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1. General Introduction

This thesis contains 4 sections and covers the development of deoxygenation reactions of
benzylic alcohols catalysed by homogenous Pd-, Co- and Ti-based systems (Scheme 1.1).

In the first section various literature-available deoxygenation procedures will be discussed in
order to better understand the evolution and applications of these methodologies. Moreover, the
H-donation capabilities of hydrosilane, formic acid and Hantzsch esters will be presented.

In the second section multiple heterogenous Pd-catalysed deoxygenation methods will be
presented together with the optimization attempts conducted for the Pd-catalysed homogenous
deoxygenation procedure developed by Ciszek and Fleischer.

The third and fourth section contain the work on the development of new homogeous Co- and
Ti-catalysed deoxygenations methods in which formic acid, hydrosilanes and Hantzsch esters were
utilized as H-donors.

Pd e e e ‘
J . Hydrogen sources :

R R ! HCOOH R3SiH

OH ! H 5 :

Co > I .

d ©’)\ , EtOOC COOEt '
R: H, CH, R: H, CH3 : m :

] ; HaC™ "N CHy |
{ Ti'

Scheme 1.1. General deoxygenation protocols.

1.1.  Overview on Deoxygenation Reactions

Deoxygenation reactions constitute one of the most important tools in organic chemistry. These
transformations imply the cleavage of a C-O, P-O or S-O bond and, in most cases, the formation of a
new C-H bond. In this chapter, various procedures for the deoxygenation of alcohols and the
classification thereof will be presented, but first, for a better comprehension of these approaches,
standard methodologies for the deoxygenation of carbonyl compounds will be discussed. Additionally,
selected examples of applications of deoxygenation reactions, namely the late-stage functionalization
of bioactive molecules and the valorisation of biomass, will be presented.

1.1.1. Common Protocols for the Deoxygenation of Carbonyls

The most common procedures for the deoxygenation of carbonyl compounds are the
Clemmensen deoxygenation and the Wolff-Kishner (W-K) reduction. Both these original methods were
reported early in the 20" century and are considered to be complementary to each other due to the
substrate tolerance towards acidic and alkaline conditions. Meanwhile, multiple procedures derived
from these two deoxygenation methodologies were published in order to render the initial approaches
better suited for both laboratory and industrial-scale applications. Lately, the modified Wolff-Kishner
procedures were also used as an intermediate step in the deoxygenation of alcohols.

The Clemmensen reduction was published by E. Clemmensen in 1913 (Scheme 1.2 - a).!% This
method utilizes a zinc-mercury amalgam dissolved in a concentrated HCl solution for the
deoxygenation of aldehydes and ketones. Although this system is very efficient for the reduction of
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aromatic carbonyls, substrates, which are unstable under harsh acidic conditions, are unsuitable for this
protocol.

The Wolff-Kishner deoxygenation procedure was developed through the independent studies
of N. Kishner in 1911 and L. Wolffin 1912 (Scheme 1.2 - b).3* In this procedure anhydrous hydrazine
and an excess of metallic Na or sodium ethoxide were dissolved in high-boiling solvents like ethylene
glycol. The excess of sodium was needed to control the amount of in situ generated water, thus, the
formation of sodium hydroxide. This reaction proceeds through a base-catalysed condensation of the
ketone with hydrazine and the generation of the hydrazone intermediate. The deprotonation of the
intermediate and the subsequent thermal decomposition of the hydrazone at approximately 200 °C led
to the formation of the corresponding alkane. Due to the harsh basic and thermal reaction conditions,
this method could be applied on a limited number of substrates. Additionally, very long reaction times
were needed under these initial conditions. Thus, various alternatives of this procedure were developed,
from which the Huang-Minlon modification and the Cram modification are worth mentioning in the
frame of this thesis.

The variation developed by Huang-Minlon was published in 1946 (Scheme 1.2-¢)° A
“two-step” reaction procedure was proposed, in which the reaction mixture should be heated to
190-200 °C only after the KOH-catalysed condensation step is considered complete and the water and
excess hydrazine are distilled off. Thus, the utilization of hydrated hydrazone was possible, and the
addition of Na excess was unnecessary. Additionally, the reaction time was reduced form 50—100 h to
3 h. This alternative to the W-K reduction was latter applied in multiple industrial-scale processes.®’
In 1962, Cram et al. reported a low-temperature alternative to the Wolff-Kishner reduction (Scheme
1.2 - d).® By using this protocol, the deoxygenation of carbonyls yielded high amounts of alkane even
at room temperature. This was achieved by the slow addition of the hydrazine in a ‘BuOK/DMSO
solution. Following these modifications, the Wolff-Kishner reduction became one of the most popular
procedures for the deoxygenation of carbonyls.

! ?J\ Zn(Hg) HXH i
! R" "R? HCI, A R"""R? :
b Wolff-Kishner procedure T
‘ H,N-NH- (anh.) r ,NHQ_ \
. O Na or NaOEt (excess) JNI\ base H><H '
. R'TR?  ethyleneglycol, A |R'" "R? | ethyleneglycol, A R' "R? -
| c. Huang-Minlon modification ;
. HaN-NHz:H0 (85%) [ NH) :
. HH .
E J-L KOH JI\ KOH \ ,
. R"""R?  ethylene glycol R "R? | ethyleneglycol, A R' "R? !
b ] then disillation . :
i d. Cram modification ,
; HoN-NH,H,0 (85%) [ NH, :
: ?J\ 'BUOK 1 'BUOK HH
. R1"SR? DMSO(anh)rt.  |g1o e DMSO (anh.), r.t. R1><Rz 5
\ = 1

Scheme 1.2. Standard procedures for the deoxygenation of carbonyls; (a) Clemmensen reduction;!
(b) Wolff-Kishner reduction;* # (c) Huang-Minlon modification of W-K;* (d) Cram modification of
W-K.3
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1.1.2. Protocols for the Deoxygenation of Alcohols and Bioactive Molecules

Lately, more thermal, catalytical procedures for the deoxygenation of alcohols were developed.
These methodologies can be classified in two categories, based on the number of steps needed for the
C-O bond cleavage (Scheme 1.3). The first and more established category is based on two-step
procedures, which can further be divided into two categories depending on the reaction intermediates.
The majority of two-step deoxygenation procedures include a prefunctionalization of the staring
material, namely the transformation of the hydroxyl groups into better leaving groups like ethers,
thionoesters or phosphites. Although these procedures are usually attractive due to the mild reaction
conditions, they have the major drawback of generating large amounts of waste, which, in some cases,
is highly toxic. The other approach for two-step procedures involves the generation of the corresponding
carbonyl compound via a dehydrogenative oxidation of the alcohol, followed by an in situ Wolftf-
Kishner-type reduction. These procedures were developed more recently and have the advantage of
being more compliant with the green chemistry principles compared to the deoxygenations involving
prefunctionalization, due to the unharmful by-products, namely N, and water. However, the main
disadvantage of these procedures is that they can be applied only for the transformation of primary and
secondary alcohols. The second category are the single-step deoxygenation reactions, which are more
desirable due to the atom-economy, but more difficult to achieve because of the bond high dissociation
(BDE) energy of the C-OH bond.

isolation of R
intermediate ,J<R3 ,]< R3
two-step prefunctionalization R
procedures

one-pot
procedure
R2 dehydrogenative
,]<R3 oxidation
R" “OH R3=H

one-step R2
procedures J< b
R"H

Scheme 1.3. Classification of methodologies for the deoxygenation of alcohols.

1.1.2.1. Two-step Deoxygenation Procedures

One of the most popular homogenous procedures utilized for the deoxygenation of alcohols (1)
and generation of the corresponding alkane is the Barton-McCombie (B-M) protocol (Scheme 1.4).° In
this reaction, 1.5 equivalents of tributyltin (BusSnH) and azobisisobutyronitrile (AIBN) as radical
initiator are employed. The process proceeds through the functionalization of the hydroxy group with
imidoyl chloride and hydrogen sulphide (H>S) to give the corresponding thionoester (2) or xanthate
derivative. This intermediate is susceptible to a radical attack at the S-atom from the in situ generated
BusSne, followed by a rearrangement and the expulsion of the alkyl radical, which further abstracts
hydrogen atom to form the desired product.

1. Imidoyl! chloride S BusSnH (I?IM
Pyridine 1 AIBN €2
R'-OH Y R‘O)LRQ ————— R"“H Imidoyl chloride: R?~{
1 2 H,S 2 3 cl

Scheme 1.4. General reaction scheme of the Barton-McCombie reaction.’
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Although effective in deoxygenating compounds bearing multiple functionalities beside the
alcoholic moieties,'® like cholesterol derivatives and sugars,'! the Barton-McCombie reaction has some
major disadvantages, like the generation of unwanted side-products, regeneration of the alcohol, the use
and formation of toxic tin-compounds and poor atom-economy.!® Additionally, this procedure is
best-suited for sterically hindered secondary alcohols, due to the increased stability of the reaction
intermediates. Consequently, a range of procedures were developed over time in order to undermine
these drawbacks and make the deoxygenation reactions suitable for a wider range of applications. Thus,
the main goals of these studies was to broaden the substrate scope of the transformation, reduce the
quantity of tin-compounds or eliminate them completely by substituting them with low amounts of a
benign catalyst and to avoid the necessity of prefunctionalization.'?

Another approach for the deoxygenation of alcohols via prefunctionalization is the prior
formation of phosphorus-containing intermediates in a phosphitylation-deoxygenation reaction
sequence. The first example of a procedure which follows this sequence was published by Ireland et al.
in 1972.!* This procedure utilized harsh reaction conditions, in which alcohols were first transformed
into the corresponding phosphorodiamidites and then deoxygenated by a lithium-ethylamine solution.
An improved version of the Ireland protocol was developed by Zhang and Koreeda in 2004
(Scheme 1.5)."* The main difference between the two approaches was that in the latter the
deoxygenation step was achieved via the B-M protocol. Both these procedures were based on the
capability of trivalent phosphines to generate relatively stable radical species upon inter- or
intramolecular radical addition. This type of P-based species can further undergo a-scission, which
leads to the substitution at the P-atom and generation of a new trivalent species, or B-scission via a O-
R bond cleavage, followed by the oxidation to the corresponding phosphonate and the generation of an
alkyl radical (Scheme 1.5 - a).!> The B-scission pathway is favoured by the bulkier substituents at the
P-atom.

The route envisioned for the deoxygenation of steroids bearing alcoholic moieties is presented
in scheme 1.4- b and c. First, the formation of isolated intermediate 7 was achieved by the
base-catalysed reaction of the alcoholic substrate 1a with methyl dichlorophosphite (CH3;OPCl,, 4),
followed by the addition of 2-(2-iodophenyl)ethanol (6) to the previously generated product 5
(Scheme 1.4 - d). It was presumed that the aryl-containing substituent at the P-atom would inhibit the
a-scission pathway and that by grafting the iodo-substituent on the aromatic ring, the intramolecular
radical addition would be possible. Indeed, upon treatment of 7 with the radical initiator AIBN and the
H-donor, the formation of radical compound 8 was observed, which leads to the generation of 9 via an
intermolecular radical addition. Subsequent generation of 10 through a B-scission, upon the addition of
tributyltin hydride, leads to the formation of the desired product 3a, in a 62% yield with no traces of a-
scission product being detected. Unfortunately, side-product 11 was also produced in considerable
amounts in this example. This side-reaction was supressed when the deoxygenation of more sterically
inaccessible aliphatic primary and secondary alcohols was attempted. Moreover, when aliphatic tertiary
alcohols were submitted to the reaction, no side-product was detected in the reaction mixture. This
procedure was effective on cholesterol derivatives and sugars.

The main advantages of this procedure, compared to the classical Barton-McCombie
deoxygenation, is the increased stability of the reaction intermediates, the possibility of deoxygenating
even more sterically hindered substrates and the facile isolation of the desired products. However, this
method is unattractive for many applications due to the employment of the highly reactive
chlorophosphites.
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R2
a. RZ__R® a-scission 3.5:R" B-scission R®
P™" + R R*P. _Bsclsslon | RZP=0 + R
/O /O R
R R
b.
| AIBN : o R
o T R 5 OCHs
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Scheme 1.5. Deoxygenation procedure developed by Zhang and Koreeda; (a) possible scission
pathways; (b) proposed mechanism for the deoxygenation of compound 1a; (c) Complete structure of
steroid 1a; (d) General scheme for the generation of the reaction intermediate 7.'

In an attempt to overcome the main disadvantage of the previously described procedure, Jordan
and Miller reported in 2012 a similar methodology for the deoxygenation of alcohols but instead of
using chlorophosphites as precursors, the group decided to use phosphoramidite 15 (Figure 1.6 - a).'
These compounds are far less reactive than the chlorophosphites and, due to the iPr substituents, 15 is
not susceptible to hydrolysis or oxidation. Additionally, phenyl tetrazole (17) or tetrazoles bearing a
peptide backbone, for example compound 21, were used as the catalyst for the first step of the procedure
with the goal of enhancing the regioselectivity of the transformation. The main problem that the group
encountered during the development of the deoxygenation procedure was the difficult purification of
the phosphitylation product when low-molecular-weight alcohols were subjected to the transformation.
This phenomenon occurred due to the in situ formed urea generated from the side-reaction between the
free amine liberated from phosphoramidite 15 and the amine scavenger phenyl isocyanate (16). This
drawback was overcome by applying the Barton-McCombie conditions to the reaction mixture from
the first step after only basic work-up. This was possible mainly when the deoxygenation of more
sterically hindered substrates was attempted. Following the successful development of the
deoxygenation procedure, a regioselective reduction of the hydroxylic sites of unprotected
Erythromycin A (Ery A)(18) was endeavoured (Figure 1.6 - b). By utilizing the standard procedure, the
main product of the transformation was 2’-deoxy Erythromycin A (20a), via 2’-phosphite Ery A (19a),
due to the higher reactivity of the -OH group from this position. In order to selectively deoxygenate the
4>’-hydroxy group, the phosphorylation catalyst was modified by substituting the phenyl ring with a
peptide backbone. Indeed, by utilizing the tetrazole-based catalyst 21, intermediate 19b was formed and

5
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then 4’-deoxy Erythromycin A (20b) was selectively obtained with a global yield of 60%. However,
this procedure should be considered a complementary, and not a substituting, regioselective protocol to
the Barton-McCombie deoxygenation due to the higher yield of 2’-deoxy Erythromycin A obtained
through the B-M procedure.

oMe ! |
a Pr Fl’
SN0

| .
OBz Pro 00V Meo OBz

N o BuzSnH
OH PhNCO 16 (1.5 equiv.) |:>< AIBN
Phenyl tetrazole 17 (10 mol%) OMe
CH,Cl,
Standard conditions with
b. HN—Peptide
Nx 0
HN
Standard conditions N=N 21 NHBoc
via 2'-phosphite . \Me via 4"-phosphite
Ery A : Ho-2 NMe, Ery A
19a 0 Me 19b
’ OMe
Me Me
e %ﬁ,OH
\Me . Me 4 \Me
2 NMe, Erythromycin A (18) > NMe,
. H .,HO
‘0 0] Me (o] Me
OMe OMe
Me Me
0 OH H
Me 4" Me 4"
2’-deoxy Erythromycin A (20a) 4" deoxy Erythromycin A (20b)

Scheme 1.6. Deoxygenation procedure developed by Jordan and Miller; (a) proposed mechanism for
the deoxygenation of compound 1b; (b) regioselective deoxygenation pathways of Ery A (18).'¢

A more recent example of a catalytic deoxygenation of aliphatic alcohols, which proceeds
through the prefunctionalization of the hydroxyl group, was reported in 2013 by Dang et al.'” In this
procedure, the -OH group is initially transformed into a sulfonate ester, followed by the C-O bond
cleavage and the generation of the corresponding alkane (Scheme 1.7 —a). The second step of this
procedure was catalysed by a Cu/NHC system with silane as H-donors and a fluorine source. Previously,
this system proved to be very effective for the hydrogenation of alkenes and later proved its capabilities
in transforming secondary aliphatic iodides into the corresponding alkanes. During the optimization
screenings, it was observed that the most-suitable sulfonate ester group is the triflate, which could be
deoxygenated in an almost quantitative yield. Due to the mild reaction conditions, tosylates and
nosylates were completely unreactive in this catalytic system, thus enabling the selectivity of the
transformation. The utilization of triflates as reaction intermediates proved to be beneficial, because of
the accessibility of triflates 22 from primary aliphatic alcohols, which are usually more difficult to
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reduce through prefunctionalization procedure compared to their secondary and tertiary counterparts.
The corresponding triflates were obtained via a slightly modified method as lower temperature and the
use of 2,6-lutidine instead of pyridine enhanced the selectivity of the transformation and simplified the
purification of the desired product. The most effective H-donor in this catalytic system was found to be
1,1,3,3-tetramethyldisiloxane (TMDSO, 23) while, surprisingly, other hydrosilanes did not yielded any
traces of the desired product. This deoxygenation reaction showed a high degree of chemoselectivity
as, during the process, only the triflate group was reduced, even in substrates bearing other reducible
functionalities on the aromatic ring, like nitrile, halides or alkenyl. Additionally, substrates bearing both
tosyl and triflate groups 24 as well as substrates containing terminal double bonds and triflate groups
26 were selectively deoxygenated at the triflate site to generate product 25 and 27, respectively, in very
high yield (Scheme 1.7 —b). Furthermore, the bulkiness of the NHC-ligand L1 played a major role in
the successful formation of the desired product.

Both radical clock and radical scavenger experiments indicated that this reaction follows an
ionic pathway, (Scheme 1.7 — c). First, the precatalyst IC1 reacts with Caesium fluoride (CsF) to form
complex IC2. The halogenated Cu complex IC2 reacts with the silane, generating the active Cu-H
species IC3. Subsequently, the transfer hydrogenolysis leads to the C-O bond cleavage of 22, the
formation of the desired product 3 and the generation of complex IC4. The regeneration of the complex
IC2 is achieved through the reaction of IC4 with caesium fluoride.

_________________________

HAPr(L1)
a. IPrCuOBu IC1 (5 mol%) : iPr iPr :
Tf,0 (1.2 equiv.) TMDSO 23 (0.65 equiv.) : N/ \N :
R” 0N 2,6-Iutindinen(1 6 equi_V-) R™NOTS C§F (1.0 equiv.) R H | el !
1 CH,Cl;, -78 °C, 15 min 22 1,4-dioxane, 25 °C, 4 h 3 ' - . X
' iPr iPr .
b. e IPrCuO'Bu
Standard : IC1
TsO procedure TsO\/\ﬂ/\ : leF
96% j
| CsF RySi—F
Standard | 3
o._ _OTf o H: 28
a7 procedure N
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Scheme 1.7. (a) Deoxygenation reaction developed by Dang et al.; (b) examples of chemoselective
transformations; (c) proposed mechanism of the deoxygenation procedure.!’

In 2013, Hunag et al. developed an Ir-catalysed one-pot, two-step deoxygenation system, whose
main step is a prior oxidation of the alcohol followed by a Wolff-Kirschner deoxygenation reaction,
which was described in detail in chapter 1.1.1.!® This is the first example of an alcohol deoxygenation
procedure, which utilizes the superior reactivity of carbonyl compounds towards deoxygenation, instead
of transforming the hydroxyl group into a better leaving group (Scheme 1.8). During the optimization
experiments, multiple Ir-based catalysts were tested, among which Vaska’s complex ICS proved to be
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the most efficient one for this transformation. The utilization of a polar, protic solvent improved the
transformation, as MeOH led to the highest yield of alkane. Surprisingly, water was also suitable for
this procedure, but even in thoroughly optimized conditions, the yield of the desired product did not
exceed 50%. The choice and quantity of base were also investigated. Although triethylamine or cesium
carbonate showed some degree of effectiveness, 2 equivalents of potassium hydroxide were best suited
for the reaction. This result was convenient as KOH is one of the most used bases in the Wolff-Kishner
reduction. The amount of base needed for the formation of the alkane in a quantitative yield hints that
both steps of the procedure might be facilitated by the basic media. Other important parameters, which
positively influenced the outcome of the reaction, were increased temperature, higher concentration and
a shorter reaction time. Thus, a variety of primary benzylic alcohols were deoxygenated with this
procedure, yielding excellent amounts of the desired products despite some exceptions. A substrate
bearing a methoxy group in the ortho position led to a substantial decrease in yield compared to its
para- and meta-substituted counterparts due to the chelation effect on the catalyst’s metallic centre.
Additionally, a considerable decrease in alkane yield was observed for secondary benzylic alcohols,
substrates bearing multiple hydroxy groups and aliphatic substrates. The primary aliphatic alcohols
were also reduced by this catalytic system but in significantly lower yields then their benzylic
counterparts.

The mechanistic experiments revealed more information about the reaction pathway. As
expected, tertiary benzylic alcohols could not be deoxygenated via this method, due to the absence of
the B-hydrogen atom. The formation of the carbonyl intermediate 28 was evidenced by treating alcohol
1c only with the Ir-catalyst ICS and one equivalent of KOH in deuterated benzene (Scheme 1.8 - b).
Interestingly, without the addition of a base, no conversion was observed. Subsequently, the addition
of hydrazine to this reaction mixture led to the generation of the hydrazone 29, which is the specific
intermediate in the Wolff-Kishner reduction.

(PPh2),IrCI(CO) IG5 (1.0 mol%)

a. HoNNHs; H,O (2.0 equiv.)
)R\ KOH (2.0 equiv.) . j\

R~ “OH MeOH, 160 °C, 3 h R~ H
S S e 3.
! [ R | R 3
: : — . .NH :
: R RS :
» Ir-catalysed p28 29

b. o [Ir] cat. IC5 o o
{ OH __KOH35 _ / SO HNH 04/ SN
0 CgDg, 65°C, 1h o CgDg, 85°C, 1h o NH>
1c 30 3c

Scheme 1.8. (a) deoxygenation methodology developed by Huang et al.; (b) investigations on the
reaction intermediates.'®

Competition reactions between alcohols and olefins showed that the system is capable of
catalysing both the deoxygenation reaction and the hydrogenation of both intramolecular and
intermolecular double bonds, but the two processes do not negatively interfere with each other. Thus, a
mechanistic pathway was postulated (Scheme 1.9). First, Vaska’s complex (ICS) reacts with the base
to form complex IC6. The hydroxy group is then substituted by the alcohol 1 to generate complex IC7
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which, via a B-H elimination, leads to the formation of IC8. The dissociation of IC8 leads to the
formation iridium hydride IC9 and to the expulsion of the carbonyl intermediate 28, which is further
transformed through a Wolff-Kishner reduction into the corresponding hydrazone 29 and then to the
desired alkane 3. Subsequently, the regeneration of the iridium hydroxide IC6 takes place through the

hydroxylation of complex 1C9.

PhsP~. _PPhs

oc”_>Cl
Ic5
KClI H KOH
PhP-, PPh3 RYOH
2 oc’ ™o R’
1
H,0
PPh;R
he Ph3 _PPhy PhaP. | 3)<H
R H oc” O R
3 IC7

KOH

PhsP, PPhs
W2 L NNHoH,0 I?I Ir
N 2 2tz

R\I//' \f
R R’ R'

29 28 IC8

Scheme 1.9. Proposed mechanism for the deoxygenation methodology developed by Huang et al.'®

In 2016, the same group published an improved version of this one-pot methodology, reporting
a chemoselective Ru-catalysed deoxygenation reaction, which addressed the reactivity problem of
primary aliphatic substrates, as well as the thermal and high concentration concerns
(Scheme 1.10 —a)."” In order to lower the reaction temperature, established low-temperature Wolff-
Kishner procedures were analysed.® Thus, tert-butanol (‘BuOH) was chosen as additive for the
preliminary reactions, which were conducted in DMSO. Unfortunately, under these conditions no Ru-
or Ir-based catalyst gave any satisfactory results. To overcome this setback, the amounts of ‘BuOH and
DMSO were reversed. Therefore, tert-butanol was employed as solvent and DMSO as additive in order
not to saturate the coordination sites of the catalyst. Indeed, this led to improved yields at only 80 °C
by using ruthenium-based  catalysts  with  bidentate = phosphine  ligands, like
1,2-bis(dimethylphosphino)ethane (dmpe) (L2). In this modified system, inorganic bases proved to be
efficient for the deoxygenation of alcohols, but potassium tert-butoxide (‘BuOK) was able to promote
the transformation to quantitative yields even in substoichiometric amounts at 100 °C. Under these
conditions, primary aliphatic and benzylic alcohols were deoxygenated in excellent yields.

Besides, multiple functionalities were tolerated by the catalytic system, like thioethers, amino
groups, internal double and triple bonds, and phenolic hydroxyl groups. Even highly functionalized
biotin derivative 31 was deoxygenated in an almost quantitative yield without the disruption of
thiophene or ureido groups (Scheme 1.10 - b). These results laid the foundation for the investigations
of chemoselectivity. The limitation of this catalytic system regarding the substrate scope were
compounds bearing a methoxy group in the ortho-position and substrates containing functionalities,
which are liable to strong basic conditions, like amides and esters.
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Hence, the chemoselectivity and regioselectivity of the catalytic system were tested on various
complex bioactive molecules (Scheme 1.10 — b and c). By using the standard Ru-based system, tricyclic
heterocycle alkaloid (32) and tetrahydroquinoline-based molecules (33a-e) were chemoselectively
deoxygenated in excellent yields. The nitrile/substituted compound 33e led to moderate yield due to the
basic conditions, under which it underwent partial hydrolysis to the corresponding amide. In the case
of 32, a complete selectivity towards the reduction of the alcoholic moiety was observed, but, due to
the basic reaction conditions, the epimerization on the pyrrolidine ring occurred. In constrast,
tetrahydroquinoline derivatives (33a-e) retained the stereochemistry throughout the process and without
affecting other functional groups present in the molecule. For the deoxygenation of abietic alcohol (34),
bearing a conjugated double bond system, an increased amount of catalyst, ligand and hydrazine and a
prolonged reaction time had to be used in order to obtain satisfactory yields, due to the steric hindrance.
Thus, based on the steric bias, the regioselectivity of the system was tested. For these experiments,
multiple alcohols bearing a steroidal backbone were chosen. Remarkably, in both deoxycholic alcohol
(35) and trihydroxycholane (36) the primary alcoholic moiety was selectively reduced in exceptional
yields, without the need of using protecting groups for the secondary and tertiary -OH groups. In the
case of 36, both the upscaled reaction and the reaction conducted at 80 °C yielded the desired product
in very good amounts (80% and 85%, respectively).

HoNNH, H,0 (1.2 equiv.)

[Ru({p-cymene)Cl,]> 1C10 (1.5 mal%)
dmpe L2 (3.0 mol%)

R DMSO (20 mol%)
)\ ‘BUOK (50 mol%)
a. AL 'BUOH, 100 °C, 12 h
i R |
! NH |
! A\|\| 2 ‘
i 29 |

Wolff-Kirschner reduction |

b. Chemoselectivity experiments

H
o)
/“—_
° NH H R
'S VYo 80
HN% :
2 N H v
H s H H H :

(+)-biotin derivative (31)  tricyclic alkaloid (32) Tetrahydroquinioline abietic alcohol (34)
94% 95% (d.r 1:1) derivatives (33) std. cond. 30%
R=H-98% (33a) R =0H -85% (33d) modif. cond. 58%
R=F-95% (33b) R =CN -51% (-CN) (33e)
R = CF; - 88% (33¢)and 32% (-C(O)NH,)

HO" HO' “'OH std. cond. - 98%
H upscale reaction - 80%
Dihydroxycholane (35) Trihydroxycholane (36) 80 °C reaction - 85%
95%

Scheme 1.10. (a) Deoxygenation reaction developed by Dai ef al.; (b) chemoselective reductions of
bioactive molecules; (¢) regioselective reductions of steroids."
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Inspired by this pioneering work, Bauer et al. reported in 2017 a procedure for the
deoxygenation of primary benzylic and aliphatic alcohols, which utilizes the same oxidation-Wolff-
Kishner reduction approach, catalysed by an Mn-PNP-complex. (Scheme 1.11 —a).?® The main
advantage of this procedure is the use of a non-precious metal-based catalyst for the oxidative step,
which is more cost effective than both the Ir- and Ru-based catalysts. Besides, the reaction can be
conducted without a base, albeit with lower yields. For the second step of the procedure, conditions
related to a low-temperature variant of the Wolff-Kishner deoxygenation were employed. The most
effective Mn-PNP complex for this purpose was complex IC11, which was previously used in the
N-formylation of amines.?! The best-performing base proved to be ‘BuOK with the optimal loading of
2 equivalents. By using the optimized reaction conditions, a number of primary benzylic and aliphatic
substrates bearing various functional groups, like methoxy, amino, pyridinyl or trifluoromethyl
substituents, were successfully deoxygenated. Due to the low reactivity towards secondary alcohols, an
intermolecular competitive experiment was conducted, which led to the almost exclusive deoxygenation
of the primary-alcohol substrate.

Based on the mechanistic studies and available literature a reaction pathway was proposed
(Scheme 1.11 —b). ‘BuOH facilitates the elimination of molecular hydrogen from complex IC11, this
leading to the generation of IC12. This complex can undergo intramolecular C-H bond activation to
form IC13. Both IC12 and IC13 complexes can lead to the formation of complex IC14 via an oxidative
addition. The decomposition of IC14 is followed by the regeneration of the compound IC11 and the
liberation of the aldehyde, which is further transformed into the desired alkane via the hydrazone
intermediate.

a. : :
H,NNH; H,0 (2 equiv.) | @\/\ 5
Mn-PNP complex IC11 (3 mol%) 1 H Mn HF’ !

r -
R/\OH BuOK (2 equiv.) R H+Hy, + Ny + HpO |
1 '‘BuOH, 115 °C, 48 h 3 |c11
b Hoo
NTH
0 HANNHpHO O Py M 1Pl
2 2°M2
N ~ od Yco H
R R IC11
29
'BUuOH /\
r|—|
R
3

Scheme 1.11. (a) deoxygenation reaction developed by Bauer et al.; (b) proposed mechanism of the
deoxygenation procedure.?

1.1.2.2. Direct Deoxygenation Procedures
Recently, new homogenous catalytic procedures for the direct deoxygenation of benzylic
alcohols emerged. Different precious and non-precious metal based catalysts proved their capabilities
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for this type of deoxygenation procedures, mainly Ir-, Ni- and Ti-based catalysts. The Ti-based
procedures will be extensively discussed in chapter 6.1.

A prominent example of a regioselective direct deoxygenation procedure was published in 2018
by Yang et al.*? This reaction was conducted in water, at 80 °C, in air, using an Ir-based catalyst (IC15)
and formic acid (36) as H-donor and promotor through the induced low pH value (Scheme 1.12 — a).
The high yields and site-selectivity of the transformation were achieved by introducing a
directing group (DG) into the alcoholic substrate, which should act as an activating entity for the
geminal hydroxy group. For this role, multiple aromatic amines were screened, mostly secondary ones.
During these experiments, para-substituted phenyls proved to be more efficient than their ortho and
meta counterparts at promoting the deoxygenation of secondary benzylic alcohols. Additionally,
increasing the steric hindrance at the N-atom further inhibited the activation of the -OH group, leading
to a decrease in yield. Therefore, 4-(N,N-dimethylamino)phenyl moiety was chosen as being the optimal
directing group for this transformation. The negative influence of the N-substituents’ bulkiness over the
yields of the desired product was smaller on primary benzylic alcohols, thus almost quantitative yields
of the corresponding alkane were obtained with various directing groups. Secondary alcohols, bearing
aromatic moieties beside the directing group, were deoxygenated in very high yields regardless of the
molecular backbone or substituents grafted on the aromatic ring. When the aromatic moiety was
substituted by an aliphatic chain, trifluoroethanol (R{OH) or hexafluoroisopropanol (HFIP) had to be
added to the reaction mixture in order to obtain satisfactory results. The same positive effect of
fluoroalkanols on the transformation was also observed for the deoxygenation of tertiary alcohols. The
regioselectivity of the method was demonstrated, as no reduction of alcoholic moieties was observed
without the directing group present in the a-position. For example, bioactive molecule le was
successfully deoxygenated to 3e via a prior introduction of the directing group. The reactions on steroids
showed excellent stereoselectivity with only one diastereomer being isolated in all cases
(Scheme 1.12 — ¢). Based on the deuterium labelling experiments and previous "H-NMR investigations,
a mechanistic pathway was proposed (Scheme 1.12 — d). First, the formylation of the Ir-catalyst IC15
takes place with the generation of complex IC16. In parallel, the alcohol is protonated, and the
carbocation 37 is produced after the elimination of water. Carbocation 37 can be stabilized by either the
directive group (38) or by the fluoroalkanols, depending on the substrate (Scheme 1.11 — e). Following
the CO; liberation, the presumed active species IC17 is formed. The iridium hydride IC17 further reacts
with the carbocation 37, leading to the formation of the desired product and the regeneration of active
complex IC16 through an oxidative addition of another deprotonated formic acid (36) molecule.

Although very efficient, this method has two main drawbacks, namely the cost-effectiveness,
due to the employment of a Ir-based catalyst and the necessity of the amine as a directive functionality
in the a-position. Yang et al. addressed the latter problem by proposing further functionalization
pathways of the amine group by applying a Kumada coupling procedure on the deoxygenation product
(Scheme 1.11 —e). This procedure led to the generation of compound 41 in excellent yields starting
from compound 39, rendering this procedure more attractive for synthetic applications.

12
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Scheme 1.12. (a) deoxygenation reaction developed by Yang et al.; (b) Ir-based precatalyst IC15 and
the directing group (DG); (c) diastereoselective deoxygenation of alcohol 1e; (d) proposed mechanism
of the deoxygenation procedure; (e) stabilizing mechanism of the carbocation; (f) late-stage
functionalization of the directing group.?

Another direct deoxygenation procedure was developed by Cook and coworkers in 2021
(Scheme 1.13 - a).2 This versatile procedure was successfully applied for the deoxygenation of
alcohols, carbonyls, ethers, and epoxides. This protocol utilizes a homogenous Ni/NHC catalytic system
and hydrosilanes as H-donors. TMDSO (23) proved to be more efficient as a hydrogen donor than other
hydrosilanes. For the formation of the presumed active species, a basic additive is needed to deprotonate
the NHC ligand ICy*HBF4(L3) and furnish the Ni-complex, and Mn is employed as the reducing agent
for the Ni** to Ni® process. First, this catalytic system was optimized for the deoxygenation of ketones.
During these studies, it was remarked that when the Ni-precatalyst IC18 was not added to the reaction
mixture, no alkane was obtained. However, the complete consumption of the starting material was
observed, and noticeable amounts of the corresponding alcohol were detected. In order to examine the
reactivity of the potential alcoholic intermediate, it was directly subjected to the transformation. Indeed,
this reaction resulted in a high yield of the corresponding alkane. Thus, it was hypothesised that, first,
a Brensted base-catalysed reduction of the substrate takes place before the in situ formed alcohol is
further reduced to the alkane by the Ni/NHC catalyst. The subsequent substrate screening revealed that
this catalytic system was capable of deoxygenating primary, secondary and tertiary benzylic and
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aliphatic alcohols in good to excellent yields. The existence of a m-system in the vicinity of the reactive
site and the decrease in steric impediments were both beneficial for this transformation. The same
reactivity pattern was observed when aldehydes and ketones were subjected to the transformation,
leading to similarly high yields. Under the same conditions, silyl ethers, ethers, and epoxides were
deoxygenated in high yields.

Hence, the applicability of this catalytic system in various fields was investigated. By using
deuterated TMDSO (23-d;) for the deoxygenation of alcohol 1f, the newly formed C-D bond in the
alkane (3f-d) was selectively observed at the site of the former C-O bond, proving that this procedure
can be applied in isotopic labelling (Scheme 1.13 - b). When tetra-n-butylammonium fluoride
(TBAF) was added in the reaction mixture, selective O-Bn bond cleavage of the benzyl-protected
alcohol (44) was also observed (Scheme 1.13 - c). This result led to the conclusion that this catalytic
system can be used for the degradation of lignin- (46) and tannin-model substrates (49). Indeed, when
these substrates were subjected to the transformation, the selective cleavage of the alcoholic and ethereal
C(sp®)-O bond was obtained (Scheme 1.13 —d and ¢).

NiBro glyme IC18 (10 mol%)
ICy-HBF, L3 (20 mol%)

a.
s TMDSO 23 (1.2 equiv.) 3
0 R” OH 0 R*H
or or RTO\ 2 or /QO Mn (30 mol%) 1 ,
R" SRz R'R? R BUOK (1 equiv.) R" "R
Toluene, 70°C, 5h
b. Standard conditions e
Q\ do-TMDSO (23-d) Q\ L Standard conditions
then TBAF i W then TBAF (57)
Soph Tpn L oH
,,,,,,, W 3d i aB s
d. MeO MeO
MeO CH e
MeO r;nfo:@ Standard conditions © :@’ 3 . Kj
]@/ then TBAF (57) HO
MeO 46 47 48
e. OH NiBro-glyme IC18 (10 mol%) OH

OH  ICy HBF4 L3 (20 mol%) OH
OH ©/ TMDSO 23 (2.4 equiv.) OH

/@\/j.-“ Mn (30 mol%) /CE\.“
KF (1 equiv.)
HO 0™ 0H Toluene, 70 °C, 5 h HO o

49 50

Scheme 1.13. (a) deoxygenation reaction developed by Cook et al.; (b) Isotopic labelling experiments;
(¢) Deprotection reaction; (d) deoxygenation of lignin model substrates; (¢) deoxygenation of tannin
model compound.?

During the kinetic isotope effect experiments, it was observed that by exchanging the
TMDSO (23) with its deuterated counterpart, the reduction rate decreased considerably, indicating that
the H-transfer from the catalyst to the alcohol proceeds prior or at the rate-determining step. Moreover,
through these experiments, a possible elimination-hydrogenation pathway was excluded, because
styrene was not transformed into ethylbenzene under standard conditions, and by submitting a
deuterated homobenzylic alcohol to the reaction, the deuterium distribution remained constant in the
obtained product. A mechanism proceeding through a carbocation was dismissed because no
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rearrangement was detected. Via radical clock experiments a possible radical mechanism was also
dismissed. Albeit these extensive mechanistic investigations, the reaction pathway of this versatile
transformation has not been fully elucidated to this date.

1.2.  Lignin Valorisation through Deoxygenation Procedures

Beside the utilization in late-stage functionalization of bioactive molecules, deoxygenation
reactions are used for the valorisation of biomass, especially lignin, and its transformation into biofuels
and industrial-valuable compounds.?*?” The most efficient approach towards the valorisation of lignin
implies the preliminary depolymerization of this biomass through chemical or biological strategies.*
2 The depolymerisation step is followed by a selective hydrodeoxygenation procedure during which,
through the cleavage of the hydroxylic and phenolic C-O bonds, benzene, toluene, styrene and other
high valuable aromatic hydrocarbons are generated.?’

Lignin is one of the most prominent biopolymer in nature, accounting for up to 30% of
biomass.** In plants it has both a structural as well as a physiological role by conferring rigidity to the
cells and by facilitating water transport throughout the plants.>! In industry, the largest quantities of
lignin are produced as a by-product by the pulping industry during the wood deconstruction procedures
and isolation of cellulose from lignocellulosic biomass.?! 3 Until recently, lignin was regarded only as
a residue of these processes and burnt in order to energetically sustain the pulping process.*

Due to the desire of the chemical industry to find new alternatives to fossil raw materials,
valorisation procedures of this biopolymer were developed.*® The attractiveness of lignin for the
chemical industry relies on its molecular complexity which can lead to the generation of a large variety
of aromatic compounds. This characteristic is derived from the pathway through which lignin is formed
in nature, namely through the radical coupling of monolignols: p-coumaryl alcohol (51), coniferyl
alcohol (52) and sinapyl alcohol (53). From the combination of these three lignin building blocks,
various linking motifs are generated, some of the most common being highlighted in figure 1.1.

Lignin building blocks

OMe /@/\/\oH Meo:©/\\\/\oH :@A/\OH
0
HO HO HO HO
MeO OH OMe
OH p-coumaryl alcohol coniferyl alcohol sinapyl alcohol
HO 51 52 53
O
MeO OMe
HO

:QV\/OH
I H

HO

MeO

Linking motifs

4-0-5

B-0-4

a-substituted 3-O-4
B-B

B-5

Dibenzodioxcin

OMe

OH

Figure 1.1. Lignin with highlighted linking motifs and lignin building blocks.>*
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The types of linkage and the percentage of each subunit present in the lignin sample heavily
varies between plant species, age, and environmental factors. The most common linkage motif,
regardless of the type of wood from which lignin is extracted, is the B-O-4 motif (Table 1.1).
Additionally, the separation process of lignin from lignocellulosic biomass induces more complexity to
the structure due to the chemical treatment.

Table 1.1. Abundancies of common linking motifs in softwood, hardwood, and grasses.*

Lignin B-0-4 (%) B-5 (%) B-B (%) 5-51 (%) 4-0-5 (%)
Softwood 45-55 9-12 2-6 5-7 2
Hardwood 60-62 3-11 3-12 <1 2

Grasses 74-84 5-11 1-7 n.d. n.d.

n.d. — not determined; [a] In the form of dibenzodioxocin.

The high molecular mass and the large variety of C-C and C-O bonds which can be found in
the structure on lignin also represents the main challenges in the development of a robust catalytic
valorisation strategy of this biopolymer. Therefore, up to this date, in most small-scale lignin
valorisation methodologies, model systems were extensively utilized in this research field. This strategy
eliminates the solvation problems which arise from the high molecular mass of lignin and also facilitates
the development of specific procedures for various motifs. In 2020, the group of Deuss classified the
model systems containing the f-O-4 motif into three categories based on the molecular complexity of
the model substrate (Figure 1.2).3

Level 1 Level 2 Level 3
Development of novel Detailed reaction emulation of lignin
conversion methodology development reactions and products

OMe OH

OO @Ofﬁome
OMe OH OH OH
B_o_4s‘zype A o OMe Phenolic B-O-4 Type C
57
OH OMe

OMe
OH OMe OMe
o) B-O-4 Type C o
oy > rer

B-O-4 Type B OH OH —OH
55 B-O-4 (green) and B-5 (blue)
58

Increasing representation of the B-O-4 linking motif in lignin

Ease of synthesis
¢ ]

Figure 1.2. Deuss classification of model substrates’ molecular complexity.**

An example of a deoxygenation procedure which was further used in the valorisation of lignin
was developed Samec’s group.’>*¢ In this transfer hydrogenolysis procedure, a Pd/C-HCOOH catalytic
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system was utilized for the cleavage of the B-O-4’ linkage motif (Scheme 1.14). Additionally, a base
was needed in the reaction system in order to inhibit the competing disproportion reaction. Interestingly,
depending on the amount of base used in this reaction and a delayed addition of formic acid (36), model
substrate 59 was selectively transformed into the corresponding ketone 60, alcohol 62 or alkane 63,
beside phenol (60). Moreover, this catalytic system was capable of efficient depolymerisation of
artificial lignin model polymer 64 and degraded 73% of the B-O-4’ units of organosolv lignin from

Pinus Sylvestris.

Pd/C (2.5 mol%) a
a HCOONH, (1 equiv.) M OH
MTBE:H,0 MsO + ©/
60 61

80 °C, 1h

OH

o Pd/C (2.5 mol%) OH
/@)\/ j@ HCOONH, (2.5 equiv.) /@/J\ OH
. +
MeO MeO MTBE:H,0 MeO ©/
62 61

59 80 °C, 2h

1. Pd/C (2.5 mol%)

HCOONH;4 (1 equiv.) OH
» +
2. HCOOH (2 equiv.) MeO ©/
63 61

MTBE:H,0
80 °C, 3h

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

2. HCOCH (2 equiv.)
n MTBE:H,O
64 80 °C, 3h

65

Scheme 1.14. (a) Possible reaction pathways depending on the reaction conditions; (b)

depolymerization of compound 64.%

The mechanistic studies indicated that the reaction pathway proceeds through the dissociative
chemosorption of substrate 66 to Pd complex I, followed by the formation of ketone 67 and the
absorption of hydrogen on the metallic surface to generate complex II. The enol tautomer of ketone 67
is absorbed on the Pd surface to generate complex II1. Following the absorption of a formate ion to Pd,
complex IV is generated. Subsequently, the decomposition of complex IV leads to the generation of

the desired deoxygenated product.

Arj)i/o\Ar' Af O
66 6 OJ]\ Ar Ar,/OH
'r@s‘ — 'f@p ft@s’ 'r@’ ,, X

Scheme 1.15. The mechanism for the deoxygenation of lignin model substrates.*®
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2. H-donors in Deoxygenation Reactions
2.1.  Formic Acid

Formic acid (36) is one of the most used molecules in synthetic chemistry and it represents a
promising alternative to H, as energy carrier.! This wide applicability derives from a series of
characteristics. The selling price of formic acid (36) is low compared to other hydrogen sources (32.4
Euro/100 mL — Sigma Aldrich) due to the fact that HCOOH (36) can be obtained through the
hydrogenation of CO,, even with non-precious metal based homogenous catalysts, thus increasing the
recyclability of HCOOH (36) (Scheme 2.1 - a).>® Additionally, emerging large scale production
strategies of formic acid (36) in biorefineries is very cost effective, one example being the process of
oxidizing sugars with hydrogen peroxide.” From the safety perspective, the safe handling and
transportation due to low flammability, non-toxicity, and biodegradability of HCOOH (36) make it
suitable for green applications.® Another important advantage of formic acid (36) is its versatility, as it
can act as an acid, formyl moiety, and as a reducing agent through decomposition. There are two
established decomposition pathways of formic acid, which are dependent on the catalyst used for the
process (Scheme 2.1 - b).® Therefore, HCOOH (36) can act as both hydrogen and carbon source.

a. :
' catalyst « H

| N—i/F’R2 —\Br/ N\ (PP,
catalyst ! 4
co, + H, —2SL hcooH | / Nerbco YN N=C me-nB6CO P
36 —=( |\ HO 5eMMeo OH \C
5 N—PR; co P(Pr).
‘ IC19 IC20 IC21
b. Pathway 1 HCOOH Pathway 2
Dehydrogenation Dehydration
Hy,+CO, L 117712717177177°7 H,0+CO

water-gas shift

Scheme 2.1. (a) Hydrogenation of CO, to formic acid and non-precious metal based catalyst;** (b)
Decomposition pathways of formic acid.®

Most of the decomposition processes, which follow pathway 1, rely on heterogeneous catalysts
due to their superior TOF and recyclability (Scheme 2.1 - b).> 1 However, in recent years more efficient
homogeneous procedures were developed, based on both precious and non-precious metals.!*!® In a
recent report from 2022, the Beller’s group developed a Mn-based homogenous catalyst capable of both
the dehydrogenation of formic acid (36), and the hydrogenation of CO- in the presence of lysine
(Scheme 2.2).!” Remarkably, this Mn-Lys catalytic system could be reused in both processes up to 10
times without a notable yield drop, thus proving that homogenous catalytic processes can be as efficient
as the established heterogenous methods.

Mn catalyst

— pi
Mn catalyst (0.02 pmol) Mn catalyst (0.17 pmol) CaHs NJ‘&NBr 7’( Pr)2
Lys (5 mmol Lys (5 mmol \ \
CO, + H, s { ) HCOOH s { ) CO+H, HN—/ N-Mn—CO
HoO/THF (5/5 ml) % H,O/THF (5/5 ml) N=( |co
115 °C,12h ° ;
5°C, 90°C, 12 h HN=P(Pr),
1C22

Scheme 2.2. Hydrogenation-dehydrogenation procedure developed by the group of Beller.!’
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The versatility of formic acid (36) was further proven in a lignin degrading process. In 2017,
the group of Barth used a NiMo catalyst for the degradation of lignin into bio-oil by using, among
others, formic acid (36) as hydrogen donor (Scheme 2.3).!® Interestingly, the mechanistic studies
concluded that the activity of formic acid is not owed to pathway 1, but to a formylation-elimination-
hydrogenolysis reaction sequence.

OH 1. Formylation OH

MeO 0 2. Elimination MeO OH OMe
D\ 3. Hydrogenolysis .
0 HOMeO Lignin HCOOH 36 0 -
Lignin

NiMo/sulfated alumina N
200 °C<, 50 min< Lignin

I
Lignin

70 71 72

Scheme 2.3. Lignin degrading process developed by Barth’s group.'®

Due to its remarkable properties, H-donation capabilities, and synthetic applications in
deoxygenation procedures, as it was stated in chapter 1.1 and 1.2 and will be further described in chapter
4.1, formic acid was found suitable for Pd- and Co-catalysed deoxygenation procedures developed
during these studies.

2.2.  Hydrosilanes

In the last 50 years, the scope of reactions in which hydrosilanes served as H-donors expanded
exponentially, due to the versatility of this compound class. In contrast to other H-donors, hydrosilanes
possess the ability to donate a hydrogen atom through both radical and ionic pathways.!® Therefore,
hydrosilanes can substitute both highly toxic reagents, like tributyltin hydride, or highly pyrophoric H-
donors like lithium aluminium hydride (LiAlH) or sodium borohydride (NaBH,)."” Additionally, the
derivatization possibilities of the hydrosilanes with various functional groups impact the strength of the
Si-H bond, thus, enabling more synthetic applications for which this compound class is suitable. Other
important characteristics which increase the attractiveness of hydrosilanes, are the low toxicity, the high
stability towards decomposition, and the fact that their utilization in synthetic applications complies
with most green chemistry regulations.?’ Some of the silanes which proved to be efficient reducing
agents in the transformations of oxygen-containing substrates were tetramethyldisiloxane (TMDSO,
23), its polymeric counterpart polymethylhydrosiloxane (PMHS, 73), triethylsilane (Et;SiH, 74),
triethoxysilane (EtO3;SiH, 75) and methyldiethoxysilane (Me(EtO),SiH, 76), each having its
advantages and disadvantages which made them suitable for different applications.

