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Abstract

A series of optically active tertiary phosphorus ligands, P(OR)_Ph, , (R = bornyl,
menthyl, or isopinoccamphyl; n = 1, 2, or 3, 1 - 9), containing chiral alkoxy groups
derived from natural terpene alcohols, menthol, borneol, and isopinocampheol, are
synthesized and characterized by various spectroscopic techniques. The reactions of
these ligands with iron and cobalt carbonyl complexes are carried out, giving monomeric
mono- and di-substituted iron(0) and dimeric di-substituted cobalt carbonyl complexes
(Fe(CO),L, Fe(CO);L,, and [Co(CO),L),, L = 1 - 9). The characterization of these
complexes by IR and NMR spectrometries is discussed. Results of preliminary studies
on hydroformylation reaction under oxo conditions catalysed by several cobalt
complexes are presented.

Pyrazolyl bridged di-iridium(T) systems, [Ir(CO)L(p-pz)}, (L = P(OMen)Ph,, 40,
P(OBor)Ph,, 41, and P(OMen),Ph, 42), are prepared as diastereomers with unequal
thermodynamic distribution. The X-ray crystal structure of 41 shows cocrystallization
of the two diastereomers in the same unit cell, which provides 1:1 kinetic distribution
of the two isomers. Kinetic studies of the interconversion from the kinetic ratio to the
thermodynamic ratio of the two diastereomers in 41 indicates the existence of a slow
inversion process of the six-membered central metallocycle in 41. Oxidative addition of
Mel to 41 generates a pair of diastereomeric adducts (43) in kinetic distribution, which

is slowly converted to its thermodynamic distribution, implying a very slow reductive



elimination of Mel.

Oxidative additions of exo- and endo-norbomyl iodide to [Ir(CO),(u-pz)], results
in same product (44). Possible mechanisms for this process are discussed.

Bisdiphenylphosphinoalkylsilane containing chiral menthoxy group ((o-
PPh,C,H,CH,),(MenO)SiH, 47) is prepared and characterized. Its four-coordinate square
planar platinum complex (Pt[Si(o-PPh,C¢H,CH,),(OMen)]Cl, 48) and five-coordinate
iridium() complex (IrH[Si(o-PPh,CH,CH,),(OMen)]Cl, 49) are synthesized.
Isomerizations of 49 and its CO adducts, Ir{Si(MenO)(CH,C,H,PPh,),1(CO)HCI (55 and

S56), are studied in relation to their methyl analogues.
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Chapter 1
INTRODUCTION

1.A. Tertiary Phosphorus Ligands and Homogeneous Catalysis

During the past several decades there has been a spectacular growth in the
chemistry of metal complexes that contain tertiary phosphorus ligands. This is directly
related to the accelerated development of homogeneous catalysis over the same period.
A homogeneous catalytic reaction is one in which all the constituents (including both
the reactants and the catalyst) are present in the same phase, normally a solution. On the
contrary, a heterogeneous catalyst is usually present as a solid while the reactants are
liquids or, more frequently, gases, and the reaction then takes place at the catalyst
surface. Heterogeneous catalysts are normally easier to separate, easier to regenerate and
thermally more stable than homogeneous catalysts, but they are less active, less selective
and more difficult to study or modify. It is because of its high activity and selectivity
that homogeneous catalysis is potentially so useful: high activity is essential for
economically competitive industrial processes, while high selectivity is crucial in the
production of speciality chemicals. The latter include specialized polymers for electronic
applications, intermediates for high performance structural materials, and many
biologically active compounds. Preparation of compounds such as certain
pharmaceuticals, insecticides, food additives, efc., has relied on homogeneously
catalyzed asymmetric synthesis to generate specific stereogenic conformation.

Transition metal complexes are of great importance in homogeneous catalytic
reactions, due to the unique properties of both the metal centres and the ligands:*

(a) The metal centres. The nine valence shell orbitals - one s, three p, and five



2
d orbitals - in each d-block metal not only can accommodate its valence electrons but
also provide the proper energy and compatible symmetry to form both 6- and n- hybrid
molecular orbitals in bonding with other groups. Thus, the transition metals can readily
form strong pm- or dn- bonds with compounds such as olefins or phosphines or
essentially 6-bonds with several highly reactive species, such as hydride or alkyl groups.
By so doing, transition metal complexes can activate stable functional groups such as
a C-H bond under relatively mild conditions, and influence their subsequent behaviour
in order to obtain the desired product. Transition metal elements can form complexes
in different oxidation states with variable coordination numbers. This is essential to
complete the catalytic cycles, which often involve species with different oxidation states
and coordination numbers.

(b) The ligands. Transition metals can readily form linkages with almost every
other element in the periodic table. This offers us the possibility of tuning the metal
properties by ligand electronic and steric effects. In theory, the desired activity and
selectivity of the catalyst can be obtained by modifying the electronic and structural
properties of the ligands.

Due to these reasons, research on soluble transition metal complexes flourished
during the last few decades, along with which, the ligand development surged as well.
One class of most important ligands in this area is tertiary phosphorus ligands. Extensive
investigations on such ligands were carried out, mainly due to their versatility. The
electronic property of these ligands can vary from being similar to a CO ligand with
very good T accepting ability, such as PF,,? to very good ¢ donor with little & acidity,
such as P(OMe),.’ The steric bulk of these ligands can be as small as in PH,,* or as big
as in some poly-dentate ligands, such as in C¢H,[CH,P(CH,CH,PPh,),],.> The vast pool
of available tertiary phosphorus ligands with different properties and the relative

readiness of modifying existing ligands or designing new ones provide an obvious



choice for transition metal chemists.

1.B. Asymmetric Synthesis

An important and rapidly growing branch of homogeneous catalysis is its
application to asymmetric synthesis. By definition, asymmetric synthesis is one in which
a prochiral unit in substrate molecule is transformed to a stereogenit unit in such a way
that the possible stereoisomers are formed in unequal amounts. It is directly related to
chirality, which is a fundamental symmetry property of three-dimensional objects. An
object is said to be chiral if it cannot be superimposed upon its mirror image. In a
chemical context, many compounds may be obtained in two different forms in which
the molecular structures are constitutionally identical but differ in the three-dimensional
arrangement of atoms such that they are related as mirror images. In such a case the two
possible forms are called enantiomers. Enantiomers have identical chemical and physical
properties in the absence of an external chiral influence, except the direction in which
they rotate the plane of plane-polarised light. This phenomenon of optical activity
provides the basis for the nomenclature of enantiomers. Thus, the molecule which
rotates the plane of plane-polarised light (sodium D-line emission, wavelength = 589
nm) in a clockwise direction is denoted (+)-isomer; while its mirror image which has
an equal and opposite rotation under the same conditions is denoted (-)-isomer.

Chirality in molecules is associated with the presence of one or more stereogenic
units within the molecule, leading to the existence of stereoisomers. Simple chiral
molecules can be classified into three types according to the type of stereogenic unit
present: central, axial and planar (Figure 1-1).° A centrally chiral molecule is chiral by
virtue of the arrangement of atoms or groups about a stereogenic centre. The most

familiar example is a tetrahedral molecule of type [ and this is the most common class
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of chiral molecules. An axially chiral molecule is chiral by virtue of the arrangement of
atoms or groups about a stereogenic axis. An example is provided by the biaryl (II).
This class of chiral compounds also occurs quite commonly. The final type is planar
chirality, in which the chirality is due to the arrangement of atoms or groups with
respect to a stereogenic plane. This is illustrated by dibenzene metal complex with
different substitutions on the same ring (IID.

axis

| :;1 ) O
l P(C¢Hs), R

S M
I/ \ P(Ce¢Hs);
S e <>
[ I T

Figure 1-1. Types of stereogenic units.

If there are n stereogenic units there will be up to 2" stereoisomers. If two of
these stereoisomers are mirror images of each other, they are enantiomers; if not, they
are diastereomers.

The absolute configuration at a given stereogenic centre is specified using the
Cahn-Ingold-Prelog system.” For a tetrahedral centre, the procedure first involves
placing the four groups in order of priority, which is based on atomic number or atomic
weight for isotopes. Then the centre is viewed with the lowest priority group at the

back. If the remaining three groups lie in order of decreasing priority in a clockwise
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arrangement the configuration is denoted R and if the arrangement is counterclockwise

the configuration is S (Figure 1-2).

Figure 1-2. R and S configurations for a tetrahedral chiral centre.

For an axially chiral compound, the four groups attached to the stereogenic axis
that are in tetrahedral arrangement are used to determine its configuration (in the case
of a biaryl, the groups considered are the ones on the ortho positions): The group with
the lower priority on one end of the axis is placed at the back (it does not matter which
end is chosen, and this end is referred to as the back end while the other as the front
end). The arrangement of the remaining groups is considered in the order: high priority
(front) > low priority (front) > high priority (back). As before if this appears clockwise
the configuration is R and otherwise it is S (Figure 1-3).

For a molecule having planar chirality, the chiral plane has to be located first.
This would be a plane of symmetry if certain different groups were made identical, and
also contains the greatest number of atoms including, if a choice of plane remains, the
one that has the highest priority. After choosing the stereogenic plane, one side of plane,

on which lies the group with the highest priority, is examined. The arrangement among
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2

R
Figure 1-3. Configuration definition for axially chiral compounds.

the atoms that are on this side of the plane and directly attached to the plane by
chemical bonds is considered in the order: the highest priority (1) > high priority next
to 1 (2) > high priority next to 2. Again, if this appears clockwise the configuration is

S, if R! has higher priority than RZ.

Figure 1-4. Configuration definition for compound with planar chirality.



R and otherwise it is S (Figure 1-4).

For a molecule with more than one stereogenic unit the absolute configuration
can be specified by giving the configuration of each unit. Thus each diastereomer can
be distinguished unambiguously.

Since most of the important building-blocks make up the biological
macromolecules of living systems using one enantiomeric form only, it should come as
no surprise that the two enantiomers of a biologically active chiral compound, such as
a drug, a sweetener, a hormone, or a insecticide, efc, interact differently with its chiral
receptor site and may lead to different effects. The importance of asymmetric synthesis
is, therefore, obvious. For instance, (-)-propanolol was introduced in the 1960s as a 3-
blocker for the treatment of heart disease, but the (+)-enantiomer acts as a
contraceptive;’ (+)-estrone is a hormone, whereas the (-)-enantiomer has no hormonal
activity; R-isomer of thalidomide is a sleeping aid, while the S-isomer is teratogenic.®

There are several known methods of asymmetric synthesis, among which the
catalyzed processes are particularly attractive because of their high efficiency and low
cost. Although heterogeneous catalysts are being developed, their homogeneous
counterparts are undoubtably playing a far more important role in this area. Among the
latter, enzymes are definitely the most efficient, but they are limited by their availability
and narrow application. This leaves the transition metal complexes to be the best
choices, and the subject of intensive research. Some of the research results have been
converted into important industrial processes. A few examples are as follows:

(a) Enantioselective isomerization of olefins. Olefin isomerization (double-bond
migration) is one of the simplest and most thoroughly studied catalytic reactions.’
Soluble catalysts are used industrially to isomerize olefins that are involved as
intermediates in other homogeneous catalytic processes. Enantioselective olefin

isomerization has also been achieved. A good example is the (BINAP)Rh catalyzed
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enantioselective isomerization of an allylic amine in the synthesis of L-menthol, a major
fragrance chemical (Scheme 1-1).'° Compound IV is boiled in THF containing 0.1
mole % [Rh(-)-BINAP(COD)](CIO,) for 21 hours to give a 94% yield of V.

NEt, NEt, é
g\:ﬁs EtzNH 1somer1zat10n HZO ZnBrz Hz ~~ OH
A

B-Pinene Y L-Menthol

Scheme 1-1. Synthesis of L-menthol.

(b) Asymmetric hydrogenation of olefins. Some of the most thoroughly studied
homogeneous catalytic processes are the additions of H,, HSiR,, and HCN to a C=C
bond. In the past, hydrogenation was mostly performed with convenient heterogeneous
catalysts such as palladiuom metal on charcoal (Pd/C). Recently, however,
enantioselective hydrogenations with soluble chiral catalysts have become important in
the pharmaceutical industry and to the synthetic organic chemist. The first commercial
application of transition metal complex catalyzed asymmetric synthesis was the
enantioselective hydrogenation involved in Monsanto’s synthesis of L-dopa (Scheme 1-
2), a drug used in the treatment of Parkinson’s disease.!! The catalyst used in the
hydrogenation is prepared by reacting the [Rh(COD),]* cation with DIPAMP in aqueous
ethanol or isopropanol. The hydrogenation is carried at about 50 °C and 3 atmospheres
pressure by adding solid VI to the catalyst solution. It slowly dissolves and reacts, after
which chiral VII crystallizes and is isolated with 95% e.e..

(c) Asymmetric hydroformylation. The oldest and largest homogeneous reaction

of olefins catalyzed by transition metal complexes is hydroformylation. This reaction
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CO,H CO,H X CO,H
Ef NH, HBr H NHAc H, mHAc
HO <+— AcO <«+—— AcO

OMe OMe OMe

L-dopa Vil Vi
Scheme 1-2. Synthesis of L-dopa.

involves the addition of CO and hydrogen to a C=C to produce aldehydes. Aldehydes
are very versatile chemical intermediates since they can be oxidized, reduced or
condensed to produce different organic compounds. Naturally, asymmetric
hydroformylation has become an important role in synthetic organic chemistry, since it
may result in chiral formyl derivatives of importance as chiral building blocks or
biologically active compounds. Although there has not been any commercial application
of asymmetric hydroformylation so far, some very promising catalysts have been
reported. An example is illustrated in Scheme 1-3. Using [Rh-BINAPHOS (acac)(CO),]
as catalyst, a series of substituted ethylene were converted to chiral aldehydes with up
to 88/12 branch/linear ratio and 94% e.e.."?

Other processes involving transition metal catalyzed homogeneous catalysis, such
as asymmetric hydrosilylation,"* hydrocyanation,"* oxidation of olefins,"* or

cyclopropanation'® are also industrialized.
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Rh(acac)(CO),-
BINAPHOS
H,/C0O(1:1, 100 atm *
CH,— CHR 2/ ) » CH;—CHR + CH,—CHj;R
- benzene | |
CHO CHO
a:R= OCOCH3 e:R =p-CH3OC6H4

b: R =NC(O)C¢H,C(0)  f: R =p-CIC¢H,
L g: R = p-(CH;),CHCH,CgH,

¢: R = CeHs h: R = n-C4Hy

d:R =p-CH3C6H4

Scheme 1-3. Asymmetric hydroformylation of olefins.

1.C. Chiral Tertiary Phosphorus Ligands.

As shown in the examples in the previous section, many different chiral tertiary
phosphorus ligands have been used in various transition metal complex catalyzed
reactions. Since the first acyclic chiral tertiary phosphorus ligands were synthesized in
early 1960s by Homer and coworkers,"” a great number of chiral phosphorus ligands
have been produced. These ligands can be categorized into three classes according to
the different types of chirality they possess.

(a) P-chiral. This class of chiral phosphorus ligands have three different groups
attached to the phosphorus atom. Since inversion of the phosphorus centre does not
occur under normal conditions,'® these ligands can be resolved into optically pure
enantiomers. Examples include PEt(n-Bu)(C,,H,;), PMePhBz, PEtPhBz, the first three
acyclic chiral tertiary phosphorus ligands to be made, and PMePrPh (VIII), which was
employed in the first reported homogeneous asymmetric catalysis.' *°

(b) Backbone chiral. In this class of chiral phosphorus ligands, the phosphorus
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VII. (S)-PMePrPh

centre is achiral because it is bonded to two or three identical groups. However, at least
one of three substituents is an optically active unit. This chiral auxiliary makes the
whole molecule asymmetric, although the phosphorus atom itself is achiral. The Diop
(XX ligand, derived form optically active tartaric acid, is a famous example of this

type.
H
Me O CH,PPh,,
H
IX. (R,R)-Diop

(c) Axially chiral. This class of phosphorus ligands does not contain any
conventional tetrahedral chiral units, but the molecules are axially chiral A very
important ligand in this class is BINAP (X). Similar to the Diop system in that they

I l P(C¢Hs),
O O P(CGHS)Z

X. (R)-(+)-BINAP
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both possess C, symmetry, the binaphthyl skeleton is known to have superior chirality
recognition and induction abilities,?* especially in ruthenium catalyzed hydrogenation
reactions.?

Although the scope of chiral phosphine chemistry has grown rapidly during the
last three decades,” the synthesis of such compounds has continued to pose a
considerable challenge.”* Many synthetic schemes, especially those for the P chiral
or axially chiral phosphorus compounds, involve multi-step reactions including
resolution of optically pure enantiomers, which frequently causes low overall yields. A
good example is the synthesis of BINAP as shown in Scheme 1-4.2* The overall
reaction yield after resolution is only about 20%.

The syntheses of backbone chiral phosphorus ligands usually have the advantage

CH,

CH;
N> SN
PhyPBr, 1. --C4HgLi CH3 pd

O 20°C 2. Ph,PCl OO o <2
OH Br Pphz >
OH 45% THF e PPh, 2. NaBPh,
(0 78%

(+)-BINAP
1. Fractional
CH. CH3 recrystal-
th 3 CH3 lization OO OO

~ pd ﬂ_%_> PPh; 4 PPh,
2. LiAlH, Oe PPh, OO PPh,

ph’ 75-82%
(R)-(+)-BINAP (S)-(-)-BINAP

Scheme 1-4. Synthesis of BINAP.
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of not requiring resolution of the enantiomers, since the starting materials that form the
chiral backbones in the final products are normally already resolved, as illustrated by
the synthesis of Diop (Scheme 1-5).” Naturally occurring L(+)-tartaric acid was used
as the starting material, and an optically pure final product is obtained since the
stereogenic centres in the starting material retain their chirality during the reaction.
However, the reaction yield is relatively low (the yield for the last step was reported as

48%), mainly due to the general low yields for reactions forming new C-P bonds.

H H H
HO—:— CO,Et Me O—i-COEt [ijalg, Me ,O—i—CH;OH
— — ><
HO—— CO,Et Me O CO,Et Me ’r CH,0H
H H H
TsCl
\ /
H H
Me O —=i— CH,PPh, Me O—:i—CH,OTs
>< NaPPh, ><
Me O CH2PPh2 Me O CHonS
H H

Scheme 1-5. Synthesis of Diop.

Because of the importance of chiral tertiary phosphorus ligands, and the
difficulties involved in the synthesis of such compounds, the research described in this
thesis has examined the synthesis and reactivity of a series of chiral phosphorus ligands
derived from terpene alcohols. As is discussed in Chapter 2, high yields were achieved
by avoiding constructing new C-P bonds. Instead, new O-P bonds, which are much
easier to form, were generated. Terpene alcohols were chosen because several of them

are cheap, naturally abundant, and they usually have bulky and rigid chiral frameworks
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which are particularly important in asymmetric induction.?

Chapter 3 discusses the syntheses and characterization of some simple model
complexes, synthesized by ligand replacement of CO in metal carbonyl complexes. In
this way mono and di-substituted mononuclear iron carbonyl complexes and di-
substituted cobalt carbonyl dimers were prepared in order to gain familiarity with the
coordination properties of the ligands.

After these preliminary studies, ligands of the same type were used as stereo
chemical probes in two different areas of chemistry that have been of major importance
in this laboratory. In Chapter 4, the stereo chemistry and oxidative addition reactions of
pyrazolyl bridged iridium(I) dimers containing such ligands are described. In Chapter
five, the synthesis of a related ligand is reported. The tridentate ligand containing two
phosphorus donors and one potential silyl donor was also derived from terpene alcohol.
The syntheses of complexes of Group VIII transition metals, including platinum and
iridium, containing this ligand were also reported. The reactivity of the iridium complex

is discussed.
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Chapter 2

SYNTHESIS AND CHARACTERIZATION OF THE LIGANDS

2.A. Introduction

The chiral tertiary phosphorus ligands reported in this chapter were derived from
three readily available terpene alcohols. Terpenes are a class of natural products that
consist of two or more isoprene (2-methyl-1,3-butadiene) units. Their oxygen containing
derivatives are called terpenoids, of which terpene alcohols are one type. Because they
are constructed from isoprene units, which are prochiral, terpene alcohols are chiral
compounds, many examples of which can be isolated from plants and are optically pure.
This provides a useful pool of readily accessible chiral building blocks for use in
asymmetric synthesis.

The terpene alcohols that were chosen for use in ligand synthesis are (-)-menthol
((1R,25,5R)-5-methyl-2-(1-methylethyl)cyclohexanol), (-)-bormeol ((15,2R,45)-1,7,7-
trimethylbicyclo[2.2.1]heptan-2-0l), and (+)-isopinocampheol ((15,2S5,3S,5R)-2,6,6-
trimethylbicyclo[3.1.1]heptan-3-ol) (Figure 2-1). The common structural features among
these three molecules are: (a) they are all optically active; (b) they are all based on a
six-membered ring arrangement, which make their structures rigid, especially for the two
in which bicyclic frameworks are present; (c) they are variously substituted with methyl
or isopropyl groups on the ring structures, which makes them potentially bulky as ligand
substituents; (d) each of them contains ten carbon atoms, the smallest number possible

for terpenoids; (e) none of the hydroxyl groups in any of the three molecules is blocked
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by other substituents. While features (a), (b), and (c) are essential for stereo and enantio
control of the ligands, feature (d) makes the NMR spectroscopic data relatively easy to
interpret, and feature (e) provides clear access for incoming phosphorus atoms to form

P-O bonds.

(+)-Isopinocampheol

(-)-Menthol (-)-Bomeol

Figure 2-1. Structures of selected terpene alcohols.

Through out the text, abbreviations, Men, Bor, and Pin!, are used in the
molecular formulae to respectively. represent menthyl, bomyl, and isopinocamphyl
groups (groups formed by removing OH groups from the original molecules). The
carbon atoms directly attached to the oxygen atoms are referred to as a.-carbons, and the
hydrogen atoms directly bonded to the a-carbon atoms are referred to as o-hydrogens
(or a-protons).

The tertiary phosphorus compounds reported in this chapter can be divided into
three groups: (a) diphenylphosphinous acid alkyl esters (ROPPh,, R = Men (1), Bor (2),
or Pin' (3)); (b) phenylphosphonous acid bisalkyl esters ((RO),PPh, R = Men (4), Bor
(9, or Pin' (6)); and (c) alkyl phosphites ((RO),P, R = Men (7), Bor (8), or Pin' (9)).
Through out the text, these three groups of compounds are referred to as the
phosphinites, the phosphonites, and the phosphites, respectively. Several of these

compounds (compounds 1, 4% 57 7, and §”) have been reported previously,
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but none of them has been studied in a systematic way, in terms of comparisons among
individual members in a series of structurally related compounds. The synthesis and
characterization of these molecules and four new analogues (compounds 4, 7, 8, and 9)
are reported in this chapter, and their coordination chemistry is discussed in Chapters

three and four.

2.B. Results and Discussion

Synthesis of the phosphinites was readily accomplished through the reactions of
each of the terpene alcohols with Ph,PCl (Equation 2-1).

Ei,0

ROH + PPh,Cl —— ROPPh, + HCl
1-3 2-1)
Compound 1: R = Men,
2 Bor,
3 Pin'

The difference between this method and that reported? earlier is that pyridine (or
other bases) was not added during the reaction to remove HCl. HCl was removed along
with the volatiles under vacuum. Compounds 1 - 3 were prepared by this method as
either clear or pale yellow viscous liquids in very high yields.

The phosphonites can be synthesized through the reactions of the terpene
alcohols with PhPCl, and excess Et,N (Equation 2-2). In this chemistry, base
(triethylamine) had to be used to absorb HCI generated during the reaction, because the
resulting phosphonites were somewhat less stable than their phosphinite counterparts
when HCI was present. To allow enough time for triethylamine to trap HCl, PhPCl, was

added dropwise at 0 °C rather than all at once at room temperature as in the syntheses
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of the phosphinites. Using this method, compounds 4 - 6 were synthesized as either pale
yellow viscous liquid or white crystalline solid in high yields.

2ROH + PhPCI, + Et,N (excess) —— (RO),PPh + 2Et,N-HCI

4-6 (2-2)
Compound 4: R = Men,
5: Bor,
6: Pin".

Similarly, the phosphites were obtained through reactions of the terpene alcohols
with PCl, in the presence of excess triethylamine (Equation 2-3). Differences versus
phosphonite syntheses included a slower addition rate of PCl;, a larger excess of
triethylamine, and a lower reaction temperature (-70 °C). The reaction condition was
modified because more HCI was generated during the reaction and the phosphites were
much less stable than the phosphonites when HCl was present. Using this route,
compounds 7 - 9 were synthesized in good yields. All compounds (1 - 9) are soluble in
most common organic solvents such as chloroform, dichloromethane, benzene, ether,

etc., and are stable under nitrogen but are slowly oxidized when exposed to air.

3ROH + PCl, + Et;N (excess) — (RO),P + 3Et,N‘HCI

7-9 (2-3)
Compound 7: R = Men,
8: Bor,
9: Pin'.

The phosphite synthesis (Equation 2-3) was studied in further detail using

menthol as a model. In deuterated chloroform, menthol was added to PCl, one mol.
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equiv. at a time, until three mol. equiv. of menthol were present. After each successive
addition, a *'P{'H} NMR spectrum was run to monitor the reaction. The results
presented in Figure 2-2 show that typical Michaelis-Arbuzov rearrangement® occurs

as illustrated in Scheme 2-1.

MenOH MenOH MenOH

0 MenOPCl, o) (MenO),PCl1 )

PCl, (MenO),P

(MenO),P _*% (Men0),POH == (MenO),P(O)H

Scheme 2-1. Michaelis-Arbuzov rearrangement.

After the first addition, two products in addition to PCl; were evident in the
3p{'H} NMR spectrum: MenOPCl, (175.9 ppm), and (MenO),P(O)H (5.2 ppm). The
fact that a peak attributable to (MenO),PCl was not observed indicated that as soon as
(MenO),PCl was formed, it reacted with another menthol molecule to form (MenO),P,
which rapidly rearranges to yield (MenO),P(O)H. Similar behaviour was clear in the
second spectrum; after the second addition, a peak at 169.2 ppm cormresponding to
(MenQ),PCl was barely detectable, all PCl, was consumed and the (MenQ),P(O)H peak
had increased substantially in intensity. After the final addition, hardly any MenOPCI,
was left and (MenOP),PCl was undetectable.

During the whole process, (MenO),P was never observed. This suggested that
step four was very efficient. As soon as (MenO),P was formed, it reacted with HCI to
give (MenO),P(O)H. Therefore, in order to obtain (MenO),P, Et,N was introduced to
remove HCI as soon as it was generated, and the reaction was again monitored by
3MP{'H} NMR spectroscopy. A spectrum was run after each addition of one mol. equiv.
of menthol together with one mol. equiv. of triethylamine to PCl, in deuterated
chloroform, until three mol. equiv. of menthol and triethylamine were added. As shown

in Figure 2-3, with the presence of triethylamine, the formation of (MenO),P(O)H was
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a)
A .
b)
1 1
c)
JL
k3 T T 1 T T T 1 T T T T T v T T T T T T T —‘r—‘—}
ppm 200 150 100 50

a) One mol. equiv. of MenOH added
b) two mol. equiv. of MenOH added
c) three mol. equiv. of MenOH added

Figure 2-2. *'P{'H} NMR spectra of the reacton between MenOH and PCl,.
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b)

a)

L]

—_ ~—r > -y v A ~r T r -r + -

poz 2c0 150 w0 50
a) One mol. equiv. of MenOH and Et;N added
b) two mol. equiv. of MenOH and Et;N added
c) three mol. equiv. of MenOH and Et;N added

Figure 2-3. *'P{'H} NMR spectra of the reaction between MenOH, EyN, and PCl,.



22
greatly suppressed. MenOPCl,, MenO),PCl, and (MenO),P all showed up in an orderly
fashion, with the phosphite as the main final product. Partial rearrangement to afford the
side products resulted because the in situ reaction was carried out in an NMR tube at
room temperature. In practice, pure phosphites were produced with optimized reaction
conditions as mentioned before.

The *'P{'H} NMR spectra of compounds 1 - 9 all show single resonances as
expected, at around 110 ppm, 160 ppm, and 145 ppm for the phosphinites, phosphonites,
and phosphites, respectively. This is consistent with the chemical shifts of phosphorus
in molecules with similar structures (Table 2-1).>* Chemical shifts of the phosphonites
are generally at lower frequency than those of phosphites, which means that the
phosphorus atoms are more shielded in phosphites than those in phosphonites, although
there are more oxygen atoms connected to phosphorus centre in phosphites and oxygen
is more electronegative. This is due to the fact that the charge distribution about the
phosphorus nucleus is not spherical, so the shielding constant depends not only on the
electronegativity difference of the P-X bond, but also on the X-P-Y bond angles and the
n-electron overlap.” Consequently, chemical shifts in *'P NMR spectra are less easy
to account for than those in 'H or ®C NMR spectra.

The *C{'H} NMR spectra of the phosphinites (compounds 1 - 3) are much more
complicated. The spectrum of BorOPh, is presented in Figure 2-4 as an example. The
spectrum can be divided into two parts. The low field part above 120 ppm is the phenyl
region. The two carbon atoms that are directly bonded to the phosphorus atom give two
small doublets at 143.58 ppm (Jpc = 18.2 Hz) and 142.88 ppm (Jpc = 16.8 Hz), since
they are not equivalent to each other due to the lack of symmetry in the molecule.
Although there are another ten inequivalent carbon atoms in the two phenyl groups,
there are only seven more lines shown in this region, presumably due to the overlap of

some signals. There is no basis for specific assignment of any resonances to individual
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Table 2-1. *P{"H} NMR data of compounds 1 - 9.

Compound Compound No. o P/ppm*
P(OMen)Ph, 1 107.3°
P(OBor)Ph, 2 110.6°
P(OPin’)Ph, 3 109.9°
P(OMe)Ph, O sE
P(OEt)Ph, 109.8°
P(O-cHex)Ph, 104.0°
P(OMen),Ph 4 160.1°
P(OBor),Ph 5 157.9°
P(OPin’),Ph 6 158.4°
P(OMe),Ph s
P(OEt),Ph 153.5°
P(OPh),Ph 164.9°
P(OMen), 7 147.5°
P(OBor), 8 143.4°
P(OPin), 9 142.8°
P(OCHMe,), 1380369
P[OCHMe(CH,CH,CHS,)], 140.0°
P[OCHMe(CHMe,)], 141.0°

* Chemical shifts are given in 8(ppm) relative to external 85% phosphoric acid solution.

® Recorded in CDCl, solution. ¢ Data are taken from Ref. 35.
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carbon atoms.
The high field part below 90 ppm is the alkyl region. The doublet occurred at

86.3 ppm (Jpc = 19.3 Hz) can be assigned to the a-carbon atom in the bornyl group.

yl-c-lw U VPOV L SR - bWWvW&WW
nmrﬂrmmwrrvw RARRRARSAANSAARERRRARARA AR RARL) | 0AAARM TYTYTTIITY YT IRARAAAARRAL TYYYTYTY AASAARARAS TrY
ppm 140 120 80 60 20 20

Figure 2-4. "C{'H} NMR spectrum of BorOPPh,, 2.
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This peak is shifted down field by 9.14 ppm compared to that of the a-carbon atom in
the free alcohol, which indicates that the electron density around the a-carbon is
decreased upon substitution of the hydroxyl proton by the diphenylphosphino group.
This is consistent with the fact that phosphorus atom is more electronegative than the
hydrogen, so that the electron density around oxygen is shifted away from carbon
towards phosphorus. The rest of the alkyl peaks are unaffected by coordination of the
bornoxy group to phosphorus, although one of the peaks (at 50.2 ppm due to the
quaternary carbon next to the a-carbon) shows what is a three-bond phosphorus carbon
coupling (Jpc = 3.7 Hz). The *C{'H} NMR spectra of the other phosphinites are
similar: in each case, the only alkyl peak significantly shifted upon the bonding between
the alkoxy and diphenylphosphino groups is that due to the ¢t-carbon atom in the alkoxy
group (Table 2-2).

The 'H NMR spectra of the phosphinites are also very complicated. A

representative spectrum (spectrum of MenOPPh,) is shown in Figure 2-5. It can be

Table 2-2. *'C{'H} NMR data* of the phosphinites and their corresponding free
alcohols.

5 COoP Toc 3 COH®
Compound
ppm Hz ppm
P(OMen)Ph,, 1 81.3 18.6 71.4
P(OBor)Ph,, 2 86.3 19.3 77.2
P(OPin)Ph,, 3 81.3 18.6 71.6

* Chemical shifts are given in §(ppm) relative to internal CDCl, with the middle branch
of CDCI, signal set at 77.0 ppm. All spectra were recorded in CDCl, solution. ® The

chemical shift of the comresponding free alcohol.
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Figure 2-5. '"H NMR spectrum of MenOPPh,, 1.

divided into two parts, similar to the “C{'H} NMR spectra. The phenyl region (7.2 -
7.6 ppm) is very complex because of the non-first order character of the aromatic proton

signals and the overlapping between the two sets of inequivalent phenyl peaks. The
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chemical shifts and the patterns of the resonances in the alkyl region (0.6 - 3.8 ppm)
show features comparable to those in the spectrum of (-)-menthol, except the peak due
to the a-proton in the alkoxy group shifted downfield by 0.34 ppm to 3.70 ppm, again
due to the decrease of electron density around this proton upon the coordination to the
phosphorus atom, as explained for the “C{H} NMR spectra. This peak is also split into
a triplet of doublets of doublets from the original triplet of doublets in the free menthol
spectrum, due to the H-P coupling (*P; = 8.8 Hz). Similar characteristics are shown in
the 'H spectra of the other two chiral phosphinites (compounds 2 and 3): in each
spectrum, the only signal notably shifted upon the diphenylphosphino substitution of the
hydroxyl proton in the alcohol is that due to the a-proton in the alkoxy group (Table
2-3).

The BC{'H} NMR spectra of (BorO),PPh (Figure 2-6) is typical for those of the
phosphonites (compounds 4 - 6). The phenyl region (127 - 143 ppm) consists of 6 peaks
due to the six inequivalent carbon atoms in the phenyl group. The peak at 142.58 ppm

Table 2-3. The 'H NMR data® of the phosphinites and their corresponding
alcohols.

5 HCOP g & HCOH’®
Compound
ppm Hz ppm
P(OMen)Ph,, 1 3.70 8.8 3.36
P(OBor)Ph,, 2 4.26 9.8 3.96
P(OPin’)Ph,, 3 4.31 4.9 4.07

* Chemical shifts are given in 8(ppm) relative to internal CDCIl, with the CDCI, signal
set at 7.24 ppm. All spectra were recorded in CDCI, solution. ®* Chemical shifts of the

corresponding free alcohol.
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N.B. Each of the seven single lines between 10 - 50 ppm consists of two peaks, which

can be observed when expanded. The two resonances at 84.1 and 82.1 ppm are doublets.

