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Introduction 1

1. Introduction

1.1. Background and Motivation

This research study expatiate upon the synthesis and characterisation of new nonclassical
ruthenium hydride complexes bearing pincer ligands and their application in catalysis for CH-
activation (H/D-exchange), hydrogen transfer processes and fixation of small molecules like

N2 and COz.

Two decades ago, Chaudret synthesised the first ruthenium dihydrogen complex.[” Quite
recently, a neutral ruthenium dihydrogen complex bearing an aliphatic POP-pincer was
presented by Gusev and co-workers.”! Furthermore, Milstein presented ruthenium hydride
complexes with pincer ligands."”' In the field of catalysis the investigations of Leimer and co-
workers on ruthenium dihydrogen complexes have shown an impressive potential for CH-
bond activation under mild conditions, as well as for hydrogen transfer processes.!*!
Established catalysts for CH-bond activation wusually need much higher process
temperatures.* > °' In contrast, Leimer and co-workers presented the application of
ruthenium dihydrogen complexes for H/D-exchange between hydrocarbons at room
temperature.”*” H/D-exchange processes are a powerful tool to evaluate the potential of a
catalyst for CH bond cleavage and formation. /"> ® The isotopic exchange reactions can be also
of synthetic value, as deuterated and tritiated compounds are used for NMR-spectroscopy, for

101 Furthermore, deuterated

[12]

medicinal research and for drug discovery processes.
polymers are evaluated for OLEDs and are used in optical communication systems.
Therefore, there is an increasing interest in mild and selective catalytic H/D-exchange
processes from a fundamental and application oriented view. Other potential fields of
application for these catalyst class are the selective alkylation of arenes (Murai-reaction),™ "
the hydrogenation of nitriles towards the synthesis of e-caprolactam for nylon production[14’
1 and the dehydrogenation of alcohols and hydrogenation of ketones and esters.”! Another
application might be N»-activation''® indicated by N,-fixation in known ruthenium dinitrogen
complexes bearing pincer backbones.'” *! These encouraging facts are the reasons for the

ongoing investigations in this research area.



2 Introduction

1.2. State of the Art and Objectives

1.2.1. Ruthenium Dihydrogen Complexes

The discovery of the first stable transition metal complex, a molybdenum dihydrogen
complex, comprising molecular dihydrogen as a side-on bound ligand by G. J. Kubas in 1983
was a breakthrough in the historical development of coordination chemistry.!'”’ Since then,
dihydrogen complexes of transition metals have been the subject of considerable interest

because they present models for the metal induced activation of the hydrogen molecule,!” '*!

[7, 18, 19, 20, 21, 22a, 23] In general it is
2

either through oxidative addition or heterolytic cleavage.
possible to obtain nonclassical metal hydride complexes by direct reaction with hydrogen or
by protonation of hydride complexes.“gb] The stable coordination between the molecular
dihydrogen and a metal centre is based on two contributions: the donation from the filled H,
c-orbital to the empty d-orbitals at the metal, and the back bonding of the d-electrons to the
antibonding o*-orbital of the hydrogen ligand (Figure 1). Thus, several factors such as the
capability of the metal to donate electrons and the nature of the ligand in trans position
influence the stability and the reactivity of the M-H, unit.!"***! As recently highlighted by
van Leeuwen et al., the structural demands of an ancillary chelating ligand can also play an

important role in defining the properties of the 772 -H, ligand.*!

Figure 1: Schematic bonding model between molecular hydrogen and a metal.

In the present work, we report on the synthesis and characterisation of new nonclassical

ruthenium hydride complexes with constrained ligand geometries, which substantiate the

importance of well defined structural features for the H,-binding mode and reactivity."***°!
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The chemistry of ruthenium complexes containing nonclassical hydride ligands was
pioneered by Chaudret et al. in 1984 with the synthesis of the hexahydride complex of
formula [Ru(ff -H,)>(H)2(PCy3),] 1a (Cy = cyclohexyl, Figure 2).[1] From this point on,
numerous  nonclassical ~ transition = metal  hydrides  were  synthesized  and
investigated.”- ® 142728 2] The species 1a was proven to possess a unique structure with two
classical hydrides and two molecular dihydrogen ligands in mutual cis position,[lc] as
confirmed most recently also by neutron diffraction for [Ru( ﬂZ—Hz)z(H)z(PCypgz] 1b (Cyp =
cyclopentyl).[ld] Meanwhile several ruthenium complexes containing nonclassical hydride
ligands have been synthesised thus allowing a better understanding of stability, reactivity and
binding mode of the nz—Hz moiety.[zgc’ 30] Complex 1 has found application as starting material
for a variety of ruthenium dihydrogen complexes.! 2% ** *!I Moreover, it has been used as a

[14, 29c]

catalyst precursor for hydrogenation, silylation,?” C-C-coupling reactions (Murai

)[5, 13b, 31, 33] [34]

reaction and metathesis.

Recently, the Leitner group reported the synthesis of new complexes 2 and 3 where one or
both PCys; ligands of 1 are replaced with strongly basic and sterically encumbered
heterocyclic carbene ligands (Figure 2).140 X-ray crystal structure analysis revealed that the
arrangement of the central RuHg core is largely retained in these species. The carbene
complexes show, however, a distinct reactivity as compared to 1 including an interesting

potential in catalytic H/D exchange processes, resulting from the specific ligand environment.

[4b, 6]
/_\ /_\
PCYs

»
H,——Ru—H H2_RU_H Hy—— R
H u 4
PCys PCys
\_/
1 2 3

Figure 2: Ru(H,),(H)»(PCy;), 1a, Ru(H,),(H)>(PCy;)(IMes) 2, Ru(H,)>(H),(IMes), 3
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An alternative possibility to expand the structural variety of nonclassical ruthenium hydride
complexes is to incorporate the donor sites into chelating frameworks of constraint

geometries.*!

In the present work, we have therefore set out to investigate more
systematically tridentate chelating ligand frameworks (pincer ligands) for the stabilization of
the mononuclear ruthenium dihydrogen complexes (Figure 3). Preliminary studies from

(42351 and industrial laboratories!'*

Leitner’s team, ! indicate that binuclear complexes of
general formula [Ru,Hg(P»),] are obtained with chelating ligands P, of type R,P(CH,),PR..
The trans-arrangement of the two P-donor groups together with the occupation of a third
coordination site is expected to lead to monomeric complexes with the pincer framework.
Further advantage of pincer ligands lies in the enhanced stability of their metal complexes due

to the enforced chelate effect.

Thanks to their interesting catalytic behaviour, transition metal complexes containing
tridentate pincer ligands have been extensively studied during the past decade.*® The fields
of application in catalysis varies from e.g. C-C bond formation, CH-, CC-, CN-, CO- bond
activation, amination, hydrogenation, elimination, CO,-activation to dinitrogen and
dihydrogen coordination.”® *”- *¥! In recent years the popularity of pincer ligands in catalysis

3,36,37,3
[3.36.37.391 and

and coordination chemistry was enforced by the groups of Milstein,
Crabtree™ *" and others.*" ****! However, not before 2005 such pincer ligated ruthenium
dihydrogen complexes have been reported.”” *! In contrast rhodium, platinum and osmium

complexes are known for some more time.""™ 3¢ 4!

The mentioned facts encouraged our study on the development of new nonclassical ruthenium

hydride complexes bearing these kinds of ligands for their application in catalysis.

P(_ Il‘ E=C,N,O

¢ JE—M-L, A= NR,, PRy, NHC
Y l M = metal: Ir, Pd, Pt, Os, Rh, Ru,...
/\ L, = further ligands (n = 1-3)

Figure 3: Complexes with pincer ligands.
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For the synthesis of complexes similar to 1 it is possible to use the readily available ruthenium
precursor [Ru(cod)(2-methylallyl);] (cod = cyclooctadiene) 6, in the presence of bulky
alkylphosphine ligands, like tricyclohexylphoshine 7 (PCys), under hydrogen pressure

(Scheme 1).1*°! Alternative pathways are also known.!"
< %Pj
g"' /\ 5 PG H2 ‘ \\\HZ
R + ys — > H,——Ru—H
I 4( 2, ‘
H
NS

6 7 1

Scheme 1: Synthesis of the Chaudret-complex 1 according to Leitner and co-workers.

Therefore the first part of this thesis will focus on the synthesis and characterisation of novel
(water-stable) ruthenium dihydrogen complexes bearing bulky pincer ligands using the

approach depicted in Scheme 2.7

— E—M H A =NR,, PR,, NHC

8 % | o e oo
+ pincer

Scheme 2: Synthesis of ruthenium dihydrogen complexes. >
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To obtain mononuclear structures, we have applied PNP and POP pincer ligands in complexes
4 and S (Figure 4), respectively, to adjust a meridional tridentate coordination mode as

described in the chapters 2.1.1. and 2.2.1.

/ PtBUZ
\\\Hz
O——Ru—H

Nl
P'Bus

4 5

Figure 4: New pincer-type mononuclear complexes [Ru(dtbpmp)(Hy)H,] 4 (dtbpmp = 1,3-bis(di-tert.-
butylphosphinomethyl)pyridine) and [Ru(dtbpoet)(H,)H,] § (dtbpoet = 2,2'-oxybis(ethane-2,1-
diyl)bis(di-tert-butylphosphine).

1.2.2. Characterisation of Nonclassical Hydride Complexes

This chapter summarises some practical characterisation techniques and information for
nonclassical hydride complexes. In general, an enhanced complex stability for nonclassical
hydride complexes is observed for central metals with a d°-configuration and octahedral
coordination. Almost all nonclassical hydride complexes are in agreement with this rule.”’
Bulky ligands could lead to a distorted octahedron or even to other coordination types, while
smaller ligands direct to higher coordination, binuclear complexes or a conversion of a
nonclassical hydride to a classical hydride. The H-H distance in dihydrogen complexes
usually ranges from 0.8 to 1.0 A.In comparison to the H, gas (0.74 A)itisin agreement with
an activation of the H-H bond. For the classical polyhydrides complexes the H-H distance is
often 1.8-2.5 A.I"! A strict barrier between these metal hydrides is difficult to estimate because
isomerisation could occur easily and a transient area (1.1 to 1.5 A)[m] is considered for
elongated dihydrogen complexes (also described as ‘“stretched” dihydrogen complexes or

compressed dihydrides)[46’ 47] (Figure 5).[7’ 2201
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HOOHTH_HH O RER RO
M M M M
dihydrogen elongated dihydrogen classical
hydride
0.74 0.8-1.0 1.1-1.2 1315 >1.6(1.8-2.5) d(H-H)

[Al
Figure 5: Different metal hydride forms.

An indirect evidence for the presence of a dihydrogen moiety is provided by the generation of
the dinitrogen complex via the reversible substitution of the dihydrogen ligand under nitrogen
atmosphere. This equilibrium can be monitored by NMR spectroscopy. Nevertheless, this is
not a unique indicator since also some classical hydrides, e. g. [Co(H),(PPh3)]BPhy, react to
their nitrogen analogues.'**! More detailed information can be obtained by spectroscopic
analyses with IR and NMR. As a consequence of the metal coordination the normally IR-
inactive stretching oscillation of the free dihydrogen v(H;) becomes asymmetric and thereby
IR active. The v(H;) bond of H;-gas is shifted from about 4300 cm’! to an area between 3100
and 1900 cm™', v(M-H) lies between 2200 and 1500 cm’! and the V.(M-H,) between 950 and
850 cm™.” *! Notably, this energy level does not correlate to the H-H distance because the
oscillation frequency depends also on the bond-nature between the metal and hydride moiety,
hence an isolated oscillation can not be observed.” However, due to the dependence of the
oscillation energy from the masses, isotopic substitution leads to a shift of specific bonds
which can be assigned according to the Teller-Redlich-Rule: A bond shift with the factor \2

cm” can be expected.!!

The 'H-NMR spectrum of a nonclassical hydride complex shows signals usually in the high
field between —5 and —20 ppm at room temperature. 2 pr-couplings of nonclassical hydrides
are significantly smaller than those of analogous classical hydrides. For this reason the
coupling of nonclassical hydrides to other NMR-active nucleus are hardly detectable. More
detailed information about the structure can be obtained by analyses of partial HD-substituted
samples because only intact HD-bonds shows the IJHD (>20Hz) while a classical dihydride
shows weak 2JHD (2-3 Hz) and free HD gives ]JHD = 43 Hz.’¥ The comparison of the
coupling constants J with the HD- bond length of different dihydrogen complexes leads to a
reciprocal behaviour: with enhanced hydrogen distance, the coupling drops.*?! Furthermore,

the dihydrogen signal can be analysed with the measurement of the spin lattice relaxation time
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(T)) at various temperatures.[zz’ 1 The effectivity of dipole-dipole interaction during the
excited-state deactivation in a 'H-NMR experiment between the atom spins is strongly
dependent on the distance of the hydrogens. Based on this phenomenon, 1988 Hamilton and
Crabtree recommended this method for the differentiation between nonclassical and classical
hydrides if the exchange rate is too high for the detection of HD-coupling.”*" Additional, this
method makes it possible to calculate H-H bond length."" The T)-relaxation time is
determined with inversion-recovery-puls sequencies (180°-t-90°). Due to the relaxation
mechanism T; passes a minimum at a substance specific temperature (Op,i,). To determine the
H-H bond length, T, is measured for the hydride signal at 6y,. T;(min) values for classical
hydrides and molecules are >>180 ms (often around 1 s) and between 10-180 ms at 400 MHz
for (elongated) dihydrogen complexes.” The H-H distance for the two borderlines are

calculated as:'>!

Ty = 5.815 (Tymin/V)" for no rotation Equation 1
Ty = 4.611 (Tymin/V)" for fast rotation Equation 2
of the H»-ligand
with: run = HH-distance [A],
T, = relaxation time [s],

Vv =magnetic frequency [MHz]

It should be mentioned that this detection method does not work for all kind of nonclassical hydrides,
e.g. the low T;(min) value of cobalt hydrides does not change significantly after protonation of the
complex.[56] It is assumed that this effect is due to the influence of the metal-hydrogen-dipole-dipole
interaction to the relaxation.””! Finally, Halpern et al. pointed out that all possible relaxations
pathways are at least important and not only the dipole-dipole interaction (e.g. metals with a high
gyromagnetic proportion (Co, Re, Mn), *'P-nucleus, protons of further coordinated ligands and
hydride-hydride interaction in polyhydrides).[sg] Thus, the determination of the H-H distance with
T (min) values leads to good results for dihydrogen complexes bearing one H»-ligand but needs to be

interpretated carfully for polyhydrides.
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More characterisation methods for the determination of the ruthenium dihydrogen moiety can be
found with X-ray diffraction and neutron diffraction. These methods are limited due to the
requirement of well formed (and large) single crystals, especially for the neutron diffraction.”” The
Solid-State-NMR is another tool for analysing the H-H bond length in the metal dihydrogen complex
and the results stay in good agreement with the neutron diffraction but one disadvantage is the
interference of the H,-signal with proton signals of co-ligands which complicates the determination
and analysis of the H,-signal.!'” > ®! As an adequate method for structure refinement of the metal
dihydrogen moiety, computational methods are also a very powerful tool to verify the experimental

data [26. 611

1.2.3. Catalysis

1.2.3.1. CH-Activation and H/D-Exchange Reactions

The potential of 1 to catalyse CH-activation is shown in the Murai-Reaction as depicted in
Scheme 3.°"*% The high activity was shown by Leitner and Chaudret and their co-workers
independently by the comparison of conventional reaction conditions (T > 110 °C)"** with the

present system because the conversion of acetophenone 8 with ethene 9 to the ortho-alkylated

products 10 and 11 works already at room temperature.[5 - 13al
(0] 0 o
o e :
main product side-product
8 9 10 11

Scheme 3: Murai-reaction

Based on these findings, Leitner’s group focused in recent years on the investigation of
nonclassical ruthenium hydride complexes as potential catalysts.“’ >0l Yields over 90% were
reached in the Murai-Reaction.”” These investigations have also shown that the activity of

Ru(H,)>(H)»(PCys)(IMes) 2 for H/D-exchange between arenes and Cg¢Dg is significantly
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higher than for 1 (Scheme 4) .14 61 However, although complex 2 has a higher potential for

CH-activation, indicated by H/D-exchange, it shows lower conversions in the Murai-

Reaction.!®

2 =~ || A D-incorporation:

X m- >> o/p
D

12 [D]-12

Scheme 4: Deuteration of toluene 12 using 2 as catalyst and C¢Dg as deuterium source.

As specified above there is still a need for further improvement of the precatalyst structure 2
and optimisation of the reaction conditions for satisfactory CH- bond activation. For this
reason, the catalytic H/D-exchange should be more investigated in detail.1¥ Catalytic H/D-
exchanges under mild conditions are usually performed with D, or in deuterated organic
solvents like [Dg]benzene or [Dglacetone and only in very few cases deuterium oxide or
[D4]methanol were used. 6% 6% 64 5 recent years, iridium, rhodium and ruthenium
complexes showed a promising potential, but reaction temperatures are still well above 100°C
for systems utilizing D,O as deuterium source (Scheme 5).1% % 6320 644l Ay efficient system
might use deuterium oxide as the cheapest, low-toxic and environmental benign deuterium
source, therefore, water-stable catalysts have to be developed.[65’ %1 To enhance the stability
of appropriate catalysts for H/D-exchange reactions, we extended the structural motifs of
nonclassical ruthenium hydrides to complexes with pincer-type ligands, represented with the
new complexes [Ru(dtbpmp)(H,)Hz] 4 and [Ru(dtbpoet)(H2)H,] S5 as here described in the
chapters 2.1.1. and 2.2.1. In chapter 2.3.1.1. we report on the efficient and selective H/D-
exchange between arenes and D,0O at low temperatures using the new nonclassical hydride

complex 4.1

Ir-cat. AN
_—
D

Scheme 5: Iridium catalyzed deuteration of toluene 12 with deuterium oxide as deuterium source.
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1.2.3.2. Ruthenium Hydrides in Hydrogen Transfer Processes

Catalytic hydrogenation and dehydrogenation reactions play a major role in industrial
processes as well as in the academic research. Metal dihydrogen complexes are most likely
intermediates in all of these processes. Vice versa, this implies that dihydrogen complexes are
potential hydrogenation catalysts. One reason for this is the reactivity of the dihydrogen

ligand and resulting hydrides in the coordination sphere of the catalyst core.!”

Most ruthenium hydride complexes known in literature can be used for hydrogenation of

27 or under transfer

ketones, aldehydes, alkynes and alkenes under hydrogen gas
hydrogenation conditions.®”” An interesting example is the the hydrogenation of nitriles
according to Beatty (DuPont), where ruthenium dihydrogen complexes are actually one of the
most active catalysts known in literature.® " Lau and co-workers used this catalyst class for
hydration of nitriles to amides and for the reduction of ketones, aldehydes and alkynes in a
water/organic biphasic systems.[(’g] Investigations with pincer ligands have not been done yet
which shows that there is still a great need of research in the area of nonclassical ruthenium

hydride complexes for hydrogen transfer processes.

Garrou reported in 1982 the use of ruthenium dihydrides for the conversion of primary
alcohols into the aldehydes.'®” Likewise Morton used the ruthenium dinitrogen complex
[Ru(N»)H,(PPh3);] 13 which is rapidly converted under reaction conditions into the elongated
ruthenium dihydrogen complex [Ru(H;)H,(PPh3)s] 14,[70] under dehydrogenative conditions
in primary alcohols (150°C, NaOH) for the transformation into their corresponding
aldehydes.” """ The same group reported also in the 80s a rhodium catalysed hydrogen
production from alcohols."”?! Recently, Beller also presented a hydrogen generation process
from alcohols but using different ruthenium catalyst precursors.”””! The dehydrogenation of
primary alcohols resulting in homoester formation by intermolecular coupling using
ruthenium catalysts was pioneered by the groups of Shvot™ and Murahashi."> Quite recently
Milstein published an efficient method for the transformation of primary alcohols into the
homesters with abdication of both a sacrificial hydrogen acceptor as well as a base or an acid

(like the former standard protocols): 1-hexanol is converted to hexyl hexanoate with 99%
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yield in between 6 h and toluene as a solvent under reflux conditions using only 0.1 mol-% of
a ruthenium hydride catalyst.Ba’ 7l Additionally, the investigation of Hartwig and co-workers
reflects the catalytic activity of other ruthenium dihydride complexes for the dehydrogenative
cyclysation of diols (1,4-butanediol) leading to lactones (y-butyrolactone) at elevated
temperatures (205°C).""! In the early 1990s also Lin and co-workers presented lactonisation
with iridium and ruthenium polyhydrides catalysts at remarkable low reaction temperatures
(40-75°C)." Milstein pointed out that the most plausible way for the conversion of primary
alcohols into esters, is the formation of the corresponding aldehyde followed by acetalisation
which results in a hemi-acetal and this is dehydrogenated into the ester (Scheme 6).°* In the
present work a nonclassical ruthenium hydride complex showed also remarkable activity in
conversion of primary alcohols into their corresponding esters, in fact again under neutral

conditions and without the presence of a hydrogen acceptor as discussed in chapter 2.3.2.1.

R/\OH R)J\O/\R
[MH,]

-Hz -Hs
H-[MH,]

H

X _ - OH

R "0 A~
R OH R)\O/\R

Scheme 6: Ruthenium hydride catalyzed conversion of primary alcohols into esters.

In the last five years, the groups of Williams and Whittlesey reported a series of new catalytic
tandem-reactions.” Tn 2002, Williams reported the indirect Wittig-Reaction of primary
alcohols with phosphorylenes in presence of a iridium-catalyst under basic conditions at
150°C."*% Furthermore, they presented the iridium-catalysed indirect aza-Wittig-Reaction,

8% and other

between alcohols and iminophosphorane at 110°C yielding secondary amines,

[79] [80a, €] and

indirect domino reactions, e.g.. (Horner)-Wadsworth-Emmons, nitroaldo
Knoevenagel Reactions.®™™ The ongoing research of Williams and Whittlesey in tandem-
catalysis of primary alcohols towards C-C bond formation and transfer-hydrogenation
included ruthenium dihydride complexes such as ([RuH,(NHC)(PR3),(CO)]) as catalysts.®”

80b, 81] Noteworthy, Lin showed already in 1993 the potential of transition metal polyhydrides
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for catalysed Knoevenagel-Reactions.** In chapter 2.3.2.1 the application of the new
ruthenium dihydrogen complex 4 in an indirect-Wittig Reaction with primary alcohols is

presented (Scheme 7).

R
R/\OH - = R/\/

[MH,]
'H2\ +H2
H-[MHy]
R .
o PhsP=\ R

Scheme 7: Ruthenium hydride catalyzed conversion of primary alcohols with phosphorylenes in an indirect
Wittig Reaction.

In contrast to primary alcohols where an isolable aldehyde is not preferred as product by our
catalyst, secondary alcohols can be dehydrogenated to the corresponding ketones under
neutral conditions which is discussed in chapter 2.3.2.2. Pioneering work was published by
Robinson already in 1975 B In the 1980s, Lin and co-workers presented -efficient
acceptorless dehydrogenation catalysis of secondary alcohols by iridium polyhydrides.®™ 1t
was again Milstein who reported one of the most active catalysts for this reaction: TON > 900
at a conversion level of 27% or a TON of around 230 at 96% conversion were observed for 2-
propanol as a substrate, whereby no hydrogen acceptor but 1.6 mol-% of sodium isopropoxide
as a basic co-catalyst was used.”” Recently, the group of Hulshof published the most efficient
system for acidic conditions.®™ We also observed that the chosen pH-value plays a
tremendous role but — in contrast to other studies — in terms of selectivity: When we switched
from neutral to slightly basic environment by addition of catalytic amounts of base, we
obtained a coupling reaction of two molecules of alcohols giving branched ketones (Ct.
2.3.2.2, Scheme 8). Such reactions where secondary alcohols are condensed to higher
molecular weight alcohols or ketones under basic conditions are so-called Guerbet

861 which have been recently studied extensively by the group of Carlini®" and also

[88]

reactions

by Williams and co-workers.
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OH Ru-cat. O
R)J\ + Hp

2 jﬁ Ru-cat. + Base (cat.) )U
R R R + Hgo

Scheme 8: Catalysis test reactions for dehydrogenation of secondary alcohols and Guerbet-type coupling.
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2. Results and Discussion

Chapter 2 discuss the following aspects: The synthesis and characterization of the novel
nonclassical ruthenium hydride complexes [Ru(dtbpmp)(H;)H;] 4, bearing a PNP pincer, and
[Ru(dtbpoet)(H,)H,] S, bearing a POP pincer and reactivity aspects are described.
Furthermore, we present here the application in catalysis of [Ru(dtbpmp)(H,)H,] 4 for H/D-
exchange reaction, dehydrogenation reactions involving alcohols and some further test

reactions.

2.1. The Ruthenium Dihydrogen Complex [Ru(dtbpmp)(H,)H]

2.1.1. Synthesis

In an attempt to generate monomeric nonclassical ruthenium hydride complexes with a
chelating ligand framework, we turned the attention toward pincer type ligands which allow a
trans arrangement of two electron-rich and bulky phosphorous donor groups. As the most
efficient and practical method towards these ruthenium complexes the direct-hydrogenation
route is used, which was first published in the open literature by Leimer and co-workers."**! In
an one pot procedure [Ru(cod)(2-methylallyl);] 6 was hydrogenated (7 bar) at 55°C in
pentane in the presence of the PNP-pincer ligand dtbpmp 15 on a mmol scale. It reacts cleanly

to give the complex [Ru(dtbpmp)(H,)H,] 4 (Scheme 9).

P'Bu,
8 /\ j \N 7 bar Ha

’ \
4( pentane, 55°C, 18 h

PtBUZ

6 15 4

Scheme 9: Direct hydrogenation of [Ru(cod)(metallyl),] 6 in presence of dtbpmp 15 to give the nonclassical
ruthenium hydride complex 4.
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Complex 4 is isolated directly from the reaction mixture by cannula filtration at room
temperature as a light-brown microcrystalline powder. The product was washed with pentane
and dried in a hydrogen stream. Yields are typically in the range of 50-75% but reaction times
strongly depend on the quality of the precursor 6.*" Where 18 h were sufficient in many
cases, prolonged reaction time for two days were found to be necessary with certain batches.
Complex 4 is surprisingly stable under argon and can be stored under argon at —20 °C for
several days. Prolonged storage under argon should be avoided while hydrogen atmosphere is
preferred. Nevertheless, it is recommended to produce it freshly and use it directly for further

experiments.
Taniguchi’s pentahydride [Ru(dtbpmb)(H;),H] 16 bears the analogue PCP-pincer but
coordinates two Hj-ligands and one hydride (Figure 6).1""! The neutral two electron donor

group of the pyridine moiety in 15 results in the coordination of two classical hydrides and

one molecular hydrogen ligand in [Ru(dtbpmp)(H,)H,] 4

PtBUQ

’ Hz
Hz

PtBu

Figure 6: Taniguchi’s pentahydride [Ru(dtbpmb)(H,),H] 16.
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2.1.2. Characterisation

For the structural investigation of [Ru(dtbpmp)(H;)H,] 4 we used NMR and IR methods,
furthermore DFT-calculations were performed.[26] The *'P-NMR shows a singlet signal
indicating the equivalence of the two phosphorus atoms and the symmetric P-Ru-P trans-
arrangement. Interestingly, complex 4 coordinates two classical hydrides and one dihydrogen
which was confirmed by 'H-NMR and IR spectroscopy. The hydrides are identical on the
NMR scale due to fast exchange but the T -measurement revealed the presence of a molecular
dihydrogen ligand. The IR spectra show bands characteristically for classical ruthenium
hydrides at 1990, 1892 and 1700 cm’! (VRu-H) and at 2095 cm’ (VRu-H) for the nonclassical
ruthenium dihydrogen moiety. For further details see chapter 2.1.3.2. and therein Figure 16
shows the IR spectra.

At room temperature, the 'H-NMR of [Ru(dtbpmp)(H,)H,] 4 shows a signal at —7.3 ppm (t, 4
H, J(H,P) = 13.2 Hz, Figure 7) at room temperature and by cooling the sample subsequently
to —80°C the triplet changes to a broad signal. For the T|-measurements we recorded six series
with 14 spectra each between 300 and 193 K to determine the T;(min) value which was found
to be 77 ms at O, = 228 K and 400 MHz (Figure 8). This T;(min) value fits in the predicted
range (10-180ms) for a dihydrogen ligand. According to Hamilton, Crabtree and Halpern,”*
%8 we calculated the H-H distance of the H, moiety with equation 2 resulting in a bond length
of 1.11 A (£0.01 A, based on instrumental error). This value determines an upper limit for

the estimated bond length due to the presence of classical hydrides which quite often results

in an increase of the T;-values and the T;(min).
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Figure 7: The '"H-NMR spectra shows the hydride-signal of 4 at different temperatures.
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Figure 8: T,-values as a function of temperature ® determined for [Ru(dtbpmp)(H,)H,] 4. T1/ms (A3ms) [T/K
(A2K)]: 209 [300], 151 [283], 104 [263], 86 [243], 73 [223], 109 [193].
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Furthermore, the temperature dependences of In(1/T;) as a function of 1000/T in the high-
temperature area results in a linear correlated slope which corresponds to the maximum
activation energy of the molecular motion of the complex. ™ The calculated apparent

maximum activation energy is Ex = 6.3 kcal mol™".

In(1/T1) versus 1000/T

4,0 -
4.4 -
=
= 48 -
£
5,2 -
5,6 ‘ ‘ ‘ ‘ ‘
3,0 3,2 3,4 3,6 3,8 4,0

1000/T

Figure 9: In(1/T)) as a function of 1000/T for hydride signal in the 'H-NMR of [Ru(dtbpmp)(H,)H,] 4.

