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ABSTRACT

Key words. Iridium; Acetylacetonate; Phosphine; Substitution; Kinetics

The aim of this study was to investigate modeliira carbonyl complexes as homogeneous
catalyst precursors for processes such as olefirofgrmylation. The hydroformylation of
alkenes is one of the most important applicatiohs¢ransition metal based homogeneous
catalysis. The coordination chemistry of rhodiund &idium phosphine complexes plays a
major role in the understanding of basic organolieteactions and homogenous catalytic
processeS. The diversity of tertiary phosphines in terms their Lewis basicity and
bulkiness render them excellent candidates to ta@eeactivity of square-planar complexes
towards a variety of chemical processes, such adatwe addition and substitution

reactions

Iridium(l) complexes of the typerans-[Ir(acac)(CO)(PR);] (acac = acetylacetonate,
PR; = PPh, PPhCy, PPhCy, PCy) were synthesized and characterized by infraredl ¢hd
nuclear magnetic resonance spectroscopy (NMR). XFreey crystallographic determinations
of trans{Ir(acacxO)(CO)(PPhCy), and trans[lr(acacx’0,0)(CO)(PCy),] were
successfully completed and are compared with titeea Both complexes crystallize in
monoclinic crystal systemsZ2/c. Only trans-[Ir(acac«O)(CO)(PPhCy),] co-crystallized
with solvent molecules as part of the basic mokculnit cell, though these solvent
molecules show no apparent impact on the sterikipgof the basic organometallic group.
This delivered information as to the identificatiof products formed during the kinetic

studies and increased the available informatiaih@$e rare compounds in literatdre.

Two reactions were observed when rapid substitudfo@O for PPk in [Ir(acac)(COj] was
investigated in methanol as solvent by use of teyaperature photo-multiplier Stopped-flow
spectrophotometry. The first reaction followed theneral rate law for square planar
substitution reactions where rate k ¢ ki[L])([substrate]) with pseudo first-order rate

constantops; = ks + ki[L] and k; the second-order rate constant for the substitugaction.

' RS, Dickson,Homogenous Catalysis with Compounds of Rhodium and Iridium, Dordrecht, Holland: D.
Reidel Publishing Co., 1985.

2 W.A. HerrmannApplied Homogeneous Catalysis with Organometallic Compounds, Weinheim: VCH, 1995.

8 Cambridge Structural Database (CSD), Version 5\&8y 2009 update, F.H. Alle\cta Cryst., 2002,B58,
380.
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ABSTRACT

This indicated that the first step involves the sitbtion of one carbonyl group forming
[Ir(acac)(CO)(PP¥]. Linear plots ofk,,s against concentration of the incoming B Rtpand
passed through the origin implying thkt ~ 0, signifying that the solvent does not
significantly contribute to the reaction rate ahé tate law simplifies t@&ops1 = ki[L], with

ki = 92.5(3) x 18, 77(3) x 16, 66(1) x 16 and 58(2) x 1dM* s at -10, -20, -30 and
-40 °C, respectively. The temperature dependera® determined withAH} = 5.8(6) kJ
mol* and the large negative values obtained for stahéatropy change of activation,

ASE, =-127(2) J K mor?, suggests an associative substitution mechanism.

The second reaction is defined by limiting kindighaviour and is indicative of a two-step
process involving the stepwise rapid formation tidns-[Ir(acac)(CO)(PP%),] with pre-
equilibriumK, = 1(3) x 16, 4(1) x 16, 7(2) x 16 M™ at -20, -30 and -40 °C, respectively
and rate-determining second step being the ringniogeof the acacligand to yield
trans-[Ir(acacx0)(CO)(PPh),] with ks = 18(5) x 10, 10(1) x 16, 4.7(4) x 16 M st at
-20, -30 and -40 °C, respectively. The temperatimgendence for the second reaction was
determined with\H7, = 30.8(3) kJ mot andasy, = -79(1) J K mor™.

Vi
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Sleutelwoorde: Iridium; Asetielasetonaat; Fosfien; Substitusie; Kinetika

Die doel van hierdie studie was om model iridiunnkkkaiel komplekse as homogene
katalisvoorlopers in prosesse soos olefien hidroflering te ondersoek. Die
hidroformilering van alkene is een van die beldkgid toepassings van
oorgangsmetaalgebaseerde homogene katalise. [Hielikasiechemie van rodium- en
iridium-fosfien komplekse speel "n belangrike roldie verstaan van basiese organometaliese
reaksies vir homogene katalitiese prosesse. Dikgglenheid van tersiére fosfiene in terme
van hulle Lewis basisiteit en bonkigheid maak hultstekende kandidate om die reaktiwiteit
van vierkantig-planére komplekse te verstel tenigtesvan n verskeidenheid chemiese

prosesse soos oksidatiewe addisie en substitieisies.

Iridium(l) komplekse van die tipdrans[lr(acac)(CO)(PR),;] (acac = asetielasetonaat,
PR; = PPh, PPhCy, PPhCy, PCy) is gesintetiseer en gekarakteriseer deur infidf®) en

kern magnetiese resonans spektroskopie (KMR). X2é¢raal kristallografiese bepaling van
trans-[Ir(acacx0)(CO)(PPhCy);] en trans{Ir(acacx’0,0)(CO)(PCy),] is suksesvol

voltooi en vergelyk met literatuur. Beide komplekkristalliseer in monokliniese
kristalstelsels, C2/c. Slegs trans-[Ir(acackO)(CO)(PPhCy),] ko-kristalliseer met

oplosmiddel molekule as deel van die basiese m@lekieenheidsel; hierdie oplosmiddel
molekule het egter geen ooglopende impak op dieileste pakking van die basiese
organometalliese groep nie. Dit lewer inligtingh tepsigte van die identifisering van
produkte wat gedurende die kinetiese studies geveram verhoog die beskikbare inligting

van hierdie skaars verbindings in die literatuur.

Twee reaksies is waargeneem tydens die ondersa@kesimnige substitusie van CO met
PPh in [Ir(acac)(COj] in metanol as oplosmiddel deur middel van lae peratuur
foto-vermenigvuldiger gestopde-vioei spektrofotoneet Die eerste reaksie volg die
algemene tempowet vir vierkantig-planére subsetesiksies waarTempo = (ks +
ki[L])([substraat]) mepseudo eerste-orde tempokonstamigs; = ks + ki[L] en k; die tweede-
orde tempokonstante vir die substitusiereaksid. dDiiaan dat die eerste stap die substitusie

van een karbonielgroep om [Ir(acac)(CO)(PPte vorm behels. Liniére grafieke v&g,s

VI



OPSOMMING

teenoor konsentrasie van die inkomendezRigand gaan deur die oorsprong, wat impliseer
datks~ O en aandui dat die oplosmiddel nie beduidendayalr die reaksietempo nie en dat
die tempowet vereenvoudig favs: = ki[L], met ky = 92.5(3) x 16, 77(3) x 16, 66(1) x 18

en 58(2) x 16 M* s* by -10, -20, -30 en -40 °C, onderskeidelik. Démnperatuur-
afhanklikheid is bepaal mati;, = 5.8(6) kJ mot en die groot negatiewe waardes verkry vir
standaard verandering van aktiveringsentrogsg, = -127(2) J K mol?, stel *n assosiatiewe

substitusie meganisme voor.

Die tweede reaksie word gedefinieer deur beperké&imdgiese gedrag en is aanduidend van
‘n twee-stap proses wat betrokke is by die stapggewvinnige vorming van
trans-[Ir(acac)(CO)(PP¥),] met pre-ekwilibriumK, = 1(3) x 16, 4(1) x 16, 7(2) x 16 M*
teen onderskeidelik -20, -30 en -40 °C en 'n terepakende tweede stap wat die
ring-opening van die acatigand behels om te lei tatans-[Ir(acac«xO)(CO)(PPh),] met

ks = 18(5) x 16, 10(1) x 106, 4.7(4) x 16 M™* s* teen onderskeidelik -20, -30 en -40 °C. Die
temperatuurafhanklikheid vir die tweede reaksidepaal metHy, = 30.8(3) kJ mot en

ASE, =-79(1) I K'mol™.



INTRODUCTION AND AIM

1.1 INTRODUCTION

Iridium (Ir), named afteiris, the Greek termmeaningrainbow, due to its highly coloured
salts, is a transition metal with atomic number ®Avas discovered by Smithson Tennant in
1803 when he studied the blaafjua regia insoluble residue of crude platindmiridium is
not attacked byqua regia nor by any of the acids, but certain molten saltgh as NaCl and
NaCN, are corrosive towards iridium. It is extréynleard and the most corrosion-resistant

metal known, making it very hard to machine, foomto work with.

Iridium occurs uncombined in nature with platinumdaother metals of this family and is
recovered as a by-product from the nickel minindustry. Natural iridium contains two
stable isotopes>ir and**dr with a natural abundance of 37.3 % and 62.7 &pectively.
Iridium is the densest element known apart fromioamand many applications of this metal
rely on its inertness. Iridium has found use irkimg crucibles and apparatus for application
at high temperatures, electrical coating and asrdeming agent for platinufm. The inert
alloy with osmium is traditionally used in fountgien nibs. Other applications include the

nuclear, defence and space industries.

Iridium can exist in a variety of oxidation stafesm -1 ([Ir(CO)(PPh)])to +6 ([IrFs]), with

the most common oxidation states being +3 and +#l) oxidation state has @ electron
configuration and usually forms either square-plaf@oordinated or trigonal bipyrimidal
5-coordinated complexes that are stabilizedrtnyponding ligands such as tertiary phosphines
or carbonyl groups. The vast majority of the lj(lbxidation state, withd® electron

configuration, have 6-coordinated octahedral gete®tand are commonly the product of

1D.N. MacLennan, E.J. Simmond3hemistry of Precious Metals, Weinheim: Chapman & Hall, 1992.
2D.R. Lide,Handbook of Chemistry and Physics, Boca Raton, FL: CRC Press, 2005.
® N.N. GreenwoodChemistry of the Elements, 2" Ed., Oxford: Butterworth-Heinemann, 1997.



CHAPTER 1

oxidative addition of Ir(l) complexes. Rhodium wdiscovered in the same year as iridium

and share many resemblances in their chemistry.

Catalysis is relevant in many processes of thestdl production of liquid fuels and bulk
chemicals, whilst the number of homogeneously gatal processes has been steadily
growing in the eighties and nineties. A commelgialssential example of homogeneous
catalysis is the synthesis of acetic ag@ carbonylation of methanol. Earlier processes were
based on primarily cobalt as metal catdlygiCo(CO)], which reacted under harsh reaction
conditions. The process evolved from using col@ASF process) to rhodiuff
[RhIx(CO)]", (Monsanto process) and was then further develdpetie iridium Cativa"
process, [IH(CO)]"." The variation of metals combined with ligand nfindition, resulted

in milder reaction conditions and increasing yielad selectivity for the formation of the

desired productd.

Another large-scale industrial process is hydrofdation, discovered by Otto Roelen in
1938, which comprises the functionalisation of ogdirbons to aldehydes by addition of a
hydrogen atom and formyl (CHO) group to a C=C deutbnd of an olefin; the reaction is
also referred to as thwxo reaction in older literaturé:*°

H (0] H
H,, CO
R /\ —»t 1 R +
catalyst o
R
Linear Branched

Scheme 1-1: Hydroformylation reaction comprising of the addition of a hydrogen atom and CHO group
to a C=C double bond of an olefin.

The ratio of linear and branched product formatsoaf particular interest and factors such as

kinetic manipulation or ligand choice, which comtthe linearity and selectivity, are often

4D. Forster, M. Singleton]. Moal. Catal., 1982,17, 299.

® P.M. Maitlis, A. Haynes, G.J. Sunley, M.J. HowatdChem. Soc., Dalton Trans., 1996, 2187.

5 F.E. Paulik, J.F. RotH, Chem. Soc., Chem. Commun., 1968, 1578.

"G.J. Sunley, D.J. Watso€atalysis Today, 2000,58 (4), 293.

8 B. Cornils, W.A. HerrmannApplied Homogeneous Catalysis with Organometallic Compounds, New York:
VCH publishers, 1996.

° F.A. Cotton, G. Wilkinson, C.A. Murillo, M. Bocknma, Advanced Inorganic Chemistry, 6" Ed, New York:
John Wiley & Sons, Inc., 1999.

2 P W.N.M. Van LeeuwenHomogeneous Catalysis: Understanding the Art, Dordrecht: Kluwer Academic
Publishers, 2004.
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CHAPTER 1

investigated extensively}. The catalysts applied in hydroformylation are dzhsas in
methanol carbonylation, on cobalt and rhodium. ®hginal reaction used cobalt as catalyst
which resembles the one described for the methaadbonylation process. A Shell
modification adding trialkylphosphine to the cobedttalyst increased selectivity for linear
aldehydes and allowed lower reaction pressures,ghue lower activity and increased
hydrogenation. Rhodium is most active as catayst has completely replaced cobalt in the
hydroformylation process. The rhodium catalysdistinctly different from the Monsanto
catalyst, with the key to selectivity towards lineproducts being the use of high
concentrations of triphenylphosphine with the Rtalyst, [RhH(CO)(PP§s].*2**

Relatively few hydroformylation studies utilize dium complexes as active catalysts,
nevertheless such systems are of use as stable Isndde studying reaction
intermediates?*>16171819 These are just a few examples of catalysts whaghiridium and

phosphorus ligands as an essential part of théytiatsystem.

1.2 LIGAND SYSTEMSIN HOMOGENEOUSCATALYSIS

p-diketonato systems form a wide variety of compsexter example the oxygen donor atoms
of which the acetylacetonato bidentate ligand iy wv®@mmon. Carbon monoxide has strong
m-accepting and moderatedonor properties and can therefore act both agamd and a

reactant. A very useful property of carbon monexés a ligand is that it can be studied by

infrared spectroscopy (IR), amdsitu IR, in a frequency between 1800 — 2200'cm

The steric and electronic properties of phosphienids can be altered over a wide range by
changing the substituents on the ligand. Phosphbgands can electronically either be

strong w-acceptors (e.g. fluoroalkoxide substituents) ororsj o-donors (e.g. t-Bu

1 B.J. Fisher, R. Eisenbergorg. Chem., 1984 23, 3216.

2 E H. Jardine, J.A. Osborn, G. Wilkinson, J.F. Ygu€hem. Ind. (London), 1965, 560:J. Chem. Soc.
(A),1966, 1711.

13T Matsubara, N. Koga, Y. Ding, D.G. Musaev, K. ddkuma,Organometallics, 1997,16, 1065.

14 M.A. Moreno, M. Haukka, T.A. Pakkaneh,Catal., 2003,215, 326.

* R. Whyman,J. Organomet. Chem., 1975,94, 303.

16 C. Godard, S.B. Duckett, C. Henry, S. Polas, RisEp A.C. WhitwoodChem. Commun., 2004, 1826.

" R. Eisenberg, D.J. Fox, S.B. Duckett, C. Flasdeemr W.W. Brennessel, J. Schneider, A. Guriagrg.
Chem., 200645, 7197.

18 C.M. Crudden, H. Alper]. Org. Chem., 199459, 3091.

¥E, Mieczynska, A.M. Trzeciak, J.J. ZiotkowskiKlownacki, B. Marciniec,). Mol. Catal. A, 2005,237, 246.

3



CHAPTER 1

substituents). Phosphines PR = GHs, n-C4Ho), triphenylphosphine oxide and in some
special cases organophosphites are the predomitigands used in industrial
hydroformylation reactions. Organophosphites areng z-acceptors and form stable
complexes with electron rich transition metals.wio reaction rates in the oxo reaction were
observed with nitrogen-containing ligands such m#&das, amines or isonitrils, due to their
stronger coordination to the metal ceritr&litrogen groups containing electron-withdrawing
acyl- or sulfone groups form goadacceptor phosphorus amidif®s. An electron-poor
phosphorus ligand can be formed when pyrrole isl 'se a substituent at the phosphorus
atom? In general, phosphites and phosphorus amiditesnaore easily prepared than

phosphines and they allow a greater variationrincsire and propertis.

It is clear that by changing the substituents atghosphorus atom the electronic and steric
properties of the coordinating ligand can be attesignificantly. Approximately 250 papers
and patent applications appear annually in the afdeydroformylation, most dealing with
new phosphine structures and their catalytic redultis then understandable that phosphine

ligands play a key role in understanding and cositig new catalytic systems.

1.3 AIM OF STUDY

It is clear from available literature that iridiulh(complexes play an important role in

catalytic cycles, especially those containing phosps ligands. The magnitude of several
tons of acetic acid produced by the CalftVaridium process annually is evidence enough to
clarify the importance of understanding the meckrandf iridium(l) reactions. In most cases
a pre-catalyst is added in different metal to phosps ligand ratios which influences the
formation of certain species in order for the mdieetically favourable catalysts to

dominate. It is important to understand the détichalance between different starting

materials to ultimately identify the active spedieshe catalytic cycle.

In this study, model complexes of the general fdarttans-[Ir(acac)(CO)(PR),] (PRs =
PPh, PPhCy, PPhCy, PCy) with possible catalytic properties were selectedhe

20'5.C. Van der Slot, P.C.J. Kamer, P.W.N.M. Van lveen, J. Van Leeuwen, K. Goubitz, M. Lutz, A.L. Spek
Organometallics, 2000,19, 2504.

2L K.G. Moloy, J.L. Petersed, Am. Chem. Soc., 1995,117, 7696.

22D. Pefia, A.J. Minnaard, J.G. de Vries, B.L. FeaiiidgAm. Chem. Soc., 2002,124, 14552.
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acetylacetonato moiety will limit isomers from famg due to the symmetrical nature of the
bidentate ligand. A better understanding intogtaperties and coordination of the iridium(l)

species was one of the overarching aims of thidystu
With the above in mind, the following stepwise jgaijgoals were set for this study:

* Synthesis of model complexes with general formtrians-[Ir(acac)(CO)(PR):]
(PRs = PPh, PPhCy, PPhCy, PCy) to study the solid and solution state properties
thereof.

 The crystallographic characterisation afans-[Ir(acac«xQ)(CO)(PPhCy),] and
trans-[Ir(acac«’0,0)(CO)(PCy);] complexes to study the coordination mode, bond

lengths and distortion of the phosphine moieties.

» Kinetic mechanistic investigation of the carbonybstitution- and addition reactions

in [Ir(acac)(CO)] as starting complex with PRhs entering ligand.

* Analysis of results with respect to coordinatingligb and comparison to other

phosphine systems available in literature.



THEORETICAL ASPECTS OF
HOMOGENEOUS CATALYSIS

2.1 INTRODUCTION

Thermodynamically favourable reactions may takeglat room temperature, but might be
too slow for commercial application. If that isetisase it is ideal to use a catalyst, which
increases the rate at which a chemical reactiomoapgpes equilibrium without becoming

itself permanently involved. A catalyst lowers #@ivation energy of the chemical reaction

by providing an alternative pathway by which thaatéon can proceed.

Transition State

Without Catalyst ———® —~J---=—=---======--

Activation Energy

With Catalyst

Energy

Reactants

Products

Reaction Coordinate

Figure 2-1: Reaction profile exemplifying the goabf a catalyst: the lowering of the activation engy of a
process.

Homogeneous catalysis is a sequence of reactiahgolve a catalyst in the same phase as
the reactants. The organometallic catalyst cansifa central metal surrounded by organic
and/or inorganic ligands. Catalyst propertiestailered by changing the ligand environment

that in change effect crucial reaction propertigshsas the rate of the reaction and selectivity

towards certain products.



CHAPTER 2

Homogeneous transition metal catalysts draw grgatast due to the combination of mild
reaction conditions, high efficiency and great stNgy in the industrial and economic
setting. It plays an important role in industriptocesses such as hydrogenation,

hydroformylation and carbonylation reactions.

2.2 TRANSITION METAL CATALYSTS

The metal centre and ligand/s used for a speaiicgss in homogeneous catalysis need to be
planned vigilantly. In changing the metal, thectlenic character and size of the specific
metal atom is altered. This implicates that défercatalytic behaviours can be induced by
utilising different metal atoms and that the sanmagalgtic reaction can be promoted by
different metals. Ligands thus also play a cructdé in complex design to direct certain

properties of the metal complex.

The platinum group metals (PGM's} platinum, ruthenium, rhodium, palladium, osmium,
iridium — are “d” block elements with partly filled or f shells in any of their chemically
important oxidation states. The empatyorbitals offer the possibility of binding suitable
neutral molecules to the metal centre. The oudstanproperties of these PGMs include
high melting points, high lustre, resistance ta@sion as well as catalytic tendencies used in

the chemical, electrical and petroleum refininguisigies.

The earliest commercial premier location of theseMPsources was in the Urals near
Ekaterinburg, with major source today in South édfi The platinum metals tend to occur
in the same mineral despositand generally with small amounts of gold, copmiier,
nickel, iron, and other metals. They often ocaunatural alloys such as osmiridium which
consists of iridium, osmium and small amounts ef dther metals. The ore is concentrated
by gravitation and flotation and then smelted vattke, lime and sand. The resulting Ni-Cu
sulphide “matte” is cast into anodes. Upon eldégsie in sulphuric acid solution, copper is
deposited at the cathode while nickel remains itut®m. Nickel is recovered by

electrodeposition and a mixture of PGMs, silver ayald collect in the anode slime.

1 L.B. Hunt, F.M. LeverPlatinum Metals Rev., 1969,13 (4), 126.

2 H.V. EalesA Firgt Introduction to the Geology of the Bushveld Complex, Pretoria: Council of GeoScience,
2001, 73.

3 D.C. Harris, L.J. Cabri, The Canadian Mineralogl§91,29, 231.
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Ruthenium, osmium, rhodium and iridium are collecie theaqua regia insoluble residue
and upon further complex separation proceduresliuho and iridium are collected as pure
compounds. Iridium is a very hard, lustrous, sivehite metal and is the second densest

element after osmiurh.

The interest of iridium coordination compounds reéman the catalysis field and in its
luminescent properties. Iridium compounds areames instances the most active catalysts
available and in the cases where it may not yigddnbhost active catalysts, iridium complexes
nevertheless yield important information about 8teucture and reactivity of important

catalytic intermediates.

2.3 IRIDIUM IN ORGANOMETALLIC CHEMISTRY

Iridium is a third-row d-block metal and the heatielement in group 9. In many respects,
the chemistry of its compounds resembles thatadidm. Iridium ranges in oxidation states
from -1 [Ir(COx(PPhR)]” to +6 [Irk]. The most common oxidation states for rhodiurd an
iridium are +1 and +3 and also substantially infediridium.> Low oxidation state iridium
species are usually stabilised facceptor ligands such as CO ligands or P donansto
whereas high oxidation number coordination compsuar@ predominantly hexahalide ones.
Ir(l) oxidation state withd® configuration is a 16-electron, “coordinativelysaturated”
species which predominantly favours a four-coor@inaquare-planar stereochemistrans-
[IrCI(CO)(PPh),]. Saturation requires five ligands, i.e. ten #iaes, to the metal ion
therefore five-coordinate, trigonal bipyrimidalr(Hppe}(CNMe)]’, species also occur. The
majority of donor atoms bind to Ir(I) and oxidatialdition reactions feature regularly.
Complexes of Ir(lll) oxidation state hasdd electron configuration with a six-coordinate,
octahedral geometry. All the compounds have Ioim—sr;)g)6 configurations and a majority

are colourless or pale yellow.

These complexes are usually prepared by the restuofi compounds such as Rh8HO
and KIrCl, in the presence of the desired ligand. The use apecific reductant is

unnecessary since the ligand itself or alcoholigest is generally adequate. A substantial

* F.R. Hartley, Chemistry of the Platinum Group MgtaRecent Developments, Amsterdam: Elsevier, 1991
5D.N. MacLennan, E.J. Simmondshemistry of Precious Metals, Chapman & Hall, 1992.
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guantity of Ir(I) and Rh(I) complexes are phospkir@ which two in particular demand
attention. They are Wilkinson's catalyst, [RhCKR®"® and Vaska's compountans-
[IrCI(CO)(PPh).],° both essentially square planar.

Vaska's compound was first prepared by Angoftend later correctly put together by
Vaska and DiLuzit!. It played a major role in the development anseagch of new
homogeneous catalysts since the 1960s, becauszdityr undergoes oxidative addition with
numerous substrates, such as Bk, HX, Mel and RCG@H, to yield six-coordinated,
octahedral Ir(lll) complexes wherein the phophigahds ardrans to each other in all cases.
Vaska’'s compound subsequently became the ideal Imomapound for the study of
transition metal complexes undergoing oxidativeitimiul reactions>** Replacing the CI of
Vaska’s compound with H, Me or Ph, delivers produntwhich the phosphines are nois.
Various theoretical models have been suggesteddouat for this®* Although addition of
an uncharged ligand is unusual, with ligands siiC@ and S©no oxidation occurs and

five-coordinated 18-electron Ir(l) products arenfied.

2.4 HOMOGENEOUS CATALYSIS

The chemical industry is primarily based on thedpiion of economically important
chemicals through the catalytic combination of $mablecules (GHs, CO, H, H,O and
NH3) to produce larger molecules (ethylene glycol, taldehyde, acetic acid and
acrylonitrile)®>. Homogeneous catalysis refers to a catalyticesysh which the reactants
and catalyst of the reaction is in the same phasest often the liquid phase. Phase

boundaries however do exist in heterogeneous eméﬁﬁ Homogeneous catalysis is more

€ J.A. Osborn, G. Wilkinson, J.F. Youn@hem. Commun., 1965, 17.

7 J.A. Osborn, F.H. Jardine, J.F.Young, G. WilkinsbrChem. Soc. (A), 1966, 1711.

8 M.A. Bennett, P.A. LongstaffChem. Ind. (London), 1965, 846.

9 L. Vaska, D. Rhodes), Am. Chem. Soc., 1965,87, 4970.

9 M. Angoletta,Gazz. Chim. Ital., 1959,89, 2359.

11| vaska, J.W. DiLuzio). Am. Chem. Soc., 1961,83, 2784.

12| vaska,Acc. Chem. Res., 1968,1, 335.

13 .. vaska, J.W. Diluzio). Am. Chem. Soc., 1962,84, 679.

%M.J. Burk, M.P. McGrath, R. Wheeler, R.H. Crabfr&eAm. Chem. Soc., 1988 110, 50349.
15 K.F. Purcell, J.C. KotzAn Introduction to Inorganic Chemistry, Philadelphia: Saunders College Publishing,
1980.

%G.C. Bond Heterogeneous catalysis, Oxford: Claredon Press, 1974.

17 3.T. RichardsorPrinci ples of Catalyst Development, New York: Plenum Press, 1989.
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stereoselective, but heterogeneous catalysisliisistid for most petrochemical proces¥es.
This is because heterogeneous catalysts are nadie sit higher temperatures and are easily
separated from the substrate phase. In homogeratalysis the catalytic cycle mechanism
can be studied in much detail to deliberate thku@mfcing steric and electronic properties of
the catalyst, unlike heterogeneous catalysis. slttherefore possible to optimize the

homogeneous catalyst by tailoring it through iteraical and structural basis.

Coordinative unsaturated square planar group 918ncbmplexes can partake in a series of
elementary reactions that are key steps in théytiataynthesis of organic products®

In general, the key reactions of a catalytic cyctude?!??
» Creation of a “vacant site”.

* Olefin insertion.

e Carbonyl insertion.

» f-hydrogen elimination.

* Nucleophilic addition to coordinated ligands.

* Oxidative addition.

* Reductive elimination.

» Cismigration.

Some well-known examples of homogeneous catalytcgsses are listed below and a few
will be discussed in detail:

« The making of sulphuric acida the old catalytic “lead chamber proce$$”.

« Wacker synthesis of acetaldehyde from olefins usilRgiC} catalyst and aif*?>2°

« Hydrocyanation of alkenes using nickel phosphiteplexes?’

« The BASF, Monsanto and Cativa catalysed carbomylasf methanof®2°

' G.W. Parshall, R.E. Putschér,Chem. Educ., 1986,63, 189.

9 F.A. Cotton, G. WilkinsonAdvanced Inorganic Chemistry, 5" Ed., New York: John Wiley & Sons, Inc.,
1980.

20 3. Halpern|norg. Chim. Acta., 198Q 50, 11.

ZLW. Koga, K. MorokumaChem. Rev., 1991,91, 823.

22D.F. Schriver, P.W. Atkins, C.H. Langforihorganic Chemistry, 2" Ed., Oxford University, Oxford, 1994,
% p.W.N.M. Van LeeuwentHomogeneous Catalysis: Understanding the Art, Dordrecht: Kluwer Academic
Publishers, 2004.

24 3. Smidt, W. Hafner, R. Jira, J. Sedimeier, Rb&igR. Rittinger, H. KojeAngew. Chem., 1959,71, 176.

% 3. Smidt, W. Hafner, R. Jira, R. Sieber, J. Sei#m@é. Sabel Angew. Chem., 1962,74, 93.

% J.E. Baeckvall, B. Akermark, S.0. LjunggrdnAm. Chem. Soc., 1979,101, 2411.

2" F.A. Cotton, G. Wilkinson, P.L. GauBasic Inorganic Chemistry, 3% Ed., New York: John Wiley & Sons,
Inc., 1995.
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« The hydrogenation of unsaturated compounds usinglkivgon's catalyst
RhCI(PPh)s, RhCk(Py); etc°
31,32,33

* Metathesis of alkenes with Schrock’s and Grubbtilgats:

2.5 GENERAL STEPS IN HOMOGENEOUS CATALYTIC
CYCLE MECHANISMS

2.5.1Creating a “vacant site”

In a catalytic reaction the catalyst brings thectaats together and lowers the activation
barrier of the reaction. In order to bring theataats together a metal centre must have a
vacant site. Catalysis thus begins with the cpeatif such a vacant site. In homogeneous
catalysis solvent molecules will always be co-oatia to the metal ion and the term “vacant

site” is an inaccurate description.

A competition in complex formation arises betweka substrate and other potential ligands
present in the solution for they are both in exce€¥ten a negative order in one of the
concentrations of the ligands present can be fowndhe rate expression of product
formation. A way of looking at the creation of acant site and coordination of the substrate
is the way by which substitution reactions are dbed. Two mechanisms are distinguished,
associative and dissociative mechanisms. In thsodiative mechanism (Scheme 2-1) the
bond between the metal and leaving ligand is broked is the rate determining step. A
solvent molecule then occupies the vacant site ianguickly replaced by the substrate
molecule. In the associativey@ mechanism (Scheme 2-2) a simultaneous bond ingeak
the leaving ligand and bond formation of the metatl substrate occurs and is the most

common mechanism in square planar group 9 and hpleaes.

28 C.E. Hickey, P.M. MaitlisJ. Chem. Soc. Chem. Commun., 1984, 1609.

29 C.M. Lukehart, Fundamental Transition Metal Organometallic Chemistry, California: Brooks/Cole
Publishing Company, 1985.

30 R.H. CrabtreeThe Organometallic Chemistry of the Transition Metals, New York, John Wiley & Sons.,
1988.

31 R.R. Schrock, J.S. Murdzek, G.C. Bazan, J. RobbihDiMare, M. O’Regany. Am. Chem. Soc., 1990,112,
3875.

%2 R.H. GrubbsTetrahedron, 2004,60, 7117.

3 R.H. Grubbs, S. Changgtrahedron, 1998,54, 4413.
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Scheme 2-1: Dissociative ligand exchange in sgeglanar substitution reactions.
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Scheme 2-2: Associative ligand exchange in squgrknar substitution reactions.

2.5.20xidative Addition and Reductive Elimination

An oxidative addition (O.A.) reaction is a reacthere a substrate molecule XY adds to a
metal complex. The original XY bond dissociates &amo new bonds are formed, metal-X
and metal-Y. X and Y are reduced and both havkeaharge, therefore the formal oxidation
state as well as the co-ordination number of theéalis raised by two. The substrate
molecule usually has a highly polarized X-Y bond,aovery reactive, low-energy bond

between highly electronegative atofis.

A number of computational studies on transitionestgeometries for addition of,HH-C and
C-C bonds to transition metal complexes have besreY A 16-electron square planar
complex can thus be converted into an octahedraéld@ron specie® The most
recognizable bond types that can undergo oxidatddition to low valence transition metal
complexes are: H-H, C-H, Si-H, S-H, X-H (X = haésg, N-H, O-H, C-C, C-X, X-X and

C-O. Oxidative addition is the initiating step foany catalytic reactions.

