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Introduction

1 Introduction

The work discussed in this thesis covers three central topics: the catalytic deoxygenation
of alcohols, the characterization of the applied transition metal catalyst to determine the
active catalytic species and the transfer of the system to the defunctionalization of lignin
model compounds. This chapter gives an introduction to all three parts, summing up the

state of the art for these fields of chemistry.
1.1 Deoxygenation in organic synthesis

The reduction of C-O bonds to C—H bonds is one of the fundamental transformations in
organic chemistry, e.g. in the deoxygenation of oxygen-containing feedstocks.™ Herein, the
most well-known textbook methods for the deoxygenation of ketones or aldehydes are the
Clemmensen reduction, which proceeds on a metallic zinc surface,”” or the Wolff-Kishner
reduction, which makes use of the condensation of carbonyls to hydrazones and a
subsequent decomposition to the corresponding alkane.” In the case of alcohols, the most
popular protocol is the Barton-McCombie-deoxygenation, which constitutes in a radical
substitution of the corresponding thionoester.) However, these methods suffer from
disadvantages like harsh reaction conditions, i.e. high reaction temperatures or strongly
acidic or basic reaction media. Also, overstoichiometric amounts of toxic or hazardous
reactants, e.g. amalgamated zinc, hydrazines or organic hydrostannanes, need to be used.
Additionally, derivatization of the substrates is necessary in some cases (Scheme 1.1).
These conditions not only make the transformations hard to handle, but also lead to a
decreased reaction selectivity and high amounts of waste products which results in a poor

atom-economy of the overall processes.

@ Zn(Hg) H)(H
e
(clemmensen (1913)) R oA T ROOR
NH
O HN-NH, N2 KOH,A  H H
(Wolff. Kishner (1912)) . .
R™R _H,0 R” "R N, R” "R
derivatization S Bu;zSnH
( Barton, McCombie (1975))  R-OH ~ R, > R-H
o R" radical initiator

Scheme 1.1  General conditions for traditional deoxyg enation methods.
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From today's point of view, the mentioned deoxygenation protocols do not meet the
standards of modern green chemistry as they were defined at the end of the 20™ century.
These include the prevention of derivatization steps to reduce waste products, the design of
highly atom economic transformations which bear less danger to human health and the
environment as well as the application of catalysts for increased reaction selectivity and

decreased energy demand.®”!
1.2 Catalytic approaches for C-O bond cleavage

In order to take up the challenge for "greener" deoxygenation methods, an exceptionally
broad field of research has been explored in the last decades from which a vast number of

methodologies arose. This led to a great number of procedures converting a variety of

8-12] g [13-15] 16-21]

oxygenated substrates like alcohols,' phenol carbonyl compounds,! or
ethers**?231 into the respective deoxygenated, reduced products. The still growing
manifold of described protocols accounts for the importance and the need of organic
chemists for these kinds of transformations, both in synthetic laboratories and in industrial
setups. As mentioned before, these newly developed processes aim to meet the
requirements of green chemistry methodologies, especially with respect to the avoidance of

harmful waste and the application of more efficient catalytic systems.

For the latter, late transition metals were found as suitable catalysts, both in
homogeneous as in heterogeneous fashion (Scheme 1.2). As a general concept, these
catalytic methods share the hydrogenolysis approach as common reducing step, i.e. the
cleavage of the C-O bond is accomplished via the actual or formal addition of a molecule of
H,. This represents a highly atom efficient mode of reduction that proceeds in less synthetic

steps and produces less waste than the discussed traditional deoxygenation methods.

transition metal catalysts

Co/ Ni (Cu
OH homo- RuPd  petero- j'\
R R2 geneous Ir geneous R1"OR2
RS O/RG > R?H
0] reductants: (formal) H, sources H H
311\ 4 i i o R3>4R4
R R H, gas organosilanes formic acid

alcohols polyhydrosiloxanes

Scheme 1.2  Selected transition metal catalysts and re  ductants for the hydrogenolysis of C—O bonds.

The concept of hydrogenolysis originates from a report on the transition metal-catalyzed

scission of C—O bonds first being published by Padoa and Ponti in 1908.%*! In their approach
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a heterogeneous nickel catalyst and hydrogen gas as reductant were used to deoxygenate
furfural through furfuryl alcohol as intermediate to produce 2-methylfurane and further
reduction products. Later on, Connor and Adkins conducted a more comprehensive study on
a broader range of substrates to demonstrate the effect of a heterogeneous copper-
chromium oxide catalyst in the hydrogenolysis of C—O and C—C bonds also using hydrogen
gas.””™ Since these seminal works were reported at the beginning of the 20" century, many
variations concerning the catalyst, the reaction conditions, additives and the reducing agents
were shown to be successful in the hydrogenolysis of C—O bonds. Compounds with alcohol
or carbonyl functionalities in benzylic position play a special role in the scope of possible
substrates for hydrogenolysis. Due to their higher reactivity towards reductive C—-O bond
cleavage, benzyl ethers are traditionally introduced as protecting groups in organic synthesis
as they can be removed again under mild conditions.”® Furthermore, benzylic alcohols are a
common structural motif in organic feedstock originating from biomass. This attractive feature
brings these substrates back into today's focus of research.?’2% As the practical work
described in this thesis will concern the transformation of benzylic alcohols as substrates, a
brief introduction will be given showing selected examples from previous works of the last
decade in the field of hydrogenolysis of benzylic alcohols and carbonyl compounds. Therein
an overview of the applied transition metal catalysts is given with a special focus put on the
used reducing agents. Additionally the modes of substrate and reductant activation are

discussed.

Nishikawa et al.®*Y showed that co-precipitation of Au(lll) and Ni(ll) precursors followed
by calcination and reduction under hydrogen atmosphere generates a gold/nickel alloy,
which exhibits catalytic activity in the hydrogenolysis of benzylic alcohols 1 to the respective
hydrocarbons 2 under the use of hydrogen gas as reductant (Scheme 1.3). Through
hydrogen temperature programmed reduction (H.-TPR) and X-ray absorption near edge
structure (XANES) analysis they found that the mixing of the two metal precursors led to a
facilitated reduction to the alloy at lower temperatures. This presumably is enabled through
hydrogen dissociation mediated by generated Au(0) particles towards the non-reduced nickel
atoms. The obtained catalyst material was further characterized via X-ray diffraction (XRD),
X-ray absorption fine structure (XAFS) measurements as well as via transmission electron
microscopy (TEM) and X-ray photoelectron spectroscopy (XPS).

The hydrogenolysis of 1-phenylethanol (3) over the Au/Ni catalyst was optimized with
respect to reaction time and solvent. The alloy was found to outperform heterogeneous
benchmark catalysts for hydrogenolysis as Pd/C and Raney Ni concerning product yield and
selectivity. Catalyst isolation from the reaction mixture can be achieved in an easy manner as

the material did stick to the stirring bar due to its magnetic properties.
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OH Au-Ni alloy (10 mg) H H
)\ H, (20 bar) _ )4
Ar R 1,2-dichloroethane Ar R
100°C or150°C,6-24h
1 2
1 mmol scale 7 exaznpk_as
R = H, CH3, tBU 95 -99% YIe|d
OH Au-Ni alloy (20 mg)
)\ H, (20 bar) _
Ph 1,2-dichloroethane PR
150 °C, 24 h
3 4
10 mmol scale 87% vyield

Scheme 1.3  Hydrogenolysis of benzylic alcohols over a heterogeneous Au/Ni catalysts reported by
Nishikawa et al.*"

The Au/Ni alloy could be reused without further hydrogen activation in three consecutive
runs although a slight decrease in activity was observed, possibly caused by passivation of
the nickel surface. Exclusion experiments showed that none of the metal components alone
is the active catalyst and that hydrogen gas is needed for the reduction. Based on their
results, the authors propose a reaction pathway leading through the formation of a benzylic
carbocation followed by reduction. Furthermore, benzylic alcohols bearing different
substituents either on the aromatic ring or in homobenzylic position were subjected to the
transformation. Electronically activated as deactivated substrates were successfully
deoxygenated, although for the latter higher reaction temperatures and prolonged reaction
times were necessary. Also a sterically hindered substrate and benzyl alcohol were
transformed into the respective alkylarenes in excellent yields. In addition, the reaction was
shown to be scalable to a 10 mmol batch using a lower relative amount of Au/Ni alloy.

Notwithstanding, the desired product was still obtained in a very good yield.

The aforementioned catalyst shows high activity in the heterogeneous hydrogenolysis of
benzylic alcohols. Nonetheless, the preparation of the catalyst involves several steps which
make special equipment necessary, e.g. for calcination and metal oxide reduction. Moreover,
the characterization and the determination of the composition of the catalyst is only achieved
under the use of specialized machinery. Despite the high yields obtained in the conversion of
several alcohols, the substrate scope is narrow and no thorough mechanistic studies were

performed.

In contrast to the method discussed above, Kalutharage etal.® investigated
homogeneously catalyzed hydrogenolysis reactions using hydrogen gas. They found that a
well defined cationic ruthenium complex 7, upon addition of a phenol derived ligand, showed

catalytic activity for the direct deoxygenation of benzylic ketones 5 through a benzylic alcohol

10
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intermediate (Scheme 1.4). They could also show that 2-propanol can be applied as a
hydride source for the reduction, further expanding the substrate scope of the transformation
to aliphatic and aromatic ketones and aldehydes. Furthermore, the group conducted
mechanistic and kinetic investigations by varying the electronic properties of the added
phenol type ligand. They carried out rate measurements using eight different para-
substituted phenols as ligands for the catalytically active ruthenium complex. This led to a
Hammett plot of the relative reaction rate versus the respective substituent constant which
exhibits a minimum. The reversal in the sign of the Hammett slope indicates a change in
reaction mechanism. Subsequent investigations by the group allowed to correlate the
substituent constants and the found isotope effects obtained from experiments using H; or D,

gas, respectively.

)
7 (3 mol%)
4-X-phenol (10 mol%) @é BFY
(X = OMe, Bu, Et, Me, H, F, Cl, CF3) o ‘u\PC
f]\ H, (1-3 bar) or 2-propanol (12 equiv.)‘ HH H oC y3
R "R? 1.4-dioxane, 130 °C - RTR? 7
5 6 -
R' = alkyl, aryl 26 examples
R2 = H, alkyl 45 - 95% yleld

Scheme 1.4  General reaction conditions for the ruthe  nium-catalyzed hydrogenolysis of carbonyl
compounds developed by Kalutharage et al.l'®

After further isotope labelling studies and investigations of the reaction rate dependence
on several reaction parameters as well as kinetic isotope effects concerning hydrogen and
carbon atoms participating in the reaction, they proposed two mechanistic pathways sharing
the first step of ketone substrate reduction by the ruthenium hydride catalyst 8 (Scheme 1.5).
Thereafter, two different modes of hydrogen activation on the catalyst species 9 are thought
to occur, depending on the electronic properties of the complex. An electron-releasing phenol
ligand like 4-methoxyphenol in species 12 enhances the nucleophilicity of the ruthenium
center, which in return facilitates a concerted hydrogen activation and deoxygenation of the
coordinated alcohol substrate. On the other hand, this electron-rich ruthenium complex is
also prone to competitive inhibition by H, when exposed to high pressures. In case of an
electron-poor phenol ligand like the investigated 4-trifluoromethylphenol in complex 10, the
metal center would gain rather electrophilic properties, which leads to a stepwise activation
of H,. Subsequently, the binding of the reaction substrate is also favored over the hydrogen

molecule, preventing catalyst inhibition as it occurs on the electron-rich ruthenium complex.

11
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Scheme 1.5  Proposed mechanistic pathways for the ruth enium-catalyzed hydrogenolysis of acetophenone
developed by Kalutharage et al. (S: solvent or water, PMP: para-methoxyphenyl. Adapted from
the original publication).

The authors presented a tunable homogeneous transition metal catalyst for the
hydrogenolysis of carbonyl compounds to the corresponding alkanes. They argue that
hydrogen gas is available at low cost and that the only by-product formed is non-problematic
water; additionally it can be produced from sustainable sources. Nonetheless, the use of
pressurized hydrogen is challenging, as it constitutes a highly flammable and explosive gas
and makes further precautions necessary. Furthermore, special pressure equipment is
needed for this kind of chemistry. To avoid the disadvantages that arise from pressurized
gases as reactants, alternative hydride sources were investigated for their use in
deoxygenation processes. These can be compiled under the term of transfer hydrogenolysis,
which indicates that no gaseous hydrogen is present in the reaction or just evolves in situ.
The exemplary works showed in the following should give an insight in possible alternative

hydride sources in transfer hydrogenolysis reactions of benzylic substrates.

One of the most popular alternative hydride sources for reduction is 2-propanol, which is
already well-known for its application in transfer hydrogenation reactions, e.g. for the
reduction of carbonyl compounds with soluble ruthenium and iridium complexes as

g [32:38

predominant catalyst | The group of Mebane®™® showed that heterogeneous Raney

12
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nickel and cobalt can be applied for the transfer hydrogenolysis of aromatic alcohols using
2-propanol as reductant (Scheme 1.6). A variety of alcohols 14 bearing aromatic structures
could be transformed into the corresponding alkylarene products 15 with both catalysts,
although Raney cobalt showed lower activity for the transfer hydrogenolysis. The high
catalytic activity of Raney nickel in the reaction led to very short reaction times from several
minutes to a few hours. After too long reaction periods side reactions like the overreduction
of aromatic structures or dehydromethylation of primary alcohols occurred. These selectivity
issues could be avoided for benzylic alcohols when Raney cobalt was applied, although
prolonged reaction times were necessary to obtain comparable product yields.

Additionally to the convenient reaction setup, in which substrate and catalyst were just
refluxed on air in 2-propanol, reaction workup and product isolation was performed more
easily. To regain the catalyst particles, filtration over filter aid is sufficient. It was shown that
the recovered catalyst can be reused for at least seven further runs. Evaporation of the
solvent in the filtrate yielded the pure products. Notwithstanding, the authors conducted no
mechanistic investigations, they remark that only substrates containing an aromatic structure
are converted, with different chain lengths between arene and alcohol group being tolerated.
They speculate that a delocalized tesystem is needed for successful adsorption of the
substrate to the metal surface of the catalyst. The finding that substrates containing sterically
hindered or no aromatic systems perform worse or are not converted at all in the

transformation supports this assumption.

Raney Ni (250% w/w)
or

N OHR2 Raney Co (200% w/w) N H R2
ha R 2-propanol, reflux ha R

14 15
31 examples

Ni: 67 - >99% yield
Co: 8 - >99% yield

Scheme 1.6  Transfer hydrogenolysis of aromatic alcoh ols using Raney nickel or cobalt catalysts and
2-propanol as reductant reported by Mebane and co-w  orkers.

Despite the simple and effective protocol, the method developed by Mebane and
co-workers suffers from some drawbacks due to the highly pyrophoric nature of Raney
metals.'? For that reason, the catalysts need to be kept wet or stored in a glovebox under
inert conditions and handled with care. Furthermore, the high loading of 250 or 200 percent
in mass of metal relative to the alcohol substrate, respectively, has to be mentioned, which is
a common disadvantage of heterogeneous catalysts. As mentioned before, no mechanistic
studies were performed on the Raney metal catalyst systems. The heterogeneous nature of
the catalyst impedes variations on the catalytic system. This makes it difficult to achieve a

deeper understanding of the underlying reaction mechanism. Another disadvantage of the

13
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Raney transfer hydrogenation catalysts is the observed low selectivity or activity for certain
substrate structures, sometimes leading to unwanted overreduction or unsatisfactory

conversion in the catalytic reaction, both diminishing the product yield.

A more typical catalyst for the transfer hydrogenolysis of benzylic alcohols and carbonyl
compounds is heterogeneous palladium on solid support. This catalyst was shown to be
active for this transformation with several alternative hydride sources of which some will be

discussed in the following.

Backvall, Adolfsson and co-workers®” introduced a method for the transfer
hydrogenolysis of benzylic ketones and aldehydes 16 using palladium on activated charcoal
as catalyst, together with polymethylhydrosiloxane (PMHS) as reducing agent (Scheme 1.7).
The choice of reductant was justified by PMHS being an inexpensive, readily available
reagent, which is obtained as waste product from the silicon industry. Furthermore, it shows
high air and moisture stability and thereby is a convenient alternative to conventionally used
organosilanes, some of which PMHS did outperform under the given reaction conditions.
Investigations concerning the course of the reaction showed that the corresponding benzylic
alcohols are formed as intermediary species; follow-up deoxygenation leads to the saturated

hydrogenolysis products.

Pd/C (0.4 mol%, 5% w/w)
polymethylhydrosiloxane (3 equiv. of H")

)J\ chlorobenzene (5 mol%) H H
Arr R methanol, room temperature or 40 °C Ar” R
16 2
R = H, alkyl, aryl 21 examples
80 - 99% yield
O
optimized conditions
H ’
2 h, room temperature
HO HO
OEt OEt
17 18
5 g (30 mmol) scale 92% isolated yield

Scheme 1.7  Transfer hydrogenolysis of aryl ketones 0 ver a heterogeneous Pd/C catalyst applying
polymethylhydrosiloxane (PHMS) as reducing agent Opt  imized reaction conditions and
upscaled transformation of ethyl vanillin (13).

To facilitate the reaction, acidic additives were tested. Chlorobenzene, which releases
hydrogen chloride in situ through palladium-mediated reduction, was found optimal for this
transformation. The found optimized conditions allowed for the conversion of a broad scope
of substrates applying low loadings in catalyst, additive and reductant. Only minor changes in

the reaction conditions were needed for more sterically challenging substrates. The reaction

14
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was shown to be scalable up to a 30 mmol batch for ethyl vanillin (17) as substrate, still
yielding the desired product 18 in excellent amount (Scheme 1.7). Studies on catalyst
recyclability showed no loss of activity for seven runs, even though agglomeration of the
catalyst particles was observed via transmission electron microscopy. After comparing the
reaction efficiency with PMHS or hydrogen gas as reductants under otherwise unchanged
conditions it was stated that after identical reaction times the hydrosilylation protocol
performed superior. However, the reaction conditions for the reduction with hydrogen gas
were not further specified. Attempts to elucidate the catalytically active species and thereby
the mode of activation of the reductant using spectroscopic methods remained without
success.

Compared to similar works based on homogeneous palladium catalysts and
polymethylhydrosiloxane as reductant,®*% the methodology developed by the groups of
Backvall and Adolfsson applies significantly lower loadings of catalyst with similar amounts of
siloxane and chlorobenzene as additive. Although the three mentioned transformations run
smoothly under very mild reaction conditions and use an industrial waste product as reagent,
which would be in accordance with some of the principles of green chemistry,” the formation
of oxidized polymethylhydrosiloxane as polymeric waste is to be expected, making
separation and purification of the product necessary. Depending on the available methods of

product purification, this process could be cost- and resource-intensive.

To avoid the formation of unwanted waste products or to simplify the purification of the
products, formic acid was found a valuable alternative hydride source in palladium-catalyzed

transfer hydrogenation reactions.“>*!

Formic acid as an inexpensive, readily available
chemical is easy to handle, air and moisture stable and can be transported and stored
easily.*?) Upon use as reductant in the transfer hydrogenolysis of benzylic alcohols, formic
acid shows excellent chemoselectivity, as no overreduction of unsaturated systems
occurs.*** Only CO, and water are obtained as by-products, both can be easily removed
from the reaction mixture. Carbon dioxide can be recycled in a reduction step using
hydrogen, regenerating formic acid and thereby making the whole process very atom-
efficient and potentially sustainable.”***®! For these advantages, Samec and co-workers®
chose formic acid as reducing agent in the transfer hydrogenolysis of benzylic alcohols
catalyzed by heterogeneous palladium on activated charcoal (Scheme 1.8). Initial
optimization studies showed that the use of formate salts as base additive plays a crucial role
for a fast transformation. Without base only the disproportionation of the substrate was
detected, while too high concentrations of base additive led to a breakdown of the desired
reactivity. The reason for this will be discussed below in this section. Applying only formates
as reductant without formic acid led to no reactivity at all, only starting material was

recovered. Optimization of the reaction conditions showed that water is needed in the

15
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reaction as a co-solvent in mixture with methanol, presumably for reasons of solubility of the
applied formate salts. Under the optimized reaction conditions, a range of benzylic alcohols
19 could be converted into the respective hydrocarbons 20.

Pd/C (5 mol%, 5% w/v)
HCOOH (3 equiv.)

OH HCOONH, (24 mol%) H
A /k\R2 PR /k\R2
" R methanol/water (4:1 v/v) Ar R
80 °C
19 20
R', R =H, alkyl, aryl 12 examples

56 - 99% yield

Scheme 1.8  Formic acid as reducing agent in the tran  sfer hydrogenolysis of benzylic alcohols catalyzed
by Pd/C as reported by Samec and co-workers  (several other formate salts were tested with
no significant difference in the reaction outcome).

In previous studies investigating the catalytic transfer hydrogenolysis of benzylic alcohols
with formic acid, several possible intermediates were observed or proposed (Scheme 1.9).
Esterification between the alcohol and the acid can activate the substrate by improving the
leaving group character of the hydroxyl group.’*® A similar effect can be obtained by the
formation of a symmetrical ether from the alcohol that can be converted in the

[49,50

hydrogenolysis reaction.**% Other groups found that the formate ester can decompose to

form the desired deoxygenated product or undergo elimination to form an alkene or a

4751521 Ag  mentioned before,

carbenium ion, respectively, which are then reduced.!
disproportionation is also a possible reaction pathway, leading to a yield of 50% of the
desired product in a short period of time, along with the residual starting material being used
as hydrogen source for the reduction."” The group of Samec observed that the initially
oxidized substrate is converted to the product by the catalyst in a much slower two-step
reaction sequence.

To elucidate the reaction mechanism and to exclude or confirm possible intermediates, a
series of mechanistic investigations was conducted. The addition of triphenylphosphine
(1.0 or 10 equivalents relative to palladium) to a great extent or completely shut down the
reaction. In contrast to this finding, polymer-bound PPh; had no effect on the outcome of the
reaction compared to a non-affected standard run. This was interpreted as proof for an active
heterogeneous catalyst.®® Next, initial rates for the disappearance of possible intermediates
under transfer hydrogenolysis conditions were determined. In contrast to the optimized
reaction conditions, these measurements were performed at room temperature. Comparison
with the initial rate for the model substrate 1-phenylethanol showed that some intermediates
would either be converted too fast to be detected in kinetic studies, or others were consumed
too slowly, which would lead to their accumulation in the reaction mixture. As the latter was

not observed in the reaction, intermediates generated via esterification or ether formation
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were excluded while the disproportionation and elimination pathways were investigated

further.

esterification

S
OH metal catalyst R)\
HCOOH .
R )\ ether formation > R x

elimination
®
|_> R/\ -
E elimination
H H O
R +
disproportionation

Scheme 1.9  Possible intermediates of the transfer hyd ~ rogenolysis of benzylic alcohols using formic acid
as reductant (adapted from the original publication ).

Elimination on the substrate to form styrene derivatives was not consistent with the
findings from the substrate screening, in which substrates not able to undergo that pathway,
e.g. primary alcohols or secondary substrates not containing [-hydrogen atoms, were
successfully transformed. For a possible formation of an intermediate carbenium ion it was
stated by the authors that the methanol being present in great excess would trap the cation
to form an unsymmetrical ether. As this trapping product was not observed and its rate of
disappearance was lower than for the original substrate, this pathway was also excluded.

Kinetic measurements showed that the reaction is zero order in substrate, but a first
order dependence of the initial reaction rate on palladium catalyst and formic acid
concentration was found. For the base additive, a range in concentration without effect on
the initial rate was determined, while too low or too high concentrations of formate salt

inhibited the transfer hydrogenolysis. From these findings and experiments concerning
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kinetic isotope effects, a reaction pathway consisting of disproportionation and subsequent
reduction of the oxidized substrate was excluded and another mode of catalyst activation and
substrate hydrogenolysis was proposed (Scheme 1.10): Adsorption of formate anions
partially blocks the active sites of the palladium catalyst, thereby the disproportionation of the
substrate is inhibited. The formed formato-palladium intermediate A can enter a protolysis
equilibrium with formic acid (B) to generate palladium with chemisorbed dihydrogen (C) while
releasing CO,. From this stage direct reduction of the substrate through concerted hydride
and proton transfer occurs, regenerating the catalyst and releasing the hydrogenolysis

product.

disproportionation not active for alcohols

0]
OH 0 )J\

"®” HCOO "é” HCOOH "é"
'f®1’ 'f@,ﬂ’

-HCOO"

Scheme 1.10 Proposed reaction mechanism for the heter ~ ogeneously palladium-catalyzed transfer
hydrogenolysis developed by Samec and co-workers (ad apted from the original
publication).

The method presented by Samec and co-workers allows for the transfer hydrogenolysis
of primary, secondary and tertiary benzylic alcohols using formic acid as reducing agent. The
heterogeneous character of the catalyst and the formation of only carbon dioxide and water
as by-products facilitates an easy product isolation. In addition to the substrate scope given,
thorough studies concerning catalyst and substrate activation, including a proposed

mechanism for the hydride transfer based on experimental data, are described.

Another methodology for the deoxygenation of benzylic alcohols that makes use of
formic acid as hydride source was described by Yang et al.®" The group demonstrated that
very low loadings of the preformed iridium complex 23 catalyze the transformation of
substituted (4-dialkylaminophenyl)methanols 21 to the respective hydrocarbons 22 under
relatively mild conditions (Scheme 1.11). The introduction of the aminoaryl moiety as a
directing group was found necessary to establish a high chemoselectivity in the reaction. The

applicability of this transformation was presented in a very broad substrate scope containing
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primary, secondary and tertiary benzylic alcohols as well as derivatives of natural
compounds or drug precursors in very good to excellent yields. For some substrates a
change of the solvent from water to a mixture of water and trifluoroethanol or
hexafluoroisopropanol was necessary. Furthermore, the reaction could be performed on one
gram scale. Remarkably, extremely high substrate to catalyst ratios could be successfully

applied in this transformation. Values up to 1,000,000 were observed to still mediate the

reaction.
OH 23 (0.0001 - 0.1 mol%) H
R4 HCOOH (4.0 equiv.) _ R4
3 - 3
R! R water or water/fluoroalcohol (1:1) R R
°N 80°C,25min-2h °N
R? R?
21 22
R' R? = alkyl 63 examples

R3, R* = H, alkyl, alkenyl, 76 - 99% yield

alkinyl, (hetero-)aryl

( N\
R Ré OMe |9 o
S RS =«—» Z R3 | N H Cl
R! R! N SN
N N |
] @ ] \ /N
R? R2 Cp*/h’\
Cl
stabilized intermediate

L ) L 23 )

Scheme 1.11  Deoxygenation of amino-substituted pheny  Imethanol derivatives reported by Yang et al.*¥

Mechanistic studies propose an activation of the precatalyst through decomposition of
an in situ formed iridium formato complex to give a homogeneous iridium hydride catalyst.
The alcohol substrates are thought to react through an Syl pathway under the acidic reaction
conditions. The resulting benzylic carbocation is stabilized by the electron donating effect of
the tertiary amino group. Nonetheless, these intermediates possess a high reactivity towards
the iridium hydride complex, resulting in the reduction of the substrate. Investigations
involving deuterium labelling and the determination of kinetic isotope effects identified the
formyl hydrogen of formic acid as source of the introduced hydride, with the rate determining
step consisting in the formation of the active catalyst. Conclusively, the authors could show
that after successful deoxygenation the introduced directing group can be modified to open
the synthetic route to valuable products via cross-coupling reactions.

Despite the substantially low catalyst loading and the high number of successfully
transformed compounds, it has to be mentioned that the reaction is limited to substrates

which feature a (dialkylamino)phenyl group. To obtain structurally different products, the
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applied directing group either has to be removed or transformed into another desirable

moiety. This involves further synthetic steps.

It could be shown in this section that for the hydrogenolysis of alcohols and carbonyl
compounds, especially in benzylic position, a wide range of methods exists. While late
transition metal catalysts like palladium or ruthenium dominate the field, a variety of reducing
agents, e.g. hydrogen gas, silanes, alcohols or formic acid, was successfully applied for this
kind of transformation. Nonetheless, some efforts should still be put in this research area,
especially concerning the formation of the active catalysts, both in heterogeneous or
homogeneous fashion, as well as in the clarification of substrate activation modes and
reaction mechanisms. Part of the work covered in this thesis treats these topics; a newly
developed homogeneously catalyzed method for the transfer hydrogenolysis of benzylic

alcohols will be presented in section 3.3.
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1.4  Chemical valorization of lignin
1.4.1 Lignocellulose - a promising renewable carbon source

Facing the continuing global population growth and the related increase in energy
demand, a depletion of the fossil resources used for the generation of energy and the
production of chemicals is to be expected in the next decades. As a possible solution for the
energy sector, alternative technologies are already applied, e.g. for bio-based fuels.™! The
chemical sector, however, still heavily relies on fossil carbon sources. To reduce this
dependence, the use of biomass offers an attractive approach for sustainable chemical
production. Biomass is inexpensive and globally accessible, the available amounts should be
sufficient to cover a great part of the carbon-containing raw materials required by the
chemical industry.[zl To make this resource accessible in an efficient manner, the
development of new technologies has to be promoted.®® In this context, especially non-
edible biomass should be taken into account as the usage of this feedstock evades a

possible competition between food and chemical production.®!

An attractive example for this class of biomass is lignocellulose, which can be obtained
in large quantities from forestry and agriculture® or food waste.[”’ In recent years, more
efficient processes for the fractionation of lignocellulose in biorefineries were developed,
which allow for the separation of the material in its three main components: cellulose,
hemicellulose and lignin.® While the cellulose fractions are used for paper production, lignin
is widely considered a waste product and put in thermal utilization.” Considering this from a
chemical point of view, lignin is a highly interesting compound as its structure comprises of
aromatic subunits (Figure 1.1). These structural motifs could be transformed into renewable
substitutes for aromatic bulk chemicals from fossil resources like the BTX solvents.®% Lignin
is formed in plants from three monomers, coumaryl (24), coniferyl (25) and sinapyl alcohol
(26). It possesses an amorphous, three-dimensional polymeric structure with high molecular
weight in which repeating structural motifs are connected by strong C—-C and C-O bonds,
with the most abundant linkage being the B-O-4 motif.™" Therefore, selective cleavage by
chemical means proved difficult initially. Nonetheless, the depolymerization of lignin into
simple product mixtures has been subject to a great number of fundamental research
approaches from several fields like homogeneous™™*¥ or heterogeneous catalysis,****** to

the use of oxidative methods!*®*"! or alternative, functional solvents'® to photocatalytical,

20-22 |[23]

thermochemical,’”®#? or biochemical®®® methodologies.
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Figure 1.1 Monomeric building blocks for lignin syn thesis in plants, a representative lignin structure
with typical linkages marked, common linkages in li gnin (adapted from the original

publication). ?4

This section will cover the main laboratory and large-scale processes for lignin isolation
as well as its separation from the cellulosic components of raw plant material to give an
overview of the developed strategies for the depolymerization of isolated lignins to simple
fragments. Only chemical methods relying on relatively mild conditions (low pressures,

temperatures below 250 °C) will be discussed together with methods applying only
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pretreated, non-native lignin since a full review of the developments in the field is beyond the

scope of this introduction.

1.4.2 Lignin isolation from lignocellulosic biomass via fractionation

Conventional producers of lignin are the pulp and paper industry or sites fermenting
biomass to gain ethanol from cellulose. In both cases great amounts of lignin are obtained in
the processes as by-product, e.g. 50 million tons per year in the paper industry, of which less
than 2% are utilized for the production of chemicals. From an economic point of view, the
valorization of lignin for chemicals should be intensified as one kilogram of lignin used as fuel
reaches a monetary equivalent of 0.18 US$/kg while lignin used for chemicals holds a much
higher value of 1.08 US$/kg.”*

The methods applied to isolate lignin from lignocellulose can be separated in two
categories, which differ in the extent of modification of the lignin structure during the isolation
process (Scheme 1.12, top). Pulping methods as the Kraft,”® Klason,?" sulfite® or
alkaline process apply harsh conditions like the use of strongly acidic or basic media or the
introduction of inorganic salts.®®! This leads to high quality cellulose fractions, however, strong
structural modification of the extracted lignin occurs. In the Kraft process, which is globally
dominant for lignin removal, wood is treated with an aqueous solution of sodium hydroxide
and sodium sulfide at 170 °C which leads to the predominant cleavage of B-O-4 and a-O-4
linkages and the formation of free phenolic hydroxyl groups, increasing the solubility of the
fragments in the agueous medium. In addition to recondensation reactions of the cleaved
polymer, the application of sulfides in the process leads to lignin fractions containing
significant amounts of sulfur (1.5-3%).*®! As sulfides can act as poisons for transition metal
catalysts, the downstream processing of Kraft lignin in further catalytic transformations may
be problematic. Similar to Kraft lignin, sulfite pulping yields depolymerized lignin with a sulfur
incorporation of 4—-8%, although it is present in sulfonate groups added to the lignin under the
pulping conditions (acidic or basic aqueous medium, treatment with sulfite or bisulfite salts,
140-170 °C). This makes the fragments water soluble and prevents recondensation. To
remove the introduced sulfur from processed lignin, a method based on a heterogeneous
nickel hydrogenolysis catalyst was developed by Song et al., which additionally allows for the

cleavage of the polymeric structure in monomeric phenol derivatives.?"

The Klason process, which was originally developed for the determination of the lignin
content in wood, consists of a total hydrolysis step of the carbohydrates contained in the
wood by 72% sulfuric acid. Subsequent dilution with water, washing out the acid and drying
yields Klason lignin, which is significantly damaged in its native structure.?”? Alkaline

processing or so-called soda pulping applies hydroxide salts for the delignification. Thereby,
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ether linkages like alkyl-aryl ethers or [-O-4 linkages are cleaved while less structural

modification is observed in the obtained lignin fraction.™™®!
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organosolv lignin solvent extraction treatment enzyme lignin
milled-wood lignin ionic liquid lignin

(Bjérkman process)

Scheme 1.12  Methods for lignin isolation  via strong or mild structural modification (adapted fr om the
original publication).

To sustain the native structure of lignin during the isolation as far as possible, milder
extraction methods were developed (Scheme 1.12, bottom). These rely on less harsh
conditions concerning isolation techniques, pH and temperature. One of these newer
methods is the so-called Bjorkman process, in which lignin is isolated from the crude wood
material via extensive grinding using a ball mill under neutral conditions, followed by an
extraction with an organic/aqueous solvent mixture, e.g. dioxane/water. The obtained milled-
wood lignin resembles more the native lignin in terms of molecular structure. Nevertheless,
ball milling can still lead to additional functionalization, introducing hydroxyl or carbonyl

groups.® The yields of obtained lignin range from 20 to 40%.%

An even milder method for the isolation of lignin is the use of cellulolytic enzymes.
Herein, finely ground wood is treated with enzymes that catalyze the partial hydrolysis of the
contained cellulose and hemicellulose. Extraction of the lignin fraction is performed and the

cellulolytic enzyme lignin is precipitated in water. A drawback of this procedure is the long

25



Chapter 1

time needed for the delignification (up to several days) compared to conventional methods
which take several hours to one day. Moreover, the obtained lignin may contain protein and
carbohydrate impurities. An advancement was achieved by combining enzymatic hydrolysis
with mild acidolysis.®? Yields obtained from this procedure are two to five times higher than

from ball-milling or enzymatic hydrolysis alone.*

Another specialized approach for lignin isolation consists in the application of ionic
liquids."® These exhibit special properties concerning solubilizing power, boiling
temperatures and thermal stability, which are tunable to adapt the applied system to the
conditions of the respective process. Often, the low solvent recyclability, the hard-to-perform
separation of the product from the extraction medium and the high costs for the synthesis of
ionic liquids are stated as disadvantages of this methodology.***! However, first synthesis
routes for ionic liquids starting from fractionated biomass were developed, decreasing the all-

over production costs.?®

A more environmentally benign process compared to the conventional Kraft or sulfite
methods, which introduce sulfur-containing groups into the desired lignin product as well as
into the residual pulp, is the treatment of lignocellulose with organic solvents like acetone,
ethanol, acetic acid or methanol, often as mixtures with water. The so-called organosolv
process involves cooking of the raw material at relatively low temperatures (140-220 °C),
which leads to the cleavage of a-O-4 linkages in the polymeric structure, while the generated

fragments dissolve in the organic solvent.®”!

1.4.3 Catalytic approaches for the production of ar  omatics from lignin

After discussing methods for the isolation of lignin from raw lignocellulosic biomass, this
section will focus on the cleavage of lignin model compounds (Figure 1.2) or isolated lignin to
afford monomeric aromatics by using catalytic strategies. Processes to transform native
lignin still bound in the lignocellulosic network into simple arenes like alkyl phenols are also
known in the literature.’” Nonetheless, this introduction will focus on the conversion of lignin
models or isolated lignin as these allow a better mechanistic understanding of the cleavage
reactions and are not disturbed by other lignocellulosic components like carbohydrates. For
the cleavage of bonds in known lignin structural motifs, e.g. the B-O-4 linkage, methodologies
derived from different basic chemical transformations were applied. In the following,
oxidative, reductive and redox neutral catalyst systems will be briefly discussed for their
effects in the depolymerization of lignin networks and corresponding model compounds by
introducing selected examples from the recent literature. Performing initial studies on model
substrates holds the advantage that these are easier to obtain by synthetic means and that

their conversion leads to simpler product mixtures. After optimization, the found conditions
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can then be directly transferred or adapted to authentic lignin samples to show their

applicability.
OH o = _: R2
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R1I— ) | _R3 R1|_
= R = =
27 28
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R', R®=H, OMe R’ R?=H, OMe
R? = H, CH,OH
Figure 1.2 General structures of selected dimeric|  ignin model compounds.

Oxidative approaches

Among the oxidative transformations of lignin, the production of vanillin from lignin is the
oldest known valorization process, which was already industrialized in the second half of the
19" century. The mechanism of this reaction was extensively studied,™®*® but is still under
debate. It is assumed that lignin fragments 29 obtained from basic depolymerization undergo
several subsequent oxidation steps and a final retro-aldol cleavage in an alkaline aerobic

medium leads to the vanillin structure 34 (Scheme 1.13).5%4°

ox1dant WORZ

OH OR?

MeO -HO  MeO
A R
29

from basic lignin
depolymerization

=z OR2 —> MeO X \O
—RZOH R
HO 33
MeO H,0 MeO
X o ——> =0
R retro-aldol
HO HO

33 34

l

Scheme 1.13  Proposed reaction pathway for the formati  on of vanillin from lignin fragmentation
products (adapted from the original publication).

To broaden the scope of products yielded via oxidative lignin depolymerization, new

|[19]

electrochemical®” and photocatalytica methods were developed. Furthermore,

[17]

heterogeneous catalysts™” or ionic liquids*® were applied, as were metal catalysts like
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manganese,*? vanadium,“*** iron,**! copper,***®4"! cobalt!*®*¥! or palladium.®® As oxidizing
agents oxygen, hydrogen peroxide, ozone, peroxyacids and even chlorine have been used,
with the latter opening the possibility to synthesize chlorinated substituted arenes. These
oxidative methods hold a great potential as they operate under mild conditions.*®
Additionally, DFT calculations showed that oxidation of the alcohol moieties, e.g. in the 3-O-4
linkage, weakens the ether C—-O bond by 40-80 kJ/mol depending on the extent of
oxidation.®™ In this context, large-scale oxidative treatment of biomass and related material is
a well-known process in the paper industry, e.g. in pulp bleaching.™ On the other hand,
selectivity is needed for this kind of transformations as overoxidation leads to the formation of
gaseous products and thereby the loss of material. The non-selective introduction of
functional groups affords more complex product mixtures. Also the formation of radicals and

following repolymerization decreases product yields.*¢8

The group of Wang®” developed a method for the oxidative conversion of lignin model
compounds and authentic lignin using palladium nanoparticles (NPs) on a solid support of
cerium(lV) oxide and molecular oxygen as oxidant in an autoclave setup (Scheme 1.14).
First studies on 2-phenoxy-1-phenylethanol showed that certain metal oxides, amongst them
CeO,, are able to perform an oxidation of the benzylic alcohol moiety contained in the
substrate under atmospheric pressure of oxygen, although conversion was low in all cases
(9% for CeO,).

R? Pd NPs/CeO, 0 o) R2
0 (1.5% wiw [Pd]) o HO
methanol, O, (1 bar)
R! 185°C, 24 h R!
35 36 37 38
R'=H, Me, OMe
R2 = H, OMe 25 - 40% yield 34 - 38% yield 64 - 82% yield
86 - 90% conversion 4 examples
optimized 0 0
organosolv lignin _reaction conditions . MeO H OMe H
(conversion not o ©:
determined) HO OH HO
34 39 40
5% yield w/w 0.9% yield wiwv 2% yield w/iv
Scheme 1.14  Oxidative cleavage of lignin models and organosolv lignin via B-O-4 or C,—Cg scission
using Palladium on solid cerium oxide support as ca talyst and oxygen as oxidizing
agent. °%

When starting from 2-phenoxy-1-phenylethanone, comprising the oxidation product of
2-phenoxy-1-phenylethanol, which features a benzylic ketone instead of an alcohol,

conversion drastically improved (over 90% for CeO,) and (3-O-4 cleavage as well as oxidative
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C—-C bond cleavage was observed which gave rise to several products: benzoic acid, methyl
benzoate, acetophenone and phenol. Deposition of palladium nanoparticles on the cerium
oxide support proved beneficial for the transformation of benzylic alcohols 35, it was stated
that palladium facilitated the oxidation of the alcohol moiety, while the cerium oxide support
promoted the cleavage reactions. It was shown that the catalyst could be recycled for four
more runs without significant change in activity. Through the synergistic effect of both applied
metals, a good selectivity towards the desired cleavage products could be achieved and the
applicability of the catalyst system could not only be shown for several lignin model
structures, but also for authentic organosolv lignin. Cleavage of the latter led to three main
products 34, 39 and 40 in good vyields of 0.9% to 5% wi/w. In addition, the catalyst was

characterized using X-ray photolelectron spectroscopy and H, chemisorption measurements.