The first application in which hydrosilanes were utilized as H-donor was reported by
Chatgilialoglu et al. in 1988 (Scheme 2.4).?! In this procedure alkyl and aryl halides were dehalogenated
to the corresponding hydrocarbon by using tris(trimethylsilyl)silane (76) as a free radical reducing
agent. Previously, the same group showed that by exchanging the Si atom substituents, the BDE of the
Si-H bond could be lowered.?? The utilization of triethylsilane (74) in this methodology did not lead to
any satisfactory results. However, when the ethyl moiety was substituted with TMS units the BDE of
the Si-H bond was lowered from 90 kcal/mol to 79 kcal/mol, hence, the hydrogen donating capabilities
were enabled.”® The radical pathway of the transformation was highlighted by the inhibition of the
reactivity upon the addition of the 2,6-di-tert-butyl-4-methylphenol (BHT) radical scavenger and
through radical clock experiments with 5-hexenyl. Although this methodology was not suitable for
reducing oxygen-containing substrates, it showed that through careful derivatization, hydrosilanes
could be utilized in hydrogen transfer procedures.

20



Literature deoxygenation procedures and biomass valorization

(Me3Si)3SiH (76) (excess)
&/Cl Benzoyl peroxide (3 mol%) - &/H
50°C,25h
77 78
Scheme 2.4. Dehalogenation procedure developed by Chatgilialoglu et al.!

Following the results of Chatgilialoglu et al. Buchwald’s group developed between 1991 and
1995 multiple procedures for the reduction of esters to the corresponding primary alcohols
(Scheme 2.5).2%% In the first methodology, a titanocene hydride catalyst, generated through the reaction
between titanocene dichloride (Cp,TiCl,, IC23) and nBuLi or EtMgBr, was utilized together with two
equivalents of triethoxysilane (75) as reducing agent (Scheme 2.5 - a). Although this procedure proved
to be very efficient for the reduction of esters, safety concerns regarding the usage of triethoxysilane
(75) made this method less attractive for large-scale applications.”® Through the disproportion of
triethoxysilane (75) highly pyrophoric SiHs was generated. The investigations conducted by Buchwald
did not completely elucidate the pathway through which this side-reaction takes place, but it was
indicated that this unwanted process is catalysed by the Ti species present in the reaction mixture.
Beside the disproportion reactions, the vapours of methoxy and ethoxy hydrosilanes can cause blindness
and death trough inhalation.?” Therefore, a second procedure was developed in which the stable PMHS
(73) was employed as reducing agent (Scheme 2.5 - b).%> The main advantages of the utilization of this
silicon-based reducing agent is its non-hazardous character towards human health, the stability towards
oxidation and water, and the facile separation from the crude reaction mixture.”® The yields of the
desired compounds produced trough this method was similar to the ones obtained through the
triethoxysilane procedure. The exact mechanistic pathway through which the reduction of esters
proceeds was not extensively investigated.

a. o Cp,TiClo/2 RM
)L PMHS 73 or (EtO);SiH 75 Py workup with
R” "OR THE R™ “OSI(OE)s "1\ 'NaoH @q) R OH
79 80 or
RM = nBuLi od EtMgBr 1N HCI

(EtO)3SiH 75 (2 equiv.)

b. Cp,TiCl, 1C23 (5 mol%)
/ \ nBuLi (10 mol%)

P N 500 I &OH
o]
o) .
81 PHMS 73 (2 equiv.) 82

CpoTiCl, IC23 (5 mol%)
nBuLi (10 mol%)
75%

Scheme 2.5. Ti-catalyzed methods for the deoxygenation of esters developed by Buchwald’s group.?*
25

In 2000, Gevorgyan et al. developed a protocol for the deoxygenation of alcohols and ethers to
the corresponding alkane, by using 3 equivalents of Et;SiH (74) as H-donor and catalytic amounts of
Lewis acid, namely B(CgFs); (83) (Scheme 2.6).° The most promising results were obtained for the
primary alcohols and ethers, while tertiary substrates could not be transformed into the desired products.
The mechanistic studies showed that the reaction proceeds through an ionic Sny1 mechanism, as it is
described in scheme 2.6. First, ate-complex 1C24 is formed through the reaction between B(CsFs); (83)
and triethylsilane 74. The Si-cation of complex I1C24 reversibly coordinates to the silyl ether to form
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oxonium complex IC25 which through decomposition would lead to the formation of the desired
product 3 and to the regeneration of the Lewis acid catalyst 83.

H
HOSIEt; + R"—C—-H [
- B(CeFs)s Et;SiH
; o3 74
H H
" \ 7’ @ @
R R—/C-O\SG'.)Et HB(CgFs5)3 SiEt; HB(CgFs)3
. iEty
28 IC24
H\
R"—C-OH
R,

Scheme 2.6. Proposed mechanism for the deoxygenation procedure developed by Gevorgyan et al.”

Another recent example of a deoxygenation method in which hydrosilanes were utilized as
H-donor was reported by Cantat’s group (Scheme 2.7).3° In this methodology the Zr-based Schwartz’s
reagent IC26 was used as catalyst and methyldimethoxysilane (84) as reducing agent for the reduction
of benzylic esters to their corresponding alcohols, after the basic work-up with 10 wt% NaOH of the
resulted reaction mixture (Scheme 2.7 - a). Although triethoxysilane (75) proved to be efficient in this
catalytic system, due to the higher amount needed for a quantitative transformation, 5 equivalents
instead of 2 equivalents with Me(MeO),SiH (84), and due to the safety concerns, (EtO);SiH (75) was
discarded as a suitable H-donor. Additionally, beside its utility for the deoxygenation of various
benzylic esters, this system proved its efficiency for the depolymerisation of commonly used polyesters,
for example polylactic acid (PLA, 85) or polyethylene terephthalate (PET, 86) (Scheme 2.7 - b). The
mechanistic studies showed that the addition of the hydrosilanes was indispensable for the complete
transformation of the starting material into the desired product.

Cp2Zr(H)CI IC26 (5 mol%)

0 Me(OMe),SiH (2.1 or 3.1 equiv.) H_ H _ o
R Mog T ROE B
R™ O CgHg or THF, 80 °C, 1-16 h R' OE E=H, after basic work-up
79 1
OE
Cp,Zr(H)CI 1C26 (5 mol%)
o ™0 Me(OMe),SiH (4.2 equiv.) H g H ~_OE
H * EO
THF, 80 °C, 22 h
0 PBEBT E=H, after basic work-up OE 87 88

Scheme 2.7. Zr-catalysed deoxygenation methodology of esters and polymers developed Cantat’s
30
group.
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2.3.  Hantzsch Esters

1,4-Dihydropyridines (1,4-DHP) were first synthesised in 1882 by Arthur Rudolf Hantzsch,
therefore compound 93 received the simple name of “Hantzsch ester” (HEH).*! 3 The synthesis of the
Hantzsch ester involves a multi-component one-pot reaction and is based on the condensation of a
carbonyl compound with 2 equivalents of a B-ketoester in the presence of ammonia or an ammonium
salt (Scheme 2.8).% The key mechanistic step of this synthesis is the formation of intermediate 92 via a
Knoevenagel condensation. Although the Hantzsch ester was utilized as a mild reducing agent for the
first time in 1939 by Mumm and Diederichsen,** the structure of this compounds was established only
in 1955 by Berson and Brown.* Later studies showed that structurally Hantzsch ester resembles the
part of the reduced nicotinamide adenine dinucleotide (NADH) capable of transferring hydrogen atoms
in living organisms.** Therefore, studies on the biological activity and medicinal applications of
Hantzsch ester and its derivatives were conducted.

H
O O O O EtOOC COOEt
PSS _ =
H g +2 + NH — |
M Et
MQJ\/U\OET € | Me N Me
89 90 91 H H
93
Knoevenagel
intermediate

Scheme 2.8. Original synthesis of Hantzsch esters.?!- 3

1,4-DHP derivatives proved to be efficient calcium channels blockers (CCB) and are nowadays
widely used for the treatment of hypertension, coronary spasm, hypertrophic cardiomyopathy, and other

heart conditions.’® 37

The mechanism of action of these pharmaceutical compounds consists in
promoting the vasodilatation of the peripheral arteries, thus leading to a decrease in blood pressure, and
the vasodilatation of the coronary artery, hence leading to an increase in blood flow.*® % These effects
are a consequence of the interaction between the 1,4-DHP derivatives and the L-type voltage-gated
calcium channels in the vascular smooth muscle.*® During the last 75 years many new biologically
active 1,4-DHPs were developed.* The first Hantzsch ester, which was approved for pharmaceutical
use in Germany, was nifedipine 94 under the commercial name of Adalat in 1975. This product was
developed at Bayer AG by Bossert and Vater.***! The evolution of this calcium antagonist class was
possible due to the easy derivatization of the 1,4-DHP backbone. Based on their structure and efficiency,
the derivatives can be categorized into three generations (Figure 2.1).* The first generation of
biologically active 1,4-DHPs are symmetric achiral molecules, which bear different derivatised
aromatic moieties at position 4.*! The second generation of 1,4-DHPs are chiral derivatives, which
contain different substituents in positions 3 and 5, for example Nicardipine 95. Due to the different
pharmacological activity of the two enantiomers, strategies for the generation of enantiomerically pure
products were developed. The most used procedure is the resolution of the racemic monocarboxylic
acids, usually via the formation of diastereomeric salts, their separation of the diastereomeric and
subsequent selective removal of the esterifying group.*! The third generation of Hantzsch esters bears
a second desymmetrization site in positions 2 and 6 and also exhibits a greater lipophilicity compared
to the previous generations. These modifications lead to a distinctive and more stable pharmacokinetic
profile.*>* The facile modification possibilities of the structure of 1,4-dihydropyridines unravelled new
capabilities not only in the pharmacological field but also for the synthetic applications.
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1%t Generation 2" Generation 3" Generation
NO,
NO, o | cl
MeOOC COOMe  MeOOG N MeOOC COOEt
(] D T,
Me” "N “Me Me” N~ “Me Me” N " NH,
H H H
Nifedipine 94 Nicardipine 95 Amlopidine 96

Figure 2.1. Examples of Hantzsch esters generations with pharmaceutical applications.*-4?

Hantzsch esters proved to be efficient reducing agents in both thermal and photochemical
reactions. In both cases, the driving force of the H-atom transfer capability of Hantzsch esters is based
on the oxidation of the 1,4-DHP moiety into an aromatic pyridine ring (Scheme 2.9).* The studies on
the hydrogen transfer mechanism of the Hantzsch esters started in 1955 by using deuterated Hantzsch
esters derivatives and it was determined that the transfer occurs from C4 (Scheme 2.9 - a). Later, it was
discovered that this transfer occurs directly from the Hantzsch ester to the substrate and that the solvent
is not involved in the process.* In 1999, Zhu et al. reported a study on the H-atom transfer mechanisms
in thermal and photochemical reactions.*’ This study showed that in both types of transformations the
H-atom in position 4 is donated faster compared to the H connected to the nitrogen atom. Under thermal
conditions, the deuterium labelling experiments showed that by using 4-d>-HEH the deuterium atoms
were found in the final product (Scheme 2.9 - b). However, the utilization of N-d-HEH didn’t lead to
the formation of the deuterated product. Additionally, the kinetic studies conducted with both 4-d,-HEH
and N-d-HEH showed that the Cs-H cleavage occurs in the rate-determining step of the transformation.
The same conclusions were also drawn from the photochemical reactions (Scheme 2.9 - ¢).

a. Hantzsch esters oxidation

R R

R2OOCﬁCOOR2 RZOOCﬁCOORZ
1 . 1 17 | 1
RONTR R"SNTR

b. Donation mechanism in thermal reactions

L L L
EtOOC COOEt CH,Br EtOOC.__J.__COOEt GH,Br
] - S X ol + 5"
N
HsC™ "N™ "CHs CN Hs;C l\ll CHs L
L L

CN
97 and 98 100 and 101
L: H, D 93 and 93-d X: CO5Et, CN 99 and 99-d
c. Donation mechanism in photochemical reactions
L L L L L
EtOOC COOEt EtOOC COOEt EtOOC p COOEt
] S ] — A
H5C I\IJ CH3 HaC N CH3 HsC I\II CH;
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Scheme 2.9. Donation mechanisms of the Hantzsch esters.*’

The main difference between the two types of transformations is the mechanism through which
the H-atom is transferred from C4. In the case of thermal reactions, the H-atom is donated through a
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hydride-transfer mechanism while under photochemical conditions the hydrogen atom is transferred via
a sequential electron-HAT mechanism.

The derivatization of the Hantzsch ester at position 4 can modify its hydrogen transfer
capabilities. In 2021, Shen et al. reported a quantitative estimation of the hydrogen atom donating
properties of various Hantzsch esters radical cations bearing alkyl and aryl moieties at C4.* First, this
study showed that the donation of the H-radical cannot occur spontaneously as the process is
thermodynamically unfavourable. However, no facile correlation between the electronic and steric
properties of the substituent and the Gibbs Free Energy Change of the C-H bond cleavage could be
attributed. Some examples of the tested Hantzsch ester derivatives and their AGJ, (XRH™") are displayed

in figure 2.2.
H Ph
Et0OC COOEt EtOOC
o
Me N Me Me
H
104 105
19.35 2213

kcal/mol

H CHgz

H Ph
EtOOC COOEt EtOOC COOEt EtOCOC COOEt
] .| [, ]
N Me Me”™ N° Me
H H

Me Me H Me
109 110 111
19.96 19.96 19.96

Figure 2.2. AGJ,(XRH™") of various Hantzsch esters radical cations.*

During the last decade, Hantzsch esters were preponderantly used in photochemical transfer
hydrogenations. Although there are many example of HEH-mediated reactions, in the frame of this
thesis only some recent examples will be briefly mentioned, namely procedures, in which Ti-species
were used as catalyst (Scheme 2.10). In 2020, Lin et al. published a visible-light-driven spirocyclization
of epoxides methodology, which implied the utilization of a dual Cp,TiCl, (IC23)-4CzIPN (112)
precatalytic system and Hantzsch ester as organic reductant (Scheme 2.10 - a).*” The mechanistic studies
showed that the generation of the catalytically active Ti** proceeds through the reaction with the excited
Ir**-species. The newly generated Ir*" species is then reduced by the Hantzsch ester to produce the
HEH™ (102). Following this reaction, the BDE of C4-H is lowered to 31.4 kcal/mol, thus the Ti*'-
catalysed hydrogen atom transfer from the Hantzsch ester to the substrate can occur. Recently, the group
of Cozzi reported two other examples of Cp,TiCl-catalysed photoredox transformations, in which HEH
(93) was used as H-donor, namely a Barbier-type allylation procedure and a propargylation of aldehydes
methodology (Scheme 2.10 — b and ¢).*** In both cases 3DPAFIPN (113) was used as photocatalyst
for the oxidation of the Hantzsch ester and the generation of HEH™ (102). Additionally, similarly to the
procedure developed by Lin et al., in both reactions the Ti**-catalysed H.atom transfer occurs only after
the in situ generation of the HEH radical species (102) in the photocatalytical cycle. Beside the H-donor
capabilities, Hantzsch esters derivatized at position 4 were shown to donate an alkyl or aryl moiety to
different substrates under photochemical conditions.>
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Scheme 2.10. Photocatalytic reactions with Hantzsch ester as reducing agent.*”

Hantzsch esters were also successfully utilized in multiple organocatalytic procedures and some
of the pioneering works on this topic are presented herein (Scheme 2.11). In 2004, the group of
MacMillan published an imidazolidinium 123 catalysed procedure for the enantioselective reduction of
a,B-unsaturated aldehydes (Scheme 2.11 - a).’! During the initial screenings, Hantzsch ester 93 proved
to be more efficient for the H-atom transfer compared to NADH or N-benzylnicotinamide in terms of
both yield and enantiomeric excess. Through this protocol both E- and Z-conformers of olefin 121 were
transformed into the corresponding (S)-enantiomer 122, regardless of the purity of the starting material
and the steric impediments of the substrate. Complementary to the work of MacMillan, Martin and List
published in 2006 a protocol for the enantioselective hydrogenation of a,-unsaturated ketones (Scheme
2.11 - b).>* Similarly to the method developed by MacMillan, this procedure uses Hantzsch ester 93 as
an organic reducing agent. In this case, the catalytic system was composed of protonated valine ester
127 and a chiral phosphoric acid, namely (R)-Trip (126) as counterion. It enabled the transformation of
enone 124 into the corresponding alkyl ketone 125 in quantitative yields and with very high
enantioselectivities. It was presumed that the catalytic efficiency of this system is based on the in situ
formation of a three-component complex between the chiral phosphoric acid, the valine derivative and
the Hantzsch ester, which is stabilized through hydrogen bonding. Recently, Chen et al. published an
organocatalysed procedure for the deoxygenation of tertiary propargylic alcohols and the formation of
the corresponding alkyne (Scheme 2.11 - ¢).* Similarly to the previously described organocatalytic
methodologies, Hantzsch ester was employed in this reaction as an/the organic reductant, while (R)-
TRIP (126) proved to be the most efficient organocatalyst for this application. During the optimization
process, a balance between high yields and a satisfactory enantiomeric excess was difficult to achieve.
It was presumed that this transformation proceeds through a (R)-TRIP-HEH-substrate tricomponent
transition state and that the basicity of the in sifu formed pyridine derivative was interfering with the
enantiomeric control of the transformation. Thus, an additive screening was conducted in order to
discover a suitable Brensted acid for this application and p-fluorophenylboronic acid was found to be
the most effective, leading to a 95% yield and a 79% ee. In order to further increase the
enantioselectivity of the reaction, the ethyl moiety form the ester groups of the Hantzsch ester were
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substituted by a benzyl group and indeed the enantiomeric excess was increased to 91%. The control
reactions revealed that the in situ formed pyridine derivative negatively affects only the first step of the
transformation, although the oxidation of the Hantzsch ester occurs only in the second step of the
reaction. Thus, a sequential addition strategy was adopted, and this change led to the deoxygenation of
the alcohol 128 in quantitative yield and 93% ee, without the addition of the boronic acid. Similarly to
the presumption of Martin and List, the mechanistic studies indicated the second part of the
transformation proceeds trough the formation of a cone-shaped three-component complex stabilized via

hydrogen bonding.
a. Enantioselective hydride reduction of a,3-unsaturated aldehydes 0
EtOOC COOEt \N/%
s I\I BazTA_ O
CHCI;,-30°C e N
121 93 122
b. Enantioselective hydride reduction of a,3-unsaturated aldehydes (R)-TRIP iPr iPr
126
0o EtOOC COOEt (R)-TRIP-valine O iPr
ﬁ 20 mol%) \ .0 HsN__CO,tBu
1,4-dioxane, 60 °C e}
43 h Pr rF’r_
valine
93 127
R LU P
¢. Synthesis of chiral diarylmethyl alkynes
HO_ Ph BnOOC COOBn "?h
0,
S H (R)-TRIP (10 mol%) S
Ph 4A MS,DCM, r.t., 60 h Ph
HO HO
128 129 130
51-53

Scheme 2.11. Organocatalytic reactions with Hantzsch ester as H-donor.

1,4-Dihydropyridines proved to be efficient organic reducing agents in multiple synthetic
applications based on thermal metal-catalysed procedures, for example in the hydrogenation of C=C,
C=0 and C=N bonds, in condensation reactions and in aminations. Recently, a Ru-catalysed procedure
for the deoxygenation of propargylic alcohols bearing terminal alkyne moieties was reported by Ding
et al.>* Previously, Ding et al published a Ru-catalysed deoxygenation protocol, in which triethylsilane
was used as H-donor. The deuterium-labelling experiments conducted by using deuterated Hantzsch
ester 93-d; led to the formation of 132-d in quantitative yield and with 98% deuterium incorporation at
the propargylic position. Furthermore, the utilization of a 1:1 mixture between 93 and 93-d; led to the
formation of a 7:3 mixture of 132 and 132-d, hinting towards a possible involvement of the hydrogen
transfer in the rate-determining step.

OH H Ru catayst IC26 (5 mol%)
X | THF, 60 °C, 6 h
Ph

Me H Me Ph
131 93 132

Ru catalyst

I
V4
+ 3
g
1 -AT
Y -
U)C
I 0
T

Scheme 2.12. Ru-catalysed deoxygenation of allylic alcohols.>*
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In conclusion, Hantzsch esters were successfully used in a wide variety of transformations
involving hydrogen atom transfers. HEH proved to be a very versatile mild organic reducing agent in
photocatalytic, organocatalytic and in metal-catalysed procedures. Additionally, Hantzsch ester was
capable of substituting other organic reducing agents, like hydrosilanes in deoxygenation reactions.
Hence, the utilization of Hantzsch ester was chosen for the Ti-catalysed deoxygenation procedure as a
safer and greener alternative to the triethoxysilane.
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Optimization of the Pd-catalysed deoxygenation procedure

3. Aims of this Work

As it was presented in the introduction chapters, deoxygenation reaction of alcohols has
applications in various fields, the most important being in the transformation of biomass in industrial-
valuable compounds. Most of the methods used in large-scale applications are heterogenous and based
on precious metals. Only recently homogenous procedures were developed and unfortunately their
limitations make them still unattractive for industrial applications. The work which will presented in
this thesis focuses on the optimization and development of atom-economical homogeneous
deoxygenation procedures catalysed by both precious and non-precious metals.

In the first part of this work the optimization of the Pd-catalysed transfer hydrogenolysis
procedure previously developed by B. Cizsek in the Group of Prof. I. Fleischer was conducted
(Scheme 3.1).! Starting from the already obtained knowledge, the aim of this work was to get a better
understanding of the mechanism of this transformation. First, the influence of various physical
parameters over the system was investigated in order to make the reaction more efficient. Additionally,
a ligand and solvent screening was conducted so that the selectivity of the transformation increased.

Pd/Lig. MeSOsH

P — - LR

HCOOH

Scheme 3.1. Pd-catalysed deoxygenation procedure developed by Cizsek and Fleischer.!

The second and most consistent part of this thesis is represented by the development of a new
3d-metal catalysed deoxygenation procedure. Due to their oxophilic character, attempts with both Ti-
and Co-based catalysts were conducted. Only recently non-precious metal catalysed deoxygenation
methods were reported in the literature. The major challange of this procedures is the need of a catalyst
regenerating agent. Therefore, one of the major focus points of this pursue was the screening of various
reducing agents which can fulfil a dual role, both in the hydrogen donation step and in the regeneration
of the catalyst in order to increase the atom-economical character of the process. In addition to this, a
high functional group tolerance would make this procedure suitable for lignin degradation. Furthermore,
mechanistical studies could bring more insight on the reaction pathway which could facilitate the
upscaling of this methodology.

and/or| Co
Ar” TR 1

R3SiH | or HCOOH or | HEH

Scheme 3.2. Newly developed Ti- and Co-catalysed deoxygenation procedures.
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4. Optimization of Pd-Catalysed Transfer Hydrogenolysis
4.1.  Overview on Pd-Catalysed Deoxygenation of Alcohols

Complementary to the deoxygenation methods previously described, Pd-catalysed
deoxygenation procedures are a well-established tool in organic chemistry due to the wide variety of
O-containing functional groups, which can be reduced to the corresponding alkanes. Therefore,
Pd-based procedures are widely used in the valorisation of biomass (Chapter 1.2). A large part of the
reported methodologies for the deoxygenation of alcohols use heterogeneous catalysts for this
transformation, in particular Pd/C, and hydrogen gas as H-donor.? The main advantage of
Pd/C-catalysed reductions of benzylic alcohols, compared to other charcoal deposited noble metals
catalysts, like Rh/C, Ru/C or Pt/C, is the selectivity of the transformation, which arises from its tolerance
towards aromatic rings.® Still, this classical heterogenous approach has some drawbacks, like cost
efficiency. Although being cheap, atom-efficient, and readily available, H, leads to poor selectivity and
is difficult to handle due to its flammability. Additionally, special equipment is required due to high
pressures and high temperatures necessary for these transformations.* The reduction of alcohols comes
with further complications, compared to the reduction of other O-containing functional groups, as in
most cases, the hydroxyl group has to be converted into a better leaving group first, due to the high
BDE of the alcoholic C-O bond and unfavourable thermodynamics.’ In consequence, new heterogenous
and homogenous procedures were developed, in which different Pd-based catalysts were used and
alternative H-donors were investigated.

In 2011, Rahaim and Maleczka reported a Pd-polymethylhydrosiloxane (PMHS, 7) catalysed
deoxygenation procedure of benzylic ketones and alcohols in presence of fluoride ions (Scheme 4.1).6
This system was already studied in the 80s and 90s, when it was reported that the polymeric structure
of PHMS enhanced the catalytic activity of Pd and the selectivity of various reductions.”® Chauhan et
al. explained this phenomenon as a consequence of the formation and dispersion of Pd-nanoclusters in
the structure of siloxane.” The studies concluded that the siloxane acts both as H-donor and stabilizing
and regeneration agent for the metallic nanoclusters.” ' The better stability of the Pd-nanoclusters
towards oxygen and humidity induced by PHMS enables to conduct the reactions under air and to a
enhance recyclability of the system.’

During their previous studies on the hydrodehalogenation of chloroarenes, Rahaim and
Maleczka observed that, besides the desired reaction, the benzylic carbonyl group of 1 was completely
reduced to 2.!! Further investigation showed, that without the p-Cl substituent, the reduction of 3 yielded
only benzylic alcohol 4 (Scheme 4.1 - a). The addition of chlorobenzene, chloroanisole or trimethylsilyl
chloride to the catalytic system enabled the deoxygenation of non-halogenated benzyl ketones and
alcohols. It is worth mentioning that this reaction is regio- and stereospecific as only the benzylic C-OH
was reduced, and the product retained the initial configuration of the molecule with 81% ee
(Scheme 4.1 - b). Additionally, benzyl protected alcohols were reduced to the corresponding alkanes in
presence of chlorobenzene.

Preliminary mechanistic studies suggested that the transformation is dependent of the rate at
which HCI is generated during the reaction. It was proposed that the acid is formed following the
disproportion of the in situ produced Ar-Pd-Cl complex in presence of PMHS (7) and water. This
hypothesis might explain the suppression of the catalytic system when neutralizing additives are added
and the low tolerance towards substrates bearing basic nitrogen atoms.
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a o Pd(OAc), C1 (5 mol%) . Pd(OAc), 7 (5 mol%) o Pd(OAc); C1 (5 mol%) OH
PMHS 7 (4 equiv. ) PMHS (4 equiv.) PMHS 7 (4 equiv.)
KF(aq.) (2 equiv.) (j)k KF(aq.) (2 equiv.) KF(aq.) (2 equiv.)
Cl THF, rt. THF, r.t. THF, rt.
1 3 4

Pd(OAc), C1 (5 mol%)
7 .
PMHS 7 (4 equiv.) Me H

b S KF(aq.) (2 equiv.) s
) OH PhCI (1 equiv.) OH
THF, r.t.

5 6

Scheme 4.1. Pd-PMHS-catalysed deoxygenation of benzyl alcohols with aqueous KF solution; (a) in
the absence of Cl anions; (b) with Cl-containing additive.®

Following the studies conducted in the group of Maleczka, Wang et al. developed a fluoride-
free Pd-PMHS-catalysed deoxygenation procedure of benzylic alcohols, ketones and ethers (Scheme
4.2 - a).!> They achieved this by using an excess of PMHS in MeOH and by exchanging the Pd-source
from Pd(OAc) to PdCl,. This system was successfully applied to both primary and secondary benzylic
alcohols and, similarly to the report of Maleczka, this catalytic system was able to also deoxygenate
benzylic ketones and ethers. Both electron-donating and electron-withdrawing groups were tolerated
by the catalytic system, but partial reduction of nitro- and halide functionalities was observed.

Based on the observations made during the screenings and mechanistic investigations, a
catalytic cycle was proposed (Scheme 4.2 - b). After the PMHS-facilitated reduction of PdCl, (C2) to
Pd(0), an oxidative addition of the alcohol occurred. During this step, HCI is generated from the reaction
of the in situ formed Si-Cl species with the solvent. The acid is further involved in the key step of the
catalytic cycle, namely the formation of a Bn-Pd-Cl complex. This hypothesis was supported by the
outcome of the deuteration-labelling experiments. The final step of the catalytic cycle is the reductive
elimination to the deoxygenated product, of which the reduction pathway and generated Pd-based
species are yet to be discovered.

R
R2 PdCl, C2 (5 mol%) H H
] X OH X R1 S 2 PMHS 7 (3 equiv.) AN R
& R or R or Ri- OR Ry~
_ = - MeOH, 40 °C =

Ar 10 R PdCI [Si]—H

Si—H [Si]- Pd cl
or HCI [Si]— CI + MeOH

b. Pd cl Pd(0)+H,  HCI +[Si]*ONIe
ca on
HQO /j\
cl

Scheme 4.2. Pd-PMHS-catalysed deoxygenation of benzyl alcohols in methanol (a) model reactions
with alcohols, ketones or esters; (b) proposed mechanism. !
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These reports show the extraordinary reductive capabilities of the Pd-PMHS system in alcohol
deoxygenation reactions. Both studies disclosed the determining role of the in situ generated HCI in
such catalytic systems. Unfortunately, some drawbacks such as the lack of chemoselectivity, and
multiple reductions of other functional groups could not be resolved in these systems. Consequently,
various methodologies were developed by using different hydrogen donors.

The utilization of formic acid (11) as a hydrogen source comes with some advantages as it was
stated in chapter 2.1, the most important one being the convenient side-products, their recyclability and
the facile work-up.!> '* Liu and co-workers reported a Pd/C-catalysed transfer hydrogenolysis of
2-phenyl-2-propanol (12) using HCOOH (11) as H-donor (Scheme 4.3 - a).!* During their studies, the
H-donor capabilities of multiple formate salts were tested but all of them proved to be less efficient for
this transformation then formic acid. Adding an acidic additive to formate salts or using stoichiometric
mixtures between salts and formic acid evidenced an improvement of the transfer hydrogenolysis, but
the yields did not exceed 44% of the desired product. These results are contrary to the ones obtained in

16.17 and benzyl esters.!® Based on mechanistic studies, it

the transfer hydrogenolysis of aryl chlorides
was concluded that the low pH value of the reaction medium, when formic acid is employed as hydrogen
donor, enhances the deoxygenation capabilities of the catalytic system. This phenomenon might
indicate that the transformation depends on the dissociation of HCOOH (11) into H" and HCOO'.

Similar conclusions concerning H-donors were stated by Feng ef al. when they applied the same
Pd/C-HCOOH catalytic system on the deoxygenation of secondary benzylic alcohols (Scheme 4.3b)."
Again, the usage of formic acid instead of formate salts proved to be beneficial for the transformation
in terms of both reactivity and selectivity as it hindered the formation of acetophenone (3), which was
observed when using formate salts. Interestingly, when no H-donor was added to the reaction mixture,
low amounts of ethylbenzene (2) were obtained. Similarly, to the report of Liu et al.,"” the addition of
HCOOH as acidic additive to formate salts led to the formation of higher amounts of ethylbenzene (2).
Additionally, a higher excess of formic acid relatively to the amount of substrate enhanced the
conversion and yield. Another important parameter, which was examined during these studies was the
role of the water content in the reaction. The results showed that adding up to 2 mL of water to the
reaction mixture facilitated the transformation of a-methylbenzyl alcohol (4) into ethylbenzene (2). A
further increase of the water content led to a decrease in selectivity and the formation of
acetophenone (3). Moreover, the ionic dissociation of formic acid is crucial for the deoxygenation of
secondary benzylic alcohols. In both reports, it was hypothesised, that the dissociative chemisorption
of HCOO" ions on the Pd-surface take place while the hydroxyl group is transformed into -OH,".
Consequently, the C-O bond cleaves while Pd-H and CO. is generated on the catalyst surface. When no
H-donor is present, the alcohol itself acts as the H-donor.
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Pd/C (3.8 wt.%)
HCOOH (2.0 equiv.)
HsC EtOH (10 mL), H,0 (2 mL) HsC

OH 80°C. 4 h acidic additive:
CHs CH, - CH3;COOH
a. or Pd/C (3.8 wt.%) - H3BO;
HCOONa (2.0 equiv.) - HCOOH

12 acidic additive (x equiv.) 13
EtOH (10 mL}), H,O (2 mL)
80°C,4h
Pd/C (3.8 wt.%)
HCOOH (4.0 equiv.)
EtOH (10 mL), H2O (2 mL) CHj

3 80 °C. 40 min acidic additive:
b. |l |- or Pd/C (3.8 wt.%) - H3BO3
HCOOLi (2.0 equiv.) - HCOOH

acidic additive (2.0 equiv.)
EtOH (10 mL), H,O (2 mL)
80 °C, 40 min

Scheme 4.3. Pd-HCOOH-catalysed deoxygenation of benzyl alcohols; (a) Procedure by Liu et al.;"®
(b) Procedure reported by Feng et al."”

In 2013, the group of Samec introduced another Pd/C-HCOOH catalytic system for the
deoxygenation of benzylic alcohols (Scheme 4.4).% Later, this procedure was applied in the valorisation
of lignin, as discussed in chapter 1.2 (Schemes 1.14 and 1.15).2">22 When using 1-phenylethanol (4) as
substrate, the formation of acetophenone (3) was observed in a 1:1 mixture with ethylbenzene (2). By
substituting formic acid with various formate salts, the desired reaction was completely supressed.
However, when catalytic amounts of base were added as activation agent for the Pd catalyst, for instance
ammonium formate or triethylamine, the Pd/C-HCOOH system demonstrated its capabilities towards
the deoxygenation of 1-phenylethanol (4), and ethylbenzene (2) was obtained in quantitative yield.
Similarly, to the previously described procedures, the presence of small amounts of water proved to be
beneficial for the desired reaction. It was assumed that water increased the formate salt solubility and,
hence, inhibited the formation of acetophenone (3) through a disproportionation reaction. The
disproportionation pathway would imply the initial oxidation of the alcohol to a carbonyl compound
and the generation of molecular hydrogen. The substrate screening revealed that beside secondary
benzylic alcohols, primary and tertiary benzylic alcohols were suitable for the deoxygenation. Thus, a
pathway involving the formation of a carbenium ion, or a dehydrogenation reaction were dismissed. In-
depth mechanistic studies were endeavoured to determine the mechanism.

Pd/C (5.0 mol%, 5.0% w/w)

HCOONH, (24 mol%)
R! MeOH:H,0 (3 mL, 5:1) R!
0'2" rt., >2 min, air H2
R R
then HCOOH (3.0 equiv.)
R3 80 °C, 40 min, air R3
14 15
12 examples

Scheme 4.4. General reaction of Pd-HCOOH-catalysed deoxygenation of benzyl alcohols via the
procedure developed by the group of Samec.?°

During the optimization and substrate screening, potential intermediates were detected.
(Figure 4.1, red box). Some of these compounds were already described in the literature as possible
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intermediates in deoxygenation reactions, which used similar catalytic systems (Figure 4.1, blue
rectangle).'® 1% 2324 In order to determine, which of these could act as intermediates in this reaction,
their initial conversion rates in this system were compared with the initial consumption rate of
1-Phenylethanol (4). Both styrene (17) and acetophenone (3) gave higher rates at /=0 s while the others
showed lower initial rates relative to the alcohol.

Literature proposed intermediates

| | 0 Ph |
. 0 o o | OMe
N S N | Ph
L6 17 3 18 19 20

Observed intermediates

Figure 4.1. Literature proposed intermediates for deoxygenation of benzylic alcohols (blue rectangle)
and possible intermediates observed during the studies (red rectangle).?’

Subsequently, reaction order studies were conducted. No dependency between the
concentration and initial rate was observed when the amount of alcohol or base varied. The
independence of the reaction order in correlation to the concentration of alcohol shows that the cleavage
of the C-O bond is not the rate-limiting step of the reaction, while lower or higher concentrations of
base favours the formation of side-product through other pathways. Both the H-donor and the catalyst
gave first-order dependencies ensuing that the hydrogen transfer between the formic acid and the Pd
catalyst is involved in the rate-determining step. This step was further investigated via the deuterium
kinetic isotope effect of the hydrogen transfer. The substitution of the “hydride” H-atom with deuterium
resulted in a notable decrease in reaction rate, while employing HCOOD (11-Ad) led to the opposite
effect on the reaction rate, with ku/kp of 0.62 = 0.11. These results strengthened the conclusion that the
hydride transfer between the formic acid (11) and Pd is the rate-determining step of the reaction.

Based on the mechanistic investigations and observations made during the screening, multiple
reaction pathways were discarded. A disproportion of tertiary alcohol could not take place.
Additionally, such a pathway could not occur as no dependence of the reaction rate on the alcohol
concentration was observed. Ester and ether were not observed under optimized conditions and their
initial reactions rates are much lower comparing to the alcohol. Therefore, it is unlikely that this
compounds are intermediates in this transformation. Consequently, elimination pathway and
carbocation formation is improbable as primary substrates were transformed in good yields to the
desired product.

After the extensive mechanistic experiments, the Samec group proposed a mechanism, which
starts with the formation of the formate anion and its adsorption on the catalyst generating a formato-
palladium species II (Scheme 4.5). The latter is further protonated with a formic acid molecule to form
complex III. Subsequently, a hydrogen chemosorbtion take place with the generation of IV, which is
catalytically active towards the deoxygenation of benzylic alcohols.
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O

o) PN 0

O)LH " Si OJ\H H H /I\ Ph/Z\H
CED GV CED e CEV e
B TTHE T s e s

Scheme 4.5. The mechanism for heterogenous deoxygenation of benzylic alcohols proposed by the
group of Samec.?

In 2018, the Fleischer group reported the first homogenous Pd-catalysed transfer
hydrogenolysis of benzylic alcohols." 2° This procedure uses a Pd-a,a'-bis(di-tert-butylphosphino)-
ortho-xylene (dtbpx, L.1) complex, formic acid (11) as hydrogen donor and methanesulfonic acid (21)
as co-catalyst and it was conducted in dichloroethane (DCE) at 100 °C for 18 h (Scheme 4.6). The
inspiration for this system was a catalytical methodology based on Pd salts, bidentate phosphine ligand
and acid co-catalyst which was previously established in the same group for the thiocarbonylation of
vinyl arenes.*

They found that with a,a'-bis(di-tert-butylphosphino)-ortho-xylene (dtbpx, L.1) (Scheme 4.6)
as ligand, both Pd° and Pd** precatalysts led to satisfying yields of the desired product, with Pd(acac),
(C5) being the most efficient one. In contrast, Pd/C yielded only traces of ethylbenzene (2) and a
significant amount of styrene (17).

Pd(acac), C5 (1.0 mol%)
dtbpx L1 (4.0 mol%)

CHs dtbpx(O,) L1-0, (1.3 mol%) CHs dtbpx ligand (L1) dtbpx-(05) (L1-(03))

1,2-dichloroethane (3 mL) t Q
OH (.., 30 min H | @CP( Bu) @:P(tsuh
' t
then CH3SO3H (16 mol%) ! P(Bu)2 P('Bu);
4 HCOOH 11 (2.0 equiv.) 2 ' o}
100 °C, 18 h :

Scheme 4.6. General reaction for homogenous Pd-catalysed deoxygenation of benzylic alcohols with
HCOOH as H-donor." %

Subsequently, the group conducted a ligand screening. Multiple mono- and bidentate ligands
were submitted to the reaction but only dtbpx (L.1) proved to be capable of facilitating desired catalytical
activity while all the other tested ligands led to the formation of high amounts of styrene (17). Dtbpx
(L.1) was first synthesised by Moulton in 1976, while the first Pd-dtbpx complex was reported by
Crascall et al. in 1992.27 Afterwards, Clegg and Eastham used this complex in the industrial process of
obtaining methyl propanoate via methoxycarbonylation of ethane which is part of the Lucite alpha
process.?® % During the development of this industrial process, it was proven that the catalytic
capabilities of the system can be influenced by the properties of the ligand like high electron density
and steric factors induced by the /Bu groups.*® The pathway through which this catalyst is capable of
donating a H-atom heavily depends on the acidic co-catalyst chosen for the particular system and
solvent (Scheme 4.7). The direct formation of the palladium hydride C7a can be achieved in presence
of alcohols susceptible to B-hydride oxidation and in presence of weak coordinating anions provided by
the catalyst. An exception was found, when utilizing methanesulfonic acid, where a cationic Pd complex
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C8 is generated before the Pd-H C7b can be obtained in sifu.’' This kind of reactivity proved to be
optimal for the deoxygenation of benzylic alcohols.

TfOH in ROH EIP(@F)’QJH

| P(Bu), OR
@P(t@gzd_l_ C7a

P(BU), MsO” ® MsO”~_@

C6 —
P({Bu P(tBu)
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Scheme 4.7. Pathways for generation of palladium hydride species with and without methanesulfonic
acid.

Another important aspect of the catalytic activity of the Pd-dtbpx complex in this
transformation is the presence of the oxidized form of the ligand. Ciszek showed that a 3:1 ratio between
dtbpx (1) and dtbpx(O.) (L1-0>) is optimal for suppressing the formation of side-products during the
reaction. Although the reason behind this positive effect was not fully elucidated, as dtbpx(O») (L1-O3)
alone proved to be catalytically inactive for this reaction, it was hypothesised that the oxidized form
could prevent the conglomeration or decomposition of the Pd-based catalyst (Scheme 4.6).!

Regarding mechanistic experiments, kinetic studies showed that there was no induction period
in formation of the desired product hinting towards a homogenous catalysis. This hypothesis was further
supported by qualitative poisoning experiments, as both mercury and dibenzo[a,e]cyclooctatetraene
(DCT) completely quenched the reaction. To further exclude Pd nanoparticles as active catalyst, they
were employed in the reaction and yielded only traces of the desired product. Interestingly, after the
addition of dtbpx and methanesulfonic acid in the reaction mixture, ethylbenzene (2) was obtained in
66% yield leading to the conclusion that palladium nanoparticles can serve as reservoir for the
generation of the catalytically active homogenous species. Thus, a so-called cocktail catalysis was
suspected.?

Based on these results, a mechanism for the deoxygenation of benzylic alcohols was proposed
(Scheme 4.8).! First, the generation of the cationic Pd-H complex C7a is facilitated either by the formic
acid or the acidic co-catalyst. Simultaneously, the alcohol is transformed into the corresponding
formate 18, which further coordinates through the carbonyl group to Pd, leading to the formation of
six-membered distorted chair-like complex C9. The hydrogen transfer from Pd leads to the generation
of the desired product 2 and complex C10. After CO, release, the catalytically active species C7a is
regenerated.
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Scheme 4.8. Proposed mechanism for the homogenous Pd-catalysed deoxygenation of benzylic
alcohols with HCOOH as H-donor.'

Although this system proved to be very capable in the transfer hydrogenolysis of benzylic
alcohols, it still possesses some drawbacks, the main one being the limitation in ligand alternatives and
the necessity of controlling the ratio between the ligand and its oxidated form. Finding another ligand
capable of generating an active catalyst could enhance the selectivity of the reaction. Additionally,
relatively high Pd loading, and the utilization of halogenated solvent make this procedure less attractive.

Following the obtained results in the Pd-catalysed deoxygenation of benzylic alcohols, Schmidt
et al. applied a modified version of this catalytic system for the reductive rearrangement of glycol
derivatives and the production of terminal formic esters (Scheme 4.9).3? As it was described in chapter
1.2, these substrates are used as lignin model substrates due to their structural resemblance with the
constituent motifs of this feedstock. The optimisation studies revealed that, beside the nature of the Pd
source, ligand and co-catalyst, the exact stoichiometry plays an important role in this transformation.
Furthermore, the addition order has a major impact on the outcome of the reaction. Analogous to the
deoxygenation of benzylic alcohols, dtbpx (L1) proved to be the only ligand capable of generating a
catalytically active complex for this purpose. The catalytic system showed a very high tolerance towards
various substituents attached to the ethereal oxygen atoms. Moreover, a number of modifications of the
aromatic backbone and its substitution with aliphatic chains did not supress the reactivity. Subsequently,
the mechanistic studies showed that this transformation proceeds through a [1,2]-hydrogen shift.

Pd(acac), (0.75 mol%)
dtbpx (3.0 mol%)

OH
1 4 CHClI3 (2 mL) ]
RLALOR i, 2.5h Ry Oy
R? then CH3SO3H (20 mol%) R? 0
22 r.t., 30 min 23

then HCOOH (10 equiv.)
100 °C, 4 h

Scheme 4.9. General reaction for the reductive rearrangement of glycol derivatives.
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4.2.  General Motivation

Based on the results of B. Ciszek and I. Fleischer regarding the deoxygenation of benzylic
alcohols, the main goal of this project was the further optimization of the reaction conditions.! This
project should lead to an increase of product yield on a broader substrate scope, better understanding of
the reaction mechanism, more economically and environmentally efficient reaction conditions and
increased chemo-, stereo- and regioselectivity. These goals could be achieved by reducing the
Pd-catalyst loading, by uncovering more ligands capable of forming active species with the precatalyst
and by substituting the halogenated solvent with “greener” alternatives. Enhancing these properties
would yield a more attractive transformation for both laboratory and industrial application.
Additionally, the fields in which this system could be used would extend to the synthesis and
functionalization of biologically active compounds and the valorisation of lignin.

A procedure that would be suitable for the aims of this optimization project, in view of low
Pd-catalyst and ligand loading, are the reaction conditions developed by Schmidt et al., which were
applied in the reductive rearrangement of glycol derivatives.*?> Furthermore, the optimal stoichiometry
for this reaction will be investigated.

Additionally, a ligand screening will be conducted, which could widen the catalytic capabilities
of the system. In order to obtain the desired selectivity properties, multiple phosphine-based ligands
will be investigated, as a follow-up on Ciszek’s ligand screening. Moreover, avoiding the necessity to
employ both dtbpx (L1) and dtbpx(O-) (L1-03) is desired. Subsequently, the influence of the in situ
generated water and the water from external sources (e.g., solvent moisture) will be studied.

4.3.  Optimization and Screening

Initially, the reaction was reproduced applying the exact conditions described by Ciszek et al.
(Scheme 4.10 - a). The only deviation from the standard procedure was the exclusive utilization of
5 mol% dtbpx (L1). The result was mostly in accordance with the published data, as the desired product
was obtained in 90% yield instead of quantitative yield.! The small difference in yield might arise from
the elimination of the oxidized form of dtbpx (L.1) from the catalytic system. Beside the desired product,
small amounts of formate 18, styrene (17) and higher-mass products were detected via GC-MS
(Figure 4.2 - pg. 43). The formation of these high molecular mass compounds was observed throughout
the optimization and ligand screening, but they were never isolated as they were considered to be only
side-products and not possible intermediates. Product 24 was presumably generated through an acid-
catalysed dehydrative coupling reaction while formation pathway of compound 25 is still unknown
(Figure 4.2).* Subsequently, the exact conditions developed for the reductive rearrangement of glycol
derivatives were applied, with the goal of deoxygenating secondary benzylic alcohols (Scheme 4.10 -
b). This procedure did not lead to satisfying results as only traces of ethylbenzene (2) were obtained,
whereas formate 18 and styrene (17) were produced in significant amounts. In conclusion, a thorough
adaptation of C.S.2 conditions to the needs of the deoxygenation reaction had to be performed.
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Ciszek: Conditions set 1 (C.S.1) O
Pd(acac); C5 (1.0 mol%)

dtbpx L1 (5. 0 mol%)
1,2-dichloroethane (3 mL)
OH
a. rt., 30 min
then CH3SO3H 21(16 mol%)

4 HCOOH 11 (2.0 equiv.)
100 °C 18 h 90% traces traces
Schmidt: Conditions set 2 (C.S5.2) O

Pd(acac); €5 (0.75 mol%)
dtbpx L1 (3.0 mol%)

CHCl3 (2 mL)
OH rt, 2.5h
b. then CH5SO3H 21 (20 mol%)

rt., 30 min
4 then HCOOH 11 (10 equiv.)
100 °C, 4 h

traces 60% 7%

Scheme 4.10. Preliminary reactions for deoxygenation of benzyl alcohols (a) Procedure developed by
Ciszek et al. (C.S.1);! (b) Procedure developed by Schmidt ez al. (C.S.2).*?

4.3.1. Solvent Screening

Using the C.S.1 conditions, a solvent screening was carried out, in order to gain more insight
into its role in the catalytic reaction. All solvents were dried and degassed prior use. Firstly, other
halogenated solvents than DCE were tested (Table 4.1 - Entry 1). Conducting the reaction in chloroform
led to a slight decrease in the yield of the desired product 2 to 87% showing that this solvent is suitable
for the transformation and that a decrease in polarity and boiling point does not significantly affect the
reaction (Table 4.1 - Entry 2). In both of these reactions (Table 4.1 - Entries 1 and 2), only traces of
styrene (17) and formate 18 have been detected in the crude reaction mixture. When dichloromethane
was chosen as a solvent for the reaction, a noticeable decrease in yield was observed to 52%
(Table 4.1 Entry 3). A possible reason could be its volatility, due to which the reaction was only carried
out at 80 °C.

Further decreasing the polarity by using toluene as solvent led to diminished yield of
ethylbenzene (2) (15%) (Table 4.1 - Entry 4). In this case, products with high molecular mass were
detected via GC-FID (Figure 4.2). This outcome could be explained by the poor coordinating properties
of toluene or by the poor solubility of the components. The importance of solvent coordination and
solubility was further emphasised by carrying out the reactions in THF and ethyl acetate, which led to
the formation of 61% and 77% yield of 2, respectively, although the reaction in THF was conducted at
80 °C (Table 4.1 — Entries 5 and 6).

Interestingly, the reactions in MeOH and EtOH completely supressed the desired
transformation (Table 4.1 — Entries 7 and 8). This result was surprising as alcoholic media should
enhance the formation of Pd-H, which is presumably the catalytically active species.’! A possible
explanation for this phenomenon might be a competitive esterification reaction between the alcohols
and the HCOOH in the acidic media. Unfortunately, due to their volatility, neither methyl- nor ethyl
formate 18 was detected via GC-FID.
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Table 4.1. Solvent screening for the deoxygenation of 1-Phenylethanol (4).

