 eq. of '‘BuOK (Scheme 3.01). The complexes are isolable as deep red solids and are
indefinitely stable at room temperature under a nitrogen atmosphere. The molecular structures of 1a and 1b
in the solid state are shown in Figure 3.01. The parameter T can be used to describe the degree to which a
five-coordinate compound deviates from either ideal square pyramidal (t = 0) or trigonal bipyramdial (r =
1) geometry.'” In both cases, the coordination of the metal ion can best be described as pseudo-trigonal
bipyramidal with the phosphorus atoms in the apical position and t = 0.31 for 1a and t = 0.20 for 1b. The
successful deprotonation of the N-H bond is also confirmed by the solid-state structures. The Fe(1)-N(1)
bond length in 1a is 1.884(2) A, a significant contraction from 2.255(3) A, as seen in ("PN"P)Fe(Cl),, the
analogous 5-coordinate compound in which the pincer N-H bond is retained.'® The same contraction in
bond length is seen for 1b, where Fe(1)-N(1) is 1.8559(18) A. Furthermore, there is a Y;shape distortion, as
a consequence of strong N—Fe n-donation, which is typical for five-coordinate d® ions with one strongly
n-donating ligand.'® Hence, 1a and 1b are 18 valence electron compounds with low spin ground states,
which is a prerequisite for the formation of stable hydrides."

The reaction of FA with both 1a and 1b results in 1,2-addition across the Fe amide bond to generate

(P'PNHP)Fe(CO)H(COOH) (2a) and (®PNPP)Fe(CO)H(COOH) (2b) (Scheme 3.01). The 'H NMR
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resonances at 9.10 (2a) and 9.20 ppm (2b), respectively, are characteristic of coordinated formate
ligands,**" while signals assignable to the hydride ligands are found at -25.71 (2a) and -25.82 ppm (2b),

respectively.
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HCOH N /Fe co
CeHe, 11 (_ l
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N —Fe—co HRM . N=sF g0 gr Pzprf‘g?)
/ KCl / \ 1 atm H,, Y2
(_ | (_ D, H co
Ex I—E |-:E
E = PPro(1a) H. (— H l/—
or pcyz (1 b) —Fe—CO + N—Fe—H

S d

E= P'sz (33) 70% E= piprz (33') 20%
or PCyj (3b) >98%

Scheme 3.01. Synthesis and reactivity of 5-coordinate Fe amido species.

a) b)

Figure 3.01. a) ORTEP® of ("PNP)Fe(CO)H (1a). Hydrogen atoms (apart from Fe-H) are
removed for clarity. Ellipsoids are shown at 30% probability. Selected bond lengths (A) and
angles (°): Fe(1)-C(1) 1.722(2), Fe(1)-N(1) 1.844(2), Fe(1)-P(1) 2.1800(5), Fe(1)-P(2) 2.1727(5),
Fe(1)-H(1) 1.46(3), C(1)-O(1) 1.171(2), C(1)-Fe{1)-N(1) 151.70(8), C(1)-Fe(1)-P(1) 96.28(6),

N(1)-Fe(1)-P(1) 85.73(5), C(1)-Fe(1)-P(2) 93.08(6), N(1)-Fe(1)-P(2) 85.57(5), P(1)-Fe(1)-P(2)
170.59(2), C(1)-Fe(1)-H(1) 84(1), N(1)-Fe(1)-H(1) 124(1), P(1)-Fe(1)-H(1) 92(1), P(2)-Fe(1)-H(1)
90(1), O(1)-C(1)-Fe(1) 177.5(3). b). ORTEP? of (CVPNP)Fe(CO)H (1b). Hydrogen atoms (apart
from Fe-H) are removed for clarity. Ellipsoids are shown at 30% probability. Selected bond
lengths (A) and angles (°): Fe(1)-C(1) 1.715(3), Fe(1)-N(1) 1.8559(18), Fe(1)-P(1) 2.1713(6),
Fe(1)-P(2) 2.1778(6), Fe(1)-H(1) 1.44(2), C(1)-0(1) 1.178(3), C(1)-Fe(1)-N(1) 153.11(11), C(1)-
Fe(1)-P(1) 97.67(8), N(1)-Fe(1)-P(1) 85.40(6), C(1)-Fe(1)-P(2) 95.56(8), N(1)-Fe(1)-P(2) 85.88(6),
P(1)-Fe(1)-P(2) 165.11(3), C(1)-Fe(1)-H(1) 83.2(9), N(1)-Fe(1)-H(1) 123.7(9), P(1)-Fe(1)-H(1)
88.6(9), P(2)-Fe(1)-H(1) 86.2(9), O(1)-C(1)-Fe(1) 177.6(2).
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Both the amides (1a/lb) and the formate complexes (2a/2b) were tested for the catalytic
dehydrogenation of FA under the reaction conditions described by Milstein, using 50 mol% NEt; as an
additive. At a relatively high catalyst loading (0.1 mol%) and 80°C in dioxane 1a, 1b, 2a and 2b gave
comparable activity to the Fe systems reported by Beller® and Milstein® (Table 3.01). In all cases, the gas
mixture produced from catalysis was analyzed by Gas Chromatography (GC) and found to be a 1:1 mixture
of H; and CO; with less than 0.5% CO. This is comparable to the amount of CO observed in Beller’s best
Fe system.6f

Table 3.01. FA dehydrogenation using 1a, 1b, 2a and 2b.?

0.1 mol% cat
50 moli% NEt3

HCOzH T o H2 + C02
Temp, Solvent
THF, 40°C Dioxane, 80°C
Catalyst TOF (hr'’)® TON (Time)° TOF (hr)° TON (Time)°
1a 170 350 (5.5 hr) 530 910 (4.5 hr)
1b 220 270 (6 hr) 570 880 (2.5 hr)
2a 240 460 (6 hr) 620 >999 (3 hr)
2b 180 900 (7.5 hr) 740 990 (2.5 hr)

®Reaction conditions: FA (110 uL, 2.91 mmol), catalyst (2.91 umol, 0.10 mo!%), 50 mol% NEts, 5 mL solvent. "TOF
was measured after the first hour. “TON was measured using a gas burette. All numbers are an average of two
Tuns.

Further information about catalysis was obtained through stoichiometric reactions. The reactions of 1a/lb
with a 1:1 mixture of 1 atm H,:CO, at room temperature resulted in clean formation of the formate
compounds 2a/2b. This reaction most likely proceeds via initial heterolytic cleavage of H,, followed by
COQ, insertion into the Fe-H bond. Accordingly, in the absence of CO,, 1a/1b rapidly add H, (1 atm) to give
the trans-dihydride complexes 3a/3b as the main products (Scheme 3.01). This reaction is fully reversible,
which prevents isolation of 3a/3b due to facile H, loss. The #rans-H, configuration is supported by the
characteristic 'H NMR chemical shifts (-9.57 & -9.69 ppm (3a); -9.29 & -9.37 ppm (3b)) and the mutual
coupling constant of the hydride signals (*Juy = 9.7 Hz for 3a and 9.5 Hz for 3b).” In the case of 1a,
smaller amounts of the cis-H, complex 3a’ (Scheme 3.01) are also observed, based on the hydride chemical
shifts (-8.63 and -21.13 ppm), hyperfine structure (3Jy = 15 Hz) and NOESY spectrum.”? '"H EXSY NMR
spectroscopy, performed by Dr. Paraskevi Lagaditis, indicates intramolecular hydride exchange within 3a’
and intermolecular exchange of 3a and 3a’. Besides these main products, minor quantities of free ""PN"P

(7 %) and the Fe(0) complex (""PN"P)Fe(C0O),'*" (3 %) are immediately formed. Over the course of several

45




days, 3a and 3a’ slowly convert to ("PN"P)Fe(CO),, free "'PN"P and an intractable precipitate. In
contrast, presumably due to steric factors, the reaction of 1b with H; results in the formation of only the
trans-dihydride 3b (Scheme 3.01). 3b is also only moderately stable and slowly decomposes to freg
pN"P, (YPNYP)Fe(CO), and an intractable precipitate in solution.

Based on these results, a mechanism for FA dehydrogenation is proposed (Scheme 3.02). The 5-
coordinate complexes 1a/1b can enter the catalytic cycle through addition of FA (Scheme 3.01) to give the
formate complexes 2a/2b, which are part of the proposed cycle. Subsequent decarboxylation forms
dihydrides 3a/3b, in part the reverse of stoichiometric formation of 2a/2b from 1a/1b with H, and CO..
Accordingly, 3a/3b are formed in high yield upon heating 2a/2b at 80°C in dioxane under H; (1 atm)
{Scheme 3.032). In the absence of H,, complete conversion toA(RPNHlv’)Fe(CO)g (R = ‘Pr or Cy), fhe
appropriate free ligand and an unidentified precipitate was observed (Scheme 3.03b). These products are
‘consistent with the initial formation of 3a/3b and subsequent decomposition in the absence of H,. In the
proposed cycle, regeneration of 2a/2b and liberation of H, occurs through the reaction of 3a/3b with FA,
also confirmed stoichiometrically. This reaction may involve the formation of molecular H; complexes, but
species of this type were not observed spectroscopically. The catalyst resting state was identified as the
formate complexes 2a/2b using in situ *'P NMR spectroscopy. This observation is consistent with

decarboxylation being the turnover-limiting step.

o
£ 1,2-addition o>_H
N(: ~00 HooH - (T:E
(_E/ " <_—Fe—c0 00,
E = PiPry(1a) Ha
o\
Ligand Exchange Decarboxylation
T—E —I coH
(—F'e -Co ,/_Fl —CO
gl <_ /|

not observed E = PPr, (3a)
or PCy; (3b)

Protonstion  HCOH

Scheme 3.02. Proposed mechanism of FA dehydrogenation.
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The stoichiometric studies confirm the feasibility of each step in the absence of NEt;, yet the presence of
base greatly increases catalyst activity (Table 3.03, Entry 1). A variety of other bases including pyridine
and 'BuOK also promote the catalytic reaction (Table 3.02). In the case of NEt;, this is presumably through
the action of HNEt;" formed under the catalytic conditions via the reaction of NEt; with excess FA.
Accordingly, the rate of decarboxylation of 2a/2b, the proposed turnover-limiting step, is significantly

increased in the presence of [HNEt;]'[BF,] (Scheme 3.03).

—H
Qe i Mg
H (- ‘ s 10 eq Additive (— Additive (Time to completion)
3) \N__Fé —CO0 __?m—_> H\N—“Fé —CO None (5 hr)
(_ /l 80°C, Dioxane (_ /i [HNEL;J[BF ] (45 min)
En E LIBF 4 (85 min) ’
E =PlPr, (2a) E =P'Pr, (3a)
[o]
i
0 H CcO
(‘ ‘ £ 10 eq Additive (‘ I‘E E Adaitive (Time to completion)
b)  Hl _pico tamNa R L ol JH Yo Nome(2aShr, 2b5hr
<- / ' 80°C, dioxane (_ /| (_ / [HNEt3]*[BF o) (2a 45 min, 2b 50 min)
£ H I3 H . £ LIBF 4 (2a 90 min, 2b 90 min)
_ + free ligand
E =P/Pry(2a) not observed by 3'P + unidentified
PCy2(2b) NMR spectroscopy precipitate

Scheme 3.03. Effect of additives on the decarboxylation of 2 under a) H, and b) N..

Table 3.02. Base Screening for FA dehydrogenation catalyzed by 2a and 2b.*

0.1 mol% 2a or 2b
HCOH » H, + CO,

50 mol% Base
80°C, dioxane

Base bZa bz b .
TON’ (Time)* TON” (Time)
NEt; >999 (3 hr) 990 (2.5 hr)
KHMDS? 890 (13 hr) >999 (15 hr)
Pyridine 750 (16 hr) 940 (16 hr)
DBU® 530 (10 hr) 550 (9 hr)
Cs,CO; 360 (4.5 hr) 480 (6 hr)
'‘BuOK 800 (5.5 hr) 270 (8 hr)
MeCN 190 (1.5 hr) 100 (1 hr)

*Reaction conditions: FA (110 uL, 2.91 mmol), complex 2a or 2b (2.91 pmol,
0.10 mol%), 50 mol% base, 5 mlL dioxane, 80°C. "TON measured by gas
burette. All numbers are an average of two runs. “Time taken for reaction to
reach completion or stop turning over. ‘KHDMS = Potassium
bis(trimethyisilyl)amide. *DBU = 1,8-Diazabicyclo[5.4.0lundec-7-ene.

Although the decarboxylation is a formal B-hydride elimination reaction, the absence of a vacant

coordination site on Fe requires an indirect pathway. Recently, Milstein and co-workers suggested that
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decarboxylation in a related Fe pincer system proceeds via intramolecular rearrangement to an H-bound
formate followed by CO, elimination.®* DFT studies on 2a support this mechanism (Scheme 3.04), with
rate determining, initial rearrangement. Analysis of the transition state for intramolecular rearrangement
and the H-bound formate intermediate indicates significant buildup of negative charge on the carboxylate
group. Hence, Brensted acids, like HNEt;", can presumably stabilize these species through hydrogen
bonding. A pathway in which the formate ligand of 2a rearranges to the H-bound formate via dissociation
into solution was also calculated. This pathway would generate an unsaturated Fe complex and free formate
in solution. However, this pathway can be discounted due the extremely high energy (215 kJ mol™ higher

than 3a) of the intermediates.
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Scheme 3.04. DFT calculated pathway for the decarboxylation of 2a.

Recently, it was demonstrated that LAs facilitate B-hydride elimination in nickelalactones by stabilizing
negatively charged carboxylate groups.”® Similarly, addition of catalytic amounts of LA (10 mol%)
promotes FA dehydrogenation with catalysts 2a/2b (Table 3.03). A complete LA screen was performed for
2a, the catalyst showing superior activity under conditions shown in Tables 3.02 and 3.03. However, 2b
was also tested using several LA and demonstrated comparable activity. In general, the highest TON and
TOF are achieved with alkali or alkali earth metal salt co-catalysts. Importantly, the enhancement of
activity correlates with the chemical affinity for carboxylate, with the best results obtained fér Li* (entries
7-12). Weakly coordinating anions, such as BF4), are preferred as anions (entries 3-7). LiBF, (entry 13)

results in the most rapid completion of the reaction; however, full conversion is also obtained with much
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cheaper additives, such as NaCl. Additionally, the amount of LA affected the overall performance of the
catalytic system, with the optimal loading of LA being 10 mol%. A decrease in efficiency is seen at both
lower and higher loadings (Table 3.04).

Table 3.03. LA screening for FA dehydrogenation using 2a/2b.®

0.1 mol% 2a or 2b

HCOMH 10 ol LA » H, +CO,
80°C, dioxane
Entry LA TOF (hr')’ TON (Time)®

2a 2b 2a 2b

: No - 180 (48 hr)
additive®

2 B(CeFs)s 230 200 640(12.5hr) 600 (13 hr)
3 HCOONa® 260 > 999 (7.5 hr)
4 NaPF, 150 150 450 (9hr) 430 (9.5hr)
5 NaBAr 190 990 (8 hr)
6 NaBF, 320 > 999 (6.5 hr)
7 NaCl 260 250 >999(7.5hr) >999 (7.5 hr)
8 LiCl 270 > 999 (7 hr)
9 KCl 130 670 (8.5 hr)
10 CcsCl 110 > 999 (7 hr)
11 CcaCl, = 130 390 (23 hr)
12 MgCl, 260 > 999 (8 hr)
13 LiBF, 230 190 >999(4hr) >999 (4.5 hr)

*Reaction conditions: FA (110 uL, 2.81 mmol), 2a/2b (2.91 umol, 0.10 mol%),
LA (0.291 mmol, 10 mol%), SmL dioxane, 80°C. "TOF were measured after the
first hour. “TON were measured using a gas burette. All numbers are an
average of two runs. ‘Reaction parformed in the absence of LA or base. “9:1
FA:HCOONa. 'BAr 4 = B{3,5-(CF3).CsHa}s".
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Table 3.04. Effect of LA loading on FA dehydrogenation catalyzed by 2a.®

.1 mol%
HCOQH 0.1 mol% 2a > H2 + COZ
xmol% LiBF4

80°C, dioxane

Entry mol% LiBF, TOF°(hr) TON° (Time)

i 1 140 500 (10.5 hr)

2 5 180 >999 (16 hr) A
3 10 230 >999 (4 hr)

4 20 230 >999 (4.5 hr)

*Reaction conditions: FA (110 yL, 2.91 mmol), complex 2a (2.91 ymol,
0.10 mol%), LiBF,, 5 mL dioxane, 80°C. "TOF measured after the first
hour. “TON measured by gas burette. All numbers are an average of two
runs.

A series of standard tests suggest that homogeneous catalysis is occurring.? During catalysis, the reaction
maintained a pale yellow color, with no darkening of the solution or formation of precipitate. Furthermore,
gas production began immediately with heating, indicating the active catalyst does not require an induction
period. Mercury drop tests also indicated that the addition of elemental mercury did not affect the overall
catalysts.” Finally, quantitative poisoning tests with PMe; (Table 3.05) indicate sub-stoichiometric
ambunts of PMe; do not affect catalysis (Table 3.05, entries 1 and 2). However, the addition of excess
PMe; shuts down catalysis, indicating that poisoning of a homogeneous system is occurring upon
irreversible binding of PMe; (Table 3.05, entry 3).2¢

Table 3.05. Quantitative poisoning of FA dehydrogenation catalyzed by 2a°

.1 mol?
HCOH —dmale2a o\ | co,

10 mol% LiBF 4
800°C, dioxane

Entry Equivalents PMe;  TOF’(hr’") TON° (Time)

1 0.10 (0.291 wmol) 250 >999 (4 hr)
2 1(2.91 umol) 240 >999 (4.5 hr)
3 20 (58.2 umol) 230 230 (1 hr)

®*Reaction conditions: FA (110 uL, 2.91 mmol), complex 2a (2.91 umol, 0.10 mol%),
LiBF4 (0.291mmol, 10moi%), PMes, 5 mL dioxane, 80°C. "TOF measured after the first
hour. “TON measured by gas burette. Al numbers are an average of two runs.

When NE¢; is used as an additive with 2a/2b at low catalyst loadings, low yields are obtained. Using 0.01
mol% 2a/50 mol% NEt; gave a TON of only 2400 (6.5 hr). In contrast, complete substrate conversion was
obtained using 0.01 mol% 2a/10 mol% LA (NaCl, NaBF, or LiBF,), with LiBF, again giving the fastest
time to completion (Table 3.06). In fact, with catalyst loadings as low as 0.0001 mol% 2a, a TON of

>980,000 and TOF of 200,000 hr' are obtained (Table 3.06, entry 6). These are comparable with the
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highest TON® and TOF®**%"% obtained with precious metal systems, without the need for a complicated
ligand or external base (vide infra).

Tabie 3.06. Optimization of catalytic dehydrogenation of FA using 2a.

2a

e ET— LBF, He + CO;
80°C, dioxane

Entry LA mol%2a TOF (hr')°  TON (Time)°
1 CsCl 0.01 1440 7500 (15 hr)
2 NaCl 0.01 2200 > 9900 (7 hr)
3 NaBF, 0.01 1600 > 9900 (6 hr)
4 LiBF, 0.01 1800 > 9900 (5.5 hr)
5 LiBF, 0.001 21,000 93000 (6.5 hr)

6 LiBF, 0.0001 200,000 >980,000 (9.5 hr)®
*Reaction conditions: FA (110 uL, 2.91 mmol), 2a, LA (0.291 mmol, 10
mol%), 5SmL dioxane, 80°C. "TOF were measured after the first hour. “TON
were measured using a gas burette. Al numbers are an average of two
runs. “Average of four runs.

The LA effect was examined by monitoring the rate of decarboxylation of 2a/2b, the proposed turnover-
limiting step in catalysis, in the presence of 10 eq. of LiBF, (Scheme 3.03). A large increase in rate was
observed compared to a reaction without an additive. However, a slightly slower rate was observed
compared to when [HNEt;] [BF,]” was present, consistent with faster catalysis using NEt,. It is proposed

that the LA increases the rate by stabilizing the transition state to the H-bound formate (Scheme 3.05b).
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Scheme 3.05. Proposed mechanism of B-hydride elimination a) in the absence of a LA and b) in
the presence of a LA.
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The utility of LA-promoted FA dehydrogenation for other catalysts was also examined. For example,
with Beller’s best catalyst, [(PP;)FeH]'[BF,]" (PP; = P(CH,CH,PPh,),),% poor catalytic activity was
obtained under the current conditions (80°C, dioxane) in the absence of a co-catalyst (Table 3.07). The
addition of 10 mol% LiBF, or NaBAr", results in enhancement under both sets of conditions (80°C,
propylene carbonate) and eliminates the need for excess ligand to achieve high activity.

Table 3.07. Application of LA assistance in FA dehydrogenation using Beller's system.

pR
PR
((PP2)FeH|(BF,] "-FL‘?_H
HCO H —2-01 mot% Hp+CO,  [(PPg)FeH] = b7 |
Additive K/PR
80°C, solvent
PR = PPh,
No Additive 10 mol% LiBF, 10 mol% NaBAr' 4
Solvent TOF (hr)  TON°(Time¢) TOF’(hr’)  TON’(Time) TOF°(hr’) TON°(Time)
PC” 1000 >9900 (8.5 hr) 1500 >9900 (7 hr) 1900 >9900 (5 hr)
Dioxane 730 730 (1 hr) 1800 >9900 (6.5 hr) 2100 >9900 (5 hr)

*Reaction conditions: FA (110 uL, 2.91 mmol), [(PPs)FeH][BF,] (0.291 umol, 0.01 moi%), 10 mol% LiBF,or NaBAr 4, 5 mL
solvent, 80°C. The catalyst [(PPs)FeH]{BF.] was synthesized according to literature methods.* "TOF measured after the
first hour. “Conversion measured by gas burette. All numbers are an average of two runs.” PC= propylene carbonate.