Liu and co-workers*?*® showed that heterogeneous manganese- or cobalt-based
catalysts prepared through a sol-gel-process are able to oxidatively depolymerize cellulolytic
enzyme lignin under moderate oxygen pressure (Scheme 1.15). The perovskite-type oxides
LaMnO3; and LaCoO; were characterized using X-ray diffraction, temperature programmed
reduction and X-ray photoelectron spectroscopy. The catalysts were applied in loadings of
5% wiw in an alkaline aqueous lignin solution in a high pressure reactor. The partial oxygen
pressure was found sufficient at 5 bar, the total pressure in the reactor was set to 20 bar. As
reaction products of the wet aerobic oxidation of lignin obtained from cornstalk, para-
hydroxybenzaldehyde (40), vanillin (34) and syringaldehyde (41) were found in yields of 2%,
4% or 9% wi/w, respectively, while only incomplete conversion of lignin was observed. The
catalysts could be reused in 5 runs without significant loss of activity. For each product a
different optimal reaction time was found, overoxidation to the corresponding carboxylic acids

or CO, were stated as side reactions diminishing yields.

O
R1
cellulolytic enzyme lignin LaMnO; or LaCoOs (5% wiv) - H
(source: cornstalk) aq. NaOH, 120 °C
O, (5 bar, total pressure 20 bar) HO )
57% conversion R

40: R'=R?=H 2% w/w yield
34:R'=H, R? = OMe 4% w/w yield
41: R' = R? = OMe 9% wi/w yield

Scheme 1.15 Wet aerobic oxidative depolymerization o f cornstalk lignin reported by Liu and
co-workers using heterogeneous LaMnO 3 or LaCoO 3.1

Luo et al.®@ reported on a photocatalytic oxidation-hydrogenolysis sequence mediated
by two heterogeneous metal-based photocatalysts (Scheme 1.16). Their strategy consisted
of a selective oxidation of the benzylic alcohol moiety in 3-O-4 linkages using Pd/ZnIn,S, as

catalyst under irradiation with light of 455 nm wavelength, followed by a TiO,-catalyzed
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hydrogenolysis of the C-O ether bond under 365 nm light irradiation, using ethanol as
hydrogen source. In the latter step, sodium acetate was found beneficial in the reaction,
presumably as proton transfer reagent from ethanol to the newly formed phenolate. After
optimizing the individual reaction steps, a one-pot-setup for the conversion of lignin models
was tested, in which switching the applied wavelength as well as simultaneous irradiation
with both wavelengths led to very good yields of the cleavage products, even under aerobic
conditions. Mechanistic investigations and electron paramagnetic resonance measurements
of a suspension of TiO, showed that superficial Ti*" is the active catalytic site in the
hydrogenolysis reaction which arises from single electron transfer from ethanol to the
photocatalyst. Several lignin model compounds 42 could be cleaved in mostly good vyields.
Substrates bearing methoxy groups showed lower product yields, it was suggested that the
electronic activation of the formed phenols makes them prone to oxidation. Direct transfer of
the reaction conditions on the conversion of organosolv lignin, however, was not successful,
probably due to the dark color of the lignin in the batch reaction preventing the activation of

the photocatalyst. The authors propose the use of a flow reactor setup to evade this problem.

Pd/ZnIn,S,4 (100 mg/mmol substrate)

OH R2 TiO, (50 mg/mmol substrate) 0] R2
0 NaOAc (0.5 equiv.) HO
ethanol, O, (1 bar) -
R’ LED (455 nm and 365 nm) R'
42 28-60h 43 44
R", R?=H, OMe 5 examples
58 - 97% conversion 43: 28 - 84% vyield

44: 8- 97% yield
Scheme 1.16 Photocatalgtical oxidation/hydrogenolysis of lignin model compounds developed by
Luo et al.?

A transition metal-free transformation for the cleavage of lignin models and isolated
lignin was developed by the group of Westwood®® to obtain functionalized benzylic ketone
monomers, i.a. bearing phenolic hydroxy groups. The one-pot procedure consists of two
steps, first an oxidation of the benzylic alcohol moiety mediated by 2,3-dichloro-5,6-dicyano-
1,4-benzoquinone (DDQ) and tert-butyl nitrite using oxygen as oxidant, followed by a
cleavage induced by zinc and ammonium chloride. Both steps were optimized separately on
dimeric or polymeric lignin models, proceeding smoothly under relatively mild reaction
conditions and low catalyst loadings (Scheme 1.17). Organosolv lignin recovered from birch
sawdust was converted successfully to obtain functionalized ketone 50 in a good yield next

to two minor products 49 and 51 (Scheme 1.18).
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OH OMe DDQ (5 mol%) 0 OMe
R! e} 'BUONO (10 mol%) R1 'e)
2-methoxyethanol
MeO HO~ R? 80°C, O, (1bar),14h  MeO HO™ R?
OMe OMe
45 46
R', R2=H, OMe 4 examples, 86 - 95% yield
o} OMe Zn (5 equiv.) 0
R? ') NH,CI (5 equiv.) R
2-methoxyethanol/H,O
R20 HO™ RS R* 80 °C, 15 min R20 OH
OMe OMe
47 48
R', R®=H, OMe 4 examples, 81 - 90% yield
R? = Me or polymer chain from polymer: 27% (49, R' = R>= H)
R* = H or polymer chain 23% (50, R' = OMe, R?=H)

Scheme 1.17  Optimized reaction conditions of the sin  gle steps for the transition metal free oxidative
cleavage of lignin model compounds reported by West ~ wood et al.*

DDQ (10% w/w)
'BUONO (10% wAv)
2-methoxyethanol/dimethoxyethane 0

organosolv lignin 80°C, O (1 bar), 14 h R!

(source: birch sawdust)

Y

then Zn (1.5 equiv. w/w) )
NH,4CI (1.25 equiv. w/w) HO R
80°C,1h OMe

one-pot
50: R' = OMe, R? = OH, 5% yield w/w

51: R' = OMe, R? = H, 0.5% yield w/w
49: R' = H, R? = OH, 0.5% yield w/w

Scheme 1.18  One-pot methodology for the oxidation an  d cleavage of lignin model and organosolv
lignin developed by Westwood et al.*!

Reductive approaches

The use of reducing reaction conditions for depolymerization is already known from early
studies on the structure elucidation of lignin wherein hydrogenation under high hydrogen
pressures and temperatures (240 bar, 260 °C) applying a copper chromite catalyst yielded

fully reduced n-propyl-cyclohexanols.®**°

For an actual valorization of lignin material far more selective catalytic methods are
needed, giving the opportunity to maintain desired functionalities or to reductively eliminate
non-wanted moieties, e.g. different types of C—O bonds.*”*® In contrast to oxidative
methods, which introduce additional functionalities into the lignin degradation products and
thereby aim at the direct production of fine chemicals, reductive methods open the possibility

to generate low-functionalized platform chemicals. These can then be further converted to
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value-added compounds using already known conventional processes from the petroleum-
based chemical industry.'” For the selective breakage of C-O bonds in lignin,
hydrogenolysis can be a useful tool. However, the hydrogenation of the aromatic systems
found in lignin is a competitive reaction which has to be avoided by the careful choice of
catalyst and reducing agent.’® Systems which were already successfully applied in the
hydrogenolytic cleavage of alkyl aryl ether bonds in lignin models are based on nickel,*%%¢°

65-67]

ruthenium,®*®¥ iron®! or palladium! as metal catalysts, but also metal-free,

organocatalytic methods®® were reported. As reductants, hydrogen gas,?°%*%
hydrosilanes,®® formates,®” metal hydrides,®®® alcohols®™ or hydrogen generated via in
situ oxidation of the substrate!® were used. The latter case of redox neutral cleavage will be

discussed in the next section.

Hartwig and co-workers® reported that complexes of nickel with N-heterocyclic
carbenes (NHC) generated in situ are active in the reductive cleavage of diaryl or alkyl aryl
ethers in presence of a hydride source like metal hydrides or hydrogen gas. They found a
suitable catalyst system which showed sufficient stability to prevent deactivation through the
formation of heterogeneous species. Under moderate reaction conditions and catalyst
loadings, the conversion of a variety of ethers was found possible including two successfully
transformed substrates representing models for a-O-4 and B-O-4 linkages in lignin
(Scheme 1.19). While the a-O-4 model 52 was converted at already low catalyst loadings,

the B-O-4 structure 54 was found to be cleaved under metal-free conditions, both in high

yields.
Ni(COD), (5 mol%)
MeO SIPrHCI (10 mol%)
MeO o ‘BUONa (2.5 equiv.) _ MeO MeO
MeO 80°C,16h MeO HO
52 s iy 53 39
full conversion I\ 99% yield 99% yield
N« N
oY%
_ ClL.
Pr Pr
SIPreHCI
OH OMe
MeO ') ‘BuONa (2.5 equiv.) _ MeO
m-xylene, 100 °C, 2 h o @ + numerous side
MeO OH ’ | HO products
54 39
full conversion 89% vyield

Scheme 1.19 Reductive cleavage of an a-O-4 lignin linkage model using a homogeneous Ni-NH C
catalyst and hydrogen as reductant, non-catal}/zed c leavage of a B-O-4 lignin linkage
model reported by Hartwig and co-workers. ~ ©°
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The first metal-free, organocatalytic method for the reductive cleavage of lignin models
was developed by Feghali et al.®® They showed that several a-O-4 and B-O-4 model
compounds can be converted to the silyl ethers of the respective phenols and
phenylethanols in very high yields using tris(pentafluorophenyl)borane as catalyst in low to
moderate loading and Et;SiH as reductant under mild conditions (Scheme 1.20). DFT
calculations and labelling studies gave an insight into the reaction mechanism, the obtained
results propose an activation of the ether moieties in the substrate through silyl coordination,
followed by cleavage of the respective aryl alkyl ether bond via a semipinacol-type
rearrangement. The formed silyl-activated aldehyde is then reduced by the catalytically
active triarylborohyride species formed from the introduced borane via hydride transfer from
the silane. Furthermore, the cleavage of methoxy groups attached to the aromatic ring was

also observed.

OH R B(CeFs)3 (2 mol%) R
0 EtsSiH (nequiv.) OSiEt; Et;SiO
dichloromethane, rt, 2 h O/\/
55 R=H:n=24 56 57
R =H, OMe R=0OMe:n=3.2 94 - 95% yield 94 - 95% yield

.
MesSiQ  SiMe;
P
o &

\calculated transition state)

Scheme 1.20 Metal-free organocatalytic cleavage of | ignin model compounds via a rearrangement-
reduction sequence catalyzed by B(C  ¢Fs)s reported by Feghali et al.®®

In a subsequent work from the same group™ the deoxygenative cleavage of more
complex lignin models as well as the depolymerization of lignin isolated from a range of wood
types could be realized using the same catalytic system with only minor changes in the
loadings of catalyst and reductant (Scheme 1.21). Herein, a different reaction mechanism
was presumed as no semipinacol-type rearrangement was evident from labelling studies.
Additionally, it was observed that the reactivity towards primary and secondary alcohol
moieties could be influenced by changing reaction times and the amounts of reductant
applied. With this strategy, a narrow product range of four monoaromatic lignin fragments 58,
59, 61 and 62 could be obtained from the depolymerization of isolated lignin, each in good to
very good yields. Nevertheless, differences in product yields were found depending on the

lignin source and the chosen extraction process.
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R
OH OMe B(CeFs5)3 (2 mol%) OSiEt,
MeO 0] EthIH (n eqUIV.) _ Et3S|O
dichloromethane, rt
MeO OH Et3SiO
OSiEt,
54 Et3SiH (7 equiv.), 2 h 58: R = OSiEts;, 83% yield 60: 99% yield
R =H, OMe Et3SiH (8 equiv.), 16 h 59: R = H, 84% yield 99% vyield
R R
B(C6F5)3 (25 moI%)
L Et3SiH (2.76 equiv. w/w)
organosolv lignin -
(source: black poplar)  gichioromethane, rt, 3 h
Et3SiO Et3SiO OSiEt;
OSiEt; OSiEty
58: R = OSiEt;, 9% yield 61: R = OSiEt;, 34% yield
59: R =H, 9% yield 62: R =H, 21% yield
Scheme 1.21  Adaption of the B(C ¢Fs)s catalyst system for the cleavage of more complex | ignin models

and isolated lignin using Et  3SiH as reductant. &

The group of Samec®” reported on a reductive method for the cleavage of p-O-4
linkages in lignin model compounds and native lignin under relatively mild conditions under
air. As catalyst, palladium on activated charcoal was applied together with formic acid as
reducing agent, both in low loadings (Scheme 1.22). The addition of equimolar amounts of
an amine base was found necessary for high conversion and selectivity towards the
cleavage products. In the substrate screening, formic acid and amine could be added in a
combined manner as ammonium formate. The transformation could be shown to be
applicable to eleven structurally simple lignin model substrates 63, in all cases excellent
product yields were obtained. Adjustment of the reaction procedure allowed for selective
production of several aromatic products differing in their degree of deoxygenation. Attempts
to apply the developed protocol on organosolv lignin did not lead to depolymerization, but
fragmentation due to the cleavage of several different ether bonds, which was detected via
gel permeation chromatography and 2D NMR. Furthermore, the heterogeneous character of
the catalyst was shown through poisoning and kinetic experiments. Structural modification of
the substrate and kinetic isotope effect determinations provided an insight into a possible
reaction mechanism which is thought to first proceed through a dehydrogenation of the

benzylic alcohol group followed by reductive ether cleavage on the catalyst surface.
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OH R Pd/C (2.5 mol%) 0 R3
R’ o) HCOONH, (1 equiv.) _  R! HO
MTBE/H,0, 80 °C, 3 h
R2 R4 R2 R4
63 64 65
R'=H, OMe; R? = H, OH, OMe 11 examples
R3 = H. OMe: R4 =H: OMe. F 92 - 98% YIeld

Pd/C (2.5 mol%)
HCOONH, (1 equiv.)

MTBE/H,0, 80 °C, 1 h

;

e
MeO

MeO
67 39
98% vyield
OH Pd/C (2.5 mol%) OH
@) HCOONHy, (2.5 equiv.) _ HO
:@ MTBE/H,0, 80 °C, 2 h :@
MeO MeO MeO MeO
66 68 39
98% yield
Pd/C (2.5 mol%)
1) HCOONH, (2.5 equiv.) HO
2) HCOOH (2 equiv.) /@/\ :@
MTBE/H,0, 80 °C, 3 h MeO MeO
69 39
95% yield
Scheme 1.22  Reductive cleavage of lignin models repo  rted by Samec and co-workers. Optimized
reaction conditions, changed product selectivity wi th altered reaction conditions. "]

Although there is a large number of reductive methods for lignin depolymerization and
defunctionalization, the obtained products still contain oxygenated moieties like methoxy or
aromatic hydroxyl groups. Yet, a complete deoxygenation for the production of aromatic
platform chemicals like benzene would be desirable. Wang, Yang, Ramirez-Cuesta and
co-workers™ investigated a catalytic system for the simultaneous depolymerization of
organosolv lignin and deoxygenation of the resulting phenolic products in one process. They
applied heterogeneous ruthenium on solid niobium oxide support in low loading and
hydrogen gas as reductant under moderate pressure and elevated temperature in a pressure
reactor setup (Scheme 1.23). Initial studies on the phenolic model substrate 70 showed
promising results in product selectivity and yield. Lignin from different wood sources could
also be converted, for birch wood a very good total mass yield of 36% w/w was achieved.
The selectivity for aromatic deoxygenated products 73 was very high despite the use of a

heterogeneous catalyst and the problem of arene overreduction related to it. No residual
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phenolic monomers were found in the product mixture. Over several reaction runs, only slight
deactivation of the catalyst was observed, while arene selectivity remained high. Inelastic
neutron scattering measurements and DFT calculations granted an insight into the
adsorption behavior of phenols towards the catalyst surface and the synergistic effects in the
Ru/Ni,Os system. The latter was found as an explanation for the selectivity of the system for

hydrodeoxygenation over arene hydrogenation.

OH Ru/Ni,Og (4% [Ru] wiv) H
/O/ H,0, H, (5 bar), 250 °C, 5 h /©/ /O
70 71 72

full conversion 81% yield 19% yield

i R
organosolv lignin Ru/Ni,Os (4% [Ru] w/v) - R minor Cqp - Cys
(source: birch) H,0, H, (7 bar), 250 °C, 20 h side products
73 74
20% w/iw 9% w/iwv

combined yield combined yield
R = methyl, ethyl, propyl

Scheme 1.23  Reductive lignin depolymerization and ph  enol hydrodeoxygenation reported by Wang,
Yang, Ramirez-Cuesta and co-workers. Conversion of phenol model substrate and
organosolv lignin under optimized reaction conditio ns.["

Redox neutral approaches

As an alternative to the use of external oxidizing or reducing agents for the cleavage of
lignin, the idea of applying redox neutral methodologies was developed. This elegant
approach is feasible for lignin as the substrate structure features secondary benzylic alcohols
as well as alkyl-aryl ethers. While the first can serve as hydrogen donor for a suitable
catalyst, the latter can be reduced with the equivalent of hydrogen produced in situ from the
substrate itself. This constitutes a highly atom-economic pathway for the reductive
depolymerization of lignin, which would be feasible under the principles of green chemistry.
To pursue this strategy, bifunctional catalysts for transfer hydrogenation are needed. For the
case of transition metals, examples based on ruthenium,>” palladium,>*®"® vanadium,™

7 nickel™ or indium!™ were realized. Selected reports on metal-catalyzed redox

rhenium,
neutral cleavage reactions of lignin models and isolated lignin will be briefly discussed in the

following.

Seminal work in the field was done by Bergman, Ellman and co-workers’? who used an

in situ formed ruthenium 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene (xantphos)

36



Introduction

complex to perform the redox neutral cleavage of models for the B-O-4 linkage in lignin and a
lignin-related polymer to the respective aryl ketones and phenol derivatives (Scheme 1.24).
They found that for the simple model compound 75 under use of the metal precursor
RuH,(CO)(PPh3); only xantphos led to the desired reactivity from a range of mono- and
bidentate phosphine ligands with different bite angles. Under optimized reaction conditions,
five differently substituted lignin models could be converted in high to excellent yields. In
addition to this, a polymer 78 similar to lignin was completely degraded to the respective

monomer 79 in quantitative yield.

R® RuH,(CO)(PPh3)3 (1 mol%) ) R®
xantphos (1 mol%) . R HO
toluene, 135 °C, 4 h
R? R*
76 77
R' R2 RS, R4 =H, OMe 62 - 98% yield
5 examples
( N\
OH Ru(CO)H,(PPhs); (5 mol%) ©
xantphos (5 mol%) . O O
1,4-dioxane, 175 °C, 3 h (0)
(0] n HO PPh, PPh,
78 79 xantphos
n = 4288 99% vield ~

Scheme 1.24  Redox-neutral cleavage of lignin model ¢ = ompounds and a lignin-like polymer catalyzed
by a homogeneous ruthenium xantphos complex as repo rted by Bergman, Ellman and
co-workers.

For the reaction mechanism, a ruthenium-catalyzed dehydrogenation of the benzylic
alcohol moiety in 75 is proposed to form ketone 80, followed by an ether C—O bond activation
by the metal catalyst, which allows for the hydrogenative cleavage of 82. Variation of the
substrate structure showed that the free alcohol group and the aryl ketone intermediate play
key roles in the successful transformation. For more complex and therefore more realistic
model substrates like 84, however, the work of Wuet all®¥ on the same catalytic
transformation while using a preformed metal complex showed that the presence of another
free hydroxyl group in y-position leads to deactivation of the ruthenium catalyst by bidentate

coordination of the substrate, showing in low product yields (Scheme 1.25).
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OH
0]
Ar' “Ar? AR
75 |
L,Ru
/ _\:O
[Ru] cat. || - H, 82
Ar?
O \
J\/o RuHXL,, 0 H,
Ar' SAr? \ >\ 1
LRi—d" A
80 HX n 0]
81 Ar1J<
76
ArZ,
A :
2.
OH L,Ru—H
77
83
OH
0 Ru(CO)H,PPhs(xantphos)
F>h2F>/Ru-PPh2
OH oc’ O
s 400
/nact/ve for lignin
model cleavage
Scheme 1.25  Proposed mechanism for the redox neutral ruthenium-catalyzed cleavage of lignin

model compounds reported by Bergman, Ellman and co-w orkers (adapted from the
original publication). @ Cata%/st deactivation by coordination of more comp lex
substrates shown by Wu et al.!

The group of Hartwig®® developed a method for the cleavage of several lignin model
compounds as well as organosolv lignin applying heterogeneous palladium on activated
charcoal as catalyst (Scheme 1.26). Successful attempts in the cleavage of a simple lignin
model 86 led to the formation of nearly quantitative amounts of acetophenone (37) and
phenol (88) and traces of the oxidized substrate 89. For more complex model compounds 87
or 54 no catalyst deactivation as found for homogeneous ruthenium complexes occurred.
Partial decarbonylation of primary alcohol moieties was observed under slightly harsher
reaction conditions; more complex product mixtures were obtained. Further tests showed
that the hydrogen used for reduction truly originates from the substrate, moreover the

transfer of H, from one species onto another lignin model was found possible.
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120 °C, 16 h 86:R=H 200 °C, 24 h

OH
R=H 0] R =CH,OH
Pd/C (5 mol%) R \© Pd/C (5 mol%)
m-xylene p-cymene/1,4-dioxane

o 87: R = CH,OH o
©)K HO\O ©)k HO\©
37 88 37 88
93% yield 94% yield 70% yield  88% yield
0 0
O 0 Salo N
89 4 90
traces 7% yield 18% yield
OH OMe
o) Pd/C (5 mol%)
p-cymene/dioxane
MeO OH 200°C, 24 h MeO HO
OMe OMe OMe
54 91 39
65% yield 90% yield

Scheme 1.26  Cleavage of lignin models under redox ne utral condition reported by the group of
Hartwig .[*

After the successful degradation of synthetic lignin, the cleavage of authentic organosolv
lignin failed in the first attempt. It was found that initial treatment with a low amount of Pd/C
(1 mol%) under ambient pressure of hydrogen was necessary before the actual cleavage
was possible with higher catalyst loading. It was speculated by the authors that aliphatic C—C
double bonds, which are present in lignin from natural sources, first need to be saturated to
make the ether hydrogenolysis possible. After pretreatment of the lignin samples with
hydrogen or by performing the cleavage under a hydrogen atmosphere, a significant
decrease in the average molar weight of the obtained fragments compared to the starting
material was determined via gel permeation chromatography. However, next to the oily
oligomeric fraction, a mixture of six monomeric aromatic products 92—-94 was found after the
reaction in collected yields of 9-15% dependent on the source of lignin and the extraction
method (Scheme 1.27).
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organosolv lignin Pd/C (20 mol%) R! R?
(source: miscanthus or pine)  p_cymene/dioxane

Y

H, (1 bar), 200°C,24h  HO HO
R? OMe
92 93
R'=R2=H or R3 =H, OMe
R!'=R? = OMe
R4 OH
9-15%
HO collected yield
OMe
94
R*=H, OMe

Scheme 1.27  Redox neutral organosolv lignin degradat  ion reported by Hartwig and co-workers. Prior
treatment with a hydrogen atmosphere was necessary for successful cleavage. 165}

Another method for the redox neutral cleavage of lignin models based on Pd/C was
developed by the group of Samec, in which instead of a prior substrate activation, as it
was the case for Hartwig's lignin degradation protocol, an activation of the catalyst surface
was found necessary. They discovered that the addition of catalytic amounts of a hydride
donor was beneficial for the reaction, presumably to remove chemisorbed oxygen from the
palladium surface. While hydrogen gas did have this desired effect, sodium borohydride was
found superior because of its easier handling also on small scale. Under the optimized
reaction conditions, the cleavage of ten lignin model compounds 95 and a lignin-like polymer

78 was achieved under relatively mild conditions in excellent yields (Scheme 1.28).

OH R4 Pd/C (5 mol%) o) R*
0] NaBH,4 (10 mol%) _ HO
ethyl acetate/H,0
R R3 80°C,1-4h R R3
R? R?
95 64 77
R'=H, OH, OMe 92 - 99% yield
R?, R3 R*=H, OMe
OH Pd/C (5 mol%) 0

NaBH, (10 mol%)

ethyl acetate/H,0O

n

78 79
n = 2693 99% yield
Scheme 1.28 Redox neutral cleavage of lignin model ¢ ompounds and a lignin model polymer

developed by Samec and co-workers. Addition of catal ytic amounts of reductant
ensured the activation of the catalyst surface.
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Further studies on limitations concerning the substrate structure showed that the
corresponding aryl ketone is an important intermediate generated through dehydrogenation
of the benzylic alcohol. Additionally a reaction mechanism was proposed (Scheme 1.29)
based on adsorption of the substrate on the catalyst surface (A) via an enol intermediate (B).
For the hydride transfer preceding the ether cleavage a Horiuti-Polanyi pathway®” is
assumed (C or E). This was based on the finding that both a- and (B-hydrogens on the
substrate participate in the reaction. Subsequent ether cleavage leads either to an adsorbed
enol (D) or carbene (F) species which are released from the catalyst surface through

desorption or carbene rearrangement, respectively, alongside the phenolic cleavage product.

OH
Ar1J\/O\Ar2
O 00O

0]
| 1 | | [H]

not active 1
L IAr2
1 0]
Ar
\
Q H H
A
2
Ho oA o oA’ oA

H
Ar'

Ar' H_‘ HTH—‘AH ° 4
u

(0] A
Ar1 H O
D

2

OH
¥
Ar'

0]
HOL
Ar1J\ Ar?
I

Scheme 1.29  Proposed reaction mechanism for the redox neutral cleavage of lignin models on a
palladium surface (adapted from the original public ation). [66]

/Arz
H O
F
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When exploring homogeneous vanadium catalysts for the oxidation of lignin models, the
group of Tostel’ found that the application of tridentate Schiff base ligands in vanadium-oxo
complexes leads to a different reactivity: A redox-neutral cleavage of the lignin model 96 was
observed, while the obtained product 98 was unprecedented in other works in that field
(Scheme 1.30). Investigations of the role of the reaction atmosphere showed that under
anaerobic conditions, a slow deactivation of the catalyst into a dimeric species occurred,
while this was prevented by the presence of oxygen probably due to an oxidative reformation
of the active catalyst. In both cases, no influence on the reaction outcome was observed.
Variation on the substrate structure showed the importance of the benzylic hydroxyl group for

successful transformation as well as of the presence of an aryloxy group.

OH OMe 97 (10 mol%) O OMe
o air o HO
ethyl acetate, 80 °C
EtO OH 24 h EtO
OMe e N OMe
/ (Q2
96 —N 9/0 98 39
> 95% conversion N 4 93% yield 90% yield
Bu o/ OMe
97
Bu

- J

Scheme 1.30 Redox-neutral cleavage of lignin model ¢ omPounds reported by Toste and co-workers
using a vanadium- oxo complex as catalyst. (78

Based on their findings, the authors propose a reaction mechanism involving a
vanadium(V)/vanadium(lV) catalytic cycle. Unlike the previous methods discussed in this
section, the oxidation of the benzylic alcohol moiety does not occur through
dehydrogenation, but abstraction of a hydrogen atom. As the first mechanistic step the
coordination of the alcohol substrate 96 occurs via ligand exchange on the vanadium(V)
catalyst 97 to generate complex 99 (Scheme 1.31), followed by benzylic hydrogen atom
abstraction to form a metal-bound ketyl radical species 100. Rearrangement of the radical
100 leads to a homolytic C—O bond cleavage and elimination of an aryloxy radical, resulting
in species 101, in which an enolate is coordinated on the metal center. Release of the enone
product 98 generates vanadium(lVV) complex 102 or 103 which is reoxidized by the previously
formed aryloxy radical to the active vanadium(V) species 97. The dimeric lignin model
substrate 96 could be converted into the respective cleavage products in very good vyields.
Also a trimeric model was transformed (not shown), giving the desired fragments in still good

yields, showing the applicability of the catalyst system for more complex substrates.
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OH
o
1 NA 2
HO-Ar2 or H,0 o Ar:s\[ Ar
OH
HOR
(l)H
LY or LW T
LoV
102 UM
0] )y d
ON
Ar Ar?
Ar1 | 99
OH
98 /
Cl)H
s
LY oH
0 v
LaV
Ar1)\L @ )
101 — Ar1)'u\“[\§"’”
100 OH
Scheme 1.31  Proposed reaction mechanism for the redox neutral vanadium-catalyzed cleavage of

lignin models (adapted from the original publicatio n).[76]

Another catalyst used for the cleavage of lignin models which does not rely on the
dehydrogenation of the alcohol moiety is in situ generated methyldioxorhenium as shown by
Cokoja, Kithn and co-workers.”” The conversion of model substrate 104 was achieved at
excellent conversion and yield of the cleavage products 105 and 39 under moderate
temperature and catalyst loading (Scheme 1.32). The obtained products differ from other
works as the carbonyl function is not found in benzylic position as usual in this class of
transformations but in homobenzylic position. Notably, the catalyst could be reused in five
consecutive runs without loss of activity, which is remarkable for homogeneous species.
Unfortunately, the transformation of a more complex lignin model 54 bearing a y-hydroxyl
group led to very low amounts of the desired aldehyde 106, next to the phenolic cleavage
product 39 in good yield. Several side products were detected, which are thought to arise
from reactions decomposing the aldehyde product. Nevertheless, the reaction pathways

remain elusive.
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Scheme 1.32 Redox neutral cleavage of simple and mor e complex lignin models catalyzed by
methyltrioxorhenium developed by Cokoja, Kiihn and ¢ o-workers. [

To gain a better understanding of the reaction mechanism for the cleavage of the 3-O-4
model 104, the substrate was labeled with isotopes on the benzylic hydroxyl oxygen as well
as on the a-hydrogen, also the catalyst itself was marked on the oxygen atoms, applying a
"0 enriched species. The experiments showed that an oxygen scrambling between
substrate and catalyst occurs and no benzylic hydrogen abstraction was observed.
Supplementary DFT calculations led to a proposed reaction mechanism (Scheme 1.33). At
first, the introduced catalyst precursor methyltrioxorhenium is reduced by the substrate to
methyldioxorhenium, the active catalytic species. A substrate molecule adds to the catalyst,
generating a rhenium alkoxide species 108. Elimination leads to an enol ether 109 and
rhenium(V) bis(hydroxo) species 110. Formal addition of an oxygen and a hydrogen atom
from 110 to the double bond of 109 via 111 causes the cleavage of the alkyl aryl ether and in
the same step forms the aldehyde product. Proton transfer to the generated phenolate

regenerates the active catalyst.
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Scheme 1.33  Proposed reaction mechanism for the methy  Idioxorhenium-catalyzed cleavage of lignin
model compounds. "

In this section, the role of lignin as renewable resource and potential alternative
feedstock for the production of aromatic chemicals was discussed. Different approaches for
the fractionation of lignocellulose were presented, which allow for the isolation of lignin in
different states of structural modification. To convert the isolated lignin polymer into value-
added chemicals, a great range of catalytic methods has been in development of which
selected examples applying oxidative, reductive or redox neutral conditions were briefly
treated. In this thesis, some efforts which were put into the catalytic cleavage of lignin model
compounds and analogous substrates are discussed. The developed system and further

investigations thereof are presented in section 4.2.
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Introduction

1.6 Determination of active catalyst species in tra nsition metal-

mediated reactions

1.6.1 Classification of different catalyst types

When investigating a chemical reaction catalyzed by a transition metal-based species, a
clear image of the operating catalyst is of utmost importance for an understanding of the
reaction mechanism as well as to solve problems during the optimization or with potentially
occurring substrate incompatibilities. Historically, in 1902 Ostwald distinguished between
several classes of catalysts. Next to enzymatic actions, a differentiation was made between
homogeneous and heterogeneous catalysts, i.e. catalysts that are present in the same or a
different phase as the reactants they interact with, respectively.™

However, from today's point of view, no such clear distinction is possible anymore, as
works on metal clusters, nanoparticles or colloids are bridging the gap between those two
basic concepts of metal catalysis by uniting properties of homogeneous and heterogeneous

catalysts (Figure 1.3).2*
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Figure 1.3 Correlation of size and solubility of di ~ fferent metal catalysts (L: ligand; adapted from th e

original publication).

To clarify the ambiguous use of the terms homogeneous and heterogeneous, Schwartz
proposed a new classification for catalysts, not depending on solubility, but rather on the
number and character of the active sites included.”! Based on this concept, Crabtree
introduced the concept of homotopicity and heterotopicity. A homotopic catalyst exhibits only
one kind of active site, e.g. a mononuclear metal complex, while a heterotopic catalyst offers
several different active sites, like a metal nanoparticle in which the contained atoms show
varying activity depending on their position on the particle surface.® Nonetheless, this thesis
will remain with the general nomenclature of homogeneous and heterogeneous catalysis as
this concept is used by a major part of the groups working in the field of catalyst

characterization and the known experimental tests in the literature distinguish between those
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two types. Dissolved monometallic complexes will be referred to as homogeneous catalysts,

while bulk metal, colloids or nanoparticles are considered heterogeneous.

Introducing a defined metal salt or complex into a catalytic reaction, one cannot assume
that the applied species is the active catalyst, especially under reducing conditions.”
Furthermore, under addition of other coordinating compounds, the in situ formation of other
species is possible whose structure and activity rely on the stoichiometry of the added
precursors. Besides the generation of a soluble complex, a dissolved metal precursor can
also lead to the formation of non-coordinated metal atoms, which then form larger
aggregates dispersed in the solvent, like nanoparticles or colloids, or even insoluble bulk
metal present as mirrors or films. While the latter is easy to detect by the naked eye, smaller
heterogeneous species like nanoparticles may let a reaction solution appear homogeneous,
leading to the false assumption of an operating homogeneous catalyst. Therefore, it is
important to apply suitable methods to distinguish between homogeneous, soluble catalyst
species and dispersed heterogeneous metal particles.®” In systems exhibiting so-called
cocktails catalysis, i.e. the simultaneous presence of several different homogeneous and

heterogeneous catalyst species, this differentiation can be particularly difficult.®®

1.6.2 Distinction between homogeneous and heterogen  eous catalysis

A great number of experiments has been used to distinguish between homogeneous
and heterogeneous catalysts. Generally, there is no single test which can give a definite
result. It is always necessary to perform several complementary investigations to arrive at a
solid conclusion, as it was shown by several previous studies on catalyst
characterization."%*® Therein, possible incompatibilities of certain tests with some kinds of
catalysts have to be considered to prevent false results.

Amongst these tests, a differentiation has to be made between in operando and post
operandum methods. While the first kind gains information about the catalysts while it is
active in the reaction, the latter relies on isolation and subsequent investigation of the
catalyst material, this may lead to problems which will be adressed later in this section. In the
following, the most important in operando and post operandum techniques for catalyst

characterization will be discussed.

Kinetic studies and reaction progress analyses

Catalysis is generally considered a wholly kinetic phenomenon.*” Thus, kinetic
investigations should deliver the most relevant results concerning the nature of the active
catalyst. Three in operando observables, which allow for conclusions about the active

catalyst species being homogeneous or heterogeneous, are the shape of the kinetic profile,
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the reproducibility of the reaction progress versus time and the comparison of the course of
the catalyst precursor decomposition with that of the product formation.!”

For monitoring a catalyzed reaction, the product yield or the consumption of substrate at
defined reaction times are typically plotted against time, yielding a kinetic curve which can either

718 A sigmoidal kinetic curve hints at an active

show a linear or sigmoidal shape (Figure 1.4).
heterogeneous catalyst, as an induction period is observed, during which no substrate
conversion occurs. This is due to metal particle formation from a soluble precursor and
aggregation thereof. The duration of this lag phase strongly depends on the growth rate of the
catalyst particles. In case of a fast aggregation, e.g. in the formation of small nanoparticles, the
kinetic plot may resemble the homogeneous case where no induction period is observed.™ For
this reason, it can be stated that the presence of an induction period is a strong evidence for an
operating heterogeneous catalyst. Although, if no lag phase is observed, this can be caused by

an active homogeneous catalyst, but also by the very fast formation of small dispersed metal
7,18]

particles.!
A A
c e
8 |*%%my o
% = heterogeneous catalysis % = homogeneous catalysis
< c
5 0 =)
0n O . . 0 O . . .
25 * sigmoidal curve 25 * no induction period
ZS) * induction period » o * constant initial reaction rate
00400089040
. . > . . »
reaction time reaction time
Figure 1.4 Typical shapes of kinetic curves forah  eterogeneously or homogeneously catalyzed

reaction (schematic representation).

The reproducibility of the reaction kinetics is often thought to be a good indicator for the
active catalyst species, as homogeneous catalysts show well reproducible kinetics, while
heterogeneous ones do not. However, this cannot be taken as evidence for both cases as
there are works known on heterogeneous nanoclusters which gave very well reproducible
kinetics.*? So non-reproducible kinetics propose an active heterogeneous catalyst, for the
opposite case further investigations are necessary to distinguish between a nanoparticulate

and a truly homogeneous catalyst.

If it is possible to monitor the decomposition of the metal precursor into metal particles,
the Kkinetics of this transformation can also be a useful tool for -catalyst

characterization. 2192

I Through comparing the kinetics of the precursor decomposition with
that of the product formation, conclusions regarding the active catalyst can be drawn: If both
processes show similar shapes of the kinetic curves including identical induction periods, the

presence of an active heterogeneous catalysts can be assumed. In this case, measuring of
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the reaction rate right after complete catalyst precursor decomposition should give a
maximum value as agglomeration or other kinds of catalyst deactivation are not or only

slightly active.”

Selective catalyst poisoning experiments

A method related to the interpretation of the kinetics of a catalyzed reaction is the
poisoning of the catalyst to render it inactive. This in operando technique offers the
advantage to manipulate the catalyst in its already active state by the simple addition of an

inhibiting agent. Therein, qualitative or quantitative poisons can be used.

Qualitative poisoning yields information on the active catalyst via selective inhibition of
either a homogeneous or heterogeneous species. Quantitative poisons cause deactivation of
the catalyst independent of its character. The extent of inhibition depends only on the amount
of added poison (Scheme 1.34)."]

homogeneous
active catalyst

quantitative poison

-\ 7/,
=/

7 o
m 5 o /—\
—_ 7 -\ o Q active cat. site
| O/ \IO L Q o Q Q inactive cat. site
o/ qughtat.lve Q qua'ntlta'twe Q poisoned cat. site
< Poisoning poisoning 9 poison selective
varied for_ homoglen._cat.
8 C amount of I poison selective
('J@C C 329 for heterogen. cat.

)

N
6

heterogeneous
active catalyst

Scheme 1.34 Inhibition of metal catalxsts by differe  nt types of catalyst poisons (adapted from the
original publication). Y

For transition metal catalysts, the most popular qualitative poisoning test, which was
already described in the early 20™ century,”? consists in the addition of mercury to the
reaction medium.t03151623281 | gynpression of the catalytic reaction is observed, this is
considered evidence for an operationally heterogeneous catalyst. Homogeneous metal
catalysts are usually shielded by coordinating ligands, thereby deactivation is prevented. The
inhibition results from the adsorption of mercury to the metal surface or the formation of
amalgams®® (Scheme 1.35). Yet, this limits the applicability of the test. While group 10
metals, which are known to form amalgams, are effectively poisoned,*? metals from group 8

or 9 like iridium, rhodium or ruthenium are mostly unaffected.® Another drawback is the low
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solubility of mercury in organic solvents. To ensure sufficient contact of the poison with the

R213 Eyrthermore,

metal catalyst, a high excess needs to be added under vigorous stirring.
mercury can cause unwanted side reactions®™ and was also shown to react with
mononuclear metal complexes.™®#?”31 The l|atter contradicts to the expected exclusive

effect of the test on heterogeneous catalysts.

QO O QO O Qo O
. active homogeneous catalyst
O O O O M O O no inhibiting effect of
o o @) mercury poisoning

active heterogeneous catalyst

stirring inhibition via adsorption

L s
&
I

&P

g and/or amalgamation

Scheme 1.35 Effects of the addition of mercury to dif ~ ferent types of catalysts (adapted from the origina I
publication). ™

Although the test is easy to perform, some working groups applied the method in an
incorrect manner, e.g. by just stirring mercury with the precatalyst and subsequent filtering of
the solution to start the catalytic reaction without any poison present.” To gain useful
information, mercury has to be present while the active catalyst is formed. To ensure that,
exemplary literature procedures propose the presence of the poison for the full reaction time
or the addition only after the reaction has already proceeded to a significant extent.*2*3 To
evade misinterpretation of experimental results, control experiments should be performed. In
case of a positive mercury test, it should be checked if the applied precatalyst reacts with
mercury as well. If this is the case, the result of the poisoning test becomes ambiguous. If the
addition of mercury has no effect on the reaction and a homogeneous species is presumed
to be catalytically active, the influence of the poison on an authentic heterogeneous catalyst
should be investigated to give a different result. These control experiments can then deliver

solid proof for the characterization of the active catalyst.™®!