To obtain further information about the coordination geometry of the ruthenium dihydrogen
moiety in [Ru(dtbpmp)(H;)H,] 4 computational investigations were performed.[gl] All
calculations were carried out within the DFT formalism (B3LYP)"**¥ as implemented in the
Gaussian03 suite of programs.’> **! As model system the /Bu groups at the P centres of
[Ru(dtbpmp)(H,)Hy] 4 were replaced by methyl substituents; [Ru(dMepmp)(H)H,] 17
(Scheme 10).” The performed calculations brought clearance into the octahedral
coordination-mode of ruthenium in 4. While the frans arrangement of the phosphine ligands
in the PNP pincer dtbpmp 15 could be clarified by spectroscopic methods, it is not possible to
distinguish between the cis or trans arrangement of the H-ligand and the N-pyridyl unit. The
DFT-calculations verified the cis-arrangement in 4 and a trans-isomer of 4 could not be
localized. Instead, for the model complex 17 a classical ruthenium tetrahydride

[Ru(dMepmp)H4] 19 could be detected with a slightly higher energy level (3 kcal/mol) as

* The activation energy of the molecular motion of [RuH,(PPh;)] is 2.8 keal/mol.””
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depicted in Scheme 10.12%-° The transition state for the conversion of 17 into 19 is depicted
in Figure 10. The cis-form of 4 (or 17) regarding the Hj-ligand cis to the pyridine
consequently results in a trans-arrangement of the dihydrogen-ligand (labile ligand) and a
classical hydride (a good o-donor). This trans-configuration of the Hj-ligand to a classical
hydride could activate the dihydrogen unit towards H-H bond cleavage or could cause a

stretched dihydrogen complex. Otherwise, the cis-form is much more stable with respect to

H; loss than the trans-form (H, trans to pyridine) which argues for the cis-form as stable
1

configuration.!

/ !
" P 34 .o
RL;—H / \N_R[.IiH W
| i
R R

18 17 19

Scheme 10: Stable coordination modes of the [Ru(dMepmp)H,] 19 as localized by DFT-calculations.?® !

TS(17-19)

Figure 10: Ball-and-Stick models of the complexes 17, 19 and the transition state TS(17-19). Selected bond
length and H-H distances are depicted.

The existence of an analogue tetrahydride of 4 could not be verified experimentally.
However, dihydrogen-dihydride equilibrium are known and such processes have activation
enthalpies between 10 and 20 kcal mol™."”! In contrast hydride formation in equilibrium in
case of elongated dihydrogen complexes is even harder to be observed separately as they have
an activation energy with less than 10 kcal mol™."”! One indicator for an slightly elongated
dihydrogen complex form of 4 (H-H distance: 1.1 A) closed to the lower limit (Ct. 1.2.2.,

Figure 5) might be the observation that the coupling constant J and the chemical shift does not
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show a high temperature-dependence and only small changes for & and J are observed

between -50°C and +27°C (8 = -7.2 to -7.4 ppm, J = 13.0-13.4 Hz). In contrast, a nonclassical
ruthenium “trihydride” with a Hj -ligand, [RuH3(Cp*)(PiPr3)], shows large temperature-
dependent couplings (60 Hz at 170 K and 130 Hz at 203 K).”*! A “nonclassical trihydride”

form (Scheme 11: B, C) or a tetrahydrogen intermediate of 4 is plausible due to the possible
cis-interaction between the H,-unit and the neighboured classical hydride in a combined
associative (A-D) and dissociative (E-H) process (Scheme 11).[7] This cis-interaction could
lead to a (nonclassical) ruthenium tetrahydride similar to 19 which can easily switch to a cis-
formation again with involvement of all hydrogens in the ruthenium coordination sphere. In
the present case, the cis-interaction allows the fastest exchange between the dihydrogen unit
and a hydride via the associative H-H-H mechanism with a low barrier (Scheme 11: B-C).
However, the dihydrogen ligand also stays frans to a hydride. And for this reason a
dissociative process with a tetrahydride intermediate might be favoured (Scheme 11: E-H).
Factors which support the dissociative pathway are flexibility of the backbone, the bulkyness
of the tBu groups for the distortion of the octahedral geometry, the electron-donating
phosphorus atoms and the basicity of the ruthenium core.”! These possibilities for
isomerisation between different complex forms also explain H/D-exchange of all hydride
ligands e.g. under D, atmosphere. If just a simple H, / D,-exchange at a M-H, moiety would
occur, then one could observe just a partial deuterium incorporation in the hydride ligand

sphere which usually does not occur.

H* ‘ H I|-|7IT| H:-—H H‘_H
(PNP)RT H =—= (PNPR T “—H === (PNPRI—H" === (PNPR
A H B H C H D H
H——H* H H* H H H——H

(PNPRU—H === (PNPRU—H === (PNP)R

35
P
2
s

E H F H G H H H

Scheme 11: Intramolecular H atom exchange: Associative process (A-D) involving a nonclassical trihydride and
the dissociative process (E-H) with the classical tetrahydride."”
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The DFT-calculations with [Ru(dMepmp)(H,)H,] 17 resulted in a H-H-distance of 0.885 A
for the ruthenium dihydrogen moiety. Further DFT-calculations with the real complex 4
shows that rBu groups have a significant influence to the dihydrogen coordination mode
resulting in a H-H-distance of 0.979 A (Figure 12). This value is fully in line with the NMR
spectroscopic value of 1.1 A as the upper limit for the H-H distance in [Ru(dtbpmp)(H,)H,] 4.

W —=0o 1.700
Po=—" 0979 (DFT)

{ 1.758
i 1.1 (NMR)

Figure 11: Ball-and-Stick-representation of the
calculated structure for the complex
[Ru(dtbpmp)(Hy)H,] 4. The side-view on
the equatorial plane shows the twisted
conformation with the CH, groups on Figure 12: Ball-and-Stick-representation of the

different sides of the equatorial plane
(PNP) resulting in a gauche conformation
of the phosphine groups. For clearance the
H-atoms in the pincer-backbone are not
depicted.

calculated structure for the complex
[Ru(dtbpmp)(H,)H,] 4 with the assigned
H-H distances in the RuH,-moiety
determined by NMR (1.1. A) and DFT
(0.979 A). For the model complex

[Ru(dMepmp)(H,)H,] 17 the assigned H-
H distances in the RuH,-moiety is
0.885 A as determined by DFT.

Upon comparison of the two calculated structures of 4 and 17 one can see that the substitution
on the phosphor atoms of the ligand sphere has significant influence on the geometric and
electronic situation of the ruthenium atom. The Ru-P distances in complex 4 are longer (2.307
and 2.316 A) and the Ru-H, distance is shorter in complex 4 (1.700 / 1.758 A), than in the
model complex 17 (Ru-P: 2.285 and 2.297 A and Ru-H: 1.719 and 1.786 A). The Ru-H
distances of the classical hydrides are practically identical (4: 1.638 / 1.635 A and 17: 1.634
and 1.616 A). These differences in the Ru-P and Ru-H, distances in 4 and 17 allow the
assumption that the phosphines in 4 are bounded in a less stronger fashion to the ruthenium
core than in 17. Vice versa the dihydrogen ligand adjusts the different electronic situation and
for this, it is stronger bounded in 4. These differences might explain the longer HH-distance

in the real [Ru(dtbpmp)(H)H,] 4. Furthermore, the calculated structure of 4 also shows
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distortion of the octahedron. The P-Ru-P angle is 164.2° and the pincer angle is 101.0°. The
CH,; groups are rotated out of the PNP plane with a torsion angle of +19.21° and -23.15°. This
twisted conformation with the CH, groups on different sides of the equatorial PNP plane
results in a gauche conformation of the bulky phosphines, stays in agreement with the most

complexes bearing aromatic pincer ligands."

2.1.3 Reactivity

2.1.3.1. H, /N, Exchange

For further characterisation of the ruthenium dihydrogen moiety an equilibrium reaction
between the weak ligands H, and N, were performed under argon and monitored by NMR
spectroscopy. The Ru(dtbpmp)(H,)H, 4 was dissolved in [Ds]toluene, to give a dark-red
solution, then the solution was gently bubbled with a nitrogen stream for 90 minutes (Scheme

12).

Scheme 12: Formation of the dinitrogen complex 20

The dihydrogen ligand in complex 4 can be replaced by N, but the reactivity of 4 differs
significantly from the ruthenium dihydrogen complexes 1-3 (Figure 2 and Scheme 13).14 In
the beginning the ligand exchange is relatively slow, reaching 66% conversion after 90 min,
determined by '"H NMR and *'P-NMR spectroscopy. For a full conversion the NMR-tube was
kept under a nitrogen stream for 20 h and spectra were recorded again. Interestingly, the
colour changed from red to black and one still could not determine a full conversion to the

dinitrogen complex 20 but a further decrease of the hydride signal of 4 at —=7.3 ppm and a
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slight increase of the signals at —4.6 and 12.8 ppm. Most notably, the S'P_.NMR indicated that
there was still 6% of 4 left, the signal of 20 decreased from 66% to 32%. A new range of
broad signals between 81 and 74 ppm (35%) as well as 70 and 65 ppm (27%) could be
detected as depicted in and Figure 14. This indicates that the monomeric complex
[Ru(dtbpmp)Ha(N»)] 20 ('P-NMR: +99.6 ppm; 'H-NMR: —4.6 (t, J(H,P) = 16.81 Hz) and —
12.8 ppm) appears to be unstable and converts to a dynamic system of presumably
polynuclear complexes (Scheme 13). This process is fully reversible. Complex 4 is restored
quantitatively by bubbling the solution with a H,-stream for one day as shown by NMR

analyses and also the black mixture returned to a clear dark-red solution.

N>
Ho
4
w d
Ru-Clusters

of unknown structure

Scheme 13: Reversible formation of dinitrogen complex 20 and ruthenium clusters from 4 under N, and H,
atmosphere.
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Figure 13: 'H-NMR spectra (hydride area) of 4 (top: under Ar), 20 (2" 90 min N,), “Ru-Cluster” (3: 20 h N,)
and restored 4 (bottom: 1 d H,).

108 587
107 385
102 680
93777
86.294
81.343
80.179
78.827
76.868
68.621
66.546

s

I — T — — — — T — — T — —
120 110 100 90 80 70

Figure 14: 3'P.NMR spectra of of 4 (top: under Ar), 20 (2™ 90 min N,), “Ru-Cluster” (3: 20 h N,) and
restored 4 (bottom: 1 d H,).
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Attemps to isolate either 20 or the resulting cluster(s) were unsuccessful. The treatment of
Ru(dtbpmp)(H,)H, 4 with 5 bar N, resulted in a brown solid which was formed in a pentane
suspension. After separation of the solid material from solution that the presumed ruthenium
dinitrogen complex or cluster are highly unstable under argon atmosphere which is revealed
by a rapid conversion of the solid into an amorphous viscous material under gas evolution
(Ny-loss). The NMR analysis of the decomposed material does not show any defined
compound. This result differs from stable ruthenium dinitrogen complexes bearing the PNP
pincer dtbpmp 15 which were recently published by Milstein and co-workers.”! A
monomeric complex [Ru(dtbpmp)H(N,)Cl] were obtained with the N,-unit trans to the
pyridine and the end-on dinitrogen-bridged dimer [(Ru(dtbpmp)Cl,),N,] which are both stable
as solid and in solution. For the dimer an equilibrium with the corresponding monomer was

observed depending on the N, and complex concentration in solution.

2.1.3.2. H/D Exchange

'H-NMR studies of the long term stability of complex 4 in deuterated aromatic solvents reveal
an interesting H/D-exchange process in [Dg]toluene or C¢Dg whereby complex 4 incorporates
deuterium from the solvents into the PNP-pincer backbone (21 / [D«]-4, Scheme 14).
Preferably, the C4-position of the pyridyl-system (6.5 ppm; >95% D) and the benzylic
positions are deuterated (3.1 ppm; ~25% D) within 72 h at room temperature. Interestingly,
the hydride area of the 'H-NMR still shows hydridic signals at this stage. This indicates that a
slow H/D-exchange between 4 and the solvent is followed by a rapid exchange at the pincer
backbone from the intermediate ruthenium deuteride. After three weeks, the sealed NMR
sample shows a decrease of signal intensity also in the #-butyl resonances and a significant
increase of the solvent residue H-signal is also detected. The 3'P.NMR spectra of this samples
still shows mainly the signal of 4 at 109 ppm (>90%), with a new signal at 107 and some
weak signals at 102, 99 and between 88 and 80 ppm. After 3.5 months the 3'P.NMR of the
same sample remains identical, but the "H-NMR shows further decrease of the signal intensity
in all molecular parts including the hydride moiety and an increase of the solvent residue
signal. In a further experiment we performed the deuteration of 4 in C¢Dg at 50 °C for 48 h.
Analysis by ’H-NMR confirmed unequivocally the incorporation of deuteration in the

hydride, aliphatic and aromatic parts and 'H-NMR spectroscopy revealed that > 90% of the
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hydrogens in 4 are substituted by deuterium in all positions.

rt.,72h

4 21 ([Dy]- 4

Scheme 14: Formation of [Dy]-Ru(dtbpmp)H,(H;) 21 ([D4]- 4) starting from 4 with [Dg]toluene at room
temperature within 72 h.

Similar results were obtained when the complex synthesis was performed using D,-gas
instead of H,. Again the C4-position (>95% D) and the benzylic positions (~ 25% D) were
deuterated as indicated by comparison of the NMR and IR spectra (Figure 16) of 4 and 21
([Dx]- 4). The IR spectra of the non-deuterated complex 4 show bands characteristically for
ruthenium hydrides at 1990, 1892 and 1700 cm’! (YRu-H)) and at 2095 cm’! (VRu-H)).
Moreover, the spectrum of 21 ([Dx]- 4) includes further bands at 2247, 2199 and 2151 cm’™!
which can be assigned as (vCD,,) bands by comparison with the (VvCH,,) bands according to
the Teller-Redlich-Rule."" The expected bands between 1488 and 1202 cm™ for ruthenium
deuterides are hidden in the finger-print area. These results show that a synthesis of the
ruthenium deuteride (22 / [D4]- 4, Figure 15) seems impossible due to the rapid H/D-
scrambling. As soon as deuterium is incorporated at the ruthenium core, a partly deuterated
pincer-backbone is obtained whereby the expected ruthenium deuterides are exchanged to

ruthenium hydrides.

Figure 15: The nonclassical ruthenium deuteride 22 / [Dy4]- 4.
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Figure 16: Comparison of the IR spectra of Ru(dtbpmp)H,(H,) 4 (black), [Di]-Ru(dtbpmp)H,(H;) 21 / [D,]-4
(red) and the free ligand dtbpmp 22(light grey).

These observed results of H/D-scrambling into the pincer-backbone indicate potential
catalytic activity for CH-activation. Indeed, one need to differentiate between at least two
different reaction pathways: intramolecular and intermolecular. On one hand the deuteration
of the para-position in the pyridyl-ring must be a reaction between two complexes, on the
other hand, the deuterium incorporation into the benzylic positions and tBu groups is most
likely intramolecular. Due to the propeller-like spinning of the tert-butyl groups all methyl
groups in the tert-butyl groups are near enough (Ru-HCH, minimum distance = 3.2 A) to the
ruthenium centre for intramolecular CH-activation. This is in agreement with the results and
the situation of the [Ru(IMes)(PCy3)H,(H»),] 2% Here the minimum distance of the methyl
groups in the ortho-positions of the IMes ligand to the ruthenium core is even a little bit
longer (3.5 A), but deuteration of these positions is observed, too. The distance between the

hydrogens of the benzylic positions and the ruthenium is also 3.5 A.
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Otherwise, a direct exchange seems to be possible because it is known that the benzylic
positions of such a pincer-backbone in a ruthenium complex are of enhanced activity and
acidity.[SC] So, one could imagine a direct exchange via ¢-bond metathese. The benzylic
positions also might play an important factor for the stabilization of the resulting species after
slow Hj-loss of the [Ru(dtbpmp)(H>)H;] 4: one could imagine that an unoccupied position in
the trigonal bipyramidal [Ru(dfbpmp)H,] 23 allows a strong agostic interaction between the

ruthenium core and a benzylic hydrogen. The resulting hydride complex 24 is presumably

directly converted via CH-bond cleavage into the trihydride 25 (Scheme 15) in analogy to the
(3]

reactivity of literature known ruthenium hydride complexes.

Scheme 15: Proposed dehydrogenation of 4 followed by intramolecular CH-bond cleavage via agostic
interaction towards the unsaturated ruthenium trihydride 25 .

Notably, neither the trihydride 25 nor any other species could be assigned by NMR analysis,
so assumable they are not formed in significant concentrations under these conditions,
probably because no irreversible Hy-loss occurred. In case of the trihydride 25 especially the
'H-NMR spectra should change extremely due to the unequal bond situation of the two
phosphorus atoms with the benzylic positions. But neither in the 'H- and *H-NMR nor in the

3'P_NMR new signals appeared which can be related to such a species.
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To gain further experimental evidence for the enhanced reactivity of the benzylic positions in
[Ru(dtbpmp)(H,)H;] 4, the complex was dissolved in oxygen free [D;;]cyclohexane, followed
by the addition of D,O. The NMR-tube was shaken for a few minutes, then '"H-NMR and *H-
NMR spectra were measured (Scheme 16). The NMR spectra verify the unequal higher
reactivity of the benzylic position. The 'H-NMR shows that the benzylic positions are
deuterated with 83% and the hydride-signal shows a deuterium incorporation of ca. 55% and
in the para-position of the pyridine-ring the signal decreased only 10%. The deuterium
incorporation can be qualitatively assigned in the “H-NMR for the mentioned positions, too.
Noteworthy, using D,O as deuterium source, the deuterium incorporation is likely to occur at
the benzylic positions directly rather than via the ruthenium hydride core. As mentioned by
Milstein,” ruthenium complexes of this pincer-ligand are highly acidic in the benzylic
positions and for this, the enhanced deuterium incorporation in these positions may also come
from a simple acid base exchange of protons between 4 and D,O. Such behaviour would
explain the different result in comparison with C¢Dg or [Dg]toluene as deuterium source,

where the benzylic positions were deuterated to a lower degree (~25%).

r.t., < 5 min

Scheme 16: Selective deuterium incorporation into the dihydrogen unit and the benzylic positions of 4.

The experimental results further point at the important role of the benzylic positions in the
pincer-backbone of [Ru(dtbpmp)(H,)H,] 4 towards CH-activation. Interestingly, the
deuteration into these positions (83%) is even faster than the H/D-exchange of the ruthenium
hydride core (55%). This result might be a hint that there are two different pathways for the
deuterium incorporation depending on the deuterium source (Scheme 17). Using C¢Dg first
there is a H/D-exchange between the C¢Dg and the ruthenium hydride core, followed by an
exchange between the ruthenium deuterides and the ligand backbone, especially with the
benzylic positions (25%). With D,0, it seems most likely that the deuterium incorporation

first occurs at the benzylic positions (83%), followed by an exchange between these
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deuterated positions and the ruthenium hydride core (55%).

Scheme 17: Different pathways for the deuterium incorporation into complex 4 with C¢Dg and D,O.

2.1.3.3. Treatment with carbon monoxide

For investigations regarding the reactivity of the pincer type nonclassical hydride complexes,
a solution of [Ru(dtbpmp)(H>)H,] 4 in [Ds]toluene was treated with carbon monoxide. The
'H-NMR spectra shows complete disappearance of the original hydride signal. Furthermore,
the doublet signal of the benzylic positions in 4 changed to a singlet in 27. In the *'P-NMR
the signal of 4 at 109.6 ppm disappeared, too. Instead, there is a new principal signal at 106.5
ppm (88%) and some small signals at 90.2, 88.0 and 69.9 ppm. The main signal is assigned to
a presumed 14e” species [Ru(dtbpmp)(CO)] 27 (Scheme 18).°>! The sample was kept under
argon at room-temperature and measured again after five days. The NMR spectra changed
drastically and showed approx. a 1:1 mixture of two compounds. Besides 27 a ruthenium
mono-hydride 28 has been formed via transfer of a hydrogen atom from the benzylic positions
(Scheme 18). By treatment of the NMR-sample with a hydrogen-stream for 20 minutes, the
signal at 106.5 ppm (27) in the *'P-NMR spectrum disappeared which indicates completed
conversion and the main signal (>90%) of the ruthenium mono-hydride 28 appeared at 90.0

ppm (d, 2Jpp = 30.3 Hz; Scheme 18). The hydride exhibits a triplet at -6.04 ppm (t, J;p = 18.2



32 Results and Discussion

Hz) in the "H-NMR spectra. It can be assigned as [Ru(dtbpmp*)(CO)H] 28 comparison with
Zhang ’s [Ru(diprpmp *)(CO)H] 29 and [RuH(PNN)CO] 30.7

PtBUZ

CO, -2H, —
— \ /N R\u—CO

[Dg]toluene, 5d,r.t.

r.t., 30 min

PBu,

4 27

20 min Hy rt.

Scheme 18: Treatment of 4 with carbon monoxide and H, resulting in 28.

This observation will now be discussed with respect to extensively studied ruthenium hydride
complexes in the literature. The ruthenium hydride complexes [Ru(N;)H>(PPhs)s] 13 and
[Ru(H,)H,(PPh3);] 14 are selectively converted with carbon monoxide into Wilkinson’s
ruthenium catalyst [RuH,(CO)(PPh3);] 31 (Scheme 19).°%! 1t is known that 31 eliminates
quickly hydrogen in solution already in presence of light resulting in the 14e” species
[Ru(CO)(PPhs)s] 32, which undergoes oxidative addition of a CH-bond resulting in a
ortho-metalated arylphosphine of the formular [RuH(CO)(CcH4PPh,)(PPh3),] 33 (Scheme
19).[97‘“‘]* Also, the X-ray structure of [RuH,(CO)(PPhs3)s] 31 shows some evidence for a HH-
bond between the ruthenium hydride core and an ortho-CH of a benzene ring,"”® which might
support the tendency for the formation of a ruthenium carbon bond under Hj-loss.
Presumably, the [Ru(dtbpmp)(H;)H,] 4 reacts in an analogous way. Due to geometrical

reasons of the pincer ligand we assume that [Ru(dtbpmp*)(CO)H] 28 has the structure

* Similar reactivity is reported for [Rqu(PPh3)4].[97bJ
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depicted in Scheme 18 also in comparable reactivity of 29 and 30 (Scheme 19).3
O
11
C

H PhsP, | (PPh

LsRuH, —CO . LRuMx(CO) 2 LsRu(CO) ———> ? au ®

-Hy ox. add. 71N
4/14 n.d./ 31 27 /32 PhoR H
29* / 30*
H-transfer

33

L = 3 PPh; for 14, 31-33
PNP (dtbpmp) for 4, 27, 28
PNP (diprpmp) for 29 / 29*
PNN for 30/ 30*

n. d. = not determined

Scheme 19: Proposed mechanism for the conversion of 4 into 28 explained by the means of an analogue
reactivity of [Ru(H,)H,(PPh;);] 14 into [RuH(CO)(C¢H4PPh,)(PPh;),] 33.

Furthermore, these experiments show the different properties of the ruthenium complexes
towards CH-activation. Neither complex 27 nor 28 show enhanced activity for H/D-
scrambling between the [Dg]toluene and their pincer-backbones which is different to
[Ru(dtbpmp)(H2)H,] 4. This behaviour supports the importance of the ruthenium dihydrogen
moiety and the reactive hydrides in [Ru(dtbpmp)(H,)H,] 4 for CH-activation and H/D-
exchange reactions. This characteristic is lost by exchange of the labile/reactive ligands with a

strong ligand (CO) under Hj-loss.

" The corresponding saturated rrans-dihydrides of 29 and 30 are only stable under H,-atmosphere.
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2.1.3.4. Reaction with pinacolborane

The formation of a ruthenium borane species, might be an intermediate when
[Ru(dtbpmp)(H2)H;] 4 is used as a precatalyst for hydroboration reactions with alkenes.”!
Here, the reactivity of [Ru(dtbpmp)(H,)H,] 4 with pinacolborane was studied. A NMR-
sample of 4 in C¢Dg was treated with pinacolborane 34 where gas evolution occurred due to
H;-loss (Scheme 20). [Ru(dtbpmp)(H,)H,] 4 is immediately converted into the new complex

[Ru(dtbpmp)(H,)H(Bpin)] 35 containing again a nonclassical Ru-H, moiety.

PtBUZ
-0 - H2 — \\Hg O :_’
+ H$ - = \ N Lj'—‘Bi o
(0] CGDG, rt., Y /W O
< 5 min. H
PBu,
4 34 35

Scheme 20: Reaction of 4 with the pinacolborane 34 under H,-loss.

The 1H—NMR—analysis allows the conclusion that the Hp-moiety is still present and a classical
hydride is replaced with the borane. The '"H-NMR shows two broad signals in the hydride
area at -5.0 ppm (1 H) and at -11.7 ppm (2 H). Additionally the triplet of the tBu groups
changed to two triplets at 1.5 and 1.4 ppm. The singlet of the methyl groups in the
pinacolborane are down-field shifted in comparison to the free pinacolborane 34, which can
be localized due to an unreacted excess in solution. The assumed N-Ru-B trans-arrangement
seems plausible due to the separation of the hydride signals in 35 where two hydrogens are
still identical on the NMR scale. The *'P-NMR shows a singlet at +96.9 ppm and indicates
97% conversion of the [Ru(dtbpmp)(H>)H;] 4 into the [Ru(dtbpmp)(H,)H(Bpin)] 35, the .
NMR shows the product at +22.7 ppm. Ruthenium polyhydrides of 1 with a borane ligand are
usually coordinated as hydride-bridged boranes (dihydridoborate 36) or as ﬂZ—HBPin (hydride
o-borane 37) as depicted in Figure 17.""%! In both coordination modes reported for complexes
36 and 37 the hydride ligands are identical on the NMR-scale and give one signal in the 'H-
NMR .M A already mentioned the "H-NMR of 35 gives two separated signals on the NMR-

scale which supports the evidence for sterical separated (nonclassical) hydride ligands.
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36 37

Figure 17: Other coordination modes of ruthenium polyhydride borane complexes: the dihydridoborate 36 and
the hydride c-borane complex 37.

The reactivity of 4 with pinacolborane 34 prompted us to test catalytic activity for
hydroboration of alkenes as previously reported by Sabo-Etienne using Chaudret’s complex
1.°°! Noteworthy, Sabo-Etienne et al. reported that in absence of ruthenium hydride complex
no hydroboration occurred between pinacolborane 34 and 1-octene 38. Under catalytic
conditions a solvent-free mixture of 1-octene 38 undergoes hydroboration with pinacolborane
34 at room temperature with 1 mol% catalyst loading of 4. The reaction results in the
corresponding 1-octylboronate 39 with 96% selectivity and 75% conversion accompanied

with traces of 2-octylboronate 40 and alkyldiboronates (Scheme 21).

0 4
PN + HB _ = /\/\/\/\
¥ Ar, 18 h, r. 1.
o O
38 34 39

Scheme 21: Ruthenium catalyzed hydroboration of 1-octene with pinacolborane at room temperature.
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2.1.3.5. Reaction with CO,

The crystallisation of [Ru(dtbpmp)(H,)H;] 4 to obtain suitable crystals for x-ray analysis gave
an unexpected result. A solution of 4 in [Dg]toluene in a septum-sealed NMR tube was stored
over dry-ice in a Dewar for several weeks. The analysis of a colourless crystal which had
grown from the mother liquor revealed that some CO, must have entered the tube and reacted

with 4 resulting in the ruthenium complex [RuH(dtbpmp)(HCO,)CO] 41 (Scheme 25).

PBu,

Scheme 22: Formation of the ruthenium hydrido formato complex 41.

It is known for decades that ruthenium polyhydrides (A) such as [Ru(N;)H,(PPhs);] 13,
[Ru(H»)H2(PPh3);] 14 and [Ru(H,)H,(Cyttp)] 42 insert CO, into metal hydride bonds
resulting in the corresponding ruthenium hydrido formates (B) with the formato-ligand as a

bidentate 0,0-ligand (Scheme 25).!""" %!

O —H
+ GO, N
LsRu(H»2)H» LsRu—0
-H, Y
A B
L = 3 PPhs L = 3 PPh3 (Ru)
PNP (dtopmp) Cyttp (Ru)

Scheme 23: CO,-insertion into ruthenium hydride bonds resulting ruthenium hydrido formates.

A similar behaviour is also known for rhodium dihydrogen complexes bearing PCP pincer
ligands like [Rh(dtbpmb)H;] 43 and [Rh(dtbppent)H,] 44 which form the analogue rhodium
hydrido formates (b) as depicted in Scheme 24 103 Interestingly, Kaska reported the non-
catalytic reduction of CO, into CO and water with 43 (b-c-d; reverse water-gas shift

reaction).[103b’°’ 104] First, the reduction of CO; eliminates CO and a rhodium hydroxo complex
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is formed and isolated (c). After prolongued reaction time the rhodium hydroxo complex (c)
eliminates water and the present CO coordinates to rhodium, resulting in the isolated rhodium
carbonyl complex (d)."%™! Different to this observation, Milstein and co-workers isolated a

rhodium hydrido formate (b) of 44 as final product.'®*%

O -H
+CO, g
LsRhH; ———> LfRh-0 — > LsRh—OH +CO LsRh—CO + H,0
“Ho H H H
a b c d
L = PCP (dtopmb) L = PCP (dtbpmb) L = PCP (dtbpmb) L = PCP (dtopmb)
PCP (dtbppent) PCP (dtbppent)
P Bu, I’D‘Bu2
Rh— R\h—Hz
P‘Bu P'Bu,
43 44

Scheme 24: Different reactivity of [Rh(dtbpmb)H,] 43 and [Rh(dtbppent)H,] 44: CO,-insertion into rhodium
hydride bonds resulting in rhodium hydrido formates followed by a reverse water-gas shift reaction
with Kaska s rhodium dihydride complex 43.

This different reactivity must be a result of the different ligand systems. In case of
[Ru(dtbpmp)(H2)Hz] 4 (A) the reactivity with CO, follows Kaska’s pathway in analogy the
ruthenium carbonyl [Ru(dtbpmp)CO] 27 (D) is formed (Scheme 25). As discussed in chapter
2.1.3.3 [Ru(dtbpmp)CO] 27 reacts into [RuH(dtbpmp*)CO] 28 (E) by agostic interaction”
resulting in a transfer of a hydrogen atom from the benzylic position to the ruthenium
core.'™ And in presence of [Ru(dibpmp)(H)H,] 4 as a hydrogen source the
[RuH(dtbpmp*)CO] 28 might be converted into the ruthenium dihydride (F) (Scheme 25).[3"]
This reactivity stays in agreement with the reactivity of the reported complexes
[RuH(diprpmp)(CO)] 29 and [RuH(PNN)CO] 30.”* Alternatively, [Ru(dtbpmp)CO] 27 (D)
might be directly converted into the ruthenium dihydride (F) in presence of hydrogen. Finally,
another equivalent of CO; is inserted into a ruthenium hydride bond of the ruthenium
dihydride (F) resulting in the ruthenium hydrido formato complex [RuH(dtbpmp)(HCO,)CO]
41. Different to the primarly insertion of CO, into a ruthenium hydride bond of

" “Agostic interaction” as originally defined by Brookhart and Green in 1983: The intramolecular interaction
between a CH-bond and a transition metal center of a complex.
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[Ru(dtbpmp)(H2)H] 4, the second insertion of CO, into complex (F) results in a mono

dentate ligand because of the saturated coordination sphere of the ruthenium.

