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Chapter 1

1 Introduction

The hydrogenation of unsaturated compounds is without doubt one of the most important
transformation in large industrial processes (ammonia-synthesis, gas-to-liquid) as well as
in the synthesis of fine chemicals.! Over the last decades, homogeneous noble complexes
based on Pd, Rh, Ru and Ir were preferably used in the synthesis of pharmaceuticals
(levodopa, (S)-naproxene), flavors or other fine chemicals.? Whereas high productivity in
combination with excelllent selectivity were observed in many examples, the low
abundancy and high prices of these metals prompted the search for cheaper catalysts. In
addition, catalyst recycling often is costly due to its homogeneous nature.

In recent years, the development of alternative iron-based catalysts for olefin
hydrogenation was gaining more and more interest as evidenced by an increasing amount
of reports. A part of these protocols make use of simple iron precursors which are
activated by common main group reductants such as Grignard reagents or aluminium and
boron hydrides or organyls. Under these conditions, iron nanoparticles can be formed.
The concept of nanoparticle catalysts aims to combine higher stability and facile
separation of heterogeneous catalysts with high dispersion and activity of homogeneous
catalysts. Until now, these iron-based protocols cannot compete with precious metal
catalysts due to lower activity, selectivity and stability.

The aim of this work is directed to the development of iron-based hydrogenation catalysts
with the focus on simple systems derived from easily accessible iron-precursors and
activation agents. By careful choice of the preparation method and reactants, problems of
former similar protocols (activity, stability, selectivity) should be addressed. To that end,
ionic liquids were contemplated as suitable stabilizing agent for nanoparticles, which have
been shown to enable easy catalyst recycling.*

1J. G. de Vries, C. J. Elsevier (Ed.) The handbook of homogeneous hydrogenation, WILEY-VCH,
Weinheim, 2006.

2a) W. S. Knowles, J. Chem. Educ. 1986, 63, 222; b) T. Ohta, H. Takaya, M. Kitamura, K. Nagai,
R. Noyori, J. Org. Chem. 1987, 52, 3174; c) G. Heydrich, G. Gralla, K. Ebel, W. Krause, N. Kashani-
Shirazi, WO2009033870 Al, 2009.

% For recent examples, see: a) D. J. Frank, L. Guiet, A. Kaslin, E. Murphy, S. P. Thomas, RSC Adv
2013, 3, 25698; b) A. Welther, M. Bauer, M. Mayer, A. Jacobi von Wangelin, ChemCatChem 2012,
4, 1088; c) C. Rangheard, C. de Julian Fernandez, P.-H. Phua, J. Hoorn, L. Lefort, J. G. de Vries,
Dalton Trans 2010, 39, 8464; d) N. Guo, M.-Y. Hu, Y. Feng, S.-F. Zhu, Org. Chem. Front. 2015, 2,
692.

4 See chapter 3.
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2 C=C Hydrogenations with iron group metal catalysts'
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In the last decade, the field of homogeneous base-metal catalyzed C=C hydrogenations
flourished due to the development of well-defined base-metal complexes in hydrogenation
reactions. Through rational ligand design, new dihydrogen activation mechanisms were
enabled with iron group metal complexes and applied in the hydrogenation of alkenes and
alkynes. This chapter aims to summarize the latest advances in homogeneous C=C
hydrogenation catalysis based on iron, cobalt and nickel.

i This chapter will be published as “C=C Hydrogenations with iron group metals”, T. N. Gieshoff,
A. Jacobi von Wangelin in “Non-Noble Metal Catalysis: Molecular Approaches and Reactions”, R.
J. M. Klein Gebbink, M. Moret (eds.), Wiley-VCH, 2017. Copyright Wiley-VCH Verlag GmbH &
Co. KGaA. Reproduced with permission. Schemes, tables and text may differ from published version



C=C Hydrogenations with iron group metal catalysts

2.1 Introduction

Metal-catalyzed hydrogenations of C=C bonds are key operations in many organic
synthesis endeavours and the technical manufacture of chemicals. Heterogeneous
catalysts dominate industrial hydrogenation processes with numerous examples in all
areas of applications such as the petrochemical valorization of alkene and arene cracking
products or the large-scale hydrogenation of vegetable oils.l Molecular catalysts in
homogeneous phase are often employed where the desired reaction requires especially
high selectivity, e.g. enantioselectivity, which can be induced by rational ligand design
and rationalized through a deeper mechanistic understanding. Important examples of
technical C=C hydrogenations are the synthesis of the anti-parkinson drug levodopa, the
anti-inflammatory drug naproxen or the flavor citronellol prior to its conversion to
(-)-menthol (Figure 2-1).[

o z
HO ~
NH )\/\/‘\/\
HO 2 MeO X OH
levodopa (S)-naproxen (R)-citronellol

Figure 2-1. Technical products from homogeneous C=C hydrogenations.

Various molecular sources of hydrogen atoms and metal-centered activation and delivery
mechanisms are known in the literature.l®l Gaseous dihydrogen, Hz, is the most widely
available, cleanest and most versatile source of hydrogen, especially on larger scales. 1
This chapter focuses on C=C hydrogenations with gaseous dihydrogen in the presence of
molecular iron group metal catalysts.

Most developments of active hydrogenation catalysts in homogeneous phase involve the
increasingly rare noble metals rhodium, iridium, ruthenium, palladium, and platinum.!
Applications of these catalysts to various syntheses of organic molecules have
documented their high activities, high selectivities, wide substrate scopes, and high
functional group compatibilities.[*! Furthermore, the mode of action of such processes is
rather well understood since the advent of modern spectroscopic and theoretical tools.
However, modern economic and environmental constraints have recently prompted the
search for alternative metal catalysts. The high abundance and accessibility, low costs and
low toxicities make iron group metals (iron, cobalt, nickel) an especially attractive class
of hydrogenation catalysts which have received only very little attention in the past
decades.! Further stimulus to study such catalysts comes from the facts that many of the
largest technical hydrogenations (Haber-Bosch process, Fischer-Tropsch or gas-to-liquid
(GTL) processes, plant oil hydrogenation to margarine, adiponitrile reduction) and many
biological hydrogenations are catalyzed by iron group metals. Figure 2-2 illustrates the
active sites of natural hydrogenase enzymes which reversibly oxidize dihydrogen. 8]
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Figure 2-2. Active sites of different hydrogenases. Cysteine (Cys), guanosyl-5’-
monophosphate (GMP).

The field of hydrogenations catalyzed by base metals has rapidly developed in the past
decade with many new molecular catalysts reported in the literature (Figure 2-3.)["1
Especially C=C hydrogenation methods with tridentate pincer complexes have been
highly successful. The following chapters provide an overview of the most important

developments in the field.
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Figure 2-3. Publications per year for the search terms “nickel”, “cobalt” or “iron” and
“hydrogenation”!’]
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2.2 Iron
221 Introduction

Iron-catalyzed hydrogenations of alkenes and alkynes have been known for many
decades. Heterogeneous iron catalysts like Raney®-iron or Urushibara-iron were reported
to partially hydrogenate alkynes at high temperatures.[®] Ziegler-type hydrogenation
catalysts were developed immediately following the observation of the famous “nickel
effect” in Ziegler-Natta polymerizations in the 1960’s. Ziegler-type iron catalysts based
on the reaction of an iron(lll) salt with a triorganoaluminium compound (AIR3) were
successfully applied to hydrogenations of largely unfunctionalized alkenes at ambient
hydrogen pressures and temperatures.® Various theories were postulated to describe the
true nature of this type of bimetallic catalyst but a generalization is difficult due to the
vast number of different catalyst compositions, conditions of preparations, and observed
catalytic activities.[1%

In the last decade, an increasing amount of conceptually similar bimetallic catalysts
formed from simple iron salt precursors and simple main group metal reductants have
been reported to be active in hydrogenations of various alkenes and alkynes. These
protocols mainly aimed at the in situ preparation of active catalyst mixtures that operate
in the absence of a complex or expensive ligand. Common reducing agents include
Grignard reagents and group 13 hydrides (Figure 2-4).['11 In many cases, spectroscopic
and kinetic studies were indicative of the formation of iron nanoparticles which act as the
active catalysts. Good activities were mostly observed for the hydrogenation of alkenes
and alkynes at ambient conditions. However, the presence of a fairly basic or nucleophilic
reductant limits the application of such in situ prepared catalysts to substrates that are void
of acidic and highly electrophilic substituents.

AIR3
Grignard reagents

alumino/borohydrides agglomeration
FeXas L e TP - @

R =Et,'Bu
X = 0Ac, Cl, acac

[Fe]
nanoclusters/particles

Figure 2-4. Generation of Ziegler-type hydrogenation catalysts and similar bimetallic
catalysts

Metal nanoparticle catalysis is a hybrid concept that combines the best of two worlds: the
higher stability and facile downstream separation of heterogeneous catalysts and the high
dispersion, high modularity, high activity, and easier mechanistic investigations of
homogeneous catalysts.[*2 Only very few applications of well-defined iron nanoparticles
to the hydrogenation of alkenes and alkynes were reported. Monodisperse iron
nanoparticles of 1.5+0.2 nm were synthesized by decomposition of {Fe(N[Si(CH3)3]2)2}2
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at 3 bar of Hz2 at 150 °C and extensively characterized. At elevated pressure of Hz (10 bar),
mono- and di-substituted alkenes and alkynes were hydrogenated in excellent yields. 3]
Highly selective amine-linked polystyrene-supported iron nanoparticles were synthesized
by thermal decomposition of Fe(CO)s to give an active catalyst for hydrogenations
operated in flow reactors.*l Chemically derived graphene-supported iron nanoparticles
were synthesized and applied to alkene hydrogenations. !

The early use of molecular iron catalysts in hydrogenations is mainly associated with iron
carbonyl derivatives which were intensively studied in the 1960s. Iron pentacarbonyl was
reported to convert methyl linoleate to methyl stearate under high temperature
conditions.['81 Later, UV irradiation was shown to enhance the catalyst activity, most
likely through the more facile dissociation of CO ligands to give the active low-valent
species Fe(CO)s.[1"] It is important to note, that under thermal and UV treatment, iron
carbonyls can form several homogeneous species but also iron nanoparticles, so that an
unambiguous distinction between homogeneous and heterogeneous mechanisms is
difficult.'*9 Several hydrogenation protocols employing well-defined molecular iron
catalysts were developed in the late decades of the 20™ century but satisfyingly high
catalyst stabilities and reactivities were only observed with the introduction of P- and
N-based pincer ligands.

222 Pincer complexes

Peters et al. reported the synthesis of a series of cationic alkyliron(ll) P,P,P pincer
complexes synthesized from the reaction of an iron(ll)chloride pincer complex with the
corresponding alkyllithium or Grignard reagents (Figure 2-5).€]

(PP
RLi or RMgCl (Pr}gP = P(Pr)
Cl—Fe[PhBPP;] ——————> R—Fe[PhBP™"] [PhBPPT] = |\ s
B
1R =CH, |©
2 R =CH,Ph Ph

3 R = CH,C(CHy)s
Figure 2-5. Synthesis of iron(l1)-alkyl P,P,P pincer complexes

These first generation catalysts showed moderate activities in the hydrogenation of largely
non-functionalized substrates such as styrene, 1-hexene, ethylene, cyclooctene and 2-
pentyne. Catalyst 2 was slightly more active, yet the turnover frequencies were between
1.6 to 24 mol substrate per mol catalyst and hour. Competitive oligomerizations and
polymerizations were observed in the hydrogenation of terminal alkynes. While catalyst
activity and substrate scope were rather limited, the underlying reaction mechanism was
thoroughly studied. Several plausible intermediates of a catalytic hydrogenation cycle
could be isolated upon trapping with phosphine ligands. A trihydridoiron(I\V) complex 4
was formed upon oxidative addition of dihydrogen. The reversibility of the H2 activation
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was proven by conversion of 4 to the monohydridoiron(Il) complex 5 in the absence of
dihydrogen (Figure 2-6).

R
N
H\
R Fe
He H —/ [PhBP™T;] insertion
SFe=H
[PhBP’P' \ R
PMe; ~+ PMe3 +H, H
Ho | 5
F Fe
[PhBP’P'3] \ */P'\"%/ [PhBP‘Pr3] ® (PhBPP".]
+H
PMe; L H 2
\ / S ox. add,
Fe Fe «H
[PhBPP";] - RCoHs [PhBPP]
5 R
Ny
*"H o-bond methasis
Fe**H
| [PhBP™T]

Figure 2-6. Mechanism for hydrogenation proposed by Peters et al.

Based on these results, the authors proposed the key role of an iron(11/1V) redox process.
The determination of reaction orders in substrate, iron catalyst, and Hz suggest that the
oxidative addition of dihydrogen at the alkyliron species is the rate-determining step.

Budzelaar et al. introduced bis(imino)pyridine iron(ll) complexes to the field of alkene
hydrogenations. These complexes were activated according to a Ziegler protocol with
trisisobutylaluminium. Excellent activities in the hydrogenation of 1-octene were
observed.'l Shortly after, Chirik and coworkers prepared the bis(imino)pyridine
N,N,N-pincer iron complex 7 by reduction of the corresponding iron(l1) halide complexes
6 with sodium amalgam or sodium triethylborohydride which effected ligand reduction
rather than iron center reduction (Figure 2-7).[2% Catalyst 7 contains a dianionic diradical
form of the ligand which coordinates the iron(ll) center as supported by Mdssbauer
spectroscopy and computational studies (Figure 2-7).[24
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X X

= ~
‘ N ‘ Na(Hg) or NaBEt;H Y Tl
N | N N N,

Ar” \Fe\/ “Ar N2 Ar \Fe\/ Ar
>|< X Ar = 2,6-Pry-CgHg ,Lz Ny
X =Cl, Br
6 ’ 7

Figure 2-7. Synthesis of bis(imino)pyridine iron complex 7

The active catalyst is generated upon dissociation of the labile dinitrogen ligands which
gives a tri-coordinated iron complex similar to Fe(CO)s. The coordination of an olefin is
followed by oxidative addition of dihydrogen. Reductive elimination gives the desired
hydrogenation product and regenerates the active catalyst (Figure 2-8).

2

R H
[Fe]---F\
=\ %
R
X
\ . .

—
N |
e | N — > [Fe] [Fel-H
Ar” \F‘e\/ “Ar -2N; !
N, N2
7

=\
H H R
R ’\ H /
[Fe]
_\_R
Figure 2-8. Mechanistic proposal of alkene hydrogenation with 7 according to Chirik et
al.

The catalyst 7 exhibited excellent activities in the hydrogenation of a diverse set of alkenes
and exceeds the productivity (turnover frequency, TOF) of some common precious metal
catalysts (Table 2-1).129 Largely non-functionalized mono- and di-substituted alkenes,
styrenes, and oxygen- and nitrogen-containing alkenes were cleanly hydrogenated under
mild conditions. Non-productive carbonyl and primary amine coordination to the catalyst
compete with the olefin coordination so that hydrogenation rates decrease in the presence
of such functional groups.??
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Table 2-1. Comparison of 7 with various precious metal catalysts in the hydrogenation of
1-hexene.

Entry Catalyst Time /min  TOF /ht
1 7 12 1814
2 10% Pd/C 12 366
3 (PPhs)sRhCI 12 10
4 [(cod)Ir(PCys)py]PFs 12 75

The high activity of the complex prompted the synthesis of a small library of similar
complexes by the same group (Figure 2-9). By decreasing steric bulk of the N-aryl
substituents (8) and the introduction of an electron-donating group in the para-position of
the pyridine (9), the catalytic activities in the hydrogenation of ethyl 3,3-dimethylacrylate
was greatly improved. 2

[=1% N Fe \ Me Fe
RS Ar Ar
Pr N, N2 Me N, N2
10 11

Figure 2-9. Modified bis(imino)pyridine and bis(NHC)pyridine iron complexes by Chirik
etal.

Largely non-functionalized and sterically hindered tri- and tetra-substituted alkenes could
be cleanly converted. Substitution of the imine moieties by strongly o-donating
N-heterocyclic carbenes further increased the electron density on the metal.[?l The

10
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resultant C,N,C-pincer ligands showed only little redox activity so that the corresponding
bis(dinitrogen) iron complexes 10 and 11 contained iron(0) centers, which was supported
by Mdsshauer spectroscopy, X-ray absorption spectroscopy and DFT calculations.? The
latter complex (11) was a competent catalyst for the hydrogenation of 2,3-dimethylindene
(Table 2-2) and thus represented one of the most active molecular iron catalysts reported
at that time.[23026]

Table 2-2. Comparison of complexes 7-11 in the hydrogenation of sterically hindered
substrates

% Conv (reaction time) with catalyst
Entry  Substrate
7 8 9 10 11

! )\)CLOEt 65(24h) >95(7h) >95(1h) >95(1h) 35(1h)

2 Q/ 0(24h) 2(24h) 3(24h) 20(24h) >95(12h)

3 348h) <1(48h) 3(48h) 4(48h) 68(48h)

In 2013, Milstein and coworkers developed the new acridine-based P,N,P pincer iron
complex 12.?71 Synthesis was accomplished by reaction of iron(ll) bromide with the
bis(phosphine) ligand and subsequent reduction with sodium borohydride in acetonitrile
(Figure 2-10). The resultant complex can be viewed as the nitrogen analogue of a

Xantphos iron complex.
< q ’
1. FeBry/CH3CN, 30 min N
N PhoP—_ | —PPhy
e

2.NaBH, 5h AN
PPh,  PPh, ashs, —N }_' NCCH
B
H
12

H

Figure 2-10. Synthesis of P,N,P pincer iron complex 12 by Milstein et al.

Complex 12 was employed in the semi-hydrogenations of alkynes to alkenes which
generally bear the challenge of chemoselectivity and stereoselectivity. (E)-alkenes were
selectively formed at elevated Hz pressure and elevated temperature (Table 2-3). The

11
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reaction conditions tolerated nitriles, ketones and esters. Over-reduction to the alkanes
was observed only in few examples.

Table 2-3. Selected examples of the (E)-selective hydrogenation with 12

0.6-4 mol% 12 R2
RI="+¢ 4-10 bar Hp, 90 °C qu/

Entry Substrate R % Yield (alkane) E:Z
1 H 99 -
2 Ph———R Ph 99 100:0
3 SiMes 76 (24) 99:1
4 C(O)Me 99 64:36
5 Ph%@R COzEt 89 (11) 99:1
6 CN 94 99:1

The authors rationalize the observed high (E)-selectivity with an isomerization of the
initially formed (Z)-alkene under reaction conditions. Experiments in absence of
dihydrogen proved that 12 quantitatively converted (Z)-stilbene to (E)-stilbene. The initial
formation of (Z)-stilbene under hydrogenation conditions was observed at lower
temperatures.

The P,N,P-pincer iron complex 13 with a saturated backbone was shown to be active in
the dehydrogenation of methanol and the hydrogenation of unactivated esters. The
mechanism operates under basic conditions via reversible addition of Hz to the
bifunctional Fe-N moiety.[?8] The deprotonated complex 14 was also applied to
hydrogenations and dehydrogenations of N-heterocycles (Table 2-4) and hydrogenations
of styrenes at mild conditions (Table 2-5) by Jones et al.?] Isolation of a dihydridoiron(11)
complex was achieved upon borane trapping (16) which indicates the key role of 15 as
catalytic intermediate of this hydrogenation mechanism (Figure 2-11). Consistently,
N-methylation of the ligand resulted in complete inhibition of hydrogenation activity.
DFT calculations supported the notion of a step-wise mechanism with initial Fe-centered
hydride transfer to the alkene followed by proton transfer from the amine. Such
mechanistic scenario should facilitate hydrogenations of polar double bond systems.
Indeed, experiments with catalyst 14 demonstrated its high activity in the hydrogenation
of functionalized electron-deficient styrenes and inertness towards 1-hexene.

12
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Br N H BH3
EP(’Pr)z \P(iPr)z *P("Pr)z r‘,\p(lpr)z
—Fe— KO'Bu ___Sco" +H, BH*THF
F{N_IT © — (’\f}:e\H HN—Fe—CO | ——— r{N_—IFefco
" P(Pr); ‘_Pl(i‘:’fb P(i#")z
. H H
13 14 15 16

Figure 2-11. Aliphatic P,N,P complex 13 and possible key intermediates
hydrogenations

Table 2-4. Selected examples of the hydrogenation of N-heterocycles with 13

3 mol% 13

10 mol% KO'B
N” N

5-10 bar Hp 80 °C, 24 h

H
Entry Substrate % Yield
X
1 N 66
X
2 P 92
N
X
3 | 60
N

Table 2-5. Selected examples of the hydrogenation of styrenes with 14

AN 5 mol% 14
R R
1barH, 23°C

Entry  Substrate R Time/h % Yield
1 H 24 100
X
2 j@/\ OMe 168 100
R
3 CO2Me 0.7 100

in

13
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2.2.3 Others

Avrene ferrates were studied in catalytic alkene hydrogenations by Jacobi von Wangelin
and Wolf. The monoanionic bis(anthracene) ferrate (17) showed good activity for
styrenes. However, the cobaltate derivative was much more active and tolerated various
functional groups.[% Such homoleptic arene complexes were first prepared by Ellis et al.
by reduction of the metal(Il) bromides with potassium/anthracene and can be viewed as
homogenous sources of metal species in the oxidation state -1 (Figure 2-12).B1
Mechanistic studies were mostly performed with the cobaltate which underwent rapid =-
ligand exchange with various alkenes as initiating step under hydrogenation conditions.

K(anthracene)
18-crown-6
FeBr, — [K(18-crown-6)(thf),]"  Fe

Figure 2-12. Synthesis of potassium bis(anthracene)ferrate 17

In addition, the same group prepared a library of homoleptic and heteroleptic arene/alkene
metalates and compared their activity in the hydrogenation of alkenes (Table 2-6).521 In
this series, iron complexes, which were initially reported by Jonas (18) and Wolf (19)
were studied in alkene hydrogenation (Figure 2-13).5]

7_

[Lithf),]*  Fe [K([18]crown-6)]" Fe

" n
! N

7 \I\ 4 \\\

18 19

Figure 2-13. Cyclopentadienyl iron complexes 18 and 19

14
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Table 2-6. Comparative hydrogenation with iron complexes 17, 18 and 19

5 mol% [Fe]
R/\ R/\
2barH; 20°C,24 h

% Yield with [Fe]

Entry  Substrate

17 18 19
1 ©/\ 72 90 6
2 N 15 84 T2

15
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2.3 Cobalt
23.1 Introduction

Cobalt-based hydrogenation catalysts were developed mostly parallel to their iron
counterparts when probing the activities of the less expensive first row transition metals
in comparison with the established noble metal systems. Heterogeneous Raney®-cobalt
was reported to hydrogenate styrene already in 1958 but its activity is far inferior to
Raney®-nickel. However, superior selectivity was observed in hydrogenations of nitriles
and oximes.[?1 With the advent of Ziegler-Natta polymerization catalysis, various
combinations of simple cobalt salt precursors with triorganoaluminium additives were
applied to catalytic hydrogenations of simple alkenes such as 1-hexene and
cyclohexene.’l The differences in catalyst precursors, additives, conditions, and
preparation methods have so far prevented a unified proposal of the operating catalyst
species.! Recently, Finke and coworkers demonstrated that active cobalt clusters are
formed from a cobalt(ll)neodecanoate/EtsAl catalyst system by careful choice of
poisoning tests as well as analysis by mass spectrometry, X-ray absorption fine structure,
transmission electron microscopy. %

AlRg agglomeration
CoXys [COl—L, -rmmmmrmmmmmmnnes -
R=Et, 'Bu
X = 0Ac, Cl, acac, [Col
neodecanoate nanoclusters/particles

Figure 2-14. Generation of cobalt-based Ziegler-type hydrogenation catalysts

While defined cobalt nanoparticles were prepared by various methods and their surface,
size, and composition was carefully analyzed, extended catalytic studies into
hydrogenation reactions remained scarce until the very recent past. Beller and coworkers
prepared Cos04/Co core/shell nanoparticles featuring nitrogen-doped graphene layers on
alumina by pyrolysis of cobalt(ll) acetate/phenantroline and applied them in the
hydrogenation of N-heteroarenes.[*®! Cobalt nanoparticles on charcoal were synthesized
by thermal treatment of dicobalt octacarbonyl which were also shown to be active in the
hydrogenation of alkenes.[3"]

Several cobalt-catalyzed C=C hydrogenation protocols were developed with
homogeneous cobalt carbonyl complexes following the seminal discovery of the
hydroformylation of olefins with syngas (CO/Hz).[81 Improvements in selectivity and
activity were achieved by introducing monodentate phosphine ligands in the late 1970’s
which enabled clean hydrogenations of alkynes and alkenes.[®% Later, the use of bidentate
ligands and their applications to stereoselective hydrogenations of functionalized olefins
were reported.l*® The majority of recent reports emphasized tridentate amine/pyridine-
based pincer ligand motifs.
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6.1.1 Pincer complexes

Concurrent with the development of bis(imino)pyridine iron catalysts, the related cobalt
complexes were initially studied in olefin polymerization reactions and shortly after also
in olefin hydrogenations, both under Ziegler conditions in the presence of
triisobutylaluminium as activator.[*41 The structurally defined alkylcobalt complex 22
was synthesized by sequential alkylation of bis(imino)pyridinecobalt(I1) dichloride (20)
with methyllithium/MAO and trimethylsilylmethyl lithium (Figure 2-15).14 Strong
redox-participation of the ligand accounts for the formulation of 22 as a low-spin Co(ll)
center with a ligand-centered radical anion.3]

Y ) ) = \ D
\ _ 1.2 equiv. MeLi or \ _ 1.2 equiv. P
N7 2.0 equiv. MAO N LiCH,SiMes PN
N | N N—_| AN
A \C‘o\/ SAr Ar=26-Pr,-CeHy  Ar” \C‘o/ “Ar Ar Co Ar
¢l el X =Cl, Br Cl SiMeg
20 21 2

Figure 2-15. Synthesis of alkyl bis(imino)pyridine cobalt 20

Under reaction conditions, complex 22 effects dihydrogen activation upon release of
tetramethylsilane. The resultant monohydridocobalt intermediate was identified by
IH- and 3C-NMR and is believed to be the catalytically active species in hydrogenations
of terminal and internal di-substituted alkenes (Figure 2-16).

N/

N | N M LCo—H LCo—

o—
7 ~ — ~
Ar Ar - SiMe, R
SiMe; H H )
22 % / via ) H2
o-bond metathesis,

Figure 2-16. Mechanistic proposal of catalytic hydrogenation with 22

According to DFT calculations, dihydrogen splitting does not operate by an oxidative
addition event but through o-bond metathesis which is the rate-limiting step. A chiral
version of complex 22 was prepared by replacing one aryl group with a chiral
sec-alkylamine moiety. Initially developed for oligomerization reactions by Bianchini et
al., the chiral bis(imino)pyridine(methyl)cobalt(l) complex (S)-25 was prepared from
(S)-23 (Figure 2-17).144
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A S A
» . _ »
N NaBEt;H N MelLi N
N | N Nl N T Nl
Ar” \C‘o\/ Y Ar=26-Pry-CeHs  Ar” \Clo/ Ar” \C‘o/
¢l C Cy X=Cl,Br cl Cy Me Cy
(5)-23 (5)-24 (S)-25

Figure 2-17. Synthesis of chiral bis(imino)pyridine methyl cobalt (S)-25

Complex (S)-25 was successfully applied to the hydrogenation of prochiral alkenes;
notably no further directing groups were required to achieve high enantiomeric excess. In
general, the stereoselective hydrogenation of such minimally functionalized is a
challenging task due to the lack of chelating coordination modes, the absence of directing
groups, and the lack of a strong stereochemical bias through bulky substituents. Higher
enantiomeric excess values were observed for electron-rich styrenes which was explained
by their lower reactivity and higher selectivity (Table 2-7).

Table 2-7. Selected examples of the hydrogenation of prochiral styrenes with (S)-25

)L 5 mol% (S)-25 /L

Ph™ "R 4barH, 23°C,24h Ph™ "R
Entry Substrate R % Yield 9%ee
1 JL iPr 87 90
2 Ph™ R Cy 70 80

3 NMez >08 96
iPr
4 R F >08 78

The origin of enantioselectivity in the hydrogenation of benzannulated exocyclic and
endocyclic cycloalkenes was rationalized in a comprehensive report. The authors
documented that the 1,2-alkene addition is the enantiodetermining and rate-limiting step.
Isomerization of the starting material is competitive if the alkylcobalt complex populates
a conformation that can undergo syn-g-hydride elimination (Table 2-8).14%]
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Table 2-8. Enantioselective hydrogenation of exo- and endocyclic alkenes with (S)-25

5 mol% (S)-25
4 barH, 25°C, 16 h
’ 1-3

2
g

&

Entry Substrate Product % Yield (ee)
1 CEé . 84 (74)
2 88 (89)
v R ORI
4 e

Careful choice of the chiral moiety was necessary to suppress dehydrogenative CH
insertion of the ligand side chains to give a cobaltacycle. Cyclometalation of (S)-25 is
reversible under hydrogenation conditions, whereas the tert-butyl homologue gave almost
exclusively the inactive form (R)-26 which underwent very slow conversion to the active

hydridocobalt complex (Figure 2-18).

33

b
\24
<‘(

I—

(S)-25

\
N
Y(j\N/
O/N an +H, Ar o
ho®

not observed (R)-26

33

c

Figure 2-18. Competing cyclometalation of active cobalt hydride intermediates
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In 2016, a related ligand design was embedded within the chiral oxazoline iminopyridine
cobalt complex 27 by Lu and coworkers (Figure 2-19).[461 In contrast to the earlier works
by Budzelaar and Chirik, pre-catalyst activation was achieved in situ by the addition of
sodium triethylborohydride. Application in the stereoselective hydrogenation of
1,1-diphenylethenes revealed a higher hydrogenation activity with higher enantiomeric
excess under mild conditions compared to (S)-25 in some examples, making this ligand
an interesting modulation of the typical bis(imino)pyridines for further investigations.

‘\
~
SRABY
N N
TCo™  *
A B
'Pr
2

K
c @ :
Figure 2-19. Oxazoline iminopyridine complex 27

7

Table 2-9. Selected examples of the hydrogenation of 1,1-diarylethenes with 27

5 mol% 27

15 mol% NaBEtH
Ph Ph
R TbarH, 23°C,3h R
Entry Substrate R % Yield % ee
1 R F >99 60
2 @JLPh Cl >99 90
3 Me >99 80

In analogy to their observations in iron-catalyzed hydrogenations, the Chirik group has
modified the bis(imino)pyridine ligand by replacing the imines with strongly o-donating
N-heterocyclic carbenes to enhance the electron density at the metal center (Figure
2-20).1471
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IO
SR
ipr N Co N ipr
Pr I\I/Ie iPr
28
Figure 2-20. Bis(arylimidazol-2-ylidene)pyridine cobalt methyl 28

Again, this ligand modification resulted in increased reactivity compared to its
bis(imino)pyridine analogue. Therefore, 28 constitutes one of the most active base metal
hydrogenation pre-catalysts for sterically hindered alkenes.

Table 2-10. Hydrogenation of sterically hindered alkenes with 28

1 R? 5 mol% 28 1 R

Rihg PR R
18 4 bar Hy, 22 °C 18
Entry Substrate % Yield

(o]
1 >05(1h
P (1h)
2 bh J% Ph >095 (5 h)
3 H 15 (24 h)

Upon dihydrogen addition, 28 readily forms the hydride complex 29 which most likely is
the active catalyst under hydrogenation conditions. Interestingly, 29 undergoes hydrogen
migration from cobalt to the electrophilic 4-pyridyl position which has not been observed
with the analogous iron complex 11 (Figure 2-21). A combined computational and
spectroscopic study favors the presence of a pyridine-centered radical ligand which is
responsible for the observed H atom migration and the redox-noninnocence of the C,N,C-
pincer ligand.
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L2 Ly £

7
CNNNS VNN
/Nzgclo/&N\Ar SR S @l\r‘v /N&}

-CH C \ _migrati
Ar 4 A ‘ Ar H-migration ] Co |
Me ‘ H Ar Ar
Ar = 2,6-Pry-CgH3 N
28 29

Figure 2-21. Reactivity of 28 with dihydrogen and sequential H-atom migration

In 2012, Hanson and coworkers applied cobalt pre-catalysts containing aliphatic P,N,P-
pincer ligands to olefin and carbonyl hydrogenation reactions.[*8! Through the activation
with the strong Brookhart acid H[BArF4]-(Et20)2, the inactive precursor 30 was converted
to the cationic hydrogenation catalyst 31 (Figure 2-22).

H T BAF
| 4
N N
! H[BArF,](Et,0 K\ /\
Cy,P—Co—PCy, & CszfC‘ofPCyg
SiMe; SiMe;
30 31

Figure 2-22. Formation of cationic pincer catalyst 31 by deprotonation of 30

Similar to the alkylcobalt complex 22, 31 formed an active hydridocobalt species under
hydrogenation conditions upon release of tetramethylsilane (Figure 2-23) as evidenced by
crossover and trapping experiments.

- /\
R

H F

BAr",

N

| * H2
Cy,P—Co—FPCy, _— [ LCofH} LCo—
R

SiMes

31 H H
i '\/ H,

Figure 2-23. Proposed catalytic cycle with 31

Hydrogenations of a wide scope of alkenes, imines, and ketones were performed with in
situ generated 31. The base-free operation enabled the tolerance of a various functional
groups (e.g. carboxylic acids and ketones). The presence of alcohol functions or water did
not effect the catalytic activity which attests to the high stability of 31. Similar to catalysis
by the analogous iron complex 14, a bifunctional mechanism with amine participation
was excluded due to the similar activity of the N-methylated complex. In accordance with

22



Chapter 2

this assumption, 31 was also a competent catalyst in the hydrogenation of non-polar C=C
bonds whereas 14 failed to hydrogenate 1-hexene. 31 showed high chemoselectivity in
hydrogenations of less hindered C=C bonds and in the presence of carbonyl groups (Table
2-11). Elevated temperature also enabled the clean hydrogenation of carbonyl compounds.

Table 2-11. Selected examples of various alkene hydrogenation with pre-catalyst 30

2 mol% 30
. 2 mol% H[BArF,](Et,0), ;
R \/\Rz R \/\RZ
1 bar Hy 25 °C

Entry Substrate Product Time/h % Yield

O O e s
2 Nio e /\).io e 24 99
3 \/\)CLOH \/\)CLOH 24(60°C) 99

(0] o)
4>:/§ ><§ 42 99

In 2014, Peters and coworkers applied new P,B,P-pincer cobalt complexes to
hydrogenation reactions.*®l The bis(phosphino)boranecobalt(l) complex 32 was
synthesized by complexation of cobalt(Il) bromide and sequential reduction with Na/Hg.
Importantly, 32 is capable of activating two equivalents of dihydrogen in a reversible
fashion to form the dihydridoboratocobalt dihydride 33. Under mild hydrogenation
conditions, simple olefins such as 1-octene and styrene were hydrogenated with turnover
frequencies of 1000 h! but the complex failed to convert internal olefins (i.e. cyclooctene,
norbornene).
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N2 H H
‘BuP lTI PBu, 1.CoBr, C‘o . //Co:\ '
2 2 . 2 — ~ N
LN,B\NJ 2.NaHg  2BUP ‘ PBU 1 atm H, ZBUPL H, 1 PBu2
— B. —_— .
@ NN 1 atm N, NN
32 33

Figure 2-24. Synthesis and reversible hydrogen addition of P,B,P pincer complex 32

6.1.2 Others

A different ligand design of the pre-catalyst was used by Wolf and Jacobi von Wangelin
in their application of the heteroatom-free bis(anthracene)cobaltate complexes (34) to
hydrogenation reactions of alkenes, alkynes, and carbonyls.3% The complex was first
reported by Ellis and Brennessel in 2002 and constitutes a convenient metal (-1) source
that contains labile hydrocarbon ligands.

<> T
EO

K(anthracene) —
CoBr, T ame [K@me) Co
77N

34

Figure 2-25. Synthesis of potassium bis(anthracene) cobaltate 34

According to the authors, the catalyst is stabilized by the presence of various =-
coordinating compounds which, under hydrogenation conditions, are the corresponding
substrates (e.g. olefins). NMR studies documented the fast ligand exchange of anthracene
by styrene, cod, and other simple alkenes. Longer reaction times and elevated pressure
also led to the hydrogenation of the anthracene ligand. The absence of n-acidic ligands
resulted in particle formation and catalyst deactivation, although the resultant
nanoparticles are still moderately effective catalysts for the hydrogenation of simple
alkenes and styrenes. Catalyst 34 was applied to a wide scope of alkenes (1-4 bar Hz, r.t.),
ketones and imines (10 bar Hz, 60°C) and showed comparable activity to the cobalt
catalyst 31.
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- =\ H,
<= /\

K(d C LCo--- LCo
[K(dme),]* ‘9 W : \ R

N

<= HoH
SF N A

Figure 2-26. Proposed mechanism for catalytic hydrogenation with 34

o

In an extended study, the same groups synthesized a library of heteroleptic bis(arene) and
bis(alkene)cobaltate complexes (Figure 2-27). Despite only small stereoelectronic
differences between these complexes, the nature of the n-hydrocarbon ligand drastically
influenced catalytic reactivity (Table 2-12). The authors observe a decreasing reactivity
for complexes with more strongly coordinating alkene substrates (37, 38).

-
-
Cﬁ C/J %

- S ﬁ
P Ph

[K([18]crown-6)]* [K([18]crown-6)]"  [K([18]crown-6)]* K(thf),]*
35 36 37 38

Figure 2-27. Selected examples of heteroleptic arene/alkene cobaltate complexes 35-38

Table 2-12. Comparative hydrogenation of alkenes with 34-38

5 mol% [Co]
2 barH, 20°C, 24 h

% Yield with [Co]
Entry Substrate

34 35 36 37 38

1 ©/\949972360

2 M 58 93 8 71 0
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A structurally unique complex class was reported by Stryker and coworkers in 2013.5%
By reaction of cobalt(ll) chloride with a sterically demanding lithium phosphoranimide
and sequential reduction with sodium amalgam, the tetrameric cobalt(l) cluster 39 was
formed. The square-planar complex can be viewed as a simple ligand-supported mimetic
of metallic surface arrays. The authors reported the good activity of 39 in the
hydrogenation of allylbenzene and diphenylacetlyene using only 0.5 mol% of catalyst.

3BUPy _P'Bus
LINP'Bu, Na(Hg) N-Co-N
CoCl, —— > [Co(NPBuzCll, ——> Co Co
o MN-CoN,
3BuP PBuj
39

Figure 2-28. Synthesis of tetrameric cobalt complex 39.

In a landmark publication, Chirik and coworkers reported the use of chiral bidentate
bis(phosphine)cobalt catalysts in highly stereoselective hydrogenations of largely
unfunctionalized alkenes and dehydroamino acids.®2 Remarkably, the authors were able
to identify very potent catalysts by high-throughput screening, which allowed the fast
comparison of a vast number of chiral bidentate phosphine ligands in cobalt-catalyzed
enantioselective alkene hydrogenations (Table 2-13).

Table 2-13. Selected bis(phosphine) ligands in enantioselective cobalt-catalyzed
hydrogenation

10 mol% CoCl,
20 mol% LiCH,SiMe3

O . ) (e}
10 mol% bis(phosphine)
ANJYO\ P N
H ) 34 bar Hy 23 °C, 20 h H o

Entry Bis(phosphine) % Yield % ee (major isomer)

"Bu
N\ P\
1 @[ /I 93.2 96.4 (R)
N= P

%Bu
(R,R)-QuinoxP
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"Prw@"Pr

P
2 ©ip 92.3 94.2 (S)
"Pr-—Q“"Pr

PrbuPhos

"Bu

P -
3 @P >99 93.4 (R)

‘tBu
(R,R)-BenzP
Ph

P
4 @P_ >99 77.0 (S)

Ph
(S,5)-1,2-(MePhP),CeHs

After identification of P'DuPhos as suitable ligand, complex 40 was isolated and applied

in the hydrogenation of enamides (Figure 2-29) with excellent yield and moderate to good
enantioselectivity.

’Pr i
R "'Pr
5 mol% (R,R)-40 @E FoRe
mo yK)=

Ph/\/COZMe o Ph/\‘/COZMe

P
ippin gIPr
NHAc 34 bar Hy, 22°C, 12 h NHAc

>99% (92.7% ee) (R,R)-40

JL 5 mol% (S, S)-40 ;

’Pr“
A~ N
Ph™ "NHAc 34 bar Hy, 22 °C, 12 h Ph™ "NHAc @[ CoR2

>99% (82.0% ee)

(S,S)-40
R = CH,SiMe;

Figure 2-29. Enantioselective alkene hydrogenation with 40

Soon after, the same group prepared related non-chiral bis(phosphine)cobalt(l1) dialkyl
complexes (Figure 2-30) which proved very active in alkene hydrogenations. 3
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Phy  siMe, Et, SiMes Me; siMe,

P J P J P J
/COT /COT /COT

P P P

Ph, SiMe; Et, SiMe; Me, SiMeg
41 42 43

Figure 2-30. Bisphosphine cobalt(l1) dialkyl cobalt (1) complexes 41, 42 and 43

Complex 42 effectively catalyzed the hydrogenation of terminal and di-substituted C=C
bonds. Notably, the authors reported a catalyst activation in the presence of hydroxyl
moieties which enabled the hydrogenation of tri-substituted alkenes under mild conditions
(Table 2-14). Notably, the authors reported a catalyst activation in the presence of
hydroxyl moieties which enabled the hydrogenation of tri-substituted alkenes under mild
conditions. This activation effect is intramolecular in nature, an intermolecular activation
by addition of alcohol was unsuccessful.

Table 2-14. Selected examples of the hydrogenation of oxygen-containing alkenes with
42

R3 5 mol% 42 R3
R%Rz 4 barH, 25 °C Ru\Rz
Entry Substrate Product Time/h % Yield

1 )\/\/K/\OME MOMG 14 <5
2 )\/\/K/\OH MOH 14 7
4 )\/\)& )\/\)&H/ 4 >99

Under hydrogenation conditions, the authors proposed hydrogenolysis of both alkyl
moieties and formation of a dihydridocobalt(ll) complex. Insertion of olefin gives a
monohydridocobalt(ll) alkyl complex which could reductively eliminate the resulting
alkane upon generation of a cobalt(0) complex (Figure 2-31). The latter was supported by
trapping a cyclooctadienecobalt(0) complex upon reaction of 42 with cyclooctadiene
under dihydrogen atmosphere.
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Etz SiMes =\

[\Co) e ot — R oo Loo-—{
Pl - SiMe, H H R R
Et, SiMe;

Figure 2-31. Proposed olefin hydrogenation with pre-catalyst 42
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2.4 Nickel
241 Introduction

Heterogeneous nickel catalysts in various forms are very well established for C=C
hydrogenation reactions. Most prominent are applications of Raney®-nickel catalysts
which were developed in already in 1926.4 The high catalyst activities at room
temperature led to numerous implementation in industrial processes and organic synthesis
programmes. The broad range of catalyzed reactions includes hydrogenation of C=C
bonds, nitriles, nitro compounds, and other unsaturated functional groups. Similar
activities were often achieved with the non-pyrophoric Urushibara-nickel catalysts
(mostly Fe/Zn).[5%1 Reports of olefin hydrogenations with Ziegler-type Ni/Al catalysts
followed in the 1960’s.'% Today, Raney®-nickel catalysts display the widest scope in
hydrogenation reactions. However, the heterogeneous nature, rather undefined
composition and surface properties, and the high reactivity with many functional groups
have stimulated significant efforts toward the design of homogeneous catalysts that allow
facile control over activity, selectivity, and physical properties through rational ligand
design. Still only very few powerful homogeneous nickel-catalyzed C=C hydrogenations
have been reported, despite the decades experience with the related Reppe and Wilke
chemistry.581 Early examples include the hydrogenation of methyl linoleate with
bis(triphenylphosphine)nickel(11) halides in 1967.571 Bidentate bis(phosphine) nickel(I1)
complexes were studied in the hydrogenation of 1-octene in 1998.81 The more recent
applications of homogeneous nickel catalysts to hydrogenation reactions are summarized
below.