111. Conclusions

Previous systems for transition-metal catalyzed FA dehydrogenation have generally required the use of
noble metal catalysts, often with expensive and complicated ligand frameworks. Furthermore, the
requirement for an excess amount of added base was not understood from a mechanistic standpoint. For the
first time, a first row transition metal catalyst is able to effect FA dehydrogenation in the absence of an
added base. Additionally, mechanistic studies and stoichiometric reactivity have elucidated that the role of
this base is to stabilize the transition state of a rate-limited decarboxylation. The replacement of this base
with a LA has allowed for significant enhancement in not only catalyst stability, but also overall turnover
number, and allowed nearly 1,000,000 turnovers for FA dehydrogenation using an Fe catalyst.
Furthermore, this LA affect was found to be operative in not only this system, but also using Fe catalysts
previously reported in the literature. In the future, understanding of the mechanism of this decarboxylation
step will allow for better-designed catalysts and optimized systems for not only FA dehydrogenation, but

also other acids and alcohols of interest for reversible hydrogen storage.
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IV. Experimental Details

General Methods

Experiments were performed under a dinitrogen or argon atmosphere in a dry box or using standard
Schlenk techniques, unless otherwise noted. Under standard dry box conditions, purging was not performed
between uses of pentane, diethyl ether, benzene, toluene and THF; thus, when any of these solvents were
used, traces of all these solvents were in the atmosphere and could be found intermixed in the solvent
bottles. Moisture- and air-sensitive liquids were transferred by stainless steel cannula on a Schlenk line or
in a dry box. Solvents were dried by passage through a column of activated alumina followed by storage
under dinitrogen or argon. All commercial chemicals were used as received, except where noted.
Anhydrous carbon dioxide, hydrogen, and a 1:1 mixture of carbon dioxide and hydrogen were purchased
from Airgas, Inc and were used as received. Potassium fert-butoxide, potassium bis(trimethylsilyl)amide
(KHMDS), tris(pentaflurophenyl)borane, sodium hexafluorophosphate, calcium chloride and magnesium
chloride were purchased from Fisher Scientific Company. 1,8-Diazabicycloundec-7-ene (DBU) and
pyridine were purchased from Fischer Scientific Company and degassed and distilled prior to use. Cesium
carbonate and sodium formate were puréhased from Alfa Aesar. Sodium chloride, lithium chloride,
potassium chloride, cesium chloride and lithium tetraphenylborate were purchased from Acros. Formic acid
was dried .over phthalic anhydride, and triethylamine and 1,4-dioxane were dried over CaH, and distilled
prior to use. Propylene carbonate was purchased from Sigma Aldrich and degassed prior to use. Deuterated
solvents were obtained from Cambridge Isotope Laboratories or Euriso-Top GmbH. C¢Ds was dried over
sodium metal and vacuum-transferred prior to use. Literature procedures were used to prepare sodium
tetrakis[(3,5-trifluoromethyl)phenyl]borate (NaBAr",),% triethylammonium tetrafluoroborate,””
(P"PN"P)FeCl,,'™ (“PNYP)FeCl,,'® (B*PN"P)FeCl,,'® (""PNHP)Fe(CO)H(CH),'™
(PNMP)Fe(COYH(C)'® and (P'PN"P)Fe(CO)H(BH,).'® NMR spectra were recorded on Bruker AMX-
400, AMX-500, AMX-600, Avance III 300 or Avance 400 spectrometers at ambient probe temperatures,
unless otherwise noted. Chemical shifts are reported in ppm with respect to residual internal protio solvent
for 'H and "C{'H} NMR spectra and to an external standard for >'P{'H} (85% H;PO, at 0.0 ppm); J values
are given in Hz. Elemental analysis was performed by Robertson Microlit Laboratories, Inc or by the

Analytical Laboratories at the Georg-August University (Géttingen, Germany). IR spectra were measured
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using diamond smart orbit ATR on a Nicolet 6700 FT-IR instrument or as nujol mull between KBr plates
on a Bruker Vertex 70 FT/IR Spectrometer. UV-vis spectra were measured using a Cary 50

spectrophotometer.

X-raj Crystallography

Crystal samples were mounted in a MiTeGen polyimide loop with immersion oil. The diffraction
experiments were carried out on a Rigaku MicroMax-007HF diffractometer coupled to a Saturn994+ CCD
detector with Cu Ka radiation (L = 1.54178 A) (1b). For 1b the data were processed using Rigaku.
CrystalClear™ and corrected for Lorentz and polarization effects. The structure was solved by direct
methods® and expanded using Fourier techniques.>® The full-matrix least-squares refinement was carried
out on F? using SHELXTL NT 6.12.3' All non-hydrogen atoms were refined with anisotropic displacement
parameters. The C-H hydrogen atoms were refined isotropically on calculated positions by using a riding
model with their Ui, values constrained to 1.5 Ueq of their pivot atoms for terminal sp3 carbon atoms and

1.2 times for all other carbon atoms. The Fe-H hydrogen atoms were found and isotropically refined.

Gas Chromatography

Gas chromatography experiments were performed on a Buck Scientific 910 Gas Chromatograph with
FID/TCD and methanizer. The system uses N, as a carrier gas and allows for determination of the
following gases at the detection limits:

H,> 100 ppm

CO=1ppm

CO2> 1 ppm

DFT Calculations

All geometry optimizations were performed using Gaussian 09 Revision A.02,*? using the m061 functional.
The LANL2DZ basis set was used for Fe and the 6-31G++(d,p) basis set was used for all other atoms. The
LANL2DZ pseudo-potential was used for Fe. Initial geometries were obtained using the coordinates from

X-ray structures wherever possible and all of the optimized structures were verified using frequency
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calculations to check that they did not contain any imaginary frequencies. The calculated transition states
all showed one imaginary frequency with a motion connecting the reactant and product demonstrated using
IRC calculations. Solvent was modeled using the IEPCM model (dioxane) as implemented in Gaussian 09.

All energies presented are Gibbs Free Energies with solvent corrections.

Characterization of New Compounds

(""PNP)Fe(CO)H (1a)

A vial was charged with (PPN"P)Fe(CO)H(CI) (50.0 mg, 117 pmol) and KO'Bu (14.6 mg, 130 pmol).
Upon addition of THF (10 mL) at room temperature an immediate color change from yellow to red was
observed. The suspension was stirred for 15 minutes at room temperature and the solvent evaporated in
vacuo. The red residue was extracted with pentanes, filtered and then the solvent was removed. This was
repeated a second time. After evaporation of the solvent a red-purple residue remained which was

lyophilized from benzene. Yield: 34.0 mg (75%).

Anal. found (calc) for C,;H3;FeNOP: C, 52.18 (52.45); H, 9.12 (9.58); N, 3.51 (3.60). 'H NMR (ds-THF,
400 MHz): -25.5 (t, J = 53 Hz, 1H, Fe-H), 1.08 (m, 3H, CH(CH:),), 1.11 (m, 3H, CH(CH5),), 1.25 (m, 3H,
CH(CHs)y), 1.29 (m, 3H, CH(CH5),), 1.91 (m, 2H, PCHy), 2.00 (m, 2H, PCH,), 2.21 (m, 2H, CH(CHs),),
2.46 (m, 2H, CH(CH),), 3.01 (m, 2H, NCH,), 3.13 (m, 2H, NCH,). “C{'H} NMR (ds-THF, 75 MHz):
221.8 (t, ] = 23 Hz), 64.7 (t, J = 10 Hz), 27.9 (t, ] = 12 Hz), 25.6 (indirectly determined by 'H-""C HSQC),
247 (t, ] = 12 Hz), 19.8, 18.5, 18.3, 18.0. *'P{'H} NMR (ds-THF, 161 MHz): 116.1. IR (Nujol/KBr, v (cm’

')): 1889 (CO), 1862 (CO).

X-ray quality single crystals of 1a were obtained from a saturated solution of pentane at -38°C.

(“’PNP)Fe(CO)H (1b)
KO'Bu (12.0 mg, 107 pumol) was added to a stirred solution of (“YPNPP)Fe(CO)H(CH) (57.0 mg, 97.0 pmol)
in THF (10 mL) at room temperature. An immediate color change from yellow to deep magenta was

observed. The solution was stirred for 2 hours at room temperature after which the solvent was evaporated
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under vacuum to give a deep red residue. The residue was extracted with pentane (3 x 3 mL) and filtered.

The solvent was evaporated under vacuum to give 1b as a red-purple solid. Yield: 35.0 mg (65%).

Anal. found (calc) for CosHs3sFeNOP,: C, 63.85 (63.88); H, 9.72 (9.72); N, 2.54 (2.55). 'H NMR (400 MHz,
CeDe): -25.1 (t, ] = 53 Hz, 1H, Fe-H), 1.19-1.31 {m, 22 H, Cy), 1.62-2.04 (m, 22 H, Cy), 237 (m, 4 H,
PCH,), 2.49 (m, 4H, NCH,). "C{'H} NMR (150 MHz, C¢Dy): 64.4 (t, ] = 10.4 Hz), 37.0 (t, J = 11.8 Hz),
35.4 (t, ] = 10.0 Hz), 29.5, 28.1, 27.7, 27.5 (t, J = 3.8 Hz), 27.3 (m), 26.8 (d, ] = 2.8 Hz ), 24.6 (t, ] = 6.4
Hz), CO resonance not detected. *'P{'H} NMR (120 MHz, CsD): 106.0. IR (ATR, v (cm™)): 1885 (CO).

UV-vis [THF; A, nm (g, L mol™ cm™)]: 530 (4974), 338 (16160).

X-ray quality single crystals of 1b were obtained from a saturated solution of diethyl ether at -30°C.

(*"PN"P)Fe(CO)H(COOH) (2a)

Formic acid (1.77 mg, 38.5 pmol) was added to a solution of 1a (15.0 mg, 38.5 pmol) in 2 mL THF at
room temperature. An immediate color change from deep magenta to yellow was observed. The solution
was stirred for 10 min at room temperature after which the solvent was evaporated under vacuum. The
yellow residue was recrystallized from pentane at -30°C to give 2a as a yellow powder. Yield: 13.2 mg (78

%).

Alternately, a solution of 1a (15.0 mg, 38.5 pmol) was dissolved ih 0.6 mL THF in a J. Young NMR tube.
The solution was then subjected to three freeze-pump-thaw cycles and 1 atm of 1:1 H,:CO, was introduced
via a dual manifold Schlenk line. An immediate color change from deep magenta to yellow was observed
and the solution was allowed to stand at room temperature for 10 min. The solvent was removed under

vacuum and the yellow solid recrystallized from pentane at -30°C. Yield: 15.0 mg (89%).

Anal. found (calc) for Ci3H;0FeNO;P,: C, 50.10 (49.67); H, 8.96 (9.03); N, 3.14 (3.22). 'H NMR (C¢Ds,
500 MHz): -25.8 (t, J = 59 Hz, 1H, Fe-H), 0.79-0.90 (m, 12H, CH(CHj),), 1.13-1.19 (m, 12H, CH(CH3)y),

1.69-1.74 (m, 4H, CH(CHa.),), 1.81 (m, 2H, PCH,), 1.97 (m, 2H, PCH>), 2.30 (m, 2H, NCH>), 2.81 (m, 2H,
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NCH,), 8.80 (s, 1H, N-H), 9.10 (s, 1H, COOH). BC{'H} NMR (C¢Ds, 150 MHz): 157.8, 67.8, 55.7 (t, ] =
4.9 Hz), 26.4 (t, } = 8.9 Hz), 25.8 (1, J = 13.8 Hz), 23.3 (1, ] = 4.0 Hz), 18.9 (d, J = 6.7), 18.8, 18.4, CO
resonance not detected. >'P{'"H} NMR (C¢Ds, 125 MHz): 95.3. IR (v (cm™")): 2969 (N-H), 1892 (CO), 1650

(CO,), 1319 (CO,). UV-vis [THF; A, nm (g, L mol" cm™)]: 470 (2013), 321 (16707).

(“PN"P)Fe(CO)H(COOH) (2b)

Formic acid (1.42 mg, 30.9 pmol) was added to a solution of 1b (17.0 mg, 30.9 umol) in 2 mL of THF at
room temperature. An immediate color change from deep pink to yellow was observed. The solution was
stirred for 10 min at room temperature after which the solvent was evaporated and the yellow residue

recrystallized from pentane at -30°C to give 2b as a yellow powder. Yield: 14.3 mg (77%).

Alternately, a solution of 1b (15.0 mg, 27.3 pmol) was dissolved in 0.6 mL THF in a J. Young NMR tube.
The solution was then subjected to three freeze-pump-thaw cycles and 1 atm of 1:1 H.:CO; was introduced
via a dual manifold Schlenk line. An immediate color change from deep pink to yellow was ‘observed and
the solution was allowed to stand at room te'mperature for 10 min. The solvent was removed under vacuum
and the solid recrystallized from pentane at -30°C to give 2b as a yellow solid. Yield: 14.0 mg (23.5 pmol,

86%).

Anal. found (calc) for C3HssFeNO3P,: C, 60.37 (60.50); H, 9.00 (9.31); N, 2.43 (2.35). 'H NMR (C¢Ds,
500 MHz): -25.83 (t, J = 52.44, 1H, Fe-H), 1.19- 1.32 (m, 22H, Cy), 1.42-1.51 (m, 22H, Cy), 2.15 (m, 4H,
PCH,), 2.91 (m, 4H, NCH>), 8.90 (s, 1H, N-H), 9.20 (s, 1H, COOH). >C{'H} NMR (C¢Ds, 150 MHz):
157.0, 55.9 (t, 1 = 5.1 Hz), 36.5 (t, ] = 7.9 Hz), 36.2 (t, ] = 15.4 Hz), 29.2, 28.1,27.7 (t. } = 4.4 Hz), 27.6 (t,
'=5.5Hz) 272 (t, ] = 5.1 Hz), 27.0 (t, ] = 4.2 Hz), 26.8,26.5, 23.1 (t, J = 4.7 Hz), CO resonance not
detected. *'P{'"H} NMR (CgDs, 125 MHz): 87.0. IR (v (cm™)): 2851 (N-H), 1890 (CO), 1649 (CO,), 1317

(CO,). UV-vis [THF; &, nm (g, L mol™ cm™)]: 459 (5886), 347 (11784).

In Situ Generation of (*"PN"P)Fe(CO)H, (3a) through the reaction of 1a with H,
A J-Young NMR tube was charged with 1a (5.0 mg, 12.8 pmol) and ds-THF (0.7 mL). The NMR tube was

degassed three times and back filled with H; gas (1 atm). The sample was shaken for 10 minutes by which
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time the dark red solution turned pale pink. Four compounds were detected by *'P{'H} NMR spectroscopy,
trans-(T"PNPP)Fe(CO)H, (3a, 70%), cis-("PN"P)Fe(CO)H, (32°, 20%), ("'PN"P)Fe(CO),'™ (3%)' and free

PPN"P (7%). Selected NMR spectra of the mixture of are shown below.
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Figure 3.02.Variable temperature 'H NMR spectra of the hydride region of the reaction between
1a and H; (1 atm)
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Figure 3.03. 'H NOESY/EXSY NMR spectrum (400 MHz) of 3a/3a’ (v = 1s).
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NMR data for 3a -

'H NMR (ds-THF, 400 MHz): -9.63 (td, J = 9.0, 40 Hz, 1H, Fe-H), -9.57 (td, ] = 9.0, 40 Hz, 1H, Fe-H),
1.09 (m, 12H, CH(CHj),), 1.29 (m, 12H, CH(CHj),), 1.68 (m, 1H, NCH,), 1.96 (m, 1H, NCH,), 2.05 (m,
2H, PCH>), 2.17 (m, 2H, PCH,), 2.84 (m, 2H, NCH,), 3.55 (1H, NH, determined from a 2D NOESY
spectrum). *C{'H}-NMR (ds-THF, 75 MHz): 221.8 (t, J = 23 Hz), 64.7 (t, J = 10 Hz), 27.9 (¢, ] = 12 Hz),
25.6 (indirectly determined by 'H-"C HSQC), 24.7 (t, ] = 12 Hz), 19.8, 18.5, 18.3, 18.0. >'P{'"H} NMR (ds-

THF, 161 MHz): 116.3.

Selected NMR data for 3a’
'H NMR (ds-THF, 400 MHz, 263K): 21.13 (td, J = 15, 40 Hz, 1H, Fe-H), -8.63 (td, J = 15, 57 Hz, 1H Fe-

H). 'P{'H} NMR (ds-THF, 400 MHz): 112.6.

In Situ Generation of (YPNP)Fe(CO)H, (3b) through the reaction of 1b with H,

1b (10.0 mg, 18.2 pumol) was dissolved in 0.6 mL CgDyg in. a J. Young NMR tube. The solution was
subjected to 3 freeze-pump-théw cycles and 1 atm H, was introduced via a dual manifold Schlenk line. The
solution was allowed to stand at room temperature for 10 min, during which time the color changed from
deep magenta to a pale orange. 3b was characterized by 'H and ’'p NMR spectroscopy, but decomposes
too rapidly in solution, even under an H, atmosphere to record a BC NMR spectrum. The 'H and 3'p NMR
data are given below although both (YPN"P)Fe(CO), and free “/PN"P are present in solution when 3b is

initially synthesized in an analogous fashion to the synthesis of 3a.
'H NMR (C¢Ds, 500 MHz): -9.34 (m, 2H, Fe-H), 1.06-1.43 (m, 22H, Cy), 1.63-1.85 (m, 22H, Cy), 2.38 (m,

4H, PCH}), 2.48 (m, 2H, NCH,), 2.92 (m, 2H, NCH,), 3.56 (t, J = 6.1 Hz, 1H, N-H). 'H{*'P} NMR (C¢Dy):

9.37(d, J = 9.5 Hz, 1H, Fe-H), -9.29 (d, ] = 9.5 Hz, 1H, Fe-H). *'P{'"H} NMR (C¢Ds, 125 MHz): 105.0.
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Figure 3.05. *'P{'"H} NMR spectrum of (*PN"P)Fe(CO)H, (3b). Several impurities which are
labeled in the spectrum are present.
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Catalytic Reactions

General Methods for Catalytic ‘FA Dehydrogenation Studies

In a dry box, a 50 mL Schlenk flask was loaded with the appropriate catalyst and additive (base/Lewis acid),
if necessary, and dissolved in 1mL of the appropriate solvent. A syringe was loaded with 4 mL of the
appropriate solvent and formic acid. The Schlenk flask was sealed with a septum and removed from the dry
box and attached to a gas burette setup. The gas burette and tubing was subjected to three vacuum/N; purge
cycles. The Schlenk flask was then lowered into a preheated oil bath and allowed to equilibrate for 5 min.
The solution of formic acid and solvent was then injected via syringe and the change in water level in the
gas burette (V) used to determine turnover using previously reported methods.®® The turnover frequency
(TOF) was determined to be the turnover number (TON) that occurred in the first hour. A blank reaction
was run in which no catalyst was added to the solution. The volume of gas obtained from this reaction

(trace solvent and FA) was recorded as V.

Vobs -V blank
(V(m, H,, 25°C) + V(m, CO,, 25°C))
n

TON =

cat

ng, = moles of catalyst

V(m, Hy 25°C) = XL 4p. L =24.49 L/mol
P RT

R: 8.3145 m? Pamol-! K-!
T:298.15K

p: 101325 Pa

b: 26.7 106 m3 mol-!

a: 2.49 1019 Pa m3 mol-2

V(m, CO,, 25C) =KL 4 p. 4_ =24.42 Limol
p RT

R: 8.3145 m3 Pa mol-1 K-!
T:298.15 K

p: 101325 Pa

b: 42.7 106 m3 mol-!

a: 36.5 10-10 Pa m3 mol-2
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General Methods for Decarboxylation Studies

Under N3: In a dry box, a J. Young NMR tube was charged with catalyst (2a or ib) (8.4 pmol),
triphenylphosphine oxide (2.3 mg, 8.4 umol) and additive (10 eq). 1,4-dioxane (0.6 mL) was then added,
the tube sealed, removed from the dry box and placed in an oil bath at 80°C. The conversion was measured
by *'P NMR spectroscopy and integrated with respect to an internal standard (triphenylphosphine oxide).
Under Hy: In a dry box, a J. Young NMR tube was charged with catalyst (2a or 2b) (8.4 pmol),
triphenylphosphine oxide (2.3 mg, 8.4 umol) and additive (10 eq). 1,4-dioxane (0.6 mL) was then added,
the tube sealed, removed from the dry box. The tube was subjected to 3 freeze-pump-thaw cycles and 1 atm
H, was introduced on a dual manifold Schlenk line. The tube was then placed in an oil bath at 80°C. The
conversion was measured by *'P NMR spectroscopy and integrated with respect to an internal standard

(triphenylphosphine oxide).

