L GILLE:
S
. 1) 1Sy
i % ISt
Y M S
T.‘w'.' : #
D .0' ' )/#,. 0:)
T W 2

Rl:ru e

HOMOGENEOUS VS. HETEROGENEOUS
CoOBALT-CATALYZED HYDROGENATIONS:
AN EVALUATION OF COBALTATES AND COBALT
NANOPARTICLES AS CATALYSTS

Dissertation zur Erlangung des

Doktorgrades der Naturwissenschaften
DR. RER. NAT.

am Institut fir Anorganische Chemie
der Fakultat fur Chemie und Pharmazie

der Universitdt Regensburg

vorgelegt von
PHiLIPP BUSCHELBERGER

aus Fladungen

Regensburg 2019






Der Experimentelle Teil der vorliegenden Arbeit wurde in der Zeit zwischen November 2014 und

Oktober 2018 unter Anleitung von Prof. Dr. Robert Wolf am Institut fir Anorganische Chemie

der Universitat Regensburg angefertigt.

Diese Arbeit wurde angeleitet von:
Promotionsgesuch eingereicht am:

Tag der miindlichen Prifung:
Promotionsausschuss: Vorsitz:

Erstgutachter:

Zweitgutachter:

Dritter Prifer:

Prof. Dr. Robert Wolf

03.09.2019

10.10.2019

Prof. Dr. Alkwin Slenczka

Prof. Dr. Robert Wolf

Prof. Dr. Axel Jacobi von Wangelin

Prof. Dr. Frank-Michael Matysik






PROLOQUE

PROLOGUE

This thesis reports on the synthesis and characterization of low oxidation state cobalt
compounds, which are used as (pre-)catalysts for hydrogenation reactions. Chapter 1 reviews
recent developments in cobalt-catalyzed hydrogenation reactions and describes the problems
in distinguishing between homogeneous and heterogeneous catalysis. In Chapter 2, the catalytic
properties and mechanistic characteristics of a series of cobaltate complexes is studied.
Chapter 3 presents the preparation and characterization of a potent nanoparticulate cobalt
catalyst. The nanoparticles feature a high catalytic activity for the hydrogenation of challenging
alkene, imine, and quinoline substrates, facile catalyst separation and can be recycled >10 times.
The search for chiral alkene cobaltate complexes as potential catalysts for enantioselective
hydrogenation reactions is described in Chapter 4. Chapter 5 describes attempts to synthesize
new cobaltate complexes with 2,9-diaryl-1,10-phenanthroline ligands, and the catalytic activity

of the resulting compounds is evaluated. Chapter 6 summarizes the results of this thesis.

PrROLOG

Diese Dissertation berichtet tiber die Synthese und Charakterisierung von Verbindungen mit
Cobalt in niedrigen Oxidationsstufen, die als (Pra)katalysatoren fiir Hydrierungsreaktionen
Verwendung finden. Kapitel 1 gibt einen Uberblick tiber die jiingeren Entwicklungen im Bereich
cobaltkatalysierter Hydrierungsreaktionen und beschreibt die Probleme bei der Unterscheidung
zwischen homogener und heterogener Katalyse. In Kapitel 2 werden die katalytischen und
mechanistischen Eigenschaften einer Serie von Cobaltatkomplexen untersucht. Kapitel 3 legt die
Darstellung und Charakterisierung eines leistungsfahigen, nanopartikuldren Kobaltkatalysators
dar. Die Nanopartikel zeichnen sich durch eine hohe Aktivitdit bei der Hydrierung von
anspruchsvollen Alkenen, Iminen und Chinolinen und durch einfache Abtrennbarkeit aus und
kénnen mehr als zehnmal wiederverwendet werden. Die Suche nach chiralen
Alkencobaltatkomplexen als potenzielle Katalysatoren fiir enantioselektive Hydrierungen wird
in Kapitel 4 beschrieben. Kapitel 5 beschreibt den Versuch, neue Cobaltatkomplexe mit
2,9-Diaryl-1,10-phenanthrolinliganden zu synthetisieren, und die katalytische Aktivitat der
resultierenden Verbindungen wird untersucht. Kapitel 6 fasst die Ergebnisse dieser Dissertation

Zusammen.
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CHAPTER 1 — COBALT IN HOMOGENEOUS AND HETEROGENEOUS HYDROGENATION CATALYSIS

1.1 Cobalt in Hydrogenation Catalysis

Our world would not be the same without transition metal catalysis. Countless and often
irreplaceable industrial processes (e.g. Haber-Bosch, Fischer-Tropsch, Ostwald, Monsanto)
utilize transition metals or transition metal compounds as catalysts to produce commodity
chemicals. Starting from these bulk chemicals, the synthesis of fine chemicals and

pharmaceuticals often also requires transition-metal-catalyzed reaction steps.™

Already in the late 1890s, Paul Sabatier developed the first method for the catalytic
hydrogenation of unsaturated organic compounds using finely divided metal catalysts what was
honored with the Nobel prize in chemistry 1912 (Figure 1.1).3! Since then, catalytic
hydrogenations have developed into one of the most important research areas for organic and
inorganic chemists. The Fischer-Tropsch process, for example, was especially used in the first
half of the 20™ century to convert carbon monoxide and molecular hydrogen to synthetic fuels,

utilizing cobalt catalysts, among others."#!

From the mid-20"™ century, numerous important developments in the field of transition metal
catalysis have made use of platinum group elements. Significant work was done by pioneers like
Herbert Lindlar, Geoffrey Wilkinson, and Robert H. Crabtree who developed a series of highly
efficient noble metal hydrogenation catalysts, which are still in use in industry and laboratories
today.s! The evolution and the increasing number of different catalyst systems culminated in
another Nobel prize in 2001, which was awarded to William S. Knowles and Ryoji Noyori for their
work on chirally catalyzed hydrogenation reactions (Figure 1.1).1*7 This prize emphasizes the
status of catalytic hydrogenation as one of the most important technical processes in chemical

synthesis.™

Due to financial, economic and environmental concerns, research interest has increasingly

moved toward base-metal catalysis over the last decade.® In contrast to rare precious metals,

"for his method of
hydrogenating organic
compounds in the
presence of finely
disintegrated
meaetals,;,."

"for their work on
chirally catalysed
hydrogenation

F=N
Paul Sabatier reactions " WillamsS. Knowles Ryoji Noyori
*1854 11941 *1917 12012 *1938
Figure 1.1 1912 (Sabatier, left) and 2001 (Knowles & Noyori, right) Nobel prices in chemistry honoring the

important work on catalytic hydrogenation reactions.317)
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3d elements benefit from their higher abundance, their consequently lower price, and their
often lower toxicity compared to their higher homologues.”® The amount of cobalt in the Earth’s
crust, for example, is over 1000 times larger than the overall reserve of platinum-group
metals.'® This chapter gives a short overview over recent innovations concerning cobalt-

catalyzed hydrogenation reactions.
1.1.1 Homogeneous Cobalt Catalysts for Hydrogenation Reactions

Primary findings in homogeneous cobalt-catalyzed hydrogenations were already reported more
than 50 years ago by Dutton and co-workers, who applied dicobalt octacarbonyl Co,(CO)s (1)
(Figure 1.2) for the hydrogenation of unsaturated fatty acids at relatively harsh conditions
(75-180 °C, 17-207 bar H,) in cyclohexane solutions.*! Feder et al. investigated the mechanism
of the homogeneous hydrogenation of aromatic hydrocarbons with the same precatalyst,
suggesting that the cobalt tetracarbonyl radical is a reaction intermediate.!*? The hydrogenation
of aromatic hydrocarbons by a discrete cobalt complex was first described by Muetterties and
co-workers, who used the m3-allylcobalt phosphite complex 2 (Figure 1.2).1*3 Their catalyst
demonstrates a remarkable selectivity toward arenes over olefins.[*4! In the early 1970s, Ferrari
and Misono reported that phosphine cobalt hydride (carbonyl) complexes catalyze the
hydrogenation of alkenes, alkynes and aldehydes.*S) Misono and co-workers showed that
CoH;(PPhs); and CoH(CO)(PPhs) are active catalysts for the hydrogenation of cyclohexene.!*5?]
Ferrari and co-workers described the synthesis of complexes with the composition
CoH(CO),.n(P"Bus), and their application in the hydrogenation of alkynes and aldehydes.*s®! They
also considered the kinetics of this homogeneous catalytic reaction and discussed a possible

reaction mechanism.5

It took more than 30 years until Budzelaar and co-workers reached the next milestone in cobalt-
catalyzed hydrogenation reactions. In 2005, it was discovered that the square planar
bis(imino)pyridine (= BIP) Co(l) pincer complex 3 (Figure 1.2) is an active catalyst for the
hydrogenation of mono- and disubstituted olefins.[*®! A LYPCoH species is likely involved in the
catalytic cycle. Budzelaar and co-workers concluded that with the right ligand environment,

cobalt is able to show a “rhodium-like” catalysis behavior.

The first CO, hydrogenation reactions catalyzed by a series of non-platinum group metals,
including cobalt, was reported by Jessop and co-workers.'”! They developed a high-pressure
combinatorial screening method for catalysts and found that among other salts, Co(OAc), or
CoCl, in combination with different diphosphines are able to catalyze the transformation of CO,
to formic acid. In 2011, Beller and co-workers introduced a well-defined cobalt dihydrogen

complex as a catalyst for the hydrogenation of CO, in high yield.™*®! Starting from Co(acac), and
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the tetraphos ligand (PP; = P(CH,CH,PPh,);), the [Co(H,)PP5]* cation 4 (Figure 1.2) was isolated
in combination with different stabilizing anions such as [BPh,]~, [BF,]” and [PFs]". At this time, 4
featured the best TONs for non-precious metal-catalyzed CO, and bicarbonate hydrogenation.
The same group reported on the (transfer) hydrogenation of N-heterocycles with formic acid or
molecular hydrogen under mild conditions, and on the selective hydrogenation of nitriles to
primary amines, utilizing catalysts synthesized by the combination of cobalt salts and related
tetraphos ligands.™ In recent years, many more systems for the cobalt-catalyzed hydrogenation
of CO, were reported.'?” The first catalytic system based on a first-row transition metal able to
hydrogenate carboxylic acids with molecular dihydrogen as the reductant was found by de Bruin

and Elsevier, who used a cationic tris(phosphane) (= triphos) cobalt complex 5 (Figure 1.2).12%

Chirik and co-workers developed C;-symmetric bis(imino)pyridine cobalt precatalysts for the
enantioselective hydrogenation of geminal-disubstituted alkenes.’?? Previously, such BIP cobalt
complexes were used by Bianchini and co-workers as catalysts for the oligomerization of
ethylene.™! In extended studies, Chirik and others addressed the origin of stereoselectivity and
applied their system to the synthesis of biologically important molecule substructures.?4 The
same group reported the (asymmetric) hydrogenation of alkenes and enamides with

bis(phosphine) cobalt dialkyl complexes 6 (Figure 1.2).12%

As reported by Stryker and co-workers, a soluble tetrametallic Co(l) cluster 7 (Figure 1.2)
catalyzes the hydrogenation of allyloenzene and diphenylacetylene under very mild
conditions.?® This catalyst is structurally unique and can be described as a “molecular square”
of four linear coordinated metal centers bridged by the nitrogen atoms of sterically bulky

trialkylphosporanimide ligands.

=

o) i | Ho "X
OC\ /C\ ’CO N/ P r...C-o.--‘P
OC"'/CO\_/CO\"CO ."cio\ Nl | IN <Pg( I \'H
¢” %o (Mez0);P* P s | o ol RS -
6 meoxp O T o M
1 4
2 3
Dutton 1965 : Beller 2011
Feder 1975 Mueﬂeﬂles 1974 Budzelaar 2005 P* = PPh2
R T*BFy * N -
H 77"BaAff
'Bu);P P('B 4
- /N (BulRy o P(BUS !

\ /P Fafy, T Co Co cy.P~J _—PC
R'—Cq_J Co F. S i L
N / - ,N-Co-N, |\

p+ MegSi “—SiMe;  (‘Bu)sP P(Bu)s SiMeg
5 6 7 8
De Bruin 2015 o Hanson 2012
h 1 k
P* = PPh, Chirik 2013 Stryker 2013 Jones 2017
Figure 1.2 Selected ligand and catalyst design concepts for cobalt-catalyzed hydrogenation reactions.
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Hanson and co-workers achieved the catalytic (transfer) hydrogenation of alkenes, ketones,
aldehydes, and imines under mild conditions utilizing a cobalt(ll) alkyl complex 8 (Figure 1.2)
which was stabilized by a tridentate PNP pincer ligand.?”! The same catalyst was applied to
reversible (de)hydrogenations of N-heterocycles and to the additive-free hydrogenation of
esters to alcohols by Jones and co-workers.?®! Kempe and co-workers used a triazine-based
ligand design for their PNP pincer cobalt catalyst 9 (Figure 1.3), impressively allowing the
selective hydrogenation of carbonyl functions in the presence of C=C bonds.?% Bernskoetter and
co-workers developed the remarkable PNP pincer cobalt catalyst 10, which features up to

30,000 turnovers in the catalytic hydrogenation of CO, under dihydrogen pressure.[2°

The first cobalt-catalyzed hydrogenation of esters to alcohols was described by Milstein and
co-workers in 2015, using an insitu reduced PNN pincer cobalt dichlorido complex 11
(Figure 1.3).3% Peters and co-workers introduced PBP pincer cobalt complexes such as 12
(Figure 1.3), where a boryl-group enables H, activation at the transition metal center of the
catalyst.BY With 2mol% of the complex, styrene and 1-octene were hydrogenated
guantitatively within 3 minutes under mild conditions. Dehydrogenation of amine-borane and
transfer hydrogenation to styrene were demonstrated as well. A similar reactivity was reported

by Waterman and co-workers for cobalt half sandwich complexes.’3?

Fout and co-workers prepared a Co'-—(H,) catalyst 13 (Figure 1.3) with a monoanionic
bis(carbene) pincer ligand under hydrogen pressure from a Co'—(N,) precursor.33 This catalyst
proved to be active in the hydrogenation of a series of olefins tolerating functional groups like
hydroxyl groups, ketones, anhydrides or aldehydes but it also allows the E-selective

semi-hydrogenation of alkynes. A variety of this cobalt CCC pincer system showed a good

I
/<P-...co\ P>\ P"‘"‘Co"""P)\
¢l G oC \CO CI‘ CI /\;
9 10 1
Kempe 2015 Bernskoetter 2016 Milstein 2015

NOOTENY s QO ¥

N~ G
Mes i\ Mes
N, H=H PPh;
12 13
Peters 2013 Fout 2016
Figure 1.3 Selected cobalt hydrogenation catalysts with different types of pincer ligands featuring boron, carbon,

nitrogen, or phosphorus as coordinating atoms.
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Figure 1.4 Cobalt-based hydrogenation catalysts 14-17 by Liu (left) and reactions pathways for a) amine synthesis

by reduction of nitriles, and b) Z- or E-selective transfer-semi-hydrogenation of alkynes.

selectivity toward the hydrogenation of nitriles to primary amines.’3¥ Notably, in the presence

of a ketone functionality, only reduction of the nitrile was observed.

There are many more examples for PNP, PNN, NNN or other cobalt pincer complexes in
hydrogenation catalysis.35 Many of them are already on a highly applicable level as shown by
Liu and co-workers who described the catalysts 14 and 15 (Figure 1.4) for a facile synthesis of
primary, secondary, or tertiary amines by transfer hydrogenation of different nitriles with
ammonia borane coupled with reductive amination (Figure 1.4a).3% With this method,
pharmaceutical molecules can be functionalized in the presence of other reducible functional
groups. The same group also reported on the cobalt-catalyzed Z- or E-selective transfer-semi-
hydrogenation of alkynes controlled by rational ligand design with complexes 15-17

(Figure 1.4b), which feature PNN or PNP pincer ligands.3”

Walter and co-workers synthesized a dialkyl cobalt NHC (= N-heterocyclic carbene) complex that
serves as a precatalyst for olefin hydrogenation.® The formation of cobalt particles after
complete substrate consumption was noted and, the question if the active catalyst possesses a
heterogeneous or homogeneous nature was addressed. After carefully considering the results
of catalyst poisoning experiments and the fact that the particles did not show catalytic activity,

the authors suggested a homogeneous mechanism.

The price of a homogeneous transition metal catalyst corresponds to the sum of the metal price
and the price of the utilized ligands.!®® The major drawback of all the previously mentioned

examples utilize extravagant ligands, with multi-step syntheses in many cases, rendering the
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catalysts and their synthesis expensive even if a cheap and abundant metal is incorporated.
Recently, our group found that the bis(anthracene) cobaltate 18 (Scheme 1.1) and its iron
counterpart, initially reported by Ellis and co-workers,3%! are potent precatalysts for the
hydrogenation of alkenes, alkynes, ketones, and imines.!*® These results showed for the first
time that homoleptic arene complexes, which are conceptionally completely different to all
established cobalt hydrogenation catalysts (vide supra), can be applied in hydrogenation
science. No sophisticated ligands or further additives (such as Brookhart’s acid in case of
Hanson’s PNP pincer compounds) are required to create an active catalyst. The metalates only
bear cheap and commercially available polyarene ligands that can easily be replaced by

T-accepting substrates3® to form the catalytically active species.

Preliminary studies by *H-NMR reaction monitoring, reaction progress analyses, and catalyst
poisoning experiments supported the postulated mechanism (Scheme 1.1),14° which was also
studied by DFT methods by Chung and co-workers, recently.*! After addition of dihydrogen, the
alkene ligands of the active catalyst are hydrogenated and replaced by new substrate molecules.
The DFT calculations propose an unprecedented mechanism, incorporating the three different
oxidation states Co(-1)/Co(0)/Co(l), and involving spin crossing between singlet and triplet states.
This catalytic cycle differs dramatically from the classical singlet state M(I)/M(l11) or M(l11)/M(V)
catalysis, as it is known for transition metals like rhodium and iridium. In addition, the authors
pointed out the importance of the m-acidic anthracene ligands, which promote the single

reaction steps with their flexible coordination behavior.

Nonetheless, these results could not completely rule out concerns that the very reactive
precatalyst decomposes under reaction conditions and thus, a nanoparticulate, heterogeneous
catalyst is operational. For hydrogenation reactions, numerous heterogeneous cobalt catalysts

have been reported and pertinent examples are discussed below.

H>
4- 2 R o
QQ QQ T
C P A — s b L = n-acceptor
13 ,_'_o =i:\R (arene, alkene)
D =
GQ R —\R H
[K(d:r;e)al R I_H

Scheme 1.1 Catalytic concept of the precatalyst activation and hydrogenation reaction with potassium
bis(anthracene) cobaltate 18 including m-ligand exchange with an olefinic substrate and subsequent hydrogenation

after addition of dihydrogen.
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1.1.2 Heterogeneous Cobalt Catalysts for Hydrogenation Reactions

As mentioned above, the most common catalysts for the Fischer-Tropsch process are based on
cobalt. Besides, several other cobalt (containing) catalysts were applied to the hydrogenation
of carbon monoxide or nitriles already decades ago.l? Nevertheless, the development of
heterogeneous cobalt-based hydrogenation catalysts progressed relatively slowly. In 1955,
Pruett patented storable nickel and cobalt hydrogenation catalysts produced under reductive
conditions from the corresponding metallocenes. In contrast to the previously known Raney
nickel or cobalt catalysts, these finely divided metal catalysts were not pyrophoric and more
stable.!3! However, detailed information about the behavior in hydrogenation reactions were
only given for nickel, probably because this species was significantly more active. Different levels
of activity of Raney cobalt and nickel catalysts for the same reaction type were also reported by
other groups.¥ In 1970, Tanaka and co-workers reported on the hydrogenation of ethylene
over cobalt oxides including mechanistic studies and a discussion of probable reaction
mechanisms.%% Finke and co-workers investigated the formation and structure of Ziegler-type
cobalt and nickel nanoclusters made from Co(neodecanoate), or Ni(2-ethylhexanoate), and
triethylaluminum and applied them to cyclohexene hydrogenation.’®! In many of these cases,

the structure and exact composition of the catalyst was unknown or ill-defined.

One of the first examples for a well-defined heterogeneous cobalt hydrogenation catalyst was
introduced by Chung and co-workers in 2002.14”? To combine the benefits of nanoparticulate
catalysts with the ones of conventional heterogeneous catalysts, cobalt nanoparticles were
immobilized on charcoal. The resulting bifunctional catalyst was used to combine hydrogenation
and the Pauson-Khand reaction in a one-pot synthesis. The catalyst can easily be recovered and

reused several times and is storable in the air for several months without any loss of activity.

The idea of immobilization of catalytically active compounds on support materials was adapted
by Beller and co-workers, who developed the first non-noble catalyst for nitroarene reduction
in 2013.1%1 By adsorption of a molecular cobalt phenanthroline complex onto a carbon support
and subsequent pyrolysis, they synthesized a cobalt oxide catalyst (Scheme 1.2, vide infra) that
is reusable for several times while it is tolerating numerous of other functional groups. Following
a similar procedure the same group synthesized N-graphene-modified cobalt nanoparticles on

alumina for the selective catalytic hydrogenation of heteroarenes.

A range of catalytic systems for the hydrogenation of different functional groups could be
obtained until now using the concept of pyrolysis of cobalt precursors in the presence of a

support material. Li and co-workers introduced a novel catalyst system for transfer




CHAPTER 1 — COBALT IN HOMOGENEOUS AND HETEROGENEOUS HYDROGENATION CATALYSIS

adsorption
o Ar
carbon 800 DC’ 2h
support

2(0Ac)”

Scheme 1.2 Synthesis of the first non-noble catalyst for nitroarene reduction by Beller and schematic

representation of the active cobalt oxide N/C catalyst.[4®!

hydrogenation reactions of unsaturated bonds, including aldehydes, ketones, nitro-compounds,
imines, and alkenes in 2015.5% A Co-containing metal-organic framework (= MOF) was used as
a sacrificial template in the synthesis of a catalyst for transfer hydrogenations. With isopropanol
as a hydrogen donating solvent, the resulting cobalt nano-composite catalyst proved to be highly
active and selective. Moreover, no base additives are required and the catalyst is magnetically

separable and reusable.

One year later, Wang and co-workers encapsulated cobalt nanoparticles in N-doped graphene
layers by pyrolysis of cobalt acetate in the presence of melamine and D-glucosamine
hydrochloride (= GAH).5* The arising heterogeneous catalyst demonstrated an excellent
catalytic activity for the chemoselective hydrogenation of N-heteroarenes and a high stability of
the incorporated nanoparticles. Thermal decomposition of Co(NOs), -6 H,O under similar
conditions results in an insitu formation of Co°/Co;0,@N-doped carbon nanotube
(CoOx@NCNT) hybrids which feature excellent catalytic performance for the hydrogenation of
substituted nitroarenes.5? A perfect chemoselectivity for nitro groups was achieved remaining
nitrile, aldehyde, keto, amide, and alkene groups unaffected. These remarkable results made
this catalyst superior over most noble metal catalysts, which often must be modified to improve

chemoselectivity, mostly at the cost of activity.

Catalysts with a similar selectivity for substituted nitroarenes were also reported by Yuan and
Kempe.53! While Yuan used Co/CoO nanoparticles coated with graphene for the catalytic
hydrogenation, Kempe used silicon carbon nitride as support material. Both catalyst systems are
highly selective for nitroarene reduction with an extraordinary tolerance towards
hydrogenation-sensitive functional groups. In addition, Kempe reported the direct synthesis of
imines (Scheme 1.3a) and benzimidazoles (Scheme 1.3b) by reaction of the hydrogenation

products with aldehydes or ketones with a base-metal catalyst.
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Scheme 1.3 First base-metal-catalyzed direct synthesis of a) imines and b) benzimidazoles from nitroarenes and

aldehydes (a and b) or ketones (a) according to Kempe and co-workers.

Beller introduced another cobalt catalyst (supported on a-Al,0;) that shows impressive
selectivity toward the hydrogenation of nitriles, aldehydes, and ketones, even in the presence
of C=C bonds and features a wide functional group tolerance.’5* There are some more reports
by Beller and his co-workers about heterogeneous cobalt-catalyzed (transfer) hydrogenation
reactions, all of them including similar catalyst systems synthesized by pyrolysis of a cobalt
precursor mostly in the presence of a support material.®5! Recently, they also reported on a
general direct synthesis (more than 140 examples) of primary, secondary, and tertiary amines
by coupling of carbonyl compounds with ammonia, amines, or nitro compounds in the presence
of molecular hydrogen (Scheme 1.4a and b). The scalable reaction is catalyzed by graphitic-shell
encapsulated cobalt nanoparticles and was performed in up to 50-gram scale for amphetamine
(Scheme 1.4c) and related compounds. Besides, a series of known pharmaceutical products

were synthesized to demonstrate the industrial applicability of this system. 56!

a)
0 NH;
1]]\ . NHs Cocat. (3.5 mol%)_; 85 examples
R H/R 40 bar HZ- 120 °C H1 H2 77-92% isolated yleld
'BuOH or thf, 24h
H
b) NO, N._R*
m@ . 2
o Co cat. (3.5 mol%) 2 5 37 examples
H * H3JILH!H"‘ T, > ﬁ* 80-92% isolated yield
ar Ha, 5 4
o m e 'BUOH, 24h R gt
y R
RS
c)

0 Co cat. (3.5 mol%) NH amphetamine
+ NHz - 92% yield
40 bar Hp, 120 °C 50-g scale
thf
Scheme 1.4  Direct synthesis of a)primary amines from aldehydes and ketones by reductive amination,

b) secondary and tertiary amines by reductive alkylation of nitroarenes or amines with carbonyl compounds, and

c) amphetamine in a 50-g scale reaction.
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Scheme 1.5 a) Z-selective semi-hydrogenation of alkynes with an in situ formed cobalt catalyst by Liu, and b) the
simple synthetic protocol for a heterogeneous olefin stabilized cobalt catalyst for the hydrogenation of alkenes,

carbonyls, imines, and heteroarenes.

Although the majority of recent publications about heterogeneous cobalt-catalyzed
hydrogenations deals with polar substrates there are also some reports about the
hydrogenation of C=C bonds.5” 58 The selective semi-hydrogenation of internal and terminal
alkynes was achieved with a Co@N-doped graphite catalyst again by Beller and co-workers. The
catalyst is synthesized by pyrolysis of cobalt acetate in the presence of 1,10-phenanthroline and
a silica support.[59! Up to 93% selectivity for the Z-isomer was reached in the case of internal
alkynes. Even a higher selectivity for the same isomer of a variety of substrates were reported
by Zhang and co-workers, who used an ill-defined heterogeneous catalyst formed in situ upon
the reduction of cobalt acetate with NaBH, in the presence of the readily available
ethylenediamine as an additive (Scheme 1.5a).°°! Jacobi von Wangelin and co-workers
developed a simple protocol for the hydrogenation of alkenes and polar unsaturated bonds
under mild conditions. The nanoparticulate catalyst is generated in situ from CoBr, by reduction
with LiEt;BH in the presence of an olefin, i.e. the substrate itself in most cases, or anthracene
(Scheme 1.5b). These m-hydrocarbons prevent aggregation of the particles.® The
hydrogenation of more than 50 terminal and internal alkenes in water with a biowaste-derived
catalyst was reported by Beller and co-workers, very recently.’5" The recyclable and reusable
catalyst is easily prepared from Co(OAc), - 4H,0 and chitosan by pyrolysis, and — besides its

stability toward air and moisture for months — features a broad functional group tolerance.

1.2 Distinction between Homogeneous and Heterogeneous Catalysis

All these examples show that there has been great success so far in the quest for new active and
practical cobalt-based hydrogenation catalysts especially in the last two decades. For further
progress in catalyst synthesis, a detailed understanding of the operational mechanism is

necessary. While a homogeneous catalyst is characterized by a single active site and mostly is in
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Figure 1.5 Correlation between catalyst solubility and number of active sites (top) and main advantages of homo-

and heterogeneous catalysts (bottom).

the same phase as the substrate (e.g. molecular catalyst in solution), its heterogeneous
counterpart has multiple active sites and, normally, it is not in the same phase as the substrate
(Figure 1.5 top).'*? In general, both types of catalysts have their advantages. Molecular catalysts
often operate under mild reaction conditions and offer higher regio-, chemo- and
enantioselectivity as well as facile catalyst tuning by rational ligand design. By contrast, the main
advantages of classical heterogeneous catalysts are their stability, recyclability, and a facile
catalyst separation (Figure 1.5 bottom).3! Hence, most industrial refinery processes use
heterogeneous catalysts, while homogeneous catalysis is mainly applied for the synthesis of fine
chemicals and pharmaceuticals. However, mechanistic analyses are often more conveniently
performed and more insightful with molecular catalysts than with heterogeneous catalyst
materials.[®¥ Notably, metal clusters and nanoparticles (Figure 1.5, top) are in between the two

fields and combine their respective advantages.!®s!

Since the differentiation between homo- and heterogeneous is often complicated and in many
cases not unambiguous, various methods and techniques may be useful to distinguish between
homogeneous and heterogeneous reaction pathways.!®® 671 Mostly, several of these tests must
be applied independently to get reliable results. The most important approaches are

summarized below.
1.2.1 Spectroscopic Methods

Spectroscopy can be used to detect and identify metal particles. Transmission electron
microscopy (= TEM) and dynamic light scattering (DLS) can prove particle formation from

solutions of a molecular precatalyst.'® 67! While TEM can only be applied post operando to the

13



CHAPTER 1 — COBALT IN HOMOGENEOUS AND HETEROGENEOUS HYDROGENATION CATALYSIS

evaporated residues of the reaction mixture, DLS can be used insitu to test for particle
formation from catalyst solutions and to determine their mean radius. However, both methods
must be used in combination with other techniques because of three reasons: 1) a negative
result does not conclusively rule out the presence of (undetected) particles, 2) the detection of
particles does not necessarily confirm that they are catalytically active, and 3) there is also the
possibility of false positive findings in the case of DLS, resulting from the presence of other
particles in solution (such as dust particles), and in the case of TEM resulting from particle

formation/decomposition upon evaporation of the sample.

X-ray spectroscopic methods such as small angle X-ray scattering (SAXS) or extended X-ray
absorption fine structure (EXAFS) were also applied to detect particles or to investigate the
presence of metal-ligand and/or metal-metal bonds (the latter are present in metal particles).!®”
Moreover, single-crystal X-ray studies are helpful to characterize isolated molecular reaction

intermediates.

Nuclear magnetic resonance spectroscopy (NMR) is a powerful in operando tool for mechanistic
investigations.[®® This technique enables insitu monitoring of incidents like substrate
consumption, product formation, substrate coordination or ligand dissociation.®® 970
Furthermore, as it can be used to characterize reaction intermediates it is extensively used in
homogeneous catalysis. The biggest handicap of this method is that catalytically active species

can be NMR silent or paramagnetic.
1.2.2 Reaction Progress Analysis

The observation of a sigmoidal shaped curve of the reaction profile of a catalytic reaction

(Figure 1.6, red) is strong evidence for a heterogeneous mechanism.®®7% The induction period

A
3
o
2
=
©
: . . .
3 induction period
a hint for heterogeneous catalyst
/ (e.g. particle formation)
0--
4 >
0 time [min]
Figure 1.6 Reaction profiles with a sigmoidal curve hinting at heterogeneous catalyst (red) and a constant initial

rate suggesting a homogeneous mechanism (blue).
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of this curve can be explained by the conversion of a precatalyst to another, catalytically active
species under reaction conditions. A homogeneous catalyst should in general initiate a linear
product formation or substrate consumption, respectively, right at the beginning of the time
scale (Figure 1.6, blue). However, the absence of a sigmoidal curve is not a strict proof for a
homogeneous nature of the operating catalyst.®® 7% If a heterogeneous catalyst is already

completely preformed before the addition of substrate, an induction period is not expected.
1.2.3 Catalyst Poisoning

Poisoning tests are another in operando technique and allow an immediate monitoring how the
activity of a catalyst is affected.[®® 67 Mercury poisoning is a very common test for heterogeneity
for about 100 years.[®®! Addition of a large excess of mercury to the reaction mixture leads to
amalgamation or chemical adsorption on the metal catalyst and, thus, to a suppression of the
activity.'® This method is well explored for the platinum group metals, but not universally
applicable for 3d metals. There are reports about effective nickel and cobalt catalyst
poisoning,”" but also about nanoparticulate iron catalysts, which (completely) tolerate the
poisoning.? In general, the solubility of most of the 3d metals in mercury is very poor.”3! In
addition, in some cases an interaction of a molecular species with mercury can also lead to
catalyst decomposition. Hence, this test should only be used with caution and in combination

with other poisoning tests.

(Sub)-stoichiometric poisoning tests can be carried out with a whole range of coordinating
reagents like phosphines, thiols, amines, or alcohols; very common agents are CO, CS,,
1,10-phenanthroline, PPhs, and thiophene (Figure 1.7).15% The principle of this method is that
the poison strongly binds to a metal center, no matter if it is a molecular one or not. Once
coordinated, the poisoning reagent blocks the active site and inhibits further reactions of the
catalyst. For heterogeneous catalysts a complete inhibition can be achieved with sub-
stoichiometric amounts of poison with respect to the number of metal atoms (Figure 1.7, red),
because only a small amount of them is located on the surface of the catalyst and serves as
active sites. With this method, one can also estimate the number of metal atoms on the surface
by calculating the amount of poison that is needed to gain complete inhibition. For
homogeneous catalysts, usually at least one equivalent of the poisoning agent is needed to
reach complete inhibition because every metal atom is an active site and, depending on the

catalyst, at least one equivalent of poisoning reagent is needed to block all coordination sites.