Scheme 25: Proposed formation of the ruthenium complex 41.

The single-crystal X-ray diffraction reveals the structure of [RuH(dtbpmp)(HCO,)CO] 41
(Figure 18 and Figure 19). The structure shows a distorted octahedron with a P-Ru-P angle of
158.2°, a N-Ru-CO angle of 176.0° and a pincer angle of 103.85°. The O-C-O angle of the
formato ligand is 128.9°. The angles of the formato ligand over ruthenium with the other co-
ligands are as followed: 173.1° ((HCO,)-Ru-H), 103.3° ((HCO,)-Ru-(CO)), 80.6° ((HCO,)-
Ru-N). The Ru-(OCO) bond length (2.249 A) is shorter than the Ru-P bond lengths (2.337 /
2.333 A). The CH, groups are rotated out of the PNP plane with a torsion angle of 29.57° and
-23.40°. Similar to 4, the twisted conformation with the CH, groups on different sides of the
equatorial PNP plane results in a gauche conformation of the bulky phosphines. Again, the
twisted conformation of the PNP pincer in 41 stays in agreement with most complexes
bearing aromatic pincer ligands.”” The distortion of the octahedral structure is also reflected

in other angles over ruthenium as listed in
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Table 1. The bond lengths in [RuH(dtbpmp)(HCO,)CO] 41 are similar to those reported by
Milstein for [Ru(diprpmp)(CO)H] 29 but the angles with ruthenium in the angular point are
different (Table 1).[33] The Ru-H bond length (1.40 A) is remarkably short which might be due
to the trans position of the formate ligand to the hydride ligand. The similar bond lengths of
the PCH; units support the saturated structure of the pincer backbone which is different to the

unsaturated situation in 29. In 29 the corresponding P-C bond lengths are more different.!"!

Figure 19: The side-view on the equatorial plane of
[RuH(dtbpmp)(HCO,)CO] 41 shows the
twisted conformation with the CH,
groups on different sides of the equatorial
plane resulting in a gauche conformation
of the phosphine groups. For clearance
the H-atoms in the pincer-backbone are
not depicted.

Figure 18: Single-crystal X-ray diffraction shows
the structure of
RuH(dtbpmp)(HCO,)CO] 41. An
ORTEP model of this complex is
depicted in the experimental part.
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Table 1: Selected bond length and angles for the complexes 41 and 29.

Element [RuH(dtbpmp)(HCO,)CO] 41 [Ru(diprpmp)(CO)H] 29
atom distance or angles bond length [A] and angle [°] bond length [ A] and angle [O][3a]
Ru-(CO) 1.8413(18) 1.844(7)
Ru-(0OCO) 2.2487(11)
Ru-H 1.40(2) 1.48(11)
Ru-N 2.1286(11) 2.163(5)
Ru-P(1) 2.3366(4) 2.350(2)
Ru-P(2) 2.3334(4) 2.291(2)
P(1)-C(7) / P(1)-C(1) 1.8460(13) 1.803(6)
P(2)-C(8) / P(2)-C(7) 1.8502(14) 1.843(7)
O(1)-C(1) 1.2539(19)
0(2)-C(1) 1.2364(19)
C(1)-H() 1.048(19)
P-N-P 103.85°
PNP(1)-CH, 29.57°
PNP(2)-CH, -23.40°
P-Ru-P 158.197(13)° 153.1(1)
N-Ru-(CO) 176.01(7)° 171.4(2)
(HCO,)-Ru-H 173.1(10)°
P(1)-Ru-N 82.24(3)°
P(2)-Ru-N 80.40(3)°
H-Ru-(CO) 83.5(10)°
(HCO,)-Ru-(CO) 103.32(7)°
N-Ru-H 92.5(10)°
(HCO,)-Ru-N 80.65(4)°
0-C-0 128.90(15)°

2.1.4. Other PNP pincer ligands for ruthenium hydride complexes

The slight variation of the PNP pincer-backbone using similar pincer ligands like diprpmp 45
(the isopropyl-analogue) results in a reddish-powder which could be isolated in traces
(Scheme 26). The 'H- and *'P-NMR analyses allow the presumption that a hydride-bridged
ruthenium cluster [Ru(diprpmp)Hy]y is formed indicated by a quartet of duplets in the 'H-
NMR spectra at -18.6 ppm (q, J = 13.4 Hz and 24.6 Hz) and -18.8 ppm (q, J = 13.4 Hz and
24.6 Hz) and a large coupling (d, J = 51.6 Hz). The *'P-NMR spectra shows two virtual
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doublets at +136.7 ppm (d, J = 27.7 Hz) and at +76.8 ppm (d, J = 22.4 Hz) in a 1:1 ratio.
From the "H-NMR one could see that the hydride integrals are also in a 1:1 ratio to the signals
of the pyridine-ring (e.g. PNP = 2, Hydride = 2) which can be interpreted as a further

evidence for ruthenium dimer with two different type of phosphorous atoms.

~
/,/',’:"-Ru.?\‘\( /N

y + N N TH_:> [Ru(diprpmp)H,l,
2r

6 45

Scheme 26: Hydrogenation of 6 in presence of 45 forming a ruthenium cluster of unknown structure.

The cyclohexyl-analogue dcypmp 46 did not give any isolable product in the one pot
procedure but a black precipitate is formed immediately. Maybe the [Ru(dcypmp)H,(H,)] 47
is unstable and it is not formed under these conditions due to CH-activation of the cyclohexyl-

rings,[m(’]

and followed by a ligand-cleavage under reductive conditions. However, one could
see in absence of hydrogen the formation of the monomolecular complex [Ru(dcypmp)(2-
methyl-allyl),] 48 (Scheme 27). The reaction control by *'P-NMR (+76 ppm) shows just one
compound. The comparison with similar ruthenium bisallyl-complexes allows the prediction

for the existence of 48 which was assumed to be an appropriated precursor (Scheme 27).
35, 106, 107]

Oy cy

/P\
cy Cy

46

6 46

Scheme 27: Formation of the [Ru(dcypmp)(2-methyl-allyl),] 48.
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2.2. The Ruthenium Dihydrogen Complex [Ru(dtbpoet)(H,)H,]

2.2.1. Synthesis

As described in chapter 2.1.1. we found an access for monomeric nonclassical ruthenium
hydride complexes bearing bulky PNP pincer ligands with a trans arrangement of two
electron-rich and bulky phosphorous donor groups leading to [Ru(dtbpmp)H,(H;)] 4. The
investigations concerning the interesting reactivity of ruthenium nonclassical hydride
complexes bearing bulky pincer ligands, motivated us for the tuning of the electronic
properties of the ruthenium centre. For this, we suggested to substitute only the pyridine ring
with the N-donor atom in 4 with an oxygen atom in an ether-bridge but without further
modifications of the bulky tBu groups. We used the POP pincer dbtpoet 49, under similar
conditions as for 4 in the direct hydrogenation route.”® The hydrogenation of [Ru(cod)(2-
methylallyl);] 6 in pentane under 7 bar H, at 55°C for two days in the presence of the POP
pincer 49 leads to the ruthenium dihydrogen complex [Ru(dtbpoet)(H,)H>] S (Scheme 9).

O—Ru—

t
—PBu, P'Buy
! \< 7 bar H2 ‘ H2
pentane, 55°C, 2 d
PtBU2
PtBU2

6 49

Scheme 28: Direct hydrogenation of [Ru(cod)(metallyl),] 6 in presence of drbpoet 49 leads to the nonclassical
ruthenium hydride complex S.

Complex 5 precipitated from the mother liquor at room temperature as a greenish powder in
55% vyield. After cannula filtration the product was washed with pentane and dried in a
hydrogen stream. It is noticeable stable under argon and can be stored under argon at —20 °C
for a prolonged time. Nevertheless, one recommends synthesizing it freshly prior to use as
catalyst. Noteworthy, complex S5 1is similar to Gusev’s dihydrogen complex

[Ru(dtbpoet)(H,)Cl,] 50 but with other co-ligands and characteristics (Figure 20).[2]
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P'Bu,

‘ \\\HQ
O—Ru—Cl
Cl
P'Bu,

50

Figure 20: Gusev’s [Ru(dtbpoet)(H,)Cl,] 50.

2.2.2. Characterisation

Structural insights of [Ru(dtbpoet)(H)H,] S5 were again obtained from NMR- and IR-
spectroscopy as well as DFT-calculations. The "H-NMR spectra shows the ‘Bu groups as a
doublet and the *'P-NMR exhibits a singulett for the phosphines. This depends on
characteristic virtual coupling of the trans P-Ru-P bonding, indicating the trans arrangement
of the POP pincer 49 which agrees with the NMR data of 50.1”! As presumed, complex 5 has
two classical hydrides and one dihydrogen ligand in its coordination sphere which was
confirmed by IR spectroscopy and 'H-NMR. The IR-analysis of 5 shows bands
characteristically for ruthenium hydrides at 1994, 1905 and 1774 cm™ (VRu-H) and at 2088
cm” for the ruthenium dihydrogen moiety (VRu-H,). The 'H-NMR spectra of
[Ru(dtbpoet)(H2)H;] S shows a signal at —8.6 ppm (Table 2, Figure 21) at room temperature
and by cooling the sample subsequently to —80°C the triplet changes to a broad signal. The
Ti(min) value was determined from a curve based on six NMR series between 300 and 193 K.
The Tj(min) value was found to be 38 ms (Table 2, Figure 22) which fits perfectly in the
lower part of the predicted range for a Ho-moiety (10-180ms at 400 MHz or respectively 5-
90ms at 200 MHz)"". The calculation of the H-H distance according to equation 2 results in a

H-H distance of 0.98 A (Table 2).** *® As mentioned in chapter 2.1.2. for species 4, this

value is also most likely a little over-estimated.

One can see the influence of the POP pincer to the dihydrogen moiety in comparison to
[Ru(dtbpmp)(H,)H,] 4 (Table 2). For [Ru(dtbpoet)(H,)H,] 5 T1(min) and the H-H distance are
significantly smaller. In comparison with Gusev’s complex [Ru(dtbpoet)(H;)Cl,] 50 the NMR
data also show significant differences between these complexes due to the Cl-ligands and

classical hydrides. The influence of the hydride ligands results in a low field shift for all
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signals in the "H-NMR spectra and the coupling constant J varies. The signal for the
dihydrogen moiety is at -8.6 ppm for 5, -7.3 ppm for 4 and -10.1 ppm for 50 (Table 2). The
coupling constant J for 50 is significant smaller than those for 4 and 5§ (Table 2). Also the
Ti(min) with 16.1 ms and the H-H distance (1.13 A) (Table 2)[2] 50 differ from those for

complex 5.

The comparison of the 3'P_.NMR data exhibits that the electronic structure of 5 is more similar
to 4 than to 50 (Table 2). Here we see, for the present examples, that the modification of the
co-ligands has a greater influence than the exchange of the pincer-backbone but we succeeded

a slightly modification of the electronic density at the ruthenium centre by changing the PNP

with a POP pincer.

Table 2: Characteristic NMR-Data of the complexes 4, 5 and 50'*'.

Complex '"H-NMR Ip_.NMR T, H-H [A]*
-7.3 ppm, t, 4 H, 77ms at 0, = 228 K
4 5 +109.6 ppm, s 1.1 £0.01
J(H,P) = 13.2 Hz, and 400 MHz
-8.6 ppm, t, 4 H, 38 ms at 0,,;,, =221 K
5 5 +107.2 ppm, s 0.98 £0.01
J(H,P)=14.0 Hz and 400 MHz
16.1 ms at 0,,;, =218 K
-10.1 ppm, t, 2 H, 1.13 (uncorrected
50 +61.4 ppm, s and 300 MHz (equal to
2J(H,P) = 8.8 Hz o7 value)
22 ms at 400 MHz)™™

*Error-values based on instrumental error.

300 K

283 K

-8.20 -8.30 -8.40

-8.50 -8.60

Figure 21: The hydride-area of the '"H-NMR shows the hydride-signal of 5 at different temperatures.
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Figure 22: T;-values as a function of temperature ® determined for [Ru(dtbpoet)(H,)H,] 5. T(/ms (A3ms) [T/K
(A2K)]: 180 [300], 122 [283], 78 [263], 47 [243], 34 [223], 54 [193].

The temperature dependences of the T; of complex [Ru(dtbpoet)(H,)H,] S is depicted in
Figure 23 as In(1/T;) versus 1000/T in the high-temperature area corresponding to the
maximum activation energy of the molecular motion.”™ The calculated apparent maximum
activation energy is Ea = 6.8 kcal mol” and this energy is 0.5 kcal mol” higher than the

corresponding energy of [Ru(dtbpmp)(H,)H,] 4.

In(1/T,) versus 1/T

_3 -
-3,5 -
g 4
S s
-5 -

-5,5 \ \ \ \ ‘ |

3 32 3.4 3,6 3,8 4 4,2
1000/T [K™"]

Figure 23: In(1/T,) as a function of 1000/T for hydride signal in the 'H-NMR of [Ru(dtbpoet)(H,)H,] S.
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For further information about the coordination geometry of the ruthenium dihydrogen moiety
in [Ru(dtbpoet)(H;)H,] S separate computational investigations were performed equal to the
methods as for 4.2 ° 92¢l Ag model system the /Bu groups at the P centres of
[Ru(dtbpoet)(H,)Hy] 5§ (Figure 26) were replaced by methyl substituents;
[Ru(dMepoet)(H,)H,] 51.1%%!

Similar to 4, the trans arrangement of the phosphine ligands in the POP pincer dbtpoet 49
could be clarified by spectroscopic methods and by DFT. We localized the favoured cis-
confomer of the Hj-ligand and the O-ether unit for [Ru(dtbpoet)(H2)H;] 5. Gusev and co-
workers also find that the cis-confomer of [Ru(dtbpoet)(H,)Cly] 50 is 7.3 kcal/mol more
stable than the frans-form.””! Interestingly, in contrast to Gusev’s result we found again a

classical ruthenium tetrahydride, and not the trans-form, with a slightly higher energy level.

In analogy to 4, the cis-form of § results in a trans-arrangement of the dihydrogen-ligand
(labile ligand) and a classical hydride (a good o-donor). This situation supports the activation
of the dihydrogen unit towards H-H bond cleavage or it results in a stretched dihydrogen
complex. This means that the cis-form is much more stable with respect to H, loss than the
trans-form."”) Similar to the observation made for [Ru(dtbpmp)(H,)H,] 4, also here the
existence of an analogue tetrahydride of S could not be verified experimentally. However,
such dihydrogen-dihydride equilibrium are known and these processes have activation
enthalpies between 10 and 20 kcal mol™."! Interestingly, in contrast to 4 the hint for an
slightly elongated dihydrogen complex § (temperature-independence of the coupling J and the
chemical shift) is not observed. The chemical shifts for a temperature range between +27°C
and —10°C varies from —8.6 to —8.5 ppm and J seems unchanged (J=13.42-13.47 Hz).
Instead, complex S5 shows a temperature-dependence for temperatures below -10°C. The
chemical shift drifts to -8.36 ppm and the coupling J seems most likely to have a linear
correlation with the temperature. These findings speak more for the nonclassical character of
S, than for an elongated dihydrogen complex. Nevertheless, complex 5 does not show
enhanced H/D-scrambling of all hydrides but remarkable simple partial exchange of the H,-
ligand. Therefore the assumption of a nonclassical tetrahydrogen intermediate as discussed for

4 can be excluded.
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Figure 24: Variation of the coupling constant J of the hydride peak in the 'H-NMR measurement as a function
of the temperature T.

The DFT-calculations of [Ru(dMepoet)(H,)H;] 51 resulted in a H-H-distance of 0.875 A for
the ruthenium dihydrogen moiety. Again, this value differs from the one obtained by NMR-
analysis due to experimental reasons but it confirms the assumption that the experimental
value (0.98 A) is over-estimated and the existence of [Ru(dfbpoer)(Hy)Hz] S in general.
Similar DFT-calculation with the isolated complex 5 shows once more the significant
influence of the fBu groups to the dihydrogen coordination mode. A HH-distance of 0.987 A
was obtained (Figure 26). Gusev and co-workers calculated the HH-distance for
[Ru(dtbpoet)(H,)Cl;] 50 to be 0.93 A and determined experimentally 1.13 A (T{(min)). They
refered the difference to methodical reasons. ! Our result stays in full agreement with the
experimental data and similar as for [Ru(dtbpmp)(H,)H,] 4, one can see that also for
[Ru(dtbpoet)(H2)Hz] S the substitution on the phosphor atoms of the ligand sphere has a
significant influence to the geometric and electronic situation of the ruthenium atom. As
exhibited in the variation of the HH-distance of the H,-ligand in the real complex 5 and the
model 51. The H,-ligand adjusts the bond strength of the Ru-P bonds in the pincer-backbone
which results in a longer HH-distance for S5, as already discussed in chapter 2.1.2. for

complexes 4 and 17.

" Correspondence of the theoretical value to the electronic minimum and for the experiment they point out the
influence of anharmonic vibrations on the hydrogen atoms resulting in a longer distance as for DFT.
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The DFT-calculations gave the trans arrangement of the phosphorous atoms in the
coordination sphere of the ruthenium core. And it revealed an eclipsed conformation of the
phosphine groups and this stays in agreement with the discussion by Gusev for 50.*! In
consequence to the eclipsed configuration, the torsion is closed to 0° (Figure 25, Table 3).
These results are supported by single-crystal X-ray diffraction but we did not obtained a
complete resolution of the solid structure. Only the heavy atoms of the structure fragment of
[Ru(dtbpoet)(Hy)H,] S were localized, but a localization of the Hp-moiety and the hydrides

were not possible.

Figure 25: Ball-and-Stick-representation for the

. . Figure 26: Ball-and-Stick-representation for the
calculated [Ru(dtbpoet)(H)H,] 5. The side-view on .
the equat[oﬂsl ”plazé Z)Sﬁ(])ws the enclipsed calculated [Ru(dtbpoet)(Hy)H,] 5. The assigned H-H

conformation of the phosphine groups. For clearance distance in the Ru,-moiety is determined by NMR as

. ; : 0.98 A and by DFT as 0.987 A. For the model
The H-atoms in the pincer-backbone are not depicted. complex [Ru(dMepoet)(Hx)H,] 51, The assigned H-H

distance in the RuH,-moiety is determined by DFT as
0.875 A. For clearance The H-atoms in the pincer-
backbone are not depicted.

Table 3: Selected DFT data of [Ru(dtbpoet)(H,)H,] 5.

Element DFT
Ru-O distance 2.323 A
Ru-P, distance 2308 A
Ru-P, distance 2324 A
P;-Ru-P, angle 160.35°
P-O-P angle 96.30°
Torsion angle, plane: -7.05°

PI-CHZ and Pz-CHz
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2.2.3. Reactivity

Further characterisation of the ruthenium dihydrogen moiety involved the equilibrium
reaction between H, and N, monitored by NMR spectroscopy. The [Ru(dtbpoet)(H2)H,] §
gives a light green solution in [Dg]toluene which was treated with a nitrogen stream for 90

minutes resulting in a dark green solution (Scheme 29).

fPtBu2 fPtBug
\H ‘ \Y
‘ Sk N, oN2

O——Ru—H O——Ru—H
N SN
P'Bu, P'Bu,
5 52

Scheme 29: Formation of the ruthenium dinitrogen complex 52.

In contrast to compound 4 the dihydrogen ligand in complex S can be reversibly and
quantitatively replaced by Nj, as were found for the ruthenium dihydrogen complexes 1-3
(Figure 2 and Scheme 13), too.* *! Surprisingly the complex [Ru(dibpoer)(H,)CL] 50 is not
substituted with N, at all.'””! This allows the assumption that the classical hydride co-ligands in
S make the substitution possible, where as in 50 the ligand exchange is suppressed due to the
chlorides as co-ligands. In the SIP_NMR spectra the [Ru(dtbpoet)H,(N;)] 52 can be assigned
at +99.2 ppm as broad singlet signal. Furthermore, in the "H-NMR spectra the triplet at -8.4
ppm (5) changes to two broad signals at -12.5 ppm and -19.8 ppm (52).

NMR studies with [Ru(dtbpoet)(H>)H,] 5§ in deuterated aromatic solvents does not show
remarkable H/D-exchange processes in [Dg]toluene or CgDgs. Whereby complex 4
incorporates deuterium from the solvents into the PNP-pincer backbone, there is fairly no
incorporation into the POP-pincer backbone of complex S. By treatment with D,-gas only the
H,-ligand is exchanged but the classical hydride co-ligands seems most likely unchanged

which is assigned by 'H- and “H-NMR spectroscopy.
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2.3. Catalysis

The catalytic activity of the new ruthenium dihydrogen complex [Ru(dtbpmp)(H;)H,] 4 has
been tested mainly in H/D-exchange reactions (CH-activation) and dehydrogenation reactions

of alcohols, including domino processes.

2.3.1. Catalytic H/D-Exchange between Aromatic Hydrocarbons and

Deuterated Solvents

2.3.1.1. D,0 as Deuterium Source

The main goal of our catalysis research challenged the target to establish a convenient green
and cheap catalytic system for the deuteration of a variety of compounds with D,O as
deuterium source. Due to the limited solubility of organic molecules in deuterated water we
established a biphasic system with cyclohexane (secondary solvent / internal standard) and an
appropriate water-stable catalyst precursor like [Ru(dtbpmp)(H>)H,] 4. For evaluation of the
catalytic activity in general we used both [Dg]benzene and D,O as deuterium sources and
aromatic hydrocarbons as substrates. In contrast to Chaudret’s hexahydride [Ru(PCy3)2(772—
H,),H,] 1, complexes 2, 3 and 4 showed a much higher activity for the H/D-exchange
between [Dg]benzene and other aromatic substrates. Due to the rather slow H/D-exchange
between C¢Dg and [Ru(dtbpmp)(H,)H;] 4 at room temperature, as previously discussed,ma] we
performed the catalysis at moderate temperature (50°C) under argon for three days if not other

mentioned (Scheme 30).

S 4,50, Ar, 3d (\ 5
Vo CeDg or DO S P
R R

Scheme 30: Catalytic HD-exchange with 4 between C¢Dg or D,O and aromatic hydrocarbons.
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For the substrate scope we have chosen some aromatic hydrocarbons and heterocycles as
examples to study the deuterium incorporation and regio-selectivity. The samples were
analysed by 'H- and “H-NMR. In contrast to '"H-NMR, the >’C-NMR as well as the GC-MS
spectra show a broad range of all possible isotopomeres. For this reason, MS spectra were not
analysed and the BC-NMR spectra were only considered in some cases for the resolution of

the regio-selectivity.

As expected, complex 4 is an active catalyst precursor for the H/D-exchange between
[Dglbenzene and aromatic substrates (Scheme 31). At 50°C, deuterium is effectively
transferred from CgDg, which is used as solvent in these experiments, into toluene with a

noticeable regioselectivity for the meta-position.

4 (1 mol-%), 50°C, 3 d X o< 5%

| —28 %
/\/D P87

12 [D]- 12

Scheme 31: Deuteration of arenes with C¢Dg and 4.

Most intriguingly, we found that 4 is also active at the same temperature for the incorporation
of deuterium into aromatic substrates from D,O as a cheap and environmentally benign
deuterium source (Scheme 32). The exchange occurs in a two phase system consisting of
cyclohexane and D,0, whereby cyclohexane served as solvent for the aromatic substrate and
the catalyst. Control experiments verified that no deuterium incorporation into cyclohexane
occurred under the reaction conditions. Thus, the H/D-exchange can be conveniently
monitored by "H-NMR spectroscopic observation of the decrease of individual signals in the
organic phase relative to the solvent signal as internal standard. Deuterium incorporation in
the various positions was verified by “H-NMR and "*C-NMR at the end of the reaction.
Values given as “<5%” or “>95%” indicate that very weak signals were detected

corresponding to the deuterated or non-deuterated species, respectively.
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As depicted in Scheme 32, benzene 53 was deuterated quantitatively using 1 mol-% of
precatalyst 4 at 50°C within three days. Other aromatic and heteroaromatic compounds were
also effectively deuterated under similar mild reaction conditions, whereby a significant
chemo- and regioselectivity was observed in certain cases. For toluene 12, the incorporation
occurred with preference in meta-position, where 84% of all protons were replaced.
Additionally, 28% of the para protons were exchanged for deuterium, whereas no
incorporation was detected in ortho position. The methyl group remained unreactive under the
present conditions. o-Xylene 54 was deuterated almost exclusively in the fS-positions to the
methyl groups (86%) with no significant deuterium incorporation in the o-positions and the
methyl groups. The treatment of naphthalene 55 under the same conditions resulted preferably

in f—deuteration (62%) with a lower amount of a—deuteration (15%).

1 (1 mol-%), CgH12, 50°C or 75°C, 3 d AN
© O >95%
D,0 X
D

53 [D]-53

15 % (66 %)

<5% <5%
62%
oy

84 °/
86 %
28 %
[D]-12 [D}-54 [D]-55
. 95 o > 95 %
59 %
>95% o i 20/° s 9% H
~ e} ° ~
O O @y 0
/ Y /
~95% 929, >95% >95°/o >95 %
< 5 °/o
[D]-56 [D]-57 [D]-58 [D]-59

Scheme 32: Catalytic H/D exchange of aromatic and heteroaromatic compounds using D,O as the deuterium
source and complex 4 as catalyst precursor. Reaction conditions (under Argon): Substrate 12, 53-59:
1 — 1.25 mmol; Ru-cat. 4 = 1 mol-%, D,O (1 mL), C¢H, (0.7 - 1.0 mL), t = 3 days; reaction
temperature: 12, 53 - 55: T = 50 °C (75%); 56 - 59: T =75 °C; see experimental part for details.
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The H/D exchange occurred also readily on heteroaromatic compounds even in case of
potentially coordinating groups. Thiophene 56 was fully deuterated in all positions within the
standard reaction time at 75°C. The treatment of 2,5-dimethylfurane 57 lead to almost
quantitative deuterium incorporation at the sp” carbons (92%), but there was also noticeable
deuteration at the methyl groups (59%). As no H/D exchange was observed in the alkyl
groups of other substrates, this might indicate that in the case of 57 sp3 C-H activation is
directed by pre-coordination to the oxygen atom. Efficient H/D exchange was observed for
indol 58, whereby C-3 was found to be the least reactive position. The corresponding proton
NMR signal overlapped with the NH signal and this area decreased by a total of 59%. "*C-
NMR analysis revealed that the incorporation at C-3 was negligible and also C-5 remained
largely non-deuterated. Also in pyrrol §9 the H/D-exchange is for both positions satisfying (>
95%) where the broad NH-signal could not be localized.

The properties of the catalytic system were studied in some more detail with naphthalene 55
as benchmark substrate. The long term stability of catalytically active species at the end of the
standard reaction was tested by removing the D,O layer and replacing it with H,O. Indeed,
the amount of deuterium decreased again to 35% in /~ and 5% in a+position indicating that
the exchange was still going on. Increasing the reaction temperature to 75°C, 55 was
deuterated within one day in the f—position to 81% accompanied by deuterium incorporation
of 26% in the a—position. Again, the exchange continues over an extended period of time
leading to >95% B-[D]-55 already after day two and reaching 77% exchange in the o-
position after four days. In Figure 27 and Figure 28 the depicted 'H-NMR and *H-NMR
respectively, shows the monitored ongoing H/D-exchange in naphthalene 55. Otherwise,
increasing the loading of 4 to 4 mol-% and shortening the reaction time to one day lead still to

high f—deuteration (60%) without significant a—deuteration at 50°C.
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Figure 27: '"H-NMR-monitoring of the deuteration of naphthalene 55.

:ULL

t=3d

Figure 28: “H-NMR-monitoring of the deuteration of naphthalene 55.
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To investigate a possible contribution of a simple acid catalysed H/D-exchange under the
present conditions, a cyclohexane solution of 12 was treated with concentrated DCI/D,O
(37%). No incorporation could be detected at 50°C over extended period time. Furthermore,
the H/D-exchange in the system 55/D,0O catalyzed by 4 was not influenced significantly by
the addition of mercury (Hg/Ru = 10:1; T =50 °C, t =3 d, o: 15%; B: 55%), indicating, albeit
not proving, that the catalytic cycle is occurring on a molecular organometallic species (T =
50 °C).["%¥ Finally, the choice of the ligand appears to play an important role for the catalytic
properties as the use of Chaudret’s complex 1 as catalyst for the deuteration of 53 resulted
only in 47% deuterium incorporation within 4.5 days as compared to quantitative

incorporation after three days with 4 under otherwise identical conditions.”*

Scheme 33 shows a plausible reaction network explaining the exchange of H and D in the
coordination sphere of a pincer-ligated ruthenium with water and benzene, respectively. The
corresponding intermediates and transition states were localized by DFT-calculations./?® !
Here model complexes were used in which the /Bu groups at the P centres of 4 were replaced
by methyl substituents.'”” The dihydrogen molecule in precursor 17 can be replaced by a H,O
molecule yielding 60. The aquo-complex subsequently reacts in a o-bond metathesis to 61
containing again an Hy-ligand.""® This reaction requires a moderate activation energy (AG* =
12.1 kcal/mol). An alternative route (62 to 63) with the H,O molecule bonded trans to the
pyridine ring of the ligand is also possible with an activation energy of AG* = 7.5 kcal/mol.
Repeating the calculations for the corresponding D,O-complexes of 62, 63 and the
corresponding transition states, the activation energy for the forward and for the backward
reaction were found to be marginally higher by 1.0 kcal/mol (AG* = 8.7 kcal/mol, AG* = 9.7

kcal/mol, respectively), indicating that the incorporation of deuterium from D,O into the

metal complex is a facile process.
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Scheme 33: Reaction steps and energy profiles (AH/AG (italics) in kcal/mol) for H/D exchange processes
starting from 17 as determined by DFT calculations. Values in parenthesis denote relative energies
of stationary points for the corresponding D,O- (62, 63) and CsDg-complexes (64, 65).