@]
Pd(acac), C5 (1.0 mol%) .
OH dtopx L1 (5.0 mol%) H o H ,
solvent (3 mL) \ higher
r.t., 30 min . . ©/\ + molecular
then CH3SOsH 21 (16 mol%) maff .
4 HCOOH 11 (2.0 equiv.) 2 18 17 products
100 °C, 18 h
Yield of 2 Yield of 18 Yield of 17
Entry' Solvent ) )
(%)" (%)" (%)
1 DCE (standard reaction) 93 traces -
2 CHCl, 87 traces traces
3lcl CH,Cl, 52 8 28
4 Toluene 15 17 -
5kl THF 61 traces 14
6 EtOAc 77 traces traces
7lel MeOH = 64 traces
8 EtOH - 64 traces

[a] Standard reaction conditions: 1-phenylethanol (0.120 mL, 1.00 mmol, 1.00 equiv.), Pd(acac)2 (3.05 mg, 0.01 mmol,
1.00 mol%) and dtbpx (21.0 mg, 0.05 mmol, 5.00 mol%) in solvent (3 mL), stirred for 30 min. at r.t., then MeSO3H (0.01 mL,
0.16 mmol, 0.16 equiv.) and HCOOH (0.08 mL, 3.00 mmol, 3.00 equiv.) stirred for 18 h at 100 °C in a Schlenk pressure tube.
[b] Yields were determined via quantitative GC-FID using n-pentadecane as internal standard. [c¢] Reaction conducted at 80 °C.

P
DA e
24 25
Figure 4.2. Examples of higher molecular mass products detected via GC-MS.

In order to observe if the solvent plays a role in the disproportionation of formic acid and
therefore enhances the reactivity, chloroform, 1,2-dichloroethane and ethyl acetate were selected for
reactions, in which the amount of HCOOH (11) was varied compared to the standard conditions
(Table 4.2). Analysing the obtained results, a trend was observed. When using the C.S.1 procedure for
the reaction, the addition of 5 equivalents of formic acid had an unfavourable effect on the formation
of ethylbenzene (2) (Table 4.2 — Entries 1, 4 and 7). Doubling the amount of formic acid (11) to 10
equivalents led to an almost complete quenching of the desired reaction (Table 4.2 — Entries 2,5 and 8).
However, in all cases higher amounts of formate 18 and styrene (17) were obtained compared to the
standard C.S.1 reaction. These outcomes were unexpected, as more formic acid should facilitate both
the formation of Pd-H and the functionalization of the alcohol.! Intrigued by these results, the procedure
was modified, and the addition of formic acid was delayed by 20 minutes. Remarkably, this had a
positive impact towards the generation of ethylbenzene (2) even by using 10 equivalents of formic acid
(11), however, the yields were still lower comparing to the results obtained with standard C.S.1
conditions (Table 4.2 - Entries 3, 6 and 9).
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Following the results of the solvent screening, it was concluded that, both chlorinated and
coordinating solvents are suitable for this transformation. These results hint that, under optimized
conditions, the solvent could substitute dtbpx(O;) (L1-03) in the stabilizing role of the catalytically
active species. A plausible explanation for the poor yields obtained whilst varying the amount of formic
acid (11) was the possible interference of the formic acid with the generation of the six-member-ring
intermediate C9, thus leading to the deactivation of the palladium catalyst (Chapter 4.1 - Scheme 4.6).
This hypothesis would explain the higher yields of formate 18 and styrene (17).

Table 4.2. Variable formic acid loading experiments in different solvents.

(0]
Pd(acac), C5 (1.0 mol%) Py
dtbpx L1 (5.0 mol%) 0 H
solvent (3 mL)
OH r.t., 30 min H + ©A\
then CH3SOzH 21 (16 mol%)
100 °C, 18 h
Formic acid Yield of 2 Yield of 18 Yield of 17
Entry!®! Solvent ]
(equiv.) (%)™ (%)™ (%)™
1 CHCI; 5 49 27 17
2 CHCls 10 14 51 32
3[el CHClI; 10 51 25 11
4 DCE 5 60 25 9
5 DCE 10 17 58 28
6l DCE 10 62 17 traces
7 EtOAc 5 9 36 -
8 EtOAc 10 - 43 traces
9l EtOAc 10 37 29 -

[a] Standard reaction conditions: 1-phenylethanol (0.120 mL, 1.00 mmol, 1.00 equiv.), Pd(acac)2 (3.05 mg, 0.01 mmol,
1.00 mol%) and dtbpx (21.0 mg, 0.05 mmol, 5.00 mol%) in solvent (3 mL), stirred for 30 min. at r.t., then MeSO3H (0.01 mL,
0.16 mmol, 0.16 equiv.) and HCOOH (x equiv.) stirred for 18 h at 100 °C in a Schlenk pressure tube. [b] Yields were
determined via quantitative GC-FID using n-pentadecane as internal standard. [c] Reactions with 20 min added before the
addition of formic acid.

4.3.2. Further Optimization Experiments

Based on the insights gained during the solvent screening, the optimization of the C.S.2
procedure for the deoxygenation reaction started with the optimization of addition- and reaction time.
The prolongation of the reaction time from 4 h to 18 h increased the yield of ethylbenzene (2) to 34%.
A furtherance in reaction time to 48 h did not lead to a perceptible improvement, resulting in only 36%
yield of the desired compound. Therefore, the 18 h reaction time was further used for the optimization
reactions.

The simultaneous addition of reaction components completely deactivated the catalytic process,
as only formate 18 was formed in high amount and traces of styrene (17) were observed via GC-FID.
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A further 30 minutes extension of the addition time between the reaction components did not lead to
higher yields of the desired product. Thus, the addition order and time were maintained during the
optimization process, according to the C.S.2 methodology.

Another parameter of interest during the optimization process was the catalyst loading and the
ratio between the metal catalyst and the ligand loading. The ratio between Pd/ligand/acid can have a
major impact on the reaction’s outcome.*? Due to the exclusion of dtbpx(0,) (L1-0,) the standard
loading ratio for the process was considered 1:5 Pd:dtbpx. During this screening, the yields of formate
18 and styrene (17) were not measured (Table 4.3).

Increasing the Pd-loading from 0.75 mol% to 1 mol% and utilizing it in a 1:5 Pd/ligand ratio,
led to a raise of ethylbenzene (2) yield to 62% (Table 4.3 — Entries 1 and 5). Subsequently, when the
1:4 ratio was used, in relation to 1 mol% of metal precatalyst, 47% yield of ethylbenzene (2) was
obtained (Table 4.3 — Entry 2). Decreasing the amount of L1 further led to an observable drop in the
yield of ethylbenzene (2) to 15% (Table 4.3 — Entry 3). In order to get a better insight about the
importance of the amount of ligand present in the reaction, 1 mol% of Pd was submitted with 8 mol%
of ligand. This reaction yielded 65% of ethylbenzene (2), leading to the conclusion that, from the cost-
efficiency perspective, the optimal Pd/ligand ratio is 1:5 (Table 4.3 — Entry 4). These results showed
that the main factor in the formation of the desired product is the amount of precatalyst. Although it is
unclear, if the ligand plays a role in both formation of the active species and preventing the formation
and precipitation of nanoparticles from solution, it was shown that, in order to have a satisfying
transformation, a minimum four time greater ligand loading, compared to precatalyst loading, is
necessary. In contrast, a substantial uplift in the amount of ligand causes the transformation to become
cost inefficient.

Table 4.3. Catalyst-ligand ratio investigations.

Pd(acac); C5 (x mol%)
dtbpx L1 (y mol%)

CHCl3 (2 mL)
OH rt, 2.5h H
then CH3S0O3H 21 (20 mol%)
4 r.t., 30 min 2
then HCOOH 11 (10 equiv.)
100 °C, 18 h
. Ligand loading ]
Entry' Catalyst loading (mol%) Yield of 2 (%)™
(mol%)
1t 1 5 62
2 1 4 47
3 1 3 15
4 1 8 65
54 0.75 3 34

[a] Standard reaction conditions: 1-phenylethanol (0.120 mL, 1.00 mmol, 1.00 equiv.), Pd(acac)z (2.28 mg, 0.075 mmol,
0.75 mol%) and dtbpx (11.8 mg, 0.03 mmol, 3.00 mol%) in chloroform (2 mL), stirred for 2.5 h at r.t., then MeSOsH
(0.013 mL, 0.20 mmol, 0.20 equiv.) stirred for 30 min. at r.t., then HCOOH (0.19 mL, 10.0 mmol, 10.0 equiv.) stirred for 18
h at 100 °C in a Schlenk pressure tube. [b] Yields were determined via quantitative GC-FID using n-pentadecane as internal
standard. [c] Standard conditions for C.S.1 [d] Standard conditions for C.S.2
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Following the conclusions, regarding the importance of the Pd/ligand ratio, the investigation
for the optimal co-catalyst loading was pursued. Based on previously performed acidic co-catalyst
screenings in the group of Fleischer, methanesulfonic acid (21) was chosen as being the most suitable
option.!*? During this screening, 1 mol% of Pd precatalyst and 5 mol% of dtbpx (L.1) were used. When
no Brensted acid was present in the reaction, no ethylbenzene (2) was detected in the crude reaction
mixture (Table 4.4 - Entry 1). 10 mol% of MeSOsH (21) already led to the formation of the desired
product in 21% yield (Table 4.4 — Entry 2). A further raise in co-catalyst loading to 16 mol% increased
the yield of ethylbenzene (2) to 51% (Table 4.4 — Entry 3). Using MeSOsH (21) in 20 mol%, which is
considered the upper limit for a catalyst loading, led to an even higher yield of 65% (Table 4.4 —
Entry 4). Therefore, this amount of co-catalyst was further used during the ligand screening.

Based on these results and on the studies of Ciszek, it was concluded that the coordination of
the mesylate is beneficial for the generation of the active species, through the formation of intermediate
complex C8. Additionally, the co-catalyst may be responsible for hindering the formation of the
proposed inactive heterogenous species. Beside the positive interaction with the metal-based catalyst,
methanesulfonic acid might play a role in the formation of the formate 18.

Table 4.4. Methanesulfonic acid amount variation.

Pd(acac), G5 (1.0 mol%) infermediate complex

dtbpx L1 (5.0 mol%)

CHCl5 (2 mL) | P('Bu)
©/LOH rt, 2.5h Ho ©J< Spd v
| / . ~
then CH5SOsH 21 (x mol%) | PBu, 0 ©

4 then HCét(Sk?ql1m(i:O equiv.) 2 cs
100 °C, 18 h
Entry" MeSO;H loading (mol%) Yield (%)
10 No additive -
2 10 21
3 16 51
4 20 65

[a] Standard reaction conditions: 1-phenylethanol (0.120 mL, 1.00 mmol, 1.00 equiv.), Pd(acac)2 (3.05 mg, 0.01 mmol,
1.00 mol%) and dtbpx (21.0 mg, 0.05 mmol, 5.00 mol%) in chloroform (2 mL), stirred for 2.5 h at r.t., then MeSO3;H
(0.013 mL, 0.20 mmol, 0.20 equiv.) stirred for 30 min. at r.t., then HCOOH (0.19 mL, 10.0 mmol, 10.0 equiv.) stirred for 18
h at 100 °C in a Schlenk pressure tube. [b] Yields were determined via quantitative GC-FID using n-pentadecane as internal
standard.

Before pursuing the ligand screening, both possible intermediates, formate 18 and styrene (17),
were examined in the reaction conditions established during this study (Scheme 4.11). Compound 18,
which is the more plausible intermediate in the deoxygenation reaction, led to the generation of
ethylbenzene (2) in 79% yield and styrene afforded ethylbenzene (2) in 90% yield. These results hint
that these reaction conditions are more capable regarding hydrogenation reactions than for
deoxygenations. Due to the numerous studies of Pd-catalysed hydrogenations, further investigations
into the hydrogenation were not pursued.
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0 Pd(acac), C5 (1.0 mol%)

)j\ dtbpx L1 (5.0 mol%)
0 H CHCI; (2 mL)

rt., 2.5h
x H
©/\ or then CH3SO3H 21 (20 mol%)
r.t., 30 min

17 18 then HCOOI;I 11 (10 equiv.) 90% (from 17)
100 °C, 18 h 79% (from 18)

Scheme 4.11. Reactivity investigations of possible intermediates.

4.3.3. Ligand Screening

Consequently, a ligand screening was conducted using both C.S.1 procedure and the new
reaction conditions C.S.3, developed during this study (Scheme 4.12). As it was previously mentioned,
finding a new ligand capable of generating an active catalytic species with the Pd-precatalyst is of great
interest, as it would enable the reactivity to a broader scope of substrates, would improve the
chemoselectivity, could generate stereoselectivity and would bring more information about the reaction
pathway. This screening is a continuation of the ligand studies already reported by Ciszek in his thesis
and beside L1, only L5 and L13 were tested again (Figure 4.3 and Figure 4.4, respectively).

Pd(acac), C5 (1.0 mol%)
ligand L1 (5.0 mol%)

Pd(acac), C5 (1.0 mol%)
ligand L1 (5.0 mol%)

CHCI3 (2 mL) | : 1,2-dichloroethane (3 mL)
H rt,2.5h 5 OH ! r.t., 30 min H
then CH3SO3H 21 (20 mol%) : : then CH3SO3H 21 (16 mol%)
2 rt., 30 min ! 4 ' HCOOH 11 (2.0 equiv.) 2
then HCOOH 11 (10 equiv.) +«____________. ! 100 °C, 18 h
100 °C,4 h Procedure 1 - C.S. 71 conditions

Procedure 2 - C.S.3 conditions

Scheme 4.12. Ligand screening procedures; (right) Procedure 1-C.S.1 conditions; (left)
Procedure 2 - C.S.3 conditions.

First, the capabilities of bidentate symmetrical P,P-ligands to generate active catalyst for the
deoxygenation were investigated. Ligands bearing the same backbone as .1 were suggested as possible
alternatives for dtbpx (L1) (Figure 4.3 - blue rectangle). Based on the available literature reports the
most promising ligand that could substitute dtbpx (L1) in this transformation, was L2. In 2017, Nobbs
et al. published a bpx-Pd catalysed procedure for the isomerizing methoxycarbonylation of alkanes.**
This system showed improved catalytic activity and turnover number comparing to dtbpx-Pd complex,
which is the benchmark catalyst for this transformation. It was hypothesised, that the reason behind the
effectiveness of the bpx-Pd catalyst was structural resemblance of the ligand with dtbpx (L.1) and the
similar bite angle, of approximately 100°, which was observed for both L.1 and L2 in Pd-complexes.
However, the electronic properties between the two ligands differ, as the s-donating character is lower,
and the m-accepting character is higher for the P-atom in bpx (L2) compared to dtbpx (L1). This
phenomenon is a consequence of the smaller C-P-C angle in L2 than in L1. Additionally, based on the
rhodium studies, it was concluded, that bpx (L2) can enhance the electrophilic character of the metal
centre compared to dtbpx (L1). Subsequently, the studies showed that the basic character of bpx (L.2)
is weaker than for the standard ligand L1.

Therefore, the synthesis of bpx (L2) was carried out. Although the generation of L2 was proven
via *'P-NMR spectroscopy of the crude mixture, the purification procedure was partially unsuccessful
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as solvent and phorone were still present in considerable amounts in the final mixture. The unpurified
ligand was submitted in both catalytical reactions, but the desired product was observed only in traces
in the crude reaction mixtures of both procedures. Although these results were unsatisfying, due to the
impurities and solvent traces, which were still present in the ligand, the catalytic activity of L2 could
not fully investigated. Therefore, bpx (LL2) should not be excluded as a possible replacement for dtbpx
(L1) for this deoxygenation procedure. Next, the electron rich (+)-DuPhos (L3), was tested in the
deoxygenation reaction but no product was observed in either procedure. However, large amounts of
high molar mass products were detected via GC-MS. Next, the catalytic activity of ligands bearing
aliphatic backbones was investigated (Figure 4.3 - green rectangle). These reactions showed a very poor
conversion of the benzylic alcohols; therefore, no ethylbenzene (2) was generated. A possible
explanation for this phenomenon is the small bite angle of both L4 and LS ligands at 72° and 78°,
respecively.®> 3¢ Unfortunately, exchanging the aliphatic backbone with rigid motifs did not afford the
desired product in significant amounts (Figure 4.3 - orange rectangle). L6, containing chiral P-atoms,
led to the formation of ethylbenzene (2) in traces, when applying both procedures, but the yields were
too low to examine the stereoselectivity of the reaction. The electron-deficient ligand L7, bearing bulky
P-atom substituents showed no satisfactory catalytical activity as almost no conversion of the starting
material was detected. Based on this result it was concluded that an electron-rich ligand is needed for a
successful transformation of 1-phenylethanol (4) to ethylbenzene (2).
Bidentate P,P-symmetrical ligands

! Q’ PPh PPh;
| PEBU), . ; 2 o o o
| P(tBu)2 N PPh

2

| //Q PPh;
: L1 L2 L3 L4 LS

! dtbpx bpx (+)-DuPhos dppm dppe
P1: 93% P1: traces P1. 0% P1. 0% P1. 0%
! P2:65% P2: traces P2: 0% P2: 0% P2: 0%

N o ‘;

0 O !

0 : & 3

P~ : |

o @ : 0 N |

' PhP  PPh, P(tBu), P(tBu),!

L7 E L8 L9 3

(S)-BINAPINE BiPhePhos i DPEPhos P1- 0% :

P1: traces P1: 0% P1: 0% P2: 0% |

P2: traces P2: 0% ! P2: 0% 1

Figure 4.3. P-symmetrical ligands. blue rectangle - ligands with similar structure as dtbpx; green
rectangle - ligands with aliphatic backbones; orange rectangle - ligands with rigid backbones; red
rectangle - tridentate ligands.
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Subsequently, the catalytic activity of tridentate POP- and PNP-type ligands, L8 and L9, was
examined (Figure 4.3 - red rectangle). Following these reactions, no traces of the ethylbenzene (2) were
detected via GC-MS however, while large amounts of compound 23 were produced. The failure of the
desired transformation could be a consequence coordination sites saturation or of the rigidity of the
formed Pd complex.

Ligands bearing chiral P-atoms were investigated as possible alternatives for dtbpx (L1)
(Figure 4.4 - a). Analogously to L3, no formation of ethylbenzene (2) was observed when L10 was
employed. Following this result, it was concluded, that the bridging methylene group between the
backbone and the P-atoms is essential for the transformation, due to the increased structural flexibility
induced by its presence. L11 and L12 bearing pyridine and adamantyl or tertbutyl substituents at the
P-atom inhibited the generation of the desired product, possibly due to the basic moieties which can
neutralize the acidic reaction medium.>” However, this moiety favoured the formation of significant
amounts of compound 18. Triphenylphosphine (IL13) led to the formation of ethylbenzene (2) in traces
in both procedures. The introduction of three para-Cl substituents in the ligand structure completely
supressed the reactivity of the catalytic system (Figure 4.4 - b). The two ferrocene-based ligands, L15
and L16, tested in the reaction did not afford ethylbenzene (2) in significant amounts, as traces were
only detected when L.15 was submitted in procedure 2 (Figure 4.4 - ¢).

a. Bidentate P,P-chiral ligands

. P
i tBu
B P.

- Py”Ad 9%

L10 L11 L12
(S,8)-BenzP P1: 0% P1: 0%
P1: 0% P2: 0% P2: 0%
P2: 0%
b. Monodentate ligands c. Ferrocene-based bidentate ligands
cl L

AN

' P P ! : Phop Fle Pyl.:) Fle \tBu E
o0 o0 e W
E cl cli o 5
5 L13 L14 ' L15 L16 !
: TPP P1: 0% b dppf P1: 0% !
! P1: traces P2: 0% P P1: 0% P2: 0% i
' P2:traces ! P2: traces i

Figure 4.4. (a) bidentate P,P-chiral ligands; (b) monodentate ligands; (c) ferrocene-based ligands.
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4.3.4. Influence of Water-content over Reactivity

During the optimization reactions, it was observed that the use of non-distilled, or non-degassed
solvents led to a complete inhibition of the desired transformation (Table 4.5 — Entries 1 and 2). These
results hint towards a homogenous active catalytical species, as heterogenous Pd-HCOOH procedures
reported in the literature were operated under air and, in those methodologies, the addition of small
amounts of water enhanced the deoxygenation reaction. Beside the pre-existing water content in the
solvent, the decomposition of formic acid leads to the in situ generation of water. This process might
inhibit the formation of ethylbenzene (2) through the deactivation of the homogenous, catalytic active
species. Therefore, multiple experiments were performed, in which 3A molecular sieves were added to
the reaction mixture, by using the conditions from C.S.3 procedure. Additionally, an investigation of
the water influence on the ligand capabilities of generating catalytically active species was conducted.

The reaction performed by using the C.S.3 system in CHCI3 with molecular sieves, showed a
slight increase in yield, from 62% to 69% (Table 4.5 — Entry 3). Unfortunately, by using the same
conditions and exchanging L.1 with L11, L12 and L16, no traces of ethylbenzene (2) were detected in
the crude reaction mixtures (Table 4.5 — Entries 4 to 6). However, in comparison to the reaction
conducted during the ligand screening, only small amounts of formate 18 were detected via GC-FID
and GC-MS. Instead, higher amounts of styrene (17) were observed in the reaction mixtures.

Table 4.5. Water influence on reactivity and the formation of the active species.

Pd(acac), (1.0 mol%)
dtbpx (5.0 mol%)

CHCl; (2 mL)
OH rt, 25h H
4 then CH3SO3H (20 mol%)
r.t., 30 min 2
then HCOOH (10 equiv.)
100 °C, 18 h
Entry' Deviation Ligand Yield (%)'!
10 Undistilled solvent L1 -
2 Undegassed solvent L1 -
3 3AMS L1 69
4 3AMS L11 -
5 3AMS L12 -
6 3AMS L16 -

[a] Standard reaction conditions: 1-phenylethanol (0.120 mL, 1.00 mmol, 1.00 equiv.), Pd(acac)2 (3.05 mg, 0.01 mmol,
1.00 mol%) and dtbpx (21.0 mg, 0.05 mmol, 5.00 mol%) in chloroform (2 mL), stirred for 2.5 h at r.t., then MeSO3;H
(0.013 mL, 0.20 mmol, 0.20 equiv.) stirred for 30 min. at r.t., then HCOOH (0.19 mL, 10.0 mmol, 10.0 equiv.) stirred for 18
h at 100 °C in a Schlenk pressure tube. [b] Yields were determined via quantitative GC-FID using n-pentadecane as internal
standard.
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4.4. Conclusions

In conclusion, optimization studies for the Pd-catalysed deoxygenation procedure were
conducted. These were followed by ligand screening and investigation of the water influence over the
catalytic process. Unfortunately, the aims of the optimization experiments were only partially achieved,
as the system developed during this studies underperformed in comparison to the procedure reported
by Ciszek and Fleischer. Two possible reasons behind this unfavourable outcome might be: the
exclusion of the oxidized form of dtbpx (L1-0:) from the catalytic system or the interaction of the
formic acid excess with the catalytically active species.

During the ligand screening, phosphines bearing different electronic and structural properties
were investigated. None of the tested ligands, except dtbpx (L1), afforded the desired product in
satisfactory yields, however, some information on the desirable ligand characteristics were gathered. It
was concluded that a viable ligand for the formation of a catalytically active species for the
deoxygenation reaction should possess a rigid backbone, a high degree of coordination flexibility
through the methylene bridges, high electron-density on the P-atoms and bulky P-substituents, which
should not interact with the acidic reaction medium. Due to the structural, electronic properties and
weak basic character, bpx (L.2) should be still considered as a possible candidate in replacing dtbpx
(L1), but the purification procedure must be optimized before further investigations should be carried
out.

The experiments conducted on the influence of water in the reaction mixture showed that the
water content has a negative effect on the desired transformation. Consequently, the higher amount of
water generated when using 10 equivalents of formic acid can also be a possible explanation for the
lower yields of ethylbenzene (2), but more investigations have to be performed in order to gain a better
understanding of its role.

Future studies should continue the pursuit of finding alternative ligands for dtbpx (L1), in order
to get a better understanding on the mechanistic pathway of the Pd-catalysed deoxygenation and to
enhance both the yields and the selectivity of the reaction.
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Section 3

5. Co-Catalysed Deoxygenation of Benzylic Alcohols
5.1.  General Motivation

Due to the limited success in optimizing the Pd-catalysed procedure, the development of a new method
for the deoxygenation of benzylic alcohols was endeavoured. Based on the observations made during
the previous project and on the catalytic cycle proposed by Ciszek and Fleischer, the equilibrium
reaction between the alcohol 4, formate 18 and styrene (17) was again thoroughly analysed (Scheme
5.1).! In the case of the previously described protocol, it was hypothesised that the alcohol had to be
first transformed, via esterification, into the corresponding formate 18 in order to obtain the desired
alkane. These considerations were based on the successful deoxygenation of primary benzylic alcohols
in quantitative yields and on the Pd-catalysed transformation of formate 18 into the corresponding
alkane without the further addition of formic acid (11). Although an elimination-hydrogenation pathway
could not be completely excluded, due to the successful Pd-catalysed hydrogenation of styrene, it was
assumed that this mechanism plays only a secondary role in the overall deoxygenation procedure.

OH
Ph)“\x 0
)J\ Pd-catalysed
i H cycle . )\
Ph 18 Ph )
Ph” X J

17

Scheme 5.1. Equilibrium reaction between 1-phenylethanol (4), 1-phenylethyl formate (18) and
styrene (17).

Thus, the focus of the search for a new catalytic system was on the ability of the active species to
transform either of the previously detected intermediates into compounds with a saturated hydrocarbon
sidechain. Other aspects, which were taken into consideration, were the cost-effectiveness and the
commercial availability of the metal sources and ligands. Therefore, 3d-metal-based catalysts seemed
to be the best suitable candidates for this process. Although, to the best of our knowledge, no thermal
Co-catalysed deoxygenation procedure was published to this date, Co-PNP catalysts proved to be a very
attractive candidate for this role due to their hydrogenation capabilities and facile in situ formation.
Additionally, it was reported that these complexes can also lead to the generation of molecular hydrogen
through the oxidation of formic acid (11). These properties of the Co-based complexes will be
extensively discussed in chapter 5.2.

5.2.  Overview on the Applications of Co-Pincer Complexes

Over the last two decades, the activity of Co-pincer complexes was extensively studied in
various hydride transfer reactions, especially in homogenously catalysed hydrogenations of alkenes,
alkynes, carbonyls, esters, imines and nitriles (Scheme 5.2 - a).> The more established route for the
hydrogenation of alkenes is the inner-sphere mechanism, which implies the insertion, and subsequent
elimination of the olefin from the metal centre. In 2012, Hanson et al. reported a comprehensive
homogenous catalytic procedure for the reduction of alkenes, carbonyls and imines based on the anionic
Co-complex C11 (Scheme 5.2 - b).? The mechanistic investigation hinted towards the in situ formation
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of the corresponding Co?*-H C12. Therefore, it was concluded that the versatility of this method was a
consequence of the 2+ oxidation state of the active species. More often, the Co-catalysed hydrogenation
procedures rely on the in situ reduction of the Co**-precatalyst, with the newly generated Co'* complex
acting as the catalytically active species. Some of the most prominent examples of this kind of
transformations were developed by groups of Fout, Milstein and Budzelaar. In 2016, Fout’s group
published their work on the hydrogenation of alkenes and the selective semihydrogenation of alkynes
and later, in 2019, they reported the Co-catalysed selective hydrogenation of a,B-unsaturated alkenes
(Scheme 5.2 - b).*¢ All these catalytical hydrogenations were mediated by the same Co-CCC pincer
type complex C14. For the hydrogenation of alkenes, the proposed mechanism proceeds through a
Co'*/Co** pathway. The major steps of the proposed mechanism are the formation of the dihydrogen
complex C14 from the reaction of complex C13 with H», the substitution of the phosphine ligand by
the olefin coordination, the oxidative addition of H, to the metal centre and the subsequent
hydrogenation of the alkene. The Co-catalysed semihydrogenation of internal alkynes exhibited
excellent selectivity towards the formation of the E-isomer. However, the addition of the ex situ
generated C14 led to the exclusive formation of the Z-alkene. Thus, after conducting extensive
mechanistic studies it was concluded that this reaction proceeds through a hydrogenation-isomerization
sequence, both steps being facilitated by C14. Co-NNPyridine complex C15 was utilized as a
precatalyst by the Milstein’s group in the exhaustive homogenous hydrogenation of esters and nitriles
(Scheme 5.2 - b). In both transformations, C15 had to be reduced to a catalytically active Co'" species
by a sodium triethylborohydride (NaBHEt;3) (26)/base system. Depending on the amount of NaBHEt;
(26) added to the reaction mixture, different Co'" complexes could be selectively obtained in situ. For
the generation of Co-complex C16, active for the complete hydrogenation of nitriles, 1 equivalent of
borohydride 26 was needed, while 2 equivalents of 7 were required for the generation of the cobalt
hydride C17. These observations were in accordance with the results published by Chirik et al.
regarding the in situ reduction of Co-PNP complexes and the generation of the corresponding Co'*
species.” One of the first Co-pincer hydrogenation procedures of alkenes was developed by Budzelaar’s
group (Scheme 5.2 - b). The approach for this transformation was the use of a strong m-acceptor ligand
that would stabilize the low-spin Co'* species but still allow its oxidation to a Co®" state. Indeed, square-
planar Co*" complex C18 generated the Co'* hydride C19 upon addition of molecular hydrogen. In
order to verify the ability of C18 to generate a Co®* species, C18 was treated with NaCN and, indeed,
the corresponding Co®" was obtained. Thus, C18 proved its potential activity in a Co'*/Co*" redox cycle.
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Scheme 5.2. (a) Co-catalysed hydrogenations; (b) Examples of Co-complexes used in hydrogenation

reactions.>> 3

Inspired by the pioneering work of Budzelaar, Chirik’s and Lu’s groups independently
developed two enantioselective procedures for the hydrogenation of alkenes (Scheme 5.3).> !° This
could be achieved by the desymmetrization of the pincer ligands, namely by introducing both a chiral
and protecting element into the ligand structure.

RS X

o o
| o
pr TN er TN
N—dy—N N—go—N

&/ cl’ ¢l B ﬁ/
R Pr ca20 ’ R Pr é:;s Cy gR
4 atm H, 4 atm Hy

28a toluene, r.t., upto 6 h 27 toluene or benzene, r.t., 24 h 28b
89-98% ee Lu et al. R: alkyl, aryl Chirik et al. 66-98% ee

Scheme 5.3. Stereoselective hydrogenation of alkenes with asymmetric Co-NNN pincer ligands; (blue)

protecting moiety.” '

A widely used approach for the derivatization of alkenes is the metal hydride hydrogen atom
transfer (MH HAT). Beside hydrogenation, this mechanism enables the a wide variety of other
functionalizations, for example isomerizations, couplings, hydrohalogenations or hydrations.'! These
reactions proceed through an outer-sphere mechanism and facilitate the generation of alkyl radicals
during the process. Both an oxidative and a reductive turnover are possible in these transformations,
thus taking advantage of Co?"/ Co*" or Co?"/ Co'*redox processes, respectively.'? The main advantages
of these procedures are the mild conditions and the enhanced chemoselectivity.!*> The Co-mediated
hydrogenation protocols of alkenes through MH HAT pathway were extensively studied in the second
half of the 20" century.!*! These reactions were conducted with stoichiometric amounts of added or in
situ generated cobalt tetracarbonyl hydride.?

54



Co-catalysed deoxygenation procedures

One example of a more recent advancement in the MH HAT chemistry was the study of
King et al. on Co-mediated selective hydrogenation of alkenyl halides (Scheme 5.4).2! For this purpose,
two protocols were developed, both utilizing Co(acac), (C22) as precatalyst, ¢-butylhydroperoxide as
activator and a combination of triethylsilane (29) and 1,4-cyclohexadiene (30) as reductants. For the
catalytic =~ hydrogenation  of  terminal  olefins, tricyclohexylphosphine  (L1) and
2,6-di-z-butyl-4-methylpyridine (12) were also added to the reaction mixture. For the hydrogenation of
tri- and tetrasubstituted olefins stoichiometric amounts of Co(acac), (C22) were employed for the
desired transformation in satisfactory yields. During the deuteration experiments, it was observed that
each reducing agent selectively donates a H-atom to one of the positions, triethylsilane (29) to the
terminal C-atom and 1,4-cyclohexadiene (30) to the internal C-atom. Additionally, 30 acts as a radical
trap for the in situ generated alkyl radical. Based on the mechanistic studies and observations it was
presumed that the mechanism of this transformation relies on a Co**/ Co**-H redox cycle.

Co(acac), €22 (25 mol%)
PCy; (25 mol%), DTBMP (50 mol %)
TBHP (25 mol%)
1,4-CHD 30 (5 equiv.), Et3SiH 29 (5 equiv.)

X catalytic procedure X
1%{ R? H 5
R — I P%( R
R? R H
R3
31 stoichiometric procedure 32

Co(acac), €22 (1 equiv.)
TBHP (1 equiv.)
1,4-CHD 30 (5 equiv.), Et3SiH 29 (5 equiv.)
Scheme 5.4. MH HAT catalytic and stoichiometric procedures for the hydrogenation of alkenyl
halides.?!

As it was discussed, most of the Co-catalysed hydrogenation procedures use molecular
hydrogen as H-source due its availability and atom-efficiency. In 2017, Cabrero-Antonino et al.
reported a Co-catalysed procedure for the hydrogenation of quinolines, in which formic acid (11) was
utilized as hydrogen donor (Scheme 5.5 - a).?* As it was stated in chapter 2.3., the main advantages of
using formic acid (11) in transfer hydrogenation procedures are the safety, stability, avoidance of high-
pressure setups and, in ideal conditions, the generation of only benign side-products, namely CO,.?
Following the initial screenings, it was concluded that Co(BF4),*6H,0O (C23), ligand L17 and formic
acid (11) in isopropanol afforded the highest yield of the desired product. The addition of water, acidic
or alkaline additives or the exchange of the H-source led to a complete inhibition of the reactivity. The
control reactions showed that without the addition of the metal catalyst or HCOOH (5), the desired
transformation could not take place, thus hinting towards an exclusive hydrogen donation pathway from
the formic acid (11) and not from the solvent. Additionally, it was observed that only Co-complex C23
was able to form a catalytically active species for this transformation. Some of the more commonly
used Co?**- and Co**-sources, like CoCl, (C24), CoBr, (C25) or Co(acac); (C26) did not lead to the
conversion of the starting material. The subsequent ligand screening showed that the only suitable
phosphine for this application was the tetradentate ligand L.17, while bi- and tridentate ligands did not
exhibit the desired reactivity. Alongside the in situ formed active catalyst, the ex sifu formed complex
[CoF(L1)]'[BF4] (C27) also facilitated the generation of tetrahydroquinoline 34 from quinoline 33.
Besides isopropanol, other protic solvents were also able to enhance the activity of the catalytic system.
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Interestingly, toluene could also be used as solvent in this reaction, albeit with an almost 30% decrease
in yield. Under optimized conditions, a wide range of quinolines were selectively hydrogenated, while
both electron-withdrawing and electron-donating functionalities, like halide 35, phenol 36 or carboxyl
37 were tolerated by the catalytic system (Scheme 5.5 - b). Remarkably, other N-heterocycles, like
1,5-naphtiridine (38), quinoxaline (39) and acridine (40), were also hydrogenated through this
Co-HCOOH procedure at a higher temperature. The nature of the catalyst was investigated via
poisoning experiments. The addition of different quantities of mercury into the reaction mixture did not
negatively affect the yields in the case of hydroquinolines. Hence, it was indicated that this reaction
was catalysed by a homogenous system.

a. CO(BF 4)2+6H20 (2-5 mol%)
L17 (L:M/1:1)

@(j HCOOH (4.5-10 equiv.) ©\/j ; @PD
~ i I
N ProH N 3 oh,p

33 80°C,20h 341 L17
b. o
H
cl

T e k@@ ) OO

N N N Z N N N

H H H H H H

35 36 37 38 39 40

88% 76% 82% 88% 90% 78%

Scheme 5.5. (a) Co-catalysed hydrogenation of quinolines with formic acid; (b) Examples of
hydrogenation products.?

Subsequently, Beller’s group reported a Co-PNP-based procedure for in situ generation of
H: (5) through the dehydrogenation of formic acid (11) in aqueous solution (Scheme 5.6 - a).>* The
screening for a suitable Co-complex, which would be able to dehydrogenate formic acid (11), started
with the employment of various Co*" species, but none of the examined compounds exhibited the
desired reactivity. Next, ex situ prepared Co'*-complexes were tested in potassium formate (HCOOK)
aqueous solution and, remarkably, complex C28 was able to decompose formic acid (11) in almost
quantitative yields (Scheme 5.6 - b). The presence of the HCOOK proved to be essential for the
generation of H,. In order to make this procedure more attractive from the compounds handling
perspective, the in situ generation of complex C28 was attempted. The addition of one equivalent of
NaBHEt; (26) as reducing agent in the reaction mixture was insufficient for a satisfactory
transformation, due to the incomplete reduction of the Co®" precatalyst. Instead, increasing the amount
of H, to 3 equivalents led to the desired catalytical activity of the Co-based system.

The kinetic isotope effect investigations showed that the decarboxylation is involved in the
rate-determining step. Additionally, the inactivity of complex C29 suggested that the carbon monoxide,
which could be generated through a dehydration pathway, acts as a poisoning agent for the active
Co-species (Scheme 5.6 - ¢).

The proposed reaction mechanism begins with a substitution of the Cl with a formic acid (11)
molecule to form complex C30 (Scheme 5.6 - d). The rearrangement leads to the activation of the C-H
bond in complex C31, which after dissociation leads to the release of CO; (13) and the generation of
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Co-H species C32. Following the coordination of another HCOOH molecule (11) to complex C22,
H, is liberated and the regeneration of complex C20 occurs.

The ensuing report of Lentz et al. in 2021 presented another method for the dehydrogenation
of formic acid (11) in toluene and dioxane by using a Co-PPP complex C33 (Scheme 5.6 - €).° Thus,
Co-pincer complexes proved to be efficient catalysts for the in situ generation of molecular hydrogen
from formic acid (11) in various reaction environments.

. H H
c28 E 1. EtOH Co.
+ r +CoCly —————
HC??H HCOOK Hy + CO, . PPh, 272 NaBHEt, gh/ kol
H,0, 60 °C, 90 min L18 C24 2 C28
] PPh
o O\ PPh,  d. 1 4-0
Co —>&— no conversion | N,/' N—H
P/ \CO ; /Co—ﬁo
Ph, 6 )
_________ c» B c30
€ PCy :
| + HCOOH PPh,
H H ' 5 r 0
Ph—_N-P' Co PPhy _H- 0
"CO , g H N e
: : NS (co—+
PCy; ! ( CO.H ~
HCOOH €33 H, + CO | F’/ P
5 1,4-dioxane or toluene 2 2 Phs v
80 °C, 10 min '
) | C32 cb,

Scheme 5.6. (a) Co-catalysed dehydrogenation of HCOOH in aqueous media; (b) Ex situ synthesis of
C18; (c) CO poisoning experiment; (d) Proposed catalytic cycle for the dehydrogenation of formic acid
in aqueous media; (¢) Co-catalysed dehydrogenation of HCOOH in organic media.**

As it was stated in the previous chapter, no Co-catalysed thermal procedure for the
deoxygenation of alcohols to the corresponding alkanes was reported to this date. The only instance, in
which the Co-catalysed deoxygenation was observed, was during the studies of Ebisawa et al. on the
enantioselective hydrofunctionalization of alkenes.?® In this reaction the deoxygenation of
2,2, 2-triflouroethanol (41) was essential for the high enantioselectivity of the procedure. However, a
photochemical Co-catalysed method for the deoxygenation of benzylic alcohols was developed by
Chambers et al.”” The envisioned route for the C-O bond cleavage starts with the carbonylation of the
alcohol 4 followed by the reaction of the in situ formed formate with Co-porphyrin complex C34 to
generate the corresponding Co-porphyrin-alkoxycarbonyl complex C35 under strong oxidative
conditions. Subsequently, the carbon-centred radical is formed, and, through a photocatalysed hydrogen
transfer, ethylbenzene (2) is obtained (Scheme 5.7 — a and b). For the generation of the Co-porphyrin-
alkoxycarbonyl complex C35, 7 atm of CO and a 1:5 ratio between 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) and alcohol proved to be optimal. The investigations on the dissociation of the
Co-C bond were conducted by adding TEMPO (26) as a radical trap into the reaction and by irradiating
the mixture with a high intensity LED lamp with emission peaks at 450 and 550 nm. Indeed, this
protocol led to the liberation of CO» and the formation of the TEMPO adduct (27) in very good yields,
regardless of the substituents grafted on the porphyrin (Scheme 5.7 - ¢). Remarkably, only a small
amount of Co-porphyrin complex C35 was degraded following the transformation, therefore proving
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the recyclability of the catalyst. Neither thiophenol 42 nor Hantzsch ester 45 were able to effectively
donate a H-atom solely to the generated benzyl radical. Instead, a thiophenol/Hantzsch ester dual system
afforded ethylbenzene (2) in 94% yield, as thiophenol 42 acted as a H-donor and Hantzsch ester 45 as
a regeneration agent and inhibiting agent for the dimerization of the thiophenol 42 (Scheme 5.7 - d).

a.
Ph
OH CO (7 atm.) Other porphirin
- o + DDQ (1 equiv.) substituents:
toluene, dark Et
CeFs
Ph
c34 4 PMP
b, sH | 450/550nm LEDs ~ ‘c. TEMPO adduct

Hantzsch ester (2 equiv.)

C35 + PPhs (x equiv.)
CHCl3

Ar—SH
47

p—
EtOOC . COOEt EtOOC COOEt
L N
N N
46 45

Scheme 5.7. (a) Synthesis of Co-porphyrin-alcoxycarbonyl complex C35; (b) Photocatalytic generation
of ethylbenzene (4); (c¢) Radical trap product 44; (d) Proposed mechanism for the photocatalytical
process.?’

In 2019, Ye and co-workers reported a bimetallic-catalysed procedure for the isomerization of
epoxides to allylic alcohols (Scheme 5.8 - a).?® This protocol uses the homolytic epoxides ring-opening
potential of Ti** species in synergy with the hydrogen atom transfer capabilities of Co-salen complexes.
Following the initial investigation on the reaction components it was concluded that by using
Cp2TiCl (C36) and the electron-deficient Co-salen complex C38, together with Zn as a metal reductant
and EtsN*HCI, the desired allylic alcohol 49 was obtained in quantitative yields (Scheme 5.8 - b). The
control reactions showed that, without the Co-catalyst, saturated compound 50 was exclusively
obtained. Additionally, excluding the EtsN*HCI or Zn from the reaction mixture led to no conversion
of the substrate. In order to get a better understanding about the role of the ligand substituents, a radical
rearrangement experiment on compound 51 was conducted (Scheme 5.8 - ¢). It was observed that the
utilization of the more electron-rich Co-complex C37 facilitated the formation of the bicyclic
compound 53 in higher yields, through an intramolecular cyclization. Consequently, the electron-rich
complexes prove to be less efficient for the cleavage of the y-C-H bond. Additionally, by exchanging
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the Ti-complex C36 for C40 and optimizing the steric and electronic properties of the Co-salen
complex C39 an enantioselective variant of this transformation was elaborated (Scheme 5.8 - b).

Cp,TiCly (10 mol%)

a. Co-salen C38 (5 mol%) o8 OBZ b. Co-salen complexes
0 EtsN-HCI (2 equiv.)

| e M
Zn (20 mol%) | f'(/le
Et,0, 22 °C, 20 h |

C37 or C38 (5 mol%) 1
Standard conditions : 037 R12: Me

51 O 53 H C38: R":CF4; R%Bu
: 57 43 iy
a : 777 ; 77 N o 1 [Ticomplexes
4% 3 "\ .Cl
Cr. ol zn CP . | i
TIV T|_C| 1 P CI
Cp/ C| Cp/ : %
= o 3 C36
Co?*-salen : Me Ve
Co'* c28 ‘ o o )
C42b : Ve \T/ ——
‘ - . Wi
Tg:s e . Me" @ \§> Me
OH Et;NH* |
: C40
56 3

Scheme 5.8. (a) Co- and Ti-catalysed isomerization of epoxides to allylic alcohols; (b) Co-salen
complexes; (c) Radical rearrangement experiment; (d) Ti-complexes; (¢) Proposed mechanism for the

isomerization of epoxides.?®

Based on the observations made during the development of this protocol, a catalytic cycle was
envisioned (Scheme 5.8 - d). First, the Ti** species C41 reacts with the substrate 48 to generate
intermediate 54. The formation of a B-C-centred radical in compound 54 causes the weakening of the
y-C-H bond, therefore Co-complex C38 is able to extract the H-atom leading to the formation of C42a.
The exact mechanism of this transfer was not uncovered but it can proceed either through a HAT-
process or via a proton-coupled electron transfer. Then, the Et;NeHCI facilitated proton transfer to
Ti*'species from 55 affording the desired allyl alcohol 56. Et;N*HCl is regenerated through the proton
transfer between C42a and triethylamine. Subsequently, the regeneration of both catalysts proceeds
through the single electron transfer between Ti*" species C43 and the Co'*-complex C42b.

Therefore, we acknowledge the potential of Co-complexes for a deoxygenation reaction, via a
mono- or bimetallic system (Scheme 5.9). The first possible reaction pathway proceeds through a
prefunctionalization of the alcoholic substrate followed by a hydrogenolysis process. The second
envisioned route implies the dehydration of the benzylic alcohol and a subsequent hydrogenation of the
in situ generated alkene.
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Scheme 5.9. Proposed routes for the Co-catalysed deoxygenation of alcohols.

5.3.  Results and Discussions for Co-Catalysed Deoxygenation
5.3.1. Initial Conditions and Ligand Screening

The first route envisioned for the deoxygenation of alcohols was based on a redox-neutral
Co?*"-catalysed system and employed formic acid (11) as H-donor (Scheme 5.10). During these
preliminary investigations, the capability of various ligands and additives to enhance the desired
reactivity was tested.

OH Co™* H
Ligand
HCOOH
Additive
4 2

Scheme 5.10. General reaction of the Co?*-based approach.

The pursuit of finding a catalytic system capable of yielding the desired alkane (2) started with
a preliminary ligand screening. The main categories of ligands tested for this transformation were
N-based ligands, P-based bidentate ligands, pincer PNP and POP ligands, monodentate P-ligands and
salen (Figure 5.2). The results of these investigations are displayed in table 5.1. For these studies CoCl,
(C24) was used as the Co-source and 1-phenylethanol (4) was selected as the model substrate.
Additionally, different solvents at reflux were used during these studies in order to observe their
influence over the reactivity.

Throughout these investigations, the formation of various higher molecular mass products was
observed via GC-MS, analogous to the optimization of the Pd-catalysed deoxygenation presented in
chapter 4.3 (Figure 5.1). Beside the products also detected during the previously described Pd-catalysed
procedure, compounds 57 and 58 were detected in significant amounts in the crude reaction mixture.
The formation of both closed (57) and open (58) THF adducts might occur via a Co?* catalysed process,

1. This procedure would imply the in situ formation of a vinyl

similar to the one described by Igba
ether, but the mechanism through which the dehydrogenation of tetrahydrofuran proceeds was not
clarified. These compounds were only considered side-products and not possible intermediates of the

process; hence, they were not isolated or further analysed.
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e @xﬁw

Figure 5.1. THF adducts detected via GC-MS during the development of the Co-catalysed
deoxygenation.

The reactions with bidentate ligands .19 and L.20 did not afford ethylbenzene (4), instead, both
formate 18 and styrene (17) were produced (Table 5.1. — Entries 1-3). The formation of high amounts
of 18 was anticipated as in 2005 Velusamy et al. reported a Co**-catalysed procedure for the acetylation
of alcohols.*® Reactions with L19 were conducted under both air and argon (Table 5.1. — Entries
1 and 2). The conversion of the starting material was considerably higher under inert conditions, but
most of the alcohol 4 was transformed into higher molecular mass products (Table 5.1. — Entry 2).
Another difference between the two reactions was that the reaction conducted under Ar afforded more
styrene (17) than formate 18, instead, the reaction in air afforded exclusively 1-phenylethyl formate
(18). Both reactions conducted under Ar with bidentate N-based ligands .19 and L.20 showed similar
conversions, regardless of the solvent used, THF or toluene (Table 5.1. — Entries 2 and 3).

In the reactions with ligand L21, traces of ethylbenzene (4) were detected
(Table 5.1. — Entries 4 and 5). These results were unexpected as no synthesis or application for a
Co?"-L21 complex was reported in the literature up to this date. Analogous to the reactions with L19
and L.20, both reactions with L21 gave comparable conversions regardless of the used solvent, however
the reaction conducted in toluene led to the formation of higher quantities of both formate 18 and styrene
(3) (Table 5.1. — Entries 4 and 5). This phenomenon might occur due to the higher reaction temperature.
Unfortunately, the reaction, in which L22 was employed, converted only 34% of the starting material
and only small amounts of formate 18 could be detected beside the higher molecular mass compounds
(Table 5.1. — Entry 6).

Then, P-based bidentate ligands were subjected to the reaction (Table 5.1. — Entries 7-10). This
class of ligands was previously employed in various Co-catalysed reactions, for example in the
asymmetric hydrogenation of enamides?! or hydrogenation of CO,.3? Unfortunately, none of the ligands
L3, L10 and L23 were able to generate a catalytically active Co*'-complex for the desired
transformation, instead, these complexes proved to be very efficient at catalysing the formation of
formate 18. The high conversions and formation of substantial amounts of formate 18 in all reactions
in which the activity of bidentate P-based ligands was tested, strengthened the hypothesis that the higher
reaction temperatures might be beneficial for the desired transformation by inhibiting the generation of
higher molecular mass compounds (Table 5.1. — Entries 7-10).

As it was mentioned in the previous chapter, Co-pincer complexes were successfully employed
in both Co'" and Co?*'-catalysed transformations. Additionally, L9 was used as precatalysts in
Co-catalysed reduction of esters reported by Junge ef al.*} In reactions conducted in toluene, both PNP-
(L9 and L25) and POP-pincer (L.24) ligands were able to afford the desired alkane 2 in traces.
(Table 5.1. — Entries 11, 12 and 14). Beside ethylbenzene (2), the utilization of L9 and L25 led to the
formation of formate 18 in good yields while L.24 facilitated the formation of the higher molecular mass
products in both CHCI; and toluene (Table 5.1. — Entries 11-14).