A special poisoning reagent is [g,e]-dibenzocyclooctatetraene (dct, Figure 1.7). This molecule
was introduced by Crabtree and co-workers as a selective poison for homogeneous

catalysts.[®®74] The dct molecule strongly binds to molecular catalysts, but not to metal
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Figure 1.7 Left: Reaction profile of a catalytic reaction: i) without poisoning (black), ii) with ineffective poisoning

(blue), and iii) completely inhibited after addition of the poisoning reagent. Right: selected catalyst poisoning

reagents.

surfaces. Therefore, an inhibition of a hydrogenation reaction by dct is strong evidence for a
homogeneous mechanism and complements the mercury test. It should be noted that dct was
mainly tested for group VIII metals so far. Furthermore, the demanding, multi-step synthesis

route is a drawback of this reagent.[”s!
1.2.4 Stoichiometric Reactions

For a better understanding of a homogeneous, molecular catalyst, it is important to characterize
reactive intermediates.%® If such a species was detected by NMR or other techniques, its
isolation for further investigations should be focused. Such a fully characterized intermediate,
which has incorporated a substrate instead of its former ligand for example, can be an important
building block for a postulated mechanism. Furthermore, the synthesis of compounds formed
by stoichiometric reaction of a molecular catalyst with a catalyst poison like PPh; or dct might
be revealing for additional examinations. If the isolation and characterization of such a reaction
product succeeds, its behavior under reaction conditions can be further investigated. In activity
studies, for example, a designated intermediate of the catalytic cycle should also show some
catalytic activity. In contrast, the isolated product of the reaction of a molecular catalyst with a
catalyst poison is not expected to show any reactivity. Especially with regard to application or

tuning of catalytic properties such knowledge is essential.
1.2.5 Filtration Experiments

A comparison of the activity of a filtered reaction solution and an untreated one can give further
insight. A bulk metal catalyst is adsorbed on a high-surface filter aid like Celite or powdered
graphite. Afterwards the remaining catalytic activity of the filtrate and of the solid residue can

be compared. If both media feature catalytic activity, this indicates that both a homogeneous
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besides a heterogeneous catalyst is operational. Ideally, this method allows a determination of
a relative contribution of the two mechanistic pathways. If a homogeneous catalyst is assumed,
filtration through a small-pore membrane filter can be implemented for the separation. There
are some drawbacks of this test, for example, control experiments with authentic homogeneous
and heterogeneous catalyst systems are necessary. Moreover, a formation of catalytically active

heterogeneous species from a molecular catalyst after contact with the filter aid is possible.®®
1.2.6  Summary

A detailed understanding of mechanistic processes is necessary for the development of effective
homogeneous and heterogeneous catalysts. Since many modern catalysts (e.g. metal clusters or
nanoparticles) are blurring the borders between homogeneous and heterogeneous catalysis,
the differentiation is often a challenging task. Therefore, several methods were established to
discriminate the two general catalytic pathways. Figure 1.8 gives a brief overview of the various
methods that can be used. It is most important to note that none of these methods is reliable
and definitive by itself, yet it is essential to combine as many of these techniques as possible. As
stated by J. Widegreen and R. Finke: “the identity of the true catalyst must be consistent with all

the data”.1%%!

spectroscopic measurements

transmission electron microscopy (TEM),
dynamic light scattering (DLS),

nuclear magnetic resonance spectroscopy (NMR)
X-ray methods

catalyst poisoning catalytically active species stoichiometric reactions

Hg(0) poisoning, et isolation of reaction intermediates,
stoichiometric tests ﬂ or ? reactivity and characterization
L

(phosphanes, dct,...) (TEM, NMR, X-Ray,...)

rc_'-.-actipn progress analysis filtration experiments
jslgmo!dai curve, filter aid (Celite, graphite,...),
induction period small-pore membrane filter

— e

“identity of the true catalyst must be consistent with all data“

Figure 1.8 Overview about some different methods and techniques for the determination between

homogeneous and heterogeneous transition metal catalysis.
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2 ALKENE COBALTATES AS HYDROGENATION CATALYSTS

PHILIPP BUSCHELBERGER, DOMINIK GARTNER,
EFRAIN REYES-RODRIGUEZ, FRIEDRICH KREYENSCHMIDT,

KONRAD KoszINOWsKI, AXEL JACOBI VON WANGELIN, AND ROBERT WOLF

\abile n-\igands )

formal source ot GO
nydrogenation

catalysts

A series of six alkene and arene cobaltates were prepared and studied as pre-catalysts in
hydrogenation reactions. Excellent catalytic activities in olefin hydrogenations were observed.
The catalyst activation mechanism by redox-neutral n-ligand exchange was monitored by NMR
and ESI-MS experiments. With carbonyl substrates, catalyst species of higher oxidation states

are likely formed by SET and deprotonation reactions.

[1] Adapted from: P. Biischelberger, D. Gartner, E. Reyes-Rodriguez, F. Kreyenschmidt, K. Koszinowski, A. Jacobi von
Wangelin, R. Wolf, Chem. Eur. J., 2017, 23, 3139-3151.

[l] For initial investigations on arene cobalt and iron pre-catalysts, see: D. Gartner, A. Welther, B. R. Rad, R. Wolf, A.
Jacobi von Wangelin, Angew. Chem. Int. Ed. 2014, 53, 3722—3726.

[l1] P. Buschelberger synthesized and characterized the precatalysts (Scheme 2.2, Figures 2.2 —2.4, Table S1),
performed the NMR studies (Figures2.7, 2.8 &2.13), some of the mechanistic and catalytic reactions
(Tables 2.2 — 2.4, Figures 2.9 & 2.11), and wrote the manuscript with contributions of all authors. E. Reyes-Rodriguez
performed the investigation of radical side reactions (Scheme 2.4). D. Gartner initially performed catalytic reactions
(Tables 2.1 & 2.5, Figures 2.6,2.10 & 2.12), and he contributed to the isolation of hydrogenation products
(Tables 2.2 —2.4). The ESI-MS analysis (Figures 2.14, S1 &S2) was performed by F.Kreyenschmidt and
P. Biischelberger under the supervision of K. Koszinowsky.
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2.1 Introduction

Metal-catalyzed hydrogenations are among the largest technical processes and constitute key
operations in numerous chemical syntheses.[! Over the past decades, the use of highly active
platinum group metal catalysts has grown to maturity which enabled efficient hydrogenations
of unsaturated C=C and C=X bonds.”? Apart from nickel,3 3d transition metal catalysts have
received much less attention despite their higher abundance and often lower toxicity.! The
emphasis on stringent economic and environmental criteria has placed the development of
sustainable hydrogenation methods with base-metal catalysts into the limelight of current
research activities.s! Great progress was only recently made with the development of low-valent
iron group metal catalysts (Fe, Co, Ni) for olefin hydrogenations under very mild reaction
conditions. Special ligand architectures allowed the stabilization of the catalytically active
species in low oxidation states. Budzelaar and coworkers reported the first application of
(pyridyldiimine)cobalt catalysts to hydrogenations of mono- and disubstituted olefins
(Figure 2.1, left).! Significantly, Chirik and coworkers introduced new catalyst derivatives and
expanded the scope to include bulky alkenes; they were also able to hydrogenate geminal-
disubstituted olefins enantioselectively (Figure 2.1, left).”? Hanson and coworkers reported
PNP-pincer cobalt complexes to be active in the hydrogenation of alkenes, aldehydes, ketones,
and imines and to undergo transfer hydrogenations (Figure 2.1, middle left).”®! Iron and cobalt
complexes bearing bis(phosphine) ligands were also used for (asymmetric) alkene
hydrogenation (Figure 2.1, middle right), while a catalyst with a tridentate tris(phosphane)

(= triphos) ligand was shown to reduce esters and carboxylic acids.! !

To date there are many more examples especially for PNP-pincer complexes which show
impressive catalytic activities.[**) Recently, the groups of Kempe and Kirchner used PNP-pincer
cobalt and iron complexes for selective hydrogenations of polar bonds with high tolerance of
other unsaturated bonds.*? Moreover, effective cobalt catalysts based on NNP-, PBP-, and CCC-

pincers have been reported.[*? 14 15]

(thi G |
= H 7 BAF, & this work: -
I I : 4 m Q%
N N gt
| | | | R2P\ /PRZ Co
R/N---..._,.nlu,_,....-- N.\R CYQP—-....CO..--'PCYz M .
R SiMes Me3Si—/ "—SiMe;; ) )
labile n-hydrocarbon ligands
- synthetic equivalent of Co”
Budzelaar 2005 (M = Co) Hanson 2012 Chirik 2013 (M = Co) iailln-axchancawillz-eubatraias
Chirik 2012 (M = Fe) Chirik 2014 (M = Fe) g 3
\_ olefin hydrogenation catalysis ? )
Figure 2.1 Earlier established cobalt- and iron-based hydrogenation catalysts (on the left) and the design concept

of simple alkene metalate pre-catalysts (box).
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CHAPTER 2 — COBALTATES AS HYDROGENATION CATALYSTS

Arenes are one of the most abundant and versatile classes of unsaturated organic compounds
and also entertain a rich coordination chemistry with low-valent transition metals.*® 7 Our
groups recently initiated a research program aiming at the development of metalate catalysts
that bear simple and cheap arenes as stabilizing ligand motifs (Figure 2.1, box).*®¥! Initial
experiments focused on the homoleptic bis(anthracene) cobaltate 1 and -ferrate A originally
reported by Ellis and coworkers.*® 9 The closed-shell 18-electron complex 1 constitute an

isolable representative of a homogeneous Co™ source.*7)

The bis(anthracene) metalates 1 and A exhibited good activity in hydrogenations of various
alkenes under mild conditions; cobaltate 1 was also active in catalytic hydrogenations of alkynes,
ketones, and imines.[*®! Based on our preliminary mechanistic investigations with this pre-
catalyst, we postulated a new catalytic approach to hydrogenation reactions which involves (i)
the facile synthetic access to a variety of modular catalyst compositions from simple starting
materials (alkene/arene, metal salt, reductant), (ii) the presence of highly reduced, anionic
cobalt species, providing sufficient reducing power for the key H, activation, (iii) the presence of
a cheap hydrocarbon ligand that can be easily replaced with the structurally very similar
substrates of olefin hydrogenations. The exchange of the labile n-ligands with the substrates is
redox-neutral, requires only little structural reorganization, and can in principle be traceless, if
the ligands undergo complete hydrogenation themselves under the reaction conditions

(Scheme 2.1).

In an effort to explore the scope of this new mechanistic paradigm further, we prepared a series
of mono-anionic alkene/arene metalates and studied their catalytic activity in alkene
hydrogenations. Because of the superior catalytic activity of 1 over A and the better possibility
of spectroscopic examination we focused on different cobaltate complexes. Here, we give a full

account of these catalytic studies and describe the results of reaction monitoring and poisoning

H2
o @ R "
9 e -
= = L c;c,1
% v e " L = n-acceptor
Co C° = (arene, alkene)
= [ R
5= s :
1 GGG observed
in ESI-MS AN peH
L I I
pre-catalyst activation catalytic reaction

Scheme 2.1 Catalytic concept: Activation of arene cobaltate pre-catalysts by n-ligand exchange with olefinic

substrates followed by hydrogenation reaction in presence of an excess of substrate and dihydrogen.
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CHAPTER 2 — COBALTATES AS HYDROGENATION CATALYSTS

experiments designed to reveal the catalyst activation step and the homogeneous or

heterogeneous nature of the catalytically active species.
2.2 Results and Discussion

2.2.1 Pre-Catalyst Syntheses

[K(dme).][Co(Ci4H10)2] 1 (Ci4H10 = anthracene) was prepared in good yields according to the
method by Ellis and coworkers by reduction of the cobalt dibromide with potassium in the
presence of anthracene (Scheme 2.2a).'%2%21 |n 3 similar manner, treatment of the in situ
prepared [Co(CyoHs).]™ (Ci0Hs = naphthalene) with one equivalent of 1,5-cyclooctadiene (= cod)
gave the heteroleptic complex [K([18]crown-6)][Co(C1oHs)(cod)] (2) (Scheme 2.2¢).2¥ Following
a protocol of Jonas and coworkers, we synthesized the homoleptic [K(thf),.][Co(cod).] (3) by
reduction of cobaltocene with a slight excess of potassium in the presence of 3 equiv. of cod in
THF (Scheme 2.2b).2? Upon ligand exchange of 2 or 3 with styrene, we succeeded in the first
preparation of the heteroleptic complex [K([18]crown-6)][Co(cod)(styrene).] (4), which
constitutes a potential intermediate of styrene hydrogenations with cobaltate pre-catalysts

(Figure 2.2).

Reaction of [K([18]crown-6)][Co(CicHs)(cod)] (2) with 2.2 equiv. of styrene in THF at room
temperature gave the bis(styrene) complex 4 in 61% vyield (Figure 2.2, top). The analogous
reaction of [K(thf),.][Co(cod),] (3) with styrene in THF at room temperature required a large
excess of styrene (30 equiv.) and addition of [18]crown-6 to allow the isolation of the pure
bis(styrene) complex 4 in 70% crystalline yield. Isolation of a solid product was not possible in

the absence of the crown ether. The formation of a putative homoleptic complex [Co(styrene),]”

a) > B b) FiF
(= e
3 K(Cq4H10) exc. K/cod [
CoBr, —— Co Cp,Co ——mm Co
dme thf IS
5=/ )
[K(dme)2]" [K(thf) 2]
1 3
o E=k el !
3 K(CroHe) cod N F
CoBr; d—} Co T" Co
me Ly
| [K(soN)* [K([18]crown-6)]*
2

Scheme 2.2 Syntheses of cobaltate pre-catalysts according to literature procedures: a) [K(dme),][Co(Ci4H10)2] 1,
b) [K(thf)o..][Co(cod),] 2, and c) [K([18]crown-6)][Co(CioHs)(cod)] (2).[%- 2°]
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Figure 2.2 Synthesis (top), molecular structure (ellipsoids are at the 50% probability level; H atoms are omitted

for clarity; middle), and *H NMR spectrum (300.13 MHz, 300 K, THF-ds: #; bottom) of 4 and its second isomer.

was not observed. Complex 4 crystallized as bright orange blocks from a THF solution layered
with n-hexane and was characterized by single crystal X-ray diffraction (Figure 2.2, middle), NMR
spectroscopy, and elemental analysis. The compound is very air-sensitive. Exposure of solid 4 to
the air is followed by immediate decomposition to a dark brown solid. A dark precipitate is

formed in solution upon contact with air or moisture.

In the molecular structure of 4, the coordination environment of the cobalt atom is distorted
tetrahedral with a twist angle of 56.3°, which is somewhat smaller than the one for
[K([2,2,2]cryptand)][Co(n?-cod).] (67.3°) reported by Ellis.*9! The bite angle of the cod ligand is
90.0(3)°, and the angle between the two styrene ligands and Co is 104.3(3)°. The average C=C
bond length of the styrene ligands is 1.423(1) A, which is 0.08 A longer than the value of free
styrene.3 The *H NMR spectrum of 4 (THF-ds) shows two sets of signals with different

intensities, which indicates the presence of a major and a minor isomer in solution (Figure 2.2,
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bottom). These isomers likely arise from species with differing relative orientations of the phenyl
rings, but the same overall composition.’?* According to *H NMR integration, the ratio between

the main and the minor isomer is 4:1.

Similar to the preparation of 4, [K([18]crown-6)][Co(cod)(dct)] (5), containing the rigid,
non-planar, tub-like diene ligand dibenzo[a,e]cyclooctatetraene (= dct),!?> 2! was synthesized by
adding 1 equiv. of dct to 2 in THF at room temperature (Figure 2.3, top). Ligand exchange is
incomplete, thus, 5 could not be obtained as a pure compound. Various samples were
contaminated with a minimum of 18% of [K([18]crown-6)][Co(dct),], even after several
recrystallizations. X-ray quality crystals of yellow-orange 5 were obtained from a THF solution
layered with diethyl ether. The crystallographically determined molecular structure (Figure 2.3,
top left) is similar to that of 4 and of [K([2,2,2]cryptand)][Co(cod),].l*®! Cobalt has a distorted
tetrahedral coordination environment with a twist angle of 59.0°. The average C=C bond length
(1.419 A) of the coordinated dct molecules is very similar to the value found for cod in

[K([2,2,2]cryptand)][Co(cod),].* The *H NMR spectrum of the isolated product mixture

& ) "|" -'l-
; | WP e + dct <]
L3 ‘.' - C10H8 \ ,"
- G —— G
: X thf, r.t., =
; X | A overnight @ "'
' “\? [K([18]crown-6)]*
2 [K([18]crown-6)]*
Cod € 5
_ 46%

C

. .

.

Ll T T T T T T

T T
3.00 2.85 2.70 2.55 2.40 2.25 ppm

i #
*
r T T T T T T T T 1 6% + Tx
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*
) \

EES @ |lsls [

ol [-] | = ™ L
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Figure 2.3 Synthesis (top right), molecular structure (ellipsoids are at the 50% probability level; H atoms are

omitted for clarity; top left), and *H NMR spectrum (300.13 MHz, 300 K, THF-ds: #; bottom) of the heteroleptic

compound 5 and its homoleptic impurity.
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recorded in THF-ds corroborates the composition of 5. The spectrum clearly shows one set of
signals assigned to 5 with the expected broad multiplets for dct and cod ligands in a 1:1 ratio,
including the typical AA'BB' spin system arising from the arene protons of dct (multiplets at 6.45
and 6.32 ppm). In addition, a second set of minor signals can be assigned to

[K([18]crown-6)][Co(dct).].

Treatment of [K(thf),.][Co(cod),] (3) with dct (1.2 equiv.) resulted in a mixture of unreacted 3,
the mono-substitution product [K(solv)][Co(cod)(dct)], and homoleptic [K(thf),][Co(dct),] (6).
The formation of such a mixture is probably due to ligand exchange equilibria, which need to be
considered when using dct as a catalyst poison (vide infra).?®! The desired homoleptic complex
6 was cleanly produced by reacting [K(dme),][Co(anthracene),] (1) with two equivalents of dct
in THF solution at room temperature (Figure 2.4, top) and was isolated in 19% yield by

recrystallization from THF/n-hexane. The relatively low yield is explained by the need for several

S Q)

+ 2 dct —
-2 CqqH1o L
Co - G
D thf, r.t., =\ %
Ge overnight O ""
&
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#
' 6.60 6.5 6.50 6.45 ppmI
—x_
th th
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/
S :
7.0 ] 6.0 5.0 4.0 3.0 2.0 1.0 ppm
Figure 2.4 Synthesis (top left), molecular structure (ellipsoids are at the 50% probability level; H atoms are

omitted for clarity, top right), and *H NMR spectrum (400.13 MHz, 300 K, THF-ds: #; bottom) of 6. ! yield of isolated

compound obtained in the presence of styrene (2 equiv.).
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recrystallizations in order to remove free anthracene and dct. It seems noteworthy that the yield
of 6 considerably increased when styrene (2 equiv.) was added to the reaction mixture. In this
case, pure 6 was isolated in 62% yield after only one crystallization step from the clear orange
reaction solution. The higher yield in this case might be due to the formation of an intermediary

styrene complex such as 4, which is subsequently converted to 6 by reaction with dct.

Orange blocks of 6 suitable for X-ray crystallography were obtained from THF/Et,0. Single-
crystal X-ray analysis revealed an ion-contact structure (Figure 2.4, top right) where the
coordination environment of cobalt is overall similar to that in [K([2,2,2]cryptand)][Co(cod),].[*!
The twist angle of 55.0(1)° is significantly smaller than for the former compound (67.3°). One set
of dct signals is observed in the *H NMR spectrum of 6 in THF-ds, consistent with the homoleptic

structure of the complex (Figure 2.4 ,bottom).
2.2.2 Catalytic Hydrogenations

Our preliminary study of catalytic hydrogenations with 1 mol% of the potassium bis(anthracene)
metalates(1-) 1 and A revealed superior activity of the cobaltate 1 (Table 2.1).[® Various a-, B-,
and ring-substituted styrenes were hydrogenated in excellent yields in toluene solution at 2 bar
dihydrogen pressure and room temperature in a stainless steel Parr™ reactor (Figure 2.5). The
conversion of terminal, internal, di- and tri-substituted aliphatic alkenes and alkynes required a
higher catalyst loading as well as elevated pressure and temperature (5 mol%, 10 bar H,, 60 °C).
The 17-valence electron pre-catalyst A exhibited good activity only with unbiased styrenes and
1-alkenes but fared much poorer with deactivated olefins (EDG-substituted styrenes, internal
alkenes). Rapid deactivation and unwanted side reactions were observed when the substrate
contained ester and free amino groups. No significant effect of the crown ether coordinated to

the potassium counterion on the catalytic activity was observed.

Figure 2.5 Parallelized hydrogenation setup in Parr™ pressure reactors.
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Table 2.1 Hydrogenation of alkenes with bis(anthracene) complexes 1 and A. Standard conditions: 0.5 mmol
substrate in 2 mL toluene; yields of hydrogenation products determined by quantitative GC vs. internal reference
n-pentadecane.

2 bar Hy, 20 °C, 3 h, toluene

R? 1 mol% 1 or A .
3 o 1 H
RH%,R > RR‘z}\r
R3

Entry Substrate R 1 A
1 H 95 89
2 4-F 100 100
3 N 4-CO;Me 89 2
4 Z 2-OMe 95 50
5 3-Me 96 27
6 4-NH, 27 0
7 OO e OMe 978 58
8 R OAc 69 -
9 R Me 100! -
10 : \ Ph 100 -
11 Me 100 -

\ A 00
13 CO,Me 76! -
14 n=8 88[Crd] 73[C,d]

15 n=12 92[Crd] 72[C,d]

/*9’\
n
16 NN 92! -

17 100 -

O_~Ph
19 /@' 799 <sM

20 Ph—=—Ph 99“fl < sleel

lal 2 par. Pl 6o °C, 2 bar, 24 h. 15 mol% cat., 60 °C, 10 bar, 24 h. [9< 8% 2-alkene.
el 80 °C. M bibenzyl. [ (E)-stilbene.
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Table 2.2

Hydrogenation of alkenes with pre-catalysts 1-6. Standard conditions: substrate (0.5 mmol) in THF

(2 mL); yields of hydrogenation products were determined by quantitative GC-FID versus internal reference

n-pentadecane and are given in percent. In parentheses: yields of alkene isomerization products.

Entry

R

” H
A 5 mol% pre-catalyst - ,I\,H

2 bar Hp, 20 °C, 24 h, THF

pre-catalyst

A
[

R
1 [K(dme)]* Co

0

-

g

.

2 [K([18]crown-6)]* Co

0

O

3 [K(thf)o2]* Co

4 [K(18lcrown-6)]*  Co

Ph Ph

5 [K([18]crown-6)]* Co

6 [K(thf)]"

94 58 (27)

99 93 (0)

93 62 (29)

72 85 (8)

36 71 (24)

0 0 (0)
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We now set out to evaluate the series of monoanionic alkene and arene metalates 1 - 6 as pre-
catalysts in parallelized olefin hydrogenations under identical conditions. Styrene and
1-dodecene were chosen as model substrates (Table 2.2). The standard conditions involved
reaction with 5 mol% pre-catalyst under an atmosphere of 2 bar H, in THF (due to the better
solubiltity of the complexes compared to toluene) at room temperature for 24 h. In general,
styrene was converted in excellent yields with most pre-catalysts except 5 and 6 containing dct
as a ligand. This observation is in accord with the postulate that dct is a competent catalyst
poison for homogeneous low-valent monometal species.’?® The strong coordination of dct, and
to a lesser extent of cod, to the formal Co™ catalytic center slows down ligand exchange with the
substrate styrene. At the same time, dct is not hydrogenated, and the hydrogenation of cod is

slow.

With 1-dodecene, similarly good catalytic hydrogenation activities were observed for the pre-
catalysts 1 - 5 with up to 93% alkene hydrogenation and <29% alkene isomerization. The best
activity and selectivity was determined in the reaction with 2, which resulted in no observable
isomerization to internal alkenes. Again, the bis(dct) cobaltate 6 was catalytically inactive due to
the strong dct coordination to the cobalt center, which renders this complex inert with respect

to ligand substitution and ligand hydrogenation.2®!

From both model reaction series, it became obvious that, despite only small stereoelectronic
differences between the pre-catalysts 1 - 6, the nature of the m-hydrocarbon ligands and the
central metal ion has a strong influence on the overall catalytic activity. Pre-catalysts containing
naphthalene or anthracene exhibited generally higher activity, presumably due to the
reestablishment of aromaticity upon exchange of the polyarene ligand with the better

n-accepting ligands.!*6 29!
2.2.3 Mechanistic Studies

The investigated pre-catalysts 1 and A did not react with dihydrogen at ambient temperature
(J. Young NMR tube experiment, up to 4 bar H,, THF-ds). We therefore believe that the proposed
mechanism of alkene hydrogenation is initiated by the substitution of the labile arene ligand by
the m-substrate followed by reaction of the resulting metal catalyst with dihydrogen
(Scheme 2.1). In preliminary studies with bis(anthracene) cobaltate 1, we monitored this
catalyst activation step by redox-neutral n-ligand exchange in homogeneous phase through
NMR experiments. Figure 2.6 shows the *H NMR spectra of pre-catalyst 1 in THF-ds; the reaction
mixture after the addition of styrene (20 equiv.) to the complex solution at room temperature
(spectrum a), and the reaction mixture after 3 h under 4 bar H, pressure (spectrum b). The

observation of resonances of noncoordinated anthracene in the spectra a and b clearly supports
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Figure 2.6 *H NMR spectroscopy monitoring (THF-dg: #) of styrene hydrogenation with pre-catalyst 1 (dme: 1).

a) 3 h after the addition of styrene (20 equiv.), and b) 3 h after the addition of hydrogen.

the notion of ligand exchange prior to styrene hydrogenation. The signals of ethylbenzene are
apparent in spectrum b. There were no further resonances detected in the high-field section
that would indicate the formation of hydride complexes under a dihydrogen atmosphere. The

observed line broadening is tentatively attributed to the slow formation of cobalt nanoparticles.

We extended the *H NMR monitoring studies to the [Co(cod)(L)]” complexes 2 (L = naphthalene)
and 3 (L = cod). When assuming a pre-catalyst activation by m-ligand exchange of the weakest
ligand with the substrate, both 2 and 3 should funnel through the same catalytic intermediate.
We tested this mechanistic hypothesis by adding 20 equiv. of styrene to THF-ds solutions of 2
and 3, respectively (Figure 2.7 & Figure 2.8). Indeed, the recorded *H NMR spectra showed the
clean formation of the anticipated bis(styrene) cobaltate 4 in both cases alongside resonances
of free naphthalene (from 2) and cod (from 3). This observation strongly supports our
mechanistic proposal. Upon application of an atmosphere of H, to the NMR scale reactions,

clean conversion of the substrate styrene was observed. Furthermore, the rate of substrate
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conversion can be qualitatively assessed from these experiments. The loss of the =@-ligand
styrene upon complete hydrogenation with pre-catalyst 2 after 24h at 2barH, and a
significantly slower conversion of cod (and naphthalene) resulted in the reconstitution of the
original pre-catalyst 2 by naphthalene coordination as indicated by the red color of the reaction
solution. This complex is difficult to detect in the reaction mixture by *H NMR, but its formation
was clearly proven by a separate experiment (Figure 2.9b). The NMR monitoring of the related
3-catalyzed hydrogenation of styrene showed full conversion of the substrate and the ligand cod
after 96 h (Figure 2.8). Likewise, as in the case of 1, the NMR spectroscopy monitoring of

complexes 2 and 3 did not show any high-field signals of hydride species.

We prepared and fully characterized the catalytically active bis(styrene) complex 4 (Figure 2.2,
vide supra), the role of which as a key intermediate in styrene hydrogenations with alkene

cobaltate precatalysts was clear from the NMR spectroscopy experiments discussed above
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Figure 2.7 *H NMR monitoring (THF-dgs: #) of styrene hydrogenation with pre-catalyst 3; a) 1.5 h after the

addition of 20 equiv. of styrene; b) 1.5 h, and c) 24 h after addition of hydrogen; the spectrum of a clean sample of 5

is shown on top.
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Figure 2.8 *H NMR monitoring (THF-ds: #) of styrene hydrogenation with pre-catalyst 4; a) 1.5 h after the

addition of 20 equiv. of styrene; b) 1.5 h, and c) 96 h after addition of hydrogen.

(Figure 2.7 & Figure 2.8). Application of an H, atmosphere (1 bar) to a i) bright orange solution
of solution of 4 in THF-ds effected an ii) immediate formation of a black precipitate, presumably
metallic cobalt, due to the hydrogenative consumption of the m-ligands which stabilize this
cobaltate species. iii) 5 minutes after H, was admitted the whole mixture has changed to a black
suspension. The *H NMR spectrum at this time and GC analyses confirmed the formation of
major amounts of ethylbenzene and cyclooctane and only minor amounts of cyclooctene. iv)
The black precipitate was isolated by decantation of the solvent. With pre-catalyst 2, bearing a
much less reactive naphthalene ligand, sufficiently differing rates of hydrogenation, styrene >
cod >> naphthalene, allowed the reconstitution of the original pre-catalyst by a release-catch
mechanism after the complete hydrogenation of the reactive alkenes (Figure 2.7, top). A similar
outcome was observed in reactions of bis(styrene) complex 4 in the presence of an excess of
naphthalene under 1 bar H, pressure (Figure 2.9b top). The chemoselective conversion of
styrene and inertness of naphthalene under the mild hydrogenation conditions also led to the
formation of the (cod)(naphthalene) cobaltate 2 (Figure 2.9b bottom right), which was isolated

as a dark red solid by evaporation of the volatiles.

Because the abovementioned results do not rule out the operation of a heterogeneous catalytic

pathway as a background reaction,?®! we turned to reaction progress analyses by quantitative
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GC analysis of all reaction components (Figure 2.10). The early reaction phase of the 1-catalyzed
hydrogenation of styrene (<20 min) showed no induction period and no sigmoidal curvature,
which would indicate a nucleation step en route to nanoclusters and nanoparticles. An identical
behavior was observed from the hydrogenation of styrene with 5 mol% of pre-catalyst 3.

Without any detectable induction period, styrene was completely hydrogenated within 45 min

a) ; - ’ ' b) e 2.2 equiv. _
i) i) iii) iv) ' e ——=

' Co Co + 2 ©/\
. =3 1 bar Hp :
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Figure 2.9 a) i) Solution of 4 in THF-ds; ii) formation of a black precipitate is observed immediately after H, was

admitted; iii) 5 minutes later more precipitate is formed and a *H NMR exclusively showed signals for ethylbenzene
and cyclooctane and only minor amounts of cyclooctene; iv) the precipitate can be isolated by decantation.
b) Demonstration of the ligand release-catch concept (top) by conversion of 4 (bottom left) to 2 (bottom right) upon

chemoselective hydrogenation of styrene in the presence of naphthalene.
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Figure 2.10 Reaction progress analysis: 1-catalyzed hydrogenation of styrene under standard conditions without

any detectable induction period. Dashed lines are only visual guides.

38



CHAPTER 2 — COBALTATES AS HYDROGENATION CATALYSTS

at 2 bar H,. The conversion of the ligands cod and naphthalene largely commenced after the

substrate styrene had been entirely converted to ethylbenzene (Figure 2.11).
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Figure 2.11 Reaction progress analysis: 3-catalyzed hydrogenation. Conversions of styrene (a), cod (b), and

naphthalene (c). Dashed lines are only visual guides.
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To gain further information with respect to the homogeneous vs. heterogeneous nature of the
operating catalyst, we performed kinetic poisoning studies with a scavenger reagent that is
selective for mononuclear late transition metal species in low oxidation states:
dibenzo[a,e]cyclooctatetraene (dct).*>2°! Upon addition of only 2 mol% dct to a catalytic
hydrogenation of styrene with 1 mol% 1 after 35 min (~17% conversion), a complete inhibition
of catalyst turnover was observed, which is indicative of a homogeneous mechanism
(Figure 2.12, vide supra). Inhibition of a potential heterogeneous pathway by amalgamation was

not observed.?®

In an extended study, we performed the two model reactions (styrene, 1-dodecene) with the
two most active pre-catalysts 1 and 2 in the presence of scavengers (Hg, PMe; and dct;
Table 2.3). Filtration of the freshly prepared pre-catalyst solution through a PTFE syringe filter
(pore size <0.1 um) prior to the addition of the substrate gave unaltered hydrogenation activity
of pre-catalyst 1. The addition of 300 mol% mercury did only slightly affect the catalyst activity.
However, the formation of amalgams between mercury and 3d transition metals is very slow. 3"
A pronounced reaction inhibition was only observed by addition of dct to the catalytic
hydrogenation with the bis(anthracene) cobaltate pre-catalyst 1. This suggests the formation of
a catalytically inactive homoleptic cobaltate bearing two dct ligands, which is in perfect
agreement with the observation of 0% conversion in alkene hydrogenations with the pre-

catalyst [K(thf),][Co(dct).] (6, see Table 2.2). The rapid formation of 6 from 1 and dct was already

@»/\ 1 mol% 1 H
2 bar H,, THF, 20 °C

addition of dct (2 mol%) or mercury (300 mol%) after 35 min

60 e |
] _._'.....-
T no inhibition with mercury
addition of i
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> 'o' -
20 s il —— Buvcnnennncnnonanen e
o"' —".-
i ,"’,.-"' m poisoning by mercury
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Figure 2.12 Poisoning studies with pre-catalyst 1 by addition of 300 mol% Hg and 2 mol% dct, respectively. Dashed

lines are only visual guides.
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demonstrated (Figure 2.4). Further support comes from *H NMR experiments of a THF solution
of 7 and 20 equiv. of styrene, which showed no substitution of the dct ligands over a course of

1.5 h (Figure 2.13).

The observation of good catalytic activity of a mixture of pre-catalyst 2 and dct in Table 2.3 is a

direct consequence of the presence of the strongly coordinating ligand cod in 2, which

Table 2.3 Poisoning experiments of hydrogenations with arene cobaltate precatalysts 1 and 2. Standard
conditions: substrate (0.5 mmol) in THF (2 mL); yields of hydrogenation products were determined by quantitative

GH-FID versus internal reference n-pentadecane and are given in percent.

5mol% 1or2 H dct:
+ manipulation —
R/?e,_\ H)\/H p
2 bar H, O D
THF, r.t., 24 h
. . R= Ph R= C10H21
Entry Manipulation
1 2 1 2
1 - 94 99 58t 93
2 < 0.1 um filter 91 - 46" -
3 300 mol% Hg 81 75 29! 40
4 1.12 mol% PMe; 69 91 47" 94
5 11 mol% dct 14 81 3l 66
(2 27% isomerization. ! 34% isomerization. ! 6% isomerization. [ 31% isomerization

[K(thf)]* C;(: A*T. Cu [K(solv)J*
’ P Pn

N Y N

L/

7.0 6.0 5.0 4.0 3.0 2.0 1.0 ppm

Figure 2.13 *H NMR spectrum (THF-dg: #) of complex 7, and a) 1.5 h after the addition of 20 equiv. of styrene.
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undergoes little or no substitution with equimolar dct. This results in the exclusive substitution
of the naphthalene ligand of 2 by dct and formation of the heteroleptic cobaltate 5 as the
dominant catalyst species. Our catalytic experiments showed that
[K([18]crown-6)][Co(cod)(dct)] (5) has a good activity in hydrogenations of styrene and

1-dodecene (Table 2.2, vide supra).

Given the anionic nature of the putative catalyst species, we also used negative-ion mode ESI
mass spectrometry for their selective detection and analysis. Under carefully optimized
conditions, this method is well capable of detecting even highly reactive organometallics in
intact form,3Y including low-valent transition metal complexes.3? Indeed, negative-ion mode
ESI of a solution of 1 in THF afforded the free [Co(Ci4H10).]" anion in high signal intensity
(Figure S1a). In addition, the potassium-bound dimer [K{Co(Ci4H10):}.]” was also observed.
Presumably, this species was not present in the diluted sample solution, but formed due to the
concentration increase during the ESI process; similar behavior has been found in other cases as
well.3433 ES| of a solution of the heteroleptic complex 2 produced not only [Co(cod)(CioHs)]™
as well as small quantities of [K{Co(cod)(CioHs)}.], but also its homoleptic counterpart
[Co(cod),]™ (Figure Sib). This observation clearly demonstrates the operation of intermolecular
exchange processes in solution. ESI-mass spectrometric analysis of solutions of 3 and g,
respectively, also resulted in the detection of the expected anionic complexes as main signals

(Figure Sic and d).

After treating solutions of 2 and 1 with an excess of styrene, we observed the formation of the
cobaltates 4 and 7, respectively (Figure 2.14a & b). In both complexes, two styrene molecules
had replaced one of the originally bound ligands (also compare Figure 2.7). For the heteroleptic
complex 2, only naphthalene, but not the cod ligand was released. This behavior is fully in line
with the higher binding energy of the latter, which we had already derived from the NMR
spectroscopic experiments. The reaction of 1 with styrene also furnished the homoleptic
complex [Co(styrene);]” in very small abundance. The lack of any detectable [Co(styrene),]”
suggests that this species did not form in solution or that its stability was too low to survive the
ESI process. When 1 was treated with an excess of 1-dodecene, the replacement of anthracene
by 1-dodecene proceeded only to a small extent (Figure 2.14c). This finding is consistent with

the lower reactivity of 1-dodecene observed in the synthetic studies (vide supra).

