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ABSTRACT

ABSTRACT

This thesis describes the study of the fundamental mechanisms relating to
asymmetric transfer hydrogenation (ATH) of imines and the transfer
dehydrogenation and racemisation of secondary amines by Cp*Rh and Cp*Ir
complexes. A series of 16-electron complex of the type Cp*M(XNCgH;NX’) (where
M = Rh or Ir and X, X’ = H or Ts) have been synthesised, fully characterised and
demonstrated to be active catalysts for the transfer hydrogenation of imines. The
crystal structures of the complexes reveal structural features that are important in
understanding their unique ability to act as transfer hydrogenation catalysts including
a remarkable trend in the M-N bond lengths, indicative of M-NH zn-bonding and the
absence of M-NTs =n-bonding which has several implications for catalysis. The
complexes allowed catalytic studies without the need for 18-electron precursors, as is
the case for the more widely used Noyori-type Cp*M(CI)(TSNCHPhCHPhNH_)
(where M = Rh or Ir) ATH complexes. We observed key intermediates in the
mechanism by NMR spectroscopy such as an 18-electron formate complex,
Cp*Rh(OCHO)(TsNCgH4NH;) and the 18-electron Rh(Ill) hydride complex,
Cp*Rh(H)(TsNCgH4NH;).  An  18-electron  chloride  precursor  complex,
Cp*Rh(CI)(TsNCgH4sNH,) was also characterised by X-ray crystallography. DFT
calculations were used to support our observations and an “outer-sphere” mechanism
for the transfer hydrogenation of imines is proposed. We also studied the mechanism
of a dimeric Cp*Ir diiodide complex, [Cp*Ir(l);], that is capable of amine
racemisation under mild conditions and characterised several key intermediates
including an ammine-coordinated complex, Cp*Ir(l1)2(NH3) which itself was
demonstrated to be equally active for the racemisation process under identical
conditions; amine bound complexes of the type Cp*M(X)2(PhCH,NHMe) (where M
= Rh, Ir and X = ClI, I) proposed to be the first step in the mechanism; an imine-
coordinated Cp*Ir diiodide complex characterised by H/°N HSQC and the
reversible hydrogenation of this complex by addition of molecular hydrogen to form
the corresponding amine. A mechanism based on the current evidence for the
racemisation of amines using the [Cp*Ir(l),]. catalyst is proposed. Finally, we
describe a method for producing hyperpolarised carbon dioxide gas by using the
Cp*Rh(CI)(TsSNCHPhCHPhNH,) ATH catalyst to catalytically decompose a pre-
hyperpolarised solution of natural abundance formic acid, which was observed by
3C NMR spectroscopy.
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CHAPTER ONE INTRODUCTION

INTRODUCTION

1.1  Chirality

A chiral (or optically active) molecule is a type of molecule that lacks an internal
plane of symmetry and has a non-superimposable mirror image, most commonly due
to the presence of a stereogenic atom in which the four substituents attached to one
of the carbon atoms are different.! This leads to two non-identical structures (or
enantiomers) as shown in Figure 1. The origin of the term optical activity is derived
from the interaction of chiral materials with polarized light. An enantiomer can be
named by the direction in which it rotates the plane of polarized light. If it rotates the
light clockwise, as seen by a viewer towards whom the light is travelling the
enantiomer is labelled (+); the mirror-image is labelled (-). The property was first
observed by Jean-Baptiste Biot in 1815 and Louis Pasteur deduced in 1848 that this
phenomenon has a molecular basis.>® The enantiomers can also be differentiated
from each other by using standard nomenclature such as the (R)/(S) system. It labels
each stereogenic centre R- or S- according to a system by which its substituents are
each assigned a priority, according to the Cahn-Ingold-Prelog priority rules (CIP),
based on atomic number.*> A racemic mixture (or racemate) is one that has equal
amounts of R- and S- enantiomers of a chiral molecule. Enantiomeric excess (or ee)
is @ measure for how much of one enantiomer is present compared to the other. For
example, in a sample with 60% ee in R, the remaining 40% is a racemic mixture with
20% of R and 20 % of S, so that the total amount of R is 80%.

mirror plane

H,C ©

o
Q

® NH; ®NH,4

Figure 1 (S)-Alanine (left) and (R)-alanine (right) in zwitterionic form at

neutral pH.
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Enantiomers are equal in energy and have identical NMR and IR spectra and will
migrate with identical Rt in thin layer chromatography and have identical retention
time in HPLC. However, enantiomers can be separated when subjected to the
influence of another chiral species.® Many biologically active macromolecules are
chiral and occur in nature in one enantiomeric form, including the naturally
occurring amino acids (the building blocks of proteins) and sugars.” Enzymes, which
are chiral, often distinguish between two enantiomers of a chiral substrate.
Consequently, optically active compounds are important in the fine-chemical,
pharmaceutical and agrochemical industries.® A biologically active compound
interacts with its receptor in a chiral manner and the two enantiomers can have
significantly different effects, such as the molecules shown in Figure 2. For example,
(R)-Thalidomide has desirable sedative properties, while the (S)-enantiomer is
teratogenic resulting in foetal malformations (however this interpretation must be
considered carefully, because the (R)-enantiomer undergoes racemisation in-vivo).’
This highlights the problems that can arise from inappropriate molecular recognition,
which should be avoided at all costs. In 1992, the United States Food and Drug
Administration (FDA) introduced guidelines regarding ‘racemic switches’ to
encourage the commercialisation of clinical drugs consisting of single enantiomers.°
Such marketing regulations for synthetic drugs have resulted in a significant increase
in the proportion of single enantiomer drugs. Therefore, producing enantiomerically
pure compounds in the development of pharmaceuticals, agrochemicals and flavours
is a very significant endeavour. One category is enantiomerically pure amines which
are highly important intermediates or building blocks for biologically active
molecules. It is estimated that about 20% of drugs contain at least one amine chiral
centre, so there is enormous demand for a variety of methods for the synthesis of
optically active amines.** Development of truly efficient methods to achieve these
transformations has been a great challenge for chemists in both academia and

industry.
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O
EEN
O

Sedative / Antiemetic Teratogenic

O

O NH, H,/ NH,
2

H
NH; NH,
O O

Sweet taste

Bitter taste

HO

Ol

H

No Carcinogenicity

Strong Carcinogen

Figure 2 Optical isomers of biologically active compounds can have

significantly different effects such as Thalidomide (top), Asparagine (middle) and

Benzopyryldiol (bottom).

1.2  C=Nand C=0 Bond Reduction by Transfer Hydrogenation

Reduction of C=N and C=0 bonds forming amines and alcohols, respectively is
among the most fundamental molecular transformations.*? The enantioselective
hydrogenation of C=N and C=0 double bonds using chiral transition metal
complexes as the catalyst is one of the most useful methods for preparing optically

active amines and alcohols. One method for achieving this is called Asymmetric
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Transfer Hydrogenation (ATH) in which hydrogen is transferred to a molecule from

a source other than gaseous H, using a chiral transition metal catalyst (Figure 3).

[cat]
A+DH, —> AH,+D

Figure 3 Definition of transfer hydrogenation, where A = acceptor,

DH; = hydrogen donor and [cat] = transition metal catalyst.

In recent years this methodology has become rated second in order of importance
immediately behind asymmetric hydrogenation with molecular hydrogen. The
increasing success in industry and organic synthesis of this technique follows from
its operational simplicity and reduction of risks associated with the use of an
inflammable gas of high diffusibility. The transformation is carried out using
isopropanol, formic acid or a formate salt as the hydrogen source. The most

commonly, but not exclusively, used metals are ruthenium, rhodium and iridium.
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1.2.1 Mechanisms of hydrogen transfer: Direct hydrogen pathway

The mechanism for the transfer hydrogenation of imines has been the subject of
extended synthetic, computational and mechanistic studies. Hydrogen transfer
reactions for the reduction of imines (and ketones) may proceed through a variety of
different pathways and are divided into two broad classes. The first of these,
Meerwein-Ponndorf-Verley (MPV) reduction or its reverse (Oppenauer oxidation)
considers the case where a metal coordinates to both substrate and hydrogen source
(typically isopropanol) and hydrogen transfer takes place via a six-centred transition
state with concomitant formation of ketone (for example, acetone, if isopropanol is
used) (Figure 4). This is referred to as the direct hydrogen pathway and is typically
observed with metal catalysts that cannot readily form hydrides, such as metal

alkoxides.*®
B B
L L
N\ 7/
M
o 0
< ,: Me
Rl/} “H” JV
R, Me
Figure 4 The 6-membered transition state in the Meerwein-Ponndorf-Verley

(MPV) reduction showing the direct hydrogen pathway.

The MPV reduction reaction is very well established and implemented for the
reduction of ketones through use of aluminium(I11) salts. However, the literature on
MPV-type reductions of imines is quite limited, but a very effective system based on
Al(111) BINOL complexes has been reported (Figure 5).** Although the BINOL /
AI(IT) system requires stoichiometric quantities of ligands and metal, both can be

reused after the reaction and are inexpensive.
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_P(O)Phy 1.2 equiv AlMe; H. _P(O)Ph,
/ll]l\ )Oi 1.2 equiv (S)-BINOL N
+ = /k
R™ R . toluene, 60 °C RTVR!
4 equiv
1 Yield = 79-85%
R, R = aryl, alkyl ee = 93-98%

Ph\ /Ph F’h‘ fph (R}
A O:‘-P\ R

s =\ Rs
N N/ -H B N
LI L M
I—0 Me Al--0 Me
| Al ﬁ/
R, R

(S)-BINOL

Proposed Transition State

Figure 5 A highly enantioselective MPV reduction of N-phosphinoyl ketimines
by (BINOL)AI(II) / 2-propanol and proposed pathway and transition

states reported by Graves et al.**
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1.2.2 Mechanisms of hydrogen transfer: hydridic route

Metals such as rhodium, ruthenium and iridium which can readily form metal
hydrides favour an alternative mechanism, known as the “hydridic route” where a
metal-hydride complex participates in the catalytic cycle. There are again several
routes that exist for hydrogen transfer. For example, both hydrogen atoms may
transfer to the metal to form an intermediate which then transfers the H atoms to the

substrate (Figure 6).

/H
0) (0]
+ LM —_— + L ,MH,
H Rl R2
donor
H
/
X
)J\ + LMH, —> + LM
R2
acceptor

Figure 6 Transfer hydrogenation: dihydridic route

In the alternative monohydride mechanism, the substrate may interact directly with
the metal centre. A hydride is then transferred to the carbon of the C=N bond and the
nitrogen atom of the product then interacts directly with the metal atom. Loss of
amine is facilitated by protonation to give the product and regenerate the catalyst

which then re-enters the catalytic cycle (Figure 7).
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©
+ LM — e + L ,MH
H @ R! R?
donor
© ©
X \_MLn X
)J\ " LM T X| I J\ " LM
1 2 ---H R! H
R R Rl# R2
acceptor R2
Figure 7 Transfer hydrogenation: monohydride route

1.2.3 Mechanisms of hydrogen transfer: metal-ligand bifunctional catalysis

A variation on the direct hydride mechanism, involving metal ligand bifunctional
catalysis®® or what Morris has called ligand assistance®® is the situation where two
hydrogen atoms are simultaneously transferred from the catalyst to the substrate in a
six-membered transition state. In this mechanism, the substrate does not come into

contact with the metal but is reduced through an “outer-sphere” mechanism (Figure

8).