Subsequently, the capabilities of monodentate P-based ligands were examined.
Triphenylphosphine (L13) afforded ethylbenzene (2) in traces (Table 5.1.— Entry 15). The
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derivatization of the triphenylphosphine ligand in the p-position with Cl- and CFs-substituents
completely inhibited the formation of the desired alkane 2 (Table 5.1. — Entries 16 and 17). Instead,
both L14 and L26 afforded formate 18 and styrene (17) in good yields. The last ligand tested in this
preliminary study was salen (Table 5.1. — Entry 18). Unfortunately, 1.27 also facilitated the formation

of only traces of ethylbenzene (2).

_______________________________________________

_______________________________________________

:’ N-based ligands ! " P-based bidentante ligands '
| | 1 Et, \
— — - 7\ . Q Me :
| / \ / I; P P. :
: \ N N / \ N N= L Et ‘Bu :
: L19 L20 . Et Me !
: ¥ P P !
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: L Et” :
! Ph NI =N o L3 L10 :
OO oYy OO
: N=N N _N N (‘Bu)z |
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" Pincerligands | | P-based monodentate ligands |
X 3 | PPh3 P(p-Cl-CgHa)s  P(p-CF3-CgHa)s .
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Figure 5.2. Ligands tested in the preliminary investigations.

In conclusion, unactivated Co*"-complexes proved to be inefficient for the deoxygenation of
benzylic alcohols. The most promising ligands tested were L21, the pincer ligands L9, L.24 and L25,
triphenylphosphine .13 and salen L27. Additionally, it was concluded that toluene was the best suited
solvent for these transformations, however, due to the low yields obtained, the role of the solvent could
not be comprehensively investigated.

Table 5.1. Initial ligand screening

CoCls (20 mol%) O
Ligand (20 mol%)
OH solvent (3 ml)
rt,2h Higher
then HCOOH (10 equiv.) @A + molecular
reflux, 18 h mass
4
. Conversion Yield of 2 Yield of 18  Yield of 17
Entry 8 Ligand Solvent
(%)™ (%)™ (%)™ (%o)™
1lel L19 THF 53 - 50 -
2 L19 THF 92 - 16 22
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3 L20 Toluene 95 - 58 traces
4 L21 THF 71 traces 11 traces
5 L21 Toluene 74 traces 19 6

6 L22 THF 34 - 5 -

7 L3 CHCl3 80 - 46 11

8 L10 CHCI; 75 - 37 9

9 L23 CHCl3 89 - 71 -

10 L23 Toluene 86 - 65 traces
11 L9 Toluene 92 traces 66 -

12 L24 CHCl3 79 - 5 10

13 L24 Toluene 90 traces 35 5

14 L25 Toluene 85 traces 42 -

15 L13 Toluene 70 traces 43 traces
16 L14 THF 74 - 31 35

17 L26 Toluene 89 - 39 29

18 L27 THF 90 traces 19 -

[a] Standard reaction conditions: In a Schlenk pressure tube anhydrous CoClz (26,0 mg, 0.20 mmol, 20.0 mol%), Ligand
(0.20 mmol, 20.0 mol%) and 1-phenylethanol (0.120 mL, 1.00 mmol, 1.00 equiv.) in solvent (3 mL) stirred for 30 min. atr.t.,
then HCOOH (0.38 mL, 10.0 mmol, 10.0 equiv.) stirred for 18 h at reflux; [b] Yields were determined via quantitative GC-
FID using n-pentadecane as internal standard; [c] Reaction conducted under air.

5.3.2. Additive Screening

Hence, the addition of various additives was considered in order to obtain the desired product 2.
First, it was hypothesised that that addition of an acidic co-catalyst would facilitate the transformation
of 1-phenylalcohol (4) into formate 18 and styrene (17). This step would be followed either by the
Co?"-catalysed C-O bond cleavage or by the hydrogenation of the intermediate. Thus, 0.2 equivalents
of methanesulfonic acid (21) were added to the reaction mixture. Unfortunately, none of the acidic
co-catalysed reactions afforded the desired product 2 (Table 5.2. — Entries 1-4). When bidentate
P-based ligands L3 and L.10 were employed to the reaction, both the enhancement of formate 18
generation and the inhibition of side-reactions were observed (Table 5.2. — Entries 1 and 2). In the
reaction with POP-pincer ligand L24 a slight increase in yield of both 1-phenylethyl formate (18) and
styrene (17) occurred (Table 5.2. — Entry 3). Interestingly, the addition of molecular sieves into the
reaction mixture with ligand L24 led to 45% yield of styrene (17), the highest detected during these
initial screenings (Table 5.2. — Entry 4).

Due to the limited success of the Co**-catalysed procedures, the in situ generation of a
Co!" complex was endeavoured. Thus, the reducing capabilities of various additives was tested. First,
a Zn/MeOH system was employed for the reduction of the Co** complex with PNP-ligands L9 and L25
(Table 5.2. — Entries 5 and 6) but none of the reactions led to the formation of ethylbenzene (2). This
reducing system was previously utilized by Friedfeld and co-workers for the Co-catalysed asymmetric
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hydrogenation of enamides.>! Next, the reducing capacities of natrium borohydride (59) with and
without formic acid (11) was investigated (Table 5.2. — Entries 7-10). NaBH4 (59) was previously
employed by Fringuelli et al. for the Co?'-catalysed hydrogenation of olefines and azides.** °
Regardless of the employed ligand, L9 or L.24, the reactions without formic acid (11) showed very low
conversion of the starting material 4, 14% and 26%, respectively (Table 5.1. — Entries 8 and 10). By
using both formic acid (11) and NaBHj4 (59) the conversion increased to 60% and 70% but no
ethylbenzene (2) was detected in the final reaction mixtures. Subsequently, inspired by the previously
discussed system developed by Beller et al., NaBHEt; (26) was also subjected to the reaction as reducing

agent but also in this case no ethylbenzene (2) was generated (Table 5.2. — Entry 11).%*

Table 5.2. Additive screening
CoBr; (20 mol%)

Ligand (20 mol%) o]
toluene (3 ml) )L
OH  additive (0.2 equiv.) H o H
rt,2h X Higher
then HCOOH (10 equiv.) * * ©/\ * mm‘;‘;'ar

4 reflux °C, 18 h 2 18 17

Entry .. . Conversion  Yieldof 2  Yield of 18  Yield of 17
i3] Additive Ligand
: (%)" (%)" (%)" (%)"

1 MeSO;H L3 97 - 80 8
2 MeSOsH L10 95 - 63 5
3 MeSOsH L24 90 - 11 18

MeSOsH  and
4 L24 90 - 8 45

M.S. (3A)
5 Zn/MeOH L9 92 - 46 traces
6 Zn/MeOH L25 96 - 75 traces
7kl NaBHy L9 14 5 - -
gLl NaBH, L9 60 - 44 traces
olekldl ' NaBH4 L24 26 - 7 traces
10(c] NaBH, L24 75 traces 61 traces
1104 NaBHEt; L9 87 - 46 21

[a] Standard reaction conditions: In a Schlenk pressure tube anhydrous CoBrz (43.6 mg, 0.20 mmol, 20.0 mol%), Ligand
(0.20 mmol, 20.0 mol%), additive (0.20 mmol, 20.0 mol%) and 1-phenylethanol (0.120 mL, 1.00 mmol, 1.00 equiv.) in
toluene (3 mL) stirred for 30 min. at r.t., then HCOOH (0.38 mL, 10.0 mmol, 10.0 equiv.) stirred for 18 h at reflux; [b] Yields
were determined via quantitative GC-FID using n-pentadecane as internal standard; [c] Reaction in THF; [d] Without HCOOH.

Thus, based on these preliminary results, it was concluded that Co'* or Co** complexes are not
able to solely catalyse the deoxygenation of benzylic alcohols. As a result, a bimetallic strategy was
envisioned and, based upon the literature reports discussed in chapter 6.1, titanium was chosen a
suitable, versatile candidate.
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Parts of chapter 6.3 are reproduced from A. Caciuleanu, F. Vohringer and I. Fleischer Organic
Chemistry Frontiers, 2023,10, 2927-2935, DOI: 10.1039/D3Q0O00623A with permission from the
Chinese Chemical Society (CCS), Shanghai Institute of Organic Chemistry (SIOC), and the Royal
Society of Chemistry; schemes, tables, figures and text may differ from this publication and additional
results are included.
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6. Co/Ti- and Ti-Catalysed Deoxygenation of Benzylic Alcohols
6.1.  Overview on Ti-catalysed Deoxygenation of Alcohols
6.1.1. Introduction in Organotitanium Chemistry

Organotitanium chemistry developed rapidly in the 1950s mainly because of the discovery of
the Ziegler-Natta catalyst and its usage in the polymerization of olefins at industrial scale.!” Since then,
various Ti-catalysed transformations were reported. A selection is shown in scheme 6.1 - a.*® Moreover,
organotitanium reagents were extensively used in the generation of multiple natural products.”” The
versatility of the titanium complexes relies on their strong Lewis acid-character and on the facile in situ
reduction of the stable Ti*" species to Ti*" and Ti** compounds.’ This reduction process can be made in
a controlled manner depending on the utilized reducing agent, therefore enabling the catalytic activity
of organotitanium species in various radical transformations (Scheme 6.1 - b). The most common Ti*"
compounds used in synthesis as catalyst or precatalysts are titanium tetrachloride (TiCls) (C45),
titanium isopropoxide (Ti(OPr)s) (C46) and titanocene dichloride (Cp.TiCl,) (C36) (Scheme 6.1 - c).
Due to their oxophilicity, Ti-based catalysts proved to be very potent for the transformation of various
substrates bearing oxo-functionalities, the reaction pathway being dictated by the oxidation state of the
Ti-complex. Other characteristics, which make this compound class being very attractive are the cost-
effectiveness and accessibility, as Ti is the second most abundant transition metal in Earth’s crust.
Additionally, the generation of non-toxic by-products is an advantage, as most Ti complexes easily
degrade through oxidation to TiO,.!°
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titanium tetrachloride (C45) titanium isopropoxide (C46) titanocene dichloride (C36)
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Scheme 6.1. (a) Examples of transformations catalysed by organotitanium species: 1. Kulinkovich
reaction;!! 2. Reformatsky reaction;'? 3. McMurry coupling;'® 4. Metal-catalysed Reppe reaction;!* 5.
Barbier-type reaction;'® 6. Sharpless epoxidation;' (b) Generation of low-valent Ti species;
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(c) Commonly utilized Ti*" compounds; prices are adapted from https://www.sigmaaldrich.com/
16.10.2023.

As it was previously mentioned, titanocene dichloride (C36) emerged as one of the most
valuable organotitanium complexes for synthetic applications, in both stoichiometric and catalytic
amounts. Although it is more expensive than other commonly used Ti sources, its bench-top stability
and facile handling can counterbalance the economic drawback (Scheme 6.1 - c¢). Furthermore,
Cp2TiCl>(C36)is compliant to most of the green chemistry principles described by Anastas and Warner
in 1998 and Winterton in 2001."-" Later, Cp,TiClo-derivatives were synthesised in order to fine-tune
its  electronic and steric  properties. Along with titanocene dichloride (C36),
(pentamethylcyclopentadienyl)titanium trichloride (Cp*TiCl;) (C47) was also used in the
deoxygenation procedures developed after 2010. These procedures will be extensively discussed in
chapter 6.1.2.

The first synthesis of titanocene dichloride (C36) was reported by Wilkinson and Birmingham
in 1954 and consists of the slow addition of the freshly prepared cyclopentadienyl sodium (60-Na)
solution over a titanium tetrachloride (C45) solution in THF at 0 °C under vigorous stirring.?’ This
robust synthetic procedure is still considered as the standard method for obtaining Cp,TiCl, (C36)
(Scheme 6.2 - a). Later, several variations of this method were developed, but with only minor changes
compared to the standard procedure (Scheme 6.2 - a). In 1972, Green and Lucas reduced Cp,TiCl;
(C36) to Cp,TiCl (C48) with Zn powder and characterized for the first time the structures, which
Cp2TiCl (C48) adopts in solid state and in solution. During this study, the Cp,TiCl (C48) solution was
treated with various amines and phosphines and the formed complexes were isolated and analysed
through electron spin resonance spectroscopy (ESR) (Scheme 6.2 - b). These measurements revealed
that the added N- and P-compounds were able to stabilise the monomeric structure of the Ti** complex
through the lone electron pair. Additionally, colorimetric observations were made during this study.

a Wilkinson standard procedure @
Na® P Ticy —
0-65°C,3h %CI
60-Na C45 C36

Birmingham procedure

THF
NHE VL Cl
+ TiCl, —————— __Ti,
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,,,,,, 60 __C45 .G
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@ -\
{DNa + cis-TiCl(THF), _THF ,Ti‘,g:
DS
60-Na C45-THF C36
b. Cp,TiCl structures
. .Cl PPh,Me - cl., ,: pyridine é\ cl
/Ti\\ /-I—I""'C|’—I—i /TI\
PPh,Me > N7
PP < I )
—
C48-PR, C48-Dimer C48-pyr

Scheme 6.2. (a) Standard procedure for the generation of Cp,TiCl, and its variations;?° (b) Cp,TiCl

structures in solution and colorimetric observation.?!> %2
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In 1988, Nugent and RajanBabu reported the first Cp.TiCl,-mediated transformation, namely
the cyclization of epoxy olefins, which showed a high degree of chemo- and regioselectivity
(Scheme 6.3 — a, A).>* Based on the observations made during this study, it was presumed that the
reaction follows a radical pathway. In the first step, Cp.TiCl» (C36) is reduced by Zn to a Cp,TiCl (C48)
radical species giving the characteristic green colour of Ti** in solution. Due to this procedure,
Cp2TiCl (C48) is also known as Nugent-RajanBabu reagent. Upon addition of the epoxide, the solution
turns red hinting towards a reoxidation process of the organotitanium complex and the subsequent
generation of the alkyl radical, which further undergoes cyclisation. Although in this protocol
2 equivalents of (C36) are needed for formation of the desired product in satisfactory yields, this report
provides important information about the capabilities of Cp,TiCl (C48) in single electron transfer
processes.**

Consequently, Nugent and RajanBabu continued the pursuit of gaining more understanding
about the radical generation process and further developed protocols for the regioselective reduction of
epoxides, the intermolecular addition of epoxides to activated olefins and deoxygenation of the epoxides
with the formation of the corresponding alkene. *?° However, the main disadvantage of these Cp,TiCl-
based (C36) procedures persisted, namely the requirement for stoichiometric amounts of
organotitanium reagent (Scheme 6.3 - a, A-D).

This drawback was overcome by Gansiuer et al. during their studies on the cyclization of epoxy
olefins (Scheme 6.3 — a, 1).?” Remarkably, this protocol led to the same chemo- and regioselectivity as
the previously described stoichiometric procedures.?®2° In the initial steps of the process development,
it was hypothesised that the addition of a Bronsted acid would lead to the protonation of the Ti-bound
oxygen atom, thus lowering the Ti-O BDE, and subsequently to the regeneration of the Ti*" species.
This acid should be strong enough to protonate the O-atom but not strong enough to open the epoxide
ring, to react with the metallic reducing agent or to deactivate the catalytically active species. Following
the preliminary screenings, it was concluded that the best suited regeneration agent would be
2,4,6-trimethylpyridine (collidine) hydrochloride (75), due to its pKa. A later, exhaustive study on the
regeneration agents suitable for Cp,TiCl-catalysed transformations showed that the optimal pKa value
of the acid should be between 5.25 (pKa value of pyridine hydrochloride 73) and 12.5, which is 3 units
lower than the pKa value of methanol (pKa value 15.5). The lower value was chosen because pyridine
can act as a mild acid in chloroform and open the epoxide ring. Thus, beside collidine hydrochloride,
lutidine hydrochloride (74) was also suitable as regeneration additive (Scheme 6.3 — ¢).

Another important information extracted during these studies was the distinct behaviour of Zn
and Mn in these catalytic systems. For the intramolecular cyclization, Mn proved to be more efficient
in generating the Ti-based active species and inhibiting the generation of chlorinated side-products. In
contrast, in the intermolecular reaction between an epoxide and methyl acrylate (69), Mn was not able
to produce the desired product, thus Zn was better suited for the transformation (Scheme 6.3 - a, H).
This difference in reactivity between the two reducing metals is the result of the different Lewis acid-
character of the resulted metal chlorides, MnCl, being a weaker Lewis acid compared to ZnCl..
Therefore, the latter is able to complex the in sifu generated methanol, thus preventing the deactivation
of the Ti catalyst. Interestingly, the addition of ZnCl: to the reaction with Mn enhanced its reduction
capabilities and the reaction yielded the desired product in similar yield as the Zn reaction. The
beneficial role of zinc chloride for the cyclization reactions was also observed when methyl acylate (69)
was exchanged with other activated olefins like acrylonitrile (Scheme 6.3 - a, E and ).*° Later, the group
expanded the field of applications for the Cp,TiCl,-Mn catalytic system by applying it for the
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diastereoselective pinacol coupling (Scheme 6.3 -b).! Analogous to the previously described
transformations, collidine hydrochloride (75) proved to be the most efficient regeneration agent from
the perspective of diastereoselectivity. In contrast to other reported intermolecular protocols, Mn was
better suited than Zn as stoichiometric reductant in this reaction due to the inability of manganese to
promote any side-reactions. The disadvantage of this procedure was the narrow scope of aldehydes,
which could be transformed trough this method. This was later overcome by using chlorotrimethylsilane
(TMSCI) (76) as regenerating agent, albeit with considerably lower diastereoselectivity.*?

OH RS R6
~r
64
61 R1 :CgH 11
Stoichiometric procedures

Catalytic procedures

I R® R®:CO,Et

RV‘F 2 Ph

R® R®
R°R®
70
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_______________________________ 68 8T .
b. Cp,TiCl,-catalysed diaseteroselective pinacol coupling
Cp,TiCly OH OH
o A Ar
2 )I\ re ener‘:'zona ent Ar/'\r e Ar/'\;/

Ar”H S 2 OH OH
SRR & B TP dress T
C. Regeneration agents

M
@ | = | = Me..! Me
%)/ @, @, Si
N N Cl
[ ©)] I )
H CI H Cle H
pyridine hydrochloride (73) lutidine hydrochloride (74) collidine hydrochloride (75)  trimethylsilyl
pKa=5.25 pKa=6.65 pKa=7.43 chloride (76)

Scheme 6.3. (a) Stoichiometric (SP) procedures developed by Nugent and RajanBabu and catalytic
procedures (CP) developed by Gansduer mediated by Cp,TiCly;>2% 3! (b) Diastereoselective Cp,TiCls-
catalysed pinacol coupling;*'-*?(c) Regeneration agents and their corresponding pKa values.?®

Another report worth mentioning in the frame of this thesis is the work of the group of Doris
on the Cp,TiCl-mediated selective reduction of o,B-unsaturated ketones.>* In order to selectively
hydrogenate the C-C double bond the reaction was conducted in a THF/MeOH solvent mixture. The
experiments conducted with deuterated methanol showed a deuterium incorporation of >90% in both a
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and p position, thus concluding that Cp,TiCl (C48) was able to enhance the H-donor capabilities of the
co-solvent. The capabilities of the low-valent Ti*" species to promote the hydrogen donation was also
observed by Barrero et al. during their studies radical cyclization of epoxygermacrolides.** In this case,
Cp2TiCl (C48) facilitated the hydrogen atom transfer from water to a C-centred radical, this being the
first instance in which such a transfer was accomplished. This phenomenon was later extensively
studied by the groups of Oltra and Gansduer (Scheme 6.4). The experimental and theoretical
investigations of Oltra hinted towards a mechanism that involves the generation of complex C49,
followed by the homolytic dissociation of the O-H bond and generation of complex CS50
(Scheme 6.4 - a). The computational experiments showed that this bond cleavage is possible due to the
decrease in bond dissociation energy (BDE), from 108.1 kcal/mol to 49.4 kcal/mol, following the
coordination of water to the Ti** complex.*® In addition, Ganséuer et al. proposed other possible
HAT-active Ti-species complexes like C51, C52 and C53 (Scheme 6.4 - b).*
a. Oltra's proposed mechanism
= @‘\u ool R L HOH
TiCl+ H0 = TiEH — CE;Ti:OHH_'/\-I\ 1108 1 kcall_‘:mol
< SR |

C50 ; H

C48 C49
in situ generated 49.5 Kkecal/mol
b. Ganséduer complexes
= = =

:l—i—O/H X IOHz'THF .
S R S~
DY )

C51 C52 C53
64.7 kcal/mol 53.5 kecal/mol 52.3 kcal/mol

Scheme 6.4. (a) Hydrogen transfer mechanism for Ti**/water system proposed by Oltra’s group;** (b)
HAT-active complexes proposed by Gansiuer.*

6.1.2. Ti-Catalysed Deoxygenation of Alcohols

In 2010, Barrero’s group published a Ti-mediated procedure for the deoxygenation of alcohols
and diols (Scheme 6.5).>” This methodology employed a stoichiometric amount of the complex C36
and manganese as a reducing agent in THF. Tetrahydrofuran was chosen as solvent in this
transformation due to its stabilizing properties towards radical Ti species. The hypothesis that this
system would be able to facilitate the cleavage of the alcoholic C-O bond was based on the previously
presented studies of Cuerva et al. on the H-donation capabilities of water via the formation of an
intermediate complex C49.3

In order to prove that a C-O bond cleavage would be also possible for Ti-complexed alcohols,
a DFT calculation was conducted. These computational studies showed that the C-O bond dissociation
energy decreased significantly due to complexation for all tested alcohols compared to their
noncomplexed counterparts (Table 6.1). Additionally, the benzylic and allylic positions would be most
favoured for the homolytic cleavage of the C-O bond as shown in the lower BDEs
(Table 6.1 — Entries 1 and 2).
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Table 6.1 Examples of bond dissociation energies for complexed®” and noncomplexed alcohols.*® %

C-0 BDE for C-0 BDE for
Entry!?! Alcohols uncomplexed complexed alcohols
alcohols (kcal/mol) (kcal/mol)
1 Allyl alcohol 80.1 30.0
2 Benzyl alcohol 82.6 31.7
3 n-propanol 94.4 41.7
4 Phenol 112.4 52.3

Thus, 2.1 equivalents of Ti precatalyst and 8 equivalents of Mn in THF under reflux conditions
were able to deoxygenate benzyl alcohol (4a) to toluene (2a) in 93% yield. By halving the amount of
Cp2TiCl; (C36), toluene (2a) was afforded in 47% yield. This result hinted towards the formation of a
benzyl-Ti complex during the reaction. Further optimization of the reaction conditions showed that a
1:1.5 ratio between the Ti precatalyst and the reducing agent is optimal for this transformation. These
reactions conditions were successfully used for the deoxygenation of various benzylic and allylic
alcohols. Moreover, the system tolerated other easily reducible functionalities like carbonyls and double
bonds, thus exhibiting a high degree of chemoselectivity. Due to the higher BDE of C(sp*)-O in aliphatic
alcohols, solvents with higher boiling points were utilized for their deoxygenation. Nevertheless, a 1:1
mixture between the corresponding alkane and alkene was obtained showing the limited activity of the
system on non-activated alcohols. By using the standard stoichiometry, aliphatic and aromatic 1,2-diols
were transformed into the corresponding olefin. It was presumed that this reaction proceeds through a
sequential cleavage of the C-O bonds, hence, leading to the radical formation of the double bond.

Following the results obtained by using the stoichiometric procedure for the deoxygenation of
alcohols, a catalytic approach for this transformation was endeavoured. In order to achieve this goal,
the regeneration of the catalytically active Ti*" was needed. It was proposed that TMSCI (76) could
facilitate this process by inhibiting the formation of the Cp,Ti=O (C54) species through the formation
of hexamethyldisiloxane (77). Indeed, the utilization of 30 mol% of Cp,TiCl, (C36), 8 equiv. of Mn
and 4 equiv. of TMSCI (76), farnesol (78) was transformed into the desired product (79) in 92% yield.
This catalytic procedure was later successfully applied for the deoxygenation of diols.

stoichiometric procedure
Cp,TiCl, (2.0 equiv.)
Mn (1.5 equiv.)

THF, reflux, 60 min
o 80% l H
g |
AN | .
catalytic procedure
78 Cp,TiCl, (0.3 equiv.) 79
Mn (8.0 equiv.)
TMSCI (4.0 equiv)

THF, reflux, 55 min
92%

Scheme 6.5. Stoichiometric and catalytic procedures for the deoxygenation of alcohols developed by
Barrero et al.’’
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Another contribution by Barrero is an exhaustive mechanistic study from 2015 on the
stoichiometric deoxygenation procedure.*’ First, deuterium labelling experiments were performed on
farnesol (78) as model substrate (Scheme 6.6 — a). No deuterated product was observed when THF-ds
was used in the reaction nor when deuterated water was added during the reaction work-up. Instead,
substituting the hydroxy group with an -OD moiety (78-d;), the corresponding deuterated alkane was
afforded in very high yield and with 80% deuterium incorporation, hinting that the H-atom in the new
C-H bond is provided by the hydroxy group. Additionally, a high regioselectivity of the deuteration
process on allylic compounds was observed as the terminal olefin was almost exclusively formed. These
results are in contrast to the ones obtained by using the Barton-McCombie conditions, which led to the
formation of a 1:1 mixture between the two olefins 79 and 80. Thus, a possible hydrogen atom transfer
(HAT) pathway was dismissed for this reaction, and it was hypothesised that the Ti*" species acts in this
reaction as a Lewis acid. Another argument for a -OH donation pathway was the formation of the
farnesol dimer (81) as major product, when the hydrogen atom was substituted with Li in the starting
material. All the conclusions taken from the experiments conducted on the allylic alcohols were
confirmed when a benzylic substrate was submitted to the reaction.

Furthermore, a kinetic modelling simulation for the stoichiometric process was conducted
(Scheme 6.6 - b). For this calculations TiCls (C45) was used as Ti source for simplifying the calculation.
To see if such this simulation is still conclusive for this transformation, other reaction models were
tested in a similar way and the results between Cp.TiCl, (C36) models and TiCls (C45) models were
analogous. Hence, the most energetically favourable pathway was discovered by calculating the
reaction rates of each plausible individual step of the reaction. First, the Ti*" (C45) species is reduced
by Mn to generate Ti** (C55) to which a THF molecule coordinates generating C55-THF. The solvent
molecule is substituted by the alcohol, which forms a complex C45-ale from which, through
decomposing, an alkyl radical is generated. A competition between the dimerization of the radical and
its reaction with another Ti***THF (C55-THF) occurs, the latter being favoured and generating TiCl;R
complex (C45-R). Subsequently, the desired alkane is formed by the reaction between complex C45-R
and TiCl;0H (C45-OH) and the generation of the Ti-O-Ti (C56) species.

a. a. X=0H
X THF-d
| X b. X=0D \
“ THF
c. X=OH ,
THF a. 75% 0% DI o % o 1%
then work-up with DO b. 87%, 80% DI b. 10% b. 0%
d. X=OLi c. 78%, 0% DI c. 8% c. 9%
THF d.4%, 0% DI d. 0% d. 67%
THF ROH

TiCl4 \A
c45>\ »TiCls o TiClysTHF Ao—»TiCISROH TiCl;OH
M C55 C55-THF C45-alc ; C45-OH
MnCl, R

TiCIsR RH

C4SR  (icis),0
C56

Scheme 6.6. (a) Deuteration experiments for the deoxygenation procedure reported by Barrero’s group;
(b) Reaction pathway based on the kinetic modelling simulation made with Copasi.*
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By simulating the transformation of different alcohols through the most plausible calculated
route and compering the results with the experimental yields, a correlation between the final data was
observed, thus confirming the utility of the kinetic modelling simulation.

In 2018, Suga et al. reported a methodology for the generation of benzyl radicals by using a
straightforward Ti*"/Mn system (Scheme 6.7).*! Based on this protocol both a deoxygenation and a
Giese-type radical conjugated addition of electron-deficient olefins were developed. One major
advantage of this protocol is that by changing the Ti additive the reaction will proceed selectively
through one of the above mentioned pathways. Hence, the utilization of Cp,TiCl, (C36) will lead to the
generation of the deoxygenation product, while TiCls(collidine) will facilitate the Giese-type addition.
During the initial optimization stages of the deoxygenation reaction, a competitive polymerisation
process of the benzyl radicals was observed. This undesired side-reaction was completely inhibited by
the usage of 2.1 equivalents of Cp,TiCl, (C36), thus yielding the deoxygenation product in an excellent
yield of 82%.

deoxygenation

H
| H
) 2a
e (e
4a =[Ti]™*"
O=[Ti] \radfca/ addition WEWG

ZEWG

Scheme 6.7. Benzyl radical generation methodology reported by Suga et al.*!

The increased interest for direct deoxygenation procedures led to the development of new
Ti-catalysed procedures for the deoxygenation of alcohols. Recently, Lin and co-workers reported a
regioselective deoxygenation protocol for tertiary alcohols (Scheme 6.8 - a).*? This transformation
utilized Cp*TiCl; (C47) in catalytic amounts, Zn as reducing agent, phenylsilane (PhSiH3) (82) as
H-donor and triethylsilylchloride (TESCI) (83) as regenerating agent for the catalyst. During the
optimization experiments, it was observed that, beside the electronic properties, the steric hindrance of
the metal catalyst plays a major role in this transformation. Thus, Cp*TiCl; (C47) catalysed the reaction
in excellent yield of 89%, while less-sterically hindered cyclopentadienyltitanium trichloride (CpTiCls)
(C57) afforded the desired product only in 7% yield and Cp,TiCl, (C36) in 59% yield. Interestingly,
the use of Mn instead of Zn in this catalytic process inhibited the conversion of the alcohol completely.
The control reactions showed that in the absence of the Ti-catalyst, reducing agent or regeneration agent,
the desired transformation was not possible. However, the reaction conducted without phenylsilane (82)
led to the generation of corresponding alkane in 71% yield. Besides, a considerable amount of various
olefins was detected in the reaction mixture. This result showed that, beside the H-donor capabilities,
phenylsilane (82) is also responsible for inhibiting possible side-reactions. Additionally, it hinted
towards the existence of a background H-transfer process from another reaction component. Further,
the optimized reaction conditions were applied for the deoxygenation of tertiary aliphatic alcohols
bearing different backbones and functionalities (Scheme 6.8 - b). Remarkably, sulfone, phosphate and
heterocycle moieties were tolerated by the system, yielding the deoxygenated product in very good
yields. When the method was applied for the transformation of alcohols bearing a-carbonyl groups, the
reduction of the latter was also observed as a minor side-reaction. Secondary benzylic alcohols were
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also deoxygenated by this catalytic system, albeit with decreased yields. Subsequently, this procedure
was employed for the reduction of alcoholic moieties in bioactive molecules. Hence, (S)-naproxen (88),
flurbiprofen-derivatives (89) and podophyllotoxin (90) were successfully deoxygenated in very good
and excellent yields. The limitation of this method is represented by the ring-opening of epoxy groups,
the complexation of nitril groups and the cleavage of the C-X bond in aliphatic halides.

The regioselectivity of the procedure was examined by applying the system for the
deoxygenation of various diols. In all cases, primary and unactivated secondary -OH groups were
unreactive under these reaction conditions, thus, proving the selectivity of the system towards tertiary
and activated secondary alcoholic moieties.

a. PhSiH; (3 equiv.)
Cp*TiCls (5 mol%)
Zn (2 equiv.)
2 p3 2 p3
RR TESCI (2.5 equiv) R{*

R' “OH 1,4-dioxane, 60 °C, 6 h ” R" “H

84

94% 7% 5%
MeO
COws
Me Me MeO
89
91% 98%
o__0
90 ~
7%

Scheme 6.8. (a) General reaction of the deoxygenation procedure developed by Lin ef al.; (b) Substrate
scope of the Ti-catalysed deoxygenation method.*

When phenylsilane (82) was substituted by its deuterated counterpart (82-ds), the desired
product was obtained with only 45% deuterium incorporation (DI) (Scheme 6.9 - a). This result hinted
towards the importance of the background hydrogen transfer process. In order to get more insight about
this unexpected HAT-process, multiple experiments were conducted on deuterated substrate (91-d;)
and by using different deuterated reaction components. Surprisingly, employing 82-ds; for the
transformation of 91-d; led to a deuterium incorporation of only 52% in 92-d;. Therefore, a possible
hydrogen donation pathway similar to the one proposed by the group of Barrero was discarded. The
involvement of the regeneration agent or the in situ generated water in the background hydrogen atom
transfer mechanism was tested but it was considered improbable because the employment of deuterated
water and fresh TESCI (83) led to very low DI. In conclusion, it was hypothesised that a solvent
H-donation pathway or an intramolecular hydrogen transfer might be involved in this process, but this
presumption was not further investigated.

Based on the results of the deuterium labelling studies, a reaction mechanism was proposed
(Scheme 6.9 - b). First, the titanium precatalyst C47 was reduced to the corresponding Ti*" species C58,
which further reacted with the alcohol to generate complex C59. The cleavage of species C59 led to
the formation of Ti-OH complex C60 and an alkyl or aryl radical, which generated the desired alkane,
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via one of the possible H-donation pathways. Subsequently, complex C60 led to the regeneration of the
precatalyst C47 trough the reaction with the chlorosilane 83.

Me Me .
reaction a
OH Standard conditions with Me Me
91 PhSiD; 82-d; 5
Me Me
fon b 92-d,
op feaclionb a. 90%, 45% DI
b. 74%, 52% DI
91-d,
Cp*TiClz a. PhSiH,
O. /]\ B
H R>7H
R>r R oTi--o-"
R——OH cso H
c. THF
Cp*TiCl,
Cp*TiCl OH
pcsa 2 C60
TESCI
83
1/2 ZnCl, TESOH
Cp*TiCls 93
Zn c47

Scheme 6.9. (a) Deuteration experiments conducted by Lin et al.; (b) Proposed mechanism for the
Ti-catalysed deoxygenation.*

Also in 2022, Han et al. reported an exhaustive reduction procedure for benzylic
oxo-compounds (Scheme 6.10 - a).** The main goal of this study was the development of a direct
deoxygenation method of esters and carboxylic acids to the corresponding alkanes. Later, the same
procedure was applied also for the deoxygenation of carbonyls and alcohols. This methodology utilizes
a Ti*" as precatalyst, ammonium borane (94) as hydrogen donor and a base as activating agent.
Interestingly, no metallic reductant was needed for the successful deoxygenation of any of the tested
substrate classes. The optimization studies showed that both the use of a titanium precatalyst and the
base are essential for the deoxygenation. Cp,TiCl, (C36) showed the highest reactivity towards the
desired transformation, thus leading to the formation of the corresponding alkanes in quantitative yields.
Multiple bases were tested in the catalytic system from which lithium methoxide (95) proved to be the
most effective. After testing the optimal reaction conditions on the complete reduction of esters, the
procedure was used for the deoxygenation of benzylic alcohols. Both electron-neutral and electron-rich
alcohols were transformed into the corresponding alkanes in very good yields through this method.

The preliminary mechanistic studies focused on the investigation of possible intermediates.
First, benzyl methyl ether (96) was subjected to the transformation, but this reaction yielded only traces
of the desired product, thus, discarding the involvement of an ethereal intermediate in the reaction
pathway. By stopping the reduction of esters before completion, traces of alcohol were detected.
Moreover, the addition of pyrrolidine as trapping agent in the same reaction led to the formation of the
corresponding amine, hence, pointing out the in situ formation of aldehydes during the transformation.
Following the evolution of the reaction via '"B-NMR, the formation of B(OMe); (97) and B(O'Bu); (98)
was detected. The specific colour change of the solution from orange to dark green hinted towards the
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formation of a Ti** active species. This observation was endorsed trough ESR spectroscopy.
Interestingly, by using deuterated ammonium borane ND3*BD3 (94-dd) a new signal appeared in the
EPR spectra and the hyperfine splitting of “*Ti was observed. This result suggests a possible formation
of a Ti-H complex. Further isotope-labelling experiments showed that the deuterium incorporation was
significantly higher when NH3;*BDs (94-hd) was employed compared to NDs;*BH; (94-dh)
(Scheme 6.10 - b).

Therefore, a possible mechanism for the exhaustive reduction of esters was projected
(Scheme 6.10 - c¢). First, the precatalyst (C36) reacts with MeOLi (95) to generate complex C61, which
further leads to the formation of the catalytic active complex C62. Then, the substrate inserts to the
titanium hydride species C62 generating complex €63, which undergoes £-O elimination.
Subsequently, intermediate aldehyde and complex C64 are formed. The latter reacts with ammonium
borane 94 to regenerate the active species C62. The in situ generated aldehyde undergoes a similar
reduction sequence like the ester to generate the desired alkane.

Cp,TiClz (10 mol%)

a. NH3*BH3 (4 equiv.)
/@/\OH MeOLi (1 equiv.) /@/\H
R MTBE, 120 °C R
ND3‘BH3
b 16% DI
OH NHa‘BDg _ D
73% DI
MeO MeO
4b 2b
ND3'BD3
S8 Dl .
_TiCp,
C. ®)
o Ar)ﬁowle
Ar)kOMe c63 0 Cp,Ti—H O/T'CPZ
C62
MeOLi oM NH3‘BH3 AI')J\H Ar)bH
Cp,Tid, —2 o cp,Tic 694 opriH H
cl -Licl OMe -B(OMe)3 c62 C65
C36 cét CpTi—OMe CpTi—H
c64 C62
B(OMe);
97 NH3*BH3 H
%4 A JVH
" H

Scheme 6.10. Deoxygenation procedure developed by Han er al. (a) General reaction for the
deoxygenation of benzylic alcohols; (b) Deuteration experiments; (c) Proposed mechanism for the
exhaustive deoxygenation of esters.*

Thus, titanocene dichloride (C36) was considered a suitable candidate for enhancing the
catalytic activity of the previously developed Co- based system for the catalytic deoxygenation of
benzylic alcohols.
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6.2.  Co/Ti Co-Catalysed Deoxygenation
6.2.1. Preliminary Investigations

The preliminary studies on the deoxygenation of benzylic alcohols by using a bimetallic Co/Ti
system started with the selection of a suitable Ti*" species and metallic reducing agent. Based on the
previously presented literature reports and on handling considerations, Cp>TiCl, (C36) was considered
the most suitable candidate for this purpose.** In these reactions, Mn was employed as metallic reductant
in the standard procedure due to the inefficiency of Zn in the Co-catalysed experiments described in
chapter 5.3. The choice of PNP-ligands L9 and L25 and CoCl, (C24) for these preliminary
investigations was based on both literature reports and facile ex situ synthesis of the corresponding Co'*
complex. Additionally, the ability of salen L27 to generate a catalytically active complex with cobalt
was investigated. Due to the incompatibility of formic acid (11) with the Ti source, another potential
H-donor had to be chosen, thus, TMDSO (98) was employed during these studies. A possible
side-reaction that might occur from the utilization of Co!" complexes and silanes is the hydrosilylation
of the olefin intermediate 3. Although the side-reaction between THF and the alcoholic substrate was
observed throughout the investigations presented in chapter 5.3, anhydrous, degassed THF was chosen
as the standard solvent for this procedure due the literature reports, which suggest that tetrahydrofuran
is the best suitable solvent for the generation of Ti** species.

The initial conditions screening stared with a one-pot reaction, in which all components were
stirred in THF for 18 h (Table 6.2. — Entry 1). Remarkably, this procedure led to 87% conversion of the
starting material and afforded ethylbenzene (2) in a 53% yield. Although this result was encouraging,
the analysis of the crude reaction mixture via GC-MS showed the formation of various high molecular
mass side-products. Thus, a two-pot procedure was attempted in order to reduce the number and amount
of side-products. This approach implies the addition of a separately prepared Co-ligand complex
solution over the Ti*" complex mixture, followed by overnight stirring at reflux. First, both solutions
were prepared in THF and this procedure resulted in a 56% yield of ethylbenzene (2) and a 93%
conversion (Table 6.2. — Entry 2). The preparation of the Ti solution in toluene led to a decrease in both
conversion and yield of alkane (Table 6.2. — Entry 3). The decrease was even more substantial when
both solutions were prepared in toluene, despite the final reaction temperature being elevated from
80 °Cto 110 °C (Table 6.2. — Entry 4). These experiments strengthened the hypothesis that THF would
be the best suitable solvent for this protocol, albeit the reaction temperature is lower. Although the two-
pot procedure in THF afforded a higher amount of ethylbenzene (2) compared to the one-pot reaction,
the yield difference between the two was considered insufficient to overcome the handling
disadvantages. Hence, the one-pot procedure was chosen for further experiments. Next, ligand L.25 was
substituted by pyridine-based ligand L9, but the Co-L9 complex proved to be less efficient in this
transformation than the Co-L.25 complex (Table 6.2. — Entry 5). Instead, by substituting 1.25 with salen
L.27, only traces of ethylbenzene (2) were generated beside considerable amounts of higher molecular
mass compounds (Table 6.2. — Entry 6). The control reaction without the addition of a ligand, showed
a very high conversion of the alcohol but did not afford any amount of ethylbenzene 2
(Table 6.2. — Entry 7). In order to inhibit the potential CoCl,-catalysed side-reactions, an excess of
ligand was added to the reaction mixture, but a 10% yield drop was observed compared to the standard
procedure (Table 6.2. — Entry 8). The utilization of not degassed or undistilled THF as a solvent
completely inhibited the formation of the desired product 2 (Table 6.2. — Entries 9 and 10). The addition
of 3A molecular sieves to the reaction led to a only 12% yield of 2, instead high quantities of styrene
were observed in the final mixture (Table 6.2. — Entry 11). The utilization of Zn instead of Mn in this
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procedure lowered the ethylbenzene (2) yield to 16% and without the addition of the metallic reductant
no desired product 2 was detected (Table 6.2. — Entries 12 and 13). In conclusion, 1,1,3,3-
Tetramethyldisiloxane TMDSO (98) proved its H-donor capabilities in this protocol and L25 was the
most efficient ligand from the ones which were tested during this study. Additionally, the in situ
generation of the Co catalyst is desired for this transformation. In order to further increase the yield of
the desired alkane additional optimization reactions were conducted.

Table 6.2. Preliminary conditions screening of the Co/Ti-catalysed deoxygenation

CoCl; (12 mol%)
L25 (10 mol%)
CpTiCl; (10 mol%)
Mn (0.5 equiv.)

OH THF (3 ml) H
rt,2h
then TMDSO (3 equiv.)
4 reflux, 18 h 2

Entry'® Deviation Conversion (%)"! Yield (%)™
1 one pot 87 53
2 Two solutions THF 93 56

Two solutions Co —
J THEF, Ti - toluene &7 -2
4 Two solutions both 31 20
tol.
5 L9 instead of L25 80 48
6 L27 instead of L25 63 traces
7 Without ligand 80 -
8 15 mol% L25 86 43
9 Not degassed solvent 19 -
10 Undistilled solvent - -
11 3A M.S. 90 12
12 Zn instead of Mn 40 16
13 Without reducing 67 :
agent

[a] Standard reaction conditions: In a Schlenk pressure tube anhydrous CoClz (15.6 mg, 0.12 mmol, 12.0 mol%), ligand L25
(0.036 mL 0.20 mmol, 20.0 mol%), additive (0.20 mmol, 20.0 mol%), Cp2TiCl2 (24.9 mg, 0.10 mmol, 10.0 mol%), Mn (27.5
mg, 0.50 mmol, 0.50 equiv.) and 1-phenylethanol (0.120 mL, 1.00 mmol, 1.00 equiv.) in THF (3 mL) stirred for 30 min. at
r.t., then TMDSO (0.53 mL, 3.00 mmol, 3.00 equiv.) stirred for 18 h at reflux; [b] Yields were determined via quantitative
GC-FID using n-pentadecane as internal standard,

6.2.2. Conditions Screening

Following the initial condition optimization, a Co source screening was conducted. For this
transformation, the activity of CoCl, (C24), CoBr, (C25) and Co(acac), (C22) was investigated. All
three Co sources were submitted to the reaction solely or together with LiCl. Lithium chloride increases
the solubility of both the Co salt and metallic reductant, therefore it can facilitate the formation of the
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Co-active species. The addition of LiCl to the reaction with CoCl, (C24) led to a slightly higher
conversion than the standard reaction but the yield of ethylbenzene (2) dropped considerably from 53%
to 27% (Table 6.3. — Entry 2). This phenomenon was not further investigated, thus, it could not be fully
explained. Interestingly, cobalt bromide (C25) was the most efficient Co source for this application
(Table 6.3. — Entry 3). Moreover, the addition of LiCl to the reaction resulted in only a 2% yield
decrease (Table 6.3. — Entry 4). The utilization of Co(acac), (C22) inhibited almost completely the
desired reaction pathway, both with and without the additive (Table 6.3. — Entries 5 and 6). Therefore,
it was concluded that the most efficient cobalt source for this transformation is CoBr, (C25).

Table 6.3. Co source screening

Co source (12 mol%)
L25 (10 mol%)
Cp,TiCl, (10 mol%)
Mn (0.5 equiv.)

OH THF (3 ml) H
rt,2h
then TMDSO (3 equiv.)
4 reflux, 18 h 2
Entry'? Co source Conversion (%)™ Yield (%)™
1 CoCl, 87 33
2 CoCl» 90 27
3 CoBrn; 98 57
4lcl CoBr; 92 55
5 Co(acac), 41 traces
6l Co(acac), 90 traces

[a] Standard reaction conditions: In a Schlenk pressure tube anhydrous Co source (0.12 mmol, 12.0 mol%), ligand L25
(0.036 mL 0.20 mmol, 20.0 mol%), Cp2TiCl2 (24.9 mg, 0.10 mmol, 10.0 mol%), Mn (27.5 mg, 0.50 mmol, 0.50 equiv.) and
1-phenylethanol (0.120 mL, 1.00 mmol, 1.00 equiv.) in THF (3 mL) stirred for 30 min. at r.t., then TMDSO (0.53 mL, 3.00
mmol, 3.00 equiv.) stirred for 18 h at reflux; [b] Yields were determined via quantitative GC-FID using n-pentadecane as
internal standard; [c] Reaction with 0.5 equiv. LiCl as additive

Next, a solvent screening was conducted. Due to the use of many reaction components, which
can lead to unwanted side-reactions, the range of suitable solvents was narrowed. Tetrahydrofuran
proved to be the most efficient solvent for this transformation, although the possible reaction
temperature was the lowest throughout this screening (Table 6.4. — Entry 1). Unfortunately, in toluene
the conversion decreased substantially from 98% to 53%, therefore, only a 20% yield of ethylbenzene
(2) was obtained (Table 6.4. — Entry 2). In order to take advantage of the positive effect of THF on the
transformation and to conduct the reaction at higher temperatures, a 1:1 mixture of THF and toluene
was utilized (Table 6.4. — Entry 3). Indeed, the conversion of alcohol 4 was almost quantitative but the
yield of compound 2 was 21% lower compared to the THF reaction. Lastly, 1,4-dioxane was used as
solvent for this transformation (Table 6.4. — Entry 4). This solvent would be compliant with the
previously stated high temperature principle and could also stabilize the in situ generated species similar
to THF. However, this reaction afforded only a 15% yield of the desired product, despite the 98%
conversion. Thus, THF was further utilized as the standard solvent during these investigations.

80



Co/Ti and Ti-catalysed deoxygenation procedures

Table 6.4. Solvent screening

CoBr; (12 mol%)
L25 (10 mol%)
CpoTiCl, (10 mol%)
Mn (0.5 equiv.)

OH solvent (3 ml) H
rt,2h
then TMDSO (3 equiv.)
4 reflux, 18 h 2
E fal Solvent Temperature Conversion Yield (%)™
ny Q) (%)" '
1 THF 70 98 57
2 Toluene 120 53 20
3 THEF:Toluene 1:1 110 96 36
4 1,4-dioxane 110 98 15

[a] Standard reaction conditions: In a Schlenk pressure tube anhydrous CoBr2 (26.2 mg, 0.12 mmol, 12.0 mol%), ligand L25
(0.036 mL 0.20 mmol, 20.0 mol%), Cp2TiCl2 (24.9 mg, 0.10 mmol, 10.0 mol%), Mn (27.5 mg, 0.50 mmol, 0.50 equiv.) and
1-phenylethanol (0.120 mL, 1.00 mmol, 1.00 equiv.) in solvent (3 mL) stirred for 30 min. at r.t., then TMDSO (0.53 mL,
3.00 mmol, 3.00 equiv.) stirred for 18 h at reflux; [b] Yields were determined via quantitative GC-FID using n-pentadecane as
internal standard; [c] Setup temperature;

Additionally, a preliminary substrate screening was made. Primary, secondary, and tertiary
benzylic alcohols were tested. Benzyl alcohol (4a) was almost completely converted but afforded only
41% toluene (2a) (Table 6.5. — Entry 1). 57% of the secondary alcohol 4 was deoxygenated to
compound 2, while 2-phenylpropan-2-ol (4b) could not be transformed in cumene (2b, Table 6.5. -
Entries 2 and 3). Hence, the deoxygenation of 1-phenylethanol (4¢) was attempted during future
studies.