Interestingly, the cobaltate complexes incorporating two molecules of styrene were
accompanied by ions whose m/z ratios were shifted by two units to lower values, which
obviously resulted from dehydrogenation reactions. According to the principle of microscopic

reversibility, the catalytic activity of the cobaltate complexes with respect to hydrogenation
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Negative-ion mode ESI mass spectra of the products formed upon reaction of: a) 2 (7.5 mM) with

10 equiv. of styrene; b) 1 (7.5 mM) with 20 equiv. of styrene; c) 1 (7.5 mM) with 20 equiv. of 1-dodecene (dod) in THF.
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reactions implies that they can also catalyze dehydrogenations.’3¥ The absence of any ions with
m/z ratios shifted by four units moreover indicates that the dehydrogenation reactions involved
a coupling of two styryl units, which most likely gave 1,4-diphenylbuta-1,3-diene. Possibly, this
diene originated from the dehydrogenation of one cobalt-bound styrene molecule and the
addition of a second cobalt-bound styrene to the resulting C=C triple bond. Low-valent cobalt

complexes are known to catalyze related C-H activation reactions.?

Finally, we probed the unimolecular gas-phase reactivity of the mass-selected cobaltate
complexes. These experiments have the advantage of excluding any interference from dynamic
equilibria, counter-ion or solvent effects, which may operate in solution. Gas-phase
fragmentation of the complex 2 led to the loss of cod and naphthalene, whereas 4 and 7 only

released styrene (Figure S2a - d).

In conclusion, our investigations on catalytic alkene hydrogenations documented the formation
of 18 valence electron (18e) bis(alkene) complexes in the reaction mixtures. These species are
presumably resting states, which serve as the reservoir for the catalytically active cobalt species.
One may speculate that H, activation is initiated by loss of an alkene ligand, forming an

unsaturated and reactive 16e monoalkene complex.
2.2.4 Methodology Extensions

We also applied the pre-catalysts 1 — 6 to hydrogenations of ketones and imines. Generally,

hydrogenations of such polar unsaturated compounds are accelerated by the presence of a

Table 2.4 Hydrogenation of ketone and imine with precatalysts 1-6. Standard conditions: substrate (0.5 mmol)
in THF (2 mL); yields of hydrogenation products were determined by quantitative GH-FID versus internal reference

n-pentadecane and are given in percent. Yields from reactions at 10 bar H,, 60 °C in parentheses.

R' " H
5 mol% pre-catalyst R ,{\ H
R™ X 2-10 bar Hy, 20-60 °C R & X
X =0, NPh 24 h, THF
o)

Entry Precatalyst ph._J_Ph ph-Nx-Ph
1 1 [Co(anth),]” 11 (91) 0(99)
2 2 [Co(naph)(cod)]” 4 (65) 0 (15)
3 3 [Co(cod).]” 5 (60) 0(3)
4 4 [Co(cod)(styrene)] 5 3(3)
5 6 [Co(dct).]” 0(17) 0 (26)
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Table 2.5 Hydrogenation of ketones and imines with precatalysts 1. Standard conditions: substrate (0.5 mmol)
in toluene (2 mL); yields of hydrogenation products were determined by quantitative GH-FID versus internal reference

n-pentadecane and are given in percent.

R' " H
/L 5 mol% 1 N . /I\X'H
R™ X 10 bar Hj, 60 °C, R
X =0, NR 24 h, toluene
Entry Substrate R Yield
[a]
1 o0 Me 99, 91
2 R Bn 96
o}
3 o~ A - 100

4 . 88
5 fC’@)k - 71

o]
o]

6 H 96, 99'°

7 2-Me 98
R@/§N,©

8 \Z 3-Me 100

9 4-OMe 100

v O’
~N
11 g Br o]

[al Solvent: THF. 1 7.5 mol% 1, 70 °C, 10 bar H,

Lewis acidic catalyst in higher oxidation states. However, the pre-catalyst complexes contain a
weakly Lewis acidic K" counterion. We observed very poor catalytic activities under the standard
conditions at 2 bar H, and room temperature. Elevated pressure and temperature (10 bar H,
60 °C, see Table 2.4) led to good activity of potassium bis(anthracene) cobaltate 1 in the
hydrogenation of dibenzylketone and N-benzylideneaniline (>91% vyield). The cod-containing
complexes 2 and 3 exhibited moderate activity in the ketone hydrogenation (60-65%).
Surprisingly, both complexes were rather inactive in the hydrogenation of the imine. The most
active ketone hydrogenation catalyst 1 was subjected to a series of other carbonyl compounds

(Table 2.5).*81 Good catalytic activity was only observed at elevated temperature and pressure.
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SET-initiated radical reactions K* [L.Co]- " 1* turnover

R x

XH
F{)\I/H = R XK ,/(
XH
[L,Co] ~

R R XH

higher oxidation state catalysis

Scheme 2.3 Change of mechanism, H, evolution and catalyst oxidation in the hydrogenation of polar substrates.

Importantly, the employment of carbonyl compounds as hydrogenation substrates could in
principle trigger three unwanted side reactions: deprotonation at the a-carbonyl position, direct
reduction of the carbonyl moiety by metalate addition or single-electron transfer (SET), and
deprotonation of any formed alcohol. Indeed, we have observed the operation of the latter two
pathways under the present reaction conditions. The catalytic hydrogenation reaction generates
an acidic proton in the resulting alcohol and amine products, both with pK, values of ~29 (in
DMSO0).538! After the first turnover, this is very likely to alter the catalytic mechanism by catalyst
oxidation and H, evolution (Scheme 2.3).37! Considering a catalyst oxidation after the direct
electron transfer to the ketone or after the first hydrogenation catalysis turnover, we postulate
the formation of a cobalt(+l) catalyst which displays lower catalytic activity and therefore
requires harsher conditions. The formation of dihydrogen was observed by *H NMR in an

equimolar reaction between 1 and 1,3-diphenyl-2-propanol. Furthermore, a transfer hydrogen-

a) Pinacol coupling:

(33 mol%)
[LaM7] [LaM*]
o) OH 0.021 mmol (64%)* with pre-catalyst 1
Ph)l\ Ph%( i
THF,rt,3h OH
(0.1 mmol) * ref. to 2e transfer from [L,M]

b) Ring opening:

5 mol% [Co] /I\/\
—_——
Ph 2 bar H, Ph * Ph

THF, rt,3h

95% : - with pre-catalyst 1
50% - 15% with pre-catalyst 2
75% - 10% with pre-catalyst 3

Scheme 2.4 Observation of radical side reactions.
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ation experiment between 4-methylstyrene and 4 equiv. of 1,3-diphenyl-2-propanol afforded

18% yield of ethylbenzene in the presence of 5 mol% 1.1

Direct SET reduction of acetophenone was observed in the presence of 1, to give the pinacol
product in good yields (Scheme 2.4a).53% With an olefinic radical probe, such behavior was much
less pronounced under standard reaction conditions (Scheme 2.4b). Catalyst 1 showed no ring-
opening of a-cyclopropylstyrene but clean hydrogenation of the double bond. Significant radical

character was observed in reactions with the cod-bearing catalysts 2 and 3.
2.3 Conclusion

Bis(anthracene) cobaltate 1 is a highly active pre-catalyst for the hydrogenation of a variety of
alkenes, ketones and imines at ambient H, pressure and temperatures.[*® In a greatly extended
study, we have now compared the catalytic activity of 1 with that of
[K([18]crown-6)][Co(Ci4H10)(cod)] (2) and of a series of structural related alkene metalates
[K(thf)o..][Co(cod).] (3), [K([18]crown-6)][Co(cod)(styrene),] (4), [K([18]crown-6)][Co(cod)(dct)]
(5), [K(thf),][Co(dct).] (6). 4 — 6 were synthesized for the first time.

1 -5 are competent pre-catalysts for the hydrogenation of alkenes under mild conditions.
Unlike 1 the bis(styrene) complex 4 rapidly reacts with H, (1 bar) with release of ethylbenzene.
Kinetic studies and *H NMR monitoring experiments lead to the conclusion that the olefin
hydrogenation reaction is initiated by the substitution of one labile arene ligand by a m-acceptor
substrate. Further, we proved the concept of the release-catch mechanism of catalyst activation
by *H NMR monitoring of n-ligand exchange reactions and by negative-ion mode ESI mass
spectrometry investigations. The selective formation of a bis(monoalkene) cobaltate
intermediate is believed to be key to a rapid dihydrogen activation because, unlike coordinated
cod and naphthalene or anthracene, the monoalkene ligands of such a species are readily

hydrogenated.

Poisoning experiments with dct and mercury support the hypothesis that the active species has
a homogeneous nature. The validity of Crabtree’s dct test for cobaltate complexes was
confirmed by the formation of [K(thf),][Co(dct),] (6) and [K([18]crown-6)][Co(cod)(dct)] (5). The
bis(dct) complex 6 is not a competent pre-catalyst, presumably because the dct ligands are not
substituted or hydrogenated under the reaction conditions. By contrast, 5 still showed some

catalytic activity because of its more labile cod ligand.

Extensions to polar substrates (ketones and imines) were also investigated, but these reactions
most likely proceed via a different mechanism than alkene hydrogenations because of the

operation of unwanted radical and acid-base reactions. Both pathways most likely involve

a7



CHAPTER 2 — COBALTATES AS HYDROGENATION CATALYSTS

oxidation of the metalate complexes to a higher oxidation manifold which ultimately exhibits
lower catalytic activity. However, the rapid onset of SET reactions with polar substrates appears
to be a promising entry to future studies of radical reactions catalyzed by such alkene metalates.
The general concept of redox-neutral alkene ligand substitution with metalate complexes has
only recently been tapped for catalytic reaction developments. Further variations of this motif
in the context of small molecule hydrogenation and hydrofunctionalization will be reported in

due course.
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2.4 Experimental Section

2.4.1 General Considerations

All experiments were performed under an atmosphere of dry argon by using standard Schlenk

and glovebox techniques. Solvents were purified, dried, and degassed by standard techniques.
2.4.1.1  General Procedure for Hydrogenation Reactions

A dry 5 mL vial with a screw cap and PTFE septum was charged with a magnetic stir bar and a
solution of the pre-catalyst (0.025 mmol) in THF (1 mL). After adding a solution of the substrate
(0.5 mmol) in THF (1 mL) with a pipette, the vial was closed, and the septum was punctured with
a short needle (Braun). The vial was placed into a high-pressure reactor (Parr Instr.), which was
sealed, removed from the glove box, placed on a magnetic stirrer plate, and purged with
hydrogen. After 24 h at room temperature under an atmosphere of hydrogen (2 bar) the
pressure was released, the vial removed, and the reaction quenched with saturated aqueous
NaHCO; (1 mL). For quantitative GC-FID analysis, n-pentadecane was added as an internal
standard. The mixture was extracted with diethyl ether and the combined organic layers were

dried over Na,SO,.
2.4.1.2 General Procedure for Poisoning and Filtration Experiments

The poisoning experiments were carried out according to the general procedure for
hydrogenation reactions. In the case of poisoning with PMe; the pre-catalyst was dissolved in
0.5 mL THF before a THF stock solution of the phosphane (0.5 mL, ¢ =1.25 - 102 mol/L) was
added. For the experiments with dct the catalyst poison was added to the solid pre-catalyst
before dissolving both together in THF. When using elementary mercury as the catalyst poison,
the liquid metal was added directly to the dissolved pre-catalyst with a syringe before the
addition of the substrate solution. For the filtration experiments, the pre-catalyst solution was
filtered through a PTFE syringe filter (Puradisc 13, Whatman, pore size < 0.1 um) before the

substrate solution was added.
2.4.1.3 General Procedure for *H NMR Monitoring

Reaction monitoring by *H NMR was carried out in a sealed J. Young NMR tube. A solution of the
pre-catalyst (5 * 102 mmol, 5 mol%) in THF-ds (0.5 mL) was transferred into a NMR tube, and the
first *H NMR spectrum was measured. In the glovebox, styrene (10 mg, 0.2 mmol, 1.0 equiv.)
was added to the pre-catalyst solution. After storing the sample for 90 min, the second *H NMR
spectrum was recorded. Subsequently, the atmosphere was exchanged with dihydrogen by the

freeze-pump-thaw technique. Subsequent spectra were recorded after further 90 min and then
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atirregular intervals until the substrate was fully consumed or until no further consumption was

detected.
2.4.1.4 General Procedure for Reaction Progress Analysis

Reaction progress was monitored in a 50 mL Schlenk flask. A solution of styrene (260 mg,
2.50 mmol, 1.00 equiv.) in THF (5 mL) was added to a solution of the pre-catalyst (0.125 mmol,
5 mol%) in THF (5 mL). For quantitative GC-FID analysis, n-pentadecane was added as an internal
standard. The reaction was started by replacing the atmosphere in the Schlenk flask by
dihydrogen (2 bar). Samples of 0.1 mL were taken at regular intervals through a septum. Each
sample was worked up according to the general procedure for hydrogenation reactions.
Quantification of starting material and hydrogenation products was performed by GC-FID

analysis.
2.4.2 Analytical Measurements
2.4.2.1  NMR Spectroscopy

'H and *3C NMR spectra were recorded (300 K) with a Bruker Avance 300 (300.13 MHz *H;
75.47 MHz *3C) and Bruker Avance 400 (400.13 MHz 'H; 100.61 MHz *3C) spectrometers.
Chemical shifts are reported in ppm (3) relative to internal tetramethylsilane (TMS). NMR
assignments are based on COSY, HSQC and NOESY 2D NMR experiments. Coupling constants (J)
are reported in Hertz (Hz). Following abbreviations are used for spin multiplicities: s (singlet),

d (doublet), t (triplet), m (multiplet), dd (doublet of dublets).
2.4.2.2 Elemental Analysis

Elemental analyses were determined by the analytical department of the University of

Regensburg with a Micro Vario Cube (Elementar).
2.4.2.3 Melting Points

Determination of melting points was carried out with a SMP10 (Stuart) device. Samples were

sealed in a glass ampoule under reduced pressure. The values are not corrected.
2.4.2.4 Gas Chromatography with FID

Agilent 7820A GC-Systems. Column: HP 5 19091J-413 (30 m x 0.32 mm x 0.25 um) from Agilent,
carrier gas: N2. GC-FID was used for catalyst screening (Calibration with internal standard
n-pentadecane and analytically pure samples). Standard heating procedure: 50 °C (0.5 min),
25 °C/min (9.2 min) => 280 °C (3 min); 2.0 mL/min. Heating procedure for reactions with

1-dodecene: 50 °C (0 min), 5 °C/min (21 min), 30 °C/min (4.3 min)=>250 °C (1 min); 2.0 mL/min.
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2.4.2.5 Gas Chromatography with Mass-Selective Detector:

Agilent 6890N Network GCSystem, mass detector 5975 MS. Column: BPX5 (30m x 0.25 mm x
0.25 um) from SGE, carrier gas: H2 (1.0 mL/min). Standard heating procedure: 50 °C (2 min),

25 °C/min (120 min) => 300 °C (5 min).

2.4.2.6  ESI Mass Spectrometry

Sample solutions were transferred into a gas-tight syringe and infused into the ESI source of an
HCT quadrupole-ion trap mass spectrometer (Bruker Daltonik) at a flow rate of 8 uLmin™. For
the ESI process and the transfer of the ions into the helium-filled quadrupole ion trap, mild
conditions similar to those reported previously were applied.3Y) Mass spectra were recorded
over a typical m/z range of 50-1000. Gas-phase fragmentation was accomplished by subjecting
the mass-selected ions to excitation voltages of amplitudes Ve and allowing them to collide

with the helium gas.
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Figure S1 Negative-ion mode ESI spectra of THF solutions of selected cobaltate pre-catalysts: a) 1 (c = 10 mM);

b) 3 (c=7.5 mM); ¢) 3 (c=7.5 mM); and c) 5 (c = 10 mM). styr. = styrene.
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Figure S2 Mass spectra of mass selected cobaltates and its fragment ions produced upon collision-induced

dissociation: a)2 (Vexc=0.65); b)4 (Vexc=0.35); c)[Co(cod)(styrene)]” (Vexc=0.55); and c)7 (Vexc=0.25).

styr. = styrene.

2.4.2.7 X-ray Crystallography

The single crystal X-ray diffraction data were recorded on an Agilent Technologies SuperNova
diffractometer in case of compound 4 and on an Agilent Technologies Gemini Ultra
diffractometer in case of 5 and 6, using CuKa radiation for 4 and 5 and MoKa radiation for 6.
Empirical multi-scan and analytical absorption corrections were applied to the data.3% 4 Using
Olex2,4% the structures were solved with SHELXS or SHELXT.14%43! |east-square refinements
were carried out with SHELXL.1?) CCDC 1513657 (4), 1513658 (5), and 1513659 (6) contain the
supplementary crystallographic data for this paper. These data can be obtained free of charge

from The Cambridge Crystallographic Data Centre via
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Table S1: Crystal data and structure refinement for compounds 4, 5, and 6.

Compound a4 5 6
Empirical formula C36H52CoKOs6 C36H43CoKOs CsoH40COKO>
Formula weight 678.80 674.77 650.75
Temperature [K] 123.0(1) 123.0(1) 123(1)
Crystal system triclinic monoclinic monoclinic
Space group P-1 P2./c P2./c
alA] 8.6684(3) 10.13736(6) 15.1339(4)
b [A] 9.2481(2) 21.30324(13) 15.3434(3)
c[A] 22.0306(8) 15.32401(9) 14.9559(4)
al’] 79.000(3) 90 90.00
B 89.777(3) 96.1754(6) 115.835(3)
7 [°] 83.456(3) 90 90.00
Volume [A3] 1722.09(10) 3290.15(4) 3125.77(14)
z 2 4 4

Peatc [8/cm?3] 1.309 1.362 1.383

p [mm?] 5.330 5.579 0.718
F(000) 724.0 1432.0 1368.0

Crystal size [mm?] 0.1726 X 0.1347 x 0.0951 0.5154 X 0.2368 x 0.141 0.2%0.15%0.1

Radiation CuKo (A =1.54184) CuKa (A =1.54184) MoKa (A = 0.71073)

Range for data collection [°] 8.178 < 20 < 146.904 7.134<20<133.484 6.62<20<60.5°

-9<h<10 -12<h<12 -21<h<21
Index ranges -10<k<11 -24<k<25 -20<k<21
-27<1<24 -18<1<18 -21<1<21
Reflections collected 16144 42504 86933
6726 5815 8906
Independent reflections Rint = 0.0303 Rint = 0.0336 Rint = 0.0423,

Rsigma = 0.0369

Rsigma = 0.0173

Rsigma = 0.0295

Data/restraints/parameters 6726/91/427 5815/0/592 8906/36/426
Goodness-of-fit on F? 1.094 1.023 1.030
R:=0.0358 R:=0.0239 R:=0.0533,
Final R indexes [I > 206(l)]
WR: = 0.0849 WR: = 0.0608 WR2 =0.1389
R:=0.0399 R:=0.0252 R:=0.0693,
Final R indexes [all data]
WwR:z =0.0873 WR: =0.0616 WR> =0.1481
Largest diff. peak/hole [eA3] 0.41/-0.33 0.21/-0.44 1.00/-0.60
CCDC 1513657 1513658 1513659
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2.4.3 Complex Synthesis

Pre-catalysts [K(dme),][Co(anthracene),] (1),1* 2! [K([18]crown-6)][Co(Ci4H10)(cod)] (2),22% and

[K(thf)o..][Co(cod).] (3),2%! were prepared according to literature procedures.
2.4.3.1  [K([18]crown-6)][Co(cod)(styrene),] (4)
Method 1 (from 2):

A solution of styrene (57.4 mg, 0.551 mmol, 2.20 equiv.) in THF (2 mL) was added dropwise to a
solution of [K([18]crown-6)][Co(CioHs)(cod)] (2) (150 mg, 0.251 mmol, 1.00 equiv.) in THF (5 mL)
at room temperature. The resulting clear orange solution was stirred overnight. Afterwards the
solvent was removed in vacuo. The solid orange residue was washed several times with diethyl
ether (10 mL overall). The crude product was dissolved in THF (5 mL), the resulting solution was
filtered and concentrated. Orange, Xray-quality crystals of 4 formed after layering of the THF
solution with n-hexane (1:2). Yield: 105 mg (62%). M.p. 125 °C (decomp.). Elemental analysis
calcd for C36Hs,06CoK (M =678.84): C63.70, H 7.72, found C 63.04, H 7.47. *H NMR (300.13
MHz, THF-ds), major isomer: 6 = —0.15 (d, J = 11.1 Hz, 2H, styrene CH,), —0.02 (d, J = 7.3 Hz, 2H,
styrene CH,), 0.92-1.16 (m, 2H, cod CH), 1.22-1.44 (m, 2H, cod CH,), 1.78-2.04 (m, 2H, cod CH),
2.62 (dd, J = 13.4, 7.9 Hz, 2H, cod CH,), 2.27-2.93 (m, 2H, cod CH), 3.27-3.39 (m, 2H, cod CH,),
4.77 (dd, J = 11.1, 7.3 Hz, 2H, styrene CH), 6.38-6.64 (m, 2H, styrene p-Ar-H), 6.89 (t, ] = 7.4 Hz,
4H, styrene m-Ar-H) , 7.15-6.97 (m, 4H, styrene o-Ar-H), minor isomer: —0.63 (d, J = 6.8 Hz), —
0.26 (d, J=11.2 Hz), 0.55 (d, J=11.2 Hz), 0.65 (d, J=6.8 Hz), 0.87-0.89 (m), 2.29-2.39 (m),
3.02-3.10 (M), 4.17-4.27 (M), 4.50-4.62 (m). 3C{*H} NMR (100.61 MHz, 300 K, THF-dg): 6 =29.4
(cod CH,), 37.8 (cod CH,), 47.0 (styrene CH,), 60.4 (styrene CH), 71.0 ([18]crown-6 CH,), 81.6
(cod CH), 89.5 (cod CH), 117.7 (styrene p-Ar-CH), 124.2 (styrene m-Ar-CH), 127.0 (styrene o-Ar-
CH), 154.6 (styrene Cquart-Ar); minor isomer: & = 29.0, 29.4, 38.5, 117.6, 118.0, 124.4, 126.9,
127.5.

Method 2 (from 3):

Styrene (2.09 mL, 18.2 mmol, 30.0 equiv.) was added to a solution of [K(thf),.][Co(cod).] (3)
(200 mg, 0.608 mmol, 1.00 equiv.) and [18]crown-6 (162.5 mg, 0.608 mmol, 1.00 equiv.) in THF
(5 mL) at room temperature. The resulting clear, orange solution was stirred for 5 h. All volatile
components were removed in vacuo afterwards. The resulting orange solid was washed with
diethyl ether (5 mL), taken up in THF and layered with n-hexane. 4 was obtained as orange blocks
by storage at room temperature. Yield: 290 mg (70%). The *H NMR spectrum of the sample

prepared by method 2 was identical with those prepared by method 1.
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2.4.3.2  [K([18]crown-6)][Co(cod)(dct)] (5)

A solution of dct (73.6 mg, 0.360 mmol, 1.50 equiv.) in THF (7 mL) was added dropwise to
[K([18]crown-6)][Co(C1oHs)(cod)] (2) (143.7 mg, 0.240 mmol, 1.00 equiv.) in THF (10 mL) at room
temperature. The resulting clear yellow solution was stirred overnight. Afterwards the solvent
was removed in vacuo. The yellow-orange solid residue was washed three times with diethyl
ether (15 + 10 + 5 mL). The crude product was dissolved in THF (7 mL) and filtered. Yellow-
orange, X-ray-quality crystals of 5 formed after layering the filtrate with diethyl ether (1:1).
Compound 5 is contaminated with a varying amount of 6, which could not be removed by
crystallization. A minimum of 18% impurity was observed. Yield: 76.3 mg (46%), referring to a
mixture of 5 (82%) and 6 (18%). *H NMR (400.13 MHz, THF-ds): 6 = 1.98-2.06 (m, 4H, CH, of cod
ordct), 2.24-2.34 (m, 4H, CH, of cod or dct), 2.71 (br s, 4H, alkene-CH of cod or dct), 2.93 (s, 4H,
alkene-CH of cod or dct), 6.27-6.36 (m, 4H, Ar-H), 6.42-6.49 (m, 4H, dct Ar-H); in addition one

set of signals assigned to the [Co(dct).]™ anion of [K([18]crown-6)][Co(dct).] can be observed.
2.4.3.3  [K(thf);][Co(dct),] (6)

Method 1 (from 1): A solution of dct (733 mg, 3.59 mmol, 2.00 equiv.) in THF (60 mL) was added
to a solution of 1 (1.14 g, 1.79 mmol, 1.00 equiv.) in THF (100 mL) at =80 °C, and the mixture was
slowly warmed to room temperature. The resulting black suspension was concentrated, filtered
and layered with n-hexane. A dark precipitate was isolated after 3 days. Repeated
recrystallization (3x from THF/n-hexane 1:3) was necessary to remove remaining dct and
anthracene. 6 was obtained as bright orange crystals. Yield: 220 mg (19%). M.p. 112 °C
(decomp.). Elemental analysis calcd for C,H,00,CoK (M =650.79): C73.82, H6.20, found
C 73.45, H 6.04. *H NMR (400.13 MHz, THF-dg): 6 = 1.77 (m, THF), 3.45 (s, 8H, dct CH), 3.61 (m,
THF), 6.45-6.48 (m, 8H, dct Ar-H), 6.56-6.58 (m, 8H, dct Ar-H). **C{*H} NMR (100.61 MHz, 300K,
THF-ds): 6 = 26.3 (THF), 68.1 (THF), 87.6 (CH), 122.8 (C-Ar), 124.9 (C-Ar), 152.9 (Cquart-Ar).

Method 2 (from 1): A solution of dct (600 mg, 2.94 mmol, 2.00 equiv.) and styrene (612 mg, 5.88
mmol, 4.00 equiv.) in THF (50 mL) was added to a THF (120 mL) solution of 1 (932 mg,
1.47 mmol, 1.00 equiv.) at room temperature. The mixture was stirred overnight and filtered.
Concentration of the clear orange solution to 60 mL and layering with diethyl ether (1:1) gave 6
as orange crystals. The isolated compound had the composition [K(thf),s5][Co(dct),] after drying
in vacuo for one hour according to *H NMR and elemental analysis. Yield: 512 mg (62%). The
'H NMR spectrum of samples prepared by this method was identical with those of samples

prepared by method 1.

55



CHAPTER 2 — COBALTATES AS HYDROGENATION CATALYSTS

2.5 References

(1]

(2]

(3]

(4]

(5]
(6]

[7]

(8]

(9]

[10]

(11]

(12]

[13]

a) Catalytic Hydrogenation (Ed.: L. Cerveny), Elsevier, Amsterdam, 1986; b) The Handbook of
Homogeneous Hydrogenation (Eds.: J. G. de Vries, C. J. Elsevier), Wiley-VCH, Weinheim, 2007.

a) J. A. Osborn, F. H. Jardine, J. F. Young, G. Wilkinson, J. Chem. Soc. 1966, 1711-1732; b) W. S.
Knowles, M. J. Sabacky, B. D. Vineyard, D. J. Weinkauff, J. Am. Chem. Soc. 1975, 97, 2567-2568; c) H.
Doucet, T. Ohkuma, K. Murata, T. Yokozawa, M. Kozawa, E. Katayama, A. F. England, T. Ikariya, R.
Noyori, Angew. Chem. Int. Ed. 1998, 37, 1703—1707; d) A. Molnér, A. Sarkany, M. Varga, J. Mol. Catal.
2001, 173, 185—221.

a) M. Raney, US patent 1628190 1927; b) I. M. Angulo, A. M. Kluwer, E. Bouwman, Chem. Commun.
1998, 2689—-2690; c) S. Kuhl, R. Schneider, Y. Fort, Organometallics 2003, 22, 4184—4186; d) T. Hibino,
K. Makino, T. Sugiyama, Y. Hamada, ChemCatChem 2009, 1, 237—-240.

a) W. Hess, J. Treutwein, G. Hilt, Synthesis 2008, 40, 3537-3562; b) M. S. Holzwarth, B. Plietker,
ChemCatChem 2013, 5, 1650—1679; c) |. Bauer, H. J. Knélker, Chem. Rev. 2015, 115, 3170-3387; d) P.
Rose, G. Hilt, Synthesis 2016, 48, 463-492.

S. Enthaler, K. Junge, M. Beller, Angew. Chem. Int. Ed. 2008, 47, 3317—3321.

Q. Knijnenburg, A. D. Horton, H. van der Heijden, T. M. Kooistra, D. G. H. Hetterscheid, J. M. M. Smits,
B. de Bruin, P. H. M. Budzelaar, A. W. Gal, J. Mol. Catal. A: Chem. 2005, 232, 151—159

a) S. Monfette, Z. R. Turner, S. P. Semproni, P. J. Chirik, J. Am. Chem. Soc. 2012, 134, 4561-4564; b)
R. P. Yu, J. M. Darmon, J. M. Hoyt, G. W. Margulieux, Z. R. Turner, P. J. Chirik, ACS Catal. 2012, 2,
1760-1764.

a) G. Zhang, B. L. Scott, S. K. Hanson, Angew. Chem. Int. Ed. 2012, 51, 12102—-12106; b) G. Zhang, K.
V. Vasudevan, B. L. Scott, S. K. Hanson, J. Am. Chem. Soc. 2013, 135, 8668-8681; c) G. Zhang, S. K.
Hanson, Chem. Commun. 2013, 49, 10151-10153.

a) M. R. Friedfeld, M. Shevlin, J. M. Hoyt, S. W. Krska, M. T. Tudge, P. J. Chirik, Science 2013, 342,
1076—1080; b) M. R. Friedfeld, G. W. Margulieux, B. A. Schaefer, P. J. Chirik, J. Am. Chem. Soc. 2014,
136, 13178-13181; c) J. M. Hoyt, M. Shevlin, G. W. Margulieux, S. W. Krska, M. T. Tudge, P. J. Chirik,
Organometallics 2014, 33, 5781-5790.

T. ). Korstanje, J. . van der Vlugt, C. J. Elsevier, B. de Bruin, Science 2015, 350, 298—302.

Selected examples: a) X. Yang, ACS Catal. 2011, 1, 849-854; b) G. Bauer, K. A. Kirchner, Angew. Chem.
Int. Ed. 2011, 50, 5798-5800; c) R. Langer, G. Leitus, Y. Ben-David, D. Milstein, Angew. Chem. Int. Ed.
2011, 50, 2120-2124; d) R. Xu, S. Chakraborty, H. Yuan, W. D. Jones, ACS Catal. 2015, 5, 6350—6354;
e) A. Z. Spentzos, C. L. Barnes, W. H. Bernskoetter, Inorg. Chem. 2016, 55, 8225—-8233.

a) S. Rosler, J. Obenauf, R. Kempe, J. Am. Chem. Soc. 2015, 137, 7998-8001; b) N. Gorgas, B. Stoger,
L. F. Veiros, K. Kirchner, ACS Catal. 2016, 6, 2664—2672.

a) D. Srimani, A. Mukherjee, A. F. G. Goldberg, G. Leitus, Y. Diskin-Posner, L. J. W. Shimon, Y. Ben
David, D. Milstein, Angew. Chem. Int. Ed. 2015, 54, 12357-12360; b) Z. Shao, S. Fu, M. Wei, S. Zhou,
Q. Liu, Angew. Chem. Int. Ed. DOI: 10.1002/ange.201608345; c) S. Fu, N.-Y. Chen, X. Liu, Z. Shao, S.-
P. Luo, Q. Liu, J. Am. Chem. Soc. 2016, 138, 8588—8594.

56



CHAPTER 2 — COBALTATES AS HYDROGENATION CATALYSTS

[14]

[15]

(16]

[17]

(18]

[19]

[20]

(21]

(22]

[23]

[24]

[25]

(26]

[27]

(28]

[29]

[30]

(31]

a) T.-P. Lin, J. C. Peters, J. Am. Chem. Soc. 2013, 135, 15310—-15313; b) T.-P. Lin, J. C. Peters, J. Am.
Chem. Soc. 2014, 136, 13672—13683.

K. Tokmic, C. R. Markus, L. Zhu, A. R. Fout, J. Am. Chem. Soc. 2016, 138, 11907-11913.

a) S.-B. Choe, K. J. Klabunde, J. Organomet. Chem. 1989, 359, 409—418; b) S. Sun, C. A. Dullaghan, G.
B. Carpenter, A. L. Rieger, P. H. Rieger, D. A. Sweigart, Angew. Chem. Int. Ed. Engl. 1995, 34, 2540—
2542; c) S. Sun, L. K. Yeung, D. A. Sweigart, T.-Y. Lee, S. S. Lee, Y. K. Chung, S. R. Switzer, R. D. Pike,
Organometallics 1995, 14, 2613-2615; d) J. K. Seaburg, P. J. Fischer, V. G. Young Jr., J. E. Ellis, Angew.
Chem. Int. Ed. 1998, 37, 155-158.

review: J. E. Ellis, Inorg. Chem. 2006, 45, 3167—-3186.

D. Gartner, A. Welther, B. R. Rad, R. Wolf, A. Jacobi von Wangelin, Angew. Chem. Int. Ed. 2014, 53,
3722-3726.

Preparation of [K(L)][Co(anthracene),] and related compounds: a) W. W. Brennessel, V. G. Young Jr.,
J. E. Ellis, Angew. Chem. Int. Ed. 2002, 41, 1211—1215; b) W. W. Brennessel, J. E. Ellis, Inorg. Chem.
2012, 51, 9076—9094.

Compound 1 was prepared according to a slightly modified procedure detailed in ref. [18].
W. W. Brennessel, V. G. Young, J. E. Ellis, Angew. Chem. Int. Ed. 2006, 45, 7268—7271.

a) K. Jonas, R. Mynott, C. Krtiger, J. C. Sekutowski, Y.-H. Tsay, Angew. Chem. 1976, 88, 808-809 b) K.
Jonas, US patent 4169845 1979.

W. Caminati, B. Vogelsanger, A. Bauder, J. Mol. Spectrosc. 1988, 128, 384—398.

In total, four isomers with differing relative orientations of the phenyl groups are conceivable for 5,

two of which have C, symmetry while two have C; symmetry.

a) S. Chaffins, M. Brettreich, F. Wudl, Synthesis 2002, 9, 1191-1194; b) G. Franck, M. Brill, G.
Helmchen, Org. Synth. 2012, 89, 55-65.

a) D. R. Anton, R. H. Crabtree, Organometallics 1983, 2, 855—859; b) J. A. Widegren, R. G. Finke, J.
Mol. Catal. 2003, 198, 317-341; c) R. H. Crabtree, Chem. Rev. 2011, 112, 1536—1554.

a) A. J. Frings, PhD dissertation, University of Bochum, Germany, 1988; b) K. Jonas, Pure Appl. Chem.
1990, 62, 1169-1174.

E.-M. Schnéckelborg, M. M. Khusniyarov, B. de Bruin, F. Hartl, T. Langer, M. Eul, S. Schulz, R. Péttgen,
R. Wolf, Inorg. Chem. 2012, 51, 6719-6730.

a) S. Zhang, J. K. Shen, F. Basolo, T. D. Ju, R. F. Lang, G. Kiss, C. D. Hoff, Organometallics 1994, 13,
3692—3702; b) J. K. Seaburg, P. J. Fischer, J. Young Victor G., J. E. Ellis, Angew. Chem. Int. Ed. 1998,
37,155-158; c) G. Zhu, K. E. Janak, J. S. Figueroa, G. Parkin, J. Am. Chem. Soc. 2006, 128, 5452—5461.