A complementary qualitative poisoning test for the selective inhibition of homogeneous
catalysts was developed by Crabtree and co-workers."® Dibenzo[a,e]cyclooctatetraene (dct)
was found to deactivate platinum group metal catalysts. The selectivity of the poisoning is
assumed to be caused by the rigid tub-like structure of dct, which allows strong coordination
through the contained diene moiety and its strong teacceptor ability (Scheme 1.36). In

addition, the sterically demanding structure hinders the adsorption to metal surfaces, which
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results in a low effect on heterogeneous catalysts.®”*”! Dct was applied as a selective
catalyst poison to investigate the homogeneous or heterogeneous character of a number of
catalyst systems.***® Furthermore, soluble metal complexes of dct were synthesized and
characterized, e.g. for chromium,”**** molybdenum,”® ruthenium,® cobalt,*? rhodium,*"*°!

iridium, 8% palladium,® platinum® and copper®? (Scheme 1. 36)

ol

\

MLn oL 3 | /MLn-Z s, \\Cl
Pd~
112
deactivation of catalytically active metal K([18]crown-6)]*
complex via dct coordination 113
O ‘ | |"'l: I \\C| \\\
~q~ A
Cl
dot />

115

Scheme 1.36 General deactivation pathway for homogen  eous metal catalysts via dct coordination,
selected examples for characterized dct-transiton ~ metal complexes. 10324951

Non-selective, quantitative catalyst poisoning expe riments

In contrast to qualitative catalyst poisons, which yield information about the active
catalyst through a specific reactivity or binding affinity, quantitative poisons, like carbon
disulfide, phosphines, phosphites or thiophene, allow the investigation of an active catalyst
species based on the applied stoichiometry. These ligands bind non-selectively to metal
centers and surfaces, blocking the active sites.!#*%165354 Herein, it is made use of the fact
that for a homogeneous, mononuclear catalyst, in theory every introduced metal atom poses
a catalytically active site. In case of a heterogeneous system only a part of the total amount
of metal, which is placed on the surface of a bulk metal precipitate or a metal particle as
active sites, takes part in the catalysis. The residual metal atoms in the bulk have no contact
to the reaction medium, and therefore do not contribute to the catalytic activity."**% The
varying inhibiting effect of different amounts of poison added to the catalytic reaction can be
observed via a reaction progress analysis (Figure 1.5).

For homogeneous as for heterogeneous systems, poison amounts far below 1.0 equivalent
relative to the metal catalyst result in a partial inhibition and thus a retardation of the reaction.
However, with increasing amounts of catalyst poison, the two systems will show different

behavior. While a heterogeneous catalyst is completely inhibited by less than 1.0 equivalent
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of poison, an excess of poison far above 1.0 equivalent is needed to stop a homogeneously
catalyzed reaction. This can be rationalized by the described difference in the available
active metal atoms. Yet, this method is limited to reactions operating under relatively low
temperatures (below 50 °C), since at higher temperatures the introduced poisons start to

dissociate from a heterogeneous metal surface, thus the catalytic activity is restored.*6>>%
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addition of addition of ° << 1.0 equiv. of poison added
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- —»
reaction time reaction time
heterogeneous homogeneous
active catalyst active catalyst
Figure 1.5 Visualization of quantitative poisoning o f homogeneous and heterogeneous catalyst

systems in reaction progress plots (schematic repre sentation).

Collman's three-phase-test

Another in operando technigue constitutes in the three-phase-test. This method includes
a cross-linked polymer to which either a substrate suitable for the investigated catalyst or a
catalyst poison are covalently bound. When the polymer beads are introduced into the
reaction medium in presence of the catalyst, only soluble catalyst species are able to enter
the pores of the polymer to reach either the substrate or the poison.*” Therefore, a different
reaction outcome can be observed for homogeneous or heterogeneous catalysts.
Notwithstanding, some control experiments are necessary to verify the obtained results, e.g.
if a polymer-bound substrate is actually converted by an authentic soluble catalyst species.
Furthermore, a false positive result proposing a homogeneous catalyst can be obtained if
small metal nanoparticles are formed, which are able to enter the polymer to convert the
substrate.®® This should be ruled out by using priorly prepared, defined nanoparticles in the
test.
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Maitlis' hot filtration test

If the formation of solid metal precipitate is suspected, a hot filtration test may be suitable
to detect a heterogeneous catalyst.* It comprises the use of some filter aid, e.g. powdered
celite,™ cellulose®® or graphite,®™ which is added to the reaction mixture. Afterwards,
filtration over a glass frit is performed to separate the adsorbed catalyst material from the
reaction medium. The two obtained fractions, filtrate and filter aid with presumably adhering
metal particles, are both examined for catalytic activity. In case the filtrate converts freshly
added substrate, the presence of an active homogeneous catalyst is assumed. If substrate
conversion is observed on the filter aid, the active heterogeneous catalyst was held back in
the filtration step.’®”

Despite that the method is easy to perform and no special equipment is necessary in
most cases, it suffers some drawbacks. For nanoparticulate catalysts, the pore size of the
filter aid may not be sufficiently small, leading to the heterogeneous catalyst passing through
the filter.®® In addition, maintaining in operando conditions during the filtration step may not
be possible. During or after the manipulation, the formation of heterogeneous catalyst
species in the homogeneous fraction can occur, leading to a false positive result.®!
Therefore it should be kept in mind that this method may yield rather post operandum

information.

Transmission electron microscopy

To determine the presence of nanoparticles in a reaction mixture, transmission electron
microscopy (TEM) poses a sensitive post operandum technique.*? Even very low particle
concentrations down to 102 M can be detected.”! However, TEM gives no information on
the catalytic activity of the found particles.”” Another drawback is the sample preparation,
which consists in deposition of a drop of the reaction mixture on a grid, followed by
evaporation of the solvent. This procedure was shown to promote the formation of metal
nanoparticles from a dissolved homogeneous species.?® It has to be mentioned that the
applied electron beam may also induce particle formation.’®? Besides, another limitation of
this method is the size of the investigated particles, as nanoparticles with an average size
below 1 nm are not detected.®® Despite the mentioned drawbacks, TEM is an excellent
method for the characterization of catalysts when applied together with other analysis

techniques.
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In this section, the most viable in operando and post operandum methods for catalyst
characterization and the distinction between homogeneous and heterogeneous catalysts
were discussed. Due to the nature of catalysis as a kinetic phenomenon, in operando
investigations like reaction progress analyses or selective catalyst poisoning hold most useful
information about the studied catalyst system. Other methods rely on differences in the
solubility of homogeneous and heterogeneous species or on microscopic detection of formed
metal particles. One project covered in this thesis also includes the characterization of the
active catalyst as either homogeneous or heterogeneous, some of the mentioned methods

were used therefore. The obtained results are discussed in section 3.3.
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2 Aims of this work

As discussed in the first chapter of this thesis, the use of metal-based catalysts for the
reductive defunctionalization of oxygen-containing substrates, e.g. alcohols, ethers or
carbonyl compounds, is of significant relevance for synthetic transformations on laboratory
scale as well as for the valorization of renewable resources in industrial setups. However,
already existing methods suffer from drawbacks like high catalyst loadings, the use of
hazardous or waste-generating reducing agents and low chemoselectivity or a narrow

substrate scope due to the heterogeneous nature of the active catalyst.

In this work, a homogeneous palladium-based catalyst system is applied for the selective
defunctionalization of various derivatives of benzylic alcohols. The development of
user-friendly protocols was envisioned, including the use of low catalyst loadings and an
environmentally benign reductant without the need for specialized equipment (Scheme 2.1).

Initially, a protocol for the selective deoxygenation of benzylic alcohols was devised to
afford a scope of the corresponding alkylarenes via reductive scission of the strong
C-0 bond under transfer hydrogenolysis conditions. The developed catalyst system was
consecutively investigated regarding the nature of the active catalyst species (chapter 3).
Previous literature works on similar systems did only report heterogeneous variants for this

transformation. Hence, establishing a homogeneously catalyzed system appeared intriguing.

)O\H HCOOH )H\
AR AR
R = H, aryl, alkyl chapter 3
OH
Ar)\/ OR —ac,0 A OAC
R = aryl, alkyl chapter 4

Scheme 2.1  Selective defunctionalization of benzylic alcohols a nd benzylic B-alkoxy alcohols through a
homogeneous palladium catalyst.

Furthermore, the catalytic system, which was proven successful in the first project of this
thesis, then should be adapted to transform more complex alcohols containing an additional
ether functionality (Scheme 2.1). These substrates were chosen for their model character
concerning the structural motifs found in lignin, an alternative carbon source from natural
feedstock. After a modification of the system led to promising results, initial mechanistic

investigations were conducted (chapter 4).
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3 Pd-catalyzed transfer hydrogenolysis of benzylic alcohols

Parts of the results discussed in this chapter were published in a peer-reviewed scientific
journal: B. Ciszek, I. Fleischer, Chem. Eur. J. 2018, 24, 12259-12263.

3.1 General motivation

As depicted earlier in this thesis, a range of methodologies for the transfer
hydrogenolysis of benzylic alcohols exists. Nonetheless, most of the modern procedures rely
on heterogeneous catalysts. Compared to homogeneous systems, these suffer from
drawbacks like higher catalyst loadings or lower chemoselectivity. Moreover, a
heterogeneous catalyst system offers only limited possibilities for the adaption towards more
challenging substrates, leading to a relatively narrow scope of obtainable products. Also,
mechanistic investigations are impeded by a lack of options for catalyst modification (see

section 1.2).

Reviewing works from the literature on palladium-based catalysts for the transfer
hydrogenolysis of benzylic alcohols, it became apparent that previously reported methods
that apply soluble palladium precursors in the transformation also use reducing agents which
generate considerable amounts of waste™® or make specialized pressure equipment
necessary.”! Reductants which are better to handle or easier to separate from the product
after the reaction require heterogeneous palladium catalysts on solid support.®® One of the
mentioned reducing agents is formic acid, which favorably provides for a convenient reaction
workup and product isolation. Samec and co-workers,”! amongst others,®® demonstrated
the utility of this reagent in the transfer hydrogenolysis of various benzylic alcohols. The
transformation was mediated by catalytic amounts of palladium on activated charcoal.
Although the developed methodologies were appreciated, the group of Fleischer was
intrigued by the lack of a homogeneously palladium-catalyzed variant of this transformation.
Therefore, the development of such a catalyst system was targeted, including the use of

formic acid as reductant.
3.2 The palladium/dtbpx catalyst system

In the industrial production of bulk chemicals from ethylene, e.g. yielding polyketones of
high molecular weight, the application of homogeneous palladium-based complexes
containing bidentate phosphine ligands is well-known."! In contrast to this, the application of
the bidentate phosphine a,a'-bis(di-tert-butylphosphino)-ortho-xylene (dtbpx, L1) as ligand
together with a palladium(0) precursor in a catalyst for the methoxycarbonylation of
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ethylene (1) to methyl propionate (2) was commercialized as pre-step towards the production
of acrylic glass in the Lucite alpha process.’ The used system led to the formation of 2 in
high selectivity and yield. Due to the high importance of this carbonylative transformation, the
reaction mechanism was thoroughly investigated, including the characterization of the
reaction intermediates and the active catalyst species. The results suggest a cationic
palladium(ll) hydride complex with the bisphosphine L1 coordinated cis to the metal center.

The complex 3 is stabilized by a weakly coordinating anion (Scheme 3.1).*%%

Results obtained from works in the Fleischer working group demonstrated that a similar
catalyst species generated in situ from a soluble palladium(0) precursor and the ligand
dtbpx (L1) in presence of a Brgnsted acid co-catalyst facilitated the alkoxycarbonylation of
vinyl arenes 4 to the methyl esters of the respective linear and branched arylpropionic acids
5. The products were obtained in high yields and with very good selectivities towards the

valuable branched regioisomer (Scheme 3.1).1**!

[Pd], L1, CF3SOzH
CO, MeOH
1 2

> A COOMe Lucite alpha process

( ) ( )

®
CC o
P
O 0 P(Bu); Npyen
/P\ f v @
0" OH P(Bu) P X
Y
L1, dtbpx

HA 3
S J catalytically active species

) N .
\X : weakly coordinating anion |

[Pd], L1, HA cooM :
A X CO. MeOH > AR e Fleischer and co-workers
dichloromethane, r.t., 2 h
4 5
up to 97% yield

up to 94% branched selectivity

Scheme 3.1 Application of a homogeneous palladium hy  dride catalyst in the methoxycarbonylation
of alkenes. %%

For transfer hydrogenolysis reactions of benzylic alcohols on heterogeneous palladium,
a metallic palladium species with chemisorbed hydrogen was proposed as active catalyst,
representing a heterogeneous palladium hydride.”? It was speculated if a homogeneous
palladium hydride complex, as it is generated in the Lucite alpha process and in the
alkoxycarbonylation of vinylarenes, could be utilized for the hydrogenolysis of benzylic

alcohols.
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3.3 Results and discussion

3.3.1 Pd-catalyzed transfer hydrogenolysis using met  hyl formate as reductant

Initial reaction optimization

For the development of a suitable homogeneous catalyst system for the transfer
hydrogenolysis of benzylic alcohols, 1-phenylethanol (6) was chosen as model substrate,
also for its rudimentary resemblance to the benzylic alcohol motifs contained in the structure
of lignin (see section 1.4). For the role of the reducing agent, formic acid and its methyl ester
appeared favorable, as these reagents are inexpensive, widely available and bear several
advantages concerning transport and handling.***® Furthermore, they are known to act as

t 157

reductants in presence of a palladium catalyst.*” Moreover, the synthesis of formic acid and

methyl formate can be easily conducted from CO, and H, in absence or presence of
methanol, respectively.>*°!

The choice of the components of the catalyst system was based on previous works in
the Fleischer group on the alkoxycarbonylation of alkenes® and the conversion of alcohols
as substrates in carbonylation reactions.”! Therein, the previously mentioned ligand L1 was
applied for the in situ formation of a palladium phosphine complex, which mediated the
carbonylation of alkenes and alcohols under low to moderate CO pressures. Originating from
these findings, an initial series of experiments was conducted, applying catalytic amounts of
palladium acetylacetonate as a Pd(ll) precursor, ligand L1 and methanesulfonic acid in
presence of model substrate 6 and methyl formate as reductant (Table 3.1).

3171 3 first run

Applying the reaction conditions from the previous carbonylation projects,
using Pd(acac), (1.0 mol%), ligand L1 (4.0 mol%), methanesulfonic acid (16 mol%) and
methyl formate (2.0 equivalents) in 1,2-dichloroethane at 150 °C in a sealed glass pressure
tube already led to an encouraging result: The desired product ethylbenzene (7) was
obtained in 19% yield, amongst traces of 8 and products of higher molecular mass in non-
quantified amounts (entry 1). After a reaction time of 18 hours, the formation of a black
metallic precipitate on the glass was observed, assumingly the active catalyst underwent
decomposition to palladium black.

Exclusion experiments without acid co-catalyst or ligand under otherwise unchanged
reaction conditions led to no significant product formation (entries 2, 3). Without
methanesulfonic acid, incomplete substrate conversion (95%) was observed, while ester 9
was obtained as a side product. When Pd/C was applied as catalyst under ligand-free

conditions, product 7 was obtained in a low yield of 18% (entry 4).
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Table 3.1 Initial optimization experiment for the p  alladium-catalyzed transfer hydrogenolysis of
1-phenylethanol using methyl formate as reductant.
Pd(acac), (1.0 mol%) 0]
L1 (4.0 mol%) PS
OH CH3SO3H (x mol%) H o H
H Me (2. iv.
COOMe (2.0 equiv.) . N
1,2-dichloroethane (1.0 M)
temperature, 18 h
7 8 9
P(Bu),
P(Bu),
L1, dtbpx
Entry® | CH3SO3H (x mol%) | temperature [°C] products (yield [%])"
1 16 150 7 (19), 8 (traces)
21 - 150 8 (traces), 9 (traces)
e 16 150 -
4] 16 150 7 (18)
5 16 100 7 (72)
6 10 100 7 (46), 8 (traces)
7 5.0 100 —
gff 16 100 8 (19)
o = 100 9 (8)
100 16 100 8 (traces)

BlGeneral reaction conditions: 1-Phenylethanol (1.00 mmol, 120 uL, 1.0 M solution), 1,2-dichloroethane (1 mL), Pd(acac),
(10 pmol, 3.0 mg, 1.0 mol%), L1 (40 umol, 16 mg, 4.0 mol%), CH3SOzH (0.16 mmol, 10 pL, 16 mol%), methyl formate
(2.00 mmol, 123 pL, 2.00 equivalents), stirred at the respective temperature for 18 h in a sealed glass pressure tube. Unless
stated otherwise, full substrate conversion was achieved. PProduct identification was performed via measurement of authentic
commercial samples or via GC-MS analysis. Yields determined via quantitative GC-FID using n-pentadecane as internal
standard. “Exclusion experiment without acid co-catalyst. Exclusion experiment without ligand. /5.0 mol% Pd/C (10% wiw)
used as [Pd] source, no ligand added, reaction time: 4 h. MExclusion experiment without [Pd] source. BExclusion experiment
without methyl formate.

Lowering of the reaction temperature was beneficial for the desired transformation.
Under the given standard conditions at 100 °C, 7 was found in 72% vyield (entry 5). A reduced
amount of acid co-catalyst of 10 mol% led to a lower product yield of 46%, further lowering of
the acid loading to 5.0 mol% prevented the generation of product (entries 6, 7). Without any
added palladium source, only styrene formation was observed in 19% yield, accompanied by
high-molecular products (entry 8). As expected, an exclusion of the acid co-catalyst at
100 °C did not lead to the desired deoxygenation reaction. As main product, formate 9 was
found in 35% yield (entry 9). Without the addition of methyl formate, only traces of styrene

could be detected, along with a high amount of a high-molecular side product (entry 10). In
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all experiments involving soluble palladium precursors, the formation of black precipitate was

observed.

Further optimization of key reaction parameters

To further optimize the reaction, a screening of ligands and acid co-catalysts was
conducted. For the ligand screening, mono- and bidentate phosphines were tested in the
reaction under standard conditions (Scheme 3.2). For the formation of the desired
deoxygenation product 7, an exclusive ligand effect was observed. Only L1 promoted the
generation of 7, some of the tested ligands (L3, L4, L7, L9) did not give rise to significant
amounts of 7 nor 8. For the remaining ligands (L2, L5, L6, L8, L10) only styrene (8) was
found in the reaction mixture in moderate yields. In all cases, not further characterized
products with higher molecular mass were detected using GC analysis. Plausible reasons for

the observed ligand effect will be discussed later in this chapter (section 3.3.3).

Pd(acac), (1.0 mol%)
ligand (4.0 mol%)

OH CH3SO3H (16 mol%) H
H Me (2. iv.
COOMe (2.0 equiv.) .~ N
1,2-dichloroethane (1.0 M)
100 °C, 18 h
6 7 8

Oy
PPh,
©:: (t u)2 PPhj 0 O: CPPhZ
P('Bu), O PPh, 2
PPh,

L1 L2 L3 L4 L5
7 (72% yieldl) 7 (traces) no product 7 (0%) 7 (0%)
8 (traces) 8 (24%) formation 8 (traces) 8 (19%)

o, OO
PPh
[ 2 ><O]CPPh2 OUPPhZ PPh2 @‘P(tBu)z
PPh, Fe
PPh, o) PPh, X OO :

L6 L7 L8 L9 L10
7 (0%) 7 (traces) 7 (0%) 7 (0%) 7 (traces)
8 (18%) 8 (traces) 8 (48%) 8 (traces) 8 (24%)

[BlGeneral reaction conditions: 1-Phenylethanol (1.00 mmol, 120 L, 1.0 M solution), 1,2-dichloroethane (1 mL), Pd(acac),
(10 pmol, 3.0 mg, 1.0 mol%), ligand (40 pmol, 4.0 mol% for bidentate, 80 pmol, 8.0 mol% for monodentate phosphines),
CH3SO3H (0.16 mmol, 10 pL, 16 mol%), methyl formate (2.00 mmol, 123 pL, 2.00 equivalents), stirred at 100 °C for 18 h
in a sealed glass pressure tube. PProduct identification was performed via measurement of authentic commercial
samples or via GC-MS analysis. Yields determined via quantitative GC-FID using n—pentadecane as internal standard.

Scheme 3.2 Ligand screening for the transfer hydroge  nolysis of 1-phenylethanol using methyl
formate as reductant.
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Similar results were obtained from the acid co-catalyst screening, which included
several organic acids of different pK, values under else standard reaction conditions
(Table 3.2). Besides the already found activity of methanesulfonic acid (72% vyield of 7,
entry 1), only para-toluenesulfonic acid as co-catalyst yielded the desired product (22%,
entry 2). The use of other acids (trifluoroacetic acid, benzoic acid, diphenyl phosphoric acid)
gave 9 as only product (entries 3-5). In all reactions, side products of higher molecular mass
were found using GC analysis. The observed effect of the tested acid co-catalysts could be
rationalized through comparison of the respective acid strengths as well as through the
behavior of the corresponding anions in the reaction. A thorough discussion thereof is given

in section 3.3.3.

Table 3.2 Acid co-catalyst screening for the transf  er hydrogenolysis of 1-phenylethanol using
methyl formate as reductant. pK, values were obtained from the literature. 8
Pd(acac), (1.0 mol%) O
L1 (4.0 mol%) )J\
OH acid co-catalyst (16 mol%) H O
HCOOMe (2.0 equiv.) N
1,2-dichloroethane (1.0 M) O/\
100 °C, 18 h
6 7 8 9
Entry® | acid co-catalyst | pKa (H20) | pKa (DMSO) products (yield [%])"’
1 CH3SO3H -1.9 1.6 7 (72), 8 (traces)
2 pTolSO;H 2.8 7.1 7 (22), 8 (14)
3 CF;COOH 0.23 35 9 (19)
4 PhCOOH 4.2 11.1 9 (12)
5 (PhO),P(O)OH n.a. 3.8 8 (traces), 9 (12)

BlGeneral reaction conditions: 1-Phenylethanol (1.00 mmol, 120 uL, 1.0 M solution), 1,2-dichloroethane (1 mL), Pd(acac),
(10 pmol, 3.0 mg, 1.0 mol%), L1 (40 pmol, 16 mg, 4.0 mol%), acid co-catalyst (0.16 mmol, 16 mol%), methyl formate
(2.00 mmol, 123 pL, 2.00 equivalents), stirred at 100 °C for 18 h in a sealed glass pressure tube. Unless stated otherwise, full
substrate conversion was achieved. ™Product identification was performed via measurement of authentic commercial samples
or via GC-MS analysis. Yields determined via quantitative GC-FID using n-pentadecane as internal standard.

3.3.2 Pd-catalyzed transfer hydrogenolysis using for mic acid as reductant

Initial reaction optimization

After the observation of 1-phenylethyl formate (9) in the initial screening experiments, it
was speculated that this alternative product was generated as an intermediate in the reaction
through an acid-catalyzed transesterification of methyl formate with the alcohol substrate 6.
To investigate this, the application of formic acid as reductant was thought beneficial, as a
direct condensation to ester 9 should proceed easier than a transesterification. Furthermore,
a reduction with formic acid would give only carbon dioxide and water as by-products. As

before, an initial optimization of the reaction system was performed (Table 3.3).
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Table 3.3 Initial optimization experiments for the transfer hydrogenolysis of 1-phenylethanol
using formic acid as reductant.
Pd(acac), (x mol%) O
L1 (y mol%) S
OH CH3SO3H (16 mol%) H O

HCOOH (2.0 equiv.)

1,2-dichloroethane

100 °C, 18 h
6 7 9
Entry® | Pd(acac), (x mol%) | L1 (y mol%) conc. (6) [M] products (yield [%])"!
1 1.0 4.0 1.0 7 (64)
2 1.0 4.0 0.33 7 (>99)
3 1.0 - 0.33 —
4 1.0 4.0 0.33 9 (35)
5 - 4.0 0.33 9 (12)
6 0.5 2.0 0.33 7 (85)
7t 0.5 2.0 0.33 7 (47)
gl 1.0 4.0 0.33 7 (95)
off 1.0 4.0 0.33 7 (39), 9 (27)
100 1.0 4.0 0.33 7(72), 9 (9)

FiGeneral reaction conditions: 1-Phenylethanol (1.00 mmol, 120 pL, 1.0 or 0.33 M solution), 1,2-dichloroethane (1 or 3 mL),
Pd(acac), (10 pmol, 3.0 mg, 1.0 mol%), L1 (40 umol, 16 mg, 4.0 mol%), CH3SOzH (0.16 mmol, 10 uL, 16 mol%), formic acid
(2.0 mmol, 75 pL, 2.0 equivalents), stirred at 100 °C for 18 h in a sealed glass pressure tube. Unless stated otherwise, full
substrate conversion was achieved. PProduct identification was performed via measurement of authentic commercial samples
or via GC-MS analysis. Yields determined via quantitative GC-FID using n-pentadecane as internal standard. Exclusion
experiment without acid co-catalyst. 1.0 equivalent of formic acid used. ®reaction temperature: 80 °C. reaction temperature:
60 °C. Yreaction temperature: 60 °C, reaction time: 72 h.

Substitution of methyl formate by formic acid under the reaction conditions previously
found superior gave the desired product 7 in a very good yield of 64% (entry 1). In contrast to
prior experiments, no styrene was detected in the crude reaction mixture, but still the
formation of higher-mass products occurred. To prevent this, the volume of the reaction
medium was adapted to a concentration of 6 of 0.33 M. This indeed had the desired effect,
the suppression of side products led to a quantitative yield of 7 (entry 2). Nonetheless, as in
prior experiments, the formation of palladium black was observed.

To clarify the role of the added catalyst components in the reaction, exclusion
experiments were conducted. It was found that without added ligand, no product formation
took place (entry 3). Without metal precursor or acid co-catalyst, no transfer hydrogenolysis
product was generated. Instead, the supposed reaction intermediate 9 was formed in 35% or
12% vyield, respectively (entries 4, 5). Lowering of the loading of metal precursor and ligand

resulted in only a slightly decreased product yield of 85% (entry 6). Simultaneous reduction
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of the added amount of formic acid considerably diminished the yield of 7 (47%, entry 7). At
lower temperatures, the reaction still proceeded smoothly, though lower yields of 7 were
obtained. While at 80 °C, the reaction delivered still a very good product yield of 95%
(entry 8), further decreasing of the temperature to 60 °C resulted in a drop of yield of the
deoxygenated product to 39%, besides a yield of 27% of 9 (entry 9). Through prolongation of
the reaction time to 72 hours, the product yield under these conditions could be improved to
72% (entry 10).

Further optimization of key reaction parameters

With reaction conditions already resulting in an excellent yield of product 7 in hand, the
system should be further optimized, e.g. in terms of catalyst loading, reaction temperature
and time. At first, different palladium precursors were tested for their performance in the
reaction. The findings are summarized in Table 3.4.

Table 3.4 Palladium precursor screening in the trans  fer hydrogenolysis of 1-phenylethanol using
formic acid as reductant.

[Pd] source (1.0 mol%)
L1 (4.0 mol%)

OH CH3SO3H (16 mol%) H
HCOOH (2.0 equiv.) - N
1,2-dichloroethane (0.33 M) ©/\
100 °C, 18 h
6 7 8
Entryt® [Pd] source products (yield [%])"
1 Pd(acac), 7 (>99)
2 Pd(dba), 7 (92)
3 Pd(OAc). 7 (88)
4 PdCl, 7(75)
5 Pd/C 7(7),8(22)
6! Pd/C -~
7 - 7 (6), 8 (traces)

FlGeneral reaction conditions: 1-Phenylethanol (1.00 mmol, 120 pL, 0.33 M solution), 1,2-dichloroethane (3 mL), [Pd] source
(10 umol, 1.0 mol%), L1 (40 pmol, 16 mg, 4.0 mol%), CH3SOzH (0.16 mmol, 10 pL, 16 mol%), formic acid (2.0 mmol, 75 pL,
2.0 equivalents), stirred at 100 °C for 18 h in a sealed glass pressure tube. Unless stated otherwise, full substrate conversion
was achieved. PProduct identification was performed via measurement of authentic commercial samples or via GC-MS
analysis. Yields determined via quantitative GC-FID using n-pentadecane as internal standard. “Exclusion experiment without
added ligand L1.

As evident from previous experiments, the use of Pd(acac), as catalyst precursor led to
a quantitative yield of 7 (entry 1). With Pd(dba), a soluble Pd(0) source was tested in the
catalysis, the desired product was obtained in an excellent yield of 92% (entry 2). Other

Pd(Il) salts, Pd(OAc), and PdCIl,, were applied showing lower, but still good to very good

70



Pd-catalyzed transfer hydrogenolysis of benzylic alcohols

product yields of 88% and 75% (entries 3, 4). Pd/C as heterogeneous palladium source did
not deliver significant amounts of 7 in presence of L1, styrene was found after the reaction
besides non-identified products with higher molecular mass (entry 5). Without added ligand,
the use of the heterogeneous palladium precursor yielded only higher-mass products
(entry 6). Without any metal source, no significant amounts of low-molecular products were

obtained (entry 7).

After Pd(acac), was found superior as palladium source in the reaction, a screening of
various phosphine-based ligands was performed. The chosen ligands were mono- and
bidentate, differing in the length and rigidity of the carbon backbone, as well as in the
electronic properties of the coordinating phosphorus atoms and their respective bite angles
(Scheme 3.3).

Pd(acac), (1.0 mol%)
ligand (4.0 mol%)

OH CH3SO3H (16 mol%) H
HCOOH (2.0 equiv.)
> X
1,2-dichloroethane (0.33 M) ©/\
100 °C, 18 h
6 7 8

Oy
PPh
©CP(fBu)z PPhs 0 CPth i CPth

£ PPh
P(Bu)2 Q 2 PPh, PPh,
PPh,

L1t L2 L3 L5 L6 L11
7 (>99% yield!®]) 7 (traces) 7 (0%) 7 (0%) 7 (0%) 7 (0%)
8 (0%) 8 (0%) 8 (traces) 8 (15%) 8 (traces) 8 (10%)

et ‘=N =N
PPh, = ~P(tBu),

O (tBU),P Fe (tBU),P Fe PMe;
U)o u)2
Dhrion 7 =
L12 L13 L14 L15
7 (traces) 7 (traces) 7 (0%) 7 (traces)
8 (65%) 8 (traces) 8 (43%) 8 (traces)

[elGeneral reaction conditions: 1-Phenylethanol (1.00 mmol, 120 pL, 0.33 M solution), 1,2-dichloroethane (3 mL), Pd(acac),
(10 pmol, 3.0 mg, 1.0 mol%), ligand (40 pmol, 4.0 mol% for bidentate, 80 ymol, 8.0 mol% for monodentate phosphines),
CH3SOzH (0.16 mmol, 10 pL, 16 mol%), formic acid (2.0 mmol, 75 pL, 2.0 equivalents), stirred at 100 °C for 18 h in a sealed
glass pressure tube. PIProduct identification was performed via measurement of authentic commercial samples or via GC-MS
analysis. Yields determined via quantitative GC-FID using n—pentadecane as internal standard.

Scheme 3.3 Ligand screening for the palladium-cataly zed transfer hydrogenolysis of
1-phenylethanol using formic acid as reductant.

Similar to the results obtained from the reaction system based on methyl formate as

reductant (section 3.3.1), only the use of ligand L1 led to the formation of significant amounts
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of the desired transfer hydrogenolysis product 7 (quantitative yield). For the other tested
ligands, 7 was generated only in trace amounts or not at all. Bidentate phosphines with a
flexible backbone and relatively electron-poor phosphine groups (L5, L6, L11) or a more rigid
backbone but electron-richer phosphine groups (L12, L14) afforded moderate to high
amounts of styrene (8, 15-65%). To explain the observed exclusive ligand effect for L1, the
role of the ligand structure and basicity, especially in interaction with the applied acid co-
catalyst, will be discussed in section 3.3.3.

Analogous to the previously investigated transfer hydrogenolysis with methyl formate as
reducing agent, an acid co-catalyst screening was also conducted for the reaction with formic
acid (Table 3.5).

As before, similar trends in the effect of the added acid co-catalysts were observed. Only
methanesulfonic acid and para-toluenesulfonic acid led to the desired catalytic activity,
furnishing product 7 in quantitative or a very good yield of 76%, respectively (entries 1, 2).
For comparably weaker acids, only the suspected reaction intermediate 9 was detected in
the reaction mixture (29%-59% yield, entries 3, 4). In the reactions applying two organic
phosphoric acids, trace amounts of styrene (entry5) and ethylbenzene (entry 6) were

generated, again ester 9 was obtained as the main product (60%—-74% vyield).

Table 3.5 Acid co-catalyst screening for the pallad ium-catalyzed transfer hydrogenolysis of
1-phenylethanol using methyl formate as reductant. pKa values were obtained from the
literature. ®

Pd(acac), (1.0 mol%) O
L1 (4.0 mol%) )J\
OH acid co-catalyst (16 mol%) H o" H
HCOOH (2.0 equiv.) > N
1,2-dichloroethane (0.33 M)
100 °C, 18 h
6 7 8 9
Entry!® acid co-catalyst pKa (H-0) | pKa (DMSO) products (yield [%])"!
1 CH3SOzH -1.9 1.6 7 (>99)
2 pTolSOzH -2.8 7.1 7 (76)
3 CF;COOH 0.23 3.5 9 (59)
4 PhCOOH 4.2 111 9 (29)
5 (PhO),P(O)OH n.a. 3.8 8 (traces), 9 (74)
6 BINOL phosphoric acid n.a. 3.4 7 (traces), 9 (60)

BlGeneral reaction conditions: 1-Phenylethanol (1.00 mmol, 120 uL, 0.33 M solution), 1,2-dichloroethane (3 mL), Pd(acac);
(10 pmol, 3.0 mg, 1.0 mol%), L1 (40 umol, 16 mg, 4.0 mol%), acid co-catalyst (0.16 mmol, 16 mol%), formic acid (2.0 mmol,
75 pL, 2.0 equivalents), stirred at 100 °C for 18 h in a sealed glass pressure tube. Unless stated otherwise, full substrate
conversion was achieved. P!Product identification was performed via measurement of authentic commercial samples or via GC-
MS analysis. Yields determined via quantitative GC-FID using n-pentadecane as internal standard.
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Optimization of the loading of catalyst components and the amount of reductant

To conclude the reaction optimization and to obtain an insight into a possible
stoichiometry of the active catalyst species, different ratios of the applied catalyst
components and varying amounts of reducing agent were used in the reaction (Table 3.6).

Table 3.6 Optimization of catalyst and reductant | oading in the palladium-catalyzed transfer
hydrogenolysis using formic acid.

Pd(acac), (x mol%)
L1 (y mol%)

OH CH3SO3H (z mol%) H
HCOOH (¢ equiv.) o
1,2-dichloroethane (0.33 M)
100 °C, 18 h
6 7
Pd(acac), L1 CH3SO;H HCOOH _ "
Entry® _ products (yield [%])"’
(x mol%) (y mol%) (z mol%) (pequiv.)
1 0.5 4.0 16 2.0 7 (70)
2 1.0 4.0 16 2.0 7 (>99)
3 15 4.0 16 2.0 7 (95)
4 2.0 4.0 16 2.0 7 (90)
5 1.0 2.0 16 2.0 7 (26)
6 1.0 3.0 16 2.0 7 (50)
7 1.0 4.0 16 2.0 7 (>99)
8 1.0 4.0 5.0 2.0 7 (83)
9 1.0 4.0 10 2.0 7 (90)
10 1.0 4.0 16 2.0 7 (>99)
11 1.0 4.0 20 2.0 7 (75)
12 1.0 4.0 16 1.0 7 (85)
13 1.0 4.0 16 1.5 7 (92)
14 1.0 4.0 16 2.0 7 (>99)
15 1.0 4.0 16 3.0 7 (98)

FiGeneral reaction conditions: 1-Phenylethanol (1.00 mmol, 120 pL, 0.33 M solution), 1,2-dichloroethane (3 mL), Pd(acac),
(respective amount), L1 (respective amount), methanesulfonic acid (respective amount), formic acid (respective amount), stirred
at 100 °C for 18 h in a sealed glass pressure tube. Unless stated otherwise, full substrate conversion was achieved. Plproduct
identification was performed via measurement of authentic commercial samples or via GC-MS analysis. Yields determined via
guantitative GC-FID using n-pentadecane as internal standard.

73



Chapter 3

Variation of the amount of added palladium precursor showed that 1.0 mol% is the
optimal amount. For a lower loading of 0.5 mol%, a reduced transfer hydrogenolysis product
yield of 70% was obtained (entry 1). In contrast, increasing the palladium amount in the
reaction did not significantly change the generated amounts of 7. For metal loadings of 1.5
and 2.0 mol%, yields over 90% were found (entries 3, 4).

The effect of different amounts of L1 in the reaction was more evident. For decreased
loadings of 2.0 and 3.0 mol%, significantly reduced product yields of 26% and 50% were
obtained (entries 5, 6). A similar effect was observed in the variation of the acid co-catalyst
loading. It became apparent that lower amounts of methanesulfonic acid (5.0 or 10 mol%) led
to a slight decrease of the product yield to 83% or 90%, respectively. For a higher acid co-
catalyst loading of 20 mol%, a strong decrease in product yield was found, presumably due
to the formation of products with higher molecular mass (entry 11).

Finally, different amounts of reducing agent were applied in the reaction. While lower
amounts of formic acid of 1.0 or 1.5 equivalents gave marginally lower amounts of 7, raising
the loading to 3.0 equivalents did not significantly change the reaction outcome
(entries 12, 13, 15).

3.3.3 The decisive role of the ligand dtbpx and the acid co-catalyst

In the previous sections, the optimization of the transfer hydrogenolysis of
1-phenylethanol with an in situ generated palladium catalyst and formic acid as reducing
agent was discussed. During the described series of experiments, a remarkable exclusive
effect of both the applied ligand and the added acid co-catalyst became obvious. Only one of
the tested ligands, a,a'-bis(di-tert-butylphosphino)-ortho-xylene (dtbpx, L1), formed a metal
complex which was catalytically active in the reaction. Furthermore, only the addition of
strong sulfonic acids proved successful, here methanesulfonic acid was found superior.

To rationalize the obtained results, literature reports using the ligand dtbpx in presence
of acids were reviewed, especially for the formation of catalytically active palladium hydride
complexes. First reports on the use of dtbpx for the synthesis of transition metal complexes
were given by Shaw and co-workers!*® in the formation of platinum-bisphosphine-cis-
dihydride complexes and by Crascall et al.?” in the investigation of bisphosphine-n3-alkene
complexes of palladium and platinum.

1121 performed thorough studies on the ligand

Later, Clegg, Eastham and co-workers!
after it was found to generate palladium complex 10, a very efficient catalyst for the industrial
methoxycarbonylation of ethene to obtain methyl propanoate. This transformation is known
for its application as part of the Lucite alpha process. They compared the performance of
several derivatives of dtbpx, bearing different substituents on the phosphorus atoms, in the

methoxycarbonylation of ethene (Table 3.7).
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Table 3.7 Catalytic activity and selectivity of [Pd(bisphosphi ne)(gz-dba)] complexes in the
methoxycarbonylation of ethene (TOF: turnover frequ ency). el
( )
10 (0.01 mol) o R,
CH3SO3H (0.2 mol) =}
Z + CO > ~ Spg—n2-
methanol, 80 °C, 3 h \)J\O ot -dba
. . 2 R2
equimolar mixture
10 bar total pressure 10
. J
Entry® R TOF [h™]®! product selectivity [%]
1 ‘Bu 12000 99.9
2 'Pr 200 20
3 Cy 200 25
4 Ph 400 20

FlGeneral reaction conditions: 10 (0.01 mol), methanesulfonic acid (0.2 mol) in methanol (300 mL) stirred at 80 °C for 3 h in a
glass autoclave under ethene/CO mixture (molar ratio 1:1, 10 bar total pressure). P'Turnover frequency (TOF): molar amount of
ethylene consumed per molar amount of 10 per hour.

It became evident that the tert-butyl groups on the phosphorus atoms are crucial for the
outstanding properties of the resulting palladium complex. Analogues based on
di-iso-propyl-, di-cyclohexyl- or di-phenylphosphines on the same ortho-xylene backbone
under identical reaction conditions exhibited by far lower activities and selectivities for the
desired methoxycarbonylation product. As decisive properties, the high steric bulk and the
high electron density on the phosphine groups of dtbpx were recognized. Further
investigations on the reaction mechanism™! and the catalyst activation and structure!??
resulted in a proposed catalytic cycle based on a cationic palladium(ll)-dtbpx-hydride
complex 12 (Scheme 3.4, R = CH3). The vacant coordination site is occupied by an alcohol
present as solvent, the cationic complex is stabilized by a triflate counterion.

Clegg et al.”? showed that for [Pd(dtbpx)(n*dba)] (10) as a precursor complex, the
addition of an oxidant, e.g. oxygen or benzoquinone, was required for a successful
generation of the palladium hydride species in presence of a primary or secondary alcohol
and trifluoromethanesulfonic acid (Scheme 3.4). It was found that the cationic
[Pd(dtbpx)(n’dbaH)]* species 11 was formed as intermediate. Substitution of the protonated
dba ligand by a molecule of alcohol results in complex 13. The palladium-hydride bond is
presumably formed via B-hydride elimination on the alcohol ligand under release of the

generated carbonyl compound.
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© Q
TfO _|® 0, or TfO _|®
P TfOH P\ benzoquinone P _H
_Pd®—n2dba ———> _Pd—n?-dbaH : > —Pd
P in ROH P O-R
(prim. or sec.) H
10 1 12
_|2®
P
( = dtbpx (L1) via (\Pd o~
P
TfO TfO@ 13
TfOe ®
CP\Pd”’OTf ROH (P\Pd/H_| ROH = MeOH, EtOH, "PrOH, PrOH
= MeOH, , "PrOH, 'Pr
P~ ot P o-R
H
14 12

Scheme 3.4 Generation of palladium-dtbpx-hydride com plexes from Pd(0) and Pd(ll) precursors
(dba: dibenzylideneacetone, TfOH: trifluoromethanes  ulfonic acid).