242 Pincer complexes

One of the rare examples in homogeneous nickel hydrogenation chemistry was reported
by Sanchez and coworkers in 2004. A set of aminosalen-type O,N,N pincer nickel(ll)
complexes were evaluated under hydrogenation conditions (Figure 2-32).559

SN—, R=phenyl 43
N,
—Ni R = 1-naphthyl 44
Bu OAC(') ~N Vo oRe- 2-naphthyl 45
R

(

Figure 2-32. Salen-type nickel(1l) complexes 43, 44 and 45

The chiral, air-stable complexes were active in hydrogenations of alkenes and imines
(Table 2-15). No stereoselectivity was induced in reactions of prochiral alkenes. In a
comparative study, the authors showed similar activities of 43-45 with the analoguous
palladium complexes in terms of turnover frequencies.
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Table 2-15. Selected examples of the hydrogenation of alkenes with 43

1 R 0.1 mol% 43 1 R®
N LSS
R . R
R2 4 bar Hy 40 °C R
Entry Substrate TOF/ ht
1 O 4020
CO,Et
2 Et0,C 2400
CO,Et

3 EtO,C._Ix_Ph 220

Parallel to their work on cobalt catalysts, Hanson et al. prepared the P,N,P-nickel(ll)
hydride complex 46 by reduction of the corresponding nickel(ll) bromide complex and

sequential protonation. ]

H 1. NaBH,
! 2. NaBPh, :
(N 2R Y
PCy,~Ni—PCy, PCy,~Ni—PCy,
Br |l|

46

Figure 2-33. Synthesis of P,N,P-nickel(Il) hydride (46)

Ho |BPh

The catalytic activity in the hydrogenation of terminal alkenes at 4 bar Hz, 80 °C was only
moderate. A bifunctional mechanism that would involve alkane generation by an
intramolecular protonation of the alkylnickel intermediates by the NH function (as
observed with iron complex 14), was excluded based on the observation that no methane
was released from thermal treatment of the catalytically equally active methylnickel(IT)
complex 47 (Figure 2-34). The authors proposed a purely metal-centered mechanism via
reversible alkene 1,2-insertion into the Ni-H bond, dihydrogen addition, and reductive

elimination.
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H ~|BPh,

I heating
(\l‘\l/\ ————— no methane formation
PCyzfr\‘li*PCyz
Me
47

Figure 2-34. Stability of P,N,P nickel(I1) methyl complex 47

In 2012, Peters and coworkers reported the synthesis and comprehensive study of P,B,P-
pincer nickel(1) complexes.® The boryl bis(phosphine)nickel 48 reversibly added
dihydrogen to give the square-planar borohydridonickel(Il) hydride 49 (Figure 2-35). The
heterolysis of Hz occurs at the nickel-boron bond where nickel acts as a Lewis base which
formally accepts a proton. The Lewis acidic boryl ligand stabilizes the formal
dihydridonickel complex 49, allowing reversible hydrogen activation at room
temperature. Complex 48 was successfully applied to hydrogenations of styrene at mild
conditions with a turnover frequency of about 20 h-%,

O @ Na/H O ; ‘ P2
a 9 \\

~H=nji—

Pn NI\Br Pu - B f\{l H

F’hz/ H, )\\)/PPh2

p
Ph, th

48 49
Figure 2-35. Synthesis of borylnickel complex 48 and reversible addition of dihydrogen

Two years later, the same group reported the P,B,P-nickel(l) hydride complex 41 with
similar hydrogenation activity.[%2 The proposed mechanism involves reversible olefin
insertion into the Ni-H bond with consecutive hydrogenolysis. The authors demonstrated
the beneficial effect of the boryl ligand in 50 in comparison with isoelectronic and
isostructural phenyl and amino functions (Table 2-16).

I i
1. AgOTf Ni
,BuP~ ‘ TSPBu, 2 PrMg  ZBUPT | PRy,
B, — B,
NN NN
50

Figure 2-36. Synthesis of P,B,P nickel(l) hydride 50
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Table 2-16. Selected examples of the hydrogenation of terminal alkenes with the nickel
complexes 46 and 50

TOF / ht (% Yield)
Entry Substrate
46 50
1 Ph X 0.4 (100) 25 (100)
2 AN 04(70) 25 (64)

3 oS 0.2(97) 5 (100)
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3  Stereoselective iron-catalyzed alkyne hydrogenation in
ionic liquids"'

ionic liquid for
catalyst separation
and stabilization

@ My,
@) [F:] H; ’

bommnee- FG P r

ligated iron catalyst
for selective
hydrogenation

Iron(0) nanoparticles in ionic liquids (ILs) have been shown to catalyse the semi-
hydrogenation of alkynes. In the presence of a nitrile-functionalised IL or acetonitrile,
stereoselective formation of (Z)-alkenes was observed. The biphasic solvent system
allowed facile separation and re-use of the catalyst.

" Reproduced from T. N. Gieshoff, A. Welther, M. T. Kessler, M. H. G. Prechtl, A. Jacobi von
Wangelin, Chem. Commun. 2014, 50, 2261-2264 with permission from the Royal Society of
Chemistry. Schemes, tables and text may differ from published version.

i Authors contribution: Initial experiments were performed by A. Welther (Table 3-1, Table 3-2,
Table 3-3, entries 2,3,7,11), see A. Welther, Dissertation, University Regensburg, 2013. Table 3-3
entries 1,2,9-11, Table 3-4 entries 6,19,10,13-17, Scheme 3-2, Figure 3-2 were performed by T. N.
Gieshoff, see T. N. Gieshoff, Master Thesis, University or Regensburg, 2013. lonic liquid synthesis
and TEM measurement were performed by M. T. Kessler, University of Cologne.
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3.1 Introduction

Iron-catalyzed hydrogenations are among the largest technical processes (Haber-Bosch,
gas-to-liquid)M but are underutilized on the smaller scales of fine chemical, agrochemical,
and pharmaceutical manufacture and within academic synthesis programs. However, the
current economic and environmental constraints have prompted reconsiderations of iron-
catalyzed procedures.[? Hydrogenations of alkenes and alkynes with well-defined ligand-
stabilized iron catalysts or heterogeneous species have been recently reported.[!
Hydrogenations of alkynes in general bear the dual challenge of product- and stereo-
selectivity. Lindlar-type catalysts exhibit especially high versatility and are the benchmark
for semi-hydrogenations to (Z)-alkenes.[l This combination of an expensive noble metal
catalyst (Pd/CaCOQz) and toxic additives (Pb(OAc)z, quinoline) is clearly derogatory to the
development of sustainable chemical processes, so an inexpensive nontoxic iron-
catalyzed alternative is highly desirable.[] However, the search for new catalysts for
technical applications is incomplete without the implementation of efficient catalyst
separation and recycling technologies.[®! Despite the higher selectivity of homogeneous
catalysts, most technical processes use heterogeneous catalysts because of their ease of
separation from the products. Within the scope of our iron catalysis program, we thus
aimed at merging the benefits of a separable heterogeneous catalyst with that of a highly
dispersive ligand-modified catalyst. We envisioned to capitalize on the hybrid concept of
nanoparticular iron catalystsl in the presence of ligands which control the catalyst
selectivity through coordination and an ionic liquid to allow catalyst separation. The
potential of such modular systems was evaluated in stereoselective semi-hydrogenations
of alkynes (Scheme 3-1).

lonic liquids (ILs) based on azolium salts seemed perfectly suited for this task due to their
ability to dissolve, stabilize, and modulate metal nanoparticles.!®! Their physicochemical
properties are widely adjustable by variation of substituents, the heterocycle, and counter-
ion. Most importantly, azolium-ILs are immiscible with non-polar solvents and have a
negligible vapor pressure. IL-stabilized precious metal nanoparticle catalysts were
successfully applied to hydrogenations, whereas the generation and utilization of IL-
embedded iron catalysts is as yet underutilized.[®]

R——R"’
¥
ionic moiety for "”"'[Fe] Hz
catalyst separation @\““" +
H H

L-X—FG =
ligated iron catalyst for
selective hydrogenation

Scheme 3-1. Modular ion pair/ligand/iron catalysts for hydrogenations.
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3.2 Reaction conditions and substrate scope

We set out to study the catalytic activity of heterogeneous iron species in low oxidation
states generated by reduction of FeCls with ethylmagnesium chloride (Table 3-1).[3¢%]
Hydrogenation of diphenylacetylene (1) in the absence of a suitable ligand showed low
selectivity toward stilbene (2). The use of imidazolium ILs generally required elevated
pressure and temperature. Geared by literature precedents with Pd, Ru, and Au
nanoparticles, we employed nitrile-functionalized ILs as catalyst modifiers.[*1% Notably,
the presence of a nitrile function, the suppression of N-heterocyclic carbene formation,[*!
and the absence of THF were crucial to a selective cis-hydrogenation in IL-3.51 The
replacement of THF with heptane also resulted in a high phase-partitioning at room
temperature and allowed facile separation of the catalyst. The higher reaction temperature
is believed to enhance dispersion of the viscous IL with the non-polar phase.

Table 3-1. Optimization of reaction conditions. 2

5 mol% [Fe Ph Ph
Ph—=""n conditio[ns] Ph/:\Ph * Ph/:/ * Ph/—/
1 . @2 (B2 3
IL 1./,E\NJ<_9\ IL Z;N%NJ(_)\CN IL-3: (\N
@\ TeN ® Ti,N K sz
Entry Conditions® Solvent(s) 1/2/3in%°¢  ZIE (2)¢

1 4 bar Hz, 45°C, 8 h THF <1/2/93 n.d.
2 1barHz, 18°C,8h THF 1/73/21 3/1
3 50 bar Hz, 50 °C, 16 h THF/IL-1 2/3/93 n.d.
4 4 bar Hz, 18 °C, 16 h THF/IL-2 941212 n.d.
5 50 bar Hz, 50 °C, 16 h THF/IL-2 82/15/2 6/1
6 50 bar Hz, 50 °C, 60 h THF/IL-3 23/75/1 711
7 60 bar Hz, 80 °C, 44 h hept/I1L-3¢ 1/94/3 19/1
8 30 bar Hz, 80 °C, 20 h hept/IL-14 <1/1/98 n.d.

a[Fe]: 5 mol% FeCl, 20 mol% EtMgCIl, THF, r.t., 30 min; ® For experimental details,
see chapter 3.5.2; Cdetermined by quantitative 'H-NMR and GC-FID vs.
hexamethyldisiloxane (*H-NMR) or n-pentadecane (GC-FID) as internal standard;
dremoval of THF prior to reaction.
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Stereoselective iron-catalyzed alkyne hydrogenation in ionic liquids

Application of the optimized conditions in a biphasic heptane/IL-3 mixture to other
phenylacetylenes resulted in moderate to good yields of the corresponding alkenes and
generally high stereoselectivities toward the (Z)-isomers (Table 3-2).

Table 3-2. Biphasic semi-hydrogenation of alkynes in heptane/IL-3.

5 mol% [Fe R'
— o [Fel =,
R—=—R R R ~
60 bar H, 80 °C, 2d R
heptane/IL-3 (3/1)

Yield alkene

Entry Alkyne R in 96 ZIED
1 H 94 95/5
2 4-Bu 86 95/5
3 Ph%®R 4-OMe 92 93/7
4 4-F 75 >99 /<1
5 3-OMe 52 96 /4
6 Ph%@ - 68 89/11
7 Ph—=—Et - 80 88/12

aFor experimental details, see chapter 3.5.2; ° determined by quantitative 'H-NMR and
GC-FID vs. hexamethyldisiloxane (*H-NMR) or n-pentadecane (GC-FID) as internal
standard.

Our observation that ILs can effectively stabilise nanoparticles is in full accord with
literature reports.[1% Droplets of Fe-NPs in IL-1 and IL-3 were measured by transmission
electron microscopy (TEM), respectively (Figure 3-1). Both species are approximately
4-5 nm in diameter and slowly grow during the catalytic reactions (to ~8-20 nm after 24 h
under hydrogenation reaction conditions).
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IN
S
I
S

w
S
w
S

N
<]
n
S]

frequency (counts)

[
5]

frequency (counts)
=
o

o
o

o

1 3 4 5 6 7 4 5 6 7 8
diameter (nm) diameter (nm)

Figure 3-1. Particle sizes and TEM image (Fe@11-3) of Fe@IL catalysts.
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From a mechanistic point of view, the presence of two electrophilic functions
(imidazolium cation, nitrile group) and a strong base/nucleophile (EtMgCI) poses the
question of the actual nature of the ligand moiety that is present under the reaction
conditions. We treated IL-1 with 1 equiv. EtMgCI at room temperature for 30 min
followed by quenching with deuterium oxide (D20) which afforded a mixture of ring-
deuterated (35%) and 2-deuteromethyl products (10%).14 IL-3 did not undergo
deuteration under identical conditions (*H-NMR, MS). Instead, a dimer was formed which
was detected by GC-MS and ESI-MS and tentatively assigned as shown in Scheme 3-2.[13]
If a nucleophile-assisted manipulation of the nitrile is relevant to the control of selectivity,
simple alkylnitriles should exert a similar effect. We therefore examined whether the
intramolecular bifunctional motif of IL-3 could also be expressed by a much simpler
intermolecular combination of ionic liquid and nitrile functions. Furthermore, the
potential occurrence of acetyl or imine moieties as degradation products of the nitrile
prompted us to also investigate the activity of ternary catalyst systems comprising a pre-
formed reduced iron species (5mol%), the non-functionalized ionic liquid IL-1, and
various carbonyl derivatives under the optimised conditions (Table 3-3, Scheme 3-3).
Without additives, the hydrogenation of 1 in heptane/IL-1 afforded bibenzyl (3, >95%
yield, Table 3-3, entry 1).

©
THNT =
N EtMgCl @_° NK\NJ—\CN
W oN ——— N
/N<< o THE 05h ML
@\ TN
(X =NH, 0)

Scheme 3-2. Formation of a dimer of IL-3 by treatment with EtMgCI.

S)

Scheme 3-3. Intramolecular vs. intermolecular mode of bifunctionality.

41



Stereoselective iron-catalyzed alkyne hydrogenation in ionic liquids

To our delight, identical productivity and stereoselectivity as with the bifunctional IL-3
was observed when adding acetonitrile (Table 3-3, entry 2), even at 20 bar Hz (entry 3).
The loading of acetonitrile could be varied from 50-200 mol% without any change of
selectivity. Further addition of 100 mol% methyl benzoate, chlorobenzenel™ or
1,1-diphenylethylene, respectively, resulted in no change of activity (entries 4-6).
lodobenzene slowed down conversion while nitrobenzene acted as inhibitor.
Benzophenone and ethyl acetate showed only slightly lower activity and selectivity as
MeCN (entries 10, 11). Nanoparticles prepared from EtMgCIl and EtMgBr afforded
identical catalytic results.

Table 3-3. Hydrogenation of 1 with ternary Fe/IL-1/additive catalysts.

505 mf}% Elee't]' Ph

mol% additive

= 60 bar H, 80 °C, 16 h Phﬁph ' Ph/—/

1 heptane/IL-1 2 3

Entry Additive Conversionin % 2 in % ZIE (2)¢
1 - >99 3 n. d.
2 MeCN 96 93 96/4
3 MeCN b 99 85 96/4
4 MeCN + PhCO:Me 99 95 971/3
5 MeCN + PhCI >99 95 94/6
6 MeCN + PhoC=CH> >99 95 9% /4
7 MeCN + Phl 43 38 95/5
8 MeCN + PhNO: 5 <1 n. d.
9  MeC(O)Me® 25 22 91/9
10 PhC(O)Ph® >99 84 9416
11 MeCO:Et 92 86 95/5

aFor experimental details, see chapter 3.5.2. °100 mol% additive. €20 bar Ha
4 determined by quantitative GC-FID vs. n-pentadecane as internal standard.

The employment of a ternary Fe/lL-1/additive catalyst constitutes a significant
simplification of the procedure and allows shorter reaction times than with the
bifunctional IL-3 (16 h vs. 2 d). Table 3-4 shows selected examples of hydrogenations of
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various alkynes in the presence of 5 mol% iron catalyst and 100 mol% acetonitrile in the
biphasic solvent mixture IL-1/n-heptane. Generally, higher yields and stereoselectivities
were obtained compared with the reactions in IL-3 (Table 3-2). Free NH2 groups, esters,
and alkenes were tolerated. Bulky groups (-SiMes) and carboxylates led to lower
conversions. 1-Alkynes gave mixtures of alkenes and alkane. Hydrogenations proceeded
also in mono-phasic THF/MeCN or toluene/MeCN (40 h) mixtures with similar
selectivity, but the catalyst phase could not be separated. The catalyst species was found
to rapidly age in the absence of IL-1 and lose activity after 48 h. On the other hand,
effective catalyst separations and multiple re-uses without loss of catalytic activity were
realized with the ternary catalyst Fe/IL-1/MeCN in hydrogenations of 1 under standard
conditions (Figure 3-2). ICP-OES analysis of the product phase showed <0.03% leaching
of iron (= 0.0015 mol%). Replacement of IL-1 with tetraalkyl-ammonium bromides
(n-butyl, n-decyl) cleanly gave the alkanes, and product extraction with heptane failed.
The heterogeneity of the catalyst species was further documented by the absence of
inhibition by addition of dibenzo[a,e]cyclooctatetraene (dct).[*]

Table 3-4. Biphasic semi-hydrogenations in MeCN/heptane/IL-1.

5 mol% [Fe]
100 mol% MeCN R'
JR— ° /7?, +
R———R R R’
60 bar Hy 80 °C, 18 h R

heptane/IL-1 (3/1)

Entry Alkyne R ::ifc alkene ZIE®
1 H 97 96 /4
2 4-Bu 94 97/3
3 4-OMe 98 >99 /<1
4 4-NH> 76 >99/<1
5 4-Br 84 >99/<1

=

6 R 4-Cl 89 >99 /<1
7 4-F 83 99/1
8 4-CO2Me 53 (74) >99 /<1
9 2-Cl 79 >99/<1
10 2-F 82 >99 /<1
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11 Ph—= /S \ ; 76 99/1
12 Ph——= - 90 >99/<1
13 Et 79 95/5
14 ph——Rr CO:Me 13 (19) 96/ 4
15 SiMes 19 (40) 92/8

16 <_\—:—\_> - 90 >99 /<1
0 /
17 @Eﬁ” ; 38 (70) >99 /<1

aFor experimental details, see chapter 3.5.2. P Conversion in parenthesis if not >90%;
¢ determined by quantitative 'H-NMR and GC-FID vs. hexamethyldisiloxane
(*H-NMR) or n-pentadecane (GC-FID) as internal standard.

Figure 3-2. Consecutive hydrogenations of 1 with identical catalyst phase after
liquid/liquid decantation.

3.3 Z-selective hydrogenation in absence of ionic liquids

The use of ionic liquids in the iron-catalyzed Z-selective semihydrogenation of alkynes
clearly is beneficial for catalyst recycling and stability. On the other side, a polar and
viscous catalyst in ionic liquid in combination with an unpolar substrate phase generates
a two-phase system, presumably responsible for the need of high reaction temperatures
and pressures. In order to develop an iron-based catalyst system which operates under
mild conditions and is applicable with the use of standard laboratory inventory, catalytic
hydrogenations were conducted in absence of ionic liquids (Table 3-5).
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Table 3-5. Selected experiments in absence of ionic liquids.

5 mol% [Fe]

Ph—=""n conditions /—\ /—/ * /—/

1 H2 (z)-zPh Ph(E)-z \
Entry Conditions 2 Additive® 1/2/3in%°>  Z/E(2)°
1 4 bar Hz,45°C,8h - <1/2/93 n.d.

2 1lbarHzrt,8h - 1/73/21 3/1
3 10 bar Hz, r.t., 19 h MeCN 88/8/<1 n.d.

4 45 bar Hz, 80 °C, 15 h MeCN 31/65/<1 10/1
5 60 bar Hz, 80 °C, 20 h MeCN 11/78/<1 97/3

aFor experimental details, see chapter 3.5.2; 100 mol% °© determined by quantitative
GC-FID vs. n-pentadecane as internal standard.

Under mild conditions, full hydrogenation to bibenzyl is achieved in absence of
acetonitrile and ionic liquid (Table 3-5, entry 1). Addition of acetonitrile drastically
decreases reactivity with low conversions even at elevated pressures. When employing
harsh hydrogenation conditions (60 bar Hz, 80 °C) (Table 3-5, entry 5), high conversion
with an excellent Z to E ratio is observed, identifying acetonitrile as the single responsible
additive for high stereoselectivity. Harsh conditions are needed in order to activate the
catalyst with acetonitrile as a very potent catalyst poison and are not a result of kinetic
mass transport limitations implemented by viscous ionic liquids.

In order to remain high conversion with high stereoselectivity under less forcing
conditions, a more active iron-based catalyst system was screened. The catalyst was
derived from the reaction of Fe[N(SiMes)2]2 with LiAIH4 or DiBAIH (see chapter 5) and
shows excellent conversion of diphenylacetylen (Table 3-6, entry 1). Interestingly, the
addition of acetonitrile resulted in selective semihydrogenations but with no
stereoselectivity (Table 3-6, entries 2, 3). In the search for an alternative catalyst poison
which enables stereoselective alkyne hydrogenation, CO2 as a green and non-toxic
alternative to acetonitrile showed promising results (entry 4-7). By the use of a mixture of
H2 and COg, catalysts FeCls-EtMgCl and Fe[N(SiMes)z]2-LiAlH4 generated high Z to E
stereoselectivity at elevated reaction pressures and temperatures. Milder reaction
conditions resulted in little preference for Z-stilbene formation (entry 9). Further fine
tuning of the H2/CO: ratio might enhance stereocontrol under mild reaction conditions.
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Table 3-6. Variation of catalyst and poison.

[cat] Ph Ph

Ph———~Ph = t ,—— +
conditions PH Ph PH Ph

Ha (2)-2 (E)-2 3

1

A: [cat] = 5 mol% FeClz 20 mol% EtMgClI
B: [cat] = 5 mol% Fe[N(SiMes),],, 5 mol% LiAlH,
C: [cat] = 5 mol% Fe[N(SiMej3),], 5 mol% DiBAIH

Entry Conditions 2 Additive® 1/2/3in%° Z/E (2)°

1 B, 1barHzrt,3h - <1/<1/93 n.d.

2 B, 45 bar Hz, 80 °C, 15 h MeCN <1/71/4 56 /44
3 B, 45 bar Hz, 80 °C, 15 h MeCN, IL-1 <1/59/3 54 /46
4 B, 45 bar Hz, 80 °C, 15 h 5 bar CO» 13/75/<1 89 /11
5 B, 45 bar Hz, 80 °C, 15 h 5bar COz, IL-1  2/71/<1 87 /13
6 A, 45barH2,80°C,15h  5bar CO2 65/33/<1 88/12
7 A, 45barH2,80°C,15h  5barCO, IL-1  3/67/<1 96/4

8 B, 2bar Hz, rt, 3 h 1 bar CO2 93/5/<1 n. d.

9 C,1lbarHzrt, 18 h 10 mol% CO2 <1/78/11 3/1
10 C,1barHart,2h ;(;%TCOS/" 34/60/5  3/1

aFor experimental details, see chapter 3.5.2; P 100 mol% ¢ determined by quantitative
GC-FID vs. n-pentadecane as internal standard.

3.4 Summary

In summary, we have developed a simple ternary iron catalyst system that enables the (Z)-
selective semi-hydrogenation of alkynes in a biphasic solvent mixture and the
separation/reuse of the catalyst. The nanoparticle catalysts (~5 nm) form by reduction of
FeCls with EtMgCl. Acetonitrile effects stereocontrol; 1-butyl-2,3-dimethyl-1,3-
imidazolium triflimide allows catalyst separation from the products and prevents particle
aggregation.
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35 Experimental
35.1 General

Analytical Thin-Layer Chromatography: TLC was performed using aluminium plates
with silica gel and fluorescent indicator (Merck, 60, F254). Thin layer chromatography
plates were visualized by exposure to ultraviolet light (366 or 254 nm) or by immersion
in a staining solution of molybdatophosphoric acid in ethanol or potassium permanganate
in water.

Column Chromatography: Flash column chromatography with silica gel 60 from KMF
(0.040-0.063 mm). Mixtures of solvents used are noted in brackets.

Chemicals and Solvents: Commercially available chemicals were used without further
purification, unless otherwise noted. Solvents (THF, Et20, n-heptane, toluene) were
distilled over sodium and benzophenone and stored over molecular sieves (4 A). EtMgCI
in THF (2 M, SigmaAldrich) and iron(lI1)chloride (98%, anhydrous, SigmaAldrich) were
stored and handled in a glovebox under argon (99.996%). Solvents used for column
chromatography were distilled under reduced pressure prior use (ethyl acetate).

High Pressure Reactor: Hydrogenation reactions were carried out in 160 and 300 mL high
pressure reactors (Parr™) in 4 mL glass vials. The reactors were loaded under argon,
purged with Hz (1 min), sealed and the internal pressure was adjusted. Hydrogen
(99.9992%) and CO2 (>99.5%) were purchased from Linde.

'H- und 3C-NMR-Spectroscopy: Nuclear magnetic resonance spectra were recorded on a
Bruker Avance 300 (300 MHz) and Bruker Avance 400 (400 MHz). *H-NMR: The
following abbreviations are used to indicate multiplicities: s = singlet; d = doublet; t =
triplet, g = quartet; m = multiplet, dd = doublet of doublet, dt = doublet of triplet, dq =
doublet of quartet, ddt = doublet of doublet of quartet. Chemical shift 3 is given in ppm to
tetramethylsilane.

Fourier-Transformations-Infrared-Spectroscopy (FT-IR): Spectra were recorded on a
Varian Scimitar 1000 FT-IR with ATR-device. All spectra were recorded at room
temperature. Wave number is given in cmL. Bands are marked as s = strong, m = medium,
w = weak and b = broad.

Gas chromatography with FID (GC-FID): HP6890 GC-System with injector 7683B and
Agilent 7820A System. Column: HP-5, 19091J-413 (30 m x 0.32 mm x 0.25 um), carrier
gas: N2. GC-FID was used for reaction control and catalyst screening (Calibration with
internal standard n-pentadecane and analytically pure samples).

Gas chromatography with mass-selective detector (GC-MS): Agilent 6890N Network
GC-System, mass detector 5975 MS. Column: HP-5MS (30m x 0.25 mm x 0.25 pm, 5%
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phenylmethylsiloxane, carrier gas: Hz. Standard heating procedure: 50 °C (2 min), 25
°C/min ->300 °C (5 min)

High resolution mass spectrometry (HRMS): The spectra were recorded by the Central
Analytics Lab at the Department of Chemistry, University of Regensburg, on a MAT SSQ
710 A from Finnigan

Inductively coupled plasma optical emission spectrometry (ICP-OES): ICP-OES
measurements were taken on a Spectro Analytical Instruments ICP Modula EOP.

352 General hydrogenation procedures
Preparation of precatalyst FeCls-EtMgCI

A Schlenk flask was charged with a solution of FeCls (0.20 mmol, 33.1 mg) in dry THF
(3.6 mL) in a glovebox. Under vigorous stirring EtMgCI in THF (2 M, 0.80 mmol,
0.40 mL) was added dropwise (1 min). The resulting black mixture was stirred at room
temperature for 30 min before use.

Hydrogenation of alkynes with [Fe]/IL-3 (Table 3-2)

A 4 mL vial with screw cap and PTFE septum was charged with [BMMIM-CN][NTf]
(IL-3) (150 pL) and 0.50 mL of the freshly prepared black precatalyst solution in a glove
box and the mixture was stirred for 2 min, before THF was evaporated under reduced
pressure (oil pump). The vial was transferred back into the glove box, charged with alkyne
(0.50 mmol) and dry n-heptane (0.50 mL), put into a high pressure reactor, punctured with
a short needle and the reactor was sealed. The reactor was purged three times with Hz and
pressurized with 52-55 bar of H2, heated to 80 °C by a heating jacket (giving a pressure
of 60 + 2 bar) and stirred with an external magnetic stirrer for 2 d. The reactor was then
cooled and depressurized, the vial removed, the heptane phase separated by decantation
and the catalyst phase washed two more times with 1 mL n-heptane. The product mixture
was analyzed by GC and *H-NMR.

Hydrogenation of alkynes with [Fe]/IL-1/Additive (Table 3-3, Table 3-4)

A 4 mL vial with screw cap and PTFE septum was charged with [BMMIM][NTf] (IL-1)
(150 pL) and 0.50 mL of the freshly prepared black precatalyst solution in a glove box
and the mixture was stirred for 2 min before THF was evaporated under reduced pressure
(oil pump). The vial was transferred back into the glove box, charged with alkyne
(0.50 mmol), dry acetonitrile (0.50 mmol) and dry n-heptane (0.50 mL), put into a high
pressure reactor, punctured with a short needle and the reactor was sealed. The reactor
was purged three times with Hz and pressurized with 52-55 bar of H2, heated to 80 °C by
a heating jacket (giving a pressure of 60 + 2 bar) and stirred with an external magnetic
stirrer for 20 h. The reactor was then cooled and depressurized, the vial removed, the
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heptane phase separated by decantation and the catalyst phase washed two more times
with n-heptane (1 mL). The product mixture was analyzed by GC and *H-NMR.

Quantifications via 'H-NMR were performed vs. hexamethyldisiloxane as internal
reference. For identification of the E/Z stereochemistry of the alkenes, their characteristic
vinyl signals were analyzed and compared to literature.

Hydrogenation of alkynes with Fe[N(SiMes)2]>-LiAlH4 in absence of IL (Table 3-6)

A 4mL vial with screw cap and PTFE septum was charged with a solution of
Fe[N(SiMe3)z]2 in DME (0.5 mL, 0.025 mmol, 50 mM) in a glove box. A freshly prepared
suspension of LiAIH4 in DME (0.5 mL, 0.025 mmol, 50 mM) was added dropwise and
the resulting black reaction mixture was stirred for 30 minutes. The vial was charged with
alkyne (0.50 mmol), placed in a high pressure reactor and punctured with a short needle,
and the reactor was sealed. The reactor was purged three times with dihydrogen and
pressurized with 45 bar of H. and 5 bar of COz, heated to 80 °C by a heating jacket (giving
a pressure of 53 + 2 bar) and stirred with an external magnetic stirrer for 18 h. The reactor
was then cooled and depressurized, the vial removed and quenched with an aqueous
solution of NaHCOz (1 mL). After extraction with ethyl acetate (1 mL), the product
mixture was analyzed by quantitative GC-FID.

The Fe[N(SiMes)2]2-DiBAIH catalyst was synthesized by using a solution of DiBAIH in
toluene (0.5 mL, 0.05 mmol, 100 mM) instead.

Hydrogenation with 10 mol% CO. were conducted in a COware two-chamber system
with reaction mixture (chamber A) and 15mol% NaHCOs with 10 mol%
p-toluenesulfonic acid (chamber B). The mixtures were frozen in liquid dinitrogen, then
DMF (0.5 mL) was added (chamber B). The reactor was pumped down and thawed under
H2 atmosphere.

3.5.3 Mechanistic experimental details
Recycling experiments

For the recycling experiments, the general protocol of the hydrogenation of alkynes with
[Fe]/IL-1/MeCN was applied using diphenylacetylene. Reaction mixture was stirred for
24 h at 60 bar H2 and 80 °C instead of 20 h. Then, the catalyst phase was extracted with
n-heptane (3 x 0.5 mL) in a glove box. The combined organic layers were analyzed by
GC-FID und GC-MS. The catalyst phase was charged again with acetonitrile (0.50 mmol,
26 pL), diphenylacetylene (0.5 mmol, 89.1 mg) and 0.5 mL n-heptane and transferred to
the high pressure reactor for the next hydrogenation run.

Reaction of IL-1 and IL-3 with EtMgCI

The ionic liquids IL-1 and IL-3 were tested in the reaction with EtMgCI for determination
of side products. A 4 mL flask was charged with IL-1 or IL-3 (0.5 mmol, 150 pL) and
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EtMgCl in THF (2 M in THF, 0.5 mmol, 0.25 mL) under argon atmosphere. The reaction
mixture was stirred for 30 min, quenched with D20 and dried (oil pump). The reaction
mixture was analyzed by ESI-MS, *H-NMR and 2H-NMR.

Analysis of IL-1 after hydrogenation

To check if missing product after decantation and extraction of the catalyst phase (IL) is
due to trapped residues of product in the IL, a tH-NMR of the IL after hydrogenation of
1-methoxy-4-(phenylethynyl) benzene with [Fe]/IL-1 was measured.

To that end, a small amount of the catalyst phase was diluted in MeOH-d4 and filtered
through a layer of celite (in a pipette) directly into the NMR tube.
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Scheme 3-4. H-NMR of IL-1 after hydrogenation of 1-methoxy-4-(phenylethynyl)
benzene.

TEM-Analysis

A sample of the corresponding catalyst embedded in IL was dispersed in abs. THF. The
highly diluted suspension was placed in an ultrasound bath for approx. 5 minutes. In a
glove box, a small amount of the dispersion was placed on a carbon-coated copper grid
and the solvent evaporated at ambient temperature. The particle size distribution was
determined using Lince24e, by measuring 200-300 particles on the enlarged digital
images. TEM measurements have been carried out three weeks after preparation of the
samples. During this time, the samples fixed on the copper grid were stored in a glove box
under an argon atmosphere.
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Selective scavenging with dct

The heterogeneity of the catalyst species was further indicated by experiments in the
presence of dibenzo[a,e]cyclooctatetraene (dct). Dct selectively binds homogeneous
metal species due to its rigid tub-like structure and w-acceptor ability, and is resistant to
hydrogenation. No inhibition of catalytic activity was observed in the hydrogenation of
diphenylacetylene when dct was added at ~50% conversion. Standard procedure with
5 mol% Fe catalyst solution in 150 pL IL-1, 0.5 mmol diphenylacetylene, 100 mol%
MeCN, 0.5 mL heptane, 0.5 mmol n-pentadecane (GC reference). Reaction in a 4 mL vial
at 80 °C, 20 bar Hz. After 5 h, the autoclave reactor was cooled and depressurized,
transferred into a glovebox (argon) and a sample was taken for quantitative GC-FID
analysis (entry 2). Then, 10 mol% (2 equiv. per Fe) dibenzo[a,e]cyclooctatetraene (dct)
were added, and the reactor again pressurized and heated (20 bar, 80 °C). After another
3h, the sampling procedure was repeated (entry 4). A parallel reaction was run in a
separate vial under identical conditions inside the same autoclave reactor but without
addition of dct (entries 1 and 3). No hydrogenation of dct was observed after 8 h.

Table 3-7: Selective scavenging with dct.

o 5 mol% [Fe] Ph
PR =" 0 bar Hy, 80 °C, 16 h el ®h ' pH
heptane/IL-1
1 100 mol% MeCN 2 3
Entry Conditions Conversionin % 2in %? ZIE(@2)°
1 after5h 72 49 96/4
2 after5h 71 50 96 /4
3 after 8 h 81 60 97/3
4 with dct, after 8 h 79 59 97/3

@ quantitative GC-FID vs. n-pentadecane as internal reference.
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354 Synthesis of starting material
General procedure of ionic liquid synthesis

A 25 mL flask was charged with freshly distilled 1,2-dimethylimidazole (20.0 mmol,
1.92 g) and heated to 90 °C. 1-Chlorobutane (20.0 mmol, 2.09 mL) was added slowly and
the reaction mixture was stirred at 90 °C for 5 days. For completion of the reaction
1-chlorobutane (1.00 mmol, 105 pL) was added and the mixture was stirred for another
3 days. Then, LiNTf2 (14.5 mmol, 4.16 g) and dist. H20 (7.25 mL) were added and the
mixture was stirred at room temperature for 12 h. The aqueous phase was removed and
the organic phased washed with dist. H20 (2 x 4 mL) and dried at 130 °C for 3 days (oil

pump).
[BMMIm][NTf] IL-1

Synthesis following the general procedure of ionic liquid synthesis.

J\ . C11H17FsN304S2
NN 433.39 g/mol
\=/" NT¥, -59 g/mo
Appearance colorless liquid
Yield 6.24 g, 14.4 mmol (72%)
IH-NMR (400 MHz, MeOD) & 7.49 (d, J =2.0 Hz, 1H), 7.44 (d, J

=2 Hz, 1H), 4.13 (t, J = 7.4 Hz, 2H), 3.80 (s, 3H), 2.61 (s,
3H), 1.87-1.70 (m, 2H), 1.39 (m, 2H), 0.9 (t, J = 7.4 Hz,
3H).

BC-NMR (101 MHz, MeOD) & 145.8, 126.0, 123.6, 122.9, 122.2,
119.7, 116.5, 35.5, 32.8, 20.5, 13.9, 9.6.

Analytical data were in full agreement with F. F. Bazito, Y. Kawano, R. M. Torresi,
Electrochim. Acta 2007, 52, 6427—6437.

[BMMIm-CN][NTf] IL-3

Synthesis following the general procedure of ionic liquid synthesis.

/L+ C11H14FsN404S2
\N\z\/N }};\CN 444.37 g/mol
Appearance yellow liquid
Yield 864 mg, 1.94 mmol (78%)
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IH-NMR (400 MHz, MeOD) & 7.56-7.42 (m, 2H), 4.26 (t, J
=7.2 Hz, 2H), 3.81 (s, 3H), 2.64 (s, 3H), 2.57 (t, J = 7.2
Hz, 2H), 2.18 (dt, J = 7.2 Hz, 2H).

13C-NMR (101 MHz, MeOD) § 146.4, 124.1, 122.9, 122.2, 120.0,
119.7, 48.0, 35.6, 26.6, 14.6, 9.7.

Analytical data were in full agreement with Z. Fei, D. Zhao, D. Pieraccini, W. H. Ang,
T. J. Geldbach, R. Scopelliti, C. Chiappe, P. J. Dyson, Organometallics 2007, 26,
1588-1598.

General procedures for alkyne synthesis:
Method A

A 10 mL glass tube equipped with a stirring bar was charged with Cul (0.2 mmol, 38 mg),
PPh3 (0.4 mmol, 104 mg), BusNBr (2.00 mmol, 644 mg), K2CO3 (4.00 mmol, 525 mg),
aryl iodide (2.00 mmol) and deionized water (3 mL). The suspension was stirred at r.t. for
1 min. Then, phenylacetylene (3.00 mmol, 330 uL) was added via syringe. The reaction
vessel was purged with argon, sealed and placed into the microwave. The temperature
was ramped to 120 °C within 1 min and then held at this temperature for 20 to 60 min.
The reaction mixture was extracted with ethyl acetate (3 x 10 mL), the combined organic
layers were dried (MgSOa) and the solvent removed by vacuum evaporation. The residue
was then purified by silica gel column chromatography (n-pentane/dichloromethane).

Method B

A 50 mL Schlenk tube with a screw cap was equipped with a stirring bar, charged with
Cul (1.00 mmol, 190 mg), PPh3 (2 mmol, 0.525g) and KOH (20 mmol, 1.122 g),
evacuated three times and purged with nitrogen. Then, deionized water (20 mL) was
added. The suspension was stirred at r.t. for 10 min. Then, aryliodide (10 mmol) and
phenylacetylene (13 mmol, 1.328 g) were added via syringe. The reaction vessel was
purged with nitrogen, sealed and stirred at 120 °C for 24 h. The reaction mixture was
extracted with Et20 (4 x 20 mL), the combined organic layers were dried (MgSO4) and
the solvent removed by vacuum evaporation. The residue was then purified by silica gel
column chromatography (n-pentane or n-pentane/dichloromethane).

Method C

A 50 mL Schlenk tube with a screw cap was equipped with a stirring bar, charged with
Cul (0.14 mmol, 27.0 mg), Pd(Cl)2(PPh3)2 (0.04 mmol, 25.2 mg) and the substituted
iodobenzene (3.59 mmol), evacuated three times and purged with nitrogen. Then THF
(4 mL) and EtsN (4 mL) were added. Phenylacetylene (3.59 mmol, 395 pL) was added
slowly via syringe and the reaction mixture was stirred at room temperature for 15 h.
Then, CH2Cl2 (25 mL) and aqueous HCI (25 mL, 1 M) were added and the reaction
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mixture was extracted with CH2Cl2 (2 x 25 mL). The combined organic layers were dried
(NazS04) and the solvent removed by vacuum evaporation. The residue was then purified
by silica gel column chromatography (hexanes/ethyl acetate).

1-Methoxy-4-(phenylethynyl)benzene (Method A)

OMe CisH120
/©/ 208.26 g/mol

Ph
Appearance colorless solid

Yield 1.61 g, 7.71 mmol (77%)

TLC Rf = 0.29 (SiO2, n-pentane/CH2Cl2 9/1)

'H-NMR (300 MHz, CDCls3) & 7.49 (m, 4H), 7.33 (d, J = 6.1 Hz,

3H), 6.88 (d, J = 8.6 Hz, 2H), 3.83 (s, 3H).

13C-NMR (75 MHz, CDCls) & 159.60, 133.05, 131.44, 128.30,
127.92, 123.59, 115.37, 113.99, 89.36, 88.06, 55.31.

GC-MS tr = 9.80 min, (El, 70 eV): m/z = 208 [M*].

Analytical data were in full agreement with D. Yang, B. Li, H. Yang, H. Fu, L. Hu,
Synlett 2011, 5, 702-706.

1-tert-Butyl-4-(phenylethynyl)benzene (Method B)

'Bu CisHis
/©/ 234.34 g/mol

Ph

Appearance colorless solid

Yield 2.24 g, 9.54 mmol (95%)

TLC Rt = 0.44 (SiOz, n-pentane)

'H-NMR (300 MHz, CDCls) & 7.56-7.44 (m, 4H), 7.40-7.30 (m,
5H), 1.33 (s, 9H).

BC-NMR (75 MHz, CDCls) & 151.55, 131.59, 131.34, 128.32,
128.08, 125.37, 123.52, 120.24, 89.53, 88.73, 34.81,
31.20.

GC-MS tr = 10.27 min, (El, 70 eV): m/z = 234 [M*].
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Analytical data were in full agreement with J. Moon, M. Jeong, H. Nam, J. Ju, J. H.
Moon, H. M. Jung, S. Lee, Org. Lett. 2008, 10, 945-948.

1-Fluoro-4-(phenylethynyl)benzene (Method B)

F CuaHoF
/©/ 196.22 g/mol

Ph

Appearance colorless solid

Yield 1.75 g, 8.93 mmol (89%)

TLC Rt = 0.55 (SiOz, n-pentane)

H-NMR (300 MHz, CDCls) & 7.49-7.38 (m, 4H), 7.31-7.22 (m,

3H), 7.03-6.91 (m, 2H).

13C-NMR (75 MHz, CDCls) & 164.16, 160.86, 133.55, 133.44,
131.57, 128.39, 128.35, 123.09, 119.40, 119.35, 115.80,
115.51, 89.05, 88.29.

GC-MS tr = 8.63 min, (El, 70 eV): m/z = 196 [M*].

Analytical data were in full agreement with H. Huang, H. Jiang, K. Chen, H. Liu, J.
Org. Chem. 2008, 73, 9061-9064.

2-(Phenylethynyl)thiophene (Method B)

S N Ci12HsS
NS
7 184.26 g/mol
Ph
Appearance colorless solid
Yield 1.76 g, 9.57 mmol (96%)
TLC Rt = 0.44 (SiOz, n-pentane)
'H-NMR (300 MHz, CDCl3) & 7.56-7.47 (m, 2H), 7.38- 7.31 (m,
3H), 7.31- 7.26 (m, 2H), 7.01 (dd, J = 5.0, 3.8 Hz, 1H).
BC-NMR (75 MHz, CDCls) & 131.91, 131.43, 128.44, 128.39,
127.27,127.12, 123.34, 122.94, 93.03, 82.61.
GC-MS tr = 8.84 min, (El, 70 eV): m/z = 184 [M*].

Analytical data were in full agreement with H. Huang, H. Jiang, K. Chen, H. Liu, J.
Org. Chem. 2008, 73, 9061-9064.
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1-Chloro-2-(phenylethynyl)benzene (Method B)

A

Ph cl
Appearance
Yield

TLC
IH-NMR

BC-NMR

GC-MS

C14HoClI
212.67 g/mol

colorless liquid
1.82 g, 8.53 mmol (85%)
R¢ = 0.50 (SiOz, n-pentane)

(400 MHz, CDCls) 5 7.58 (m, 3H), 7.44 (m, 1H), 7.37 (m,
3H), 7.30 — 7.22 (m, 2H).

(101 MHz, CDCls) &. 135.96, 133.24, 131.77, 129.33,
129.27, 128.67, 128.40, 126.48, 123.25, 122.94, 94.56,
86.20.

tr = 9.55 min, (El, 70 eV): m/z = 212 [M*].

Analytical data were in full agreement with T. Suzuka, Y. Okada, K. Ooshiro, Y.
Uozumi, Tetrahedron 2010, 66, 1064-1069.

1-Fluoro-2-(phenylethynyl)benzene (Method B)

/@
F

Appearance

Ph

Yield
TLC
IH-NMR

BC-NMR

GC-MS

CuaHoF
196.22 g/mol

colorless solid
1.48 g, 7.55 mmol (76%)
Ri = 0.50 (SiOz, n-pentane)

(300 MHz, CDCls) 8 7.62 — 7.48 (m, 3H), 7.40 — 7.26 (m,
4H), 7.17 — 7.06 (m, 2H).

(75 MHz, CDCls) 8. 133.45, 131.72, 130.02, 129.92,
128.60, 128.37, 123.99, 123.94, 122.91, 115.69, 115.41,
77.23.

tr = 8.70 min, (El, 70 eV): m/z = 196 [M*].

Analytical data were in full agreement with S. Enthaler, M. Haberberger, E. Irran,
Chem. Asian J. 2011, 6, 1613-1623.
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1-Methoxy-3-(phenylethynyl)benzene (Method B)

/QOMe

Appearance

Ph

Yield
TLC
H-NMR

13C-NMR

GC-MS

C15H120
208.26 g/mol

colorless solid
1.23 g, 5.92 mmol (59%)
Rt = (SiO2, n-pentane/CH2Cl2 9/1)

(300 MHz, CDCls) § 7.58 — 7.51 (m, 2H), 7.40 — 7.32 (m,
3H), 7.26 (m, 1H), 7.14 (m, 2H), 7.07 (m, 1H), 3.83 (s,
3H).

(75 MHz, CDCls) & 159.35, 131.65, 129.43, 128.37,
128.33, 124.20, 123.19, 116.32, 114.98, 89.30, 89.20,
55.32.

tr = 9.90 min, (El, 70 eV): m/z = 208 [M*].

Analytical data were in full agreement with K. G. Thakur, G. Sekar, Synthesis 2009,

16, 2785-2789.

1-Bromo-4-(phenylethynyl)benzene (Method C)

Br
/Q

Appearance

Ph

Yield
TLC
'H-NMR

BC-NMR

GC-MS

Ci4HoBr

257.13 g/mol

colorless solid
1.19 g, 4.64 mmol (83%)
Rf = 0.59 (SiO2, hexanes)

(300 MHz, CDCls) § 7.57 — 7.45 (m, 4H), 7.43 — 7.31 (m,
5H).

(75 MHz, CDCl3) & 133.04, 131.64, 131.61, 128.54,
128.42, 122.91, 122.49, 122.25, 90.53, 88.33.

tr = 10.00 min, (EI, 70 eV): m/z = 257 [M*], 176, 151, 110,
98, 88, 75, 63, 51.