Table 6.5. Preliminary substrate screening

CoBry (12 mol%)
L25 (10 mol%)
Cp,TiCl> (10 mol%)
Mn (0.7 equiv.)
OH

R THF (3 ml) H o
=2 rt,2h . =2
then TMDSO (3 equiv.)
reflux, 18 h
Entry® Co source Conversion (%)™ Yield (%)™

1 benzyl alcohol 96 41
2 1-phenylalcohol 98 57
3 2-phenylpropan-2-ol 60 -

[a] Standard reaction conditions: In a Schlenk pressure tube anhydrous CoBr2 (26.2 mg, 0.12 mmol, 12.0 mol%), ligand L25
(0.036 mL 0.20 mmol, 20.0 mol%), Cp2TiCl2 (24.9 mg, 0.10 mmol, 10.0 mol%), Mn (27.5 mg, 0.50 mmol, 0.50 equiv.) and
alcohol (1.00 mmol, 1.00 equiv.) in THF (3 mL) stirred for 30 min. at r.t., then TMDSO (0.53 mL, 3.00 mmol, 3.00 equiv.)
stirred for 18 h at reflux; [b] Yields were determined via quantitative GC-FID using n-pentadecane as internal standard,
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Another studied factor in this reaction was the nature of the silane. TMDSO (98) was
extensively used during the development of the Co/Ti-based deoxygenation procedure due to its
availability, low-toxicity, and H-donation properties but the resulting ethylbenzene yield did not exceed
57%. In this investigation, TMDSO (98) showed a 55% vyield and a conversion of 96%
(Table 6.6. — Entry 1). Thus, the H-donor capabilities of other hydrosilanes were tested. Phenylsilane
(82) and diphenylsilane (99) led to low conversions and to very low yields of 2, 6% and 8% respectively
(Table 6.6. — Entries 2 and 3). Alkoxysilanes, namely triethoxysilane (100), were also used in
deoxygenation reactions, for example in the reduction of amides.* Remarkably, the reaction with
triethoxysilane (100) led to a 84% yield of ethylbenzene (2) and a complete conversion of the alcohol
4 (Table 6.6. — Entry 4).

Table 6.6. Silane screening

CoBrs (12 mol%)
L25 (10 mol%)
Cp,TiCl, (10 mol%)
Mn (0.7 equiv.)

OH THF (3 ml) H
rt,2h
then hydrosilane (3 equiv.)
4 reflux, 18 h 2

Entry!® Solvent Conversion (%)™ Yield (%)™

1 TMDSO 96 55

2 Phenylsilane 33 6

3 Diphenylsilane 54 8

4 Triethoxysilane 98 84

[a] Standard reaction conditions: In a Schlenk pressure tube anhydrous CoBr2 (26.2 mg, 0.12 mmol, 12.0 mol%), ligand L25
(0.036 mL 0.20 mmol, 20.0 mol%), Cp2TiCl2 (24.9 mg, 0.10 mmol, 10.0 mol%), Mn (27.5 mg, 0.50 mmol, 0.50 equiv.) and
1-phenylethanol (0.120 mL, 1.00 mmol, 1.00 equiv.) in THF (3 mL) stirred for 30 min. at r.t., then silane (3.00 mmol, 3.00
equiv.) stirred for 18 h at reflux; [b] Yields were determined via quantitative GC-FID using n-pentadecane as internal standard;

Following the results obtained during the hydrosilane screening, several control reactions were
conducted. Without the addition of the Ti catalyst, no ethylbenzene was detected in the crude reaction
mixture (Table 6.7. — Entry 1). Rather, the formation of high quantities of the corresponding silylether
(4-se) was observed. Without the metallic reductant, traces of 2 were generated while the omission of
the H-donor completely inhibited the transformation (Table 6.7. — Entries 2 and 3). Instead, the
elimination of the Co source and the ligand led to the formation of ethylbenzene in a 62% yield
(Table 6.7. — Entry 1). Thus, it was concluded that Co is not needed for the successful transformation
of the benzylic alcohols into the corresponding alkanes.

82



Co/Ti and Ti-catalysed deoxygenation procedures

Table 6.7. Control reactions.

CoBr; (12 mol%)
L25 (10 mol%)
CpoTiCl, (10 mol%)
Mn (0.7 equiv.)

OH THF (3 ml) H
rt,2h
then (EtO)3SiH (3 equiv.)
4 reflux, 18 h 2
Entry!® Deviation Conversion (%)™ Yield (%)™
1 Without Ti 89 -
2 Without Mn 11 3
3 Without (EtO);SiH - -
4 Without Co and ligand 94 62

[a] Standard reaction conditions: In a Schlenk pressure tube anhydrous CoBr2 (26.2 mg, 0.12 mmol, 12.0 mol%), ligand L25
(0.036 mL 0.20 mmol, 20.0 mol%), Cp2TiCl2 (24.9 mg, 0.10 mmol, 10.0 mol%), Mn (27.5 mg, 0.50 mmol, 0.50 equiv.) and
1-phenylethanol (0.120 mL, 1.00 mmol, 1.00 equiv.) in THF (3 mL) stirred for 30 min. at r.t., then triethoxysilane (0.55 mL,
3.00 mmol, 3.00 equiv.) stirred for 18 h at reflux; [b] Yields were determined via quantitative GC-FID using n-pentadecane as
internal standard;

In summary, the results obtained during the development of the Co/Ti-based deoxygenation
protocol hinted that a Ti-catalysed deoxygenation procedure would be possible with triethoxysilane
(100) as H-donor and Mn as metallic reductant. The development and results of these studies will be
extensively discussed in chapter 6.3.

6.3.  Results and Discussions for Ti-Catalysed Deoxygenation
6.3.1. Preliminary Conditions Screening

Following the conducted control reactions on the Co/Ti co-catalysed reactions, it was observed
that by using triethoxysilane (100) as H-donor species, the Ti catalyst proved to be capable of catalysing
the reaction in higher yields than by using a bimetallic system (Table 6.8 — Entry 4). Thus, this finding
was investigated in more detail (Table 6.8). The results showed that the Ti complex is necessary for the
transformation, and it hinted that the catalytically active species is Ti**-based, therefore leading to the
conclusion that a radical reaction pathway is plausible. It was also observed that the alkoxysilane species
has a limited reduction capability but is insufficient to solely reduce Cp.TiCl, (C36).

Table 6.8. Control reactions on Ti-based catalytic system.

Cp,TiCl, (10 mol%)
Mn (0.5 equiv.)
THF (3 ml)
OH 50 °C, 30 min H

then (EtO)3SiH (3 equiv.)
4 80°C,18h 2

Entry' Deviation Yield (%)™

1 Standard conditions 62
2 Without (EtO);SiH -
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3 Without Cp,TiCl, ‘ =

4 Without Mn ‘ 3
[a] Standard reaction conditions: 1-phenylethanol (0.120 mL, 1.00 mmol, 1.00 equiv.), Cp2TiCl2 (24.9 mg, 0.10 mmol, 10.0
mol%), Mn (54.9 mg, 1.00 mmol, 1.00 equiv.) in THF (3 mL), stirred for 30 min at 50 °C, then (EtO)3SiH (0.55 mL, 3.00
mmol, 3.00 equiv.), 18 h, 80 °C in a Schlenk pressure tube. [b] Yields were determined via quantitative GC-FID using n-
pentadecane as internal standard.

Another remark that must be made is that, beside disiloxane 98, the main side-product of the
reaction remained the corresponding silyl ether even after discarding the Co-cocatalyst. In the interest
of finding the driving force behind this side reaction and the potential role of this compound as an
intermediate in the reaction mechanism, silyl ether 4-se has been used as staring material (Scheme 6.11).
This reaction yielded only traces of the desired deoxygenated product and led to the regeneration of
alcohol 4 in 17% yield. This result hints that the silyl ether 4-se is not an intermediate in the catalytic
process and that its formation is due to a competitive side-reaction. Additionally, this conclusion was
later strengthened during reaction time optimization as no dependency between the formation of the
silyl ether and the desired product was determined (Chapter 6.3.3).

Cp2TiClz (10 mol%)

SQ'I'%Et Mn (0.5 equiv.)
o> oEt THF (3 ml) OH H
50 °C, 30 min +
then (EtO);SiH (3 equiv.)
4-se 80°C, 18 h 4 2
17% traces

Scheme 6.11. Silyl ether 4-se as starting material.

Next, a preliminary solvent screening was conducted (Table 6.9). THF and 2-MeTHF afforded
similar yields of ethylbenzene (2) (Table 6.9 - Entry 1 and 2). Instead, the reaction conducted in toluene
did not lead to the formation of the desired product at all. Therefore, THF was chosen as the standard
solvent for the reaction, mainly because of its availability and the temperature limitations imposed by
using (EtO);SiH (101) as H-donor.*® The role of the solvent in the catalytic system was analysed
in-depth after the extensive silane screening described in Chapter 6.3.3.

Table 6.9. Preliminary solvent screening.

Cp,TiCly (10 mol%)
Mn (0.5 equiv.)

THF (3 ml)
OH 50 °C, 30 min H
then (EtO)3;SiH (3 equiv.)
4 80°C,18h 2

Entry' Solvent Yield (%)™

1 THF 62

2 2-MeTHF 65

3 Toluene =

[a] Standard reaction conditions: 1-phenylethanol (0.120 mL, 1.00 mmol, 1.00 equiv.), Cp2TiCl2 (24.9 mg, 0.10 mmol, 10.0
mol%), Mn (54.9 mg, 1.00 mmol, 1.00 equiv.) in THF (3 mL), stirred for 30 min at 50 °C, then (EtO)3SiH (0.55 mL, 3.00
mmol, 3.00 equiv.), 18 h, 80 °C in a Schlenk pressure tube. [b] Yields were determined via quantitative GC-FID using n-
pentadecane as internal standard.
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A preliminary substrate screening was conducted in order to determine, which benzylic alcohol
would be best suited as standard substrate for this transformation (Table 6.10). Benzyl alcohol (4a)
afforded the highest amount of the corresponding saturated hydrocarbon in 71% yield (Table
6.10 - Entry 1). 1-Phenylethanol (4) afforded 60% yield of ethylbenzene during the screening (Table
6.10 - Entry 2). Although this yield was considered unsuitable for a standard substrate, the encouraging
factor is the reproducibility of the reaction, the yield dropping only 2% compared to the first attempts
(Table 6.10 — Entry 1). The tertiary benzylic alcohol 4b led to a poor yield of only 14% of cumene (2b)
(Table 6.10 - Entry 3). In all three cases, the most important side-product was the corresponding silyl
ether. In conclusion, primary alcohols were found to optimal for this transformation. This conclusion is
somehow surprising as it does not follow the radical stability order, instead, it hints towards a negative
effect of the steric hindrance on the catalytic process.

Table 6.10 Preliminary substrate screening.
Cp,TiCl; (10 mol%)

R! Mn (0.5 equiv.) 1
R2 THF (3 ml) Rin2
OH 50 °C, 30 min )
then (EtO)3SiH (3 equiv.)
80°C,18h
Entry!?! Substrate R! R? Yield (%)™

1 4a H H 68
2 4 CH; H 60
3 4b CH; CH; 14

[a] Standard reaction conditions: benzylic alcohol (1.00 mmol, 1.00 equiv.), Cp2TiClz2 (24.9 mg, 0.10 mmol, 10.0 mol%),
Mn (54.9 mg, 1.00 mmol, 1.00 equiv.) in THF (3 mL), stirred for 30 min at 50 °C, then (EtO)3;SiH (0.55 mL, 3.00 mmol,
3.00 equiv.), 18 h, 80 °C in a Schlenk pressure tube. [b] Yields were determined via quantitative GC-FID using n-pentadecane
as internal standard.

Although encouraging, more investigations on the reactivity of this catalytic system had to be
conducted. The most important drawbacks of this method were: unsatisfactory yields, the disability of
conducting the reaction at higher temperatures and the toxicity and flammability of the triethoxysilane
(100), which made it difficult to handle and also hindered the potential for the upscaling of this method,
especially in a Ti-based catalytic system.*’ Therefore, the pursuit of developing a Ti-catalysed
deoxygenation of benzylic alcohols continued with the aim of finding other reducing agents capable to
donate a H-atom in this setup and with the further optimization of the reaction conditions.

6.3.2. Hantzsch Esters and Ammonium Borane as Reducing Agents

The first compound class that was taken in consideration as an alternative for triethoxysilane
(100) were ammonium boranes. These compounds are safe-to-handle and are capable of storing and
donating hydrogen at temperatures around 90 °C.*® In order to find out if ammonium boranes were
suited for this kind of transformations, the commercially available H;N*BH; (101) was first submitted
to the reaction (Table 6.11). In contrast to the previous reaction conditions, the Ti loading, reaction
temperature and the activation time were increased so that the transformation is not limited by these
parameters. Unfortunately, the primary and the secondary substrate yielded the desired product only in
in very small amounts (Table 6.11 — Entry 1 and 2). Nevertheless, the tertiary substrate did not afford
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any trace of the desired product at all (Table 6.11 — Entry 3). The inactivity of HsN*BH3 (101) in this
setup was further proven by the poor conversion compared to the hydrosilane reaction. Thus,
ammonium borane was discarded as a possible replacement for the triethoxysilane (100) in the
Ti-catalysed system.

Table 6.11. Ammonium borane reactions.
Cp,TiCl, (15 mol%)

R' , Mn (0.5 equiv.) R’
R THF (3 mi) R?
OH 50°C,2h H
then NH3BH3; (3 equiv.)
90 °C, 18 h
Entry®! Substrate R! R? C"?(,V/o")rﬂi“’“ Yield (%)™

1 la H H 13 traces
2 lac CH3; H 12 traces
3 lag CH3 CH3 5 =

[a] Standard reaction conditions: benzylic alcohol (1.00 mmol, 1.00 equiv.), Cp2TiCl2 (37.3 mg, 0.15 mmol 15.0 mol%), Mn
(54.9 mg, 1.00 mmol, 1.00 equiv.) in THF (3 mL), stirred for 2 h at 50 °C, then HsNBH3 (92.6 mg, 3.00 mmol, 3.00 equiv.),
18 h, 80 °C in a Schlenk pressure tube. [b] Yields were determined via quantitative GC-FID using n-pentadecane as internal
standard.

The search for a suitable H-donor continued by submitting Hantzsch esters (HEH, 45) in the
catalytic reaction. These compounds proved to be a useful reduction agent in both thermal and
photochemical transfer hydrogenation reactions. As it was described in literature, this is possible due to
the several hydrogen donation mechanisms (see Chapter 2.3).* Another property of Hantzsch esters is
the possibility to fine-tune the H donation. Different substituents in the marked segments of the
molecule can induce different reactivity and selectivity (Figure 6.1).5% 5! Additionally, Hantzsch esters
are considered as one of the most environmentally friendly reducing agents as they resemble NADH*
and do not produce toxic waste.

Figure 6.1 Hantzsch ester tuneable sites.

Hantzsch ester 45 was first utilized as H-donor for the deoxygenation of benzyl alcohol (4a).
For this transformation 15 mol% Cp,TiCl, (C36) and 1 equivalent of Mn were employed in 3 ml THF.
Similarly to the preliminary investigations conducted with triethoxysilane (100), before the addition of
the 2.2 equivalents of HEH (45) into the reaction mixture, an activation time was considered in order
to generate the catalytically active Ti*" species. Interestingly, this reaction led to the formation of toluene
in 58% yield. Based on this encouraging result, various conditions were screened
(Table 6.12 — Entry 1).

First, the role of the concentration was investigated (Table 6.12 — Entries 2 and 3). It was
observed that the yield of toluene (2a) increased with raising the concentration of the reaction mixture.
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Lowering the amount of 45 to 1.5 equivalents or of precatalyst C36 to 10 mol% led to a substantial
decrease in yield (Table 6.12 — Entries 4 and 5). The presence of a small water content in the initial
reaction mixture completely inhibited the transformation (Table 6.12 — Entry 6). The utilization of Zn
instead of Mn as metallic reducing agent partially supressed the generation of the desired product as
only 18% yield of toluene (2a) was obtained (Table 6.12 — Entry 7). Meanwhile, no toluene (2a) was
detected in the final reaction mixture when the reductant was eliminated from the reaction mixture
(Table 6.12 — Entry 8). Subsequently, the importance of the reaction time was examined but a reaction
time of 2 h proved to be insufficient for a satisfactory transformation of benzyl alcohol (4a). Lastly, the
deoxygenation of 2-naphtalenemethanol (4¢) was attempted and this reaction yielded
2-methylnaphtalene (2¢) in a 67% yield. Thus, 2-naphtalenemethanol was chosen as the standard
substrate for the future investigations (Table 6.12 — Entries 9 and 10).

Table 6.12. General optimization reactions.

H H H

on FEto0C COOEt szr\;LC(I% S;umgl%) H EtOOC/IiCOOEt
g ' m THF (3 ml) ©/\ ' SN l
N 50 °C, 2 h
4a 45 then 80 °C, 18 h 2a 46
Entry! Deviation Yield (%)™
1 Standard conditions 58
2 4 mL instead of 3 mL 60
3 2 mL instead of 3 mL 65
4 1.5 equiv. HEH 38
5 10 mol% Cp.TiCl, 50
6 Not distilled THF -
7 Zn instead of Mn 18
8 No Mn -
9 2 h reaction time 12
10 2-naphthalenemethanol 67

[a] Standard reaction conditions: benzyl alcohol (0.104 mL, 1.00 mmol, 1.00 equiv.), Cp2TiCl2 (37.3 mg, 0.15 mmol, 15.0
mol%), Mn (54.9 mg, 1.00 mmol, 1.00 equiv.) in THF (3 mL), stirred for 2 h at 50 °C, then HEH (557 mg, 2.20 mmol, 2.20
equiv.), 18 h, 80 °C in a Schlenk pressure tube. [b] Yields were determined via quantitative GC-FID using n-pentadecane as
internal standard.

The importance of the activation times of the reaction components was studied, while the
addition order remained constant. As it was previously presented, the standard procedure led to the
generation of 2-methylnaphtalene (2¢) in 67% yield (Table 6.13 — Entry 1). Prolonging the time
between the addition of the alcohol and the Hantzsch ester 45 to 120 minutes lowered the obtained yield
of 2¢ to 62% (Table 6.13 — Entry 2). The same negative effect was also observed when the Ti precatalyst
C36 and the Mn were solely stirred for 120 minutes at 50 °C and the alcohol and the HEH 45 were
added either simultaneously or for another 120 minutes each (Table 6.13 — Entries 3 and 4). The highest
yield of 2¢, 70%, was obtained when the Ti complex, Mn and the alcohol were added together and
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stirred for 2 h before the Hantzsch ester 45 was added to the reaction mixture (Table 5.5.6 — Entry 5).
Therefore, this was considered the optimal addition order for this transformation.

Table 6.13. Activation and addition time screening.
Cp,TiCl, (15 mol%)

Mn (1 equiv.)
OO OH Hantzsch ester (2.2 equiv) OO H
THF (2 ml)
50°C,2h

then 80 °C, 18 h

Cp,TiCl,
Mn
THF Alcohol HEH
\_ \ .
X min y min 18 h
Entry!! x (min) y (min) Yield (%)™
1 30 60 67
2 30 120 62
3 120 0 60
4 120 120 63
5 0 120 70

[a] Standard reaction conditions: 2-naphtalenemethanol (158 mg, 1.00 mmol, 1.00 equiv.), Cp2TiCl> (37.3 mg, 0.15 mmol,
15.0 mol%), Mn (54.9 mg, 1.00 mmol, 1.00 equiv.) in THF (3 mL), stirred for 2 h at 50 °C, then HEH (557 mg, 2.20 mmol,
2.20 equiv.), 18 h, 80 °C in a Schlenk pressure tube. [b] Yields were determined via quantitative GC-FID using n-pentadecane
as internal standard.

During the condition screening it was observed that a higher reaction temperature facilitated
the formation of the desired compound 2¢. Below 70 °C only small amounts of the deoxygenation
product were detected (Table 6.14 — Entries 1 and 2). The reaction conducted at 70 °C yielded
2-methylnaphtalene of (2¢) in 27% yield, while at 80 °C 2¢ was obtained in a 70% yield. Although a
clear trend was observed, no reaction at higher temperature was conducted due to safety concerns
(Table 6.14 - Entries 3 and 4). It was hypothesised that the beneficial role of a higher temperature both
facilitated the cleavage of the C-H bond from the Hantzsch ester and improved the solubility of the

reaction components.
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Table 6.14. Reaction temperature screening.
Cp,TiCly (15 mol%)

Mn (1 equiv.)
OO OH Hantzsch ester (2.2 equiv) OO H
THF (2 ml)
50°C,2h
thent°C, 18 h
Entry! Temperature (°C) Yield (%)™
1 50 6
2 60 8
3 70 27
4 80 70

[a] Standard reaction conditions: 2-naphtalenemethanol (158 mg, 1.00 mmol, 1.00 equiv.), Cp2TiCl2 (37.3 mg, 0.15 mmol,
15.0 mol%), Mn (54.9 mg, 1.00 mmol, 1.00 equiv.) in THF (3 mL), stirred for 2 h at 50 °C, then HEH (557 mg, 2.20 mmol,
2.20 equiv.), 18 h, t °C in a Schlenk pressure tube. [b] Yields were determined via quantitative GC-FID using n-pentadecane
as internal standard.

In order to further improve the reaction yield, an additive screening was conducted.
Unfortunately, TMSCI (76) and triethylamine hydrochloride (102) completely inhibited the generation
of the desired product 2¢ (Table 6.15 — Entries 2 and 3). The addition of manganese chloride or lithium
chloride, which should further improve the solubility of the Mn, did not lead to the desired outcome as
lower yields of 2¢ were obtained compared to the standard procedure (Table 6.15 — Entries 4, 5 and 6).
Based on the available literature, different P-based additives were also submitted to the reactions.
Diphenylphosphate (103) led to comparable results with the standard procedures
(Table 6.15 — Entry 7). However, Diphenylchlorophosphate (104) quenched the reactivity of the
catalytic system and BINOL (105) led to a decreased yield of 2¢, even with the addition of other
additives like LiCl or molecular sieves (Table 6.15 — Entries 8, 9, 10 and 11). In order to determine if
the potentially in situ generated water negatively affected the reactivity, molecular sieves were added.
Unfortunately, only small amounts of 2-methylnaphtalene (2¢) were generated (Table 6.15 — Entries
12 and 13). A combined HEH/ammonium borane H-donor system was examined, but the yield was
lower compared to the standard procedure (Table 6.15 — Entry 14).

Table 6.15. Additives screening.

Cp2TiCl, (15 mol%)
Mn (1 equiv.)
Hantzsch ester (2.2 equiv)

OO OH Additive R OO H
THF (2 ml)

50°C,2h
then 80 °C, 18 h

Entry! Additives Yield (%)™
1 none 70
2 TMSCI -
3 EtsN - HCI -
4 MnCl, 21
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5 LiCl 35
6 1.2 equiv. LiCl 37
7 Diphenylphosphate 66
8 Diphenylchlorophosphate -

9 0.1 equiv BINOL 17
10 0.1 equiv BINOL + 4 A molecular sieves 32
11 0.1 equiv BINOL + LiCl 25
12 4 A molecular sieves 9

13 4 A molecular sieves + LiCl 11
14 H:N - BH; 49

[a] Standard reaction conditions: 2-naphtalenemethanol (158 mg, 1.00 mmol, 1.00 equiv.), Cp2TiCl> (37.3 mg, 0.15 mmol,
15.0 mol%), Mn (54.9 mg, 1.00 mmol, 1.00 equiv.) and additive (1.00 mmol, 1.00 equiv.) in THF (3 mL), stirred for 2 h at 50
°C, then HEH (557 mg, 2.20 mmol, 2.20 equiv.), 18 h, 80 °C in a Schlenk pressure tube. [b] Yields were determined via
quantitative GC-FID using n-pentadecane as internal standard.

Following the conditions from optimization reactions, a preliminary substrate screening was
conducted (Table 6.16). Primary alcohol 4-tertbutyl benzyl alcohol (4a) proved to be the most reactive
in these catalytic conditions. The utilization of 1-phenylethanol (4) led to the formation of the
corresponding deoxygenated product 2 in only a 21% yield. Subsequently, tertiary alcohol 4b yielded
the desired product 2b in only a 9% yield. Thus, primary benzylic alcohols remained used as standard
substrates for this deoxygenation protocol.

Table 6.16. Preliminary substrate screening.
R' , Cp,TiCl, (15 mol%) R' ,
R Mn (0.5 equiv.) R
OH HEH (2.2 equiv.) H
THF (2 ml)
50°C, 2 h
then 80 °C, 18 h

Entry! Substrate Yield (%)™

1 4-tertbutyl benzyl alcohol 67

2 1-phenylethanol 21

3 2-phenylpropan-2-ol 9
[a] Standard reaction conditions: benzyl alcohol (0.104 mL, 1.00 mmol, 1.00 equiv.), Cp2TiCl> (37.3 mg, 15 mol%),
Mn (54.9 mg, 1.00 mmol, 1.00 equiv.) in THF (3 mL), stirred for 2 h at 50 °C, then HEH (557 mg, 2.2 mmol, 2.2 equiv.), 18 h,
80 °C in a Schlenk pressure tube. [b] Yields were determined via quantitative GC-FID using n-pentadecane as internal
standard.

Subsequently, the hydrogen transfer capability of C4-derivatised Hantzsch (45a-c) esters was
tested. Additionally, the transfer of an aryl or alkyl moiety to the alcoholic substrate was attempted
Unfortunately, none of the reactions led to the formation of the deoxygenation nor derivatization
product. However, it could be determined via GC-MS, that beside the aromatization of the Hantzsch
ester and formation of pyridine derivatives 46a-c, the pyridine derivative 46 was formed in significant
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amounts. The rerunning of these reactions did not reveal more information about the reaction pathway.
The presumption of these experiments was that benzene and toluene could be formed from the Hantzsch
esters under these conditions, but this type of reactivity was not further investigated.

H
H R Cp,TiCl, (15 mol%)

OH +EtOOC | ‘ COOEt Mn (1 equiv.) /@/\H . EtOOCftCOOEl
THF (2 ml) \N

N 50 °C, 2 h
de 45 then 80 °C, 18 h 2e 46
EtOOC COOEt EtOOC COOEt EtOOC COOEt
|| | ||
N N N
H H H
45a 45b 45¢c

Scheme 6.12. Hantzsch esters derivatives screening.

In conclusion, Hantzsch ester 45 proved to be a good reducing agent under these conditions.
However, no further improvement could be made on the reaction conditions in order to achieve
quantitative yields. Thus, the decision was made to further utilize hydrosilanes as H-donors for the Ti-
catalyzed deoxygenation procedure.

6.3.3. Silane and Reaction Parameters Optimization

Based on the results obtained during the development of the Co- and Co/Ti-catalyzed
deoxygenation procedure and the preliminary results presented in Chapter 6.3.1, an extensive parameter
optimization was conducted. Inspired by the mechanistic studies conducted by Ukaji et al.*! this process
started by investigating the importance of the optimal values for activation time and temperature. After
numerous mechanistic investigations, they concluded that the rate-limiting step in their transformation
is the formation of a Ti**-alcohol complex, which can further undergo the radical conjugate addition of
electro-deficient olefines. Additionally, the observations made during the previous development of non-
precious metal-based catalytic systems hinted towards a beneficial role of an increased temperature and
activation time for the desired transformation (Chapter 6.3.2). The obtained results of these reactions
are presented in tables 6.13 and 6.14. First, the activation temperature was investigated. Analogously
to the Co/Ti-catalysed deoxygenation, the highest yield was obtained by stirring the reaction at 50 °C
before adding triethoxysilane (100) (Table 6.17 — Entry 1). A 10 °C decrease compared to the standard
activation temperature (50 °C) resulted in a significant drop in yield from 68% to 47% (Table 6.17 —
Entry 2). Conducting the substrate activation at room temperature afforded only traces of the desired
product and prolonging the activation time at this temperature afforded toluene (2a) only in 25% yield
(Table 6.17 — Entry 3 and 4). These experiments showed that the temperature plays a crucial role in this

transformation.
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Table 6.17. Activation temperature screening.
Cp,TiCl, (10 mol%)

Mn (1 equiv.)
THF (3 ml)
©/\OH temp., 30 min ©/\H
then (EtO)3;SiH (3 equiv.)
80°C,18h
Entry!! Temperature (°C) Yield (%)!!

1 50 (standard condition) 68
2 40 47
3 r.t. traces
4 r.t. [ 25

[a] Standard reaction conditions: benzyl alcohol (0.104 mL, 1.00 mmol, 1.00 equiv.), Cp2TiCl2 (25.0 mg, 10 mol%),
Mn (54.9 mg, 1.00 mmol, 1.00 equiv.) in THF (2 mL), stirred for 2 h at t °C, then (EtO);SiH (0.59 mL, 3.00 mmol, 3.00
equiv.), 18 h, 80 °C in a Schlenk pressure tube. [b] 2 h activation time [c] Yields were determined via quantitative GC-FID by
using n-pentadecane as internal standard.

By adding all the reagents at the same time, no desired product was observed, only silyl ether
4a-se (Table 6.18 — Entry 1). Then, the standard activation time of 30 min was doubled resulting in a
slight increase in yield from 68% to 71% (Table 6.18 — Entry 3). Therefore, the silane addition was
further deferred by 120 and 150 minutes (Table 6.18 — Entry 4 and 5). After 120 min activation time, a
significant increase in toluene (2a) yield (82% vs. 68%) was determined. This yield remained mostly
constant when prolonging the activation time by 30 minutes. Interestingly, a further increase in the
activation time seemed to have a negative impact on the catalytic process as toluene (2a) was obtained
in only 33% yield after 4 h activation time (Table 6.18 — Entry 6). As a conclusion, a 120 min activation
time was found as being optimal for the catalytic process, thus it was further ustilized in the
development of the To-catalysed deoxygenation process.

Table 6.18. Activation time screening.
Cp,TiCl, (10 mol%)

Mn (1 equiv.)
THF (3 ml)
gOH 50 °C, t min ©/\H
then (EtO)3SiH (3 equiv.)
4a 80°C,18h 2a
Entry" Time (min) Yield (%)™
1 5 -
2 30 68
3 60 71
4 120 82
5 150 81
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6 240 33

[a] Standard reaction conditions: benzyl alcohol (0.104 mL, 1.00 mmol, 1.00 equiv.), Cp2TiCl2 (24.9 mg, 0.10 mmol, 10.0
mol%), Mn (54.9 mg, 1.00 mmol, 1.00 equiv.) in THF (2 mL), stirred for t min at 50 °C, then (EtO);SiH (0.55 mL, 3.00 mmol,
3.00 equiv.), 18 h, 80 °C in a Schlenk pressure tube. [b] 2 h activation time [c] Yields were determined via quantitative GC-
FID using n-pentadecane as internal standard.

During these investigations, it was observed that the pressure inside the reaction vessel is a
major factor for a successful transformation. By sealing the reaction vessel immediately after adding
the silane, without further purging the system with inert gas, the system provided the highest amount of
toluene (2a). This experimental detail was kept in the methodology throughout the rest of the screening.

A comprehensive silane screening was conducted (Table 6.19). Except the standard reaction
with triethoxysilane (100), 2-MeTHF was used as standard solvent for all screened silanes. Since 2-Me-
THF and the other silanes could withstand higher temperatures without any safety concerns this decision
was made because of the beneficial role of the increased temperatures on the desired transformation.
First, triethylsilane (29) was tested in the reaction as this hydrosilane was reported in the literature as
being a capable H-donor in Lewis acid-based stoichiometric systems (Table 6.19 - Entry 1).5% 5
Unfortunately, this reaction afforded only silyl ether 4a-se. This outcome was surprising as the
theoretical BDE of the Si-H bond in Et;SiH (29) is lower than in (EtO);SiH (100), 92.8 kcal/mol and
95.0 kcal/mol respectively.>

Next, inspired by the work of Shenvi et al.>®, hydrosilanes bearing phenyl substituents PhSiH3
(82) and Ph,SiH, (99) were submitted to the reaction (Table 6.19 - Entries 2 and 3). Beside the wide
variety of hydrogenations in which this type of silanes are utilized, ** 5 other arguments for using these
hydrosilanes were the lower BDE of the Si-H bonds compared to the alkyl-substituted silanes®* and the
multiple hydrogen donation sites. Unfortunately, both yields of 18% and 4% respectively were
considered unsatisfactory.

After a further analysis of the commercially available hydrosilanes, TMS3;SiH (106) and
TMSO;SiH (107) were chosen as suitable candidates for the H-donor role (Table 6.19 - Entry 4 and 5).
As it was stated in Chapter 2.1, tris(trimethylsilyl)silane (106) was used in different radical reactions as
a substitute for the tributyltin hydride, especially in alternatives of the Barton-McCombie
deoxygenation®®. Although the Si-H BDE in TMS;SiH (106) is low, 83.7 = 1.0 kcal/mol, compared to
other hydrosilanes, TMSO;SiH (107) yielded toluene in 57%, more than double compared to
tris(trimethylsilyl)silane (106) which afforded only 26% yield.

This outcome hinted that the BDE may not be the most important factor in finding an efficient
H-donor and regeneration agent for this transformation. A possible explanation for the obtained yields
during the preliminary investigations and silane screening could be the Lewis acidity of the silanes,
which increases with the presence of multiple Si-O bonds. This hypothesis was also presented by Cantat
et al.” in their reported catalytic selective reduction of amides. It is presumed that the increased Lewis
acidity does not influence the H-donating capability of the silanes, instead it facilitates the catalyst
regeneration process. A negative consequence resulting from having three alkoxy groups attached to
the Si center is the possible generation of SiHs due to the liability of the Si-O bond in Ti*" catalyzed
procedures.®

Based on this outcome, 1,1,3,3-tetramethyldisiloxane, the standard silane for the Co and Ti/Co
catalyzed systems was again submitted to the deoxygenation procedure (Table 5.5.12 - Entry 6).
Unfortunately, the reaction afforded toluene (2a) in only 37% yield leading to the conclusion that
TMDSO (98) is unsuitable for this methodology.
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Thus, the silane screening continued and Me(EtO),SiH (108) was submitted to the catalytic
process (Table 6.19 - Entry 7). The structure of this hydrosilane is a compromise between high reactivity
and safety, due to the existence of the Si-C bond which is much more stable in this type of catalytic
system compared to triethoxy-substituted hydrosilane (Table 6.19 - Entry 8). This reaction yielded the
desired product in 96% and, therefore, was chosen as the most suitable H-donor for this transformation.

Table 6.19. Silane screening.
Cp,TiCl, (10 mol%)
Mn (1 equiv.)
2-MeTHF (3 ml)

©/\OH 50 °C, 2 h @”H
then silane (3 equiv.)

4a 100 °C, 18 h 2a
Entry' Silane Yield (%)'!

1 Et;SiH -

2 PhSiH3 18
3 Ph,SiH; 4

4 TMS;SiH 26
5 TMSOsSiH 57
6 [(CH;).SiH],O 37
7 Me(EtO),SiH 96
8° (EtO);SiH (standard conditions) 99

[a] Reaction conditions: benzyl alcohol (0.104 mL, 1.00 mmol, 1.00 equiv.), Cp2TiCl2 (24.9 mg, 0.10 mmol, 10.0 mol%), Mn
(54.9 mg, 1.00 mmol, 1.00 equiv.) in 2-MeTHF (2 mL), stirred for 2 h at 50 °C, then silane (3.00 mmol, 3.00 equiv.), 18 h,
100 °C in a Schlenk pressure tube. [b] Reaction at 80 °C. [c] Yields were determined via quantitative GC-FID using n-
pentadecane as internal standard.

Following the silane screening, the optimal silane loading was investigated. Both decreasing
and increasing the silane quantity in the reaction led to lower toluene (2a) yields due to different reasons.
On the one hand, when adding 2.2 equivalents of silane the conversion dropped from >95% to 72%
resulting in only 53% yield of toluene (2a) (Table 6.20 - Entry 1). On the other hand, when 4 equivalents
were added, the yield also decreased significantly to 62% due to the formation of higher quantities of
silyl ether (Table 6.20 - Entry 2).
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Table 6.20. Silane loading screening.
Cp,TiCl, (10 mol%)
Mn (1 equiv.)
2-MeTHF (3 ml)

OH 50°C,2h H
then Me(EtO),SiH (x equiv.)

4a 100 °C, 18 h 2a
Entry! Deviation Conversion (%) Yield (%)™
| 2.2 equiv. Me(EtO),SiH 72 53
2 4 equiv. Me(EtO),SiH 99 62

[a] Reaction conditions: benzyl alcohol (0.104 mL, 1.00 mmol, 1.00 equiv.), Cp2TiCl2 (24.9 mg, 0.10 mmol, 10.0 mol%), Mn
(54.9 mg, 1.00 mmol, 1.00 equiv.) in 2-MeTHF (2 mL), stirred for 2 h at 50 °C, then silane (x equiv.), 18 h, 100 °C in a
Schlenk pressure tube. [b] Yields were determined via quantitative GC-FID using n-pentadecane as internal standard.

Choosing the right solvent for the reaction is crucial as it plays a major role for both the desired
transformation and reduction process of the Ti*" precatalyst.** The main three factors that determine if
a solvent is good for the transformation are: solubility of the precatalyst and reducing agent, boiling
point and vapour pressure as well as the capacity of stabilizing the Ti** generated species.®! There are
studies, which were conducted on the reduction Ti*" species to Ti*" or Ti*" by using different kind of
reducing agents® as it was described in chapter 6.1.1. Most of these studies also focus on the colorimetry
of the reduction and on the stabilizing capacity of a certain solvent over the in situ generated catalyst.®?
Following the studies of Green et al. on the structure of Cp,TiCl, this topic became of interest after it
was discovered that different arrangements of Ti*" species are possible in solution as it is presented in
Scheme 6.13. 2* 6163 After the reduction of the Cp,TiCl, (C36) with Mn or Zn, C48 can dimerize by
forming halogen bonding (C36-d) or it can be stabilized in a monomeric form by the coordination of a
solvent molecule to the metallic centre (C48-s). During the reduction step a colour change can be
observed from red to green. Consequently, the colour of C48-s can change on a large spectrum due to
the influence of the solvent coordination.

= =
Tig.~Tl _ C48-d

O 2
= = =S

+..Cl Mnorén
S S
) D
=
C36 c48 2 Gl C48-s

Q%’;I'Solv

Scheme 6.13. Cp,TiCl structures in solution.

Up to this date it is not clear which species is the active one in Ti*" catalysed reactions but in
most transformations, THF was selected as being the best suited solvent. Although the kinetic and
mechanistic studies show that a dimeric species would be more catalytically active, in reality the
reactivities of both forms contribute almost equally in Ti**-based systems.®* This can be explained by
the effective coordination of the solvent through the electron pair form the oxygen atom into a titanium
empty orbital leading to the formation of species C48-s.
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Therefore, a solvent screening was conducted (Table 6.21). Based on the available literature
and the observations made during the preliminary optimization studies, the first selected solvent was
THEF. This reaction was conducted at 80 °C due to safety concerns which arise from the low boiling
point and the exponentially escalating vapour pressure of THF.% These initial reaction conditions
proved to be promising as they led to a quantitative conversion and a satisfactory yield of the desired
product (Table 6.21 - Entry 1). As it was observed in all the non-precious metal catalysed reactions
conducted during this work, the corresponding silyl ether was still produced in significant quantities.
When conducting the reaction in THF at lower temperature by 10 °C than the initial reaction the yields
dropped drastically from 82% to 13% (Table 6.21 - Entry 2). These results led to the conclusion that
higher temperature may enhance the desired transformation. Thus, higher boiling point solvents were
conducted. First, toluene was chosen, and the reaction was conducted at 100 °C but no desired product,
in this case ethylbenzene 2, was observed in the obtained reaction mixture (Table 6.21 - Entry 3). This
result was surprising as toluene is described as a suitable solvent for Ti-based catalytic systems.** The
possible reasons why the transformation was unsuccessful may be either the poor solubility of the
reducing agent in the solvent and therefore the generation of the Ti*" active species did not take place
or the poor stabilizing capacity of toluene of the monomeric species C48-s. Another possible
explanation of the inactivity of the catalytic system in toluene might be the formation of bimetallic
complexes analogous to the Ti-Zn complex [Ti(CsHs)Cl]2ZnCl, which was prepared in toluene by
Salzmann in 1968.% During the reaction, the solution kept the red colouring hinting toward a poor in
situ generation of the Ti** species.

In order to test this hypothesis, the reaction was then conducted in a 1:1 toluene: THF mixture
at 80 °C (Table 6.21 - Entry 4). Following this procedure, 16% of the desired product was obtained
leading to the conclusion that the main focus in choosing the solvent should be on its donating
capability. This conclusion was again confirmed as also the reaction in chloroform did not lead to the
formation of the desired product even at 100 °C (Table 6.21 - Entry 5). Surprisingly, the reaction
conducted in 1,4-dioxane and at 100 °C was unsuccessful as well (Table 6.21 - Entry 6). After analysing
the reaction procedure, the conclusion was that the solvent might still contain a small amount of
stabilizer, which could negatively affect the transformation.

In the last stage of the solvent screening, 2-MeTHF was subjected to the reaction. This solvent
has the advantages that it has a higher boiling point compared to THF, similar stabilizing properties, a
lower miscibility with water and it is also considered to be an environmentally friendly solvent.®” The
reaction in 2-MeTHF at 80 °C already showed a slightly improved yield than the procedure with THF
(Table 6.21 - Entry 7) and the reaction at 100 °C showed a 96% yield (Table 6.21 - Entry 8). Therefore,
2-MeTHF was selected as solvent for further optimization steps and substrate screenings.

Table 6.21. Solvent screening.
Cp,TiCl, (10 mol%)
Mn (1 equiv.)
solvent (3 ml)

OH 50 °C, 2 h H
then Me(EtO),SiH (3 equiv.)

4a 100 °C, 18 h 2a
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Entry!! Solvent Yield (%)
1101 THF 82
2lel THF 13
3lel Toluene -
4Ib] THF:Toluene 1:1 16
5 CHCls -
6 Dioxane -
71b1 2-MeTHF 85
8 2-MeTHF 96

[a] Reaction conditions: benzyl alcohol (0.104 mL, 1.00 mmol, 1.00 equiv.), Cp2TiCl2 (24.9 mg, 0.10 mmol, 10.0 mol%), Mn
(54.9 mg, 1.00 mmol, 1.00 equiv.) in solvent (2 mL), stirred for 2 h at 50 °C, then (EtO):MeSiH (0.48 mL, 3.00 mmol, 3.00
equiv.), 18 h, 100 °C in a Schlenk pressure tube. [b] Reaction at 80 °C. [c] Reaction at 70 °C. [d] Yields were determined via
quantitative GC-FID using n-pentadecane as internal standard. [e] the reaction was conducted on 1-phenylethanol.

Additionally, the optimal concentration of the reaction mixture was investigated (Table 6.22).
It was observed that lowering the solvent volume had a beneficial role on the transformation. Increasing
the concentration from 0.25 M to 0.5 M led to the formation of the desired product in 96% yield (Table
6.22 - Entry 2). This result hints that the dimeric Ti-structure is more catalytically active as higher
concentrations favour the formation of this structure.** In contrast, concentrating the solution even
further disabled the transformation completely as not even traces of toluene (2a) were detected (Table
6.22 - Entry 1). It was presumed that this outcome was a consequence of stirring problems and poor
solubility of the reagents.

Table 6.22. Concentration screening.
Cp,TiCly (10 mol%)
Mn (1 equiv.)
2-MeTHF (x ml)

©/\OH 50°C,2h ©/\H
then Me(EtO),SiH (3 equiv.)

4a 100 °C, 18 h 2a
Entry!! Concentration (M) Yield (%)™
1 1 -
2 0.5 96
3 0.33 85
4 0.25 79

[a] Standard reaction conditions: benzyl alcohol (0.104 mL, 1.00 mmol, 1.00 equiv.), Cp2TiCl2 (24.9 mg, 0.10 mmol, 10.0
mol%), Mn (54.9 mg, 1.00 mmol, 1.00 equiv.) in 2-MeTHF (x mL), stirred for 2 h at 50 °C, then (EtO)MeSiH (0.48 mL, 3.00
mmol, 3.00 equiv.), 18 h, 100 °C in a Schlenk pressure tube. [b] Yields were determined via quantitative GC-FID using n-
pentadecane as internal standard.
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To make this reaction more efficient, the next examined parameter was the reaction temperature
(Table 6.23). Although the goal of this process was to successfully conduct the reaction at room
temperature, the first tested temperature was 50 °C, the same as the activation temperature, which was
investigated previously (Table 6.23 - Entry 1). At this temperature, the reaction did not afford any
desired product and a 10 °C rise was insufficient as well for the catalytic methodology to transform
benzyl alcohol (4a) into toluene (2a) (Table 6.23 - Entry 2).

Toluene (2a) was first detected when the reaction was conducted at 70 °C, but the yield was not
encouraging at only 17% (Table 5.5.16 - Entry 3). As presented in Figure 5.5.5, a major difference was
observed when the reaction was submitted at 80 °C as the yield of the desired product increased to 85%
(Table 5.5.16 - Entry 4). Although this reaction in 2-MeTHF already proved to be more efficient
compared to the reaction conducted in THF at the same temperature, the 3% yield difference was
insufficient to change the standard procedure. Therefore, all the further reactions were stirred at 100 °C
for 18 h after the addition of the hydrosilane.

Table 6.23. Temperature screening.
Cp,TiCl, (10 mol%)

Mn (1 equiv.)
2-MeTHF (2 ml)
g OH 50°C, 2 h ©/\ H
then Me(EtO),SiH (3 equiv.)
4a t°C,18 h 2a
Entry!! Temperature (°C) Yield (%)™
1 50 -
2 60 -
3 70 18
4 80 85
5 100 96

[a] Reaction conditions: benzyl alcohol (0.104 mL, 1.00 mmol, 1.00 equiv.), Cp2TiCl2 (24.9 mg, 0.10 mmol, 10.0 mol%), Mn
(54.9 mg, 1.00 mmol, 1.00 equiv.) in 2-MeTHF (2 mL), stirred for 2 h at 50 °C, then (EtO)MeSiH (0.48 mL, 3.00 mmol, 3.00
equiv.), 18 h in a Schlenk pressure tube. [b] Yields were determined via quantitative GC-FID using n-pentadecane as internal

standard.

100
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40
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Figure 6.1. Graphical representation of the reactivity dependency regarding reaction temperature.
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Lowering the catalyst loading was also attempted as this would make the reaction more
attractive for both laboratory and large-scale applications (Table 6.24). A lower catalyst loading of
5 mol% respective 8 mol% Cp,TiCl, (C36) (Table 6.24 - Entry 1 and 2) proved to be insufficient to
afford the desired product in quantitative yield. By adding more titanium catalyst into the system, the
reaction did not improve significantly in terms of toluene (2a) yield or reaction time (Table 6.24 — Entry
5 and 6). Later in the development of this catalytic system 12 mol% Ti-catalyst were also submitted to
the transformation of 2-phenylethanol (4). Surprisingly, this reaction afforded only 79% yield of
ethylbenzene (2), comparable to the standard reaction conditions of 10 mol% (Table 6.24 — Entry 4 and
7). In conclusion, 10 mol% was considered the optimal amount of Ti-catalyst to be used for this

transformation.

Table 6.24. Catalyst loading screening.
CpoTiCls (x mol%)
Mn (1 equiv.)
2-MeTHF (2 ml)

©/\OH 50°C, 2 h ©”H
then Me(EtO).SiH (3 equiv.)

4a 100°C, 18 h 2a
Entry!! Ti loading (mol%) Yield (%)
1 5 77
2 8 81
3 10 (standard condition) 96
4] 10 78
5 12 97
60 12 31
7te] 12 79

[a] Standard reaction conditions: benzyl alcohol (0.104 mL, 1.00 mmol, 1.00 equiv.), Cp2TiCl2 (24.9 mg, 0.10 mmol, 10.0
mol%), Mn (54.9 mg, 1.00 mmol, 1.00 equiv.) in 2-MeTHF (2 mL), stirred for 2 h at 50 °C, then (EtO)MeSiH (0.48 mL, 3.00
mmol, 3.00 equiv.), 18 h, 100 °C in a Schlenk pressure tube. [b] 4 h reaction time [c] 2-phenylethanol instead of benzyl alcohol
[d] Yields were determined via quantitative GC-FID using n-pentadecane as internal standard.

The optimization of the catalytic reaction continued with the investigation of the reducing agent
and the amount needed for the reduction of Ti*" to Ti**. First, 0.5 equivalents Mn were submitted in the
reaction and led to 89% yield of toluene (2a) (Table 6.25 - Entry 1). When replacing Mn with 0.5
equivalents Zn the yield dropped 52% (Table 6.25 - Entry 2). Therefore, Mn was chosen as reducing
agent for the catalytic system. The difference between the reactivity of Mn and Zn might appear due to
the corresponding chlorides formed during the reactions as MnCl; can to some degree release Cl™ ions
back in the solution but this phenomenon was not further investigated.®!
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Table 6.25. Manganese loading screening.

Cp2TiCl, (10 mol%)
Reducing agent (x equiv.)
2-MeTHF (2 ml)

OH 50°C,2h - H
then Me(EtO),SiH (3 equiv.)

4a 100 °C, 18 h 2a
Entry!! Reducing agent Loading (equiv.) Yield (%)™
1 Mn 0.5 89
2 Zn 0.5 52
3 Mn 1 95
4 Mn 1.5 65

[a] Standard reaction conditions: benzyl alcohol (0.104 mL, 1.00 mmol, 1.00 equiv.), Cp2TiCl2 (24.9 mg, 0.10 mmol, 10.0
mol%), Reducing agent (x equiv.) in 2-MeTHF (2 mL), stirred for 2 h at 50 °C, then (EtO)2MeSiH (0.48 mL, 3.00 mmol, 3.00
equiv.), 18 h, 100 °C in a Schlenk pressure tube. [b] Yields were determined via quantitative GC-FID using n-pentadecane as
internal standard.

The results obtained on the transformation of benzylic alcohols with 0.5 equivalents of Mn were
unsuccessful to reproduce on wide range of substrates, among others 2-methylnaphthalene (2¢) was
afforded in only 76% yield in these conditions (Table 6.26 - Entry 1). Thus, the amount of Mn was
increased to 1 and 1.5 equivalents.

Using 1 equivalent of Mn led to the formation of 2-methylnaphthalene (2¢) in 95% yield (Table
6.26 - Entry 2). The positive effect over the reactivity was also observed in the conversion of benzyl
alcohol (4a) into toluene (2a) as the yield rose from 89% to 95% (Table 6.26 - Entry 3). Conversely,
higher amount of Mn led to a significant yield drop for both substrates (Table 6.26 - Entry 4 and Table
6.26 - Entry 3). Hence, 1 equivalent of Mn was considered as the optimal amount of reducing agent.

Table 6.26. Variation of manganese loading.

