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ABBREVIATIONS AND NUMBERING OF COMPLEXES

The following abbreviations are used throughout

this thesis:

Me = CH3

Et = C2H5

1,5—C8H12 = cycloocta-1l,5-diene

Ph = CGHS

C8H14 = cyclooctene

N.MesXe = nuclear magnetic resonance
@=y m=, p- = ortho-, meta-, para-

SOME COMPLEXES AND THEIR NUMBERED ASSIGNMENTS

IrCl(PhBP)B 14 IrCl(PhBAs)

~

3 g; IrCl(MethP)3 3;

~

RhCl(Ph3P)3 23; trans—IrCl(CO)(Ph3P)2 11;

IrHCl2(Ph3P)3 38,

~ o~

In Chapter 2: IrHCl(SiR3)(Ph3P)2 4; B s (a) Cl,,
(b) MeCl,, (c) Ph, (d) (OEt)3
IrHCl(SiR3)(Ph3As)2 S5 R, = (a) Cl,,
(b) MeCl,, (c) Ph,, (d) (OEt),
IrHCl(SiR3)(MePh2P)3 %; R3 = (a) Cl3,
(b) MeClz, (2] (OEt)3

In Chapter 4: IrCl2(R)(CO)(Ph3P)2 33; R = (a) Me,
(h) Et; (ec) (CH2)2Me, (a) (CH2)3Me,

(e) (CH2)4Me, CE) (CH2)2Ph, (g) Ph,
(h) (CH2)6Me
[Irc12(R)(co)2]2 39; R = (a) Me, (b) Et

(c) iso-propyl (d) Ph (e) n-propyl
(£) n-butyl, (g) 2-butyl, (h) a-phenethyl
(i) B-phenethyl (j) n-pentyl.

SR A= =™™™™™™™™77777°17




- '
0) (PhO) _P]I 45;

4 2 2

'
In Chapter 5: IrHCl[(g—CGH

L = (a) (PhO),P, (b) Ph,P, (c) MePh P,

(d) MeZPhP, (e) Ph3As.
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SUMMARY

This work is concerned primarily with oxidative
addition reactions of the iridium(I) complexes, IrClL3

(L=Ph P, Ph_As,MePh_.P). The addition reactions of silicon

3 K 2

hydrides, acetylenes and acyl chlorides have been studied
and the products characterized by infrared and n.m.r.

spectroscopies.

The products obtained from the reaction df silicon
hydrides and the iridium(I) complexes are all hydrido-
silyliridium(III) complexes; the coordination number of the
complexes (5 or 6), however, varies with the ligand L and
the silicon hydride used. Carbonylation of these
silyliridium(III) complexes gives in most cases stable

octahedral silyliridium(III)-carbonyl-hydride complexes.

Alkyliridium (III) complexes of the type IrCl_R(CO) (Ph_P)

2 3 &
(R=straight-chain alkyl) are obtained when acyl chlorides,
RCOCl, (R=straight- or branched-chain alkyl) react with the

iridium(I) complex, IrCl (Ph P)3. The interesting feature of

3
these reactions is the observed isomerization from branched-
chain alkyl to straight-chain alkyl when a branched-chain
acyl chloride reacts with the iridium(I) complex. This
isomerization is discussed and compared with the mechanism
proposed for hydroformylation. A similar isomerization

occurs in the oxidative addition of acyl chlorides to the

complex [IrxCl(CO) (C ) ]2 giving as the final product

8Hl4 2
[IrClzR(CO)z]z' In this series an eguilibrium exists between

the branched-chain alkyl and the straight-chain alkyl

complexes.




viii
Terminal acetylenes (HC=CR) react with the complex
IrCl(PhBP)3 to give hydridoiridium(III)-acetylide complexes.
The reaction with diphenylacetylene gives a known H-bonded
iridium-acetylene complex, and the reaction with dimethyl
acetylenedicarboxylate produces a known iridocycle complex

containing a dimerised acetylene moiety.

The complex IrCl(MethP)3 when heated in benzene
isomerizes to a hydridoiridium (III) complex. The hydrogen
atom is shown to originate probably from the ortho-position

of a phenyl ring and not from a methyl group of a phosphine

ligand.

Attempts to prepare iridium(I) triphenylphosphite

complexes of type IrCl[(PhO)3P]L2 [L=(Pho)3P, Ph P, Ph:As,

3 3
MePh2P, Me2PhP] lead in all cases to the formation of
iridium (III)-hydride complexes, f;ﬁcl[(Q—C6H4O)(PhO)23]L2.

When these new complexes are heated in an inert solvent,
complexes possessing two metal-ortho-carbon bonds are
obtained. These bonds are shown to be formed by the inter-
action of the metal and the ortho-carbon atoms of two of the
phenyl rings of the triphenylphosphite ligand and not from

the ligand L.




CHAPTER 1

GENERAL INTRODUCTION

Oxidative addition reactions of transition meta
complexes have been reviewed in detail by several

authors.l'2'3'4

This chapter will only summarize the more
important results contained in those reviews with special

: 8
emphasis on the reactions of d complexes.

Complexes of transition metals having a d8 configuration
may either be (i) four-coordinated and possess a square-
planar cenfiguration or (ii) five-coordinated., The latter
complexes are coordinatively saturated, since there are 18
electrons in the valence shell, and usually have a trigonal
bipyramidal configuration, whereas the former complexes are
coordinatively unsaturated, with 16 electrons in the valence

shiell, e.g.,

i 8
four-coordinate d complexes : IrCl(CO)(PhBP)z, RhCl(PhBP)3,
PtHCl(Et3P)2
five-coordinate d8 complexes : IrH(CONPh3P)3, OS(CO)S,

Ru(CO)3(Ph3P)2

5 :
Nyholm has pointed out that in general the tendency for an
, 8 n , : c
element having a d configuration to become five-coordinate
increases as one ascends a triad and as one passes from

right te left in Group VIII.

. 8 _
Planar complexes having a d configuration are often
" 6
converted into octahedral d complexes by the addition of a
covalent molecule to the coordination sphere. The most
8

exXxtensive studies on the oxidative addition reactions of d

complexes have been made on square-planar iridium(I) complexes




of the type IrY(CO)L_, [Y=halogen, L=tertiary phosphines].

2
These complexes undergo a number of oxidative addition
reactions with molecules such as acyl halides, halqgens,
silicon hydrides, acetylene, olefins and alkyl halides. In
most cases there is complete cleavage of the addendum bond

but in certain cases, addition takes place so that the two

parts of the addendum remain joined by a bond, e.g.,

CH

H
i ,
3" L clL L 5
CHI Ho ‘
Ir P G Ir - IRl he Cie Ir
L 0
L CO » L
4 g
+
°,
1-1
L
0O CO
@ ~ /
N
\\
////Ir\\\\
0 c1
L
B = Pl

These additions often occur in a stereospecific manner;
both cis and trans modes of addition have been observed
depending on the reagent and the medium. Chock and Halpern6
have performed kinetic studies of the addition of alkyl
halides and hydrogen to the iridium(I) complex, trans-
IrCl(CO)(Ph3P)2. They interpreted their results in terms
of two different limiting mechanisms. The addition of
hydrogen appears to be a concerted process, involving a

relatively nonpolar transition state which leads to a cis

adduct (egn. 1-1). The oxidative addition of alkyl halides,




on the other hand, is believed to entail an SN2 type of
attack, with at least partial halide displacement, through

a highly unsymmetrical transition state (see also Chapter - P
section d). This mechanism is supported by the fact that the
stereochemistry of oxidative addition of alkyl halides 1is

trans.

8
Coordinatively saturated d complexes lose a neutral
ligand when they react with polar or highly polarizable
addenda such as halogens, silicon hydrides, mercuric halides

. R ) 7
and protonic acids to give octahedral d6 complexes, e.g. ,

H H
1-2
2 H
|%
Ir + P ] ey Ir At 1
h3SlH \\y/
L I S1iPh
3
CO coO
L = P P
h3

-
Collman and Roper have suggested a two-step mechanism, in
which the electrophile forms a bond with the central metal-
in the trigonal plane as an intermediate, with the second

step being the irreversible loss of a neutral ligand:

l1=3
s =2+

| J A
| | 1
M +A-B& M4 B — e + L
. , \\g . 7
A ' B




: . 8
Alternatively five-coordinate d complexes can react
. . i i 8
through dissociation prior to oxidative addition. The
; 8
final products of oxidative addition to saturated 4

complexes are those resulting from overall cis addition.

Oxidative addition reactions to the planar d8 complex,
RhCl(PhBP)3 have also been extensively studied.g'lO This
is mainly due to the ability of this complex to catalyse
homogeneous hydrogenation of olefins and acetylenes, and to
decarbonylate alcohols, aldehydes and acid chlorides (see
also Chapter 4). In many of its additions, the complex
RhCl(Ph3P)3 loses one molecule of triphenylphosphine to

give five-coordinate rhodium(III) complexes. Some of

these reactions are shown in figure 1-1.

The tendency for d8 complexes to undergo oxidative
addition reactions depends markedly on the nature of the
central metal ion and the ligands attached to it. This
tendency decreases in going from left to right across the
transition series and increases in going down a given group.
The resultant reactivity towards oxidative addition is

therefore expected to decrease roughly in the following

order:
REEEEN Eet,, Ix'>Rh'>Ce "', Pt">P4A">>Ni", Au™

Ligands which increase electron density at the central

metal atom enhance the tendency of a d8 complex to undergo
oxidative addition, e.g., Ph3P>CO. The observed reactivity
trends are generally in accord with these predictions, e.g.

IXCcl(Co) (MeP ;
(CO) (Me h2P)2>IrCl(CO)(Ph3P)2>RhCl(CO)(Ph3P)2,

IZTCl(PhH_P
FCl ( 3 )3>RhCl(Ph3P)3>RhCl(CO)(Ph3P)2.



2
th 02]L2 RhCI[C2H4]L2
CoHy
RhHCI2L2 RhCIL3 Rthcuz[s]
RCOCI CH,|
RhCIZR[CO]Lz PF4 co Rhlz[CH3]L2
or t-RhCI[CO]L2
m—RhCl[PF3]L2 trons—RhCl[CO]Lz

Figure1-1. Some reactions of the complex RhCIL;. L =Ph,P.
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In order that mechanisms may be proposed for oxidative
addition reactions, the stereochemistry of both starting
complexes and final products must be known. The two basic
tools used most frequently in determining stereochemistry of
such complexes are n.m.r. and infrared spectroscoples. A
combination of both methods can often lead to unequivocal

assignments of stereochemistry.

The rapid progress in the study of transition metal
hydride complexes is largely due to the discovery of the
high field shift in the high resolution n.m.r. spectrum,
which appears to be characteristic of transition metal
hydrides.12 The resonances always occur at >12T, are
frequently in the range 20-301, and may eccur as high 601.
Spin-spin coupling of the hydrogen nucleus with other
nuclei in the complex, in particular with the central metal,

lO3R 195P LB3

observable with tiand W nuclei, provides strong

h,

evidence for direct metal-hydrogen bonds.

In phosphine metal hydride complexes the 31P nucleus
(100% abund. I=%) couples with the hydrogen atom attached
to the metal. For octahedral rhodium(III) and iridium(III)
complexes, the phosphorus-hydrogen coupling constant
(JP_H) is in the range 80-160Hz when the phosphorus nucleus

is trans to hydrogen atom, while JP H=lO—4OHz for phosphorus

cis to hydrogen atom. It therefore follows that the values
of JP—H can provide evidence for the configuration of

various phosphine complexes. Table 1-1 lists chemical shifts
and coupling constants for several phosphine iridium (III)
complexes. In some dihydrido-complexes coupling between the

non-equivalent hydrogen atoms is observed; J 4-8Hz,

H1-87




From a survey of octahedral iridium(III) hydride
complexes it is evident that protons trans to halogens have
much higher chemical shifts (.307) than protons trans to
phosphorus nucleus and carbon monoxide (19-247). On the
other hand, there appears to be no characteristic difference
between the chemical shifts of protons trans to phosphorus
nucleus and carbon monoxide. Not many examples of hydrido-
phosphine-carbonyl complexes with the appropriate stereo-
chemistry are known from which a satisfactory comparison

may be made.

In octahedral iridium(III) complexes in which the
phosphine ligands are methyl substituted (e.qg. MethP),
Jenkins and Shawll have demonstrated that it is possible to
determine the relative positions of the methyl substituted
phosphine ligands by n.m.r. spectroscopy. In complexes

having mutually trans phosphine ligands the proton n.m.r.

spectra exhibit a triplet for the methyl groups attached

to the phosphine ligands. However, when the ligands are
mutually cis, the (P-CH3) groups give rise to doublets.

Methyl substituted phosphine ligands (e.gqg. MePh2P) represent
examples of XnAA'Xn' nuclear spin systems [X=H, A=P].
When the ligands are in a mutual trans-configuration in the

metal complexes, the geminal phosphorus-phosphorus coupling

l2 4.

constant J is very much larger than L y [L JAX_ JAX

A-A' AX '“

AX
and the XnAA'Xn‘ spectrum approximates to an Anx2n system
with the central line of the triplet resulting from overlap
of lines. In analogous cis complexes, however, JAA' and

JAxl are both small and the proton n.m.r. spectrum therefore

Usually appears as a doublet.



The infrared spectra of most iridium hydride complexes
show bands in the region l700-2200cm—l, which are assigned
to the iridium-hydrogen stretching modes.12 Table 1-1
lists the iridium-hydrogen stretching frequencies of several
iridium(III) hydride complexes. A similar trend is observed
for v(Ir-H) depending on the ligand trans to the hydrogen
atom as is observed for T(Ir-H). For octahedral iridium(III)
hydrides, hydrogen atoms trans to halogens have much higher
iridium-hydrogen stretching frequencies than do hydrogen
atoms trans to phosphine or carbonyl groups. Most iridium-
hydrogen stretching frequencies are observed between 2000cm
and 22OOcm—l but frequencies as low as l7OOcm_l have been
recorded and several authors have associated these frequencies

with vibrations involving two hydrogen atoms in mutually

trans positions.

The carbonyl stretching vibrations in iridium-carbonyl
complexes are very sensitive to the charge of the central
metal ion, moving to higher frequencies as the positive
charge on the metal ion increases, viz. Vv (C=0) for
IRRETI > v(C=a). far - TX(I). Such a strengthening of the CO
bonding is expected since positive charge on the metal tends
to reduce donation by the metal into the antibonding pi (II)

orbital of the carbonyl group.

Jenkins and Shaw have studied the far-infrared
absorption spectra of a series of halogeno-iridium(III)

L3 A ,
complexes. They observed that the iridium-chlorine
frequency . is sensitive to the ligand trans to the chlorine
atom and is insensitive to the cis ligands. The general

range observed for the wvalues of the v(Ir-Cl) 1is 320—33O<:m_l




o AR i & .
[Cl trans to halogen], 300-320cm [Cl trans to carbonyl],
-3 . . , o TR ,
275-290cm [Cl trans to phosphine] and 250-265cm [C1l trans

to H or alkyl groupl.

The preparation and some reactions of the iridium(I)

complexes IrxClL [L=tertiary phosphine, arsine, stibine]

3
: . 36 : ;
have been studied previously. The work presented in this
thesis follows on from the previous work with more emphasis
on oxidative addition reactions of complexes IrClL3

[L=Ph_P, Ph_As, MethP]. Chapter 2 deals with the addition

3 3

of silicon hydrides to complexes of type IrClL3 i L=Ph3P;

2 L=Ph3As; 3 L=MePh2P]. The oxidative addition reactions of
acetylenes and acyl chlorides to the iridium(I) complexes

l and 3 are presented in Chapters 3 and 4 respectively.
Chapter 5 is concerned with the reactions and behaviour of
some triphenylphosphite iridium complexes containing
tertiary phosphines and triphenylarsine. Finally in Chapter
& a general discussion on the results obtained 1s

presented and comparisons of the reactivities towards

oxidative additions with the complexes IrCl(CO)(Ph3P)2,

RhCl(Ph3P)3 and RhCl(CO)(Ph3P)2 are made and discussed.




TABLE 1-1

N.m.r. and infrared data for some iridium(III)-hydride

a
complexes.

e e e e R

Complex H trans T (Ir-H) e 5 L
to 1 Hz ;1nm
b o
IzBCl. (Ph P). i | 29 4 15 2228
2 3 3
IrH2Cl(CO)(Ph3P)2 R 28.4 L5 22072
IrHCl2(CO)(Et2PhP)2 @l 26yl X2 2189
IrHCl_ (Ph_P) R Ph P 23.8 lo4d 2193
s 3 3 3
JER. CL{(Ph_ P). Ph P 2 Joe ks 136 21246
2 3 3 2
IrHClz(EtzPhP)3 Et2PhP 220 6 Jot@8 2090
IrH, Cl(CO) (Ph b co 1% 48 15 2090
}5 3P)2
IrHClZ(CO)(Et2PhP)2 CO 19 0 16 2008
IrHCl(SnClB)(CO)(Ph3P)2b Sncl3 19 .9 10 2148
BA.::ss these data were obtained from reference 1l2 unless

otherwise stated.

B e from reference 27.




CHAPTER 2

THE ADPDITION OF SILICON HYDRIDES

Although the first compound containing a silicon-

, 14 . iy ¢
transition metal bond was prepared in 1956, the field

; : X5
has attracted wide attention only in the past five years

and many such compounds are now known.

This sudden interest stems from the fact that oxidative
addition reactions have received a great deal of attention
both as an interesting class of reaction of transition metal

complexes and as an important step in several homogeneous

7

catalytic reactions. In 1965 Harrod and Chalk postulated

, : IRF LA e ; , 8
that oxidative addition of silicon hydrides to certain 4

complexes was a key factor in the ability of the latter to

; : : l6
catalyze the hydrosilation of unsaturated organic compounds.

Since then oxidative addition reactions involving

cleavage of the silicon-hydrogen bond have afforded silyl

£7,18,25 7,16 17

hydrides of rhodium, iridium, » Chromium,

LT ", 17 1 .
manganese, iron, cobaltl and platlnum,19 .9,

2-1 IrCl(CO)(PhBP)z + ClBSiH.__q IrHCl(Sic13)(co)(Ph3P)2

4 , A 20 . 20 21
Silyl derivatives of manganese, rhenium, , ruthenium,

g 22 22
nickel, molybdenum and platinum19 have been prepared by
the direct reaction of silicon hydrides and the corresponding

transition metal complexes, e.g.,

2-2 M - -+ ] ’
n2( o)lO 2Cl381H -+ 2Mn(SlCl3)(CO)5 - H2

The reaction of triorganosilyl-lithiums and chloro-transition

metal complexes has produced silyl derivatives of zirconium,23

23

23
molybdenum, tunsten, gold24 and platinum,24 €T ey

&3 AuCl(Ph3P) = Ph3Si-Li > Au(SiPhB)(Ph3P) +- 51 CE
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Many transition metal complexes possessing covalent
metal-tin, germanium or lead bonds have been prepared by

routes which are similar to those used for silyl-transition

g 37
metal complexes. '

The reaction of silicon hydrides with the complexes

RhCl(Ph3M)3[M=P,As,Sb] at room temperature gives five-

coordinate silylrhodium(III) complexes, as shown indepen-

425
dently by two groups:l ;

2-4 RhX(Ph_M) + R_SiH - RhHX(SiR_) (Ph_M) + Ph_M

3 3 3 3 3 2 3
M= P,As,Sb
X = Cl,;Bxr,I
R3 - Cl3,MeC12,EtClz,Me2Cl,Et2Cl,Me3,Et3,Ph3,(O.t,t)3

Carbonylation of the silylrhodium(III) derivatives
results in loss of silane and formation of the rhodium(I)
complexes of type RhX(CO)(Ph3M)2. There is some infrared
spectroscopic evidence for intermediate six-coordinate
complexes, RhHX(SiR3)(CO)(Ph3M)2 but these are too unstable

at room temperature for detailed study.

The crystal structure of one of the silylrhodium(IITI)
adducts, RhHCl(SiCl3)(Ph3P)2 has been studied.26 Figure 2-1
shows a perspective view of the coordination polyhedron
around the rhodium atom and table 2-1 lists some selected
interatomic distances and angles. The rhodium coordination
polyhedron was described as a highly distorted trigonal
bipyramid, with trans phosphines at the apices and H, Cl
and SiCl3‘in the trigonal plane. Alternatively the

authors described the coordination about the formally

d Rh(III) ion as distorted octahedral if the ortho-hydrogen




H
ol 136

Figure 2-1. Perspective view of the RhHCI[SiCI3][Ph3P]2 molecule.

Distances Valuve ,E\) Angles Value, deg.
Rh=Si 2.203 Si-Rh-Cl 115.9
Rh-Cl 2.387 Si-Rh-R 98.3
Rh-R 2.344 Si-Rh-P, 98.4
Rh-F, 2.332 Si-Rh-H 69
Rh-H 1.48 Si-Rh-H3, 166
Rh-H]36 279 Cl-Rh—-H 174

P -Rh-P, 161.7

Table 2-1. Some interatomic distances and angles of the

RhHCI|SiCl,||PhLP molecule
31" 3 )
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atom on a phenyl ring of a triphenylphosphine group 1is

included at the sixth coordination site.

