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ABSTRACT

The aim of this study was to synthesise simpt#mo-phosphine rhodium(l) complexes of the
type [Rh(acac)(CO)(PR:R3)] (R1, Ry, Rs = different alicyclic and aryl compoundagac =

acetylacetonate) and to do a kinetic study of ioelibiane oxidative addition to these square-
planar complexes. The phosphine ligands were seletd provide a systematic range of

electronic and sterically demanding ligand systeassjetermined by their Tolman cone angles.

Characterization of the complexes was done by rieffgIR) and nuclear magnetic resonance
(NMR) spectroscopy, as well as(-ray crystallographic structure determinations of
[Rh(acac)(CO)(PPH] (1), [Rh(acac)(CO)(PCyRW (2), [Rh(acac)(CO)(PC¥h)] (3) and
[Rh(acac)(CO)(PCy] (4) which were successfully completed. Selected cliggtaphic
parameters are listed in the table below.

Table 1: Selected crystallographic parameters fofRh(acac)(CO)(PRR;R3)] complexes.
[Rh(acac)(CO)(PRR:R3)]
1) @ 3 4
Space group Triclinic Orthorhombic Monoclinic Monoclinic
Z= 2 4 4 4
Rh-P distance (A) 2.2418(9) 2.2327(6) 2.2425(9) 2.2537(4)
Rh'CO( g')iS‘ance 1.807(2) 1.802(3) 1.798(2) 1.791(2)
Effective cone 149.3 151.2 163.5 169.5
angle (°)

(1) = PPh; (2) = PCyPh; (3) = PCyPh;(4) = PCy,

A kinetic investigation was conducted to investegtite oxidative addition of iodomethane to the
mono-phosphine rhodium(l) complexes. The reaction waslisd by three spectroscopic
techniques namely, IR, NMR and UV-Vis spectroscopgrder to characterize the intermediate
and final products. All four complexes underwemstfia rapid oxidative addition equilibrium

which resulted in the formation of a first Rh(IH)kyl species. Different behaviour was obtained
for the different complexes after this first stepsacompleted. The Rh(lll)-alkyl species slowly

converted to a Rh(lll)-acyl and finally a second(lRhalkyl isomer for (1) and(3). However,



ABSTRACT

Complex(4) proceededia the first Rh(lll)-alkyl species to a second Rh¢klkyl isomer before
converting to the Rh(lll)-acyl product. Compld®) followed the above pathway but no
conversion to the Rh(lll)-acyl product was observBdheme 1 indicates the proposed reaction

scheme.

The resultive values of the rate constants for dkiglative addition step (k were found to
increase in the following order:

[Rh(acac)(CORCy.Ph)], (3) < [Rh(acac)(CORCys)], (4) < [Rh(acac)(CORPhs)], (1)

< [Rh(acac)(CORCyPh,)], (2). The value of k for (3) was approximately 8 times larger than
that of(2).

Table 2: Summary of the kinetic results obtainedrom the oxidative addition of iodomethane to the
different mono-phosphine complexes. (All reactions were conducted dichloromethane)

[Rh(acac)(CO)(PR1R2R3)] Temperature Rate Constant Keq
(°C) ky (x 10° M%) k. (x10°sh ()
24.9 30.8(5) 1.1(2) 27(4)
PPhs 15.1 17.2(4) 0.5(1) 31(7)
5.3 9.71(4) 0.30(1) 33(1)
26.0 55(1) 0.9(4) 59(26)
PCyPh, 14.0 27.2(4) 1.2(1) 22(2)
6.0 18.6(2) 0.64(8) 29(4)
25.6 6.98(6) 0.08(2) 90(24)
PCy,Ph 14.5 3.38(4) 0.11(2) 31(4)
5.5 1.88(4) 0.07(2) 27(6)
25.6 27.1(2) 0.29(9) 92(29)
PCy, 14.3 13.8(2) 0.45(6) 31(4)
5.9 9.1(1) 0.15(5) 62(20)

The rates of the reactions seem to be both stgriaald electronically dependent, while the
activation parameters indicated an associative aresi for the oxidative addition step. This is
consistent with low, positive enthalpies and largegative entropies which is typical for

iodomethane oxidative addition to rhodium(l) squalemar complexes.
The configurations of the final Rh(lll)-alkyl prodis are difficult to assign; taking into

consideration the IR arfdP NMR signals and no defined result can be obtaioaglantify the
cis or trans-Rh(lll) alkyl isomer configuration. Further invégation, which include more

Vi
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detailed crystallographic investigation and theoettcomputational calculations, is necessary to

determine the absolute conformation.

H3C
CH3
\| co k.
Rh(Ill)-alkyl? Rh"
/ | ™~ ks
O (6) CO-Migratory
PCyPhy, PCy3 Insertion for(4)
H3C HsC
N s ¢ Rh(Il)-acyl
kN« (5) Isomerisation for
<4 || ™ (2)and(4)
(1) Oxidative Addition o CH3
- (e0)
ky, Ky \| ~ .
Rh{ Rh(ll1)-alkyl
1 /| PR;RoR3
Reductive Elimination 0o |
Hol HsC
-5 || +s (2) Solvent K, || K (3) CO-Migratory
Pathway i Insertion for(1) and
Rapid 3)
H3C
Rh' + CHyl (e} CH3
COCH; | co
e T — "3
/ \PPh3, PCy,Ph Kq /| ~
HsC (4) Isomerisation for PPhg, PCy,Ph
(1) and(3)
HsC HeC  Rn(in-alkyi?
Rh(lll)-acyl
Scheme 1: Proposed scheme for the oxidative addmicof iodomethane to [Rh(acac)(CO)(PERR2R3)]

complexes.

Keywords: Rhodium
Phosphine
lodomethane
Oxidative Addition
Acetylacetonate
Alkyl
Acyl
Phenyl
Cyclohexyl
Tolman

VI
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Die doel van hierdie studie was eerstens die gnt@s eenvoudigenono-fosfien rhodium(l)
komplekse; [Rh(acac)(CO)(RR:R;3)] (waar R, R, Rs = verskillende asikliese en
arielkomplekse emcac = asetielasetonaat) en tweedens om 'n kinetieskestte doen van die
oksidatiewe addisie reaksies van jodometaan metibiezierkantig-planére komplekse. Die
fosfienligande is s6 gekies dat daar ‘n sistematiesrskeidenheid is in terme van steries

(Tolman hoeke) en elektroniese effekte tydens daeosoek.

Die karakterisering van die komplekse is gedoen rhehulp vaninfrarooi (IR) en
kernmagnetiese  resonansie (KMR) spektroskopie, kasoX-straal-kristallografiese
struktuurbepalings van  [Rh(acac)(CO)(BPh (1), [Rh(acac)(CO)(PCyRlil  (2),
[Rh(acac)(CO)(PCyPh)] (3) en [Rh(acac)(CO)(PG)] (4) wat suksesvol voltooi is. Sommige

kristallografiese parameters is in die tabel hideoruiteengesit.

Tabel 1: Enkele uitgesoektdristallografiese parameters van [Rh(acac)(CO)(PIR;R3)] komplekse
[Rh(acac)(CO)(PRR:R3)]
1) @ 3 4
Ruimtegroep Triklinies Ortorombies Monoklinies Monoklinies
Z= 2 4 4 4
Rh-P afstand (A) 2.2418(9) 2.2327(6) 2.2425(9) 2.2537(4)
Rh'C?A";‘fSta”d 1.807(2) 1.802(3) 1.798(2) 1.791(2)
Effektiewe konus 149.3 151.2 163.5 169.5
hoek (°)

(1) = PPB; (2) = PCyPh; (3) = PCyPh; (4) = PCy

'n Kinetiese ondersoek van die oksidatiewe addisie jodometaan met dieono-fosfien
rhodium(l) komplekse is ook voltooi. Die reaksie rniget behulp van drie spektroskopiese
tegnieke naamlik, IR, KMR en UV-Vis spektroskopiedesoek in 'n poging om die intermediére
en finale produkte te identifiseekl vier komplekse het eerstens 'n vinnige oksidegieddisie
stap ondergaan om 'n Rh(lll)-alkiel spesie te vovarskillende gedrag is waargeneem vir die
verskillende komplekse nadat hierdie eerste stapsgevind het. Vi(l) en (3) is die eerste
Rh(lll)-alkielspesie stadig omgeskakel na 'n RiH#siel kompleks en daarna na 'n tweede
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Rh(lll)-alkiel isomeer. Komplek&) het egter eerste 'n isomerisasie-stap ondergadaagna 'n
Rh(lll)-asiel produk gevorm. KompleK2) het ook eers geisomeriseer, maar geen getuienis vir

asielvorming is waargeneem nie. Skema 1 toon diegastelde reaksieverloop aan.

Die relatiewe waardes van die tempokonstantes iawlksidasie addisie {khet die volgende
tendens getoon:

[Rh(acac)(COWCy.Ph)], (3) < [Rh(acac)(CORCys)], (4) < [Rh(acac)(CORPhs)], (1)

< [Rh(acac)(CORCyPh,)], (2). Die waarde van kvan (3) was ongeveer 8 keer groter as die
van(2).

Tabel 2: Opsomming van die kinetiese resultate vkry van die oksiderende addisiereaksies van
jodometaan en die verskillende rhodium(l)mono-fosfien komplekse. (Al die reaksies is

uitgevoer in dichlorometaan)

Temperatuur Tempokonstante Keq
[Rh(acac)(CO)(PRR;R3)] ?oc) RS Ko (10°SY) MY
24.9 30.8(5) 1.1(2) 27(4)
PPhs 15.1 17.2(4) 0.5(1) 31(7)
5.3 9.71(4) 0.30(1) 33(1)
26.0 55(1) 0.9(4) 59(26)
PCyPh, 14.0 27.2(4) 1.2(2) 22(2)
6.0 18.6(2) 0.64(8) 29(4)
25.6 6.98(6) 0.08(2) 90(24)
PCy,Ph 14.5 3.38(4) 0.11(2) 31(4)
5.5 1.88(4) 0.07(2) 27(6)
25.6 27.1(2) 0.29(9) 92(29)
PCy, 14.3 13.8(2) 0.45(6) 31(4)
5.9 9.1(1) 0.15(5) 62(20)

Die tempo’s van die reaksies blyk beide steries edgktronies afhanklik te wees. Die

aktiveringsparameters dui op 'n assosiatiewe megemiwat tiperend is van hierdie reaksies.

Die samestelling van die finale alkiel produkteneeilik om te bepaal as in aanmerking geneem
word dat die IR- er’’P KMR-resultate nie tusseds of trans-Rh(lll) alkielisomere kan
onderskei nie. Verdere studies, wat meer uitgebré&ristallografiese ondersoek en teoretiese

berekeningsnsluit, word egter nog benodig om die absolutef@anasie te bepaal.
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INTRODUCTION

1.1 GENERAL

Rhodium (Rh), a transition metal, which often hagapink colou, was named aftethodon,

the Greek term forose. It is one of the least abundant metals in theh&arcrust and was
discovered by William Hyde Wollaston (1803-04) iude platinum ore from South America.
Rhodium is often used as an alloying agent to mamlatinum and palladium. It is used in
electrical contact material, due to its low elaxtiresistance, and in optical instruments and
jewellery because of its high reflectance and hesdn It is extensively used in chemical

synthesis as an important catalyst and to con&moéghaust emissiofs.

Rhodium can exist in a variety of oxidation stdtesn +6 [RhF] to -1 [Rh(CO)]". The +6, +5
and +4 states are strongly oxidising, while thelRhstate is the most stable. The rhodium(l)
oxidation state has a®alectron configuration and usually occurs in fooordinate square
planar structures e.g. [Rh(CO)CI(PSY or five-coordinate trigonal bipyrimidal structisfee.g.
[HRh(PR).]. Rhodium(lll) has a Yelectron configuration and mostly occurs in sixicbnate
octahedral geometries. The oxidative addition attlictive elimination reactions from Rh(l) to
Rh(lll) andvice versa, has transformed the catalytic industry and hadyored many fascinating

reactions over the years.

The worldwide production of liquid fuels and bulkemicals makes use of catalysis in many
different aspects during production. Well-known atgic transformations such as
hydroformylation, hydrogenation and carbonylatioavén mostly used cobalt or rhodium as

catalysts with a combination of various ligand eyss.

The first generation of hydroformylation processes, such as those dpeeloby BASF,
Kuhlmann and Ruhrchemie, were exclusively basedcapalt as the catalyst metal which

! B. CarincrossField Guide to Rocks and Mineralsin South Africa, Cape Town: Struik Publishers, 2004
2J.D. LeeConcise Inorganic Chemistry, 4" Ed., London: Chapman & Hall, 1991
3 F.A. Cotton, G. WilkinsonAdvanced Inorganic Chemistry, 4" Ed., London: John Wiley & Sons, Inc., 1980
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reacted under harsh reaction conditions. Signifidawelopment occurred in the 1960’s with the
Shell process and the use of cobalt-phosphineys#tal®cond generation processes saw the
advantageous combination of ligand modificationhvitie transition from cobalt to rhodium as
catalyst metal. This led to the development of psses which operate under milder reaction
conditions and used highly active catalysts witleedbent selectivity for the formation of the

desired product.

The rhodium Monsanto process, which is one of tle@nnecatalytic systems used to produce
acetic acid, evolved from the cobalt catalyst systefHCo(CO)], to the rhodium based
system®’ [RhI(CO),]". Further development resulted in the iridium Catiprocess. The
selective hydrogenation of alkenes and alkynes roeduwith the Wilkinson's cataly’t
[Rh(CI)(PPh)3], where as [RhH(PRJ5(CO)] is an important hydroformylation catalysthese
are just a few examples of catalysts which useidmoagnd phosphorous ligands as an essential

part of the catalytic system.

1.2 PHOSPHOROUS LIGAND SYSTEMS

Tertiary phosphine based ligands have played aworitapt role in organometallic chemistry and
in industrial applications of homogeneous catalyBlsosphorous ligands and their coordination
chemistry have been studied in great detail. Time @ngle ;) and electronic parametes) (vas
introduced by Tolmaf to classify phosphine ligands according to thééris demand and

coordination ability.

Electronically, phosphorous ligands can be eithieong n-acceptors (e.g. fluoroalkoxide
substituents) or strongrdonor (e.g. t-Bu substituents). Organophosphitessaongr-acceptors
and form stable complexes with electron rich tramsimetals. Nitrogen-containing ligands such

as amides, amines or isonitriles showed lower i@aghtes in the oxo reaction, due to their

* B. Cornils, W.A. HerrmannApplied Homogeneous Catalysis with Organometallic Chemistry, New York: VCH
Publishers, 1996

® D. Forster, M. Singletord, Mol. Catal., 1982, 17, 299

5 pP.M. Maitlis, A. Haynes, G.J. Sunley, M.J. HowatdChem. Soc., Dalton Trans., 1996, 2187

" F.E. Paulik, J.F. Rotld, Chem. Soc., Chem. Commun., 1968, 1578

8 J.F. Young, J.A. Osborn, F.H. Jardine, G. Wilkimgdhem. Commun., 1965, 131

® F.H. Jardine, J.A. Osborn, G. Wilkinson, J.F. Ygu@hem. Ind (London), 1965, 560;). Chem. Soc. (A), 1966,
1711

19 C.A. Tolman,Chemical Reviews, 1977, 77, 313



CHAPTER 1

stronger coordination to the metal ceritidixed oxygen and nitrogen substituents also lead t
the formation of amidite§: Nitrogen groups which are connected with electrdtidrawing
sulfone groups or acyl groups, can make these ploosps amidites good-acceptor ligand¥’

A very electron-poor phosphorous ligand can be &utrny having pyrrole as a substituent at the
phosphorous atorf. The advantage of nitrogen substituents comparéose of oxygen is that
the steric hindrance near the metal centre is rasdy modified due to the presence of an extra
linkage. Generally, phosphites and phosphorous itemichre more easily synthesised than

phosphines and they allow a greater variationrincaire and propertie's.

It is clear from the above that changing the stilstits at the phosphorous atom can
significantly alter the steric and electronic prds of the coordinating ligand. About 250
papers and patent applications appear annuallyerfiéld of hydroformylation, of which most
deal with new phosphine structures and catalysalts obtained therewithThere is no denying
that phosphine ligands play an important role idarstanding and constructing new catalytic
systems. It was for this reason that we were prethpd look at rhodium systems with simple
phosphine ligands in order to increase the undetsig of the effect that steric and electronic

parameters play on catalytic systems.

1.3 AIM OF STUDY

It is clear from available literature that rhodidjrfomplexes play an important role in catalytic
cycles, in particular those containing phosphortigands. One only needs to grasp the
magnitude of several million tons of acetic acidiakhis produced by the Monsanto rhodium
process per annum, in order to explain the impodaof understanding the mechanism of

rhodium(l) reactions.

Oxidative addition plays an integral role in thdadgtic cycle of homogeneous catalysis with
regards to rhodium(l) complexes. A study of thesetf§ that influence the mechanistic pathway
and rate constants of oxidative addition is theeefaf prime importance in designing improved

future catalysts.

1 P.W.N.M. van LeeuwenHomogeneous Catalysis. Understanding the Art, Dordrecht, Kluwer Academic
Publishers, 2004

2.5.C. van der Slot, P.C.J. Kamer, P.W.N.M. van ey J. Fraanjie, K. Goubitz, M. Lutz, A.L. Spek,
Organometallics, 2000, 19, 2504

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



CHAPTER 1 |

In this study, a model complex of general formuR(acac)(CO)(PHR2Rs)] (PRIR:R; = PPh,
PCyPh, PCyPh, PCy) with possible catalytic properties was seleciEte use of the simple
acetylacetonate moiety prevented any isomers faymihg due to the symmetrical nature of the
bidentate ligand. A better understanding into tkeceproperties of phenyl and cyclohexyl rings
was one of the main aims of this study as the u$e triphenylphosphine and
tricyclohexylphosphine, are two commonly cited eptes when comparing steric and electronic

parameters of phosphine ligands.

With the above in mind, the following stepwise aiwere set for this study.

= Synthesis of model complexes such as [Rh(acac)@RR:Rs3)] (PRiIR:R; = PPHR,
PCyPh, PCyPh, PCy) that contain the acetylacetonate bidentate ligardito study the
solid state and solution properties thereof, al#h wespect to the effects of electronic

and steric interactions.

= The crystallographic characterization of selectedr fand six coordinated complexes
[Rh(acac)(CO)(PR:R3)] and [Rh(acac)l(CH(CO)(PRR2R3)] to study the
coordination mode, bond lengths and distortiorhefghosphine moieties.

= Kinetic mechanistic investigation of the oxidati@ddition of iodomethane to the four-
coordinated [Rh(acac)(CO)(PR:R3)] complexes.

= Analysis of results with respect to phosphine igdgtand coordinating ability and

comparison to other phosphine and phosphite systeaikable in literature.



THEORETICAL ASPECTS OF
CATALYSIS

2.1 INTRODUCTION

Research and development into transition metal éexep have gained momentum over the past
years due to its unique properties and widespreadruthe industrial and economical setting. It
plays a very important role as transition metalalysts in industrial processes such as

polymerisation, hydrogenation, hydroformylation ar@dbonylation reactions.

The properties, effectiveness and selectivity ahsition metal catalysts are individual to each
catalyst and determined by the inherent charatt=i®f the metal centre. The effect of the
ligands and substituents bonded to the metal céntpeofound and very near to limitless. All

these possibilities spur researchers on to coriynsaek and, hopefully, discover that one,

perfect catalyst.

The field of transition metal catalysts is very dp therefore only the relevant aspects of
catalysis, to this study will be discussed. The ainthis study was to investigate the effect of
tertiary phosphines on the oxidative addition of;Ctd a rhodium metal complex, a precursor
step to the actual carbonylation reaction. Gerespects of homogeneous catalysis focusing on

the influence of rhodium, carbonylation and oxidataddition will be discussed in this chapter.



CHAPTER 2

2.2 RHODIUM IN ORGANOMETALLIC
CHEMISTRY

2.2.1 Rhodium Metal

The platinum group metals (PGMs) pkatinum, iridium, osmium, palladium, rhodium and
ruthenium — possess exceptional properties, such as higimgebints, high lustre, resistance to
corrosion and catalytic tendencies, which are usethe chemical, electrical and petroleum-

refining industries, as well as in the jewellergde. South Africa is a premier source of PGMs

and in 1996 produced 56% (62 800 tonnes) of theld¢oidentified reserve$most of which
were mined from the Bushveld Igneous Complex. Aftgning, the ore is concentrated by
gravitation and flotation processes, and then @delThe resulting Ni-Cu sulphide “matte” is
cast into anodes. By means of electrolysis, cofgpeéeposited at the cathode and nickel remains
in solution. Further electrolytic refining of nidkereates anode slime which consists of a
mixture of PGMs with silver and gold. Pd, Pt, Agdafiu are dissolved in aqua regia while the
residue, containing Ru, Os, Rh and Ir, are furfsacessedia a complex separation which

yields Rh and Ir as powders.

Rhodium is a hard, but brittle, silvery, white nietais an extremely rare metal with a relative
abundance of 1M in the earth’s crust. It is resistant to acidsliding aqua regia, but reacts
with O, and the halogens at high temperatures. At rediheat, the metal becomes coated with
a dark layer of rhodium (lll) oxide, R@s;. The metal may be dissolved in mineral acids after

alloying with Zn metal by heating it at 450-500@®der a layer of zinc chloride as fléix.

Governmental institutions are placing more and nemnghasis on ‘green planet’ systems. They
are tightening laws on vehicle emissions, causmgnarease in the global demand for catalytic
converters in cars. Since rhodium is used in tlwasalytic converters, to reduce nitrogen oxide

emissions, and since it cannot be substitutedasetiiversions, its price is continually rising. To

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

2D.T. Burns, A. Townshend, A.H. Carténprganic Reaction Chemistry, Vol. 2, England: John Wiley & Sons Ltd.,
1981, 355-358
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date, the price has risen 11% this year (Jan - 2007) and is selling at an average price of
US $5 900 per ounce.

2.2.2 Oxidation States of Rhodium

Rhodium and iridium differ from ruthenium and osmiun the sense that they do not form oxo
anions or volatile oxides. Rhodium chemistry is mhaicentred around the oxidation states of

O, + 1, Il and lll. The most common oxidation stea€lll).

Rhodium(lll) complexes are typically octahedralatde, low spin and diamagnetic, e.g.
[RhClg]*, [Rh(H0)]** and [Rh(NH)e]**. The chloride complex is synthesised by heatirey th
finely divided Rh metal with chlorine or a Groupnietal chloridé’. Unlike Cd" which readily
reduces to Ch the reduction of Rhnormally yields the metal — usually with halogewster
or amine ligands present — or to hydridic specfeRW' or to RH complexes whem-bonding

ligands are involved.

Rh" readily gives octahedral complexes with halides. §RhCEH,0]*, and with oxygen
ligands such as oxalate and EDTA. The cationicrangdral complexes are generally kinetically
inert, but the anionic complexes of 'Rlare usually labil8.Rhodium complex cations are very

useful in studyindrans effects in octahedral complexes.

One of the most important Bhcompounds is the dark red, crystalline, trichlcamplex,

[RhCl3.xH20]. It is the usual starting material for the preggen of many rhodium complexes
and is made by dissolving hydrous Rk in aqueous hydrochloric acid and evaporating tbte h
solution? It is soluble in water and alcohols, giving redwn solutions. Solutions of

[RhCl3.xH20] in water (Eq. 2.1) are extensively hydrolyzed,

H,0

RhCI,(H,0), RhCI(OH)(H,0), + H" + CI

.21

By boiling aqueous solutions of [RhGIH,0], [Rh(H.0)s]*" is formed and with excess HCI, the
rose-pink [RhGJ* ion is produced. Hexahalogenorhodates can benslutdiy heating Rh metal

% J. Riseborough, X. YuBusiness Report, The STAR newspaper, 29 March 2007
4J.D. LeeConcise Inorganic Chemistry, 4" Ed., London: Chapman & Hall, 1991
5 F.A. Cotton, G. WilkinsonAdvanced Inorganic Chemistry, 4" Ed., London: John Wiley & Sons, Inc., 1980
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and alkali metal halides in §lextracting the melt and crystallising. Halogeitged dimer$
such as [RICIg]*, [RhCls(PE&)s] and [RhCl(PRs);] can be obtained with very large cations
such as [NE]" and [PPh*. The white, air-stable, crystalline salt [RhH(N¥SO, can be
produced by the reduction of [RhGIH,0] in NH,OH by Zn in the presence of $O Some

reactions of [RhGIxH,O] are illustrated in Figure 2.1.

[Rh(NH,).CIICl,

[Rh(H,0),CL,]" [RhCIJ*
NH,OH(aq)
] [Rh(NH,)]Cl,
+ H source
Ha, HCI (aq)
[Rh(CO),CL] 1atm, H,0 conc. NH,OH in EtOH
\COOH [Rhen,CL,]CI
\ en, HCI, boil

. DMGH
[RhCL(DMGH),] 2 RhCl,.xH,0 — py, H,0——> mer-[py,RhCl,]

in EtOH ‘
/ H2 or H source,
Zn, NH,
8042'

py, H,0O

/ R,P, R;As in EtOH ¢
[RhH(NH.).]SO boil HCIO, (ac) trans -[Rhpy,Cl,]*
¥s 4 C,H, or
diolefin in EtOH [RhC|3(PR3)3]
[Rh(H20)6]3+ Cl, ||H, or H,PO,

[RhCI(C,H,),],

[RhCI(diolefin)], [RhHCI,(PR;),]
Figure 2.1: Some reactions of [RhGIxH,0].°

The reaction of Rhto RH' complexes andice versa are extensively used in industrial
processes, especially with regards to catalysisdRim(l) complexes exist in square, tetrahedral
and five-coordinate diamagnetic species, genetadlyded tor-bonding ligands such as CO,
PR, RNC, cyclopentadienyls, arenes and alkene$.cBimplexes are generally prepared from
reduction of similar RN complexes or of halide complexes such as [RRB}O] in the
presence of the complexing ligand. The majorityRbf complexes undergo oxidative addition

which is used in catalytic reactions. Some reastimRH complexes are seen in Figure 2.2.

5 F.A. Cotton, S.J. Kang, S.K. Mandahorg. Chim. Acta, 1993, 206, 29; F.A. Cotton, S.J. Kangorg. Chem,,
1993, 32, 2336
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H,, CO, 100atm [Rh,(CO),,l

[Rh(acac)(C,H,),] [Rh,CI,(SnCly),]* [Rh(acac)(CO),]

60 [Rhy(CO), ]

[nS—CsHsRh(CO)Z]

. SnCly’ acac’
acac
EtOH CsH:Na

CoH, CO, latm RSH
[Rh,CI,(C;H,);] «————— [RhCl;.xH,0] ——— [Rh(CO),Cll, —> [Rhy(SR),(CO),]
EtOH 100 €

Excess PPh,,

PPh,
EtOH
N,H, ) PPhy, BH,
[RhH(PPh)),] « ~— — [RhCI(PPhy),] w» [RhCI(CO)(PPh,),] » [RhH(CO)(PPh;);]
PPh, RCOCI, etc. EtOH
CS,, PPh,, CH,l CoFy
C,H, MeOH
[RnCI(CH)(PPh,).] [RhCI(CS)(PPhy),] [RhCI(CH,)I(CO)(PPh,),] [Rh(C,F,H)(CO)(PPhy),]
Figure 2.2: Some reactions and preparations of rhadm(l) compounds.”

A major part of Rh chemistry is the formation of tertiary phosphinemplexes.
Triphenylphosphine is used in catalytic hydroforatidns of alkenes, while water soluble
phosphines, such as RHGSO;H)3, are used in two-phase systems. [RIKEL,O] is the starting
reagent to make the rhodium counterpart of theirmlgvaska compound, [IrCI(CO)(PBI.
Due to the lower basicity, the Rh Vaska compleRhCI(CO)(PPB).], is less prone to oxidative
addition than the irvaska compound, which is indicated by the equdillying to the left in
oxidative addition reactions such as:

cl PPhy H
”, . ~’|‘\\ C|/~ ‘ \\\\Pph3
Rh + HCl — " Rpil
PhsP co PhsP ‘ eo
cl e 2.2

The above RhVaska complex is used to synthesize [RhH(CO)gRPa key intermediate in
hydroformylation reactions. Wilkinson’s catalystRHCI(PPRh)s], is also prepared from
[RhCl;.xH,0]. It is one of the most studied compounds oftel RH phosphine species because

of the wide range of its stoichiometric and caialyeactions. It was the first compound to be

" F.A. Cotton, G. WilkinsonAdvanced Inorganic Chemistry, 4" Ed., London: John Wiley & Sons, Inc., 1980
9
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discovered that allowed the catalytic hydrogenatbalkenes and other unsaturated substances
in homogeneous solutions at room temperature agsspre.

2.2.3 Rhodium in Catalysis

Rhodium is used in a variety of ways in catalydocesses such as hydrogenation,
polymerisation, hydroformylation, carbonylation@FR.3) and many others have all investigated
rhodium(l) as a possible key ingredient in the lgéitacycle, at some time or another. Oxidative
addition is a key step in many catalytic systend fmur-coordinated complexes of rhodium(l),

which are coordinatively unsaturated, are ideakfadying such reactions.

R
catalyst CH
_\:CH + H2 T . R/\/ 3

2

Hydrogenation

catalyst =
_

CH, H

CHj3 (;H3 (::H3 (;H3 CH,4
n ( = = -

@
(@]

CHs |n

Polymerisation

o R CH3
catalyst /\/[k +
Ra=CH, +H,+CcO0 ——= R H
H (0]
Ilisoll

"normal”
Hydroformylation linear product branched product
O
catalyst )k /H
H;C—OH + CO —> H,C e}

Carbonylation

Figure 2.3: General reactions of hydrogenation, pgimerisation, hydroformylation and carbonylation.

8 F.H. Jardine, J.A. Osborn, J.F. YoudgChem. Soc., A, 1966, 1711Progr. Inorg. Chem., 1981, 28, 63
10
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2.3 OXIDATIVE ADDITION

2.3.1 Introduction

Oxidative addition / reductive elimination processge universally important to a vast array of
synthetically useful organometallic reactions. Tdedative addition (O.A.) reaction can be

written generally as:

O.A.

L, M" + XY

L, M™2(X)(Y)

R. E.

The reaction causes the formal oxidation stath@fetal to increase by two unit$he reverse
reaction is termed awductive elimination (R.E.) These terms only describe a specific type of
reaction and have no mechanistic implication. la #bove equation, )M represents a stable
organometallic complex, and XY is a substrate mdkethat adds to the metal with a complete
dissociation of the X-Y bond and formation of twewn bonds, M-X and M-Y. The
organometallic complex may be neutral, anionic ationic. The substrate molecule usually
contains a highly polarised X-Y bond, or a veryctes, low-energy bond between highly

electronegative ator.
In general for an oxidative addition reaction toqaed, there must be:

* Nonbonding electron density on the metal.
« Two vacant coordination sites on the reacting cexlM to allow for the formation of
two new bonds.

» Stable oxidation states of the metal separateavbyokidation numbers.

Metal complexes with the® andd'® electron configuration, are the most intensivelydied
reactions for transition metals, notably’ e, OF, RH, I', Ni°, P&, PP, Pd' and Pt. One of
the most studied complexes is of the square-planams-[IrX(CO)(PRs),] type, because the
equilibria lies well to the oxidised side and thedised compounds are usually stable octahedral

species.

° F.A. Cotton, G. Wilkinson, P.L. GauBasic Inorganic Chemistry, 3¢ Ed., New York: John Wiley & Sons, Inc.,
1995

10 C.M. Lukehart,Fundamental Transition Metal Organometallic Chemistry, California: Brooks/Cole Publishing
Company, 1985
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Oxidative addition is frequently reversible, espdigifor addition to sixteen-electron complexes
where no ligand loss is involved. The factors whitgtermine whether oxidative addition or

reductive elimination occur, depend critically on:

* The nature of the metal and its ligands.
* The nature of the added molecule XY and of the Mrd M-Y bonds that are formed.

+ The medium/solvent in which the reaction is conddct

The complexes with higher oxidation states are lysn@ore stable for the heavier metals, e.g.
I'"" species are generally more stable thafl' Rpecies. Oxidative addition is favoured for
ligands that increase the electron density of tl¢aim The steric properties of the ligands are
also important. Very bulky ligands, e.g. REB{), tend to favour the forward reaction, but the
substitution of aro-methoxy group on a phenylphosphine increases ticéeaphilicity of the

metal by donation®

2.3.2 Mechanisms of Oxidative Addition

There are a great variety of mechanisms for thelatikie addition to four-coordinate®-

complexes and no simple generalisations can be Makigarticular reaction between a metal
complex and a substrate can, depending on theigracbnditions (e.g. solvent polarity,
temperature and presence of trace amounts of axdisnpurities), proceed by numerous
pathways. A particular substrate may also readt diiferent metal complexes in different ways.

The following mechanisms are the most commonly psep:

* Three-centre concerted processes.
*  Sy2-type mechanism.
» Free radical mechanism.

* |onic mechanism.

1 E.M. Miller, B.L. Shaw,J. Chem. Soc., Dalton, 1974, 480
12 p Meakan, R.A. Schunn, J.P. Jesso@m. Chem. Soc., 1974, 96, 277; A.D. English, P. Meaken, J.P. Jgako
Am. Chem. Soc., 1976, 98, 422
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2.3.2.1 Three-Centre Concerted Process

The oxidative addition of non-polar molecules d4g, Cl, etc., tend to react according to the
three-centre concerted mechanism wherebyigisomer is formed® The classic example is the
addition of H to a 16é square-plandt species such as a Vaska compferCI(CO)L)].

H “H
ol

Q o
LM c — '-'V' — LM
L

Figure 2.4: Concerted three-centre addition of H to give acis-dihydrido product. *°

According to this mechanism, electron density ifillad d valence orbital on the metal, flow
into the emptys* molecular orbital (MO) of H (red arrowsin Fig. 2.4). Two M-H bond
interactions form while weakening the H-H bond e transition stat&: '° Electron density in
the occupieds MO of H,, flow into an empty valence orbital on the metalnatfplue arrows.