General Methods for Protonation Reactions

A solution of 2a or 2b (14.5 umol) in 0.6 mL C¢Ds in a J. Young NMR tube was subjected to three freeze-
pump-thaw cycles. 1 atm of H, was introduced via a dual manifold Schlenk line and the tube was allowed
fo sit at room temperature for 10 min. The formation of 3a or 3b was confirmed using *'P NMR
spectroscopy and the NMR tube was then pumped into a dry box. One equivalent of formic acid (14.5
umol, as a stock solution in C4Dg) was added and the tube was quickly sealed. A rapid color change from
pale orange to bright yellow, as well as gas evolution, was observed. Conversion to 2a or 2b and

concomitant release of H, was confirmed by 'H and *'P NMR spectroscopy.
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Chapter 4: Base-Free Methanol Dehydrogenation Using a Pincer-Supported Iron Compound and
Lewis Acid Co-Catalyst

L Introduction

Homogeneous, transition metal-catalyzed methanol (MeOH) dehydrogenation was first reported in 1985
by Saito and co-workers. They showed that Ru(CI)}(PR;):(C,H;0,) (R = PhyEt) catalyzed the formation of
methyl formate and H, from MeOH with a turnover number (TON) of 34.' Two years later, Cole-Hamilton
and co-workers reported that Rh(bipy),Cl! (bipy = 2,2’-bipyridine) could also catalyze the dehydrogenation
of MeOH to methyl formate, thohgh with a TON of only 7.2 It was more than 25 years later that
Griitzmacher® and co-workers and Beller* co-workers reported homogenous transition metal catalysts for
the complete aqueous-phase dehydrogenation of MeOH to CO, and H, with the expressed purpose of use in
hydrogen storage. In contrast, in the interim years, formic acid (FA) has received significant attention as a
possible HSM and many highly active transition metal catalysts have been reported for its facile
dehydrogenation® (see Chapters 1 and 3 for a complete discussion). This disparity in attention is likely due
to a variety of considerations, namely the challenges associated with regeneration of FA and MeOH from
CO, and the demand for MeOH and FA in industrial applications. Much research has been devoted to the
development of catalysts for the hydrogenation of CO, to FA**® and many of these show high turnovers®>*"
and use cheap, abundant first row transition metals.%*% Research on the generation of MeOH from CO, has
not seen the same success, and the few catalysts capable of this transformation show very low TONs and
rely on expensive and rare noble metals.” Both FA and MeOH are desired industrial chemicals, though on
significantly different scales. FA is produced on a modest scale of 720,000 tons per year, most of which is
used directly in industrial applications such as leather tanning, food preservation and polymerization
catalysis.8 MeOH, however, is produced on a scale of 50 million metric tons per year, and 85% is further
used for downstream chemical processes.” As such, the renewable generation of MeOH, which is currently
produced from steam reforming of fossil fuels, has received more attention than its related dehydrogenation
for energy appl ications.'® In contrast, the more modest demand for FA has allowed for more varied research
into both its production and other applications.'' Despite the challenges associated with its production from

CO, hydrogenation, renewable MeOH generation from biomass has seen recent success,'® and MeOH is a
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promising target for H, storage, as it has a high gravimetric H, content (12.6%) and can be

dehydrogenated in the presence of water to release three equivalents of H, (Eq 1).
CH3zOH + HoO ———— CO, + 3H, AGO = 8.8 kJ mol-! Eq (1)

Heterogeneous catalysts are currently used for dehydrogenation in reformed MeOH fuel cells, which use
the H, released from MeOH as a feedstock for the generation of electricity.'®'>'* These catalysts operate at
high temperatures and pressures and produce a significant amount of CO, which ultimately poisons the fuel
cell.'®'2 Although there has been ongoing research into the development of homogeneous catalysts for
MeOH dehydrogenation since the 1980s (vide supra),>™* only recently have these systems been reported to
operate at significantly lower temperatures than heterogeneous catalysts and produce less CO. HoWever,
the most active homogeneous catalysts to date are based on expensive precious metals such as Ru,* and
with the exception of Griitzmacher’s seminal Ru system,’ require either the use of a strong base or a
precious metal co-catalyst.

The only first row transition metal catalyst for MeOH dehydrogenation was described by Beller and co-
workers."” This complex, ("PN"P)Fe(CO)H(HBH;) (FPNP = N(CH,CH,P'Pry);, C),'® features a
bifunctional PNP ligand and is able to achieve ~10,000 TONs in the presence of 8M KOH. Chapter 3
describes, in detail, the reaction of this compound with KO'Bu to generate the amido compounds

(*PNP)FeH(CO) (*PNP = N{CH,CH,(PR,)}2; R = ‘Pr (1a) or Cy (1b)) (Scheme 4.01).>"

HBH

-E 3 :E
H l 8M KOH or 1.2 eq KO'Bu S _co

“N—Fe—CO > N==Fe”

</ L
En E
E = PiPr, (C) 1a
Requires addition of base for No base required to achieve

catalytic activity towards methanol catalytic activity

Scheme 4.01. Reaction of C with base to generate 1a.
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i) Base Free Acceptoriess Alcohol Dehydrogenation o
>—-H
A _0.1mol%1a \H)\\ y
R OH toluene, “Toluene, reflux ~~R + 2H; (_ (—l £
CO H\

n=3-8
N====F Fe—CO
ii) LA Assisted Formic Acid Dehydrogenation (_ / \ (_ / f
(o] 0.1 mol% 1a,1b, 2a or 2b \ |
10 mol% LA c E=PPr; (1a) E = PPr; (2a)
H OH  1,4-dioxane, 80°C H + CO, or PCy, (1b) or PCy; (2b)

Scheme 4.02. Summary of selected previous reactions catalyzed by 1a, 1b, 2a and 2b.

Subsequently, Jones, Schneider and co-workers demonstrated the utility of these compounds as catalysts
for alcohol dehydrogenation without the need for a base or terminal H, acceptor (Scheme 4.02).'™
Furthermore, work presented in Chapter 3 shows 1a and 1b can be used as highly efficient catalysts for
base-free FA dehydrogenation, when combined with a Lewis acid (LA).” Similarly, the related formate
complexes 2a and 2b (*PN"P)Fe(CO)H(COOH) (*PN"P = HN{CH,CH,(PR)}2; R = ‘Pr (2a) or Cy (2b)),
which are proposed to generate 1a and 1b in situ, are also active catalysts for FA dehydrogenation in the
presence of LA.” Combining the reactivity of 1a, 1b towards alcohols with their action as FA
dehydrogenation catalysts, it reasons that these compounds may be capable of affecting base-free MeOH
dehydrogenation. This chapter describes the optimization of conditions for base-free MeOH

dehydrogenation using 1a/lb and 2a/2b as well as preliminary mechanistic studies that suggest a

connection between Beller’s catalyst C and 1 due to the action of base

1I. Results and Discussion

Previously it has been proposed that the complete aqueous-phase dehydrogenation of MeOH to CO; and
Hj occurs following the stepwise pathway shown in Scheme 4.03.** Initial dehydrogenation of MeOH
produces formaldehyde and releases one equivalent of H,. Subsequently, the reaction of water with
formaldehyde generates methanediol, which undergoes a second dehydrogenation to produce FA and a
second equivalent of H,. Finally, FA dehydrogenation results in the release of the third equivalent of Hj,
along with CO,. Given that 1a and related Fe complexes catalyze both the dehydrogenation of primary
alcohols such as 1-butanol to esters (analogous to steps i-iii in Scheme 4.03) and FA dehydrogenation (step

iv in Scheme 4.03) without a base, it follows that they may be able to perform base-free aqueous-phase
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MeOH dehydrogenation if compatible conditions for both reactions could be developed. To this end, first
the dehydrogenation of MeOH in the absence of water (step i in Scheme 4.03) and then full aqueous-phase
MeOH dehydrogenation were explored.

OH

0 0
CHZOH i—» )]\ ———H£-> /&“ —-HL-> /lk 3 GOy + Hj
 H H () H OI:| (i Ry oH W)

Scheme 4.03. Proposed stepwise pathway for aqueous-phase MeOH dehydrogenation to CO;
and H,,

MeQH Dehydrogenation in the Absence of Water

Although 1a and 1b have been used to dehydrogenate primary alcohols,'’ MeOH was not used as a
substrate. Initially, conditions for the dehydrogenation of MeOH in the absence of water were screened
(Table 4.01). The primary products of this reaction were methyl formate and H,, which was identified using
gas chromatography (GC). High yields of methy! formate were only obtained when the moderately polar
solvents ethyl acetate and acetonitrile were utilized (Table 4.01). In contrast, excellent yields were
previously obtained for the dehydrogenation of 1-butanol in non-polar toluene.'” The exact reasons for the
relatively low yield for MeOH dehydrogenation in non-polar solvents such as toluene are unclear. The
dehydrogenation of MeOH was dependent not only on the identity of solvent, but also on the concentration
(Table 4.02). Dilution studies indicate that the reaction fails at high concentrations. This is consistent with a
bimolecular catalyst decomposition pathway. Accordingly, single crystals of the Fe(0) complex
(CyPNHP)Fe(CO)z, which is proposed to form in a bimolecular fashion, were obtained from a catalytic
feaction mixture (Figure 4.01). Similar to what was observed with the S5-coordinate (*PNFP)FeCl,
compounds described in Chapter 2, the S-coordinate (*PN"P)Fe(CO), compounds are also isolable in either
square pyramidal or trigonal bipyramidal geometries. Unlike the structure of (*'PNHP)Fe(CO),' (obtained
by Dr. Paraskevi Lagaditis) which is square pyramidal, (YPN"P)Fe(CO), is trigonal bipyramdial in
geometry, further highlighting the flexible nature of the "PNYP ligand. However, this difference could also
be attributed to the crystallization conditions, as ("'PN"P)Fe(CO),' was crystallized via slow diffusion of

pentane into a saturated solution in THF, while (YPN"P)Fe(CO), resulted from a catalytic reaction.
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Table 4.01. Solvent screen for MeOH dehydrogenation catalyzed by 1b.?

CH.OH 1 mol% 1b . + 2H,
: 5mL solvent, reflux ~ H OCHg

Solvent Time (min)> TON°  Yield (%)
Dioxane 20 53 26
Propylene carbonate 20 71 35
Chlorobenzene 10 80 40
Dimethylsulfoxide 11 96 48
Tetrahydrofuran 12 107 53
Cyclopentylmethylether 10 112 56
Toluene 15 116 58
Acetonitrile 10 170 85
Ethyl acetate 10 176 88

*Reaction conditions: MeOH (36 pL, 0.91 mmol), 1b (9.1 pmol, 1 mol%) 5 mL
solvent, reflux. “Time at which no further increase in TON was observed. ‘TON was
measured using a gas burette. Each equivalent of H, generated is counted as a
TON. Ali numbers are the average of two runs.

Table 4.02. Dilution study of MeOH dehydrogenation catalyzed by 1b.®

0.5mol%1b
Ethyl acetate, reflux ~ H OCHjs

CH,0H +2H,

Volume ethyl acetate (mlL) Time (min)° TON® Yield (%)

1 15 25 6
2 20 200 48
5 20 300 77
10 25 380 93
15 25 320 80

®Reaction conditions: MeOH (36 pL, 0.91 mmol),1b (4.5 umol, 0.5 mol%), ethyl acetate,
reflux. ®Time at which no further increase in TON was observed. “TON was measured using
a gas burette. Each equivalent of H, generated is counted as a TON. All numbers are the
average of two runs.

Under the optimized conditions shown in Table 4.03, 1a and 1b show nearly identical activity for MeOH
dehydrogenation to methyl formate, giving 73% (1460 turnovers) and 71% yield (1420 turnovers),
respectivély. To the best of our knowledge these are the highest TONs reported to date for this
reaction.”'*'® Interestingly, the borohydride complex C is significantly less active, achieving only 19%
yield (384 turnovers). This is consistent with recent observations by Guan and co-workers suggesting that
the activation of C through loss of BH; results in increased catalytic activity for the hydrogenation of esters
to alcohols, presumably due to rapid generation the active catalyst 1a."” In the current system there is no
additive to facilitate the formation of the active species. Presumably, one of the roles of KOH in Beller’s
aqueous-phase dehydrogenation of MeOH using C," is to facilitate catalyst activation through the removal

of BH;. The formate complexes 2a and 2b are also poor catalysts for MeOH dehydrogenation. This is most
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likely due to the inability of these species to readily undergo decarboxylation and 1,2-elimination of H;to

access catalytically active 1a or 1b, in the absence of base or LAY

0o{2)
H{1)
N{1] %

ﬁ \
Fe(1)

c(1)

P(1)

o1

Figure 4.01. ORTEP? of (*PN"P)Fe(CO),. Hydrogen atoms (apart from N-H) are removed for
clarity. Ellipsoids are shown at 30% probability. Selected bond Iengths (A) and angles (°): Fe(1)-
C(1) 1.761(2), Fe(1)-C(2) 1.738(2), Fe(1)-N(1) 2.1019(19), Fe(1)-P(1) 2.2179(6), Fe(1)-P(2)
2.2138(7), C(1)-0(1) 1.177(3), C(2)}-0(2) 1.166(3), C(1)-Fe(1)-C(2) 93.48(11), C(1)-Fe(1)-N{1)
176.47(10), C(2)-Fe(1)-N(1) 90.04(9), C(1)-Fe(1)-P(2)117.26(8), C(2)-Fe(1)-P(2) 93.94(8), N(1)-
Fe(1)-P(2) 84.38(6), P(2)-Fe(1)-P(1) 124.64(3), N(1)-Fe(1)-P(1) 84.45(5).

Table 4.03. Catalyst optimization for MeOH dehydrogenation.?

o}
[Fel +2H
CH,OH 10 mL Ethyl acetate, H )]\OCHs ?
reflux .
Catalyst Mol% [Fe] Time (min)b TON® Yield (%)

1a 01 50 1460 73

1b 0.1 45 1420 71

C 0.1 40 380 19

2a 0.1 25 260 12
2a + 10 mol% LiBF, 0.1 40 >1900 >99

2b 0.1 .30 130 6
2b + 10 mol% LiBF, 0.1 45 © 1900 96
2a + 10 mol% LiBF, 0.01 260 >19000 >99
2a + 10 mol% LiBF, 0.001 340 12400 6

“Reaction conditions: MeOH (36 uL, 0.91 mmol), [Fe] (0.91 umol, 0.1 moi%), 10mL ethyl acetate,
reflux. *Time at which no further increase in TON was observed. “TON was measured using a gas
burette. Each equivalent of H, generated is counted as a TON. Ail numbers are the average of two
runs.

Chapter 3 outlines the use of LA co-catalysts to assist in the dehydrogenation of FA using 1a and 1b.”
However, the addition of 10 mol% LiBF; did not influence the yield or kinetic profile for the
dehydrogenation of MeOH using 1b (Figure 4.02), suggesting that the rate determining steps in MeOH

dehydrogenation and FA dehydrogenation are not equivalent. Consistent with this proposal, the kinetic
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isotope effect (KIE) for catalytic MeOH dehydrogenation (determined from rate constants for parallel
reactions using MeOH and d;-MeOH and 1b) is ky/kp = 2.5(2). In contrast, for catalytic FA
dehydrogenation using 1b the KIE is ku/kp = 4.2(3). Although the addition of LA co-catalysts did not
enhance catalysis using 1a and 1b, a remarkable increase was observed in the cases of 2a and 2b (Table
4.03). In the presence of 10 mol% LiBF4 complete conversion of MeOH to methyl formate was observed
using 0.1 mol% 2a and the catalyst loading could be decreased to 0.01 mol% without any loss in yield.?!
This dramatic increase may occur because LiBF, facilitates the decarboxylation of the formate cpmplexes,
allowing access to the catalytically active species.” The combination of 2 and a LA may provide an
alternative strategy for dehydrogenating challenging organic substrates,'” such as 1-cyclohexylmethanol,
using low catalyst loading, as it appears to generate a more stable catalytic system than using 1 without any

additives.

350 1

300
z l
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f 200 4 @ 10motk LilF,
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Figure 4.02. Effect of LA on MeOH dehydrogenation in the absence of water catalyzed by 1b.

To further probe the mechanism of MeOH dehydrogenation, stoichiometric reactions were performed
(Scheme 4.04). When one equivalent of MeOH was added to a ds-toluene solution of 1b at low temperature
(-80°C), a new PNP-supported Fe species 3b was observed by 'H and *'P NMR spectroscopy along with 1b
(Scheme 4.04a). Compound 3b has a triplet resonance in the '"H NMR spectrum at -23.95 ppm and a singlet
resonance in the >'P{'H} NMR spectrum at 84.8 ppm. It is assigned as (“"PN"P)Fe(CO)(H)(OCH;), which
arises from 1,2-addition of MeOH to 1b. Further evidence for this assignment was obtained through an
experiment, performed by Yuanyuan Zhang, between CD;OD and 1b at -75°C. In this reaction, two
resonances in a 3:1 ratio were observed at 3.57 and 2.04 ppm in the 2H NMR spectrum, along with the

previously observed resonance at 84.8 ppm, in the >'P{'"H} NMR spectra. The resonances in the ’H NMR
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spectrum are proposed to correspond to the OCD; ligand (3.57 ppm) bound to Fe and the N-D (2.04 ppm)
moiety. Free CD;OD was also observed in the 2H NMR spectrum, which is consistent with the presence of
unreacted 1b. In both the experiments using CH;OH and CD;0D, the amount of 3b decreased relative to
the amount of 1b as the temperature was increased. In fact, at 0°C only trace amounts of 3b were observed
by 'H NMR or 2H NMR spectroscopy and the predominant species is 1b. Cooling the solutions back down
to -80°C resulted in the conversion of 1b and CH;OH/CD;OH back to 3b. These experiments suggest that
1b and MeOH are in equilibrium with 3b and that the 1,2-addition of MeOH is temperature dependent. It
was not possible to isolate 3b, as the removal of solvent resulted in the regeneration of 1b, along with
substantial amounts of free ligand and unidentified solid precipitate.

When the reaction between one equivalent of MeOH and 1b in ds-toluene was performed at 50°C, there
was no evidence for the formation of 3b. Instead the major Fe containing products were the dihydride
(“PN"P)Fe(CO)H; (4b), which we have previously characterized,” and (SPNMP)Fe(CO),. Also present
were a significant amount of free ligand, H,, methyl formate and MeOH. The analogous reaction between
1b and two equivalents of MeOH (Scheme 4.04b), resulted in the formation of the same products, but no
MeOH was observed. From these reactions, it is possible to propose a pathway for this reaction in which
initial dehydrogenation of MeOH produces formaldehyde and H, followed by esterification of
formaldehyde with MeOH to form methoxymethanol, which is subsequently dehydrogenated to generate
methyl formate and the second equivalent of H, (Scheme 4.05). This is the same sequence of reactions
previously proposed for butanol dehydrogenation'™ and is consistent with catalytic results. The observation
of the dihydride complex 4b suggésts that release of H, to regenerate 1b is slow and is in agreement with

the observation that 4b is the resting state during catalysis, as determined using *'P{'"H}NMR spectroscopy.
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Scheme 4.04 Stoichiometric reactions of 1b with MeOH and/or water.
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Scheme 4.05. Proposed stepwise pathway for MeOH dehydrogenation in the absence of water.

In the reaction pathway shown in Scheme 4.03 water is necessary to fully dehydrogenate MeOH and
generate three equivalents of H,. The stoichiometric reaction of 1b with one equivalent of both MeOH and
water, led to thg formation of the previously characterized formate complex 2b along with H, (Scheme
4.04c)3 A proposed pathway for this reaction is summarized in Scheme 4.06. Initially, MeOH is
dehydrogenated by 1b to generate formaldehyde and H,, via the dihydride intermediate 4b. Subsequently,
formaldehyde is trapped by water to form methanediol, which is dehydrogenated to form FA and 4b. FA
then protonates 4b to form H; and the formate product 2b. There is precedent for all of the steps in this
reaction sequence.”>’® In a control experiment, 1b was treated with one equivalent of water (Scheme
4.04d). Even at low temperature a large number of different products were observed by ' NMR
spectroscopy, none of which were identifiable. Furthermore, removal of the solvent led to almost complete
decomposition of the complexes, with only a small amount of 1b recovered, indicating that the addition of
water is not reversible. This strongly suggests that when both water and MeOH are present, 1b initially

reacts with MeOH.
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Scheme 4.06. Proposed pathway for stoichiometric reaction of one equivalent of MeOH and
water with 1b.

Aqueous-phase MeOH Dehydrogenation

Given the similarity of 1 to Beller’s catalyst C, initial investigation of aqueous phase MeOH
dehydrogenation focused on Beller’s optimized conditions of 4:1 (molar ratio) MeOH:H,0." In the
absence of a base or other additive, 1b catalyzes the generation of H, from an aqueous solution of MeOH in
58% yield, based on water as the limiting reagent (Table 4.04). However, methyl formate is also generated
as a major product suggesting that complete MeOH dehydrogenation to H, and CO, is not occurring. When
this reaction was monitored using 3'P NMR spectroscopy the major Fe-containing product at the end of the
reaction was the formate species 2b. If 2b, formed through 1,2 addition of FA to 1b (vide supra), cannot
undergo facile decarboxylation it represents a relatively inactive species in catalysis. In order to prevent the
accumulation of 2b, the catalytic reaction was performed in the presence of a variety of different LAs
(Table 4.04). Several different LAs facilitate the complete aqueous phase dehydrogenation of MeOH,
without formation of methyl formate. In general, the smaller, more oxophilic cations such as Li" and Na"
are the most active. Additionally, non-coordinating anions are necessary, with PF¢’, BF, and OTf giving
the best results. It is possible to use LAs as simple as NaCl, but the poisoning effect of the chloride anion
appears to be similar regardless of the cation, as there is little difference in activity between LiCl, NaCl and
CsCl. Even in the presence of LAs, >’P NMR spectroscopy indicates that the formate complex 2b is the

resting state during catalysis, consistent with decarboxylation being the turnover-limiting step.
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The six LAs that gave quantitative conversion of MeOH and water to H, and CCZ were tested at lower
catalyst loading to further explore the differences in their activities (Table 4.05). Despite their impressive
performance at high catalyst loading, both LiOTf and NaOTf performed poorly under these conditions,
while LiBF, was the most active, giving >99% yield in 12.5 hours. The gas produced from the reaction
using LiBF, was analyzed by GC and found to contain a 3:1 ratio of H,:CO, and <0.1% CO. This

10c,12 and

percentage of CO is significantly lower than that observed with the best heterogeneous catalysts
comparable with state-of-the art precious metal homogeneous systems.”* Using LiBF, as the LA, the effect
of changing the quantity of LA was explored (Table 4.06). When the catalyst loading of 1b is 0.5 mol% the
optimal LA loading is between 5-10 mol%, however at a lower loading of 1b (0.1 mol%), a 10 mol% LA
loading gives more efficient catalytic activity. The decrease in performance at both higher and lower LA

loading is comparable to the LA effect that was observed in'FA dehydrogenation using 1 and 2.”

Table 4.04. LA screening for aqueous phase MeOH dehydrogenation using 1b.?