The reaction of silicen hydrides with complexes 1, 2
and 3 will be discussed in the subseguent section. These
reactions are of interest because firstly, comparisons with

the analogous rhodium system should be possible and

secondly, the possibility existed that stable carbonylation

products would be formed.

b. Results and Discussion

A variety of silicon hydrides reacts readily with the

complexes IrClL [l L=Ph_P, 2 L=Ph_As, 3 L=MePh_P] to yield

3 3 3 2

adducts according to scheme 2-5:

2=5
IrClL3 + R,SiH —_— IrHCl(siR3)L2 + L
4 L=Ph, P 5 L=Ph As
(a) R3=Cl3, (b) R3=MeC12,
(c) R3=Ph3, (d) R3=(OEt)3
IrHCl(SiR3)L3 6 L=MePh P (a) R =Ph,
7 L=Ph_As (a) Ry=MeCl,
8 L=MePh P (a) Ry=Cl,, (b) Ry=MeCl, , (c) R3=(OEt)3

The five-coordinated iridium(III) products are air
stable, yellow or orange-yellow solids, whereas the six-
coordinated complexes are white solids. The chlorosilyl
complexes readily hydrolyse in wet solvents giving off
hydrogen ¢hloride. The thermal stability of all the complexes
is reasonably high, the decomposition points being in the

range 95-=-200°cC. The compounds are generally stable in
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solution in the presence of air but the chlorosilymethyl-
diphenylphosphine complexes undergo slow decomposition.
Table 2-6 list the analyses of the silyliridium(III)

complexes.

Infrared Spectra

All the adducts exhibit a strong bond in the region

2130—2225<:m_l (table 2-2) which is distinctly different from
the silicon-hydrogen stretching fregquency of the free
silane.29 This bond is assigned to the iridium-hydrogen
stretching mode and it lies in the range observed for other

s YRR The values of the

iridium(III)-hydride complexes.
iridium-hydrogen stretching freguencies for most of the
silyliridium(III) adducts are characteristic of hydrogen
trans to chlorine (ca. 2200cm—l) in ectahedral iridium({III)
complexes. If this correlation is valid also for five-
coordinate iridium(III) complexes, it seems likely that
hydrogen is trans to chlorine for the five-coordinated
Silyliridium(III) compounds prepared in this work. The

n.m.x. data lend further support to this conclusion (see

below) .

The value of the iridium-hydrogen stretching freguency

: ; ' ! . .
(2130cm =) for the five-coordinate complex, IrHCl(SiClB)—

(Ph3AS)2(§a) suggests that hydrogen is not trans to chlorine

atom.

From the values of the iridium-hydrogen stretching

: el 3
frequencies 2175cm ~, for the octahedral silyliridium(III)

R_=Cl

complexes, IrHC1(SiR )(MethP)3, 3 3

3 MeCl2 (Ba and 8b)

it would be reasonable to assume that hydrogen is trans to



i3

chlorine atom in these compounds. However, the low wvalue

(ZlSOcm_l) of V(Ir-H) for the complex IrHCl(SiMeC12)(Ph3As)3

(7a) and for IrHCl[Si(OEt)B](MePhZP) (8¢c) {2160cm—l)

3

suggests that hydrogen is probably trans to triphenylarsine

or methyldiphenylphosphine respectively.

lH-N.M.R. Spectra

In addition to the resonances due to the ligands Ph_P,

3
Ph3As, MethP and the silyl groups, the n.m.r. spectra also
show signals in the high field region, 20-3071, which is
characteristic of hydrogen bound to transition metal.

Table 2-3 lists the 'H-n.m.r. data for the silyliridium(III)
complexes. For the five-coordinated complexes da, 4b, 4c,
4d and 6a a single triplet at about 28t is observed,

(see figure 2-2). This suggests that the two phosphine

ligands must be in equivalent or closely similar positions

and the value of the phosphorus-hydrogen coupling constant

[JPH = 15Hz] indicates that they are cis to the hydrogen
atom.28 SiR
i 3
H L
I
L 5
Cl

O
E
Il

MePh2P, (a) R_=Ph

The high field n.m.r. spectra of the triphenylarsine
analogues show only a singlet. Presumably the expected

: X 5
coupling with As(I=3/2) is not observed because this nucleus
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possesses an electric quadrupole moment.

The stereochemistry of octahedral iridium(III)-hydride
complexes containing tertiary phosphines can be determined
from the position and multiplicity of the high field lines,28
(see chapter 1). Thus, the pesitien of the high field
signal (297) in the n.m.r. spectra of the complexes 8a and 8D

and the small coupling constants (table 2-3) indicate that

hydrogen is trans to the chlorine atom and is mutually cis to

three phosphorus atoms:

)

1, i

é'\'

i 7

>
R_Si \
351
1
s ePh, P, (a) R3 C13, (b) R3 MeCl2

For the trichlorosilyl complex 8a, the hydride resonance
consists of a doublet of overlapping triplets arising from
coupling with two mutually trans, equivalent phosphines and

a third inequivalent phosphine, (see figure 2-4).

In the case of the dichloromethylsilyl complex 8b, the

hydride resonance consists of a 1:3:3:1 guartet (see figure
2-3); this suggests that the three phosphines, although not
chemically equivalent, are magnetically equivalent,

J = '
gy = 10.5Hz,

The hydrogen chemical shift (20.1t) and the large

coupling constant [Jp_H = 129Hz] for the complex

IrHCl[Si(OEt)B](MePh2P)3 (8c) clearly indicate that the
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Figure 2-2. High field n.m.r. spectrum of the complex IrHCI[SiPh3][Ph3P] "

29.8 i

Figure 2-3. High field n.m.r. spectrum of complex IrHCI[SiMeCIZ:,[MePh2P] :
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Figure 2-4. High field n.m.r. spectrum of complex IrHCI[SiCI:ﬂl:MethP-I ’
43
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hydrogen atom 1is trans to one of the phosphine groups. The
two triplet pattern is observed for this complex because
there 1s further coupling of the hydrogen atom with the
other two equivalent phosphorus nuclei, J. = 16,50z,

P-H

(see figure 2-5),.

The signals for the triethoxy groups of the triethoxy-
silyl complexes occur at slightly higher field than those for
the free silane. No coupling is observed between these
protons and the phosphorus nuclei. For the complexes
IrHCl[Si(OEt)3]L3 and IrHCl(SiPh3)L2 (L = MePh2P) multiplet
signals are observed in the n.m.r. spectra for the methyl
protons of the phosphine ligands, although a triplet and a
doublet pattern would be expected for the first complex
because of its m§£—configuration.3o Apparently the chemical

shifts of all the phosphine methyl protons in this complex

are coincident, (see figure 2-6).

No meaningful assignments can be made of the low field
nN.m.r. spectra of the complexes 8a and 8b because of some

decomposition in solution.

C. Reaction of the Silyliridium(III)-complexes with carbon

monoxide

(i) The triphenylphosphine complexes

Equation 2-6 outlines the reaction of carbon monoxide

with the triphenylphosphinesilyl complexes 4:




Figure 2-6. Llow field n.m.r. spectrum [6-9{] of the complex

IrHCI[Si(OEt)}]!}AethP] in CDCl, .
3
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Assuming a similar configuration for the five-coordinated

silyliridium(III) complexes (4) as for the complex RhHC1-

el . 26 . g
(51Ll%)(Ph3P)j (see section d for further discussion) it

<

1s reasonable to suggest that carbon monoxide would add to

n
+

the vacant coordination site (in 4) to give 9 as the fir
preduct, Rearrangement of isomer 9 in solution can give
isomer l0 or an eqguilibrium mixture of both depending on the
silane used, and finally liberation of free silicon hydride

gives the iridium(I) complex 11. Table” 2=4"11stes the n.m.r.

data for these complexes.

If carbon monoxide is bubbled through freshly prepared

solutions of complexes 4a, 4b and 44 for five minutes and

the n.m.r. spectrum is measured immediately afterwards, a

single triplet (J_ g = 12Hz) at about 27 for t(Ir-H) 1is
el = |

observed; this sugg

(D
n
~
n
4
5
(1))

presence of complex 9 in which
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the hydrogen atom 1is trans to chlorine atom and 1s two
equivalent phosphorus nuclei. After ten minutes, the n.m.r.
spectrum shows another triplet (JP . = 15Hz) at about 16T

and the intensity of the triplet at 271t has decreased
correspondingly, (see figure 2-7). The triplet at 16T suggests

the presence of isomer 10 in which the hydrogen atom is trans

——— s
~ ~

to carbon monoxide and cis to two equivalent phosphorus

nuclei.

For the trichlorosilyl complex 4a, isomer 1l0a is the
sole product isolated after ten minutes. The possibility of
isomer 10 having the hydrogen atom trans to the SiR3 group

cannot be ruled out.

Carbonylation of the triphenylsilyl complex 4c gives. the
15 - e ]
iridium(I) complex 1l [v(CO) = 1950cm 7] and free

triphenylsilane instantaneously at room temperature; no

silyliridium(III) carbonyl complexes could be detected.

The infrared spectra (solid) of the carbonylated
products, 9 and 10, (table 2-5) show two bands in the region
! = ' L b - -1
2000-2050cm and two bands in the region 2100-2235cm 3 The
former pair is assigned to the terminal carbonyl stretching
modes and the latter pair to the iridium-hydrogen stretching

modes. For the trichlorosilyl complex 4a, isomer 1l0a is
obtained in a pure state; it shows only two bands in the

infrared spectrum (solid), v (CZ0) at 20 (Ir-H) at

®)
5y
Q
=
o
=
Q

-l v _ :
2118cm $ After ten minutes the infrare spectrum in
chloroform solution of 9 and 10 shows an additional band at
-1 : | , N ; .
1950cm which is assigned to Vv (CZ0) of the iridium(I)

complex 1l1.
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Figure 2-7. High field n.m.r spectrum of erCI[SiMeCIz][Ph3Ff, +CO
2
a. After 5 mins, b. After 10 mins.
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(ii1) The triphenylarsine complexes

All the five-coordinate triphenylarsine—silylirldium(lIl)
complexes (5) add carbon monoxide to give the corresponding

octahedral iridium(III) carbonyl derivatives:

& 7

1 » AsP
IYHC1 (SiR_) (Ph_As) . + CO C(f\~'///, a
§ 193 g5 i FEEte S5

8 Ph _Ask=_ \giR

+ CO 3 , 3

o,

isomers-IrHCl(SiR3)(CO)(Ph3As)2

The products 12(a), 12(b) and 12(d) are assigned the above
stereochemistry (eqgqn. 2-7) from infrared and high field n.m.r.
data (tables 2-4 and 2-5). oy each of the silyl complexes
12a, 12b and 12d a singlet is obtained in the high field
region (-28t) of the n.m.r. spectra. The T-value is
characteristic of hydrogen atom trans to a chlorine atom.

The infrared spectrum of complexes 1l2a, 12b and 124 gives a
band at 22OOcrn_-l o wilr-H) [H trans te Cl] and. another

band at 2050cm—l [BKC=0)]., It is assumed that the triphenyl-
arsine ligands are mutually trans in 12a, 12b and 124

because the Spectroscopic data of 12a, 12b and 124 are
similar to those of product 9 (egn. 2-6), in which the

triphenylphosphine ligands are considered to be mutually

trans.




The triphenylsilyl complex 5c reacts with carbon
monoxide to give an isomeric mixture of the complex

IrHClLSiPhB)HHm(PhBAS) (L2¢) (c.f. triphenylphosphine

)

/

[

analogue, p.17). The high field region of the n.m.r. spectrum
of l2¢c shows two singlets at 19.3T and 16.3T and the infrared

. -l . A
spectrum shows Vv (C=Z0) at 2030cm and 2000cm l, and v (Ir-H)
1 -1 A0
at 2140cm and 2080c¢m . From these data, it is not possible
to make a definite assignment of stereochemistry, but the

hydrogen atom in both isomers is definitely not. trans to

the chlorine atom.

The six-coordinate complex IrHCl(SiMeClz)(PhSAs)3 (7a)
does not react with carbon monoxide urnder the same conditions
used for the five-coordinated complexes. This reaction was

pursued no further.

(iii) The methyldiphenylphosphine complexes

The complex mer—erCl[Si(OEt)3](MePh,)P)3 (8c) reacts
with carbon monoxide at room temperature to give isomers

of the complex, IrHCl[Si(OEt)B](CO)(MePh2P)2

2-8

8c 14 15

-~

I, = MaPpP =
e th’ R3 (OEt)
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@®

The first product apparently results from the displacement

of the phosphine ligand trans to hydrogen atom to yield

isomer 1l4. This isomer gives a triplet (JP—H =16 5HZ) “in

the *high field region of the n.m.r. spectrum at 17.07 for
T (Ir-H); hydrogen atom is therefore trans to carbon monoxide

and cis to two equivalent phosphorus nuclei. Rearrangement

of complex }% gives isomer 15 which shows a triplet

(JP_H = 12Hz) at 28.51t in the high field region of the n.m.r.

spectrum; hydrogen atom is therefore trans to chlorine atom

and cis to two equivalent phosphorus nuclei. The infrared

spectrum of complex 14 and 15 shows two bands for V(Ir-H),
one at 22OOc2m-l (B - trans te Cl) and at 210(‘)(:m-l (B trans to

Co) and two bands for v(C=0) at 2050 and 1980cm

The complexes IrHCl(SiR.,) (MePh

3 5 MeCl._.)

Rl (By 70 2

(8a and 8b) react with carbon monoxide to give complexes of

(b) MecCl,]

the type IrHCl(SiR3)(CO)(MePh g re. (al R.=CL 5

2 3 30

with the same stereochemistry as complex 15 above (egn 2-8).
A triplet (JP_H = 12Hz) at 26.91 is observed in the high field

-1 .
n.m.r. spectrum and two bands, one at 2200cm , V(Ixr-H), and

-1 . ‘
at 2060c¢cm p WE=ag ., in the infrared spectrum,of l@a and l@b;

The c¢complex IrHCl(SiPhB)(MePh2P)2 (6a) gives trans-
. -1.32 !
IrCl(CO)(MethP)2 [v(CO) = 1960cm ] and triphenylsilane
when it is reacted with carbon monoxide. No intermediate

silyiridium(III) carbonyl complexes could be detected.

d. Summary of results and discussion

The reactions of silicon hydrides with the iridium(I)

complexes 1, 2 and 3 are very similar to those with the

~

complex RhCl(PhBP)3. It is reasonable to assume that most
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of the five=-coordinated silyliridium(III) complexes possess

the same square pyramidal stereochemistry as that of the

rhodium complex RhHCl(SiClBJ(PhBP)226 (p.10), the hydrogen
being trang to chlorine atom:
S1iR
“Sia
ClL
i
Lr
4 L = Ph3P, R3 = (a) ClB' (b) MeClz, (c) Ph3, (d) (OEt)3.
5 L = Ph_As, Ry = (k) Metl, . le) Ph,, (d) (OEt) ..
§ L = MePh2P, R3 = (a) Ph3.
The infrared and n.m.r. data for the complex IrHCl(SiClB)_
(Ph3As)2 (5a) suggest that hydrogen atom is not trans to

chlorine atom, but the exact stereochemistry is unknown.

The reaction of methyldichlorosilane and IrCl(Ph3As)3
(2) gives both a five-coordinate and a six-coordinate adduct.
The five-coordinate product (5b) has the stereochemistry
shown above but it is difficult to assign any stereochemistry
to the six-coordinate product based merely on spectroscopic
data. It is not obvious why methyldichlorosilane should be

unigque among the silanes studied in yielding two adducts of

different coordination number.

The stereochemistries of the products which result from
the reaction of the silanes and the complex IrCl(MePh2P)3
(3) vary with the silane used. The complexes 8a, 8b and 8c

(egqn 2-5) all have the phosphine ligands in a mer-

configuration but have hydrogen trans to chlorine atom in

complexes 8a and 8b and hydrogen trans to a phosphine ligand
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in the triethoxysilyl product 8c. The complex IrHCl(SiPhB)—
(MePh2P)2 (6a) is assigned the stereochemistry shown above.

The tendency for the products IrHCl(SiR3)Lrl to be
octahedral is in the order L = MePh2P>Ph3AszPh3P. From
this order it is obvious that basicity and steric factors
are the main factors controlling the coordination number
in the products. Although triphenylarsine and triphenyl-
phosphine are generally similar as ligands, coordinated
triphenylarsine probably causes less steric hindrance to
an addend molecule than does triphenylphosphine because of
the larger atomic radius of arsenic; this causes the bulky

phenyl rings of the triphenylarsine to be further away from

the iridium nucleus than in the case of triphenylphosphine.

Similar steric factors probably account for the
observation that all the triphenylsilyliridium(III) adducts
obtained from triphenylsilane and complexes %, g and 3 are
five-coordinate, since the coordinated triphenylsilyl group

is geometrically similar to coordinated triphenylphosphine.

The overriding gquestion in oxidative addition reactions,

from a mechanistic point of view, is whether the addition

: kg 3,6
proceeds via a concerted three-centre transition state, ™’

or by a transition state analogous to that proposed for the

Menschutkin reaction:6

2=9  RyN + RX oy R3N6+———-R-———X6_ ER AN R4N+X—

The addition of methyl iodide to trans—IrCl(CO)(Ph3P)2

(l1) is believed to involve a highly polar transition state

~

to that proposed for the Menschutkin reaction,6 and a trans
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mode of addition results. On the other hand the activation
parameters for the hydrogen addition are consistent with
a three-centre transition state in which both addend atoms
interact simultaneously with the metal ion, with hydrogen
atoms ending up cis to each other:
2=-10

@
H3
L 0 -+ +
Ry 5 5 w2 ¥
1 + CH_I>[Ir--CH_--1I] ——y Tr
\\S 3 3
C 1l . (04 .
=
5 i
L
H_ H 0
e /
Rl Reen, Ir
H// \ i
L = Ph_P

Sommer and co-workers have studied34 a number of
rYreactions involving optically active, o-napthylphenylmethyl-
silane in the presence of reactive transition metal centres
e.g. IrCl(CO)(Ph3P)2. The bulk of their evidence obtained
indicates that the initial process in these reactions may
be a stereospecific interaction of the silicon-hydrogen bond
with the reactive transition metal centre and that this
reaction occurs with an exceedingly high degree of retention
of configuration at the silicon atom. These results are

inconsistent with an SN2 mechanism but support a three-centre

mechanism for silicon hydride addition to transition metal

complexes.
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Based on the observations discussed above, it seems
very likely that silicon hydride addition to the iridium(I)
complexes %, 2 and 3 proceeds through a three-centre
mechanism. This conclusion is supported but not proved by
the observation that the ligand atoms silicon and hydrogen
are always cis in the adducts isolated. However, no work

which would define the mechanism has been carried out.

Unlike their rhodium analogues, most of the complexes
IrHCl(SiR3)L2or3 react with carbon monoxide to form stable
silyl-carbonyl-iridium(III) derivatives. This observation

is consistent with the general trend observed for iridium

and rhodium complexes (see Chapter 6).

The oxidative addition of silicon hydrides to trans-
IrCl«KD(Ph3P)2 (1ll) has been studied previously.16 The
complexes formed in that reaction are not suitable for
detailed investigation because of their instability in
solution and because the reaction is limited to silicon
hydrides bearing electronegative substituents. The products
from the reaction of carbon monoxide with the triphenyl-
phosphine-silyliridium(III) complexes 4a, 4b and 44 are
generally identical with or are isomeric with those prepared
by Chalk and Harrodl6 as shown by comparison of infrared
spectra. A recent re-examination of the n.m.r. spectrum
of the adduct from the reaction of triethoxysilane with
complex ll has shown the presence of a triplet (JP—H = 14Hz)
at lb.lt due teo Ir—H.33 This result is in fair agreement
with that obtained for one of the isomers (1l0d) of the
complex LLHCl[Si(QEt)3](CO)(PhBP)j obtained by addition of

<

triethoxysilane to the complex l and subsequent carbonylation;
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the n.m.r. spectrum also shows a triplet (JP—H = LkS5Hg) at
16.072¢f0x T(Ir-H). The author33 indicated that such a low
chemical shift suggests that hydrogen is trans to a group
with an extremely large trans-effect such as Si(OEt)B. This
suggestion would imply a trans mode of addition for
triethoxysilane, and this in turn would favour an SN2
mechanism for the addition. This seems highly unlikely in
view of the work by Sommer and co—workers35 mentioned above,

and it seems more likely that hydrogen atom is trans to

carbon monoxide in this isomer.

It is not surprising te observe the formation of the
complex trans-IrCl(CO)(PhBP)2 (ll) when the complex

IrHCl(SiPhB)(Ph3P)2 is reacted with carbon monoxide, since

triphenylsilane does not react with complex %}.16 Similarly,

carbonylation of the complex IrHCl(SiPh3)(MePh2P)2 forms

the complex trans—IrCl(CO)(MePh2P)2 and free triphenylsilane.
Presumably octahedral silyliridium(III)-carbonyl complexes
are formed initially which rapidly decompose to form the

complexes trans-IrCl(CO)L (L=Ph_P,MePh_P) and free

2 3 2

triphenylsilane. However the complex IrHCl(SiPhB)(Ph3As)2

reacts with carbon monoxide to give stable silyliridium(III)-
carbonyl products. These observations therefore suggest that

the reactivity of complexes of type trans—IrCl(CO)L2

(L = Ph3P, Ph3As, MePh2P) to undergo oxidative addition with

triphenylsilane may be in the order L = Ph3A5>MePh2P = PhBP.
Since it has been shown that ligands which increase electron
density at the central metal enhance the tendency of the

metal to undergo oxidative addition,2 the order of L should

be MePh2P>Ph3PaPh3As. Apparently steric factors must be the
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deciding force in the reactions of these complexes with

triphenylsilane.