Analytical data were in full agreement with Che-Hung Lin, Yu-Jen Wang, Chin-Fa
Lee, Eur. J. Org. Chem., 2010, 23, 4368-4371.
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1-(Phenylethynyl)-4-(prop-1-en-2-yl)benzene (Method C)

=
Ph

Appearance
Yield

TLC
IH-NMR

13C-NMR

GC-MS

HRMS
FT-IR

Melting point

Ci7H1a
218.29 g/mol

yellow solid
735 mg, 3.37 mmol (94%)
Rf = 0.51 (SiO2, hexanes)

(300 MHz, CDCls) § 7.59 — 7.42 (m, 6H), 7.40 — 7.31 (m,
3H), 5.43 (m, 1H), 5.14 (m, 1H), 2.16 (dd, J = 1.4, 0.7 Hz,
3H).

(75 MHz, CDCls) § 142.54, 140.94, 131.61, 131.50,
128.37, 128.26, 125.44, 123.32, 122.18, 113.25, 89.89,
89.42, 21.66.

tr = 10.20 min, (EI, 70 eV): m/z = 218 [M*], 202, 189, 178,
165, 152, 126, 115, 91, 77, 63, 51.

(CI, m/z): found 218.1099 [M*7] (calculated 218.1096).

(ATR-film) in [cm] 3077 (w), 2943 (w), 2363 (w), 2338
(w), 1961 (w), 1792 (w), 1620 (m), 1593 (m), 1503 (m),
1485(m), 1441 (m), 1403 (m), 1373 (m), 1119 (m), 1070
(m), 892 (s), 839 (s), 753 (s), 689 (s), 631 (M), 492 (3).

77°C

1-Amino-4-(phenylethynyl)benzene (Method C)

NH,
Py

Appearance

Ph

Yield

TLC
'H-NMR

58

Ci4H11N

193.24 g/mol

brown solid
2.35 g, 12.2 mmol (87%)
Rf = 0.21 (SiO2, hexanes/ethyl acetate 4/1 + 1% EtsN)

(300 MHz, CDCls) § 7.54 — 7.46 (m, 2H), 7.39 — 7.28 (m,
5H), 6.65 (m, 2H), 3.86 (s, 2H).
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1BC-NMR

GC-MS

(75 MHz, CDCls) § 146.56, 132.99, 131.37, 128.29,
127.69, 123.89, 114.81, 112.71, 90.09, 87.35.

tr = 10.54 min, (EI, 70 eV): m/z = 193 [M*], 177, 165, 152,
139, 126, 115, 89, 74, 63, 52.

Analytical data were in full agreement with T. Schabel, C. Belge, B. Plietker, Org.

Lett., 2013, 15, 2858-2861.

Methyl 4-(phenylethynyl)benzoate (Method C)

CO,Me
/Q

Appearance

Ph

Yield
TLC
H-NMR

13C-NMR

GC-MS

Ci16H1202
236.27 g/mol

pale yellow solid
1.35 g, 5.71 mmol (82%)
Rf = 0.38 (SiO2, hexanes/ethyl acetate = 9/1)

(300 MHz, CDCl3) 8 8.02 (m, 2H), 7.60 (m, 1H), 7.59 —
7.51 (m, 3H), 7.41 — 7.32 (m, 3H), 3.92 (s, 3H).

(75 MHz, CDCls) & 166.57, 131.76, 131.53, 129.55,
129.47, 128.80, 128.47, 128.02, 122.71, 92.40, 88.67,
52.26.

tr = 10.59 min, (EI, 70 eV): m/z = 236 [M*], 205, 176,
151, 126, 102, 91, 76, 63, 51.

Analytical data were in full agreement with T. Schabel, C. Belger, B. Plietker, Org.

Lett. 2013, 15, 2858-2861.

355 Hydrogenation products

(2)-2-Fluoro stilbene

GC-MS

CigHuF
198.24 g/mol

(400 MHz, CDCl3) § 7.33-7.21 (m, 7H), 7.13-7.05 (m,
1H), 6.99 (m, 1H), 6.79 (d, J =12.3 Hz, 1H), 6.69 (d,
J=12.3 Hz, 1H).

tr = 7.96 min, (EI, 70 eV): m/z 198 [M*], 183, 177, 170,
152, 144, 133, 120, 107, 98, 89, 75, 63.
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Analytical data were in full agreement with J. Li, R. Hua, T. Liu, J. Org. Chem. 2010,
75, 2966-2970.

(2)-4-Fluoro stilbene

PH - CigHuF
198.24 g/mol

IH-NMR (300 MHz, CDCls) § 7.23-7.17 (m, 7H), 6.92-6.85 (m,
2H), 6.58 (d, J = 12.25 Hz, 1H), 6.52 (d, J = 12.25 Hz,
1H).

13C-NMR (75 MHz, CDCI3) & 161.74, 136.98, 133.13, 130.48,

130.21, 129.02, 128.78, 128.27, 127.15, 115.10.
GC-MS tr = 7.98 min, (EI, 70 eV): m/z 198 [M*].

Analytical data were in full agreement with F. Luo, C. Pan, W. Wang, Z. Yea, J. Cheng,
Tetrahedron 2010, 66, 1399-1403.

(2)-2-Styryl thiophene

P - ) s Ci12H10S
% 186.27 g/mol

IH-NMR (300 MHz, CDCls) 6 7.35-7.28 (m, 5H), 7.07 (d, J = 5 Hz,
1H), 6.96 (d, J = 3.3 Hz, 1H), 6.87 (dd, J = 5 Hz, 3.7 Hz,
1H), 6.69 (d, J =12 HZ, 1H), 6.56 (d, J = 12 Hz, 1H).

BBC-NMR (75 MHz, CDCls) & 139.72, 137.30, 128.82, 128.77,
128.49, 128.13, 127.48, 26.38, 125.48, 123.32.

GC-MS tr = 8.21 min, (EI, 70 eV): m/z 186 [M™].

Analytical data were in full agreement with M. K. Deliomeroglu, C. Dengiz, R.
Caliskan, M. Balci, Tetrahedron 2012, 68, 5838-5844.

(2)-4-Methoxy stilbene

et/ C15H140

210.27 g/mol
OMe

60



Chapter 3

IH-NMR (300 MHz, CDCl3) § 7.28 (m, 7H), 6.82 — 6.74 (m, 2H),
6.55 (m, 2H), 3.80 (s, 3H).

1BC-NMR (75 MHz, CDCls) & 158.70, 137.65, 130.20, 129.81,
128.86, 128.79, 128.37, 128.28, 126.95, 113.62, 55.22.

GC-MS tr = 9.27 min, (El, 70 eV): m/z = 210 [M*], 195, 179, 165,
152, 139, 128, 115, 102, 89, 77, 63, 51.

Analytical data were in full agreement with T. Schabel, C. Belge, B. Plietker, Org.
Lett., 2013, 15, 2858-2861.

(2)-3-Methoxy stilbene

e Ci15H140
2> OMe 210.27 g/mol
IH-NMR IH NMR (300 MHz, CDCl3) & 7.64 — 7.51 (m, 2H), 7.32

—7.25(m, 4H), 7.11 (dd, J = 2.7, 1.4 Hz, 1H), 6.90 - 6.82
(m, 2H), 6.71 — 6.56 (M, 2H), 3.67 (s, 3H).

13C-NMR (75 MHz, CDCls) & 159.40, 138.58, 137.30, 130.53,
130.19, 129.28, 128.96, 128.27, 127.20, 121.56, 113.76,
113.35, 55.04.

GC-MS tr =9.07 min, (El, 70 eV): m/z = 210 [M*], 194, 179, 165,

152, 139, 128, 115, 102, 89, 77, 63, 51.

Analytical data were in full agreement with J. C. Roberts, J. A. Pincock, J. Org.
Chem., 2004, 69, 4279-4282.

(2)-4-tert-Butyl stilbene

PH - CisH20

236.35 g/mol
Bu

IH-NMR (300 MHz, CDCls) 4 7.29 (ddd, J = 6.3, 5.4, 4.5 Hz, 4H),
7.25-7.19 (m, 5H), 6.58 (s, 2H), 1.32 (s, 9H).

BC-NMR (75 MHz, CDCls) & 150.19, 137.63, 134.21, 130.12,
129.61, 128.85, 128.62, 128.25, 127.00, 125.12, 34.59,
31.32.

GC-MS tr =9.43 min, (El, 70 eV): m/z = 236 [M*], 221, 202, 193,

178, 165, 152, 143, 128, 115, 91, 77, 63, 51.
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HRMS (CI, m/z): found 234.1408 [M*] (calculated 234.1409).

FT-IR (ATR-film) in [cm] 3014 (w), 2961 (m), 2868 (w), 1599
(w), 1509 (m), 1447 (m), 1363 (m), 1269 (m), 1200 (w),
1106 (w), 1073 (w), 1027 (w), 908 (s), 874 (m), 830 (m),
781 (s), 732 (s), 699 (s), 575 (s), 530 (m).

(2)-1-(prop-1-en-2-yl)-4-styrylbenzene

A Ci7Hie
220.31 g/mol

'H-NMR (300 MHz, CDCl3) 6 7.43 —7.20 (m, 9H), 6.66 (d, J = 12.3
Hz, 1H), 6.61 (d, J = 12.4 Hz, 1H), 5.43 (s, 1H), 5.15 —
5.06 (m, 1H), 2.17 (s, 3H).

BC-NMR (75 MHz, CDCls) & 142.76, 139.75, 137.42, 136.39,
130.30, 129.92, 128.92, 128.86, 128.33, 127.18, 125.30,
112.35,21.74.

GC-MS tr = 9.52 min, (El, 70 eV): m/z = 220 [M*], 205, 191, 179,
165, 152, 127, 115, 91, 77, 95, 50.

HRMS (Cl, m/z): found 220.1254 [M*] (calculated 220.1252).

FT-IR (ATR-film) in [cm™] 3083 (w), 3011 (w), 2924 (w), 1626

(m), 1508 (m), 1446 (m), 1374 (m), 1310 (w), 1120 (w),
1073 (w), 890 (s), 874 (s), 836 (s), 797 (m), 733 (s), 694
(s), 647 (w), 567 (w).

(2)-4-Chloro stilbene

prl C1aHuClI
214.69 g/mol
Cl
IH-NMR (300 MHz, CDCls) & 7.29-7.12 (m, 9H), 6.65 (d,
J=12.2 Hz, 1H), 6.54 (d, J = 12.2 Hz, 1H).
GC-MS te = 8.95 min, (El, 70 eV): m/z 214 [M*], 179, 152, 139,

126, 113, 102, 89, 76, 63, 51.

Analytical data were in full agreement with V. K. Aggarwal, J. R. Fulton, C. G.
Sheldon, J. de Vicente, J. Am. Chem. Soc. 2003, 125, 6034-6035.

62



Chapter 3

(2)-2-Chloro stilbene

GC-MS

Cu4H11ClI
214.69 g/mol

(400 MHz, CDCl3) & 7.41 (d, J = 8.0 Hz, 1H), 7.23-7.12
(m, 7H), 7.04 (d, J=76, 1.0Hz, 1H), 6.73 (d,
J=12.2 Hz, 1H), 6.68 (d, J = 12.2 Hz, 1H).

tr = 8.78 min, (EI, 70 eV): m/z 214 [M*], 179, 152, 139,
126, 113, 101, 89, 76, 63, 51.

Analytical data were in full agreement with D.-J. Dong, H.-H. Li, S.-K. Tian, J. Am.
Chem. Soc. 2010, 132, 5018-5020.

(2)-Trimethyl(styryl)silane

Because of signal overlay in the *H-NMR spectrum only characteristic vinyl signals are

noted.
pH SiMe,
IH-NMR

GC-MS

C11H16Si
176.33 g/mol

(400 MHz, CDCl3) § 7.44 (dd, J = 15.1, 1.4 Hz, 1H), 5.91
(dd, J=15.1, 1.8 Hz, 1H).

tr = 5.92 min, (EI, 70 eV): m/z 176 [M*], 161, 145, 135,
115, 77, 59, 51.

Analytical data were in full agreement with Y. Nishihara, D. Saito, K. Tanemura, S.
Noyori, K. Takagi, Org. Lett. 2009, 11, 3546-3549.

(Z2)-But-1-ene-1-yl-benzene
P Et

'H-NMR

CioH12
132.20 g/mol

(400 MHz, CDCls) & 7.40-7.31 (m, 4H), 7.26 (t, J
=7.0Hz, 1H), 6.46 (d, J =11.6 Hz, 1H), 5.71 (dt, J
=116, 7.4Hz, 1H), 2.48-2.36 (m, 2H), 1.13 (t, J
= 7.4 Hz, 3H).
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GC-MS tr = 5.28 min, (El, 70 eV): m/z 132 [M*], 115, 104, 91,
77, 65, 51.

Analytical data were in full agreement with E. H. P. Tan, G. C. Lloyd-Jones, J. N.
Harvey, A. J. J. Lennox, B. M. Mills, Angew. Chem. Int. Ed. 2011, 50, 9602-9606.

(Z2)-Methyl cinnamate

Because of signal overlay in the *H-NMR spectrum only characteristic vinyl signals are
noted.

_ C10H1002
PH  CO,Me
162.19 g/mol
IH-NMR (300 MHz, CDCls) § 6.95 (d, J = 12.6 Hz, 1H), 5.94 (d,
J=12.6 Hz, 1H).
GC-MS tr = 6.76 min, (El, 70 eV): m/z 162 [M*], 131, 109, 91,
77,63, 51.

Analytical data were in full agreement with C. Belger, N. M. Neisius, B. Plietker,
Chem. Eur. J. 2010, 16, 12214-12220.

(2)-6-Dodecene
Ci2H24
C/:Q 168.32 g/mol
IH-NMR (400 MHz, CDCls) & 5.36-5.20 (m, 2H), 1.94 (m, 4H),

1.27 (m, 12H), 0.82 (m, 6H).

GC-MS tr = 5.90 min, (El, 70 eV): m/z 168 [M*], 140, 125, 111,
97, 83, 69, 55.

Analytical data were in full agreement with T. Hamatani, S. Matsubara, H. Matsuda,
M. Schlosser, Tetrahedron 1988, 44, 2875-2881.

(2)-N-(Pent-2-ene-1-yl)phthalimide

Because of signal overlay in the *H-NMR spectrum only characteristic vinyl signals are
noted.

0 Ci13H13NO2
@[:ENJ_\* 215.25 g/mol
o
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IH-NMR (300 MHz, CDCl3) 3 5.58 (dt, J = 10.7, 7.3 Hz, 1H), 5.42
(dt,  =10.7, 7.0 Hz, 1H).

GC-MS tr = 9.21 min, (El, 70 eV): m/z 215 [M*], 186, 160, 148,
130, 104, 76, 67, 50.

Analytical data were in full agreement with C. Germon, A. Alexakis, J. F. Normant,
Synthesis 1984, 40, 40-43.

(2)-4-Bromo stilbene
el Cu4H11Br
259.14 g/mol
Br

IH-NMR (300 MHz, CDCl3) § 7.33 (d, J = 8.4 Hz, 2H), 7.25 - 7.20
(m, 5H), 7.10 (d, J = 8.5 Hz, 2H), 6.63 (d, J = 12.2 Hz,
1H), 6.49 (d, J = 12.2 Hz, 1H).

GC-MS tr = 9.44 min, (El, 70 eV): m/z = 258 [M*], 179, 152, 126,
102, 89, 76, 63, 51.

Analytical data were in full agreement with T. Schabel, C. Belge, B. Plietker, Org. Lett.
2013, 15, 2858-2861.

(2)-4-Amino stilbene

. CiaH13N
195.26 g/mol

NH,

'H-NMR (300 MHz, CDCls) 6 7.32 (dd, J = 8.1, 1.3 Hz, 2H), 7.29
~7.16 (m, 3H), 7.12 — 7.04 (m, 2H), 6.56 — 6.50 (M, 2H),
6.50 (d, J = 12.2 Hz, 1H), 6.44 (d, J = 12.2 Hz, 1H), 3.61
(s, 2H).

GC-MS tr =9.76 min, (El, 70 eV): m/z = 195 [M*], 180, 165, 152,

139, 117, 106, 89, 77, 65, 51.

Analytical data were in full agreement with T. Schabel, C. Belge, B. Plietker, Org. Lett.
2013, 15, 2858-2861.
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4 lron-catalyzed olefin hydrogenation at 1 bar Hz with a
FeCls-LiAlH4 catalyst''

cheap and available
pre-catalyst system

low catalytic amounts of
hydride source (less waste)

.o [FeCls/LiAlH,] .
N > N S
" ! 1 bar H,, THF, r.t. L: !

v <
mild conditions clean hydrogenation of
standard equipment alkenes and alkynes

The scope and mechanism of a practical protocol for the iron-catalyzed hydrogenation of
alkenes and alkynes at 1 bar Hz pressure were studied. The catalyst is formed from cheap
chemicals (5 mol% FeCls-LiAlH4, THF). A homogeneous mechanism operates at early
stages of the reaction while active nanoparticles form upon ageing of the catalyst solution.

i Reproduced from T. N. Gieshoff, M. Villa, A. Welther, M. Plois, U. Chakraborty, R. Wolf, A.
Jacobi von Wangelin, Green Chem 2015, 17, 1408-1413 with permission from the Royal Society of
Chemistry. Schemes, tables and text may differ from published version.

i Authors contribution: Initial experiments were performed by A. Welther (Table 4-1, Table 4-2,
Table 4-3 entries 1, 2, 3, 6, 10, 11), see A. Welther, Dissertation, University Regensburg, 2013.
Complex 4 (Scheme 4-3) was initially synthesized and analyzed by M. Plois and resynthesized by U.
Chakraborty, see M. Plois, Dissertation, University Regensburg, 2012. M. Villa contributed equally
in Table 4-3 and Table 4-4).
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Iron-catalyzed olefin hydrogenation at 1 bar Hz with a FeCls-LiAlH catalyst

4.1 Introduction

Catalytic hydrogenations of olefins constitute one of the strongholds of transition metal
catalysis within organic synthesis and technical processes.l*! The majority of methods
involve noble metal catalysts based on Pd, Pt, Rh, Ir or toxic metals such as Ni or Co.
Iron-catalyzed hydrogenations of olefins have only recently attracted great interest due to
their expedient economic and environmental qualities.’ Homogeneous iron catalysts
were mostly reported with phosphine and pyridyl-2,6-diimine ligands, sometimes
requiring high pressures of H.34 Nanoparticle Fe catalysts could be prepared by
reduction of iron salts with Grignard reagents in the absence of a suitable ligand or by
decomposition of iron carbonyls.[?] Fe-catalyzed reductions of olefins were recently
reported with cheap ferrous salt pre-catalysts FeXz in the presence of an excess of lithium
N,N-dimethylaminoborohydride (10 equiv.) or sodium triethylborohydride (4 equiv.) and
required a high catalyst loading or the addition of tetra-dentate ligands.[®! Reductions of
alkenes and alkynes with LiAlH4 in the presence of various transition metal halides
(NiClz, TiClz, CoClz, FeCls) were already reported in the 1960s and postulated to involve
metal hydride species that engage in formal hydrometalations of the olefin.[l Here, we
wish to present a synthetic and mechanistic study on a hydrogenation protocol using
catalytic amounts of a cheap Fe salt and catalytic amounts of lithium aluminiumhydride
(LiAIH,) as catalyst activator under an atmosphere of 1 bar Hz as stoichiometric hydrogen
source (Scheme 4-1).17¢

H
25 mol% FeX, R\)ﬁ Ashby (1978)
0.5 equiv. LIAIH, b Thomas (2014)
or
4 equiv. NaHBEt3 (X = OTf, Cl, Br)

5 mol% FeClj
5-10 mol% LiAlH, H

R A

Scheme 4-1. Iron-catalyzed reductions of olefins: Hydride vs. hydrogen methods.

1 bar H; rt.

This method allows the use of standard (ambient pressure) equipment. Hz is an abundant
raw material; LiAlH4 is an easy-to-handle reductant with numerous applications. !

4.2 Reaction conditions and substrate scope

Initial experiments with the model substrate allylbenzene (1) aimed at the identification
of a suitable catalytic reductant which assists the formation of a low-valent iron catalyst
(with dark brown color) from the commercial pre-catalyst FeCls (Table 4-1).°1 LiAlH4
displayed excellent selectivity which exceeded that of earlier protocols with Grignard
reagents.l®! Isomerization of the terminal double bond into conjugation — which occurred
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in the related EtMgCl-mediated protocols (entries 2, 4) — was effectively suppressed.[%
NaBHs was far less active even at elevated temperature and pressure (entries 6, 7).
Interestingly, low ratios of LiAlH4/FeCls (1/1 to 2/1) fared optimal in the hydrogenation
of 1 at 1 bar Hz. When employing a larger excess of LiAlH4 (>2/1), the catalytic activity
collapsed.l”® This stoichiometry differs from literature reports where large excess
amounts of hydride reagents effected clean hydrogenations of olefins.[872¢] At 60°C, the
FeCls/LiAlH4 catalyst decomposed upon decolorization.

Table 4-1. Selected optimization experiments.

5 mol% FeCI3

4barH2THF ©/\/

1 18°C,1h
Entry Reductant (mol%b) (E)Oer\l/;?;ciig:sfarom 2in%°  3in %°
1 - - <1 2
2 EtMgCI (30) - 42 56
3 EtMgCI (30) -b 16 <1
4 EtMgCI (30) 1barHz20h 60 36
5 Et2Zn (20) 30 bar Hz, 80 °C, 12 h 4 1
6  NaBHa (100) 50 bar Hp, 24 h 8 <1
7 NaBHs (100 MeOH/THF (1:1), 45 i
50 bar Hz, 50 °C, 20 h
8 LiAlH4 (10) - 97 3
9 LiAlHz (10) 1 bar Hz, 20 h 98 1
10 LiAlH4 (30) as entry 9, open to air ¢ 95 3
11 LiAlHs (10) FeCl % 1
12 LiAlH4 (10) Fe(acac)s 20 15

& Conditions: 5 mol% FeCls in THF (0.5 mL) under argon, addition of reductant at r.t.,
after 10 min addition of 1, after 1 min exchange of Ar with 4 bar Hz; ® prior storage of
[FeCls/red.] catalyst mixture in THF under argon for 3 d at r.t; ¢ quantitative GC-FID
vs. n-pentadecane as internal reference; 9 during catalyst preparation.
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The catalyst system comprises of cheap and easy-to-handle reagents (FeClz or FeCly,
LiAlH4, THF); the reaction operates under ambient conditions (1 bar Hz, 20°C), which
make the general protocol practical for every-day use in standard synthesis laboratories.
The optimized conditions were applied to functionalized allylbenzenes and styrenes
(Table 4-2 and Table 4-3).[9

Allylbenzenes underwent only minimal olefin isomerization.[* Styrenes exhibited low
propensity to undergo polymerization (entry 13, Table 4-3). The general protocol is
compatible with several functional groups including F, CI, Br, allyl and benzyl ethers,
esters, carboxamides, pyridines and anilines. Clean hydrogenation was achieved with
bulky, ortho-substituted, and electron-rich styrenes. For comparison, the FeCls/EtMgClI-
derived catalyst effected undesired dehalogenation (Cl, Br)[!1l and allylether cleavage!*,
and showed no activity in the presence of carboxylates or cinnamates. Catalyst
decomposition was effected by nitro groups, iodides, nitriles, ketones, and acidic protons
(e.g. alkanols, pKa~17), presumably by oxidation to catalytically inactive Fe(ll) species
(decolorization). Tri-substituted styrenes gave low conversions. In general, bulky and
functionalized substrates were more reactive at elevated pressures (10 bar Hz).[%3l

Table 4-2. Hydrogenation of allylbenzenes at 1 bar Ha.

Z 5 mol% FeCl; 10 mol% LiAlH, H
R@/\/ R@/\I’-{/\
1 bar H, THF, 18 °C, 18 h

Entry Allylbenzene R Yield in %2
1 H 93
=
2 @N Me 79 (92)b
R

3 OMe 84 (89)¢

4 ©\/\/ Me 95

5 R OAc 93 (95) ¢d

=

7 R:©/\/ OMe 100
8 R F 86
@ guantitative GC-FID vs. n-pentadecane as internal reference, conversion in % in

parentheses if <95 %; ® 7% 1-propen-1-ylbenzene (E/Z 9/1); © 24 h; ¢ quantitative NMR
(vs. CH2Br2)
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Table 4-3. Hydrogenation of styrene derivatives.

R 5 mol% FeCl; 10 mol% LiAlH, H R
K i H
R‘©/\< 1 bar Hy, THF, 18 °C, 6 h R<©/kb
Entry Styrene R Yield in %2
1 H 100
2 Me 98
3 OMe 98
4 cl 93b
S

5 /©/\ Br

R 945b
6 F 77¢
7 OBn 100 d
8 NH:2 97¢
9 CO2Me 97
10 /@/\/ H 100 ¢
11 R OMe 84
12 OO S - 100
. LIK ' B

MeO OMe
14 H 1004
15 cl 85 (89)"
16 Q/K Br 44 (56)f
17 R Br 90 cf
18 OMe 1004
19 ©\/\ cl 74 (86)°
20 R OBn 1004
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21 Ph 100 d

22 R Bn 100¢

23 CO:Et 100¢

24 P - 48 (54)

25 cl O O cl ) 88°
NHAc

6 AL - 33 (58) ¢

> @ > T
28 /@ -
. 18 (18) °

@ quantitative GC-FID vs. n-pentadecane as internal reference, conversion in % in
parentheses if <95 %; P <12 % ethylbenzene; © 20 h, 10 bar Hz; 5 mol% LiAlH4, 3 h;
¢ 20 h; f<5 % cumene; 9 mixture of partial and full hydrogenation products (~6/1)

Hydrogenations of aliphatic alkenes were also catalyzed by FeCls-LiAlH4 under similar
conditions (Table 4-4).°1 Terminal olefins were only slowly isomerized (~10%).10
Surprisingly, substrates containing moderately acidic protons (pKa ~25)1 underwent
hydrogenation with high selectivity (entries 10-13).[51 Alkynes underwent Z-selective
semi-hydrogenation, '8! whereas complete hydrogenation to the alkanes was observed at
longer reaction times or elevated pressures.

Table 4-4. Hydrogenation of other alkenes and alkynes.

. 5 mol% FeCls 5 mol% LiAlH, H
N 1 bar Hy, THF, 18 °C, 3h R
Entry Substrate Product Yield in %2
1 Phw Ph™ " 82>
2 MeOW Meo\/\M;\/ 69 b
3 PO PhO™ "~ g2°¢
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0} 7z 0}
4 X NN X ~N 89 (89) c
‘ _N ‘ _N
OnF O
5 65 (65)¢

7 )Q‘& Q“k
A ool - aalib
9 MeO MeO 64 (65)9

10 NHAC NHAC 12 (16)
11 [:j/ g6 de

12 NHAc g NHAc 38 (38) de

NMe NMe
13 C:é 69 (69) %¢

(0]
14 100°¢ (R=H)

15

-
16 Ph—Q
T (=)

@ quantitative GC-FID vs. n-pentadecane as internal reference, conversion in % in

parentheses if <95 %; ° alkene isomers; ¢ 20 h; 9 10 bar, 20 h; ¢ 10 mol% LiAlHa;
60 °C; 9 quantitative NMR vs. CH2Br>.

R
Ph/\/©/ 92¢ (R = COZMe)
P“ﬁ%} 75 (80)

909

4.3 Mechanistic studies

The distinction between homogeneous and heterogeneous catalysts is a challenging
task.l'”1 However, kinetic experiments with selective poisons can provide valuable
information on the topicity of the catalyst species. We have performed two sets of
poisoning experiments which appear to support a homogeneous mechanism.
Dibenzo[a,e]cycloocta-tetraene (dct) is a selective ligand for homogeneous metal species
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due to its rigid tub-like structure and r-acceptor properties.[*¥l Upon addition of 30 mol%
dct (6 equiv. per [Fe]) to the hydrogenation of a-methylstyrene at 1 bar Hz after 30 min,
the catalyst activity was significantly inhibited (Scheme 4-2, top).®*¥1 A similar
conclusion can be derived from a poisoning experiment with 3 equiv. Hg (60 equiv. Hg
per [Fe]). A potential amalgam formation(? was not observed and no significant change
of the catalyst activity was observed in comparison with the control reaction (Scheme 4-2,
bottom).[®1 These results suggest the operation of a homogeneous catalyst species during
the early stage of the catalytic hydrogenation.

5 mol% FeCl3
5 mol% LiAlH,
THF, 1 bar H,, 70 min

after 30 min:
+ catalyst poison

T 90 Control reaction | o =¥ e 1
60 - . O Q
Yield |
[%] dct ‘
30 - (slow) inhibiton of | T
dct homogeneous catalysis
addition
0 T T d
0 25 50 75
t [min] e

90 1 Control reaction -
g
1 72
A \ .
/
60 1 No amalgam formation
Yield

[%] -1

30 - g Hg
z addition

0 2'5 5'0 7'5

t [min] —_>
Scheme 4-2. Top: Poisoning experiment with 30 mol% dibenzo[a,e]cyclooctatetraene
(dct, dashed curve) vs. control reaction (solid line). Bottom: Poisoning with 3 equiv. Hg
(dashed) vs. control reaction (solid line).

Previous studies showed that the reaction of FeCls with an excess of LiAlH4 ultimately
leads to the formation of iron metal and AlHs via the intermediate formation of a thermally
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unstable iron(l1) compound with the composition Fe(AlH4)2.12422 In an attempt to gain
deeper insight into the catalyst species operating in homogeneous solution, we treated
[FeClz(tmeda)]2 (tmeda = N,N,N’,N -tetramethylethylenediamine) with LiAlH4 at -70°C
and obtained dark red crystals of the oligohydride  compound
[Li(thf)2{Fe(tmeda)}2(AlHs)(Al2Ho)] (4, Scheme 4-3).°1 The hexa-metallic macrocyclic
cage contains 14 bridging hydrido ligands and two Fe atoms with distorted octahedral
coordination geometries. Unfortunately, the thermal instability prevented further
spectroscopic characterization.

Y ] s
/N"""Fés\H H’:’Fe"“"'N\
5 equiv. LiAlH, / \
[FeCly(tmeda)], P —— H H H
THF, -78 to -10°C \AI//H\\AI/
® ® /- \

)
N2 H3 7. K
<
™ Y
(4] u H7g ® He\ i 6
He \
w2 g 02 Q)\Am
U 1 —AVHI4
H13
&
O
H1D Hit
o

Scheme 4-3. Synthesis of the soluble LiAlFe-oligohydride complex 4.

However, complex 4 showed no activity in hydrogenations of styrenes (1-10 bar
Ha, -10°C) and maintained its red color throughout the reaction. Above -10°C, the
complex rapidly decomposed upon H2 evolution to give a brown paramagnetic
species which afforded good yields in hydrogenations at 20°C and 4 bar Hz. The
crystallographic characterization of 4 documents that this or similar oligonuclear
Fe(I1) alumino hydride complexes may be intermediates en route to the formation
of catalytically active low-valent iron species.[?]

The initially homogeneous dark-brown catalyst species (possibly in the oxidation
states 0 and/or +1)[28] experience rapid ageing and particle formation after
approximately 1 h under reductive conditions. Several methods of synthesis and
characterization techniques of naked Fe(0) nanoparticles (prepared by reduction of
ferric and ferrous halides) have been reported.[57:23241 DLS measurements
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(dynamic  light scattering) of freshly prepared catalyst solutions
(5 mol% FeCls/LiAlH4, THF, r.t., 10 min, then 100 nm nanofiltration) documented
the presence of poly-disperse particles of 250-1500 nm size after 30 min of ageing
under anaerobic conditions in the absence of substrates. The aged species are much
less catalytically active than their homogeneous counterparts. Catalyst solutions
(FeCls/LiAIH4 (1/1) in THF) stored at 0°C under argon for 6 h, 24 h, and 48 h
afforded 42%, 12%, and 5% conversion of a-methylstyrene under standard
conditions (see entry 16 in Table 4-3), respectively.

We postulate a homogeneous mechanism of soluble, low-valent iron catalyst in the initial
stage of the hydrogenation reactions (Scheme 4). Such species are formed by reduction of
FeCls (or LaFeCl2) with LiAIH4 at above 0°C and are typically characterized by the dark
brown color. The absence of suitable ligands leads to the formation of Fe(0)
nanoclusterst>2224 which require higher Hz pressures than the homogeneous species to
maintain catalytic activity.

[FeII/IIIxHyLz)—Z> [Feglz] —— O%

catalytically

inactive
Scheme 4-4. Proposed formation and catalysis of low-valent iron species.

L

FeCI3

homogeneous
catalysis

+ Hy

heterogeneous
catalysis

+H,

R

-

Deuterium incorporation was observed at higher catalyst concentrations (30 mol%
FeCls/LiAID4) in the absence of Hz which gave ~55% hydrogenation product (Scheme
4-5, center).l°l Such Ha-free conditions can effect H/D scrambling in the starting material
and product (via reversible hydroferration) and the formation of radical intermediates
(with participation of THF as H donor).’! However, the radical mechanism is very
unlikely to operate under hydrogenation conditions in the presence of Hz gas (Scheme
4-5):P1 Reaction work-up with deuterium oxide (D20) and employment of lithium
aluminium deuteride (LiAID4) showed no deuterium incorporation into the products,
respectively (Scheme 4-5, top right). Further, the intermediacy of free C-radicals is
unlikely: Employment of the radical probe 1-cyclopropyl-1-phenylethylenel? resulted in
less than 2% ring opening (Scheme 5, bottom).[¥1 The hydrogenation of various styrenes
(1 bar H2) was unaffected by the presence of 1 equiv. 1,1-diphenylethene. On the other
hand, the addition of TEMPO (2,2,6,6-tetramethylpiperidinyloxyl, 1 equiv.) inhibited
conversion of a-methylstyrene (no TEMPO adduct detected), possibly by irreversible
catalyst oxidation as indicated by the decolorization of the solution.
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1) 5% FeCl; 10% LiAID4

1 bar H,
0% D
20,0
Me Me
H
Ph/J\ 1) 5% FeClz 10% LiAID,4 Ph)Q/H
1 bar H,
0% D
o
5% FeCls 5% LiAIH Me,
0 0
% 4 H o 12%
Me no H, Ph
Ph 30% FeCls 30% LIAID X
(J (J
3, 4 )<Y 55%
no Hy Ph CX3
H/D scrambling relative D content:
via reversible hydroferration XY =0.5:1
5% FeClj
10% LiAH, J\/\
Ph ——— > Ph + Ph 3
10 bar H,
rt., 20 h 95% <2%

Scheme 4-5. Mechanistic studies with deuterated reagents (top), in the absence of H2
(center), and with radical probe (bottom).

4.4 Conclusions

In summary, we have studied the iron-catalyzed hydrogenation of various styrenes,
alkenes, and alkynes under an atmosphere of 1 bar Hz. This method uses cheap and easy-
to-handle reagents (FeCls, LiAlH4, THF, H2) which allow facile implementation in
standard synthesis labs. Alkynes underwent Z-selective semi-hydrogenation. Sterically
hindered and functionalized olefins showed higher conversions at elevated Hz pressures.
Mechanistic studies support the notion of a homogeneous catalyst species at the outset of
the hydrogenation reactions (<1 h) while catalyst ageing results in the formation of
particles which exhibited somewhat lower catalytic activity. The crystallographically
characterized homogeneous Fe(ll) oligohydride complex 4 can serve as starting point for
further model catalyst preparations.
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4.5 Experimental
45.1 General

Analytical Thin-Layer Chromatography: TLC was performed using aluminium plates
with silica gel and fluorescent indicator (Merck, 60, F254). Thin layer chromatography
plates were visualized by exposure to ultraviolet light (366 or 254 nm) or by immersion
in a staining solution of molybdatophosphoric acid in ethanol or potassium permanganate
in water.

Column Chromatography: Flash column chromatography with silica gel 60 from KMF
(0.040-0.063 mm). Mixtures of solvents used are noted in brackets.

Chemicals and Solvents: Commercially available olefins were distilled under reduced
pressure prior use. Solvents (THF, Et20, n-hexane) were distilled over sodium and
benzophenone and stored over molecular sieves (4 A). Lithium aluminium hydride and
iron(l1l)chloride (98%, anhydrous) were stored and handled in a glovebox under argon
(99.996%). Commercial lithium aluminium hydride was purified by extraction with
diethyl ether and subsequent removal of the solvent under high vacuum. Solvents used for
column chromatography were distilled under reduced pressure prior use (ethyl acetate).

High Pressure Reactor: Hydrogenation reactions were carried out in 160 and 300 mL high
pressure reactors (Parr™) in 4 mL glass vials. The reactors were loaded under argon,
purged with Hz (1 min), sealed and the internal pressure was adjusted. Hydrogen
(99.9992%) was purchased from Linde.

'H- und 3C-NMR-Spectroscopy: Nuclear magnetic resonance spectra were recorded on a
Bruker Avance 300 (300 MHz) and Bruker Avance 400 (400 MHz). *H-NMR: The
following abbreviations are used to indicate multiplicities: s = singlet; d = doublet; t =
triplet, g = quartet; m = multiplet, dd = doublet of doublet, dt = doublet of triplet, dq =
doublet of quartet, ddt = doublet of doublet of quartet. Chemical shift § is given in ppm to
tetramethylsilane.

Fourier-Transformations-Infrared-Spectroscopy (FT-IR): Spectra were recorded on a
Varian Scimitar 1000 FT-IR with ATR-device. All spectra were recorded at room
temperature. Wave number is given in cm*. Bands are marked as s = strong, m = medium,
w = weak and b = broad.

Gas chromatography with FID (GC-FID): HP6890 GC-System with injector 7683B and
Agilent 7820A System. Column: HP-5, 19091J-413 (30 m x 0.32 mm x 0.25 pum), carrier
gas: N2. GC-FID was used for reaction control and catalyst screening (Calibration with
internal standard n-pentadecane and analytically pure samples).

Gas chromatography with mass-selective detector (GC-MS): Agilent 6890N Network
GC-System, mass detector 5975 MS. Column: HP-5MS (30m x 0.25 mm x 0.25 um, 5%
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phenylmethylsiloxane, carrier gas: Hz. Standard heating procedure: 50 °C (2 min), 25
°C/min -> 300 °C (5 min)

High resolution mass spectrometry (HRMS): The spectra were recorded by the Central
Analytics Lab at the Department of Chemistry, University of Regensburg, on a MAT SSQ
710 A from Finnigan

Dynamic Light Scattering: Dynamic light scattering experiments were performed with the
help of a goniometer CGS-Il from ALV (Germany). The goniometer is equipped with an
ALV-7004/Fast Multiple Tau digital correlator and a vertical-polarized 22 mW HeNe-
laser (wavelength = 623.8 nm). All measurements were done at a scattering angle of 90°
after thermostating to 25 °C. The measurement time was 300 s. The obtained correlation
functions were fitted with the software TableCurve 2d v5.01 by a monomodal equation.

451 General hydrogenation procedures
General method for the hydrogenation with FeCls (5mol%b) and LiAIH4 (10 mol%b)

A 4 mL vial was charged with a freshly prepared solution of FeCls in dry THF (0.50 mL,
0.05 M) and an aliquot of a vigorously stirred suspension of LiAlH4 in dry THF (0.50 mL,
0.1 M) under argon atmosphere. After stirring for 30 min; the olefin (0.50 mmol) was
added and the vial transferred to a high pressure reactor. The reactor was purged with Hz
(1 min), sealed, and the internal pressure adjusted to 1 bar Hz. After the designated
reaction time, the vial was retrieved. The reaction was quenched with saturated aqueous
NaHCOs (1 mL) and extracted with ethyl acetate (2 x 2 mL). The organic phases were
dried (Na2SOa4) and subjected to flash chromatography (SiOz, pentane/ethyl acetate) or
analyzed by quantitative GC-FID analysis vs. n-pentadecane as internal reference.

General method for the hydrogenation with FeCls (5mol%) and LiAIH4 (5 mol%b)

A 25 mL flask was charged with a freshly prepared solution of FeCls in dry THF (2 mL,
0.05 M) and an aliquot of a suspension of LiAlH4 in dry THF (2 mL, 0.05 M) was added
over 20 minutes at -78 °C under argon atmosphere via syringe pump. After stirring for
additional 10 minutes, 1 mL of the catalyst suspension was added to a 4 mL vial with the
olefin (0.50 mmol) and the vial was transferred to a high pressure reactor. The reactor was
purged with Hz (1 min), sealed, and the internal pressure adjusted to 1 bar Hz. After the
designated reaction time, the vial was retrieved. The reaction was quenched with saturated
aqueous NaHCOz (1 mL) and extracted with ethyl acetate (2 x 2 mL). The organic phases
were dried (Na2SOa4) and subjected to flash chromatography (SiOz, pentane/ethyl acetate)
or analyzed by quantitative GC-FID analysis vs. n-pentadecane as internal reference.
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45.2 Mechanistic experimental details
Kinetic Experiments

Kinetic studies were performed in a rubber septum sealed Schlenk tube under a
dihydrogen atmosphere. Catalyst preparation according to the general method for the
hydrogenation with FeCls (5 mol%) and LiAlIH4 (5 mol%). Samples were taken via
syringe (50 pL) and quenched with an aqueous solution of sodium hydrogen carbonate.
After extraction with ethyl acetate and filtration over a pad of silica, the samples were
analyzed by GC-FID. Selected catalyst poisons (dct, Hg) were added after 30 minutes via
syringe (dct as a solution in 100 pL THF).

Table 4-5. Hydrogenation of a-methylstyrene with selective catalyst poisons.

/g 5 mol% FeCl; 5 mol% LiAlH, J\
Ph Ph

1 bar Hy THF, 70 min

Entry Ti_me ; Yieldin % Yield in % Yield in %
min no additive + dct (30 mol%) + Hg (300 mol%o)

1 0 0 0 0

2 10 23 22 17
3 20 41 35 38
4 30 57 53 58
5 40 81 57 75
6 50 95 62 93
7 60 96 64 94
8 70 97 64 94

a gquantitative GC-FID vs. n-pentadecane as internal reference
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Table 4-6. Dct consumption in the hydrogenation of a-methylstyrene with 30 mol% dct.

O O 5 mol% FeCl; 5 mol% LiAlH, O O O O
¥
1 bar Hy THF, 70 min

dct dct-H2 dct-H4
Entry ;'ir:e S det-H2 det-Ha
1 30 100 0 0
2 40 58 40 2
3 50 36 59 5
4 60 28 65 7
5 70 27 66 7

a determined by relative peak areas of GC-FID

Deuteration experiments

For deuterium exchange experiments the reaction mixture after hydrogenation of
a-methylstyrene at 1 bar Hz in 3h was quenched with D20, extracted with Et.0
(2 x 1 mL), filtered over a pad of silica and analyzed by GC-FID, *H and 2H-NMR to
check for D-incorporation.

In a second experiment, LiAlD4 was used instead of LiAlH4. The reaction mixture after
hydrogenation of a-methylstyrene at 1 bar Hz in 3 h was quenched with H20, extracted
with Et20 (2 x 1 mL), filtered over a pad of silica and analyzed by GC-FID, 'H-NMR to
check for D-incorporation.

In both experiments no incorporation of D has been detected.
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Figure 4-1. 'H-NMR spectrum after hydrogenation of a-methylstyrene with 5 mol%
FeCls and 10 mol% LiAlHs and quench with D20 (top) and after hydrogenation of
a-methylstyrene with 5 mol% FeCls and 10 mol% LiAID4 and quench with H20 (bottom).
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Figure 4-2. 'H-NMR (top)

and °H-NMR (bottom) of crude reaction mixture after

extraction. Substrate addition 20 min after catalyst preparation. ~55% product yield.
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Figure 4-3. 'H-NMR (top) and ?H-NMR (bottom) of crude reaction mixture after
extraction. Substrate addition prior catalyst preparation. ~54% product yield.

84



Chapter 4

1.30 mol% FeCls-LIAID,

JJ\ 78°C to rt, 2h HID__HID CH,/Dy
—_— I * CH,/D
Ph 2.D,0 Ph” ~CH,Dy Ph)leD’ ’
i
4
-
5
N
QN = o
AR H_H

4.0
f1 (ppm)
1. 30 mol% FeCly-LIAID,

L 78°Ctort, 2h HID__HID CH,/D,
| * CH, /D,
Ph 2.0,0 Ph* “CH,D, Ph™ Syip ™Y
o
]
B
~
5
5
o .
¥ 9
5
Lo
0 7.5 7.0 6.5 6.0 5.5 5.0 4. 3.5 3.0 25 2.0 1.5 1.0 0.5

4.0
f1 (ppm)

Figure 4-4. 'H-NMR (top) and 2H-NMR (bottom) of crude reaction mixture after
extraction and D20 quench. Substrate addition prior catalyst preparation. ~61% product
yield.
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Figure 4-5. 'H-NMR of crude reaction mixture in THF (top) and THF-ds (bottom) after
extraction and D20 quench. Substrate addition prior catalyst preparation. >95% product
yield in THF (top), <5% product yield in THF-ds (bottom).
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A) H,-free reaction:
-slower
-radical intermediates?

FeCl, [Fel
H
LiAIH, /Q H
Ph
[Fel-H H 0 H
JL k[Fe]*H or j\ > j<‘1
Ph Ph y Ph 1° KIE: Ph
ibl \ /Q[ Fe] no obsersable reaction
reversible i
THF-d
hydroferration/ p—hydride Ph n 8
elimination
H/D scrambling

in a—and p-position

B) Hydrogenation reaction: /

-faster
-no radical intermediates

FeCly/LiAIH,

ERR N

H-[Fe]-H H

L A L
\ /Q?Fe]H /
Ph

Scheme 4-6. Mechanistic proposal of Hz free reaction (A) and under dihydrogen
atmosphere (B).

The observation of H/D scrambling in the olefin and product with D incorporation into
the a- and S-positions suggests reversible hydroferration/s-hydride elimination at the Fe
center. The very slow reaction in THF-ds under Hz-free conditions support the notion of
a radical H/D-abstraction which is governed by a primary kinetic isotope effect (1° KIE).
The operation of a radical mechanism is slower than the hydrogenation mechanism,
especially at high Hz pressures. See radical clock experiment at 10 bar Hz below.