Starting from the palladium(ll) precursor [Pd(dtbpx)(n*-TfO),] (14), it was stated by the
authors that dissolving the complex in a primary or secondary alcohol is sufficient for the
generation of the palladium hydride complex (Scheme 3.4). Again, ligand exchange on the
metal center from triflate to alcohol is assumed to form intermediate 13, which can undergo
B-hydride elimination to the respective palladium hydride complex 12. The findings of

[22]

Clegg et al.”“* strongly propose that the presence of an alcohol species that is oxidizable
through B-hydride elimination and of trifluoromethanesulfonic acid are crucial for the
formation of [Pd(dtbpx)H(ROH)] (12). In absence of suitable alcohols, a direct formation of

the palladium hydride complex is not possible.

Furthermore, the choice of the used acid is crucial for the generation of the palladium
hydride (Scheme 3.5). Acids like trifluoromethanesulfonic acid or HBF, facilitate the formation
of a palladium hydride complex, due to the stabilizing weak coordination of their respective
anions. In contrast, acids with strongly coordinating anions, e.g. hydrogen chloride or
trifluoroacetic acid, generate complexes of the composition [Pd(dtbpx)Cl] or
[Pd(dtbpx)(O(O)CCF3),], which do not react further to form a Pd—H bond.

A special reactivity is observed when methanesulfonic acid or para-toluenesulfonic acid
are applied (Scheme 3.5). In these cases, neither the palladium hydride complex nor
complexes of the structure [Pd(dtbpx)X;] (X=MsO, TsO) are obtained. Instead,
n?-coordination of a single anion X is observed, leading to [Pd(dtbpx)(n*-OMs)][OMs] (16a)
and [Pd(dtbpx)(n*-OTs)][OTs] (16b), in which both cationic species are stabilized by the

respective anion present. For these complexes, the generation of the palladium hydride
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complex is presumably hindered by the relatively strong coordination of mesylate and
para-tosylate compared to triflate. The authors reported that 16a and 16b can be
transformed to the respective palladium hydride complexes, though harsher conditions need
to be applied. Refluxing of 16a or 16b in methanol for 1 hour under inert atmosphere leads to

a partial formation of the targeted complex 17.

C)
TfO _| ®
P\ _~H

TfOH ( Pd
in ROH P~ o-R
12 "
x@
HCl or —| ®
P~ 0 oxidant| CF3COOH P X ROH P_ _H
_Pd’-dba . > P —K—> _Pd_
P in ROH P X P O-R
10 15 12
(X =ClI, CF3C(0)0)
—_eno
MsOH or . |® R=S03 9
TsOH P~ ~Os R MeOH _ /P~ _ _-H
— > Pd ~ — > Pd

in ROH o Yo reflux P~ o-R

NS H

16 R=S0s 17
R = CH5 (16a)
p-Tol (16b)
Scheme 3.5 Different palladium complexes resulting u pon treatment of 10 with various acids (TfOH:
trifIuor[gzr]nethanesulfonic acid, MsOH: methanesulfoni c acid, TsOH: para-toluenesulfonic
acid).

In a more recent work by Mecking and co-workers,®! the use of the preformed complex
[Pd(dtbpx)(n>-OTH][OTf] (16c) in the isomerizing alkoxycarbonylation of unsaturated
long-chain fatty acids to the corresponding diesters was shown to outperform an analogous
system generated in situ from a palladium precursor and excess amounts of phosphine
ligand and sulfonic acid (Scheme 3.6). The identity of the preformed catalyst was confirmed
by NMR and X-ray measurements. Again, the active catalytic species was presumed to
consist of a palladium-(bisphosphine)-hydride complex in which one coordination site is
occupied by a not further defined ligand. In agreement to the findings of Eastham et al.,’*?
the procedure reported by the group of Mecking involves heating of the reaction mixture to

90 °C under a CO atmosphere.
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16c (0.2 mol%) M
CO (20 bar) o7 o~
MeOH, 90 °C, 22 h 19
o) 80% yield
18 Pd(OAc); (0.2 mol%)
dtbpx (1 mol%) o) 0
CH3SO3H (8.3 mol%) W
> -
CO (20 bar) 9 15 0
MeOH, 90 °C, 22 h 19
f h 52% yield
(tBU)z TfOe —| o)
P\P q /O\\S/CF3 P('Bu),
>N o P(Bu),
(Buj, dtbpx (L1
L 16¢ ) topx (L1)
Scheme 3.6 Isomerizing methoxycarbonylation of methy | oleate mediated by a preformed palladium

complex or an in situ generated palladium catalyst.

A different approach towards the generation of homogeneous palladium hydride species
comprises the use of formic acid or formate esters. Several works®?®! demonstrated the
decomposition of formates on electron-rich Pd bisphosphine complexes. In general, two
distinct pathways appear plausible for this transformation (Scheme 3.7). Oxidative addition of
the formyl C—H bond of a formate ester to a Pd(0) center results in a palladium species 21
ligated by a hydride and an alkoxycarbonyl or aryloxycarbonyl ligand. Depending on the
structure of the applied formate, the obtained complex 21 remains stable to interact with a
substrate (for alkyl formates),* or the release of CO gas leads to a
palladium aryloxy hydride species 22 (in case of aryl formates).?® For formic acid, ligand
exchange and coordination of a formate anion to a palladium(ll) center is possible, resulting
in a palladium(ll) formato complex 24. Subsequent B-hydride elimination under emission of

CO, forms a palladium hydride 25.

(P\PdO/L HCOOR (F’\Pdn/COOR R = aryl (P\Pd"/OR

P L -2L " -CO H

20 21 22

R = alkyl, aryl
0
P )J\ B-hydride
( >Pd”/x HCOOH C \Pd”/ H _elimination _ ( \Pd”/

P x  -HL ~.co,

23 25

Scheme 3.7 Generation of palladlum bisphosphine hydr ide complexes via formic acid or formate
decomposition.
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Considering the discussed findings from literature reports on palladium hydride complex
formation, some explanations for observations made in the optimization of the palladium-
catalyzed transfer hydrogenolysis of 1-phenylethanol (6) can be found (Scheme 3.8).

First, the exclusive ligand effect for dtbpx (L1) is resolved, due to the steric and
electronic properties of the ligand the formation of an electron-rich palladium hydride species
is favored. The observed phenomenon that only the use of sulfonic acids as co-catalyst
results in the desired catalytic activity indicates the in situ formation of a
[Pd(dtbpx)(n®>-OMs)]" species (16a) as shown by Clegg et al.®? Therefore, higher
temperatures were found necessary for the reaction to proceed. This may be caused by the
more challenging generation of a palladium hydride from 16a.

When palladium precursors different than Pd(acac),, on which ligand exchange is
facilitated by protonation of the coordinated acetylacetonate, are applied in the catalysis, e.g.
PdCl, or Pd(OAc),, lower yields of the deoxygenated product were obtained. This can be
related to the fact that complexes of the composition [Pd(dtbpx)X,] (with X representing the
strongly coordinating ligands CI' or AcO’) were found more difficult to activate towards

hydride formation.
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Scheme 3.8 Formation of possible active palladium hy  dride catalyst species in the investigated
transfer hydrogenolysis of 1-phenylethanol.
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As hydride source, two alternative species present in the catalytic reaction seem
plausible. The substrate 1-phenylethanol (6) may undergo [B-hydride elimination to
acetophenone under generation of the active palladium hydride catalyst. The formed ketone
may later on be reduced back to alcohol 6 using formic acid as reductant. Nonetheless, the
successful transfer hydrogenolysis of alcohols which are not able to undergo B-hydride
elimination will be presented later in this chapter. The decomposition of formic acid on
electron-rich palladium bisphosphine complexes was discussed earlier in this section. The
possible formation of the palladium hydride complex 28 should also be considered via this

pathway.

3.3.4 The effect of partial ex situ ligand oxidation

During the investigation of the substrate scope of the palladium-catalyzed transfer
hydrogenolysis, the use of two batches of ligand L1 from different suppliers resulted in a

substantial change in the reaction outcome for several substrates (Scheme 3.9).

Pd(acac), (1.0 mol%)
L1 (4.0 mol%, batch A or B)

OH CH5SO3H (16 mol%) H
HCOOH (2.0 equiv.) batch A: >99% yield
1,2-dichloroethane (0.33 M) batch B: 78% yield
100 °C, 18 h
6 7

Pd(acac), (1.0 mol%)
L1 (4.0 mol%, batch A or B)

OH CH3SO3H (16 mol%) H
HCOOH (2.0 equiv.) batch A: >98% yield
- batch B: t
1,2-dichloroethane (0.33 M) atch B: traces
100 °C, 18 h
29 30
Scheme 3.9 Observed decrease in product yield in the transfer hydrogenolysis of 1-phenylethanol

and benzyl alcohol for different batches of ligand L1.

To investigate this phenomenon, samples from both batches of L1 were analyzed via
$P_.NMR spectroscopy. This showed that the ligand in batch A, which led to higher product
yields, was delivered already partially oxidized on both phosphorus atoms, while batch B
contained pure L1. For the partially oxidized ligand batch, two *'P signals were obtained, a
sharp singlet from L1 at 0=24.15ppm and a broadened singlet from L1-(O), at
0 =62.07 ppm. Integration resulted in a molar ratio of bisphosphine L1 to bisphosphine
dioxide L1-(O), of 3:1 (see section 6.3 for the recorded NMR spectra).

Unfortunately, the effect of bidentate tertiary phosphine oxides in palladium-catalyzed
reactions was not thoroughly investigated to date. Only few examples for the use of tertiary

phosphine oxides as the only ligand in palladium complexes are reported in the
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literature.27-3%

In contrast to this, the use of bisphosphine-monoxides as ligands was
demonstrated for a broader scope of transformations like the asymmetric reduction of
imines®™ or vinylsulfones,?? the co-polymerization of functionalized alkenes,®*¥ the C-C
coupling of arenes via C-H activation,®” the deracemization of stereocenters®® or in
asymmetric C—C cross-coupling reactions.® Therefore, a series of experiments was
conducted to clarify the possible influence of the partial oxidation of the ligand in the
developed catalytic reaction. The transfer hydrogenolysis of 1-phenylethanol was performed
either with phosphine ligands, which were already tested in the initial ligand screening, now
combined with L1-(O), (Table 3.8) or in presence of L1 while L1-(O), was substituted by
other mono- or bidentate tertiary phosphine (di-)oxides (Table 3.9). The total combined
amount of phosphine and phosphine oxide equaled 4 mol% in all experiments. Each pairing
of phosphine ligand and phosphine oxide was applied together with either Pd(acac), or
Pd(dba), as metal sources. A comparison of the obtained results should exclude possible
redox activities between phosphine and palladium precursor.

For the transfer hydrogenolysis experiments applying different phosphine ligands with
L1-(0O),, results similar to those obtained from the initial reaction optimization were obtained.
As before, most of the applied phosphines (L2, L3, L5, L12) did not give significant amounts
of product 7 for both Pd(acac), and Pd(dba), as metal source (entries 1-8). Only the addition
of L13, a ferrocene-based bisphosphine bearing one relatively electron-poor
diphenylphosphine group and one electron-rich, bulky di-tert-butylphosphine group, to the
reaction, led to the formation of 7 in very low yields of 15% (Pd(acac),, entry 9) and 11%
(Pd(dba),, entry 10). Blank reactions without any phosphine ligand resulted in no significant
product formation (entries 11, 12). Thereby, L1-(O), was excluded as catalytically active
component. Also, a transformation of the phosphine oxide to the phosphine L1 under the
strongly reducing reaction conditions is not occurring, otherwise catalytic activity would have

been evident.
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Table 3.8 Ligand effects in the palladium-catalyzed transfer hydrogenolysis of 1-phenylethanol in
presence of L1-(O) ».
[Pd] source (1.0 mol%)
ligand (2.0 mol%)

L1-(O), (2.0 mol%) e}
OH CH3SO3H (16 mol%) H P('Bu)
HCOOH (2.0 equiv.) ©C Bu),
> P('Bu),
1,2-dichloroethane (0.33 M) ('5
100 °C, 18 h
6 7 L1-(0),
Entry® [Pd] source ligand yield (7) [%]™
1 Pd(acac), L2 traces
2 Pd(dba), L2 -
3 Pd(acac), L3 traces
4 Pd(dba), L3 traces
5 Pd(acac), L5 traces
6 Pd(dba), L5 traces
7 Pd(acac); L12 traces
8 Pd(dba), L12 traces
9 Pd(acac), L13 15
10 Pd(dba), L13 11
11 Pd(acac); g traces
12 Pd(dba), —d traces

AGeneral reaction conditions: 1-Phenylethanol (1.00 mmol, 120 pyL, 0.33 M solution), 1,2-dichloroethane (3 mL), Pd(acac);
(10 pmol, 3.0 mg, 1.0 mol%) or Pd(dba), (10 pmol, 6.0 mg, 1.0 mol%), phosphine ligand (20 pmol, 2.0 mol%), L1-(0), (20 umol,
8.5 mg, 2.0 mol%), methanesulfonic acid (0.16 mmol, 10 pL, 16 mol%), formic acid (2.0 mmol, 75 uL, 2.0 equivalents), stirred at
100 °C for 18 h in a sealed glass pressure tube. Unless stated otherwise, full substrate conversion was achieved. PProduct
identification was performed via measurement of authentic commercial samples or via GC-MS analysis. Yields determined via
quantitative GC-FID using n-pentadecane as internal standard. /4 mol% of PPh; (L2) used. 4 mol% of L1-(O), used.

Analogously, the effect of several mono- and bidentate tertiary phosphine (di-)oxides on
the reaction in presence of the phosphine ligand L1 was investigated, again either with a
Pd(Il) or a Pd(0) precursor. Interestingly, all reactions in which Pd(dba), was applied reached
very good product yields above 90% (entries 2, 4, 6, 8), even a blank reaction without added
phosphine oxide (91%, entry 12). For Pd(acac), as metal source, differences in the reaction
outcome dependant on the introduced phosphine oxide became evident. For monodentate
phosphine oxides L2-(0O) and L16-(O) or the bidentate phosphine dioxide L5-(O), with a
flexible aliphatic carbon backbone, comparable yields to those obtained from reactions
starting from Pd(dba), were determined (95-97%, entries 1, 5, 7). L3-(0), was applied as a
phosphine oxide with an aromatic, rigid backbone. While the reaction had reached a very
good yield when using the Pd(0) source with L3-(0), (93%, entry 4), use of the Pd(ll)
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precursor resulted in a sharp drop of the product yield to 44% (entry 3). A similar result was

obtained for the blank reaction with Pd(ll), a product yield of 43% was determined (entry 11).

Table 3.9 Effects of tertiary phosphine oxides inth e transfer hydrogenolysis of 1-phenylethanol in
presence of L1.
[Pd] source (1.0 mol%)
L1 (2.0 mol%)
phoshine oxide (2.0 mol%)
OH CH3SO3H (16 mol%) H
HCOOH (2.0 equiv.)

1,2-dichloroethane (0.33 M)

100 °C, 18 h
6 7
- 2
,%é, CPth
O=PPhs PPh, O=PPh,Me
PPh2 PPh2
L2-(0) L3-(0), L5-(0), L16-(0)
Entry® [Pd] source phosphine oxide yield (7) [%]™!
1 Pd(acac), L2-(0) 97
2 Pd(dba), L2-(O) 92
3 Pd(acac), L3-(0), 44
4 Pd(dba), L3-(0), 93
5 Pd(acac), L5-(0), 95
6 Pd(dba), L5-(0), 91
7 Pd(acac), L16-(0O) 96
8 Pd(dba), L16-(O) 94
11 Pd(acac), - 43
12 Pd(dba), - 91

dGeneral reaction conditions: 1-Phenylethanol (1.00 mmol, 120 uL, 0.33 M solution), 1,2-dichloroethane (3 mL), Pd(acac),
(10 pmol, 3.0 mg, 1.0 mol%) or Pd(dba), (10 umol, 6.0 mg, 1.0 mol%), L1 (20 umol, 7.8 mg, 2.0 mol%), phosphine oxide
(20 pumol, 2.0 mol% for bidentate phosphine oxides, 40 umol, 4.0 mol% for monodentate phosphine oxides), methanesulfonic
acid (0.16 mmol, 10 pL, 16 mol%), formic acid (2.0 mmol, 75 pL, 2.0 equivalents), stirred at 100 °C for 18 h in a sealed glass
pressure tube. Unless stated otherwise, full substrate conversion was achieved. ®Product identification was performed via
measurement of authentic commercial samples or via GC-MS analysis. Yields determined via quantitative GC-FID using
n-pentadecane as internal standard.
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The results presented in tables 3.8 and 3.9 clearly show that only L1 forms an active
catalyst species in the palladium-catalyzed transfer hydrogenolysis of 6, L1-(O), alone does
not. It was demonstrated that the addition of tertiary phosphine oxides had no influence on
the reaction starting from Pd(dba), as catalyst precursor. Here, the dibenzylideneacetone
ligand could also exhibit a stabilizing interaction with the catalyst. Yet, when Pd(acac), was
applied as palladium source, only the addition of monodentate or bidentate tertiary
phosphine oxides with a flexible backbone increased the yield of the deoxygenated product
to values comparable to the reaction with the Pd(0) precursor. The presence of the rigid
bidentate tertiary phosphine dioxide L3-(O), yielded similar product amounts as the reaction
without added phosphine oxide. Therefore, it is assumed that only monodentate or flexible
bidentate phosphine oxides possess a beneficial effect on the reaction. Although the
observed effect is not thoroughly understood, the beneficial influence could be related to a
weak stabilizing interaction with the palladium catalyst (Scheme 3.10). Unlike in the works
discussed in section 3.3.3, no coordinating solvent is present in the transfer hydrogenolysis
reaction system to stabilize a possible palladium hydride complex. Here, suitable phosphine
oxides could act as labile ligands like in species 31 or 32, preventing catalyst decomposition
and agglomeration of the metal.”® The oxygen-bound coordination of phosphine oxides was

described for Pd(ll) centers, but no examples for Pd(0) are known.?”283!

t t
reducing Bu) Rn (Bu)
Pd(ry conditions =P N
condlions, @ ——» voor (edl
precursor =p-- p O=P:---.
atomic (tBu) Rn (tBu)Z Rn \
Pd(0) 31 32 RuPy
(0]
RoR} PRy L1
aggregation O._ O particle
particle formation redissolution
n = 2 for bidentate phosphine dioxides d \O
n = 3 for monodentate phosphine oxides R\\P FI’IR
n . n
33

Scheme 3.10  Proposed stabilizing interactions of tert  iary phosphine oxides with palladium centers
under transfer hydrogenolysis conditions.

The phosphine oxides could also exert their stabilizing effect in the reduction of Pd(ll) to
Pd(0) in situ. The generation of atomic Pd(0) is followed by the fast formation of
nanoparticles. These particles need to be stabilized in solution to inhibit the agglomeration to
bulk metal.”®*"! Phosphine oxides with the right structural properties could weakly coordinate

on the particle surface, this stabilizing effect was already shown for nanoparticles generated
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38431 |n the transfer hydrogenolysis reaction, the stabilized

from other metal-based precursors.!
nanoparticles 33 could be redissolved via metal leaching induced by the stronger binding
ligand L1 to form a homogeneous palladium species 31 or 32 (Scheme 3.10). The behavior
of palladium nanoparticles as metal source and their interaction with L1 was also
investigated during this work and will be discussed in section 3.3.7.

With regard to the effect of tertiary phosphine oxides described in this section, the
following experiments were conducted under use of partially oxidized L1. The amount of
phosphine ligand was adjusted to a loading of 4.0 mol% of L1, which was obtained already
oxidized from the chemical supplier. Thereby an amount of 1.3 mol% of L1-(O), was

introduced to the reaction mixture (molar ratio of L1 to L1-(O),: 3:1).

3.3.5 Substrate scope and additive screening

Substrate scope

After the optimization of the reaction conditions, the rationalization of the role of the
individual catalyst components and the investigation of the effect of the partial oxidation of
the applied phosphine ligand L1, a thorough substrate screening of the palladium-catalyzed
transfer hydrogenolysis was performed. A variety of substituted primary, secondary and
tertiary benzylic alcohols, differing in their steric and electronic properties, was subjected to
the reaction conditions. In addition, the tolerance of the catalyst system towards introduced
functional groups was evaluated. Due to the volatility of a majority of the products, yields
were determined via quantitative GC-FID. High-boiling products were additionally isolated.
The scope of the transformation is presented in Table 3.10.

As found in the optimization experiments, 1-phenylethanol (6) was transformed to
ethylbenzene (7) in quantitative yield. Ortho- or para-methyl-substituted 1-phenylethanols
provided the deoxygenated products 35a and 35q in fair to very good yields of 47% and 82%
(entries 2, 18). The transformation of the ortho- or para-methoxy-substituted
1-phenylethanols 34p and 34b gave only traces of the desired products, due to an observed
acid-induced dehydration and subsequent dimerization of these electron-rich substrates via
C-C bond formation (entries 3, 17). In contrast, the meta-substituted isomer 33s was
deoxygenated in a good yield of 65% (entry 20).

For the para-acetoxy-substituted 1-phenylethanol 34m or substrates 34n, 340, 34k
based on aromatic heterocycles, a similar elimination-dimerization pathway is assumed, only
products of higher molecular mass were found (entries 14, 34, 35, 36).

1-Phenylethanols bearing a F, Cl or Br substituent in para-position were tolerated well in
the reaction, no dehalogenation occurred despite the use of palladium as catalyst. The
corresponding halogenated ethylbenzenes 35c¢, 35d and 35e were obtained in good to

excellent yields of 62% to 94% (entries 4—6). Contrary to these results, the products 35f and
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35r from the transfer hydrogenolysis of 1-(para-iodophenyl)ethanol (34f) and
1-(ortho-chlorophenyl)ethanol (34r) were only generated in trace amounts (entry 7, 19), the
intermediary formates were observed exclusively. Electronically deactivating groups in
homobenzylic position as found in substrates 34€ and 34( also stopped the transformation at
the respective formates (entries 32, 33).

Attachment of an ester group in para-position on the phenyl ring hindered the transfer
hydrogenolysis of 34g. The corresponding substituted ethylbenzene 35g was obtained in
35% vyield, besides a large amount of unreacted formate intermediate (entry 8). Electronically
deactivated substrates like 34g, 34i or 34k did not show the desired reactivity, again
accumulation of the formate intermediates was observed (entries 9, 10, 12). An amino
function in substrate 34j was found incompatible with the acidic reaction conditions
(entry 11).

Biphenyl or naphthyl substituents in the substrates 34l, 34t and 34u resulted in excellent
isolated product vyields (entries 13, 21, 22). Also 1,2,3,4-tetrahydro-1-naphthol (34v), a
substrate with a more rigid structure, was transformed into the corresponding hydrocarbon
35v in quantitative yield (entry 23).

Table 3.10 Evaluation of the substrate scope for the palladium-catalyzed transfer hydrogenolysis of
benzylic alcohols.

Pd(acac), (1.0 mol%)
L1 (4.0 mol%)
L1-(O), (1.3 mol%)
CH3SO3H (16 mol%)

il HCOOH (2.0 equiv. H
Af/k;Rz 1,2—dich|oroe’:hane(20.3; M) g Ar/k;Rz
24 100 °C, 18 h s
Entry® | product Ar R R? yield [%6]"

1 7 Ph CHs H >99
2 35a 4-CH3-CgH, CHs H 47
3 35b 4-CH30-C¢H, CHs H traces!®
4 35¢ 4-F-CgH, CHs H 70
5 35d 4-Cl-CgH, CHs H 94
6 35e 4-Br-CgH, CHs H 62
7 35f 4-1-CeHy4 CHs H traces!d
8 35g 4-CO,CH3-CeH, CHs H 350
9 35h 4-CF3-CgH, CHs H _la
10 35i 4-NO,-CgH, CHs H _
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Table 3.10 (continued)
Entry® | product Ar R! R? yield [%]"

11 35 4-NH,-CgH, CHs H _
12 35k 4-CN-CgH, CHs H L
13 35l 4-Ph-CgH, CHs H >99 (96)
14 35m 4-AcO-CgH, CH; H —
15 35n Ph H H 98
16 350 4-CH3-CgH, H H 93
17 35p 2-CH30-CgH,4 CH, H traces!
18 35q 2-CH3-CgH, CHs H 82
19 35r 2-Cl-CgH,4 CH; H traces
20 35s 3-CH30-CgH, CHs H 65
21 35t 1-naphthyl CHs; H (95)
22 35u 2-naphthyl CHs H (94)
23 35v Ph —(CHy)s— H >99
24 35w Ph CH,C(O)CHj H 59
25 35x Ph Ph H 87
26 35y Ph CHs CHs 75
27 35z Ph Ph CHs 66
28 35a Ph Ph Ph (>99)
29 358 Ph —CH=CH; H —
30 35y Ph —C=CH H -
31 358 Ph ‘Bu H traces
32 35¢ Ph CO,CHs H 1
33 35¢ Ph CFs H L
34 35n 2-pyridyl CHs; H _[
35 350 3-pyridyl CHs H el
36 35k 2-furanyl CH; H -

[a] General reaction conditions: Alcohol (1.00 mmol, 0.33 M solution), 1,2-dichloroethane (3 mL), Pd(acac), (10 umol, 3.0 mg,
1.0 mol%), L1 (40 umol, 16 mg, 4.0 mol%), L1-(O), (1.3 mol%, brought into the reaction as partially oxidized L1),
methanesulfonic acid (0.16 mmol, 10 pL, 16 mol%), formic acid (2.0 mmol, 75 pL, 2.0 equivalents), stirred at 100 °C for 18 hiin a
sealed glass pressure tube. Unless stated otherwise, full substrate conversion was achieved. ®Product identification was
performed via measurement of authentic commercial samples or via GC-MS analysis. Yields determined via quantitative
GC-FID using n-pentadecane as internal standard, isolated yields are given in brackets. “The transfer hydrogenolysis was
prevented by an acid-induced dehydrative oligomerization. “'The respective 1-arylethyl formate was found as main product.
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For the simple aldol product 34w, a yield for the deoxygenated aromatic ketone 35w of
59% was obtained, clearly demonstrating the selectivity of the transfer hydrogenolysis for
benzylic alcohols over non-benzylic carbonyls (entry 24). The introduction of C—C multiple
bonds as in substrates 34 and 34y inhibited the formation of the hydrogenolysis products,
presumably due to a competing addition of the palladium hydride to these substrates
(entries 29, 30). For substrate 340 containing a tert-butyl group in a-position to the benzylic
alcohol, no transfer hydrogenolysis occurred (entry 31). Instead, the product of a dehydrative
elimination followed by a methyl shift towards the benzylic position was observed.

Primary benzylic alcohols 34n and 340 were also successfully transformed into the
corresponding toluenes 35n and 350 in excellent yields of 98% and 93%, excluding a
possible elimination—hydrogenation pathway through styrene derivatives (entries 15, 16).
Diphenylmethanol (34x), which is also unable to undergo dehydration to an alkene, was
converted to the deoxygenated product 35x in a very good yield of 87% (entry 25). Tertiary
benzylic alcohols 34y, 34z and 34a underwent transfer hydrogenolysis in good to

guantitative yields, product 35a could also be isolated (entries 26—28).

Additive screening

Complementary to the discussed substrate screening, the tolerance of the catalyst
system towards different functional groups as well as the compatibility of these functional
groups with the applied reaction conditions was additionally tested in a brief "robustness
screening”, as proposed by Glorius and co-workers.*!! As basic principle, additives with a
simple structure, for the palladium-catalyzed transfer hydrogenolysis substituted benzenes
were chosen, were added to the reaction in equimolar amounts relative to the substrate. The
reaction is performed according to the usual procedure and the generated or residual
amounts of product or additive, respectively, are determined afterwards, using quantitative
GC-FID. The obtained results allow conclusions on chemical compatibilities, especially when
compared to the yields detected in the conventional substrate screening. For the palladium-
catalyzed transfer hydrogenolysis, a number of additives was chosen, bearing substituents
which led to a decreased vyield of the corresponding deoxygenation products when
introduced on the substrate itself (Table 3.11).

For electron-rich 1-(methoxyphenyl)ethanols, no product formation was observed in the
substrate screening. Instead, obviously a dehydrative dimerization occurred, leading to C—C
coupled dimers. Therefore, anisole (36) was tested as additive in the robustness screening to
confirm the electronic activation of these substrate as reason for the side reaction, rather
than the reactivity of the methoxy group itself. Indeed, after the reaction both the
deoxygenation product 7 and additive 36 were detected on GC in 69% and 62%, respectively

(entry 1). Although the transfer hydrogenolysis was hindered by the presence of an additive
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bearing a methoxy function, the reaction still proceeded smoothly. Indeed, the additive
anisole was consumed in the reaction, presumably due to an acid-induced side reaction
involving the electron-rich arene. Nonetheless, a major part of the starting amount was
recovered on GC.

Nitrile substitution on the arylethanol substrate resulted in a complete breakdown of the
desired reactivity in the substrate screening. For the addition of benzonitrile (37) to the
reaction, a similar reaction outcome was observed. Ethylbenzene (7) was formed in a low
yield of 27%, the residual amount of additive 37 was determined as 68% (entry 2).
Interestingly, non-converted 1-phenylethyl formate was found, indicating that the nitrile
functionality holds an inhibiting effect towards the palladium catalyst, presumably through
coordination to the metal and blocking of the active site.

For the reaction in presence of phenylacetylene (38), neither the transfer hydrogenolysis
product nor the additive were detected (entry 3). Instead, styrene was generated next to a
compound of higher m/z ratio. GC-MS analysis indicated that this side product arose from
the acid-catalyzed dimerization of styrene. This result demonstrates the higher reactivity of
the applied alkyne 38 towards the reduction catalyst, leading to semi-reduction to styrene.
The generated alkene then presumably undergoes dimerization under the acidic reaction
conditions due to a lack of further reductant present.

An ester group contained in the substrate for the transfer hydrogenolysis could impede
the reaction either through electronic deactivation or as an alternative reaction center,
accepting a hydride from the palladium catalyst. The addition of methyl benzoate (39) to the
reaction showed that the latter is not the case. The transfer hydrogenolysis proceeded nearly
undisturbed, producing ethylbenzene in an excellent 98% vyield. In addition, the additive was
still found in 84% of the initial amount after the catalysis, thus showing the selectivity of the
reaction for benzylic alcohols over aromatic esters (entry 4).

Phenyl-2-propanone (40) was chosen as an exemplary homobenzylic ketone, the result
should be compared to the transformation of the aldol product 34w in the substrate
screening, which showed good selectivity towards the sole deoxygenation of the benzylic
alcohol group. Herein, no influence on the transfer hydrogenolysis of substrate 6 became
evident as ethylbenzene was detected in a quantitative yield (entry 5). Yet, the ketone
additive was also consumed under the reaction conditions, possibly due to the strongly acidic
reaction conditions. A moderate residual amount of 40 of 45% was recovered.

The addition of nitrobenzene (41) to the reaction was suspected to have a similar effect
on the catalyst as was shown for benzonitrile (37) due to a similar possible coordination to
the metal center. As expected, the transfer hydrogenolysis was nearly completely
suppressed, yielding ethylbenzene in a poor amount of 13%, along with styrene and a great

amount of unreacted intermediary formate 9. For the additive 41, only 55% of the initial
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amount were recovered, but no reduction products like aromatic amines were detected via

GC analysis.

Table 3.11 Effects of added substituted benzenes on the palladium-catalyzed transfer
hydrogenolysis of 1-phenylethanol.
Pd(acac), (1.0 mol%)
L1 (4.0 mol%)
L1-(O), (1.3 mol%)
CH3SO3H (16 mol%)
OH HCOOH (2.0 equiv.) H
additive (1.0 equiv.)

L

1,2-dichloroethane (0.33 M)

100 °C, 18 h
6 7
Entry® additive recovered additive [%] yield (7) [%]"

1 anisole (36) 62 69
2 benzonitrile (37) 68 27
3 phenylacetylene (38) — —

4 methyl benzoate (39) 84 98
5 phenyl-2-propanone (40) 45 >99
6 nitrobenzene (41) 55 130
7 aniline (42) — _[d
8 chlorobenzene (43) 75 >99
9 bromobenzene (44) 86 53

FlGeneral reaction conditions: 1-Phenylethanol (1.00 mmol, 120 puL, 0.33 M solution), 1,2-dichloroethane (3 mL), Pd(acac)
(10 pmol, 3.0 mg, 1.0 mol%), L1 (40 pmol, 16 mg, 4.0 mol%), L1-(O), (1.3 mol%, brought into the reaction as partially oxidized
L1), methanesulfonic acid (0.16 mmol, 10 pL, 16 mol%), formic acid (2.0 mmol, 75 pL, 2.0 equivalents), additive (1.0 mmol,
1.0 equivalents), stirred at 100 °C for 18 h in a sealed glass pressure tube. Unless stated otherwise, full substrate conversion
was achieved. "Product identification was performed via measurement of authentic commercial samples or via GC-MS
analysis. Yields determined via quantitative GC-FID using n-pentadecane as internal standard. [C]l—PhenerthyI formate (9) was
found as main product.

The incompatibility of amines with the strongly acidic reaction conditions was
demonstrated by the performance of aniline (42). Immediately after the addition, the
formation of a non-soluble salt was observed in the reaction vessel. As a result, only the
reaction intermediate 1-phenylethyl formate was detected after the reaction, the desired
product and the amine additive were both absent (entry 7).

Halogenated arenes were also tested as additives. Therein, chlorobenzene (43) had no
influence on the conversion of the alcohol substrate 6. A quantitative conversion to
ethylbenzene was observed, the chloride was recovered in 75% of the starting amount
(entry 8). The addition of bromobenzene (44) had a graver impact on the deoxygenation
reaction. The hydrogenolysis product 7 was formed in a moderate yield of 53%, while the

additive was still present in 86% compared to the beginning of the reaction. The consumption
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of the aryl halides is rationalized by a possible insertion of a formed Pd(0) species into the
C-halogen bond, followed by a reductive dehalogenation.

In conclusion, the brief robustness screening showed the potential of this alternative
screening method to evaluate catalyst selectivity or the tolerance of different functional
groups towards the reaction conditions. Further, deductions regarding possible catalyst
inhibition pathways through certain substituents introduced to the substrate are possible from
the obtained results.

3.3.6 Reaction progress analysis and catalyst poiso  ning experiments

Reaction progress analysis

To further characterize the active catalyst species and to gain an insight into the course
of the reaction, the reaction progress was monitored over time. Besides the detection of
reaction intermediates and the determination of the optimal reaction time, the shape of the
obtained kinetic curve was expected to give important hints towards the homogeneous or
heterogeneous nature of the active catalyst. Therefore, the reactor design was slightly
changed. The closed screw-caps used to seal the glass pressure tubes were exchanged for
caps which allow access to the tightening septum. Furthermore, a stainless steel valve was
installed, piercing the septum to allow for the withdrawal of samples from the reaction mixture
(Figure 3.1). This setup made the analysis of the reaction mixture at defined times possible
without opening the vessel. Through the build-up of internal pressure in the glass tube,
opening the valve was sufficient to collect samples on a 100 uL scale. The obtained samples

could, after suitable workup and dilution, be analyzed quantitatively via GC-FID.

Figure 3.1 The used glass pressure tubes equipped w ith a magnetic stirring bar and a closed
screw cap (left), altered reactor design with acces  sible septum and installed stainless
steel valve for sampling (right).
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First, the transfer hydrogenolysis of 1-phenylethanol (6) was monitored under optimized
reaction conditions. The reaction was performed in a 3 mmol scale and the samples for
gquantitative GC analysis were withdrawn at defined reaction times. Plotting of the detected

product yield versus the reaction time resulted in a reaction profile (Scheme 3.11).

Pd(acac), (1.0 mol%)
L1 (4.0 mol%)
L1-(O), (1.3 mol%)
OH CH3SO3H (16 mol%) H
HCOOH (2.0 equiv.)

1,2-dichloroethane (0.33 M)

100 °C, 18 h
6 n-pentadecane (300 uL) 7
< 100
= 90
T
o
=

0 100 200 300 400 500 600
time [min]
Scheme 3.11  Reaction profile for the transfer hydrog enolysis of 1-phenylethanol under optimized

conditions (the curve was obtained  via non-linear regression of the measured data
points).

As depicted in section 1.6.2, the shape of the obtained curve allows for a first
assumption concerning the homogeneous or heterogeneous character of the catalyst
species. In a heterogeneous case an induction period, during which no product formation
occurs, is observed. This is related to the formation of non-soluble metallic species from
soluble precursors. The lack of an induction period may indicate the presence of an active
homogeneous catalyst as well as of fast formed metal nanoparticles./***”! For the transfer
hydrogenolysis of 1-phenylethanol, no induction period was evident. During the first
5 minutes of the reaction, the fast formation of the intermediate 1-phenylethyl formate (9)
from the alcohol substrate could be observed on GC after which the conversion to
ethylbenzene (7) set in. No other side products were detected.
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The initial reaction profile shows a clear linear shape. This proposes either an active
homogeneous or nanoparticulate catalyst.***®! After longer reaction times, the rate of the
reaction decreases. This may be due to a lower concentration of available substrate or

ageing and therefore deactivation of the catalyst.

More conclusive information about the active catalyst species should be obtained from
poisoning experiments applying either qualitative or quantitative poisons. In section 1.6.2 a
comprehensive overview of these methods was already given. First, qualitative poisons were

used in the transfer hydrogenolysis to resolve the nature of the active catalyst.

Qualitative poisoning experiments

A possible formation of heterogeneous metal particles as catalytically active species
should be excluded through a mercury poisoning test. As discussed before in this thesis,
elemental mercury is a well-known poison for heterogeneous noble metal catalysts. It
adsorbs to metal surfaces or forms amalgams, which leads to the blocking of the active sites
and the suppression of the catalysis.® In theory, homogeneous metal species are not
affected by mercury. Yet, there are examples described in the literature of mercury causing
unwanted side reactions or inactivating homogeneous, monometallic catalysts.! >

In this work, 300 equivalents of mercury (relative to palladium) were added to the
reaction via syringe through the accessible septum (Scheme 3.12). The addition was
performed after a reaction time of 80 min to ensure the prior formation of the active catalyst,
evident through an already generated yield for ethylbenzene (7) of 30%. Vigorous stirring
ensured the contact of the whole reaction mixture with the low-soluble mercury.

Before the addition of Hg, the kinetic curve showed an approximately linear shape.
Directly after the application of the catalyst poison, product formation ceased, the catalyst
was deactivated. This finding in theory is a strong indication for a heterogeneous metal
species, e.g. nanoparticles, present in the reaction. Nonetheless, it has to be kept in mind
that the mercury test was shown to give false results in certain cases. Jones and
co-workers®™! proposed an alternative interpretation of a positive mercury test on palladium-
based systems: The suppression of the catalytic reaction should not only be seen as
evidence for an operating heterogeneous Pd(0) catalyst, but also mononuclear palladium(0)

species or intermediary palladium(0)-containing species could be deactivated by mercury.
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Pd(acac), (1.0 mol%)
L1 (4.0 mol%)
L1-(O), (1.3 mol%)
CH3SO3H (16 mol%)
OH HCOOH (2.0 equiv.) H
at 80 min: Hg (3.0 equiv.)

1,2-dichloroethane (0.33 M)

100 °C, 18 h
6 n-pentadecane (300 pL) 7
100 —
S
S
2 80 .
> at 80 min:
addition of Hg
60 — (300 equiv. per [Pd])
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time [min]
Scheme 3.12  Reaction profile for the transfer hydrog  enolysis of 1-phenylethanol with mercury added

as catalyst poison at 80 min (the curve was obtaine  d via non-linear regression of the
measured data points).

Finke™®! proposed an obligatory control experiment to rule out false positive results of a
performed mercury test. Addition of the poison before the activation of the catalyst should
show a possible inhibition of the precursor species. If the reaction is suppressed in this
scenario, the information obtained from the mercury test may not be taken into account for a
statement about the homogeneous or heterogeneous character of the active catalyst.

Following Finke's proposition, the mercury poisoning test was repeated for the transfer
hydrogenolysis of 1-phenylethanol. Contrary to the first run, mercury was already added at
the beginning of the reaction without the active catalyst being present (Scheme 3.13). As a
result, the formation of only minor traces of product 7 was detected on GC during the first
15 minutes of the reaction. From that point on, the reaction was halted, proposing that the
added mercury did deactivate a precursory stage of the active catalyst. As the interaction of
Hg with ligand-bound Pd(ll) species is found impossible in the literature,®>***" this finding is
taken as evidence of an in situ reduction of the Pd(Il) precursor to atomic Pd(0), which can

form aggregates. These can be redissolved by the present phosphine ligand under the given
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reaction conditions. Alternatively, direct ligation of Pd(0) and further activation steps towards

the active palladium transfer hydrogenolysis catalyst appear possible.

Pd(acac), (1.0 mol%)
L1 (4.0 mol%)
L1-(O), (1.3 mol%)
CH3SO3H (16 mol%)
OH HCOOH (2.0 equiv.) H
at 0 min: Hg (3.0 equiv.)