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

2.3.2.2 S\2-type Mechanism

The addition of methyl, allyl, acyl and benzyl ligs to species such as Vaska’'s complex is
often achievedia a Sy2-type mechanism. These are second-order reacfiostsprder in metal
and first order in substrate, and show a large thegactivation entropy’ Typical S2-type
mechanisms in organometallic catalysis are sinidldhe §2-type mechanisms found in organic
chemistry. This is due to the similarity of the ereld, polar transition states achieved in both

types. An example of ay8 mechanism is illustrated in Figure 2.5.

13 R.J. CrossChem. Soc. Rev., 1985, 14, 197

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

15 C.E. Johnson, B.J. Fisher, R. Eisenbdrgym. Chem. Soc., 1983, 105, 7772; C.E. Johnson, R. Eisenhkrgm.
Chem. Soc., 1985, 107, 3148

6 R.H. Crabtree, R.J. Uriartiorg. Chem,, 1983, 22, 4152

17 p_.B. Chock, J. Halperd, Am. Chem. Soc., 1966, 88 3511
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+ CH
: @CO L CH300 L ‘ i co
\l / slow “, | S fast ~J .
Nl I x = I
ci L S 7\ cl ‘ L
Cl L
X
L=PR,
Figure 2.5: The 2 mechanism for the oxidative addition of CHX to trans-[IrCI(CO)PR 3].

Oxidative addition reactions that follow thg2Smechanism are characterised by electronic,
steric and solvent effects such as polar solvehisiwaccelerate the rate of the reactidihe
reactivity in the {2 additions are increased as the nucleophilicityhef metal increases, as
illustrated by the reactivity order for Ni(0) coregks: Ni(PR)s > Ni(PArs); > Ni(PRs)2(alkene)

> Ni(PArs)-(alkene) > Ni(cod) (R = alkyl; Ar = aryl)*®

2.3.2.3 Free Radical Mechanism

There are two subtypes of radical processes wlaohbe distinguished, namely: non-chain and
chain radical mechanism$.

The non-chain radical mechanism is thought to dpevg the additions of certain alkyl halides,
RX, to Pt(PPB)s (R = Me, Et; X = 1); (R = PhCh X = Br).2*

fast
PtL, —> PiL,

slow fast
PtL, + RX —> °*PtXL,+ R*—> RPXL,
As X is transferred from RX to the metal, thera i$é oxidation of the metal by the alkyl halide.
This produces the pair of electrons, as seen alavieh combine rapidly to form the product.
The more readily the substrate can be oxidisedthedmore basic the metal, the greater the
reactivity of the radical reaction. The reactiotesaalso increase as the stability of the radRal,

increases.

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

19E. Uhlig, D. WaltherCoord. Chem. Rev.,1980, 33, 3

20 3.A. Osborne, J.A. Labingelmorg. Chem., 1980, 19, 3230, J.A. Osborne, J.A. Labinger, idville, Inorg.
Chem., 1980, 19, 3236

2t (a) M.F. Lappert, P.W. LednoChem. Comm., 1973, 948; (b)J. Chem. Soc., Dalton, 1980, 1448; (c)Adv.
Organomet. Chem., 1976, 14, 345
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Alkyl halides, vinyl and aryl halides, angthalo esters undergo oxidative addition to Vaska
complexesiia a radical chain mechanism. The reactions occanaselectron (radical) transfer
instead of the two-electron transfer which is foundSy2 reactions. A radical chain reaction
mechanism is illustrated in Figure 2.6, where [Myans-[IrX(CO)L]. A radical chain reaction

can be initiated by trace amounts of Ir(ll) spedeby molecular oxygen.
Initiation steps:
[M'] + Qe (trace radical) —> [M"]-Qe*

[M”] Qe + RX —» X-[M”']-Q + Re

Propagation steps:

[MI] + Re —>» R'[M”I].

R-[M"e + R-X—> R-[M"-X + Re

Termination step:

Two radicals —s Non-radical products

Net reaction:
M] + RX —= R[M"-X
Figure 2.6: The free radical chain reaction in medl complexes-
Radical initiators and inhibitors have a large efffen the reaction rate. The reactions slow down
or stop in the presence of hindered phenols, ecahdnhibitor. These inhibitors quench the

chain-carrier radical R- to give R-H and the stahlareactive, aryloxy radical, ArO-.

Termination of the radical reaction occurs by ratl@oupling or disproportionatio]ﬁ.

15
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2.3.2.4 lonic Mechanism

The ionic mechanism is favoured in a polar medilma polar medium, hydrogen halides (e.g.
HCI or HBr) would be dissociated. Protonation ddquare complex would first produce a five-
coordinate intermediate. Intramolecular isomerigatiollowed by coordination of Cwould

then give the final product.

+ +
N T |
Lo, L CO L, ’ WCO
/ M\ n / M\ / N\
X L X L H L
cr cr
H
L ‘ CcO L ‘ (6{0)
\M/ \M/
X/ ‘ \L H/ ‘ \L
Cl Cl
Figure 2.7: lonic mechanism for the oxidative addion of HCI to [MXL ,CO].*°

2.3.3 Factors influencing Oxidative Addition

The metal centre can be considered as a nucleaplrileg an oxidative addition reaction. Hence
any changes which affect the nucleophilic charaofethe metal centre, will also affect the

reaction path, products and rate. A few of thesefa will be mentioned briefly.

In general, oxidative addition is facilitated bgdnds such as BRR-, and H-, which are goad
donors and increase the electron density at thalroentre, whereas ligands which are gaed
acceptors, such as CO, Canhd olefins, decrease the electron density atigial and suppress

oxidative addition.

16
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Steric factors also play a role. It is importantdonsider the steric inhibition of oxidative
addition especially with bulky phosphines suchrizy¢lohexylphosphine PGy?

Coordinative unsaturated complexes are more reatiian its saturated counterparts. The nature
of the metal also influences the reactivity. Theeeaf oxidation of a metal centre does provide
an indication of its reactivity. In general thedar metals in lower oxidation states are more
reactive towards oxidative addition, however thare exceptions. Figure 2.8 indicates the

tendency of transition metals to undergo oxidatiddition®?

Fe(0) Co(l) Ni(I)
Ru(0) Rh(l) Pd(Il)
Os(0) Ir(1) Pt(ll)

Figure 2.8: Tendency of ® metals to undergo oxidative addition. The arrows ridicate increased

reactivity towards oxidative addition.

2.3.4 Ligand Parameters

Steric and electronic parameters of ligands hawdrect and large influential effect on the
character and reactivity of a transition metal lyata It is important to understand and
characterize these influences and parameters ir @odtailor-make a catalytic system which
will yield the desired products. Although stericda@lectronic parameters are often intimately

related, a useful separation can be made throwgpatameters of and0; as described below.

2.34.1 The Electronic Parameter ()

The electronic properties of a molecule can beaatdtdy different electronic effects which are
transmitted along the chemicals bonds, for exarRfpeCsH,OCHs)s will increase the electron-
donor capacity of the ligand compared t@-B¢H4Cl)s?* Infrared (IR) frequencies are useful
and reliable yardsticks, by which the electronioparties of a series of phosphorous ligands

during co-ordination to a particular metal, cande¢ermined. As many homogeneous rhodium

22 A Roodt, G.J.J. SteyRecent Res. Inorganic Chem., 2000, 2, 1
2 R.S. Nyholm, K. Vrieze). Chem. Soc., 1965, 5337
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catalysts have CO bonded to the metal center, su@ais easily identified on an IR spectrum,
it is a convenient method to determine twasicity andr-acidity of phosphorous ligands.
Strongo-donor ligands increase the electron density ormibk&al and hence a substantial back-
donation to the CO ligands occurs, which lowers [Rerequency. Strong-acceptor ligands
will compete with CO for the electron back-donatiand the CO stretch frequencies will remain
high.

Tolmarf* based the electronic parametesn the CO stretching frequencys, Af a [Ni(COXL]
complex in CHCI, where L = PR or P(OR). The reference ligand was-tert-butylphosphine,
P({-Bu);. The electronic parameter for a variety of ligands can be estimated by udimg
equation®

3
For PXX2X3 v=2056.14 y; o 2.3
i=1

wherey; (chi) is the individual substituent contributidmat was calculated by a large number of
substituents, X X, and X%.

2.3.4.2 The Steric Parameter @)

Steric effects are the result of forces, usuallypbonding, between parts of a molecule. For
example changing P(Mglo P¢-Bu); increases the bulkiness of the ligand which cassesc
strain®* The steric parameted, indicates the amount of space that a bulky phmspls ligand
occupies. The steric parameterfor symmetric ligands is the apex angle of araifdical cone,
centered 2.28 A from the center of the P atom, vjust touches the van der Waals radii of the
outermost atoms of the model (Figure 2.9 (a)). thee angle for an unsymmetrical ligand
PX1X2X3, (Figure 2.9 (b)), can be determined by using @ehavhich minimizes the sum of the
cone half angles as indicated by the following ¢igua

3
0= (2/3) 0/2 .. 2.4

i=1

24 C.A. Tolman,Chem. Rev., 1977, 77, 313
25 C.A. Tolman,J. Am. Chem. Soc., 1970, 92, 2953
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JZ.ZBA 8,/ 2 5!: 228 A
0,/ 2
8,/ 2
(b)

@)

Figure 2.9: (a) - Cone angle measurement for symméal ligands. (b) — Cone angle measurement for

unsymmetrical ligands?*

2.4 HOMOGENEOUS CATALYTIC SYSTEMS

2.4.1 Introduction

Catalytic reactions play an important role in thdustrial production of liquid fuels and bulk
chemicals. Many organic chemicals which are produicebulk quantities are derived from
natural gas or petroleum, usually by convertingséhydrocarbons into olefins. A catalyst is
defined asA substance that increases the rate of a chemical reaction without itself undergoing

any permanent chemical change.®® A catalyst works by lowering the activation energfythe
chemical reaction because it provides an alteregtathway by which the reaction can proceed.
It increases the rate at which a reaction comesgjtdlibrium, but it does not alter the position of
the equilibrium. Although a catalyst takes parthe reaction, formally it does not experience
any permanent chemical change and therefore sh@&utdcovered chemically unchanged at the

end of the reaction. It can however be physicdilgrmed, e.g. converted to a powder.

Heterogeneous catalysts, where the catalyst eristdifferent phase from the reacting species
e.g. a solid catalyst in contact with a gaseouligaid solution of reactants, are advantageous
from a practical industrial point of view becaubke products can be easily separated from the

excess reactants and from the catdly$bmogeneous catalysts, where the catalyst iseirséime

26 Oxford University Pres®ictionary of Science, London: Market House Books Ltd., 1999
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phase as the reacting species, have been of gtesdst to industry because of higher selectivity
in reactions, operation under milder conditiongeshperature and pressure to name just a few

advantages. A comparison of homogeneous and hetezogs catalysis is listed in Table 2.1

Table 2.1: Advantages and disadvantages of homogene and heterogeneous catalysf3.
Homogeneous Heterogeneous

Efficiency of catalyst use All metal centres active Only surface site active

) . ) Often high temperatures and/or high
Experimental conditions Generally mild

pressures
Separation of catalyst from produgt Difficult Gealgy easy
Catalyst recovery Difficult Easy
Establishment of reaction Kinetic studies and rate laws usually m
] ) ) Often difficult
mechanism informative

The rest of this chapter will be focused on homaogesrcatalysts as this is the focus of the study.
Some well-known homogenous catalytic systems atedi below, a few of which will be

discussed in detail.

« The old catalytic process of making sulfuric adia the “lead chamber proces?”.

* The Wacker synthesis of acetaldehyde from petrolbased ethylene using a PdCl
catalyst and aff’

« DuPont's use of nickel phosphite complexes for hyglanation of alkenes.

« The BASF cobalt catalysed carbonylation of methdhol

« The Monsanto rhodium catalysed carbonylation ofraued!>°

* The hydrogenation of unsaturated compounds usingingon’s catalyst RhCI(PRJz,
RhCh(pys) etc®

+ Metathesis of alkenes e.g. Schrock’s and Grubhalysts3! 32 33

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

% p W.N.M. van LeeuwenHomogeneous Catalysis. Understanding the Art, Dordrecht: Kluwer Academic
Publishers, 2004

29 F.C. PhilipsJ. Am. Chem., 1984, 16, 255; J. Smiet al., Angew. Chem., 1959, 71, 176Angew. Chem., 1962, 74,
93; J.E. Backvall, B. Akermarl al., J. Am. Chem. Soc., 1979, 101, 2411.

30 p. M. Maitlis, A. Haynes, G.J. Sunley, M.J. HowaldChem. Soc., Dalton Trans,, 1996, 2187

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

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

¥ R.H. Grubbs, S. Changetrahedron, 1998, 54, 4413
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2.4.2 Hydroformylation

The introduction of oxygen into a molecule is onktlke main aims in functionalising
hydrocarbons from petroleum sources. Generally ¢lais be done by two methods, namely
oxidation and carbonylation. The preferred routedimmatic acids, acrolein, maleic anhydride,
ethane oxide, propene oxide and acetaldehyde isxiation. Hydroformylation, which is also
referred to as the “oxo” reaction, is used for lduge scale preparation of butanal, butanol, 2-

ethylhexanol, and detergent alcohols.

The reaction consists of the addition of synthgsis (H + CO) to an alkene under pressure in
the presence of a catal{s(Figure 2.10). An interesting issue in hydroforatidn is the ratio of
linear and branched product formation. The facteingch control the linearity and selectivity,

whether it is kinetics or ligands for instance, afgreat scientific interest.

"normal”

o R CHj3
catalyst /\/lk +
Ra=CHy +H,+CO — R H
H O
IIiSOII

linear product branched product

Figure 2.10: The hydroformylation reaction

Hydroformylation was discovered in 1938 by O. Roel@ho prepared propionaldehyde from
ethylene and synthesis gas by means of a cobalysafCa(CQO)] under extreme reaction
conditions (90-150°C, 100-400 b&r)The catalytic cycle for the linear aldehyde iswshdn
Scheme 2.1 on the next page. The j[CO)] first reacts with H to give [HCo(CQ)], the

activate catalyst.

3 D.W.A. SharpeThe Penguin Dictionary of Chemistry, 3 Ed., England: Penguin Books Ltd., 2003
35 C. Elschenbroich, A. SalzeDrganometallics. A Concise Introduction, New York: VCH Publishers, 1989
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0
H -
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4) ocC | co
\CO/

/ N\
ocC (6{0)
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Y H—_ ] co
0
/ \ ocC (6{0)
ocC CO
3 F\{
3
CH, CO
) CH;y~
ocC CcO
~~Co~ )
co / N\
ocC CO
Scheme 2.1: Mechanism of the cobalt catalysed hyaformylation. 2

The first step 1) consists of the replacement of a carbon monowiide the alkene. There is a
negative order in CO pressure and the rate is ptiopal to the alkene concentration. Migration
of the hydride ion gives the alkyl cobalt compl& (vhich may be either linear (as indicated in
the reaction mechanism) or branched (Markovnikoarmti-Markovnikov addition). The vacant
site is then occupied with an incoming carbon masexNext, the acetyl complex is formed by
the migration of the alkyl to a co-ordinated carbmonoxide 8). Up to this point, all the
reactions are written as potential equilibria. Tdst step consists of dihydrogen reacting with the
acyl complex to form the aldehyde product and tenerate the starting hydrido cobalt carbonyl
complex #). This last step is often the rate-determiningpéfeSlaugh and Mullinead%
discovered that the addition of phosphines, sucR(@®u)s;, gives a more active catalyst (5-10
atm pressure compared to 100-300 atm for the urfraddiatalyst), but it also favours the linear
over the branched product to a greater extenty@4dus 4:1). It is thought that the steric bulk of
the phosphine encourages the formation of the hésdered linear alkyl and speeds up the

migratory insertion.

% L.H. Slaugh, R.D. MillineauxJ. Organomet. Chem., 1968, 13, 169
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There are, however, a few disadvantdyassociated with the cobalt carbonyl hydroformyiati
process:

- catalyst losses, as the activated catalyst, [HCC® labile and highly volatile

- as much as 15% of the alkene is lost due to thgpeting hydrogenation reaction

- there are inherent difficulties in mechanistic stsd

The higher phosphine-substituted rhodium carborygride species [RhH(CO)(PB#], is an
even more active catalyst, which reacts under mitaditions (70-120°C, 10-30 bar) and is
more selective to the linear prodd€tThus many disadvantages of the cobalt catalyst are
circumvented. The reaction mechanism is fairly Eimto the cobalt catalysed process. In
practice excess PPlis added to the reaction mixture to prevent themédion of the less
selective [HRh(CQJ and [HRhL(CO)] species by phosphine dissociatffnThe highest
selectivity for the linear product is obtained &hhconcentrations of PRlor even liquid PPh

and low pressures of CO. The bulkiness and numbghasphines coordinated to the rhodium,

as well as the stereochemistry at the rhodiumahétes the regioselectivity.

Tertiary bicyclic phosphine ligands derived frams, cis-1,5,-cyclooctadiene (Phoban family)
renders exceptional qualities to the cobalt hydrofdation system. The Phoban family of
ligands is superior to ligands such as PBs indicated by increased reaction rates, higher
selectivity towards linear alcohols and higher gglThe different manner in which PBand
Phoban behave chemically is amazing consideringtiiey are electronically similar with cone
angles differing from 132° to ~165° for PBand the Phoban derivatives respectivély.
Equilibrium constant determinations and catalygbéviour were found to be very similar for all
Phoban derivatives. A study of corresponding Phafsenides have shown that changes in the
Q-substituent on the Phoban backbone have a mifewxt @n the overall steric and electronic
properties of the various Phoban derivatives amdbzaused to manipulate physical properties

without significantly changing the chemical propest®

The influence of phosphite ligarfd$? in Co-catalysed hydroformylation has also been

investigated. Phosphites are expected to yield rfely@rogenation products because their

37 J.A. Osborn, J.F. Young, G. WilkinsdBhem. Comm., 1965, 17

%8 R.H. CrabtreeThe Organometallic Chemistry of the Transition Metals, New York: John Wiley & Sons, Inc.,
1988

%9 P.N. Bungu, S. Ottal. Chem. Soc., Dalton Trans,, 2007, 2876

“CP.N. Bungu, S. Ottal. Organomet. Chem., 2007, 692, 3370

“I M. Haumann, R. Meijboom, J.R. Moss, A. RoabiChem. Soc., Dalton Trans., 2004, 1679

2 R. Meijboom, M. Haumann, A. Roodt, L. Damoeridelvetica Chimica Acta, 2005, 88, 676
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presence decreases the electron density on thdt coare, relative to phosphines. The
formation of bis(phosphito)cobalt hydride speciesws at high ligand-to-metal ratios with less
bulky ligands, such as triphenylphosphite. Thesedridg complexes are less-active
hydroformylation catalysts than monophosphite c@xgs and enhance the isomerisation of the
alk-1-enes to less-reactive internal alkeHeSterically demanding phosphite ligands with large
cone angles, such as tris(2,4téit-butylphenyl)phosphite suppresses the formationthef
catalytically inactive bis(phosphito)cobalt hydritfeThe reaction rate of this modified cobalt
catalyst was too low for industrial hydroformylati®ut the presence of internal alkenes were
not observed.

2.4.3 Hydrogenation

Hydrogenation is a specific method of reduction rgbg the hydrogen is added to the substrate,
generally with gaseous Hind using a catalyst at high pressure. The magstlaphomogenous
catalyst for hydrogenation, discovered in the sixtiis Wilkinson’s cataly$t [RhCI(PPh)s].
The simplified general reaction mechanism is giveScheme 2.2.

RhCIL),+S === RhCI(L),S+L
RhCI(L),S + H, =———= RhH,CI(L),S
RhH,CI(L),S + H,C=CH, =—=—==RhH,CI(L),(H,C=CH,) + S
RhH,CI(L),(C,H,) + S =——= RhH(C,H,)CI(L),S

RhH(C,H,)CI(L),S —> H,CCH, + RhCI(L),S

L = triarylphosphines

S = solvent (ethanol, toluene)

Scheme 2.2: Simplified reaction mechanism for Wilkison’s hydrogenation.

43 E H. Jardine, J.A. Osborn, G. Wilkinson, J.F. You@hem. Ind (London), 1965, 560;). Chem. Soc. (A), 1966,
1711
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The first step consists of the dissociation of digand, L, which is replaced by a solvent
molecule, S. Oxidative addition of the dihydrogkart occurs. This usually occursdis fashion
and can be promoted by the substitution of moretm@e-rich phosphines on the rhodium
complex. However, very strong donor ligands carisse the trivalent rhodium(lll) chloro-
dihydride to such an extent that the complexesnaréonger active. Next the migration of the
hydride occurs to form the ethyl group. Finallyuetive elimination of the ethane completes the
cycle. By using electron-withdrawing ligands, tlager of this final step can be increaé&éd@he
ligand effects have been repoffetut are unfortunately rather limited. Table 2s2dia range of
reactivities, relative to P(4-GBCsH,4)s, which have been reported for the hydrogenation of

cyclohexene.

Table 2.2: Ligand effects for the hydrogenation o€yclohexene.
Ligand Relative reactivity
P(4-CIGH,)s3 1.7
PPh 41
P(4-CHCgHy)3 86
P(4-CHOCsH4)3 100

Hydrogenation with the Wilkinson catalyst are exmentally simple reactions. It is usually
done at ambient temperature and in many casesuakd of hydrogen (1 bar) is sufficient and
no hydrogen pressure is necessary. Solvents ggnesald are methanol, ethanol, acetone, THF
or benzené® Chloroform and carbon tetrachloride should be dedibecause both solvents may

undergo H/Cl exchand@.

Terminal olefins are easily hydrogenated. Theirrbgénation is faster than the hydrogenation
of double bonds in cyclic systems or internal deubbndscis-Olefins are hydrogenated faster
thantrans-olefins Generally the higher the degree of substitutiothatdouble bond, the lower
the reactivity toward hydrogenation with Wilkinstype catalysts. Carbonyl compounds are not
compatible with Wilkinson-type catalysts. Aldehyde® decarbonylated during hydrogenation
reaction$’ and the hydrogenation of ketones is slow compuwigt olefins. Functional groups,

e.g. arene, carboxylic acid, ester, amide, nitlner, chloro, hydroxy and nitro groups, are

# C. O’Connor, G. WilkinsonTetrahedron Lett., 1969, 18, 1375

“5 B.R. JamesComprehensive Organometallic Chemistry, Editors: G. Wilkinson, F.G.A. Stone, E.W. Abel, @xd:
Pergamon, 1982

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

7K. Ohno, J. TsuijiJ. Am. Chem. Soc., 1968, 90, 99
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tolerated during hydrogenation with Wilkinson-typatalysts. These reactivity differences can
be utilized for selective reactions in the synthesi natural products containing a variety of
unsaturated functionalities. A further advantage hoimogenous Wilkinson catalysts is its

stability towards sulphur compounds which tenddispn heterogeneous catalyts.

2.4.4 Carbonylation

Carbonylation is generally the reaction of an orgam intermediate organometallic compound
with carbon monoxid& CO. It is a variation of hydroformylation (oxo m#®n) which is the

reaction of synthesis gas{H CO) with alkenes under pressure in the presehaecatalyst.

The carbonylation of alkenes is of interest to ktbhacademic and industrialists. Ethene can be
converted to propionic acid or its anhydride witle use of [Mo(CQJ.*° The carbonylation of
methyl isocyanide can be achieved by reductive kimgipo niobium>® The synthesis of lactones
and lactams can be produced by palladium-catalysmtbonylation of halide containing
alcohols’” These are just a few examples of what has beer diith catalytic insertion of

carbon monoxide.

However the most important homogeneously catalysarbonylation reaction is that of
methanol to form acetic acid (ethanoic acid):

CH,OH+CO —» CH,CO,H
. 25

Acetic acid has been an important industrial proaith a world annual production of 7 million
metric tons. One of the largest and fastest growisgs of acetic acid is in the production of
vinyl acetate, an important industrial monomer.idt prepared from acetic acid by the
Zn(OAc)/carbon catalysed acetoxylation of acetylene, oPBJCU catalyzed acetoxylation of
ethylene’® It accounts for 40% of the total global aceticdaconsumption. The majority of the
remaining worldwide acetic acid production is usednanufacture other acetate esters. Methyl,

ethyl, n- and iso-butylacetates are important industrial solventsl amethyl acetate could

“8 H. Brunner, Applied Homogeneous Catalysis with Organometallic Compounds, Editors: B. Cornils, W.A.
Herrmann, Vol. 1, New York: VCH Publishers, 1996

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

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

STR.P.A. SneederComprehensive Organometallic Chemistry, Editors: G. Wilkinson, F.G.A. Stone, E.W. Abel,
Vol. 8, Oxford: Pergamon Press, 1982
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constitute a starting material in the catalyticthgsis of acetic anhydride. Cellulose acetate is
used extensively in the preparation of fibres ahadt@graphic films. Inorganic acetates (e.g. Na,
Pb, Al and Zn) are used in the textile, leather paitht industries. Acetic acid is also used in the

manufacture of chloroacetic acid and terephthaiid,‘ré?r to name just a few examples.

The synthesis of acetic acid has changed overdhesywith changing technologies (Figure 2.11)
and gives an indication of the impact that homogesecatalysis has had in industrial chemistry.
The objective of the development of new acetic acahufacturing processes has been to reduce
raw material consumption, energy requirements awedstment costs. The early synthesis of
acetic acid was done by ‘distillation’ of woods f@rmentation of agricultural products. The
resulting product normally contained large quaesitof water and side-products. The first large-
scale industrial production was based on the oxidaif acetaldehyde prepared by the mercuric
ion catalysed hydration of petroleum-derived aestgf’ However the loss and entrapment of
mercury in the product lead to further developménivas replaced by the Wacker synthesis of
acetaldehyde from petroleum-based ethylene. Thetemde of left-over light hydrocarbonss(C
C4, Gs) from petroleum refining, lead to the developmehshort-chain hydrocarbon oxidation
process for the preparation of acetaldehyde anticameid. These oxidations used [Co(O#c)
and [Mn(OAc)] as catalysts and were often radical proce¥sBsoblems occurred due to their

lack of selectivity and formation of many side-puots.

Coal

/

Agriculture, Fermentation C,H,

e CH,CH,OH
Forest Products lAg 0, }/gp, H,0
Fermentation,
CH,CHO %
W acker proc C,H,

O,/ cat

Distillation

O,/ Mn(OAc)
Hydrocarbons =< Petroleum products

co 0,

CO+3H, —> CH,OH —>| CH,CO,H [=— C, fraction
cat. cat.

Figure 2.11:  Industrial synthesis of acetic acid®

2 M. Gap, A. Seidel, P. Torrence, P. Heymanmspplied Homogeneous Catalysis with Organometallic
Compounds, Editors: B. Cornils, W.A. Herrman, Vol.1, New YoXCH Publishers, 1996

53 G. Wilkinson, F.G.A. Stone, E.W. AbdComprehensive Organometallic Chemistry, Vol. 8, Oxford: Pergamon
Press, 1982
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These earlier methods are now economically obsaletefocus has been switched to the Group
VIII metals Co, Ni, Ru, Rh, Pd, Ir and Pt to forrfieetive carbonylation catalysts. Significant
cost advantages resulted from the use of carboroxmbs (derived from natural gas) and of low-
priced methanol (from synthesis gas) as feedstd®ksand Ir are the preferred and most active
catalyst for carbonylation reactions to producetiacacid or acetic anhydride. Cobalt is
mentioned only for historical interest. An overvieivMonsanto’s catalyst system in comparison

with other processes using rhoditfris given in Table 2.3.

Table 2.3: Catalyst systems for carbonylations of sthanol and methyl acetate.
Company Product Central Atom Complex Co-catalyst
Monsanto AcOH Rh [Rh(CQIp] H” Mel / HI
HCC AcOH Rh [Rh(COY,] Li* Mel / Lil
Eastman AgO Rh [Rh(CO)I,Li™ Mel / Lil
Hoechst AgO Rh [Rh(CO),JP(R) | Mel/P salts
BP Ac,0O/AcOH Rh [Rh(COYI N(R)," Mel /N salts, (21
compound)

The carbonylation of methanol to form acetic acd been extremely successful and is a focus
of this study. Although many transition metal compds can be used in acetic acid synthesis,
only the 3 main important industrial processes Wwél discussed in detail, namely the Cobalt
BASF process, the Rhodium Monsanto process andrifiem Cativa proces® Particular

detail will be paid to the Monsanto process as the basis which inspired this study.

24.4.1 Cobalt BASF Process

BASF commercialized the cobalt based acetic aah®gis in the 1960’s. The starting reagent
is Cobk which is transformed in the reaction to HI and(C®) and then finally to the activated
catalyst [HCo(CQy). The assumption that the hydrido cobalt carbamythe active species stems
from the observation that small amounts efetthance the catalytic activity.Since methanol
would insert CO into the O-H bond (to give methytrhate) and not into the C-O bond (to give

acetic acid), the presence of iodide is necessaoyder to convert methanol into methyl iodide

 B.L. Smith, G.P. Torrence, A. Aguilo, J.S. Aldétpechst Celanese Corp., US Patent, US 5.001.2531; 1
H. Papp, M. Baernd\lew Trendsin CO Activation, Editor: L. Guczi, Amsterdam: Elsevier Science9Q19
5 C.M. Thomas, G. Suiss-Fin€pord. Chem. Rev. 2003, 243, 125
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prior to carbonylation. Therefore, the actual sttist of carbonylation is methyl iodid®The
reaction is first order in MeOH, CO, halidé) @nd Co. The reaction mechanism in Scheme 2.3

has been suggestet.

2Col, + 2H,0 + 10CO  —>  C0,(CO), + 4HI + 2CO,
Co,(CO)g + H,0 + CO —>  2HCo(CO), + CO,
CH,OH +HI == CH,l +H,0
HCo(CO), + CH;l — CH,Co(CO), + HI

CH,Co(CO), —> CH,COCo(CO),

CcO
CcO

CH,COCo(CO),

(ef0)
CH,COC0(CO), ==—== CH,COC0o(CO),

H,O l l H,O

coO
CH,CO,H + HCO(CO), — HCo(CO), + CH,CO,H

Scheme 2.3: BASF cobalt catalysed reaction for ateacid formation.

In order to have good reaction rates, high readéomperatures are needed because of the low
reactivity of the cobalt catalyst. This in turn deehigh CO partial pressures to stabilise the
cobalt carbonyl catalyst. The end result is thatdhtalytic cycle requires very high temperatures
and pressures (200-250°C and 500-700 bar). Thetiguahmethyl acetate formed is controlled
by introducing water into the methanol feedstodke presence of hot HI/HOAc mixtures makes
the cycle very corrosive. The selectivity to acetitd is of the order 90% based on methanol and
70% based on CO. The side products consist of &t 4-5% of organic products, namely
methane, acetaldehyde, ethanol and ethers. Thenmee®f hydrogen has a large influence on
the catalytic cycle as it decreases selectivitggdetic acid formation and increases the amount of
organic side products form&dAs shall be seen in the Section 2.4.4.2, the presef hydrogen

has little effect on the rhodium catalysed Monsaticess.

°8 D. Forster, M. Singletordl, Mol. Catal., 1982, 17, 299
57, MastersHomogeneous Transition-Metal Catalysis, New York: Chapman & Hall, 1981
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2.4.4.2 Rhodium Monsanto Process

The rhodium- and iodide-catalysed process for #rbanylation of methanol to produce acetic
acid was developed in the late sixties by Monsamtdate, it is one of the most successful
industrial applications of homogeneous catalysi gnoduces several million tons of acetic acid
per year® Over 90% of all new acetic acid capacity worldevid produced by this process.
Currently, more than 50% of the annual world acati capacity of 7 million metric tons is

derived from the methanol carbonylation procésthe low-pressure reaction conditions, the
high catalyst activity and exceptional product stity are key factors for the success of this

process in the acetic acid indust?y.

The process reacts under significantly milder ctos (30—60 atm pressure and 150-200°C)
than the cobalt-catalysed process. This reducestrumtion costs and leads to substantial
savings. The selectivity is greater than 99% legqtiineasier purification which further saves on
running costs. The disadvantage of the procedseicorrosive nature of the reaction medium

and the use of rhodium, a rare and very expensatalm

The process is a classic example of a homogeneaia/tic process, made up of six separate
stoichiometric reactions, which link to form a ayclThe first step is the reaction of methanol

with HI to give methyl iodide and generates waBaheme 2.4.

58 £ E. Paulik, J.F. Rottd, Chem. Soc., Chem. Commun., 1968, 1578
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Scheme 2.4:  Rhodium Monsanto Procegt.