0.5 mol% 1b
10 mol% LA
CHao': 4_+1 )Hzo 10 mL. Ethyl acetate, 3Hz + CO,
' reflux
LA TON® (Time, min)°  Yield (%)° LA TON® (Time, min)° Yield (%)"
No additive 350 (20) 58° NaCl 500 (15) 82
LiCl 500 (15) 83
LiPFs >599 (30) >99 KCl 500 (25) 82
NaPF, 420 (20) 70 CsCl 430 (15) 71
KPF; >599 (35) >99 CaCl, 300 (10) 49
LiBF, >599 (25) >99 NaBAr',f >599 (20) >99
NaBF, 540 (20) 90 NaBPh, 400 (15) 68
KBF, 530 (30 min) 88 NaBF, 540 (20) 90
LiOTf >599 (15) >99
NaOTf >599 (35) >99
KOTf 390 (20) 65

*Reaction conditions: Water (18 ul., 1.0 mmol), MeOH (161 pL, 4.0 mmol), 1b (0.5 mol% with respect to water), LA (0.1 mmol,
10 mol% with respect to water), 10 mL ethy! acetate, reflux. "TON measured using a gas burette. Each equivalent of H,
generated is counted as a TON. All numbers are the average of two runs. “Time at which no further increase in TON was
observed. “Based on water as the limiting reagent. *Methyl formate was observed as a major product.' BAr", = tetrakis[(3,5-
trifluoromethyl)phenyllborate
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Table 4.05. Screening of LAs with low catalyst loading for MeOH dehydrogenation in the
presence of water.?

0.1 moi% 1b
CHyOH + H,0 ——omol LA 3H, + CO,
(4:1) 10 mL Ethyl acetate,
“reflux
LA Time (hr)’ TON® Yield (%)

LiOTf 7 1500 52
NaOTf 6 620 20
LiBF, 10 >2900 >99
LiPFq 12.5 >2900 >99
KPF; 16 >2900 >99

NaBAr, 10 1900 63

*Reaction conditions: Water (18 L, 1.0 mmol), MeOH (161 L, 4.0
mmol), 1b (0.1 mol% with respect to water), LA (0.10 mmol, 10 mol%
with respect to water),10 mL ethyl acetate, reflux. "Time at which no
further increase in TON was observed. “TON measured using a gas
burette. Each equivalent of H, generated is counted as a TON. All
numbers are the average of two runs.

Table 4.06. Effect of amount of LA on MeOH dehydrogenation in the presence of water.®

1b
MeOH + Hzo LA 3 Hz + C02
@:1) 10 mL Ethyl acetate,
reflux
Mol% LA Mol% 1b Time (min)® TON® Yield (%)
1 25 350 58
2 25 380 62
5 0.5 20 >599 >99
10 25 >599 >99
20 60 >599 >99
5 320 980 32
10 0.1 600 >2900 >99
20 750 >2900 >99

"Reaction conditions: Water (18 pL, 1.0 mmol), MeOH (161 uL, 4.0 mmol), 1b (x mol% with
respect to water), LA (mol% with respect to water),10 mL ethyl acetate, reflux. *Time at
which no further increase in TON was observed. ‘TON measured using a gas burette. Each
equivalent of H, generated is counted as a TON. All numbers are the average of two runs.

The effect of changing the ratio of MeOH:H,O was explored using a catalyst system including 1b and
LiBF,(Table 4.07). A large excess of either MeOH or water afforded poor yields. More moderate ratios of
2:1 or 4:1 MeOH:H,0 gave significantly higher TON and yields, with a ratio of 4:1 giving a TON of 9500
(95% yield) in 41 hours. The significant decrease in catalytic activity at high water and/or MeOH
concentratioﬁs may be related to the instability of 1b in either neat MeOH or water. This is in contrast to

the reaction of 1b with one equivalent of a mixture of MeOH and water, which gave near quantitative
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conversion to 2b, with very little evidence of decomposition. Our optimal conditions are similar to those
employed by Beller and co-workers to achieve a TON of approximately 10,000 in 43 hours using C and
$M KOH."”

Table 4.07. Effect of MeOH:H,0 ratio on MeOH dehydrogenation in the presence of water using
1b.°

0.03 mol% 1b

10 moi% LiBF,
CH30H + H,0 3H; + CO,
10 mL Ethyl acetate,

reflux

MeOH:H,O (molar)  Time(hr)°  TON°  Yield (%)

8:1 4 500 5
6:1 30 2800 28
4:1 41 9500 95
2:1 38 6000 60
1:1 55 5000 50
1:2 25 600 6

®Reaction conditions: Water (18 pL, 1.0 mmol), appropriate molar quantity
MeOH, 1b (0.03 mol% with respect to water), LiBF, (0.10 mmol, 10
mol%), 10 mL ethyl acetate, reflux. "Time at which no further increase in
TON was observed. “TON was measured using a gas burette. Each
equivalent of H, generated is counted as a TON. All numbers are the
average of two runs.

Finally, the catalytic activity of 1a, 1b, 2a, 2b and C were tested under optimized conditions (Table
4.08). In combination with LiBF,, both the amido complexes 1a and 1b and the formate complexes 2a and
2b give yields greater than 80% (8000 turnovers) at 0.03 mol% catalyst loading. In an analogous fashion to
the dehydrogenation of MeOH to methyl formate, C is not highly active under these base-free conditions,
giving only 25% yield. Further optimization using 2a at 0.01 mol% loading gave a TON of 30,000 and
yield of greater than 99%. Lowering the catalyst loading to 0.006 mol% gave a TON of 51,000, but the
yield was reduced to 50%. Overall, 2b in combination with 10 mol% LiBF, represents the first example of
base-free MeOH dehydrogenation by a first-row metal, giving five times greater turnover than previous Fe

catalysts and twelve times better turnover than other base free systems.
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Table 4.08. Screening of catalysts for MeOH dehydrogenation in the presence of water.®

[Fe]
e
CH3OH + H,0 10mol% LiBF, 3H, + CO,
. 10 mL Ethyl acetate,
(4:1)
reflux
Catalyst Mol% [Fe]  Time (hr)° TON® Yield (%)
1a 0.03 42 8200 82
1b 0.03 41 9500 95
C 0.03 21 2500 25
2a 0.03 39 >9999 >99
2b 0.03 41 >9999 >99
2a 0.01 52 30,000 >99
2a 0.006 94 51,000 50

*Reaction conditions: Water (18 pL, 1.0 mmol), MeOH 060 pL, 4.0 mmol), [Fel,
LiBF, (0.10 mmol, 10 mol%),10 mL ethyl acetate, reflux. "Time at which no further
increase in TON was observed. “TON measured using a gas burette. Each
equivalent of H, generated is counted as a TON. All numbers are the average of two
runs.

The superior catalytic activity of 2a and 2b compared to 1a or 1b appears surprising, given both the
direct relationship between 2a/2b and 1a/1b via decarboxylation, and the assumption that 2a/2b must
convert to 1a/1b before entering the catalytic cycle. A possible explanation for this disparity in reactivity
lies in the nonproductive side reactions of five coordinate species with MeOH and water. Furthermore, it is
important to note that these reactions are more prevalent at low temperature. For example, the 1,2-addition
of MeOH to 1b, which is not believed to lead to dehydrogenation, is more likely to occur at low
temperature (vide supra). Thus, in catalysis using the five coordinate species, these unproductive side
reactions deactivate some of the catalyst before MeOH dehydrogenation can occur. In contrast, in the case
of the formate complexes, these side reactions are less likely to occur because the Fe center must first
undergo decarboxylation, which typically only occurs at elevated temperature.’ ! Support for this hypothesis
was obtained from the following experiment: the addition of an excess of a 4:1 molar mixture of
MeOH:H;0 to an ethyl acetate solution containing 1b and LiBF, at room temperature led to the formation
of some free ligand, indicative of catalyst decomposition. In contrast, no reaction occurred when the same
reaétion was performed using 2b. When 2a/2b is used as a catalyst, in conjunction with a LA,
decarboxylation occurs at a temperature that disfavors these nonproductive side reactions of 1a/1b with
MeOH and water. As such, the active catalytic species 1a/1b are masked as 2a/2b until they are activated

by LA-assisted decarboxylation and react rapidly with MeOH to enter the catalytic cycle and generate
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formaldehyde (Scheme 4.03/) rather than undergoing nonproductive reactions or decomposition via

reactions outlined in Scheme 4.04, which are disfavored at such temperatures.

Mechanistic studies

DFT calculations were performed by Moritz Forster to provide further insight into the mechanism of
équeous phase MeOH dehydrogenation using 1. A smaller model Fe complex was used in the calculations
by replacing the iso-propyl or cyclohexyl groups of the phosphine ligands with methyl substituents. It has
previously been demonstrated that this change has only a minor effect on the energetics of PNP supported
Fe complexes.'™ The relative free energics reported below were obtained at the B3Li’P/def2-SVP level of
DFT and relate to standard conditions (gaseous species at 298 K and 1 bar). The chosen level of DFT was
validated by comparison to coupled-cluster single point results obtained at the extrapolated basis-set limit,
CCSD(T)/CBS(T,Q), for a set of minima and transition structures representative of the system under study.
The benchmarking study indicates sufficient agreement for a qualitative assessment of reaction pathways,
but with a maximum deviation of about 6 kcal mol” for relative electronic energies, expectations for a
quantitative description are limited. This computational study explores pathways for full aqueous phase
dehydrogenation of MeOH along the four-step reaction seciuence depicted in Scheme 4.03. Accordingly,
the four individual reaction steps are described as: A) MeOH dehydrogenation, B) hemi-acetal formation,
C) methanediol dehydrogenation, and D) formate dehydrogenation. Stationary points identified along the
individual routes are denoted correspondingly by preceding capital letters; please note that the numbering
scheme deviates from that used in the experimental section above.

The first step in the dehydrogenation of MeOH is the formation of formaldehyde and one equivalent of
H,. A variety of possible mechanisms have been proposed for this step. Previously, Yang and co-workers'®
calculated a stepWise ionic pathway for the dehydrogenation of ethanol to acetaldehyde using 122 An
alternative pathway for the reaction of MeOH and Al to generate formaldehyde and A4 involves 1,2-
addition of MeOH across the Fe-N bond to generate an alkoxide, followed by p-hydride elimination. The

barrier to B-hydride elimination was calculated to be 46.6 kcal mol” (Scheme 4.07)
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Scheme 4.07. Possible pathway for MeOH dehydrogenation via 1,2-addition and B-hydride

elimination

Despite this high barrier, initial 1,2-addition of MeOH was slightly energetically favored, consistent with

our experimental observation of the alkoxide complex 3b at low temperature (vide supra). However, it is

more likely that the initial reaction to form formaldehyde occurs via lowest energy pathway shown in

Scheme 4.08.
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Scheme 4.08. Calculated lowest gree energy pathway for MeOH dehydrogenation (A).

Initially, an encounter complex A2 is formed via an N-H-O hydrogen bond between MeOH and the five

coordinate amido species Al. Subsequently, concerted transfer of the hydrogen atoms associated with both

the C-H and O-H bonds occurs to generate A4 (corresponding to 4a or 4b discussed above) and

formaldehyde, via an intermediate encounter complex A3. The barrier for this process via TS-A2 is
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relatively low (15.kcal mol”' relative to MeOH and A1) and this reaction sequence is analogous to the
calculated first step in the conversion of alcohols to esters and two equivalents of H,, which was previously
reported.'™ The loss of dihydrogen from A4 to regenerate Al is mediated by MeOH (Scheme 4.09 a). This
step has a barrier of 23 kcal mol™ and represents the rate-determining step in the conversion of MeOH to
formaldehyde and H,. We have previously described this process for H, elimination in detail.'™® Scheme
4.09 shows possible pathways for the elimination of H2 when mediated by MeOH (a) or water (b). The
barrier for H, elimination is higher when mediated by water compared to MeOH. Furthermore, the barrier

to H, elimination in the absence of a mediator is even higher and unlikely to occur (Scheme 4.09 c)
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Scheme 4.09. Comparison of computed pathways for loss of H, from A4 a) MeOH assisted b)
water assisted ¢) direct loss.

In line with expectation, the thermodynamic favorability of H; loss from A4 to form A1l varies as a function

of the H; pressure (Figure 4.03), consistent with experimental results on the stability of 4a/4b.”
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Figure 4.03. impact of the applied pressure on the reaction free energy for the conversion of A4
to A1 and one equivalent H, at two temperatures.

The second step in MeOH dehydrogenation involves the reaction of formaldehyde with water to form
methanediol. Recently both our group'™ and Azofra and co-workers> reported that there was a large
barrier to uncatalyzed hemi-acetal formation from MeOH and formaldehyde. Similarly, the barrier to
uncatalyzed methanediol formation from MeOH and water is also high (40 kcal mol’', Scheme 4.10a). A
pathway in which a second molecule of water.acts as a shuttle is significantly lower in enérgy, with a
barrier of 19 kcal mol™ for the six-membered transition state (Scheme 4.10b). However, the lowest energy
pathway for methanediol formation is mediated by B1 (Scheme 4.10c) and involves initial 1,2-addition of
water across the Fe-N bond to generate the hydroxide complex (B3, similar to 3b discussed in the
experimental section). This species forms an encounter complex with formaldehyde (B4), which facilitates
the formation of the new C-O and O-H bonds, via a low energy transition state (TS-B3, 4 kcal mol’l). The
facile calculated pathway for 1,2-addition of water to Bl is consistent with the experimental observation
that 1 reacts rapidly with water (Scheme 4.04d), although no well-defined products were characterized in

these experiments.
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The third step in the overall process is the dehydrogenation of methanediol (Scheme 4.11). The initial
approach of methanediol to C1 is similar to that described for MeOH, with an encounter complex C2,
formed via an N-H-O hydrogen bond. However, the subsequent dehydrogenation occurs through a stepwise
rather than a concerted pathway. Initially, the amido ligand is protonated by methanediol to form
intermediate C3. Subsequent transfer of the hydrogen atom associated with one of the C-H bonds of
methanediol generates C4, an encounter complex between FA and the dihydride complex. FA, which is the
strongest acid generated in the reaction cascade, then protonates an Fe-H bond in C4 to form C5, a cationic
molecular H; complex stabilized by a formate ion. The whole reaction cascade C1 to C5 occurs without
significant activation barriers. The subsequent displacement of the coordinated H, ligand by formate to
form C6 has a small barrier (12 kcal mol”' via TS-CS). Overall, methanediol dehydrogenation represents a

highly exergonic process (-37 kcal mol™* relative to B1 or -26 kcal mol™ relative to Al).
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Scheme 4.11. Calculated lowest free energy pathway for methanediol dehydrogenation (C).

The final step in aqueous phase MeOH dehydrogenation is the decarboxylation of the formate complex
D1, followed by release of H, to regenerate D7 (Scheme 4.12). We have previously demonstrated that in
the absence of LA the barrier for the decarboxylation of D1 is high,s' consistent with the experimental
observation that a LA is required for this process. As there is little relevant information on the nature of the
Na' coordination environment in the rather complex reaction mixture, Na(H20)6+ was chosen as a model
LA to study its influence on the formate decarboxylation in a qualitative fashion. The calculations predict
that expulsion of one water ligand from the coordination sphere of Na* and binding of Na(H;0)s to the
formate ligand in D1 is thermodynamically favored by -12 kcal mol”. This value is almost certainly an
overestimation as no significant changes are observed in the NMR properties of the formate complexes
when LAs are added and a species with a LA coordinated has never been isolated. In reality, it can be

assumed that a LA adduct of the formate complex is approximately isoenergetic with the separated LA and
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the formate in solution. Nevertheless as was previously hypothesized,” Na* coordination to the formate
ligand stabilizes the negative charge that develops in the decarboxylation step, thereby significantly
lowering its activation barrier. Correspondingly, both transition states, TS-D1 and TS-D2, and the H-bound
formate intermediate D2 are substantially lowered by LA coordination (Scheme 4.12). Subsequent release
of H, from D3 to regenerate D7 is then again facilitated by MeOH, as described before. In the presence of
the LA, the latter step is overall rate limiting for the sequence D1 to D7. In this scenario, there is a pre-
equilibrium involving reversible CO; insertion/decarboxylation and the formate complex D1 represents the
resting state during catalysis, which is consistent with experimental observations.

In summary, these calculations provide a qualitative pictufe of the elementary steps involved in aqueous
phase MeOH dehydrogenation. Both the role of the LA in facilitating decarboxylation, and the difficulty
associated in 1,2-elimination of H, from 4a/4b have been identified. With this information it is clear that in
order to design improved catalysts based on these Fe systems, it is crucial to reduce the barrier for H,
elimipation. This may result in systems which operate at lower temperature and are more stable, a

necessary feature to achieving TONs which are comparable to the best precious metal systems.
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Scheme 4.12. FA dehydrogenation: Lowest free energy pathways in the absence (black) and

presence of LA (red) (D).
II1. Conclusions

A family of PNP-supported Fe complexes are highly active catalysts for the dehydrogenation of MeOH.
In the absence of water, these catalysts rapidly convert MeOH to methyl formate and H,. Although a LA is
not required for this reaction, the catalytic system which gives the highest TON (approximately 20,000)
requires a LA for activation. In the presence of water, the Fe complexes fully dehydrogenate MeOH to H,

and CO,, provided a LA co-catalyst is present. For this reaction the best Fe/LiBF, system gives a TON of
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approximately 51,000, which is the highest reported to date for a homogeneous first row transition metal
catalyst, or a system that does not require a Brensted base. The mechanism of the reaction is proposed to
involve four steps: (i) initial dehydrogenation of MeOH to formaldehyde; (ii) reaction of water with
formaldehyde to form methanediol; (iii) dehydrogenation of methanediol to form an Fe formate species and
H,; and (iv) decarboxylation of the Fe formate species to release CO, and the final equivalent of H,. The
LA is required to facilitate the decarboxylation of the Fe formate species, while the ability of the PNP
ligand to undergo bifunctional reactivity, such as 1,2-addition or elimination, is crucial to many of the

elementary steps in the reaction pathway.

1V. Experimental Details

General Methods

Experiments were performed under a dinitrogen or argon atmosphere in a dry box or using standard
Schlenk techniques, unless otherwise noted. Under standard dry box conditions, purging was not performed
between uses of pentane, diethyl ether, benzene, toluene and THF; thus, when any of these solvents were
used, traces of all these solvents were in the atmosphere and couldv be found intermixed in the solvent
bottles. Moisture- and air-sens‘itive liquids were transferred by stainless steel cannula on a Schlenk line or
in a dry box. Solvents were dried by passage through a column of activated alumina followed by storage
under dinitrogen or ‘argon. Ethyl acetate, propylene carboﬁate and dioxane were dried over CaH, and
distilled before use. All commercial chemicals Were used as received, except where noted. Lithium
hexafluorophosphate, sodium hexafluorophosphate, potassium hexaﬂuorolphosphate, lithium triflate,
sodium triflate, potassium triflate, and sodium tetraphenyiborate were purchased from Fisher Scientific
Company. Sodium chloride, lithium chloride, potassium chloride, cesium chloride, calcium chloride,
lithium tetraphenylborate, sodium tetraphenylborate, and potassium tetraphenylborate were purchésed from
Acros. Deuterated solvents were obtained from Cambridge Isotope Laboratories. ds-toluene was dried over
sodium metal and vacuum-transferred prior to use. NMR spectra were recorded on Bruker AMX-400,
AMX-500, AMX-600, spectrometers at ambient probe temperatures, unless otherwise noted. Literature
procedures were used to prepare sodium tetrakis[(3,5-trifluoromethy!)phenyl]borate (N aBArT,),” 12, 1b,”

2a,> 2b,” and C.'¢
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X-ray Crystallography

X-ray diffraction experiments were carried out on a Rigaku R-AXIS RAPID diffractometer coupled to a R-
AXIS RAPID imaging plate detector with graphite- monochromated Mo Ko radiation (A = 0.71073 A)
at -123°C. The crystals were mounted on MiTeGen polyimide loops with immersion oil. The data frames
were processed using Rigaku CrystalClear and corrected for Lorentz and polarization effects. Using
Olex2? the structure was solved with the XS structure solution program by Patterson methods and refined
with the XL refinement package using least-squares minimization. The non-hydrogen atoms were refined

anisotropically. Hydrogen atoms were refined using the riding model.

Computational Details

DFT calculations were performed using the Gaussian09 program package.”” The B3LYP hybrid
functional,® as implemented in Guassian09, was used in combination with the def2-SVP basis set.”’
Unscaled zero-point vibrational energies as well as thermal and entropic corrections were obtained from
computed Hessians using the standard procedures implemented in Guassian09 and were used to obtain

Gibbs free energies at 298.15 (1 bar atmospheric pressure).

Gas Chromatography
Gas chromatography experiments were performed on a Buck Scientific 910 Gas Chromatograph with
FID/TCD and methanizer. The system uses N, as a carrier gas and allows for determination of the

following gases at the detection limits: H,> 100 ppm, CO > 1 ppm and CO,> 1 ppm.

Representative Procedure Jor Catalytic MeOH Dehydrogenation in the Absence of Water

In a dry box, a 50 mL Schlenk flask was loaded with the appropriate catalyst, MeOH, and the desired
solvent. The Schienk flask was sealed with a glass stopper and removed from the dry box and attached to a
gas burette setup and reflux condenser (vide infra). The gas burette and tubing was subjected to three
vacuum/N, purge cycles and allowed to equilibrate. The solution flask was tﬁen lowered into an oil bath

preheated to the desired temperature upon which gas evolution began immediately. The change in water
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level in the gas burette (V) was used to determine turnover using previously reported methods (vide
infra).>"® Each equivalent of H, produced was taken to be one turnover. A blank reaction was run in which
no catalyst was added to the solution. The volume of gas obtained from this reaction (trace solvent and

MeOH) was recorded as Vijank.