5 mol% FeCly
1 10 mol% LiAIH, Z /(\
+
Ph 10 bar Hy 20 h Ph Ph

Scheme 4-7. Radical clock experiment.
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Iron-catalyzed olefin hydrogenation at 1 bar Hz with a FeCls-LiAlH catalyst

L)L
/

Tk s 55 ) B3 3] |
Figure 4-6. GC-MS spectrum of the reaction mixture of the hydrogenation
a-cyclopropylstyrene after work-up.

DLS measurement

The precatalyst was synthesized as described in the general procedure of hydrogenation
reactions with FeCls/LiAlH4 = 1/1 but in the absence of any unsaturated substrate. After
stirring for additional 10 minutes, the mixture was diluted with anhydrous THF to achieve
a final concentration c[Fe] = 1.25 mM. The mixture was filtered through a 100 nm PTFE
filter (sample B). The samples were measured after ageing at room temperature for
30 minutes.

Mean particle sizes:

Sample A:

d =297 nm (+ 30)

Sample B (after filtration through 100 nm filter, three independent experiments):
d =334 nm (£ 30)

d = 1490 nm (+ 400)

d = 244 nm (£ 80) at higher dilution with c[Fe] = 0.25 mM
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453 Synthesis of starting material

Preparation of allylbenzenes: Except for 2-allylphenyl acetate, allylbenzenes were
prepared according to: M. Mayer, W. M. Czaplik and A. Jacobi von Wangelin, Adv. Synth.
Catal. 2010, 352, 2147. Analytical data were in full agreement with the literature reports.

Preparation of various styrenes, alkenes and alkynes: Non-commercial starting material
was synthesized following the cited protocols.

2-Allylphenyl acetate

A 50 mL flask was charged with a solution of 2-allylphenol (1.4 mL, 10.6 mmol) in 15
mL CH2Clz. Then, triethylamine (4.6 mL, 33 mmol) was added at 0 °C followed by the
slow addition of the acetyl chloride (11.6 mmol). The reaction mixture was stirred at room
temperature for 15 h, diluted with 20 mL of ethyl acetate and washed with saturated
aqueous NH4Cl (10 mL). The organic phases were dried (MgSOs), concentrated, and
subjected to silica gel flash chromatography (cyclohexane/ethyl acetate).

OAc C11H1202

=
176.22 g/mol
Appearance colorless oil
1H-NMR (300 MHz, CDCls) § 7.33-7.11 (m, 4H), 7.03 (d, 8.0 Hz,

1H), 5.90 (dt, J = 16.5, 6.4 Hz, 1H), 5.21-4.93 (m, 1H),
3.30 (d, J = 6.5 Hz, 1H), 2.30 (s, 3H).

GC-MS tr = 5.82 min, (EI, 70 eV): m/z = 176 [M"*].

Analytical data were in full agreement with M. J. Gresser, S. M. Wales, P. A. Keller,
Tetrahedron 2010, 66, 6965-6976.

General procedure for styrene synthesis in a Wittig reaction

A 50 mL flask was charged with a suspension of methyltriphenylphosphonium bromide
(6.94 mmol, 2.48¢) in THF (10 mL). Then, NaH-suspension in paraffine (60%,
6.94 mmol, 278 mg) was added in small portions. The reaction mixture was stirred at
room temperature for 20 h followed by a dropwise addition of a solution of a ketone
derivative (6.94 mmol) in THF (10 mL). The reaction mixture was stirred for 2 d at room
temperature, quenched with H20 (15 mL) and extracted with Et2O (3 x 15 mL). The
combined organic layers were dried (Na2SO4), concentrated and subjected to silica gel
flash chromatography (n-pentane).
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Iron-catalyzed olefin hydrogenation at 1 bar Hz with a FeCls-LiAlH catalyst

1-(Benzyloxy)-4-vinylbenzene

Synthesis following the general procedure for styrene synthesis in a Wittig reaction.

/@/\ Ci15H140
BnO 210.27 g/mol

Appearance colorless solid

Yield 1.25 g, 5.97 mmol (74%)

TLC R = 0.28 (SiOz, n-pentane)

H-NMR (300 MHz, CDClg) § 7.49 — 7.29 (m, 7H), 6.99 — 6.90 (m,

2H), 6.67 (dd, J = 17.6, 10.9 Hz, 1H), 5.63 (dd, J = 17.6,
0.9 Hz, 1H), 5.14 (dd, J = 10.9, 0.9 Hz, 1H), 5.08 (s, 2H).

13C-NMR (75 MHz, CDCls) & 158.57, 136.94, 136.21, 130.69,
128.63, 128.02, 127.50, 127.43, 114.88, 111.75, 70.03.

GC-MS tr = 9.40 min, (EI, 70 eV): m/z = 197 [M*], 183, 171, 156,
115, 102, 91, 75, 63, 51.

Analytical data were in full agreement with N. Kakusawa, K. Yamaguchi, J.
Kouchichiro, J. Organomet. Chem. 2005, 12, 2956-2966.

4-(Benzyloxy)benzaldehyde

Synthesis following the procedure by S. K. Das, G. Panda, Tetrahedron 2008, 19, 4162-
4173.

/©/§O C14H1202
BnO 212.24 g/mol

Appearance colorless solid

Yield 1.72 g, 8.12 mmol (81%)

TLC Rf = 0.20 (SiO2, hexanes/ethyl acetate = 9/1)

'H-NMR (300 MHz, CDCl3) 4 9.89 (s, 1H), 7.84 (d, J = 8.7

Hz, 2H), 7.48 — 7.33 (m, 5H), 7.08 (d, J = 8.7 Hz,
2H), 5.16 (s, 2H).

BC-NMR (75 MHz, CDCls) & 190.82, 163.72, 135.93, 132.02,
130.11, 128.75, 128.36, 127.51, 115.15, 70.28.
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GC-MS tr = 9.96 min, (El, 70 eV): m/z = 212 [M*], 152, 121, 91,
77, 65, 51.

Analytical data were in full agreement with T. Shintou, T. Mukaiyama, J. Am. Chem.
Soc., 2004, 23, 7359-7367.

Methyl-4-vinylbenzoate

Synthesis following the general procedure for styrene synthesis in a Wittig reaction.

/©/\ C10H1002
MeO,C 162.19 g/mol

Appearance colorless solid

Yield 234 mg, 1.44 mmol, 21%

TLC Rf = 0.11 (SiOz, n-pentane)

H-NMR (400 MHz, CDCls) & 8.00 (d, J = 8.4 Hz, 2H), 7.46 (d,

J=8.4 Hz, 2H), 6.75 (dd, J = 17.6, 10.9 Hz, 1H), 5.86 (d,
J=17.6 Hz, 1H), 5.38 (d, J = 10.9 Hz, 1H), 3.91 (s, 3H).

13C-NMR (101 MHz, CDCl3) & 166.9, 141.9, 136.0, 129.9, 129.3,
126.1,116.5, 52.1.
GC-MS tr = 6.51 min, (El, 70 eV): m/z = 197 [M*], 183, 171, 156,

115, 102, 91, 75, 63, 51.

Analytical data were in full agreement with A. Yokoyama, T. Maruyama, K. Tagami,
H. Masu, K. Katagiri, I. Azumaya, T. Yokozawa, Org. Lett. 2008, 10, 3207-3210.

Methyl-4-formylbenzoate

A 250 mL flask was charged with a solution of 4-formylbenzoic acid (15.0 mmol, 2.32 g)
in dry methanol (75 mL). Trimethylsilylchloride (33.0 mmol, 4.20 mL) was added and
the reaction mixture was stirred over night at room temperature. The product was isolated
upon removal of the solvent under reduced pressure and silica gel flash chromatography
(hexanes/ethyl acetate = 8/2).

/@O CoHsO3
MeO,C 164.16 g/mol

Appearance colorless solid

Yield 2.19 g, 13.3 mmol, 89%
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Iron-catalyzed olefin hydrogenation at 1 bar Hz with a FeCls-LiAlH catalyst

TLC Rt = 0.24 (SiOz, hexanes/ethyl acetate = 8/2)

IH-NMR (400 MHz, CDCl3) & 10.09 (s, 1H), 8.19 (d, J=8.1 Hz,
2H), 7.94 (d, J = 8.3 Hz, 2H), 3.95 (s, 3H).

1BC-NMR (101 MHz, CDCl3) & 191.7, 166.1, 139.2, 135.1, 130.2,
1295, 52.6.

GC-MS tr =7.13 min, (El, 70 eV): m/z = 164 [M"], 150, 133, 119,

105, 91, 77, 62, 51.

Analytical data were in full agreement with V. P. Baillargeon, J. K. Stille, J. Am. Chem.
Soc. 1986, 108, 452-461.

2,4-Dimethoxy-a-methylstyrene

Synthesis following the general procedure for styrene synthesis in a Wittig reaction.

C11H1402
178.23 g/mol
MeO OMe

Appearance pale yellow solid

Yield 570 mg, 3.20 mmol (64%)

'H-NMR (300 MHz, CDCl3) 8 7.12 (d, J = 8.6 Hz, 1H), 6.30 - 6.15
(m, 2H), 5.10 (s, 1H), 5.05 (s, 1H), 3.81 (s, 6H), 2.10 (s,
3H).

BC-NMR (75 MHz, CDCls) & 160.07, 157.69, 143.73, 129.72,
114.55, 103.95, 98.72, 55.41, 23.42.

GC-MS tr = 7.23 min, (El, 70 eV): m/z = 178 [M"], 163, 148, 135,
120, 115, 105, 91, 77, 69, 63, 51.

HRMS (El, m/z): found 178.0996 [M*7] (calculated 178.0994).

IR (ATR-film) in [cm™] 2969 (w), 2955 (W), 2835 (W), 1737

(m), 1607 (s), 1578 (m), 1502 (s), 1463 (m), 1413 (w),
1371 (w), 1298 (m), 1257 (m), 1243 (m), 1206 (s), 1158
(s), 1102 (m), 1035 (s), 936 (w), 912 (w), 832 (m), 800 (m),
733 (m), 681 (W), 635 (m), 607 (W), 505 (m).
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4-Bromo-a-methylstyrene

Synthesis following the general procedure for styrene synthesis in a Wittig reaction.

CoHoBr
197.08 g/mol
Br

Appearance colorless oil

Yield 1.06 g, 5.39 mmol, 77%

TLC Rt = 0.59 (SiOz, n-pentane)

IH-NMR (400 MHz, CDClz) & 7.50-7.35 (m, 2H), 7.42-7.29 (m,
2H), 5.36 (s, 1H), 5.10 (s, 1H), 2.12 (s, 3H).

BC-NMR (101 MHz, CDCls) & 142.2, 140.1, 131.3, 127.2, 121.4,
113.1, 21.7.

GC-MS tr = 6.51 min, (El, 70 eV): m/z = 197 [M*], 183, 171, 156,

115, 102, 91, 75, 63, 51.

Analytical data were in full agreement with T. Taniguchi, A. Yajima, H. Ishibashi,
Adv. Synth. Catal. 2011, 353, 2643-2647.

4-Methoxy-a-methylstyrene

Synthesis following the general procedure for styrene synthesis in a Wittig reaction.

C10H120
148.20 g/mol
MeO

Appearance colorless liquid

Yield 1.04 g, 7.02 mmol (35%)

TLC Rf = 0.25 (SiO2, n-pentane)

IH-NMR (300 MHz, CDCls) & 7.42 (d, J = 8.9 Hz, 2H), 6.87 (d, J =
8.9 Hz, 2H), 5.29 (s, 1H), 4.99 (s, 1H), 3.82 (s, 3H), 2.13
(s, 3H).

1BC-NMR (75 MHz, CDCls) & 159.05, 142.56, 133.74, 126.60,

113.54, 110.68, 55.30, 21.94.

GC-MS tr = 6.39 min, (EI, 70 eV): m/z = 148 [M*], 127, 133, 115,
105, 89, 77, 63, 51.
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Iron-catalyzed olefin hydrogenation at 1 bar Hz with a FeCls-LiAlH catalyst

Analytical data were in full agreement with A. Fryszkowska, K. Fisher, J. M. Gardiner,
G. M. Stephens, J. Org. Chem. 2008, 73, 4295-4298.

1-(Benzyloxy)-2-vinylbenzene

Synthesis following the general procedure for styrene synthesis in a Wittig reaction.

o
OBn

Appearance
Yield

TLC
'H-NMR

3C-NMR

GC-MS

C15H140

210.27 g/mol

colorless oil

800 mg, 3.81 mmol (87%)
Rf = 0.21 (SiO2, n-pentane)

(300 MHz, CDCl3) & 7.54 (dd, J = 7.6, 1.7 Hz, 1H), 7.50 -
7.34 (m, 5H), 7.25 — 7.10 (m, 2H), 6.97 (ddd, J =8.2, 5.9,
2.1 Hz, 2H), 5.79 (dd, J = 17.8, 1.5 Hz, 1H), 5.28 (dd, J =
11.2, 1.5 Hz, 1H), 5.12 (s, 2H).

(75 MHz, CDCls) & 155.88, 137.16, 131.65, 128.85,
128.59, 127.91, 127.33, 127.11, 126.53, 120.99, 114.49,
112.43,70.27.

tr = 9.13 min, (El, 70 eV): m/z 210 [M*], 193, 119, 91, 77,
65, 51.

Analytical data were in full agreement with M. Barbasiewicz, M. Bieniek, A.
Michrowska, A. Szadkowska, A. Makal, K. Wozniak, K. Grela, Adv. Synth. Catal.

2007, 349, 193-203.

2-(Benzyloxy)benzaldehyde

Synthesis following the procedure by S. K. Das, G. Panda, Tetrahedron 2008, 19, 4162-

4173.
e
OBn
Appearance

Yield
TLC

94

C14H1202

212.24 g/mol

yellowish liquid

943 mg, 4.40 mmol (44%)

Rf = 0.31 (SiO2, hexanes/ethyl acetate = 9/1)
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IH-NMR

B3C-NMR

GC-MS

(300 MHz, CDCl3) & 10.57 (d, J = 0.7 Hz, 1H), 7.87 (dd, J
= 8.0, 1.8 Hz, 1H), 7.58 — 7.50 (m, 1H), 7.48 — 7.31 (m,
5H), 7.09 — 7.01 (m, 2H), 5.20 (s, 2H).

(75 MHz, CDCls) & 189.77, 161.05, 136.08, 135.94,
128.75, 128.46, 128.30, 127.31, 125.16, 121.02, 113.02,
70.45.

tr = 9.74 min, (EI, 70 eV): m/z = 212 [M*], 183, 121, 91,
77,65, 51.

Analytical data were in full agreement with S. K. Das, G. Panda, Tetrahedron, 2008,

19, 4162-4173.
(E)-1,3-Diphenylpropene

A round-bottom flask was charged with 1,3-diphenylpropan-1-ol (7.50 mmol, 1.59 g) and
a tip of a spatula of p-toluenesulfonic acid in toluene (50 mL). The solution was stirred
under reflux for 20 h. After cooling to room temperature the reaction mixture was
extracted with Et20 (3 x 25 mL). The combined organic layers were washed with brine
(25 mL), dried over Na2SO4and subjected to silica gel flash chromatography (n-pentane).

Ph "ph

Appearance
Yield

TLC
H-NMR

13C-NMR

GC-MS

CisHia

194.28 g/mol

colorless oil

1.25 g, 6.44 mmol (86%)
Rf = 0.33 (SiO2, n-pentane)

(300 MHz, CDCl3) § 7.47 — 7.27 (m, 10H), 6.53 (d, J
15.9 Hz, 1H), 6.43 (dt, J = 15.7, 6.4 Hz, 1H), 3.62 (d, J
6.3 Hz, 2H).

(75 MHz, CDCls) & 140.25, 137.55, 131.15, 129.32,
128.78, 128.60, 127.21, 126.29, 126.22, 39.45.

tr = 9.01 min, (El, 70 eV): m/z = 194 [M*], 179, 165, 152,
115, 103, 91, 78, 65, 51.

Analytical data were in full agreement with E. Alacid, C. Njera, Org. Lett. 2008, 10,

5011-5014.
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Iron-catalyzed olefin hydrogenation at 1 bar Hz with a FeCls-LiAlH catalyst

1,3-diphenylpropan-1-ol

A round-bottom flask was charged with benzaldehyde (35.0 mml, 3.61 g) in THF (40 mL)
under inert atmosphere and cooled to 0 °C. A freshly prepared solution of benzyl
magnesium bromide in THF (40 mmol; 0.5 M) was added dropwise. The solution was
allowed to warm to room temperature and was stirred overnight. After 18 h an aqueous
solution of hydrochloric acid (1 M, 100 mL) was added slowly. The crude product was
extracted with diethyl ether Et20 (3 x 50 mL) and the combined organic layers were dried
over Na2SO4 and subjected to silica gel flash chromatography (hexanes/ethyl acetate 9/1).

OH CisH160
PP 212.29 g/mol
Appearance yellowish oil
Yield 4.43 g, 20.9 mmol (60%)
TLC Rt = 0.14 (SiOz, hexanes/ethyl acetate = 9/1)
H-NMR (300 MHz, CDCl3) § 7.48 — 7.33 (m, 7H), 7.27 (dd, J = 7.7,

1.4 Hz, 3H), 4.70 (dd, J = 7.7, 5.6 Hz, 1H), 2.88 (s, 1H),
2.76 (M, 2H), 2.31 — 1.95 (m, 2H).

BC-NMR (75 MHz, CDCls) & 144.70, 141.97, 128.61, 128.53,
127.71, 126.14, 125.99, 73.88, 40.56, 32.16.

GC-MS tr = 9.57 min, (EI, 70 eV): m/z = 212 [M*], 194, 179, 165,
152, 133, 116, 107, 91, 79, 65, 51.

Analytical data were in full agreement with R. Martinez, D. J. Ramén, M. Yus,
Tetrahedron 2006, 62, 8988-9001.

1,3-Bis-(4-chloro-phenyl)-1-butene

Synthesis following the procedure described by J. R. Cabrero-Antonino, A. Leyva-Pérez,
A. Corma, Adv. Synth. Catal. 2010, 352, 1571-1576.

C16H14Cl2
=
O O 277.19 g/mol
Cl Cl

Appearance yellowish liquid
Yield 470 mg, 1.70 mmol, 34%
TLC Rt = 0.46 (SiOz, n-pentane)
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IH-NMR (400 MHz, CDCl3) & 7.33-7.11 (m, 8H), 6.41-6.21 (m,
2H), 3.61 (m, 1H), 1.44 (d, J = 7.0 Hz, 3H).

1BC-NMR (101 MHz, CDCls) 6 145.5, 140.6, 131.7, 131.5, 129.7,
128.6, 128.4, 128.4, 39.7, 38.9, 33.2, 22.5.

GC-MS tr = 10.97 min, (El, 70 eV): m/z = 276 [M*], 241, 212,
191, 149, 125, 103, 91, 77, 65, 51.

Analytical data were in full agreement with J. R. Cabrero-Antonino, A. Leyva-Pérez,
A. Corma, Adv. Synth. Catal. 2010, 352, 1571-1576.
N-(1-Phenylvinyl)acetamide

Synthesis following the procedure described by J. T. Reeves, Z. Tan, Z. S. Han, G. Li, Y.
Zhang, Y. Xu, D. C. Reeves, N. C. Gonnella, S. Ma, H. Lee, B. Z. Lu, C. H. Senanayake,
Angew. Chem. Int. Ed. 2012, 51, 1400-1404.

NHAG C10H1:NO

PN 161.20 g/mol

Appearance colorless solid

Yield 235mg, 1.48 mmol (15%)

1H-NMR (300 MHz, DMSO-ds) & 9.34 (s, 1H), 7.49 — 7.31 (m, 5H),
5.62 (s, 1H), 4.98 (s, 1H), 2.01 (s, 3H).

BC-NMR (75 MHz, DMSO-ds) 6 169.04, 141.36, 140.94, 137.93,
128.18, 126.13, 101.78, 23.64.

GC-MS tr = 7.87 min, (El, 70 eV): m/z = 161 [M*], 146, 132, 119,
104, 77, 63, 51.

Analytical data were in full agreement with J. T. Reeves, Z. Tan, Z. S. Han, G. Li, Y.
Zhang, Y. Xu, D. C. Reeves, N. C. Gonnella, S. Ma, H. Lee et al., Angew. Chem. Int.
Ed. 2012, 51, 1400-1404.

Dibenzo[a,e]cyclooctatraene (dct)

Synthesis following the procedure described by G. Franck, M. Brill, G. Helmchen, J. Org.
Chem. 2012, 89, 55-65.

0.0 CieH12
204.27 g/mol
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Iron-catalyzed olefin hydrogenation at 1 bar Hz with a FeCls-LiAlH catalyst

Appearance colorless solid

Yield 912 mg, 4.46 mmol (47%)

'H-NMR (300 MHz, CDCls):  =7.19-7.13 (m, 4H), 7.10-7.02 (m,
4H), 6.76 (s, 4H).

BC-NMR (75 MHz, CDCl3): 6 =137.1, 133.3, 129.1, 126.8.

GC-MS tr = 9.35 min, (El, 70 eV): m/z = 204 [M*].

Analytical data were in full agreement with G. Franck, M. Brill, G. Helmchen, J. Org.
Chem. 2012, 89, 55-65.

1-Phenylcyclohexene

A solution of phenylmagnesiumbromide in THF (1 M, 50.0 mmol, 50.0 mL) was added
dropwise to a solution of cyclohexanone (30.0 mmol, 3.20 mL) in THF (30 mL) at 0 °C.
The reaction mixture was allowed to gain room temperature while stirring for 2 h. Then,
the reaction mixture was cooled to 0 °C and quenched with aqueous HCI (5%, 25 mL)
and extracted with Et20 (3 x 15 mL). The combined organic layers were dried (MgSOQa),
concentrated and dissolved in toluene (50 mL). After addition of a tip of a spatula
p-toluenesulfonicacid the reaction mixture was heated under reflux for 12 h. The reaction
mixture was concentrated and subjected to silica gel flash chromatography (n-pentane).

/@ Ci2H1a
Ph

158.24 g/mol
Appearance colorless liquid
Yield 1.14 g, 7.22 mmol (24%)
TLC Rf = 0.36 (SiO2, n-pentane)
IH-NMR (300 MHz, CDCl3) & 7.49-7.38 (m, 2H), 7.34 (m, 2H),

7.27-7.19 (m, 1H), 6.15 (m, 1H), 2.44 (m, 2H), 2.30-2.14
(m, 2H), 1.90-1.75 (m, 2H), 1.75-1.61 (m, 2H).

13C-NMR (101 MHz, CDCls) § 142.8, 136.7, 128.3, 126.6, 125.0,
124.8,27.5,26.0, 23.2, 22.3.

GC-MS tr = 7.35 min, (EI, 70 eV): m/z = 158 [M*], 143, 129, 113,
91, 77, 51.

Analytical data were in full agreement with M. A. Reichle, B. Breit, Angew. Chem. Int.
Ed. 2012, 51, 5730-5734.
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Pent-4-en-1-ylbenzene

A flask was equipped with 2-phenylethylbromide (3.40 mmol, 629 mg) and dissolved in
THF (4 mL) wunder inert atmosphere. A freshly prepared solution of
allylmagnesiumchloride in THF (4 mL, 2 M) was added dropwise and the resulting
reaction mixture was stirred for 1 h under reflux. After cooling to room temperature, the
reaction mixture was quenched with a saturated aqueous solution of NH4CI (10 mL) and
extracted with CH2Cl2 (3 x 10 mL). The combined organic layers were dried over NazSOs,
concentrated and subjected to silica gel flash chromatography (hexanes/ethyl acetate =
98/2).

P CuHa

P N\ NF
146.23 g/mol

Appearance colorless oil

Yield 348 mg, 2.38 mmol (70%)

IH-NMR (300 MHz, CDCl3) & 7.30 — 7.13 (m, 5H), 5.82 (ddt, J =
16.9, 10.2, 6.6 Hz, 1H), 5.06 — 4.93 (m, 2H), 2.65 — 2.57
(m, 2H), 2.08 (dd, J = 14.6, 6.9 Hz, 2H), 1.77 — 1.65 (m,
2H).

BC-NMR (75 MHz, CDCls) & 141.42, 137.57, 127.42, 127.23,
124.64, 113.67, 34.28, 32.26, 29.59.

GC-MS tr = 5.77min, (El, 70 eV): m/z = 146 [M"], 131, 117, 105,

92,77, 65, 55, 51.

Analytical data were in full agreement with J. C. Anderson, R. H. Munday, J. Org.
Chem. 2004, 69, 8971-8974.

11-Methoxyundec-1-ene

A 100 mL flask was charged with NaH-suspension in paraffine (60%, 22.5 mmol, 0.90 g)
in THF (30 mL) and cooled to 0°C. After dropwise addition of 11-undec-1-enol
(15 mmol, 2.55 g) the reaction mixture was allowed to gain room temperature while
stirring for 2 h. Methyliodide (15 mmol, 2.55 g) was added and the reaction mixture was
heated under reflux for 3 h. Then, the reaction mixture was quenched with an aqueous
saturated solution of NH4Cl (5 mL) and H20 (5 mL) and extracted with Et2O (3 x 10 mL).
The combined organic layers were dried (Na2SO4), concentrated and subjected to silica
gel flash chromatography (hexanes/ethyl acetate = 98/2).
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Iron-catalyzed olefin hydrogenation at 1 bar Hz with a FeCls-LiAlH catalyst

Ci12H240

MeOW

° 184.32 g/mol

Appearance colorless liquid

Yield 2.48 g, 13.5 mmol, 90%

TLC R = 0.36 (SiOz, hexanes/ethyl acetate = 98/2)

'H-NMR (400 MHz, CDCls) 3 5.81 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H),
4.99 (ddd, J = 17.1, 3.7, 1.6 Hz, 1H), 4.93 (ddt, J = 10.2,
2.3,1.2 Hz, 1H), 3.36 (t, J = 6.7 Hz, 2H), 3.33 (s, 3H), 2.08
—1.99 (m, 2H), 1.61 — 1.51 (m, 2H), 1.36 — 1.24 (m, 11H).

BC-NMR (101 MHz, CDCls) 6 139.25, 114.10, 72.99, 58.53, 33.81,
29.65, 29.54, 29.49, 29.43, 29.13, 28.94, 26.14.

GC-MS tr = 6.73 min, (El, 70 eV): m/z = 184 [M"], 169, 152, 137,
124, 109, 95, 82, 67, 55.

HRMS (ClI, m/z): found 184.1829 [M*] (calculated 184.1827).

FT-IR (ATR-film) in [cm*] 3077 (w), 2978 (w), 2924 (s), 2854

(s), 1641 (m), 1461 (m), 1387 (w), 1196 (w), 1119 (s), 992
(m), 908 (s), 722 (m), 635 (w).

General procedure for phenylalkenylether synthesis

A flask was charged with a phenol derivative (15.0 mmol) and triphenylphoshine (15.0
mmol, 3.93 g) under an inert atmosphere. After solvation in dry THF (25 mL) 3-buten-1-
ol (15.0 mmol, 1.08 g) was added and the stirred solution was cooled by an external
ice/water bath. Diisopropyl azodicarboxylate (16.5 mmol, 3.33 g) was added dropwise
and the solution was allowed to come to room temperature and stirred for additional 18 h.
After evaporation of the solvent under reduced pressure, the residue was purified by silica
gel flash chromatography (hexanes).

(But-3-en-1-yloxy)benzene

Synthesis following the general procedure for phenylalkenylether synthesis.

C10H120
PhO™

148.20 g/mol
Appearance colorless liquid
Yield 1.14 g, 7.69 mmol (51%)
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TLC
'H-NMR

1BC-NMR

GC-MS

R = 0.26 (SiOz, hexanes)

(300 MHz, CDCls) § 7.37 — 7.28 (m, 2H), 7.03 — 6.90 (m,
3H), 5.96 (ddt, J = 17.0, 10.2, 6.7 Hz, 1H), 5.27 — 5.11 (m,
2H), 4.05 (t, J = 6.7 Hz, 2H), 259 (qt, J = 6.7, 1.2 Hz, 2H).

(75 MHz, CDCls) & 158.94, 134.56, 129.49, 120.73,
117.05, 114.61, 67.12, 33.74.

tr = 5.93 min, (EI, 70 eV): m/z = 148 [M*], 120, 107, 94,
77,65, 55.

Analytical data were in full agreement with J. Niu, H. Zhou, Z. Li, J. Xu, S. Hu, J. Org.
Chem. 2008, 73, 7814-7817.

2-(but-3-en-1-yloxy)pyridine

Synthesis following the general procedure for phenylalkenylether synthesis.

G/O\/\/
_N

Appearance
Yield

TLC
H-NMR

BC-NMR
GC-MS

HRMS

CoH11NO

198.26 g/mol

yellowish liquid

949 mg, 6.36 mmol (42%)

Rf = 0.26 (SiO2, hexanes/Et20 = 30/1)

(300 MHz, CDCl3) § 8.15 (ddd, J = 5.1, 2.0, 0.7 Hz, 1H),
7.56 (ddd, J=8.4, 7.1, 2.0 Hz, 1H), 6.85 (ddd, J= 7.1, 5.1,
0.9 Hz, 1H), 6.73 (dt, J = 8.4, 0.8 Hz, 1H), 5.91 (ddt, J =
17.0, 10.2, 6.7 Hz, 1H), 5.16 (ddd, J = 17.2, 3.4, 1.6 Hz,
1H), 5.09 (ddd, J = 10.2, 3.1, 1.2 Hz, 1H), 4.35 (t, J = 6.8
Hz, 2H), 2.54 (qt, J = 6.8, 1.4 Hz, 2H).

(75 MHz, CDCls) & 163.77, 146.76, 138.64, 134.72,
116.84, 116.64, 111.19, 65.09, 33.47.

tr = 5.70 min, (EI, 70 eV): m/z = 149 [M*], 132, 120, 108,
95, 78, 67, 51.

(APCI, m/z): found 150.0917 [M+H*] (calculated
150.0913).
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Iron-catalyzed olefin hydrogenation at 1 bar Hz with a FeCls-LiAlH catalyst

FT-IR

(ATR-film) in [cm] 3079 (w), 3018 (w), 2945 (w), 1595
(m), 1571 (m), 1468 (m), 1433 (m), 1312 (w), 1288 (m),
1272 (w), 1252 (w), 1143 (w), 1043 (w), 1020 (w), 989
(w), 912 (w), 779 (m), 548 (m), 533 (m), 495 (m).

2-(But-3-en-1-yloxy)naphthalene

Synthesis following the general procedure for phenylalkenylether synthesis.

0\/\/

Appearance
Yield

TLC
'H-NMR

13C-NMR

GC-MS

C14H140

198.26 g/mol

yellowish liquid

2.50 g, 12.61 mmol (84%)
Rt = 0.32 (SiO2, hexanes)

(300 MHz, CDCl3) § 7.81 — 7.69 (m, 3H), 7.44 (ddd, J =
8.2,6.9, 1.3 Hz, 1H), 7.34 (ddd, J = 8.1, 6.9, 1.3 Hz, 1H),
7.20 - 7.12 (m, 2H), 5.97 (ddt, J = 17.0, 10.2, 6.7 Hz, 1H),
5.22 (dg, J = 17.2, 1.6 Hz, 1H), 5.15 (ddd, J = 10.2, 3.0,
1.2 Hz, 1H), 4.15 (t, J = 6.7 Hz, 2H), 2.63 (qt, J = 6.7, 1.3
Hz, 2H).

(75 MHz, CDCls) & 156.88, 134.57, 134.50, 129.39,
128.97, 127.66, 126.74, 126.35, 123.58, 119.01, 117.12,
106.67, 67.21, 33.65.

tr = 8.99 min, (El, 70 eV): m/z = 198 [M*], 183, 170, 157,
143, 126, 114, 101, 89, 77, 63, 53.

Analytical data were in full agreement with B. Branchi, C. Galli, P. Gentili, Eur. J.
Org. Chem. 2002, 2002, 2844-2854.

1-(Allyloxy)-4-methoxybenzene

Synthesis following the procedure described by H. B. Mereyala, S. R. Gurrala, S. K.
Mohan, Tetrahedron, 1999, 55, 11331-11342.

/©/O\/\
MeO

Appearance

Yield
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TLC Rr = 0.27 (SiO2, PE/EE = 95/5)

IH-NMR (300 MHz, CDCls) § 6.91 — 6.79 (m, 4H), 6.06 (ddt, J =
17.3, 10.6, 5.3 Hz, 1H), 5.41 (dg, J = 17.3, 1.6 Hz, 1H),
5.28 (dg, J = 10.6, 1.4 Hz, 1H), 4.49 (dt, J = 5.3, 1.5 Hz,
2H), 3.77 (s, 3H).

1BC-NMR (75 MHz, CDCls) & 153.89, 152.74, 133.62, 117.55,
115.71, 114.60, 69.51, 55.72.

GC-MS tr = 6.88 min, (El, 70 eV): m/z = 164 [M*], 123, 109, 95,
80, 63, 51.

Analytical data were in full agreement with A. B. Naidu, E. A. Jaseer and G.Sekar J.
Org. Chem. 2009, 74, 3675-3679.

N-(cyclohex-2-en-1-yl)acetamide

A mixture of 3-bromocyclohexene (9.3 mmol, 1.50 g) in CCls (15 mL) and sodiumazide
(30.9 mmol, 2.00 g) in H20 (15 mL) was stirred at room temperature for 2 days. The
aqueous phase was extracted with CH2Cl2 (2 x 25 mL) and ethyl acetate (1 x 25 mL). The
combined organic layers were dried (Na2SO4), concentrated and diluted in THF (6 mL).
After the addition of triphenylphosphine (16.8 mmol, 4.40 g) the reaction mixture was
stirred for 2 h. Then, aqueous NaOH (1 M, 40 mL) was added, the reaction mixture was
stirred for 18 h, extracted with ethyl acetate (1 x 50 mL) and the organic layer was
extracted with aqueous HCI (1 M, 3 x15mL). The combined aqueous layers were
concentrated and suspended in CHzClz. After the addition of EtsN (27.9 mmol, 3.87 mL),
4-(dimethylamino)-pyridine (0.9 mmol, 113.6 mg) and acetyl chloride (10.2 mmol,
0.73 mL) the reaction mixture was stirred at room temperature for 3 h. The reaction
mixture was washed with aqueous saturated NaCl, dried (Na2SOs), concentrated and
subjected to silica gel flash chromatography (hexanes/ethyl acetate = 1/4).

NHAc CsH13NO
O/ 139.19 g/mol

Appearance colorless solid

Yield 643 mg, 4.60 mmol, 50%

TLC Ri = 0.2 (SiOz, hexanes/ethyl acetate = 1/4)

IH-NMR (400 MHz, CDCls) & 5.95-5.77 (m, 1H), 5.74-5.32 (m,

2H), 4.46 (m, 1H), 1.99 (m, 2H), 1.96 (s, 3H), 1.93-1.81
(m, 1H), 1.71-1.58 (m, 2H), 1.58-1.42 (m, 1H)
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Iron-catalyzed olefin hydrogenation at 1 bar Hz with a FeCls-LiAlH catalyst

1BC-NMR (101 MHz, CDCls) 6 169.2, 130.9, 127.7, 44.7, 29.5, 24.8,
235,19.7.

GC-MS tr = 6.68 min, (El, 70 eV): m/z = 139 [M*], 111, 97, 79, 69,
60, 54.

Analytical data were in full agreement with Y. Leblanc, R. Zamboni, M. A. Bernstein,
J. Org. Chem. 1991, 56, 1971-1972.

N-Methyl-3-acetamido-1,2,3,6-tetrahydrophthalimide

Synthesis following the procedure described by R. Fichtler, J.-M. Neudérfl, A. Jacobi von
Wangelin, Org. Biomol. Chem. 2011, 9, 7224-7236.

NHAc o C11H14N203
NMe 222.24 g/mol
o]
Appearance colorless solid
Yield 488 mg, 2.2 mmol (15%)
TLC Rf = 0.13 (SiO2, hexanes/ethyl acetate = 1/4)
'H-NMR (300 MHz, CDCls3) 8 7.27 (s, 1H), 5.86 (m, 1H), 5.72 (m,

1H), 4.81-4.61 (m, 1H), 3.19 (m, 2H), 2.94 (s, 3H), 2.71
(m, 1H), 2.21 (m, 1H), 2.08 (s, 3H).

13C-NMR (75 MHz, CDCl3) 6 179.3, 179.2, 169.9, 132.9, 1274,
452,425, 38.8, 25.0, 24.1, 23 .5.

GC-MS tr =9.76 min, (El, 70 eV): m/z = 222 [M*], 204, 179, 165,
151, 136, 120, 105, 94, 79, 69, 58.

Analytical data were in full agreement with D. Stribing, H. Neumann, A. Jacobi von
Wangelin, S. Klaus, S. Hiibner, M. Beller, Tetrahedron 2006, 62, 10962—10967.

General procedure for alkyne synthesis by Sonogashira coupling

A 50 mL Schlenk tube with a screw cap was equipped with a stirring bar, charged with
Cul (0.14 mmol, 27.0 mg), (0.04 mmol, 25.2 mg) Pd(Cl)2(PPh3)2 and 3.59 mmol of the
substituted iodo-benzene, evacuated three times and purged with nitrogen. Then 4 mL
THF and 4 mL EtsN were added. Phenylacetylene (3.59 mmol, 395 pL) was added slowly
via syringe and the reaction mixture was stirred at room temperature for 15 h. Then,
CH2Cl2 (25 mL) and aqueous HCI (25 mL, 1 M) were added and the reaction mixture was
extracted with CH2Cl2 (2 x 25 mL). The combined organic layers were dried (Na2SO4)
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and the solvent removed by vacuum evaporation. The residue was then purified by silica
gel flash chromatography (hexanes)

Methyl 4-(phenylethynyl)benzoate

Synthesis following the general procedure for alkyne synthesis by Sonogashira coupling.

C16H1202
Ph%@COZMe
236.27 g/mol

Appearance pale yellow solid

Yield 1.35 g, 5.71 mmol (82%)

TLC Rf = 0.38 (SiO2, hexanes/ethyl acetate = 9/1)

H-NMR (300 MHz, CDClz) 6 8.02 (m, 2H), 7.60 (m, 1H), 7.59 —
7.51 (m, 3H), 7.41 — 7.32 (m, 3H), 3.92 (s, 3H).

BC-NMR (75 MHz, CDCl3) & 166.57, 131.76, 131.53, 129.55,
129.47, 128.80, 128.47, 128.02, 122.71, 92.40, 88.67,
52.26.

GC-MS tr = 10.59 min, (El, 70 eV): m/z = 236 [M*], 205, 176,

151, 126, 102, 91, 76, 63, 51.

Analytical data were in full agreement with T. Schabel, C. Belger, B. Plietker, Org.
Lett. 2013, 15, 2858-2861.

1-Methyl-3-(phenylethynyl)benzene

Synthesis following the general procedure for alkyne synthesis by Sonogashira coupling.

CisH12
Ph—= < § 192.26 g/mol

Appearance colorless solid

Yield 1.76 g, 9.14 mmol (91%)

TLC R = 0.55 (SiOz, n-pentane)

'H-NMR (300 MHz, CDCls) 6 7.57 — 7.48 (m, 2H), 7.40 — 7.31 (m,
5H), 7.24 (t, = 7.5 Hz, 1H), 7.15(d, J = 7.6 Hz, 1H), 2.36
(s, 3H).
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Iron-catalyzed olefin hydrogenation at 1 bar Hz with a FeCls-LiAlH catalyst

1BC-NMR

GC-MS

(75 MHz, CDCls) & 138.04, 132.20, 131.61, 129.19,
128.70, 128.35, 128.26, 128.19, 77.45, 77.03, 76.61,
21.27.

tr = 9.23 min, (EI, 70 eV): m/z = 192 [M*], 176, 165, 152,
139, 126, 115, 95, 74, 63, 51.

Analytical data were in full agreement with H. Kim, P. H. Lee, Adv. Synth. Catal. 2009,

351, 2827-2832.

(1-cyclopropylvinyl)benzene

Synthesis following the general procedure for styrene synthesis in a Wittig reaction.

L

Appearance
Yield

TLC
'H-NMR

BC-NMR

GC-MS

CuHi

144.22 g/mol

colorless liquid

1.27 g, 8.8 mmol (80%)
Rf = 0.53 (SiO2, hexanes)

(300 MHz, CDCls) & = 7.67 — 7.57 (m, 2H), 7.42 — 7.26
(m, 3H), 5.30 (d, J=1.0, 1H), 4.95 (t, J=1.2, 1H), 1.67 (ttd,
J=8.3,5.4,1.2, 1H), 0.92 — 0.79 (m, 2H), 0.61 (ddd, J=6.4,
5.4,4.1, 2H).

(75 MHz, CDCls) & 149.47, 141.75, 128.28, 127.58,
126.25, 109.15, 77.58, 77.16, 77.16, 76.74, 15.78, 6.83.

tr = 6.31 min, (EI, 70 eV): m/z = 144 [M*], 129, 115, 103,
91, 77, 63, 51.

Analytical data were in full agreement with C. Chatalova-Sazepin, Q. Wang, G. M.
Sammis, J. Zhu, Angew. Chem. Int. Ed. 2015, 54, 5443-5446.
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454 Hydrogenation products

1-Methyl-4-propylbenzene

PO

H-NMR
B3C-NMR

GC-MS

CioHa4
134.22 g/mol

(300 MHz, CDCl3) 8 7.07 (s, 4H), 2.54 (t, 2H), 2.31 (s,
3H), 1.61 (m, 2H), 0.93 (t, 3H).

(75 MHz, CDCls) & 139.55, 134.92, 128.83, 128.28,
37.51, 37.58, 24.65, 20.94, 13.80.

tr = 5.09 min, (El, 70 eV): m/z = 134 [M*].

Analytical data were in full agreement with N. Sakai, K. Nagasawa, R. lkeda, Y.
Nakaike, T. Konakahara, Tetrahedron Lett. 2011, 52, 3133-3136.

1-Methoxy-4-propylbenzene

Meo@/\/

H-NMR

13C-NMR

GC-MS

C10H140
150.22 g/mol

(300 MHz, CDCl3) § 7.08 (d, J = 8.1 Hz, 2H), 6.81 (d, J =
8.2 Hz, 2H), 3.76 (s, 3H), 2.51 (t, J = 7.6 Hz, 2H), 1.71-
1.46 (m, 2H), 0.92 (t, J = 7.3 Hz, 3H)

(75 MHz, CDCls) & 157.58, 134.71, 129.24, 113.55,
55.12, 37.42, 37.09, 24.75, 13.71.

tr = 5.07 min, (El, 70 eV): m/z = 150 [M*].

Analytical data were in full agreement with A. Dhakshinamoorthy, A. Sharmila, K.
Pitchumani, Chem. Eur. J. 2010, 16, 1128-1132.

1-Mehyl-2-propylbenzene

o

'H-NMR

B3C-NMR

CioHa4
134.22 g/mol

(300 MHz, CDCl3)  7.14-7.09 (m, 4H), 2.6-2.54 (m, 2H),
2.3 (s, 3H), 1.67-1.54 (m, 2H), 0.98 (t, 3H).

(75 MHz, CDCls)  140.86, 135.87, 130.03, 128.83,
125.76, 125.71, 35.39, 23.35, 19.28, 14.17.
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Iron-catalyzed olefin hydrogenation at 1 bar Hz with a FeCls-LiAlH catalyst

GC-MS

tr = 5.18 min, (El, 70 eV): m/z = 134 [M*].

Analytical data were in full agreement with X. Qian, L. N. Dawe, C. M. Kozak, Dalton

Trans. 2011, 40, 933-943.

2-Propylphenyl acetate

'H-NMR

BC-NMR

GC-MS
HRMS
FT-IR

3-Propylpyridine

N
‘/

'H-NMR

13C-NMR

GC-MS

C11H1402
178.23 g/mol

(300 MHz, CDCl3) § 7.18 (dd, J = 13.8, 6.0 Hz, 3H), 7.00
(d, J = 7.5 Hz, 1H), 2.53-2.40 (t, 2H), 2.29 (s, 3H), 1.59
(m, J=15.0, 7.5 Hz, 2H), 0.93 (t, J = 7.3 Hz, 3H).

(75 MHz, CDCls) & 169.64, 148.97, 134.27, 130.26,
126.89, 126.04, 122.22, 32.21, 23.10, 20.89, 14.00.

tr = 5.84 min, (El, 70 eV): m/z = 178 [M*].
(El, 70 eV): m/z = 178.009 +/- 5 ppm

(ATR-film) in [cm™]: 3466 (w), (w), 3026 (w), 2958 (M),
2926 (m), 2866 (m), 1759 (s), 1636 (w), 1580 (w), 1487
(s), 1453 (s), 1367 (s), 1201 (s), 1179 (s), 1115 (s), 1036
(m), 1009 (m), 940 (m), 856 (w), 830 (m), 786 (m), 751
(s), 660 (m).

CsHuN
121.18 g/mol

(300 MHz, CDClz) & 8.43 (d, J = 4.8 Hz, 2H), 7.49 (d, J =
7.5 Hz, 1H), 7.26-7.12 (m, 1H), 2.59 (t, J = 7.6 Hz, 2H),
1.78-1.32 (m, 2H), 0.95 (t, J = 7.3 Hz, 3H).

(75 MHz, CDCls) & 149.87, 147.07, 137.69, 135.85,
123.34, 123.20, 34.99, 24.21, 23.98, 13.60.

tr = 4.20 min, (El, 70 eV): m/z = 121 [M*].