In situ and pressure related infrared spectroscopic studigcate that the major rhodium species
present under catalytic conditions is [Rh(@g)) (A). The rate of the overall reaction,
determined by kinetic measurements, was first ondl¢Rh] and [Mel] but zero order in [CO]
and [MeOH]. Therefore the oxidative addition of Mel(A) to form the hexacoordinated alkyl
rhodium(lll) intermediate, [MeRh(C@)]" (B) was found to be the rate-determining step of the
cycle. The alkyl R} intermediate B) is kinetically unstable. Methyl migratory-insertidhen
occurs rapidly to form the acyl complex, [(MeCO)RRY)Ls]" (C). Insertion of CO converts this
complex to a six-coordinated dicarbonyl, [(MeCO)RO(ls]" (D). Finally, reductive
elimination of acetyl iodide regeneratdsg) @nd the cycle begins again. Acetyl iodide reacdts

water to give acetic acid and Hl.
Both the first step (reaction of methanol with Higive methyl iodide, Eqg. 2.6) and the last (the

reaction of acetyl iodide with water to give aceditid and regenerate Hl, Eq. 2.7) are simple

organic reactions.
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CH,OH + HI —> H,0 + CH,|
. 2.6

CH,COI + H,0 —> CH,CO,H + HI
. 2.7

All the iodide in the system occurs as methyl iedi&hd from the above equations, the rate of the
catalytic process is independent of the methanoiceotration (and CO pressure). A large
amount of water (14-15 wt.%) is needed for the abtwo reactions to achieve high catalyst
activity and also to maintain good catalyst stapilif the water content is less than 14-15 wt.%,
the rate-determining step becomes the reductiveirgition of the acyl species from the catalyst
speciesD).>® However, high concentrations of water cause adbsarbon monoxide due to the

water-gas shift reaction:

CO+HO —= Hp*CO, . 2.8

Therefore, although the selectivity in methanoinighe high 90s, the selectivity in the carbon
monoxide may be as low as 90Pn.situ generation of water and methyl acetate can ocoun f
the reaction of methanol with acetic acid. Not onigter, but also HI can cause side-product

formation,

[CH,RhI(CO),] + HI —= CH, + [RhI,(CO),]

[RhI,(CO),| + 2HI === H, + [RhI,(CO),]
. 2.9

The above two reactions involve the oxidation oflRto Rh(lll). Rh(lll) iodide complexes may
precipitate from the reaction medium which resirts: loss of activated catalyst. They have to

be converted back to Rh(l) by water and carbon rxioieo

Other compani€s (e.g. Hoechst) have developed a different proagsseby the water content
is low in order to save CO feedstock. In the absesfcwater, the catalyst precipitates. At low
water concentrations the reduction of Rh(lll) to(RRlis much slower, but the formation of the
Rh(lll) species is reduced in the first place, seathe HI content decreases with the water

concentration. Therefore, they have suppressed#ber-gas shift by keeping the water content

5 P .W.N.M. van Leeuwen, C. Clavetpomprehensive Coordination Chemistry 11, Editors: J.A. McCleverty, T.J.
Meyer, Vol. 9, Oxford: Pergamon Press, 2004
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low by adding part of the methanol in the form oéthyl acetate. Stabilisation of the rhodium
species and lowering of the HI content can be aekieby the addition of iodide salts (Li,
ammonium, phosphonium, etc). Low catalyst usagehagh reaction rates can be achieved at

low reactor water concentrations by the introductbtertiary phosphine oxide additiv¥s.

A detailed kinetic, spectroscopic and analysissiatb the rhodium catalysed carbonylation of
ROH (R = Me, Et and Pr) has been repofte? The reaction rates are first order in both [Rh]
and added [HI] and independent of CO pressurelithede cases. [Rh(C@)]" was the only
rhodium species observed under catalytic conditidhe rates of carbonylation decreased in the
stated order of R, with relative rates of 21:1:0.4&spectively at 170°C. All the data are
consistent with the rate-determining nucleophilitagk by the Rh complex anion on the

corresponding alkyl iodide.

(a) Oxidative Addition of Mel to [Rh(CO)2l 5]

Although extensive research had indicated thatr#ite-determining step was the oxidative
addition of Mel to A) (Scheme 2.4), the alkyl rhodium intermediaB) fad never been
detected. Intermediat®) was first detected by Haynesal. at low concentrations, in neat Mel
solvent using FTIR and FTNMR spectrosc8py’* The efficiency of the Monsanto process is
largely due to the rapid conversion 8 (nto (C) leading to a low standing concentration Bj (

and minimising side reactions such as methane tiwma

The oxidative addition of Mel toX) (Scheme 2.4) obeys second-order kinetics, firstmoird A)
and [Mel]. The reaction rate is very dependent @rent, added salts and counter ions. Protic
solvents such as methanol accelerated the oxidatidéion compared to aprotic solvents (e.qg.
Methyl acetate or C¥Ll,). The rates can be enhanced by the addition afléodalts (Lil or
BwNI), an effect which may be due to the formation afhighly nucleophilic dianion,
[Rh(CO)Is]*. However the addition of counter ions containing iroups (e.g. GH2sNH3")
inhibits oxidative addition. This is thought to blee to an interaction between the rhodium

centre of A) and NH which reduces the nucleophilicity of thedium complex?

0 N. Hallinan, J. Hinnenkamg, Chem. Ind., 2001, 82, 545.

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

52D, Foster, T.W. Dekleval, Chem. Educ., 1986, 63, 204

B3 A, Haynes, B.E. Mann, D.J. Gulliver, G.E. MorisM. Maitlis,J. Am. Chem. Soc., 1991, 113, 8567
4 A. Haynes, B.E. Mann, G.E. Morris, P.M. Maitlils Am. Chem. Soc., 1993, 115, 4093
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As methanol is not sufficiently electrophilic toroaout the oxidative addition step to form the
methyl rhodium complex), the presence of Mel is essential. The reacsasiawer with other

nucleophiles (e.g. methyl bromide or methyl chlejids the catalyst componéhit.
(b) Reductive Elimination

The reductive elimination of acetyl iodide has reed less attention than the oxidative addition
of Mel. The monocarbonyl acyl comple€) (Scheme 2.4), decomposes by the loss of methyl
iodide instead of acetyl iodide. But if carbon mpitde is added, then formation of the
dicarbonyl D), occurs which reductively eliminates acetyl iagli reform A). Maitlis et al.*
found that the reaction occurs slowly under ambanmtditions t,, = 12 h at 25°C in CkCl,).
Howeet al.®® found that the reductive elimination (Eq. 2.10joétyl iodide is reversible:

[(MeCO)Rh(CO),l.] === [Rh(CO),l,] + MeCOlI
. 2.10

The addition of 1 molar equivalent of tetrabutylaomum acetate (Eq. 2.11) to a solution B (

causes the quantitative formation &f) (and acetic anhydric®.

[(MeCO)Rh(CO),I,] + MeCO, —=» [Rh(CO),l,] + (MeCO),0 + I
. 211

Secondary amines can also react with fo form @A), this time with the formation of the
corresponding amide (Eq. 2.12).

[(MeCO)RN(CO),I,] + R'R*NH —> [Rh(CO),l,] + R"R°NCOMe + HI
. 212

For dialkylamines (R= R? = Et or BU) the reactions were rapid at room temperature fdnut
less nucleophilic N-methylaniline {R Ph, B = Me), the reactions were slower. Kinetic studies
on the reaction with N-methylaniline suggest patafirst- and second-order pathways for
reductive elimination, which Maitlist al.*® interpret as evidence for direct nucleophilic eitta
on the rhodium acyl competing with unassisted raédecelimination. It suggests that direct
attack by external nucleophiles at the bound agdnd can play an important role in the

reductive elimination process.

5 |.A. Howe, E.E. BunelPolyhedron, 1995, 14, 167
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(c) Phosphine Modified Rhodium Catalysts

The reactivity of metal complexes can be alteredséhecting ligands with different properties

(e.g. electron donating or withdrawing; stericdlipmdered or unhindered). This can be used to
control the rate, stereoselectivity and producas #ne yielded by the catalytic reaction. Since the
oxidative addition of Mel is the slow rate-determinstep of the catalytic cycle, increasing the
electron density of the Rh centre would increase rémction rate. Numerous studies have
concentrated on increasing the rate of oxidativditexh by focusing on the ligands attached to
the rhodium metal centre. Electron donating ligasdsh as phosphines have led to many
interesting results. However, although some vasiaare faster, none have found industrial
application yet, mainly due to instability of thensplexes formed under the harsh reaction

conditions>®

A few ligands, which have been studied in ordantprove the Monsanto rhodium process, will
be discussed and compared to the original [Rh{GIOXA) complex found in Scheme 2.4.
Complexes of the form [RhX(CO)(PE] (X = CI, Br or 1) havew(CO) at + 1960 crh
compared with 1988 and 2059 ¢rfor (A), suggesting that the rhodium centre is more edact
rich in the triethylphosphine complexes. [RhI(CaBtD,]®® ® 1 (Figure 2.12) catalyses the
carbonylation of methanol 1.8 times faster thay gnder mild conditions in the presence of
CHgl and 17.1% m/m water at 150°C. The water actsamtain the catalyst in its active form,
as a rhodium(l) complex and decreases the formafiamactive rhodium(lll) complexes such as
[Rh(CO)l4]” or [RhE(CO)(PES),]. Thus the rate of carbonylation was enhanced bgrge
concentration of water. No appreciable benefit whtined under lower water concentrations
(3.2% m/m water), by using [RhCI(CO)(RJg} over [Rh(CO)CI], as catalyst precursors.

CHy C(O)CH,
oc PEt oc._| PEt oc._| PEt
Rh P P
7D " | PEL " | PEL
l PEt, | i

1
» 3

Figure 2.12: Triethylphosphine rhodium complexes.

The reaction ofl is first order in [CHI] and zero order in CO pressure. The phosphineptexn

degrades toA) during the course of the reaction. Stoichiomedtigdies indicate that the rate of

6 J. Rankin, A.D. Poole, A.C. Benyei, D.J. Cole-HEami, Chem. Commun., 1997, 19, 1835
67J. Rankin, A.C. Benyei, A.D. Poole, D.J. Cole-Hkani, J. Chem. Soc., Dalton Trans., 1999, 3771
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oxidative addition of Chl to 1 is 57 times faster than té\) at 25°C. CompleX was isolated
and characterised. Compl8xeductively eliminates C¥ Ol in CHCl,. Complexl reacts with
CO to give [RhI(COYPES),]. Oxidative addition of HI tol cause catalyst degradation via
[RhHI(CO)(PES)2], which reacts further with HI to give [RICO)(PE%),] from which [EtPI]*
reductively eliminates and is hydrolysed to givesPE). The rate-determining step of the

catalytic reaction in the presence of water isakidative addition of Chl to 1.

Bidentate phosphines are generally more stableuseckess free phosphine is present due to
higher complex binding constants. The use of [Ri¢x€O)€fppp)] (dppp = PhP(CH,)sPPh)
catalyst gives high rates (100-200 turnover§ And selectivities approaching 90% in the
reductive carbonylation of methanol to acetaldetfid& The reaction occurs at much lower
temperature (140°C) and pressure (70 bhr)situ hydrogenation of acetaldehyde produced
ethanol with the same high selectivity if rutheniwas used as a co-catalyst. The unsaturated
intermediate4 (Figure 2.13) has been reported, and possessastatat five-coordinated

geometry that is intermediate between square pgrami trigonal bipyramidal structures.

COCH,4

PPh4
%, ‘\\\|
< (’Rh
pPh, ™
4

Figure 2.13: Symmetrical bidentate phosphine ligansl

Rhodium complexes of unsymmetrical ethylene diphivsgs ligand? (e.g. PAPCHCH,PAT;,

Ar = F substituted Ph groups) are more efficiertdlyats than the symmetricdppp analogues
for methanol carbonylation. They are also longent catalysts under industrial conditions. In
all the variants the conversion of methanol wasigrethan 98% and the selectivity for acetic
acid was greater than 99%. All the ligands are dioated to the metal during catalysis as shown
by in situ IR studies. A “ligand accelerated” process occhegause the major species observed
contain the diphosphine ligand and they perfornelbéhan the ligand free species. However the
reason for the better performance of the unsympatligands compared to symmetrical ligands

is still unclear.

8 K.G. Moloy, R.W. WegmarQrganometallics, 1989, 8, 2883
9 K.G. Moloy, R.W. WegmanAdv. Chem. Ser., 1992, 230, 323
° CA Carraz, E.J. Ditzel, A.G. Orpen, D.D. Ellis@ Pringle, G.J. Sunlegzhem. Commun., 2000, 1277
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Square-planar rhodium complexes containing two mbosphine ligands irtrans positions
such agrans-[RhCI(CO)(PE%),] are highly active for methanol carbonylation, begd stable
than unsymmetrical diphosphine complexes sucltig$RhCI(CO)(PRPCH.CH,PAr;)] but
which are less active catalysts. The possibilitysyrfithesising ligands which are bidentate and
can coordinate in tans fashion was investigated by Thomas and Siiss-FirikThis led to the
development of new diphosphines which were synsleesby condensation from 2-diphenyl-
phosphinobenzoic acid with the corresponding antaobls or diols. The catalysh, (Figure
2.14) formed with the best ligand, was about tvésdast as the original phosphine-free system
(A) (Scheme 2.4). Thomas and Suss-Fink showed, by aomgpidne rhodium complexes &
with 7, that changing the distance between the two esteradulifying the length of the chain

showed little variation in catalytic activity.

Figure 2.14: Trans-coordinating bidentate phosphine ligands.

Hemi-labile phosphine ligands carrying an ethercfiom, ester function or thioether as the
second, labile donor-group have shown to be veigctbe ligands for the rhodium-catalysed
carbonylation of methan8?’> Wegman e a. have found that cis
[RhCI(CO)(PhP(CH),P(O)Ph)] is a precursor to a very active catalyst for ¢aebonylation of
methanol at unusually low temperature and preséurelhe reaction of cis
[RhCI(CO)(PhP(CH,),P(O)Ph)] 8, with CO results in the displacement of the rhatioxygen
bond and the formation of the compl@xas shown in Figure 2.15 below. The catalytic atgtiv

was ascribed to the complex in which the ligan@ asta monodenate.

PPh
PPh 2
N o
0
| o *CO =— P
PPy | Rh—CO
2 \ PPhZ‘
co o
8 9

Figure 2.15: Hemi-labile phosphine ligands.

L C.M. Thomas, R. Mafua, B. Therrien, E. RusanovStbeckli-Evans, G. Siiss-FinRhem. Eur. J., 2002, 8, 3343
2R.W. Wegman, A.G. Abatjoglou, A.M. Harrisohem. Soc., Chem. Commun., 1987, 1891
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Complex10 is an example of a phosphino-ether ligand (Figufe), which undergoes methyl
migration after oxidative addition of GHto afford the acyl compled1 containing two Rh-O
bonds. Heatind 1 in the presence of CO results in the reductive ialtion of Acl, which upon

hydrolysis is converted to AcOH.

[+] COCH
CH3 3 [+
Ph\ /\/\Sii H.C [+] -
p 1 ~CHg 3 \Si/v\ /\/\ M3
oc._ / CHj PPh| php Si
Rh\ \Rh/
e ey ot | e
10 !
11
Figure 2.16: Phosphino-ether rhodium complexes.

The reaction of 2-(chloroethyl)phosphonic acid dinyéester with diphenylphosphine yields 2-
(diphenylphosphino)ethylphosphonic acid dimethye&® (Figure 2.17), which can be used as
a hemilabile ligand. Rhodium complexes of the tj{éeO),P(O)CHCH,P(Ph}RhL3] exhibit

very good catalytic properties in the carbonylatémethanol to acetic acid.

O

~ P
07| """ pph,

o
H3C/

H;C

12

Figure 2.17: 2-(Diphenylphosphino)ethylphosphoniacid dimethylester.

Homogenous catalysts consisting of phosphino-tteoland —thioether ligands bonded to
rhodium(l) carbonyl complexes, such as compl8X (Figure 2.18)are four times more active

in catalysing the carbonylation of methanol to mcatid compared to the original Monsanto
complex A). Thecis[RhI(CO)(PrPCHP(S)Ph)], 14 complex’s activity for the carbonylation

of methanol is eight times greater th#) @t 185°C. A detailed study of this complex showed
that both the oxidative addition and CO insertidgeps were accelerated, which was quite
unexpected. It was assumed that the steric reqamof the ligand, destabilise the octahedral

intermediate which would undergo migratory insertio release the steric strafh.

3 E. Lindner, E. Glasetl. Organomet. Chem., 1990, 391, C37

4. Freiberg, A. Weight, H. Dilched, Prakt. Chem., 1993, 335, 337

S J.R. Dilworth, J.R. Miller, N. Wheatley, M.J. Bakd.G. SunleyJ. Chem. Soc. Commun., 1995, 1579
6 L. Gonsalvi, H. Adams, G.J. Sunley, E. Ditzel,HHaynesJ. Am. Chem. Soc.,1999, 121, 11233
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ocC PPh,
\Rﬁ PPh,
s~ N\ // \Rh/co
/Rh\ \S/ |
PPh, CO
14
13

Figure 2.18: Phosphino-sulphide ligands.

P-S, P-P, and P-O ligands bonded to rhodium adduimi complexes have been studied with
regards to their steric and electronic effects.sehgonor ligands have shown favourable effects
on the rhodium systeni§however there is a concern on the stability ang kerm effects of the

phosphine complexes.

2.4.4.3 Iridium Cativa Process

In 1996, BP introduced a new carbonylation proteggoduce acetic acid using iridium/iodide-
based catalyst. This catalytic system has higls rattéow water concentrations and exhibits high

stability which allows for a wide range of processditions.

The iridium-catalysed methanol carbonylation hasiynsimilarities to the rhodium system, but
is more complex because of the participation ohbwutral and anionic speci@as well as the
influence of promoters. The Cativa catalytic praciesillustrated in Scheme 2.5. The oxidative
addition of Mel to the activated iridium complexfaster than for similar rhodium complexes.
The equilibrium of this oxidative addition favoutse Ir(lll) state. Therefore the oxidative
addition is not the rate-determining step of théiv@aprocess. Instead the migratory-insertion of
the methyl group to the co-ordinated CO has beenddo be the slow rate-determining step.
This is a tendency for third row metals. Migratagactions for platinum complexes, is also
slower than for palladium. The metal-to-cartmbonds of third row metals are stronger, more
localised and more covalent than those in secowdanetal complexes. Hence the more diffuse,

electron-richg-bonded hydrocarbyl will migrate more easily.

TL. Gonsalvi, H. Adams, G.J. Sunley, E. Ditzel,HHaynesJ. Am. Chem. Soc., 2002, 124, 13597
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A larger amount of iridium is required to achieveactivity comparable to the rhodium catalyst-
based processes, however the catalyst systemeidabperate at lower water levels (less than 8
wt.%). Hence there is lower side-product formatowl improved carbon monoxide efficiency is
achieved while the steam consumption is also deetkaThe high stability of the iridium
catalyst is one of its major advantages. It is sblat low water concentrations (0.5 wt.%), which
is significant and ideal for the optimisation otétmethanol carbonylation process. The catalyst
remains stable under a wide range of experimewtaditons that would cause similar rhodium
analogues to decompose completely to inactive amgtly unrecoverable rhodium salts. Iridium
is much more soluble than rhodium in the reacticedionm which allows the use of greater

catalyst concentrations, making much higher reaates obtainabl®.

There are two groups of promotors which affectrdaction, namely simple iodide complexes of
zinc, cadmium, mercury, indium, and gallium, andbocayl complexes of tungsten, rhenium,
ruthenium, and osmium. The promotors are highlycessful when combined with iodide salts,
such as lithium iodide, under low water conditiGhsThe best rate is found at low water
conditions. The selectivity to acetic acid is geeadhan 99% based on methanol and there are
fewer side-products than the Monsanto processemheigl the Cativa process is 25% faster than

the Monsanto rhodium catalyst.

CH,l

Oxidative addition

fast

CH,4 THg
| co . | co
\!r/ Ru >Ir<
v | co Rul " | Nco
I CO

:

Less slow etc.

slow

Migratory-insertion

co '

Scheme 2.5: Iridium Cativa Proces®

40



CHAPTER 2

2.5 CONCLUSION

In this chapter, various aspects of rhodium chagnistere discussed in terms of general
rhodium(l) and rhodium(lll) reactions, factors affieg oxidative addition and various
homogeneous catalytic processes. The industrialfgignce of rhodium was compared with

regards to different important catalytic cycles.

It is important to understand the details of a lgétacycle in order for progress to be made.
Advances in homogeneous catalysis can occur bynatiag and understanding the effects that
various metal centers can have on a specific datadystem. Furthermore, the choice of an
appropriate ligand can significantly alter the fimasult. Ligand modification is an important
part of industrial process design. Manipulationhaf electronic and steric properties of a specific
ligand will affect factors such as rate, selecyivitability, lifetime, etc. all of which must be

considered and understood.

In order to achieve specific objectives, it is impat to characterize the catalyst and understand
the reactivity of the complex in light of a catatyteaction. With this objective in mind, the
following chapters deal with the characterizatiba@hosen rhodium complex and investigation

of its catalytic properties.
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SYNTHESIS AND
CHARACTERISATION OF
RHODIUM COMPLEXES

3.1 INTRODUCTION

The synthesis and characterisation of a range @f) Rimnd Rh(lll) phosphine complexes are
discussed in this chapter. Complex characterisatia performed by using various techniques,
including nuclear magnetic resonance (NMR) spectpy, infrared spectroscopy (IR) and
ultraviolet-visible (UV-Vis) spectroscopy. A briebverview of the theory of these

characterisation techniques is included.

Rhodium acetylacetonato carbonyl phosphine complewere synthesised in order to study the
effect of steric bulkiness on the reaction mechanid=our phosphine ligands from
triphenylphosphine to tricyclohexylphosphine (Fig.1l) with different steric demands, as

indicated by their Tolman angles, were used. Athptexes were characterised and identified by

e

the above mentioned techniques.

Q. Q
iR e

Figure 3.1: Structures of the four phosphorous lignds, triphenylphosphine (PPh),
cyclohexyldiphenylphosphine (PCyPh), dicyclohexylphenylphosphine (PCyPh), and
tricyclohexylphosphine (PCy).

All the synthesised complexes were also charaetrisy X-ray crystallography. As X-ray
crystallography is such a powerful identificati@oltfor the characterisation of complexes in the
solid state, the theoretical aspects of this tephmias well as a detailed discussion of each

crystal structure is included.
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3.2 SPECTROSCOPIC TECHNIQUES

3.2.1 Infrared Spectroscopy

Infrared (IR) spectroscopy is a powerful analytit@bl which can be used by chemists to
gualitatively and quantitatively identify a compleXimost all organic or inorganic compounds
containing covalent bonds, with the exception d&w& homonuclear molecules such ag N
and C), absorb infrared radiation. Each molecular specieish the exception of chiral

molecules in the crystalline state, has a uniqtrared spectrum.

The infrared region on the electromagnetic spectconsists of a wavelength range that varies
from approximately 10@um to 1000 nm. The near-IR wavelength range is fb#8-2.5um
while the mid-IR wavelength range is from 2.5480." The energy of IR radiation can excite
vibrational and rotational transitions but has ffisient energy to induce electronic transitions.
Changes in rotational energy can split the peakefrh vibrational state. In liquid and solid
state, this rotation is often hindered or prevensedthe effects of these small energy differences
are not detected. Therefore typical IR spectraimaig in transitions between two vibrational
levels of the molecule in the electronic groundestand are usually observed as absorption

spectra.

As with other types of energy absorption, molecuales excited to a higher energy state when
they absorb quantized infrared radiation. The giigor of IR radiation corresponds to energy
changes of the value of 8-40 kJ/mole. Moleculesardy absorb the energy of infrared radiation
if it corresponds to the molecule’s natural, stnetg and bending, vibrational frequencies. The
absorbed energy serves to increase the amplitutteeofibrational motions of the bonds in the
molecule? Only bonds that have a dipole moment that chaagesfunction of time are capable
of absorbing infrared radiation. Symmetrical borsisch as K or Ch, do not absorb infrared
radiation. A bond must have an electrical dipolattbhanges at the same frequency as the
entering radiation in order for energy to be transfd. Only then can the changing electrical

dipole of the bond couple with the sinusoidallyctdlemagnetic field of the incoming radiation.

! D.A. Skoog, D.M. West, F.J. Holler, S.R. Crou¢hyndamentals of Analytical Chemistry, 8" Ed., California:
Thomson Brooks/Cole, 2004

2 K. Nakamoto,Infrared Spectra of Inorganic and Coordination Compounds, 2'* Ed., New York: John Wiley &
Sons, Inc., 1970
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Since every type of bond has a different naturafjdiency of vibration, and although two
different compounds may have the same type of bthrelponds will experience two slightly
different environments, therefore they cannot give same infrared absorption pattern. Hence
an infrared spectrum of each different moleculengjue and can be used to identify different

compounds.

Another important use of IR spectra is to deternsimactural information about molecules. The
absorptions of each type of bond (N-H, C-O, C=OH =N etc.) are regularly found only in

certain sections of the vibrational infrared regidfor each bond type, a small range of
absorption can be defined. Outside of this rangsoiptions are generally due to different types

of bonds.

The carbonyl group is permanently polarized duthéodifference in electronegativity between
the carbon and oxygen atom, therefore any vibratiatretching of this bond will affect the
dipole moment. For these reasons, the carbonylpgioften used for complex characterisation

because the carbonyl stretching produces a distvszirption peak.

General CO stretching and bending frequencies haamge from 2360 to 1080 &mHowever
characteristic stretching frequendies metal carbonyl complexes (M-CO) have a rangenfr
2200 to 1700 cih Abel et al.* have found that the CO stretching frequency ofNHEO)L
type compounds (M = Cr, Mo or W; L = pyridine, RPAsPh, etc.)are in the region from 2100
to 1700 crit. The carbony! stretching frequenayCO), is very sensitive to the groups bonded
to the C atom. The effect of the Group 15 donoardds can be used as an example. As the
electron-donating capability of the Group 15 doligainds decreases (from Sb to P), the electron
density on the metal will also decrease. Thereless electron density is available to theCC
moiety via n-back-bonding into the carbon anti-bonding orbtdig. 3.2). This results in a
weaker M-CO bond, a strongeEQ bond and hence an increase/(@0), for example 1971,
1975 and 1979 cihfor trans-[Rh(CO)(CI)(SbPb);], trans-[Rh(CO)(CI)(AsPh),] and trans-
[Rh(CO)(CN(PPH)].°

% B. StuartModern Infrared Spectroscopy, Editor: D.J. Ando, England: John Wiley & Sons, 1.tt996

* E.W. Abel, M.A. Bennet, G. Wilkinsod, Chem. Soc., 1959, 2323

5 C. Elschenbroich, A. SalzeDrganometallics: A Concise Introduction, New York: VCH Publishers, 1989
5 A. Roodt, S. Otto, G. SteyGoord. Chem. Rev., 2003, 245, 121
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s dp 09
O ~__/ ~_/

L VI

A XY

N4

Figure 3.2: Strongz-acceptor ligands are weals-donors, which decrease electron density on metahd
weakens the M-CO bond"

1t- back donation

The use of carbonyl stretching frequency is extatgiused in this study since it provides
valuable information about the structure and bogdih metal carbonyl complexes. It is not
obscured by the presence of other vibrations asddistinct absorption peak makes this
technique a very valuable tool to evaluate thetikedaelectron density on metal centres tuned

with subtle differences by the tertiary phosphigands.

3.2.2 Ultraviolet — Visible Spectroscopy

Ultraviolet (UV) and visible (Vis) light forms parof the electromagnetic spectrum with
wavelengths that range from 190 to 800 nm. Thertigcie of UV-Vis spectroscopy is based on
the absorption of energy. As a result of energgogtition, atoms or molecules pass from a state
of low energy ¢ground state) to a state of higher energythé excited stat¢. The
electromagnetic radiation that is absorbed hasggnexactly equal to the energy difference

between the excited and ground states (Fig.23.3).

" PW.N.M. van LeeuwenHomogeneous Catalysis: Understanding the Art, Dordrecht: Kluwer Academic
Publishers, 2004
8D.L. Pavia, G.M. Lampman, G.S. Kritntroduction to Spectroscopy, 39Ed., USA: Thomson Learning, Inc., 2001

45



CHAPTER 3

'\ E(excited)

AE = E(excited) - E(ground)

=hv

E(ground)

Figure 3.3: The excitation process.

In ultraviolet and visible spectroscopy, the absorpof electromagnetic radiation causes the
transitions between electronic energy levels. Ama@ecule absorbs energy, an electron is
promoted from ahighest occupied molecular orbital(HOMO) to the lowest unoccupied
molecular orbital (LUMO ).

The absorption of energy by molecules in the UV-kdgion results from interactions between
photons and electrons that either participate tiren bond formation or are localised about
atoms such as oxygen, sulphur and the halogens.wgkelength that the molecules absorb
depends on how tightly its electrons are boundctédes involved in double and triple bonds are
not strongly held, are easily excited by radiatiand therefore generally exhibit useful
absorption peaks. Unsaturated organic functiomalgs that absorb in the ultraviolet and
visible regions are known as chromophores. In gdnttie ions and complexes of inorganic
elements in the first two transition series absodad bands of visible radiation in at least one of
their oxidation states. The absorption involvesigitions between filled and unfilledtorbitals
with energies that depend on the ligands bondethéometal ions. The energy differences
between theal-orbitals depend on the position of the elemerthenperiodic table, its oxidation

state, and the nature of the ligands bonded*to it.

Ultraviolet and visible spectroscopy has many Us#ss used primarily for quantitative analysis
such as following reaction profiles correspondindhe formation or disappearance of different
coloured reaction complex&4JV-Vis spectra, however, do not always providefisignt fine
structure to permit unambiguous identification ofn@lecule. Therefore other analytical
techniques, such as infrared and nuclear magnesicneance spectroscopy as well as X-ray

crystal diffraction, are required to support thioimation that UV-Vis spectroscopy produces.

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

Nuclear Magnetic Resonance (NMR) spectroscopy ésajrihe most powerful tools available to
modern science. The use of NMR has spread to erassn@ wide range of fields such as
chemistry, physics, and even to living biologicahterial for medical diagnosis (magnetic
resonance imaging, MRI). Unlike IR spectroscopychhieveals the type of functional groups
present in a molecule, NMR gives information abitxet number of magnetically distinct atoms

of the type that is being studied.

NMR makes use of the intrinsic magnetic characternoatom’s nucleus. Magnetic nuclei have
an intrinsic angular momentum knownspsn. The spin quantum number, I, can have one of the
following values:

1=0,1/2,1, 3/2,2,....

where quantum numbers greater than 4 are not Ibioidant.

In order for a nucleus to be observed by NMR, ghim, I, must have a non-zero value. The
most common spin quantum numbet is ¥ with common nuclides such &3, °C, N, *F,
295i and*'P. Nuclei with spin quantum numbers greater thagererally give broad NMR

lines®

As a magnetic nucleus is placed in a magnetic,fieldan adopt a few allowed orientations of
different energy. A hydrogen nucleus only has tvesnmtted orientations: a clockwise spin
(+ ¥2) with the magnetic moment aligned with the netig field or a counter clockwise spin

(- ¥2) with the magnetic moment pointing oppositér® magnetic field (Fig. 3.4).

\ (-1/2)

¢

AE
Magnetic field
% direction
‘(+ 1/2)
Figure 3.4: Energy levels of a hydrogen nucleus ia magnetic field*®

10p 3. HoreNuclear Magnetic Resonance, New York: Oxford University Press, Inc., 1995
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The spin state + ¥2 has the lowest energy becauseligned with the applied field, the other
spin state — ¥2 has higher energy because it isseppto the applied field. The two states are
separated by an energy differenads, which depends on the size of the nuclear magneti
moment and the strength of the magnetic fiekE may be measured by applying
electromagnetic radiation of frequengywhich causes the nuclei to flip from the loweergy
level to the higher level (the resonance condifi&n= hv must be satisfied). This interaction is
termed NMR spectroscoﬁy.

The NMR spectrum is produced by the fact that thetgms in a molecule exist in slightly
different chemical and hence electronic environmdnim one another and therefore absorb
different frequencies. The protons are shieldethbysurrounding valence-shell electrons which
vary from proton to proton, and causes the effeatinagnetic field that is felt by the proton to be
less than the applied magnetic field. These varyaapnance frequencies results in different
signals known as chemical shift, Factors such as hydrogen bonding, polar funclitgna
groups, stereochemistry and geometry can affectsthielding of the proton and alter the
chemical shift.

A proton can be affected by the magnetic field afiemrby proton. This results in magnetic
interactions between nuclei callegin-spin coupling, whereby the resonance frequency of the
first proton is split by the presence of the secpradon. The difference between the peaks of the
split frequency is indicated by thmupling constant J, and is a measure of how strongly a

nucleus is affected by the spin states of its rizgh®

The values of chemical shift and spin-spin coupliag provide valuable information on the

position, environment and forces which are expeegerby atoms in different chemical species.
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3.3 THEORECTICAL ASPECTS OF X-RAY
CRYSTALLOGRAPHY

3.3.1 Introduction

Mineralogy, the study of naturally occurring chealicompounds, gave birth to the scientific
field of crystallography. Crystals with their clearegular morphology have fascinated people
from times of old. The namerystal originated from the Greek terkrystallos, meaning ice.
This term was applied to quartz as it was beliehedmineral was water that had crystallized at
high pressure deep inside the eatth.

3.3.2 X-Ray Diffraction

Although X-rays had been discovered in 1895 by CRéntgen, it was only in 1912 that Max
von Laue discovered the diffraction of X-rays bystals. This discovery allows the relative
configuration of a previously unknown chemical caupd to be determined. The general

procedur& for determining the crystal structure of a chetindmapound is summarized below:

Select a suitable crystal and mount it for X-raydst
Obtain unit cell geometry and preliminary symmetrfprmation
Measure intensity data

Data reduction

o M w NP

Solve the structure by:

a. Patterson methods

b. Direct methods

c. Other methods
6. Complete the structure — find all the atoms: Fowaied difference Fourier synthesis
7. Refine the structure model

8. Interpret the results

1 H.R. Wenk, A. BulakhMinerals, Their Constitution and Origin, UK: Cambridge University Press, 2004
2wy, Clegg,Crystal Structure Determination, New York: Oxford University Press, Inc., 1998
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Analytical instruments, such as NMR and IR specipy, give information on the structure of a
molecule by the manner which it absorbs or emitgatéon. X-ray crystallography measures the
variation of intensity with direction, in other wis the scattering of monochromatic radiation.
The scattered electromagnetic radiation waves a#h @nstructively or deconstructively
depending on the direction of the diffracted beamt #he atomic positions because each atom is
able to scatter X-rays.Diffraction, or interference effects cause th@sensity variations. This
creates a complex scattering pattern which can rmeysed. From measurements of the

diffraction pattern, it is possible to determine ffositions of the atoms in the sample.