Representative Procedure for Catalytic Aqueous Phase MeOH Dehydrogenation

In a dry box, a 50 mL Schlenk flask was loaded with the appropriate catalyst, additive (LA), MeOH, water
and desired solvent. The Schlenk flask was sealed with a glass stopper and removed from the dry box and
attached to a gas burette setup and reflux condenser as shown below. The flask was then attached to a gas
burette and reflux condenser (vide infra). The gas burette and tubing was subjected to three vacuum/N,
purge cycles and the U-tube trap was cooled with liquid nitrogen. The solution flask was then lowered into
an oil bath preheated to desired temperature upon which gas evolution began immediately. The change in

water level in the gas burette (Vo) used to determine turnover using previously reported methods (vide
infra).™"® Each equivalent of H, produced was taken to be one turnover. Upon completion of reaction, the
U-tube was removed from the liquid nitrogen bath and the CO, gas evolved was measured by the burette to
be 1/3 of total turnover. A blank reaction was run in which no catalyst was added to the solution. The

volume of gas obtained from this reaction (trace solvent, water and MeOH) was recorded as Vjank.
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Experimental setup for measurement of H, in dehydrogenation reactions

H, was collected using the setup shown below in Figure 4.04

To vacuum/N,

Figure 4.04. Burette set up used to collect H; for catalytic MeOH dehydrogenation.

Equation used to calculate TON

SIS

The TON was calculated using previously reported methods™ " and as described in Chapter 3, with a few

modifications.

Operating under the assumption that all gas produced in MeOH dehydrogenation to methyl formate is
hydrogen, the equation below can be used to determine the volume per mol of H, at 298.15K. Each
molecule of hydrogen is considered a turnover.

The TON was determined using the following expression:

TON = Dproq/Nca Where ngy is the molar quantity of the catalyst.

The following expression was used to determine the volume per mol of H, at 298.15K:

Vio = % +b- ,:—T = 24.49 Limol
R = 8.3145 m® Pamol K
T=298.15K

p = 101325 Pa

b=26.7 10 m® mol"*
a=2.49 10" Pa m® mol?

92




In aqueous-phase MeOH dehydrogenation all of the CO; generated was trapped in the U-tube cooled by
liquid N;. This was verified by measuﬁng the amount of gas produced when the U-tube was allowed to

warm to room temperature and by GC.

Additional Stoichiometric Reactions

Addition of 1 eq MeOH to 1b at -80°C

In a nitrogen-filled glovebox, a J. Young NMR tube was charged with 1b (15 mg, 27.3 pmol) and 0.3 mL
dg-toluene. The tube was then placed in a liquid nitrogen-cooled cold well until the solution was frozen. A
solution of MeOH (27.3 umol) in 0.1 mL ds-toluene was then added to the tube and once again allowed to
cool until frozen. The tube was then removed from the glovebox and immediately placed in a cold bath
at -78°C. Once the solution had warmed to -78°C, the tube was inverted several times to ensure mixing and
placed back in the cold bath. To perform the NMR study, the tube was placed in an NMR spectrometer that

had been precooled to -80°C and spectra were obtained at the specified temperatures. The hydride region of

the '"H NMR spectrum (Figure 4.05) and selected >"P{'H} NMR spectra (Figure 4.06) are shown below.

3b
1b
Ji\k Ao -80°C
il avc
o~ 0°¢
Direction of spectra
o .20°C
o I -40°C
o A -60°C
. N -80°C
-205 215 225 235 245 .26.5 .265 275
ppm

Figure 4.05. 'H NMR spectra at different temperatures from the reaction of 1b with 1 eq MeOH at
-80°C.

93



ib CvaHp

J 1, -s0c
| \ o°c
L Direction of spectra .40°C
| , -60°C
. 1 -80°C

130 110 80 80 70 60 50 40 30 20 10 © -10 -20
ppm

Figure 4.06. 3 P{1H} NMR spectra at different temperatures from the reaction of 1b with 1 eq
MeOH at -80°C.

Addition of I eq CD;OD to 1b at -75°C

In a nitrogen-filled glovebox, an NMR tube was charged with 1b (3.8 mg, 6.9 pmol), 0.4 mL toluene and 3
drops of ds-benzene (to enable locking and shiming of the NMR machine). The NMR tube was sealed with
a Cajon compression fitting and attached to a vacuum line. The sample was frozen in liquid nitrogen and
one equivalent of CD;0D was added via calibrated gas bulb (11 torr in 10.91 mL). The tube was then flame
sealed, removed from the liquid nitrogen bath and immediately placed in a cold bath at -78°C. Once the
solution had warmed to -78°C, the tube was inverted several times to ensure mixing and placed back in the
cold bath. To perform the NMR study, the tube was placed in an NMR spectrometer that had been
precooled to -75°C and 2H NMR spectra were obtained at the specified temperatures. These are shown

below in Figure 4.07.
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Figure 4.07. 2H NMR spectra at different temperatures from the reaction of 1b with 1 eq CD;0D
at-75°C.

Addition of 1 eq MeOH to 1b at 50°C

In a nitrogen-filled glovebox, a J. Young NMR tube was charged with 1b (15 mg, 27.3 pmol) and 0.3 mL
dg-toluene. A solution of MeOH (27.3 pmol) in 0.1 mL ds-toluene was then added to the tube at room
temperature. The tube was then sealed and removed from the glovebox and immediately placed in an oil
bath preheated to 50°C. Afier heating for 40 min, the tube was removed from the oil bath and 'H and
*'P{'H} NMR spectra recorded. These spectra indicated the formation of 4b, (YPNP)Fe(CO),, “PN"P,
and H,. The *'P{'H} NMR spectrum is shown below in Figure 4.08. The atmosphere of the J. Young NMR
tube was then vacuum transferred to another J. Young NMR tube containing 0.4 mL degassed ds-benzene.
The "H NMR spectrum of this solution contained resonances corresponding to methyl formate and MeOH

and s shown below in Figure 4.09.
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Figure 4.08. *'P{"H} NMR spectrum of crude mixture from the reaction of 1b with 1 eq MeOH
after heating at 50°C for 40 min.
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Figure 4.09. 'H NMR spectrum of organic products vacuum transferred from reaction of 1b with 1
eq MeOH.
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Addition of 2 eq MeOH to 1b at 50°C

In a nitrogen-filled glovebox, a J. Young NMR tube was charged with 1b (15 mg, 27.3 umol) and 0.3 mL
ds-toluene. A solution of MeOH (54.6 umol) in 0.1 mL ds-toluene was then added to the tube at room
temperature. The tube was then sealed and rémoved from the glovebox and immediately placed in an oil
bath preheated to 50°C. After heating for 40 min, the tube was removed from the heat and 'H and *'P{'H}
NMR spectra were recorded, indicating formation of 4b, (YPN"P)Fe(CO),, “PNUP, and H,. The
atmosphere of the J. Young NMR tube was then vacuum transferred to another J. Young NMR tube
containing 0.4 mL degassed dg-benzené. The 'H NMR spectrum of this solution contained resonances

corresponding to methyl formate.

Addition of I eq MeOH and 1 eq H,O to 1b

Ina nitrogen-filled glovebox, 1b (10 mg, 18.2 umol) was dissolved in 0.4 mL ds-benzene. Water (18.2
umol) and MeOH (18.2 umol) were added at room temperature and the tube was capped and shaken to
fully mix. 'H and *'P{'"H} NMR spectroscopy (Figures 4.10 and 4.11) indicate the exclusive formation of

2b and H,. There is no evidence for decomposition of the Fe containing starting material or product.

=g % 3
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@ ® i
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{
i W
120 95 =240 260
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— ) 9

-3
<
-

1.0t

12 8 6 4 2 0 -2 -4 -6 -8 -10 -4 -8 .22  -26
ppm

Figure 4.10. 'H NMR spectrum from reaction of 1 eq of MeOH and 1 eq of H,O with 1b.
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Figure 4.11. *'P{'H} NMR spectrum from reaction of 1 eq of MeOH and 1 eq of H,0 with 1b.

Speciation of Fe at room temperature under catalytic conditions

1b
In a nitrogen-filled glovebox, a vial was charged with 1b (10 mg, 18.2 umol), LiBF, (10 mg, 10 mol% with
respect to water), MeOH (161 uL, 4 mmol), water (18 uL, 1 mmol) and 10 mL ethyl acetate. The vial was

agitated at room temperature for 30 minutes, after which a 400 pL aliquot was placed in a J. Young NMR
tube. A *'P{'"H} NMR spectrum was obtained and showed formation of free ligand as well as unidentified

peaks between 30-40 ppm.

2b
In a nitrogen-filled glovebox, a vial was charged with 2b (10 mg, 16.8 umol), LiBF, (10 mg, 10 mol% with
respect to water), MeOH (161 pL, 4 mmol), water (18 pL, 1 mmol) and 10 mL ethyl acetate. The vial was

agitated at room temperature for 30 minutes, after which a 400uL aliquot was placed in a I. Young NMR
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tube. A *'P{'"H} NMR spectrum was obtained and showed 2b to be the only species in solution, with no

formation of free ligand or unidentified products as with 1b.

Measurement of Kinetic Isotope Effects

MeOH dehydrogenation in the absence of wdter catalyzed by 1b.

In a nitrogen-filled glovebox, MeOH (36 uL, 0.91 mmol), 10 mL ethyl acetate and 1b (0.91 umol, 0.1
mol%) were added to a Schlenk flask. The flask was sealed, removed from the glovebox and attached to the
burette setup (vide supra). The system was evacuated and purged with N, three times and the flask then
lowered into a oil bath preheated to 80°C at which point gas evolution began. The reaction rate (ky) was
determined using the method of initial rates. A similar reaction was run using ds-MeOH (37 pL, 0.91

mmol) to determine kp. The KIE was determined using KIE = ky/kp,

Formic acid dehydrogenation catalyzed by 1b.

In a nitrogen-filled glovebox 1b (2.91pumol, 0.1 mol%), 9 mL ethyl acetate and 10 mol% LiBF, were added
to a Schlenk flask. A syringe was loaded with formic acid (110 pL, 2.91 mmol) and 1 mL ethyl acetate.
The flask was sealed with a rubber septum, the flask and syringe removed from the glovebox and attached
to the burette setup as previously described (vide supra). The system was evacuated and purged with N,
three times and the flask lowered into a preheated oil bath at 80°C. The formic acid/ethyl acetate solution
was then injected via the rubber septum and gas evolution began. The reaction rate (k;) was determined
using the method of initial rates. A similar reaction was run using d,-formic acid (109 pL, 2.91 mmol) to

determine kp. The KIE was determined using KIE = ky/kp,

Crystallization Methods

Crystallization of (YPN'P)Fe(CO),

In a nitrogen-filled glovebox, a Schlenk flask was loaded with MeOH (161 uL, 4.0 mmol), water (18 uL,
1.0 mmol), 10 moi% LiBF, (0.10 mmol, 9.4 mg), 10 mL ethyl acetate, and 1b (0.1 mol% with respect to
water). The flask was sealed and removed from the glovebox and attached to the burette system as

described above. The system was evacuated and purged with N, three times and the flask lowered into an
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oil bath preheated at 80°C, at which time gas evolution began. The reaction was allowed to run to
completion (10 hours) and the flask was resealed and placed in a freezer at -30°C overnight after which

time (“YPNPP)Fe(CO), was obtained as pale red crystals.
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Chapter 5: Synthesis, Characterization and Reactivity of NHC-Supported Ni and Pd Compounds
Bearing Combinations of Allyl, Cyclopentadienyl, and Indenyl Ligands
L. Introduction

Group 10 metal complexes containing allyl ligands play an important role in metal-mediated organic
synthesis as catalysts' and precursors’ for a variety of bond forming reactions. Additionally, they are
interesting on a fundamental level as the bonding and subsequent reactivity of complexes with allyl ligands
is heavily dependent on both the identity of the metal center and the nature of the ancillary ligands.’ In
general, ally! ligands bind to transition metals in one of two different coordination modes. First, n'-allyls
(Figure 5.01a) are nucleophilic and have been invoked as a key intermediate in many reactions with

6b,7

electrophiles4 such as CO,,’ aldehydes6 and imines.””’ Conversely, n3-allyls (Figure 5.01b) are electrophilic

8

and are crucial intermediates in the Tsuji-Trost reaction,” as well as several other catalytic reactions

involving attack on the n’-allyl ligand by a nucleophile.’

a) b)
l

LnMW ML
n

Figure 5.01. Depictions of the two most comn;on binding modes of ally! ligands a) n'-allyl and
‘ b)n’-allyl.

We have previously synthesized highly unstable complexes of the type (n*-allyl)(n'-allyh)M(L) (M = Ni
or Pd; L = PR3 or IPr; IPr = 1,3-bis(2,6-diisopropylphenyl)-1,3-dihydro-2H-imidazol-2-ylidene).5‘*s" These
complexes react readily with CO; to give carboxylated products in which one molecule of CO; inserts into
the nucleophilic M-n'-allyl bond (Scheme 5.01). In the case of Pd, the bis(allyl) species are highly active

1% and allylboranes;'® however, their poor thermal

catalysts for the carboxylation of allylstannanes
stability may limit the substrate scope. Mechanistic studies suggest that the n’-allyl ligand is simply a
spectator and only the n'-allyl ligand is required to facilitate catalysis.”***'®!%® Related work by Wendt and
co-workers using Pd-n'-allyl complexes supported by tridentate pincer ligands is consistent with this
proposal.® However, our attempts to use thermally stable Ni-n'-allyl complexes supported by pincer
ligands'' or Pd' dimers with bridging allyl ligands" for catalytic carboxylation did not improve catalyst

efficiency. Therefore, we wished to explore alternative ligand frameworks to support thermally stable Pd

and Ni complexes containing n'-allyl ligands.
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Scheme 5.01. Reaction of compounds of the type (n'-2-methylallyl)(n>-2-methyially)M(L) with
CO..

It is widely accepted that the allyl ligand is related to both cyclopentadienyl (Cp) and indeny! ligands
through a similar method of bonding.” However, despite the close similarities between Cp and indenyl
ligands, they do not always bind in the same mode to a transition metal.'* This is primarily due to the
“indenyl effect” which stabilizes the n’-binding mode of indenyl ligands relative to the n’-binding mode.
Consequently, they are far more likely to bind in an n’-fashion than Cp ligands which generally bind in an
n'- or n’-manner. Currently, a limited number of Pd and Ni complexes containing combinations of allyl and
Cp ligands have been prepared.'® For example, as part of their studies towards the synthesis of Pd' dimers
with bridging Cp and allyl ligands,'® Werner and co-workers prepared the monomeric complex (n’-Cp)(n'-
2-chloroallyl)Pd {P(O-ortho-tolyl)s}, as well as related species with different phosphine and allyl ligands."
In particular, they noted that (n’-Cp)(n'-2-chloroallyl)Pd{P(O-ortho-tolyl);} was stable at temperatures up
to 50°C. Furthermore, Werner found that the related complexes (n>-Cp)(n'-2-methylallyl)Pd(PR3) (R =
P'Prs, PCy; or P'BuPh,)"*® showed unusual fluxional behavior in solution and at -60°C the (n5 —Cp)(n'-Z-
methylallyl)Pd(PR;) isomer could also be observed. This species is a relatively rare example of a Pd
complex with an n'-Cp ligand."™!” At this stage there is only one example of a Pd complex containing both
an indenyl and allyl ligand,"® Ni species containing mixed Cp and allyl or indenyl and ally! ligand sets are
unknown,

Given the stability of (n’-Cp)(n'-2-chloroallyl)Pd{P(O-ortho-tolyl);} and our desire to prepare complexes
containing thermally stable n'-allyl ligands, we were interested in further exploring the synthesis and
reactivity of Ni and Pd complexes with both Cp and allyl ligands. Ideally these complexes would be
supported with a strongly donating ligand such as IPr," as this was the ancillary ligand for our most active
bis(allyl)Pd systems for catalytic carboxylation.>® In addition, given the close relationship between Cp and

indenyl ligands,””> we wanted to prepare Pd and Ni complexes with indenyl and allyl ligands supported by
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IPr. This chapter describes the synthesis, characterization and preliminary reactivity of the series of IPr
supported Ni and Pd complexes with combinations of allyl, Cp and indenyl ligands, shown in Figure 5.02.
The structures and reactivity of these systems have been compared to complexes of the type (n’-allyl)(n'-

allyl)M(IPr) (M = Ni or Pd) that we recently studied.***"

A <

A b
e’ pd\Q lpr/hli\/J\ e Pld ,Pr/g"\/l\

CpAllPd CpAling InlePd IndAllpy, i

Possibly stable at

{ow temperature
N |
) N
IPr IPr Pr Q

M = Ni ("9CPNi) or M = Ni (SPCPNi) or indindpy
Pd (IndCepd) Pd (CPCPPd)

Figure 5.02. Ni and Pd complexes with combinations of allyl, Cp and indenyl ligands.

I1. Results and Discussion

This work has been previously published.?’

A. Synthesis and structure of Ni and Pd complexes supported by both Cp and 2-methylallyl ligands
Previously, it has been demonstrated that the reaction of IPr with the homoleptic Ni and Pd complexes
(allyl);M (M = Ni or Pd) generates (n3-allyl)(n‘-allyl)M(IPr) in high yield.”® Through the reaction of the
previously prepared mixed ligand species (Cp)(2-methylally)Pd”® with IPr at -35°C, it was possible to
synthesize (n'-Cp)(n*-2-methylallyl)Pd(IPr) (“"A"Pd) in moderate yield (Scheme 5.02a). Synthetic attempts
at temperatures greater than -35°C gave mixtures of products and significant decomposition was observed if
a toluene solution of “PA'pPd waé left at room temperature for longer than 48 hours. In addition, CPAPG was
unstable when stored in the solid state at room temperature; however, it could be stored indefinitely
at -35°C in a nitrogen filled dry box. When the unsubstituted allyl complex (Cp)(allyl)Pd was mixed with
IPr, only the dimeric product (u-Cp)(u-allyl)Pdy(IPr), was isolated.” Similar dimers supported by

phosphines have been studied by Werner and are proposed to form through the monomeric compound (n'-
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Cp)(1’-allyl)Pd(PR;).'® However, all attempts to spectroscopically characterize the related IPr-supported

monomeric intermediate were unsuccessful.

a)
> A S Vi
oy IPr Pld L IPr i \/J\
pentane lPr/ benzene IPr/

Ni
\\% -35 °C,18 hours \%/ RT, 18 hours
CpAlln;
CpA“pd

Scheme 5.02. Synthesis of a) “°"Pd and b) °**"Ni.

The solution state hapticities of the Cp and 2-methylallyl ligands in “"A"Pd were determined using NMR
spectroscopy. Sergeyev has demonstrated that the 'H and *C NMR chemical shifts of the Cp ligand can be
used as a diagnostic tool to determine the coordination mode of Cp ligands in transition metal complexes.”
Typically, the 'H NMR chemical shift for the Cp resonance in complexes where the Cp ring forms a o-
bond (n') to the metal, ranges from 5.6-6.2 ppm, while in complexes where the Cp ring forms both o- and
n-bonds (1), the shift of the Cp resonaﬂce ranges from 4.0-4.8 ppm. In the case of *C NMR spectroscopy,
chemical shifts for the Cp resonance ranging from 113-118 ppm are proposed to be indicative of n'-
binding, while shifts ranging from 70-93 ppm are consistent with n’>-binding.” The 'H NMR spectrum of
CPAlpg at -35°C showed a single peak for all five Cp protons at 6.13 ppm, which is consistent with n'-
binding. This is further substantiated by the *C NMR shift of the Cp ligand at 108.9 ppm, which is also in
the range proposed by Sergeyev for n'-binding. It should be noted that Sergeyev’s ranges for the chemical
shift of the Cp ligand are based only on data from n'- and n’-coordinated Cp ligands and at this stage no
general trends have been determined for n°-bound Cp ligands, which are significantly less common.? As
such, it is not possible to completely rule out the unlikely possibility of n’-binding of the Cp ligand in
CrAPd on the basis of NMR spectroscopy. However, X-ray crystallography (vide infra) is also consistent
with an n'-bound Cp. The resonances for the 2-methylallyl ligand in the 'H NMR spectrum of A"Pd are
typical of those expected for n’-binding of an allyl ligand in a C, symmetric complex.** Fouf distinct
resonances are observed for the terminal protons, with each below 3.5 ppm.

Even at very low temperature, -60°C, only one sharp resonance was observed for the Cp ligand in the 'H

NMR spectrum of “PA'Pd, suggesting that there is a low barrier for metallotropic rearrangement (a 1,2-
p 8
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shift) which makes the Cp protons equivalent. Werner and co-workers have previously reported analogous
NMR properties for compounds of the type (nI-Cp)(n3-2-tert-butylallyl)Pd(PR3) (R = P'Prs, PCy; or
P'BuPh,).'™ In contrast, low temperature 'H NMR spectroscopy on complexes of the type (n'-Cp)(n’-2-
methylallyl)Pd(PR3) (R = P'Pr;, PCy; or P'BuPh,) suggested that both the sixteen electron species (n'-
Cp)(n3-2-methylallyl)Pd(PR3) and the eighteen electron species (nS-Cp)(n’-2-methyla[[yl)Pd(PR3) were
present at low temperature,' although the sixteen electron species was the major isomer. It may be that the
more electron donating NHC ligand in A"Pd exclusively favors the sixteen electron isomer. Alternativeiy,
the sixteen and eighteen electron isomers may be in rapid equilibrium even at low temperature, and
therefore indistinguishable by NMR spectroscopy.