Cp,TiCl, (10 mol%)
Mn (x equiv.)
2-MeTHF (2 ml)

OH 50°C,2h . H
then Me(EtO);SiH (3 equiv.)

dc 100 °C, 16 h 20

Entry!! Mn loading (equiv.) Yield (%)™
1 0.5 76
2 1 95
3 1.5 54

[a] Standard reaction conditions: 2-naphtalenemethanol (158 mg, 1.00 mmol, 1.00 equiv.), Cp2TiCl2 (24.9 mg, 0.10 mmol,
10.0 mol%), Mn (x equiv.) in 2-MeTHF (2 mL), stirred for 2 h at 50 °C, then (EtO)2MeSiH (0.48 mL, 3.00 mmol, 3.00 equiv.),
18 h, 100 °C in a Schlenk pressure tube. [b] Yields were determined via quantitative GC-FID using n-pentadecane as internal
standard.
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The reaction was originally conducted overnight in order to obtain a complete transformation
(Table 6.27 - Entry 6) but in the desire to make the reaction more efficient, a reaction time optimization
was conducted. Up to 4 hours reaction time the conversions were unsatisfactory, resulting in very low
yields of toluene (2a) (Table 6.27 - Entry 1 to 4). After 8 hours, both conversion and yield increased
significantly, but the reaction still did not reach the standard reaction time (Table 6.27 - Entry 5).
Extending the reaction time to 48 hours a quantitative conversion was achieved but unfortunately,
quantitative yield was not obtained (Table 6.27 - Entry 8).

Another element which was investigated during this screening was the importance of the
pressure build-up in the reaction vessel after the silane addition. In the experiment with a reaction time
of 16 hours, it was essential not to release the pressure by purging the reaction with inert gas as the yield
difference between the two procedures was about 19% (Table 6.27 - Entry 6 and 7). Instead, the
importance of this empirical detail faded as the reaction time was prolonged to 48 hours (Table 6.27 -
Entry 8 and 9). A possible explanation for this observation is that the system needs more than 18 h to
compensate for the loss of the pressure, which was created in the reaction vessel immediately after the
addition of the silane, by opening the inert gas valve of the Schlenk flask. In conclusion, the reaction
was further conducted for 18 h in an immediately sealed reaction vessel.

Table 6.27. Reaction time optimization.
Cp2TiClz (10 mol%)
Mn (1 equiv.)
2-MeTHF (2 ml)

OH 50°C,2h R H
then Me(EtO),SiH (3 equiv.)

4a 100 °C, reaction time 2a
Entry! Reaction Time (h) Conversion (%)! Yield (%)!!
1 0.5 6 4
2 1 13 9
3 2 20 15
4 4 38 28
5 8 80 68
6 18 quantitative 96
7 180! quantitative 77
8 48 quantitative 92
9 48] quantitative 90

[a] Reaction conditions: benzyl alcohol (0.104 mL, 1.00 mmol, 1.00 equiv.), Cp2TiCl2 (24.9 mg, 0.10 mmol, 10.0 mol%),
Mn (54.9 mg, 1.00 mmol, 1.00 equiv.) in 2-MeTHF (2 mL), stirred for 2 h at 50 °C, then (EtO)2MeSiH (0.48 mL, 3.00 mmol,
3.00 equiv.), t h, 100 °C in a Schlenk pressure tube. [b] with pressure release before 100 °C. [c] Yields were determined via
quantitative GC-FID using n-pentadecane as internal standard.

The last investigated parameter of this screening was the importance of the activation time on
multiple substrates by using the final standard conditions for the catalytic systems. This proved again
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to have a crucial role in generating the desired deoxygenation product (Table 6.28) on both naphthalene
and halogenated substrates.

Table 6.28. Activation time with optimized parameters.

OH
OH OH OH
Substrate ©/\ Q/\
o AT,
Yield (%) with
30 minutes 56 68 47 26
activation™
Yield (%) with 2

hours 96 95 93 73

activation!®!

[a] Reaction conditions: benzylic alcohol (0.104 mL, 1.00 mmol, 1.00 equiv.), Cp2TiClz2 (24.9 mg, 0.10 mmol, 10.0 mol%),
Mn (54.9 mg, 1.00 mmol, 1.00 equiv.) in 2-MeTHF (2 mL), stirred for 2 h at 50 °C, then (EtO)MeSiH (0.48 mL, 3.00 mmol,
3.00 equiv.), th, 100 °C in a Schlenk pressure tube. [b] Yields were determined via quantitative GC-FID using n-pentadecane

as internal standard.

In conclusion, after an extensive optimization procedure, the standard conditions of the Ti-
catalyzed deoxygenation were determined, and this procedure was submitted for the transformation of
a wide variety of substrates.

6.3.4. Substrates Screening

After optimizing the reaction parameters, a substrate screening was conducted. The first
compounds which were submitted to the reaction were functionalized primary benzylic alcohols (Figure
6.2). Both a- and B-methylnaphthalenes (2¢ and 2f) were obtained in yields above 95%. The substrates
containing alkyl and aryl substituents in para position (4d, 4e and 4g) led to high GC-yields of the
desired products (2d, 2e and 2g). Excellent results were also obtained when the benzyl backbone was
replaced by naphthyl moiety.

Subsequently, more challenging substrates bearing electron-donating functional groups were
submitted to the reaction. The first example of this category is 4-methoxybenzyl alcohol (4h) which
was transformed into 2h in excellent yield. However, the isolated yield dropped to only 46% due to the
volatility of the product. Exchanging the -OMe group with -SMe (2i) led to a major yield drop with
only 48% GC-yield. Based on the available literature, the presumption for this unsatisfying result could
be the formation of a Ti-S complex which is unsuitable for the catalyst regeneration process under these
conditions, but this possible poisoning process was not further investigated.®® Then, the more
demanding triethoxy-substituted substrate 4j was subjected to the reaction. Although the yield dropped
compared to the mono-substituted counterpart it was hypothesized that this outcome is not a
consequence of the more electron-rich aromatic moiety but of the steric impediments implied by the
two ortho substituents. Another challenging substrate containing an electron-donating functional group,
which was tested in the catalytic system, was 4k containing an amino group. In comparison to the other
mono substituted substrates from this category, 4k was converted to 2k in only 60% yield. The reason
for this result is the possible partial poisoning of the catalyst by the coordination of the N-atom to the
Ti-center, which might form an insoluble complex.
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Cp2TiCl, (10 mol%)
Mn (1 equiv.)
2-MeTHF (2 ml)

| " OH 50 °C, 2h G/\H
R// then Me(EtO),SiH (3 equiv.)
100 °C, 16 h i

97%[31 95% 2% 5% 97%

(90%) (889%)"! (94%)

C @” J@” ,Cf AT

29 2k

89% 92% 48% 73% 60%
(82%) (46%) (35%) (68%)

2l 2m 20 2p
419%!°! 86% 5% 37% 37%
Weplesn @” oo G

B
OMe
2q
99% 94% 85% 90% 89% 90%
(94%) (28%)

Reaction conditions: benzylic alcohol (0.104 mL, 1.00 mmol, 1.00 equiv.), Cp2TiClz2 (24.9 mg, 0.10 mmol, 10.0 mol%), Mn
(54.9 mg, 1.00 mmol, 1.00 equiv.) in 2-MeTHF (2 mL), stirred for 2 h at 50 °C, then (EtO)MeSiH (0.48 mL, 3.00 mmol, 3.00
equiv.), th, 100 °C in a Schlenk pressure tube. [a] GC-yields [b] number in brackets displays isolated yield [c] after
deprotection.

Figure 6.2. Primary benzylic alcohols scope.

The pursue continued by submitting 41 to the reaction. The analysis of the crude reaction
mixture after 18 h contained only traces of the desired product. Instead, a good amount of a
corresponding silyl ether was detected in the GC-MS chromatogram. Due to existence of two sites
where a silyl ether could be formed a deprotection reaction was conducted by treating the mixture with
5 mL 1 M HCI solution in order to differentiate between the two possible products 4l-pse and 4l-bse
(Figure 6.3).

OEt
OEt S'FME
Me.d; 0" "OEt
EtO” O
4l-pse 4l-bse
Figure 6.3. Possible silyl ethers of substrate 41.
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Surprisingly, 21 was the main product of the deprotection reaction, due to the regeneration of
the phenolic group. Although the GC-yield was only 41% this result was considered satisfying due to
the difficulty of the transformation.

After investigating the influence of the electron-donating functional groups, the focus turned to
substrates containing electron-withdrawing functional groups. The first tested substrate was 4m which
surprisingly led to the formation of 2m in a very satisfying GC-yield of 86%. This encouraging result
showed that the catalytic procedure can also tolerate substrates containing electron-poor aromatic
systems. The tetrafluoro-substituted compound 4n was transformed in almost quantitative yield to the
desired product 2n . Both these results strengthen the conclusion regarding the system tolerance toward
a wide range of functional groups.

Moreover, substrates bearing heterocyclic backbones were submitted to the reaction. The
preliminary attempts of transforming substrates bearing pyridinyl backbone into the desired products
were unsuccessful. It was observed that a black tar was formed in the vessel during the addition of the
reagents and this compound were not solubilized even at high temperatures. The presumption was that
the pyridinyl moiety strongly coordinates to the metallic centre of the catalyst deactivating it. The
synthesis of this Cp,TiCl-pyr complex in THF was previously characterized by Green.®® Therefore, the
addition order was changed for these reactions and the substrate was slowly added to the mixture only
after the reduction process of the Ti-catalyst was complete. Despite these changes, the obtained yields
of 20 and 2p were not satisfactory at only 37% for both reactions.

Furthermore, substrates bearing reactive functional groups were submitted to the reaction.
Surprisingly, product 2q was obtained in quantitative yield as the boronic ester moiety was not
destroyed during the process. In addition, the piperonyl backbone 4r was well tolerated by the catalytic
system as it led to a 94% GC-yield of the desired product 2r. This reaction is of great importance as it
shows that ketones and aldehydes can be tolerated as well by the system in a protected form. The acidic
work-up conditions led to the cleavage of the ketal moiety and the isolated yield dropped to only 28%.
Although encouraging, this result showed that alternative quenching procedures should be developed
when the molecular complexity of the substrates increases.

In order to investigate the influence of the substituents in ortho and meta positions, alcohols 4s,
4t, 4u and 4v were subjected to the reaction. The alkyl containing products 2s and 2t were obtained in
high yields of 85% and 90%, respectively Surprisingly, both 4u and 4v were also transformed into the
desired product in satisfying yields despite higher steric impediments of 4v.

2-Phenylethanol (4) was tested first, and the reaction led to promising results. (Figure 6.4) In
an attempt to broaden the substrate scope, the reactivity of secondary and tertiary benzylic alcohols was
also evaluated. The role of p-substituents was then investigated in p-methoxy substituted substrate 4w.
Although the yield dropped compared to 2, the outcome of this reaction was analogous to those obtained
in case of primary benzylic alcohols. By adding more rigidity to the backbone, 4x led to an increased
GC-yield of 86%. When steric impediment was increased by exchanging the methyl group with a
tertbutyl group, the yield drops significantly from 78% in case of 2 to 16% in case of 2y.

Then, the a-aryl substituted substrates were submitted to the catalytic procedure. From the
deoxygenation of 2-phenylpropan-2-ol (4b) cumene (2b) was obtained in 19% yield. Both 4aa and 4ab
led to good yields of 2aa and 2ab (70% and 88% ). It was observed that also in this case the increased
rigidity of the molecule has a positive effect on the transformation. The positive influence of a-aryl
substituents was also seen after implementing different tertiary benzylic alcohols. The introduction of
an electron-withdrawing group in the a-position had a strong negative influence on the transformation
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as well, as 2ac was obtained in only 27% yield. Although 1ad is sterically hindered, 2ak was obtained
in 32% yield due to the positive effect of the phenyl substituents in a-position.

Cp2TiCl; (10 mol%)

R Mn (1 equiv.) R
R2 2-MeTHF (2 ml) R?
| SN OH 50 °C, 2h | SN H
RF then Me(EtO),SiH (3 equw) RF
100°C, 16 h
78% 67% 86% 6% 7%
(64%)
Zaa 2ab ‘z‘
190/ 70% 88% 2ac
0, 0,
(62%) (70%) 2%

Figure 6.4. Secondary and tertiary benzylic alcohols scope.

In conclusion, this catalytic system proved to be effective in deoxygenating a high number of
benzylic alcohols containing electron-donating and electron-withdrawing substituents grafted on the
aromatic backbone. The deoxygenation of substrates bearing substituents in a-position was also
partially successful.

6.3.5. Unsuccessful Substrates

Although this process was successful for a wide range of substituted benzylic alcohols, some
functionalities were not tolerated by the developed system. Substrate 4ad containing a nitro group only
afforded the protected alcohol (Scheme 6.14 — Reaction 1). The product formation was completely
inhibited, and surprisingly, a reduction of the nitro group was not observed via GC-analysis. The
presumption regarding this unsuccessful reaction was that a catalyst poising process occurred through
a strong coordination of the NO, group on the metallic centre followed by the formation of a
catalytically inactive species.

Only traces of the desired product Skatole (2ae) were detected, when indole-3-carbinol (4ae)
was submitted to the reaction (Scheme 6.14 — Reaction 2). No ring-opened, hydrogenated, or protected
products were observed but surprisingly the conversion was >95%. During the reaction the formation
of a black tar was observed. Due to the lack of viable products in the GC chromatogram, the
presumption was that an indol-based polymer formed in the reaction mixture. Another transformation,
which was considered unsuccessful, was the deoxygenation of substrate 4af (Scheme 6.14 — Reaction
3). This transformation yielded only a small amount of 2af and only traces of product implying the
reduction of the ester group. Instead, the main peak observed was assigned to the transesterification
product 2af-te This transformation is not surprising as report documented it in similar catalytic
procedures.” The same hypothesis as for reaction (1) was stated also for the transformation of
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substrate 4ag bearing an -SO>Me group in para position (Scheme 6.14 — Reaction 4). In this case, traces
of the desired product were detected on the chromatogram, but the main product was also in this case
the corresponding silyl ether. Summarizing all the results obtained from reactions conducted on
substrates containing nitrogen and sulfur-based functional groups, the conclusion was that the catalytic
system is not well suited for this kind of transformations as the reactivity in this environment decreases
significantly.

Alcohols containing the -OH group in homobenzylic position 4ah and 4ai led to unsatisfactory
results as no desired product was detected (Scheme 6.14 — Reaction 5 and 6). Another limitation of this
catalytic process is the transformation of aliphatic alcohols into saturated hydrocarbons as only the silyl-
protected alcohols were obtained under these reaction conditions (Scheme 6.14 — Reaction 7, 8 and 9).
The only exception was substrate 4ak, which afforded 2ak in 12% yield. The reproducibility of this
reaction turned out to be difficult, and a possible explanation for the initially successful reaction of
substrate 4ak could be a precious metal contamination. Therefore, the conclusion was that this catalytic
system is unreactive towards substrates bearing the hydroxyl moiety linked to an unreactive C-atom.

Cp,TiClz (10 mol%)

Mn (1 equiv.)
2-MeTHF (2 ml)
R 0°C, 2h Main products
then Me(EtO),SiH (3 equiv.)
100 °C, 16 h
H
OH N H K
) /©/\ Std. cond. | eaction ) P Std. cond. N, unknown
O,;N y polymer
4ad 4ae OH 2ae
traces
) gOH _Std. cond. _ /@f\ /@COOMe
MeOOC EtOOC
4af 4af-te
traces
SIR3 \\
/©/\ _Std. cond. /©/\ /@/ %
4ag se 2ag
OH traces
S|R3
_Std. cond. I . I
D O 2ah
4ah 4ah-se traces
OH O._.
6) ©/\/ Std. cond. ©/\/ SR 7y _Std. cond. .
4ai 4ai-se OH S'RB
4aj-se
(B)Wo/si% Std. cond. o _SiRy 4+ _Std. cond.
4ak dak-se Zak
4al-se

Scheme 6.14. List of unsuccessful substrates.
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6.3.6. Deoxygenation-Dehalogenation Reaction

Following the previously obtained results, the substrate screening continued by submitting
halogenated aromatic alcohols in the catalytic reaction (Figure 6.5). The first substrates tested were 2an
and 2ao0. Both of them underwent deoxygenation process in good yields and after analysing the
chromatograms of the crude reaction mixtures, it was observed that also the characteristic peak for
toluene (2a) appeared beside those for the desired product. Also, the presumption that there might be a
reverse correlation between the desired yield and toluene (2a) yield (Figure 6.6) was suggested.
Intrigued by these results, the chromatograms were further analysed in order to discover if also the
characteristic peaks for the non-deoxygenated dehalogenated peaks were detected. Surprisingly, no
traces of benzyl alcohol (4a) were observed in either of the mixtures. Next, fluoro- and iodo-containing
2am and 2ap substrates were submitted to the reaction. Substrate 4a was transformed in 2am in
quantitative yield and only traces of toluene (2a) were detected.

On the contrary, substrate 4ap led to the formation of 2ap in only 27% yield and toluene (2a)
was the main product of this transformation with 41% yield. Similarly, benzyl alcohol (4a) could not
be traced in the chromatograms. Furthermore, the influence of the position of the halogen substituent
on the aromatic system was investigated. The results showed that this does not have any major impact
over the transformations as both 2aq and 2ar were obtained in almost same yield as 2an and also the
toluene (2a) yield remained constant. Surprisingly, the secondary benzylic alcohol 4as with chlorine in
para-position led to traces of product 2as and not even traces of toluene (2a) were observed. This
outcome could not be fully explained and was not further investigated.

Cp,TiCly (10 mol%)
Mn (1 equiv.)

R 2-MeTHF (2 ml) R’ R
50 °C, 2h
OH : - H + H
then Me(EtO),SiH (3 equiv.)
X 100°C,16 h X
2o0r2a
F Cl Br |
2am: 95% 2an: 83% 2a0: 56% 2ap: 27%
2a: traces 2a: 6% 2a: 35% 2a: 41%
H CKH H
Cl Cl
cl 2aq: 88% 2ar: 85% 2as: traces
2a: 8% 2a: 7% 2a: 0%

Figure 6.5. p-halogenated benzylic alcohols scope and the yield of the corresponding unsaturated
products and toluene.

In order to reduce the amount of deoxygenated-dehalogenated product, the reaction time in the
reduction of 4-chlorobenzyl alcohol was reduced to 8 hours. Unfortunately, beside the lower conversion
and yield of the desired product, the ratio between 4-chlorotoluene and toluene (2a) remained constant
compared to the standard reaction, 28% 2ao and 2% 2a).

The hypothesis, which was formulated after analyzing these results, was that the substrates first
undergo the deoxygenation reaction and only then the dehalogenation reaction takes place. This theory
was mostly supported by the fact that benzyl alcohol (4a) was not detected in any crude reaction
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mixture. Also, it is important to state that this deoxygenation-dehalogenation sequence is maintained
regardless of the halogen substituent. Further investigations into the dehalogenation mechanism were
not conducted as it was outside the scope of this project.

100
®
90
80
70
60
50
40
30
20
10
0
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

@ Desired product yield (%) Toluene yield (%)

Figure 6.6. p-Halogenated product (blue) and toluene yields trend (red).

6.3.7. Deoxygenation-Hydrogenation Reaction

The reactivity of substrates bearing unsaturated moieties in para- and a-positions were also
evaluated in the reaction under standard conditions. The hydrogenation capabilities of the Ti/H systems
is well known and studied.”®” The aim of these reactions was to investigate a possible competition
between these two transformations and to perceive, which one is preferred, deoxygenation or
hydrogenation (Scheme 6.15).

Cp,TiCl, (10 mol%)
Mn (1 equiv.)
2-MeTHF (2 ml)

\/©/\OH s " VG/\H
a. = +
x then Me(EtO),SiH (3 equiv.) H =

109 100 °C, 16 h H 110a 110b
45% traces
Cp,TiCly (10 mol%)
Mn (1 equiv.)
b. 2-MeTHF (2 ml)
OH 50 °C, 2h H H
+
= then Me(EtO),SiH (3 equiv.) H HTX
= 100 °C, 16 h
111 ’ H 110a H 110b
15% traces

Scheme 6.15. Reduction of benzylic alcohols with p-unsaturated moiety. (a) Reduction of (4-
vinylphenyl)methanol; (b) Reduction of (4-ethynylphenyl)methanol.

First, p-vinyl (109) and alkynyl (111) substrates were submitted to the standard reaction
conditions. It was observed that both of these reactions afforded only the deoxygenated products, with
110a as the major product regardless of starting material. The difference in yield between the two could
be explained by the same hydrosilane amount used during the screening. Interestingly, 4-ethyl benzyl
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alcohol (112) was detected in neither reaction mixture. Therefore, the conclusion was that the reduction
of the double and triple bond did not occur solely without a prior deoxygenation of the substrate.

Consequently, the reactivity of substrates bearing unsaturated substituents in a-positions was
tested (Scheme 6.16). In case of vinyl containing substrate (113), the yield of the deoxygenation-
hydrogenated product was similar compared to the para-substituted (Scheme 6.16 - a). In contrast, the
yield of the only deoxygenated product 114b was significantly higher (28%). This showed that an
unsaturated substituent in the vicinity of the C-O bond has a strong positive effect on the deoxygenation
process. This conclusion was further strengthened by the transformation of 115 (Scheme 6.16 - b). Both
deoxygenated and deoxygenated-hydrogenated products were afforded in higher yields of 20%
respectively 9%. Additionally, the non-deoxygenated hydrogenated products could not be detected in
these reactions.

Intrigued by the previous results, the role of internal double bonds in the deoxygenation process
was investigated. Surprisingly, when cinnamyl alcohol (116), which contains the -OH group in the
allylic position, was submitted to the reaction, propylbenzene (114a) was obtained in good yield
(Scheme 6.16 - c). This is the first example in this work of a deoxygenation reaction in which the
hydroxy group is not in the benzylic position. In the crude reaction mixture traces of allyl benzene were
detected. This discovery strengthens the theory that the transformation of alcohols containing
unsaturated bonds follows a deoxygenation-hydrogenation pathway. This sequence is analogously to
the one observed in the results presented in chapter 6.3.6.

Cp,TiCly (10 mol%)
Mn (1 equiv.)
OH H H
2-MeTHF (2 ml)
= 50 °C, 2h H /
a - +
' then Me(Et0),SiH (3 equiv. H
113 en 61(00 )é '16(h equiv.) 114a 114b
o A% 25% ..
Cp,TiCly (10 mol%)
OH Mn (1 equiv.) H H
2-MeTHF (2 ml)
b _ 50 °C, 2h H Z "H
then Me(EtO),SiH (3 equiv.) H i
115 100 °C, 16 h 114a 114b
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 20% %%
Cp,TiCly (10 mol%)
Mn (1 equiv.) H
“ 2-MeTHF (2 ml)
©/\/\OH 50 °C, 2h ©/J\(\H
C.
then Me(EtO),SiH (3 equiv.) H
116 100 °C,16 h 114a
52%

Scheme 6.16. Reduction of a-unsaturated benzylic alcohols. (a) Reduction of 1-phenyl-2-propen-1-ol;
(b) Reduction of a-ethynylbenzenemethanol; (¢) Reduction of cinnamyl alcohol.

In order to increase the yield of both deoxygenation and hydrogenation, an optimization of the
amount of silane was attempted (Table 6.29). Surprisingly, the changes in yield when the amount of
hydrosilane were decreased or increased were not as significant as expected (Table 6.29 — Entry 1 and
3). Therefore, these experiments show that the Ti catalyst was the limiting factor in the formation of the
desired deoxygenated-hydrogenated product and not the H-donor.
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Table 6.29. Influence of hydrosilane equivalents on the deoxygenation-hydrogenation reaction of 114.

Cp,TiCl, (10 mol%)
OH Mn (0.5 equiv.) H

2-MeTHF (3 ml) A

= 50°C,2h H, Zar

then Me(EtO),SiH (x equiv.) H H

113 100°C, 18 h 114a 114b

Entry Silane (equiv.)?! Yield 11al® Yield 11b™!

1 2 43 27
2 3 45 28
3 4 54 24

[a] Standard reaction conditions: benzyl alcohol (0.104 mL, 1.00 mmol, 1.00 equiv.), Cp2TiCl2 (24.9 mg, 0.10 mmol, 10.0
mol%), Mn (54.9 mg, 1.00 mmol, 1.00 equiv.) in 2-MeTHF (2 mL), stirred for 2 h at 50 °C, then (EtO)2MeSiH (x equiv.), 18
h, 100 °C in a Schlenk pressure tube. [b] Yields were determined via quantitative GC-FID using n-pentadecane as internal
standard.

Next, the capability of the catalytic system to reduce 1,2-diols was tested (Scheme 6.17).
Interestingly, compound 117 was transformed into ethyl benzene in good yield (Scheme 6.17 - a). The
pathway of this unexpected transformation was clarified as small quantities of styrene were detected
via GC-MS. The hypothesis behind this process relies on the cleavage of the C-O bond in the benzylic
position followed by a radical elimination process. Succeeding the deoxydehydration, the formed olefin
gets hydrogenated affording ethyl benzene. Disappointingly, cyclohexyl diol 118 did not afford any
deoxygenation product strengthening the conclusion that in order to have a radical elimination process,
first, the deoxygenation has to take place, and this is possible only from benzylic or allylic positions
(Scheme 6.17 - b).

. Cp,TiCly (10 mol%)

Mn (1 equiv.)
OH 2-MeTHF (2 ml) H
©/K/OH 50 °C, 2h ©)\/H
then Me(EtO),SiH (3 equiv.)
17 100 °C, 18 h 2
’ 69%
©/\
Traces detected
e .....vmGCMS
Cp2TiCl, (10 mol%)
Mn (1 equiv.)
b. oH 2-MeTHF (2 ml)
50 °C, 2h
No conversion
OH then Me(EtO),SiH (3 equiv.)
118 100 °C, 18 h

Scheme 6.17. Reactivity of diols. (a) Reduction of 1-Phenyl-1,2-ethanediol and possible reaction
pathway; (b) Reduction of cyclohexyl diol.
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Thus, unsaturated benzylic alcohols were successfully transformed into the desired
deoxygenated products. Although the hydrogenation played a significant role during these reactions,
the interference was not considered negative as both deoxygenated and deoxygenated-hydrogenated

products are used in industrial applications.”>7

6.3.8. Selectivity Reactions
After analysing the results obtained during the substrate screening, a series of reactions were
performed in order to investigate the selectivity of the catalytic system for primary benzylic alcohols
over secondary and tertiary alcohols. For this study, intermolecular competitive reactions were
conducted under standard conditions by using 1 equivalent of each substrate (Scheme 6.18).
Cp,TiCly (10 mol%)

Mn (1 equiv.)
2-MeTHF (2 ml)
50 °C, 2h
©/\OH . OH : ©/\H . H
then Me(EtO),SiH (3 equiv.)
4a 4 100 °C, 18 h 2a 4
c.r. 50%lal c.r. 36%
Cp,TiCl, (10 mol%)
Mn (1 equiv.)
2-MeTHF (2 ml)
©”0H OH 50°C, 2h ©/\H H
+ > +
then Me(EtO),SiH (3 equiv.)
4a 4b 100 °C, 18 h 2a 2b
c.r. 90% c.r. 9%
Cp,TiCly (10 mol%)
Mn (1 equiv.)
2-MeTHF (2 ml)
OH + OH 50 °C, 2h H N H
then Me(EtO),SiH (3 equiv.)
1a 4b 100 °C, 18 h 4 2b
c.r. 40% c.r. 12%

Scheme 6.18. Selectivity reactions. (a) Reduction of primary and secondary benzylic alcohols;
(b) Reduction of primary and tertiary benzylic alcohols; (c) Reduction of secondary and tertiary
benzylic alcohols; [a] c.r. — competitive reaction.

Unfortunately, throughout the whole investigation no clear selectivity was detected. In all cases,
the yield dropped according to the reaction conditions but the ratio between the products remained
constant compared to the reactions of single substrates. Thus, the catalytic system was considered non-
selective for different alcoholic C-O connectivity patterns.

6.3.9. Miscellaneous Substrates

After screening a number of benzylic alcohols, the catalytic system was applied on substrates
containing different functionalities (Schemes 6.19, 6.20 and 6.21). Taking in account the previous
results, the reactivity of unsaturated hydrocarbons was investigated in the first step. Both styrene (17)
and 1-octene (119) were transformed in high yields into the desired product, in correspondence to the
available literature (Scheme 6.19 —a and b).”” Additionally, no hydrosilylation products were observed
in the GC-MS chromatogram.
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Cp,TiCly (10 mol%)

Mn (1 equiv.) H
2-MeTHF (2 ml)
a ©/\ 50 °C, 2h ©/J\JH
then Me(EtO),SiH (3 equiv.)
17 100°C, 18 h 2
72%
Cp,TiCly (10 mol%)
Mn (1 equiv.)
2-MeTHF (2 ml) H
°0°C. 2h \/M
b~~~ H
119 then Me(EtO),SiH (3 equiv.) 120
100 °C, 18 h 87%

Scheme 6.19. Reduction of olefins. (a) Reduction of styrene; (b) Reduction of 1-octene.

Then, 2-acetylnaphthalene (121) was subjected to the reaction (Scheme 6.20 — a). To our delight
the transformation afforded 2-ethylnaphtalene (122) in 91% yield by using the standard reaction
conditions. Encouraged by this result, the reactivity of esters was tested as well (Scheme 6.20 — b).
Surprisingly, instead of obtaining the transesterification product analogue to the unsuccessful
transformation of substrate 4ag, p-xylol (2e) was obtained. For this reaction a low yield was expected
as for a complete transformation more H-donor equivalents would be needed, thus, a 38% yield was
considered satisfying.

Cp,TiCl, (10 mol%)

0 Mn (1 equiv.)
2-MeTHF (2 ml)
a.
then Me(EtO),SiH (3 equiv.)
121 100 °C, 18 h 122
91%
Cp,TiCl, (10 mol%)
o Mn (1 equiv.)
2-MeTHF (2 ml)
b. /@Ao/\ 50 °C, 2h /©/
then Me(EtQ),SiH (3 equiv.)
123 100°C, 18 h 2e
38%

Scheme 6.20. Reduction of miscellaneous substrates. (a) Reduction of 2-acetylnaphthalene; (b)
Reduction of ethyl 4-methylbenzoate.

In order to gain a broader understanding about the catalytic system, also thioesters were applied
in the reaction (Scheme 6.21). Interestingly, only traces of toluene (2a) were detected during the GC-
analysis for the transformation of 124 (Scheme 6.21 - a). Instead, the main product of the reaction was
the protected alcohol 4a-se, which afforded benzyl alcohol (4a) in 55% yield after deprotection.
Intrigued by these results, thioesters 126 and 128 were also employed. S-Phenyl thiobenzoate (126) led
to the formation of benzyl alcohol (4a) in 49% yield after deprotection and aliphatic thioester S-ethyl
thiohexanoate (128) was reduced as well to the corresponding alcohol in 34% yield (Scheme 6.21 —b
and c). The difference in reactivity between esters and thioesters was unanticipated. The reactivity of
the thioesters in this catalytic system should be further investigated as this kind of transformation is not
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well documented in the available literature. Additionally, a more in-depth analysis should be considered
regarding the difference of products between the esters and thioesters.
Cp,TiCly (10 mol%)

o Mn (1 equiv.) OH (‘?E/t
2-MeTHF (2 ml) .Si?
. 0" "OEt OEt
g~ 50 °C, 2h N
a + —Si-s
then Me(EtO),SiH (3 equiv.) OEt
124 100°C, 18 h 4a 4a-se 125
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, O
Cp,TiCly (10 mol%)
Mn (1 equiv.) OH ?E/t
0 2-MeTHF (2 ml) o0~ oFt
50 °C, 2h OFt
b. S . _ + —Si-S
then Me(EtO),SiH (3 equiv.) (l)Et
100 °C, 18 h
126 4a 1a-se 127
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, A
Cp,TiCl, (10 mol%)
Mn (1 equiv.)
o 2-MeTHF (2 ml) OEt
c. 7 s 7 oH + —Si-S
then Me(EtCl)ZSiH (3 equiv.) \M4) OEt
128 100°C, 18 h 129 129-se 130
34%

Scheme 6.21. Reactions on thioesters. (a) Reduction of S-ethyl thiobenzoate; (b) Reduction of S-phenyl
thiobenzoate; (c) Reduction of S-ethyl thiohexanoate.

6.3.10. Deoxygenation of Lignin Building Blocks and Model Substrates

Following the optimization of the reaction conditions and the investigations of the tolerance and
reactivity of the catalytic system toward a wide variety of functional groups, the applicability of this
procedure on the transformation of lignin building blocks and lignin model substrates was tested. In
addition, this deoxygenation methodology was applied in late-stage defunctionalisation of bioactive
compounds. First, the catalytic system was applied to transform coniferyl alcohol (131) into an
industrial-valuable product (Scheme 6.22). As it was presented in chapter 1.2, this compound is one of
the three starting materials of the biosynthesis of lignin.”® Despite the higher molecular complexity
compared with previously deoxygenated cinnamyl alcohol (116), the reaction afforded the analogous
product in higher yield after undergoing the acidic deprotection procedure of the phenolic -OH. Due to
the previous results, the formation of compound 4-propylguanicol (132) was unsurprising, instead, the
yield was higher than expected. This transformation also strengthened the conclusion that the phenolic
hydroxy groups are unreactive towards the deoxygenation procedure.

Cp,TiCl, (10 mol%)
Mn (1 equiv.)

X-"S0H  2-MeTHF (2 ml) OEt
50°C,2h Ngi 1M HCI
HO then EtO™ O “5m HO
oL 131 Me(EtO),SiH (3 equiv.) (ONQ O 132
100°C, 18 h 76%
, 131-
pse (52%)

Scheme 6.22. Transformation of coniferyl alcohol.
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Subsequently, lignin model substrates were submitted to the deoxygenation procedure. The
most common lignin constituent motif is the p-O-4 linkage,” which can be found in compound 133.
This compound was chosen because it does not bear any functional groups on the aromatic systems
which could interfere with the reactivity of the system on the f-O-4 motif (Scheme 6.23).

Beside the cleavage of the C-OH bond; the cleavage of the ether bond was observed as well.
Therefore, a-(phenoxymethyl)benzenemethanol (133) afforded ethylbenzene in 50% yield and phenol
(135) in 47% yield after deprotection. GC chromatogram of the crude reaction mixture showed traces
of compound 134. In order to obtain more information about the reaction pathway, compound 134 was
submitted to the standard reaction conditions, but no conversion was observed, hinting that
(2-phenoxyethyl)benzene (134) is not an intermediate in the reaction mechanism but a side-product.
Considering the outcome of this reaction and the information gathered during the screenings, pathway B
was discarded, and another possible reaction mechanism was elaborated (Pathway A). First, the
cleavage of C-OH bond leads to the formation of the radical intermediate 134a followed by the radical
cleavage of the C-O(ether). The formed styrene (17) undergoes hydrogenation affording ethylbenzene

in good yield.
Pathway A . C-O(ether)
2000 cleavage ©/\
——
C-OH 134a 17 Hydrogenation
cleavage
Cp,TiCl, (10 mol%) Eto. | OEt
OH Mn (1 equiv.) S|'
o 2-MeTHF (2 ml) 0
\@ 50°C, 2 h + O
then Me(EtO),SiH (3 equiv.) 2 .
133 100 °C, 18 h 50% 135-pse
C-OH ) 1M HCI
cleavage No conversion (5 ml)
then under standard
C-H bqnd conditions OH
formation @/\/OO
134 C-O(ether) @
Pathway B Traces observed cleavage
in GC-MS 135
47%

Scheme  6.23. Transformation of a-(phenoxymethyl)benzenemethanol. = Pathway  A.
(2-phenoxyethyl)benzene; Pathway B. Radical cleavage-hydrogenation pathway.

In order to get more insight into the proposed mechanism, a-(methoxymethyl)benzenemethanol
(136) was submitted in the catalytic system (Scheme 6.24 - a). By exchanging the phenyl moiety with
a methyl group, ethylbenzene was afforded in an excellent yield of 83%. Additionally, silane 137 was
detected. Following this result, deuteration labelling experiments on
a-(methoxymethyl)benzenemethanol derivative 136-d; were conducted (Scheme 6.24 - b). Substrate
136-d, afforded deuterated ethylbenzene (2-dy) in 77% yield.
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Cp,TiCly (10 mol%)

OH Mn (1 equiv.) H
2-MeTHF (2 ml)
(0]
a ©/1M ~ 50 OC, 2h ©)\/H EtO\S|i,OEt
. + 1
then Me(EtO),SiH (3 equiv.) (ONg
136 100 °C, 18 h 2 137
83%
Cp-TiCl, (10 mol%)
Mn (1 equiv.)
OH 2-MeTHF (2 ml) D |
b (ONg 50 °C, 2 h @)\/H EtO\Si,OEt
’ D + I
then Me(EtO),SiH (3 equiv.) (ONG
136-d, 100°C, 18 h 2-d, 137

77%

Scheme 6.24. Transformation of (a) a-(methoxymethyl)benzenemethanol; (b) deuterated o-
(methoxymethyl)benzenemethanol (b).

Its generation was proved by comparing the chromatogram obtained from the reaction product
with a standard ethylbenzene chromatogram (Figure 6.7). However, the product of this reaction was not
isolated due to its volatility. Therefore, the connectivity of the deuterium atom was investigated via GC-
MS. By analysing the fragmentation pattern of 2-d;, it can be observed that both molecular and base
peaks are shifted by 1 m/z compared to the standard ethylbenzene fragmentation. Additionally, the base
peak at 92 m/z can be attributed to a deuterated tropylium ion, leading to the conclusion that the initial
C-D bond was not cleaved during the reaction. Based on this result, a semipinacol rearrangement or
1,2-H-shift were discarded as possible reaction pathways.

oy
H
H 107
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108
1

53 gq 65 66 - 7778 79 g 06
| B3 54 en p1 62 93 64 737475 B 80 g o7 ag 89 90 o4 9 0 04
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| |67
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Tlead to Tal MF=307 RMF=A05 i Tiylbenzere

Figure 6.7. Comparison between obtained chromatogram for ethylbenzene-dl (red) and standard

ethylbenzene chromatogram (blue).

Encouraged by the outcome of the reaction and the preliminary mechanistic studies, a more
complex lignin building block was used in the reaction. Beside the specific $-O-4 linkage, Adlerol (138)
contains a y-carbinol unit which significantly raises the molecular complexity (Scheme 6.25). To our
delight, the transformation afforded 4-propylveratrole (139) in 67% yield and Guanicol (140) in 41%
yield after deprotection. In the GC-MS chromatogram, traces of methyleugenol (142) were detected.

This transformation was somehow surprising but based on the GC analysis and the former
observations, a reaction pathway can be proposed (Scheme 6.25). The transformation starts with the
homolytic cleavage of the C-OH bond followed by the breakage of ether bond and the generation of
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compound 141 and phenol radical 143, which can further react with the in sifu generated silyl radical.
Analogously to the previously conducted reactions, compound 141 underwent deoxygenation and
isomerization affording intermediate 142 and after the hydrogenation of the double bond product 139
was obtained.

Cp,TiCl, (10 mol%) EtO. S|_,OEt
(OH Mn (1 equiv.) !
20 2-MeTHF (2 ml) o
D 50°C, 2 h . :@
0] HO™ O then Me(EtO);SiH (3 equiv.) 0] * (lj
o 138! 100°C, 18 h 0 139 140-pse
) 67%
Deoxygenation (45%) 5 m
Y 1M HCI
+ R3S
I~CO o OH
?Ji;;j/? \o: : S~ | : :o/
(0] 140
~ 138a 143 1%
C-O(ether) . (34%)
bond cleavage Hydrogenation
g a. Allylic —OH =
OH Deoxygenation
0 b. Isomerization (0] De(t;gt:ﬂdsvia
| -
| o m 0 142

Scheme 6.25. Transformation of Adlerol (138) and proposed mechanism.

Subsequently, a late stage defunctionalisation of pharmaceuticals was attempted
(Scheme 6.26). Terfenadine (144) is an antihistamine which was used in allergic rhinitis treatment until
1998 when it was removed due to its side-effects (e.g. Arrythmia).® Instead, Terfenadine (144) and its
derivatives presented antimicrobial activity against Staphylococcus aureus.®' Thus, a selective
deoxygenation methodology for this piperidine-based motif would facilitate further application
screening (Scheme 6.26 - a). However, the reaction afforded an inseparable mixture of mono and di-
deoxygenated products. Analogously to the reactions conducted in chapter 5.5.8, the catalytic system
was unable to selectively cleave the secondary C-OH bond.

Another biologically active compound, which was subjected to the catalytic system was
Gastrodin (145) (Scheme 6.26 - b).%? The reaction was unsuccessful as no conversion under the standard
reaction conditions was observed, presumably due to the low solubility of the substrate in 2-MeTHF.
Another plausible reason for the failure of this reaction was the glucoside backbone which might be
intolerable by the catalytic system due to the possible formation of silyl ethers.
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O Cp,TiCl, (10 mol%)

HO N Mn (1 equiv.)
a 2-MeTHF (2 ml)
' O 50°C,2h Inseparable mixture of
HO then Me(Et0),SiH (3 equiv.) deoxygenation products

144 100 °C, 18 h
OH Cp,TiCly (10 mol%)
Mn (1 equiv.)
b HO & 2-MeTHF (2 ml)
: HO 50 °C, 2 h

No conversion

HO o then Me(EtO),SiH (3 equiv.)
\©\/ 100 °C, 18 h
145 OH

Scheme 6.26. Transformation of Terfenadine (a) and Gastrodin (b).

6.3.11. Mechanistic Studies

Next, mechanistic studies of the deoxygenation of simple benzylic alcohols were performed. In
order to get a better understanding about the reaction pathway, radical clock experiments were
conducted (Scheme 6.27). The results obtained from this kind of reactions can hint towards a radical or
ionic mechanism® of the reaction. For these reactions, alcohols bearing cyclopropyl moieties were
selected (Scheme 6.27 - a). First, the reactivity of substrate 146 was investigated. This reaction afforded
saturated compound 147 in 69% GC yield (50% isolated yield). This type of reactivity is unusual for a
radical ring-opening reaction as an unsaturated sidechain was expected. The explanation for such a
product would be that the unsaturated hydrocarbon chain was further hydrogenated after the
ring-opening.

Cp,TiCly (10 mol%)

Mn (1 equiv.)
(OH 2-MeTHF (2 ml)
2 50°C,2h
a. then Me(EtO),SiH (3 equiv.) ©/\/\
100 °C, 18 h
146 147
) 69%
Deoxgygenation (50%) |Hydrogenation
o
©/\’N@ 1. Ring-opening Q/M
2. H-atom abstraction
146a 148
Cp2TiCly (10 mol%)
OH Mn (1 equiv.)
2-MeTHF (2 ml)
50°C,2h
b -
Cl then Me(EtO),SiH (3 equiv.) Cl
149 100 °C, 18 h 150

Scheme 6.27. (a) Radical clock reactions. Reduction of a-cyclopropylbenzyl alcohol and possible
reaction pathway; (b) Reduction of 1-(4-chlorophenyl)cyclopropanol.

Following this result, compound 149 was also subjected in the catalytic procedure (Scheme
6.27 - b). Changing the position of the cyclopropyl fragment from homobenzylic to benzylic leads also
to a change in the mechanistic path of the ring opening. Therefore, in contrast to the substrate 146,
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which is sensitive to radical deoxygenation pathways, the benzylic cyclopropyl moiety is more
susceptible to ring-opening reactions following ionic mechanism, due to the increased radical stability
induced by the aromatic moiety.3* *

As only traces of product 150 were detected via GC-MS, beside the main product which was
the corresponding silyl ether, the conclusion was the same as in the case of the first radical clock
reaction, namely that the deoxygenation reaction proceeds through a radical mechanism. Due to the
competitive hydrogenation, no reverse radical clock reaction was conducted.

In order to further strengthen the conclusion that this reaction follows a radical mechanism,
radical trapping experiments were conducted. The aim of these reactions was to quench the reactivity
of the catalytic systems and to obtain an adduct of the radical scavenger. For these experiments both O-
and C-based radical scavengers were added to the reaction. Based on the previously made observations,
two different sequences of addition of radical trapping reagent were elaborated for these experiments.

In the first methodology, the radical scavenger was added after the activation time elapsed
(Scheme 6.28 - a) to avoid an interference with the in situ formation of the Ti**-alcohol complex and
thereby quenching the Ti-based catalyst. For these procedures, two different radical scavenger namely
(2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl (TEMPO) (151) and 1,1-diphenylethylene (153) were
used. Although, in both cases the deoxygenation of benzyl alcohol (4a) was suppressed, no traces of
the expected radical adducts were observed and instead only products of the hydrogenation of
scavengers were detected (Scheme 6.28 —b).

Cp>TiCl, (10 mol%)
Mn (1 equiv.)
2-MeTHF (2 ml)

©/\OH 50 o(:7 2 h ©/\H
then radical scavanger (2 equiv.)

4a Me(EtO),SiH (3 equiv.) 2a
100 °C, 18 h
a.
CpoTiCl, Alcohol Radical .
MQA ZMeCF Scavger IVIe(Et%SH
removing from 2h 5 min. 16 h

the glovebox

ok — Ak ar o — oMo
(0] OH

151 152 153 154
2a: 2% 2a: 8%
Scheme 6.28. First radical scavengers methodology. (a) Reaction and addition order scheme; (b)
transformation of TEMPO and 1,1-diphenylethylene.

In the second procedure, the order of addition was changed as both the alcohol and the radical
scavenger were submitted to the reaction at the same time (Scheme 6.29). This time TEMPO (151),
dibutylhydroxytoluene (BHT, 155) and Galvinoxyl (157) were used for trapping radical species.
TEMPO (151) and BHT (155) afforded similar results as the reactions conducted under the first
procedure (Scheme 6.29 - b). In contrast, the application of Galvinoxyl (157) led to the inhibition of the
deoxygenation reaction and to the formation of the hydrogenation product 158 and benzyl radical adduct
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159 (Scheme 6.29 - ¢). Compound 159 was observed via GC-MS because the different Galvinoxyl
derivatives were inseparable via column chromatography, but it confirms the hints toward a radical
reaction pathway.

Cp,TiCly (10 mol%)

Mn (1 equiv.)
radical scavanger (2 equiv.)
2-MeTHF (2 ml)

©/\OH 50°C,2h gH

then Me(EtO),SiH (3 equiv.)
a 4a 100 °C, 18 h 2a

Alcohol
2-MeTHF

szTiC|2 Radical

Mn scavanger Me(EtO),SiH

removing from 2h 16 h

the glovebox

158 157 159
Hydrogenation product 2a: 0% Benzyl radical adduct

Scheme 6.29. Second radical scavengers methodology. (a) Reaction and addition order scheme; (b)
transformation of TEMPO and BHT; (c) transformation of Galvinoxyl.

Lastly, deuterium labelling experiments were carried out (Scheme 6.30). Due to the commercial
unavailability of deuterated methyldiethoxysilane and the difficult synthesis of this compound, an
alternative methodology had to be developed. Based on the available literature, the source of the
hydrogen atom in the newly formed C-H bond could be the hydrosilane, the hydroxyl group* or,
following a transposition reaction, the methylene group.®® Therefore, the strategy was to conduct the
reactions with benzylic alcohols containing deuterium on different connectivities and by using
Me(EtO),SiH (108) as the only possible hydrogen source. Additionally, for the sake of completeness,
the H-donating capabilities of the solvent were investigated, due to a corresponding hypotheses
presented in the literatre.’® Therefore, the reactions were conducted in both deuterated and non-
deuterated solvents. Due to the volatility of the products, both yields and deuterium incorporation were
determined via GC-MS.

Starting from the report of Barrero et al.*’, alcohol 4a-d; bearing an -OD group was subjected
to the standard conditions (Scheme 6.30 - a). This reaction afforded toluene (2a) in 83% yield and no
deuterium incorporation was observed. The same result, regarding the deuterium content in the final
product, was obtained when the reaction was conducted in THF-ds at 80 °C (Scheme 6.30 - b). In this
case, the significant drop in yield was attributed to the lower reaction temperature. The deuterium

119



Section 4

incorporation was determined by comparing the chromatogram of the obtained product with the
standard toluene chromatogram from the NIST database (Scheme 6.30 - ¢).¥’

Cp2TiCl; (10 mol%)
Mn (1 equiv.)
2-MeTHF (2 ml)

©/\OD 50 °C, 2 h
a.
then Me(Et0),SiH (3 equiv.)

100 °C, 18 h

Cp2TiCly (10 mol%)
Mn (1 equiv.)

H

©)<:

2a
83% GC-Yield
0% D-incorporation

THF-dg (2 ml) H H
b gOD 50 DC! 2 h ©/kH
l then Me(EtO),SiH (3 equiv.)
4a-d, 80°C,18h 2a
27% GC-Yield
0% D-incorportaion
H 91
H 92
H
. ~ 65 93
C. 4y 53 60 8 T 67 73 7577 84 86 89 |
. T + T T T T
5l1 53 55 57 H 613 | 67 7375 77 79 83 85 87 gg 9
H
H
92
91
50 55 60 65 70 75 80 85 % o5 100
Head to 1aill MF=925 RMF=925 A Toluene

Scheme 6.30. Deuteration experiments with benzyl alcohol-OD under standard conditions.

When heptadeuterated benzyl alcohol 4a-d; was subjected to the transformation in THF-ds,

only toluene-d; (2a-d7) was obtained (Scheme 6.31 - a). This outcome was determined by the poor

overlap observed by compared the fragmentation obtained in the GC-MS chromatogram with the
standard toluene-ds (2a-d7) fragmentation (Scheme 6.31 - b). These results indicate that it is highly

improbable that the solvent, the hydroxyl group, or the methylene group acts as a hydrogen donor in

this catalytic system and that the only plausible hydrogen donor is the hydrosilane.
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Scheme 6.31. Deuterations experiments with benzyl alcohol-d; in THF-dg and the chromatogram

comparison: Obtained chromatogram (red) and standard chromatogram for toluene-ds (blue).