The six-coordinated complexes 8a, 8b and 8c (egn 2-5)
react with carbon monoxide by displacing one of the phosphine
groups to give stable silyliridium(III)-carbonyl complexes.

It seems likely that the phosphine ligand (L.,) trans to the

1

silyl group in complexes 8a and 8b (egn 2-11) would be more

labile than any of the mutually trans phosphine ligands

since the SiR3 group has an extremely high trans—effect;35

thus, carbon monoxide should displace L., and give complex 16:

1

=11 H H
L l i
i R 'S
- : i |
i + CO e 1PN i 5 Ll
L ! : L
R &
= 3 O
NI Cl
g Lo
L = L = M =
1 ePh2P, R3 (a) Cl3, (b) MeCl2.

However for the complex 8c the phosphine ligand trans
to hydrogen is displaced when the complex reacts with
carbon monoxide (egn 2-8). It is assumed that complex 14
(egqn 2-8) is the first product formed and that no re-

arrangement has occurred prior to its formation.




TABLE 2-2

Physical properties of silyliridium(III)—complexesa.

Compound Celeour M.P.b v (Ir-H)

o mel
IrHCl[Si(OEt)3](Ph3P)2 orange-yellow 187-89 2185
IgHCl(SiPh3)(Ph3P)2 dark orange 179-80 2225
IrHCl(SiCl3)(Ph3P)2 orange 190-95dec. 2182
IrHCl(SiMeCl2)(Ph3P)2 orange 210-15dec. 2182
IrHBr[Si(OEt)3](Ph3P)2 vyellow 135-40 2200
IrHCl[Si(OEt)3](Ph3As)2 yellow 1l64-66 2178
IrHCl(SiPhB)(Ph3As)2 dark orange 169-70 2200
IrHCl(SiClB)(Ph3As)2 pale yellow 140-45dec. 2130
IrHCl(SiMeClz)(Ph3As)2 bright yvyellow 185-90dec. 2200
IrHCl(SiMeClz)(PhBAs)3 pale yellow 140-45dec. 2150
IrHCl[Si(OEt)3](MePh2P)3 white 144-45 2160
IrHCl(SiPhB)(MePhZP)2 dark orange 176-78 2200
IrHCl(SiClB)(MethP)B‘ white 90-95dec. 2175
IrHCl(SiMeCl2)(MePh2P)3 white 175-80dec. 2175

Besesvall infrared data refer to the solid state

b.,....dec. represents decomposition point.




:H—NMR data for the silyliridium(III)-complexes. o
Complex r (Ix-H) LT T(CH ,) T(CH,) e T (P=CH,)
T Hz 4 % Hz

IrHClLSL(OEt}3] \*h3P)2 27:5L(t) 15,0 9.27(t) 6.76(q) 19
IrI{Cl(EliPh3) (Ph3P)2 27554%) 16 .5
IrHC1 (siCl3) (Ph4P) 5 28'..5(t) 18, 5
IrHCl(SiMeC]z) (Ph3P)2 2l lLE] 13.0
IrHCl[Sl(OEt)BJ(Ph3AS)2 29 .5 (s) 9.30(t) 6.80(qg) )
IrHC1 S.;.PY13) (PhSAS}Z 20558
IrHCl{SJCLE)(PhB s) 5 19.8 (s)
IrHCl(siMeCl,) (PhBAs; 30.8 (s)
IrHC¢(S;MeCl-)tPn3As . 23.5(s8

rHBx Bt h_P 27.0 (%t 15.0 D..274¢) 6.80(qg) 7%
Irfclisil (OBt ] (MePh P 20 v1(2%¢) 129.0 8.86(t) 6.38(q) 7+ 7«25 (m)




TABLE 2-3 (cont'd)

Complex t{Ix-H) ;JP—H) r(CHSE T(CHZ} JH—H T (P=CH.)
T I T T Hz T
IrHCl(SiPhQ) (MePhﬁ)P,,; 27 . 5(t) 1645 8.5(m)
. A d
I*HECl(51Cl,.) (MePh_ P) . 29.0 (m) 10 .5
3 2 3
120
IrHC1(SiMeCl,) (MePh P) , 29.8(q) 1905
a....all spectra measured in CDCl,.
b....s=singlet, t=triplet, g=quartet, m=multiplet.

S
[\
I

wn

t represents two triplets centred at 20.l1lt separated by 129.0Hz(see Figure

O

d....m represents two overlapping triplets (see Figure 2-4).
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TABLE 2-4

H-n.m.r. data for the carbonyl-silyliridium(IITI) complexes.a’b'
Complexes T{Iz~H) e T(CH ) T (CH ,) B or
13 Hz ¥ 73 Hz
IrHCl[Si(OEt)B](CO)(PhBP)2 2.5 1) 12 g.254(¢t) 6.93(qg) 7
L6/ ae) x5 8.78(t) 6.18(q) 7
IrHC1 (siCl _) (CcO) (Ph _P) 26.2(t) 10
3 3 2
27 .04%€) 143
IrHCl(SiMeCl2)(CO)(P113P)2 26.4(t) 131.3
16.6 {t) 15,0
IrHC1[Si (OEt) ;] (CO) (Ph ,As),28.0 (s 9.45(t) 6.90(q) 7
IrHCl(SiPhB)(COE(PhEAS}2 19.3 (s
16.3(8
IrHCl\SiMeCig,(CO){Ph3A5;2 27.8(s
IrHCi(SlClB}QCO)(PhEAS)2 28.1 (s
26.8(t) 12

IrHCl(SlClB)(CO}{MePh2P)2




TABLE 2-4 (cont.)

Complexes T (Ix-H) S T(C;2 T(CH3) G
i Hz T Hz
IrHC1(SiMeCl,) (CO) (MePh ,P) , 26.9(t) 12
IrHCl[Si(OEt)B](CO)(MePh2P)228.5(t) 12
1l 0Lk 1649
a....all spectra were measured 1in CH2C1? solutions.
b....s=singlet, t=triplet, g=quartet.




TABLE 2-5

a

Infrared data for the carbonyl-silyliridium(III) complexes.

Complexes

V(Ir=-H)

=1
cm

wiC=0)

=1
cm

IrHCl[Si(OEt3](CO)(Ph3P)2

IrHCl(SiCl3)(CO)(Ph3P)2
IrHC1l(SsiMeCl,) (CO) (Ph,P) ,

IrHCl[Si(OEt)3](CO)(Ph3AS)2

IrHCl(SiPh3)(co)(Ph3As)2

IrHCl(SiCl3)(CO)(Ph As)

3 2

IrHC1l (SiMeCl )(co)(Ph3As)2,

2
IrHCl(SlMeCl2)(MePh2P)2

IrHCl[Si(OEt)3](CO)(MethP)2

IrHCl(SJ.Cl3)(CO)(MePh2P)2

2200, 21060
2118
2235, 2165
2185
2140, 2080
2200
2200
2200
2200,2100

2200

2050, 2000
D25
2020, 2000
2050
2030, 2000
2060
2045
2060
2050 ,° 1280

2060

B oh1] spectra were measured in the solid state as

nujol mulls.



TABLE 2-6.

Analyses of the silyliridium(III)-complexes

Complexes %$C $H 5C1 %P Mol .Wt.
IrHC1[Si(OEt) 5] (Ph,P), e\ 55405 5.06 3.87 6.76 915
fvbs. 97 52l 4.04 6.73 863
IrHC1 (SiPh 4) (Ph4P) ,2C H, C.66.40 4.88 2,97 5549 1165
£.66.46 4.90 3.08 5.49 1160
IrHCL (84Cl 5) (Ph,P) , c.48.71 3552 15,97 6.98
£.48.08 2. 72 15.62 6.68
IrHC1l(SiMeCl,) (Ph3P) , eveLL 25 2595 12.2% 7,13
£330l .81 4.15 11.82 6.89
IrHC1[Si(OEt) 3] (PhyAs), ¢.50.22 4.62 353
£.50.27 4.68 3,73
I¥HC1 (S8iPhy) (Phals), e¢w 58,93 4.21 322
£.68.51 4.39 3.06
IrHC1(SiCly) (Ph3As), c.44.32 3.20 14.51
£.45.22 3.41 13.65
IrHCl (SiMeCl,) (PhyAs), c.46.50 358 11515 | 954
£.47.02 3.61 10.88 878




TABLE 2-6 (cont'd)

Complexes %C %H §C1l %P Mol.Wt.
IrHC1(SiMeCl,) (Ph As) , €.52.30 3.89 8.45 1260
2 £.52.80 4.19 8.05 942
IrHC1[Si (OEt) ;]1.(MePh, P) , c.54.45 5.58 3.57 9.36 991
% £.54.76 5.42 ST 8.96 813

IrHCLl (SiPh,) (MePh,P), c.59.48 4,76 3.99 6.97 887

£.58.98 4.83 3.95 g 763
IrHCl(SiMeCl2)(MePh2P)3 c.50.93 4.59 11.30 9.85

£.51.07 4.66 10.98 8.93
IrHCL (SiCl,) (MePh,P), c.48.60 4.18 14 .74

£.48 .74 4.41 14.59
IrHC1(SiMeCl,) (CO) (Ph,P), c.50.98 3.83 6.92

£.51.18 4.03 6.94
IrHCliﬁSiCl3)(CO)(Ph3P)9 c.48.53 3.41

3 f.48,63 3.53

IrHC1([Si(OEt)4](CO) (PhyAS), ¢.50.03 4.49 .73

£.49.78 4.62 5 .73
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e. Experimental

Physical Measurements and Chemical Analyses

Materials

Iridium salts were obtained from Johnson and Matthey

Co., Wembley, England.

Silicon hydrides were obtained from the Pierce

Chemical Company.

Benzene was dried by heating at reflux with calcium
hydride for 24 hours, distilling and storing over molecular
sieves. All other solvents were stored over sodium wire

or melecular sieves.

Infrared Spectra

4000-400cm *

The samples were measured as hydrocarbon mulls (nujol)
between KBr windows or as KBr pellets or in solutions on

the following instruments:

Perkin Elmer 457 and Perkin Elmer 225 spectrophotometers.

450-200cm T

The samples were measured as hydrocarbon mulls (nujol)
between high density polyethylene windows or CsI plates on

a Perkin Elmer 225 spectrophotometer.

Nuclear Magnetic Resonance spegtra

The proton magnetic resonance spectra (0-10T) were
recorded on a Varian Associates H.A. 100 instrument at 100
MHz . The high field spectra (10-4071) were recorded at

60 MHz on a JEOL C60 H.L. instrument.
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Phosphorus decouplings were performed on the Varian
Associates H.A. 100 instrument equipped with a Rhode and
Schwarz Decade F R signal generator. Proton decouplings
were performed on the Varian Associates H.A. 100 instrument

equipped with a Hewlett-Packard 4204A Oscillator 10Hz-1MHz.

Molecular Weights and Microanalyses

Molecular weights were measured at 25°C in Analar
solvents (ca. 0.02M) using a vapour pressure osometer

(Model 301 A, Mechrolab) calibrated with benzil.

Microanalyses were carried out by the John Curtin School
of Chemistry of Medical Research (Canberra) and by the

Research School of Chemistry (Canberra).

Melting points (uncorrected) were measured on a
Gallenkamp hotstage apparatus using samples sealed in

evacuated capillaries.

Chemical Preparations

Unless stated otherwise all reactions were performed in

an atmosphere of nitrogen.

A. Modified preparation of di-u-chlorotetrakis(cyclooctene) —

Ik e S, 38
dllrldlum(l)-[IrCl(C8H14)2]2.

A solution of chloroiridic acid (2g) in water (5ml) and
iso-propanol (1l0ml) was refluxed for 5 minutes. Cyclooctene
(3ml) was added and the solution refluxed for 1 hour. At
this time water (20ml) was added and mixture refluxed for
a further 15 minutes. The resulting orange oil was separated
from the solution by decantation and washed with cold

methanol (2x15ml). The product [IrCl(C_H.,K)

]
gf14)5' 57 resulted as




29

bright orange solid (l.6g) when diethyl ether (30ml) was
added to the oil. The solid was separated by centrifuge

and dried in a current of nitrogen.

Yield: 94% based on HZIrC16.6H20.

IrCl3.xH20 (2g) was also used but the yield was lower (1l.3g)

B. Modified preparation of di-U-chlorobis(cycloocta-1,5-

: N 39
dlene)dllrldlum(l)—DrCl(C8Hl2)]2.

A gelutien of chloreiridic acid (2g) and cycloecta-1l,5-
diene (3ml) in water (5ml) and ethanol (l0Oml) was refluxed
for 3 hours. At this time water (20ml) was added and the
mixture refluxed for a further 15 minutes. The resulting
red oil was separated from the solution by decantation.
Bright red crystals of [IrCl(CBle)]2 (1.2g) resulted when

cold ethanol (1l5ml) was added to the o0il. The crystals

were filtered and washed with cold diethyl ether (2x5ml).

Yield: 92% based on H21rCl6.§H20.

C. Chlorotris(triphenylphosphine)iridium(I), chlorotris-

(triphenylarsine ) iridium(I) and bromotris(triphenylphosphine) -

iridium(I) were prepared by the literature methods.36

Chlorotris(methyldiphenylphosphine)iridium(I) was
prepared from di-u-chlorotetrakis(cyclooctene)diiridium(I)
and methyldiphenylphosphine in a similar manner as was for

chlorotris(triphenylphosphine)iridium(I).

D. Reaction of silanes with chlorotris(triphenylphosphine) -

iridium(I)

(i) Triethoxysilane
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To chlorotris(triphenylphosphine)iridium(I) (0.3g) in
benzene (5ml) was added triethoxysilane (1 ml). The solution
was refluxed for 15 minutes, at which time the dark red
solution had turned yellow-orange. The product was
precipitated with petroleum ether (b.p. 60—800, 30ml) and
recrystallized from benzene/petroleum ether (b.p. 60—800)

giving bright yellow-orange crystals, (0.22g; 82%).

{(ii) Trichleroesilane

Chlorotris(triphenylphosphine)iridium(I) (0.3g) was
dissolved in benzene (5ml) in a vessel attached to a vacuum
transfer line. Trichlorosilane (0.6ml) was degassed
thoroughly and vacuum-distilled into the reaction vessel
kept at liquid nitrogen temperature. The reaction vessel
was then allowed to warm up to room temperature. It was
stirred at this temperature for one hour. At the end of this
period, the volume of solution was slowly reduced. When this
was done orange-yellow crystals (0.21lg; 8l%) precipitated
out. These were filtered off under nitrogen, washed with

a little cold benzene (2x5ml) and dried in a wvacuum.

(iii) Methyldichlorosilane

By the same method described above for trichlorosilane,
orange-yellow crystals (0.21lg; 8l%) of the methyldichloro-

silane adduct were obtained.

(iv) Triphenylsilane

A mixture of chlorotris(triphenylphosphine)iridium(I)
(0.3g) and triphenylsilane (0.lg) was dissolved in benzene
(1l5ml) . The dark red solution was refluxed for 45 minutes

and dark orange crystals (0.23g; 77%) precipitated. The
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product was filtered, washed with cocld benzene (5ml) and

dried in a vacuum.

(v) The adduct of triethoxysilane with bromotris(tri-
phenylphosphine)iridium(I) was was prepared in a similar
manner as was for the case with chlorotris(triphenylphosphine) -

Lridlivmi(dl) .

E. Reaction of silanes with chlorotris(triphenylarsine) -

iridium(I)

(i) Triethoxysilane, (ii) triphenylsilane and

(di1) Ericheloroesilane

The adducts of these silanes and chlorotris(triphenyl-
arsine)iridium(I) were prepared in a similar manner as

was for their triphenylphosphine analogues.

(iv) Methyldichlorosilane

A solution of chlorotris(triphenylarsine)iridium(I)
(0.3g) in benzene (5ml) was attached to a vacuum transfer
line. Methyldichlorosilane (0.6ml) was degassed thoroughly
and vacuum-distilled into the reaction vessel kept at
liquid nitrogen temperature. The reaction vessel was then
allowed to warm up to room temperature. Bright yellow

crystals of IrHCl(SiMeClz)(Ph As)2 precipitated out. These

3
were filtered off, washed with cold benzene (5ml) and dried

in a vacuum. Slow addition of hexane to the filtrate gave

kPR AE) . These

pale yellow crystals of IrHCl(SiMeCl2 3 4

were filtered off, washed with cold pentane (2x5ml) and

dried in a vacuum.
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F. Reaction of silanes with chlorotris(methyldiphenyl-
phosphine)iridium(I)
(i) Triethoxysilane
To a solution of chlorotris(methyldiphenylphosphine)
iridium(I) (0.4g) in benzene (lOml) was added triethoxysilane

(lml) and the solution stirred for 5 minutes at room
temperature. The solution was then evaporated to dryness
at 25°¢ (l5mm) yielding a yellow oil. Trituration of this
0oil with a small amount of petroleum ether (b.p. 30—400)
yielded the product as a white solid. Recrystallization
from benzene/petroleum ether (b.p. 30—400) gave white
crystals. These were filtered off, washed with pentane

(2x5ml) and dried in a 'vacuun.

(1i) Triphenylsilane

To a solution of chlorotris(methyldiphenylphosphine) -
iridium(I) (0.4g) in benzene (lOml) was added triphenyl-
silane (0.2g). The solution was refluxed for 2 hours, then
evaporated to dryness at 25°¢ (15mm) . The residue was
recrystallized from benzene/heptane giving orange crystals

of the product.

(iii) Trichlorosilane and (iv) Methyldichlorosilane

The adducts of these silanes with chlorotris(methyl-
diphenylphosphine)iridium(I) were prepared in a similar
manner as was described for their triphenylphosphine

analogues.

G. Reaction of silyliridium(III) complexes with carbon

monoxide

Carbon monoxide was slowly bubbled through solutions




3.3

of the silyliridium(III) complexes (ca. 0.2g) in
dichloromethane (5ml) at 0°c for 5-10 minutes. Addition of
hexane to these solutions precipitated the products. In
cases where isomers existed no attempt was made to isolate

them.
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CHAPTER 3

THE ADDITION OF ACETYLENES

a. Introduction

A considerable number of mononuclear complexes of
transition metals in low or zero=-valent states and
various acetylenes have been reported over the last twenty
years.4o'4l'42 Several products have resulted from these
reactions; among them were binuclear and polynuclear
complexes. Such complexes are considered to be inter-
mediates in metal catalyzed cyclopolymerizations and

polymerizations of acetylene5_43,44,45

The bonding in acetylene and olefinic complexes has

been a subject of much discussion.4o'46'47 Chatt and

co—workersS6'57'58 have suggested that the bonding of

acetylenes to transition metals (e.g. platinum) might be

described in two ways, A or B:

|

The structure A implies that bonding is caused by donation

of acetylene Ill-electron density into an empty p- or d-orbital
of the metal and back donation of electron density from a
filled meﬁal d (or dp-hybid) orbital to an acetylene

M*-orbital. The structure B implies that the electron
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density in the acetylene has been reorganized to give an
arrangement close to that for an olefin, and that the
resulting two unpaired electrons combine with two unpaired
electons on the metal to give two "0o" bonds between the
acetylene and the metal. It is essential to note that A
and B are merely different representations of the same type

of bonding, with back bonding being more important in B.

The above distinction was based on the values of
Av(C=C)[ v(C=C) for the free acetylene minus V(C=C) for the
complexed acetylene] found in the acetylene complexes; for
smaller value of Av(C=C) [range 130-200 cm-l] structure A
was favoured and for larger Av(C=C) [range 400-500 cm—l]

structure B was favoured.

5 ) ». I

Chatt 6 also pointed out the possibility of there
existing a series of complexes in which a graduai transition
occurred between bonding of types A and B. Collman and

31 " . : .
Kang , however, on the basis of their results using different
acetylenes bonded to rhodium and iridium presented evidence
that A and B are distinct types of bonding, and are not
related by a gradual transformation. They prepared the

(ll) and (i) ethyl phenyl-

adducts of trans—IrCl(CO)(PhBP)2 11

propiolate and (ii) ethyl p-nitrophenylpropiolate respectively.
(e.g. see egn 3-1). The infrared spectra of complex 17 and 18
show v(C=C) for 17 at 2O6Ocm—l [smaller Av(C=C)] and for 18

at l750cm_l [larger AV (C=C)]; thus l7 possessing a type A

structure and 18 a type B structure.

59,60
Recent X-ray crystal structures ' have not fully

clarified the existing ambiguities in valence states and

stereo-chemical arrangement of transition metal acetylene
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complexes. More detailed structure determinations are

required before the question of bonding can be fully answered.

Many transition metal complexes of the type M-C=CR
have been reported.3l'51'52’61 Since the acetylide (-C=CR)
and cyanide (-C=N) anions and the carbon monoxide molecule
(~C=0) are iselectrenic, it is thought that-the bonding
between these isocelectronic groups and the metal is similar
(see figure 3-1). ' The triple bond stretching freguencies of

the acetylide-complexes are very similar to those of the

free acetylenes.