Figure 2-6. "C{'H} NMR spectrum of (BorO),PPh, 3.
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is a doublet (*Joc = 16.2 Hz), and can be assigned to the carbon atom directly attached
to the phosphorus centre. The alkyl region (13 - 85 ppm) appears much more
complicated. Since the presence of the two optically active bornoxy groups removes all
symmetry elements in the molecule, the two groups are not magnetically equivalent.
Therefore the two sets of resonances, each consisting of 10 signals due to the 10
different carbons in each group, do not coincide with each other, so that a total of 20
peaks is observed. Except for those due to the a-carbons, this doubling of peaks gives
pairs of signals that are very close to each other, the spacing ranging from 0.03 ppm to
0.4 ppm. The spaci‘ng of the peaks increases as the carbon pairs get closer to the
phosphorus centre, to a maximum of 2.0 ppm for the o-carbon themselves. This may
be because as it gets closer to the phosphorus centre, the local structure becomes more

rigid, and the difference between the two inequivalent groups is more pronounced;

Table 2-4. *'C{'H} NMR Data* of the phosphonites and their corresponding free
alcohols.

5 C,OP° i 3 C,O,P° Fpcr o COH*
Compound
ppm Hz ppm Hz ppm
P(OMen),Ph, 4 79.6 17.3 78.9 7.3 71.4
P(OBor),Ph, 5 84.1 15.7 82.1 8.2 77.2
P(OPin),Ph, 6 78.9 13.4 77.8 11.8 71.6

* Chemical shifts are given in 8(ppm) relative to internal CDCI, with the middle branch
of the CDC], signal set at 77.0 ppm. All spectra were recorded in CDCl, solution. °
Subscript labels are used to distinguish the two carbon atoms and two oxygen atoms in
the two alkoxy groups. The absolute assignment cannot be made. © Chemical shifts of

the corresponding free alcohol.
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whereas the carbon framework farther away from the phosphorus is more flexible, so

the differences are smaller.

The chemical shifts that are affected most by the coordination of the bornoxy
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Figure 2-7. '"H NMR spectrum of (BorO),PPh, 5.
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group to phosphorus are the pair of peaks due to the two a-carbon atoms in the two
bornoxy groups. They are shifted downfield from their original position in the free
alcohol by 6.92 and 4.88 ppm to 82.1 and 84.1 ppm, respectively. because, again, the
electron density around the ct-carbons is shifted towards the phosphorus atom upon the
bonding between oxygen and phosphorus. The rest of the bornoxy resonances are hardly
affected except that several signals are split into doublets by the phosphorus atom (Jpc
= 4.6, and 3.8 Hz for the peaks at 50.0, and 49.6 ppm, respectively, due to the two
quaternary carbons next to the c-carbons; *Jpc = 2.9 Hz for the peak at 38.4 ppm due
to the secondary carbon next to the a-carbon in one of the two bornoxy groups. The
same carbon in the other bornoxy group produced a singlet at 38.1 ppm). Similarly, in
the "C{'H} NMR spectra of the other phosphonites, the peaks of the a-carbon atoms
in the alkoxy groups are shifted most (Table 2-4) while the chemical shifts of the

remaining alkoxy resonances are very close to those in the corresponding free ligands.

Table 2-5. The 'H NMR data* of the phosphonites and their corresponding free
alcohols.

% H,C,0, Tem” 5 H,C,0, Tew' & HCOH*
Compound
ppm Hz ppm Hz ppm
P(OMen),Ph, 4 3.80 8.89 3.71 7.74 3.36
P(OBor),Ph, 5 4.38 10.0 4.18 9.86 3.96
P(OlIpc),Ph, 6 4.39 4.63 4.32 4.58 4.07

* Chemical shifts are given in 3(ppm) relative to internal CDCI; with the CDCl, signal
set at 7.24 ppm. All spectra were recorded in CDCl, solution. ® Subscript labels are used
to distinguish the atoms in the two alkoxy groups. The absolute assignment cannot be

made. © Chemical shifts of the corresponding free alcohol.
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The 'H NMR spectrum of (BorQO),PPh shown in Figure 2-7 is typical for the
phosphonites. In comparison with the 'H NMR spectrum of BorOPPh,, the phenyl region
(7.2 - 7.9 ppm) is simplified while the alkyl region (0.7 - 4.5 ppm) is complicated. The
peaks due to the two a-protons in the two bornoxy groups are shifted downfield by 0.42
and 0.22 ppm to 4.38 and 4.18 ppm, respectively, due to the deshielding effect of the
phosphorus atom discussed previously. The multiplicity of these peaks is transformed
from the original doublet of doublets of doublets in the free alcohol into a triplet of
quintets, indicating a three-bond phosphorus proton coupling (Jp,; = 10.0, and 9.9 Hz
for the peaks centred at 4.38, and 4.18 ppm, respectively). Table 2-5 shows
characteristic 'H NMR data of the chiral phosphonites and their corresponding free
alcohols.
Because of the lack of aromatic groups and the existence of C, rotational
molecular symmetry for the phosphites (compounds 7 - 9), the “C{'H} NMR spectra
of these compounds appear considerably simplified compared with those of the

Table 2-6. *C{'H} NMR data* of the phosphites and their corresponding free
alcohols.

o CopP 7 pC & COH®
Compound
ppm Hz ppm
P(OMen),, 1 73.5 12.3 714
P(OBor);, 8 77.9 10.4 77.2
P(OPin‘)3, 9 729 11.5 71.6

* Chemical shifts are given in d(ppm) relative to internal CDCIl; with the central
resonance of the CDCI; signal set at 77.0 ppm. All spectra were recorded in CDClI,

solution. ® Chemical shifts of the corresponding free alcohol.
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phosphinites and the phosphonites: one set of alkoxy resonances is to be expected. The
spectrum of P(OPin’), shown in Figure 2-8 is chosen as an example. The peak due to

the a-carbons in the isopinocamphoxy groups is located at 72.9 ppm with a downfield
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Figure 2-8. "C{'H) NMR spectrum of (Pin‘O),P, 9.
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shift of 1.3 ppm from the free alcohol. This chemical shift change is smaller than those
of P(OPin’),Ph (7.3, and 6.2 ppm), which in turn is smaller than that of P(OPin‘)Ph, (9.7
ppm). A reasonable explanation of this is that the electron deshielding effect of the
phosphorus atom is shared among the alkoxy groups attached to it. The more alkoxy
groups bonding to it, the less deshielding effect it has towards individual o-carbon
atoms. Three-bond phosphorus carbon couplings are also observed in this spectrum (Jpc
= 3.3 and 2.0 Hz for the peaks at 46.0 and 38.1 ppm due to the tertiary and secondary
carbon atoms next to the o-carbons, respectively). The “C{'H} NMR spectra of other
phosphites have similar features (Table 2-6).

The '"H NMR spectra of the phosphites (compounds 7 - 9) are similar to their
phosphinite counterparts (except that there are no resonances in the aromatic region), as
can be seen in the specttum of (BorO);P (compound 8) shown in Figure 2-9. The
resonance due to the c-protons in the bornoxy groups is also shifted downfield to 4.32

ppm from its original position at 3.96 ppm in bormeol. Unlike that observed in the

Table 2-7. '"H NMR data® of the phosphites and their corresponding free alcohols.

d HCOP *Tou 3 HCOH®
Compound

ppm Hz ppm
P(OMen)Ph,, 7 3.79 8.9 3.36
P(OBor)Ph,, 8 4.33 9.9 3.96
P(OPin)Ph,, 9 4.45 4.9 4.07

* Chemical shifts are given in d(ppm) relative to internal CDCI, with the CDCl, signal

set at 7.24 ppm. All spectra were recorded in CDCI, solution. ® Chemical shifts of the

corresponding free alcohol.
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corresponding "C{'H} NMR spectra, this chemical shift difference is not smaller than
those in the spectra of P(OBor),Ph or P(OBor)Ph,. In fact, the chemical shifts of the
peaks due to the o-protons in each series of compounds containing the same alkoxy
groups (e.g. BorOPPh,, (BorO),PPh, and (BorO),P) are within a range of 0.2 ppm. This

is probably because the protons in question are farther away from the phosphorus atom

e \myn'du\_,_ﬂﬂ\ﬂ(‘_JM _—

ppm 4.0 20 15 10

Figure 2-9. 'H NMR spectrum of (BorO),P, 8.
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than their carbon counterparts. Therefore, the electron deshielding effect is not strong
enough to differentiate the chemical shift changes in each series. The multiplicity of the
o-proton resonance in the spectrum of 8 signal changed from doublet of doublets of
doublets in the free alcohol to triblet of doublets of doublets, indicating a coupling
between phosphorus and the proton (lpy = 9.9 Hz). Similar features are observed for
the other 'H NMR spectra of the phosphites, (Table 2-7).

The IR spectra of compounds 1 - 9 were also recorded. The patterns are all very
similar to each other with few structurally significant features. Absorptons at 2800 -
3100 cm™ can be assigned to C-H stretching vibrations from hydrocarbon groups. The
aromatic rings in the phosphinites and phosphonites show weak absorptions at about
1600 cm™ and medium strong absorptions in the 1450 - 1500 cm’ region, which
contains a series of bands that could not be unambiguously assigned. These aromatic
bands and the bands at about 3060 cm™, which can be also assigned to aromatic C-H
stretching vibrations, are not present in the phosphite spectra, since there are no phenyl
groups in the phosphites. The strong v(P-O-C) bands, which are expected at about 1000

cm’', are masked by other bands in the same region, so cannot be identified.

M

MenPPh, neo-MenPPh,

PPh,

Diphenylmenthylphosphine (MenPPh,) and its epimer, diphenylneomenthyl-
phosphine (neo-MenPPh,) are closely related to MenOPPh, (compound 1). The two
epimers are frequently employed as optically active phosphorus ligands in the studies

on asymmetric induction via transition metal catalysts.”’ They were first prepared by
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Morrison and co-workers in the early 1970s,*® using the reaction between lithium or
sodium diphenylphosphide, obtained by treating chlorodiphenylphosphine with lithium®
or reacting diphenylphosphine with sodium, respectively, and (+)-neomenthyl*® or

menthyl chloride,*' derivatives of (-)-menthol (Equations 2-4 - 2-9).

PPh,Cl + 2Li — Ph,PLi + LiCl (2-4)

2PPh,H + 2Na —, 2Ph,PNa + H, (2-5)
MenOH + HCIL 2% MenCl + H,0 (2-6)
MenOH + HCl —— neo-MenCl + H,0 2-7)
Ph,PLi + MenCl — neo-MenPPh, + LiCl (2-8)
Ph,PNa + neo-MenCl —— MenPPh, + NaCl (2-9)

The yields of these two preparations are 34% for neo-MenPPh, from MenCl, and
25-30% for MenPPh, from MenCl, which are fairly low. The latter was later improved
to 51% by Tanaka and co-workers using the Grignard reaction (Equations 2-10 and 2-
11).

MenCl + Mg —— MenMgCl (2-10)
MenMgCl + CIPPh, —— MenPPh, + MgCl, (2-11)

Although the Grignard reaction offers a notably higher yield, this method was
not extended to the synthesis of neo-MenPPh,, since the preparation of a Grignard
reagent from an chiral alkyl halide where the halogen is attached to an asymmetric
carbon often results in significant racemization.’ The preparation of MenMgCl is a
rare exception. The overall conversion yield for MenPPh, from MenOH (less than 45%)
is still low, compared to that of the synthesis of MenOPPh,. With proper care taken to
prevent the Michaelis-Arbuzov rearrangement from occurring, compounds 1 - 9 can all
be readily synthesized with high yields.

In surprising contrast, however, attempted parallel synthesis of chiral

phosphinites, phosphonites, and phosphites starting from two other available terpene
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alcohols, (+)-fenchyl alcohol ((1R,2R,45)-1,3,3-trimethylbicyclo{2.2.1]heptan-2-ol) and
(+)-cedrol ((3R,3aS,6R,7R,8aR)-6-hydroxyl-1,2,4,5,8a-pentahydro-3,8,8-trimethyl-3a,7-
methanoazulene), was completely unsuccessful. In the first of these compounds, the
hydroxyl group is endo between two substituent methyl groups, which may block the
entering phosphorus centre, thus preventing the reaction. Cedrol differs from the other
terpene alcohols referred to in this chapter in that it is a tertiary alcohol, which could
easily lose the hydroxyl group to form a stable carbocation intermediate. The latter
could then lead to various products such as olefins or substituted cedrane compounds,

but not to any analogue of compounds 1 - 9.

......... et
2,
,

OH

Fenchyl alcohol Cedrol

Every compound in the series 1 - 9 exists as a single stereoisomer based on the
inherent natural property of the terpene fragment. These are so-called “backbone chiral”
molecules, where the stereogenic units are located within the substituting (backbone)
groups. Thus, the conventional optical resolution of these molecules can be avoided
when optically pure substituents are used, because the final product will have the same
enantiomeric excess if no racemization steps are involved during the synthesis. However,
most synthetic substituents are first obtained as a racemic mixture, which require usually
inefficient resolution steps to acquire high optical purity. In the cases where natural

available optically pure starting materials (such as the terpene alcohols discussed in this
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chapter) are used, optical resolution is completely avoided, and the final products may

be synthesized in high yields and optical purity.

<
N

O: cone angle

Figure 2-10. Tolman’s cone angle.

With one or more alkoxy groups (MenO, BorO, and Pin'O), each possessing ten
carbon atoms, compounds 1 - 9 may be viewed as bulky ligands. The steric bulk is a
very important parameter for a ligand. To quantitatively describe the size of a ligand,
the cone angle was introduced by Tolman as the apex angle of a cylindrical cone when
all ligand substituents are arranged so as to occupy as little space as possible (Figure 2-

10).* The cone angles of a series symmetrical phosphorus ligands are shown in Table

Table 2-8. Selected cone angles, O, for tertiary phosphorus ligands.

Ligand 0 () Ligand 0
PH, 87 P(cyclohexyl), 170
PMe, 118 PBu', 182
PEt, 132 P(o-tol), 194
PPh, 145 PEt,Ph 136
PPr, 160 PEtPh, 140
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2-8.> Although the size of 1 - 9 are comparable to that of cyclohexy! group or o-tolyl
group, the steric tensions between the substituents in 1 - 9 are not as high as in their
cyclohexyl or o-tolyl analogues, because the bulky alkyl fragments in the alkoxy groups
are distant from the phosphorus centre as they are connected through an oxygen atom.
Therefore, the cone angles of 1 - 9 are smaller than those of P(cyclohexyl), or P(o-tol)s,
as suggested by the V.T. NMR spectra of iron and cobalt complexes of 1 - 9 (see
Chapter 3). Nonetheless, the steric bulk of these compounds is estimated to be
comparable to that of PPh,, which is implied by the stereochemistry of the iron, cobalt,
and iridium complexes of 1 - 9 (see Chapters 3 and 4).

Another important parameter for any ligand is its electronic property. The
analysis of the IR and NMR spectra of the iron and cobalt complexes of 1 - 9 show
small but consistent change the Lewis basicity of these ligands. Detailed discussion will

be presented in Chapter 3.
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Chapter 3
SYNTHESIS AND CHARACTERIZATION OF CARBONYL IRON AND
COBALT COMPLEXES WITH CHIRAL PHOSPHORUS LIGANDS

3.A. Introduction

Following the synthesis of the first metal carbonyl complex, (PtCL,CO),, by
Schutzenberger in 1868,% carbonyl complexes of every transition metal element in the
periodic table were discovered over the last 120 years. The first binary transition metal
carbon monoxide complex, Ni(CO),, was reported by Mond et al. in 1890.*” Following
that, binary carbonyl complexes of Groups 6 - 9 elements and vanadium were all
synthesized as either mononuclear, or multinuclear species, illustrating that carbon
monoxide shows a strong tendency to form complexes with the middle elements (Groups
6 - 9). This is ascribed to the bonding mechanism between the carbonyl group and the
metal. According to the synergic bonding theory originally developed by Dewar,”
Chatt, and Duncanson,* carbon monoxide, which is a classic n-acid ligand, is believed
to bond to a metal centre through two types of orbital interactions simultaneously: a) o-
donation of electrons from the HOMO of CO, a weakly bonding G-orbital, into an empty
G type d orbital on the metal atom; b) n-back-donation from a filled & type d orbital on
the metal to the LUMO of CO, an antibonding w-orbital. The 6-bond between carbon
and the metal is strengthened by the back-donation of electrons from the metal centre,
so that the CO bond order decreases as the electron density in the anti-bonding LUMO
of CO increases. Because the back-donation of electrons from metal to CO requires the
metal to have filled 4 orbitals, in order to form stable metal carbonyl complexes high

electron density at d orbitals on the metal centre is needed. Thus, early transitions metals
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and transition metals in high oxidation states will not readily form metal carbonyl
complexes. For the last two triads, as the transition metal centre is approaching the p
block of the periodic table, the energy difference between the valence d orbitals and the
HOMO and LUMO of carbon monoxide becomes too big for there to be significant
overlap, so that the carbonyl complexes of these elements are also rare.

Extensive investigation on transition metal carbonyl complexes has been carried
out, partially due to their wide use as catalysts in numerous organic syntheses, especially
those involving carbon monoxide as a reagent. For example: Co,(CO); and Ni(CO), are
used as catalyst in the oxo process (Equation 3-1), and the Reppe synthesis®'
(Equation 3-2), respectively. In order to obtain higher efficiency under milder reaction
conditions, or better regio and stereoselectivity, various modifications to the binary
systems have been made. Among all substituents, tertiary phosphorus ligands are among
those most commonly employed, as illustrated by the modified oxo process: when
triethylphosphine is added to the Co,(CO); catalyst, fairly high yields can be

obtained.*

Co,(CO)

RHC=CH, + CO + H, RCH,CH,CHO or R(CCHO)CHCH, (3-1)

Ni(CO),

HC=CH + CO + H,0 CH,=CHCOOH (3-2)

Because the stretching frequencies of the carbonyl groups range from 1700 to
2200 cm™, where few other functional groups exhibit vibrational bands, IR spectroscopy
is the preeminent physical method for characterizing metal carbonyls, although *C NMR
spectra have become increasingly available in recent years. A considerable amount of
information, including the geometry of the molecule (with the aid of group theory), the
oxidation state of the metal centre, efc., may be deduced from the IR spectra of the

metal carbonyl derivatives.
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Metal carbon monoxide complexes were chosen to model the coordination
behaviour of the chiral tertiary phosphorus ligands discussed in Chapter 2, because not
only it is theoretically interesting to investigate their stereochemical properties and
internal bonding scheme, but also because they are potentially important as asymmetric
catalysts and are relatively easy to characterize by IR and NMR. Mononuclear mono-
and di-substituted iron(0) carbonyls and dinuclear di-substituted cobalt(0) carbonyls were

selected as specific target molecules.

co
.Co
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\co
Co
Fe(CO),.

Iron pentacarbonyl (Fe[CO],), discovered® * only one year after Ni(CO),, is
not only a good catalyst for hydrosilation reactions,” but is also a common starting
material for organoiron compounds.*® The neutral five-coordinate complex satisfies the
18-electron rule and adopts a trigonal bipyramidal structure. The five CO groups

undergo rapid interchange even at -170 ‘C.”* *® Stereochemical nonrigidity is a

Scheme 3-1. Pseudo-rotation of the five-coordinate complexes.
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common phenomenon with five-coordinate complexes, and it is accepted that the ligand
p p P g

interchange occurs via the pseudo-rotation mechanism originally proposed by Berry
(Scheme 3-1).5% % A series of mono- and di-substituted iron carbon monoxide
complexes substituted with various alkyl and aryl phosphines has been prepared from
Fe(CO), and their stereochemistry has been extensively studied.* In general it has been
observed that ligands occupy first the axial position and then di-substitution occurs to

give the trans diaxial species (Scheme 3-2).

co p p
Koo Ree .co
m F e\\\“‘ P (x: Fe\\“‘ P m Fe'.‘“‘
Co \co \co
Co co p

P: Tertiary phosphorus ligand

Scheme 3-2. Substitution of Fe(CO),

Because cobalt has an odd number (9) of valence electrons, its simplest binary

carbon monoxide complex that satisfies the 18-electron rule is Co,(CO);, which contains

o O cO Co
CLC co €0 o co ©OC
OC\ ‘/ ) ‘ \ ¢ \ N | CO
ac Co Co co OC — Co——— Co—CO Co—— Co
/ \co 8 “co | 7 | “co
oc co oC o CO
@) (b) (c)

Figure 3-1. Molecular structures of Co,(CQ),.
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a Co-Co bond. The molecular structure of Co,(CO)y in the solid state is shown in Figure
3-1(a).® In solution, however, two other structures (Figure 3-1(b) and (c)) appear. At
low temperature (77 K), structure (a) is most abundant, but the amount of the other two
increases with temperature. At 298 K approximately 30% of Co,(CO); adopts structure
(c), which predominates at higher temperatures.®
Various dimeric Co(0) carbonyl complexes containing other ligands can be
derived from Co,(CO),.*> The number of substituting ligands can be up to eight (e.g.
Co,[CNR],),* although with Lewis base ligands (such as phosphines) di-substituted
products appear to be most common. The crystal structures of several di-substituted
dimeric cobalt carbonyl complexes, such as Co,(CO)(PBu,),,5>
Co,(CO),[P(OPh),},, and Co,(CO)¢[PPh,(C,F)AsMe,],,*¥ have been determined,
showing the two phosphorus ligands occupying the two axial positions, without any
bridging CO ligands. However, IR studies in solution show evidence for CO-bridged
isomeric forms, although non-bridged isomers are favoured by higher temperatures, polar

solvents, and bulky ligands.*
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Di-substituted cobalt carbonyl complexes.

In this Chapter, the syntheses and characterization of mono- and di-substtuted
monomeric iron(0) and di-substituted dimeric cobalt(0) complexes containing ligands
from Chapter 2 are reported; the structural analysis of these complexes by IR and
variable temperature NMR spectrometry are discussed; and preliminary studies on

hydroformylation reactions under oxo conditions using several cobalt complexes as
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catalysts are presented.

3.B. Mono-substituted Iron Carbonyl Complexes

Tetracarbonyliron(0) complexes containing chiral phosphinite, phosphonite and
phosphite ligands (compounds 1 - 9) were synthesized by CoCl,2H,O catalyzed

reaction of excess Fe(CO), with the phosphorus ligands according to Equation 3-3.7

Fe(CO); + PPh, (OR), ——=2™ | Fe(CO),[PPh,(OR),] + CO

toluene

Compounds 10 - 18 (3-3)
Compound 10: R =Men, n=1; Compound 14: R =Bor, n=2;
11: Bor, 1 15: Pin’, 2;
12: Pin’, 1; 16: Men, 3;
13: Men, 2; 17: Bor, 3;
18: Pin', 3

Using this route, compounds 10 - 18 were obtained as either orange yellow
crystals or very viscous deep orange liquids in relatively high yields. These compounds
are soluble in most common organic solvents such as hexanes, dichloromethane,
chloroform, benzene, efc., showing increased solubility in the more polar solvents.
Compounds 10 - 18 are stable in air in the solid state. In solution, however, these
compounds decompose slowly when exposed to air.

Several other methods for preparing Fe(CO),L complexes including both direct
procedures, which are promoted either thermally” or photochemically,” and indirect
procedures, such as the reaction between the ligand and triiron dodecacarbonyl,” or

the reduction of iron(II) carbonyl halide complexes with phenyllithium in the presence



47
of the ligand,” have been reported. However, mixtures of the mono- and di-substituted
species are usually generated, and separation processes are required. The use of
CoCl,2H,0 as a catalyst sufficiently suppressed the formation of the di-substituted
products, that the separation step could be avoided. The function of the catalyst in this
reaction is not clear, but it is believed that a CoCLL, complex is formed first and the
interaction between this species and Fe(CO); facilitates the nucleophilic replacement of
coordinated CO by the phosphorus ligands.”

The IR spectra of the mono-substituted iron complexes were all recorded in
hexane solutions. The stretching frequencies of the carbonyl groups are listed in Table
6-6. As shown in a typical IR spectrum (that bf (CO),Fe[P(OPin'%),]) in Figure 3-2, each
spectrum consists of four carbonyl stretching bands, at around 2055, 1985, 1950 and
1942 cm™. As mentioned in the Introduction, the most common structure for mono-
phosphorus tetracarbonyl iron complexes is trigonal bipyramid with the ligand occupying

one of the axial positions (Scheme 3-2), and it belongs to either strict or approximate
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Figure 3-2. IR spectrum of (CO),Fe[P(OPin",]. 18.
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C,, point group, depending on the symmetry of the ligand. According to the group
theory, tetracarbonyl complexes with strict C;, symmetry possesses three bands in the
Veo stretching region (2A, + E). However, when the substituting ligand has a lower
symmetry, which is the case for compounds 10 - 18, the doubly degenerate (E) band
will be split into two adjacent absorptions. This is consistent with the four-band pattern
observed in the IR spectra of 10 - 18. If the complex is equatorially substituted (Figure
3-3), which occurs when an n-ligand, such as an olefin, is used,’® the molecule belongs
to the C,, point group, in which the four carbonyl groups should also display a four-
band pattern (2A, + B, + B,) in the v, region of the IR spectrum. To differentiate the
IR spectra of the C;, and C,, species, detailed calculations of the intensities of each band
have been reported by Darensbourg and co-workers, and the results show that the
intensity ratios between the two A, bands (the two bands at higher energy) are about 1
and 0.5 for the C,, and C, systems, respectively.” This further indicates that
compounds 10 - 18 are axially substituted, as the ratio of the intensities of the two A,

absorptions in the IR spectra of 10 - 18 are all about unity.

CO
CO
--------------- L ——Fe CCz
CO
CO

Figure 3-3. Equatorially substituted tetracarbonyliron.

Among the four CO stretching bands observed in each IR spectrum of 10 - 18,
the frequencies of the three absorptions below 2000 cm™ are shifted to lower energy in
comparison with those in the IR spectrum of Fe(CO),, whose two CO stretching bands

are located at 2022, 2000 cm™.” This is ascribed to the fact that the phosphorus
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ligands used to replace the CO groups are better 6-donors and poorer rt-acceptors than
carbon monoxide. Therefore, electron density on the iron centre in compounds 10 - 18
is higher than that in Fe(CQO),, so that excess electron density can be delocalized into
the antibonding orbitals of the CO groups. Thus, the bond strength is weakened and the
CO stretching frequencies are shifted to lower energy. By contrast, the A, band at
highest energy in each IR spectrum (10 - 18) is shifted to a higher frequency than that
of Fe(CO);. This may be due to the lack of trans CO vibrational coupling, which exists

Table 3-1. **P{*H} NMR coordination shifts* (A 8P_,) for compounds 10 - 18.

S P.m & Py A OP_,
Compound

ppm ppm ppm
(CO),Fe[P(OMen)Ph,], 10 164.1 107.3 56.8
(CO)Fe[P(OBor)Ph,], 11 167.9 110.6 57.3
(CO),Fe[P(OPin")Ph,], 12 167.9 109.9 58.0
(CO),Fe[P(OMen),Ph], 13 188.1 160.1 28.0
(CO),Fe[P(OBor),Ph], 14 197.4 157.9 39.5
(CO),Fe[P(OPin"),Ph], 15 194.0 158.4 35.6
(CO),Fe[P(OMen),], 16 163.7 147.5 16.2
(CO),Fe[P(OBor),], 17 173.6 143.5 30.1
(CO),Fe[P(OPin),], 18 169.4 142.8 26.6

* Chemical shifts are given in 8(ppm) relative to external 85% phosphoric acid solution.

All spectra were recorded in CDCI, solution.
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in Fe(CO),.”

Like those of the free ligands, the *P{'H} NMR spectra of 10 - 18 are very
simple. Each spectrum consists of one resonance, since there is only one phosphorus
atom in each molecule. The coordination shift, AS, which is the chemical shift difference
between the coordinated and free ligands, is positive for each of 10 - 18, i.e. the
chemical shift of the resonance in each spectrum is shifted downfield from
corresponding free ligand (Table 3-1), presumably due to an increase of electron
occupation of the phosphorus d, orbitals upon coordination.®

The “C{'H} NMR spectra of the mono-substituted iron complexes (compounds
10 - 18) are quite complex. The spectrum of Fe(CO),[P(OBor),Ph] is presented as an
example in Figure 3-4. A common feature for all *C{'H} NMR spectra of 10 - 18 is
that in the region above 200 ppm, every spectrum shows one doublet at about 213 ppm,
due to the carbon nuclei in the carbonyl groups coupling to the phosphorus atom Jo
is about 20 Hz). Although the four carbonyl groups are not all symmetry-related, since
in the axially substituted trigonal bipyramidal structure one carbonyl group occupies the
remaining axial position and the other three hold the equatorial sites, only one averaged
signal is observed due to the rapid interchange among the four carbonyl groups via the
pseudo rotation mechanism for five-coordinate species, as mentioned earlier.

The BC({'H} NMR spectra of the mono-substituted iron phosphinites complexes
(compounds 10 - 12) can be divided into three distinct regions of interest: the carbonyl
region, the aromatic region and the alkyl region. The carbonyl region consists of the
doublet mentioned above. The aromatic region (120 - 145 ppm) is predicted to show 12
resonances due to the twelve different carbon atoms in the two phenyl groups. However,
due to signal overlapping and coupling to the phosphorus nuclei, complicated patterns
and different numbers of resonances are observed for each complex. The alkyl region

(10 - 90 ppm) exhibits ten resonances, due to the chiral C,, alkoxy groups. The most
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Figure 3-4. “C{'H} NMR spectrum of Fe(CO),[P(OBor),Ph], 14.

downfield peak in this region is a doublet at about 80 ppm due to the a-carbon atom,
the splitting being caused by phosphorus coupling, with a two-bond coupling constant

of about 4 Hz. This peak is shifted upfield by about 2 ppm relative to the free ligands
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(Table 3-2). This small shift indicates that the coordination of the phosphorus atom to
the iron centre has little effect on the electron density at the «-carbon atom in the
alkoxy group.

The spectra of the phosphonite complexes (compounds 13 - 15) can be similarly
divided into three regions. The carbonyl region again consists of only one averaged
doublet at about 213 ppm. The aromatic region (120 - 145 ppm) is simplified because
there is only one phenyl group in every phosphonite ligand. However, the alkyl region

Table 3-2. ®C{'H} NMR data® for mono-substituted iron complexes and their
corresponding ligands.

8 COP_, 3 COP;, A 8COP,,
Compound

ppm ppm ppm
(CO),Fe[P(OMen)Ph,], 10 79.3 813 -2.0
(CO),Fe[P(OBor)Ph,], 11 84.3 86.3 -2.0
(CO),Fe[P(OPin’)Ph,}, 12 78.8 813 -2.5
(CO),Fe[P(OMen),Ph], 13 80.6, 80.4 79.6, 78.9 1.0, 1.5
(CO),Fe[P(OBor),Ph], 14 84.7, 83.8 84.1, 82.1 0.6, 1.7
(CO),Fe[P(OPin"),Ph], 15 79.4, 78.8 78.9, 77.8 0.5, 1.0
(CO),Fe[P(OMen),], 16 78.7 73.5 52
(CO),Fe[P(OBor),], 17 83.2 71.9 53
(CO),Fe[P(OPin'),], 18 77.7 72.9 4.8

* Chemical shifts are given in 8(ppm) relative to internal CDCl, with the middle branch

of CDCIl, signal set at 77.0 ppm. All spectra were recorded in CDCI; solution.
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(10 - 90 ppm) is much more complicated since there are two magnetically inequivalent
alkyl groups in each phosphonite ligand: this arises because the intrinsic chirality of the
alkyl groups lowers the symmetry of the molecule. There are therefore twenty signals
due to the twenty different carbon atoms. The only peaks that can be easily identified
are the two doublets due to the two o-carbon atoms in the two alkoxy groups. They are
around 80 ppm and split by the phosphorus atom (*Jpc ranges from 5.4 to 13.3 Hz).
These peaks are hardly shifted (Table 3-2) upon coordination, which again implies a
very small effect on the electronic environment of the a-carbon atoms.

The spectra of the phosphite complexes (compounds 16 - 18) are less complex.
Besides the doublet at around 213 ppm as the common feature discussed above, there
are only ten other peaks in each spectrum in the alkyl region (10 - 85 ppm) due to the
three equivalent alkoxy groups, which are rotationally related by the C; axis of the
molecule. Again, the most easily identified peak is the doublet around 80 ppm due to
the o-carbon atom in the alkoxy group coupling to the phosphorus atom (J,. is about
7 Hz). These peaks are shifted downfield by about 5 ppm on average upon coordination.

The 'H NMR spectrum of Fe(CO),[P(OBor),Ph] is shown in Figure 3-5 as an
example for compounds 10 - 18. The resolution of these spectra is lower than that of
the '"H NMR spectra of the free ligands. Therefore, the fine coupling patterns are not
always resolved. Generally, the spectra of the complexes are similar to those of their
corresponding free ligands. The only significant difference is the chemical shifts of the
signals due to the o-protons in the alkoxy groups. These peaks are on average shifted
downfield by about 0.4 ppm (Table 3-3). This may be because upon coordination, the
electron density in the ligand is shifted towards the metal centre, so that the a-protons
are deshielded.

Variable temperature *'P{'H} and 'H NMR spectra of 10 - 18 were acquired

from -90 °C to ambient temperature to investigate the stereochemistry of these
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Figure 3-5. '"H NMR spectrum of Fe(CO),[P(OBor),Ph], 14.

complexes. All spectra show little variation as the temperature decreases except for
slight chemical shift displacement (Figure 3-6, V.T. NMR spectra of

Fe(CQ),[P(OMen),]). When the temperature is approaching -90 °C, line broadening is



Table 3-3. 'H NMR data® for mono-substituted iron complexes and their
corresponding ligands.
d HCO,,.. 6 HCOy, A SHCO,,
Compound
ppm ppm ppm
(CO),Fe[P(OMen)Ph,], 10 421 373 0.48
(CO)Fe[P(OBor)Ph,], 11 4.62 4.26 0.36
(CO),Fe[P(OPin)Ph,], 12 4.77 431 0.46
(CO),Fe[P(OMen),Ph], 13 4.37, 3.69 3.80, 3.71 0.57, -0.02
(CO) Fe[P(OBor),Ph], 14 471, 4.52 4.38, 4.18 0.33,0.34
(CO),Fe[P(OPin'),Ph], 15 4.70, 4.66 4.39, 4.31 0.31, 0.35
(CO),Fe[P(OMen),], 16 4.14 3.72 0.42
(CO),Fe[P(OBor),], 17 4.61 4.33 0.28
(CO),Fe[P(OPin’),], 18 4.74 4.45 0.29
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* Chemical shifts are given in 8(ppm) relative to internal CDCl, with residual CHCI,

signal set at 7.24 ppm. All spectra were recorded in CDCI, solution.

observed, primarily caused by poor resolution due to sample precipitation and increased

solvent viscosity induced by the low temperature.