P. Paklepa, J. Woroniecki, P. K. Wrona, J. Electroanal. Chem. 2001, 498, 181—191.

a) B. H. Lipshutz, J. Keith, D. Buzard, J. Organometallics 1999, 18, 1571-157; b) K. Koszinowski, P.
Bohrer, Organometallics 2009, 28, 100-110; c) A. Putau, K. Koszinowski, Organometallics 2011, 30,
4771-4778; d) T. K. Trefz, M. A. Henderson, M. Linnolahti, S. Collins, J. S. McIndoe, Chem. Eur. J. 2015,
21, 2980-2991; e) C. Schnegelsberg, S. Bachmann, M. Kolter, T. Auth, M. John, D. Stalke, K.
Koszinowski, Chem. Eur. J. 2016, 22, 7752-7762.

57



CHAPTER 2 — COBALTATES AS HYDROGENATION CATALYSTS

(32]

(33]

[34]

[35]

(36]

[37]

(38]

[39]

[40]

[41]

(42]

[43]

T. Parchomyk, K. Koszinowski, Chem. Eur. J. 2016, 22, 15609-15613.

a) N. G. Tserkezos, J. Roithova, D. Schréder, M. Oncak, P. Slavicek, Inorg. Chem. 2009, 48, 6827-6296;
b) A. Putau, H. Brand, K. Koszinowski, J. Am. Chem. Soc. 2012, 134, 613-622.

We also analyzed sample solutions prepared under a hydrogen atmosphere (1 bar), which should
disfavor dehydrogenation reactions. However, we still observed the peaks of the dehydrogenated
complexes. Possibly, these species formed in the ESI source, where no hydrogen atmosphere could

be maintained.

B. J. Fallon, E. Derat, M. Amatore, C. Aubert, F. Chemla, F. Ferreira, A. Perez-Luna, M. Petit, J. Am.
Chem. Soc. 2015, 137, 2448-2451.

a) http://www.chem.wisc.edu/areas/reich/pkatable/ (October 15%, 2016); b) W. N. Olmstead, Z.
Margolin, F. G. Bordwell, J. Org. Chem. 1980, 45, 3295-3299; c) F. G. Bordwell, D. J. Algrim, J. Am.
Chem. Soc. 1988, 110, 2964-2968.

a) G. E. Dobereiner, R. H. Crabtree, Chem. Rev. 2010, 110, 681-703; b) G. Zhang, S. K. Hanson, Org.
Lett. 2013, 15, 650-653.

a) B.S. Terra, F. Macedo, Jr., ARKIVOC 2012, 134-151; b) B. E. Kahn, R. D. Rieke, Chem. Rev. 1988, 88,
733-745.

a) SCALE3ABS, CrysAlisPro, Aglient Technologies Inc., Oxford, UK, 2015; b) G. M. Sheldrick, SADABS,
Bruker AXS, Madison, USA, 2007.

a) R. C. Clark, J. S. Reid, Acta Crystallogr. A 1995, 51, 887; b) CrysAlisPro, version 171.37.35, Agilent
Technologies Inc., Oxford, UK, 2015.

0.V. Dolomanov, L.J. Bourhis, R.J. Gildea, J.A.K. Howard, H. Puschmann, J. Appl. Cryst. 2009, 42, 339-
341.

G. M. Sheldrick, Acta Cryst. A 2008, 64, 112-122.

G. M. Sheldrick, Acta Cryst. A 2015, 71, 3-8.

58



CHAPTER 3 — COBALT(0) NANOPARTICLE CATALYSTS FOR HYDROGENATIONS

3 RECYCLABLE COBALT(0) NANOPARTICLE CATALYSTS

FOR HYDROGENATIONS

PHILIPP BUSCHELBERGER, EFRAIN REYES-RODRIGUEZ, CHRISTIAN SCHOTTLE,

JENS TREPTOW, CLAUS FELDMANN, AXEL JACOBI VON WANGELIN, AND ROBERT WOLF

[LiNaph]
CoCl,
thf, r.t.

r.t.
1 mol%
2 bar; 3h

Cobalt
nanoparticles
(X=CR"2, NR")

l\

magnetic |
separatlon

R'H

Number/ a.u.

0 5 15 20
d/nm

This study reports a new method for the preparation of small, monodisperse Co(0) nanoparticles
(3-4 nm) from the reduction of commercial CoCl, in the absence of ligands or surfactants. High
catalytic activity was observed in hydrogenations of alkenes, alkynes, imines, and heteroarenes

(2-20 bar H,). The magnetic properties enabled easy catalyst separation and multiple recycling.

[1I] Adapted from: P. Blischelberger, E. Reyes-Rodriguez, C. Schottle, J. Treptow, C. Feldmann, A. Jacobi von Wangelin,
R. Wolf, Catal. Sci. Technol. 2018, 8, 2648-2653 with permission from The Royal Society of Chemistry. Text, schemes,
figures, and tables may differ from published version.

[11] P. Buschelberger (Figures 3.3 — 3.6, and S2 — S3, Tables 3.1 & S3-1) and E. Reyes-Rodriguez (Figures 3.3 — 3.6, and
S1-S3, Tables 3.1 & S3-1 — S3.3) performed the catalytic experiments including hydrogenation reactions, product
isolation and characterization, recycling experiments, kinetic experiments, and poisoning experiments.
P. Blischelberger wrote the manuscript and synthesized several batches of the catalyst. E. Reyes-Rodriguez wrote
most of the supporting information. C. Schoéttle and J. Treptow developed and performed the nanoparticle synthesis
and characterized the particles (Scheme 3.2, Figures 3.1, 3.2, and S4 — S6).
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3.1 Introduction

The recent advent of powerful synthetic and spectroscopic techniques for the preparation and
analysis of sensitive metallic compounds has prompted a rapidly increasing interest in colloidal
and nanoparticulate base metal(0) catalysts.!*! The characteristics of metallic nanoparticles as
hybrids between homogeneous and heterogeneous species address the key criteria for catalytic
applications: high dispersion, large surface area, good separability, rich surface coordination
chemistry, and high reactivity.’) Molecular cobalt catalysts have recently been intensively
studied toward their application to hydrogenation reactions (Scheme 3.1, top left).>4 The
liquid-phase synthesis of base cobalt nanoparticles is often limited by their sensitivity and rapid
ageing and the availability of convenient precursor molecules. Low-valent organometallic
precursors (e.g. carbonyl, alkyl, aryl complexes) can be volatile and toxic or require multi-step
syntheses, special conditions, and elaborate handling procedures (Scheme 3.1, bottom left).[!
Typically, tailor-made surfactants (e.g. amines, thiols, polydentate ligands, ionic liquids) are

needed to control particle size and growth and prevent agglomeration.®

Homogeneous Co complexes:

[Red] (\ Z/\ multi-step synthesis o Co-NP
pa ety | —Y complex ligands
L,CoX, . Co ! s [Red]
| special conditions CoCl
R
r.t.
HZ

thermolysis or

solvothermal, . _
chemical reduction Spec".a! g - ; RT7X
L CoX > special conditions one-step synthesis
. * ill-defined species standard lab equipment o 4
defined shape, size X
stable for weeks R™ "XH

Supported Co hanocomposites: '
i

Scheme 3.1 Molecular and heterogeneous cobalt catalysts for hydrogenations.

Several heterogeneous hydrogenation catalysts were prepared by the reduction of 3d transition
metal precursors with organometallic or hydride reagents and by thermal decomposition of
transition metal-ligand complexes, often in the presence of stable support materials.”’ Beller
and co-workers successfully applied cobalt oxide nanoparticles supported on Al,O; to catalytic
hydrogenations of heteroarenes, nitriles, and ketones.’®! The same group recently reported
graphitic shell encapsulated Co nanoparticles for the synthesis of amines by reductive
amination,’ while Yuan reported nanocomposite Co/CoO on graphene for catalytic nitroarene

hydrogenations.*®! Reusable Co nanoparticle catalysts on silicon carbon nitride were prepared
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by Kempe and co-workers.[**! Zhang and co-workers developed Z-selective semi-hydrogenations
of alkynes with an ill-defined Co/B catalyst formed from cobalt(Il) acetate and NaBH,.*?! Similar

chemoselectivity was reported for Co@N-graphite nanoparticles.*3!

Here, we present a complementary synthesis of a “quasi-naked” Co nanoparticle catalyst that
avoids complex ligands for controlling nucleation and agglomeration (i.e. only solvent available),
high-temperature conditions for crystallization, and special support materials for deposition.
Very small and monodisperse Co(0) nanoparticles are accessible by the precise control of the
reducing conditions in the presence of an alkali metal/arene couple (Scheme 3.1, right).4 The
resultant Co(0) catalysts present tangible advances over the current state-of-the-art in that they
are easily accessible from commercial reagents, exhibit long-term stability and activity, exhibit
a wide substrate scope in hydrogenation reactions, and allow facile separation and catalyst
recycling. The complementary properties of such Co nanoparticles and related molecular
catalysts prepared under similar conditions demonstrate the close conceptual relationship

between homogeneous and heterogeneous catalysts.4 5 !

3.2 Results and Discussion

3.2.1 Catalyst Synthesis and Characterization

Highly pure M(0) nanoparticles (M = Ti, Mo, W, Re, Fe, Zn) with diameters of <10 nm were
prepared by the reduction of metal halides with alkaline metal naphthalenides.l*” However, the
related quasi-naked Co(0) nanoparticles were still elusive due to their strong
superparamagnetism and the resulting agglomeration. A modified procedure has now enabled
the facile preparation of small and uniform nanoparticles in quantitative yield by reduction of
CoCl, with lithium naphthalenide ([LiNaph]) at 20 °C and centrifugation (Co-NP) or magnetic
separation (mCo-NP, Scheme 3.2). Alkali metal naphthalenides were also used to obtain so-
called activated Rieke metals,!*®! which, are barely characterized and typically represent bulk
metals. Nanoparticles made via the Rieke approach often show significant agglomeration and
oxide impurities.*®! The here shown Co nanoparticles nevertheless may also support

understanding of the mechanism of activated Rieke metals.

2 equiv. Li
%%
2.2 equiv. QQQ.Q' o
CoCl, > = Co-NP
THF,20°C,1d ;

Scheme 3.2 Synthesis of defined Co(0) nanoparticles (Co-NP) by reduction of CoCl2 with LiNaph and centrifugation

or magnetic separation.
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Here, Co(0) formation was apparent from the immediate color change to black. Use of an
excessively strong reductant (E°([NaNaph]) =—3.1V vs. Fc/Fc*, ¢f. E°(Co**/Co°)=-0.28V vs.
NHE)% 2 ensured high oversaturation and thus enabled excellent control of nucleation and
particle growth (LaMer model).?Y! The precipitates were separated by centrifugation
(20,000 rpm) to obtain powderous Co(0) samples with quasi-naked surfaces. The nanoparticles

could be redispersed in THF or toluene.

High-resolution transmission electron microscopy (HRTEM) and high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) displayed uniform, non-
agglomerated nanoparticles of 3.4+0.4 nm diameter (Figure 3.1a and inset). HAADF-STEM
images showed highly ordered lattice fringes that indicate the presence and crystallinity of the
Co(0) nanoparticles. The lattice distance (2.0 A) matches that of cubic bulk-Co® (d(111) = 2.0 A).
X-ray powder diffraction (XRD) confirmed the presence of high-purity metallic Co and the

absence of any oxide impurities (Figure 3.1b).

Statistical evaluation of at least 100 nanoparticles on HRTEM and HAADF-STEM images
documented the size distribution of the as-prepared Co-NPs with a mean diameter of
3.6+0.9 nm (Figure 3a). Fourier transform infrared spectroscopy (FT-IR) gave very weak
absorption related to surface-adhered molecules (mostly THF, Figure 3b), which documented
the presence of quasi-naked nanoparticles.*” All in all, such small size and low agglomeration in
absence of specific strong binding ligands is an advancement in regard of non-blocked
catalytically active surfaces and even more remarkable for nanoparticles showing attractive

magnetic properties.

Glass capillaries containing the powderous Co-NPs were strongly attracted to a permanent

magnet. The latter property was exploited in the development of a highly practical and

a) b) 800°C - vacuum

Co, cub. [015-0806)

relative intensity
{

| !
10 20 30 40 50 60
20/°

Figure 3.1 a) HRTEM overview and HAADF-STEM images (with lattice fringes and lattice distance). b) XRD Co(0)
powder samples after annealing (800 °C, Ar).
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Figure 3.2 a) Particle size distribution from statistical evaluation of Co-NPs on TEM images. b) FT-IR spectrum

with weak vibrations.

operationally simple procedure of preparation and work-up. The “quasi-naked” Co-NPs were
successfully isolated from the suspension by magnetic immobilization (cylindrical neodymium

magnet, 10x20 mm, N45, 15 min, 4 mmol Co in 20 mL THF) instead of the centrifugation.[*4!

3.2.2 Catalytic Hydrogenations of C=C Bonds

We have evaluated the catalytic activity of the freshly prepared Co(0) nanoparticles in
hydrogenations of unsaturated substrates that lie outside the well-explored scope of highly
polar carbonyl, nitro, and cyano compounds. There are much fewer reports of Co-catalyzed
hydrogenations of non-polar or less polar substrates such as alkenes, alkynes, and imines.??
Highly reproducible catalyst activities, facile handling, and dosing were achieved by ultra-
sonication of the catalyst suspension for 1 h prior to use. Mono- and di-substituted alkenes and
terminal and internal alkynes were cleanly hydrogenated under very mild conditions (1 mol%
Co-NP or mCo-NP, 2 bar H,, 20°C, 3 h). Sterically demanding, functionalized, and tetra-
substituted alkenes required slightly harsher conditions. Good chemoselectivities were
observed for bifunctional molecules such as limonene, 2-vinylpyridine, chlorinated alkenes,
enoates, alkenols, sulfones, and other N- and O-functionalities (Figure 3.3). External functional
group tolerance tests (Figure S2) showed that cyano, nitro, and carbonyl functions were
detrimental to the reaction, while esters, ethers, amines, fluoro and chloro groups were

tolerated.[*4

The catalytic protocol was further simplified by preparing nanoparticles in situ via the standard
protocol but without laborious work-up and isolation procedures. Control experiments showed
the identical catalytic activity (Figure S3) and long-term stability of in situ prepared Co-NPs and

the isolated Co-NPs (Table 3.1). Magnetic separation also afforded active Co(0) nanoparticles
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Figure 3.3 Co-catalyzed hydrogenation of alkenes and alkynes. Blue bonds indicate the sites of m-bond

hydrogenation. Standard conditions: 0.25 mmol substrate, 1 mL in THF, 1 mol% Co-NP, 2 bar H,, 20 °C, 3 h. If not
otherwise noted, yields were determined by GC-FID vs. internal n-pentadecane.[4]

(mCo-NP) with identical catalytic activity (Figure S2) that could be easily recycled over multiple
runs (Figure 3.4). The decoration of nanoparticles with organic surfactants is a versatile method
for alteration of the surface properties and introduction of functionalities.!® 23! The addition of
oleylamine (1.5 equiv. per Co) to the freshly prepared nanoparticles resulted in the formation
of a very stable, highly dispersed nanoparticle suspension (aCo-NP) that could not be
magnetically separated by a standard magnet. The oleylamine-supported aCo-NP were
catalytically less active and less stable than the amine-free Co-NPs so that there is no benefit of

surfactant addition to Co-NP catalysis under these conditions (Table 3.1).
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Table 3.1 Comparison of different Co-NP catalysts and ageing periods. Standard conditions: 0.5 mmol substrate
in 2 mL THF; yields are determined by quantitative GC-FID vs. internal n-pentadecane. Conversion in parentheses if
not >95%.

CoCl, + [LiNaph]

magnetic no 1) centrifugation
separation work-up 2) oleylamine
mCo-NP in situ Co-NP

centrifugation

+ LiCl
R' 5 mol% [Co], ageing time R H
R 2 bar Ha, r.t., 3 h, THF R
Yield [%] Yield [%]
Substrate [Co]
after 1 week after 6-35 weeks

Co-NP >99 <99°

mCo-NP >99 98P

In situ Co-NP >99 97¢

aCo-NP 66 (69) 3(8)

Co-NP 96 98?

mCo-NP >99 96°

09H19v’-§§

In situ Co-NP >99 96°

aCo-NP >99 91°

2 35 weeks; ® 9 weeks; ¢ 6 weeks.

The standard reaction conditions enabled effective catalyst recycling after each reaction run by
an external magnet without loss of catalyst material and activity (Figure 3.4). More than 99.6%
of the particles were removed from the organic phase by a commercial Nd magnet (10x20 mm,
N45) and decantation (Figure 3.4b & c). ICP-OES studies documented minimal leaching (<0.4%
Co, <0.02 mol%) into the liquid phase after the first run. After filtering the decanted reaction
solution over silica, an insignificant amount of cobalt (0.68 ppm per Co supplied) remained in
the organic phase.™ TEM images showed only marginal differences of particle topology
between the Co catalysts (Co-NPs and in situ Co-NPs) before and after the hydrogenations
(Figure S5 & Figure S6). Multiple sequential reactions were performed with the same catalyst
portion. Importantly, ultrasonication of the catalyst suspension resulted in a healing of catalytic
activity after multiple recycling operations (>10) and when the catalyst aged during storage for

extended periods (several days).
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Figure 3.4 a) Consecutive hydrogenation runs of styrene (0.5 mmol) using the same catalyst particles (5 mol%)

and regeneration of catalyst activity by ultrasonication (box); yields (black), conversions (red). b) Suspension of the

hydrogenation reaction of styrene with 5 mol% Co-NP. c) Catalyst separation by an external magnet (after 1 min).

3.2.3 Mechanistic Studies

Proof of the heterogeneous nature of the catalyst was also derived from kinetic poisoning
experiments  (Figure 3.5).'  Addition of the selective  homotopic  poison
dibenzo[a,e]cyclooctatetraene (dct)!*® 24 at 40% conversion of a model hydrogenation did not
change the reaction rate. Consistently, complete inhibition resulted from the addition of

mercury (300 equiv. per Co). This quantitative amalgamation was accompanied by

5 mol% Co-NP H ' — w/o additive

©/\\-. + additive @)\/H + — dct (10.4 mol%)
- P 0
2 bar Hy, 20 °C, THF = (9.0 Il %)

+ — mercury (1500 mol%):

- addition of //__.—-—-
100 dct or PMe,
(6 min)
i no inhibition by
80 1 : dct (2 equiv. ref. to cobalt).
s 1 addition;
2 604 ofHg :
el ] (0.min) :
2 :
> 401
1 complete inhibition by
20 mercury (300 equiv. ref. to cobalt),
] PMe, (0.1 equiv. ref. to cobalt).
0: ;
I » 1 . I . 1 E 1 . I
0 10 20 30 40 50
time [min]

Figure 3.5 Catalyst poisoning with dct (2 equiv. per Co), PMe; (0.1 equiv. per Co), Hg (300 equiv. per Co). Yields

were determined from the H, consumption.
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decolorization and formation of a metallic mercury drop with silvery luster at the bottom of the
reaction.’?s! An identical reaction ceased immediately after addition of a 0.1 equiv. PMe; per Co.
Lower amounts of PMe; (0.025 equiv.) resulted in partial catalyst poisoning. These studies

provide strong indications of a heterotopic mechanism in full accord with literature reports.[*®!
3.2.4 Catalytic Hydrogenation C=N Bonds

Finally, we extended the substrate scope of our nanoparticles beyond alkene hydrogenations to
imines and heteroaromatic quinolines. Homogeneous and heterogeneous 3d metals that
catalyze imine and quinoline hydrogenation are still relatively scarce even though such
hydrogenations are an attractive, atom-economic route to amines, while compounds with a
1,2,3,4-tetrahydroquinoline scaffold are found in natural products and bioactive
compounds.'?92¢ Gratifyingly, our Co-NP catalysts were active in the clean hydrogenation of
small and bulky aldimines, ketimines, and various quinolines (Figure 3.6). Chloro, ester, hydroxyl,
benzyl, furan, and pyridine functions were tolerated. Besides the hydrogenation of the imine,

the furanyl and pyridyl imines underwent partial hydrogenation of the heterocycle.4
3.3 Conclusion

In summary, we have established a straightforward and operationally simple synthesis of quasi-
naked, colloidally and chemically stable Co(0) nanoparticles from commercial reagents. Detailed
analytical studies (TEM, XRD, DLS, poisoning) documented the heterogeneous nature of the

small and uniform nanoparticles of 3.6£0.9 nm. Applications to catalytic hydrogenations

5 mol% Co-NP, 10-20 bar H,, THF, 60-80°C, 3-24 hl'4l

g ™
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o
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Figure 3.6 Co-catalyzed hydrogenation of imines and quinolines. Blue bonds are sites of hydrogenation. Green

bonds indicate traces of overhydrogenation. Standard conditions: 0.5 mmol substrate, 2 mL THF, 5 mol% Co-NP,

10 bar H,, 60 °C, 24 h. If not otherwise noted, yields were determined by GC-FID vs. n-pentadecane.[*4
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enabled the clean conversion of alkenes, alkynes, imines, and quinolines under mild conditions
(2—20 bar H,, 20-80 °C). The catalysts could be easily mechanically separated and recycled for
multiple hydrogenation runs without loss of activity. The ease of synthetic preparation in the
absence of complex ligands, their wide catalytic applicability, the facile catalyst recycling and
long-term stability constitute prime advantages of such cobalt catalysts that should stimulate

further use in the realm of organic synthesis.
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3.4 Supporting Information

3.4.1 General Considerations

All experiments were performed under an atmosphere of dry argon by using standard Schlenk
and glovebox techniques. Solvents were purified, dried, and degassed by standard techniques.
Commercially available olefins were distilled under reduced pressure prior to use. Oleylamine
was stored over molecular sieve (4 A) for 30 days and degassed in vacuum. Cobalt(ll)chloride
(99.999%, ABCR), lithium (99%, Alfa Aesar) and naphthalene (99%, Alfa Aesar) were used as

received.
3.4.1.1  Analytical Thin-Layer Chromatography

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.
3.4.1.2 Column Chromatography

Flash column chromatography was performed with silica gel 60 from KMF (0.040-0.063 mm).

Mixtures of used solvents are noted in brackets.
3.4.1.3 High Pressure Reactor

Hydrogenation reactions were carried out in 160 and 300 mL high pressure reactors (Parr™) in
5 mL glass vials. The reactors were loaded under argon and purged with a continuous flow of H,
(2 min) first, then three times with 2 bar of H,. The reactors were sealed, and the internal

pressure was adjusted. Hydrogen (99.9992%) was purchased from Linde.
3.4.2 Analytical Measurements
3.4.2.2  *Hund *3C NMR Spectroscopy

Nuclear magnetic resonance (NMR) spectra were recorded on Bruker Avance 300 (300.13 MHz
'H, 75.47 MHz *3C) and Bruker Avance 400 (400.13 MHz *H, 100.61 MHz *3C) spectrometers.
'H-NMR: The following abbreviations are used to indicate multiplicities: s = singlet; d = doublet;
t=triplet, q=quartet; m=multiplet, dd=doublet of doublet, dt=doublet of triplet,
dqg = doublet of quartet, ddt = doublet of doublet of quartet. Chemical shifts 6 are given in ppm

relative to internal tetramethylsilane (TMS). Coupling constants are reported in Hertz (Hz).
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3.4.2.2 Fourier-Transform Infrared Spectroscopy (FT-IR)

Spectra were recorded on an Agilent Cary 630 FTIR 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.
3.4.2.3 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: N,. GC-FID was used for reaction control and catalyst

screening (Calibration with internal standard n-pentadecane and analytically pure samples).
3.4.2.4 Gas Chromatography with Mass-Selective Detector (GC-MS)

Agilent 6890N Network GC-System, mass detector 5975 MS. Column: HP-5MS (30 m x 0.25 mm
x 0.25 um, 5% phenylmethyl siloxane, carrier gas: H,. Standard heating procedure: 50 °C (2 min),

25 °C/min => 300 °C (5 min)
3.4.2.5 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.
3.4.2.6 Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES)

ICP-OES measurements were carried out on a Spectro Analytical Instruments Spectroflame

(Type: FSMEAS85C).

3.4.2.7 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
ICP-MS measurements were carried out on a Perkin ElImer Elan 9000.
3.4.2.8 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 to use. Reservoir pressure was
set to about 9 bar H,. Calibration of the reservoir pressure drop in relation to H, consumption
was performed by quantitative hydrogenation of various amounts of a-methylstyrene with a

Pd/C catalyst in 1 mL of THF.
3.4.2.9 Transmission Electron Microscopy (TEM)

TEM, high-resolution (HR)TEM, and high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) were conducted with an aberration-corrected FEI Titan3 80-300
microscope operating at 300 and 80 kV, a FE/ Osiris microscope at 200 kV, and a Philips CM 200

FEG/ST microscope at 200 kV. TEM samples were prepared by evaporating DME, THF or
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n-heptane suspensions on amorphous carbon (lacey-)film suspended on copper grids. The
deposition of the samples on the carbon (lacey-)film copper grids was performed under argon
atmosphere in a glovebox. The grids were thereafter transferred with a suitable vacuum/inert
gas transfer module into the transmission electron microscope without any contact to air.
Average particle diameters were calculated by statistical evaluation of at least 150 particles

(Imagel 1.47v software).
3.4.2.10 X-ray Powder Diffraction (XRD)

X-ray powder diffraction was carried out with a Stoe STADI-P diffractometer operating with
Ge-monochromatized Cu-Ka radiation. Co® powder samples sintered at 800 °C for 7 h in vacuum
for crystallization of the metal and eventual oxide impurities. The powder samples were
measured on a Stoe IPDS Il image plate diffractometer using Mo-Ka radiation (graphite
monochromator). Samples were diluted with glass spheres (9-13 um, Sigma-Aldrich) to reduce
the X-ray absorption of the metal nanoparticles and prepared in glass capillaries under argon.
Since the scattering power of the small-sized metal nanoparticles (diameter <10 nm) is low,
certain non-specific background is observed for all nanoparticles. This non-specific scattering

was fitted by background correction.

3.4.3 General Procedures
3.4.3.1  Synthesis of Co(0) Nanoparticles

Cobalt(ll)chloride (519 mg, 4.0 mmol), lithium (56 mg, 8.0 mmol) and naphthalene (1.20g,
9.4 mmol) were stirred in 20 mL THF for 24 h. The resultant nanoparticles were separated by
centrifugation (20.000 rpm) and purified by redispersion and centrifugation (3 x 20 mL THF).
Subsequently, the solids were dried in vacuum (for storage as powder) or redispersed in 40 mL
THF (Co-NPs, for catalytic applications). The preparation of amine-stabilized nanoparticles
(aCo-NPs) was effected by treatment of the dried solids with 38 mL THF and 2 mL oleylamine.
As an alternative to the separation by centrifugation, the particles can be separated by an
external commercial neodymium magnet (mCo-NPs). The preparation of related nanoparticles
followed the same reduction protocol but without the washing procedures (in situ Co-NPs). The
primary THF solutions (containing the by-products LiCl, naphthalene) were directly employed in
catalytic reactions. The removal of the magnetic stir bar appeared to important to ensure long-
term catalyst stability. After extended periods of storage of the catalyst suspensions,
ultrasonification for 15-60 min effected complete redispersion and secured highest

reproducibility.
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3.4.3.2 General Procedure for Hydrogenation Reactions

Under an atmosphere of argon, a 5 mL screw cap vial with a PTFE septum and magnetic stir bar
was charged with the substrate (0.25 mmol) and THF (875 pL). The catalyst suspension (125 pL;
0.0125 mmol Co) was added and the septum punctured with a short needle (Braun). The vial
was placed into a high-pressure reactor (Parr™), which was sealed, removed from the glove box,
placed on a magnetic stirrer plate, and purged with H,. After 3 h at r.t. under an atmosphere of
H, (2 bar), the pressure was released, the vial retrieved, and the reaction quenched with
saturated aqueous NH,CI (12 mL). For quantitative GC-FID analyses, n-pentadecane was added as
internal standard. The mixture was extracted with ethyl acetate and the combined organic layers
were dried (Na,SO,). For isolation of the products, the reaction mixture was filtered through a
Pasteur pipette filled with SiO,. The pipette was washed with n-pentane (3 x 1 mL) and the
solvents were evaporated. Amines were isolated as the corresponding ammonium salts after

addition of HCI-Et,0.
3.4.3.3 General Method for Kinetic Examination in Catalytic Hydrogenation

A flame-dried 10 mL two-neck flask was connected to a Man on the Moon X201 gas-uptake
system. After purging with H,, the system was set to a reaction pressure of 1.9 bar. The catalyst
mixture in THF (2 ml) was added using a PTFE septum. Monitoring of the hydrogen uptake
started with the addition of the substrate (0.5 mmol). The pressure was recorded every two

seconds until the pressure in the reaction vessel remained stationary.
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3.4.4 Synthesis of Starting Materials
3.4.4.1 General Procedure for the Synthesis of Imines

Silica (6 g) was weighed into a 100 ml round-bottom flask and suspended in ethanol (35 ml).
After addition of the aldehyde (20 mmol) and amine (20 mmol, 1 equiv.), the flask was put into

an ultrasonic bath for 20 min at room temperature.

The mixture was stirred overnight, filtered and the solvent removed. The crude product mixture

was vacuum distilled (80 °C, 0.02 mbar) and the imines collected.

Modified procedure according to K. P. Guzen, A. S. Guarezemini, A. T. Orfdo, R. Cella, C. M.
Pereira, H. A. Stefani, Tetrahedron Lett. 2007, 48, 1845.

C.:HsNO
M = 171.20 g/mol @) \N
\ |
Pale yellow liquid
Yield 1.72 g, 10.0 mmol (50%)
'H-NMR (300.13 MHz, MeOD) 6 = 8.37 (s, 1H), 7.77 (d, J = 1.8 Hz, 1H), 7.44-7.33 (m,

2H), 7.29-7.19 (m, 3H), 7.12 (dd, J = 3.5, 0.7 Hz, 1H), 6.64 (dd, J = 3.5, 1.8 Hz,
1H).

BC{*H}-NMR (75.47 MHz, MeOD) 6 = 153.08, 151.98, 150.21, 147.68, 130.38, 127.63,

122.05,118.77, 113.52.
GC-MS tr = 8.044 min, (El, 70 eV): m/z = 171 [M*], 142, 115, 104, 93, 77, 66, 51.

Analytical data were in full agreement with H. Naka, D. Koseki, Y. Kondo, Adv. Synth. Catal.

2008, 350, 1901.
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Ci2HisNO
M = 177.25 g/mol O \N
% |
Yellow liquid
Yield 2.68 g, 15.12 mmol (76%)
'H-NMR (300.13 MHz, MeOD) 6 = 8.16 (s, 1H), 7.67 (d, J=1.8 Hz, 1H), 6.91 (dd,

J=3.6, 0.8 Hz, 1H), 6.56 (dd, J=3.5, 1.8 Hz, 1H), 3.18 (tt, J=10.8, 4.1 Hz,
1H), 1.88-1.78 (m, 1H), 1.78-1.66 (m, 2H), 1.62-1.46 (m, 2H), 1.46-1.15 (m,
3H).

BC{*H}-NMR (75.47 MHz, MeOD) & = 152.56, 150.41, 146.59, 116.23, 112.95, 70.97,
35.25, 26.56, 25.89.

GC-MS tr = 7.46 min, (El, 70 eV): m/z = 177 [M?*], 162, 148, 134, 122, 107, 94, 81, 67,
53.

HRMS Calcd. for C;;H35sNO: 177.11482; found: 177.11437.
CioHi7N
M = 151.25 g/mol MN

Yield 2.04 g, 13.5 mmol (68%)

'H-NMR (300.13 MHz, MeOD) 6 = 7.93-7.87 (m, 1H), 7.76 (t,J = 2.8 Hz, 1H), 6.43-6.29

(m, 1H), 6.19 (ddqg, J = 15.4, 8.8, 1.4 Hz, 1H), 3.67-3.56 (m, 1H), 3.08-2.95 (m,
2H), 1.89 (d, /= 6.7 Hz, 3H), 1.84-1.61 (m, 11H), 1.50-1.31 (m, 7H), 1.17 (d,
J=6.2 Hz, 3H).

BC{*H}-NMR (75.47 MHz, MeOD) 6 = 164.2, 163.6, 163.6, 143.6, 143.5, 132.0, 75.8, 70.5,
70.0, 36.9, 35.4, 35.3, 35.3, 26.6, 26.3, 25.8, 25.8, 19.5, 18.6, 18.5.

GC-MS tr = 6.26 min, (El, 70 eV): m/z = 150 [M*-H], 136, 122, 110, 94, 82, 68, 55.

Analytical data were in full agreement with A. Saoudi, A. Benguedach, H. Benhaoua, Synth.

Commun. 1995, 25, 2349.
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3.4.5 Hydrogenation Reactions

3.4.5.1 Catalyst & Substrate Screening

Table S 3-1 Hydrogenation of alkenes, alkynes, imines, and quinolines catalyzed by cobalt(o) nanoparticles
isolated by centrifugation (Co-NP), isolated by magnetic separation (mCo-NP), prepared and used in situ (in situ Co-
NP), and isolated by centrifugation and stabilized by oleyl amine (aCo-NP). Standard conditions: 0.25 mmol substrate,
1 mL THF or 0.5 mmol substrate, 2 mL THF. If not otherwise noted, yields were determined by GC-FID vs. internal

n-pentadecane (isol. = isolated yield).