Table 3-1 lists some of the rhodium and iridium acetylene

complexes and their acetylenic stretching freguencies. These

complexes were prepared by the direct interaction of the

acetylene and the iridium(I) or rhodium(I) complex, e.g.;

3=2 11 + HC=CCO_Et —mm1 IrHCl(CECCOZEt)(CO)(Ph3P)

2 2

3-3 RhC1l(Ph_P)_. + PhC=CPh —3 RhC1 (PhC=CPh) (Ph

P)
3 3 2

3




Empt r—orbitals
7 Py P

: Filled "pr - orbitals
Filled dpr-hybrid orbitals

Figure 3-1. A conventional representation of the bonding in

M-C—X systems where X =0O,N or CR.

Complexes u<CEC) Reference
e
IrClI M302CC: CCO2Me]<CO>L2 1770 « 31
IrCl 'Phc—zccoza] o)L, T S
IrHCI[CECC02Et]<CO & i S
RhCI[HO,CC===CCO,H CQ>L2 1600 31
RhcﬁHC—:ccozH] (co) L, 1640 31
hCl[F‘:,cc:Ecc:F:,]L2 1885 50
|r[c—CMe](co>L3 v R
Table 3-1 . Rh and Ir acetylene complexes and theiru,< EC).
L& Ph3P_
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b. Results and Discussion

(i) Reactions of IrCl(Ph3P)3 with terminal acetylenes

of the type, HC=CR

When a solution of chlorotris(triphenylphosphine) -
iridium(I) is reacted with acetylenes of the type HCZ=CR,

a hydrido-acetylide iridium(III) complex results:

Cl L

3-4 } + HCE=CR

14
O

L=Ph3P, (a) R=C02CH3, (b) (CH2)

(d) (CH2)

2CH3, (e) (CH2)3CH3,

2OH, (e) H, OEY IBR .

The complexes 19 all show two bands, one strong and one
medium, in the infrared spectra in the region 2000—219Ocm~l
(table 3-2). The more intense band is tentatively assigned

to the triple bond stretching mode of the terminally bound
acetylide, and the less intense band is assigned to the
iridium-hydrogen stretching mode. The reaction with acetylene
of the type DC=CR must be undertaken if unequivocal assign-
ments of v(Ir-H) and v(C=C) are to be made. The complex 19a

also shows a band in its infrared spectrum at l675cm-l which

is characteristic of v (C=0).

Two triplets (JP_H = 18Hz) centred at about 21T and

separated by 154Hz are observed in the high field region of
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the n.m.r. spectrum of complex 19 (table 3-3, figure 3-2).
These data clearly indicate that the hydrogen atom attached
to iridium is trans to one of the triphenylphosphine groups

(JP—H = 154Hz; G = 211t) and is.cls te two eguivalent

. . ' 27 2
triphenylphosphine groups (triplet pattern, JP—H = 18Hz) i

and thus, confirming a mer-configuration for the products.

In addition to signals obtained for the iridium-hydrogen
chemical shifts, signals belonging to the protons of the
R groups and to triphenylphosphine ligands are also
observed in the region 0-10T of the n.m.r. spectrum of
complex 19. The n.m.r. spectra of complexes }?b, 19¢c and 19d
are pimilarite the n.m.r. spectra ef the corresponding free
acetylenes in the region 6.5-10T except that the signals of

the hydrogen atom in HC=CR are absent.

(ii) Reaction of the complex IrCl(Ph3P)3 and

diphenylacetylene.

When diphenylacetylene is reacted with chlorotris(tri-

phenylphosphine)iridium(I), yellow crystals of IrCl(PhC=CPh)

(Ph3P)2 are obtained:

3=5 IrCl(PhBP)3

1 20

+ PhCZ=CPh ey IrCl(PhCECPh)(Ph3P)2 + Ph3P

The product 20 is identical with that obtained from the

: : 3
reaction of diphenylacetylene and the complex IrCl(Nz)(Ph3P)2 :

3-6 IrCl(N2) (Ph3P)2 + PhCEZCPh ey IXCl(PhC=CPh) (Ph3P)2 + N,
20

and is similar to that obtained from the reaction of diphenyl-

acetylene and the rhodium(I) complex RhCl(PhBP)3 (egn 3—3).54




— 153 Hz g
; |
Phs
Ph,P [ C=CCO,CH,
# * PPh, %

o - S

Figure 3-2. High field n.m.r. spectrum of the complex

IrHCI [CECCOZC H3][Ph3P:|3 :
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An intense band at 1865cm—l in the infrared spectrum of 20

is assigned to the triple bond stretching mode of the
co-ordinated acetylene. The rhodium analogue has been
regarded by Wilkinson and co—workers54 as a square planar
rhodium(I) complex with the acetylene acting as a simple
p-donor ligand (structure A); whereas for the iridium complex

20, the original workers31 considered the bonding as in

The X=-ray crystal structure of Pt(PhCECPh)(PhSP)2 has
been reported.60 The structure in the crystal is described
as lying between the two postulated pessibilities A and B,
but being considerably closer to configuration A. I is

therefore quiteée likely that the iridium complex 20 may

possess a similar configuration.

(iii) Reaction of the complex IrCl(Ph_P)

3F) 5 and dimethyl

acetylenedicarboxylate

The product obtained frem the reactioen of IrCl(Ph P)3

3

and dimethyl acetylenedicarboxylate has been previously
prepared by the reaction of the complex IrCl(N2)(Ph3P)2 and

dimethyl acetylenedicarboxylate :

Ph_p T
C

- + = -~
3=-7 IrClL(Ph3P)2 RUECR E— Y o - '
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The n.m.r. spectrum of complex 21 (table 3-3) gives two

sharp singlets for the methyl protons of the CO CH3 groups.

2
19 : .

It was suggested that this would be expected if the

chlorine atom is in the trigonal plane; the different

signals arising from the methyl protons on the R groups in

the o and B positions on the iridocycle.

The infrared spectrum of 21 (table 3-2) exhibits two
strong ester bands [v(C=0)] at 1715 and 1690 cm—l, as well
as two medium bands in the region lSOOcm—l which are assigned

to the iridocyclapentadiene ring.

A similar product to complex 21 has been prepared from
the reaction of RhCl(Ph3Sb)3 with an excess of hexafluorobut-

2-yne.62

3-8 RhCl(Ph3Sb)3 S F3CCECCF3 u—-—)RhCl[C4(CF3)4] (£>}1381o)2

NS
N

The X-ray crystal structure of complex 22 has been reported63

(see figure 3-3). The author described the co-ordination
about the rhodium atom as a slightly distorted trigonal
bipyramid with Sb atoms in the axial positions and a Cl atom
and the 1 and 4 C atoms of the C4(CF3)4 moiety occupying
equatorial positions. The RhC4 portion constitutes a five
member ring which is planar. It was suggested from the data

obtained that the electronic structure of the ring is

probably somewhere between the extremes

C=C c—C
Rh/ | and rRh/ Q |
Qe ‘c—cC

A
Ml

By analogy product 21 should possess a similar structure as

~ o~

complex 22.




Figure 3-3. A perspective view of the RhCIl:C4<C

molecule with phenyl and CF:3

groups

F

s,

omitted .




Table 3-2

Infrared data for the acetylene-iridium complexesa.

V(Ir-H)P v(czc) © Other
Complex
-1 -1 -1
cm cm cm
IrHCl(CECPh)(Ph3P)3 2165 2115
IXHC1(CSCCO,CH, ) (Ph,P) 2180 2100 1675...y(C=0)°
IrCl(PhCECPh)(Ph3P)2 1865
= CH 2135 2160
IrHCl [C=C( 2)3CH3 ](Ph3P)3 3
= P 7
Ir¥gCcl [c C(CH2)2CH3] (Ph3 )3 2135 21976
IrHCl [C:C(CH2)2OH](Ph3P)3 2175 2180
IrHCl (CECH) (Ph3£>)3 2185 19785
b
IrCl(CH3O2CCECC02CH3)2(Ph3P)2 1650, 1500, . y(C=C)
1690, 1715, :v(C=0)
a...all spectra were measured in the solid state as nujol mulls.
b...all bands are of medium intensities.
C...all bands are of strong intensities.




Table 3-3

]H—N.M.R. data for complexes of the type IrHCl(CECR)(Ph3P)§
Complexes when R= T(Ir-H)b JtransC Jcis Otherd
(1) Hz Hz (1)
C02CH3 21.25 1538 18,0
Ph a2 155%0 18 .0
(CH,) ,CH, 21.3 154.5 18.0 =CCH, 7.88(m)
(CH2) 8.82(m)
(CH3) 9.2 (m)
H H - . . =
(C 2)2C 3 3 154.5 18 .0 CC_H_2 7.88(m)
(CH?) 8.74 (m)
(CH3) Q. 208, JH_H=7HZ)
(CH2)2OH 9.1 156 .0 1840 CH2 7« 7 ()
CHZOH 6.7 (m)
H 3 PR 1) 154,585 18.0

Centld. .




a .

b,..

C.

d..

Tablé "33 “Cont"'ad

..all spectra measured in CDCl3 4

.in all cases two triplets were obtained.

with Me , Si used as internal standard.

..Jtrans represents the P-H coupling censtant, P being trans to H.
Jcis represents the P-H ceupling constant, P being cis te H.

.m=multiplet, t=triplet.




Analyses of the

Table 3-4

acetylene-iridium complexes

Complex %C %H %

IrHCl(CECPh)(Ph3P)3 c. 66.69 4.60 8532
f. 66.67 4.34 8.45

IrHCl(CECC02CH3)(Ph3P)3 c. 63.41 4.49 8.46
f. 63.82 4.76 8.12

IrCl(PhCECPh)(PhBP)z c. 64.54 4.33 6.65
f. 63.66 4.30 6.70

IrHCl[CEC(CH2)3CH3](PhBP)3 c. 65.71 5.06 8.47
£. 65.81 5.14 8.23

IrHCl[CEC(CH2)2CH3](Ph3P)3 c. 65.48 4.94 8.58
f. 65.95 5.08 8.35

IrHCl[CEC(CH2)2OH](Ph3p)3 c. 64.23 4,74 8.57
£, 64.71 4.91 8.27

IrHCl(CECH)(Ph3P)3.2C6H6 c. 68.26 4.93 7.76
f. 68.88 5.01 7 .62

IrCl(C_H_0.) _(Ph_P) c. 55.62 4.09 5.98
JE Bs f. 55,75 4.16 6.12
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¢. Experimental

See Chapter 2, section e, for general physical

measurements and preparations of the iridium(I) complex (1).

~

A, Interaction of acetylenes with chlorotris(triphenyl-

phosphine)iridium(TI)

(i) Phenylacetylene-(HC=CPh)

To chlorotris(triphenylphosphine)iridium(I) (0.3g) in
benzene (5ml) was added phenylacetylene (lml). The solution
was stirred for 90 minutes, then evaporated to dryness at
250C (l5mm) . The residue was recrystallized from chloroform/
ethanol giving brown crystals (0.26g) of the adduct (79%

yield) M.P. 115-20%c.

The same procedure was followed for the other

acetylenes, varying only the period of stirring.

(ii) Methyl Propiolate—(HCECCO2CH3)

Solutien stirred for 2 minutes. (0.25¢g; 78% yield)

M.P. 160-62°C.

(iii) Diphenylacetylene- (PhC=CPh)

Solution refluxed for 12 hours (0.2g; 74%)

LA

M.P. 215-20(4) 2
iv) 1l-H -[HC=
( ) exyne-[HC C(CH2)3CH3]
Selution stirred for 2 hours. (0.24g; 75%)
* o
M.P. 100~-05(4) Ca

" Vil =
(v) -Pentyne [HC C(CH2)2CH3]

Solution stirred for 2 hours. (0.24g; 75%)

M.P. 150-52 “c.
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(vi) 3—Butyn—l—ol—LHCEC(CH2)2OH]
Solution stirred for 45 minutes. (0.21lg; 66%)

®* o
M.P 110~15(4d) e
(vii) Dimethyl Acetylenedicarboxylate—(CH3O2CCECC02CH3)
Eolutien stirred for 12 heurs. (Ds22g; 71%)

® e
M.,P. 250-51(4d) &4

(viii) Acetylene=-(HC=CH)

The gas was bubbled through the solution for 15 minutes

at room temperature. () 22en: 6 %00 MR . 150~ 5544) °c.

*...d represents decomposition point.
5
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CHAPTER 4

ADDITION OF ACYL CHLORIDES

a. Intreduction

The d8 complex RhCl(Ph3P) (23) has proved to be an

3
efficient catalyst for hydrogenation,9 hydroformylation,
: 7

hydrosilation18 and decarbonylation reactlons.64'65'66'6
The decarbonylation of acid chlorides using the complex

; g : . 64,65
23 has been studied in detail by two independent groups;
the mechanisms proposed vary as to the true identity of the
catalyst. Blum et a164 proposed the following mechanism

for the decarbonylation of aroyl halides using complex 23

as the catalyst:

o
S5 +ATrCCL
RhClL3 =3 RhClLZ(S) ST s RhClz(CO.Ar)L2
4-1 123 24 25
-ArCl
(U0

RhC1l, (Ar)L, e—— RhC1,(Ar)(CO)L,

2
27 J2e f - chpel

RhCl(CO)L2
28
L=Ph3P + S=Solvent

The initial step is oxidative addition of the acid chloride
to the dissociated form (24) of complex 23 to form the acyl
complex 25. Alkyl migration affords a supposed intermediate
26 which can eliminate carbon monoxide to form 2]« Alterna-
tively 26 can lose aryl halide to form the rhodium(I)

complex 28. Intermediate 27 can also lose aryl halide to

regenerate the catalyst 24. The transformation of 26 to 28
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is thought to be the deactivating path and that 28 must lose

carbon monoxide before catalytic activity can be regained.

6
On the other hand, Ohno et al : considered that the
decarbonylation of acid chlorides by complex 23 is
stoichiometric and that the actual catalyst is the rhodium(I)

complex 28:

RCOC1
33 25 26
4=2 +C0O =C0
<+
RhCl, (CO.R) (CO)L, eESEEi- RhC1(CO)L, + RCI
29 28
L=Ph_P

When acid chlorides of the type RCH2COC1 [R=aryl or alkyl]

are decarbonylated, RCl is generally the main product.
However if acyl chlorides of the type RCH2CH7COC1 are
decarbonylated, olefins and hydrogen chloride are formed.

Isomers of olefins are normally obtained, l-olefins being

the main product.

In both mechanisms the first step of the decarbonylation

of acyl chloride using the complex RhCl(Ph3P)3 is the

oxidative addition of the acyl chloride to form the rhodium-

(IIT) complex 25. Several stable complexes of type 25 have

been isolated [R=(CH2)nCH3 n=4,5,14,16] and characterized.65

Alkyl migration in complex 25 should then give the alkyl
(or aryl) complex 26. However complex 26 has been isolated

only for the methyl (R=CH3) and phenyl (R=Ph) complexes.66'67

Acyl chlorides also react with complexes of the type

IrX(CO)L2 [L=tertiary phosphine, X=halogen] to give
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@32 .68
six-coordinate acyl complexes, IrXCl(CO.R)(CO)L2. Py (539

The decarbonylation of these acyl complexes to give alkyl

complexes has been observed in two instances:68’69
A

4-3 IrBr, (CO.Me) (CO) (Et, PhP), ——> IrBr,(Me) (CO) (Et,PhP),
A

4-4 IrClz(CO.Ph)(CO)(MezPhP)2 _ IrClz(Ph)(CO)(MezPhP)2

@xidative addition reactions of alkyl or aryl halides
and iridium(I) and rhodium(I) carbonyl complexes have
afforded several examples of carbonyl-iridium(III) and

rhodium (III) alkyl (or aryl) complexes,10'32'7O €.tsy

IZX(COlL, % CH:Y <) IrXY’(CH3) (co)L

é 3 2

L = MePh_P X=Y=Cl,Br
X=Cl, ¥Y=Br,I

X=Br, Y¥Y=Cl

4-6 RhCl(CO)L2 " CHBI-————-)RhClI(CH3)(CO)L2

L=Et3P, (E—C4H9)3P

Acyl chlorides (RCOCl) also react with the iridium(I)

complex [IrCl(CO)(C8H14)2]2 (30) to give bridged chloro-

complexes of type [IrCl2R(CO)2]2(§§)[R=(a)Me,(b)Et,(c)Prl,
38

or (d)Ph], These alkyl (aryl) complexes react with an

excess of tertiary phosphines to give mononuclear iridium(III)
acyl complexes of type IrC12@o-R)(CO)L2(L=Me2PhP,Et2PhP)-

In contrast, the alkyl iridium(III) complexes undergo

cleavage of the chlorine bridges when treated with pyridine

(1L mole per iridium atom) without acyl formation; compounds

of the type IrClz(R)(CO)zpy ( R=Me ,Et, py=pyridine) are formed.
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The addition reactions of the complex IrCl(Ph3P)3(%)
with acyl chlorides have been studied for the purposes of
comparison with both the complexes RhCl(Ph3P)3 (23) and
IrCl(CO)(Ph3P)2 (11). Since preliminary studies showed that

reactions of acyl chlorides, RCOCl, and complex 1, where

the R group of the acyl chloride is branched at the a-carbon
atom, give alkyl-iridium(III) carbonyl complexes, where the
alkyl group attached to the iridium(III) ion is always
straight-chain, the addition of RCOCl with complex 30 has

also been studied.

During the course of this work, Kubota and co—worker58
reported the reaction of acyl chlorides and the iridium(I)
complex IrCl(Nz)(PhBP)z. This .xreaction proceeds through

the formation of five-coordinate acyl intermediates which

readily isomerize to give six-coordinate alkyl (aryl)

carbonyl complexes: PPH
3
i
|
IrCl(N,) (Ph,P), + RCOC1 o——— ClZL Ir
. eI
PP
3
/ PPh
a6 | Ce
31
Ir
S
evrqg. R=CH2C6F5,CH2C6H5

32 PP
e h3

Complexes of type 31 and 32 have been isolated and

characterized.

The reactions of acyl chlorides and the complexes 1
and 30 and their results are discussed in the subsegquent

sections.

2,83
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b. Results and Discussion

(1) Rgaction ofracyl chlorides with IrClL

Acyl chlorides (RCOCl) react with the iridium(I)

complex 1 to give six-coordinate alkyl (aryl) iridium(III)

complexes of type IrClz(R)(CO)(Ph3P)2(§§), the stereochemistry

of which, based on far-infrared data, is generally as shown

in equation 4-7:

c1
| l P,
|
4-7 1 + RCOC1 —_— Pprj
Ph,
co
33
R = (a) CH;» (b) C,Hg, (c) (CH2)2CH3, (d) (CH2)3CH3r

(e) (CH2)4CH3, (£) CH2CH2Ph, tay Bhy o Uy (CH2)6CH

Thus, the far-infrared spectrum of complex 33 shows two
bands at about 305cm—l and 253cm_l; these bands are

ascribed to iridium-chlorine stretches suggesting that the
chlorine atoms are mutually cis but trans to carbon monoxide
and alkyl (aryl) group respectively. A strong band at
2030cm_l is also observed in the infrared spectrum of
complexes 33; this band is characteristic of Vv (C=0) when

the carbonyl group is terminally bound to Ir(III) ion.

These complexes are all monomeric in chloroform solution.
Tables 4-1 and 4-2 list the infrared and n.m.r. data for

complexes 33. The n.m.r. spectra for complexes 33c-33h
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are interpreted and discussed in section C.

(i) Acetyl chloride

The reaction of acetyl
complex 1 gives two isomeric
in a pure state depending on
is the

Complex 33a (egn 4-7)

chloride to the iridium(I)
products which may be separated
the rate of crystallization.

product of slow crystallization.

This is

mixture

achieved by addition of diethyl ether to the reaction

cooled to room temperature and finally cooling

the mixture to 0°. oOn the other hand, rapid crystallization

yields product 34 with stereochemistry as shown:

C1

E e CO

h3 !
Lr
rh P

3 .
CH3
34

The far-infrared spectrum of complex 34 shows two bands at

29Ocm_l and 256cm—l; these are assigned to Vv (Ir-Cl),

chlorine trans to phosphine ligand and chlorine trans to

methyl group respectively. The infrared spectrum in the

solid state also shows a strong band at 2O4Ocm—l which 1is

assigned to the terminal carbonyl stretching frequency.

However, the infrared spectrum of complex 34 in chloroform

shows a band at l7lOcm_l in addition to the band at 2O4Ocm_l

; i S R g
This band at 1710cm indicates that the methyl complex

34 has partially isomerized to the acetyl complex,

Ircl,(CO.Me) (Ph,P) , (35a) [v(C=0) = 17l0cm '].
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K
- — : P
4-8 Irc12(Me) (CO)(Ph3P)2 — IrCl2(CO Me) (Ph3 )2

34 CHCL 354

~ ~

The n.m.r. spectrum of §§ in deuterochloroform shows a
triplet (JP_H=5Hz) at 9,437 and a singlet at 7.851. The
resonance at 9.4371 is assigned to the methyl protons, while
the singlet is assigned to the acetyl resonance. The trip-
let pattern presumably arises from coupling with two
equivalent mutually trans phosphorus nuclei. A similar
triplet pattern is also observed at 9.43T1 for the methyl
protons of complex 33a. However no resonance assignable to
acetyl protons is observed. Similarly the infrared
spectrum of complex 33a in chloroform shows no band at

-1 . ' ] :
1710cm =, suggesting that this product does not isomerize

to an acyl (see section e for further discussion).