34 C.L. Randolf, M.S. Wrighton]. Am. Chem. Soc., 1986,108, 3366.
12
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Nonbonding electron density must be present on rietal along with two vacant
coordination sites in order for oxidative additiactions to proceed. The metal must also
have stable oxidation states separated by two taiaumbers. Metal complexes wid
andd™ electron configuration are the most intensivelyd&d reactions for transition metals,
notable F& R, 02, RH, I, Ni°, PF, PP, Pd' and Pt. Square-planar typérans
[IrX(CO)(PRs),] complexes are one of the most studied specieausecthe equilibria lies

well to the oxidised side and the resulting octahlecbompounds are stable.

Ligands have tremendous influence on oxidative tamidreactions. Ligands increasing the
electron density of the metal, thereferelonating ligands, increases the rate of oxidative
addition and bettez-accepting ligands, slows down the oxidative addittate. Sterically
bulky ligands, e.g. PEt(t-Ba)}end to favour the forward reaction, but the sitilosdbn of an
o-methoxy group on a phenylphosphine increases tndeophilicity of the metal by

donation®®

A variety of mechanisms for oxidative addition tuf-coordinated® metal complexes exist
and no straightforward generalisations can be mabNemerous reaction conditions may
influence oxidative addition reactions, e.g. sotveolarity, temperature and trace amounts of
oxidising impurities. A particular substrate calsoareactvia a different pathway with
different metal complexes. The following mechargsame most commonly proposed:

» Three-centre concerted processes.

e S\2-type mechanism.

* Free radical mechanism.

* |onic mechanism.

Reductive elimination (R.E.) is the reverse of axide addition, namely the formal valence
state of the metal and total electron count of ¢thenplex is reduced by two with the
elimination of ligand$® Reductive eliminations can be promoted by stedilon of the
low-valent state of the product by means of ligatidgt are goodr-acceptors or sterically
bulky.

35 E.M. Miller, B.L. Shaw,J. Chem. Soc., Dalton Trans., 1974, 480.
%8 J.F. Young, J.A. Osborn, F.H. Jardine, G. Wilkimsthem. Commun., 1965, 131.
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2.5.2.1 Three-centre Concerted Process

The oxidative addition of non-polar molecules sash}, Cl, etc., tend to react according to
the three-centre concerted mechanism wherebgistisomer is formed’ An example is the
stabled® complex formed when dihydrogen is added to a metaiplex such as Vaska’s
complex, [IrCI(CO)L,].*

d -~
Q
H
Y\ ,
M QD e L

e

A

N
N

’
’

I------T
<

Figure 2-2: Three-centre concerted addition of KIforming the cis-dihydrido product.

Electron density is transferred from a filled ditabon the metal into the emp# molecular
orbital (MO) of H.. Back-donation of electron density from the odedp MO of H, into an
empty valence orbital on the metal atom occurse fhinee-centered transition state is formed
from the simultaneous formation of two M-H bondsilwhveakening the H-H bont}:*

Two M-H single bonds are formed and the H-H bonclesaved.

2.5.2.2 S2-Type Mechanism

The S2-type mechanisms usually occur when moleculesdlkgl, acyl and benzyl halides
react with transition metal compounds such as Vast@mplex. These reactions show large
negative activation entropies and are first ordemetal and first order in substrate. Typical

Su2-type mechanisms in organometallic catalysis ¢yosssemble the &-type mechanisms

%7 R.J. CrossChem. Soc. Rev., 1985,14, 197.

%8 C.E. Johnson, B.J. Fisher, R. Eisenbdrgdm. Chem. Soc., 1983,105 7772; C.E. Johnson, R. Eisenbetg,
Am. Chem. Soc., 1985,107, 3148.

%9 R.H. Crabtree, R.J. Uriarteorg. Chem., 198322, 4152.
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found in organic chemistry. This is due to theration of a polar five-coordinated transition

state in both casé®.

+
R
L L L L L L
>M rex — | N\ N
L N | X N

Scheme 2-3: @-type oxidative addition.

Electronic, steric and solvent effects accelerhgerate of the &-type oxidative addition
mechanism® As the nucleophilicity of the metal increases teactivity in the 2-type

additions are increaséd.

2.5.2.3 Radical Mechanism

Two types of radical mechanisms can be distinguishamely: non-chain and chain radical
mechanisms. An example of the non-chain radicathaeism (Eq. 2.1) is the addition of
certain alkyl halides, RX, to [Pt(PPH where (R = Me, Et; X = I); (R = PhGHX = Br).*#*®

Fast
PtL; — PtL,

Slow Fast
Pl + RX = "PtXL, +'R —> RPtXL, 21

There is a 1-electron oxidation of the metal bydhel halide as X is transferred from RX to
the metal. This produces free radicals which combiapidly to form the product. The

reaction rates increase as the stability of theeahdR, increases.

“0J. HalpernAcc. Chem. Res,, 1982,15, 238.

“LE. Uhlig, D. WaltherCoord. Chem. Rev., 1980,33, 3.

“2M.F. Lappert, P.W. LednoEhem. Comm., 1973, 948.

“3T.L. Hall, M.F. Lappert, P.W. Lednad, Chem. Soc., Dalton Trans., 1980,8, 1448.

15



CHAPTER 2

2.5.2.4 lonic Mechanism

The ionic mechanism is normally found in polar nuediwhere a hydrogen halide (e.g. HCI
or HBr) would be dissociated. Protonation of aagucomplex would first produce a
five-coordinate intermediate followed by intramalésr isomerisation and coordination of

CI to give the final product.

H X
L CcoO
L\M o /,,,,,I\L‘\\\\\ | la, | wCO
N v v v v
X L
l Cl l Cr
H X
L\]\L _~Co L_| _co
M
PR
X | L H/ | \L
Cl Cl

Scheme 2-4: lonic mechanism for the oxidative adiithn of HCI to [MXL ,CO].%°

2.5.3Migratory Insertion

Migratory insertion reactions create the opporturfior the synthesis of many organic
molecules, e.g. the migration of a hydride to ardoated alkene in hydroformylation.
Crucial migratory insertion steps in catalytic réaes such as hydrogenation, polymerization

and CO-involving processes are illustrated below:

R
M/ M/\/ Insertion of an olefin into M-R bond

@)
R
M —_— " /]\R Insertion of CO into M-R bond

-
\CO

Scheme 2-5: Migratory insertion of different ligards into a Metal-R bond.

16



CHAPTER 2

Insertion of carbon monoxide proceeds with completeention of configuration at the

migrating carbon atom, thus remainitngns to P*.

+ +
P /Me Solvent (S) I3\ /8
{ Pt — Pt___Me
@

Il
O

Scheme 2-6: Migratory insertion of carbon monoxide

2.6 LIGAND EFFECTS

The reactivity of a transition metal catalyst isglly influenced by ligands. In order to
tailor-make a catalytic system to yield the despeatuct, the parameters of the ligands need
to be characterized and fully understood. Phosplgated systems still receive a significant
amount of attention because of their widespreadicgtipn in organometallic chemistry.
These ligands significantly influence the metal toervia both electronic and steric

properties.

2.6.1Electronic Effect, v

Infrared (IR) frequencies can be used to deterrtiireeelectronic properties of a series of
phosphorus ligands during co-ordination to a paliicmetal. CO as ligand in catalysts is
easily identified on an IR spectrum and is a core/@nmethod to determine thebasicity
andz-acidity of phosphorus ligands. Strosgdonor ligands increase the electron density on
the metal and hence a substantial back-donatighetdCO ligands occurs, lowering the IR
frequency. Strong-acceptor ligands will compete with CO for the élen back-donation

and the CO stretching frequencies will remain Kigh.

Tolmarf* has defined an electronic parameter for phosphtigads based upon the
vibrational spectra of [Ni(CQL] in CH.Cl, where L = PR  Tri-tert-butylphosphine,

44 C.A. Tolman,Chem. Rev., 1977,77, 313.
17



CHAPTER 2

P({-Bu); was used as reference. The electronic paranvetsan be calculated for a variety of

ligands using Eq. 2.2.
3

For P = X1X2X3 V= 20561 + Z Xl 22
i=1

The value ofy; (chi) is the individual substituent contributionathwas calculated by a

number of substituents,; XX, and X%.

2.6.2Steric Effect, 0

Tolman’s cone angle is the most widely used meihaodiefining a reliable steric parameter
that indicates the amount of space a phosphorusdblégand system occupies. Tolman
proposed the measurement of the steric bulk ofasgtine ligand by use of CPK models.
From the metal centre, 2.28 from the phosphorus atom, a cylindrical cone isstaucted
which just touches the van der Waals radii of theeonost atoms of the model. The cone
angle, 8, measured is the desired steric parameter. Inctme of non-symmetrical

phosphorus ligands this cone andlecan be calculated by the following equation:

6 =(2/3)XL,6/2 2.3

Figure 2-3: Cone angle measurements of symmetricé\) and unsymmetrical (B) ligands**

45 C.A. Tolman,J. Am. Chem. Soc., 1970,92, 2953.
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2.7 HOMOGENEOUS CATALYTIC SYSTEMS

2.7.1Hydroformylation

Hydroformylation or “oxo reaction” was discoveregt Btto Roelen in 1938. The basic
reaction converts alkenes into aldehydes by additioa hydrogen atom and formyl (CHO)
group to a C=C double borfdl. The aldehydes can then be converted to alcololshe
production of polyvinylchloride (PVC), polyalkenemd, in the case of the long-chain
alcohols, in the production of detergents. Higlesivity (> 95%) for the desired isomer of
the aldehyde can be achieved through an optimaikcehof catalyst, ligand and process
conditions. The original cobalt catalyst used yudoformylation, [Ce(CO)],*’ was later
replaced by the rhodium catalyst, [RhNHCO(REI In the old process a cobalt salt was
used, but was later modified to a cobalt salt pldertiary phoshine as the catalyst precursor.
The phosphine-modified cobalt-based system waslolese by Shell specifically for linear
alcohol syntheses. [RICO)] is another very active Rh catalyst, but has pssectivity
proving that the presence of phosphine ligandseas® selectivity. The highly phosphine-
substituted rhodium catalyst, [RhHCO(RBR] is a more active, highly selective catalyst
reacting under milder pressures and lower tempestthan the earlier Co-catalyzed
reaction’® Some comparisons of hydroformylation process matars are shown in
Table 2-1.

Table 2-1: Process parameters for various catalystused in hydroformylation

Process parameters| Cobalt Cobalt + phoshine Rhodlum N
phosphine

Temperature (°C) 140-180 160-200 90-110

Pressure (atm) 200-300 50-100 10-20

Selectivity towards

n-butyraldehyde (%) | 780 85-90 92-95

“6 D.W.A. SharpeThe Penguin Dictionary of Chemistry, 3° Ed., England: Penguin Books Ltd., 2003.

47 C. Elschenbroich, A. SalzeDrganometallics. A Concise Introduction, New York: VCH Publishers, 1989.
“*8R.Ugo, Aspects of Homogenous Catalysis, Vol 2, Dordrecht, Holland: D. Reidel Publ. Compa74.

“9R.L. Pruett,). Chem. Edu., 1986 63, 196.
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The basic catalytic cycle for the rhodium-phosphtresed hydroformylation process is
shown in Scheme 2-7.

R
/\R L//,, | r
o
7 |
CcoO
T 2
L
/l/,Rh — L n, \\\H L 0, \\\CHZCHZR
( T—_—
7 | +L oc” YL oc” YL
co 1 3
1a
RCH,CH,CHO co
H
L//Il’lL \\\\\H 0 CcO
OC(I ‘C% L//,I,llh‘\\\\\CHchzR
L oc” YL
CH,CH,R
4
(0]
Hz L///,, h‘\\\\CCH2CH2R
Rht
oc” YL s
-CO [|+CO
(0]
co
L////‘ \\\\\CCHchzR
L = PPh, oc” ¥
5a

Scheme 2-7: The basic catalytic cycle for the hydformylation of propylene (only n-product pathway
shown) using a rhodium-phosphine based cataly$t.

The rhodium catalyst is based on [RhH(CO)®#fhwith the initial step being the generation
of a 16-electron square intermediatefrom the 18-electron precursdra.  This is followed
by alkene coordinatior?, and hydrogen transfer to give the alkyl spe8ie<O addition4,
and insertion give the acyl derivativg,which subsequently undergoes oxidative addition o

molecular hydrogen to give the hydridoacyl compléx, The final steps are another H
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transfer to the carbon atom of the acyl group, itee reductive elimination of aldehyde, and

regeneration of.

An excess of CO overHorms five-coordinate dicarbonyl acyl complex&a, which cannot
react with hydrogen, therefore inhibiting the hyfdronylation process. The rhodium catalyst
can be added as [Rh(acac)(CO)(BRhRhH(CO)(PPh)s] or similar complexes. High
concentrations of PRhare used so that species of typelominate, although the steric
hindrance of the PRhreduces the tendency of alkene binding. It hantergued that at
lower [PPh] the square planar species, [RhH(@®Ph)], may be more kinetically
favourable towards alkene binding. Calculated gyngrofiles for such a sequence shows
that alkyl intermediates of typé to be particularly stable. The results also saggeat

square intermediates experience strong stabilizatimugh solvatior®

There are two different ways of inserting an alkerte a metal-hydrogen bond, namely the
anti-Markovnikov (Scheme 2-8) and Markovnikov (Sctee2-9) additiorf>**

s U WL I N\
RO R R

Scheme 2-8: Anti-Markovnikov addition of an alkeneinto a metal-hydrogen bond.

Rh\ R

Scheme 2-9: Markovnikov addition of an alkene inta metal-hydrogen bond.

H
R/\ + >Rh/\ —

\./

Very high PPBk concentrations increase the selectivity for tiedr aldehyde product by
suppressing the formation of monophosphine specid® high selectivity is considered to
be primarily an effect of steric crowding arouncetimetal centre. The linear alkyl

%0 K. Morokumaet al., Organometallics, 1997,16, 1065.
51, Tkatchenko,Comprehensive Organometallic Chemistry, Editors: G. Wilkinson, F. G. A. Stone, E. W.
Abel, Pergamon Press, Vol. 8, 1982.
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intermediate3, requires less space and therefore formed moily gzen the branched one in
the presence of bulky ligands; the selectivityhisrefore promoted by the phosphine cone
angle®®®® The balance between sterically demanding ligaamt$ their ability to remain
coordinated so that product selectivity could Huenced is a fine one. In Figure 2-4 bulky
phosphites,A, combine high activity with high regioselectivifpr linear aldehyde¥:>
whereas others, such & allow catalytic reactions to be carried out irgamic media
followed by extraction of the catalyst into aquecarsd by protonation of the amino
substituents®  Flexible phosphite ligandsC, hydroformylate styrene with very high

regioselectivities for the branched aldehyfe.

P I‘iOZC // ///,I O O \\\\\\\ COzP ﬁ
/- N\
Pr'O,C 0 C 0 CO,Pri

Figure 2-4: Various ligands used in Rh-catalysedydroformylation.

Rhodium is an expensive metal and the commerciabity of the rhodium-based

hydroformylation process crucially depends on tlearrcomplete recovery process of the

%2 C.A. Tolman,J. Chem. Edu., 1986 63, 199.

3 C.A. Tolman, J.W. FalletHomogeneous Catalysis with Metal Phosphine Complexes, Editor: L.H. Pignolet,
New York: Plenum Press, 1983.

* G.D. Cuny, S.L. Buchwaldl. Am. Chem. Soc., 1993,115, 2066.

5 p.W.N.M. van Leeuwen, K. Goubitz, J.N. Veldmanyan Rooy, P.C.J. Kamer, A.L. Spéb;ganometallics,
1996,15, 835.

% p . W.N.M. van Leeuwen, A. Buhling, P.C.J. KameW Elgersma, K. Goubitz, J. Fraanje, Organometallics
1997,16, 3027.

57T.J. Kwok, D.J. WinkOrganometallics, 1993,12, 1954.
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catalyst. In the past, complicated recycle praeesand distillation was used, but more
recently, catalyst recovery is achieve a separation method based on water-soluble
phosphine®, notably P(GH.SOs):>>° allowing the hydroformylation process to be
conducted by means of a two-phase system design&héne-Poulenc and Ruhrchemie in
1986. The trisulfonated triphenylphoshine ligaaccommonly referred to as TPPTS and a
pH-dependant equilibrium exists between the watkrkde and the organic-soluble forms of
TPPTS as shown in Figure 2-5.

SOsH SO5Na*
NaOH
P, P
H+
SOzH SOz Na*
SOsH SOz Na*
Organic-soluble ‘Water-soluble

Figure 2-5: Organic- and water-soluble forms of TIPTS.

Between pH 0 and -1 the protonated form is exttdetaith organic solvents while at higher
pH the sodium salt is soluble in water to the ext#nl100 g/liter. The ligand is non-toxic
which makes it appealing to use in large-scale strthl processes. The use of a buffer
component such as BHPQO, has been suggested for the control of pH, howtheuse of
such salts influences the reaction rate and pragklettivity. The two-phase system contains
a water soluble rhodium phosphine catalyst in tipgeaus phase with the aldehyde product
forming an organic layer, which is separated byadéamtion from the catalyst containing
aqueous phase. This recovery process proves kaghy efficient with Rh losses in parts
per billion, however the two-phase process is oied for higher alkenes because of the low
solubility of higher alkenes in water and the fiostler dependency of the rate on alkene

concentratior?®

%8 E. G. Kuntz,Chemtech, 1987,17, 570.
%9 B.E. Hanson, H. Ding, T.E. Gladsorg. Chim. Acta, 1995,229, 329.
80 C.M. Thomas, G. ®&s-Fink,Coordination Chem. Rev., 2003,243 125.
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Hydroformylation is truly an exceptional industriglocess for a variety of different product

syntheses with the use of an array of catalysesystas illustrated in Table 2-2.

Table 2-2: Hydroformylation reaction processe$’

Manufacturer Product Process

Rh catalyst with triphenyl

phosphine oxide as a weakly

) o | Isononyl aldehyde for isonony S
Mitshubishi-Kasei ] ) coordinating ligand; catalyst
alcohol used in PVC resin as

D

o separated from products by
plasticizer alcohol

distillation

BASF An intermediate for Vitamin A| Rh catalyst without phosphorus
Hoffman-LaRoche | synthesis ligand

An intermediate for 1,4- Rh catalyst with chelating
ARCO _ _

butanediol phosphorus ligand

An intermediate for 3-methyl | [Rhy(CO),5] with phosphorus ligand
Kuraray

1,5-pentanediol as precursor

2.7.2Hydrogenation

2.7.2.1 Rhodium as Catalyst

The general reaction of hydrogenation is the caiwarof alkenes and alkynes into alkanes
with the use of K and a catalyst at high pressure. Many transiti@tal complexes have
been used as homogeneous catalysts of which the popslar is Wilkinson’s cataly$t?
[RhCI(PPh)J], discovered in the sixties. It is a square piat@relectron complex with &
configuration. As in many other cases the numlberatence electrons switches during the

cycle between 16 é and 18 €. A hydrogen reactiole wising Wilkinson’s catalyst follows:

®1's. Bhaduri, D. Mukeshiomogeneous Catalysis: Mechanisms and Industrial Applications, New York: John
Wiley & Sons, Inc., 2000.
52 F.H. Jardine, J.A. Osborn, G. Wilkinson, J.F. Ygu@hem, Ind. (London), 1965, 560.
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\\\\L
L—Rh—L
af ;1a
CH
;CH,R s H,
D
k\ L—Rh—L
a at
\\\\ H
L—Rh | H
v/
S L—Rh—L
2
Cl/ |
S
2
H,C=—=CHR
H
H H
S L S
o L—Rh S
? c’
4 CHCHR ~___ H,C=—CHR
3 L = PPh,

Scheme 2-10: Hydrogenation cycle with Wilkinson’satalyst®*°*

Dissociation of one ligand, L, and the replacentaeteof by a solvent molecule, S, is the
first step La-> 1). The dissociation of one of the phosphine ligale@ves [RhCI(PR}y], a

very reactivetris-coordinate system. Oxidative addition of dihyd¥ong?, followed by an

alkene, 3, then occurs. Usuallgis fashion can be promoted by the substitution of emor
electron-rich phosphines on the rhodium complexa t@e other hand, very strong donor
ligands can stabilise the trivalent rhodium (lIhlaro-dihydride to such an extent that the
complex is no longer active. Next is the hydrogegration,4, from the metal to a carbon in
the coordinated alkene. Finally, reductive elintimm, 5, of the product completes the cycle.

The use of electron-withdrawing ligands can inceethe rate of the final stép.

83 C. O’Connor, G. Yagupsky, D. Evans, G. Wilkins@nem. Commun., 1968, 420.
64 C. O’Connor, G. Wilkinson). Chem. Soc. (A), 1968, 2665.
% D.J. Drury,Aspects Homog. Catal., 1984,5, 197
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Hydrogenation reactions with Wilkinson’s catalysie aexperimentally simple reactions.
They are done at ambient temperature and in masgscd atm hydrogen is sufficient.
General solvents used are MeOH, EtOH, acetone, arHienzen&® Chloroform and carbon

tetrachloride may undergo H/CI exchange and thezeshould be avoide.

Hydrogenation of terminal olefins is faster thae tiydrogenation of double bonds in cyclic
systems or internal double bondss-Olefins are hydrogenated faster thisans-olefins. As

the degree of substitution at the double bond as®e, reactivity toward hydrogenation with
Wilkinson-type catalysts is lowered. Carbonyl caupds are not compatible with
Wilkinson-type catalysts. Aldehydes are decarbmeg during hydrogenation reactiths

and hydrogenation of ketones is slower than fofimde An advantage of homogeneous
Wilkinson catalysts is its stability towards sulphoompounds which tend to poison

heterogeneous catalysts.

2.7.2.2 lIridium as Catalyst

The iridium analogue of Wilkinson's compound, [I@Ph)s], illustrates the differences that
can arise between two very similar metals. Un[R&CI(PPh);], it cannot be made by
heating [IrCk] with excess phosphine, using the phosphine asdacing agent, because
hydride complexes are easily formed, a characiemstiridium. Stable hydrides can also be
made by oxidative addition to [IrCI(PEk. Some reactions of [IrCI(PR)j] are shown in

Figure 2-6.

% B.R. JamesComprehensive Organometallic Chemistry, Editors: G. Wilkinson, F.G.A. Stone, E.W. Abel,
Oxford: Pergamon, 1982.

"H.D. Kaesz, R.B. SaillanChem. Rev., 1972,72, 231.

%8 K. Ohno, J. TsuijiJ. Am. Chem. Soc., 1968,90, 99.
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PPh LiB
[IFCI(CgH 1 )y] ———=—[IrCI(PPh; (CgH )] —— [IrBr(PPhy)(CyH )]

l PPh,
[1rH,CI(PPhy);]
2 3 PPh; [IrBr(PPhs)5]
H,
[IrHCI,(PPhs);] HCl Y Ph; P PPh3
\ C6H6/CHCI~
[IrCI(PPhs) >
y reflux
[IrCly(PPhy);] co Meli A NO thp&@
Y
(FCICONPPh), ] [1Me(PPhy),] [1rCI(NO)(PPhs),]
and [IrCI(NO,)(NO)(PPh;),]
[IrCl4(PPhs),] l
[I((CO)Me(PPh;);]

Figure 2-6: Some syntheses and reactions of [IrGPhs),].*°

[IrCI(PPhg)3] cannot be used as a hydrogenation catalyst becalshe ligands are tightly
bound. PPhdoes not dissociate from [IgBI(PPh)s] so the alkene is unable to bind.
Without alkene binding, hydrogen transfer from tmetal to the alkene cannot océur.
Iridium analogues of Rh hydrogenation catalystslass labile and less active than the Rh
series and consequently attention was focusedaireshydrides in iridium species for the

study of transition intermediates of Rh catalysts.

Later it was found that [Ir(cod)(P@ypyridine)]BF, referred to as Crabtree’s catal{fst:
showed high activity for hindered alkenes. Trid detrasubstituted alkenes could be reduced
efficiently when employing a low PRo metal ratio and non-bonding solvéhtlt was also a
widely successful catalyst for directed (diasteedetive) hydrogenation of alkenes

(Scheme 2—11‘37, but application to enantioselective hydrogenatias lacking.

5 M.A. Bennett, D.L. Milner,J. Am. Chem. Soc., 1969,91, 6983.

R.H. Crabtree, H. Felkin, G.E. Morrid, Organomet. Chem., 1977,141, 205.

"L R.H. Crabtree, H. Felkin, T. Fillebeen-Khan, GME&rris, J. Organomet. Chem., 1979,168 183.
2R H. CrabtreeAcc. Chem. Res., 1979,12, 331.
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The catalyst binds to a substrates OH or CO anddieévers H almost exclusively from the

face of the substrate containing the binding group.

HZ
_—

[Ir(cod)(PCy3)(py)]*

99.9 % 0.1%

Scheme 2-11: Diastereoselective capability of ti@rabtree catalyst for hydrogenation process.

The reason for the efficient directing is due te kbw PR to Ir ratio. This allows KHand the
C=C double bond to bind to the metal simultaneolFSIyBased on this catalytic system
discovered by Crabtree and co-workers, an efficienéthod for enantioselective
hydrogenation of unfunctionalized olefins was depeld by Pfalt?'"®(Figure 2-7) with the

use of a [Ir(cod)(P-NJ]catalyst, bearing a chelating phosphino-oxazokdayand.

Figure 2-7: Pfaltz’s catalyst used for enantiosetgive hydrogenation of olefins!""®

3 R.H. Crabtree, M.W. Davirganometallics, 1983,2, 681.

"4 R.H. Crabtree, M.W. Davis, Org. Chem. 1986,51, 2655.

S A. Lightfoot, P. Schnider, A. PfaltAngew. Chem., 1998,110, 3047.

®R. Hilgraf, A. Pfaltz,Synlett, 1999, 1814.

" p. Brandt, E. Hedberg, P. G. Anderssghem. Eur. J., 2003,9, 339.

8 A, Pfaltz, J. Blankenstein, R. Hilgraf, E. Hormar$h Mcintyre, F. Menges, M. Schonleber, S.P. Snidt
Wustenberg, N. ZimmermanAgdv. Synth. Catal., 2003,345, 33.
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Essential features in the hydrogenation mechanibratiyylene with Pfaltz’'s catalyst are

shown below (Scheme 2-12). The presence of COieanprecatalyst assures irreversible
formation of free coordination sites at the metaitee. Formation of the active catalyst takes
place by an irreversible hydrogenation of the ldjaryclooctadiene. The ligand is thus

released as cyclooctane and displaced by eithegrapldinydrogen, or a substrate alkene.

.
- ~

—H +
CH;-CH;
H \Ir P> HQ,H2C=CH2
—
\ | >
H
+ +
H H H
o A
H77 i

Iridium(V) intermediate \/

Scheme 2-12: Hydrogenation of ethylene with the asf Pfaltz’s catalyst, [Ir(cod)(P-N)T.

Surprisingly, the hydrogenation mechanism procegasn Ir(111)/Ir(V) cycle rather than the
typical Metal(l)/Metal(lll) cycle. An olefin is cardinatedtrans to phosphorus and Hs
coordinated in the remaining axial position. Tlefio then undergoes a migratory insertion
into the axial Ir-H bond and the resulting Ir(V)esjies is now extremely labile and reductive

elimination occurs. The catalysis is thus takitecp without the intervention of Ir(l) in any
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step, in contrast to the analogous rhodium sysiamghich the oxidation state of the metal
changes between | and {A. The rate of the reaction is zero-order in alkeorcentration
due to the strong binding of alkenes to iridifinThe coordination of the alkene is not the
rate-determining step. The coordination of ¢t the migratory insertion step acts as the
rate-determining step.

The hydrogenation mechanism using the [Ir(cod)LIE)Bsystems are difficult to study
because of their high activity and the fact that tfites are often limited by the mass transfer
of H, from the gas phase into solution. It is very Ijkéhat a similar Ir(ll1)/Ir(V) cycle
applies to typical [Ir(cod)LL'|BE catalysts.

An iridium complex (Figure 2-8) developed by BI&4dry means of combining {(cod)I}
with an asymmetric ligand of Tognfsis used for the commercial production of the
agrochemical metalachlor (Dual Magnum). This ise oof the few enantioselective

hydrogenation systems in commercial use today.

)

P _——1Ir(cod)

Figure 2-8: Iridium catalyst used in the hydrogen#on process for the production of metalachlor.

9 C.R. Landis, P. Hilfenhaus, S. FeldgisAm. Chem. Soc., 1999,121, 8741.

80 D.G. Blackmond, A. Lightfoot, A. Pfaltz, T. Rosn&. Schnider, N. Zimmerman@hirality, 2000,12, 442.
8. H.U. Blaser, H.P. Buser, K. Coers, R. Hanreict? Halett, E. Jelsch, B. Pugin, H.D. SchneideSgdler,
A. WegmannChimia, 1999,53, 275.

82, Togni, C. Breutel, A. Schnyder, F. Spindler,lndert, A. TijaniJ. Am.Chem. Soc., 1994,116, 4062.
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2.7.3Carbonylation

Carbonylation is generally the reaction involvirge taddition of carbon monoxide (CO) to
organic compounds with the use of a transition metdalyst. The formation of the
metal-carbon bond is most commonly the first stethie carbonylation reaction mechanism
concluding with the liberation of the organic campb product and regenerated catalyst.
Examples of catalytic insertion of carbon monoxigigude: ethene conversion to propionic
acid or its anhydride with the use of [Mo(GEHJ the carbonylation of methyl isocyanide by
reductive coupling to niobiuffi and palladium-catalysed carbonylation of halidataming

alcohols for the production of lactones and lact&ins

Although there are many different carbonylationcteas the most important homogeneous
catalysed industrial application is the carbonglatof methanol for the production of acetic
acid®® The production of vinyl acetate, an importantuisiial monomer, is one of the
largest and fastest growing uses of acetic acidsandunts for 40% of the total global acetic
acid consumptioff’ The majority of the remaining acetic acid prodhrtis used to
manufacture other acetate esters. Methyl, ethyland iso-butylacetates are important
industrial solvents. Cellulose acetate is usethepreparation of fibores and photographic
films. Inorganic acetates (e.g. Na, Pd, Al and @re used in the textile, leather and paint
industries. Acetic acid is also used in the maciut@ of chloroacetic acid and terephtalic

acid®

Reactions in which carbonyl is involved attracté@ation since the late nineteenth century
with the discovery of carbon-carbon bond formatieactions by Michailet al.®* The

carbonyl is susceptible to nucleophilic attack ba tarbon and electrophilic attack on the
oxygen, making it one of the most versatile funwiiities available. It is able to stabilise an

adjacent carbanion by charge delocalization on® @O double bond and for many

8 J.R. Zoeller, E.M. Blakely, R.M. Moncier, T.J. R&on,Catal. Today, 1997,36, 227.

8 E.M. Carnahan, S.J. Lippardl,Am. Chem. Soc., 1990,112, 3230.

8 M.L. Tobe, J. Burgessnorganic Reaction Mechanisms, England: Addison Wesley Longman Ltd., 1999.

8 p_M. Maitlis, A. Haynes, G.J. Sunley, M.J. HowaldChem. Soc., Dalton Trans., 1996, 2187.

8 R.P.A. SneederGomprehensive Organometallic Chemistry, Editors: G. Wilkinson, F.G.A. Stone, E.W. Abel,
Vol.8, Oxford: Pergamon Press, 1982.

8 B. Cornils, W.A. HerrmannApplied Homogeneous Catalysis with Organometallic Compounds, New York:
VCH Publishers, 1996.
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synthetic purposes can be introduced directly antmmber of different sites in an organic
molecule.

The electronic structure of carbonyl can be visagalias:

—_— + L%
C O -=—>» {Cc—0O

Figure 2-9: Diagram of carbon monoxide in valencéond terms.

Once the ligand possesses bond pertaining to the atom bound to the metkdaitls to the
presence of a bonding andr* antibonding orbital on the ligand. When carboanoxide is
bonded to a transition element througttuonation andz-back donation the carbon atom
obtains a positive character making it more sudckeptowards a migrating anion at the metal

centre or for a nucleophillic attack from outsitle to-ordination sphere.