A crystal structure can be simplified by represampteach molecule by a single point. This
results in a regular array of points. Tilagtice of the structure is known as the array of identical
points which are equivalent to each other by tatish symmetry. Aunit cell is the
characteristic portion of the crystal, from whidte twhole part of the crystal can be reproduced,
if it is repeated indefinitely in the directions thfe crystal axe¥' The lattice is built up from
many unit cells. A unit cell consists of three sidg b, c) and three angles.(p, y). By placing
certain restrictions on the unit cell, crystal syetry can loosely be divided into the seven
crystal systems. It has been shown that there are 230 possibketiimensional patterns or
space groups which arise when lattices are combined with therapriate point and translational
symmetry elements. These space groups are desciibeitie International Tables for
Crystallography.’® A shorthand notation is used to describe the tines and planes in a crystal

lattice, known as the plane indexMiller index (hki).

X-rays are scattered by each atom in a crystabtudribute to an overall scattering pattern. A
complete pattern can only be recorded by rotatiegctrystal in the X-ray beam. The diffraction
pattern consists of a pattern of spots of variegensity and has three properties which
correspond to three properties of the crystal sitrec The three properties are:
« The pattern has a particular geometry which istedlao the lattice and unit cell
geometry of the crystal structure.
» The pattern has symmetry which is related to tmersgtry of the unit cell of the crystal
structure.
» The pattern has varied intensities. The intensiggsal information about the position of

the atoms in the unit céeff.

13 M.F.C. Ladd, R.A. Palme&ructure Determination by X-ray Crystallography, New York: Plenum Press, 1977
4 D.W.A. SharpeThe Penguin Dictionary of Chemistry, 3 Ed., London: Penguin Books Ltd., 2003
5 International Tables of Crystallography, Volume A, 5" Ed., The Netherlands: Kluwer Academic Publish2e€?2
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Max von Laue envisaged crystals in terms of a taieeensional network of rows of atoms and
based his analysis on the idea that a crystal leehas a three-dimensional diffraction grating.

This led to the development of the first of theetht.aue equatioris:
a(cosa, — CoSop) = as(s — g) = kA

wherea is theone-dimensional lattice spacing along the x-axisandag are the angles between
the diffracted and incident beams to the x-amis$s an integers ands, are the unit vectors along
the directions of the diffracted and incident beamss the translation vector from one lattice

point to the next.
The other two Laue equations are for atoms aloagtaxis and z-axis:

b(cospn — cosPo) = be(s — g) =nyr

c(cosyn — COSsyp) =C*(S — 8) =N\

Although Laue’s equations are accurate, they ammptioated to calculate. In order for
constructive interference to occur simultaneoustyrf all three atom rows, all three Laue
equations must be satisfied simultaneously. Anrradtieve and much simpler equation was

derived by W.L. Bragg and is known as Bragg’s Law.

3.3.3 Bragg’s Law

Bragg assumed that when X-rays are diffracted pgtals, they act as though they are reflected
by “atomic mirror planes” within the crystal. Howava part of the X-ray beam may not be
reflected at the given crystal plane, but can jpas® be subjected to a similar process at a next
level deeper into the crystal. All X-rays that aedflected from a given plane remain in phase
after reflection. The two X-rays that are reflectemsm neighboring planes are in general out of
phase after reflection, because they have trawdiféztent path lengths. Bragg’'s law is used to

correct this difference in phase.

16 . HammondThe Basics of Crystallography and Diffraction, 2" Ed., New York: Oxford University Press, Inc.,
2001
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Bragg’s law defined for rays reflected by two adjaicplanes is:

mZZdhk| sin® .. 3.1

Where n is an integek, is the wavelengthgl is the distance between the successive parallel

crystal planes an@ is the angle of incidence and reflection of thiéented X-ray beam.

In Figure 3.5, the Bragg reflection of two paralays reflected at A and C, is illustrated.

2 1
A
0
B |9 9D d
8¢
C
Figure 3.5: X-ray scattering according to Bragg's law.
Where: BC + CD =djx Sin® o 3.2

Bragg’'s law is the basis of all methods for obtagnunit cell geometry from the measured
geometry of the diffraction pattern. The exact amtion depends on the experimental setup

used to obtain the diffraction pattern.
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3.3.4 Structure Factor

Two numerical values can be associated with eaffbcti®on in a crystal diffraction pattern,

namely theamplitude |F(kl)| and thephase¢ of the diffracted wave. The amplitudeR]]| is
represented by the height of the wave and is medsur electrons and the phagsédy the

horizontal shift relative to some chosen origin.

The structure factorf-(hkl), expresses the combined scattering of all atgins (the unit cell

compared to that of a single electron:

The resultant wave for the unit cell is theretdre

F(hkl) = Z g exp(i¢;) = Z g expli2u(hx; + ky; +1z)] .. 3.3

=L =L

Where gis the temperature-corrected atomic scatteringofacf = f; T, ; f, = atomic scattering

factor and T = temperature).

Equation 3.3 indicates that the structure factorgmitade depends only on the relative
disposition of the N atoms in the unit cell andtbe atomic scattering factors. Each term in
Equation 3.3 represents a wavelet with an amplitydad a phase; = 2r(hx; + ky; + 1)) which
expresses the path length for each scattered wa\ldle structure factdf(hkl) is then simply

the resultant of the wavelets scattered byNtatoms in a unit ceff’

Equation 3.3 can also be written in the followiognf:

F(hkl) = i g [cos 2u(hx; + ky; +12)) + i sin Zu(hx; +ky; +12)] .. 3.4

=

The energy associated with a cosine wave is propaitto the square of the amplitude of the
wave. In X-ray diffraction it is expressed in terofghe intensity of the scattered wave from the

unit, lo(hkl) where subscripd signifies an experimentally observed quantity c8ithe amplitude

Y L.V. Azaroff, Elements of X-ray Crystallography, New York: McGraw-Hill, Inc., 1968
53



CHAPTER 3

of the structure factor is [f)|, the symbol Ikl) can be used to representh@f* which is

sometimes called the ideal intensity. Therefore:
lo(hkl) U |Ry(hkl)[? .. 35

Equation 3.5 forms the basis of X-ray structure lymis, which allows the experimental
quantities of §(hkl) to be directly related to the structure throughKl)|.

The image or X-ray diffraction pattern created whemays are scattered by the electrons
associated with the atoms in a crystal, can be tesddtermine the crystal structure. Atoms with
high atomic numbers provide a greater concentraidfoglectrons than do atoms of low atomic
numbers. This concentration of electrons and iribution around the atom is called the
electron densityp. The units of electron density are measured iotelas per cubic angstrom,
éA*. In general, since it is a function of positioh,can be specified at a poiX Y, Z as
p(X, Y, 2).

The electron density can be expressed in terntsedgdtructure factdf(hkl):

Py D= Y T Y Rk .36
CH

k |

WhereVc is the unit cell volumé®

3.3.5 The ‘Phase Problem’

The determination of a crystal structure cannoteed directly from the observed intensity data.
Analysis of the crystal structure is severely haragan a X-ray diffraction experiment by its
inability to determine the complete vectorial sture factor. The modulus [#{)| can be
obtained from the intensity data (Eq 3.5), but teeresponding phase (hkl) is not directly
measurable. However to determine the structurdy dotplitude and phase must be known. This

inability to determine the phase is known as thea%2 Problem’, however it can be overcome

8 G.H. Stout, L.H. JensetX-ray Sructure Determination: A Practical Guide, London: The Macmillan Company,
1968
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by using a number of means. The most common metamdshe Patterson function or direct

methods.

3.351 Direct Methods

Direct methods attempt to determine the approximeftection phases from the measured X-ray
intensities using mathematical formulae. Direct ot are particularly useful in determining
good phase information for structures consistinty @ light atoms. The Patterson function is
best used for molecules which contain only one atmma small number of atoms with

significantly more electrons than the r&st.

3.35.2 The Patterson Function

The Fourier transform of the observed diffracte@rbeamplitudes Pthkl)| gives the correct
electron density but requires the position of thages to determine the structure faéi@kl).
However the Fourier transform of the squared ammpéis |5(hk)[’ with all the phases set equal

to zero produces the Patterson Function or Pattévip.

P(x, Y, 2) =\%Z 3> |R(hkl)f gD .. 3.7

h k |

The Patterson Function looks like an electron dgnsiap with peaks of positive electron
density in various positions. These are not thetipos of atoms in the structure. The Patterson
Function is a map of vectors between pairs of atontee structure. For each peak seen in the
map, found at pointu( v, w), there are two atoms in the structure whoseordinates differ by

u, Yy coordinates differ by andz coordinates differ byv. The Patterson peaks show where
atoms lie relative to each other but not where theyrelative to the unit cell origin. The
Patterson peaks are also proportional in size eoptioduct of the atomic numbers of the two

atoms involved?
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3.3.6 Least-Squares Refinement

Once it is believed that the correct crystal stitethas been found, a calculated diffraction
pattern can be made. If the atoms of the modettsire are in the approximate correct positions,
then there should be a degree of resemblance betitheecalculated diffraction pattern and the
observed one. The least squares refinement compeesalculated structure factor||fo the

experimental data, the observed structure facthrThis comparison is described in terms of the

residual index of R—factor,18 defined as

F, |-|F
R:M .. 38

2R

The value of theR-factor for a correct and complete crystal structure deitreed from well

measured experimental data is around 0.02-0.07.

A variation on Equation 3.8 useé alues instead of |F| values, squaring the diffiegs, and/or

incorporating different weighting factors multiphg different reflections, based on their
standard uncertainties, and therefore incorporatiigrmation on the relative reliability of

different measurements. A residual factor which wadely used for crystal structure
determination is:

_ [ 2R -F)?
sz_\/ S W) .. 3.9

where each reflection has its own weightEquation 3.9 is more meaningful from a statistica

viewpoint than the bask factor’?
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3.4 SYNTHESIS AND SPECTROSCOPIC
CHARACTERISATION

3.4.1 Chemicals and Instrumentation

All reagents used for synthesis and characterisatiere of analytical grade. If nothing else is
stated, all commercially available reagents wereduas received from Sigma-Aldrich. All
organic solvents were dried and distilled before. ihodium trichloride hydrate (Rh{{H,0)
was purchased from Next Chimica, South Africa, aseld without further purification.

All infrared spectra were recorded from neat sasipie a Digilab FTS 2000 Fourier transform
spectrometer (ATR) utilizing a He-Ne laser at 638, in the range of 3000 — 600 ¢m
Solution infrared spectra were collected, in thmesaange, in dry organic solvents, in a NaCl
cell. The IR spectrometer was equipped with a teatpee cell regulator (accurate within
0.3°C). The UV-Vis spectra were collected on a ®arCarey 50 Conc. spectrometer, equipped
with a Julabo F12-mV temperature cell regulat@c(@ate within 0.1 °C) in a 1.00 cm quartz
cuvette cell. ThéH and*'P NMR spectra were obtained in CR@nd CHCI, solutions on a
300 MHz Bruker spectromete chemical shifts are reported relative to TMS gsime CHC}
peak (7.24 ppm) and tH&P shifts are reported relative to 85%Pd); (0 ppm) external standard;
positive shifts are downfield. All chemical shifise reported in ppm and coupling constants in
Hz.

3.4.2 Synthesis of Compounds

3.4.21 Synthesis of [Rhg-CI)(CO),],

Tetracarbonyldichloridodirhodium, [Ri{CI)(CO),]., was synthesised according to the method
developed by McCleverty and Wilkinsdn.

19 J.A. McCleverty, G. Wilkinsonnorg. Synth., 1990, 28, 84
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Cl
oC CcoO
6CO ~_ ./ .~
2(RhCl;.3H,0) ———> /Rh Rh\ + 6H,0 + 2COCl,
oc \c:|/ co
Scheme 3.1: Reaction scheme for rhodium dimer foration.

Rhodium(lll) trichloride hydrate (1.048 g, 3.980x1f0l) was pulverised and placed on top of a
porous disk sealed at the one end of a 20 x 2 &®. flhe apparatus was flushed with carbon
monoxide and lowered into an oil bath maintaine®&tC. Temperatures above 100°C were
avoided to prevent the formation of anhydrous rbodill) chloride, which is inert to carbon

monoxide. Carbon monoxide was flushed through thpaetus for 8.5 hours, while long

orange-red needle-like crystals of tetracarbonylidicdodirhodium (Scheme 3.1) sublimed at
the top of the tube. Condensed reaction wateheatdp of the tube, was periodically removed

with a cotton swab. The crystals were purified égrystallization from dry hexane.

Yield: 0.514 g, 66.4 %
IR v(CO): 1991 and 1967 cf

3.4.2.2 Synthesis of [Rh(acac)(CO)

Tetracarbonyldichloridodirhodium, [RI#CI)(CO)]., (0.109 g, 2.801xIH mol) was dissolved

in minimal DMF. While stirring this solution at roo temperature, another solution of
acetylacetone, (acac) (0.067 g, 6.662%hol, 2.4 eq) in minimal DMF was slowly added. The
mixture turned light pink and was stirred for 15nmies before a large excess of ice-water was
slowly added. A pink precipitate with a green tiigemed. The precipitate was filtered, washed

with ice-water, dried and stored in a vacuum desimcwith phosphorous pentoxitfe.

(0] O cl
M ~/ \__-°
2 x + Rh Rh
HsC CH,4 \CI/ \
Scheme 3.2: Reaction scheme of [Rh(acac)(GPfprmation

Yield: 0.145 g, 80.0 %
IR v(CO): 1995 and 2062 ¢

20 Bonati, G. WilkinsonJ. Chem. Soc., 1964, 3156
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3.4.2.3 Synthesis of [Rh(acac)(CO)(PRR;R3)]

The differentmono-phosphine rhodium(l) complexes were all preparedhie same manner.
[Rh(acac)(COj was dissolved in octane (20 ml). The appropnHtesphine (1.1 eq) was slowly
added and the reaction mixture gently heated amgdtfor 20 min. The reaction mixture was
allowed to cool and stand for 2 hrs. The yellowcjpitate was filtered and dried. Crystals

appropriate for X-ray diffraction analysis were @ibed by recrystallization from acetoffe?

+ PRR,R, _— >

Scheme 3.3: A general reaction scheme for the pragation of different [Rh(acac)(CO)(PRR2R3)]
complexes. R; Rz; Rz = phenyl and/or cyclohexyl rings.

(A) [Rh(acac)(CO)(PPh)]

A triphenylphosphine solution (56 mg, 2.129%¥10mol) was added to the specified
[Rh(acac)(COy solution (50 mg, 1.884x1bmol) to yield the product [Rh(acac)(CO)(R}th
Yield: 71.5 mg, 76.9%

IR v(CO): 1977.6 cnf; v(CO) (CHCly): 1977.0 crit

3P NMR (CHCL,): 6 (ppm) 48.6 (d'Jrn.p= 176.95 Hz)

(B) [Rh(acac)(CO)(PCyPh)]

A cyclohexyldiphenylphosphine solution (95.5 mg@x10* mol) was added to the specified
[Rh(acac)(COy solution (80 mg, 3.096x10mol) to yield the product [Rh(acac)(CO)(PCyRh
Yield: 102 mg, 66.0%

IR v(CO): 1959.3 crif; v(CO) (CHCl,): 1971.2 crit

3P NMR (CHCL):  (ppm) 53.3 (dXJrn.p= 171.25 Hz)

21 ].G. Leipoldt, S.S. Basson, L.D.C. Bok, T.l.A. Ber,Inorg. Chim. Acta, 1978, 26, L35
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(C) [Rh(acac)(CO)(PCyPh)]
A dicyclohexylphenylphosphine solution (72.7 mg30x10* mol) was added to the specified
[Rh(acac)(COy solution (62.4 mg, 2.409xI0 mol) to vyield the product
[Rh(acac)(CO)(PCyPh)].
Yield: 96.9 mg, 79.6%
IR V(CO): 1948.8 crif; v(CO) (CHCl,): 1967.4 crit
3P NMR (CHCL,): 6 (ppm) 58.8 (dXJgn.p= 168.3 Hz)

(D) [Rh(acac)(CO)(PCy)]

A tricyclohexylphosphine solution (61.7 mg, 2.20%1@nol) was added to the specified
[Rh(acac)(COj solution (51.8 mg, 2.00x10mol) to yield the product [Rh(acac)(CO)(P4ly
Yield: 90.5 mg, 88.5%

IR v(CO): 1945.3 cnf; v(CO) (CHCly): 1959.7 crit

3P NMR (CHCL): 6 (ppm) 59.3 (dXgnp= 164.3 Hz)

3.4.3 Summary of Spectroscopic Data

The [Rh(acac)(CO)(PR:R3)] complexes were successfully synthesized andachernized with

IR and 3P NMR spectroscopy. Full characterization with X-rarystallography was
successfully completed and is discussed in detafldction 3.5. High yields were obtained with
the synthesis of the [Rh(acac)(CO){RER3)] complexes, using octane as a solvent. The use of
acetone as a solvent, with regards to [Rh(acacY@@®)Ph)] and [Rh(acac)(CO)(PGKh)],
resulted in decomposition to an oil except wherttsssized under Schlenk conditions. Crystals,
suitable for X-ray diffraction analysis, were ol from recrystallization from acetone.
However this resulted in very low yields with oibrination. For future analysis it is

recommended that crystals be harvested from tremeolution without recrystallization.

Table 3.1 summarizes the spectroscopic data fofadic)(CO)(PMR2R3)] complexes. One of
the interests of this study is to determine theicsteffect on the rhodium complexes when a
phenyl ring is systematically substituted by a miouéky and electron-rich cyclohexyl ring in a
phosphine ligand. The steric and electronic progertof the [Rh(acac)(CO)(RR:R3)]

complexes should gradually vary with the systemeltiange of ligands from PP PCy._ All
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data of the previously published RPénd PCy complexes have been redetermined for the

purpose of this stud: 2>

It is clear from Table 3.1 and Figure 3.6, thaggshenyl ring is substituted by a cyclohexyl ring
[complexeq1) — (4)], the carbonyl stretching frequenayCO), decreases in value in both the
solid and solution state. This observation is leeglained in terms of electron density. As the
electron density on the metal centre increaseselderon back-donation from the metal to the

anti-bonding orbital on the C atom increases. Bhisngthens the Rh-C bond and thus weakens

the G=O bond which results in a decrease in the CO-stimgcfrequency. Thus from Table 3.1

it can be seen that the electron-donating abififjRin(acac)(CO)(PHR:R3)] complexes increase

from (1) — (4).

Table 3.1: Summary of spectroscopic data for [Rh(arc)(CO)(PRR2R3)] complexes.
[Rh(acac)(CO)(PRR2R3)]
PRR:R3 (1)- PPh | (2) -PCyPh | (3) -PCy:Ph| (4)-PCy
v(CO) (cm?)’ 1977.6 1959.3 1948.8 1945.3
IR
V(CO) (CHCI,) (cm™) 1977.0 1971.2 1967.4 1959.7
5 (ppm) 48.6 53.3 58.8 59.3
3p NMR
Jrn-p (H2) 177.0 171.3 168.3 164.3

*Neat samples, ATR.

22 A M. Trzeciak, J.J. Zidtkowskinorg. Chim. Acta, 1985, 96, 15
23 A.M. Trzeciak, B. Borak, Z. Ciunik, J.J. ZiotkowisiM.F.C. Guedes da Silva, A.J.L. PombeiBur. J. Inorg.

Chem., 2004, 1411.
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Figure 3.6: Systematic variation in the IR carbonylstretching frequency of [Rh(acac)(CO)(PRR2R3)]
complexes (3x18M) in CH ,Cl,.

31phosphorous NMR spectroscopy can provide a richcsoof information about phosphorous
ligands coordinated in compounds. The chemicaltshif and especially théJgn.p coupling
constants are very sensitive to the electron demaitations on rhodium atoms. From Table 3.1
the value of the coupling constait, increases from complefd) — (4), whereas théJgn.p
decreases in value. The valued,r, according to the Fermi contact term, is very &imesto
changes in the overlap between the 5s(Rh)-3s(Rateh' The decreasinJrn.pvalue suggests
that the overlap between the orbitals decreasdten&h-P bond distance will increase with the

gradual substitution of the spatial demanding dyeky! ring.

With regards to this study, with particular refezerio Table 3.1, the substitution of phenyl rings
by cyclohexyl groups increases both the electrarsitig on the metal centre and the spatial
demand of the ligand for the systematic progressfoom [Rh(acac)(CORPhs)] to
[Rh(acac)(CORCys)].

Similarly, infrared spectroscopy is very usefuldetermining the electron-donor ability of the

phosphorous ligands. Phosphite ligands, such aPP{@re known as betteracceptors and

24 A, Roodt, G.J.J. SteyRecent. Res. Devel. Inorganic Chem., 2000, 2, 1
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poorers-donators compared to PPR ° Thev(CO) value of [Rh§-diketone)(CO)(P(OPh)] is
located around 2000 ¢hmwhile analogous phosphine compleéXese found at about 1970 &m
The use of even strongeracceptors ligands; ?” such as P(N{H4)s, increases the(CO)
frequency even further to 2012 ¢mThe weakew-donor and bettert-acceptor properties of
P(OPh) may be further illustrated by the formation of [Riuliketone)(P(OPR);] complexes.
Both CO groups of [RIfi¢diketone)(COj] complexes may be substituted by P(QRhie to the
weakened Rh-C bond in the [Rhdiketone)(CO)(P(OPh)] complexe& 2" and since P(OPH)
has much less steric demand than $Rhallows the Rh(l) metal centre to more easily
accommodate two P(ORH)gands in this fashion. Similarly, the strongeacceptor P(NGH,)3
readily forms the disubstituted [Rh(acac){RER3);] complex, whereas the strongerdonor
PPh(NC4Hs) ligand (CO) = 1990 cnf) only forms the monosubstituted
[Rh(acac)(CO)(PER.R3)] complex?” In  general, the V(CO) frequencies in
[Rh(acac)(CO)(PHR:R3)], [Rh{CF3;C(O)CHC(NH)Me}(CO)(PR)] and in bis(pyrazolylborato)
complexe&® decrease with an increase dft-donor properties of the P-ligands in the order
P(NC4HJ)s > PPh > P(GH4OMe-4) > PCy;.

% C.A. Tolman,Chem. Rev., 1977, 77, 313

26 A M. Trzeciak, T. Glowiak, R. Grzybek, J.J. Ziétski, J. Chem. Soc., Dalton Trans,, 1997, 1831

2T W. Simanko, K. Mereiter, R. Schmid, K. Kirchner,MA Trzeciak, J.J. Ziétkowski). Organomet. Chem., 2000,
602, 59
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3.5 CRYSTAL STRUCTURE DETERMINATION OF
SELECTED COMPLEXES

The complexes investigated in this study, [Rh(a&©)(PPh)], [Rh(acac)(CO)(PCyRil,
[Rh(acac)(CO)(PCyh)] and [Rh(acac)(CO)(PQY, were characterized by means of X-ray
crystallography and are described below.

3.5.1 Experimental

The reflection data was collected on a Bruker X&¥p 4K diffractomete?® using graphite
monochromated Mda radiation with-andg-scans at 100 K. COSM®was utilized for
optimum collection of more than a hemisphere ofpiecal space. After a completed collection,
the first 50 frames were repeated to check fordaoomposition, all the crystals remained stable
throughout the collection. The frames were integtausing a narrow-frame integration
algorithm and reduced with the Bruker SAINT-Pfusnd XPREP software packages,
respectively. Data was corrected for absorptioneat$f using the multi-scan technique
SADABS 3! The structures were solved by direct methods ppel@R972 and refined using
the software package WinGX jncorporating SHELXL>* The program DIAMOND® was used
for all graphical representation of the crystalistures. All structures are shown with thermal

ellipsoid drawn at 50% probability level.

All non-hydrogen atoms were refined anisotropicaiile the methyl, methane and aromatic H
atoms were placed in geometrically idealized posgiand constrained to ride on their parent
atoms, with (C-H = 0.95-0.98 A andiso(H) = 1.9JeC) and 1.BJe(C)), respectively. The
methyl protons were located in a difference Founep and the group was refined as a rigid
motor.

28 Bruker, APEX2 (Version 1.0-27), Bruker AXS Inc. alison, Wisconsin, USA, 2005

29 Bruker, COSMO, Version 1.48, Bruker AXS Inc., Msafi, Wisconsin, USA, 2003.

30 Bruker, SAINT-Plus (Version 7.12) (including XPREBruker AXS Inc., Madison, Wisconsin, USA, 2004
31 Bruker, SADABS, Version 2004/1, Bruker AXS Inc.alison, Wisconsin, USA,1998.

32 A. Altomare, M.C. Burla, M. Camalli, G.L. CascamanC. Giacovazzo, A. Guagliardi, A.G.G. Moliteri@,
Polidori, R. Spagnal. Appl. Cryst. 1999, 32, 115.

33 L.J. Farrugiay. Appl. Cryst., 1999, 32, 837

34 G.M. Sheldrick, SHELXL97Program for Solving Crystal Structures, University of Géttingen, Germany, 1997
%K. Brandenburg, H. Putz, DIAMOND, Release 3.0¢ystal Impact GbR, Bonn, Germany, 2005
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A summary of the general crystal data and refindrmpanameters is given in Table 3.2 for all
four Rh(I) complexes. Supplementary data for tloerat coordinates, bond distances and angles

and anisotropic displacement parameters are givahe Appendix Table A, B, C and D, for

[Rh(acac)(CO)(PP, [Rh(acac)(CO)(PCyRMh|, [Rh(acac)(CO)(PCyh)] and

[Rh(acac)(CO)(PCy] respectively.

Table 3.2: General X-ray crystallographic data and refinement  parameters  for

[Rh(acac)(CO)(PRR2R3)].

Compound PPh PCyPh, PCy,Ph PCys

Empirical Formula H,,0;PRh C,4H,505PRN C,4H3,05PRN C,4H400sPRN

Formula weight 492.30 498.34 504.39 510.44

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

Wavelength (A) 0.71069 0.71073 0.71069 0.71073

Crystal System Triclinic Orthorhombic Monoclinic Monoclinic

Space Group Pi P2,2,2; P2, /n P2;/n

Unit Cell Dimensions

a(A) 8.856(5) 9.4682(5) 10.076(5) 10.3418(5)

b (A) 10.314(5) 12.7534(6) 12.990(5) 13.0644(6)

c(R) 12.844(5) 18.4602(9) 17.937(5) 17.9301(8)

a () 71.298(5) 90 90 90

B (°) 70.143(5) 90 90.576(5) 90.612(2)

v(©) 82.775(5) 90 90 90

Volume (A3) 1045.0(9) 2229.10(19) 2347.6(16) 2422.39(19)

z 2 4 4 4

Density,. (g.cm?) 1.565 1.485 1.427 1.400

p (mntl) 0.916 0.860 0.817 0.792

F(000) 500 1024 1048 1072

Crystal Colour Yellow Yellow Yellow Yellow

Crystal Morphology Plate Plate Cuboid Cuboid

Crystal Size (mm) 0.20x0.11x0.04  0.42x0.27x0.06  0.18x0.09x0.05  0.22x0.18x0.17

Theta Range (°) 2.45-27.00 2.21-27.00 2.31-26.75 2.26 - 27.00

Completeness 99.7 % 100.0 % 980 % 100.0 %

Index Ranges hH {0 11 h=-11to 12 h=-12t09 h=-13t0 10
k¥ to 13 k=-16to0 16 k=-16to 16 k=-16t0 16
F+6 to 16 |=-231t0 12 | =-22to0 22 | =-22to 22

Reflections Collected 23869 12624 25476 27734

Independent Reflections 4564 4825 4885 5288

Rint 0.0400 0.0233 0.0370 0.0304

Refinement method

Data / restraints / parameters

Goodness-of-fit on

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

R indices (all data)

P max @NAP min (e-A_S)

Full-matrix least-
squares on¥F
4564 /0/ 264
1.041
R1=0.0243,
wR2 = 0.0541
R1=0.0287,
wR2 = 0.0562
0.546 and -0.429

Full-matrix least-
squares on#
4825/ 3/ 264
1.061

R1 =0.0226,
wR2 = 0.0567
R1 =0.0239,
wR2 = 0.0573
0.543 and0.332

Semi-empirical
from equivalents
4885/0/ 264
1.049

R1 =0.0273,
wR2=0.0656
R1 = 0.0355,
wWR2 = 0.0698
0.469 and0.315

Full-matrix least-
squares on#
5288 /0/ 264
1.043

R1 =0.0202,
wR2 = 0.0503
R1 =0.0236,
wR2 =0.0523
0.454 and -0.297
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3.5.2 Crystal structure of [Rh(acac)(CO)(PPh)]

The crystal structure of [Rh(acac)(CO)(BPh(1), was first investigated by Leipolét al.?* in
1978 who prepared the [RBIy(CO)] reagent in a solution of dimethylformamide acdogdto
the procedure of Varshavskii and Cherkasbead the [Rh(acac)(CO)(PRhproduct according

to Bonati and WilkinsoR® For the purpose of this study, the complex wagntesised and
analysed at low temperature in order to increageatcuracy relative to the previous data
collection and to accurately determine the positbthe hydrogen atoms. The redetermination

of the crystal structure was successful and nafggnt deviations were found (Table 3.15).

[Rh(acac)(CO)(PPJ, (1), was prepared according to the procedure desciib8dction 3.4.2.3

(A). Yellow crystals suitable for X-ray diffractiowere obtained. The complex crystallized in

the triclinic space groupl?i, with two molecules in the unit cell. The molecuséructure of(1)
is represented in Figure 3.7 along with the atommimering system. Positional and

thermal parameters for the atoms are given in TAléthe Appendix.

Figure 3.7: Molecular structure of [Rh(acac)(CO)(PH3)] showing the atom numbering system. For the
phenyl rings, the first digit refers to the ring number, while the second digit refers to the C-

atom in the ring. H atoms have been omitted for claty.

% yu. S. Varshavskii, T.G. CherkasoWRyss. J. Inorg. Chem., 1967, 12, 1709
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The molecular structure dfl) consists of a Rh(I) metal centre bonded to twot@na of the
acetylacetonato ligand, one carbonyl carbon antbaghorous atom. The complex has a slightly
distorted square-planar geometry. The HAPlirans to one oxygen atom of the acetylacetonato

bidentate ligand, ancls to the carbonyl ligand.

Selected interatomic bond distances and anglegrasented in Table 3.3.

Table 3.3: Selected bond lengths and angles for [Ratac)(CO)(PPR)].

Bond Distance (A) Bond Angle Angle (°)
Rh(1)-C(1) 1.807(2) C(1)-Rh(1)-0(2) 93.01(8)
Rh(1)-O(3) 2.0332(15) 0(3)-Rh(1)-0(2) 88.02(7)
Rh(1)-0(2) 2.0748(16) 0O(1)-C(1)-Rh(1) 175.9(2)
Rh(1)-P(1) 2.2418(9) C(2)-C(3)-C(4) 125.1(2)
P(1)-C(21) 1.823(2) C(1)-Rh(1)-P(1) 87.17(7)
P(1)-C(31) 1.823(2) 0O(3)-Rh(1)-P(1) 91.88(5)
P(1)-C(11) 1.827(2) 0O(2)-Rh(1)-P(1) 179.01(5)
0(3)-C(4) 1.275(3) C(21)-P(1)-C(31) 104.21(9)
0(2)-C(2) 1.273(3) C(21)-P(1)-C(11) 103.39(9)
0(1)-C(2) 1.153(3) C(31)-P(1)-C(11) 104.23(9)
C(3)-C(2) 1.394(3) C(31)-P(1)-Rh(1) 114.12(7)
C(3)-C(4) 1.396(3) C(21)-P(1)-Rh(1) 114.81(7)
C(5)-C(2) 1.513(3) C(11)-P(1)-Rh(1) 114.74(7)
C(6)-C(4) 1.507(3) C(4)-0(3)-Rh(1) 127.75(13)

C(11)-C(16) 1.396(3) C(2)-0(2)-Rh(1) 126.46(13)
C(11)-C(12) 1.397(3) C(16)-C(11)-C(12) 118.92(19)
C(36)-C(31) 1.391(3) C(26)-C(21)-C(22) 119.21(19)
C(26)-C(21) 1.390(3) 0(2)-C(2)-C(3) 126.1(2)
C(22)-C(21) 1.398(3) 0(2)-C(2)-C(5) 114.82(19)
C(32)-C(31) 1.400(3) 0(3)-C(4)-C(3) 125.83(19)
0O(3)-C(4)-C(6) 114.48(19)

A plane was constructed through C1, P1, O3, O2 Rhil as indicated in Figure 3.8 (a).
Important distances from the plane are listed ibl@8.4. The acac bidentate ring, RBhd CO

ligands are bent away from the plane in a upsiderdooat position. The carbonyl ligand is bent
below the plane (Fig. 3.8 (a)) with a C1 atom distaof -0.129(3) A from the plane and a O3-
Rh-C1 angle of 174.45(8)°. The oxygen atom of thebenyl ligand indicates even greater
deviation with a Rh-C1-O1 angle of 175.9(2)° an@®k— plane distance of -0.293(2) A. The
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phosphine ligand has an almost horizontal geomeitity a O2-Rh-P1 angle of 179.01(5)° and a
P1 — plane distance of 0.0051(7) A.

The central atom in the acac ring has a C3 — pléstance of -0.254(3) A, while the proton (H3)
bonded to this carbon atom indicates the greatmsation with a distance of -0.3950(3) A from
the plane (Figure 3.8 (b)) The oxygen atoms ofaitec ring indicate that the bidentate ligand is
not only bent down but also twisted. The O2 atorioisad above the plane (O2 — plane distance
= 0.034(2) A) while the O3 atom is below the plg@& — plane distance = -0.046(2) A).

Table 3.4: Selected distances between specificmtand the horizontal plane through atoms C1, P1,
03, 02 and Rh1
Atom Distance (A) Atom Distance (A)
C1 -0.129(3) C6 -0.283(3)
o1 -0.293(2) c4 -0.195(2)
P1 0.0051(7) Cc2 -0.119(2)
Rh1 0.0016(4) c5 -0.123(3)
c3 -0.254(3) 02 0.034(2)
H3 -0.3950(3) 03 -0.046(2)

The C1 phenyl ring (Figure 3.8 (c)), bonded to phesphorous atom, lies above the horizontal
plane with an angle of 114.74(7)° through Rh-P1-0tie C3 phenyl ring lies completely below

the plane with an angle of 114.12(7)°, only the H&&ton lies above the horizontal plane. The
C2 phenyl ring is tilted so that it lies partly aleoand below the plane with an angle of
114.81(7)° through Rh-P1-C21 atoms. The C22, H22 l4A1 atoms all lie above the plane

(Figure 3.8 (c)). Planes were constructed through darbon atoms of the phenyl rings. The
plane through the C2 phenyl ring partially bisdbts C3 ring (Figure 3.8 (d)), the dihedral angle
between Plane C2 (purple) and Plane C3 (blue).B9g§8)°.
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Figure 3.8: Partial structure of [Rh(acac)(CO)(PPR)]. (a) — Side view of ligands bonded to Rh(l) meta
center. (b) — Front view of acac bidentate ligandc) — Position of the phosphine ligand with
regards to the horizontal plane. (d) — Figure of C2lane (purple) partially bisecting the C3
phenyl ring.