The relative areas of the methyl and acetyl peaks in
the n.m.r. spectrum of complex 34 suggest that K (egn 4-8)

is approximately 2.0 at 34",

Acetyl chloride also reacts with the complex IrCl-

(3) but only one product (36) of stereochemistry

~

(MePh2P)3

as shown can be isolated:

Cl
CH PMePh
3 | = Hy
Ix
Cl PMePh
2
CO

36



The infrared spectrum of complex 36 shows two bands due to
v(Ir-Cl) at 3lOcm_l (Cl trans to CO) and at 280cm—l (Cl trans
to MePh2P) and one strong band (solid and solution) at
2020cm-l which is8 assigned to Vv (C=0). The n.m.r. spectrum

of 36 in deuterochloroform confirms its stereochemistry as
shown above; the methyl protons of the phosphine ligands

give rise to two doublets (JP_H = 1l0.5Hz), one at 7.85T and
the other at 8.24r. These data are characteristic of
methyldiphenylphosphine ligands in a mutually cis configura-
tion for Ir(III) complexes. In the n.m.r. spectrum, four

lines or two overlapping doublets at 8.86T1T are observed for

the methyl group attached to the iridium atom:

8.86T

This pattern would be expected for complex 36 of stereo-
chemistry shown above since the phosphine ligands are
inequivalent, the coupling constant of the trans phosphine
being greater than that of the cis ligand (J =702,

trans

Jcis=4Hz).

(ii) Propionyl chloride

Propionyl chloride reacts with the iridium(I) complex 1

to give complex 33b (egn 4-7), and with iridium(I) complex

W

to give a product of formula IrClz(Et)(CO)(MePh2m 5 (37) and

stereochemistry similar to complex 33b:




o,

Cl

Et PMePh

b4
s

Ph_MeP 1

co

37

~ o~

Thus, the far—-infrared spectrum of 37 shows bands at

307cm_l (Gl trans, tor CO)- and at 251cm ~ 1

(Cde vrang te Et) .
The phosphine ligands are shown to be mutually‘Eﬁggi since
a triplet (JP_H=5Hz) atyw1.588 is observed in the n.m.r.
spectrum for the methyl protons attached to the phosphorus

nuclei.

The n.m.r. spectrum of complexes 33b and 37 also shows
a triplet and a multiplet and these resonances are assigned
to the ethyl group of both complexes. The methyl protons
(triplet pattern) are coupled to the methylene protons
(JH_H=8Hz) and no apparent phosphorus coupling is observed
to these protons. However the multiplet pattern (methylene
protons) arises because there is likely to be phosphorus

coupling from both 3lP nuclei together with the hydrogen

coupling from the methyl protons.

(iii) Butanoyl chloride and 2-methyl propanoyl chloride

(isobutyryl chloride)

Complex 33c is obtained in 80% yield from the reaction
of butanoyl chloride and complex 1, qnd in 55% yield from
the reaction of 2-methyl propanoyl chloride and complex 1.
The infrared and n.m.r. data for the products from the

different reactions are identical. The n.m.r. signals are
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assigned and discussed in section c.

The results of these reactions therefore suggest that
under the conditions of the reaction the isopropyl complex
has isomerized rapidly to the n-propyl isomer, complex 33c.
In the summary (section d) the reasons and proposed

mechanism for this isomerization are discussed.

(iv) Pentanoyl chloride and 2-methyl butanoyl chloride

The reaction of 2-methylbutanoyl chloride and
complex 1 gives complex 33d (egn 4-7) in 41% yield and the
hydrido=-iridium(III) complex IrHClz(Ph3P)§6(§§; 42%), as

shown by n.m.r. and infrared spectroscopy.

Complex 33d may also be prepared in 64% yield by the

reaction of pentanoyl chloride and complex 1.

(v) Hexanoyl chloride and 2-ethyl butanoyl chloride

The reactions of these isomeric acyl chlorides and
complex 1l give complex 33e (egqn 4-7) in both instances as
shown by infrared and n.m.r. spectroscopy; 79% yield is
obtained when hexanoyl chloride is reacted but only 30%

yield is obtained with 2-ethyl butanoyl chloride.

(vi) 3-phenyl propionyl chloride and 2-phenyl

propionyl chloride

The complex 33f is obtained in 80% yield from the
reaction of 3-phenyl propionyl chloride and complex 1.
However when 2-phenyl propionyl chloride reacts with
complex 1 three products result, among them complex 33f

(40% yield). The other two products isolated are complex

3 o
Ll

(32%) and complex 38 (24%); these complexes are identified
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by their infrared spectra.

(2) Reactions of acyl chlorides with complex

[IrCl(CO)(C8H14)2]2 (30)

(i) Acetyl chloride

Shaw and Singleton showed that the addition of acetyl
chloride to a solution of complex 30 in boiling benzene

gives the compound [IrClz(Me)(CO)2] (39a) as handsome white

2
; 38 .

prisms. The infrared spectrum of complex 3%9a shows no

band characteristic of an acetyl group but there are two

very strong absorptions due to carbonyl stretching

frequencies at 2137 and 2083cm_l.

However when the experiment is repeated in cold benzene
and the reaction quenched almost immediately (ca. 5 minutes)
after the addition of acetyl chloride, an acyl-iridium
complex of formula [IrCl2(CO.Me)(CO)(C8H14)]2 (40a) results.
The infrared spectrum of complex 40a in the solid state
shows a band at 1720cm—l, which is assigned to the acetyl
stretching frequency [Vv(C=0)], and another strong band at
2080cm™ ! assigned to the terminal carbonyl stretching
frequency (table 4-3). The infrared spectrum in chloroform
solution shows the appearance of a second band at 2l3Ocm—l
and the slow disappearance of the band at 1720cm_l; this
suggests that the acetyl complex is isomerizing to the alkyl
complex in chloroform solution:

: CHC1
. IrCl,_(CO0.Me) (CO) (C_H.,)] 3
=8 X 5 gl lo = [Tzcl, (Me)4CcO) ), +20C.H,,

40a 39a

A similar phenomenon is observed when the n.m.r. spectrum

of complex 40a is measured in deuterochloroform. Besides
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signals due to free and coordinated cyclooctene, two sharp
singlets are observed at 7.371T and 8.187. These resonances
are assigned to the acetyl protons and to the methyl protons
respectively. Over a period of 20 minutes the singlet

at 8.187 increases in intensity at the expense of the one

at 7.377 (see figure 4-1).

The olefinic protons of the free and coordinated
cyclooctene resonate at 4.4t and at 5.157T respectively. In
a similar fashion the resonance at 5.15T decreases 1in
intensity while the one at 4.4t1 increases. The DX
spectrum also shows the complex multiplets due to the
methylene protons of free and coordinated cyclooctene at

7.8T 894 8.57T.

(ii) 2-methyl propanoyl chloride (isobutyryl chloride)

2-methyl propanoyl chloride reacts with complex 30
to give different products depending on the conditions of

the reaction:

[IrClzR'(CO)z]2 (§?e)

refluxing
benzene

et
4-10 I
[ rc1(c0)(c8Hl4)2]+Rcoc1 —_— [IrCl2R(CO)2]2
benzene
(30) 39¢

CHCl3
cold benzene

[IrCl2(CO.P)(CC)(C8H14)]2

40c

~ ~

R = iso-propyl R' = n-propyl




Ir COAcu:; Ir Cu3

I | l

4 5 6 P 8 9

Figure 4-1. ao. The n.m.r. spectrum of the complex [erlz[CO.MejHCﬂ':CBHM]] measured in CDC|3.
2

b. The spectrum after 20 minutes .
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If the reaction of 2-methyl propancyl chloride and complex
§Q in cold benzene is quenched almost immediately (ca. 5
minutes) the acyl complex 40c is obtained as white crystals.
Its infrared spectrum in the solid state shows strong bands
at l700cm—l [v(C=0)] and at 2070cm_l IV LE=0) | 4 However the
infrared spectrum in chloroform solution of QQC shows no
bands characteristic of the acyl group but two strong bands
at 2070cm_l and 2130cm-l, characteristic of terminal
carbonyl stretching frequencies. As in the case of complex
40a (egn 4-9), the 2-methylpropanoyl complex 40c has
isomerized completely to the isopropyl complex 39c¢
expelling free cyclooctene. Attempts to recrystallize
complex 40c from chloroform or dichloromethane always give

the alkyl complex 39c.

Complex 39c¢c can also be prepared from the reaction of
2-methyl propanoyl chloride and complex 30 in hot benzene.
The n.m.xr. spectrum of complex 39c¢ in deuterochloroform 1is
very simple, consisting of a doublet at 8.55T and a
multiplet at 6.72t, the relative areas being 6 and 1

¥
respectively (table 4-5). The doublet is assigned to the
methyl protons of the iso-propyl group, JH_H=7.5Hz, and the

multiplet to the methine proton.

The n.m.r. spectrum of the acyl complex 4Qc in
deuterochloroform shows resonances due to complex 39C and

free cyclooctene.

When the iso-propyl complex 39c is refluxed in benzene
for 90 minutes an equilibrium mixture of the iso-propyl (50%)

and the n-propyl (50%) complexes (39c and 39e) is obtained.




c
20

The n.m.r. spectrum of this equilibrium mixture shows the
signals characteristic of the iso-propyl group (described
above) and also of the n-propyl group (described below)

(see figure 4-2).

Treatment of the iso-propyl complex 39c with two moles
of triphenylphosphine per iridium atom readily gives the

mononuclear acyl complex, IrClZ(CO.iso—propyl)(CO)(Ph3P)2

(41) . The infrared spectrum of 41 shows the expected bands

~ o~

characteristic of an acyl group at l67Ocm-l and of a

terminal carbonyl group at 2045cm . The n.m.rs 8pectrum
shows a doublet (JH_H=7.5Hz) at MOo0T and a mudtiplet at

7.0lt for the iso-propyl group (table 4-4).

Continuous heating of complex 39c¢c in benzene gives

bronze needles of the complex [IrHClz(CO)Z] identified by

2

its infrared spectrum.

(iii) Butanoyl chloride

White crystals of complex 39¢ are obtained from the
reaction of butanoyl chloride and complex %9 in hot benzene.
The infrared spectrum of 39e is very similar to that of
the iso-propyl complex 39¢; two carbonyl stretching frequencies

a6 ULTE 3ns SoBEom" sre observed (table 4-3).

The n.m.r. spectrum of the n-propyl complex 39e shows
gignalsg at 9,01tr, 8.321t and 7.34rT. The resonance at 9.01t
is a triplet and is assigned to the methyl protons of the
n-propyl group; the triplet pattern arises from coupling
(JH_H=8H2)'with the protons on the B-carbon atom. The

B-methylene protons resonate at 8.32T as a sextet; they are

coupled to the a-methylene protons and the methyl protons
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Figure 4-2

7.7 8.7 T

. The n.m.r. spectrum of the equilibrium mixture

oo, = o)
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(JH H=8Hz). The methylene protons on the a-carbon atom

appear as a multiplet at 7.34rT.

The equilibrium mixture of iso-propyl and n-propyl
complexes (50% each) is also obtained when the n-propyl

complex 39e is refluxed in benzene for 90 minutes as shown

by 1t n.m,r. specotrum (figure 4-2).

The mononuclear acyl complexes, IrClz(CO._rl—propyl)(CO)L2

———
SN
1 8]

, (a) L=Ph3P, (b) L=MePh2P) are obtained on reaction of
the complex 39e with two moles of ligand L per iridium atom.
Both complexes 42a and 42b show the characteristic bands

of acyl and terminal carbonyl groups in the infrared
spectrum, v (C=0) at l63Ocm_l gnd w(Czo) at 206Ocm—l

Complex 42a is too insoluble for its n.m.r. spectrum to be
measured; however complex 42b is sufficiently soluble. Its
n.m.r. spectrum shows a triplet (JP_H=6Hz) for the methyl
protons of the phosphine ligands at 7.5071; this is
characteristic when methyldiphenylphosphine ligands are
mutually trans in Ir(III) complexes. Other signals are
observed at 9.961T (triplet), 9.60T (multiplet) and 9.06T
(multiplet); these signals are assigned to the alkyl protons
of the acyl group. The triplet (JH_H=7Hz) is assigned to

the methyl protons, and the two multiplets to the methylene

protons.

(iv) Pentanoyl chloride and 2-methyl butanoyl chloride

The product [IrClZ(g—butyl)(CO)2]2 (39f) is obtained
from the reaction of pentanoyl chloride and complex 30 in

hot benzene. The infrared spectrum gives the expected

terminal carbonyl stretches at 2140 and 2085cm-l. The n.m.r.
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spectrum in deuterochloroform shows signals at 9.097,

SR aneh AL 31T with relative areas of 3, 4 and 2 respectively.
The multiplet at 8.541T is assigned to the resonances of the
protons on the B- and y-carbon atoms and that at 7.31l1 to

the protons on the a-carbon atom:

oy

Ir—CH2CH2CH2CH3

Thes tyiplet (JH_H=8HZ) at 9.091 is the resonance due to the

methyl protons which are coupled to the protons on the y-

carbon atom.

In a similar manner complex [IrCl2(2—butyl)CO)2]2(ggg)
is prepared. The infrared spectrum shows two terminal carbonyl
stretching frequencies at 2135cm—l and 2085cm—l. The neBl.¥.

spectrum of freshly prepared solutions of complex 399 in
deuterochloroform obtained at the earliest time when
measurements could begin (ca. 5 minutes after preparation)
shows a doublet at 8.55T, a triplet at 2.04t and two

multiplets at 6.80T and 7.901 for the alkyl protons of the

2=putyl group: CH3—CH—CH2-CH3
1% 4
The doublet (JH_H=8Hz) is assigned to the resonance of the

methyl protons adjacent to the methine proton. The triplet
is assigned to the other methyl protons which are coupled
to the methylene protons. The multiplet at 6.801T is due

to the methine proton resonance and that at 7.901 to the

methylene protons.

However if the spectrum is measured at various times

over a period of three hours, signals belonging to the
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n-butyl complex i?f appear and continue to grow in intensity
while those of complex 39g decrease until they disappear
almost completely. The equilibrium apparently favours the
formation of the straight-chain. alkyl in this system (39f

and 39g). This is also confirmed by the fact that when
complex 39f is heated in solution no 2-butyl complex results;
instead decomposition to the complex [IrHClz(CO)z]2 is

observed, Similarly this iridium-hydrido complex is formed

when complex 39g is gently heated in benzene.

(v) 3-phenyl propionyl chloride and 2-phenyl propionyl chloride

These two isomeric acyl chlorides on reaction with
complex 30 give the complexes [IrClzR(CO)z]2 (39h R=0-
phenethyl, 391 R=B-phenethyl) as beautiful off-white c}ystals.
Their infrared spectrum shows the two carbonyl stretching
frequencies at 2135 and 2085 cmfl. The n.m.r. spectrum of
complex 39h is very simple; signals at 5.50r7 (gquartet; CH3),
sl e l@aeublet o CHYw and 26617 (multiplet; Ph) are ebserved.
While the n.m.r. spectrum of complex 39i gives two multi-
plets at 2.8t and 7.15T with relative areas being 5 and 4
respectively. The chemical shifts of the two sets of

methylene protons are apparently coincident and they resonate

ail a . muitiplet a V.157.

All attempts to produce an equilibrium mixture by

heating either complex in solution result in decomposition.

(vi) Hexanoyl chloride

The interaction of hexanoyl chloride and complex 30

gives white crystals of [IrCl2(£—pentyl)(CO)2]2 (395) . Its

infrared spectrum is similar to those of the other alkyl



complexes; it shows two strong terminal carbonyl stretching

frequencies at 2130cm_l and 2085cm—l. The n.m.¥. spectrum
of 39j shows three multiplets at 8.46t1t, 8.31l1T and 7.321T and
a triplet at 9.0l1lt which is assigned to the methyl protons

(table 4-5).

c., Assignments of n.m.r. signals of complexes 33c-33h

(egn 4-7)

Table 4-2 lists the n.m.r. data for the alkyl-iridium
complexes 33 and figure 4-3 shows a schematic representation
of the chemical shifts of the alkyl protons of these
complexes. From models of the complexes it is apparent that
carbon atoms C3 and C4 of the alkyl groups are above and
below the plane of the phenyl rings of the triphenylphosphine
ligands (see figure 4-5). Thus, the protons attached to
these carbon atoms will be abnormally shielded because of

79

the ring current effect generated by the phenyl rings.

This shielding effect causes a shift to higher t1-value.

The n.m.r. spectrum of the n-propyl complex 33c shows
a triplet at 9.881 (area 3) and a multiplet at 8.907t (area 4).
The triplet (J,., . =7.5H2z) is assigned to the methyl protons
of the n-propyl group and the multiplet to the methylene
protons. The methyl protons are attached to carbon atom
C3 and presumably this is the reason for its high chemical

shift value.

The n.m.r. spectrum of the n-butyl complex 33d in

deuterobenzene shows three multiplets at 9.501 (5), 8.70 (2)
and 8.40t (2). The resonance at 9.50T1 is probably due to
the methyl protons (on C,) and the methylene protons on

4



Figure 4-3.

T 2 3 4 5 6 7 8 9 10

Schematic representation of OlkyI[R] resonances of complexes erlz[R](CO><Ph3P> with relative
2

intensities adjccenf to the resonances .

__—___________
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carbon atom CB; both sets of protons are probably in the
ring current path. The other two multiplets are assigned

to the protons on carbon atoms Cl and C2.

A similar explanation may be used to interpret the
resonances due to the n-hexyl group of complex 33h; two
regsonances at,9%2.,1517t (7) and 8.751 (8) are observed. The
methylene protons on carbon atoms C3 and C4 together with

the methyl protons probably resonate at 9.157T, while the

other protons resonate at 8.75T.

The n.m.r. spectrum of the B-phenethyl complex 33f
shows two multiplets for the phenyl protons of the alkyl group

& 4057 (3) and 3.85T1 (2).

Ir~-CH,-CHj, H

The resonances are at unusually high chemical shifts for
phenyl protons79 but from a model.of the complex it is
obvious that protons Ha and Hb are shielded probably because
of the ring current generated by the phenyl ring of the
triphenylphosphine ligands. These protons Ha and H, are in

b

similar positions as protons attached to carbon atoms C3 and

C4 of alkyl groups described above. The methylene protons of
the B-phenethyl group resonate as multiplets at 8.101T and

7 «00T .,

The n.m.r. data for the complexes of type [IrCl2R(C@ 2]2

(R=alkyl) lend support to the idea that ring currents are
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responsible for the observed abnormally high chemical shifts
for the R groups of complex 33. Table 4-7 shows the n.m.r.
data for the n-propyl, n-butyl and B-phenethyl complexes

of both types of complexes.

Table 4-7 N.m.r. data for complexes of type IrCl_,(R) (CO) -

2

(Ph.P) and [IrClZ(R)(CO)2] R=n-propyl, n-butyl,

2 i
B-phenethyl
Complexes when R= For IrClz(R)KD)Gm3P)2 [IrClZ(R)(CO)2]2
T 4
A
CH —H - . .
5 3 5 CH3 A at 9.88 A at 9.01
B A
CH2—CH2—CH2—CH3 Agand B at:- 9,50 A at 2.09
B at 8.54
CH Ha at 3.85 Ha and Hb at 2.8
Hb atf 3.05

The n.m.r. spectra of all the alkyl complexes 33 show
in addition to signals due to the alkyl groups, signals
belonging to the triphenylphosphine ligands of these complexes.
Two separate multiplets of relative areas 2 and 3 are
observed for the phosphine ligands of all the complexes
(figure 4-4). The resonance at lower field (2.0571) could be

due either to the two ortho-protons or to the two meta-

protons. No additional work was done to clarify the assign-
ment. Free triphenylphosphine shows a multiplet at 2.6-2.771
in its n.m.r. spectrum measured in deuterochloroform; this

chemical shift is similar to that of the multiplet of area 3




Figure 4-4 . [The triphenylphosphine resonances of complexes

IrClzR[CO][Ph:;P], The spectrum was measured in CDCl5 .
2




Figure 4-5. Model showing relative positions of R and Ph groups.
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when the phosphine ligands are coordinated. Therefore it
seems reasonable to assume that protons on the phenyl rings
are deshielded rather than shielded when triphenylphosphine

ligands occupy a trans-configuration around the iridium

nucleus.

This observed separation may be characteristic of
bistriphenylphosphine-iridium(III) complexes when the
phosphine ligands are mutually trans. The chemical shifts

of the phenyl protons may be dependent on solvent but no

further work was done to test this.

d. Summary of results and discussion

Acyl chlorides react with chlorotris(triphenylphosphine) -

iridium (I) (1) to form stable alkylcarbonyl-iridium(III)

~

complexes (33) (see equation 4-11).