The stationary points for the corresponding benzene containing complexes were localised also
(Scheme 33, Figure 29). In complex 64 one H, molecule of the parent complex 17 is replaced
by benzene with the C¢Hg molecule binding in ;72C_H mode.['% 110] Complex 64 can react to
product 65 and the activation energy for the forward reaction amounts to AG* = 5.5 kcal/mol,
while the backward reaction requires 12.3 kcal/mol. Replacement of C¢Hg by CeDg leads to a
slightly higher activation energy for the forward reaction (AG* = 6.3 kcal/mol), while the

backward reaction's activation energy remains practically unchanged (AG* = 12.6 kcal/mol).
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TS (64-65)

Figure 29: Ball-and-Stick-representation of some intermediates in the C-H activation of benzene. Selected bond
distances are given in A.

Scheme 34 shows the key steps of the exchange process with the real substitution pattern of
catalyst precursor 4 and toluene 12 as substrate. The C-H activation step in para- and meta
position were calculated to have practically the same activation energy (AG* = 12.1 kcal/mol
and AG* = 13.2 kcal/mol, respectively). The ortho position, however, is clearly disfavored
with a much higher activation energy of AG* = 17.9 kcal/mol. Considering the statistic
preference of the meta over the para-position, these results would predict an approximate 2:1
preference for the incorporation in meta over para in 12, with no significant incorporation in
ortho. Thus, the general trend of reactivity and regioselectivity is reproduced well by this
calculation at the present stage of investigation, albeit additional electronic control factors

clearly come into play especially for heteroaromatic substrates.
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Scheme 34: Relative energies (AH, AHi; AG, AGH [italics], kcal/mol) of reactants, products and transition states
(not shown) involved in C-H exchange at toluene in ortho-, meta- and para positions (top to bottom).

2.3.1.2. C¢Dg as Deuterium Source

Our investigations on catalytic H/D-exchange also included the experiments using Cg¢Dg as
deuterium source as already mentioned in chapter 2.3.1.1. Besides the substrate scope
variation, we varied catalyst loadings and temperature with a benchmark substrate, too.
Furthermore, we included some NMR-monitoring of the H/D-exchange where the catalyses

were performed in Young teflon capped NMR tubes.

As depicted in Scheme 35, toluene 12 was deuterated using 1 mol-% of precatalyst 4 at 50°C

within three days. For toluene 12, the incorporation occurred with preference in meta-
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position, where 87% of all protons were replaced. Additionally, 28% of the para protons were
exchanged for deuterium, whereas no incorporation was detected in ortho position. The
methyl group remained unreactive under the present conditions. Other aromatic compounds
were also effectively deuterated at 50°C with 1 mol% 4, whereby a significant chemo- and
regioselectivity was observed in certain cases. 0-Xylene 54 was deuterated exclusively in the
[S-positions to the methyl groups (>95%) with no significant deuterium incorporation in the o~
positions and the methyl groups. In case of m-xylene 72 the regioselectivity is unchanged, the
S-position is almost exclusively deuterated (93%) and for the a-positions the deuterium
incorporation is low (15%) as well for methyl groups (6%). Unsurprisingly, there is no H/D-
exchange detectable with mesitylene 73 as substrate, also with a higher catalyst load (2
mol%). The treatment of naphthalene 55 under the same conditions resulted preferably in
P—deuteration (92%) with a low amount of a—deuteration (18%). Again, the H/D-exchange in
the system 55/ C¢Dg catalyzed by 4 was not influenced by the addition of mercury (Hg/Ru =
10:1; o 18%; PB: 90%), postulating that the catalytic cycle is occurring on a molecular
organometallic species (Scheme 35).!"%! The deuterium incorporation in the higher condensed
aromatic system phenanthrene 74 is significant in just two positions (C3/C4: 94%, Scheme
35). Interestingly, isoquinoline 75 as a representative of substituted pyridines is not
deuterated. This result differs totally from the tested heteroaromates thiophene 56, 2,5-
dimethylfurane 57, indol 58 and pyrrol 59 which were highly deuterated in most positions at
75°C with D,0.”®! This observation might be a result of the stronger coordination of the

nitrogen functionality in isoquinoline 75.
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Scheme 35: Catalytic H/D exchange of aromatic compounds using C¢Dg as the deuterium source and complex 4
as catalyst precursor. Reaction conditions (under Argon): Substrate 12, 54, 55, 72-78: 1.0 — 1.6
mmol; Ru-cat. 4 = 1 mol-%, C¢Dg (0.7 mL), C¢Hy, (0.05 mL), t = 3 days; reaction temperature:
T =50 °C; see experimental part for details.

Substrates with conjugated olefines like styrene 76 or indene 77 are also highly deuterated but
with less regioselectivity. Styrene 76 shows a regioselectivity for the ortho/para-positions
which are deuterated to 75%, whereas the meta-positions show low incorporation (14%). The
double-bond is preferably deuterated in the S—positions (86-88%) and with a moderate
a—deuteration (35%). For indene 77 (Scheme 35) the deuteration is higher in the five-

membered ring (69-89%). In its benzene ring a slight preference for f—deuteration (5 : 62%
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vs «:27%) was observed. The treatment of ferrocene 78 led to rather low deuterium
incorporation into the Cp-rings (25%). Furthermore, we tested the deuteration of a
polyfluorene which is applied as OLED (organic light-emitting diode).""'"! Deuterated
polyfuorene and other polymers are of enhanced interest for optical application like optical
communication as deuterated light-conducting fibres. This is due to the isotopic red-shift (CH
vs CD) in the infra-red which allows less distorted information transport. Unfortunately, the
polymer could not be deuterated under the standard conditions. This might be due to the fact
that the solubility is quite low and the obtained solution is still too viscose. For this,

deuterated polymers are still limited to suitable deuterated monomers like fluorenes.

The properties of the catalytic system were studied in some more detail with the benchmark
substrate naphthalene 55. We monitored the H/D-exchange at the S—position by 'H-NMR
spectroscopy at different temperatures and catalyst loadings. Figure 30 shows the strong
signal decrease of the f—positions, the lower decrease of the a—positions and the increase of
the benzene signal both due to the H/D-exchange. As shown in Figure 31, the increase of the
deuterium incorporation at the S—position with precatalyst 4 (7 mol%) at 50°C correlates with
the reaction time. Of course the slope is reduced for higher conversion due to the saturation of
the fS-positions. After about 6.5 h the deuterium incorporation passed 79% and 90% was
reached after 24 h. In a second run a deuterium incorporation of 87% (6.5 h) and 95% (one
day) was obtained. The variation of the reaction temperature (40-70°C; 4 = 4 mol%) has a
significant influence towards the maximum reaction rate in the initial period of the reaction
(Figure 32). An apparent activation energy based on the reaction time between 20 and 80
minutes was determined. From the Arrhenius plot we obtained the apparent activation energy

of E5 15.8 kcal mol™ (Figure 34)."

" The exclusion of the run at 45°C results in an activation energy of E, = 16.0 kcal mol™
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Figure 30: Time-resolved '"H-NMR-monitoring of the H/D-exchange in naphthalene 55. (Catalyst loading 4: 4
mol%, T = 70°C, Conversion: 24% (o), 90% (B) after 240 minutes.
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Figure 31: Slope of the [Ru(dtbpmp)(H,)H,] 4 catalysed f—deuteration of naphthalene 55 determined by time-

resolved 'H-NMR-monitoring. Catalyst loading: 7 mol%, T = 50°C, Conversion: 8% (o), 79% (B)
after 380 minutes.
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Figure 32: Slopes of the initiation period of the f—deuteration at different temperatures.
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Figure 34: The Arrhenius plot for the f—deuteration in C¢Dg catalysed by [Ru(dtbpmp)(H,)H,] 4.

To determine the apparent reaction order relating to the catalyst for the initiation period, the
concentration of the catalyst was varied and the substrate concentration was kept constant in a
relation of the substrate/catalyst ratio (100:7, 100:4, 100:2). For the determination of the
reaction rate the periods between 20 and 70 minutes were used where no conversion were
higher than 32% (Figure 35).

The initial rates are 1.231*10° [mol L™ min™'] with 2 mol% catalyst, 2.769*10° [mol L™ min"
'] with 4 mol% and 3.308%10°° [mol L' min"'] with 7 mol%.
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Figure 35: Logarithmic plot of the f—deuteration at different catalyst loadings.
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The double logarithmic plot of the initial rate vs. catalyst concentration resulted in a broken-

order reaction (0.8) for the catalyst 4 in the f—deuteration of naphthalene 55.
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Figure 36: Logarithmic plot of the order for the catalyst.

The computational study of the f—deuteration with precatalyst 4 by means of DFT-
calculations support the experimental data obtained from 'H-NMR analysis. Scheme 36
shows the key steps of the exchange process of the model complex 17 and the real catalyst
precursor 4 with naphthalene 55 as substrate. The C-H activation step in the S— position were
calculated to have practically a much lower activation energy than the a— position (AG/jF =
5.1model / 12.0req1 kcal/mol and AGai = 9.31m0del / 18.1ea1 kcal/mol, respectively). For this, the
a—position, however, is disfavored with its higher activation energy of AGai = 18.1cal
kcal/mol. Interestingly, one can see the influence of the bulky rBu groups which lifts the
activation barrier for CH-activation in comparison with the model complex. Considering the
preference of the S—position, these results would predict an exclusive incorporation in the
S—position, with no significant incorporation in the a—position. And indeed, the experiments
showed that there is a regio-preference for the S— position (up to >95%) and usually a lower
o— deuteration (< 20%) which can be influenced by catalyst loadings, temperature and

reaction time as discussed for naphthalene 55 in chapter 2.3.1.1.
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Scheme 36: Relative energies (AG, AGi, kcal/mol) of reactants, products and transition states (not shown)
involved in C-H exchange at naphthalene in alpha- and beta- positions (top to bottom).
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2.3.2. Catalytic Dehydrogenation of Alcohol and Tandem Reactions

For further evaluation of the catalytic potential of [Ru(dtbpmp)(iyz—Hz)Hz] 4 as precatalyst we
investigated the dehydrogenation reactions of alcohols and alcohol derivatives. We discuss
the catalytic conversion of primary alcohols into esters as a result of a bimolecular coupling
with elimination of molecular hydrogen. In presence of phosphorylenes, primary alcohols
undergo an indirect Wittig-Reaction and secondary alcohols are dehydrogenated into ketones

or branched ketones depending on the reaction conditions (Scheme 37).

o)
2R 0oH , A
R/\O)J\R v 2H,
R™ TOH » B, PhsP= .
R
R
+
OH
A )
R )
R)J\ + H2
OH
2 ., A, B (cat). )U
R R + Hzo

Scheme 37: Overview of the observed alcohol dehydrogenation reactions with precatalyst 4.

2.3.2.1. Dehydrogenative Coupling of Primary Alcohols

The dehydrogenation of aliphatic as well as benzylic primary alcohols 83-88 under reflux in
toluene using 1 mol% of 4 leads to the formation of the homoesters 89-93 in high conversions
in between 3 and 20 hours (Scheme 38, Table 4). The conversion of 1-hexanol 83 into
hexylhexanoate 89 was 85% after 3 h and >99% after 20 h by GC analysis. Here, one can see
that the reaction is significantly faster at the beginning (TOF = ~28 h™") but quantitative

conversion is reached within 20 h (all-over TOF 5 h'l). The decreasing substrate
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concentration is probably the main for this behaviour. The treatment of 1-butanol 84 (entry 2)
gives a similar high conversion (95%). For bulky aliphatic substrates like cyclohexylmethanol
85 (entry 3) and I-adamantylmethanol 86 (entry 4) the conversions are 88% and 86%
respectively. Benzyl alcohol 87 (entry 5) is converted into benzyl benzoate 93 (90%) and
some benzaldehyde could be detected, too. In contrast, the treatment of cinnamic alcohol 88
results in a mixture of saturated and unsaturated alcohols, aldehydes and esters due to
transfer-hydrogenation. Further tests including the dehydrogenation of diols to generate
lactones via intramolecular ring-closing esterification have not been successfully tested yet.
The main problem is the lack of miscibility of the diols with toluene and the catalyst stability

in other polar solvents.

4 o~ v2h,

A~
2 R OH ‘youene,arna R O R

Scheme 38: Dehydrogenative conversion of primary alcohols 83-88 to the corresponding homoesters 89-93.

Table 4: Conversion of the primary alcohols 83-88 into the corresponding esters 8§9-93.

Selectivity [ %]

Entry Substrate t [h] Conv. [%]"™ Ester (Aldehyde)
1 1-hexanol 83 3/20 85/>99 >99 />99
2 1-butanol 84 18 93 >99
3 cyclohexylmethanol 85 20 88 >99
4 1-adamantylmethanol 86 20 86 >99
5 benzyl alcohol 87 20 >99 90 (10)

Reaction conditions (under argon): Ru-cat: 4 (1 mol%), primary alcohols 83-88 (2 mmol), toluene (5 mL), reflux. [a]
Conversion determined by GC and analysed by GC-MS.

Additionally, with 1-hexanol 83 as benchmark substrate we monitored the reaction with ATR-
IR online spectroscopy (Table 5).!"'"* We varied the temperature (50-100°C) with constant
catalyst loading (1 mol%). Another series where we varied the catalyst loading (0.5-2.0

mol%) at constant temperature was performed as well.



Results and Discussion 69

Table 5: IR-online study with 1-hexanol 83 as benchmark substrate.

Entry Cat. [mol %] T [°C] t [h] Conv [%]™
1 1 50 18 39
2 1 70 17.5 69
3 1 85 16 87
4 1 100 6 82
5 0.5 100 12.75 68
6 L5 100 6 87
7 2 100 4.5 88

Reaction conditions (under argon): Ru-cat: 1 (0.5-2.0 mol%), 1-hexanol 2 (4 mmol), toluene (5 mL), T = 50-100°C.

[a] Conversion determined by GC and monitored by ATR-IR operando equipment.

In Figure 37 the time-resolved ATR-IR plot of the increasing valence vibration of the CO-
band at ~1740 cm™ of the formed ester 89 is shown. This band correlates with the product
concentration which was used to determine the temperature depending conversion rates and
the activation energy of a first-order reaction. Following, the time-resolved profiles (Figure
38), the logarithmic plot (Figure 39) and the Arrhenius plot (Figure 40) are depicted. To allow
temperature equilibrium after addition of the substrate, the measurements within the first three
minutes after addition of the substrate (ty) are not considered for further calculations (Figure

39).
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Figure 37: Time-resolved ATR-IR online spectra of the catalytic conversion of 1-hexanol 83 into
hexylhexanoate 89.
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Figure 38: Time-resolved conversion plots between 50°C and 100°C.
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Figure 39: Logarithmic plot at different temperatures

For the reaction we tried to determine the apparent allover activation energy. With the runs
between 50°C and 100°C, we found a low activation energy with E5 = 8.9 kcal mol!. But
assuming that the rate-controlling step is the dehydrogenation of the alcohol,”* & ¢ the
determined activation energy for this step is not unprecedented. The literature provides in
some cases dehydrogenation of alcohols with comparably low activation energies, e.g. 9,713
11.7,[”4] 11.6,[”5] 12.0,[”6] or 13.2 kcal mol!.['3! However, we can of course not exclude

under estimation of the determined activation energy.

-10,0

-10,5

In k

11,0 -

11,5 - o

-12,0 \ \ T \ \ 1
2,6 2,7 2,8 2,9 3 3,1 3,2

1000/T [K]

Figure 40: The Arrhenius plot for the initial period of the catalytic conversion of 1-hexanol 83 into
hexylhexanoate 89 between 50°C and 100°C.
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To determine the apparent reaction order relating to the catalyst for the initiation period, the
concentration of the catalyst was varied and the substrate concentration was kept constant in a
relation of the substrate/catalyst ratio (100:2, 100:1.5, 100:1, 100:0.5). For the determination
of the reaction rate the periods between 5 and 20 minutes were used where no conversion
were higher than 18%. The initial rates are 5.645%10° [mol Lt s'l] with 0.5 mol% catalyst and
8.064*%10® [mol L! s'l] with 1.0 mol%, 1.5 mol% and 2.0 mol%. The variation of the catalyst
concentration did not lead to a resolution of the reaction order. But, however, one could see
that the higher catalyst loadings of 1.5 and 2.0 mol% did not have significant influence on the
conversion and reaction rate (Figure 41 and Figure 42). Here one could argue that this might

be an evidence for a catalytically active ruthenium complex formed in rather low

concentrations.
90 2 mol%
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'o\?' 70 - 1.0 mol%
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o |
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Figure 41: Variation of the substrate/catalyst ratio.
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Figure 42: Reaction rate as function of the ruthenium catalyst concentration.

The dominant catalytic active species might be generated via decarbonylation of the alcohol.
It is known that ruthenium hydrides catalyses the decarbonylation of primary alcohols already
at room temperature.!''”! This decarbonylation presumably leads to [RuH(dtbpmp)(CO)] 28
which is also formed by treatment of [Ru(dtbpmp)H,(H,)] 4 with carbon monoxide as
described in chapter 2.1.3.3. This might explain the presence of different active species during
the initiation of this reaction. First, a ruthenium dihydride [RuH,(dtbpmp)] 4 (-H3) is formed
by H»-loss, and then the primary alcohol is decarbonylated (Scheme 39). This decarbonylation
could be followed by H,-loss resulting in another unsaturated species [Ru(dtbpmp)(CO)] 27.
51 This 14¢” species is converted into [RuH(dtbpmp*)(CO)] 28 the predominant species in

the conversion of primary alcohols into esters (see also Scheme 19, p. 33), e dl

" Chapter 2.1.3.3.: The corresponding saturated trans-dihydrides of 29 and 30 are only stable under H,-
atmosphere.
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Scheme 39: Formation of the [RuH(dtbpmp)(CO)] 28 in presence of a primary alcohol.

To get a hint for this assumption an aliquot of a reaction mixture was analysed by S'P_.NMR.
A weak signal could be determined at 84.7 ppm (d, “Jpp = 74.0 Hz) which might be related to
a complex similar to 28. For this reason, one could imagine that the catalytic cycle is
supposed to be similar to the one described by Milstein using their [Ru(diprpmp)(CO)H] 29
and the highly active [RuH(PNN)CO] 30 catalyst (Scheme 40).[3a’ 4 A similar mechanism is
also discussed by Hartwig.""! Indeed, Hartwig also found a ruthenium carbonyl hydride
complex ([RuH,(CO)(PMes)s]) as an intermediate in the lactonization of 1,4-butanediol, using
a ruthenium dihydride precatalyst.””! But one could also imagine a dehydrogenative
esterification with a ruthenium dihydride species [Ru(dtbpmp)H,] 4(-H;) as active species

instead in the catalytic cycle (Scheme 40).""

A proposed catalytic cycle with
[Ru(dtbpmp)(CO)H] 28 is depicted in Scheme 40. Here, one could assume that the benzylic
position acts as a hydrogen-donor for the ruthenium core. The precatalyst 4 reacts first with an
alcohol under decarbonylation, to generate the active species 28. Then another equivalent of
an appropriated aliphatic alcohol undergoes oxidative addition (A). Followed by a hydrogen-
tranfer (H*) from the benzylic position to the the ruthenium core supporting B-hydride
elimination and Hj-loss in the alcohol to form a ruthenium coordinated aldehyde (B). The
aldehyde is then cleaved (C) and forms in presence of alcohol the hemi-acetale (D) and 28 is
reformed via reductive elimination. The hemi-acetale enters another catalytic cycle via

oxidative addition (E), B-hydride elimination / reductive elimination and a ruthenium

coordinated ester (F) to reform 28 and to liberate the ester as product (G).
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Scheme 40: Proposed catalytic dehydrogeantion cycle of primary alcohols to esters.

To support the proposed catalytic cycle which involves aldehyde and hemi-acetale as
intermediates, we tried to isolate the aldehyde. For this, we tested to convert 1-hexanol 83 into
1-hexanal 94 by using coordinating additives to suppress the esterification. In case of styrene
76 one could determine some conversion into the ester 89 within 30 minutes but then after
prolonged reaction time there were no further conversion detectable. We assume that the

reaction stopped due to a strong coordination of styrene 76 under these conditions. In
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presence of 1-octene 38 or triphenylphosphine 95, hexylhexanoate 89 was still continuously
formed.

Due to the difficulties concerning the isolation of the aldehyde in that manner, we thought
about to trap the aldehyde in a different way for the verification of the aldehyde intermediate
which is also assumed by Milstein and co-workers.”*!) Motivated by the results of Williams

80
and co—workers,[ ]

who recently presented the iridium catalysed dehydrogenation of primary
alcohols in presence of phosphorylenes undergoing a Wittig-Reaction, we added

acetylmethylentriphenylphosphorane 96 to the dehydrogenation of 1-hexanol 83 (Scheme 41).

O
/\/\/\ O 4 (4 m0|%)’ A /\/\/\)J\
OH + f + Ho
Ph.P= toluene, Ar, 72h
83 3 96 97
\ -H2
0O
R So + 9 R&\)J\ 4
98 Transfer-Hydrogenation
+R”OH

0
84 R)J\O/\R

R = pentyl

Scheme 41: Indirect Wittig-Reaction using precatalyst [Ru(dtbpmp)(y*-H,)H,] 4.

And indeed, the alcohol reacts with the phosphorylene to give the main product 97 (65% 97,
9% unsaturated ketone 98, 14% hexylhexanoate 89). Here, the primary Wittig-product the
unsaturated ketone 98 is transfer-hydrogenated into 97. Interestingly, the Wittig-Reaction is
preferred under the used reaction conditions. Noteworthy, when a lower catalyst loading (1
mol%), is used the reaction stops within one day. This might be due to a desactivation
pathway of the precatalyst [Ru(drbpmp)(n>-H,)H,] 4 or the catalytic active species. As usual,
during a Wirtig-Reaction triphenylphosphinoxide 99 is formed but we also determined free
triphenylphosphine 95 which is probably formed via a redox reaction between 99 and 4 or the
catalytic active species. However, we could indentify aldehyde as a presumed intermediate for
the catalytic dehydrogenation of primary alcohols. Moreover, we found another application

for [Ru(dtbpmp)(n*-H,)H,] 4 for C-C bond formation with primary alcohols as substrates.
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Although the synthesis and isolation of aldehydes for a Wittig-Reaction is prevented, it is not
yet evaluated in a sufficient manner for this transformation. Notable, Williams and
Whittlesey’s catalyst systems are more evaluated and our system has no advantages for
indirect Wittig-typed reactions.®™ *"®" Noteworthy, as also reported by Williams,™ the
selectivity towards one product decreases in the presence of other functional groups which are
reactive under such reaction conditions, e. g.: olefins (transfer-hydrogenation) or esters (trans-
esterification). This limitation of functional groups tolerance also limits the number of

appropriate substrates of interest in a synthetical approach.

2.3.2.2. Dehydrogenation of Secondary Alcohols

Under the same base-free conditions as for the esterification of the primary alcohols 83-88,
the precatalyst [Ru(dtbpmp)(n*-H,)H,] 4 catalyses the acceptorless dehydrogenation of
secondary alcohols 2-octanol 100 and 1-phenylethanol 101 into the ketones 2-octanone 102
and acetophenone 103 (Scheme 42, Table 6). Recently, Milstein presented also an
acceptorless dehydrogenation of secondary alcohols using ruthenium dinitrogen complexes
under basic conditions.”?" With complex 4 2-octanol 100 is dehydrogenated within three
hours into 2-octanone 102 with 64%, after six hours the conversion increased to 79%. Under

prolonged time (20 h) 2-octanone 102 and acetophenone 103 are formed quantitative (99%).

/ﬁ 4 (1 mol%) 0
R toluene, Ar, A R)J\ + Ho

Scheme 42: Catalytic dehydrogenation of 2-ROH into ketones. R = hexyl (100, 102), phenyl (101, 103).
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Table 6: Conversion of secondary alcohols into ketones.

Substrate t [h] Conv. [%]™
2-octanol 100 3 64
2-octanol 100 6 79
2-octanol 100 20 99

1-phenylethanol 101 20 99

Reaction conditions (under argon): Ru-cat: 4 (1 mol%), secondary

alcohols (2 mmol), toluene (5 mL), reflux. [a] Conversion determined by

GC and analysed by GC-MS.
The dehydrogenation of secondary alcohols can be described as depicted in Scheme 43.° In
contrast to the dehydrogenation of primary alcohols, it seems most likely that the catalytic
species [Ru(dtbpmp)H, 23] (A) is already formed via H-Loss. Followed by oxidative addition
of the secondary alcohol onto the ruthenium dihydride 23, a ruthenium alkoxide (B) is
formed. This species undergoes S-hydride elimination, liberating the ketone as product (C)
under reformation of 4 or a ruthenium tetrahydride. This species is immediately converted by

reductive elimination of molecular dihydrogen into the catalytic species 23 (A).

By

_— [Ru] A

D
H &
R

e
[Ru]__
H

Hz

Scheme 43: Catalytic dehydrogenation of secondary alcohols. [Ru] = Ru(dtbpmp)H, 23.

We also recognized transfer-hydrogenation as a side-effect of dehydrogenation of alcohols in
presence of hydrogen-acceptors such as olefins and ketones. In a reaction performed in a
Young-capped NMR-tube, we tested a catalytic transfer-hydrogenation reaction catalysed by
[Ru(dtbpmp)(;yz—Hz)Hz] 4. As hydrogen source we used an excess of isopropanol 115 for the
hydrogenation of cyclohexanone 116 to cyclohexanol 117 at 50°C in C¢Dg as reported by
Williams (Scheme 44).[67] The conversion reached about 45% after 3.5 h and within one day

the reaction is completed as determined by "H-NMR spectroscopy.
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Scheme 44: Transfer-hydrogenation catalysed by 4.

A slight modification of the dehydrogenative conditions applied on alcohols by adding a base

leads to a tandem-catalysis'’”

of dehydrogenation, aldol condensation and transfer-
hydrogenation. Similar tandem-effects were recently also recognized by Williams and co-
workers, using iridium or ruthenium complexes for dehydrogenation of alcohols in presence
of base. Consequently they used it for indirect crossed-aldol, nitroaldol and Knoevenagel
reactions.®® ®! Indeed, this observation was originally published by Guerber in 1899
(Guerbet-Reaction) and recently also extensively studied by Carlini (Combined indirect aldol
/ transfer-hydrogenation reaction).®®*” In our case, the presence of catalytic amounts of a
base co-catalyst in the dehydrogenation of the alcohols 100, 101 and 2-butanol 104 leads to

branched ketones 105-107 (primary main compounds) via dehydrogenation of the alcohol,

aldol condensation and followed by transfer-hydrogenation (Scheme 45).

H 0 ©
/?\ 4/KOH (1 mol%) _ M .ty + O
R R R

toluene, Ar, A
main product

products R R R R R R

R R

Scheme 45: Dehydrogenation of 2-ROH in presence of base into branched ketones. The primary main
compounds with R = hexyl (100, 105), phenyl (101, 106) and ethyl (104, 107).
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Table 7: Conversion of secondary alcohols into branched ketones.

[a]

Product ratio side
Substrate
main product products
0] @)
@)
S wye ey
2-octanol 100 R 3 R R
55% (105)
34% (108) 11% (109)
R = hexyl
0]
1-phenylethanol i i i
-phenylethano M /U\)\ Ph Ph  Ph Ph
Ph Ph Ph)J\ Ph 7 Ph |
101 Ph Ph
46% (106) 12 (103) 5(110)
8 (111) 29 (112)
QY
2-butanol 104
78% (107)

Reaction conditions (under argon): Ru-cat: 4 (1 mol%), secondary alcohols (2 mmol), toluene (5 mL), reflux, t
=20 h, conversion: 90-98%. [a] Conversion determined by GC and analysed by GC-MS.

Within one day the substrates are converted almost quantitatively (90-98%) into branched
ketones. The GC- and GC-MS analyses showed the formation 9-methylpentadecan-7-one 105,
9-methyl-8-(octan-2-yl)pentadec-8-en-7-one 108 and 9-methyl-8-(octan-2-yl)pentadecan-7-
one 109 in a ratio of 55:34:11 (105:108:109). The conversion of 1-phenylethanol 101 leads to
1,3-diphenylbutan-1-one 106 as primary main product accompanied with acetophenone 103,
1,3-diphenylbut-2-en-1-one 110, 1,3-diphenyl-2-(1-phenylethyl)butan-1-one 111 and 1,3-
diphenyl-2-(1-phenylethyl)but-2-en-1-one 112 in a ratio of  12:46:5:8:29
(103:106:110:111:112). In a similar reaction 2-butanol 104 is converted into 5-methyl-3-
heptanone 107 (78%). The by-products show the problem of this tandem-catalysis: The
branched ketones 105-107 undergo additional aldol condensations. This is indicated also by
means of preparative GC with a low isolated yield of 16% of 105 in contrast to high substrate
consumption of 100 (98%). We have not reached a solution for this problem yet. An
optimisation of this tandem-catalysis is necessary but probably the additional aldol

condensations can not be suppressed.

For the formation of branched ketones we could consider two pathways. Both are based on
the pre-existing dehydrogenative conversion of secondary alcohols into the corresponding
ketones (Scheme 43 and Scheme 46), followed by base-catalysed aldol-condensation (Scheme

46). After these steps, the aldol condensate could enter two pathways. On one hand, transfer-
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hydrogenation between an alcohol as donor and the olefin as acceptor leads directly to a
branched ketone 105-107 (Scheme 46). On the other hand, the aldol condensate may be
hydrogenated to the Guerbet-Alcohol, a branched saturated alcohol, followed by
dehydrogenation of the alcohol to the corresponding branched ketone (Scheme 46).
Additional aldol condensations and transfer-hydrogenation leads to the formation of the by-

products.

In contrast, primary alcohols can not be converted under basic conditions into branched
alcohols or aldehydes. As a test reaction with 1-butanol 84 showed that neither 2-ethylhexan-
1-ol 113 nor 2-ethylhexan-1-al 114 was formed but once again the esterification is preferred

and butylbutyrate 90 is formed.