Analytical data were in full agreement with A. Fischer, M. J. King, F. P. Robinson,
Can. J. Chem. 1978, 56, 3072-3077.
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1,2-Dimethoxy-4-propylbenzene

Meo©/\/
MeO
H-NMR

B3C-NMR

GC-MS

C11H1602
180.24 g/mol

(300 MHz, CDCls)  6.83-6.64 (m, 3H), 3.87 (s, 3H), 3.85
(s, 3H), 2.53 (t, J = 7.8 Hz, 2H), 1.72-1.50 (m, 2H), 0.94
(t, J = 7.3 Hz, 3H).

(75 MHz, CDCls) & 148.72, 147.03, 135.36, 120.19,
111.79, 111.13, 55.81, 37.66, 24.77, 13.80.

tr = 6.59 min, (El, 70 eV): m/z = 180 [M*].

Analytical data were in full agreement with A. R. Katritzky, S. C. Jurczyk, M. Szajda,
I. V. Shcherbakova, J. N. Lam, Synthesis 1994, 1994, 499-504.

1,2-Difluoro-4-propylbenzene

DO
F
IH-NMR

BC-NMR

GC-MS
HRMS
FT-IR

1-Ethyl-4-methylbenzene

o

H-NMR

CoH1oF2
156.17 g/mol

(300 MHz, CDCls) § 7.10-6.90 (m, 3H), 2.58 (t, 2H), 1.69-
1.57 (m, 2H), 0.94 (t, 3H).

(75 MHz, CDCls) & 150.97, 147.71, 139.55, 124.13,
117.01, 116.75, 37.14, 24.35, 13.57.

tr = 6.38 min, (El, 70 eV): m/z = 156 [M*].
(El, 70 eV): m/z = 156.038 +/- 5 ppm

(ATR-film) in [cm1]: 3066 (w), 2920 (s), 2851 (m), 2358
(w), 2326 (w), 1731 (w), 1604 (w), 1518 (s), 1487 (m),
1454 (m), 1376 (w), 1260 (s), 1220 (w), 1190 (w), 1116
(m), 1093 (m), 1020, 950 (w), 916 (w), 870 (m), 812 (s),
770 (m), 756(w).

CoHi2
120.19 g/mol

(300 MHz, CDCl3)  7.09 (s, 4H), 2.60 (q, J = 7.6 Hz, 2H),
2.31 (s, 3H), 1.21 (t, J = 7.6 Hz, 3H).
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Iron-catalyzed olefin hydrogenation at 1 bar Hz with a FeCls-LiAlH catalyst

GC-MS

tr = 4.36 min, (El, 70 eV): m/z = 120 [M*].

Analytical data were in full agreement with M. L. Kantam, R. Kishore, J. Yadav, M.
Sudhakar, A. Venugopal, Adv. Synth. Catal. 2012, 354, 663-669.

1-Ethyl-4-methoxybenzene

'H-NMR
BC-NMR

GC-MS

CoH120
136.19 g/mol

(300 MHz, CDCl3) & 7.1 (d, 2H), 6.82 (d, 2H), 3.7 (s,
3H), 2.58 (t, 2H), 1.20 (t, 3H).

(75 MHz, CDCls) 157.5, 136.4, 128.7, 115.38, 55.3, 28,
15.9.

tr = 5.75 min, (EI, 70 eV): m/z = 136 [M"].

Analytical data were in full agreement with B. Wang, H.-X. Sun, Z.-H. Sun, Eur. J.
Org. Chem. 2009, 22, 3688-3692.

1-Ethyl-4-chlorobenzene

AT

'H-NMR
BC-NMR

GC-MS

CsHoCl
140.61 g/mol

(300 MHz, CDClz) § 7.23 (d, J = 8.0 Hz, 2H), 7.10 (d, J =
8.0 Hz, 2H), 2.60 (q, J = 7.6 Hz, 2H), 1.23 (t, 3H).

(75 MHz, CDCls) & 142.63, 131.26, 129.22, 128.37,
28.28, 15.55.

tr = 4.92 min, (El, 70 eV): m/z = 140 [M*], 125, 105, 89,
77,63, 51.

Analytical data were in full agreement with M. E. Sloan, A. Staubitz, K. Lee, I.
Manners, Eur. J. Org. Chem. 2011, 4, 672-675.

1-Ethyl-4-bromobenzene

SO

'H-NMR

110

CsHoBr
185.06 g/mol

(400 MHz, CDCls) & 7.45-7.35 (m, 2H), 7.09-6.96 (m,
2H), 2.59 (q, J = 7.6 Hz, 2H), 1.20 (t, J = 7.6 Hz, 3H).
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1BC-NMR (101 MHz, CDCls) & 143.2, 131.4, 129.7, 119.3, 28.4,
15.5.

GC-MS tr = 5.76 min, (El, 70 eV): m/z = 184 [M*], 169, 105, 89,
77,63, 51.

Analytical data were in full agreement with T. Maegawa, T. Takahashi, M. Yoshimura,
H. Suzuka, Y. Monguchi, H. Sajiki, Adv. Synth. Catal. 2009, 351, 2091-2095.

1-Ethyl-4-fluorobenzene
J©/\ CsHoF
F 124.16 g/mol
1H-NMR (300 MHz, CDCl3) & 7.12-7.01 (m, 2H), 6.94-6.83 (m,

2H), 2.55 (g, J = 7.6 Hz, 2H), 1.15 (t, J = 6.6 Hz, 3H).

BC-NMR (75 MHz, CDCls) & 162.75, 139.78, 129.18, 129.08,
115.15, 114.84, 28.11, 15.80.

GC-MS tr = 3.54 min, (EI, 70 eV): m/z = 124 [M*].

Analytical data were in full agreement with E. C. Taylor, E. C. Bigham, D. K. Johnson,
J. Org. Chem. 1977, 42, 362-363.

1-Benzyloxy-4-ethylbenzene

/@/\ Ci1sH160
BnO 212.29 g/mol

IH-NMR (300 MHz, CDCl3) & 7.51 — 7.30 (m, 5H), 7.18 — 7.11 (m,
2H), 6.97 - 6.89 (m, 2H), 5.07 (s, 2H), 2.62 (g, J = 7.6 Hz,
2H), 1.24 (t, J = 7.6 Hz, 3H).

13C-NMR (75 MHz, CDCls) & 156.89, 137.30, 136.72, 128.78,
128.60, 127.92, 127.52, 114.72, 70.08, 28.03, 15.93.

GC-MS tr = 9.17 min, (El, 70 eV): m/z = 212 [M*], 122, 107, 91,
77,65, 51.

Analytical data were in full agreement with C. Zhu, N. Yukimura, M. Yamane,
Organometallics 2010, 29, 2098-2103.

111
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4-Ethylaniline
/@/\ CsHuN
H,N 121.18 g/mol
IH-NMR (400 MHz, CDCl3) & 6.98 (d, 2H), 6.61 (d, 2H), 3.34 (bs,
2H), 2.53 (g, 2H), 1.19 (t, 3H).
BC-NMR (101 MHz, CDCls) 6 144.1, 134.5, 128.6, 115.4, 28, 16.
GC-MS tr =5.75 min, (El, 70 eV): m/z = 121 [M*].

Analytical data were in full agreement with B. Wang, H.-X. Sun, G.-Q. Lin, Z.-H. Sun,
Adv. Synth. Catal. 2009, 351, 415-422.

Methyl 4-ethylbenzoate

/©/\ C10H1202
MeO,C 164.20 g/mol
IH-NMR (400 MHz, CDCls) 8 7.96 (m, 2H), 7.27 (m, 2H), 3.90 (s,
3H), 2.71 (9, J=7.6 Hz, 2H), 1.26 (t, J = 7.6 Hz, 3H).

13C-NMR (101 MHz, CDCls) 8 167.2, 149.8, 129.7, 127.9, 127.7,
52.0,29.0, 15.2.
GC-MS tr = 6.81 min, (E1, 70 eV): m/z = 164 [M*], 149, 133, 121,

105, 89, 77, 63, 51.

Analytical data were in full agreement with R. J. Rahaim, R. E. Maleczka, Org. Lett.
2011, 13, 584-587.

2-Ethylnaphthalene
Ci2H12
156.22 g/mol
H-NMR (400 MHz, CDCls) § 7.84-7.73 (m, 3H), 7.62 (s, 1H),

7.48-7.31 (m, 3H), 2.81 (q, J=7.6 Hz, 2H), 1.33 (t,
J=7.6 Hz, 3H).

BC-NMR (101 MHz, CDCls) & 141.8, 133.7, 132.0, 127.8, 127.6,
127.4,127.1, 125.8, 125.6, 125.0, 77.4, 77.0, 76.7, 29.1,
15.5.
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GC-MS

tr = 7.33 min, (EI, 70 eV): m/z = 156 [M*], 141, 128, 115,
102, 89, 77, 63, 51.

Analytical data were in full agreement with M. E. Sloan, A. Staubitz, K. Lee, I.
Manners, Eur. J. Org. Chem. 2011, 4, 672-675.

1-Isopropyl-2,4-dimethoxybenzene

Me0/©\/:e

IH-NMR

BC-NMR
GC-MS

HRMS
FT-IR

C11H1602
180.25 g/mol

(300 MHz, CDCls) 8 7.15 — 7.05 (m, 1H), 6.50 — 6.40 (m,
2H), 3.81 (s, 3H), 3.80 (s, 3H), 3.23 (hept, J = 6.9 Hz, 1H),
1.19 (d, J = 6.9 Hz, 6H).

(75 MHz, CDCls) & 158.67, 157.67, 129.52, 126.23,
103.81, 98.50, 55.33, 26.24, 22.89.

tr = 7.11 min, (EI, 70 eV): m/z = 180 [M*], 166, 150, 135,
121, 105, 91, 77, 65, 51.

(El, m/z): found 180.1153 [M*] (calculated 180.1150).

(ATR-film) in [cm™]: 2961 (m), 2870 (w), 2835 (w), 1612
(m), 1587 (m), 1504 (s), 1462 (m), 1446 (w), 1298 (m),
1257 (m), 1205 (s), 1151 (s), 1115 (w), 1096 (m), 1036
(s), 937 (w), 924 (w), 833 (m), 831 (m), 795 (m), 692 (w),
635 (w), 557 (w).

1-Chloro-4-isopropylbenzene

S

'H-NMR

BC-NMR
GC-MS

CoHuCl

154.64 g/mol

(300 MHz, CDCls) 6 7.25 (m, 2H), 7.21-7.09 (m, 2H),
2.89 (m, 1H), 1.23 (d, J = 6.9 Hz, 6H).

(75 MHz, CDClz) 6 142.3,131.3, 128.4, 127.8, 33.6, 23.9.

tr = 5.37 min, (E1, 70 eV): m/z = 154 [M*], 139, 125, 119,
105, 89, 77, 63, 51.

Analytical data were in full agreement with S. S. Kim, C. S. Kim, J. Org. Chem. 1999,

64, 9261-9264.
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Iron-catalyzed olefin hydrogenation at 1 bar Hz with a FeCls-LiAlH catalyst

1-Bromo-4-isopropylbenzene

S

H-NMR
1BC-NMR

GC-MS

CoH11Br

199.09 g/mol

(400 MHz, CDCls3) 8 7.47-7.32 (m, 2H), 7.08 (m, 2H),
2.85 (sept, J = 6.9 Hz, 1H), 1.21 (d, J = 6.9 Hz, 6H).

(101 MHz, CDCls) & 147.8, 131.3, 128.2, 119.3, 33.7,
30.9, 23.8.

tr = 6.16 min, (E1, 70 eV): m/z = 198 [M*], 185, 169, 158,
143,119, 104, 91, 77, 63, 51.

Analytical data were in full agreement with M. A. Hall, J. Xi, C. Lor, S. Dai, R. Pearce,
W. P. Dailey, R. G. Eckenhoff, J. Med. Chem. 2010, 53, 5667-5675.

1-1sopropyl-4-methoxybenzene

'H-NMR

BC-NMR

GC-MS

C10H140
180.24 g/mol
(300 MHz, CDCl3) 8 7.15 (d, J = 8.8 Hz, 2H), 6.84 (d, J =

8.7 Hz, 2H), 3.79 (s, 3H), 2.95 — 2.78 (m, 1H), 1.24 (s,
3H), 1.21 (s, 3H).

(75 MHz, CDCls) & 156.86, 141.06, 127.26, 113.77,
55.27, 33.28, 24.24.

tr = 5.93 min, (El, 70 eV): m/z = 150 [M*], 120, 105, 91,
77,65, 51.

Analytical data were in full agreement with Cahiez, G.; Foulgoc, L.; Moyeux, A.
Angew. Chem. Int. Ed. 2009, 48, 2969-2972.

1-Chloro-2-ethylbenzene

o8

'H-NMR
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CgHoCl
140.61 g/mol

(300 MHz, CDCl3) 6 7.33 (d, J = 7.7 Hz, 2H), 7.25-7.07
(m, 2H), 2.76 (g, J = 7.5 Hz, 2H), 1.23 (t, J = 7.5 Hz, 3H).
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1BC-NMR

GC-MS

(75 MHz, CDCls) & 141.59, 133.77, 129.50, 129.33,
127.05, 126.79, 26.73, 14.03.

tr =4.77 min, (El, 70 eV): m/z = 140 [M*]

Analytical data were in full agreement with J. L. O'Connell, J. S. Simpson, P. G.
Dumanski, G. W. Simpson, C. J. Easton, Org. Biomol. Chem. 2006, 4, 2716-2723.

1-Benzyloxy-2-ethylbenzene

: OBn

H-NMR
BC-NMR

GC-MS

HRMS
FT-IR

1,3-Diphenylpropane
PR " Ph
'H-NMR
BC-NMR

GC-MS

Ci5H160
212.29 g/mol

(300 MHz, CDCl3)  7.51 — 7.30 (m, 5H), 7.19 (m, 2H),
6.98 — 6.88 (M, 2H), 5.11 (s, 2H), 2.74 (q, J = 7.5 Hz, 2H),
1.26 (t, J = 7.5 Hz, 3H).

(75 MHz, CDCls) & 156.49, 137.59, 133.03, 129.09,
128.55, 127.74, 127.09, 126.79, 120.77, 111.50, 69.77,
23.44,14.26.

tr = 8.86 min, (El, 70 eV): m/z = 212 [M*], 122, 107, 91,
77,65, 51.

(ClI, m/z): found 212.1203 [M*] (calculated 212.1201).

(ATR-film) in [cm™] 3063 (w), 3035 (), 2965 (m), 2928
(m), 2873 (w), 1601 (m), 1587 (m), 1491 (s), 1450 (s),
1379 (m), 1290 (w), 1236 (s), 1186 (W), 1125 (m), 1042
(m), 1020 (M), 851 (W), 747 (s), 733 (), 694 (s), 624 (m),
462 (m).

CisHis
196.29 g/mol

(300 MHz, CDCl3) § 7.37 - 7.27 (m, 4H), 7.25 - 7.17 (m,
6H), 2.77 — 2.59 (m, 4H), 2.05 — 1.90 (m, 2H).

(75 MHz, CDCls) & 142.33, 128.49, 128.35, 125.78,
35.48, 33.02.

tr = 8.65 min, (El, 70 eV): m/z = 196 [M*], 179, 165, 152,
115, 105, 92, 79, 65, 51.
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Iron-catalyzed olefin hydrogenation at 1 bar Hz with a FeCls-LiAlH catalyst

Analytical data were in full agreement with C.-T. Yang, Z.-Q. Zhang, Y.-C. Liu, L.
Liu, Angew. Chem. Int. Ed. Engl. 2011, 50, 3904-3907.

Ethyl 3-phenylpropanoate

C11H1402
178.23 g/mol

IH-NMR (400 MHz, CDCls) & 7.33-7.26 (m, 2H), 7.24-7.16 (m,
3H), 4.13 (q, J=7.1 Hz, 2H), 3.01-2.90 (m, 2H), 2.66—
2.58 (m, 2H), 1.24 (t, J = 7.1 Hz, 3H).

1BBC-NMR (101 MHz, CDCls) 6 172.9, 140.6, 128.5, 128.3, 126.2,
60.4, 36.0, 31.0, 14.2.

GC-MS tr = 6.99 min, (El, 70 eV): m/z = 178 [M*], 133, 104, 91,

77,65, 51.

Analytical data were in full agreement with M. Amatore, C. Gosmini, J. Périchon, J.
Org. Chem. 2006, 71, 6130-6134.

1,3-Bis-(4-chlorophenyl)-butane

C16H16Cl2
O O 279.20 g/mol
Cl Cl

'H-NMR (400 MHz, CDCls) 6 7.34-6.97 (m, 8H), 2.79-2.61 (m,
1H), 2.55-2.39 (m, 2H), 1.95-1.82 (m, 2H), 1.25 (d,
J =6.9 Hz, 3H).

BC-NMR (101 MHz, CDCls) 6 145.5, 140.6, 131.7, 131.5, 129.7,
128.6, 128.4, 128.4, 39.7, 38.9, 33.2, 22.5.

GC-MS tr = 10.61 min, (El, 70 eV): m/z = 279 [M*], 191, 166,
139, 121, 103, 77, 51.

HRMS (CI, m/z): found 278.0632 [M*] (calculated 278.0629).

FT-IR (ATR-film) in [cm™] 3025 (w), 2960 (m), 2926 (m),

2859(w), 1894 (w), 1597 (w), 1491 (s), 1455 (m), 1408
(m), 1091 (s), 1013 (s), 825 (s), 531 (s), 489 (M).
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N-(1-Phenylethyl)acetamide

NHAC Ci10H1sNO

Ph 163.22 g/mol

IH-NMR (300 MHz, CDCI13) 8 7.38 — 7.23 (m, 5H), 5.80 (s, 1H),
5.19 - 5.07 (m, 1H), 2.00 (s, 3H), 1.50 (d, J = 6.9 Hz, 3H).

1BC-NMR (75 MHz, CDCI3) & 143.03, 128.73, 127.47, 126.23,
48.90, 23.47, 21.69.

GC-MS tr = 7.58 min, (El, 70 eV): m/z = 163 [M*], 148, 120, 106,
91, 77, 65, 51

Analytical data were in full agreement with B. V. Subba Reddy, N. Sivasankar Reddy,
C. Madan, J. S. Yadav Tetrahedron Lett. 2010, 51, 4827-4829.

Dibenzo-1,5-cyclooctadiene

0.0 CieH1e
208.30 g/mol

IH-NMR (300 MHz, CDCls) § 7.00 (m, 8H), 3.07 (s, SH).
13C-NMR (75 MHz, CDCls) & 140.62, 129.69, 126.12, 35.16.
GC-MS tr = 9.27 min, (EI, 70 eV): m/z = 208 [M*], 193, 178, 165,

152, 128, 115, 104, 91, 78, 63, 51.

Analytical data were in full agreement with D. Guijarro, B. Mancheno, M. Yus,
Tetrahedron. 1992, 48, 4593-4600.

Dibenzo-1,3,5-cyclooctatriene
Ci6H1a
O.O 206.29 g/mol
H-NMR (300 MHz, CDCls) § 7.22 — 7.16 (m, 2H), 7.16 — 7.09 (m,
6H), 6.79 (s, 2H), 3.24 (s, 4H).

B3C-NMR (101 MHz, CDCls) & 139.85, 136.82, 131.51, 130.22,
129.97, 127.05, 125.55, 35.84.
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GC-MS

tr = 9.50 min, (EI, 70 eV): m/z = 206 [M*], 191, 178, 165,
151, 139, 115, 106, 89, 77, 67, 51.

Analytical data were in full agreement with A. C. Cope, R. D. Smith, J. Am. Chem.

Soc. 1955, 77, 4596-4599.

Phenylcyclohexane

A

H-NMR
BC-NMR

GC-MS

Ci2H16
160.26 g/mol

(300 MHz, CDCls) & 7.41-7.10 (m, 5H), 2.49 (m, 1H),
2.02-1.68 (M, 5H), 1.56-1.15 (m, 5H).

(75 MHz, CDCls) & 148.1, 128.3, 126.9, 125.8, 44.7,
34.52,27.0, 26.2.

tr = 6.88 min, (El, 70 eV): m/z = 160 [M*], 131, 117, 104,
91, 78, 65, 51.

Analytical data were in full agreement with W. M. Czaplik, M. Mayer, A. Jacobi von
Wangelin, Angew. Chem. Int. Ed. 2009, 48, 607-610.

n-Pentylbenzene

Ph™ >~

'H-NMR

BC-NMR

GC-MS

C11H16
148.25 g/mol

(300 MHz, CDCl3) § 7.31 — 7.13 (m, 5H), 2.64 — 2.56 (m,
2H), 1.62 (dt, J = 15.2, 7.4 Hz, 2H), 1.38 — 1.26 (m, 4H),
0.89 (t, J = 6.9 Hz, 3H).

(75 MHz, CDCls) & 141.93, 127.37, 127.18, 124.51,
34.93, 30.50, 30.20, 21.53, 13.01.

tr = 5.81 min, (El, 70 eV): m/z = 148 [M*], 133, 105, 91,
78, 65.

Analytical data were in full agreement with L. Ackermann, A. R. Kapdi, C. Schulzke,
Org. Lett. 2010, 12, 2298-2301.

1-Methoxyundecane

MeO\/*a/\/
6
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IH-NMR

B3C-NMR

GC-MS

HRMS

FT-IR

n-Butoxybenzene

PhO™ "~

H-NMR

13C-NMR

GC-MS

(400 MHz, CDCl3) 5 3.36 (t, J = 6.7 Hz, 2H), 3.32 (s, 3H),
1.61-150 (m, 2H), 1.39-1.18 (m, 16H), 0.87 (&,
J=6.9 Hz, 3H).

(101 MHz, CDCls) 8 73.0, 58.5, 31.9, 29.7, 29.6, 29.5,
29.4,26.2,22.7,14.1.

tr = 6.76 min, (EI, 70 eV): m/z = 186 [M*], 154, 126, 111,
97, 83, 69, 56.

(CI, m/z): found 186.1987 [M*] (calculated 186.1984).

(ATR-film) in [cm™] 2923 (s), 2853 (s), 1745 (w), 1459
(m), 1379 (w), 1238 (w), 1195 (w), 1118 (s), 965 (), 722
(w).

C10H140
150.22 g/mol

(300 MHz, CDCl3) § 7.34 — 7.26 (m, 2H), 6.99 — 6.87 (m,
3H), 3.97 (t, J = 6.5 Hz, 2H), 1.85 — 1.70 (m, 2H), 1.62 —
1.41 (m, 2H), 0.98 (t, J = 7.4 Hz, 3H).

(75 MHz, CDCls) & 159.13, 129.43, 120.46, 114.49,
67.56, 31.38, 19.29, 13.90.

tr = 6.00 min, (El, 70 €V): m/z = 150 [M*], 94, 77. 65. 51.

Analytical data were in full agreement with J. Niu, H. Zhou, Z. Li, J. Xu, S. Hu, J. Org.
Chem. 2008, 73, 7814-7817.

2-(n-Butoxy)pyridine

@/O\/\/
_N

'H-NMR

CoH13NO
151.21 g/mol

(300 MHz, CDCls) 5 8.14 (ddd, J = 5.1, 2.0, 0.7 Hz, 1H),
7.55 (ddd, J = 8.4, 7.1, 2.0 Hz, 1H), 6.83 (ddd, J = 7.1,
5.1,0.9 Hz, 1H), 6.76 — 6.66 (m, 1H), 4.27 (t, = 6.7 Hz,
2H), 1.81 — 1.69 (m, 2H), 1.48 (m, 2H), 0.97 (t, J = 7.4
Hz, 3H).
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Iron-catalyzed olefin hydrogenation at 1 bar Hz with a FeCls-LiAlH catalyst

1BC-NMR (75 MHz, CDCls) & 164.08, 146.89, 138.48, 116.45,
111.08, 65.70, 31.17, 19.29, 13.91.

GC-MS tr = 5.82 min, (El, 70 eV): m/z = 151 [M*], 121, 108, 95,
78, 67, 51.

Analytical data were in full agreement with D. Chambers, Richard, M. Parsons, G.
Sandford, J. Skinner, Christopher, J. Atherton, Malcolm, S. Moilliet, John, J. Chem.
Soc., Perkin Trans. 1 1999, 803-810.

2-(n-Butoxy)naphthalene

O~ C14H160
200.28 g/mol
H-NMR (300 MHz, CDCls) 6 7.80 — 7.70 (m, 3H), 7.44 (ddd, J =
8.2,7.0,1.3 Hz, 1H), 7.33 (ddd, J = 8.1, 6.9, 1.2 Hz, 1H),

7.19 - 7.10 (m, 2H), 4.09 (t, J = 6.5 Hz, 2H), 1.93 — 1.77
(m, 2H), 1.63 — 1.47 (m, 2H), 1.02 (t, J = 7.4 Hz, 3H).

BC-NMR (75 MHz, CDCls) & 157.13, 134.63, 129.32, 128.88,
127.65, 126.71, 126.30, 123.47, 119.06, 106.52, 67.71,
31.34,19.36, 13.93.

GC-MS tr = 9.01 min, (E1, 70 eV): m/z = 200 [M*], 144, 127, 115,
89, 57.

Analytical data were in full agreement with C. Cazorla, E. Pfordt, M.-C. Duclos, E.
Metay, M. Lemaire, Green Chem 2011, 13, 2482-2488.

(R)-4-1sopropyl-1-methyl-cyclohex-1-ene

K CioH1s
/@ 138.25 g/mol
IH-NMR (300 MHz, CDCls) § 5.42 — 5.33 (m, 1H), 2.05 — 1.91 (m,

3H), 1.79 — 1.67 (m, J = 14.3, 4.6 Hz, 2H), 1.64 (s, 3H),
1.52 -1.39 (m, J = 6.7 Hz, 1H), 1.25 - 1.15 (m, J = 13.8,
7.9 Hz, 2H), 0.89 (d, J = 4.3 Hz, 3H), 0.87 (d, J = 4.3 Hz,
3H).

13C-NMR (75 MHz, CDCls) & 133.97, 121.03, 40.01, 32.30, 30.83,
28.97, 26.49, 23.50, 20.02, 19.70.
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GC-MS

tr = 4.81 min, (El, 70 eV): m/z = 138 [M"], 123, 95, 79,
67, 55.

Analytical data were in full agreement with D. F. Schneider, M. S. Viljoen,
Tetrahedron 2002, 58, 5307-5315.

1-Methoxy-4-n-propoxybenzene

/©/O\/\
MeO

IH-NMR
BC-NMR

GC-MS

C10H1402
166.22 g/mol

(300 MHz, CDCl3) 5 6.84 (s, 4H), 3.87 (t, J = 6.6 Hz, 2H),
3.77 (s, 3H), 1.87 — 1.70 (m, 2H), 1.03 (t, J = 7.4 Hz, 3H).

(75 MHz, CDCls) & 153.65, 153.29, 11543, 114.61,
70.17,55.75, 22.70, 10.56.

tr = 6.87 min, (El, 70 eV): m/z = 166 [M*], 124, 109, 95,
81, 64, 53.

Analytical data were in full agreement with A. B. Naidu, E. A. Jaseer, G. Sekar, J. Org.
Chem. 2009, 74, 3675-3679.

N-Cyclohexylacetamide

O/NHAC

CsHisNO

141.21 g/mol

H-NMR (400 MHz, CDCls) 6 5.32 (s, 1H), 3.87-3.65 (m, 1H), 1.95
(s, 3H), 1.94-1.87 (m, 2H), 1.75-1.66 (m, 2H), 1.66-1.55
(m, 1H), 1.43-1.29 (m, 2H), 1.23-1.04 (m, 3H).
BC-NMR (101 MHz, CDCls) 4 169.0, 48.2, 33.3, 25.6, 24.9, 23.6.
GC-MS tr = 6.71 min, (El, 70 eV): m/z = 141 [M*], 112, 82. 60.
Analytical data were in full agreement with R. Pelagalli, I. Chiarotto, M. Feroci, S.

Vecchio, Green Chem. 2012, 14, 2251-2255.

N-Methyl-3-(acetamido)-hexahydrophthalimide

NHAc g

NMe

o

C11H16N203

224.26 g/mol
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Iron-catalyzed olefin hydrogenation at 1 bar Hz with a FeCls-LiAlH catalyst

H-NMR

13C-NMR

GC-MS

HRMS
FT-IR

Melting Point

(400 MHz, CDCl3) 8 7.16 (s, 1H), 4.31 (ddt, J = 12.7, 9.0,
5.3 Hz, 1H), 3.10-2.99 (m, 2H), 2.98 (s, 3H), 2.09-2.02
(m, 1H), 2.01 (s, 3H), 2.00-1.93 (m, 1H), 1.68-1.50 (m,
2H), 1.40 (m, 1H), 1.15 (m, 1H).

(101 MHz, CDCl3) 8 179.2,179.2, 169.5,44.9,42.3,41.3,
27.6,24.7,24.6, 23.5, 20.5.

tr = 9.81 min, (EI, 70 eV): m/z = 224 [M*], 207, 181, 165,
153, 138, 126, 112, 96, 80, 70, 60, 51.

(ClI, m/z): found 225.1234 [M+H"] (calculated 225.1234).

(ATR-film) in [cm] 3324 (m), 2957 (w), 2924 (w), 2861
(w), 1769 (m), 1703 (s), 1647 (s), 1539 (s), 1460 (W), 1431
(s), 1378 (s), 1306 (m), 1271 (s), 1197 (w), 1162 (w), 1113
(m), 1050 (m), 982 (m), 952 (m), 910 (m), 762 (m), 682
(S), 596 (s), 543 (s), 454 (m).

128 °C

Methyl 4-phenylethylbenzoate

Ph
4\—@0021\/@

'H-NMR
BC-NMR

GC-MS

Ci16H1602
240.30 g/mol

(300 MHz, CDCl3) § 7.99 (d, J = 8.1 Hz, 2H), 7.32 — 7.27
(m, 2H), 7.27 — 7.21 (m, 3H), 7.21 — 7.15 (m, 2H), 3.92
(s, 3H), 3.07 — 2.90 (m, 4H).

(75 MHz, CDCls) & 167.17, 147.22, 141.19, 129.74,
128.60, 128.50, 128.45, 127.97, 126.14, 52.03, 37.94,
37.50.

tr = 10.13 min, (EI, 70 eV): m/z = 240 [M*], 209, 178,
165, 149, 118, 105, 91, 78, 65, 50.

Analytical data were in full agreement with P. J. Rushworth, D. G. Hulcoop, D. J. Fox,
J. Org. Chem. 2013, 78, 9517-9521.

(2)-1-Methyl-3-styrylbenzene

O
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IH-NMR

1BC-NMR

GC-MS

(400 MHz, CDCl3)  7.29 — 6.98 (m, 9H), 6.58 (s, 2H),
2.27 (s, 3H).

(101 MHz, CDClIs) & 137.91, 137.47, 137.33, 129.31,
129.01, 128.84, 128.47, 128.39, 127.98, 127.18, 126.00,
123.54, 21.47.

tr = 8.37 min, (EI, 70 eV): m/z = 194 [M*], 179, 165, 152,
128, 115, 105, 91, 83, 65, 50.

Analytical data were in full agreement with F. Alonso, P. Riente, M. Yus, Eur. J. Org.
Chem. 2009, 2009, 6034-6042.

(2)-6-dodecene
'H-NMR
BC-NMR

GC-MS

Ci2H2s
168.32 g/mol

(300 MHz, CDCl3) § 5.43 — 5.28 (m, 2H), 2.08 — 1.93 (m,
4H), 1.39 — 1.24 (m, 12H), 0.89 (t, J = 6.8 Hz, 6H).

(75 MHz, CDCls) & 129.92, 31.55, 29.47, 27.18, 22.60,
14.10.

tr = 5.91 min, (El, 70 eV): m/z = 168 [M*], 140, 125, 111,
97, 83, 69, 55.

Analytical data were in full agreement with T. Hamatani, S. Matsubara, H. Matsuda,
M. Schlosser, Tetrahedron 1988, 44, 2875-2881.

1-Cyclopropyl-1-phenylethane

L

IH-NMR

3C-NMR

GC-MS

C11H1a
146.23 g/mol

(300 MHz, CDCl3)  7.41 — 7.26 (m, 4H), 7.25 - 7.17 (m,
1H), 1.99 (dg, J = 9.2, 7.0 Hz, 1H), 1.35 (d, J = 7.0 Hz,
3H), 0.96 (qt, J = 9.1, 8.0, 5.0 Hz, 1H), 0.65 — 0.36 (m,
2H), 0.27 — 0.09 (m, 2H).

(75 MHz, CDCls) & 147.38, 128.23, 127.00, 125.89,
44.67,21.62, 18.56, 4.64, 4.34.

tr = 6.88 min, (EI, 70 eV): m/z = 146 [M*], 131, 117, 105,
91, 77, 65, 51.

123



Iron-catalyzed olefin hydrogenation at 1 bar Hz with a FeCls-LiAlH catalyst

Analytical data were in full agreement with R. T. Hrubiec, M. B. Smith, J. Org. Chem
1984, 49, 385-388.

455 [Li(thf)2{Fe(tmeda)}2(u-AlHs)(p-Al2Hg] (4)

All manipulations were carried out under an inert atmosphere of purified argon, using
standard Schlenk or glovebox techniques. Solvents (THF, n-hexane) were dried by
refluxing over sodium and distilled under argon prior to use. Commercial lithium
aluminium hydride was purified by extraction with diethyl ether and subsequent removal
of the solvent under high vacuum. [FeClz(tmeda)]2 was prepared according to: S. C.
Davies, D. L. Hughes, G. J. Leigh, J. R. Sanders, J. S. de Souza, J. Chem. Soc., Dalton
Trans. 1997, 1981.

Synthesis of 4: [FeClz(tmeda)]2 (2.490 g, 5.12 mmol, 1.0 equiv.) was dissolved in THF
(120 mL). The cooled (=78 °C) solution was added to a suspension of LiAlH4 (0.912 g,
23.38 mmol) in 120 ml THF, which was also cooled at —78 °C with a dry ice aceton bath.
A deep red suspension formed that was stirred for 30 min at —78 °C. Subsequently, the
cold solution was filtered through a P4 frit. The filtrate was layered with pre-cooled (—20
°C) n-hexane. Storage at —78 °C gave a deep red crystalline solid. The mother liquor was
removed with a cannula. Dark red crystals of 4 were obtained by dissolving the remaining
solid in cold toluene (50 mL) at —78 °C and layering this solution with pre-cooled
n-hexane. A suitable crystal was selected, transferred to paratone oil that was cooled under
a stream of cooled N2 gas, and mounted on a glass fibre in the cooled nitrogen stream of
the diffractometer for the Xray structure determination. The further spectroscopic
characterization of the compound was prevented by its high thermal instability.
Decomposition to a dark brown residue was observed at temperatures above —10°C in the
solid state as well as in solution. The crystallographic data of 4 were collected on a Bruker
APEXII diffractometer equipped with a rotating anode (Mo-Ka radiation, A= 0.71073 A).
A red plate with the dimensions 0.19 x 0.11 x 0.05 mm=3, The structures were solved
using direct methods and refined against F? using the program suite SHELXTL-97.23.

a) SHELXTL-Plus, REL. 4.1; Siemens Analytical X-RAY Instruments Inc.: Madison, WI,
1990; b) Sheldrick, G. M. SHELXL 97, Program for the Refinement of Structures,
University of Gottingen, 1997; c) Sheldrick, G.M., Acta Cryst., 2008, A64, 112.

The positions of the hydrogen atoms bound to aluminium and iron were located on the
Fourier difference map and refined freely. All other hydrogen atoms were placed on
calculated positions and refined using a riding model. Crystal Data for
C20Hs2AlsFe2LiNsO2 (M = 590.32 g mol™): orthorhombic, space group Pca2i, a =
15.4965(7) A, b = 16.8579(7) A, ¢ = 12.6159(6) A, V = 3295.8(3) A3, Z = 4, T = 153(1)
K, #(Mo Ka) = 0.981 mm™, Deac = 1.190 g mm=, 30041 reflections measured (6.86 < ®
< — 27.10), 5799 unique (Rint = 0.0617, Rsigma = 0.0489) which were used in all
calculations. The final R1 was 0.0329 (I>=20o(1)) and wR2 was 0.1674 (all data). The
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crystallographic information file (CIF) has been deposited at the CCDC, 12 Union Road,
Cambridge, CB21EZ, U.K., and can be obtained on request free of charge, by quoting the
publication citation and deposition number 1034372.
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5 lron-catalyzed hydrogenation of sterically hindered
alkenes"

high conversions of
tri- and tetra- 3
cheap and available substituted olefins R

chemicals 1
& RZ

LIN(SIM93)2
FeCl, —— [Fe] H, ,
DiBAIH R
R%R4
/\ S

mild conditions, low
catalyst loadings

The reaction of Fe[N(SiMes)2]2 with DiBAIH generates a Ziegler-type hydrogenation
catalyst, highly active in the hydrogenation of sterically hindered olefins under mild
conditions. Key mechanistic experiments reveal elemental steps of the reaction of
Fe[N(SiMes)2]2 with DIiBAIH and hint toward a catalytically active nanocluster or
nanoparticle formation.

f_Manuscript in preparation.
"' Synthesis and characterization of complexes (SINpEt)Fe[N(SiMes),], and
(BnNpMe)Fe[N(SiMes).], were performed by D. Herrmann, University Regensburg.
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5.1 Introduction

In the development of transition metal complexes with low coordination humbers, two-
coordinated transition metal complexes (Co, Mn, Ni, Zn, Hg, Cd) were synthetically
available for the first time by the use of bulky silylamido ligands in the 1960’s.[1 The
synthesis of the bis(bis(trimethylsilyl)amido)iron was first reported in 1988 by Anderson
et al.[2l The complex gained interest as a useful synthetic alternative for iron halides in
iron complex synthesis and the synthesis of biologically relevant iron-sulfur clusters.E!
More recently, Chaudret et al. synthesized zerovalent iron nanoparticles with a size of
1.5+0.2 nm, by reduction of Fe[N(SiMes)2]> with H2.14l Upon reduction, the release of
HN(SiMes)2 was detected, which is believed to prevent further agglomeration by
coordination. The particles have been extensively characterized (WAXS, TEM, SQUID,
Madssbauer) and studied in the hydrogenation of terminal and di-substituted alkenes as
well as alkynes at 10 bar H2.1®1 Similarly, iron nanoparticles were synthesized by the
reduction of Fe[N(SiMes)2]2 with long chain amines or ammonia borane.[6]

The use of aluminium organyls as reductants to form low-valent transition metal catalysts
has been known for decades and established the class of Ziegler-type hydrogenation
catalysts (see chapter 2.2). Iron Ziegler-type hydrogenation catalysts derived by Fe(acac)s
or Fe(2-ethylhexanoate)s with AIRs (R = Et, 'Bu) or "BuL.i usually make use of an excess
of the organometallic activation reagent (6 to 32 equivalents referred to iron) or are
restricted to simple terminal and di-substituted alkene hydrogenation.[”]

Hy, amine or
ia-b
ammonia-borane - Qy
. Chaudret et al.
E nano[;:r]ticles R?
Fe[N(SiMe3),], ' RH/\R“
2
DiBAIH R
[Fe] H, R3
this work L, R%R "
H
R? H

Scheme 5-1. Synthesis of low-valent iron hydrogenation catalysts from Fe[N(SiMes)2]-.

Tri- and tetra-substituted alkenes are highly challenging substrates and most iron-
catalyzed protocols fail to provide high conversions under mild conditions.[®] Only
recently, Chirik et al. reported about defined iron pincer complexes, which were able to
hydrogenate challenging alkenes at 4 bar H2.I°! Although the complexes showed excellent
reaction rates and broad functional group tolerance, an easily accessible alternative using
cheaper ligands is highly desirable.

Inspired by Chaudret et al., we envisioned to exploit our experience in the generation of
low-valent iron hydrogenation catalysts by activation of simple iron precursors (FeCla,

130



Chapter 5

FeCls) with cheap reductants (EtMgCI, LiAlH.) to develop a protocol based on the use of
Fe[N(SiMe3)2]2 as iron source.

5.2 Results and discussion

Initial experiments with 1-phenylcyclohexene as a model substrate aimed to reveal a
suitable reductant for Fe[N(SiMes)2]2 to generate a catalyst system able to hydrogenate
the tri-substituted olefin under mild conditions (Table 5-1). Activation with molecular
hydrogen at high temperatures (150 °C) is known to generate catalytically active
nanoparticles but failed in the hydrogenation of 1-phenylcyclohexene.*®! Various
commonly used reductants were screened, where only aluminium hydrides and organyls
enabled clean conversion to phenylcyclohexane (entries 12, 13, 15). NaBHa as activation
agent failed to be active under mild conditions (1 bar Hy, rt) (entry 10).

Table 5-1. Screen of various reductants in the hydrogenation of 1-phenylcyclohexene
with Fe[N(SiMes)z]2.

5 mol% Fe[N(SiMe3),],

/@ reductant /O
Ph 5 bar Hy 50 °C, 18 h Ph

Entry Reductant (mol%) Yieldin %2

1 Hzb <1(<1)

2 NaOCHO (20 mol) <1(<1)

3 PhSiH3 (10 mol%) <1(<1)

4 [NaNaph] (10 mol%) <1(5)

5 EtMgCI (20 mol%) 5(9)

6 Zn (10 mol%) <1(<1)

7 Al (10 mol%) <1 (<1)

8 NaH (20 mol%) <1(8)

9 >99 (>99)
NaBH4 (5 mol%)

10 <1(<1)°®

11 >99 (>99)
LiAlH4 (5 mol%)

12 >99 (>99)°¢

13 Al(Bu)s (10 mol%) 93 (>99) ¢
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14 Al(Bu)sz (5 mol%) 38 (42)¢

15 AlMe; (10 mol%) 90 (98)¢

16 AlMes (5 mol%) <1 (<1)d

17 >99 (>99)
DiBAIH (10 mol%)

18 >99 (>99) ¢

19 DiBAIH (5 mol%) 48 (52) ¢

@ quantitative GC-FID vs. n-pentadecane as internal reference, conversion in % in
parentheses; ® 150 °C; € 1.3 bar Ha, rt, 3 h; 1.3 bar Ha, rt, 0.5 h.

Overall high conversion (>90%) of 1-phenylcyclohexene was achieved under Ziegler-
type conditions with all aluminium organyls (AlMes, Al(Bu)s, DiBAIH), whereas the
resulting bimetallic catalysts presented severe differences in stability and turnover
frequencies (see experimental, Table 5-9). For AlMes, precipitation of a black solid was
observed after 20 h (see experimental, Figure 5-2) with complete loss of activity (TOFfresh
=13 h'lvs. TOF20h = <1 h'}). In contrast, DiBAIH enabled storage of the catalyst solution
for 5 days with only minimal loss of activity (TOFfresh = 41 h't vs TOFs4 = 37 h'l).

The use of low-cost LiAlH4 results in competitive dehalogenation (up to 10%) in the
hydrogenation of 4-chloro-a-methylstyrene (Scheme 5-2). No dehalogenation products
were observed when DiBAIH was used as reductant for Fe[N(SiMes)2]2 highlighting its
superior features in a general hydrogenation protocol.

5 mol% Fe[N(SiMe3),], 5 mol% Fe[N(SiMe3),l,
5 mol% LiAlH, 10 mol% DiBAIH
+
1 barHy 23°C,3h 1 bar Hp 23 °C, 3 h
cl H cl cl
7% 10% >99%

Scheme 5-2. Selectivity in the hydrogenation of 4-chloro-a-methylstyrene.

In blank experiments, the necessity of all components (bis(bis(trimethylsilyl)amido iron,
DiBAIH and H: as the quantitative reductant) was studied (Table 5-2). In absence of
DiBAIH, or by exchange of Fe[N(SiMes)2]2 with FeClz(thf)1s no hydrogenation of
1-phenylcyclohexene was observed (entries 2 and 3). DiBAIH was not effective as a
stoichiometric reductant (entries 5 and 6), even in addition of an oxidant for catalyst
reoxidation. Interestingly, in situ generation of the precatalyst was possible by reacting
lithium bis(trimethylsilyl)amide with FeClz(thf)..s for one hour, prior addition of DiBAIH
(entry 7). A lower productivity (see experimental, Table 5-9) in comparison to preformed
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Fe[N(SiMes)2]2 indicated incomplete conversion after 1 h (TOFin siu = 27 ht vs.
TOFpreformed = 41 ). Nevertheless, in situ formation simplifies the synthesis of the active
species and enables a fast access by the use of standard organic laboratory chemicals.

Table 5-2. Blank experiments and in situ precatalyst formation.
/@ catalyst /O
Ph conditions Ph

Entry Catalyst Reaction conditions Yield in % @

1 5 mol% Fe[N(SiMes)2]2
10 mol% DiBAIH

2 5mol%Fe[N(SiMes)s],  5bar Hz, 150 °C,18h <1 (<1)

1.3barHz, rt,05h >99 (>99)

5 mol% FeClz(thf)ws
3 10 mol% DIBAIH 1.3barHz, rt,0.5h 1(1)

5 mol%HN(SiMes)2 °
4 5 mol% DIBAIH 5bar Hz, 50 °C, 15 h 1(5)
5 mol% Fe[N(SiMes)z]2

100 mol% DiBAIH no Hz, 1t, 3 5)

5 mol% Fe[N(SiMes)z]2
6 100 mol% DiBAIH no Ha, rt,3h 2(3)
185 mol% oxidant ©

5 mol% FeClz(thf).s
10 mol% DiBAIH
7 11mol% HN(SiMes): 1.3 bar Hz, rt, 0.5 h 98 (>99)

10 mol% "BulLi

@ quantitative GC-FID vs. n-pentadecane as internal reference, conversion in % in
parentheses; ° p-bromochlorobenzene. See chapter 5.6 for experimental detail.