Substrate [Co] / [mol%] [bar] [°C] [h] Yield [%] Comment
Co-NP 1 3 >99 -
Co-NP 5 0,5 >99 -
=

1a ©/\ mCo-NP 5 2 20 0,5 98 -
in situ Co-NP 5 0,5 97 -
aCo-NP 1 3 16 (26) -
Co-NP 1 3 >99 -
Co-NP 5 1 98 -
1b @J‘\ mCo-NP 5 2 20 0,5 >99 -
in situ Co-NP 5 0,5 >99 -
aCo-NP 1 3 16 (26) -
O Co-NP 1 >99 -

1c 2 20 3
O - in situ Co-NP 5 99 -
Co-NP 5 8 >99 -
1d @—: mCo-NP 1 2 20 24 88 -
mCo-NP 5 3 90 -
1e @+ Co-NP 5 2 20 8 98 -

/
1f = SI\— mCo-NP 5 2 20 3 96 (isol.) -
X
1g @(\ mCo-NP 1 2 20 3 58 -
=
1h /©/\ mCo-NP 1 2 20 3 94 _
x 100% according to
1i mCo-NP 1 2 20 3 72 (isol.) tH-NMR of the
OMe mixture

> Co-NP 1 >99 -

1j 2 20 3
in situ Co-NP 5 97 -
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Substrate [Co] / [mol%] [bar] [°C] [h] Yield [%] Comment
Co-NP 1 3 >96 -
Co-NP 5 0,5 92 -
1k G 2 20
mCo-NP 5 0,5 >99 -
in situ Co-NP 5 0,5 >99 -
1l - mCo-NP 5 2 20 24 69 (isol.) -
=
im mCo-NP 5 2 20 3 98 -
F,C
O =
in mCo-NP 5 2 20 3 89 (isol.) -
HO
O
10 mCo-NP 2 20 8 -
(0] mCo-NP 5 42 _
1p )\)L 2 20 3
XN mCo-NP 10 94 -
. residual solvent
1q mCo-NP 5 2 20 24 74 (isol.) o
(vide infra)
Yield refers to:
ar PR mCo-NP 5 ) 0 87 ethylcyclohexane
- 3 (100% conversion)
Rest: M = 100
1s Q—: mCo-NP 5 2 20 3 53 See 1q
=
1t 4 7 mCo-NP 5 2 20 8 99 (isol.) -
C4Hg
P CsHy4 Co-NP 5 8 >99 -
1u / 2 20
CsHyq4 mCo-NP 5 24 93 (isol.) -
OH
1v @+§ mCo-NP 5 2 20 3 96 (isol.) -
=
iw Co-NP 5 10 20 24 58 -
Cl
Co-NP 5 10 60 3 >99 -
:
Co-NP 5 60 20 24 >99 -
Co-NP 5 98 -
aCo-NP 5 80 -
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Substrate [Co] / [mol%] [bar] [°C] [h] Yield [%] Comment
Co-NP 98 -
1z Q O 10 60 24
aCo-NP 79 -
1aa Co-NP 10 60 24 86 -
O Co-NP 20 71 -
1ab O N 10 3
‘ Co-NP 60 92 -
\
1ac KN O ' mCo-NP 10 60 24 99 (isol.) -
x>
1ad | il o mCo-NP 2 20 3 99 (isol.) -
N
1ae JWV‘OH mCo-NP 20 80 24 88 (isol.) -
1af MOH mCo-NP 10 60 24 99 (isol.) -
1ag )%/\/I'L/ mCo-NP 20 80 24 79 (isol.) -
o] mCo-NP 2 20 3 49
1ah - o il -
mCo-NP 10 60 24 88
Q.6
Y/
1ai @/S\/ mCo-NP 10 60 24 81 Purity: vide infra
1aj mCo-NP 10 60 24 91 (isol.) -
HO
OH
o
1ak mCo-NP 10 60 24 95 (isol.) -
O~
OH
0]
N/
1al 1 mCo-NP 20 80 24 81 (isol.) -
NQ
0]
0]
1am N— mCo-NP 10 60 24 93 (isol.) -
(0]
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Substrate [Co] / [mol%] [bar] [°C] [h] Yield [%] Comment
O
1an mﬁl—o mCo-NP 10 60 24 96 (isol.) R
0]
0]
1ao0 N— mCo-NP 10 60 24 94 -
0]
Co-NP 87 -
6
23 ©AN Co-NP 10 60 >99 -
mCo-NP 24 91 (isol.) -
COOMe
2b ©/>N/©/ mCo-NP 10 60 24 83 (isol.) -
2c ‘N/O mCo-NP 10 60 24 88 (isol.) -
~o
d Co-NP 6 8 (isol.) mixture
2 D mCo- 10 0 24 98 (isol.
| N (vide infra)
=N
/© Co-NP 6 (isol.) mixture
2e mCo- 10 0 24 99 (isol.
e e (vide infra)
\_0
f /O Co-NP 6 67 (isol.) mixture
2 mCo- 10 0 24 7 (isol.
=N (vide infra)
0
~N
2g mCo-NP 10 60 24 84 (isol.) -
Ny~
2h ©/ mCo-NP 10 60 24 63 (isol.) -
NeaX
2i O mCo-NP 10 60 24 92 (isol.) -
2j @J‘%/%/@ mCo-NP 10 60 24 96 (isol.) -
2k @)\‘.N’O mCo-NP 20 80 48 89 (isol.) Purity: vide infra
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Substrate [Co] / [mol%] [bar] [°C] [h] Yield [%] Comment
S
2l o mCo-NP 10 100 24 99 (isol.) -
N
-
2m = mCo-NP 20 80 48 75 (isol.) -
N
X
2n N/ mCo-NP 20 80 24 39 (isol.)
/O -~
20 P mCo-NP 20 80 24 77 (isol.)
N
Cl N
2p - mCo-NP 20 80 48 62 (isol.) -
N
O
2q \OJ\©\/ﬁ mCo-NP 20 80 24  98(isol) -
-
N
N\
2r @: ;I mCo-NP 20 80 24 95 (isol.) -
N
¥, .
2s mCo-NP 10 60 24 97 (isol) -
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3.4.5.2 Isolated Hydrogenation Reactions Products

C11H183i SiM83
M = 178.35 g/mol @A/

Yield 85.2 mg, 0.48 mmol (96%)

'H-NMR (300.13 MHz, CDCl5) 6 = 7.30-7.10 (m, 5H), 2.66-2.56 (m, 2H), 0.91-0.80 (m,
2H), 0.00 (s, 9H).

BC{*H}-NMR (75.47 MHz, CDCl;) 6 = 145.5, 128.4, 127.9, 125.6, 30.2, 18.8, —1.6.
GC-MS tr = 6.16 min, (El, 70 eV): m/z = 178 [M"], 163, 135, 104, 91, 73, 59, 51.

Analytical data were in full agreement with E. Negishi, D. R. Swanson, C. J. Rousset, J. Org.

Chem. 1990, 55, 5406.

C9H120 @-\
136.19 g/mol o~

Yield 52.2 mg, 0.38 mmol (72%)

'H-NMR (400.13 MHz, CDCl3) 6 = 7.22-7.13 (m, 2H), 6.91 (td, J = 7.4, 1.1 Hz, 1H), 6.86
(dd, J=8.0, 1.1 Hz, 1H), 3.84 (s, 3H), 2.66 (q, /=7.5Hz, 2H), 1.21 (t,
J=7.5Hz, 3H).

BC{*H}-NMR (75.47 MHz, CDCl;) 6 157.5, 132.7, 129.0, 126.9, 120.6, 110.3, 55.4, 23.4,
14.3.

GC-MS tr = 5.30 min, (El, 70 eV): m/z = 136 [M*], 121, 103, 91, 77, 65, 51.

Analytical data were in full agreement with M. Mirza-Aghayan, R. Boukherroub, M.

Rahimifard, J. Organomet. Chem. 2008, 693, 3567.
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Yield

‘*H-NMR

BC{*H}-NMR

GC-MS

C11H16
148.25 g/mol
53.4 mg, 0.36 mmol (69%)

(300.13 MHz, CDCl;) 6 = 7.33-7.26 (m, 2H), 7.22-7.14 (m, 3H), 2.70 (h,
J=7.0Hz, 1H), 1.65-1.43 (m, 2H), 1.36-1.09 (m, 5H), 0.87 (t, J = 7.3 Hz, 3H)

(75.47 MHz, CDCl5) 6 = 148.1, 128.4, 127.1, 125.9, 40.9, 39.8, 22.4, 21.0,
14.3.

tr = 5.42 min, (El, 70 eV): m/z = 148 [M?], 105, 91, 77, 65, 51.

Analytical data were in full agreement with R. B. Bedford, P. B. Brenner, E. Carter, T. W.

Carvell, P. M. Cogswell, T. Gallagher, J. N. Harvey, D. M. Murphy, E. C. Neeve, J. Nunn et al.,

Chem. Eur. J. 2014, 20, 7935.

Yield

*H-NMR

BC{*H}-NMR

GC-MS

C10H1402 /O
166.22 g/mol HO:©N
From eugenol: 75.6 mg, 0.45 mmol (89%)

from isoeugenol: 75.7 mg, 0.46 mmol (91%)

(300.13 MHz, CDCl;) 6 = 6.86-6.81 (m, 1H), 6.71-6.65 (m, 2H), 5.48 (brs, 1H),
3.88 (s, 3H), 2.52 (t, /= 7.8 Hz, 2H), 1.69-1.55 (m, 2H), 0.94 (t, J = 7.3 Hz, 3H).

(75.47 MHz, CDCl;) 6 = 146.4, 143.6, 134.8, 121.1, 114.2, 111.1, 56.0, 37.9,

25.0, 14.0.

tr = 7.038 min, (El, 70 eV): m/z = 166 [M*], 137, 122, 107, 94, 77, 65, 51.

Analytical data were in full agreement with C. Smit, M. W. Fraaije, A. J. Minnaard, J. Org. Chem.

2008, 73, 9482.
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C10H18
138.25 g/mol
Yield 33.7 mg, 0.24 mmol (95%; 78% purity)

Due to the volatile nature of the product, the solvents could not be removed
completely. NMR-analysis showed 74% hydrogenation product, 14% THF,

7% n-pentane

'H-NMR (400.13 MHz, CDCl;) 6 = 5.46-5.28 (m, 1H), 2.08-1.91 (m, 3H), 1.80-1.67 (m,
2H), 1.64 (s, 3H), 1.46 (dq, J=13.1, 7.1, 6.5 Hz, 1H), 1.35-1.16 (m, 2H),
0.92-0.84 (m, 6H).

BC{*H}-NMR (101.61 MHz, CDCl3) 6 =134.1, 121.2, 40.2, 32.4, 31.0, 29.1, 26.6, 23.6, 20.2,
19.9.

GC-MS tr = 4.84 min, (El, 70 eV): m/z = 138 [M"], 123, 109, 95, 81, 67, 55.

Analytical data were in full agreement with G. Villa, G. Povie, P. Renaud, J. Am. Chem. Soc.

2011, 133, 5913.

C16H34 /\(\/jg

226.45 g/mol
Yield 59.3 mg, 0.26 mmol (99%)
'H-NMR (300.13 MHz, CDCl;) 6 = 1.26 (s, 28H), 0.94 — 0.82 (m, 6H).

BC{*H}-NMR (75.47 MHz, CDCl5) & = 32.1, 29.9, 29.8, 29.6, 22.9, 14.3.

GC-MS tr = 8.185 min, (El, 70 eV): m/z = 226 [M*], 197, 183, 169, 155, 141, 127, 113,
99, 85, 71, 57.

Analytical data were in full agreement with T. Brenstrum, D. A. Gerristma, G. M. Adjabeng, C.

S. Frampton, J. Britten, A. J. Robertson, J. McNulty, A. Capretta, J. Org. Chem. 2004, 69, 7635.
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C12H26 /\(\’)g/
170.34 g/mol

Yield 78.6 mg, 0.46 mmol (93%)

*H-NMR (400.13 MHz, CDCl;) 6 = 1.26 (s, 20H), 0.94-0.84 (m, 6H).

BC{*H}-NMR (101.61 MHz, CDCl5) 6 = 32.1, 29.9, 29.8, 29.5, 22.9, 14.3.
GC-MS tr = 6.01 min, (El, 70 eV): m/z = 170 [M?], 141, 127, 112, 98, 85, 71, 57.

Analytical data were in full agreement with X. Xu, D. Cheng, W. Pei, J. Org. Chem. 2006, 71,

6637.
Ci0H1,0 OH
150.22 g/mol

Yield 73.9 mg, 0.49 mmol (96%)
Purity: 93%; 7% semihydrogenation product

'H-NMR (300.13 MHz, CDCl;) 6 = 7.26-7.31 (m, 2H), 7.17-7.24 (m, 3H), 3.84 (dq, 1H,

J=6.22,12.10 Hz), 2.61-2.83 (m, 2H), 1.73-1.83 (m, 2H), 1.53 (brs, 1H), 1.24
(d, 3H,J=6.17 Hz).

BC{*H}-NMR (75.47 MHz, CDCl5) 6 = 142.2, 128.5, 125.9, 67.6, 41.0, 32.3, 23.8.
GC-MS tr = 6.51 min, (El, 70 eV): m/z = 150 [M*], 132, 117, 91, 77, 65, 51.

Analytical data were in full agreement with Z. E. Clarke, P. T. Maragh, T. P. Dasgupta, D. G.

Gusev, A. J. Lough, K. Abdur-Rashid, Organometallics 2006, 25, 4113.
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CisHaN
203.33 g/mol
Yield 100.7 mg, 0.50 mmol (99%) MesN
'H-NMR (400.13 MHz, CDCl3) 6 = 7.15-7.08 (m, 2H), 6.77-6.70 (m, 2H), 2.93 (s, 6H),

2.43(tg,J =9.0, 3.3 Hz, 1H), 1.92-1.81 (m, 4H), 1.75 (dtt,J = 12.6, 3.1, 1.4 Hz,
1H), 1.47-1.33 (m, 4H), 1.27 (ddt, J = 14.5, 9.0, 3.3 Hz, 1H).

BC{*H}-NMR (101.61 MHz, CDCl5) 6 = 149.1, 136.8, 127.4, 113.1, 43.6, 41.1, 34.9, 27.2,
26.4.

GC-MS tr = 9.15 min, (El, 70 eV): m/z = 203 [M"], 160, 146, 134, 115, 103, 93, 77, 51.

Analytical data were in full agreement with W. M. Czaplik, M. Mayer, A. Jacobi von Wangelin,

Angew. Chem. Int. Ed. 2009, 48, 607.

C7H1oNC| @]/\
4 -
143.61 g/mol ~NH Cl

Yield 36.1 mg, 0.25 mmol (99%)

'H-NMR (300.13 MHz, MeOD) 6 = 8.75 (dt, J = 4.8, 2.3 Hz, 1H), 8.65 — 8.53 (m, 1H),
8.04 (d, /= 8.1 Hz, 1H), 8.00 — 7.90 (m, 1H), 3.21 — 3.06 (m, 2H), 2.02 (s, 1H),
1.50 — 1.41 (m, 3H).

BC{*H}-NMR (75.47 MHz, MeQOD) 6 = 160.0, 148.3, 142.1, 128.0, 126.0, 27.8, 13.3.

GC-MS tr = 3.792 min, (El, 70 eV): m/z = 106 [M*], 92, 79, 65, 51.
(freebase)
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Yield

*H-NMR

BC{*H}-NMR
GC-MS
HRMS

IR

Yield

*H-NMR

BC{*H}-NMR

GC-MS

et )\/\/I\/\
OH

158.29 g/mol
From citronellol: 68.3 mg, 0.43 mmol (88%)
from geraniol: 40.4 mg, 0.26 mmol (99%)

(300.13 MHz, CDCl;) 6 = 3.76-3.57 (m, 2H), 1.67-1.46 (m, 3H), 1.43-1.32 (m,
2H), 1.32-1.21 (m, 3H), 1.19-1.06 (m, 3H), 0.87 (dd, J = 8.0, 6.5 Hz, 9H).

(75.47 MHz, CDCl5) 6 = 61.4, 40.1, 39.4, 37.5, 29.6, 28.1, 24.8, 22.8, 22.7, 19.7.
tr = 6.016 min, (El, 70 eV): m/z = 140 [M*-OH,], 125, 112, 97, 83, 70, 55.
Calcd. for C;0H,;0 157.15869; found: 157.15836.

3324 (b), 2955 (s), 2926 (s), 2870 (s), 1461 (m), 1379 (m), 1260 (m), 1051 (s),

805 (s) cm™.

142.29 g/mol
57.6 mg, 0.40 mmol (79%)

(300.13 MHz, CDCl;) 6 = 1.52 (dp, J=13.1, 6.6 Hz, 1H), 1.38-1.22 (m, 5H),
1.18-1.01 (m, 4H), 0.85 (t, / = 6.8 Hz, 12H).

(75.47 MHz, CDCl;) 6 =39.5, 37.0, 34.6, 29.7, 28.2, 25.0, 22.9, 22.8, 19.4, 11.6.

tr = 4.03 min, (El, 70 eV): m/z = 142 [M'], 127, 113, 97, 85, 71, 57.

Analytical data were in full agreement with R. V. Ottenbacher, D. G. Samsonenko, E. P. Talsi,

K. P. Bryliakov, Org. Lett. 2012, 14, 4310.
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CSHlooZS O O
NSy
S\\/
170.23 g/mol O
Yield 77.1 mg, 0.45 mmol (91%)

Purity: 89%; 12% starting material

'H-NMR (300.13 MHz, CDCl;) 6 = 7.93-7.86 (m, 2H), 7.72-7.59 (m, 1H), 7.60-7.53 (m,
2H), 3.11 (q, /= 7.4 Hz, 2H), 1.26 (t, / = 7.4 Hz, 3H).

BC{*H}-NMR (75.47 MHz, CDCl;) 6 = 138.6, 133.8, 129.4, 128.3, 50.7, 7.6.
GC-MS tr = 9.00 min, (El, 70 eV): m/z = 170 [M?], 154, 141, 125, 105, 94, 77, 65, 51.

Analytical data were in full agreement with R. V. Kupwade, S. S. Khot, U. P. Lad, U. V. Desai, P.
P. Wadgaonkar, Res. Chem. Intermed. 2017, 43, 6875.

C12H2004 O
228.29 g/mol o
. O\/
Yield 107.8 mg, 0.47 mmol (95%)
@]
'H-NMR (300.13 MHz, CDCl;) 6 = 4.12 (q,J = 7.1 Hz, 4H), 2.85-2.74 (m, 2H), 2.10-1.89

(m, 2H), 1.83-1.66 (m, 2H), 1.58-1.30 (M, 4H), 1.23 (t, J = 7.2 Hz, 6H).
BC{*H}-NMR (75.47 MHz, CDCl5) 6 = 173.8, 60.4, 42.8, 26.4, 23.9, 14.3.

GC-MS tr =9.33 min, (El, 70 eV): m/z = 228 [M"], 183, 154, 140, 125, 108, 99, 81, 67,
55.

Analytical data were in full agreement with T. Volk, D. Bernicke, J. W. Bats, H.-G. Schmalz, Eur.

J. Inorg. Chem. 1998, 12, 1883.
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Yield

*H-NMR

3C{*H}-NMR

GC-MS

Yield

*H-NMR

B3C{*H}-NMR

GC-MS

C10H16N202 O

196.25 g/mol

Z—Z

79.5 mg, 0.41 mmol (81%)
(@)

(300.13 MHz, CDCl3) 6 = 3.24 (s, 6H), 2.79-2.62 (m, 2H), 1.97-1.49 (m, 6H),
1.49-1.29 (m, 2H).

(75.47 MHz, CDCl5) 6 = 170.4, 32.7, 24.3.

tz = 8.78 min, (El, 70 eV): m/z =196 [M*], 180, 166, 153, 141, 125, 109, 96,

81, 67, 59.
CoH13NO, 0
167.21 g/mol N—
78.3 mg, 0.47 mmol (93%) 0

(300.13 MHz, CDCl;) 6 = 2.96 (s, 3H), 2.90 2.79 (m, 2H), 1.93-1.66 (m, 4H),

1.51-1.34 (m, 4H).
(75.47 MHz, CDCl;) 6 = 180.1, 39.9, 24.8, 23.8, 21.7.

tr = 7.46 min, (El, 70 eV): m/z = 167 [M"], 152. 138. 125. 113. 82. 67. 54.

Analytical data were in full agreement with T. N. Gieshoff, U. Chakraborty, M. Villa, A. Jacobi

von Wangelin, Angew. Chem. Int. Ed. 2017, 56, 3585.
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Yield

*H-NMR

3C{*H}-NMR

GC-MS

C14H21N02 O
235.33 g/mol N{>
111.0 mg, 0.47 mmol (96%) 0

(300.13 MHz, CDCl3) 6 = 3.92 (tt, J=12.3, 3.9 Hz, 1H), 2.77 (ddd, J = 6.4, 4.4,
2.1 Hz, 2H), 2.11 (qd, J=12.3, 3.4 Hz, 2H), 1.89-1.76 (m, 4H), 1.75-1.51 (m,
5H), 1.49-1.34 (m, 4H), 1.34-1.15 (m, 3H).

(75.47 MHz, CDCl;) 6 = 180.0, 51.3, 39.7, 28.9, 26.0, 25.2, 24.0, 21.8.

tr = 9.83 min, (El, 70 eV): m/z = 235 [M’], 207, 192, 178, 164, 154, 136, 124,
108, 98, 81, 67, 55.

Analytical data were in full agreement with M. Ostendorf, R. Romagnoli, I. C. Pereiro, E. C.

Roos, M. J. Moolenaar, W. Speckamp, H. Hiemstra, Tetrahedron: Asymmetry 1997, 8, 1773.

Yield

*H-NMR

BC{*H}-NMR

GC-MS

CoH11NO; @)
181.19 g/mol N—
85.2 mg, 0.47 mmol (94%) O

(300.13 MHz, CDCl;) 6 = 4.86 (dd, J = 3.3, 2.1 Hz, 2H), 2.95 (s, 3H), 2.87 (s, 2H),
1.92 1.80 (m, 2H), 1.64 1.53 (m, 2H).

(75.47 MHz, CDCl5) 6 = 177.4, 79.1, 50.1, 28.7, 25.2.

tr = 9.65 min, (El, 70 eV): m/z = 181 [M*], 152, 140, 125, 108, 99, 81, 67, 55.
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Yield
'H-NMR

BC{*H}-NMR

GC-MS
(freebase)

Elemental
Analysis

Ci3H1,CIN _
o Cl /O
+
219.71 g/mol N
99.4 mg, 0.45 mmol (91%)

(300.13 MHz, MeOD) 6 = 7.59-7.50 (m, 3H), 7.48-7.38 (m, 7H), 4.61 (s, 2H).

(75.47 MHz, MeOD) & = 136.2, 131.9, 131.5, 131.4, 131.0, 130.9, 130.2,

124.3, 57.0.

tr = 8.97 min, (El, 70 eV): m/z = 183 [M"], 154, 107, 91, 77, 65, 51.

Calcd: 71.07% C, 6.42% H, 6.38% N; found: 70.57% C, 6.80% H, 6.27% N

Analytical data were in full agreement with T. Li, X. Cui, L. Sun, C. Li, RSC Adv. 2014, 4, 33599.

Yield

*H-NMR

BC{*H}-NMR

GC-MS

Elemental
Analysis

C15H15N02

241.29 g/mol

/Q/COQMG
@/\N
H

(300.13 MHz, CDCl;) 6 = 7.87 (d, J=8.8 Hz, 2H), 7.41-7.27 (m, 5H), 6.61 (d,

49.0 mg, 0.20 mmol (83%)

J=8.8Hz, 2H), 4.81 (brs, 1H), 4.39 (s, 2H), 3.85 (s, 3H).

(75.47 MHz, CDCl;) 6 = 167.4, 151.6, 138.3, 131.7, 128.9, 127.7, 127.6, 119.0,

112.0, 51.7, 48.0.

tr = 11.24 min, (El, 70 eV): m/z = 241 [M"], 210, 180, 164, 151, 135, 119, 104,

91, 78, 65, 51.

Calcd: 74.67% C, 6.27% H, 5.81% N; found: 73.82% C, 6.37% H, 5.63% N

Analytical data were in full agreement with L. Fan, J. Jia, H. Hou, Q. Lefebvre, M. Rueping, Chem.

Eur. J. 2016, 22, 16437.
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Yield

*H-NMR

BC{*H}-NMR

GC-MS

(freebase)

HRMS

IR

Yield

*H-NMR

B3C{*H}-NMR

GC-MS
(freebase)

HRMS

Ci4H16CINO -
i )
+
249.74 g/mol N
110.1 mg, 0.44 mmol (88%)

(400.13 MHz, MeOD) 6 = 7.59-7.48 (m, 3H), 7.45-7.36 (m, 2H), 7.35-7.30 (m,
2H), 6.97-6.92 (m, 2H), 4.54 (s, 2H), 3.80 (s, 3H).

(101.612 MHz, MeOD) 6 = 162.29, 136.10, 133.05, 131.34, 130.97, 124.34,
123.53, 115.41, 56.77, 55.82.

tr = 10.12 min, (El, 70 eV): m/z = 213 [M*], 196, 180, 168, 152, 142, 121, 106,

91, 77, 65, 51.

Calcd. for C;4H16NO: 214,1226; found: 214.1226.

3060 (w), 2896 (m), 2840 (m), 2669 (s), 2550 (s), 2423 (s), 1595 (s), 1513 (s),
1305 (m), 1249 (s), 1033 (s), 815 (s), 795 (s) cm™.

Ci5H19CIN,
262.78 g/mol X N
128.2 mg, 0.49 mmol (98%)
23% pyridine hydrogenation

(300 MHz, MeOD) 6 8.85 (ddd, /= 5.5, 1.6, 0.8 Hz, 1H), 8.37 (td, J= 7.9, 1.7 Hz,
1H), 7.93(dd, J=7.9, 1.1 Hz, 1H), 7.93 - 6.99 (m, 1H), 7.03 (s, 2H), 4.77 (s, 2H),
2.41 (s, 6H), 2.29 (s, 3H).

(75 MHz, MeOD) 6 151.3, 146.4, 144.4, 139.8, 132.8, 131.8,127.5,127.3,52.7,

20.8, 18.0.

tr = 9.839 min, (El, 70 eV): m/z = 226 [M*], 211, 196, 181, 148, 134, 120, 107,
93,79, 65, 51.

Calcd. for C;5HigN, 227.1543; found: 227.1543;

Calcd. for Cy5H,5N, 223.2012; found: 223.2011.
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Yield

*H-NMR

BC{*H}-NMR

GC-MS

Ci:Hi:NO 8

173.22 g/mol

88.8 mg, 0.51 mmol (99%)

8
7 g
Selectivity: 81% o4 5 @ g
- N .
1 7
Only detectable side product: <I\H

(400.13 MHz, CDCl;) 6 =7.38 (dd, J = 1.9, 0.8 Hz, 1H, 1), 7.20 (qd, /= 6.6, 6.1,
1.7 Hz, 3H, 8),6.76 (t,/ = 7.3 Hz,1H, 9), 6.73-6.62 (m, 2H, 7), 6.34 (dd, J = 3.2,
1.9 Hz, 1H, 2), 6.25 (dd, /= 3.2, 0.9 Hz, 1H, 3), 4.33 (s, 2H, 5).

Side product (400.13 MHz, CDCl;) 6 = 7.18-7.15 (m, 2H, 8’), 6.67-6.63 (m, 3H,
7'/9°), 4.15 (qd, J = 7.2, 3.8 Hz, 1H, 4’), 3.91 (dt, /= 8.3, 6.7 Hz, 1H, 1’), 3.80
(dt, J=8.2, 6.8 Hz, 1H, 1’), 3.28 (dd, J=12.3, 3.8 Hz, 1H, 5’), 3.10 (dd,
J=12.3,7.5 Hz, 1H, 5’), 2.10-2.00 (m, 1H, 3’), 1.99-1.89 (m, 2H, 2’), 1.67 (ddt,
J=11.6, 8.3, 7.0 Hz, 1H, 3').

(101.612 MHz, CDCl;) 6 = 152.9 (6), 147.8 (4), 142.0 (1), 129.4 (8), 118.1 (9),
113.3 (7), 110.5 (2), 107.1 (3), 41.6 (5).

Side product (101.61 MHz, CDCl;) 6 = 148.5 (6’), 129.3 (8’), 117.6 (9°), 113.2
(7'), 77.7 (&), 68.2 (1'), 48.3 (5'), 29.2 (3'), 25.9 (2').

tr = 7.97 min, (El, 70 eV): m/z = 173 [M"], 144, 130, 115, 104, 91, 81, 65, 53.

Analytical data were in full agreement with M. L. Kantam, G. T. Venkanna, C. Sridhar, B.

Sreedhar, B. M. Choudary, J. Org. Chem. 2006, 71, 9522.
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C.:H:,NO 7
7 7
S 8
179.26 g/mol 0.4 5
1 N 7
WH
2 3
Yield 58.8 mg, 0.33 mmol (67%) T

7 7
Selectivity 53% o4 . 7
N
y i
Only detectable side product: Qj/\ H

'H-NMR (400.13 MHz, CDCl;) 6 = 7.34 (dd, J=1.9, 0.8 Hz, 1H, 1), 6.29 (dd, J=3.2,
1.9 Hz, 1H, 2), 6.15 (d, J=3.1 Hz, 1H, 3), 3.80 (s, 2H, 5), 2.44 (tt, J=10.4,
3.8 Hz, 1H, 6), 1.91-1.83 (m, 5H, 7/7’), 1.72 (dt, J=12.5, 3.6 Hz, 4H, 7/7'),
1.63-1.57 (m, 2H, 7/7’), 1.30-1.02 (m, 8H, 7/7).

Side product (400.13 MHz, CDCl;) 6 = 3.99 (ddt, J = 11.1, 7.4, 3.7 Hz, 1H, 4'),
3.84 (dt, J=8.4, 6.7 Hz, 1H, 1), 3.73 (dt, /= 8.2, 6.8 Hz, 1H, 1), 2.74 (dd,
J=11.8, 3.7 Hz, 1H, 5’), 2.63 (dd, J = 11.8, 8.1 Hz, 1H, 5'), 2.44 (tt, J = 10.4,
3.8 Hz, 1H, 6’), 2.03-1.92 (m, 1H, 3’), 1.91-1.83 (m, 2H, 2’), 1.91-1.83 (m, 5H,
7/7’), 1.72 (dt, J=12.5, 3.6 Hz, 4H, 7/7’), 1.63-1.57 (m, 2H, 7/7’), 1.57-1.47
(m, 1H, 3’), 1.30-1.02 (m, 8H, 7/7’).

BC{*H}-NMR (101.61 MHz, CDCl;) 6 = 154.4 (4), 141.8 (1), 110.2 (3), 106.7 (2), 55.9 (6),
43.5 (5), 33.5 (7/7'), 33.5 (7/7'), 33.4 (7/7'), 26.3 (7/7'), 25.2 (7/7'), 25.2
(7/7°), 25.1 (7/7').

Side product (101.61 MHz, CDCl;) 6 = 78.6 (4’), 68.0 (1’), 57.1 (6’), 51.6 (5'),
33.5(7/7),33.5(7/7'),33.4(7/7'), 29.6 (3'), 26.3 (7/7’), 25.9 (2’), 25.2(7/7’),
25.2(7/7'), 25.1(7/7').

GC-MS tr = 7.24 min, (El, 70 eV): m/z = 179 [M"], 150, 136, 122, 96, 81, 67, 53.

Side product: tr = 7.65 min, (El, 70 eV): m/z =183 [M"], 140, 122, 112, 105,

96, 83, 68, 55.
HRMS Calcd. for C;;H;sNO 180,1383; found: 180.1386;

Calcd. for C;1H,,NO (side product) 184,1696; found: 184.1700.
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Yield
'H-NMR
3C{*H}-NMR

GC-MS
(freebase)

C14H16NCI CI
+

233.10 g/mol gﬁ;@

49.0 mg, 0.21 mmol (84%)

(400.13 MHz, MeOD) 6 = 7.55-7.49 (m, 4H), 7.49-7.44 (m, 6H), 4.25 (s, 4H).

(101.612 MHz, MeOD) 6 = 132.4, 131.1, 130.7, 130.3, 52.0.

tr = 10.9 min, (El, 70 eV): m/z = 196 [M-H"], 179, 165, 152, 139, 120, 106, 91,
77, 65, 51.

Analytical data were in full agreement with L. Xing, C. Cheng, R. Zhu, B. Zhang, X. Wang, Y. Hu,

Tetrahedron 2008, 64, 11783.

Yield
'H-NMR
3C{*H}-NMR

GC-MS

C8H12NC| CI
o
157.64 g/mol ©/\H
2
52.7 mg, 0.33 mmol (63%)
(400.13 MHz, MeOD) 6 = 7.53-7.43 (m, 5H), 4.19 (s, 2H), 2.72 (s, 3H).
(101.612 MHz, MeOD) 6 = 132.56, 130.90, 130.72, 130.31, 53.61, 33.12.

tr = 5.22 min, (El, 70 eV): m/z = 120 [M*], 104, 91, 78, 65, 51.

Analytical data were in full agreement with N. L. Lampland, M. Hovey, D. Mukherjee, A. D.

Sadow, ACS Catal. 2015, 5, 4219.
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C10H21N H
N\/\./
155.29 g/mol O/
Yield 72.0 mg, 0.46 mmol (92%)
'H-NMR (400.13 MHz, MeOD) 6 = 3.12-2.95 (m, 3H), 2.20-2.03 (m, 2H), 1.93-1.82 (m,

2H), 1.78-1.61 (m, 3H), 1.45 (dt, J=15.1, 7.5 Hz, 2H), 1.42-1.31 (m, 4H),
1.31-1.15 (m, 1H), 0.99 (t, J = 7.4 Hz, 3H).

BC{*H}-NMR (101.612 MHz, MeOD) 6 = 58.39, 45.58, 30.35, 29.52, 26.12, 25.48, 20.90,
13.92.

GC-MS tr = 6.00 min, (El, 70 eV): m/z = 155 [M*], 126, 112, 98, 84, 70, 56.

Analytical data were in full agreement with R. Nacario, S. Kotakonda, D. M. D. Fouchard, L. M.

V. Tillekeratne, R. A. Hudson, Org. Lett. 2005, 7, 471.

C15H18CIN ass
Cl
+
247 77 g/mol N
Yield 58.2 mg, 0.23 mmol (96%)

*H-NMR (300.13 MHz, MeOD) 6 = 7.69-7.46 (m, 5H), 7.34-7.17 (m, 5H), 3.53-3.36 (m,
2H), 2.75 (t, J = 7.6 Hz, 2H), 2.14-1.98 (m, 2H).

BC{*H}-NMR (75.47 MHz, MeOD) & = 141.5, 136.7, 131.6, 131.1, 129.7, 129.4, 127.5,
123.8, 52.9, 33.4, 28.9.

GC-MS tr = 9.88 min, (El, 70 eV): m/z = 211 [M"], 118, 106, 91, 77, 65, 51.
(freebase)

HRMS Calcd. for Cy5HasN 212.1434; found: 212.1436.

IR 3370 (b), 3063 (w), 3026 (m), 2870(m), 2646 (m), 2017 (m), 1603 (m),

1491 (m), 749 (s), 690 (s) cm™.
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Yield

*H-NMR

BC{*H}-NMR

GC-MS

C14H15N /@
197.28 g/mol

87.5 mg, 0.44 mmol (89%)

LZ

Starting material could not be separated (5%)

(400.13 MHz, CDCl5) & = 7.41-7.37 (m, 2H), 7.38-7.29 (m, 2H), 7.28-7.22 (m,
1H), 7.11 (dd, /= 8.6, 7.3 Hz, 2H), 6.68 (tt, /= 7.3, 1.1 Hz, 1H), 6.57-6.52 (m,
2H), 4.51 (g, /= 6.7 Hz, 1H), 4.20 (brs, 1H), 1.54 (d, J = 6.7 Hz, 3H).

(101.612 MHz, CDCl;) 6 = 147.2, 145.2, 129.2, 128.8, 127.0, 126.0, 117.5,

113.6, 53.7, 25.1.

tr = 8.83 min, (El, 70 eV): m/z = 197 [M"], 182, 167, 152, 120, 105, 93, 77, 65,
51.

Analytical data were in full agreement with A. H. Vetter, A. Berkessel, Synthesis 1995, 419.

Yield

*H-NMR

BC{*H}-NMR

GC-MS
(freebase)

C9H12NC|
+ -
169.65 g/mol N- ClI
H

43.8 mg, 0.26 mmol (99%)

(300.13 MHz, CDCl3) 6 = 7.46-7.33 (m, 3H), 7.30 (dd, J=8.2, 1.7 Hz, 1H),
3.56-3.50 (m, 2H), 2.97 (t, J = 6.5 Hz, 2H), 2.25-2.07 (m, 2H).

(75.47 MHz, CDCl;) 6 = 132.9, 132.2, 131.3, 130.4, 128.7, 124.1, 43.8, 25.8,

20.7.

tr = 7.01 min, (El, 70 eV): m/z = 132 [M*-H], 118, 104, 91, 77, 65, 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.
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147.22 g/mol N
H
Yield 53.2 mg, 0.36 mmol (73%)

'H-NMR (400.13 MHz, CDCl;) 6 = 6.82 6.77 (m, 2H), 6.43(d, J = 8.6 Hz, 1H), 3.48 (brs,
1H), 3.31-3.25 (m, 2H), 2.75 (t, / = 6.4 Hz, 2H), 2.22 (s, 3H), 2.00-1.89 (m, 2H).

BC{*H}-NMR (101.61 MHz, CDCls) 6 = 142.4, 130.2, 127.4, 126.5, 121.8, 114.7, 42.3, 27.0,

22.5, 20.5.
GC-MS tr = 7.53 min, (El, 70 eV): m/z = 147 [M*], 132, 117, 103, 91, 77, 65, 51.