All the phenyl rings of the PRHigand are planar, within experimental error. Thverage C-C
bond distances of 1.388 A and bond angles of 12@®%within the expected range for phenyl
: 37

rings:

The largertrans influence of the PRHigand with respect to the carbonyl ligand, is caded by
the longer Rh-O2 (2.0748(16) A) bond compared tedBn(2.0332(15) A) bond which isans

to the carbonyl ligand. The Rh-O bond distances pamm favorably with the bond distances
reported by Leipoldet al.** of 2.087 A and 2.029 A respectively. The Rh-P1 aRb-C1 bond
distances are 2.2418(9) A and 1.807(2) A respdgtive

An enolate type delocalization behaviour is foumdhie acac bidentate ring. The O2-C2 and O3-
C4 bond distances are of similar order (1.273(8) 2275(3) A) but are longer than the average
C=0 bond distance of 1.23 A and shorter than aei@gO bond distance of 1.43 A. The three
carbon atoms in the acac backbone also have Idmayets (C2-C3, C3-C4 = 1.394(3), 1.395(3)
A) than expected for an average carbon-carbon ddodd (1.32 A but shorter than a single

C-C bond of 1.53 A. The triple bond character &f ¢iarbonyl functionality has a longer distance

37G.J. Lamprecht, J.G. Leipoldt, C.P. van Biljomorg. Chim. Acta, 1984, 88, 55
38 3. March Advanced Organic Chemisty: Reactions, Mechanisms and Sructures, 4" Ed., New York: John Wiley &
Sons, Inc., 1992
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(C1-01 = 1.153(3) A) than the expected value oB81Alwhich indicatest back-donation from
an electron-rich Rh metal centre which will shorteea Rh-C1 bond distance.

The O2-Rh-O3 and C1-Rh-P1 bite angles of 88.026d) &/.18(7)° are similar indicating that
PPh has little steric effect. The torsion angle of 02-O3-C4 has a value of -0.31(16)° with the
C2 atom slightly more elevated above the horizgpiahe (Figure 3.8).

Figure 3.9:

Inter- and intramolecular H-bond interactions for [Rh(acac)(CO)(PPh)] complexes as
viewed along the a-axis. Only applicable H atoms ¥ relevance to H-bond interactions are

indicated.

Inter- and intramolecular hydrogen bonding is iatkel in Figure 3.9. Intramolecular bonding
occurs between O3 and H22 with a donor-accepiA) bond distance of 2.849 A,

Intermolecular bonding exists between H33 and ORthe Rh1" molecule (-x, -y+1, -z+2;
D-A = 3.373 A) and between H24 and O2' of the Rhlemde (x, y-1, zD-A = 3.386 A). A

complete list of H-bond interactions is given irbl&a3.5.

Table 3.5: Hydrogen bonds for [Rh(acac)(CO)(PP] [A and °].

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)
C(24)-H(24)...0(2)#2 0.95 251 3.386(3) 153.5
C(33)-H(33)...0(2)#3 0.95 2.53 3.373(3) 147.7
C(22)-H(22)...0(3)#1 0.95 2.45 2.849(3) 105.1

Symmetry transformations used to generate equivatems:
#1xy,z #2xy-1,z #3-X,-y+1,-z+2
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The hydrogen bond interaction may cause some of dgeemetrical strain of the
[Rh(acac)(CO)(PPRJ] complex as illustrated in Figures 3.8. The artipward twisting of the
C2 phenyl ring may be due to the intramoleculardboreraction between H22 and O3 of the
same complex, and the intermolecular interactior24 and O2' of the Rh1' molecule (Figure
3.9). The C3 phenyl ring is twisted almost verticalith regards to the horizontal Rh-acac plane
(Figure 3.8 (d)) which may be due to the intermolacinteraction of H33 with O2 of the Rh1"
molecule (Figure 3.9). The C1 phenyl ring whiclslebove the Rh-acac plane is situated in a
position of least steric hindrance and fits in aeant site between the C1 phenyl rings of the
adjacent molecules. There does not appear to besamyficant intermolecular repulsion
between these phenyl rings. All these factors taaua horizontal “sheet-like packing” of the
[Rh(acac)(CO)(PPJ)] complexes along the b-axis (Figure 3.10) andheatl to head” staggered
packing along the a-axis (Figure 3.11). There does appear to be any significant
intermolecular repulsion between the C3 phenyl gsoirigure 3.10).

Figure 3.10: Complexes of [Rh(acac)(CO)(PRM showing the “sheet like packing” crystal packingalong

the b-axis. H atoms have been omitted for clarity.
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Figure 3.11: [Rh(acac)(CO)(PPK)] complexes showing the “head to head” crystal p&ing along the
a-axis. H atoms have been omitted for clarity.
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3.5.3 Crystal Structure of [Rh(acac)(CO)(PCyPh)]

Yellow crystals of the title compound, were synthed as described in Section 3.4.2.3 (B). The
[Rh(acac)(CO)(PCyR) (2), complex crystallised in a non-centrosymmetricthorhombic
space groupP2;2:2; with four molecules per unit cell. The structure and numbering scheme of
(2) is illustrated in Figure 3.12, while the most imamt bond distances and angles are reported
in Table 3.6. The positional and thermal parameteeggiven in Table B.1 and a complete list of

bond distances and angles are given in Table Bt2eoAppendix.

C3

cs%

O1

Figure 3.12: Molecular structure of [Rh(acac)(CO)(RCyPh,)] showing atom numbering system. For the

phenyl/cyclohexyl rings, the first digit refers tothe ring number, while the second digit

refers to the C-atom in the ring. H atoms have beeamitted for clarity.

The molecular structure of [Rh(acac)(CO)(PCy)RH?2), consists of a Rh(l) metal centre which
is bonded to two equivalent oxygen atoms of theydaeetonato bidentate ligand, one carbonyl
ligand and one phosphorous atom. The phosphinendigayclohexyldiphenylphosphine
(PCyPh), consists of one cyclohexyl ring (C1 ring), odarar phenyl ring (C2 ring) and one
phenyl ring which show slight distortion (C3 ring).

39 A. Brink, A. Roodt, H.G. VisserActa Cryst., E63, 2007, m2831
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Table 3.6: Selected bond lengths and angles for [Ritac)(CO)(PCyPh)].

Bond Distance (A) Bond Angle Angle (°)
C(1)-0(1) 1.149(4) 0O(1)-C(1)-Rh(1) 179.1(3)
C(1)-Rh(1) 1.802(3) C(1)-Rh(1)-0(3) 177.27(9)
P(1)-Rh(1) 2.2328(6) C(1)-Rh(1)-0(2) 93.70(10)
0(2)-Rh(1) 2.0763(17) 0(3)-Rh(1)-0(2) 88.72(7)
O(3)-Rh(1) 2.0428(19) C(1)-Rh(1)-P(1) 88.51(8)
0(2)-C(2) 1.270(3) 0O(3)-Rh(1)-P(1) 89.17(5)
0O(3)-C(4) 1.276(3) 0O(2)-Rh(1)-P(1) 174.96(5)
C(2)-C(3) 1.388(4) C(2)-C(3)-C(4) 125.6(3)
C(2)-C(5) 1.513(3) 0(2)-C(2)-C(3) 126.4(2)
C(4)-C(3) 1.393(4) 0(3)-C(4)-C(3) 126.2(3)
C(4)-C(6) 1.502(4) C(31)-P(1)-Rh(1) 119.18(9)
P(1)-C(31) 1.819(3) C(21)-P(1)-Rh(1) 109.85(8)
P(1)-C(21) 1.821(3) C(11)-P(1)-Rh(1) 112.37(9)
P(1)-C(11) 1.835(3) C(31)-P(1)-C(21) 105.43(13)

C(31)-P(1)-C(11) 103.55(15)
C(21)-P(1)-C(11) 105.38(13)

The molecular structure @) has a square-planar geometry with slight deviat®044(38)°,
from the horizontal plane. A horizontal plane comsted through atoms C1, P1, O3, O2 and
Rh1 is indicated in Figures 3.13. Important diseenbetween selected atoms and the plane are
indicated in Table 3.7. One side of the acac baoc&he twisted upwards with a significantly
larger torsion angle (C2-02-03-C4 = -3.123(191npared to complekl) . The C2 and O2
atoms have a distance of -0.233(2) and -0.144(@&sfectively from the plane (Figure 3.13 (b)).
The C5 methyl carbon deviates the most from thagla0.350(3) A. The carbonyl ligand is less
deviated from the plane than for the [Rh(acac)(®®}f)] complex with a O3-Rh-C1 angle of
177.27(9)°. The phosphine ligand is bent slightip\e the plane with the O2-Rh-P1 angle of
174.95(5)°. Both the C1 cyclohexyl and C3 phengbsi lie below the plane (Rh-P1-C11 =
112.38(9)° and Rh-P1-C31 = 119.18(9)°) as indicateligure 3.13 (c). On the C1 ring only
H11, H13B, H12A, H13A, C13 and C12 atoms are cotepleor partially displaced above the
plane. The H32 atom on the C3 ring lies partiabp\ze the plane. The C2 phenyl ring lies above
the plane and is bent closer to the Rh centre temther two rings (Rh-P1-C21 = 109.85(8)°).
The distance of the C11 atom (0.429(3) A) from ptane is significantly shorter than for C21
(-1.701(3) A) and C31 (1.062(3) A) respectively eTprotons bonded to the methyl carbons, C5
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and C6, are positioned staggered to each otheranifverage dihedral angle of 29.16 ° between
corresponding protons (Figure 3.13 (d)).

Table 3.7: Selected distances between specificmand the horizontal plane through atoms C1, P1,
03, 02 and Rh1
Atom Distance (A) Atom Distance (A)
Cc1 0.032(3) C6 0.175(3)
01 0.068(2) C4 -0.025(3)
P1 -0.0174(6) c2 -0.233(2)
Rh1 0.0027(2) C5 -0.350(3)
C3 -0.203(3) 02 -0.144(2)
H3 -0.3104(0) 03 0.020(2)

o3 Rh1 02 .
-t ge T
Cg 03 C1 O1 C6 C4
(@ (b)
: “'_'\‘011 _'t H5C
o1§"' \_my _'/‘
wﬁm;caa
L=
(c) (d)

Figure 3.13: Partial structure of [Rh(acac)(CO)(PCyh,)]. (a) — Side view of ligands bonded to Rh(l)
metal center. (b) — Front view of acac bidentatediand. (c) — Position of the phosphine ligand

with regards to the horizontal plane. (d) — Positia of methyl protons of C6 and C5.

The twisting of the C1 cyclohexyl ring with regardsthe horizontal plane (Figure 3.13 (a), (b))
may be due to H-bond interactions. Intramolecujairbgen bonds occur between atoms O3 and
H11, with a donor-acceptoD¢A) bond distance of 2.962(3) A, and between O3Hh6B D-

A = 3.095(3) A) as indicated in Figure 3.14. A cont@list of H-bond interactions is given in
Table 3.8.
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Figure 3.14: Figure of the [Rh(acac)(CO)(PCyPj)] complex indicating the short intramolecular H-band

interactions. Only applicable H atoms with relevane to H-bond interactions are indicated.

Table 3.8: Hydrogen bonds for [Rh(acac)(CO)(PCyPH] [A and °].

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)
C(11)-H(11)...0(3)#1 1.00 2.39 2.962(3) 115.9
C(16)-H(16B)...0(3)#1 0.99 2.44 3.095(3) 123.3

Symmetry transformations used to generate equivatems:
#1X,y,2

The trans influence of the PCyRHigand is only slightly stronger than for the BRigand as
indicated by the Rh-O2 bond distance; 2.0764(178)sA2.0738(16) A. As expected thans
influence of the carbonyl is much less (Rh-O3 =42719) A). The Rh-P1 and Rh-C1 bond
distances are 2.2327(6) and 1.802(3) A respectividlg 02-Rh-O3 and C1-Rh-P1 bite angles

of 88.72(7)° and 88.51(8)° are equivalent withipexkmental error.

Unlike (1), the [Rh(acac)(CO)(PCyRf molecules do not have any “sheet-like” packimgl are
packed in positions of least steric hindrance wiit phosphine ligands positioned above and
below the Rh-acac backbone as seen in Figure Rd mtermolecular hydrogen bonding occurs

between molecules.
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Figure 3.15: The crystal packing of the [Rh(acac)(O)(PCyPh,)] molecules. Unit cell is viewed along the
a-axis. H atoms have been omitted for clarity.
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3.5.4 Crystal Structure of [Rh(acac)(CO)(PCyPh)]

Yellow crystals of the title compound were synthedi as mentioned in Section 3.4.2.3 (C).
[Rh(acac)(CO)(PCyPh)] (3), crystallised in the monoclinic space groug:/n, with four
molecules per unit celf The structure and numbering schemé3)fs illustrated in Figure 3.16,
while the most important bond distances and anglesreported in Table 3.10. The positional
and thermal parameters are given in Table C.1 atwh#plete list of bond distances and angles

can be found in Table C.2 of the Appendix.

Cé6 C25

Figure 3.16: Molecular structure of [Rh(acac)(CO)(Ry,Ph)] showing atom numbering system. For the
phenyl and cyclohexyl rings, the first digit refersto the ring number, while the second digit

refers to the C-atom in the ring. H atoms have beeamitted for clarity.

The crystal structure df3) is similar to the previously described crystalstures. The only
difference is observed in the phosphine ligand witdonsists of two cyclohexyl rings and one
phenyl ring. A horizontal plane through C1, P1, RRP, and O3 was constructed in Figure
3.17. Complex(3) shows essentially no distortion from the four-cboate square-planar
geometry as indicated in Table 3.9 and Figures.3Thé torsion angle also indicates the
planarity of the complex (C2-02-03-C4 = 0.3(2)°).

0 A. Brink, A. Roodt, H.G. VisserActa Cryst., E63, 2007, m48
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Figure 3.17: Partial structure of [Rh(acac)(CO)(PCyPh)]. (a) — Side view of ligands bonded to Rh(l)
metal center. (b) — Front view of acac bidentatediand. (c) — Position of the phosphine ligand

with regards to the horizontal plane.

The Rh-C1-O1 bond angle can be considered linetér avbond angle of 179.9(2)°. The O2-Rh-
03 and C1-Rh-P1 bite angles are of similar mageit&8.20(7) and 89.34(7)° respectively. The
steric demand of the phosphine ligand is indicdaigdhe smaller O3-Rh-P1 angle, 87.72(5)°,
compared to the carbonyl ligand (O2-Rh-C1 = 94.y(8he phosphine ligand is bent slightly
above the plane with a O2-Rh-P1 angle of 175.32()® C2 cyclohexyl ring is positioned
above the plane (Figure 3.17 (c)) with a Rh-P1-@Rgle of 111.58(7)° and a C21 — plane
distance of -1.714(2) A. As with the other two cdexes, (1) and (2), its horizontal face is
twisted to face the Rh-acac ring. The other cyctghang, C3, is found below the plane in the
position of least steric interaction, away from tt@&rbonyl ligand. The angle between the
cyclohexyl ring and the Rh atom is similar to th& @ng, Rh-P1-C31 = 110.35(8)° and is
partially twisted so that only the H36B atom apgeabove the plane, however the C31 — plane
distance (0.838(2) A) is shorter than expecteduiféigd.17 (c)). The C2 cyclohexyl ring has no
ring distortion and has an average C-C bond lemdtith agrees with the expected vafuef
1.540 + 0.015 A. The C3 cyclohexyl ring has a stroaiverage C-C bond length (1.497 A) than
the accepted norm.
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Table 3.9: Selected distances between specificm®and the horizontal plane through atoms C1, P1,
03, 02 and Rh1
Atom Distance (A) Atom Distance (A)
C1 0.004(2) C6 0.085(3)
01 0.007(2) ca 0.007(2)
P1 -0.0079(6) c2 -0.054(2)
Rh1 0.0029(2) c5 -0.049(3)
c3 -0.036(3) 02 -0.070(2)
H3 -0.0531(2) 03 0.008(2)

The C1 phenyl ring is angled below the plane, am ¢hrbonyl ligand side, and is bent at a
greater angle away from the Rh atom with a Rh-P1-@digle of 119.88(8)° but has a similar
C11 — plane distance (0.799(2) A) as C31. It isted so that only the H16 atom is above the
plane. The phenyl ring shows no distortion andasar, within experimental error. The average

C-C bond distance of 1.398 A and bond angles of.QP2fire within the expected range for

phenyl rings®’

Table 3.10: Selected bond lengths and angles forljacac)(CO)(PCyPh)].

Bond Distance (A) Bond Angle Angle (°)
P(1)-Rh(1) 2.2424(9) 0O(1)-C(1)-Rh(1) 179.9(2)
C(1)-Rh(1) 1.797(3) C(1)-Rh(1)-P(1) 89.34(7)
C(1)-0(1) 1.152(3) 0O(3)-Rh(1)-0(2) 88.20(7)
0(2)-Rh(2) 2.0783(17) 0(2)-Rh(1)-P(1) 175.32(5)
0O(3)-Rh(1) 2.0411(18) C(1)-Rh(1)-0(3) 177.06(8)
0(2)-C(2) 1.273(3) C(2)-0(2)-Rh(2) 126.30(15)
0O(3)-C(4) 1.279(3) C(4)-O(3)-Rh(1) 127.74(15)
P(1)-C(11) 1.825(2) C(4)-C(3)-C(2) 125.7(2)
P(1)-C(21) 1.833(2) C(11)-P(1)-Rh(1) 119.88(8)
P(1)-C(31) 1.842(2) C(21)-P(1)-Rh(2) 111.58(7)
C(4)-C(3) 1.384(3) C(31)-P(1)-Rh(1) 110.35(8)
C(2)-C(3) 1.396(3)

C(4)-C(6) 1.509(3)
C(2)-C(5) 1.504(3)

The C3 cyclohexyl ring experiences intermoleculard aintramolecular hydrogen bond
interactions which results in a “cage-like struetuwith the molecules bonded in a head to tail

fashion as indicated in Figure 3.18. The H31 atapegences intramolecular H-bonding with
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03 with a donor-acceptob¢A) bond distance of 2.974(3) A, while the H33A aterperiences
intermolecular H-bonding with O2' of the Rh' molec(ix+1, -y, -z:D-A = 3.455(3) A).

Figure 3.18: Inter- and intramolecular H-bond interactions found between [Rh(acac)(CO)(PGPh)]

molecules. Only applicable H atoms with relevanceotH-bond interaction are indicated.

A complete list of H-bond interactions can be foundTable 3.11 below. The “cage-like
structure” of the molecules can be reproduced i flmur-sided tunnels when viewed along the

a-axis, as indicated in Figure 3.19.

Table 3.11: Hydrogen bonds for [Rh(acac)(CO)(PCyPh)] [A and °].

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
C(31)-H(31)...0(3)#1 1.00 2.40 2.974(3) 116.1
C(33)-H(33A)...0(2)#2 0.99 2.60 3.455(3) 144.7

Symmetry transformations used to generate equivatems:
#1X,y,z #2-x+1,-y,-z
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Figure 3.19: Crystal packing of [Rh(acac)(CO)(PCyPh)] complexes which form “cage-like” tunnels when
viewed along the a-axis due to intramolecular anchtermolecular H-bond interactions. Only
applicable H atoms with relevance to H-bond interation are indicated.
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3.5.5 Crystal Structure of [Rh(acac)(CO)(PCy)]

The crystal structure of [Rh(acac)(CO)(RBy(4), was first investigated by Trzeciakal.> in
2004, who synthesized the [Rh(acac)(g@omplex according to the method described by
Varshavskiiet al.*® For the purpose of this study, the [Rh(acac)(COYg] complex, (4), was
resynthesised and analysed at low temperature.r@thetermination compares well with the
original values published by Trzeciat al. A comparison between the values is found in
Table 3.15.

ce c23

- C4 " x035

c21
= f 03 ¢ /&
C36
C5~ P1
o Rh1

C1 C11
01

C15

Figure 3.20: Molecular structure of [Rh(acac)(CO)(Rys)] showing atom numbering system. For the
cyclohexyl rings, the first digit refers to the ring number, while the second digit refers to the

C-atom in the ring. H atoms have been omitted forlarity.

Yellow crystals of the title compound were prepasedording to the experimental procedure
described in Section 3.4.2.3 (D). [Rh(acac)(CO)@Cegrystallized in the monoclinic space
group, P2n, with four molecules in the wunit cell and is nsorphic to the
[Rh(acac)(CO)(PCyPh)] complex. The molecular structure (@) is illustrated in Figure 3.20
along with the atom numbering system. Selected lhstdnces and angles are given in Table
3.12. The positional and thermal parameters foratmms can be found in Table D of the

Appendix.
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Table 3.12: Selected bond lengths and angles forliacac)(CO)(PCy)].

Bond Distance (A) Bond Angle Angle (°)
0(1)-C(1) 1.157(2) 0O(3)-Rh(1)-0(2) 87.77(4)
C(1)-Rh(1) 1.7914(17) C(1)-Rh(1)-P 89.11(5)

P-Rh(1) 2.2537(4) 0(1)-C(1)-Rh(1) 179.37(14)
0(2)-Rh(1) 2.0880(10) C(1)-Rh(1)-0O(3) 177.40(6)
0O(3)-Rh(1) 2.0464(11) 0(2)-Rh(2)-P 176.23(3)
0(2)-C(2) 1.270(2) C(1)-Rh(1)-0(2) 94.47(6)
0O(3)-C(4) 1.272(2) 0O(3)-Rh(2)-P 88.62(3)

C(4)-C(3) 1.387(2) C(2)-0O(2)-Rh(1) 126.49(10)

C(2)-C(3) 1.396(2) C(4)-O(3)-Rh(1) 127.94(10)

P-C(31) 1.8427(16) C(4)-C(3)-C(2) 125.39(16)
P-C(21) 1.8452(15) C(31)-P-Rh(1) 109.24(5)
P-C(11) 1.8528(16) C(21)-P-Rh(1) 110.81(5)
C(11)-P-Rh(1) 117.30(5)

The four-coordinated Rh(I) complex shows little @d¢on from the square-planar geometry as
indicated in Figures 3.21 and Table 3.13. The ¢orsangle confirms the planarity of the
complex (C2-02-03-C4 = 0.5(1)°). The carbonyl lidas planar with respect to the plane with a
Rh-C1-O1 angle of 179.36(13)° whereas the phospligaad is slightly elevated above the
plane with a O2-Rh-P angle of 176.23(3)°. The std@mand of the phosphine ligand results in a
larger bite angle for C1-Rh-P = 89.11(5)°, than ftine acac bidentate ligand
(O2-Rh-0O3 = 87.77(4)°).

Table 3.13: Selected distances between specifiormt and the horizontal plane through atoms C1, P1,
03, 02 and Rh1
Atom Distance (A) Atom Distance (A)
C1 -0.028(1) c6 -0.001(2)
01 -0.059(1) ca -0.028(1)
P1 -0.0034(3) c2 -0.040(1)
Rh1 0.0010(1) C5 -0.032(2)
c3 -0.049(2) 02 -0.037(1)
H3 -0.0705(0) 03 -0.011(1)
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C6
C4 03 Rh1 P
H3 ,
G2 02 C1 O1

C5

@)

(©) (d)

Figure 3.21: Partial structure of [Rh(acac)(CO)(PCy)]. (a) — Side view of ligands bonded to Rh(l) meta
center. (b) — Front view of acac bidentate ligandc) — Position of the phosphine ligand with

respect to the horizontal plane. (d) — Intramolecwdr hydrogen bond interaction.

The average C-C bond distance of all the cyclohexys on the PGyligand, are consistent
with the expected value of 1.540°AThe C2 cyclohexyl ring is positioned above thenplén

the position of least steric hindrance (Figure B\&ith a Rh-P-C21 angle of 110.81(5)° whereas
the C3 cyclohexyl ring is completely submerged wetbe plane except for the H36C atom
(Rh-P-C31 = 109.26(5)°). The C1 cyclohexyl ringsifioned below the plane on the same side
as the carbonyl ligand, has a larger Rh-P-C11 aidlé.31(5)°, than expected. This may be due
to steric interference with the carbonyl ligand.

Intramolecular hydrogen bonding (Figure 3.21 (d)fdund between H31 and O3 of the same
molecule with a donor-acceptdd{A) bond distance of 2.984 A. The complete list obéhd
distances is given in Table 3.14. The intramolecirteraction may be the cause for the “zig-
zag” sheet-like crystal packing of the moleculesnascated in Figure 3.22. The molecules pack
in horizontal sheets along the a-axis and eachd’hb-backbone is enclosed above, below, left
and right by cyclohexyl rings. No intermoleculardngygen bonding is found between the

molecules.
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Table 3.14: Hydrogen bonds for [Rh(acac)(CO)(PCy] [A and °].

D-H..A d(D-H) d(H...A) d(D..A) <(DHA)

C(31)-H(31)...0(3)#1 1.00 2.42 2.9841(18) 115.1

Symmetry transformations used to generate equivatems:
#1X,y,2

Figure 3.22: The sheet-like crystal packing of [Rlgcac)(CO)(PCy)] which forms a “zig-zag” pattern
when viewed along the a-axis. The red and greenraws indicate the “zig-zag” pattern.
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3.5.6 Comparison of the [Rh(acac)(CO)(PRR2R3)] Crystal

Structures where R, R, and R; = phenyl or cyclohexyl rings.

Table 3.15 presents a comparative summary of tyetairstructures(l) to (4), as obtained in

this study. Some

crystallographic data for

comptex¢Rh(acac)(COKPhs)] and

[Rh(acac)(CO¥PCys)], as previously published by Leipolét al.** and Trzeciaket al.?® are

included. Unit cell contents and selected interatdmond distances and angles are illustrated in

the table.

Table 3.15 (a):

Summary of crystallographic data fothe four complexes of [Rh(acac)(CO)(PIR2R3)].

[Rh(acac)(CO)(PRR2R3)]

PRR2R3 Q) - PPh (2) - PCyPh (3) - PCywPh (4) -PCyw
Crystal Triclinic Orthorhombic Monoclinic Monaoclinic
system

Space group P P2,2:29 P2/n P2/n
7 2 4 4 .
8.856(5) 10.3418(5)
a (A) o0 9.4682(5) 10.076(5) 10.404(2)
10.314(5) 13.0644(6)
b (A) o 12.7534(6) 12.990(5) 13.001(3)
12.844(5) 17.9301(8)
c (A) N 18.4602(9) 17.937(5) 17.981(4)
o ) 71.298(5) 90.00 90.000(5) 90,00
B ) 70.143(5) 90.00 90.576(5) 986%10%35)2)
. ) 82.775(5) 90.00 90.000(5) 90,00
3 1045.0(9) 2422.39(19)
Volume (&) > 2229.10(19) 2347.6(16) 2445.0(9)

Vol. per
molecule 522.5 557.3 586.9 605.6
(A°Z7)

Densityaic. 1.565 1.400
(@.on) i 1.485 1.427 1384

* Values determined by Leipolétal.*; Values determined by Trzeciakal >3
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Table 3.15 (b): Summary of crystallographic bond dtances and angles for the four complexes of

[Rh(acac)(CO)(PRR2R3)].
Bond distance (A)
] 1.807(2) 1.7910(17)
Rh-C1 E 1.802(3) 1.798(2) s
] 1.153(3) 1.157(2)
c1-01 o) 1.149(4) 1.151(3) o
] 2.2418(9) 2.2537(4)
Rh-P1 s 2.2327(6) 224259) | 5237
] 2.0331(15) 2.0462(11)
Rh-03 g 2.0427(19) 2.0409(18) | >D0020
] 2.0747(16) 2.0879(10)
Rh-02 gl 2.0764(17) 2.0788(16) | Z55000
] 1.827(2)
P1-C11 e 1.835(3) 1.825(2) 1.8525(16
] 1.823(2)
P1-C21 e 1.821(3) 1.833(2) 1.8451(14
] 1.823(2)
P1-C31 o 1.819(3) 1.842(2) 1.8426(15
Bond angles (°)
- 87.18(7) 89.12(5)
C1-Rh-P1 B 88.50(8) 89.34(7) o)
-~ 88.02(7) 87.77(4)
02-Rh-03 50 88.72(7) 88.20(7) AaAS
o 176.0(2)
Rh-C1-01 oo 179.2(3) 179.9(2) 179.36(13
- 177.41(5)
03-Rh-C1 174.45(8) 177.27(9) 177.060) | 101t
. 176.233)
02-Rh-P1 179.01(5) 174.95(5) 175.32(5) | 11925
Rh-P1-C11 1%;‘477‘(‘2()7 ) 112.38(9) 119.88(8) 117.31(5
Rh-P1-C21 1%;‘4%%2()7 ) 109.85(8) 111.58(7) 110.81(5
Rh-P1-C31 1}f4{3%2()7 ) 119.18(9) 110.35(8) 109.26(5
Effective
cone angle 149.3 151.2 163.5 169.5
(C3)

* Values determined by Leipolétal.*; Values determined by Trzeciakal >3

Only the [Rh(acac)(CO)(PRf complex crystallises with 2 molecules per uretl.cThe other
three complexes all contain 4 molecules per urit Cemplex(3) and(4) both crystallise in the
monoclinic space group, while complék) and(2) crystallise in the triclinic and orthorhombic

space groups respectively.

The increasing spatial demand, as the series meggefrom(1) to (4), is indicated by the
volume required per molecule {&™), which increases from 522.5 to 605.8 A*. The ratio by
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which the volume increases is 1 : 1.07 : 1.12 6 1The spatial demand of the phosphine ligands
is further illustrated by the reverse trend in dign@able 3.15).

The Tolman cone angléh) is the most widely used method for determiningahid steric
behaviour at a metal center as described by Tolfi®Y7)® The steric demand of the
phosphine ligands, in this study, was quantifiedt® effective Tolman cone anglé:), using
the actual Rh-P bond distariteA van der Waals radius of 1.2 A for hydrogen anéi ®ond
distances of 0.97 A for CHand 0.93 A for CH were used. In solution, the nigasubstituents
orientation might differ, resulting in a variatiam cone angle siz& The effective cone angles
(6g), all indicate the increasing steric demand of ghesphine ligands from compl€X) to (4)
(Table 3.15).The 6 values of 149.3 and 169.5° for RRimd PCy ligands, correspond well to
the published Tolman cone angfed)r, of 145 and 170° determined according to definition
using a Ni-P bond distance of 2.28 A.

The Rh-P bond distance indicates a tendency teaser fron(1) to (4), which corresponds well

to the determined coupling constartin.(Table 3.1 and 3.16Jhe Rh-P bond distance (&)

is shorter than expected, which may be due to Hihateraction. The decreasing carbonyl
stretching frequencyw(CO) as indicated in Table 3.1 and 3.16, suggdsis the GO bond
length would increase as tlwedonating ability of the phosphine ligands incresadérom the
crystallographic data (Table 3.15), the@ bond length does indicate a tendency to increase.
Factors such as H-bond interaction and crystal ipgckmay be the reason why the
crystallographic data for complexg2) and (3) does not always fit well into the proposed

sequence.

The ratio of Rh-O2 bond distance relative to the@hbond distance of complé€t) shows a
rapid increase with the systematic substitutiorpleényl with cyclohexyl rings as indicated in
Figure 3.23. This gives an indication of the vagyirans influence of the phosphine ligands as

the steric demand of the ligands increase.

13, Otto, A. Roodt, J. Smithnorg. Chim. Acta, 2000, 303, 295
2 G. Ferguson, P.J. Roberts, E.C. Alyea, M. Khaorg. Chem., 1978, 17, 2965
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. [Rh(acac)(CO)(PGy]
N

116 ]
114
112

1.1

Ratio of Rh-O2 bond length relative to Complex (1)

[Rh(acac)(CO)(PGPh)]
1.08 \
1.06 |
[Rh(acac)(CO)(PCyRM
1.04 -
102 | [Rh(acac)(CO)(PF3)] -
1 .

0.98 ; ; ‘ ‘

0 1 2 3 4

[Rh(acac)(CO)(PR;R,R3)] complexes

Figure 3.23: Thetrans influence of the phosphine ligands as indicated bihe ratio of Rh-O2 bond length

relative to Complex (1).

The C1-Rh-P1 and O2-Rh-O3 bite angles seem unatfeby changing phosphine ligand
systems. Only the Rh-C1-O1 bond angle of complk) is bent above the square-planar
geometry of the Rh metal centre with an angle &.Q(@2)°. The other three complexes all have
linear geometry. Complexd8) and(4) both have ideal square-planar configuration witfalkm
torsion angles (C2-02-03-C4 = 0.3(2) and 0.5(0®mplex(1) is bent in an upside-down-boat
shape (Figure 3.8 (a)) but with minimal twisting2¢02-03-C4 = -0.3(2)°). ComplefR) is
significantly twisted (C2-02-03-C4 = -3.2(2)°) due intramolecular H-bond interaction
between H11 and H16B with O3 (Figure 3.14).

The angles between the metal centre, phosphoralisabon atom of the phenyl rings fd)

appear unaffected by the H-bond interaction expegd by the H24, H33 and H22 atoms
(Table 3.3). However the Rh-P1-C11 bond angl€4dfis much larger than the angles for the
other two cyclohexyl rings (117.31° versus 1104314 109.26°). The “zig-zag” sheet packing of

the molecules may restrict the rotation of the 8@ @3 cyclohexyl rings (Figure 3.22).