Figure 2-10: Diagram of the formation of the metalcarbonyl bond #°

Through the donation of the lone pair electronsttmn carbonyl carbon into the empty d
orbital on the metal the M-C@-bond is formed. A back-donation of electrons taksce
from filled or half filled metal d orbitals to empiz* antibonding orbitals of the carbonyl.
Ligandstrans to the carbonyl compete for the electrons of aiqaar metal d orbital.
Weaker z-acceptor ligands cause a strengthening oftthes M-CO bond, consequently

weakening the C-O bond awite versa.*®

8 R.H. CrabtreeThe Organometallic Chemistry of the Transition Metals, 4" Ed, New Jersey, John Wiley &
Sons, 2005.

%0 C. Elschenbroich, A. Salze@rganometallics: A Concise Introduction, 2" Ed, New York, VCH Publishers,
1992.
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As the o-donor properties of the phosphine decreases,ztheceptor ability increases.
Similarly, when electrons are removed from the ineentre the ability of the metal to
participate in back-donation to the anti-bonding £®rbitals is reduced and as a result, the

CO bond order increases.

Although many transition metal compounds can bed uige carbonylation reactions to
produce acetic acid or acetic anhydrides, Rh andrdr the most active and preferred
catalysts. Cobalt is mentioned only for comparisdrhe three main important industrial
processes for the synthesis of acetic acid willliseussed, namely the cobalt BASF process,

the rhodium Monsanto process and the iridium Caiireeess.

2.7.3.1 Cobalt Catalysed BASF Process

The first process for the carbonylation of methamak commercialised by BASF in 1960.
The process operates at high temperaturesd@pand pressures (680 bar) with the use of an
iodide promoted cobalt catalyst. Selectivity toetsr acid is about 90% based upon
methanol™??and 70% based on COhe presence of iodide is required to convert metha
into methyl iodide, since methanol inserts CO it® O-H bond, generating methyl formate,
and not into the C-O bond to give acetic acid. réfae the actual substrate of carbonylation
is methyl iodide€”® The starting reagent is [Gbwhich is transformed to HI and [@E€O)]
and then finally to the activated catalyst [HCo(G)JO)Small amounts of Henhance the
catalytic activity which is in agreement with thespulation of the hydridic cobalt carbonyl
complex being the active specf8s.The basic catalytic cycle with the cobalt cataligs
illustrated by Scheme 2.4. The tetracarbonyl doamaion (Eqg. 2.6) is formed from cobalt
iodide, by EQgs. 2.4-2.5.

2[Coly] + 2H,0 + 10CO—> [C0,(CO)] + 4HI + 2CQ, 2.4
[Co(CO)] + H0 + CO—> 2[HCo(CO)] + CO» 2.5
3[Co(CO)] + 2nMeOH—> 2[Co(MeOH})]?* + 4[Co(CO)]" + 8CO 2.6

%1 H. Hohenschutz, N. von Kutepow, W. Himmhéydrocarbon Process., 1966,45, 141.
92N. von Kutepow, W. Himmle, H. Hohenschu€hem.-Ing.-Tech., 1965,37, 383.
% D. Forster, M. Singletordl, Mol. Catal., 1982,17, 299.
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[(CH3)2C0(CO)4]
CH;l
[Co(CO),I [(CH3CO)Co(CO);]
1 3
CcO
CH;COI
[(CH3CO)Co(CO)4]
4

Scheme 2-13: BASF cobalt catalysed reaction of aieacid formation*®

The catalytic cycle is initiated by a nucleoph#ittack byl on CHl producing2 and I. CO
insertion into a metal alkyl bond produces the [Eteon specie8. Another CO group is
inserted inta3 providing4 which then react with ito eliminate acetyl iodide. Formation of
acetic acid and recycling of water occur by readithat will be discussed for the rhodium
cycle. Both3 and4 react with water to give acetic acid in Schemet2-The hydrido cobalt
carbonyl 1a produced in these reactions catalyses Fischersthstype reactions and the
formation of by-products. Eq. 2.5 and 2.6 ensheeetquilibrium betweemh andla

H,0, CO
CH,CO,H
[(CH;CO)Co(CO)s]
3
CO
H" + [Co(CO),| == [HCo(CO),]
1 la
[(CH;C0)Co(CO),]

CH,CO,H
4

H,0
Scheme 2-14: Equilibrium between species [Co(Cg)and [HCo(CO),].*
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The rate of the cobalt catalysed process is styotgpbendent on both the CO pressure and
MeOH concentration. High temperatures are neededdequate reaction rates and in turn
high CO pressures are necessary to stabilize thg/shat high temperatures. The selectivity
toward acetic acid is 90% based on methanol and F&8éd on CO. By-products consist of
CO, and 4-5% of organic products such as, methan¢aldetyde, ethanol and ethers. The
catalytic cycle is largely influenced by the preseof hydrogen as it decreases selectivity to

acetic acid formation and increases the amountgzfric by-products forme¥.

The BASF cobalt catalysed process was replacechbglium and iridium complexes that
tend to operate at milder reaction conditions wittreased selectivities. Below, is a graph
comparing rhodium and cobalt in the homogenousaraiiation of methanol illustrating the
importance of continuous development of differemgamometallic catalysts and ligands. The
graph compares the required metal concentrationdg,opressures, temperatures, as well as
the obtained selectivity’

>> 500
(] Rh
I:I Co 220-260 Selectivity
Pressure (atm) (CH;0H)
Temp (°C) 99 %
150-180
30-40

Figure 2-11: Catalytic breakthrough of rhodiumvs. cobalt in homogeneous catalysis for the
carbonylation of methanol.

%c. MastersHomogeneous Transition-Metal Catalysis, New York, Chapman & Hall, 1981.
% W.A. Hermann, B. CornilsAngew. Chem. Int. Ed. Engl., 1997,36, 1048.
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2.7.3.2 Rhodium Catalysed Monsanto Process

In 1966, Monsanto developed the rhodium-cataffs&corocess for the carbonylation of

methanol to produce acetic acid. The process seantler mild reaction conditions

(30-60 bar and 150-200 °C) with exceptional catalgstivity and higher than 99%

selectivity. It employs a rhodium/iodide catalysid has completely replaced the cobalt
catalysed process (BASEused in the 1950s.

As shown in the reaction mechanism below (ScherhB)2the active catalyst, [Rh(C£D),

undergoes oxidative addition, insertion and redeasilimination with the result being the net
production of acetic acid from the insertion oflm@r monoxide into methanol. The rhodium
catalyst is able to fulfill its role because itcigpable of changing its coordination number to

shuttle between the +1 and +3 oxidation state.

CH,

- CH CH3OH
3
| 5 | CH3CO,H
, H2 CH
Reductive Oxidative Addition °
Elimination (Slow) I~ "0
co CHs CH; |
|\F|m/c:o |\L{co
| Yo | Yo
I I
4 2
Methyl Migration
(Fast)
fHs
CO L | Nco
|
3

Scheme 2-15: Rhodium Monsanto Proce$s.

% E E. Paulik, J.F. Rotld, Chem. Soc., Chem. Commun., 1968, 1578.
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Kinetics prove the overall reaction rate is firstier in both [Rh] and [Mel] and zero order in
[MeOH] and CO partial pressure above 2 &mThe oxidative addition of Mel tol)
forming the hexacoordinated alkyl Rh(lll) intermatdi, [MeRh(CO) 3] (2), was found to be
the rate-determining step of the cycle. The alRyl(lll) intermediate 2) is kinetically
unstable and methyl migratory-insertion then occragidly to form the acyl complex,
[(MeCO)Rh(CO)" (3). Insertion of CO converts this complex to th&-adordinated
dicarbonyl species, [(MeCO)Rh(C&Dy (4). Finally, reductive elimination of acetyl iodide
regenerateslj and the cycle restarts. Acetyl iodide reacthwititer to give acetic acid and
hydrogen iodide (HI). Both the first step (reantaf methanol with HI to give methyl iodide,
Eq. 2.7) and the last (the reaction of acetyl iedith water to give acetic acid and

regenerate HI, Eq. 2.8) are simple organic reastion

CH3OH + HI — CHsl + H,O 2.7

CHsCOIl + HLO — CH;COOH + HI 2.8

All iodide in the system occurs as methyl iodidal dhe rate of the catalytic process is
independent of the methanol concentration and Cé3spre. A large amount of water
(14-15 wt%) is an indispensable ingredient for Himve two reactions to achieve high
catalyst activity and stability. However, a highnhcentration of water causes a major loss of

carbon monoxide due to the water-gas shift reaction

CO+HO— H;+CO 2.9

If the water content is less than 14-15 wt%, the-determining step becomes the reductive
elimination of the acyl spiecies from the catalggtecies 4). Therefore, although the
percentage of selectivity in methanol is in thehh@fs, the selectivity in carbon monoxide
may be as low as 90%. Water and methyl acetatts@sgenerateth situ from the reaction

of methanol and acetic acid. Not only water, bsib &l can cause by-product formation,

97J. Hjortkjaer, V. W. Jensoifnd. Eng. Chem., Prod. Res. Dev. 1976,15, 46.
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[CHaRhI5(COY]" + HI — CHjy + [Rhly(COY] 2.10

[RhI(CO)]" + 2HI —> H, + [Rhly(CO)]" 2.11

The above two reactions (Eq. 2.10 and Eqg. 2.119luevthe oxidation of Rh(I) to Rh(lll).
Rh(lll) iodide precipitates from the reaction mediwhich results in a loss of active catalyst.

It has to be converted back to Rh(l) by water aamtb@n monoxide.

Companies such as Hoechst have developed a sligiffiyent process in which the water
content is low in order to save CO feedstock. e fabsence of water the catalyst
precipitates. The HI content is lowered when tla¢ewconcentration is low and therefore the
formation of Rh(lll) as well as the reduction of RH to Rh(l) is much slower. The
water-gas shift reaction is suppressed by keegiegwater content low by adding methyl
acetate as part of the methanol source. Stallisaf the rhodium species and lowering of
the HI content can be achieved by the additiorodifde salts (Li, ammonium, phosphonium,
etc.). Low catalyst usage and high reaction reégsbe achieved at low water concentration

by introducing tertiary phosphine oxide additiv@s.

Detailed kinetic, spectroscopic and analytic stsidiethe rhodium catalysed carbonylation of
ROH (R = Me, Et and Pr) has been reporfeld® The reaction rates are first order in both Rh
concentration and added hydrogen iodide conceotratnd independent of CO pressure in
all cases. [Rh(CQIl,]” was the only rhodium species observed under ¢etatpnditions

since after the oxidative addition of Mel, all Segre fast.

2.7.3.3 Iridium Catalysed CATIVA ™ Process

The iridium-catalysed methanol carbonylation chémisvas first discovered by Paulik and
Roth and later defined in more detail by Forstef?2193194 The |ow-water methanol

%8 N. Hallinan, J. Hinnenkamg, Chem. Ind., 2001,82, 545.

9 T W. Dekleva, D. Fosted, Am. Chem. Soc., 1985,107, 3565.

10p Foster, T.W. Dekleval, Chem. Educ., 1986,63, 204.

191 M.J. Howard, M.D. Jones, M.S. Roberts, S.A. Tay@itul. Today, 1993,18, 325.
192G J. Sunley, D.J. WatsoBatal. Today, 2000,58, 293.
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carbonylation technology, Catil®4 was commercialized in 1996 by BP, ultimately agjig
the high-water, rhodium-catalysed Monsanto procgsikh had been used by BP. The
iridium catalyst, [Irf(CO)l;], (or combination of iridium and another metal,uaity
ruthenium, [Ru(CQ)2]) provides higher reaction rates and selectitity. The catalyst is

about 25% faster than the Monsanto rhodium catalitstexceptional product qualify?

The mechanism for the CatiVaprocess is more complex than that for Monsantor the
iridium based cycle, neutral and anionic speciesteas well as the employment of
promoters. As seen in the reaction mechanism he{8eheme 2-16), the active iridium
catalyst species, [Ir(C@}]’, proceeds through a series of reaction stepsasirtol the Rh

catalyst, however, the iridium cycle operates wifferent kinetics.

CH

- CH,
| CO
/K N, |
I o |/ \CO
Redl_Jctiye 1
Eliminatio Oxidative Addition
(Fast)
co CHy 7~ CH ) CH
NP N L I
\Ir/ \Ir/ \Ir/
|/| Neo |/| o Rul |/| o
| | coO
4 2a 2b
_ Methyl Migration
(|:H3 (Slow) Less Slow
Cc=0
co I\Ir/
I/| \CO
[

Scheme 2-16: Iridium Cativd™ Process®®

193D J. WatsonChem. Ind. (Dekker), 1998,75, 369.
104 3.H. JonesPlatinum Met. Rev., 2000,44 (3), 94.
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The oxidative addition of Mel to iridium is muchstar than that of the corresponding
rhodium complexé§>'% with the rate-determining step now being the niigra of the

methyl group to the co-oordinated G’ This is a general trend for third row metals.
Migration reactions for platinum complexes are agmwer than those for palladium. The
metal-to-carbons-bonds are stronger, more localized and more covalean those in

second-row metal complexes, hence a stabilisafigheolr-CH; bond. Promoters are added
to assist in the removal of iodide to increasertte-limiting step. Two distinct classes of
promoters exist: simple iodide complexes of Zn, Bd, Ga and In or carbonyl complexes
of Re, Ru, Os or W. The promoters abstract iodiden the ionic methyl-iridium species,
[Melr(CO).l3]" (28), forming the neutral species, [Melr(C{) (2b), resulting in methyl

migration being 800 times faster.

The iridium catalyst is able to operate at low wdévels (lower than 8 wt %) leading to
fewer by-product formation, improved carbon monexiefficiency and decreased steam
consumption, however a larger amount of catalyshaesessary to achieve an activity
comparable to the rhodium catalyst based proce3se of the major advantages of the
iridium catalyst is its high solubility allowing fogreater catalyst concentration, making
higher reaction rates probatife.lt is robust and stable under a wide range ofdrental

conditions which is ideal for optimisation of theethanol carbonylation process. The
Cativa™ process delivers acetic acid with a selectivity eixcess of 99% based upon

methanol.

195p R. Ellis, .M. Pearson, A. Haynes, H. Adams, .NBAiley, P.M. Maitlis Organometallics, 1994 13, 3215.
196 7 R. Griffin, D.B. Cook, A. Haynes, J.M. PearsoB, Monti, G.E. Morris,J. Am. Chem. Soc., 1996,118
3029.

7 T, Ghaffar, J.P.H. Charmant, G.J. Sunley, G.E.idpA. Haynes, P.M. Maitlisinorg. Chem. Commun.
200Q 3, 11.
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BASIC THEORY OF SOLID AND
SOLUTION STATE
CHARACTERISATION

3.1 INTRODUCTION

Characterisation techniques assist in identifyiagtsig materials, possible intermediates and
final products of reaction mixtures. Non-destrvetmethods such as Infrared spectroscopy
(IR), Ultraviolet/Visible spectroscopy (UV-vis) antiray Diffraction crystallography (XRD)
identify the components without destroying the skrmguring the characterisation process.
These techniques also play a major role in detengithe mechanism of reactions in
chemical kinetic studies. The basic theory of ¢hebaracterisation techniques will be

discussed in this chapter.

3.2 INFRARED SPECTROSCOPY (IR)

Infrared spectroscopy is a valuable tool for orgamd inorganic compound characterisation.
This method identifies a compound or its functiogadups due to the fact that all molecular
compounds (except for some homonuclear molecules as Q and H) absorb infrared
radiation. Each compound has a unique infraredtsjg@ much like a molecular fingerprint
that can be used to determine whether or not aedeproduct was indeed synthesised. So
even though the same type of bond is present irdtff@rent compounds they do not give the

same spectra since the bonds experience diffeneitboaments.

1 J. CoatesEncyclopedia of Analytical Chemistry; Interpretation of Infrared Spectra, A Practical Approach,
2000, 10815.
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An infrared spectrum is obtained by passing inflaradiation through a sample and
determining what fraction of radiation is absorla@ particular energy. Frequeneyi€ the
number of wave cycles passing through a point im ggcond. Wavelength)(is the length

of one complete wave cycle and the relation betvirertwo can be illustrated as follows:

C C
v-zor/l—; 3.1

where ¢ = speed of light (3 x ‘fpcm seé-
For energy calculations, the following equation barused:
E=hv== 3.2

where h = Planck’s constant. Energy is thus lineafrequency. Another unit which is
widely used in infrared spectroscopy is the wavememv, in cni’. This is the number of

waves in a length of one centimetre and is givethbyfollowing relationship:

3.3

al=<

<|
Il
NP

IR works on the basis of changes in molecular @ipohssociated with vibrations and
rotations of the atoms of a molecule. A moleatd® be looked at as an arrangement of
atoms joined by bonds with spring-like propertiegibrations involve either a change in
bond length (stretching) or bond angle (bendirfg§dme bonds stretch in-phase (symmetrical)
or out-of-phase (asymmetric stretching). Only moles that possess an electric dipole
moment that changes during the vibration, showsiatl absorption. The number of ways a
molecule can vibrate is comparative to the numbetems and bonds within the molecule.
Molecular vibration energy is generated when mdeswabsorb infrared radiation. IR
radiation causes the excitation of vibrational astdtional transitions of covalent bonds, but
has too little energy to excite electrons. Thergneat which any peak in an absorption

spectrum appears corresponds to the frequencyuition of a certain part of a molecdle.

2 K, Nakamoto)nfrared Spectra of Inorganic and Coordination Compounds, 29 Ed., New York: John Wiley &
Sons, Inc., 1970.
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The carbonyl group stretching frequency charadteady falls in the range from 2360 to
1080 cnt. However, metal carbonyl (M-CO) complekeange from 2200 to 1700 ¢hand
due to this distinct traft,the carbonyl group absorption frequency is oftsedufor complex
characterisatiofi. Due to the difference in electronegativity betwelee carbon and oxygen
atom the carbonyl group is permanently polarizédy vibrational stretching of this bond
will then in fact alter the dipole moment. Carbbisya strongr—acceptor ligand that assists
in removing electron density from a metal centtabsgising electron rich low oxidation state
species. The carbonyl stretching frequency is thugely affected by ligandgans to the
carbonyl group as they compete for electrons. s dlectron-donating capability of the
ligand decreases, the electron density of the na¢gal decreases. As electrons are removed
from the metal centre the ability of the metal totpke in back-donation to the anti-bonding
7* orbitals of the CO group is reduced and as altethe v(CO) increases. The carbonyl
stretching frequency is a useful technique to eatalwhat effect different ligands have on

the relative electron density on metal centres.

3.3 ULTRAVIOLET-VISIBLE SPECTROSCOPY (UV-VIS)

UV-Vis spectroscopy is primarily used in the qutative determination of solutions of
transition metal ions and highly conjugated orgasompounds. This method is based on
the absorption of energy. Ultraviolet and visilight range in wavelengths from 190 to
800 nm. The absorption of electromagnetic radmtiauses the transition between electronic
energy levels, i.e. electrons residing in the gdbwiate (highest occupied molecular
orbital -HOMO) can get promoted to the excited estéiowest unoccupied molecular
orbital - LUMO).6 Therefore electrons in the HOMO of a sigma barjccan get excited to
the empty anti-bonding*-orbital (LUMO) of that bond. This is noted asca-> o*
transition.  Likewise, electrons from the-bonding orbital can be promoted to the
anti-bonding z*-orbital. Non-bonding (lone pair electrons) odtg (n) have their own

transitions. The following molecular electroniansitions exist:

8 B. StuartModern Infrared Spectroscopy, Editor: D.J. Ando, England: John Wiley & Sons;.[nL996.

4 E.W. Abel, M.A. Bennet, G. Wilkinsord, Chem. Soc., 1959, 2323.

® C.N.R. RaoUltra-Violet & Visible Spectroscopy: Chemical Applications, 2" Ed., England: Butterworth &
Co. (Publishers) Ltd., 1967.

5 D.L. Pavia, G.M. Lampman, G.S. Krilmtroduction to Spectroscopy, 39 Ed., USA: Thomson Learning Inc.,
2001.
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e g2 o*
s 7o
e nN->o*
e N>t

The electromagnetic radiation that is absorbed éwergy exactly equal to the energy
difference between the excited and ground staldse wavelength at which the molecules
absorb energy depends on how tightly its valeneetens are bound to the atom. Electrons
are not strongly held in double and triple bondsl @ne easily excited yielding useful

absorption peaks.

3.4 X-RAY DIFFRACTION (XRD)

The geometry of a molecule is a fundamental prgpertidentify as it aids considerably in
proposing a mechanism of a reaction. X-ray cricgehphy is a very powerful identification
technique of characterising complexes in the ssifide. It is used to determine exactly how
the atoms of a compound are arranged in spaces i$kaccomplished when X-ray beams
irradiates a crystal sample and is scattered irdoymdirections by each atom in the crystal.
These scattered beams create a diffraction pattéioh is interpreted mathematically by
computer, producing a three-dimensional picturthefelectronegativity of electrons within a
crystal which in turn determine the mean positionthe atoms. From the diffraction pattern,

bonds, angles, disorders and a great deal of Btfemation is also obtained.

X-rays had been discovered in 1805, but it wasmtid 1912 that the diffraction of X-rays by
crystals was discovered. The observation of Xddfraction by crystals confirmed that
X-rays were a form of electromagnetic radiaffoiX-ray radiation is used due to the size of
the observed species. The size of the object nieelds at least half the wavelength of the
light used to see it. X-rays have wavelengthshia tange of 0.02 to 100 A (1 A =
10"° metres), which is similar to the size of atomskimg it the ideal electromagnetic

radiation to observe crystals. Visible light hasavelength longer than the distance between

W, Clegg,Crystal Sructure Determination, New York: Oxford University Press, Inc., 1998.
8 W. Friedrich, P. Knipping, M. von Laulnterferenz-Erscheinungen bie Rontgenstrahlen, 1912, 202.
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atoms and is thus unable to penetrate on molesatde. The smaller wavelengths of X-rays
are idyllic for structural analysis on moleculavedé proving useful also in the medical field

for imaging internal structures and organs.

A crystal is a solid compound in which the atome geriodically arranged in three
dimensions making them ideal for XRD since it witlow repeated patterns within the entire
structure. A lattice of the structure is an aroéydentical points and is built up from many
unit cells. The unit cell is the smallest possibtet that is a representation of the whole
crystal as it is repeated in all directions of tingstal axes to produce the complete crystal. A
unit cell consists of three edge lenghts (a, ang) three angles(8, y).° The directions and
planes in a crystal lattice are known as Millericed (hkl). There is a limited number of
ways that a set of objects can be arranged in 4tiraentional space to result in a
crystallographic perdiodic system. The space grmaiug crystal describes the symmetry of
the unit cell, and can be one of 230 different sypdhese space group variations are well

established and can be found in the Internatioaalés for Crystallographyy.

3.4.1Bragg’s Law

X-rays are diffracted by “lattice planes” withincaystal. All X-rays reflected from a given
plane are in phase after reflection. Neighborilame X-rays travel different path lengths and
are out of phase after reflection. Bragg's lawuied to correct phase differeficéor

diffracted rays by two adjacent planes:

nil = ZdhleinH 3.4

where n represents an integethe wavelength, @ the distance between successive parallel

crystal planes andthe angle of incidence and reflectitn.

° D.W.A. SharpeThe Penguin Dictionary of Chemistry, 3 Ed., London: Penquin Books Ltd., 2003.

1% nternational Tables for Crystallography, A, 5" Ed., Kluwer Academic Publishers, 2002.

1 M.F.C. Ladd, R.A. PalmeiStructure Determination by X-ray Crystallography, New York: Plenum Press,
1977.

12 3.M. BuergerX-Ray Crystallography, London: Academic Press, 1971.
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Diffracted X-ray beam
Entering X-ray beam

$ d Lattice planes (hkl)

R
dhk|5ine ' dhk|5ine

Figure 3-1: Bragg’s assembly of X-Ray diffraction.

X-rays are reflected by evenly spaced planes wighamystal structure at the same angle. A
part of a X-ray that’s not reflected off the uppg¢omic plane with anglé, can pass on to a
next deeper level into the crystal and reflecthat $ame angle. All X-rays reflected of a
given plane is in phase afterwards. X-rays travelistance oRdngsin@ between adjacent
planes. The orientation of a set of planes iseasgmted by Miller indices (hkl). The spacing
between these lattice planes is represented & idapplication purposes these lattice planes
can be thought of as reflecting the X-rays froneuten though this is not exactly true seeing
as X-rays are scattered by electrons of atoms. h &t value represents a point in the
reciprocal space that is created from the set ofptdnes in real space. If the reciprocal
lattice, the lattice created by diffracted X-ragan be indexed, the hkl values can be assigned

to each diffraction spot with a specific intensity.

The Laue class is assigned to the crystal fromidtaion of the intensity weighted reciprocal
lattice. By using the systematic extinctions ie tieciprocal space the space group can be
assigned. The systematic extinctions occur froensgecific symmetry in the crystal and are
determined from structure factors in a certain spgoup™® If the proper space group can be
assigned, the chance of solving the structureite ¢pugh.
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3.4.2Structure Factor

An atom’s coordinates in a unit cell is describeddrms of Miller index (hkl). Each is a
number between 0 and 1 and cell edges are defineddiors a, b and c. The position of an

atom expressed in terms of fractional coordinaagven as:

R=hx+ky+lz 3.5

The structure factor, vk, expresses the overall scattering of all atomsn(jjhe unit cell

relative to that of a single electron. This iseegsed as

Fhpg = Z?’zlfiexp [i2rm(hx; + ky; + lz))] 3.6

where fis the scattering factor of each individual N asoamd (x V;, z) are the coordinates

of each atom in the unit cell. The structure festonagnitude is dependent on the relative
position of the atoms and their scattering factoree equation represents a wavelet with an
amplitude off; and phased; = 2z(hx+kyi+1z) which expresses the path length for each
scattered wavelet. The structure factor is therphki the resultant of wavelets scattered by

the N atoms in the unit céff. The equation can also be written as:
Frp = Z?’zlfi[cosZn(hxj + ky; + lzj) + iSin2n(hx; + ky; + 1z;)] 3.7

The energy in a cosine wave is proportional todtyeare of the amplitudes of the wave. In
X-ray diffraction the intensity of the scattered weais used, o(hkl), representing an
experimentally observed quantitiyo(Hkl) can be used to represeniEwhich is the ideal

intensity. Therefore:
Io(hkl) o< |Fy(hkD)|? 3.8

This allows the experimentaj(hkl) values to be directly related to the struetproperties by
|[FhKI|.

13 L.V. Azaroff, Elements of X-ray Crystallography, New York: McGraw-Hill, Inc., 1968.
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The X-ray diffraction pattern created when X-rays scattered by electrons associated with
atoms in a unit cell can be used to determine ty&al structure. Atoms with higher atomic
numbers yield greater concentrations of electrdvas tatoms with lower atomic number.
Electron density is a function of position and demexpressed gXX, Y, Z). Through the
relation of electron density and structure facher fiollowing equation is obtained.

Fo = [ p(x,y,2) expli2n(hx, + ky, + lz,)] dV 3.9

3.4.3'Phase Problem’

Analysis of a crystal structure by X-ray diffractics fraught by the inability to determine the
complete vectorial structure factor. In determgnan crystal structure the modulus, |[F(hkl)]|,
can be obtained from the intensity data (Eq. 28)the corresponding phase(hkl), cannot

be directly measured. In order to determine thecgire, both amplitude and phase must be
known as it cannot be solved directly from the obse intensity data. This incapacity to
determine the phase is known as the ‘Phase Proldathcan be overcome by a number of

methods of which two are very common.

3.4.3.1 Direct Method

The direct method resolves the approximate reflactphases from measured X-ray
intensitiesvia mathematical formulae. The direct method provestnuseful for structures
consisting only of light atoms. The Patterson fiorcis used with compounds where one

atom or a small number of atoms are substantigvier than the rest.

3.4.3.2 Patterson Function

The Fourier transform of the squared amplitudeghkB[?, with all phases set equal to zero

gives the Patterson Function.
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Pu,v,w) =V 1Y, Y > (Fu)?exp [—2mi(hu + kv + w)] 3.10

The Patterson Function bears a resemblance teeattai density map with peaks of positive
electron density in various positions. The PatterBunction is a map of vectors between
pairs of atoms in the structure. For every pegboatt (u, v, w), there are two atoms in the
structure whose x coordinates differ by u, y cooatks differ by v and z coordinates differ
by w. The Patterson peaks reveal where atomelidive to each other but not where they
lie relative to the unit cell origin. The Pattemspeaks are proportional in size of the atoms

involved.

3.4.41Least Square Refinement

The least square refinement is a technique usedrtpare the calculated diffraction pattern
with the observed diffraction pattern to acquire thegree of resemblance between them.
The comparison of the calculated structure fact) (o the experimental data (jFis

described in terms afsidual index or R-factor.*

_ ZllFol=IFcll
R = > 1Pl 3.11

If the value of the R-factor is between 0.02 and70it indicates a complete and correct

crystal structure determination from good qualitperimental data.

A more meaningful equation than the basic R-faetoploys a new residual factor which is
widely used for crystal structure determination. w&ighting factor is added for each

reflection, w, incorporating information on theaele reliability of different measurements.

_ sw(R-r2)’

2
wWR* = Sw(rD)? 3.12

% G.H. Stout, L.H. JensenX-ray Structure Determination: A Practical Guide, London: The Macmillan
Company, 1968.
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3.5 THEORETICAL ASPECTS OF CHEMICAL KINETICS

3.5.1INTRODUCTION

Chemical kinetics deals with the quantitative daieation of the rates of chemical reactions,
factors which influence the rates and the explanatf the rates in terms of the reaction
mechanisms of chemical processes. In chemicati@nthe rate of changing concentrations
of reactants or products with respect to time iWeed. If the effect of various influencing
factors on the reaction rate is known, an integtien of the empirical laws in terms of
reaction mechanism can be formulated. Factorsnifagthave an effect on the reaction rate
include: concentration, pressure, temperatur@ceff catalyst, sensitivity to light and air
and solvent. Spectrophotometry is often used for kinetic measerds since all molecules
have a unique absorption spectrum. Kinetic stugyJW-vis spectroscopy is described by

the Beer-Lambert lal¥, illustrating the relationship of concentratioratasorption.

logloﬁz eCl=A 3.13

where } = intensity of the incident monochromatic lights I= transmitted intensity,
¢ = extinction coefficient, C = concentration, | atp length through the sample and A the
absorbance.

3.5.2Reaction Rates and Rate Laws

The rate of a reaction can be expressed in termsybne of the reactants or any one of the
products of the reaction. The rate of the reaasdhe change in the number of molecules of

reactants or products over time.

5pw. Atkins,Physical Chemistry, Oxford: Oxford University Press Inc., 1994.
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In a general reaction:
aA +bB-> Cc

the rate can be expressed as,

Rate of reaction = _da_ _ 4Bl _ 3.14
dt dt dt

where d[A] and d[B] are the changes in concentratibreactant over a period of time, dt,
and d[C] is the change in concentration of the pobd The reactant is being consumed thus
the concentration decreases with time hence theisnsign so the rate will be a positive

guantity.

The rate law can be defined as “the experimentiiermined dependence of the reaction

rate on the reagent concentratios'in general, the rate law has the following form,

Rate = k[A]*[B]” ... 3.15

wherek is the rate constant, componentandg are determined experimentally and represent
the order of the reaction with regards to the cotre¢ions of A and B. The sum afandf

will give the total order of the reaction. Theeatonstant is independent of A and B
concentrations but can be influenced by environaldiactors mentioned earlier. The rate

constant is unigue for every reaction.

In typical catalytic reactions the catalyst concatiin remains constant or one reactant is in
great excess with respect to the other reactanthaoduring the reaction run there is a
minuscule change in the concentration of the forthein other words, for conditions where
[B]>>[A], the concentration of B will stay constamthile the concentration of A varies.
These reactions are callpseudo-n™ order reactions where n is the sum of the expsnet

the concentrations that change during the reaction

16 R.B. JordanReaction Mechanisms of Inorganic and Organometallic Systems, Oxford: Oxford University
Press, Inc., 1991.
7 3.W. Moore, R.G. Pearsaiijnetics and Mechanism, 3° Ed., New York: John Wiley & Sons, Inc., 1981.
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A pseudo-first order equilibrium reaction, where [B]>>[A¢an be given as,

kg

a[A]* + b[B]#

c[C]

-1

Rate = k,,s[A]* — k_1[C] where k,,s = k[B]? 3.16

kobs = the observed rate constant. The rate congtaman be determined by varying the

concentration of B. The equilibrium constant fareguilibrium reaction is given by,

Koq = 1% 3.17

wherek; = forward reaction ankl; = reverse reaction.