Analytical data were in full agreement with R. Adam, J. R. Cabrero-Antonino, A. Spannenberg,

K. Junge, R. Jackstell, M. Beller, Angew. Chem. Int. Ed. 2017, 56, 3216.

C10H13N
147.22 g/mol N
H
Yield 28.4 mg, 0.19 mmol (39%)
'H-NMR (300.13 MHz, CDCl;) 6 = 6.92-6.82 (m, 2H), 6.57 (t, / = 7.4 Hz, 1H), 3.59 (brs,

1H), 3.41-3.35 (m, 2H), 2.80 (t, / = 6.4 Hz, 2H), 2.09 (s, 3H), 2.00-1.90 (m, 2H).

- 75.47 MHz, 3) 8 =142.6, 128.0, 127.5, 121.5, 121.2, 116.7, 42.5, 27.4,
BC{*H}-NMR ( MHz, CDCl;) 6 6 8 6

22.3,17.3.
GC-MS tr = 7.48 min, (El, 70 eV): m/z = 147 [M"], 132, 117, 103, 91, 77, 65, 51.

Analytical data were in full agreement with Y.-G. Ji, K. Wei, T. Liu, L. Wu, W.-H. Zhang, Adv.

Synth. Catal. 2017, 359, 933..
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Yield

‘*H-NMR

BC{*H}-NMR

GC-MS

163.22 g/mol N
H
31.9 mg, 0.20 mmol (77%)

(400.13 MHz, CDCl;) 6 = 6.62-6.55 (m, 2H), 6.45 (d, /= 8.5 Hz, 1H), 3.73 (s,
3H), 3.44 (brs, 1H), 3.26 (t, /= 5.4 Hz, 2H), 2.76 (t, J = 6.5 Hz, 2H), 1.98-1.89
(m, 2H).

(101.61 MHz, CDCl5) 6 = 151.9, 139.0, 123.0, 115.7, 115.0, 113.0, 55.9, 42.5,
27.3,22.6.

tr = 8.31 min, (El, 70 eV): m/z = 163 [M"], 148, 130, 118, 103, 91, 77, 65, 51.

Analytical data were in full agreement with R. Adam, J. R. Cabrero-Antonino, A. Spannenberg,

K. Junge, R. Jackstell, M. Beller, Angew. Chem. Int. Ed. 2017, 56, 3216.

Yield

*H-NMR

BC{*H}-NMR

GC-MS

CyH10CIN Cl
167.64 g/mol \C(Nj
H

51.7 mg, 0.31 mmol (62%)

(400.13 MHz, CDCl;) 6 =6.94-6.84 (m, 2H), 6.38 (dd, J = 7.9, 0.9 Hz, 1H), 3.82
(brs, 1H), 3.28 (t, J = 5.5 Hz, 2H), 2.72 (t, J = 6.4 Hz, 2H), 1.97-1.84 (m, 2H).

(101.612 MHz, CDCl3) 6 =143.4, 129.2, 126.6, 123.0, 121.3, 115.2, 42.0, 27.0,

21.9.

tr = 8.35 min, (El, 70 eV): m/z = 167 [M'], 152, 130, 117, 103, 89,77, 65, 51.

Analytical data were in full agreement with R. Adam, J. R. Cabrero-Antonino, A. Spannenberg,

K. Junge, R. Jackstell, M. Beller, Angew. Chem. Int. Ed. 2017, 56, 3216.
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C11H13N02 O
~
191.23 g/mol O
Yield 93.4 mg, 0.49 mmol (98%) H
H-NMR (300.13 MHz, CDCl;) 6 = 7.66-7.61 (m, 2H), 6.41-6.37 (m, 1H), 4.35 (brs, 1H),

3.83 (s, 3H), 3.35 (t, J = 5.7 Hz, 2H), 2.76 (t, J = 6.3 Hz, 2H), 2.00-1.85 (m, 2H).

BC{*H}-NMR (75.47 MHz, CDCl;) 6 = 167.6, 148.8, 131.4, 129.2, 120.0, 117.6, 112.8, 51.6,
41.8, 27.0, 21.5.

GC-MS tr = 9.68 min, (El, 70 eV): m/z =191 [M], 176, 160, 144, 132, 117, 104, 89,
77, 64, 51.

Analytical data were in full agreement with R. Adam, J. R. Cabrero-Antonino, A. Spannenberg,

K. Junge, R. Jackstell, M. Beller, Angew. Chem. Int. Ed. 2017, 56, 3216.

C8H10N2 H

N
134.18 g/mol O: j

N

Yield 64.2 mg, 0.48 mmol (95%) H
'H-NMR (400.13 MHz, CDCl;) 6 = 6.59 (dd, J=5.8, 3.4 Hz, 2H), 6.50 (dd, J=5.8,

3.4 Hz, 2H), 3.59 (brs, 2H), 3.42 (s, 4H).
BC{*H}-NMR (101.61 MHz, CDCl;) 6 =133.8, 118.9, 114.8, 41.5.
GC-MS tr = 7.94 min, (El, 70 eV): m/z = 134 [M"], 119, 104, 92, 77, 66, 51.

Analytical data were in full agreement with R. Adam, J. R. Cabrero-Antonino, A. Spannenberg,

K. Junge, R. Jackstell, M. Beller, Angew. Chem. Int. Ed. 2017, 56, 3216.
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Yield

‘*H-NMR

BC{*H}-NMR

GC-MS

C13H16N20
216.28 g/mol
104.6 mg, 0.48 mmol (97%)

(300.13 MHz, CDCl;) 6 = 8.06 (brs, 1H), 7.33 (d, J=8.5Hz, 1H), 6.83 (d,
J=2.2Hz, 1H), 6.75 (dd, J = 8.6, 2.3 Hz, 1H), 4.14 (q, J = 6.6 Hz, 1H), 3.81 (s,
3H), 3.32-3.27 (m, 1H), 3.01 (ddd, /=12.9, 8.6, 5.4 Hz, 1H), 2.80-2.66 (m,
2H), 2.52 (brs, 1H), 1.43 (d, J = 6.7 Hz, 3H).

(75.47 MHz, CDCl3) 6 = 156.2, 136.5, 135.8, 122.0, 118.7, 108.9, 108.2, 95.2,
55.9, 48.3, 42.7, 22.7, 20.8.
tr = 10.76 min, (El, 70 eV): m/z = 216 [M*], 201, 186, 172, 158, 144, 130, 115,

100, 89, 77, 63, 51.

Analytical data were in full agreement with J. Wu, D. Talwar, S. Johnston, M. Yan, J. Xiao,

Angew. Chem. Int. Ed. 2013, 52, 6983.
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3.4.6 ICP-OES Measurements

The cobalt concentration in the organic layer after hydrogenation was determined by ICP-OES.
Five stock solutions of CoCl,in 35% HNO; were prepared and a calibration curve was measured
by integration of the emission signal of cobalt at 230.786 nm. Each data point corresponds to

the mean value of three consecutive measurements correcting for the observed background

signals.
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Figure S1 ICP-OES calibration curve for CoCl, in aqueous HNO; (35%).

For the actual measurement, styrene (0.25 mmol) was hydrogenated using 5 mol% of the cobalt
nanoparticles (12.5 mmol/L Co) under standard conditions (2 bar H,, 3 h in 1 ml THF). After
reaction, two reaction vials were placed on separate neodymium magnets and allowed to settle
down for 2 and 24 h respectively. The organic phase was removed with a Pasteur Pipette, the

solvent removed under vacuum and the residue dissolved in 5 ml dilute HNO;.

Table S3-2 Amounts of residual cobalt in the product phase after the catalytic reaction measured by ICP-OES.

PBcat135_2h Peak Area  c(umol/L) PBcati35_24h Peak Area  c(umol/L)
Run 1 41231 9,07 Run 1 31624,5 6,98
Run 2 42226 9,29 Run 2 31439,7 6,94
Run 3 41338,2 9,09 Run 3 31299,3 6,91

Average 41598,4 9,15 Average 31454,5 6,94
StdDev 546,15 0,12 StdDev 163,10 0,04

This results in a cobalt concentration of 45.75+0.6 and 34.7£0.2 umol/L in the organic phase
after 2 and 24 h settle time respectively, which corresponds to 0.37 and 0.28% of the cobalt

concentration in the reaction vessel.
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3.4.7 ICP-MS Measurement

In preparation for the measurement, half of the vials were charged with styrene (1 mmol) and
5 mol% of the cobalt nanoparticles (12.5 mmol/L Co), the other vials omitting the cobalt catalyst
(blank reaction solution). All were hydrogenated under standard conditions (2 bar H,, 3 hin 4 ml
THF). After the reaction, each vial was put on a neodymium magnet and the organic phase was
transferred to a new vial, leaving behind most of the cobalt metal. The vials were washed with
an additional 1 ml of ethyl acetate twice. To the first set of vials (Co-reaction and blank) 1 ml of
a saturated, aqueous ammonium chloride solution was added followed by extraction with ethyl
acetate (3x), the second set was eluted through a short silica plug inside a Pasteur pipette using
ethyl acetate. The solvent was subsequently removed from all vials under vacuum and the

residue dissolved in 50 ml dilute HNO;.

Table S 3-3 Amounts of residual cobalt in the product phase after the catalytic reaction measured by ICP-MS.

Reactions Peak Area ¢ (ng/mL) nCo (nmol)
Extraction 838524.5 0.80 0.6780
Extraction (blank) 23595.3 0.02 0.01696
Silica 52582.7 0.05 0.0424
Silica (blank) 13541.0 0.01 0.00848

This results in a cobalt concentration of 165 nmol/L and 8.5 nmol/L in the organic phase after
extraction and elution respectively, which corresponds to 13.2 and 0.68 ppm of the cobalt

concentration in the reaction vessel.
3.4.8 Recycling Experiments

The reactions were set up according to the general hydrogenation procedure with styrene
(0.5 mmol) as substrate in 2 ml THF. The hydrogenations were carried out for 30 min each (2 bar
H,, r.t., 5 mol% Co-NP). After reaction, the autoclave was introduced into the glovebox and the
reaction vial put on top of a neodymium magnet (cylindrical, 10 x 20 mm (height x diameter),
N45) for 5 min. The solvent was removed using a Pasteur pipette and the particles washed once
with 2 ml THF. New substrate and solvent were added, the vial was put back into the autoclave
and a new hydrogenation reaction started. The organic phase was analyzed using quantitative
GC-FID. After nine consecutive reactions, the particles were dissolved in 1 mL THF and stirred
inside the glovebox overnight. The next day, three more runs were carried out. After these three
reactions the particles were stirred again inside the glovebox for another 72hours before a last

hydrogenation reaction was started.
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3.4.9 Functional Group Tolerance Tests

5 mol% Co-NP H

+ 1 equiv. additive H
:

2 barH, THF,20°C,3h

s '
Additives and yield of cumene:
- Me’OH : ,OH : NH, : :F
F
>99 (>99) 98 (>99) 74 (=99) >89 (>99) 97 (>99)
(o]
O .
& e @ s O
o 98 (>99) 97 (=99) 53) 43 (62 48 (50)
JiSJI H i 1 Br
e ~ ~
o QoY N' ©)L o
0
2 (>99) 34 (43) 37 (44) 6(11) 8(9)
o (0] 0] 0]
|
0 (0) 0(20) (1) 0(1) 0(0)
Me’CN Me’NOZ @CN @NOZ ©/
0 (1) 0 (6) 0(1) 0(1) 3(1)
(o]
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o NH oy
0(0) 7(7) 3(4) 0(0)
\ J
Figure S2 Functional group tolerance of Co-NP catalyzed hydrogenation of a-Methylstyrene in presence of

1 equiv. additive. Standard conditions: 0.25 mmol substrate in 1 mL THF; yields of hydrogenation product (cumene)
determined by quantitative GC vs. internal reference n-pentadecane. Conversion of a-Methylstyrene shown in

parentheses.
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3.4.10 Comparison of Co-NPs Synthesized by Different Methods

Kinetic experiments were carried out to compare the catalytic activity of the different catalyst
systems described previously. Figure S3 shows a similar catalytic activity of the various

nanoparticles, yielding complete conversion after 17 to 24 minutes.

100% ——
80%
60% Co-NP
o
K] ——mCo-NP
>
in situ Co-NP
40%
20%
0%
0 5 10 15 20 25 30
t (min)
Figure S3 Hydrogenation of styrene using the nanoparticles isolated by centrifugation, separation by a magnet

and using the in situ protocol. The conditions were 1.9 bar H,, 5 mol% [Co], r.t., THF. The reaction yield was

determined by measuring the consumption of hydrogen.

3.4.11 Particle Analyses
3.4.11.1 Purity and Crystallinity

The purity of the as-prepared Co(0) nanoparticles was proven by X-ray powder diffraction (XRD)
after powder sintering (800 °C, Ar). This treatment ensured crystallization of all products
including potentially amorphous residual components (e.g. oxides and hydroxides). Despite the
resultant non-nanoparticulate state, the presence of pure cobalt (cubic modification as majority
phase with traces of a hexagonal phase) and the absence of any cobalt oxide impurities was

validated (Figure 3.1a).
3.4.11.2 Particle Size Distribution

Average particle diameters of the Co(0) nanoparticles before and after the hydrogenation
reaction were calculated by statistical evaluation of >200 particles on TEM images using the

ImagelJ 1.47v software. Figure S4a shows the results for [NaNaph]-made Co(0) nanoparticles
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(Co-NPs) isolated by centrifugation. Figure S4b shows the results for in situ generated cobalt
nanoparticles (in situ Co-NPs). It should be noted that dynamic light scattering (DLS) as an
alternative analytical tool gives less conclusive results due to the magnetic interaction of the

nanoparticles.

a) b)
< 2.3+0.8 nm . 3.3+1.2 nm
S - =
-~ o
E 2.7+44 nm o 4.241.3 nm
£ 3
: :
= 3
0 =
0 5 10 15 20 0 5 10 15 20
Diameter / nm Diameter / nm
Figure S4 Particle size distribution according to statistical evaluation of TEM images (>200 particles) of a) cobalt

nanoparticles (Co-NPs) and b) in situ generated cobalt nanoparticles (in situ Co-NPs) before (red) and after (blue)

hydrogenation reactions.

3.4.11.3 TEM Measurements

TEM images of Co(0) nanoparticles before and after the catalytical reaction are shown in

Figure S5 and Figure S6 for ex situ and in situ generated nanoparticles.

Figure S5 TEM measurement of cobalt nanoparticles (Co-NP) before (left) and after (right) hydrogenation

reaction.
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Figure S6 TEM measurement of in situ generated cobalt nanoparticles (in situ Co-NP) before (left) and after

(right) hydrogenation reaction.
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4 CHIRAL ALKENE COBALTATES AS HYDROGENATION CATALYSTS

PHILIPP BUSCHELBERGER, MATTEO VILLA,

AXEL JACOBI VON WANGELIN, AND ROBERT WOLF

Chiral Alkene Metalate:

Alkene cobaltate anions with a chiral, C,-symmetric norbornadiene ligand have been
synthesized, and their catalytic activity in hydrogenation reactions has been evaluated. The
complexes are active in the catalytic hydrogenation of various alkenes, but the activity towards
disubstituted, prochiral substrates is low and accompanied by partial hydrogenation of the chiral

norbonadiene ligand.

[1] P.Buschelberger performed the complex synthesis and characterization, prepared the catalytic experiments,
analyzed several some of them, and wrote the manuscript. M. Villa synthesized and characterized the chiral

ligand according to literature procedures and analyzed most of the catalytic reactions.

[l Unpublished results.
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4.1 Introduction

Asymmetric catalysis is an intensively studied academic and industrial field and, in terms of atom
economy, the most attractive method for the synthesis of enantiopure chemical products.™
Within this area, asymmetric hydrogenation constitutes a simple and efficient method to
produce a multitude of chiral, chemical or biological important compounds.!?) An outstanding
example for the importance of this reaction type is the rhodium-catalyzed enantioselective
synthesis of L-DOPA (Figure 4.1, top), which is employed in the treatment of the Parkinson’s
disease.B! Developed by William S. Knowles, this milestone reaction utilizes the rhodium
complex [Rh(cod)(DiPAMP)][BF,] (cod = 1,5-cyclooctadiene), bearing the chiral bisphosphine
ligand DiPAMP (Figure 4.1, left).”! Reflecting the important status of this reaction type in
chemical synthesis, Knowles was honored with the Nobel Prize in 2001, together with Ryoji
Noyori, for their work on enantioselective hydrogenation reactions.’® Until today, most of the
established chiral ligands in asymmetric catalysis are based on donating heteroatoms (e.g.
nitrogen, phosphorus, and sulfur).” This tendency can also be observed for the recent examples
of asymmetric cobalt-catalyzed hydrogenation reactions, driven by Chirik’s complexes with

C:-symmetric bis(imino)pyridine, or chiral bisphosphine ligands (Figure 4.1, bottom right).[”)

While chiral phosphines and amines abound in the literature, chiral dienes have also attracted
significant interest (albeit they have not been used for hydrogenations so far).!®! Diene ligands
form significantly more stable complexes than related monoalkenes due to the chelate effect.
Pioneering work in the synthesis of such chiral, chelating diene ligands and their application in
asymmetric catalysis (e.g. for asymmetric conjugated additions or for the kinetic resolution of

allyl carbonates) was done by Hayashi and Carreira, mainly with iridium and rhodium

Knowles 1975: .
MeO - COOH ”[Hz';],ﬁjéfw HO COOH
enantioselective synthesis m B —— :O/\f
of L-DOPA by hydrogenation AcO . HO WHe
L-DOPA
Rhodium catalyst:
MeO T*BFS | | Chirik: S *
Q 7 i
ipr | l | RQP\ /PH2
N"‘"C.Io“"'N\’/ Co
O,,..P y pr H Cy MeSSi—/ “—SiMe;
MeOI ) 2012 2013

Figure 4.1 Enantioselective synthesis of L-DOPA (top), according to Knowles, by asymmetric hydrogenation with
the rhodium complex [Rh(cod)(DiPAMP)][BF,] (left), and recent enantiopure cobalt catalysts for asymmetric

hydrogenation by Chirik (bottom).
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complexes.’”) Hayashi and co-workers prepared a C,-symmetric norbornadiene derivative
(Figure 4.2) and demonstrated its excellent properties as a steering ligand in the
enantioselective rhodium-catalyzed 1,4-addition of organoboron and -tin reagents to enones.!*"’
Especially in the case of organostannanes, the catalytic activity of this new catalyst type was
superior to that of classical phosphine complexes while also showing excellent stereoinduction.
Independently, Carreira and co-workers applied chiral bicyclo[2.2.2]octadienes (Figure 4.2),
with a convenient preparation, as ligands in the iridium-catalyzed kinetic resolution of chiral
allylic carbonates.*™ For a broad range of aryl- and alkyl-substituted substrates, the products
were isolated in up to 98% ee. Thereafter, a series of related chiral diene ligands were utilized
in precious transition metal-catalyzed transformations displaying unique reactivities unmatched
by conventional heteroatom-based chiral ligands.) Besides the aforementioned
norbornadienes!*>*?! and bicyclo[2.2.2]octadienes,!** 3! common ligand architectures in this
field employ bicyclo[3.3.0]octadiene,™ (bicyclic) 1,5-cyclooctadiene,*s) and acyclic diene
scaffolds (Figure 4.2).*% There are numerous applications in cyclizations and addition reactions
to a,B-unsaturated compounds,*”! yet there is only one example for a chiral diene ligand in the
transition metal-catalyzed asymmetric hydrogenation. Most relevant to this thesis, Griitzmacher
and  co-workers  synthesized iridium and rhodium  complexes of chiral
dibenzo[a,e]cyclooctatetraene (= dct) (Figure 4.2) and applied some of them successfully in
hydrogenation and transfer hydrogenation reactions.*®! Unfortunately, they were not able to

isolate the catalytically active compounds in an enantiomerically pure form.

Recently, we reported on the application of alkene metalates as catalysts in hydrogenation
reactions."¥ Mechanistic studies showed that a diene ligand of the pre-catalyst, i.e.

1,5-cyclooctadiene or dibenzo[a,e]cyclooctatetraene, remains attached to the metal center

jb\a }ba
R R

H R

norbornadiene derivatives  bicyclo[2.2.2]octadienes  bicycol[3.3.0]octadiene  acyclic chain dienes
Hayashi 2003 Carreira 2004 Lin & Xu 2007 Du 2009
R
R R R ! i
R R R O

(bicyclic) cod frameworks chiral dct derivative

Hayashi 2005 Grutzmacher 2005
Figure 4.2 Common ligand architectures for chiral diene ligands, including norbornadiene derivatives,

bicyclo[2.2.2]octadienes, bicyclo[3.3.0]octadienes, acyclic chain dienes, (bicyclic) cod frameworks and Gritzmacher’s

chiral dct derivative.
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during the whole catalytic cycle (see Chapter 2 of this thesis). Following these observations, we
aimed at combining the catalytic activity of highly reduced cobaltates with the stereodirecting
properties of chiral, chelating diene ligands. Here, we report on the attempts to generate a new

kind of enantioselective cobalt hydrogenation catalysts with chiral diene ligands.
4.2 Results and Discussion

4.2.1 Synthesis of Chiral Diene Ligand

For our investigations, we chose Hayashi’s (R,R)-2,5-diphenylbicyclo[2,2,2]octadiene
(= (R,R)-Ph-bod) because of the well described synthesis and the high enantioselectivities
(95-99% ee) that were obtained in other catalytic reactions using this ligand.!*3® In addition,
there is no possibility of racemization of the catalyst due to the bicyclic design. Ph-bod was
synthesized in five steps according to a procedure by Abele and co-workers, starting with a
Michael addition-aldol reaction of the readily available phenylacetaldehyde and
2-cyclohexenone (Scheme 4.1).2°! Due to the several recrystallization steps, the enantiopure
diene was only obtained in a total yield of 4%. The enantiopurity was confirmed by chiral HPLC?2%
and this ligand was used for the catalytic experiments and the synthesis of the desired chiral

cobaltates (vide infra).

L-proline, NEt
0 2 o
é dipea Ph MsCI Ph
—_
lﬂanEﬂe OH toluene, OMs
45°C 4d 20 °C, 10 min

o 150
- ~ 2,4 6-collidine 3h
Ph-bod
enantiomeric pure
total yield 4%

OH 0
}6\R NEt;, MsClI 7 PhMgBr }&
R DCM, 20°C, Ph Ph thf, 20 °C, Ph

\ 2] 10 min 10 min

Scheme 4.1 Reaction pathway for the five step synthesis of Hayashi's Ph-bod ligand starting from

phenylacetaldehyde and 2-cyclohexenone.

4.2.2 Synthesis of Cobalt Complexes

The highly reduced compounds [K(thf),.][Co(cod),] (1), [K([28]crown-6)][Co(CicHs)(cod)] (2)
(Ci0Hs = naphthalene) and [K(dme),][Co(Ci4H10)2] (3) (Ci4H10 = anthracene), originally prepared
by Jonas and Ellis and co-workers,?? respectively, served as precursors for the desired new

catalysts. Reaction of 1, 2, or 3 with a slight excess (1.1 equiv.) of (R,R)-Ph-bod (Figure 4.3) led
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to a replacement of one of the ligands (cod, naphthalene, or anthracene), respectively. Initial
investigations resulted in crystalline complexes [K(thf)][Co(Ph-bod)(cod)] (4) and
[K([18]crown-6)][Co(Ph-bod)(C.,H10)] (5). These initial reactions were carried out with a sample
of Ph-bod that was not enantiopure (e.r. = 74/26). After addition of the chiral ligand to a solution
of 1 in THF at 0 °C, the clear yellow solution turned intense red. Dark red, X-ray quality crystals
of [K(thf)][Co(Ph-bod)(cod)] (4) were obtained from a THF solution layered with n-hexane (1:3)
in 46% vyield. Single-crystal XRD revealed an enantiopure (Flack parameter =-0.024(2))
ion-contact structure (Figure 4.3a right) that crystallizes in the chiral space group P2,2,2,.2% The
cobalt atom features a distorted tetrahedral coordination environment with a twist angle of
64.8°,1231 which is comparable to the one of [K([2,2,2]cryptand)][Co(cod),] (67.3°) and slightly
larger than those observed for related anionic cobalt complexes, such as
[K([18]crown-6)][Co(cod)(dct)] (59.0°) and [K(thf],][Co(dct)] (6) (55.0°).129®22¢] The average C=C
bond lengths of cod (1.416 A) and Ph-bod (1.420 A) are very similar to those found for the
chelating dienes in the former compounds.l*%* 22¢) The potassium cation interacts with two
carbon atoms of the cod ligand and with the aryl rings of two adjacent anions forming a contact

ion pair structure (see Figure S 6).

For NMR characterization, the synthesis was reproduced with the enantiopure ligand. The
*H NMR spectrum of 4 in [Dg]THF displays a set of 12 signals.?! The phenyl groups resonate as
a typical pattern of two triplets (6 = 6.37 and 6.82 ppm) and one doublet (6 = 6.94 ppm) in the
aromatic region. The resonance of the bridgehead protons of Ph-bod is hidden under the signal
of [Dg]THF at 6 = 3.58 ppm but can clearly be assigned by 2D NMR experiments. One multiplet
assigned to two CH protons of the cod ligand is shifted to & = 3.4 ppm. The remaining, partly
overlapping signals are located in the range between 6 = 0.88 and 1.88 ppm. The crown-ether-
containing salt [K([18]crown-6)][Co(Ph-bod)(cod)] (4') is formed in an analogous manner as 4 by
reaction of 2 with Ph-bod (Figure 4.3a bottom left) but was only identified by XRD. Again, this
experiment was carried out with a sample of Ph-bod that was not enantiopure (e.r. = 74/26)
resulting in a mixed crystalline product with a similar enantiomeric ratio. Due to disorders the
molecular structure could not be refined. However, as 1 as a starting material features a more

facile synthesis, the reaction pathway starting from 2 was not pursued.

Similar to the synthesis of 4, [K([18]crown-6)][Co(Ph-bod)(C.,H10)] (5) can be prepared by
addition of 1.1. equivalents of Ph-bod to a THF solution of 3 at -20 °C (Figure 4.3b left). An
intense dark green reaction solution is observed. Dark green X-ray quality crystals were obtained
in 58% yield from a THF solution by layering this solution with diethyl ether. Enantiopure 5 (Flack
parameter = -0.018(2)) crystallizes in the chiral hexagonal space group P6,.**! The molecular

structure (Figure 4.3b right) is similar to that of [K([2,2,2]cryptand)][Co(cod)(Ci4H10)], featuring
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a nonplanar anthracene ligand, coordinated as an n*-conjugated diene, as commonly observed
for such metalates.’??®! The twist angle of 72.0°?% is marginally smaller than the one of the
former compound (79.8°). The average C=C bond length of the “diene-unit” (C21=C22—-C23=C24)
of anthracene (1.418A) is almost identical with those reported for related polyarene
cobaltates.?2® ¢l The *H NMR spectrum of the isolated product shows one set of broad signals

for Ph-bod and anthracene with an expected 1:1 ratio.

a) .
/<] ' +1.1Phbod
Yt - cod
o2
GQ thf, 0 to 60 °C,
= overnight
[K(thf).2]*
1
<] ' +1.1Phbod
v - CioHs
Co :
= thf, r.t. i
overnight !
[K([18]crown-6)]* [K([18]crown-6)(thf)]* |
2 : :
4 ]

L L L Ll L L L L L D LD L L L L L L L L DL L L L L L L Ll L L L L L L L L ‘?'001
-1= + 1.1 Ph-bod ig
~ +{18]crown-6
4 - Cy4Hy0
co
& thf, -20 to 60 °C, P
Ge overnight ) 0
@ .
[K(dme),]* [K([18]crown-6)]* ,"‘ 9 Kt g €
3 5 ¢« e ©9,
@ @
58%
Figure 4.3 a) Synthesis of 4 (top left) and 4’ (bottom left) and molecular structure of 4 (right, ellipsoids are at the

50% probability level, H atoms and solvent molecules are omitted for clarity). Selected bond lengths [A] and angles[°]:
Co1—C1 2.039(4), Co1—C2 2.059(4), Co1-Cs5 2.020(4), Co1—C6 2.053(3), Ci1—C2 1.402(6), C5—C6 1.430(4),
Co1—Centroid(C1—C2) 1.925, Co1—Centroid(C5—C5) 1.907, Co1—C9 2.052(3), Co1—C10 2.100(4), Co1—C12 2.045(4),
Co1—C132.119(4), C9—C101.419(5), C12—C13 1.420(5), Coa1—Centroid(C9—C10) 1.951, Co1—Centroid(C12—C13) 1.957,
K1—Cs 3.001(4), K1—C6 3.175(4); twist angle 64.8,123] bite angles:(4 cod 90.6, Ph-bod 73.6. b) Synthesis (left) and
molecular structure (right, ellipsoids are at the 50% probability level, H atoms are omitted for clarity) of 5. Selected
bond lengths [A] and angles[°]: Co1—C1 2.017(4), Co1—C2 2.107(4), Co1—C4 2.045(4), Co1—C5 2.097(4), C1—C2
1.423(6), C4—Cs 1.426(6), Co1—Centroid(C1—C2) 1.936, Co1—Centroid(C4—Cs5) 1.945, Co1—C21 2.1764), Co1—C22
2.016(4), Co1—C23 2.014(4), Co1—C24 2.169(4), C21—C22 1.423(6), C22—C23 1.410(6), C23—C24 1.412(7),
Co1—Centroid(C21—-C22) 1.973, Coi1—Centroid(C23—C24) 1.970, K1—-C26 3.137(4), K1—C27 3.329(4), twist angle
72.0,1231 bite angles:?4 C,,H,, 62.9, Ph-bod 74.6.
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4.2.3 Catalytic Hydrogenation Reactions

For the evaluation of the catalytic activity, the enantiopure ligand (R,R)-Ph-bod was added to
THF solutions of the precursors 1 - 3. The reaction mixtures were stirred overnight inside the
glovebox and used for the catalytic reactions afterwards. First, the catalytic activity of the in situ
prepared cobaltate 5 was evaluated in the hydrogenation of styrene. Conversion to
ethylbenzene was nearly quantitative under very mild conditions (2 bar H, at room temperature,
see Table 4.1, entry 1). Unfortunately, a significant portion of the ligand (20-30% according to
GC-MS analysis) was (partly) hydrogenated in this reaction. Initially, it was assumed that the
ligand hydrogenation occurs after full consumption of the substrate as reported for other alkene
metalates.!*®! However, further experiments showed that the hydrogenation of Ph-bod is
competitive to that of substrate molecules. Subsequently, a-cyclopropylstyrene and
a-ethylstyrene were tested as prochiral model substrates. Mild reaction conditions (2 bar H,,
r.t.) allowed only minor conversion of the 1,1-disubstituted alkene, while partial hydrogenation
of the steering ligand (R,R)-Ph-bod already took place (Table 4.1, entries 2-4). Under harsher
conditions (5 bar H,, 60 °C), the substrate conversion did not improve, despite a higher degree
of ligand hydrogenation (Table 4.1, entries 9-11). The highest substrate conversions of 35% and
25%, were achieved using precursors 2 and 3 but the desired hydrogenation product was formed
in only 17% vyield besides 10% of byproducts resulting from cyclopropane ring-opening or

isomerization (Table 4.1, entries 3 & 11).

Additional experiments were motivated by the known use of styrene as a promotor of ligand
exchange reactions.[**! Styrene is well-known to be easily hydrogenated. With 0.3-0.5 equiv. of
styrene as an additive, full conversion of styrene and partial hydrogenation of (R,R)-Ph-bod was
observed, while almost no conversion of the prochiral substrate was detected (Table 4.1,
entries 5-8). In general, the competitive hydrogenation of the ligand is a serious problem as it is
also observed in hydrogenation reactions with 1,1-diphenylethylene, which delivered significant
ligand hydrogenation (5-20%) and only small amounts of the desired product (Table S 4.1,

entries S5-S7).

As itis known that 1 - 3 are able to hydrogenate disubstituted substrates (Table S 4.1, entries S1
& $8-510) in the absence of Ph-bod,*%"! it seems that the Ph-bod ligand acts as a catalyst poison
similar to dct.!?! In fact, one equivalent of dct with respect to pre-catalyst effectively inhibits the
catalytic hydrogenation reaction in case of 3 (see Table S 4.1, enties S2 & S3). Nonetheless, dct
is more stable towards hydrogenation and was not converted under the conditions applied. With
dct and Ph-bod both decreasing the catalytic activity, and the fact that the latter is hydrogenated

under reaction conditions it is not suitable as a steering ligand for hydrogenations in this case.
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Table 4.1

Hydrogenation reactions with in-situ prepared chiral cobaltates. Standard reaction conditions: 0.25 mmol substrate in 1 mL THF, 1 equiv. of diene ligand per cobalt atom. Conversions

and yields were estimated by GC-MS and are given as area percent of the substrates and their corresponding products. In parentheses: yield of isomerization or ring opening products.

A~ A= &
[Col: =/ G}C—j @G‘Q diene ligands:
5 mol% [Co] H &8 co Co =
J]\ + diene ligand }L ’e L T d b %
i H =5 = —D £y L
R 2-5 bar H, R R = (J
THF, rt.-60°C, 3 h [K(thf)g o]* [K([18]crown-6)]* [K(dme),]* Ph-bod det
1 2 3
Additive Hydrogenation
Entry Cobaltate Ligand Conditions Additive!®! ) veree Substrate Conv. [%] Yield [%]
hydrogenation [%] of Ph-bod [%]
=X
1 1 (R,R)-Ph-bod mild"! - - 20-30 ©/\ o5 95
2 1 - - 5-10 1 1
: 2 - - 5-10 35 17 (18)
(R,R)-Ph-bod mildt!
4 3 - - 5-10 2 2 (traces)
5 2 styrene >99 5-10 1 1
6 1 styrene >99 5-10 1 1
7 2 (R,R)-Ph-bod harsh(b! styrene >99 5-10 @’JKV 1 traces
8 3 styrene >99 60 4 4
9 1 - - 20 4 4 (traces)
10 2 (R,R)-Ph-bod harsh(®! - - 20 @‘JL/ 8 6 (2)
11 3 - - 50 25 16 (9)
(a1 2 bar H,, r.t. P! 5 bar H, 60 °C. [ 0.3-0.5 equiv with respect to the substrate
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4.3 Conclusion

For the first time, we have isolated and characterized chiral alkene cobaltate complexes 4 and 5
containing Hayashi’s (R,R)-Ph-bod ligand. The use of these anionic complexes as pre-catalysts
was tested in catalytic hydrogenation reactions. Unfortunately, the Ph-bod ligand is partly
hydrogenated even under mild reaction conditions, preventing its use as a steering ligand for
the asymmetric hydrogenation of prochiral substrates. Nevertheless, this study confirms the
possibility of using chiral dienes as ligands in anionic cobalt(—I) complexes. For an application of
this catalyst type in asymmetric hydrogenation, it is necessary to find other steering ligands that
should be more robust towards hydrogenation. Possible candidates are chiral
dibenzocyclooctatetraene (= dct) derivatives that are more robust against hydrogenation.
Enantiopure derivatives of such ligands have been reported by Griitzmacher and co-workers.[*®!