It is well known that even at very low temperatures, the five CO groups in

pentacarbonyliron undergo rapid internal exchange (vide supra). Similarly, for Fe(CO),L

complexes, the four carbonyl groups can not be distinguished in the low temperature

BC{'H} NMR spectrum; the only exceptions occur when very bulky ligands are

employed. Howell and co-works reported that at -75 °C, the averaged resonances for
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the carbons in the carbonyls in the "C{'H} NMR spectra of Fe(CO),[P(o-tolyl),] and
Fe(CO),[As(o-tolyl);] are resolved into two doublets, in 1:3 ratio, indicating that pseudo-
rotation among the carbonyl groups has been “frozen out”.* However, a similar
limiting low-temperature “C{'H} spectrum for Fe(CO),[P(o-tolyl),CH,Ph], where P(o-
tolyl),CH,Ph is only slightly less bulky than P(o-tolyl); or As(o-tolyl);, was not
observed. The “C{'H} NMR spectra of compounds 10 - 18 show no sign of resolution
at -90 °C, suggesting that the cone angles of ligands 1 - 9 are smaller than those of P(o-
tolyl), and As(o-tolyl), as expected, because (a) phenyl groups are considerably smaller
than o-tolyl groups in terms of their contribution to the cone angles of the ligands, and
(b) although the alkoxy groups are bulkier than the tolyl groups, the oxygen atom that
connects the phosphorus centre and the alkyl groups extend the distance between them
and relax the steric tension among the groups attached to the phosphorus centre. Due
to the latter reason, it can be predicted that the cone angles of the phosphinites are
larger than those of the phosphonites, which in turn are larger than those of the
phosphites.

For five-coordinate iron carbonyl complexes, the molecules seldom adopt
structures other than trigonal bipyramid unless chelating substituting ligands are
involved. The site preference of the substituting ligands in compounds of the type
Fe(CO),(L) has been extensively studied, and the results show that both steric and
electronic properties of the ligands should be taken into consideration. For steric reasons,
the substituting ligands will occupy the site that generates the least intramolecular
repulsion. Although the equatorial positions are believed to be more hindered than the
axial positions in five-coordinate complexes for ER, ligands because they can adopt a
configuration that is completely staggered with respect to the carbonyls,® the fact that
extremely bulky ligands, such as PPh(PPh,),,*® or P[C(SiMe,),][N(SiMe,),].¥ prefer

the equatorial sites indicates otherwise. However, the steric control of the ligands is
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effective only for exceptionally large ligands. Even P(t-Bu),, which has a cone angle*
of 182°, adopts an axial position in Fe(CO), in the solid state,” as a result of the
electronic effect (vide infra). Therefore, the stereochemistry of Fe(CO),L. complexes
depends more on the electronic properties of the substituting ligands, when they are of
normal bulk (i.e. with smaller cone angles than that of P(¢-Bu),, which is true for the
majority of tertiary phosphorus ligands, including compounds 1 - 9). Electronically, it
is usually assumed that in five-coordinate complexes, the ligand (such as the olefins, or
PF,) with better m-accepting abilities than CO adopts the equatorial position.® While
this is proven true in many cases, the o-donor properties of the ligands should also be
taken into consideration. Theoretical calculations show that for d® species such as these
iron(0) complexes, the stronger o-donor would prefer the axial position, or conversely,
the weaker o-donor would favour the equatorial site.®’” This provides the basis for
rationalization of the existence of equatorially substituted Ru(CO),(SbPh,)® and
Os(CO),(SbPh,)®, where SbPh, is considered as a poorer G-donor than carbon
monoxide.

As evidenced by the IR and NMR spectra of 10 - 18, the common axially
substituted trigonal bipyramidal structure is adopted by these complexes, which indicates
that compounds 1 - 9 are good ligands with comparable steric and electronic properties

to most of the tertiary phosphorus ligands, such as PPh,.

3.C. Di-substituted Iron Carbonyl Complexes

The Di-substituted tricarbonyliron(0) complexes containing chiral phosphinite,
phosphonite and phosphite ligands (compounds 1 - 9) were synthesized by the reaction
of phosphorus ligands with K[FeH(CO),], which was generated by the reaction of
Fe(CO), with KOH and reacted in situ (Equations 3-4, and 3-5).%
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EOH

Fe(CO), + 2KOH —2, K[FeH(CO),] + KHCO, (3-4)
K[FeH(CO),] + 2PPh, (OR), + EtOH —=, Fe(CO),[PPh, (OR),], + CO + H, + KOEt

Compounds 19 - 27 (3-5)

-
*

Compound 19: R =Men, n=1; Compound23: R=Bor, n=2
2

20: Bor, 1: 24: Pin}, :
21: Pin’, 1; 25: Men, 3;
22: Men, Z; 26: Bor, 3;

27: Pin’, 3.

Direct one-step synthetic methods for Fe(CO);L,, where L is a phosphine ligand,
have also been previously reported. However, these methods, including both thermal®
or photochemical®® reactions, not only produce the desired products in fairly low yields,
but also are accompanied with separation difficulties of the unreacted phosphines and
the mono-substituted complexes from the di-substituted products. Two other methods
using reducing agents Li(AlH,)” or Na(BH,)* afford fair to high yields, but they
demand either long reaction time or excess phosphines. The present preparative method
generates the di-substituted complexes via K[FeH(CO),], from which several other
important organoiron complexes such as FeH,(CO),[P(OR);],, where R = Me, Et, or Ph,
can be obtained.”® The advantages of this route is that only stoichiometric amounts of
phosphorus ligands are required, the reaction rate is relatively fast, and the product is
free from mono-substituted analogues.

Compounds 19 - 27 are yellow or orange solids. The yields for these compounds
vary from 50% to 90% depending on the ligand. These products can be dissolved in
most common organic solvents, with better solubility in polar solvents. In the solid state,

they are stable in air. In solution, however, they decompose slowly when exposed to
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Figure 3-7. Structures of di-substituted iron carbonyls.

atmospheric oxygen.

For di-substituted five-coordinate carbonyl complexes, there are three possible
structures, i.e. diaxial (trans, aa.), diequatorial (cis, ee.), and axial equatorial (cis, ae.),

which belong to D,,, C,,, and C, point groups, respectively (Figure 3-7). For the two cis
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Figure 3-8. IR spectrum of Fe(CO);(P(OBor),],, 26.
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conformations, three v, bands ([2A, + B,] for ee., and [2A" + A7] for ae.) are predicted
in each IR spectrum, whereas for the trans conformation, only one band ([A' + E"], but
the A" mode is IR inactive) will be generated in the same region. Each IR spectrum of
19 - 27 recorded in hexane solutions has only one strong v, band, at about 1900 cm,
as shown in Figure 3-8 for Fe(CO);[P(OBor),],. This confirms that compounds 19 - 27
are frans di-substituted trigonal bipyramids, which is the expected geometry as discussed
in the introduction. The CO stretching frequencies of compounds 19 - 27 are listed in
Table 6-10.

The vibrational frequencies of the CO stretching mode of the di-substituted iron
complexes are shifted to lower energy compared with those of the mono-substituted
compounds. This is accounted for by the increased electron density on the metal center
due to further replacement of CO group by another phosphorus ligand. Thus, more
electron density is back donated to the anti-bonding orbitals of the carbony! groups,
causing the CO bonds to be further weakened and the CO stretching bands to occur at
a lower frequency.

Each *'P{'H} NMR spectrum of the di-substituted iron complexes (compounds
19 - 27) consists of one line, indicating the two phosphorus atoms in each complex are
equivalent. This is consistent with the results obtained from the IR analysis, since in the
trans structure identified by IR spectrometry the two phosphorus atoms are equivalent.

Compared with their mono-substituted counterparts, the chemical shifts of 19 -
27 are shifted further downfield (Table 3-4). This may be explained by the increase of
electron occupation of the phosphorus d, orbitals because of more electron back
donation to phosphorus from the metal centre caused by the increase of electron density
at the metal center when the carbonyl group is replaced by the phosphorus ligand, since
phosphorus ligands are better G-donors and worse mw-acceptors than carbonyl groups.

Analogous to those of the mono-substituted iron complexes, each *C{'H} NMR
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Table 3-4. *'P{'"H} NMR coordination shifts* (A 5P,,) for compounds 19 - 27.

0P, d Py, A dP_,
Compound

ppm ppm ppm
(CO)sFe[P(OMen)Ph,],, 19 171.2 107.3 63.9
(CO);Fe[P(OBor)Ph,],, 20 175.1 110.6 64.5
(CO),Fe[P(OPin')Ph,],, 21 175.3 109.9 65.4
(CO),Fe[P(OMen),Ph],, 22 199.9 160.1 39.8
(CO),Fe[P(OBor),Ph],, 23 210.4 157.9 52.5
(CO),Fe[P(OPin'),Ph],, 24 207.4 158.4 49.0
(CO);Fe[P(OMen),],, 25 177.9 147.5 30.4
(CO),Fe[P(OBor),],, 26 188.9 143.5 45.4
(CO),Fe[P(OPin'),],, 27 184.7 142.8 41.9

* Chemical shifts are given in §(ppm) relative to external 85% phosphoric acid solution.

All spectra were recorded in CDCl, solution.

spectrum of the di-substituted iron complexes (compounds 19 - 27), as represented by
the spectrum of Fe(CO),[P(OMen),Ph], in Figure 3-9, can be divided into three parts
(two for the phosphite complexes since they do not possess any phenyl groups). The low
field part (above 200 ppm) consists of a triplet at about 213 ppm indicating that the
three carbonyl groups are equivalent and coupling to two equivalent phosphorus atoms.
The coupling constants (3Jpc) are about 30, 34, and 39 Hz for the complexes containing

the phosphinite, phosphonite, and phosphite ligands, respectively.
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Figure 3-9. “C{'H} NMR spectrum of Fe(CO),[P(OMen),Ph],, 22.

The middle part (125 - 145 ppm) of the ’C{'H} NMR spectra of the phosphinite
and phosphonite complexes (compounds 19 - 24) is the aromatic region. This region

bears strong resemblance to that in the mono-substituted complexes and is quite complex
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since the twelve carbons in the two phenyl groups of the phosphinite ligands or the six
carbons in the phenyl group of the phosphonite ligands are all inequivalent. This is
further complicated by signal overlapping and the splitting of some of the resonances
caused by phosphorus coupling. The resonances cannot be individually assigned due to
this complexity.

The high field part of the spectra is the alkyl region between 10 to 85 ppm. This

region also shows strong similarity to its counterpart in the mono-substituted complexes.

Table 3-5. “C{*H} NMR data* for di-substituted iron complexes and their

corresponding ligands.

Compound d COP,., 3 COP;, A dCOP,_,
ppm ppm ppm
(CO),Fe[P(OMen)Ph,],, 19 71.7 81.3 -3.6
(CO),Fe[P(OBor)Ph,],, 20 82.9 86.3 -3.4
(CO),Fe[P(OPin’)Phy],, 21 77.4 81.3 -3.9
(CO),Fe[P(OMen),Ph],, 22 78.8, 78.7 79.6, 78.9 -0.8, -0.2
(CO),Fe[P(OBor),Ph},, 23 83.1, 82.1 84.1, 82.1 -1.0, 0.0
(CO);Fe[P(OPin’),Phl],, 24 77.8,77.2 78.9, 71.8 -1.1, 0.6
(CO);Fe[P(OMen),],, 25 77.3 73.5 3.8
(CO);Fe[P(OBor),],, 26 81.6 77.9 3.7
(CO),Fe[P(OPin’),],, 27 76.4 72.9 3.5

* Chemical shifts are given in &(ppm) relative to internal CDCI,; with the middle branch

of CDCl, signal set at 77.0 ppm. All spectra were recorded in CDCl, solution.
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For the phosphinite and phosphite complexes, ten peaks are observed, since the
phosphinite ligand has one chiral alkoxy group with ten different carbon atoms while
in the phosphite ligand the three alkoxy groups are equivalent due to the C; symmetry.
The equivalence of the three chiral alkoxy groups in the phosphite complexes provides
further evidence to the trans structure, because the two cis structures in Figure 3-7 do
not possess C; axes. The peak furthest downfield in this region is, unlike those in the
spectra of the mono-substituted complexes, a singlet at about 80 ppm, showing no sign
of coupling to the phosphorus atom. This singlet is again assigned to the a-carbon atoms
in the alkoxy groups. For the phosphonite complexes, there are twenty peaks in this
region, since the twenty carbon atoms in the two alkoxy groups are all inequivalent.
Again, the only peaks that can be easily assigned are the two peaks around 80 ppm due
to the two a-carbon atoms in the two alkoxy groups. In all di-substituted iron
complexes, the oa-carbon peaks are hardly shifted upon coordination (Table 3-5),
indicating again, that the coordination of the phosphorus to the iron centre has little
effect on the electronic environment of the a-carbon atom.

The 'H NMR spectra of the di-substituted iron complexes are analogues to those
of the mono-substituted iron complexes as shown by the specttum of
Fc(CO)3[P(OPin‘)Ph,j2 in Figure 3-10. Due to rather poor resolution, the lines in these
spectra are broadened, and the fine coupling patterns are lost in most cases. The general
features of these spectra are similar to those of their corresponding ligands. The signals
due to the a-protons in the alkoxy groups are again shifted downfield by about 0.5 ppm
from those in the free ligands (Table 3-6), which is a downfield shift by about 0.1 ppm
from those of the mono-substituted species.

Each of the variable temperature *'P{'H} NMR spectra of the phosphinite and
phosphonite complexes (19 - 24) is resolved into two resonances at -90 "C while those

of the phosphite complexes (25 - 27) are not (Figure 3-11, V.T. *'P{'"H} NMR spectra
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of Fe(CO),[P(OBor),Ph}, and Fe(CO),;[P(OBor),],). The V.T. 'H NMR spectra of these

complexes do not show any meaningful features due to the poor resolution at low

temperature.
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Table 3-6. 'H NMR data® for di-substituted iron complexes and their
corresponding ligands.

d HCO,,,.. 6 HCOy;, A 8HCO_,

Compound
ppm ppm ppm

(CO),Fe[P(OMen)Ph,},, 19 4.36 3.73 0.63
(CO),Fe[P(OBor)Ph,l,, 20 4.82 4.26 0.56
(CO),Fe[P(OPin")Ph,},, 21 4.96 4.31 0.65
(CO),Fe[P(OMen),Ph],, 22 4.46, 3.84 3.80, 3.71 0.66, 0.13
(CO),Fe[P(OBor),Ph],, 23 4.83, 4.66 4.38, 4.18 0.45, 0.48
(CO),Fe[P(OPin),Phl,, 24  4.93, 4.74 4.39, 4.31 0.54, 0.43
(CO);Fe[P(OMen),},, 25 4.18 3.72 0.46
(CO),Fe[P(OBor),],, 26 4.62 4.33 0.29
(CO);Fe[P(OPin"),],, 27 481 4.45 0.36

* Chemical shifts are given in &(ppm) relative to internal CDCI, with CHCI, signal set

at 7.24 ppm. All spectra were recorded in CDCl, solution.

For complexes Fe(CO),L, where L = P(o-tolyl);, As(o-tolyl);, or P(o-
tolyl),CH,Ph, the two resolved resonances in each of their *'P{'H} NMR spectra at low
temperatures were assigned to the exo, and exo, isomers, respectively (Figure 3-12).%!
The resolution of the conformational isomers of the ligands, however, are not likely to
be the reason for the limiting low-temperature spectra for complexes 19 - 24, since no
similar resolution was observed for their corresponding mono-substituted complexes (10

- 15). Thus, the two resonances in each of the low-temperature *'P{'H} NMR spectrum
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of 19 - 24 are assigned to the staggered (major) and eclipsed (minor) isomers,

respectively (Figure 3-13).

PQ P
€X03 €X0,

Figure 3-12. Conformational isomers of P(o-tolyl);.

OR RO OR
Ph Ph
Ph
2 S P
OR
staggered eclipsed

R = Men, Bor, or Pin'

Figure 3-13. Conformational isomers of compounds 19 - 21.

The fact that the *'P{'H} NMR spectra of the phosphite complexes are not
resolved at -90 °C indicate that the cone angles of the phosphite ligands are smaller

than those of the phosphonite and phosphinite ligands. This is as expected for the
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reasons discussed in the previous section.

The site preference of the ligands in Fe(CO),L, species also depends on the
electronic and steric properties of the ligands. The arguments applied to the mono-
substituted systems are still valid for the di-substituted species. Since they are weaker
n-acceptors and stronger 6-donors than CO, normal tertiary phosphorus ligands prefer
the axial positions. Thus, most structurally characterized di-substituted tricarbonyliron
complexes have a frans geometry. Even when the two phosphorus donors are part of the
same chelating ligand, they would still occupy the axial position if the spacing between
the two phosphorus atoms is large enough.*® Only when the two phosphorus donors are
restrained within a short distance in a chelating ligand, would a cis isomer be formed
as the stable product, whose trigonal bipyramidal structures are usually very

distorted.””+%®

3.D. Cobalt Carbonyl Dimers

Synthetic methods for di-substituted cobalt(0) carbonyl dimers containing

phosphorus ligands include the direct reaction between the ligands and Co,(CO); in

benzene

Co,(CO), + 2PPh, (OR), Co,(CO)([PPh, (OR),], + 2CO

Compounds 28 - 36 (3-6)

Compound 28: R =Men, n=1; Compound32: R=Bor, n=2;

29: Bor, 1; 33: Pin', 2;
30: Pin, 1; 34: Men, 3;
31: Men, 2; 35: Bor, 3;

36: Pin', 3.
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nonpolar solvents at elevated temperature,” the high pressure reaction using cobalt
metal, the ligands, and carbon monoxide gas,'® and the reverse reaction of the
disproportionated products, [Co(CO),,L ][Co(CO),], under heat, among which the first
route is most convenient, and it is the procedure used to synthesize
hexacarbonyldicobalt(0) complexes with the chiral phosphorus ligands (ligands 1 - 9)
(Equation 3-6).

Complexes 28 - 36 were prepared as deep orange solids in 50% to 90% yields.
These compounds are soluble in most common organic solvents, exhibiting increased
solubility in polar solvents. The solid products showed no indication of decomposition
in air over a few months, while in solution, they decompose slowly when exposed to air.

Each of the IR spectra of 28 - 36 in hexane solutions shows four carbonyl
stretching bands, at around 1935 (w.), 1965 (st.), 1982 (m. st., sh.), and 2042 (w,) cm’),
as shown in the spectrum of Co,(CO)[P(OMen)Ph,], in Figure 3-14. No absorptions in
the range of bridging CO stretching frequencies (1700 - 1900 cm™) are observed, which

X Transaittance

{350.00 1900.00 1853.0
(S o

Figure 3-14. IR spectrum of Co,(CO),[P(OMen)Ph,],, 28.
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indicates that no isomers with bridging carbonyl groups are present in solution at
ambient temperature. As mentioned in the introduction, the expected structure for bis-
phosphorus substituted cobalt carbonyl dimers is the one in which the local geometry
of each cobalt centre is trigonal bipyramidal, and the P-Co-Co-P array is coincidental
with the C; axis of the molecule. There are two possible forms of this structure, i.e.
staggered and eclipsed (Figure 3-15, (a) and (b)), belonging to the D,, and D,, point
groups, respectively. Either of the two structures will produce two CO stretching bands.
For the staggered structure, they are A,, + E,, with the other two stretching modes, A,,
+ E,, being IR inactive, while for the eclipsed one, A,” + E are the IR active modes,
and the A,” + E” are IR inactive. Due to the similarity, the two conformations cannot
be distinguished by their IR spectra, although the staggered one is considered as more
probable since steric interactions between the two sets of radial carbonyl groups in this
structure would be reduced to a minimum.'® The IR spectra of 28 - 36 are compatible
with this conformation because the two stronger bands, at around 1965 and 1982 cm,
can be assigned to E, and A,, modes, respectively;'® the other two weak bands at
about 2042 and 1935 cm™ may be caused by A, and E, modes. Although forbidden by

the selection rules, the latter two absorptions are visible probably because the chiral

co co co
PR
p /Cp Co p p Co Co P
cd “co ’ cd "co o ‘co
Co
Staggered, D3y Eclipsed, D5,
(a) (b)

Figure 3-15. The staggered and eclipsed conformations of Co,(CO)¢P-.
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ligands in these complexes violate perfect D;, symmetry in these molecules.

The frequencies of v, bands in the IR spectra of 28 - 36 are lower than those
of Co,(CO); (2069, 2031, and 2022 cm™),'® again due to increased electron back
donation from cobalt to the CO antibonding molecular orbital, caused by phosphorus
substitution of CO group since phosphorus is a stronger G-donor and poorer m-acceptor
than CO.

Only one peak is found in each *'P{'H} NMR spectrum of compounds 28 - 36,

Table 3-7. *'P{'H} NMR coordination shifts* (A 5P_,) for cobalt dimers.

O P d Py, A OP_,
Compound

ppm ppm ppm
{(CO);Co[P(OMen)Ph,1},, 28 160.8 107.3 53.5
{(CO);Co[P(OBor)Ph,]},, 29 164.8 110.6 54.2
{(CO)3C0[P(OPi'n")Ph2] b 30 165.2 109.9 55.3
{(CO);Co[P(OMen),Ph]},, 31 187.4 160.1 27.3
{(CO);Co[P(OBor),Ph}},, 32 196.1 157.9 38.2
{(CO),Co[P(OPin"),Ph]},, 33 193.5 158.4 35.1
{(CO);Co[P(OMen),1},, 34 159.8 147.5 12.3
{(CO);Co[P(OBor),l1},, 35 171.1 143.5 41.0
{(CO);Co[P(OPin’),] }, 36 167.7 142.8 24.9

* Chemical shifts are given in 8(ppm) relative to external 85% phosphoric acid solution.

All spectra were recorded in CDCI, solution.
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since the two phosphorus atoms in each molecule are related with each other by C,
symmetry. The chemical shifts of all resonances are shifted downfield from

corresponding free ligands (Table 3-7). The coordination shifts are comparable to those

Figure 3-16. "C{'H} NMR spectrum of {Co(CO),[P(OPin’),Ph}}.. 33.
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for compounds 10 - 18, which suggests that the reason of the downfield shifts is same
as those for the substituted iron carbonyl compounds (10 - 27) discussed before.

The “C{'H} NMR spectra of 28 - 36 are rather similar to those of the di-
substituted iron carbonyl complexes. The spectrum of {Co(CO),[P(OPin"),Ph]}, is
presented as an example in Figure 3-16. Once more, the spectra can be divided into
three parts, i.e., the carbonyl region (above 200 ppm), the aromatic region (125 - 145
ppm), and the alkyl region (10 - 85 ppm).

Table 3-8. “C{'H} NMR data* for cobalt dimers and their corresponding ligands.

Compound 8 COP,... & COP,, A 5COP,
ppm ppm ppm
{(CO),Co[P(OMen)Ph,]}28 79.3 81.3 2.0
{(CO);Co[P(OBor)Ph,] },29 84.5 86.3 -1.8
{(CO),Co[P(OPin’)Ph,] },30 79.1 81.3 22
{(CO),Co[P(OMen),Ph]}31  79.9, 79.6 79.6, 78.9 0.3, 0.7
{(CO),Co[P(OBor),Ph]},32  84.3, 83.0 84.1, 82.1 0.2, 0.9
{(CO);Co[P(OPin’),Ph]},33  78.9, 78.5 789, 77.8 0.0, 1.7
{(CO),Co[P(OMen),]},, 34 77.6 73.5 4.1
{(CO),Co[P(OBon),]}, 35 82.4 77.9 4.5
{(CO),Co[P(OPin®),]},, 36 78.2 72.9 5.3

* Chemical shifts are given in §(ppm) relative to internal CDCl, with the middle branch

of CDCl, signal set at 77.0 ppm. All spectra were recorded in CDCl, solution.
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In the carbonyl region, there is a triplet at about 202 ppm in each spectrum. The
triplet is a result of “virtual coupling” of the two phosphorus atoms at the two axial
positions of the dimer. Although the three carbon atoms on each cobalt centre are only
directly coupling to the single phosphorus atom on the same cobalt centre, the fact that
the two phosphorus atoms are coupling to each other generates a non-first order pattern
appearing as a triplet. Such three-bond P-P coupling is indicative of a linear geometry
for the P-Co-Co-P fragment in each dimer.'* The coupling constants *Jp. range from
19 to 30 Hz (Table 6-15). In the aromatic region, except those of the phosphite
substituted dimers (compounds 34 - 36), which do not contain phenyl groups,
complicated patterns analogous to those found in the spectra of the carbonyl iron
complexes are exhibited. Likewise, in the alkyl region, all spectra of 28 - 36 show very
similar feature to the corresponding carbonyl iron complexes. The peaks due to the -
carbon atoms in the alkoxy groups are only slightly shifted upon coordination, and the
coordination shifts are very comparable to those of mono-substituted iron complexes
(Table 3-8).

The 'H NMR spectra of compounds 28 - 36 are also very similar to those of the
iron carbonyl complexes, as exemplified by the spectrum of {Co(CO);[P(OBor)Ph,]l},
in Figure 3-17. These spectra have very similar features to those of their corresponding
free ligands, except that the fine coupling patterns are not observed due to poor
resolution, and the signals due to o-protons in the alkoxy groups are shifted downfield
by about 0.4 ppm (Table 3-9).

Variable temperature *'P{'H} and 'H NMR spectra of 28 - 36 were obtained in
CD,Cl, solutions. The 'H V.T. NMR spectra show little of significance as the signals
are very broad. The *P{'H} V.T. NMR spectra do not show any changes from ambient
temperature to - 90 ‘C except slight displacement in chemical shifts and considerable

line broadening at low temperatures (Figure 3-18, *'P{'H} V.T. NMR spectra of
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Figure 3-17. 'H NMR spectrum of {Co(CO);[P(OBor)Ph,}},, 29.

{Co(CO),[P(OMen)Ph,] },). The staggered and eclipsed conformational isomerism for

the two trans phosphorus ligands, such as observed for di-substituted iron complexes (19

- 24), were not observed for 28 - 36, presumably due to the longer distance between the



Table 3-9. 'H NMR data* for cobalt dimers and their corresponding ligands.
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Compound 3 HCO,,, & HCO,;, A 8HCO,,
ppm ppm ppm
{(CO),Co[P(OMen)Ph,] },28 421 3.73 0.48
{(CO),Co[P(OBor)Ph,1},,29 4.70 4.26 0.44
{(CO);Co[P(OPin’)Ph,] },,30 4.85 4.31 0.54
{(CO);Co[P(OMen),Ph]},31 4.27, 3.81 3.80, 3.71 0.47, 0.10
{(CO),CofP(OBor),Ph}},,32 4.70, 4.59 4.38, 4.18 0.32, 041
{(C0),Co[P(OPin"),Ph] },,33 4.82, 4.70 4.39, 4.31 0.43, 0.39
{(CO),Co[P(OMen);1},, 34 4.11 3.72 0.39
{(CO),Co[P(OBor),1},, 35 4.61 4.33 0.28
{(CO),Co[P(OPin’),]},, 36 4.78 445 0.33

* Chemical shifts are given in &(ppm) relative to internal CDCl, with CHCI, signal set

at 7.24 ppm. All spectra were recorded in CDCI, solution.

two phosphorus ligands in the cobalt dimers since they are separated by two cobalt

atoms, rather than the single iron atom in the di-substituted iron monomers. Although

it is believed that more carbonyl bridged isomers will be formed at low temperatures,

the isomers with or without bridged carbonyl groups are not resolved in the NMR

spectra within the temperature range for the V.T. NMR experiment, even if the bridged

isomers were generated.
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Figure 3-18. *'P{'H} V.T. NMR spectra of {Co(CO),[P(OMen)Ph,] },, 28.
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The cobalt carbonyl complexes, as mentioned in the introduction, are well known
catalysts for hydroformylation reactions under oxo condition (Equation 3-1), chemistry
that was discovered by Roelen in 1938.'° In view of its versatility in the
functionalization of C=C bonds, hydroformylation became the world’s largest industrial
homogeneous catalytic process.'® In this process alkenes react with hydrogen and
carbon monoxide to give either linear or branched aldehydes (Scheme 3-3).
The reaction proceeds only in the presence of a catalyst. In general, two other
reactions compete with hydroformylation:

(a) Hydrogenation

RCH=CH, + H, RCH,CH,
RCH,CH,CHO + H, RCH,CH,CH,OH
(b) Isomerization
RCH,CH=CH, RCH=CHCH,

Therefore, in order to minimize the formation of the hydrogenation and isomerization

products, the catalyst has to be chemoselective, i.e., able to selectively catalyze the

co - pressure, heat
R N—— * T > /\/U\
—— catalyst R H

linear product

or

branched products

Scheme 3-3. Hydroformylation of olefins.
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generation of one functional group over others. Meanwhile, depending whether the linear
or branched aldehyde is desired, the catalyst must also be able to selectively maximize
the yield of the product in demand, i.e., be regioselective. Since most of the starting
olefins, such as 1l-hexene, or styrene, are prochiral, when branched aldehydes are
produced, the products will be chiral. Therefore, in order to obtain products with high
enantiomeric excess, which is often required, catalysts that can preferentially induce the
formation of one enantiomer of the product over the other are desired. As discussed in
the Introduction, such enantioselective catalysts must be optically active, and asymmetric
transition metal complexes are potential candidates for this function. As the demand for
optically pure chiral aldehydes, a class of very important building blocks, is increasing
rapidly, much research has been devoted to asymmetric hydroformylation, using various
chiral ligands, such as DIOP, BINAP, etc., on different metal centres, such as Rh, Pt,
or Co.'”” In order to examine the potential for asymmetric induction of ligands 1 - 9,
hydroformylation of 1-hexene under oxo conditions, using {Co(CO),[P(OBor)Ph,]},
29). {Co(CO),[P(OPin)Ph,]}, (30), (Co(CO);[P(OBor),Phj}, (32), or
{Co(CO),[P(OPin’),Ph]}, (33) as catalyst was investigated. The results are shown in
Table 3-10. Low to zero conversion rates were observed for these catalysts, probably
due to relatively low pressure (CO : H, = 600 : 600 psi) and low temperature (70 “C)
applied to these reactions (for oxo reactions using cobalt catalysts, the pressure is
usually above 1500 psi and the temperature over 100 ‘C).'” Experiments under normal
oxo conditions were not attempted due to the limitation of the equipment available.
Although the conversion rate was low, the catalyst did show some chemo and
regioselectivity, since virtually no hydrogenation and isomerization products were
formed and the linear product was formed preferentially. The enantioselectivity was not
investigated due to the low conversion rate. Better results may be obtained with more

suitable reaction conditions or substrates.
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Table 3-10. Results for hydroformylation of 1-hexene catalyzed by cobalt dimers.

Catalyst Conversion (%)*  ROH (%)’ n:b
{Co(CO),[P(OBor)Ph,]},, 29 7 0 2.1:1
{Co(CO),[P(OPin)Ph,] },, 30 3 <05 -
{Co(CO),[P(OBor),Ph] },, 32 <1 0 -
{Co(CO),[P(OPin’),Ph]},, 33 <1 0

* Total conversion to oxygenated products (principally aldehydes and alcohols). °

Percentage of heptanol in total hydrocarbons. © Ratio of linear to branched products.

In conclusion, chiral tertiary phosphorus ligands 1 - 9 can be reacted with
transition metals to form complexes as expected. These ligands are bulky (although not
extraordinarily so) and may have potential for asymmetric induction. The mono- and di-
substituted iron carbonyl complexes containing these ligands (10 - 18) possess the
predicted trigonal bipyramidal structure, with the phosphorus ligands at one or both axial
positions. The structures of the di-substituted cobalt complexes are also analogous to
those of the known compounds in the same class, with the two phosphorus ligands
occupying the two axial sites. The coordination shifts from multinuclear NMR
experiments show small but consistent differences for the three classes of ligands (i.e.
the phosphinites, phosphonites, and phosphites), suggesting differences in the electronic
properties among these ligands. Since alkoxy groups have stronger conjugative effects
than phenyl or alkyl groups, phosphites are believed to be more basic than
phosphines.'® When the mixed ligands such as the phosphinites or the phosphonites
are also taken into consideration, the order of the basicity of these ligands would be:

phosphite > phosphonite > phosphinite > phosphine. Together with the steric bulk trend
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among these ligands being: phosphite < phosphonite < phosphinite, as evidenced by the
results from the V.T. NMR experiments, the orderly changes in the electronic and the
steric properties for these three classes of ligands may provide basis for designing

desired ligands in a systematic way.

Figure 3-19. Molecular structure of (CO),Fe[P(OMen),], 16.

The first solid state structural profile of P(OMen); was recently provided by Dr.

Tuscano, et al., along with the crystallographic analysis of (CO),Fe[P(OMen),] (16).
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Table 3-11. Important interatomic distances and bond angles in compound 16.*

(a) Bond

distances: Distance (A) Atoms Distance (A)
Atoms
Fe(1)-P(1) 2.189(3) Fe(1)-C(1) 1.796(14)
Fe(1)-C(4) 1.771(14) 0(2)-C(2) 1.122(18)
O(4)-C(4) 1.140(17) P(1)-0(6) 1.573(8)

(b) Bond angles:

Atoms Angle (°) Atoms Angle (°)
C(1)-Fe(1)-P(1) 89.94) C(4)-Fe(1)-P(1) 175.9(5)
C(1)-Fe(1)-C(2) 117.1(6) C(1)-Fe(1)-C(4) 93.6(6)
Fe(1)-C(1)-0(1) 178.1(13) Fe(1)-P(1)-O(5) 117.4(3)
0O(5)-P(1)-0(6) 100.9(4) P(1)-O(5)-C(5) 126.5(7)

* Estimated standard deviations are given in parentheses.

There are four molecules in each orthorhombic unit cell. As inferred from the IR and
NMR spectra, the five-coordinate complex adopts a trigonal-bipyramidal structure, with
the phosphorus ligand occupying the axial position (Figure 3-19). The ligand is indeed
very bulky, with the methyl groups in two of three menthoxy ligands appearing on the
other side of the equatorial plane. All bond lengths and bond angles are within expected
range (important bond lengths and bond angles are listed in Table 3-11). Detailed

crystallography data are listed in the appendix.
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Chapter 4
PYRAZOLYL-BRIDGED IRIDIUM DIMERS
WITH CHIRAL PHOSPHORUS LIGANDS

4.A. Introduction

Oxidative addition is a reaction of a metal complex with a substrate that causes
an increase in both the coordination number and formal oxidation state of the metal
centre. This and its reverse process, reductive elimination, are two very important types
of reactions in transition metal chemistry, since they have been widely recognized as
pivotal steps in many transition metal catalyzed cycles.'” Generally, there are two
types of oxidative addition reactions, i.e. one-centre and two-centre oxidative addition.
The former refers to those reactions involving only monomeric metal complexes, and
obviously, the latter is referring to those involving dinuclear metal complexes.

Scheme 4-1 outlines some typical one-centre oxidative addition reactions. The
most common one is the first reaction (Equation 4-1), during which X-Y adds to a
single metal centre to give a product whose oxidation state and coordination number

have increased by two. Reactions resulting in two-electron oxidation of the metal and

LM + XY — , Y_LM*2X (4-1)
LM + X—Y — . [LM*2XP[YT (4-2)
AM + XY — LM X + MY (4-3)
AM + X—Y — XL MMt Y (4-4)

Scheme 4-1. One centre oxidative addition.
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only unit increase of the coordination number (Equation 4-2), or only unit increases in
both oxidation state and coordination number (Equations 4-3, and 4-4) are also known.
The last reaction (Equation 4-4) is classified into the one-centre oxidative addition
reactions, because the starting metal complex is a mononuclear species, although a
metal-metal bond is formed in the product.