Complexes of the type [Rh(L,L-Bid)(CO)(RRzRs3)] (L,L’-Bid = monoanionic bidentate ligand

with donor atoms L and L’) are formed when one @fard is replaced in [Rh(L,L’-Bid)(CQ)
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complexes. The replacement of one CO ligand cad teathe formation of two isomeric
monocarbonyl complexes if the donor capabilitied.adnd L’ are similar, for example in the
case of asymmetric@ldiketones [Rh(ECOCHCOR)(CO)(PRR:R3)] with Ry # Ry 2 However,

if the difference in the donor/acceptor propertéshe donor atoms L and L’ are large enough
then high selectivity for one of the isomers ocddrdwo isomers are formed fop-
aminovinylketonate ligands in solution, with a welbnounced dominance for one isorfieft*°
The predominant isomer in solution generally cqroesls to the same isomer that was isolated
in the solid state. The isomer ratio of some Rahjnovinylketonate complexes are sensitive to
the type of solvent used and proved the existeffic dynamic equilibrium between the two
isomers in solution. A unique case was noted wheth isomers of the [Rh(ba)(CO)(Ph
complex (ba = benzoylacetonate) crystallized inghme unit celf® In complexes of the type
[Rh(OX)(CO)] (OX = 8-hydroxyquinolate), substitution of the GiQand only occurdrans to

the strongest donor atom, i.e. the N atom. A numbkersimilarities occur between the
[Rh(OX)(CO)(PCyPH*" and [Rh(acac)(CO)(PCyPh complexes. Both have a slightly
distorted square planar geometry, both pack with phenyl and cyclohexyl rings directed
towards the neighbouring bidentate ligand and bodlve intramolecular C-HO contacts
between two H-atoms on the cyclohexyl ring and@satom which liegrans to the CO ligand.
The effective cone angle for both complexes are pavable with the value of 153° for the
corresponding Vaska-type palladium compieans-[PdCL(PCyPh),].*8

acceptor properties of the P(HZ); ligand are indicated by comparing the Rh-P borstadices
as indicated in Table 3.16. It is by far the shairtiistance, followed closely by P(ORkiyand.
The besb-donor ligand, according to Rh-P bond distancescandonyl stretching frequency, is
PCys. In general the PR;R; ligands can be arranged in the following order e€rdasingr-
acceptor and increasimgdonor properties anans influence:

P(NGH4)3> P(OPh}> P(NGH4)Ph, > PPh > PCyPh> PCyPh > PCy

“3M.R. Galding, T.G. Cherkasova, L.V. Osetrova, WarshavskyRhodium Express, 1993, 1, 14

4 | A. Poletaeva, T.G. Cherkasova, L.V. Osetroves. Warshavsky, A. Roodt, J.G. Leipol@®hodium Express,
1994, 3, 21

“>T.G. Cherkasova, L.V. Osetrova, Y.S. Varshav$ttydium Express, 1993, 1, 8

“6W. Purcell, S.S. Basson, J.G. Leipoldt, A. RoétitPreston|norg. Chim. Acta, 1995, 234, 153

7 J.M. Janse van Rensburg, A. Roodt, A. Mulketa Cryst., E62, 2006, m1040

8 A.M.M. Meij, A. Muller, A. Roodt,Acta Cryst., E56, 2003, m44
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Table 3.16: Selected properties of [Rh(acac)(CO)(RR2R3)].

v(CO) | &3%P LJrn-p Cone ] Rh-O (A)
PRRRs | em?) | om) | (H9) | angle | "™ @ | wanstor)
PPh? 1977.6] 486 176.95 149.3] 2.2418(9) 2.0747(16)

PCyPh? 1959.3| 53.3 171.25| 151.2] 2.2327(6) 2.0764(17)
PCy,Ph? 1948.8| 58.8 168.28| 1635 2.2425(9) 2.0788(16)

PCy;° 1945.3] 59.3 164.27 169.5| 2.2537(4) 2.0879(10)
P(NGH4)s™® | 2012 102.5 251 141 2.166(1)  2.054(2)
P(NGH4),Ph° | 2002 104.7 218 150 - -
P(NGH-)Ph° | 1990 90.0 194 154 2.223(1) 2.078(2)
P(OPh)"®° 2006 212.1 293 136 2.170(1)  2.063(2)

3 This MSc. Study® Ref [27];° Ref [25];% Ref [22];° Ref [26];

3.6 CONCLUSION

In this chapter, a range of relevant complexes istng of [Rh(acac)(CO)(PR})i,
[Rh(acac)(CO)(PCyRHl, [Rh(acac)(CO)(PCGPh)] and [Rh(acac)(CO)(Pgy have been
successfully synthesized and characterized with ube of infrared and nuclear magnetic

resonance spectroscopy as well as X-ray crystalfioy.

It was possible to determine the manner in whi@éhghosphine ligand coordination varies from
[Rh(acac)(CO)(PPRJ)] to [Rh(acac)(CO)(PCGy] with the use of X-ray crystallography. The
crystallographic geometric parameters, IR and NMiectroscopy were successfully used to

determine the variation of electron density onrttetal centre.

An understanding of the electronic and steric prige of the [Rh(acac)(CO)(RR:R3)]
complexes will contribute to solving the mechaxigbathway of the oxidative addition of
iodomethane to the rhodium metal centre. Thesectspéll be addressed again in Chapter 4,
where the actual kinetic reactivity of the four otinated complexes will be discussed.
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KINETIC STUDY OF THE
IODOMETHANE OXIDATIVE
ADDITION TO
[Rh(acac)(CO)(PR:1R2R))]
COMPLEXES

4.1 INTRODUCTION

Kinetics is the study of motion. Chemical kinetiiss chiefly concerned with the observed
characteristics of a chemical reaction, the mamevhich a specific system changes from one
state to another and the time required for thestti@m. It deals with the rate of chemical
reactions and considers all the factors which affee reaction rate, as well as how the rate can

be described by a reaction mechanism.

On the other hand, thermodynamics gives little imfation about the mechanism of chemical
reactions. An important part of thermodynamicshis state of equilibrium which is concerned
only with the initial and final states of a systefime reaction mechanism and the rate are of no

real importance in thermodynamics. Hence time tsone of the variables taken into accotint.

In chemical kinetics, the presence of time is adagrimportance and adds both interest and
difficulty.? Factors such as homogeneity of the system, comatiemt, pressure and temperature

variations, sensitivity to light and air etc., calhplay a role and affect the reaction mechanism
and rate. Furthermore chemical kinetics only reflec statistical average state of the molecules
participating in the chemical reactionn order to study a chemical reaction and makseful

interpretation of the results, the system can beplfied by using a closed constant-volume,

1 J.W. Moore, R.G. Pearsokinetics and Mechanism, 3¢ Ed., New York: John Wiley & Sons, Inc., 1981
2 K.A. ConnorsChemical Kinetics: The Sudy of Reaction Ratesin Solution, New York: VCH Publishers, 1990
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isothermal system. The rate of a chemical reaatem now be simply defined as the rate of

change with time of the concentration of any ofrésectants or products.

With regards to the context of this study, kineticestigations were considered very important
and necessary in the investigation of possiblelyatabehaviour of the chemical reaction
systems. The experiments assisted in further utadeti®g the inherent properties of the
[Rh(acac)(CO)(PMER:R3)] complexes and the rate of oxidative additionoofomethane to these
complexes which is the first step in the carbongtabf methanotia the well-known Monsanto

process.

This chapter will discuss some selected theoretidaciples of chemical kinetics followed by a
summary of the experimental procedures as welhagdsults and discussion of the oxidative
addition of iodomethane to [Rh(acac)(CO)(RPh [Rh(acac)(CO)(PCyRM,
[Rh(acac)(CO)(PCyPh)] and [Rh(acac)(CO)(Pgy complexes.

4.2 THEORETICAL PRINCIPLES OF CHEMICAL
KINETICS

4.2.1 Reaction Rates and Rate Laws

In a closed system, the rate of a chemical reactionbe defined as the rate of change with time
t of the concentration of one of the reactants @& of the products of the reaction. The rate is
defined as a positive quantity, which is unaffect®d the component whose concentration

change is being measured.

For a generalised chemical reaction:
aA +bB — fF +jJ . 41

The rate can be expressed as a derivative bechesate almost invariably changes as time
passes as illustrated in Eq. 4.2,

_ _d[A __d[B] _d[F] _d[J]
dt dt  dt ot

. 4.2

5G.G. HammesPrinciples of Chemical Kinetics, New York: Academic Press, Inc., 1978
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Wheret = time and the brackets indicate concentratiothefspecies.

In general, the rate of reaction can be a funabiotihe concentration of all the species present in
a reaction mixture. Therefore
R=f(c, ¢, ...... , G) .. 4.3

Equation 4.3 is called the rate law of a given tieacand cannot be predicted from the
stoichiometric equation for the overall reactionisl defined ashe experimentally determined
dependence of the reaction rate on the reagent concentrations.* The general form of the rate law
is,

Rate = k[A]"[B]".... .. 4.4

where k is the proportionality constant called tla&e constant. The exponents m and n are
determined experimentally from the kinetic studyheTrate constant is independent of the
concentrations of A, B, ..., but it may depend oniemmental factors such as temperature and

solvent. The magnitude of k will naturally dependtbe particular reaction being studied.

An important objective of experimental kineticstaspropose a reasonable mechanism that will
predict a rate law that is consistent with the expentally observed rate law. The rate law can
be uncomplicated as illustrated by the base hydi®lyf ethyl acetat®,

CH;COOGHs+ OH — CH;COO + GHsOH
which has a rate law of,

R = K[CH;COOGHSs][OH] .. 45

For other reactions, the rate law is far from siipl
H, + Br, — 2HBr
The rate law for this reaction can be written as,

R =33[H8r] _ Kk[H2][Br]*?

= . 4.6
2 dt 1+ K[HBr] /[Bra]

The rate law does not always depend on the coratnts of the reactants/products found in the

overall reaction. It can also depend on the coma&ah of catalysts or inhibitors that assist the

* R.B. JordanReaction Mechanisms of Inorganic and Organometallic Systems, Oxford: Oxford University Press,
Inc., 1991
® M. Bodenstein, S.C. Lind. Phys. Chem.(Leipzig), 57, 168
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reaction but which do not undergo any permanenngbaThe rate equation of imidazole-
catalyzed hydrolysis of ethyl acetatfustrates this aspect,
R = K[CHCOOGH:s][imidazole] . 47

however imidazole is not part of the balanced &ioimetric equation.
CH;COOGHs+ H,O — CH3COOH + GHs0OH

4.2.2 Reaction Order

The rate law as indicated in Eq 4.4 has experinigndatermined exponents. The sum of the
exponents in the rate law is called tireler of the rate law. For example if m = -2 and n =1 in
Eq 4.4, then the overall order of the rate lawlisTFhe reaction order with respect to any one
component is simply the exponent associated weshprticular component in question. In this
example’ it will be the inverse second order in [A] andsfiorder in [B]. The reaction order
need not necessarily be an integer. The unitseofdate constant, k, is dependant on the overall
reaction ordef.If the reaction conditions for a specific reactame such that the concentration of
one or more of the active species remain constantarly constant during a “run” then these
concentrations may be included in the rate constm reaction is then said to pseudo-n™
order wheren is the sum of the exponents of the concentratioaschange during the run. This
occurs in catalytic reactions, when the catalysiceatration remains constant during the run, or
if one reactant is in excess over another so thang the run there is only a minute change in

the concentration of the formér.

4.2.3 Reaction Rates in Practice

The determination of reaction rates can be singgliio a study of concentrations as a function
of time. The reaction rate is rarely obtained digerom experiment. Normally one or more
concentrations, or one or more physical propettiasare related to concentration, are measured
as a function of time in an isothermal system. Anbar of kinetic runs of this type, analysed
under changing conditions, provide the data ne¢dlei@termine the rate expression and perhaps

the variation of the rate constant with temperature
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The concentration of specific species can be détexirby numerous methods and can generally
be divided into two broad categories, namely chafraad physical. Chemical analysis implies a
direct determination of one of the species by vatrio or gravimetric procedures, the former is
preferred because of their rapidity. Any chemicalmod used must be more rapid with respect
to the reaction being studied. The advantage omate analysis is that it gives an absolute

value of the concentration.

Physical methods are usually more convenient tHamaal methods. A physical method
measures some physical property of the reactiontungixthat changes substantially as the
reaction proceeds. Ideally the physical properit th measured must vary in a simple manner
with the concentrations of reactants and produdie. best manner is a linear relationship with
regards to the concentration. Common physical nusthinclude optical methods such as
polarimetry, refractometry, colourimetry and speptrotometry; pressure measurements in
gaseous reactions; nuclear magnetic resonance,uctrity, potentiometry, etc. Physical
methods have the general advantage of being rapithat more experimental points are
available in a given timé.The data received from whatever method is used,beaused to

determine the reaction by plotting the species eotration change with time.

A typical result for a kinetic run is illustrated Fig. 4.1, where the concentrationf a reactant
starts at zero time at an initial valog and decreases more and more slowly, approachiog ze
or some equilibrium value, asymptotically. At any time, the rate would be tiegative of the

slope of the curve expressed in the appropriats.uni

Figure 4.1: Concentration versus time for a typicareaction.
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A general rate equation can be determined for %wrder reaction of a single component
system. The stoichiometric equation for a singlegonent is indicated in Eq 4.8 below.

A If- Z. .. 4.8
where Z.. = the concentration of the other reactomponents which have been grouped
together.

The form of the rate expression becomes,

—d[A]

=K A" . 4.9
” [Al

Which can be integrated. The limits of integrateme taken as [4} = initial concentration at

t = 0 and [A] = concentration at time t, respediive

:kjdt .. 4.10

For a single component rate expression, thereemeral possible reaction orders, such as zero,
first and second order. The integrated form ofdbemon rate expression for zerd' dand 2°

order reactions can be determined from Eq. 4.10aamdlustrated below:

For zero order in A: [A] = [A] — kt .o 411

For first order in A: In[A] = -kt + In[A(] .. 4.12

or can be rewritten in the exponential form, [ARgle™ .. 4.13

For second order in A: 1 =kt +i . 414
[A] [Ad]

In order to determine an acceptable rate equati@nexperimentally determined concentration-
time data is fitted to each of the integrated esgiens in turn. A linear plot is obtained only
when the integrated form of the correct rate lawused. The rate constant, k, can then be

determined from the slope of the life.
A very useful technique which can be used to siiypéte equations ipseudo-order reactions.

Suppose a reaction has a second order rate equation
R = k[A][D] .. 4.15
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If the concentration of D is held essentially canst then the rate equation becomes
R = kudAl .. 4.16

The second order reaction has been transformedaipgeudo order reaction, whergsks the
pseudo first-order rate constant angsk k[D]. As mentioned previously, there are several
methods by which this reaction equation can besaelf? such as:
* By having a excess concentration of D ([D] >>>[A] that its concentration remains
essentially constant.
* Using a buffer. If the reaction medium is water dnds either a hydronium ion or
hydroxide ion, the use of a buffer could hold tbaaentration of D reasonably constant.
» The third method is illustrated by a first ordetusion reaction of a substance in the
presence of its solid phase. If the dissolutioe @tthe solid is greater than the reaction
rate of the dissolved solute, the solute concedotrais maintained constant by the

solubility equilibrium and the reaction becomessaymo zero order reaction.

Spectrophotometry is very useful in kinetic measgsts because each molecule has a
characteristic absorption spectrum. The Beer-Latrlaef provides a direct linear relationship
between the concentration of a species; the irtterasi the incident, J, and transmitted,s,l

monochromatic light and the electromagnetic radmatihich the species absorbs.
Abs = -log (K1y) =¢lc . 417

wherel = path lengthg = extinction coefficient, ¢ = concentration andsAb absorbance. The
total absorbance of a solution containing more tha@ kind of absorbing substance is simply
the sum of the individual absorbanc¢eEhe absorption of electromagnetic radiation cacuoat
any wavelength but particular interest with regaadthis study is the absorption in the infrared,

ultraviolet and visible region.

For the purpose of this study, the relationshipveen concentration and absorbance was used in
order to determine the rate equation. All reactioreye performed under pseudo first-order
conditions. The change in absorbance, of a solwwmrsisting of the reaction components, was

plotted as a function of time after the componevese mixed together. The plot obtained from

® P.W. Atkins,Physical Chemistry, London:Oxford University Press, 1994
" D.A. Skoog, D.M. West, F.J. Holler, S.R. Croudfyndamentals of Analytical Chemistry, g" Ed., London:
Brooks/Cole, 2004
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the kinetic runs can be viewed as increasing oredesing absorbance which represents the
changing concentration of one of the reaction camepts. The observed first-order rate
constants for the reactions were determined froomkogn 4.18:

Aops= A — (A — A)e™ .. 4.18

where Ayps = observed absorbances A final absorbance, iA&= inital absorbance, k = =
pseudo first-order rate constant and t = time. §dl@ lines in the kinetic curves (Section 4.3.4)

represent the fitted functions, with the pointsigating experimental observations.

4.2.4 Reaction Half-Life

The reactiorhalf-life (t2) is defined as the time required for the reactanicentration to decay
to one-half its initial value. The term is usedctinvey a qualitative idea of the time scale and

has a quantitative relationship to the rate constesimple cases.

To determine the half-life of a reaction, the fallng substitutions are made: [A] L'Aé—o]and

t = ty». Equation 4.12 for a first order equation now bmees,

'[1/2:|n—2:£93 ... 4.19

k k

The half-life for the other rate equations canibalarly defined.

4.2.5 Reaction Thermodynamic$

The rates of most chemical reactions are very eadb temperature fluctuations. Arrherfius
gave the first temperature dependent quantitatiwvendilation of reaction rates. The following
relationship between the specific rate constant,akgd the absolute temperature, T was
determined to be:

k = AgERT .. 4.20
where A and Ea are constants, which are called the prerexyial factor and the activation

energy respectively; R is the gas constant. Eafahdve different values for the forward and

8 3. ArrheniusZ. Phys. Chem. (Leipzig), 1889, 4, 226
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reverse reactions of a given chemical reactiorprérctise, the reaction rate generally increases
by a factor of 2 or 3 for each 10°C rise in tempesd The activation energy Ea and the
constantA may be determined experimenté’tlt[yom the values of k and T by applying the
logarithmic form of Eq. 4.20.

In k =-Ea/RT + InA .. 4.21

A relationship between the parameters in Eq 4.20 the equilibrium constant, K, has been
determined to be,

K:ﬁ:ﬁex —M . 4.22
ke Ar RT

where the subscript,andr, indicate the values for the forward and reveesetion.

At constant pressure and temperature, the thernamdign equilibrium constant, K, can be
written as
K = exp(AG°/RT)
= expAS°/R)exp(AHO/RT) .. 4.23

where AG°, AH® andAS®° are the standard free-energy, standard entlaa@ystandard entropy

changes for the reaction.

4.2.6 Transition State Theory’

The parameters used in the transition state thdesgribe the temperature dependencecgf k
the experimental rate constant, even for solutgattions that are much more complex than gas
phases for which the original theory was formulai&tithin the transition state theory, reactions
are often illustrated in terms of “reaction cooat diagrams”. These are plots of the energy of
the system versus the “reaction coordinate”, whiclan ambiguous measure of the extent to
which the reactant has converted to product. Taesttion state, is the species at the highest

energy point on the reaction coordinate diagramgufe 4.2).

% A.E. Merbach, P. Moore, O.W. Howarth, C.H. McAtdeorg. Chim. Acta, 1980, 39, 129
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Transition state

{A--D}#

81

)

&

= Initial state

= [A-D]

c

L

o

(ol
Final state
[Al +[D]

Reaction coordinate
Figure 4.2: Reaction coordinate diagrams where thproducts are more stable than the initial reactants

The transition state theory assumes that the mactin be described by the following sequence:

K7 k
y g * k3
A-D =——= {A----D} —> A+D

Activated complex
or transition state

. 4.24

The theory proposes that the activated complexpriiceed to the products A and D, when the
bond has sufficient thermal enerlgy, so that the vibrational frequenay= kT/h will equal the
rate constant(k = Boltzmann’s constant) = Planck’s constant). It is also assumed that the
+
D]

activated complex is always in equilibrium with tleactant, so that’K I—-’?—] K is a
normal equilibrium constant, then
%:ka[A---D]¢:k3K¢[A-D]:k%Ki[A-D] .. 4.25
and
oF oF #
InK¢:_AG =_AH +AS° 496

RT RT R
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whereAGY, AH*” andAS? are the standard molar free energy, enthalgyeatropy differences

between the activated complex and the reactantsthéf first-order rate expression,

—dgi)] = kexdA - D] is compared to Eq. 4.25, then substitution from486 shows that
_ of
keo= L k=K gyf Z2C .. 4.27
h h RT

An experimentally viable equation can be derivaahfrsubstituting Eqg. 4.26. The logarithmic
form of the equation now becomes,

o #
|n(kex”j:|n(5j- AHT, 85 .. 4.28
T h) RT R

The value of AHZ/R can be determined from the slope of the gph(kex/T) versus 1/T. The
value ofAS® can be calculated from the intercept. Theicglahip in Eq. 4.28 is often called the
Eyring equatiort’ An established Eyring plot can be used to caleutae rate constant at
varying temperatures. Non-linear Arrhenius and ityplots are unusual. The deviations from a

linear plot indicate reactions involving equilibrizarallel or consecutive reactioHs.

10 C.H. McAteer, P. Moore]. Chem. Soc., Dalton Trans., 1983, 353
1 R.G. Wilkins, Kinetics and Mechanism of Reactions of Transition Metal Complexes, 2" Ed., New York: VCH
Publishers, Inc., 1991
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4.3 IODOMETHANE OXIDATIVE ADDITION TO
[Rh(acac)(CO)(PRR2R3)] (PR1R2R3= PPhs, PCyPh,,
PCy,Ph and PCy).

4.3.1 Introduction

The oxidative addition of iodomethane to a numbgrhmdium(l) complexes, of the form
[Rh(acac)(CO)(PMR2Rs3)], is discussed in detail in this section. Theekio data for these
reactions were determined in order to obtain aamasle reaction mechanism. Initial rates
indicate that the reactions procedd a second-order reaction to a rhodium(lll) prodwith

trans-iodomethane configuration.

4.3.2 Experimental

All reagents were of analytical grade. All orgasavents were pre-dried over alumina and then
distilled before use. The [Rh(acac)(CO)(RERs)] complexes were prepared as described in
Section 3.4.2.3

Kinetic measurements were conducted on an infr@gilab FTS 2000 Fourier transform
spectrometer utilizing a He-Ne laser at 632.6 nmthie range of 3000 — 600 &mSolution
infrared spectra were collected in the same rainggdry organic solvents, in a NaCl cell. The IR
spectrometer was equipped with a temperature eglilator (accurate within 0.3°C). UV-Vis
measurements were conducted on a Varian Carey B6. Gpectrometer equipped with a Julabo
F12-mV temperature cell regulator (accurate withih°C) in a 1.00 cm quartz cuvette cell. The
3P NMR spectra were obtained on a 300 MHz Brukectspmeter.®’P chemical shifts are
reported relative to 85% 4RO, (0 ppm) external standard; positive shifts are mfoeid. All
kinetic measurement was conducted in dichlorometheress otherwise indicated.
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Data analysis was conducted by means of Microsdfic® Excel 2003* and MicroMath
Scientist for Window¥' Version 2.01.

4.3.3 Mechanistic Investigation

In order to construct a complete reaction mechantem following arguments were utilized as

obtained from preliminary measurements, charaeigois studies and literature:

1. The starting materials, [Rh(acac)(CO)(BPh (1), [Rh(acac)(CO)(PCyR) (2),
[Rh(acac)(CO)(PCyPh)] (3) and [Rh(acac)(CO)(PG) (4) had been well characterised
by IR, 3P NMR and X-ray crystallography (Section 3.4.2 &tf). The data for complex
(1) and (4) is in good agreement with data published by Leipat al.** and
Trzeciaket al.*®

2. The oxidative addition reaction of iodomethane twe t[Rh(acac)(CO)(PiR:R3)]
complexes was followed with the use of 2 NMR and UV-Vis spectroscopy. The use
of IR, with regards to the carbonyl stretching fregcy, and'P NMR was essential to
determine the exact nature of the final productetiwear alkyl or acyl. UV-Vis
spectroscopy was used for quantitative determinatib the rate constant, since this
technique is more effective in utilising the mininemount of starting material. The
oxidative addition products Rh(lll)-alkyl, [Rh(ag@3(CH3)(CO)(PRR2R3)], and
Rh(lll)-acyl, [Rh(acac)(l)(COCH(PRRzR3)] (Fig. 4.3), of all four complexes were well
characterised (IR and'P NMR, Section 4.3.3) and compare well with preslgu

published report&> 17181920, 21, 22

12 Microsoft Office Professional Edition 2003 Copyri® 1985-2003 Microsoft Corporation

13 MicroMath Scientist for Windows, Version 2.01, Goight ©1986-1995, MicroMath, Inc.

14J.G. Leipoldt, S.S. Basson, L.D.C. Bok, T.I.A. Bam Inorg. Chim. Acta, 1978, 26, L35

15 A.M. Trzeciak, B. Borak, Z. Ciunik, J.J. Ziétkowish.F.C. Guedes da Silva, A.J.L. PombeiEayr. J. Inorg.
Chem., 2004, 1411

16 J.G. Leipoldt, E.C. Steynberg, R. van Eldikorg. Chem. 1987, 26, 3068

175.s. Basson, J.G. Leipoldt, A. Roodt, J.A. Veritasrg. Chim. Acta, 1987, 128, 31

18 A. Roodt, G.J. SteyrRecent Res. Devel. Inorganic Chem., 2000, 2, 1

19v.S. varshavsky, T.G Cherkasova, N.A. Buzina, IB&sler,J. Organometallic Chem., 1994, 464, 239
20G.J.J. Steyn, A. Roodt, J.G. Leipolttiorg. Chem., 1992, 31, 3477

2l's.s. Basson, J.G. Leipoldt, A. Roodt, J.A. Veriied, van der Walt,norg. Chim. Acta, 1986, 119, 35
223.S. Basson, J.G. Leipoldt, J.T. Nétiorg. Chim. Acta, 1984, 84, 167
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COCHg4
Rh n

PR{R,R3 /| \PR1R2R3
o

(b) (c)
Figure 4.3: General configuration of rhodium complees (a) Rh(l) species, (b) Rh(lll)-alkyl species ah
(c) Rh(lll)-acyl species.

3. A reaction mechanism was proposed by Bass@h? for the oxidative addition of Mel
to complexes of the form [Rh(acac)(CO)@R(PRs = p-chlorophenyl, phenylp-
methoxyphenyl) as illustrated in Scheme 4.1. In tase of [Rh(acac)(CO)(PHh
evidence supporting an initial dissociative equilim of the Rh(I) complex was
obtained. The oxidative addition proceeds throughequilibrium step Kto form an
ionic intermediate, followed by the formation ofetlacyl intermediateC to yield the
trans-addition alkyl producD. Although a k value was previously reportétiBassoret
al.?! now believe the mechanism proceeds sol\C.

[Rh(acac)(CO)(PB] === [Rh(acac)(CO)] + PR
A

-CH,

+ CHYl
k. Ky
[Rh(acac)(CO)(Clgb(PRs)]ﬂ )

B K,

k3

Ky

k4
[Rh(acac)(COCE)()(PR;)] =—== [Rh(acac)(CO)(CB)()(PR;)]
C K, D

Scheme 4.1: Reaction mechanism proposed by Bassenal.”* for the oxidative addition of Mel to
[Rh(acac)(CO)(PR)] (PRs = p-chlorophenyl, phenyl, p-methoxyphenyl).

4. The oxidative addition of iodomethane to other [Rb{Bid)(CO)(PRs)] complexes
(L,L’-Bid = mono anionic bidentate ligand, BR tertiary phosphine), have resulted in a
different mechanism proposal. Oxidative additiomctéon with complexes such as
[Rh(OX)(CO)(PPR)] (OXH = 8-hydroxyquinoline) and [Rh(dmavk)(CO)(R

106



CHAPTER 4

(dmavkH = dimethylaminovinylketone) first yield theans-alkyl product™ ** while
[Rh(cupf)(CO)(PP¥] (cupfH = cupferron) gave thecis-alkyl complex!’ Other
complexes such as [Rh(Sacac)(CO)#Ph(SacacH = thioacetylacetone) also undergo
oxidative addition reactionga the alkyl product before forming the acyl produatthe
Sacac complex, a proposed mechanism, similar terBeht.2 was suggested but without
the reductive elimination step and the solvent wath The acyl formation ¢k was
assumed to be rapid relative to the alkyl forma&figk,). Experimental results confirmed
that the rate of disappearance of [Rh(Sacac)(CO}jPRvas equal to the rate of
formation of the Rh(lll) acyl specié3within experimental error. Studies of complexes
consisting of N,S-bidentate ligands indicate thht tcomplexes proceedia a
mechanisrf illustrated in Scheme 4.2. The reaction considtsa orapid oxidative
addition equilibrium step to form the Rh(lll) alkproduct, followed by a slower acyl

formation. The solvent pathway does not observabhtribute to the reaction rate.

(1) Oxidative Addition CHg
L CcO
kl, K, \ {
‘ +CHl =———= Rh
/ k_1 / \
PR1RoR3  Reductive Elimination L PR1R2R3

s || +s (2) Solvent

K 3) CO-Migrator
Pathway 2k @ gratory

Insertion

L COCH3
< + CH,l < \Rh{
/| PR;R,R3 L'/ \PR1R2R3
|

Scheme 4.2: The reaction scheme for the oxidativeldition of iodomethane to [RH(L,L™-Bid)(CO)(PR 5)]

complexes and carbonyl migratory insertion. Two patways for the oxidative addition

reaction step are indicated, with the solvent indiated by S. The solvent path as well as the
t18

reductive elimination step is usually determined fom the intercep
5. With regards to the reactions investigated in #tisdy, initial runs of the oxidative
addition reaction of iodomethane to [Rh(acac)(CA)E#Rs)] complexes, resulted in the

rapid formation of the Rh(lll)-alkylspecies and then a slower formation of the Rh(lll)

B K.G. van Aswegen, J.G. Leipoldt, I.M. PotgieterJ G amprecht, A. Roodt, G.J. van Z§ransition Met. Chem.,
1991, 16, 369

241.J. Damoense, W. Purcell, A. RooRhodium Express, 1995, 14, 6

25 ].G. Leipoldt, S.S. Basson, L.J. Botharg. Chim. Acta, 1990, 168, 215

26 C.H. Cheng, B.D. Spivack, R. EisenbetgAm. Chem. Soc., 1977, 99, 3003
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acyl or Rh(lll)-alkyf isomer species (Fig. 4.4 — 4.12). The focus af shidy was aimed
at the oxidative addition step. A detailed study tbe migratory insertion and
isomerisation to Rh(lll)-acyl and Rh(lll)-allylsomer was considered to be beyond the

scope of this present study but will be investigaiea later stage.

6. The oxidative addition of iodomethane to [Rh(ac@€)J(PPhs)] (1977.6 cni) resulted
in a rapid alkyt formation (2071.5 cff), followed by a slower acyl formation
(1720.5 crif) as indicated by repetitive IR scans (Fig. 4.4% the alkyt started to

disappear, the acyl was still increasing to a maxmnabsorbance.

r 0.4

[Rh(acac)(CO)(PPh)] [ °%
Rh(l)
r 0.3
r 0.25
r0.2 g
Alkyl 2
0.15
Acyl Foa
A &—N’ 0.05
— . ; = == = o
2150 2050 1950 1850 1750 1650
Wavenumber (cm")
Figure 4.4: Infrared spectra of oxidative addition of Mel to [Rh(acac)(CO)(PPh)] in dichloromethane

at 25°C. Spectra indicates the disappearance of RhEpecies with simultaneous increase of
the alkyl' peak. The acyl peak formation corresponds to thelisappearance of the alkyl
species. [Rh(acac)(CO)(PP)] = 3.12 x 10° M, [CH3l] = 0.165 M, At = 16.5 s, kys =
6.20(9) x 10° s™.

7. Repetitive 3P NMR scans (Fig. 4.5) of the same reaction inditahat after acyl
formation (37.7 ppm), a Rh(lll)-alk§(29.5 ppm) slowly began to form after 28 minutes
which was not indicated by the IR spectra. Highmraentrations ofl) may be required
to reveal the presence of the new dlkigbmer by IR spectra, however the presence of

the isomer was only reported by Bassbal.>*and not by Varshavskgt al.*
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2 ‘_.X_L_._JLJJ t=24hr
N Alkyl? 1
b \ t=46.01 min
M ‘JLN

,_,._._.,L.LJL)L.MN
[ | Alkyl™ ]

Acyl 1
1
Rh().L AKA "1, ¢ = 2.43 min
I‘"‘|‘"'|""|""\""\‘Mt=0
ppm ) 50.0 450 40.0 35.0 30.0
Figure 4.5: Observed *P-NMR spectra for the disappearance of the four caerdinated

[Rh(acac)(CO)(PPh)] species and the formation of the alkyl acyl and alkyf
intermediate products in dichloromethane at 25°C. Rh(acac)(CO)(PPh)] = 3.583x1F M,
[CH3l] = 0.156 M, At = 3 min, kops= 5.3(8) x 10 s™.

8. In the case of the PCyRlomplex, the IR data for the oxidative additionQifl;l to
[Rh(acac)(COWCyPhy)] indicated the formation of an alkykpecies (2067.7 ch
which is not followed by acyl formation (Fig 4.6\n interesting observation, which
cannot be explained currently, was that the breafithe IR peak at 1975.1 chfstarting
complex) and the alkylat 2067.7 cil for the PCyPh complex (Fig 4.6) are
significantly broader (almost twice) compared te ttorresponding peaks in the BPh
complex (Fig 4.4). This might, in principle obscusther species. HowevélP NMR
showed there was no other phosphine containingespecesent’® NMR indicated the
very rapid conversion of the Rh(l) complex to th&yH intermediate (35.8 ppm)

followed by the formation of an all&/bpecies (46.3 ppm) after 24 hours (Fig 4.7). No

Rh(lll)-acyl formation is indicated by NMR.
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[Rh(acac)(CO)(PCyPh)]

r0.12

ro1

Absorbance

2150 2050 1950 1850
Wavenumber (cm™

Infrared spectra of the disappearance fo[Rh(acac)(CO)(PCyPh)] with the simultaneous
appearance of the alkyl species in dichloromethane at 25°C. [Rh(acac)(C®CyPh,)] =

3.26 x 10° M, [CH4l] = 0.115 M, At = 16.5 s, kps = 7.16(7) x 15 s™.

