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Abstract

ABSTRACT

The synthesis of a new chiral diphosphine, 1,4:3,6-dianhydro-2,5-
bis(diphenylphosphino)-D-mannitol (ddppm) is reported. ddppm is derived from the
commercially available C,-symmetric 1,4:3,6-dianhydro-D-mannitol (Isomannide). This
new ligand exhibits a bend butterfly-like geometry with the two-phosphine groups on the

concave side.

ddppm

The chelating ability of ddppm is demonstrated with the synthesis of several
complexes with transition metals such as Cu, Pd, Pt, Rh, Ru and Ir. Some of these
complexes have been successfully crystallized and tested in different catalytic reactions.
These complexes haven been characterized and their properties are reported. Their ability

to catalyse a range of reactions is also discussed in detail.

Chapter 2 reports the synthesis of ddppm. This synthesis requires only two steps
with the choice of the solvent being crucial for the formation of this ligand. ddppg, an
epimer of ddppm, was also isolated as a by-product from the ddppm synthesis. This

diphosphine is a non-chelating ligand unlike ddppm. Crystal structures of both isomers are

shown in this chapter.

ddppg: 1,4:3,6-dianhydro-2,5-bis(diphenylphosphino)-D-glucitol
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1. INTRODUCTION

The aims of this project are to synthesize transition metal complexes with a chiral
bidentate phosphine derived from D-Isomannide and then use these complexes in
homogenous catalysis. In the next sections, terms like phosphines, chirality and asymmetric
catalysis are explained in some detail and examples of other carbohydrate phosphine
ligands are presented. The structure and properties of the D-isomannide are discussed and

some of its applications reported.

1.1 PHOSPHINES

Phosphines (PR3) are amongst one of the most important class of ligands. Together
with other phosphorus-containing ligands and related compounds of arsenic and antimony,
phosphines parallel the CO ligand in many ways. Like CO, phosphines are ¢ donors (via a
hybrid orbital containing a lone pair on phosphorus) and n acceptors. For many years it was

thought that empty 3d orbitals of phosphorus functioned as the acceptor orbitals’, as shown

in Figure 1.1.
G bond: 7t backbond:
MCEE IDPR, PR,
empty filled
d orx p-orbital c-orbitl
filled empty

d-orbital o*-0rbital

Figure 1.1: Bonding in phosphines
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By this view, as the R groups attached to phosphorus become more electronegative,
they withdraw electrons from phosphorus, making the phosphorus more positive and better
able to accept electrons from the metal via a d orbital. The nature of R groups, therefore,
determines the relative donor/acceptor ability of the ligand. P(CHs); for example, is a
strong ¢ donor due to the electron releasing.

Tertiary phosphine ligands have the general formula PR3 where R = alkyl, aryl, H,
halide etc. Closely related are phosphite ligands which have the general formula P(OR);.
Both play an important role in the coordination chemistry of late transition elements.
Furthermore, a variety of chiral phosphine transition metal complexes have been
synthesized; these phosphine-metal complexes are stereogenic and can function as
stereospecific catalysts. There are many examples of these kinds of ligands, some of which

are shown in scheme 1.1;

PH; PPh; PPh,Me
phosphine triphenylphosphine methyldiphenylphosphine
PMe; lep/\pphz PhP”  PPh
. i . i diphenylphospinomethane
trimethylphosphine  diphenylphosphinomethane (ddppm) )
(dppe or diphos)
P(OMe), PCy, P(OPh),
trimethylphosphite tricyclohexylphosphine triphenylphosphite
Me><Me
Me Me Me
N Q O >
x ¥ N *
Ph,p PPh, )n\ P P
Ph,P PPh,
S,S-chiraphos DIOP PROPHOS

Scheme 1.1: Examples of common phosphines and phosphites.
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1.1.1 Steric Effects in Phosphine Ligands

.The steric attributes of the phosphine ligand are easily controlled. This ability to
control the bulk of the ligand permits one to tune the reactivity of the metal complex. The
steric bulk can be measured using Tolman’s cone angle” (Fig. 1.2). The cone containing the
ligand and the metal as a vertex can be physically measured. The wider the angle of the
cone the greater the steric influence of the ligand. A cone angle of 180 degrees would
indicate that the ligand effectively covers one half of the coordination sphere of the metal

complex:

Figure 1.2: Tolman’s cone angle

However if there is a great deal of steric congestion in a molecule, the cone angle
may not be a realistic measure of the amount of space occupied by the substituents as two
adjacent groups can mesh to relieve steric strain. Therefore, the solid angle was introduced
to quantify steric effects in both organic and organometallic chemistry. Solid angles contain
information about the shape of a substituent. In broad terms, if the cone angle represents a
maximum measure of the steric influence of a substituent, the solid angle represents its

minimum.’
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1.1.2 Electronic Attributes of Phosphines

The bonding in phosphine ligands, like that of carbonyls can be thought of as having
two important components. The primary component is sigma donation of the phosphine
lone pair to an empty orbital on the metal. The second component is backdonation from a
filled metal orbital to an empty orbital on the phosphine ligand. This empty phosphorus
orbital has been described as being either a d-orbital or an antibonding sigma orbital;
current consensus is that the latter is more appropriate given the relatively high energy of a
phosphorous d-orbital (see Figure 1.1).

As electron-withdrawing (electronegative) groups are placed on the phosphorous
atom, the sigma-donating capacity of the phosphine ligand tends to decrease. At the same
time, the energy of the n-acceptor (o-*) on phosphorous is lowered in energy, providing an
increase in backbonding ability. Therefore, phosphines can exhibit a range of sigma donor
and & -acceptor capabilities and the electronic properties of a metal centre can be tuned by
the substitution of electronically different but isosteric phosphines.

A rough ordering of the © -accepting or o-donating capabilities of phosphines can be
accomplished by synthesizing a series of complexes in which the only difference is the
nature of the phosphine ligand. If these complexes contain a carbonyl ligand, then the CO
stretching frequency can be used as an indicator of electron density at the metal (the lower
the value of the CO stretching frequency, the greater the backbonding to the metal and thus
the higher the electron density at the metal). Experiments such as this permit us to come up

with the following empirical ordering:

PMe; < PPh; < P(OMe); < P(OPh); < P(NRy); < PCL < CO

Greater n-acidity >

Greater ¢ donation

A
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1.1.3 Bidentate phosphine ligands

While Tolman’s cone angle concept is commonly used for monodentate ligands, the
extension to bidentate ligands appears to be less straightforward. Diphosphine ligands,
however, offer more control over regio- and stereo- selectivity in many catalytic reactions.
The main difference between mono- and bi-dentate ligands is the ligand backbone, a
scaffolding which keeps two phosphorus donor atoms at a specific distance. The distance is
ligand specific and, together with the flexibility of the backbone, an important
characteristic of a ligand. A standardised bite angle, with define M-P bond lengths and a
‘metal’ atom that does not prefer any specific P-M-P angle would appear to be the most
convenient way of comparing bidentate ligands systematically.

The ligand bite angle is a property that can be calculated from a series of crystal
structures or from molecular modelling. Systematic searches in the Cambridge
Crystallographic database show that the P-M-P angles concentrate in narrow ranges for
most transition metal complexes containing (P-P)M fragments. The ligand bite angle
correlates with various spectroscopic properties of metal-diphosphine complexes and with
the regio- or stereo- selectivity in a variety of catalytic reactions. In rhodium catalysed
hydroformylation reactions, ligands with bite angles >100° favour the formation of linear
aldehydes. In many palladium catalysed reactions ligands such as dppf or dppp with bite
angles around 100° give the best results in terms of activity and selectivity. In the case of
palladium this can be explained by transition states between (four-co-ordinate) palladium
(II) species with P-Pd-P angles around 90° and two or three-co-ordinate palladium(0)
species with P-Pd-P angles of probably 120-180°. Although the hypothesis will have to be

substantiated, there is an optimum bite angle for many catalytic systems.*
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1.2 CARBOHYDRATE PHOSPHINE LIGANDS

Carbohydrates are naturally enantiomeric pure compounds which have an interesting
stereochemical variety. Apart from their biological role, they are also significant chiral
auxiliaries for enantioselective organic synthesis. The carbohydrate-metal interactions are
of interest in metal-catalysed enantioselective synthesis. Modification of these ligands leads
to high activity and selectivity in many metal-catalysed processes. Because homogeneous
catalysis is one of the most important methods for preparing enantiomerically pure
compounds carbohydrate derivatives have been increasingly used as chiral ligands in the
last decade. Carbohydrates are readily available, highly functionalised compounds with
several stereogenic centres and contain several weak donor sites. Since many of the
catalytic precursors in homogeneous catalysis are coordination complexes of the platinum-
group metals, the required ligands should have such donor atoms as N, S and P which can

form stable complexes with almost all transition metals.

Bidentate phosphines are considered to be excellent ligands for transition metal
asymmetric catalysis.” These chelating ligands are supposed to be superior because of the

resulting rigid catalysts which favour effective chiral induction.®

In the beginning, diphosphines derived from carbohydrates were used in the metal-
catalysed asymmetric hydrogenation of several prochiral olefins. Some examples are
presented in the following Figure 1.3. In general, enantioselectivities were low to moderate.
For example, enantioselectivities were best with ligands 3; and 4; in the Rh-hydrogenation

of acetamidoacrylic acid and Z-a-acetamidocinnamic acid, 86% and 73% respectively.’
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Figure 1.3: Diphosphines derived from carbohydrates.

One of the main limitations of using natural products as precursors of ligands is that

often only one of the enantiomers (in the case of carbohydrates, the D-series) is readily

available. However this limitation can be overcome by suitably adjusting the ligand

structure. For example, the use of different derivatives of ligand 7, in the Rh- catalysed

asymmetric hydrogenation of dehydroamino acids, itaconates and enamides led to similar

enantioselectivities but a reversed absolute configuration to that obtained with the DIOP

ligand,8

@)
X e

Ty

R=R'=R"=Ph, DIOP
R=R'=Ph; R" =Cy
R=R'=R"=Fc

R=Fc; R=R"=Cy
R=Fc; R=R"=Ph
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1.3 ISOMANNIDE: A SUGAR DERIVED AS A STARTING MATERIAL.

1,4:3,6-Dianhydro-D-mannitol (D-Isomannide, Figure 1.4) can be prepared by
dehydration of D-mannitol and was described for the first time in 1882 by Fauconnier’ and
its structure was elucidated in 1945 by Fletcher and Wiggins.'®!! Unexpectedly, there are
very few reports on its synthetic application as a significant commercially available chiral

pool compound.

OH

OH
H\\“‘ 0]
O 3

H =
H

it

Figure 1.4: D-Isomannide: 1,4:3,6-Dianhydro-D-mannitol

An important structural characteristic of D-Isomannide is that its molecule consists of
two fused furan rings, with the two-hydroxyl groups occupying the endo positions relative
to the internal chiral cavity. Thanks to this feature, bis-P(III)-phosphorylated derivatives of
D-Isomannide (figure 1.5) are of interest as bidentate ligands with the two chelating P(III)
atoms located on a bulky chiral matrix.'” As an example, monophosphite and diphosphite
ligands derived from D-isomannide have been synthesized and used in Rh-catalyzed

hydrogenation reactions giving high enantioselectivities.'*

OPR,  OPR,
H WY O
00—
A
H

Figure 1.5: Bis-phosphorylated D-isomannide derivatives

10
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D-isomannide has also been transformed into the corresponding exo-diphosphine
(Figure 1.6), which was investigated as a homochiral ligand in the Rh-catalysed
asymmetric hydrogenation of N-acyl-a-aminoacrylate esters,

with rather poor
. . .. 14
enantioselectivity.

5 PR

Figure 1.6: 1,4:3,6—dianhydr0—2,5-dideoxy-2,5—bis(diphenylphosphino)—L-iditol (ddppi).

Furthermore, D-isomannide has been used successfully as a chiral auxiliary in the

steroselective synthesis of tertiary a-hydroxy acids,” in aldehyde-alkene cyclizations via

O-stannyl ketyl radicals,’® and in ésymmetric Diels-Alder reactions with novel homochiral
bis-imine Cu(Il)-catalysts."’

1.4 CHIRALITY

The bidentate phosphine ligand we want to synthesize is the isomer of the phosphine

mentioned before, the endo-isomer of the diphosphine ddppi (Figure 1.6). Once this

diphosphine is synthesized the transition metal complexes formed will be used in
homogeneous catalysis.

As chirality plays a central role in asymmetric catalysis its meaning should be
explained. A wide range of significant physical and biological functions are generated
through precise molecular recognition which requires strict matching of chirality. For a

long time access to highly enantiomerically pure compounds, at least in a practical sense,

11
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was thought to be Nature’s monopoly and was indeed accomplished by biological or
biochemical transformations. Efficient creation of optically active organic molecules from
pro-chiral compounds by chemical means, though it is challenging, has remained difficult,
and only optical resolution and structural modification of naturally occurring chiral
substances have provided complements in this respect. However, assiduous efforts made by
synthetic chemists in the last two decades are converting the chemists’ dream into reality.
In order to maximize synthetic efficiency, ‘multiplication of chirality’, namely,
stereoselective production of a large quantity of a chiral target compound utilizing a
catalytic amount of chiral source, is obviously desirable. Enantioselective catalysis using
chiral metal complexes, among various possibilities, provides one of the most general,

flexible methods for this purpose.

Metallic elements possess a variety of catalytic activities, and permutation of organic
ligands or auxiliaries directing the steric course of the reaction is practically unlimited.
Accordingly, in principle, one can generate any dynamic properties at will through
molecular architecture using accumulated chemical knowledge. To this end, creation of a
single, highly reactive catalytic species possessing excellent chiral recognition ability is
required. Besides the choice of central metals therefore, molecular design of the chiral
modifiers is a particularly significant task. The efficient ligands must be gified with a
suitable functionality; an appropriate element of symmetry; substituents capable of
differentiating space either sterically or electronically; skeletal rigidity or flexibility
(depending on the nature of the reaction), etc.-all of which contribute to accomplish highly

enantioselective catalysis.'®

12
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In 1966 Nozaki et al., explained the first example of asymmetric synthesis from chiral
compounds catalysed by homogeneous chiral metal complexes. A chiral Schiff base-
Cu(II)complex (Figure 1.7) was found to catalyse decomposition of ethyl diazoacetate in

styrene to give cis-and frans-2-phenylcycloropanecarboxylates in <10% ee.

Figure 1.7: Cu prochiral catalyst

1.5 ASYMMETRIC CATALYSIS.

During the last 30 years, industrial organic chemistry has been based mainly on
petroleum products, and most petrochemical processes use heterogeneous rather than
homogeneous catalysts. This is principally because heterogeneous catalysts are generally
more stable at higher temperatures and is less difficult to separate from the substrate phase.
However, there is an increasing interest in homogeneous catalysts because the often show
higher selectivity and greater catalytic activity, and they also provide greater control of
temperature on the catalyst site. For some commercial processes it has been determined
that these advantages of soluble catalysts balance the economic problems associated with

catalyst recovery.

The ultimate application of high selectivities concerns the development of catalysts

for the synthesis of chiral compounds with high degrees of enantioselectivity. The need for

13
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chiral specificity in bioactive products reflects the fact that most enzymes have natural
chirality. As a consequence, attempts to manipulate biological systems through therapeutic
drugs or aroma enhancers often involve use of chemicals containing chiral centres. The
desired biological activity is usually associated with only one of the two steroisomers of a
chiral compound. In the extreme case, exemplified by thalidomide, one opticallisomer is
therapeutic and the other has serious undesired biological consequences (teratogenicity). To
improve product safety, the pharmaceutical industry is producing an increasing number of
products in enantiomerically pure form and it is only a matter of time before legislation will

require this as regular requirement.

In the past many attempts to effect, for example, asymmetric catalytic hydrogenation
led to products with disappointingly low enantiomeric excesses (ee’s). This was
undoubtedly a consequence of the complex nature of the surfaces of the heterogeneous
catalyst, containing many types of reactive sites, that were used initially. Developments in
organometallic chemistry and homogeneous catalysis have been{ instrumental in improving
this situation beyond recognition. The discovery in the mid-1960s that L-3,4-
dihydroxyphenylanalanine (L-dopa) was effective in the treatment of Parkinson’s disease
created a sudden demand for this rather rare amino acid. This coincided with the discovery
of Wilkinson’s catalyst, RhCI(PPh;);, which opened up the possibility of selective
hydrogenation of unsaturated hydrocarbons under mild reaction conditions. These
developments, coupled with interest in the development of synthetic routes to
organophosphines containing an increasingly wide range of constituents, enabled access to
the possibility of catalytic asymmetric hydrogenation, simply by the substitution of PPh;

with a chiral phosphine ligand.

14
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Asymmetric induction can be achieved in many reactions catalysed by transition
metal complexes but the first commercial application introduced in 1974, was in fact the
Monsanto synthesis of L-dopa. This represented not only an attraction in industrial
asymmetric synthesis, but also provided a great incentive for research into additional
applications of homogeneous catalysis for the synthesis of fine chemicals. Even so,
relatively few homogeneous enantioselective catalysts have been commercialized to date."

Representative examples of applications in fine chemicals manufacture are summarized in

Table 1.1.

Table 1.1: Some commercial applications of homogenous catalysis in the manufacture of fine

chemicals.
Reaction Catalyst Product Use
Hydroformylation Rh Vitamin A Natural product
Hydrocarboxylation | Pd Ibuprofen Pharmaceutical
Hydrogenation Rh/DIPAMP L-dopa Pharmaceutical
of enamides L-phenylalanine Food additive
Isomerization RiVBINAP L-menthol Aroma and
of allylic amine flavour chemical
Epoxidation Ti(Opr')y/Bu'OOH  Disparlure Insect attractant
of allylic alcohol di-iso-propyl Glucidol intermediate
tartrate
Cyclopropanation Cu/chiral ~ Schiff Cilastatin pharmaceutical
base

These are not exhaustive, but have been selected to illustrate both the range of
catalytic reactions, e.g. hydroformylation, hydrogenation, isomerization, epoxidation and
cyclopropanation, and their importance in key enabling reaction steps in the manufacture of

specific products.

15
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The essential feature for' selective synthesis of one optical isomer of a chiral
substance is an asymmetric site that will bind a pro-chiral olefin preferentially in one
conformation. The recognition of the preferred conformation can be accomplished by the
use of a chiral ligand coordinated to the metal, the ligand creating what is effectively a
chiral hole within the coordination sphere. An important factor in the successful application
of homogeneous asymmetric catalysts has been the design and development of a range of
chiral, usually bidentate, phosphine ligands, especially those having C,-symmetry, for use
with different metal centres.

In the next chapter the synthesis of the new chiral diphosphine ligand with C,-

symmetry derived from the sugar: D-Isomannide is described.
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2 SYNTHESIS OF THE PHOSPHINE LIGAND: ddppm.

2.1 INTRODUCTION

Although D-isomannide 1 was first described in 1882 by Fauconnier' and its
structure was elucidated in 1945 by Fletcher’ and Wiggings®, reports on its synthetic
applications as a commercially available chiral auxiliary are remarkably scarce. D-
isomannide has been used successfully as a building block for (-)-endo- and (-)-exo-
Brevicomin and (+)- Dodecanolide which are insect pheromones* and it has been employed
as starting material for the synthesis of novel bicyclic dideoxynucleosides, which are

potential antiviral agents.’

1: D-Isomannide: 1,4:3,6-dianhydro-D-mannitol

Synthetic applications of D-Isomannide have been so far limited even more for endo
derivatives. This is probably due to difficulties encountered in Sn2 type substitutions of
leaving groups in the exo positions of the two cis fused tetrahydrofuran rings, which lead to
the relatively hindered endo products (the endo and exo prefixes here refer to the bend V-
shape of the two fused furan rings). |

An endo-diimine isomannide derivative (Figure 2.1) has been previously reported and
used in catalytic asymmetric Diels-Alder reactions. The synthesis of this compound was

readily accessible from its diamine, which is prepared from D-isomannide in five steps.6
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ArYN N7 TAr
H\\‘ O
O~4i
H

Figure 2.1: endo-diimine isomannide derivative.

Monophosphite and diphosphite ligands derived from D-isomannide (Figure. 2.2)
have also been synthesized and used in Rh-catalyzed hydrogenation reactions giving high
enantioselectivities.’

OPR, OPR,

NY O

H "y

mllu-

Figure 2.2: Bis-Phosphorylated D-isomannide derivatives

One of our main aims was to synthesize the endo-diphosphine derived from D-
Isomannide (ddppm). This diphosphine with the two phosphine groups in position endo is
interesting because it can be an efficient bidentate ligand residing in a chiral matrix with

distinct geometric parameters specified between chelating P(III) atoms.

PPh,
PPh,
H" O
o) -
H

ddppm: 1,4:3,6-dianhydro-2,5-dideoxy-2,5-bis(diphenylphosphino)-D-mannitol
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The corresponding exo-diphosphine (ddppi) with the two phosphine groups outside
the concave side, has been previously reported.® ddppi stands for the name of 1,4:3,6-
dianhydro-2,5-dideoxy-2,5-bis(diphenylphosphino)-L-iditol and it is a non-chelating
ligand. It has been used as a catalyst in various asymmetric reactions including

hydrogenation of a-acylamido cinnamate esters with moderate enantioselectivities and

asymmetric carbonylation.’

Among these applications it has also been used for
copolymerisation of carbon monoxide with functional olefins'® and asymmetric

hydroesterification of styrene.'!

H

H
Ph,P*) 0
o) -

H =~
PPh,

mllu-

ddppi: 1,4:3,6-dianhydro-2,5-dideoxy-2,5-bis(diphenylphosphino)-L-iditol.

ddppi was synthesised in two simple steps. Treatment of D-isomannide 1 with p-
toluenesulfonyl chloride in dry pyridine afforded 1,4:3,6-dianhydro-2,5-di-o-(p-
toluenesulfonyl)-D-mannitol 2. Nucleophilic displacement of the p-toluene sulfonate
groups of 2 with lithium diphenylphosphide in tetrahydrofuran gave ddppi with good yield

(see Scheme 2.1).

Scheme 2.1: Conditions and reagents: (a) TsCl, Pyridine, 0°C, 4 h; (b) LiPPh,, THF.
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To synthesize its isomer, ddppm, several attempts have been tried. In the next
section, the synthesis of some precursors with different leaving groups and the reactions to

synthesize this diphosphine are discussed.

2.2 DISCUSSION

2.2.1 Precursors for the synthesis of ddppm:

a) 1,4:3,6-dianhydro-2,5-di-O-mesyl-D-mannitol:

First of all, the Mitsunobu reaction was tried in order to synthesize the precursor
1,4:3,6-dianhydro-2,5-di-O-mesyl-D-mannitol. Mitsunobu'> in his 1981 review
proposed that the dehydration reactions of alcohols using diethyl azodicarboxylate
(DEAD) and triphenylphosphine (Ph;P) proceed in three steps: (a) reaction of Ph;P in

| the presence of the acid component to form a salt wherein a phosphorus-nitrogen bond
is formed; (b) reaction of the DEAD-Ph;P adduct with the alcohol to form an activated
oxyphosphonium ion intermediate; and (c) displacement via a Sn2 process to form the
inverted product and the phosphine oxide. The mechanism of each step is discussed in

following Scheme 2.2:

Step a: Adduct Formation

HX
EtO,CN=NCO,Et +  PhpP ~  EtO,CN—NHCO,Et

3
+PR, X
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Step b: Alcohol Activation

+ -
OH | OPPh, X
+ BOON-NHCOEt — ) = 4 EiOCNHNHCOE
R! R2 +PPh3 X- Rl R?
Step c: Sn2 Reaction
+ -
OPPh, X X
J o —= A+ o-pm,
R! R? R! R?

Scheme 2.2: Intermediates formed in Mitsunobu reaction.

Mitsunobu inversion of D-isomannide 1 and subsequent cleavage of the
dibenzoate ester 3 afforded 1,4:3,6-dianhydro-L-iditol 4, which was easily transformed

into 1,4:3,6-dianhydro-2,5-di-O-mesyl-L-iditol 5 with mesyl chloride in pyridine at —

10°C. (See Scheme 2.3).

Scheme 2.3: Conditions and reagents: (a) DIAD, Ph;P, PACOOH, THF, 25 °C; (b) NaOH,

MeOH, 80 °C, 24 h; (c) MsCl, pyridine, -10 °C, 24 h.
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Step b: Alcohol Activation

+ -
OH | OPPh, X
+ BOCN—NHCOEt —— )\ +  EBtO,CNHNHCO,Et
R! R2 +PPh3 X- RI R2
Step c¢: Sn2 Reaction
+ -
OPPh, X X
A T A o
R! R? R! R?

Scheme 2.2: Intermediates formed in Mitsunobu reaction.

Mitsunobu inversion of D-isomannide 1 and subsequent cleavage of the
dibenzoate ester 3 afforded 1,4:3,6-dianhydro-L-iditol 4, which was easily transformed

into 1,4:3,6-dianhydro-2,5-di-O-mesyl-L-iditol 5 with mesyl chloride in pyridine at —

10°C. (See Scheme 2.3).

Scheme 2.3: Conditions and reagents: (a) DIAD, Ph;P, PhCOOH, THF, 25 °C; (b) NaOH,

MeOH, 80 °C, 24 h; (c) MsCl, pyridine, -10 °C, 24 h.
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b) 1,4:3,6-dianhydro-2.5-dichloride-D-iditol:

Halides from D-isomannide 1 have been studied since 1945 obtairﬁng very poor
yield**. New methods were tried in order to improve the yield of these compounds. D-
isomannide 1 was transformed into 1,4:3,6-dianhydro-2,5-dichloride-D-iditol 6
following a Sn2 mechanism (see Scheme 2.4). D-Isommanide 1 was reacted with
triphenylphosphine and carbon tetrachloride.'® The mixture was refluxed for 6 h

affording 1,4:3,6-dianhydro-2,5-dichloride-D-iditol 6.

Scheme 2.4: Conditions and reagents: (a) PPh;, CCly, DMF, A, 6 h.