By integration of the initial rate expression frén0 to a random point of time (t), we obtain
the equation,

ln% = —kypst o7 [C]; = [C]oe *orst 3.18

0

[C]t and [C} is the concentration change of the reactant a¢ thm0 and t respectively.
Through the basic principles of the Beer-lambew, l@xpressing absorbance in terms of
concentration, and a bit of mathematical manipoigtthe above equation can be given as,

Apps = Ao — (Ao — Ag)e Fobst 3.19

where A; = absorbance after time t add = absorbance at infinite time (when reaction is
complete). Absorbance versus time data can beinsedeast-squares fit to givegys for the
reaction. The half-life () for a first order reaction, meaning the time reskdor the

reactant concentration to decay by 50%, will be:

tl/z = ln_z = 0693 320

kobs kobs
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3.6 NUCLEAR MAGNETIC RESONANCE (NMR)
SPECTROSCOPY

Nuclear magnetic resonance (NMR) spectroscopy és study of a molecular structure
through measurement of the interaction of an @guillj radio-frequency electromagnetic
field with a collection of atomic nuclei immersada strong external magnetic field. Aside
from X-ray crystallography which can determine th@mplete molecular structure of a
compound, NMR spectroscopy is the chemist's mastctitool for identifying the structure

of both pure compounds in addition to mixtures. 1802 the strange behaviour of certain
nuclei when subjected to a strong external magrietid was discovered. Fifty years later
the first crude NMR spectrometer was constructed an following years NMR has

completely revolutionized the study of chemistryg &mochemistry.

Hydrogen is found in almost all organic compoundd s composed of a single proton and
single electron. For NMR purposes, the key featfrthe hydrogen nucleas is its angular
momentum properties, resembling those of a cldssipmning particle. The spinning
hydrogen nucleas is positively charged thereforgerging a small magnetic field and the
resulting spin-magnet posseses a magnetic moménprpportional to the spin. The
magnitude of the magnetic moment produced by tlmnsm nucleas varies for each atom
according to the equation:

U= v 3.21

21

where h = Planck’s constant apnd gyromagnetic or magnetogyric ratio. This isi&mto a
charge moving in a circle creating a magnetic figdure 3-2). The magnetic momen) (
has both magnitude and direction as defined bgnits of spin. NMR exploits the magnetic

properties of nuclei to provide valuble information the molecular structure of compounds.
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[ K
J
Charge moving in a circle Spinning nucleas

Figure 3-2: Similarities between a charge movingiia circle and a spinning nucleus.

When the atomic number (the number of protons) #wedatomic mass (the sum of the
protons and neutrons) of an atom is equal, theemgchas no magnetic properties and has a
nuclear spin (I) of zero. These atoms are inwsiiol NMR, e.g. carbonl?(C) and oxygen
(160). When either the atomic number or atomic massdd, or if they are both odd, the
nucleus has magnetic properties and is understdx tspinning. Spinning nuclei have a
nuclear spin of % or more (in increments of %2).e Tuclei with | = % is the most easily
examined by NMR spectroscopy e, 3P and**C. In order to study nuclear magnetic
properties, the nuclei must be subjected to a gtexternal magnetic field, B In the
absence of the external magnetic field the enefggllathe nuclei of the same isotope is
equal. The energies of the nuclei are affectednwite B field is turned on along a
designated axis (z). Magnetic moments have a tenyd® align in the K+z) direction over
the opposite direction (-z). The Borce causes the magnetic moment to move in alairc
fashion about the +z and -z directions, a motidiedgrecession (Figure 3.3). Nuclei with
spin = ¥ only has two posible magnetic orientati¢rs, -z) of spin and each is given a

nuclear spin quantum number (m) therefore m = #/&td each Bdirection.

m=+"% m=-1%

Figure 3-3: Axis of rotation precessing around thenagnetic field (&)).
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The frequency of this precession is called the laarfinequency and is identical to the

transition frequency which is given by:
E = —uBcosf 3.22

Complex nuclei have more than two spin states haddtal number of possible spin states

(multiplicicty) *®is determined by:
Multiplicity = 21 + 1 3.23

The m = + % spin state has a slightly lower engngyn m = - %2. The tendancy of a nucleus
to spin in the +z direction in the presence of emal magnetic field is due to the fact that
as the B field increases, the difference in energy betwisentwo spin states increases and
the frequency of radiation needed to excite thelaiuo the lower level depends on the

energy difference between the lev@ls.

Energy

AE

R
Applied Magnetic Field

Figure 3-4: Energy difference between spin statess a function of applied magnetic field.

The electron density surrounding the nucleus aésdharge, motion and hence a magnetic
moment. The magnetic field generated by the alastalters the applied magnetic field B
around the nucleus. The actual field that is presé a given nucleus is dependent on the

nature of the surrounding electrons. This electvaniation of the B field is termed

¥ p 3. HoreNuclear Magnetic Resonance, New York: Oxford University Press, Inc., 1995.
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shielding. The presence of electron-withdrawingugis in a molecule reduces the electron
density around a proton and is termed deshieldaugsiog a higher resonance frequency.
Shielding is the exact opposite causing a lowepmasce frequency in molecules with
electron-donating groups. If two protons in a moale exist in two distinct magnetic
environments, each with spin = %2, (m = + % and m %), the form of the resonance is
altered and split into two peaks. The distanceveen two peaks for the resonance of one
nucleus split by another is called the couplingstant (J) and is measured in hertz (Hz). Itis
a measure of how strongly the nuclear spins infteeeach other. The influence of
neighbouring spins on the multiplicity of peaksldal the ‘n+1’ rule where n = the number
of equivalent protons in neighbouring atoms plus Hquivalent nuclei don’t interact with

each other; they only cause splitting of the neaghilmg protons.
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SYNTHESES OF IRIDIUM(I)
COMPOUNDS

4.1 INTRODUCTION

The synthesis and characterisation of a range(Bfdhosphine complexes are discussed in
this chapter. Complex characterisation was perarivy using various techniques, including
NMR, IR and X-ray crystallography. A search on @embridge Structural Databa{€SD)
showed no examples bfs-phosphine, O,0’-bidentate donor ligand iridiungdmplexes.

A well-known hydroformylation precatalyst system [Rh(acac)(CO)/PPh with the
ultimate active catalyst species being [RhH(CO)dMPR® In this study, iridium systems are
used as model complexXésto explore the interaction between [Ir(acac)(g§Gnd four
tertiary phosphine ligands, stepwise manipulatigdubstituents from triphenylphosphine to
tricyclohexylphosphine (Figure 4-1) in order tolgatinformation regarding the kinetics and

coordination intermediates during model hydroforatigin reactions.

R TR D,
g0 U o

Figure 4-1:  Structures of the four tertiary phosphine ligands: triphenylphosphine (PPhj),
cyclohexyldiphenylphosphine (PPh,Cy), dicyclohexylphenylphoshine (PPhCy,) and tricyclohexyl-
phosphine (PCys).

! Cambridge Structural Database (CSD), Version S\ 2009 update, F.H. Allemycta Cryst., 2002,B58,
380.

2 F. Bonati, G. Wilkinson). Chem. Soc., 1964, 3156.

3 A.M. Trzeciak, J.J. Ziotkowskinorg. Chim. Acta, 1985,96, 15.

* R. Eisenberg, D.J. Fox, S.B. Duckett, C. Flasdleemr W.W. Brennessel, J. Schneider, A. Gunagrg.
Chem., 200645, 7197.

® R. Whyman,). Organomet. Chem., 1975,94, 303.
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CHAPTER 4

42 CHEMICALS AND APPARATUS

All reagents used for the synthesis and charaeti@riz were of analytical grade and were
purchased from Sigma-Aldrich, South Africa, unletserwise stated. Reagents were used as
received, without further purification. ;HCls.6H,O was commercially available from Next

Chimica. All organic solvents were purified aniedraccording to literature.

All the infrared spectra of the complexes were réed on a Bruker Tensor 27 Standard
System spectrophotometer with a laser range of 40800 cnit, coupled to a computer.
Solid samples were analyzed either as KBr pelletgaATR infrared spectrophotometry.
Liquid samples were analyzed in dry organic solsenta NacCl liquid cell. All data was

recorded at room temperature.

All *H and*'P NMR spectra were obtained on a Bruker AXS 600 Midezlear magnetic
resonance spectrometer at 600.28 and 242.99 MBjgectvely in GDg or G;Dg. Chemical
shifts of'"H NMR spectra are reported relative to tetramettayls using the €D (7.16 ppm)
peak. *'P NMR spectra were referenced externally to 8544 (0.0 ppm).

4.3 SYNTHETIC PROCEDURES

The trans-[Ir(acac)(CO)(PR);] (PRs = PPh, PPhCy, PPhCy, PCy) complexes were all
synthesised under Schlenk conditions due to the amd moisture sensitive nature of
iridium(l). Crystals, suitable for X-ray crystafjcaphy, were obtained from crystallisation

from a combination of MeOH, toluene and aceton@ & °C.

®D.D. Perrin, W.L.F. Armaregdurification of Laboratory Chemicals, 3° Ed., Pergamon Press, 1988.
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4.3.1 Syntheses of Starting Compounds

4.3.1.1 Synthesis of di-p-chlorido-bis(1,5-cyclooctadiene)diiridium(l)
([Ir(Cl)(cod)]2)

Hydrated iridic acid, KIrClg).xH2.0O, (500 mg, 1.228 mmol) and hydroquinone (407 mg,
3.697 mmol) were heated under reflux for 1 h witmixture of ethanol and water (2:1,
30 cn?). The ethanol/water mixture was deoxygenated ufybbng N> through the solvent
mixture for half an hour prior to useis-cycloocta-1,5-diene (cod) (0.605 £n4.933 mmol)
was then added to the reaction mixture and refldgeé further 5 hours. The mixture was
concentrated toa. 15 cnf resulting in the formation of an orange-red solithe mixture was
cooled to room temperature and water (3)owas added to the solution. The precipitate was
filtered and washed with cold methanol (3 x 5%cio remove traces of unreacted cod and

dried overnight in a vacuum desiccator ovgd

Yield: 288.7 mg, 70 %
'H NMR CgD¢ (7.16):5 4.2 (s, 4H, =CH, cod), 1.9 (s, 4H, Gteod), 1.2 (m, 4H, CH cod)
IR (KBr) v (cnmi): = 1471, 1446 (C=C, cod)

4.3.1.2 Synthesis of (acetylacetonato)(1,5-cyclooctadiene)iridium(l)
([Ir(acac)(cod)])

[Ir(Ch)(cod),]. (100 mg, 0.149 mmol) was dissolved in minimum antou
dimethylformamide (DMF) (+3 cf). Acetylacetone (acacH) (32, 0.313 mmol ) was
added and the reaction mixture was stirred for 2@ rifthe product was precipitated with ice

as a yellow solid and filtered. The product wasdiin a vacuum desiccator oveids.

Yield: 72.1 mg, 61 %

'H NMR in GDg (7.16):8 4.3 (s, 4H, =CH, cod), 2.2 (m, 4H, gHtod), 1.5 (m, 4H, CH
cod), 5.1 (s, 1H, C-H, acac), 1.7 (s, 6H,{é&tac)

IR (KBr) v (cm?): 1382, 1353 (C=C, cod); 1565, 1528 (C-O (Ar) (fuatic)), acac)
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4.3.1.3 Synthesis of (acetylacetonato)(dicarbonyl)iridium(l)
([Ir (acac)(CO)l)

[Ir(acac)(cod)] (50 mg, 0.125 mmol) was dissolvachexane and CO was bubbled through
the solution for several hours at a constant teatpeg of 25.0 °C under an argon

atmosphere. A golden-brown precipitate formed thedsolvent was removed under vacuum.

Yield: 32.1 mg, 74 %

'H NMR in GsDs (7.16):5 5.0 (s, 1H, C-H, acac), 1.5 (s, 6H, §ldcac)
IR (ATR) v (cmi'): 2045, 1984 (€0); 1559, 1529 (C-O (Ar), acac)
IR (MeOH)v (cmi?): 2072, 1996 (EO)

4.3.2 Syntheses of trans-[Ir (acac)(CO)(PR3),] Compounds

4.3.2.1 Synthesis of trans-[Ir (acac)(CO)(PPhs),]

[Ir(acac)(CO}] (60 mg, 0.173 mmol) and 1.1 eq BF50.1 mg, 0.191 mmol) were dissolved
in MeOH (+ 5 cni) and the reaction mixture was stirred at 40.0 S€15 min. During this
time precipitation of the yellow product startedoimcur. Most of the solvent was evaporated

under vacuum causing further precipitation follovigcfiltration of the product.

Yield: 81.5 mg, 56 %

'H NMR in GsD¢ (7.16):8 5.2 (s, 1H, C-H, acac), 1.8 (s, 3H, §tdcac), 1.3 (s, 3H, GH
acac)

P NMR in GDg: 5 18.4

IR (ATR) v (cm%): 1942 (G0); 1560, 1521 (C-O (Ar), acac)
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4.3.2.2 Synthesis of trans-[Ir (acac)(CO)(PPh,Cy),]

[Ir(acac)(CO)] (60 mg, 0.173 mmol) and 2.1 eq RBEk (97.4 mg, 0.362 mmol) were
dissolved in acetone (+ 5 &nand the reaction mixture was stirred at 40.0 €20 min.
The solution was concentrateddm 2 cn? and addition of hexane caused the precipitation of
a yellow solid. The product was filtered and driedacuo.

Yield: 74.3 mg, 50 %

'H NMR in GsDg (7.16):8 5.6 (s, 1H, C-H, acac), 2.5 (s, 3H, §tacac), 1.9 (s, 3H, GH
acac)

3P NMR in GDg: 6 33.5

IR (ATR) v (cm%): 1952 (G=0); 1631, 1518 (C-O (Ar), acac)

4.3.2.3 Synthesis of trans-[Ir (acac)(CO)(PPhCys,),]

[Ir(acac)(CO)] (60 mg, 0.173 mmol) and 2.1 eq PPhG99.7 mg, 0.363 mmol) were
dissolved in toluene (+ 5 cinand the reaction mixture was stirred at 80.06C30 min. All

solvents were evaporated and addition of MeOH axhime caused the formation of two
layers: a brown top layer and yellow bottom layérhe yellow layer was extracted and

removal of solvents yielded a yellow solid.

Yield: 79.5 mg, 53 %

'H NMR in CsDs (7.16): & 5.9 (s, 1H, C-H, acac), 2.7 (s, 3H, §Hcac), 2.5 (s, 3H, GH
acac)

%P NMR in GDg: 5 34.0

IR (ATR) v (cmi*): 1954 (G=0); 1606, 1496 (C-O (Ar), acac)
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4.3.2.4 Synthesis of trans-[Ir (acac)(CO)(PCysa)]

[Ir(acac)(CO)] (60 mg, 0.173 mmol) and 2.1 eq RC{@01.4 mg, 0.361 mmol) were
dissolved in toluene (+ 5 chand the reaction mixture was stirred at 80.0 6€30 min.
After all solvents were evaporated, hexane was cdddesing the precipitation of a yellow
solid. The products was filtered and dried in \@acu

Yield: 90.1 mg, 60 %

'H NMR in GsDg (7.16):8 5.9 (s, 1H, C-H, acac), 2.8 (s, 3H, §tacac), 2.3 (s, 3H, GH
acac)

3P NMR in GDg: 6 33.2

IR (ATR) v (cm%): 1934 (G0); 1630, 1517 (C-O (Ar), acac)

4.4 DISCUSSION

The trans-[Ir(acac)(CO)(PR),] (PRs = PPh, PPhCy, PPhCy, PCy) compounds were
successfully synthesized and characterized with'tRNMR and *}P NMR. Very little
literature information was found for pentacoordetht complexes of the type
[M(acac)(CO)(PR),] and none regarding iridium as metal cedtrdhe particular solvent
used during syntheses was of great importance shoginated solvents yielded Vaska-type
compounds and many other resulted in the decomposif the products to an oil. MeOH
and toluene were the most suitable solvents forstimgheses of the particular complexes.
Different temperatures were used due to solubdifferences in each solvent and to ensure

the completion of the reaction.

Only thebis-phosphine complexes were formed even when alesslt:1 ratio ligand:Ir was
utilized during synthesis. It is well known thagdnds such as CO has the ability to stabilise
five-coordinate intermediaté complexes through-back donation of the excess electron
density. Some difficulties were however encourtdevath the attempted preparation of
trans-[Ir(acac)(CO)(PP¥),]. Only PPRh of the four ligands investigated showed selegtivit

" J.P. Fackler, W.C. Seidel, J.A. FetchiinAm. Chem. Soc., 1968,90, 2708.
8 R.G. Pearson, D.A. Sweigethorg. Chem., 1970,9, 1167.
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for its intended molar ratio coordination to thetate&entre. The extent of coordination fc

the other three ligands could not be controll

Upon addition of 1 eq of Pl to [Ir(acac)(CO)] one cabonyl ligand is substituted, givir
[Ir(acac)(CO)(PP¥)], followed by the addition of a second phosphiigand forming the
five-coordinated compoundans-[Ir(acac)(CO)(PP},] (A). This is evident fron'H NMR
and infrared spectra, Figur-2 A and Figure 4-3, respectiveiydicating thepresence of the
acac ligand and exhibiting éPPh:acac integral ratio of 2:1 in théH NMR spectum thus

confirming thebis-phosphine complex

On the other hand when 2 ecthe phosphine ligand is addedlidacac)(CO-], product B)
is formed with'H NMR (Figure «2 B) and infrared spectra (Figure3}-showing the absen
of the acacligand and together with a significant shift*’P NMR from& 18.4 to 15.3 ppr
for productsA andB, respectively (Figui 4-4) it is evident that two different complexes

formed dependent on ligand concentratiiThe broad peak af. 8.43 ppmin the*P NMR
spectrum (Figure 4-4) miglue representative of fast exchange betwdencoordinated an
free PPh. Thedifferent products isolated for P3 as ligand yieldedaluable information a
to the mechanism and chemical behaviour [(acetylacetonato){darbonyliridium(l)]

coordination reactions.

A [Ir(acac)(CO})] anc PPh (1:1) acac (2 x H, CHy)
acac (1H, C-H) \
¥ Y
T | T T ] | I
=] 7.0 5.0 5.0 4.2 2.0 20 1.0
B [Ir(acac)(CO})] anc PPh (1:2)

Figure 4-2: *H NMR spectra of the products formed when reacting [Ir(acac)(CO),] with PPhz in 1:1 (A)
and 1:2 (B) ratios (indicated in parenthesis after heading), obtained in CgDs.
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Figure 4-3: Stacked inversion ATR Infrared spectra of products A (blue) and B (red) indicating the

absence of the acac’ ligand in product B.
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@ [Ir(acac)(CO)] and PPh(1:1)
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3P NMR spectra indicating peak shift of the different products formed when reacting

Figure 4-4:
[Ir(acac)(CO),] with PPhsin 1:1 (A) and 1:2 (B) ratios (indicated in parenthesis after heading), obtained

in C;Ds.
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In the series of phosphine ligands (BPRPRCy, PPhCy, PCy) a phenyl ring is
systematically substituted by a more bulky cyclofexg, increasing the electron density on
the metal centre and manipulating the steric effeatthe iridium complexes. The steric and
electronic properties of th&ans-[Ir(acac)(CO)(PR),] complexes are therefore gradually
varied with the systematic change of ligands frddibRo PCy. It can be seen in Table 4-1
that the carbonyl stretching frequeneyso), decreases as the phenyl rings are systematically
substituted by a cyclohexyl ring. As the electdmmnsity on the metal centre increases, the
back donation of electrons from the metal to #feorbital of the C atom increases thus
strengthening the Ir-C bond and weakening tk®@ond resulting in a lower CO bond
order. It is therefore clear from Table 4-1 thhe telectron-donating ability ofrans-
[Ir(acac)(CO)(PR),] complexes increase from PPio PCy. A similar trend is observed in
the IR data (Table 4-1) for the Vaska-type compautrdans-[RhCI(CO)(PR),], showing an
increasingv(co) as thes-donor ability of the phosphine decreases andrztheceptor power

increased:'°

Table4-1: IR datafor trans-[Ir(acac)(CO)(PR3),] and trans-[RhCI(CO)(PR3),]complexes.

oR trans-[I r (acac)(CO)(PR3),]? | trans-[RhCI(CO)(PR3),]°
i vco) (cm™) (MeOH) vicoy (cm™) (Toluene)

PPh 2007 1979

PPhCy 1992 1966

PPhCy 1957 1964

PCy 1923 1943

2 This MSc Study® Ref [11]

In general, thevco) frequencies intrans-[RhCI(CO)(PR)2] complexes decrease with an
increase iv/z-donor properties of the P-ligand in the order PPRPhCy > PPhCy > PCy
concluding that infrared is a powerful tool in istigated the electron-donating ability of a
ligand.

®W. Strohmeier, T. Onad2, Naturforsch. Teil. B, 1968,23, 1377.
10, vaska and J. Peon&hem. Commun., 1971, 418.
1 A. Roodt, S. Otto, G. SteyGoord. Chem. Rev., 2003,245, 121.
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An interesting observation from this study is tihamge in carbonyl stretching frequencies in
the case ofrans[Ir(acac)(CO)(PP¥.] and trans-[Ir(acac)(CO)(PP$Cy),] from solid state
ATR to MeOH solution being 65 cand 40 crit respectively {coy cm™: PPh: 1942
(ATR), 2007 (MeOH); PPICy: 1952 (ATR), 1992 (MeOH)). This can be dug#xzking
effects in the solid state which induces a bentenaitthe Ir-G:O moiety. A similar trend in
shifting carbonyl frequencies was noticed for theucure of trans[RhCO(PPR).CI],
determined in different studieise., that of Roodet al."* and Rheingoldt al."*> Thevco) of
1965 cnt, obtained by Roodt (as was also found by Durdva’?), differs with 18 crit
from that obtained by Rheingold, 1983 tndue to the bent mode of the R moiety.
The Rh-C-O angle for the study witfro) = 1965 crt is ca. 165-170 © compared to 177 © for
vicoy = 1983 cril. It is anticipated that a bent mode for the RFGOmoiety results in a less
effective da* overlap with a consequent increase in C-O borehgith.

In another case, the change gy for [Rh(cacsm)(CO)(PRJ*® (cacsm = [(methyl
2-(cyclohexylamino)-I-cyclopentene-1-dithiocarbcatd)]) in a KBr-pellet to CHGIsolution
was 50 crit, confirming substantial solvent interactionco) cm® 1944 (KBr), 1994
(CHCL)). An interesting fact is that this complex cafbzed from solution as an adduct
with an acetone solvent molecule that could indidéat co-packing might influence the

carbonyl stretching frequency.

Two new crystallographic structural determinationgre successfully completed and
ultimately yielded information as to the final madmsm and chemical behaviour of these
iridium(l)  systems. The crystallographic structuradetermination of trans-
[Ir(acacxO)(CO)(PPhCy),] (synthesis in Section 4.3.2.3) andtrans{lr(acac-
k?0,0)(CO)(PCy),] (synthesis in Section 4.3.2.4) are discussecetaidin Chapter 5 while
the kinetic study for the reaction between [Ir(3(@0),] and PPhis discussed in Chapter 6.

12 A. Roodt, G. Kemp, W. PurceRhodium Express, 1995,12, 21.

13 A.L. Rheingold, S.J. Geilf\cta Cryst. Sect. C, 1987,43, 784.

14 K.R. Dunbar, S.C. Haefndmnorg. Chem., 199231, 3676.

15G.J.J. Steyn, A. Roodt, |. Poletaeva, Y.S. Varskgw. Organomet. Chem., 1997 536-537, 197.
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CRYSTAL STRUCTURE
DETERMINATION OF COMPLEXES

5.1 INTRODUCTION

Literature revealed no reports of four- or five-atinated Ir(l) complexes containing two
phosphine ligands andfadiketone donor ligandl. This Chapter deals with two new crystal
structures in which the O,0’-bidentate ligand daggsl surprising behaviour by either binding
to Ir(l) as ap-diketonato chelate ring or by demonstrating a obefating trait and binding
only through one carbonyl oxygen of the ackgand. All comparisons between crystal
structures will therefore be done with the rhodiamalogue complexes. The complexes
trans-[Ir(acacx0)(CO)(PPhC¥);] (1) and trans{Ir(acac«’0,0) (CO)(PCy),] (2) were

characterized by means of X-ray crystallography amddescribed below.

5.2 EXPERIMENTAL

The X-ray reflection data was collected on a Bruk8rApexll 4K diffractometef, equipped
with graphite monochromated Mekadiation & = 0.71073 A) witho- ande-scans at 100K.
After a completed collection, the first 50 framesres repeated to check for decomposition,
which was not observed. The frames were integratdg a narrow-frame integration
algorithm and reduced with the Bruker SAINT-PlusdaXPREP software packages,
respectively’ Data was corrected for absorption effects by gishe multi-scan technique
SADABS? The structures were solved by the direct methackpge SIR975 and refined

! Cambridge Structural Database (CSD), Version 8v&; 2009 update, F.H. Allecta Cryst., 2002,B58,
380.

2 Bruker,APEX2, (Version 1.0-27), Bruker AXS Inc., Madison, Wissin, USA, 2005.

% Bruker, SAINT-Plus, Version 7.12 (including XPREP), Bruker AXS Inbladison, Wisconsin, USA, 2004.
4 Bruker, SADABS, Version 2004/1, Bruker AXS Inc., Madison, WisciondJSA, 1998.

5 A. Altomare, M.C. Burla, M. Camalli, G.L. CascamarC. Giacovazzo, A. Guagliardi, A.G.G. Moliter®,
Polidori, R. Spagnal. Appl. Cryst., 1999 32 115.
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using WinGX software, incorporating SHELXL All graphical representations of the
crystal structures were done with DIAMORID All structures are shown with thermal
ellipsoids drawn at 50% probability level unlesedfied otherwise. All non-hydrogen

atoms were refined anisotropically. Methyl, met#hamd aromatic H atoms were placed in
geometrically idealized positions (C-H = 0.95-0&)8and constrained to ride on their parent
atoms Uiso(H) = 1.8J((C) and 1.2Je(C)).

® L.J. Farrugiay. Appl. Cryst., 199932, 837.

7 G.M. Sheldrick, SHELXL97, Program for the refinement of crystal structurbsiversity of Gottingen,
Germany, 1997.

8K. Brandenburg, H. Puthl AMOND, Release 3.0c, Crystal Impact GbR, Bonn, Germ2og5.
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Table 5-1: Crystallographic and refinement detailsfor trans-[Ir(acac-kO)(CO)(PPhCys,),] and trans-[Ir(acac-

k?0,0)(CO)(PPhCys),].

Compound [Ir(acackO)(CO)(PPhCy,),] | [Ir(acac-k’0,0)(CO)(PPhCys),]
Empirical formuli Cua Hgss¢ Ir Os.5¢ Py CyaH73lrO5P,

Formula weigt (g mor™) 936.6( 892.1¢

Temperature (K) 100(2) 100(2)

Wavelength (A) 0.71073 0.71069

Crystal system Monoclinic Monoclinic

Space grou C2/c C2ic

Unit cell dimensions:

21.8586(6), 21.6370(6),

23.306(5), 9.978(5),

a b, c(A)
18.7589(4) 20.784(5)
a, B,y (°) 90.0, 104.488(2), 9C 90.0, 114.590(5), 9C
Volume (A% 85900) 4395(3
VA 8 4
Density (calculated) (g cf) | 1.448 1.348
Absorption coefficient
(i) 3.23 3.15
F(000 384« 184¢
Crystal Colour yellow yellow
Crystal Morphology Cuboid Cuboid
Crystal size (mr% 0.39 x0.36 x 0.30 0.23 x 0.20 x 0.10
Theta rang (°) 1.3510 28.3 2.83 10 28.2

Index ranges

-29<=h<=29, -28<=k<=28,
-25<=I<=24

-31<=h<=31, -13<=k<=13,
-27<=I<=27

Reflections collected 74944 37248
Independent reflectio 1069: 5457
Rint 0.046¢ 0.05¢0
Completeness to theta

28.34, 99.7 28.35, 99.5
, %)
Max. and min. transmission 0.4444 and 0.3659 0. &4800.5315

Refinement methc

Full-matrix leas-squares on?

Full-matrix leas-squares on?

Data / restraints / paramet

10693 /22 /47

5457/8/15

Goodness-of-fit on &

1.278

1.079

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

R1=0.0312, wR2 ©910

R1 =0.0654, wR2 = 0.1777

R indices (all data)

R1 =0.0453, wR2 = 0.1225

R16Y22, wR2 = 0.1848

Largest diff. peak and hole
(e.A-3)

3.813 and -1.829

4.660 and -6.720
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5.3 CRYSTAL STRUCTURE DETERMINATION OF
trans-[Ir(acac-kO)(CO)(PPhCy,),]

Trans-[Ir(acac«O)(CO)(PPhCy),] (1) was synthesized according to the procedure destrib
in Section 4.2.2.3. Yellow crystals suitable forrag diffraction were obtained. The
complex crystallized in the monoclinic space groGg/c, with eight molecules in the unit
cell. The molecular structure ¢f) with numbering scheme of the complex is preseiried
Figure 5-1. Positional parameters and all bondadies and angles are given in the

supplementary data (Appendix I).

c72
Cc71

o70 c72i

C81

Figure 5-1: DIAMOND representation of trans[lr(acac-kO)(CO)(PPhCy,),] showing the atom
numbering scheme. For the phenyl/cyclohexyl ringshe first digit refers to the ring number, while the
second digit refers to the carbon atom in the ring. Hydrogen atoms are omitted for clarity, 50 %
probability displacement ellipsoids. Symmetry trasformations used to generate equivalent atoms:
1-x,y, 3/2-z.

The complex exhibited a non-chelating adagand, linked to Ir(l) only through O02. The
central Ir atom has a slightly distorted squarexptafour-coordination and showstians
bis-dicyclohexylphenylphosphine (PPhgwrientation, the O02 carbonyl oxygen of the acac
ligand and CO1 of the linear carbonyl ligand.
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Complexl crystallized with one acetone- and methanol selvadlecule, each found ina 1:1
ratio to the iridium complex and forming part oeétmain molecular unit cell. The C71 and
070 atoms of the acetone solvate are situated eaiappositions, generating atom C72i
across a two-fold rotation axis. The methanol a@vmolecule displays a 50 % disorder on
the C-atoms (C81 and C82). Selected bond lengtthisagles are summarized in Table 5-2.

Table 5-2: Selected bond distances (A) and angl¢$ with estimated standard deviations in parenthess.

Selected bond lengths (A)
Ir1-C01 1.807(5) C02-C03 1.515(6)
Ir1-002 2.071(3) C02-C04 1.374(7)
Irl-P1 2.333(1) C04-C05 1.427(6)
Ir1-P2 2.329(1) C05-003 1.248(6)
P1-C41 1.841(4) C05-C06 1.509(7)
P1-C51 1.830(5) C11-C12 1.530(6)
P1-C61 1.857(5) C11-C16 1.529(6)
P2-C11 1.839(4) C21-C22 1.514(6)
P2-C21 1.850(4) C21-C26 1.528(6)
P2-C31 1.829(5) C31-C32 1.393(7)
001-C01 1.161(6) C31-C36 1.401(6)
002-C02 1.296(5)
Selected bond angles (°)

CO01-Ir1-P1 90.9(2) C51-P1-C41 104.4(2)
CO01-Ir1-P2 90.5(2) C51-P1-C61 103.6(2)
002-Ir1-P1 89.08(9) C41-pP1-C61 105.9(2)
002-Ir1-P2 89.62(9) C51-P1-Ir1 112.4(2)
001-C01-Ir1 178.4(4) C41-P1-Ir1 117.5(2)
C01-Ir1-002 179.7(2) C61-P1-Ir1 111.8(2)
C0z-00z-Ir1 131.1(3 00z-C0z-C04 123.6(4
P2-Ir1-P1 167.94(4) 002-C02-C03 113.3(4)
C31-PZIrl 1118(2) C04-C0z-CO0z 123.0(4
C11-P2-Ir1 119.1(1) C02-C04-C05 127.2(4)
C21-PzIrl 1119(2) 003-C0:-C04 124.6(5
C31-P2-C11 104.2(2) 003-C05-C06 119.1(4)
C31-PzC21 103.3(2 C04-C0t-Coe 116.2(4
C11-P2-C21 105.2(2)
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A plane through P1, 002, P2 and Irl illustratesdistorted square planar geometry around
the Ir centre (Figure 5-2), with important distasideom the plane listed in Table 5-3. The
phosphine ligands are bent away from the planebioad-like position with a P1-Ir1-P2 angle
of 167.94(4) ° and P1, P2 plane distances of 01)3%( The carbonyl ligand is bent slightly
above the plane with C01 and 001 distances of (8)2& and 0.015(4) A, respectively.
The carbonyl ligand has an almost horizontal geomatith a O02-Ir1-C01 angle of
179.7(2) ° and O01-C01-Irl1 angle of 178.4(4) °.eT®02 atom of the acaligand deviates
with a distance of -0.058(3) A from the plane argh cbe considered linear with a
002-Ir1-C01 bond angle of 179.7(2) °. The acdgand with torsion angle
C03-C02-C05-003 has a value of -2.467(2) ° indncathat the bidentate ligand is slightly
twisted with C02 and O3 atoms slightly below than@ and C03 and CO5 atoms slightly
elevated above the horizontal plane.