The solid state structure of PA"Pd was elucidated using X-ray crystallography and clearly contains an n'-
Cp ligand and an n’-2-methylallyl ligand (Figure 5.03a). The Pd(l)-C(l) distance for the n'-Cp ligand is
2.186(4) A, which is consistent with the bond lengths observed in the few other examples of Pd" species
containing n'-Cp ligands.'™ The Pd-C distances to all other carbon atoms of the n'-Cp ligand are greater
than 2.85 A. The C-C bond distances within the Cp ligand are also indicative of n'-coordination. Two short
bond distances of 1.363(6) and 1.381(8) A are observed between C(2)-C(3) and C(4)-C(5), while three
longer bond distances of 1.446(7), 1.416(9) and 1.439(7) A are observed between C(1)-C(2), C(3)-C(4) and
C(1)-C(5), respectively. The 2-methylally! ligand is clearly bound in an ns-fashion, although somewhat
surprisingly the binding of the ligand is symmetric and the Pd(1)-C(6), Pd(1)-C(7), and Pd(1)-C(8) bond
distances of 2.171(4), 2.178(5) and 2.173(5) A, respectively, are equivalent. This suggests that both the IPr
ligand and the 1'-Cp ligand exert comparable trans-influences. Overall, the solid state structure of CeAllpg

15b

is similar to that observed in closely related (v'-Cp)(n’*-2-tert-butylally)Pd(P'Pr)s.
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a) b)

Figure 5.03. a) ORTEP? of ®'pd. Hydrogen atoms, solvent in crystal lattice, and the isopropy!
groups of IPr have been omitted for clarity. Ellipsoids are shown at 30%. Selected bond lengths
(A) and angles (°): Pd(1)-C(1) 2.186(4),Pd(1)-C(6) 2.174(5), Pd(1)-C(7) 2.171(5), Pd(1)-C(8)
2.171(5), Pd(1)-C(11) 2.043(4), C(1)-C(2) 1.446(7), C(2)-C(3) 1.363(6), C(3)-C(4) 1.416(9), C(4)-
C(5) 1.381(8), C(1)-C(5) 1.439(7), C(6)-C(7) 1.382(8), C(7)-C(8) 1.420(7), C(7)-C(9) 1.506(9),
C(1)-Pd(1)-C(6) 97.9(2), C(1)-Pd(1)-C(11) 98.0(2), C&S)-Pd(1)—C(11) 97.5(2), C(6)-Pd(1)-C(11)
163.0(2), C(1)-Pd(1)-C(6) 97.5(2). b) ORTEP? of “®'Ni. Hydrogen atoms and the isopropyl
groups of IPr have been omitted for clarity. Ellipsoids are shown at 30%. Selected bond lengths
(A) and angles (°): Ni(1)-C(1) 2.203(5), Ni(1)-C(2) 2.075(6), Ni(1)-C(3) 2.111(7), Ni(1)-C(4)
2.158(9), Ni(1)-C(5) 2.217(6), Ni(1)-C(6) 1.971(2), Ni(1)-C(11) 1.870(2), C(1)-C(2) 1.42(1), C(2)-
C(3) 1.40(1), C(3)-C(4) 1.405(9), C(4)-C(5) 1.42(1), C(1)-C(5) 1.383(8), C(6)-C(7) 1.474(3), C(7)-
C(9) 1.496(4), C(7)-C(8) 1.336(3), C(2)-Ni(1)-C(6) 97.7(2), C(4)-Ni(1)-C(11) 108.2(2), C(6)-Ni(1)-
C(11) 110.2(2), C(2)-Ni(1)-C(11) 172.6(2), C(4)-Ni(1)-C(6) 156.1(2).

The Ni analogue of “**'Pd, (n*-Cp)(n'-2-methylallyl)Ni(IPr) (“®*"Ni), was prepared using a similar
synthetic route as for the Pd complex (Scheme 5.02b). Initially, the precursor (Cp)(2-methylallyl)Ni was
synthesized through the reaction of (Cp),Ni with 2-methylallyl magnesium chloride in THF.*
Subsequently, treatment of (Cp)(2-methylally)Ni with one equivalent of IPr in benzene at room
temperature gave “PA'"Ni in good yield. In contrast to “PA"Pd, the 'H and '>C NMR chemical shifts for the

CrAINi, 4.64 and 91.6 ppm respectively, are consistent with an

resonances associated with the Cp ligand in
1’-bound Cp.” Furthermore, in the '"H NMR spectrum the resonances associated with the 2-methylallyl -
ligand are consistent with an n'-binding mode for the allyl ligand. Two signals, both integrating to one
profon, at 4.55 and 4.59 ppm, are assigned as the terminal protons of the non-coordinated olefin, while a

resonance at 1.24 ppm, integrating to two protons, is assigned as the protons of the metal bound CH, group.

Their NMR shifts are similar to those observed for the n'-2-methylallyl ligand in Pd complexes of the type
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(1’-2-methylallyl)(n'-2-methylallyl)Pd(L) (L = PR; or IPr)™ and those that Werner noted for (115 -Cp)(n'-2-
methylally)Pd(P'Pr);)."*® At room temperature the resonances associated with the 2-methylallyl ligand are
not fluxional, which indicates that no exchange processes involving an m’-2-methylally] ligand are
occurring. This stands in contrast to the previously reported compound (n’-2-methylallyl)(n'-2-
methylally[)Ni(IPr), where rapid interconversion between 1'- and n’-2-methylally! ligands is observed at -
80°C by 'H NMR spectroscopy.” |

The n’-binding of the Cp ligand in “»'Ni means that the total valence electron count around the Ni is
eighteen electrons, whereas in CrApd there are only sixteen electrons around Pd. This is in agreement with
results for (allyl);M(L) complexes (M = Ni or Pd, L = PR; or NHC), where Ni systems are more likely to
adopt an eighteen electron structure with two n’-allyl ligands, and Pd systems prefer sixteen electron

% In the bis(allyl) systems the preference for Pd

structures with one n'-allyl and one n’-allyl ligand.
complexes to have a lower total valence electron count is proposed to be related to the fact that Pd forms
stronger metal-ligand bonds and therefore an extra m-type bond from the ligand is not required.”® This

CpAll

explanation is also plausible for explaining the difference between “**"Nj and Pd, although in mixed

ligand systems alternative explanations are also possible. Presumably, due to the difficulty of full ring

146 CrAIIN; forms the eighteen electron structure through n’-binding of the Cp

slippage from n’*-Cp to n’-Cp,
ligand and n'-binding of the 2-methylallyl ligand, rather than n’-binding of both ligands. Most likely due to
its eighteen electron configuration, “PA"Nij is stable as both a solid and in solution at room temperature,
although it does decompose to Ni’ when heated at 40°C in solution for longer than twenty-four hours.

The solid state structure of “*"Ni clearly contains an n’-bound Cp ligand (Figure 5.03b). The Ni-C bond
lengths for the Cp ligand range from 2.075(6) to 2.217(6) A, with the longest Ni-C bond length being
observed for the carbon atom opposite the 2-methylallyl ligand. The C-C bond lengths within the Cp ligand
are quite similar, ranging from 1.382(5) to 1.418(6) A. It does not appear that a diene distortion of the Cp
ligand, which was observed by Crabtree and co-workers?’ in complexes of the type (m>-Cp)Ni(NHC)CI, is
present in C‘;""Ni. However, in complexes of the type (m’-Cp)Ni(PR3)Cl, Bergman and co-workers™ have
previously described an ene-allyl distortion of the Cp ligand, in which there is slight ring slippage.'* In

CrAlN; there is some evidence for an ene-allyl distortion of the Cp ligand, as the shortest C-C bond distance
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inside the Cp ring (C(1)-C(5) is 1.383(8) A) involves the carbonv étoms which form the longest Ni-C bonds
(Ni(1)-C(1) is 2.203(5) A and Ni(1)-C(5) is 2.217(6) A). However, the magnitude of the distortion is small
and it is reasonable to describe “A"Ni as an eighteen electron complex. The 2-methylallyl ligand is bound
in an n'-fashion, with the C(6)-C(7) bond length of 1.474(3) A, being significantly longer than the C(7)-
C(8) bond length of 1.336(3) A. The Ni-C bond length for the n'-bound 2-methylally! ligand (Ni(1)-C(6) is
1.971(2) A) is similar to that observed in (n’-2-methylallyl)(n'-2-methylally)Ni(IPr),*® while the Ni-NHC
bond distance is also consistent with those previously reported in the literature.” Overall, ““"Ni exhibits a

classic piano-stool geometry with a pseudo five-coordinate arrangement around Ni.

B. Synthesis and structure of Ni and Pd complexes supported by two Cp ligands
For the purpose of comparison with CPAIN;, the eighteen electron complex (n*>-Cp)(n'-Cp)Ni(IPr)
(®Ni), which was stable at room temperature as both a solid and in solution, was prepared through the

reaction of (Cp),Ni and IPr in toluene (Scheme 5.03a). Two different resonances, at 5.65 and 4.11 ppm,

were observed for the Cp ligands in the "H NMR spectrum of P“°Ni. This suggests the presence of both
1'- and n’-bound Cp ligands and also indicates that there is a relatively high barrier for interconversion
between the Cp ligands. Upon warming to 60°C, the resonances associated with the two Cp ligands began
to broaden and at 80°C no Cp resonances were observed, presumably because they had broadened into the
baseline. At temperatures above 80°C, the compound decomposed. The room temperature 'H NMR
spectrum did not change upon cooling to -60°C, indicating that the barrier for metallotropic rearrangement
in the n'-Cp ligand is low. At temperatures below -60°C the compound lacked sufficient solubility to
obtain NMR spectra. In the room temperature "C{'H} NMR spectrum, two sharp peaks at 108.8 and 92.8
ppm were observed for the Cp ligands, consistent with both n'- and n’-binding of the two Cp ligands. X-
ray crystallography confirmed this assignment (Figure 5.04a). To the best of our knowledge there is only
one other example of a Ni complex containing both n'- and n’-bound Cp ligands and it displays similar

NMR properties to “P“’Ni.?
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Scheme 5.03. Synthesis of a) “°®"Ni and b) **°’Pd.

The Pd complex (n>-Cp)(n'-Cp)Pd(IPr) (“°“’Pd) was synthesized from the reaction of (Cp)Pd(IPr)CI*°
and sodium cyclopentadienyl (NaCp) in THF (Scheme 5.03b). It is unstable in solution at room temperature
and decomposes to give the dimeric product (u-Cp),Pd,(IPr),.?' Furthermore, unlike C."C”Ni, the room
temperature 'H NMR spectrum of “"“?Pd showed one broad resonance at approximately 5.24 ppm for the
Cp ligands. When the spectrum was recorded at -40°C, the single broad resonance split into one sharp
resonance at 4.69 ppm and one broad resonance at 5.90 ppm, which suggests the presence of both n'- and
n°-bound Cp ligands. Further evidence for these hapticities was obtained from the *C{'H} NMR spectrum
at room temperature, which showed two broad resonances at 98.7 and 107.6 ppm for the Cp ligands that
become sharper at lower temperature. The structure was confirmed by X-ray crystallograp‘hy (Figure
5.04b). Cooling the sample further resulted in significant loss of solubility and as a result it was not
possible to record spectra at lower temperatures. In the 'H NMR spectrum at 60°C both Cp signals broaden
and decrease in intensity, similar to what was seen with ““’Ni. However, formation of the dimeric product
(u-Cp),Pd,(IPr), was accelerated at higher temperatures and precluded us from obtaining spectra above
60°C, where two Cp peaks would coalesce. Overall, the 'H NMR data for “"“PPd suggest that two fluxional
processes are occurring: i) an 1°/n'-exchange of the two Cp ligands most likely through an intermediate
structure which contains either two m'- or one 1’- and one n'-Cp ligands, and ii) a lower energy
metallotropic rearrangement, which makes the protons of the n'-Cp ligand equivalent. Process (i) appears
to be more facile for P’Pd than for PPNi, probably because it is more favorable for Pd to form a
structure with a lower total valence electron count around the metal. Similar fluxional behavior has been
observed by Werner in compounds of the type ('qf'-Cp)(-r]I-Cp)Pd(PRg).”b

The solid-state structures of “"®Ni and P*PPd are isomorphous (Figure 5.04). In both structures, the
presence of both an ’-and n'-Cp ligand is confirmed by comparison of the M-C and C-C bond lengths

associated with the Cp ligands. In the n’-bound Cp ligand, all the C-C bond lengths are similar (between
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1.381(4) and 1.426(3) A), whereas in the n'-bound Cp ligand there are three long C-C bonds (between
1.426(4) and 1.448(4) A) and two short C-C bonds (between 1.335(2) and 1.363(4) A). The M-C bond
lengths for the 1>-bound Cp ligand range from 2.077(2) to 2.179(2) A for Ni and from 2.233(2) to 2.380(2)
A for Pd, with the shorter bond lengths for Ni reflecting its smaller size. The n’-Cp ligands in both
complexes display a small ene-allyl distortion with the shortest C-C bond in the ring corresponding to the
atoms which form the longest Pd-C or Ni-C bonds. In “P°Pd, the bond lengths between the Pd and the -
Cp ligand are considerably longer than those observed between the Pd and the n°-2-methylallyl ligand in
CrAlpq, This implies that the Pd-C interactions in the n’-Cp ligand are weaker than those between Pd-C in
the 1°-2-methylallyl ligand. The M-C bond length for the n'-bound Cp ligand is 2.115(2) A for Pd and
2.026(1) A for Ni. Although examples of crystallographically characterized Ni and Pd complexes
containing n'-Cp ligands are rare, these bond distances are comparable to those previously reported.' ™!

The overall 'piano stool' geometry for both molecules is analogous to that observed for CoAlN;,
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Figure 5.04. a) ORTEP? of “P°PNi. Hydrogen atoms, solvent in crystal lattice and the isopropyl
groups of IPr have been omitted for clarity. Ellipsoids are shown at 30%. Selected bond lengths
(A) and angles (°): Ni(1)-C(1) 2.152(2), Ni(1)-C(2) 2.077(2), Ni(1)-C(3) 2.175(2), Ni(1)-C(4)
2.179(2), Ni(1)-C(5) 2.142(2), Ni(1)-C(6) 2.026(2), Ni(1)-C(11) 1.887(1), C(1)-C(2) 1.406(3), C(2)-
C(3) 1.426(3), C(3)-C(4) 1.389(2), C(4)-C(5) 1.426(3). C(1)-C(5) 1.397(2), C(8)-C(7) 1.457(2),
C(7)-C{(8) 1.336(2), C(8)-C(9) 1.434(3), C(9)-C(10) 1.335(2),C(6)-C(10) 1.457(2), C(2)-Ni(1)-
C(11) 172.04(6), C(5)-Ni(1)-C(6) 152.70(6), C(6)-Ni(1)-C(2) 93.96(6), C(6)-Ni(1)-C(11) 93.91(5),
C(11)-Ni(1)-C(4) 109.26(6). b) ORTEP? of °P°Ppd. Hydrogen atoms, solvent in crystal lattice and
isopropy! groups of IPr have been omitted for clarity. Ellipsoids are shown at 30%. Selected bond
lengths (A) and angles (°): Pd(1)-C(1) 2.233(2), Pd(1)-C(2) 2.348(3), Pd(1)-C(3) 2.364(3), Pd(1)-
C(4) 2.380(3), Pd(1)-C(5) 2.373(3), Pd(1)-C(6) 2.115(2), C(1)-C(2) 1.402(4), C(2)-C(3) 1.381(4),
C(3)-C(4) 1.423(5), C(4)-C(5) 1.391(4), C(1)-C(5) 1.425(4), C(6)-C(7) 1.458(4), C(7)-C(8)
1.363(4), C(8)-C(9) 1.426(6), C(9)-C(10) 1.359(5), C(6)-C(10) 1.468(4) C(1)-Pd(1)-C(11)
170.38(9), C(3)-Pd(1)-C(6) 148.4(1), C(6)-Pd(1)-C(2) 114.45(9), C(6)-Pd(1)-C(11) 92.18(8),
C(11)-Pd(1)-C(4) 112.18(9).

C. Synthesis and structure of Ni and Pd coﬁzplexes supported by both indenyl and 2-methylallyl ligands
Indenyl and Cp ligands are often compared because of their ability to bind to metal centers in n'-, n’*- and
n’-fashions, although their reactivity can differ significantly due to the “indenyl effect”.'* We were
interested in exploring the consequences of replacing the Cp ligand of “*Ni and “®*"Pd with an indenyl
ligand. Unfortunately, the Pd and Ni complexes (Ind)(2-methylally)M (M = Ni or Pd) have not been
reported, and attempts to prepare them as part of this work resulted in extremely unstable products, which
could not be used as precursors for direct reaction with IPr. We postulated that treatment of the unknown
Pd complex (n°-Ind)Pd(IPr)C1 ("*“'Pd) and the known Ni species (n’-Ind)Ni(IP)C1 (™4Ni)*2 with 2-
methylallyl magnesium chloride could generate the desired CPAMNi and “PA"Pd complexes. Previously,

Zargarian®> and co-workers reported the syntheses of (3’-Ind)Pd(PR;)Cl (R = Ph, Cy and Me) through the
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reaction of {(n’-Ind)Pd(p-Cl)}, with the appropriate free phosphine‘. The reaction of two equivalents of IPr
with {(n*-Ind)Pd(pu-CI)}, in diethyl ether generated " “'Pd as a bench stable orange solid, which served as

the starting material for our further studies with indenyl-supported Pd complexes (Scheme 5.04).

‘ cl 5, )\/MgCI /Fk
—P( \Pd— N S Pd -z . Pd
e diethylether |0 gy THF P
RT,1 hour 0°C, 2 hours Q
IndClPd IndAIlpd

Scheme 5.04. Synthesis of "*'Pd and ""pd.

The coordination mode of the indenyl ligand in ™'Pd was determined by analysis of the >C{'H} NMR
spectrum. While n'-indeny! ligands have their own characteristic 'H NMR pattern, more sophisticated
analysis is required to differentiate between n’- and n’>-indenyl ligands. Baker** and Marder*® have shown
that indenyl binding modes (n’- or n°) mode can be differentiated by comparing the average "C NMR

chemical shifts of the hinge carbons (labeled 3a and 7a in Figure 5.05) of the indenyl ligand with those of

sodium indenyl. The magnitude of this difference, defined as A8, (AS,, = 8,(C(3a),C(7a) of M-Ind)-
8.(C(3a),C(7a) of Na'Ind")) is related to the solution hapticity of the indenyl ligand. A value of A8,,<< 0 is
indicative of -I]S-coordination and a value of Ad,, >> 0 is indicative of q3-coordination. Values of Ad,, close
to zero indicate intermediate hapticity between n’- and n’-coordination. For ™C'Pd, AS,, was equal to 8.7,

a value consistent with n°-coordination.'*

6 5
3
1 3
M
Figure 5.05. Numbering scheme of indenyl ligand.

In the solid state, ™“'Pd also contains an n’-bound indenyl ligand (Figure 5.06). The bond distances
between Pd and C(1), C(2), and C(3) are 2.270(2), 2.167(2), and 2.173(2) A, respectively. All 'of these
values are comparable with those observed in similar c:omp]exes."“”36 The Pd-C distances to the hinge
carbons of the indenyl ligand are significantly longer, 2.608(2) and 2.643(2) A. As a result, the AM-C value
which is defined as AM-C = average distance (M-C(3a),C(7a))-average distance (M-C(1),C(3))) is 0.40(2)

A3** The disparity in the Pd(1)-C(1) and Pd(1)-C(3) bond distances is likely due to the difference in trans
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influence between the Cl and IPr ligands, with the shorter Pd-C bond distance observed for the carbon
opposite the Cl ligand. This asymmetry has also been observed in related phosphine supported indenyl Ni
complexes.””” The coordination of indenyl ligands to transition metals can be further described by the
hinge and fold angles, which quantify the degree to which the indenyl ring has slipped from the idealized
n’-coordination. The hinge angle is defined as the angle between the planes formed by C(1), C(2), C(3) and
C(1), C(3), C(3a) and C(7a), while the fold angle defines the angle between the planes formed by C(1),
C(2), C(3) and C(3a) C(4), C(5), C(6), C(7) and C(7a), with numbering consistent with Figure 5.06.
1n4C'p( has a hinge angle of 14.83° and a fold angle of 12.53°. These values along with the AM-C value are
consistent with other examples of n’-indenyl compounds.!®*> A similar solid state structure has been
described for the analogous compound I=dCINi, although in this case the hapticity of the indenyl ligand is

more ambiguous and is proposed to be in between n’- and n/’-binding.”®

Figure 5.06. ORTEP? of "™*“/Pd. Hydrogen atoms and the isopropyl groups of IPr have been
omitted for clarity. Ellipsoids are shown at 30%. Selected bond lengths (A) and angles (°): Pd(1)-
CI(1) 2.3265(7), Pd(1)}-C(1) 2.270(2), Pd(1)-C(2) 2.167(2), Pd(1)}-C(3) 2.173(2), Pd(1)-C(4)
2.608(2), Pd(1)-C(9) 2.643(2), Pd(1)-C(10) 2.007(2), C(1)-C(2) 1.468(8), C(2)-C(3) 1.34(1), C(3)-
C(4) 1.415(9), C(4)-C(5) 1.406(1), C(5)-C(6) 1.36(1), C(6)-C(7) 1.38(1), C(7)-C(8) 1.41(1), C(8)-
C(9) 1.391(9), C(1)-C(9) 1.451(8), C(4)-C(9) 1.411(8), CI(1)-Pd(1)-C(1) 100.64(7), CI(1)-Pd(1)-
C(3) 160.12(6), C(1)-Pd(1)}-C(10) 166.95(8), CI(1)-Pd(1)-C(10) 92.05(5), C(3)-Pd(1)-C(10)
106.66(8).