¢) 1,4:3,6-dianhydro-2,5-dibromide-D-iditol:

The second halide to be synthesised was with a better leaving group than 6. The
procedure followed was the same as for the synthesis of 6 but with carbon tetrabromide
instead of carbon tetrachloride. In this case, a problem arose when the compound and -
bromoform were going to be separated by chromatographic column. Both compounds
were eluting together therefore the separation was not possible. Because of this, another
procedure was followed. D-isommanide 1 was converted in quantitative yield to the
corresponding exo-dibromide 8 after reaction with two equivalents of bromine,
triphenyphosphine and imidazole in refluxing acetonitrile."* When this reaction is

carried out at room temperature the isolated product was the bis-alkoxyphosphonium
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salt 1a, which upon heating converts to 1,4:3,6-dianhydro-2,5-dibromide-D-iditol 8 and

triphenyphoshine oxide (Scheme 2.5).

1a

Scheme 2.5: Conditions and reagents: (a) 2 eqv. Br, / PPh, / imidazole in CH3CN, reflux,

3days; (b) 2 eqv. LiPPh,, Et;0, 3h.

The course of the reaction was conveniently followed by the disappearance of the
3P NMR signal at &65 ppm attributed to 1a. Alkoxyphosphonium salts are postulated
intermediates in SN2 displacements of alcohols in the presence of phosphines, such as
their conversion to halides and the Mitsunobu reaction, but in general are Anot stable
enough to isolate. However in the course of Sn2 displacements of carbohydrates,
alkoxyphosphonium salts have been isolated as stable intermediates.”” The
unwillingness of these substrates to undergo further substitution was attributed to
unfavourable dipolar interactions with the charged nucleophiles (e.g. Br). Compound
1a is the first structurally characterised alkoxyphosphonium salt of this type (Figure
2.3). The isomannide backbone of 1a adopts an exo-exo envelope conformation which
places the two OPPh; groups at pseudo-axial positions. The P-O bond lengths
[1.577(4), 1.572(4) A] have intermediate values to P-O single bonds adjacent to

primary and tertiary carbons.'® (See Tables 2.1 and 2.2)
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Figure 2.3: Crystal structure ofthe alkoxyphosphonium salt 1a.

Table 2.1: Crystallographic data for the alkoxyphosphonium salt la.

Formula

Mol wt

Data collection T,K
Diffactometer

Cryst syst

Space group

a, A

b, A

c, A

V, A3

Z

p, mg m3

P, mn 1

0 range, deg

no. of indep data

no. of obsd rflns ()

Final R indices [[>2sigma(])]
R indices (all data)

GOF

Largest diff. peak and hole

Ca2 H38 04 P2 2Br, 3(CH30H)
924.61

1502)

Bruker-Nonius KappaCCD
Monoclinic

P2(1)

9.3604(2)

23.4811(5)

9.7168(2) A

2125.89(8)

2

1.444

2.032

3.01 <0 <27.49

9299 [R(int) = 0.0766]
16969

RI =0.0609, wR2 = 0.1466
R1 =0.0772, wR2 = 0.1534
1.049

1.153 and -0.704 e.AA3

Chapter 2
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Table 2.2: Selected bond lengths (A) and angles (deg) for the alkoxyphosphonium salt 1a.

P(1)-0(1) 1.577(4) | O(1)-P(1)-C(19) 109.5(2)
P(1)-C(19) 1.772(6) O(1)-P(1)-C(13) 102.2(2)
P(1)-C(13) 1.784(6) ‘ C(19)-P(1)-C(13)  1102(3)
P(1)-C(7) 1.789(6) O(1)-P(1)-C(7) 112.1Q2)
P(2)-0(2) 1.572(4) C(19)-P(1)-C(7) 108.8(3)
P(2)-C(37) 1.763(5) C(13)-P(1)-C(7) 113.93)
P(2)-C(25) 1.787(5) 0(2)-P(2)-C(37) 112.9(2)
P(2)-C(31) 1.791(5) O(2)-P(2)-C(25) 108.1(2)
O(1)-C(1) 1.460(6) CB37)-PQ2)-C(25)  108.03)
0(2)-C(6) 1.462(6) 0(2)-P(2)-C(31) 102.9(2)
0(3)-C(3) 1.437(7) CB7)-PQ)-C31)  1143(3)
0(3)-C(4) 1.443(7) C(25)}PQ2)-C(31)  110.4(3)
0(4)-C(2) 1.416(7) C(1)-0(1)-P(1) 124.1(3)
O(4)-C(5) 1.459(7) C(6)-0(2)-P(2) 124.5(3)

2.2.2 Synthesis of Alkali Metal diphenylphosphide.

A number of variants of literature procedures were essayed in order to optimise the
yield in the final stage, which involves the reaction between diphenylphosphide anion and

the precursor (dimesylate or dihalide). Alkali Metal diphenylphosphide was prepared:

a) By using lithium metal as the metalating agent.'’ Chlorodiphenylphosphine was

reacted with two equivalents of lithium in tetrahydrofuran. A slight molar excess of
the metal was used. Under these conditions tetradiphenyldiphosphine (PPh,-PPh,)

can be formed as a by-product.

THF
ClPPh, + 2Li — LiPPh, + 2 LiCl
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b) By reaction of diphenylphosphine with molar equivalents of n-butyl lithium."® In

this reaction butane is liberated and the yellow solution is ready to use for the next

step.

HPPh, + nBuli

LiPPh, + n-butane?

¢) By reaction of sodium diphenylphosphide in liguid ammonia." Triphenylphosphine

was slowly added to a solution of sodium in liquid ammonia. The solution changes
colour from blue to red orange. After that, cautiously ammonium bromide was
added to the reaction mixture in order to destroy NaNH,. The solution was stirred

for some minutes and it is ready for the addition of the halide.
PPh3 +2Na —> NaPth + NaPh

NaPh + NH; —— NaNH, + ph

NaNH, + NHBr — NaBr + 2NH,

d) By reaction of sodium potassium alloy and triphenylphosphine in dioxan at reflux.?

The use of the alloy instead of only potassium permits quantitative cleavage of

triphenylphosphine under very much milder conditions.

PPh, + NaK ——> KPPh, + KPh

All the reactions were achieved, however when these compounds are reacted with the

different precursors (mesylate or halide) some problems started to arise.
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2.2.3 Reactions of precursors with lithium diphenylphosphide

a) When exo-dimesylate 5 was reacted with lithium diphenylphosphide in THF, ddppi
was obtained (exo-exo diphosphine) instead of the desired ddppm (endo-endo
diphosphine) (see Scheme 2.6). The phosphorus NMR shows a main peak at —14.45

ppm which corresponds with the phosphine ddppi.

wOMs .wPPh,

of
.
[y
)

S ddppi ddppm

Scheme 2.6: Reaction of the exo-dimesylate S with LiPPh, in THF.

b) The second attempt was the reaction of the exo-dichloride 6 with lithium
diphenylphosphide in THF. When lithium diphenylphosphide was formed from
diphenylphosphine and »-butyl lithium, the result of this reaction is a mixture of different

phosphines as shown in the scheme 2.7:

‘\\Cl \PPh—,
O o 2
H H H o H
o " 6]
cr cr
6 o:-13.1ppm
28%
\\PP
0] , 0]
+ H wH + Hie
\\\\\ o
Ph,P Ph,P
5:-14.8 ppm 8:-13.5, -20.1ppm
34% 30%

Scheme 2.7: *'P NMR chemical shifts of the different phosphines and abundance.
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If we prepare lithium diphenylphosphide from chlorodiphenylphosphine and lithium,
ddppm was synthesised in greater proportion (36% yield, see Scheme 2.8) although
various amounts of tetradiphenylphosphine (PPh,-PPh,) were also obtained. PPh,-PPh; has
a chemical shift in the phosphorus NMR around —14.5 ppm which is close to the chemical

shift of the phosphine ddppi.

e

Hi wH
0]

o

6 8:-21.7 ppm 8:-20.1 ppm 8:-14.8 ppm
36% 22% 42%

Scheme 2.8: *'P NMR chemical shifts of the different phosphines and abundance.

In order to separate this mixture of phosphines by chromatographic column, a borane
complex was formed with a solution of BH; in THF (IM).?! Removal of the borane group
was accomplished with triethylamine to give the free phosphines. This reaction gave very

low yields (see Scheme 2.9).

BH,
A
o \PPh, «PPh, ~PPh,
BH, in THF NEt,
H “H - H» «H ————— > H» wH
‘ 0 w0 ‘ 0
PhP thr; Ph,P

Scheme 2.9: BH; as P-Protective group for isolation and purification procedures.

29



Chapter 2

2.2.4 Synthesis of a preformed borane complex of lithium diphenylphosphide.

It is known that the exo groups of 1,4:3,6 dianhydrohexitols are reluctant to undergo
Sn2 displacements due to steric constraints, in many cases leading to elimination and
racemisation by-products. To avoid formation of elimination products as was the case for
the endo diimine isomannide derivative® the exo-dichloride 6 is reacted with a preformed

borane complex of LiPPh, 7 which is less basic and not air sensitive?” to synthesize ddppm

?}13

(see Scheme 2.10):

a) CIPPh, + LiAH, + BH-THF — HPPh,
H, H,
P e
b) HPPh, LiPPh, Butane
7
WCl
H o
c) ? T He “H %
LiPPh, o o)
7 6

Scheme 2.10: Different steps for the reaction with borane complex 7.

In this case the product was not formed because the borane complex 7 was very bulky
and less nucleophilic than lithium diphenylphosphide, so the SN2 displacement of the

chloride of 6 did not have effect.
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2.2.5 Best method for the synthesis of ddppm.

The last attempt to form ddppm was done in ether and using lithium
diphenylphosphide synthesized form diphenylphosphinc and n-butyl lithtum. This synthesis
involves an Sn2 displacement of the exo-dibromide 8 by the —PPh, nucleophile. No
elimination by-products were observed in the last step of the ddppm synthesis and the
epimer 1,4:3,6-dianhydro-2,5-dideoxy-2,5-bis(diphenylphosphino)-D-glucitol (ddppg) was
also isolated (see Figures 2.4 and 2.5).

The two isomers were separated as colourless, air stable crystals by fractional
crystallisation from ethanol in 52% (ddppm) and 17% (ddppg) yields, respectively
(Scheme 2.11). This time, a borane complex was not necessary to be done, and
subsequently the additional step of the chromatographic column was avoided.

The *'P NMR spectrum in d'-chloroform for ddppm shows a singlet at 6 -21.4. The
corresponding spectrum for ddppg consists of two singlets at & -22.2 and -13.1 ppm for

the endo and exo phosphorus atoms respectively. Therefore, there is no coupling observed

between the two phosphine groups.

“‘\\BI'
0 PPh,Li
Hi 0 0 IH H i
Et,0
o O
Br' Ph,P
ddppm ddppg
8 3IPNMR: 6:-21.7 ppm 6:-13.5,-20.1 ppm
52% 17%

Scheme 2.11: Conditions and reagents: LiPPh,, Et,O, 3h.
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The 'H NMR spectrum of ddppm has three signals corresponding to the protons of

the backbone. The multiplets resonate at §2.94, 3.88 and 4.52 ppm (see Figufe 2.4).

L ——

L

R e e e E R e i amnad et S T B e it T T etk T TR s o BRI o S

Figure 2.4: '"H NMR spectrum of ddppm.

The 'H NMR spectrum of ddppg has eight signals corresponding to the protons of the
backbone. This implies that the complex is asymmetrical unlike ddppm. The multiplets

resonate at 62.88, 3.02, 3.58, 3.75, 3.83, 4.09, 4.44 and 4.75 ppm (see Figure 2.5).
p__

Figure 2.5: '"H NMR spectrum of ddppg.
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Formation of the minor isomer may arise from the hydrophosphination of elimination
intermeciiates such as 1y (where X = PPh;) by HPPh; leading to ddppg as the more
thermodynamically stable product. Alternatively, ddppg may be formed by attack of -PPh,
to the bridged phosphonium salt intermediate 2y. From reactions with ammonia a bridged
secondary amine analogous to intermediate 2y has been reported previously.”® As we have
seen, the choice of solvent is crucial in the formation of ddppm. In THF the di-endo ligand
was hardly detected and ddppg was a minor product. The major products formed were the
mono- and di-exo phosphines. This preferential formation of exo phosphine derivatives
favours a competing mechanism via phosphide-promoted elimination to yield intermediate

1; and HPPh, followed by hydrophosphination, see Scheme 2.12.%

+ -
PPh2 Br

Hlu nnH H

Scheme 2.12: Intermediates in the synthesis of the phosphine ddppm.

The crystal structure of ddppm confirms its absolute stereochemistry and shows the
two fused tetrahydrofuran rings adopting an endo-endo envelope conformation with the
two phosphine groups at pseudo-equatorial positions pointing away from the central vault

(Figure 2.6). If we look at the backbone, both CH; groups look into the cavity.
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Figure 2.6: Ellipsoid plot ofthe molecular structure of ddppm.

Table 2.3: Crystallographic data for ddppm.

Formula

Mol wt

Data collection T,K

Ciyst syst

Space group

a, A

b, A

C,A

v, A3

z

no. of indep data

no. of obsd rflns (no)

Final R indices [[>2sigma(])]
R indices (all data)

GOF

Largest diff. peak and hole

C30 Hs O2 P2

482.46

150(2)

Orthorhombic

P2(1)2( 1)2(1)

11.5522(9)

14.0034(11)

15.4518(14)

2499.6(4)

4

4278 [R(int) = 0.2142]
24363

Rl =0.0731, wR2 = 0.1400
RI1 =0.1324, wR2 = 0.1602
0.985

0.594 and -0.270 e.AA3

Chapter 2
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Table 2.4: Selected bond lengths (A) and angles (deg) for ddppm.

P(1)-C(5) 1.832(6) C(5>P(1)-C(7) 101.5(3)
P(1>C(7) 1.833(6) C(5)-P(1)-C(13)  101.93)
P(I>C(13)  1.856(6) C(7)-P(1>C(13)  100.7(3)
P>C(19)  1.830(6) C(19)-P2)-C25)  102.53)
PQ)-C(25)  1.842(6) C(19-P2)-C2)  1014(3)
PQ2)-C(2) 1.865(6) C25>PQ)-C2)  982(3)

0(1)-C(3) 1397(7) C(3)-0(1)-C(4) 109.2(4)
0(1>C(4) 1.430(7) C(6)-0(2>C(1) 110.6(5)
0(2>C(6) 1.375(7) 0(2)-C(I>C(2) 114.2(5)
0(2)-C(1) 1.402(7) 0(2)-C(1)-C(4) 107.6(5)
C(1)-C(2) 1.534(8) C(1)-C(2)-P(2) 113.5(4)
C(1)-C(@) 1.540(8) C(3>C(2>P(2) 114.1(4)
C(2)-C(3) 1.537(8) 0(1)-C(3>C(2) 106.6(5)
C(4)-C(5) 1.537(7) 0(1)-C(4)-C(5) 114.2(5)
C(5)-C(6) 1.538(8) 0(1)-C(4)-C(1) 107.2(4)

On the contrary ddppg as shown in Figure 2.7 is a non-chelating ligand. It has the
two phosphine groups in pseudo-equatorial positions and looking at the backbone we can
observed that one of the CH2 group is pointing into the cavity and the other out of the

cavity.

Figure 2.7: Ellipsoid plot of the molecular structure of ddppg.
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Table 2.5: Crystallographic data for ddppg.

Formula

Mol wt

Cryst syst

Space group

a, A

b, A

c, A

v, A?

V4

no. of indep data

no. of obsd rflns (n,)
Final R indices [I>2sigma(1)]
R indices (all data)

C30 H28 O2 P2

482.46

Orthorhombic
P2(1)2(1)2(1)

9.3120(4)

10.1516(4)

26.5195(14)

2506.9(2)

4

4394 [R(int) = 0.0812]
13050

R1=0.0588, wR2 =0.1249
R1=0.0844, wR2 =0.1368

GOF

Largest diff. peak and hole

1.006

0.756 and -0.230 e.A"-3

Table 2.6: Selected bond lengths (A) and angles (deg) for ddppg

Chapter 2

P(1) C(7)
P(1) C(13)
P(1) C(2)
P(2) C(25)
P(2) C(19)
P(2) C(5)
O(1) C(1)
0O(1) C4)
0O(2) C(6)
0(2) C(3)
C(1)CQ2)
C2)CQA)
C3B)CH)
C@4) C(5)
C(5) C(6)
C(7) C(®)
C(®) C(%)

1.840(4)
1.841(4)
1.853(4)
1.841(4)
1.843(4)
1.846(4)
1.422(5)
1.435(5)
1.428(5)
1.441(5)
1.535(5)
1.527(6)
1.533(6)
1.530(5)
1.531(6)
1.394(5)
1.384(6)

C(7) P(1) C(2)
C(13) P(1) C(2)

C(25) P(2) C(19)

C(25) P(2) C(5)
C(19) P(2) C(5)
C(1) O(1) C(4)
C(6) 0(2) C(3)
O(1) C(1) C(2)
CB)CR)P(1)
C(1) C2)P(1)
0(2)C(3)C2)
0(2) C(3) C4)
O(1) C4) C(5)
O(1) C(4) C(3)
C(4) C(5) P(2)
C(6) C5) P(2)
0O(2) C(6) C(5)

103.21(17)
99.39(17)
100.87(18)
100.67(18)
102.75(19)
110.1(3)
104.1(3)
105.9(3)
115.3(3)
111.1(3)
110.3(3)
105.3(3)
113.8(3)
106.7(3)
114.93)
110.8(3)
105.8(3)
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2.3 CONCLUSIONS

Improved methods have been developed for the preparation of halides derived from
D-Isomannide (l,4:3,6-dianhydro-2,5-dideoxy-2,5-dich10ro-L-iditol, 7 and 1,4:3,6-
dianhydro-2,5-dideoxy-2,5-dibromo-L-iditol, 8) have been developed. From the reaction
leading to dibromide (8), the bisalkoxyphosphonium salt, 1a, was isolated as a By—product.

The exo-dihalides 7 and 8 were used in the synthesis of the endo-diphosphine,
ddppm. Endo derivatives of D-Isomannide are very hard to synthesize due to the
difficulties found in SN2 type substitutions of leaving groups in the exo positions of the two
cis fused tetrahydrofuran rings.

After several attempts to synthesize ddppm, the best yields were obtained from the
reaction of 1,4:3,6-dianhydro-2,5-dideoxy-2,5-dibromo-L-iditol, 8 with lithium
diphenylphosphide in ether. A mixture of two different isomers, ddppm (52%) and ddppg
(17%) was obtained. ddppg unlike ddppm is a non-chelating ligand. The choice of the
solvent is crucial in the formation of ddppm from the above reaction, since in THF the
major product obtained was the ddppm diastereoisomer, ddppi.

The chelating ability of the ddppm ligand will be discussed in the following
chapters, where complexes with late transition metals and their catalytic applications are

reported.

2.4 EXPERIMENTAL

General considerations: All manipulations were performed using standard Schlenk
techniques under an argon atmosphere, except where otherwise noted. Solvents of
analytical grade and deuterated solvents for NMR measurements were distilled from the

appropriate drying agents under N, immediately prior to use following standard literature
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methods.”> NMR spectra were obtained on Bruker Avance AMX 400 or Jeol Eclipse 300
spectrometers and referenced to external TMS. Mass spectra were obtained in ES
(Electrospray) mode from the EPSRC Mass Spectrometry Service, Swansea University

unless otherwise reported.

1,4:3,6-dianhydro-2,5-di-O-tosyl-L-iditol, 2: To a solution of Isomannide (10 g, 0.068
mol) in 100 ml of dry pyridine cooled in a ice bath was added 27 g (0.21 mol) of
recrystallized p-toluenesulphonyl chloride. The mixture was stirred at 0°C for 4 h. The
solution was kept overnight at +5”C. The solution was then added to 500 ml of a mixture of
ice and water with stirring. The precipitated was filtered off and dissolved in 150 ml of
CHCI;. The CHCI; solution was washed successively with 1 N hydrochloric acid, then with
water, and dried over MgSOj4. The solvent was removed under reduced pressure, and the
residue was recrystallized from EtOH to yield 26.4 g (85 %) of pure endo-ditosylate 2: m.p.
83°C; '"H NMR (CDCls, 400MHz) & 2.28 (s, 6H), 3.65 (m, 2H), 3.83 (m, 2H), 4.40 (s, 2H),

4.78 (m, 2H), 7.27 (d, J 8.2 Hz, 4H) and 7.73 (d, J 8.4 Hz, 4H).

1,4:3,6-dianhydro-2,5-di-benzoate-L-iditol, 3: To a solution of D-isomannide (5g,
34mmol) and triphenylphosphine (18g, 69mmol) in THF (80ml) was added drop wise a
solution of benzoic acid (8.4g, 69mmol) and DIAD (13ml, 69mmol) in THF (80ml) over a
period of 2h at ambient temperature. The mixture was stirred for 15h. Then, additional
benzoic acid (1.35ml, 6.9mmol) and DIAD (0.843g, 6.9mmol) in THF were added and the
mixture was further stirred for 3h. The reaction was concentrated in vacuum and petroleum
ether to form a solid. This solid was dissolved in the minimum amount of CH,Cl, and it
was subjected to column chromatography (85:15 Petroleum Ether and Ethyl Acetate). The

solid formed was the dibenzoate ester 3 and it can be crystallized in ethanol (11.63g, 96%
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yield). '"H NMR (CDCls, 400MHz) & 4.06 (s, 4H), 4.86 (s, 2H), 5.44 (s, 2H), 7.38 (m, 4H),

7.51 (m, 2H), 7.96 (m, 4H).°

1,4:3,6-dianhydro -L-iditol, 4: 1 g (2.82 mmol) of dibenzoate-L-iditol 3 was dissolved in
methanol and 590 mg (14.75 mmol) of sodiurﬁ hydroxide were dissolved in the minimum
amount of distilled water. The two solutions were mixed in a sealed tube ant refluxed for 1
day. After that time, a white precipitate appeared and it was filtered. The filtrate was
concentrated and HCI (14.75 mmol) was added drop wise and the solution is left in an ice
bath. A solid crystallized (benzoic acid) and it was filtered. The filtrate is evaporated
affording 1, 4:3, 6-dianhydro -L-iditol 4. (2.26 g, 55% yield). "H NMR (CDCl;, 400MHz) &

3.78 (m, 4H), 4.23 (d, J 2.7 Hz, 2H), 4.34 (m, 2H).5

1,4:3,6-dianhydro-2,5-di-O-mesyl-L-iditol, 5: To a solution of 4 (2.2g, 15 mmol) in
pyridine (2 ml, 25 mmol) was added mesyl chloride (6ml, 75 mmol) at —10° C. It was
stirred for 1 day. After that time the reaction mixture was diluted with ice water and then
10 ml of HCI solution (10% conc.) was also added. The water solution was extracted three
times with chloroform and the organic layer was washed with a solution of NaHCO; and
then with NaCl. Then, the organic layer was dried over MgSO, and evaporated obtaining a
liquid which becomes solid with. This solid was crystallized in hot ethanol (0.75 g, 17%
yield). '"H NMR (CDCls, 400MHz) & 3.03 (s, 6H), 3.87 (dd, J 3.2 Hz, J 11.2 Hz, 2H), 4.04

(d, J 11.2 Hz, 2H), 4.77 (s, 2H), 5.02 (d, J 2.7 Hz, 2H).®
1,4:3,6-dianydro-2.5-dideoxy-2,5-dichloro-L-iditol, 6: A dry, 250 ml two necked flask was
equipped with a magnetic stirring bar and reflux condenser (to which is attached a Drierite-

filled drying tube) and charged with 100 ml of carbon tetrachloride and 8.47 g of D-
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isomannide. Some ml of DMF was added to help dissolve the alcohol. To this solution was
added 39.7 g of PhsP and the stirred reaction mixture was heated under reflux for one day.
The mixture was allowed to cool to room temperature and petroleum ether (80 ml) was
added and stirring was continued for some more minutes. The precipitate formed was
filtered and washed with more petroleum ether. The solvent was evaporated and the
solution was subjected to a column chromatography. (9:1 petroleum ether and ether).
(6.49g, 61 % yield). '"H NMR (CDCl;, 400MHz) & 3.99 (m, 4H), 4.30 (d, J 3.2 Hz, 2H),
4.81 (s, 2H)."

1,4:3,6-dianydro-2.5-dideoxy-2,5-dibromo-L-iditol, 8: A 500 ml flask is charged with 23g
(86 mmol) of triphenylphosphine under argon followed by 150 ml of dry acetonitrile. In the
formed solution bromine (90 mmol) is added drop wise at 0°C. Subsequently an acetonitrile
solution of imidazole (5.6 g, 82 mmol) and isomannide (6 g, 41 mmol) is transferred to the
flask. The reaction mixture is refluxed for 5 days. Any precipitate formed at this point is
filtered and the filtrate evaporated to dryness. Addition of petroleum ether (90 ml) and
diethyl ether (10 ml) forms a slurry which is filtered through silica. The silica column is
washed with another 100 ml of a 9/1 mixture of petroleum ether and diethyl ether. The
combined washings are evaporated to dryness to afford 8. 1,4:3,6-dianhydro-2,5-dideoxy-
2,5-dibromo-L-iditol can be obtained as colourless crystals after recrystallisation from hot
ethanol, yield 9.25g (83% yield). '"H NMR (CDCls;, 400MHz) & 4.15 (m, 4H), 4.32 (d, J =
3.3 Hz, 2H), 4.98 (s, 2H)."

When the same reaction is carried out without reflux the alkoxyphosphonium salt 1a is
formed exclusively. Data forla: 'H NMR (CDCl3, 400MHz) 4.20 (m, 4H, CH,), 4.32 (4,
2H, endo CHPPh,), 5.28 (m, 2H, CCH), 7.73-7.82 (m, 30H); *'P NMR (CDCL, 121MHz)

$ 64.95 (s).
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Synthesis of the phosphines: ddppm and ddppg: Diphenylphosphine (3.3 ml, 19.1 mmol)
was syringed into ether (30 ml) at 0°C and subsequently 11.2 ml of n-BuLi (1.71 M) were
added. After 30 minutes an ether solution of 2 (2.6g, 9.6 mmol) was added drop wise and
the yellow solution was left to reach ambient temperature and stirred until the solution
turns colourless and a heavy white precipitate formed. Water (15 ml) was then added and
the ether layer collected, subsequently the water layer was washed with ether (2 x 20 ml)
and the ethereal extracts collected.