1,2-dichloroethane (0.33 M)

100 °C, 18 h
6 n-pentadecane (300 pL) 7
g 100 — § 0’5 —
S S X .
o 5044 T
2 804 ©
S 2
> 0,3
60 — 0,2
0,1
40 at 0 min:
additionOng 0 LI I B
(300 equiv. per [Pd]) 0 50 100 150 200

20 _MJ time [min]
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Scheme 3.13  Reaction profile for the transfer hydrog  enolysis of 1-phenylethanol with mercury added
as catalyst poison at 0 min (the curve was obtained via non-linear regression of the
measured data points).

Complementary to the mercury test, the addition of dibenzo[a,e]cyclooctatetraene (dct)

as described by Crabtreel®

was performed to gain additional results to classify the operating
catalyst in the transfer hydrogenolysis as homogeneous or heterogeneous species. Dct is a
rigid, sterically demanding diene for which coordination to homogeneous metal complexes
was shown, thereby inhibiting their catalytic activity. Heterogeneous catalysts are not
affected by this poison, as its tub-like structure makes the adsorption to a metal surface
difficult (see section 1.6.2).

As before in the mercury poisoning test, dct was added as a solution in
1,2-dichloroethane only after the activation of the catalyst was apparent, i.e. after a reaction
time of 80 minutes and the formation of a significant amount of product 7. A slight excess of
2.0 equivalents of dct (relative to palladium) was applied, but no effect on the performance of

the catalyst was evident from the reaction profile. Surprisingly, the GC traces for the samples
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withdrawn from the reaction showed not only the presence of dct in the mixture, but also of
dihydro-dct (m/z was found increased by two units compared to dct). Therefore, the
hydrogenation of one coordinating double bond of the diene is thought to cause a
deactivation of the poison rather than of the catalyst. A second run was performed under use
of a higher excess of 10 equivalents of dct per [Pd] to ensure the deactivation of the catalyst
even in case of partial hydrogenation of the poison (Scheme 3.14). In fact, compared to the
non-poisoned reaction, a significant decrease of the reaction rate was observed after the
addition of dct, but the catalysis was not stopped completely. Interestingly, under the higher
excess of dct, no hydrogenation of the diene was observed on GC, indicating the necessity

of such an elevated amount of poison to effectively inhibit the catalyst.

Pd(acac), (1.0 mol%)
L1 (4.0 mol%)
L1-(O), (1.3 mol%)
CH3SO3H (16 mol%)

OH HCOOH (2.0 equiv.) H .
at 80 min: dct (10 equiv.)
1,2-dichloroethane (0.33 M) O ‘
100 °C, 18 h
6 n-pentadecane (300 uL) 7 dct

52 100 —

S

3

(] —

s, 80

at 80 min:

60 — addition of dct

(10 equiv. per [Pd])

40

20
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time [min]

Scheme 3.14  Reaction profile for the transfer hydrog  enolysis of 1-phenylethanol with dct added as
catalyst poison at 80 min (the curve was obtained via non-linear regression of the
measured data points).

The investigation of the transfer hydrogenolysis by using qualitative catalyst poisons
yielded results that hint at an active homogeneous catalyst. Both the addition of mercury and
dct to the reaction led to a halt or a slow-down of the catalytic activity. A control experiment

showed that mercury already inhibits the formation of the active catalyst by reacting with a
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catalyst precursor. The reaction profiles of the non-poisoned reaction and those of the

described poisoning tests are compared in Scheme 3.15.

Pd(acac), (1.0 mol%)
L1 (4.0 mol%)
L1-(O), (1.3 mol%)
CH3SO3H (16 mol%)
OH HCOOH (2.0 equiv.) H
qualitative catalyst poison

1,2-dichloroethane (0.33 M)

100 °C, 18 h
6 n-pentadecane (300 pL) 7
< 100
~ 90—
3
2
>

e non-poisoned reaction

e addition of Hg (300 equiv. per Pd) at 80 min
e addition of Hg (300 equiv. per Pd) at 0 min
e addition of dct (10 equiv. per Pd) at 80 min
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Scheme 3.15 Reaction profiles for the transfer hydro  genolysis of 1-phenylethanol with added
qualitative catalyst poisons (the curves were obtai ned via non-linear regression of the
measured data points).

Quantitative poisoning experiments

The deceleration of the transfer hydrogenolysis through the addition of dct strongly
proposes the presence of a homogeneous catalyst species. To gather further experimental
proof for this assumption, the use of 1-heptanethiol as a quantitative poison was considered.
Quantitative poisons bind non-selectively to homogeneous and heterogeneous catalysts and
the applied stoichiometry determines the extent of the catalyst inhibition. Amounts of less
than 1.0 equivalent are sufficient to completely deactivate a heterogeneous catalyst, for
homogeneous systems far more than 1.0 equivalent of poison relative to the catalyst is

necessary (see section 1.6.2).
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For the inhibition of the active palladium catalyst in the transfer hydrogenolysis,
1-heptanethiol amounts of 1.0 equivalent and 2.0 equivalents relative to the metal loading
were applied (Scheme 3.16). In both cases, an approach analogous to the qualitative
poisoning experiments was pursued, in which the formation of the active catalyst was
ensured by the observation of significant amounts of product generated in the reaction. As

before, the addition of the poison occurred after 80 minutes via syringe to the closed reaction

vessel.
Pd(acac), (1.0 mol%)
L1 (4.0 mol%)
L1-(0), (1.3 mol%)
CH3SO3H (16 mol%)
HCOOH (2.0 equiv.)
OH at 80 min: n-hept—SH H
(1.0 or 2.0 equiv.)
1,2-dichloroethane (0.33 M)
100 °C, 18 h
6 n-pentadecane (300 L) 7
e 100
S
k=)
) —
s 80 at 80 min:
addition of n-hept-SH
60 —
e addition of n-hept-SH (1.0 equiv. per Pd)
e addition of n-hept-SH (2.0 equiv. per Pd)
40
20
0 | | | | |
0 50 100 150 200 250
time [min]

Scheme 3.16  Reaction profiles for the transfer hydro  genolysis of 1-phenylethanol with heptanethiol
(1.0 or 2.0 equivalents relative to [Pd]) added as q uantitative catalyst poison (the curves
were obtained via non-linear regression of the measured data points)

In both cases, a halt of the catalytic reaction was observed directly after the addition of
thiol. Yet, the regeneration of catalytic activity was observed in both experiments, possibly
due to the high reaction temperature which may cause thermal desorption of the poison from
the catalyst.*® In the reaction poisoned with 1.0 equivalent of 1-heptanethiol, the complete
inhibition of the catalyst lasted for 10 minutes. After a reaction time of 90 minutes, the

formation of product continued, though at a lower rate as before under poison-free
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conditions. Interestingly, after the addition of 2.0 equivalents of thiol to the reaction the
catalyst remained inactive for at least 40 minutes, only after 150 min of total reaction time
newly formed product was detected. Also, the rates of the re-established catalytic reactions
were substantially lower than before the poisoning.

Comparing both poisoning experiments, the relative decrease of the reaction rate was
significantly higher after the addition of 2.0 equivalents of poison. Assuming a similar thermal
poison desorption equilibrium in both runs, this observation implies that poison amounts of
more than 2.0 equivalents are needed for a permanent deactivation of the catalyst. As
discussed in section 1.6.2, this necessity for an overstoichiometric amount of inhibiting agent

can be interpreted as an indication for an active homogeneous catalyst.

In conclusion, the discussed findings from the catalyst poisoning experiments indicate an
operating homogeneous catalyst. Notwithstanding, the obtained results are no definite proof
but rather hints towards the characterization of the active catalyst species. As depicted in
section 1.6.2, additional tests, which could be applied in the investigation of the given
catalyst system, exist. Phosphines or phosphites can also be utilized as quantitative catalyst
poisons, while a three-phase-test or a hot filtration test may vyield further qualitative
information on the nature of the active catalyst. Transmission electron microscopy as a post
operandum technique could be applied to demonstrate the presence or absence of metal
particles or the change of preformed nanoparticles in the reaction, indicating a potential

leaching behavior of the applied ligand.

3.3.7 Mechanistic investigations

Based on the results gained from the reaction optimization, the substrate screening and
the catalyst poisoning experiments, additional investigations on the reaction mechanism of

the transfer hydrogenolysis of benzylic alcohols were performed.

Confirmation of the reaction intermediate

First, the identity of the found 1-arylethyl formates as intermediates in the transformation
should be confirmed (Table 3.12). 1-Phenylethyl formate (9) was subjected to the optimized
reaction conditions in absence of free formic acid, delivering the desired product
ethylbenzene (7) in a good vyield of 65% (entry 1). In presence of 1.0 equivalent of formic
acid, the reaction proceeded to an excellent yield of 7 of 92% (entry 2).

Further, it was speculated that formic acid not only causes an activation of the alcohol
substrate via esterification, but that a subsequent direct reduction from intermediate 9
occurs. To test this, the reaction of the acetate analogue 45 under standard reaction

conditions was followed over time via sampling and GC analysis. It became evident that the

99



Chapter 3

acetate did not react immediately to form the deoxygenated product 7, in fact first a
transesterification to the formate intermediate 9 took place. Only after a significant amount of
9 had been generated, the formation of ethylbenzene was observed. After 18 hours, a very
good product yield of 88% was obtained (entry 3). Therefore, formate 9 was confirmed as the
reaction intermediate. In the transfer hydrogenolysis formic acid acts not only as reducing
agent, but also activates the alcohol substrate in a pre-step.

Table 3.12 Transformation of the suspected reaction intermediate and the respective acetate

analogue in the transfer hydrogenolysis.

Pd(acac), (1.0 mol%)

R L1 (4.0 mol%)
/g L1-(0), (1.3 mol%)
0~ o CH3SO3H (16 mol%) H
HCOOH (x equiv.)
1,2-dichloroethane (0.33 M)
100 °C, 18 h
9, R=H 7
45 R = CH,

Entryt® R formic acid (x equiv.) yield (7) [%]™
1 H - 65
2 H 1.0 92
3 CH;s 2.0 gl

FlGeneral reaction conditions: 1-Phenylethyl formate or acetate (1.00 mmol, 0.33 M solution), 1,2-dichloroethane (3 mL),
Pd(acac), (10 umol, 3.0 mg, 1.0 mol%), L1 (40 umol, 16 mg, 4.0 mol%), L1-(0O), (1.3 mol%, brought into the reaction as partially
oxidized L1), methanesulfonic acid (0.16 mmol, 10 pyL, 16 mol%), formic acid (respective amount), stirred at 100 °C for 18 hin a
sealed glass pressure tube. Unless stated otherwise, full substrate conversion was achieved. Plproduct identification was
performed via measurement of authentic commercial samples or via GC-MS analysis. Yields determined via quantitative
GC-FID using n-pentadecane as internal standard. Transesterification to 1-phenylethyl formate (9) occurred before the
deoxygenation step.

Catalyst activity towards non-benzylic or non-alcoh olic substrates

Although a screening of benzylic alcohol substrates was already performed for the
transfer hydrogenolysis, the activity of the catalyst system towards structurally different
substrates was still to be evaluated. A number of reducible compounds was chosen, e.g.
aliphatic alcohols, benzylic ketones or vinyl arenes, and subjected to the standard reaction
conditions (Table 3.13).

Acetophenone (46), a benzylic ketone, was deoxygenated to ethylbenzene in a low yield
of 21% (entry 1). No other products were detected by GC and only unreacted starting
material was found. This finding shows the selectivity of the transfer hydrogenolysis catalyst
towards benzylic alcohols over benzylic carbonyls.

The aliphatic alcohol 2-nonanol (47) was tested as substrate in the reaction. No transfer
hydrogenolysis product was observed, only the two elimination products 1-nonene (48) and

2-nonene (49) were found via GC-MS analysis (entry 2).
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Table 3.13 Tested non-benzylic or non-alcoholic sub  strates in the palladium-catalyzed transfer
hydrogenolysis.

@ Pd(acac), (1.0 mol%)

OH N L1 (4.0 mol%)
L1-(0); (1.3 mol%)
CH3SO3H (16 mol%)
6 50 8

4 HCOOH (2.0 equiv.)
» products see table
OH 1,2-dichloroethane (0.33 M)
O/\/\OH C6H13\)\ 100 °C, 18 h
53 47
Entry® substrate products (yield [%])
H
1 acetophenone (46) - )\ (21)
7
2 2-nonanol (47) Colian . Cofhanm (not determined)
48 49

H
3 2-phenylethanol (50) | Ph™" > O\l//o PhJ\ O/go (not determined)

4 cinnamyl alcohol (52) 53 ! (not determined)

5 styrene (8) o )\ (94)¢
7

BlGeneral reaction conditions: Substrate (2.00 mmol, 0.33 M solution), 1,2-dichloroethane (3 mL), Pd(acac), (10 umol, 3.0 mg,
1.0 mol%), L1 (40 umol, 16 mg, 4.0 mol%), L1-(O). (1.3 mol%, brought into the reaction as partially oxidized L1),
methanesulfonic acid (0.16 mmol, 10 pL, 16 mol%), formic acid (2.0 mmol, 75 uL, 2.0 equivalents), stirred at 100 °C for 18 hiin a
sealed glass pressure tube. Unless stated otherwise, full substrate conversion was achieved. PProduct identification was
performed via measurement of authentic commercial samples or via GC-MS analysis. Yields determined via quantitative

GC-FID using n-pentadecane as internal standard. /Formation of 1-phenylethyl formate (9) was observed on GC before the
deoxygenation step.
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Introduction of a phenyl group into the substrate as in 2-phenylethanol (50), which is an
aromatic, non-benzylic alcohol, did not lead to any deoxygenated product. As expected,
2-phenylethyl formate (51) was generated. Notably, also 1l-phenylethyl formate (9) was
detected as minor product, this species is thought to arise from the isomerization of 51 via
elimination of formic acid and subsequent re-addition in opposite regioselectivity (entry 3). A
participation of the catalyst in this isomerization process cannot be excluded, therefore the
transfer hydrogenolysis could be prevented in this case. The failed transfer hydrogenolysis of
an aliphatic and an aromatic, non-benzylic alcohol demonstrated that only benzylic alcohols
are effectively transformed to the respective hydrocarbons by the catalyst.

A similar result was found for the transformation of cinnamyl alcohol (52). Again, no
transfer hydrogenolysis of the alcohol moiety occured. Yet, the main product obtained was
hydrocinnamyl formate (53), which was presumably generated via hydrogenation of the
benzylic C-C double bond in cinnamyl formate (54). The latter was found as minor side
product after the reaction (entry 4).

Interestingly, styrene (8) underwent clean reduction under the transfer hydrogenolysis
conditions, ethylbenzene (7) was obtained in an excellent yield of 94% (entry 5). To gain an
insight into the reaction pathway, samples were withdrawn from the reaction mixture at
defined reaction times. GC analysis showed that not a direct hydrogenation of the benzylic
C—-C double bond occurred, instead the generation of 1l-phenylethyl formate (9) was
observed, which was further transformed via the usual transfer hydrogenolysis pathway
(Scheme 3.17). The obtained reaction profile shows a constant decrease of the styrene
concentration, the beginning formation of ethylbenzene (7) was detected only 10 minutes
after starting the reaction. The same was observed for the intermediate 1-phenylethyl
formate (9), both the generation of 9 and 7 occurred at comparable rates. After 60 minutes
the initial increase of the amount of 9 ceased, the concentration of the intermediate arrived at
a constant value, which only slightly decreased after a reaction time of 240 minutes. This
behavior indicates that a dynamic equilibrium is established, in which styrene is consumed in
the formation of the intermediary formate, at the same time the reduction of the formate
intermediate 9 to ethylbenzene occurs. The formation of 9 from styrene is assumed to
proceed via the addition of formic acid to the double bond, either under acid or palladium
catalysis (Scheme 3.18). For the generation of ethylbenzene a linear kinetic curve was

observed, again pointing towards an active homogeneous catalyst for the reduction step.
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Pd(acac), (1.0 mol%)
L1 (4.0 mol%)
L1-(0), (1.3 mol%)
CH3SO3H (16 mol%) H
HCOOH (2.0 equiv.)

1,2-dichloroethane (0.33 M)
100 °C, 18 h
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Scheme 3.17  Reaction profile for the reduction of st  yrene under transfer hydrogenolysis conditions
(the curves were obtained via non-linear regression of the measured data points)
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Scheme 3.18  Proposed reaction pathways for the reduct  ion of styrene under transfer hydrogenolysis
conditions.
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Exclusion of palladium nanopatrticles as active cata lyst species

As discussed in section 3.3.6, experimental results from the catalyst poisoning
experiments strongly propose an operating homogeneous catalyst species. Furthermore, in
section 3.3.4, the beneficial effect of certain tertiary phosphine oxides on the transfer
hydrogenolysis reaction was presented. This phenomenon could be rationalized by a
stabilizing interaction of the phosphine oxides with Pd(0), either in atomic form or in larger
aggregates. A key aspect of this proposition was the eventual breakdown of the dispersed
and stabilized palladium nanoparticles by the present phosphine ligand dtbpx (L1) to
generate the active homogeneous catalyst species as it was demonstrated in similar works
on a palladium/dtbpx catalyst system.®¥ To support this theory, commercially available
palladium nanoparticles (Pd EnCat 40: 0.4 mmol Pd/g loading) were applied in the transfer
hydrogenolysis of 1-phenylethanol. In the reactions, the added amounts of L1 and L1-(0O), as
of methanesulfonic acid were varied (Table 3.14). Indeed, an influence on the yield of the
deoxygenation product was observed.

Table 3.14 Performance of Pd nanoparticles as catalys t precursor in presence of varied amounts of
ligands L1, L1-(O) , and methanesulfonic acid.

Pd nanoparticles (1.0 mol%)
L1 (x mol%)
L1-(0O), (0.3x mol%)
OH CH3SO3H (y mol%) H
HCOOH (2.0 equiv.)

1,2-dichloroethane (0.33 M)

100 °C, 18 h
6 7
Entry® L1 (x mol%) CH3SO3zH (y mol%) yield (7) [%]™
1 0 16 traces
2 4.0 16 35
3 8.0 16 61
4 8.0 32 66

BlGeneral reaction conditions: 1-Phenylethanol (1.00 mmol, 120 pL, 0.33 M solution), 1,2-dichloroethane (3 mL),
Pd nanoparticles (10 pmol, 1.0 mol%), L1 (respective amount), L1-(O), (respective amount, brought into the reaction as partially
oxidized L1), methanesulfonic acid (respective amount), formic acid (2.0 mmol, 75 pL, 2.0 equivalents), stirred at 100 °C for
18 h in a sealed glass pressure tube. Unless stated otherwise, full substrate conversion was achieved. Plproduct identification
was performed via measurement of authentic commercial samples or via GC-MS analysis. Yields determined via quantitative
GC-FID using n-pentadecane as internal standard.

Under standard reaction conditions, a moderate yield of 35% of product 7 was obtained
(entry 2). Assuming that the active catalyst comprises a homogeneous species, this indicates
that palladium nanoparticles can serve as metal source in the reaction, from which L1 is able
to leach palladium atoms into solution in form of a metal complex.

In absence of L1 and L1-(O), under else non-changed reaction conditions, only traces of

ethylbenzene (7) were detected (entry 1). This result resembles the finding from the reaction
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optimization, in which the introduction of heterogeneous Pd/C as metal source also did not
yield significant amounts of transfer hydrogenolysis product. This negative result supports
the theory of ligand-induced palladium leaching from solid particles.

Raising the ligand loading of L1 and L1-(O), in the reaction to 8.0 mol% and 2.6 mol%,
respectively, caused an increase in product yield to 61% (entry 3). This observation, together
with the failed transfer hydrogenolysis under ligand-free conditions and a lower yield from a
decreased ligand amount, is taken as strong evidence for the central role of ligand L1 in the
decomposition of the nanoparticles into monoatomic palladium(0) species.

To exclude a possible influence of the acid co-catalyst on the dissolution of the metal
particles, a control experiment with 8 mol% of L1 and 32 mol% of CH3SOz;H was performed
(entry 4). The obtained yield for product 7 of 66% did not change significantly compared to
the previous experiment with the identical ligand loading but a lower amount of acid.

Therefore, an influence of the acid amount on the nanoparticle decomposition was excluded.

Deuterium labelling experiments

The role of formic acid in the activation of the alcohol substrate was already
demonstrated in this section. Further experiments were performed to show that the hydride
introduced into the l-arylethyl formate intermediate in the reduction step originates from
formic acid. In addition, it should be investigated if only the hydridic or the hydridic and acidic
H atoms are transferred in the transfer hydrogenolysis. Therefore, different deuterated formic
acid species 58—60 were applied in the transfer hydrogenolysis of 1-(2-naphthyl)ethanol (56)
(Scheme 3.19). The product 57 generated from the chosen substrate exhibits a higher boiling
point, this enables a more facile isolation of the isotope-labelled compounds from the crude
reaction mixture via distillation.

'H- and ?H-NMR analysis of the isolated transfer hydrogenolysis products showed that in
all three experiments deuterated 2-ethylnaphthalenes 57-d were generated (for the
respective NMR spectra see chapter 6.8). Unexpectedly, the incorporated deuterium atoms
were distributed on both carbon atoms of the ethyl moiety. Only low amounts of deuterium
were detected in the products, probably due to proton-deuteron exchange processes taking
place in the reaction medium under the given high proton concentrations. Possible pathways
for the deuterium scrambling and the loss of labelled atoms via H/D exchange will be

discussed later in this section.
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7% [D]
58 ¢ j\
(2.0 equiv.) OO 2 D~ “OH
f 58
7% [D] formic-d acid
57a-d
Pd(acac), (1.0 mol%)
L1 (4.0 mol%) 15% [D]
OH L1-(0), (1.3 mol%) 59 j\
MeSO3H (16 mol%) (2.0 equiv.) ~2 D~ oD
1,2—dichloroethane (0.33 M) OO f
100 °C, 18 h 59
56 15% [D] | formic-d acid-d
57b-d
3% [D]
p X

(2.0 equiv.) OO N2 H oD
T 60

3% [D] formic acid-d
57c-d
Scheme 3.19  Isotope labelling experiments in the tra  nsfer hydrogenolysis of 1-(2-naphthyl)ethanol
applying deuterated formic acid species (deuterium content determined via NMR
analysis).

Despite the low incorporation of deuterium into the products, differences in the relative
extent of labelling were found. The product 57a-d generated via treatment of the alcohol
substrate with formic-d acid (58) exhibited a deuterium content of 7% on both alkyl carbons.
The use of formic-d acid-d (59) resulted in an increased deuterium content of 15% on both
positions of the ethyl chain of product 57b-d, probably due to the additional deuterons
present in the reaction medium. The acidic deuteron in formic acid-d (60) is not incorporated
into the formate intermediate as it is released in the ester condensation. Surprisingly, still a
deuterium incorporation of 3% on both positions in the ethyl chain of product 57c-d was

determined.

To obtain a further insight into the presumed deuterium scrambling caused by the
palladium catalyst, 1-phenylpropanol (61) was subjected to the transfer hydrogenolysis under
the use of formic-d acid-d (59) (Scheme 3.20).

As before, isolation and subsequent 'H- and ?H-NMR analysis showed that the
introduced deuterium atoms were incorporated on all three positions of the propyl chain in
product 62-d. A higher deuterium content than in the previous labelling experiments was
observed for each of the alkyl carbon atoms. The methylene groups in 62-d each exhibited
23% of deuterium, while the terminal methyl group showed an even higher D content of 32%.
The fact that all three positions in the alkyl chain were labelled favors a chain-walking

mechanism of the palladium bisphosphine complex, this concept was already described in
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similar works.**®%®1 The formal addition of dihydrogen or a mixed H-D species to an

intermediary formed alkene moiety is excluded due to the obtained results.

Pd(acac), (1.0 mol%)
L1 (4.0 mol%)

L1-(0); (1.3 mol%) 23% [D]  32% [D]
OH CH3SO3H (16 mol%)
DCOQOD (2.0 equiv.) o ; 2 3
1,2-dichloroethane (0.33 M) ¢
100 °C, 18 h 23% [D]
61 62-d

Scheme 3.20 Isotope labelling experiments in the tra  nsfer hydrogenolysis of 1-phenylpropanol
applying formic-d acid-d (deuterium content determi ned via NMR analysis).

To account for the observed scrambling of the deuterium atoms on the alkyl chains, the
proposed chain walking mechanism of the palladium catalyst is rationalized as depicted in
Scheme 3.21. After the formation of palladium(0) species 20 an oxidative addition of the
l-arylethyl formate intermediate 63-d over the benzylic C—O bond takes place. The formed
palladium formato complex 64-d is stabilized by a pseudo-allylic interaction of palladium with
the tesystem of the adjacent arene to form 65-d. In the literature, dissociation of one
phosphine center was reported to open the possibility for the migration of the palladium
center on the alkyl chain.®™ This occurs via several B-hydride elimination and alkene
insertion steps, resulting in the respective palladium alkyl complexes 66-d and 67-d, which
are stabilized by an agostic interaction with a p-hydrogen.®®%? Alternatively, the dissociation
of the formate ligand would as well open a coordination site and enable the chain walking
pathway, yet re-coordination of the formate anion on the migrating palladium center to end
the chain walking appears difficult due to the steric bulk of L1 shielding the metal center. In
the pathway involving the dissociation of one phosphine group, subsequent decomposition of
the formate ligand under release of CO; generates the palladium alkyl deuteride complexes
69-d and 70-d, from which the products 71-d are released via reductive elimination of the

palladium center.
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Scheme 3.21

acid species.

From the discussed experimental results, the distribution of deuterium atoms on the
formed alkyl chains can be explained. Nonetheless, a major part of the introduced deuterium
was not incorporated into the products, as it was evident from the integration of the
respective *H- and 2H-NMR spectra. The loss of deuterium via an exchange process with the
large excess of protons available in the reaction medium seemed possible. Furthermore, the

use of formic acid-d (60) in the transfer hydrogenolysis of 56 led to a minor deuteration of the

Proposed reaction pathway for the observe
hydrogenolysis of 1-phenylpropanol or 1-(2-naphthyl
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p
~N
e pdll_
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2/’3

71-3d

product from Pd migration to terminal

position

d deuterium scrambling in the transfer

)ethanol with deuterated formic

products although the introduced formate anion was not labelled.
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To investigate this phenomenon, a transfer hydrogenolysis experiment containing the
two substrates 56-d; (>97% deuterated on the methyl group) and 6 with non-deuterated
formic acid was conducted (Scheme 3.22). Besides the loss of deuterium atoms from 56-ds,
a potential intermolecular transfer of deuterium to 6 should be evaluated. Indeed, NMR
analysis of the product 57d-d obtained from 56-d; showed deuterium scrambling on the ethyl
chain and a major loss of deuterium atoms from the molecule. In addition, partial deuteration
of the ethylbenzene product 7-d was observed on both positions in the ethyl chain. This

confirms the anticipated intermolecular deuterium transfer from 56-d; to 6 during the transfer

hydrogenolysis.
Pd(acac)2 (1.0 mol%)
L1 (4.0 mol%)
L1-(0), (1.3 mol%) 11% [D] 8% [D]
oH OH MeSO3H (16 mol%)
cD HCOOH (4.0 equiv.)
OO ® 1,2—dichloroethane (0.33 M) m m
100 °C, 18 h
16% [D] 11% [D]
56-d3 6 57d-d 7-d

Scheme 3.22  Competition experiment containing a deut  erated and a non-deuterated alcohol substrate
to investigate deuterium loss and intermolecular de uterium transfer.

These results indicate that a D/H exchange takes place on an intermediary palladium
species involved in the catalytic cycle (Scheme 3.23). Presumably, the palladium hydride
complex 73, which performs the migration on the alkyl chain, also allows for a D-H exchange.
After the B-hydride elimination step, the palladium center is ligated by only one of the two
phosphines in L1, a formate, an alkene and a hydride ligand. The non-coordinated
phosphine moiety may serve as a basic site, which takes the deuteride or hydride ligand off
the metal center as a proton/deuteron, palladium(ll) is reduced to palladium(0). The
protonated phosphine then undergoes D/H* exchange (or vice versa) with a proton or
deuteron from the reaction medium. Thereafter, regeneration of the palladium(ll) hydride or
deuteride from the phosphonium species and the palladium(0) center occurs, this proton
transfer step from phosphonium to palladium was already shown to be productive in similar
works on palladium complexes of L1.2%%¥ Through this described mechanism, the loss of
deuterium from labelled substrates as well as its intermolecular incorporation appears

possible.
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Scheme 3.23  Proposed mechanism for the D/H exchange o bserved in the transfer hydrogenolysis
reaction.

Qualitative headspace GC analysis

In successful transfer hydrogenolysis experiments, after the end of the reaction and
cooling to room temperature, an internal gas overpressure was observed when opening the
sealed glass pressure tube. To investigate the qualitative composition of the gas phase
generated in the reactor, headspace GC measurements were performed. Therefore, the
optimized model reaction, the transfer hydrogenolysis of 1-phenylethanol, was run in a glass
pressure tube with accessible septum. After the reaction, a part of the gas phase over the
reaction mixture was withdrawn from the sealed tube through the septum using a gas-tight
syringe. The gas was bubbled through an aqueous solution of NaOH to remove acid
residues. The purified gas phase was then transferred to a headspace GC vial and injected
into a gas chromatograph connected to a thermal conductivity detector. Comparison of the
GC trace with measurements of a calibration gas mixture showed that hydrogen and carbon
dioxide gas were present in the headspace. Latter is presumed to be generated in the
transformation of the 1l-arylethyl formate intermediate to the deoxygenated products, while
former may be a side product from the decomposition of formic acid on the palladium catalyst

species present in the reaction.
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Mechanistic proposal

Based on the experiments discussed in this section, a mechanism for the transfer
hydrogenolysis of benzylic alcohols is proposed (Scheme 3.24). The reduction of the
palladium(ll) precursor Pd(acac), generates atomic Pd(0), which either aggregates to
phosphine oxide-stabilized nanoparticles or directly forms complex 31 containing L1 and
L1-(O), as ligands. The palladium nanoparticles may also serve as a metal reservoir from
which L1 is able to leach metal into solution, again forming complex 31.

In parallel, the esterification of the benzylic alcohol substrate 6 with formic acid furnishes
the 1l-arylethyl formate intermediate 9. For substrates which are able to undergo elimination,
the formation of vinylarenes (8) cannot be excluded. Yet, alkenes are also transformed into
the respective formates under the reaction conditions via the addition of formic acid.

After the dissociation of L1-(0O), from the metal center, an oxidative addition of
intermediate 9 to the palladium(0) complex generates a palladium(ll) alkyl formato
complex 78. Decomposition of the formate ligand via B-hydride elimination and loss of CO,
leads to palladium alkyl hydride 79. Reductive elimination of the metal releases the

deoxygenated product and regenerates the active palladium catalyst species.

Pd(acac),
HCOOH
orL1
Pd nanoparticles =<=—= pd° )Oi
L1, MsOH Ph
L1, L1-(0), 6 \
H
H ( Bu), tBu (
(P )2 /g /\
A -0 0”0 Ph
Ph /Pd\ )\ 8
7 P O=p Ph <
(Bu)z ('Bu); 9
(Bu), 31 (‘Bu),
O=P> o= P)
Oo=P OZE
(Bu), (‘Bu)z
’Bu
H
Comect oo "
™~ ||/O
(Buz  pn Cp/ PdY
79 (tBU)z Ph
— "
CO,
Scheme 3.24  Proposed reaction mechanism for the palla  dium-catayzed transfer hydrogenolysis of
benzylic alcohols shown for 1-phenylethanol as mode | substrate.
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3.4 Conclusion and outlook

In this chapter, the development of a new method for the deoxygenation of benzylic
alcohols via a transfer hydrogenolysis pathway was presented. The transformation is
mediated by a palladium-based catalyst system, which was previously applied in the
alkoxycarbonylation of alkenes. Formic acid is used as reducing agent, which gives carbon
monoxide and water as the only by-products in the reaction, allowing for a simple product
purification. A broad substrate scope demonstrated the applicability of the reaction, the
targeted deoxygenated hydrocarbons could be obtained in moderate to quantitative yields.

An exclusive ligand effect was observed in the catalysis, which is thought to be caused
by the steric and electronic properties of the applied bisphosphine. Furthermore, the
presence of tertiary phosphine oxides was found beneficial for the reaction, presumably
acting as stabilizers in the formation of the active catalyst. Reaction progress analyses and
catalyst poisoning experiments applying different inhibiting agents led to the conclusion that
a homogeneous palladium complex is the active catalyst species, while an equilibrium
between homogeneous, solubilized metal species and a heterogeneous, nanoparticulate
metal reservoir is also thought to operate.

Mechanistic investigations confirmed the identity of an intermediate in the reaction.
Furthermore, deuterium labelling experiments and qualitative headspace GC measurements
of the atmosphere generated in situ allowed for an insight into the reaction mechanism and

resulted in a mechanistic proposal.

Future studies on the palladium-catalyzed transfer hydrogenolysis of benzylic alcohols
with formic acid should aim at the application of milder reaction conditions, e.g. lower
temperatures and catalyst loadings. This may lead to a broader substrate scope for the
reaction and open new possible applications. To accomplish this, a systematic investigation
of the ligand structure, concerning changes in the bisphosphine backbone as of the
substituents bound to the phosphorus atoms appears viable. Through this, a better
understanding of the reaction mechanism could be obtained and a further optimization of the
individual reaction steps may be possible. The successful use of non-precious metals, like

nickel or iron, in the catalysis would contribute to an overall more sustainable transformation.
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4 Palladium  hydride-induced reductive  semipinacol-t ype

rearrangement of benzylic (3-aryloxy- and [(3-alkoxy-alcohols

4.1 General motivation

As discussed in section 1.4.3, the cleavage of lignin models or native lignin to aromatic
monomers is one of the key challenges in the chemical valorization of renewable feedstocks.
Furthermore, the reduction of the oxygen content in the fragments is necessary to gain
platform chemicals like alkylarenes.

After the development of the palladium-catalyzed transfer hydrogenolysis of benzylic
alcohols (see chapter 3), the application of the reaction system to more complex substrates,
e.g. lignin model compounds, was envisioned (Scheme 4.1). Besides the expected
deoxygenation in benzylic position, the performance of ether bonds under the reaction

conditions should be evaluated. A reductive C-O ether bond cleavage was thought possible.

Pd(acac),
OH R4 L1, L1-(0), H R4
R1j©)\/o i CH3SOGH, HCOOH R@)Vo. i
1,2-dichloroethane, 100 °C
R2 R3 R2 R3
1 2

R', R3, R*=H, OMe H R4
R2 = H, OMe, OH or R@)\ HOj@
R?2 R3
3 4

Scheme 4.1 Envisioned products from the transformatio n of lignin model compounds under the
optimized transfer hydrogenolysis conditions.

4.2 Results and discussion
4.2.1 Initial reaction optimization

As model substrate for initial reactivity studies, 2-phenoxy-1-phenylethanol (5) was
chosen, a derivative of 1-phenylethanol. The reaction conditions found effective in the
transfer hydrogenolysis were applied, except for the amount of formic acid, which was
increased due to the presence of two potentially reducible moieties: the benzylic alcohol
group and the alkyl-aryl ether linkage (Table 4.1).
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Under the given reaction conditions from the transfer hydrogenolysis (Pd(ll) precursor,
partially oxidized ligand L1, methanesulfonic acid as co-catalyst) with a slightly increased
amount of formic acid (4.0 equivalents), formate 6 was found as main product in the reaction
mixture, which resulted from esterification of the substrate. In addition, traces of phenol (7)
were detected via GC-MS analysis, besides small amounts of 2-phenylethyl formate (8)
(entry 1, yields for 8 were not quantified in this series of experiments). While the generation
of 7 was thought to occur through a reductive cleavage of the ether C—O bond in the
substrate, the reaction pathway towards 8 stayed unclear. Repeating the reaction at an
elevated temperature of 120 °C resulted in relatively higher amounts of the products 7 and 8,
but still non-converted substrate 5 and intermediate 6 were present after the reaction
(entry 2). Further increasing of the temperature to 150 °C led to a full consumption of both
the substrate 5 and formate intermediate 6 and a relatively increased formation of 8 as well
as a higher, but still moderate yield of phenol of 46% (entry 3).

Table 4.1 Initial experiments on the reactivity of 1-phenoxy-2-phenylethanol under transfer
hydrogenolysis conditions.

Pd(acac), (1.0 mol%)
L1 (4.0 mol%) o)
L1-(0), (1.3 mol%)
OH CH5SO3H (16 mol%

| AN
0] HCOOH (x equiv.) - 0] HO
\© 1,2-dichloroethane (0.33 M) \© \©
6 7

temperature, 18 h

5
0] 0]
T
8
Entry®? HCOOH (x equiv.) temperature [°C] products (yield [%])"!

1 4.0 100 6, 7 (traces), 8 (traces)
2 4.0 120 6,97 (12), 8¢

3 4.0 150 7 (46), g

4 6.0 150 7 (47), glel

5 8.0 150 7 (37), 8

FlGeneral reaction conditions: 2-phenoxy-1-phenylethanol (1.00 mmol, 220 mg, 0.33 M solution), 1,2-dichloroethane (3 mL),
Pd(acac), (10 pmol, 3.0 mg, 1.0 mol%), L1 (40 umol, 16 mg, 4.0 mol%), L1-(O), (1.3 mol%, brought into the reaction as partially
oxidized L1), methanesulfonic acid (0.16 mmol, 10 pL, 16 mol%), formic acid (respective amount), stirred at the respective
temperature for 18 h in a sealed glass pressure tube. Plproduct identification was performed via measurement of authentic
commercial samples or via GC-MS analysis. Yields determined via quantitative GC-FID using n-pentadecane as internal
standard. “Product yields were not quantified.

Increasing the added amount of the reductant formic acid did not improve the reaction
outcome (entries 4, 5). As a possible explanation for the impeded cleavage of substrate 5,

literature reports on the decomposition of aryl formates in presence of catalytic amounts of
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palladium were considered.™? This led to the assumption that the generated phenol could
undergo esterification with formic acid to phenyl formate (9), which then would be
decomposed to carbon monoxide and phenol by the palladium catalyst, consuming the

reductant in an irreversible side reaction (Scheme 4.2).

HCOOH
o oY
0]
(tBU)Z 7 9
P
CO + >Pd(<L (tBu)Z
P
(Bu); AN
10
gBU)z ('‘Bu),
P/Pd 0
(‘Bu)
2 Ospy
1

Scheme 4.2 Assumed mechanism for the decomposition o f formic acid via phenol esterification and
palladium(0) insertion.

To prevent this, an additive should be used to trap the free phenol. Therefore, acetic
anhydride, an inexpensive, readily available bulk chemical was found suitable. A different
product scope was observed for these reactions (Table 4.2). 2-Phenylethyl acetate (13) was
found in the reaction. It constitutes a member of the group of aryl alkyl alcohol simple acid
esters, which are widely used as fragrances in cosmetics or household chemical products.®*

The attempted cleavage of substrate 5 at 100 °C in presence of 2.2 equivalents of acetic
anhydride only delivered traces of phenol and unreacted acetylated intermediate 12 (entry 1,
yields for intermediate 12 were not quantified). Raising the temperature to 150 °C resulted in
the generation of phenol in a low yield of 10% as well as fair amounts of the desired
cleavage products phenyl acetate (14, 38%) and 2-phenylethyl acetate (13, 34%, entry 2).
Yet, still unreacted acetate 12 was found after the reaction, the mechanism of the formation
of 13 from 5 was still unclear and was to be investigated later.

An increased amount of formic acid of 8.0 equivalents with the amount of acetic
anhydride kept constant at 2.2 equivalents substantially diminished the yields of the targeted
cleavage products (8% 13, 11% 14) and led to a stronger formation of phenol (38% vyield,
entry 3). The higher concentration of formic acid is thought to favor the formation of phenyl
formate, which can be decomposed via the pathway shown in Scheme 4.2. This

consumption of the reducing agent then inhibits an effective cleavage of intermediate 12.
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To prevent the decomposition of formic acid via phenyl formate formation, equimolar
amounts of formic acid and acetic anhydride were applied in the reaction. The addition of
2.0 equivalents of each formic acid and acetic anhydride gave only low yields of the cleavage

products 13 and 14. Traces of phenol and a high amount of acetate intermediate 12 were

found by GC analysis (entry 4).

Table 4.2

SRas

OH

5

Product distribution for the cleavage of 2

-phenoxy-1-phenylethanol under transfer

hydrogenolysis conditions in presence of acetic anh ydride.
Pd(acac), (1.0 mol%)

L1 (4.0 mol%)

L1-(0), (1.3 mol%)
CH3SO3H (16 mol%)

H

COOH (x equiv.)
Ac,0 (y equiv.)