Based on all the information gathered during the extensive screenings and mechanistic studies,

a reaction mechanism for the deoxygenation of benzylic alcohols can be proposed (Scheme 6.32). First,
Cp2TiCl, (C36) is reduced by Mn forming the catalytically active Ti** species which further reacts with
the alcohol to afford complex C65. This species undergoes the homolytic cleavage of the C-O bond,
affording complex C66 and the benzyl radical which subtracts an H-atom from the hydrosilane.
Complex C66 further reacts with a second hydrosilane molecule generating H» and complex C67. This

species can be reduced by Mn completing the catalyst regeneration process and producing the detected

disiloxane 160.

MnO +
EtO._ 0. .OFEt
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Scheme 6.32. Proposed mechanism.
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Section 4

6.4. Conclusions and Outlook on Co- and Ti-catalysed Deoxygenation Procedures

The development of new Co-, Co/Ti- and Ti-catalysed deoxygenation procedures was
attempted. The ligand and additive screenings conducted during the development of the Co-catalysed
methodology led almost exclusively to the generation of 1-phenylethyl formate (18) and styrene (1-
phenylethyl formate), and only in isolated cases to traces of the desired alkane.

Although the Co/Ti-catalysed method led to more promising results, especially after the
introduction of triethoxysilane, the control reactions showed that Ti was capable to solely catalyse the
desired transformation.

Thus, the development of a new homogenous Ti-based catalysed deoxygenation procedure of
benzylic alcohols was accomplished. This catalytic system uses one equivalent of Mn as metal reductant
and 3 equivalents Me(EtO),SiH as hydrogen donor. Although triethoxysilane proved to be efficient in
this system, it was discarded due to safety concerns.

During the screening of various parameters, it was concluded that an increased temperature and
reaction time were beneficial for the generation of the desired products. Besides prolonging the reaction
time, the activation period in which the catalytically active Ti** species was formed proved to be crucial
for the outcome of the reaction. Additionally, the pressure build up that was observed immediately after
the addition of the hydrogen donor has a positive effect on the reaction.

The presented methodology was efficient over a wide range of benzylic alcohols, especially for
the deoxygenation of primary benzylic substrates. Moreover, various non-participating functional
groups, protecting groups and heterocyclic backbones were tolerated by this catalytic system. Beside
hydrosilanes, Hantzsch esters could be used as hydrogen donors in this methodology, albeit with lower
yields. The attempts to generate new C-C bonds by using the Ti-HEH catalytic system did not lead to
satisfactory results.

In addition to its suitability for the deoxygenation of benzylic alcohols, this methodology
proved to be efficient for the reduction of various other compound classes like diols, ketones, esters and
thioesters. Furthermore, this catalytic procedure was able to promote sequential deoxygenation-
dehalogenation and deoxygenation-hydrogenation reactions. Hence, this synthetic approach can replace
two-step procedures with a one-pot reaction.

The applicability of this Ti-catalysed deoxygenation procedure in the degradation process of
low and medium complexity lignin model substrates and lignin building-blocks was also demonstrated.
This process led to the generation of industrially valuable molecules like phenol or guaiacol.
Consequently, further experiments on higher complexity lignin model substrates should be conducted.

The mechanistic studies revealed that this reaction follows a radical pathway. This was proven
through radical scavenger experiments and radical clock experiments. Moreover, the hydrogen donation
mechanism was highlighted through deuteration experiments.

The main drawback of this system is the lack of selectivity towards the deoxygenation of
primary, secondary, and tertiary benzylic alcohols. This was demonstrated through the results obtained
in competitive reactions and during the late-stage functionalization reactions.

Regarding the perspectives, the mechanisms through which the Ti-catalysed deoxygenation of diols,
ketones, esters and thioesters occurs should be further investigated in order to increase the synthetic
applicability of this catalytic system. In addition, the hydrogen donation capability of more silanes
could be screened and a Ti precatalyst screening could be conducted in order to increase the
selectivity of this method.
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7. Summary/Zusammenfassung

The deoxygenation reaction represents a useful transformation for both synthetic applications
and industrial scale processes like the valorisation of biomass or the synthesis of bioactive compounds.
In the first part of this thesis, some recently developed deoxygenation procedures of alcohols, carbonyls
and other oxygen-containing substrates were presented while discussing their corresponding
advantages and drawbacks. The methodologies which focused on the deoxygenation of alcohols were
divided into two categories, direct and two-step deoxygenation procedures. Additionally, in this
introductory section, the emergence of a new subcategory of the two-step procedures, which follow an
oxidation-Wolff-Kischner reduction pathway was emphasized. Furthermore, the applicability of the
deoxygenation procedures in biomass valorisation, especially lignin, was presented. In this section the
structure of lignin was presented along with its potential to lead to the generation of biofuels and other
industrially or commercially valuable compounds by applying various deoxygenation procedures on
lignin was discussed. Subsequently, the hydrogen donating capabilities of formic acid, hydrosilanes
and Hantzsch esters were considered, along several examples of reactions in which these were used as
H-donors.

In the second section of the thesis, an overview of the literature on Pd-catalysed deoxygenations
was made in order to better grasp the subtleties of these reactions/enhance the knowledge of these
reactions’ chemistry and to direct the effort of improving the optimization process of the Pd-catalysed
transfer hydrogenolysis of benzylic alcohols procedure developed by Ciszek and Fleischer. The
optimization started with a solvent screening and various loading experiments from which it was
concluded that CHCls is a suitable solvent for this transformation and that higher amounts of formic
acid and methanesulfonic acid facilitate the reaction. These experiments were followed by a ligand
screening which further strengthened the hypothesis that dtbpx (L1) is the most suitable ligand and that
the oxidized form of dtbpx (L1-O2) can have a stabilizing role on the catalytic active species.
Additionally, the negative effect of the water content was proven.

In the third and fourth sections of this thesis, the development of new non-precious metal based
deoxygenation procedures was attempted. During the development of these systems, the green
chemistry principles were taken into account. First, a literature overview on various applications in
which Co-pincer ligands complexes were utilized was presented. These literature reports supported the
development of a Co-catalysed deoxygenation procedure by using various pincer ligands and formic
acid as reducing agent. Moreover, solvent and additive screenings were conducted. Due to the
unsatisfactory results of the Co-catalysed reaction, the suitability of a bimetallic catalytic system was
tested. After analysing the available literature, a Co/Ti system was chosen for the deoxygenation of
benzylic alcohols. Besides formic acid, hydrosilanes were also trailed as reductant. By using
hydrosilanes as H-donor the catalytic system proved to be more efficient for the desired transformation
compared to the Co-based system and after conducting the control reactions it was concluded that the
Ti-based catalyst is solely able to facilitate the desired reaction. Besides hydrosilanes, the H-donor
capabilities of Hantzsch esters were also tested in the Ti-catalysed methodology and although they
proved to be very efficient for the generation of the desired products, the yields were lower compared
to the Ti-hydrosilane system.

Consequently, multiple optimization reactions and screenings were conducted in order to
optimize the Ti-catalysed deoxygenation method. These experiments showed that Me(EtO),SiH was
the optimal reducing agent for this transformation and that 1 equivalent of Mn was necessary to
efficiently reduce Cp,TiCl,to Cp,TiCl. Additionally, a prolonged activation and reaction time along
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together with increased temperature and pressure inside the reaction vessel were beneficial for the
desired transformation. Besides its suitability towards the deoxygenation of benzylic alcohols, this
catalytic system proved to be efficient in the reduction of olefins, diols, carbonyls, esters and thioesters.
Besides, sequential dehalogenation-deoxygenation and hydrogenation-deoxygenation reactions were
successfully conducted. By applying this catalytic system for the reduction of lignin model substrates
and lignin building blocks industrially valuable compounds were obtained, such as guaiacol and phenol.

Through radical scavenger and radical clock studies it was showed that this transformation
follows a radical pathway. The deuteration experiments indicated that the hydrosilanes provide the
hydrogen atom needed for the formation of a new C-H bond.

Although the results presented herein show, that the developed Ti-catalysed method for the
cleavage of C-OH bonds is a a robust methodology viable for the deoxygenation at laboratory scale of
a broad range of alcohols and other functional groups, more investigations should be conducted in order
to enhance the selectivity of the procedure. Additionally, further optimization reactions should be
conducted in order to the upscale the procedure.
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Experimental section

Die Deoxygenierungsreaktion stellt eine niitzliche Umwandlung sowohl fiir synthetische
Anwendungen als auch fiir Verfahren im industriellen MaBstab dar, zum Beispiel fiir die Verwertung
von Biomasse oder die Synthese bioaktiver Molekiile. Im ersten Teil dieser Arbeit wurden einige
kiirzlich entwickelte Verfahren zur Deoxygenierung von Alkoholen, Carbonylen und anderen
sauerstofthaltigen Substraten vorgestellt und ihre jeweiligen Vor- und Nachteile erortert. Die
Methoden, die sich auf die Deoxygenierung von Alkoholen konzentrierten, wurden in zwei Kategorien
unterteilt: direkte und zweistufige Deoxygenierungen. Zusétzlich wurde in diesem einleitenden
Abschnitt die Entstehung einer neuen Unterkategorie der zweistufigen Verfahren hervorgehoben, die
einem Oxidations-Wolff-Kischner-Reduktionsweg folgen. Dariiber hinaus wurde die Anwendbarkeit
der Deoxygenierungsreaktionen bei der Verwertung von Biomasse, insbesondere von Lignin,
vorgestellt. In diesem Abschnitt wurde die Struktur von Lignin vorgestellt und dessen Potenzial zur
Erzeugung von Biokraftstoffen und anderen industriell oder kommerziell wertvollen Verbindungen
durch die Anwendung verschiedener Desoxygenierungsmethoden erortert. AnschlieBend wurden die
Hydrierfdhigkeiten von Ameisensdure, Hydrosilanen und Hantzsch-Estern sowie mehrere Beispiele
von Reaktionen, bei denen diese als Wasserstoffdonoren eingesetzt wurden, betrachtet.

Im zweiten Abschnitt der Arbeit wurde ein Literaturiiberblick zu Pd-katalysierten
Desoxygenierungen gegeben, um die Feinheiten dieser Reaktionen besser zu verstehen bzw. das Wissen
iiber diese Reaktionen zu erweitern. Des Weiteren wurden Bemiihungen zur Verbesserung des
Optimierungsprozesses des von Ciszek und Fleischer entwickelten Verfahrens der Pd-katalysierten
Transferhydrogenolyse von Benzylalkoholen angestrebt. Die Optimierung begann mit einem
Losungsmittel-Screening und der Variation der Stochiometrie. Dabei stellte sich herraus, dass CHCl;3
ein geeignetes Losungsmittel fiir diese Reaktion ist und dass hohere Mengen an Ameisensdure und
Methansulfonsdure die Reaktion erleichtern. Auf diese Experimente folgte ein Ligandenscreening, das
die Hypothese weiter untermauerte, dass dtbpx (L.1) der am besten geeignete Ligand ist und dass die
oxidierte Form von dtbpx (LL1-O;) eine stabilisierende Rolle fiir die katalytisch aktive Spezies haben
kann. AuBerdem wurde der negative Einfluss des Wassergehalts nachgewiesen.

Im dritten und vierten Abschnitt dieser Arbeit wurde die Entwicklung von neuen, nicht
edelmetallbasierter Deoxygenierungsverfahren untersucht. Bei der Entwicklung dieser Systeme wurden
die Grundsétze der umweltfreundlichen Chemie beriicksichtigt. Zundchst wurde ein Literaturiiberblick
iiber verschiedene Anwendungen gegeben, bei denen Co-Pincer-Liganden-Komplexe verwendet
wurden. Diese Literaturberichte unterstiitzten die Entwicklung einer Co-katalysierten
Deoxygenierungsmethode unter Verwendung verschiedener Pincer-Liganden und Ameisensaure als
Reduktionsmittel. Auerdem wurden Losungsmittel- und Additivscreenings durchgefiihrt. Aufgrund
der unbefriedigenden Ergebnisse der Co-katalysierten Reaktion wurde die Eignung eines
bimetallischen katalytischen Systems gepriift. Nach Analyse der verfiigbaren Literatur wurde ein Co/Ti-
System fiir die Desoxygenierung von Benzylalkoholen ausgewé#hlt. Neben Ameisensdure wurden auch
Hydrosilane als Reduktionsmittel verfolgt. Durch die Verwendung von Hydrosilanen als H-Donor
erwies sich das katalytische System im Vergleich zum Co-basierten System als effizienter fiir die
gewiinschte Umwandlung, und nach Durchfiihrung der Kontrollreaktionen wurde festgestellt, dass der
Ti-basierte Katalysator allein in der Lage ist, die gewiinschte Reaktion zu ermdglichen. Aufler
Hydrosilanen wurden auch die H-Donor-Féhigkeiten von Hantzsch-Estern in diesem Ti-katalysierten
Protokoll getestet. Obwohl diese sich als sehr effizient fiir die Erzeugung der gewiinschten Produkte
erwiesen, waren die Ausbeuten im Vergleich zum Ti-Hydrosilan-System geringer.
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Folglich wurden mehrere Optimierungsreaktionen und Screenings durchgefiihrt, um die Ti-
katalysierte Deoxygenierungsmethode zu optimieren. Diese Experimente zeigten, dass Me(EtO).SiH
das optimale Reduktionsmittel fiir diese Umwandlung war und dass 1 Aquivalent Mn erforderlich war,
um Cp,TiCl, effizient zu Cp,TiCl zu reduzieren. AuB3erdem waren eine verlangerte Aktivierungs- und
Reaktionszeit sowie eine erhdhte Temperatur und ein erhdhter Druck im Reaktionsgefa3 fiir die
gewlinschte Umwandlung von Vorteil. Neben seiner Eignung fiir die Deoxygenierung von
Benzylalkoholen erwies sich dieses Katalysatorsystem auch als effizient bei der Reduktion von
Olefinen, Diolen, Carbonylen, Estern und Thioestern. AuBerdem wurden sequenzielle
Dehalogenierungs-Desoxygenierungs- und Hydrierungs-Desoxygenierungsreaktionen erfolgreich
durchgefiihrt. Durch die Anwendung dieses katalytischen Systems fiir die Reduktion von
Ligninmodellsubstraten und Ligninbausteinen wurden industriell wertvolle Verbindungen wie
Guajakol und Phenol gewonnen.

Durch Radikalfanger- und Radikaluhrstudien wurde gezeigt, dass diese Umwandlung einem
radikalischen Weg folgt. Die Deuterierungsexperimente deuteten darauf hin, dass die Hydrosilane das
fiir die Bildung einer neuen C-H-Bindung bendtigte Wasserstoffatom liefern.

Obwohl die hier vorgestellten Ergebnisse zeigen, dass die entwickelte Ti-katalysierte Methode
zur Spaltung von C-OH-Bindungen eine robuste Methode ist, die fiir die Desoxygenierung eines breiten
Spektrums von Alkoholen und anderen funktionellen Gruppen im Labormalstab geeignet ist, sollten
weitere Untersuchungen durchgefiihrt werden, um die Selektivitdt des Verfahrens zu verbessern.
AuBerdem sollten weitere Optimierungsreaktionen durchgefithrt werden, um das Verfahren zu
optimieren.
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8. Experimental Part
8.1.  General Information

Bis(cyclopentadienyl)titanium(I'V) dichloride, was supplied by Sigma-Aldrich and was stored
in the Glovebox (GS MEGA E-Line, Glovebox Systemtechnik). Mn dust (Mash 325) was obtained
from Alfa Aesar and stored in the Glovebox. The silanes were supplied by Acros, Sigma-Aldrich and
Alfa Aesar and stored under Ar in Schlenk tubes. The alcohols, aldehydes, ketones and all other
chemicals used in the optimization and substrates screening, which were not synthesized, were
purchased from TCI, Sigma-Aldrich, BLD Pharm, Fluorochem, Alfa Aesar and ABCR and used
without any further purification. The dry and degassed solvents were stored under Ar over Molecular
Sieves (3A). All catalytical reactions were carried out under Ar atmosphere in under vacuum flame-
dried Schlenk pressure tubes (maxiumum pressure 5 bar) bearing PTFE screw-caps.

8.2.  Chromatography and Analytical Techniques
Column chromatography and TLC

Column chromatography was carried out manually using gravity flow under isocratic
conditions. All the solvents used for chromatography were distilled prior to use. The silica gel (0.04—
0.063 mm) was purchased from Machery&Nagel.

Thin-Layer Chromatography (TLC) was performed aluminum 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.

Gas chromatography (GC)

GC-FID analysis was carried out on an Agilent 7820A system with G4567A injector by using
dry hydrogen as carrier gas and an Agilent 19091J-431 column (30 m, 320 um, 0.25 pm). Two programs
were used: heating from 50 °C to 280 °C with a 20 °C/min heating rate (Mrmp1) and heating from 35
°C to 280 °C with a 10 °C/min heating rate (Mrip2).

The internal standard used for quantitative GC was n-pentadecane. The samples for the
calibration lines used for determining the GC- yields were prepared by using defined amounts of
substrate and internal standard. The obtained data was used to plot the ration of peak areas against the
mass ratio and resulting slope, which is equivalent to the response factor (R), was used to quantify
unknown samples by using following equation. y-Intercepts are not considered.

m(substrate) _ A(substrate)
m(standard) ~ A(standard)

GC-MS analysis was performed on an Agilent 7820A GC-system with G4513A injector
coupled with an Agilent 5977B MSD by using hydrogen as carrier gas (Method: Heating from 50 °C to
280 °C with a 20 °C/min heating rate - Mwmsl), an Agilent 8890 GC-system with G4513A injector
coupled with an Agilent 5977B MSD by using helium as carrier gas (Method: Heating from 40 °C to
300 °C with a 10 °C/min heating rate — Mwms2) and Agilent 7820A GC-system with G4513A injector
coupled with an Agilent 5977B MSD by using hydrogen as carrier gas (Method: Heating from 35 °C to
280 °C with a 10 °C/min heating rate - Mwms3).

For the identification of non-isolated compounds the obtained GC-MS chromatograms (Red)
were compared with the existing chromatograms in NIST GC-MS Database (Blue). As a quality
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parameter Match Factor (MF) and Reverse Match Factor were considered (900 or greater - excellent
match; 800-900 - a good match; 700-800 - fair match. Less then 600 - very poor match.)!

Nuclear magnetic resonance (NMR) spectroscopy

NMR spectra were recorder using a Bruker Avance 400 ("H: 400 MHz, *C:101 MHz) or Bruker
Avance 300 ('H: 300 MHz, "*C: 75 MHz). All NMR measurements were performed at ambient
temperature. Chemical shifts (&) are reported in ppm (parts per million) relative to the residual NMR
solvent signals (*H: CDCls: d = 7.26 ppm, *C: CDCls: d = 77.16). Coupling constants J are reported in
Hz (Hertz) and the splitting patters in "H NMR spectra are described as follows: s = singlet, bs = broad
singlet, d = doublet, t = triplet, q = quartet, m = multiplet.

Infrared spectroscopy
FT-IR spectra were recorded using an Agilent Cary 630 FTIR.

8.3.  General Experimental Procedures for Deoxygenation of Benzylic Alcohols
GPI. Pd-catalyzed deoxygenation procedure of benzylic alcohols developed during this thesis
Palladium(IT) bis(acetylacetonate) (3.05 mg, 0.01 mmol, 1.00 mol%) and dtbpx (21.0 mg,
0.05 mmol, 5.00 mol%) were added in a dry schlenk tube inside the glovebox. Dry chloroform (2 mL)
and 1-phenylethanol (0.120 mL, 1.00 mmol, 1.00 equiv.) were added in the schlenk tube in argon
counter stream and the reaction mixture was stirred for 2.5 h at room temperature. After this period
methanesulfonic acid (0.013 mL, 0.20 mmol, 0.20 equiv.) was added and the resulting reaction mixture
was stirred at room temperature for 30 min. Following these 30 min formic acid (0.19 mL, 10.0 mmol,
10.0 equiv.) was added and the reaction was stirred for 18h at 100°C. The palladium catalyst was
quenched with Quadrasil. Yields were determined via quantitative GC-FID using n-pentadecane as
internal standard.

GP2. Ti/Co co-catalyzed deoxygenation of benzylic alcohols using disiloxane as reducting agent

A flame-dried schlenk tube is charged with CoBrze 6H20 (26.2 mg, 0.12 mmol, 12.0 mol%)
and heated under vacuum with the heat gun until colour change from purple to green is observed. After
that it is charged with L.25 (40 pL, 0.10 mmol, 10.0 mol%), Cp,TiCl, (24.9 mg, 0.10 mmol, 10.0 mol%)
and Mn (27.5 mg, 0.50 mmol, 0.50 equiv.) in the glovebox. Afterwards the reaction vessel was taken
out of the glovebox and 1-phenylethanol (0.120 mL, 1.00 mmol, 1.00 equiv.) and 3 mL dry THF are
added. Subsequently, the reaction mixture is stirred for 30 min. at r.t. Thereafter TMDSO (0.53 mL,
3.00 mmol, 3.00 equiv.) was added and the reaction mixture was stirred over night at 80°C. After this
period the reaction mixture was cooled to r.t. and quenched with Lewatit TP207. The 0.1 mL sample
from reaction mixture was diluted with 1.4 mL DCM and passed through a Celite, Alumina and MgSO,
column. Yields were determined via quantitative GC-FID using n-pentadecane as internal standard.

GP3. Ti-catalyzed deoxygenation of benzylic alcohols using Hantzsch esters as reduction agent

A flame-dried inert Schlenk pressure tube was charged with Cp,TiCl, (37.3 mg, 0.15 mmol, 15 mol%)
and Mn (54.9 mg, 1.00 mmol, 1.00 equiv.) in the glove box. Then, benzyl alcohol (0.104 mL, 1.00
mmol, 1.00 equiv.) and 2 mL THF were added outside the glovebox and the mixture was stirred for 2 h
at 50 °C. Afterwards, Hantzsch ester (557 mg, 2.20 mmol, 2.20 equiv.) was added to the solution and
the reaction was stirred for 18 h at 80 °C. After it cooled to room temperature, the crude reaction mixture
was diluted with 3.5 mL ethyl acetate and 0.10 mL sample from the crude reaction mixture was further
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diluted with 1.4 mL DCM and passed through a Celite, Alumina and MgSO4 column. The yields were
determined via quantitative GC-FID using n-pentadecane as internal standard.

GP4. Ti-catalyzed deoxygenation of benzylic alcohols using silanes as reduction agent

A flame-dried Schlenk-tube equipped with a stirring bar was charged in the glovebox with
Cp2TiCl; (24.9 mg, 0.10 mmol, 10.0 mol%) and Mn (54.9 mg, 1.00 mmol, 1.00 equiv.). Then, the vessel
was taken out of the glovebox and the benzylic alcohol (1.00 mmol, 1.00 equiv.) was added to the
mixture. The components were dissolved in 2mL 2-MeTHF and stirred at 50 °C for 2.5 h.
Diethoxymethylsilane (0.48 mL, 3.00 mmol, 3 equiv.) was added and the reaction was heated to 100 °C
and stirred for 16h. After the completion of the reaction the mixture was cooled to 0 °C and quenched
with Lewatit.

For NMR analysis: 1M HCI (5 mL) was added to the crude mixture and stirred for 24 h. Then,
the reaction was extracted with DCM or EtOAc (3 x 10 mL) and the collected organic phases were
washed with brine (3 x 10 mL), dried over Na,SO4 and filtered. The solvent was evaporated, and the
crude product was purified by column chromatography (Solvent mixture stated for every reaction).

For GC-FID and GC-MS analysis: A 0.10 mL sample from the crude reaction mixture was
diluted with 1.4 mL DCM and passed through a Celite, Alumina and MgSO4 column. For analysis via
GC-FID, n-pentadecane was used as internal standard.

Adding Me(EtO),SiH
alcohol .\
addition
and
heating
to 50 B : 3
Cp,TiCl, and § . " After
i ' | Me(EtO), SiH
Mn mixture During the 2 h stirring at 50 °C. Color S(Bt0),5i
before addition

of the mixture varies among different
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8.4.  Other General Experimental Procedures
GP5. Synthesis of benzylic alcohols

The benzylic alcohols were synthesized by reduction with NaBH4 following a modified
literature procedure.? In a 100 mL round bottom flask the respective aldehyde or ketone (5.00 mmol,
1.00 equiv.) was dissolved in methanol (10 mL) and cooled in an ice bath. Then, NaBH4 (10.0 mmol,
2.00 equiv.) was added in portions. After the addition, the solution was allowed to warm to ambient
temperature and was stirred until the completion of the reaction was confirmed by TLC. The solution
was cooled in an ice bath and quenched with ice and water. Then, methanol was removed under reduced
pressure and the mixture was extracted with DCM (3 x 10 mL). The collected organic phases were
washed with brine (3 x 10 mL), dried over Na,SO4 and filtered. The solvent was evaporated, and the
respective alcohol was obtained and used without further purification except if otherwise stated.

GPo6. Synthesis of Hantzsch esters

Following a modified literature procedure,* aldehyde (3.00 mmol, 1.00 equiv.), NHsOAc (2.25
mmol, 174 mg, 1.50 equiv.), ethyl acetoacetate (3.15 mmol, 0.40 mL, 2.10 equiv.) and 1.5 mL ethanol
were mixed in a pressure tube and mixture was then stirred for 15 h at 85 °C. The reaction mixture was
then cooled at room temperature and quenched with ice-cooled water. The aqueous phase was then
extracted with ethyl acetate (3 * 5 mL) and the combined organic phases were washed with 5 mL
thiosulfate solution, 5 mL water and then dried over Na,SO4. The solvent was evaporated in vacuo and
the desire product was purification via recrystallization in EtOH/water.
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8.5.  Analytical Data for Isolated Deoxygenation Products

2-methylnaphtalene (2¢)

2c

According to GP4, 2-methylnaphtalene (2¢) was synthesized from 2-Naphthalenemethanol (158 mg,
1.00 mmol, 1.00 equiv.), over 16h. The product was isolated by column chromatography
(Hexane/Ethyl acetate 4:1) and was afforded as a colorless solid (128 mg, 0.90 mmol, 90%, 95%
determined by GC-FID). Analytical data was in accordance with the literature.*

C11H1o (14220 g/mol)

R¢: 0.89 (4:1 Hex:EtOAc)

"H-NMR (400 MHz, Chloroform-d, 8u/ppm) 7.82 — 7.73 (m, 3H), 7.64 — 7.60 (m, 1H), 7.47 — 7.38 (m,
2H), 7.32 (dd, J= 8.4, 1.7 Hz, 1H), 2.52 (s, 3H)

3C-NMR (100 MHz, CDCls, 8c/ppm) 135.6, 133.8, 131.8, 128.3, 127.8, 127.7, 127.4, 126.9, 126.0,
125.1,21.9.

GC-MS (EI): 142.1 (100, [M*]), 126.0 ([M++]-[CH;3]), 115.0 ([M++]-[CH;]), 102.0 ([M++]-[CCHCHs])
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"H-NMR: (400 MHz, CDCls) of 2¢
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1-(tert-butyl)-4-methylbenzene (2d)

2d

According to GP4, 1-(tert-butyl)-4-methylbenzene (2d) was synthesized from 4-tert-butylbenzyl
alcohol (0.170 mL, 164 mg, 1.00 mmol, 1.00 equiv.), over 16 h. The product was isolated by column
chromatography (Hexane/Ethyl acetate 4:1) and was afforded as a colorless oil (130 mg, 0.88 mmol,
88%, 92% determined by GC-FID). Analytical data was in accordance with the literature.’
Ci1Hi6(148.25 g/mol)

Ry: 0.88 (4:1 Hex:EtOAc)

"H-NMR (400 MHz, CDCl;) 8u/ppm: 7.31 — 7.27 (m, 2H), 7.14 — 7.10 (m, 2H), 2.32 (s, 3H), 1.31 (s,
9H); Impurity — Pentadecane (internal standard)

13C-NMR (100 MHz, CDCl3) 5¢/ppm: 148.3, 134.9, 128.9 (2), 125.3 (2), 34.5, 31.6, 21.0.

GC-MS (EI): 148.11 (100, [M™]), 133.12 (IM*]-[CHs]), 115.05 ([M"]-2[CH5"]), 105.05 ([M*]-
3[CH;"), 93.07 (M ™]-3[CH5]-[CH5]), 91.07 ((M*]-[CsHy]), 77.04 (IM*]-[C4Hy]-[CH5])

136



Experimental section

"H-NMR: (400 MHz, CDCl;) of 2d
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1-methylnaphtalene (2f)

2f

According to GP4, 1-methylnaphtalene (2f) was synthesized from 1-naphthalenemethanol (158 mg,
1.00 mmol, 1.00 equiv.), over 16h. The product was isolated by column chromatography
(Hexane/Ethyl acetate 4:1) and was afforded as a colorless oil (134 mg, 0.94 mmol, 94%, 97%
determined by GC-FID). Analytical data was in accordance with the literature.®

C11H1o(142.20 g/mol)

Ry: 0.91 (4:1 Hex:EtOAc)

"H-NMR (400 MHz, Chloroform-d, 8n/ppm) 8.03 — 7.98 (m, 1H), 7.87 — 7.83 (m, 1H), 7.77 — 7.71 (m,
1H), 7.55 - 7.46 (m, 2H), 7.41 — 7.29 (m, 2H), 2.70 (s, 3H).

BC-NMR (100 MHz, CDCls, 8c¢/ppm) 134.40, 133.7, 132.8, 128.7, 126.7, 126.5, 125.8, 125.7, 125.7,
124.2,19.5.

GC-MS (EI): 142.1 (100, [M*]), 126.0 ([M++]-[CHs]), 115.0 ([M++]-[CH3]), 102.0 ((M++]-[CCHCH3])
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4-methylbiphenyl (2g)

(.

According to GP4, 1-methylnaphtalene (2g) was synthesized from 1,1-Biphenyl-4-methanol (184 mg,
1.00 mmol, 1.00 equiv.) over 16 h. The product was isolated by column chromatography (Hexane/Ethyl
acetate 4:1) and was afforded as a colorless solid (138 mg, 0.82 mmol, 82%, 89% determined by GC-
FID). Analytical data was in accordance with the literature.’

C13H12 (16809 g/mol)

R¢: 0.83 (4:1 Hex:EtOAc)

IH-NMR (400 MHz, CDCls) 8/ppm: 7.60 — 7.56 (m, 2H), 7.52 — 7.48 (m, 2H), 7.45 — 7.41 (m, 2H),
7.34 - 7.31 (m, 1H), 7.27-7,23 (m, 1H), 2.40 (s, 3H).

3C-NMR (100 MHz, CDCls) 8¢/ppm: 141.3, 138.5, 137.2, 129.6, 128.9, 127.1, 127.1, 21.3.

GC-MS (EI): 168.1 (100, [M*™]), 152.1 (32, [M"]-[CH5]), 91.0 (8, [M*]-[CeHs'])
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"H-NMR: (400 MHz, CDCl;) of 2g
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4-methylanisole (2h)
AT
| 2n

According to GP4, 4-methylanisole (2h) was synthesized from 4-methoxybenzyl alcohol (0.127 mL,
138 mg, 1.00 mmol, 1.00 equiv.), over 16 h. The product was isolated by column chromatography
(Hexane/Ethyl acetate 4:1) and was afforded as a colorless oil (56 mg, 0.46 mmol, 46%, 92%
determined by GC-FID). Analytical data was in accordance with the literature.

CsH100 (122.07 g/mol)

R¢: 0.74 (4:1 Hex:EtOAc)

'H-NMR (400 MHz, CDCl;) 8i/ppm: 7.13 — 7.04 (m, 2H), 6.85 — 6.76 (m, 2H), 3.78 (s, 3H), 2.29 (s,
3H).

13C-NMR (100 MHz, CDCls) 5¢/ppm: 157.6, 130.0, 113.8, 55.4, 20.6.

GC-MS (EI): 122.09 (100, [M*]), 107.05 ([M"]-[CH5]), 91.06 ([M""]-[OCH5']), 77.04 ([M*]-[CH5]-
[OCH;T)
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"H-NMR: (400 MHz, CDCl;) of 2h
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1-methyl-4-methylsulfanylbenzene (2i)

S

I 2i
According to GP4, 1-methyl-4-methylsulfanylbenzene (2i) was synthesized from 4-(methylthio)benzyl
alcohol (0.127 mL, 138 mg, 1.00 mmol, 1.00 equiv.) over 16 h. The product was isolated by column
chromatography (Hexane/Ethyl acetate 98:2) and was afforded as a colorless solid (48 mg, 0.35 mmol,
35%, 48% determined by GC-FID). Analytical data was in accordance with the literature.?
CsHioS (138.23 g/mol)
Ry: 0.50 (98:2 Hex:EtOAc)

IH-NMR: (400 MHz, CDCL): 8/ppm = 7.20 — 7.17 (m, 2H), 7.11 — 7.09 (m, 2H), 2.46 (s, 3H), 2.31 (s,
3H)

BC-NMR: (101 MHz, CDCl): 8/ppm = 135.2, 134.8, 129.7, 127.5, 21.1, 16.7.

GC-MS: (EI): m/z = 138.0 (100, [M*™]), 123.0 (29, [M"]-[CH5), 91.1 (60, [M*]-[SCH5'])
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"H-NMR: (400 MHz, CDCl;) of 2i
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1,2,3-trimethoxy-5-methylbenzene (2j)

2j
According to GP4, 1,3,5-trimethoxy-5-methylbenzene (2j) was synthesized from (2,4,6-
trimethoxyphenyl)methanol (198 mg, 1.00 mmol, 1.00 equiv.) over 16 h. The product was isolated by
column chromatography (Hexane/Ethyl acetate 98:2) and was afforded as a colorless solid (124 mg,
0.68 mmol, 68%, 73% determined by GC-FID). Analytical data was in accordance with the literature.’
C10H1403 (1 82.22 g/mol)
R¢: 0.36 (98:2 Hex:EtOAc)
"H-NMR: (400 MHz, CDCl3): 8/ppm = 6.14 (s, 2H), 3.80 (s, 9H), 2.02 (s, 3H); Impurity — Ethyl acetate
BC-NMR: (101 MHz, CDCls): 8/ppm = 158.9, 106.9, 90.7, 58.3, 55.9, 18.4, 7.8.

GC-MS: (EI): m/z = 182.1 (100, [M*]), 167.1 (28, [M*]-[CH5]), 151.1 (33, [M*]-[OCH5"])

146



Experimental section

"H-NMR: (400 MHz, CDCl;) of 2j
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4,4,5,5-tetramethyl-2-(4-methylphenyl)1,3,2-dioxoborolane (2q)

A%o\gﬁj
2q

According to GP4, 4,4,5,5-tetramethyl-2-(4-methylphenyl)1,3,2-dioxoborolane (2q) was synthesized
from  (4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)methanol (234 mg, 1.00 mmol,
1.00 equiv.) over 16 h. The product was isolated by column chromatography (Hexane/Ethyl acetate
98:2) and was afforded as a colorless solid (205 mg, 0.94 mmol, 94%, 99% determined by GC-FID).
Analytical data was in accordance with the literature.!”

C13H19B02 (218.10 g/mol)

R¢: 0.44 (98:2 Hex:EtOAc)

'"H-NMR: (400 MHz, CDCl;): 8/ppm = 7.70 (d, J = 7.5 Hz 2H), 7.20 (d, J = 7.5 Hz, 2H), 2.37 (s, 3H),
1.34 (s, 12H); Impurity — Pentadecane (internal standard)

BC-NMR: (101 MHz, CDCls): 8/ppm = 141.5, 135.0, 128.7, 83.8, 29.9, 25.0, 21.9.

GC-MS: (EI): m/z = 218.2 (40, [M*™]), 203.2 (52, [M"]-[CH5"]), 119.1 (100, [M*]-[CH3']-[C2(CH3)s]),
91,1 (20, [M*]-[BO2C(CHz)s])
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"H-NMR: (400 MHz, CDCl;) of 2q
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5-methylbenzo|d][1,3]dioxole (2r)

O
T
2r
According to GP4, 5-methylbenzo[d][1,3]dioxole (2r) was synthesized from piperonyl alcohol
(152 mg, 1.00 mmol, 1.00 equiv.) over 16 h. The product was isolated by column chromatography
(Hexane/Ethyl acetate 98:2) and was afforded as a colorless oil (38 mg, 0.28 mmol, 28%, 94%
determined by GC-FID). Analytical data was in accordance with the literature.!!
CgHgO2 (136.15 g/mol)
Ry: 0.49 (98:2 Hex:EtOAc)

IH-NMR: (400 MHz, CDCL): 8/ppm = 6.72 — 6.70 (m, 1H), 6.67 — 6.66 (m, 1H), 6.63 — 6.60 (m, 1H),
5.91 (s, 2H), 2.28 (s, 3H)

BC-NMR: (101 MHz, CDCls): 8/ppm = 147.6, 131.4, 121.6, 109.7, 108.2, 100.8, 31.8, 21.3.

GC-MS: (EI): m/z = 136.0 (100, [M"]), 121.0 (3, [M"]-[CH5]), 77.0 (45, [CeHs])
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"H-NMR: (400 MHz, CDCl;) of 2r
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1,2,3,4-tetrahydronaphtalene (2x)

O

2x
According to GP4, 1,2,3,4-tetrahydronaphtalene (2x) was synthesized from 1-Tetralol (0.136 mL,
148 mg, 1.00 mmol, 1.00 equiv.) over 16 h. The product was isolated by column chromatography
(Hexane/Ethyl acetate 98:2) and was afforded as a colorless liquid (88 mg, 0.60 mmol, 60%, 86%
determined by GC-FID). Analytical data was in accordance with the literature.'?
C10H12(132.21 g/mol)
Rt 0.85 (98:2 Hex:EtOAc)

IH-NMR: (400 MHz, CDCls): 8/ppm = 7.09 — 7.06 (m, 4H), 2.78 (p, J= 3.9 Hz, 4H,), 1.81 (p, J= 3.9
Hz, 4H)

BC-NMR: (101 MHz, CDCls): &/ppm = 137.3, 129.3, 125.5, 29.5, 23.3.

GC-MS: (E): m/z = 132.1 (43, [M"]), 104.1 (100, [M"]-[C2H4]), 91.1 (40, [M™]-[C5Hs])
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"H-NMR: (400 MHz, CDCl;) of 2x
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diphenylmethane (2aa)

2aa

According to GP4, diphenylmethane (2aa) was synthesized from benzhydrol (183 mg, 1.00 mmol,
1.00 equiv.) over 16 h. The product was isolated by column chromatography (Hexane/Ethyl acetate
98:2) and was afforded as a colorless oil (104 mg, 0.62 mmol, 62%, 75% by GC-FID). Analytical data
was in accordance with the literature.'

C13H12 (16826 g/mol)

Ry 0.66 (98:2 Hex:EtOAc)

TH-NMR: (400 MHz, CDCl5): &8/ppm = 7.31 — 7.27 (m, 4H), 7.22 — 7.19 (m, 6H), 3.99 (s, 2H)
BC-NMR: (101 MHz, CDCls): 6/ppm = 141.3, 129.1, 128.6, 126.2, 42.1.

GC-MS: (E): m/z = 168.1 (100, [M*™]), 91.1 (29, [M*]-[CsHs])
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"H-NMR: (400 MHz, CDCls) of 2aa
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9H-fluorene (2ab)

O
2ab

According to GP4, 9H-fluorene (2ab) was synthesized from fluoren-9-ol (182 mg, 1.00 mmol,
1.00 equiv.) over 16 h. The product was isolated by column chromatography (Hexane/Ethyl acetate
98:2) and was afforded as a colorless solid (115 mg, 0.69 mmol, 69%, 88% determined by GC-FID).
Analytical data was in accordance with the literature.'*
Ci3Hio (16622 g/mol)
Ry 0.55 (98:2 Hex:EtOAc)

TH-NMR: (400 MHz, CDCls): 8/ppm = 7.80 (d, J = 7.7 Hz, 2H), 7.55 (m, 2H), 7.41 — 7.35 (m, 2H),
7.32 —7.28 (m, 2H), 3.91 (s, 2H).

BC-NMR: (101 MHz, CDCls): 6/ppm = 143.4, 141.8, 126.9, 126.8, 125.2, 120.0, 37.1.

GC-MS: (E): m/z = 166.1 (100, [M™]), 165.1 (88, [M"]-[H])
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"H-NMR: (400 MHz, CDCl;) of 2ai
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4-Propylguaiacol (132)

HO

~

132

According to GP4, 4-Propylguaiacol (132) was synthesized from coniferyl alcohol (180 mg,
1.00 mmol, 1.00 equiv.) over 16 h. The product was isolated by column chromatography (Hexane/Ethyl
acetate 98:2) and was afforded as a colorless liquid (87 mg, 0.52 mmol, 52%, 76% determined by GC-
FID). Analytical data was in accordance with the literature.'®

C10H1402 (166.22 g/mol)

Ry: 0.48 (98:2 Hex:EtOAc)

"H-NMR: (400 MHz, CDCl;): 8/ppm = 6.83 (dd, J = 8.1, 0.9 Hz, 1H), 6.68 (m, 2H), 5.44 (s, 1H), 3.88
(s, 3H), 2.52 (t, J = 7.3, 2H), 1.68 — 1.55 (m, 2H), 0.94 (t, J = 7.3 Hz, 3H); (90% purity) Impurity —
pentadecane

BC-NMR: (101 MHz, CDCls): 8/ppm = 146.4, 143.7,134.8, 121.1, 114.2, 111.1, 56.0, 37.9, 25.0, 13.9.

GC-MS: (EI): m/z = 166.1 (32, [M*]), 137.1 (100, [M"]-[CoHs]), 122.1 (10, [M*]-[ CsH7]), 77.0 (4,
[CeHs'])
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"H-NMR: (400 MHz, CDCl;) of 132

HO
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1,2-dimethoxy-4-propylbenzene (139)

~0

~

139

According to lower scale GP4 (0.75 equiv.) 1,2-dimethoxy-4-propylbenzene (139) was synthesized
from adlerol (138)(250 mg, 0.75 mmol, 1.00 equiv.) over 16 h. The product was afforded as a colorless
liquid (61 mg, 0.34 mmol, 45%, 67% determined by GC-FID). Analytical data was in accordance with
the literature.!®

C11Hi602 (180.25 g/mol)

Ry: 0.76 (98:2 Hex:EtOAc)

"H-NMR: (400 MHz, CDCls): 8/ppm = 6.79 (d, J = 8.7 Hz, 1H), 6.74 — 6.70 (m, 2H), 3.87 (s, 3H), 3.86
(s, 3H), 2.56 — 2.50 (m, 2H), 1.68 — 1.57 (m, 2H), 0.94 (t, J = 7.3 Hz, 3H) — 4:3 mixture
product:pentadecane

BC-NMR: (101 MHz, CDCls): 8/ppm = 148.9, 147.2,135.5,120.3,111.9, 111.3, 55.9, 37.8,24.9, 13.9.

GC-MS: (EI): m/z = 180.1 (32, [M*]), 151.1 (100, [M"]-[CoHs]), 91 (19, [M*]-[CH; O°]-[CHs]),
77.0 (21, [CeHs])
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"H-NMR: (400 MHz, CDCls) of 23

mmmmmmmmmm
BRRRRRNSRRR

wwwwwwwwww

88 C15H32(CH3)

92

0.
0.

Y

~0
~
I
I o0 T T T
0 85 80 75 70 65 6.0 55 50 45 ) 35 30 25 20 15 10 05 0.
f1 (ppm)
BC-NMR: (100 MHz, CDCls) of 23
zﬁ 2 :‘ :\:/ 7 5 3 “
~0
~
. | ,
b7 a0 19 180 7 160 150 140 130 1l 100 9% 8 7 6 E) ) 3 pl) 1

f1 (ppm)

161



Experimental section

guaiacol (140)

CL,
O

I
140

According to lower scale GP4 (0.75 equiv.), guaiacol (140) was synthesized from adlerol (138)
(250 mg, 0.75 mmol, 1.00 equiv.) over 16 h. The product was afforded as a colorless liquid (32 mg,
0.26 mmol, 34%, 41% determined by GC-FID). Analytical data was in accordance with the literature.!’
C7H3s0; (124.14 g/mol)

Ry: 0.51 (98:2 Hex:EtOAc)

IH-NMR: (400 MHz, CDCls): 8/ppm = 6.95 — 6.91 (m, 1H), 6.90 — 6.83 (m, 3H), 5.59 (s, 1H), 3.89 (s,
3H)

BC-NMR: (101 MHz, CDCls): 8/ppm = 146.7, 145.8, 121.6, 120.3, 114.7, 110.8, 56.0.

GC-MS: (E): m/z = 124.1 (29, [M"]), 109.1 (40, [M"]-[CH57), 81.1 (100, [M*]-)
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"H-NMR: (400 MHz, CDCl;) of 140
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8.6.  Analytical Data for Non-isolated Deoxygenation Products

ethylbenzene (2)

2

According to GP4, ethylbenzene (2) was synthesized from 1-phenylethanol (4) (0.120 mL, 122 mg,
1.00 mmol, 1.00 equiv.) and from styrene (0.115 mL, 104.1 mg, 1.00 mmol, 1.00 equiv.) over 16 h. The
product was afforded in 78% (from 1-phenylethanol) and 72% (from styrene) yield determined by
GC-FID.

CsHi0(106.17 g/mol)

GC-FID: R;=3.582 (Mfm1)

GC-MS: (EI): m/z = 106.1 (46, [M™]), 91.1 (100, [M™]-[CH5"]), 77.0 (10, [M™]-[C;H5']); R = 6.985
(Mwms2)
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toluene (2a)

Cr

2a

According to GP4, toluene (2a) was synthesized from benzyl alcohol (4a) (0.104 mL, 108 mg,
1.00 mmol, 1.00 equiv.) over 16 h. The product was afforded in 97% yield determined by GC-FID.
C7Hs(92.14 g/mol)

GC-FID: Rt =3.052 (MFIDI); Rt =4.254 (MFIDZ)

GC-MS: (EI): m/z=92.1 (70, [M™]), 91.1 (100, [M"]-[H']); R = 5.014 (Mms2)
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cumene (2b)

o

2b

According to GP4, cumene (2b) was synthesized from 2-phenyl-2-propanol (4b) (0.140 mL, 136 mg,
1.00 mmol, 1.00 equiv.) over 16 h. The product was afforded in 19% yield determined by GC-FID.
CoH12(120.09 g/mol)

GC-FID: R;=3.976 (Mrm1)

GC-MS: (EI): m/z=120.1 (39, [M™]), 105.1 (100, [M"]-[C:H5"]), 77.0 (15, [M"]-[C5H7]); R( = 8.248
(Mwms2)
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2e

According to GP4, p-xylene (2e¢) was synthesized from 4-methylbenzyl alcohol (4e) (0.120 mL,

122 mg, 1.00 mmol, 1.00 equiv.) over 16 h. The product was afforded in 95% yield determined by GC-
FID.

CsHi0(106.17 g/mol)
GC-FID: R, = 3.617 (Mrip1)
GC-MS: (E): m/z = 106.0 (59, [M"]), 91.0 (100, [M"]-[CH5']); R: = 7.106 (Mys2)
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4-methylaniline (2k)

HoN- :

2k

According to GP4, 4-methylaniline (2k) was synthesized from 4-aminobenzyl alcohol (4k) (123 mg,
1.00 mmol, 1.00 equiv.) over 16 h. The product was afforded in 60% yield determined by GC-FID.
C7HoN (107.16 g/mol)

GC-FID: R;=5.067 (Mrm1)

GC-MS: (EI): m/z=107.0 (70, [M"]), 106.0 [100, M™], 77.0 [26, M""]; R;=3.362 (Mwms1)
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p-cresol (21)

AT

2i

According to GP4, p-cresol (21) was synthesized from 4-hydroxybenzyl alcohol (41) (124 mg,

1.00 mmol, 1.00 equiv.) over 16 h. The product was afforded in 78% yield determined by GC-FID after
workup with 1M HCI.

C7H:O (108.14 g/mol)

GC-FID: R, = 5.030 (Mrip1)

GC-MS: (EI): m/z = 108 (86, [M"]), 107 (100, [M"]-[H), 90 (11, [M*]-[OH']), 77.0 (66, [M*]-
[CH:]); Ri = 3.316 (Musl)
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1-methyl-4-(trifluoromethyl)benzene (2m)

F3C :

2m

According to GP4, 1-methyl-4-(trifluoromethyl)benzene (2m) was synthesized from 4-
(trifluoromethyl)benzenemethanol (4m) (0.137 mL, 176 mg, 1.00 mmol, 1.00 equiv.) over 16 h. The
product was afforded in 86% yield determined by GC-FID.

C8H7F3 (160 14 g/mol)

GC-FID: Rt =3.279 (MFIDI)

GC-MS: (EI): m/z = 159.9 (62, [M*])140.9 (12, [M™]-[F’]), 90.9 (100, [M*]-[CF5]); R = 3.757
(Mwms2)
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According to GP4, 1,24 5-tetrafluoro-3-methylbenzene (2n) was synthesized from 2,3,5,6-
tetrafluorobenzyl alcohol (4n) (0.120 mL, 180 mg, 1.00 mmol, 1.00 equiv.) over 16 h. The product was
afforded in 95% yield determined by GC-FID.

CsH7F4(164.02 g/mol)

GC-FID: R;=3.074 (Mrp1)

GC-MS: (EI): m/z = 164.0 (88, [M*]), 163.0 (100, [M*]-[H]), 145.0 (37, [M*]-[F]); R = 5.228
(Mwms2)
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2-methylpyridine (20)

According to GP4, 2-methylpyridine (20) was synthesized from pyridine-2-ylmethanol (40) (0.096 mL,
109 mg, 1.00 mmol, 1.00 equiv.) over 16 h. The product was afforded in 37% yield determined by GC-
FID.

CeH7N (93.13 g/mol)

GC-FID: Rt =3.335 (MFIDI)

GC-MS: (EI): m/z=93.0 (100, [M"]), 78.0 (12, [M™]-[CH3']); Ri=9.562 (Mms2)
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According to GP4, 3-methylpyridine (2p) was synthesized from pyridine-3-ylmethanol (4p) (0.097 mL,
109 mg, 1.00 mmol, 1.00 equiv.) over 16 h. The product was afforded in 37% yield determined by GC-
FID.