I i
C=R Cl

O
R=CH
4-11 . : 3
Cc1 Cryst.
&% L
L
0 1,
CH
<
= Ph_P §§

The first step of the addition is probably the nucleophilic
attack of 1 on the acyl chloride, cleaving the C-Cl bond

and expelling one mole of triphenylphosphine to give a five-
coordinate intermediate 35. This is followed by spontaneous
migration of R and rearrangement to form complex 33. Inter~
mediate-?% has not been isolated in any of the reactions but
there is infrared and n.m.r. evidence for its existence 1in

the case of R=CH3‘(1§a). The spontaneous migration of R,

35 to 33, should be contrasted to the more difficult migration
of R with loss of carbon monoxide in the decarbonylation of

complexes IrCl2(CO.R)(CO)L (L=tertiary phosphine). This

2

difference may be due to the fact that intermediate 35 1is

coordinatively unsaturated [Ir(III)] whereas the complexes

6

InClz(CO.R)(CO)L are all coordinatively saturated d

2

octahedral complexes.

The .oxidative addition of acetyl chloride to complex 1

yields two products 33a and 34; 33a is the product of slow
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crystallization whereas 34 is obtained from rapid crystal-
lization. Complex 34 readily isomerizes in chloroform
solution to give an equilibrium mixture of an acyl complex
(§§a), the stereochemistry of which is unknown and a methyl
complex, probably 33a. Infrared and n.m.r. data confirm the
presence of acetyl and methyl complexes in the equilibrium
mixture. The assumption that complex 34 partially

isomerizes in chloroform solution to complex 33a (and 35a)

is based on the fact that the methyl resonances in the n.m.r.
spectrum of the equilibrium mixture are identical to those

of complex 33a. It should also be noted that product 34

slowly isomerizes to give finally complex 33a.

A similar alkyl-acyl isomerization was also obsexrved

by Wilkinson et al for the addition of acetyl chloride

to complex RhCl(Ph3P) or (23) and for the reaction of trans-

3 L
RhX(CO)L2 [X=Cl,I,L=Ph3P,Ph3As,Et3P] with iodomethane.71

The latter reaction yields ultimately the acyl-=rhodium(III)

products RhXI(CO.Me)L but it was shown that these products

5
are obtained only by isomerization of an intermediate 1n
which £heralkyl group is directly bonded to the metal. 1In
contrast the reaction of acetyl chloride and complex 23
gives the acyl-rhodium(III) complex as the first product
which in turn isomerizes in solution to the alkyl-rhodium-
(III) complex, yielding finally an equilibrium mixture of
both rhodium(III) complexes. It was pointed out71 that the
position of the equilibrium depends on the strength of the
metal-carbon bond in both species and hence on the
migrational ability of the alkyl group. Studies on the

manganese systems, e.g. Mn(CO.Me) (CO suggest that the

5

alkyl group migration is the most likely mechanism for the
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; : : ; . ‘ 342 72473
carbonyl insertion or decarbonylation reactions.

The product from the reaction of iodomethane and the

complex trans-IxCl(CO) (Ph,P)

3F) 5 (ll) shows no acyl bands in

: R 70 :
the solution infrared spectrum and presumably there 1is
no equilibrium involving an acyl complex in this case. The

product IrClI(Me)(CO)(Ph3P) (43) is very similar to and

2

possesses a similar stereochemistry as complex 33a.

CH
3

el PPh

Ph_ P co

o
In view of this fact and the fact that acetyl chloride
reacts with complex IrCl(MethP)3 (3) to give a stable

product (36) with the phosphine ligands mutually cis (see
below), it would be reasonable to suggest that steric

hindrance caused by the bulky triphenylphosphine ligands in

a cis-configuration is the main reason why complex 34 readily

isomerizes te 35 and 33a, and finally to complex 33a, the

more stable isomer.

Acetyl chloride reacts with complex 3 to give complex

; 32
36 of stereochemistry as shown on page 49. Collman et al

have prepared an isomer of 36 with a trans-configuration of
phosphines and mutually cis chlorine atoms. Both isomers
are extremely stable in solution and they show no evidence

of isomerizing to acyl complexes. It is surprising though

not to observe any alkyl-acyl eguilibrium in solution for
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e
Hbs

product 36 in view of its close similarity to complex

An interesting feature of the oxidative addition of
acyl chlorides (RCOCl) to complex 1l arises when R 1is
branched at the a-carbon atom. Four isomeric acyl chlorides
react with complex %,butanoyl chloride and 2-methyl propanoyl
chloride, 2-methyl butanoyl- and pentanoyl chloride, 2-
ethyl butanoyl- and hexanoyl chloride and 2-phenyl propionyl-
and 3-phenyl propionyl chloride, and in all cases products

(33) where the R group is always straight-chain are isolated.

~

It is a well knoewn fact that alkyl derivatives of
transition metals are key intermediates in many homogeneous
; . . 74,175 :
catalytic reactions of olefins. Many of the catalysts
used for these reactions normally possess a metal-hydrogen
bond or are able to form such a bond in gitu during the

reaction. The mechanism proposed for the carbonylation of

olefins to aldehydes (hydroformylation reaction) catalyzed

by the complex HCo(CO)4 is:76'77'78
4-12 R /H H
\\Cl addition
HCo (C +RCH=C} --Co- = )
O(LO)4 RC CH2 = // Co (CO)3+CO — RCH2CH2CO(CO 3
/N
H H
insertion
=)
+Ho

HCo (CO $URCH OH CHE g H 0. CC
( )4 5 5 RC 2CH2C cO<u)3

cleavage
The first two steps of this mechanism produce the metal-
alkyl intermediate by addition of the hydrogen atom on the
cobalt atom to the coordinated olefin. Insertion of carbon

monoxide gives the acyl complex which in turn reacts with
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hydrogen to regenerate the catalyst and give the aldehyde

It should be noted that in the addition step the hydrogen

atom on the metal could have added to carbon atom C2

instead of C When this happens branched- and straight-

1°

chain products result. Phosphines, which are sometimes

added as carbonylation catalyst "promoters", favour the

*

c . ) ; . 8
formation of straight-chain products from terminal olefins. P

A similar hydroformylation type of mechanism in

reverse can be considered for the isomerization of branched-

chain iridium complexes to straight-chain complexes,

€.9.:

CH

3

Ne=N)

Cl

&

@

CH
3

CH

Cl

CH
3

L
&

1{9%)
U1

CH.~CH_-<CH

Ci

B0

idy 1

-H
g

cl

=CH=CH_

L
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the formation of the acyl {?g since the complex I1xCls =
[Cu.iii.pxupyl;(CQ)(PhBP)Z 1s extremely stable, (2) the
instability of intermediate 331 is probably due mainly to
steric hindrance caused by the bulky triphenylphosphine
group and (3) the addition of the hydrogen atom attached to
the iridium nucleus (in 44) always adds in an anti-

Markownikoff sense to the coordinated olefin to give product

33.

It is also possible for the intermediate 44 to expell
hydrogen chloride and free olefin with formation of complex
- This is observed in the reaction of 2-phenyl propienyl

chloride with complex l; the complexes 33f and ILHCl)“

<

(Ph3P)3 (38) are also formed. It is not clear why the other
branched-acylchlorides do not also give complex Ll but the
complex 38 as side products when they react with complex 1.
The ready hydrolysis of the acyl chlorides to generate
hydrogen chloride may account for the product 38 which is
formed by addition of hydrogen chloride to the starting

complex %.36

Acyl chlorides also readily add to the iridium(I)

complex [IxCl (CO) ( 30) . These reactions have

e
Cgf1a)pls
been studied and discussed in some detail by Shaw and

.4 38 3 : . :
Singleton. Therefore only additional observations will be

discussed.

Based on the results obtained in the present work, the

reaction scheme for the addition of acyl chlorides to

complex 30 is:
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cold
20.#. RCOCL Sy —— LR CO B L CA) {C. B.+ ) ]
o o " W (=} l4 2
benzene
\ 40
hot benzene CHC13 L
AT _~" hot benzene
i
V
[IrClz(R)(CO)Z]Z X
further
refluxing benzene —— [IrHCl2(CO)9]2
heating o
!
[IrClz(R ) (co)vzl2
27
R = straight-chain alkyl, R' = branched-chain alkyl
R = branched-chain alkyl, R' = straight-chain alkyl
The initial step is the oxidative addition of the acyl
chloride to complex 30 to give complex 40; 1 mole of
cyclooctene is expelled during this step. This is only
achieved using cold benzene as solvent. When the reaction
is performed in hot benzene the alkyl complex 39 is formed
iftatantly. The acyl complex 40 readily isomerizes in

chloroform solution with loss of cyclooctene to give the
alkyl complex 39 which in refluxing benzene produces an
equilibrium mixture of branched-chain and straight-chain
l alkyl complexes. Continuous heating of complex 39 leads to

| the formation of complex [IrHClZ(CO) J2 presumably with

2

expulsion of olefin. This is also observed when the complex
IrClZ(Et)(CO)2py is heated; ethylene and pyridine are
38

detected and the complex [IrHCl2(CO)9]2 is formed.

The position of the equilibrium in the equilibrium

mixture in complex 39 depends on the alkyl group and thus on
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the strength of the iridium-carbon bond. The equilibrium con-

stant for the equilibrium mixture 39c and 39e (R=iso-propyl,
R'=n-propyl) is approximately unity. However the n-butyl
complex (39f) is favoured for the equilibrium mixture of 39f
and 39g (2-butyl complex). Complexes 39c and 39e decompose
in boiling benzene after 5 hours to give the hydrido-

complex [IrHClZ(CO)Z] whereas complexes 39f and 39g

2’
decompose within 1 hour and 20 minutes respectively. i
therefore follows that the stability sequence for the

alkyl group in this series of complexes (39) is n-propyl=

iso-propyl>n-butyl>2-butyl.

A similar mechanism as outlined in equation 4-13 for
the isomerization of branched - chain alkyl to straight-
chain alkyl in complexes §§ may be applied in this case.
The formation of the hydrido-complex [IrHCl2(CO)2]2 and the
possible expulsion of free olefin when complexes 39 are
decomposed lend support to the formation of an intermediate
such as 44 (egn. 4-13). The stability of the branched-
alkyl complexes 39 compared with the unstable intermediate
such as 33i (egn, 4-13) clearly shows the possible role

played by the sterically hindered triphenylphosphine ligands

in complexes of type 33i.

e. Experimental

Materials

Acetyl chloride, propionyl chloride, butanoyl chloride,
octanoyl chloride, benzoyl chloride, 2-methyl propanoyl
chloride, 2-ethyl butanoyl chloride and 2-methyl butanoyl

chloride were obtained commercially. Pentanoyl chloride




Table 4-1

3 e _ s , . S a
Infrared data for alkyl-iridium complexes prepared from IrClL._
>,

»iCEO)cm—l v(Ir—Cl,D
Complex
Nujol Mull inCH C1, i

IrCl, (Me) (CO) (Ph P), 2040 2040, 1710° 290, 256
IrClz(Me)(CO)(Ph3P)2 2058, 2030 2040 300, 253
IrClﬁiEt)(CO)(PhEP)2 2045 ,2025 2035 307, 252
IrCl2(£—propyl){CO)(PhZP)2 2040, 2025 29036 305, 254
IrClv(Efbutylﬁ(CO;(PhQP}7 20409 , 2030 2035 3066, 254
IrCl, (n-pentyl) (CO) (Ph P), 2040, 2030 2035 302, 252
ITCl, fn=heptyl \CO"Pn?P}? 2030, 2020 2025 F05; 253
lr;i? Pr)\CO¢\Ph3“ 2045 315, 268
Lecd & Cf CH?PI (CO Eth;? 2025 Ry 20
EIC;ﬂfMangO,iMQP;'};P,7 2020 2020 310, 280
Lrél?\ﬁt.kCO,gMePn?P,z 2040, 26025 2030 307, 251
- LzPuFP, MePhZP b... All bands are of strong intensities e . Due to

L-------------------------------------------——-——————————




Table 4-2

1 o Sp ey b
‘ H-n.m.r. data for alkyl-iridium complexes prepared from IrClLﬁa'
o

4

Complex T-values

IrClz(Me)(CO}(PhBP)

2 o.438¢t) " "7.850s) “Ip"="5Hz
IrCl, (Me)(CO) (Ph.P), 9.43(3;t) Jp = 5Hz
IrClz(Et)(CO)(Ph3P)2 9.22(33t) ; 8.46{2;m) Jh = 8Hz
IrCl2(Q—propyl)(CO)(PhBP)Z 9.88{3;k) 3 8.90%4 ) Jh = 7.5Hz
IrCl2(§—butyl)(CO))PhBP)z S.50L5Mm) s BaZ78{2m) 3. 8: 40102 2 )
IrCl2(§—pentyl)(CO)(PhBP)2 8.3-9.7(11l;m)

e

IrClz(g—heptyl)(CO)(PhBP)2 9. 15 (7sm) 3 B.1548 1)
IrCl2(CH2CH2Ph)(CO)(Ph3P)2 385 (25m) g 305 (3ym) ¢ BLalO(2zm) 2 Ti6DL2:Mm)

~J

IrCl, (Me) (CO) (MePh_P) 285 (3yd ) 30 8,.2403:4) Jp = 1l0,.5H=z

2
8.86(3;4 lines)

~l

IrClm(Et)(CO)(MePhOP)v

< <

+ IS Jp = 5Hz

. ’ 5 s 1] =
g,25(3:t) ¢ B.T7712rm) Jh 8Hz contd. ..

e
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Table,  4-2 Contd...
L = Ph_ P , MePth
3 2
all spectra were measured in CDCl_, unless
<
the relative intensities are given in parentheses

trimlet, di=

where t =

Jp represents the apparent

apparent hydrogen-hydrogen coupli

dgeoulblet , m

phosphorus-hydrogen

= multiplet, 8. =

ng econstanct.,

coupling

stated otherwise.

together with the

singlet.

constant and Jh

patterns

the




Table 4-3

: Infrared data for alkyl- and acyl-iridium complexes prepared
)
B a
from [IrCl(CO)(C8H14)2]2
wi{c29) Vv (C=0)
Complex =1 =1
cm cm
IzC1 ( ]b 1720
[IzC 2(co.Me) co)(c8H14) 5 2080
[IrClz(n—propyl)(CO) ]2 2185, 2085
T 2
[IrClz(CO.E-—propyl)(CO)(Ph3P)2 2060 1630
[IrCl2(iso—propyl)(CO)2]2 2130, 2080
IrClz(CO.iso—propyl)(CO)(Ph3P)2 2045 1670
[Trcl, (n-butyl) (CO), ], 2140, 2085
b
[Irclz(co.lso—propyl)(CO)(C8H14)]2 2070 1700
[1rCl, (2-butyl) (CO),], 2135, 2085
[IrClz(_r_l_—pentyl)(CO)zl2 2130, 2085
IrCl2(CO.£—pentyl)(CO)(PhBP)2 2070 1625
[IrCl2(CH2CH2Ph)(CO)2]2 2135, 2085
[Irc12(PhCHMe)(co)2]2 2135, 2085
IrClz(CO.g-propyl)(CO)(MethP)2 2060 1630

| a... all spectra were measured in the solid state as nujol
mull.

‘ Bish Al CHCl3 solution Vv (C=0) disappears and another Vv (C=0)

| appears at 2130cm_l.




Table 4-4

lH—n.m.r. data for the acyl=-iridium complexes.a

Complex T—valuesb'C

IrClz(CO.&—propyl)(CO)(MethP)2 290 L31tY, 9.60(2;m),
9.06(2;m) Jh = 7Hz
7.50(3;t) Jp = 6Hz

IrClz(CO.iso—propyl)(CO)(Ph3P)2 .90 (B3d) , 7. 01d1 )
Jh = 7.5Hz

e
[Irclz(CO.Me)(CO)(C8Hl4)]2 b 37 (8} BulB (8

a..s all spectra were measured in CDCl3
b... Jh represents the apparent hydrogen-hydrogen coupling
constant and Jp, the apparent phosphorus-hydrogen

coupling constant.

C... the relative intensities and spectral patterns are
given in parentheses; t = triplet, m = multiplet,
S=iginglet, d = .doublet.

e... the singlet at 7.371 decreases in intensity while the

singlet at 8.187T increases. Signals for free and

coordinated C8H14 are also observed.



Table 4-5

1

H-n.m.r. data for the complexes of the type [IrClz(R)(CO)q]

a
9

<

Complex when R=

T-values

A B e D J (H-H)
Hz
A B e
CH,-CH_ -CH,- 9.01CE) §e3248) 7.34(m) 8.0
- & “
A B A
CH. ~CH-CH,_ 8.55%d) ©6.72 (m) !« ©
A B B C
(j.iHﬂ—CH,\-—CH,)—CH?- 9.09(t) 8.54(m) 1o S LI0) 8.0
s & & P4
A B C D
CHo ~CH-CHE, =CH, 8.55 (d) 6.80(m) 7 .90 (m) 9.04 (t) 8.0
S 2 3 :
A B B D
CH,.~CH, ~CH ~CH_~CGH, « @) 8.604 (m) 8.31(m) e 2. OIR) 7o B
A B I
i S O B, - e 12 s F (M) T«15 (m)
£ < | <
/2 E
C_H_-CH-CH 2 D=2 3 m) 5«50 (4 8.30(d) 7 ®
a all spectra were measured in CHCL,
! t = triplet, m = multiplet, d = doublet, g = gquartet, s sextet.




Table 4-6
Analyses of the alkyl- and acyl-iridium complexesa
Complex %C $H yCl Mol Wt.
Irc12(Me)(co)(Ph3P)2 c. 54.94 3.97 8.55
£:759,22 4.14 8.71
IrClz(Et)(CO)(Ph3P)2 c. 55.46 4.18 8.41 844
£5 55 &5 4.21 8 2 848
IrCl2(£—propyl)(CO)(Ph3P)2 @« 55.94 4.34 8.1l6 858
£ D25 4.48 S5l 864
IrClz(g—butyl)(CO)(Ph3P)2 c. 56.44 4.47 8.13 872
f. 56.72 4.01 8.26 893
IrCl,(n-pentyl) (CO) (Ph P),  c. 56.90 4.62 1.27 886
£ B7L 21 4.75 .13 873
IrCl2(r_1—heptyl)(CO)(Ph3P)2 g, BT J16 4.96 7«85 914
 JOREEE Y - B 45,73 Tt 940
IrCl,(Ph) (CO) (Ph P) & 15782 3.96 7.96
s b8k 84 4.29 8.06
el k CH. SCH P P . . . .
r 2( 5 CH, hyr4C0) ( h3P)2 Bl 58 .68 4 .27 Do Td 920
£. 58 .86 4.41 71:91 916
|
Irclz(Me)(CO)(MethP)2 - SORE e gl 2 4.14 1003
f. 47.80 4.37 9.83
IrClz(Et)(CO)(thP)2 Cs 48,32 4,34 D585
£f. 48.43 4,30 9.76
cont dae




Table 4-6 cont'd

Reew o= galuaclated, E .= Found.

Complex % C s H i
[IrCl2(CH26H2Ph)(C‘O)ZJ2 @asd8 .30 2.14 16,73
£ 2785 224 16 .50

fIrClz(g—butyl)(CO)z]2 e 19,15 . 241 18.87
£ 19.41 s DB 18.65
[IrCl2(PhCHMe)(CO)2]2 C: 28,30 2.:14 16,73
G 28, 4). 2,26 18«57
[IxCl,(n-propyl) (CO),1, o ¢ . 2 N - 19.57
e slels L . 1. 82 19.43

IrClZ(CO._r_l—propyl)(CO)(MePhZP)2 g 488l .36 9.29
IR 1 W L | 4.41 9. 07

IrCl2(COcr_1—propyl)(CO)(PhBP)2 @F 55652 " 420 el
B 55, 78 4431 AT 2

IrCl2(CO.£ig—propyl)(CO)(Ph3p)2 ARSI H52 20 P9k
. I J639 4 .48 e 10

erLZ(COHH—pentyl)(CO)(Ph3P)2 ¢. 56.44 4.52 "
£ DHN2 4.71 /.02

Mol.Wt.
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hexanoyl chloride and 3-phenyl prcpionyl chloride were

. prepared by reaction of oxalyl chloride and the corresponding

carboxylic acid.94 2-phenyl propionyl chloride was prepared from

~

L £ »
the aldehyde95 which was converted te the acid ° and finally

te the chleride by reaction with oexalyl chleride.

See Chapter 2 section e for general physical measure-

ments and preparations of the iridium(I) complexes 1 and 3.

A. Improved preparation of di-H-chlorodicarbonyltetrakis-

3
(cyclooctene)diiridium(l)—[IrCl(CO)(C8Hl4)2]2.8

A sodutioen.ef chloreiridie acid. (2g) in water (5 ml)
and. sn-propansel (10 ml) was refluxed for 5 minutes.,, Cyeclo-
octene (3 ml) was added and the solution refluxed for a
further 1 hour. At this time water (20 ml) was added and
the solutien refluxed for a further 10 minutes. The
resulting lemon-yellow o0il was separated from the solution
by decantation and‘'washed with cold methanol (2 x 15 ml).
Lemon-yellow prisms of the product (l.14 g) resulted when
diethyl ether was added to the o0il. The product was
separated by centrifuge and dried in a current of nitrogen.,
(Yield : 62% based on H,IxCl .6H20).