One-centre oxidative addition reactions, especially those of Vaska’s complex,
trans-[Ir(CO)(CI)(PPh,),], and [Pt(PPh,),] have been extensively studied.'®®''° The
main effort has been focused on the elucidation of the mechanism. The results show that
the mechanism for these reactions varies considerably, depending on several factors,
including the properties of the substrates, the metal centres, and the auxiliary ligands.
At least three different reaction mechanisms have been identified: (a) nucleophilic
addition (Sy2 addition), observed with only small primary alkyl halides (e.g.: methyl
iodide); (b) radical addition, usually responsible for the oxidative addition of ethyl or
higher alkyl halides; (c) concerted three-centre addition, identified for reactions of
dihydrogen and silicon hydrides with electron-rich complexes.

Two-centre oxidative addition reactions can be classified into three types
(Scheme 4-2): (a) two-centre addition causing single-electron oxidation at each metal

centre and formation of metal-metal bond (Equation 4-5); (b) two-centre addition

M M + XY — XML MrLyY (4-5)
M_M + XY — , X_M*' MLy (4-6)
M* M* + XY — M* M*2_X 4-7)
I
Y

Scheme 4-2. Two centre oxidative addition.
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causing single-electron oxidation at each metal centre and cleavage of metal-metal bond
(Equation 4-6); (c) single-centre two-electron oxidative addition producing a heterovalent
complex (Equation 4-7). Since the first report of a type (a) reaction by Schmidbauer and
co-workers'"! in the middle of 1970s, numerous other similar reactions have been
reported,'? " ''* most of which involve late transition metal complexes. Reactions of
type (b) are typical for early transition metal dimers containing a metal-metal bond.''®
Type (c) amounts to a one-centre oxidative addition similar to Equation 4-1. This type
1s not common, but has been shown as an intermediate step in two-centre oxidative

addition reactions.'!’ 18

Compared to reactions involving mononuclear species, the mechanistic details
of the oxidative addition reactions of dimeric complexes are not as well understood,
despite the importance of such chemistry as a basis for understanding cooperative
intermetallic effects, especially in relation to reactivity at metal-metal bonds'’ and
cooperative catalytic action. The principles established from these dimeric complexes
may be translated into the context of polynuclear species and ultimately to substantiate
a “cluster/surface” analogy.'?

A number of pyrazolyl bridged iridium(l) dimers and their oxidative addition
reactions with various substrates including alkyl halides, dihalides, and dihydrogen have
been reported by Stobart and coworkers.' - * The pyrazolyl anion is derived from

pyrazole when the proton on one of the two nitrogen atoms is removed by a base. The

Pyrazolyl anion.
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negative charge makes the anion aromatic and the two nitrogens equivalent. The anion
normally functions as a bridging ligand in transition metal complexes with the two
nitrogen atoms bonding to two metal centres. This bridging ligand is a particularly good
choice for the studies on two-centre oxidative addition reactions of dimeric complexes
because it possesses some useful properties, such as: (a) it can accommodate a wide
range of metal-metal separations (from 2.623 A in Ir,(COD),(p-pz),(n-CF,CEy)" to
4.339 A in [TiCp,(p-pz)],)"”", which often arise within a binuclear system when it is
subjected to redox changes, especially when the changes cause metal-metal bond
formation or cleavage (Equations 4-5, and 4-6 on page 86); (b) it is resistant to bridge
cleavage, hence enhances the stability of the dimeric system; (c) it can bind to a metal
in a number of oxidation states; and (d) it is unreactive to many reagents which add to
the metal centres, thus makes the oxidative addition using a variety of substrates
possible.

The focus of the research on the chemistry of pyrazolyl bridged iridium dimers
has been the oxidative addition reactions of [Ir(COD)(p-pz)], (37), [Ir(CO),(u-p2z)], (38),
and [Ir(CO)(PPh,)(p-p2z)], (39), among which exist some common structural features: (a)
Each iridium atom is in a +1 oxidation state with 8 4 electrons and a local square planar
geometry. A facile oxidative addition to these unsaturated electron rich iridium centres
is expected, as evidenced by the chemistry of Vaska’s complex, [Ir(CO)(CI)(PPh,),]. (b)
The two iridium atoms and the four nitrogen atoms in the two pyrazolyl bridges in each
molecule form a six-membered ring with a boat conformation (Figure 4-1). The boat
conformation is also adopted by many other bis-pyrazolyl bridged dimers, but complexes
with other conformations do exist. For example, the central core in [Ni(NO)(u-3,5-
Me,p2)],'*® is planar while those in [Ti(Cp),(p-pz)]l,"’ and [Rh(C,Me,)Cl(p-pz)],"*’
adopt a chair conformation (Figure 4-2).

In spite of the similarities among the structures of compounds 37 - 39, the
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(Ir(CO)(COD)(-p2)}a, 37

oc’"/ \ PPh,
PPh, co
[Ir(CO)(PPh3)(u-p2)],. 39

Figure 4-1. Molecular structures of compounds 37 - 39.
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Figure 4-2. Molecular structures of selected pyrazolyl bridged dimers.
structure of 39 is different than the other two in terms of the symmetry considerations.
Each of the molecules of 37 and 38 possesses one C, axis and two symmetry planes.
Therefore, both 37 and 38 belong to the C,, point group. In compound 39, however, two
different terminal ligands, CO and PPh;, are coordinated to each iridium centre, and
either pair of CO groups or PPh; groups in each dimer are trans to each other, resulting
in the loss of the planar symmetry which exists in 37 and 38, leaving only one

symmetry operation other than the identity E: a C, rotational axis. The complex,
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therefore, belongs to the C, point group, and is inherently left- or right-handed, i.e. is
atropisomeric and is chiral.

Thus, compound 39 is interesting due to its potential capacity for asymmetric
induction if it can be made to function as a homogeneous catalyst, as discussed in the
Introduction. However, this is achievable only if the complex is not only chiral, but is
also separable into its enantiomers, (i.e. is resolvable): a racemic mixture would catalyze
a reaction with opposite stereochemistry and so produce a racemic product. It is
questionable whether 39 can be isolated as enantiomers under normal conditions, since
it is a conformationally chiral compound, in which the enantiomers can in theory be
interconverted without breaking any covalent bonds. As shown in Scheme 4-3, the

interconversion between the two enantiomers (atropisomers in this case) of 39 is effected

A A

. Ir Ir v : JIr “
PPh, / \ ‘co : co” / \ PPh,
(6{0) PPh, : PPhy CO
) ' (R)
) 180°
Ring- rotation
inversion about
Ir-Ir axis
PPh; CO

®
/ o
I\\\\\\\uunuuu

/-\zpz v

Scheme 4-3. The ring-inversion of compound 39.
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by inversion of the six-membered central bimetallocycle, a process that is conceptually
related to the well-known ring inversion of cyclohexane. Ring inversion is thus
important in relation to compound 39 since it will dictate whether or not this complex
is useful in the context of asymmetric catalysis: the existence of the planar and the chair
conformations in other M,(u-pz), systems'’ - ** suggests that the ring-inversion may be
feasible.

Since enantiomers are indistinguishable by spectroscopy, the ring inversion
process in 39 cannot be investigated by NMR spectroscopy, so that to use the latter as
a probe it is necessary to modify the structure of the complex. This can be achieved by
introducing an optically pure chiral centre into compound 39, so that diastereomers will
be generated that are distinguishable by NMR spectroscopy. In addition, such
modification could lead to separation of the two diastereomers, since the latter will have
different physical properties. To investigate this, new diiridium(l) complexes were
prepared using several of the optically active tertiary phosphines described in Chapter

2. The central ring inversion process of {Ir(CO)[PPh,(OBor)](p-pz)}, is also discussed.

A Mc\ /I

Mel
o r “a, —> o o g
Ll_..-"/ \ o I-Q L[_‘_.-‘ / \ I-/],
L, L, L, Ly
Compounds 37 to 39
Compounds 37: L;L, = COD
38: L, = L, = CO
/\ = Pz 3_9_: Ll = CO. L2 = Pph3

Scheme 4-4. Oxidative addition to the diiridium(I) systems.
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Oxidative additions of alkyl halides to the iridium(I) dimers 37 - 39 belong to

the first type of two-centre oxidative addition reactions (Equation 4-5 on page 86), with
the alkyl group and the halide anion bonding to different iridium centres accompanied
by the formation of iridium-iridium bond (Scheme 4-4). The resulting adducts were the
first examples of 4’ iridium(II) species. Detailed kinetic studies on the oxidative addition
of methyl iodide to 37 and 38 have been carried out, showing evidence for different
mechanisms for these two dimers. When methyl iodide is added to 38, the reaction is
believed to proceed irreversibly via a Sy2 mechanism (Scheme 4-5). By contrast, based
on measured activation parameters a concerted four-centre transition state is proposed

for the oxidative addition of Mel to 37 (Scheme 4-6), which establishes an equilibrium.

L1
Me [ ]
(A Me\kﬁm-

“Ir Ir : Ir
.~“°‘\\\ ”"""—. —> ..-"“‘\ N .,
Cb/ \ " co cb/ \ ‘co
co co o co
|

Me A [
\ /

—_— I Ir
~ - oz CO/ \ ‘co
Cco co

Scheme 4-5. S2 mechanism for oxidative addition of Mel to 38.

The kinetics of the reaction between Mel and 39 have not been investigated in

detail. Although preliminary results from the kinetic studies support a S,2 type reaction,
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Scheme 4-6. Concerted mechanism for oxidative addition of Mel to 37.

other reaction pathways cannot be entirely eliminated. In this chapter, oxidative addition
of Mel to {Ir(CO)[PPh,(OBor)](u-pz)},, which is structurally related to 39, is discussed
in relation to the ring inversion process. Oxidative additions of bulky chiral alkyl iodides
(exo- and endo-norbornyl iodide) to [Ir(CO),(u-pz)], (38) are also examined. The results

show evidence for a mechanism that is different from that of the Mel addition.

4.B. Pvrazolyl-bridged Iridium(I) Dimers With Chiral Phosphorus Ligands

Pyrazolyl-bridged iridium(I) dimers containing chiral phosphorus ligands are
synthesized using an analogous route to [Ir(CO)(PPh,)(p-pz)],. First, [Ir(CO),(n-pz)],
(38) is generated by replacement of cyclooctadiene ligands in (Ir(COD)(p-pz)], (37) by
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CO. This is followed by the substitution of the carbonyl groups in 38, which is reacted

in situ with one of the phosphorus ligands, as shown in Scheme 4-7.

2IrCl, 3H,0 + 2COD + 2CH,CH,0H —22%, [I(COD)(u-Cl), + 4HCl + 2CH,CHO + 6H,0

[INCOD)(u-Cl)], + 2pzH + Et;N — %, [ICOD)(u-pz)], + 2EL,N-HCI
(ICOD)(p-p2)], + 4CO — ™, (IXCO),(u-p2)], + 2COD

AN

r I
+ PPhy ,(OR), —»
ocC/ " CO "
o] \co
£\ X\
I Ir . I Ir,
Ph3_,,(0R),,P"/ \""co oc’/ \""PPh3_n(OR)n
CO  Phy,P(OR), PPh; ,(OR), CO
&) (R)
N T P2 Compounds 40 to 42

Compound 40: R =Men, n=1;

41: Bor, I;
42: Men, 2.

Scheme 4-7. Syntheses of compounds 40 - 42.

All products are orange crystalline solids, and are stable in the solid state when
protected by an inert atmosphere. The compounds are soluble in dichloromethane,
chloroform, THF, benzene, and toluene, whereas in saturated hydrocarbon solvents, such

as hexanes, the solubility is low.

After purification, the *'P{'H} NMR spectrum of each of compounds 40 - 42

exhibits two resonances of unequal ratio (Figure 4-6, see page ), indicating that each
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product consists of a pair of diastereomers, as predicted in Scheme 4-7; only one
resonance will be generated by each diastereomer since in each isomer the two
phosphorus atoms are related by C, rotation. The ratios are 33:67, 40:60, and 26:74 for
40, 41, and 42, respectively, as determined by the integration of 'H NMR spectra. This
suggests that the ligand containing more chiral alkoxy ligands leads to a more significant
free energy difference between the two diastereomers, so that one is favoured more
strongly over the other in the thermodynamic distribution.

The signals are shifted upfield from those of the corresponding free ligands
(Table 4-1). This is opposite to what was found for the coordination shifts of the iron
and cobalt carbonyl complexes. In the latter (compounds 9 - 36), the three or more
carbonyl groups at each metal centre delocalize a significant amount of electron density
into the CO n" orbitals, making the central atom relatively electron deficient. Therefore,
the phosphorus ligands in these compounds can act as strong 6 donors with little & back
donation, showing large electron deshielding effects in the NMR spectra. In compounds

40 - 42, however, the electron density at the iridium centre, at each of which there is

Table 4-1. *'P{'H} NMR coordination shifts* (A 8P, ) for compounds 40 to 42.

OP, . 3 Py, A OP_,
Compound
ppm ppm ppm
{Ir(CO)[P(OMen)Ph,](p-pz)},, 40 94.2,92.6 107.3 -13.1, -14.7
{Ir(CO)[P(OBor)Ph,]J(n-pz)},, 41  96.8, 95.8 110.6 -13.8, -14.8
{Ir(CO)[P(OMen),Ph](p-pz)},, 42 115.3,111.8 160.1 -44.8, -48.3

* Chemical shifts are given in 8(ppm) relative to external 85% phosphoric acid solution.

All spectra were recorded in C,D4 solution.
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only one carbonyl group present, is considerably higher. Because of this, the phosphorus
ligands in these compounds function not only as ¢ donors, but also as ® acceptors,

leading to electronic shielding effects in the NMR spectra.

I I llltr ﬁ7‘l"l’rfﬁr‘l1x‘rrl.r‘rx
ppm 8 7 6 2 1

Figure 4-3. 'H NMR spectrum of {Ir(CO)[P(OBor)Ph,](n-pz) },.
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The 'H NMR spectrum of compound 41 is shown in Figure 4-3. Since each
complex exists as two diastereomers in solution, up to double the number of peaks
anticipated for a single configuration may be observed in each spectrum. The pyrazolyl
bridge proton signals are assigned by analogy with the triphenylphosphine analogue
[Ir(CO)(PPh,)(n-pz)},, 39."° For 39, the peaks due to H*', H**, and H** (the labelling
scheme of the bridge protons is shown in Figure 4-4) are located at 7.58, 5.84, and 6.52
ppm, respectively (in CD,Cl, solution). The assignment is based on the following
arguments: a) H** protons are expected to be deshielded the least among the pyrazolyl
protons as they are farther away from the nitrogen atoms. b) Using a comparison to
[Ir(CO),(p-pz)},, where H** protons exhibit signals at 7.70 ppm, the resonances at 7.58
and 6.52 ppm in the '"H NMR spectrum of 39 are respectively assigned to H**" and H**,
since the former is cis to the phosphorus ligand, experiencing less shielding effect than
the latter, which is trans to the phosphorus. For the same reason, for compound 40, the
multiplets at 5.73 and 5.76 ppm are due to H**' nuclei in the two diastereoisomers and
the peaks at 7.62 and 7.58 ppm are assigned to H** atoms. The H>* peaks are buried
under the phenyl multiplets from 6.8 to 7.3 ppm. Each of the two peaks of H**' is made

up of two triplets overlapping each other showing an apparent sextet. The triplet is due

H4
l
C
w-c”C ) c-i
\N N/ P
0C e N
AN
p” \/N —N CO P = P(OMen)Ph,, 40
3 -5
SN A P(OBor)Ph,, 41
C
[, P(OMen),Ph, 42
Hd

Figure 4-4. Labelling scheme for bridge protons in compounds 40 - 42.
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to proton-proton coupling within the pyrazolyl ring (J,y = 2.2 Hz), while the doublet
splitting is caused by the trans phosphorus coupling (*J, = 1.2 Hz). The H** resonances
are doublets (Jy; = 2.1 Hz) due to the coupling to H**".

The peaks due to the coordinated tertiary phosphine (BorOPPh,) are difficult to
identify individually, with the exception of the peaks due to the a-protons in the chiral
alkoxy groups; these protons appear at 5.83 and 5.66 ppm for the two diastereomers.
The 'H NMR spectra for compounds 41 and 42 are assigned similarly. The data are
shown in Table 4-2.

Only one broad absorption is observed in the CO stretching region of each of the
compounds 40 - 42. This implies that any difference in v frequencies between the
two diastereomers is too small to be detected (Table 6-18). The frequencies of the v,
bands for compounds 40 - 42 (about 1900 cm'') are comparable to that for 39 (1970 cm’

1, and are considerably lower than those for [Ir(CO),(p-pz)],, which possesses three

Table 4-2. Selected 'H NMR data* for compounds 40 to 42.

& B & B S a-H oy & o-Hy,
Compound
ppm ppm ppm ppm
(Ir(CO)[P(OMen)Ph,](p-pz)}, 7.73,7.66 5.84,5.76 5.47,5.29 3.70
{Ir(CO)[P(OBor)Ph,l(n-pz)}, 7.62,7.58 5.76,5.73  5.83, 5.66 4.26

{Ir(CO)[P(OMen),Phl(n-pz)}, 7.86,7.81 5.97,593 (5.35, 4.26), (3.80,
(4.92, 3.91)° 3.71)

* Chemical shifts are given in 8(ppm) relative to internal C4D, with the C¢Hg signal set
at 7.24 ppm. All spectra were recorded in C¢Dj solution. ® Each pair of chemical shifts

in the bracket are for the protons in the same molecule.
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bands (2084, 2070, 2001 cm™) in the CO stretching region. This shift to low energy may
be ascribed to the better ¢ donating and poorer & accepting abilities of the phosphorus
ligands in comparison with the CO ligand.

Compound 41 was recrystallized from THF solution to yield lustrous, bright
orange, regular bar-shaped crystals. The X-ray crystal structure determination (Ms. K. A.
Beveridge and Dr. G.W. Bushnell), of compound 41 revealed a very surprising
phenomenon: the two diastereomers of compound 41 cocrystallized in the same unit cell.
Although it is well known for enantiomers, the cocrystallization of other stereoisomers
is extremely rare. There are four dimers in each unit cell. Each asymmetric unit contains
half of both diastereomers, which are about 12 A away from one another with the two
Ir-Ir axes roughly parallel to each other. The molecular structures of these diastereomers
are shown in Figure 4-5. Important bond angles and bond distances are shown in Table
4-3. It can be seen that these structures are similar to that of their triphenylphosphine
analogue''. The six-membered bimetallocycle is folded into a boat conformation. The
Ir-Ir distances of 3.296(3) and 3.323(3) A (for two diastereomers) are within normal
range for non-bonding Ir, separations. Both dimers possess rigorous C, symmetry. Each
pair of terminal ligands (either CO or [(BorO)PPh,]) are mutually trans across the metal-
metal axis. However, the sense of rotation about the C, axis is reversed in the (R)-
isomer vs. the (S)-isomer (i.e. C(1)-O(1) is forward with P(1) back in the (S)-isomer vs.
P(2) forward, C(2)-O(2) back in the (R)-isomer). Since the bornoxy groups in both
isomers possess the same stereochemistry, the reversed arrangement of the terminal
ligands in the two molecules effects the diastereoisomerism between them. The geometry
about each Ir(I) is approximately square planar as is common for four-coordinate

mononuclear complexes of 4® transition metal species, such as Rh(I), Pd(II), or Pt(Il).

As discussed earlier, the boat-shaped six-membered central ring in compounds
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®

Figure 4-5. Molecular structures of the two diastereomers of Compound 41



Table 4-3. Important interatomic distances and bond angles in compound 41.*
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(a) Bond distances:

Atoms Distance (A) Atoms Distance (A)
Ir(1)-Ir(1°) 3.296(3) Ir(2)-Ir(2") 3.323(3)
Ir(1)-P(1) 2.227(6) Ir(2)-P(2) 2.231(5)
Ir(1)-C(1) 1.888(17) Ir(2)-C(2) 1.792(19)
Ir(1)-N(1") 1.952(12) Ir(2)-N(4") 2.130(12)
C(1)-0(1) 1.103(22) C(2)-0(2) 1.216(28)
P(1)-O(5) 1.626(19) P(2)-0(6) 1.617(14)
P(1)-C(11) 1.816(10) P(2)-C(31) 1.816(10)

(b) Bond angles:

Atoms Angle (°) Atoms Angle (°)
C(1)-Ir(1)-P(1) 89.4(7) CQ)-Ir(2)-PR2) 93.6(8)
N(2)-Ir(1)-P(1) 93.9(4) N(5)-Ir(2)-P(2) 92.4(4)
N(1")-Ir(1)-C(1) 88.8(9) N(4")-Ir(2)-C(2) 89.2(9)
N(1")-Ir(1)-N(2) 87.7(9) N(4")-Ir(2)-N(5) 85.1(9)
Ir(1)-C(1)-O(1) 162.3(25) Ir(2)-C(2)-0(2) 163.6(25)
P(1)-0(5)-C(52) 120.1(13) P(2)-0(6)-C(62) 117.8(11)
Ir(1)-N(2)-N(1) 115.4(6) Ir(2)-N(5)-N(4) 117.0(3)

* Estimated standard deviations are given in parentheses.
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40 - 42 (see e.g. Scheme 4-3 at page ) may undergo ring inversion, a process that is
directly related to the rigidity of the bridging framework and to racemization of the
inherent chirality generated by the C, symmetry of compound 39. To investigate the
inversion process of the six-membered bimetallocycle, variable temperature *'P{'H}
NMR spectra of the equilibrium diastereomeric mixtures of compounds 40 - 42 were
recorded (Figure 4-6). The spectra show that the diastereomeric ratio in each compound
changes with temperature, indicating that the ring inversion does occur. However, no
coalescence was observed at up to 90 °C, suggesting that the inversion is too slow to
average magnetic environments in an accessible temperature range.

The cocrystallization of the two diastereomers of compound 41 made it possible
to study the shift from the kinetic distribution to the thermodynamic distribution of the
pair. Each unit cell of the crystals of compound 41 contains half of each diastereomer,
which means the ratio of the two in the crystals is 1:1 (i.e. kinetic distribution).
Monitoring of a solution of crystalline 41 using 'H NMR spectroscopy (Figure 4-7) at
ambient temperature showed that the ratio of the two stereoisomners changed over time,
indicating that ring inversion does occur, although at a relatively slow rate. The
equilibrium constant K and the rate constants &, and k., were determined by curve fitting
(Figure 4-8). The results are: K = 1.47 £ 0.02, k, = (8.7 + 0.6) x 10* s, k, = (60 £
0.4) x 10* s'. AG®4s was obtained from the following calculation: AG%g, = -RTInK =
0.96 £ 0.01 kJmol'.

A very familiar example of dynamic change in ring conformation is provided by
cyclohexane, although the latter consists of only saturated hydrocarbon groups without
any substitution. Thus the conversion rate between the chair conformations in
cyclohexane is extremely fast (~ 10° s at room temperature)'®?, in comparison with
the ring inversion in 41. This is ascribed to the substitutions and the presence of

heteroatoms (Ir and N), since it is well known that heteroatoms and substitutions can



90 °C 90 °C 90 °C

,,J WW,,{;W Ji S

Baie s SO
60 'C 50°C 50 °C
25 °C 25°C 25 °C
% s @ 100 % 120 ' 300
ppm ppm pPpm
40 at )

Figure 4-6. Variable temperature *'P{'H} NMR spectra of compounds 40 - 42,
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dramatically slow down the ring inversion process, as is evidenced by the
duplodithioacetone molecule, whose inversion rate is in the order of 10' s at room

temperature.'*?

Me \ Me

Structure of duplodithioacetone.
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Figure 4-8. Plot of the integration ratio of the two diastereoisomers in 41 vs. ime.
41la and 41b: minor and major diastereomers in compound 41, respectively. [:

integration. Equation used for curve-fitting:
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4.C. Methyl Iodide Addition Reaction

Because it is a C; unit and is one of the most reactive alkyl halides, methyl
iodide is often used as a model addendum in oxidative addition reactions of both mono
and dinuclear transition metal complexes, such as trans-IrCI(CO)(PPh,),'*,
Pt(PPh,);'*, [(CsMes)Rh(u-PMe,),Mo(CO),J*¢, or [Pt,(dpm),]'¥". Different
mechanisms, including Sy2 and radical pathways, have been proposed for various
complexes. As mentioned earlier, kinetics studies show that Mel addition to 37 proceeds
via a concerted four-centre transition state, and Mel addition to 38 occurs through an
Sy2 type reaction. In addition, qualitative kinetics data suggest that the oxidative
addition of Mel to 39 is similar to that to 38, i.e., an Sy 2 type reaction. To investigate
the corresponding reaction between 40 - 42 and Mel, especially in relation to the ring
inversion process discussed in the previous section, compound 41 was used because it

was available in non-equilibrium as well as equilibrium distribution.

(In(CO)[P(OBor)Ph,](n-pz)}, + Mel —— Ir,(CO),[P(OBor)Ph,,(n-pz),(Me)(D
Compound 41 Compound 43 4-9)

The 'H NMR spectrum run within 5 minutes after the initiation of the reaction
showed that the latter was essentially complete. A slight but immediate change in colour
of the solution also indicates a fast reaction. The product, Ir,(CO),[P(OBor)Ph,},(p-
pz),(Me)X(I) (compound 43, Equation 4-9), is a orange-yellow solid, stable under a N,
atmosphere. The solubility of 43 in completely non-polar solvents, such as hexanes, is
considerably lower than in other common organic solvents, such as CCLH,, THF, or
benzene. Analytical data were consistent with formulation of this product as a
diiridium(II) adduct resembling those format by the analogue 39.

The mass spectrum of 43 exhibits an M + 1 peak with seven branches centred
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at 1394.2 (M for 43 = 1393.40 g/mol). The relative intensity of the peak is 24%. The
seven-lined pattern is expected since each of Ir and C has two natural isotopes: "'Ir,
93]r, "2C and "*C. The combinations of the isotopes generate seven different detectable
isotopomers of 43. The intensity ratio among individual fragment ions is consistent with
the calculated distribution. The fragmentation peaks are also observed, two of which are
most significant: the seven-lined patterns centred at 1266.2 (100%) and 1378.2 (18%),
corresponding to Ir,[P(OBor)Ph,],(CO),(u-pz),Me (43 - I) and Ir,[P(OBor)Ph,],(CO),(p-
pz),l (43 - Me), respectively.

The *'P{'H} NMR spectrum of compound 43 consists of four signals at 82.0,
81.9, 81.0, and 80.4 ppm, indicating that the two phosphorus nuclei in each
diastereoisomer of compound 43 are differentiated since one is closer to the methyl
group and the other to the iodide. By intensity relationships, the four peaks can be
divided into two pairs (82.0, 81.0 ppm and 81.9, 80.4 ppm), each belonging to one
diastereoisomer. The peaks are moved upfield by over 10 ppm comparing to those in
compound 41, suggesting an increased electron shielding effect around the phosphorus
nuclei. This is probably because oxidative addition to 41 reduces the electron density
at the iridium centres with a change in formal oxidation state from +1 to +2. This results
in less ® back-donation to the phosphorus atom, hence less shielding.

Because the two entering groups, Me and I, create different chemical
environments around the two iridium centres in each of the two diastereoisomeric dimers
(i.e. the symmetry is reduced from C, to C,), the '"H NMR spectrum of 43 (Figure 4-9)
is much more complicated than that of unoxidized 41. The resonances due to the four
H** protons (the labelling scheme of the bridge protons is shown in Figure 4-10) in the
two diastereoisomers are shifted slightly upfield from the iridium(I) dimers to 5.65, 5.49,
5.42, and 5.37 ppm. All signals are quartets (J = 2.12, 2.16, 2.11, and 2.13 Hz,

respectively), indicating coincidentally equal coupling constants between H** and H*”,
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Figure 4-9. 'H NMR spectrum of compound 43.

H**, and the trans-phosphorus atorns. The H* peaks are also repositioned at a higher
field, giving two broad singlets at 6.46, and 6.28 ppm, while the H**" peaks shifted to
7.39 (J = 2.20 Hz), 7.37 (broad singlet), 7.34 (broad singlet) and 7.31 (J = 2.15 Hz)
ppm. The peaks due to the a-protons in the bornoxy groups are found as three
multiplets at 4.42, 4.22, and 4.07 ppm, with the middle peak integrating for two protons
and showing a more complicated pattern than the other two. The changes in chemical

shift are in the same sense as those in the *'P{'H} NMR spectrum, and are probably due
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I, P = P(OBor)Ph,, 43

Figure 4-10. Labelling scheme of the bridge protons in compound 43.
to the same effect (vide supra). The peaks due to the methyl groups bonded to the
iridium centres are found at 1.75, and 1.70 ppm as doublets (J = 1.73, and 1.89 Hz,
respectively).

The 'H NMR spectrum of 43 shown in Figure 4-9 was obtained by dissolving
crystalline 41 in a 5% CD, solution of Mel in a NMR tube. The kinetic distribution
(1:1) between the two atropisomers in 41 was found to be unchanged after reaction with
Mel, i.e. showing a 1:1 ratio between the two diastereomers in 43. When 41 in
thermodynamic distribution (40:60) was reacted with Mel, the same ratio (40:60) was
also observed in the product (43).

The C, symmetry in 41 is eliminated when the methyl group and the iodide
anion add to two different iridium centres to form 43. This is reflected in the IR
spectrum of compound 43, which shows two Vo, bands at 2017 and 1983 cm™.
Compared to the single broad v, band at 1971 cm™ in 41, those in 43 are shifted to
high frequency as expected because of the reduced electron density at the iridium centre.
As in the IR spectrum of 41, the difference in the carbonyl stretching frequencies
between the two diastereoisomers in 43 is too small to be detected.

A very interesting observation is made when 43 is left in solution over a long
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period of time: the ratio of the two diastereoisomers in 43 shifts very slowly away from
the distribution observed initially. At room temperature, this diastereoisomerization
process goes to completion in about 10 days, giving a thermodynamic distribution of
about 60:40 (Figure 4-11). The equilibrium constant (K = 1.5 £ 0.2) and observed rate
constants (k; = (2.1 £ 0.2) x 10° s, k, = (1.4 £ 0.2) x 10° s*) are obtained by curve
fitting (Figure 4-12). When a substantial excess (about 10 fold) of methyl iodide is
present in the solution, the reaction is slowed down so much that the ratio does not
change within six days, indicating that the interconversion of the two diastereomers in
43 involves dissociation of methyl iodide. The overall reaction pathway will therefore
follow Scheme 4-8: From one diastereoisomer in 43 (e.g. 43a), reductive elimination of
methyl iodide will regenerate 41a. The ring-inversion of the latter leads to the other
isomer of 41 (41b), oxidative addition of methyl iodide to which affords 43b,
completing the stereomutation. All steps are in equilibrium. Since the overall reaction
is about 400 times slower than the rate of interconversion between 41a and 41b (k, =
(8.7 £0.6) x 10* s, k, = (6.0 £ 0.4) x 10* s*, see page 107), the reductive elimination

of methyl iodide must be the rate determining step.

dla 7 > 41b
+ +

Mel Mel

43a 43b

|

Scheme 4-8. Proposed mechanism for interconversion of the two diastereomers in 43.
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Figure 4-12. Plot of the integration ratio of the two diastereoisomers in 43 vs. time.
43a and 43b: minor and major diastereomers in compound 43 at equilibrium,

respectively. [: integration. Equation used for curve-fitting:
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where [I,,/1,3,], 15 the initial integration ratio.
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The rate of the addition reaction of Mel to 41, which is too fast to be monitored
by using NMR, is clearly much faster than that of the ring inversion, implying that the
latter is not part of addition mechanism. Previous studies postulated that the mechanism
of the methyl iodide addition to 39, the triphenylphosphine analogue of 41, is of Sy2
type (Scheme 4-5, page 93), based on the fact that the kinetic profiles of Mel addition
to 38 and 39 resemble each other and are very different to that with 37."*® Thus the
equilibrium constants for the reactions with 38 and 39 are obviously much bigger than
that of 37, although they have not been measured. Products are formed irreversibly from
38 or 39, while the adduct of 37 can be isolated from solution only when large excess
(100 fold) of Mel is present. Significantly, therefore, the behaviour of the diastereomeric
adducts 43a and 43b supports the earlier assumption that the back-reaction (i.e. reductive
elimination of Mel) is slow from 38 to 39.

This evidence strongly suggests that adduct formation from diastereomeric 41
resembles the behaviour of 38 and 39 although other reaction pathways (e.g. radical)
have not been specifically excluded. Although the Sy2 mechanism appears to be
dominant in the Mel addition to Vaska’s complex, there is evidence that for Pd(PPhs),,
both Sy2 and radical pathways can operate.'® A more detailed kinetic investigation of
the reaction of 41 with Mel would include examination of the solvent effect on reaction
rates, and the effect of radical initiators or scavengers. This would constitute a major
task because each of two separate diastereomeric manifolds (from 43a to 41a and from
43b to 41b, Scheme 4-8) are operating simultaneously. Since the addition reaction
proceeds rapidly, “fast techniques”, such as stopped flow may prove to be useful. The
rate constant may also be acquired by determining the rate constants for the equilibrium
between 43a and 43b (Scheme 4-8) under pseudo first order conditions, i.e. with the
presence of large excess of Mel.

Because of the stereomutation between the two isomers of 41 in solution, and
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the fortuitous cocrystallization of the two in the solid state, the isolation of a pure
diastereomer was not achieved in this system. However, in spite of the ring-inversion
process, the much more rapid rate of addition of Mel to 41 suggests that asymmetric
induction would be possible using a complex of this type in a catalytic process occurring

at a suitable rate.

4.D. Addition of Norbornyl! Iodide to [Ir(CO),(u-p2)],

Several alkyl halides adducts of [Ir(CO),(n-pz)]l, (38), including [Ir,(CO),(u-
pz),(Me)D)], [Ir,(CO)(p-p2z),(Me)(Br)], [Ir,(CO),(n-pz),(Et) D], [Ir,(CO),(p-p2z),(Pr)(D],
[Ir,(CO)y(p-pz),(octyl)(D], and [Ir,(CO),(p-pz),(octadecyl)(I)], have been synthesized by

oxidative addition of corresponding alkyl halides to 38.'“° The kinetic investigation of

148 However, the

Mel addition to 38 showed evidence for a S,2 type mechanism.
addition rates were found to increase with increasing chain length when longer chain
alkyl halides were used. This is contrary to that expected on steric grounds for an Sy2-
type reaction, where the increased steric bulk of the alkyl chain would encumber the
transition state.'*® Also, the rate difference observed in primary vs. secondary alkyl
addition to 38 is consistent with a mechanism involving either a carbocation or a radical
intermediate. Since the stereochemistry of the addition process is directly related to its
mechanism, this area has been extended as part of the present study to examine the
reaction of the tetracarbonyl dimer 38 with bulky alkyl halides based on a chiral
framework like those referred to in earlier chapter. Exo- and endo-norbomy! iodides
(exo- and endo-2-iodobicyclo[2.2.1]heptane; for convenience these two compounds will
be abbreviated as exo- and endo-R’l, respectively, Figure 4-13) were selected as model

substrates because each of them is relatively easy to prepare, because their NMR spectra

can be readily interpreted, and because they are closely related to the bornyl group
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which is the chiral focus of the phosphine ligand in the crystallographically
characterized diastereomeric pair, 41a and 41b (see Figure 4-5 at page 101). The
behaviour of these diastereomeric iodides towards dimer 38 was conceived as a

preliminary to studying their addition to either 41a or 41b.
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exo-norbornyl iodide endo-norbornyl iodide

Figure 4-13. Molecular structures of exo- and endo-norbornyl iodide.