CsH7N (93.13 g/mol)

GC-FID: R;=3.551 (Mrmp1)

GC-MS: (EI): m/z=93.0 (100, [M™]), 78.0 (3, [M™]-[CH3"]); Ri=9.847 (Mms2)
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m-xylene (2s)

2s

According to GP4, m-xylene (2s) was synthesized from 3-methylbenzyl alcohol (4s) (0.120 mL,
122 mg, 1.00 mmol, 1.00 equiv.) over 16 h. The product was afforded in 85% yield determined by GC-
FID

CsH10(106.17 g/mol)
GC-FID: R, = 3,665 (Mrip1)
GC-MS: (E): m/z = 106.0 (56, [M"]), 91.0 (100, [M"]-[CH5]); R; = 7.158 (Mus2)
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According to GP4, o-xylene (2t) was synthesized from 2-methylbenzyl alcohol (4t) (0.120 mL, 122 mg,
1.00 mmol, 1.00 equiv.) over 16 h. The product was afforded in 90% yield determined by GC-FID.
CsHi0(106.17 g/mol)

GC-FID: R;=3.790 (Mrm1)

GC-MS: (EI): m/z=106.1 (68, [M"]), 91.1 (100, [M*"]-[CH5']); Rt = 7.635 (Mwms2)
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3-methylanisole (2u)

OMe
2u

According to GP4, 3-methylanisole (2u) was synthesized from 3-methoxybenzyl alcohol (4u) (0.110
mL, 138 mg, 1 mmol, 1 equiv.) over 16 h. The product was afforded in 85% yield determined by GC-
FID.

CsHi00 (122.07 g/mol)

GC-FID: R;=4.667 (Mrm1)

GC-MS: (EI): m/z=122.1 (100, [M*]), 107.0 (45, [M"]-[CH3']), 91.0 (31, [M™]-[OCH3']); R;=9.961
(Mms2)
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According to GP4, 2-methylanisole (2v) was synthesized from 2-methoxybenzyl alcohol (4v) (0.110
mL, 138 mg, 1.00 mmol, 1.00 equiv.) over 16 h. The product was afforded in 90% yield determined by
GC-FID.

CsH100 (122.07 g/mol)

GC-FID: R;=4.591 (Mrp1)

GC-MS: (EI): m/z= 122.1 (100, [M*T]), 107.0 (53, [M™]-[CH3']), 91.0 (33, [M""]-[OCH3']); R =9.884
(Mms2)
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1-ethyl-4-methoxybenzene (2w)

Meo/@/\

2w

According to GP4, 1-ethyl-4-methoxybenzene (2w) was synthesized from 1-(4-methoxyphenyl)ethanol
(4w) (0.140 mL, 152 mg, 1.00 mmol, 1.00 equiv.) over 16 h. The product was afforded in 67% yield
determined by GC-FID.

CoH120 (122.07 g/mol)

GC-FID: R;=5.355 (Mrm1)

GC-MS: (EI): m/z=136.1 (42, [M™]), 121.1 (100, [M*]-[CH5]), 77.0 (11, [M"]-[OCH5']); R¢=11.616
(Mms2)
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2,2-dimethylpropylbenzene (2y)
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2y
According to GP4, 2,2-dimethylpropylbenzene (2y) was synthesized from 2,2-dimethyl-1-
phenylpropan-1-ol (4y) (164 mg, 1.00 mmol, 1.00 equiv.) over 16 h. The product was afforded in 23%
yield determined by GC-FID.
Ci1Hi6(148.25 g/mol)
GC-FID: Rt =4.963 (MFIDI)
GC-MS: (EI): m/z=148.0 (10, [M*]), 91.0 (100, [M*]-[C(CH3)3°]), 77.0 (7, [M™]-[C(CH3)3']-[CH:]);
Ri=3.293 (Mwmsl)
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2,2,2-trifluoroethylbenzene (2z)

(jACF3

2ag

According to GP4, 2.22-trifluoroethylbenzene (2z) was synthesized from 2,2,2-trifluoro-1-
phenylethanol (4z) (176 mg, 1.00 mmol, 1.00 equiv.) over 16 h. The product was afforded in 31% yield
determined by GC-FID.

C8H7F3 (160 14 g/mol)

GC-FID: R;=3.561 (Mrip1)

GC-MS: (EI): m/z=160.0 (23, [M™]), 141.0 (7, [M"]-[F]), 91.0 (100, [M"]-[CF3]); R;=4.237 (Mms3)
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5.0E4

63
s

triphenylmethane (2ac)

According to GP4, triphenylmethane (2ac) was synthesized from triphenylmethanol (4ac) (260 mg,
1.00 mmol, 1.00 equiv.) over 16 h. The product was afforded in 32% yield determined by GC-FID.
Ci9Hi6(244.13 g/mol)

GC-FID: R;=10.681 (Mrip1)

GC-MS: (EI): m/z=244.1 (65, [M"]), 167.0 (58, [M™]-[CeH5']), 165.0 (100, [M™]-[CsH5"]-[H']), 77.0
(10, [M™]-2[CsH5']); Re=9.135 (Mmsl)
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4-fluorotoluene (2am)

AT

2am

According to GP4, 4-fluorotoluene (2am) was synthesized from 4-fluorobenzyl alcohol (4am) (0.107
mL, 126 mg, 1.00 mmol, 1.00 equiv.) over 16 h. The product was afforded in 95% yield determined by
GC-FID.

C7H7F (110.13 g/mol)

GC-FID: R;=3.122 (Mrp1)

GC-MS: (EI): m/z=110.0 (63, [M™]), 109.1 [100, [M*]-[H])]; R¢=5.092 (Mwms2)
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B 83 -
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33
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| Head to Tail MF=924 RMF =954 hd Benzene, 14luoro-£-methyl-

4-chlorotoluene (2an)

AT

2an

According to GP4, 4-chlorotoluene (2an) was synthesized from 4-chlorobenzyl alcohol (4an) (143 mg,
1.00 mmol, 1.00 equiv.) over 16 h. The product was afforded in 56% yield determined by GC-FID.
C7H,CI1(126.58 g/mol)

GC-FID: R;=4.232 (Mripl)

GC-MS: (EI): m/z=128.0 (17, [M"]), 126.0 [S0, M*], 91.1 (100, [M™]-[CI']); R, = 8.835 (Mms2)
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4-bromotoluene (2a0)

AT

2ao

According to GP4, 4-bromotoluene (2a0) was synthesized from 4-bromobenzyl alcohol (4a0) (176 mg,
1.00 mmol, 1.00 equiv.) over 16 h. The product was afforded in 56% yield determined by GC-FID.
C7H7Br (171.04 g/mol)

GC-FID: R;=4.873 (Mrpl)

GC-MS: (EI): m/z=172.0 (64, [M"]), 170.0 (63, [M™]), 91.1 (100, [M™]-[Br’]); R = 10.458 (Mwms2)
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4-iodotoluene (2ap)

L

2ap

According to GP4, 4-iodotoluene (2ap) was synthesized from 4-iodobenzyl alcohol (4ap) (234 mg,
1.00 mmol, 1.00 equiv.) over 16 h. The product was afforded in 41% yield determined by GC-FID.
C7H71(218.04 g/mol)

GC-FID: R;=9.763 (Mrn2)

GC-MS: (EI): m/z=217.9.0 (93, [M™]), 126.8 [27, [I']-[M™]], 91.0 (100, [M*]-[T']); Rt =3.934 (Mms1)
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1-chloro-3-methylbenzene (2ar)

Cl

2z
According to GP4, 1-chloro-3-methylbenzene (2ar) was synthesized from 3-chlorobenzyl alcohol (4ar)
(1423 mg, 1.00 mmol, 1.00 equiv.) over 16 h. The product was afforded in 85% yield determined by
GC-FID.
C7H,CI1(126.58 g/mol)
GC-FID: Rt =4218 (MFIDI)
GC-MS: (EI): m/z=128.0 (19, [M"]), 126.0 [56, M*], 91.0 ((M"]-[CI']); R, = 8.704 (Mms2)
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L,

2as

1-chloro-2-methylbenzene (2as)

According to GP4, 1-chloro-2-methylbenzene (2as) was synthesized from 2-chlorobenzyl alcohol (4as)
(143 mg, 1.00 mmol, 1.00 equiv.) over 16 h. The product was afforded in 85% yield determined by GC-
FID.

C7H5Cl1(126.58 g/mol)

GC-FID: Rt =4.191 (MFIDI)

GC-MS: (EI): m/z=128.0 (16, [M"]) 126.0 (49, [M"]), 91.0 (100, [M"]-[CI']); R, = 8.704 (Mms2)
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1-ethyl-4-methylbenzene (110a)

AT

110a

According to GP4, 1-ethyl-4-methylbenzene (110a) was synthesized from 4-vinylbenzyl alcohol (109)
(0.130 mL, 134 mg, 1.00 mmol, 1.00 equiv.) and 4-ethynylbenzenemethanol (111) (0.122 mL,
132.2 mg, 1.00 mmol, 1.00 equiv.) over 16 h. The product was afforded in 45% (from 4-vinylbenzyl
alcohol) and 15% (from 4-ethynylbenzenemethanol) yield determined by GC-FID.

CoH12(120.20 g/mol)

GC-FID: Rt =4.220 (MFIDI)

GC-MS: (EI): m/z = 120.1 (43, [M™]), 105.1 (100, [M™]-[CH3']), 91.0 (12, [M*]-[C:H5]), 77.0 (9,
[M"]-[C:H5]-[CH3']); Ri = 8.978 (Mms2)
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1-methyl-4-vinylbenzene

110b

According to GP4, 1-methyl-4-vinylbenzene (110b) was synthesized from 4-vinylbenzyl alcohol (109)
(0.130 mL, 134 mg, 1.00 mmol, 1.00 equiv.) and 4-ethynylbenzenemethanol (111) (0.122 mL,
132.2 mg, 1.00 mmol, 1.00 equiv.) over 16 h. The product was afforded in traces in both cases
determined by GC-FID.

C9H12 (1 18.18 g/mol)

GC-FID: R;=4.645 (Mrip1)

GC-MS: (EI): m/z = 120.1 (43, [M™]), 105.1 (100, [M™]-[CH3']), 91.0 (12, [M*]-[C:H5]), 77.0 (9,
[M"]-[C:H5]-[CH5']); Ri = 12.008 (Mms2)
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Propylbenzene (114a)

114a

According to GP2, propylbenzene (114a) was synthesized from 1-phenyl-2-propen-1-ol (113)
(0.131 mL, 134 mg, 1.00 mmol, 1.00 equiv.) and 1-phenyl-2-propyn-1-ol (115) (0.121 mL, 132.2 mg,
1.00 mmol, 1.00 equiv.) over 16 h. The product was afforded in 45% (from 1-phenyl-2-propen-1-ol)
and 20% (from 1-phenyl-2-propyn-1-ol) yield determined by GC-FID.

CoH12(120.20 g/mol)

GC-FID: R;=4.171 (Mrip1)

GC-MS: (EI): m/z = 120.1 (37, [M™]), 105.1 (9, [M™]-[C:H5']), 91.0 (100, [M™]-[C,H5]), 78.0 (14,
[M™]-[C5H7']); Ri=9.954 (Mwms2)
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Allylbenzene (114b)
/
114b

According to GP4, allylbenzene (114b) was synthesized from 1-phenyl-2-propen-1-ol (113) (0.131 mL,
134 mg, 1.00 mmol, 1.00 equiv.) and 1-phenyl-2-propyn-1-ol (115) (0.121 mL, 132.2 mg, 1.00 mmol,
1.00 equiv.) over 16 h. The product was afforded in 28% (from 1-phenyl-2-propen-1-ol) and 9% (from
1-phenyl-2-propyn-1-ol) yield determined by GC-FID.

C9H10 (1 18.18 g/mol)

GC-FID: R;=4.657 (Mrip1)

GC-MS: (EI): m/z=118.1 (53, [M™]), 117.1 (100, [M™]-[H']), 105.1 (7, [M"]-[CH']), 91.0 (48, [M"]-
[C2H57]), 77.0 (12, [M™]-[C5H5']); R = 12.008 (Mwms2)
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n-octane (120)

NSNS
120

According to GP4, n-octane (120) was synthesized from 1-octene (119) (0.156 mL, 112 mg, 1.00 mmol,
1.00 equiv.) over 16 h. The product was afforded in 87% yield determined by GC-FID.

CsHis(114.14 g/mol)

GC-FID: R;=3.172 (Mrm1)

GC-MS: (EI): m/z = 114.1 (17, [M™]), 85.1 (100, [M™]-[C:H5']); 71.1 (68, [M™]-[C3H7]), 57.1 (95,
[M™]-[C4Hy']); R =3.303 (Mwms3)
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2-ethylnaphtalene (122)

122

According to GP2, 2-ethylnaphtalene (122) was synthesized from 2-acetylnaphthalene (121) (170 mg,
1.00 mmol, 1.00 equiv.) over 16 h. The product was afforded in 91% yield determined by GC-FID.
Ci2H12 (156.09 g/mol)

GC-FID: R;=7.331 (Mrm1)

GC-MS: (EI): m/z=156.1 (100, [M"]), 141.0 (48, [M"]-[CH5']); R =5.651 (Mwmsl)
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phenol (135)

©/OH
135

According to GP2, phenol (135) was synthesized from o-(Phenoxymethyl)benzenemethanol (133)
(214 mg, 1.00 mmol, 1.00 equiv.) over 16 h. The product was afforded in 47% yield determined by GC-
FID after workup with 1M HCI.

CeHsO (94.11 g/mol)

GC-FID: R;=4.335 (Mrip1)

GC-MS: (EI): m/z =94 (100, [M"]), 66 (64, [M"]-[HO-C]); R;= 11.258 (Mms2)
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8.7.  Analytical Data for Benzyl Alcohols
[1,1'-biphenyl]-4-methanol (4g)

According to GPS, [1,1'-biphenyl]-4-methanol (4g) was synthesized from [1,1'-biphenyl]-4-
carboxaldehyde (911 mg, 5.00 mmol, 1.00 equiv.) and NaBH4 (378 mg, 10.0 mmol, 2.00 equiv.) over
4 h. The product was afforded as a colorless solid (801 mg, 4.34 mmol, 87%). Analytical data was in

OH

4g

accordance with the literature.'®
C13H120 (1 84.09 g/mol)
Ry: 0.42 (5:1 Hex:EtOAc)

IH-NMR: (400 MHz, CDCL): 8/ppm = 7.62 — 7.58 (m, 4H), 7.47 — 7.43 (m, 4H), 7.39 — 7.32 (m, 1H),
4.75 (s, 2H)

BC-NMR: (101 MHz, CDCls): 8/ppm 140.9, 140.8, 140.0, 128.9, 127.6, 127.5, 127.5, 127.2, 65.3.

GC-MS: (EI): m/z = 184.1 (100, [M*]), [M"]-[OH]), 167.1 (51, [M*]-[OH]), 155.1 (66, [M"]-[OH']-
[CHy]), 77.1 (66, [CsHs'])

IR: (ATR, ¥, [em™']): 3445 (w), 3426 (w), 2987 (m), 2837 (m), 1483 (m), 1373 (w), 1108 (m), 1046 (s),
991 (s), 816 (s), 749 (s), 708 (s), 673 (m)
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"H-NMR: (400 MHz, CDCl;) of 4g
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(2,4,6-trimethoxyphenyl)methanol (4j)

According to GPS5, (2,4,6-trimethoxyphenyl)methanol (4j) was synthesized from 2.4,6-
trimethoxybenzaldehyde (981 mg, 5.00 mmol, 1.00 equiv.) and NaBHs (378 mg, 10.0 mmol,
2.00 equiv.) over 5 h. The product was afforded as a colorless solid (809 mg, 4.08 mmol, 82%).
Analytical data was in accordance with the literature.!

C10H1404(198.22 g/mol)

R¢: 0.42 (1:1 Hex:EtOAc)

IH-NMR: (400 MHz, CDCls): 8/ppm = 6.13 (s, 2H), 4.70 (s, 2H), 3.82 (s, 6H), 3.81 (s, 3H), 2.22 (b,
1H)

13C-NMR: (101 MHz, CDCls): 8/ppm 161.1, 159.2, 109.9, 90.5, 55.7, 55.4, 54.4

GC-MS: (EI): m/z = 198.1 (82, [M*]), 181.1 (100, [M*]-[OH']), 167.1 (25, [M*]-[OCH5]), 136.1 (24,
[M*]-[OCH5"]-[OCH5])

IR: (ATR, 7, [cm]): 3444 (w), 2997 (w), 2937 (w), 2840 (w), 1592 (s), 1498 (m), 1454 (s), 1338 (w),
1200 (s), 1118 (s), 1036 (m), 992 (s), 947 (s), 813 (s), 731 (m)
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"H-NMR: (400 MHz, CDCl;) of 4j
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pyridine-3-ylmethanol (4p)

According to GPS, pyridine-3-ylmethanol (4p) was synthesized from 3-pyridinecarboxaldehyde
(0.469 mL, 536 mg, 5.00 mmol, 1.00 equiv.) and NaBH,4 (378 mg, 10.0 mmol, 2.00 equiv.) over 16 h.
The product was afforded as a colorless oil (213 mg, 1.95 mmol, 39%). Analytical data was in
accordance with the literature.?

CeH7NO (109.13 g/mol)

R¢: 0.19 (EtOAc)

IH-NMR: (400 MHz, CDCLs): 8/ppm = 8.52 — 8.47 (m, 2H), 7.75 — 7.73 (m, 1H), 7.31 — 7.28 (m, 1H,),
4.72 (s, 2H), 3.47 (bs, 1H)

3C-NMR: (101 MHz, CDCl3): 8/ppm = 148.6, 148.2, 135.3, 123.8, 124.2, 62.6
GC-MS: (EI): m/z = 109.0 (58, [M*]), 79.9 (100, [M*]-[OH']-[CH,"])

IR: (ATR, %, [cm™]): 3206 (w), 2922 (w), 2855 (w), 1480 (w), 1424 (m), 1364 (w), 1126 (w), 1163
(w), 1215 (w), 1021 (s), 790 (s), 708 (s)
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"H-NMR: (400 MHz, CDCls) of 4p
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(3-methylphenyl)methanol (4s)

@/\OH
4s

According to GPS5, (3-methylphenyl)methanol (4s) was synthesized from 3-methylbenzaldehyde
(0.590 mL, 601 mg, 5.00 mmol, 1.00 equiv.) and NaBH4 (378 mg, 10.0 mmol, 2.00 equiv.) over 1.5 h.
The product was afforded as a colorless oil (531 mg, 4.35 mmol, 87%). Analytical data was in
accordance with the literature.?!

CsH100 (122.17 g/mol)

Ry 0.25 (5:1 Hex:EtOAc)

TH-NMR: (400 MHz, CDCls): 8/ppm = 7.28 — 7.24 (m, 1H), 7.19 — 7.11 (m, 3H), 4.66 (s, 2H), 2.37 (s,
3H)

13C-NMR: (101 MHz, CDCL): 8/ppm = 140.9, 138.4, 128.5, 127.9, 124.2, 65.6, 21.5.
GC-MS: (EI): m/z = 122.0 (100, [M*]), 107.0 (71, [M"]-[CH57), 91.0 (55, [M"]-[CH;]-[OH"])

IR: (ATR, #, [em]): 3317 (W), 2919 (w), 2866 (W), 1487 (w), 1457 (w), 1156 (w), 1014 (w), 883 (w),
775 (s), 738 (s), 693 (s)
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"H-NMR: (400 MHz, CDCls) of 4s
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2,2-dimethyl-1-phenylpropan-1-ol (4z)
OH

O, "

4y
According to GPS5, 2,2-dimethyl-1-phenylpropan-1-ol (4y) was synthesized from 2,2-dimethyl-1-
phenyl-1-propanone (1.04 mL, 6.16 mmol, 1.00 equiv.) and NaBH4 (466 mg, 12.3 mmol, 2.00 equiv.)
over 3 h. The product was afforded as a colorless oil (836 mg, 5.09 mmol, 83%). Analytical data was

in accordance with the literature.?
C11H160 (164.25 g/mol)

Ry 0.67 (5:1 Hex:EtOAc)
"H-NMR: (400 MHz, CDCl5): 8/ppm = 7.27 — 7.21 (m, 5H), 4.35 (s, 1H), 0.88 (s, 9H)
BC-NMR: (101 MHz, CDCls): 8/ppm = 142.3, 127.8, 127.7, 127.4, 35.8, 26.1.

GC-MS: (EI): m/z = 164.1 (10, [M™]), 131.1 (31, [M™]-[OH']-[CH3"]) 107.1 (100, [M™]-[C(CH3)3’]),
77.1 (39, [M™]-[C(CH3)5]-[CHOH])

IR: (ATR, %, [em™']): 3440 (w), 2952 (m), 2904 (w), 2866 (w), 1480 (m), 1454 (m), 1364 (m), 1234
(w), 1178 (w), 1081 (w), 1044 (m), 1006 (s), 898 (w), 783 (w), 731 (s), 701 (s)
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2,2,2-trifluoro-1-phenylethanol (4z)

OH

@Cﬁ

4z

According to GP5, 2,22-trifluoro-1-phenylethanol (4y) was synthesized from 2,2,2-trifluoro-1-
phenylethanone (0.700 mL, 871 mg, 5.00 mmol, 1.00 equiv.) and NaBHs (378 mg, 10.0 mmol,
2.00 equiv.) over 17 h. The product was afforded as a colorless oil (838 mg, 4.76 mmol, 95%).
Analytical data was in accordance with the literature.?

CsH7F30 (176.14 g/mol)

R¢: 0.64 (5:1 Hex:EtOAc)

IH-NMR: (400 MHz, CDCls): 8/ppm = 7.50 — 7.47 (m, 2H.), 7.43 — 7.41 (m, 3H), 5.03 (q, J = 5.0 Hz,
1H), 2.56 (s, 1H)

BC-NMR: (101 MHz, CDCls): 8/ppm = 134.1, 129.7, 128.8, 127.6, 124.4 (q, J = 280 Hz), 72.9 (q, J =
31.6).

GC-MS: (E): m/z = 176.0 (41, [M*]), 107.0 (100, [M"]-[CF5]), 77.0 (72, [M"]-[CFs']-[CHOH"])

IR: (ATR, %, [em™']): 3384 (w), 1457 (w), 1357 (W), 1264 (m), 1167 (s), 1122 (s), 1059 (m), 865 (W),
835 (w), 760 (w), 701 (s)
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"H-NMR: (400 MHz, CDCl;) of 4z
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9H-fluoren-9-o0l (4ab)

920

According to GP5, 9H-fluoren-9-ol (4ab) was synthesized from fluorenone (900 mg, 5.00 mmol,
1.00 equiv.) and NaBH4 (378 mg, 10.0 mmol, 2.00 equiv.) over 17 h. The MeOH was removed through
filtration instead of distillation. The product was afforded as a colorless solid (836 mg, 4.59 mmol,
92%). Analytical data was in accordance with the literature.?

CiiHi60 (182.22 g/mol)

R¢: 0.45 (5:1 Hex:EtOAc)

"H-NMR: (400 MHz, CDCI5): &/ppm = 7.67 — 7.63 (m, 4H), 7.42 —7.30 (m, 4H), 5.58 (s, 1H)
BC-NMR: (101 MHz, CDCls): 6/ppm = 145.8, 140.2, 129.2, 128.0, 125.3, 120.1, 75.4.

GC-MS: (EI): m/z = 182.1 (100, [M"]), 165.1 (47, [M*]-[OH']), 152.1 (65, [M*]-[CHOH']), 76.0 (16,
[M*]-[CHOH"]-[CsH4)

IR: (ATR, 7, [cm™]): 3284 (m), 3064 (m), 3038 (m), 1450 (m), 1305 (m), 1185 (m), 1096 (w), 1021 (s),
943 (m), 846 (w), 764 (m), 734 (s), 671 (m)
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"H-NMR: (400 MHz, CDCls) of 4ab
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(3-chlorophenyl)methanol (4aq)

OH

' 4aq

According to GPS5, (3-chlorophenyl)methanol (4aq) was synthesized from 3-chlorobenzaldehyde
(0.566 mL, 703 mg, 5.00 mmol, 1.00 equiv.) and NaBH4 (378 mg, 10.0 mmol, 2.00 equiv.) over 2 h.
The product was afforded as a colorless oil (692 mg, 4.85 mmol, 97%). Analytical data was in
accordance with the literature.?*

CsH7F30 (176.14 g/mol)

R¢: 0.33 (5:1 Hex:EtOAc)

"H-NMR: (400 MHz, CDCIl5): &8/ppm = 7.37 (s, 1H), 7.31 — 7.23 (m, 3H) 4.68 (s, 2H)

BC-NMR: (101 MHz, CDCls): 6/ppm = 142.9, 134.6, 130.0, 127.9, 127.1, 125.0, 64.7.

GC-MS: (E): m/z = 142.0 (100, [M*), 107.1 (100, [M*]-[CI'])

IR: (ATR, %, [em™']): 3288 (m), 2926 (w), 2874 (w), 1599 (w), 1476 (m), 1431 (m), 1360 (w), 1200
(m), 1096 (m), 1014 (s), 861 (m), 775 (s), 678 (s)

"H-NMR: (400 MHz, CDCls) of 4aq
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8.8.  Analytical Data for Synthesis of Hantzsch Esters
3,5-Diethyl-1,4-dihydro-4-phenyl-2,6-trimethyl-3,5-pyridinedicarboxylate (45a)

EtOOC COOEt

According to GP6, 45a was synthesized from benzaldehyde (0.300 mL, 318.4 mg, 3.00 mmol, 1.00
equiv.), NH4OAc (174 mg, 2.25 mmol, 1.50 equiv.), ethyl acetoacetate (0.400 mL, 409 mg, 3.15 mmol,
2.10 equiv.) in 1.5 mL ethanol over 15 h at 85 °C. After recrystallization out of hexane:water 1:1 the
product was afforded as a yellow crystals (472 mg, 1.44 mmol, 48% yield). Analytical data was in
accordance with the literature.?

C19H23NO4 (32940 g/mol)

m.p.: 150-156 °C
Rs: 0.4 (hexane/ ethyl acetate 3:2)

TH-NMR (400 MHz, CDCL:) 8y (ppm): 7.30 — 7.26 (m, 2H), 7.23 — 7.17 (m, 2H), 7.15 — 7.09 (m, 1H),
5.55 (s, 1H), 4.99 (s, 1H), 4.08 (m, 4H), 2.33 (s, 6H), 1.22 (t, J = 7.1 Hz, 6H).

BC-NMR (101 MHz, CDCls) ¢ (ppm): 143.9, 128.2, 128.0, 126.2, 104.4, 77.5, 77.2, 76.8, 59.9, 39.8,
19.8,14.4 .

GC-MS (EL, m/z): 253.1, 252.1, 224.1, 196.1, 196, 115, 105, 78, 77.1, 51.
IR (cm™): 3339.7 (m), 2987.9 (), 1684.8 (s), 1674.5 (s), 1487.2 (m), 1449.9 (m), 1371.7 (m), 1297.1

(s), 1244.9 (m), 1207.7 (s), 1121.9 (s), 1088.4 (s), 1047.4 (s), 1017.6 (s), 842.4 (m), 767.8 (s), 700.7
(s).

196



Experimental section

"H-NMR: (400 MHz, CDCls) of 45a
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3,5-Diethyl-1,4-dihydro-2,6-dimethyl-4-benzyl-3,5-pyridinedicarboxylate (45b)

EtOOC COOEt

According to GP6, 45b was synthesized from phenylacetaldehyde (0.353 mL, 360 mg, 3.00 mmol, 1.00
equiv.), NH4OAc (174 mg, 2.25 mmol, 1.50 equiv.), ethyl acetoacetate (0.400 mL, 409 mg, 3.15 mmol,
2.10 equiv.) in 1.5 mL ethanol over 15 h at 85 °C. After recrystallization out of hexane:water 1:1 the
product was afforded as a yellow crystals (420 mg, 1.23 mmol, 41% yield). Analytical data was in
accordance with the literature.?®

C20H25N04 (34342 g/mol)

m.p.: 110-115 °C
Rs: 0.23 (Hexane/ Ethyl acetate 3:2)

IH-NMR (400 MHz, CDCL3) 8y (ppm): 7.19-7.11 (m, 3H), 7.03-7.00 (m, 2H), 5.17 (s, 1H), 4.20 (t,
1H), 4.11-4.01 (m, 4H), 2.58 (d, 2H), 2.18 (s, 6H), 1.23 (s, 6H).

13C-NMR (101 MHz, CDCls) 8¢ (ppm): 167.9, 139.4, 127.4, 125.8, 102.1, 59.7, 42.4, 35.7, 19.4, 14.5.
GC-MS (EL m/z): 253.1,252.1, 224.1, 196.1, 196.1, 179.1, 151.1, 150, 92, 91.1, 65.
IR (cm™'): 3339.2 (m); 2974.4 (w); 2933.4 (w); 2903.6 (w); 1692.2 (s); 1654.9 (s); 1476.0 (s); 1442.5

(m); 1367.9 (m); 1367.9 (m); 1323.2 (m); 1271.0 (m); 1207.7 (s); 1095.8 (s); 11051.1 (s); 864.7 (w);
823.7 (w); 775.3 (m); 719.4 (s).
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"H-NMR: (400 MHz, CDCls) of 45b
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3,5-Diethyl-1,4-dihydro-2,6-dimethyl-4-(1-methyl-ethyl)-3,5-pyridinedicarb-oxylate (45c)

EtOOC COOEt

N
H

45c

According to GP6, 45¢ was synthesized from isobutyraldehyde (0.273 mL, 216.3 mg, 3.00 mmol, 1.00
equiv.), NH4OAc (174 mg, 2.25 mmol, 1.50 equiv.), ethyl acetoacetate (0.400 mL, 409 mg, 3.15 mmol,
2.10 equiv.) in 1.5 mL ethanol over 15 h at 85 °C. After recrystallization out of hexane:water 1:1 the
product was afforded as a yellow crystals (283 mg, 0.96 mmol, 32% yield). Analytical data was in
accordance with the literature.?®

C16H25NO4 (295.38 g/mol)

m.p.: 100-103 °C
Rs: 0.25 (Hexane/ Ethyl acetate 3:2)

'H-NMR (400 MHz, CDCLs) 8y (ppm): 5.5 (s, 1H), 4.24-4.12 (m, 4H), 3.92 (d, 1H), 2.30 (s, 6H), 1.29
(t, 6H), 0.75 (d, 6H).

13C-NMR (101 MHz, CDCls) 8¢ (ppm): 168.8, 144.5, 102.1, 59.7, 39.0, 35.7, 19.6, 18.6, 14.5.
GC-MS (EL m/z): 253.1, 252.1, 224.1, 196.1, 179.1, 178, 151, 150.1, 106.1.
IR (cm™): 3339.7 (m); 2959.5 (w); 2899.9 (w); 1692.2 (m); 1647.5 (s); 1591.6 (m); 1483.5 (s); 1446.2

(m); 1364.2 (s); 1269.7 (m); 1252.4 (s); 1211.4 (s); 1177.8 (m); 1021.3 (s); 909.5 (m); 816.3 (s); 771.6
(m); 745.5 (m); 715.6 (m).
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"H-NMR: (400 MHz, CDCls) of 45¢

SOT MmN O ®wYIn TOmmMNmo oo o« S @ o
RENNNANSSOHdoH O an aad RS8R &
N FFT T TT T LTSImO AN b SS
| TeeeSee———— N
EtOOC COOEt
N

iy o T W i

0.99
434
= 1.00
591
6.04
6.25

"L (ppm)
13C-NMR: (101 MHz, CDCl;) of 45¢
L hA S A %F‘ Qai

EtOOC COOEt

Iz

U 200 " 190 " I80 " I/0 " 160 " IS0 "~ 140 ~ 130 " 120 " II0 T 100 ~ 9 80 ~ /0 "~ 60 S0 - 40 33U 20 " 10 1
f1 (ppm)

201



Experimental section

8.9.  Miscellaneous Products and Analytical Data

Synthesis of tetrabutyl (1,2-Phenylenebis(methylene))bis(phosphonate) (L.2-a)
(0]

IIID(OBu)z

P(OBu)2

o)

L2-a

According to the literature procedure, o, o’-dibromo-o-xylene (2.64 g, 10.0 mmol, 1.00 equiv.) and
tri(n-butyl)phosphite (10.8 mL, 40.0 mmol, 4.00 equiv.) were added in a flask under argon and stirred
for 16 h at 120°C. After 16h the volatiles were distilled under vacuum resulting a yellow oil (4.70 g,
9.60 mmol, 96%). The obtained product was analyzed by 'H, '3C and *'P NMR. Analytical data was in

accordance with the literature.?’
C24H4406P> (490.56 g/l‘IlOl)

'H-NMR (400 MHz, CDCL) 8y (ppm): 7.25-7.16 (m, 4H), 3.95-3.86 (m, 8H), 3.40 (d, 4H), 1.57-1.53
(m, 8H), 1.35-1.31 (m, 8H), 0.88 (t, 12H)

13C-NMR (101 MHz, CDCls) 8¢ (ppm): 131.6, 131.2, 127.3, 65.9, 32.7, 31.9, 18.8, 13.7

3IP-NMR (162 MHz, CDCls) ¢ (ppm): 26.72
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"H-NMR: (400 MHz, CDCls) of L2-a
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3IP-NMR: (161 MHz, CDCIl;) of L2-a

26.72

0]

IIé’(OBu)z
P(OBu)2
0
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Synthesis of 1,2-Bis(phosphinomethyl)benzene (L.2-b)

©CPH2
PH,

L2-b
According to the literature procedure, chlorotrimethylsilane (3.06 mL, 24.0 mmol, 4.00 equiv.) was
added dropwise over a LiAlH4 (0.91 g, 24.0 mmol, 4.00 equiv.) suspension in THF (30 mL) at -78°C.
After the complete addition, the solution was heated to room temperature and stirred for 2h. After the
2h, the reaction mass was cooled to -50 °C, a tetrabutyl (1,2-phenylenebis(methylene))bis(phosphonate)
(L2-a) (2.94 g, 6.00 mmol, 1.00 equiv) solution in THF (20 mL) was added dropwise. The resulted
solution was heated to room temperature and stirred for 2h. The reaction was quenched by slow addition
of deionzied, degassed water and 20% aq NaOH solution and dried over MgSO4 which was washed
with THF (3x10 mL). The resulting oil was passed through a neutral alumina pulg and washed with
CHCI;. The resulted colorless oil was analyzed by 1H, '3C and 3'P NMR. Analytical data was in
accordance with the literature.?’ (0.77 g, 4.52 mmol, 75% yield)
C8H12P2 (170.13 g/mol)

IH-NMR (400 MHz, CDCls) 8y (ppm): 7.22-7.10 (m, 4H), 3.03 (dt, 4H), 2.93-2.91 (m, 4H) and

solvent impurities
BC-NMR (101 MHz, CDCl;) ¢ (ppm): 139.3 ,129.4 (m), 126.7, 18.0 and solvent impurities

3IP_NMR (161 MHz, CDCLs) 8¢ (ppm): -125.5
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"H-NMR: (400 MHz, CDCl;) of L2-b
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3IP-NMR: (161 MHz, CDCI;) of L2-b
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Synthesis of 1,2-Bis(4-phosphorinone)xylene (L.2)

0] P—@— 0]
L2
According to the literature procedure, 1,2-Bis(phosphinomethyl)benzene (0.77 g, 4.52 mmol, 1.00
equiv.) and phorone (1.55 g, 1.76 mL, 11.3 mmol, 2.50 equiv.) were added in a argon-filled flask and
stirred for 22h at 120°C. The resulted oil was crystallized at 0°C and triturated with methanol for 16h.
The solvent was distilled under vacuum and the brut resulted oil was analyzed by 1H and *'P NMR.

Unfortunately, the purification attempts were unsuccessful, therefore the yield could not pe determined.
CsHi2P> (170.13 g/mol)

IH-NMR (400 MHz, CDCL3) 8y (ppm): 7.46-7.44 (m, 2H), 7.19-7.12 (m, 2H), 3.27-3.25 (m, 4H),
2.58-2.55 (m, 4H), 2.38-2.31 (m, 4H), 1.21 (d, 12H), 1.07 ppm (d, 12H)

3IP.NMR (161 MHz, CDCl3) 8¢ (ppm): 5.66
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"H-NMR: (400 MHz, CDCl;) of L2
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Results of the mechanistic studies
Synthesis of deuterated starting materials

e

4a-d,

Benzenemethanol-d (4a-d;)

D

In a round-bottom flask benzyl alcohol (4a) (1.04 mL, 1.08 g, 10.0 mmol) were dissolved in 10 mL
D;0O. The reaction was stirred under air at room temperature for 48 h. After the completion of the
reaction, the mixture was extracted with ethyl acetate (3 x 10 mL) and the organic phases were washed
with brine (3 x 10 mL), dried over Na,SO4, and filtered. The solvent was evaporated under reduced
pressure yielding the product in quantitative yield without any further purification needed. Analytical
data was in accordance with the literature.?®

C7H7DO (109,06 g/mol)

Ry 0.27 (5:1 Hex:EtOAc)

IH-NMR: (700 MHz, CDCls): 8/ppm = 7.38-7.36 (dd, J = 4.2, 1.1 Hz, 4H), 7.32 — 7.29 (m, 1H), 4.69
(s, 2H).

H-NMR: (107 MHz, CDCl5): 8/ppm = 2.17 (bs)
BC-NMR: (101 MHz, CDCls): 8/ppm = 140.9, 128.1, 127.8, 127.1, 65.5
GC-MS: (EI): m/z =109.1 (92, [M*]), 108.1 (100, [M*]-[H]), 80.1 (71, [M*]-[CH:-ODY)

IR: (ATR, 7, [em™']): 3326 (w), 3030 (w), 3030 (m), 2870 (m), 2467 (s), 1494 (m), 1453 (s), 1371 (s),
1207 (m), 1006 (s), 846 (m), 730 (s), 693 (s)
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"H-NMR: (700 MHz, CDCls) of 4a-d,

NSNS NN NS NN NS S NS S N %Q
D
©/\O/
| \; —— WA
e J
5 10 105 100 95 " ob 85 T8b "5 T 7bh T 65 6 | sl s T 45 T ab T35 T3h T 2K T 2b T iE T b T ok T ob
f1 (ppm)
2H-NMR: (107 MHz, CDCl;) of 4a-d;
D
©/\O/
B 17 16 15 14 13 12 1l 10 { g ] { ] 1 { q I
f1 (ppm)

211



Experimental section

BC-NMR: (101 MHz, CDCls) of 4a-d,
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2-methoxy-1-phenylethan-1-d-1-ol (136-d;)

OH

e

136-d,

In a 100 mL round bottom flask 2-methoxy-1-phenylethanone (751 mg, 5.00 mmol, 1.00 equiv.) was
dissolved in methanol-d (20 mL) and cooled in an ice bath. Then NaBD, (418 mg, 10.0 mmol,
2.00 equiv.) was added in portions. Upon complete addition the solution was allowed to warm to
ambient temperature and was stirred until the completion of the reaction was confirmed by TLC. After
16 h the solution was cooled in an ice bath and quenched with ice and water. Then, methanol was
removed under reduced pressure and the mixture was extracted with DCM (3 x 10 mL). The collected
organic phases were washed with brine (3 x 10 mL), dried over Na,SOy4, and filtered. The solvent was
evaporated, and the respective alcohol was obtained and used without further purification. Analytical
data was in accordance with the literature.?’

C9H11D02 (1 53,2 g/mol)

R¢: 0.23 (4:1 Hex:EtOAc)

IH-NMR: (700 MHz, CDCL;): 8/ppm 7.41 — 7.34 (m, 4H), 7.32 — 7.28 (m, 1H), 3.55 — 3.42 (m, 2H),
3.44 (s, 3H).

H-NMR: (107 MHz, CDCls): 8/ppm = 4.90 (s)
BC-NMR: (101 MHz, CDCl;): /ppm = 140.3, 128.5, 128.0, 126.3, 78.2, 72.2 (t, J = 22.2 Hz), 59.2.

GC-MS: (EI): m/z =109.1 (92, [M"]-[H']), 108.1 (100, [M"]-[ C2H50]), 92.1 (71, [M*]-[ C.HsO"]-
[OH"])

IR: (ATR, 7, [em™']): 3421 (w), 2926 (w), 2885 (m), 2825 (W), 1490 (m), 1446 (s), 1196 (s), 1103 (s),
946 (s), 752 (3)

213



Experimental section

'H-NMR: (700 MHz, CDCl;) of 136-d;
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13C-NMR: (101 MHz, CDCL;) of 136-d;
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1-(methyl-d;)benzene-2,3,4,5,6-ds (4a-d-)

4a-d,

According to GP4, 1-(methyl-d,)benzene-2,3,4,5,6-ds (4a-d7) was synthesized from benzyl alcohol-d;
(0.110 mL, 115 mg, 1.00 mmol, 1.00 equiv.) over 16 h. The product was afforded in 48% yield and
99% < D incorportation at the methyl group, both determined by GC-FID. The comparison with the
literature available toluene-ds GC-MS chromatogram shows a very low matching factor.

C7HD7(99.11 g/mol)

GC-FID: R;=4.213 (Mr2)

GC-MS: (EI): m/z =100.1 (12, [M™]), 99.1 (100, [M™]-[C,H5']); 97.1 (98, [M™]-[C3H7']); R, =4.750
(Mwms3)

97 99
98
y g 4 96 100
52 54 55 53 62 64 66 63 71 m 76 78 80 82 84 86 85 90 94 |
o] B0 g2 g4 I 74 78 80 83 90 [TT Tva
50 56 58 62 64 68 72 76 82 94
52 54 66 70 97| g9 |
100
38
50 55 60 65 70 75 80 85 90 95 100 105 110
Head to Tal MF=575 RMF=581 54 Toluene-D8

(ethyl-1-d)benzene (2-d:)

2'd1

According to GP4, (ethyl-1-d)benzene (2-d;) was synthesized from benzyl alcohol-d; (0.141 mL, 153
mg, 1.00 mmol, 1.00 equiv.) over 16 h. The product was afforded in 77% yield and 99% < D
incorportation at the methylene group, both determined by GC-FID. The comparison with the literature
available ethyl benzene GC-MS chromatogram shows a very low matching factor.

CsHoD (107.17 g/mol)

GC-FID: R;=3.328 (Mrm1)

GC-MS: (EI): m/z=107.1 (35, [M"]), 92.1 (100, [M™]-[CH3']); R = 6.985 (Mms2)

51 - _n 1
s 62 e B =77 i 2 106 | 108

I\ g2 8T e _31.'||| 1 5 8 7 33 89 9 ‘|,, 101 .1'_|""'

IEE Elaagh 6 | 66 maswl L ELA T 103 45 | 107

51 g 77

106
91
50 55 80 65 70 E3 80 a5 90 95 100 105~ 110 115 120
Feadto Tal MF=58T AVF=505 ~ Eifylbenzere
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Radical clock reactions
n-Butylbenzene (147)

o

147

n-Butylbenzene (147) was synthesized from a-cyclopropylbenzyl alcohol (146) (0.130 mL, 148 mg,
1.00 mmol, 1.00 equiv.) over 16 h. The product was isolated by column chromatography (hexane/ethyl
acetate 98:2) and was afforded as a colorless liquid (67 mg, 0.50 mmol, 50%, 69% determined by GC-
FID). Analytical data was in accordance with the literature.>

C10H14 (13420 g/mol)

Ry: 0.78 (98:2 Hex:EtOAc)

IH-NMR: (400 MHz, CDCls): 8/ppm 7.39 — 7.30 (m, 2H), 7.28 — 7.22 (m, 3H), 2.69 (t, J = 7.3 Hz, 2H),
1.70 — 1.62 (m, 2H), 1.44 — 1.36 (m, 2H), 0.9 (t, ] = 7.3 Hz, 3H).

BC-NMR: (101 MHz, CDCls): 8/ppm = 143.0, 128.6, 128.4, 125.7, 35.8, 33.8, 22.5, 14.1.

GC-MS: (EI): m/z =133.9 (92, [M"]), 104.9 (100, [M"]-[CoHs]), 90.9 (71, [M*]- CsH,'])
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1-chloro-4-cyclopropylbenzene (150)

S

149

According to GP4, I-chloro-4-cyclopropylbenzene (150) was synthesized from 1-(4-
chlorophenyl)cyclopropanol (149) (168 mg, 1.00 mmol, 1.00 equiv.) over 16 h. The product was
afforded in traces determined by GC-FID.

CsHi5(152.62 g/mol)

GC-FID: R; = 8.469 (Mrm1)

GC-MS: (EI): m/z = 154.1 (12, [M™]), 152.1 (37, [M"]); 117.1 (100, [M"]-[CI]), 115.1 (97, [M*]-
[CI'T-2[HT]), 111.8 (97, [M™]-[C3H5']); Rc=15.739 (Mwms3)

3
x0 - ke Sean (t:15.739 min) ACD279_Sawa.D

Py
152.0

116.0

2 %5 0 % n kB b & H & M M M M5 W B m ™ w6 w1
Counts vs. Mass-to-Charge (m/z)
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Radical scavangers experiments — Galvinoxyl adducts

158

Exact Mass: 424.33
GC-MS (EI): 424.34
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8.10. Calibration Data for GC-FID Analysis

GC calibration was performed by measuring samples with known amounts of analyte (here toluene)
and internal standard (here n-pentadecane) (Table 8). Plotting of the area ratio of the two components
versus the ratio of the respective masses leads to a calibration function which is used to calculate
unknown amounts of analyte in samples taken from catalytic reactions.

Calibration line for toluene (2a)

Sample Mass (2a) (mg) Mass (n- Area (2a) (pAs) Area (n-
penatdecane) penatdecane)
(mg) (pAs)
1.1 Tol 1.5 3.19 7077 7800
1.2 Tol 1.5 3.19 7321 8924
1.3 Tol 1.5 3.19 6350 8848
2.1 Tol 3 3.19 12762 8703
2.2 Tol 3 3.19 13314 8875
2.3 Tol 3 3.19 13363 9093
3.1 Tol 4.5 3.19 25018 8697
3.2 Tol 4.5 3.19 26627 9100
3.3 Tol 4.5 3.19 26372 8578
3.5
3 y=1.5807x
RZ= 0.9_984".
2.5 '
2

H
O]
®

A(2a)/A(n-pentadecane)

[N

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

m(2a)/m(n-pentadecane)
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9. Appendix
9.1. List of Abbreviations

2-MeTHF

AIBN

bpx
C.S.

CCC

CzIPN

DCE
DCM
DDQ
DG
DI
DMSO
dppe
dppm
dtbpx
EPR
Ery A
ESR

FID

2-methyltetrahydrofuran

azobisisobutyronitrile

aryl

butylated hydroxytoluene

Barton-McCombie
deoxygenation

bis(phosphorinone)xylene
conditions set

C,C,C-tridentate Pincer ligand

1,2,3,5-tetrakis(carbazol-9-yl)-
4,6-dicyanobenzene, 2,4,5,6-
tetrakis(9H-carbazol-9-yl)
isophthalonitrile

1,2-dichloroethane

dichloromethane

2,3-dichloro-5,6-dicyano-1,4-
benzoquinone

directing group
deuterium incorporation

dimethylsulfoxide

1,2-
bis(diphenylphosphino)ethane

bis(diphenylphosphino)methane

a,a'-bis(di-tert-butylphosphino)-
ortho-xylene

electron paramagnetic
resonance

erythromycin A

electron spin resonance
spectroscopy

flame ionization detector

acac

aq
BDE
BINOL
Bn

Bz

CCB

DCE

DCT
DFT
DHP
Dmpe
DPAFIPN
dppf
DTBMP
ee

equiv
ESR

Et

FT-IR

223

acetylacetonate

aqueous
bond dissociation energy
1,1'-bi-2-naphthol

benzyl

benzoyl

calcium channels blockers

cyclopentadienyl

1,2-dichloroethane

dibenzo[a,e]cyclooctatetraene
density functional theory
dihydropyridines

1,2-bis(dimethylphosphino)ethane

2,4,6-Tris(diphenylamino)-5-
fluoroisophthalonitrile

1,1'-
bis(diphenylphosphino)ferrocene

2,6-di-tert-butyl-4-methylpyridine
enantiomeric excess

equivalent

electron spin resonance
spectroscopy

ethyl

fourier-transform infrared
spectroscopy



GC
HEH
hv
ICy
LED
m.p.

GC-MS

NHC
NMR
PET
PLA
PNP
PPP
r.t.
TBHP
Temp.
TES
TFA

THF

TMDSO

TPP

w/w

gas chromatography
Hantzsch ester

light

1,3-dicyclohexyl Imidazolium
light emitting diode

melting point

gas chromatography mass
spectrometry

mesylate

N-heterocyclic carbene
nuclear magnetic resonance
polyethylene terephthalate
polylactic acid
P,N,P-tridentate Pincer ligand
P,P,P-tridentate Pincer ligand
room temperature

tert-butyl hydroperoxide
temperature

triethylsilyl

trifluoroacetic acid

tetrahydrofuran

tetramethyldisiloxane

triphenylphosphine

mass fraction

HA

HFIP

iPr

M.S.

NADH

NIST

NNP

Ph

PMHS

POP

pyr

TBAF

Bu

TEMPO

Tf

TfO

TLC

TMS

TRIP

wt%
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Brensted acid
Hexafluoroisopropanol
isopropyl

molar

methyl

molecular sieves

nicotinamide adenine dinucleotide

National Institute of Standards and
Technology

N,N,P-tridentate Pincer ligand
phenyl
polymethylhydrosiloxane
P,0O,P-tridentate Pincer ligand
pyridine
tetra-n-butylammonium fluoride

tert-butyl

(2,2,6,6-tetramethylpiperidin-1-
yDoxyl

triflate
triflate
thin-layer chromatography

tetramethylsilane

3,3"-bis(2,4,6-triisopropylphenyl)-
1,1'-binaphthyl-2,2'-diyl
hydrogenphosphate

Wolff-Kishner reduction

weight percent
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