X

A
H
G, -H \@ L/ H acceptor C\]r/ \.X

Figure 8 Metal-ligand bifunctional catalysis proceeds through an

“outer-sphere” mechanism

The mechanism of transfer hydrogenation can be determined by racemisation of a

chiral alcohol or amine containing a deuterium atom adjacent to the C=X group. If
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the dihydride mechanism operates then the deuterium level will drop to about 50%
upon racemisation (where the OH or NH gains a corresponding amount of D label)
because the two hydrogens in the metal hydride are equivalent. Whereas, if the
monohydride mechanism is operating then the label will remain on the carbon atom
because the mechanism demands that the donor atom be the same as the recipient
atom for the hydride on the metal. In contrast to ketones, and in particular with
respect to asymmetric reductions, the reduction of compounds containing C=N
bonds has remained relatively underdeveloped. Unlike ketone reductions which have
been the subject of extensive studies and optimisations, the mechanism of imine
reduction is rather less fully developed and understood. However, some incisive

studies have been completed.

1.3 Organometallic Catalysts Based on Ru, Rh and Ir for transfer

hydrogenation of imines

In 1987, the ruthenium complex Ruz(CO)., was reported by Jones et al. to catalyse
the transfer of hydrogen from isopropanol to benzylideneanilines (Figure 9).}” The
active catalyst, (12-H)Ruz(CO)q(s-PNNCHPh) was isolated and characterised by X-
ray crystallography (Figure 10). The X-ray crystallography structure of the active
catalyst was found to be a complex of the imine substrate and a trimetallic hydride.

propan-2-ol </_\>7CH2
%:N > — N\
5 h, 82°C HN

1 mol% RUS(CO)»]Z

Yield = 80 %

Figure 9 Rus(CO)1, reported by Jones to catalyse the transfer hydrogenation of

benzylideneanilines using isopropanol as the hydrogen source.*’
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Figure 10 X-ray structure of (U2-H)Ru3(CO)e(1s-PhNCHPh), phenyl hydrogens

omitted for clarity.

In 1992, a racemic imine reduction using the Ru complex [RuCl,(PPh3)s] as the
catalyst and isopropanol as the hydrogen source was reported by Béackvall (Figure
11)."% In this case, the role of base is to generate a highly active RuH,(PPhs)s; catalyst
from the dichloride via two consecutive alkoxide displacement-p-elimination

sequences (Figure 12).

0.5 mol% [RuCl,(PPh;);]

3 3
N/R 5 mol% K2CO3 HN/R
)l\ i-PrOH [imine] = 0.1M, 82°C 1;\ X
R'™ °R? 3-60 h, up to 95 % yield R R

Figure 11 Transfer hydrogenation of imines using as Ru(ll) catalyst

B-hydride
base elimination

RuCL(PPh3); + »—OH ——>» ORuCI(PPh;); — RuHCI(PPh;);
-HCl1 - ketone
B-hydride
base elimination

RuHCI(PPhs); + >—OH —_— ORuH(PPh;); — RuH,(PPhy);
-HCl1 - ketone

Figure 12 The role of base is to form the highly active RuH,(PPhs); catalyst

10
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The [RuH,(PPh3)s] complex was isolated and shown to be active for the C=N bond
reduction without a requirement to add base.*® The mechanistic studies have shown
that this reaction proceeds through the dihydride (inner-sphere) mechanism without
ligand assistance (Figure 13).2° Furthermore, the chlororuthenium monohydride was
shown not to be reactive toward hydride addition to a C=X group and this was

supported by theoretical calculations.

RuCl,(PPh,),

l base / sec-alcohol
NR3

B-clim

>7ORuH(PPh3)3 N
RuH(PPh3)3

reductive elimination

NHR3
Ru(PPh3) 3

oxidative addition R! R
H

Figure 13 Proposed mechanism of hydrogen transfer for RuCl,(PPhs)s
1.3.1 Shvo’s catalyst

A number of other catalysts have been used for imine transfer hydrogenation such as
the Shvo diruthenium catalyst, probably the very first example of a metal-ligand
bifunctional catalyst.?***?*2* The Shvo catalyst is one of the most popular hydrogen-
transfer catalysts due to its great versatility. It has proved to be an effective catalyst

2526 transfer hydrogenation of ketones

29,30,31,32,33

for the hydrogenation of carbonyl compounds,

27,28

and imines, oxidation of alcohols and amines and the racemisation of

alcohols and amines.®****3¢ Dissociation of the dimer to form hydride A, the active

11
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hydrogenating species and coordinatively unsaturated B, the active dehydrogenating
species, is necessary to activate the complex (Figure 14) and is usually achieved by
heating above 100°C. This equilibrium is what makes Shvo’s catalyst so versatile in
hydrogen-transfer processes. While A can be isolated, B is very unstable; however

its existence has been demonstrated by trapping with PPhs.

; : ; RU‘H Ru_ﬂ
c o oc CO oc o oc o
A B

Figure 14 Shvo catalyst and the equilibrium between A and B

The reaction mechanism for the hydrogen-transfer process is a matter of controversy.
Studies by Casey®” by means of primary deuterium isotope effects on the
hydrogenation of PhCHO via the reducing form (A) of the Shvo tolyl analogue
catalyst, [2,5-Phy-3,4-Toly(n°-C4,COH)RU(CO),H], concluded that carbonyl
hydrogenation is concerted without substrate coordination (outer-sphere, Figure 15);
this conclusion was also supported by DFT calculations by the same authors.®
Béckvall using a similar methodology, also reported a concerted mechanism for the
catalytic dehydrogenation of an alcohol, 1-(4-fluorophenyl)ethanol using
tetrafluorobenzoquinone as the hydrogen acceptor and B (Figure 16).%° In this case
he found the rate to be first order in both alcohol and metal complex. Individual
isotope effects all support a mechanism involving concerted transfer of both
hydrogens of the alcohol to the ruthenium complex in agreement with Casey’s

proposals.

12
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OH o)
Ph Ph
Ph
C . 4 Ph
Ph /Ru<H / \ Ph Ru
Ph "/ ’,,
oc CO Ph oc/ CcoO
) OH
* )J\ /k ’
R R, R R,

Figure 15 Proposed “Outer-sphere” reaction for the carbonyl hydrogenation by

means of the Shvo catalyst.*"

OH
0
Ph
£ ~Ph
Ph Ru Ru<H
Ph %0 hod o
OH 0
F F F F
F F F F
OH 0

Figure 16 The catalytic dehydrogenation of 1-(4-fluorophenyl)ethanol, using

tetrafluorobenzoquinone as hydrogen acceptor.*®

13
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For the transfer dehydrogenation of the amine N-phenyl-1-phenylethylamine using
2,6-dimethoxybenzoquinone as hydrogen acceptor, Backvall found kinetic deuterium
isotope effects of Kcunw/kconw = 3.24 £ 0.16, Kepnw/Kenno = 1.39 = 0.13,
Keunn/Kepono = 3.26 + 0.25, Kepnn/Kepnp = 1.01 £ 0.12 and Kepno/Kepnp = 2.33 +
0.38.% These data suggest that cleavage of the CH bond of the amine is rate
determining, but cleavage of the NH bond is not. This is not consistent with the
concerted transfer seen with carbonyl / alcohol systems. Backvall suggested that the
substrate coordinates to the metal via a n°- n° ring slippage of the aromatic ligand,
followed by simultaneous B-hydride addition and a proton transfer to the unsaturated

organic substrate (inner-sphere mechanism, Figure 15).

This was followed up by an experiment studying the transfer hydrogenation of the
imine, N-phenyl-[1-(4-methoxyphenyl)ethylidene]lamine where the product of the

reaction is a Ru-amine complex (Figure 17).4

Ph
N Ph 0
Ph Y
o CH, ’ﬁph b
Ph RE\N//Ph
AN Ph MeO oc’ To CH;,
Ph o /Rl},; H/D > HD
oc CO

-54°C, CD,Cl,

kobs RuHOH ~— (1~24 +/- 0.08) * 10'3 s'1
Kgps Rupop = (1.18 +/- 0.09) * 1073 57! MeO
Krunon/krupop = 1.05 +/- 0.14

Figure 17 Hydrogenation of imine study

The negligible double isotope effect (kun/kpp = 1.05) of the reaction suggested no
bond to hydrogen is either broken or formed in the rate determining step leading to a
more detailed mechanistic suggestion (Figure 18); reversible n5-n3 ring slip,
followed by coordination of the imine and fast hydrogen transfer leads to an amine
complex with its Cp ring n-coordinated, this quickly rearranges to the final 18-

electron amine product with the Cp ring n*-coordinated.

14
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OH OH
. Plon® OH
K K Ph
1 2
Ph A /Ru, - K Ph o Ru=<H imine  py Ru—N
oc Co [ %o Pz Y\
oC 0C Zo R,
1
m°) m® m®)
@)
Ph /O\\ Ph 4 \\\
hydrogen . 2. 4 N
transfer ph H n-ton Ph II{
—~— Ph' \Ru/N /R3 Ph RU/N/R3
fast Ph /% PhOC/ : )V
oC ¢o R, COH R,
H R, R,
(n?) )

Figure 18 Bickvall’s proposal for a stepwise mechanism for the transfer

hydrogenation of imines by Shvo’s catalyst.

In imine hydrogenation although trapping experiments have provided additional
information, they again have led to opposite conclusions concerning the mechanism.
In ketone hydrogenation, this approach is not possible because of the high lability of
alcohol complexes.** The mechanism of Shvo’s catalyst for transfer hydrogenation
of imines has been one of the most controversial regarding the nature of hydrogen
transfer. The “inner-sphere / outer-sphere” dichotomy in the hydrogenation of polar
bonds such as C=0 and C=N functional groups is commonly found in recent
literature. In addition to experimental work, theoretical calculations were
fundamental in studying the process, including some controversy. Recently, from the
overall theoretical analysis of Comas-Vives et al., it can be concluded that the
concerted outer-sphere mechanism is nearly 10 kcal mol™ lower in energy than the
lowest energy barrier reported in the inner-sphere mechanism. Therefore, theoretical
analysis supports the concerted outer-sphere mechanism for both the imine and

ketone hydrogenation using Shvo’s catalyst.*?
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1.3.2 Asymmetric Transfer Hydrogenation (ATH) catalysts

In the 1970’s, the groups of Ohkubo and Sinou demonstrated that by combining
RuCl,(PPhs); with a chiral monophosphine ligand, they were able to form a chiral
transition metal catalyst capable of asymmetric transfer hydrogenation.**** Since
their discovery several other catalytic systems for ATH have been developed
including Pfaltz’s iridium,*” Genet’s ruthenium,*® Lemaire’s rhodium*’ and Evans’
samarium®® systems. However, these systems all had the major drawback of

enantioselectivity rarely exceeding 90% ee’s.