Evaporation of ether under vacuum afforded a mixture of ddppm and ddppg as a white air
stable solid. The ligand was separated by fractional crystallization from hot ethanol to
afford colourless needles of ddppm (0.67g, 52%).

Data for ddppm: (Found: C, 73.82; H, 5.57. C;30H»30,P; requires C, 74.68; H, 5.85%); H
NMR (CDCl3, 400MHz) & 2.94 (m, 2H, CHPPh,), 3.88 (m, 4H, CH,), 4.52 (m, 2H, CCH),
7.2-7.4 (m, 20H); *'P NMR (CDCls, 121MHz) -21.4; ®C NMR (CDCls, 100 MHz) 45.78
(d, *Jep 11.5 Hz, 2C, CH,), 73.04 (d, 'Jep 26.5 Hz, 2C, CHP), 86.12 (m, 2C, HCCH),
128.63 (s, 4C, Ar), 128.65 (m, 4C,Ar), 129.03 (m, 4C, Ar), 133.04 (d, Jcp 19.6 Hz, 4C, Ar),
133.51 (d, Jcp 21.4 Hz, 4C, Ar), 136.69 (d, Jcp 13.3 Hz, 2C, Ar), 137.44 (d Jcp 15.0 Hz,
2C, Ar); MS (accurate mass, ES+) calculated mass for [M+H]": 483.1637, measured:
483.1636.

Data for ddppg: (Found: C, 73.82; H, 5.75. C;30H230,P; requires C, 74.68; H, 5.85%); 'H
NMR (CDCls;, 400MHz) 6 2.88 (m, 1H, exo CHPPh,), 3.02 (m, 1H, endo CHPPh2), 3.58
(m, 1H, CHy), 3.75 (m, 1H, CHy), 3.83 (m, 1H, CH3), 4.09 (m, 1H, CH,), 4.44 (m, 1H,
CCH), 4.75 (m, 1H, CCH), 7.15-7.45 (m, 20H); *'P NMR (CDCl;, 121MHz) & -13.1 (s), -
222 (s). *C NMR (CDClL, 100 MHz) 44.94 (m, 2C, CH,), 71.25 (d, 'Jep 26.6 Hz, 1C,

CHP), 72.37 (d, 1C, "Jcp 23.6 Hz, CHP), 85.56 (m, 1C, HCCH), 88.52 (dd, 1C, %Jcp 24.8
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Hz, 3Jep 3.5 Hz, HCCH), 128.5-129.5 (m, 12C, Ar), 132.7-133.9 (m, 8C,Ar), 136.5-137.4

(m, 4C, Ar).

! (a) A. C. R. Fauconnier, 1882, 95, 991; (b) A. Fauconnier, Bull. Soc. Chim. Fr. 1884, 41,
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3. Cu-, Pt- and Pd-ddppm complexes and their catalytic

applications: carbonylation and allylic reactions.

3.1 INTRODUCTION

In this chapter the syntheses of ddppm copper, platinum and palladium complexes is
discussed. The Pd complexes have been tested in different catalytic reactions such as C-C
coupling reactions, carbonylation of aryl-halide compounds, hydroesterification of styrene

and allylic substitutions.

3.2 RESULTS AND DISCUSSTION

3.2.1 Synthesis and characterization of Copper complexes with ddppm.

Copper(I) compounds of bidentate phosphines have been shown to be potent anti-
tumour agents, particularly against leukemia, reticulum cell sarcoma, and melanoma.!
Recently, catalytic enantioselective Aza Diels-Alder reaction (ADAR) has attracted interest
due to the powerful strategy for the construction of six-membered nitrogen heterocycles,
which are key units in medicinal chemistry. Copper (I) complexes of BINAP and
phosphino-oxazolines have been used in this asymmetric proce:ss.2

The aim in this section is to present the synthesis of copper (I) complexes with the
chiral diphosphine ddppm. The [Cu(ddppm)(CH3CN),]PF; (9) and [Cu(ddppm),]PF, (10)
complexes have been prepared. Complex 9 was isolated from the reaction of
[Cu(CH3CN)s]JPFs with ddppm in 1:1 ratio in acetonitrile .at 50°C under a nitrogen

atmosphere as a white solid, Scheme 3.1.
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PPh,
CH,CN

+  [Cu(CH,CN),JPF, —— PF

Ph,P
ddppm

Scheme 3.1: Synthesis of the copper (I) complex 9.

Furthermore, complex 10 was prepared in the same fashion as 9, using a 1:2 ratio of

the Cu precursor to ddppm, Scheme 3.2.

Ph,P

ddppm 10

Scheme 3.2: Synthesis of the copper (1) complex 10.

These Cu(I)-ddppm complexes have not been successfully crystallographically
characterized however their identity was determined by NMR and mass spectrometry
techniques. NMR spectra were recorded in d’-acetonitrile at ambient temperature. The
3'P{'"H} NMR spectra of complexes 9 and 10 reveal broad singlets at —11.1 and -14.6 ppm
respectively, shifted to higher frequency in comparison to free ddppm (5: -21.4 ppm).
Broad signals are due to quadrupole coupling between the NMR active copper nuclei (*Cu

and ®Cu, I = 3/2) and phosphorus (I=1/2).
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The C NMR spectra of these complexes reveal some differences in comparison to

the free ddppm and their data are shown in Table 3.1.

Table 3.1: >*C NMR chemical shifts (ppm) from free phosphine ddppm and Cu(T)-

ddppm complexes 9 and 10.
Complex 9 Complex 10 Free phosphine
CH, 42.79 39.93 45.78
CHP 72.98 73.91 73.04
HCCH 85.98 85.93 86.12
128.72 128.71 128.63
C arom. 129.91 130.01 129.03
133.27 133.13 133.04

The 'H NMR spectrum of complex 9 has four signals corresponding to the protons of
the backbone of the phosphine ddppm. This implies that the complex is C,-symmetrical,
i.e. the four protons from one furan ring are identical to the four protons in the other furan
ring. The multiplets resonate at & 3.53, 3.65, 3.88 and 5.16 ppm (see Figure 3.1). In
comparison, the free phosphine ddppm reveals three signals in the 'H NMR spectrum at

2.94, 3.88 and 4.52 ppm, where all CH; protons are equivalent.

47



Chapter 3
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Figure 3.1: "HNMR spectrum of [Cu(ddppm )X CH;CN),]PFs, 9 recorded in d’-CH,CN.

For complex 10, the signals appear at lower frequency than in complex 9. Their
chemical shifts are at 3.20, 3.59, 3.75 and 4.76 ppm, therefore, this complex is also C,-

symmetric (see Figure 3.2).

L; -
Tiﬁ rj \ﬁ/ \\]aq/’ \] K <
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Figure 3.2: '"H NMR spectrum of [Cu(ddppm),]PF 10 recorded in &>-CH;CN.
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The Mass spectra (Low Resolution Electrospray) for complexes 9 and 10 do not show
their molecular peak ion. The highest ion observed in both cases is at m/z 545,

corresponding to the [Cu(ddppm)]” cation.

3.2.2 Synthesis and characterization of the platinum complex Pt(ddppm)Cl, (11).
Platinum complexes with phosphine ligands have been found to be active catalysts in

a variety of enantioselective reactions, such as hydroformylation reactions.® ddppm and

platinum dichloride were reacted in 1:1 ratio in hot acetonitrile to afford the complex

Pt(ddppm)Cl; (11) as a white air stable solid, Scheme 3.3.

PPh,

CH,CN
+  PtCl,

Ph,P

ddppm

Scheme 3.3: Synthesis of Pt(ddppm)Cl,, 11.

The NMR spectra of platinum complex 11 were recorded in d'-chloroform at ambient
temperature. The >'P {'H} NMR spectrum of [Pt(ddppm)Cl,] shows a sharp peak at & 8.47
ppm. This peak is flanked by platinum satellites resulting in a characteristic 1:4:1 pattern
with a 'JC'P, %5Py) coupling constant of 3746 Hz, in agreement with a cis P arrangement.?
This 'J(PtP) value is comparable with other Pt(Il) complexes of chelating diphosphines e.g.

1,8-bis(diphenylphosphino)naphthalene, 'J(PtP) 3656 Hz.*
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The 'H NMR spectrum of complex 11 illustrates four signals corresponding to the
protons of the backbone of ddppm. This complex like the Cu(I)-ddppm complexes is

symmetrical and the chemical shifts are at 3.37, 3.77, 4.14 and 5.04 ppm.

This platinum complex has been successfully crystallized and pale yellow crystals
suitable for an X-ray structural analysis were obtained after recrystallisation by diffusion of
ether in a chloroform solution of 11. Crystallographic and experimental data are given in
Table 3.2. A plot of the molecular structure is shown in Figure 3.3 and selected geometric

data are presented in Table 3.3.

Figure 3.3: X-Seed 5ellipsoid plot at 50% probability o fthe molecular structure of 11. (Top view

with reference to the coordination plane).
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Table 3.2: Crystallographic data for Pt(ddppm)Cl12, 11.
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Formula

Mol wt

Crystal system
Space group

a, A

b, A

c,A

v, A

Z

Independent reflections

Reflections collected

Final R indices [I>2sigma(I)]

R indices (all data)
GOF

Largest diff. peak and hole

C33H31Cl11 O2P2 Pt
1106.56

Orthorhombic

P 212121

13.6098(2)

17.0958(3)

17.6043(4)

4096.00(13)

4

11665 [R(int) = 0.0872]
23535

R1=0.0620, wR2 =0.1281
R1=10.0902, wR2 =0.1456

1.070
1.127 and 2.715 e A

Table 3.3: Selected bond lengths (A) and angles (deg) for Pt(ddppm)Cl,, 11.

CI(1)-Pt(1)
Cl(2)-Pt(1)
P(1)-Pt(1)
P(2)-Pt(1)
C(1)-P(1)
C(2)>-02)
C(3)-0(2)
C(4)-0(1)
C(5)-0(1)
C(6)-PQ2)
C(13)-P(2)
C(7)-P(2)
C(5)-P(1)
C(19)-P(1)

2.355Q2)
2.350(2)
2.262(2)
2.261(2)
1.857(9)
1.415(11)
1.448(10)
1.414(11)
1.448(11)
1.836(9)
1.804(9)
1.809(9)
1.828(8)
1.846(9)

P(2)-Py(1)-P(1)
C(4)-C(1)-P(1)
C(2)-C(1)-P(1)
C(1)-P(1)-Pt(1)
C(13)-P(2)-C(7)
C(7)-P2)-C(6)
C(7)-PQ)-Pt(1)
C(6)-P(2)-Pt(1)
P(2)-Pt(1)-CL(2)
P(1)-Py(1)-C(2)
P(2)-Pt(1)-CI(1)
P(1)-Pt(1)-Ci(1)
CI(2)-Pt(1)-CI(1)

103.52(9)
112.5(6)
112.2(6)
121.5(3)
105.8(4)
103.8(4)
113.23)
122.2(3)
83.64(8)

171.93(9)

169.64(9)
86.78(9)
86.15(8)
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The phosphorous and chloride atoms coordinated to platinum exhibit a distorted
square planar arrangement. The mean bond lengths in the coordination plane are 2.35 A for
the Pt-Cl bonds and 2.26 A for the Pt-P bonds similar to other examples of platinum
diphosphine complexes. However, the bite angle (Pi-Pt-P2) ofthis complex is 103.5° which
is quite large for a square planar complex. For comparison the bite angles of a ferrocenyl
diphosphine and dppe are 95.37° and 86.66°, respectively.s; A distorted tetrahedral
arrangement is observed around the phosphorus atoms imposed from the sterics of the
backbone. It is also observed that the phenyl rings have intermediate positions between

pseudo-axial and pseudo-equatorial positions (see Figure 3.4).

Figure 3.4: Side view of Pt(ddppm)CI2 11 with reference to the coordination plane.
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3.2.3 Synthesis and characterization of palladium complexes with ddppm.

Palladium(Il) complexes have been synthesized from different palladium precursors.

The syntheses of these compounds is discussed in the following sections:

3.2.3.1 Synthesis of Pd(ddppm)Ch, 12

ddppm and palladium bis-benzonitrile dichoride were reacted in 1:1 ratio in
dichloromethane to afford the square planar palladium complex Pd(ddppm)Cl, (12), see
Scheme 3 4.

The NMR spectra of palladium complex 12 were recorded in d>-acetonitrile at
ambient temperature. The *'P{'H} NMR spectrum of [Pd(ddppm)Cl,] shows a singlet at &
25.6 ppm.

The 'H NMR spectrum of complex 12 illustrates four unresolved multiplets
corresponding to the protons of the backbone of the phosphine ddppm. Chemical shifts for

complex 12 are at & 3.27, 3.79, 4.01 and 5.04 ppm, quite similar to the platinum complex

11.
c1\
—Cl
__—Pd
o PPh, PPh, \
CH,CI, _ PPh,
+  PA(PACN),Cl, "' _  H o
o) o 2
Ph,P g H
ddppm 12

Scheme 3.4: Synthesis of Pd(ddppm)Cl,, 12.
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Pd(ddppm)Br2 and Pd(ddppm)l2 were also synthesized and characterized by
31P{!H}NMR, see Table 3.4. Pd(ddppm)Br2 was prepared from Pd(COD)Br2 following the
same procedure as with complex 12. However, Pd(ddppm)l2 was synthesized from
complex 12 This complex was reacted with an excess of tetrabutylammonium iodide
(NBi14l) in dichloromethane, after stirring the mixture for one hour, the solvent was
evaporated and NBU4I was extracted with methanol in which the complex Pd(ddppm)l2, 12
precipitates.

Table 3.4: jIP { IH}chemical shifts ofthe palladium-ddppm halide complexes.
Pd(ddppm)C12  Pd(ddppm)Br2  Pd(ddppm)I2

8 (ppm) 25.6 24.5 16.1

Pd(ddppm)Cl2  (12) has been structurally characterized; -crystallographic and
experimental data are given in Table 3.5. A plot of the molecular structure is shown in

Figure 3.5 and selected geometric data are presented in Table 3.7.

Figure 3.5: X-Seed5ellipsoid plot at 50% probability ofthe molecular structure 12. (Top

view with reference to the coordination plane).
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Table 3.5: Crystallographic data for Pd(ddppm)Cl,, 12.

Chapter 3

Formula

Mol wt

Crystal system

Space group

a, A

b, A

c, A

v, A’

Z

Independent reflections
Reflections collected
Final R indices [I>2sigma(I)]
R indices (all data)

GOF

Largest diff. peak and hole

C33 H31Cl11 02 P2 Pd
659.76

Monoclinic

P2(1)

10.2360(3)

12.9870(5)

11.1880(3)

1388.11(8)

2

5736 [R(int) = 0.0879]
15846

R1 =0.0406, wR2 = 0.0865
R1=0.0517, wR2 = 0.0916
1.019

0.593 and -0.736 e.A”

Table 3.6: Selected bond lengths (A) and angles (deg) Pd(ddppm)Cl,, 12.

Pd(1)-P(1) 2.2693(12)
Pd(1)-P(2) 2.2733(11)
Pd(1)-CI(1) 2.3460(11)
Pd(1)-CI(2) 2.3645(12)
P(1)-C(7) 1.820(5)
P(1)-C(13) 1.832(5)
P(1)-C(1) 1.854(5)
P(2)-C(19) 1.826(4)
P(2)-C(25) 1.841(5)
P(2)-C(6) 1.849(5)
0(1)-C2) 1.422(6)
O(1)-C(3) 1.426(6)
0(2)-C(4) 1.423(6)
0(2)-C(5) 1.426(6)

P(1)-Pd(1)-P(2)
P(1)-Pd(1)-CI(1)
P(2)-Pd(1)-C(1)
P(1)-Pd(1)-CI(2)
P(2)-Pd(1)-CI(2)
CI(1)-Pd(1)-C1(2)
C(7)-P(1)-Pd(1)
C(13)-P(1)-Pd(1)
C(1)-P(1)-Pd(1)
C(19)-P(2)-Pd(1)
C(25)-P(2)-Pd(1)
C(6)-P(2)-Pd(1)

101.71(4)
83.77(4)
172.70(5)
170.52(5)
85.29(4)
89.84(4)
109.72(16)
109.98(16)
124.26(17)
111.60(16)
108.28(15)
124.33(16)
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The phosphorous and chloride atoms coordinated to palladium exhibit a distorted
square planar arrangement. The mean bond lengths in the coordination plane are 2.35 A for
the Pd-Cl bonds and 2.25 A for the Pd-P bonds similar to other examples of palladium
diphosphine complexes.s As in the platinum complex 11, a distorted tetrahedral
arrangement 1is observed around the phosphorus atoms imposed from the sterics of the
backbone. A line drawing of 12 (Figure 3.6) shows the two phosphine groups at

intermediate positions between a pseudoaxial and pseudoequatorial conformation.

Pd(ddppm)Br2 (12b) was also structurally characterized. A plot of the molecular
structure is shown in Figure 3.6. Experimental data and geometric data are very similar to

complex 12 and they are included in the CD of'the thesis.

Figure 3.6: Side view of Pd(ddppm)Br2 12b with reference to the coordination plane.
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The bite angle (P,-Pd-P;) of complexes 12a and 12b are 101.7° and 100.3°
respectively, which are smaller than in the platinum complex 11 (103.5°) but still large for
a square planar complex. The ligand 11,12-bis(2,3,4,5-tetramethylphospholylmethyl)-9,10-
dihydro-9,10-ethano-anthracene which also forms a seven-membered chelate palladium
complex has a bite angle of 99.75°% Figure 3.4 shows the drawing of this palladium

dichloride complex.

Figure 3.7: [{cis-11,12-bis(diphenylphosphinomethyl)-
9,10-dihydro-9,10-ethano-anthracene} PdClL].

3232  Synthesis of [Pd(ddppm)(n’-C;Hs)]PFs, 13.

The palladium allyl complex [Pd(ddppm)(n’-C;Hs)]PFs, 13 has been synthesized in
two steps. First, two equivalents of ddppm were reacted with one equivalent of palladium
allyl chloride dimer in dichloromethane, subsequently the solvent was evaporated and the
solid dissolved in acetonitrile. Potassium hexafluorophosphate was then added in order to
exchange the anion chloride for a hexafluorophosphate anion, Scheme 3.5. The pale yellow

solid obtained is moderately air-stable though it slowly decomposes.
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ddppm-complexes synthesized so far were symmetrical consequently their 'H NMR
and PC{'HYNMR spectra showed four and three signals for the ddppm backbone
respectively. In complex 13 the C, symmetry is lifted and all the backbone protons and
carbons become non-equivalent. As a result their 'H NMR and “C{'H}NMR spectra
shows eight and six signals for the ddppm backbone, respectively.

In the 'H NMR a multiplet at 5.86 ppm (J= 7Hz) is assigned to the central allylic
hydrogen, two broad signals at 4.21 and 4.48 ppm are assigned to syn-hydrogen atoms (H',
H?) and the signals at 3.58 ppm and 2.95 ppm assigned to anti-hydrogen atoms (H>, H*),
see Figures 3.9 and 3.10. Resonances were assigned according to 2D-NMR data obtained

for complex 13 (Figure 3.11).

B .

. LA S . O

T e s i Bt e e s S - T 7T YT e v e = s s
4

Coa g e
8

Figure 3.9: '"HNMR of [Pd(ddppm)n’>-C3H;)]PFs, 13.
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Pd

1) CHX12
[Pd(ally])Cl], PPh P,

2) KPF6 CH3CN

ddppm
13

Scheme 3.5: Synthesis of [Pd(ddppm)(q -C3Hs)]PFs, 13.

Although [Pd(ddppm)(ri3-C3Hs)]PFs (13) has a C2 symmetry in the solid state, Figure

3.8, the NMR data shows that in solution this C2 symmetry is not observed.

Figure 3.8: X-Seed Sellipsoid plot at 50% probability of the molecular structure 13. (Top view

with reference to the coordinate plane)

3IP{]H} NMR spectra recorded in -acetonitrile at ambient temperature shows two
sets of doublets at 22.3 ppm (27PP= 45 Hz) and 23.3 ppm (J PP = 45 Hz) due to the two
non-equivalent phosphorus atoms. The magnitude of the coupling constant J PP is similar to

other Pd allyl diphosphine complexes such as [(Pd(diop)Cn3-C3H5)|BF4 (2Ipp = 44 Hz).9
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BC{'H} NMR spectrum shows three signals in the allylic region that can be assigned
to the three carbon atoms of the C;Hs ligand, central C? at 122.4 ppm and terminal carbons
C'and C? as doublets at 77.7 ppm and 75.9 ppm both of which are coupled to the trans P

atoms (Jcp= 28 Hz).

Figure 3.10: Structural fragment showing the protons of the allyl group of complex 13.

'H 2D-NOESY (Nuclear Overhauser Effect Spectroscopy) and 'H 2D-COSY
(Correlated Spectroscopy) were also done in order to assign the complete spectral data for

complex 13 showing the interaction between the protons of the allyl group.

The COSY spectrum verifies that the central proton H’ at 5.86 ppm couples with all
the terminal allylic protons (H', H?, H*> and H*), see Figure 3.11 (circle peaks). It is also
observed in this 2-D experiment a W-coupling (*J) between the two syn-protons (H', H?),
(see Fig. 3.11 square selection) and there is no evidence of coupling between the two-syn

and anti protons (HI/H4 or H2/H3) (2Jgemina1 ~0).
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80 75 7.0 6.5 6.0 55 50 45 40 35 3.0 ppm

Figure 3.11: ‘H 2D-COSY of [Pd(ddppmXTi3-C3H5)]PF6 13 showing the interaction between HS

with H [, H2, H3and H4.(circle peaks).

The NOESY spectrum is shown in Figure 3.12: the central allylic proton, Hs exhibits
spatial interactions to both allylic .yyw-protons, H1 and H2 (A). There are also NOE cross-
peaks between Hi1and H4 (B) and between H2 and H3 (C). Figure 3.12 also shows the area
of'the phenyl protons where there are cross-peaks between or//?c>-phenyl and /?<zra-phenyl
protons with the terminal allylic protons: H2 and H4 show spatial proximity with the ortho

protons (E, G respectively) and H1 and H3 with the para-protons (D, F respectively). Each
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of them (D, E, F, G) corresponds to the spatial interactions between protons from a

different phenyl group.

Figure 3.12: One possible assignation ofthe terminal protons with the ‘H 2D-NOESY of

[PdCddppmXV-CjHsflPFe, 13.

Pale yellow crystals suitable for an X-ray structural analysis were obtained after
recrystallisation by diffusion in acetonitrile with ether. Crystallographic and experimental
data are given in Table 3.5. A plot of the molecular structure is shown in Figure 3.8 and

selected geometric data is presented in Table 3.6.



with reference to the coordinate plane).

Table 3.5: Crystallographic data for [Pd(ddppm)(T|3-CsH5)]PFs, 13

Formula

Mol wt

Crystal system

Space group

a, A

b, A

c, A

v, A3

Independent reflections
Reflections collected
Final R indices [I>2sigma(I)]
R indices (all data)
GOF

Largest diff. peak and hole

C33H33F0 2P3Pd

769.86

Trigonal

P3i2,

10.2066(14)

10.2066(14)

26.143(5)

2358.6(6)

3599 [R,w= 0.0565]

16230

RI =0.0422, wR2 =0.0889
R1 =0.0599, wR2 =0.0955
1.039

0.461 and -0.516 ¢ A-3

Chapter 3

Figure 3.13: ORTEP 10ellipsoid plot at 50% probability ofthe molecular structure 13. (Top view
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Table 3.6: Selected bond lengths (A) and angles (deg) Pd(ddppm)(n*-C3Hs)]PFs, 13

P(1)-Pd(1) 2.3134(12) | P(1)-Pd(1)-P(1)i 104.06(6)
Pd(1)-P(1)i 23134(12) | C(2)i-C(1)-Pd(1) 70.5(4)
Pd(1)-C2)i 2.152(8) | C(2)~C(1)-Pd(1) 70.3(4)
Pd(1)-C(1)i 2.205(5) | C(2)i-Pd(1)-C(1) 34.6(2)
C(1)-Pd(1) 2.205(5) | C2)-Pd(1)-C(1) 34.9(2)
C(1)-CQ)i 1.298(9) | C(1)i-Pd(1)-C(1) 67.4(4)
C1)-C(2) 1.3079) | C(2)i-Pd(1)-P(1) 128.05(16)
C)-C(1)i 1.298(9) | C(2)-Pd(1)-P(1) 126.79(17)
C(3)-C(5) 1.519(6) | C(1)i~Pd(1)-P(1) 94.32(19)
C(3)-C(4) 1.544(5) | C(1)-Pd(1)-P(1) 161.54(18)
C(3)-P(1) 1.845(4) | C(2)i-Pd(1)-P(1)i 126.79(17)
C(4)-0(1) 1.428(5) | C(2)-Pd(1)-P(1)i 128.05(15)
C(5)-0(1)i 1.436(4) | C(1)i-Pd(1)-P(1)i 161.54(18)
C(6)-P(1) 1.825(4) | C(1)-Pd(1)}-P(1)i 94.32(19)

As expected for Pd allyl complexes of this type, the coordination geometry of 13 is
pseudo-square planar, with the four coordination sites occupied by the two phosphorus
atoms and the allylic termini carbons. The bite angle (P;-Pd-P) for this complex is 104.06°,
it is the largest observed so far within the range of bidentate complexes with ddppm. The
two Pd-P distances are both 2.31 A and the distances between the Pd atom and the two
terminal allylic carbon atoms (C') are 2.205 A . These distances are quite similar to other
Pd allyl diphosphine complexes such as [Pd(n’-allyl)(dppn)|BF,"' and [Pd (n3-1,3-

diphenylallyl)((S,S)-chiraphos)]BF.,."
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3.3 PALLADIUM CATALYZED REACTIONS.