Exo-norbornyl iodide was synthesized through the addition reaction of HI to
norbornene (bicyclo[2.2.1]hept-2-ene, Scheme 4-9); the product is an analogue of exo-

norbornyl chloride reported by Brown et al..'® Endo-norbornyl iodide was prepared

HI
—_—
[

Scheme 4-9. Synthesis of exo-norbomnyl iodide.
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using a procedure that was also first reported by Brown et al.'*' (Scheme 4-10): this
produces the endo isomer as the major product via a hydroboration step. Both iodides
are colourless liquids that are thermally stable in the dark, but gradually decompose

when exposed to light.

H;B-THF
—_—
.B
| .
163
—
NaOCH3
.B
S 13 I

Scheme 4-10. Synthesis of endo-norbornyl iodide.

The chemical shifts of the resonances in the “C{'H} NMR spectrum of exo-R’T
recorded in CiD4 solution are comparable with the values obtained from CDCI,
solution'®?, with the largest deviation being less than 0.4 ppm. The assignment of
individual resonances is listed in Table 4-4. The 'H NMR spectrum of exo-R’I in C¢Ds
solution, however, shows considerable difference from that in CDCI,."* Chemical shift
differences of up to 0.36 ppm (for H*: for labelling schemes for exo- and endo-R’I, see

Figure 4-13) were observed between these two solvents. The relative positions of some
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of the resonances also appear to be altered: e.g. in CD,, the H™ resonance is well
separated to low field of the H* resonance whereas in CDCl;, these two signals overlap
with H** centred at slightly higher field. To clarify the interpretation of this complicated
spectrtum, 'H/'H homonuclear and "“C/'H heteronuclear COSY (COrrelation
SpectroscopY) NMR spectra of exo-R’I were recorded. These two routines are extremely
useful in revealing the spin coupling relationships between individual pairs of nuclei in
a molecule, so helping to interpret the 1-D NMR spectrum. Further use was made of
COSY spectra in analyzing the NMR spectra of products formed from the iridium dimer
(38). Based on the “C/'H and 'H/'H COSY NMR spectra of exo-R’I in C4D; (Figures
4-14 and 4-15, respectively), and the peak assignment for the spectrum from the CDCl,
solution, the resonances in the 'H NMR spectrum of exo-R'T in C4D; are reassigned as

shown in Figure 4-15.
The resonances in the “C{'H} NMR spectrum of endo-R’l can be readily

Table 4-4. C{'H} NMR data* for exo-, endo-R'I, and compound 44.
d3C' §C SC dC dC sC 8C

Compound
ppm ppm ppm ppm ppm ppm ppm
exo-norbornyl iodide 479 295 450 379 282 283 36.1
endo-norbornyl iodide 446 31.7 431 368 284 295 359

Ir,(CO),(n-pz),(norbomyl)(M,* 44 50.0 32.7 468 392 299 32.1 38.1

* Chemical shifts are given in & (ppm) relative to internal C¢D4 with the middle branch
of C¢Ds signal set at 128.0 ppm. All spectra were recorded in C4Dj solution. ® Only the
chemical shifts for the carbons in the norbornyl groups are listed. See text for the rest

of peak assignment.
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Figure 4-14. "C/'H cosy NMR spectrum of exo-norbornyl iodide.
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assigned (Table 4-4), by making appropriate comparisons with the spectrum of exo-R’L
The “C{'H} NMR spectra of the two isomers are very similar, with only small
variations in chemical shifts in corresponding resonances. The largest chemical shift
difference is that for the C' resonance, which is shifted upfield by 3.3 ppm (to 44.6
ppm) for the endo diastereomer compared with that of the exo-R’I. This is because in
the endo structure, the iodine atom is bent farther away from C' due to increased sterical
hinderance on the endo- norbornyl face.

The resonances in the 'H NMR spectrum of endo-R'T were assigned (Figure 4-
16) by analyzing the 'H/'H and “C/'H COSY NMR spectra (Figures 4-16 and 4-17,
respectively). Significant variation is found between the spectra of endo- and exo-R’I
because of the structural differences between the isomers: the endo iodine atom is
distant from the H™ and H"™ protons, so that its interactions with the H’ protons are
minimal. This results in a non-first order AB pattern centred at 0.88 ppm for the two
H’ protons in the '"H NMR spectrum of endo-R’L. However, in the '"H NMR spectrum
of the exo isomer, H’* and H™ are well separated (1.04 and 1.83 ppm, respectively),
because of relative proximity effects to the iodine atom; the latter is much closer to the
H”™ than to H™. Similarly, while the resonances for the H® protons are located at 1.16
and 0.79 ppm in the 'H NMR spectrum of the exo isomer, the peaks for the same
protons are found at 1.89 ppm as one multiplet showing possible AB character in the
'H NMR spectrum of the endo isomer.

In both exo- and endo-R’I, the H? protons are coupled with H™*® protons.
However, in the exo isomer, H? is also coupled with H” due to the long range coupling
often observed for protons separated by three carbons in a “W” conformaton (in this
case, H®, C7, C', C% and H? are in a “W” shape)'*; while in the endo isomer,
additional splitting of the H? resonance is caused by H*, also due to the “W™ coupling,

and H'. The coupling between H' and H? is not observed in the exo isomer, since the
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Figure 4-16. 'H/'H cosy NMR spectrum of endo-norbornyl iodide.
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Figure 4-17. *C/'H cosy NMR spectrum of endo-norbornyl iodide.
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dihedral angle between the H'-C' and C*-H? bonds is approaching 90°, at which angle,
*Tiwyne Will be too small to be detected; whereas in the endo isomer, the same angle
is close to 0", at which, *Jy, 50 Will be at its maximum.'*®

Both exo- and endo-Rl were found to undergo oxidative addition with
[Ir(CO),(n-pz)], (compound 38, Equation 4-9). Compound 38 was generated by the
reaction between [Ir(COD)(p-pz)], and CO, and thereafter used in situ. The reactions in
THEF are complete within 5 min as evidenced by the IR spectra. Instant colour change
of the solution from bright yellow to orange is observed. The adducts are fine orange
yellow crystalline powders, soluble in THF, benzene, or dichloromethane, but not in

hexanes or pentane.

(IN(CO),I(u-p2)}, + exo- or endo-R'T —, Ir,(CO),(p-pz),(norbornyl)(T)
Compound 38 Compound 44 4-11)

Analysis of the reaction products by IR, "C{'H} NMR, and 'H NMR spectra
showed that use of either exo- or endo-R’I afforded an identical adduct: Ir,(CO),(p-
pz),(norbornyl)(I), 44. In the IR, four bands were found at the same frequencies (2105,
2072, 2048, and 2029 cm?, Figure 4-18), i.e. to higher wavenumber than those in the
IR spectrum of [Ir(CO),(p-pz)], (2080, 2065, and 2004 cm™), and consistent with
oxidation to Ir(I). Attachment of the norbornyl group, which is chiral, at one of the
iridium atoms in adduct 44 reduces the binuclear system to an asymmetric structure so
that all four CO vibrations are IR active (C, symmetry).

The *C{'H} NMR spectrum of 44 is shown in Figure 4-19. The four weak
signals at very high frequency (above 160 ppm) are due to the carbonyl carbon atoms
(Figure 4-20), two of which (169.0 and 168.9 ppm) can be assigned to CO groups
adjacent to I on Ir with the other pair (167.4 and 167.1 ppm) due to CO groups that are

close to the alkyl group. Also, the former two resonances (0.06 ppm apart) are more
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Figure 4-18. IR spectra of Ir,(CO),(u-pz),(norbormyl)(1), 44.
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Figure 4-19. The “"C{'H} NMR spectrum of 44.

closely spaced than the latter (0.23 ppm apart), indicating that the two carbons that
cause the former resonances are farther away from the asymmetric norbomyl group, and

their environments are less affected. The six resonances in the aromatic region (100 -
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150 ppm) are due to pyrazolyl carbons and based on similar arguments to those used
above and elsewhere, the pair at 143.4 ppm (only 0.03 ppm apart) are assigned to C°
and C°, those at 137.3 and 135.3 ppm (well separated by 1.9 ppm) to C* and C*, and
the remaining pair at highest field (107.1 and 107.0 ppm) to C* and C*. The seven
resonances in the high field region (25 - 50 ppm) are due to the alkyl carbons in the
norbornyl groups, and were assigned by analogy to the *C{'H} NMR spectra of endo-
and exo-norbornyl iodide (Table 4-4).

AN
Co \NQN/ Co
norbornyl \ Ir/ \Ir/ I

CO/ \N —_ N/ \CO

Figure 4-20. Molecular structure and the labelling scheme for 44.

The 'H NMR spectrum of 44 was analyzed by using the relationships discussed
above in the “C{'H} NMR spectrum, together with correlation data from the *C/'H and
'H/'H COSY NMR spectra (Figures 4-21 and 4-22, respectively). The two doublets both
centred at 7.97 ppm with a chemical shift difference of only 0.2 Hz (operating
frequency: 360.1 MHz) are due to H® and H*, coupling to H* and H*, respectively (for
both doublets, *J5; = 2.2 Hz). Another pair of doublets, located at 7.14 and 7.09 ppm,



129

wdd

0 0
o
YY1

Figure 4-21. The *C/'H cosy NMR spectrum of Ir,(CO), (u-pz),(norbomnyl) (1), 44.
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Figure 4-22. The 'H/'H cosy NMR spectrum of Ir,(CO),(n-pz),(norbomyl)(D), 44.
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is assigned to H® and H*, also coupling to H* and H* (Jp = 2.4 and 2.3 Hz,
respectively). Signals due to the latter appear as an apparent quartet formed by
overlapping triplets. These two triplets are centred at 5.593 and 5.589 ppm, with a
averaged coupling constant of 2.0 Hz. The complete assignment for the norbornyl
protons is shown in Figure 4-22.

There are several characteristic features in the alkyl region of the 'H NMR
spectrum of 44: a) The low field multiplet centred at 2.78 ppm is apparently due to H2.
This resonance is shifted to considerably higher field compared with the corresponding
resonances in the 'H NMR spectra of the iodides (3.62 and 3.86 ppm for exo- and endo-
R’I, respectively), because iridium is less electronegative than iodine, and has less
electronic deshielding effect on the nuclei at its vicinity. The multiple splitting of the
H? resonance arises from the couplings with H*** and H™, as shown in the 'H/'H COSY
NMR spectrum of 44 (Figure 4-22). This coupling relationship is identical to that shown
in the '"H NMR spectrum of exo-R’l. b) The two resonances at 1.58 and 1.31 ppm,
which are due to H” and H™, respectively, are well separated. The similar phenomenon
was also found in the '"H NMR spectrum of exo-R'L. By contrast, in the 'H NMR
spectrum of endo-R’I, the spacing between the H’ resonances is very small and leads
to an AB pattern. c) The resonances due to the H® protons, located at 1.54 and 1.13
ppm, are also well separated. Similar arrangement of H® resonances was also observed
in the 'H NMR spectrum of exo-R’I, but not endo-R’L. In the latter, the resonances due
to the H® protons overlap each other. Because the chemical shift values and the coupling
patterns in NMR spectroscopy are directly related to the geometry of the molecule, all
these features lead to one conclusion: the norbornyl group in compound 44 adopts a
conformation similar to that of exo-R’l, i.e. the diiridium fragment in 44 bonds to the
norbornyl group through the exo site.

The results of the stereochemical analysis of norbornyl iodide addition to
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[Ir(CO),(p-p2)], (38) indicate that the reaction does not proceed via Sy2 or concerted
mechanisms, either of which should lead to inversion of the configuration (in this case,
exo- and endo-norbornyl diiridium adducts would be generated by endo- and exo-R'I,
respectively, the second of which was not observed). This effectively rules out an S22
reaction pathway for the reaction of 38 with R'I because it is unlikely that endo- or exo-
R’I would add by different mechanisms. A radical mechanism, which has been proposed
for the oxidative additions of higher alkyl halides (i.e. other than methyl halides) to
mononuclear Ir species including Vaska’s complex, is also unlikely to be the major
reaction pathway in this reaction, because no cross products (i.e. [Ir(CO),(p-pz)(I)], or
[Ir(CO),(u-pz)(norbormyl)],) were observed. The Sy1 mechanism, however, can explain
the stereochemical results of this reaction very well (Scheme 4-11), in which both
norbornyl iodides dissociate via ejection of iodide to form norbornyl carbocation. One
of the iridium centres in the dimer then attack the carbocation through the less sterically
crowded exo site to form the norbornyl diiridium cation, which then picks up the iodide
at the other iridium centre to give the observed product. Since both norbornyl iodides
generate the same carbocation, the final product will naturally be same, and the
oxidative addition of norbornyl iodides to 38 seems likely to follow this route.

Since both Mel addition to {Ir{P(OBor)Ph,](CO)(u-pz)}, (41) and norbornyl
iodide addition to [Ir(CO),(n-pz)], (38) have provided new information concerning the
stereochemistries and mechanism of oxidative addition to diiridium systems, an effort
has also been made to investigate the reaction between 41 and norbomyl iodide, where
both participants are chiral. The reaction was carried out in THF solution. After removal
of volatiles, the NMR spectra of the reaction mixture was recorded. The *P{'H} NMR
spectrum of the products exhibits 11 signals in the region between 70 - 80 ppm, where
resonances due to the phosphorus ligands in the Ir(Il) dimers are expected. If this

reaction proceeds similarly to that of 38, four products are predicted: (R)-
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Scheme 4-11. Syl mechanism for the oxidative addition of norbornyl iodides to 38.

{Ir[P(OBor)Ph,](CO)(n-pz) },[(R)-norbornyl](I), (R)-{Ir[P(OBor)Ph,](CO)(u-pz)},[(S)-
norbornyl](I), (S)-{Ir[P(OBor)Ph,](CO)(n-pz)},[(R)-norbornyl}(I), and (S)-
{Ir[P(OBor)Ph,](CO)(n-pz) },[(S)-norbornyl](I). Each of these independent adducts will
give two phosphorus resonances, i.e. a total of eight signals is expected in the *'P{'H}

NMR spectrum of the mixture. The observed spectrum contains more than eight
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resonances in the region, and the scale of this reaction led to poor quality of the NMR
spectra. The products are expected to be difficult to separate, so that further
investigation of this reaction will be required. Although the oxidative addition of
norbornyl iodide to 41 clearly takes place, to give a family of adducts, the detail of how

the latter are formed along diastereomeric pathways has yet to be determined.
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Chapter 5
SYNTHESIS AND REACTIVITY OF METAL COMPLEXES
WITH CHIRAL PHOSPHINOALKYLSILYL LIGANDS

Organophosphinoalkylsilanes are bifunctional ligand precursors in which a
reactive silane centre is connected to one or more phosphorus donors through a
backbone hydrocarbon framework. The derived silyl ligands and their transition metal
complexes have attracted much interest in recent decade mainly because they are good
homogeneous catalysts in organic processes, such as hydroformylation,'*® and provide
models for metal-support interactions in silica-derived systems for heterogeneous
catalysis.'”””'*® Unusual stereochemistry has also been exhibited by these compounds,
as best illustrated by the iridium complex of bis(diphenylphosphinopropyl)methylsilane
([Ph,P(CH,);],MeSiH, abbreviated as biPSiH, 45), Ir(biPSi)HCI (structure on page 151),
in which the axial-equatorial-axial conformation of the biPSiH ligand creates two
inequivalent faces due to the tetrahedral geometry around the silicon atom.'® This
face-discriminating feature affects the orientation of external substrates approaching the
metal centre, influencing in stereoisomerization.

Various organophosphinoalkylsilanes have been synthesized,'®'* among which
an extensive family of mono-(organophosphinoalkyl)silanes (PSi) with the general
formula of SiR,P(CH,),XYZ (R =PhorMe; n=1,2,0r 3; X, Y, or Z = H, Cl, Me, or
Ph, 33 in total) and a series of poly-(organophosphinoalkyl)silanes with the general
formula of SiH[R,P(CH,), ][R ,P(CH,).].(R),, R or R" = Ph or cyclohexyl; m = 2,
3, or 4; n = 1 [biPSi] or 2 [triPSi]; R” = Me or Ph, 13 in total) have been reported by

Stobart and co-workers. The coordination chemistry of the late transition metals, such

as platinum,'®*'% iridium,'*"'®® rhodium,'®""" ruthenium,"”*'™ or osmium'”, with these



136
ligands has been intensively investigated, resulting in a variety of complexes containing
such ligands, which are not only structurally interesting but also are useful as catalysts
for homogeneous hydroformylation reactions.'

An analogue of biPSiH, (45), bis(2-diphenylphosphinobenzyl)methylsilane ([o-
Ph,PC,H,CH,],MeSiH, abbreviated as mcbiPSiH, 46), was prepared and characterized
recently in this laboratory.'” Since the benzyl groups in 46 are less flexible than the
polymethylene groups in 45, ligand 46 shows increased rigidity. This was reflected in

the coordination chemistry of these ligands in their Pt and Ir model complexes (vide

infra).!**'"

The observed regioselectivity of biPSiH and mcbiPSiH systems in homogeneous
catalysis suggests that they are good candidates for further modification so that
enantioselectivity may be achieved. Naturally, this modification would involve the
introduction of an asymmetric unit into the existing ligands. This may be realized using
the same principles that were successful in obtaining chirality for the iron, cobalt and
di-iridium systems discussed in the previous chapters, i.e. attaching optically active
alkoxy groups onto the phosphorus or silicon centre.

Investigation of the platinum and iridium complexes of 45 and 46 revealed
interesting coordination chemistry of these tri-dentate ligands. Thus, the synthesis and
characterization of corresponding compounds formed from a chiral version of 45 and
46 may provide guidelines in the context of ligand development. A five-coordinate
iridium system is a particularly attractive model as the unsaturated metal centre is
essential for studying substrate coordination. The synthesis of the chiral ligand was first
attempted with bis(2-dimenthoxyphosphinobenzyl)methylsilane ([o-
(MenO),PC,H,CH,],MeSiH, abbreviated as mcbiP’SiH) as the target, where the
asymmetric units, the menthoxy groups, are bonded to the phosphorus atoms, because

the dimenthoxyphosphino fragment is directly related to the ligands discussed in the
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previous chapters. However, attempted synthesis via both lithiation and Grignard
reactions (Scheme 5-1), were unsuccessful. The difficulty with the first approach
appeared to be caused by the attack of lithium reagent on the O-P bonds rather than the
CI-P bond in (MenO),PCl; while generation of the “double” Grignard reagent in the
second route proves to be troublesome. Also, the Grignard reagent may cause the

cleavage of O-P bonds in (MenQ),PCL'™

Br MgBr
. Si
Br Mg' Br MC&HCIZ. (j\/;‘c 'H
Br Br
v

l n-buLi

Si Si
d % 4 .
Me H Me H
MgBr BrMg Li Li

(MenO),PCl

)

/ Sillmm._..- H

Me
P(OMen); (MenO),P

mcbiP*SiH
Scheme 5-1. Attempted synthesis of mcbiP’SiH.

Because of the obstacles in synthesizing mcbiP'SiH, another functional site in

the mcbiPSiH framework, the silicon atom, was targeted for substitution by the chiral
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menthoxy fragment. Synthesis of bis(2-diphenylphosphinobenzyl)menthoxysilane ([o-
Ph,PC,H,CH,],(MenO)SiH, abbreviated as mcbiPSi'H, 47) was successful using a mult-
step synthetic route (Scheme 5-2). TMEDA (VN N’ N’-tetramethylethylenediamine) was
employed to stabilize the 2-(diphenylphosphino)benzyl lithium salt. This salt can be
isolated as a yellow orange solid and must be stored under argon because it is extremely
sensitive towards water and oxygen. The final product is a colourless wax-like solid. It
is thermally stable, and can be briefly handled in air. The solubility of 47 is good in
most common organic solvents such as hexanes, benzene, ether, or chloroform. The
silane precursor, MenOSiHCl,, is readily prepared by the direct reaction between excess
HSiCl,; and MenOH. The colourless liquid product is thermally stable, but is hydrolysed

rapidly when exposed to air.

HSiCl; + MenOH —————®  MenOSiHCI,

Br MgBr
Mg
—
PPh,
¢ CIPPh,
Li
MenO- Si— H :
PPh; _— PPh,
MenOSiCl,H Bu-Li l
PPh, € -
2 TMEDA X
mcbiPSi*H, 47

Seheme 5-2. Synthesis of mcbiPSi'H, 47.

Two major preparative methods for PSi compounds have been reported. One

involves the radical addition of a P-H bond of secondary phosphines to the terminal
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double bond of unsaturated alkylsilanes (e.g. vinyl or allyl silanes) induced by UV'**!%
y
(Equation 5-1) or catalyzed by LiPMe,'*'®! (Equation 5-2).

hv

nR,PH + (H,C=CH(CH,),).SiR ., (R,PCH,CH,(CH,),_),SiR .,
(m=0,1,0r2;n=1, 2, or 3) (5-1)
Me,PH + H,C=CHSiMe, — %, Me,PCH,CH,SiMe, (5-2)

In spite of its wide use in the synthesis of PSi compounds, the photochemical reaction
can be very time consuming (especially for m = 1) and is obviously unsuitable for the
preparation of phosphinomethylsilanes or mcbiPSi'H (47) and its analogues, for which,
no silane precursors with terminal double bonds are conceivable.

The other method employs either lithium or Grignard reagents to form a link
between the silyl and phosphino groups. Phosphinomethylsilanes were synthesized using
diphenylphosphinomethyllithium'” (Equation 5-3),'*'® and a mono-phosphino
analogue of mcbiPSiH (46) has been prepared using a Grignard reagent (Equation 5-
4).1®

78 C , (Ph,PCH,),SiMe, + Ph,PCH,SiMe,Cl)
(5-3)

Ph,PCH,Li-TMEDA + Me,SiCl,

0o-BrMgCH,CH,SiMe, H, + Ph,PCl o-Ph,PC,H,CH,SiMe; H,
+ o-H Me, SiCH,CH,PPh, (n =1 or 2) (5-4)
As shown in Equation 5-4, the Grignard reaction produces two isomers, which require
a subsequent separation step. This was avoided in the synthesis of mcbiPSi'H (47)
presumably because the diphenylphosphinobenzyllithium salt is stabilized by the
interaction between the lithium and phosphorus atoms, leading to a sterically favourable
five-membered metallocycle (Figure 5-1).
A new route to polyphosphinoalkylsilanes or polysilylalkylphosphines is currently

being developed in this laboratory. The reaction of allylsilanes with Schwartz’s
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Li

/

PPh,

Figure 5-1. Interaction between lithium and phosphorus in o-Ph,PC,H,CH,Li.

reagent'®, Cp,ZrHCI, generates anti-Markovnikov hydrozirconation products that can
further react with halophosphines to give the target phosphinosilanes (Equations 5-5 and
5-6).'%
Me, .HSi(CH,CH=CH,), + nCp,ZrCIH — Me, HSi(CH,CH,CH,ZrCp,Cl),
Me, HSi(CH,CH,CH,ZrCp,Cl), + nPh,PClI — Me, HSi(CH,CH,CH,PPh,),
+nCp,ZrCl, (n=1,2,0r3) (5-5)
nMe,HSiCH,CH,CH,ZrCp,Cl + Ph, PX, — (Me,HSiCH,CH,CH,) PPh,
+nCp,ZrX, (n=2,X=Clorn =3, X =Br) (5-6)
These thermal reactions are much faster than the corresponding photochemical processes
and show great potential as a general method for the synthesis of
polyphosphinoalkylsilanes or polysilylalkylphosphines, where the alkyl chains contain
two carbon atoms or more.

The new chiral PSi precursor 47 (mcbiPSi"H) was characterized using various
instrumental methods. The mass spectrumn exhibits a molecular ion peak (M+1) spread
over three mass units at 735(9%), 736(6%), 737(3%) (M.W. = 734 g/mol). The multiplet
pattern results from combination of the minor isotopes of C and Si. The relative
intensities of the three strongest lines are compatible with the theoretical values. The
elemental analysis results of 47 also matched the expected atomic composition of
C,sH,,0P,Si.

The IR spectrum of 47 shows a medium strong band at 2117 cm™ due to the Si-
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H stretching vibration. The *'P{'H} NMR spectrum consists of two signals at -13.9 and -
14.0 ppm due to the two phosphorus atoms. Unlike its achiral methyl analogue
(mcbiPSiH, 46), which possesses planar symmetry that relates the two phosphinoalkyl
arms attached to the silicon centre, compound 47 does not have any symmetry because
it contains an optically active menthyl group. Therefore, the two phosphinoalkyl
substituents are diastereotopic.

The “C{'H} NMR spectrum is shown in Figure 5-2. The aromatic region of the
spectrum is very complex because each of the 36 aromatic carbon atoms in the molecule
is inequivalent to another, theoretically giving 36 resonances, resulting in significant
overlapping. The menthoxy carbon peaks appear in the region from 10 to 80 ppm, and
the chemical shifts are very close to those of menthol itself (Table 5-1), since hydrogen
and silicon have similar electronegativities. The signals for the two benzylic carbons are
found at 24.2 (Jpe = 19.5 Hz) and 23.5 (Jpc = 20.8 Hz) ppm. These two carbons atoms
are inequivalent again due to the chirality introduced by the menthoxy group. The 'H

Table 5-1. BC{*H} NMR chemical shifts® for the menthoxy carbons in 47, in
comparison with those in menthol.

Compound 8 C (ppm)

(Ph,PC,H,CH,),(MenO)SiH, 49 714 500 449 344 315
257 230 221 209  16.0
Menthol 714 501 450 345 316

25.7 23.1 22.2 21.0 16.0

* Chemical shifts are given in &(ppm) relative to internal CDCI; with the central

resonance of the CDCl, signal set at 77.0 ppm. Spectra were recorded in CDCl, solution.
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Figure 5-2. ®C{'H} NMR spectrum of mcbiPSi'H, 47.

NMR spectrum of 47 has similar features to those of the “C{'H} NMR spectrum: there
is a very complicated aromatic region and the menthoxy protons show very close

chemical shifts and multiplicities to those of the parent alcohol (e.g. the resonance due
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to the a-proton in the menthoxy group is located at 3.40 ppm, only shifted downfield
by 0.04 ppm compared to that in the menthol). The multiplet centred at about 2.3 ppm
is assigned to the four benzylic protons. The complicated pattern arises from the signal
overlapping, coupling to the silicon hydride and possibly the two phosphorus atoms, and
the non-first order splittings caused by the geminal coupling between the two protons
bonded to the same benzylic carbon because they are magnetically inequivalent. The
silicon hydride is detected at 4.62 ppm as a broad peak, indicating unresolved couplings
to the benzylic protons.

In order to investigate the reactivity and coordination chemistry of the chiral
tridentate ligand, mcbiPSi’H (47), a platinum complex containing 47 was synthesized.
Platinum was chosen mainly because its characteristic NMR properties: the large *'P-

pt couplings are easy to detect and often diagnostic of molecular structure. The

PPh,

/ benzene
MenO— Si—H + Pt(COD)Cl, + E3N _—

Pphz
PPh,

a |
MenO— Si— Pt——Cl + COD + EyN-HCI

PPh,

48

Scheme 5-3. Synthesis of complex Pt(mcbiPSi")Cl. 48.
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reaction of 47 with Py(COD)Cl, in the presence of EtN gives
PtCl{Si(OMen)(Ph,PC¢H,CH,),] (Pt(mcbiPSi")Cl, 48, Scheme 5-3). The white crystalline
product does not show signs of decomposition in the solid state when exposed to air for
a short period of time. It is soluble in polar organic solvents such as benzene, ether,
THF, or chloroform, but is insoluble in nonpolar solvents such as pentane or hexanes.
Its isolation follows one of two main synthetic routes that have been employed to
prepare organosilyl complexes: elimination reactions and oxidative addition reactions.
The former, including the procedure used to prepare complex 48, eliminate simple
molecules, such as alkali halides, H,, or HCl, while silicon metal bonds were formed,
as shown in Equations 5-7 and 5-8:'*"'¥
cis-[Pt(PR;’),CL,] + HSiR; + NEt; —— trans-[Pt(PR;’),CI(SiR;)] + Et,NHCI
(5-7)
cis-[Pt(PEt,),Cl,] + Hg(SiMe,), —— trans-[Pt(PEt,),CI(SiMe;)] + CISiMe, + Hg
(5-8)
The oxidative addition route involves cleavage of the Si-H bond in the silane precursor
and formation of M-Si and M-H bonds in the product. Equation 5-9 illustrates a typical
example'®®. This method is also known as hydrosilation.
Rh(CO),Cp + HSiR; —— Rh(CO),Cp(H)(SiR;) (5-9)
Because each of Pt, Cl, and C elements has two or more natural isotopes,
polyisotopic molecular ion peaks are expected in the mass spectrum of mcbiPSi PtCl
(48, PtC,3H,,CIOP,Si). This was confirmed by the observation of five-lined pattern at
963(4%), 964(71%), 965(8%), 966(5%), and 967(4%) in the actual spectrum. The
measured values matched well with calculated distributions.
The *P{'H} NMR spectrum of compound 48 is shown in Figure 5-3. The
apparent triplet centred at 20.9 ppm with a 1:4:1 peak intensity ratio is typical for

phosphorus nuclei coupling to platinum and arise because only 33.8% of platinum atoms
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Figure 5-3. *'P{'H} NMR spectrum of Pt(mcbiPSi")Cl, 48.

are '°Pt, I = 1/2. These '**Pt atoms give rise to the satellite peaks in the spectrum with
Upe equal to 2921.4 Hz. Two barely discemible splittings in the centre and right
branches of the spectrum are observed, measuring 5.7 and 4.1 Hz, respectively. These
features are assigned to ABX splitting patterns caused by the coupling between the two
inequivalent phosphorus atoms and the platinum nucleus. However, the difference in the
chemical shifts caused by diastereotopicity between the two phosphorus nuclei is so
small that the outer peaks of the ABX pattems are lost in the baseline noise, and the left
branch of the spectrum remains as a broad singlet. The resonance of 48 is shifted
downfield by 34.9 ppm‘compared to the free ligand, due to the electron donation from
phosphorus atoms to the platinum centre, causing less shielding effect on the phosphorus

nuclei.
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In the *C{'H} NMR spectrum of compound 48, the peak due to the a-carbon
is found at 74.2 ppm as a pseudo triplet because of the platinum coupling (Jp = 13.4
Hz). The two benzylic carbons are located at 28.8 and 28.4 ppm as multiplets, since
they are coupled to both the phosphorus and the platinum nuclei.

Platinum complexes containing either mono- or bis-(phosphinoalkyl)silyl ligands
have been reported.'*'">!® In each case, the Pt(II) complexes adopt square planar
geometry, as expected for sixteen electron Pt(Il) species.'® Analogues to Pt(mcbiPSi")Cl
(48), Pt(biPSi)CI*® and Pt(mcbiPSi)CI'® (Figure S-4b) are formed with tridentate
ligands, biPSi (45) and mcbiPSi (46), respectively, where the two phosphorus atoms are
trans to each other. The ‘I, values of Pt(biPSi)Cl and Pt(mcbiPSi)Cl are 2835 and 2908
Hz, respectively, i.e. very close to that reported above for Pt(mcbiPSi")CI (48).

Pth PPh2 /— PPh,
Si Pt Cl
\ /
PPh,
R = Me or Ph; R’ = Me, Ph, or H 7\ = (CHjy);oro-benzyl
(a) (b)

Figure 5-4. Structures of Pt-PSi complexes.

When Pt(COD), reacts with bidentate PSi ligands, complexes of the formulae
Pt(SiR'R"CH,CH,PPh,), (R", R” = Me, Ph, or H, Figure 5-4a) are formed, where the
two phosphorus donors are cis to each other. The coupling constants between the

phosphorus nuclei and the platinum centre are in the range 1613-1838 Hz, which are
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consistent with 'Jpp values for the phosphorus trans to silicon,'® due to strong trans
influence from the silyl groups. The frans influence is viewed as a thermodynamic
phenomenon, where ligands can influence the ground state properties of groups to which
they are trans.'”' These properties include the trans metal-to-ligand bond distance, the
vibrational frequency or force constant, and the NMR coupling constant between the
metal and the trans ligand donor atom. The larger 'Jpp values (2835 - 2921 Hz) obtained
from the platinum complexes containing tridentate PSi ligands (45 - 47) indicate that the
phosphorus donors are trans not to the silyl group but to the less strong trans
influencing phosphorus atom.

The synthesis and characterization of the platinum complex 48 proved that the
new chiral ligand precursor 47 functions similarly to its analogous, 45 and 46, in the

context of its reactivity towards metal centres and showed asymmetric influence exerted

PPh,
. benzene
MenO- Si- H + 12 [Ir(COD)(-CD], ——
PPh,
PPh PPh
41 2 :
H| | .«
Si— Ir £ _Si— I
MenO ¢ | ~a MenO |
PPh, PPh,
anti-49 syn-49

Scheme 5-4. Synthesis of IrH(mcbiPSi")Cl, 49.
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by the optically active menthoxy fragment in the NMR spectra of the complex 48.
However, because of the established stability of square planar d®-Pt(ID) system, further
investigation of the chemistry of 48 was not pursued. Instead, the behaviour of
mcbiPSi'H (47) towards iridium precursors was examined because coordinatively
unsaturated five-coordinate species can be obtained in this manner, allowing the effect
of the chiral framework on orientation of an incoming sixth ligand to be assessed.

A yellow crystalline solid was obtained from the reaction of [Ir(COD)(u-Cl)],
with two mol. equiv. of 47 in benzene (Scheme 5-4). The product, 49, is soluble in
CHC,, CH,Cl,, benzene, or THF, but can be precipitated out by the addition of non-
polar solvents such as hexanes or pentane. The microanalysis results show that this
compound contains 60.31% C, 5.58% H, consistent with the calculated values for
IrH(mcbiPSi")Cl (IrC,H,,CIOP,Si, C: 59.89%, H: 5.44%).