Using the optimized protocol (5 mol% Fe[N(SiMes)2]2, 10 mol% DiBAIH) a broad scope
of largely unfunctionalized alkenes and alkynes was screened under hydrogenation
conditions. Terminal and internal alkenes (Table 5-3, entries 1, 2, 15) were hydrogenated
in excellent yield at 2 bar Hz in 3 h. Farnesene, a sesquiterpene which is commercially
produced by fermentation of ligno-cellulosic sugars, required harsher reaction conditions
(80 °C, 10 bar Hz, 20 h) for excellent conversion to farnesane, a component in jet fuel.[*%
Styrenic di- and tri-substituted substrates showed good to excellent conversion at 2 bar Hz
in 3 h in general, with 1-phenylcyclopentene as the only exception. Remarkably, highly
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challenging tetra-substituted alkenes, were hydrogenated in moderate to good yield
(entries 3, 9) at elevated temperature or pressure. Internal alkynes were hydrogenated in
excellent yield, whereas terminal alkynes underwent fast polymerization and [2+2+2]-
cycloisomerization (see chapter 6).

Table 5-3. Hydrogenation of largely unfunctionalized alkenes and alkynes.

5 mol% Fe[N(SiMej),l,

R! R® 10 mol% DiBAIH R' R®
R2 R4 2 bar Hy toluene, rt, 3 h R2 R4
Entry  Substrate R Product Yield in %2
1 1-octene >99 (>99)
n-octane
2 (E)-4-octene >99 (>99) °
3 H >—< 47 (91)
6 Ph—@ Ph—@ <5
>99 (>99)
r O O
95 (>99) 9
8 Ph@ Ph—Q 874

9 % 93 (>99) ¢
10 pp ‘O Ph 82¢

11 Me >99 (>99)
12

PhJLR Ph PhJ\R >99 (>99)
13 cyclopropyl 81 bd
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Ph Ph
4 = — >99 (>99)
PH  Ph Ph  Ph
15 92 (>99)
16 farnesene f farnesane 91 de
90 (>99)
17 ph—=—pn o Ph
>99 (>99) ¢
18 ph—=—kt pp - Et 96 (>99)
19  6-dodecyne n-dodecane 99 (>99)

a quantitative GC-FID vs. n-pentadecane as internal reference, conversion in % in
parentheses; ® 0.5 mol% Fe[N(SiMes)z]2, 1 mol% DiBAIH € 80 °C, 15 h; ¢ isolated
yield; € 10 bar, 80 °C, 15 h; mixture of isomers; 9 5 mol% FeClz(thf)1s 10 mol%
LiN(SiMes)2, 10 mol% DiBAIH.

Table 5-4. Determination of turnover frequencies for selected alkenes.

0.5 mol% Fe[N(SiMes),],

R'" R® 1 mol% DiBAIH R R3®
Rzi R4 2 bar Hj, toluene, rt, 5 min R2 R4
Entry  Substrate Yield after 5 minin %? TOF/ht
1 1-octene 19 466
2 o-methylstyrene 11 261
3 1-phenylcyclohexene 18° 44

& quantitative GC-FID vs. n-pentadecane as internal reference, conversion in % in
parentheses; ® 5 mol% Fe[N(SiMesz)2]2, 10 mol% DiBAIH, no reaction with lower
catalyst loadings.

Turnover frequencies were determined for the hydrogenation of 1-octene,
1-phenylcyclohexene and a-methylstyrene yielding high productivity. Notably, catalyst
loadings as low as 0.5 mol% Fe[N(SiMes)2]2, 1 mol% DiBAIH could be applied for
1-octene and a-methylstyrene. Lower catalyst loadings (0.1 mol% Fe[N(SiMes)z]2 with
0.2 mol% DiBAIH) were not productive. Additionally, lower catalyst loadings (<5 mol%)
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in the hydrogenation of 1-phenylcyclohexene resulted in a complete inhibition of the
hydrogenation reaction. Presumably, residual contaminations of 1-phenylcyclohexene
acted as catalyst poisons.

Functional group tolerance was studied by employing various functionalized alkenes
under hydrogenation conditions (Table 5-5). Excellent selectivity was maintained upon
hydrogenation of 4-chloro- and 4-bromo-a-methylstyrenes (entries 1 and 2). Various
functional groups including methyl- and benzylethers (entries 4, 8) as well as amines
(entries 9, 16, 18, 19) were tolerated. Nitriles, nitro groups and iodo groups acted as
inhibitors. Thioethers, vinylethers and conjugated esters (entries 5, 10, 15) slowed down
the reaction rate and required harsher conditions for moderate conversion. Allylic ethers
were not tolerated, allylether cleavage was observed in traces. Notably, the catalyst system
was effective in the selective hydrogenation of quinoline to 1,2,3,4-tetrahydroquinoline
(entry 16). No hydrogenation was observed for 2,6-lutidine (entry 17).

Table 5-5. Functional group tolerance in the hydrogenation with Fe[N(SiMez)z]2-
DiBAIH.

5 mol% Fe[N(SiMes),l,

R? R3 10 mol% DiBAIH R! R3
R2 R4 2 bar H, toluene, rt, 3 h R2 R4
Entry  Substrate R Product Yield in %?
>99 (>99)
1 Cl
95 (>99) ¢
2 Br 91b
3 | <5
O O
4 OMe >99 (>99)
5 SMe 54 (54)
6 CN <5
7 NO2 <5
93 (>99) ¢
8 OBn
R@—\ R@—\ 99 (>99) ¢
9 NH2 94 b
d
10 PhJLOSiMes F’h)\OSiMe3 57 (80)
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14

15

16

17

18

19

R 0 H
Ni
NHAc
0

N couer
JOR
~C

|
N
Me,N

750
89"

<5

53 (73) ¢

90 be

<5

91°b

g7°b

& quantitative GC-FID vs. n-pentadecane as internal reference, conversion in % in
parentheses; ? isolated yield; ¢ 0.5 mol% Fe[N(SiMes)2]2, 1 mol% DiBAIH ¢ 80 °C;
15 h; ¢ 10 bar, 80 °C, 15 h; f mixture of isomers; 9 5 mol% FeCly(thf)1.5,10 mol%
LiN(SiMes)2, 10 mol% DiBAIH.
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5.3 Mechanistic experiments

In key mechanistic experiments, the nature of the active species was studied. Kinetic
experiments with the addition of selective catalyst poisons were conducted to address the
challenging distinction between a homotopic and heterotopic catalyst.'. In a first set of
experiments, the kinetics of the hydrogenation of 1-phenylcyclohexene was measured
upon addition of PMes as a catalyst poison (Scheme 5-3). PMes has been shown to
effectively poison iron nanoparticles as reported by Morris and coworkers.['2 For
homotopic catalysts with one active site per metal atom, at least 1 equivalent of poison is
necessary for complete inhibition. Contrary, a minority of metal atoms are available for
catalytic reactions in nanoparticles, since the inner core contains of a major fraction of
metal atoms. Therefore, less active sites are expected per metal atom and
substoichiometric amounts of catalyst poison referred to metal atoms are able to inhibit
the catalytic activity (ref 12: 10% PMes referred to iron-nanoparticle catalyst resulted in
complete stop of hydrogenation activity). Studying the hydrogenation of
1-phenylcyclohexene with Fe[N(SiMes)z]2-DiBAIH, 50% of catalyst poison referred to
iron inhibited the activity completely. Less catalyst poison slowed down the reaction rate,
whereas 2% of PMes to iron resulted in only minimal inhibition.

100%
0 Y bt DI LLLLLLL LT ———g
S ’ Pl
,. ’
£ 80% Y 4
g é °
5 60% K I
s Y -7
[&] . &’
oy Y =9
= 40% A ---0
= A = =@ ~- control reaction
5 ] -=@ -- + 2% PMe3 referred to Fe
o 20% PMe, = <@ --+ 10% PMe3 referred to Fe
2 4° addition +20% PMe3 referred to Fe
4 -=® -- +50% PMe3 referred to Fe
0% @
0 10 20 30 40 50 60 70
time /min

Scheme 5-3. Poisoning experiment of the iron-catalyzed hydrogenation of
1-phenylcyclohexene with PMes.

These results support a heterotopic catalyst with less than one active site per metal atom,
which would be consistent with a metal cluster or nanoparticle as the active species
(Scheme 5-4, a). Alternatively, a homotopic catalyst with one active site is possible, as
well under the implication, that the conversion of Fe[N(SiMes)]. to the active species is
not quantitative or unselective, yielding only a fraction of active catalyst (Scheme 5-4, c).
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a)
Fe-NP/clusters
active
i Fe
Fe[N(SiMe3)], DIBAI b) Fe-c!om]plex
active
-
0 [ @<

Fe-NP/clusters Fe-complex
inactive active

Scheme 5-4. Possible topocities of the active species; a) active heterotopic iron clusters
or nanoparticles, b) active homotopic iron complex, c) active homotopic iron complex
with inactive or less active iron clusters or nanoparticles.

A second set of experiment was conducted with dibenzo[a,e]cycloocatetraene (dct) as
selective catalyst poison. Dct, a rigid tub-shaped molecule is reported to bind selectively
to metal complexes and leads to fast inhibition of homotopic hydrogenation catalysts. [1:13]
Addition of dct to the hydrogenation of 1-phenylcyclohexene with Fe[N(SiMes)z2]2-
DiBAIH resulted in immediate inhibition of product formation. Instead, dct was
hydrogenated within minutes to form the fully hydrogenated dibenzo[a,e]cyclooctane
(dct-H4). Upon consumption of dct, hydrogenation of 1-phenylcyclohexene resumed until
full conversion.

100%

i e A g et
\ s -0
80% ¢, g
(P /
\ ° / | .
N 0 J, S ® - =@ - control reaction
z o A 2 7 )
o 1/ Y det-Ha -=® -+ 4 equiv. dct
S 40% ,7 \ referred to iron
[} dct \. _ dct-H4
20% / addition \\ )
-=@--dct
[’ \\\ 0 dct
0% @ o e ®
0 10 20 30 40 50 60 70
time /min

Scheme 5-5. Poisoning experiment of the iron-catalyzed hydrogenation of
1-phenylcyclohexene with the selective poison dct.
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Assuming that dct indeed is effectively inhibiting homotopic mononuclear catalysts as
proposed and observed in earlier reports, the results support a heterotopic iron cluster or
nanoparticle catalyst (Scheme 5-4, a). The heterotopic catalyst is less affected by dct and
preferably consumes the stronger binding diene and remains overall hydrogenation
productivity. Nevertheless, the side by side operation of a homotopic molecular and
heterotopic active species cannot be ruled out with this test. In that scenario, the
homotopic active species is blocked by dct, which is consumed by present heterotopic
catalyst species.

A third set of experiments was performed by addition of thiophenol-linked polystyrene
(PS-SH). This test is a variation of the three-phase test, in which the substrate is bound to
a polymer.['1 In this example, the catalyst poison is bound to the polymer. By polymer
bead swelling, the free thiol moieties are accessible for small, soluble homotopic catalysts.
Nanoparticles or clusters are excluded to enter the cavities and only minimally affected
by the inner thiol-groups.! To ensure sufficient swelling, the poison-linked polymer
bead was stirred within the catalyst solution for 24 h prior use of the catalyst solution in
hydrogenation reactions. Interestingly, no change of reaction rate was observed in
comparison to a freshly prepared catalyst solution. This result clearly supports the
formation of a heterotopic catalyst as the sole active species. To verify the implied catalyst
deactivation by thiol-groups, free thiophenol was added to a freshly prepared reaction
mixture after 5 minutes, resulting in drastic inhibition of the hydrogenation rate.

100%
S PhsH
£ 80% addition
(<5
(E .-—".'_—.-_—-_.
- =
% 60% Lo
= 40% .
S / control reaction
<
o 0, - 05 -
T 20% 5 mol% PS-SH (100% -SH reffered to Fe)
3, 4 - =& =-5mol% PhSH (100 % referred to Fe)
0% ¢
0 5 10 15

time / min
Scheme 5-6. Poisoning experiment of the iron-catalyzed hydrogenation of

1-phenylcyclohexene with thiophenol-linked polystyrene (PS-SH) and thiophenol
(PhSH).
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In summary, all three poisoning tests support the formation of a heterotopic catalyst
species, although particle formation was not detected by dynamic light scattering.
Supplementary, the isolation of a tetranuclear [Fe4]-cluster (see chapter 6) upon reaction
of Fe[N(SiMes)2]2 with one equivalent DiBAIH indicates selective cluster formation as
an intermediate species. In excess of DiBAIH (>1 equivalents), the cluster presumably
undergoes further reduction with sequential nanoparticle formation.

The reaction of Fe[N(SiMes)z]2 with DiBAIH was studied in detail by key mechanistic
experiments to gain further indications on the catalytically active species. Mechanistic
proposals for the formation of Ziegler-type hydrogenation catalysts were made for various
combinations of iron and cobalt precursors.[!® Major effort including extensive
spectroscopic analysis was conducted for the catalyst derived from the reaction Co(acac)
with AlEts. Here, the detection of ethane and ethene led to the assumption of a mechanism
shown in Scheme 5-7 .['81 Additionally, Shmidt and coworkers observed the formation of
AlEtz(acac) as well as AlEt2(acac)(Al)Ets) by IR.[]

AlEt,
X—[Co]-Y X—[Co]—H } [COl wooom &

Co(acac),
L, ) L, .
nanoparticles

AlEt,(acac)(AlEts)

X,Y = -ethyl, -acac

Scheme 5-7. Mechanistic proposal for Ziegler-type hydrogenation catalyst formation
from Co(acac)2-AlEts.

In general, reductive synthesis of a low-valent iron species with DiBAIH should involve
similar steps (Scheme 5-8). In analogy, analysis of the by-products was performed to
rationalize the formation of a low-valent iron catalyst from Fe[N(SiMes)z]. and DiBAIH.

transmetalation reductive elimination
DiBAIH
Fel wom &
L, .
nanoparticles
X-Y clusters

XY = -H, -alkyl, -N(SiMe3),],

Scheme 5-8. General postulation of reductive synthesis of a low-valent iron species with
Fe[N(SiMes)2]2 and DiBAIH.

The formation of aluminium amides was analyzed by 'H-NMR of the crude reaction
mixture of Fe[N(SiMes)2]2-DiBAIH (see experimental, chapter 5.6.3). Comparison with
spectra of analytically pure samples of HN(SiMezs)2, DiBAIH as well as with a reaction
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mixture of HN(SiMes)2 with one equivalent DiBAIH identified the formation of at least
three different aluminium amides. By distillation under reduced pressure (10- mbar,
100 °C) a mixture of AI(Bu)N(SiMes)2 and Al(Bu)[N(SiMes)2]> was isolated and
analyzed by 'H-NMR. Further characterization with mass spectrometry was unsuccessful.

Free HN(SiMes)2 as a product of reductive elimination forms only in traces as evidenced
by 'H-NMR. Instead, iso-butane and iso-butene were detected by Headspace-GC-MS (see
experimental, Table 5-10) as well as *H-NMR (see experimental, Figure 5-8). By addition
of PPhs or 1,1-diphenylethene, enhanced release of iso-butane was measured (see
experimental, Table 5-10), presumably as a result of saturation of coordination sites
(Scheme 5-9).

PPh;
or
1,1-diphenylethene Ph
e ~ een, =
! [Ee —1re] Ph
X—TFel —=  X—[Fel. X~lfely, o X~lRel
L, \n H L, Ln
:< ﬂ Ph
jPh
X—[Fe]
I
Ln

Scheme 5-9. Release of iso-butene by addition of PPhs or 1,1-diphenylethene.

The evolution of H2 by reductive elimination from a putative dihydrido iron species was
not observed upon reaction of Fe[N(SiMes)2]2 with DiBAIH. In contrast, FeClz(thf)1.s with
DiBAIH evolved 0.73 equivalents of H2 highlighting the ligand effect on the reaction
pathway to form a low-valent iron species (see experimental, Table 5-11).

The iron-hydride intermediate formation was tracked by trapping with 1,1-diphenylethene
in absence of Hz (Table 5-6). Full conversion to 1,1-diphenylethane was obtained by
reaction with 1 equivalent of Fe[N(SiMes)2]2 and 2 equivalents of DiBAIH after aqueous
quench, indicating the quantitative formation of an iron-hydride intermediate (entry 1).
No conversion was detected in absence of Fe[N(SiMes)z]2. Interestingly, if DiBAIH was
exchanged by Al(‘Bu)s ~50% conversion was observed, indicating a major iron hydride
formation by alkyl transmetalation from aluminium to iron with sequential g-hydride
elimination (Scheme 5-11). In line, no conversion was observed with Fe[N(SiMes)z]2-
AlMes (entry 6), which lacks aluminium hydrides and g-hydrogen atoms for generation
of an iron-hydride intermediate.
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Table 5-6. Stoichiometric hydrogenation of 1,1-diphenylethene in absence of Ha.

JL [Fe], [Al] )\

Ph™ "Ph toluene, rt, 1 h Ph™ "Ph
1 then H*, H,0 2
Entry [Fe] [Al] [Fel/[Al}/1 2/1@

1 Fe[N(SiMes)2]2 DiBAIH 1/2/1 full conversion
2 Fe[N(SiMes)2]2 DiBAIH 0.5/1/1 11

3 Fe[N(SiMes)2]2 DiBAIH /11 1/1

4 Fe[N(SiMes)2]2 DiBAIH 0.5/2/1 11

5 none DiBAIH 0/1/1 no conversion
6 AlMe3 1/2/1 no conversion

Fe[N(SiMes)z]2 ]
7 Al(Bu)s 121 11
8  FeCly(thf)1s DiBAIH 121 1/1

arelative ratio of peak areas of GC-MS.

H/D scrambling experiments by stoichiometric hydrogenation of 1,1-diphenylethene
support the minor iron-hydride formation by hydride transfer from Al to Fe (Scheme 5-11,
right), as only ~14% of deuterium incorporation was observed upon use of DiBAID
(Scheme 5-10). Vice versa, high deuterium incorporation (~66%) was detected in the
reaction with DiBAIH and D20 quench. Similar results were obtained by performing the
same reactions with 10 mol% Fe[N(SiMes)2]2 and 20 mol% DiBAIH (Figure 5-3, Figure
5-4).

100 mol% Fe[N(SiMe3)s],
H,D, (10% D)

200 mol% DIBAID
JL /EH/D (4%)

Ph 1 h, rt, toluene Ph” > Ph
then H*, H,O >99%

Ph

100 mol% Fe[N(SiMes),],
H,D, (45% D)

200 mol% DIBAIH
JL /EH/D (21% D)

Ph 1 h, rt, toluene Ph” > Ph
then D*, D,O >99%

Ph

Scheme 5-10. Deuterium exchange in the absence of Ha.
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A radical reaction pathway involving H-atom transfer from toluene to the substrate is not
dominating in the Ha-free stoichiometric hydrogenation of alkenes, as only minor
deuterium incorporation was detected, when the reaction was performed in ds-toluene (see

experimental, Figure 5-5).
Fe[N(SiMes),l,

HAI(Bu), HAI(Bu),

X—[Fe]—H
Ln
major minor

Scheme 5-11. Postulated reaction pathways for the formation of an iron-hydride
intermediate via direct iso-butyl transmetalation (left) or hydride transmetalation (right).

X—[Fe]"-H
Ln .
HAI(Bu),

ﬂ "
F

nanoparticles
clusters

Scheme 5-12. Postulated reductive elimination to form a low-valent iron species in
presence of an alkene (left) and in absence of a substrate (right).
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In absence of an alkene, the iron-hydride intermediate undergoes fast reductive
elimination of iso-butane (Scheme 5-12, right) as observed by GC-MS and NMR (see
experimental Table 5-10, Figure 5-8).
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5.4 Hydrogenation with similar chiral catalysts

Stereoselective hydrogenations of alkenes are highly desirable as this transformation are
often employed as key steps in the synthesis of bioactive compounds (see chapter 2.1).
Typically, metals like Rh, Ru, Pd and more recently Co are used, a protocol for iron-
catalyzed stereoselective alkene hydrogenation with molecular hydrogen is yet unknown.

As shown in chapter 5.2, in situ generation of Fe[N(SiMe3)2]2 by deprotonation of
bis(trimethylsilyl)amine with "BuLi and reaction with FeClz(thf)1s resulted in a reactive
catalyst upon activation with DiBAIH. This protocol allows easy exchange of the amine
by other commercially available, chiral amines. In a first set of experiments, the amine
substitution pattern was varied to gain insight into the limits and possibilities of the
introduction of chiral substituents as possible inducer of enantioselective transformations.

A screen of various secondary amines (Table 5-7) revealed drastic differences in the
hydrogenation performance in combination with FeClz(thf).s and DiBAIH. In general,
hydrogenation reactions with amines bearing bulky substituents (entries 2, 5, 7) afforded
high conversions. In contrast, addition of amines with small substituents especially in
presence of S-hydrogens, inhibited reactivity (entries 3, 4, 6), indicating a different
operating mechanism. In line with these observations, the use of the chiral Hayashi-
Jorgensen catalyst (entry 8) afforded no conversion in the hydrogenation of 1-
phenylcyclohexene.

Table 5-7. Variation of amines in the hydrogenation of 1-phenylcyclohexene.

5 mol% FeCly(thf); 5
11 mol% amine
10 mol% "BulLi

/@ 10 mol% DiBAIH /O
Ph 4 bar Hy, rt, 0.5 h, toluene Ph

Entry  Amine? Yield (Conversion) in %
1 none <1(<1)
H
2 Me3Si/N‘SiMe3 >99 (>99)
H
3 <1 (<1
Et/N‘Et (<1)
H
4 . 24 (24
’Pr/N"’Pr (24)
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H
5
pnNph 76 (76)
H
6 10 (12
Ph/N‘Me (12)
N
7 U >99 (>99)
H Ph
8 w&—Ph <1 (7
( / %SiMe3 ()

@ Catalyst preparation: Deprotonation of 11 mol% amine with 10 mol% "BuL.i (10 min)
prior to addition of 5 mol% FeClz(thf)1s (30 min), then DiBAIH addition.; ® quantitative
GC-FID vs. n-pentadecane as internal reference, conversion in % in parenthesis.

Chiral secondary amines fulfilling the requirements (bulky substituents, absence of -
hydrogens) as shown in Scheme 5-13 are known, but their synthesis is tedious.[8]
Additionally, the strategy of chiral amine addition might not be successful in
enantioselective hydrogenations, since the mechanistic experiments (see chapter 5.3)
suggest the dissociation of the amide-ligand upon reaction with DiBAIH. The so formed
aluminium-amides might participate in the hydrogenation, whereas a strategy involving a
closely bound chiral ligand seems to be more expedient.

G‘ NHSiMe,
: Ph H
I ! NHSiMe t‘jph

(S)-BINAM-SiMe, (S,S)-Ph,Me,pip
Scheme 5-13. Examples of sterically hindered chiral secondary amines.

In collaboration with the group of Prof. Wolf, NHC ligands were introduced to the
Fe[N(SiMes)2]2 complex and tested for catalytic activity. As template, a chiral
1,3-bis(1-(1-naphthyl)ethyl)imidazolinium ligand, initially synthesized by Hermann et
al., was used.'¥! The two isolated complexes (BINpMe)Fe[N(SiMes)2]2 and chiral
(SINpEt)Fe[N(SiMes)2]2  (Scheme 5-14) were screened in the hydrogenation of
1-phenylcyclohexene (Table 5-8).
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ga

L

N N(SiM N N(SiM
©[ S (SiMe3), [ S (SiMe3),

N N(SiMes), N N(SiMe3),
(BINpMe)Fe[N(SiMes),], (SINPEt)Fe[N(SiMes),],

Scheme 5-14. (NHC)Fe[N(SiMes)2]2 complexes synthesized by D. Herrmann, University
Regensburg.

As observed earlier, activation with DiBAIH was obligatory to induce reactivity.
Activation with 50bar Hz was not successful (entries 1-5). Interestingly,
(BINpMe)Fe[N(SiMes)z]2 reacted slowly with DiBAIH as indicated by color change from
pale brown to dark green over 24 h. Upon storage of the reaction mixture for 2 d at -30 °C
in n-hexane, a crystalline compound was collected, which was identified as the starting
material by X-ray crystallography. The incomplete reaction with DiBAIH results in the
necessity of higher reaction pressures and longer reaction times (4 bar Hz, 18 h) compared
to Fe[N(SiMes)2]2-DiBAIH. In contrast, (SINpEt)Fe[(N(SiMes)2]2 with DiBAIH turned
dark brown immediately indicating fast reduction of the iron precursor. The catalyst
mixture showed excellent conversion at elevated pressures (entry 6) which identifies it as
promising candidate for stereoselective alkene hydrogenations.

Table 5-8. Hydrogenation of 1-phenylcyclohexene with (BINpMe)Fe[N(SiMes)z]2 and
(SINpEt)Fe[N(SiMes):]2.

5 mol% [Fe]
/@ 10 mol% DiBAIH /O
Ph conditions Ph

Entry  [Fe] Conditions

Yield (Conversion)
in %

1 (BINpMe)Fe[(N(SiMes)2]2 10 bar Hz, rt, 18 h >99 (>99)
(BINpMe)Fe[(N(SiMes)2]2 4 bar H, rt, 18 h 95 (95)
(BINpMe)Fe[(N(SiMes)2]o 1.9 bar Hz, rt,0.5h <1 (<1)

A~ WwN

(BINpMe)Fe[(N(SiMes)z]2 1.9 bar Hz, rt, 0.5h° <1 (<1)

no DiBAIH, 50 bar

5 (BINpMe)Fe[(N(SiMes)ele " 1ay

<1(<1)

148



Chapter 5

6  (SINpEt)Fe[(N(SiMes)2]a 10 bar Hz, rt, 18 h >99 (>99)

a quantitative GC-FID vs. n-pentadecane as internal reference;  catalyst preparation
18 h prior reaction.

In a following set of experiments, (SINpEt)Fe[(N(SiMes)2]z was used for the
hydrogenation of prochiral alkenes (Figure 5-1). Full conversion was observed in all cases
in less than 4 h at 1.9 bar Hz. Unfortunately, no enantiomeric enrichment was detected.
Most probably, the chiral NHC-ligand is dissociated upon reaction with DiBAIH. When
(SINpEt)Fe[N(SiMes)2]2 was treated with LiBEtH in an independent reaction, a mixture
of products of the addition of LiBEtH with the free NHC-ligand was detected by X-ray
crystallography. A screen for a less reducing activation agent might prevent NHC-
dissociation and allow enantioselective alkene hydrogenation, but is not part of this work.

100%
1
80% —o—a) F>h/L "Pr
n.d. ee
S 60% —_——
< oty |
5 b) |Ph"cy
."_; 40% <1% ee
1
20% c) Ph/LtBu
<1% ee
0%
0 50 100 150 200

time / min

Figure 5-1. Hydrogenation of a) a-(n-propyl)styrene, b) a-(cyclohexyl)styrene
c) o-(tert-butyl)styrene with 5 mol% (SINpEt)Fe[(N(SiMes)2]2 and 10 mol% DiBAIH at
1.9 bar Ha.

5.5 Conclusions

In summary, we have studied the iron-catalyzed hydrogenation of a broad scope of
sterically hindered alkenes and alkynes. A new Ziegler-type catalyst was developed using
Fe[N(SiMes)2]2 and DiBAIH as activation agent providing a stable and highly active
system. Examination of by-products in the generation of the active species support an
alkyl transfer from aluminium to iron, g-hydride elimination of iso-butene under
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formation of an iron-hydride intermediate. In absence of an alkene, the intermediate
undergoes reductive elimination of iso-butane by second alkyl transfer and hydride
transfer from DiBAIH. Kinetic poisoning experiments hint toward a heterotopic
hydrogenation catalyst, whereas the additional formation of a homotopic active species
cannot be excluded. Stereoselective hydrogenations of prochiral alkenes by the use of a
chiral NHC-Fe[N(SiMes)2]2. complex failed, presumably due to dissociation of the chiral
ligand upon reaction with DiBAIH.
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5.6 Experimental
5.6.1 General

Analytical Thin-Layer Chromatography: TLC was performed using aluminium plates
with silica gel and fluorescent indicator (Merck, 60, F254). Thin layer chromatography
plates were visualized by exposure to ultraviolet light (366 or 254 nm) or by immersion
in a staining solution of molybdatophosphoric acid in ethanol or potassium permanganate
in water.

Column Chromatography: Flash column chromatography with silica gel 60 from KMF
(0.040-0.063 mm). Mixtures of solvents used are noted in brackets.

Chemicals and Solvents: Commercially available olefins were distilled under reduced
pressure prior use. Solvents (THF, Et20, n-hexane, toluene) were distilled over sodium
and benzophenone and stored over molecular sieves (4 A). LiIN(SiMes)2 (SigmaAldrich,
97%) was sublimated and stored under argon. HN(SiMes)2, HNEt2, HN(iPr)2, HNPhMe
and 2,2,6,6-tetramethylpiperidine were distilled over CaH2 and stored under argon prior
use. HNPhz was recrystallized in n-pentane. Solvents used for column chromatography
were distilled under reduced pressure prior use (ethyl acetate). DiBAIH (1 M in toluene),
AlMes (2 M in toluene), Al(‘Bu)s were used as received from SigmaAldrich or diluted
before use.

High Pressure Reactor: Hydrogenation reactions were carried out in 160 and 300 mL high
pressure reactors (Parr™) in 4 mL glass vials. The reactors were loaded under argon,
purged with Hz (1 min), sealed and the internal pressure was adjusted. Hydrogen
(99.9992%) was purchased from Linde.

'H- und 3C-NMR-Spectroscopy: Nuclear magnetic resonance spectra were recorded on a
Bruker Avance 300 (300 MHz) and Bruker Avance 400 (400 MHz). *H-NMR: The
following abbreviations are used to indicate multiplicities: s = singlet; d = doublet; t =
triplet, g = quartet; m = multiplet, dd = doublet of doublet, dt = doublet of triplet, dq =
doublet of quartet, ddt = doublet of doublet of quartet. Chemical shift § is given in ppm to
tetramethylsilane.

Fourier-Transformations-Infrared-Spectroscopy (FT-IR): Spectra were recorded on a
Varian Scimitar 1000 FT-IR with ATR-device. All spectra were recorded at room
temperature. Wave number is given in cm. Bands are marked as s = strong, m = medium,
w = weak and b = broad.

Gas chromatography with FID (GC-FID): HP6890 GC-System with injector 7683B and
Agilent 7820A System. Column: HP-5, 19091J-413 (30 m x 0.32 mm x 0.25 um), carrier
gas: N2. GC-FID was used for reaction control and catalyst screening (Calibration with
internal standard n-pentadecane and analytically pure samples).
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Gas chromatography with mass-selective detector (GC-MS): Agilent 6890N Network
GC-System, mass detector 5975 MS. Column: HP-5MS (30m x 0.25 mm x 0.25 pm, 5%
phenylmethylsiloxane, carrier gas: Hz. Standard heating procedure: 50 °C (2 min), 25
°C/min ->300 °C (5 min)

Chiral gas chromatography with FID (chiral GC-FID): Fisons GC 8000. Column: CP-
Chirasil-Dex CB (25 m x 0.25 mm ID, 0.25 um film), carrier gas: Ar. Injection 0.1 L.
Inlet: 200 °C, Detector: 200 °C, Colum 50-200 °C with 3 to 10 °C per minute.

Headspace gas chromatography with TCD (HS-GC-TCD): Infinicon 3000 Micro GC.
Column: 5 A molecular sieves, carrier gas: argon. Standard heating procedure: 120 °C
(3 min). Headspace GC-TCD was used for quantification of Hz2, CHs and C2Hs in the
reduction of FeXz salts (X = N(SiMes)z, Cl) with aluminium organyls (DiBAIH, Al(Bu)s,
AlMes). Calibrations of examined gases were conducted by hydrolization of LiAIH4 (H2),
MeMgClI (CHa) and EtMgCI (C2Hs).

Headspace gas chromatography with mass-selective detector (HS-GC-MS): Agilent 7890
B GC-system, mass detector AccuTOF GCX from Jeol. Column: HP 5 (30 m x 0.25 mm
x 0.25 um) from Agilent, carrier gas: helium. Standard heating procedure: 22.2 °C
(2 min), 1 °C/min (17.8 min) > 40 °C (3 min) with a flow of 0.6 mL/min. Split 50:1.
Injection: 1 pL at 120 °C.

High resolution mass spectrometry (HRMS): The spectra were recorded by the Central
Analytics Lab at the Department of Chemistry, University of Regensburg, on a MAT SSQ
710 A from Finnigan.

Gas-uptake reaction monitoring: Gas-uptake was monitored with a Man On the Moon
X201 kinetic system to maintain a constant reaction pressure. The system was purged with
hydrogen prior use. Reservoir pressure was set to about 9 bar Hz. Calibration of the
reservoir pressure drop in relation to Hz2 consumption was performed by quantitative
hydrogenation of various amounts of a-methylstyrene with a Pd/C catalyst in 1 mL of
THF.

Dynamic Light Scattering: Dynamic light scattering experiments were performed with the
help of a goniometer CGS-1I from ALV (Germany). The goniometer is equipped with an
ALV-7004/Fast Multiple Tau digital correlator and a vertical-polarized 22 mW HeNe-
laser (wavelength = 623.8 nm). All measurements were done at a scattering angle of 90°
after thermostating to 25 °C. The measurement time was 300 s. The obtained correlation
functions were fitted with the software TableCurve 2d v5.01 by a monomodal equation.
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5.6.2 Hydrogenation procedures
General method for catalyst preparation

In an argon-filled glovebox a flame-dried flask was charged with a solution of
Fe[N(SiMez)2]2 in toluene (50 mM, 1 mL, 50 umol). A solution of DiBAIH in toluene
(100 mM, 1 mL, 100 pmol) was added via syringe. The solution turned black immediately
and was stirred at room temperature for 5 minutes prior use.

General method for in situ catalyst preparation with LiN(SiMes)2

In an argon-filled glovebox a flame-dried flask was charged with LiN(SiMes)2 (16.7 mg;
100 pmol) and suspended in toluene (1 mL). FeClz(thf)1s (11.7 mg, 50 pmol) was added
and the resulting suspension was stirred at room temperature. After 60 minutes a solution
of DIBAIH in toluene (100 mM, 1 mL, 100 umol) was added via syringe. The solution
turned black immediately and was stirred at room temperature for 5 minutes prior use.

General method for in situ catalyst preparation with various amines

In an argon-filled glovebox a flame-dried flask was charged with an amine (110 pumol)
and toluene (0.8 mL). A solution of "BuLi in toluene (50 mM, 0.2 mL, 100 pmol) was
added at room temperature. After 30 minutes of stirring, FeClz(thf)1s (11.7 mg, 50 umol)
was added and the resulting suspension was stirred for 60 minutes. After that, a solution
of DIBAIH in toluene (100 mM, 1 mL, 100 umol) was added via syringe. The solution
turned black immediately and was stirred at room temperature for 5 minutes prior use.

General method for catalytic hydrogenation

In an argon-filled glovebox a flame-dried 4 mL reaction vial was charged with the
substrate (0.2 mmol) and n-pentadecane as internal reference for GC-FID quantification
(0.2 mmol). After addition of freshly prepared catalyst suspension (400 pL; 5 mol% [Fe]),
the reaction vial was transferred to a high pressure reactor which was sealed and removed
from the glovebox. The reactor was purged with Hz (3 x 3 bar) and the reaction pressure
and temperature were set. After the indicated reaction time, the vial was retrieved and
hydrolized with a saturated aqueous solution of sodium hydrogen carbonate (0.5 mL). The
reaction mixture was extracted with ethyl acetate (1 x 0.5 mL) and analyzed by GC-FID
and GC-MS.

For product isolation, 0.5 to 1 mmol of the starting material was used. After quenching,
the product was extracted with ethyl acetate (3 x 3 mL), washed with brine (10 mL), dried
over sodium sulfate and filtered over a pad of silica. Removal of the solvent at reduced
pressure afforded the product in high purity.
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General method for kinetic examination in catalytic hydrogenation

A flame-dried 10 mL 2-neck flask was connected to a Man on the Moon X201 gas-uptake
system and kept at 23 °C with the help of a water bath. After purging with Hz, the system
was set to a reaction pressure of 1.9 bar. Freshly prepared catalyst mixture (1 mL) was
added via syringe and stirred for 2 minutes. Monitoring of the hydrogen uptake started
with the addition of the substrate (0.5 mmol).

5.6.3 Mechanistic experimental details
Stability of the catalyst

The catalyst stability was determined by comparison of the hydrogenation rate of
1-phenylcyclohexene after several catalyst treatments. Turnover frequencies were
calculated upon the yield after 7 minutes.

Table 5-9. Comparison of TOF after various catalyst pretreatments.

5 mol% Fe[N(SiMes),l,

/@ 10 mol% reductant /O
Ph 1.9 bar Hy, rt Ph

Entry Reductant Catalyst pretreatment TOF?3/hl
1 DiBAIH freshly prepared 41
2 DiBAIH storage for 5 d in solution 37
3 DiBAIH removal of solvent and resolvation 30

removal of solvent, storage for 5 d

4  DIiBAIH : 27
under argon and resolvation

5 AlMes freshly prepared 13

6 AlMes storage for 20 h in solution <1

7 DiBAIH in situ synthesis of Fe[N(SiMes)z]2 27

@ determined with yield after 7 minutes.
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Figure 5-2. Catalyst in solution after 20 h storage under argon; a) Fe[N(SiMes)z2]2-
DiBAIH; b) FeCla(thf)1s-LiN(SiMes)2-DiBAIH; c) Fe[N(SiMes)z]>-AlMes.

Determination of degree of deuteration

For deuterium exchange experiments, a reaction mixture of 1,1-diphenylethene with
10 mol% Fe[N(SiMes)z]2 and 20 mol% DiBAIH was quenched after 1 h with D20. The
reaction mixture was extracted with Et2O (2 x 1 mL), filtered over a pad of silica and
analyzed by GC-FID, H and 2H-NMR to check for D-incorporation.

In a second experiment, DiIBAID was used instead of DiBAIH. The reaction mixture of
1,1-diphenylethene with 10 mol% Fe[N(SiMes)2]2 and 20 mol% DiBAID was quenched
after 1 h with H20 and extracted with Et2O (2 x 1 mL). The organic phase was filtered
over a pad of silica and analyzed by GC-FID, 'H-NMR and °H-NMR to check for
D-incorporation.

For examination of a radical pathway involving the transfer of hydrogen atoms from the
solvent, a third reaction of 1,1-diphenylethene with 10 mol% Fe[N(SiMes)z]2 and
20 mol% DiBAIH was performed in toluene-ds. After 1 h, the reaction mixture was
quenched with H20, extracted with Et2O (2 x 1 mL), filtered over a pad of silica and
analyzed by GC-FID, *H-NMR and 2H-NMR to check for D-incorporation.

For complete conversion, the reactions were repeated with 100 mol% Fe[N(SiMes)2]2 and
200 mol% DiBAIH (D20-quench) or 200 mol% DiBAID (H20-quench).
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Figure 5-3. 'H-NMR (top) and ?H-NMR (bottom) of crude reaction mixture after

extraction. Quantification (*H-NMR) via addition of CDCls (99.95 mg) as internal
reference, m (product mixture) = 171 mg.
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Figure 5-4. 'H-NMR (top) and 2H-NMR (bottom) of crude reaction mixture after
extraction. Quantification (*H-NMR) via addition of CDCls (100.84 mg) as internal
reference, m (product mixture) = 171 mg.
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Figure 5-6.

'H-NMR (top) and 2H-NMR (bottom) of crude reaction mixture after

extraction. Quantification (*H-NMR) via addition of CDCls (79 mg) as internal reference,

m (product mixture) = 25 mg.
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Figure 5-7. 'H-NMR (top) and ?H-NMR (bottom) of crude reaction mixture after
extraction. Quantification (*H-NMR) via addition of CDCls (33 mg) as internal reference,

m (product mixture) = 14 mg.

160



Chapter 5

Determination of gaseous by-products in the reaction of Fe[N(SiMes)2]> with DiBAIH

Headspace GC-MS measurements were performed for detection of gaseous alkanes
(C4-Cs) in the reaction of Fe[N(SiMes)z]2 with various aluminium organyls.

Therefore, a solution of Fe[N(SiMes)2]2 in toluene (0.1 mmol, 0.5 M, 0.2 mL) was filled
into a 2 mL GC-vial. The vial was closed with a septum screw cap after which a solution
of DIiBAIH in toluene (0.2 mmol, 1 M, 0.2 mL) was added at room temperature via
syringe (10 s). The vial was stirred for 5 minutes prior analysis by Headspace GC-MS.
Additives were added after DiBAIH addition. Only iso-butene and iso-butane were
detected.

Table 5-10. Determination of gaseous by-products in the reaction of Fe[N(SiMes)2]2 with
various aluminium organyls by Headspace GC-MS.

2 equiv. [Al]
Fe[N(SiMej),]l, ——————— jso-butene + iso-butane + [Fe]/[All-products
toluene 3 4

Entry [Al] Additive 3/42

1 DiBAIH - 1/300

2 DIiBAID - 0/1b

3 Al(Bu)s - 1/2

4 DiBAIH PPhs 1/10

5 DiBAIH Ph2C=CH: 1/10

arelative ratio of peak areas of Headspace GC-MS;  partial deuteration of 4 detected.

The evolution of iso-butene and iso-butane was additionally analyzed by *H-NMR.

Therefore, a solution of Fe[N(SiMes)z]2 in toluene (0.1 mmol, 0.5 M, 0.2 mL) was filled
into a 4 mL vial and closed with a septum screw cap. A NMR tube with a septum screw
cap and CsDs (0.6 mL) was connected via cannula and cooled to -78 °C with the help of
an aceton/dry ice bath. A solution of DiBAIH in toluene (0.2 mmol, 1 M, 0.2 mL) was
added via syringe into the 4 mL vial, which was then heated to 60 °C. After 20 minutes,
the NMR tube was disconnected and measured.

161



Iron-catalyzed hydrogenation of sterically hindered alkenes

0.87
.0.85

silicon grease
o

n
L |

H VOUTMEOOQ
QeYwevewwwwvwen
(N N N - o o |
/E toluene \ % jm———"
RRRRERRY QARYY o k]
FEETEEE T | o
g ss R | J
i K ? " S
A J L [
& X 3
& ISEN 8
S g @
T

T T T T T T T T T
0 5.5 5.0 4.5 4.0 3.5 2.5 2.0 15 1.0 0.5 0

3.0
f1 (ppm)

Figure 5-8. 'H-NMR of volatile products of Fe[N(SiMes)2]> with 2 equivalents DiBAIH.

The evolution of Hz, CH4 and C2Hs was analyzed by Headspace GC-TCD.

Therefore, 4 mL vials were filled with a solution of the iron salt in DME or toluene
(0.1 mmol, 0.1 M, 1 mL) and closed with a septum screw cap and connected to the inlet
of the Headspace GC-TCD. A solution of the aluminium organyl/hydride (0.1-0.2 mmol,
1 mL) was added, the injection started after 3 minutes.

Evolved Hz in % is based on the peak area of Hz in the hydrolysis of 0.025 mmol LiAlH4
(0.1 mmol Hy).

Evolved CHain % is based on the peak area of CHain the hydrolysis of 0.1 mmol MeMgCl
(0.1 mmol CHa).

Evolved CzHs in % is based on the peak area of CzHs in the hydrolysis of 0.1 mmol
EtMgClI (0.1 mmol C2He).
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Table 5-11. Evolution of H2 measured by Headspace GC-TCD.

[A1]
FeX, ——— > H, + [Fe]/[Al]-products
solvent
Entry [Fe] (mmol) [Al] (mmol) solvent Hzin%?
1 toluene <1
Fe[N(SiMes)2]2 (0.1) DiBAIH (0.2)
2 DME 9
3 toluene <1
Fe[N(SiMes)2]2 (0.1)  LiAIH4 (0.1)
4 DME 35
5 toluene 73
FeClz(thf)rs (0.1) DiBAIH (0.2)
6 DME 34
7 toluene 107
FeClz(thf)ws (0.1) LiAlH4 (0.1)
8 DME 39
9 AlMes (0.2) toluene <1
Fe[N(SiMes)2]2 (0.1) _
10 AlMes (0.1) + Al('Bu)s toluene <1

2ratio of peak area (Hz) and peak area (Hz) by hydrolysis of 0.025 mmol of LiAlIHa.

Table 5-12. Evolution of CH4 and C2Hs measured by Headspace GC-TCD.

FeIN(SiMea)l, [Al] CHy + CyHg + [Fel/[All-products
toluene
CH C2Hs
Entry  [Fe] (mmol) [Al] (mmol) in 0/40 3 jngpa
1 AlMe;s (0.2) 8 13

Fe[N(SiMes)2]2 (0.1) )
AlMes (0.1) + Al(Bu)s (0.1) 60 <1

aratio of peak area (CH4) and peak area (CH4) by hydrolysis of 0.1 mmol of MeMgClI;
b ratio of peak area (C2Hs) and peak area (C2Hs) by hydrolysis of 0.1 mmol of EtMgCI.
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5.6.4 Synthesis of starting material
Synthesis of {Fe[N(SiMez]2}2

Synthesis according to R. A. Andersen, K. Faegri, J. C. Green, A. Haaland, M. F. Lappert,
W. P. Leung, K. Rypdal, Inorg. Chem. 1988, 27, 1782-1786 with slight modifications.

A flame-dried Schlenk-flask under argon was charged with LiN(SiMes)2 (6.37 g,
2.2 equiv., 38.1 mmol) in diethyl ether (60 mL). At 0°C FeCl> (2.24 g, 1.0 equiv.,
17.1 mmol, 97%) was added in portions. The resulting reaction mixture was allowed to
warm to room temperature and stirred for 24 h. The solid residue was suspended in n-
hexane (25 mL) filtered over a glass frit and washed with n-hexane (5 x 3 mL). After
removing the solvent under reduced pressure, the crude product was purified by
distillation under reduced pressure (90 °C, 10-® mbar) to obtain a dark green oil which
crystallizes upon standing at room temperature.

C24H72Fe2N4Sig

{Fe[N(SiMej3)zlz}2

753.24 g/mol
Yield 4.71 g, 12.5 mmol (73%)
H-NMR (400 MHz, CsDg) 8 = 64.10 (bs).