A major breakthrough in transition-metal-catalysed ATH was made by Noyori and
co-workers in 1995. They developed half-sandwiched ruthenium(ll) catalysts such as
[(arene)Ru(CI)(TsSNCHPhCHPhNH,)] with chelating monotosylated 1,2-diamines
or amino alcohols (Figure 19); these catalysts were discovered to be highly efficient
and enantioselective for the reduction of ketones with isopropyl alcohol or
HCO,H/Et;N azeotrope (TEAF) as the hydrogen source.*® Subsequently, Mao and
Baker reported the use of the isolable [Cp*Rh"(CI)(TSNCHPhCHPhNH,)]
catalyst.® This catalyst showed comparable yields and ee’s, but greater activity,
reactions taking generally tens of minutes with Rh, as opposed to several hours in the
case of Ru. [Cp*Rh(CI)(TsNCHPhCHPhNHj;] and [Cp*Ir(CI)(TsSNCHPhCHPhNHj,]
catalysts are also the basis of patents granted by Avecia Ltd (now Piramal
Healthcare) (Figure 19).5°2

TN e TN K{ e TN
Ph _ Ph Ph
Ph Ph Ph

Figure 19 Molecular structures of Ru(ll), Rh(I1l) and Ir(111) ATH catalysts
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Noyori demonstrated that these systems require primary or secondary amine
functionality, as catalysts with tertiary amine functions are inactive.”> Combined
with similar features in his asymmetric hydrogenation catalyst trans-
(BINAP)RuU(DPEN)CI, led Noyori to propose that these catalysts proceed through a
metal-ligand bifunctional catalysis mechanism>* (Figure 20, Step 1: In-situ formation
of the 18-electron chloride complex with base; Step 2: Abstraction of HCI by base to
form a 16-electron amido complex; Step 3: Transfer Hydrogenation of the 16-
electron complex by isopropyl alcohol to form the 18-electron hydride complex and
acetone; Step 4: Transfer of hydrogen from the 18-electron complex to a ketone (in
an outer-sphere asymmetric addition depending on the stereochemical configuration
of the monotosylated diamine ligand) and formation of a chiral secondary alcohol
with regeneration of the 16-electron amido complex). The mechanism of hydrogen
transfer for ketones is now relatively well established. Mechanistic and
computational studies have provided strong support for the ATH “outer-sphere”
mechanism, as classified by Morris,> in which two hydrogen atoms are transferred
to a substrate via a six-membered transition state. A 7/CH interaction between a
hydrogen atom on the n°-arene of the complex and the aromatic ring of a substrate
with a value of ca. 8.6 kJ mol™ is pivotal to the control of the absolute product
stereochemistry (Figure 23a). This effect operates even more strongly through a
methyl group on the n®-arene (p-cymene) or the Cp* ligand of the catalyst; value ca.
12.3 kJ mol™.*® However this requires that the substrate contains a suitably located

aromatic ring. “Dialkyl” ketones are reduced in much lower enantioselectivity.

| (Step 2) Ir (Step 3) Ir
" KOH iPrOH
TSN' "Cl /M\ TSN’I\/{'”IH
NH TsN NH
2 HCI NH
Ph 2
: ., Ph
KOH, - HCl }%h PH “ph :
(Step 1) Ph

1/2 [(L)M(CI),], + TSNHCHPhCHPhNH, >—<
(Step 4)
R

M = Ru(Il), L = p-cymene

1
M = Rh(IIl), L = CsMes /'\ o:<
M = Ir(Ill), L = CsMes HO” % R,

H

Figure 20 Proposed mechanism involving “outer-sphere” ATH of ketones
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With monotosylated diamine ligands, imine substrates require the use of formic acid
as the hydrogen donor. The mechanistic studies described above all focus on the IPA
/ KOH hydrogen donor system; much less is known of the mechanisms operating
with the analogous Rh and Ir systems, the use of formic acid as a hydrogen donor or
about reduction of imine substrates. Ikariya has studied the action of formic acid on
the 16-electron ruthenium complex, [(p-cymene)Ru(TsNCHPhCHPhNH)] by NMR
spectroscopy and presented evidence that the hydride is formed via a short-lived
formate complex.’’*® The reversibility of this process was demonstrated by
subjecting the hydride species at 10 atm of CO, at -78°C which produced formic
acid and regenerated the 16-electron complex. Wills has demonstrated that Ru

hydride formation can be the limiting factor in catalysis.*®

Backvall has demonstrated that the Ru(ll)-TsDPEN hydride species, which reacts
fast with ketones, does not react with imines (Figure 21).°° However, when an acid is
added in the latter case a fast reduction occurs (Figure 22). These results support an
ionic mechanism for the reduction of imines by the Ru ATH catalyst, where the
substrate is pre-activated by protonation prior to hydrogen transfer. To confirm that
formic acid was not acting as a hydrogen donor, Backvall performed the
hydrogenation of imines with different Bragnsted acids and one Lewis acid. The acids
promoted the hydrogenation in excellent yields, particularly tetrafluoroboric acid,
trifluoroacetic acid and acetic acid (Figure 22). This further supports their proposal

that the role of the acid was to activate the imine.

An ionic mechanism has also been proposed by Norton and Bullock for the
hydrogenation of ketones (aldehydes) and imines by different transition metal
catalysts of the general formula [(n°-CsRs)RuH(L-L)] where L-L = dppm, dppe,
dpbz, dppp, dppb, (S,S)-Chiraphos, dmpe.®*

18
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R2

| -

TsN™ R‘\’ " .
NH, + R’ _— no reaction

Ph

a1 1IN
=

| O OH Ru

TsN™ Ri‘ "H 28°C /\
NH, * - /k * TsN  NH
Ph R R
H 3
Ph Ph Ph

Figure 21 Stoichiometric reaction between Ru-hydride and imine does neither

form any complex, nor reduce the substrate.

Bn

| N7
~Ru.., Acid (1 eqv.)
TsN H
o, —
CH
Ph 2 3 CD2C12, r.t.
Ph

Figure 22 Addition of acid is necessary for reduction of imine by the

Ru-hydride complex.

Wills et al. have recently proposed alternative explanations where the iminium is
reduced through a six-membered transition state but oriented such that the relative
positions of alkyl and aryl groups are reversed (Figure 23c). They also considered a

process where the imine is reduced through an ionic mechanism in which the C=N
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bond of an iminium cation is oriented away from the NH of the amine of the ligand
(Figure 23d) and without involvement of a six-membered transition state.®? This
would allow the analogous CH/=n interaction to operate while delivering the correct
(observed) enantiomer of the reduction product. N-alkylated TSDPEN derivatives
bearing a small alkyl group were found to be highly efficient ligands in Ru(ll)
complexes for ATH of imines. Wills et al. discuss how a larger alkyl group
significantly reduced the activity, although high ee’s were still obtained. An X-ray
crystallography structure of the N-benzyl derivative revealed a conformation that

permitted hydrogen transfer through a six-membered transition state (Figure 23c).

Cile

<> < OMe
|

AN
PR L HN e

Ph Ph H
(a) Produces comect (b} Produces incorrect
product enantiomer product enantiomer
(R alcohol from RE-TsDPEN) (R amine from RR-TsDPEMN)
MeO OMe

T Ru-—
E“N" ]u I:I‘* Me Tﬂnufﬁ“uH /
N r - 1"
TN NH
P OMe B H
{€) Cyclic 'non-CH/x' mechanism-  (d) lonic 'anti' mechanism-
delivers correct product enantiomer delivers correct product enantiomer
(5 amina from RR-TsDPEN} {5 amine from RR-TsDPEN)

=T it

Figure 23 Mode of reduction of acetophenone (a) and potential modes of
reduction of imine (b-d) in ATH by Ru TsDPEN catalysts.®?

Since only Figure 23d permits what is known to be an important CH/zt interaction
and given the evidence for the involvement of a protonated imine in the reduction
reaction, Will’s et al. suggest this could be considered a viable model for further

investigations into the precise mechanism by which ATH of imines operate.
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1.5  Transfer Dehydrogenation

Oxidation reactions are fundamental in organic chemistry.® Many oxidations that
are still used today require stoichiometric quantities of metal-based oxidants such as
dichromate ions, permanganate ions, manganese dioxide, silver oxide and lead
tetraacetate. This is extremely wasteful both environmentally and economically.®*
For example, imines can be formed by the oxidation of amines and are used
extensively as intermediates in organic synthesis because they can act as
electrophilic reagents in many different reactions such as reductions, additions,
condensations and cycloadditions (Figure 24).%° Therefore, the development of

transition-metal catalysts to achieve efficient oxidations is highly desirable.

RJ
i HNT
R
| N~ RVLR? ER‘ R
JT-HE - \])\NJR
R' pe H
1
8
R \ 2
3
0 HN™ R ~R
7 N HN
- RE - | 3 1-’\_
RO = 1 2 R":™r?
R R R NG

Figure 24 A diagram by Béckvall,% showing imines as important intermediates
for: 1.) hydrogenation,®® 2.) Mannich,®” 3.) Strecker,? 4.) imino-ene,® 5.) addition,

6.) [2+2] addition,” 7.) aza-Baylis-Hillman,” 8.) aza-Diels-Alder."
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The Noyori-type ATH catalysts such as (p-cymene)Ru(CI)(TsSNCHPhCHPhNH,),
Cp*Rh(CI)(TsSNCHPhCHPhNH,) and Cp*Ir(Cl)(TsSNCHPhCHPhNH,) described in
Section 1.3.2 are effective catalysts for the transfer hydrogenation of imine
substrates under catalytic conditions. The principle of microscopic reversibility
indicates that it should be possible to use these types of catalyst under appropriate
catalytic conditions to dehydrogenate amines to produce imines; in this case the
amine would act as the hydrogen donor in tandem with a suitable hydrogen acceptor
such as a ketone substrate. Backvall et al. showed that by employing Noyori’s
ruthenium catalyst,” 10% of the corresponding imine could be isolated. Although
this was a low vyield, it did prove the concept that dehydrogenation of amines was

occurring (Figure 25).

2 mol%
(p-cymene)Ru(CIl)(TsDPEN)

(0]
Ph < 110°C, toluene, 2h Ph‘<\
HN@—OMe R B N OMe

MeO OMe

10% yield
1.5 equiv. of

Figure 25 Dehydrogenation of amines using Noyori’s ruthenium catalyst.”

The same reaction with Shvo’s catalyst achieved an 87% yield. During a mechanistic
study of Shvo’s catalyst with imines, Backvall et al. found that Shvo’s catalyst, 1
together with an N-methyl-substituted secondary amine gave a new complex at low
temperature (Figure 26). They concluded that this was most likely the first step in the
dissociation of Shvo’s dimer, 1. Béckvall extended this approach to develop an
aerobic process for the oxidation of amines to imines, in which it was possible to
reoxidise the dimethoxyquinone with molecular oxygen and a [Co(salen)]-type
complex in a biomimetic coupled catalytic system with good to high yields under air.
They proposed a mechanism for the dehydrogenation of secondary amines which is

shown in Figure 27.% Interestingly, non-benzylic amines could also be used as
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substrates giving high yields of the corresponding imine, thus drastically extending

the scope of this system for organic synthesis.