2 6

B dhEeracEien of acyl chlorides (RCOCl) with di-u-chloro-

dicarbonyltetrakis (cyclooctene)diiridium (I)

[IrCl(CO)(C8H14)2]2

Preparations

(i) Di-u-chlorodichlorodiacetyldicarbonylbis (cyclo-

octene)dllrldlum(III)—{IrCl2(CO.Me)(C8Hl4)]2

¢ To a suspension of di-u-chlorodicarbonyltetrakis-
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(cyclooctene)diiridium(I) (0.3g) in benzene (10 ml) was
added acetyl chloride (0.5 ml). The mixture was then
stirred until most of the solid dissolved (ca. 6 minutes).
The solution was then filtered and light petroleum ether

(b . 100—1200) added. When most of the benzene was removed
at 25°C (L5 mm), off-white prisms of the product resulted.

These were filtered and washed with n-pentane (2 x 10 ml).

(ii) Di-py-chlorodichlorodipropyltetracarbonyldiiridium-

(TLIYe = [IrClz(ﬂ—propyl)(CO)2]2

To a solution of di-u-chlorodicarbonyltetrakis(cyclo=-
gdtenejdiiridiam(l]) (0.,3g) in beiling benzene (10 ml) was
added butanoyl chloride (0.5 ml). The hot solution was
filtered, light petroleum ether (b.p. lOO—l2OO) was added

and most of the benzene removed at 250C (L5 - mmi) . This

precipitated the required product as off-white crystals.

(iii)Di-puy-chlorodichlorodi (iso-propyl)tetracarbonyl-

diiridium(III) - [(IrCl.(iso-propyl) (CO).]

2 SR

This was similarly prepared from 2-methyl propanoyl
chloride (0.5 ml) and di=-u-chlorodicarbonyltetrakis-
(cyclooctene)diiridium(I) (0.3g) in boiling benzene and

igolated like the n-propyl complex above (ii).

(iv) Di=jypy-chlorodichlorodi(2-methylpropanoyl)dicarbonyl-

bis(cyclooctene)diiridium(III)e—

) ]

i o ol 0 CO .1 =
(T 2( iso propyl)(CO)(C8H14 .

This was prepared in a similar manner to the acetyl

complex described above (1).



(v) Dichloro(2-methylpropanoyl)carbonylbis(triphenyl-

phosphine)iridium (III) e

IxCl (CO.iso—propyl)(CO)(PhBP)

2 2

Triphenylphosphine (0.4g) was added £o a solution of
di-pu-chlorodichlorodi(iso-propyl) tetracarbonyldiiridium-
PLEL ) So0r, 2 iin tdicloreomethate « (5 ml) . ~Upen. additien of
diethyl ether and cooling the mixture to 0°C, white

crystals of the product precipitated out of the solution.

These were filtered, washed with diethyl ether (2 x 5 ml)

U and dried in a stream of nitrogen.

(vi) Dichlorobutanoylcarbonylbis (triphenylphosphine) -

w fdridium(T1I)] -~ IrClz(CO.E—propyl)(CO)(Ph P)2

3

| This was prepared in a similar manner to the 2-methyl

propanoyl complex described above (V).

74

—

(vii) Di-H-chlorodichlorodibutyltetracarbonyldiiridium-

(IT1) - [IrCl,(n-butyl) (CO), 1,

This was similarly prepared from pentanoyl chloride
(0.5 ml) and di-u-chlorodicarbonyltetrakis (cyclooctene) -
diiridium(I) (0.3g) in boiling benzene (5 ml) and isolated

like the n-propyl complex above (ii).

{viii) Di-l¥echlorodichlerodi (2-butyl)tetracarbonyl-

diiridium(III) - [Irc12(2—butyl)(c0)2]2

This was prepared in a similar manner to the n-propyl

complex described above (ii).
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(ix) Di-M-chlorodichlorodipentyltetracarbonyldiiridium-

(rrz) - [IrClz(E—pentyl)(CO)z]2

This was prepared in a similar manner to the n-propyl

complex described above Ededed

() Dichlorohéxanoylcarbonylbis(triphenylphosPhine)—

iridium(IIr) - IrClz[COCHB(CH ](CO)(Ph3P)2

2)4

This was prepared in a similar manner to the 2-methyl-

propanoyl complex described above (v).

(xi) Di-u=chlorodichlorodi (B-phenethyl)tetracarbonyl-

gditridium(III) = [Irc12(CH2CH Ph)(CO)2]

2 2

This was similarly prepared from 3-phenyl propionyl
chloride (0.5 ml) and di-u-chlorodicarbonyltetrakis(cyclo-
octene)diiridium(I) (0.3g) in boiling benzene (5 ml) and
igplated 1ike the n-propyl complex above (ii). Recrystal-
lization from dichloromethane/light petroleum ether (b.p.

40-600) gave beautiful off-white crystals.

(xii) Di-u-chlorodichlorodi (a-phenethyl)tetracarbonyl-

-

diinidiwm(III) -~ [IrClZ(CHCH3Ph)(CO)2]2

To a suspension of di-u-chlorodicarbonyltetrakis(cyclo-
octene)diiridium(I) (0.3g) in benzene (10 ml) was added
2-phenyl propionyl chloride (0.5 ml) and the mixture stirred
for 3 hours. After which time the solution was filtered.
The filtrate was then evaporated at 25°¢ (15 mm) giving a
pale yellow=-o0il. Light yellow solid resulted when pentane
was added to the oil. Recrystallization of the solid from

dichloromethane/petroleum ether (b.p. 40-60°) gave white
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crystals of the required product.

]
, (xiii) Dichlorobutanoylcarbonylbis (methyldiphenyl-

phosphine) iridium (III) =

IrClZ(CO._rl—propyl)(CO)(MethP)2

This was prepared from methyldiphenylphosphine and

di-py-chlorodichlorodipropyltetracarbonyldiiridium(III) in
dichloromethane and isolated like the 2-methylpropanoyl

cémplex described above (v).

C. Interaction of acyl .chlorides with chlorotris (methyl-

diphenylphosphine)iridium(I)

(1) Acetyl chloride-CH3COCl

To a solution of chlorotris(methyldiphenylphosphine) -
iridium(I) (0.3g) in benzene (5 ml) was added acetyl
chloride (0.5 ml). The dark red solution went colourless
almost immediately. The solution was then stirred for 10
minutes. White solid precipitatedtupon addition of pentane

(30 mmlh . (Revrystallization of the solid from dichloro-

methane/pentane gave white crystals (0.19g) of dichloro-

f methylcarbonylbis (methyldiphenylphosphine)iridium(III)

AIrClz(Me)(CO)(MethP)Z. These were filtered, washed with

pentane (2 x 10 ml) and dried in a stream of nitrogen.

(Ydeld "¢  739)

(ii) Propionyl chloride—CH3CH2COCl

To a solution of chlorotris(methyldiphenylphosphine) -

iridium(I) (0.3g) in benzene (5 ml) was added propionyl

ghloride «+ (0.5 ml) and the mixture stirred at 6OOC for 4 hours.
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Pentane was then added slowly to the cooled solution preci-
pitating the product as white qrystals. Recrystallization
of the product from dichloromethane/petroleum ether

(BiP e 40-600) gave white crystals (0.1l8g) of dichloroethyl-
carbonylbis (methyldiphenylphosphine)iridium(III) =
IrClz(Et)(CO)(MePhZP)2 L These were filtered, washed with
pentane (2 x 10 ml) and dried in a stream of nitrogen.

(Yield = 70%).

PsrInteraction of acvl c¢hlorides with chlorotris(triphenyl-

phosphine)iridium(I)

Preparations

(i) Dichloromethylcarbonylbis(triphenylphosphine) -

iridiunl(IIr) -~ IrClz(Me)(CO)(Ph3P)2

To a solution of chlorotris(triphenylphosphine)iridium-
(L) (0:45g) in benzene'(S ml) was added acetyl chloride
(0.5 ml) and the mixture refluxed for 15 minutes. Diethyl
ether (15 ml) was added to the solutidn which was then
cooled to 0°C. White crystalé (Ol28g) of dichloromethyl-
carbonylbis(triphenylphosphine)iridium(III) resulted. These
were filtered, washed with diethyl ether and dried in a

stream of nitrogen. (Yield = 76%).

(1ii) Dichloroethylcarbonylbis(triphenylphosphine) -

iridium(III) - IrClz(Et)(CO)(Ph P)2

3

To a solution of chlorotris(triphenylphosphine)iridium-
(I) (0.45g) in benzene (5 ml) was added propionyl chloride
(0.5 ml) and the mixture refluxed for 45 minutes. Hexane

(10 ml) was added to the solution which was then cooled to
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-10°c. This precipitated the product as white crystals.
Recrystallization of the product from dichloromethane/
diethyl ether gave white crystals (0.29g) of dichloro-
ethylcarbonylbis(triphenylphosphine)iridium(III). These

were filtered, washed with diethyl ether (2 x 10 ml) and

dried in a stream of nitrogen. {(X¥leld = 77.5%).

(iii) Dichloropropylcarbonylbis(triphenylphosphine) -

Yridiam(Ir) = IrCl2(£—propylHCOMPh3P2)2

This was prepared in a similar manner to the ethyl
complex described above (D-i1i). Recrystallization from
dichloromethane/hexane gave white crystals (0.31lg) of the

required product. (Yield = 81%) .

(iv) Dichlorobutylcarbonylbis(triphenylphosphine)-

iridium(III) - IzCl,(n-butyl)(CO) (Ph_P),

White crystals of the required product were obtained in

a similar manner described for the ethyl complex above

(D=1ii) . (0.26g3:.,64%, . yvield).

(v) Dichlordpentylcarbonylbis(triphenylphosphine)—

iridium(IIzr) - IrClz(g-pentyl)(CO)(Ph3P)2

This was similarly prepared from hexanoyl chloride
(0.5 ml) and chlorotris(triphenylphosphine)iridium(I) (0.45qg)
in refluxing benzene for 30 minutes and isolated like the

ethyl complex (D-ii). It formed white crystals (0.3lg) of

L g - went - A ey § I e —uueand .

the required product. (Yield = 79%).

d
L
d
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(vi) Dichlorophenylcarbonylbis(triphenylphosphine) -

iridium{Iii) - IrClz(Ph)(CO)(Ph3P)2

To a solution of chlorotris(triphenylphosphine)iridium-
(I)‘(O.4Sg) in benzene (5 ml) was added benzoyl chloride
(0.5 ml) and the mixture refluxed for 50 minutes. White
crystals (0.32g) of the required product were obtained when
the solution was slowly cooled to room temperature. These
were filtered, washed with benzene (2 x 5 ml) and pentane

fe ¥ 20 ml) and dried in a stream of nitrogen. (yield = 81l%).

(vii) Dichloroheptylcarbonylbis(triphenylghosphine)-

iridium(III) - IrCl,(n-heptyl) (CO) (Ph P),

This was prepared in a similar manner to the ethyl
complex described above (D-ii). Recrystallization from
benzene/pentane gave white crystals (0.27g) of the required

product. (Yield = 67.5%) .

(viii) Dichloro(B-phenethyl)carbonylbis (triphenyl-

phosphine)iridium (III)=

TR E NG CH- Ph) (€C®) (Ph_ P
A ) (CO) (Ph_P)

&L

This was similarly prepared from 3-phenyl propionyl
chloride (0.5 ml) and chlorotris(triphenylphosphine)iridium-
(L) (0.45¢g) in refluxing benzene (5 ml) for 15 minutes. The
product was isolated like the ethyl complex (D=-ii) giving

white crystals (0.3g) of the required product. (Yield = 79%).

(ix) Reaction of 2-phenyl propionyl chloride with

chlorotris(triphenylphosphine)iridium(I)‘

To a solution of chlorotris(triphenylphosphine)iridium-

(I) (0.8g) in benzene (l0 ml) was added 2-phenyl propionyl
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chloride (1 ml) and the mixture refluxed for 20 minutes.
The cooled solution was then evaporated at 25°c (15 mm)
giving a yellow.oil, Diethyl ether when added to this oil
precipitated a yellow solid (0.2g) which was filtered and
washed with diethyl ether. The solid when recrystallized
from chloroform/diethyl ether gave lemon-yellow crystals

(0.16g) of chlorocarbonylbis (triphenylphosphine)iridium(1).

The diethyl ether filtrate was then evaporated at 25°¢
(15 mm) giving a light yellow o0il. This oil was redissolwved
in dichloro;ethane. Slow addition of light petroleum ether
(b.p. 40—600) gave white crystals (0.29g) of dichloro(B-
phenethyl) carbonylbis(triphenylphosphine)iridium(III),
IrClz(CH2CH2Ph)(CO)(Ph3P)2. These were filtered, washed
with pentane (2 x 10 ml) and dried in a stream of nitrogen.
The remaining filtrate give white crystals (O.ng of

dichlorohydridotris(triphenylphosphine)iridium(III), IrHCl2~

(Ph3P)3 when dichloromethane was slowly evaporated off.

(Yield = IrCl(CO)(Ph3P)2 : 32%
Irc12(CH2cn2Ph)(CO)(Ph3P)2 : 40%

, : ¢

IrHc12(Ph3P)3 : 24%

(x) When 2-methylpropanoyl chloride (0.5 ml) was
reacted with chlorotris(tiphenylphosphine)iridium(I) (0.45qg)
in a similar manner described for the propionyl chloride
reaction (D-ii), white crystals (0.2g) of dichloropropyl-
carbonylbis(triphenylphosphine)iridium(III) were cbtained.

(Yield = 55%).

(xi) Similarly the reactions of 2-ethyl butanoyl

chloride (0.5 ml) and 2-methyl butanoyl chloride (0.5ml) with
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chlorotris(triphenylphosphine)iridium(I) (0.459) gave
dichloropentzicarbonylbis(triphenylphosphine)iridium(?ll)
and dichlorobutylcarbonylbis (triphenylphosphine)iridium(III)

as products respectively.

White crystals of dichlorohydridotris(triphenylphosphine) -

iridium(III) were also obtained from the reactions.

Yield = With 2-ethyl butanoyl chloride 0.1l2g

product, 30.5%

With 2-methyl butanoyl chloride 0.1l6g

product, 41%
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CHAPTER 5

e v YA A i o

HYDROGEN ABSTRACTION REACTIONS

a. Introduction

Interactions between metal ions and carbon-hydrogen bonds
of coordinated ligands are well established phenomena,
especially in complexes containing ligands such as aryl
phosphines and phosphites.84 In these reactions, an aryl
C-H bond in the phosphine or phosphite ligands of the

transition metal complex reacts with the central metal atom

to form a metal-carbon bond.

: 3 .
Bennett and Milner g have shown that the complexes
IrCl(Ph3M)3 (M=P, As or Sb) isomerize on heating in benzene

to give iridium(III)-hydride complexes, irﬁéi[(g—

C6H4)Ph2M]—

(Ph M)2. Although the overall reaction is simply an isomer-

3
: : n 84 J ;

ization, it was suggested that these reactions may also

be termed as oxidative addition reactions. The four-coordinate
RS :

d i1ridium(I) complexes IrCl(PhBM)3 (M=P, As or Sb) are
converted to six-coordinate, d6 iridium(III) complexes by

additien of an ertho C=H boend of a phenyl ring to the

metal.

More commonly the initial and final oxidation states
of the metal are the same since substitution is accompanied

byreliminatien, e.g.:

A
85 TR O D S —
= .1. R a— - \ fa
5 h(CH3)(Ph3P)3 3 Rh[(g C6 4)Ph2P)](Ph3P)2 CH4
5_2 ,,.._ﬁ,;_,} ’ e 5 i X | » "
RuHCl[(PhO)3P]4: RuCl[(g C6H4O)(Pn® 2P][\Ph0)3PJ2 + H2
+H2
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In the latter example, involvement of the ortho-position was

: 4 8
proved by deuteration studies. %

The conversion of o-tolylphosphine complexes of

P]_. into metal-carbon

platinum(II), trans-PtCl [2h (o~C_H Me) 5

6 4 2
bonded complexes by intramolecular attack at the o-methyl
group in preference to the aromatic CH group of the coordina-
tedo-telylphosphine has recently been reported,89 Robinson

et al90 have recently shown that the metal-ortho-carbon

bonded complexes,

P(OC H Y)

x\ / .

P(OC H Y)

ISR BE, L Y=l o=Mel, m-~Me, p-Me

may be prepared by heating the corresponding platinum

P] 1 decalin.

complexes cis—Ptxz[(OPh—Y) 5

3

The difference in behaviour between the ortho-tolyl-
phosphine and phosphite complexes in these reactions was
rationalizedgo in terms of the steric requirements of the
resultant chelate ring. Both reactions give rise to products
with sterically favoured five-membered chelate rings in
preference to the less sterically favourable four- and six-

membered chelate rings.

Although there are many examples of internal transition
metal-carbon bond formation involving phosphorus donor

ligands, little is known about the factors which promote such



84

metal-carbon bond formation. Bulky substituents on tertiary
phosphines and the formation of sterically favoured five-
membered chelate ring have been shown to promote internal

metal-carbon bond formation.eg'90

A series of complexes containing both tertiary phosphines
and triphenylphosphite has been prepared; the behaviour of
these complexes towards internal metal-carbon bond formation
is of interest because either four- or five-membered chelate
rings can be formed depending on whether hydrogen is abstract-

ed from the phosphite or the phosphines,

The isomerization of the complex IrCl(MePh P)3 (3)

2
has been studied for purpose of comparison with the analogous

triphenylphosphine complex.

These results together with the attempted preparations
of the complex IrCl[(PhO)3P13 are discussed in the subsequent

section.

Bs. Results and Discussion

A general method for preparing planar iridium(I) complexes

of the type IrClL_, (L = tertiary phosphine or arsine) is to

3
displace cyclooctene from the complex [IrCl(C8Hl4)2]2 with
36

an excess of the ligand L. Attempts to prepare the tri-

phenylphosphite complex IrCl[(PhO)3P] by this method give a

3

colourless crystalline solid in almost guantitative yield,

which is formulated as IrHC1[(o-C_H,0) (PhO) PI[(PhO) PI,
(%?a) on the basis of analytical and spectroscopic data. The
same complex is obtained by treating complex 1 with three

equivalents of triphenylphosphite, and has also been reported

briefly and independently of this work as a product of the
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reaction of triphenylphosphite with the c¢ycloocta-1,5-

diene complexes [IrHC1,(l,5-C_H,, )], and [IxCl(1l,5-C.H, )],

oY with IrCl(CO)[PhO)3P]2.87

Complex 45a is monomeric. in chloroform, and its
infrared spectrum shows a band at 2080cm - assignable to
v(Ir-H). I sddition to bomplex aromatic absorption in the
region 2.6-3.47, proton n.m.r. spectrum shows a widely spaced
gair of Li2:1 €triplets centrediat 19.751. The infrared
frequency, the chemical shift and the large splitting (JP—H =
277 .5Hz) are all characteristic of hydrogen trans to a
phosphorus donor in an octahedral hydrido-iridium(III)

complex (see Chapter 1l); although J is larger than the

Y
values generally observed when tertiary phosphines are

present.

The 1:2:1 triplet pattern presumably arises from further
coupling with two equivalent, strongly coupled, mutually

trans phosphorus atoms (JP_H = J.8H%) , which are: both @¢is to

the hydrogen atom.

The infrared spectrum of complex 45a also shows strong
bands at 1105, 1038 and 800 cm—l which are absent from the
spectra of triphenylphosphite and the rhodium(I) complex,
RhCl[ (PhO) _.P]_.. Absorptions at 1100 and 800 cm_l have been

Sy 8

observed in the infrared spectrum of the chelate o- phenyl

=6

formed by the reversible loss of hydrogen from the complex

86

RUHC1 [ (PhO) P]4

3

It is therefore reasonable to assume that complex

45a on the basis of its infrared and n.m.r. data possesses

I




the following stereochemistry:

87 ,

An earlier report showed that when complex 45a 1is
heated in decalin, hydrogen is expelled and a second metal-
carbon o-bond is formed. The X-ray crystal structure of

. 88 . /
this product has been performed and it cenfirms the
presence of meta-ortho-carbon bonds originating from the
interaction of the metal with ortho-carbon atoms of two

different phosphite ligands.

When the complex [IrCl(l,S—C8H12)12 is reacted with
triphenylphosphite in equimolar proportions for one hour and

the resulting solution reacted with 2.5 equivalents of a

number of ligands L, white crystals of complex

0) (PhO). ﬁ]L

LrHOLELo~C H, 5P 1L,

(45) [L = (b)Ph,P, (c)MePh P,

(d)MeZPhP, (e)Ph3As] are obtained.

The infrared spectrum of complex 45 shows a band in the
region 2050—2120cm—l (table 5-1) which is assigned to the
iridium-hydrogen stretching mode. In addition to this band,
sharp bands are observed in the region of lOBO—lOSOcm—l and
at 800cm,-l for complex 45 in the infrared spectrum. These
bands are typical of the metal-ortho-carbon group (Pho)2—

(o=C H4O)P derived from the triphenylphosphite ligand.

6
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'he high field n.m.r. spectrum of complexes 45b and
454 shows two l:2:1 triplets at about 211 and separated by
approximately 157Hz. This value of JP—H clearly indicates
that hydrogen is trans to one of the tertiary phosphine
ligands (see Chapter 1) and it must be contrasted with the
l larger value (277.5Hz) obtained when hydrogen is trans to a
h‘ triphenylphosphite ligand (see above). The 1l:2:1 triplet
r pattern !'presumably arises from further coupling (JP_H =
18Hz) with two magnetically eguivalent phosphorus atoms which

| are both cis to the hydrogen atom.