The reaction of one equivalent of 2-methylallyl magnesium chloride with '™“'Pd in THF generated
IndAllpg in good yield. "*A"Pd is stable at room temperature in the solid state for up to three weeks and
stable in solution at room temperature overnight. Significant formation of Pd’ was observed when a

benzene solution of ""A"Pd was heated above 50°C overnight. The 'H NMR spectrﬂm of ""APd shows 2-

methylallyl resonances similar to “PA"Pd with four signals below 3.5 ppm integrating to one proton each.
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This is consistent with an 1’-2-methylally! ligand ***** The "H NMR spectrum indicates that the indenyl
ligand is coordinated in an n'-fashion. The aromatic region shows four resonances above 7.0 ppm, which
correspond to the protons of the benzene ring of the indenyl ligand. An apparent triplet at 6.57 ppm and two
broad resonances at 5.97 and 5.90 ppm are associated with the five membered ring of the indenyl ligand.
These resonances are consistent with literature examples of n'-indenyl complexes.'***%* When the sample is
cooled to -40°C in toluene, the broad resonances separate into two unique signals at 6.00 and 5.64 ppm,
each integrating to one proton. The apparent triplet at 6.57 ppm does not change upon cooling. Loss of
solubility below -40°C prevented analysis at lower temperatures. X-ray crystaliography confirmed the
presence of both an n'-indenyl and an n’-2-methylallyl ligand (Figure 5.07). The Pd-C bond distances for
the 2-methylallyl ligand are 2.188(5), 2.171(5) and 2.132(5) A, respectively. The longest Pd-C bond is
trans to the nl-ihd?nyl ligand. This bond is slightly longer than the Pd-C bond to the 2-methylallyl ligand
for the carbon atom trans to the '-Cp ligand in A"Pd, suggesting that the n'-indeny! ligand is a stronger
donor than the n'-Cp ligand. The Pd only interacts with one carbon of the indenyl ligand and the Pd(1)-
C(1) bond length is 2.162(6) A. This is longer than the Pd-C bond length in ofher reported n'-indenyl
complexes, presumably due to the increased trans influence of the allyl ligand as compared to Cl, the most
common trans ligand in reported structures.”®® The C-C bond distances within the five membered ring of
the indenyl ligand are also suggestive of n'-coordination. The C(2)-C(3) bond distance of 1.34(1) A is

consistent with a double bond, while the C(1)-C(9) distance of 1.451(8) A is significantly longer.
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Figure 5.07. ORTEP® of ""Pd" Hydrogen atoms and the isopropyl groups of IPr have been
omitted for clarity. Ellipsoids are shown at 30%. Selected bond lengths (A) and angles (°): Pd(1)-
C(1) 2.162(6), Pd(1)-C(10) 2.073(5), Pd(1)-C(11) 2.188(5), Pd(1)-C(12) 2.171(5), Pd(1)-C(13)
2.132(5), C(1)-C(2) 1.468(8), C(2)-C(3) 1.34(1), C(3)-C(4) 1.415(3), C(4)-C(5) 1.40(1), C(5)-C(6)
1.36(1), C(6)-C(7) 1.38(1), C(7)-C(8) 1.41(1), C(8)-C(9) 1.391(9), C(1)-C(8) 1.451(8), C(4)-C(9)
1.411(8), C(11)-C(12) 1.400(8), C(12)-C(13) 1.400(8), C(12)-C(14) 1.495(9), C(1)-Pd(1)-C(13)
93.0(2), C(1)-Pd(1yC(10) 95.7(2), C(10)-P(1)-C(11) 104.6(2), C{1)}-PA({)}-C(11) 158.7(2). C(10)
Pd(1)-C(13) 167.3(2).

Unfortunately, the Ni compound "“*A"™Ni was not successfully isolated. Two different routes were
attempted as summarized in Scheme 5.05. The reaction of 2-methylallyl magnesium chloride with "“'Ni

38,39

(synthesized using a literature route)” " at low temperature (-78°C) gave a product which displayed broad

signals in the '"H NMR spectrum (Scheme 5.05a). We were unable to characterize this product as when the
solution was raised above -78°C rapid decomposition to Ni® occurred. An alternative route using *"'Ni as
the starting material was attempted. Initially, the dimeric compound {(n’-2-methylally)Ni(u-Cl)}, was
synthesized in situ from the reaction of Ni(COD), and 2-methylallyl chloride (Scheme 5‘05b).40 Subsequent
addition of IPr generated A"'Ni. The addition of lithium indenyl to *"“Ni at both room temperature and -
35°C gave a mixture of products. Performing the reaction at -78°C gave a deep red solution that showed
broad 'H NMR signals. These signals were the same as those observed in the reaction between 2-
methylallyl magnesium chloride and "™“'Ni. The sample quickly decomposed to Ni® when the solution was

raised even slightly above -78°C. Although both routes resulted in the same species we cannot say with

certainty that this is our desired "*"Ni product due to the extreme thermal instability of the complex,

which prevented further characterization.
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Scheme 5.05. Attempted synthesis of a) "*“'Ni and b) "*"Ni.

D. Synthesis and structure of Ni and Pd complexes supported by both indenyl and Cp ligands

The mixed Cp/indenyl complex ™¥PPd was synthesized through the reaction of ™¢'Pd with NaCp in
THF at 0°C (Scheme 5.06). While low temperature was required during the synthesis to avoid the formation
of multiple products, indCrpq is stable for up to one week in solution at room temperature under a nitrogen
atmosphere and indefinitely stable as a solid. '"H NMR spectroscopy indicates "*“PPd has an n'-indenyl
ligand and an 1’-Cp ligand. In a similar fashion to "™#A"pd, ™PPd shows four aromatic resonances above
6.8 ppm associated with the benzene ring of the indenyl ligand. Of these four resonances, two are
coincident with the aryl protons of the IPr ligand. The remaining resonances appear as a doublet at 7.54
ppm and a doublet at 6.88 ppm. The proton bound to the n'-carbon of the five membered indenyl ring
appears as a singlet at 4.54 ppm. The two olefinic protons of this ring appear as an apparent triplet at 6.40
ppm and a broad resonance at 6.74 ppm. These shifts are consistent with what has been reported for n'-
indenyl complexes of Pt, Pd."*®*! Furthermore, the 'H NMR spectrum shows a single resonance at 4.63

ppm for the five Cp protons, well within the range cited by Sergeyev for n’>-bound Cp rings.”

b}
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Scheme 5.06. Synthesis of a) ""°PPd and b) "“*PNi.
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For unknown reasons we were unable to synthesize a pure sample of the analogoﬁs Ni complex IndCoN;
through the reaction of ™“'Ni with sodium cyclopentadienyl. Hdwever, CPN; was synthesized throﬁgh
the reaction of (’-Cp)Ni(IPr)C1*? (“PNi) with lithium indenyl in THF at -40°C (Scheme 5.06b). ""*“*Ni is
stable as a solid at room temperature under a nitrogen atmosphere and slowly decomposes to Ni° in solution
over the course of three days at room temperature. The 'H and '3C{'H} NMR shifts for the Cp ring, 4.17
ppm and 92.5 ppm, respectively, confirm that the Cp is 1°-bound. 'H NMR spectroscopy suggests that like
IndAllp g and ""CPPd, the indenyl ligand is n'-bound. A singlet at 3.82 ppm corresponds to the proton on the
n'-bound carbon of the indeny! ring. The two olefinic protons for the five-membered ring appear at 6.56 -

ppm as an apparent triplet and as complex multiplet coincident with an indenyl aryl peak at 6.79 ppm.

E. ‘Synthesis and structure of Ni and Pd complexes supported by two indenyl ligands

The Pd species with two indenyl ligands, ™""*Pd, was synthesized through the reaction of ""*“'Pd with
lithium indeny! at -35°C in diethyl ether (Scheme 5.07). The dark pink solid is not stable at room
temperature and decomposes to give (u-Ind),Pd»(IPr), as the major product with a minor amount of
Pd(IPr),.”' The 'H NMR spectrum at -40°C displays fourteen unique indenyl resonances. The eight
aromatic resonances appear above 6.31 ppm and the remaining six protons on the five membered rings
appear below 6.25 ppm. Attempts to prepare the Ni analogue of ™"™Pd either through the reaction of
(Ind),Ni with IPr or the treatment of In4CIN§ with lithium indeny! were unsuccessful and resulted in complex

mixtures of products. ‘
Pl 3 Lilnd PI 3
PN diethyl ether, - O
1Pr Cl .35°C, 20 minutes  'Pr Q

IndCipy lndlndpd

Scheme 5.07. Synthesis of "*"™pd.

X-ray quality crystals of ""™*Pd were grown from a concentrated solution of diethy! ether at -35°C (Figure
5.08). The solid state structure clearly shows two different coordination modes for the two indenyl ligands.
One indeny! ligand is bound in a n'-fashion, with a Pd(1)-C(1) bond distance of 2.115(4) A. All other Pd-C

distances to this indenyl ligand are greater than 2.9 A. The other indenyl ring is coordinated in an -
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fashion, similar to that seen in "™'Pd. The Pd(1)-C(11) and Pd(1)-C(12) bond lengths are similar at
2.217(5) and 2.220(5) A, respectively, while the Pd(1)-C(19) distance is considerably longer at 2.345(4) A,
indicating the increased trans influence of the n'-indenyl ligand compared to IPr. The Pd-C distances to the
hinge carbons are 2.610(4) and 2.674(5) A, resulting in a AM-C value of 0.36(4) A.**** As with "*°'Pd, the
hinge and fold angles of 12.53° and 13.53° for the n’-indeny] ligand of "™*™Pd are consistent with previous
examples for n’-indenyl complexes.’** The Pd(1)-C(1) bond distance to the n'-indenyl ligand is shorter
than that in "*A"Pd, presumably because the n’-allyl ligand exerts a stronger trans influence than the -
indenyl ligand. It is noteworthy that "¥"®pd is a sixteen electron species, with one n'-indenyl ligand and

one 1’-indenyl ligand, whereas the related species “P“PPd is an eighteen electron species with one n'-Cp

»14b

ligand and one 1’-Cp ligand. This highlights the “indenyl effect”'*® with the indenyl ligand adopting an n-

binding mode, while the Cp ligand prefers an n)°-binding mode.

\

Figure 5.08. ORTEP? of "*"¥pd- Hydrogen atoms and the isopropy! groups of IPr have been
omitted for clarity. Ellipsoids are shown at 30%. Selected bond lengths (A) and angles (°): Pd(1)-
C(1) 2.115(4), Pd(1)-C(10) 2.017(4), Pd(1)}-C(11) 2.217(5), Pd(1)-C(12) 2.220(5), Pd(1)-C(13)
2.610(4), PA(1)-C(19) 2.345(4), C(1)-C(2) 1.468(8), C(2)-C(3) 1.348(7), C(3)-C(4) 1.453(6), C(4)-
C(5) 1.396(8), C(5)-C(6) 1.391(7), C(6)-C(7) 1.397(8), C(7)-C(8) 1.381(6), C(8)-C(9) 1.383(7),
C(1)-C(9) 1.480(6), C(4)-C(9) 1.417(8), C(11)-C(12) 1.406(5), C(12)-C(13) 1.450(7), C(13)-C(14)
1.403(6), C(14)-C(15) 1.391(8), C(15)-C(16) 1.399(7), C(16)-C(17) 1.390(), C(17)-C(18)
1.394(8). C(13)-C(18) 1.435(6), C(18)-C(19) 1.443(6), C(11)-C(19) 1.420(8), C(10)-Pd(1)-C(12)
169.7(2). C(1)-Pd(1)-C(12) 87.3(2), C(1)-Pd(1)-C(10) 92.8(2), C(10)-Pd(1)-C(19) 109.6(2), C(1)-
Pd(1)-C(19) 157.3(2), C(12)-Pd(1)-C(18) 60.2(2).

F. Reactivity of Ni and Pd compounds with electrophiles
Previously, it has been proposed that in complexes of the type (n’-allyl)(n'-ally)M(L) (M = Ni or Pd; L

= PR; or IPr), electrophiles such as Brensted acids, aldehydes and CO, react with the nucleophilic n'-allyl
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ligand.'****%% 1n comparison, relatively little is known about the reactivity of n'-Cp and n'-indeny!
ligands bound to Pd and Ni with these substrates.* A§ a result we were interested in probing the reactivity
of the mixed compounds prepared as part of this work with simple electrophiles. Table 5.01 summarizes
our results for the reactions of “P*'Pd, PA'Ni, "Alpq, MICPpy and "MICPNi with 2,6-lutidinium chloride, a
solid source of HCL Although different reaction conditions were needed depending on the speciﬁc reaction
to obtain clean conversion, in all cases with mixed ligands selective protonation at the m'-ligand was
observed and high yields of the organic product were detected by '"H NMR spectroscopy. For example, in
the case of “P"Pd, which contains an n'-Cp ligand and an 1’-2-methylally! ligand the sole product of
protonation was (n3-2-methyIallyl)Pd(IPr)Cl (A"C'Pd), whereas for “P"Ni, which contains an n’ -Cp ligand
and an 1'-2-methylallyl ligand the only product was (n’-Cp)Ni(IPr)Cl (°P®'Ni). From the results of these
reactions we believe that two conclusions can be drawn: i) in the case of acid, where reaction is proposed to
proceed directly with the carbon bound to the metal center, n'-allyl, n'-Cp and m'-indeny! ligands all
display similar reactivity, and ii) protonation with acid can almost certainly be used as a general technique
to confirm the identity of the ligand bound in an m'-fashion in mixed ligand complexes of the type
described here. |

Table 5.01. Summary of reactivity of species prepared in this work with acid (2,6-lutidinium
chloride). Representative reaction shown below.

'I' ci®

N®
U<
/ "toluene P /Ni\c' * @
RT, 3 hours r

CpCPpNj CpCin;

Compound Conditions Meta roduct’ Organic product®
CrAllpg Toluene, -35 °C, 4 hours - Altlpq Cyclopentadiene
CrAlN; Toluene, RT, 4 hours CPCINi 2-methylpropene
IndAllpg Toluene, 0 °C to RT, 2 hours AlClpg Indene
IndCrpg Toluene, 0 °C to RT, 2 hours CeClpg Indene
IndCo; Toluene, 0 °C to RT, 2 hours CoCING Indene
CrCrpg Benzene, RT, 1 hour CeClpg Cyclopentadiene
CrCoNj Toluene, RT, 3 hours CPEING Cyclopentadiene

*Products determined using 'H NMR spectroscopy. See experimental section for more

information.
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The above rez;ctions with a Brensted acid led us to investigate reactivity with non-acidic electrophiles. In
2009, Legzdins and co-workers reported the r;action of tungsten compounds supported by both -
pentamethycyclopentadienyl and n’-allyl ligands with triphenylcarbenium tetafluoroborate to give allylated
triphenylmethy! products.*® The first step in these reactions was proposed to be the isomerization of the
allyl ligand from an n’- to an n'-binding mode, followed by nucleophilic attack of the terminal carbon of
the n'-allyl ligand (as opposed to the metal bound carbon) on triphenylcarbenium tetafluoroborate to form a
new C-C bond. In our systems, the reaction of “™"Ni with one equivalent of triphenylcarbenium chloride
gave quantitative conversion to the new organic éompound 2—methylall);ltriphenylmeth'ane and “PY'Ni. The
organic compound was isolated using column chromatography. The reaction with CrAlpg showed
orthogonal reactivity, giving A"Pd and several isomers of the organic product,
cyclopentadienyltriphenylmethane, which have previously been characterized by Wemer.*” Similar
reactions were performed on the remaining compounds of the series, as shown in Table 5.02. In contrast to
the reactions with “P*"Pd and “**'Ni, the reactions with indenyl ligands did not give quantitative
conversion. Multiple organic and metal containing products were seen by 'H NMR spectroscopy, however
the metal containing product reported in Table 5.02 was the major product. Similarly, the major organic
product was indenyltriphenylmethane.”® It is noteworthy that although these reactions were not clean; there
was no evidence to support a reaction taking place at either the n’-2-methylally! ligand in the case of
AP or the 1’-Cp ligand in the case of ™“PPd or ™*“PNi. Overall, the reactions described in Table 5.02
suggest that in an analogous fashion to n'-allyl ligands, n]-Cp and n'-indenyl ligands can also act as

nucleophiles with substrates where the initial point of attack of the electrophile is not proposed to be the

metal bound carbon. However, the exact pathway for the reaction of triphenylcarbenium chloride with the

n'-Cp and n'-indenyl species studied in this work still needs to be determined.
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Table 5.02. Summary of reactivity of species prepared in this work with triphenylcarbenium
chloride. Representative reaction shown below.

¢
$ 0O ¢

Ni +
/ T benzene 7N
D RT, 12 hours IPr c
. CrCeNi CPOIN + ijsomers
Compound Conditions Meta}rgroduct Organic product®
“rilpg Toluene, -35 °C to RT, 24 hours ' Cyclopentadienyltriphenylmethane®
CrAtiN; Benzene, RT, 12 hours CPCINI 2-methylallyltriphenylmethane
IndAllpg Toluene, 0 °C to RT, 24 hours - AllClpg Indenyltriphenylmethane®
indCopg Toluene, 0 °C to RT, 24 hours CrClpg Indenyltnphenylmethane
IndCrN; Toluene, 0 °C to RT, 24 hours CPOINi Indenyltriphenylmethane®
CrCrpq Benzene, RT, 12 hours CrClpg Cyclopentadlenylmphenylmethane
CPEPNG Benzene, RT, 12 hours CPONi Cyclopentadie llmphenylmethane

*Products determined using 'H NMR spectroscopy. See experimental section for more information. *Several different
isomers were formed.

I1I. Conclusions

A family of Pd and Ni complexes containing combinations of 2-methylallyl, Cp and indeny! ligands, as
well as an ancillary IPr ligand, has been synthesized. Unfortunately, a single general synthetic route cannot
be used to access the family of complexes due to differences in the stability of the precursors. For example,
CPAlpg and “PA'Ni can be prepared through the reaction of IPr with (Cp)(2-methylallyl)Pd and (Cp)(2-

' methylally[)Ni, respectively. However, because (Cp),Pd does not exist, an alternative strategy was used to
synthesize “P°PPd.

In general, the hapticities of the 2-methylallyl, Cp and indenyl ligands in the complexes synthesized in
this work can be explained by the following two observations: i) Cp ligands prefer to adopt either an n’-or
an 1'-binding mode as opposed to an n’-binding mode, and ii) Ni complexes prefer to be eighteen electron,
whereas Pd complexes prefer to be sixteen electron.®’ As a result in “"Pd, the Cp ligand binds in an n'-
fashion and the 2-methylallyl ligand in an n°>-fashion to give a complex with sixteen electrons around Pd. In
the corresponding Ni complex CPANG, the Cp ligand binds in an n’-fashion and the 2-methylallyl ligand in
an n'-fashion so that Ni is eighteen electrons. Normally, observation (i) takes priority over (ii). Therefore,

CCrpq is an eighteen electron species with one n'- and one m’-bound Cp ligand. An exception to our
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observations is ""PPd, an eighteen electron species with one n'-bound indenyl ligand and one n’*-bound
Cp ligand, whereas we would predict a 16 electron species with one n'-bound Cp ligand and one n’°-bound
indenyl ligand. In contrast to the Cp ligand, due to the fndenyl effect, the indenyl ligand can bind in an -,
1°- or n’-fashion to satisfy observation ii, although the structure of IndCrpg suggests that even for the

indenyl ligand n’-binding is not favored. In this work, the only compound isolated with both indenyl and

indAllpg, so at this stage there are not enough data to evaluate the preferred hapticity of the

allyl ligands was
allyl ligand compared to the indenyl ligand. Overall, we believe that the trends observed here will be
general for related Pd and Ni complexes with combinations of allyl, Cp and indenyl ligands.

Preliminary reactivity studies of our new complexes with electrophiles, indicate that the n/'-ligand reacts
selectively, regardless of whether it is an allyl, Cp or indenyl ligand. Therefore, whereas acid protonates the
Cp ligand in “PA"Pd, it protonates the 2-methylally! ligand in “®"Ni. Similar reactivity is observed using
the non-acidic electrophile triphenylcarbenium chloride. Although it is well known that Pd and Ni
complexes with n'-allyl ligands will act as nucleophiles, comparable reactions with n'-Cp and n'-indenyl

ligands are significantly less common. Further work will look to explore the reactivity of these species with

less activated electrophiles such as aldehydes and CO..

1V. Experimental Details
General methods

Experiments were performed under a dinitrogen atmosphere in an M-Braun dry box or using standard
Schienk techniques, unless otherwise noted. (ﬁnder standard glovebox conditions, purging was not
performed between uses of pentane, diethyl ether, benzene, toluene and THF; thus, when any of these
solvents were used, traces of all these solvents were in the atmosphere and could be found intermixed in the
solvent bottles.) Moisture- and air-sensitive liquids were transferred by stainless steel cannula on a Schlenk
line or in a dry box. Solvents were dried by passage through a column of activated alumina followed by
storage under dinitrogen. All commercial chemicals were used as received, except where noted. (Cp),Ni
was purchased from Alfa Aesar and triphenylcarbenium chloride from Fisher Scientific Company.
Deuterated solvents were obtained from Cambridge Isotope Laboratories. C¢Ds and ds-toluene were dried

over sodium metal and vacuum-transferred prior to use. NMR spectra were recorded on Bruker AMX-400
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and -500 spectrometers at ambient probe temperatures, unless otherwise noted. Chemical shifts are reported
in ppm with respect to residual internal protio solvent for 'H and BC{'H} NMR spectra; J values are given
in Hz. Robertson Microlit Laboratories, Inc., performed the elemental analyses. Literature procedures were
used to prepare the following compounds: (Cp)(2-methylallyl)Pd,50 1,3-bis(2,6-diisopropylphenyl)-1,3-
dihydro-2H-imidazol-2-ylidene (IPr),>! 2-methylallyl magnesium chloride,” (n*-Cp)Pd(IPr)C1,*® sodium
cyclopentadienyl,”  {(n’-Ind)Pd(p-Cl)}2,** (n*-Cp)Ni(IP)CL? A"ONi,** lithium indenyl® and 2,6-

lutidinium chloride.*®

X-ray crystallography

Low-temperature diffraction data (w-scans) were collected on either a Rigaku SCXmini diffractometer
coupled to a Mercury275R CCD detector with Mo K. radiation (A = 0.71073 A), a Rigaku R-AXIS RAPID
diffractometer coupled to a R-AXIS RAPID imaging plate detector with Mo K. radiation (A = 0.71073 A)
or a Rigaku MicroMax-007HF diffractometer coupled to a Saturn994+ CCD detector with Cu X, (A =
1.54178 A). All structures were solved by direct methods using SHELXS®’ and refined against #* on all
data by full-matrix least squares with SHELXL-97"® using established refinement techniques.*” All non-
hydrogen atoms were refined anisotropically. All hydrogen atoms were included into the model at
geometrically calculated positions and refined using a riding model. The isotropic displacement parameters
of all hydrogen atoms were fixed to 1.2 times the U value of the atoms to which they are linked (1.5 times
for methyl groups). All disorders were refined with the help of similarity restraints on the 1,2- and 1,3-
distances and displacement parameters as well as rigid bond restraints for anisotropic displacement

parameters.