OMe
fﬁ/t @
©
Ru— 1 —~R 0- N em 0

Ph
CO OC CO H,Me
> 4 Ph Ph D
H
1 -20°C, CD,Cl, Ph Ru— R Ph
(Shvo's catalyst) Ph OC/ <o oc \C o Ph

Figure 26 Shvo’s catalyst and the reaction with N-methyl-substituted amine.®®

0 R?
/H\ R)\Rl
Ph u<H
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R R‘
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( Ph R Ph
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\\\ h” ; Ru<H o O, OH
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Ph
Ph ;{u/ Ph }{u<H
Ph P Ph 2
oc Co )\Rl oc CoO
R

NR2

- )J\ (B-hydride elimination)
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Figure 27 Proposed mechanism for the ruthenium-catalyzed dehydrogenation of

secondary amines.®®
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Recently, Fujita and Yamaguchi reported the oxidant-free catalytic oxidation of
secondary alcohols to ketones with concomitant evolution of hydrogen, in which
Cp*Ir complexes 1 and 2 containing 2-hydroxypyridine and 2-pyridonate,
respectively as functional ligands have proven to be effective catalysts (Figure 28).”*

/ II‘ ””Cl /Ir ,,,/Cl
N

1

Figure 28 Cp* Iridium complexes containing (left) 2-hydroxypyridine and
(right) 2-pyridonate ligands.”

Subsequently, Fujita and Yamaguchi investigated the catalytic performance of the
Cp*Ir complexes for the dehydrogenation of 1,2,3,4-tetrahydroquinoline to form
quinoline.” Both complexes gave unsatisfactory results, although the yield of imine
was increased to 69% by conducting the reaction under reflux in p-xylene. Next they
modified the 2-pyridonate ligand by introducing electron-donating and withdrawing

groups in the pyridine ring. The 5-trifluoromethylpyridonate Cp*Ir complex, 3

Land

Ir..,,,
N/ Cl

exhibited superior activity (Figure 29).

2.0 mol%

NS
Y
\ K

p-xylene, reflux
20 h, under Ar N

Tz

Figure 29 Dehydrogenation of 1,2,3,4-tetrahydroquinolines catalyzed by a 5-
trifluoromethylpyridonate Cp*Ir complex, 3.”
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The hydrogenation of 2-methylquinoline to the corresponding amine was achieved
quantitatively using complex 3 under the same conditions as those used for the

dehydrogenation reaction above, but under an atmosphere of hydrogen (Figure 30).

=

2.0 mol% It
Al
N
F,C / \ O
Rl — Rl
\/\ 3 .
//\| p-xylene, 110°C, 20 h /\|

N H, (1 N
5> (1 atm) H

Figure 30 Hydrogenation of quinolines catalysed by complex 3.”

However, the pyridonate Cp*Ir complex was not found to be the common catalytic
species in both the dehydrogenation and hydrogenation reactions. Instead, *H NMR
analysis revealed that 3 was completely converted to the hydride-bridged dinuclear
complex [Cp*IrHCI], (4),”® on reaction with gaseous H, at 373 K in toluene-ds for 5
minutes with concomitant liberation of 5-trifluoromethyl-2-hydroxypyridine in
quantitative yield (Figure 31). Interestingly, heating 4 with the free ligand reformed
3 in the absence of hydrogen suggesting a reversible interconversion between 3 and

4 depending on the presence or absence of hydrogen.”

j , ( H, (1 atm) N OH

It 100 °C, 5 min -
N\l > 1/2 [Cp*ItHCI], + |

toluene-dg N

p-xylene, reflux, 30 min (no H,)

Figure 31 Formation of the hydride-bridged dinuclear Cp*Ir complex
responsible for hydrogenation reaction and the formation of 3 by reaction of 4 and

free ligand in the absence of hydrogen.”
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The hydrogenation of the 2-methyl substituted 1,2,3,4-tetrahydroquinoline was
conducted using 4 as the catalyst and gave the amine in almost quantitative yield
indicating that the catalytic species is [Cp*IrHCI], rather than the Cp*Ir pyridonate
complex (Figure 32).

cat. [Cp*IrHCl],

X 4 mol%
~ H, (1 atm), p-xylene,
N :

110°C, 20 h

(98% yield)

Figure 32  Hydrogenation of imine with [Cp*IrHCI], catalyst.”

It is highly probable that the reversible dehydrogenation-hydrogenation reaction
proceeds with reversible interconversion of catalytic species between the pyridonate
Cp*Ir complex and the hydride-bridge Cp*Ir dinuclear complex.” The overall

processes for the catalytic transformations are summarised in Figure 33.

under H,

Figure 33 Overall Process for the Reversible and Repetitive Catalytic

Dehydrogenation-Hydrogenation of imine using Cp*Ir pyridinate complexes.”
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However, the selective dehydrogenation of just the C=N bond is problematic using
these complexes. This is because both C-C and N-C bonds are liable to
dehydrogenation. It is hard to decide whether oxidative dehydrogenation will occur
at the C-C or N-C bonds, which could lead to completely different products.
Calculation of the bond energy shows that the amine’s dehydrogenation is found to
be more thermodynamically favoured than the alkane’s dehydrogenation. The large
energy difference of C-N and C=N (77 kcal/mol comparing with 63 kcal/mol
between C-C and C=C, and the low bond energy of N-H (93 kcal/mol comparing

with 99.2 kcal/mol of C-H) make the amine dehydrogenation more favourable.
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15 Outline of this thesis

Having provided an introduction to Chiral Asymmetric Transfer Hydrogenation, the
current understanding of the mechanisms of transfer hydrogenation and transfer
dehydrogenation, the rest of this thesis has been designed to develop the

understanding of these powerful synthetic techniques and catalysts.

Chapter 2 describes the synthesis and characterisation of the 16-electron catalysts
used for the transfer hydrogenation work in this study. A structural analysis by X-ray
diffraction is supported by DFT calculations and provides an insight into the relative

n-bonding abilities of the M-N bonds and other key structural features.

In Chapter 3 the 16-electron complexes isolated in the previous chapter are applied
in the transfer hydrogenation of the imine substrate and differences in reactivity are
discussed. This chapter also deals with the synthesis and characterisation of catalytic
intermediates and includes a discussion of the mechanistic implications that arise
from this study. DFT calculations on the system by Eisenstein et al., are also

provided to support this work.

In Chapter 4 we explore the [Cp*Ir(l);]. amine racemisation catalyst and key
intermediates in the mechanism are observed and isolated. A method is explored to
recycle the catalyst from the homogenous solution and the isolated product,
Cp*Ir(1)2(NHs) is fully characterised and its catalytic activity is compared to
[Cp*Ir(l)2].. We also look at the implications of changing variables in the system to

allow transfer dehydrogenation of amines.

Chapter 5 describes a novel method for producing hyperpolarised carbon dioxide for
magnetic resonance imaging purposes using the transfer hydrogenation catalysts in

this study and Dynamic Nuclear Polarization (DNP) of triethylammonium formate.
Chapter 6 is a summary of the main conclusions from this work and includes

suggestions for future work that could be performed. Experimental procedures are

given in Chapter 7; X-ray crystallographic data tables are contained in the Appendix.
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CHAPTER TWO 16-ELECTRON Cp*Rh(lI1) AND Cp*Ir(111) COMPLEXES

SYNTHESIS AND STRUCTURE OF 16-ELECTRON
Cp*Rh(111) AND Cp*Ir(l111) COMPLEXES FOR
TRANSFER HYDROGENATION

2.1 Introduction

Many group 8 and 9 metal catalysts for transfer hydrogenation and heterolytic
hydrogenation incorporate amido ligands that are capable of metal-nitrogen n-
bonding."** 18-electron half-sandwich Cp*Rh(IIl) and Cp*Ir(III), (Cp* = 1°-CsMes)
complexes with monotosylated amine or amino-alcohol ligands are examples that are
used extensively as catalysts for the asymmetric transfer hydrogenation (ATH) of

ketones and imines (Figure 1).

==

(e e TN Ir e e
/k/ Ph/k/ /k/
Ph Ph Ph
Figure 1 Cp*Rh and Cp*Ir complexes with amine or amino-alcohol ligands

capable of n-bonding for ATH of ketones and imines, when HCI is

eliminated.

In their base activated form, these catalysts have 16-electron configurations. In
previous studies, Noyori isolated and characterised, by X-ray crystallography, all
three intermediates operating for the [(p-cymene)RuCI(TsSNCHPhCHPhNH,)]
system, including the 18-electron chloride precursor (A), the 16-electron amido
complex (B) and the 18-electron hydride complex (C) which all reduce

acetophenone with comparable activity and selectivity (Figure 2).*
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| i I
M., KOH iPrOH
TsN™ \ el TSN/M\NH TSN'N{'”'H
/Q/NHz - HCl NH,
Ph : S Ph
2 PH “Ph E
Ph Ph

A

M = Ru(Il), L = p-cymene

B
Rl
M = Rh(III), L = CsMe; /k o
M = Ir(Ill), L = CsMes g
= 2
H

Figure 2 “Outer-sphere” bifunctional catalysis mechanism using 18-electron
half-sandwich complexes. Complex B is capable of metal-nitrogen -

bonding.

Attempts to extend the approach to the Cp*Rh(lll) catalyst gave a deep green
product identified as the 16-electron complex Cp*Rh(TsNCHPhCHPhNH); its
isolation and characterisation, including obtaining an X-ray crystallography

structure, has proven difficult due to air and water instability in solution.’
2.1.1 16-electron Cp*Rh(I11) and Cp*Ir(l111) air and water stable complexes

In 1979, Maitlis et al. demonstrated that the reaction of catechol, 0-aminophenol and
o-phenylenediamine with [Cp*RhCl,], in aqueous base formed air-stable complexes
with formally 16-electron configurations (Figure 3).° These complexes display
strong colours arising from (= — d) ligand-to-metal charge transfer bands in the
visible part of the spectrum. For the catecholate complex, the change in bond
distances r(O1-C11), r(02-C16) and r(C11-C16) with respect to the free ligand are
insignificant. These structural parameters indicate that the Rh is in the +3 oxidation
state.® Interestingly, the mutually perpendicular views of the crystal structure of
Cp*Rh(OCsH,40) in Figure 4 show that the O-Rh-O plane and the Rh-Cp* vector are

almost co-planar. Similarly, Ko et al. demonstrated that [Cp*IrCl;], reacts with o-
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phenylenediamine and triethylamine to form  16-electron  bis(amido)
Cp*Ir(HNCgHsNH).” The complexes with O donor groups form adducts with
phosphines, but the NH counterparts are less reactive which indicates that the NH

group is a better ligand to the rhodium centre and forms a stronger bond.

th th R|h
/. VRN VAN
HN NH O NH (@) (@]

Figure 3 Three complexes first prepared by Maitlis with formally 16-electron
configurations: (left) Cp*Rh(HNCgH4NH); (middle)
Cp*Rh(OCgH4NH); (right) Cp*Rh(OCgH40).

c11 C16

Figure 4 Two mutually perpendicular views of the molecular structure of
Maitlis’ Cp*Rh(OCgH,0) complex.®
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2.1.2 Grace’s complex, Cp*Rh(TsNCgH4NH) which is catalytically active

In 2006, Grace synthesised the air and water-stable 16-electron complex,
Cp*Rh(TsNCgHsNH), using N-tosyl-o-phenylenediamine in place of the familiar
TsNCHPhCHPhNH, (TsDPEN) series of ligands (Figure 5).% This is in contrast to
Noyori-type rhodium complexes which are only stable as the 18-electron precursor
species.>* Furthermore, this complex was found to be catalytically active for the
(non-stereo specific) transfer hydrogenation of the cyclic imine, 6,7-dimethoxy-1-
methyl-3,4-dihydroisoquinoline using 2:5 triethylamine:formic acid (TEAF) in
methanol-ds.° The crystal structure of this complex showed a marked asymmetry
between the Rh-NH (1.9372(15) A) and Rh-NTs (2.0796(14) A) bond lengths
(difference 0.1424(10) A) owing to the electron withdrawing effect of the tosyl

protecting group.