[Ru],

(0]
H [Ru] [OH] L Hetranster OH
. — > X R
R -H, R -H50 _— R R
Aldol Guerbet
condensate alcohol

[Ru],

transfer-hydrogenation u
R R

Scheme 46: Proposed mechanism for the formation of branched ketones.
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3. Summary

3.1. Ruthenium Dihydrogen Complexes

In an approach to generate monomeric nonclassical ruthenium hydride complexes with a
chelating ligand framework, we turned the attention toward pincer type ligands which allow a
trans arrangement of two electron-rich and bulky phosphorous donor groups. As the most
efficient and practical method towards these ruthenium complexes the direct-hydrogenation
route was successfully applied using the PNP and POP pincer ligands dtbpmp 15 and dtbpoet
49 (Scheme 47).

\( PBu,
g"w A Ha - \ Ho
[

«RU\/ +150r49 —— ( E—Ri—H E=N,0

/, /
L
P

6 4 and 5

BU2

Scheme 47: Straight forward synthesis to the ruthenium dihydrogen complexes 4 and 5 bearing bulky PNP and
POP pincer ligands.

The complex 4 [Ru(dtbpmp)H,(H,)] was isolated as light-brown microcrystalline solid in
yields up to 75% and it is remarkable stable under argon. For structural investigation of
complex 4 [Ru(dtbpmp)H,(H,)] we determined the T(min) (77 ms; Onin = 228 K at 400 MHz;
8= -7.3 ppm) and the H-H distance (1.1 A) of the side-on bonded H, moiety by "H-NMR
spectroscopy which stays in agreement with DFT-calculations (H-H distance: 0.979 A).
Additionally, we detected the characteristic bands for v(Ru-H) at 1990, 1892 and 1700 cm!
and for v(Ru-H>) at 2095 cm™ by IR spectroscopy.

Complex 4 [Ru(dtbpmp)H,(H,)] (Figure 43) exhibits interesting properties for CH-activation
indicated by H/D-scrambling in the NMR- and IR-spectra using [Dg]benzene, [Dg]toluene,

D,0 and D;-gas as deuterium sources.
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Figure 43: The unique Ru(dtbpmp)H,(H,) 4 containing a PNP pincer ligand.

Furthermore, the unusual reaction behaviour with molecular nitrogen illustrated by the
reversible formation of the dinitrogen complex [Ru(dtbpmp)H,(N,)] 20 and the formation of
the ruthenium clusters most likely confirms the high reactivity and gives further evidence for
a dihydrogen complex indicated by NMR-monitoring of the H,-/N,-equilibrium
experiment.*) The benzylic position might play an important role for the reactivity of
[Ru(dtbpmp)H,(H,)] 4 as indicated by very fast deuteration with D,O and also by the reaction
with CO into the assumed ruthenium monohydride [Ru(dtbpmp)(CO)H] 28. The reactivity of
4 is also reflected with the CO; insertion into a ruthenium hydride bond and the reduction of
CO; to CO resulting in the complex [RuH(dtbpmp)(HCO,)CO] 41. Furthermore, complex 4
also reacts with pinacolborane 34 resulting in [Ru(dtbpmp)(H,)H(Bpin)] 35.

We successfully tuned the electronic properties of the ruthenium core by the incorporation of
the POP pincer dtbpoet 49 into the ligand sphere of the ruthenium hydride fragment. Via the
direct-hydrogenation route we found an access to the new ruthenium dihydrogen complex
[Ru(dtbpoet)(H,)H;] S bearing the bulky POP pincer ligand dtbpoet 49 (Figure 44). It was
isolated as greenish solid in a yield of 55%. For structural investigation we determined the
T (min) (38 ms; O, = 221 K at 400 MHz; 8 = -8.6 ppm) and the H-H distance (0.98 A) of the
side-on bonded H, moiety by 'H-NMR spectroscopy which stays in agreement with DFT-
calculations (H-H distance: 0.987 A). Additionally, we detected the characteristic bands for
v(Ru-H) at 1994, 1905, 1774 cm™ and for v(Ru-H>) at 2088 cm™' by IR spectroscopy.

It shows no remarkable activity for H/D-exchange. Furthermore, it shows the usual reversible

reaction behaviour in the N»/H; ligand exchange experiment forming [Ru(dtbpoet)H,(N,)] 52.
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Figure 44: The [Ru(dtbpoet)(H,)H,] 5 containing a POP pincer ligand.

The application of other bulky PNP pincers did not lead to [Ru(PNP)(H,)H>] complexes. A
satisfactory approach for future experiments might use PNP- or POP- pincer analogue with
adamantyl or cyclopentyl groups or a PNP pincer with mixed chiral phosphines which would
be of interest for asymmetric catalysis. It should be pointed out that the potential for catalytic
activity of this complex class bearing bulky POP pincers seems to be lower as the catalyst
precursor [Ru(dtbpmp)(H,)H;] 4 has shown much higher activity for C/H-activation and H/D-

scrambling.*¢ %!

3.2. Catalysis

In summary, we have shown that the nonclassical ruthenium hydride complex 4 is an
effective catalyst precursor for the H/D exchange between aromatic substrates and D,O at
unprecedented mild conditions (Scheme 48). The incorporation occurs with aromatic and
heteroaromatic substrates showing significant chemo- and regioselectively in certain cases.
DFT calculations support a catalytic cycle comprising o-bond metathesis as key step for the
exchange processes with a strong steric component in the directing effect. Furthermore, the
nonclassical ruthenium hydride complex 4 is an effective catalyst precursor for the H/D
exchange between aromatic substrates and CgDg at mild conditions (Scheme 48). The
incorporation occurs with aromatic substrates and conjugated olefines showing significant

chemo- and regioselectively in certain cases.

4 (1 mol-%), <5%

CgHyp 50C, 3 d N | N
8% D
(95 %)

Scheme 48: Ruthenium catalyzed selecetive H/D-exchange between arenes and D,O (or C¢Dg).
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'H-NMR monitoring gives some insights of the reaction showing that the reaction follows a
pseudo-first order rate law for the f-deuteration of naphthalene 55 with an apparent
activation energy of 15.8 kcal/mol. The DFT calculations support the experiments and a
catalytic cycle comprising o-bond metathesis as key step for the exchange processes with a

strong steric component in the directing effect.

Other applications showed the potential of the nonclassical ruthenium hydride complex 4 as
an effective catalyst precursor for the dehydrogenation of aliphatic and bulky primary
alcohols resulting in the corresponding homoesters (Scheme 49). The assumed intermediate
aldehyde could be verified by the indirect conversion of an alcohol with a phosphorylene
resulting in a Wittig-product (Scheme 49). Complex 4 is also active for the acceptorless
dehydrogenation of secondary alcohols into the corresponding ketones (Scheme 49). It seems
most likely that the catalytic species is the ruthenium dihydride [Ru(dtbpmp)H, 23]. The
addition of a base co-catalyst to 4 leads to a tandem-catalysis (dehydrogenation, aldol
condensation, transfer-hydrogenation, Scheme 49). We did not find conditions for a branched
ketone as a single main product because the resulting branched ketone undergoes further aldol
condensations. Furthermore, complex 4 catalyzed hydroboration of olefins with

pinacolborane 34.

Ru-cat.
2 R7OH R)J\O/\R +2Ho
R Ru-cat Q
RTOH + Php= — R/\)J\ + PhsPO
OH Ru-cat. 0
R R)J\ + H2

2 )O\H Ru-cat. + Base (cat.) /ﬁ\)\
R R R + Hgo

Scheme 49: Catalytic dehydrogenation of alcohols and their indirect conversions in coupling reactions.
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4 Experimental Section

4.1. General

Reactions were performed under argon or hydrogen atmospheres using schlenk, canula or
glove box techniques. Glassware and autoclaves were dried, evacuated and flushed with argon
prior to use. Non-deuterated and deuterated solvents and substrates were purchased from
Acros, Aldrich, ChemPur, Fluka, Strem or were in stock in the institute. Commercial reagents
were used as received if not mentioned otherwise. Solid reagents were dried in vacuo (107 —
10~ mbar), liquids were degassed and solvents were dried and purified according to standard
procedures.''® Solvents, reagents and complexes were stored under argon or hydrogen
atmospheres if necessary. The gases hydrogen (Messer 5.0) deuterium (Messer 2.7), argon

(Messer 4.8) and nitrogen (Messer 4.0) were used as received.

4.2. Analytic Methods

The analyses were measured in the analytical departments of the Max-Planck-Institut fiir

Kohlenforschung in Miilheim/Ruhr if not mentioned otherwise.

4.2.1. Nuclear Magnetic Resonance Spectroscopy (NMR)

"H-NMR, 13C—NMR, 3IP_NMR and ''B-NMR spectra were recorded in deuterated solvents
using 5 mm NMR tubes on Bruker DPX 300 and AV 400 automatically. The same nucleus
were measured on the Bruker AMX 300 spectrometer manually if Young-Teflon-Capped
NMR tubes were used or [Dg]DMSO capillaries were used in non-deuterated solvents. The
'H-NMR spectra for T;(min) experiments were measured on a Bruker AMX 400 in deuterated
solvents in sealed NMR tubes. The NMR-monitoring experiments were performed on the
same spectrometer using Young-Teflon-Capped NMR tubes. "H-NMR and selected >*C-NMR
spectra were performed on a Bruker DMX 600 spectrometer. Chemical shifts 8 are given in

ppm and coupling constants J in Hz.

86
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"H-NMR-Spectroscopy:  BRUKER DPX 300  300.1 MHz
BRUKER AMX-300 300.1 MHz
BRUKER AV-400  400.1 MHz
BRUKER AMX-400 400.1 MHz

Chemical shifts J are relative to the solvent signal.

2H-NMR-Spectroscopy: BRUKER DMX 600 600.2 MHz

BC.NMR-Spectroscopy: BRUKER DPX-300  75.5 MHz
BRUKER AMX-300 75.5 MHz
BRUKER AV-400 100.6 MHz
BRUKER DMX-600 150.9 MHz

Chemical shifts & are relative to the solvent signal. The spectra are 'H-decoupled.

I P.NMR-Spectroscopy: ~BRUKER DPX-300  121.5 MHz
BRUKER AMX-300 121.5 MHz
BRUKER AV-400 162.0 MHz
Chemical shifts 9 are relative to H;PO, in H,O (85%) as external Standard. The spectra are

"H-decoupled.

'B_NMR-Spectroscopy: BRUKER DPX-300  96.3 MHz
BRUKER AV-400 128.4 MHz

Chemical shifts d are relative to BFs-Et,O as external standard. The spectra are 1H—decoupled.
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4.2.2. Infrared Spectroscopy (IR)

IR spectra were measured in KBr or in Nujol on a NICOLET MAGNA IR 750 spektrometer.

4.2.3. Mass Spectrometry

Mass spectra were recorded on following machines:

BRUKER APEX III (FTICR-MS) ; ESI, MALDI, CI
FINNIGAN MAT 95 ESI, EI, CI
FINNIGAN SSQ 7000 (GC-MS) El CI
BRUKER ESQUIRE 3000 Ion Trap, ESI
FINNIGAN MAT 8200 El

FINNIGAN 8400 EI

HP MS ENGINE LC/ESI-MS

4.24. X-Ray

The single-crystal X-ray diffraction analyses were measured at the department for Chemical
Crystallography at the MPI for Coal Research.

4.2.5. Microanalysis

The microanalyses were measured in the Mikroanalytisches Laboratorium Kolbe,

Miilheim/Ruhr.



Experimental Section 89

4.2.6. Autoclaves for High-Pressure Experiments

The used stainless steel autoclaves were developed and manufactured in the mechanical

departments of the Max-Planck-Institutes Miilheim/Ruhr if not other mentioned.

Safety warning: The use of pressurized gases can be

hazardous and must only be carried out with suitable

equipment and under appropriate safety precautions!

4.2.6.1. Typ I (glass autoclave, S0 mL)

This commercial available autoclave (BUCHI MiniClave) contains a thick-walled 50 mL glass
flask surrounded by a stainless steel net container. It is topped with a screw-type cap in which
a teflon cap inlet is placed containing a manometer, a security valve, a gas-inlet valve and an
opening inlet. The screw-type cap is connected to a glass flask in the safety container. The
maximum operating pressure is 6 bar (150 °C) and 10 bar (100 °C). For heating and stirring a

conventional magnet stirring plate and an oil bath is used.

4.2.6.2. Typ II (autoclave, 36 mL)

This 36 mL high pressure stainless steel autoclave is cylindric. The autoclave is equipped
with manometer, a valve gas-inlet and an opening inlet, it contains a glass insert and a thin
teflon cap to prevent contact between the steel and the reaction mixture. For heating and
stirring a conventional magnet heating agitator is used, the thermocouple of the heating
agitator is connected with a metal block, where the autoclave is inserted for heating. For Typ

II the maximum operating pressure is 200 bar (120 °C).



90 Experimental Section

4.3. Synthetic Procedures

4.3.1. Literature Compounds

The following substances are literature known and were synthesised and purified according to

literature procedures and the analyses are in agreement to published data.
Phosphine Ligands and precursors:

2,6-Bis-[(di-tert-butyl-phosphanyl)-methyl]-pyridine (dtbpmp) 15 *!
C3H43NP,. Mol. Wt.: 395.54 ¢ mol ™. Colourless solid. Yield: 3 g (60%)

2,2’-Bis-(Di-tert-butyl-phosphanyl)-diethylether (dtbpoet) 49 '*°
C0H440P;. Mol. Wt.: 362.51 g mol ™. Colourless waxy-solid. Yield: 1.7 g (40%)

Di(tert.-butyl)chlorophosphine 118 [120]
CgH 3CIP. Mol. Wt.: 180.66 g mol". Colourless liquid. Yield: 12.55 g (85%).

Dicyclohexyl-phosphane borane complex 119 2!
Ci2HxBP. Mol. Wt.: 212.12 g mol ™. Colourless solid. Yield: 1.9 g (90%).

Metal Complexes:

[Bis-(2-methylallyl)cycloocta-1,5-diene]ruthenium(II) 6 [122]
CisHasRu. Mol. Wt.: 319.45 ¢ mol ™. Brown solid. Yield: 2.97 g (65%)

Dichloro(cycloocta-1,5-dienyl)ruthenium(II) polymer 120 !'**!
CsH>Cl;Ru. (monomer). Mol. Wt.: 280.16 g mol ™. Brown solid. Yield: 29.0g (98%)
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4.3.2. Chelating Diphosphine Nitrogen Ligands (PNP-pincer)
{2,6-Bis-[(dicyclohexylphosphanyl)-methyl]-pyridine} bis-borane complex 121124
(BH3-dcypmp) BH3-46

Dicyclohexylphosphine-BH3 119 (1.5 g; 7 mmol) was placed into a Schlenk flask, then 25 mL
THF was added. The solution was cooled to =78 °C, and n-butyllithium (4.51 mL of a 1.6 M
solution in hexane; 7.2 mmol; 1.03 eq.) was added dropwise via a syringe over a period of
10 min. The colourless reaction mixture was stirred for 2 h and the solution was warmed to
room temperature. After the solution had been cooled to —78°C again,
bis(chloromethyl)pyridine (0.616 g; 3.5 mmol) in THF (5 mL) was slowly added via a
syringe. The reaction mixture was kept for 2 h at =78 °C and then stirred at room temperature
overnight. Evaporation of the solvent gave a white solid which was washed with pentane
(5 mL) and filtered off. The filter cake was extracted with benzene (12 mL) and the benzene

extract was evaporated to yield the product as a colourless solid.

C31Hs7BoNP,. Mol. Wt.: 527.36 g mol ™. Colourless solid. Yield: 1.6 g (87%).
"H-.NMR (300.1 MHz, ds-benzene): & = 0.7-1.7 (m, 44 H, Cy), 2.8 (d, 4 H, 2Joy = 11.1 Hz,
PCH,), 6.8 (m, 3 H, py).

BC-{'H}-NMR (75.2 MHz, d¢-benzene): & = 26.5 (C4 of Cy), 27.0-27.6 (m, C2,6 and C3,5 of
Cy), 31.0 (d, 'Jpc = 25.6 Hz, C1 of Cy), 32.4 (d, 'Jpc = 30.2 Hz, PCH,), 123.4 (C3,5 of py),
136.8 (C4 of py), 155.2 (d, "Jpc = 6 Hz, C2,6 of py).

J'P-NMR (121.5 MHz, dg-benzene): & = 30 (y-d, 'Jpp = 42.6 Hz), "'B-NMR (96.3 MHz, d-
benzene): 6 = —42 (br-s).

EI-MS [%]: 527 (2) [M*], 512 (18) [M"-BH3], 315 (100), 302 (18), 233 (30), 150 (36).
HR-ESI(+)-MS [%]: BH;-46-Na-adduct = 550.4041 (found), 550.4045 (calcd).

Note: The single-crystal X-ray diffraction structure data of this new compound will be

published separately soon.
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2,6-Bis-[(dicyclohexylphosphanyl)-methyl]-pyridine (dcypmp) 46

The dcypmp-BH3 121 (209 mg; 0.4 mmol) and an excess of DABCO (267 mg; 2.38 mmol)
was placed into a Schlenk flask and followed by the addition of 2 mL toluene was added. The
reaction mixture was stirred for 3 h at 80 °C and then cooled to room temperature.
Evaporation of the solvent gave a residue which was extracted with 5 mL n-pentane and
filtered. Then the extract was evaporated to dryness and the residue was washed with

methanol (3x 1.5 mL) and dried in vacuo.
C31Hs;NP,. Mol. Wt.: 499.69 g mol ™. Colourless solid. Yield: 0.14 g (70%).

'H-NMR (300.1 MHz, d¢-benzene): & = 0.9-1.7 (m, 44 H, Cy), 2.8 (d, 4 H, *Jpy = 1.1 Hz,
PCH,), 6.8 (m, 3 H, py).

3'P.NMR (121.5 MHz, d¢-benzene): & [ppm] = 3.3 (s), The analytical data comply with the

data published by Katayama et. al ['?4!

4.3.3. Ruthenium Dihydrogen Complexes

4.3.3.1. Preparation of [Ru(dtbpmp)H,(H,)] 4

Dihydrogendihydrido{2,6-bis-[(di-tert-butyl-phosphanyl)-methyl]-
pyridine}ruthenium(II)

An argon flushed Biichi glass-autoclave, equipped with a stirring bar, was filled with
[Ru(cod)(metallyl),;] 6 (281 mg, 0.88 mmol; 1 eq.), dtbpmp 15 (364 mg, 0.92 mmol; 1.05 eq.)
and 12 mL degassed n-pentane. The autoclave was flushed with 2 bar hydrogen gas at room
temperature, then the temperature was increased to 55 °C (oil bath) and the H,-pressure was
stabilised at 7 bar. The reaction was stirred for 18 h (or two days), cooled down to room
temperature and the H,-pressure was decreased to 1 bar. The red solution was filtered through

canula under an H,-stream and the remaining solid was washed under a H,-stream with n-
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pentane to give a yellow-brown solid.” The product was transferred into a dry schlenk-tube
using a glove box and further dried under a H,-stream. Finally it was stored under argon or 1

bar hydrogen in a sealed schlenk-tube at —20 °C.
Yield: 323 mg (74%)

'H-NMR (300 MHz, C¢Ds, 25 °C): & = 6.8 (t, 1 H, *J(H,H) = 7.7 Hz, pyridine-H4), 6.6 (d, 2
H, *J(H,H) = 7.9 Hz, pyridine-H3,5), 3.1 (vt, 4 H, 2J(H,P) = 3.2 Hz, CH,P), 1.3 (vt, 36 H,
JJ(H,P) = 6.1 Hz, PC(CH3)3), =7.3 (t, 4 H, “J(H,P) = 13.2 Hz, Ru-H, Ru-H>).

BC-NMR (75 MHz, C¢Ds, 25 °C): & = 164 (dvt, “J(C,P) = 4.8 Hz, pyridine-C2,6), 133 (s,
pyridine-C4), 118 (m, pyridine-C3,5), 41 (dvt, IJ(C,P) = 4.9 Hz, PC(CH3)3), 34 (dvt, IJ(C,P)
= 6.7 Hz, CH,P), 30 (vt, “J(C,P) = 3.4 Hz, PC(CHs)3).

3IP_NMR (122 MHz, C¢Dg, 25°C): 8 = 109.5 (s).

IR (KBr) 0 = 3074 (w, v CH,), 3041 (w, v CH,), 3018 (w, v CH,;), 2983 (w, v CH,), 2940
(s, v CH,), 2893 (s, v CH,), 2862 (s, v CH,), 2095 (w, v Ru-H,), 1990-1700 (m, v Ru-H),
1592 (m, v C=N), 1562 (m, v C=C), 1459 (s, 8 CH,), 1382 (s, & t-Bu), 1363 (s, 8 t-Bu), 1180
(m, v C-P), 833 cm™ (s, 8, CH,).

Detection of T;(min) of the hydride signal: (400 MHz, [Dg]toluene, 25 °C): 6 = 7.3 (t, 4 H,
2J(H,P) = 13.2 Hz). T;(min) = 77 ms (B, = 228 K), r(H-H) = 111 pm.

Elemental analysis calcd (%) for C,3Hs7NP,Ru (500.7): C 55.18; H 9.46; N 2.80; P 12.37; Ru
20.19. Exp.: C 54.11; H9.22; N 2.64; P 11.81; Ru 19.82. Found atom ratio number by CHN:
Ca3Hy6.7N1 0P2.0Ruy 0.

A sealed NMR-sample was used for long term-stability test and it was measured after three
days, three weeks and 3.5 months. The NMR-data are comparable to 4 and [Dy]-4

respectively due to H/D-scrambling.

* Alternatively the mixture can be filtered in the glovebox with a glass filter and a syringe.
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Table 8: Detection of T;(min) of the hydride signal (8 =—7.3 ppm, 400.1 MHz, [Dg]toluene).

T [K] (A2K) T, [ms] (A3ms) T;(min) = 77 ms;
300 209 O
283 151 Omin: 22812 K (= 45 °C)
263 104 Iy = 111 pm
243 86
223 73
193 109

4.3.3.2. Preparation of the complex [D,]-[Ru(dtbpmp)H,(H,)] [D,]-4

Prepared as 4 by the use of deuterium gas. Yellow-brown solid. Yield: 118 mg (54%).

'H-NMR (300 MHz, C¢Ds, 25 °C): 8 = 6.8 (t, 0.1 H, *J(H,H) = 7.7 Hz, pyridine-H4), 6.6 (d, 2
H, 'J(H,H) = 7.9 Hz, pyridine-H3,5), 3.1 (vt, 3 H, “J(P,H) = 3.2 Hz, CH,P), 1.3 (vt, 36 H,
7J(P,H) = 6.1 Hz, PC(CH3)3), —7.3 (t, 4 H, *J(H,H) = 13.2 Hz, Ru-H, Ru-H,).

’H-NMR (600 MHz, Cg¢Dg, 25 °C): & = 6.8 (s, weak, pyridine-D4), 6.6 (s, weak, pyridine-
D3.5), 3.1 (s, CD;P), 1.3 (s, PC(CD3)3), —=7.3 (s, Ru-D, Ru-D,).

BC-NMR (75 MHz, Cg¢Dg, 25 °C): & = 133 (s, pyridine-C4), 164 (pyridine-C2,6), 118 (m,
pyridine-C3,5), 41 (PC(CHs)3), 33 (CH,P), 30 (PC(CH3)3).

3IP_NMR (122 MHz, C¢Dg, 25 °C): & = 109.1 (s).

IR (KBr) v =3012 (w, v CHy), 2983 (s, v CH»), 2946 (s, v CH,), 2900 (s, v CH), 2863 (s, v
CHb,), 2247 (w, v CDy), 2199 (w, v CDy), 2151 (w, v CDy), 2094 (w, v Ru-H,), 2000-1700
(m, v Ru-H), 1582 (m, v C=N), 1546 (m, v C=C), 1458 (s, d CHy), 1362 (s, d t-Bu), 707 (s, 8
CH.,).
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4.3.3.3. Reaction of [Ru(dtbpmp)H,(H,)] 4 with C¢Dg to highly deuterated
[Dy]-4

A Young Teflon capped NMR tube was filled with ruthenium complex 4 (20 mg, 39.9 umol)
and 0.5 mL C¢Dg was added. The red solution was stirred at 50 °C for 2 days, cooled to r. t.
and the lH—NMR, 3'P_.NMR and *H-NMR spectra were measured manually locked on C¢Dg.

Deuteration-degree: >90%.

'"H-.NMR (300 MHz, CgDg, 25 °C): 8 = 6.8 (residue, pyridine-H4), 6.6 (residue, pyridine-
H3.,5), 3.1 (residue, CH;P), 1.3 (residue, PC(CH53)3), -7.3 (residue, Ru-H, Ru-H; ).

’H-NMR (600 MHz, C¢Dg, 25 °C): & = 6.8 (s, pyridine-D4), 6.6 (s, pyridine-D3,5), 3.1 (s,
CD:P), 1.3 (s, PC(CD;)3), 7.3 (s, Ru-D, Ru-D; ).

3IP-NMR (122 MHz, C¢Ds, 25 °C): 8 = 108.1(s).

4.3.3.4. Reaction of [Ru(dtbpmp)H,(H,)] 4 with D,0 in C¢D,; to [Dg]-4 / 26

A Young Teflon capped NMR tube was filled with ruthenium complex 4 (10 mg, 20.0 umol),
0.6 mL C¢D;; and 0.05 mL D,0O were added. The sample was shaken for a few minutes, and
then 'H-NMR and “H-NMR were measured immediately.

'H-NMR (600 MHz, C¢D), 25 °C): 8 = 6.8 (vt, 0.9 H, 10% D, pyridine-H4), 6.6 (d, 2 H,
pyridine-H3,5), 3.1 (0.7 H, 83% D, CH;P), 1.3 (36 H, PC(CHj3)3), -7.3 (1.8 H, 55% D, Ru-H,
Ru—H2 )

H-NMR (600 MHz, C¢Dy3, 25 °C): & = 7.3 (s, 0.4 D, pyridine-D4), 3.3 (s, 3.2 D, 80D[%],
CD;P), -7.7 (s, 2.2 D, 55D[%],Ru-D, Ru-D,).

3IPLNMR (122 MHz, C¢D12, 25 °C): 8= 111.9 (s).
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4.3.3.5. Reaction of [Ru(dtbpmp)H,(H,)] 4 with N, to [Ru(dtbpmp)H,(N,)]
20

Dinitrogendihydrido{2,6-bis-[(di-tert-butyl-phosphanyl)-methyl]-
pyridine }ruthenium(II)

A Young-Teflon-Capped NMR-tube containing a dark red [Dg]toluene (0.6 mL) solution of 4
(20 mg, 39.9 umol) was slowly bubbled with N at room temperature. 'H- and *'P.NMR were
measured after 90 min (red solution) and 20 h (black mixture). Then the black mixture was
bubbled with H, for one day and it returned to a red solution anew. 'H- and *'P-NMR were
recorded again. Additionally, after two weeks “H-NMR were recorded. Conversion: 66% (*'P-

NMR after 90 min).

"H-.NMR (300 MHz, [Dg]toluene, 25 °C): 6 = —4.6 (t, 2J(H,P) = 16.8 Hz), —12.8 (weak,
broad);

3IP.NMR (122 MHz, [Dg]toluene, 25°C): 6 = 99.6 (s, broad).

’H-NMR (600.2 MHz, [Dg]toluene, 25 °C): 6 =-7.4 (s, Ru-D, Ru-D»), 1.3 (s, PC(CD53)3), 3.1
(s, CD,P), 6.6 (no detection, pyridine-D3,5), 6.9 (s, weak, pyridine-D4). For further details
see chapter 2.1.3.

Table 9: NMR-data of the equilibrium between 4 and 20.

90 min in N,- 20 h in N,-atmosphere 1 d in H,-atmos-
ty (exclusive
atmosphere (Formation of Ru- phere (Reforma-
presence of 4)
(Formation of 20) clusters) tion of 4)
L -7.3. —7.3 (residue)
H-NMR (300 MHz,
—4.6 (weak, t, —4.6 (increased, t,
[Dg]toluene, 25°C): -73 -73
5 2JH,P)=16.81 Hz)  *J(H,P)=16.81 Hz))
—12.8 (weak, broad) —12.8 (weak, broad)
a1 109.6 (6%)
P-NMR (122 MHz,
109.6 (33%), 99.6 (32%)
[Dg]toluene, 25°C): 109.6 109.6
99.6 (66%) 81-74 (35%)

o=
70-65 (27%)
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4.3.3.6. Reaction of [Ru(dtbpmp)H,(H,)] 4 with carbon monoxide and
hydrogen gas to [Ru(dtbpmp)(CO)H] 28

An autoclave with glass-inlet containing a dark red [Ds]toluene (1.0 mL) solution of 4 (17
mg, 34.0 umol) was flushed with carbon monoxide and stirred for 30 minutes. The yellow
solution was transferred via syringe into a septum capped NMR tube and analysed
immediately by NMR and again after five days. After a treatment with a hydrogen-stream for

20 minutes, the sample was analysed again by NMR.
Data of [Ru(drbpmp)(CO)] 27: Conversion: 88% of 27 is formed (*'P-NMR).

'H-NMR (400 MHz, [Ds]toluene, 25 °C): § = 6.6 (t, 1 H, "J(H,H) = 7.1 Hz, pyridine-H4), 6.6
(d, 2 H, “J(H,H) = 7.8 Hz, pyridine-H3,5), 3.0 (vs, 4 H, CH,P), 1.3 (vt, 36 H, "J(H,P) = 5.7
HZ, PC(CH3)3).

3IpP_NMR (161 MHz, [Dg]toluene, 25°C): 6 = 99.6 (s, 88%), 90 (5%), 88 (4%), 70 (3%).
Data of [Ru(dtbpmp)(CO)H] 28: Conversion: > 90% of 28 is formed (31P—NMR).