1,2-dichloroethane (0.33 M)

150 °C, 18 h

O

@ 0T
e e

14
Entry™ | HCOOH (x equiv.) | Ac,O (y equiv.) products (yield [%])™
1t 4.0 2.2 7 (traces), 12!
2 4.0 2.2 7 (10), 12, 13 (34), 14 (38)
3 8.0 2.2 7 (38), 12,1 13 (8), 14 (11)
4 2.0 2.0 7 (traces), 12,9 13 (11), 14 (12)
5 4.0 4.0 7 (8), 12,113 (37), 14 (32)
6 6.0 6.0 7 (11), 12, 13 (50), 14 (39)
7 8.0 8.0 7 (20), 12, 13 (16), 14 (39)
8 2.0 4.0 12,14 14 (traces)
9 4.0 8.0 7 (traces), 12,9 14 (19)
10 4.0 6.0 7 (traces), 12,19 14 (22)
11 6.0 3.0 7 (6), 12,1913 (24), 14 (24)
12 8.0 4.0 7 (20), 13 (10), 14 (16)
13 8.0 1.0 7 (40), 13 (traces), 14 (traces)
14 8.0 15 7 (40), 13 (traces), 14 (8)

FlGeneral reaction conditions: 2-phenoxy-1-phenylethanol (500 pumol, 110 mg, 0.33 M solution), 1,2-dichloroethane (1.5 mL),
Pd(acac), (5.0 pmol, 1.6 mg, 1.0 mol%), L1 (20 pmol, 8.1 mg, 4.0 mol%), L1-(O), (1.3 mol%, brought into the reaction as
partially oxidized L1), methanesulfonic acid (80 pmol, 5.0 yL, 16 mol%), formic acid (respective amount), acetic anhydride
(respective amount), stirred at 150 °C for 18 h in a sealed glass pressure tube. Full substrate conversion was achieved in all
experiments. ™Product identification was performed via measurement of authentic commercial samples or via GC-MS analysis.
Yields determined via quantitative GC-FID using n-pentadecane as internal standard. ?Reaction temperature: 100 °C. “Product

yields were not quantified.
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Raising the amounts to 4.0 equivalents had a beneficial effect on the reaction outcome.
Besides residual intermediate 12 and a very low amount of phenol, fair yields for 13 and 14
of 37% and 32%, respectively, were obtained (entry 5). Even higher quantities of formic acid
and acetic anhydride of 6.0 equivalents further improved the product yields of phenyl acetate
(39%) and 2-phenylethyl acetate (50%). The detected amount of phenol was low (11%),
unreacted 12 was again found in the reaction mixture (entry6). In presence of
8.0 equivalents of formic acid and acetic anhydride, no increased yields of the cleavage
products were observed, instead the generation of free phenol was evident, leading to a
significantly diminished yield of 2-phenylethyl acetate of 16% (entry 7).

Furthermore, different ratios of formic acid and acetic anhydride were tested in the
cleavage reaction. Starting from 2.0 equivalents of reductant and 4.0 equivalents of
anhydride (molar ratio 1:2), only non-converted intermediate 12 and traces of phenol were
obtained (entry 8). Doubling the amounts of both reagents led to the generation of 14 in a low
yield of 19% besides unreacted intermediate 12 and traces of phenol (entry 9). Changing the
applied ratio to 1:1.5 with amounts of formic acid and acetic anhydride of 4.0 equivalents and
6.0 equivalents, respectively, did not significantly change the reaction outcome. Phenyl
acetate (14) was detected in 22% yield along with intermediate 12 and phenol (entry 10). For
all cases in which the amount of acetic anhydride exceeded the amount of formic acid, the
desired cleavage product 2-phenylethyl acetate was not observed at alll.

Subsequently, the ratio of the two reagents was changed in favor of formic acid. The use
of 6.0 equivalents of reductant and 3.0 equivalents of anhydride (molar ratio 2:1) resulted in
the formation of 13 and 14, each in a fair yield of 24%. Unreacted acetate intermediate 12
and low amounts of phenol were also found (entry 11). As observed in prior experiments,
increasing of the amounts of formic acid and acetic anhydride to 8.0 equivalents and
4.0 equivalents favored the generation of free phenol (20% yield) and lowered the yields of
the desired cleavage products 14 and 13 (entry 12). For very low introduced amounts of
acetic anhydride of 1.5 or 1.0 equivalents in presence of 8.0 equivalents of formic acid,
moderate yields of 40% for phenol were obtained, while no significant formation of the

products 13 and 14 was evident.

4.2.2 Further optimization of key reaction paramete  rs

From the discussed experimental results, it was concluded that equimolar amounts of
formic acid and acetic anhydride were most effective in the catalytic cleavage of 5. A further
optimization of other parameters in the reaction was performed to increase the yields of the
desired products. An insight into the necessary catalyst components should be gained to
draw conclusions concerning the reaction mechanism. In the previous experiments on the

performance of substrate 5 under the reaction conditions, the formation of phenol was found
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predominant in presence of high amounts of formic acid without simultaneous generation of
the respective other cleavage products. Therefore, the influence of the acid concentration in
the reaction should be investigated by variation of the introduced amount of methanesulfonic
acid (Table 4.3). An activation of the ether C—O bond by the Brgnsted acid prior to the bond

cleavage was thought possible.

Table 4.3 Influence of the amount of methanesulfoni ¢ acid on the reaction outcome in the
cleavage of 2-phenoxy-1-phenylethanol.

Pd(acac), (1.0 mol%)
L1 (4.0 mol%)
L1-(0), (1.3 mol%) o
CH3SO3H (x mol%)
OH HCOOH (6.0 equiv.)

@) Ac,0 (6.0 equiv.) HO
\© 1,2-dichloroethane (0.33 M) \© \©
150 °C, 18 h

5
0._0 0
©” O
13 14
Entry® CH3SO3H (x mol%) products (yield [%6])"!
1 10 7 (traces), 12,/ 13 (5), 14 (7)
2 16 7 (11), 12,11 13 (50), 14 (39)
3 16 7 (7), 12,19 13 (traces), 14 (7)
4 20 7 (12), 13 (14), 14 (51)
5 25 7 (13), 13 (39), 14 (49)
6 30 7 (15), 13 (26), 14 (41)

EIGeneral reaction conditions: 2-phenoxy-1-phenylethanol (500 pmol, 110 mg, 0.33 M solution), 1,2-dichloroethane (1.5 mL),
Pd(acac), (5.0 pmol, 1.6 mg, 1.0 mol%), L1 (20 pmol, 8.1 mg, 4.0 mol%), L1-(O), (1.3 mol%, brought into the reaction as
partially oxidized L1), methanesulfonic acid (respective amount), formic acid (3.0 mmol, 0.12 mL, 6.0 equivalents), acetic
anhydride (3.0 mmol, 0.29 mL, 6.0 equivalents), stirred at 150 °C for 18 h in a sealed glass pressure tube. Full substrate
conversion was achieved in all experiments. Plproduct identification was performed via measurement of authentic commercial
samples or via GC-MS analysis. Yields determined via quantitative GC-FID using n-pentadecane as internal standard. “product
yields were not quantified. "Reaction temperature: 125 °C.

The added amounts of methanesulfonic acid tested ranged from 10 mol% to 30 mol% in
presence of equimolar quantities of formic acid and acetic anhydride of 6.0 equivalents. With
10 mol% of methanesulfonic acid added to the reaction mixture, acetate intermediate 12 and
non-converted substrate 5 were found as major products after the reaction, the desired
cleavage products 14 and 13 were generated in very low amounts along with traces of
phenol (entry 1).

As found in previous experiments, introduction of 16 mol% of methanesulfonic acid led to

moderate to fair yields for the cleavage products of 39% and 50%, respectively, along with
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unreacted intermediate 12 and low amounts of phenol (entry 2). At a lower temperature of
125 °C, the same amount of acid delivered substantially lower product yields for 14 (7%), 13
(7%) and phenol (traces, entry 3). Unreacted acetate intermediate 12 was detected as main
product.

Further increasing of the amount of methanesulfonic acid resulted in generally higher
product yields. With 20 mol% of acid, a good yield of phenyl acetate of 51% was detected,
the yields of 2-phenylethyl acetate (14%) and phenol (12%) remained low (entry 4). The
addition of 25 mol% of methanesulfonic acid still generated a comparable yield of 14 of 49%,
yet also 13 was detected in 39% yield, besides a still relatively low phenol yield of 13%
(entry 5). In contrast, in presence of a higher amount of 30 mol% of acid, the yield of 14
slightly decreased to 41%. For 13 a more significant decline to 26% was evident, while the
generated amount of phenol remained nearly unchanged (entry 6).

From these results, the acid concentration is thought to have an influence on the
effective cleavage of the ether C-O bond, generating phenol or phenyl acetate at 150 °C. On
the other hand, too high amounts of methanesulfonic acid seem to diminish the yield of
2-phenylethyl acetate, presumably a decomposition of the product or non-productive side

reactions, e.g. oligomerization, take place.

To investigate the role of the individual components in the reaction, exclusion
experiments were performed (Table 4.4). The previously used reaction conditions were
applied, except for lowering the respective amounts of formic acid and acetic anhydride to
4.0 equivalents.

Without a palladium precursor, the reaction yielded low to moderate amounts of phenyl
acetate (14, 29%) and phenol (7, 16%), no 2-phenylethyl acetate (13) was observed
(entry 1). Notably, this result indicates that the palladium catalyst is not implicitly needed for
the cleavage of the ether C—-O bond in substrate 5, but that this step is mediated either
thermally or acid-catalyzed. A similar result was obtained without addition of the partially
oxidized ligand L1/L1-(O),. After the reaction, phenyl acetate was obtained in a fair yield of
45%, phenol was generated in a low yield of 8% (entry 2). Again, no 13 was formed, this
hinted at the necessity of the palladium-bisphosphine species for the generation of
2-phenylethyl acetate. Exclusion of the acid co-catalyst resulted in a nearly complete
breakdown of the reaction, only traces of phenol and unreacted substrate 5 were detected on
GC (entry 3). This finding shows the crucial role of methanesulfonic acid in the cleavage
reaction as well as in the substrate activation step via acetylation. As expected, in absence of
formic acid, only non-cleaved intermediate 12 was found besides traces of phenyl acetate
(entry 4). Without acetic anhydride, the substrate was not converted in the reaction and only

traces of phenol were formed (entry 5).
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Table 4.4 Exclusion experiments for individual react ion components in the cleavage of
2-phenoxy-1-phenylethanol.

Pd(acac), (1.0 mol%)
L1 (4.0 mol%)
L1-(0), (1.3 mol%) O
CH3SO3H (16 mol%)
OH HCOOH (4.0 equiv.)

)J\O
(0] Ac,0 (4.0 equiv.) o 0] HO
\© 1,2-dichloroethane (0.33 M) \© \©
150 °C, 18 h
12 7

5
0. _0 0]
O TO
13 14

Entry!® excluded component products (yield [%])"!

1 Pd(acac), 7 (16), 14 (29)

2 L1/L1-(O), 7 (8), 14 (45)

3 CH3SO3H 7 (traces)

4 formic acid 12,1 14 (traces)

5 acetic anhydride 7 (traces)

FlGeneral reaction conditions: 2-phenoxy-1-phenylethanol (500 pmol, 110 mg, 0.33 M solution), 1,2-dichloroethane (1.5 mL),
Pd(acac), (5.0 pmol, 1.6 mg, 1.0 mol%), L1 (20 pmol, 8.1 mg, 4.0 mol%), L1-(O), (1.3 mol%, brought into the reaction as
partially oxidized L1), methanesulfonic acid (80 pmol, 5.0 pL, 16 mol%), formic acid (2.0 mmol, 80 pL, 4.0 equivalents), acetic
anhydride (2.0 mmol, 0.19 mL, 4.0 equivalents), stirred at 150 °C for 18 h in a sealed glass pressure tube. Plproduct
identification was performed via measurement of authentic commercial samples or via GC-MS analysis. Yields determined via
guantitative GC-FID using n-pentadecane as internal standard. “product yield was not quantified.

After demonstrating the necessity for all the components applied in the catalysis to
obtain the desired cleavage products, a brief investigation concerning the catalyst loading
and the substrate concentration was conducted (Table 4.5).

An increased loading of Pd(acac), and ligand L1 of 2.0 mol% and 8.0 mol%,
respectively, did not improve the reaction outcome compared to the standard reaction
conditions. In contrast, non-converted intermediate 12 was obtained as main product, only
very low amounts of the desired cleavage products were formed (entry 1). Simultaneously
adapting the amount of methanesulfonic acid resulted in significantly improved product
amounts, phenyl acetate was generated in 51% yield, 2-phenylethyl acetate in 41% yield.
The amount of undesired phenol remained low (entry 2).

Raising the substrate concentration in the reaction led to substantially higher amounts of
the products 13 and 14 compared to the previously applied standard conditions (entry 3
versus entries 4—6). For phenyl acetate, increasing the concentration of the substrate from
0.33 M to 0.5 M caused an improved yield of 49% (32% for 0.33 M), 2-phenylethyl acetate

was generated in 50% vyield (37% for 0.33 M). The formed amount of phenol remained low
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(entry 4). At even higher concentrations of 5 of 0.67 M or 1.0 M, respectively, a decrease of
the yield of 14 relative to the 0.5 M reaction became evident, for 13 comparable amounts
were obtained for substrate concentrations of 0.5 M and 1.0 M. The generated amounts of

phenol increased with the concentration of 5 (entries 5, 6).

Table 4.5 Influence of catalyst loading and substra  te concentration on the cleavage of 2-phenoxy-
1-phenylethanol.
Pd(acac), (x mol%)
L1 (y mol%)
L1-(0), (0.3y mol%) O
CH3SO3H (16 mol%)
OH HCOOH (4.0 equiv.)

)J\O
0] Ac,0 (4.0 equiv.) o 0] HO
\© 1,2-dichloroethane \© \©
150 °C, 18 h
12 7
OYO \n/O
T T O
13

14
Entry'® Pd(acac), - CH:S0:H conc. (5) [M] products (yield [%])"!
(x mol%) | (y mol%) | (z mol%)

1 2.0 8.0 16 0.33 7 (traces), 12,1 13 (7), 14 (6)

2 2.0 8.0 32 0.33 7 (8), 12,1713 (41), 14 (51)

3 1.0 4.0 16 0.33 7 (8), 12,913 (37), 14 (32)

4 1.0 4.0 16 0.5 7 (9), 12,913 (50), 14 (49)

5 1.0 4.0 16 0.67 7 (16), 13 (34), 14 (42)

6 1.0 4.0 16 1.0 7 (19), 13 (54), 14 (30)

“FIGeneral reaction conditions: 2-phenoxy-1-phenylethanol (500 umol, 110 mg, respective concentration), 1,2-dichloroethane
(respective volume), Pd(acac), (respective amount), L1 (respective amount), L1-(0), (1.3 mol%, brought into the reaction as
partially oxidized L1), methanesulfonic acid (respective amount), formic acid (2.0 mmol, 80 uL, 4.0 equivalents), acetic
anhydride (2.0 mmol, 0.19 mL, 4.0 equivalents), stirred at 150 °C for 18 h in a sealed glass pressure tube. Plproduct
identification was performed via measurement of authentic commercial samples or via GC-MS analysis. Yields determined via
quantitative GC-FID using n-pentadecane as internal standard. “’Product yield was not quantified.

4.2.3 Further investigations on a structurally alte red substrate

In further studies on the palladium-catalyzed cleavage reaction, 2-methoxy-
1-phenylethanol (15) was chosen as model substrate, not only to demonstrate the
applicability of alkoxy moieties as leaving groups, but also to circumvent the possible
decomposition of the reductant formic acid via the formation of aryl formates, which were
shown to be labile in presence of a palladium species.™? Furthermore, the second cleavage

product, methyl acetate (16), is easier to separate from the product 13 in the purification.

125



Chapter 4

The reaction conditions leading to good vyields of the desired cleavage products from
2-phenoxy-1-phenylethanol (5) were initially applied and the influence of changes concerning
the metal and ligand loadings as well as the amounts of formic acid and acetic anhydride on
the reaction outcome were evaluated (Table 4.6). To assess the performance of the catalyst
under the respective tested conditions, only the yield of 2-phenylethyl acetate was quantified
as the second product, methyl acetate (16), was not detectable via GC analysis.

Under the reaction conditions which were found superior for the cleavage of 2-phenoxy-
1-phenylethanol (5), a good yield of 2-phenylacetate of 59% was obtained from the cleavage
of 2-methoxy-1-phenylethanol (15, entry 1). Lowering the respective amounts of formic acid
and acetic anhydride to 1.0, 2.0 or 3.0 equivalents in the reaction with a non-changed loading
of the catalyst components resulted in diminished yields of 13 of 21-51% (entries 2—4). For
the same amounts of reducing agent and acetyl source, the loadings of palladium precursor
and the ligands L1/L1-(O), were halved. This led to comparable yields for the corresponding
experiments, indicating that a lower loading of the metal catalyst may be sufficient in the
reaction (entries 2—4 versus 5-7).

Table 4.6 Reaction outcome for the cleavage of 2-me  thoxy-1-phenylethanol under varied amounts
of metal catalyst, formic acid and acetic anhydride

Pd(acac), (x mol%)
L1 (y mol%)
L1-(O), (0.3y mol%)
CH3SO3H (16 mol%)

OH HCOOH (z equiv.)
ONG Acy0 (z equiv.) = 0._0 O
1,2-dichloroethane (0.5 M) O/\/ \f )J\O/
150 °C, 18 h
15 13 16
Entry® | Pd(acac), (x mol%) | L1 (y mol%) | HCOOH, Ac,O (z equiv.) | yield (13) [%]"
1 1.0 4.0 4.0 59
2 1.0 4.0 3.0 51
3 1.0 4.0 2.0 38
4 1.0 4.0 1.0 21
5 0.5 2.0 3.0 55
6 0.5 2.0 2.0 47
7 0.5 2.0 1.0 21

BGeneral reaction conditions: 2-methoxy-1-phenylethanol (500 umol, 140 pL, 0.5 M solution), 1,2-dichloroethane (1.0 mL),
Pd(acac), (respective amount), L1 (respective amount), L1-(O), (respective amount, brought into the reaction as partially
oxidized L1), methanesulfonic acid (80 umol, 5.0 pL, 16 mol%), formic acid (respective amount), acetic anhydride (respective
amount), stirred at 150 °C for 18 h in a sealed glass pressure tube. PIProduct identification was performed via measurement of
authentic commercial samples or via GC-MS analysis. Yields determined via quantitative GC-FID using n-pentadecane as
internal standard.
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Next, it was speculated that lowering the reaction temperature could prevent the
decomposition of the ester product 13 and thereby improve the product yield. Therefore, the
cleavage reaction was performed at temperatures of 120-140 °C while applying different
loadings of Pd(acac), and partially oxidized L1 as well as of formic acid and acetic anhydride
(Table 4.7).

Table 4.7 Reaction outcome for the cleavage of 2-me  thoxy-1-phenylethanol under varied amounts
of metal catalyst, formic acid and acetic anhydride at different reaction temperatures.

Pd(acac), (x mol%)
L1 (y mol%)

L1-(O), (0.3y mol%)

CH3SO3H (16 mol%)
OH HCOOH (z equiv.)
(ONG Acy0 (z equiv.) - 0._0 O

1,2-dichloroethane (0.5 M) O/\/ \f )J\O/
13 16

temperature, 18 h

15
Entryi® Pd(acac), L1 HCOOH, Ac,0 temperature yield (13)
ntr
Y (x mol%) (y mol%) (z equiv.) [°C] [%6]™
1 1.0 4.0 3.0 130 74
2 1.0 4.0 3.0 120 55
3 1.0 4.0 3.0 140 57
4 1.0 4.0 3.0 130 74
5 0.5 2.0 3.0 130 73
6 0.5 2.0 1.0 130 23
7 0.5 2.0 2.0 130 49
8 0.5 2.0 4.0 130 65
9 0.5 2.0 4.0 130 19
10 0.5 2.0 3.0 120 64
11 0.5 2.0 3.0 140 70
12 0.25 1.0 3.0 130 30
13 0.1 0.4 3.0 130 12
14 0.75 3.0 3.0 130 87

ElGeneral reaction conditions: 2-methoxy-1-phenylethanol (500 umol, 140 pL, 0.5 M solution), 1,2-dichloroethane (1.0 mL),
Pd(acac), (respective amount), L1 (respective amount), L1-(O), (respective amount, brought into the reaction as partially
oxidized L1), methanesulfonic acid (80 umol, 5.0 pL, 16 mol%), formic acid (respective amount), acetic anhydride (respective
amount), stirred at the given temperature for 18 h in a sealed glass pressure tube. ™Product identification was performed via
measurement of authentic commercial samples or via GC-MS analysis. Yields determined via quantitative GC-FID using
n-pentadecane as internal standard. /32 mol% of methanesulfonic acid added. 8.0 mol% of methanesulfonic acid added.

127




Chapter 4

Lowering the reaction temperature to 130 °C under else non-changed conditions led to a
promising result, 2-phenylethyl acetate was obtained in a very good vyield of 74% (entry 1).
Decreasing the temperature to 120 °C gave 13 in a lower yield of 55% (entry 2), a
comparable amount of product was generated in the reaction at 140 °C (entry 3).

A higher amount of methanesulfonic acid of 32 mol% at 130 °C did not change the
reaction outcome, the cleavage product was obtained in 74% vyield (entry 4).

Findings from previous experiments proposed that a reduced loading of palladium
precursor and ligand L1 of 0.5 mol% and 2.0 mol%, respectively, was sufficient to furnish
comparable amounts of product 13. Indeed, this stoichiometry also led to a very good yield of
2-phenylethyl formate of 73% (entry 5). This result is very similar to the one found for the
tested higher amount of palladium and ligand.

For the lower loading of palladium and L1 (0.5 mol% and 2.0 mol%, respectively), the
added amounts of formic acid and acetic anhydride were varied. As expected, 1.0 or
2.0 equivalents of each of the reagents gave lower vyields for the targeted product 13
(entries 6, 7). Notwithstanding, a raised amount of 4.0 equivalents did also result in a
reduced product amount (entry 8). Additional lowering of the amount of methanesulfonic acid
in the reaction to 8.0 mol% caused a sharp drop of the product yield from 65% to 19%
(entry 8 versus 9).

Remarkably, changes in the reaction temperature to 120 °C or 140 °C did not have a
severe effect on the product yield for the reactions with a lower loading of metal and ligand
(entries 10, 11). Comparable amounts of 13 were obtained relative to the reaction performed
at 130 °C.

Reducing the amounts of palladium and ligand to even lower amounts of 0.25 mol% and
1.0 mol% (entry 12) or 0.1 mol% and 0.4 mol% (entry 13) at 130 °C led to a substantial loss
of turnovers, product 13 was detected in low to moderate yields of 12—30%.

Unexpectedly, the application of 0.75 mol% of Pd(acac), and 3.0 mol% of L1 in the
reaction with 3.0 equivalents of each formic acid and acetic anhydride at 130 °C gave
2-phenylethyl formate in a very good yield of 87% (entry 14). These found conditions were

further optimized, the findings of these experiments are discussed in the following.

Different palladium precursors were tested in the cleavage reaction (Table 4.8). It was
apparent that soluble Pd(ll) salts like PdCI, and Pd(OAc),, compared to the previously used
Pd(acac), (87% vyield, entry 1), resulted in lower, but still very good yields of 13 of 74% and
71% (entries 2, 3).

Unexpectedly, Pd(dba), as homogeneous Pd(0) source performed worse in the reaction,
the cleavage product 2-phenylethyl acetate was obtained in a moderate yield of 35%

(entry 4). In contrast to this finding, heterogeneous palladium on charcoal as metal source
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delivered the product 13 in a higher yield of 46% (entry 5). In this case, palladium leaching
into solution by the ligand L1 is supposed to proceed the active catalyst formation.

The influence of the applied ligand also became evident with palladium nanoparticles as
catalyst precursor in the reaction. The presence of L1 resulted in a low yield of 13 of 13%

(entry 6), while in absence of the ligand no product was formed (entry 7).

Table 4.8 Variation of the palladium precursorinth e cleavage of 2-methoxy-1-phenylethanol.

[Pd] (0.75 mol%)
L1 (3.0 mol%)
L1-(0), (1.0 mol%)
CH3SO3H (16 mol%)

OH HCOOH (3.0 equiv.)
ONg Ac,0 (3.0 equiv.) -~ 0._0O O
1,2-dichloroethane (0.5 M) ©/\/ \f )J\O/
130°C, 18 h
15 13 16
Entry® [Pd] precursor yield (13) [%]™
1 Pd(acac), 87
2 PdCl, 74
3 Pd(OAC), 71
4 Pd(dba), 35
5 Pd/C 46
6 Pd nanoparticles! 13
7 Pd nanoparticles® —

llGeneral reaction conditions: 2-phenoxy-1-phenylethanol (500 umol, 110 mg, 0.5 M solution), 1,2-dichloroethane (1.0 mL), [Pd]
precursor (0.75 mol%), L1 (15 pmol, 5.8 mg, 3.0 mol%), L1-(0), (1.3 mol%, brought into the reaction as partially oxidized L1),
methanesulfonic acid (80 pumol, 5.0 pL, 16 mol%), formic acid (1.5 mmol, 56 L, 3.0 equivalents), acetic anhydride (1.5 mmol,
0.14 mL, 3.0 equivalents), stirred at 130 °C for 18 h in a sealed glass pressure tube. PProduct identification was performed via
measurement of authentic commercial samples or via GC-MS analysis. Yields determined via quantitative GC-FID using
n-pentadecane as internal standard. [c]commercially available nanoparticles used (Pd EnCat 40, palladium loading: 0.4 mmol
Pd/g. “reaction without added ligands L1/L1-(O),.

Further, the reaction outcome in presence of varied amounts of the acid co-catalyst and
under different molar ratios of Pd(acac), and the ligands L1 and L1-(O), was evaluated. In
addition, the influence of different substrate concentrations on the product yield was
investigated (Table 4.9).

A reduced amount of methanesulfonic acid of 10 mol% led to a lower yield of product 13
of 58% (entry 2), while raising the acid amount to 20 mol% did not change the reaction
outcome compared to the standard reaction conditions (entry 3 versus 1).

Lowering the reaction temperature to 120 °C resulted in a slightly decreased vyield of

2-phenylethyl acetate of 75% (entry4). At a higher temperature of 140 °C, only
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approximately half of the amount of 13 generated under standard conditions was obtained,

presumably due to enforced decomposition of the formed product (entry 5).

Table 4.9 Influence of several reaction parameters  on the cleavage of 2-methoxy-1-phenylethanol.

Pd(acac), (0.75 mol%)
L1 (x mol%)
L1-(O), (y mol%)
CH3SO3H (16 mol%)

OH HCOOH (3.0 equiv.)
ONG Ac,0 (3.0 equiv.) o 0. 0O 0]
1,2-dichloroethane ©/\/ \f )J\O/
130 °C, 18 h
15 13 16
Entry® L1 (x mol%) L1-(O). (y mol%) conc. (15) [M] yield (13) [%]™

1 3.0 1.0 0.5 87
2] 3.0 1.0 0.5 58
3 3.0 1.0 0.5 87
4k 3.0 1.0 0.5 75
511 3.0 1.0 0.5 42
6 1.5 0.5 0.5 76
7 2.5 0.8 0.5 79
8 4.0 1.3 0.5 76
9 6.0 2.0 0.5 58
10 3.0 - 0.5 62
11 3.0 3.0 0.5 83
12 3.0 4.0 0.5 67
13 3.0 1.0 0.4 69
14 3.0 1.0 0.67 83
15 3.0 1.0 1.0 78

FlGeneral reaction conditions: 2-phenoxy-1-phenylethanol (500 umol, 110 mg, 0.5 M solution), 1,2-dichloroethane (respective
volume), [Pd] precursor (0.75 mol%), L1 (respective amount), L1-(O), (respective amount), methanesulfonic acid (80 pumol,
5.0 pL, 16 mol%), formic acid (1.5 mmol, 56 pL, 3.0 equivalents), acetic anhydride (1.5 mmol, 0.14 mL, 3.0 equivalents), stirred
at 130°C for 18 h in a sealed glass pressure tube. PProduct identification was performed via measurement of authentic
commercial samples or via GC-MS analysis. Yields determined via quantitative GC-FID using n-pentadecane as internal
standard. /10 mol% of methanesulfonic acid added. /20 mol% of methanesulfonic acid added. ®reaction temperature: 120 °C
Mreaction temperature: 140 °C.

Varying the amount of the added ligand L1 in a range from 1.5 to 6.0 mol%, with a
constant molar ratio of L1 and L1-(O), of 3:1, led to diminished vyields of 13 of 58-79%
(entries 6-9). Exclusion of the phosphine oxide L1-(O), from the reaction resulted in a lower
yield of 2-phenylethyl acetate of 62% (entry 10), clearly demonstrating an operating
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phosphine oxide effect similar to the one found for the palladium-catalyzed transfer
hydrogenolysis described in this thesis (section 3.3.4). Changing the ratio of L1 and L1-(0O),
to 1:1 only marginally changed the reaction outcome (entry 11). A higher amount of L1-(O),
of 4 mol% hindered the cleavage reaction (entry 12), the phosphine oxide is thought to act as
a competing ligand on the palladium center.

Finally, the variation of the substrate concentration to lower or higher amounts relative to

the standard conditions did not improve the yield of 13 (entries 13-15).

4.2.4 Investigation of the cleavage product stabili  ty

As mentioned earlier in this section, it was assumed that under the reaction conditions,
the formed product 2-phenylethyl acetate (13) was decomposed or underwent further non-
productive side reactions. This was thought to be the reason for the fact that the yield under
optimized reaction conditions did not exceed 87%. To investigate this, the cleavage product
13 was subjected to the catalytic reaction analogous to the cleavage of 2-methoxy-
1-phenylethanol (Scheme 4.3). Quantitative GC analysis showed that only 88% of the
introduced amount of 2-phenylethyl acetate remained in the reaction mixture after 18 hours,
no side products were detected (Scheme 4.3). Therefore, the theory of a decomposition of
13 seems valid, the reaction time should be shortened in future optimization studies to
encounter this problem.

Pd(acac), (0.75 mol%)
L1 (3.0 mol%)
L1-(0), (1.0 mol%)
CH3SO3H (16 mol%)
HCOOH (3.0 equiv.)

0.__0 Ac,0 (3.0 equiv.) o 0._0
©/\/ \f 1,2-dichloroethane (0.5 M) ©/\/ \f
130°C, 18 h
13 13
88% recovered (GC)
Scheme 4.3 Evaluation of the stability of cleavage pr ~ oduct 13 under standard reaction conditions.

4.2.5 Initial substrate screening

The found optimal reaction conditions were successfully applied to two substrates
containing different aryl groups. For the tested substrates, the addition of 20 mol% of
methanesulfonic acid resulted in higher product vyields, although no influence of the
increased amount of 20 mol% instead of 16 mol% on the cleavage of 2-methoxy-
1-phenylethanol was evident in the optimization. The palladium-catalyzed cleavage of
2-methoxy-1-(1-naphthyl)ethanol (17) and 2-methoxy-(4-fluorophenyl)ethanol (19) furnished
the corresponding products 2-(1-naphthyl)ethyl acetate (18) and 2-(4-fluorophenyl)ethyl

acetate (20) in good to excellent yields. Under the optimized reaction conditions, the initially
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used model substrate 5 could be converted to 2-phenylethyl acetate in a yield of 55%
(Scheme 4.4).

In the attempted conversion of 1-methoxy-2-propanol (21), a substrate bearing an alkyl
group instead of an aryl moiety, no product formation was observed (Scheme 4.4). This
indicates the necessity of an aryl group adjacent the alcohol moiety for a successful
transformation. The reason for this is assumed to be the selectivity of the palladium hydride
catalyst towards the benzylic position, as it was already shown for the transfer
hydrogenolysis of benzylic alcohols (see section 3.3).

Pd(acac), (0.75 mol%)
L1 (3.0 mol%)
L1-(0), (1.0 mol%)
CH3SO3H (20 mol%)

)O:/ HCOOH (3.0 equiv.)
OR Ac,0 (3.0 equiv. 0. _0
1,2-dichloroethane (0.5 M)
130°C, 18 h
17: Ar = 1-naphthyl, R = CHj3 18: Ar = 1-naphthyl 92% isolated yield
19: Ar = 4-F-CgH4, R = CH3 20: Ar = 4-F-CgH4 62% isolated yield
5: Ar=R=Ph 13: Ar=R = Ph 55% yield (GC)
OH optimized reaction
)\/O\ conditions »  no products observed
21
Scheme 4.4 Initially converted substrates in the pal ~ ladium-catalyzed cleavage reaction.

4.2.6 Mechanistic investigations

Reaction pathway elucidation

As mentioned before in this chapter, the mechanism of the developed palladium-
catalyzed cleavage reaction was not fully understood during the reaction optimization. Some
findings indicated that the acid co-catalyst plays a crucial role in the cleavage of the alkyl aryl
ether bond in 2-phenoxy-1-phenylethanol (5). Nonetheless, the pathway for the formation of
2-phenylethyl acetate from substrates 5 and 15 remained unclear. In theory, two distinct
reaction sequences appeared plausible (Scheme 4.5).

Transfer hydrogenolysis of the benzylic alcohol moiety in the applied substrates seemed
possible, leading to ether 22. From this compound, product 13 could be generated via

hydrolytic cleavage of the ether C-O bond, followed by acetylation of the formed free alcohol.
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transfer H ether
hydrogenolysis (ON hydrolysis
o acetylation
OH 22
O\R ] ©/\/OYO
L,Pd—H j\
50r15 o) 1 2-phenvi- 13
R = Ph, CH , cpneny
i acetylation (ON shift
Pd—-H formation leaving
group RO
23
Scheme 4.5 Possible reaction pathways for the palladium-catalyz ed cleavage of B-aryloxy or

B-alkoxy benzylic alcohols.

Another possible pathway is initiated by the acetylation of the substrate generating
compound 23. Simultaneously, a palladium hydride complex (for possible formation
mechanisms see section 3.3.3) is formed under the reaction conditions. Hydride transfer
from the metal complex to 23 induces a 1,2-shift of the phenyl moiety and a cleavage of the
ether C-O bond, resulting in product 13. This resembles the mechanism of a semipinacol-

rearrangement,” although no carbonyl function is generated.

To obtain an insight into the operating reaction mechanism, substrate 24, a derivative of
the previously used model substrate 5, was introduced into the catalytic cleavage reaction
under still non-optimized conditions (Scheme 4.6). The introduction of two methyl groups on
the methylene group should thereby make the distinction of the carbon atoms in the formed
product possible. Through this, the position of the phenyl group after the cleavage can be

determined, confirming or excluding a 1,2-shift.

Pd(acac), (1.0 mol%) 0. _0 O
L1 (4.0 mol%) \f \ﬂ/ \©
0]
25

L1-(0), (1.3 mol%)

CH3SO3H (16 mol%) 14
OH HCOOH (4.0 equiv.) 30% yield
O\O Ac,0 (4.0 equiv.) . or
1,2-dichloroethane (0.5 M) [Pd]—H
130 °C, 18 h QA
24 o_0 | . J\L
T (e
H
26
observed (GC-MS)
Scheme 4.6 Modification of the substrate in the clea  vage reaction to elucidate the basic reaction
mechanism.
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Besides a yield of 30% of phenyl acetate (14), of the other two possible products 25 and
26, only 26 was obtained (the amount of 26 was not quantified). Yet, the product was
identified unambigously through comparison of the GC retention times and the mass
spectrometry fragmentation patterns with authentic commercial or synthesized samples of
both possible compounds. This finding demonstrates that the investigated palladium-
catalyzed reaction proceeds through a 1,2-shift of the contained phenyl group under
simultaneous cleavage of the C-O ether bond. To deliver further proof for this mechanism,
3C-labelling of the benzylic carbon in 2-methoxy-1-phenylethanol (15) was thought
expedient, yet the synthesis of the labelled substrate and its application in the catalytic

reaction are still ongoing.

A similar mechanism was proposed in a work on the cleavage of structurally resembling
substrates reported by Cantat and co-workers,® which was already described in the
introductional chapter of this thesis (see section 1.4.3). Therein, the metal-free catalyst
system was based on catalytic amounts of the Lewis acid B(CsFs); and Et;SiH as reducing
agent (Scheme 4.7). Substrate activation is thought to occur through silylation of the
contained oxygen moieties, while the priorly generated hydroborate HB(CsFs)s™ transfers a
hydride to the intermediate 30 after the 1,2-phenyl shift, furnishing silyl ether 27. An
alternative reaction mechanism proceeding via the intramolecular formation of a silylated
epoxide (not shown in Scheme 4.7) was excluded based on DFT calculations.

For the palladium-catalyzed cleavage reaction presented in this thesis, parallels in
regard to the activation of the substrate and the active catalyst structure are apparent. While
in the work of Cantat and co-workers the formation of a silyl ether or Lewis acidic activation
of the alkyl aryl ether form the reactive intermediate, the palladium based method relies on
acetylation of the benzylic alcohol and the presence of a strong Br@gnsted acid co-catalyst to
facilitate the alkyl aryl ether cleavage via protonation. Both catalysts have in common that
they transfer a hydride to the substrate, although they differ in their nature as metal complex

or metal-free borane.
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OH B(CgF5)3 (2 mol%)
o) Et;SiH (2.4 equiv.) OSiEt; Et;SiO
\© dichloromethane, rt, 2 h O/\/ \©
5 27

)
MesSIO  SiMeg 28

e
. ’ ©

\calculated transition state)

Et;SIO  SiEts ®
0 1,2-phenyl shift _0__ Et;SiO
‘°C e At
29 30 28
Scheme 4.7 Cleavage of 2-phenoxy-1-phenylethanol usi  ng a borane catalyst and a silane reductant

via a 1,2-phenyl-shift reported by Cantat and co-worker 5.1

Qualitative headspace GC analysis

As discussed before for the transfer hydrogenolysis of benzylic alcohols, an internal gas
overpressure was also evident in the reactor after the palladium-catalyzed cleavage reaction.
To investigate this, headspace GC measurements were performed for the cleavage of
2-methoxy-1-phenylethanol (15). The sampling of the gas phase from the closed reaction
vessel was carried out as already described in section 3.3.7. GC analysis showed the
presence of hydrogen, carbon monoxide and carbon dioxide gas. Especially the generation
of CO in the reaction was surprising, as no direct CO source was introduced to the mixture.
Yet, reviewing the optimization experiments showed that the application of equimolar
amounts of formic acid and acetic anhydride resulted in high yields of the cleavage products.

Therefore, the formation of a mixed acetic formic anhydride is assumed to occur in the
reaction. Thermal decomposition of this labile species leads to the formation of carbon
monoxide and acetic acid.”! Moreover, the activation of the mixed anhydride on a
palladium(0) complex and subsequent decarbonylation may also generate a palladium
hydride complex which can act as a reducing species towards the reaction intermediate
(Scheme 4.8). Oxidative addition over the hydridic C-H bond directly generates a
palladium(ll) hydride 31 with a labile acetoxycarbonyl ligand. Decarbonylation of the latter
gives palladium(ll) bisphosphine complex 32 which is stabilized by a hydride and an acetate
ligand.®

Alternatively, parallel processes leading to the formation of a homogeneous palladium
hydride from methanesulfonic acid and formic acid, as discussed in section 3.3.3, cannot be

excluded and should also be considered.
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HCOOH + Ac,0

l

(fBu)2 j\ O tBu fBu)z
/L /
\Pdo L ( \Pd” o/U\ ~o= ( \Pd”
P L
(Bu), tBU) (tBU)z
10 31 32

Scheme 4.8 Proposed pathway for the formation of a pa  lladium(ll) hydride complex via activation of
acetic formic anhydride on a palladium(0) center.

The detected hydrogen and carbon dioxide may originate from the reduction of various

palladium species by formic acid® or carbon monoxide and water present in the system.™”

Mechanistic proposal

With the experimental finding from the reaction optimization and the mechanistic
investigations taken into account, a reaction mechanism for the palladium-catalyzed
semipinacol-type rearrangement of B-aryloxy and B-alkoxy benzylic alcohols is proposed
(Scheme 4.9). Initially, the introduced Pd(ll) precursor is reduced by formic acid or by CO
generated from the thermal decomposition of acetic formic anhydride and water present
under the reaction conditions (non-dried solvent and reagents). Coordination of L1 generates
palladium(0) bisphoshine complex 33 in which the bisphosphine dioxide L1-(O), acts as an
additional stabilizing ligand via a weak interaction with the metal center. The presence of the
bisphosphine dioxide was shown to be beneficial for the reaction, yet too high amounts also
hindered the transformation, assumably by occupying the coordination sites on the palladium
complex. Addition of acetic formic anhydride to the palladium(0) complex generates
palladium(ll) hydride complex 32 under release of carbon monoxide.

The alcohol substrate is activated via acetylation with acetic anhydride. The formed
species 23 is able to accept a hydride from palladium complex 32 and undergoes a 1,2-aryl
shift under cleavage of the alkyl aryl or dialkyl ether bond to generate the desired 1-arylethyl
acetate product, either in a concerted or stepwise fashion. The free coordination site on the
palladium center may be occupied by acetate present in the reaction mixture, generating 34,
a 16 valence electron metal complex. This complex then is reduced by carbon monoxide in
presence of water to regenerate palladium(0) complex 33, again stabilized by L1-(0O),. This
reduction step seems to play a crucial role in the reaction. It became evident that withdrawing
samples from the reactor via a stainless steel on/off-valve or via syringe, a partial loss of the
gas atmosphere occurred. As a result, the reaction stopped at lower yields than in the
corresponding undisturbed case. From complex 33, palladium hydride 32 is generated again

by decomposition of acetic formic anhydride, closing the catalytic cycle.
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Notwithstanding, the discussed mechanism is preliminary, further investigations are

necessary to thoroughly elucidate the reaction pathway, especially concerning the formation

of the active catalyst and its regeneration after the reduction step.

Pd(acac),
HCOOH or CO, H,O
L1, L1-(O),
(tBU)z (tBLI)z
P2 )
P/ \O:P
(‘Bu), (‘Bu),
33
X
CcO H OJ\
0]
('Bu),
P\P 1-Ohe )J\o Ac0 OH
Cco p” \H Ar)\/OR - AcOH Ar)\/OR
L1-(0), (Bu), 23
32 50r15
(0] 0] 0] 0]
T AT
H (@)
13
gBU)Z (tBU)z
\PdO/O: ) gBU)z
|:;/ \O:P C \Pd”/OAC
B {
(Bue (B, b~ oA
(Bu),
CO, AcOH  CO, Hy0,
L1-(0),
Scheme 4.9 Proposed reaction mechanism for the pallad ium-catalyzed

rearrangement of fB-aryloxy or B-alkoxy benzylic alcohols.

semipinacol-type
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4.3 Conclusion and outlook

In this chapter, the developed method for a palladium-catalyzed cleavage of B-aryloxy or
B-alkoxy benzylic alcohols was presented. Although the reaction was optimized regarding the
loading of the catalyst components as well as the amounts of the reductant and the substrate
activation agent, further studies on a possible decomposition of the 2-arylethyl acetate
products should be performed. Therein, a shorter reaction time could be found sufficient to
furnish the desired products in higher yields than these obtained under the given conditions.