% —
<‘<> e TN e N
P - 2 AN
> — - \i_/_- o T’J—QQ

\/

"2 Rh1

Figure 5 X-ray structure of Cp*Rh(TsNCsH4sNH), a complex which catalyses

the transfer hydrogenation of imines.

37



CHAPTER TWO 16-ELECTRON Cp*Rh(lI1) AND Cp*Ir(111) COMPLEXES

2.1.3 Evidence of redirection of m-bonding from M-NH and M-NTs groups

Rauchfuss has also previously reported that when one of the NH groups is tosylated,
the bonding of the NTs and NH groups may be significantly different (where Ts =
SO,Tol). Protonation of Cp*Ir(TSNCHPhCHPhNH) at the NH group results in
elongation of the Ir-NH bond by about 0.2 A and contraction of the Ir-NTs bond by
about 0.1 A, indicating a redirection of m-bonding from one nitrogen to the other
nitrogen (Figure 6). Upon binding of Lewis bases to the metal atom of the protonated
16-electron form, the Ir-NTs bond lengthens and the acidity of the amine decreases

by about 3 pH units.*°

Ir H® Ir
/7 \ _ / \
TsN NH > TsN NH,
pi! Ph pH *Ph

Cp*Ir[TSNCHPhCHPhNH] | Cp*Ir[TSNCHPhCHPhNH,]"
Ir—Cp*(centroid) 1.794(6) 1.782(6)
Ir-N(1)Ts 2.058(5) 1.984(4)
Ir-N(2)Hx (x =1, 2) 1.901(5) 2.096(5)

Figure 6

Rauchfuss’ work shows the protonation of the 16-electron complex,

Cp*Ir(TSNCHPhCHPhNH) at the NH group significantly changes the bonding

between the iridium, NTs and NH groups.
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2.1.4 Related 16-electron complexes stabilised by w-donation

Related M-O bonds are also proposed to be stabilised by m-donation. Bergman
reported pinocolate complexes Cp*M(OCMe,CMe,0) (M = Rh, Ir) that may also be
stabilised by significant n-donation from the oxygen to the metal centre.* Bergman
attempted to prepare 18-electron adducts by reacting the isolated pinocolate
complexes with phosphines but this led to their decomposition. This instability is
consistent with favourable n-donation in the parent pinocolates, which is replaced by

destabilising dn-pr repulsion in the adduct (Figure 7).%

PSS =S

catechol |
Rh THF Rh PPh; Rh
—_— —_— — ],
7 o 7 o o / "PPhs

hv

- pinacol
W - O
w z
M hv
hv M
: : No reaction observed No reaction observed
Rh

Figure 7 Cp*Rh(pin) complex and associated reactivity with catechol and 2,3-
dimethylbutadiene. No reaction observed between Cp*Rh(OC¢H;O) and 2,3-
dimethylbutadiene, highlighting the stability of this 16-electron catecholate complex.
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2.1.5 m=-stabilised unsaturation

Compounds of the type [Cp*RuCI(PR3)] are well established as reactive
intermediates in dissociative phosphine-exchange reactions.** The isolation of 16-
electron complexes such as [Cp*RuCI(PR3)] can be achieved by using bulky
phosphine ligands as only bulky phosphines with a sufficiently large cone angle can
allow the isolation of these 16-electron complexes.***>*® Another requirement for
the stabilization of Cp*RuX(PR3) complexes is the presence of m-electrons at the X
ligand, since n-donation by lone pairs mitigates the coordinative unsaturation which
would be present if the X-ligand were a pure o-donor (Figure 8).> The authors coined
a name for this effect, n-stabilised unsaturation. For this reason, these compounds

have been referred to as operationally unsaturated, rather than coordinatively

unsaturated.'*?
Ru
PN
Figure 8 n-donation at the X-ligand by lone pairs mitigates the coordinative

unsaturation.

Eisenstein et al. investigated the reason why compounds of the type Cp*RuLX have
a mirror-symmetric structure with Ru, L, X and the Cp* centre coplanar.”®> They
showed that a Ru-X partial n-bond raises the LUMO energy level, increasing the
HOMO-LUMO energy gap and thus disfavouring pyramidalization at the metal
center. Their calculations of the behaviour of systems with X = pure c-donor, -
donor and m-acceptor support these conclusions. Interestingly, the LUMO of
Cp*RuLX still lies low enough to give visible colour and to allow rapid addition of
‘small’ Lewis bases. In the presence of m-acceptor ligands, MLs d® complexes are
known to have a square-pyramidal structure. Thus when Cp occupies three facial

sites of a square pyramid, the metal is predicted to be pyramidal, A, e.g. CoMn(CO),

40



CHAPTER TWO 16-ELECTRON Cp*Rh(lI1) AND Cp*Ir(111) COMPLEXES

(Figure 9).*" The angle between the plane L-M-X and the M-Cp vector is defined as
08, C (Figure 10). In this case, the angle between the plane L-Ru-X was found to have

a bent structure with 0 = 160°.

\\\\\\
ot P
X

A B

Figure 9 Pyramidal and distorted trigonal bipyramidal structure.

Figure 10 Angle between plane L-Ru-X and the Ru-Cp center

In contrast, ML,X d® configurations, where X is a m-donor ligand are predicted to
adopt a distorted trigonal bipyramidal structure with an M-X multiple bond and no
stereochemically-active empty orbital. In this case, the Cp replaces three fac ligands
and a planar structure is observed (B, Figure 9). Furthermore, Eisenstein used
Extended Huckel Theory (EHT) calculations to examine the stability of CpRuL,
complexes when RuL, was bent from the planar conformation towards the pyramidal
structure. Thus, in the case of B, 6 = 180°, whereas A # 180°. As shown in Figure
11, the metal was calculated to remain planar for CpRu(PH3)l and CpRu(PH3)(OH).
The calculations show there is a stronger preference for CpRu(PH3)l and
CpRu(PH3)(OH) to be planar compared to [CpRuH;]". This demonstrates that the
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presence of n-donor ligands increases the preference for a planar structure over that

of a o-ligand.

18

104

E
(kcal/mol)

)
8 205 230
(

Figure 11 Total energy curves calculated by Eisenstein et al. for [CpRuH,] (2),
[CpRu(PH3)1] (3a) and [CpRuU(CO),]" (4)."

2.1.6 Aims of the chapter

The main aim of this chapter is to synthesise and characterise a library of 16-electron
complexes of the type, Cp*M(XNC¢H4NX") (where M = Rh, Ir and X, X" = H, Ts)
and investigate in greater detail their structural features in order to gain a deeper
understanding of the importance of m-bonding and deduce mechanistic implications
from the study. The work is also supported then by DFT(B3PW291) calculations on

these systems by Eisenstein et al.
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2.2  Results and Analysis

2.2.1 Synthesis of monosulphonylated o-phenylenediamine (OPDA) ligands

The previously reported method for the synthesis of monotosylated o-
phenylenediamine ligands was attempted initially but the reaction of o-
phenylenediamine with tosyl chloride in the presence of triethylamine using
dichloromethane as the solvent resulted in a very low yield (<30%) of pure
compound. The reaction of 4,5-disubstituted o-phenylenediamine ligands with p-
toluenesulfonyl chloride in the presence of triethylamine using dichloromethane as
the solvent and micro-wave assistance also resulted in very low yield (< 10%) of the
pure monotosylated compound and a high level of disubstituted unwanted product.®
A suitable process was developed for the synthesis of unreported monotosylated 4,5-
disubsituted o-phenylenediamine ligands based on that reported by van Leeuwen et
al. 2007 (Figure 12).*

H,N NHTs
O
Pyrldlne
S—Cl
THF, 293 K,
O add dropw1se
12 h
X =H, CHj, Cl

Figure 12 Synthesis of N-tosyl-1,2-diaminobenzene (X = H) and 4,5-
disubstituted o-phenylenediamine ligands (X = Cl and CHy)

To a stirred solution of the appropriate o-phenylenediamine ligand and pyridine in
THF at 293 K, was added a solution of p-toluenesulfonyl chloride (0.25 equivalents)
in THF over a period of 12 hours. The solution was stirred until the reaction was
complete (followed by *H NMR) and the solvent was evaporated in vacuo. After
workup (see experimental section), the product was crystallised using

dichloromethane and pentane at 248 K. Using this method, N-tosyl-1,2-
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diaminobenzene (X = H), 4,5-dimethyl (X = CHj3) and 4,5-dichloro ligands (X = CI)
were prepared in 82%, 68% and 53% yields, respectively. They have been
characterised by *H and **C NMR spectroscopy, KBr-IR and ESI mass spectrometry.
Full details of NMR characterisation can be found in the NMR data section at the
end of this chapter. The *H NMR spectra (500 MHz, CDCls, 300 K) of N-tosyl-1,2-
diaminobenzene, 4,5-dimethyl-N-tosyl-1,2-diaminobenzene and 4,5-dichloro-N-

tosyl-1,2-diaminobenzene are shown (Figure 13).
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Figure 13 'H NMR spectrum (500 MHz, CDCls, 300 K) of N-tosyl-1,2-

diaminobenzene

Each spectrum shows peaks consistent with the NH and NH; protons, the p-
toluenesulfonyl aromatic protons and the o-phenylenediamine aromatic protons.
Other tosylated ligands, which could be of interest for future studies, have been

synthesised using this method as shown in Figure 14.
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N-(10-aminophenanthren-9-yl)-4-methylbenzenesulfonamide

(R)-N-(2'-amino-1,1'-binaphthyl-2-yl)-4-methylbenzenesulfonamide

N-((1R,2R)-2-amino-1,2-diphenylethyl)-5-(dimethylamino)naphthalene-1-

sulfonamide

Figure 14 Other mono-tosylated ligands synthesised during this study.
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2.2.2 Synthesis of disulphonylated o-phenylenediamine (OPDA) ligands

In order to investigate the effect of two tosyl electron withdrawing groups on the
electronic interactions of the nitrogen atoms with the rhodium centre, a
disulfonylated o-phenylenediamine ligand was prepared using a development on the
method from the previous section. Two equivalents of p-toluenesulfonyl chloride
were reacted with the o-phenylenediamine ligand (Figure 15), the reaction was
moderately exothermic. After removal of the solvent, the oil was dissolved in hot
ethanol and allowed to cool overnight. This afforded a white solid, which was
subsequently recrystallised using a supersaturated solution of ethyl acetate and
layering with hexane to afford white crystals. The product was characterised by *H
and *C NMR Spectroscopy and ESI mass spectrometry. Using this method it was
also possible to form novel bistosylated ligands that maybe of interest such as

ditosyl-9,10-diaminophenanthrene (see X-ray crystallography structure, Figure 16).

H,N NH, o TsHN NHTs
|| THF, 293 K
+ 2 Me S—Cl ———>
| | Pyridine
O

Figure 15 Synthesis of ditosylbenzene-1,2-diamine ligand.