Table 5-3: Selected distances between specific m® and the horizontal plane through P1, C01, P2, @0
and Ir(1).

Atom Distance (A)
Ir1 -0.0086(1)
co1 0.026(5)
001 0.015(4)
002 -0.058(3)
P1 0.234(1)

P2 0.234(1)

72



CHAPTER 5

‘P1 C01 002 .pz
001 Ir1
(A) (B)

C06

003 Co4co2 002

(©)

Figure 5-2: Partial structure of trans-[Ir(acac-kO)(CO)(PPhCy,),]. (A) — Side view of ligands bonded to
Ir(I) metal centre. (B) — Front and (C) - Side viev of non-chelating acacligand with respect to Plane 2.
Displacement ellipsoids drawn at the 50% probabiliy level.

The phenyl rings of the phosphine ligands are plamihin experimental error. The average
C-C bond distances of 1.385 A and 1.387 A for C8 @b phenyl rings respectively, along
with 120 ° angles are within expected range of }g;hﬂ'ngs.9 The cyclohexyl rings C1, C2,
C4 and C6 indicate no ring distortion and all hawerage C-C bond lengths which agree
with the expected value of 1.540 + 0.015°AThe bulky phosphine ligands are irtrans
arrangement which minimizes intramolecular stemteractions. The 002-Ir1-P1 and
CO01-Ir1-P2 bite angles are of similar magnitude08) ° and 90.5(2) ° respectively. Bite
angles of 0O02-Ir1-P2 and CO01-Irl-P1 are also coaigar 89.62(9) ° and 90.9(2) °,
respectively indicating the little steric effecttok PPhCyligands.

°G.J. Lamprecht, J.G. Leipoldt, C.P. van Biljomrg. Chim. Acta, 1984,88, 55.
10 3. March,Advanced Organic Chemistry: Reactions, Mechanisms and Sructures, 4" Ed., New York: John
Wiley & Sons, Inc., 1992.
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An enolate-type delocalization resonance is foundthie acac bidentate ligand. The
coordinated C02-002 has a distance of 1.296(5) & iatermediate-bond-order backbone
C-C bond [C02-C04 and C04-C05] distances are 17374(and 1.427(6) A respectively.
The carbon atoms in the acdackbone thus have longer bonds than expectaghfarverage
C=C bond (1.32 AJ° but shorter than a single C-C bond of 1.53 A. T86-003 value for
the uncoordinated end, however, is much shorteR48(6) A and similar to the value of
1.23 A for a ketonic C=0 bond (International Tafwe X-ray crystallography, 19621)1. The
C02-002 and C05-003 bonds arans with respect to the C02-C04 bond, which diffesir
chelated acaccomplexes where both C-O oxygens haveisconfiguration within the
distorted square-planar configuration around théahmentre. The triple bond character of
the carbonyl functionality has a longer distanc@1(©01 = 1.161(6) A) than the expected
value of 1.13 A which indicates back-donation from an electron rich Ir metal centich

will then shorten the Ir1-C01 bond distance.

080
N H82
. . FHs1C

[}
]
A\

O03ii

Figure 5-3: Inter- and intramolecular hydrogen bord interactions for trans-[Ir(acac-kO)(CO)(PPhCyx,),]
complexes. Only applicable hydrogen atoms with relyance to hydrogen bond interactions are indicated.
Displacement ellipsoids drawn at the 50% probabiliy level.

M | nternational Tables of X-ray Crystallography, Vol. Ill, Dordrecht: Kluwer Academic Publishes962.
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Inter- and intramolecular hydrogen bonding is iatkd in Figure 5-3. Intramolecular
bonding exists between 002 and H62A with donor-pimoe (D-A) bond distance of
3.154(6) A and between 002 and H26A, D-A = 3.124(6) An intramolecular interaction
also takes place between O70 and H82B with D-A44@) A. Intermolecular bonding
occurs between 003ii and H81C of the Irli moledleA = 2.71(1) A) and between OO03ii
and H82C of the Irli molecule (D-A = 2.74(1) A). domplete list of hydrogen bonds is
given in Table 5-4.

Table 5-4: Hydrogen bonds fortrans-[Ir(acac-kO)(CO)(PPhCy,),] [A and ).

D-H..A d(D-H) |d(H...A) |d(D..A) | <(DHA)
C26-H26A...002 099 | 2.4 3.124(6)| 129
C62-H62A...002 0.99 | 2.46 3.154(6)| 126.3
C81-H81C...003ii 098 | 1.78 2.71(1) 157.5
C82-H82B...070 0.98 | 2.47 3.44(1) 169.5
C82-H82C...003ii 098 | 1.78 2.74(1) 165.9

Symmetry transformations used to generate equivatems:
(ii) -x+3/2,y+1/2,-z+3/2

Molecular packing within the unit cell (Figure 5-dhows a “head to head” arrangement of

trans-[Ir(acac«O)(CO)(PPhCy),] complexes along the c-axis. Mestacking was observed.
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Figure 5-4: Complexes oftrans-[lr(acac-kO)(CO)(PPhCy,),] displaying a sheet-like “head to head”
crystal packing along the c-axis. Hydrogen atomsral solvent molecules omitted for clarity, 50 %
probability displacement ellipsoids.

5.4 CRYSTAL STRUCTURE DETERMINATION OF
trans-[Ir(acac-k0,0)(CO)(PCys),]

Trans-[Ir(acac«?0,0)(CO)(PCy),] (2) was synthesized according to procedure described i
Section 4.2.2.4. Yellow crystals suitable for X-idiffraction were obtained. The complex
crystallized in the monoclinic space gro@®/c, with four molecules in the unit cell. The
molecular structure with numbering scheme of thenglex is represented in Figure 5-5.
Atoms generated through the two-fold rotation afis represented by atom ending with “i”.
Positional parameters and all bond distances aglésiare given in the supplementary data
(Appendix 1).
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co3i @~ = - @ 002

co2i @~ -

Figure 5-5: DIAMOND representation of trans-[Ir(acac-k’0,0)(CO)(PCys),] showing the atom
numbering scheme. For the cyclohexyl rings, therft digit refers to the ring number, while the secad
digit refers to the carbon atom in the ring. Hydrayen atoms are omitted for clarity, 50 % probability
displacement ellipsoids. Symmetry transformationsised to generate equivalent atoms: -x, y, 1/2-z.

The complex displays a five-coordinate trigonalybimidal coordination with significant
distortion in the trigonal plane [O03-Ir1-C01 ang£90.9(3) °] towards square-pyramidal
geometry in the solid state. The Ir(I) metal cens bonded to #-diketone chelate ring,
trans positioned tricyclohexylphosphine (Pg¥igands and a carbonyl group. Distances and

angles within the six chair-shaped cyclohexane mga@re normal’

There is a two-fold rotation axis along the Ir-C@nHd. The structure displays a disorder on
the cyclohexyl rings C1 and C3 in a 50:50 % ratkhe chelated acatigand is disordered
with O02 atom positioned on the rotation axis digplg 50 % displacement of all atoms that
form part of the bidentate ligand (O03, C05, C0843C02 and C03).

Although acetylacetonate is a symmetrical ligahd, It1-O03 and Ir1-O02 (virtuallyyans to
the CO ligand) distances are 2.09(2) A and 2.12&9jespectively. Furthermore, a
significant difference in 003-C05 and 002-C02 distss (1.23(2) A and 1.48(2) A) together
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with noteworthy discrepancies in the distances hif three carbon atoms in the dcac
backbone (C02-C04, C04-C05 = 1.33(3) A, 1.43(2)nlijcate that the asymmetric distortion
is quite considerable. The O02-Ir1-O03 bite angi@9.1(3) °.

The 0O02-Ir1-P1 and CO1-Ir1-P1 bite angles are 94)88and 82.12(4) °, respectively that
could indicate some extend of steric demand orteeic interactions between the
p-diketone- and PGyligands. The carbonyl group in this crystal stowe was refined
constrained to fixed positions and can thereforé supply accurate information about
n back-donation from the electron rich Ir(I) metahtre.

Table 5-5: Selected bond lengths and angles frans-[Ir(acac-k?0,0)(CO)(PCys).l.

Selected bond lengths (A)

Ir1-CO1 1.76(1) C02-C04 1.33(3)
Ir1-003 2.09(2) C02-C03 1.55(3)
Ir1-002 2.126(9) C04-C05 1.43(2)
Ir1-P1 2.331(2) C05-C06 1.52(2)
P1-C11A 1.852(8) C11A-C12A 1.45(2)
P1-C21 1.859(9) C11A-C16A 1.46(2)
P1-C31A 1.851(8) C21-C22 1.54(1)
002-C02 1.48(2) C21-C26 1.52(1)
003-C05 1.23(2) C31A-C32A 1.52(1)
001-C01 1.10(2) C31A-C36A 1.54(1)

Selected bond angles (°)

CO01-Ir1-003 91.0(3) C31A-P1-Ir1 109.6(3)
003-1r1-003i 178.1(7) C11A-P1-Irl 119.6(3)
CO01-Ir1-002 180.0(0) C21-P1-Ir1 112.2(3)
003-Ir1-002 89.0(3) C04-C02-002 129(1)
CO1-Ir1-P1 82.11(4) C04-C02-C03 121(2)
003-Ir1-P1 89.8(4) 002-C02-C03 111(1)
002-Ir1-P1 97.89(4) 003-C05-C04 120(2)
P1-Ir1-Pli 164.23(8) 003-C05-C06 119(2)
001-C01-Ir1 180.0(0) C04-C05-C06 121(2)
C02-002-Ir1 118.1(7) C04-C02-002 129(1)
C05-003-Ir1 134.1(13) C02-C04-C05 129.6(2)
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A plane was constructed through atoms 003, O03iaRd P1li to indicate the distorted
trigonal bipyrimidal geometry around the Ir(I) cent(Figure 5-6A and B). Important
distances between selected atoms and the plarmgvarein Table 5-6. Irl lies -0.3124(5) A
from the plane with Ir1-P bond lengths of 2.33142) The phosphine ligands are bent from
the plane in an upside-down boat position with apRine distance of 0.007(2) A and
P1-Ir1-P1li angle of 164.23(8) °. The O03 and CGdi8ms of the acatigand deviates with a
distance of -0.35(1) A from the plane and can besictered linear with a 003-Ir1-003i bond
angle of 178.1(7) °.

(A) (B)

Figure 5-6: Partial structure of trans-[Ir(acac-k’0,0)(CO)(PCys),]. (A) — Position of acac and
phosphine ligands with regards to Plane 1. (B) —i& view of ligands bonded to the Ir(l) centre with
respect to the horizontal plane. Displacement efisoids drawn at the 50% probability level.

Table 5-6: Selected distances between specific @® and the horizontal plane through atoms O(03),
O(03i), P(1), P(1i).

Atom Distance (A)
Irl -0.3124(5)
003 -0.35(1)

P1 0.007(2)
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A second plane was constructed through atoms O01, ©02 and OO03 illustrated by
Figure 5-7A andB. The proton (HO4) bonded to the central atomhim acacring (C04)
indicates the greatest deviation with a distanc@.©226(1) A from the plane; all other atoms
are considered in line with the plane within staddaeviation. The carbonyl ligand shows
no deviation from the plane and has a linear gegméth a O02-Ir1-C01 angle of 180.0(0) °
and O01-C01-Irl1 angle of 180.0(0) °.

(A) (B)

Figure 5-7: (A) — Side- and (B) front view of bidatate ligand with regards to Plane 2. Displacement
ellipsoids drawn at the 50% probability level.

Table 5-7: Selected distances between specific mi® and the horizontal plane through atoms O01, C01,
002, 003.

Atom Distance (A)
co4 0.02(2)

HO4 0.0226(1)
co2 0.02(2)

co3 0.04(2)

HO4 0.0226(1)
Co2 0.02(2)

CO5 0.02(2)

Co6 -0.02(2)
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\ A C11i
H12Ai ¢ p
L P1iY |
| g H32B/CiG.
CO3i _ hy | Q‘\ ,
" : L i
m M Co1 &HZGBl

W 001

D CH32B/C

Figure 5-8: Intramolecular hydrogenbond interactions for trans-[Ir(acac-k’0,0)(CO)(PCys),] complexes
as viewed along the @xis. Only applicable hydrogel atoms with relevance to hydrogerbond interactions
are shown. Displacement ellipsoids drawn at the 50% probabiliy level

Intramolecular hydrogen bonding is indicatecFigure 5-8 Intramolecular bonding exis
between O02ind H12A with donc-acceptor (D-A) bond distance of 3.63@)and betweel
001 and H26B, DA = 2.864(9) A. Also, between01 and H32B/C with DA = 2.770(8) A.

A complete list of hydrogehond interadons is given in Table 5-8.

Table 5-8: Hydrogen bonds fortrans-[Ir(acac-k?0,0)(CO)(PCys),] [A and °].

D-H..A d(D-H) | d(H...A) d(D...A) <(DHA)
C12A-H12A..002| 0.99 | 2.8t 3.63(2) 136
C26-H26B...001 |0.99 | 2.2¢ 2.864(9) 118
C32A-H32B...001|/0.99 | 1.9: 2.770(8) 142
C32A-H32C...001/ 0.99 | 1.9z 2.770(8) 142
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A “head to tail” crystal packing of theans-[Ir(acac«’0,0)(CO)(PCy).] complexes can be
seen along the c-axis (Figure 5-9) withmstacking within the unit cell.

Figure 5-9: trans-Ir(acac-k’0,0)(CO)(PCys);] complexes showing a “head to tail" crystal packig.
Hydrogen atoms and cyclohexyl rings are omitted foclarity, 50 % probability displacement ellipsoids.

In order to quantitatively confirm the structure tfans{Ir(acac«’0,0)(CO)(PCy)],
additional refinement in the triclinier spacegroup was performed. The asymmetric urit cel
consists of two independent molecules resemblimg résults found when refined in the

monoclinic spacegroup.

As illustrated in Figure 5-10, atoms O1 (moleculeatid O4 (molecule 2) can be considered
the same as atom O02 found in Figure 5-5. Theoogtbcarbon istrans to these oxygen
atoms in all cases. The chelated bidendate lighmaolecule 1 is representative of the acac
ligand generated through the two-fold rotation asisisisting of O02, C02i, C03i, C04i,

82



CHAPTER 5

CO05i, C06i and O3i as found in the monoclinic sgaoap (Figure 5-5). The acdmand of
molecule 2 represents the adegand consisting of 002, C02, C03, C04, C05, GD@3.

Conflicting refinement data of crystallographicustiures did not yield distinct theoretical

placement probability for carbonyl oxygens.

Figure 5-10: DIAMOND representation of trans-[Ir(acac-k’0,0)(CO)(PCys),], as refined in the triclinic
P1 spacegroup, showing the atom numbering scheme. Hipgen atoms are omitted for clarity, 50 %
probability displacement ellipsoids.

Even though the dry product can fairly easily bproduced, yielding crystalline products
showed to be a challenge. Technical issues predetite replication of the crystalline
product for analysis. It was found that crystaksrevstable in solution for only two days
therefore constricting the data collection to speavailability of hardware. The completion
of this project could not be delayed any furthesrétfiore it was ultimately decided that the
existing data was sufficient evidence for proof efructural characterisation for
trans-[Ir(acacx’0,0)(CO)(PCy),]. The re-determination of this structure will hewer be

done as part of a future project.
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5.5 DISCUSSION

Due to a lack of pentacoordinatéis-phosphine Ir(l) structures found in literattrall

comparisons between crystal structures are dotertvitdium analogue structures.

For rhodium complexes it is known that moderatedgib and not very bulky phosphines
such as PPhor PE} substitutes only one carbonyl ligand of [Rh(ac@€g]™* to form
[Rh(acac)(CO)(PP)|.** The formation of [Rh(acac)(CO)(PHH™ is achieved by
substitution of the chlorido ligand oftrans-[Rh(CI)(CO)(PPk);] by sodium
2,4-pentanedionate. The addition of highly basitidry phosphines to [Rh(acac)(GD)
causes the substitution of one carbonyl ligand a@hc linked to Rh only through one Rh-O
bond thus formingtrans-[Rh(acackO)(CO)(PR);] which has a square-planar structure
compared to the trigonal bipyramidal geometry of chelated trans-[Rh(acac-
k?0,0)(CO)(PR),] complex. “Ordinary” phosphines such as PBh PE§ and very bulky
phosphines like P(t-By)Yo not coordinate two phosphine molecules to [Bagg{CO}].

Table 5-9 presents a comparative summary of thetainstructures in this studyrans
[Ir(acackO)(CO)(PPhCy),] (1) and trans[lr(acac«k’0,0)(CO)(PCy).] (2), with
five-coordinatedis-phosphine compounds with a non-chelated ‘dagand, trans-[Rh(acac-
kO)(CO)(PCy)-]*® (38) and trans[Rh(acackO)(CO)(PPk)]*® (4), in addition to
mono-phosphine complexes with a chelaggdiketone ring, [Rh(acac)(CO)(PPhgl’ (5)
and [Rh(acac)(CO)(PG)*® (6), as found in literature.

2F Hug, A.C. Skapskil. Cryst. Mol. Struct., 1974 4, 411.

13J.G. Leipoldt, S.S. Basson, L.D.C. Bok, T.l.A. Ber Inorg. Chim. Acta, 1978,26, L35.

K. Joseph, S.A. Pardhy, S.K. Pandit, S. GopinatBaGopinathan,norg. Chim. Acta, 1984,84, 149.
*G.B. Ansell, S. Leta, A.A. Oswald, E.J. Mozelegkita Cryst., 1986,C42, 1516.

16 5. Yoshida, Y. Ohgomori, Y. Watanabe, K. Honda, ®hto, M. Kurahashi). Chem. Soc. Dalton Trans.,
1988, 895.

" A. Brink, A. Roodt, H.G. VisseWActa Cryst., 2007,E63, m48.

18 A.M. Trzeciak, B. Borak, Z. Ciunik, J.J. Ziotkowisk.F.C. Guedes da Silva, A.J.L. Pombeitoy. J. Inorg.
Chem., 2004, 1411.
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Table 5-9:

Comparison of selected crystallographicdata of trans-[Ir(acac-kO)(CO)(PPhCy,),] (1),

trans_—[lr(acac-KZO,O)(CO)(PCy3)2] (2), trans[Rh(acac«O)(CO)(PCys),;] (3), trans[Rh(acac«O)(CO)
(PPr's),] (4) and [Rh(acac)(CO)(PPhCy)] (5).

Complex (1)° (2)° (3)° @° (5)°
Crystal system Monoclinic Monoclinic Triclinic Momwbnic Monoclinic
Space group C2lc C2lc P1 P2,/n P2/n
21.8586(6), | 23.306(5), 10.499(2), 12.759(4), | 10.076(5),
a, b, c(A) 21.6370(6), | 9.978(5), 11.968(2), 24.19(1), 12.990(5),
18.7589(4) 20.784(5) 19.469(4) 9.433(4) 17.973(5)
90.0, 90.0, 71.13(2), 90.0, 90.0,
o B,y () 104.488(2), | 114.590(5), 71.11(2), 90.88(4), 90.576(5),
90.0 90.0 67.29(1) 90.0 90.0,
Volume (&) 8590.0(4) 4395(3) 2069.3(3) 2991(2) 2347(2)
VA 8 4 2 4 4
EZTs&ﬁgt(eg d‘):"?) 1.488 1.348 1.269 1.26 1.427
Cone Angle: PL | 151,72, 160.00  158.4, 158.4 - ; -
©
Bond Distances (A)
M-002 2.071(3) 2.126(9) 2.052(5) 2.056(6) 2.078(2)
M-003 - 2.09(2) - 2.041(2)
M-CO01 1.807(5) 1.76(1) 1.7869(7) 1.78(1) 1.797(3)
C01-001 1.161(6) 1.10(2) 1.14(1) 1.15(2) 1.152(3)
M-P1 2.333(1) 2.331(2) 2.348(2) 2.359(2) 2.2424(9)
M-P2 2.329(1) 2.331(2) 2.361(2) 2.355(2) -
002-C02 1.296(5) 1.48(2) 1.291(9) 1.29(1) 1.273(3)
C02-C03 1.515(6) 1.55(3) 1.46(1) 1.49(2) 1.504(3)
C02-C04 1.374(7) 1.33(3) 1.38(1) 1.37(1) 1.396(3)
C04-C05 1.427(6) 1.43(2) 1.42(1) 1.43(1) 1.384(3)
C05-003 1.248(6) 1.23(2) 1.24(1) 1.24(1) 1.279(3)
C05-C06 1.509(7) 1.52(2) 1.50(2) 1.52(2) 1.509(3)
Bond Angles (°)
P1-M-CO1 90.9(2) 82.11(4) 88.15 88.5(4) 89.34(7)
P2- M-CO1 90.5(2) - 91.1(3) 89.0(4) -
P1-M-002 89.08(9) 97.89(4) 93.2(2) 94.4(2) 175.32(5
P2-M-002 89.62(9) - 87.5(2) 90.4(2) -
002-M-C01 179.7(2) 180.0(0) 172.8(1) 172.6(4) 1878)
M-C01-001 178.4(4) 180.0(0) 177.2(8) 177.9(2) 1.9
M-002-C02 131.1(3) 118.1(7) 136.0(6) 134.7(6) 129)3
P1-M-P2 167.94(4) 164.23(8) 178.9(1) 176.9(1) -

2This MSc Study® Ref [15];° Ref [16];% Ref[17]
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The Tolman cone angléH is the most widely used method for determinirgatid steric
behaviour at a metal centre as decribed by Tolm®77)!° The steric demand of the
phosphine ligands, in this study, was quantifiedtiy effective Tolman cone anglég),
using the actual Ir-P bond distance and a van daal$\fadius of 1.2 A for hydrogen. In
solution, the ligand substituents orientation midiffier, resulting in a variation in cone angle
size. The effective cone anglegg)( indicate an increasing steric demand of the phioe
ligands from PPhto PCy. The orientation of the phenyl- and cyclohexysnof the
bis-PPhCy ligands in complex1), with respect to the diketone and carbonyl ligarate
equal therefore the difference iz between the P1 and P2 dicyclohexylphenyl phosphine
ligands (151.72 ° and 160.0 °, respectively) of titams-[Ir(acac«O)(CO)(PPhCy),] (1)

complex may be as a result of crystal packing.

The M-002 distance fol), 2.071(3) A, compares to 2.078(2) A and 2.041(FpA(5) and
2.088(1) A and 2.046(1) A for [Rh(acac)(CO)(REY (6) where both carbonyl oxygens
have a chelateds configuration within the distorted square-plananfiguration around the
Rh atom. It is also in good comparison with noelated complexef8) and(4) (2.052(5) A
and 2.056(6) A respectively). The coordinated ©I2 with a distance of 1.296(5) A and
intermediate-bond-order backbone C-C bond [CO02-Gidd CO04-C05] distances of
1.374(7) A and 1.427(6) A, respectively are simitar the corresponding values of
1.291(9) A, 1.38(1) A, 1.42(1) A found in [Rh(aca®)(CO)(PCy),] (3), 1.29(1) A,
1.37(1) A and 1.43(1) A found in [Rh(aca®)(CO)(PP%),] (4) and 1.273(3) A, 1.396(3) A
and 1.384(3) A found in [Rh(acac)(CO)(PPRY5). The slightly longer M-O distances of
(2), 2.126(9) A and 2.09(2) A, is due to the asymmadistortion of the chelated acdigand
where in the case of [Rh(acac)(CO)(RGY (6) these bonds were near identical (2.088(1) A
and 2.046(1) A).

The M-P distances in complexek){4) are similar and compare well with corresponding
bond distances in four-coordinate Vaska-type anaesg [Rh(CO)(CI)(PP,] and
[Rh(CO)CKP(p-tol}},]?°, displaying values of 2.322(1) A and 2.333(2) Aspectively.
These values also correspond with M-P bond lengihs five-coordinate trans-
[Rh(CO)(tropBg)PPh),] complexes of 2.337(2) A This implies that the donor atom (P) is

¥ C.A. Tolman,Chem. Rev., 1977,77, 313.
20 A, Roodt, S. Otto, G. SteyGoordination Chemistry Reviews, 2003,245 121.

86



CHAPTER 5

the prime determinate factor regarding the M-P ham that the M-P bond variation is
fairly insensitive toward substituents on the Prat@s well as the ligand on the metal centre

trans to the carbonyl moiety.

The carbonyl (EO) bond length generally increases as thdonating ability of the
phosphine ligands increases. From the crystalfdgcadata it can be seen by increasing
C01-001 bond length from Complex¢8) to (2) as well as increasingcoy given in
Chapter 4 (Table 4-1).

Complexes(1) and (2) show distorted square planar geometries with PR2Mangles of
167.94(4) ° and 164.23(8) ° respectively. The otwmmplexes show near linear geometry
with respect to P1-M-P2 angles. Compouilitls and (2) can be considered linear with
regards to O02-M-CO1 and M-C01-O01 angles with Cemg4) showing the biggest
deviation with O02-M-CO01 angle of 172.6(4) °.

The applicability of complexes of Rh(l), Ir(l), RY( Pt(ll) and otherd® metal ions as
synthetic catalysts in chemistry is significant dimds research into the mechanistic details of
these reactions are extremely important. Substituteactions usually form part of such
catalytic cycles. Pathways for square-planar #witisin reactions involve the nucleophilic
attack of the ligand on the metal centre of the mlem and then proceedingia a
five-coordinate transition state or intermediatéhvihe complex assuming a regular trigonal
bipyramidal structuré" Ultimately an understanding of the formation bége four- and
five-coordinated iridium species, with alternaticpelated and non-chelategtdiketone
ligands in addition to various influencing phospi®iigands, will contribute to solving
mechanistic pathways of reactions involved in hjamylation processes. Some aspects
will be addressed in Chapter 6, where the kineticghe reaction between [Ir(acac)(GD)

and phosphorus ligands will be discussed.

21 R.J. Cross, J. Chem. Soc. Rev., 1985, 197.
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KINETICS OF RAPID SUBSTITUTION
OF CO BY TERTIARY PHOSPHINE
LIGANDS

6.1 INTRODUCTION

Kinetic investigations produce insight into the mmacism by which chemical alterations
occur. The well-known catalytic system for hydmofylation, hydrogenation and
isomerisation of olefins is based on rhodium, whigga(acac)(CQOj) in the presence of
tertiary phosphines or phosphites ¢PRPR; = PPRh, P(OPh)) is used as catalyst
precursor->**°In the case of hydroformylation, the starting malefRh(acac)(CQJ in the
first step involves the substitution of a CO grdupPR,, vielding [Rh(acac)(CO)(P,>*°
which is eventually converted into the catalytigallactive hydrido complex,
[HRh(CO)(PR)3].5” Weakerz-acceptors only produce the monosubstituted predecen
when used in large excé$s while strongz-acceptor ligands such as PR P(OPh) or
P(NCGH,)s generate the di-substituted [Rh(acacK}zlRcomplex. Iridium compounds are
often used as model complexes since Ir(l) andlirgdmplexes with similar ligand sets to
those proposed in rhodium chemistry tend to belrattee same way. Very little information
concerning the intimate mechanism of these systerist that could reveal valuable
information leading to the designing and optimisaighew catalyst species. This study deals
with a kinetic investigation of the reaction betwdé&(acac)(CO)] and PPhto examine the

mechanism that could in turn deliver insight intels procedures as hydroformylation.

! B. Moasser, W.L. Gladfelter, D.C. Rd@ganometallics, 1995,14, 3832.

2 A. van Rooy, E.N. Orji, P.G.J. Kramer, P.W.N.MnJaeeuwenQOrganometallics, 1995,14, 34.

3 H. Yamashita, B.L. Roan, T. Sakakura, M. Tandk&Jol. Catal., 199381, 255.

* A.M. Trzeciak, T. Glowiak, R. Grzybek, J.J. Ziotkski, J. Chem. Soc., Dalton Trans., 1997, 1831.
®> A.M. Trzeciak, E. Wolszczak, J.J. Ziotkowskiew J. Chem., 1996,20, 365.

® F. Bonati, G. WilkinsonJ. Chem. Soc., 1964, 3156.

" A.M. Trzeciak, J.J. Ziotkowskinorg. Chim. Acta, 1985,96, 15.
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6.2 GENERAL CONSIDERATIONS

All reagents and chemicals were of analytical graile organic solvents were dried and
distilled prior to use. Kinetic measurements wpegformed on a Varian Cary 50 Conc
UV-Visible Spectrophotometer (slower reactions),uipped with a Julabo F12-mV
temperature cell regulator (accurate within 0.1fCa 1.000 + 0.001 cm quartz cuvette cell.
Faster reactions were performed on a Hi-Tech SEX@18topped-flow instrument equipped
with a low temperature CryoStopped-Flow system daat facilitate temperatures as low as
-80.0 °C. This low temperature option uses methaadhermostating agent and provides
temperature control (+ 0.2 °C) of the sample flawe$ and observation cell. The dead time
of the mixing unit is estimated to be less than 21 The Stopped-flow instrument is a
multiple wavelength apparatus in the Diode-Arraydean which the initial reactions were
collected in order to find the appropriate wavetbngf considerable absorbance change.
After this specific wavelength was selected, thepféed-flow system was changed to the
more sensitive Photo-Multiplier setup so that theole kinetic study could be performed.
The Hi-Tech Stopped-flow instrument is Microsoft Mlows operated with Kinet Asyst
Stopped-Flow Kinetic Studio software for the acgiga and analysis of kinetic data. All the
kinetic runs were performed undgseudo first-order conditions in which the ligand
concentration is at least ten times the total commagon of the iridium complexes. The
Scientist Micromath, Version 2.&program was used to fit the data to selected fonst
The solid lines in the figures represent compgasi squares fits of data, while experimental

values are represented as individual points, ddnmteselected symbols.

6.3 CALCULATIONS

Complex kinetics often includes several consecuteactions occurring in the same time

frame. The equations for evaluating the absorbahaagevs time are discussed below.

A general one-step reaction, whégerepresents the forward reaction dodrepresents the

reverse reaction, can be illustrated as:

8 MicroMath Scientist for Windows, Version 2.01, Goight © 1986 — 1995, MicroMath, Inc.
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Ky K
Ml +[L] == [ML]
K1 6.1

Under pseudo first-order conditions where [L]>>[M], thpseudo first-order rate constant is

given by

kObS == kl[L] + k—l 62

A plot of kops Vs [L] yields a straight line with intercepk,;, and slopek;. Thepseudo first-
order rate constant for such a substitution reaatiay be obtained from fitting experimental
data obtained as a function of time to Eq. 6.34d8aph 3.5.2).

Apps = Aeo — (Ago — Ag) e Fovst 6.3

Similarly, in the case of a two-step consecutivactien, with twopseudo first-order rate
constants Kyps1 and kgps2 respectively) and provided that [L] >> [M], theteaconstants for

both steps can be obtained from least-squaresditg) Eq. 6.4.

Aobs = (AO — Bo)e(_kobsl-t) + (BO — Bl)e(_kobsz-t) + BI 6.4

For Egs. 6.3 and 6.4 the variables are defined as:

Aops represents the observed absorbance as foundetidkaata A, the initial absorbance at
the start of the experimerA,, the infinite final product absorbance as foundkimetic data,
B, the theoretical/calculated initial absorbancehef 29 product,B, the infinite final product
absorbance as found in kinetic datdhe time (s) andks the observed rate constant for a
one-steseudo first-order reaction wherk,psi represent&q,s for the first reaction of a two-
steppseudo first-order reaction an#l,,s; for the second reaction of a two-stageudo first-

order reaction.
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Mechanistic aspects for these reactions were detethby the activation parametess”
(activation enthalpy) andS (entropy of activation). The logarithmic form tife Eyring
equation in Eq. 6.5 was used to obtain these diiv@arameter values.