Catalytic activity of palladium complex 12 has been tested in the Sonagashira
reaction and carbonylation of different substrates. Furhermore, palladium complex 13 was
tested in allylic reactions. In the next section, description of these catalytic reactions and

their results are described.

33.1 C-C coupling reactions: Sonagashira reaction

The Sonogashira coupling reaction (a Pd-Cu catalysed cross-coupling reaction) of
terminal acetylenes with aryl and vinyl halides provides a powerful method for
synthesizing conjugated alkynes, an important class of molecules that have found
application in diverse areas ranging from natural product chemistry to materials science.
With respect to the organic halide, the following order of reactivity has been observed:
viny| iodide ~ vinyl bromide > aryl iodide > vinyl chloride >> aryl bromide. For aryl
bromides, the least reactive of the commonly employed organic halides, efficient
Sonogashira coupling typically requires heating to ~80 °C."

Although the reaction certainly follows the normal oxidative addition-reductive
elimination process common to the Pd-catalyzed C-C bond forming reactions, the exact
mechanism for the reaction is not known. In particular, the structure of the catalytically
active species and the role of the Cul catalyst remain obscure. The process may be

considered to involve Pd” species, which is generated from the Pd(Il) precatalyst A and

gives the Pd(II) intermediate B by the oxidative addition of the sp>-C halide (scheme 3.6)."
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A (ddppm)PdCl,

H-CECR
Cul (cat.), NEt,
Et,NHCI
(ddppm)Pd——=—R) )
reductive R-C=—==C-R
elimination
R-C=C-R R'-X
)/v (ddppm)Pd -\(- oxidative addition
(ddppm)Pa "R (ddppm)Pd\ B
C-—.-CR
Cul (cat.)

ELNHX  NE& oo

Scheme 3.6: Catalytic cycle of the Sonagashira reaction

The palladium dihalide catalyst, Pd(ddppm)Cl,, 12 was used in a Sonagashira
reaction. Phenylacetylene was reacted with iodobenzene using 1% of Pd catalyst 12. A
catalytic amount of Cul (3% mol) and equimolecular amounts of a base (NEt;) were
necessary to facilitate the substitution reaction."” The reaction mixture was stirred for 2h at
60°C obtaining 96% yield of diphenylethyne (Scheme 3.7). For comparison, 3-5% of
Pd(PPh;),Cl, afford diphenylacetylene at 85 % yield. '

Pd(ddppm)ClL,

_ + Phl > _—
Ph———H Cul Ph——Ph

Scheme 3.7: Sonagashira reaction of phenylacetylene with [Pd(ddppm)Cl;] 12.

66



Chapter 3

3.3.2 Carbonylation of Aryl-halide compounds

Palladium-catalysed C-C bond formation with aryl halides is, at the moment, one of
the most important organometallic reactions used in synthetic organic chemistry. However,
the palladium-catalysed carbonylation has been investigated far less intensively than the
well-known Heck, Suzuki, or Stille reactions, although it offers the practical preparation of
a broad spectrum of aromatic carboxylic acid derivatives from simple, commercially

available building blocks as shown in Scheme 3.8."

0
X Pd, Co, Ni
, Lo, NI Nu,/N
©/ + CO + NuyHorNuM ———= W
base
X=1, Br, Cl Nu,= OH, OR', NR',, F, Cl, SR’
M= Na, K, BR’,, AIR',, SnR’';, SiR", Nu,= H, alkyl, aryl, CN, alkenyl, alkinyl, R'C

Scheme 3.8: Carbonylation of aryl-X compounds.

This reaction is thought to proceed according to the Scheme 3.9. The salient points of
the mechanism include: ligand dissociation to the active catalyst (eq. (1)), oxidative
addition (eq. (2)) of the organic compound to a metal (0) complex (M= Pd, Co, Ni, Rh, Pt,
Fe; L=PR3), CO insertion forming a metal (II) acyl complex (eq. (3)), either reductive
elimination (eq. (4)) or reaction of this complex with nucleophiles yielding the
carbonylated product and an X(hydrido)metal (II) complex (eq. 5)) and elimination of HX

to regenerate the original catalyst (eq. (6))."
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ML+ —_— » ML,+2L )
M°L, + R-X — RM'XL, )
RM"XL,+ CO — " RCO-M"XLx 3)
RCO-M"XLx T ” M, +RCO-X @)
or RCO-M"XL, + NuH ——— RCO-Nu+HM"XL, (5)
HM"XL, — HX+ML, (6)

Scheme 3.9: General mechanism of the carbonylation of C-X.

The palladium dichloride complex 12 has been used as a catalyst in these aryl halide
carbonylation reactions. Low carbon monoxide pressures were used (4 bar) however high
temperatures are needed for the reaction to be done.

The conversion of iodobenzene to the corresponding carboxylic ester proceeded
quantitatively in methanol using Na,CO3 with 0.5% catalyst at 4 bars of CO and 145 °C
(Table 3.7, entry 1). However, when bromobenzene was used, a stronger base was
necessary (triethylamine). Using the same amount of Pd catalyst (0.5%) only 30% of the
final product was obtained (entry 2).

When chlorobenzene was tested less than 5% yield was obtained (entry 3). This
reactivity order was expected because chloroarenes are more inert. This is due to the
dissociation energy of the C(sp?)-Cl bond being relatively stronger (402, 339 and 272 kJ
mol”! for PhCl, PhBr, and Phl, respectively, at 298 K). The main problem is the
coordination of CO to the metal centre, the m-acceptor character of this ligand reduces the
activity of the palladium compléx towards oxidative insertion into the C-Cl bond. An
additional difficulty is that the agglomeration of Pd atoms and the formation of clusters,

which deactivate the catalyst, proceed in the presence of CO."
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Table 3.7: Alkoxycarbonylation of arylhalides in the presence of PdCly(ddppm), 12.2

P co T
Entry  Substrate Solvent Base Yield [%]°
(bar)  [C]
1 Phl MeOH Na,CO; 4 145 100
2° PhBr EtOH NEt; 4 145 30
3 PhCl MeOH Na,COs 4 145 <5
4 TBPM® MeOH NEt; 4 100 50%

[a] 2 mmol substrate, 0.5 % Pd catalyst 12, 5 ml of corresponding alcohol, 24 h. [b] Determined by 'H
NMR (400 MHz). [c] 8 mmol substrate, 1% Pd catalyst 12, 79 mmol NEt;, 250 mmol MeOH and
Toluene. [d] TBPM: tris(2-bromo-6-pyridyl)methanol (see Figure 3.14).

In addition to the carbbnylation of these halide benzenes, carbonylation of N-
heteroaryl halides have also been of interest. N-heterocyclic carboxylic acid derivatives are
useful intermediates for the synthesis of a number of biologically active molecules, with
pyridine derivatives being particularly important intermediates for pharmaceuticals and
agrochemicals.?

Table 3.7 shows the result of the carbonylation of a substrate such as tris(2-bromo-

6-pyridyl)methanol (TBPM, Figure 3.14).

Figure 3.14: TBPM: tris(2-bromo-6-pyridyl)methanol
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This reaction was carried out at 4 bar of CO in a stainless steel glass autoclave and
100 °C in methanol. Only 1% of palladium complex 12 was employed and the reaction was
stirred for 3 days. After that, a chromatographic column was done and 50 % of the product
(trisubstituted ester of TBPM) was obtained (entry 4). Any other products have not been
characterized. In comparison, the same yield was obtained using Pd(PPh;),, though, 5% of

the Pd catalyst was necessary.”!

Beller et al. have done several reactions with a substrate such as 2-chloropyridine
with n-butanol. Large chelate ligands such as dppb and dppf were used obtaining
conversions up to 95 %. They also observed that decreasing the pressure from 25 to 1 bar

decreased the yield from 95 to 9 %.2
3.3.3 Hydroesterification of styrene

Catalytic hydroesterification of olefins with CO and an alcohol has attracted
considerable interest for the synthesis of industrially important carboxylic esters. Transition
metal catalysed hydroesterification of olefins usually affords a mixture of normal and
branched esters, Scheme 3.10. The branched acid esters derived from arylethenes are useful
precursors for 2-arylpropionic acids such as ibuprofen and naproxen (non-steroidal anti-
inflammatory drugs).”

60 *
Ph/—+1\/bOH - J\
Pdcatalyst  Ph COOMe

branched normal

COOMe
+ Ph/\/

Scheme 3.10: Hydroesterification of Styrene
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The most investigated catalysts are cobalt and palladium compounds. The synthesis
of esters with palladium catalysts requires relatively lower temperatures (50-125°C) as
compared to cobalt catalysts (>140°C). However, mixtures of regio isomers are often
obtained and a rather high pressure of CO (100 atm or more) is required for the palladium-
catalyzed reaction.”*

Two mechanistic pathways proposed for the hydroesterification of olefins catalysed
by palladium complexes are a (a) hydride mechanism, which is initiated by the insertion of
an olefin into a palladium-hydride bond and proceeds through the formation of an acyl
complex as shown in Eq. 1, and (b) alkoxy mechanism, which is initiated by the insertion
of an olefin into a palladium-carboalkoxy bond Eq. 2.

piH _SC_ paccn L. pacoccH XY _ncccoor f peH ()

ROH ccC H+CO
Pd-CO —» Pd-COOR —— Pd-C-CCOOR —= H-CC-COOR * PdCO (D

Scheme 3.11: Two mechanistic pathways for the hydroesterification of olefins catalysed by

palladium complexes.

The first asymmetric hydroesterification of styrene was reported by Zhou et al. using
the PdCl,-CuClychiral phosphine catalyst system.”® Three different phosphine ligands,
ddppi, monophophine 1py and BINAP were used at 50 atm of CO and 100 °C in methanol
and methyl ethyl ketone. ddppi, is the epimer of ddppm and it is a non-chelating ligand
(see Chapter 2), BINAP is the well-known bidentate diphosphine and the other phosphine

used was a monophosphine derived from D-mannitol.
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ddppi BINAP monophosphine
Iy

The nature of chiral phosphine ligands plays an important role in catalytic reactions
such as asymmetric hydroesterification. Some results taken from the literature are shown in
Table 3.8a. This table shows for example that ddppi was an effective ligand for this
reaction affording 93% of the branched product (entry 1). When BINAP was used as a
ligand, only 3.6% of the branched product was formed (entry 3). The best
enantioselectivity was obtained with ddppi (99%, entry 1) and when monophosphine 1
was used, complete conversion to the branched ester was obtained but the

enantioselectivity was poor (38%, entry 2).

Table 3.8a: Asymmetric hydroesterification of styrene catalysed by chiral phosphine ligands.

CcO *
Ph * © Pd catalyst Ph COOMe Ph/\/
b n
) Yields of esters
. P Conversion
Entry Ligands % Pd (%) ® % ee
(atm) %
b n
1° ddppi 16% 50 ~100 928 72 99
2° Monophosphine 1m 1.6 % 50 ~ 100 ~ 100 trace 38
3® BINAP 1.6 % 50 149 3.6 113 -

Reaction conditions: [a] PdCl; 0.08 mmol, CuCl,0.18 mmol, 80°C, 24 h, styrene 0.5 ml, methanol 5 ml, 2-
butanone 5 ml. [b] Yields based on the starting olefin, styrene.
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Hydroesterification of styrene using palladium dihalide catalyst 12 was carried out
under the same conditions and no reaction was observed (entry 1V, Table 3.8b).
Subsequently, it was decided to employ a cationic palladium complex derived from this
palladium dibalide complex (12). Cationic complexes are usually preferred for this type of
reactions due to the easily displaced coordinating solvent molecules.*

The reaction with this cationic complex, [Pd(ddppm)(MeCN),](BF4),, was carried out
in a stainless steel 300 ml autoclave at 40 atm of carbon monoxide and at 80 °C. CuCl, was
not used in this case and the solvent employed was methyl ethyl ketone and methanol as
the alcohol. Table 3.8b shows in entry 2 that the branched ester was obtained as the major
product (22%) while only 4% of the linear product was obtained. This result is a bit better
than when BINAP was used as a ligand (entry 3, Table 3.8a). Enantioselectivities for entry

1 in Table 3.8b was not calculated due to the low yield obtained.

Table 3.8b: Asymmetric hydroesterification of styrene catalysed by chiral phosphine ligands.

CO *
7 MeOH ——— + COOMe
Ph " © Pd catalyst Ph COOMe p h/\/
b n
) Yields of esters
. p  Conversion g
Entry Ligands % Pd (%) % ee
(atm) %
b n
1° Pd(ddppm)Cl,, 12 1% 50 . - - -
2P [Pd(ddppm)(MeCN),}(BF,)," 1% 40 26 4 22 -

Reaction conditions: [a] Pd(ddppm)Cl, 0.04 mmol, CuCl, 0.18 mmol, 48 h, styrene 0.5 ml, methanol 5 ml,
DME 45ml [b] Pd precatalyst 0.05 mmol, 80°C, 3 days, styrene 0.5ml, methanol 5 ml, 2-butanone 40 ml. [¢]
0.10 mmol of Pd(ddppm)Cl, (12), 0.20 mmol AgBF,, 15 ml MeCN. [d] Yields based on the starting olefin,
styrene.
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3.3.4 Catalytic carbonylation of benzylic substrates.

Another possible route for the preparation of arylpropionic ésters is carbonylation of
benzylic substrates such as 1-bromoethylbenzene, benzyl bromide and benzyl alcohol.

The first one to be described is the carbonylation of 1-bromoethylbenzene. (see
Scheme 3.11). This reaction was carried out at 4 bar of CO and 60 °C in ethanol in a 100 ml
glass autoclave. 1% of palladium catalyst 12 and Na;COj; as the base were used (see Table
3.8, entry 1). The result from this reaction was not the desired product ethyl 2-

phenylpropionate (3y;) and instead 1-phenylethanol (2m) was obtained.

co
J—Br + EtOH — J—OEt + J-—COzEt

Ph Pd catalyst Ph Ph

2, 3
not observed

Scheme 3.11: Carbonylation of 1-bromoethylbenzene

Carbonylation of a-bromoethylbenzene is a well established reaction and

diphosphines such as DIOP have been tested obtaining low yields. Furthermore,
carbonylation with oxazaphospholane-palladium complexes (45, Sm) gave better yields

(65%). Less than 5% of 1-phenylethanol was also observed.?’

o oY

4[11 5[1'[
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The second substrate used to synthesize carboxylic esters was benzyl bromide, see

following Scheme:

CO
—Br + MeOH
Ph Pd catalyst Ph

Y

/—'COOMC

Scheme 3.12: Carbonylation of benzyl bromide.

Using benzyl halides to synthesize esters of phenylacetic acid is a less expensive
method in comparison to the traditional synthesis based on two-step process — conversion
of benzyl chloride to benzyl cyanide and subsequent hydrolysis of cyanide with sulphuric
acid ?®

Unlike aryl halides, benzylic derivatives are susceptible to nucleophilic attack and
elimination reactions. Thus, over the past fifteen years, considerable effort‘ has been
directed to the development of mild and more selective reaction conditions, e.g.

atmospheric pressure carbonylation.”

Table 3.8: Carbonylation of different organic substrates using PdCl,(ddppm), 12.7

Entry Substrate % Pd catalyst T (°C) p (bar) Yield®
1° J.B, 1 60 4 -
Ph
2° o’ " I 60 2 98 %
OH
3¢ e ! 100 40 -

Reaction conditions: [a] 1 mmol substrate, 1% Pd(ddppm)Cl, (12), 1.2 mmol Na,CO;, 4 bar CO, 60°C,
EtOH, 16 h. [b] 1 mmol substrate, 0.01 mmol Pd;(OAc)s, 0.02 mmol ddppm, 1.1 mmol NEts,
Toluene/MeOH (1:1) 5ml, 2 bar CO, 60° C, 16 h. [c] 5 mmol substrate, 1 mmol p-TsOH, 1%
Pd(ddppm)Br,, 2% CuCl,, 40 bar CO, 100 °C, 5 ml MeOH, 40 ml methyl ethy! ketone. [d] Determined
by 'HNMR analysis.
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When ddppm was used as a ligand for the carbonylation of benzyl bromide, ‘good
conversion of the ester was obtained (98%, entry 2).% The reaction was carried out at low
pressure of carbon monoxide (4 bar) and only 1 mol % Pd(OAc), and 2 mol % of ligand
‘ddppm were used (entry 2). A mixture of toluene and methanol in ratio 1:1 was used as a

solvent and an amine such as diisopropylethylamine was also needed to act as a base.

It has been reported that the carbonylation of benzyl chloride to phenylacetic acid is
used industrially by Montedison.*! The carbonylation is conducted in a two-phase medium
of an non-polar solvent and 40% aqueous NaOH solution with a cobalt carbonyl complex
and a benzyltrialkylammonium surfactant® A major problem for most carbonylations of
benzylic halides is the large amount of catalyst ( 1-20mol %) and phase transfer reagent (5-
10 mol %) needed for high conversion and yields. In order to expand industrial use,
improvements have to be made in the future. Using water soluble Pd catalysts with TPPTS
as ligand offer efficient product separation along with more active catalyst systems
reaching TON of more than 1500.%

However, using organic halides to prepare carboxylic acids and derivatives has the
disadvantage that the halide employed has to be eventually removed as a salt with a base.
This is neither environmentally favourablé nor preferable from the economic viewpoint.*
Therefore, the carbonylation of benzyl alcohol to methyl phenyl acetate was attempted. The
reaction was tried using the palladium dihalide derived from ddppm (12), see following
Scheme 3.13:

co
—OH + MeOH - —COOCH;
h Pd catalyst Ph

P

Scheme 3.13: Carbonylation of benzyl alcohol
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This reaction was carried out in a 300 ml stainless steel autoclave at 40 bar of CO
and 100 °C. TsOH and CuCl, were used as promoters and only 1% of the palladium
complex 12 was employed. Unfortunately, this carbonylation did not proceed under these
experimental conditions (Table 3.8, entry 3). The alcohol is not a very good leaving group
like a halide and carbonylation with these types of substrates is more difficult and higher
pressures might be necessary. The reaction conditions for this process have not been

optimised.

The fact that ddppm did not work in the carbonylation of benzyl alcohol was
unexpected, since ddppi, the exo-exo diphosphine, had been successful in an asymmetric
carbonylation process, in which methyl ester of (s)-naproxen is prepared from 1-(6’-
methoxy-2’-naphthyl)ethanol, obtaining high chemical yields and moderate

enantioselectivities.

33.5 Allylic alkylation and allylic amination reactions

Transition metal-catalyzed allylic substitutions or, as these reactions are also called,
‘allylic alkylations’ or ‘allylations’; Eq. (1), are highly versatile reactions that have become
part of modem organic synthesis. They often proceed under much milder conditions than
ordinary SN2 or SN2’ reactions and with different chemo-, regio- and stereoselectivities.
Typical leaving groups are acetates or carbonates, rather than the more reactive halides or
sulfonates, which may be a considerable advantage in the synthesis of complex

multifunctional compounds.
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R
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R/\/\X +, Nu R/\/\Nu + N3 7 (1)

By changing the metal or the ligand, it is often possible to tune the reactivity or
selectivity of the catalyst according to the specific requirements of a particular application.
A variety of transition metal complexes derived from palladium, nickel, ruthenium,
rhodium, iridium, molybdenum, tungsten, and other elements are known to catalyse allylic
substitutions. The most widely used catalysts are palladium complexes and their structure
and mode of action are well understood. The properties and scope of other transition metal
catalysts have not been explored in such depth, although, in certain cases they can offer

distinct advantages over Pd complexes, e.g., by reversal of regioselectivity.”

Trost and Strege reported the first example of an enantioselective metal-catalyzed
allylic substitution in 1977.% Since their original results that Pd(PPhs), in the presence of
the chiral diphosphine DIOP can induce moderate enantioselectivities, strong efforts have
been made to develop practically useful catalysts for this important class of reactions. It
took many years to reach that target, which is not surprising because the problem of
enantiocontrol in allylic substitutions is more complex than in most other metal-catalyzed

reactions.
The mechanism of these allylic reactions has been established and a detailed picture
of the catalytic cycle can be seen in Scheme 3.14. An allylic substrate 8y , typically acetate

or a carbonate, reacts with the catalyst, which enters the catalytic cycle at the Pd(0)
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Scheme 3.14: Catalytic cycle of allylic alkylations

The palladium allyl complex 13, [Pd(ddppm)n*-C3Hs)]PFs was tested in two
allylation-type reactions, allylic alkylation and allylic amination. Two different
experimental conditions were used for the allylic alkylation of cinnamyl acetate (12py).
Generally this kind of substrate reacts predominantly at the unsubstituted allyl terminus.
Consequently, the achiral linear product is formed rather than the chiral, branched isomer,
which is the preferred product for applications in asymmetric synthesis. Although major
formation of the branched isomers has been observed with achiral catalysts derived from
metals such as W and Ir, the development of enantioselective catalysts for this class of
substrate remains a challen ge.3 8

The first allylic alkylation with cinnamyl acetate 12y using chiral Pd complex 13 was
carried out using dimethyl malonate, N,O-(bistrimethylsilyl)acetamide (BSA), and

potassium acetate in dichloromethane at room temperature, Scheme 3.15.
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MeO,C._COMe
[Pd(altyl(ddppm)| PF, A COMe
Ph /\/\ OAc - /*\/ + Ph/\/\(
CH,(COMe),, CH,CL, 1t Ph COMe
12, BSA, KOAc

Scheme 3.15: Allylic alkylation under the following conditions: 1 mmol of 12y, 0.01mmol of Pd
complex 13, 2 equiv of CH,(CO,Me), and N, O, bis(trimethylsilyl)acetamide (BSA), 4 equiv of

KOAc, 5 mlof CH,Cl,, 17 hatr.t.

The result from this reaction was the achiral linear isomer as the major product with
a ratio of 20:80. (Scheme 3.15). Lower results were also obtained by Pétrot et al. with the
chiral diphenylphosphine-oxazoline 13m (see Figure 3.15) under the same reaction

conditions. With 13y the ratio achieved was 4:96 for the branched and linear isomers,

respectively.®®

+
{7\\
__—Pd
PPh, \ i 0
y Poh: | PF, I\)
H" PPh, N
Rl R
i H
13 13y

Figure 3.15: Palladium allyl complex from ddppm 13 and diphenylphosphine-oxazoline ligand 13y;.
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The second procedure for the allylic alkylation with cinnamyl acetate 12y using Pd
complex 13 was carried out using sodium dimethyl malonate in THF at reflux temperature,
Scheme 3.16. In this case stronger conditions were employed and less of the branched

product was formed. The ratio in this case was 16:83 for the branched and liner isomers

respectively.
MeO,C._ COMe
[Pd(allyl)ddppm)]PF N N CO,Me
ph”N"N0Ac - o + Ph
/\/
NaCH(OO,Me), Ph SoMe
THE, A
12y,

Scheme 3.15: Allylic alkylation under the following conditions: 1 mmol of 12y, 0.01mmol of Pd

complex 13, 2 equiv of NaCH(CO,Me),, 60°C, 5 ml of THF, 24 h.

The formation of the linear product as the major isomer in both cases can be
explained because ddppm is a symmetrical bidentate ligand with two phenyl groups
attached to each phosphorus atom. (Figure 3.15). Having the same environment at both

each phosphorus atoms, the nucleophile attacks at the less substituted allyl terminus a) and

the linerar product is formed.

Il’d
XA
el
Nu Nu
a) b)
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Pétrot et al. have done studies using chiral phosphine-oxazoline as ligands altering the
electronic and steric properties of the ligand and the regioselectivity shifted in the desired
direction to the branched isomer. E.g. phenyl groups were replaced by electron-
withdrawing groups such as pentafluorophenyl like in 14y or by biphenylphosphite groups

like in 15y getting enantioselectivities up to 92% for the branched isomer.*

of 1 °
BN |
/ A N
0 R PCF,
R
14, 15y

The second allylic reaction attempted with palladium allyl complex 13 was an allylic
amination. This reaction is a well-established process in organic synthesis.

The allylic amination was carried out with the same cinnamyl acetate 12y and
benzylamine as the nucleophile, Scheme 3.16. The reaction was done in THF and stirred
for 48 h at 50°C. The yield obtained was 53% and from this yield, 77% was from the linear
product and 22% from the branched product.

/"_Ph /—-Ph

[Pd(allyl)(ddppm)]PF, NH

HN
+
PhCH,NH,, THF, A Ph Ph

12,

Scheme 3.16: Allylic amination under the following conditions: 1 mmol of 12y, 0.01 mmol of Pd

complex 13, and 20 mmol of benzyl amine, 5 ml THF, 48 h at 50°C.
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To our knowledge, allylic aminations found in the literature use as a substrate a
disubstituted allyl such as 1,3-diphenyl-2-propenyl acetate and not allylic aminations with
monosubstituted substrate 12y are found. Palladium catalysts using phosphine-oxazoline
ligands have been studied with 1,3-diphenyl-2-propenyl acetate and these complexes
catalyse allylic amination with very good results, achieving enantioselectivities up to 90%

for the branched product.*!

3.4 CONCLUSIONS

ddppm-copper complexes, [Cu(ddppm)(CH3CN),|PF¢, 9 and [Cu(ddppm),]PFs, 10
have been synthesized but they have not been successfully crystallized. A platinum
complex, Pt(ddppm)Cl, (11) was formed and it has been characterized crystallographically.
The dihalide palladium complexes Pd(ddppm)Cl; (12) and Pd(ddppm)Br: (12b) and the
allyl palladium complex, [Pd(nS-allyl)(ddppm)]PF(, (13) were also synthesized and
characterized crystallographically. These palladium complexes were tested in different
catalytic reactions such as in the Sonagashira reaction, in carbonylation of different
substrates and in allylic reactions, and the following conclusions inferred from them.

96% yield of diphenylethyne was obtained for the Sonagashira reaction using the
palladium dihalide catalyst 12.

ddppm like other bidentate phosphines gave the linear product, rather than the
branched one, in the hydroesterification of styrene.

In the carbonylation of 1-brom6ethylbenzene, the desired product ethyl 2-

phenylpropionate (3m) was not obtained and 1-phenylethanol (2y;) was formed instead.
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In the conversions of aryl halides to carboxylic esters the expected activity is
observed, in increasing order: PhCl, PhBr, Phl. This reactivity order was expected because
chloroarenes are more inert.