The 'H NMR spectrum of 49 exhibits two hydride resonances at -19.52, -23.51
ppm in 8:1 ratio (Figure 5-5), indicating that there are two isomers in the product. The
very high field chemical shifts of the hydride signals imply that the complexes are five-
coordinate species, and the hydride is at the equatorial positions of a trigonal bipyramid
or at the axial site of a square pyramid.'”? Both resonances are triplets due to the
coupling to the two phosphorus atoms with coincidental equal coupling constants (Jpy
= 13.9 and 16.2 Hz, respectively). The low values of the coupling constants are
suggestive of cis orientation between the hydride protons and the phosphorus atoms.'®
By analogy with the mcbiPSiH analogue of 49 (IrH(mcbiPSi)Cl, vide infra), the
resonance at -19.52 ppm is assigned to the hydride in the syn isomer, while the signal
at -23.51 ppm arises form the anti isomer (with syn and anti referring to the structural
relationship between the Me-Si bond and the Ir-H bond throughout).'*

The triplet of doublets centred at 3.07 ppm is characteristic of the resonance due

to the a-proton in the menthoxy group. This signal is shifted upfield by 0.29 ppm from
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Figure 5-5. '"H NMR spectrum of IrH(mcbiPSi")Cl, 49.

the free ligand, similar to that in the platinum complex 48. The resonances due to the
four benzylic protons are observed as two pairs of doublets. One pair is located at 2.99
and 2.67 ppm (J,y; = 14.4 Hz); the other at 2.44 and 2.40 ppm (Jy = 5.4 Hz). The

splitting pattern is due to the coupling between the two geminal protons in each
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methylene group. The large differences in these chemical shifts and coupling constants
suggests considerable rigidity in the two metallocyclic units of the molecule and
substantial asymmetric influence from the optically active menthoxy group. Both the a-
proton and the benzylic proton resonances discussed above arise from the syn isomer;
the signals for the anti isomer in this region are not resolved due to its much lower
concentration. However, in the thermodynamic distribution (vide infra), the anti isomer
is dominant, and the relevant NMR data are obtained: the resonance due to the a-proton
is found at 3.18 ppm as a triplet of doublets, and the two pairs of doublets due to the
benzylic protons are located at 2.99, 2.56 ppm (Jyy = 11.7 Hz); and 2.56, 2.47 ppm
(Jm = 16.2 Hz). The r1est of the proton resonances are not very informative and were
not assigned individually.

The *'P{'H} NMR spectrum of 49 consists of two AB patterns centred at 26.9
and 18.2 ppm, corresponding to the two isomeric forms. The much more intense
resonance at 26.9 is assigned to the anti isomer, with the other signal due to the syn
isomer. The chemical shifts and coupling constants were obtained by computer
simulations. For the anti isomer, 6P, = 27.6 ppm, 8Py = 26.3 ppm (A and B are
arbitrarily assigned), *Jpp = 333.4 Hz; whereas for the syn isomer, 5P, = 19.0 ppm, &P,

= 17.5 ppm, Jpp = 336.3 Hz. The P-P coupling constants are within the normal range

PPh,
Y
Si—— Ir\

cl

\— PPh,

IrH®1PS1)CI, 50.

for trans P-P coupling.'®
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Similar iridium complexes containing organophosphinoalkylsilyl ligands have

also been investigated in this group.'®*'¢’'7'% The reaction of [Ir(COD)(p-Cl)], with
biPSiH (45) gives only one five-coordinate species (IrH(biPSi)Cl, 50), which has been
characterized by NMR spectroscopy and X-ray crystallography. The crystal structure of
30 shows that the molecule adopts a trigonal bipyramidal structure, with the two
phosphorus donors occupying the axial positions trans to each other, and the hydride
being anti to the methyl groups attached to silicon. The hydride resonance in the 'H
NMR spectrum of 50 is located at -22.38 ppm as a triplet, due to the coupling to (Jpy
= 14.7 Hz) the two equivalent phosphorus nuclei. Unlike that of biPSiH (45), the
reaction of mcbiPSi (46) with [Ir(COD)(u-Cl)], affords both anti and syn isomers, 10:1
ratio, in the product (IrtH(mcbiPSi)Cl, 51). The hydride resonances located at -23.54 and
-20.56 ppm in the '"H NMR spectrum are assigned to the anti and the syn isomers,
respectively. The solid state molecular structure of anti-51 was determined by X-ray

crystallography, showing similar features to its biPSiH analogue, biPSiIrHCI (50).

PPh, PPh,
a0 ] c
Si— Ir Si— ™"
Me™ ¢ ~~a M™ (4
H
PPh, PPh,
anti-51 syn-51

Five-coordinate complexes derived from tridentate ligand precursor mcbiPSi'H
(47) may have several possible structures depending on the orientation of the tridentate

ligand and the geometry of the molecule (Figure 5-6). Among these possibilities, both
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Figure 5-6. Possible structures for five-coordinate species containing mcbiPSi” ligands.

(a) and (e) in Figure 5-6 are compatible with all the available NMR data, and therefore
cannot be distinguished without further analysis (e.g. X-ray structure determination).
However, by making comparisons with those of its biPSiH and mcbiPSiH analogues
(complexes 50 and 51), the structures of the two isomers in IrH(mcbiPSi’)Cl (49) are
believed to be trigonal bipyramidal (Figure 5-6(e)), where the two phosphorus donors
occupy the two axial sites and the silyl group, hydride and chloride are located at the
equatorial positions. In the anti isomer, the hydride is anti to the menthoxy group, with
H and OMen syn to each other in the syn isomer. These structures are also consistent
with theoretical calculations, which have suggested that five-coordinate d ® species
containing four strong ¢-donors and one single-faced n-donor would favour a distorted
trigonal bipyramidal geometry, with the nt-donor occupying an equatorial site. The angle

formed by the two strong equatorial o-donors and the metal centre is also
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characteristically smaller than 1207, which is expected for a regular trigonal
bipyramid.'”'¥® Several complexes of this type have been reported, showing acute
angles between two strong o-donors in the equatorial plane ranging from 69 to
77.9°.1%2% Similar features were also observed in five coordinate Ir-PSi complexes.
In Ir(SiMe,CH,CH,PPh,),Cl], the Si-Ir-Si angle is 87"; in the single crystal structures of
biPSiIrHCI (50)'** and anti-mcbiPSilrHCI (anti-51)'”, although the hydride atoms could
not be located, the large CI-Ir-Si angles (128 in 50, 131" in anti-51) imply small Si-Ir-H

@*‘z

angles.

Me,Si...
“ Ir——Cl
Me,Si™ l
PPh,
Ix(SiMe,CH,CH,PPh,),Cl

The ratio between the two isomers in the initial mixture of IrH(mcbiPSi")Cl (49)
is: syn:anti = 8:1. This is in contrast with the results obtained from IrH(biPSi)Cl (50)
and IrH(mcbiPSi)Cl (§1). As mentioned earlier, only the anti isomer is observed in 50.
In 51, although both isomers are present, the anti-51 is dominant. However, in the
rhodium analogues of compounds 50 and 51, RhH(biPSi)Cl (52) and RhH(mcbiPSi)Cl
(83), the percentage of the syn isomers in the kinetic products are considerably higher,
with the syn:anti ratio being 40:60 in 52 and 7:1 in 53."”” The rhodium analogue of 49.
RhH(mcbiPSi")Cl (54), was synthesized by Gossage of this research group. The kinetic
product of 54 also consists of syn and anti diastereomers in 4:1 ratio.'”

The formation of the syn or anti isomer is presumably influenced by steric
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M=TIr,

R =MenO,

Z~ \. =CoD,

7\ =o-benzyl

Scheme S-5. Proposed mechanism for the formation of IrH(mcbiPSi )Cl, 49.
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factors. A likely pathway for the reaction between [M(COD)(u-Cl)], M = Ir or Rh) and
mcbiPSi’H ligand precursor (47) is proposed in Scheme 5-5, in which the reaction is
viewed as occurring in three sequential steps. Firstly, one of the phosphorus donors
coordinates to the metal centre through the apical site only, with the rest of the donor
sites remaining free. Next, the oxidative addition of the Si-H bond to the metal centre
takes place, replacing cyclooctadiene, but prior to the attack of the Si-H bond, the
dangling ligand can be oriented in two different ways. If the remaining free
phosphinoalkyl group is positioned pointing away from the metal centre, the product will
be a anti isomer. Alternatively, the syn isomer will be formed if the menthoxy group
attached to silicon is placed away from the metal centre. At this position, the free
phosphorus donor is close to the metal centre so that the second P-M bond can be
readily formed to complete the reaction (the third step). It is probably due to this
interaction between the metal centre and the free phosphino group that one orientation
in the second stage of the reaction is more favourable, resulting in the syn isomer as the
kinetic product.

The ratio between the two isomers of IrH(mcbiPSi")Cl (49) changes gradually
in the solution and therefore is not the thermodynamic distribution. This process was
monitored by '"H NMR spectroscopy in C¢Dj solution at ambient temperature (Figure 5-
7). The plot of integration ratio vs. time was fitted to determine equilibrium constant K
and the forward and backward rate constants k, and k, (Figure 5-8). The results are: K
=713,k = (1.69 £ 0.07) x 10° s, k, = (2.5 £ 1.1) x 107 5. The free energy
difference between the two isomers, AG%,, is obtained from the following calculation:

AG’,5 = -RTINK = -(5 + 2) kJmol™.
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Figure 5-7. Isomerization process monitored by the 'H NMR spectra of IrH(mcbiPSi )CL.



L) k - . ® -
syn-mcbiPSi IrHCI (syn-49) —?1- anti-mcbiPSi IrHCI (anti-49)

-1

1 OF
F
o L
|9 K=7%3
o ? k, = (1.69 £ 0.07) x 10¢ 5™
? o k= @511 x 107 5%
L]
~
3l
5
~ 4 L
2 =
O PENENS NS ST ST S S SEST S N Y PR N ~
0 100 200 300 400 500 600 700
t (hr)

Figure 5-8. Plot of the integration ratio of syn and anfi isomers in 49 vs. time.

I integration. Equation used for curve-fitting:

1 (& k)
k_ -lk_ -(k +k_) Je
syn-49 l l l l [[ami—49/[:yn—49]0 +1 -
== —_ = (5-10)
[anli-ig kl _[kl __(kl +k_l) 1 ]e '(k. d:_.)r
[I:yn-49/[ami-49]0+1

where [L,, so/I,is0lo is the initial integration ratio.
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Similar processes were also observed for the rhodium compounds RhH(biPSi)Cl

(52), RhH(mcbiPSi)Cl (53), and RhH(mcbiPSi")Cl (54).'” For complex 53, the initial
ratio of 7:1 between the syn and anti isomers shifted to 1:10, the thermodynamic
distribution, in approximately one day. The isomerization process for 52 was more
interesting because an intermediate was observed. The kinetic profile of this process is

in good accordance with that of a consecutive reaction:

syn-52 _% . intermediate — =, anti-52,

where k, (determined experimentally as 4.6 x 10” s™) and &, are comparable. The 40:60
(syn:anti) kinetic distribution was eventually shifted to 5:5:90 (syn:intermediate:anti).
By the NMR spectroscopic data, the intermediate was identified as a distorted square
pyramidal species (Figure 5-9). This provided evidence for a possible general
mechanism for the isomerization processes of the same type (Scheme 5-6). Theoretical
calculations carried out by Kepert and co-workers show evidence that such a
intermediate is energetically viable.®® No intermediate was observed during the
isomerization of 54. However, the conversion rate (k, = (1.7 £ 0.5) x 10°s™, &, = (2
*+ 5) x 107 s') is much slower than those of 51 and 52, and very close to that of 49.

Diastereoisomerization of the rhodium complexes, 52 and 53 is faster than that

of IrH(mcbiPSi")Cl (49), but each still takes days to complete. The isomerization rate

e
T W/J

Figure 5-9. The intermediate in the isomerization process of RhH(mcbiPSHCL

”/ \\‘
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Scheme 5-6. Proposed mechanism for isomerization of complexes 49 - S3.

of IrH(mcbiPSi)Cl (51) was qualitatively observed to be slow,'”” possibly also of the
same order of magnitude as that of 52 or 53. However, the rate for IrH(biPSi)Cl (50)
is believed to be extremely fast in comparison with those of 49 and 51 - 53, resulting
in syn-50 being never detected.'® The rate difference between 49 and 50, 51 is ascribed
to the steric difference between ligands biPSi, mcbiPSi, and mcbiPSi". Since the
aromatic groups that connects the phosphors donors and the silyl group in mcbiPSi and
mcbiPSi" are much bulkier than the aliphatic chains in biPSi, and the three rotationally
flexible carbon atoms connecting the silicon centre with the phosphorus donors in biPSi
are reduced to one in mcbiPSi and mcbiPSi’, the constraints in the metallocycle rings
in mcbiPSi and mcbiPSi" are much higher than that in biPSi, and so are the activation
energies for the conversion process. The similar trend in the isomerization rate of the
rhodium complexes 52 - 54 is supportive of this analysis.

Complex 49 (anti- and syn-IrH(mcbiPSi")Cl) is subject to addition reactions since
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Figure 5-10. CO addition to IrH(mcbiPSi")Cl (49) monitored by ‘H NMR spectroscopy.
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its coordination sphere is unsaturated. The addition of carbon monoxide to this complex
revealed a series of interesting ligand rearrangement processes. The reaction was carried
out in an NMR tube containing a C¢D, solution of 49 at an isomeric ratio of about 5:1
(syn:anti), through which a stream of CO was bubbled. The solution was then monitored
by NMR spectroscopy. The 'H NMR spectra are shown in Figure 5-10. Five minutes
after the CO addition, the two hydride resonances due to the five-coordinate species
were completely absent and new triplets at -17.55 ppm (Jpy = 11.9 Hz) and -18.28 ppm
(Jpy = 16.0 Hz) had appeared in a ratio of 16:1. The high field chemical shifts indicate
that these hydrides are trans to a weak ligand, i.e. chloride in the new octahedral species
IrH(mcbiPSi")(CO)CI, 55. The resonance at -17.55 ppm is assigned to the hydride in the
syn isomer (syn-35), since this is the major product. The triplet at -18.28 ppm is
therefore due to anfi-55. These kinetic products (syn- and anti-55) are not stable in
solution. As shown in Figure 5-10, as the reaction progressed, anti-55 completely
disappeared and the amount of syn-55 decreased. This was accompanied by the
emerging of two new resonances at -6.88 ppm (Jp; = 15.7 Hz) and -7.09 ppm (Jpy =
20.8 Hz). These low ficld hydride signals suggest that strong ligands, such as carbony!
or silyl groups, are frans to hydride. Based on the comparison with the structurally

analogous biPSi system (vide infra), these resonances are assigned to a pair of new

PPh, PPh,
. Cl H
Si— Ir>— Co Si— IrY— Co
" P
MenO H/ I MenO (C1” l
PPh, PPh,

syn-35 anti-55



162
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cO I _H
Si— Ir~—cl Si— Ir'~—Cl
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MenO (g* I MenO (cq” l
PPh, PPh,
syn-56 anti-56

isomers, syn- and anti-IrH(mcbiPSi")(CO)Cl (syn- and anfi-56), with the CO group trans
to the hydride. Based on the intensity difference of the hydride resonances, the signal
at -6.88 ppm is assigned to syn-56, and the signal at -7.09 ppm to anti-56. The
integration ratio between the two resonances (-6.88 ppm vs. -7.09 ppm) reached 11:1
after 5 days, when syn-56, the kinetic product, was almost depleted. It is also noticed
that the conversion from anti-56 to anti-56 is much faster than the conversion from syn-
S5 to syn-56, since all anti-3S was converted within two hours.

The *'P{'H} NMR spectra for the same isomerization process were also recorded.
The resonances due to syn- and anti-55, syn- and anti-56 are located at 0.1, -1.4, -3.1,
and -6.0 ppm, respectively. Although the two phosphorus nuclei in each molecule are
inequivalent to each other because of the optically active menthoxy groups, all signals
are singlets, due to the coincidental equal chemical shifts arising from the two
phosphorus atoms. The identical chemical shift values of the two phosphorus atoms
confirms that the tridentate mcbiPSi'H ligand adopts a mer conformation (i.e. the two
phosphorus donors are trans to each other and cis to silicon). In a fac geometry, where
silicon and two phosphorus are all cis to each other, the chemical shifts of the two

phosphorus atoms would be differentiated by the various functional groups frans to

them.
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Figure 5-11. The interconversion in 56 monitored by *'P{'H} and 'H NMR spectroscopy.
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The isomerization process is not completed, however, with conversion of the
kinetic cabonyl adducts (55) to the isomeric products (56). When 56 is left in solution,
syn-56 slowly isomerises to anti-56 (Figure 5-11. In the experiment, CO was reacted
with an aged sample of IrH(mcbiPSi*)Cl (49), in which the thermodynamically favored
anti-isomer was already dominant). In about 10 days, the hydride resonance due to syn-
356 becomes barely detectable.

With a mer tridentate ligand in the coordination sphere, there are six possible
structures for the CO adducts of IrH(mcbiPSi")Cl (49) (Figure 5-12). Structures (a) and
(b) can be assigned to the kinetic adducts (syn and anti-33, respectively) because of the
high field hydride resonances observed in the 'H NMR spectra, i.e. putting H trans to
ClI (vide supra). However, the chemical shifts of the hydride signals in the NMR spectra
of the thermodynamic adducts (syn- and anti-56) imply that the hydride is frans to a
strong donor which could be either a silyl or a carbonyl group. This ambiguity is

/31— Ir- o) sl— Ir— /Si7 Ir H
. e
PPh, PPh, PPh,
(a) (e)
PPh‘) q pphz Pth
l I Cl
Si——— IrL Cl 1— IrL H
R/ yd l
CO CO
PPh2 PPh, Pth
(b) (d) ®

Figure 5-12. Possible structures for CO adducts of IrH(mcbiPSi')CI, 49.
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resolved by comparison with the behaviour of analogues formed when the unmodified
biPSiH ligand precursor reacts at an Ir(I) center: the reaction between CO and
IrH(®iPSi)Cl (50) produces a pair of kinetic adducts, syn- and anti-57, which
subsequently rearrange to the thermodynamic adducts, syn- and anti-58.'* Compounds
syn-57 and syn-58 have identical spectroscopic data to those of the products of the
reaction between biPSiH (45) and Vaska’s complex, trans-Ir(PPh,),(CO)Cl (Equation
5-11). Because oxidative addition of Si-H bond to a metal centre is viewed as a
concerted process,'” the silyl group and the hydride should be cis to each other in the
product. This has been verified by measuring the nuclear Overhauser enhancement
difference spectra of syn-57 and syn-58, thereby showing that the distance between the

hydride and the silicon atom in either molecule is within 3 A and establishing that
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complex 58 possesses structure (c) and (d) of Figure 5-12, i.e. with H trans to CO (not
Si). Since the mcbiPSi” and biPSi are structurally analogous, structures (c) and (d) are
also assigned to the syn- and anti diastereomers of compound 56.

trans-Ir(PPh,),(CO)Cl + 45 ——— syn-57 + syn-58
75% 25% (5-11)
It is plausible that carbon monoxide can attack the metal centre of the five-
coordinate IrtH(mcbiPSi")Cl (49) from three directions to form six-coordinate adducts,
see Scheme 5-7. Since the CO adducts with structures (¢) and (f) in Figure 5-12 are not
detected, the CO addition to the metal centre through the Si-Ir-H angle is disfavoured.
This is probably because (a) sterically, this angle is smaller than the other two (Si-Ir-Cl

and CI-Ir-H angles, vide supra), and (b) in the adducts two strong o-donors (silyl group

P
PPh, /

l .co
r—cl

R~ Si

R vanr §ji—— I yd ’
\ / \ ﬂCO k_
W PPh,
ocC PPh,
\ (c), (@

PPh, PPh,
/_ I _a / ‘ .Cl
R~~~ Si / II'\“\‘ H R ~Ar Si / [I‘\\\“ CO
\f’ \d
PPh, PPh,
(e), (O (@), (b)

Scheme 5-7. Possible CO attack directions during its addition to IrH(mcbiPSi")CL 49.
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and hydride) will be trans to each other, which is a unstable configuration likely to

isomerize rapidly to other structures.

Similar CO addition processes were also observed for IrH(biPSi)Cl (50) and
IrH(mcbiPSi)Cl (51), analogues of IrH(mcbiPSi")Cl (49) (Scheme 5-8).'” The first of
these (50) generates two octahedral carbonyl adducts, syn- and anti-57, in 1:1 ratio, then
further rearrangement occurrs to form the thermodynamic adducts syn- and anti-58 also
in 1:1 ratio. It is believed that syn-57 results from CO addition to syn-50, which,
although never observed, may be in rapid equilibrium with anti-50. The reaction
between mcbiPSiIrHCl (51) and carbon monoxide also follows subsequential steps.
Initial formation of unstable kinetic adducts (syn- and anti-59), analogues of 57 and 585,

is followed by subsequent rearrangement, giving rise to the thermodynamic isomers

PPh, PPh,
_a | w
Si— Ir'Y—Co Si— Ir~— o
Me™ (" I hAe"”(H”,‘
PPh, PPh,
syn-59 anti-39
PPh, PPh,
CO l H

o

Si— I'*—Cl

Si— IrY—Cl
M= ¢ 1 | Me™ (cO” |
PPh, PPh,

syn-60 anti-60



(a) =49, (b) =55, (c) = 56: PSi = mcbiPSi*;
50 57 58 PSi=biPSi;
51 59  60: PSi=mcbiPSi.

Scheme 5-8. CO addition to five-coordinate Ir complexes (49 - 51).
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(syn- and anti-60), analogues of 56 and 58. The difference between the two systems

(biPSi vs. mcbiPSi) is that for the latter, the ratio between the anti and syn isomers is

kept same throughout the whole process (i.e. anti-S1:syn-51 = anti-59:syn-59 = anti-

60:syn-60 = 10:1).

In the 'H NMR spectra of the CO adducts of IrH(iPSi)Cl (50) and
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Table 5-2. 'H NMR data of the hydride resonances of the six-coordinate complexes
and their starting materials.

Chemical Shift (ppm) oy (Hz)
Compound

syn anti syn anti
IrH(mcbiPSi")Cl, 49 -19.52 -23.51 13.9 16.2
IrH(biPSi)Cl, 50 -22.38 14.7
IrH(mcbiPSi)Cl, S1 -20.56 -23.54 14 16
IrH(mcbiPSi)(CO)ClL, 55 -17.55 -18.28 11.9 16.0
IrH(mcbiPSi")(CO)ClL, 56 -6.88 -7.09 15.7 20.8
ITH®iPSI)(CO)Cl, 57 -18.06 -18.50 16 15
IrH®GIPSI)(CO)CI, 58 -6.09 -1.27 15 16
IrH(mcbiPSi)(CO)CI, 59 -17.40 -18.06 14 16
IrH(mcbiPSi)(CO)Cl, 60 -7.41 -6.09 16 18

IrH(mcbiPSi)Cl (51) (Table 5-2), the hydride resonances of the kinetic products (57 and
59) are located at about -18 ppm, in the same region where the hydride resonances of
55 are observed (-17.55 and -18.28 ppm), indicating similar structures among 335, 57,
and 59. The signals due to the hydrides in the thermodynamic adducts (58 and 60) are
found at a much lower field about -7 ppm, again suggesting comparable configurations
to that of 56, since the resonances due to the hydrides in 56 are also identified in the
same region (-6.88 and -7.09 ppm). All hydride resonances are triplets, with *Jp, values

in the range of 10-20 Hz (also comparable to those of 55 and 56), implying cis
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couplings to two equivalent phosphorus nuclei.

The conversion from the kinetic CO adducts (85, 57, and 59) to the
thermodynamic adducts (56, 58, and 60) retains the structural relationships (syn or anti)
between the R-Si (R = Me or MenO) bond and the Ir-H bond. A possible mechanism
for this process is illustrated in Scheme 5-9, where the kinetic products are transformed
into the thermodynamic products through dissociation of carbon monoxide and
subsequent re-addition of CO from a different site. An isomerization mechanism for a
similar process that converts the SnCl, derivative of anti-ItH(biPSi)(CO)CI (§7) to its
thermodynamic isomer, SnCl, derivative of anfi-IrH(biPSi)(CO)Cl (58) was proposed
by Joslin.'” As shown in Scheme 5-10, this mechanism involves reductive elimination
of Si-H, followed by rotation of the four-coordinate species along the P-Ir-P axis, and
oxidative re-addition of Si-H. Another mechanism for the isomerisation of syn- and anti-

IrH(iPSi)(CO)CI (syn- and anti-57) suggested that the six-coordinate species could

CO
/ PPh
PP hz 2 cl
L N
\\“\‘\,\‘ . C O \\\\\\\5
Ir Ir

R~ Si CO —» R~ §i

| N
H
PPh, PPh,
PPh,

a2

R ~~n~ Si ‘///IP Cl
k |
PPh,

Scheme 5-9. Possible isomerization mechanism involving dissociation of CO.
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Scheme 5-10. Isomerization mechanism proposed for anti-IrH(biPSi)(s-SnCl;)(CO).

undergo reductive elimination of HCI, generating a square planar four-coordinate

intermediate. The re-addition of HCI could then produce the rearranged isomers (Scheme

5-11)."*® However, in both of these mechanisms (elimination and re-addition of Si-H or
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anti-ST y +HC1 .+ HCL
r Pth (\ Pth (\ ll’th

Sl—— Ir— Cl Ci

Me @/ M H/ | Me %I
PPh, PPh, PPh,
anti-38 syn-38 syn-57

Scheme 5-11. Possible isomerization mechanism involving dissociation of HCIL

H-Cl), the “cross isomerization” between the syn and anti isomers could occur (Schemes
5-10 and 5-11). For the former, this could be due to a slight rotation of the orientation
of the silane in the intermediate; and for the latter, the re-addition of HCI from the other
face of the square planar intermediate could cause the same effect, which is
contradictory to the retention of the isomeric ratio from the kinetic adducts to the
thermodynamic adducts. The CO dissociation and re-addition mechanism (Scheme 5-9),
however, will not have the same problem, since none of the hydride, chloride, or silyl
groups is involved in the isomerization, thus the relative geometries (i.e. syn vs. anti)
are retained.

Unlike the IrH(mcbiPSi")(CO)CI (56) system, no change in the isomeric ratios
in Ir(biPSi)(CO)CI (58) or IrtH(mcbiPSi)(CO)Cl (60) in solutions was observed at room
temperature. The interconversion between the syn- and anti-56 may occur through the
rearrangement between the five-coordinate species, syn- and anti-IrtH(mcbiPSi )Cl (49),

which are generated by CO dissociation of the six-coordinate complexes, as shown in
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Scheme 5-9. The fact that the rate of the interconversion between syn- and anti- 56 is
about same as that between syn- and anti-49 is supportive of such a mechanism. Thus
an overall mechanism for the CO addition reaction can be obtained (Scheme 5-12).
According to this mechanism, the magnitude of the rate constants should be in the order:

&~h>k4~ks>k1>>k_l.

ky
syn-49 < > anti-49
k.
ks ks
.o/ b %\~ CO
+CO +CO
syn-56 syn-55 anti-S5 anti-56

Scheme 5-12. Overall mechanism for the CO addition reaction.

The investigation on the reactivity of mcbiPSi'H (47) and related ligand
precursors (biPSiH (45) and mcbiPSiH (46)) shows that a) the asymmetric fragment was
successfully introduced into the tridentate organophosphinoalkylsilane system; b) the
presence of the aromatic groups in the ligand framework and the bulky menthoxy
substitution on silicon make the complexes derived from 47 more rigid systems than
their analogues from 45 or 46; c) the asymmetric influence of the optically active
menthoxy group is reflected in the NMR spectroscopic data, showing potentials of
ligand 47 in asymmetric catalysis, since complexes containing structural related 45 are
known catalysts for hydroformylation reactions.'®® The mechanistic study of the CO
addition reaction of IrH(mcbiPSi")Cl 49 in comparison to that of IrH(biPSi)Cl (50) and
IrH(mcbiPSi)CI (51) shows interesting stereochemistry of the six-coordinate species (55-
60), and may provide insight to the mechanism of the catalytic cycle of the

hydroformylation reaction.



174

Chapter 6

EXPERIMENTAL

6.A. General

All synthetic operations were carried out under an atmosphere of dry nitrogen
gas, with the use of standard bench-top inert atmosphere (Schlenk) techniques. Solvents
were degassed, dried with a suitable reagent and redistilled immediately before use:

(i) THF, diethyl ether, hexanes, pentane, and toluene from
sodium/benzophenone;
(ii) dichloromethane from calcium hydride.

All starting materials were either purchased or synthesized using straightforward

literature methods (Table 6-1).

Table 6-1. Starting materials.

Compound Reference
(Ir(COD)(p-CD1, 202
endo-Norbornyl iodide 151
exo-Norbornyl iodide 153
o-Ph,C,H,CH,Li 203
(COD)PCl, 204
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Microanalytical data were supplied by Canadian Microanalytical Services Ltd.,

Vancouver. All instruments employed in this work are listed in Table 6-2.

Table 6-2. Instruments.

Technique Spectrometer*
IR Perkin-Elmer 1330
Bruker IFS25
'H NMR Bruker WM250 (250.1 MHz)

Bruker AMX360 (360.1 MHz)

“C NMR Bruker WM250 (62.9 MHz)
Bruker AMX360 (90.6 MHz)

*'P NMR Bruker WM250 (101.3 MHz)
Bruker AMX360 (145.8 MHz)

Mass Spec. Kratos Concept-H
Finnigan-3300

* Operating frequencies of the NMR spectrometers are given in parentheses.
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6.B. Synthesis of Compounds

6.B.a. Chiral Phosphinites

General Procedure

All chiral phosphinites were synthesized in a similar fashion. One mol. equiv.
of Ph,PCI in 40 mL of ether was added to the solution of a chiral alcohol in 20 mL of
ether. The clear solution was usually stirred at room temperature for 5-10 hr, following
which the solvent was removed under vacuum. The product was typically a colourless
or pale yellow viscous liquid. The yields ranged from 80-85%. Analytical data are
shown in Tables 6-3 (“C{'H} NMR), 6-4 (‘H and *P{'H} NMR) and 6-5 (Elemental
Analysis and Mass Spec.).

MenOPPh,, 1
According to the general procedure, MenOH (2.0 g, 12.8 mmol) and Ph,PCI (2.3
mL, 2.83 g, 12.8 mmol) were used, yielding a clear viscous liquid product (3.5 g, 10.3

mmol, 80% yield).

BorOPPh,, 2

According to the general procedure, BorOH (2.0 g, 13.0 mmol) and Ph,PCl (2.4
mkL, 2.95 g, 13 mmol) were used, yielding a white crystalline product (3.5 g, 10.3 mmol,
82% yield).

IpcOPPh,, 3
According to the general procedure, IpcOH (2.0 g, 13.0 mmol) and Ph,PCl (2.4
mL, 2.95 g, 13 mmol) were used, yielding a clear viscous liquid product (3.6 g, 10.6
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mmol, 82% yield).

Attempted synthesis of fenchyl diphenylphosphinite.
Fenchyl alcohol (2.0 g, 13.0 mmol) and PPh,Cl (2.4 mL, 2.95 g, 13 mmol) were
reacted according to the general procedure. However, the NMR spectra of the product

showed a mixture of unidentifiable compounds.

Attempted synthesis of cedryl diphenylphosphinite.
Cedrol (2.0 g, 9.0 mmol) and PPh,ClI (1.6 mL, 1.97 g, 8.9 mmol) were
reacted following the general procedure. The product, however, was proven by the

NMR spectra to be a mixture of unidentifiable compounds.

6.B.b. Chiral Phosphonites

General Procedure

All chiral phosphonites were synthesized according to the following route: Two-
fold excess of triethylamine was added to the ethereal solution (20 mL) of a chiral
alcohol followed by dropwise addition of 0.5 mol. equiv. of PhPCl, in 40 mL of ether
at 0 'C. A white precipitate formed immediately. The mixture was usually stirred at
room temperature for 5-10 hr, and the solid was then filtered off. The solvent was
removed from the filtrate under vacuum. The yields varied from 82-92%. Analytical
data are shown in Tables 6-3 ("C{'H} NMR), 6-4 (‘"H and *'P{'H} NMR) and 6-5
(Elemental Analysis and Mass Spec.).

(MenO),PPh, 4
According to the general procedure, MenOH (2.0 g, 12.8 mmol), triethylamine
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(3.6 mL, 2.62 g, 25.9 mmol) and PhPCl, (0.84 mL, 1.14 g, 6.36 mmol) were used,
yielding a clear viscous liquid product (2.3 g, 5.5 mmol, 86% yield).

(BorQO),PPh, §

According to the general procedure, BorOH (2.0 g, 13.0 mmol), triethylamine
(3.6 mL, 2.62 g, 25.9 mmol) and PhPCl, (0.86 mL, 1.17 g, 6.52 mmol) were used,
yielding a clear viscous liquid product (2.2 g, 5.3 mmol, 82% yield).

(IpcO),PPh, 6

According to the general procedure, IpcOH (2.0 g, 13.0 mmol), triethylamine
(3.6 mL, 2.62 g, 25.9 mmol) and PhPCl, (0.86 mL, 1.17 g, 6.52 mmol) were used,
yielding a clear viscous liquid product (2.5 g, 6.0 mmol, 92% yield).

6.B.c. Chiral Phosphites

General Procedure

All chiral phosphites were synthesized according to the following route: five-fold
excess of triethylamine was added to a ethereal solution (20 mL) of one mol. equiv. of
chiral alcohol followed by dropwise addition of one-third mol. equiv. PCl; in 60 mL of
ether at -70 °C. resulting in immediate formation of white precipitate. After the addition,
the mixture was slowly warmed up to room temperature and stirred for 5-10 hr. The
precipitate was then filtered off and the solvent was removed from the filtrate under
vacuum. The yields varied from 75-85%. Analytical data are shown in Tables 6-3
(®*C{'H} NMR), 6-4 (‘H and *'P{'H} NMR) and 6-5 (Elemental Analysis and Mass

Spec.).
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(MenQ),P, 7
According to general procedure, MenOH (2.0 g, 12.8 mmol), triethylamine (9.0
mL, 6.54 g, 64.7 mmol) and PCl; (0.46 mL, 0.72 g, 4.3 mmol) were used, yielding a
clear liquid product (2.0 g, 4.0 mmol, 94% yield).

(BorO),P, 8

According to general procedure, BorOH (2.0 g, 13.0 mmol), triethylamine (9.0
mL, 6.54 g, 64.7 mmol) and PCl, (0.46 mL, 0.72 g, 4.3 mmol) were used, yielding a
white crystalline product (1.6 g, 3.3 mmol, 75% yield).

(IpcO),P, 9

According to general procedure, IpcOH (2.0 g, 13.0 mmol), triethylamine (9.0
mL, 6.54 g, 64.7 mmol) and PCl, (0.46 mL, 0.72 g, 4.3 mmol) were used, yielding a
clear liquid product (1.8 g, 3.7 mmol, 85% yield).

Reaction between PCl; and MenOH

In an NMR tube, 0.03 mL of PCl, (0.047 g, 0.34 mmol) was dissolved in 0.5 mL
CDCl,, and the *'P{'H} NMR spectrum was recorded. To this solution, 0.1 mL of a 3.4
M CDCl, solution of MenOH was added, and the *'P{'H} NMR spectrum was recorded.
The addition of MeOH was repeated for two more times, each followed by recording

of a *'P{'H} NMR spectrum.

Reaction between PCl; and MenOH in presence of Et,N

To a CDCI, solution (0.5 mL) containing 0.03 mL of PCl, (0.047 g, 0.34 mmol)
and 0.2 mL Et;N (0.15 g, 1.4 mmol) in an NMR tube, 0.1 mL of a 3.4 M CDCl,
solution of MenOH was added. The *P{'H} NMR spectrum was then recorded. The
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addition of MeOH was repeated for two more times, each followed by recording of a

P{!H} NMR spectrum.

Table 6-3. “C{'H} NMR* data for compounds 1 - 9.