Figure 4.6:

N A4 t=24hr

)LLL t=4hr

N
1
ARV T oh . t=1.40 min

RA() 1) ] L t=0
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Ppm 450 400 320

Figure 4.7: Observed *P-NMR spectra for the disappearance of the four caerdinated
[Rh(acac)(CO)(PCyPh)] species and the formation of the alkyl and alkyl® products in
dichloromethane at 25°C. PCyPhinternal standard at 33.6 ppm. [Rh(acac)(CO)(PCyP})]

=3.44 x 1M, [CH 3l]= 0.156 M, At = 0.9 min, ky,s= 9.7(5)x 1C s™.
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9. A trend similar to that for complex?) is also found for [Rh(acac)(C@®Cy.Ph)].
Repetitive IR spectra (Fig. 4.8) shows the disappeze of the Rh(l) complex followed
by the simultaneous increase of the dllgpecies (2052.3 ch. The formation of the
alkyl" species occurs at a much slower rate than for (1) and(2). No formation
of the acyl species was indicated in the IR spettrthis case, the IR peaks (Fig 4.8) had
yet another interesting asymmetrical and broadeshidpwever repeated recrystallization
yielded the same form of peaks every time. RepetilMR scans (Fig. 4.9) further
showed that the alkylintermediate (43.0 ppm) is followed by a slowepegring acyl
species afteca 37 minutes (38.1 ppm). The Rh(lll)-alkyilsomer (41.7 ppm) begins to
form only after 3 hours.

r0.2s

[Rh(acac)(CO)(PCyPh)]

ro.2

r 0.05

Wavenumber (cm™?)

Figure 4.8: Infrared spectra of the disappearance fo[Rh(acac)(CO)(PCyPh)] with the simultaneous
appearance of the alky! species in dichloromethane at 25°C. [Rh(acac)(C®Cy,Ph)] =
3.23x 10° M, [CH3l] = 0.134 M, At = 16.5 s, kps = 1.014(2)x 16 s™.
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Figure 4.9: Observed *P-NMR spectra for
[Rh(acac)(CO)(PCy,Ph)] species and the formation of the alky] acyl and alkyf

intermediate products in dichloromethane at 25°C.PCy,Ph internal standard at 44.8 ppm

[Rh(acac)(CO)(PCyPh)] = 3.58x10° M, [CH 3l] = 0.156M, At = 1.4min, kys = 1.25(2)x1C s™.

10.In the case of the fourth tertiary phosphine R @ye IR data for the oxidative addition of

CHal to [Rh(acac)(COWCys)] indicates rapid alkylformation (2052.3 cif) and a smalll
growth at 1720.5 cthwhich could be assumed to be the acyl peak (Fif))4Repetitive

3P NMR scans indicated that the afkiitermediate (50.2 ppm) is first followed by the
formation of the alkyl isomer (45.0 ppm) after 12 minutes and then by forynation

(40.2 ppm) after 28 minutes (Fig. 4.11).
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[Rh(acac)(CO)(PCy)] Rh(1) N
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Figure 4.10: Infrared spectra of the oxidative addion of Mel to [Rh(acac)(CO)(PCy)] in
dichloromethane at 25°C. Rh(l) species disappearsitv simultaneous increase of alkyi
peak. [Rh(acac)(CO)(PCy)] = 3.21 x 10° M, [CHal] = 0.106 M, At = 24.8 s, kys =
3.06(1) x 10°s™.
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Figure 4.11: Observed *P-NMR spectra for the disappearance of the four cordinated

[Rh(acac)(CO)(PCy)] species and the formation of the alkyl alkyl?> and acyl intermediate
products in dichloromethane at 25°C. PCy internal standard at 49.8 ppm.
[Rh(acac)(CO)(PCy,Ph)] = 3.463x1G M, [CH3l] = 0.156 M, At = 1.5 min, ky,s= 4.6(4)x10° s*
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11.The oxidative addition of iodomethane to the Rhg®mplexes is assumed to be an
equilibrium reaction as suggested by Roetcl.'® At low iodomethane concentrations a
small amount of alkylis formed from the Rh(l) reactant (Fig. 4.12(ayhile at higher
[CHal], more of the alkyl species is formed and at a much faster rate &ig®(b)). In
this specific example, [Rh(acac)(CO)(PCyPhno acyl intermediate is indicated. The
large yield of the alkylspecies suggests a reasonably large equilibriurstant (K).

(@) [CHsl] = 0.1 M (b) [CHal] = 0.8 M

Absorbance
Absorbance

2200 2000 1900 1800 2200 2100 2000 1900 1800 1700

Wavenumber (cm™) Wavenumber (cm™)

Figure 4.12: Repetitive infrared scans of the disggearance of [Rh(acac)(CO)(PCyPy] with the
simultaneous appearance of the alkyl species in dichloromethane at 25°C.
[Rh(acac)(CO)(PCyPh)] = 3.26 x 10 M, At = 165 s, (a) ks = 7.16(7) x 10 s,
(b) kops = 4.54(5) x 1G s*

12.In this study, no prominent solvent assisted payhwa typically indicated by significant
[CHsl] independent reactions (large intercepts in gregdhplots of kys vs [CHil]) was
observed, however as future studies will consistngéstigating various solvents, the

pathway is still included in the reaction schemehéne 4.3).

13.Based on all the above arguments, a proposed oaastheme of the oxidative addition
reaction for the complexd4) to (4) representing the possible pathways are presemted i

Scheme 4.3.
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Scheme 4.3: General reaction pathway for the reach of [Rh(acac)(CO)(PRR.Rs3)] complexes with
iodomethane (CHil).

Based on Scheme 4.3, the mechanism for the reastionodium(l) acetylacetonato carbonyl

phosphine complexes could be derived as givendriatiowing paragraph.

The rate of formation of the Rh(lll)-alkybpecies is given by Eq. 4.29. The reaction from th
Rh(lIl)-alkyl* to Rh(lll)-acyl species, in the case of complegBsand (3), or to Rh(lll)-alkyf
isomer, in the case of complex@ and(4), is considered to be very slow and is not incluted

the rate law for the oxidative addition.

R= d[F;thl] = - ky[Rh'[[Mel] + ko[Rh" alkyl] .. 4.29
[Rh" alkyl] = [Rh]o - [Rh] substitute in Eq. 4.29 gives,
d[F;—thl] = -[Rh]{k i[Mel] + k.1} + k.1 [Rh']o
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Call ky[Mel] + k1= k and let k.[Rh']o = h

The differential equation then becomes,

d[RhI] = -k [RH] +h ... 4.30
dt

To solve Eq. 4.30, first look at the homogenous part

dmw]:«mm
dt

Solution becomes [Rh'] = De .. 4.31

To solve Eq. 4.30, let D be thought of as a function of timet
[Rh'] = D(t)e™ .. 4.32

and substitute this assumption into Eq. 4.30

|
dﬁ?]=«me4Dﬁm“:«D®@”h

D'(t)e*'=h

D'(t) =h &
By integration the equation becomes, D(t) = Ee'“ +G

By substituting into Eq. 4.32, will give the integrated rate form for a pseudo first order reaction

mM=E+Q&t .. 4.33

where h_ constant term, C, = time dependent term

and k = the observed rate constant = k;[Mel] + k.4 .. 4.34
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14.Typical IR and®P NMR spectra for the oxidative addition of €ib complexeg1) to
(4) were presented in Figures 4.4 — 4.12 and havadjrbeen discussed in detail in
Section 4.3.3. The disappearance of the Rh(l) egibpeak and the formation of the
Rh(lll)-alkyl carbonyl peak as monitored by infrdredirectly reflects the results
determined by'P NMR (Fig. 4.4 - 4.12). Both techniques yieldeeritical observed rate
constants, within experimental error. Table 4.slthe®'P NMR spectral parameters for

the rhodium phosphine complexes.

Table 4.1: 3P NMR spectral parameters of rhodium acetylacetonat phosphine complexes.
v(CO) 0 *IP NMR np
Complex _
P (cm?) (ppm) (H2)
Rh(1) 1977.6 48.6 176.9
Rh(l1)-alkyl* 2071.5 32.8 124.6
Rh(acac)(CO)(PPh)

Rh(lIN)-acyl 1720.5 37.7 153.3

Rh(l1)-alkyl® - 29.5 118.3

Rh(1) 1959.3 53.3 171.3

Rh(acac)(CO)(PCyPh) Rh(lIN-alkyl® 2067.0 35.8 123.2
Rh(l1)-alkyl® - 46.3 118.5

Rh(1) 1948.8 58.8 168.3

Rh(llN)-alkyl® 2052.3 43.0 122.1

Rh(acac)(CO)(PCyPh)

Rh(lIN)-acyl - 38.1 146.3

Rh(l1)-alkyl? - 41.7 117.9

Rh(1) 1945.3 59.3 164.3

Rh(1lN)-alkyl® 2052.3 50.2 118.1

Rh(acac)(CO)(PCy)

Rh(l1)-alkyl” - 45.0 116.4

Rh(lIN)-acyl 1720.5 40.2 144.4
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4.3.4 Results and Discussion

The oxidative addition reaction of [Rh(acac)(CO){RER3)] with iodomethane was studied in
dichloromethane and as the carbonyl migratory-time@and alkyl isomerisation reactions were
very slow, only the oxidative addition / reductiedimination reactions were investigated
(Scheme 4.3, Reaction 1). A variable temperatwedystvas also conducted to determine the
activation parameters. All four complexes were #tigated with the use of IR'P NMR and
UV-Vis spectroscopy. Typical kinetic data, as ithased in Figure 4.13 below, was fitted to
Agbs = As — (As — A)e St (Eq. 4.18) in order to determine the observed catestant, ks

0.82 4

0.8 4
0.78
0.76
0.74 4

0.72 4

Absorbance

0.7 4

0.68

0.66

0.64 4

0.62 T T T T T T T 1
0 200 400 600 800 1000 1200 1400 1600

Time (s)

Figure 4.13: Typical UV-Vis absorbance versus timelata for the oxidative addition reaction of [CH;l]
with [Rh(acac)(CO)(PCyPh)] at 315 nm in dichloromethane at 25°C. [Rh] = 95 x 10° M,
[CH3l] = 0.0523 M.

(d) IR Studies

Graphs of the observed first-order rate constakjs, versus [CHI] were plotted from the
infrared data and yielded a linear relationshighveitnall intercepts (Fig. 4.14) for all four Rh(l)
complexes. The fits are consistent with the fitspsn the reaction mechanism, as illustrated in
Scheme 4.3, where the oxidative addition is anliégiwim reaction. The observed pseudo first
order rate constant was fitted to Eq. 4.34, in otdeletermine the rate constant for the oxidative
addition and reductive elimination stepgsakd k;, respectively.

kObS= k1[M€|] + k.l e 4.34
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The results were surprising. Both the IR stretctirequencies antfP NMR coupling constants

suggested that the electron density on the Rh(talneentre increases from complé) to (4)
(Section 3.5.6). This suggested that [Rh(acac)(BOy)], with the highest electron density
would have the fastest rate for the oxidative aoldibf iodomethane. The steric demand of the

phosphine ligands, as indicated by the effectiveecangle (Table 4.2), also increases from

complex(1) to (4). It was therefore expected that steric parameterdd have a minimal effect

with respect to electron density. From this assionpit was thought the rate constantwould

increase systematically fro(i) to (4).

A

0.045 4 P
[Rh(acac)(COPCyPhy)]
0.040 4
e
0.035 4 //A/
0.030 - 7
// [Rh(acac)(COWPhy)]
70025 /
-
0.020 — [Rh(acac)(COPCys)]
0.015 4
0.010 4
[Rh(acac)(COPCy,Ph)]
0.005 4
0.000 T T T T T T T T |
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
[CHsll (M)

Figure 4.14: The effect of various phosphine ligarglon rhodium(l) acetylacetonato carbonyl complexes
undergoing oxidative addition with [CHsl] under pseudo first-order conditions for the
formation of [Rh(acac)(l)(CH3)(CO)(PR;R2R3)] in  dichloromethane at 25°C,
[Rh(acac)(CO)(PRR;R3)] = 3 x 10°M. (Appendix, Table E.1)

Table 4.2: Infrared spectroscopic kinetic data obtmed from Figure 4.14 for the oxidative addition of
CHa3l to [Rh(acac)(CO)(PRR2R3)] complexes in dichloromethane at 25°C.

[Rh( (CO)PRRRY)] Rate Constant K1 Effective cone
acac
T MG XM | kL, (x10°s) MY angle (°)
PPh 30.9(3) 1.0(2) 30(5) 149.3
PCyPh 52.9(8) 1.4(4) 38(12) 151.2
PCyPh 6.92(4) 0.07(2) 95(27) 163.5
PCy 26.4(8) 0.6(4) 44(30) 169.5

Since the intercept indicated a large esd, valbesld be treated as estimations.
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The results, as indicated in Figure 4.14 and Tdke with respect to the assumption made, is
certainly surprising. The value ofy Kor (1) is 1.17 times larger than fdd) even though
[Rh(acac)(CORCys)] has the highest electron density. The steric ateimof the PCyligand
retards the ease with which the incoming iodomethzoordinates to the metal centre. The rate
for [Rh(acac)(CORCyPh)] was expected to be slightly faster than(fbx however its kvalue

is 1.79 times larger thgil) and 7.64 times larger th&8). The rate of [Rh(acac)(C@Cy.Ph)]

is the slowest atk= 6.92 M's™. The large uncertainty in the, kvalue for complexe€3) and(4)

prevented the more accurate determination of thdilequm constant K.

(b) UV-Vis Studies

The kinetics were also monitored by UV-Vis speatops/ and gave similar results, within
experimental error, to that found by IR and NMR&pascopy as described above. The systems
were studied at different temperatures in orderdédermine the effect which the various
phosphines may have on the oxidative addition i@aciThe results are presented in Figures
4.15 - 4.18, and the rates determined by UV-Vicgpscopy at the various temperatures, all
follow the same trend as seen by IR spectroscojoy @&14). The rates increase from complex
(3) — (4) — (1) — (2). Table 4.3 lists the rate constants determineth®ioxidative addition of
iodomethane to the [Rh(acac)(CO)(RERs)] complexes as determined by UV-Vis
spectroscopy. As expected, the rate of each cong#earrally increases by a factor of two for
each 10°C increase of temperature. The near zdue wd k; suggests that a solvent assisted
pathway does not occur for these specific compl@xechloromethane. The large equilibrium
value for the oxidative addition reaction indicaties favourability towards the forward reaction.
Table 4.3 shows a comparison between the rateamssietermined by IR spectroscopy (25 °C)
and the rate constants determined by UV-Vis spsctijpy €a. 25 °C). The values are equivalent

within experimental error.

Due to spectroscopic interference between the RIRBH(IIl)-alkyl and Rh(lll)-acyl data
readings, a combined effect was experienced at ibidbmethane concentrations which led to
lower absorbance readings at infinity (Abshan expected. As a result of this bi-phasicesyst
the value of Abg was restricted to a higher value resulting in éargtandard deviations than
desired. The equilibrium constantg,Kcould not always be accurately determined duéhéo
large uncertainties in some; kvalues. Future work will consist of more oxidatiaedition

reactions at low iodomethane concentrations teem®e the accuracy of all the ¥alues.
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Figure 4.15: Temperature and [CHI] dependence of the pseudo-first order rate constd for the
formation of [Rh(acac)l(CH3)(CO)(PPhs)] in dichloromethane, & = 322 nm)
[Rh(acac)(CO)(PPh)] = 1.01 x 10' M. (Appendix, Table E.2)
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Figure 4.16: Temperature and [CHI] dependence of the pseudo-first order rate consta for the

formation of [Rh(acac)l(CH3)(CO)(PCyPh)] in dichloromethane, @ = 315 nm)
[Rh(acac)(CO)(PCyPh)] = 9.61x 10 M. (Appendix, Table E.3)
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Temperature and [CHI] dependence of the pseudo-first order rate constd for the
formation of [Rh(acac)l(CH3)(CO)(PCy.Ph)] in dichloromethane, ¢ = 323 nm)
[Rh(acac)(CO)(PCyPh)] = 9.10 x 1 M. (Appendix, Table E.4)
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Temperature and [CHI] dependence of the pseudo-first order rate constd for the
formation of [Rh(acac)l(CH3)(CO)(PCys)] in dichloromethane, ¢ = 322 nm)
[Rh(acac)(CO)(PCy)] = 9.38 x 10 M. (Appendix, Table E.5)
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Table 4.3: UV-Vis kinetic data obtained from Figure4.15 — 4.18 for the oxidative addition of CHl to
[Rh(acac)(CO)(PRR2R3)] complexes at different temperatures in dichlororethane.
Rate Constant
Temperature _ _ Keq
[Rh(acac)(CO)(PHR,Rs)] ¢C) ki (x 10° M7s%) k. (x10°sh (M
IR? UV-Vis IR? UV-Vis
24.9 30.9(3) | 30.8(55) | 1.0(2) 1.1(2) | 27(4)
PPh 15.1 17.2(4) 0.5(1) | 31(7)
5.3 9.71(4) 0.30(1) | 33(1)
26.0 52.9(8) | 55(1) 1.4(4) 0.9(4) | 59(26¥
PCyPh 14.0 27.2(4) 12(1) | 22(2)
6.0 18.6(2) 0.64(8) | 29(4)
25.6 6.92(4) | 6.98(6) | 0.07(2) | 0.08(2) | 90(24f
PCyPh 14.5 3.38(4) 0.11(2) | 31(4)
5.5 1.88(4) 0.07(2) | 27(6)
25.6 26.4(8) | 27.1(2) 0.6(4) 0.29(9) | 92(29f
PCy, 14.3 13.8(2) 0.45(6) | 31(4)
5.9 9.1(1) 0.15(5) | 62(20§

3R kinetic data determined at 25°C (Table 4°2)alues calculated for UV-Vis dataSince the intercept indicated a
large esd, values should be treated as estimations.

The activation entropy, AS”) and activation enthalpyAIﬂi) were determined from the

temperature study by using the Eyring equation &28).

+
In( kex”j = In(Ej _ AR +£5¢ ... 4.28
T h) RT R

Eyring plots comparing the activation parameterstiie k step of the complexes described in
Table 4.4 are shown in Figure 4.19. The Gibbs é&eergy for the first reaction was calculated
by the following equation.

AG” = AH7 - TAS ... 4.35

The activation parameters for the first reactiom typical of an associatively activated process,
which are characterised by low, positive enthalied large negative entropies. The activation
parameters indicate that very little bond breakiaps occurred in the transition state. The
electron acceptor ability of the phosphine ligaatds the stabilisation of the transition state.
Rh(Ill) complexes also favour octahedral coordim@tivhich further aids in the stabilisation of

the transition state.
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Figure 4.19: Eyring plots of the Kk rate constant for the formation of [Rh(acac)l(CH;)(CO)(PR:R2R3)] in
dichloromethane. (Appendix, Table E.6)

Table 4.4: Kinetic data obtained from the Eyring eqiation (Eq. 4.28, Fig 4.19). Also reported are the
v(CO) stretching frequency and P NMR data of the four coordinated
[Rh(acac)(CO)(PRR;R3)] complexes in solution and associated, KM *s*) values at 25°C in

dichloromethane.

s ——_ v(CO) 03P NMR ky AH (k) AS (k) AG7 (k)
(cm®) (ppm) (x 10° M7's?h (kJ.mott) | G.K'mo™ | (kJ.mol%)

PPh 1977.6 48.6 30.8(5) 38(0) “146(4) 82(4)

PCyPh 1959.3 53.3 55(1) 35(3) -152(9) 81(9)

PCyPh 19488 58.8 6.98(6) 44(1) 1405 85(5)

PCy; 19453 59.3 27.102) 36(3) “154(9) 82(9)

As already mentioned, the trend observed from bwHR and™*P chemical shift data regarding
the electron density on the Rh(l) centres is: PEPCyPh > PCyPh> PPR. This trend is not
maintained in the kinetics, even when considerimg steric effects of the RR:R3 ligands.

Further investigations into this phenomenon wiréfore be conducted in the future.
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4.4 PRELIMINARY CATALYTIC EVALUATIONS

4.4.1 Introduction

Preliminary catalytic experiments based on the Mais process, which produces acetic acid
from methanol, is discussed in this chapt&tono phosphine rhodium(l) complexes of the form
[Rh(acac)(CO)(PMR2Rs3)] and symmetrical diphosphine rhodium(l) complexese the focus of
this study.

4.4.2 Experimental

All reagents were of analytical grade. All orgasalvents were pre-dried over alumina and then
distilled before use. The [Rh(acac)(CO)({RER3)] complexes were prepared as described in
Section 3.4.2.3. The following procedure was used donducting the kinetic experiments.

Under Schlenk conditions, the [Rh(acac)(g@)methanol, iodomethane and respective
phosphine ligand were mixed and transferred toGar80Parr reactor. The reactions were carried
out at 140°C and 75 bar synthesis gas (2;1CH) for ca. 20 hours. The reactions were

monitored by gas uptake. The resultant solution®wealysed on a HP 6890 GC, using a FFAP

column and standard FID detector.

4.4.3 Results and Discussion

A study by Moloy et al.?” investigated the effect of diphosphine ligands tba rhodium
catalyzed reductive carbonylation of methanol. Reacates (up to 6 M'H were achieved at
lower temperatures (130 — 150 °C) and pressures {6 MPa) than generally used for the
carbonylation of methanol. The use of the symmatradiphosphine P#(CH,)sPPh (Dppp)
produced the formation of acetaldehyde with higlec®ites approaching 90%. Ethanol was
produced with the same selectivity and rate, duentsitu hydrogenation of acetaldehyde, if
ruthenium was used as a co-catalyst. The stalfitthe rhodium diphosphine complexes was

good, as the five-coordinate acyl complex [Rh(dggtone)(COCH)I,] was detected at the end

TK.G. Moloy, R.W. WegmarQrganometallics, 1989, 8, 2883
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of the catalysis experiments. Carreizal.?® reported rhodium complexes with asymmetrical
ethylene diphosphines ligands which are efficiemid donger-lived catalysts than their
symmetrical anologues under the conditions of tiakistrial process. bho-phosphine rhodium
complexes, such as [RhCI(CO)(RBE}t are 1.8 times faster than for [R{CO)] for the
carbonylation of methandf, however the catalyst degrades to [RBD),]” during the course of
the reaction to yield [BPI]" which is hydrolysed to give ERO. Generally bidentate phosphines
are better catalysts with regards to stability,dose less free phosphine is present due to the

high complex binding constants.

Preliminary investigations conducted for the pugposthis study were based on the study done

by Moloy et al.?’

and utilised a unmodified rhodium catalyst, [Ra@¢CO}], two mono-
phosphine modified catalysts, namely PRImd PCyPh, and one symmetrical diphosphine
modified catalyst (Dppp). A ratio of 3:1 phosphitigand to Rh was used for th@ono-
phosphine and for the diphosphine, a ratio of 1gitdsphine ligand to Rh was used (Table 4.5).
It was assumed that the rate would be the samallftigands if the reaction proceedeié the

unmodified Rh catalyst [REICO),] .

Table 4.5 Experimental conditions for the carbonyléion of methanol by various rhodium phosphine
complexes.
Referencd
Phosphine Dppp PRh PCy,Ph Unmodified Dppp
Mass of Phosphine 2.0 mmol 314.1 329.3 247.7
(mg) ) (1.298 mmol) | 1.200 mmol) (0.601 mmol)
Vol MeOH (ml) 40 75 75 75 75
Vol Toluene (std) 5 5 5 5
(ml)
Vol Mel (ml) 2.49 5 5 5 5
(40 mmol) (80.3 mmol) (80.3 mmol) (80.3 mmol) (80.3 mmol)
Mass
103.0 103.1 102.6 102.7
[Rh(a(cn?;))(coﬂ 2.0mmol | 399 mmol) | (0.399 mmol)| (0.398 mmol) | (0.398 mmol)
Total vol (ml) 40.3 85 85 85 85
Autoclave used 100 ml 300 ml

*Note: all experiments were conducted at 70dfat:1 H-CO and 140°C, time ~ 20 h.

The maximum conversion of methanol with the coroesling maximum TOF and STY were
observed for the unmodified Rh complex for a 398ute reaction period. The data in Table 4.6

reveals the order of efficiency of the catalytididty: Rh unmodified > Rh-PPhcomplex >

2 C A. Carraz, E.J. Ditzel, A.G. Orpen, D.D. EIBG. Pringle, G.J. Sunle¢hem. Commun., 2000, 1277

293, Rankin, A.C. Benyei, A.D. Poole, D.J. Cole-Ham, J. Chem. Soc., Dalton Trans., 1999, 3771

% P.W.N.M. van LeeuwenHomogeneous Catalysis. Understanding the Art, Dordrecht: Kluwer Academic
Publishers, 2004
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Rh-PCyPh complex > Rh-Dppp complex. The modifiedno-phosphine catalyst degraded at
some point during the reaction period, as the phiagpwas only present in [GHPR,R,R3)1] " at
the end of the reaction as determined/NMR for the Rh-PRhand Rh-PCyPh complexes. It
appears that the presence of the phosphine ligdhmhfuences the reaction rate (Fig. 4.20). As
with the oxidative addition reactions, the Rh-PRly complex has a slower reaction rate,
conversion and TOF as compared with the RhsRBmplex. The results of batch carbonylation
of methanol to acetic acid, acetaldehyde and siddyets in the presence of [Rh(acac)(gO)
and various phosphine ligands are shown in Talfeaé. determined by GC analysis. The
Rh-PCyPh complex resulted in a 100% conversion to metlegtae, while the Rh-PRh
complex yielded 53.5% methyl acetate. As expectdyd the rhodium complex bonded to the
Dppp ligand yielded any acetaldehyde. Due to theber of volatiles, the quantification studies
were difficult and some uncertainties are predeutiire work will consist of doing high pressure

IR and completing the batch carbonylation with dtiger two phosphine ligands of the series.

Table 4.6 Results of the carbonylation of methanol.
Mol % of product
Phosphine MeOAc | Acetic acid DMA AcH TOF STY? CONV*
PPh 53.5 46.5 - - 102.9 0.48 14.5
PCyPh 100 - - - 72.1 0.34 10.2
Unmodified 31.6 68 - - 114.6 0.54 16.2
Dppp 22.3 - 11.9 65.8 24.3 0.11 34

* MeOAc = Methyl acetate, DMA = dimethyl acetyl, AcHacetaldehyde.
“Conversion = [mol syngas consumed / mol syngasgelaix 100,°STY = mol product per volume per hour,
“TOF = [mol syngas consumed)] / [mol catalyst] peurho

Unmodified
0.30 PR
PPh
025 PCy,Ph
g
§ 0.20
2 Dppp
$ 0.15
=
0.10
0.05
0 100 200 300 400 500 600 700 800 900 1000
Time (min™)
Figure 4.20: Figure of gas uptake by the rhodium posphine complexes for the carbonylation of

methanol to acetic acid and acetaldehyde.
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4.5 CONCLUSION

Numerous studies have been undertaken over the,y&ahe formation of different products in
the reactions between iodomethane and [Rh(L,L’-@@))(PXs)]. Both the cis and trans
addition products of iodomethane on the Rh metalntree has been isolated.
[Rhi(cupf)(CO)(CH)(PPh)]*”  formed  the «cis  addition  product  while
[RhI(OX)(CO)(CHs)(PPh)]* formed thetrans alkyl species. When the bidentate ligand
contained a sulphur atom as in the case of [Rh(362@)(PPh)],%>® the primary product
formed was the acyl species. The rate of Rh(l) dempdisappearance of the
[Rh(Sacac)(CO)(PR} complex was the same as the formation of thdIB{acyl species. Only

a small amount of the intermediate Rh(lll)-alkykspes was detected.

The oxidative addition of rhodium acetylacetonatmbonyl phosphine complexes have been
carefully investigated in the context of this studye phosphine series from BRbd PCy was
used in order to improve the understanding of sdeit versus steric effects. The kinetic
pathways and the intermediate products of Mel dridaaddition to [Rh(acac)(CO)(RRzRs)]

were positively identified.

The reaction pathway for all the Rh(l) complexesevexpected to proceeth an Rh(lll)-alkyl
intermediate to a Rh(lll)-acyl species. OxidativiEion of iodomethane to the Rh(l) complex,
as indicated by detailed IR and NMR studies, reacbgte formation of a Rh(lll)-alkylspecies
for all four [Rh(acac)(CO)(PRR2R3)] complexes. After this first step, the systemsceedvia
slightly different pathways. The [Rh(acac)(CPHs)] complex indicates the conversion of the
Rh(ll)-alkyl* species to an acyl species and then finally to héliRalkyl® species. The
[Rh(acac)(COCyPhy)] complex proceeds directly from the Rh(lll)-alkydpecies to the
Rh(lI1)-alkyl? species. No Rh(lll) acyl formation was detected. the [Rh(acac)(CORCy-Ph)]
complex, Rh(ll)-alkyt is followed by Rh(lll)-acyl formation and then liye appearance of the
Rh(lI)-alkyl? species. [Rh(acac)(C@®Cys)] proceedsia the Rh(lll)-alkyl to a Rh(lll)-alkyf
species before converting to the Rh(lll)-acyl proddruture studies of theoretical computation
calculations and crystal structure determinatiohshe Rh(lll) products is needed in order to

determine the absolute confirmation of the finaldarcts.

A solvent assisted pathway for all four complexessinot seem to occur as suggested by the

small value of k. The large equilibrium constant for the oxidataddition reaction indicates the
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favourability towards the forward reaction. No smiv assisted pathways have been found in
related studies of oxidative addition of iodomethan [Rh(L,L’-Bid)(CO)(PPB)]*® complexes.
However, the reaction with [Rh(cupf)(CO)(PfI" had a definite solvent pathway with
significant solvent interaction. The cupf is howeaenuch weaker electron donor, coupled with
the formation of a 5-membered chelate, which iseetgd to allow more solvent interaction at
the metal center, compared to the acac systemse(b@red chelates). Studies related to
complexes containing N,S-Bid ligartfisindicates a negligible reversed reaction for the

formation of the acyl species and do not indicae solvent pathway.

From the initial IR and NMR data as reported in ftba 3, it was postulated that as the electron
density on the Rh(l) metal centre increased witddgal substitution of phenyl by cyclohexyl
rings, as indicated by(CO) stretching frequencyP chemical shift andJzn.p(Table 4.1 and
4.4), so would the oxidative addition rate systaecadily increase from [Rh(acac)(C@®®Rhs)] to
[Rh(acac)(COYCys)]. The steric interaction also increases systezathyi from (1) to (4) and is
best indicated by the effective cone andlg (vhose values vary accordingly 149.3° < 151.2°
< 163.5° < 169.5°. It was assumed that the steitic &if the phosphine ligands, would only play
a minor role. Kinetic data however indicated that systematic change occurred. The rates
increased in the following order:

[Rh(acac)(COWCy.Ph)], (3) < [Rh(acac)(CORCys)], (4) < [Rh(acac)(CORPhs)], (1)

< [Rh(acac)(CORCyPh)], (2).

The value of kfor complex(3) is approximately 8 times slower than comp(2x

The reason for these reaction rates is still urideestigation. It is thought that although
[Rh(acac)(COYCys)] has the highest electron density on the Rh(htreg its steric demand
may inhibit the ease of the GHmoiety entering the rhodium co-ordination sphevkich causes
the rate to be slower than for [Rh(acac)(@PMg)]. Although complex(l) has the lowest
electron density, its low steric demand may betsnfavour. [Rh(acac)(COPCyPh,)] is only
slightly more sterically demanding th&h) but the increase in electron density due to the Cy
ring may result in the optimum balance between icstaand electronic parameters.
[Rh(acac)(CORCy.Ph)] is spatially smaller tha(4) but the lower electron density due to only
two Cy rings lowers the catalysts activity.

Another possible reason for this behaviour, maydbe to intra- and intermolecular hydrogen

bonding as indicated by the crystal structure deitetion (Section 3.5). Hydrogen bonding in

complex (3) causes the formation of cage-like structures whmuy effectively block the
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coordination sites on the Rh(l) metal centre. Cax)fl) and(4) both pack in sheets due to H-
bonding whereas compl€®) has no specific packing feature besides intranatdedi-bonding.

The manipulation of electron density and sterieriattion has previously been studied for
[Rh(cacsm)(CO)(P¥]*® complexes (cacsmH = cyclohexgd(methylamino)-1-cyclopentene-1-
dithiocarboxylato) with differentnono-dentate phosphine ligands where X = phenyl (péna-
chlorophenyl p-cPh), para-methoxyphenyl g-mPh) and cyclohexyl (Cy). The three phosphines
P(p-cPhy, PPh and Pp-mPh} are sterically identical with the same cone atfgte 145°.
However the respective Brgnsted.pkalued® (1.03, 2.73 and 4.57) indicate an increase irr thei
s-donating ability. The second-order rate constdrfisr the oxidative addition ¢k show a
corresponding order of magnitude increase fromd®h} to Pp-mPh} as expected for the
increasing nucleophilicity of the Rh(l) complex@&se greater nucleophilicity of the P€ygand
(pKa = 9.7) suggests that its; kalue should be significantly larger than the otlieree
complexes. However its second-order rate congtamat three-four orders of magnitude smaller
than the other three complexes. The larger stemcahd of the PGyligand (cone angle = 170°)
completely overshadows the electronic effect.