Figure 16 X-ray structure of ditosyl-9,10-diaminophenanthrene
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2.2.3 Synthesis of “16-electron” rhodium and iridium(IIT) complexes

The 16-electron complexes Cp*Rh(TsNCgH4NH) (1a), Cp*Rh(TsSNCgH4NTS) (1b),
Cp*Ir(TsNCgH4sNH) (1d) and Cp*Ir(TsNCgH4NTS) (1e) were prepared by treatment
of [Cp*RhCl;], with TsSNHC¢H4sNH, or TsNHCgH4;NHTs and triethylamine in
dichloromethane at room temperature (Figure 17). The violet-blue air-stable rhodium
products were recrystallised from dichloromethane/hexane for la and from
dichloromethane/methanol for 1b. The iridium complexes are dark red air-stable
products and were recrystallised from a supersaturated solution of hot toluene for 1d
and from dichloromethane/methanol for 1le. Cp*Rh(HNC¢Hs;NH) (1c) was prepared
using the literature method and was recrystallised from toluene/pentane.® These
complexes were characterised by 'H, **C and '®Rh NMR, ESI-MS, IR-KBr, UV-

visible spectroscopy, CHN elemental analysis and X-ray crystallography.

1/2 [Cp*MCl,],
ﬁ For M = Rh
+
I R=H R'=Ts (1a)

> NEt M R=Ts R'=Ts (1b)
RHN NHR' 3 /. R=H R'=H (1¢)
RN NR' ForM =1Ir

CH,Cl,
R=H R'=Ts (1d)
R=Ts R'=Ts (1e)
R=H R'=H {f)

H H

Figure 17 Synthesis of complexes 1a-1e with formal 16e configurations.

The *H NMR spectra of 1a and 1c (dichloromethane-d,) show broad singlets at &
8.25 and 8.26, respectively, for the NH proton, consistent with the literature values
of other related complexes (Figure 18)."°?° In methanol-ds, the NH peak
disappeared confirming the Brensted basicity of the nitrogen. A 1-D NOESY
experiment for 1a and 1d showed interaction between the Cp* methyl and the NH
protons, confirming their proximity. *H/*®Rh HSQC experiments on 1a and 1b
(chloroform-d) revealed cross peaks between the Cp* methyl protons and rhodium
centres at & 2063 (1a, Figure 19) and 1743, respectively. The *®Rh chemical shifts of
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16-electron l1la and 1b are more deshielded than that of the 18-electron chloride
Cp*RhCI(TsSNCHPhCHPhNH,) we recorded previously (8gn = 2551).%
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Figure 18 'H NMR spectrum of 1a, Cp*Rh(TsNCsHsNH) in dichloromethane-d.
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| 2055.0

| 2060.0

| 2065.0
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| 2075.0

| 2080.0

Fppm (1)

Figure19  'H/*®Rh HSQC data for 1a, Cp*Rh(TsNCgH4NH) in chloroform-d
(Orn = 2063 ppm).

The IR spectrum of 1a shows an NH stretching band at 3318 cm™ comparable to

those of 1c at 3322 and 3346 cm™ and other related amido complexes.”?*?*

Transitions from one electronic state to another can occur upon absorption of a
photon. The energy range for these types of transition fall in the ultraviolet and
visible range of the electromagnetic spectrum. The most intense type of metal-based
transitions are charge transfer transitions. In a typical metal-to-ligand charge transfer
transition (MLCT), an electron of one of the metal orbitals is transferred to a =*
orbital of one of the ligands on the metal. If the metal has unoccupied d-orbitals, a
transfer from an orbital on the ligand to the metal is also possible, this is called
ligand-to-metal charge transfer (LMCT). la and 1b display strong violet-blue
colours which can be attributed to n(N)—d LMCT bands in the visible spectrum
(Figure 20 and Table 1) (dichloromethane, Amay/nm, (¢/mol™® dm® cm™) 1a 578
(7300); 1b 554 (7400); 1c 525 (19900)). There were no major changes in Amax iN
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dichloromethane, methanol, or tetrahydrofuran but Amax Of 1a is shifted to slightly

higher energy in acetonitrile thereby confirming a lack of solvent coordination.

UV-Visible Spectrum of 1a, 1b, 1d and 1e in dichloromethane

1 -T]

09 -

0.8 +

0.7 4

06

054

Abs

04

03 A /

0.2 1

0.1 7

0 T T T T T
250 350 450 550 650 750
Wavelength / nm

—— (CpMe5)-Rh(TsNCEHINH) (1a) —— (CpMe5)-Rh{TsNCEH4NTSs) (1b)
{CpMe5)r(TsNCEHANH) (1d) {CpMe5)-Ir(TsNCEHANTS) {1e)

Figure 20 UV-visible spectra of complexes 1a, 1b, 1d and 1le.

Amax/ NM ¢/ molt dm®cm?
Cp*Rh(TsNCgH4NH) (1a) 578 7300
Cp*Rh(TsNCgHsNTSs) (1b) 554 7400
Cp*Rh(HNCsH4NH) (1c) 525 19900
Cp*Ir(TsNC¢H4NH) (1d) 430 10975
Cp*Ir(TsNCgH4NTS) (1e) 446 8100
Table 1 UV-visible data values for 1a-1e.
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2.2.4 Molecular Orbital (MO) analysis of “16-electron” Cp*Rh(HNCsH;NH)
and Cp*Rh(HNCHPhCHPhNH) complexes'

Eisenstein et al. analysed the molecular orbital interactions made with the most
symmetric system, Cp*Rh(HNCgH;NH), 1c and a non-tosylated complex,
Cp*Rh(HNCHPhCHPhNH) related to the 16-electron intermediate of the well-
established ATH catalyst, Cp*RhCI(TsSNCHPhCHPhNH,). These complexes have
symmetry C,, and C,, respectively. The ligand of 1c, HNCgH;NH has two N lone
pairs that combine with the m-orbitals of benzene leading to orbitals of a, and b;
symmetry. Figure 21 shows schematically this interaction. The in phase combination
of N lone pairs (N*+N?) interacts with the benzene orbitals of b; symmetry; while the
out of phase combination of N lone pairs (N'-N?) interacts with those with a;
symmetry. Consequently the orbitals b; and a, of the HNCgH;NH ligand are
separated in energy being that b; is significantly lower in energy than a,. Whereas, in
the HNCHPhCHPhNH ligand there is no such interaction and the in-phase (b
symmetry) and out-of phase (a symmetry) combination of N are degenerate.

C,
| n
b1, &%
NT - N2 %)

N1 + N2
a2
Q O
o
O Q

Figure 21 MO representation of in-phase / out-of-phase interactions for the
HNCgHsNH system

' The author would like to thank Ainara Nova and Odile Eisenstein (The University of Montpellier,
France) for performing the MO calculations for these systems.
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The orbitals of a; and b, symmetry in the HNCgH;NH system, and a and b symmetry
in system HNCHPhCHPhNH, make a n-combination with the unoccupied dy, (b:
symmetry) and the occupied dyy (a; symmetry) of the CpRh fragment respectively
(Figure 22). The n-combination of orbitals of b; symmetry stabilizes the 16-electron
complex; while the combination of a, symmetry destabilizes the complex by a 4-
electron repulsion. The 4-electron repulsion should be bigger in the
HNCHPhCHPhNH system where the lone pairs are more localized in the N atoms
than in the HNCgH4NH system, where they are delocalized within the Ph ring.

f 2 Rh A
W z&;
- LUMO H-N N-H
D _@ N
s Pore /= 4
s » 9 e _Homo _p, M H
LUMO oy
A

HOMO
29 )

e &

o & Rh m, Pn B
@ L y
Yo-39 @Ei H—N>—\N H
2 9.

LUMO
"] Q —_— :
—_ b
de
LUMO
HOMO Ph_ Ph

29 2 3 ;

3‘. “a) ,L Hd—bH
X & 4ty  Homo
qJ‘ 9 o o T

‘ 7 a e pn
” = L " HOMO-1H
“7 e ) dxy a '“
HOMO

Figure 22: MO diagram to show interaction of ligands with CpRh fragment, 4-

electron repulsions.
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To estimate how important the 4 electron repulsion is in each system we can
calculate the difference in energy between an almost pure orbital of Rh, for instance
the dy,.,» and the out-of-phase combination of the orbitals with a, symmetry. In this
way an internal reference was established to compare the energy of the orbitals in the
different systems (Figure 23). This diagram shows that the 4-electron repulsion is
bigger in the system using the HNCHPhCHPhNH ligand than in the HNCgH;NH
system as expected. The systems of the bistosylated complexes,
Cp*Rh(TsNCgH4NTSs) and Cp*Rh(TsNCHPhCHPhNTS), could also be investigated
using this method. In these complexes the repulsion is lower than in the non-
tosylated complexes because the tosyl groups on the ligand stabilise the lone pair on
the nitrogen atom more than the NH groups (See Section 2.2.8, Figure 29). The 4-
electron repulsion accounts for why the complexes with HNCHPhCHPhNH as their
ligand are more reactive than those with HNCgH;NH. However, this methodology

cannot be used for the ranking of reactivity for each series.

Alc A1lb Bic B1b

AE=1.83 eV

AE=1.,50 eV
Le]

AE=242 eV

AE=1.85eV

H-N

3
3

H

Figure 23 4-electron repulsions in Alc, Alb, Blc, Blb
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2.2.5 X-ray crystallography characterisation of rhodium(l11) complexes

The crystal structure of 1la has been previously reported.” For comparison,
complexes 1b and 1c have been characterised by X-ray crystal analysis here.
Suitable single crystals were grown from a solution of CH,Cl; layered with methanol
for 1b and a solution of toluene layered with pentane for 1c. The structures are
shown (Figure 25) and selected bond lengths and angles are collected in Table 1
along with those for 1la for comparison. Complexes 1a, 1b and 1c show marked
structural differences (Table 2). The Rh-NH bond length is much shorter than the
Rh-NTs bond length for la (difference 0.1424(10) A) owing to the electron
withdrawing effect of the tosyl group. 1b and 1c show symmetric Rh-N bond
distances with long distances for the former (mean 2.0419(19) A) and short ones for
the latter (mean 1.9778(18) A). The Rh-N distances follow the order 1a(Rh-NH) <
1c(Rh-NH) (mean) < 1b(Rh-NTs) (mean) < 1la (Rh-NTs). Complex 1a also shows
significant differences between r(N1-C11) and r(N2-C16), but the changes in r(N(1)-
C(11)), r(N(2)-C(16)) and r(C11-C16) with respect to those of the free ligands** are
insignificant (Table 3) which indicate the complexes are in a +3 oxidation state, as
Maitlis also found for the 16-electron complex, [Cp*Rh(CsH40,)].2CsHa(OH),.% The

angles 0y0p and 6Oyir (Figure 24) reveal further evidence of n-bonding.