Compound S C,, 8 CHOP® 8 Cy
P(OMen)Ph,, 1 128-144 81.28(18.6) 15-50
P(OBor)Ph,, 2 127-144 86.34(19.3) 13-51
P(OIpc)Ph,, 3 128-144 81.31(18.6) 20-43
P(OMen),Ph, 4 126-144 79.58(17.3), 78.87(7.3) 15-50
P(OBor),Ph, S 127-143 84.12(15.7), 82.09(8.2) 13-51
P(OIpc),Ph, 6 127-143 78.91(13.4), 77.84(11.8) 20-48
P(OMen),, 1 -° 73.46(12.3) 17-50
P(OBor),, 3 L 77.89(10.4) 13-50
P(OIpc),, 9 e 72.94(11.5) 20-48

* Chemical shifts are given in 8(ppm) relative to internal CDCl, with the middle branch

of CDCl, signal set at 77.0 ppm. All spectra were recorded in CDCl, solution. * *J,

values are given in parentheses. © Not applicable.
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Table 6-4. 'H NMR and *'P{"H} NMR data for compounds 1 - 9.

“P('H)
'H NMR*

Compound NMR’
o H,, d CHOF* & H,y d P/ppm

P(OMen)Ph,, 1 7.2-7.6 3.728 0.6-2.2 107.27
P(OBor)Ph,, 2 7.2-7.9 4.256 0.8-2.4 110.57
P(OIpc)Ph,, 3 7.2-7.6 4.312 0.9-2.6 109.88
P(OMen),Ph, 4 7.3-7.9 3.802, 3.707 0.6-2.4 160.12
P(OBor),Ph, 35 1.3-7.7 4.380, 4.179 0.7-2.3 157.91
P(OlIpc),Ph, 6 7.3-7.9 4.389, 4.313 0.8-2.6 158.37
P(OMen),, 7 - 3.721 0.6-2.2 147.54
P(OBor);,, 8 = 4.325 0.8-2.3 143.44
P(Olpc),, 9 4 4.446 0.8-2.6 142.84

* Chemical shifts are given in §(ppm) relative to internal CDCl, with CHCI, signal set
at 7.24 ppm. All spectra were recorded in CDCl, solution. ® Chemical shifts are given
in 5(ppm) relative to external 85 phosphoric acid solution. All spectra were recorded in

CDCI, solution. ¢ All peaks are multiplets. ¢ Not applicable.
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Table 6-5. Elemental Analysis and Mass Spec. data for compounds 1 - 9.

Elemental Analysis
Compound Calc. (%) Found (%) Mass Spec.’
C H C H
P(OMen)Ph,, 1  77.62 8.59 77.23 8.50 341(9)
P(OBor)Ph,, 2  78.08 8.04 77.73 8.15 339(24)
P(OIpc)Ph,, 3  78.08 8.04 78.23 8.17 339(8)
P(OMen),Ph, 4  74.60 10.35 75.03 10.72 419(18)
P(OBor),Ph, 5 7533 9.48 75.44 9.74 415(16)
P(OIpc),Ph, 6 7533 9.48 75.75 9.80 415(25)
P(OMen);, 7 7254 11.57 72.83 11.46 497(5)
P(OBor),, 8 7343 10.48 73.58 10.63 491(1)
P(OlIpc),, 9 7343 10.48 72.97 10.45 491(3)

* Relative intensity values are given in parentheses. All spectra were recorded with

chemical ionization method.
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6.B.d. Mono-substituted Iron Carbonyl Complexes with Chiral Phosphorous

Ligands

General Procedure

All mono-substituted iron carbonyl complexes were synthesized according to the
method described by M. O. Albers et al. A stirred solution of one mol. equiv.
phosphorous ligand and 0.05-0.1 mol. equiv. of CoCl,-:2H,0 in 30 mL of toluene was
brought to reflux. Two mol. equiv. of pentacarbonyliron was then added and the reflux
was continued for about 10 hr before the reaction solution was cooled. Cobalt catalyst
and traces of excess ligand were removed by eluting the concentrated reaction solution
through a column containing three layers: CoCl,-6H,0 (3 g), neutral alumina (10 g) and
silica gel (10 g). Benzene was used as eluant. The solvent and excess pentacarbonyliron
were removed under reduced pressure yielding an orange product. The products were
either solids or very viscous liquids. Solid products were recrystallized from hexanes.
The yield was typically around 85%. Analytical data are shown in Tables 6-6 *'P{'H}
NMR and IR), 6-7 (“C{'H} NMR), 6-8 ("H NMR) and 6-9 (Elemental Analysis and

Mass Spec.).

(CO),Fe[P(OMen)Ph,], 10

According to the general procedure, MenOPPh, (2.10 g, 6.17 mmol), Fe(CO),
(1.6 mL, 2.38 g, 12.2 mmol) and CoCl,-2H,0 (86.1 mg, 0.52 mmol) were used,
yielding 2.90 g product (5.70 mmol, 92.4%). The product was a deep orange viscous

liquid which could not be solidified at room temperature.

(CO)Fe[P(OBor)Ph,], 11
According to the general procedure, BorOPPh, (3.30 g, 9.75 mmol), Fe(CO); (2.6
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mL, 3.87 g, 19.8 mmol) and CoCl,-2H,0 (150 mg, 0.90 mmol) were used, yielding 4.2
g product (8.3 mmol, 86%). The product was a pale brown solid which was then

crystallized from hexanes.

(CO) Fe[P(OIpc)Ph,], 12

According to the general procedure, IpcOPPh, (2.50 g, 7.39 mmol), Fe(CO); (1.9
mL, 2.83 g, 14.5 mmol) and CoCl,-2H,0 (120 mg, 0.72 mmol) were used, yielding
2.81 g product (5.5 mmol, 75%). The product was a deep orange viscous liquid which

could not be solidified at room temperature.

(CO)Fe[P(OMen),Ph], 13

According to the general procedure, (MenQ),PPh (2.40 g, 5.73 mmol), Fe(CO);
(1.5 mL, 2.24 g, 11.4 mmol) and CoCL,-2H,0 (95.0 mg, 0.57 mmol) were used,
yielding 2.70 g product (4.6 mmol, 80%). The product was a deep orange viscous liquid

which could not be solidified at room temperature.

(CO),Fe[P(OBor),Ph], 14

According to the general procedure, (BorQO),PPh (3.01 g, 7.26 mmol), Fe(CO);
(1.9 mL, 2.84 g, 14.5 mmol) and CoCL-2H,0 (94.4 mg, 0.57 mmol) were used,
yielding 3.41 g product (5.85 mmol, 80.6%). The product was a pale brown solid which

was crystallized from hexanes.

(CO),Fe[P(OIpc),Ph], 15
According to the general procedure, (IpcO),PPh (1.12 g, 2.70 mmol), Fe(CO);
(0.7 mL, 1.04 g, 5.3 mmol) and CoCl,-2H,0 (44.6 mg, 0.27 mmol) were used, yielding

1.15 g product (2.0 mmol, 73%). The product was a deep orange viscous liquid which
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could not be solidified at room temperature.

(CO),Fe[P(OMen),], 16

According to the general procedure, (MenO),P (1.10 g, 2.2 mmol), Fe(CO), (0.6
mL, 0.89 g, 4.56 mmol) and CoCl,-2H,0 (33.0 mg, 0.20 mmol) were used, yielding
1.05 g product (1.58 mmol, 72%). The product was a yellow solid which was

crystallized from hexanes.

(CO)Fe[P(OBor),], 17

According to the general procedure, (BorO),P (0.45 g, 0.92 mmol), Fe(CO),
(0.25 mL, 0.37 g, 1.9 mmol) and CoCl,-:2H,0 (14.8 mg, 0.089 mmol) were used,
yielding 0.54 g product (0.82, 89%). The product was a yellow solid which was

crystallized from hexanes.

(CO)Fe[P(OIpc),], 18

According to the general procedure, (IpcO),P (1.04 g, 2.12 mmol), Fe(CO), (0.6
mL, 0.89 g, 4.56 mmol) and CoCl,-2H,0 (33.0 mg, 0.20 mmol) were used, yielding
0.71 g product (1.1 mmol, 51%). The product was a yellow solid which was crystallized

from hexanes.
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Table 6-6. **P{*H} NMR and IR data for complexes 10 - 18.

*'P{'H} NMR* IR%/cm™
Compound

3 *'P/ppm v(CO)
(CO),Fe[P(OMen)Ph,], 10 164.11 2054, 1983, 1950, 1940
(CO),Fe[P(OBor)Ph,], 11 167.90 2054, 1983, 1949, 1942
(CO),Fe[P(OIpc)Ph,], 12 167.92 2054, 1983, 1949, 1940
(CO),Fe[P(OMen),Ph], 13 188.08 2055, 1983, 1949, 1946
(CO)Fe[P(OBor),Ph], 14 197.38 2056, 1985, 1950, 1943
(CO),Fe[P(OIpc),Ph], 15 194.04 2056, 1985, 1950, 1942
(CO),Fe[P(OMen),], 16 163.72 2056, 1983, 1953, 1940
(CO),Fe[P(OBor),], 17 173.59 2058, 1986, 1955, 1939
(CO),Fe[P(OlIpc),], 18 169.36 2058, 1986, 1956, 1938

* Chemical shifts are given in 8(ppm) relative to external 85% phosphoric acid solution.
All spectra were recorded in CDCI, solution. ® All spectra were recorded in hexane

solution. All peaks are strong.



Table 6-7. C{'H} NMR?* data for complexes 10 - 18.

Compound 3 co’ & C,, & CHOF 3 Cuy
(CO),Fe[P(OMen)Ph,], 10  212.99(19.2) 125-142 79.26(4.2) 15-50
(CO),Fe[P(OBor)Ph,], 11 212.86(19.4) 125-141 84.34(3.9) 13-51
(CO),Fe[P(Olpc)Ph,), 12 212.99(19.4) 124-141 78.80(4.3) 19-49
(CO),Fe[P(OMen),Ph], 13  213.40(2L1) 125-139 80.61(13.3), 80.43(5.4) 15-50
(CO),FefP(OBor),Ph], 14 212.96(21.4) 128-141 84.69(6.3), 83.79(6.9) 13-51
(CO),Fe[P(Olpc),Ph], 15 213.28(21.1) 125-141 79.37(6.7), 78.82(8.6) 19-48
(CO),Fe[P(OMen),), 16 213.23(23.8) - 78.70(8.0) 15-50
(CO),Fe[P(OBor),], 17 212.88(23.6) - 83.23(6.3) 13-50
(CO),Fe[P(Olpc),], 18 213.19232) K 77.71(7.0) 20-48

* Chemical shifts are given in 8(ppm) relative to internal CDCI, with the middle branch of CDClI, signal set at 77.0 ppm. All spectra
were recorded in CDCl, solution. ® All peaks are doublets. 2J, values are given in parentheses. ¢ All peaks are doublets. 2J, values

are given in parentheses. ¢ Not applicable.
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Table 6-8. 'H NMR*" data for complexes 10 - 18.

Compound dH,, 3 CHoOP® d H,,
(CO),Fe[P(OMen)Ph,], 10 7.2-7.9 4.210 0.6-2.4
(CO),Fe[P(OBor)Ph,], 11 7.1-7.8 4.622 0.8-2.4
(CO),Fe[P(OlIpc)Ph,], 12 7.1-7.8 4.774 0.8-2.5
(CO),Fe[P(OMen),Ph], 13 7.1-8.0 4.367, 3.689 0.4-24
(CO),Fe[P(OBor),Ph], 14 7.4-8.0 4.705, 4.519 0.7-2.3
(CO),Fe[P(OIpc),Phl, 15 7.18.1 4.696, 4.664 0.8-2.9
(CO),Fe[P(OMen),], 16 E 4.144 0.7-2.4
(CO),Fe[P(OBon),], 17 Kt 4.610 0.8-2.4
(CO),Fe[P(Olpc),], 18 K 4.446 0.8-2.5

* Chemical shifts are given in §(ppm) relative to intemal CDCl, with CHCI, signal set at
7.24 ppm. All spectra were recorded in CDCI, solution. ® All peaks are multiplets. © Not

applicable.
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Table 6-9. Elemental Analysis and Mass Spec. data for complexes 10 - 18.

Elemental Analysis
Compound Calc. (%) Found (%) Mass Spec.*
C H C H
(CO),Fe[P(OMen)Ph,], 10 6143 5.75 61.22 5.92 508(9)°
(CO),Fe[P(OBor)Ph,], 11 61.68 5.37 61.61 5.33 506(7)°
(CO),Fe[P(OlIpc)Ph,], 12 61.68 5.37 62.06 5.48 507(12)°
(CO) Fe[P(OMen),Ph], 13 6144  7.39 61.62 7.73 586(14)°
(CO),Fe[P(OBor),Ph], 14 61.86 6.75 61.56 6.61 582(26)°
(CO),Fe[P(OlIpc),Ph], 15 61.86 6.75 62.31 6.99 583(12)°
(CO),Fe[P(OMen),], 16 61.44 8.64 61.10 8.35 665(11)°
(CO),Fe[P(OBor),], 17 62.01 7.80 61.55 7.84 659(16)°
(CO),Fe[P(OIpc),], 18  62.01 7.80 62.36 7.91 659(5)°

* Relative intensity values are given in parentheses. ® The spectrum was recorded with

chemical ionization method. ° The spectrum was recorded with electron impact method.
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6.B.e. Di-substituted Iron Carbonyl Complexes with Chiral Phosphorous

Ligands

General Procedure

Di-substituted Iron carbonyl complexes were synthesized via a two-step process.*
An ethanolic solution (30 mL) of K[FeH(CO),] was produced by stirring a mixture of one
mol. equiv. of Fe(CO); and KOH in ethanol until the precipitation of KHCO, and the
change in the colour of the solution from yellow to red were observed. This solution was
then used in situ for the next step, during which one mol. equiv. phosphorus ligands was
added into the solution. The mixture was then refluxed for 2 to 10 hr, during which
period evolution of gas and precipitation were observed. After cooling to room
temperature, the solid was filtered in air on a sintered glass, and thoroughly washed with
distilled water up to neutrality of the filtrate. This was followed by washes with three
portions of EtOH. Dissolution of the solid on the sintered glass with CH,Cl, with
simultaneous filtration afforded a clear solution. The solvent was then removed on a
rotatory evaporator to leave a solid which was in turn dried under vacuum. The colour
of the products varied from pale yellow to deep orange. The yields were in the range
between 55% to 90%. Analytical data are shown in Tables 6-10 C'P{'H} NMR and IR),
6-11 (*C{'H} NMR), 6-12 ("H NMR) and 6-13 (Elemental Analysis and Mass Spec.).

(CO),Fe[P(OMen)Ph,],, 19

Following the general procedure, MenOPPh, (1.90 g, 5.58 mmol), Fe(CO); (0.37
mL, 0.55 g, 2.8 mmol) and KOH (0.313 mg, 5.58 mmol) were used, yielding 2.04 g
product (2.49 mmol, 89%). The deep orange product was recrystallized from hexanes.
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(CO),Fe[P(OBor)Ph,},, 20
According to the general procedure, BorOPPh, (2.24 g, 6.62 mmol), Fe(CO), (0.44
mL, 0.66 g, 3.3 mmol) and KOH (0.37 g, 6.6 mmol) were used, yielding 2.42 g product
(3.01 mmol, 90%). The product was a pale brown solid which was then crystallized from

hexanes.

(CO);Fe[P(OlIpc)Ph,],, 21
According to the general procedure, IpcOPPh, (2.23 g, 6.59 mmol), Fe(CO), (0.43
mL, 0.64 g, 3.3 mmol) and KOH (0.370 g, 6.61 mmol) were used, yielding 2.17 g orange

product (2.66 mmol, 81%), which was recrystallized from hexanes.

(CO);Fe[P(OMen),Ph],, 22

According to the general procedure, (MenO),PPh (2.24 g, 5.35 mmol), Fe(CO),
(0.35 mL, 0.52 g, 2.7 mmol) and KOH (0.30 g, 5.3 mmol) were used, yielding 2.07 g
product (2.12 mmol, 78%). The product was recrystallized from hexanes solution as an

yellow crystalline solid.

(CO),Fe[P(OBor),Ph},, 23

According to the general procedure, (BorO),PPh (2.65 g, 6.39 mmol), Fe(CO),
(0.42 mL, 0.63 g, 3.2 mmol) and KOH (0.359 g, 6.40 mmol) were used, yielding 2.49 g
product (2.57 mmol, 80%). The product was a pale brown solid which was crystallized

from hexanes.

(CO),Fe[P(OIpc),Ph],, 24
As described in the general procedure, (IpcO),PPh (2.35 g, 5.67 mmol), Fe(CO)s
(0.37 mL, 0.55 g, 2.8 mmol) and KOH (0.318 g, 5.67 mmol) were reacted, yielding 1.63
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g product (1.68 mmol, 60%). The yellow solid was recrystallized from hexanes solution.

(CO)sFe[P(OMen),],, 25

According to the general procedure, (MenO),P (2.12 g, 4.27 mmol), Fe(CO), (0.28
mL, 0.42 g, 2.1 mmol) and KOH (0.239 g, 4.26 mmol) were reacted, producing a yellow
solid. The product was then crystallized from hexanes, yielding 1.3 g (1.15 mmol, 55%)

yellow crystals.

(CO)sFe[P(OBor);],, 26

According to the general procedure, 1.77g (BorO),P (3.61 mmol), 0,24 mL
Fe(CO); (0.36 g, 1.8 mmol) and 0.187 g KOH (0.333 mmol) were used, yielding 1.53 g
product (1.36 mmol, 76%). The product was a very pale yellow solid which was
crystallized from hexanes.

(CO);Fe[P(OlIpc);l,, 27

According to the general procedure, (IpcO),P (1.49 g, 3.04 mmol), Fe(CO), (0.20
mL, 0.30 g, 1.5 mmol) and KOH (0.171 g, 3.05 mmol) were used, yielding 1.35 g
product (1.20 mmol, 80%). The product was a yellow solid which was crystallized from

hexanes.



Table 6-10. *P{'H} NMR and IR data for complexes 19 - 27.
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“P('H} NMR® R°/cm™
Compound

3 *'P/ppm v(CO)
(CO),Fe[P(OMen)Ph,],, 19 171.2 1898
(CO),Fe[P(OBor)Ph,],, 20 175.1 1897
(CO),Fe[P(OIpc)Ph,],, 21 175.3 1888
(CO),Fe[P(OMen),Ph},, 22 199.9 1898
(CO),Fe[P(OBor),Ph],, 23 2104 1898
(CO),Fe[P(OIpc),Ph],, 24 207.4 1890
(CO),Fe[P(OMen),],, 25 177.9 1901
(CO),Fe[P(OBor),],, 26 188.9 1895
(CO),Fe[P(OIpc),l,, 27 184.7 1890

* Chemical shifts are given in 6(ppm) relative to external 85% phosphoric acid solution.

All spectra were recorded in CDCl, solution. ® All spectra were recorded in hexane

solution. All peaks are strong.



Table 6-11. “C{*H} NMR?* data for complexes 19 - 27.

Compound 5 Cco’ 3 Cp, & CHOP* 3 Cyy
(CO),Fe[POMen)Ph,],, 19 213.0 t, 30.0) 127-144 777 (s) 16-50
(CO),Fe[P(OBor)Ph,],, 20 212.6 (t, 30.1) 127-143 82.9 (s) 13-51
(CO),Fe[P(Olpc)Ph,],, 21 213.0(, 30.1) 127-143 774 (s) 20-49
(CO),Fe[P(OMen),Ph],, 22 213.3 (t, 34.3) 127-142 78.8 (d, 9.8), 78.7 (d, 13.7) 16-50
(CO),Fe[P(OBor),Ph},, 23 2124 (1, 33.5) 127-143 83.1 (s), 82.1 (s) 13-50
(CO);Fe[P(Olpc),Ph),, 24 213.1 (¢, 33.5) 127-144 77.8 (s), 77.2 (s) 19-49
(CO),Fe[P(OMen),,, 25 2132 (¢, 38.9) 8 773 (s) 16-50
(CO),Fe[P(OBor),J,, 26 2122 (1, 38.4) -" 81.6 (s) 13-50
(CO),Fe[P(Olpe),],. 27 2132 (1, 38.4) K 76.4 (s) 20-48

* Chemical shifts are given in 8(ppm) relative to internal CDCl, with the middle branch of CDCl, signal set at 77.0 ppm. All spectra

were recorded in CDCl, solution. ® *J, values are given in parentheses. © *J.p values given in parentheses. ¢ Not applicable.
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Table 6-12. 'H NMR* data for complexes 19 - 27.

Compound o H,, & CHOP d H,
(CO),Fe[P(OMen)Ph,},, 19 7.2-1.9 4.36 (s, b) 0.5-2.5
(CO);Fe[P(OBor)Ph,],, 20 7.3-7.8 482 (s, b) 0.8-2.3
(CO),Fe[P(Olpc)Ph,],, 21 7.3-7.8 4.96 (s, b) 0.8-2.5
(CO);Fe[P(OMen),Ph],, 22 7.4-8.1 4.46 (m), 3.84 (m) 0.5-2.5
(CO),Fe[P(OBor),Ph}],, 23 7.4-8.0 4.83 (s, b), 4.66 (s, b) 0.6-2.5
(CO),Fe[P(Olpc),Ph],, 24  7.4-8.1 4.93 (m), 4.74 (m) 0.8-2.8
(CO),Fe[P(OMen),],, 25 » 4.18 (s, b) 0.7-2.6
(CO),Fe[P(OBor),],, 26 L 4.62 (d, b, 4.8) 0.8-2.4
(CO),Fe[P(Olpc),l,, 27 > 4.81 (sept, 4.7) 0.9-2.7

* Chemical shifts are given in 8(ppm) relative to internal CDCl,; with CHCI, signal set at
7.24 ppm. All spectra were recorded in CDCIl, solution. ® Not applicable.
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Table 6-13. Elemental Analysis and Mass Spec. data for complexes 19 - 27.

Elemental Analysis

Compound Calc. (%) Found (%) Mass Spec.’
cC H C H
(CO);Fe[P(OMen)Ph,],, 19 68.78 7.12 67.65 6.72 822(11)°
(CO),Fe[P(OBor)Ph,,, 20 69.12 6.66 68.80 6.73 818(9)°
(CO),Fe[P(OIpc)Ph,],, 21 69.12 6.66 68.21 6.29 818(23)°
(CO),Fe[P(OMen),Ph],, 22 67.61 8.87 67.53 8.99 -
(CO),Fe[P(OBor),Ph],, 23  68.17 8.11 67.08 7.93 -
(CO),Fe[P(OIpc),Ph],, 24 68.17 8.11 68.51 8.27 -
(CO);Fe[P(OMeny),],, 25 66.76 10.14  66.66 9.62 -
(CO),Fe[P(OBor),],, 26 67.48 9.17 68.29 9.62 -
(CO),Fe[P(OIpc);l,, 27 67.48 9.17 67.21 9.12 -

* Relative intensity values are given in parentheses. ° Spectrum was recorded with

chemical ionization method. © Spectrum was not acquired.

6.B.f. Cobalt Carbonyl Dimers with Chiral Phosphorous Ligands

General Procedure

A typical procedure for the synthesis of cobalt carbonyl dimers with di-substituted

phosphorus ligands was described by Manning.” Two mol. equiv. of phosphorus ligand
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was added to a benzene solution (30 mL) of Co,(CO)s. The solution was then refluxed
for 2 to 5 hr, during which time evolution of gas was observed. After cooling to room
temperature, the volume of the solution was reduced to about 5 mL under vacuum.
Decomposition products and traces of excess ligand were removed by running this
solution through a column containing two layers: neutral alumina (10 g) and silica gel (10
g) eluted by ethyl acetate/hexanes (1:2). The solvent was removed on a rotatory
evaporator and the resulting solid was dried under vacuum. The products were usually
deep orange brown solids, with yields ranging from 40% to 80%. Analytical data are
shown in Tables 6-14 'P{'H} NMR and IR), 6-15 (“C{'H} NMR), 6-16 (‘H NMR) and
6-17 (Elemental Analysis).

{(CO);Co[P(OMen)Ph,]},, 28
According to the general procedure, MenOPPh, (1.51 g, 4.44 mmol) and Co,(CO),
(0.758 g, 2.22 mmol) were used, yielding 1.63 g product (1.69 mmol, 76%). The product

was a dark brown solid.

{(CO);Co[P(OBor)Ph,l},, 29
According to the general procedure, BorOPPh, (0.88 g, 2.6 mmol) and Co,(CO),
(0.42 g, 1.2 mmol) were used, yielding 0.82 g product (0.85 mmol, 71%). The product

was a pale brown solid which was then crystallized from hexanes.

{(CO);Co[P(OIpc)Ph,l},, 30
According to the general procedure, IpcOPPh, (1.02 g, 3.01 mmol) and Co,(CO),
(0.48 g, 1.4 mmol) were used, yielding 0.87 g product (0.90 mmol, 64%). The dark brown

solid product was recrystallized from hexanes.
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{(C0O);Co[P(OMen),Phl},, 31
According to the general procedure, (MenO),PPh (0.96 g, 2.3 mmol) and Co,(CO),
(0.387 g, 1.13 mmol) were used, yielding 1.01 g product (0.899 mmol, 80%). The product

was a dark red brown solid.

{(CO),Co[P(OBor),Phl},, 32
According to the general procedure, (BorO),PPh (1.33 g, 3.21 mmol) and
Co,(CO); (0.530 g, 1.55 mmol) were used, yielding 1.2 g product (1.1 mmol, 70%). The

product was a pale brown solid which was crystallized from hexanes.

{(C0);Co[P(O1Ipc),Phl},, 33
According to the general procedure, (IpcO),PPh (0.897 g, 2.16 mmol) and
Co,(CO)g (0.379 g, 1.11 mmol) were used, yielding 0.75 g product (0.67 mmol, 61%).

The deep orange product was recrystallized from hexanes solution.

{(CO),Co[P(OMen),]},, 34
According to the general procedure, (MenO),P (1.42 g, 2.86 mmol) and Co,(CO),
(0.489 g, 1.43 mmol) were used, yielding 0.74 g product (0.58 mmol, 40%). The product

was a yellow solid which was crystallized from hexanes.

{(C0O);Co[P(OBor),]},, 35
According to the general procedure, (BorO),P (0.426 g, 0.868 mmol) and Co,(CO),
(0.136 g, 0.400 mmol) were used, yielding 0.28 g product (0.22 mmol, 55%). The product

was a yellow solid which was crystallized from hexanes.
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{(CO);Co[P(OIpc)sl},, 36
According to the general procedure, (IpcO),P (0.82 g, 1.7 mmol) and Co,(CO),
(0.286 g, 0.836 mmol) were used, yielding 0.58 g product (0.46 mmol, 55%). The product

was a yellow solid which was crystallized from hexanes.

Table 6-14. *'P{H} NMR and IR data for cobalt dimers (Complexes 28 - 36).

*P{'H} NMR' IR%/cm*
Compound

& *'P/ppm v(CO)
{(CO);Co[P(OMen)Ph,1},, 28 160.8 2042, 1982, 1965, 1935
{(CO);Co[P(OBor)Ph,}},, 29 164.8 2040, 1982, 1964, 1937
{(CO);Co[P(OIpc)Ph,] },, 30 165.2 2040, 1982, 1965, 1936
{(CO),Co[P(OMen),Ph]},, 31 187.4 2042, 1982, 1965, 1939
{(CO),Co[P(OBor),Ph]},, 32 196.1 2042, 1982, 1966, 1940
{(CO),Co[P(OIpc),Ph] },, 33 193.5 2041, 1980, 1966, 1937
{(CO),Co[P(OMen).] },, 34 159.8 2040, 1980, 1960, 1933
{(CO);Co[P(OBor);l},, 35 171.1 2041, 1982, 1963, 1936
{(CO);Co[P(OlIpc),1},, 36 167.7 2042, 1982, 1962, 1938

* Chemical shifts are given in 8(ppm) relative to external 85% phosphoric acid solution.
All spectra were recorded in CDCI, solution. ® All spectra were recorded in hexane
solution. The four bands in each spectrum follow the pattern: weak, medium strong, very

strong, medium strong.



Table 6-15. PC{'H} NMR" data for cobalt dimers (Complexes 28 - 36).

Compound 3 Co 3C,, 8 CHOF 8 Cp
{((CO),Co[P(OMen)Ph,1},, 28 201.8 (19.0) 128-141 79.3 (s) 15-50
{(CO),Co[P(OBor)Ph,1},, 29 201.6 (19.49) 128-141 84.5 (s) 13-51
{(CO),Co[P(Olpc)Ph,]},, 30 201.8 (19.0) 128-141 79.1 (s) 19-49
{(CO),Co[P(OMen),Ph]},, 31 202.1 (26.5) 128-141 78.1 (s), 71.5 (s) 15-50
{(CO),Co[P(OBor),Ph}},, 32 201.7 (25.2) 128-141 84.3 (s), 83.0 (s) 13-50
{(CO),CofP(Olpc),Phl},, 33 202.1 (23.3) 128-142 78.9 (s), 78.5 (s) 20-48
{(CO),Co[P(OMen),1},, 34 201.7 (28.8) 4 77.6 (s) 16-50
((CO),Co[P(OBor),]},, 35  201.4 (29.4) 8 82.4 (s) 13-50
((CO),ColPOIpe),}}, 36 2018 (29.8) -“ 782 (d, 5.8) 20-48

* Chemical shifts are given in 8(ppm) relative to internal CDCI, with the middle branch of CDCl, signal set at 77.0 ppm. All spectra
were recorded in CDCI, solution. ® All CO resonances are “virtual triplets” (see Chapter 4). *J,, values are given in parentheses. ° *J,

values are given in parentheses. ¢ Not applicable.
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Table 6-16. 'H NMR* data for cobalt dimers (Complexes 28 - 36).

Compound S Hy,, o CHOP d H,y
{(CO);Co[P(OMen)Ph,]},, 28 7.2-1.8 4.21 (m) 0.5-2.3
{(CO);Co[P(OBor)Ph,] },, 29 7378 4.70 (s, b) 0.8-2.2
{(CO),Co[P(OIpc)Ph,l},, 30  7.3-7.8 4.85 (s, b) 0.7-2.6

{(CO),Co[P(OMen),Ph]},, 31  7.2-8.0 3.81 (m), 4.27(m) 0.3-2.5
{(CO),Co[P(OBor),Ph]},, 32 7.08.0 4.70(s,b), 459 (s,b) 0.3-2.5

{(CO),Co[P(OIpc),Ph] },, 33 7.1-80 4.74 (s, b), 4.69 (s, b)  0.6-2.7

{(CO);Co[P(OMen),1},, 34 » 4.11 (s, b) 0.7-2.5
{(CO),Co[P(OBon),]},, 35 » 4.61 (s, b) 0.8-2.4
{(CO);Co[P(OIpc)]}, 36 b 4.78 (s, b) 0.8-2.7

* Chemical shifts are given in 3(ppm) relative to internal CDCIl; with CHCl, signal set at
7.24 ppm. All spectra were recorded in CDCI, solution. ® Not applicable.



Table 6-17. Elemental Analysis data for Cobalt dimers (Complexes 28 - 36).
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Compound

Elemental Analysis

{(CO);,Co[P(OMen)Ph,]},, 28
{(CO),Co[P(OBor)Ph,]},, 29
{(CO)Co[P(OIpc)Phyl},, 30
{(CO),Co[P(OMen),Ph]},, 31
{(CO)sCo[P(OBor),Ph]},, 32
{(CO);Co[P(OIpc),Phl},, 33
{(CO);Co[P(OMen);]},, 34
{(CO);Co[P(OBor);] },, 35

{(CO),Co[P(Olpc);l},, 36

Calc. (%) Found (%)

C H C H
62.12 6.05 61.47 6.04
62.38 5.65 62.44 5.58
62.38 5.65 62.26 5.69
62.03 1.72 62.56 7.50
62.48 7.05 62.36 7.03
62.48 7.05 62.66 6.94
61.96 8.98 61.21 8.65
62.55 8.11 61.91 7.92
62.55 8.11 62.12 8.35

6.B.g. Pyrazolyl-bridged Diiridium Complexes

[Ir(COD)(p-pz)l,, 377

(Ir(COD)(u-Ch)], (1.2 g, 1.8 mmol) was dissolved in THF (20 mL) and one mol.

equiv. pyrazole (0.12 g, 1.8 mmol) was added, resulting in formation of a bright yellow

solution. Addition of excess triethylamine (1 mL, 7 mmol) caused an immediate colour

change to deep red/purple. After stirring for 10 minutes, the solution was filtered through
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a short, neutral alumina column (7 x 3 cm?) using THF as the eluant. Removal of the
solvent in vacuo to dryness afforded the product as deep red-purple powder (1.2 g, 1.6
mmol, 91%).

[Ir(CO),(n-p2)},, 38"

Through a stirred solution of [Ir(COD)(u-pz)], (100 mg, 0.14 mmol) in THF (20
mL) was passed a stream of carbon monoxide resulting in a graduate colour change from
deep red to bright yellow. The reaction is usually completed within 5 min.. This solution

was used directly for subsequent reactions.

{Ir(CO)[P(OMen)Ph,](n-pz)},, 40

Addition of 47.7 mg P(OMen)Ph, (0.14 mmol) to a 20 mL THF solution of 38
(0.070 mmol) caused immediate colour change of the solution from bright yellow to
orange. The solution was stirred for 30 min. before the solvent was removed under
vacuum. The resulting solid was then recrystallized from hexanes/THF to yield orange
crystals (72 mg, 0.057 mmol, 82%). Analytical data are listed in Tables 4-1 'P{'H}
NMR), 4-2 ("H NMR), 6-18 (IR). MS: M*, 1254(11%), 1255(6%), 1256(10%), 1257(5%).

{Ir(CO)[P(OBor)Ph,](u-pz)},, 41

Addition of P(OMen)Ph, (97.8 mg, 0.289 mmol) to a 20 mL THF solution of 38
(0.145 mmol) resulted an instant colour change of the solution from bright yellow to
orange. The solution was stirred for 30 min. before the solvent was removed under
vacuum. The yellow orange solid product was then recrystallized from hexanes/THF to
yield orange crystals (137 mg, 0.109 mmol, 75%). Analytical data are listed in Tables 4-1
C'P{'H} NMR), 4-2 (‘"H NMR), 6-18 (IR). MS: M*, 1250(8%), 1251(5%), 1252(8%),
1253(5%). Anal. Calc. for Ir,C,,HgP,0O,N, (1251.46 g/mol): C, 49.91; H, 4.83; N, 4.48.



204
Found: C, 49.58; H, 4.79; N, 4.58.

{Ir (CO)[P(OMen),Ph](u-pz)},, 42

P(OMen),Ph (78.4 mg, 0.187 mmol) and 38 (0.093 mmol) were stirred in 20 mL
THF for 30 min. The colour of the solution changed from bright yellow to orange.
Following the removal of solvent in vacuo, the solid product was washed with three
portions of 5 mL cold hexanes. Recrystallization from hexanes/THF yielded red-orange
crystalline solid product (81.3 mg, 0.0576 mmol, 62%). Analytic data are listed in Tables
4-1 C'P{'H} NMR), 4-2 (‘"H NMR), 6-18 (IR). MS: M*, 1250(8%), 1251(5%), 1252(8%),
1253(5%).

Table 6-18. IR data®* of compounds 40 - 42.