K kg AH* | AS?
In-=1In-=2- +— 6.5
T h  RT ' R

In Eq. 6.5 a graph olfn% VS. % will give slope,(—¥) and intercept(ln%+%). ks is

representative of the Boltzmann constant larglPlanck’s constant.

6.4 RESULTS AND DISCUSSION

6.4.1Experimental Procedures

Stability tests of the reagent solutions were fit £xaminations performed in the kinetic
study. The solutions were scanned for a longelogesf time than the studied reactions
occur, to establish that the reagents themselvesnalb undergo changes such as
decomposition, polymerisation or coordination whife solution since these additional
reactions would significantly complicate the natuoé the Kkinetics.  Solutions of
[Ir(acac)(CO)] and PPhin methanol were observed for = 3 days signifyiragnoteworthy

decomposition or interaction between the solvedtsiarting reagents (Figure 6-1).
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Figure 6-1: UV-vis spectral scans of a solvent didity test over three days at 25.0 °C in MeOH of &)
[Ir(acac)(CO),] = 0.5 mM and (B) [PPh] = 5.0 mM.

All the reactions were performed ungiseudo first-order conditions with the entering ligand
in excess of at least 10 times that of the metaipdex. The different ligand concentrations
were prepared from a stock solution of 20.0 mM £Kith dilutions ranging from 1.0 mM to

10.0 mM. Even though the stability of the soluiomas confirmed for more than 24 hours,

fresh solutions were prepared for each set of kireiperiments.

Typical results obtained from a kinetic run evaduhvia Stopped-flow spectroscopy,

illustrating the change in absorbarvsdime is shown in Figure 6-2.

o At

Abs
Abs (350nm)

Wavelenght (nm) Time (S)

(A) (B)

Figure 6-2: Typical Diode-array scan result of COsubstitution in [Ir(acac)(CO),] with PPhs. (A)
Wavelength scans over timeAt = 0.5 s); (B) Absorbancevs. time trace atk = 350 nm. [Ir] = 0.1 mM,

[PPhs] = 1.0 mM, MeOH, -20.0 °C.
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The data obtained from the kinetic experiments vitted to mathematical models given in
Eq. 6.3 and Eq. 6.4 representing a one-ptepdo first-order (Figure 6-3A) and two-step
pseudo first-order (Figure 6-3B) reaction respectively. From Figure 6-3 and lad tther
data sets it is clear that the data fit the secnadel better, indicating that a two-stegeudo

first-order reaction is taking place.

Abs (350 nm)
o
8
1 I 1

0.00 0.05 0.10 0.15

Abs (350 nm)
o
8
1 I 1

0.00 0.05 0.10 0.15
Time (s)

Figure 6-3: Photo-Multiplier data fitted for a (A) one-stepand (B) two-stepreaction using Egs. 6.1 and
6.2 for (A) and (B) respectively. [Ir(acac)(COj] = 0.1 mM + PPk = 2.5 mM, MeOH, -20.0 °C.
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Due to the rapid rates of the reactions and thasnéed for extremely low temperatures,
methanol was best suited as solvent due to itsfleezing point of -97.5 °€. The pressure

of the drive syringe plunger mechanism of the Seéapftow machine was held for 1 second,
allowing the reaction to run to completion befor@gsure release to ensure correct data

collection for the extremely fast reactions.

Independently, kinetic runs were also performedweihich starting material, [Ir(acac)(GD)
and PPk against methanol as solvent within the fast tifreame at which the studied
reactions occur, indicating no reaction thus ruliogt the possibility of mistaking an
equipment artefact or solvent mixing as a kinegiaction. The phosphine ligand also shows
no absorption at 350 nm (Figure 68) implying that the absorbance change followed at
350 nm is an accurate representation of the kime&ction between [Ir(acac)(Cand PPh

only.

A small ligand concentration range of 1.0 to 5.0 misls used due to a loss of initial kinetic
data points for the first reaction at high Rlebncentrations (Figure 6-4) caused by the rapid
nature of the reaction. With increasing ligand aarirations from [PRh = 1.0 mM
(Figure 6-4A) to [PPh] = 8.0 mM (Figure 6-8) the initial absorbance values are 0.28 and
0.55 respectively. This indicates that the rate¢hef first reaction exceeds the dead-time of
the Stopped-flow machine (Figure 6B) with reaction half-life values lower than 2 ms
causing the loss of initial data points making aouaate calculation of the observed rate

constants for the reactions at high ligand conegioins impossible.

°DR. Lide,Handbook of Chemistry and Physics, Boca Raton, FL: CRC Press, 2005.
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Figure 6-4. Photo-Multiplier data fitted for a two-step reaction illustrating the loss in initial dat points
for the first reaction with increasing PPh; concentrations from (A) — [PPh] = 1.0 mM to (B) — [PPh] =
8.0 mM. [Ir] =0.1 mM, MeOH, -30.0 °C.

Crystallographic data discussed in Chapter 5 itdgathat these systems form the
bis-phosphine complexes in which the adagand either binds as/adiketone chelate ring or
by binding to the metal centre only through one gety atom. *H NMR confirms the
formation of [Ir(acac)(CO)(PRJ] (Figure 4-2A) while upon utilizing higher phosphine
concentrationdH NMR indicates that the acaligand is no longer coordinated to the metal
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centre (Figure 4-B). From the above preliminary kinetic observati@msl information
gathered from Chapter 5, the proposed mechanisspkined in detail in the rest of this

chapter.

6.4.2Preliminary Analysis of Rate Data Obtainedvia Stopped-

Flow Techniques

All data was fit to Eq. 6.4. The observed rate stants K,,s Kopbsi — first reaction,
kobs2 — second reaction) for the two consecutive reastiere taken experimentally as an
average over four runs for various concentratiofisthe entering ligand (Table 6-1).
Individual observed rate constants are reportegpendix II.

Table 6-1: Comparison of the observed rate constésfor two consecutive steps for the reaction kinéts
between [Ir(acac)(CO}] and PPh; at different temperatures, kqps; represents the I' reaction and kyps, the
second. [Ir] =0.1 mM, MeOH.

Observed rate constants,kyse) for two consecutive steps (8

Ligand -10.0 °C -20.0 °C -30.0 °C -40.0 °C
(10°)

[FEEA?S] Kobst | Kobs2 | Kobst Kobs2 Kobs1 Kobs2 Kobs1 Kobs2
1.0 92(1) - 65.7(7)] 16.4(8 58(3) 29(3) 44(3) 19(3)
1.5 137(4)| - | 108(2)| 24(5)| 85.5(6) 34(1) 71(3) 21(5)
2.0 184(4)| - | 141(2)| 29(7)| 122(3 30(7) 114(B)  29(3)
2.5 232(7)| - | 198(4)| 34(3) 174(5 45(6)  147(B)  29(B)
3.0 279(8) - 246(6) 42(7) 209(8 45(11) 188(B) 332
5.0 - - - - 332(15)| 65(5)|] 293(7) 35.0(6)

The reaction at -10.0 °C produced non-reproduaiésellts for the rate constakg,s, even
after repeating the reaction several times and thaxefore omitted from the kinetic study.
Early indications therefore seem to suggest a sfoathation constant for the second step.
The relationships between the differg@seudo first-order rate constant&fs; andkypsy) and

[PPh] are discussed separately.
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For thefirst reaction good linear first-order plots passing through dhnigin were obtained.
The effect of the concentration of the enteringatid and temperature dependence are

illustrated in Figure 6-5.

500 ] T T T T I T T T T I T T T T I T T T T I T T T T ]
i 10 °c,
400 -20 °C _J
] 230 °C 2
- 300 s
) ] A ]
E i 4
< 207 g ’
100 - ]
| + ]
] T ]

0 T T T T I T T T T I T T T T I T T T T I T T T T
0 1 2 3 4 5

(10°) [PPR] (M)

Figure 6-5: Plot of kows1 Vs [PPhg] for the reaction between [Ir(acac)(CO)] and PPh; at different
temperatures, [Ir] = 0.1 mM, & = 350 nm, MeOH.

This points to a simple first-order reaction anel ¢ieneral reaction for thé $tep can be best

described by the following scheme:

/
0 Co .
< \Ir/ + PPhs, &y, K <O\Ir/CO
O/ \CO 4 CO’ k_] O/ \Pph-;
Step 1 < + MeOH + PPh,
kg
0 co
< \Ir P
o \MeOH
g

Scheme 6.1: The proposed reaction for data obtaidefrom Stopped-flow spectroscopy for the 1 step of
CO substitution in [Ir(acac)(CO),] with PPha.
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The rate law for the first reaction of the two-spcess found monitored by Stopped-flow

spectroscopy is represented by Eq. 6.6:

Rate= {ks + ki[L]}[Ir(acac)(CO),] — k4[Ir(acac)(CO)(PPH][CO] 6.6

where ks represents the solvent pathwday, and k, represents the forward- and reverse
reactions, respectively and [L] the entering ligawed PPh. A graph ofkops vs [PPh] was
linear in all cases passing through the origin (inmg ks = O in terms of the general rate law
for square planar substitution reactions where rafe + ki[L])[substrate]). The observed
zero intercept is to be expected, since the disphi@nt of a bidentate ligand by solvent
molecules, here methanol, would be much more diffithan that of the displacement of a
monodentate ligant:***? Eq. 6.6 is therefore simplified to Eq 6.7.

Rate = kq[Ir(acac)(CO)][L] 6.7

Underpseudo first-order conditions where [L] >> [Ir], the ratenstant can be determined by
Eq 6.8.

kob51= k]_[l_] 6.8
wherekyps1 represents the observed rate constant.
The values of the second-order rate constantshirreéaction of [Ir(acac)(Cg]) with the

entering ligand (PRhwere obtained from the slope of the linear pluft&,ns1vs [L] and are
listed in Table 6-2.

19 F. Basolo, R. Pearsoklechanism of Inorganic Reactions, 2" Ed., New York: John Wiley & Sons Inc., 1965.
1 J.G. Leipoldt, S.S. Basson, G.J. van Zyl and GStelyn,J. Organomet. Chem., 1991418, 241.
123.C. Swarts, W.C. du Plessis, T.G. Voslewrg. Chim. Acta, 2002,331, 188.
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Table 6-2: Summary of the second-order rate constés for the first reaction followed by Stopped-flow
spectroscopy for the reaction between [Ir(acac)(CQ) and PPhs,, [Irf] = 0.1 mM, [PPhy =
1.0 MM - 5.0 mM,A = 350 nm, MeOH.

100°C| -200°c| -30.0°d -40.0 °¢ Hk ASi, %T AS?
' ' ' ~ T(kImol™?) | (3 K™ mol?)
3
Eﬁ/?_l;f)l 925@3) | 77G3) | 66(1) | 58(2) | 5.8(6) 127(2) 85%

A temperature dependence study of the reactionalgasconducted for determination of the
activation parameters. The activation parametetiseofirst reaction between [Ir(acac)(GD)
and PPhwere determined by fitting the data to Eq. 6.5 (Fegure 6-6). The standard
enthalpy change of activatiol};,) was calculated as 5.8(6) kJ moand the standard

entropy change of activatiog;, ) was calculated as -127(2) J knhol™.

o
o

In(ky/T)
ul a1 a1
(o)) [e] [lo]

o
o

a
~
IIIIIIIIIIIIIIIIIIIIIIIIIIIII

o
a

3.7 3.8 3.9 4.0 4.1 4.2 4.3 4.4
(1% LT (K™

Figure 6-6: Eyring Plot of In(ky/T) vs 1/T for the reaction between [Ir(acac)(CO)] and PPh for a
temperature range of -40 °C to -10 °C.

Data obtained for theecond stepgives a nonlinear relationship betweeps, and ligand

concentration, indicating probable limiting kinetig~igure 6-7).
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Figure 6-7: Plot of kypsy Versus PPR concentration for the second Stopped-flow reactiorfData from
Table 6-1) at -40.0°C in MeOH, [Ir] = 0.1 mM.

The typical rate equation which predicts the relahip betweetk,,s, and [L] as illustrated
in Figure 6-7 is given by Eq.6.9 (see Appendioll the full derivation).

ko
R3E[L] _ k3Kj[L]

k2 0 T 14K, [L
2L 2[L]

6.9

kobsz =

This suggests a rapid pre-equilibrium, ligand dejeen, first step followed by a slower,
ligand independent, second step and is illustrayeBcheme 6-2.
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~ o) Co k,, K, Fast FPhs
N , rras
P 3 P Ir—CO
0 PPh, 2 O/ |
PPh,
Step 2 <

O _ ks 5—o

h—co —> N o

o” | Slow
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Scheme 6.2: The proposed reaction for data obtaidérom Stopped-flow spectroscopy for the %' step for
the reaction kinetics between [Ir(acac)(COj) and PPhe.

Table 6-3: Summary of the second-order rate constas for the second reaction followed by Stopped-flo
spectroscopy for the reaction between [Ir(acac)(CQ) and PPhg, [Irf] = 0.1 mM, [PPh3] = 1.0 mM - 5.0
mM, & =350 nm, MeOH.

AH}, AST,

20.0°C | -30.0°C| -40.0°C| (% o | S

(10%) K (M) | 1(3) 4(1) 7(2)

(10Y ks (Msh) | 18(5) 10(1) 4.7(4) 30.8(3) | -79(1)

A temperature dependence study for determinatidhefictivation parameters of the second
reaction was done by fitting the data to Eq. 6i§yFe 6-8). The standard enthalpy change of

activation AH,?3 was calculated as 30.8(3) kJ maind the standard entropy change of

activationASy, was calculated as -79(1) J'Knorl™.

101



CHAPTER 6

o
o

o
o

o
o

In(ks/T)

e
o
|

=
(6)]
|

N
o

3.85 3.94 4.03 4,13 4,22 431 4.40
(10%) UT (K1Y

Figure 6-8: Eyring Plot of In(ks/T) vs 1/T for the second reaction between [Ir(acac)(CQ) and PPh;for a
temperature range of -40.0 °C to -20.0 °C.

6.5 OVERALL REACTION MECHANISM

Based on the preliminary results reported abovwajramum of two reactions are observed
and the overall kinetic behaviour during the kiogtins are suggested as in Scheme 6.3:

Step 1

<O\Ir/CO + PPh;, k4, K4 <O\Ir/CO
-~ \CO o~ N

+CO, k, PPh,
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0 Co k-, K, Fast bPhs
2, K89, as
.~ +PPh O\l
e r\ 3 k Ir—CO
0 PPh;, 2 O/ |
PPh;
Step 2
< PPh,,
o | 7 i _ PPh;
3 —_
< Sh—co —» © O\|
pd Ir—CO
(@) | Slow |
PPh;, PPh,
-

Scheme 6.3: The two proposed reactions for data t@ined from Stopped-flow spectroscopy for the
reaction between [Ir(acac)(CO}] and PPhe.

6.6 CONCLUSION

These results and as proposed in Scheme 6.3, tedlwat thefirst reaction step (Step 1 of
Scheme 6.3) is dependent on PRbncentration. This is assumed to be the substitu
reaction of one carbonyl ligand of the square-piafidir(acac)(CO)] complex with PPhto
form [Ir(acac)(CO)(PP{)]. The large negative entropy vaIu@Sﬁf1 = -127(2) J Kk mol?)
suggests an associative mode of activation as tegefor square planar substitution
reactions. In general, the rates of the reactairdifferent temperatures as indicated by the
slopes of thekyys vs [PPhy] data (see Figure 6-5) do not increase by muchet@ry 10 °C
temperature adjustment. This is indicative ofghei TAS™ contribution (+ 85 % in this case)
to the Gibbs Free energy relationship and is simbilghat what was found elsewh&t& for
substitution reactions on Pt(ll) olefin substrateBhe activation enthalpy however further
underlines the low energy barrier associated vii# first reaction, which is also manifested
in the rates observed; at the very limit of ev{éirgﬁneration Stopped-flow equipment at low
temperatures. It is seen from Figure 6-5 that dtraight lines obtained for the fits of
kobs Vs [PPh] pass through zero which possibly indicates adaeguilibrium constant,

K1>> 1, and points towards favourability toward thesfard reaction.

133, Otto, A. Roodt). Organomet. Chem., 2006,691, 4626.
1 M.R. Plutino, S. Otto, A. Roodt, L.1. Eldingorg. Chem., 1999, 1233.
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Table 6-4: The rate constants and activation paraeters for the reaction of [Ir(acac)(CO})] and PPh; at
different temperatures.

# 0
110.0°C | -20.0°C| -30.0°C| -40.0°C (Ak'j ol E‘JS;{ ol T/"Agé
8/?2-&()1 925(3) | 77(3) | 66(1) | 582) | 5.8(6) 127(2) 85%
2
s |- 13 |40 |72 |- : -
=r
Eﬁ/?_l;ff i 18(5) | 10(1) | 4.7(4) | 30.8@3) |-79(1) 40%

The kinetic data for theecond reaction(Step 2 of Scheme 6.3) did not yield a linear
relationship. The resultant fits to Eqg. 6.9 seemsupport limiting kinetics instead in which a
five-coordinatedbis-PPh complex is formed which proceeds in the rate deitgng step to
undergo ring-opening (confirmed by the X-ray stanet Figure 5-1) to form an aca®
bonded square planar complex. The valukKofeems to be small and potentially means that
the formation of a five coordinated species isfagbrable as supported by the fact that there
are only a few examples of five coordinateid-phosphine complexés*®*” The high
negative value obtained fasy, = -79(1) J K' mol™* cannot be explained at the moment, but

indicates an associative type mechanism. This damésdetract from the fact that the

proposed reaction scheme is a good representdtibile observed data.

The crystallographic and synthetic data as predeimeChapters 4 and 5 provide much
information and support for the proposed mechanitmas shown in Chapter 4 with IR and
NMR experiments that (i) acacs still part of the final complex formed at low@Ph
concentrations during synthesis, even at 40 °Q;aiihigher PPhconcentrations it was
observed that the acaligand is no longer part of the coordination sghat the higher
temperatures. However, at the very low PPbncentrations and the low temperatures at
which the kinetic study was performed, the existent the aca&O bonded complex is
assumed. The X-ray diffraction data lends furthgvport to the proposed mechanism since
two different Ir-acadis-phosphine complexes were isolated and charaaterise/hich the
acac ligand binds to Ir(l) either as/adiketonato chelate ring or only through one casthon
oxygen of the acatigand.

15G.B. Ansell, S. Leta, A.A. Oswald, E.J. Mozelegkita Cryst., 1986,C42, 1516.

163, Yoshida, Y. Ohgomori, Y. Watanabe, K. Honda, ®&to, M. KurahashiJ. Chem. Soc. Dalton Trans.,
1988, 895.

" A. Roodt, S. Otto, G. SteyGoord. Chem. Rev., 2003,245, 121.
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CHAPTER 6

It is to be expected that the reactivity of thesmplexes would be very sensitive to the steric
and electronic effect of the entering ligand. Rartinvestigation is needed to establish what

characteristics of the ligands influence the betaivof thes-diketone ligand.

Mechanistic studies like these are important whetinozing a catalyst for large industrial
processes like hydroformylation. Although the iwim(l) dicarbonyl species showed very
different chemical behaviour for substitution réaes than the rhodium analogudsthe

iridium species may be proven important for thelgtaf transition intermediates of rhodium

catalysts.

This study provided insight in the bonding modeh# acacligand in the presence of layer
tertiary phosphine concentrations. More overlistrates the stepwise dissociation of the
acac¢, which is often present in [M(acac)(GPYM = Rh(l), Ir(l)) complexes frequently

utilized as catalyst precursors in hydroformylataon related reactions.
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EVALUATION OF STUDY

7.1 INTRODUCTION

This chapter includes a summary of the results obtained and scientific relevance of this M.Sc.

study, as well as some future research possibilities.

7.2 SCIENTIFIC RELEVANCE AND RESULTS OBTAINED

This study was aimed at investigating model iridium carbonyl complexes used as possible
homogeneous catalyst precursors and studying basic reactions which usually occur in

processes such as olefin hydroformylation.

Four complexes were successfully synthesized of which two new crystal structures, trans-
[Ir(acac-kO)(CO)(PPhCy,),] and trans|Ir(acac-k’0,0)(CO)(PCys),], have been
characterized with single crystal X-ray diffraction and other spectroscopic techniques. The
major difference between these complexes is the way in which the acac” ligand coordinates to
the metal centre. The acac ligand binds either as a chelated ring or undergoes ring-opening
and is linked to the metal only through one oxygen atom. The co-crystallizing solvent
molecules, in the case of trans-[Ir(acac-kO)(CO)(PPhCys-),], do not restrict or interfere with
any significant physical properties of the solvated metal complex (see Chapter 5). The
products showed different sensitivity towards air and moisture, nevertheless all decomposing
in open air within a time frame of a few hours to a day at most. These complexes serve to
understand five-coordinated intermediates that form during hydroformylation when
incorporating metal carbonyl complexes as precursor catalyst in the presence of phosphine
ligands.

The kinetic study to establish the mechanism of the square-planar carbonyl substitution by
PR3 (PR; = PPhs, PPh,Cy, PPhCy,, PCys) in S-diketonatodicarbonyliridium(l) complexes
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revealed that two reactions occur in methanol as solvent. The first reaction involves the
substitution of only one carbonyl group to form the monocarbonyl product,
[Ir(acac)(CO)(PPh3)], and the second reaction entails two steps of which the first is the
addition of a second phosphine ligand forming the bis-phosphine complex, trans-
[Ir(acac)(CO)(PPhs),], followed by the rate-determining ring-opening of the acac™ ligand in
the second step. This information can be used in the future to manipulate the catalytic
reaction conditions to optimize the hydroformylation process by controlling the formation of
products with highest reactivity.

7.3 FUTURE RESEARCH

Based on the results obtained from this study, further investigations, to expand on the current
available knowledge of the coordination modes and kinetic behaviour of these iridium(l)

systems, include:

» Further investigations in the coordination of these systems using a wider range of
entering ligands of the form PR3 (PR3 = tertiary phosphine/arsine/stibine). Isolation
of single crystals thereof for crystalographic investigations confirming complex

formation and various isomers.

» Maodification of the S-diketonato ligand through various substituents on the ring to

enhance electron donating and withdrawing effects.

» There-synthesis of analogous rhodium bis-phosphine complexes as found in literature

for better comparisons.
* An extended kinetic investigation studying the substitution- and oxidative addition
reactions of these systems. Examining solvent influences by conducting the reactions

in solvents of different donicities, polarities, dielectric constants and nucleophilicities.

» The advancement of kinetic study techniques for identifying intermediate phase

products.
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Comparing the reaction kinetics with Rh-anal ogous complexes.

Theoretical computational calculations would assist in understanding the kinetic and

coordination behaviour.

Evaluate the catalytic activity of these systemsin olefin hydroformylation reactions.
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SUPPLEMENTARY DATA TO THE CRYSTAL STRUCTURES

1 Crystal Data for [Ir(acac-O)(CO)(PPhCy,),]

Table 1-1. Atomic coordinates ( X 1@) and equivalent isotropic displacement parameters&zx 103) for
[Ir(acac-0)(CO)(PPhCy,),]. U(eq) is defined as one third of the trace oht orthogonalized U tensor.

X y z U(eq)
C(01) 7037(2) 5352(2) 9972(3) 22(1)
C(02) 8281(2) 3911(2) 8960(3) 22(1)
C(03) 8458(2) 3621(2) 8304(3) 28(1)
C(04) 8599(2) 3789(2) 9676(3) 22(1)
C(05) 9129(2) 3389(2) 9923(3) 28(1)
C(06) 9418(2) 3376(3) 10742(3) 38(1)
C(11) 8752(2) 5838(2) 10064(2) 18(12)
C(12) 9231(2) 5310(2) 10250(3) 23(1)
C(13) 9805(2) 5512(3) 10853(2) 29(1)
C(14) 9618(2) 5736(2) 11541(2) 27(1)
C(15) 9102(3) 6226(3) 11362(3) 33(1)
C(16) 8533(2) 6013(2) 10751(3) 28(1)
Cc(21) 8433(2) 5514(2) 8498(2) 21(1)
C(22) 8916(2) 5987(2) 8401(3) 26(1)
C(23) 9195(2) 5841(2) 7757(3) 30(1)
C(24) 8697(2) 5722(3) 7057(3) 33(1)
C(25) 8215(3) 5256(2) 7151(3) 30(1)
C(26) 7926(2) 5418(2) 7782(2) 22(1)
C(31) 7667(2) 6385(2) 9053(3) 24(1)
C(32) 7966(3) 6957(2) 9198(3) 31(1)
C(33) 7631(3) 7501(3) 8982(3) 42(1)
C(34) 6997(3) 7461(3) 8583(3) 42(1)
C(35) 6707(3) 6913(3) 8429(3) 40(1)
C(36) 7035(2) 6373(2) 8646(3) 28(1)
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C(41) 6594(2) 3642(2) 10104(2) 20(1)
C(42) 7180(2) 3231(2) 10298(3) 26(1)
C(43) 7158(3) 2812(2) 10946(3) 30(1)
C(44) 7097(2) 3175(2) 11617(3) 28(1)
C(45) 6533(3) 3607(3) 11423(3) 42(1)
C(46) 6561(3) 4030(3) 10782(3) 36(1)
C(51) 5802(2) 4502(2) 9092(3) 26(1)
C(52) 5286(2) 4228(3) 9281(3) 38(1)
C(53) 4694(3) 4513(4) 9078(3) 47(2)
C(54) 4607(3) 5033(3) 8647(3) 47(2)
C(55) 5113(3) 5311(3) 8466(3) 44(2)
C(56) 5706(3) 5041(2) 8673(3) 32(1)
C(61) 6539(2) 3605(2) 8516(2) 23(1)
C(62) 6458(2) 3950(2) 7790(2) 28(1)
C(63) 6501(3) 3504(3) 7173(3) 35(1)
C(64) 6013(3) 2994(3) 7082(3) 38(1)
C(65) 6062(3) 2652(3) 7802(3) 37(2)
C(66) 6052(2) 3085(2) 8446(3) 30(2)
C(72) 5000 7317(6) 7500 79(3)
C(72) 5362(7) 7575(8) 7069(9) 79(3)
0(01) 6818(2) 5664(2) 10346(2) 31(2)
0(02) 7808(1) 4289(1) 8777(2) 22(1)
0(03) 9367(2) 3066(2) 9511(2) 41(2)
O(70) 5000 6759(5) 7500 185(8)
P(2) 8081(1) 5650(1) 9285(1) 17(1)
P(1) 6582(1) 4138(1) 9303(1) 18(1)
Ir(1) 7395(1) 4858(1) 9413(1) 16(1)
C(81) 4419(6) 7669(5) 5103(9) 47(2)
O(80A) 4416(4) 7060(6) 5178(5) 370(7)
C(82) 5012(5) 7007(5) 5691(8) 47(2)
O(80B) 4416(4) 7060(6) 5178(5) 370(7)
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Table 1-2. Bond lengths [A] and angles [°] for [IacacO)(CO)(PPhCyy).].

Bond Distance (A) Bond Angle Angle (°)
C(01)-0(01) 1.161(6) C(15)-C(16)-H(16A) 109.7
C(02)-1r(2) 1.807(5) C(11)-C(16)-H(16B) 109.7
C(02)-0(02) 1.296(5) C(15)-C(16)-H(16B) 109.7
C(02)-C(04) 1.374(7) H(16A)-C(16)-H(16B) 108.2
C(02)-C(03) 1.515(6) C(22)-C(21)-C(26) 111.1(4)
C(03)-H(03A) 0.98 C(22)-C(21)-P(2) 115.4(3)
C(03)-H(03B) 0.98 C(26)-C(21)-P(2) 111.6(3)
C(03)-H(03C) 0.98 C(22)-C(21)-H(21) 106
C(04)-C(05) 1.427(6) C(26)-C(21)-H(21) 106
C(04)-H(04) 0.87(6) P(2)-C(21)-H(21) 106
C(05)-0(03) 1.248(6) C(21)-C(22)-C(23) 112.7(4)
C(05)-C(06) 1.509(7) C(21)-C(22)-H(22A) 109.1
C(06)-H(06A) 0.98 C(23)-C(22)-H(22A) 109.1
C(06)-H(06B) 0.98 C(21)-C(22)-H(22B) 109.1
C(06)-H(06C) 0.98 C(23)-C(22)-H(22B) 109.1
C(11)-C(16) 1.529(6) H(22A)-C(22)-H(22B) 107.8
C(11)-C(12) 1.530(6) C(24)-C(23)-C(22) 112.5(4)
C(11)-P(2) 1.839(4) C(24)-C(23)-H(23A) 109.1
C(11)-H(11) 1 C(22)-C(23)-H(23A) 109.1
C(12)-C(13) 1.527(6) C(24)-C(23)-H(23B) 109.1
C(12)-H(12A) 0.99 C(22)-C(23)-H(23B) 109.1
C(12)-H(12B) 0.99 H(23A)-C(23)-H(23B) 107.8
C(13)-C(14) 1.526(6) C(25)-C(24)-C(23) 112.8(4)
C(13)-H(13A) 0.99 C(25)-C(24)-H(24A) 109
C(13)-H(13B) 0.99 C(23)-C(24)-H(24A) 109
C(14)-C(15) 1.524(7) C(25)-C(24)-H(24B) 109
C(14)-H(14A) 0.99 C(23)-C(24)-H(24B) 109
C(14)-H(14B) 0.99 H(24A)-C(24)-H(24B) 107.8
C(15)-C(16) 1.536(7) C(24)-C(25)-C(26) 112.3(4)
C(15)-H(15A) 0.99 C(24)-C(25)-H(25A) 109.2
C(15)-H(15B) 0.99 C(26)-C(25)-H(25A) 109.2
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C(16)-H(16A) 0.99 C(24)-C(25)-H(25B) 109.2
C(16)-H(16B) 0.99 C(26)-C(25)-H(25B) 109.2
C(21)-C(22) 1.514(6) H(25A)-C(25)-H(25B) 107.9
C(21)-C(26) 1.528(6) C(25)-C(26)-C(21) 111.4(4)
C(21)-P(2) 1.850(4) C(25)-C(26)-H(26A) 109.3
C(21)-H(21) 1 C(21)-C(26)-H(26A) 109.3
C(22)-C(23) 1.518(6) C(25)-C(26)-H(26B) 109.3
C(22)-H(22A) 0.99 C(21)-C(26)-H(26B) 109.3
C(22)-H(22B) 0.99 H(26A)-C(26)-H(26B) 108
C(23)-C(24) 1.503(7) C(32)-C(31)-C(36) 118.3(4)
C(23)-H(23A) 0.99 C(32)-C(31)-P(2) 123.0(4)
C(23)-H(23B) 0.99 C(36)-C(31)-P(2) 118.4(4)
C(24)-C(25) 1.501(8) C(33)-C(32)-C(31) 120.5(5)
C(24)-H(24A) 0.99 C(33)-C(32)-H(32) 119.7
C(24)-H(24B) 0.99 C(31)-C(32)-H(32) 119.7
C(25)-C(26) 1.516(6) C(32)-C(33)-C(34) 118.6(6)
C(25)-H(25A) 0.99 C(32)-C(33)-H(33) 120.7
C(25)-H(25B) 0.99 C(34)-C(33)-H(33) 120.7
C(26)-H(26A) 0.99 C(35)-C(34)-C(33) 121.3(5)
C(26)-H(26B) 0.99 C(35)-C(34)-H(34) 119.4
C(31)-C(32) 1.393(7) C(33)-C(34)-H(34) 119.4
C(31)-C(36) 1.401(6) C(34)-C(35)-C(36) 120.3(5)
C(31)-P(2) 1.829(5) C(34)-C(35)-H(35) 119.9
C(32)-C(33) 1.392(7) C(36)-C(35)-H(35) 119.9
C(32)-H(32) 0.95 C(35)-C(36)-C(31) 120.9(5)
C(33)-C(34) 1.404(8) C(35)-C(36)-H(36) 119.6
C(33)-H(33) 0.95 C(31)-C(36)-H(36) 119.6
C(34)-C(35) 1.340(9) C(42)-C(41)-C(46) 109.3(4)
C(34)-H(34) 0.95 C(42)-C(41)-P(1) 111.9(3)
C(35)-C(36) 1.379(7) C(46)-C(41)-P(1) 111.3(3)
C(35)-H(35) 0.95 C(42)-C(41)-H(41) 108.1
C(36)-H(36) 0.95 C(46)-C(41)-H(41) 108.1
C(41)-C(42) 1.528(6) P(1)-C(41)-H(41) 108.1
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C(41)-C(46) 1.541(6) C(41)-C(42)-C(43) 110.1(4)
C(41)-P(1) 1.841(4) C(41)-C(42)-H(42A) 109.6
C(41)-H(41) 1 C(43)-C(42)-H(42A) 109.6
C(42)-C(43) 1.528(7) C(41)-C(42)-H(42B) 109.6
C(42)-H(42A) 0.99 C(43)-C(42)-H(42B) 109.6
C(42)-H(42B) 0.99 H(42A)-C(42)-H(42B) 108.2
C(43)-C(44) 1.516(6) C(44)-C(43)-C(42) 112.3(4)
C(43)-H(43A) 0.99 C(44)-C(43)-H(43A) 109.1
C(43)-H(43B) 0.99 C(42)-C(43)-H(43A) 109.1
C(44)-C(45) 1.518(7) C(44)-C(43)-H(43B) 109.1
C(44)-H(44A) 0.99 C(42)-C(43)-H(43B) 109.1
C(44)-H(44B) 0.99 H(43A)-C(43)-H(43B) 107.9
C(45)-C(46) 1.525(8) C(43)-C(44)-C(45) 110.8(4)
C(45)-H(45A) 0.99 C(43)-C(44)-H(44A) 109.5
C(45)-H(45B) 0.99 C(45)-C(44)-H(44A) 109.5
C(46)-H(46A) 0.99 C(43)-C(44)-H(44B) 109.5
C(46)-H(46B) 0.99 C(45)-C(44)-H(44B) 109.5
C(51)-C(56) 1.391(8) H(44A)-C(44)-H(44B) 108.1
C(51)-C(52) 1.397(7) C(44)-C(45)-C(46) 111.6(4)
C(51)-P(2) 1.830(5) C(44)-C(45)-H(45A) 109.3
C(52)-C(53) 1.397(7) C(46)-C(45)-H(45A) 109.3
C(52)-H(52) 0.95 C(44)-C(45)-H(45B) 109.3
C(53)-C(54) 1.371(10) C(46)-C(45)-H(45B) 109.3
C(53)-H(53) 0.95 H(45A)-C(45)-H(45B) 108
C(54)-C(55) 1.376(10) C(45)-C(46)-C(41) 110.1(5)
C(54)-H(54) 0.95 C(45)-C(46)-H(46A) 109.6
C(55)-C(56) 1.387(7) C(41)-C(46)-H(46A) 109.6
C(55)-H(55) 0.95 C(45)-C(46)-H(46B) 109.6
C(56)-H(56) 0.95 C(41)-C(46)-H(46B) 109.6
C(61)-C(62) 1.525(6) H(46A)-C(46)-H(46B) 108.2
C(61)-C(66) 1.531(7) C(56)-C(51)-C(52) 118.8(5)
C(61)-P(1) 1.857(5) C(56)-C(51)-P(1) 118.9(4)
C(61)-H(61) 1 C(52)-C(51)-P(1) 122.1(4)
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C(62)-C(63) 1.527(7) C(53)-C(52)-C(51) 119.7(6)
C(62)-H(62A) 0.99 C(53)-C(52)-H(52) 120.2
C(62)-H(62B) 0.99 C(51)-C(52)-H(52) 120.2