Different anhydrides should be tested in the reaction to evaluate the possibility of
generating ester products other than acetates. Therefore, not only carboxylic acid
anhydrides, but also others, e.g. sulfonic anhydrides, could possibly be converted to valuable
products (Scheme 4.10).

OH variation of
OR  applied anhydride ©/\/OR'
35 36
R' = acyl, sulfonyl
Scheme 4.10  Possible extension of the substrate scope in the semipinacol-type rearrangement via

variation of the introduced anhydride.

Moreover, the transformation was shown to be applicable to only four substrates so far,
containing aryl migrating groups as well as aryloxy and alkoxy leaving groups. Here, a
thorough substrate screening should be performed, demonstrating the influence of steric and
electronic variations on the migration aryl moiety (Figure 4.1). Additionally, different aryloxy
and alkoxy leaving groups should be tested, as well as sulfides or amines. Also, an in situ
generation of the leaving group should be probed, possibly enabling the rearrangement of

aromatic diols (Figure 4.1).

'R
OH 0 R = H: diols as substrates?
O._ |steric and 0. = alkyl, aryl, acyl
electronic R
effects
variation or in situ

37 38 generation of leaving group
leaving group ability?

i variation of benzylic
® ® @® = electron donating or oxygenated moiety S- or N-based leaving groups?
withdrawing groups

Figure 4.1 Evaluation of substrates exhibiting diffe rent steric and electronic properties, variation of
the oxygenated moieties.
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Variation of the carbon skeleton of the substrates may provide further information about
the reaction mechanism, e.g. on the migratory aptitude or the selectivity of the migrating

group in case of two substituents attached in benzylic position (Figure 4.2).

OH
O— migratory aptitude
selectivity with =Ar
39
Figure 4.2 Introduction of additional substituents to investigate migration aptitude and selectivity.

The application of the developed method on cyclic substrates can lead to a
rearrangement with or without contraction of the ring, depending on the given substrate

structure. Here, the influence of the ring size should be evaluated (Scheme 4.11).

OR Ph
—_—
(con (on
n Ph n ¢
40 41
HOL__Ph OAc
? :OR z :Ph
_—
n n
42 43
OH
OAc
OR ]
h n-1
44 45

Scheme 4.11  Possible rearrangement of cyclic substrat  es including ring contraction.

The substrates used in this thesis for the semipinacol-type rearrangement contain one or
two stereogenic centers. From a mechanistic point of view, the transformation of
enantiomerically enriched diastereomers appears interesting, as it may allow a further
understanding of the migration step regarding the concerted or non-concerted character of
the rearrangement. In case of a concerted mechanism, the enantiomeric ratio in the
substrate should be retained, while a pathway consisting of two distinct steps, exclusion of

the leaving group and migration, would lead to racemization (Scheme 4.12).

o 0 ?H 0o OAc
m > s m N 1H‘\\\
2

syn-46 anti-46 47
same reactivity for both diastereomers? retention or racemization?

Scheme 4.12  Investigation of the stereoselectivity o f the semipinacol-type rearrangement.
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Summary / Zusammenfassung

5 Summary / Zusammenfassung

The catalytic conversion of oxygen-containing feedstocks to deoxygenated, value-added
chemicals states an important transformation in organic chemistry, not only for syntheses on
laboratory scale, but also for industrial setups, e.g. in the valorization of renewable resources
derived from biomass. In the introductory section of this thesis, the importance of the
development of efficient and selective methods for the reductive deoxygenation of various
substrates, like alcohols, carbonyl compounds or ethers, is demonstrated by highlighting
recent outstanding literature works. Therein, a focus was set on transition metal-catalyzed
methodologies for the reductive cleavage of benzylic C—O bonds either via hydrogenolysis
using H» gas or via transfer hydrogenolysis applying formal hydrogen sources.

Regarding the valorization of biomass, works from the emerging field of the isolation and
depolymerization of lignin and studies on the cleavage of lignin model compounds via
transition metal-catalyzed oxidative, reductive or redox neutral methods were reviewed.

Moreover, the known methods for the characterization of an operating transition metal
catalyst as homogeneous or heterogeneous were discussed. These comprise, amongst
other manipulations, the interpretation of reaction profiles and the application of catalyst

poisons in the investigated reactions.

The second part of this thesis covers the development of a palladium-catalyzed transfer
hydrogenolysis of benzylic alcohols. Formic acid was applied as hydride source to furnish a
scope of deoxygenated alkylarenes. The user-friendly transformation could be realized under
a metal loading as low as 1.0 mol%, a partially oxidized bisphosphine ligand and an acid

co-catalyst were further components of the active catalyst (Scheme 5.1).

Pd(acac),, dtbpx, dtbpxO,

OHR2 CHsSOsH, HCOOH ! -
Ar R 1,2-dichloroethane Ar R!
100 °C, 18 h
R, R? = alkyl, aryl 19 examples

35 - >99% yield

0]
P(‘Bu), II:I’(tBu)Z « homogeneous catalyst
P('Bu), IF|>(t|3u)2 « low catalyst loading
0] * only by-products: CO,, H>O
dtbpx dtbpxO,

Scheme 5.1 Palladium-catalyzed transfer hydrogenolysi s of benzylic alcohols with formic acid as
reducing agent.
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The reducing agent, which was introduced in a low amount of only 2.0 equivalents,
generates carbon dioxide and water as only by-products, enabling a simple product
purification. In contrast to related previous works, the active catalyst in the presented system
was shown to be homogeneous by using some of the methods for catalyst characterization
discussed in the introduction. In addition, the pathway of substrate activation was elucidated.

Isotope labelling experiments allowed for the proposal of a reaction mechanism.

The adaption of the developed transfer hydrogenolysis protocol for more challenging
substrates, as presented in the third part of this thesis, led to the development of a
palladium-catalyzed semipinacol-type rearrangement of B-aryloxy or [-alkoxy benzylic
alcohols (Scheme 5.2). As products, 2-arylethyl acetates were generated via the migration of
an aryl moiety in the substrates and the simultaneous cleavage of an ether C—-O bond. A
palladium hydride complex is assumed to be involved in a necessary reduction step.
Compared to the transfer hydrogenolysis, the catalyst loading could be reduced to
0.75 mol% of palladium in presence of the priorly used ligand and acid co-catalyst. For the
readily available reductant formic acid and the inexpensive substrate activating agent acetic
anhydride, a low amount of 3.0 equivalents each was found sufficient.

Although the optimal reaction conditions were already determined and applied in the
transformation of several substrates, further investigations will be performed to broaden the
substrate scope and to obtain a deeper understanding of the reaction mechanism as of the

palladium species involved in the catalytic cycle.

OH Pd(acac),, dtbpx, dtbpxO,
)\/OR CH3SO3H, HCOOH, Ac,O 0. .0
Ar 1,2-dichloroethane AT \f
130°C, 18 h
R = alkyl, aryl
O .
P(BU) IFI> (Bu) * low catalyst loading
O::P g 2 O::P g 2 * inexpensive reductant and
(Bu)z 4 (Bu)z substrate activating agent
* product formation via aryl shift
dtbpx dtbpxO,

Scheme 5.2 Palladium-catalyzed semipinacol-type rearrangement o f B-aryloxy or B-alkoxy benzylic
alcohols to 2-arylethyl acetates.
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Die katalytische Umwandlung sauerstoffhaltiger Ausgangsprodukte zu sauerstofffreien,
héherwertigen Chemikalien stellt eine wichtige Transformation in der organischen Chemie
dar, nicht nur fir Synthesen im LabormalR3stab, sondern auch im industriellen Umfeld, z.B.
bei der Wertschopfung von aus Biomasse erzeugten, erneuerbaren Rohstoffen. Im
einleitenden Teil dieser Arbeit wird die Bedeutung der Entwicklung effizienter und selektiver
Methoden fir die reduktive Desoxygenierung diverser Substrate wie Alkohole,
Carbonylverbindungen oder Ether aufgezeigt, hierzu werden die neuesten herausragenden
Arbeiten aus der Literatur hervorgehoben. Dabei wird der Fokus auf
Ubergangsmetallkatalysierte Methoden zur reduktiven Spaltung benzylischer C-O-
Bindungen gelegt, entweder mittels Hydrogenolyse unter Verwendung von H,-Gas oder
durch Transferhydrogenolyse mit formalen Wasserstoffquellen.

Hinsichtlich der Wertschopfung von Biomasse wurde ein Uberblick tber Arbeiten aus
dem aufkommenden Feld der Isolierung und Depolymerisation von Lignin sowie zu Studien
zur Spaltung von Ligninmodellverbindungen durch lbergangsmetallkatalysierte oxidative,
reduktive oder redoxneutrale Methoden gegeben.

Darliber hinaus wurden die bekannten Methoden flr die Charakterisierung aktiver
Ubergangsmetallkatalysatoren als homogen oder heterogen diskutiert. Diese umfassen,
neben anderen Manipulationen, die Interpretation von Reaktionsprofilen sowie die

Anwendung von Katalysatorgiften in den untersuchten Reaktionen.

Der zweite Teil dieser Dissertation behandelt die Entwicklung einer Palladium-
katalysierten Transferhydrogenolyse benzylischer Alkohole. Ameisensaure wurde als
Hydridquelle verwendet, um eine Auswahl an desoxygenierten Alkylarenen herzustellen. Die
benutzerfreundliche Transformation konnte mit einer niedrigen Metallbeladung von 1,0 mol%
realisiert werden, ein teilweise oxidierter Bisphosphinligand sowie eine Saure als

Cokatalysator sind weitere Komponenten des aktiven Katalysators (Schema 5.3).

Pd(acac),, dtbpx, dtbpxO,

OHRZ CHaSO.H, HCOOH M o
At 1,2-Dichlorethan At
100 °C, 18 h
R, R = Alkyl, Aryl 19 Beispiele

35 — >99% Ausbeute

P(‘Bu), (‘Bu « homogener Katalysator
P(‘Bu), P(‘Bu * niedrige Katalysatorbeladung

* einzige Nebenprodukte: CO,, H,O

dtbpx dtbpx02

Schema 5.3 Homogene Palladium-katalysierte Transferhy  drogenolyse benzylischer Alkohole mit
Ameisenséure als Reduktionsmittel.
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Das Reduktionsmittel, welches lediglich in einer geringen Menge von 2,0 Aquivalenten
verwendet wurde, erzeugt Kohlendioxid und Wasser als einzige Nebenprodukte, dies
ermoglicht eine einfache Aufreinigung der Reaktionsprodukte.

Durch Anwendung einiger in der Einleitung diskutierter Methoden zur Charakterisierung von
Katalysatoren wurde gezeigt, dass der aktive Katalysator in dem prasentierten System
homogener Natur ist. Dies steht im Gegensatz zu verwandten vorhergehenden Arbeiten,
welche auf heterogenen Palladiumkatalysatoren basieren. Zusatzlich wurde der
Reaktionspfad der Substrataktivierung aufgeklart. Experimente zur Isotopenmarkierung

ermdglichten den Vorschlag eines Reaktionsmechanismus.

Die Anpassung des entwickelten Protokolls zur Transferhydrogenolyse an

anspruchsvollere Substrate, wie im dritten Teil dieser Arbeit prasentiert, fihrte zur
Entwicklung einer Palladium-katalysierten Semipinacol-artigen Umlagerung von [-Aryloxy-
oder B-Alkoxy-benzylischen Alkoholen (Schema 5.4). Als Produkte wurden 2-Arylethylacetate
durch die Umlagerung einer Arylgruppe in den Substraten unter gleichzeitiger Spaltung einer
Ether-C—0O-Bindung erzeugt. Es wird angenommen, dass ein Palladium-Hydrid-Komplex an
einem notwendigen Reduktionsschritt beteiligt ist.
Im Vergleich zu der Transferhydrogenolyse konnte die Katalysatorbeladung auf 0,75 mol%
an Palladium gesenkt werden, in Gegenwart der zuvor verwendeten Liganden und des
Saure-Cokatalysators. Fur die gut verfiugbare Ameisensaure als Reduktionsmittel sowie
Acetanhydrid als glinstiges Reagenz zur Aktivierung des Substrats wurden niedrige Mengen
von jeweils 3,0 Aquivalenten als ausreichend ermittelt.

Obwohl die optimalen Reaktionsbedingungen bereits bestimmt und in der Umsetzung
einiger Substrate angewendet wurden, werden weitere Untersuchungen erfolgen, um die
Substratbreite zu erweitern und um ein besseres Verstandnis des Reaktionsmechanismus

sowie der im Katalysezyklus beteiligten Palladiumspezies zu erhalten.

OH Pd(acac),, dtbpx, dtbpxO,
)\/OR CH3SO3H, HCOOH, Ac,O 0. .0
Ar 1,2-Dichlorethan AT \f
130 °C, 18 h
R = Alkyl, Aryl

* niedrige Katalysatorbeladung
©:j Bu)2 O:jp (tBu)z * glinstiges Reduktionsmitt.e{ und
Reagenz zur Substrataktivierung
* Produktbildung durch Arylshift

dtbpx dtbpx02

Schema 5.4 Palladium-katalysierte Semipinacol-artige Umlagerung von [B-Aryloxy- oder [B-Alkoxy-
benzylischen Alkoholen zu 2-Arylethylacetaten.
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6 Experimental part
6.1 General information

The ligand a,a'-bis-(di-tert-butylphosphino)-ortho-xylene (dtbpx, L1) was obtained
commercially from ABCR or Strem chemicals, respectively, and stored in the glovebox
(Glovebox Systemtechnik GS MEGA 4, H,O < 0.1 ppm, O, < 0.3 ppm). All other reagents
were purchased from ABCR, Acros, Alfa Aesar, Fluka, Merck, Sigma Aldrich or TCI and used
without further purification unless otherwise noted. Solvents were distilled prior to use.

Reactions sensitive to oxygen or moisture were carried out in glassware which was
flame-dried under vacuum prior to use. All catalytic reactions were performed under an inert
atmosphere of nitrogen or argon in glass pressure tubes bearing a PTFE stopcock. The
tubes were sealed with screw-caps containing a silicone rubber gasket coated with PTFE.

Degassing of solvents was performed by bubbling argon through the respective liquid for
at least 30 min or by three cycles of freeze-pump-thaw treatment. If necessary, solvents were

dried according to literature procedures.™

Column chromatography was carried out using silica gel (60 A) as stationary phase,
either manually using gravity flow conditions in a standard glass column setup under isocratic
elution or on an Interchim Puriflash system under gradient elution (flash column
chromatography). Gradients were developed depending on the solvent ratios of a binary
eluent system found ideal for a Ry ~ 0.25 on TLC (ratio X/Y, Y is the strong solvent,
X+Y =100), Standard program: 0—-1CV: isocratic Y/4, 1—- 12 CV: gradient to Y*2,
12 — 15 CV: isocratic Y*2. Flow rates: 23 g SiO, 50 ym - 15 mL/min, 37 g SiO2 50 ym -

26 mL/min. Ideal solvent ratios are given for every isolated product.

Thin layer chromatography (TLC) was performed with aluminium plates coated with silica
gel 60 F254 (layer thickness: 0.2 mm) and analyzed under UV-light (254 nm) or stained with

a potassium permanganate solution.
6.2 Analytical techniques

Nuclear magnetic resonance spectroscopy (NMR)

NMR spectra were recorded using Bruker Avance 400 (*H: 400 MHz, *C:101 MHz, 3'P:
162 MHz) or Bruker Avance 300 (*H: 300 MHz, *C: 75 MHz, *P: 121 MHz) machines.
Measurements were performed in commercially available deuterated solvents without TMS
at ambient temperature. For ?H-NMR experiments, non-deuterated solvents were used under

addition of one drop of a respective deuterated solvent as reference. **C-NMR experiments
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were performed in proton-decoupled mode. Chemical shifts d are reported in parts per million
[ppm] relative to the solvent signals as internal standard (*H: CDCls: & = 7.26 ppm, CgDs:
d=7.16 ppm; *C: CDCl3: & = 77.1 ppm, C¢De: 8= 128.1 ppm), exception: *'P spectra were
measured in decoupled mode and referenced externally to phosphoric acid (=0 ppm).
Coupling constants J are given in Hertz [Hz]. *"H NMR splitting patterns are designated as
follows: s = singlet; bs = broad singlet; d = doublet; t = triplet; g = quartet; m = multiplet.
Already published NMR spectra are not shown in this thesis may be retrieved from the
supporting information of the peer-reviewed contribution:

B. Ciszek, I. Fleischer, Chem. Eur. J. 2018, 24, 12259-12263.

Gas chromatography (GC)

GC-FID analysis was carried out on a HP6890 GC system with injector 7683B and Agilent
7820A system by using dry hydrogen as a carrier gas. Program: 50-280M10: Heating from
50 °C to 280 °C within 10 min after injection. The internal standard method was used for
quantitative GC-FID in order to determine yields. For calibration, samples with defined
amounts of substrate and standard (n-pentadecane) were measured with GC-FID and the
obtained data was used to plot the ratio of peak areas A(substrate)/A(standard) against the
mass ratio m(substrate)/m(standard). The resulting slope, after linear regression, is
equivalent to the response factor R, which can be used to quantify unknown samples by

using equation 1. y-Intercepts are unconsidered.

m (substrate) A (substrate)
. R = (1)
m (standard) A (standard)

GC-MS analysis was performed on an Agilent 7820A GC system with Quadrupole MS
Agilent 7820A (EI), an Agilent 190915-433UI column (30 m x 250 ym x 0.25 pm) was used.
Carrier gas: dry hydrogen. Program: 50-280M15: Heating from 50 °C to 280 °C within

15 minutes after injection. Constant column flow mode: 1.2 mL/min.

GC samples were prepared by treating the reaction mixture with a respective amount of
QuadraSil Mercaptopropyl metal scavenger and addition of n-pentadecane as internal
standard (in case of quantitative analysis). The reaction mixture was diluted with
dichloromethane to approximately half the initial concentration, and filtered over celite and

basic aluminium oxide "super I". The diluted filtrate was injected into the gas chromatograph.

High resolution mass spectrometry analyses were were carried out by the mass

spectrometry department of the Institute of Organic Chemistry, University of Tlbingen.
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Qualitative headspace GC measurements of gas samples withdrawn from sealed reactors
were performed on a Thermo Fisher Scientific Trace 1310 Auxiliary oven coupled with a
1310 gas chromatograph containing a 5A molecular sieve column (0.53 mm diameter,
length: 30 m). The measurements were done at the Center for Applied Geoscience of the

University of Tubingen with help from Dr. Thomas Wendel.

Melting point measurements

Melting points were determined using a Schorpp MPM-HV3 with automated or visual

detection and are uncorrected (heating rate 1 °C/min).
6.3 *'P-NMR analysis of the phosphine ligand L1

After variations in the reactivity of different batches of ligand L1 were observed, **P-NMR

analysis of the applied batches was performed.

Integration of the *'P-signals at & = 24.15 and 62.07 ppm resulted in a calculated molar ratio
of L1 to L1-(O), of 75:25 in batch A. For batch B, only the signal at 24.15 ppm was found
showing no contamination of the batch with L1-(O),. The *P-shifts of phosphine and
phosphine oxide are in accordance with the literature.”® The determined ratio was used to
calculate the necessary mass of partially oxidized L1 for a total amount of 4 mol% of non-
oxidized L1 in the transfer hydrogenolysis reaction. The thereby introduced amount of
L1-(O), equals 1.3 mol%.
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Batch A
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6.4 General experimental procedures for developed p alladium-

catalyzed reactions

GP A: Palladium-catalyzed transfer hydrogenolysis o f 1-phenylethanol using methyl

formate as reductant

A flame-dried screw-capped glass pressure tube with stirring bar was brought into the
glovebox and loaded with partially oxidized dtbpx (53 umol, 21 mg, 4.0 mol% dtbpx, dtbpx to
dtbpxO, molar ratio 3:1). The pressure tube was taken out of the glovebox and Pd(acac).
(10 pmol, 3.0 mg, 1.0 mol%) was added under a slight counterstream of argon. The tube was
sealed with a screw-cap and evacuated for at least 30 min. The tube was re-filled with argon
and charged with 1-phenylethanol (1.0 mmol, 0.12mL, 1.0 equiv.) and degassed
1,2-dichloroethane as solvent (1.0 mL). Under stirring methanesulfonic acid (0.16 mmol,
10 pL, 16 mol%) and methyl formate (2.0 mmol, 0.12 pyL, 2.0 equiv.) were added via
microsyringe. The pressure tube and screw-cap were purged with argon, then the tube was
sealed tightly and stirred for 18 h at 100 °C in an aluminium heating block. After the reaction,
the tube was left to cool to room temperature, opened, and the reaction was analyzed via
GC-FID.

GP B: Palladium-catalyzed transfer hydrogenolysis o f benzylic alcohols using formic

acid as reductant

A flame-dried screw-capped glass pressure tube with stirring bar was brought into the
glovebox and loaded with partially oxidized dtbpx (53 umol, 21 mg, 4.0 mol% dtbpx, dtbpx to
dtbpxO, molar ratio 3:1). The pressure tube was taken out of the glovebox and Pd(acac),
(10 pumol, 3.0 mg, 1.0 mol%) was added under a slight counterstream of argon. The tube was
sealed with a screw-cap and evacuated for at least 30 min. The tube was re-filled with argon
and charged with the alcohol substrate (1.0 mmol, 1.0equiv.) and degassed
1,2-dichloroethane as solvent (3.0 mL). Under stirring methanesulfonic acid (0.16 mmol,
10 pL, 16 mol%) and formic acid (2.0 mmol, 75 pL, 2.0 equiv.) were added via microsyringe.
The pressure tube and screw-cap were purged with argon, then the tube was sealed tightly
and stirred for 18 h at 100 °C in an aluminium heating block. After the reaction, the tube was
left to cool to room temperature, opened, and the reaction was either analyzed via GC-FID or

the product was isolated.
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GP C:. Additive screening in the transfer hydrogenol ysis of 1-phenylethanol with

formic acid as reductant

The reaction was set up according to the general procedure B. Together with the
substrate 1-phenylethanol, the respective additive (1.0 equiv.) was added to the reaction

mixture.

GP D: Reaction monitoring and catalyst poisoning te sts in the palladium-catalyzed

transfer hydrogenolysis of 1-phenylethanol with for mic acid as reductant

The reaction was set up according to general procedure B in a 3 mmol scale of
1-phenylethanol and n-pentadecane (300 pL) as internal standard was added. After all
reagents except for formic acid were loaded into the pressure tube, the screw cap was
exchanged for a cap with accessible septum, which was equipped with an on/off stainless
steel valve. The cap was purged with argon and screwed on, the valve was purged with
argon and then the reactor was sealed tightly. After the reaction mixture was heated to
100 °C in the heating block, formic acid was added via microsyringe to determine the starting
point of the reaction. Samples from the reaction mixture were taken through the valve at
defined reaction times and analyzed via GC-FID. For the poisoning experiments, elementary
mercury or a solution of dct or heptanethiol were added via syringe through the septum to the

reaction mixture after a reaction time of 80 min.

GP E: Palladium-catalyzed reductive rearrangement of B-aryloxy or [-alkoxy benzylic

alcohols

A flame-dried screw-capped glass pressure tube with stirring bar was brought into the
glovebox and loaded with partially oxidized dtbpx (15 pmol, 5.8 mg, 3.0 mol% dtbpx, dtbpx to
dtbpxO, molar ratio 3:1). The pressure tube was taken out of the glovebox and Pd(acac),
(3.8 umol, 1.1 mg, 0.75 mol%) was added under a slight counterstream of argon. The tube
was sealed with a screw-cap and evacuated for at least 30 min. The tube was re-filled with
argon and charged with the B-aryloxy or (-alkoxy alcohol substrate (0.5 mmol, 1.0 equiv.)
and degassed 1,2-dichloroethane as solvent (1.0 mL). Under stirring methanesulfonic acid
(0.120 mmol, 6.4 uL, 20 mol%), formic acid (1.5 mmol, 56 pL, 3.0 equiv.) and acetic anhydride
(1.5 mmol, 0.14 mL, 3.0 equiv.) were added via microsyringe. The pressure tube and screw-
cap were purged with argon, then the tube was sealed tightly and stirred for 18 h at 130 °C in
an aluminium heating block. After the reaction, the tube was left to cool to room temperature,

opened, and the reaction was either analyzed via GC-FID or the product was isolated.
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6.5 Procedures for substrate syntheses

6.5.1 Synthesized substrates for the palladium-cata lyzed transfer
hydrogenolysis of benzylic alcohols using formic ac id as reductant

General procedure for the synthesis of benzylic alc ohols via ketone reduction

Following a literature procedure,” in a round bottom flask (100 mL) the respective
benzylic ketone (10 mmol, 1.0 equiv.) was dissolved in methanol (40 mL) and cooled to 0 °C
in an ice bath. NaBH,; (20 mmol, 0.76 g, 2.0 equiv.) was added in one portion and the
reaction mixture was allowed to warm to room temperature while stirring. After TLC analysis
showed completion, the reaction was quenched with saturated aqueous solution of NH,CI
(10 mL). pH was adjusted to ~ 3 and methanol was removed on the rotary evaporator. The
mixture was extracted with dichloromethane (3 x 15 mL), the organic phases were collected,
dried over Na,SO, and filtered. After evaporation of the solvent the desired alcohols were

obtained in pure form.

1-(4-methylphenyl)ethanol (34a)

OH

S

34a

The compound 34a was obtained from the respective benzylic ketone using the general

procedure as a colorless oil in 86% vyield.
CoH120 (136.19 g/mol)

Rs: 0.19 (cyclohexane/ethyl acetate 80:20).
m.p.: ambient temperature.

'H-NMR (400 MHz, CDCly): du/ppm= 7.30 — 7.25 (m, 2H, CHaom), 7.19 — 7.14 (m, 2H,
CHarom), 4.87 (g, J = 6.4 Hz, 1H, CHOH), 2.35 (s, 3H, CHs), 1.77 (bs, 1H, OH), 1.49 (d,
J = 6.5 Hz, 3H, CH(OH)CHb).

C-NMR (75 MHz, CDCI3): 8c/ppm= 142.9, 137.2, 129.2, 125.4, 70.3, 25.1, 21.1.
GC-MS (El): m/z = 136.1 (31, [M™]), 121.1 (100, [M*]-[CH37), 103.1 (6, [M"]-[CH3]-[OHT).
The found analytical data were in accordance with the available literature data.”
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1-(4-fluorophenyl)ethanol (34c)

OH

o

34c

The compound 34c was obtained from the respective benzylic ketone using the general

procedure as a colorless oil in 32% yield.
CsHsFO (140.16 g/mol)

R¢: 0.20 (cyclohexane/ethyl acetate 80:20).
m.p.: ambient temperature.

IH-NMR (400 MHz, CDCly): u/ppm= 7.40 — 7.29 (m, 2H, CHaom), 7.08 — 6.98 (m, 2H,
CHarom), 4.90 (g, J = 6.4 Hz, 1H, CHOH), 1.72 (bs, 1H, OH), 1.48 (d, J = 6.4 Hz, 3H, CHs).

3C-NMR (101 MHz, CDCly): &c/ppm = 162.1 (d, J= 244.9 Hz) , 141.6 (d, J=3.1 Hz),
127.1 (d, J = 8.0 Hz), 115.2 (d, J = 21.3 Hz), 69.7, 25.2.

F_.NMR (282 MHz, CDCls): &/ppm= -115.8.

GC-MS (El): m/z = 140.1 (6, [M™]), 125.0 (27, [M"]-[CH5T), 123.1 (13, [M"]-[OHT), 122.0
(100, [M™]-[F]), 95.0 (8, [M™]-[CH3CH,OH].

The found analytical data were in accordance with the available literature data.®
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1-(4-chlorophenyl)ethanol (34d)

OH

SO

34d

The compound 34d was obtained from the respective benzylic ketone using the general

procedure as a yellowish oil in 85% yield.
CsHoCIO (156.61 g/mol)

Rs: 0.21 (cyclohexane/ethyl acetate 80:20).
m.p.: ambient temperature.

IH-NMR (400 MHz, CDCly): &/ppm= 7.35 — 7.27 (M, 4H, CHarom), 4.88 (g, J = 6.5 Hz, 1H,
CHOH), 1.78 (bs, 1H, OH), 1.47 (d, J = 6.5 Hz, 3H, CHy).

3C-NMR (75 MHz, CDCly): 8c/ppm= 144.3, 133.1, 128.6, 126.8, 69.8, 25.3.

GC-MS (El): m/z = 156.0 [21, M*], 141.0 (100, [M*]-[CHsT), 121.1 (15, [M*]-[CI]), 113.0 (48,
[M*]-[CHOHCHS5T), 103.0 (21, [M"]-[OHT-[CI']).

The found analytical data were in accordance with the available literature data.!”
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1-(4-iodophenyl)ethanol (34f)

OH

o

34f

The compound 34f was obtained from the respective benzylic ketone using the general

procedure as a white solid in 91% yield.
CgHolO (246.06 g/mol)

R¢: 0.19 (cyclohexane/ethyl acetate 80:20).
m.p.: 49.2 °C

'H-NMR (400 MHz, CDCly): &y/ppm= 7.71 — 7.65 (m, 2H, CHawom), 7.16 — 7.10 (m, 2H,
CHarom), 4.86 (g, J = 6.5 Hz, 1H, CHOH), 1.58 (bs, 1H, OH), 1.47 (d, J = 6.5 Hz, 3H, CH).

13C-NMR (101 MHz, CDCls): 3c/ppm= 145.5, 137.6, 127.4, 92.7, 69.9, 25.3.

GC-MS (El): m/z = 248.0 (13, [M*]), 229.9 (76, [M*]-[H.0]), 216.9 (15, [M*]-[OH-
[CH5T), 203.9 (4, [M*]-[CH2(OH)CHsT), 121.1 (6, [M™]-[I']), 104.1 (100, [M*]-[OH’]-
(D).

The found analytical data were in accordance with the available literature data.®
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1-(4-nitrophenyl)ethanol (34i)

The compound 34i was obtained from the respective benzylic ketone using the general

procedure as a yellow oil in 90% yield.
CsHoNO; (167.16 g/mol)

R¢: 0.10 (cyclohexane/ethyl acetate 80:20).
m.p.: ambient temperature.

IH-NMR (400 MHz, CDCly): 8y/ppm= 8.30 — 8.01 (m, 2H, CHarom), 7.63 — 7.39 (m, 2H,
CHarom), 5.02 (g, J = 6.5 Hz, 1H, CHOH), 1.85 (bs, 1H, OH), 1.52 (d, J = 6.5 Hz, 3H, CH).

13C-NMR (101 MHz, CDCly): 8c/ppm= 153.1, 126.1, 123.8, 69.5, 25.6.

GC-MS (El): m/z = 167.0 (2, [M*]), 152.0 (100, [M"]-[CH5T]), 121.1 (60, [M*]-[NO,]), 107.0
(63, [M"]-[NO,]-[CH3).

The found analytical data were in accordance with the available literature data.®
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1-(4-cyanaphenyl)ethanol (34k)

OH

A

34k

The compound 34k was obtained from the respective benzylic ketone using the general

procedure as a colorless oil in 76% yield.
CoHsNO (147.18 g/mol)

R¢: 0.08 (cyclohexane/ethyl acetate 80:20).
m.p.: ambient temperature.

IH-NMR (400 MHz, CDCly): 8/ppm= 7.68 — 7.59 (m, 2H, CHaom), 7.54 — 7.44 (m, 2H,
CHarom), 4.96 (g, J = 6.5 Hz, 1H, CHOH), 1.93 (bs, 1H, OH), 1.49 (d, J = 6.5 Hz, 3H, CH).

3C-NMR (101 MHz, CDCly): 8c/ppm= 151.1, 132.4, 126.1, 118.9, 111.1, 69.7, 25.4.
GC-MS (El): m/z = 147.1 (6, [M*), 132.1 (80, [M*]-[CH5"), 104.1 (100, [M*]-[CN]-[OH).

The found analytical data were in accordance with the available literature data.”
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1-(4-(methoxycarbonyl)phenyl)ethanol (349)

OH

349

The compound 34g was obtained from the respective benzylic ketone using the general

procedure as a colorless oil in 73% yield.
C10H1203 (180.20 g/mol)

R¢: 0.28 (cyclohexane/ethyl acetate 80:20).
m.p.: ambient temperature.

IH-NMR (400 MHz, CDCly): &4/ppm= 8.04 — 7.98 (m, 2H, CHuwom), 7.46 — 7.41 (m, 2H,
CHarom), 4.96 (g, J = 6.5 Hz, 1H, CHOH), 3.91 (s, 3H, C(O)OCHj), 1.90 (bs, 1H, OH), 1.50 (d,
J = 6.5 Hz, 3H, CH(OH)CHb).

3C-NMR (75 MHz, CDCls): 8c/ppm= 167.0, 150.9, 129.9, 129.2, 125.3, 70.0, 52.1, 25.3.

GC-MS (El): m/z = 180.1 (14, [M™]), 165.1 (94, [M"]-[CH5T), 149.1 (27, [M"]-[CHsO']), 134.1
(15, [M™]-[CHs0'-[CH51), 121.1 (31, [M*]-[CH:0C(O)7]), 105.0 (42, [M*"]-[CH;0C(O)]-[OH]).

The found analytical data were in accordance with the available literature data.*”
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1-(4-biphenyl)ethanol (34l)

OH

o

341

The compound 34| was obtained from the respective benzylic ketone using the general

procedure as a white solid in 88% yield.
C14H140 (198.27 g/moal)

R¢: 0.34 (cyclohexane/ethyl acetate 80:20).
m.p.: 96.7 °C.

IH-NMR (400 MHz, CDCly): 8u/ppm= 7.63 — 7.55 (m, 4H, CHaom), 7.49 — 7.41 (m, 4H,
CHarom), 7.39 — 7.31 (M, 1H, CHarom), 4.97 (g, J = 6.5 Hz, 1H, CHOH), 1.70 (bs, 1H, OH), 1.55
(d, J = 6.5 Hz, 3H, CHa).

C-NMR (75 MHz, CDCly): &c/ppm= 144.8, 140.9, 140.5, 128.8, 127.3, 127.1, 125.9, 70.2,
25.2.

GC-MS (El): m/z = 198.1 (1, [M"]), 181.1 (55, [M*]-{OHT), 166.1 (100, [M*]-[OHT-[CH5]),
153.1 (17, [M*]-[CH(OH)CH3).

The found analytical data were in accordance with the available literature data.*"
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1-(2-methoxyphenyl)ethanol (34p)

>0  OH

o8

34p

The compound 34p was obtained from the respective benzylic ketone using the general

procedure as a colorless oil in 46% vyield.
CoH120, (152.19 g/mol)

R¢: 0.21 (cyclohexane/ethyl acetate 80:20).
m.p.: ambient temperature.

'H-NMR (400 MHz, CDCly): &4/ppm= 7.34 (dd, J = 7.5, 1.6 Hz, 1H, CHarom), 7.25 (td, J = 7.9,
1.7 Hz, 1H, CHarom), 6.97 (td, J = 7.5, 0.8 Hz, 1H, CHarom), 6.89 (d, J = 8.2 Hz, 1H, CHarom),
5.10 (g, J = 6.5 Hz, 1H, CHOH), 3.87 (s, 3H, COCHz), 1.51 (d, J = 6.5 Hz, 3H, CH(OH)CHb).

3C-NMR (75 MHz, CDCly): &:/ppm= 156.6, 133.5, 128.3, 126.1, 120.8, 110.5, 66.6, 55.3,
22.9.

GC-MS (El): m/z = 152.1 (22, [M"]), 137.0 (100, [M*]-[CH57]), 119.0 (70, [M*]-[CH5-[OHT),
107.0 (52, [M*]-[CH3]-[CH30').

The found analytical data were in accordance with the available literature data.™

159



Chapter 6

1-(2-methylphenyl)ethanol (340)

CH; OH

340

The compound 340 was obtained from the respective benzylic ketone using the general

procedure as a colorless oil in 51% yield.
CyH1,0, (136.19 g/mol)

Rs: 0.27 (cyclohexane/ethyl acetate 80:20).
m.p.: ambient temperature.

IH-NMR (400 MHz, CDCly): &/ppm= 7.52 (d, J = 7.4 Hz, 1H, CHarom), 7.28 — 7.11 (m, 3H,
CHarom), 5.14 (g, J = 6.4 Hz, 1H, CHOH), 2.35 (s, 3H, CaromCHs), 1.69 (bs, 1H, OH), 1.47 (d,
J = 6.4 Hz, 3H, CH(OH)CHb).

C-NMR (75 MHz, CDCly): &:/ppm= 143.8, 134.3, 130.4, 127.2, 126.4, 124.5, 66.9, 23.9,
18.9.

GC-MS (EI): m/z = 136.1 (2, [M™]), 119.1 (100, [M*]-[OHT), 104.1 ([M*]-[OH]-[CH=T]).

The found analytical data were in accordance with the available literature data.**
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1-(3-methoxyphenyl)ethanol (34s)
| OH
o\©)\
34s

The compound 34s was obtained from the respective benzylic ketone using the general

procedure as a yellowish oil in 91% yield.
CoH120; (152.19 g/mol)

Rs: 0.23 (cyclohexane/ethyl acetate 80:20).
m.p.: ambient temperature.

IH-NMR (400 MHz, CDCly): 8y/ppm= 7.27 (t, J = 8.1 Hz, 1H, CHarom), 6.95 (M, 2H, CHarom),
6.82 (M, 1H, CHarom), 4.88 (0, J = 6.4 Hz, 1H, CHOH), 3.82 (s, 3H, COCH,), 1.82 (bs, 1H,
OH), 1.49 (d, J = 6.5 Hz, 3H, CH(OH)CHa).

¥C-NMR (75 MHz, CDCly): &:./ppm= 159.8, 147.6, 129.6, 117.7, 112.9, 110.9, 70.4, 55.3,
25.2.

GC-MS (El): m/z = 152.1 (7, [M*]), 134.1 (100, [M*']-[H,O]), 121.1 (38, [M*]-[CH;O7]), 104.1
(22, [M*]-[OH]-[CH:O]).

The found analytical data were in accordance with the available literature data.*®
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1-(2-naphthyl)ethanol (34u)

OH

34u

The compound 34u was obtained from the respective benzylic ketone using the general

procedure as a white solid in 88% vyield.
C12H1,0 (172.23 g/mol)

R¢: 0.20 (cyclohexane/ethyl acetate 80:20).
m.p.: 74.4 °C

'H-NMR (400 MHz, CDCly): du/ppm= 7.91 — 7.75 (m, 4H, CHaom), 7.57 — 7.37 (m, 3H,
CHarom), 5.08 (g, J = 6.5 Hz, 1H, CHOH), 1.73 (bs, 1H, OH), 1.59 (d, J = 6.5 Hz, 3H, CH).

3C-NMR (75 MHz, CDCly): &c/ppm= 143.2, 132.9, 128.4, 127.9, 127.7, 126.2, 125.8, 123.8,
70.6, 25.2.

GC-MS (El): m/z = 172.1 (2, [M™]), 154.1 (71, [M*]-[H,0]), 140.1 (100, [M*]-[OH]-[CH5T),
127.1 (17, [M"]-[CH(OH)CH3].

The found analytical data were in accordance with the available literature data.™!
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1,2,3,4-tetrahydronaphthalen-1-ol (34v)

OH

CO

34v

The compound 34v was obtained from the respective benzylic ketone using the general

procedure as a brown oil in 83% vyield.
C10H120 (148.21 g/mol)

Rf: 0.12 (cyclohexane/ethyl acetate 90:10).
m.p.: ambient temperature.

IH-NMR (400 MHz, CDCly): 8u/ppm= 7.48 — 7.39 (m, 1H, CHaom), 7.24 — 7.17 (m, 2H,
CHarom), 7.15 — 7.07 (M, 1H, CHarom), 4.79 (M, 1H, CHOH), 2.90 — 2.66 (m, 2H, CH,), 2.08 —
1.87 (m, 3H, CH,), 1.79 (m, 1H, CH,), 1.65 (bs, 1H, OH).

C-NMR (75 MHz, CDCls): Séc/ppm= 138.8, 137.2, 129.1, 128.7, 127.6, 126.2, 68.2, 32.3,
29.3, 18.8.

GC-MS (El): m/z = 148.1 (20, [M*]), 130.1 (100, [M"]-[H,O]), 119.1 (55, [M*]-[CHOHY),
105.0 (21, [M*]-[CH,CHOHY).

The found analytical data were in accordance with the available literature data.
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2,2-dimethyl-1-phenylpropan-1-ol (3490)

OH

oh

345

The compound 349 was obtained from the respective benzylic ketone using the general

procedure as a colorless oil in 41% vyield.
C11H160 (164.25 g/mol)

Rs. 0.16 (cyclohexane/ethyl acetate 95:5).
m.p.: ambient temperature.

'H-NMR (400 MHz, CDCly): &4/ppm= 7.34 — 7.26 (m, 5H, CHarom), 4.40 (s, 1H, CHOH), 1.80
(bs, 1H, OH), 0.93 (s, 9H, C(CHs)s).

3C-NMR (75 MHz, CDCls): 8c/ppm= 142.2, 127.6, 127.6, 127.3, 82.4, 35.6, 25.9.