However, for complex 45¢ the high field n.m.r. spectrum

shows two widely spaced pairs of doublets centred at 20.747:

l 57 . 5Hz
18Hz

A
£ N , .\ .
/ N i ‘\i/
l ! £ \
{5 1\ s Yo
i { \
‘(74
L

_15HzZ

l
2PN74t

The large JP—H (157 .5H2) suggests that the hydrogen atom

is trans to one of the methyldiphenylphosphine ligands. The

two pairs of doublets arise from further coupling with two
ﬂ inequivalent phosphorus atoms (JP_H = 15Hz and 1l8Hz) which
'i are both gigvto the hydrogen atom. On the basis of the high
field.n.m.f. spectrum of complex 45c¢ it is reasonable to

assume that the group V donor atoms of the complex possess a

fac-configuration (see figure 5-1).

dzf ‘ The high field n.m.r. spectrum of complex 45e is very

,f‘ simple; a single doublet (JP_H = 18Hz) centred at 23.3T is
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observed. The small splitting suggests that the hydrogen
atom is definitely not trans to the phosphorus nucleus but

cis to it. By comparison with its analogues, complex 45e

should possess a stereochemistry in which the hydrogen atom

is trans to a triphenylarsine ligand.

The 0-10t n.m.r. spectrum of complex 45¢ confirms the

fac-stereochemistry (figure 5-1) suggested on the basis of

LE® hiagh field n.m.¥, spectrum (abeve),. Twe doublets are
obsexved for the methyl protons attached to the phosphorus
nueletl, This is in accerd with a Eii—configuration for the
phosphine ligands. The low field n.m.r. spectrum of
dimethylphenylphosphine complex §§d shows three doublets of
relative intensities 6, 6 and 12 for the methyl protons of
the dimethylphosphine ligands, which is consistent with the
stereochemistry shown for complex 45 (figure 5-1). The four
methyl groups of the two dimethylphenylphosphine ligands arxe
inequivalent since the complex has no plane of symmetry but
ghe chemical shifts of twe of them are probably coincident.
gnthe basis of the high field n.m.r. spectrum of complex
%%d, one of the phosphine ligands is assumed to be trans to
hydrogen atom. The other phosphine ligand is unlikely to be
trans to the phosphite iigand, since such a configuration
would give a more complex spectrum for the methyl protons;

this arrangement would result in a possible ABX spin

X i
A

system with J _B probably very large. Therefore 1t is

A
reasonable to suggest that complex 45d and 45c possess similar

stereochemistries (figure 5-1).

When the hydride-complexes 45b, 45c and 45d are heated

A A S P e, S L SN e S A s PP A

in toluene/heptane white crystalline products (46) are obtained,

~ o~
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the analyses of which are very similar to those of complexes
45b, 45c and 45d4. The infrared spectra of complexes 46
show no band due to Vv (Ir-H) in the region 2000-2200cm_l but
are otherwise similar to those of complex %é th ,c78)" in the

region 2000-600cm T.

The low field n.m.r. spectrum of the methyldiphenyl-
phosphine complex é@c shows a doublet (relative intensity 6)
for the methyl protons of the methyldiphenylphosphine
ligands, and for complex 46d the methyl protons of the
dimethylphenylphosphine ligands give rise to two doublets.
These data suggest that the two phosphine ligands in
complexes 46¢ and 46d are in equivalent positions around the
iridium atom, consistent with the proposed stereochemistry

as shown in figure 5-1 for complex 46.

On the basis of infrared and n.m.r. data the following
stereochemical course for the reactions discussed above

may be proposed:

[I::c::L(l,S-cale)-]2 + (PhoO) 3P — IrCl(l,S—CBle) [ (PhO) 3P
5-3 47
2L
A -

i
o
t
U

il
<:Lsomerlzes /’Ir::;77
¥ P(OPh)3

=
tio0]

L = Ph3P, MethP, MezPhP, Ph3AS.




L=b. Ph,P

[Pho] p—7C0 3
2I c. MethP
7 |
p | d.  MeyPhP
Cl
43
OPh
O\p-—-——-O
I r
L l L
Cl
46 [bcd]

Figure 5-1. PrOposed stereochemistries for complexes Aé and 46 .
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The product 47 results from the cleavage of the chlorine

bridge in the complex [IxCl(1l,5-C )]. by the phosphite

8H12 2
ligand, Similar complexes of type MCl[l,S—C8H12)L (M=Ir,Rh,

S ioe The next

L = tertiary phosphine) have been reported.
step is the displacement of the diene by the ligand L to

yield 48 as a supposed intermediate, which readily isomerizes
to form the more stable iridium(III) complex 45. Finally 46

is formed probably with hydrogen expulsion when product 45

ias hagated in.an inert solvent.

Attempts to reconvert 46 to 45 by addition of hydrogen
at one atmosphere to complex 46 failed. Apparently under

these conditions the reaction 45 to 46 is irreversible.

¢c. Isomerization of the iridium(I) complex, IrCl(MethP)3 (3)

On heating complex 3 (see chapter 2, sectien e) in
benzene for several hours, it is converted into a pale cream
complex (49) of the same empirical formula. The reaction
also yields a white solid: (5%) identified tentatively as the
iridium(III) complex IrHClz(MePh

spectrum [V (Ir-H) = 2250cm_l].

2P)3 from its infrared

The infrared spectrum of 49 shows a band at 2200c:m_l
which is assigned to Vv (Ir-H), with the hydrogen atom possibly
trans to the chlorine atom. The high field n.m.r. spectrum
confirms the presence of an iridium-hydrogen bond; a 1:3:3:1
quartet, JP-H = 1l5Hz, is observed at 28.1lrt. The high 1-
value and the small splittings suggest that the hydrogen atom

is trans to the chlorine atom but cis to three phosphorus

nuclei to which it is equally coupled.
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Figure 5-2 shows the methyl resonances of complex 49,
the phosphorus decoupled spectrum between 7-10T and the
proposed stereochemistry. The phosphorus decoupled spectrum
shows three singlets of egqual intensity. This clearly
eliminates the possibility that the hydrogen atom is
abstracted from a methyl group. Phosphorus decoupling
experiments on the methyl resonances indicate that there are
three inequivalent phosphorus nuclei, A, B and C, (figure
5-2) around the iridium atom. A large phosphorus-phosphorus
coupling constant is observed between two of the phosphorus
nuclei, say A and B; thus, JA—B = 374Hz. Couplings between
phosphorus nuclei A and C, and between B and C are not
observed. This large coupling constant suggests that
phosphorus nuclei A and B although inequivalent are probably

ol

mutually trans, and also cis to phosphorus nucleus C.

The inequivalence of PA and PB is probably due to fthe fact

that a metal-ortho bond exists between one of the phenyl

rings of PB and the metal.

The decoupling experiments also show SvAB = 2994Hz

(the dliTfference in chemical shifts of nuclei PA and PB);

The methyl protons attached to phosphorus nuclei PA

and P_ belong to ABX3 (or ABY

B ) spin systems (J

=0 =P
3 v o) ([Aa A’

Jp- 1
B=Pth=H L PA, Y=H on P ]. However, since —A_E _ 1

B SVaB 8’ S

systems may be approximated to AMX (AMY

3 3) systems (M=PB).

The X or Y protons of such systems generally appear as two
doublets. A The methyl protons (2Z) attached to PC belong to
an AX_ spin system, the X portion of which appears as a

3
doublet.




X
[cn3]
Y
H [cn
/ 3\]x
fAPhy
Ir =
b PhP CHS]
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CH] Cl
[l
|
8.5 T
Figure 5-2. a. The methyl resonances of the product obtained from the isomerization of the complex
IrCI|EV\ePh2P]
3
31

b. The P decoupled spectrum .
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that hydrogen migration and metal-ortho-carbon bond formation
occur more readily in triphenylphosphite complexes than in
triphenylphosphine complexes, owing to the stability of

the chelate five-membered ring compared with that of the
strained four-membered ring; triphenylphosphine ligands are
considered to cause more steric hindrance about the metal
atom compared with the triphenylphosphite ligands when these

ligands are in a cis-configuration.

N.m.¥. data for the isomerization product of the
complex § confirms that hydrogen migration occurs from a
phenyl ring of a triphenylphosphine ligand. This is not
surprising since the alternative path for this reaction,
involving attack at a CH3 group, would give rise to less
sterically favourable three-membered ring. However Chatt
and Davidson93 have prepared the complex RuH(CH_ .PMe.CH_CH_-

2 2" 2

PMe2%—4PP) [(PP) = MeZP—CH2-CH2—PMe2) which possesses a
metal-carbon bond which originated from attack of the metal

at a CH3 group of (PP).

Attempts to prepare the iridium(I) complex of the type

IrCl[(PhO) ,P]L, (48) give rise to formation of metal-ortho-

3 2

carbon bonded complexes 45; on heating in an inert solvent,
hydrogen is lost and a second metal-ortho-carbon bond 1is
formed to a second phenyl ring of the triphenylphosphite.
These reactions clearly illustrate the importance of stereo-
chemical factors in promoting and directing intramolecular
metal-carbon bond formation since the sterically favourable

five-membered ring is formed in both reactions.




Table 5-1

N.m.r. and infrared data for the complexes I}HCl[(g—C H O)(Pho)zﬁ]L2

6 4

Complex when v(Ir-H)°2 R E e ks ¥.© ol T(P—CH3)C
L= cm™ 1 T Hz 5

(PhO)3P 2080 19.758%) 237.6 18

Ph3P 2137 21125 (2%) 158 18 .5

Ph3As 2150 233 1d) 18

MethP 2118 20.74 (44) 157 .5 18 .0 7.84(d;3)

5.0 8.12d;3)

MezPhP 2050 20:582%) 156 18 8.3(d;:6)
8.64(d;6)
8.38(d;12)

a... all spectra were measured in the solid state as nujol mulls.

b... all spectra were measured in CDC13.

C... 2t represents two triplets centred at the T-value listed.

d represents doublet.
4d see results and discussion.

PR | = when P i .
e £ P-H e 18 t¥rans toe H

J = J when P i cis to H.
(6. P=H S
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e. Experimental

See Chapter 2, section e for general physical measure-

ments and preparation of the complexes IrCl(MethP)3,

ITECIKE. . H 5% 4 and [IrCl(l,5-C_H

8 14 272 8 12)]

5

Hydrogen Abstraction Reactions

A. Preparation of I'rHCl[(g_-C6H4)(MePh)E!](MethP)2

The complex chlorotris (methyldiphenylphosphine)iridium-
(I) (0.5g) was refluxed in deoxygenated benzene (10 ml)
under nitrogen for 10 hours. The dark red solution had
become orange at the end of this period. The solution was
then cooled and filtered from white solid identified tenta-
tively as the complex IrHCl2(MePh2P)3 from its infrared
spectrum [V (Ir-H) = 2250cm_l; 5% yield]. The benzene
filtrate was evaporated at 25° (l5mm) yielding a reddish-
brown oil. A pale cream solid was obtained when light
petroleum ether (b.p. 60—800; 30 ml) was added to the oil.

Recrystallization from tetrahydrofuran/heptane gave pale

cream crystals (0.3g) of the product). (64% yield) .

Raune: O, 58.5; H, 4.7; Cl,; 4.3, Caled. fer

C39H39ClIrP3: By 96,83 H, 4.9y Cl, 4.6].

B. Preparation of frHCl[(gfc H4O)(PhO)2ﬁ][(PhO) P]

6 e 2

To th . ]
o e complex [IrCl(C8Hl4)2]2 (0.2g) suspended in
sodium-dried benzene (5 ml) was added dropwise triphenyl-
phosphite (0.46g). The yellow suspension dissolved almost

immediately to give a colourless solution. Solvent was

removed at 25° (15 mm) and the residual oil dissolved in
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sodium-dried ether (5 ml). The solution deposited white
crystals after several hours at . Two recrystallizations
from diethyl ether gave 0.4g (77%) of white crystals of the

product. M.P. 146-147°.

iFauner C, 56.0; H, 3.8; ¢cl, 2.8; P, 7.93 mol.wt. (CHCl.)

L1481 Qaled. for C ClIx@r an C, 56.08 B 3.93 Cl,; 23:1;

54H45 L i
P, 8.0y mol.wts 1158.]

C. Preparation of RhCl[(PhO)3P13

This was carried out as above (B), using the complex

[RhCY(C Jae (lmol.propn.) and triphenylphosphite (6 mol.

8Hl4 2" 2

prepn. ) . The o0il, after recrystallization from methanol
or ether gave yellow crystals of RhCl[(PhO)3P]3 identical

with those obtained by treating either [RhCl(CO)2]2 or

{RhCl{l,5-C_ H 97,98

8 12)]

5 with triphenylphosphite.

D. Preparation of complexes frHCl[(g—C6H4@ (PhO)ZP]Lz;

= PhP
L Ph3P, Ph3AS' MePh2P, Me2 h

Te a solution of [IrCl(l,S—C8H12)]2 (. 3gsn 1 mol.proephi.)
in hexane (30 ml) and dichloromethane (10 ml) was added
dropwise triphenylphosphite (0.28g; 1 mol.propn.). The
solution was refluxed for 1 hour. After this time dichloro-
methane was evaporated off at 25° (15 mm.) . To the remaining
solution, ligand L (2.5 mol.propn.) was added and solution
refluxed for 1/2-2 hours. White solid precipitated out
during the final period of refluxing. The solid was filtered

and crystallization from tetrahydrofuran/heptane gave white

crystals of  the products.




Analyses of the products:

When L= % C $H Si@ Me bl Wt .
Ph3P s, 61.04 4,26 3.24
f 61.28 4 .30 220
MePhZP Cs 56.32 4,40 3.78 938
e B, L7 4.58 3 10 887
Ph3As B, 56,38 3.94 3.08
T 56.18 3.96 3421
Me2PhP g. 90,15 4.58 4.35 814
Ty a0 LE 4,69 4,19 780

In the above preparation, the intermediate IrCl(l,S—C8Hl2)-
[(PhO)3P] was isolated and identified by its n.m.r. spectrum.
Before addition of the ligand L, the solution was evaporated

at 25° (15 mm) yielding an orange solid which upon recrystal-

lization from dichloromethane/petroleum spirit (b.p. 40—600)

gave orange crystals of the complex IrCl(l,S—CBHlZ)[(Pho)wP].
=]
N.m.X. i deuterechloroform : Ph:2.6-31 (area 1l5),
(—CH?:--)4 2 Bl TAm)
olefinic protons : 4.6T(m,2)

and e6.75t{m,2) .

[ ]
E. Preparation of complexes I}Cl[(g—C6H4O)2(PhO)H]L2;
L =P P P .
h3 ; Me h2, MezPhP
The complex I[rHCl[(g—C6H4O)(PhQ);Z£>]L7 (O0.549)

(L = Ph3P, MePh2P, MezPhP) was refluxed in toluene/heptane (1l:1)



under nitrogen for 10 hours. When the solution was cooled

o . 8 lke
to O C white crystals of the products precipitated out.

These were filtered and recrystallization from hot benzene/

heptane gave beautiful white crystals of the products.

Analyses of the products:

When L= % C % H £CL mol.wt.
Ph3P & &6 516 4,09 o B
£ 62.14 4,20 2.98
MethP C. 56.44 4.19 3«19 937
£ 56 .. 76 4.24 3265 892
Me2PhP 8. 50 .28 4.34 4,36 813

£y B0 .34 4.42 4.27 775




98
CHAPTER 6
FINAL DISCUSS8ION
In Chapter 1 brief mention was made of the factors
which influence oxidative addition reactions. The tendency

for d8 complexes to undergo oxidative addition reactions
depends markedly on the nature of the central metal ion and
the ligands attached to it. This tendency increases upon
descending a triad (Co,Rh,Ir) and is enhanced by ligands

which increase electron density at the central metal.

Nyholm99'lOO has pointed out that the ease with which
M(X) M (x+2) (i.e. d§_—4d6) valency change occurs depends

on the energy required to promote an electron from a nd
orbital to a (n+l)p orbital. For the vertical sequence
Co,Rh, and Ir comparative data are difficult to obtain;

however, for the somewhat similar promotion process

10 2+ - - )
(n)d ._-....)ndg(n+l)pl fer Zn : Cd2 . and ng the promotion
. y 2% + o :
energies are in the order, 2zn >Cd2 >Hg2 jellaue s 8L Yow>

2nd row>3rd row.99 Therefore by comparison it should be
easier to oxidize Ir(I) to Ir(III) than it is to oxidize
Rh(I) to Rh(III). The promotion energy increases as the
formal positive charge of the metal atom increases and thus,
the nature oﬁ the attached ligands should affect the
promotion energy. Ligands which reduce the formal positive
charge on the metal atom (i.e. increase the electron density
on the metal atom) have been shown to enhance the oxidation
from M(X)—=——3M(x+2). Thus, triphenylphosphine should be

a better ligand than carbon monoxide for promoting oxidative

addition reactions; since carbon monoxide is a better
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T-bonding ligand than triphenylphosphine and should therefore
decrease the electron density (or increase the formal

1¢1,102,103
positive charge) on the metal atom. 3

The energy of dissociation of the bond in the addend
molecule (XY) (X-Y bond) and the energy of formation of X and
¥ jtohthe metal must also be considered to be involved in the

: . 8 6 S
exidatien of '‘a,d complex to a d complex by addition of

molecule XY.

Therefore, the expected reactivity trends for complexes

IrCl(PhBP)3 (lb RhCl(Ph3P)3 (23), IrCl(CO)(Ph3P)2 (11) and

~ o~

RhCl(CO)(Ph3P)2 (50) to undergo oxidative addition reactions
would be IrCl(PhBP)3>RhCl(Ph3P)3>RhCl(CO)(Ph3P)2 and

IrCl(Ph3P)3>IrCl(CO)(Ph3P)2>RhCl(CO)(Ph3P)2.

The failure of complex 50 to activate hydrogen is in
contrast to: the ability of the iridium analogue (11) to
give reversible hydrogen activation and a cis-dihydride
iridium{III) product: Hydrogen adds to complex %§ reversibly
yielding a five-coordinate di-hydride product whereas its
addition to complex % is irreversible and the product
obtained is a six-coordinate iridium(III) complex. The
difference of reactivity in- these reactions may be ascribed
to (i) the lower promotional energy for Ir(I) to Ir(III)
system compared with the Rh systems and (ii) the somewhat
increased strength of the Ir-H bonds compared to Rh-H. The
greater reactivity of complex l to undergo addition reactions
compared with its rhodium analogue 23 is borne out by the
fact that complex l readily isomerizes in solution to give
a hydrido-iridium(III)-o-bonded aryl complex,36 the hydrogen

atom being extracted from a triphenylphosphine ligand, whereas
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complex 23 does not isomerize similarly. Again this
difference may be due to the lower promotional energies

for Ir(I) e——3 Ir(III) and the stronger Ir-H bond.

The reactions of silicon hydrides including triphenyl-
silane and complex 1 are very similar to those with complex
23; both systems give stable Rh(ILITI) and Ir(III) five-
coordinate adducts. In contrast, complex 11 does not add
triphenylsilane.16 Similarly, diphenylacetylene, phenyl-
acetylene and dimethyl acetylene dicarboxylate react readily
with complex 1 yielding stable iridium(III) products whereas
no isolatable adducts are obtained in their reactions with

complex }}.31

Wilkinson et al66 have suggested that the factors which
govern the stabilities of the acyl derivatives, MXZ(CO.Rl)-
(PR32)L[M=Ir,Rh] towards dissociation of RlCOX depend on the

1 2

Satore of X, R, R- and L. Acetyl chleride adds to trans-

RhC1l (CO) (Et PhP)2 to give the acyl complex, RhClz(CO.Me)(CO)—

2
104 } i -
(EtzPhP)2 while the complex RhClI(Me)(CO)(Bu3P)2 absorbs
carbon monoxide to give the compound RhClI(CO.Me)(CO)(BJBP)2.7O

However acetyl chloride does not add to trans—RhCl(CO)(PhBP)z,

while addition of carbon monoxide to the complexes

RhClz(CO.R)(Ph3P)2[R=Me or Et] results in spontaneous 1loss
66 66

of RCoOCl, It was therefore suggested that the greater

mT-acidity of triphenylphosphine in the latter complex 1is

stabilising the I oxidation state in the rhodium series,

PhP and B&IP) are

while the former complexes (containing Et2 3

stable, because of the lower m-acidity and higher
polarisability of the aliphatic phosphines. In contrast,

the analogous iridium complexes, IrX2(CO.R)(CO)(Ph3P)2 can
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be isolated.104 The addition of acid chlorides to complex

l give stable alkyl-iridium(III)-carbonyl complexes with
the loss of 1 mole of triphenylphosphine. However the
reaction of acyl chlorides and complex 23 give in most
cases the acyl complexes RhClZ(CO.R)(Ph3P)2. Although
these products are coordinatively unsaturated, only in the
cases where R=Me or Ph, it is possible to isolate alkyl-
rhodium(III)-carbonyl complexes. This difference reflects
the generally higher stabilities of alkyl complexes of

the third-row transition elements.75

The results outlined in this thesis therefore support
the observed trend that ligands which increase the electron
density at the central metal enhance the tendency. of .a d8
complex to undergo bxidative addition, i.e. Ph3P>CO. This
observation is borne out by the fact that the complex

IrCl(PhBP)3 is a better nucleophile than complex

IrCl(CO)(Ph3P)2.
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