Analytical data were in full agreement with R. A. Andersen, K. Faegri, J. C. Green, A.
Haaland, M. F. Lappert, W. P. Leung, K. Rypdal, Inorg. Chem. 1988, 27, 1782-1786.

2,3-Dimethyl-1H-indene

Synthesis following the procedure described by M. V. Troutman, D. H. Appella, S. L.
Buchwald, J. Am. Chem. Soc. 1999, 121, 4916-4917.

CuiH12
144.22 g/mol

Appearance colorless liquid

Yield 1.49 g, 10.3 mmol (69%)

TLC Ri = 0.66 (SiOz, n-pentane)

IH-NMR (300 MHz, CDCls) & 7.37 (dp, J = 7.3, 0.9 Hz, 1H), 7.31

—7.21(m, 2H), 7.12 (td, J = 7.2, 1.5 Hz, 1H), 3.31 - 3.21
(m, 2H), 2.07 (g, J = 1.0 Hz, 3H), 2.04 (tq, J = 2.1, 1.1 Hz,
3H).

167



Iron-catalyzed hydrogenation of sterically hindered alkenes

1BC-NMR (75 MHz, CDCls) & 126.05, 123.55, 122.97, 117.91,
42.46, 13.95, 10.17.

GC-MS tr = 6.77 min, (El, 70 eV): m/z = 144 [M"], 129, 115,
89,77, 63, 51.

Analytical data were in full agreement with M. G. Schrems, E. Neumann, A. Pfaltz,
Angew. Chem. Int. Ed. 2007, 46, 8274-8276.

Dibenzo[a,e]cyclooctatraene (dct)

Synthesis following the procedure described by G. Franck, M. Brill, G. Helmchen, J. Org.
Chem. 2012, 89, 55-65.

0.0 CieH12
204.27 g/mol

Appearance colorless solid

Yield 912 mg, 4.46 mmol (47%)

TLC Rf = 0.46 (SiO2, hexanes)

IH-NMR (300 MHz, CDCls): & 7.19-7.13 (m, 4H), 7.10-7.02 (m,
4H), 6.76 (s, 4H).

BC-NMR (75 MHz, CDCls): 6 137.1, 133.3, 129.1, 126.8.

GC-MS tr = 9.35 min, (EI, 70 eV): m/z = 204 [M*].

Analytical data were in full agreement with G. Franck, M. Brill, G. Helmchen, J. Org.
Chem. 2012, 89, 55-65.

4-Phenyl-1,2-dihydronaphthalene

Synthesis was performed by Schachtner, Josef, Dissertation 2016, Regensburg.

Ci6H14
Ph

206.29 g/mol
Appearance colorless liquid
Yield 912 mg, 4.46 mmol (47%)
TLC Rf = 0.41 (SiO2, hexanes)
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IH-NMR (300 MHz, CDCls) § 7.43 — 7.27 (m, 5H), 7.24 — 7.05 (m,
3H), 7.01 (dd, J = 7.4, 1.6 Hz, 1H), 6.09 (t, J = 4.7 Hz, 1H),
2.86 (t, J = 7.9 Hz, 2H), 2.42 (ddd, J = 9.1, 7.2, 4.7 Hz,

2H).
13C-NMR (75 MHz, CDCls)  128.9, 128.3, 127.8, 127.7, 127.2,
126.3,125.6, 28.4, 23.7.
GC-MS tr = 9.37 min, (EI, 70 eV): m/z = 206 [M]", 178, 165, 152,

128, 102, 78, 51.

Analytical data were in full agreement with P. Peach, D. J. Cross, J. A. Kenny, I.
Houson, L. Campbell, T. Walsgrove, M. Wills, Tetrahedron, 2006, 62, 1864-1876.

1-Phenylcyclopentene

Synthesis was performed by Schachtner, Josef, Dissertation 2016, Regensburg.

CuHi2
Ph/Q

144.22 g/mol
Appearance colorless liquid
Yield 1.99 g, 13.8 mmol (69%)
TLC Rf = 0.66 (SiO2, hexanes)
H-NMR (300 MHz, CDCl3) & 7.48 — 7.42 (m, 2H), 7.36 — 7.27 (m,

2H), 7.25 - 7.18 (m, 1H), 6.19 (h, J = 2.1 Hz, 1H), 2.82 —
2.61 (m, 2H), 2.54 (tq, J = 7.6, 2.5 Hz, 2H), 2.15— 1.93 (m,

2H).
13C-NMR (75 MHz, CDCls) & 128.29, 128.27, 127.60, 126.82,
126.12, 125.91, 125.54, 66.45, 33.37, 33.18, 28.91, 28.08,
23.37,19.35.
GC-MS tr = 6.94 min, (EI, 70 eV): m/z = 144 [M]*, 129, 115, 103,
91,77, 63, 51.

Analytical data were in full agreement with W. Su, S. Urgaonkar, P. A. McLaughlin,
J. G. Verkade, J. Am. Chem. Soc. 2004, 126, 16433-16439.
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1-Phenylcycloheptene

Synthesis was performed by Schachtner, Josef, Dissertation 2016, Regensburg.

/@ CisHie
Ph 172.27 g/mol

Appearance colorless liquid

Yield 2.89 g, 16.8 mmol (84%)

TLC R = 0.69 (SiOz, hexanes)

IH-NMR (300 MHz, CDCls) 6 7.42 — 7.16 (m, 5H), 6.13 (td,

J=6.8, 1.3 Hz, 1H), 2.75 — 2.52 (m, 2H), 2.43 —
2.25 (m, 2H), 1.94 — 1.80 (m, 2H), 1.74 — 1.50 (m,
4H).

13C-NMR (75 MHz, CDCls) & 144.99, 130.45, 128.13,
126.26, 125.67, 32.86, 32.82, 28.92, 26.98, 26.85.

GC-MS tr = 7.97 min, (EI, 70 eV): m/z = 172 [M*], 157,
144, 129, 115, 104, 91, 77, 63, 51.

Analytical data were in full agreement with G. Baddeley, J. Chadwick, H. T. Taylor,
J. Chem. Soc. 1956, 451.

(1-cyclopropylvinyl)benzene

Synthesis following the general procedure for styrene synthesis in a Wittig reaction in
chapter 4.5.3.

1 CuH12
Ph 144.22 g/mol

Appearance colorless liquid

Yield 1.27 g, 8.8 mmol (80%)

TLC Ri = 0.53 (SiOz, hexanes)

IH-NMR (300 MHz, CDCl3) & 7.67 — 7.57 (m, 2H), 7.42 — 7.26 (m,

3H), 5.30 (d, J=1.0, 1H), 4.95 (t, J=1.2, 1H), 1.67 (ttd,
J=8.3,5.4,1.2, 1H), 0.92 — 0.79 (m, 2H), 0.61 (ddd, J=6.4,
5.4, 4.1, 2H).
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1BC-NMR (75 MHz, CDCls) & 149.47, 141.75, 128.28, 127.58,
126.25, 109.15, 77.58, 77.16, 77.16, 76.74, 15.78, 6.83.

GC-MS tr = 6.31 min, (El, 70 eV): m/z = 144 [M"], 129, 115, 103,
91,77, 63, 51.

Analytical data were in full agreement with C. Chatalova-Sazepin, Q. Wang, G. M.
Sammis, J. Zhu, Angew. Chem. Int. Ed. 2015, 54, 5443-5446.

4-(Cyclohex-1-enyl)-N,N-dimethylaniline

Synthesis was performed by Schachtner, Josef, Dissertation 2016, Regensburg.

’ CuHN
O 201.31 g/mol

Me,N
Appearance colorless liquid

Yield 1.65 g, 8.20 mmol (82%)

TLC Rf = 0.82 (SiO2, hexanes)

H-NMR (300 MHz, CDClI3) & 7.41 — 7.19 (m, 2H), 6.76 (ddd,

J=13.1, 6.8, 2.8 Hz, 2H), 6.06 — 6.00 (m, 1H), 2.96 (d, J
= 2.8 Hz, 6H), 2.35 — 2.49 (m, 2H), 2.27 — 2.14 (m, 2H),
1.87 - 1.73 (m, 2H), 1.61 — 1.72 (m, 2H).

BC-NMR (75 MHz, CDCls) & 149.4, 136.0, 129.1, 125.6, 121.7,
116.7,112.7, 112.6, 40.8, 40.7, 27.4, 25.9, 23.2, 22.4.

GC-MS tr = 9.59 min, (El, 70 eV): m/z = 202 [M]*, 180, 157, 129,
101, 77, 51.

Analytical data were in full agreement with K. Ishiuka, H. Seike, T. Hatakeyama, M.
Nakamura, J. Am. Chem, Soc. 2010, 132, 13117-13119.

4-Bromo-a-methylstyrene

Synthesis following the general procedure for styrene synthesis in a Wittig reaction in
chapter 4.5.3.

CoHoBr
197.08 g/mol
Br
Appearance colorless oil
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Yield
TLC
H-NMR

13C-NMR

GC-MS

1.06 g, 5.39 mmol (77%)
Rf = 0.59 (SiOz, n-pentane)

(400 MHz, CDCl3) & 7.50-7.35 (m, 2H), 7.42-7.29 (m,
2H), 5.36 (s, 1H), 5.10 (s, 1H), 2.12 (s, 3H).

(101 MHz, CDCls) § 142.2, 140.1, 131.3, 127.2, 121.4,
113.1,21.7.

tr = 6.51 min, (EI, 70 eV): m/z = 197 [M*], 183, 171, 156,
115, 102, 91, 75, 63, 51.

Analytical data were in full agreement with T. Taniguchi, A. Yajima, H. Ishibashi,
Adv. Synth. Catal. 2011, 353, 2643-2647.

4-lodo-a-methylstyrene

Synthesis following the general procedure for styrene synthesis in a Wittig reaction in

chapter 4.5.3.

o

Appearance
Yield

TLC
'H-NMR

13C-NMR

GC-MS

CoHol
244.08 g/mol

colorless solid
1.21 g, 4.96 mmol (71%)
Rf = 0.84 (SiO2, n-pentane)

(300 MHz, CDCl3) § 7.70 — 7.59 (m, 2H), 7.24 — 7.15 (m,
2H), 5.40 - 5.33 (m, 1H), 5.12 - 5.07 (m, 1H), 2.14 — 2.09
(m, 3H).

(75 MHz, CDCls) & 142.28, 140.70, 137.27, 134.97,
127.41, 113.15, 92.88, 21.62.

tr = 7.14 min, (EI, 70 eV): m/z = 244 [M*], 127, 115, 102,
91, 75, 63, 50.

Analytical data were in full agreement with G. B. Bachman, C. L. Carlson, M.
Robinson, J. Am. Chem. Soc. 1951, 73, 1964-1965.
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4-Methoxy-a-methylstyrene

Synthesis following the general procedure for styrene synthesis in a Wittig reaction in

chapter 4.5.3.

Appearance
Yield

TLC
IH-NMR

13C-NMR

GC-MS

C10H120
148.20 g/mol

colorless liquid
1.04 g, 7.02 mmol (35%)
Rt = 0.25 (SiOz, n-pentane)

(300 MHz, CDCls3) 6 7.42 (d, J = 8.9 Hz, 2H), 6.87 (d, J =
8.9 Hz, 2H), 5.29 (s, 1H), 4.99 (s, 1H), 3.82 (s, 3H), 2.13
(s, 3H).

(75 MHz, CDCls) & 159.05, 142.56, 133.74, 126.60,
113.54, 110.68, 55.30, 21.94.

tr = 6.39 min, (El, 70 eV): m/z = 148 [M*], 127, 133, 115,
105, 89, 77, 63, 51.

Analytical data were in full agreement with A. Fryszkowska, K. Fisher, J. M. Gardiner,
G. M. Stephens, J. Org. Chem. 2008, 73, 4295-4298.

Methyl(4-(prop-1-en-2-yl)phenyl)sulfane

Synthesis following the general procedure for styrene synthesis in a Wittig reaction in

chapter 4.5.3.

Appearance
Yield

TLC
IH-NMR

Ci1oH12S
164.27 g/mol

colorless solid
1.09 g, 6.63 mmol (33%)
R = 0.44 (SiOz, n-pentane)

(300 MHz, CDCls) § 7.45 — 7.35 (m, 2H), 7.25 — 7.18 (m,
2H), 5.36 (dg, J=1.6, 0.8, 1H), 5.06 (dg, J=1.5, 1.5, 1H),
2.49 (s, 3H), 2.14 (dd, J=1.5, 0.8, 3H).
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Iron-catalyzed hydrogenation of sterically hindered alkenes

1BC-NMR

GC-MS

(75 MHz, CDCls) & 142.51, 138.01, 137.49, 126.37,
125.90, 111.96, 21.75, 15.91.

tr = 7.38 min, (EI, 70 eV): m/z = 164 [M*], 149, 134, 115,
102, 91, 77, 69, 51.

Analytical data were in full agreement with G. Fraenkel, J. M. Geckle, J. Am. Chem.
Soc. 1980, 102, 2869-2880.

4-Cyano-a-methylstyrene

Synthesis following the general procedure for styrene synthesis in a Wittig reaction in

chapter 4.5.3.

¥ep

Appearance
Yield

TLC
'H-NMR

13C-NMR

GC-MS

CioHgN
143.19 g/mol

colorless liquid
1.09 g, 7.61 mmol (38%)
Rf = 0.10 (SiO2, n-pentane)

(300 MHz, CDCls) § 7.67 — 7.56 (m, 2H), 7.59 — 7.48 (m,
2H), 5.47 (dg, J=0.9, 1H), 5.24 (dg, J=1.4, 1H), 2.15 (dd,
J=1.5, 0.8, 3H).

(75 MHz, CDCls) & 145.63, 141.78, 132.10, 126.12,
119.00, 115.67, 110.83, 21.46.

tr = 6.79 min, (EI, 70 eV): m/z = 143 [M*], 128, 116, 101,
89, 75, 63, 51.

Analytical data were in full agreement with O. Pytela, B. Trlida, Collect. Czech. Chem.
Commun. 2007, 72, 1025-1036.

4-Nitro-a-methylstyrene

Synthesis following the general procedure for styrene synthesis in a Wittig reaction in

chapter 4.5.3.

OzN/@)k

Appearance

174

CoHoNO2
163.18 g/mol

orange solid
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Yield

TLC

H-NMR

1BC-NMR

GC-MS

312 mg, 1.91 mmol (10%)
Rf = 0.18 (SiOz, n-pentane)

(300 MHz, CDCls) 6 8.22 — 8.15 (m, 2H), 7.64 — 7.55 (m,
2H), 5.55 — 5.50 (m, 1H), 5.32 — 5.27 (m, 1H), 2.22 — 2.16
(m, 3H).

(75 MHz, CDCls) & 147.63, 141.56, 126.23, 123.60,
116.41, 21.61.

tr = 7.43 min, (EI, 70 eV): m/z = 163 [M*], 133, 115, 105,
91, 75, 63, 51.

Analytical data were in full agreement with N. Kornblum, L. Cheng, T. M. Davies, G.
W. Earl, N. L. Holy, R. C. Kerber, M. M. Kestner, J. W. Manthey, M. T. Musser, J.
Org. Chem. 1987, 52, 196-204.

1-(Benzyloxy)-4-vinylbenzene

Synthesis following the general procedure for styrene synthesis in a Wittig reaction in

chapter 4.5.3.

o
BnO

Appearance
Yield

TLC
H-NMR

BC-NMR

GC-MS

C15H140

210.27 g/mol

colorless solid

1.25 g, 5.97 mmol (74%)
Ri = 0.28 (SiOz, n-pentane)

(300 MHz, CDCls) § 7.49 — 7.29 (m, 7H), 6.99 — 6.90 (m,
2H), 6.67 (dd, J = 17.6, 10.9 Hz, 1H), 5.63 (dd, J = 17.6,
0.9 Hz, 1H), 5.14 (dd, J = 10.9, 0.9 Hz, 1H), 5.08 (s, 2H).

(75 MHz, CDCls) & 158.57, 136.94, 136.21, 130.69,
128.63, 128.02, 127.50, 127.43, 114.88, 111.75, 70.03.

tr = 9.40 min, (El, 70 eV): m/z = 197 [M*], 183, 171, 1586,
115, 102, 91, 75, 63, 51.

Analytical data were in full agreement with N. Kakusawa, K. Yamaguchi, J.
Kouchichiro, J. Organomet. Chem. 2005, 12, 2956-2966.
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4-(Benzyloxy)benzaldehyde

Synthesis following the procedure by S. K. Das, G. Panda, Tetrahedron 2008, 19, 4162-
4173.

/©/§O C14H1202
BnO 212.24 g/mol

Appearance colorless solid

Yield 1.72 g, 8.12 mmol (81%)

TLC Rt = 0.20 (SiOz, hexanes/ethyl acetate = 9/1)

IH-NMR (300 MHz, CDClz) 6 9.89 (s, 1H), 7.84 (d, J = 8.7 Hz, 2H),
7.48 —7.33 (m, 5H), 7.08 (d, J = 8.7 Hz, 2H), 5.16 (s, 2H).

13C-NMR (75 MHz, CDCl3) & 190.82, 163.72, 135.93, 132.02,
130.11, 128.75, 128.36, 127.51, 115.15, 70.28.

GC-MS tr = 9.96 min, (El, 70 eV): m/z = 212 [M*], 152, 121, 91,
77, 65, 51.

Analytical data were in full agreement with T. Shintou, T. Mukaiyama, J. Am. Chem.
Soc., 2004, 23, 7359-7367.
N-(1-Phenylvinyl)acetamide

Synthesis following the procedure described by J. T. Reeves, Z. Tan, Z. S. Han, G. Li, Y.
Zhang, Y. Xu, D. C. Reeves, N. C. Gonnella, S. Ma, H. Lee, B. Z. Lu, C. H. Senanayake,
Angew. Chem. Int. Ed. 2012, 51, 1400-1404.

NHAG C10H1:NO

Ph 161.20 g/mol

Appearance colorless solid

Yield 235 mg, 1.48 mmol (15%)

'H-NMR (300 MHz, DMSO-ds) 6 9.34 (s, 1H), 7.49 — 7.31 (m, 5H),
5.62 (s, 1H), 4.98 (s, 1H), 2.01 (s, 3H).

13C-NMR (75 MHz, DMSO-ds) & 169.04, 141.36, 140.94, 137.93,
128.18, 126.13, 101.78, 23.64.

GC-MS tr = 7.87 min, (El, 70 eV): m/z = 161 [M*], 146, 132, 119,
104, 77, 63, 51.
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Analytical data were in full agreement with J. T. Reeves, Z. Tan, Z. S. Han, G. Li, Y.
Zhang, Y. Xu, D. C. Reeves, N. C. Gonnella, S. Ma, H. Lee et al., Angew. Chem. Int.

Ed. 2012, 51, 1400-1404.

1-(but-3-en-1-yloxy)-4-fluorobenzene

Synthesis following the procedure by J. A. Murphy, F. Schoenebeck, N. J. Findlay, D. W.
Thomson, S. Zhou, J. Garnier; J. Am. Chem. Soc. 2009, 131,6475-6479.

QON
F

Appearance
Yield

TLC
IH-NMR

13C-NMR
GC-MS

HRMS
FT-IR

C10H11FO

166.20 g/mol

colorless liquid

1.89 g, 11.38 mmol (76%)

Rf = 0.80 (SiO2, hexanes/ethyl acetate = 99/1)

(300 MHz, CDCl3) § 7.03 — 6.91 (m, 2H), 6.88 — 6.78 (m,
2H), 5.90 (ddt, J = 17.0, 10.2, 6.7 Hz, 1H), 5.14 (qdd, J =
3.0,2.6, 1.4 Hz, 2H), 3.97 (t, = 6.7 Hz, 2H), 2.53 (qt, J =
6.7, 1.3 Hz, 2H).

(75 MHz, CDCls) & 158.81, 155.66, 155.00, 134.37,
117.11, 115.92, 115.62, 115.59, 115.49, 67.86, 33.67.

tr = 5.96 min, (El, 70 eV): m/z = 166 [M*], 138, 125, 112,
95, 83, 75, 55.

(El, m/z): found 166.0798 [M*"] (calculated 166.0794).
(ATR-film) in [cm] 2872 (w), 1642 (w), 1504 (s), 1472
(m), 1431 (w), 1388 (w), 1294 (w), 1247 (m), 1202 (s),
1096 (m), 1036 (m), 988 (m), 916 (s), 825 (), 744 (s), 513
().

1-(allyloxy)-4-chlorobenzene

/@/O\/\
(¢]]

Appearance
Yield
TLC

CgHoCIO

168.62 g/mol

colorless liquid

1.53 g, 9.07 mmol (91%)

Ri = 0.20 (SiOz, hexanes/ethyl acetate = 9/1)
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Iron-catalyzed hydrogenation of sterically hindered alkenes

H-NMR

13C-NMR

GC-MS

(300 MHz, CDCl3) § 7.29 — 7.19 (m, 2H), 6.89 — 6.79 (m,
2H), 6.04 (ddt, J = 17.3, 10.5, 5.3 Hz, 1H), 5.41 (dg, J =
17.3, 1.6 Hz, 1H), 5.30 (dq, J = 10.4, 1.4 Hz, 1H), 4.51 (dt,
J=5.3, 1.5 Hz, 2H).

(75 MHz, CDCls) & 157.17, 13291, 129.32, 125.69,
117.95, 116.02, 69.06.

tr = 6.59 min, (EI, 70 eV): m/z = 168 [M*], 153, 133, 127,
111, 105, 99, 73, 63, 50.

Analytical data were in full agreement with K. Huang, H. Wang, V. Stepanenko, M.
de Jesus, C. Torruellas, W. Correa, M. Ortiz-Marciales, J. Org. Chem. 2011, 76, 1883—

1886.

N-Methyl-1,2,3,6-tetrahydrophthalimide

Synthesis was performed by Schachtner, Josef, Dissertation 2016, Regensburg.

0

C<§NM9
0

Appearance

Yield

TLC

'H-NMR

GC-MS

CoH11NO2
165.19 g/mol

colorless solid
5.7 g, 34.5 mmol (70%)
Ri = 0.42 (SiOz, hexanes/ethyl acetate 2/1)

(400 MHz, CDCl3): §5.92-5.85 (m, 2H), 3.12-3.05 (m,
2H), 2.96 (s, 3H), 2.64-2.58 (m, 2H), 2.27-2.19 (M, 2H).

tr = 7.58 min (EI, 70 eV): m/z = 165 [M*], 150, 136, 107,
80, 65, 57, 51.

Analytical data were in full agreement with E. Schefczik, Chem. Ber. 1965, 98, 1270—

1281.
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N-Methyl-3-acetamido-1,2,3,6-tetrahydrophthalimide

Synthesis following the procedure described by R. Fichtler, J.-M. Neudorfl, A. Jacobi von
Wangelin, Org. Biomol. Chem. 2011, 9, 7224-7236.

NHAc o
NMe
(@]

Appearance

Yield

TLC

IH-NMR

BC-NMR

GC-MS

C11H14N203

222.24 g/mol

colorless solid
488 mg, 2.2 mmol (15%)
Rf = 0.13 (SiOz, hexanes/ethyl acetate = 1/4)

(300 MHz, CDCl3) & 7.27 (s, 1H), 5.86 (m, 1H), 5.72 (m,
1H), 4.81-4.61 (m, 1H), 3.19 (m, 2H), 2.94 (s, 3H), 2.71
(m, 1H), 2.21 (m, 1H), 2.08 (s, 3H).

(75 MHz, CDCls) & 179.3, 179.2, 169.9, 132.9, 127.4,
452,425, 38.8, 25.0, 24.1, 23 .5.

tr = 9.76 min, (EI, 70 eV): m/z = 222 [M*], 204, 179, 165,
151, 136, 120, 105, 94, 79, 69, 58.

Analytical data were in full agreement with D. Strubing, H. Neumann, A. Jacobi von
Wangelin, S. Klaus, S. Hiibner, M. Beller, Tetrahedron 2006, 62, 10962—10967.

5.6.5 Hydrogenation products

1,2-dimethyl-2,3-dihydro-1H-indene

-

IH-NMR

BC-NMR

GC-MS

CuHua
146.23 g/mol

(400 MHz, CDCl3) § 7.23 — 7.10 (m, 4H), 3.17 (p, = 7.1
Hz, 1H), 3.04 — 2.92 (m, 1H), 2.63 — 2.53 (M, 2H), 1.15
(d, J=7.2 Hz, 3H), 0.99 (d, J = 6.8 Hz, 3H).

(75 MHz, CDCls) & 148.81, 142.95, 126.10, 126.04,
124.48, 123.59, 42.39, 39.39, 37.84, 15.20, 14.67.

tr = 6.03 min, (El, 70 eV): m/z = 146 [M*], 131, 115, 103,
91,77, 63, 51.
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Analytical data were in full agreement with R. P. Yu, J. M. Darmon, J. M. Hoyt, G. W.
Margulieux, Z. R. Turner, P. J. Chirik, ACS Catal. 2012, 2, 1760-1764.

5,6,11,12-tetrahydrodibenzo[a,e][8]annulene

0.0 Ci6H1s6
208.30 g/mol

Yield 87 mg, 0.42 mmol (89%)

IH-NMR (300 MHz, CDCls) & 7.06 — 6.93 (m, 8H), 3.07 (s, 8H).
BC-NMR (75 MHz, CDCls) 6 140.60, 129.67, 126.10, 35.16.
GC-MS tr = 9.45 min, (El, 70 eV): m/z =208 [M"], 193, 178, 165,

115, 104, 91, 78, 63, 51.

Analytical data were in full agreement with D. Guijarro, B. Manchefio, M. Yus,
Tetrahedron 1992, 48, 4593-4600.

Phenylcyclohexane
Ci2Ha6
b
160.26 g/mol
'H-NMR (300 MHz, CDCls3) 6 7.34 — 7.25 (m, 2H), 7.24 — 7.14 (m,

3H), 2.60 — 2.39 (m, 1H), 2.00 — 1.79 (m, 4H), 1.80 — 1.73
(m, 1H), 1.51 — 1.19 (m, 5H).

BC-NMR (75 MHz, CDCls) & 148.1, 128.3, 126.5, 125.8, 44.7,
34.52, 27.0, 26.2.

GC-MS tr = 7.30 min, (El, 70 eV): m/z = 160 [M*], 143, 129, 115,
102, 91, 77, 63, 51.

Analytical data were in full agreement with W. M. Czaplik, M. Mayer, Jacobi von
Wangelin, Axel, Angew. Chem. Int. Ed. 2009, 48, 607-610.

1-Phenyl-1,2,3,4-tetrahydronaphthalene
CieHas

Ph 208.30 g/mol

Yield 166 mg, 0.80 mmol (82%)
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IH-NMR (300 MHz, CDCl3) § 7.37 — 7.10 (m, 7H), 7.09 — 7.01 (m,
1H), 6.86 (d, J = 7.8 Hz, 1H), 4.14 (t, J = 6.6 Hz, 1H),
3.04 - 2.76 (m, 2H), 2.31 — 2.10 (m, 1H), 2.03 — 1.68 (m,
3H).

1BC-NMR (75 MHz, CDCls) & 147.55, 139.40, 137.61, 130.21,
128.99, 128.88, 128.25, 125.96, 125.92, 125.66, 45.65,
33.30, 29.82, 21.00.

GC-MS tr =9.33 min, (El, 70 eV): m/z = 208 [M*], 179, 165, 152,
130, 115, 104, 91, 78, 63, 51.

Analytical data were in full agreement with S. T. Bright, J. M. Coxon, P. J. Steel, J.
Org. Chem. 1990, 55, 1338-1344.

Phenylcycloheptane

Ci3His
O
174.29 g/mol

Yield 153 mg, 0.88 mmol (87%)

1H-NMR (300 MHz, CDCls) 8 7.35 — 7.11 (m, 5H), 2.76 — 2.56 (m,
1H), 2.00 — 1.75 (m, 4H), 1.74 — 1.49 (m, 8H).

BC-NMR (75 MHz, CDCls) & 150.05, 128.31, 126.70, 125.52,
47.10, 36.86, 27.99, 27.27.

GC-MS tr = 7.80 min, (El, 70 eV): m/z = 174 [M*], 117, 104, 91,
78, 65, 55.

Analytical data were in full agreement with S. Kawamura, K. Ishizuka, H. Takaya, M.
Nakamura, Chem. Commun. 2010, 46, 6054-6056.

1,1-Diphenylethane
)\ Ci4H14
Ph™ "Ph 182.27 g/mol

IH-NMR (300 MHz, CDCl3) § 7.35 — 7.11 (m, 10H), 4.15 (g, J=7.1,
1H), 1.63 (d, J=7.2, 3H).

GC-MS tr = 7.97 min, (EI, 70 eV): m/z = 182 [M*], 167, 152, 139,
128, 115, 103, 89, 77, 63, 51.
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Analytical data were in full agreement with F. Schoenebeck, J. A. Murphy, S.-z. Zhou,
Y. Uenoyama, Y. Miclo, T. Tuttle, J. Am. Chem. Soc. 2007, 129, 13368-13369.

1-Cyclopropyl-1-phenylethane
Z CuHua
Ph 146.23 g/mol
Yield 63 mg, 0.43 mmol (81%)

IH-NMR (300 MHz, CDCl3) § 7.41 — 7.26 (m, 4H), 7.25 — 7.17 (m,
1H), 1.99 (dg, J = 9.2, 7.0 Hz, 1H), 1.35 (d, J = 7.0 Hz,
3H), 0.96 (qt, J = 9.1, 8.0, 5.0 Hz, 1H), 0.65 — 0.36 (m,
2H), 0.27 — 0.09 (m, 2H).

13C-NMR (75 MHz, CDCls) & 147.38, 128.23, 127.00, 125.89,
44.67, 21.62, 18.56, 4.64, 4.34.

GC-MS tr = 5.87 min, (EI, 70 eV): m/z = 146 [M*], 131, 117, 105,
91, 77, 65, 51.

Analytical data were in full agreement with T. N. Gieshoff, M. Villa, A. Welther, M.
Plois, U. Chakraborty, R. Wolf, A. Jacobi von Wangelin, Green Chem 2015, 17, 1408—
1413.

2,6,10-Trimethyldodecane

W CisHa2
3 3

212.42 g/mol
Yield 191 mg,0.90 mmol (91%)
'H-NMR (300 MHz, CDCls) 6 1.77 — 1.44 (m, 4H), 1.42 — 0.98 (m,

14H), 0.93 — 0.75 (m, 14H).

BC-NMR (75 MHz, CDCls) & 42.41, 39.43, 39.39, 37.88, 37.48,
37.43, 37.41, 37.32, 37.01, 36.97, 35.76, 35.64, 34.47,
34.44, 34.42, 33.07, 32.83, 32.80, 30.56, 29.59, 29.49,
28.47, 28.00, 25.31, 24.84, 24.53, 22.78, 22.74, 22.64,
19.76, 19.70, 19.28, 19.22, 16.22, 11.46, 11.43.

GC-MS tr = 7.18 min, (EI, 70 eV): m/z = 212 [M*], 183, 127, 113,
85, 71, 57.
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Analytical data were in full agreement with D. K. Dalling, R. J. Pugmire, D. M. Grant,
W. E. Hull, Magn. Reson. Chem. 1986, 24, 191-198.

1,1,2-Triphenylethane

Ph
Ph

Ph

IH-NMR

1BC-NMR

GC-MS

C20Ha1s
258.36 g/mol

(300 MHz, CDCl3) & 7.30 — 7.09 (m, 13H), 7.05 — 6.95
(m, 2H), 4.24 (t, 3 = 7.8 Hz, 1H), 3.37 (d, J = 7.8 Hz, 2H).

(75 MHz, CDCls) & 144.45, 140.26, 129.08, 128.34,
128.05, 126.19, 125.88, 53.11, 42.11.

tr = 10.67 min, (EI, 70 eV): m/z = 258 [M*], 167, 152,
139, 128, 115, 102, 91, 77, 65, 51.

Analytical data were in full agreement with T. C. Fessard, H. Motoyoshi, E. M.
Carreira, Angew. Chem. Int. Ed. 2007, 46, 2078-2081.

Pinane

Mixture of diastereomers.

'H-NMR
BC-NMR

GC-MS

CioH1s
138.25 g/mol

complex mixture of isomers

(75 MHz, CDCls) & 67.98, 65.88, 48.07, 47.62, 41.35,
40.88, 39.49, 38.82, 35.95, 33.96, 29.35, 28.30, 26.84,
26.54, 25.63, 24.61, 23.93, 23.83, 23.22, 23.04, 22.90,
21.61, 20.09, 15.29.

tr = 4.67 min, (El, 70 eV): m/z = 138 [M*], 123, 95, 81,
67, 55.

Analytical data were in full agreement with A. Stolle, B. Ondruschka, W. Bonrath, T.
Netscher, M. Findeisen, M. M. Hoffmann, Chemistry 2008, 14, 6805-6814.

1,2,3,4-Tetrahydroquinoline

5o

CoH11N
133.19 g/mol
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Yield
'H-NMR

13C-NMR

GC-MS

124 mg,0.93 mmol (90%)

(300 MHz, CDCls) & 7.03 — 6.92 (m, 2H), 6.62 (td, J =
7.4, 1.2 Hz, 1H), 6.50 (d, J = 7.8 Hz, 1H), 3.98 (s, 1H),
3.37 -3.25 (m, 2H), 2.78 (t, J = 6.4 Hz, 2H), 2.03 — 1.88
(m, 2H).

(75 MHz, CDCls) & 144.82, 129.56, 126.76, 121.48,
116.97, 114.23, 42.03, 27.02, 22.22.

tr = 7.17 min, (El, 70 eV): m/z = 133 [M*], 118, 104, 91,
77,63, 51.

Analytical data were in full agreement with M. Ortiz-Marciales, L. D. Rivera, M. de
Jesus, S. Espinosa, J. A. Benjamin, O. E. Casanova, |. G. Figueroa, S. Rodriguez, W.
Correa, J. Org. Chem. 2005, 70, 10132-10134.

10,11-Dihydro-5H-dibenzo[b,flazepine

O

H
Yield
IH-NMR

13C-NMR

GC-MS

Ciu4H1sN
195.27 g/mol

179 mg,0.92 mmol (91%)

(300 MHz, CDCl3) § 7.18 — 7.04 (m, 4H), 6.89 — 6.66 (m,
4H), 6.02 (s, 1H), 3.12 (s, 4H).

(75 MHz, CDCls) & 141.38, 129.62, 127.57, 125.76,
118.38, 116.86, 33.87.

tr = 10.16 min, (El, 70 eV): m/z = 195 [M*], 180, 167,
152, 118, 97, 89, 77, 63, 51.

Analytical data were in full agreement with J. A. Profitt, H. H. Ong, J. Org. Chem.

1979, 44, 3972-3974.

4-Cyclohexyl-N,N-dimethylaniline

Yield

184
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IH-NMR

1BC-NMR

GC-MS

(300 MHz, CDCls) 6 7.15 - 7.07 (m, 2H), 6.77 — 6.72 (m,
2H), 2.93 (s, 6H), 2.52 — 2.38 (m, 1H), 1.94 — 1.80 (m,
4H), 1.78 —1.70 (m, 1H), 1.48 — 1.34 (m, 4H), 1.34 - 1.25
(m, 1H).

(75 MHz, CDCls) § 127.34, 113.11, 43.53, 41.06, 34.75,
27.05, 26.26.

tr = 9.30 min, (El, 70 eV): m/z = 203, 160, 146, 134, 118,
103, 91, 77, 65, 55.

Analytical data were in full agreement with Z. Li, H.-M. Sun, Q. Shen, Org. Biomol.
Chem. 2016, 14, 3314-3321.

1-Chloro-4-isopropylbenzene

S

H-NMR

BC-NMR
GC-MS

CoHuCl

154.64 g/mol

(300 MHz, CDCls) 6 7.25 (m, 2H), 7.21-7.09 (m, 2H),
2.89 (m, 1H), 1.23 (d, J = 6.9 Hz, 6H).

(75 MHz, CDClz) 6 142.3,131.3, 128.4, 127.8, 33.6, 23.9.

tr = 5.37 min, (El, 70 eV): m/z = 154 [M*], 139, 125, 119,
105, 89, 77, 63, 51.

Analytical data were in full agreement with S. S. Kim, C. S. Kim, J. Org. Chem. 1999,

64, 9261-9264.

1-Bromo-4-isopropylbenzene

o

Yield
H-NMR

BC-NMR

GC-MS

CoHu1Br
199.09 g/mol

99 mg, 0.50 mmol (91%)

(300 MHz, CDCl3) & 7.47 — 7.36 (m, 2H), 7.15 — 7.04 (m,
2H), 2.87 (hept, J = 6.9 Hz, 1H), 1.23 (d, J = 6.9 Hz, 6H).

(101 MHz, CDCls) & 147.8, 131.3, 128.2, 119.3, 33.7,
30.9, 23.8.

tr = 6.16 min, (E1, 70 eV): m/z = 198 [M*], 185, 169, 158,
143, 119, 104, 91, 77, 63, 51.
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Iron-catalyzed hydrogenation of sterically hindered alkenes

Analytical data were in full agreement with M. A. Hall, J. Xi, C. Lor, S. Dai, R. Pearce,
W. P. Dailey, R. G. Eckenhoff, J. Med. Chem. 2010, 53, 5667-5675.

1-Isopropyl-4-methoxybenzene

C10H140
180.24 g/mol
MeO

IH-NMR (300 MHz, CDCl3) § 7.15 (d, J = 8.8 Hz, 2H), 6.84 (d, J =
8.7 Hz, 2H), 3.79 (s, 3H), 2.95 — 2.78 (m, 1H), 1.24 (s,
3H), 1.21 (s, 3H).

13C-NMR (75 MHz, CDCls) § 156.86, 141.06, 127.26, 113.77,
55.27, 33.28, 24.24.

GC-MS tr = 5.93 min, (EI, 70 eV): m/z = 150 [M*], 120, 105, 91,
77,65, 51.

Analytical data were in full agreement with Cahiez, G.; Foulgoc, L.; Moyeux, A.
Angew. Chem. Int. Ed. 2009, 48, 2969-2972.

Methyl(4-(prop-2-yl)phenyl)sulfane

C1oH14S
166.28 g/mol
MeS

IH-NMR (300 MHz, CDCl3) § 7.26 — 7.19 (m, 2H), 7.19 — 7.13 (m,
2H), 2.88 (p, J = 6.9 Hz, 1H), 2.48 (s, 3H), 1.24 (d, J = 6.9
Hz, 6H).

13C-NMR (75 MHz, CDCls) & 146.11, 135.05, 127.20, 127.01,
77.47,77.04, 76.62, 33.65, 24.00, 16.42.

GC-MS tr = 7.20 min, (EI, 70 eV): m/z = 166 [M*], 151, 136, 104,
91,77, 51.

Analytical data were in full agreement with X.-m. Wu, J.-m. Lou, G.-b. Yan, Synlett
2016, 27, 2269-2273.

4-Ethylaniline
/@/\ CgH11N
H,N 121.18 g/mol
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Yield
'H-NMR

1BC-NMR

GC-MS

116 mg, 0.96 mmol (94%)

(300 MHz, CDCl3) § 7.01 (d, J = 8.5 Hz, 2H), 6.68 (d, J =
8.3 Hz, 2H), 3.78 (s, 2H), 2.56 (q, J = 7.6 Hz, 2H), 1.20
(t, J = 7.6 Hz, 3H).

(101 MHz, CDCls) & 143.23, 134.98, 128.64, 115.64,
28.03, 15.98.

tr = 6.11 min, (EI, 70 eV): m/z = 121 [M*], 106, 93, 77,
65, 51.

Analytical data were in full agreement with B. Wang, H.-X. Sun, G.-Q. Lin, Z.-H. Sun,
Adv. Synth. Catal. 2009, 351, 415-422.

1-Benzyloxy-4-ethylbenzene

H-NMR

BC-NMR

GC-MS

C15H160
212.29 g/mol

(300 MHz, CDCl3) § 7.51 — 7.30 (m, 5H), 7.18 — 7.11 (m,
2H), 6.97 - 6.89 (m, 2H), 5.07 (s, 2H), 2.62 (q, J = 7.6 Hz,
2H), 1.24 (t, J = 7.6 Hz, 3H).

(75 MHz, CDCls) & 156.89, 137.30, 136.72, 128.78,
128.60, 127.92, 127.52, 114.72, 70.08, 28.03, 15.93.

tr = 9.17 min, (El, 70 eV): m/z = 212 [M*], 122, 107, 91,
77,65, 51.

Analytical data were in full agreement with C. Zhu, N. Yukimura, M. Yamane,
Organometallics 2010, 29, 2098-2103.

Trimethyl-(1-phenylethoxy)silane

0SiMe;,
Ph

'H-NMR

3C-NMR

GC-MS

C11H180Si
194.35 g/mol

(300 MHz, CDClz3) & 7.36 — 7.18 (m, 5H), 4.86 (q, J = 6.4
Hz, 1H), 1.43 (d, J = 6.3 Hz, 3H), 0.07 (s, 9H).

(75 MHz, CDCls) & 146.33, 128.02, 126.73, 125.24,
70.48, 26.78, 0.00.

tr = 5.74 min, (El, 70 eV): m/z = 179 [M-CHg], 105, 75,
51.
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Analytical data were in full agreement with Y. Onishi, Y. Nishimoto, M. Yasuda, A.
Baba, Org. Lett. 2011, 13, 2762-2765.

4-Fluorobenzyl-n-butylether

/©/0\/\/
F

Yield
'H-NMR

BC-NMR

GC-MS

HRMS
FT-IR

Cio0H13FO
168.21 g/mol

65 mg, 0.39 mmol (75%)

(300 MHz, CDCl3) § 7.02 - 6.91 (m, 2H), 6.87 — 6.78 (m,
2H), 3.92 (t, J = 6.5 Hz, 2H), 1.75 (m, 2H), 1.56 — 1.41
(m, 2H), 0.97 (t, J = 7.4 Hz, 3H).

(75 MHz, CDCls) & 158.68, 155.53, 155.28, 115.87,
115.56, 115.44, 115.33, 77.46, 77.24,77.04, 76.62, 68.31,
31.35,19.24, 13.87.

tr = 6.04 min, (EI, 70 eV): m/z =.168 [M*], 112, 95, 83,
75, 57, 50.

(El, m/z): found 168.0954 [M*] (calculated 168.0950).

(ATR-film) in [cm™*] 2961 (m), 2937 (m), 2874 (w), 1504
(s), 1472 (m), 1390 (w), 1292 (w), 1247 (m), 1206 (s),
1096 (w), 1069 (w), 1028 (w), 974 (W), 825 (5), 755 (),
723 (m), 512 (m).

2-Methylhexahydro-1H-isoindole-1,3(2H)-dione

e}

C:éNMe

O
Yield
'H-NMR

13C-NMR

GC-MS

188

CoH13NO2
167.21 g/mol

149 mg, 0.89 mmol (89%)

(300 MHz, CDCls) § 2.97 (s, 3H), 2.85 (td, J = 4.5, 2.2
Hz, 2H), 1.98 — 1.80 (m, 2H), 1.80 — 1.68 (m, 2H), 1.53
1.35 (m, 4H).

(75 MHz, CDCls) 6 179.95, 77.46, 77.04, 76.62, 39.77,
24.67,23.71, 21.61.

tr = 7.77 min, (El, 70 eV): m/z = 167 [M*], 138, 113, 82,
67, 54.
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Analytical data were in full agreement with B. Bailey, R. D. Haworth, J. McKenna, J.
Chem. Soc. 1954, 967.

n-Butylbenzene

CioH14
T

o 134.22 g/mol

IH-NMR (300 MHz, CDCls3) 6 7.38 — 7.27 (m, 2H), 7.20 (m,
3H), 2.68 — 2.57 (m, 2H), 1.71 — 1.54 (m, 2H), 1.37
(dgq, J=14.5,7.3 Hz, 2H), 0.94 (t, J = 7.3 Hz, 3H).

BC-NMR (75 MHz, CDCl3) & 142.95, 128.44, 128.24, 125.57,
35.71, 33.73, 22.42, 14.01.

GC-MS tr =5.09 min, (El, 70 eV): m/z = 134 [M*], 128, 115, 105,
92,77, 65, 51.

Analytical data were in full agreement with L. Ackermann, A. R. Kapdi, C. Schulzke,
Org. Lett. 2010, 12, 2298-2301.
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5.6.6 Hydrogenation with chiral iron-complexes

Synthesis of (SINpEt)Fe[N(SiMes)2]> and (BnNpMe)Fe[N(SiMez)z]> was performed by
D. Hermann, University Regensburg.

bis(bis(trimethylsilyl)amido)((R,R)-1,3-bis(1-(1-naphthyl)ethyl)imidazolidin-2-ylidene)
iron(11), (SINpEt)Fe[N(SiMes)2]2

376.6 mg (1.00 mmol, 1.0 equivalent) of bis(bis(trimethylsilyl)amido)iron and 183.4 mg
(1.00 mmol, 1.0 equivalent) of sodium bis(trimethylsilyl)amide were dissolved in 5 mL
of toluene and stirred for 10 minutes. 466.3 mg (1.00 mmol, 1.0 equivalent) of
1,3-bis(1-(1-naphthyl)ethyl)imidazolinium tetrafluoroborate was added and the mixture
was stirred for one hour at room temperature. All volatiles were removed in vacuo. The
solid residue was washed with 1 mL of cold n-pentane and subsequently extracted with
toluene. After filtration, the solvent was removed in vacuo, yielding the product as a pale
yellow solid.