When ddppm was used as a ligand for the carbonylation of benzyl bromide, good
conversion of the ester was obtained (98%).

Unfortunately, carbonylation of benzyl alcohol did not proceed. The alcohol is not a
very good leaving group like a halide and carbonylation with these types of substrates is
more difficult and higher pressures might be necessary.

The major products from the allylic alkylations of cinnamyl acetate 12y were the
achiral linear isomers with ratios of 20:80 and 16:83. The allylic amination was carried out
with the same cinnamy] acetate and 77% yield was obtained for the linear product and 22%
for the branched product. The formation of the linear product as the major isomer in all the
cases can be explained because ddppm is a symmetrical bidentate ligand with two phenyl
groups attached to each phosphorus atom. Having the same environment at both each
phosphorus atoms, the nucleophile attacks at the less substituted allyl terminus and the

linear product is formed.

3.5 EXPERIMENTAL

General considerations: All manipulations were performed using standard Schlenk
techniques under an argon atmosphere, except where otherwise noted. Solvents of
analytical grade and deuterated solvents for NMR measurements were distilled from the
appropriate drying agents under N, immediately prior to use following standard literature

methods.*’ Literature methods were employed for the synthesis of [Cu(MeCN)]PFs,*
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Pd(PhCN),CL*, [Pd(allyl)CI];* and Na[CH(CO,Me),]*. All other reagents were used as
received. A 300 ml stainless steel autoclave and a 100 ml glass autoclave were used for
carbonylation reactions. NMR spectra were obtained on Bruker Avance AMX 400 or Jeol
Eclipse 300 spectrometers and referenced to external TMS. HPLC analyses were
performed on an Agilent 1100 series instrument. Mass spectra were obtained in ES
(Electrospray) mode from the EPSRC Mass Spectrometry Service, Swansea University

unless otherwise reported.

[Cu(ddppm)(CH;3;CN)2JPFs, 9: 46 mg (0.131 mmol) of [Cu(CH3CN)4]PFs were placed in
a Schlenk and dissolved in dry and degassed acetonitrile (10 ml). After that, 63 mg (0.131
mmol) of ddppm were added and the mixture was stirred for 2 h at 50°C. Then, the solvent
was evaporated affording a white solid. This white solid was recrystallized from
acetonitrile and hexane. ' H NMR (CDsCN, 400MHz) & 3.53 (m, 2H, CHPPh,), 3.57 (m,
2H, CHy), 3.99 (m, 2H, CHy), 5.16 (m , 2H, CCH), 7.35 (m, 12H), 7.54-7.76 (m, 8H); *'P
NMR (CDCls, 121 MHz) & -11.06 (br s). > C NMR (CDsCN, 75 MHz) 39.93 (t,J 9.8 Hz,
2C, CHy), 7391 (s, 2C, CHP), 85.93 (s, 2C, CHP), 128.71 (m, 4C, Ar), 130.01 (m, 4C, Ar),
133.13 (m, 4C, Ar) MS: [M-CH3;CN-PF¢]", 586; [M-2CH3CN-PF¢]", 545.

[Cu(ddppm);]PFg , 10: 37 mg of [Cu(CH3;CN]4PF¢ (0.1 mmol) were placed in a schlenk
and dissolved in dry and degasified acetonitrile (10 ml). Then, 100 mg of ddppm (0.2
mmol) were added into it and the mixture was stirred for 2h at 50°C. After that time the
solvent was evaporated affording a white solid. This white solid was recrystallized from
acetonitrile and hexane. ' H NMR (CD3CN, 400MHz) & 3.19 (m, 4H, CHPPh,), 3.59 (m,

4H, CH), 3.76 (t, 4H, CHy), 4.76 (m , 4H, CCH), 7.21-7.45 (m, 40H) ); >'P NMR (CDCl;,
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121 MHz) & -14.61 (br s). >C NMR (CDsCN, 75 MHz) 42.79 (s, 4C, CH,), 72.98 (t,J 8.65
Hz, 4C, CHP), 85.98 (s, 4C, CHP), 128.72 (m, 4C, Ar), 129.91 (m, 4C, Ar), 13327 (m,

4C, Ar). [M-ddppm-2CH;CN-PF]": 545.

Pt(ddppm)Cl; , 11: 29 mg of PtCl (0.11lmmol) were dissolved in 10 ml of warm
acetonitrile and 54 mg of the diphosphine ddppm (0.1 lmmoi) were added. The mixture was
stirred at room temperature for 1 day and then the solvent was evaporated and redissolved
in chloroform. A white solid was precipitated with dry diethyl ether. Pale yellow crystals
were obtained from a mixture of chloroform and diethyl ether. (71 mg, 87% yield).
' H NMR (CDsCN, 400MHz) & 3.37 (dd, J 7 Hz, 2H, CHPPhy), 3.77 (ddd, J 6 Hz, 2H,
CH,), 4.14 (t, J 12 Hz, 2H, CH,), 5.04 (m, 2H, CCH), 7.31 (m, 7H) ), 7.47 (m, 5H), 7.53
(m, 4H), 8.44 (m, 4H). >'P NMR (CDCls, 121 MHz) & 8.47 (s) 'Jpp = 3746 Hz. > C NMR
(CDsCN, 75 MHz) 43.5 (t, 2C, CH,), 72.87 (s, 2C, CHP), 83.43 (s, 2C, CHP), 128.02 (t,
2Jcp = 5.7 Hz, 4C, Ar), 128.36 (1, 2Jcp = 5.7 Hz, 4C, Ar), 130.42 (s, 2C, Ar), 131.41 (s, 2C,
Ar), 133.58 (t, Yce = 4.9 Hz, 4C, Ar), 135.16 (t, 2Jcp = 4.9 Hz, 4C, Ar); MS (accurate

mass, ES+) calculated mass for [M]: 712.0895, measured: 712.0898.

Pd(ddppm)Cl,, 12: A schlenk was charged with 0.177g of ddppm (0.37 mmol) and
dissolved in CH,Cl, (15 ml). Then, 0.141 g of Pd(PhCN),Cl, (0.37 mmol) were added and
the mixture was stirred for 1 h. The solvent was concentrated and ether was added to obtain
yellow crystals. (0.207 g, 85% yield). ' H NMR (CDs;CN, 400MHz) & 3.24 (m, 2H,
CHPPhy), 3.78 (m, 2H, CHy), 4.05 (t, J 12 Hz, 2H, CH,), 4.95 (m, 2H, CCH), 7.3-7.55 (m,

12H) ), 7.75-8.45 (m, 8H) *'P NMR (CDCl;, 121 MHz) & 25.6 (s). ® C NMR (CD;CN, 75
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MHz) 45.1 (m, 2C, CHy), 72.98 (s, 2C, CHP), 83.68 (s, 2C, CHP), 128.09 (m, 4C, Ar),
128.42 (m, 4C, Ar), 130.44 (s, 2C, Ar), 131.44 (s, 2C, Ar), 133.57 (m, 4C, Ar), 135.53 (m,

4C, Ar); MS (accurate mass, ES+) calculated mass for [M]: 657.9971, measured: 657.9986.

Pd(ddppm)Br;, 12b: A schlenk was charged with 0224 g of ddppm (0.46 mmol) and
dissolved in CH,Cl, (20 ml). Then, 0.174 g of Pd(COD)Br; (0.46 mmol) were added and
the mixture was stirred for 1 h. The solvent was concentrated and ether was added to obtain
orange crystals. (0.343 g, 87% yield). ' H NMR (CDs;CN, 400MHz) & 3.21 (m, 2H,
CHPPh,), 3.76 (m, 2H, CH,), 4.11 (t, J 12 Hz, 2H, CH,), 5.01 (m, 2H, CCH), 7.3-7.55 (m,

12H) ), 7.75-8.45 (m, 8H) *'P NMR (CDCls, 121 MHz) § 23 4 (s).

Pd(ddppm)I,: 80 mg of NBuyl (3.1 mmol) are dissolved in CH,Cl, and this solution is
mixed with 0.155 mmol of Pd(ddppm)Cl,. After this is stirred for 30 min, the solvent is
evaporated and the NBuyl is extracted with MeOH in which the complex Pd(ddppm)l;
precipitates. The solid was recrystallized with dichloromehane and hexane. (0.117 g, 90%
yield). ' H NMR (CD;CN, 400MHz) & 3.28 (m, 2H, CHPPhy), 3.75 (m, 2H, CHy), 3.98 (t, J
12 Hz, 2H, CHy), 4.94 (m, 2H, CCH), 7.3-7.55 (m, 12H) ), 7.75-8.45 (m, 8H) *'P NMR

(CDCHL3, 121 MHz) 6 16.4 (s).

[Pd(ddppm)(1/-C;H;) JPFs , 13: A solution of [Pd(n>-C5H;s)Cl]; (15 mg, 0.04mmol) and
the free ligand ddppm (40 mg, 0.08mmol) in CH,;Cl, (Sml) were stirred at room
temperature under nitrogen for 1h. *'P NMR (D,0, 121 MHz) & 18.37 (br s). To exchange

the chloride counterion, the solution was evaporated and the yellow solid obtained
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dissolved in acetonitrile. The resulting solution was treated with KPFg (15 mg, 0.08mmol)
and stirred ovemight. After one day, the mixture was filtered through a pad of celite and
the solution concentrated in vacuum affording a pale yellow solid (51 mg, 86%). Pale
yellow crystals were obtained by recrystallization from dichloromethane-diethylether.
" H NMR (CD;CN, 400MHz) § 2.95 (m, 1H, anti-allylic), 3.48 (m, 3H, ddppm), 3.58 (m,
1H, anti-allylic), 3.75 (m, 1H, ddppm), 3.91 (m, 1H, CH>), 3.95 (m, 1H, CH>), 4.21(m, 1H,
syn-allylic), 4.48 (m, 1H, syn-allylic), 5.12 (m, 1H, CCH), 5.22 (m, 1H, CCH), 5.86
(septet, 1H, CH, central-allylic) , 7.27-7.53 (m, 12H) ), 7.76-7.85 (m, 8H) *'P NMR
(CDsCN, 121 MHz) § 17.8 (d, %J,= 111.19 Hz) and 18.5 (d, /= 111.19 Hz). '* C NMR
(CDsCN, 75 MHz) 45.1 (d, 2C, CHy), 72.98 (s, 2C, CHP), 83.68 (s, 2C, CHP), 128.09 (m,
4C, Ar), 128.42 (m, 4C, Ar), 130.44 (s, 2C, Ar), 131.44 (s, 2C, Ar), 133.57 (m, 4C, Ar),
135.53 (m, 4C, Ar); MS (accurate mass, ES+) calculated mass for [M-PF¢]": 629.0985,

measured: 629.0994; [M-PF¢-(n>C3 Hs)]": 588.1.

Procedure for the Sonagashira Reaction: In a Schlenk, 12 mg of Pd(ddppm)Cl,; complex,
12 (0.018 mmol) was dissolved in acetonitrile. Then, Cul (10 mg, 0.054 mmol), NEt; (0.4
ml, 3 mmol), phenylacetylene (0.2 ml, 1.8 mmol) and the respective aryl iodide (0.17 ml,
1.5 mmol) were added and the reaction was stirred at 60°C overnight. Solvents were
evaporated and the residue was extracted with ether. Ether washings were subsequently
extracted with a solution of HCI (0.5 M) and the second time with a saturated solution of
NaHCO;. The organic layers were collected and dried with MgSOs. The solvent was
evaporated and a brown solid was obtained. (m.p= 50-60°C). (314 mg, 98% yield). 'H

NMR (CDCls, 300 MHz) & 7.22 (m, 6H, Ph), 7.42 (m, 4H, Ph).
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Procedure for the alkoxycarbonlylation reaction of iodobenzene: The corresponding
iodobenzene (0.225 ml, 2 mmol), methanol (5ml), Pd(ddppm)Cl; complex 12 (7 mg, 0.01
mmol) and sodium carbonate (636 mg, 6 mmol) were added into a 100 ml glass autoclave.
This autoclave was closed and evacuation and replacement with argon (three cycles ) was
followed. Then, it was filled with 4 bar of CO pressure and heated to 90°C. After 16 h
reaction time the autoclave was cooled to room temperature and the mixture diluted with
dichloromethane (20 ml). After washing with water (20ml) the aqueous phase was
extracted with dichloromethane (2 x 20ml) and the combined organic phases were dried
over magnesium sulfate, filtered and concentrated under reduced pressure (100% yield).
With bromobenzene (0.2 ml, 2 mmol), the same procedure was followed but using ethanol
(5ml) as a solvent and triethylamine (0.84 ml, 6 mmol) as a base. The reaction temperature
was 145°C. (30% yield).

HPLC conditions: Synergi column, 80:20 CH;CN/H,0, 2 ml/min.80:20 Acetonitrile:H,0,
A = 256nm, 1mV/min. "H NMR § (250 MHz, CDCl;): methyl benzoate: 3.79 (s, 3H, CHj),

ethyl benzoate: 1.11 (t, 3H, CHs), 4.25 (q, 2H, CHy).

Procedure for the hydroesterification of styrene: Into a stainless steel 300 ml autoclave
were added 0.05 mmol of the cationic Pd catalyst (33 mg, 0.05mmol), [Pd(ddppm)]BF,, 0.5
ml of styrene (5 mmol), 5 ml of MeOH and 40 ml of methyl ethyl ketone under a nitrogen
atmosphere. The reaction vessel was then pressurized with 40 bar of CO. The reaction was
allowed to proceed with stirring at 80°C for 3 days. After that time, the solvent was

evaporated and the yield was determined by NMR. 'H NMR § (400 MHz, CDCls). 22% of
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methyl 3-phenylpropionate (linear product,): 2.45 (t, 2H, CH,), 2.78 (t, 2H, CH,-COO-),
3.46 (s, 3H, -OCH3). 4% of methyl 2-phenylpropionate (branched product): 1.34 (d, 3H,

CH;-CH-), 3.43 (s, 3H, -COOCH3), 3.55 (q, 1H, CH).

Procedure for the carbonylation of 1-(bromoethyl)benzene: Into a 100 ml glass autoclave
were added 7 mg of Pd(ddppm)Cl; (0.01 mmol) (12), 130 mg of Na,COs (1.2 mmol), 5 ml
of EtOH and 0.14 ml of 1{(bromoethyl)benzene (1 mmol). Under the conditions of 4 bar
and 60°C, the reaction was maintained for 1 day. After that time, a water extraction with
ether was done and the organic layers collected and dried over MgSOs. The solvent was
evaporated and the final product was analysed by NMR. 'H NMR & (250 MHz, CDCl;):
84% of (I-ethoxy-ethyl)-benzene: 1.12 (t, 3H, CH;-CH), 1.38 (d, 3H, CH;-CH,-0O-), 3.30
(g, 2H, O-CH>CH3), 4.36 (q, 1H, CH-CH3). None of 2-phenyl-propionic acid ethyl ester

was obtained.

Procedure for the carbonylation of benzyl bromide: In an autoclave were added 0.12 ml (1
mmol) of benzyl bromide, 10 mg (0.02 mmol) of ddppm, 3 mg (0.01 mmol) of Pd;(OAc)s,
0.2 ml (1 mmol) of NEt; and 5 ml of a mixture 1:1 of toluene and methanol. The reaction
mixture was stirred for 2 days at 2 bar of CO and 60°C. After that time, a water extraction
with ether was done. The organic layer were collected and dried over MgSQ,. The solvent
was evaporated and the final product was analysed by '"H NMR and HPLC. 'H NMR &
(400 MHz, CDCls): phenyl acetate: 3.71 (s, 2H, CHy), 3.72 (s, 3H, CH3). HPLC conditions:

Synergi column, 80:20 Acetonitrile:H,O, A = 256nm, 1 ml/min.
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Procedure for the carbonylation of benzyl alcohol: For a typical procedure, 37 mg (0.05
mmol) of Pd(ddppm)Br, 17 mg (0.1 mmol) of CuCl, 2H,0, 190 mg (1 mmol) of p-TsOH,
5 ml of MeOH, 0.5 ml (5 mmol) of benzyl alcohol and 40 ml of methyl ethyl ketone were
added into a stainless steel 300 ml autoclave. Under the conditions of 40 atm CO and
100°C. The reaction mixture was stirred for 40 h and the final product was analysed by 'H
NMR and HPLC. '"H NMR § (400 MHz, CDCls): benzyl alcohol: 2.51 (br s, 1H, OH), 4.66
(d, 2H, CH,), phenyl acetate: 3.71 (s, 2H, CH>), 3.72 (s, 3H, CH3). HPLC conditions:

Synergi column, 80:20 Acetonitrile:H,0, A = 256nm, 1ml/min.

Procedure 1 for the allylic alkylation: In a 20 ml Schlenk equipped with magnetic stirring
bar under N,, [Pd(allyl)(ddppm)]PFs (8mg, 0.0lmmol) was added followed by cinnamic
acetate (0.17ml, 1mmol), dimethyl malonate (0.23ml, 2mmol), BSA' (0.5ml, 2mmol) and
potassium acetate (393mg, 4mmol). Then, Sml of dichloromethane were added and the
mixture is stirred for 17h at room temperature. After that time, the mixture was diluted with
ether and then extracted with two portions of saturated aqueous ammonium chloride
solution. The organic layer is dried over anhydrous magnesium sulphate, concentrated and
purified by column chromatography (silica gel, petroleum ether:ethylacetate = 9:1) to give
a mixture of dimethyl (1-phenylprop-2-en-1-yl)malonate and dimethyl (3-phenylpro-2-en-

1-yl)malonate. 'H NMRs of these products can be found in the literature.*®

Procedure 2 for the allylic alkylation: In a 20 ml Schlenk equipped with magnetic stirring

bar under N, [Pd(allyl)(ddppm)]PFs (8mg, 0.0lmmol) was added into it followed by

" BSA: N,0-(bistrimethylsilyl)acetamide
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cinnamic acetate (0.17ml, Immol), sodium dimethyl malonate (0.23ml, 2mmol). Then, Sml
of THF are added and the mixture is stirred at reflux for 24 h. After that time, the mixture
was diluted with two portions of saturated aqueous ammonium chloride solution. The
organic layer is dried over anhydrous magnesium sulphate, concentrated and purified by
column chromatography (silica gel, petroleum ether:ethylacetate = 9:1) to give a mixture of
dimethyl  (1-phenylprop-2-en-1-yl)malonate and dimethyl (3-phenylpro-2-en-1-

yDmalonate. "H NMRs of these products can be found in the literature.*

Procedure of allylic amination: [Pd(allyl)(ddppm)]PFs (8mg, 0.01mmol), cinnamic acetate
(0.17ml, 1mmol) and benzyl amine (2ml, 20mmol) were added into a small pressure tube
and dissolved in 5ml of THF. The reaction mixture was stirred at 50°C for 48h. After that
time, the reaction mixture was divided into saturated aqueous ammonium chloride and
diethyl ether. Organic layer was dried over anhydrous magnesium sulphate and evaporated
to give a mixture of N-(1-phenyl-2-propenyl)benzylamine) and N-[(E)-3-Phenyl-2-

propenyl]benzylamine. '"H NMRs of these products can be found in the literature.*’

'S. J. Bemers-Price, K. Johnson, C. K. Mirabelli, L. F. Faucette, F. L. McCabe, and P. J.
Sadler, Inorg. Chem. 1987, 26, 3383-3387.

2 (a) S. Yao, M. Johannsen, R.G. Hazell, K. S. Jorgensen, Angew. Chem.,Int. Ed. 1998, 37,
3121. (b) S. Yao, S. Saaby, R.G. Hazell, K. S. Jorgensen , Chem. Eur. J., 2000, 6,2435. (c)

O. Garcia, R.Gomez, and J. C. Carretero. J. Am. Chem. Soc., 2004, 126 (2), 456-457.

3J. A. Rahn, L. Balatusis and J. H. Nelson, Inorg. Chem., 1990, 29, 750-755.
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6T. Sturm, W.Weissensteiner, K. Mereiter, T. Kegl, J. Organomet. Chem., 2000, 595, 93-
101.
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Chapter 4

4 Rh- and Ru-ddppm complexes and their catalytic

applications: hydrogenation and hydroformylation.

4.1 INTRODUCTION

In this chapter the synthesis and properties of the Rh- and Ru- ddppm complexes are
discussed. Results from the catalytic reactions in which these complexes are involved such

as enantioselective hydrogenation and hydroformylation reactions are also presented.

Organometallic compounds of rhodium have the metal centre in oxidation states
ranging from +4 to -3, but the most common oxidation states are +1 and +3. The Rh(I)
species have a d® electron configuration and both four coordinated square planar and five
coordinated trigonal bipyramidal species exist. Oxidative addition reactions to Rh(I) form
Rh(IIl) species with octahedral geometry. The oxidative addition is reversible in many

cases and this makes the catalytic transformation of organic compounds possible.

The chemistry of ruthenium complexes has been explored recently. Their chemistry is
more complicated than with palladium compounds, and because of that, less applications in
organic syntheses have been found so far. In fact, in contrast to palladium (II) compounds,
ruthenium complexes generally have 5- or 6-coordinated geometry and their oxidation state
can vary between -2 to +6. This complexity, however, leads to many interesting reactions
and further developments in this field are expected. Interest for catalytic applications of
Ru(Il) complexes stems from their much lower cost, when compared to Rh(I) and Pd(II)

catalysts.
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Metal-catalyzed asymmetric hydrogenation and hydroformylations of alkenes are
amongst the most efficient methods for building chiral compounds. Rhodium and
ruthenium are the most common metals used in this type of reactions. A large number of
chiral ligands, mainly P- and N- containing ligands with either C,- or C;- symmetry have

been successfully applied.'

4.2 RESULTS AND DISCUSSION

4.2.1 Synthesis and characterization of rhodium complexes with ddppm.

Rhodium catalysts containing chiral phosphine ligands have been proved the most
successful catalysts for asymmetric catalytic hydrogenations.' Herein, a rhodium complex
[Rh(ddppm)(COD)|BFs, 14a derived from ddppm was synthesized. This chiral
diphosphine was reacted with one equivalent of [Rh(COD),;]BF, in dichloromethane at
room temperature, see Scheme 4.1. The *'P NMR spectrum of this compound shows a
doublet at 24.5 ppm and a Rh-P coupling constant of 143 Hz is observed. This value is in
accordance with other [Rh(diene)(diphosphine)] complexes which have J(P, Rh) values ca.

140 Hz.?

When compound 14a was dissolved in acetonitrile, the COD group is displaced with
two molecules of acetonitrile affording [Rh(ddppm)(CH3CN),]BF,, 14b, see Scheme 4.1.
The *'P NMR spectrum of this compound shows a doublet at 40.1 ppm with a Rh-P

coupling constant of 180 Hz.
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PPh, + ; i
Q CH,CI, e m‘\ -
2 BF
+ [Rh(COD)leF 4 Pth 4
0 t o o
PhP o 5
B, TH =
= H
H
— — 14a
MeCN
\R:;\/NCMe CH,CN
PP - rt
= PPh, BF,
H"Y o
0o -
H =
z H
H
14b

Scheme 4.1: Synthesis of rhodium complexes 14a and 14b.

The 'H NMR and °C NMR spectra of the compound 14b were measured in CD;CN

at room temperature and spectral data are presented in Table 4.1.

Table 4.1: 'H and C chemical shifts of the backbone of ddppm from complex 14b.

H/C group 'H NMR, & (ppm) C NMR, § (ppm)
3.91 2H)
CH2 42,03, m
4.16 (2H)
CHP 3.16 (2H) 72.13, m
CH 4.83 (2H) 83.26, m

Orange crystals from complex 14b were obtained after slow diffusion of ether into an
acetonitrile solution of the compound. These crystals were suitable for an X-ray structural
analysis and crystallographic and experimental data are given in Table 4.2. A plot of the
molecular structure of 14b is shown in Figure 4.1 and selected geometric data are presented

in Table 4.3.
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Figure 4.1: X-Seeds ellipsoid plot at 50% probability ofthe molecular structure 14b. BF4

anion has been omitted for clarity. (Top view with reference to the coordination plane).

Table 4.2: Crystallographic data for rhodium complex 14b.

Formula C36 H37 B F4N3 02 P2 Rh
Mol wt 795.35

Crystal system Monoclinic

Space group P2(1)

a, A 10.2793(2)

b, A 15.1367(4)

c, A 11.5954(4)

V, A3 1772.81(8)

z 2

Independent reflections 6563 [R(int) = 0.0477]
Reflections collected 16148

Final R indices [I>2sigma(I)] R1 =0.0312, wR2 = 0.0698
R indices (all data) RI1 =0.0345, wR2 = 0.0727
GOF 1.029

Largest diff. peak and hole 0491 and -0.435 e.AA3
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Table 4.3: Selected bond lengths (A) and angles (deg) for rhodium complex 14b.