It should be of great interest to test their catalytic properties with anionic cobaltate precatalysts.
4.4 Experimental Section

4.4.1 General Procedures

All experiments were performed under an atmosphere of dry argon by using standard Schlenk
and glovebox techniques. Solvents were purified, dried, and degassed by standard techniques.
NMR spectra were recorded (300 K) with Bruker Avance 300 and Avance 400 spectrometers
internally referenced to residual solvent resonances. NMR assignments are based on COSY,
HMBC, HSQC and NOESY 2D NMR experiments. The chiral (R,R)-Ph-bod ligand was prepared
according to a procedure by Abele.!?” Only one species was observed by chiral HPLC, confirming
enantiopurity.?* Compounds 1,12?! 2,122¢1 gnd 312%! a5 well as dct!?”! were synthesized according

to procedures reported in the literature.
4.4.2 Complex Syntheses
4.4.2.1  [K(thf)][Co(Ph-bod)(1,5-cod)] (4)

A solution of 2,5-diphenylbicyclo[2.2.2]octa-2,5-diene (85.2 mg, 0.330 mmol, 1.1 equiv.) in THF
(3 mL) was added to a solution of [K(thf),.][Co(1,5-cod),] (98,6 mg, 0.300 mmol, 1 equiv.) in THF
(5 mL) and stirred for 90 min at 0 °C giving an intense red reaction mixture. Afterwards, the
solution was warmed to 60 °C overnight before the solvent and the released cod were removed
in vacuo. The red solid residue was washed with n-hexane (3 - 4 mL), redissolved in THF (6 mL),
filtered and layered with n-hexane (18 mL; 1:3) for crystallization. After several days, dark red
crystals of 4 (73.5 mg, 536.69 g/mol, 0.137 mmol, 46%) were isolated by decantation of the

supernatant solution, washing with n-hexane (5 mL), and drying in vacuo. XRD quality crystals
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were obtained by diffusion from n-hexane to a concentrated THF solution. According to *H NMR
spectra, small impurities of cod, naphthalene and free Ph-bod are present in the isolated

product.

*H NMR (400.13 MHz, [Ds]THF, 300 K): 6 =0.88-1.00 (m, 2H, cod CH.), 1.13 (br s, 4H, bridge CH.,),
1.17-1.24 (m, 2H, cod CH;), 1.24-1.33 (m, 2H, cod CH.), 1.44 (d, 3J=6.3 Hz, 2H, HC=CPh),
1.75-1.80 (m, 2H, cod CH), 1.80-1.88 (m, 2H, cod CH.), 3.34-3.43 (m, 2H, cod CH), 3.60-3.64 (m,
2H, bridgehead CH), 6.37 (t, 3/ =6.9 Hz, 2H, p-Ph-H), 6.82 (t, 3/ = 7.5 Hz, 4H, m-Ph-H), 6.94 (d,
3)=7.7 Hz, 4H, 0-Ph-H);

BC{*H} NMR (100.61 MHz, [Ds]THF, 300 K): & = 28.5 (bridge CH,), 29.9 (cod CH,), 35.3 (cod CH,),
37.6 (bridgehead CH), 44.0 (HC=CPh), 47.6 (HC=CPh; low intensity in 3C{*H} NMR but intensive
coupling in HMBC), 74.3 (cod CH; low intensity in the 1D *3C{*H} NMR spectrum, but intense
coupling in HSQC), 75.9 (cod CH; low intensity in the 1D *3C{*H} NMR spectrum, but intense
coupling in HSQC), 115.8 (p-Ph-C), 121.4 (0-Ph-C), 127.7 (m-Ph-C), 150.3 (ipso-Ph-C);

4.4.2.2  [K([28]crown-6)][Co(Ph-bod)(Ci4H10)] (5)

A solution of 2,5-diphenylbicyclo[2.2.2]octa-2,5-diene (85.2 mg, 0.330 mmol, 1.1 equiv.) and
[18]crown-6 (79.2 mg, 0.300 mmol, 1 equiv.) in THF (4 mL) was added to a solution of
[K(dme).][Co(Ci4H10)2] (190.4 mg, 0.300 mmol, 1 equiv.) in THF (6 mL) at —20 °C. The mixture was
slowly warmed to room temperature at which time it appeared dark yellowish-brown. Upon
heating to 60 °C overnight, the solution became intense dark green. The solvent was removed
in vacuo and the released anthracene was removed by sublimation (10 mbar, 70 °C, 3 h). The
dark solid residue was washed with n-hexane (2 - 3 mL), redissolved in THF (7.5 mL), filtered and
layered with n-hexane (15 mL; 1:2) for crystallization. After seven days, the supernatant was
decanted, and the solid was washed with n-hexane (5 mL) and dried in vacuo. Dark green crystals
of 5 (138 mg, 798.95 g/mol, 0.173 mmol, 58%) were isolated. X-ray quality crystals were
obtained from a concentrated THF solution layered with diethyl ether. According to *H NMR
spectra, the product is contaminated with residual free chiral Ph-bod ligand. A proposed

assignment of the signals of 5 is given in the following.

"H NMR (400.13 MHz, [Dg]THF, 300 K): 6 = 1.16-1.37 (br m, 4H, bridge CH,), 2.99-3.07 (m, 1H,
C.4H10 coordinating ring), 3.53 (s, 24H, [18]crown-6), 3.60 (hidden under solvent signal, but
coupling in 2D spectra, 1H, C,4H10, coordinating ring), 3.81 (br s, 1H, Ci,H,0, coordinating ring),
3.90 (brs, 2H, HC=CPh or bridgehead CH), 4.63 (brs, 1H, HC=CPh), 4.80 (brs, 1H, Ci;Ha,,
coordinating ring), 5.49 (s, 1H, Cy4H10, middle ring), 6.26 (brs, Ph-H, 1H,), 6.35-6.41 (m, Ph-H,
2H), 6.45 (br s,Ph-H, 3H), 6.54-6.67 (m, 8H, Ph-H (4H) & C.,H1,, external ring (4H));
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BC{*H} NMR (100.61 MHz, [Dg]THF, 300K): &=27.4 (bridge CH,), 39.8, 61.8, 63.8, 71.0

([18]crown-6, CH.), 80.9, 87.9, 106.7, 108.0, 120.6, 120.7, 122.7, 123.1, 123.7, 128.1.
4.4.3 General Procedure for Hydrogenation Reactions

A dry 5 mL vial with a screw cap and PTFE septum was charged with a magnetic stir bar and a
solution of the metalate 1-3 and the Ph-bod ligand (0.0125 mmol each, 5 mol%) in THF (0.5 ml).
This solution was stirred overnight in the glovebox to guarantee a quantitative ligand exchange
with the chiral alkene. After adding a solution of the substrate (0.25 mmol) in THF (0.5 mL) with
a pipette, the vial was closed and the septum was punctured with a short needle (Braun). The
vial was placed into a high-pressure reactor (Parr Instr.), which was sealed, removed from the
glovebox, placed on a magnetic stirrer plate, and purged with hydrogen. For higher temperature
reactions the autoclave was warmed with a heating mantle. The reaction was stopped by
releasing the H, pressure, the vial was removed from the autoclave, and the reaction was
qguenched with a saturated aqueous solution of NaHCO; (1 mL). The mixture was extracted with
diethyl ether and the combined organic layers were dried over Na,SO,. Yields were estimated

by GC-MS and are given as area percent of the substrates and their corresponding products.
4.5 Supporting Information

4.5.1 General Information

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
H. (1 min), then three times with 2 bar H,, sealed and the internal pressure was adjusted.

Hydrogen (99.9992%) was purchased from Linde.

*H and *3C NMR spectroscopy: Nuclear magnetic resonance spectra were recorded on Bruker
Avance 300 (300.13 MHz *'H, 75.47 MHz *3C) and Bruker Avance 400 (400.13 MHz *H,
100.61 MHz *3C). Chemical shift & is given in ppm to tetramethylsilane. The following
abbreviations are used to indicate multiplicities: s=singlet, d=doublet, t=triplet,

m = multiplet.

X-ray crystallography: The single crystal X-ray diffraction data were recorded on an Agilent
Technologies SuperNova diffractometer using CuKo radiation. Empirical multi-scan and
analytical absorption corrections were applied to the data.l?®129! Using Olex2,B° the structures

were solved with SHELXT.13Y Least-square refinement was carried out with SHELXL.5?

Gas chromatography with mass-selective detector (GC-MS): Agilent 6890N Network GC System,

mass detector 5975 MS. Carrier gas: H, (1.0 mL/min). Column: HP-5MS (30 m x 0.25 mm X
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0.25 um, 5% phenylmethylsiloxane). Agilent 7820A GC system, mass detector 59778 MSD.

Carrier gas: H, (1.2 mL/min). Column: HP-5MS (30 m x 0.25 mm X 0.25 pm).

High performance liquid chromatography with DAD detector (HPLC): Agilent 1260 Infinity, DAD
detector. Column: ChiralPAKIA (4.6 mm x 250 mm, particle size 5um). Solents: n-hexane,

isopropanol.

4.5.2 HPLC

DAD1 B, Sig=210,4 Ref=off
x10 37 2
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Figure S 1 HPLC chromatogram (n-hexane/isopropanol: 99/1, 0.7 mL/min) of the enantiopure chiral diene

(R,R)-Ph-bod. Detection wavelength: 210 nm.
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4.5.3 NMR Spectra
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Figure S 2 H NMR spectrum (400.13 MHz, [Dg] THF (#), 300 K) of [K(thf)][Co(Ph-bod)(cod)] (4) with impurities of

Ph-bod (A), naphthalene (@) and 1,5-cod ().
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Figure S 3 1B3C{*H} NMR spectrum (100.61 MHz, [Dg]THF (#), 300 K) of [K(thf)][Co(Ph-bod)(cod)] (4).
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FigureS 4 *H NMR spectrum (400.13 MHz, [Dg]THF (#), 300 K) of [K([18]crown-6)][Co(Ph-bod)(C1,H10)] (5) with

impurities of Ph-bod (A).
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Figure S5 1B3C{*H} NMR spectrum (100.61 MHz, [Dg]THF (#), 300 K) of [K([18]crown-6)][Co(Ph-bod)(C1,H10)] (5).
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4.5.4 Hydrogenation Reactions

TableS 4.1 Hydrogenation reactions with (in-situ prepared chiral) cobaltates. Standard reaction conditions: 0.25 mmol substrate in 1 mL THF. Conversions and yields were estimated by GC-MS

and are given as area percent of the substrates and their corresponding products. In parentheses: yield of isomerization or ring opening products

a9 o
[Co): diene ligands:
7 m D ==
1 5 mol% [Co] H T W = W L
+ diene ligand ;‘E" Co Co Co [K(thf)z]* Co =
R H 3 Al L [
R 2-5 bar H, R A = 6 2 ° JU
THF, rt.-60°C,3h [K(thf)o 21* [K([18]crown-6)]* (K(dme)z]* @ O Ph-bod det
1 2 3
. . . Additive Chiral ligand .
Entry Cobaltate Ligand Conditions Additive . . Substrate Conv. [%] Yield [%]
hydrogenation [%] hydrogenation [%]

S1 3 - - 90 81(9)

S2 3 dct (5 mol%)! harsh!® - - - @JI\/ 4 3(1)

S3 3 dct (120 mol%)®] - 1 1

S4 6 - harshld - - - @‘JL/ 2 2

S5 1 - - 10-20 2 2

s6 2 Ph-bod?! harsh(® - - 5-10 8 8

S7 3 - - 5-10 1 1

S8 1 - - - 85 75 (10)

S9 2 - mild!d) - - - (‘j)y 65 50 (15)

S10 3 - - - 95 95
el 1 equiv per cobalt atom. [ 2 equiv. per cobalt atom. [ 5 bar H,, 60 °C. [ 2 bar H,, r.t.
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Table S 4.2

4.5.5 X-ray Crystallography

Crystal data and structure refinement for compounds 4 and 5.
Compound 4 5
Empirical formula C36H4602KCo CasHs206KCo
Formula weight 608.76 798.90
Temperature [K] 123.0(1) 123.0(1)
Crystal system orthorhombic hexagonal
Space group P2:212; P6.
a[A] 8.7085(1) 10.7327(2)
b [A] 15.1436(3) 10.7327(2)
clAl 22.9749(4) 59.934(1)
al’] 90 90
Bl 90 90
7 [°] 90 120
Volume [A3] 3029.89(9) 5978.9(2)
z 4 6
Peaic [g/cm3] 1.335 1.331
p [mm™] 5.898 4.696
F(000) 1296.0 2532.0

Crystal size [mm?]
Radiation

Range for data collection [°]

Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters

Goodness-of-fit on F?

Final R indexes [I > 20(1)]

Final R indexes [all data]

Largest diff. peak/hole [eA?]

Flack parameter

0.183 x 0.133 X 0.0753

CuKo (A =1.54184)
9.664 < 20 < 147.192

-10<h<10
-18<k<18
-28<1<28

37186
6033

Rint = 0.0505
Rsigma = 0.0302

6033/37/379
1.038

Ri1=0.0412
wR; =0.1076

Ri1=0.0454
WR;=0.1111

0.80/-0.57

-0.024(2)

0.1103 X 0.1333 X 0.1662
CuKa (A =1.54184)
8.852 <20 < 147.108

-13<h<11

-12<k<13

-74<1£74
34481
7924

Rint = 0.0586
Rsigma = 0.0528

7924/1/487
1.052

R1=0.0464
wR: =0.0819

R:1=0.0524
WR: = 0.0833

0.26/-0.33

-0.018(2)
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FigureS6 Molecular structure of 4 (ellipsoids are at the 40% probability level, H atoms are omitted for clarity).
Selected bond lengths [A] and angles[°]: Co1—C1 2.039(4), Co1—C2 2.059(4), Co1—C5 2.020(4), Co1—C6 2.053(3),
C1—C2 1.402(6), C5—C6 1.430(4), Co1—Centroid(C1—C2) 1.925, Coi—Centroid(C5—C5) 1.907, Co1—C9 2.052(3),
Co01—C102.100(4), Co1—C12 2.045(4), Co1—C13 2.119(4), C9—C10 1.419(5), C12—C13 1.420(5), Co1—Centroid(C9—C10)
1.951, Co1—Centroid(C12—C13) 1.957, K1—C5 3.001(4), K1—C6 3.175(4), K1—-C192 3.167(4), K1—C20? 3.183(5), K1—C212
3.265(5), K1—C23* 3.231(4), K1—C24* 3.254(4), K1—C25* 3.274(4), K1—C26* 3.224(4), K1—C27* 3.151(4), K1—C28*
3.140(3), K1—Centroid(C23-C28%) 2.895(1); twist angle 64.8,13] bite angles:1*4 cod 90.6, Ph-bod 73.6
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5 PHENANTHROLINES AS LIGANDS FOR COBALTATE CATALYSTS

PHILIPP BUSCHELBERGER AND ROBERT WOLF
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1) reduction
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This study reports on the synthesis of new highly reduced cobalt compounds bearing 2,9-diaryl-
1,10-phenanthroline ligands in an unprecedented coordination mode. New cobaltate anions are
accessible via two different routes starting from commercially available CoBr,, and the products
were characterized by NMR and crystallographic techniques. Initial catalytic experiments
demonstrate the activity towards the hydrogenation of alkenes and the dehydrogenation of

dimethylamine-borane.

[1] P.Buschelberger performed the complex synthesis and the characterization of the new compounds as well as the
catalytic experiments. P. Buschelberger wrote the manuscript and the supporting information. The
phenanthrolines used as ligands were kindly provided by Dr. Eugen Lutsker from the group of Prof. Dr. Oliver
Reiser (Universitat Regensburg).

[l Unpublished results.
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5.1 Introduction

The development of efficient, atom-economic processes which decrease the overall energy
consumption and waste production is key to a sustainable future.™ In this respect, the activation
and conversion of organic molecules driven by visible light photocatalysis is a promising and
intensively studied subject.”? In photochemical processes, large amounts of energy can be
delivered from sunlight, by selective absorption of photons, and used to generate reactive
intermediates without considerable waste production. The major drawback of this technology
is the fact that, due to their high stability and excellent photoredox properties, most
photocatalysts are based on (poly)pyridine or phenanthroline complexes of precious metals
such as ruthenium and iridium (Figure 5.1).2>4! In account of economic and environmental
concerns, as well as biological compatibility, many recent research activities focus on the
development of base-metal catalysts that can replace more expensive and less earth-abundant

precious metal compounds.[s

Recently, Reiser and co-workers reported on carbon-carbon bond formation reactions mediated
by a visible-light-driven copper catalyst.”? They showed that [Cu(dap].]Cl (Figure 5.1,
dap = 2,9-bis(p-anisyl)-1,10-phenanthroline) is an effective catalyst for atom-transfer radical
addition (ATRA) and allylation reactions under irradiation at A = 530 nm. Initially, [Cu(dap).]* was
introduced in 1987 by Sauvage, who employed the d*® complex in the photo-assisted coupling
of p-nitrobenzyl bromide.® Normally, copper(l) phenanthroline complexes suffer from short
excited-state lifetimes compared to related Ru or Ir complexes, due to exciplex quenching by
structural reorganization to a square-planar geometry of the excited-state. In contrast, the

homoleptic dap complex benefits from the bulky 2,9-substituents of the phenanthroline ligands,

[Ru(bpy),] [Ir(ppy)s] Ar = p-OMe-Ph
Figure 5.1 Chemical structures of the well-established photoredox catalysts [Ru(bpy).]** and [Ir(ppy)s;] besides

the structure of the base-metal alternative [Cu(dap).]Cl.
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which hamper structural relaxation. Hindered exciplex quenching results in a prolonged excited-
state lifetime. Thereby, [Cu(dap).]Cl offers a real perspective as an alternative to common

precious-metal-based catalysts.[*"!

Following the concept of base-metal catalysis, our group has recently developed new iron and
cobalt catalysts for hydrofunctionalization reactions. The catalytic properties of the alkene and
arene metalates [K(dme).][Co(Ci4H10)2] (1), [K([18]crown-6)][Fe(Ci4H10)-] (2), and
[K(thf)«][Co(cod),] (3) (Figure 5.2, cod = 1,5-cyclooctadiene),**! were studied in hydrogenation
reactions,!*?! and a catalytic cycle was proposed after detailed investigations, which is also

supported by DFT calculations reported by another group.!*3

Here, we report on our attempt to synthesize new highly reduced cobalt complexes bearing
2,9-diaryl-1,10-phenanthroline ligands. Based on earlier work by Ellis and co-workers, who
reported the synthesis and molecular structures of the homo- and heteroleptic 2,2 -bipyridine
(= bipy) cobaltates [Co(bipy).]~ and [Co(cod)(bipy)]~ (Figure 5.2),1** we aimed at the isolation and
characterization of salts of an analogous anion [Co(Ar.-phen),]” (Figures.2,
Ar,-phen = 2,9-diaryl-1,10-phenanthroline). Such a complex would be isoelectronic to the
well-known photocatalyst [Cu(dap).]* and thus might give access to cobaltate-catalyzed

photocatalysis and other catalytic reactions.

=y 1” > 1” aT
% % & .\
D D =\ target molecules:
—=S =S A
[K(dme),]* [K([18]crown-6),]"* [K(thf),]*
1 2 3
Ellis 2002 Ellis 2007 Jonas 1976
\ N N V/, Y N N /
N N S
e cé
N N =\ [Co(phen-Ar,),]-
O_@ OQ R=H, or‘.ffo,2
= = Ar = Ph, p-OMe-Ph
[K([18]crown-6)]* [K([18]crown-6)]* » #
Ellis 2014 Ellis 2012
Figure 5.2 Polyarene and alkene cobaltates by Ellis (1 and 2) and Jonas (3) and the target molecule

[Co(Ar,-phen),].
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5.2 Results and Discussion

5.2.12 Complex Synthesis

Based on Ellis’s reports on the reaction of cobaltates with 2,2’-bipyridine, which led to either
homo- or heteroleptic products,* we decided to use [K(dme),][Co(C;H10)-] (1) as the starting
compound in order to synthesize the targeted bis(phenanthroline) complexes via ligand
exchange with anthracene coordinated in 1. Aiming at an anionic (bis)phenanthroline cobalt d*°
complex that is isoelectronic to the copper catalyst [Cu(dap).]*, we reacted 1 with 2 equiv. of
the dap ligand. The anthracene ligands were supposed to be replaced by phenanthroline via a
neutral ligand exchange reaction. Surprisingly, the reaction led to a C—H activation at the
ortho-positions of the aryl substituents of the phenanthroline ligand by formal elimination of
dihydrogen. Crystals of the resulting complex [K([18]crown-6][Co(p-DAP-2H)] (4) (Figure 5.3)
were isolated from THF/n-hexane and characterized by X-ray crystallography. The molecular
structure shows a cobalt atom coordinated by two nitrogen atoms and two ortho-carbon atoms
of the aryl rings in a slightly distorted, square planar fashion. The Co—N bond lengths (Co1—N1
1.848(2) A, Co1—N2 1.848(2) A) and the Co—C bond lengths (Co1—C14 1.965(2)°, Co1—C21 and
1.959(2)°) are in the range of typical coordinative bonds.[*s! The aryl substituents are almost
coplanar with the phenanthroline moiety. One of the substituents is slightly bent with respect
to the plane formed by Co1, N1, N2, and C14 (dihedral angle between this plane and the bent
aryl ring = 7.96°). Ortho-metalation of this ligand type was described before,!*! but to the best
of our knowledge, this is the first example of a 2,9-diaryl phenanthroline acting as a tetradentate
ligand. The bite angle between cobalt and the phenanthroline backbone (N1—Co1—N2
82.389(9)°) is more acute than the angle between cobalt and the two coordinated carbon atoms

is (C14—Co1—C21 114.1(2)°).

+ dap
9- + [18]crown-6
== -2 Cy4Hq0

% -Hz
Co
D thf, r.t., o
—S=/ 15h "
[K(dme),]* Q/X
s [K([18]crown-6)]* \& ¥ }
4 /&‘ \Lb
Figure 5.3 Synthesis (left) and molecular structure of 4 (right; ellipsoids are at the 50% probability level; most H

atoms are omitted for clarity). Selected bond lengths and angles: Co1—N1 1.848(2) A, Co1—N2 1.848(2) A, Co1—C14
1.965(2) A, Co1—C21 1.959(2) A, N1—C5 1.360(3) A, N2—C6 1.369(3) A, C5—C6 1.395(4) A; Co1—K1 3.3772(7) A,
N2—Co1—N182.38(9)°, N1—Co1—C14 81.5(1)°, N2—Co1—C21 81.43(9)°, C21—Co1—C14 114.1(1)°, N1—C1—C13 108.8(2)°,
N2—-C10—-C20 108.6(2)°, torsion angles of the aryl substituents: N1-C1—-C13—C14 4.2(3)° & N2—C10—C20-C21 1.2(3)".
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The anisole substituents are bent towards the metal center with N—C—Cary angles N1—C1—C13
108.8(2)° and N2—C10—C20 108.6(2)° that deviate from the expected values close to 120° for a
free phenanthroline molecule. In addition, the cation [K[18]crown-6)]* is in contact with the
cobalt atom (K1—Co1 3.3772(7) A, i.e. 0.3 A longer than the sum of the covalent radii).*) The

NMR data of 4 are discussed further below.

Unfortunately, the synthesis of 4 was difficult to reproduce. For this reason, an alternative
synthesis was pursued, using a simple cobalt halide complex as the starting material. Addition
of one equivalent of dap to a solution of CoBr, in THF leads to immediate precipitation of the
adduct [(dap)CoBr,] (5) (Figure 5.4, left) in quantitative yield. X-ray quality bright green crystals
of 5 formed upon slow evaporation of a concentrated solution in dichloromethane (= DCM). The
cobalt atom is coordinated in a distorted tetrahedral fashion (Figure 5.4, right) with a
phenanthroline bite angle (N1—-Co1—-N2 82.96(8)°) in the expected range and a Bri—Co1—-Br2
angle of 127.4(1)° that is somewhat larger than in related compounds (110° - 120°).¢! The
N1—C1—C13 (118.8(2)°) and N2—C10—C20 (116.5(2)°) angles, are almost identical with the
corresponding angles of the free ligand and of other Co(ll) phenanthroline adducts.*® ¥ The
Co—N (Co1—N1 2.053(2) A, Co1—N2 2.053(2) A) and Co—Br (Co1—Br1 2.3826(4) A, Co1-Br2
2.3803(4) A) bond lengths are in good agreement with the literature. Analogous to the structure
of the free ligand, the aryl substituents are not coplanar with the phenanthroline moiety,
displaying torsion angles of 43.6° (N1-C1—C13—C14) and 43.7° (N2—C10—C20—-C25). The *H NMR
spectrum of compound 5 in CD,Cl, shows a set of six broad signals. Four singlets and one
multiplet (6 = 0.81-0.89) are detected in the range 6 = 0.07 and 1.53 ppm. One singlet resonates
high field shifted at 6 = -5.79. The unusual chemical shifts are due to the paramagnetic nature

of this compound.**!

+ dap
COBTE -
thf, 60 °C,
overnight
Figure 5.4 Synthesis and molecular structure of 5. Ellipsoids are drawn at the 50% probability level; H atoms and

one co-crystalline solvent molecule (DCM) are omitted for clarity. Selected bond lengths and angles: Co1—N1
2.053(2) A, Co1-N2 2.053(2) A, Co1-Br1 2.3826(4) A, Co1—Br2 2.3803(4) A, N1—C12 1.365(3) A, N2—C11 1.367(3) A,
C11-C12 1.443(3) A; N1—Co1-N2 82.9(1)°, Bri—Co1—Br2 127.4(1)°, N1—C1—C13 118.8(2)°, N2—C10-C20 116.5(2)°,
torsion angles of the aryl substituents: N1-C1—C13—C14 43.6° & N2—C10-C20—C25 43.7°.
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- (phen-Phg)

CoBr; >
thf, 60 °C,
overnight
Figure 5.5 Synthesis and molecular structure of 6. Ellipsoids are drawn at the 50% probability level; H atoms are

omitted for clarity. Selected bond lengths and angles: Co1—N1 2.054(3) A, Co1—Br1 2.3697(5) A, N1—C6 1.370(5) A,
C6—C6’ 1.442(7) A; N1—Co1-N1’ 82.9(2)°, Bri—Co1—Br1’ 125.88(4)°, N1—-C1—C7 118.4(3)°, torsion angle of the aryl
substituents: N1—C1—-C7—C12 48.704(2)°.

A similar reaction of CoBr, with dpp (= 2,9-diphenyl-1,10-phenanthroline) analogously provides
[(dpp)CoBr,] (6) (Figure 5.5), which could also be isolated by decantation of the supernatant
solution in excellent yield (93%). Compound 6 shows a very similar molecular structure as 5
concerning angles and bond lengths. The *"H NMR data of paramagnetic compound 6 are similar

to those of 5 with signals in the range & = -6.08 to 1.55 ppm.[*9

Reduction of 5 with 3 equiv. of KCy4H10 again resulted in the formation of cobaltate 4 in 48%
yield.[* Unfortunately, it was so far not possible to remove free dap ligand and anthracene by-
product completely from the isolated compound. Nevertheless, the *H NMR spectrum recorded
in [Dg] THF confirmed the composition of 4. A set of broad signals for the dap ligand and a singlet
assigned to the [18]crown-6 molecule (6 = 3.05 ppm) are observed. The methoxy hydrogen
atoms resonate at 6 =3.82 ppm. Two singlets (6 =5.60 and 7.33 ppm) and three doublets
(6=7.21, 9.01, and 9.50 ppm) of the phenyl ring and the phenanthroline moiety are found in
the expected range. The protons in para-position to the nitrogen atoms resonate as a doublet
with an unusual low-field shift at & = 12.13 ppm. In addition, the *H NMR spectrum confirmed
the presence of some residual free dap ligand, anthracene, and n-hexane. In the *3C{*H} NMR
spectrum, the aliphatic carbon atoms of the methoxy group and the crown ether resonate at
typical values of & = 54.5 and 70.4 ppm, respectively. The aromatic signals are found between
6 =109.0 and 166.8 ppm. Notably, the metalated carbon atom (6= 153.0 ppm) was only
detected through its correlation to the meta-H in HMBC but is not visible in the 3C{*H} NMR

spectrum.[9!

Reduction of [(dpp)CoBr.] (6) with three equivalents of KC1,H,0 and addition of [18]crown-6 gave
the desired compound [K([18]crown-6][Co(dpp-2H)] (7) (Figure 5.6, left), which has a very
similar molecular structure as the dap complex 4. It also features a distorted square planar cobalt
atom and a weak electrostatic interaction between the anion and [K([18]crown-6]* (Figure 5.6,

right). The aryl substituents are coplanar with the phenanthroline backbone in this case (torsion

137



CHAPTER 5 — PHENANTHROLINES AS LIGANDS FOR COBALTATES CATALYSTS

+3 KC14H1Q

+ [18]crown-6
-3CiHi0
thf, 60 °C,
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Figure 5.6 Molecular structure of 7. Ellipsoids are at the 50% probability level; H atoms are omitted for clarity.

Selected bond lengths and angles: Co1—N1 1.843(2) A, Co1—N2 1.843(2) A, Co1—C14 1.977(2) A, Co1—C24 1.974(2) A,
N1—-C11 1.367(3)A, N2—Ci2 1.370(3) A, C11—Ci2 1.394(3) A; Coi—Ki 3.3030(6) A, N1—Co1-N2 82.79(8)°,
N1—Co1-C14 80.87(9)°, N2—Co1—C24 80.60(9)°, C14—Co1—-C24 115.5(1)°, N1—C1—C13 108.7(2)°, N2—C10-C19
108.7(2)°, torsion angles of the aryl substituents: N1—C1—C13—C14 3.431(2)° & N2—C10—C19-C24 2.745(2)°.

angles N1-C1—C13—C14 3.431(2)° and N2—C10—C19—C25 2.745(2)°). The *H NMR spectrum of 7
in [Dg]THF displays a set of six sharp signals for the dpp ligand located between § = 5.99 and
9.70; analogous to 4, there is also one unusually low-field shifted signal at 6 = 12.46 ppm, which
is assigned to the protons in para-position to the nitrogen atoms. The chemical shifts of the
BC{*H} NMR spectrum are very similar to the ones of 7. The CH, groups of the crown ether
resonate at & =69.9 ppm, while the aromatic protons of the anion are found in the range

8 =107.9 to 166.7 ppm.9!
5.2.2 Catalytic Reactivity

In preliminary catalytic studies, the new metalates 4 and 7 were employed to determine their
behavior as potential catalysts of different reactions. Both compounds were found to be active
in the hydrogenation of alkenes at elevated temperature and dihydrogen pressure (60 °C,
10 bar H,). The disubstituted substrates a-methylstyrene and 1,1-diphenylethylene were
converted in excellent yields to the corresponding alkanes (Table 5.1, entries 1-4). Reactions
with the more demanding substrate triphenylethylene only gave a moderate product yield
(Table 5.1, entries 5 & 6). Nevertheless, these results demonstrate the applicability of 4 and 7

for catalytic hydrogenation reactions.

An extension of the substrate scope of the hydrogenation reactions to more exotic substance
classes such as carboxylic acids and esters was unsuccessful.2°! Efficient cobalt catalysts for this
transformation were recently reported by the groups of de Bruin, Milstein, and Jones.
Unfortunately, no evidence for the transformation of benzoic acid or its methyl ester at
50 bar H, and 60 °C, over 24 hours was found (Scheme 5.1). Notably, in the case of 4, GC-MS
analysis indicates the hydrogenation of the anthracene impurities, which are present in the

catalyst precursor.9
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Table 5.1 Hydrogenation of alkenes with 4 and 7 as pre-catalysts (5 mol%) at 10 bar H, and 60 °C for 24 hours.
Standard conditions: substrate (0.25 mmol) in THF (1 mL); yields and conversions were determined by quantitative

GC-FID versus internal reference n-pentadecane and are given in percent.

R? 5 mol% [Co]-cat FI2H
- H
F{‘J‘"\ s  60°C,24h, 10bar H, Fﬂ/kl’3
= THF i
Entry Cat. Substrate Conv. Yield
1 4 >99 85
o
2 7 98 91
3 4 Ph 98 91
o
4 7 97 88
5 4 Ph 29 29
S
Ph
6 7 27 27
9 Q 5 mol% [Co]-cat
0/

OH OH
o 60 °C, 24 h, 50 bar H,

THF

Scheme 5.1 No evidence was found for the transformation of benzoic acid or its methyl ester under 50 bar H,

and 60 °Cin THF, over 24 hours, with compounds 4 or 7 as potential pre-catalysts.

In an NMR scale reaction, the dehydrogenation of dimethylamine-borane, catalyzed by 5 mol%
of 7, proceeded quite selectively to the desired 1,3-diaza-2,4-diboretane (79% according to
B NMR integration, Scheme 5.2 top). In addition, the formation of two minor side-products,
i.e. 13% bis(dimethylamino)borane and 8% of an unidentified BH; species, was observed. An
identical behavior was already reported for related a-diimine cobaltates by our group,
recently.?¥ 2B NMR spectroscopic reaction monitoring (Figure 5.7) suggests that the reaction

pathway (Scheme 5.2 bottom) involves the two intermediates Me,NH—BH,—NMe,—BH, (8) and
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7 (5 mol%) MeQN—?HQ H
MesHN-BH3 | + .B.
rt., 24 h, THF HoB—NMe; MeoN"""NMe,
79% 13%
Ho
) _B_ _BH ;
Hy MeoHN \.Nz 3 Hs
| Meg ‘
8 MeoN—BH,
MeoHN-BH; Ha I
HQB_NMe2
| }
- Me,N=BH
-H, 2 9 2 x2

Scheme 5.2 Dehydrogenation of dimethylamine-borane catalyzed by 7 at room temperature (top); possible

reaction pathway based on observed reaction intermediates (bottom).

MBQN_BHQ
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Figure 5.7 1B NMR spectroscopy monitoring (128.4 MHz, 300 K, CgDe¢-capillary) of the dehydrogenation of

dimethylamine-borane, catalyzed by 7, displays the product formation and the reaction intermediates 8 and 9.

Me,N=BH, (9). On the way to the dimeric product, the elimination of two hydrogen molecules
from the starting material can include two steps, leading to formation of 8 as an intermediate.
The second route, through 9, operates by a complete loss of hydrogen in the first step, followed
by cycloaddition. This mechanism, as well as the formation of bis(dimethylamino)borane as a
side product were already described and well-studied for other catalysts.[?* 22 The activity of the
presented catalysts towards hydrogenation as well as dehydrogenation reactions also
potentially opens the possibility to carry out cobalt-catalyzed transfer hydrogenation reactions,

however, these have not been investigated so far.
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Due to the challenging synthesis and the unexpected composition and structure of the new
complexes 4 and 7, photochemical investigations were not conducted with these compounds,

and, indeed, a utilization in photoredox chemistry does not seem promising.