"H-NMR (400 MHz, [Dg]toluene, 25 °C): 6 = 6.4 (vt, 1 H, SJ(H,H) = 7.8 Hz, pyridine-H4),
6.2 (vd, 1 H, J(HH) = 7.7 Hz, pyridine-H3/5), 5.4 (vd, 1 H, “J(HH) = 5.7 Hz, pyridine-
H3/5), 3.6 (vs, 1 H, HC=P), 2.8 (vd, 2 H, "J(H,H) = 4.7 Hz, CH,P), 1.4 (vt, 18 H, "J(H,P) =
10.8 Hz, PC(CH3)3), 1.1 (vt, 18 H, “J(H,P) = 9.5 Hz, PC(CH3)3), -6.0 (t, 1 H, “J(P,H) =
18.2 Hz, Ru-H),

3'P-NMR (161 MHz, [Dg]toluene, 25°C): & = 90.0 (d, >J(P,P) = 30.3 Hz) 88 (6%), 70 (2%).

4.3.3.7. Reaction of [Ru(dtbpmp)H,(H,)] 4 with pinacolborane

To a septum capped NMR tube containing a dark red [De¢]benzene (0.7 mL) solution of 4 (10
mg, 20.0 umol) pinacolborane 34 (9 uL, 3 eq.) was added via syringe. After the addition the
colour changed to yellow and gas evolution was observed. The sample was analysed

immediately by NMR and after one day again.
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Data of [Ru(dtbpmp)Hs(BPin)] 35: Conversion: 94% of 4 is converted into 35 (*'P-NMR);

After a few minutes:

'"H-.NMR (400 MHz, C¢Dg, 25 °C): 6 = 6.7 (vt, 1 H, SJ(H,H) = 7.5 Hz, pyridine-H4), 6.5 (vd,
2 H, “J(HH) = 7.3 Hz, pyridine-H3,5), 3.2 (vq, 4 H, "J(H,H) = 10.9 Hz, J(H,H) = 16.3 Hz,
CH.P), 1.5 (vt, 18 H, “J(HP) = 6.0 Hz, PC(CH3)3), 1.4 (vt, 18 H, J(H,P) = 6.1 Hz,
PC(CH3)3), 1.27 (s, 12 H, OC(CHs),), -5.0 (br s, 1 H, Ru-H), -11.7 (s, 2 H, Ru-H,). Free
boranes: 1.0-0.95 ((BPin), / HBPin).

3C-NMR (100 MHz, C¢Ds, 25 °C): & = 164.4 (pyridine-C2.6), 133.3 (pyridine-C4), 118.2
(pyridine-C3,5), 81.2 (CO, BPin), 40.8 (PC(CHs)s), 34.5 (CH,P), 30.5 (PC(CHs)s3), 24.9 (CHs,
BPin); *'P-NMR (161 MHz, C¢Ds, 25°C): 8 =96.9 (s, 94%).

"B-NMR (128 MHz, C¢Ds, 25 °C): & = 22.7 (s). Other compounds: '"H-NMR (400 MHz,
C¢Dg, 25 °C): 8 = 1.0 (s, (BPin),), 0.97 (s, HBPin).

3'P.NMR (161 MHz, C¢Ds, 25°C): & = 110 (3%), 96 (3%), (unidentified compounds). ''B-
NMR (128 MHz, C4Ds, 25 °C): Free boranes: & = 38.7 (s, (BPin)y), 29.3 (d, 'J(B,H) = 174.4
Hz, HBPin).

Procedure for the catalytic hydroboration with olefins and pinacolborane 34

To a schlenk-flask with [Ru(dtbpmp)H,(H>)] 4 (0.05 mmol, 1 mol%) the substrates 1-octene
38 (4.9 mmol) and pinacolborane 34 (5.0 mmol) were added via syringe. The red mixture was
stirred for 18 h at room temperature. An aliquot was analyzed by GC and GC-MS.
Conversion: 75%. Selectivity: 96% 1-octylboronate 39 and traces of 2-octylboronate 40 and
alkyldiboronates).

GC-MS (70 eV, ED): m/z [%] = 240 (1) [M], 225 (71), 183 (7), 154 (14), 140 (14), 129 (100),
111 (20), 97 (55), 85 (98), 69 (45), 57 (52),43 (71).
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4.3.3.8. Solid State Structure: Reaction with CO,

A suitable crystal of [RuH(dtbpmp)(HCO,)CO] 41 for single-crystal x-ray diffraction was
obtained by storage under argon of a [Dg]toluene solution of [Ru(dtbpmp)H,(H,)] 4 in a
septum-sealed NMR-tube over dry-ice for several weeks. [RuH(dtbpmp)(HCO,)CO] 41 was

formed by diffusion of CO; into the solution.

Figure 45: ORTEP diagram of [RuH(dtbpmp)(HCO,)CO] 41 with thermal ellipsoids set at 50% probability.

Table 10: Crystal data and structure refinement.

Identification code 5753

Empirical formula C,s HysNO3; P, Ru

Color colourless

Formula weight 570.63 g - mol™1

Temperature 100 K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2,/c, (no. 14)

Unit cell dimensions a=143177(3) A a=90.0°
b=12.0309(2) A B=91.817(1)°

c=16.1548(3) A ¥=90.0°
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Volume

zZ

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Reflections with [>26(T)
Completeness to 6 = 31.52°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

Goodness-of-fit on F2
Final R indices [[>2c(])]

R indices (all data)

Largest diff. peak and hole

2781.34(9) A3

4

1.363 Mg - m™

0.704 mm™!

1200 e

0.12x 0.10 x 0.016 mm?>
2.94 to 31.52°.
21<h<21,-17<k<17,-23<1<23
60938

9262 [Rjp = 0.0357]
8403

99.9%

Gaussian

0.98905 and 0.91786

Full-matrix least-squares on F2

9262/0/297
1070

R; =0.0248 wRZ =0.0630
R} =0.0301 wRZ = 0.0653

1.062 and -0.941 ¢ - A™3
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Table 11: Atomic coordinates and equivalent isotropic displacement parameters (A?).

Ueq is defined as one third of the trace of the orthogonalized Uij tensor.

X y z Ueq
C) 0.0676(1) 0.6287(1) 0.2251(1) 0.020(1)
C(2) 0.1776(1) 0.6205(1) 0.5175(1) 0.013(1)
C@3) 0.1265(1) 0.5876(1) 0.5852(1) 0.018(1)
Cc4) 0.0882(1) 0.4817(1) 0.5864(1) 0.019(1)
C(5) 0.1034(1) 0.4108(1) 0.5207(1) 0.018(1)
C(6) 0.1523(1) 0.4485(1) 0.4533(1) 0.014(1)
(@) 0.2278(1) 0.7304(1) 0.5170(1) 0.014(1)
C(®) 0.1699(1) 0.3740(1) 0.3807(1) 0.016(1)
CcY) 0.1330(1) 0.8732(1) 0.3932(1) 0.014(1)
C(10) 0.1294(1) 0.9836(1) 0.4408(1) 0.021(1)
C(11) 0.1208(1) 0.8950(1) 0.2997(1) 0.019(1)
C(12) 0.0505(1) 0.8017(1) 0.4213(1) 0.018(1)
Cc(13) 0.3472(1) 0.8733(1) 0.4192(1) 0.015(1)
C(14) 0.3500(1) 0.9478(1) 0.4969(1) 0.021(1)
C(15) 0.3538(1) 0.9443(1) 0.3407(1) 0.021(1)
C(16) 0.4345(1) 0.7989(1) 0.4250(1) 0.021(1)
c(7) 0.2603(1) 0.3479(1) 0.2225(1) 0.016(1)
C(18) 0.1887(1) 0.4145(1) 0.1703(1) 0.020(1)
c(19) 0.2243(1) 0.2275(1) 0.2281(1) 0.025(1)
C(20) 0.3528(1) 0.3501(1) 0.1769(1) 0.022(1)
C(21) 0.3774(1) 0.3631(1) 0.3863(1) 0.018(1)
C(22) 0.3674(1) 0.3941(1) 0.4782(1) 0.022(1)
C(23) 0.3853(1) 0.2360(1) 0.3814(1) 0.026(1)
C(24) 0.4683(1) 0.4164(1) 0.3565(1) 0.023(1)
C(25) 0.3131(1) 0.6629(2) 0.2515(1) 0.028(1)
N 0.1871(1) 0.5533(1) 0.4509(1) 0.012(1)
O(1) 0.1018(1) 0.5981(1) 0.2938(1) 0.017(1)
0(2) 0.1077(1) 0.6688(1) 0.1653(1) 0.026(1)
0(@3) 0.3571(1) 0.6945(1) 0.1963(1) 0.044(1)
P(1) 0.2396(1) 0.7828(1) 0.4104(1) 0.011(1)
P(2) 0.2736(1) 0.4219(1) 0.3252(1) 0.012(1)

Ru 0.2504(1) 0.6125(1) 0.3419(1) 0.010(1)
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Table 12: Bond lengths [10%] and angles [°].

C(1)-0(2) 1.2364(19) C(1)-0(1)
C(1)-H(1) 1.048(19) C(2)-N
C(2)-C(3) 1.3926(19) C(2)-C(7)
C(3)-C(4) 1.387(2) C(4)-C(5)
C(5)-C(6) 1.3893(19) C(6)-N
C(6)-C(8) 1.5049(19) C(7)-P(1)
C(8)-P(2) 1.8502(14) C(9)-C(10)
C(9)-C(11) 1.538(2) C(9)-C(12)
C(9)-P(1) 1.8874(14) C(13)-C(15)
C(13)-C(16) 1.538(2) C(13)-C(14)
C(13)-P(1) 1.8886(14) C(17)-C(18)
C(17)-C(20) 1.536(2) C(17)-C(19)
C(17)-P(2) 1.8868(14) C(21)-C(23)
C(21)-C(24) 1.540(2) C(21)-C(22)
C(21)-P(2) 1.8950(15) C(25)-0(3)
C(25)-Ru 1.8413(18) N-Ru

O(1)-Ru 2.2487(11) P(1)-Ru

P(2)-Ru 2.3334(4) Ru-H
0(2)-C(1)-0(1) 128.90(15) 0(2)-C(1)-H(1)
O(1)-C(1)-H(1) 113.6(11) N-C(2)-C(3)
N-C(2)-C(7) 117.35(12) C(3)-C(2)-C(7)
C(4)-C(3)-C(2) 119.36(13) C(5)-C(4)-C(3)
C(4)-C(5)-C(6) 119.68(13) N-C(6)-C(5)
N-C(6)-C(8) 117.42(12) C(5)-C(6)-C(8)
C(2)-C(7)-P(1) 111.31(9) C(6)-C(8)-P(2)
C(10)-C(9)-C(11) 109.87(12) C(10)-C(9)-C(12)
C(11)-C(9)-C(12) 108.67(12) C(10)-C(9)-P(1)
C(11)-C(9)-P(1) 107.97(9) C(12)-C(9)-P(1)
C(15)-C(13)-C(16) 107.63(12) C(15)-C(13)-C(14)
C(16)-C(13)-C(14) 106.76(12) C(15)-C(13)-P(1)
C(16)-C(13)-P(1) 109.21(10) C(14)-C(13)-P(1)
C(18)-C(17)-C(20) 107.41(12) C(18)-C(17)-C(19)
C(20)-C(17)-C(19) 109.82(13) C(18)-C(17)-P(2)
C(20)-C(17)-P(2) 110.41(10) C(19)-C(17)-P(2)
C(23)-C(21)-C(24) 109.49(13) C(23)-C(21)-C(22)
C(24)-C(21)-C(22) 107.75(13) C(23)-C(21)-P(2)

1.2539(19)
1.3554(17)
1.5046(19)
1.384(2)
1.3571(17)
1.8460(13)
1.535(2)
1.542(2)
1.534(2)
1.542(2)
1.533(2)
1.541(2)
1.536(2)
1.542(2)
1.171(2)
2.1286(11)
2.3366(4)
1.40(2)

117.4(11)
121.45(13)
121.15(12)
118.88(13)
121.36(13)
121.21(13)
110.43(10)
107.31(12)
117.67(10)
104.97(9)
110.41(12)
109.28(10)
113.37(10)
107.73(13)
106.53(10)
114.61(10)
107.48(13)
113.74(11)
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C(24)-C(21)-P(2) 109.77(10) C(22)-C(21)-P(2) 108.43(10)
0(3)-C(25)-Ru 176.56(18) C(2)-N-C(6) 119.04(11)
C(2)-N-Ru 120.87(9) C(6)-N-Ru 120.05(9)
C(1)-O(1)-Ru 128.44(10) C(7)-P(1)-C(9) 103.72(6)
C(7)-P(1)-C(13) 103.03(6) C(9)-P(1)-C(13) 109.44(6)
C(7)-P(1)-Ru 98.70(4) C(9)-P(1)-Ru 120.09(5)
C(13)-P(1)-Ru 118.35(5) C(8)-P(2)-C(17) 102.62(6)
C(8)-P(2)-C(21) 105.02(7) C(17)-P(2)-C(21) 109.74(7)
C(8)-P(2)-Ru 97.52(5) C(17)-P(2)-Ru 123.69(5)
C(21)-P(2)-Ru 114.74(5) C(25)-Ru-N 176.01(7)
C(25)-Ru-O(1) 103.32(7) N-Ru-O(1) 80.65(4)
C(25)-Ru-P(2) 99.05(6) N-Ru-P(2) 80.40(3)
O(1)-Ru-P(2) 91.18(3) C(25)-Ru-P(1) 97.35(6)
N-Ru-P(1) 82.24(3) O(1)-Ru-P(1) 98.92(3)
P(2)-Ru-P(1) 158.197(13) C(25)-Ru-H 83.5(10)
N-Ru-H 92.5(10) O(1)-Ru-H 173.1(10)
P(2)-Ru-H 87.1(9) P(1)-Ru-H 80.6(9)

Table 13: Anisotropic displacement parameters (AY).

The anisotropic displacement factor exponent takes the form:

21 h? a**U; + ...+ 2hka*b* Uy, |.

Ui U2 U3z U3 U3 U2
c(l)  0.021(1) 0.015(1) 0.023(1) -0.002(1) 0.002(1) -0.001(1)
C2) 0.016(1) 0.014(1) 0.010(1) 0.001(1) 0.000(1) 0.001(1)
C(3)  0.023(1) 0.019(1) 0.011(1) 0.002(1) 0.004(1) 0.000(1)
C4)  0.023(1) 0.021(1) 0.015(1) 0.005(1) 0.006(1) -0.002(1)
C(5)  0.020(1) 0.015(1) 0.017(1) 0.004(1) 0.004(1) -0.003(1)
C®6)  0.016(1) 0.013(1) 0.013(1) 0.002(1) 0.001(1) -0.002(1)
C(7)  0.018(1) 0.013(1) 0.010(1) 0.000(1) 0.001(1) -0.002(1)
C®)  0.020(1) 0.013(1) 0.016(1) 0.000(1) 0.004(1) -0.004(1)
C©O  0.015(1) 0.015(1) 0.013(1) 0.000(1) 0.001(1) 0.002(1)
C(10) 0.023(1) 0.016(1) 0.022(1) -0.005(1) 0.001(1) 0.005(1)
C(11) 0.023(1) 0.018(1) 0.014(1) 0.003(1) -0.002(1) 0.003(1)
C(12) 0.014(1) 0.023(1) 0.018(1) 0.000(1) 0.002(1) 0.001(1)
C(13) 0.016(1) 0.013(1) 0.017(1) -0.002(1) 0.003(1) -0.003(1)
C(14)  0.022(1) 0.020(1) 0.021(1) -0.005(1) 0.000(1) -0.005(1)
C(15) 0.026(1) 0.015(1) 0.021(1) 0.001(1) 0.007(1) -0.005(1)

C(16) 0.015(1) 0.020(1) 0.029(1) -0.002(1) 0.001(1) -0.002(1)
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c(17)
C(18)
C(19)
C(20)
C21)
C(22)
C(23)
C(24)
C(25)

o(1)
0(2)
0@3)
P(D)
P(2)

0.018(1)
0.021(1)
0.035(1)
0.022(1)
0.020(1)
0.026(1)
0.034(1)
0.017(1)
0.032(1)
0.014(1)
0.015(1)
0.035(1)
0.053(1)
0.013(1)
0.014(1)
0.012(1)

0.014(1)
0.023(1)
0.016(1)
0.024(1)
0.014(1)
0.020(1)
0.015(1)
0.023(1)
0.026(1)
0.012(1)
0.016(1)
0.024(1)
0.047(1)
0.010(1)
0.010(1)
0.009(1)

0.015(1)
0.015(1)
0.023(1)
0.019(1)
0.020(1)
0.018(1)
0.028(1)
0.029(1)
0.026(1)
0.011(1)
0.019(1)
0.018(1)
0.034(1)
0.010(1)
0.012(1)
0.009(1)

-0.003(1)
-0.004(1)
-0.005(1)
-0.004(1)
-0.001(1)

0.000(1)
0.000(1)

-0.003(1)
-0.002(1)

0.001(1)

-0.002(1)

0.005(1)
0.001(1)
0.000(1)

-0.001(1)

0.000(1)

4.3.3.9. Preparation of [Ru(dtbpoet)H,(H,)] 5

0.001(1)

-0.002(1)

0.000(1)
0.005(1)

-0.003(1)
-0.006(1)
-0.007(1)
-0.002(1)

0.003(1)
0.002(1)
0.004(1)
0.002(1)
0.014(1)
0.001(1)
0.001(1)
0.002(1)

-0.001(1)

0.001(1)

-0.006(1)

0.002(1)
0.003(1)
0.004(1)
0.005(1)
0.003(1)

-0.002(1)
-0.001(1)
-0.002(1)
-0.001(1)
-0.011(1)

0.000(1)

-0.001(1)
-0.001(1)

Dihydrogendihydrido[2,2 -bis-(di-tert-butyl-phosphanyl)-diethylether]ruthenium(II)

An argon flushed Biichi glass-autoclave, equipped with a stirring bar, was filled with
[Ru(cod)(metallyl),] 6 (100 mg, 0.31 mmol; 1 eq.), dtbpoet 49 (116 mg, 0.32 mmol; 1.02 eq.)
and 4 mL degassed n-pentane. The autoclave was flushed with 2 bar hydrogen gas (or
deuterium gas) at room temperature, then the temperature was increased to 55 °C (oil bath)
and the H)-pressure was stabilized at 7 bar. The reaction was stirred for two days, cooled
down to room temperature and the H,-pressure was decreased to 1 bar. The red solution was
filtered through canula under an H-stream and the remaining solid was washed under a Hj-
stream with n-pentane to give a greenish solid.” The product was transferred into a dry

schlenk-tube using a glove box and further dried under a H,-stream. Finally it was stored

under argon or 1 bar hydrogen in a sealed schlenk-tube at —20 °C. Yield: 80 mg (55%).

" Alternatively the mixture can be filtered in the glovebox with a glass filter and syringe.
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'H-NMR (400 MHz, [Ds]toluene, 25 °C): § = 2.9 (vquint, 4 H, *J(H,H) = 7.2 Hz, *J(H,H) =
6.3 Hz, OCH,), 1.3 (m, 4 H, PCH,), 3.1 (vt, 4 H, “J(H,P) = 3.2 Hz, CH,P), 1.2 (vt, 36 H,
SJ(H,P) = 6.0 Hz, PC(CH;)3), -8.8 (t, 4 H, >J(H,H) = 13.5 Hz, Ru-H, Ru-H,).

BC-NMR (100 MHz, [Dg]toluene, 25 °C): & = 76.6 (vt, 2J(C,P) = 2.5 Hz, OCH,), 33.7 (vt,
11(C,P) = 6.6 Hz, PC(CH3)3), 30.9 (vt, 2J(C,P) = 3.5 Hz, PC(CHs)3), 26.6 (vt, 'J(C,P) = 3.4
Hz, PCH,); *'P-NMR (161 MHz, [Ds]toluene, 25°C): & = 107.7 (s).

IR (KBr) 0 = 2952 (s, v; CHa), 2894 (s, v; CH,), 2863 (s, v; CH,), 2088 (w, v; Ru-H,), 1994-
1700 (m, v; Ru-H), 1475 (s, &; CH,), 1384 (s, &; t-Bu), 1361 (s, 8; t-Bu), 1178 (m, v; C-P),
1061 (s, v; CO), 805 cm™ (s).

Detection of T;(min) of the hydride signal: (400 MHz, [Dg]toluene, 25 °C): 6 = —8.6 (t, 4 H,
2J(H,P) = 14.0 Hz). T;(min) = 38 ms (Oin = 221 K), r(H-H) = 98 pm.

Elemental analysis calcd (%) for CyHssOP,Ru (467,6): C 51.37; H 10.35; O 3.42; P 13.25;
Ru 21.61. Exp.: C 51.15; H 10.18; P 13.18; Ru 21.42. Found atom ratio number by CHN:
Cr0H47.4012P20Ru; o

Table 14: Determination of 7;(min) of the hydride signal (8 = —8.6 ppm, 400.1 MHz, [Dg]toluene).

T [K] (A2K) T, [ms] (A3ms) T)(min) = 38 ms
300 180 O
283 122 Omin: 22122 K (= =52 °C)
263 78 gy = 98 pm
243 47
223 34

193 54
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4.3.3.10. Reaction of [Ru(dtbpoet)H,(H,)] S with N, to
[Ru(dtbpoet)H,(N,)] 52

Dinitrogendihydrido[2,2 -bis-(di-tert-butyl-phosphanyl)-diethylether ruthenium(II)

A Young-Teflon-Capped NMR-tube containing a [Dg]toluene (0.6 mL) solution of § (15 mg,
32.1 umol) was slowly bubbled with N, at room temperature. 'H- and S'P.NMR  were
measured after 90 min and 20 h. Then the solution was bubbled with H, for one day. 'H- and

3'P.NMR were recorded again.

After 20 h N-stream:

'H-NMR (300 MHz, [Ds]toluene, 25 °C): & = —12.5 (s, broad), —19.8 (s, broad);
*'P-NMR (122 MHz, [Ds]toluene, 25°C): § = 99.2 (s, broad).

After 90 min, H,-stream:

"H-NMR (300 MHz, [Ds]toluene, 25 °C): & = -8.4 (t, 2J(H,P) = 13.5 Hz); *'P-NMR (122
MHz, [Dg]toluene, 25°C): & = 106.7 (s).

4.3.3.11. Reaction of [Ru(dtbpoet)H,(H,)] 5 with D, to [Dy]-
[Ru(dtbpoet)H,;(H,)] [Dy]-5

A Young-Teflon-Capped NMR-tube containing a [Dg]toluene (0.6 mL) solution of § (20 mg,
42.8 umol) was slowly bubbled with D, at room temperature for a few minutes and 'H-NMR
and “H-NMR were recorded right after. After 2.5 months the sample was analysed again by
'H-NMR and *'P-NMR.

'H-NMR (600 MHz, [Ds]toluene, 25 °C): § = —8.6 (broad signal, 2 H). *H-NMR (600 MHz,
[Dg]toluene, 25 °C): & = 1.3 (weak signal, PC(CD3)3), —8.6 (s, Ru-D, Ru-D,).

After 2.5 months: 'H-NMR (300 MHz, [Dg]toluene, 25 °C): 6 = —-8.6 (t, 4 H, 2J(H,H) =
13.5 Hz, Ru-H, Ru-H>). *'P-NMR (122 MHz, [Ds]toluene, 25 °C): & = 106.4 (s).
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4.3.4. Catalysis

The H/D-exchange catalyses were analysed by 'H-NMR and the conversions were
quantified by integration of the substrate / product signals in ratio to cyclohexane (100.0) as
internal standard. The substrate-cyclohexane solutions were measured by the use of a
[Dg]DMSO capillary. The product-cyclohexane solutions were measured with the lock-signal
on the deuterated product or [Dg]DMSO-capillary. The deuterium incorporation was verified
by ’H-NMR. In case of signal overlaps of different protons in the 'H-NMR spectra the
deuterium incorporation was clarified with BC-NMR for toluene 12 (D,0), o-xylene 54
(C¢Dg) and indol 57 (D,0). The NMR-spectra were recorded on a BRUKER AMX-300 and
BRUKER DMX 600 ("H-NMR).

4.34.1. Catalytic H/D-exchange with D,O as Deuterium Source

Procedure for catalytic H/D-exchange with [Ru(dtbpmp)(nz-Hz)Hz] 4 as catalyst, here
described for toluene 12:

The sample was prepared under argon atmosphere. The substrate 12 (2.5 mmol) was mixed
with cyclohexane (here 1.4 mL). [Ru(dtbpmp)(;yz—Hz)Hz] 4 (1 mol%) was introduced in a
Young-teflon-capped Schlenk-tube containing a teflon-coated stirring bar and one half of the
substrate solution (1.25 mmol) was added to it. Under a flow of argon degassed deuterium
oxide (1 mL) was added via syringe to the sample. The mixture was stirred at the indicated
temperature (here 50°C) under argon for three days. Afterwards the organic layer was
transferred via syringe into a Young-teflon-capped NMR-tube and the NMR was measured
with the lock-signal on a [Dg] DMSO-capillary.

From the other half of the substrate-cyclohexane solution containing the substrate 12
(1.25 mmol) a "H-NMR was measured for the determination of the substrate-cylohexane ratio
as starting point of the reaction. The substrate-cyclohexane solution was locked on
[Dg]DMSO-capillary.

Conversion: 84% (meta), 28% (ortho/para), 0% (Me).

'H-NMR (300 MHz, C¢H,2/[Ds]DMSO, 25 °C, before H/D-exchange): 8 = 7.0 (1.88, meta-
H), 6.9 (2.8, ortho/para-H), 2.1 (4.1, Me), 1.3 (100.0, C¢H,», internal standard).

'H-NMR (300 MHz, C¢H,2/[Ds]DMSO, 25 °C, after H/D-exchange): &= 7.0 (0.3, meta-H),
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6.9 (2.0, ortho/para-H), 2.1 (4.1, Me), 1.3 (100.0, C¢H 5, internal standard).

’H-NMR (600 MHz, C¢H,»/[Dy]toluene, 25 °C, after H/D-exchange): &= 7.3 (meta-H), 7.2
(ortho/para-H), 2.4 (residue, Me).

BC.NMR (150 MHz, C¢H;»/[Dy]toluene, 25 °C): § = 137.1 (CMe), 128.6 (o-CH, meta-H,-
isotopomer, Hg-Tol), 128.5 (0o-CH, m-D;-isotopomer, overlap with o-CH, m-H;/D;-
isotopomer), 127.8 (m-CH, m-H,, Hg-Tol), 127.7 (m-CH, m-D;-isotopomer), 127.4 (m-CD, m-
D, main isotopomer, t, 'J(C,D) = 24.1 Hz), 127.35 (m-CD, m-D, isotopomer, ¢, 'J(C,D) =
23.5 Hz), 125.0 (p-H, Hg-Tol), 1249 (p-CH, m-D; isotopomer), 124.8 (p-CH, m-D,
isotopomer), 124.6 (m-CD, m-D; isotopomer) 124.5 (p-CD, m-D2 main isotopomer, ¢, IJ(C,D)
=24.7 Hz, D5-Tol), 124.4 (p-D, D;-Tol), 20.9 (Me).

3IP.NMR (122 MHz, C¢H »/[Ds]DMSO, 25 °C, after H/D-exchange): 6 = 108.4 (main signal).

o-CH (m-D2-isotopamer)
Owerdap o-CH (m-H1/D1-isctopomer)

o-CH
(m-CH, Hi-izotoporgjer, HE-Tal)

m-CH
[m-CO1-isotopomer]

p-CH
m-CO0z2 p-CH [m-COZ-isotopomer]
[m-CO02 main isctopamer]) [m-CO1-isotopomer)

m-CH,

M

T T 1zbo 125 1280 lavs 1270 1365 1260 1255 1250 las 1240

p-cO
(m-CO2-main isotopomer, 03-Tal)

Owerap with m-CO1-isotopomer and p-01-Taol

m-C O -isotopomer, awerap

Figure 46: BC-NMR of [Dy]toluene 12 — Chemical shifts of the different meta- / para- / ortho isotopomeres.
Benzene 53: Ru-cat 4: 1 mol%, T = 50°C, Substrate: 1.1 mmol, 1 mL D,O, 0.7 mL C¢Hjp, t =

3 days. Conversion: 96%.

'H-NMR (300 MHz, CsH,»/[Ds]DMSO, 25 °C, before H/D-exchange): & = 7.0 (8.2, CH), 1.3
(100.0, C¢Hy5, internal standard).

'"H-.NMR (300 MHz, Cg¢H;»/[Ds]benzene, 25 °C, after H/D-exchange): d= 7.0 (0.3), 1.3



Experimental Section 109

(100.0, C¢H15, internal standard).

’H-NMR (600 MHz, C¢H;»/[Dx]benzene, 25 °C, after H/D-exchange): § = 7.16 (CD),

3 P_NMR (122 MHz, C¢Ho/[Dy]benzene, 25 °C, after H/D-exchange): 6= 108.4 (main
signal).

o-Xylene 54: Ru-cat 4: 1 mol%, T = 50°C, Substrate: 1.2 mmol, 1 mL D,0, 0.7 mL C¢Hj,, t =
3 days. Conversion: 86% (f), < 5% (a).

'H-NMR (300 MHz, CsH,2/[Ds]DMSO, 25 °C, before H/D-exchange): &= 6.8 (3.7, (a/f),
2.0 (6.3, Me), 1.3 (100.0, C¢H;5, internal standard).

'H-NMR (300 MHz, C¢H»/[Ds]DMSO, 25 °C, after H/D-exchange): 8 = 6.8 (2.2 a/f), 2.0
(6.3, Me), 1.3 (100.0, C¢H;,, internal standard).

*H-NMR (600 MHz, C¢H 2/[Dy]xylene, 25 °C, after H/D-exchange): 8 = 6.9 (8-CD),

3 P_NMR (122 MHz, C¢H »/[Dy]xylene, 25 °C, after H/D-exchange): & = 108.3 (main signal).



110 Experimental Section

Napthalene 55:
Table 15: Benchmark-tests with 55.
Exp.-No  Ru-cat4 T 55 D,0 CHp, ¢t D-[%]
[mol-%] [°C] [mmol] [mL] [mL]  [d] (@, (D
1 1 50 1.0 1.0 0.7 3 15%, 62%
2 1 75 1.0 1.0 1.0 3 66%, 91%
3 1 50 1.0 1.0 (H,O) 0.7 3 5%, 35%
4 1+ 10 Hg* 50 1.0 1.0 0.7 3 15%, 55%
5 4 50 1.0 1.0 1.0 1 0%, 60%
6 1 75 4.0 4.0 (2x) 4.0 4 1 d: 26%, 81%

2™ d: 49%, 949
3" d: 63%, 95%
4™ d: 77%, 96%

*Whitesides-Test: 10 mol% mercury (Hg) was added to the reaction with a 100uL Hamilton Micro Syringe

without a canula.