C(63)-C(64) 1.514(8) C(54)-C(53)-C(52) 120.4(6)
C(63)-H(63A) 0.99 C(54)-C(53)-H(53) 119.8
C(63)-H(63B) 0.99 C(52)-C(53)-H(53) 119.8

C(64)-C(65) 1.521(8) C(53)-C(54)-C(55) 120.2(5)
C(64)-H(B4A) 0.99 C(53)-C(54)-H(54) 119.9
C(64)-H(64B) 0.99 C(55)-C(54)-H(54) 119.9

C(65)-C(66) 1.532(7) C(54)-C(55)-C(56) 120.0(6)
C(65)-H(65A) 0.99 C(54)-C(55)-H(55) 120
C(65)-H(65B) 0.99 C(56)-C(55)-H(55) 120
C(66)-H(66A) 0.99 C(55)-C(56)-C(51) 120.7(6)
C(66)-H(66B) 0.99 C(55)-C(56)-H(56) 119.7

C(71)-O(70) 1.208(13) C(51)-C(56)-H(56) 119.7
C(71)-C(72)#1 1.383(14) C(62)-C(61)-C(66) 111.1(4)

C(71)-C(72) 1.383(14) C(62)-C(61)-P(1) 112.1(3)
C(72)-H(72A) 0.98 C(66)-C(61)-P(1) 114.9(3)
C(72)-H(72B) 0.98 C(62)-C(61)-H(61) 106
C(72)-H(72C) 0.98 C(66)-C(61)-H(61) 106

0(02)-1r(1) 2.071(3) P(1)-C(61)-H(61) 106

P(2)-Ir(1) 2.3291(11) C(61)-C(62)-C(63) 110.6(4)
P(1)-1r(1) 2.3327(11) C(61)-C(62)-H(62A) 109.5
C(81)-O(80A) 1.326(13) C(63)-C(62)-H(62A) 109.5
C(81)-H(81A) 0.98 C(61)-C(62)-H(62B) 109.5
C(81)-H(81B) 0.98 C(63)-C(62)-H(62B) 109.5
C(81)-H(81C) 0.98 H(62A)-C(62)-H(62B) 108.1

C(82)-H(82A) 0.98 C(64)-C(63)-C(62) 111.7(4)
C(82)-H(82B) 0.98 C(64)-C(63)-H(63A) 109.3
C(82)-H(82C) 0.98 C(62)-C(63)-H(63A) 109.3
0(01)-C(01)-Ir(2) 178.4(4) C(64)-C(63)-H(63B) 109.3
0(02)-C(02)-C(04) 123.6(4) C(62)-C(63)-H(63B) 109.3
0(02)-C(02)-C(03) 113.3(4) H(63A)-C(63)-H(63B) 107.9
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C(04)-C(02)-C(03) 123.0(4) C(63)-C(64)-C(65) 111.3(4)
C(02)-C(03)-H(03A) 109.5 C(63)-C(64)-H(64A) 109.4
C(02)-C(03)-H(03B) 109.5 C(65)-C(64)-H(64A) 109.4

H(03A)-C(03)-H(03B) 109.5 C(63)-C(64)-H(64B) 109.4
C(02)-C(03)-H(03C) 109.5 C(65)-C(64)-H(64B) 109.4

H(03A)-C(03)-H(03C) 109.5 H(64A)-C(64)-H(64B) 108
H(03B)-C(03)-H(03C) 109.5 C(64)-C(65)-C(66) 113.05)

C(02)-C(04)-C(05) 127.2(4) C(64)-C(65)-H(65A) 109

C(02)-C(04)-H(04) 119(4) C(66)-C(65)-H(65A) 109

C(05)-C(04)-H(04) 113(4) C(64)-C(65)-H(65B) 109

0(03)-C(05)-C(04) 124.6(5) C(66)-C(65)-H(65B) 109

0(03)-C(05)-C(06) 119.1(4) H(65A)-C(65)-H(65B) 107.8

C(04)-C(05)-C(06) 116.2(4) C(61)-C(66)-C(65) 111.7(4)
C(05)-C(06)-H(06A) 109.5 C(61)-C(66)-H(66A) 109.3
C(05)-C(06)-H(06B) 109.5 C(65)-C(66)-H(66A) 109.3

H(06A)-C(06)-H(06B) 109.5 C(61)-C(66)-H(66B) 109.3
C(05)-C(06)-H(06C) 109.5 C(65)-C(66)-H(66B) 109.3

H(06A)-C(06)-H(06C) 109.5 H(66A)-C(66)-H(66B) 107.9

H(06B)-C(06)-H(06C) 109.5 O(70)-C(71)-C(72)#1 113.8(10)

C(16)-C(11)-C(12) 109.4(4) O(70)-C(71)-C(72) 113.8(10)

C(16)-C(11)-P(2) 111.7(3) C(72)#1-C(71)-C(72) 132.4(19)

C(12)-C(11)-P(2) 112.3(3) C(71)-C(72)-H(72A) 109.5

C(16)-C(11)-H(11) 107.7 C(71)-C(72)-H(72B) 109.5

C(12)-C(11)-H(11) 107.7 H(72A)-C(72)-H(72B) 109.5

P(2)-C(11)-H(11) 107.7 C(71)-C(72)-H(72C) 109.5

C(13)-C(12)-C(11) 110.1(4) H(72A)-C(72)-H(72C) 109.5
C(13)-C(12)-H(12A) 109.6 H(72B)-C(72)-H(72C) 109.5
C(11)-C(12)-H(12A) 109.6 C(02)-0(02)-Ir(1) 131.1(3)
C(13)-C(12)-H(12B) 109.6 C(31)-P(2)-C(11) 104.2(2)
C(11)-C(12)-H(12B) 109.6 C(31)-P(2)-C(21) 103.3(2)

H(12A)-C(12)-H(12B) 108.2 C(11)-P(2)-C(21) 105.17(19)

C(14)-C(13)-C(12) 111.9(4) C(31)-P(2)-Ir(1) 111.77(15)

C(14)-C(13)-H(13A) 109.2 C(11)-P(2)-Ir(1) 119.12(14)
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C(12)-C(13)-H(13A) 109.2 C(21)-P(2)-Ir(1) 111.86(15)
C(14)-C(13)-H(13B) 109.2 C(51)-P(1)-C(41) 104.4(2)
C(12)-C(13)-H(13B) 109.2 C(51)-P(1)-C(61) 103.6(2)
H(13A)-C(13)-H(13B) 107.9 C(41)-P(1)-C(61) 105.9(2)
C(15)-C(14)-C(13) 112.0(4) C(51)-P(1)-Ir(1) 112.35(17)
C(15)-C(14)-H(14A) 109.2 C(41)-P(1)-Ir(1) 117.53(15)
C(13)-C(14)-H(14A) 109.2 C(61)-P(1)-Ir(1) 111.83(15)
C(15)-C(14)-H(14B) 109.2 C(01)-1r(1)-0(02) 179.71(18)
C(13)-C(14)-H(14B) 109.2 C(01)-Ir(1)-P(2) 90.50(15)
H(14A)-C(14)-H(14B) 107.9 0(02)-11(1)-P(2) 89.62(9)
C(14)-C(15)-C(16) 111.8(4) C(01)-Ir(1)-P(1) 90.86(15)
C(14)-C(15)-H(15A) 109.3 0(02)-1r(1)-P(2) 89.08(9)
C(16)-C(15)-H(15A) 109.3 P(2)-11(1)-P(2) 167.94(4)
C(14)-C(15)-H(15B) 109.3 H(82A)-C(82)-H(82B) 109.5
C(16)-C(15)-H(15B) 109.3 H(82A)-C(82)-H(82C) 109.5
H(15A)-C(15)-H(15B) 107.9 H(82B)-C(82)-H(82C) 109.5
C(11)-C(16)-C(15) 109.7(4)
C(11)-C(16)-H(16A) 109.7

#1 -x+1y,-z+3/2

Table 1-3.

Symmetry transformations used to generate equivalent atoms:

Anisotropic displacement parameters (gx 103) for [Ir(acac-0)(CO)(PPhCy,),].. The

anisotropic displacement factor exponent takes thirm: —2112[ h2a*2U1l+ . + 2 hka* b* U12].

U1l u22 u33 u23 U13 u12
C(01) 20(2) 21(2) 25(2) 0(2) 7(2) 0(2)
C(02) 23(2) 15(2) 32(2) 0(2) 14(2) “1(2)
C(03) 30(2) 25(2) 34(3) -2(2) 17(2) 6(2)
C(04) 23(2) 15(2) 31(2) -2(2) 13(2) 1(2)
C(05) 21(2) 17(2) 45(3) 0(2) 10(2) -4(2)
C(06) 30(3) 35(3) 45(3) 9(3) 3(2) 3(2)
C(12) 22(2) 14(2) 19(2) 0(2) 8(2) 1(2)
C(12) 24(2) 26(2) 20(2) -3(2) 5(2) 9(2)
C(13) 20(2) 45(3) 19(2) 0(2) 2(2) 6(2)
C(14) 27(2) 35(3) 17(2) -2(2) 3(2) -3(2)
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C(15) 46(3) 32(3) 22(2) 7(2) 7(2) 6(2)
C(16) 32(2) 32(3) 22(2) -2(2) 8(2) 10(2)
c(21) 21(2) 24(2) 18(2) 3(2) 7(2) 1(2)
C(22) 26(2) 27(2) 27(2) -1(2) 13(2) -1(2)
C(23) 33(2) 32(3) 31(3) 7(2) 20(2) 7(2)
C(24) 41(3) 36(3) 27(2) 1(2) 21(2) 8(2)
C(25) 37(3) 36(3) 15(2) 4(2) 4(2) 5(2)
C(26) 26(2) 23(2) 18(2) 4(2) 8(2) 5(2)
C(31) 25(2) 21(2) 29(2) 9(2) 12(2) 7(2)
C(32) 41(3) 26(2) 27(2) 3(2) 9(2) 8(2)
C(33) 62(4) 28(3) 41(3) 6(2) 22(3) 15(3)
C(34) 60(4) 35(3) 29(3) 2(2) 8(3) 30(3)
C(35) 31(3) 49(4) 38(3) 12(3) 6(2) 21(3)
C(36) 26(2) 32(3) 26(2) 2(2) 5(2) 11(2)
C(41) 20(2) 24(2) 18(2) 1(2) 7(2) -2(2)
C(42) 37(3) 24(2) 21(2) 0(2) 13(2) 9(2)
C(43) 50(3) 16(2) 23(2) 1(2) 7(2) 3(2)
C(44) 37(3) 28(2) 19(2) -3(2) 8(2) 0(2)
C(45) 46(3) 57(4) 28(3) 7(3) 21(2) 19(3)
C(46) 50(3) 37(3) 24(2) 1(2) 16(2) 20(3)
C(51) 22(2) 32(3) 24(2) -2(2) 3(2) 6(2)
C(52) 25(2) 56(4) 34(3) 3(3) 9(2) 3(2)
C(53) 24(2) 80(5) 39(3) -6(3) 11(2) 9(3)
C(54) 33(3) 71(4) 333) | -19(3) 2(2) 26(3)
C(55) 42(3) 43(3) 41(3) -2(3) -2(3) 21(3)
C(56) 28(3) 28(2) 36(3) -3(2) 0(2) 9(2)
C(61) 26(2) 23(2) 20(2) -2(2) 5(2) 1(2)
C(62) 32(2) 30(3) 20(2) 2(2) 5(2) 3(2)
C(63) 38(3) 45(3) 20(2) -2(2) 6(2) 1(2)
C(64) 40(3) 44(3) 28(3) -8(2) 5(2) 8(3)
C(65) 44(3) 35(3) 31(3) -8(2) 4(2) -6(2)
C(66) 35(3) 31(3) 25(2) -4(2) 7(2) -8(2)
C(71) 53(6) 80(7) 87(8) 0 -13(5) 0
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C(72) 53(6) 80(7) 87(8) 0 -13(5) 0
O(01) 32(2) 31(2) 38(2) -9(2) 21(2) 2(2)
0(02) 23(2) 21(2) 24(2) 2(1) 9(1) 6(1)
0O(03) 36(2) 33(2) 55(2) -3(2) 10(2) 15(2)
O(70) 68(6) 56(6) 380(20) 0 -39(9) 0
P(2) 17(1) 17(1) 17(1) 3(1) 6(1) 3(1)
P(1) 18(1) 18(1) 19(1) 0(1) 6(1) 2(1)
Ir(1) 16(1) 16(1) 17(1) 2(1) 6(1) 3(1)
C(81) 25(4) 20(3) 89(7) 13(4) 1(4) -1(3)
O(80A) 180(7) 570(20) | 317(11) | -110(13) -12(7) 60(11)
C(82) 25(4) 20(3) 89(7) 13(4) 1(4) -1(3)
0O(80B) 180(7) 570(20) | 317(11) | -110(13) -12(7) 60(11)
Table 1-4. Hydrogen coordinates ( x 1) and isotropic displacement parameters (A 10%) for
[Ir(acac-O)(CO)(PPhCys»),].
X y Z U(eq)
H(03A) 8172 3772 7848 42
H(03B) 8423 3170 8329 42
H(03C) 8894 3733 8309 42
H(06A) 9778 3090 10851 56
H(06B) 9101 3237 10996 56
H(06C) 9563 3791 10912 56
H(11) 8973 6205 9921 21
H(12A) 9032 4946 10420 28
H(12B) 9367 5190 9804 28
H(13A) 10101 5161 10984 34
H(13B) 10026 5850 10663 34
H(14A) 9468 5380 11782 32
H(14B) 9995 5909 11892 32
H(15A) 9277 6610 11203 40
H(15B) 8960 6321 11811 40
H(16A) 8332 5651 10923 34
H(16B) 8217 6349 10631 34
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H(21) 8666 5113 8602 25
H(22A) 9261 6007 8858 31
H(22B) 8713 6399 8324 31
H(23A) 9463 6191 7679 36
H(23B) 9469 5471 7878 36
H(24A) 8481 6116 6882 39
H(24B) 8903 5573 6676 39
H(25A) 8418 4845 7243 36
H(25B) 7876 5231 6690 36
H(26A) 7639 5081 7849 27
H(26B) 7672 5800 7660 27

H(32) 8401 6975 9446 37

H(33) 7828 7892 9103 50

H(34) 6768 7829 8418 51

H(35) 6275 6897 8169 48

H(36) 6330 5987 8518 34

H(41) 6213 3369 9977 24
H(42A) 7564 3492 10428 32
H(42B) 7200 2976 9866 32
H(43A) 6794 2527 10797 36
H(43B) 7548 2560 11077 36
H(44A) 7487 3419 11810 34
H(44B) 7048 2885 12007 34
H(45A) 6522 3861 11858 50
H(45B) 6139 3359 11290 50
H(46A) 6938 4300 10924 43
H(46B) 6181 4297 10660 43

H(52) 5337 3850 9547 46

H(53) 4350 4345 9240 57

H(54) 4195 5201 8472 56

H(55) 5057 5689 8200 53

H(56) 6051 5225 8528 39

H(61) 6960 3397 8611 28
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H(62A) 6790 4270 7843 33
H(62B) 6042 4159 7663 33
H(63A) 6437 3736 6705 42
H(63B) 6929 3319 7284 42
H(64A) 6075 2699 6703 46
H(64B) 5585 3174 6910 46
H(65A) 6460 2411 7924 45
H(65B) 5706 2357 7737 45
H(66A) 5625 3267 8371 36
H(66B) 6142 2844 8909 36
H(72A) 5562 7246 6848 119
H(72B) 5690 7838 7375 119
H(72C) 5092 7825 6679 119
H(81A) 4092 7851 5311 70
H(81B) 4335 7775 4579 70
H(81C) 4833 7832 5363 70
H(82A) 5251 6668 5544 70
H(82B) 4950 6922 6182 70
H(82C) 5247 7394 5703 70
H(04) 8510(20) 4010(30) 10030(30) 28(14)
Table 1-5. Torsion angles [°] for [Ir(acac©)(CO)(PPhCy,)].
0(02)-C(02)-C(04)-C(05) -178.9(4)
C(03)-C(02)-C(04)-C(05) 0.3(7)
C(02)-C(04)-C(05)-0O(03) -3.2(8)
C(02)-C(04)-C(05)-C(06) 175.5(5)
C(16)-C(11)-C(12)-C(13) -60.5(5)
P(2)-C(11)-C(12)-C(13) 174.9(3)
C(11)-C(12)-C(13)-C(14) 56.2(6)
C(12)-C(13)-C(14)-C(15) -52.1(6)
C(13)-C(14)-C(15)-C(16) 52.2(6)
C(12)-C(11)-C(16)-C(15) 60.5(5)
P(2)-C(11)-C(16)-C(15) -174.5(3)
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C(14)-C(15)-C(16)-C(11) -56.5(6)
C(26)-C(21)-C(22)-C(23) -52.9(5)
P(2)-C(21)-C(22)-C(23) 178.8(3)
C(21)-C(22)-C(23)-C(24) 51.4(6)
C(22)-C(23)-C(24)-C(25) -51.0(6)
C(23)-C(24)-C(25)-C(26) 52.8(6)
C(24)-C(25)-C(26)-C(21) -54.3(5)
C(22)-C(21)-C(26)-C(25) 54.2(5)
P(2)-C(21)-C(26)-C(25) -175.5(3)
C(36)-C(31)-C(32)-C(33) 4.0(7)
P(2)-C(31)-C(32)-C(33) 177.4(4)
C(31)-C(32)-C(33)-C(34) -3.3(8)
C(32)-C(33)-C(34)-C(35) 2.2(9)
C(33)-C(34)-C(35)-C(36) -1.7(9)
C(34)-C(35)-C(36)-C(31) 2.4(8)
C(32)-C(31)-C(36)-C(35) -3.5(7)
P(2)-C(31)-C(36)-C(35) -177.2(4)
C(46)-C(41)-C(42)-C(43) 58.4(5)
P(1)-C(41)-C(42)-C(43) -177.9(3)
C(41)-C(42)-C(43)-C(44) -56.8(6)
C(42)-C(43)-C(44)-C(45) 54.3(6)
C(43)-C(44)-C(45)-C(46) -54.7(7)
C(44)-C(45)-C(46)-C(41) 57.7(6)
C(42)-C(41)-C(46)-C(45) -59.2(6)
P(1)-C(41)-C(46)-C(45) 176.8(4)
C(56)-C(51)-C(52)-C(53) -2.9(8)
P(1)-C(51)-C(52)-C(53) -177.2(4)
C(51)-C(52)-C(53)-C(54) 5.0(9)
C(52)-C(53)-C(54)-C(55) -6.0(10)
C(53)-C(54)-C(55)-C(56) 4.9(9)
C(54)-C(55)-C(56)-C(51) -2.9(9)
C(52)-C(51)-C(56)-C(55) 1.9(8)
P(1)-C(51)-C(56)-C(55) 176.4(4)
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C(66)-C(61)-C(62)-C(63) -56.5(5)
P(1)-C(61)-C(62)-C(63) 173.4(3)
C(61)-C(62)-C(63)-C(64) 57.7(6)
C(62)-C(63)-C(64)-C(65) -55.0(6)
C(63)-C(64)-C(65)-C(66) 52.1(6)
C(62)-C(61)-C(66)-C(65) 53.4(6)
P(1)-C(61)-C(66)-C(65) -177.9(4)
C(64)-C(65)-C(66)-C(61) -51.5(6)
C(04)-C(02)-0(02)-Ir(1) 3.8(6)
C(03)-C(02)-0(02)-Ir(1) -175.4(3)
C(32)-C(31)-P(2)-C(11) 26.5(5)
C(36)-C(31)-P(2)-C(11) -160.1(4)
C(32)-C(31)-P(2)-C(21) -83.2(4)
C(36)-C(31)-P(2)-C(21) 90.2(4)
C(32)-C(31)-P(2)-1r(1) 156.4(4)
C(36)-C(31)-P(2)-11(1) -30.2(4)
C(16)-C(11)-P(2)-C(31) 67.4(4)
C(12)-C(11)-P(2)-C(31) -169.2(3)
C(16)-C(11)-P(2)-C(21) 175.7(3)
C(12)-C(11)-P(2)-C(21) -60.9(4)
C(16)-C(11)-P(2)-1r(1) -58.0(3)
C(12)-C(11)-P(2)-1r(1) 65.4(3)
C(22)-C(21)-P(2)-C(31) 63.1(4)
C(26)-C(21)-P(2)-C(31) -65.0(4)
C(22)-C(21)-P(2)-C(11) -45.8(4)
C(26)-C(21)-P(2)-C(11) -173.9(3)
C(22)-C(21)-P(2)-1r(1) -176.5(3)
C(26)-C(21)-P(2)-1r(1) 55.4(3)
C(56)-C(51)-P(1)-C(41) 160.1(4)
C(52)-C(51)-P(1)-C(41) -25.6(5)
C(56)-C(51)-P(1)-C(61) -89.2(4)
C(52)-C(51)-P(1)-C(61) 85.1(5)
C(56)-C(51)-P(1)-1r(1) 31.7(5)
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C(52)-C(51)-P(1)-1r(1) -154.0(4)
C(42)-C(41)-P(1)-C(51) 172.3(3)
C(46)-C(41)-P(1)-C(51) -65.2(4)
C(42)-C(41)-P(1)-C(61) 63.3(4)
C(46)-C(41)-P(1)-C(61) -174.2(3)
C(42)-C(41)-P(1)-1r(1) -62.5(4)
C(46)-C(41)-P(1)-1r(1) 60.1(4)
C(62)-C(61)-P(1)-C(51) 64.5(4)
C(66)-C(61)-P(1)-C(51) -63.6(4)
C(62)-C(61)-P(1)-C(41) 174.1(3)
C(66)-C(61)-P(1)-C(41) 46.0(4)
C(62)-C(61)-P(1)-1r(1) -56.7(3)
C(66)-C(61)-P(1)-1r(1) 175.2(3)
0(01)-C(01)-Ir(1)-O(02) 25(47)
0(01)-C(01)-1r(1)-P(2) -88(16)
0(01)-C(01)-Ir(1)-P(1) 104(16)
C(02)-0(02)-Ir(1)-C(01) -23(37)
C(02)-0(02)-1r(1)-P(2) 90.3(4)
C(02)-0(02)-1r(1)-P(1) -101.7(4)
C(31)-P(2)-1r(1)-C(01) -46.4(2)
C(11)-P(2)-1r(1)-C(01) 75.3(2)
C(21)-P(2)-1r(1)-C(01) -161.6(2)
C(31)-P(2)-1r(1)-0(02) 133.92(19)
C(11)-P(2)-1r(1)-0(02) -104.44(18)
C(21)-P(2)-1r(1)-0(02) 18.66(17)
C(31)-P(2)-1r(1)-P(1) 50.1(3)
C(11)-P(2)-1r(1)-P(1) 171.8(2)
C(21)-P(2)-1r(1)-P(1) -65.1(2)
C(51)-P(1)-1r(1)-C(01) 45.3(2)
C(41)-P(1)-1r(1)-C(01) -75.9(2)
C(61)-P(1)-1r(1)-C(01) 161.4(2)
C(51)-P(1)-Ir(1)-0(02) -134.96(19)
C(41)-P(1)-Ir(1)-0(02) 103.83(18)
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C(61)-P(1)-Ir(1)-0(02) -18.93(18)
C(51)-P(1)-Ir(1)-P(2) -51.1(3)
C(41)-P(L)-Ir(1)-P(2) -172.3(2)
C(61)-P(1)-Ir(1)-P(2) 64.9(2)

Symmetry transformations used to generate equivalent atoms;

#1 -x+1y,-z+3/2

Table 1-6. Hydrogen bonds for [Ir(acac©)(CO)(PPhCy,),] [A and °].

D-H...A d(D-H) |d(H...A) |d(D..A) | <(DHA)
C(26)-H(26A)...0(02) 099 |24 3.124(6) | 129
C(62)-H(62A)...0(02) 099 | 246 3.154(6) | 126.3
C(81)-H(81C)...0(03)#2 098 |1.78 2.709(12) | 157.5
C(82)-H(82B)...O(70) 098 | 247 3.442(14) | 169.5
C(82)-H(82C)...0(03)#2 098 |1.78 2.738(11) | 165.9

Symmetry transformations used to generate equivalent atoms:;
#1 -x+1y,-z+3/2  #2 -x+3/2,y+1/2,-z+3/2

2 Crystal Data for [Ir(acac)(CO)(PCys),]

Table 2-1. Atomic coordinates ( X 1‘”(‘)) and equivalent isotropic displacement parameteréAzx 103) for

[Ir(acac)(CO)(PCys),]. U(eq) is defined as one third of the trace ohe orthogonalized W tensor.

X y z U(eq)

C(02) 248(7) -886(15) 2041(8) 41(4)

C(03) 219(8) -2430(20) 2121(10) 51(2)

C(04) 475(7) -362(17) 1605(9) 42(4)

C(05) 549(7) 1008(15) 1462(7) 32(3)

C(06) 802(9) 1390(20) 918(10) 49(4)

C(01) 0 3700(12) 2500 51(2)

C(11A) 1490(4) 790(8) 3846(5) 41(1)
C(12A) 1249(9) 20(20) 4274(11) 41(1)
C(13A) 1562(4) -1273(8) 4590(5) 41(1)
C(14A) 1757(5) -2100(8) 4093(5) 41(1)
C(15A) 2081(4) -1290(8) 3765(5) 41(1)
C(16A) 1760(9) -26(19) 3459(10) 41(1)
C(11B) 1490(4) 790(8) 3846(5) 41(1)
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C(12B) 1078(9) -147(19) 4137(11) 41(2)
C(13B) 1562(4) -1273(8) 4590(5) 41(2)
C(14B) 1757(5) -2100(8) 4093(5) 41(2)
C(15B) 2081(4) -1290(8) 3765(5) 41(2)
C(16B) 1601(9) -90(20) 3282(10) 41(2)
C(31A) 946(4) 3194(8) 4136(4) 38(1)
C(32A) 679(4) 4600(9) 3951(4) 38(1)
C(33A) 521(10) 5291(19) 4471(9) 38(1)
C(34A) 1063(3) 5180(6) 5241(3) 38(1)
C(35A) 1488(8) 3983(17) 5479(8) 38(1)
C(36A) 1530(4) 3245(8) 4850(4) 38(1)
C(31B) 946(4) 3194(8) 4136(4) 38(1)
C(32B) 679(4) 4600(9) 3951(4) 38(1)
C(33B) 482(10) 5030(20) 4574(9) 38(1)
C(34B) 1063(3) 5180(6) 5241(3) 38(1)
C(35B) 1282(8) 3724(18) 5412(9) 38(1)
C(36B) 1530(4) 3245(8) 4850(4) 38(1)
c(21) 1536(5) 3164(9) 3078(6) 47(1)
C(22) 2205(4) 3419(10) 3649(5) 47(1)
C(23) 2639(4) 3941(10) 3320(5) 47(2)
C(24) 2379(4) 5214(10) 2890(5) 47(2)
C(25) 1715(4) 4977(10) 2346(5) 47(2)
C(26) 1276(4) 4457(10) 2672(5) 47(2)
0(02) 0 -189(9) 2500 51(2)
0(03) 384(6) 1906(12) 1753(8) 51(2)
0(01) 0 4810(20) 2500 2000(500)
P(1) 1006(1) 2262(2) 3397(1) 21(1)
Ir(1) 0 1941(1) 2500 25(1)

Table 2-2. Bond lengths [A] and angles [°] for [Itacac)(CO)(PCy),].