5.3 Conclusion

New highly reduced cobaltates 4 and 7 bearing ortho-metalated diaryl-phenanthroline ligands
are accessible by reduction of cobalt(ll) bromide precursors or, less effectively, by the reaction
of bis(anthracene) cobaltate 1 with 2 equiv. of the phenanthroline ligand. The resulting
complexes 4 and 7 are active in the hydrogenation of substituted alkenes under elevated
temperature and hydrogen pressure. Moreover, 7 was successfully applied to the (selective)
dehydrogenation of dimethylamine-borane at room temperature, possibly qualifying this class
of complexes for transfer hydrogenation reactions with amine-boranes and perhaps also other
H. sources. Further investigation of the catalytic properties of 4 and 7 could be focused in these

directions and in particular at establishing structure-activity relationships for such complexes.
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5.4 Experimental Section

5.4.1 General Considerations

All experiments were performed under an atmosphere of dry argon by using standard Schlenk
and glovebox techniques. Solvents were purified, dried, and degassed by standard techniques.
Commercially available [18]crown-6 was purified by sublimation at 60 °C under 102 mbar and

stored under argon atmosphere.
5.4.2 Analytical Measurements
5.4.2.1  NMR Spectroscopy

Nuclear magnetic resonance (NMR) spectra were recorded (300 K) on Bruker Avance 300
(300.13 MHz *H, 75.47 MHz 3C) and Avance 400 (400.13 MHz *H, 100.61 MHz *3C, 128.43 MHz
1B) spectrometers internally referenced to residual solvent resonances. NMR assignments are
based on COSY, HSQC, HMBC, and NOESY 2D NMR experiments. Chemical shifts § are given in
ppm relative to tetramethylsilane (*H and *3C NMR) or BF;-OEt, (**B NMR). The following
abbreviations are used to indicate multiplicities (br = broad): s = singlet; d = doublet; t = triplet,

m = multiplet.
5.4.2.2 Elemental Analyses

Elemental analyses were performed by the analytical department of the University of

Regensburg with a Micro Vario Cube (Elementar).
5.4.2.3 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: N,. GC-FID was used for quantitative measurements
for substrate screening (calibration with internal standard n-pentadecane and analytically pure

samples).
5.4.2.4 Gas Chromatography with Mass-Selective Detector (GC-MS)

Agilent 6890N Network GC System, mass detector 5975 MS. Carrier gas: H, (1.0 mL/min).
Column: HP-5MS (30 m x 0.25 mm x 0.25 um, 5% phenylmethylsiloxane). Agilent 7820A GC
system, mass detector 5977B MSD. Carrier gas: H, (1.2 mL/min). Column: HP-5MS (30 m X

0.25 mm X 0.25 um).
5.4.2.5 X-Ray Crystallography

Single crystal X-ray diffraction data for compounds 5, 6, and 7 were recorded on an Agilent

Technologies SuperNova diffractometer, and in case of compound 4, on an Agilent Technologies
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Gemini Ultra diffractometer. Cuk, radiation (A = 1.54178 A) was used. Empirical multi-scan and
analytical absorption corrections were applied to the data.?* 24! Using Olex2,?! the structures

were solved with ShelXT,1?®! and least square refinements were carried out with ShelXL.1”
5.4.3 Procedures for Catalytic Reactions
5.4.3.1  General Procedure for Hydrogenation Reactions

A dry 5 mL vial with a screw cap and PTFE septum was charged with a magnetic stir bar and a
solution of the cobaltate (0.0125 mmol) in THF (0.5 mL). After adding a solution of the substrate
(0.25 mmol) in THF (0.5 mL) with a pipette, the vial was closed, and the septum was punctured
with a short needle (Braun). The vial was placed into a high-pressure reactor (Parr Instr.), which
was sealed, removed from the glove box, placed on a magnetic stirrer plate, and purged with
hydrogen. After 24 h at 60 °C under an atmosphere of hydrogen (10 bar) the pressure was
released, the vial removed, and the reaction quenched with saturated aqueous NaHCO; (1 mL).
For quantitative GC-FID analysis, n-pentadecane was added as an internal standard. The mixture

was extracted with diethyl ether (3x) and the combined organic layers were dried over Na,SO,.
5.4.3.2 Procedure for the Dehydrogenation of Dimethylamine-Borane

A dry 5 mL vial with a screw cap and PTFE septum was charged with a magnetic stir bar and the
solid cobaltate 7 (0.005 mmol). After adding a solution of dimethylamine-borane (0.1 mmol) in
THF (0.6 mL) with a pipette, the vial was closed, and the septum was punctured with a short
needle (Braun). The solution was stirred inside the glovebox for 5 hours, before the reaction
mixture was transferred into a J. Young NMR tube and the *'B spectra were collected. After the
measurement, the reaction mixture was introduced back into the glovebox and the solution was
transferred back into the vial for further stirring. After 24 hours, another **B NMR spectrum was

recorded to confirm full conversion of the starting material.
5.4.4 Complex Synthesis

5.4.4.1 [(dap)CoBr2] (5)

THF (10 mL) was added to a Schlenk flask containing CoBr, (167 mg, 0.764 mmol, 1 equiv.) and
2,9-bis(4 methoxyphenyl)-1,10-phenantroline (300 mg, 0.764 mmol, 1 equiv.) and the mixture
was stirred at 60 °C overnight. A bright green suspension was formed. Afterwards, the solvent
was carefully decanted by cannula, the solid residue was washed with THF (3 x 5 mL) and diethyl
ether (2 x 5 mL) and dried in vacuo. Compound 5 was isolated as a green, waxy solid (426 mg,
91%). X-ray quality green crystals were obtained by slow evaporation from a concentrated
solution in DCM. Complex 5 dissolves well in dichloromethane, but it is insoluble in diethyl ether,

THF, acetonitrile, and toluene.

143



CHAPTER 5 — PHENANTHROLINES AS LIGANDS FOR COBALTATES CATALYSTS

"H NMR (300.13 MHz, CD.Cl,, 300 K): 6 =—-5.79 (br s), 0.07 (s), 0.59 (s), 0.81 0.90 (m), 1.25 (br s),
1.53 (s).

Elemental analysis for C,sH20N.0,CoBr, (M =611.20) (%): calcd.: C51.90, H 3.30, N 4.58;

found: C52.91, H 4.13, N 3.98.
5.4.4.2  [(dpp)CoBr,] (6)

THF (10 mL) was added to a Schlenk flask containing CoBr, (132 mg, 0.602 mmol, 1 equiv.) and
2,9-diphenyl-1,10-phenantroline (200 mg, 0.602 mmol, 1 equiv.) and the mixture was stirred at
60 °C overnight, giving a bright, turquoise suspension. Afterwards, the solvent was carefully
decanted by cannula, and the solid residue was washed with THF (2 x 2.5 mL) and diethyl ether
(5 mL) before drying in vacuo. The product 6 was isolated as a turquoise, waxy solid (310 mg,
93%). Bright turquoise colored, X-ray quality crystals were obtained by slow evaporation from a

concentrated solution in DCM.

'H NMR (300.13 MHz, CD,Cl,, 300K): 6= —6.08 (brs), 0.06 (s), 0.29 (brs), 0.81-0.89 (m),
1.23-1.34 (m), 1.55 (s).

Elemental analysis for C,,H16N,CoBr, (M = 551.15) (%): calcd.: C52.30, H 2.93, N 5.08;

found: C54.35,H 3.92, N 4.38.
5.4.4.3  [K([18]crown-6)][Co(dap-2H)] (4)

Route 1 — from [K(dme).][Co(C14H10).]: A solution of dap (34.0 mg, 0.0866 mmol, 2.00 equiv.) in
THF (2 mL) was added to a solution of [K(dme),][Co(CisH10)2] (1) (27.5 mg, 0.0433 mmol,
1.00 equiv.) and [18]crown-6 (11.5 mg, 0.0433 mmol, 1.00 equiv.) in THF (3 mL) at room
temperature giving a dark green solution. After stirring for 1.5 h, the solvent was removed in
vacuo, and the dark solid residue was washed with diethyl ether (5 mL). The extract had a light
green color. The solid was dissolved in THF (5 mL), and the resulting mixture was filtered. Dark

green, X-ray quality crystals of 4 formed after diffusion of n-hexane into the solution.

"H NMR (300.13 MHz, [Dg]THF, 300 K): & = 2.68 (s, 24H, [18]crown-6], 3.65 (s, 6H, OCH,), 7.13 (s,
2H), 7.29-7.37 (m, 2H), 9.15-9.29 (m, 2H), 9.65-9.79 (m, 2H), 12.27-12.40 (m, 2H). One expected
signal with the intensity of 2H is not observed presumably due to overlap with a signal of [Ds]THF

at6=1.73 ppm.

Route 2 — from [(dap)CoBr,]: Potassium anthracene was prepared by stirring potassium
(58.6 mg, 1.50 mmol, 3.00 equiv.) and anthracene (267.4 mg, 1.50 mmol, 3.00 equiv.) in THF
(22 mL) for 12 h. A suspension of [(dap)CoBr,] (5) (305.6 mg, 0.500 mmol, 1.00 equiv.) in THF
(122 mL) was added to the solution of potassium anthracene at —80 °C. The resulting dark red-

brown solution was slowly warmed to room temperature and stirred overnight giving an intense
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dark green solution. After filtration, the solvent was removed in vacuo, and the dark green solid
residue was washed with toluene (3 x 5 mL) first and subsequently with diethyl ether (3 x 5 mL).
The toluene solution was light reddish first and colorless after the third addition of toluene,
while the diethyl ether solutions were slightly red first and almost colorless at the end. The solid
residue was dried under vacuum and subsequently dissolved in THF (8 mL). The resulting
suspension was filtered, the frit was rinsed with 7 + 3 mL of THF, [18]crown-6 (132.1 mg,
0.500 mmol, 1.00 equiv.) was added, and the mixture was sonicated (10 min) to completely
dissolve the residue. The reaction mixture was concentrated until solid began to form (to 5 mL)
and layered with toluene (15 mL, 1:3). The next morning, 5 (180 mg, 0.239 mmol, 48%) had
precipitated as a dark green solid on the bottom of the flask. The product was isolated by
carefully decantation of the supernatant, washed with n-hexane (5 mL), and dried in vacuo.
According to the *H NMR spectrum, the sample is contaminated with residual n-hexane,

anthracene, and free dap ligand.

'HNMR (400.13 MHz, [Dg]THF, 300K): 6=3.05 (s, 24H,
[18]crown-6), 3.82 (s, 6H, H*3), 5.60 (s, 2H, H?), 7.21 (d, 3/ = 7.8 Hz,
2H, H%), 7.33 (s, 2H, H*?), 9.01 (d, 3/ = 7.54 Hz, 2H, H®), 9.50 (d,
3)=8.0 Hz, 2H, H°), 12.13 (d, 3J = 7.35 Hz, 2H, H°).

BC{*H} NMR (100.61 MHz, [Dg]THF, 300K): 6 =54.5 (C*3), 70.4
([18]crown-6), 109.0 (C°), 113.6 (C*), 122.1 (C°), 123.0 (C**), 124.2

(C*or C°), 124.3 (C* or C?), 133.4 (C*°), 145.1 (C*?), 153.0 (C, only  [K([18]crown-6)]*
detected through coupling to H5 in HMBC), 157.4 (C3), 160.0 (C®), 4
166.8 (C7).

5.4.4.4  [K([18]crown-6)][Co(dpp-2H)] (7)

A suspension of [(dpp)CoBr,] (6) (531.2 mg, 0.200 mmol, 1 equiv.) in THF (4 mL) was added to a
solution of potassium (23.5 mg, 0.600 mmol, 3 equiv.) and anthracene (107.0 mg, 0.600 mmol,
3 equiv.) in THF (4 mL) at —80 °C. The resulting dark red-brown solution was slowly warmed to
room temperature and stirred overnight giving an intense dark green solution. After filtration
the solvent was removed in vacuo and the dark green solid residue was washed with toluene
(3 x 5 mL), and then with diethyl ether (3 x 5 mL). The toluene solutions were light reddish, while
the diethyl ether solutions had a light green color. The solid residue was dissolved in THF (5 mL),
filtered, and [18]crown-6 (52.8 mg, 0.200 mmol, 1 equiv.) in THF (12 mL) was added. Layering
with toluene (6 mL, 1:1) did give crystalline product. After layering of the resulting THF/toluene
mixture with n-hexane (6 mL, 1:1:1) a few dark crystals formed. The crystallization of the crude

product was completed by layering of the mixture with of another 6 mL of n-hexane. After a few
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days, dark green X-ray quality crystals of 7 (47.0 mg, 34%) could be isolated. After decanting the
supernatant solution, the product was washed with n-hexane (5 mL) and dried in vacuo. The
product is still contaminated with minor impurities of an n-hexane and unidentified species

showing *H NMR resonances at § =7.59, 8.12, 8.53, 8.63, 8.82, and 10.85 ppm.

'HNMR (400.13 MHz, [Dg]THF, 300K): &= 2.69 (s, 24H,
[18]crown-6), 5.99 (d, 3J = 6.8 Hz, 2H, H?), 7.46 (s, 2H, H*?), 7.67 (t,
3)=7.2 Hz, H%), 8.18 (t, 3/ = 7.0 Hz, H3), 9.07 (d, 3/ = 7.8 Hz, 2H, H®),
9.70 (d, 3/ =7.5 Hz, 2H, H°), 12.46 (d, 3/ = 7.7 Hz, 2H, H°).

BC{*H} NMR (100.61 MHz, [Ds]THF, 300 K): 6 = 69.9 ([18]crown-6),
107.9 (€9), 121.6 (C°), 123.3 (C**), 124.8 (C3), 126.3 (C?), 127.9 (C?),

[K([18]crown-6)]"
134.3 (C*), 141.6 (C?), 145.6 (C*2), 148.3 (C*, detected through ; i

coupling to H?, H3, and H5 in HMBC), 166.5 (C7), 166.7 (C®).
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5.6 Supporting Information
5.6.14 NMR Spectra
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Figure S 1 *H NMR spectrum (400.13 MHz, [Dg]THF (#), 300 K) of [K([18]crown-6][Co(dap—2H)] (4) with residual

impurities of dap, anthracene (§), and n-hexane (+).
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Figure S 2 BC{*H} NMR spectrum (100.61 MHz, [Dg]THF (#), 300 K) of [K([18]crown-6][Co(dap—2H)] (4) with

residual impurities of dap and anthracene (§).
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Figure S 3 *H NMR spectrum (300.13 MHz, CD,Cl, (#), 300 K) of the paramagnetic compound [(dap)CoBr,] (5)
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Figure S 4

*H NMR spectrum (300,13 MHz, CD,CL, (#), 300 K) of the paramagnetic compound [(dpp)CoBr,] (6).
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Figure S5 *H NMR spectrum (400.13 MHz, [Dg]THF (#), 300 K) of [K([18]crown-6][Co(dpp—2H)] (7) with small

impurities of an unidentified species (§) and n-hexane (+).
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Figure S 6

13C{*H} NMR spectrum (100.61 MHz, [Dg]THF (#), 300 K) of [K([18]crown-6][Co(dpp—2H)] (7) with small

impurities of an unidentified species (§).
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5.6.2 X-Ray Crystallography

Table S 5-1 Crystal data and structure refinement for compounds 4 and 7.
Compound a4 7
Empirical formula C38H42N-08KCo Cs6H38N206KCo
Formula weight 752.76 692.72
Temperature [K] 123.0(1) 123.0(1)
Crystal system orthorhombic Monoclinic
Space group Pca2, P2./c
alAl 21.2298(2) 9.2871(2)
bA] 10.5081(2) 20.2006(5)
c[A] 15.8631(2) 17.3649(4)
o [°] 90 90
AL 90 93.014(2)
7 [°] 90 90
Volume [A3] 3538.82(5) 3253.2(2)
z 4 2
Peaic [g/cm?] 1.413 1.414
u [mm?] 5.315 5.684
F(oo0) 1576.0 1448.0

Crystal size [mm?]
Radiation

Range for data collection [°]

0.1207 X 0.2028 X 0.2317

CuKo (A =1.54184)

8.414 <20 < 133.454

0.268 x 0.254 X 0.158
CuKa (A =1.54184)

6.718 <20 < 148.39

-25<h<25 -8<h<11
Index ranges -12<k<12 -25<k<24
-18<1<18 -21<1<21
Reflections collected 32951 18638
6207 6420
Independent reflections Rint = 0.0365 Rint = 0.0336

Rsigma = 0.0257

Rsigma = 0.0291

Data/restraints/parameters 6207/1/453 6420/0/439
Goodness-of-fit on F? 1.046 1.033
R:=0.0228 R:=0.0445
Final R indexes [I > 246(l)]
wR; =0.0539 wR:=0.1119
R:=0.0243 R:=0.0475
Final R indexes [all data] ' '
WR: = 0.0547 WR; = 0.1143
Largest diff. peak/hole [eA3] 0.26/-0.26 0.61/-0.62
Flack parameter -0.028(2) -
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Table S 5-2

Chrystal data and structure refinement for comounds 5 and 6.
Compound 5 6
Empirical formula C27H22N.0:CoCl2Br, C24H16N2COBF»
Formula weight 696.11 551.14
Temperature [K] 123.0(1) 123.0(1)
Crystal system Monoclinic Monoclinic
Space group P2./c p2/c
alA] 7.3108(1) 14.7115(4)
b[A] 21.5424(4) 9.5518(2)
clA] 16.5062(3) 15.3278(4)
o] 90 90
B 94.041(2) 107.332(3)
7] 90 90
Volume [A3] 2593.14(8) 2056.08(9)
z 4 4
Peaic [g/cm?] 1.783 1.780
4 [mm™] 10.933 11.189
F(ooo) 1380.0 1084.0

Crystal size [mm?]
Radiation

Range for data collection [°]

Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters

Goodness-of-fit on F?

Final R indexes [I > 20(1)]

Final R indexes [all data]

Largest diff. peak/hole [eA3]

Flack parameter

0.179 X 0.134 % 0.082
CuKa (A =1.54184)
6.756 <20 < 147.276

-8<h<g
-24<k<26

-17<1<20
14949
5126

Rint = 0.0335
Rsigma = 0.0337

5126/0/413
1.039
R:=0.0278
WR; = 0.0660

R:1=0.0318
WR: = 0.0682

0.62/-0.45

0.146 x 0.06 x 0.058
CuKo (A =1.54184)
7.312<20<147.342

-18<h<18
-11<k<9

-19<1<17
11363
4014

Rint = 0.0318
Rsigma = 0.0312

4014/0/263
1.165
R:=0.0348
WR; =0.0935

R1=0.0373
WR: =0.0948

0.66/-0.78
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6 SUMMARY

Chapter 1 — Cobalt in Homogeneous and Heterogeneous Hydrogenation Catalysis

Catalytic hydrogenation is one to the most important technical processes in chemical synthesis
and therefore constitutes a significant research area. Although this field was mainly dominated
by precious metal catalysts, over the last decades, the focus of current research activities has
more and more moved towards the development of sustainable base-metal catalysts. This
chapter gives a short overview over recent innovations concerning cobalt catalyzed-
hydrogenation reactions, differentiated in homogeneous and heterogeneous systems. A
detailed understanding of the operational mechanism is essential for further improvements of
catalytic systems and many modern catalysts are at the boundary between these two main types
in classical catalysis. Therefore, various methods and techniques for the differentiation between

homogeneous and heterogeneous reaction pathways are summarized and discussed.
Chapter 2 — Alkene Cobaltates as Hydrogenation Catalysts[!

The aim of this thesis is the search for new catalysts based on cobalt in low oxidation states. This
chapter reports on the synthesis and characterization of a series of cobaltates 1 - 6 (Scheme 6.1)
and on their behavior as pre-catalysts in the hydrogenation of alkenes, ketones, and imines.

Compounds 4 - 6 were synthesized for the first time. Complexes 1 - 5 were found to be active

+ exc. styrene

/<l | +2styrene oo +[18lcrown-6 Y] |
% ," = C‘IOHB % ,’l - CBH12 4 ,"
e > Ge ~ i
thf, r.t., TS thf, r.t., =\,
overnight Ph T pp overnight Oﬂ
[K([18]crown-6)]* [K([18]crown-6)]" [K(thflo.2]"
2 4 3
70% (from 3)
+ dct thf, r.t., 5mol% 1-5 H \
L] C10H8 overnight R& R /
2 bar Hp, 20 °C, 24 h, THF - i
I i
! 1
| 1
I =
T | . ’
S 2= +2 dot -
C.o v.; -2 Cy4H1o : i I
; Co - —- i
His | |
= thf, r.t., ! O |
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| + I
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5 1 . B |
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Scheme 6.1 Compounds 1 - 6 were prepared and studied as pre-catalysts in hydrogenation reactions.
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Figure 6.1 Negative-ion mode ESI mass spectrum of a reaction mixture of 1 (7.5 mM) with 20 equiv. of styrene

(top left), proof of the ligand-catch concept with compound 4 (top right), and the mechanism for alkene

hydrogenation (bottom).

in the hydrogenation of alkenes under mild conditions while the catalytic inactivity of 6
confirmed the validity of Crabtree’s dct test for cobalt complexes. Detailed mechanistic
investigations by *H NMR monitoring, ESI-MS (Figure 6.1, top left) and poisoning experiments,
stoichiometric reactions (Figure 6.1, top right), and reaction progress analysis confirmed the
homogeneous nature of the catalysts. All these experiments also support the proposed
mechanism (Figure 6.1, bottom) for alkene hydrogenation, which is initiated by a redox-neutral

ligand exchange of the labile T-accepting polyarene or alkene ligand of the pre-catalyst.

For the hydrogenation of polar substrates (ketones, imines) all other compounds showed
significantly lower activities than 1, and most likely catalyst species of higher oxidation states

are formed by SET and deprotonation reactions.
Chapter 3 — Recyclable Cobalt(o) Nanoparticle Catalyst for Hydrogenations!?

A new method for the preparation of small, monodisperse Co(0) nanoparticles from commercial
starting materials is presented in Chapter 3. In the absence of any ligands or surfactants CoCl, is
reduced with LiCioHg in a straightforward and operationally simple synthesis, resulting in the
formation of this highly active hydrogenation catalyst (Figure 6.2, top). Various alkenes, alkynes,

imines and quinolines were cleanly converted to the corresponding hydrogenation products and
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Figure 6.2 Synthesis of Co(0) nanoparticles from commercial starting materials (top), yields of consecutive

hydrogenation runs with recycled particles (bottom left), hydrogenation of various substrates under mild conditions

(bottom center), and catalyst separation by an external magnet after 1 min (bottom right).

under mild conditions (Figure 6.2, bottom center). Multiple recycling (Figure 6.2, bottom left) of
the catalyst is enabled by an easy separation (Figure 6.2, bottom right), utilizing the magnetic
properties of the long-term stable catalyst. Detailed analytical studies by TEM, XRD, DLS and
poisoning reactions document the heterogeneous nature of the nanoparticulate system.
Especially the results of the poisoning studies verify the applicability of these methods for cobalt

systems, and thus, support the results from Chapter 2.
Chapter 4 — Chiral Alkene Cobaltates as Hydrogenation Catalysts(3!

In extension to our studies about alkene cobaltates as hydrogenation catalysts in Chapter 2, we
aimed at the development of an enantioselective cobalt catalyst bearing C,-symmetric
norbornadiene derivatives as steering ligands. By reaction of 1 and 2 with 1.1 equiv. of Hayashi’s
(R,R)-Ph-bod ligand, we isolated and characterized the chiral complexes 4 and 5 (Figure 6.3) for
the first time. Indeed, these compounds showed good catalytic activity towards the
hydrogenation of styrene under mild conditions, but unfortunately, the Ph-bod ligand is also
partly hydrogenated as well. In addition, only minor conversion of 1,1-disubstituted, prochiral
substrates was detected under similar conditions. Harsher conditions even led to a higher
degree of ligand hydrogenation without any improvement of the substrate conversion. Even
though the Ph-bod ligand is not applicable as a steering ligand in asymmetric cobalt catalyzed

hydrogenation, this study confirms the possibility of using chiral dienes for this purpose.
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Figure 6.3 Synthesis and molecular structures of the chiral cobaltates 4 (top) and 5 (center) bearing Hayashi’s

(R,R)-Ph-bod ligand. The compounds are easily accessible by reaction of 1 and 2 with 1.1 equiv. of the ligand,
respectively. In the hydrogenation of 1,1-disubstituted, prochiral substrates (bottom) only minor conversion was

observed.

Chapter 5 — Phenanthrolines as Ligands for Cobaltate Catalysts(3!

This study demonstrates two different methods for the preparation of a new class of cobaltates
with 2,9-diaryl-1,10-phenanthroline (= phen) ligands in an unprecedented, ortho-metalated
coordination mode. Complexes 4 and 7 can either be synthesized by ligand exchange via the
established [K(dme),][Co(Ci4H10)2] (1), or by reduction of the easy accessible phenanthroline
adducts of the metal halide, [(phen)CoBr,] (5 and 6) (Figure 6.4, top). Both pathways start from
commercially available CoBr, and contain one ligand association and one reduction step,

apparently only in different order.

The new complexes 4-7 were characterized by 'H and *3C NMR spectroscopy and

crystallographic techniques and were utilized for initial catalytic investigations. Both compounds
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showed good activity in the hydrogenation of disubstituted alkenes (Figure 6.4, center). For an
analogous, trisubstituted substrate, only moderate conversions and yields were detected.
Moreover, 7 was found to be active in the selective dehydrogenation of dimethylamine-borane

at room temperature, in an NMR scale reaction (Figure 6.4, bottom).
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- o
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Figure 6.4 Two possible synthetic pathways for the synthesis of compounds 4 and 7, bearing a doubly
deprotonated 2,9-diaryl-1,10-phenanthrolinediyl (= phen) ligand (top), hydrogenation of di- and trisubstituted
alkenes (center), and *'B NMR spectrum (128.4 Hz, 300K, CgDe¢-capillary) of the reaction mixture of the
dehydrogenation of dimethylamine-borane, catalyzed by 7, after 25 h (bottom).

159



CHAPTER 6 — SUMMARY

References

[1] P. Buschelberger, D. Gartner, E. Reyes-Rodriguez, F. Kreyenschmidt, K. Koszinowski, A. Jacobi von

Wangelin, R. Wolf, Chem. Eur. J. 2017, 23, 3139—3151.

[2] P. Buschelberger, E. Reyes-Rodriguez, C. Schéttle, J. Treptow, C. Feldmann, A. Jacobi von Wangelin,
R. Wolf, Catal. Sci. Technol. 2018, 8, 2648-2653.

[3] Unpublished results.

160



ACKNOWLEDGEMENT

7 ACKNOWLEDGEMENT

Besonderer Dank gilt selbstverstandlich meinem Doktorvater Prof. Dr. Robert Wolf fiir die
interessante Aufgabestellung und die herausragende Betreuung Uber die letzten Jahre - sowohl
Uber die Dauer meiner Masterarbeit als auch wdhrend meiner Promotion. Von den
hervorragenden Arbeitsbedingungen am Arbeitskreis, den anregenden Diskussionen und Tipps

sowie seinem fachlichen Wissen habe ich enorm profitiert. Danke Robert!

Fir die Ubernahme des Zweitgutachtens und die jahrelange, reibungslose Kooperation mochte
ich mich herzlich bei Prof. Dr. Axel Jacobi von Wangelin bedanken. Die gemeinsamen
Diskussionsrunden, die vielen Besprechungen, aber besonders seine lockere Art haben meine

Arbeit sehr bereichert.

Weiterhin danke ich Prof. Dr. Frank-Michael Matysik (Drittprifer) und Prof. Dr. Alkwin Slenczka

(Prufungsvorsitzender) fir ihre Bereitschaft, die Prifungskommission zu komplettieren.

Mein herzlicher Dank gilt natiirlich auch all meinen Kooperationspartnern der letzten Jahre.
Besonders ohne Prof. Dr. Claus Feldmann und Dr. Christian Schéttle vom Karlsruhe Institute for
Technology, sowie Prof. Dr. Konrad Koszinowski und Dr. Friedrich Kreyenschmidt von der Georg-
August-Universitat Gottingen wadre meine Dissertation wohl nicht in diesem Umfang gelungen.
Besonders hervorzuheben ist an dieser Stelle auch die sehr erfolgreiche Kooperation mit Dr.
Dominik Gartner und Dr. Efrain Reyes-Rodriguez vom Arbeitskreis Jacobi von Wangelin. Die

lange und sehr umfangreiche Zusammenarbeit mit euch habe ich wirklich genossen!

Ich danke den aktuellen und ehemaligen Mitgliedern unseres Arbeitskreises fiir die entspannte
Kaffeepausen- und Laboratmosphére. Hervorzuheben ist hier vor allem die alte Garde um Dr.
Stefan Pelties, Dr. Dirk Herrmann und Dr. Bernd Mihldorf, von denen ich in meiner Anfangszeit
viel lernen konnte. Meinen Laborkollegen Stefan, Dr. Christian Rddl, Thomas Maier, Christoph
Ziegler, Julia Marsch und Marion Till danke ich fiir die duRerst kollegiale Zusammenarbeit, die
super Atmosphare im Labor und die exzellente musikalische Untermalung des Arbeitsalltags
(oder zumindest die Toleranz diese zu ertragen). Unserer pseudo-Kollegin Dr. Ver(en)a
Hirschbeck danke ich fiir die unzahligen, erheiternden und teils ausufernden Kaffeepausen mit
Bernd, die ungemein zur Allgemeinbildung beigetragen haben (auch wenn du mal wieder WLD
Uben solltest liebe Vera). Ulrich Lennert und Bernd, in denen ich sehr gute Freunde gefunden
habe, danke ich vor allem fiir die groRartige Zeit, die wir bei gemeinsamen Unternehmungen,

abseits der Arbeit, miteinander verbringen!

Unseren Nachbarn rund um die eigenen Labore, den Mitgliedern der Arbeitskreise Jacobi von

Wangelin, Garcia Manchefio, Fleischer, Diaz-Diaz danke ich fir die geselligen, gemeinsamen

161



ACKNOWLEDGEMENT

Stunden wahrend der Mittags- & Kaffeepausen, den Grillabenden, sowie den ganzen

Weihnachts- und Doktorfeiern und fir die Hilfsbereitschaft in allen moglichen Situationen.

Den Mitarbeitern der analytischen Abteilungen und der Werkstatten der Universitat Regensburg
- vor allem der Glasblaserei - danke ich fiir die meist problemlose und unkomplizierte

Zusammenarbeit und fiir die Hilfe bei so mancher Herausforderung.

All meinen Freunden mdchte ich fir die Ablenkungen und Unternehmungen danken, die mir
immer den noétigen Ausgleich verschaffen. Die schénen Momente, die Ihr mir beschert sind

unbezahlbar!

Der groRte Dank geht an meine Frau Ines und meine Familie fir die grenzenlose Unterstiitzung,
nicht nur wahrend meiner gesamten Studien- und Promotionszeit, sondern allgemein in meinem

Leben!

162



CURRICULUM VITAE

Familienstand
Geburtstag
Geburtsort

Nationalitét

Nov. 2014 — heute

Jun. 2015

Okt. 2012 - Sep. 2014

Okt. 2009 — Sep. 2012

Jul. 2007 - Jul. 2009

Sep. 1998 — Jun. 2007

8 CURRICULUM VITAE

PHILIPP BUSCHELBERGER

DATEN ZUR PERSON

verheiratet
18. April 1988
Mellrichstadt

deutsch

AUSBILDUNG

Promotion an der Universitét Regensburg

am Arbeitskreis von Prof. Dr. Robert Wolf an der Fakultat fir Chemie
& Pharmazie (Institut fir Anorganische Chemie): ,,Homogeneous vs.
Heterogeneous Cobalt-Catalyzed Hydrogenations: An Evaluation of
Cobaltates and Cobalt Nanoparticles as Catalysts”

Forschungsaufenthalt an der Georg-August-Universitit Géttingen

am Arbeitskreis von Prof. Dr. Konrad Koszinowski an der Fakultat fir
Chemie (Institut fiir Organische und Biomolekulare Chemie)

Master of Science in Chemie an der Universitédt Regensburg, mit
Schwerpunkt organische und anorganische Chemie sowie Biologie
im Grundmodul, Gesamtnote 1,4

Masterarbeit am Arbeitskreis von Prof. Dr. Robert Wolf an der
Fakultat fir Chemie & Pharmazie (Institut fir Anorganische
Chemie): ,,Cobalt katalysierte Hydrierungen: Anwendungsbreite und
Mechanismus”, Note 1,3

Bachelor of Science in Chemie, Universitit Regensburg,
Gesamtnote 2,5

Bachelorarbeit am Arbeitskreis von Prof. Dr. Kirsten Zeitler an der
Fakultat fir Chemie & Pharmazie (Institut fir Organische Chemie):
»Ringbffnung von «-Diketonen katalysiert durch N-heterocyclische
Carbene”, Note 1,3

Ausbildung zum Offizier der Reserve, FschigBtl 261 (Lebach),
Bundeswehr

Abitur, Martin-Pollich-Gymnasium, Mellrichstadt, Gesamtnote 2,5

Leistungskurse: Chemie und Sport

163



CURRICULUM VITAE

24.-27.09.2018

22

20

09

19

26

23

27

22

.-25.07.2018

.- 25.08.2017

.—13.07.2017

.-21.02.2017

.-28.09.2016

.-28.08.2015

.-31.07.2015

.-24.03.2015

WISSENSCHAFTLICHE PRASENTATIONEN

Poster — 19. Vortragstagung der Wéhler-Vereinigung in Regensburg

Vortrag — International Symposium on Relations between
Homogeneous and Heterogeneous Catalysis 18 in Sydney,
Australien

Ermoglicht durch Reise-Stipendien des DAAD und der GDCh

Vortrag — Wissenschaftliches Kolloquium von Arbeitsgruppen fiir
Anorganische Chemie 2017 in Hirschegg, Osterreich

Poster — 22" European Conference on Organometallic Chemistry in
Amsterdam, Niederlande

Poster — 15" Ferrocene Colloquium in Mainz
Poster — 18. Vortragstagung der Wéhler-Vereinigung in Berlin

Vortrag — Wissenschaftliches Kolloquium von Arbeitsgruppen fiir
Anorganische Chemie 2015 in Hirschegg, Osterreich

Poster — 14" International Symposium on Inorganic Ring Systems
in Regensburg

Poster — 11. Koordinationschemiker Tagung in Paderborn

MITGLIEDSCHAFTEN

Gesellschaft Deutscher Chemiker e.V.

ChemPharm Graduate School Regensburg

Alumniverein Chemie der Universitat Regensburg e.V.
Fladunger Fasnachts-Club FFC (Vorstandschaftsmitglied)

FC Bayern Fladungen, Freier TuS Regensburg

164



LIST OF PUBLICATIONS

(1]

[2]

[3]

(4]

(5]

9 LIST OF PUBLICATIONS

R. J. Wilson, F. Hastreiter, K. Reiter, P. Bischelberger, R. Wolf, R. Gschwind, F. Weigend, S. Dehnen;
,[Co@SneSbe]?: An Off-Center Endohedral 12-Vertex Cluster”; Angew. Chem. Int. Ed., 2018, 57,
15359-15363.

P. Bischelberger, E. Reyes-Rodriguez, C. Schottle, J. Treptow, C. Feldmann, A. Jacobi von Wangelin,
R. Wolf; ,,Recyclable Cobalt(o) Nanoparticle Catalysts for Hydrogenations*; Catal. Sci. Technol. 2018,
8, 2648-2653.

P. Bischelberger, C. Rédl, R. Wolf, ,Bis(1,2-dimethoxyethane)potassium bis(1,2,3,4-n*-anthracene)-
cobaltate [K(dme),][Co(Ci1,H10)2]”; Inorg. Synth. 2018, 37, 72-76.

F. Abels, D. Loeffler, H. Wilmer, R. Wolf, C. RoedI, P. Bischelberger, , Process for the Generation of
Thin Inorganic Films” 2017, Int. Patent W0O2017/129440.

P. Biischelberger, D. Gartner, E. Reyes-Rodriguez, F. Kreyenschmidt, K. Koszinowski, A. Jacobi von
Wangelin, R. Wolf, ,Alkene Metalates as Hydrogenation Catalysts”; Chem. Eur. J. 2017, 23,
3139-3151

165






EIDESSTATTLICHE ERKLARUNG

10 EIDESSTATTLICHE ERKLARUNG

Ich erklare hiermit an Eides statt, dass ich die vorliegende Arbeit ohne unzulassige Hilfe Dritter
und ohne Benutzung anderer als der angegebenen Hilfsmittel angefertigt hab; die aus anderen
Quellen direkt oder indirekt Gbernommenen Daten und Konzepte sind unter Angabe des
Literaturzitats gekennzeichnet. Die Arbeit wurde bisher weder im In- noch im Ausland in gleicher

oder dhnlicher Form einer anderen Priifungsbehorde vorgelegt.

Philipp Bischelberger

167