Yield: 513.5 mg (0.680 mmol, 68%).
Elemental analysis: calcd: C 62.03, H 8.28, N 7.42; found: C 62.56, H 7.86, N 7.02.

bis(bis(trimethylsilyl)amido)(1,3-bis(1-naphthylmethyl)imidazolidin-2-ylidene) iron(ll),
(BnNpMe)Fe[N(SiMes)2]2

376.6 mg (1.00 mmol, 1.0 equivalent) of bis(bis(trimethylsilyl)amido)iron and 183.4 mg
(1.00 mmol, 1.0 equivalent) of sodium bis(trimethylsilyl)amide were dissolved in 10 mL
of toluene and stirred for 10 minutes. 435.0 mg (1.000 mmol, 1.0 equivalent) of
1,3-bis(1-naphthylmethyl)benzimidazolium chloride was added and the mixture was
stirred for one hour at room temperature. All volatiles were removed in vacuo. The solid
residue was washed with 1 mL of cold n-pentane and subsequently extracted with toluene.
After filtration, the solvent was removed in vacuo, yielding the product as a pale yellow
solid.

Yield: 558.1 mg (0.720 mmol, 72%).
Elemental analysis: calcd: C 63.53, H 7.54, N 7.23; found: C 63.62, H 7.24, N 7.07.

Hydrogenation was performed following the general method for kinetic examination in
catalytic hydrogenation with (SINpEt)Fe[(N(SiMe3)2]2 instead of Fe[(N(SiMes)2]2.
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Synthesis of starting material
a-(n-propyl)styrene

Synthesis following the procedure described by M. W. Justik, G. F. Koser; Tetrahedron
Lett. 2004, 45, 6159-6163

npr CuHua
Ph/l\ 146.23 g/mol
Appearance colorless liquid
Yield 2.00 g, 8.20 mmol (55%)
TLC Rf = 0.88 (SiO2, n-pentane)
H-NMR (300 MHz, CDCl3) & 7.50 — 7.39 (m, 2H), 7.42 — 7.23 (m,

3H),5.31 (d, J = 1.7 Hz, 1H), 5.09 (q, J = 1.4 Hz, 1H), 2.52
(td, J = 7.8, 1.3 Hz, 2H), 1.52 (h, J = 7.4 Hz, 2H), 0.96 (t,

J=7.3Hz, 3H).

13C-NMR (75 MHz, CDCls) § 148.52, 14147, 12825, 12727,
126.16, 112.24, 37.48, 21.38, 13.83.

GC-MS tr = 5.87 min, (EI, 70 eV): m/z = 146 [M*], 131, 118, 103,
91, 77, 65, 51.

Analytical data were in full agreement with M. W. Justik, G. F. Koser, Tetrahedron
Lett. 2004, 45, 6159-6163.

a-(cyclohexyl)styrene

A flame-dried Schlenk flask was charged with methyltriphenylphosphonium bromide
(21.3 mmol 7.74 g) in dry THF (40 mL). Sodium hydride (15.3 mmol, 612 mg, 60% in
paraffine) was added in small portions. The suspension was stirred at room temperature
for 2.5 h after which cyclohexylphenylketone (21.3 mmol, 4.00 g) in THF (10 mL) was
added via syringe. The reaction mixture was stirred overnight, quenched with H20
(20 mL) and extracted with Et2O (3 x 20 mL). The combined organic layers were dried
(NazS0s), concentrated and subjected to silica gel flash chromatography (n-pentane).

cy Ci4H1s
Ph& 186.30 g/mol
Appearance colorless liquid
Yield 1.80 g, 9.66 mmol (63%)
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TLC Rt = 0.88 (SiOz, n-pentane)

IH-NMR (300 MHz, CDCl3) & 7.41 — 7.18 (m, 5H), 5.14 (d, J=1.3,
1H), 5.02 (t, J=1.4, 1H), 2.55 — 2.33 (m, 1H), 1.94 — 1.64
(m, 5H), 1.44 — 1.12 (m, 5H).

13C-NMR (75 MHz, CDCls) & 155.01, 142.97, 128.12, 126.99,
126.63, 110.34, 42.57, 32.72, 26.85, 26.46.

GC-MS tr =7.95 min, (El, 70 eV): m/z = 186 [M*], 171, 143, 129,
118, 104, 91, 77, 67, 51.

Analytical data were in full agreement with A. L. Hansen, J.-P. Ebran, T. M. Gogsig,
T. Skrydstrup, J. Org. Chem. 2007, 72, 6464-6472.

a-(tert-butyl)styrene

A flame-dried Schlenk flask was charged with methyltriphenylphosphonium bromide
(7.83 mmol 2.85 g) in dry THF (15 mL). Sodium hydride (5.63 mmol, 225 mg, 60% in
paraffine) was added in small portions. The suspension was stirred at room temperature
for 2.5 h after which tert-butylphenylketone (7.83 mmol, 1.27 g) in THF (10 mL) was
added via syringe. The reaction mixture was stirred overnight, quenched with H20
(10 mL) and extracted with Et2O (3 x 10 mL). The combined organic layers were dried
(Naz2S0s), concentrated and subjected to silica gel flash chromatography (n-pentane).

By Ci2H16
Ph/& 160.26 g/mol
Appearance colorless liquid
Yield 518 mg, 3.23 mmol (57%)
TLC Ri = 0.92 (SiOz, n-pentane)
IH-NMR (300 MHz, CDCl3) & 7.31 — 7.24 (m, 3H), 7.19 — 7.11 (m,

2H), 5.18 (d, J=1.7, 1H), 4.78 (d, J=1.7, 1H), 1.13 (s, 9H).

BC-NMR (75 MHz, CDCls) & 159.83, 143.48, 129.01, 127.27,
126.24,111.50, 77.45, 77.03, 76.61, 36.13, 29.74, 29.66.

GC-MS tr =5.70 min, (El, 70 eV): m/z = 160 [M*], 145, 128, 117,
104, 91, 77, 57, 51.

Analytical data were in full agreement with J. Stec, E. Thomas, S. Dixon, R. J. Whitby,
Chemistry 2011, 17, 4896-4904.
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a-(n-propyl)ethylbenzene

Pr

Ph

H-NMR

B3C-NMR

GC-MS

C11H16
148.25 g/mol

(300 MHz, CDCls) § 7.35 — 7.27 (m, 2H), 7.24 — 7.15 (m,
3H), 2.71 (h, J=7.0, 1H), 1.63 — 1.51 (m, 2H), 1.30 — 1.17
(m, 5H), 0.89 (t, J=7.3, 3H).

(75 MHz, CDCls) 5 147.95, 128.26, 127.01, 125.75, 40.73,
39.70, 22.33, 20.85, 14.18.

tr = 5.55 min, (EI, 70 eV): m/z = 148 [M*], 105, 91, 77, 65,
51.

Analytical data were in full agreement with E. R. Lynch, E. B. Mccall, J. Chem. Soc.

1960, 1254.

a-(cyclohexyl)ethylbenzene

Cy

Ph

H-NMR

13C-NMR

GC-MS

Ci4H20
188.31 g/mol

(300 MHz, CDCls) § 7.32 — 7.25 (m, 2H), 7.22 — 7.12 (m,
3H), 2.44 (p, J=7.2, 1H), 1.95 — 1.69 (m, 2H), 1.70 — 1.55
(m, 2H), 1.51 — 1.32 (m, 2H), 1.24 (d, J=7.0, 3H), 1.22 —
1.02 (m, 3H), 1.02 — 0.90 (m, 1H), 0.89 — 0.76 (M, 1H).

(75 MHz, CDCls) 6 147.13,128.02, 127.72, 125.64, 45.97,
44.21, 31.50, 30.64, 26.58, 26.55, 18.86.

tr = 7.82 min, (EI, 70 eV): m/z = 188 [M*], 105, 91, 77, 67,
55.

Analytical data were in full agreement with L. Anke, D. Reinhard, P. Weyerstahl,
Liebigs Ann. Chem. 1981, 1981, 591-602.

a-(tert-butyl)ethylbenzene

Bu
Ph

H-NMR

Ci2H1s
162.28 g/mol

(300 MHz, CDCls) § 7.30 — 7.23 (m, 2H), 7.22 — 7.13 (m,
3H), 2.56 (q, J=7.2, 1H), 1.26 (d, J=7.2, 3H), 0.87 (s, 9H).
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1BC-NMR (75 MHz, CDCls) 3 145.24, 129.05, 127.42, 125.74, 77 .45,
77.02, 76.60, 49.92, 33.69, 27.83, 15.83.

GC-MS tr = 5.70 min, (El, 70 eV): m/z = 162 [M*], 147, 115, 105,
91, 77, 65, 57, 51.

Analytical data were in full agreement with S. Andersson, T. Drakenberg, Org. Magn.
Reson. 1983, 21, 730-744.
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Determination of enantiomeric excess
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§ 4 :
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Injection Time: 20 September 2016 at 12:01:44 [Active Status] Minutes
Figure 5-12. Chiral GC-FID  chromatogram (5°C  per min) of

a-(cyclohexyl)ethylbenzene synthesized by hydrogenation of a-(cyclohexyl)styrene with
Pd/C (top) and (SINpMe)Fe[(N(SiMes)2]>-DiBAIH (bottom).
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Figure 5-13. Chiral GC-FID chromatogram (10 °C per min) of a-(tert-butyl)ethylbenzene
synthesized by hydrogenation of a-(tert-butyl)styrene with Pd/C (top) and

(SINpM3e)Fe[(N(SiMes)2]2-DiBAIH (bottom).
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Figure 5-14. Chiral GC-FID chromatogram (3 °C per min) of a-(n-propyl)ethylbenzene
synthesized by hydrogenation of a-( tert-butyl)styrene with Pd/C.
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6 lron-catalyzed isomerizations and cyclotrimerizations

Z to E isomerization Ph
. _—
Ph Ph Ph

R
>
R
|
LiN(SiMe3), R

FeCl, ——— > [Fe]
DiBAIH

/

synthesis of highly
substituted
benzenes

allylbenzene
isomerization

The new catalyst system derived from the reaction of Fe[N(SiMez)z]2 with DiBAIH was
additionally tested in redox-neutral transformations involving C=C and C=C bond
activation. Z to E alkene isomerization and allylbenzene isomerization were effectively
catalyzed. Terminal alkynes were transformed to their [2+2+2]-cyclotrimerizations
products.
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6.1 Introduction

Besides hydrogenation reactions, low-valent iron species have been known to catalyze
various additional transformations involving C=C and C=C bond activation. A vast
number of iron-catalyzed protocols have been reported including the redox-neutral
isomerization of alkenest, alder-ene cycloisomerization and cycloadditions(? as well as
alkyne cyclotrimerizations[® (Scheme 6-1). Especially the latter transformations provide
a useful tool to enrich complexity in molecules. In order to survey the scope of reactions
catalyzed by Fe[N(SiMes)2]2-DiBAIH, isomerizations of alkenes and alkyne trimerization
were briefly examined.

alkene isomerization
(ref 1)

R/\/ R/\/
E_E

fbalder-ene cycloisomerization
(ref 2)

Ao (L |

[2+2+2]-cyclotrimerization
(ref 3)

low valent
iron catalysis

Scheme 6-1. Examples of low-valent iron catalyzed transformations.

6.2 Results and Discussion

Initially, Z to E- and allyl isomerization were studied under Ha-free conditions (Table
6-1). Excellent yield of (E)-stilbene was achieved after 18 h at room temperature.
Isomerization of allylbenzene to the higher conjugated (E)-f-methylstyrene was observed
in good yield after 18 h. Products of hydrogenation were detected in traces.

Isomerization of 1- and (E)-4-octene yielded a thermodynamic mixture of 2-,3- and
4-octenes in both cases (Table 6-2). Interestingly, activation of sterically hindered (E)-4-
octene was possible as observed already under hydrogenation conditions. The unselective
isomerization might limit the application of the catalyst system in selective terminal
alkene isomerizations. Nevertheless, its high activity might provide a useful tool for the
isomerization of sterically hindered alkenes.
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Table 6-1. Isomerization of (Z)-stilbene and allylbenzene.

5 mol% Fe[N(SiMes),],

10 mol% DiBAIH R?
/—\ __
1 2
R R toluene, rt, 18 h Rq—/
Entry  Substrate Product Yieldin %@
_ 62 (68) °
L e en ph PN 97 97)
69 (71)°
2 Ph/\/ Ph/\/ 7979

2 quantitative GC-FID vs. n-pentadecane as internal reference, conversion in % in
parentheses; P after 2 h.

Table 6-2. Isomerization of 1- and (E)-4-octene.

5 mol% Fe[N(SiMe3),],
10 mol% DiBAIH
octene mixture of isomers
toluene, rt, 18 h

Yield in %@
Entry — Substrate (E)-2-  (E)-3- (E)}4 other
1-octene h
octene octene octene isomers
1 1-octene <1 29 43 16 13
2 (E)-4-octene <1 27 41 20 12

2 determined by relative peak area ratios in GC-FID

While studying alkyne hydrogenations with Fe[N(SiMes)2]2-DiBAIH, the addition of
terminal phenylacetylene to the catalyst solution resulted in an immediate exothermic
polymerization reaction with minor trimerization products. In order to control the reaction
in favor of a [2+2+2]-cyclotrimerization product, the addition of terminal alkynes was
performed at 0 °C. Surprisingly, the reaction proceeded very selective, yielding >99% of
1,2,4-triphenylbenzene with only traces of the 1,3,5-isomer (Table 6-3) and outstands
former protocols.[! Unfortunately, substrate scope was limited to terminal alkynes under
mild reaction conditions (entries 2, 3). The synthesis of pyridines by addition of a mixture
of phenylacetylene and benzonitrile was not successful, due to very fast and irreversible
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formation of 1,2,4-triphenylbenzene. The reaction could be performed in an
intramolecular fashion with moderate yield (entry 4). 1-Octyne polymerized with no
formation of a [2+2+2]-cyclotrimerization product. Use of a di-yne yielded a mixture of
dimerization product 1 and trimerization product 2.

Table 6-3. Substrate scope of iron-catalyzed [2+2+2]-cycloisomerization.

x mol% Fe[N(SiMej3),],
2x mol% DIBAIH

L HHH 0°Ctort, 3 h, toluene ©

Entry  Alkyne (x mol%b) R Product

Yield
in %°

1 H >99%

2 Ph—=—R (5) Et

R
R Ph
Ph Ph
R
o
o
o
0" (15)
X
CO,Et
S EtO,C co,Et 28

Et0,C 1

72
EtO,C_ CO,Et

O’ CO,Et
il CO,Et
(10) EtO,C
6 Et0,C 58
’ CO,Et
C<ses
2

asee chapter 6.4 for experimental details;  isolated yield; ¢ 18 h, 80 °C.
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6.3 Conclusion

The bimetallic Ziegler-type hydrogenation catalyst Fe[N(SiMes)2]>-DiBAIH is active in
the isomerization of alkenes. For allylbenzene, good conversion to its higher conjugated
S-methyl styrene is observed. Octenes were isomerized to a thermodynamic mixture of
2-, 3- and 4-octenes. Terminal alkynes underwent [2+2+2]-cyclotrimerizations in a
limited scope. Notably, high selectivity is observed in the cyclotrimerization of
phenylacetylene.
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6.4 Experimental
6.4.1 General

Analytical Thin-Layer Chromatography: TLC was performed using aluminium plates
with silica gel and fluorescent indicator (Merck, 60, F254). Thin layer chromatography
plates were visualized by exposure to ultraviolet light (366 or 254 nm) or by immersion
in a staining solution of molybdatophosphoric acid in ethanol or potassium permanganate
in water.

Column Chromatography: Flash column chromatography with silica gel 60 from KMF
(0.040-0.063 mm). Mixtures of solvents used are noted in brackets.

Chemicals and Solvents: Solvents (THF, Et20, n-hexane, toluene) were distilled over
sodium and benzophenone and stored over molecular sieves (4 A). Solvents used for
column chromatography were distilled under reduced pressure prior use (ethyl acetate).
Fe[N(SiMe3)2]2 was synthesized as described in chapter 5.6 DiBAIH was used as
received from SigmaAldrich (1 M in toluene).

'H- und 3C-NMR-Spectroscopy: Nuclear magnetic resonance spectra were recorded on a
Bruker Avance 300 (300 MHz) and Bruker Avance 400 (400 MHz). *H-NMR: The
following abbreviations are used to indicate multiplicities: s = singlet; d = doublet; t =
triplet, g = quartet; m = multiplet, dd = doublet of doublet, dt = doublet of triplet, dq =
doublet of quartet, ddt = doublet of doublet of quartet. Chemical shift § is given in ppm to
tetramethylsilane.

Fourier-Transformations-Infrared-Spectroscopy (FT-IR): Spectra were recorded on a
Varian Scimitar 1000 FT-IR with ATR-device. All spectra were recorded at room
temperature. Wave number is given in cm. Bands are marked as s = strong, m = medium,
w = weak and b = broad.

Gas chromatography with mass-selective detector (GC-MS): Agilent 6890N Network
GC-System, mass detector 5975 MS. Column: HP-5MS (30m x 0.25 mm x 0.25 pm, 5%
phenylmethylsiloxane, carrier gas: Hz. Standard heating procedure: 50 °C (2 min), 25
°C/min ->300 °C (5 min)

High resolution mass spectrometry (HRMS): The spectra were recorded by the Central
Analytics Lab at the Department of Chemistry, University of Regensburg, on a MAT SSQ
710 A from Finnigan.

6.4.2 General procedure for isomerization of alkenes

A 4 mL vial was charged with a solution of Fe[N(SiMes)z2]2 in toluene (0.01 mmol,
0.2 mL, 50 mM) inside a glovebox. At room temperature, a solution of DiBAIH
(0.2 mmol, 0.2 mL, 100 mM) was added dropwise (1 min) and the resulting black mixture
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was stirred for 5 minutes. After addition of the alkene (0.2 mmol) and n-pentadecane
(0.2 mmol) as internal reference, the reaction mixture was stirred under argon for 18 h.
The reaction was quenched with an aqueous solution of NaHCOs (1 mL) and extracted
with ethyl acetate (1 x 1 mL) and analyzed by GC-FID.

6.4.3 General procedure for [2+2+2]-cyclotrimerization of alkynes

A Schlenk flask was charged with a solution of Fe[N(SiMesz)2]2 in toluene (0.09 mmol,
1.80 mL, 50 mM) inside a glovebox. At room temperature, a solution of DiBAIH
(0.18 mmol, 1.80 mL, 100 mM) was added dropwise (1 min) and the resulting black
mixture was stirred for 5 minutes. After cooling the mixture to 0 °C with the help of an
ice bath, the alkyne (1.80 mmol/number of triple bond per substrate) was added and the
reaction mixture was stirred at 0 °C. After 1 h, the reaction mixture was allowed to warm
to room temperature and stirred for additional 2 h. The reaction mixture was quenched
with an aqueous solution of NaHCOs (5 mL) and extracted with ethyl acetate (3 x 15 mL).
The combined organic layers were washed with brine (15 mL), dried over NazSOs,
concentrated and subjected to silica gel flash chromatography (hexanes or hexanes/ethyl
acetate).

6.4.4 Synthesis of starting materiall,4-bis(prop-2-yn-1-yloxy)but-2-yne

Synthesis following the procedure by R.G. lafe, J. L. Kuo, D. G. Hochstatter, T. Saga, J.
W. Turner, C. A. Merlic, Org. Lett. 2013, 15, 582-585.

0 C10H1002
( 1 J 162.19 g/mol
O

Appearance yellowish liquid

Yield 3.16 g, 19.5 mmol (85%)

TLC Ri = 0.16 (SiOz, hexanes/ethyl acetate = 19/1)

IH-NMR (300 MHz, CDCl3) 6 4.31 (s, 4H), 4.26 (d, J = 2.4 Hz, 4H),
2.46 (t, J = 2.4 Hz, 2H).

BC-NMR (75 MHz, CDCls) 5 82.09, 78.78, 75.11, 56.73, 56.54.

GC-MS tr = 6.54 min, (El, 70 eV): m/z = 162 [M *], 131, 103, 93,
77, 65, 53.

Analytical data were in full agreement with R.G. lafe, J. L. Kuo, D. G. Hochstatter, T.
Saga, J. W. Turner, C. A. Merlic, Org. Lett. 2013, 15, 582-585.
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Diethyl 2,2-di(prop-2-yn-1-yl)malonate

A Schlenk flask was charged with sodium hydride (3.20 g, 80.0 mmol, 60% in paraffine)
in dry THF (80 mL) and cooled to 0 °C. Diethyl malonate (6.41 g, 40.0 mmol) was added
via syringe pump (0.2 mL/min). After complete addition, the reaction mixture was
allowed to warm to room temperature and stirred for 2 h. The reaction mixture was cooled
to 0°C and propargylic bromide (14.87 g, 100 mmol, 80% in toluene) was added
dropwise. The suspension was allowed to warm temperature and stirred overnight after
which it was quenched with H20 (15 mL). The reaction mixture was extracted with ethyl
acetate (3 x 20 mL) and the combined organic layers were dried (Na2SO4), concentrated
subjected to distillation under reduced pressure.

o O

EtO OEt

Appearance
Yield

Boiling point
'H-NMR

13C-NMR

GC-MS

Ci13H1604
236.27 g/mol

colorless liquid
8.92 g, 37.8 mmol (94%)
91 °C at 10! mbar

(300 MHz, CDCls) 8 4.23 (q, J = 7.1 Hz, 4H), 2.99 (d, J =
2.7 Hz, 4H), 2.03 (t, J = 2.7 Hz, 2H), 1.26 (t, J = 7.1 Hz,
6H).

(75 MHz, CDCls) 6 168.60, 78.44, 71.68, 62.09, 56.25,
22.50, 14.03.

tr = 7.09 min, (EI, 70 eV): m/z = 197 [M-CsHs*], 162, 151,
133, 123, 105, 89, 77, 63, 51.

Analytical data were in full agreement with J. Aleman, V. del Solar, C. Navarro-
Ranninger, Chem. Commun. 2010, 46, 454-456.

6.4.5 Products of [2+2+2]-cycloisomerization

1,2,4-Triphenylbenzene

/@[Ph
Ph Ph
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IH-NMR

B3C-NMR

GC-MS

(300 MHz, CDCls) § 7.77-7.66 (m, 4H), 7.56 (d, J = 7.7
Hz, 1H), 7.50 (t, J = 7.4 Hz, 2H), 7.45-7.36 (m, 1H), 7.34—
7.17 (m, 10H).

(75 MHz, CDCls) & 141.54, 141.17, 141.04, 140.64,
140.43, 139.60, 131.18, 129.98, 129.94, 129.50, 128.90,
128.01, 127.98, 127.51, 127.21, 126.67, 126.60, 126.20.

tr = 12.52 min, (EI, 70 eV): m/z = 306 [M"*], 289, 276, 228,
215, 202, 145, 77, 51.

Analytical data were in full agreement with M. Fernandez, M. Ferré, A. Pla-Quintana,
T. Parella, R. Pleixats, A. Roglans, Eur. J. Org. Chem. 2014, 2014, 6242-6251.

1,3,6,8-Tetrahydro-2,7-dioxa-as-indacene

(0]
%@0
IH-NMR

BC-NMR
GC-MS

Ci10H1002

162.19 g/mol

(300 MHz, CDCls) 8 7.15 (s, 2H), 5.18-5.08 (m, 4H),
5.08-4.99 (m, 4H).

(75 MHz, CDCl3) 6 138.69, 132.34, 119.91, 73.45, 72.23.

tr = 7.93 min, (EI, 70 eV): m/z = 162 [M*], 133, 104, 77,
63, 51.

Analytical data were in full agreement with M. Fernandez, M. Ferré, A. Pla-Quintana,
T. Parella, R. Pleixats, A. Roglans, Eur. J. Org. Chem. 2014, 2014, 6242—-6251.

Dimerization product 1

X
EtO,C
EtO,C

'H-NMR

BC-NMR

C26H3208

CO,Et
COEt 472,53 g/mol

(300 MHz, CDCls) & 7.11-7.06 (m, 1H), 7.01-6.93
(m, 2H), 4.23-4.16 (m, 8H), 3.54 (s, 4H), 3.34 (s,
2H), 2.66 (d, J=2.7, 2H), 2.13 (dd, J=2.6, 1H), 1.28—
1.23 (m, 12H).

(75 MHz, CDCl3) 8 171.64, 169.69, 167.11, 134.28,
133.71, 131.82, 128.64, 127.03, 125.62, 79.48,
72.15, 71.92, 61.74, 58.11, 40.19, 37.05, 29.81,
22.12,14.07, 14.04.
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GC-MS

HRMS

Trimerization product 2
CO,Et
CO,Et
CO,Et
CO,Et

'H-NMR

Et0,C
Et0,C

13C-NMR

HRMS

210

tr = 13.12 min, (El, 70 eV): m/z = 472 [M"], 427,
399, 353, 325, 295, 274, 251, 223, 201, 179, 153,
129.

(El, m/z): found 272.2090 [M*™] (calculated
272.2092).

C39H48012
708.80 g/mol

(300 MHz, CDCls) & 7.12-7.04 (m, 2H), 7.02-6.90
(m, 4H), 4.20 (g, J=7.1, 8H), 4.08 (q, J=7.1, 4H),
3.54 (s, 8H), 3.15 (s, 4H), 1.25 (t, J=7.1, 12H), 1.14
(t, J=7.1, 6H).

(75 MHz, CDCls) 8 171.64, 171.00, 140.01, 138.62,
135.06, 128.87, 125.94, 123.89, 61.71, 61.20, 60.45,
60.26, 40.40, 40.18, 38.98, 14.05, 13.91.

(El, m/z): found 709.3226 [M+H*] (calculated
709.3219).
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7 Synthesis and characterization of a low-valent tetranuclear
iron clustert

easy accessible
coordination site

Me3Si ; SiMes,

'.N Né‘
Me,Si” = SiMe,
Messi“l‘/“N N ""SiM83

Me3Si

large electron

very soluble in
reservoir unpolar
solvents

A tetranuclear iron cluster was synthesized and characterized by 'H-NMR and X-Ray
crystallography. The unique structure combines key features like active site accessibility
and high solubility for possible catalytic application. The large electron reservoir set up
by four iron atoms in a mean formal oxidation state of +I could enable multielectron redox
processes.

f_Manuscript in preparation.
" Authors contribution: U. Chakraborty, University Regensburg, improved complex synthesis and
performed X-Ray structure determination.
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7.1 Introduction

The synthesis of defined metal clusters is highly desirable, owing to their ability to
perform stepwise multielectron redox process and mediate cooperative reaction
chemistry. In nature, activation of small molecules by multielectron redox processes are
catalyzed by polynuclear metalloenzymes. Examples involve cofactors in nitrogenases
(FeMo, VFe, Fe-only) for 6 e N2 reduction, hydrogenases (FeNi, Fe-only) for 2 e H
reduction or water oxidation catalyzed by photosystem IL.[Y Similary, polynuclear
reaction sites are found in heterogeneous catalysts, as in the Haber-Bosch process.!

The synthesis of defined metal clusters is usually performed by the application of
multidentate ligands to accommodate multiple transition metal ions as shown by Betley
et al. In their publications, the group synthesized various defined iron clusters using
hexaamine ligands coordinating a [Fes], [Fes] or [Fes] core. These clusters are usually
synthesized by metathesis of Fe(l1)-precursors with suitable amines. (Scheme 7-1).14[]

H
N

“SiMe,Bu / r
tgy-Si: P
NH =7

O*Fe Fe\ Si-gy

3/, Fep(M
> Fex(Mes), N N

,[ l Ji J THF, 75 °C, 12 h /Fe\
‘BuMe,Si  HN N ij @

‘ H
HN NH
\@ BuMe,Si” @'—&
By
tbS[Fe,](thf)

Scheme 7-1. Synthesis of tri-iron cluster ®S[Fes](thf) by Betley et al.

To verify the multielectron redox ability of these polynuclear clusters, Betley et al. used
ts[Fes](thf) for stoichiometric 2 e reduction of hydrazine to form ammonia and
s[Fes](u3-NH). Furthermore 4 e reduction of azobenzene was accomplished at 80 °C
demonstrating possible oxidation states up to (Fe'V)(Fe'")2 within the [Fes] core.l”l Even
more electron redox processes are achievable upon the use of a [Fes] cluster, as verified
by cyclic voltammetry indicating five fully reversible redox steps (Scheme 7-2).F%!

-2.04V .55V .22V -0.99V 072V
[Feel’ [Fegl™ [Fegl” [Fegl** [Feel™

[Feql”

Scheme 7-2. Reversible redox processes with [Fes] cluster compound as reported by
Betley. Redox potentials are given vs. ferrocene.

All synthesis for iron clusters reported by Betley and coworkers make use of iron in a +l1
oxidation state, which are used for reduction of small molecules. Low valent iron clusters,
which may provide even more electron accessibility, would be of great interest for
isolation and characterization. Most probably due to high tendency of low valent iron
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species to form nanoparticles, defined metal clusters of iron with direct Fe-Fe interaction
in low oxidation states are scarcely known. The synthesis of a square planar [Fes] cluster
was reported in 1987 by Zanazzi and coworkers, where four iron atoms in oxidation state
+0 form a plane and are coordinated by four pyridine and eight CO ligands (Scheme
7_3).[6]

oc \f fole)
3 equiv. pyridine OC;,,,[\ /Fle\ /WCO
FeCl, + NayFe(CO), —Fe /Fe“\
thf, 3 h oc Fe” \ CO
oc [% cO
py PY
[(CO)4FeFe(py).l.

Scheme 7-3. Synthesis of tetra iron cluster [(CO)sFeFe(py)2]2 according to Zanazzi et al.

7.2 Results and Discussion

In the development of the hydrogenation catalyst derived from the reaction of
Fe[N(SiMez3)2 with two equivalents of DiBAIH, crystallization of a black compound was
observed in the reaction of Fe[N(SiMez)z2]2 with one equivalent of DiBAIH upon storage
of the crude reaction mixture in toluene for ~2 months at -30 °C. X-Ray structure
determination revealed the formation of iron cluster [FeN(SiMes)2]4(toluene) (Scheme
7-4). Crystallization rate was drastically improved by prior drying of the reaction mixture
by three cycles of freeze-pump-thaw to remove volatile aluminium-amide by-products.
The powderized crude product was recrystallized in n-hexane to obtain
[FeN(SiMes)2]4(toluene) in an overall 38% yield after storage for one day at -30 °C.
Interestingly, only traces of [FeN(SiMes)2]a(toluene) were observed in the crude *H-NMR
spectrum upon use of two equivalents DiBAIH. In addition to mechanistic experiments in
chapter 5.3, the addition of an excess of DiBAIH (>1 equivalents) presumably initiates
further reduction and formation of Fe-nanoparticles.

MesSi, SiMe;
_ 1 equiv. DIBAIH N LFe N’
Fe[N(SiMes),l; Messi? Rl | SFe”” siMes
rt, 30 min, toluene \ Fe\’
Me:;Si“.';N NQ’S‘iMe3
Me;Si SiMes

[FeN(SiMe3),]4(toluene)
Scheme 7-4. Synthesis of tetra iron cluster [FeN(SiMes)2]s(toluene).

The complex is very soluble in aliphatic organic solvents (n-hexane), important for
possible catalytic application. No thermal decomposition was observed upon
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determination of the melting point (123 °C). The toluene capping on one Fe atom might
enable access of an active site by easy ligand exchange.

Figure 7-1. Crystallographic structure of [FeN(SiMes)2]a(toluene) visualized with
software Mercury. Hydrogen atoms are omitted for clarity.

The structure consists of a slightly distorted planar tetra iron core with a torsion angle of
167° between the planes generated by (Fe2-Fe4-Fe3) and (F2-Fe4-Fel). The outer core
Fe-Fe bonds are in between 2.565 to 2.643 A and are slightly longer than in the similar
complex [(CO)4FeFe(py)2]2 with bond lengths of 2.54 A. The inner core Fe2-Fe4 bond
length is short (2.474 A) which is in the range as found in metallic iron (2.48 A).[

The bond angles of the triangles (Fel-Fe4-Fe2) and (Fe2-Fe4-Fe3) are in the range of 56.6
to 63.2° setting up two nearly equilateral triangles.
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Table 7-1. Selected bond lengths and angles in [FeN(SiMes)2]4(toluene).

Bond Bond lengths / A Bond Bond angles in °
Fe3-Fe2  2.6003(3) Fe2-Fe3-Fe4 56.632(8)
Fe3-Fe4  2.6152(3) Fe3-Fe2-Fel 120.741(10)
Fe2-Fel  2.6425(3) Fe4-Fe2-Fe3 61.988(8)
Fe2-Fe4  2.4739(3) Fe4-Fe2-Fel 60.072(8)
Fel-Fe4  2.5652(3) Fe4-Fel-Fe2 56.702(8)
Fe2-Fe4-Fe3 61.380(8)
Fe2-Fe4-Fel 63.226(8)
Fel-Fe4-Fe3 123.217(10)

The compound [FeN(SiMes)2]4(toluene) is paramagnetic, the magnetic moment
determined in solution by Evans method (Ut = 2.0) is consistent with one unpaired
electron. The *H-NMR spectrum shows two broad singlets at -1.83 and -5.31 ppm which
can be assigned to the bridging and non-bridging -N(SiMes)2 ligands. The H-NMR
signals of coordinated toluene is most likely detected at 52.84, -12.06, -20.57 and -
22.73 ppm.

Detailed characterization of the complex is currently at work by S. Demeshko, University
Gottingen and will help determining unpaired electrons, as well as the possibility of
multiple reversible redox processes by cyclic voltammetry.

7.3 Conclusion

A tetranuclear [Fes] cluster was synthesized by the reaction of Fe[N(SiMes)2]2 with one
equivalent of DIBAIH. The new paramagnetic compound with one unpaired electron
might be interesting for the activation of small molecules by multielectron processes since
its structure meets key requirements. An active site might be accessible by toluene ligand
exchange, the complex is highly soluble and most interestingly, the [Fe4] core with a low
valent Fe-center may act as an electron reservoir for chemical transformations.
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7.4 Experimental
74.1 General

Chemicals and Solvents: Solvents (THF, Et20, n-hexane, toluene) were distilled over
sodium and benzophenone and stored over molecular sieves (4 A). All manipulations
were performed under purified argon inside a glovebox or using Schlenk techniques.
Fe[N(SiMes)2]2 was synthesized as described in chapter 5.6. DiBAIH was used as received
from SigmaAldrich (1 M in toluene).

IH- und 3C-NMR-Spectroscopy: Nuclear magnetic resonance spectra were recorded on a
Bruker Avance 300 (300 MHz) and Bruker Avance 400 (400 MHz). 'H-NMR: The
following abbreviations are used to indicate multiplicities: s = singlet; d = doublet; t =
triplet, g = quartet; m = multiplet, dd = doublet of doublet, dt = doublet of triplet, dq =
doublet of quartet, ddt = doublet of doublet of quartet. Chemical shift 3 is given in ppm to
tetramethylsilane.

7.4.2 Synthesis and characterization of [FeN(SiMez)z]4(toluene)

Me;Si ?1 SiMe,

~

1 equiv. DIBAIH NG _Fe N
FelN(SMes), — " > Me;si” Fel >Fe/ siMe,
toluene Fe
7 N\
Me;SimN Nsive,
Me;Si N SiMe,
Fe4N,4SigCs1Hgo

M = 957.07 g/mol
Scheme 7-5. Synthesis of [Fe4]-cluster [FeN(SiMe3)z2]a(toluene)

A 10mL flame-dried Schlenk flask was charged with Fe[N(SiMes)2]2 (190 mg,
0.50 mmol) in a mixture of n-hexane/toluene (4 mL, 3/1). A solution of DiBAIH in
toluene (0.50 mmol, 1 M, 0.50 mL) was added at room temperature via syringe with
immediate color change from green to brown-black. The reaction mixture was stirred at
room temperature for 30 minutes, filtered through a P4 frit after which the solvent was
removed completely under reduced pressure. The dark brown oily residue was powderized
by 3 cycles freeze-pump-thaw and crystallized in n-hexane (0.3 mL) at -30 °C. After 24 h,
dark crystalline compound 3 was obtained in 38% yield (46 mg, 0.048 mmol).

IH-NMR (400 MHz, CeDs) & 52.84 (bs), -1.83 (bs), -5.31 (bs), -12.06 (bs), -20.57
(bs), -22.73 (bs); effective magnetic moment (CsDe): et = 2.0 us; melting point = 123 °C;
elemental analysis calcd for FeaN4SisCaiHso (957.07): C 38.90, H 8.43, N 5.85; found: C
38.05, H 8.19, N 5.87.
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Figure 7-2. 'H-NMR of [FeN(SiMea)2]s(toluene) in CeDe. Peak assignments:
SiMea(D),toluene( ).

For X-Ray structure determination, a suitable crystal (0.19x0.16x0.11) mm3 was selected
and mounted on a MITIGEN holder with inert oil on a SuperNova, Single source at offset,
Atlas diffractometer. The crystal was kept at T = 123.00(10) K during data collection.
Using Olex2 (Dolomanov et al., 2009)', the structure was solved in the space group P21/c
(# 14) by Direct Methods using the ShelXT (Sheldrick, 2015)' structure solution program
and refined by Least Squares using version 2014/7 of ShelXL (Sheldrick, 2015)i. All
non-hydrogen atoms were refined anisotropically. Hydrogen atom positions were
calculated geometrically and refined using the riding model. Data were measured using w
scans scans of 1.0 ° per frame for 6.0 s using CuKa radiation (micro-focus sealed X-ray
tube, n/a kV, nfa mA). The total number of runs and images was based on the strategy

i 0.V. Dolomanov and L.J. Bourhis and R.J. Gildea and J.A.K. Howard and H. Puschmann, Olex2:
A complete structure solution, refinement and analysis program, J. Appl. Cryst., (2009), 42, 339-
341.

it Sheldrick, G.M., Crystal structure refinement with ShelXL, Acta Cryst., (2015), C27, 3-8.

it Sheldrick, G.M., ShelXT-Integrated space-group and crystal-structure determination, Acta Cryst.,
(2015), A71, 3-8.
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calculation from the program CrysAlisPro (Agilent). The maximum resolution achieved
was Q = 76.438.&nbsp®

Cell parameters were retrieved using the CrysAlisPro (Agilent) software and refined using
CrysAlisPro (Agilent) on 23809 reflections, 55 % of the observed reflections. Data
reduction was performed using the CrysAlisPro (Agilent) software which corrects for
Lorentz polarisation. The final completeness is 99.90 out to 76.438 in @. The absorption
coefficient u of this material is 11.172 at this wavelength (1 = 1.54184) and the minimum
and maximum transmissions are 0.70913 and 1.00000.

Crystal Data. CsiHsoFesNsSis, Mr= 957.11, monoclinic, P2i/c (No. 14), a=
18.59832(16) A, b = 14.75827(12) A, ¢ = 18.28580(17) A, B= 96.4495(8)", o= y= 90",
V =4987.31(7) A3, T =123.00(10) K, Z =4, Z' = 1, 4(CuK,) = 11.172, 43076 reflections
measured, 10425 unique (Rint = 0.0307) which were used in all calculations. The final wR2
was 0.0650 (all data) and R1 was 0.0262 (I > 2(1)).

Figure 7-3. X-Ray structure of [FeN(SiMes)z2]s(toluene) visualized with software
Mercury. Hydrogen atoms are omitted for clarity.
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8 Appendix

8.1 List of abbreviations

Ac
ATR

Bn

Bu

d

dct
DiBAID
DiBAIH

ee

ESI

Et

FID

FT-IR

GC

HR

Me

min

acetyl

attenuated total reflection
benzyl

butyl

day
dibenzo[a,e]cyclooctatetraene
diisobutylaluminiumdeuteride
diisobutylaluminiumhydride

enantiomeric excess

electron spray ionization

ethyl

flame ionization

Fourier-Transform-Infrared
spectroscopy

gas chromatography

hour

high resolution
ionic liquid
methyl

minute

MS
[NaNaph]

NMR

Ph
PS
Pr

py
Rf
rt

SQUID

TCD

TEM

thf

TLC

TMS
TOF

WAXS

mass spectrometry
sodium naphtanelide

nuclear magnetic
resonance

phenyl
polystyrene
propyl

pyridine

retention factor
room temperature

superconducting quantu
m interference device

thermal conductivity
detector

transmission electron
microscopy
tetrahydrofurane

thin layer
chromatography
trimethylsilyl
turnover frequency

wide angle xray
scattering
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8.2 Summary

Aim of this thesis was the development of new iron-based catalyst systems for the
hydrogenation of C=C and C=C bonds.

In the introduction, recent advances in the development of molecular base metal catalysts
and their application in the hydrogenation of alkenes and alkynes are presented. Key
mechanistic steps are highlighted for the most important reports in this field.

In chapter 3, iron nanoparticles which were derived from the reduction of FeCls with
EtMgCI, were stabilized in ionic liquids and used for the hydrogenation of alkynes. The
application of nitrile-functionalized ionic liquids or the addition of acetonitrile to the
reaction mixture allowed the hydrogenation to proceed in a stereoselective fashion in
favor of the formation of Z-alkenes in good selectivity. The stabilization of the catalyst in
the polar ionic liquid allowed a simple separation from the unpolar product phase and its
recycling.

In chapter 4, a simple catalyst system was developed based on the reduction of FeCls with
LiAlIH4. The bimetallic catalyst was used for the hydrogenation of various alkenes and
alkynes at milder conditions. Mechanistic studies involving kinetic poisoning tests and
spectroscopic analysis indicate the initial formation of a homogeneous catalyst which
undergoes rapid agglomeration to form nanoparticles with less activity.

Chapter 5 is devoted to the development of a Ziegler-type hydrogenation catalyst, derived
from the reaction of Fe[N(SiMes)2]2 with DiBAIH. In contrast to previous similar
protocols, the hydrogenation of sterically hindered alkenes was possible at mild
conditions. Mechanistic studies were performed to rationalize the reaction pathway of
Fe[N(SiMes)2]2 with DiBAIH and to identify the catalytically active species.

The new catalyst system was briefly studied in alkene isomerizations and [2+2+2]-
cyclotrimerizations (chapter 6). Some terminal alkynes were successfully transformed
into their [2+2+2]-cyclotrimerizations products.

A tetranuclear iron cluster forms upon the reaction of Fe[N(SiMes)2]2 with one equivalent
of DiBAIH (chapter 7). The nanocluster was isolated and characterized by *H-NMR,
elemental analysis and X-ray crystallography. The unique structure provides key features
which might enable the activation of small molecules by multiple redox processes. A large
electron reservoir is set up by four iron atoms in a mean oxidation state of +I, additionally
the nanocluster is highly soluble in unpolar solvents and presumably offers an easy
accessible active site.
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8.3 Zusammenfassung

Das Ziel der vorliegenden Arbeit war die Entwicklung von neuen Eisen-basierten
Katalysatorsytemen fiir die Hydrierung von C=C und C=C Bindungen.

Im Kapitel 2 sind jungste Fortschritte in der Entwicklung von molekularen Eisen-, Kobalt-
und Nickel-Katalysatoren und ihre Anwendung in the Hydrierung von Alkenen und
Alkinen zusammengefasst. Mechanistische Schliisselschritte in der Aktivierung von
molekularem Wasserstoff sind hervorgehoben fiir die wichtigsten Arbeiten in diesem
Bereich.

In Kapitel 3 wird beschrieben, wie Eisen-Nanopartikel aus der Reduktion von FeClz mit
EtMgCI in ionischen Flissigkeiten stabilisiert und in der Hydrierung von Alkinen
eingesetzt wurden. Die Verwendung von Nitril-funktionalisierten ionischen Fliissigkeiten
oder die Zugabe von Acetonitril zur Reaktionsmischung erlaubt die stereoselektive
Hydrierung von Alkinen zu Z-Alkenen in guter Selektivitat. Die Stabilisierung des
Katalysators in der polaren ionischen Flussigkeit erlaubt die einfache Separierung von der
unpolaren Produktphase, sowie dessen Rezyklierung.

In Kapitel 4 ist die Entwicklung eines einfachen Katalysatorsystems beschrieben, welches
auf der Reduktion von FeCls mit LiAlH4 beruht. Der bimetallische Katalysator wurde in
der Hydrierung von verschiedenen Alkenen und Alkinen unter milden Bedingungen
eingesetzt. Mechanistische Studien, wie kinetische Vergiftungstests und spektroskopische
Analysen weisen auf die Bildung eines homogenen Katalysators hin, welcher unter der
Bildung weniger aktiven Nanopartikel schnell agglomeriert.

Kapitel 5 beschreibt die Entwicklung eines Ziegler-artigen Hydrierkatalysators, der aus
der Reaktion von Fe[N(SiMes)2] mit DiBAIH gebildet wird. Im Gegensatz zu friiheren
&hnlichen Systemen erlaubt das bimetallische Katalysatorsystem die Hydrierung von
sterisch anspruchsvollen Alkenen unter milden Bedingungen. Mechanistische Studien
wurden durchgefiihrt, um den Reaktionspfad von Fe[N(SiMes)2]2 mit DiBAIH zu
erkléaren, sowie die katalytisch aktive Spezies zu identifizieren.

Das neue Katalysatorsystem wurde in der Alken-lsomerisierung und in [2+2+2]-
Cyclotrimerisierungen getestet (Kapitel 6). Einige terminale Alkine wurden erfogreich in
ihre [2+2+2]-Cyclotrimerisierungsprodukte uberfiihrt.

Ein vierkerniger Eisen-Cluster bildet sich in der Reaktion von Fe[N(SiMes)2]2 mit einem
Aquivalent DiBAIH (Kapitel 7). Der Nanocluster wurde isoliert und durch 'H-NMR,
Elementaranalyse und Rontgenkristallographie charakterisiert. Die einzigartige Struktur
besitzt Schlisseleigenschaften, welche die Aktivierung von kleinen Molekilen durch
multiple Redoxschritte erlauben kénnten. Ein groRes Elektronenreservoir ist aus vier
Eisen-Atomen mit einer formalen gemittelten Oxidationsstufe von +I aufgebaut, des
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Weiteren ist der Nanocluster sehr l8slich in unpolaren Ldsemitteln und besitzt eine
vermutlich leicht austauschbare Koordinationsstelle.
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