Bo0p = angle between M-N1-N2 plane and M-Cp* centroid vector

Ot = angle between M-N1-N2 plane and plane of benzene ring

Figure 24 Diagram for definition of angles 0oop and Oyt
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Figure 25 Two mutually perpendicular views of molecular structures of
Cp*Rh(TsNCgHsNH), 1a (top), Cp*Rh(TSNCgHsNTs), 1b (middle) and
Cp*Rh(HNCgHsNH), 1c (bottom); hydrogens are omitted for clarity. Thermal
ellipsoids shown at 50% probability.
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Complex
Bond (1a) (1b) (1c)
M-N(1) 1.9372(15) 2.0403(19) 1.9833(18)
M-N(2) 2.0796(14) 2.0435(19) 1.9722(19)
Ar(M-N) 0.1426(10) 0.0032(13) 0.0111(13)
N(1)-C(11) 1.369(2) 1.421(3) 1.361(3)
N(2)-C(16) 1.413(2) 1.422(3) 1.364(3)
C(11)-C(16) 1.416(2) 1.404(3) 1.423(3)
Ooop’ 0.03° 8.40° 1.18°
Ot 0.82° 20.98° 2.19°
Table 2 X-ray diffraction data for 1a, 1b and 1c
Complex
bond HoNCgHsNH,  TSNHCgH4NH,  TSNHCgH,NHTS
N(1)-C(11) 1.406 1.368(4) 1.417(4)
N(2)-C(16) 1.408 1.439(4) 1.431(4)
C(11)-C(16) 1.406 1.397(4) 1.388(4)

Table 3 Selected Bond Lengths (A) and Angles (deg) for free ligands.?*

While 1a and 1c are planar (8o0p < 2°), 1b has lost the planar conformation, 8y0p =
8.40°. The tilt angles 0y follow the order 1b (20.98°) > 1c (2.19°) > 1a (0.82°), the
last being almost planar. These data are consistent with considerable n-bonding for
la (Rh-NH) and 1c but less or none for 1b and la(Rh-NTs). The structural
parameters of 1a, 1b and 1c show that these are Rh(Ill) complexes, as also identified
for the 16-electron complex, [Cp*Rh(CsH402)].2CcH4(OH),.° The marked
differences on Ar(M-N), 040y and 6sy; are consistent with MO arguments suggested
by Morris (for related Ru amido complexes) that these bonds have partial double
bond character due to m-donation from N to Ru. The locations of the hydrogen atoms
in the X-ray diffraction experiments were assigned by difference map. Our studies
highlight the ability of the metal to adapt to the requirements of the amido or
tosylated amido ligands and the enormous electron withdrawing effect of the tosyl
group on the M-N interaction in 1a(Rh-NTs) and 1b.
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2.2.6 X-ray crystallographic characterisation of iridium(I11) complexes

Grace had been successful in characterising Cp*Rh(TsNCgH;NH), 1a by X-ray
crystallography in 2006.° It was decided that the X-ray crystallographic structures for
the iridium series of complexes, Cp*Ir(XNCgHsNX’), where X, X’ = H or Ts, should
be determined. The analogous 16-electron iridium complex, Cp*Ir(TsNCgHs;NH),
1d, is shown in Figure 26, along with complex 1e and 1f for comparison (where 1f
has been previously reported).” As expected, the structural parameters for the iridium
series of 16-electron complexes are very similar to the rhodium series (Table 4). In
agreement with the Rh-N distance trends, the Ir-NH bond length is much shorter than
the Ir-NTs bond length for 1d (difference 0.127(5) A), also due to the electron
withdrawing effect of the tosyl group. 1le and 1f also show near symmetric Ir-N bond
distances with long distances for the former (mean 2.036(2) A) and shorter for the
latter (mean 1.971(8) A). The Ir-N distances follow the order 1d(Ir-NH) < 1f(Ir-NH)
(mean) < 1e(Ir-NTs) (mean) < 1d(Ir-NTs). The angles 84y and Oy for the iridium
complexes also follow the same trend as for the rhodium series, where 1d and 1f are
planar (8y0p < 4°) and 1le has lost the planar conformation, 6o = 6.56°. The tilt
angles also follow the same order as the rhodium series, 1e (20.86°) > 1d (5.06°) >
1f (1.39°), consistent with considerable n-bonding for 1d (Ir-NH) and 1f but less or
none for 1e and 1d(Ir-NTs).

Complex

Bond (1d) (1le) (1f)’
M-N(1) 1.936(3) 2.035(3) 1.985(12)
M-N(2) 2.063(3) 2.037(3) 1.957(12)
Ar(M-N) 0.127(5) 0.002(5) 0.028(5)
N(1)-C(11) 1.376(4) 1.430(4) 1.35(3)
N(2)-C(16) 1.420(4) 1.422(4) 1.38(2)
C(11)-C(16) 1.412(4) 1.404(5) 1.41(3)
Ooop 3.16° 6.56° 1.35°
Orie 5.06° 20.86° 1.39°
Table 4 Selected bond lengths and angles for 1d, 1e and 1f’
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7

Figure 26 Two mutually perpendicular views of molecular structures of
Cp*Ir(TsNCegHsNH), 1d  (top), Cp*Ir(TsSNCgHsNTs), 1le (middle) and
Cp*Ir(HNCgHsNH), 1f (bottom)’; hydrogens are omitted for clarity. Thermal
ellipsoids shown at 50% probability.
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2.2.7 DFT calculations supporting evidence for 7-bonding in Cp*Rh(ll1)

complexes

DFT(B3PW91) calculations by O. Eisenstein and A. Nova gave optimised structures
for 1a, 1b and 1c, close to the X-ray geometric parameters (Figure 27).2 Their
calculations were performed with the Gaussian03 package® of programs with hybrid
B3PW91 functional. The greater Rh-N n-bonding with NH in 1a is evident from the
calculated bond lengths and Wiberg indices. NBO analysis identifies 2p lone pairs
on each nitrogen which mix with Rh(dy) and the CsHa carbon to different extents for
NH and NTs (Figure 28). Strikingly, the contributions of the Rh orbital to the
composition of the nitrogen natural localised molecular orbital (NLMO) follow the
pattern expected from the observed bond lengths: la(NH) > 1c > 1b > 1a(NTs)
(Table 5). The delocalisation onto carbon is also greater for NH groups but follow
the pattern: 1c > 1a(NH) > 1a(NTs) > 1b.

1a 1b 1c
Calculated
1.939 2.050 2.018 2.034 1.966 1.966
(0.654) (0.470) (0.480) (0.480) (0.633) (0.633)
™ _Rh ¢ R0 _Rh ¥
H—N N—Ts Ts—N N—Ts H—N N—H
~. ~. ~.
13627 1.305 1400”7 1.400 13577 1.357
(1.236) (1.146) (1.110) (1.110) (1.274) (1.274)
Ar(Rh-N) 0.111 0.016 0
Ooop 2.25 5.31 0.13
O 3.83 16.67 0.08
Observed
1.9372(15) 2.0796(14) 2.0403(19) 2.0435(19) 1.9833(18) 1.9722(19)
H—N N—Ts Ts—N N—Ts H—N N—H
Ed S 4 A
1.369(2) 1.413(2) 1.421(3) 1.422(3 1.361 (3) 1.364(3)
Ar(Rh-N) 0.1424(10) 0.0032(13) 0.0111(13)
Ocop 0.03 8.4 1.18
Oy 0.82 20.98 2.19
Figure 27 Comparison of calculated and observed bond lengths (A) for 1a, 1b

and 1c. Wiberg indices are shown in brackets (blue). The difference between the Rh-

N bond lengths is shown as Ar. Calculated and observed interplane angles 8op and

Ot also shown in degrees.
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Figure 28 Optimised structures for 1a, 1b and 1c showing the 2p lone pairs on
each nitrogen atom mixing with the Rh(dy) orbital and the C¢H4 carbon orbital
(HOMO-1)
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N Rh Directly bound C S
1a (NH) 73.4 8.5 5.8 -
la (NTs) 80.1 3.8 4.0 2.3
1b 80.8 5.4 3.0 1.9
1c 73.9 6.8 6.8 -
Table 5 Values for the contributions of the Rh orbital to the composition of

the nitrogen natural localised molecular orbital.

2.2.8 Electronic configuration of 16-electron Cp*Rh complexes 1a, 1b and 1c

From the molecular orbital diagram shown in Figure 29 we observe that the energy
of the ligand’s highest occupied molecular orbital decreases when the ligand has an
increasing number of tosyl groups attached. On coordination to Cp*Rh, the HOMO
of the ligand interacts with the metal LUMO, dy, to form a M-N =n-bond. The
stabilisation is greatest for HNC¢H;NH and least for TSNCgH4NTs, as expected

considering the relative energies of the metal and ligand orbitals.
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In-phase and out-of-phase combination between unoccupied dy, of
Cp*Rh and HOMO of bis(amido) ligand.
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2.2.9 Synthesis and characterisation of 4,5-disubsituted 16-electron complexes

We investigated the effect of adding different substituents in the 4,5-position on the
phenylenediamine ligand. These included a methyl group and a chloride group
(Figure 30). The experimental method was identical to that mentioned previously.
The *H NMR of the 4,5-dimethyl complex shows that the NH proton (8 = 8.22) has
an almost identical chemical shift to that of Cp*Rh(TsSNCgHs;NH), la. The
complexes are also blue-violet and have a characteristic single NH stretch in their IR
spectra (for Cp*Rh(TsNCgH(CHs),NH), v(NH) = 3320 cm™). High resolution mass
spectral analysis of the 4,5-dimethyl complex revealed a molecular ion peak plus
hydrogen with m/z of 527.1238. Attempts at growing suitable crystals for X-ray
analysis were unsuccessful owing to time constraints, although the author is
confident that if more time was available structural analysis would confirm similar

structural features observed for 1a, notably planarity around the Rh atom.

Rh Rh
/N 7/
TsN NH TsN NH
H,C c H, cl Cl

Figure 30 4,5-disubsituted complexes synthesised in this study
The 4,5-disubsituted complexes were tested as catalysts for the catalytic transfer

hydrogenation of a cyclic imine, 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline,
in Chapter 3.

63



CHAPTER TWO 16-ELECTRON Cp*Rh(lI1) AND Cp*Ir(111) COMPLEXES

2.3 Summary

In conclusion, we have prepared a series of rhodium and iridium monotosylated and
bis-tosylated complexes (nS-C5Me5)M(RNCGH4NR') (M =Rh, Ir; X, X'=H or Ts)
with formal “l16-electron” configurations and demonstrated that these are in the +3
oxidation state. The complexes are postulated intermediates in the catalytic cycle for
transfer hydrogenation. We have analysed their crystal structures and observed a
remarkable trend in Rh-N bond lengths, indicative of M-NH z-bonding and the
absence of M-NTs =m-bonding in the 16-electron rhodium(Ill) and iridium(IlI)
complexes. We have demonstrated that the effect of m-bonding on 840 and 6y angles
is consistent with MO arguments for ruthenium analogues. The work in this chapter
also highlights the delocalisation in the bis(amido) complexes and the enormous
electron withdrawing effect of the tosyl group on the M-N interaction for
Cp*Rh(TsNCgH4sNH) and Cp*Ir(TsNCgH;NH). DFT(B3PW91) calculations by
Eisenstein et al. give optimised structures for la, 1b and 1c close to the X-ray

structural parameters and support our experimental observations.

During the *H/*®Rh HSQC NMR study, a coupling between the Cp* methyl protons
and rhodium was observed; this was exploited and the '%*Rh chemical shift of 1a and
1b were collected, along with various related CATHy™ catalysts (in publication
elsewhere). We concluded that the rhodium chemical shifts of the 16-electron
complexes were more deshielded than the 18-electron chloride complex,
Cp*RhCI(TsSNCHPhCHPhNH>). This could prove a useful technique for studying
similar Cp*Rh complexes.