GC-MS (El): m/z = 164.1 (3, [M*]), 146.1 (3, [M"]-[H20]), 131.1 (9, [M"]-[OH]-[CH5T), 107.1
(100, [M"]-[C4Hy)).

The found analytical data were in accordance with the available literature data.™

164



Experimental part

1-(3-pyridyl)ethanol (340)

OH

\

340

The compound 3408 was obtained from the respective ketone using the general procedure as

a colorless oil in 88% vyield.

C;HsNO (123.16 g/mol)

Rs: 0.18 (cyclohexane/ethyl acetate 80:20).
m.p.: ambient temperature.

IH-NMR (400 MHz, CDCly): &/ppm= 8.55 (d, J = 1.5 Hz, 1H, CHarom), 8.51 — 8.44 (m, 1H,
CHarom), 7.74 (dt, J = 7.9, 1.8 Hz, 1H, CHawom), 7.31 — 7.24 (m, 1H, CHaom), 4.95 (g,
J = 6.5 Hz, 1H, CHOH), 2.59 (bs, 1H, OH), 1.52 (d, J = 6.5 Hz, 3H, CHy).

B3C-NMR (75 MHz, CDCls): 8c/ppm= 148.6, 147.3, 141.2, 133.3, 123.6, 68.0, 25.3.
GC-MS (El): m/z = 123.1 (29, [M™]), 108.0 (100, [M*]-[CH3]).

The found analytical data were in accordance with the available literature data.**
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1-(2-pyridyl)ethanol (34n)

OH

X
N

34n

The compound 34n was obtained from the respective ketone using the general procedure as

a colorless oil in 20% yield.

C;HsNO (123.16 g/mol)

R¢: 0.19 (cyclohexane/ethyl acetate 80:20).
m.p.: ambient temperature.

IH-NMR (400 MHz, CDCly): &./ppm= 8.54 (d, J = 4.8 Hz, 1H, CHawom), 7.69 (td, J = 7.7,
1.7 Hz, 1H, CHarom), 7.28 (d, J = 8.7 Hz, 1H, CHarom), 7.24 — 7.16 (M, 1H, CHarom), 4.89 (q,
J = 6.5 Hz, 1H, CHOH), 1.51 (d, J = 6.5 Hz, 3H, CHy).

13C-NMR (75 MHz, CDCly): 8c/ppm= 163.0, 148.1, 136.8, 122.3, 119.8, 68.8, 24.3.
GC-MS (El): m/z =123.1 (9, [M*]), 106.1 (100, [M"]-[OH]).

The found analytical data were in accordance with the available literature data.™
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1-(2-naphthyl)ethanol-ds; (56-ds)

OH
56-d,

The compound 56-d; was obtained from the respective ketone using the general procedure

as a white solid in 97% yield.
C12HgD3O (175.25 g/mol)

Rs: 0.25 (hexane/ethyl acetate 90:10).
m.p.: 71.4 °C.

'H-NMR (400 MHz, CDCly): &/ppm= 7.88 — 7.78 (m, 4H, CHawom), 7.56 — 7.40 (m, 3H,
CHarom), 5.07 (s, 1H, CHOH), 1.73 (bs, 1H, OH).

3C-NMR (75 MHz, CDCly): 8c/ppm= 132.9, 128.4, 127.9, 127.7, 126.2, 125.8, 123.8, 70.4.

GC-MS (El): m/z = not determined due to high boiling point. 175.1 (4, [M™]), 156.0 (58, [M™"]-
[HDOY]), 140.1 (100, [M*]-[OH]-[CDsY).

So far, no analytical data was available for this compound in the literature.

167



Chapter 6

g T—

L0°5—

9z
L
oL
9L
8L
6L
054
05°L
15°¢
€8¢
£5°¢
s
2 e
S8
S8
98°L

OH

CD;,

56-d,

= E1'T

00T

\IMJ Feog

- 0y

0.0

0.5

4.5 4.0 3.5 3.0 25 2.0 15 1.0

5.0

6.5 6.0 5.5
f1 (ppm)

70

7.5

11.0 105 10.0 95 9.0 8.5 8.0

115

b0

E8ELT
E/'SET
81921
B9LET
S6'LZT
SE'BET
£6°CEl

AN

A

7

N ot A

OH

CD,

56-d,

30 20 10

40

200 190 180 170 160 150 140 130 120 110 100 a0 80 70
fL (ppm)

210

168



Experimental part

Procedure for the synthesis of 4-hydroxy-4-phenyl-b utan-2-one (34w)

According to a modified literature procedure,™ to an ice-cold solution of benzaldehyde
(10 mmol, 1.0 mL, 1 equiv.) in acetone (14 mL) and water (14 mL) was added pyrrolidine
(10 mmol, 0.82 mL, 1 equiv.). The mixture was stirred at 0 °C for 10 min and extracted with
dichloromethane (3 x 15 mL). The organic phase was washed with diluted hydrochloric acid
and dried over MgSO,. Evaporation of the solvent yielded the crude product which was
purified via column chromatography (petroleum ether/ethyl acetate 60:40) to give pure 34w
as a colorless oil (0.77 g, 47% vyield).

4-hydroxy-4-phenyl-butan-2-one (34w)

OH O

O)\/k

34w
C1oH12,0; (164.20 g/mol)
Rf: 0.51 (petroleum ether/ethyl acetate 60:40).
m.p.: ambient temperature.

IH-NMR (400 MHz, CDCly): &4/ppm= 7.37 — 7.26 (M, 5H, CHarom), 5.16 (dd, J = 9.0, 3.4 Hz,
1H, CHOH), 2.86 (qd, J = 17.6, 6.2 Hz, 2H, CH,), 2.20 (s, 3H, CHa).

3C-NMR (75 MHz, CDCls): 8c/ppm=209.1, 142.7, 128.6, 127.7, 125.6, 69.9, 52.0, 30.8.

GC-MS (El): m/z = 164.1 (1, [M™]), 148.1 (4, [M"]-[O7]), 132.1 (8, [M*]-[O]-[OHT), 117.1 (14,
[M™]-[O'-[OHT-[CH5T), 105.0 (100, [M*]-[OH]-[C(O)CH3T).

The found analytical data were in accordance with the available literature data.**
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6.5.2 Synthesized substrates for the palladium-cata lyzed reductive

semipinacol-type rearrangement of  B-aryloxy or [(3-alkoxy benzylic alcohols

o0

5

2-phenoxy-1-phenyl-ethanol (5)

The compound 5 was obtained from the respective ketone using the general procedure

presented in section 6.5.1 as a white solid in 93% vyield.
C14H140; (214.26 g/mol)

R¢: 0.38 (hexane/ethyl acetate 90:10).

m.p.: 58.2 °C.

IH-NMR (400 MHz, CDCly): u/ppm= 7.50 — 7.45 (m, 2H, CHaom), 7.44 — 7.38 (m, 2H,
CHarom), 7.38 — 7.27 (M, 3H, CHarom), 7.02 — 6.97 (M, 1H, CHawom), 6.96 — 6.91 (m, 2H,
CHarom), 5.14 (dd, J = 8.8, 3.1 Hz, 1H, CHOH), 4.13 (dd, J = 9.6, 3.2 Hz, 1H, CH,), 4.03 (dd,
J=8.9,0.7 Hz, 1H, CH,), 2.86 (bs, 1H, OH).

C-NMR (75 MHz, CDCls): &c/ppm= 158.4, 139.7, 129.6, 128.6, 128.2, 126.3, 121.3, 114.7,
73.3, 72.6.

GC-MS (El): m/z = 214.1 (9, [M™]), 196.1 (55, [M*]-[H.O]), 120.0 (11, [M*]-[CsHsO]), 108.1
(100, [M*]-[CeHsOCH,).

The found analytical data were in accordance with the available literature data.*®
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2-methoxy-1-phenyl-ethanol (15)
OH
©)\/O\
15

The compound 15 was obtained from the respective ketone using the general procedure

presented in section 6.5.1 as a colorless oil in 76% vyield.
CoH120; (152.19 g/mol)

R¢: 0.36 (hexane/ethyl acetate 90:10).

m.p.: ambient temperature.

IH-NMR (400 MHz, CDCly): &4/ppm= 7.41 — 7.33 (M, 4H, CHarom), 7.30 (ddd, J = 6.7, 3.8, 1.7
Hz, 1H, CHarom), 4.90 (dd, J = 8.9, 3.2 Hz, 1H, CHOH), 3.55 (dd, J = 9.8, 3.2 Hz, 1H, CH,0),
3.48 — 3.40 (m, 4H, CH,O and OCHg), 2.75 (bs, 1H, OH).

3C-NMR (75 MHz, CDCls): 8c/ppm= 140.2, 128.4, 127.9, 126.2, 78.2, 72.7, 59.0.
GC-MS (El): m/z = 152.0 (100, [M™]), 137.0 (2, [M*]-[CH3]).

The found analytical data were in accordance with the available literature data.™”
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2-methoxy-1-(4-fluorophenyl)ethanol (19)

/@)\/O\
F

19

The compound 19 was obtained from the respective ketone using the general procedure

presented in section 6.5.1 as a dark red oil in quantitative yield.
CoH11FO; (170.18 g/mol)

R¢: 0.19 (hexane/ethyl acetate 80:20).

m.p.: ambient temperature.

IH-NMR (400 MHz, CDCly): &/ppm= 7.38 — 7.32 (M, 2H, CHarom), 7.04 (ddd, J = 10.8, 5.9,
2.5 Hz, 2H, CHarom), 4.87 (dd, J = 8.8, 3.2 Hz, 1H, CHOH), 3.52 (dd, J = 9.8, 3.3 Hz, 1H,
CH,0), 3.43 (s, 3H, OCHy), 3.39 (dd, J = 9.7, 8.9 Hz, 1H, CH,0), 2.79 (bs, 1H, OH).

13C-NMR (75 MHz, CDCl,): &c</ppm= 162.4 (d, J = 245.7 Hz), 135.9, 127.8 (d, J = 8.1 Hz),
115.3 (d, J = 21.4 Hz), 78.1, 72.0, 59.1.

YF.NMR (376 MHz, CDCly): &¢/ppm = -114.7.

GC-MS (El): m/z = 170.0 (5, [M*]), 152.0 (21, [M"]-[H.O]), 125.0 (100, [M*]-[CH:OCH,]),
109.0 (55, [M*]-[CHsOCH,]-[OHT).

The found analytical data were in accordance with the available literature data.®
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2-methyl-2-phenoxy-1-phenylpropanol (24)
OH
0
24

The compound 24 was obtained from the respective ketone using the general procedure

presented in section 6.5.1 as colorless oil in 95% vyield.
C16H1802 (242.32 g/mol)

Rs: 0.13 (hexane/diethyl ether 95:5).

m.p.: ambient temperature.

'H-NMR (400 MHz, CDCly): &4/ppm= 7.45 (dd, J = 8.0, 1.2 Hz, 2H, CHawom), 7.37 — 7.27 (m,
5H, CHarom), 7.15 — 7.10 (M, 1H, CHarom), 7.04 — 7.00 (M, 2H, CHarom), 4.80 (s, 1H, CHOH),
1.20 (s, 3H, CHs), 1.16 (s, 3H, CH).

3C-NMR (75 MHz, CDCly): 8./ppm= 154.4, 139.8, 129.3, 128.1, 128.0, 127.9, 124.6, 124.2,
83.9, 80.5, 23.6, 20.5.

GC-MS (El): m/z = 242.1 (1, [M*]), 225.1 (3, [M"]-[OH), 149.1 (11, [M*]-[CsHsOT), 135.1
(54, [M*]-[CsHsCH(OH)T), 120.1 (100, [M*]-[CsHsCH(OH)]-[CH3].

The found analytical data were in accordance with the available literature data.™
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Procedure for the synthesis of 2-methoxy-1-(1-napht  hyl)ethanol (17)

Following a non-optimized modified literature procedure,””® magnesium turnings
(6.6 mmol, 0.16 g, 1.2 equiv.) were suspended in dry THF (15mL) under an argon
atmosphere. Under stirring, 1-bromonaphthalene (5.5 mmol, 0.77 mL, 1.1 equiv.) was added
and the mixture was refluxed until a darkening of the suspension became evident. The
mixture was cooled to room temperature, then a solution of methoxyacetonitrile (5.0 mmol,
0.38 mL, 1.0 equiv.) in dry THF (5 mL) was added dropwise to the Grignard reagent, and the
mixture was heated to 70 °C for 5 hours. The reaction was quenched by the slow addition of
a saturated aqueous solution of NH,Cl (15 mL). After pH was adjusted to ~ 2, the crude
product was hydrolyzed in a separation funnel. The aqueous phase was neutralized using a
saturated aqueous solution of Na,CO3; and extracted with dichloromethane (3 x 20 mL). The
organic phases were combined, dried over Na,SO, and filtered. After evaporation of the
solvent in vacuo, an oily residue was obtained, which was redissolved in methanol (20 mL).
The stirred solution was cooled to 0°C in an ice bath and NaBH,; (10 mmol, 0.38 g,
2.0 equiv.) was added in portions. The reaction was allowed to warm to room temperature
and stirred until TLC control showed completion. After quenching with aqueous saturated
NH4CI solution (15 mL) and adujsting pH to ~ 3, methanol was removed on the rotary
evaporator. The remaining aqueous phase was extracted with dichloromethane (3 x 20 mL),
the organic phases were combined, dried over Na,SO, and filtered. The crude product
solution was concentrated and purified by flash column chromatography (hexane/ethyl

acetate 80:20) to furnish 17 as a colorless ail (442 mg, 44% vyield).
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2-methoxy-1-(1-naphthyl)ethanol (17)

OH
At

17
The compound 17 was obtained from 1-bromonaphthalene as a colorless oil in 44% yield.
C13H140; (202.25 g/mol)
R¢: 0.30 (hexane/ethyl acetate 80:20).
m.p.: ambient temperature.

IH-NMR (400 MHz, CDCly): &/ppm= 8.07 (d, J = 8.3 Hz, 1H, CHarom), 7.91 — 7.85 (m, 1H,
CHarom), 7.78 (dd, J = 20.0, 7.7 Hz, 2H, CHarom), 7.51 (qdd, J = 6.8, 5.9, 1.5 Hz, 3H, CHarom),
5.72 (dt, J = 8.9, 2.4 Hz, 1H, CHOH), 3.78 (dd, J = 10.0, 2.8 Hz, 1H, CH,0), 3.54 (dd,
J=9.9, 9.0 Hz, 1H, CH,0), 3.48 (s, 3H, OCHs), 2.91 (bs, J = 5.4 Hz, 1H, OH).

¥C-NMR (75 MHz, CDCly): &c/ppm= 135.7, 133.7, 130.5, 129.0, 128.3, 126.2, 125.6, 123.6,
122.7, 77.6, 69.7, 59.1.

GC-MS (El): m/z = 202.1 (9, [M*]), 172.1 (2, [M*]-[CH;07), 155.0 (100, [M*]-[CH;OCH,T),
141.1 (9, [M*]-[CH;OCH,]-[OHT), 127.0 (95, [M*]-[CH;OCH,CH(OH)T).

The found analytical data were in accordance with the available literature data.’””
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Experimental part

6.5.3 Synthesized substrate precursors for the pall  adium-catalyzed reductive
semipinacol-type rearrangement of B-aryloxy or [-alkoxy benzylic

alcohols

Procedure for the synthesis of 2-phenoxy-1-phenylet  hanone

According to a literature procedure,® a 250 mL round-bottom flask was charged with
phenol (28 mmol, 2.6 g, 1.1 equiv.) and K,CO3 (38 mmol, 5.2 g, 1.5 equiv.). The solids were
suspended in acetone (75 mL) and a solution of 2-bromoacetophenone (25 mmol, 5.0 g,
1.0 equiv.) in acetone (75 mL) was added dropwise under stirring in 30 min. The flask was
equipped with a reflux condenser and the reaction mixture was refluxed over night. After
cooling the reaction to room temperature, residual solids were filtered off and the filtrate was
concentrated in vacuo. The obtained crude product was recrystallized from methanol to give

2-phenoxy-1-phenylethanone as a white solid (3.6 g, 77% vyield).
2-phenoxy-1-phenylethanone
O

0
The compound was obtained from 2-bromoacetophenone as a white solid in 77% yield.
C14H150, (21225 g/mOI)
R:: 0.20 (hexane/ethyl acetate 95:5).
m.p.: 72.5 °C.

IH-NMR (400 MHz, CDCly): 8u/ppm= 8.04 — 7.99 (m, 2H, CHaom), 7.66 — 7.59 (m, 1H,
CHarom), 7.54 — 7.46 (M, 2H, CHarom), 7.29 (ddd, J = 7.6, 6.0, 2.3 Hz, 2H, CHarom), 7.02 — 6.93
(M, 3H, CHarom), 5.28 (s, 2H, CH,0).

BC-NMR (75 MHz, CDCls): &c/ppm= 194.6, 158.0, 134.6, 133.9, 129.6, 128.9, 128.2, 121.7,
114.8, 70.8.

GC-MS (El): m/z = 212.1 (8, [M"]), 119.1 (100, [M*]-[CsHsO']), 105.0 (23, [M*]-[CsHsOCH,]).

The found analytical data were in accordance with the available literature data.’?"!
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Experimental part

Procedure for the synthesis of 2-phenoxy-1-phenylpr opanone

Following a modified literature procedure,”™ sodium hydride (21 mmol, 0.50 g, 57% in
mineral oil, 2.2 equiv.) was suspended in anhydrous THF (25 mL) under an argon
atmosphere and cooled to 0 °C in an ice bath. Under stirring, 2-phenoxy-1-phenylethanone
(9.4 mmol, 2.0 g, 1.0 equiv.) was added as solution in anhydrous THF (10 mL). After stirring
for 15 min, methyl iodide (20 mmol, 1.2 mL, 2.1 equiv.) was added dropwise at 0 °C. The
mixture was heated to 40 °C for 1h and cooled to 0 °C. After quenching by the slow addition
of water (25 mL), the reaction mixture was extracted with ethyl acetate (3 x 15 mL). The
combined organic phases were washed with brine (2 x 15 mL), dried over Na,SO, and
filtered. After evaporation of the solvent, the crude product was purified by column
chromatography (hexane/diethyl ether 99:1) to afford 2-methyl-2-phenoxy-
1-phenylpropanone as colorless oil (590 mg, 52% yield).

2-methyl-2-phenoxy-1-phenylpropanone

@]
SR
The compound was obtained from 2-phenoxy-1-phenylethanone as colorless oil in 52% yield.
C16H160 (24030 g/mOI)
R¢: 0.18 (hexane/diethyl ether 99:1).

m.p.: ambient temperature.

IH-NMR (400 MHz, CDCly): 8u/ppm= 8.32 (dt, J = 8.6, 1.7 Hz, 2H, CHarom), 7.50 (dt, J = 4.0,
1.6 Hz, 1H, CHarom), 7.39 (ddd, J = 8.1, 2.9, 1.3 Hz, 2H, CHarom), 7.17 — 7.11 (M, 2H, CHarom),
6.92 — 6.87 (M, 1H, CHaom), 6.76 (ddd, J = 4.6, 3.4, 1.9 Hz, 2H, CHarom), 1.70 (s, 6H, CHs)

BC-NMR (75 MHz, CDCly): &c/ppm= 202.5, 155.4, 134.4, 133.0, 130.1, 129.3, 128.4, 121.9,
118.7, 84.9, 26.0.

GC-MS (El): m/z = 240.1 (4, [M™]), 225.1 (2, [M"]-[CHs]), 147.1 (4, [M"]-[CsHsO), 135.1
(100, [M™]-[Ce¢HsC(O)]), 105.1 (33, [M"]-[CeHsOC(CHs3),T), 93.1 (16, [M"]-
[CsHsC(O)C(CH3),].

The found analytical data were in accordance with the available literature data.’*”
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Experimental part

Procedure for the synthesis of 1-(4-fluorophenyl)-2 -methoxy-ethanone

Following a non-optimized modified literature procedure,”® a solution of 1-bromo-
4-fluorobenzene (15 mmol, 1.5 mL, 1.5 equiv.) in dry diethyl ether (10 mL) under an argon
atmosphere was cooled to 0 °C in an ice bath and treated with a solution on n-butyllithium
(15 mmol, 9.4 mL, 1.6 M in hexane, 1.5 equiv.). The mixture was stirred under cooling for
2 hours, changing color to a deep orange. Then a solution of methoxyacetonitrile (10 mmol,
0.75 mL, 1.0 equiv) in dry diethyl ether (5 mL) was added at O °C. The reaction was allowed
to warm to room temperature while stirring for 3 hours. After quenching with a saturated
aqueous solution of NH4CI (10 mL), pH was adjusted to ~2 and the crude product was
hydrolyzed in a separation funnel. The mixture was neutralized with a saturated aqueous
solution of Na,COs. The phases were separated and the aqueous solution was extracted with
diethyl ether (3 x 15 mL). The combined organic phases were dried over Na,SO, and filtered.
The solution of the crude product was concentrated in vacuo and purified by flash column
chromatography (hexane/ethyl acetate 90:10). The product 1-(4-fluorophenyl)-2-methoxy-

ethanone was obtained as orange solid (670 mg, 40% yield).

1-(4-fluorophenyl)-2-methoxy-ethanone

@O\
F

The compound was obtained from 1-bromo-4-fluorobenzene as an orange solid in 40% yield.
CoHgFO, (168.17 g/mol)

R¢: 0.19 (hexane/ethyl acetate 90:10).

m.p.: 45.0 °C.

IH-NMR (400 MHz, CDCly): u/ppm= 8.09 — 7.92 (m, 2H, CHarom), 7.20 — 7.03 (m, 2H,
CHarom), 4.66 (s, 2H, CH,0), 3.50 (s, 3H, OCHs).

3C-NMR (75 MHz, CDCls): 8c/ppm= 194.8, 166.0 (d, J = 255.5 Hz), 131.3 (d, J = 3.1 Hz),
130.7 (d, J = 9.4 Hz), 115.9 (d, J = 21.9 Hz), 75.3, 59.5.

F.NMR (376 MHz, CDCly): &¢/ppm = -104.1.
GC-MS (El): m/z = 168.0 (1, [M*]), 137.0 (27, [M*]-[CH507), 123.0 (100, [M*]-[CH;OCH7),
95.0 (47, [M*]-[C(O)CH,OCHS31).

The found analytical data were in accordance with the available literature data.”*!
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Chapter 6

6.6 Miscellaneous syntheses

Procedure for the oxidation of dtbpx

According to a literature procedure,’” a solution of dtbpx (3.8 mmol, 150 mmol) in THF
(30 mL) was treated with aqueous H,O, solution (38 mmol, 3.9 mL, 30% w/w, 10 equiv.). The
mixture was stirred over night at room temperature, then the solvents were removed under
high vacuum. Further drying yielded the product L1-(O), as a white solid in 78% vyield.
o, a'-bis-(di-tert-butylphosphino)-o-xylene dioxide (L1-(O),)
Q
P(tBU)2
ﬁ(tBU)z
O
L1-(0),
Cy4H440,P> (42656 g/mOI)
R:: not determined.
m.p.: 150.0 °C

IH NMR (300 MHz, C¢Dg):du/ppm = 7.34 — 7.25 (m, 2H), 7.02 — 6.97 (m, 2H), 3.99 (d,
J=11.6 Hz, 4H), 1.13 (d, J = 12.9 Hz, 36H).

3P NMR (121 MHz, C¢De):8p/ppm = 61.4 (S).
HRMS (ESI): m/z = [MNa'] calc. for C,4H440,P, 449.27087, found 449.27101.

The found analytical data were in accordance with the available literature data.””
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Experimental part

Procedure for the synthesis of 1-phenylethyl format e (9)

A round bottom flask (50 mL) was equipped with a stirring bar and charged with
1-phenylethanol (5.0 mmol, 0.60 mL, 1.0 equiv.) and formic acid (10 mmol, 0.38 mL,
2.0 equiv.). The reagents were dissolved in 1,2-dichloroethane (15 mL) and methanesulfonic
acid (0.80 mmol, 52 pL, 16 mol%) was added under stirring. The reaction mixture was stirred
overnight. After TLC analysis indicated completion of the reaction, the reaction mixture was
washed with saturated agueous solution of NaHCO; (3 x 10 mL), dried over Na,SO, and
filtered. Evaporation of the solvent yielded pure 1-phenylethyl formate as a colorless oil
(0.69 g, 92% vyield).

1-phenylethyl formate (9)

CyH120 (150.18 g/mol)
R¢: 0.35 (cyclohexane/ethyl acetate 95:5).
m.p.: ambient temperature.

'H-NMR (400 MHz, CDCls):8/ppm= 8.09 (s, 1H, HC(0)O), 7.40 — 7.28 (m, 5H, CHarom), 6.02
(g, J = 6.6 Hz, 1H), 1.59 (d, J = 6.6 Hz, 3H).

3C-NMR (75 MHz, CDCI3): 8c/ppm= 160.4, 140.9, 128.6, 128.2, 126.2, 72.2, 22.1.
GC-MS (El): m/z = 150.1 (4, [M™]), 121.1 (2, [M"]-[CHO), 105.1 (100, [M*]-[CO2H).

The found analytical data were in accordance with the available literature data.”
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Procedure for the synthesis of 2-acetonaphthone-d 3

According to a literature procedure,®® 2-acetonaphthone (10 mmol, 1.7 g, 1.0 equiv.)
was added to a solution of pyrrolidine (1 mmol, 83 pL, 10 mol%) in D,O (15 mL) and
anhydrous 1,4-dioxane (15 mL). The reaction mixture was stirred at room temperature for
24 h and poured on H,O (100 mL). After extracting the mixture with diethyl ether (3 x 50 mL),
the combined organic phases were washed with water (1 x 30 mL) and brine (1 x 30 mL),
dried over Na,SO, and filtered. Evaporation of the solvent in vacuo afforded

2-acetonaphthone-ds; as a yellowish solid (1.67 g, 97% vyield).

2-acetonaphthone-d;

0O

ch

C12H7D30 (173.23 g/mol)
R¢: not determined.
m.p.: 54.5 °C.

'H-NMR (400 MHz, CDCls): 84/ppm= 8.47 (S, 1H, CHarom), 8.07 — 7.95 (M, 2H, CHarom), 7.89
(dd, J = 8.3, 4.9 Hz, 2H, CHarom), 7.65 — 7.52 (M, 2H, CHarom).

GC-MS (El): not determined due to high boiling point.

The found analytical data were in accordance with the available literature data.’®
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Chapter 6

Procedure for the synthesis of 2-methyl-2-phenylpro panol

According to a literature procedure,”” LiAlH, (6.7 mmol, 0.25g, 1.1 equiv.) was
suspended in anhydrous diethyl ether (27 mL) under an argon atmosphere and cooled to
0 °C in an ice bath. Under stirring, a solution of 2-methyl-2-phenylpropanoic acid (6.1 mmaol,
1.0 g, 1.0 equiv.) in anhydrous diethyl ether (15 mL) was added dropwise under cooling. The
reaction mixture was stirred at 0 °C for 3 hours. The reaction was quenched by the slow
addition of water (30 mL) at 0 °C, leading to the formation of a white precipitate. The mixture
was stirred for 15 minutes and filtered. Diethyl ether (25 mL) was added to the filtrate,
followed by washing with water (40 mL) and brine (40 mL). The organic phase was dried
over Na,SO, and filtered. Evaporation of the solvent in vacuo afforded 2-methyl-

2-phenylpropanol as a colorless oil (0.51 g, 56% vyield).
2-methyl-2-phenylpropanol

OH

C10H14O (15022 g/mol)
R¢: 0.30 (petroleum ether/diethyl ether 90:10)
m.p.: ambient temperature.

IH-NMR (400 MHz, CDCly): &u/ppm= 7.42 — 7.32 (m, 4H, CHawom), 7.25 — 7.20 (m, 1H,
CHarom), 3.62 (s, 2H, CH,OH), 1.35 (s, 6H, CHs), 1.34 (bs, 1H, OH).

3C-NMR (75 MHz, CDCI3): 8c/ppm= 146.3, 128.5, 126.3, 126.2, 73.1, 40.1, 25.3.

GC-MS (El): 150.1 (13, [M*]), 132.1 (10, [M*]-[OHT), 119.1 (100, [M*]-[CH,OHT), 103.1 (5,
[M*]-[CH,OH-[CH5T), 91.1 (58, [M*]-[CH,OH]-[CHs]-[CHs"]).

The found analytical data were in accordance with the available literature data.””!
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Chapter 6

Procedure for the synthesis of 2-methyl-2-phenylpro pyl acetate (26)

Following a literature procedure,”® a solution of 2-methyl-2-phenylpropanol (3.1 mmol,
0.46 g, 1.0 equiv.) in pyridine (1.5 mL) was cooled to approximately 10 °C. Acetic anhydride
(6.1 mmol, 0.58 mL, 2.0 equiv.) was added. The reaction mixture was kept at the given
temperature and stirred until TLC control showed completion. Ethyl acetate (4 mL) and water
(2 mL) were added to quench the reaction, after 30 minutes of stirring hydrochloric acid
(10 mL, 3 M) was added. The organic layer was separated and washed with saturated
aqueous Na,COs solution until a neutral pH was reached. The organic phase was dried over
Na,SO, und filtered. Evaporation of the solvent in vacuo afforded 26 as colorless oil (0.31 g,
53% yield).

2-methyl-2-phenylpropyl acetate (26)

26
C1H160; (192.26 g/mol)
Rs. 0.39 (hexane/ethyl acetate 95:5)
m.p.: ambient temperature.

IH-NMR (400 MHz, CDCly): &4/ppm= 7.32 — 7.22 (m, 4H, CHawom), 7.17 — 7.12 (m, 1H,
CHarom), 4.06 (s, 2H, CH,0), 1.93 (s, 3H, C(O)CHs), 1.29 (s, 6H, CHs).

C-NMR (75 MHz, CDCI3): 8c/ppm= 171.2, 146.2, 128.2, 126.2, 125.9, 73.0, 38.2, 25.9,
20.9.

GC-MS (El): 192.1 (9, [M*™]), 132.1 (27, [M"]-[AcO]), 119.13 (100, [M*]-[AcOCH,T]), 103.1 (5,
[M*]-JACOCH,]-[CH5T), 91.1 (43, [M"]-[ACOCH,]-[CH5]-[CH5T]).

The found analytical data were in accordance with the available literature data.”
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Chapter 6

6.7 Analytical data for products isolated from Pd-c  atalyzed transfer

hydrogenolysis reactions

2-ethylnaphthalene (35u)

35u

Compound 35u was isolated from the crude reaction mixture after evaporation of the solvent

via kugelrohr distillation under reduced pressure as a colorless oil in 94% yield.

C12H1, (156.23 g/mol)
Rf: 0.65 (cyclohexane/ethyl acetate 80:20).
m.p.: ambient temperature.

'H-NMR (400 MHz, CDCly): 84/ppm= 7.86 — 7.78 (M, 3H, CHarom), 7.66 (bs, 1H, CHarom), 7.44
(M, 3H, CHarom), 2.85 (q, J = 7.6 Hz, 2H, CHy), 1.37 (t, J = 7.6 Hz, 3H, CHa).

3C-NMR (101 MHz, CDCls):8c/ppm=141.8, 133.8, 132.0, 127.8, 127.6, 127.5, 127.1, 125.9,
125.6, 125.0, 29.1, 15.6.

GC-MS (EI): m/z = 156.1 (47, [M*]), 141.1 (100, [M"]-[CHsT), 128.1 (23, [M"]-[CH,CHsT),
115.1 (38, [M*]-[CCH,CH5T), 102.0 (6, [M*]-[CHCCH,CH3).

The found analytical data were in accordance with the available literature data.”®!
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1-ethylnaphthalene (35t)

35t

Compound 35t was isolated from the crude reaction mixture after evaporation of the solvent

via kugelrohr distillation under reduced pressure as a colorless oil in 95% yield.

Clelg (15623 g/mol)
Rs: 0.63 (cyclohexane/ethyl acetate 80:20).
m.p.: ambient temperature.

'H-NMR (400 MHz, CDCly): &4/ppm = 8.08 (d, J = 8.3 Hz, 1H, CHarom), 7.89 — 7.85 (m, 1H,
CHarom), 7.73 (d, J = 8.1 Hz, 1H, CHarom), 7.56 — 7.35 (M, 4H, CHarom), 3.14 (q, J = 7.5 Hz, 2H,
CH,), 1.41 (t, J = 7.5 Hz, 3H, CHa).

BC-NMR (75 MHz, CDCls): 8c/ppm = 140.3, 133.9, 131.8, 128.8, 126.4, 125.7, 125.4, 124.9,
123.8, 25.9, 15.1.

GC-MS (El): m/z = 156.1 (38, [M*]), 141.1 (100, [M"]-[CH5T), 128.1 (19, [M*]-[CH.CH5T).

The found analytical data were in accordance with the available literature data.*”
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triphenylmethane (35a)

(]
J O

350

Compound 35a was isolated from the crude reaction mixture via column chromatography

(petroleum ether 100%) as white crystals in quantitative yield.

ClngG (24434 g/mOI)
R¢: 0.60 (cyclohexane/ethyl acetate 80:20).
m.p.. 90.5 °C.

'H-NMR (400 MHz, CDClg):84/ppm = 7.32 — 7.25 (m, 6H, CHawom), 7.25 — 7.18 (m, 3H,
CHarom), 7.12 (d, J = 7.4 Hz, 6H, CHarom), 5.56 (s, 1H, CH).

3C-NMR (75 MHz, CDCly): 8c/ppm = 143.9, 129.5, 128.3, 126.3, 56.9.
GC-MS (El): m/z = 244.2 (100, [M"]), 167.1 (70, [M*]-[CeHs"]).

The found analytical data were in accordance with the available literature data.?”
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4-ethyl-1,1'-biphenyl (35I)

OO

351

Compound 35| was isolated from the crude reaction mixture via column chromatography
(petroleum ether 100%) as white crystals in 96% vyield.

C14H14 (18227 g/mOI)
Rs. 0.37 (petroleum ether).
m.p.: 45.4 °C.

IH-NMR (400 MHz, CDCl3):8/ppm = 7.63 — 7.58 (m, 2H, CHaom), 7.57 — 7.53 (m, 2H,
CHarom), 7.48 — 7.42 (M, 2H, CHarom), 7.37 — 7.28 (M, 3H, CHarom), 2.72 (g, J = 7.6 Hz, 2H,
CH,), 1.31 (t, J = 7.6 Hz, 3H, CHy).

3C-NMR (101 MHz, CDCly): &c/ppm = 143.4, 141.2, 138.7, 128.7, 128.3, 127.1, 127.0,
126.9, 28.6, 15.6.

GC-MS (El): m/z = 182.2 (63, [M™]), 167.2 (100, [M*]-[CH5T), 153.1 (19, [M*]-[CH.CH3).

The found analytical data were in accordance with the available literature data.?"
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6.8 NMR data for isolated from deuterium-I|

experiments

products abelling

The transfer hydrogenolysis of 1-(2-naphthyl)ethanol (56) was performed with different
deuterated formic acid species following GP B (Scheme 6.1). The resultant 2-ethyl-
naphthalenes 57a-d, 57b-d and 57c-d were isolated and analyzed via 'H- and *H-NMR

spectroscopy.
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To demonstrate a possible chain walking pathway of the palladium catalyst for the
deuterium scrambling on the formed alkyl chains, 1-phenyl-1-propanol (61) was subjected to
a transfer hydrogenolysis experiment applying formic-d acid-d (59) as reductant, following
GP B (Scheme 6.2). The resultant propylbenzene (62-d) was isolated and analyzed via 'H-
and H-NMR spectroscopy.

Pd(acac), (1.0 mol%)
L1 (4.0 mol%)

L1-(0), (1.3 mol%) 23% [D]  32% [D]
OH CH3SO3H (16 mol%)
DCOOD (2.0 equiv.) o ; 2 3
1,2-dichloroethane (0.33 M) *
100 °C, 18 h 23% [D]
61 62-d
Scheme 6.2 Isotope labelling experiments in the tran  sfer hydrogenolysis of 1-phenylpropanol

applying formic-d acid-d (deuterium content determi ned via NMR analysis).
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In a competition experiment containing 1-(2-naphthyl)ethanol-d; (56-ds) and
1-phenylethanol (6), the loss of deuterium from 56-d; as well as an intermolecular deuterium
transfer to 6 was evaluated (Scheme 6.3). The resultant deoxygenated products 57d-d and

7-d were isolated and analyzed via *H-NMR spectroscopy.

Pd(acac), (1.0 mol%)
L1 (4.0 mol%)

L1-(0), (1.3 mol%) 11% (O] 8% [D]
OH OH MeSO3H (16 mol%)
cD HCOOH (4.0 equiv.)

OO 3 1,2—dichloroethane (0.33 M) m m

100 °C, 18 h
16% [D] 11% [D]
56-d; 6 57d-d 7-d
Scheme 6.3 Competition experiment for the transfer h  ydrogenolysis of 1-(2-naphthyl)ethanol-d 3 and

1-phenylethanol (deuterium content determined via NMR analysis).
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6.9 Analytical data for products isolated from Pd-c atalyzed reductive

semipinacol-type rearrangement reactions

2-(1-naphthyl)ethyl acetate (18)

OO O\C[)]/

18

Compound 18 was isolated from the crude reaction mixture via column chromatography

(hexane/ethyl acetate 9:1) as colorless oil in 92% vyield.

C14H140, (21426 g/mOI)
Rs: 0.37 (hexane/ethyl acetate 9:1).
m.p.: ambient temperature.

IH-NMR (400 MHz, CDCly):8/ppm = 8.10 (d, J = 8.5 Hz, 1H, CHarom), 7.87 (dd, J = 8.3,
1.0 Hz, 1H, CHarom), 7.77 (d, J = 8.0 Hz, 1H, CHarom), 7.52 (dddd, J = 21.1, 8.0, 6.8, 1.3 Hz,
2H, CHarom), 7.45 — 7.35 (M, 2H, CHarom), 4.42 (t, J = 7.4 Hz, 2H, CH,CH,0), 3.42 (t, J = 7.4
Hz, 2H, CH,CH,0), 2.06 (s, 3H, OC(O)CHs).

3C-NMR (101 MHz, CDCls): 8c/ppm = 171.1, 133.9, 133.7, 132.1, 128.8, 127.5, 127.0,
126.2, 125.7, 125.5, 123.6, 64.5, 32.2, 21.0.

GC-MS (El): m/z = 214.1 (5, [M"]), 154.1 (100, [M"]-[CHsC(O)OY), 141.1 (34, [M*]-
[ACOCH,T), 128.1 (6, [M*]-][ACOCH,CH,T), 115.1 (23, [M*]-[AcOCH,CH,C"]).

The found analytical data were in accordance with the available literature data.??
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2-(4-fluorophenyl)ethyl acetate (20)

IS

20

Compound 20 was isolated from the crude reaction mixture via column chromatography

(hexane/ethyl acetate 93:7) as orange oil in 62% vyield.

C1oH11FO» (18219 g/mOI)
R¢: 0.38 (hexane/ethyl acetate 93:7).
m.p.: ambient temperature.

IH-NMR (400 MHz, CDCly): &y/ppm = 7.21 — 7.14 (m, 2H, CHawom), 7.02 — 6.95 (m, 2H,
CHarom), 4.25 (t, J = 7.0 Hz, 2H, CH,CH,0), 2.91 (t, J = 7.0 Hz, 2H, CH,CH,0), 2.03 (s, 3H,
OC(O)CHs).

3C-NMR (101 MHz, CDCl,): &c/ppm = 170.98, 161.72 (d, J = 244.5 Hz), 133.49 (d, J = 3.3
Hz), 130.30 (d, J = 7.9 Hz), 115.31 (d, J = 21.2 Hz), 64.83, 34.29, 20.94.

F.NMR (376 MHz, CDCl5): &/ppm = -116.6.

GC-MS (El): m/iz = 181.1 (1, [M™]), 163.1 (2, [M"]-[F]), 139.1 (2, [M"]-[HsCC(O)7]), 123.2
(100, [M*]-[AcO), 109.1 (24, [M*]-[ACOCH,T), 96.1 (5, [M*J-[ACOCH,CH,T).

Although the compound is literature-known™ and commercially accessible, no analytical
data was available so far.
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7 Appendix

7.1 List of abbreviations

Ac acetyl m.p. melting point

acac acetylacetonate m/z mass to charge ratio

aq agueous MS mass selective detector

Ar aryl MsOH methanesulfonic acid

BINOL 1,1'-bi-2-naphthol NHC N-heterocyclic carbene

BTX benzene, toluene, xylene NMR nuclear magnetic resonance

cat. catalytic NP nanoparticle

COD cyclooctadiene PMHS polymethylhydrosiloxane

conc. concentration PMP para-methoxyphenyl

Cp* pentamethylcyclopentadienyl R¢ retention factor

Ccv column volume TEM transmission electron
microscopy

dba dibenzylideneacetone TfOH trifluoromethanesulfonic acid

dct dibenzo[a,e]cyclooctatetraene THF tetrahydrofurane

DDQ 2,3-dichloro-5,6-dicyano- TLC thin layer chromatography

1,4-benzoquinone

DFT density functional theory TOF turnover frequency

DMSO dimethylsulfoxide TsOH para-toluenesulfonic acid

dtbpx a,a'-bis(di-tert-butylphosphino)- ~ w/w mass fraction

ortho-xylene

equiv. equivalents XAFS X-ray absorption fine structure

FID flame ionization detector XANES X-ray absorption near edge
structure

GC gas chromatography xantphos  4,5-bis(diphenylphosphino)-9,9-
dimethylxanthene

H,-TPR  hydrogen temperature XPS X-ray photoelectron

programmed reduction spectroscopy
M molar XRD X-ray diffraction
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