Exp. No 6.:

Start:

"H-NMR (300 MHz, C¢H;,/[Dg]DMSO, 25 °C, before H/D-exchange): 6= 7.5 (3.5, o), 7.1
(3.6, B), 1.3 (100.0, C¢Hj,, internal standard).

1* day:

"H-NMR (300 MHz, C¢H;»/[D]naphthalene, 25 °C, after H/D-exchange): 6 = 7.5 (2.5, ), 7.2
(0.8, B), 1.3 (100.0, C¢Hy,, internal standard). H-NMR (600 MHz, C¢H »/[Dg]naphthalene,
25 °C, after H/D-exchange): 6 =7.4 (), 7.1 (D).

2" day:

"H-NMR (300 MHz, C¢H;»/[Dx]naphthalene, 25 °C, after H/D-exchange): 6 = 7.5 (1.8, o), 7.2
(0.2, B), 1.3 (100.0, C¢Hy», internal standard). H-NMR (600 MHz, C¢H »/[Dg]naphthalene,
25 °C, after H/D-exchange): § =7.4 (@), 7.1 (D).

3" day:

"H-NMR (300 MHz, C¢H;»/[D]naphthalene, 25 °C, after H/D-exchange): 6 = 7.5 (1.3, ), 7.2
(<0.2, B), 1.3 (100.0, C¢H,3, internal standard). ’H-NMR (600 MHz, C¢H »/[Dx]naphthalene,
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25 °C, after H/D-exchange): § =7.4 (@), 7.1 (D).

4™ day:

'"H-.NMR (300 MHz, C¢H »/[Dx]naphthalene, 25 °C, after H/D-exchange): 6 = 7.5 (0.8, o), 7.2
(<0.2, B), 1.3 (100.0, C¢H,3, internal standard). H-NMR (600 MHz, C¢H»/[Dx]naphthalene,
25 °C, after H/D-exchange): § =7.4 (@), 7.1 (D).

Thiophene 55: Ru-cat 4: 1 mol%, T = 75°C, Substrate: 1.1 mmol, 1 mL D,0, 1.0 mL C¢Hj5,
t = 3 days. Conversion: 99% (f), 99% ().

'"H-.NMR (300 MHz, C¢Hj, / [Dg]DMSO, 25 °C, before H/D-exchange): 6= 7.1 (1.5, @), 6.9
(1.5, p), 1.3 (100.0, C¢Hj,, internal standard).

'H-NMR (300 MHz, C¢H}2/[Ds]DMSO, 25 °C, after H/D-exchange): 8= 7.1 (0.05, @), 6.9
(0.05, p), 1.3 (100.0, C¢H;3, internal standard).

*H-NMR (600 MHz, C¢H,2/[Dg]DMSO, 25 °C, after H/D-exchange): 8 = 7.0 (a), 6.8 ().

2,5-Dimethylfurane 56: Ru-cat 4: 1 mol%, T = 75°C, Substrate: 0.94 mmol, 1 mL D0,
1.0 mL Ce¢Hj», t = 3 days. Conversion: 92% (CH), 59% (Me).

'H-NMR (300 MHz, C¢H, / [Dg]DMSO, 25 °C, before H/D-exchange): & = 5.6 (1.5, CH), 2.0
(5.1, Me), 1.3 (100.0, C¢H;>, internal standard).

'H-NMR (300 MHz, CgH,»/[Ds]DMSO, 25 °C, after H/D-exchange): & = 5.6 (0.1, CH), 2.0
(2.1, Me), 1.3 (100.0, C¢H;,, internal standard). H-NMR (600 MHz, CsH;,/[Ds]DMSO,
25 °C, after H/D-exchange): 6 = 5.6 (CD), 2.0 (Me).

Indol 57: Ru-cat 4: 1 mol%, T = 75°C, Substrate: 1.0 mmol, 1 mL D,O, 1.0 mL CgHy, t =3
days. Conversion: see Figure 47.

'"H-.NMR (300 MHz, C¢H,,/[Dg]DMSO, 25 °C, before H/D-exchange): 6 = 7.4-7.3 (0.9, NH,
C3), 7.0-6.8 (1.8, C5, C6), 6.6 (1.6, C4), 6.3 (0.9, NCH), 6.2 (0.9, NC=CH), 1.3 (100.0,
CeH 1>, internal standard).

'H-NMR (300 MHz, C¢H,2/[Ds]DMSO, 25 °C, after H/D-exchange): & = 7.4-7.3 (0.37, NH,
C3), 6.9-6.7 (0.39, C5, C6), 6.5 (0.04, C4), 6.4 (0.04, NCH), 6.2 (0.04, NC=CH), 1.3 (100.0,

CgH1», internal standard).



112 Experimental Section

*H-NMR (600 MHz, C¢H,2/[Ds]DMSO, 25 °C, after H/D-exchange): & = 7.2 (ND), 6.8 (C6),
6.6 (C5), 6.4 (C4), 6.3 (NCD), 6.1 (NC=CD,).

PC-NMR (150 MHz, C¢H»/[Ds]DMSO, 25 °C, after H/D-Exchange): 8 = 135.1 (C2a), 127.3
(C6a), 127.2 (C6a, D-C6), 123.0 (C1), 122.8 (D-C1, 1, 'J(C,D) = 28.7 Hz), 120.8 (C4), 120.6-
120.3 (D-C4), 119.7 (C3), 118.8 (C5), 110.2 (C6), 110.0 (D-C1, , 'J(C,.D) = 24.5 Hz), 101.1
(C2), 100.9 (D-C1, £, 'J(C,D) = 26.5 Hz).
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Figure 47: *C-NMR of [D,]indol 57.

Pyrrol 58: Ru-cat 4: 1 mol%, T = 75°C, Substrate: 1.0 mmol, 1 mL D,0O, 1.0 mL C¢Hj,, t =3
days. Conversion: 98% (f), 95% (), n. d. (NH).

'H-NMR (300 MHz, C¢H,»/[Ds]DMSO, 25 °C, before H/D-exchange): 8= 6.3 (1.2, @), 6.0
(1.2, B), 1.3 (100.0, C¢H,>, internal standard).

'"H-.NMR (300 MHz, CcH,2/[Dg]DMSO, 25 °C, after H/D-exchange): 6.3 (0.02, @), 6.0 (0.06,
B, 1.3 (100.0, C¢Hj,, internal standard). H-NMR (600 MHz, C¢H;»/[Dg]DMSO, 25 °C, after
H/D-exchange): 8 = 6.4 (@), 5.9 (P).
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Blank-test: Toluene 12: DCI (37% in D,0) and 10 mol% DCI in 1 mL D,O, T = 50°C,
Substrate: 1.0 mmol, 1 mL D,0, 1.0 mL C¢Hj,, t = 3 days. Conversion: 0%.

"H-NMR (300 MHz, C¢Hj, / [Dg]DMSO, 25 °C, before H/D-exchange): & = 7.0 (1.6, meta-
H), 6.9 (2.3, ortho/para-H), 2.1 ( (2.7, Me), 1.3 (100.0, C¢H 2, internal standard).

"H-NMR (300 MHz, C¢Hj, / [Dg]DMSO, 25 °C, after H/D-exchange): 6 = 7.0 (1.6, meta-H),
6.9 (2.3, ortho/para-H), 2.1 (2.7, Me), 1.3 (100.0, C¢H 2, internal standard).

’H-NMR (600 MHz, C¢H, / [Dy]toluene, 25 °C, after H/D-exchange): no significant signal.

4.34.2. Catalytic H/D-exchange with [D¢]benzene as Deuterium Source

Procedure for catalytic H/D-exchange with [Ru(dtbpmp)(nz-Hz)Hz] 4 as catalyst, here
described for toluene 12:

A Young Teflon capped NMR tube was filled with the catalyst 4 (1 mol%) followed by the
addition of 0.6 mL C¢Dg. Then the substrate 12 (1.0 mmol) and 0.05 mL cyclohexane
(internal standard) were added. Immediately, '"H-.NMR was measured to determine the
substrate/internal standard ratio as starting point of the reaction. The mixture is kept for three
days at 50 °C, afterwards it was cooled to r.t. and the 'H- / “H-NMR spectra were measured
manually locked on [Dg]benzene. Conversion: 87% (meta), 28% (para), < 5% (ortho), 1%
(Me).

'"H-.NMR (300 MHz, C¢H»/[Dg]benzene, 25 °C, before H/D-exchange): 6 = 7.1 (23.5, meta-
H), 7.0 (32.5, ortho/para-H), 2.1 ( (48.4, Me), 1.3 (100.0, C¢H,,, internal standard), -7.5 (Ru-
H).

"H-NMR (300 MHz, C¢H;»/[Dg]benzene, 25 °C, after H/D-exchange): 6 = 7.07 (3.0, meta-H),
6.8 (23.4, ortho/para-H), 2.1 (47.8, Me), 1.3 (100.0, C¢H >, internal standard).

’H-NMR (600 MHz, C¢H;»/[Dg]benzene, 25 °C, after H/D-exchange): & = 7.3 (meta-D), 7.2
(ortho/para-D), 2.4 (weak, Me).

3 P_NMR (122 MHz, C¢Ho/[Dglbenzene, 25 °C, after H/D-exchange): 6= 108.2 (main
signal).

o-Xylene 54: Ru-cat 4: 1 mol%, T = 50°C, Substrate: 1.6 mmol, 0.5 mL C¢Dg, 0.1 mL C¢H;>,
t = 3 days. Conversion: 95% (), < 5% (@), < 5% (Me).
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'"H-.NMR (300 MHz, C¢H;»/[Dg]benzene, 25 °C, before H/D-exchange): 8= 7.0 (48.6, a/p),
2.0 (120, Me), 1.3 (100.0, C¢H;>, internal standard).

'H-NMR (300 MHz, C¢H 2/[Dg]benzene, 25 °C, after H/D-exchange): & = 7.0 (25.9 a/f), 2.0
(117.7, Me), 1.3 (100.0, C¢H;», internal standard).

’H-NMR (600 MHz, C¢H;»/[Dg]benzene, 25 °C, after H/D-exchange): & = 6.9 (-CD), 2.0
(residue, Me).

BC-NMR (75 MHz, C¢H;»/[Dg]benzene, 25 °C): &= 136.5 (CMe), 130.1 (o+CH, B-Dy-
isotopomer), 130.1 (a~CH, meta-D,-isotopomer), 126.3 (f-CH, S-D;-isotopomer), 126.0 (5
CD, 3-Ds-isotopomer, £, 'J(C,D) = 24.2 Hz).

3 P_NMR (122 MHz, C¢Hio/[Dglbenzene, 25 °C, after H/D-exchange): 6= 108.2 (main

signal).

alpha-CH (beta-CD2)

beta-CH (beta-CD1)

C-Me

beta-CD (beta-CD2)

alpha-CH (beta-CD1)

C6Dx

oL A e e e A e e e LA e B e e B e L A e e e e e B
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Figure 48: BC-NMR of [DyJo-xylene 54 — chemical shifts of deuterated and non-deuterated aromatic carbons.



Experimental Section 115

m-xylene 72: Ru-cat 4: 1 mol%, T = 50°C, Substrate: 1.6 mmol, 0.5 mL CgDg, 0.1 mL C¢H3,
t = 3 days. Conversion: 93% (f), 15% (@), 6% (Me).

'"H-.NMR (300 MHz, C¢H1,/[Dg]benzene, 25 °C, before H/D-exchange): & =7.1 (10.8, ), 6.9
(31.2, @), 2.1 (90.0, Me), 1.3 (100.0, C¢H;», internal standard).

'"H-.NMR (300 MHz, C¢H;»/[Dg]benzene, 25 °C, after H/D-exchange): & = 7.1 (0.75, ), 6.9
(26.4, ), 2.1 (84.7, Me), 1.3 (100.0, C¢H;», internal standard).

’H-NMR (600 MHz, C¢H;»/[Dg]benzene, 25 °C, after H/D-exchange): 6 = 7.1 (s, f-CD), 7.0
(residue, @ -CD), 2.1 (residue, Me).

3IP.NMR (122 MHz, C¢Hio/[Dglbenzene, 25 °C, after H/D-exchange): 6= 108.2 (main
signal).

Mesitylene 73: Ru-cat 4: 1 mol%, T = 50°C, Substrate: 1.6 mmol, 0.5 mL C¢Dg, 0.1 mL

Ce¢Hi2, t = 3 days. No conversion detectable.



116

Experimental Section

Napthalene 55:

Table 16: Benchmark-tests with 55. (Whitesides-Test and NMR-monitoring)

Exp.-No Ru-cat 4 T 55 C¢Dsg Ce¢Hy, t [h] D-[%]
[mol-%] [°C] [mmol] [mL] [mL] (/P
1 | 50 1.0 0.6 0.05 68 18 (@), 90 (B)
2 1+ 10 Hg 50 1.0 0.6 0.05 68 18 (@), 92 (P
3 7 50 0.28 0.6 0.05 6.5/24 79 (B), 90 (b
4 7 50 0.28 0.6 0.05 6.5/24 87 (), 95 (b)
5 4 70 0.5 0.6 0.05 1.3/4 65 (£), 90 (P
6 4 60 0.5 0.6 0.05 1.3/4 30 (B), 64 (P
7 4 45 0.5 0.6 0.05 1.3/4 21 (B), 48 (P)
8 4 40 0.5 0.6 0.05 1.3/4 11(5,22 (P
9 2 50 0.25 0.6 0.05 1.2 15 (D)
10 4 50 0.5 0.6 0.05 1.3/4 28 (B), 54 (P

The Exp.-No 3-9 were analysed by 'H-NMR every ten minutes. Further details see in chapter 2.3.1.2.

Exp. No 2. (Whitesides-Test: 10 mol% mercury (Hg) was added to the reaction with a 100uL
Hamilton Micro Syringe without a canula):

'"H-.NMR (300 MHz, C¢H»/[Dg]benzene, 25 °C, before H/D-exchange): 6 = 7.6 (17.1, o), 7.2
(16.3, B), 1.4 (100.0, C¢H,,, internal standard).

'"H-.NMR (300 MHz, C¢H;»/[Dg]benzene, 25 °C, after H/D-exchange): d = 7.6 (14.1, o), 7.1
(1.6, B), 1.4 (100.0, C¢H,>, internal standard).

H-NMR (600 MHz, C¢Hjo/[Dg]benzene, 25 °C, after H/D-exchange): &= 7.7 (residue, @),
7.3 (B). *'P-NMR (122 MHz, C¢H,»/[Dg]benzene, 25 °C, after H/D-exchange): &= 108.0 (s,

main signal).
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Phenanthrene 74:

Ru-cat 4: 1 mol%, T = 50°C, Substrate: 1.0 mmol, 0.5 mL C¢Dg, 0.05 mL CgHj», t = 3 days.
Conversion: < 5% (C1), 7% (C2), 40% (C3, C4), < 5% (C5).

'"H-.NMR (300 MHz, Cg¢H,»/[Dg]benzene, 25 °C, before H/D-exchange): 8 = 8.4 (17.6, C5),
7.6 (15.9, C2),7.4 (16.4, Cl1), 7.3 (31.5, C3/C4), 1.4 (100.0, C¢H 3, internal standard).
'"H-.NMR (300 MHz, C¢H»/[Dg]benzene, 25 °C, after H/D-exchange): & = 8.4 (16.9, C5), 7.6
(13.2,C2),7.4 (15.7,C1), 7.2 (1.9, C3/C4), 1.4 (100.0, CcH 32, internal standard).

’H-NMR (600 MHz, C¢H;»/[Dg]benzene, 25 °C, after H/D-exchange): 6 = 7.3 (C3/C4).

3 P_NMR (122 MHz, C¢Hio/[Dglbenzene, 25 °C, after H/D-exchange): 6= 108.2 (main
signal).

Isoquinoline 75: Ru-cat 4: 1 mol%, T = 50°C, Substrate: 1.0 mmol, 0.5 mL C¢Dg, 0.05 mL

Ce¢Hi2, t = 3 days. No conversion detectable.

Styrene 76:
o
b

Ru-cat 4: 1 mol%, T = 50°C, Substrate: 1.0 mmol, 0.5 mL C¢Dg, 0.05 mL CgHj», t = 3 days.
Conversion: 14% (m), 74% (o/p), 35% (x), 86% (a), 88% (b).

'"H-.NMR (300 MHz, C¢H »/[Dg]benzene, 25 °C, before H/D-exchange): & = 7.0 (33.7, m), 6.8
(50.3, o/p), 6.3 (15.9, x), 5.3 (18.1, a), 4.8 (17.1, b), 1.2 (100.0, C¢H,», internal standard).
'"H-.NMR (300 MHz, C¢H,»/[Dg]benzene, 25 °C, after H/D-exchange): & = 7.0 (29.0, m), 6.8
(12.8, o/p), 6.3 (104, x), 5.3 (2.5, a), 4.8 (2.0, b), 1.3 (100.0, C¢H >, internal standard).
H-NMR (600 MHz, C¢H;»/[Dg]benzene, 25 °C, after H/D-exchange): 6 = 7.3 (m), 7.1 (o/p),
6.6 (x), 5.6 (a), 5.1 (b).

Indene 77:
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Ru-cat 4: 1 mol%, T = 50°C, Substrate: 1.0 mmol, 0.5 mL C¢Dg, 0.05 mL C¢Hj», t = 3 days.
Conversion: 62% (C1, C2), 27% (C3, C6), 69% (CT), 89% (C8), 76% (C9).

'"H-.NMR (300 MHz, C¢H1»/[Dg]benzene, 25 °C, before H/D-exchange): 6= 7.3 (31.6, Cl,
C2), 7.3-7.1 (33.2, C3, C6), 6.7 (17.1, C7), 6.2 (14.9, C8), 3.0 (42.0, C9), 1.4 (100.0, C¢H;2,
internal standard).

'"H-.NMR (300 MHz, C¢H1,/[Dg]benzene, 25 °C, after H/D-exchange): 6 = 7.3 (23.1, C1, C2),
7.3-7.1 (12.7, C3, C6), 6.7 (5.3, C7), 6.2 (1.6, C8), 3.0 (10.0, C9), 1.4 (100.0, C¢H,>, internal
standard).

’H-NMR (600 MHz, C¢H,»/[Dg]benzene, 25 °C, after H/D-exchange): & = 7.3 (C1, C2), 7.1-
7.0 (C3, C6), 6.7 (C7), 6.2 (C8), 3.0 (C9).

Ferrocene 78: Ru-cat 4: 1 mol%, T = 50°C, Substrate: 1.0 mmol, 0.6 mL C¢Dg, 0.05 mL
Ce¢Hj2, t = 3 days. Conversion: 25%.

'"H-.NMR (300 MHz, C¢H,»/[Dg]benzene, 25 °C, before H/D-exchange): & = 4.0 (35.2, Cp-H),
1.4 (100.0, C¢H1», internal standard).

'"H-.NMR (300 MHz, C¢H;»/[Dg]benzene, 25 °C, after H/D-exchange): & = 3.7 (26.5, Cp-H),
1.4 (100.0, C¢H15, internal standard).

’H-NMR (600 MHz, C¢H,»/[Dg]benzene, 25 °C, after H/D-exchange): & = 4.0 (Cp-D). *'P-
NMR (122 MHz, C¢H,»/[Dg]benzene, 25 °C, after H/D-exchange): 8 = 108.1 (main signal).
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4.3.4.3. Catalytic Dehydrogenation of Alcohols

The dehydrogenation products were characterised by GC and GC-MS and NMR through
comparison with authentical samples. The conversions were quantified by the substrate /
product ratio with GC. The comparison of GC runs with and without internal standard have
shown that the results are similar (A 0.5%). For this reason the given conversions are based on
the substrate / product ratio considering the reaction stoichometry. The GC analyses were
performed at the chromatography department or on a HP 6890 with a RTX-1 column (30m).
The GC-MS were performed at the MS department (GC-MS/GC-EI SSQ7000) or on a HP
6890 GC System/ HP Mass Selective Detector 5973.

The IR-online monitoring were performed with a Bruker IR-Cube spectrometer equipped with
an ATR-IR fibre sensor.""'? The IR used the following parameters: optical resolution 4 cm™,
data resolution 1929 cm™, 100 scans per spectra, mirror velocity 20 kHz and one spectra per
43 seconds. The IR data were processed with Opus 6.0 and DIAdem 9.0 Software."'? For the
quantification the carbonyl band (1755-1710 cm™) of each spectra was integrated with a
linear baseline. The resulting slope was straightened with a moving average and then
normalized to the calculated conversions of the GC analyses (measured at the

chromatography department).

Procedure for -catalytic dehydrogenation of primary alcohols into esters with
[Ru(dtbpmp)(nz-Hz)Hz] 4 as catalyst, here described for 1-adamantyl methanol 86 — 1-

adamantylmethyl adamantylcarboxylate 92:

The experiment was performed under argon and absence of water in a 20 mL two-neck round-
bottom flask with a reflux condenser equipped with an argon inlet and a bubbler. The second
neck of the flask is equipped with a quick-fit and a double-septum inlet (teflon/silicon). The
flask is filled with the catalyst 4 (1 mol%), 5 mL toluene and 1-adamantyl methanol 86 (2
mmol). The solution is magnetically stirred and refluxed for 20 h afterwards an aliquot was
analysed by GC and GC-MS. Conversion: 86%. GC: method 50°C (1 min), 20°C/min until
270°C (hold 5 min). tg: 20.88 min (92).

GC-MS (70eV, ED): m/z [%] = 328 (1) [M'], 193 (38) [M-Ad], 148 (80), 135 (100), 93 (24),
79 (25).
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Cyclohexyl methanol 85 — cyclohexylmethyl cyclohexanecarboxylate 91: Ru-cat 4: 1 mol%,
reflux, substrate: 2.0 mmol, 5 mL toluene, t = 20 h. Conversion: 88%. GC: method 50°C (1
min), 20°C/min until 220°C (hold 5 min). tg: 12.31 min (91).

GC-MS (70eV, EI): m/z [%] = 225 (1) [M*+H], 111 (20), 97 (20), 96 (100), 83 (60), 81 (70),
67 (33), 55 (79).

1-Butanol 84 — butyl butyrate 90: Ru-cat 4: 1 mol%, reflux, substrate: 2.0 mmol, 5 mL
toluene, t = 20 h. Conversion: 96%. GC: method 50°C (1 min), 20°C/min until 220°C (hold 5
min). tg: 7.21 min (90).

GC-MS (70eV, EI): m/z [%] = 101 (14), 89 (92), 71 (100), 56 (65).

Benzyl alcohol 87 — benzyl benzoate 93: Ru-cat 4: 1 mol%, reflux, substrate: 2.0 mmol, 5
mL toluene, t = 20 h. Conversion: 94% (GC). GC: method 50°C (1 min), 20°C/min until
220°C (hold 5 min). tg: 13.51 min (93).

GC-MS (70eV, EI): m/z [%] = 212 (48) [M'], 194 (24), 105 (100), 91 (66), 77 (54).
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1-hexanol 83 — hexyl hexanoate 89:
For further information see Table 5 in Ct. 2.3.2.1.

Ru-cat 4: 1 mol%, reflux, substrate: 2.0 mmol, 5 mL toluene. Conversion: 85% (t = 3h),

>99% (t =20 h).
GC: method 50°C (1 min), 20°C/min until 220°C (hold 5 min). tg: 10.13 min (89).

GC-MS (70eV, EI): m/z [%] = 200 (1) [M"], 117 (100), 99 (90), 84 (75) 69 (45), 56 (65). IR
(toluene) v = 1755-1710 (v; CO).

Procedure for the catalytic dehydrogenative indirect Wittig Reaction of primary alcohols

with [Ru(dtbpmp)(nz-Hz)Hz] 4 as catalyst:

The experiment was performed in a 20 mL two-neck round-bottom flask with a reflux
condenser equipped with an argon inlet and a bubbler. The second neck of the flask is
equipped with a quick-fit and a double-septum inlet (teflon/silicon). The flask is filled with
the catalyst 4 (4 mol%), 5 mL toluene, I-hexanol 83 (I mmol) and
acetylmethylentriphenylphosphorane 96 (I mmol). The solution is magnetically stirred and
refluxed for three days. Afterwards an aliquot was analysed by GC and GC-MS. Conversion:
65% 2-nonanone 97, 9% non-3-en-2-one 98, 14% hexylhexanoate 89. (GC) GC: method 50°C
(hold 1 min), 20°C/min until 270°C (hold 5 min). tg: 7.1 min (98), 7.87 min (97), 10.04 min
(89).

Compound (97): GC-MS (70eV, EI): m/z [%] = 142 (21) [M"], 127 (10), 71 (34), 58 (100), 54
(14).

Compound (98): GC-MS (70eV, El): m/z [%] = 140 (1) [M"], 125 (48), 97 (32), 71 (20), 55
(100).

Compound (89): GC-MS (70eV, EI): m/z [%] = 200 (1) [M"], 117 (100), 99 (69), 84 (53) 69
(25), 56 (44).
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Procedure for catalytic dehydrogenation of secondary alcohols into ketones with

[Ru(dtbpmp)(nz-Hz)Hz] 4 as catalyst, here described for 2-octanol 100 — 2-octanone 102:

The experiment was performed under argon and absence of water in a 20 mL two-neck round-
bottom flask with a reflux condenser equipped with an argon inlet and a bubbler. The second
neck of the flask is equipped with a quick-fit and a double-septum inlet (teflon/silicon). The
flask is filled with the catalyst 4 (1 mol%), 5 mL toluene and 2-octanol 100 (2 mmol). The
solution is magnetically stirred and refluxed for 20 h. Afterwards an aliquot was analysed by

GC and GC-MS.

Conversion: 99%. GC: method 50°C (1 min), 20°C/min until 220°C (hold 5 min). tg: 7.1 min
(102). GC-MS (70eV, EI): m/z [%] = 128 (28) [M'], 113 (20), 85 (24), 71 (44), 58 (100).

1-Phenyl ethanol 101 — acetophenone 103: Ru-cat 4: 1 mol%, reflux, substrate: 2.0 mmol, 5
mL toluene, t = 20 h. Conversion: 99%. GC : method 50°C (1 min), 20°C/min until 220°C
(hold 5 min). tg: 7.54 min (103). GC-MS (70eV, EI): m/z [%] = 120 (29) [M*], 105 (100), 77
(88), 51 (43).

Procedure for catalytic dehydrogenation of secondary alcohols into branched ketones
with [Ru(dtbpmp)(nz-Hz)Hz] 4 as catalyst, here described for 2-octanol 100 — 9-
methylpentadecan-7-one 105:

The experiment was performed under argon and absence of water in a 20 mL two-neck round-
bottom flask with a reflux condenser equipped with an argon inlet and a bubbler. The second
neck of the flask is equipped with a quick-fit and a double-septum inlet (teflon/silicon). The
flask is filled with the catalyst 4 (1 mol%), dried KOH (1 mol%), 5 mL toluene and 2-octanol
100 (2 mmol). The solution is magnetically stirred and refluxed for 20 h. Afterwards an

aliquot was analysed by GC and GC-MS.

Conversion: 55% (105), 34% (108), 11% (109), isolated yield of 105: 16% (preparative GC).

GC: method 50°C (1 min), 20°C/min until 270°C (hold 5 min). tg: 14.26 min (105), 19.57
min (108), 20.15 min (109).
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Compound (105):

GC-MS (70eV, EI): m/z [%] = 240 (2) [M], 211 (11), 155 (100), 129 (64), 113 (44), 85 (79),
71 (64), 57 (43).

'"H-.NMR (300 MHz, [Dglacetone, 25 °C): 6= 2.6-1.9 (m, 4 H, C6H, / C8H,), 1.7 (m, 1 H,
C9H), 1.3 (m, 2 H, C5H,), 1.2-0.9 (m, 16 H, CH,), 0.7-0.6 (m, 9 H, 3x CH3).

BC.NMR (75 MHz, [Dglacetone, 25 °C): & = 206.5 (CO), 50.9 (C8), 43.9 (C7), 38.0 (C10),
33.0 (C3 / C13), 32.8 (C3 / 13), 30.6 (CH,), 30.1 (HCMe), 30.0 (CH,), 28.0 (CH,), 24.8
(CH,), 23.7 (CH,), 23.6 (CH»), 20.6 (Me), 14.8 (Me), 14.7 (Me).

Compound (108): GC-MS (70eV, EI): m/z [%] = 348 (19) [M"], 291 (64), 263 (100), 235 (8),
193 (8), 121 (13).

Compound: (109) GC-MS (70eV, EI): m/z [%] = 350 (1) [M*], 348 (1) [M"-2H], 278 (10),
263 (30), 193 (100), 109 (12).

1-Phenyl ethanol 101 — 1,3-diphenyl-butan-1-one 106:

6
. Y 16
10 15
9
2 4 12 14
3 13

Ru-cat 4: 1 mol% and 1 mol% KOH, reflux, substrate: 2.0 mmol, 5 mL toluene, t = 20 h.
Conversion: 12% (103), 46% (106), 5% (110), 8% (111), 29% (112).

GC: method 50°C (1 min), 20°C/min until 270°C (hold 5 min). tg: 13.10 min (106).
Compound: (106): GC-MS (70eV, EI): m/z [%] = 224 (37) [M*], 209 (63), 120 (27), 105
(100), 91 (17), 77 (53).

'H-NMR (300 MHz, [Dglacetone, 25 °C): 8= 7.8 (m, 2 H, C12-H, C16-H), 7.5 (vt, 1 H,
JJ(H,H) = 7.3 Hz, C14-H), 7.4 (vt, 2 H, J(H,H) = 7.4 Hz, C13-H, C15-H), 7.3-7.1 (m, 4 H,
C1-H, C3-H, C4-H, C6-H), 7.0 (vt, 1 H, *J(H,H) = 7.3 Hz, C2-H), 3.4-3.28 (m, 1 H, C7-H),
3.26-3.1 (m, 1 H, C9-H), 1.2 (d, 3 H, "J(H,H) = 6.7 Hz, CHs).

BC-NMR (75 MHz, [Dglacetone, 25 °C): & = 206.5 (CO), 134 (Cyy), 129.8 (Cyy), 129.6 (Cyy),
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129.2 (Cyp), 128.2 (Cyp), 127.3 (Cyp), 47.5 (C9), 36.8 (C7), 22.9 (C8).