In order to probe the effect of electron donating and withdrawing substituents on the
o-phenylenediamine ligand the rhodium 4,5-dimethyl and 4,5-dichloro complexes
were prepared and characterised. The *H NMR spectra of these complexes show an

almost identical NH proton chemical shift.
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2.4 Supporting NMR data

2.4.1 Cp*Rh(TsNCsH4NH) (1a)

— Rh
H,C—10 /N 7—|| 7N
Ny I N/
/N % N\
H? b H°—S5 2—Hf
\—/
/ \
Hd H®
on / ppm assignment J/Hz Assignment
(area, multiplicity)
'H NMR 1.98 (15H, s) Cs(CHa)s
500 MHz 2.35 (3H, s) CHs
(CD,Cl,, 300K) 6.61 (1H, 1) He 8.0 i
6.68 (1H, t) H¢ 8.0 A
6.82 (1H, d) H' 8.0 A
7.20 (2H, d) H? 8.2 i
7.35 (1H, d) He 8.0 A
7.64 (2H, d) HP 8.2 A
8.25 (1H, br. s) NH
3¢ NMR 10.67 Cs(CHa)s
125 MHz 21.69 CHjs
(CD,Cly, 300K) 94.88 Cs(CHa)s 8.3 Jrhe
113.99 c?
117.94 c’

65



CHAPTER TWO 16-ELECTRON Cp*Rh(lI1) AND Cp*Ir(111) COMPLEXES

117.98 c°
120.85 c?
127.13 ct
129.76 c?
138.68 ct
141.26 C’
142.54 ct
152.52 ct
153.70 ct
1%2h NMR 2063.0 Rh

22.18 Hz
(CDCls, 300 K)

Table 2.4.1  Assigned with the aid of *H / **C HSQC, *H / *C HSBC, 'H / 'H
COSY, NOESY and *H / *®Rh HSQC.
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2.4.2 Cp*Rh(TSNCgHiNTS) (1b)

c—7 S CH
- |O| \ I ’
N N
\
3
Hd/
on / ppm assignment J/Hz Assignment
(area, multiplicity)
'H NMR 1.86 (15H, s) Cs(CHa)s
500 MHz 2.33 (3H, ) CHs
(CDyCly, 300K)  6.41-6.45 (2H, m) H¢
7.13 (1H, 1) H? 8.0 A
7.20-7.23 (1H, m) H®
7.50 (2H, d) HP 8.0 A
¥C NMR 11.48 Cs(CHa)s
125 MHz 21.73 CHj
(CD,Cl,, 300K) 99.34 Cs(CHs)s 8.9 Jrne
118.01 c?
120.56 c?
127.31 c®
129.75 c®
140.22 c’
141.60 ct
142.83 C’
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1%Rh NMR 1743.0 Rh
22.18 Hz
(CDCls, 300 K)

Table 2.4.2  Assigned with the aid of *H / °C HSQC, "H / **C HSBC, "H / "H
COSY, NOESY and *H / *®Rh HSQC.
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2.4.3 Cp*Rh(HNCgHNH) (1c)

Rh
HN/ \NH
\1
w—s/ N
\
3
Hb/
on / ppm assignment J/Hz Assignment
(area,
multiplicity)
'H NMR 2.07 (15H, s) Cs(CHa)s
500 MHz 6.66-6.69 (2H, m) H? AA'XX'
(CD,Cl,, 300K) 6.85-6.88 (2H, m) HP AAXX'
8.26 (2H, br. s) NH
C NMR 10.81 Cs(CHs)s
125 MHz 91.54 Cs(CHa)s 7.3 Jrhc
(CD,Cl5, 300K) 114.56 c?
117.55 c?
149.63 ct
Table 2.4.3  Assigned with the aid of *H / °C HSQC, "H / **C HSBC, "H / "H
COSY, NOESY
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2.4.4 Cp*Ir(TsNCsH:NH) (1d)

H,C—10
\ _8/ |O| \6 /
Ha/ \ b RHe 5// \\2 Hf
\—/
/ \
H¢ H®
on / ppm assignment J/Hz Assignment
(area,
multiplicity)
'H NMR 1.99 (15H, s) Cs(CHa)s
700 MHz 2.33 (3H, s) CHs
(CD3sCN, 300K) 6.51 (1H, 1) H¢ 7.7 N
6.63 (1H, t) He 7.7 JhH
6.97 (1H, d) Hf 7.9 JnH
7.24 (2H, d) H? 8.3 JhH
7.45 (1H, d) HC 8.4 N
7.61 (2H, d) HP 8.3 JnH
8.87 (1H, s br) NH
C NMR 10.66 Cs(CHs)s
175 MHz 21.45 CHs
(CDsCN, 300K) 88.53 Cs(CHa)s
114.45 c?
117.45 c’
118.07 c®
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121.60 c?
127.69 ct
130.34 c?
140.80 ct/c’
140.80 c/c’
143.32 ct
154.80 ct
'H NMR 1.99 (15H, s) Cs(CHs)s
700 MHz 2.33 (3H, ) CHjs
(CDsCN, 300K) 6.51 (1H, t) H 7.7 A
6.63 (1H, t) HP 7.7 JHH

Table 2.4.4  Assigned with the aid of *H / °C HSQC, "H / **C HSBC, *H / "H

COSY and NOESY.
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2.45 Cp*Ir(TsNCsHNTS) (le)

SN 1N
c—7 4—S—N N—S CH
R |O| \ i ’
o e oo/ N\
N\
3
Hd/
on / ppm assignment J/Hz Assignment
(area,
multiplicity)
'H NMR 1.72 (15H, s) Cs(CHa)s
500 MHz 2.33 (6H, s) CHs
(CDsCN, 300K) 6.40 (2H) H¢ 35,26 Jh
7.11 (4H, d) H? 8.1 Jh
7.36 (2H) H° 3.5,26 N
7.44 (4H, d) HP 8.1 N
C NMR 10.42 Cs(CHa)s
125 MHz 21.46 CHs
(CDsCN, 300K) 90.77 Cs(CHa)s
118.97 c?
121.18 c?
127.96 c®
130.10 ct
141.65 c’
142.94 c’
144.74 ct

Table 2.45  Assigned with the aid of *H / **C HSQC, *H / *°C HSBC, 'H / 'H
COSY and NOESY.
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2.4.6 45-dimethyl-N'-tosylbenzene-1,2-diamine

HA NH,
(CHy)’
(H;C) NH
\ d
_ s\\ H
2(H;C) Hb © 0
on / ppm assignment J/Hz Assignment
(area,
multiplicity)
'H NMR 1.93 (3H, s) (CH,)
500 MHz 2.13 (3H, s) 2(CHa)
(CDCl3, 300K) 2.40 (3H, s) %(CHa)
3.76 (2H, s br.) NH,
5.99 (1H, s br.) NH
6.27 (1H, s) H?
6.51 (1H, s) HP
7.24 (2H, d) H¢ 8.2 33un
7.61 (2H, d) H° 8.5 *JhH
C NMR 18.73 CHjs
125 MHz 19.70 CHs
(CDCls, 300K) 21.78 CHs
118.80 ArH
119.03 Q
127.15 Q
127.76 TosArH
129.68 ArH
129.72 TosArH
136.58 Q
137.70 Q
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142.12 Q
143.94 Q

Table 2.4.6 NMR data for 4,5-dimethyI-N1-tosyIbenzene-l,z-diamine

Assigned with the aid of *H, *C{*H}, *H / *C HSQC, *H / *C HMBC, *H / *H
COSY, *H NOESY experiments.
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2.4.7 4,5-dichloro-N*-tosylbenzene-1,2-diamine

H NH,
CH,

Cl NH
N
—
0~ \
0

Cl H H

on / ppm assignment J/Hz Assignment
(area,
multiplicity)

'H NMR 2.43 (3H, s) CHs
500 MHz 4.12 (2H, br. s) NH,
(CDCl3, 300K)  6.08 (1H, br. ) NH

6.55 (1H, s) ArH 2.0 2Jue

6.79 (1H, s) ArH 2.0 2hcl

7.29 (2H, d) TsArH 8.2 3JhH

7.62 (2H, d) TsArH 8.2 33un

C NMR 21.79
125 MHz 117.84
(CDCls, 300K) 120.61
120.68

127.69

129.80

130.07

132.63

135.48

144.29

144.83

Table 2.4.7 NMR data for 4,5-dimethyI-N1-tosyIbenzene-l,z-diamine
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2.48 Cp*Rh(TsNCgH(CHs),NH)

7N\ g
3(H;C) 10/ \7 ” 4 \NH
N_/ | \_/
N //6 1\\
Hd He HP—S5 2—H?
\—/
2 / \ 1
(H30) (CHy)
on / ppm assignment J/Hz Assignment
(area,
multiplicity)
'H NMR 1.93 (3H, s) (CH5)*
500 MHz 1.96 (15H, s) Cs(CHa)s
(CD,Cl,, 300K) 2.08 (3H, s) (CH5)?
2.34 (3H, s) (CH3)®
6.60 (1H, s) H?
7.17 (1H, s) HP
7.19 (2H, d) H¢ 8.2 i
7.62 (2H, d) He 8.2 A
8.22 (1H, br. s) NH
C NMR 10.62 Cs(CHa)s
125 MHz 19.45 (CHs)?
(CD,Cl,, 300K) 20.26 (CHs)*
21.68 (CHs)*
94.35 Cs(CH3)s 7.9 Jrnc
114.76 c?
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118.88
126.62
127.12
129.24
129.66
136.97
141.43
142.32
151.04

C5
CQuart
CB
Cquart
C9
CQuart
Cquart
Cquart

Cquart

Table 2.4.8  Assigned with the aid of *H / °C HSQC, *H / **C HSBC, *H / *H
COSY, NOESY and *H / *®Rh HSQC.
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CHAPTER THREE MECHANISM OF TRANSFER HYDROGENATION

A MECHANISTIC STUDY INTO TRANSFER HYDROGENATION
USING 16-ELECTRON Cp*Rh AND Cp*Ir COMPLEXES

3.1 Introduction

Optically active compounds are important in the fine-chemical, pharmaceutical and
agrochemical industries.® Asymmetric transfer hydrogenation (ATH) is an
outstanding method for the preparation of chiral alcohols and amines by the catalytic
reduction of ketones and imines, respectively.>**>® Transfer hydrogenation is
defined as the reduction of unsaturated molecules with the aid of a hydrogen donor
in the presence of a catalyst.” In ATH, an alcohol, e.g. 2-propanol, or a formate is

used as the hydrogen source.®®
3.1.1 Noyori’s “Outer-sphere” bifunctional mechanism

Noyori’s chiral Ru(II)-TsSDPEN complex 1 was used as the catalyst in transfer
hydrogenation of both ketones and imines to give quantitative yields and high

®%11 the proposed mechanism for

enantioselectivities (ee’s up to 97% for imines);
ATH of ketones and imines by 2, formed from 1, involves a cyclic transition state

(A) (Figure 1).

Ts I | /@/R\
\N,Ru,/ Ru Ts \ _H. 1\\R2
x rs— N SnRE
A/NHZ ) / |:
Ph N X
N = Ph R | "H”
Ph Ph Ph $ H
Ph
1 X=Cl -
2 X=H 3 A X =0 orNR
Figure 1 Ru-TsDPEN catalyst precursor 1, true catalyst 2 and reactive

intermediate 3.
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