Compound v(CO) (em™)
{Ir(CO)[P(OMen)Ph,}(1-pz) },, 40 1970
(Ir(CO)[P(OBor)Ph,](1-pz) },, 41 1971
{Ir(CO)[P(OMen),Ph](u-pz) },, 42 1977

* All spectra were recorded in THF solution. All bands are medium strong.

Kinetic studies on the ring-inversion process in 41

About 25 mg (~ 0.02 mmol) of crystalline 41 (consisting of both diastereomers
with 1:1 ratio) was dissolved in a C4Dg solution of Mel (0.1 mL, 0.23 g, 1.6 mmol) in an
NMR tube. The solution was monitored by the 'H NMR spectrum. The resonances at

5.83, 5.76, 5.73, and 5.66 were repeatedly integrated until the equilibrium was reached.
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The integration ratios of the two pairs of resonances at 5.83, 5.66, and 5.73, 5.76 are
averaged and used as ratio between the two diastereomers. A plot of this ratio vs. time
was fitted according to Equation 4-8 to obtain the rate constants and the equilibrium

constant.

Ir,(CO),[P(OBor)Ph,],(u-pz),(Me)(I), 43
Excess Mel (0.5 mL, 1.14 g, 8.03 mmol) was added to a 20 mL THEF solution of

41 (33.5 mg, 0.0268 mmol). The colour of the solution darkened slightly, while the
solution was stirred for 20 min.. The solvent and excess Mel were then removed under
vacuum. The resulting solid was then washed with portions of 5 mL hexanes to yield a
deep orange product (23 mg, 0.016 mmol, 62%). IR (hexane), vo,: 2017, 1983 cm™;
*'P{'H} NMR &(ppm) (C¢Dy): 82.0, 81.0, 81.9, and 80.4. 'H NMR &(ppm) (C¢Dy): 7.39
(d, *Ty = 2.20 Hz, 1H), 7.37 (s, 1H), 7.34 (s, 1H), 7.31 (d, T,y = 2.15 Hz, 1H), 6.46 (s,
1H), 6.28 (s, 1H), 5.65 (q, *Jpy = *Jiy = 2.12 Hz, 1H), 5.49 (q, *Tpg = *Jym = 2.16 Hz, 1H),
5.42 (q, Ty = *Tyy = 2.11 Hz, 1H), 5.37 (q, Ty = Ty = 2.13 Hz, 1H), 4.42 (m, 1H),
4.22 (m, 2H), 4.07 (m, 1H), 1.75 (d, *Jpx = 1.73 Hz, 3H), 1.70 (d, *T,y = 1.89 Hz, 3H),
6.8-8.4 (Ph), 0.3-1.65 (alkyl). MS: (M + 1), 1391.2(16%), 1392.2(19%), 1393.2(24%),
1394.2(20%), 1395.2(19%), 1396.2(11%), 1397.2(6%). Anal. Calc. for Ir,C,;Hg,IN,O,P,
(1393.40 g/mol): C, 45.69; H, 4.56; N, 4.02. Found: C, 44.23; H, 4.43; N, 4.93.

Kinetic studies on the equilibrating process between the two diastereomers in

About 30 mg of 43 (consists of the two diastereomers in their kinetic distribution)
was dissolved in C¢Dg in an NMR tube. The solution was monitored by the 'H NMR over
a period of 10 days. The three pairs of resonances at 6.46, 6.28; 5.65, 5.49; and 5.37, 5.42

were integrated, and the integration ratios between the two resonances in each pair ar
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averaged to give the ratio between the two diastereomers. The plot of this ratio vs. time
was fitted according to Equation 4-10 to obtain observed rate constants and the
equilibrium constant. The attempt to establish a rate law according to the proposed

mechanism in Scheme 4-8 was unsuccessful due to the mathematical difficultes.

Ir,(CO),(u-pz),(exo-norbornyl)(I), 44

(a) Addition of 48 mg of exo-norbornyl iodide (0.22 mmol) to a 15 mL THF
solution of 38 (0.21 mmol) resulted in slight darkening of colour of the solution. After
stirring for 30 min., the solvent was removed under vacuum. The orange brown solid
reaction mixture was then washed with hexanes (3 x 5 mL) and dried in vacuo to yield
a orange crystalline product (97 mg, 0.11 mmol, 52%). *C{'H} NMR: see Table 4-4,
additional resonances: d(ppm) (C;D¢): 169.0, 168.9, 167.4, 167.1, 143.44, 143.39, 137.3,
135.3, 107.1, and 107.0. 'H NMR: see Figure 4-22, additional resonances: &(ppm) (C4D):
7.9671 (d, 3Ty = 2.2 Hz, 1H), 7.9666 (d, *J,5; = 2.2 Hz, 1H), 7.14 (d, *Ty = 2.4 Hz, 1H),
7.09 (d, *Jyy = 2.3 Hz, 1H), 5.593 (t, *Jy = 2.0 Hz, 1H), 5.589 (t, *Jiy = 2.0 Hz, 1H).

(b) Same results was obtained when exo-norbornyl! iodide was replaced by endo-

norbornyl iodide and exact same procedure as described in (a) was followed.

6.B.h. BiPSi Ligand and Its Complexes

Dichloromenthoxysilane

A 20 mL ethereal solution containing 3.14 g MenOH (20 mmol) was added
dropwise to excess HSiCl, (5.0 mL, 6.7 g, 50 mmol) in 25 mL ether at 0 ‘C. The solution
was then stirred at room temperature for about 2 hr, before the volatiles were removed
under vacuum, yielding a clear liquid product (4.93 g, 19.3 mmol, 96%). IR (neat), vgy:
2245 cm™; *C{'H} NMR &(ppm) (CDCL,): 76.4, 49.2, 44.2, 34.1, 31.6, 25.5, 22.8, 22.8,
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21.0, and 15.8. '"H NMR &(ppm) (CDCl,): 5.61 (s, 1H), 3.91 (t of d, J(d) = 4.4, J(t) = 10.6
1H), 0.7-2.2 (alkyl). MS (M") 254(40%), 256(22%).

(o-Ph,PC,HCH,),(MenO)SiH, 47

The yellow o-Ph,PC,H,CH,Li powder (4.4 g, 15.6 mmol) was weighed into a
Schlenk tube under Ar, before a mixture of benzene/hexane (25 mL, 1:1) was added.
Dichloromenthoxysilane (2.0 g, 7.8 mmol) was then added dropwise at -78 ‘C. After
being stirred overnight, the mixture was eluted with benzene through a short celite/silica
gel column. The solvent was removed under vacuum to yield 3.6 g (4.9 mmol, 63%) of
product as a white powder. IR (KBr), Vgg: 2117 cm™. *'P{'H} NMR &(ppm) (CDCL,): -
13.9 and -14.0. *C{'H} NMR §(ppm) (CDCl,): see Table 5-1. Additional data: 24.2 (d,
Jpc = 19.5 Hz), 23.5 (d, *Jpc = 19.5 Hz), 115-145 (aromatic). 'H NMR §(ppm) (CDCL,):
4.62 (s, 1H), 3.40 (t of d, J(d) = 4.3, J(t) = 10.8 1H), 2.3 (m, 2H), 0.7-2.2 (alkyl). MS
M+1) 735(9%), 736(6%), 737(3%). Anal. Calc. for C,H;,OP,Si (734.97 g/mol): C,
78.44; H, 7.13. Found: C, 77.95; H, 7.10.

[(o-Ph,PC,H,CH,),(MenO)Si]PtCI, 48

Compound 47 (150 mg, 0.20 mmol) was added to a 20 mL benzene solution
containing Pt(COD)Cl, (76.2 mg, 0.20 mmol) and excess EtN; (0.5 mL, 0.36 g, 3.6
mmol). The solution was stirred for 2 hr before the volatile was removed. The solid was
washed with 5 mL portions of hexanes for 3 times and was dried in vacuo. A white solid
product (139 mg, 0.14 mmol, 70%) was yielded. *'P{'H} NMR §(ppm) (CDCL,): 20.9
(1:4:1 t, Upp = 2921.4 Hz). “C{'H} NMR &(ppm) (CDCL;): 74.2 (1:4:1 t, *Tpc = 13.4 Hz)
28.8 (m), 28.4 (m), 124-147 (aromatic), 16-51 (alkyl). '"H NMR &(ppm) (CDCl,): 2.90 (t
of d, J(@) = 4.2, J(t) = 10.0 1H), 1.96 (m, 2H), 6.5-8.0 (aromatic), -0.1-2.7 (alkyl). MS
(M*) 963(4%), 964(71%), 965 (8%). 966(5), 967(4%). Anal. Calc. for PtCH, CIOP,Si



208
(964.51 g/mol): C, 59.77; H, 5.33; found: C, 57.10; H, 5.15.

[(o-Ph,PC,H,CH,),(MenO)SilIrCIH, 49

Compound 47 (271 mg, 0.369 mmol) and [Ir(COD)(p-Cl)], (123 mg, 0.183 mmol)
were weighed into a Schlenk tube and 20 mL of benzene was added. The yellow solution
was stirred for 2 hr at room temperature before the solvent was removed. The solid was
extracted with hexanes, and evaporation of the solvent yielded a yellow solid which was
then washed with 2 mL portions of MeOH and dried under vacuum. The product was a
yellow solid (213 mg, 0.221 mmol, 60%). Anal. Calc. for IrC,H,,CIOP,Si (962.64
g/mol): C, 59.89; H, 5.44; found: C, 60.31; H, 5.58. NMR data for syn-53: *'P{'H} NMR
3(ppm) (CD¢Cly): 27.6, 26.3 (AB pattern, *J,, = 333.4 Hz). '"H NMR 8(ppm) (CD,Cly): -
19.52 (t, oy = 13.9 Hz, 1H), 3.07 (t of d, J(d) = 3.6 Hz, J(t) = 9.9 Hz, 1H), 2.99 (d, ;4
= 14.4 Hz, 1H), 2.67 (d, U,y = 14.4 Hz, 1H), 2.44 (d, Jyy = 5.4 Hz, 1H), 2.40 (d, Ty
= 5.4 Hz, 1H), 6.5-8.4 (aromatic), 0.1-1.8 (alkyl). NMR data for anfi-53: 3'P{'H} NMR
3(ppm) (CD4Cly): 19.0, 17.5 (AB pattern, *Jp, = 336.3 Hz). 'H NMR 8(ppm) (CD4Cly): -
23.51 (t, *Jpy = 16.2 Hz, 1H), 3.18 (t of d, J(d) = 3.8 Hz, J(t) = 6.2 Hz, 1H), 2.99 (d,
= 11.7 Hz, 1H), 2.56 (d, *Jyy; = 11.7 Hz, 1H), 2.56 (d, Jyy = 16.2 Hz, 1H), 2.47 (d, J;y
= 16.2 Hz, 1H), 6.5-8.4 (aromatic), 0.1-1.8 (alkyl).

Kinetic studies on the isomerization process in 49

About 25 mg (~ 0.03 mmol) of solid 49 (kinetic product, consisting of both syn
and anti isomers with about 8:1 ratio) was dissolved in a CiD4 in an NMR tube. The
solution was monitored by the '"H NMR spectrum. The resonances at -19.52 and -23.51
ppm were repeatedly integrated. The integration ratios of these two resonances were used
as ratio between the two isomers. A plot of this ratio vs. time was fitted according to

Equation 5-8 to obtain the rate constants and the equilibrium constant.
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Reaction of 49 with CO
(a) About 25 mg (~ 0.03 mmol) of 49 consisting of both syn and anti isomers at
about 5:1 ratio was dissolved in CgD; in an NMR tube. After recording both the *P{'H}
and '"H NMR spectra of this solution, a stream of carbon monoxide was bubbled through
it. This solution was then monitored by both the **P{'H} and 'H NMR spectroscopy.
Important NMR data: *'P{'H} NMR &(ppm): 0.1 (syn-54), -1.4 (anti-54), -3.1 (syn-53),
and -6.0 (anti-55). '"H NMR 8(ppm): -17.55 (Jpy = 11.9 Hz, syn-54), -18.28 (Jpy = 16.0
Hz, anti-54), -6.88 (Jpy = 15.7 Hz, syn-55), and -7.09 (Jpy = 20.8 Hz, anti-55).
(b) Same procedure as described in (a) was followed using about 25 mg (~ 0.03
mmol) of 49 consisting of both syn and anti isomers at about 1:6 ratio. The CO flushed
solution was monitored by *'P{'H} and 'H NMR spectroscopy until the syn-55 almost

disappeared completely.
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Appendices

A. Derivation of Equation 4-8

For reactions in the form of the following equation:

A-’LB,

k.

the rates of the concentration change of the reactant and product are:
AAl _p B]-k[A] (A-1)
dt

% =k [A] -k_[B]

where [A] and [B] are the concentration of A and B respectively and ¢ is time. Suppose
[T] is the total concentration of A and B at any time, and K is the equilibrium constant,
then A-1 can be rewritten as:

A -k T -[AD -k (A)

-k‘(m-[A])-k[A] (since K = k‘)
-? L Since —TC—

-1

kl
-—E[[T] (1+K)[A]]
an b,
(TI-(1+K)[A] K

dIT] -(L+RMAT __ ;. g _dt
[T~ +KA]

Integrating both sides:
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k
In[(T] -1 +K)[A])=-(1 +K)-E'J+C

In this experiment, the initial concentrations of the two isomers (i.e. A and B) are equal.

Thus, when ¢ = 0, [A] = [B] = 1/2[T]. Then

C=In{[T] - (1 +K)lm1

=il -0)
Therefore,
nT=Q O] (1+K)
Sa-o K
[T1-(L+K[A] _ =
Ha-p
- e
(A= 1<K
=l - (1-K)e ey
Similarly,

S e L g
[B] 1+K[K+-i(1 K)e ]

In this experiment, the concentrations of A and B were monitored by the integrations
of their NMR signals. The sample was continuously scanned and integrations were taken

at various number of scans. Thus each integration is proportional to the average
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concentration of A or B over time, and the integration ratio (I,/I;) of the NMR signal

is equal to the ratio of A and B concentrations integrated over time:

1+K

L[B]d f (1] [K+%(1 -K)e _K-k‘]dt

1+K

% Jaw [Lhn-2a-ne ™ a

_ K 5o
KR e 1L

1 K S
+_(1-
(¢ 2( K)me ]ld

1+K

2K(1+K)kt K(1-K)(e = -1)

1+K

2(1 «K)kt +K(1 -K)(e i and -1)

B. Derivation of Equations 4-10 and 5-10

For reactions in the form of the following equation:

the rates of the concentration change of the reactant and product are:

d[A] AA] (B -k [A] (A-1)

d[’f] =k [A]-k_[B]

where [A] and [B] are the concentration of A and B respectively and ¢ is time. Suppose
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[T] is the total concentration of A and B at any time, then A-1 can be rewritten as:

AAL b (TI-(AD -K/[A]
dt

=k [T] - (k, +k_)[A]

dA) =dt
k_([T] -k, +k_JIA]

d[k_l['l'] - (kl +k_l)[A]] _ “(kl +k_l)dt

k-l[T] - (kl +k-1) [A]

Integrating both sides:

In[k_ [T] -k, +k_D[A]l = -(k, +k_)t +C

When ¢ =0, [A] = [A],, where [A], is the initial concentration of A, then

C=Inlk_[T] -k, +k_)[A]]

Therefore,

TR
£ ITT-(, A,

KT =06 +E)IAT _ on
kL [T1 -, +k_)IA],

T - (6 [T] -, +£ (Al Je ™
k +k_,

(A=

[ﬂ - = + [Alo ~(k, +k_.)r}
TR -k -k +k_) m]e

1 -1
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where
[T]=[A], +[B],
(AL, _ (AL
[T] [A],+[B],
_ 1
1+._[E]f.
[A],
Thus,
- [Tl (b —(F + 1 &k,
[A] 3 +k-1{k" lk_, - (k, k_l)mje 4!
Similarly,

_ [T] b —(k + 1 ok )y
(B] _lek:{k' (k, - &, k“)[_AW]e

Therefore, at any time,

1 &, vk}
k -tk -k, +k_ oo Je
B] _ il L (4 -l)[A]O/[B]o*'l]e
[A] k _ k _ k + k 1 ~(k, +k_ )

Because the integration ratio (I,/Iz) of the NMR signals of A and B is equal to their

concentration ratio,

1 - * T4
k- [k, =k, +k_) Je ket

g LT, +1
L R
-1 -[ -1 —( 1 -l)-f_/I_'*—l]e

By A

where /I, is the initial integration ratio.



C. Crystallographic data for compound 41

formula: C;,H,N,O,P,Ir,

space group: monoclinic, A2 (No. 5)
b = 10.054(3) A
B =115.593)

Z=4

A =0.71069 A

R = 0.0539

molecular weight: 1251.46
a =22451(6) A

c =25.0857) A
V =5107(2) A®
diffractometer: Nonius CAD4-F11

T =295 K
R, = 0.0582
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Table A-1. Fractional atomic coordinates and temperature parameters for 41.

Atom x/a y/b z/c U,
Ir(1) 2047(5) 0(0) 7150(5) 505(5)
Ir(2) 52011(6) 9688(10) 7199(5) 507(5)
P(1) 1033(3) 1344(8) 1262(3) 57(3)
P(2) 6037(3) -344(8) 1285(3) 50Q@3)
o(1) -753(11) 1271(30) 1075(11) 125(6)
0]¢)) 4310(8) -365(34) 1155(8) 109(5)
0/6)] 1439(9) 980(29) 1958(7) 93(6)
0(6) 6434(6) -25(16) 1983(6) 43(4)
N(1) 548(5) -1094(15) -214(4) 87(6)
N(2) 770(5) -1095(15) 409(4) 44(4)
CQ@3) 1328(5) -1946(15) 659(4) 56(5)
C4 1451(5) -2472(15) 190(4) 69(6)
C(5) 969(5) -1945(15) -349(4) 92(6)
N@4) 5572(5) 2243(12) -155(5) 39(5)
N(5) 5787(5) 2066(12) 463(5) 81(6)
C(6) 6370(5) 2827(12) 761(5) 72(6)
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Atom x/a y/b z/c Ueq
Cc@) 6516(5) 3475(12) 328(5) 74(6)
C@®) 6022(5) 3114(12) -238(5) 51(5)
C(11) 1732(6) 1421(20) 1079(6) 56(5)
C(12) 1667(6) 1948(20) 543(6) 80(6)
C(13) 2202(6) 1922(20) 399(6) 85(6)
C(14) 2802(6) 1371(20) 792(6) 76(6)
C(15) 2866(6) 844(20) 1329(6) 116(7)
C(16) 2331(6) 869(20) 1473(6) 80(6)
C21) 818(7) 3112(12) 1235(7) 55(6)
C22) 1237(7) 3880(12) 1713(7) 101(7)
C(23) 1112(7) 5234(12) 1733(7) 98(7)
C(24) 568(7) 5819(12) 1275(7) 111(7)
C(25) 150(7) 5051(12) 796(7) 65(6)
C(26) 274(7) 3698(12) 776(7) 78(6)
C@31) 6727(6) -332(19) 1091(7) 63(6)
C32) 6575(6) -805(19) 524(7) 79(6)
C(33) 7056(6) -806(19) 311(7) 88(6)
C(34) 7689(6) -333(19) 666(7) 87(6)
C(35) 7841(6) 140(19) 1233(7) 66(6)
C(36) 7361(6) 141(19) 1445(7) 76(6)
C@41) 5852(8) -2090(12) 1295(7) 59(6)
C42) 6255(8) -2993(12) 1719(7) 67(6)
C43) 6097(8) -4343(12) 1660(7) 107(7)
C44) 5535(5) -4791(12) 1176(7) 88(6)
C(45) 5131(8) -3888(12) 751(7) 123(7)
C(46) 5290(8) -2538(12) 810(7) 75(6)
C(50) 1952(7) -1309(15) 2790(7) 17909y’
C(1) 1584(7) -125(15) 2876(7) 90(6)’
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Atom x/a y/b z/c Ueq
C(52) 1092(7) 526(15) 2289(7) 62(6)’
C(53) 628(7) 1394(15) 2463(7) 117(7y
C(54) 957(7) 1107(15) 3136(7) 141(8)’
C(55) 1615(7) 1916(15) 3382(7) 144(8)’
C(56) 2087(7) 1033(15) 3233(7) 115(7)
C(57) 1178(7) -384(15) 3221(7) 59(5)
C(58) 1566(7) -802(15) 3865(7) 97(7y’
C(59) 575(7) -1287(15) 2942(7) 95(6)’
C(60) 6373(8) -1167(12) 3058(7) 198(9)’
C(61) 6419(8) 305(12) 2941(7) 116(7)
C@62) 6085(8) 653(12) 2266(7) T4(7Y
C(63) 6000(8) 2192(12) 2266(7) 138(8)’
C(64) 6224(8) 2457(12) 2938(7) 198(9)’
C(65) 6977(8) 2328(12) 3096(7) 132(8)’
C(66) 7152(8) 828(12) 3188(7) 96(6)’
C(67) 6058(8) 1188(12) 3209(7) 100(7y
C(68) 6406(8) 1241(12) 3888(7) 94(6)’
C(69) 5310(8) 988(12) 2930(7) 151(8)’
C) -366(10) 998(23) 935(9) 51(5)°
C(2) 4662(11) 347(26) 1020(11) 66(6)’

Note: Estimated standard deviations are given in parentheses. Coordinaties x 10°, where
n =5 for Ir and n = 4 otherwise. Temperature parameters x 10°, where n = 4 for Ir and
n = 3 otherwise. U, = the equivalent isotropic temperature parameter =
13 %Ua*a*(a;a). Primed values indicate that U,, is given. T = exp-

(82U, 5in’0/A%).
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Atom Un Uy U, Uy Us U,
Ir(1) 388(5) 804(11) 384(6) -64(7) 225(4) 18(3)
Ir(2) 5811(7) 624(8) 502(7) -33(7) 410(6) 32(8)
P(1) 60(4) 84(6) 41(3) 5(4) 36(3) 21(4)
P(2) 45(3) 64(4) 47(3) 7(3) 26(3) 19(3)
o(1) 99(8) 135(9) 179(9) -76(8) 97(7) -3(8)
0(2) 58(6) 209(10) 82(7) 66(8) 51(6) 21(8)
0/6)) 93(8) 145(9) 42(6) -24(8) 31(6) -39(8)
0o(6) 45(5) 53(6) 51(6) -19(5) 39(4) -18(5)
N(1) 77(8) 161(9) 45(7) 1(8) 48(6) -28(8)
N(2) 15(5) 72(8) 34(6) -25(6) 1(4) 12(5)
C@3) 39(7) 85(9) 30(6) 25(7) 2(6) -3(7)
C4) 41(7) 110(9) 53(8) -2(8) 17(6) 38)
C(5) 58(8) 70(9) 150(9) 22(9) 48(8) 29(8)
N@4) 35(6) 32(6) 50(7) 4(6) 18(5) -10(5)
N(5) 133(8) 70(8) 87(7) -27(7) 92(6) 11(8)
C(6) 71(8) 51(8) 114(9) 14(8) 61(7) -21(7)
c 83(8) 90(9) 57(8) 15(8) 44(7) -15(8)
C(®) 60(7) 78(8) 41(6) 21(6) 47(5) 9(7)
C(11) 32(6) 88(9) 70(8) -10(8) 42(6) ~1(7)
C(12) 63(7) 151(10) 49(7) 0(8) 45(6) -13(8)
C(13) 60(7) 158(10) 61(7) -18(8) 50(6) -29(8)
C(14) 63(8) 69(9) 117(9) -28(8) 60(7) -16(7)
C(15) 120(9) 132(10) 122(9) 2509) 76(8) -30(9)
C(16) 97(%9) 82(9) 91(8) -10(8) 68(7) 4(8)
C@21) 67(8) 54(8) 58(8) 2(7) 40(7) -11(7)
C(22) 106(9) 74(9) 102(9) -29(9) 24(9) -4(9)
C(23) 76(8) 101(9) 11109) 43(9) 35(8) 14(9)
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Atom U, Uy, Uss U, U, U,
C(24) 168(9)  48(9) 1719)  -309) 1238)  14(9)
C(25) 85(8) 29(7) 92(8) -1(7) 48(7) 32(7)
C(26) 61(8) 135(10)  30(7) -18(8) 13(7) 79)
C(31) 93(9) 55(8) 57(8) 5(7) 46(7) 11(8)
C(32) 86(8) 96(9) 79(8) 8(8) 60(7) 11(8)
C@33) 75(8) 1309)  62(8) 18(9) 33(7) 16(9)
C(34) 85(8) 1279)  75@8) 23(8) 59(7) 34(8)
C(35) 62(7) 63(8) 106(8)  -4(8) 67(6) 17(7)
C(36) 34(6) 108(9)  94(8) 170)  33(7) -2(8)
C(41) 67(8) 84(9) 44(7) 3(7) 42(6) -10(8)
C(42) 65(7) 52(8) 1058)  -158)  56(7) 4(7)
C(43) 1599)  56(9) 1489)  35(8) 1058)  36(8)
C(44) 62(8) 111(9)  104(9)  -299)  48(7) -18)
C(45) 1141(9)  200(10)  72(8) 260)  57(8) 5(10)
C(46) 96(8) 45(8) 11509)  -45(7)  74(7) -39(7)

Note: Estimated standard deviations are given in parentheses. U values x 10", where
n = 4 for Ir and n = 3 otherwise. T = exp-2r®(U;h%a™ + ... + 2Uzklb'c” + ...).
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D. Crystallographic data for compound 16

formula: C,,H,,FeO,P
crystal system: orthorhombic
a=11.43922) A
c=24.9934) A

Z=4

A =0.71073 A

R = 0.0662

molecular weight: 664.64
space group: P2,2,2,

b =13.258(3) A

V = 3790.3(13) A®
diffractometer: Siemens P4/PC
T=293 K

R, = 0.0662

Table B-1. Atomic coordinates (x10%) and temperature parameters (x10° A2) for 16.

Atom x/a y/b z/c U,
Fe(1) 5404(1) 3203(1) 2195(1) 45(1)
P(1) 6961(3) 3547(2) 1721(1) 37(1)
o) 5285(11) 5307(8) 2514(4) 95(5)
0(2) 4133(9) 2629(10) 1225(4) 105(5)
o@3) 6820(8) 1751(8) 2789(4) 95(4)
o@) 3402(8) 2569(6) 2831(5) 102(5)
Cc) 5311(12) 4501(10) 2395(5) 59(5)
C) 4644(12) 2846(10) 1591(6) 68(5)
C@3) 6267(11) 2337(11) 2562(5) 55(5)
C@) 4183(12) 2837(11) 2586(5) 68(6)
0]6)) 7964(7) 4168(5) 2002(3) 46(3)
O(6) 6788(7) 4174(5) 1192(3) 51(3)
o(7) 7649(6) 2613(6) 1501(3) 45(3)
C(5) 8632(11) 3862(9) 2476(5) 53(5)
C(6) 9899(11) 4137(11) 2385(6) 71(6)
C(@) 10570(16) 3918(14) 2899(8) 116(9)
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Atom x/a y/b z/c Ug
C(8) 10061(18) 4412(15) 3383(8) 122(10)
C©O) 8784(18) 4109(13) 3477(6) 95(8)
C(10) 8120(13) 4327(10) 2966(5) 74(6)
C(11) 10444(15) 3712(14) 1872(7) 97(8)
C(12) 11580(14) 4231(16) 1747(9) 155(12)
C(13) 10637(15) 2596(14) 1895(9) 145(11)
C(14) 8246(18) 4602(17) 3948(7) 166(13)
C(15) 6464(12) 5240(9) 1163(5) 59(5)
C(16) 7241(15) 5715(10) 739(5) 74(6)
Cc(17) 6825(18) 6780(12) 626(7) 105(8)
C(18) 5586(21) 6822(12) 472(6) 118(9)
C(19) 4806(14) 6358(12) 896(6) 91(7)
C(20) 5175(13) 5281(10) 1009(5) 74(6)
C(21) 8538(15) 5671(12) 881(7) 91(8)
C(22) 8896(15) 6334(12) 1347(7) 107(8)
C(23) 9316(16) 5889(13) 419(7) 141(10)
C(24) 3492(16) 6403(13) 771(7) 132(10)
C(25) 7218(9) 1930(9) 1084(4) 4503)
C(26) 8238(10) 1642(9) 727(5) 56(5)
Cc@27) 7795(12) 887(10) 300(5) 72(6)
C(28) 7188(12) 5(10) 544(5) 66(5)
C(29) 6219(13) 306(9) 924(5) 61(5)
C(@30) 6667(11) 1024(9) 1333(5) S1(5)
C@31) 8838(12) 2556(11) 476(5) 68(6)
C(32) 10062(11) 2260(13) 259(6) 99(7)
C(33) 8161(12) 3101(11) 62(5) 76(6)
C@34) 5620(16) -597(11) 1155(6) 110(8)
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Note: Estimated standard deviations are given in parentheses. U, = the equivalent

isotropic temperature parameter = 1/33,3.U;a%a*(3;3).

Table B-2. Anisotropic temperature parameters (x10° AY) for 16.

Atom U, Uny, U, U, U,s Uy
Fe(1) 45(1) 53(1) 37(1) 2(1) 5(1) -1(1)
P(1) 43(2) 35Q2) 32(2) 5(1) -1(1) 3(1)
o(1) 137(10)  51(6) 96(7) 15(7) 25(8) -16(6)
0(2) 69(7) 170(12)  77(7) -14(7) -27(6) -24(8)
0@3) 96(7) 89(7) 101(8) 10(7) -11(7) 43(7)
04) 65(6) 147(10)  93(8) -16(7) 25(6) 6(8)
C(1) 65(9) 60(9) 53(8) 509) 18(7) 9(7)
C@) 49(8) 78(10) 78(10) 0(8) 0(8) -12(8)
C@3) 49(8) 77(10) 38(7) -14(7) 11(7) 97
C@) 56(9) 89(12) 58(9) 10(8) 3(7) -18(8)
O(5) 50(5) 43(5) 44(5) 04) -7(4) 2(4)
0(6) 74(6) 38(5) 40(4) 8(5) 2(4) 0(4)
o) 48(5) 48(5) 38(4) 7(4) -3(4) -5(4)
C(5) 66(9) 34(7) 59(9) -9(6) -23(8) -4(6)
C(6) 54(9) 60(9) 99(13) -6(7) -36(9) 8(8)
(6(¢))] 103(15)  101(13) 144(18)  -23(12) -58(16) 0(14)
C(@®) 133(20)  109(16) 124(17)  -6(13) -79(15) -15(13)
C©O) 145(18) 84(12) 54(10) -3(12) -39(12) 6(9)
C(10) 87(11) 74(10) 62(10) -26(10) -2009) -7(8)
6(¢8)) 59(10) 112(14) 120(15)  5(12) 3(11) -17(12)
C(12) 79(14) 184(21)  200(26) 18(14) 33(15) 24(19)
C(13) 76(13) 155(20)  204(24) 16(13) -23(14) -43(49)
C(14) 196(23)  231(28)  69(13) -52(22) -55(15) -22(16)
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Atom U, Uy Uss U U U,
C(@15) 98(11)  43(8) 35(7) 9(8) -10¢7) 8(6)
C(16) 122(15)  49(9) 50(9) 8(10) 23(9) 6(7)
ca7) 19020)  59¢10)  66(11)  22(15)  27(13)  24(9)
C@8) 255(25)  47(9) 53(9) 58(16)  -27(15)  -1(8)
C@19) 116(14)  88(12)  68(10)  40(11)  -56(10)  -18(9)
C(20) 111(13)  63(9) 47(8) 14(9) -338) 2(7)
C@21) 117(15)  49¢10)  107(13)  -7(10)  63(12)  24(10)
C(22) 119(14)  67(11)  135(16)  -21(11)  18(13)  3(12)
C(23) 17020)  110(15)  144(18)  -26(15)  96(16)  3(13)
C(24) 185(22)  117(16)  95(14)  65(15)  -61(14)  -32(13)
C(26) 62(8) 51(8) 56(7) -A(7) 12(6) -17(7)
C@7)  72(10)  79(10)  64(9) 9(9) 37(8) -14(8)
C(28) 80(11)  49(8) 70(9) 14(8) -5(8) -20(7)
C(29) 89(10)  39(8) 56(8) -1(8) 7(8) 27)
C(30) 65(9) 39(7) 51(8) 7(7) 8(7) 0(6)
CGl) 7009 78(11)  57(9) 8(9) 14(8) -13(8)
C32)  7I(11)  124(14)  102(13)  0(10) 30(9) 22(11)
C(33) 90(10)  90(11)  49(8) A1) 25(8) 9(9)
C(34) 187(20)  61¢10)  82(11)  -19(13)  -1(14)  -24(9)

Note: Estimated standard deviations are given in parentheses. T = exp-2r*(U,;h%a** +

... + 2U,,hka*b*).

Table B-3. H-Atom coordinates (x10%) and temperature parameters (x10° A?) for
16.

Atom x/a y/b z/c U
H(5A) 8574 3143 2511 80
H(6A) 9909 4857 2341 80
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Atom x/a y/b z/c U
H(7A) 11360 4146 2854 80
H(7B) 10584 3203 2962 80
HQBA) 10078 5126 3320 80
H(8B) 10511 4279 3700 80
H(%A) 877 3394 3538 80
H(10A) 7324 4107 3003 80
H(10B) 8109 5045 2916 80
H(11A) 9875 3829 1596 80
H(12A) 11887 3973 1417 80
H(12B) 11413 4937 1709 80
H(12C) 12146 4137 2026 80
H(13A) 10925 2353 1558 80
H(13B) 11209 2472 2168 80
H(13C) 9924 2252 1983 80
H(14A) 7462 4353 3980 80
H(14B) 8666 4467 4273 80
H(14C) 8229 5315 3884 80
H(15A) 6583 5567 1502 80
H(16A) 7156 5335 415 80
H(17A) 7236 7078 330 80
H(17B) 6959 7190 936 80
H(18A) 5467 6441 150 80
H(18B) 5313 7496 407 80
H(19A) 4936 6738 1217 80
H(20A) 4718 5006 1296 80
H(20B) 5045 4880 695 80
H(21A) 8692 4985 980 80
H(22A) 9717 6234 1405 80
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Atom

y/b

z/c

eq
H(22B) 8750 7032 1270 80
H(220) 8473 6143 1663 80
H(23A) 10114 5861 537 80
H(23B) 9194 5400 142 80
H(23C) 9148 6551 284 80
H(24A) 3260 7087 705 80
H(24B) 3341 6002 459 80
H(240) 3055 6140 1068 80
H(25A) 6641 2268 870 80
H(26A) 8804 1295 943 80
H(27A) 8418 668 70 80
H(27B) 7227 1231 84 80
H(28A) 7766 -356 746 80
H(28B) 6895 -438 271 80
H(29A) 5659 672 715 80
H(30A) 6038 1224 1565 80
H(30B) 7246 685 1546 80
H(1A) 8978 3028 760 80
H(32A) 10466 2817 98 80
H(32B) 10516 2003 552 80
H@320) 9951 1738 -2 80
H@33A) 8583 3675 -69 80
H(33B) 8007 2645 -228 80
H@330) 7434 3319 216 80
H(34A) 5011 -339 1381 80
H(34B) 5280 -982 869 80
H(34C) 6128 -1023 1361 80