Compound: (110): GC-MS (70eV, EI): m/z [%] = 222 (67) [M"], 221 (100) [M*-H], 207 (11),
145 (15), 115 (33), 105 (15), 91 (11), 77 (26).

Compound: (111): GC-MS (70eV, EI): m/z [%] = 328 (3) [M], 324 (100), 247 (25), 189
(13), 105 (46), 77 (22).

Compound: (112): GC-MS (70eV, ED): m/z [%] = 326 (4) [M"], 322 (100), 307 (90), 291
(16), 231 (39), 215 (33), 204 (19), 105 (20), 77 (10).

2-Butanol 104 — 5-methyl-3-heptanone 107: Ru-cat 4: 1 mol% and 1 mol% KOH, reflux,
substrate: 2.0 mmol, 5 mL toluene, t = 20 h. Conversion: 78%. GC: method 50°C (1 min),
20°C/min until 220°C (hold 5 min). tg: 6.74 min (107).

GC-MS (70eV, ED): m/z [%] = 128 (9) [M'], 99 (43), 71 (77), 57 (93), 43 (100), 29 (57).

'H-NMR (300 MHz, [Dg]acetone, 25 °C): & = 2.5-2.1 (m, 4 H, C2H, / C4H,), 1.9 (m, 1 H,
C5H), 1.4-1.1 (m, 2 H, C6H,), 1.0 (t, 3 H, “J(H,H) = 7.3 Hz, C1H3), 0.9-0.8 (t, 3 H, "J(H,H) =
7.3 Hz, C7H3 and d, 3 H, *J(H,H) = 6.7 Hz, C5H-C8H3).

PBC-NMR (75 MHz, [Dglacetone, 25 °C): § = 204.4 (CO), 48.0 (C4), 34.8 (C2), 29.8 (C5),
28.4 (C6) 18.0 (C8), 9.9 (C7), 6.3 (C1).
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Procedure for catalytic transfer-hydrogenation of ketones into secondary alcohols with
[Ru(dtbpmp)(nz-Hz)Hz] 4 as catalyst, here described for cyclohexanone 116 —
cyclohexanol 117:

The substrate (0.3 mmol) was added in a Young Teflon capped NMR tube to
Ru(dtbpmp)H,(Hy) 4 (2 mol%) dissolved in 0.6 mL C¢Dg at room temperature, followed by
addition of isopropanol (1.5 mmol). The reaction mixture was heated to 50 °C. 'H-NMR
spectra were recorded at regular intervals and products were confirmed by comparison with
spectral data of authentic samples. The conversion of starting material to product was
determined by integration of the product resonances relative to substrate resonances in the 'H-

NMR spectrum. Conversion: 45% (3.5 h). >99% (24 h).

'H-NMR (300 MHz, 25°C, [Dg]benzene): 8= 1.0-1.2 (m, 4 H), 1.35-1.45 (m, 5 H), 1.6-1.7
(m, 2 H), 3.3 (sept., 1 H).



126 Figure Index

5 Figure Index

Figure 1: Schematic bonding model between molecular hydrogen and a metal................... 2
Figure 2: Ru(H)2(H)2(PCy3)2 1a, Ru(Hz)2(H)2(PCys)(IMes) 2, Ru(Hz)2(H).(IMes), 3..... 3
Figure 3: Complexes with pincer iZands. .........ccceecvieriiiieiiiieniieciie e 4

Figure 4: New pincer-type mononuclear complexes [Ru(dtbpmp)(H,)H;] 4 and

[RU(AIDPoet)(Ho)Hol S oot 6
Figure 5: Different metal hydride fOrms. .........ccoeeiiieiiiiieiiiecece e 7
Figure 6: Taniguchi’s pentahydride [Ru(dtbpmb)(H2)oH] 16. ..ooooeviiiiiiiiiiieiieeieeees 16

Figure 7: The '"H-NMR spectra shows the hydride-signal of 4 at different temperatures. . 18
Figure 8: T;-values as a function of temperature ® determined for [Ru(dtbpmp)(H,)H;] 4.
Ti/ms (A3ms) [T/K (A2K)]: 209 [300], 151 [283], 104 [263], 86 [243], 73 [223],

TOO [193 ]ttt et sttt sttt et sttt 18
Figure 9: In(1/T)) as a function of 1000/T for hydride signal in the 'H-NMR of

[Ru(dtbpmp)(Ho)H2] 4. oottt 19
Figure 10: Ball-and-Stick models of the complexes 17, 19 and the transition state

TS(17-19). Selected bond length and H-H distances are depicted. .................... 20

Figure 11: Ball-and-Stick-representation of the calculated structure for the complex
[Ru(dtbpmp)(H2)H;] 4. The side-view on the equatorial plane................c........ 22
Figure 12: Ball-and-Stick-representation of the calculated structure for the complex

[Ru(dtbpmp)(Hz)H;] 4 with the assigned H-H distances in the RuH,-moiety

determined by NMR (1.1. A) and DET (0.979 A).....ooveoveeeeeeeeeeeeeeeeeeene. 22
Figure 13: '"H-NMR spectra (hydride area) of 4 (top: under Ar), 20 (2™: 90 min N,), “Ru-

Cluster” (3rd: 20 h N,) and restored 4 (bottom: 1 d Hp)..ovvvvvvvvvvviiiiiiiiiiiiiiiinns 25
Figure 14: *'P-NMR spectra of of 4 (top: under Ar), 20 (2™*: 90 min N), “Ru-Cluster”

(3rd: 20 h N,) and restored 4 (bottom: 1 d Hp). c..ovvvveeiiiiiiiiiiieeieeieeeiireeeee, 25
Figure 15: The nonclassical ruthenium deuteride 22 / [Da]- 4. ..ccooveeeiiiiniiiiniiieniieenieeens 27
Figure 16: Comparison of the IR spectra of Ru(dtbpmp)H,(H,) 4, [D«]-

Ru(dtbpmp)H>(H;) 21 / [Dy]-4 and the free ligand dtbpmp 22. ............ccuueen..... 28

Figure 17: Other coordination modes for the reaction of 4 with pinacolborane 34: the
dihydridoborate 36 and the hydride G-borane complex 37. ........ccccceeviveennnnns 35
Figure 18: X-ray structure of RuH(dtbpmp)(HCO,)CO] 41. An ORTEP model of this

complex is depicted in the experimental part. .........c..ceecveeveiniiiiiiniiceneenienen. 39



Figure Index 127

Figure 19: The side-view on the equatorial plane of [RuH(dtbpmp)(HCO,)CO] 41.......... 39

Figure 20: Gusev’s [Ru(dtbpoet)(H2)Cla] 50. c..ooiiiiiiiiiiiieeeeeeeeeteeeeee e 43

Figure 21: The hydride-area of the 'H-NMR shows the hydride-signal of 5 at different
10310 0 1S 111 (L PRSPPI 44

Figure 22: T;-values as a function of temperature ® determined for [Ru(dtbpoet)(H,)H] 5.
Ti/ms (A3ms) [T/K (A2K)]: 180 [300], 122 [283], 78 [263], 47 [243],

34 [223], 54 [193]. ettt s 45
Figure 23: In(1/T;) as a function of 1000/T for hydride signal in the 'H-NMR of
[Ru(dtbpoet)(Ho)H2] S..coieieiiiieeieeeeeeete et 45

Figure 24: Variation of the coupling constant J of the hydride peak in the "H-NMR
measurement as a function of the temperature T. .........ccccooevveviieeiiieniieenen. 47
Figure 25: Ball-and-Stick-representation for the calculated [Ru(dtbpoet)(H,)H] 5.
The side-view on the equatorial plane shows the enclipsed conformation of the
phosphine groups. For clearance The H-atoms in the pincer-backbone are not
4155 o 161 1< RSOSSN 48
Figure 26: Ball-and-Stick-representation for the calculated [Ru(dtbpoet)(H2)H,] 5. The
assigned H-H distance in the RuH,-moiety is determined by NMR as 0.98 A
and by DFT as 0.987 A. For the model complex [Ru(dMepoet)(H,)H,] 51,
The assigned H-H distance in the RuH,;-moiety is determined by DFT as

0.875 A. The H-atoms in the pincer-backbone are not depicted. ..................... 48
Figure 27: '"H-NMR-monitoring of the deuteration of naphthalene 55..............cccccco.rve.... 54
Figure 28: “H-NMR-monitoring of the deuteration of naphthalene 55..............ccoovveuena.e. 54

Figure 29: Ball-and-Stick-representation of some intermediates in the C-H activation of
benzene. Selected bond distances are given in N 57
Figure 30: Time-resolved 'H-NMR-monitoring of the H/D-exchange in naphthalene ...... 62
Figure 31: Slope of the [Ru(dtbpmp)(H,)H,] 4 catalysed S—deuteration of napthalene..... 62
Figure 32: Slopes of the initiation period of the f—deuteration at different temperatures.. 63
Figure 33: Logarithmic plot of the f—deuteration at different temperatures. ..................... 63

Figure 34: The Arrhenius plot for the f—deuteration in C¢Dg catalysed by

[RU(dtbpmp)(Ho)Ho] 4. oot 64
Figure 35: Logarithmic plot of the f—deuteration at different catalyst loadings. ............... 64
Figure 36: Logarithmic plot of the order for the catalyst. ..........ccoocueeiiiiiiiiiiniiiinieerieens 65

Figure 37: Time-resolved ATR-IR online spectra of the catalytic conversion of



128

Figure Index

Figure 38:
Figure 39:
Figure 40:

Figure 41:
Figure 42:

Figure 43

Figure 44:
Figure 45:

Figure 46

Figure 47:
Figure 48:

I-hexanol 83 into hexylhexanoate 89..........cccccovieriiiiiiniiiiiinccecceecee 70
Time-resolved conversion plots between 50°C and 100°C. .........cccccocveeieennnns 70
Logarithmic plot at different temperatures ...........cceecveeeeveeerveenrieeecieeeieeeeeeenn 71

The Arrhenius plot for the initial period of the catalytic conversion of

I-hexanol 83 into hexylhexanoate 89 between 50°C and 100°C..................... 71
Variation of the substrate/catalyst ratio. .........cceecueeeviieeniienrieeeieeeiieeeeeeeeen 72
Reaction rate as function of the ruthenium catalyst concentration..................... 73

: The unique Ru(dtbpmp)H,(H;) 4 containing a PNP pincer ligand.................... 83
The [Ru(dtbpoet)(H,)H] 5 containing a POP pincer ligand. .............ccoceeenneee. 84
ORTEP diagram of [RuH(dtbpmp)(HCO,)CO] 41 with thermal ellipsoids

set at 50% Probability. ........ccceiiiiiiiiiiiiiiieee e 99

: BC-NMR of [Dy]toluene 12 — Chemical shifts of the different meta- /

PaAra- | Ortho 1SOLOPOIMETES. ....cccuveeririeeireeriteesiteesteeesreeesireeeiteesareesseeesanes 108
PC-NMR Of [DyJindOl 57. ccvvorerveonariesnereeseesesssessssessessessessessessessessseseens 112

BC-NMR of [Dx]o-xylene 54 — chemical shifts of deuterated and

non-deuterated aromMatiC CADOIS. ....ovvuremeeeeeeeeeieee et eeeeeee e e 114



Scheme Index 129

6 Scheme Index

Scheme 1: Synthesis of the Chaudret-complex 1 according to Leitner and co-workers. ..... 5
Scheme 2: Synthesis of ruthenium dihydrogen complexes. B eeeeeeseesesesenssessensenesens 5
SCheme 3: MUFAI-FEACTION .........cccueereieiiiiiiiieiieeeeee ettt 9
Scheme 4: Deuteration of toluene 12 using 2 as catalyst and C¢Dg as deuterium source. .. 10
Scheme 5: Iridium catalyzed deuteration of toluene 12 with deuterium oxide as deuterium

SOUICE. .. uveenureenteenereeteesuteenteesseeebeesaeeesseesaeeeabeesbeeembeesbeeeabeesateembeesseeembeenaeeenneennne 10
Scheme 6: Ruthenium hydride catalyzed conversion of primary alcohols into esters........ 12
Scheme 7: Ruthenium hydride catalyzed conversion of primary alcohols with

phosphorylenes in an indirect Wittig ReACtioN..............cccueeeceeeeeueencieencreeene, 13

Scheme 8: Catalysis test reactions for dehydrogenation of secondary alcohols and

Guerbet-type COUPIING. .....covuiiiiiiiiiiieee et 14
Scheme 9: Direct hydrogenation of [Ru(cod)(metallyl),] 6 in presence of dtbpmp 15

to give the nonclassical ruthenium hydride complex 4. ..........cccccveeveiveenneenne. 15
Scheme 10: Stable coordination modes of the [Ru(dMepmp)H,4] 19 as localized by DFT-

caleulations. 2% O s 20

Scheme 11: Intramolecular H atom exchange: Associative process (A-D) involving a
nonclassical trihydride and the dissociative process (E-H) with the classical
tetraYAEIAE. .ot 21

Scheme 12: Formation of the dinitrogen compleX 20 .........coccueeriiiiniiieniieeniieenieeeeieeee 23

Scheme 13: Reversible formation of dinitrogen complex 20 and ruthenium clusters
from 4 under N; and H; atmosphere. ........ccccoeeiiieiiieeniieeieeceeeeeeeeen 24

Scheme 14: Formation of [Dy]-Ru(dtbpmp)H,(H;) 21 ([Dy]- 4) starting from 4 with
[Ds]toluene at room temperature within 72 h........ccocceeiiiiiniiiniiiniiieee, 27

Scheme 15: Proposed dehydrogenation of 4 followed by intramolecular CH-bond
cleavage via agostic interaction towards the unsaturated ruthenium
tIYAIIAE 25 .« oottt 29

Scheme 16: Selective deuterium incorporation into the dihydrogen unit and
the benzylic PoSItioNSs Of 4........coouiiiiiiiiiiiiiieee e 30

Scheme 17: Different pathways for the deuterium incorporation into complex 4
With CeDg and DoO......oeiiiiiiiiieee e 31

Scheme 18: Treatment of 4 with carbon monoxide and H; resulting in 28. ....................... 32



130 Scheme Index

Scheme 19: Proposed mechanism for the conversion of 4 into 28 explained by the means of
an analogue reactivity of [Ru(H;)H,(PPhs)s] 14 into
[RuH(CO)(CcH4PPh)(PPhs)a] 33. .o 33

Scheme 20: Reaction of 4 with the pinacolborane 34 under Hy-108S. ...cc.eeevviiiiniiiinninnne. 34

Scheme 21: Ruthenium catalyzed hydroboration of 1-octene with pinacolborane
AL 010) T 153010 o <) 1111 (<SSR 35

Scheme 22: Formation of the ruthenium hydrido formato complex 41...........ccccceeeenenneee. 36

Scheme 23: CO;-insertion into ruthenium hydride bonds resulting ruthenium hydrido
FOTIMALES. ..ottt et 36

Scheme 24: Different reactivity of [Rh(dtbpmb)H,] 43 and [Rh(dtbppent)H,] 44: CO,-
insertion into rhodium hydride bonds resulting in rhodium hydrido formates
followed by a reverse water-gas shift reaction with Kaska s
rhodium dihydride complex 43. .......ccooiiiiiiiiiieeeeee e 37

Scheme 25: Proposed formation of the ruthenium complex 41........ccccoeevveeviiieniieenieennnee. 38

Scheme 26: Hydrogenation of 6 in presence of 45 forming a ruthenium cluster

Of UNKNOWN SITUCTULE. ..ottt 41
Scheme 27: Formation of the [Ru(dcypmp)(2-methyl-allyl);] 48. ..ccceovviiiiniiiiniiiiiene 41
Scheme 28: Direct hydrogenation of [Ru(cod)(metallyl),] 6 in presence of dtbpoet 49

leads to the nonclassical ruthenium hydride complex 5........ccccccevvvvieniieennnenn. 42
Scheme 29: Formation of the ruthenium dinitrogen complex 52.........ccccceeeviiiiniiieenieennnne. 49

Scheme 30: Catalytic HD-exchange with 4 between C¢Dg or D,O and
aromatic hydrocarbons. ..........cocciieiiiiiiiiieie e 50
Scheme 31: Deuteration of arenes with CeDg and 4.....eeeeeeeeeeeeeeeeeeeeeeee e 51
Scheme 32: Catalytic H/D exchange of aromatic and heteroaromatic compounds using
D;0 as the deuterium source and complex 4 as catalyst precursor.................. 52
Scheme 33: Reaction steps and energy profiles (AH/AG (italics) in kcal/mol) for H/D
exchange processes starting from 17 as determined by DFT calculations.
Values in parenthesis denote relative energies of stationary points for the
corresponding D,0O- (62, 63) and C¢Dg-complexes (64, 65).......ccovveevuveennenn. 56
Scheme 34: Relative energies (AH, AHi; AG, AG* [italics], kcal/mol) of reactants,
products and transition states (not shown) involved in C-H exchange at

toluene in ortho-, meta- and para positions (top to bottom)..........cceceeeevuveennnee. 58



Scheme Index 131

Scheme 35: Catalytic H/D exchange of aromatic compounds using C¢Dg as the

deuterium source and complex 4 as catalyst precursor.. .......ccocceeevveveeriueeennneen. 60
Scheme 36: Relative energies (AG, AGi, kcal/mol) of reactants, products and

transition states (not shown) involved in C-H exchange at naphthalene in

alpha- and beta- positions (tOp t0 BOttOM).......cccueeevuveeeriieerriieeiieeeiieeeeeeeenn 66
Scheme 37: Overview of the observed alcohol dehydrogenation reactions

WIth PIeCAtalYSt d..ccneviieiiieciieeeee ettt et e s e e es 67
Scheme 38: Dehydrogenative conversion of primary alcohols 83-88 to the

corresponding homoesters 89-93........cooiiiiiiiiiiiiieee e 68

Scheme 39: Formation of the [RuH(dtbpmp)(CO)] 28 in presence of a primary alcohol. . 74

Scheme 40: Proposed catalytic dehydrogeantion cycle of primary alcohols to esters........ 75

Scheme 41: Indirect Wittig-Reaction using precatalyst [Ru(dtbpmp)(n*-Hy)H,] 4. ........... 76

Scheme 42: Catalytic dehydrogenation of 2-ROH into ketones. R = hexyl (100, 102),
phenyl (101, 103). oot 77

Scheme 43: Catalytic dehydrogenation of secondary alcohols. [Ru] = Ru(dtbpmp)H, . .... 78
Scheme 44: Transfer-hydrogenation catalysed by 4. .........coooeeriiiiiiiiiiniineeeeeeee 79
Scheme 45: Dehydrogenation of 2-ROH in presence of base into branched ketones. The
primary main compounds with R = hexyl (100, 105), phenyl (101, 106) and
ELhy] (104, TOT). cueeiiiieeiieeeeee et 79
Scheme 46: Proposed mechanism for the formation of branched ketones. ........................ 81
Scheme 47: Straight forward synthesis to the ruthenium dihydrogen complexes 4 and 5
bearing bulky PNP and POP pincer ligands. .........ccccceeviiieniieiniieeniieeniieeee, 82

Scheme 48: Ruthenium catalyzed selecetive H/D-exchange between arenes and D,O

Scheme 49: Catalytic dehydrogenation of alcohols and their indirect conversions

1N COUPIING TEACTIONS. ..eeuvvieuriiiiieiieniteeteeniee et ettt et e s e e e sareereesaneeneesaneens 85



132 Table Index

7 Table Index

Table 1: Selected bond length and angles for the complexes 41 and 29..........c.ccccoveenneenee 40
Table 2: Characteristic NMR-Data of the complexes 4, 5 and 50 e 44
Table 3: Selected DFT data of [Ru(dtbpoet)(H2)H2] 5. cooeeeviieiiieeeeeeeeeeeee e, 48
Table 4: Conversion of the primary alcohols 83-88 into the corresponding esters 89-93. . 68
Table 5: IR-online study with 1-hexanol 83 as benchmark substrate. .............ccccccoceeneenne 69
Table 6: Conversion of secondary alcohols into Ketones. ...........coccueeevieeniieeniieeniieenieenns 78
Table 7: Conversion of secondary alcohols into branched ketones. ............ccocceeeviieenien. 80

Table 8: Detection of T;(min) of the hydride signal

(6 =-7.3 ppm, 400.1 MHz, [DSJEOIUENE). ...t 94
Table 9: NMR-data of the equilibrium between 4 and 20..........c.cccoviiiiiiiiinieineeniceeee 96
Table 10: Crystal data and structure refinement. .............ccoceeeiieiniiniieniieiieneeeeee e 99

Table 11: Atomic coordinates and equivalent isotropic displacement parameters (Az)... 101
Table 12: Bond lengths [A] and angles [C]..oviiiiiie 102
Table 13: Anisotropic displacement parameters 00 TSRS 103
Table 14: Determination of 7;(min) of the hydride signal

(8 =—8.6 ppm, 400.1 MHZ, [Dg]tOIUENE)......ccocvrerirerieriereeieriereereeereereere e 105
Table 15: Benchmark-tests With 55.......ccciiiiiiiiiiiieeee e 110
Table 16: Benchmark-tests with 55. (Whitesides-Test and NMR-monitoring)................. 116



Abbreviation Index

133

8 Abbreviation Index

Ad

ATR
bn
BPin
br

cat

CI

cod
cy
cyp

dd

DFT

dt

(Dy]
dcypmp

diprpmp
dMepmp
dMepoet

DMSO
dtbpmb

dtbpmp

dtbpoet

dtbppent
7711

adamantyl

Angstrgm

Attenuated Total Reflection (IR)
benzyl

pinacolborane

broad (NMR, IR)

butyl

catalyst

chemical ionization (MS)
cyclooctadiene
cyclohexyl

cyclopentyl

- deformation oscillation (IR)
- chemical shift (NMR)
day

- doublet (NMR)

doublet of doublet (NMR)
density functional theory
doublet of triplet (NMR)
deuterium degree (NMR)

2,6-bis-[(di-cyclohexyl-phosphanyl)-
methyl]-pyridine

2,6-bis-[(di-isopropyl-phosphanyl)-
methyl]-pyridine

2,6-bis-[(dimethyl-phosphanyl)-methyl]-
pyridine

2,2”-bis-(dimethyl-phosphanyl)-
diethylether

dimethylsulphoxide

2,6-bis-[(di-tert-butyl-phosphanyl)-
methyl]-benzene

2,6-bis-[(di-tert-butyl-phosphanyl)-
methyl]-pyridine

2,2°-Bis-(Di-tert-butyl-phosphanyl)-
diethylether

2,6-bis-(di-tert-butyl-phosphanyl)pentane

coordination mode

EI
ESI
Et
Et,O
FT
GC
h

H/D-
exchange

NEt;

NMR

(of]

OLED

electron impact (MS)

electron spray ionization (MS)
ethyl

diethylether
Fourier-transformation

gas chromatography

hour

hydrogen / deuterium exchange

Hertz

infrared spectroscopy
coupling constant
ligand

metal

mega

meta

medium (IR)
multiplet (NMR)
molecular weight
mass-charge relation (MS)
methyl

mass spectroscopy

normal

not determined

triethylamine

nuclear magnetic resonance

valence oscillation (IR)

wave number (IR)

ortho

organic light-emitting diode

para
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P,
PNP

POP
Ph

py

quint

ROH
RT

I'uH

sept

bidentate phosphane ligand

phosphor nitrogen phosphor; pincer
ligand

phosphor oxygen phosphor; pincer ligand
phenyl

pyridine

quartet (NMR)

quintet (NMR)

organic substitute

alcohol

room temperature
hydrogen-hydrogen atom distance
strong (IR)

singulet (NMR)

septet (NMR)

sext

5

THF
TON
TOF
TS

T,
T)(min)
6(min)

sextet (NMR)
triplet (NMR)

time

retention time (GC)
tetrahydrofurane

turn over number

turn over frequency

transition state

spin-lattice relaxation time [ms] (NMR)
minimum 7; (NMR)
temperature of 7;(min) (NMR)
virtual (NMR)

weak (IR)
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1 bis(dihydrogen)dihydridoobis(tricyclohexylphosphin)ruthenium(II)

2 bis(dihydrogen)dihydridoo(tricyclohexylphosphin)[1,3-bis(2,4,6-trimethylphenyl)imidazol-2-
ylidene]ruthenium(II)

3 bis(dihydrogen)dihydridoobis[1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene]ruthenium(II)
4 dihydrogendihydrido{2,6-bis-[(di-tert-butyl-phosphanyl)-methyl]-pyridine } ruthenium(II)

5 dihydrogendihydrido[2,2"-bis-(di-tert-butyl-phosphanyl)-diethylether]ruthenium(II)

6 [bis-(2-methylallyl)cycloocta-1,5-diene]ruthenium(II)

7 tricyclohexylphosphine

8 acetophenone

9 ethene

10 1-(2-ethylphenyl)ethanone

11 1-(2,6-diethylphenyl)ethanone

12 toluene

13 dihydrido(dinitrogen)tris(triphenylphosphine)ruthenium(II)

14 tetrahydridotris(triphenylphosphine)ruthenium(II)

15 2,6-bis-[(di-tert-butyl-phosphanyl)-methyl]-pyridine (dtbpmp)

16 bis(dihydrogen)hydrido{2,6-bis-[(di-tert-butyl-phosphanyl)-methyl]-benzene }ruthenium(II)
17 cis-dihydrogendihydrido{2,6-bis-[(di-methyl-phosphanyl)-methyl]-pyridine } ruthenium(II)
18 trans-dihydrogendihydrido{2,6-bis-[(di-methyl-phosphanyl)-methyl]-pyridine }ruthenium(II)
19 tetrahydrido{2,6-bis-[(di-methyl-phosphanyl)-methyl]-pyridine } ruthenium(II)

20 dinitrogendihydrido{2,6-bis-[(di-tert-butyl-phosphanyl)-methyl]-pyridine } ruthenium(II)

21 [D,]-Dihydrogendihydrido{2,6-bis-[(di-tert-butyl-phosphanyl)-methyl]-pyridine } ruthenium(II)
22 dideuteriumdideuterido{2,6-bis-[(di-tert-butyl-phosphanyl)-methyl]-pyridine } ruthenium(II)
23 dihydrido{2,6-bis-[(di-tert-butyl-phosphanyl)-methyl]-pyridine } ruthenium(II)

26 dideuteriumdihydrido{?2,6-bis-[(di-tert-butyl-phosphanyl)-[D,]-methyl]-pyridine }ruthenium(II)
27 {2,6-bis-[(di-tert-butyl-phosphanyl)-methyl]-pyridine }ruthenium(II)monocarbonyl

28 - 30 no names defined

31 dihydridotris(triphenylphosphine)ruthenium(IT)carbonyl

32 tris(triphenylphosphine)ruthenium(II)carbonyl

33 no name defined

34 pinacolborane

35 dihydrogenhydrido(pinacol boryl) {2,6-bis-[(di-tert-butyl-phosphanyl)-methyl]-pyridine }ruthenium(II)
36 - 37 no names defiend

38 1-octene

39 1-octylboronate

40 2-octylboronate

41 hydridoformato{2,6-bis-[(di-tert-butyl-phosphanyl)-methyl]-pyridine } ruthenium(II)carbonyl
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42 no name defined

43 dihydrogen{?2,6-bis-[(di-tert-butyl-phosphanyl)-methyl]-benzene }rhodium

44 dihydrogen{1,5-bis-(di-tert-butyl-phosphanyl)-pentane } rhodium

45 2,6-bis-[(di-isopropyl-phosphanyl)-methyl]-pyridine (diprpmp)

46 2,6-bis((dicyclohexylphosphino)methyl)pyridine (dcypmp)

47 dihydrogendihydrido{2,6-bis-[(di-cyclohexyl-phosphanyl)-methyl]-pyridine } ruthenium(II)
48 bis(2-methylallyl){2,6-bis-[(di-cyclohexyl-phosphanyl)-methyl]-pyridine } ruthenium(II)
49 2,2°-Bis-(Di-tert-butyl-phosphanyl)-diethylether (dtbpoet)

50 dihydrogendichloro[2,2"-bis-(di-tert-butyl-phosphanyl)-diethylether]ruthenium(II)
51 dihydrogendihydrido[2,2"-bis-(di-methyl-phosphanyl)-diethylether]ruthenium(II)
52 dinitrogendihydrido[2,2"-bis-(di-tert-butyl-phosphanyl)-diethylether]ruthenium(II)
53 benzene

54 o-xylene

55 napthalene

56 thiophene

57 2,5-dimethylfurane

58 indol

59 pyrrol

60 - 71 no names defined

72 m-xylene

73 mesitylene

74 phenanthrene

75 isoquinoline

76 styrene

77 indene

78 ferrocene

79 - 82 no names defined

83 1-hexanol

84 1-butanol

85 cyclohexyl methanol

86 1-adamantyl methanol

87 benzyl alcohol

88 cinammic alcohol

89 hexyl hexanoate

90 butyl butyrate

91 cyclohexylmethyl cyclohexanecarboxylate

92 1-adamantylmethyl adamantylcarboxylate

93 benzyl benzoate

94 1-hexanal

95 triphenylphosphine
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96 acetylmethylentriphenylphosphorane

97 2-nonanone

98 non-3en-2one

99 triphenylphosphinoxide

100 2-octanol

101 1-phenylethanol

102 2-octanone

103 acetophenone

104 2-butanol

105 9-methylpentadecan-7-one

106 1,3-diphenyl-butan-1-one

107 5-methyl-3-heptanone

108 9-methyl-8-(octan-2-yl)pentadec-8-en-7-one
109 9-methyl-8-(octan-2-yl)pentadecan-7-one

110 1,3-diphenylbut-2-en-1-one

111 1,3-diphenyl-2-(1-phenylethyl)butan-1-one
112 1,3-diphenyl-2-(1-phenylethyl)but-2-en-1-one
113 ethyl-2-hexanol

114 ethyl-2-hexanal

115 isopropanol

116 cyclohexanone

117 cyclohexanol

118 Di(tert.-butyl)chlorophosphine

119 Dicyclohexyl-phosphane borane complex

120 Dichloro(cycloocta-1,5-dienyl)ruthenium(II) polymer
121 2,6-bis((dicyclohexylphosphino)methyl)pyridine bisborane complex
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