Characterization of New Compounds

(n'-Cp)(n°-2-methylallyl)Pd(IPr) (**"Pd)

A solutié)n of (Cp)(2-methylallyl)Pd (0.025 g, 0.110 mmol) in 5 mL pentane was added to a solution of IPr
(0.042 g, 0.110 mmol) in 5 mL penta;ne at -35°C. The solution was stirred at -35°C for 14 hours. The
volatiles were removed under reduced pressure at -35°C to give a pale yellow solid. The solid was washed

three times with 5 mL portions of cold pentane and dried under vacuum at -35°C to give CrAllpq as a pale
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yellow solid. Yield: 0.040 g, 53%. Due to the thermal instability of this compound elemental analysis was
not performed. X-ray quality crystals were grown by slow diffusion of pentane into a saturated toluene

solution at -35°C.

'H NMR (ds-toluene, -35 °C, 400 MHz): 7.19 (t, J = 6.6 Hz, 2H, para-H Arp), 7.12 (d, ] = 6.6 Hz, 4H,
meta-H Arpy), 6.55 (s, 2H, HCCH), 6.13 (s, 5H, Cp), 3.36 (sept, J = 6.3 Hz, 2H, (CH;),CH), 3.03 (s, 1H,
CHallyl), 2.91 (sept, J = 6.3 Hz, 2H, (CH;),CH), 2.30 (s, 1H, CHyallyl), 1.51 (s, 1H, CH,allyl), 1.28 (d, J
= 6.3 Hz, 12H, (CHs),CH), 1.22 (s, 3H, CH; allyl), 1.04 (d, J = 6.3 Hz, 12H, (CH;),CH), 0.77 (s, 1H, CH,
allyl). *C{'H} NMR (ds-toluene, -35 °C, 126 MHz): 191.7, 145.8, 145.4, 109.1, 87.6, 47.2, 28.7, 26.2,

25.5,25.0,23.5,23.4,22.7,22.4.

(Cp)(2-methylallyl)Ni
There is a literature procedure for the synthesis of (Cp)(2-methylallyl)Ni,*® however the procedure

described below represents an improved protocol.

A solution of (Cp),Ni (0.250 g, 1.32 mmol) in 10 mL THF was cooled to 0°C and 2-methylallyl magnesium
chloride (2.09 mL of a 0.657 M solution in diethyl ether, 1.32 mmol) was added dropwise with stirring. The
resulting solution was allowed to warm to room temperature and stirred for twelve hours to give a dark
purple solution. The solvent was removed at 30 torr and the resulting residue extracted three times with 10
mL portions of pentane. The filtrate was concentrated at 30 torr to give (Cp)(2-methylaliyl)Ni as a dark
purple oil. Yield: 0.200 g, 84.7%. The 'H NMR data were consistent with that previously reported in the

literature.®

(M*-Cp)(n'-2-methylally)Ni(IPr) (“"*"Ni)
A solution of (Cp)(2-methylallyl)Ni (0.183 g, 1.02 mmol) was dissolved in 5 mL benzene and added to a
solution of IPr (0.397 g, 1.02 mmol) in 5 mL benzene. The solution was stirred at room temperature for 12

hours and the solvent removed under reduced pressure. The residue was washed three times with 10 mL
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portions of cold pentane and dried under vacuum to give CPAING as a pale green solid. Yield: 0.350 g, 60%.

X-ray quality crystals were grown from a concentrated pentane solution at -35°C.

Anal. Caled (found) for C3gHugN,Ni: C, 76.06 (76.23); H, 8.69 (8.41); N, 4.93 (4.83). 'H NMR(dj-toluene,
400 MHz): 7.25 (t, J = 7.3 Hz, 2H, para-H Arp), 7.16 (d, ] = 7.6 Hz, 4H, meta-H Arp,), 6.50 (s, 2H,
HCCH), 4.64 (s, SH, Cp), 4.59 (d, J = 2.6 Hz, luH, CH, allyl), 4.55 (d, ] = 1.9 Hz, 1H, CH, allyl), 3.06
(sept, J = 6.8 Hz, 4H, (CH;),CH), 1.45 (s, 3H, CH; allyl), 1.40 (d, J = 6.8 Hz, 12H, (CH;),CH), 1.24 (s, 2H,
CH, allyf), 0.98 (d, J = 6.8 Hz, 12H, (CH;),CH). C{'H} NMR (ds-toluene, 126 MHz): 188.0, 158.7,

146.1, 138.0, 129.8, 124.1, 101.6, 91.6, 28.9, 25.8,24.0, 22.4, 1.0.

(™-Cp)(n'-Cp)Ni(IPr) (P*Ni)

(Cp).Ni (0.010 g, 0.052 mmol) was dissolved in 2 mL benzene at room temperature. A 3 mL benzene
solution of 1Pr(0.020 g, 0.052 mmol) was added and the resulting suspension stirred at room temperature
for 10 hours to give a dark red solution. The solvent was removed under reduced pressure. The residue was
extracted in 5 mL pentane and dried under vacuum to give CPCPNi as a dark red solid. Yield: 0.025 g, 82%.

X-ray quality crystals were grown by layering pentane on top of a saturated toluene solution at -35°C.

Anal. Calcd (found) for C37HygN,Ni: C, 76.82 (76.92); H, 8.19 (7.92); N, 4.84 (4.58). 'H NMR (ds-toluene,
400 MHz): 7.26 (t, ] = 7.6 Hz, 2H, para-H Anp), 7.15 (d, J = 7.6 Hz, 4H, meta-H Aryp,), 6.48 (s, 2H,
HCCH), 5.65 (s, SH, Cp), 4.11 (s, 5H, Cp), 3.20 (s, br, 4H, (CH),CH), 1.31 (d, J = 6.6 Hz, 12H,
(CH;),CH), 0.98 (d, J = 6.5 Hz, 12H, (CH3),CH). "C{'H} NMR (ds-toluene, 126 MHz): 182.6, 145.8,

137.4, 130.0, 124.1, 108.8, 92.3, 28.8, 28.4, 25.6, 24.5.

(’-Cp)(n'-Cp)Pd(IPr) (*“*Pd)

(Cp)PA(IPHCI® (0.019 g, 0.032 mmol) was dissolved in 2 mL THF at room temperature. A 2.0 M THF
solution of sodium cyclopentadienyl (0.016 ml, 0.032 mmol) was added and the resulting solution stirred at
room temperature for one hour to give a dark green solution. The solvent was removed under reduced

pressure and the residue was extracted twice in 5 mL of pentane. The combined extracts were dried under
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vacuum to give “P’Pd as a dark green solid. Yield: 0.014 g, 71%. X-ray quality crystals were grown by

layering pentane on a saturated solution of diethyl ether at -35°C.

Anal. Calcd (found) for C37HNoPd: C, 71.08 (71.15); H, 7.42 (7.66); N, 4.48 (4.26). "H NMR (C¢Ds, 400
MHz): 7.25 (m, J = 7.5 Hz, 2H, para-H Aryp,), 7.13 (d, J = 7.6 Hz, 4H, meta-H Aryp,), 6.56 (s, 2H, HCCH),
5.51 (br s, SH, Cp), 5.07 (br s, 5H, Cp), 3.08 (sept, J = 6.5 Hz, 4H, (CH;),CH), 1.30 (d, ] = 6.8 Hz, 12H,
(CH5),CH), 0.98 (d, J = 6.9 Hz, 12H, (CH3),CH). 'H NMR (ds-toluene, 400 MHz, -30 °C): 7.23 (t, J = 7.5
Hz, 2H, para-H Arp,), 6.47 (s, 2H, HCCH), 5.86 (s, 5H, Cp), 4.64 (s, 5H, Cp), 3.04 (m, 4H, (CH;),CH),
1;28 (d, J = 6.4 Hz, 12H, (CH;),CH), 0.97 (d, J = 6.8 Hz, 12H, (CH;),CH). The meta-H Arp, protons are
under the solvent resonances. 13C{1H} NMR (ds-toluene, 100 MHz): 181.1, 146.4, 137.6, 130.5, 124.6,

124.4, 109.7 (br), 100.2 (br), 29.5, 26.1, 22.9.

’-Ind)Pd(IPr)CI ("C'Pd)

{(n3-Ind)Pd(u-Cl)}2 (0.060 g, 0.116 mmol) and IPr(0.090 g, 0.232 mmol) were suspended in 15 mL diethyl
ether and stirred at room temperature for one hour. The resuiting orange suspension was filtered and the
filtrate concentrated to approximately 5 mL under reduced pressure. 20 mL of cold pentane was added to
the concentrated filtrate and an orange solid precipitated out of solution. The solid was isolated via
filtration, washed three times with 5 mL portions of cold pentane, and dried under vacuum to give ™4'Pd
as a dark orange solid. Yield: 0.113 g, 75%. X-ray quality crystals were grown by slow diffusion of pentane

into a saturated toluene solution at room temperature.

Anal. Calcd (found) for C36HysNoPACI: C, 66.87 (65.09); H, 6.86 (5.69); N, 4.33 (4.12). 'H NMR (C¢Ds,
400 MHz): 7.37 (t, J = 7.7 Hz, 2H, para-H Arp,), 7.26 (d, J = 7.7 Hz, 2H, meta-H Aryp,), 7.08 (d, J = 7.7
Hz, 2H, meta-H Arp,), 6.97 (s, 2H, HCCH), 6.78 (d, ] = 7.4 Hz, 1H, Aryy), 6.60 (t, J = 7.4 Hz, 1H, Aryg),
6.21 (m, 2H, Aryg); 5.66 (d, J = 7.4 Hz, 1H, Cpyg), 5.48 (1, J = 2 Hz, 1H, Cpug), 5.22 (t, ] = 2 Hz, 1H,
CPraa), 3.03 (sept, J = 6.8 Hz, 2H, (CH;),CH), 2.57 (sept, ] = 6.8 Hz, 2H, (CH3),CH), 1.36 (d, J = 6.7 Hz,

6H, (CH;),CH), 1.10 (d, J = 6.7 Hz, 6H, (CH;),CH), 0.97 (d, J = 6.7 Hz, 6H, (CH;),CH), 0.85 (d, ] = 6.7
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Hz, 6H, (CH;),CH). *C{'H} NMR (C¢Ds, 126 MHz): 177.9, 146.3, 138.6, 137.7, 136.8, 130.2, 124.8,

118.4,116.3,110.2, 86.1, 69.5, 28.8, 28.7,26 .4, 25.7,23.7, 22.4.

('-Ind)(n’-2-methylally)Pd(IPr) ("**"Pd)

IndClpg (0.050 g, 0.077 mmol) was dissolved in 3 mL of THF and the solution was cooled to 0°C. 2-
methylallyl magnesium chloride (0.117 mL of a 0.657 M THF solution, 0.077 mmol) was added dropwise
with stirring and the resulting solution was stirred at 0°C for 90 minutes to give a bright yellow solution.
The solvent was removed under reduced pressure and the resulting residue extracted twice with 5§ mL
portions of pentane. The combined extracts were dried under vacut;m to give ""A"Pd as a bright yellow

solid. Yield: 0.037 g, 68%. X-ray quality crystals were grown from a saturated pentane solution at -35°C.

Anal. Caled (found) for C4HsiNoPd: C, 72.11 (70.89); H, 7.72 (7.66); N, 4.20 (4.20). '"H NMR (CsDs, 500
MHz): 7.46 (d, ] = 6.5 Hz, 1H, Aryg), 7.24 (t, ] = 7.7 Hz, 2H, para-H Arp,), 7.21 (d, J = 1.3 Hz, 1H, Ary,g),
7.19 (d, J = 1.6 Hz, 1H, Aryg), 7.14 (d,J = 7.7 Hz; 2H, meta-H Arp,), 7.10 (d, J = 7.7 Hz, 2H, meta-H
Arpy), 6.64 (s, 2H, HCCH), 6.56 (t, J = 3.2 Hz, 1H, Cpyng), 5.97 (br, 1H, Cping), 5.90 (br, 1H, Cpiaq), 3.38
(sept, T = 6.8 Hz, 2H, (CH;),CH), 3.01 (sept, J = 6.8 Hz, 2H, (CH;),CH), 2.31 (d, J = 3.2 Hz, 1H, CH,
allyl), 2.13 (s, 1H, CH, allyl), 1.50 (s, 1H, CH, allyl), 1.30 (d, J = 6.8 Hz, 6H, (CH3),CH), 1.21 (d, J = 6.7
Hz, 6H, (CH3),CH), 1.05 (d, J = 6.8 Hz, 6H, (CH;),CH), 1.01 (d, J = 6.8 Hz, 6H, (CH),CH), 1.00 (s, 3H,
CH allyl), 0.95 (d, J = 2.8 Hz, 1H, CH, allyl), one Ary,qpeak is coincidental with solvent. C{'H} NMR
(CéDs, 75 MHz): 191.8, 146.4, 146.2, 138.6, 137.8, 130.5, 124.8, 124.6, 124.5, 121.2, 120.1, 119.9, 78.5,

51.3,29.3,29.2,26.7,25.9,23.8, 23.2, 23.1, 1.77.

('-Tnd)(n*-Cp)Pd(IPr) ("*"Pd)

IndCpd (0.050 g, 0.077 mmol) was dissolved in 3 mL of THF and the solution was cooled to 0°C. A
solution of sodium cyclopentadienyl (0.038 mL of a 2 M THF solution, 0.077 mmol) was added dropwise
with stirring and the resulting solution stirred at 0°C for 90 minutes. The solvent was removed under
reduced pressure and the residue extracted twice with 5 mL portions of pentane. The solvent from the

combined extracts was removed under vacuum to give "™PPd as an orange solid. Yield: 0.040 g, 71%.
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Anal. Caled (found) for CaHasN,Pd: C, 72.82 (73.09); H, 7.30 (7.11); N, 4.14 (4.13). "H NMR (C;Ds, 400
MHz): 7.53 (d, J = 7.1 Hz, 1H, Ariag), 7.26 (t, ] = 7.7 Hz, 2H, para-H Aryy), 7.20-7.11 (m, 6H, Arygand
Arpy), 6.89 (d, J = 7.2 Hz, 1H, Arpag), 6.74 (br, 1H, Cpag), 6.56 (s, 2H, HCCH), 6.40 (m, 1H, Cpya), 4.63 (s,
SH, Cp), 4.54 (br, 1H, Cpyag), 3.19 (sept, J = 6.8 Hz, 2H, (CH;),CH), 3.06 (sept, ] = 6.8 Hz, 2H, (CHs),CH),
132 (d, J = 7.0 Hz, 6H, (CHx),CH), 1.25 (d = 6.8 Hz, 6H, (CHs),CH), 1.01 (d, J = 7.0 Hz, 6H, (CH);CH),
0.99 (d, J = 7.0 Hz, 6H,(CH3),CH). C{'H} NMR (C¢Ds, 75 MHz): 181.5, 146.5, 146.3, 141.8, 137.8,

130.6, 124.9, 124.8, 124.6, 124.2, 122.9, 121.9, 121.1, 118.1,99.2, 34.9,29.4, 26.3, 22.8, 23.0, 14.6.

(n'-Ind)(n’-Cp)Ni(IPr) ("*“’Ni)

(W’-Cp)Ni(IPr)C1(0.050 g, 0.091 mmol) was dissolved in 2 mL THF and cooled to -40°C. Lithium indenyl
(0.0012 g, 0.100 mmol) in 1 mL THF was added dropwise with stirring. The solution was allowed to wam;
to room temperature over one hour and stirred for an additional two hours at room temperature. The solvent
was removed under vacuum and the residue extracted twice with 5 mL portions of pentane to give a red
solution. The solvent was removed from the combined extracts to give ndCPNi as a red solid. Yield: 0.045g,

75%.

Anal. Calcd (found) for C4yHaoN,Ni: C, 78.35 (78.07); H, 7.86 (8.01); N, 4.46 (4.47). '"H NMR (C4Ds, 500
MHz): 7.51 (d, J = 7.2 Hz, 1H, Arpg), 7.30 (t, J = 7.7 Hz, 3H, Arq and para-H Ang,), 7.21-7.19 (m, 5H,
Aryg and meta-H Atp,), 6.79 (m, 2H, Arpgand Cpra), 6.56 (t, J = 3.3 Hz, 1H, Cpjng), 6.55 (m, 1H, Cpina),
6.52 (s, 2H, HCCH), 4.17 (s, 5H, Cp), 3.82 (br, 1H, Cpjaa), 3.43 (br, 2H, (CH;),CH), 3.08 (br, 2H,
(CH3),CH), 1.38 (d, J = 6.5 Hz, 6H, (CH3),CH), 1.20 (d, J = 6.5 Hz, 6H, (CH;),CH), 0.98 (d, J = 6.8 Hz,
12H, (CH;),CH). C{'H} NMR (CsDs, 126 MHz): 184.0, 158.9, 146.5, 146.4, 146.2, 146.0, 142.3, 138.3,
138.1, 130.6, 130.5, 125.4, 124.7, 124.1, 122.2, 121.6, 120.9, 120.0, 117.1, 97.5, 34.7, 29.4, 26.3, 26.1,

22.8,19.8.

131




(n’-ln’d)(n‘-lnd)Pd(IPr) (mpg)

dClpg (0.018 g, 0.028 mmol)'vvvas dissolved in 5 mL of diethyl ether at -35°C. The solution was added to
lithium indeny!(0.003 g, 0.028 mmol) in 5 mL diethyl ether at -35°C and stirred at this temperature for 20
minutes to give a cloudy, dark pink solution. The precipitate was removed by quickly filtering the mixture
through a celite plug. The solvent was removed from the filtrate under reduced pressure to give """'Pd as
dark pink solid. Due to the thermal instability of this compound elemental analysis was not performed, nor
was a C NMR spectrum recorded. X-ray quality crystals were grown in a concentrated solution of diethyl

ether at -35°C. Yield: 0.016 g, 80%.

'"H NMR (ds-toluene, -40 °C, 500 MHz): 7.78 (d, J = 6.8 Hz, 1H, Aryg), 7.47 (t, ] = 7.7 Hz, 1H, Aryy), 7.34
(t, J = 7.7 Hz, 1H, Ary,q), 6.86 (d, J = 4.8 Hz, 1H, Aryg), 6.71 (t, ) = 7.4 Hz, 1H, Aryg), 6.61 (m, 2H, Anyag),
6.35 (d, J = 6.61 Hz, 1 H, Aryg), 6.30 (s, m, HCCH), 6.22 (t, ] = 3 Hz, 1H, Cpya), 6.13 (t, J = 3 Hz, 1H,
Cpind), 6.06 (br, 1 H, Cprad), 5.69 (d, J = 7.6 Hz, 1H, Cpraa), 4.94 (br, 1H, Cprag), 4.54 (br, 1H, Cpiag), 3.01

(br, 4H, (CH3);,CH), 0.94 (br, 24H, (CHs);CH).

Reactivity Studes

General procedure for the reaction of Pd and Ni compounds with 2,6-lutidinium chloride

A solufion of 2,6-lutidinium hydrochloride (0.010g, 0.006 mmol) in 0.25 mL ds-toluene was added to a
solution of the metai complex (0.006 mmotl) in 0.25 mL ds-toluene at the desired temperature in an NMR
tube. The solution was allowed to stand at the desired temperature for the specified time (see Table 5.01 for
specific temperatures and reaction times). Quantitative formation of the known complexes (n’-2-
methylally)Pd(IPr)CI'® and (n*-Cp)Pd(IPr)CI®' was observed by 'H NMR spectroscopy. (n’>-Cp)Ni(IPr)CI*#

precipitated out of solution and was isolated by filtration and then identified using 'H NMR spectroscopy.

Reaction between P Pd and triphenylcarbenium chloride
Triphenyicarbenium chloride (0.002 g, 0.008 mmol) was added to a solution of *"Pd (0.005 g, 0.008

mmol) in toluene at -35°C in an NMR tube. The solution was allowed slowly to come to room temperature

over three hours and left at room temperature for twenty-four hours. Quantitative conversion to (n*-2-
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methylallyl)Pd(IPr)CI®? and three non-isolable isomers of cyclopentadienyltriphenylmethane were observed
by 'H NMR spectroscopy.”’ Independent synthesis of cyclopentadienyltriphenylmethane through the
reaction of sodium cyclopentadienyl with triphenylcarbenium chloride provided confirmation of product

identity.

Reaction between "' Ni and triphenylcarbenium chloride

Triphenylcarbenium chioride (0.002 g, 0.008 mmol) was added to a solution of “**'Ni (0.005 g, 0.008
mmol) in 0.5 mL C¢Dgin an NMR tube. The mixture was allowed to stand at room temperature for 12
hours. The solvent was removed under reduced pressure and the residue dissolved in a minimal amount of
chloroform and loaded onto a silica gel plug. “A"Ni was isolated as a bright pink solid (0.003g, 0.005 mol)
and identified by "H NMR spectroscopy.*’ 2-methylallyltriphenylmethane was isolated as a white solid

(0.002 g, 0.006 mol) and characterized by 'H and ">C NMR spectroscopy. Yield: 0.002 g, 75%.

'H NMR (CDCl;, 400 MHz): 7.29-7.15 (m, 15H, phenyl), 4.66 (s, 1H, terminal allyl CH>), 4.26 (s, 1H,
terminal allyl CHy), 3.37 (s, 2H, allyl CHy), 1.42 (s, 3H, allyl CH;). "C{'H} NMR (CDCl;, 126 MHz):

. 147.3,142.2,130.6, 129.7, 127.7, 125.9, 115.9, 48.6, 25.6.
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