Rh(1)-N(1)
Rh(1)-N(2)

Rh(1)-P(2)

Rh(1)-P(1)
P(1)-C(13)
P(1)-C(5)
P(1)-C(7)
P(2)-C(25)
P(2)-C(19)
P(2)-C(2)
0(1)-C(3)
O(1)-C4)
0@2)-C(6)
O@2)-C(1)
C(1)»C4)
C(1)C(2)
C(2)»-C(3)
C(4)-C(5)
C(5)-C(6)
C(7)-C(12)
C(7»C(8)

2.068(3)
2.069(3)
2.2398(9)
2.2503(9)
1.829(3)
1.853(4)
1.853(3)
1.834(3)
1.840(4)
1.850(3)
1.428(4)
1.434(4)

1.434(4)
1.438(4)
1.541(5)
1.545(5)
1.523(4)
1.539(5)
1.522(5)
1.394(5)
1.397(5)

N(1)-Rh(1}-N(2)
N(1)-Rh(1)-P(2)
N(2)-Rh(1)-P(2)
N(1)-Rh(1)-P(1)
N(2)-Rh(1)-P(1)
P(2)-Rh(1)-P(1)
C(13)-P(1)-C(5)
C(13)-P(1)-C(7)
C(5)-P(1)-C(7)
C(13)-P(1)-Rh(1)
C(5)-P(1)-Rh(1)
C(7)-P(1)-Rh(1)
C(25)-P(2)-C(19)
C(25)-P(2)-C(2)
C(19)-P(2)-C(2)
C(25)-P(2)-Rh(1)
C(19)-P(2)-Rh(1)
C(2)-P(2)-Rh(1)
C(3)-C(2)-P(2)
C(1)-C(2)-P(2)

88.39(11)
87.21(8)
174.82(8)
174.09(8)
85.84(8)
98.61(3)
103.32(16)
103.87(15)

99.39(15)

112.48(11)
127.01(12)
107.99(11)
102.99(15)
104.14(15)
98.97(15)
113.34(12)
108.32(11)
126.04(11)

112.8(2)
113.4(2)

The crystal structure of 14b confirms again ddppm chelation to the metal centre. Figure 4.1

shows the backbone of the ligand adopting an exo-exo envelope conformation which places the two
phosphine groups at the pseudoaxial positions required for chelation to the metal. A distorted
tetrahedral arrangement is observed around the phosphorus atoms imposed from the steric
requirements of the isommanide backbone, with tetrahedral angles ranging from 98.97° to 127.01°.
ddppm has a large bite angle of 98.61° (3) accommodated in the square co-ordination plane by the

smaller N-Rh-N angle at 88.39° (11) and P-Rh-N angles at 85.84°(8) and 87.21° (8). For
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comparison, the bidentate angle of BINAP (another seven-membered chelate ligand) in an
analogous complex is 91.804 A.S.C. Chan et al. had already reported that P-Rh-P bite angles for

seven-membered ring chelates are around 960.5

O

Figure 4.2: X-Seed 3 ellipsoid plot at 50% probability ofthe molecular structure 14b. Solvent
molecules and the BF4 anion have been omitted for clarity (side view with reference to the

coordination plane).

4.2.2 Synthesis and characterization of Ruthenium complexes with ddppm.

Ruthenium chemistry has not been studied extensively despite the wide application of
ruthenium catalysts in the asymmetric hydrogenation reactions.6 Herein, the synthesis of
some ruthenium complexes derived from ddppm is reported. Unfortunately these
complexes did not form crystals suitable for X-Ray characterization however they have

been characterized by NMR and mass spectrometry.
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The ruthenium complex [Ru(q(’-p—cymene)(ddppm)Cl]Cl, 15 was synthesized from

the reaction of two equivalents of ddppm with one equivalent of the dimer [Ru((rf-p—

cymene)Xz], in a mixture of 1:1 dichloromethane and ethanol, 7 see Scheme 4.2.

Ph,P

PPh,

+

[Ru(p-cymene)CL],

EtOH/CHCI,

50°C

1+
Cl
~
Ru
PPh, \
PPh, -
o Cl
TH =
= H
H
15

Scheme 4.2: Synthesis of [Ru(7°-p-cymene)(ddppm)CI1]Cl 15.

The *'P NMR spectrum of 15 shows two unresolved coupling signals at 66 and 23

ppm. However, when the CI” counter-ion of complex 15 is replaced with PFg the 3'p NMR

spectrum shows two doublets at 34.4 ppm and 40.1 ppm with a coupling constant of 25 Hz.

There is also a septet at 143 ppm due to the free PFs ion. This new complex, [7°-p-

cymene)Ru(ddppm)CI1]PF¢, 16 was formed from the reaction of one equivalent of ddppm

with [7°-p-cymene)Ru(NCMe),CI]PF® in acetonitrile at room temperature, Scheme 4.4.

The 'H NMR spectrum of 16 was measured in CD3CN and it displays features

indicative of a n°-coordinated arene with resonances of the ddppm backbone hydrogens at

5.44 (m, 2H), 3.95 (ddd, 2H), 3.58 (t, 2H) and 3.42 (m, 2H). The methyl group of the

coordinate p-cymene appears as a singlet at 1.11 ppm while the isopropyl group appears as

a septet at 2.29 ppm and a doublet at 0.80 ppm.
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characterized by *'P NMR and an unresolved signal at 66.4 ppm was observed. Treatment
of complex 17 with two equivalents of silver tetrafluoroborate in an acetonitrile solution to
yield complex 18, gave inconclusive results. A structure based on literature has been

proposed.” (See, Scheme 4.5).

dmso
Ph, \
P Cl P
o)
+ [RuCl,(dmso),] EtOH \Ru£C1>Ru/
e
’ * 50 °C /e &P
0 P
Ph.P Cl
_ — 17
Cl
P\ + ~NCMe| ASBE
* BF CH,CN EB%4

Ru 4
o | T Neme =

NCMe

18

Scheme 4.5: Possible structures of complexes 17 and 18 from ddppm with RuCl,(dmso),

4.2.3 Enantioselective hydrogenation reactions of olefins

Background: The development of homogeneous asymmetric hydrogenation was
initiated by Knowles and Homer in the late 1960s, after the discovery of Wilkinsons’
homogeneous hydrogenation catalyst [RhCI(PPhs);]. By replacing triphenylphosphine of
the Wilkinsons’ catalyst with resolved chiral monophosphines, Knowles and Horner
reported the earliest examples of enantioselective hydrogenation, although with poor

enantioselectivity. Further exploration by Knowles with an improved monophosphine
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CAMP provided 88% ee and Kagan reported the first bisphosphine ligand, DIOP, for Rh
catalysed asymmetric hydrogenation. The successful application of DIOP resulted in
several significant directions for ligand design in asymmetric hydrogenation. Chelating
bisphosphorus ligands could lead to superior enantioselectivity compared to monodentate
phosphines. Additionally, P-chiral phosphorus ligands were not necessary for achieving
high enantioselectivity, and ligands with backbone chirality could also provide excellent
ee’s in asymmetric hydrogenation. Furthermore, C; symmetry was an important structural
feature for developing new efficient chiral ligands. Kagan’s seminal work immediately led
to the rapid development of chiral bisphosphorus ligands. Knowles made his significant
discovery of a C,-symmetric chelating diphosphine ligand, DIPAMP. Due to its high
catalytic efficiency in Rh-catalyzed asymmetric hydrogenation of dehydroamino acids,
DIPAMP was quickly employed in the industrial production of L-Dopa via asymmeﬁic
hydrogenation constituted a milestone work and for this work Knowles was awarded the
Nobel Prize in 2001. This work has enlightened chemists to realize the power of

asymmetric hydrogenation for the synthesis of chiral compounds.*!

Many of the mechanisms in homogeneous catalysis are only partly known or are still
unknown. This is different for the hydrogenation reactions, particularly as far as
Wilkinson-type catalysts are concerned which have been intensely studied since the
1970s." Therefore, many of the mechanisms operating in hydrogenation reactions are well
understood. The famous mechanism of the enantioselective hydrogenation of
dehydroamino acids and their esters is an important example, see Scheme 4.6.

The species starting the catalytic cycle of the hydrogenation of dehydroamino acid

derivatives is a square planar Rh' complex containing a chelating phosphine, P*P, such as
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chiraphos, and two solvent molecules S, e.g., methanol, ethanol, or acetone. This species
reacts with substrate, methyl (Z)-a-acetamidocinnamate (Scheme 4.6, line 1). The substrate
displaces the solvent molecules , giving the square planar species in line 2 of Scheme 4.6.
The substrate acts as a bidentate ligand bonded via the olefinic double bond and the oxygen
atom of the acetyl group.

The square planar species of line 2 are diastereomers. They contain the same optically
active chelating phosphine CHIRAPHOS, but the rhodium atom is coordinated to different
sides of the prochiral olefin (re/si sides). The two diastereomers of line 2 are rapidly
interconverting. In this equilibrium the isomer shown on the left-hand side (si-coordination
of the olefin) is the minor isomer and the isomer shown on the right-hand side (re-
coordination of the olefin) is the major isomer."

The next step is the oxidative addition of hydrogen, converting the square planar
diastereomers of line 2 into the octahedral dihydrides of line 3."* In the present system this
reaction is the rate-determining step. The fast step following is the insertion of the
coordinated olefin into one of the Rh-H bonds, giving rise to the two diasteromeric c-alkyl
complexes of line 4. By reductive elimination they generate the enantiomeric forms of the
product, regenerating the catalytically active square planar spec'ies, which re-enters the

catalytic cycle.
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Scheme 4.6: Mechanism of the hydrogenation of methyl (Z)-a-acetamidocinnamate with

Wilkinson-type catalysts.

Results: The catalytic performance of ddppm- rhodium and ruthenium complexes in

olefin hydrogenation reactions was tested and results are discussed in this section.

Standard substrates such as (Z)-N-acetamido cinnamic acid and its methyl ester were used.
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Table 4.4 Results from hydrogenation reactions of N-acetamido cinnamic derivatives.

COOR N Catalyst COOR
— H, >
Ph N—COOCH, Ph N—COOCH,
H H
R:H (Z)-2-acetamidocinnamic acid (R,S)-2-acetamido-3-phenyl-propionic acid
R: Me methyl (Z)-2-acetamidocinnamate (R,S)-2-acetamido-3-phenyl-propionic ac. dimethyl ester

Entry R Catalyst Pressure (H;) Solvent T (°C) Ee’ Conv. Config.
%) (%)

1 H [Rh] 1 atm MeOH It 30 100 R
2 H [Rh] 3.5atm MeOH rt. 36 85 R
3 H  [Ru 3.5am MeOH 40°C T3 50 R
4 H [Ru] 35atm  THF/CHClL, 40°C <5 - ;
5 CH; [Rh] 1 atm MeOH rt 17 30 R
6 CH; [Ru] 3.5 atm EtOH 40°C <5 - -

a) Reaction conditions: [Rh] = [Rh(COD),}BF/ddppm (1:1), [Ru] = [Ru(p-cymene)Cl;],/ddppm (1:2). 0.01
mmol of precatalyst and 1.0 mmol of prochiral olefin in 15 ml of solvent, 24 h. b) ee values were determined
by HPLC with Chiralcel OD column, Hexane/IPA, 8:2, 1ml/min, 254 nm. The acids were converted to the
corresponding methyl esters with methyl iodide/KHCO; before HPLC analysis.

Table 4.4 summarizes the results at 1 and 3.5 atmospheres of hydrogen pressure. The
best enantioselectivity achieved (73%) was when (Z)-N-acetamido cinnamic acid was
hydrogenated with the ruthenium catalyst under a pressure of 3.5 atm (entry 3). Reactions
with the Ru catalyst were heated to 40° C in order to form a homogeneous solution. With
the rhodium system, better enantioselectivities were achieved when the (Z)-N-acetamido
cinnamic acid was hydrogenated rather than the (Z)-N-acetamido cinnamic ester which
gave quantitative yields but moderate enantioselectivities (entries 1, 2 and 5 ). All the
reactions gave the ‘R’ configuration of the product.

With the Ru precatalyst 15 reduction of the (Z)-N-acetamido cinnamic ester was

ineffective. When hydrogenating the (Z2)-N-acetamido cinnamic acid with the Ru system
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the solvent played an important role. In a mixture of aprotic solvents such as THF and
dichloromethane (entry 5) the substrate was hardly reduced, on the other hand, in methanol
a 50% yield was obtained (entry 3).

When ddppi, the non-chelating diastereoisomer studied by Bakos'®, was tested in the
homogeneous catalytic reactions of (Z)-N-acetamide cinnamic acid derivatives, moderate
results were also achieved (38% ee), but in contrast with ddppm the (S)-enantiomer was
formed.

Itaconic acid and its methyl ester, our second test olefins, gave the (S)-configured
product after hydrogenation with the Rh catalyst 14 and Ru catalyst 15, see Scheme 4.8 and
Table 4.5.

From Table 4.5 it can be seen better enantioselectivities were observed for the acid than
for its methyl ester derivative (entries 7-10) even though half the amount of the catalyst
was used (0.5%). This is in accordance with results obtained with the acetamide acid
(Table 4.4). A similar performance was observed with the diphosphine DIOP, which is also
a seven-membered ring. The DIOP/Rh system hydrogenates itaconic acid with good
enantioselectivities (70-68%) and its methyl ester, however with lower ee’s (53-36%).'° In
all reactions, the (S)-enantiomer was also formed as with the ddppm/Rh or ddppm/Ru
systems.

The data in Table 4.5 also show the influence of different solvents and hydrogen
pressure on conversion (entries 1-3). The higher the pressure used (20 bar) the less yield
and ee were obtained (entry 3). Using ruthenium complex 15 does not give a good
enantioselectivity as it happened with acetamide derivatives, however good conversions to

the final product were obtained (entry 5 and 6).
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Table 4.5: Results from hydrogenation reactions of itaconic derivatives.

COOR ! Drecaalyats ~,/—COoR
COOR i ddppm COOR
R:H itaconic acid R:H succinic acid
R:Me dimethyl itaconate R: Me dimehtyl succinate
Entry R Catalyst  Pressure (H;) Solvent  ee (%)° Conv. (%)  Config.
1 CH; [Rh] 1atm CHChL - 41 100 s
2 CH,  [Rh] 3.5 atm EtOH 12 100 s
3 CH;3 [Rh] 20.3 atm CH,Ch 31 20 S
4 CH, [Ru] 3.5 atm EtOH 9 75 S
5 CH, [Ru] 3.5 atm CH,Cl, 7 100 S
6° H [Rh] 1 atm THF 3 100 S
7° H [Rh] 1atm EtOH 64 72 S
g° H [Rh] 3.5 atm EtOH 59 72 S
9° H [Ru] 1 atm MeOH 18 60 S
10° H [Ru] 3.5 atm EtOH 20 65 S

Reaction conditions: [Rh] = [Rh(COD),]|BF,/ddppm (1:1), [Ru] = [Ru(p-cymene)Cl,],/ddppm
(1:2). 0.01 mmol of precatalyst and 1.0 mmol of prochiral olefin in 15 ml of solvent, 24 h.
Reactions with Ru precatalyst were heated up to 40 °C, the rest were done at room temperature. c)
ee values were determined by HPLC with Chiralcel OD column, Hexane/IPA, 98:2, 0.75ml/min,
220 nm. The acids were converted to the corresponding methy! esters with SOCl, before HPLC

analysis.

The solvent plays also a crucial role in the hydrogenation of these substrates since using
other solvents than dichloromethane such as ethanol or THF decreases the
enantioselectivity (entries 2, 4 and 6).

In the literature, excellent enantioselectivities, up to 99%, have been reported with

phosphite ligands derived from D-isomannide,'” and with BINAP. "
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4.2.4 Enantioselective hydrogenation reactions of ketones."

Asymmetric hydrogenations of a- and B-ketoesters have been very successful using
chiral ruthenium catalysts; a detailed review has been presented by Ager et al.>° A BINAP-
Ru system catalysed the hydrogenation of a variety of B-keto esters to chiral B-hydroxyl
esters with high enantioselectivities.’ In addition to BINAP, many other chiral

atropoisomeric biaryl ligands such as (S)-Biphemp and Taniaphos have demonstrated to be

very efficient for this transformation, reaching enantioselectivities ca. 99%.2

® @/@W
PPh
2 h,

PP
Fe
‘ PPh, = PhP

(S)-Biphemp Taniaphos

Furthermore, Junge et al., have recently developed monodentate phosphine ligands

which are efficient for the ruthenium-catalysed hydrogenation of B-ketoesters obtaining

ee’s up to 95% at 100 °C.>

The diphosphine ddppm was tested in this type of reactions. The ruthenium precursor,
[Ru(COD)(methylallyl),], was mixed with the ddppm ligand in acetone in a ratio of 1:2
followed by 2 equivalents of methanolic HBr to form the catalytic species Ru(ddppm)Br;,
19 (Scheme 4.10).%* The catalyst concentration used was 1 mol % and all the reactions

were carried out in methanol or ethanol depending on the ester group.
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R - * Ru
u b /
/ 57 <
HBr
Acetone
Y
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HBr
Acetone P,

.

* RuBr, [ (Acetone)
p”

19

Scheme 4.10: Preformed Ru catalyst for hydrogenation of B-ketoesters.

A series of B-ketoesters were reduced with the in situ formed ruthenium complex 19
and the results are presented in Table 4.6.

All reactions were carried out under 60 bar of hydrogen pressure at three different
temperatures (60, 80 and 100° C) and they were run for 16 h. In the case of 60° C, reactions
were repeated and left stirring for 48 h to see whether an increase in conversion was
observed (entries 4,8,12 and 16). All reactions have been carried out twice at each
temperature, as a test of reproducibility, and Table 4.6 presents the average of the two.

Hydrogenation of methyl acetoacetate (20a) was studied first (entries 1-4). The best
conversion (41%) was obtained when the reaction was heated at 100 °C (entry 3). With
increasing the temperature from 60 to 100 °C ‘(entries 1-3) an increase in the yield is

observed from 8.9 to 41.1 % with a concomitant change in the enantioselectivity from the

‘R’to the ‘S’ isomer.
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Table 4.6. Results from hydrogenation reactions of B-ketoesters using Ru(II) catalyst 19.

0 OH
R! OR: Ru(COD)(methylallyl),  R1 OR?
HBr
20a-d 21a-d

Entry P-ketoester™ R R*  ee (%) Yield (%) t(h)’ T (°C)
Me

1 20a Me 175 (R) 89 16 60
2 20a Me Me 76(S) 17.8 16 80
3 202 Me Me 52(5) 41.1 16 100
4 20a Me Me 162(S) 26.5 48 60
5 20b Et Me 267(R) 95 16 60
6 20b Et  Me 141(S) 182 16 80
7 20b EtE  Me 52(5) 389 16 100
8 20b Bt  Me 95(R) 17.0 48 60
9 20c CHCl Et  239(R) 16.1 16 60
10 20¢ CH.Cl Et 220®) 614 16 80
11 20¢ CH.Cl Et 208(R)  67.1 16 100
12 20¢ CHCl Et rac 32.5 48 60
13 20d Ph Et  55(S) 5.1 16 60
14 20d Ph Bt 79(S) 8.5 16 80
15 20d Ph Et  34®R) 36.2 16 100
16 20d Ph Bt 215(®R) 9.0 48 60

Reaction conditions: a) Ru(ll) precatalyst 19 (1% mol) was formed in situ:
Ru(COD)methylallyl),/ddppm/HBr (1:1:2). b) Solvent: the corresponding alcohol of the p-
ketoester (methanol or ethanol). ¢) % ee’s were determined by GC (25 m Lipodex E, 95°C
isothermal or HPLC (OD—H, hexane/ethanol 95:5, 0.5 ml/min). d) Reaction times are not
optimised.
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When the reaction is left to run to 48 hrs at 60 °C again the opposite stereochemistry is
observed (entries 1 and 4). A likely explanation might be due to the following equilibrium,

where the ruthenium species catalyses the dehydrogenation of the ROH.

0O OH

N —A
Such equilibrium is taking place in the transfer hydrogenations of ketones.” The same
behaviour was observed when methyl 3-oxo-pentonoate (20b) was reduced (entries 5-8). In
all the cases the ‘S’ enantiomer seems to be the final product. The third fketoester to be
reduced was ethyl 4-chloro-3-oxobutyrate (20c) and in this case no change in the
configuration was observed. Furthermore, increasing the temperature gives better
conversions (67%, entry 11) and the ‘R’ enantiomer was obtained for this ketoester. When
the reaction is left for 48 h at 60 °C (entry 12) the racemic enantiomer was achieved. The
last Sketoester studied was ethyl 3-oxo-3-phenylpropionate (20d) and low conversion (6-
8%) was gained (entry 13-14). The ‘R’ configuration was obtained upon increasing the

temperature and the time (entry 15-16).

42.5 Asymmetric hydroformylation.2®

The metal-catalysed asymmetric hydroformylation of alkenes has attracted much
attention as a potential tool for preparing enantiomerically pure aldehydes, which are
important precursors for synthesizing biologically active compounds, biodegradable

polymers, and liquid crystals.'**’

(Scheme 4.11) Since 1970, transition metal complexes
based on rhodium, platinum and palladium have been employed as catalysts in asymmetric

hydroformylation.”” Using Pd/diphosphine catalysts, high enantioselectivities have been
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obtained but these suffer from low chemo- and regio-selectivity.?® Rh/diphosphine catalysts
give high catalytic activities and regioselectivities in branched aldehydes, but the ee’s do
not exceed 60%.”

H 0 H
R o Rh(acac)(CO), . 2\/\
C H -
\” + + * o R
R

ddppm or ddppg

branched (b) linear (1)

22: R = OAc (Vinyl Acetate)
23: R = Ph (Styrene)

Scheme 4.11: Hydroformylation reaction of alkenes 22 and 23.

Despite the scientific and commercial attractiveness of this process, few efficient
catalysts are available for this reaction. Hydroformylation of vinyl acetate and styrene with
rhodium(I) complex of (R,S)-BINAPHOS has given excellent results. The branched
products were found in up to 92% ee. Hydroformylation of vinyl acetate with a
bis(diazaphospholidine) ligand ESPHOS gave good results even at low pressures (e.g. 8
bar, 90% ee). Racemic products were obtained when ESPHOS was used in
hydroformylation of styrene.* Other derivatives of ESPHOS have been proved to be poor

in this catalytic reaction, in both terms of conversion and ee.”!

c &@

(R,S)-BINAPHOS ESPHOS
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This catalytic reaction has been tested with the two phosphines Synthesised in
Chapter 2 (ddppm and ddppg). Two different substrates, vinyl Acetate (22) and styrene
(23), were reduced and Rh(acac)(CO); was used as the rthodium precursor. The results are

presented in table 4.7:

Table 4.7: Results from hydroformylation reactions of alkenes 22 and 23.

: H () H
R Rh(acac)CO),
m + €O + H, - T, R

ddppm or ddppg R
branched (b) linear (1)
22: R = OAc (Vinyl Acetate)
23: R = Ph (Styrene)
Branched
t  Conversion Aldehyde Aldehyde Alcohol  Alcohol
Entry Ligand Substrate selectivity
(h) (%) (%) ee (%)’ (%) ee (%)
(%)
1 ddppm 22 21 753 805 973 -32.1 0.9 -343
2 ddppg 22 21 81.9 86.6 97.6 -313 1.1 -
3 ddppm 23 12 95.1 74.7 100 4.7 - -
4 ddppg 23 3 98.8 843 100 2.3 -

Conditions and reagents: 8 bar. 60°C. Vinyl acetate 10.8 mmol, styrene 8.72 mmol, Rh(acac}CO)2 51 2 mmol, ddppm
or ddppg 76.8 mmol. The products were identified using chiral GCMS and comparison with authentic samples of each

enantiomer. {a] +ve ee indicates S configuration is favoured, -ve indicates R is favoured.

When the two phosphines (ddppm and ddppg) are compared, for vinyl acetate, both
gave similar enantioselectivities. However for styrene, ddppm gave higher
enantioselectivity than ddppg. This could be because ddppm is a chelating diphosphine
and better results were expected than for ddppg, which is a non-chelating ligand.

Surprisingly ee’s with ddppm and ddppg are pretty close.
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Hydroformylation of vinyl acetate gave small amounts of the corresponding 2-
acetoxypropan-1-ol, 24 (Scheme 4.12). This alcohol tautomerises to give 1-acetoxypropan-
2-ol, 25. These reactions and the amounts of the individual products are shown in Table 4.7
(entries 1 and 2). These alcohols have also been found by Breeden et al., when reducing

vinyl acetate with Rh/ ESPHOS system.*

Scheme 4.12: Further hydrogenation of aldehydes.

In the case of styrene, only aldehydes were obtained. Both linear and branched
aldehydes were obtained with the selectivity to the branched isomer being 74-84 % and
very low ee, ca. 2-5% (entries 3 and 4). For vinyl acetate, the main products were
aldehydes. In this case, the linear products were not detected and acetic acid was detected
as a by-product. It was determined that the linear product decomposes with loss of acetic
acid, whilst the branched product is stable. It is, therefore, assumed that all the acetic acid

produced comes from the linear aldehydes and have used this assumption in calculating the

branched selectivity.

In all the reactions the conversions are quite good, ca. 99 % for styrene and 75-82 % for

vinyl acetate but both phosphines proved to be poor in this application in terms of
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enantioselectivities. However, higher enantioselectivities were found for vinyl acetate (31-

32%, entries 1 and 2) than for styrene (4.7-2.3%, entries 3 and 4).

4.3 CONCLUSIONS

Rhodium complex, [Rh(ddppm)(COD)]BF, (14a) was synthesized. In acetonitrile
the COD group was displaced by the solvent to afford the complex
[Rh(dddppm)(CH3CN),]BF, (14b) which was characterized crystallograpically.

Several attempts to isolate ruthenium complexes with ddppm did not meet with
success. However, we were able to characerize the ruthenium p-cymene complex
[Ru(ddppm)(p-cymene)CI]PFs (16).

It was shown that the cationic rhodium-ddppm complex 14b is an efficient catalyst
for the hydrogenation of itaconic derivatives exhibiting moderate enantioselectivities, up to
64% at low hydrogen pressures. The ruthenium-ddppm system was used for the
hydrogenation of acetamidocinnamic derivatives at low pressures and good to high
enantioselectivities (73%) were obtained. Aprotic solvents such as THF were not suitable
solvents for the reduction of these substrates and an alcohol such as methanol or ethanol
were used instead.

Hydrogenation of ketones with the Ru-ddppm system and hydroformylation with
the Rh-ddppm and Rh-ddppg systems were also studied and the results indicate that these

ligands do not form efficient catalysts for this type of reactions.
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4.4 EXPERIMENTAL

General considerations: All manipulations were performed using standard Schlenk
techniques under an argon atmosphere, except where otherwise noted. Solvents of
analytical grade and deuterated solvents for NMR measurements were distilled from the
appropriate drying agents under N, immediately prior to use following standard literature
methods.” Literature methods were employed for the synthesis of [Rh(COD)CI],> 3, [Ru(p-
cymene)Clz]zy, [Ru(p-cymene)12]235, RuCly(dmso)s. All other reagents were used as
received. A 300 ml stainless steel autoclave and a 100 ml glass autoclave were.used for the
hydrogenation reactions of olefins (Section 4.3). NMR spectra were obtained on Bruker
Avance AMX 400 or Jeol Eclipse 300 spectrometers and referenced to external TMS.
HPLC analyses were performed on an Agilent 1100 series instrument. Mass spectra were
obtained in ES (Electrospray) mode unless otherwise reported from the EPSRC Mass

Spectrometry Service, Swansea University.