Bond Distance (A) Bond Angle Angle (°)
C(02)-C(04) 1.33(3) C(15A)-C(14A)-C(13A) 112.0(7)
C(02)-0(02) 1.48(2) C(15A)-C(14A)-H(14A) 109.2
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C(02)-C(03) 1.55(3) C(13A)-C(14A)-H(14A) 109.2
C(03)-H(03A) 0.98 C(15A)-C(14A)-H(14B) 109.2
C(03)-H(03B) 0.98 C(13A)-C(14A)-H(14B) 109.2
C(03)-H(03C) 0.98 H(14A)-C(14A)-H(14B) 107.9

C(04)-C(05) 1.43(2) C(14A)-C(15A)-C(16A) 114.1(11)

C(04)-H(04) 0.95 C(14A)-C(15A)-H(15A) 108.7

C(05)-0(03) 1.229(18) C(16A)-C(15A)-H(15A) 108.7

C(05)-C(06) 1.52(2) C(14A)-C(15A)-H(15B) 108.7
C(06)-H(06A) 0.98 C(16A)-C(15A)-H(15B) 108.7
C(06)-H(06B) 0.98 H(15A)-C(15A)-H(15B) 107.6
C(06)-H(06C) 0.98 C(11A)-C(16A)-C(15A) 120.0(15)

C(01)-0(01) 1.10(2) C(11A)-C(16A)-H(16A) 107.3

C(01)-11(2) 1.755(12) C(15A)-C(16A)-H(16A) 107.3

C(11A)-C(12A) 1.45(2) C(11A)-C(16A)-H(16B) 107.3
C(11A)-C(16A) 1.46(2) C(15A)-C(16A)-H(16B) 107.3
C(11A)-P(2) 1.852(8) H(16A)-C(16A)-H(16B) 106.9
C(11A)-H(11A) 1 H(12C)-C(12B)-H(12D) 109
C(12A)-C(13A) 1.49(2) H(16C)-C(16B)-H(16D) 109.1
C(12A)-H(12A) 0.99 C(32A)-C(31A)-C(36A) 108.6(6)
C(12A)-H(12B) 0.99 C(32A)-C(31A)-P(1) 114.7(6)
C(13A)-C(14A) 1.530(12) C(36A)-C(31A)-P(1) 118.4(6)
C(13A)-H(13A) 0.99 C(32A)-C(31A)-H(31A) 1045
C(13A)-H(13B) 0.99 C(36A)-C(31A)-H(31A) 1045
C(14A)-C(15A) 1.456(12) P(1)-C(31A)-H(31A) 104.5
C(14A)-H(14A) 0.99 C(33A)-C(32A)-C(31A) 117.0(9)
C(14A)-H(14B) 0.99 C(33A)-C(32A)-H(32A) 108
C(15A)-C(16A) 1.47(2) C(31A)-C(32A)-H(32A) 108
C(15A)-H(15A) 0.99 C(33A)-C(32A)-H(32B) 108
C(15A)-H(15B) 0.99 C(31A)-C(32A)-H(32B) 108
C(16A)-H(16A) 0.99 H(32A)-C(32A)-H(32B) 107.3
C(16A)-H(16B) 0.99 C(32A)-C(33A)-C(34A) 112.2(14)
C(12B)-H(12C) 0.99 C(32A)-C(33A)-H(33A) 109.2
C(12B)-H(12D) 0.99 C(34A)-C(33A)-H(33A) 109.2
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C(16B)-H(16C) 0.99 C(32A)-C(33A)-H(33B) 109.2
C(16B)-H(16D) 0.99 C(34A)-C(33A)-H(33B) 109.2
C(31A)-C(32A) 1.518(11) H(33A)-C(33A)-H(33B) 107.9
C(31A)-C(36A) 1.541(11) C(35A)-C(34A)-C(33A) 122.0(10)
C(31A)-P(1) 1.851(8) C(35A)-C(34A)-H(34A) 106.8
C(31A)-H(31A) 1 C(33A)-C(34A)-H(34A) 106.8
C(32A)-C(33A) 1.45(2) C(35A)-C(34A)-H(34B) 106.8
C(32A)-H(32A) 0.99 C(33A)-C(34A)-H(34B) 106.8
C(32A)-H(32B) 0.99 H(34A)-C(34A)-H(34B) 106.7
C(33A)-C(34A) 1.577(18) C(34A)-C(35A)-C(36A) 111.7(11)
C(33A)-H(33A) 0.99 C(34A)-C(35A)-H(35A) 109.3
C(33A)-H(33B) 0.99 C(36A)-C(35A)-H(35A) 109.3
C(34A)-C(35A) 1.498(18) C(34A)-C(35A)-H(35B) 109.3
C(34A)-H(34A) 0.99 C(36A)-C(35A)-H(35B) 109.3
C(34A)-H(34B) 0.99 H(35A)-C(35A)-H(35B) 107.9
C(35A)-C(36A) 1.538(18) C(35A)-C(36A)-C(31A) 119.4(9)
C(35A)-H(35A) 0.99 C(35A)-C(36A)-H(36A) 1075
C(35A)-H(35B) 0.99 C(31A)-C(36A)-H(36A) 107.5
C(36A)-H(36A) 0.99 C(35A)-C(36A)-H(36B) 1075
C(36A)-H(36B) 0.99 C(31A)-C(36A)-H(36B) 107.5
C(33B)-H(33C) 0.99 H(36A)-C(36A)-H(36B) 107
C(33B)-H(33D) 0.99 H(33C)-C(33B)-H(33D) 108.3
C(35B)-H(35C) 0.99 H(35C)-C(35B)-H(35D) 1085
C(35B)-H(35D) 0.99 C(26)-C(21)-C(22) 109.3(7)
C(21)-C(26) 1.522(13) C(26)-C(21)-P(1) 115.9(7)
C(21)-C(22) 1.538(14) C(22)-C(21)-P(1) 114.6(7)
C(21)-P(1) 1.859(9) C(26)-C(21)-H(21) 105.3
C(21)-H(21) 1 C(22)-C(21)-H(21) 105.3
C(22)-C(23) 1.528(12) P(1)-C(21)-H(21) 105.3
C(22)-H(22A) 0.99 C(23)-C(22)-C(21) 111.1(8)
C(22)-H(22B) 0.99 C(23)-C(22)-H(22A) 109.4
C(23)-C(24) 1.526(13) C(21)-C(22)-H(22A) 109.4
C(23)-H(23A) 0.99 C(23)-C(22)-H(22B) 109.4

127




APPENDIX |

C(23)-H(23B) 0.99 C(21)-C(22)-H(22B) 109.4
C(24)-C(25) 1.508(13) H(22A)-C(22)-H(22B) 108
C(24)-H(24A) 0.99 C(24)-C(23)-C(22) 111.8(8)
C(24)-H(24B) 0.99 C(24)-C(23)-H(23A) 109.3
C(25)-C(26) 1.533(11) C(22)-C(23)-H(23A) 109.3
C(25)-H(25A) 0.99 C(24)-C(23)-H(23B) 109.3
C(25)-H(25B) 0.99 C(22)-C(23)-H(23B) 109.3
C(26)-H(26A) 0.99 H(23A)-C(23)-H(23B) 107.9
C(26)-H(26B) 0.99 C(25)-C(24)-C(23) 110.0(7)
0(02)-C(02)#1 1.48(2) C(25)-C(24)-H(24A) 109.7
0(02)-11(1) 2.126(9) C(23)-C(24)-H(24A) 109.7
0(03)-1r(1) 2.090(16) C(25)-C(24)-H(24B) 109.7
P(1)-11(1) 2.3310(16) C(23)-C(24)-H(24B) 109.7
Ir(1)-O(03)#1 2.090(16) H(24A)-C(24)-H(24B) 108.2
Ir(1)-P(1)#1 2.3310(16) C(24)-C(25)-C(26) 112.8(8)
C(04)-C(02)-0(02) 128.8(14) C(24)-C(25)-H(25A) 109
C(04)-C(02)-C(03) 120.6(16) C(26)-C(25)-H(25A) 109
0(02)-C(02)-C(03) 110.6(14) C(24)-C(25)-H(25B) 109
C(02)-C(03)-H(03A) 1095 C(26)-C(25)-H(25B) 109
C(02)-C(03)-H(03B) 1095 H(25A)-C(25)-H(25B) 107.8
H(03A)-C(03)-H(03B) 1095 C(21)-C(26)-C(25) 110.3(8)
C(02)-C(03)-H(03C) 1095 C(21)-C(26)-H(26A) 109.6
H(03A)-C(03)-H(03C) 1095 C(25)-C(26)-H(26A) 109.6
H(03B)-C(03)-H(03C) 1095 C(21)-C(26)-H(26B) 109.6
C(02)-C(04)-C(05) 129.6(16) C(25)-C(26)-H(26B) 109.6
C(02)-C(04)-H(04) 115.2 H(26A)-C(26)-H(26B) 108.1
C(05)-C(04)-H(04) 115.2 C(02)-0(02)-C(02)#1 123.9(15)
0(03)-C(05)-C(04) 120.4(16) C(02)-0(02)-Ir(1) 118.1(7)
0(03)-C(05)-C(06) 118.6(16) C(02)#1-0(02)-Ir(1) 118.1(7)
C(04)-C(05)-C(06) 121.0(15) C(05)-0(03)-Ir(1) 134.1(13)
C(05)-C(06)-H(06A) 1095 C(31A)-P(1)-C(11A) 102.7(4)
C(05)-C(06)-H(06B) 1095 C(31A)-P(1)-C(21) 110.1(4)
H(06A)-C(06)-H(06B) 1095 C(11A)-P(1)-C(21) 102.0(4)
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C(05)-C(06)-H(06C) 1095 C(31A)-P(1)-Ir(1) 109.6(3)
H(06A)-C(06)-H(06C) 1095 C(11A)-P(1)-Ir(1) 119.6(3)
H(06B)-C(06)-H(06C) 1095 C(21)-P(1)-Ir(1) 112.2(3)

0(01)-C(01)-Ir(1) 180.000(5) C(01)-1r(1)-0(03) 91.0(3)
C(12A)-C(11A)-C(16A) 114.0(13) C(01)-Ir(1)-O(03)#1 91.0(3)
C(12A)-C(11A)-P(1) 114.7(9) 0(03)-11(1)-O(03)#1 178.1(7)
C(16A)-C(11A)-P(1) 118.5(9) C(01)-1r(1)-0(02) 180.000(2)
C(12A)-C(11A)-H(11A) 102.1 0(03)-11(1)-0(02) 89.0(3)
C(16A)-C(11A)-H(11A) 102.1 O(03)#1-1r(1)-0(02) 89.0(3)
P(1)-C(11A)-H(11A) 102.1 C(O1)-Ir(1)-P(1) 82.11(4)
C(11A)-C(12A)-C(13A) 118.9(15) 0(03)-1r(1)-P(1) 89.8(4)
C(11A)-C(12A)-H(12A) 107.6 O(03)#1-1r(1)-P(1) 90.4(4)
C(13A)-C(12A)-H(12A) 107.6 0(02)-Ir(1)-P(1) 97.89(4)
C(11A)-C(12A)-H(12B) 107.6 C(01)-1r(1)-P(L)#1 82.11(4)
C(13A)-C(12A)-H(12B) 107.6 0(03)-Ir(1)-P(L)#1 90.4(4)
H(12A)-C(12A)-H(12B) 107 O(03)#1-1r(1)-P(1)#1 89.8(4)
C(12A)-C(13A)-C(14A) 113.4(11) 0(02)-Ir(1)-P(1)#1 97.89(4)
C(12A)-C(13A)-H(13A) 108.9 P(1)-Ir(1)-P(L)#1 164.23(8)
C(14A)-C(13A)-H(13A) 108.9
C(12A)-C(13A)-H(13B) 108.9
C(14A)-C(13A)-H(13B) 108.9
H(13A)-C(13A)-H(13B) 107.7

Symmetry transformations used to generate equivalent atoms:

#1 -x,y,-z+1/2

Table 2-3. Anisotropic displacement parameters (& 10°) for [Ir(acac)(CO)(PCys),]. The anisotropic
displacement factor exponent takes the form: 48[ h2za*2U1 + ... + 2 h k a* b* U!2].

U1l u22 u33 u23 u13 u12
c(02) | 297 29(7) 37(8) 1(6) -14(6) 0(6)
c(03) | 363 52(4) 4403 | -178) | -23) 14(4)
c(04) | 29(7) 40(8) 42(8) 7(7) 0(6) 1(6)
c(05) | 28(6) 33(7) 25(6) -3(5) 2(5) 8(5)
C(06) | 47(10) | 55(11) | 44(9) 9(8) 19(8) 3(8)
c(o1) | 3603 52(4) 4403 | -178) | -23) 14(4)
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C(11A) | 45(3) 29(2) 46(3) 8(2) 16(3) 7(2)
C(12A) | 45(3) 29(2) 46(3) 8(2) 16(3) 7(2)
C(13A) | 45(3) 29(2) 46(3) 8(2) 16(3) 7(2)
C(14A) | 45(3) 29(2) 46(3) 8(2) 16(3) 7(2)
C(15A) | 45(3) 29(2) 46(3) 8(2) 16(3) 7(2)
C(16A) | 45(3) 29(2) 46(3) 8(2) 16(3) 7(2)
C(11B) | 45(3) 29(2) 46(3) 8(2) 16(3) 7(2)
Cc(12B) | 45(3) 29(2) 46(3) 8(2) 16(3) 7(2)
C(13B) | 45(1) 29(1) 46(1) 8(1) 16(1) 7(1)
C(14B) | 45(2) 29(1) 46(1) 8(1) 16(2) 7(1)
C(15B) | 45(1) 29(2) 46(1) 8(1) 16(2) 7(1)
C(16B) | 45(3) 29(2) 46(3) 8(2) 16(3) 7(2)
C(31A) | 38(3) 44(3) 26(2) -3(2) 6(2) 5(2)
C(324) | 38(3) 44(3) 26(2) -3(2) 6(2) 5(2)
C(33A) | 38(3) 44(3) 26(2) -3(2) 6(2) 5(2)
C(34A) | 38(3) 44(3) 26(2) -3(2) 6(2) 5(2)
C(35A) | 38(3) 44(3) 26(2) -3(2) 6(2) 5(2)
C(36A) | 38(3) 44(3) 26(2) -3(2) 6(2) 5(2)
C(31B) | 38(3) 44(3) 26(2) -3(2) 6(2) 5(2)
C(32B) | 38(2) 44(2) 26(1) -3(1) 6(1) 5(1)
C(33B) | 38(1) 44(1) 26(1) -3(1) 6(2) 5(1)
C(34B) | 38(2) 44(2) 26(1) -3(1) 6(1) 5(1)
C(35B) | 38(3) 44(3) 26(2) -3(2) 6(2) 5(2)
C(36B) | 38(1) 44(2) 26(1) -3(1) 6(2) 5(1)
c(21) 40(2) 50(2) 51(2) 12(2) 19(2) -6(2)
C(22) 40(2) 50(2) 51(2) 12(2) 19(2) -6(2)
C(23) 40(2) 50(2) 51(2) 12(2) 19(2) -6(2)
C(24) 40(2) 50(2) 51(2) 12(2) 19(2) -6(2)
C(25) 40(2) 50(2) 51(2) 12(2) 19(2) -6(2)
C(26) 40(2) 50(2) 51(2) 12(2) 19(2) -6(2)
0(02) 36(3) 52(4) 443) | -17(4) -2(3) 14(4)
0(03) 36(3) 52(4) 443) | -17(4) -2(3) 14(4)

P(1) 17(1) 24(1) 17(1) 2(1) 2(1) 0(1)
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Ir(1) 19(1) 26(1) 21(1) 0 -1(2) 0
Table 2-4. Hydrogen coordinates ( x #) and isotropic displacement parameters (A& 10%) for
[Ir(acac)(CO)(PCysa),].

X y z U(eq)
H(03A) -221 -2707 1972 76
H(03B) 464 -2678 2616 76
H(03C) 397 -2872 1824 76
H(04) 607 -995 1353 50
H(06A) 472 1257 441 73
H(06B) 1167 830 984 73
H(06C) 930 2336 981 73
H(11A) 1874 1220 4215 49
H(12A) 799 -176 3977 49
H(12B) 1264 602 4666 49
H(13A) 1270 -1811 4721 49
H(13B) 1942 -1080 5029 49
H(14A) 2037 -2837 4364 49
H(14B) 1376 -2504 3720 49
H(15A) 2126 -1824 3387 49
H(15B) 2511 -1084 4125 49
H(16A) 2065 543 3366 49
H(16B) 1415 -240 2994 49
H(11B) 1899 1067 4238 49
H(12C) 921 378 4436 49
H(12D) 714 -549 3740 49
H(13C) 1938 -852 4963 49
H(13D) 1361 -1859 4821 49
H(14C) 2037 -2837 4364 49
H(14D) 1376 -2504 3720 49
H(15C) 2213 -1862 3461 49
H(15D) 2464 -885 4136 49
H(16C) 1801 439 3027 49
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H(16D) 1199 471 2934 49
H(31A) 623 2693 4240 46
H(32A) 989 5155 3859 46
H(32B) 203 4552 3504 46
H(33A) 129 4904 4467 46
H(33B) 441 6248 4338 46
H(34A) 1338 5973 5311 46
H(34B) 861 5277 5574 46
H(35A) 1327 3361 5735 46
H(35B) 1915 4275 5810 46
H(36A) 1656 2309 5000 46
H(36B) 1878 3659 4764 46
H(31B) 623 2693 4240 46
H(32C) 307 4606 3489 46
H(32D) 1001 5221 3926 46
H(33C) 248 5889 4453 46
H(33D) 204 4339 4635 46
H(34C) 968 5583 5621 46
H(34D) 1384 5734 5168 46
H(35C) 927 3152 5388 46
H(35D) 1624 3662 5895 46
H(36C) 1846 3882 4827 46
H(36D) 1727 2348 4976 46
H(21) 1592 2545 2730 56
H(22A) 2186 4082 3993 56
H(22B) 2379 2574 3906 56
H(23A) 3061 4128 3700 56
H(23B) 2688 3242 3009 56
H(24A) 2381 5952 3210 56
H(24B) 2650 5480 2651 56
H(25A) 1724 4319 1994 56
H(25B) 1542 5827 2094 56
H(26A) 1236 5141 2996 56
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H(26B) 851 4291 2293 56
Table 2-5. Torsion angles [°] for [Ir(acac)(CO)(P¥3),].
0(02)-C(02)-C(04)-C(05) 1(3)
C(03)-C(02)-C(04)-C(05) -179.2(15)
C(02)-C(04)-C(05)-0(03) -1(3)
C(02)-C(04)-C(05)-C(06) -177.9(15)
C(16A)-C(11A)-C(12A)-C(13A) 32(2)
P(1)-C(11A)-C(12A)-C(13A) 173.0(11)
C(11A)-C(12A)-C(13A)-C(14A) -39.8(18)
C(12A)-C(13A)-C(14A)-C(15A) 47.1(13)
C(13A)-C(14A)-C(15A)-C(16A) -48.2(13)
C(12A)-C(11A)-C(16A)-C(15A) -33(2)
P(1)-C(11A)-C(16A)-C(15A) -172.6(10)
C(14A)-C(15A)-C(16A)-C(11A) 42.8(18)
C(36A)-C(31A)-C(32A)-C(33A) -55.3(13)
P(1)-C(31A)-C(32A)-C(33A) 169.8(10)
C(31A)-C(32A)-C(33A)-C(34A) 46.8(16)
C(32A)-C(33A)-C(34A)-C(35A) -31.1(19)
C(33A)-C(34A)-C(35A)-C(36A) 24.4(18)
C(34A)-C(35A)-C(36A)-C(31A) -34.2(16)
C(32A)-C(31A)-C(36A)-C(35A) 48.4(12)
P(1)-C(31A)-C(36A)-C(35A) -178.5(9)
C(26)-C(21)-C(22)-C(23) -57.7(11)
P(1)-C(21)-C(22)-C(23) 170.2(7)
C(21)-C(22)-C(23)-C(24) 56.8(11)
C(22)-C(23)-C(24)-C(25) -54.3(11)
C(23)-C(24)-C(25)-C(26) 54.9(11)
C(22)-C(21)-C(26)-C(25) 57.2(11)
P(1)-C(21)-C(26)-C(25) -171.4(7)
C(24)-C(25)-C(26)-C(21) -57.5(11)
C(04)-C(02)-0(02)-C(02)#1 179.3(16)
C(03)-C(02)-0(02)-C(02)#1 -0.9(8)
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C(04)-C(02)-0(02)-Ir(1) -0.7(16)
C(03)-C(02)-0(02)-Ir(1) 179.1(8)
C(04)-C(05)-0(03)-Ir(1) 2(2)
C(06)-C(05)-0(03)-Ir(1) 178.7(12)
C(32A)-C(31A)-P(1)-C(11A) 168.7(6)
C(36A)-C(31A)-P(1)-C(11A) 38.3(7)
C(32A)-C(31A)-P(1)-C(21) 60.7(7)
C(36A)-C(31A)-P(1)-C(21) -69.7(7)
C(32A)-C(31A)-P(1)-1r(1) -63.2(7)
C(36A)-C(31A)-P(1)-1r(1) 166.5(6)
C(12A)-C(11A)-P(1)-C(31A) 54.4(11)
C(16A)-C(11A)-P(1)-C(31A) -166.1(11)
C(12A)-C(11A)-P(1)-C(21) 168.5(10)
C(16A)-C(11A)-P(1)-C(21) -52.1(11)
C(12A)-C(11A)-P(1)-11(1) -67.2(11)
C(16A)-C(11A)-P(1)-1r(1) 72.3(11)
C(26)-C(21)-P(1)-C(31A) -71.7(8)
C(22)-C(21)-P(1)-C(31A) 57.1(8)
C(26)-C(21)-P(1)-C(11A) 179.8(8)
C(22)-C(21)-P(1)-C(11A) -51.4(8)
C(26)-C(21)-P(1)-1r(1) 50.6(8)
C(22)-C(21)-P(1)-1r(1) 179.4(6)
0(01)-C(01)-Ir(1)-O(03) -42(100)
0(01)-C(01)-Ir(1)-O(03)#1 138(100)
0(01)-C(01)-Ir(1)-O(02) 0(25)
0(01)-C(01)-1r(1)-P(1) 47(100)
0(01)-C(01)-Ir(1)-P(1)#1 -133(100)
C(05)-0(03)-1r(1)-C(01) 178.4(15)
C(05)-0(03)-11(1)-O(03)#1 -1.6(15)
C(05)-0(03)-11(1)-O(02) -1.6(15)
C(05)-0(03)-Ir(1)-P(1) 96.3(15)
C(05)-0(03)-Ir(1)-P(1)#1 -99.5(15)
C(02)-0(02)-Ir(1)-C(01) 138(100)
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C(02)#1-0(02)-Ir(1)-C(01) -42(100)
C(02)-0(02)-Ir(1)-O(03) 0.8(7)
C(02)#1-0(02)-Ir(1)-0(03) -179.2(7)
C(02)-0(02)-Ir(1)-O(03)#1 -179.2(7)

C(02)#1-0(02)-Ir(1)-O(03)#1 0.8(7)
C(02)-0(02)-Ir(1)-P(1) -88.9(6)
C(02)#1-0(02)-Ir(1)-P(1) 91.1(6)
C(02)-0(02)-Ir(1)-P(1)#1 91.1(6)
C(02)#1-0(02)-Ir(1)-P(L)#1 -88.9(6)
C(31A)-P(1)-1r(1)-C(01) 60.7(3)
C(11A)-P(1)-1r(1)-C(01) 178.8(3)
C(21)-P(1)-1r(1)-C(01) -61.9(3)
C(31A)-P(1)-1r(1)-0(03) 151.7(4)
C(11A)-P(1)-1r(1)-O(03) -90.2(5)
C(21)-P(1)-Ir(1)-0(03) 29.1(5)
C(31A)-P(1)-Ir(1)-O(03)#1 -30.2(4)
C(11A)-P(1)-Ir(1)-O(03)#1 87.9(5)
C(21)-P(1)-Ir(1)-O(03)#1 -152.8(5)
C(31A)-P(1)-1r(1)-0(02) -119.3(3)
C(11A)-P(1)-1r(1)-0(02) -1.2(3)
C(21)-P(1)-Ir(1)-0(02) 118.1(3)
C(31A)-P(1)-Ir(1)-P(L)#1 60.7(3)
C(11A)-P(1)-Ir(1)-P(L)#1 178.8(3)
C(21)-P(1)-Ir(1)-P(L)#L -61.9(3)

Symmetry transformations used to generate equivalent atoms:

#1 -x,y,-z+1/2

Table 2-6. Hydrogen bonds for [Ir(acac)(CO)(PCy),] [A and °].

D-H...A d(D-H) |d(H...A) d(D...A) <(DHA)
C(12A)-H(12A)...0(02) | 0.99 2.85 3.63(2) 136
C(26)-H(26B)...0(01) | 0.99 2.26 2.864(9) 1185
C(32A)-H(32B)...0(01) | 0.99 1.92 2.770(8) 141.9
C(32A)-H(32B)...0(01) | 0.99 1.92 2.770(8) 141.9

Symmetry transformations used to generate equivalent atoms:;

#1 -x,y,-z+1/2
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SUPPLEMENTARY DATA TO THE KINETIC STUDY

Table 2-1: kg values for the different runs for the f' reaction between [Ir(acac)(CO)] and PPh
followed via Stopped-flow spectroscopy with different concentrgons of PPk in MeOH at -10 °C, Kops1
represents the ¥ reaction.

Kobs1 (S7)
(10% [PPhg] (M) | Run1 Run 2 Run 3 Run 4 Ave
1.0 89.3(7) 96.1(1) 91.3(8) 108(2) 92(2)
1.5 139(2) 134(1) 132(2) 142(3) 137(4)
2.0 180(3) 183(2) 192(2) 181(2) 184(4)
25 229(5) 237(2) 228(4) 233(2) 232(7)
3.0 280(3) 281(4) 264(2) 294(5) 280(8)

Table 2-2: ks values for the different runs for the £'and 2 reaction between [Ir(acac)(CO)] and PPh,
followed via Stopped-flow spectroscopy with different concentrions of PPl in MeOH at -20 °C, Kqps1
represents the ¥ reaction andk,ps, the second.

Kobs1 ()
(10% [PPhg] (M) | Run1 Run 2 Run 3 Run 4 Ave
1.0 67.4(4) 66.1(2) 64.3(3) 65.3(4) 65.8(7)
1.5 113(1) 109(1) 101.9(6) 107.6(9) 108(2)
2.0 138(1) 144(2) . 141(2) 141(2)
25 201(2) 193(2) 200(2) 198(2) 198(4)
3.0 251(4) 237(3) 242(2) 254(2) 246(6)
Kobs2 (S7)
(10% [PPhg] (M) | Run1 Run 2 Run 3 Run 4 Ave
1.0 18.4(4) 15.4(3) 16.4(4) 15.3(5) 16(1)
1.5 30(3) 24(3) 24(1) 19(4) 24(5)
2.0 28(2) 29(4) - 29(5) 29(7)
2.5 34(1) 35(2) 34(1) 34(1) 34(3)
3.0 47(6) 42(4) 39(1) 39(1) 42(7)
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Table 2-3: ks values for the different runs for the £'and 2 reaction between [Ir(acac)(CO)] and PPh,
followed via Stopped-flow spectroscopy with different concentrgons of PPk in MeOH at -30 °C, Kgps1
represents the ' reaction andkgs, the second.

Kobs1 (™)
(10°) [PPhg] (M) | Run1 Run 2 Run 3 Run 4 Ave
1.0 63(2) 56(1) 59.8(3) 55(1) 59(3)
1.5 87.7(3) 85.3(3) 86.7(2) 83.1(3) 86(1)
2.0 132(1) 121(1) 119(1) 114(1) 122(3)
2.5 163(2) 183(2) 186(2) 160(3) 173(5)
3.0 221(3) 204(3) 205(4) 205(5) 209(8)
5.0 341(5) 330(9) 342(4) 314(9) 332(8)
Kobs2 ()
(10%) [PPhg] (M) Run 1 Run 2 Run 3 Run 4 Ave
1.0 31(1) 27(2) 31.7(2) 26(2) 29(3)
1.5 37(1) 32(1) 31(1) 36(1) 34(1)
2.0 39(2) 34(3) 24(3) 22(5) 30(7)
2.5 38(3) 45(2) 60(2) 38(5) 45(6)
3.0 55(3) 45(3) 45(5) 34(9) 45(9)
5.0 62(1) 63(3) 68(1) 66(4) 65(5)

Table 2-4: kqs values for the different runs for the £' and 2" reaction between [Ir(acac)(CO)] and PPh;
followed via Stopped-flow spectroscopy with different concentrgons of PPk in MeOH at -40 °C, Kgps1
represents the ' reaction andkgs, the second.

Kobs1 (S™)
(10%) [PPhg] (M) Run 1 Run 2 Run 3 Run 4 Ave
1.0 48(2) 42(2) 44(1) 45(1) 44(3)
1.5 70(2) 69(1) 79(2) 67(1) 71(3)
2.0 111(2) 111(1) 113(1) 119(2) 114(3)
2.5 149(1) 152(2) 143(1) 142(1) 147(3)
3.0 188(1) 188(1) 187(3) 188(1) 188(3)
5.0 309(3) 290(4) 284(3) 288(3) 293(7)
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Kobs2 (S™)
(10%) [PPhg] (M) Run 1 Run 2 Run 3 Run 4 Ave
1.0 21(1) 17(1) 18(2) 20(1) 19(3)
1.5 20(3) 13(2) 31(2) 19(2) 21(5)
2.0 26(1) 25(1) 30(2) 37(2) 29(3)
2.5 30(1) 34(2) 27(1) 27(1) 29(3)
3.0 31(1) 32(1) 38(2) 30(1) 33(3)
5.0 33.9(3) 34.6(3) 36.4(3) 35.2(3) 35(1)

Table 2-5: Ink,/T) and 1/T values as used for the Eyring plot (Figre 6-6) for the first reaction observed
on Stopped-flow spectroscopy for the reaction betvea [Ir(acac)(CO),] and PPh.

In(ky/T) 1T (K™Y

5.863082 0.003802281
5.724172 0.003952569
5.608706 0.004115226
5.523237 0.004291845

Table 2-6: Inks/T) and 1/T values as used for the Eyring plot (Figre 6-8) for the second reaction
observed on Stopped-flow spectroscopy for the reaoh between [Ir(acac)(CO}] and PPh.

In(ks/T) UT (K™Y

-0.34383 0.003952569
-0.93378 0.004115226
-1.59838 0.004291845

Derivation of Eqg. 6.2.

Consider the reaction:

ki, K

A+B

k.

The rate of the reaction above can be expressed as

Rate = k,[A][B] — k_1[C] 2.1
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where [A] = concentration of reactant A

[B] = concentration of reactant B

[C] = concentration of product C

Under pseudo-first order conditions where [B]>>[E}lj 2.1 simplifies to

d[A da[c
=28 = T = ke [A] - ey [C) 2.2

where k'y = kq[B]

If the reaction reaches equilibrium, the followiaguation would be true

_Aleq _ dlCleq _ 2.3
dt dt

where [A] = concentration of reactant A at equilifon

[C] = concentration of product C at equilibrium
From Eq. 2.1 and 2.3 we get

K1 _ [Cleg 2.4

If the initial concentration of A is given the valof Ao we can manipulate Eq. 2.4 to

ﬂ — [A]O_[A]eq

k_q [Aleq
k_
[Aleq = (75=) [41o 2.5

We also apply this manipulation to Eq. 2.2

% = —k'1[A] + k_1([Alo — [A])
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= —k' [A] + k_1[A]o — k_1[A]

= —(k'y + k_)[A] + k_1[A]o

= —(k'y + k_y) ([A] - 25 [A]) 2.6

k'ik—q

From Eq. 2.5 and 2.6 we get

L = (s + ko1 (14] - [Aleg) 2.7

By grouping the variables in Eq. 2.7, we can thrgagrate to remove the differential signs

d[A]

Al -4, katk)

[4] t=t
a4l
f[m—wmm" “1+k*)j~“
[4]o t=0

[4]
[4]o

In ([A] = [Aleq) = —(k'y + k-1 [t]£Z6

[A]O_[A]eq _ ’
In (—[A]_[A]eq) = (k') + k)t 2.8

The sum of the two constants (+ k1) is also a constant. By definition this constianthe

observed raték,,s Thus we have

Kobs =K1 + k1
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Therefore

Kobs = ka[B] + k1 2.9

Derivation of Eq. 6.9.

k,, K,
A+B C
Ko 2.10
k3
¢ —>5>D 2.11
The rate of Eqg. 2.11 can be expressed as:
kops = k3[C] 2.12
where [C] = concentration of reactant C
The equilibrium constank,, can be written as
K, = - 2.13

where [A] = concentration of reactant A, [B] = centration of reactant B and [C] =
concentration of reactant C

Eq. 2.13 can be easily manipulated to produce Bd. 2

_ ]
(Al = 5 2.14

Because the exact concentration of the activatedpx is unknown the total metal
concentration is given with all possible metal céemps present:
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[M]eor = [A] +[C] 2.15
Combination of Eq. 2.14 and 2.15 giving the totatah concentration in equilibrium as

c
[M]¢or :#[)]ﬂ‘*‘ [C] 2.16

That can be rewritten as

K3 [B]
14K, [B]

[C] = [M]tor 2.17

By substitution of Eq. 2.17 into Eq. 2.12 the metahcentration is given in terms of the

reaction rate as

k3K, [B
Rate = ;_K_Z[[B]][M]tot = kops[M]¢ot 2.18
andkops as

k3K, [B
kyps = 11;2[[3]] 2.19
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