[Rh(COD);]BF4: To a dichloromethane solution (15 ml) of [Rh(COD)CI], (1g, 2.03
mmol) 1,5-cyclooctadiene (0.5 ml, 4.06 mmol), previously purified by passing through a
plug of silica gel, and 0.79 g mg (4.06 mmol) of AgBF, were added. The colour changed
from orange to dark red. The dark red slurry formed was stirred in the dark for 1 hour.
After that time the white precipitate formed was filtered through celite and washed with
CH,Cl; (2 ml). The solvent was concentrated and anhydrous Et;O (15 ml) was added to
precipitate the complex. The red solid formed was filtered, washed with anhydrous Et,O (3

x 10mL) and dried (1.49 g, 90% yield). 'H NMR (CDCls, 250MHz): § = 2.49 (s, 16H;
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CH,); 5.30 (s, 8H; CH); '*C NMR (100 MHz, CDCl;): 6 = 29.63 (CH,), 107.44 (d, Jrnc

7.61 Hz, CH).

Synthesis of [Rh(COD)(ddppm)BF, 14a: To as solution of the phosphine ddppm
(147mg, 0.3 mmol) in dichloromethane, some [Rh(COD),;]BF4 (123mg, 0.3 mmol) were
added. After 1 day of stirring at room temperature a yellow solid was obtained in
quantitative yield. *'P NMR (CDCls, 121MHz) & 24.5 (‘“Jprn = 143 Hz). Synthesis of
[Rh(ddppm(CH;CN),/BF,, 14b: If complex 14a is dissolved in acetonitrile, the COD
group is displaced for two molecules of CH3CN. The solvent is concentrated and then,
ether is added to precipitate a solid. This orange-yellow solid obtained is filtered and
crystallized in a mixture of acetonitrile and diethyl ether. [Rh(ddppm(CH3;CN),]BF4, 14b.
"H NMR (CDsCN, 400MHz) & 3.16 (m, 2H, CHPPh,), 3.91 (m, 2H, CH,), 4.16 (m, 2H,
CHy), 4.83 (m, 2H, CCH), 7.2-7.4 (m, 20H); *>' P NMR (CDsCN, 121MHz) & 40.1 ("Jprn =
180 Hz); * C NMR (CD3CN, 100 MHz) 42.03 (m, 2C, CHy), 72.13 (s, 2C, CHP), 83.26 (s,
2C, CHP), 127.62 (m, 4C, Ar), 127.80 (m, 4C, Ar), 12945 (s, 2C, Ar), 129.87 (s, 2C, Ar),
133.42 (m, 4C, Ar), 133.93 (m, 4C, Ar); MS (accurate mass, ES+) calculated mass for [M-

BF4]": 667.1145, measured: 667.1147; [M-BF,-CH;CN]": 626.2, [M-BF;-2CH;CNJ":

585.2.
Synthesis of [Ru(ddppm)(p-cymene)CI[Cl, 15a: To a mixture of ddppm (134 mg, 0.28

mmol) and red brown [RuCly(p-cymene)}, (95 mg, 0.15 mmol) placed in a schlenk tube

were added ethanol (20 ml) and dichloromethane (20 ml). The mixture was stirred at 50°C
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for 1 h. Then, the solvent was evaporated. A pink solid was obtained.*’P NMR (D,0, 300
MHz) 66.4 (m), 23 (m)).

Synthesis of [ n’~(p-cymene)Ru(ddppm)CIJPF,s, 16: 41 mg (0.083 mmol) of [Ru(p-
cymene)(CH3;CN),C1]PFs were placed in a schlenk and dissolved in 10 ml of acetonitrile.
Then, 40 mg (0.083 mmol) of the diphosphine ddppm was added into it. The solution
changes rapidly to red-orange colour. After stirring it at room temperature for 1 day , the
solvent was evaporated and diethyl ether was added to break the oil in an orange solid. The
solid was washed several times with more portions of diethyl ether. *'P NMR (CD;CN, 121
MHz), & ppm: 34.4 (d), 40.1 (d) “Jpp= 25 Hz). '"H NMR (CD;CN, 400 MHz), & ppm: 0.80
(d, 6H, CH(CHs),), 1.11 (s, 3H, CcHsCH3), 2.29 (sept, 1H, CH(CH3s)), 3.42 (m, 2H,
CHPPhy), 3.58 (t, 2H, CH>), 3.95 (ddd, 2H, CH,), 3.95 (ddd, 2H, CH,), 5.44 (m, 2H, CCH)

and 7.21-8.29 (m, 24H). MS (ES+) calculated mass for [M-(p-cymene)-PF¢]": 619.

Synthesis of Ru(ddppm);(q’-Cl)(Cl)dmso, 17: A mixture of ddppm (100 mg, 0.21 mmol)
and orange crystals of RuCly(dmso)s (100 mg, 0.21 mmol) in ethanol was refluxed (80-
90°C) for 1.5 h. The solvent was evaporated and an orange solid was obtained. >'P NMR

(CDCls, 300 MHz) & 66.4 (br. s).

Synthesis of [Ru(ddppm)(CH;CN);CI[BF, 18: To a solution of AgBF; (81mg, 042
mmol), a solution in acetonitrile of complex 17 was added. The mixture was stirred for 30
min and then, the white solid (AgCl) was filtered through celite. After filtration the solvent
was evaporated and an orange-yellow crystalline solid was obtained. 3lp NMR (CDCl3, 300

MHz) & 38.2 (s).
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After the end of the reaction the obtained solution was filtered through a short pad of silica
gel to remove the catalyst. Conversion and enantiomeric excesses were determined by

chiral HPLC.

Procedures of hydrogenation reactions of olefins:

Rh/acetamide acid: A 20 ml schlenk was charged with a solution of ddppm (5.3
mg, 0.011 mmol), [Rh(COD),]BF; (4mg, 0.01 mmol) and (Z)-2-acetamidocinnamic acid
(205 mg, 1 mmol) in methanol. A stream of H, was bubbled at ambient temperature for 24
h. After the end of the reaction the obtained solution was filtered through a short pad of
silica gel to remove the catalyst. Rw/acetamide acid: A 20ml schlenk was charged with a
solution of ddppm (5.3 mg, 0.011mmol), [Ru(@-cymene)Cl;}, (3.3 mg, 0.005 mmol) and
(Z)-2-acetamidocinnamic acid (205 mg, 1 mmol) in methanol. A stream of H, was bubbled
at 40°C for 24 h. After the end of the reaction the obtained solution was filtered through a
short pad of silica gel to remove the catalyst. The acids were converted to their methyl ester
(methyl (Z)-2-acetamidocinnamate) before HPLC analysis following a literature
procedure,”’ the acid (1 mmol) and anhydrous potassium carbonate (2mmol) were refluxed
in acetone (6 ml) with mechanical stirring, while Mel (1 mmol) was added slowly. The
resulting solutions were then submitted to analysis to determine the enantiomeric excess by

HPLC with Chiralcel OD column, Hexane/IPA, 8:2, 1ml/min, 254 nm.

Rh/itaconic acid: A 20 ml schlenk was charged with a solution of ddppm (5.3 mg,

0.01 1mmol), [Rh(COD),]BF, (4 mg, 0.01 mmol) and itaconic acid (250 mg, 1.92 mmol) in
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dichloromethane. A stream of H, was bubbled at ambient temperature for 24 h After the
end of the reaction the obtained solution was filtered through a short pad of silica gel to
remove the catalyst. Ru/itaconic acid: A 20 ml schlenk was charged with a solution of
ddppm (5.3 mg, 0.01 Immol), [Rh(COD),;]BF; (3.3 mg, 0.01 mmol) and itaconic acid (250
mg, 1.92 mmol) in dichloromethane. A stream of H; was bubbled at 40°C for 24 h. After
the end of the reaction the obtained solution was filtered through a short pad of silica gel to
remove the catalyst. The acids were converted to their methyl ester (dimethyl itaconate)
following a literature procedure38, the acid (1.92 mmol) dissolved in MeOH was reacted
with SOCI; (0.2 ml) and it was refluxed for 2h. The resulting solutions were then submitted
to analysis to determine the enantiomeric excess by HPLC with Chiralcel OD column,

Hexane/IPA, 98:2, 0.75 ml/min and 220 nm.

Rh/dimethy! itaconate: A 20 ml schlenk was charged with a solution of ddppm (5
mg, 0.011mmol), [Rh(COD),]BF; (4 mg, 0.01 mmol) and dimehtyl itaconate (158 mg, 1
mmol) in dichloromethane. A stream of H, was bubbled at ambient temperature for 24 h.
After the end of the reaction the obtained solution was filtered through a short pad of silica
gel to remove the catalyst. Ru/dimethyl itaconate: A 20 ml schlenk was charged with a
solution of ddppm (5.3 mg, 0.01 iImmol), [Ru(p-cymene)Cly}, (3.3 mg, 0.01 mmol) and
dimethyl itaconate (158 mg, 1 mmol) in dichloromethane. A stream of H, was bubbled at
ambient temperature for 24 h. After the end of the reaction the obtained solution was
filtered through a short pad of silica gel to remove the catalyst. The resulting solutions
were then submitted to analysis to determine the enantiomeric excess by HPLC with

Chiralcel OD column, Hexane/IPA, 98:2, 0.75 ml/min and 220 nm.
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Procedures for hydrogenation reaction of ketones: preparation in situ of the ruthenium
catalyst’: [Ru(COD)(methallyl),] (0.038 mmol) and ligand ddppm (0.076 mmol) were
placed in a dried 25-ml Schlenk tube under an argon atmosphere, and anhydrous and
degassed acetone (5 ml) was added. After the dropwise addition of solution of HBr in
methanol (0.33 ml, 0.29 M) a brown precipitate was formed. Stirring was then continued
over 30 min, the solvent was removed in vacuum, and methanol (20 ml) or ethanol (for

substrates 20c and 20d) was added.

Catalytic hydrogenation experiments were carried out in a Parr stainless-steal autoclave
(100 ml). In a typical experiment, the autoclave was charged with a mixture of the catalyst
[L2RuBr,] prepared in situ and 20a (3.80 mmol) in methanol (20 ml) under a stream of
argon. The autoclave was stirred under 60 bar pressure of hydrogen at 60-100 °C for 1648
h. the autoclave was cooled to room temperature, and the hydrogen was released. The
reaction mixture was filtered over silica gel, and the enantiomeric excess was determined
by GC (25 m, Lipodex E, 95 °C isothermal) or HPLC (Chiralcel OD-H, hexane/ethanol

95:5, 0.5 ml/min).

Procedures for hydroformylation reactions®®: An autoclave, fitted with a substrate injector
containing the substrate (1 ml, vinyl acetate 10.8mmol; styrene 8.72 mmol), a mechanical
stirrer, a gas delivery system, an injection port and a thermocouple was flushed with CO/H;
(1:1) to remove air. Degassed toluene (4 ml) containing dicarbonyl(2,4-
pentanedionato)rhodium(I), [Rh(acac)(CO),], (0.0132 g, 0.051 mmol) and ddppm or ddppg
(0.037 g, 0.076 mmol) was added through the injection port against a stream of CO/H;

using a syringe. The autoclave was pressurised with CO/H; (1:1) to 8 bar and the pressure
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released. This flushing procedure was repeated twice more. The autoclave was
repressurised to 4 bar, the stirrer was started (600 rpm) and the autoclave was heated to 60°
C for 45-85 min. The substrate was then added to the autoclave by forcing it in through the
substrate injector using a CO/H, pressure of 8 bar. The data recorder was started and the
temperature, pressure in the autoclave and pressure in a ballast vessel, from which gas was
fed into the autoclave through a mass flow controller to keep the pressure within the
autoclave constant at 8 bar, were monitored and recorded every 5s.

After the time stated in the table, the stirrer was stopped and the autoclave was allowed to
cool. The gases were vented and the mixture was syringed into a sample vial. The products
were analysed by chiral GC using an FID detector. The compounds were identified using

chiral GC-MS and by comparison with authentic samples of each enantiomer.
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Chapter 5

5. Ir-ddppm complexes and their catalytic applications:

enantioselective hydrogenation of imines.

5.1 INTRODUCTION

In this chapter the synthesis of Ir- ddppm complexes and their catalytic activity
towards the metal-catalysed hydrogenation of imines are described.

In the last few decades, several types of Ir-based catalysts were developed and
applied successfully in hydrogenation reactions. The most efficient type, prepared from
[Ir(COD)Cl},, is a chiral diphosphine and a halide (iodide), proved to be much more active
for the enantioselective hydrogenation of N-arylketimines than the rhodium analogs.'
Regardless of a tendency for deactivation (dependent on temperature, ligand structure,
solvent and the basicity of the formed aniline derivative) several Ir catalysts are of practical
use for the production of enantiomerically enriched N-arylamines. Additives play a
dominant but unpredictable role, acting either as promoters (acid, iodide, amines) or as
deactivators (amines, iodide). Enantioselectivities up to 90% were achieved for several
types of imines with the newly developed ferrocenyldiphosphines and DIOP.?

A particular sub-class, that of aryl-amines, has attracted much interest due to their
applications in the pharmaceutical and agrochemical industries. However such acyclic
imines have syrn and anti isomers which combined with their configurational instability,
causing syn-anti isomerisation, tend to lower enantioselectivity. Most research so far in this
area and promising results have been obtained from iridium-catalysed imine

hydrogenations.?
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Despite recent advances in iridium imine hydrogenations this area is still limited and
further research is necessary. The main obstacles that need to be overcome are: i) the
normally high operating hydrogen pressures, (ii) the moderate enantioselectivities usually
obtained, (iii) the limited range of imines hydrogenated and (iv) the often rapid catalyst

deactivation to iridium-hydride clusters.

In the next sections, an account of the synthesis of the iridium complexes and results

from hydrogenations of prochiral imines with them is discussed.

5.2 RESULTS AND DISCUSSION

5.2.1 Synthesis and characterization of Iridium complexes with ddppm.

Both the BF; and PF¢ salts of the cationic complex [Ir(ddppm)(COD)]X were
prepared as shown in Scheme 5.1. Attempts in isolating an Ir-ddppm chloride complex

from reaction of [Ir(COD)CIl}, with ddppm did not afford a distinct complex.

PPh, : £

—
CH,C, PPh, \ X
+  [Ix(COD),] X - _ Pghz

)
Ph.p o

18a: X: BF,
18b: X: PF,

Scheme 5.1: Synthesis of the iridium complexes 18a and 18b.
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Reaction of [Ir(COD),]BF; with one equivalent of ddppm formed the cationic
complex [Ir(ddppm)(COD)]BF, (18@) in quantitative yield. In the *'P NMR spectrum of
18a reveals a singlet at § 152. In the '"H NMR complex 18a shows four unresolved
multiplets for the ddppm protons at 63.98, 4.12, 4.24, and 5.38. The most characteristic H
NMR shifts for ddppm upon coordination are those of the CH protons. The resonance for
the bridging CH protons shifts from §2.94 ppm in the free ligand to 63.98 in the iridium
complex. Similarly, the methane CHP protons shift from 6 4.52 to 5.38. Two signals were
observed for the olefinic protons of the 1,5-COD ligand, consistent with the C,-symmetric
environment, at 3.53 and 4.32.

The hexafluorophosphate derivative [Ir(ddppm)(COD)]PFs (18b) was prepared from
the reaction of ddppm with [Ir(COD)CIl], and KPF¢ following a previously reported
protocol.** NMR spectroscopic data were identical with the ones for the BF4 complex.
These Ir(I) complexes are air-stable and consequently easier to handle than their thodium
analogue, [Rh(ddppm)(COD)]BF,; (14), which has a moderate stability under aerobic
conditions.

The crystal structure of the iridium complex [Ir(ddppm)(COD)]BFs (18a) was
determined. Needle-shaped red crystals suitable for X-ray crystallographic analysis were
obtained after slow diffusion of ether into a chloroform solution. Structural representation
of 18a is given in Figure 5.1, showing the ddppm ligand chelating to the metal centre. Of
note is the nearly eclipsed conformation of the two PPh, phenyl groups, shown more
clearly in the second drawing (Figure 5.2). This orientation of the aromatic rings in 18a
lifts the pseudo-C, symmetry, of the M-ddppm fragment observed in the other ddppm-

complexes synthesized so far. Such an arrangement although sterically more demanding is
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not unusual in the solid state for Irl(diphosphine)-COD complexes, and it is attributed to
crystal packing effects.4 The ligand bite angle at 94.50° is the smallest observed so far
within the range of bidentate complexes with ddppm5. The Ir-P bonds at 2.335(3) and
2.337(2) A are close to those reported for other Ir(cod) complexes. The Ir-C distances from
2.179(12) to 2.251(12) A for the Ir-C(4) and Ir-C(5) bonds respectively lie within the

expected range.

Figure 5.1: X-Seed6 elipsoid plot at 50% probability o fthe molecular structure 18a. (Top view
with reference to the coordination plane). Solvent molecules and the anion BF4have been omitted

for clarity.
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Table 5.1: Crystallographic data for rhodium complex 18.

Formula C39H37BCI3F41r O2 P2
Mol wt 984.99

Crystal system Orthorhombic

Space group P2(1)

a,A 10.4744(4)

b, A 18.1714(7)

c, A 19.9436(7)

vV, A? 3796.0(2)

Z 4

Independent reflections 6545 [R(int) = 0.1064]
Reflections collected 16789

Final R indices [I>2sigma(I)] R1=0.0572, wR2 =0.1183
R indices (all data) R1=0.0714, wR2 =0.1249
GOF 1.031

Largest diff. peak and hole

2.069 and -1.572 e.A-3

Table 5.2: Selected bond lengths (A) and angles (deg) for rhodium complex 14.

C(1)-C(8)
C(1)-C(2)
C(1)-In(1)
C(2)-C(3)
C3)CH#)
C4)-C(5)
C(4)-Ir(1)
C(5)-C(6)
C(5)-Ir(1)
C(6)-C(7)
C(71)-C(8)
C(8)-Ir(1)
C(9)-0(1)
P(1)-Ix(1)
P(2)-Ir(1)

1416(16)
1.517(16)
2.237(11)
1.545(16)
1.547(16)
1.396(17)
2.179(12)
1.514(16)
2.251(12)
1.523(16)
1.499(16)
2.192(9)

1.454(13)
2.335(3)

2.337(2)

C(@)Ir(1)-P(1)
C(8)-Ir(1)-P(1)
C(1)-Ir(1)-P(1)
C(5)Ir(1)-P(1)
C(4)-Ir(1)-P(2)
C(8)-Ir(1)-P(2)
C(1)ir(1)-P(2)
C(5)-Ir(1)-P(2)
P(1)-I(1)-P(2)

C(21)-P(1)-C(15)
C(21)-P(1)-C(10)
C(15)-P(1)-C(10)

C(21)-P(1)-Ir(1)
C(15)-P(1)-Irx(1)
C(10)-P(1)Ir(1)

942(3)
148.5(3)
173.1(3)
90.5(4)
150.6(3)
91.4(3)
88.5(3)
170.23)
94.50(10)
972(5)
108.1(5)
100.7(5)
121.7(4)
116.5(4)
110.1(4)
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Figure 5.2: X-Seed6elipsoid plot at 50% probability of 18b. Side view with reference to the

coordination plane. Only the Ir(ddppm) fragment is shown for clarity.

5.2.2 Enantioselective hydrogenation of imines

Iridium systems are known to catalyse otherwise difficult to hydrogenate substrates
including imines and sterically crowded, non-functionalized olefins.7 Transfer
hydrogenations of imines have received some success with a ruthenium catalyst developed
by Noyori et al. but otherwise Ru and Rh systems usually show inferior activities and
selectivities to those based on Ir/*’9 Enantioselective imine hydrogenations have attracted
much research interest in the last decade. However, compared to the state of the art in
alkene hydrogenation chemistry, they are still underdeveloped. There are a few catalysts
known that give rise to good enantioselectivities, but in order to achieve reasonable
hydrogenation rates high pressures of H2 are required, typically 25-100 bar. An Ir-

ferrocenyl-diphosphine system, developed by Blaser et al., achieved high reaction rates (tof

137



Chapter 5

~ 2800 h™) albeit with some lack in enantioselectivity (79% ee).’%!" This catalyst is used
industrially for the synthesis of a key intermediate to the herbicide (S)-Metolachlor. Pfaltz
et al. have used a phosphine-oxazoline system obtaining up to 89% ee.* More recently de
Vries’ group reported the development of a chiral monodentate phosphinite-Ir catalyst.’®
Using pyridine as an additive raised the ee to 83% at 25 bar. On the other hand phosphite-
and phosphonite-based iridium-catalysts did not induce enantioselectivity in imine

hydrogenations.z'i

Despite the fact that the number of efficient catalytic systems is growing very fast,
there are very few studies on the mechanistic details of this reaction, and the catalytic cycle
is not yet well established. One of the few mechanistic and kinetic studies that has been
made determines the experimental rate equation and the corresponding activation
parameter of enthalpy and entropy for the non-asymmetric hydrogenation of N-(B-
naphthylmehylene)aniline (1y) using [Ir(COD)PPh;),]PF¢ (2v) as catalyst precursor.9 A
catalytic cycle is proposed on the basis of the kinetic experiments and some NMR data

(Scheme 5.2).
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Scheme 52: Schematic catalytic cycle postulated for the non-asymmetric hydrogenation of N-(f3-

naphthylmehylene)aniline (1v) using [Ir(COD)PPh;),]PF¢ (2v)

Under the conditions of the catalytic reaction and in the presence of a solvent,
complex 2y reacts with hydrogen to give 3y, which is proposed as the initial species
entering the catalytic cycle. Then, 3y coordinates one imine molecule (1y) to form 4v. The
next step is the first transfer of the hydride to the imine to yield the iridium-alkylaminium
intermediate 6y, which evolves to release the product amine 7v by reductive elimination,

the rate determining step, and produce the species [Ir(S).(PPhs);]JPFs (8v). This species
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makes it possible for the cycle to begin again. It is important to note that imines can
coordinate in two different modes to the metal centre, by the nitrogen atom (n'-N) or by the
double C=N bond (n? -N,C), where the nz—bonding mode is more likely to occur in the
hydrogenation reaction. Although there is no experimental evidence for the existence of
these species, it is assumed that while the n'-N mode is out of the cycle, the n*-bonding
mode is the olefin-like intermediate that undergoes selective hydrogenation of the C=N

bond.

The new iridium complexes 18a and 18b were tested in the asymmetric
hydrogenation of imines, using N-(1-phenylethylidene)aniline (9v) as a representative N-
aryl imine (Scheme 5.3). Under the reaction conditions, the cationic iridium complexes
afford quantitative amounts of the product, N-(I1-phenylethyl)aniline (10y), with

enantioselectivities at the top of the range for this class of compounds.

Ph Ph
a,\ \
N [Ir(COD)(ddppm)]BF, NH
| - .
Ph Me H, Ph° Me
9y ' 10,

Scheme 5.3: Asymmetric hydrogenation of phenylimine with iridium complex 18a.

The effect of the solvent, hydrogen pressure and other variables in the yield and

selectivity of the reaction have been studied and discussed in the following paragraphs.
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Hydrogen pressure effect: Table 5.3 shows the effect of hydrogen pressure in the
hydrogenation of imine 9y, using [Ir(COD)(ddppm)]BF, as the catalyst precursor (18a).
Changes in the hydrogen pressure had an unexpected effect in imine hydrogenations with
the Ir-ddppm system. Contrary to previous observations® the iridium-ddppm catalyst
becomes inactive at hydrogen pressures of 10 bar or greater, with best results obtained
under 1 bar of hydrogen gas, as shown in table 5.3. Increasing the hydrogen pressure from
1 to 4 bar resulted in a small increase in imine formation from 68 to 72%, however this was

followed by an appreciable drop in enantioselectivity from 80 to 73% ee (entries 1 and 2).

Table 5.3: Effect of the H; pressure in the asymmetric hydrogenation of N-phenyl imine 1v.

Ph\ P h\
|N [Ir(COD)(ddppm)]BF, NH
ERt-))
Ph” Me H, ph” “Me
9y 10,

Entry p(bar) Yield % Hydrolysis %° ee. %
1 1 68 6 80 ()
2 4 72 11 73 (S)
3 10 <5 26 n.d.™
4 45 14 22 nd.
5 4 st 20 nd.

Reaction conditions: 0.01 mmol [Ir(CODXddppm)]BF, (2mM), 1mmol substrate (0.2M) in
SmL of CH,Cl,, at room temperature, 24h. [a] Catalyst solution saturated with hydrogen
before addtion of imine 9y. [b] n.d.= not determined. [c] The degree of hydrolysis ws
depending on the purity of the imine.

A negative hydrogen pressure effect on product enantioselectivity has been
observed previously, although within a greater range of hydrogen pressures (20-50 bar).”

Further increase of the hydrogen pressure to 10 bar resulted in almost complete
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deactivation of the catalyst with significant imine hydrolysis to acetophenone and aniline
(26%). Although solvents and reagents were dried and distilled prior to use the presence of
adventitious water in the reaction mixture cannot be excluded leading to hydrolysis of the
imine substrate. This process is most likely accelerated by the iridium species present in
solution. At 45 bar of H; pressure there was only a small yield increase, at 14%. Contrary
to the above observations catalytic iridium systems known to date usually hydrogenate
imine substrates much slower or are inactive at ambient hydrogen pressures’® > '° Indeed,
kinetic studies for the related [I(COD)(PPhs),][PFs] precatalyst show a linear increase in
the reaction rate with increasing hydrogen pressure.” The observed decrease in catalyst
activity with increasing hydrogen pressure for the Ir-ddppm catalysts may be attributed to
the formation of inactive iridium-polihydride clusters at such pressures. Formation of
inactive Ir(III)-H species is further supported by the results of entry 5 (table 5.4) where
saturation of the catalyst solution with hydrogen gas before addition of the substrate
produced a nearly inactive catalyst affording the corresponding amine in only 5% yield.
The Ir(IIl)-H species have been characterised and their properties discussed in a later

section.

Solvent effects: Afier establishing that hydrogenation reactions are preferably
carried out under an atmospheric hydrogen pressure, the effect of different reaction media
was studied. Table 5.4 shows that effect of different solvents in the hydrogenation of imine
9y with [I(COD)(ddppm)][BF,] as the precatalyst. In 1,2-dichloroethane (entry 1) the
catalyst affords amine 10y in good yield (62%) and enantioselectivity (82% ee of the S

isomer). However, when the catalyst loading was reduced to 0.1% the secondary amine
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was formed in- only 23% yield and significant hydrolysis (37%) to acetophenone and
aniline was observed (entry 2). In CH,Cl, comparable yields and enantioselectivities were
obtained (entry 3). Other weakly co-ordinating solvents such as toluene were much less
effective affording both very low yields and selectivities. In co-ordinating solvents such as
methanol a low yield was obtained (20%) but this reaction gave the best enantioselectivity
observed at 89% ee. Finally in THF the catalyst is almost inactive with less than 5% of
conversion to the secondary amine.

A similar solvent dependence has been reported for the cationic Ir(I)-COD systems
with triphenylphosphine’ and phosphinodihydrooxazole lig::mds.g'f On the other hand
neutral precursors based on [Ir(COD)Cl],/diphosphine systems, such as Blaser’s et al.
ferrocenyl-based phosphines, perform better in toluene.'™'" '* A catalytic run with the
[Ir(COD)CIl}, / ddppm system in dichloromethane (entry 7) showed negligible activity in
imine reduction. In order to gain some more insight about the nature of the catalytic species
we also tested the —PFs complex 18b which outperformed the -BF; analogue affording the
reduced amine in quantitative yields and 84% ee, with no hydrolysis observed. Pfaltz et al.
have reported a similar counterion dependence with iridium catalysts, with the more bulky
and weakly coordinating anions forming better catalysts.”® The above results show that a
cationic catalyst is formed with the Ir-ddppm system that its activity is enhanced in non-

coordinating solvents and counterions (in increasing order Cl, BF 4, PF).
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Table 5.4: Effect of the solvent in the asymmetric hydrogenation of imine 1v.

Ph\\ Ph\
|N [Ir(COD)(ddppm)]BF, _ NH o
Ph” Me H, Ph/\Me
9, : 10,

Entry Solvent Yield %™ Hydrolysis % e.e. %
1 (CH,CI), 62 8 82 (S)
2 (CH,Cl), 230 37 n.dM
3 CH,Cl, 68 6 80 (S)
4 PhCH; 7 10 nd.®
5 CH,OH 20 12 89 (S)
6 THF <5 12 nd.®
7 CH,Cl, <5t 10 nd. ™
8 (CH,Cl), 10014 - 84 (S)

Reaction conditions: 0.01 mmol [I(COD)ddppm)]BF; (2mM), 1 mmol substrate (0.2M) in
5mL of solvent, P(H,) = 1 bar, at room temperature, 24h. % ee values were measured by
chiral HPLC using a Chiralcel OD column and hexane/IPA as the eluent. [a] Determined by
NMR. [b] 0.01 mmol of 18a, SmL of solvent, 4 days. [c] [I(COD)CI],/ddppm. [d] 18b used
as catalysts. [e] n.d. = not determined.

Effect of additives: Table 5.5 summarises the effect that additives and changes in
the reaction conditions have in the hydrogenation of N-(1-phenylethylidene)aniline (9v).
Normally reactions were run for 24 hours without monitoring the end of the reaction; entry
2 shows that after 1 hour the reaction hasn’t reached completion yet. The isolated yield was
11% instead of 68% after 24 hours. However, an increase in the enantioselectivity was
observed from 80 to 86% ee. Contrary to literature reports, acid additives such as molecular
sieves and trifluoroacetic acid gave low yields and considerable amounts of hydrolysis
products (up to 60%, entries 3 and 4).“ Reactions were normally run at 0.2M substrate
concentrations, more dilute solutions (at 0.07M) afforded, as expected, slightly lower yields

but with an increase in enantioselectivity from 73 to 77% ee (entries 5 and 6).** Addition of
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methanol to the reaction reduced drastically the imine conversion however the %ee was

increased from 73% to 80% (entry 7).

Table 5.5: Effect of additives in the asymmetric hydrogenation of imine 1v.
Ph

AN Ph
N [Ir(COD)(ddppm)]BE, “NH
= H (S)
Ph” Me H, Ph/\Me
1y : 2,
Conditions/
Entry P (H,)bar ) Yield %™  Hydrolysis % e.e.%
Additives
1 1 - 68 6 80
2 1 Reaction time: 1h 11 6 86
3 1 CF;CO,H ™ 7 60 nd.@
4 1 Molecular sieves 32 24 64
5 4 - 72 11 73
6 4 CH,Cl, (15ml) 65 4 77
7 4 CH;OH (1ml) 15 31 80
PhCH,, CF;CO,H™
8 1 48 36 40
(N'Bug)I

Reaction conditions: 0.01 mmol [I(COD)(ddppm)]BF, (2mM), 1 mmol substrate (0.2M) in 5SmL

of solvent, at room temperature, 24h. [a] 0.35 mmol. [b] 0.2 mmol. [c] 0.01 mmol. [d] n.d. = not
determined.

The effect of iodide additives was also investigated. A number of reports in the
literature show that additives such as iodide,' phthalimide” and pyridine3° can have a
dramatic effect on the rate of hydrogenation and selectivity of the reaction. Addition of
tetrabutylammonium iodide salt (TBAI) has been shown to be particularly advantageous
for Ir(I)-chloride systems, where most likely an anion exchange is taking place. The role of
iodide additives is believed to prevent formation of inactive Ir-H clusters. Indeed, Ir(III)-

iodide dimers were shown to be highly active catalysts in imine hydrogenations.'® Addition
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of TBAI in the Ir-ddppm system however had a negative effect in both yield and
enantioselectivity (entry 8). This behaviour is in agreement with other cationic systems. For
example, in the phosphino-dihydrooxazole iridium-based system addition of TBAI had a

dramatically negative effect on enantioselectivity.*®

Since iridium hydrogenation catalysts do not appear to hydrogenate ketonic
substrates a mixture of acetophenone and aniline was hydrogenated (Scheme 5.4).'%* NMR
analysis after termination of the reaction showed formation of the secondary amine at 15%
yield together with equimolar amounts of acetophenone and the corresponding imine. The
low reaction yields observed in this case may be attributed to the competition of

acetophenone and aniline with imine substrate for coordination to the active site of the

metal.
Ph
O \
1% 18a, 4 bar H, CH,Cl, NH .
)L +  Ph-NH, - H,0
Ph° Me molecular sieves Ph /{Me
15%

Scheme 5.4: Hydrogenation reaction using acetophenone and aniline as reactants.

The benzyl imine 11y and cyclic imine 12y were also tested as hydrogenation
substrates using 18a under the same hydrogenation conditions as in entry 2 (Table 5.3).
Under these conditions imine 11y gave the corresponding amine in low yield (20%) with

no hydrolysis observed. Imine 12y however remained unreacted possibly due to the greater
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steric hindrance of the substrate. No further tests were carried out with these substrates to

optimise reaction conditions.

Ph
y
N' _——
Ph *Me N¢_
11y, 12,

5.2.3 Iridium-ddppm hydride complexes
Iridium complexes of the type [Ir(COD)L,]X, where L is a P or N donor ligand,

react with hydrogen to form dimeric and trimeric Ir-H clusters analogous to structures 19
and 20, respectively (scheme 3).'® In the case of phosphino-oxazoline based catalytic

systems such hydride species were inactive in hydrogenation reactions.'®

18b H,, 1 atm ,,, /“H My Pj_\ H )Ir'\Hb
,l 13) b ]

KPFg, MeOH p

19 20

Scheme 5.5: Hydride complexes obtained from the reaction of [Ir(COD)(ddppm)]PFs with H,

(19720 = 3:2).
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During hydrogenation experiments with the Ir-ddppm catalyst an immediate colour
change was observed when H; gas was introduced from bright red to pale yellow attributed
to the formation of Ir-ddppm hydride species. In addition, catalytic activity was inhibited
when the catalyst solution was treated with hydrogen gas prior to addition of the imine
substrate (Table 1, entry 5). These observations prompted us to study further the reactivity
of the Ir-ddppm system with molecular hydrogen. In a typical experiment, a methanol
solution of complex 18b containing a twenty-fold excess of KPF¢ was stirred for one day
under an atmosphere of hydrogen. During that period a microcrystalline solid precipitated.
NMR analysis of the isolated solid showed the formation of the iridium clusters:
[Ir2(ddppm);(4/-H)3(H),]PFs (19) and [Irs(ddppm)s(x’-H)(e-H)3(H)s][PFs]; (20), in a 3/2
ratio (Scheme 5.5). Although attempts to separate the two complexes did not meet with
success, by using a variety of one- and two-dimensional NMR techniques, including 'H->'P
correlation measurements, their identities were confirmed (Table 5.6).

The *'P NMR signals of 19 at 17.6 and 9.9 ppm are part of an AX system showing a small
but unresolved cis P-P coupling. Figure 5.3 shows the *'P, 'H correlation spectrum for
complexes 19 and 20. Dimer 19 displays four cross-peaks in the hydride region arising
from “Jpy interactions. The doublet at 5-6.54 (*Jpu = 83.6 Hz) arises from the two
equivalent bridging hydrides (Hy) trans to a single phosphorous atom. The remaining
bridging hydride (Hy) resonates as a triplet, due to two frans phosphorous atoms, at 6-8.48
(YJpu = 67.1 Hz). The observed coupling constants for the bridging iridium hydrides are
smaller than the ones reported for terminal hydrides trans to phosphorus (120 — 160 Hz)
due to their reduced bond order.'”!® The two equivalent terminal hydrides resonate at a

significantly lower frequency at §5-24.42 showing a multiplet with a small coupling
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constant, Iph ~ 25 Hz, as a result of coupling to two cis phosphorous atoms. The *HNMR

data for dimer 19, including coupling constants, are in good agreement with those reported

for the analogous PPh3and dppp complexes. 16df

10
-15

-20

-6 -7 -8 -9 -10 20 -21 -22 -23 -24 PP»

Figure 5.3: Section ofthe *H, 3IP correlation for 19 and 20 showing the three hydride resonances
associated with the signals at 17.6 and 9.9 ($p) for 19 and the hydride cross peaks owning to

complex 20 (correlating with the signals at $p 9.9 and 20.3 ppm).

Table 5.6: NMR data for the iridium-hydride complexes 19 and 20][q

Corpl BP) Bridging H Terminal H (3T Hz)
mplex P)M ermina
(V4 Hz)
17.6 -6.54 (d, 83.6,2 Hb
-24.42 (m,~ 25,2Ht)
9.9 -8.48 (t, 67.1, 1 Hb)
20.3 -6.88 (d, 92.4,3
20 @ fH -23.71 (m,« 20,3Ht)
9.9 712 (qt, 34.7,1 HY)

[a] in d2dichloromethane. [b] unresolved multiplets.
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The *'P NMR spectrum of trimer 20 reveals two signals at 20.3 and 9.9 ppm
showing unresolved cis P-P coupling. The correlated hydride resonances appear at -6.88 (d,
2 Jou = 92.4), -7.12 (qt, 2 Jon = 34.7) and -23.71 (m, “Jpy = 20) ppm, in 3/1/3 ratio; the two
bridging hydride signals at &y 6.88 and 7.12 overlap with each other as shown in fig. 2. The
magnitudes of the - coupling constants are consistent with their assignment and close to
other reported Ir-H trimers.'®® Complexes 19 and 20 were also the only phosphorus
species identified after NMR analysis of a typical Ir-ddppm hydrogenation reaction. The
above observations suggest that the main path of catalyst deactivation with the Ir-ddppm

system is via formation of unreactive Ir'"-hydride clusters.

5.3 CONCLUSIONS

Iridium complexes, [I(ddppm)}(COD)|BF,; (18a) , [Ir(ddppm)(COD)]PFs (18b)
were effectively synthesized and one of them characterized crystallographically. These
complexes have shown to form efficient imine hydrogenation catalysts displaying good to
high enantioselectivities without the need to operate at high hydrogen pressures for
effective hydrogenation. The complexes are readily prepared, easily handled and air-stable.
In contrast to the cationic complexes 18a-b, the neutral [Ir(COD)CIl}, — ddppm system was
inactive in the hydrogenation of imines suggesting that cationic, unsaturated intermediates
are preferred with the Ir-ddppm catalyst. This was further supported from the pronounced
effect that different solvents had on the catalyst’s activity. Coordinating solvents such as
THF and methanol virtually deactivated the catalyst, whereas in 1,2-dichloroethane

quantitative yields of the secondary amine were obtained. Our results indicate a
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considerable potential for this class of catalysts especially for hydrogenations under
atmospheric pressure, which merits further investigation. Based on our current
understanding of the system, the negative effect of hydrogen pressure on the activity and
selectivity of the catalyst has been attributed to the formation of inactive iridium-

polyhydride species.

5.4 EXPERIMENTAL

General considerations: All manipulations were performed using standard Schlenk
techniques under an argon atmosphere, except where otherwise noted. Complexes 18a and
18b after their formation were treated under aerobic conditions. Solvents of analytical
grade and deuterated solvents for NMR measurements were distilled from the appropriate
drying agents under N2 immediately prior to use following standard literature methods."
Literature methods were employed for the synthesis of ddppm’, [I(COD)CI1],*° All other
reagents were used as received. Microanalyses were obtained from Warwick analytical
service Ltd. Where reproducible microanalyses could not be obtained the NMR spectra of
the samples suggested their purity was greater than 95%. NMR spectra were obtained on
Bruker Avance AMX 400 or Jeol Eclipse 300 spectrometers and referenced to external
TMS. HPLC analyses were performed on an Agilent 1100 series instrument. Mass spectra
were obtained in ES (Electrospray) mode unless otherwise reported from the EPSRC Mass

Spectrometry Service, Swansea University.

[Ir(COD);BF,]: To a dichloromethane solution (2 ml) of [Irf(COD)CI}, (0.135 g, 0.2

mmol) 1,5-cyclooctadiene (0.5 ml, 4.07 mmol), previously purified by passing through a
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plug of silicagel, and 92.5 mg (0.475 mmol) of AgBF; were added. The dark red slurry
formed was stirred in the dark for 1.5 hours. After that time the white precipitate formed
was filtered through celite and washed with CH,Cl, (2 ml). The solvent was concentrated
and anhydrous Et;O (15 ml) was added to precipitate the complex. The red solid formed
was filtered, washed with anhydrous Et,0 (3 x 10ml) and dried (0.18 g, 91% yield).'H
NMR (CDCls, 250MHz): 8 2.43 (s, 8H; CH,); 5.18 (s, 4H; CH); *C NMR (100 MHz,

CDCls): & 30.55 (CH,), 100.09 (CH).

Synthesis of [Ir(COD)(ddppm)]BF, 18a: To a solution of [Ir(COD),]BF, (103 mg, 0.207
mmol) in CH,Cl; ddppm (100 mg, 0.207 mmol) was added. The resulted bright red
solution was left stirring for 1 h and then the solvent was evaporated under vacuum. The
resulting bright red slurry was washed twice with ether (20 ml) and dried (154 mg, 86%).
The pure compound was obtained after slow diffusion of ether into a chloroform solution.
The crystal structure of 18a is in agreement with the spectroscopic data and confirms
ddppm chelation to the metal centre.

'H NMR (CDCl;, 400MHz) 1.67 (m, 2H, H,C of cod), 2.07 (m, 4H, H,C of cod), 2.32 (m,
2H, HyC of cod) 3.53 (m, 2H, HC for cod), 3.98 (m, 2H, CHPPhy), 4.12 (m, 2H, CH),
424 (m, 2H, CH,) 4.32 (m, 2H, HC for cod), 5.38 (m, 2H, CCH), 7.2-7.5 (m, 20H); "°C
NMR (CDCl3, 100 MHz) & 28.48 (H2C for cod) 34.70 (HC for cod) 45.15 (m, 2C, CH,),
74.99 (m, 2C, CHP), 83.71 (m, 2C, CHP), 84.33 (HC for cod), 88.18 (H,C for cod), 128.77
(m, 4C, Ar), 129.53 (m, 4C, Ar), 131.66 (s, 2C, Ar), 132.03 (s, 2C, Ar), 133.94 (m, 4C,
Ar), 134.17 (m, 4C, Ar); 3Ip NMR (CDCls, 121MHz) & 15.25 ; MS (accurate mass, ES+)

calculated mass for [M-BF4]*: 7832127, measured: 783.2130; [M-BF4-cod]": 675.2.
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Synthesis of [Ir(COD)(ddppm)]PFs, 18b: ddppm (88mg, 0.182mmol) and [Ir(COD)CI],
(61 mg, 0.0912 mmol) were stirred for two hours in CH,Cl, (5 ml). *'P NMR (121 MHz,
D,0) 21.0 (br. s), 18.0 (m)]. The resulting orange solution was washed twice with an
aqueous solution of NH4PF¢s (0.4 M, 5ml). Subsequently the bright red dichloromethane
layer was collected, washed with water and dried over MgSOj. Filtration of the MgSO, and
evaporation of the volatiles afforded 18b in 88% yield (163 mg) after column
chromatography using CH,Cl,/MeOH 99:1 as the eluent (Rr = 0.2). *'P NMR (121 MHz,
CDCl3): 6= 15.3 (s, ddppm), -143.8 (septet, PFs). All other NMR data were identical to

complex 18a.

General procedure for the preparation of imines: 3 A molecular sieves were activated in a
schlenk by flaming them under vacuum and then a solution of acetophenone (3.5 ml, 30
mmol) and freshly distilled aniline (3.3g, 36 mmol) in dry benzene (20 ml) were added.
After being stirred at room temperature for 1 day, the reaction mixture was filtered.
Evaporation of the solvent in vacuum and distillation afforded N-(1-
phenylethylidene)aniline (9v) (4.8 g, 82% as a pale orange solid). Rf: 0.38 (90:10
PE:IPA). b.p.: 125°C/0.04mbar; m.p. 38-39°C. 'H NMR (300 MHz, CDCl;): § 2.22 (s, 3H,
CHs), 6.77-6.81 (m, 2H, arom. CH), 7.05-7.10 (m, 1H arom. CH), 7.31-7.36 (m, 2H, arom.
CH), 7.40-7.45 (m, 3H, arom. CH), 7.89-7.93 (m, 2H, arom. CH); '°C NMR (75 MHz,
CDCls3): 8 17.3 (CH3), 119.3, 123.2, 127.1, 128.3, 128.9, 130.4 (arom. CH), 1394, 151.7
(arom. C), 165.4 (C=N); MS (70 eV, EI): m/z (%): 195 (55) [M'], 180 (100) [(M- CH3)'],

118 (11) [(M- CeHs)'1, 77 (61) [CéHs']; C1aH1sN (195.26). IR (CHCl3): 1639 cm™ (C=N).
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3 A molecular sieves were activated in a schlenk by flaming them under vacuum and then a
solution of acetophenone (11.5 ml, 100 mmol) and benzylamine (13.5 ml, 120 mmol) in
dry toluene (40 ml) were added into it. After being stirred at room temperature for 3 days,
the reaction mixture was filtered. Evaporation of the solvent in vacuum and distillation
afforded N-(1-phenylethylidene)benzylamine (11v): (12.4 g, 60% as a pale yellow solid).
Rf: 0.46 (90:10 PE:IPA) CysHisN (209.9); m.p. 39-41°C; 'H NMR (300 MHz, CDCly); &
2.31 (s, 3H, CH3 (major isomer)), 2.37 (t, 3H, CH3 (minor isomer)), 4.42 (s, 2H, H,CPh
(minor isomer)), 4.73 (s, 2H, HCPh (major isomer)), 7.20-7.45(m, 8H, arom. CH), 7.82-
791 (m, 2H, arom. CH): (E)/(Z) isomer ratio 28:1; '*C NMR (75 MHz, CDCl3): 8 15.9
(CH3), 55.7 (CHy), 126.6, 126.8, 127.7, 128.2, 128.4, 129.6 (arom. CH), 140.6, 141.7
(arom. C), 166 (C=N); MS (70 eV, ED: m/z (%): 209 (14) [M'], 194 (2) [M- CH3)"], 91

(100) [C7H7']); IR (CHCl3): 1631 cm™ (C=N).

General procedure for the Ir-catalyzed enantioselective hydrogenation for imines: A
glass vessel (100 ml) with a magnetic stirring bar was charged in air with N-(1-
phenylethylidene)anline (9y) (195 mg, 1 mmol) and [Ir(ddppm)(COD)]BF4 (9 mg,
0.01mmol) and these solids were degassed and dissolved in dry CH,Cl; (5 ml). The
reaction mixture was stirred for 24 h at room temperature under 1 bar H,. After evaporation
of the solvent, the product was purified by a chromatographic column with 100% of hexane
affording (R)-N-phenyl-1-phenylethylamine, 10v; % ee’s were calculated based on chiral
HPLC (Daicel Chiralcel OD, 250 x 4.6 mm, 220nm, 0.5ml/min, hexane/2-propanol 90:10;
tg= 11.59 (S), tg= 13.43 (R) min: '"H NMR (300 MHz, CDCl;) § 1.51 (d, J = 6.7 Hz, 3H,

CH;), 4.01 (brs, 1H, NH), 4.48 (q, J = 6.7 Hz, 1H, CH), 6.49-6.52 (m, 2H, arom. CH),

154



Chapter 5

6.61-6.66 (m, 1H, CH), 7.05-7.11 (m, 2H, arom. CH), 7.18-7.38 (m, 5H, arom. CH); *C
NMR (75 MHz, CDCl) 6 25.0 (CH3), 53.4 (CH), 113.3, 117.2, 125.8, 126.8, 128.6, 129.1
(arom. CH), 145.2, 147.3 (arom. C); IR (CHCI;) 3431 cm™ (N-H); m/z (%): 197 (46) [M],

182 (100) [(M- CH3)'], 105 (69) [CsHy'], 77 (40) [CeH5].

N-benzyl-1-phenylethylamine: This was prepared by following the same hydrogenation
protocol. CisH;7N (211.31): colourless oil: b.p 85° C/0.1 mbar; 'H NMR (300 MHz,
CDCl3) & 1.36 (d, J = 6.6 Hz, 3H, CHj3), 1.60 (s, 1H, NH), 3.59 (d, J = 13.2 Hz, 1H,
H,CPh), 3.66 (d, J = 13.2 Hz, 1H, H,CPh) 3.80 (q, J = 6.6 Hz, 1H, HC), 7.23-7.35 (m, 10H,
arom. CH; >°C NMR (75 MHz, CDCls) § 24.5 (CH3), 52 (CHy), 57.8 (CH) 126.7, 126.8,
126.9, 128.1, 128.4, 128.5 (arom. CH), 140.7, 145.6 (arom. C); IR (CHCI3) 3320 cm™ (N-

H); m/z (%): 212 (100) [(M+1)*], 196 [(M- CH3)*1, 91 (11) [C-H'].

General procedure for the preparation of racemic imines: 0.1g (0.5 mmol) of N-(1-
phenylethylidene)aniline (10y) were dissolved in THF (1ml) and followed by the addition
of zinc borohydride (1 ml, 0.5 M) was added into it. The colour changes from yellow-
orange to green . The mixture was stirred for 1 day and after decomposed by careful drop
wise addition of water, until no further evolution of gas was observed. Then, it was
extracted with ether (3 x 20ml). The organic layers were combined and washed with brine
and dried over Na;SO,4. The pure amine was obtained after Kugelrohr distillation as a
colourless oil (0.05 g, 55% yield).

More mild conditions were used for the preparation of the racemic product of N-(1-

phenylethylidene)benzylamine. 0.5 mmol of the imine was dissolved in MeOH and
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1mmol of NaBH; was added into it. The mixture was stirred for 1 h and then filtered

through silica to obtain the crude product.

Reaction of 18b with H,: A solution of [Ir(COD)(ddppm)]PF¢ (45 mg, 0.05 mmol) and
NH4PFs (163 mg, 1.00 mmol) in 2 ml of dry methanol was stirred under an atmospheric
pressure of hydrogen for one hour. Subsequently the vessel was isolated and left stirring
further for one day. During the course of the reaction a yellow microcrystalline powder
precipitated. The formed solid was collected via filtration, washed with Et,0 (2 x 5 mL)
and dried under vacuum. NMR analyses showed the formation of complexes 19 and 20.
Data for complex 19: 'NMR (500MHz, CDCls): = -24.42 (m, >J(P,H) ~ 25 Hz, 2H; H), -
8.48 (t, 2J(P,H) = 67.1 Hz, 1H; Hy), -6.54 (d, 2J(P,H) = 83.6 Hz, 2H; H), 3.0-4.1 (m, 6H),
5.24 (m, 2H; CCH), 6.4-8.5 (m, 20H, ArH); *C NMR (125 MHz, CDCl3) 6= 43.7 (m, 2C;
CHy), 73.8 (m, 2C; CHP), 84.2 (m, 2C; CHP), 128.5 (m, 4C; Ar), 131.1 (m, 2C; Ar), 133.4
~134.5 (m, 6C; An); >'P NMR (121MHz, CDCl;): 6 = 9.9 (m), 17.6 (m); IR (KBr) v =
2215 cm™ br, m (Ir-H); 1966, 1889, 1810 br, w (Ir-H); MS (ES") m/z (%),[M-PFg]":
1353.58 (100.0%); MS (accurate mass, ES") m/z (%), calculated mass for [M<(H+PF¢)]*":
676.1339; measured: 676.1325. Data for complex 20: INMR (500MHz, CDCls): 6=-23.71
(m, 2J(P,H) =~ 20 Hz, 3H; H,), -7.12 (qt, 2J(P,H) = 35 Hz, 1H; Hy), -6.88 (d, 2J(P,H) = 92.4
Hz, 3H; Hp), 3.0-4.1 (m, 6H), 524 (m, 2H; CCH), 6.4-8.5 (m, 20H, ArH); *'P NMR

(121MHz, CDCLs): §=9.9 (m), 20.3 (m).
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