A similar study was conducted using [Rh(acac)(C@}P* complexes (where X = phenyl (Ph),
para-chlorophenyl g-cPh), para-methoxyphenyl g-mPh)). The oxidative addition reaction was
suggested to proceeda an equilibrium step to form a postulated ionicemtediate which
converted to a Rh(lll)-acyl species followed by la(IR)-alkyl® isomer species. The value af k
increased with increasing-donator ability of the phosphine ligands as meniio the above
paragraph. With regards to this M.Sc. study, thkievaf the second-order rate constant for
[Rh(acac)(CO)(PPJ) is of a similar order to that reported by Bassval.?* (k; =30.8 (5) x 10
M™s? (dichloromethane) vs 24(3) x 2M™s? (1,2-dichloroethane)). Bassenal. reported the
presence of the Rh(lll)-alk§isomer, by IR spectra for [Rh(acac)(1)(QCO)(PPh)] (V(CO) =
2060 cnt). The IR spectra of this M.Sc. study, did not oade the formation of the Rh(lll)-
alkyl® species for any of the four complexes, only 2 NMR indicated the presence of this
species. Studies by Varshavskyet al.** indicated the presence of the
[Rh(acac)(1)(CH)(CO)(PPh)]? isomer in**C, 3P and'H NMR but not in the IR spectra.

31 C.A. Tolman,Chem. Reviews, 1977, 77, 313

32 C.A. McAuliffe, Comprehensive Coordination Chemistry, G. Wilkinson (Ed.), New York: Pergamon Press, 7,98
989

3y.s. Varshavsky, T.G Cherkasova, N.A. Buzina, B&sler,J. Organometallic Chem., 1994, 464, 239
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For the iodomethane reaction on the [Rh(macsm)(ERRj]*° complex (macsmH = methyl 2-
(methylamino)-1-cyclopentene-1-dithiocarboxylatthle disappearance of the Rh(l) complex is
similarly followed by rapid formation of the Rh(J#alkyl species and then slower appearance of
the Rh(lll)-acyl species. The activation parametgysl” = 23(3) kJ mol, AS* = -195(11)
J.K.mol%) for the forward rate constant indicated to aneet@d associative pathway for the first

step.

The activation parameters of the [Rh(acac)(CO)Rs)] complexes of this study, are
indicative of an associative mechanism for the atiid addition step, which consist of low,
positive enthalpies and large, negative entropiéss mechanism is typical of these types of

reactions?®

The kinetic investigation has provided valuabldghts into the effect that rhodium phosphine
complexes experience by changing a single phenytyotohexyl ring. However this study

should indicate that more research is necessatyetter understand the complex’s system.
Future investigations will be conducted to bettederstand all the different and important

parameters.
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STUDY EVALUTION

5.1 INTRODUCTION

This chapter includes a summary of the successsslts obtained and scientific importance of

this M.Sc. study, as well as a discussion of sam&é research possibilities.

5.2 SCIENTIFIC RELEVANCE OF THE STUDY

One of the original motivations for this M.Sc. sfudas to gain further insight into the
chemistry and intrinsic properties of phosphineafids. Phosphine rhodium complexes have
received a large amount of attention due to thetemtial in catalyst complexes. Particular

interest has been aimed at their application ibaaylation catalysts.

The focus of the study was to understand the afféitat occur when the phenyl ring in
triphenylphosphine was systematically substitutgdciclohexyl rings to eventually produce
tricyclohexylphosphine. These two phosphines atenofised when comparing electronic and

steric parameters.

Four model complexes of the type [Rh(acac)(CO)#Rs3)] were successfully synthesized and
characterized in the solution state by infrared mmclear magnetic spectroscopy. The IR spectra
indicated the conversion of two carbonyl stretchifngquencies for the [Rh(acac)(GD)
changing to a single stretching frequency as thlesphine was added. The IR spectra indicated
an increase in electron density on the Rh(I) metaitre in the [Rh(acac)(CO)(PRRs)]
complex as follows: PGy> PCyPh > PCyPh> PPh. 3P NMR indicated a doublet, as a result
of the Rh-P coupling and also indicated a similand with regards to the electron density on the
Rh(I) metal centre. From these observations it e@sluded that the desired complexes were

obtained. The four complexes were also crystallolgiclly characterized to verify the four-
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coordinated complex’s formation and to determine ¢bordination mode of the ligands. The

bond distances and angles compared well with tbbsenilar complexes.

Kinetic investigation into the oxidative additiohiodomethane to the Rh(l) complexes, yielded
interesting and unexpected results. The systenmatiease of the rate constants for the reactions
did not occur as the electron donating ability @ased. Instead, a more insightful understanding
into the alternating affects of steric and eledtrtqgarameters was gained. It also indicated the
order of reactivity of PCyRh> PPh > PCy; > PCyPh, which does not agree with the electron
density trend as indicated by the IR data. Thigyests a subtle steric effect of a combination of
the cyclohexyl/phenyl substituents. The kinetiafssindicated that the reaction procegidsan
associative reaction mechanism and a six-coordinatsition state. A possible mechanism was

proposed for the model complexes.

The unpredicted range of reactivity for the oxidatiaddition of iodomethane to the Rh(l)
complexes was unexpected and is not yet fully wided. Difficulty was experienced in the
synthesis of bulk amounts of the Rh(l) complexesdacomposition to an oil product rapidly
occurred, particularly in the case of the [Rh(aga©)(PCyPh)] complex. Several experimental
attempts were conducted in order to crystallize Riglll) alkyl and acyl oxidative addition

products. Unfortunately only oil formation occurre@ther experimental procedures will be

conducted in the future.

5.3 FUTURE RESEARCH

In this study an interesting (not as predictedyésty in the reactivity of these four FRR3
ligands was observed during the iodomethane oxelatildition reactions. To further understand

this, additional future experiments, as listed telshould be conducted.

= An extended kinetic investigation to study the setand third reaction steps for the
reaction of [Rh(acac)(CO)(RRzR3)] with iodomethane. A study with different solvent

would gain further insight into a possible solvefiect in these reaction steps.

= Theoretical computational calculations would assistinderstanding which parameter,

steric or electronic, is the dominant factor.
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Synthesis of the remaining Rh(lll) complexes aralaison of single crystals thereof for
further crystallographic investigation to confirinet complex conformation, especially

the confirmation of the various isomers.

Modification of the bidentate ligand through eittiee donor atoms to the rhodium metal

centre or substituents on the ring to enhancereledonating and withdrawing effects.

Synthesis of similarbis-phosphine Rh(l) and Rh(lll) complexes and the #mne

investigation of oxidative addition.
Synthesis of similamono-phosphite, stibine and arsine Rh(l) and Rh(llliinpdexes and
a comparison with respect to the phosphine systansrms of structure and reaction

mechanisms.

Evaluate the catalytic activity of these systemsarbonylation reactions.
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Table A.1:  Atomic coordinates (x 16) and equivalent isotropic displacement parameters
(A% x 10°) for [Rh(acac)(CO)(PPhy)]. U(eq) is defined as one third of the

trace of the orthogonalized U tensor.

X y z U(eq)

Rh(1) 3344(1) 5082(1) 7364(1) 11(1)
P(1) 4040(1) 3052(1) 8420(1) 10(1)
0(3) 3100(2) 4244(1) 6198(1) 15(1)
0(2) 2741(2) 6965(1) 6368(1) 16(1)
0(1) 3293(2) 6181(2) 9239(1) 26(1)
c@) 3371(3) 5764(2) 8489(2) 16(1)
c(11) 6194(2) 2790(2) 8191(2) 11(1)
C(36) 4030(3) 2173(2) 10742(2) 15(1)
C(26) 2484(2) 566(2) 9034(2) 15(1)
C(22) 4054(3) 1464(2) 7030(2) 15(1)
C(14) 9503(3) 2464(2) 7781(2) 17(1)
c(21) 3486(2) 1570(2) 8157(2) 12(1)
c@) 2108(3) 6198(2) 5008(2) 17(1)
C(5) 1811(3) 8655(2) 4983(2) 22(1)
C(32) 1546(3) 3128(2) 10421(2) 16(1)
C(13) 8612(3) 1390(2) 7890(2) 16(1)
c(12) 6967(2) 1547(2) 8097(2) 14(1)
C(24) 2611(3) -625(2) 7673(2) 20(1)
C(31) 3151(2) 2736(2) 9982(2) 12(1)
C() 2247(2) 7179(2) 5504(2) 14(1)
C(25) 2049(3) -535(2) 8791(2) 19(1)
C(6) 2419(3) 3880(2) 4703(2) 21(1)
C(16) 7098(2) 3862(2) 8097(2) 14(1)
C(34) 1739(3) 2416(2) 12343(2) 21(1)
C(23) 3611(3) 370(2) 6795(2) 18(1)
C(15) 8744(3) 3694(2) 7897(2) 17(1)
C(4) 2549(2) 4818(2) 5358(2) 15(1)
C(35) 3323(3) 2023(2) 11919(2) 20(1)
C(33) 848(3) 2960(2) 11594(2) 19(1)

Table A.2:  Bond distances (A) and angles (°) foRh(acac)(CO)(PPh)].

Bond Distance (A) Bond Angle Angle (°)
Rh(1)-C(1) 1.807(2) C(1)-Rh(1)-0(3) 174.45(8)
Rh(1)-O(3) 2.0332(15) C(1)-Rh(1)-0(2) 93.01(8)
Rh(1)-0(2) 2.0748(16) 0(3)-Rh(1)-0(2) 88.02(7)
Rh(1)-P(1) 2.2418(9) C(1)-Rh(1)-P(1) 87.17(7)
P(1)-C(21) 1.823(2) O(3)-Rh(1)-P(1) 91.88(5)
P(1)-C(31) 1.823(2) 0(2)-Rh(1)-P(1) 179.01(5)
P(1)-C(11) 1.827(2) C(21)-P(1)-C(31) 104.21(9)
0(3)-C(4) 1.275(3) C(21)-P(1)-C(11) 103.39(9)
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0(2)-C(2)
0(1)-C(1)
C(11)-C(16)
C(11)-C(12)
C(36)-C(35)
C(36)-C(31)
C(36)-H(36)
C(26)-C(21)
C(26)-C(25)
C(26)-H(26)
C(22)-C(23)
C(22)-C(21)
C(22)-H(22)
C(14)-C(13)
C(14)-C(15)
C(14)-H(14)
C(3)-C(2)
C(3)-C(4)
C(3)-H@)
C(5)-C(2)
C(5)-H(5A)
C(5)-H(5B)
C(5)-H(5C)
C(32)-C(33)
C(32)-C(31)
C(32)-H(32)
C(13)-C(12)
C(13)-H(13)
C(12)-H(12)
C(24)-C(25)
C(24)-C(23)
C(24)-H(24)
C(25)-H(25)
C(6)-C(4)
C(6)-H(6A)
C(6)-H(6B)
C(6)-H(6C)
C(16)-C(15)
C(16)-H(16)
C(34)-C(35)
C(34)-C(33)
C(34)-H(34)
C(23)-H(23)
C(15)-H(15)
C(35)-H(35)
C(33)-H(33)

1.273(3)
1.153(3)
1.396(3)
1.397(3)
1.390(3)
1.391(3)
0.95
1.390(3)
1.397(3)
0.95
1.389(3)
1.398(3)
0.95
1.383(3)
1.387(3)
0.95
1.394(3)
1.396(3)
0.95
1.513(3)
0.98
0.98
0.98
1.382(3)
1.400(3)
0.95
1.387(3)
0.95
0.95
1.382(3)
1.385(3)
0.95
0.95
1.507(3)
0.98
0.98
0.98
1.390(3)
0.95
1.382(3)
1.385(3)
0.95
0.95
0.95
0.95
0.95

C(31)-P(1)-C(11)
C(21)-P(1)-Rh(1)
C(31)-P(1)-Rh(1)
C(11)-P(1)-Rh(1)
C(4)-0(3)-Rh(1)
C(2)-0(2)-Rh(1)
O(1)-C(1)-Rh(1)
C(16)-C(11)-C(12)
C(16)-C(11)-P(1)
C(12)-C(11)-P(1)
C(35)-C(36)-C(31)
C(35)-C(36)-H(36)
C(31)-C(36)-H(36)
C(21)-C(26)-C(25)
C(21)-C(26)-H(26)
C(25)-C(26)-H(26)
C(23)-C(22)-C(21)
C(23)-C(22)-H(22)
C(21)-C(22)-H(22)
C(13)-C(14)-C(15)
C(13)-C(14)-H(14)
C(15)-C(14)-H(14)
C(26)-C(21)-C(22)
C(26)-C(21)-P(1)
C(22)-C(21)-P(1)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3)
C(4)-C(3)-H(3)
C(2)-C(5)-H(5A)
C(2)-C(5)-H(5B)
H(5A)-C(5)-H(5B)
C(2)-C(5)-H(5C)
H(5A)-C(5)-H(5C)
H(5B)-C(5)-H(5C)
C(33)-C(32)-C(31)
C(33)-C(32)-H(32)
C(31)-C(32)-H(32)
C(14)-C(13)-C(12)
C(14)-C(13)-H(13)
C(12)-C(13)-H(13)
C(13)-C(12)-C(11)
C(13)-C(12)-H(12)
C(11)-C(12)-H(12)
C(25)-C(24)-C(23)
C(25)-C(24)-H(24)
C(23)-C(24)-H(24)
C(36)-C(31)-C(32)
C(36)-C(31)-P(1)
C(32)-C(31)-P(1)
0(2)-C(2)-C(3)
0(2)-C(2)-C(5)
C(3)-C(2)-C(5)

104.23(9)
114.81(7)
114.12(7)
114.74(7)
127.75(13)
126.46(13)
175.9(2)
118.92(19)
119.36(15)
121.71(15)
120.1(2)
119.9
119.9
120.4(2)
119.8
119.8
120.1(2)
120
120
119.8(2)
120.1
120.1
119.21(19)
122.05(16)
118.72(15)
125.1(2)
117.5
117.5
109.5
109.5
109.5
109.5

109.5
109.5
120.2(2)
119.9
119.9

120.3(2)
119.9
119.9

120.43(19)
119.8
119.8
120.0(2)
120
120
119.2(2)
122.30(16)
118.47(16)
126.1(2)
114.82(19)
119.0(2)
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C(24)-C(25)-C(26)
C(24)-C(25)-H(25)
C(26)-C(25)-H(25)
C(4)-C(6)-H(6A)
C(4)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
C(4)-C(6)-H(6C)
H(6A)-C(6)-H(6C)
H(6B)-C(6)-H(6C)
C(15)-C(16)-C(11)
C(15)-C(16)-H(16)
C(11)-C(16)-H(16)
C(35)-C(34)-C(33)
C(35)-C(34)-H(34)
C(33)-C(34)-H(34)
C(24)-C(23)-C(22)
C(24)-C(23)-H(23)
C(22)-C(23)-H(23)
C(14)-C(15)-C(16)
C(14)-C(15)-H(15)
C(16)-C(15)-H(15)
0(3)-C(4)-C(3)
0(3)-C(4)-C(6)
C(3)-C(4)-C(6)
C(34)-C(35)-C(36)
C(34)-C(35)-H(35)
C(36)-C(35)-H(35)
C(32)-C(33)-C(34)
C(32)-C(33)-H(33)
C(34)-C(33)-H(33)

119.9(2)
120
120

109.5
109.5
109.5
109.5
109.5
109.5
120.25(19)
119.9
119.9
120.0(2)
120
120
120.4(2)
119.8
119.8
120.3(2)
119.9
119.9

125.83(19)

114.48(19)

119.67(19)

120.2(2)
119.9
119.9

120.2(2)
119.9
119.9

Table A.3:  Anisotropic displacement parameters (ﬁx 103) for [Rh(acac)(CO)(PPh)].
U1l u22 U33 u23 U13 u12
Rh(1) 11(1) 11(1) 11(1) -3(1) -4(1) 1(1)
P(1) 9(1) 11(1) 11(1) -3(1) -4(1) 0(1)
0o(3) 19(1) 15(1) 13(1) -4(1) -7(1) 1(1)
0(2) 18(1) 15(1) 13(1) -3(1) -6(1) 3(1)
0o(1) 44(1) 18(1) 22(1) -9(1) -15(1) -2(1)
c(1) 18(1) 10(1) 19(1) -1(2) -9(1) 1(1)
C(11) 8(1) 17(1) 7(1) -2(1) -2(1) -1(1)
C(36) 14(1) 15(1) 16(1) -4(1) -4(1) 1(1)
C(26) 15(1) 15(1) 15(1) -3(1) -7(1) 2(1)
C(22) 15(1) 15(1) 16(1) -6(1) -7(1) 3(1)
C(14) 10(1) 28(1) 12(1) -2(1) -5(1) -1(1)
C(21) 9(1) 12(1) 16(1) -4(1) -7(1) 3(1)
C(3) 16(1) 21(1) 12(1) -2(1) -5(1) 0(1)
C(5) 24(1) 18(1) 17(1) -1(1) -6(1) 6(1)
C(32) 14(1) 17(2) 16(1) -5(1) -4(1) -2(1)
C(13) 15(1) 18(1) 14(1) -3(1) -5(1) 4(1)
C(12) 15(1) 14(1) 13(1) -2(1) -6(1) -1(1)
C(24) 24(1) 14(1) 32(1) -9(1) -18(1) 3(1)
C(31) 12(1) 10(1) 13(1) -3(1) -2(1) -2(1)
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C(2)
C(25)
C(6)
C(16)
C(34)
C(23)
C(15)
C(4)
C(35)
C(33)

10(1)
16(1)
26(1)
15(1)
25(1)
20(1)
15(1)
12(1)
25(1)
12(1)

19(1)
14(1)
23(1)
15(1)
20(1)
19(1)
22(1)
20(1)
21(1)
21(1)

9(1)
26(1)
16(1)
14(1)
13(1)
21(1)
14(1)
11(1)
14(1)
21(1)

-1(1)
-3(1)
-5(1)
-5(1)
-6(1)

-12(1)

-2(1)
-3(1)
-3(1)
-9(1)

2(1)

-10(1)
-9(1)
-5(1)

1(1)

-12(1)
-6(1)
-2(1)
-9(1)

2(1)

0(1)
-2(1)

-4(1)

1(1)

-8(1)

6(1)

-6(1)
-4(1)
-1(1)
-3(1)
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Table B.1:  Atomic coordinates (x 16) and equivalent isotropic displacement parameters
(A% x 10°) for [Rh(acac)(CO)(PCyPh)]. U(eq) is defined as one third of the
trace of the orthogonalized U tensor.

X y z U(eq)
Rh(1) 621(1) 5228(1) 1010(1) 14(1)
c() 2395(3) 5479(2) 702(1) 21(1)
0O(1) 3520(2) 5647(2) 500(1) 32(1)
P(1) 795(1) 6636(1) 1722(1) 15(1)
0(2) 442(2) 3840(1) 429(1) 19(1)
0(3) -1403(2) 5019(1) 1364(1) 20(1)
C(2) -620(4) 3231(2) 425(1) 19(1)
C(4) -2233(3) 4268(2) 1198(1) 19(1)
C(3) -1889(3) 3390(2) 785(1) 21(1)
c(5) -466(4) 2259(2) -37(2) 29(1)
C(6) -3723(3) 4383(2) 1464(2) 26(1)
C(31) 1616(4) 7820(2) 1368(2) 27(1)
C(21) 1789(3) 6309(2) 2536(1) 19(1)
Cc(11) -932(3) 7093(2) 2045(2) 27(1)
C(16) -1869(3) 7418(2) 1449(1) 24(1)
C(12) -1015(3) 7766(2) 2700(2) 26(1)
C(14) -3460(4) 8273(3) 2347(2) 37(2)
C(15) -3322(4) 7656(3) 1673(2) 43(1)
C(13) -2472(4) 7981(3) 2938(2) 47(1)
C(22) 1108(3) 5768(2) 3095(1) 26(1)
C(23) 1871(5) 5447(2) 3707(2) 37(2)
C(26) 3232(3) 6485(2) 2588(2) 26(1)
C(24) 3294(5) 5646(3) 3756(2) 47(1)
C(25) 3979(4) 6172(2) 3202(2) 39(1)
C(32) 1992(3) 8650(2) 1839(1) 22(1)
C(34) 2447(4) 9782(3) 806(2) 39(1)
C(36) 1472(4) 8046(2) 619(2) 28(1)
C(33) 2578(4) 9576(2) 1554(2) 35(1)
C(35) 2080(5) 8970(3) 339(2) 43(1)

Table B.2:  Bond distances (A) and angles (°) foRh(acac)(CO)(PCyPh)].

Bond Distance (A) Bond Angle Angle (°)
C(1)-0(1) 1.149(4) O(1)-C(1)-Rh(1) 179.1(3)
C(1)-Rh(1) 1.802(3) C(1)-Rh(1)-0(3) 177.27(9)
P(1)-C(31) 1.819(3) C(1)-Rh(1)-0(2) 93.70(10)
P(1)-C(21) 1.821(3) 0(3)-Rh(1)-0(2) 88.72(7)
P(1)-C(11) 1.835(3) C(1)-Rh(1)-P(2) 88.51(8)
P(1)-Rh(1) 2.2328(6) 0(3)-Rh(1)-P(1) 89.17(5)
0(2)-C(2) 1.270(3) 0(2)-Rh(1)-P(1) 174.96(5)
0(2)-Rh(2) 2.0763(17) C(31)-P(1)-C(21) 105.43(13)
0(3)-C(4) 1.276(3) C(31)-P(1)-C(11) 103.55(15)
O(3)-Rh(1) 2.0428(19) C(21)-P(1)-C(11) 105.38(13)
C(2)-C(3) 1.388(4) C(31)-P(1)-Rn(1) 119.18(9)
C(2)-C(5) 1.513(3) C(21)-P(1)-Rn(1) 109.85(8)
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C(4)-C(3)
C(4)-C(6)
C(3)-H(3)
C(5)-H(5A)
C(5)-H(5B)
C(5)-H(5C)
C(6)-H(6A)
C(6)-H(6B)
C(6)-H(6C)
C(31)-C(32)
C(31)-C(36)
C(21)-C(26)
C(21)-C(22)
C(11)-C(16)
C(11)-C(12)
C(11)-H(11)
C(16)-C(15)
C(16)-H(16A)
C(16)-H(16B)
C(12)-C(13)
C(12)-H(12A)
C(12)-H(12B)
C(14)-C(15)
C(14)-C(13)
C(14)-H(14A)
C(14)-H(14B)
C(15)-H(15A)
C(15)-H(15B)
C(13)-H(13A)
C(13)-H(13B)
C(22)-C(23)
C(22)-H(22)
C(23)-C(24)
C(23)-H(23)
C(26)-C(25)
C(26)-H(26)
C(24)-C(25)
C(24)-H(24)
C(25)-H(25)
C(32)-C(33)
C(32)-H(32)
C(34)-C(35)
C(34)-C(33)
C(34)-H(34)
C(36)-C(35)
C(36)-H(36)
C(33)-H(33)
C(35)-H(35)

1.393(4)
1.502(4)
0.95

0.98
0.98
0.98
0.98
0.98
0.98
1.415(4)
1.419(4)
1.388(4)
1.399(4)
1.473(4)
1.485(4)
1
1.468(5)
0.99
0.99
1.474(4)
0.99
0.99
1.479(4)
1.483(5)
0.99
0.99
0.99
0.99
0.99
0.99
1.401(4)
0.95
1.374(6)
0.95
1.393(4)
0.95
1.386(5)
0.95
0.95
1.406(4)
0.95
1.392(5)
1.411(4)
0.95
1.410(5)
0.95
0.95
0.95

C(11)-P(1)-Rh(1)
C(2)-0(2)-Rh(1)
C(4)-0(3)-Rh(1)
0(2)-C(2)-C(3)
0(2)-C(2)-C(5)
C(3)-C(2)-C(5)
0(3)-C(4)-C(3)
0(3)-C(4)-C(6)
C(3)-C(4)-C(6)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3)
C(4)-C(3)-H(3)
C(2)-C(5)-H(5A)
C(2)-C(5)-H(5B)
H(5A)-C(5)-H(5B)
C(2)-C(5)-H(5C)
H(5A)-C(5)-H(5C)
H(5B)-C(5)-H(5C)
C(4)-C(6)-H(6A)
C(4)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
C(4)-C(6)-H(6C)
H(6A)-C(6)-H(6C)
H(6B)-C(6)-H(6C)
C(32)-C(31)-C(36)
C(32)-C(31)-P(1)
C(36)-C(31)-P(1)
C(26)-C(21)-C(22)
C(26)-C(21)-P(1)
C(22)-C(21)-P(1)
C(16)-C(11)-C(12)
C(16)-C(11)-P(1)
C(12)-C(11)-P(1)
C(16)-C(11)-H(11)
C(12)-C(11)-H(11)
P(1)-C(11)-H(11)
C(15)-C(16)-C(11)
C(15)-C(16)-H(16A)
C(11)-C(16)-H(16A)
C(15)-C(16)-H(16B)
C(11)-C(16)-H(16B)
H(16A)-C(16)-H(16B)
C(13)-C(12)-C(11)
C(13)-C(12)-H(12A)
C(11)-C(12)-H(12A)
C(13)-C(12)-H(12B)
C(11)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
C(15)-C(14)-C(13)
C(15)-C(14)-H(14A)
C(13)-C(14)-H(14A)
C(15)-C(14)-H(14B)
C(13)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
C(16)-C(15)-C(14)
C(16)-C(15)-H(15A)

112.37(9)
126.04(17)
126.75(17)

126.4(2)

115.3(3)

118.2(3)

126.2(3)

115.2(2)

118.5(3)

125.6(3)

117.2
117.2
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5

118.0(3)

120.5(2)

118.5(2)

118.8(3)

121.9(2)

118.9(2)

114.4(2)

112.5(2)

119.7(2)
102.4
102.4
102.4

114.4(3)
108.7
108.7
108.7
108.7
107.6

113.5(3)
108.9
108.9
108.9
108.9
107.7
115.4(3)

108.4

108.4

108.4

108.4

107.5
115.4(3)

108.4
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C(14)-C(15)-H(15A)
C(16)-C(15)-H(15B)
C(14)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
C(12)-C(13)-C(14)
C(12)-C(13)-H(13A)
C(14)-C(13)-H(13A)
C(12)-C(13)-H(13B)
C(14)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
C(21)-C(22)-C(23)
C(21)-C(22)-H(22)
C(23)-C(22)-H(22)
C(24)-C(23)-C(22)
C(24)-C(23)-H(23)
C(22)-C(23)-H(23)
C(21)-C(26)-C(25)
C(21)-C(26)-H(26)
C(25)-C(26)-H(26)
C(23)-C(24)-C(25)
C(23)-C(24)-H(24)
C(25)-C(24)-H(24)
C(24)-C(25)-C(26)
C(24)-C(25)-H(25)
C(26)-C(25)-H(25)
C(33)-C(32)-C(31)
C(33)-C(32)-H(32)
C(31)-C(32)-H(32)
C(35)-C(34)-C(33)
C(35)-C(34)-H(34)
C(33)-C(34)-H(34)
C(35)-C(36)-C(31)
C(35)-C(36)-H(36)
C(31)-C(36)-H(36)
C(32)-C(33)-C(34)
C(32)-C(33)-H(33)
C(34)-C(33)-H(33)
C(34)-C(35)-C(36)
C(34)-C(35)-H(35)
C(36)-C(35)-H(35)

108.4
108.4
108.4
107.5
114.7(3)
108.6
108.6
108.6
108.6
107.6
120.1(3)
120
120
120.3(3)
119.8
119.8
120.7(3)
119.7
119.7
120.0(3)
120
120
120.1(3)
119.9
119.9
119.9(2)
120.1
120.1
119.3(3)
120.3
120.3
119.3(3)
120.4
120.4
119.2(3)
120.4
120.4
119.7(3)
120.1
120.1

Table B.3:  Anisotropic displacement parameters (A 10°) for [Rh(acac)(CO)(PCyPh)].
u11 u22 u33 u23 u13 u12
Rh(1) 18(1) 14(1) 11(2) -1(1) 0(1) 0(1)
c(1) 24(2) 18(1) 20(1) -3(1) -2(1) 2(1)
0o(1) 22(1) 37(2) 37(1) -5(1) 7(1) -1(1)
P(1) 20(1) 14(2) 11(2) -1(1) -1(1) 0(1)
0(2) 26(1) 16(1) 15(1) -2(1) 4(1) -1(1)
0(3) 22(1) 18(1) 20(1) -2(1) 4(1) 0(1)
C(2) 29(1) 17(2) 12(1) 2(1) -3(1) -2(1)
C(4) 22(1) 19(1) 15(1) 5(1) 0(1) 0(1)
C(3) 26(2) 17(2) 20(1) 0(1) -2(1) -5(1)
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C(5) 43(2) 18(1) 25(1) 7(1) 5(1) -4(1)
C(6) 24(2) 28(2) 26(1) 3(2) 4(1) -1(1)
C(31) 46(2) 16(1) 18(1) 4(1) -3(1) -5(1)
c(21) 29(2) 15(1) 11(1) 0(1) -4(1) -1(1)
c(11) 22(2) 34(2) 26(1) -16(1) -4(1) 5(1)
C(16) 22(2) 27(1) 22(1) 0(1) 0(1) 4(1)
c(12) 29(2) 23(1) 26(1) -1(1) 8(1) -2(1)
C(14) 27(2) 26(2) 57(2) 0(2) 10(2) -2(1)
C(15) 34(2) 41(2) 53(2) -22(2) -14(2) 13(2)
c(13) 36(2) 40(2) 65(2) -35(2) 0(2) 5(2)
C(22) 42(2) 18(1) 18(1) 0(1) -2(1) -2(1)
C(23) 78(3) 18(1) 15(1) 1(1) -6(2) 42)
C(26) 29(2) 17(1) 34(2) -2(1) 7(1) -1(1)
C(24) 83(3) 23(2) 35(2) -4(1) -38(2) 13(2)
C(25) 43(2) 22(1) 53(2) -8(1) -32(2) 5(1)
C(32) 24(2) 23(1) 20(1) 3(1) -1(1) -4(1)
C(34) 46(2) 36(2) 34(2) 14(2) 9(1) -13(2)
C(36) 38(2) 29(2) 17(1) -1(1) 3(1) -2(1)
C(33) 53(2) 19(2) 33(2) 5(1) 3(2) -1(1)
C(35) 79(3) 31(2) 19(1) 10(1) 9(2) 14(2)
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Table C.1:  Atomic coordinates (x 16) and equivalent isotropic displacement parameters
(A% x 10°) for [Rh(acac)(CO)(PCy.Ph)]. U(eq) is defined as one third of the
trace of the orthogonalized U tensor.

X y z U(eq)
Rh(1) 4224(1) 880(1) 1521(1) 15(1)
0(2) 4995(2) 2341(1) 1335(1) 21(1)
0(3) 6123(2) 362(1) 1657(1) 22(1)
P(1) 3536(1) -721(1) 1782(1) 14(1)
c@) 2522(2) 1270(2) 1409(1) 19(1)
0(1) 1431(2) 1520(1) 1336(1) 25(1)
C(4) 7199(2) 877(2) 1599(1) 21(1)
c() 6219(2) 2581(2) 1317(1) 22(1)
c@) 7288(2) 1919(2) 1448(1) 23(1)
C(6) 8438(2) 236(2) 1696(2) 29(1)
C(5) 6497(3) 3689(2) 1133(2) 35(1)
c(21) 3354(2) -916(2) 2788(1) 15(1)
c@1) 2004(2) -1209(2) 1363(1) 19(1)
C(31) 4788(2) -1669(2) 1492(1) 19(1)
C(25) 4533(3) -877(2) 4034(1) 30(1)
C(26) 4681(2) -723(2) 3195(1) 23(1)
C(22) 2270(2) -219(2) 3104(1) 21(1)
C(24) 3456(3) -190(2) 4343(1) 30(1)
C(23) 2136(3) -373(2) 3943(1) 26(1)
Cc(12) 1731(3) -960(2) 614(1) 24(1)
C(15) 136(2) -2400(2) 1341(2) 28(1)
C(16) 1244(3) -1973(2) 1710(2) 28(1)
C(13) 625(3) -1388(2) 254(2) 31(1)
C(14) -101(3) -2150(2) 599(2) 37(1)
C(36) 4602(3) -2751(2) 1754(1) 26(1)
C(32) 5089(2) -1614(2) 670(1) 22(1)
C(35) 5748(3) -3434(2) 1552(1) 27(1)
C(33) 6229(3) -2291(2) 471(1) 30(1)
C(34) 6103(3) -3365(2) 744(2) 32(1)

Table C.2:  Bond distances (A) and angles (°) foRh(acac)(CO)(PCyPh)].

Bond Distance (A) Bond Angle Angle (°)
02)-C(2) 1.273(3) C(1)-Rh(1)-0(3) 177.06(8)
0(2)-Rh(1) 2.0783(17) C(1)-Rh(1)-0(2) 94.74(8)
0(3)-C(4) 1.279(3) 0(3)-Rh(1)-0(2) 88.20(7)
0(3)-Rh(1) 2.0411(18) C(1)-Rh(1)-P(1) 89.34(7)
P(1)-C(11) 1.825(2) O(3)-Rh(1)-P(1) 87.72(5)
P(1)-C(21) 1.833(2) 0(2)-Rh(1)-P(1) 175.32(5)
P(1)-C(31) 1.842(2) C(2)-0(2)-Rh(1) 126.30(15)
P(1)-Rh(1) 2.2424(9) C(4)-0(3)-Rh(1) 127.74(15)
C(1)-0(1) 1.152(3) C(11)-P(1)-C(21) 105.38(11)
C(1)-Rh(1) 1.797(3) C(11)-P(1)-C(31) 103.28(11)
C(4)-C(3) 1.384(3) C(21)-P(1)-C(31) 105.13(10)
C(4)-C(6) 1.509(3) C(11)-P(1)-Rh(1) 119.88(8)
C(2)-C(3) 1.396(3) C(21)-P(1)-Rh(1) 111.58(7)
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C(2)-C(5)
C(3)-H(3)
C(6)-H(6A)
C(6)-H(6B)
C(6)-H(6C)
C(5)-H(5A)
C(5)-H(5B)
C(5)-H(5C)
C(21)-C(22)
C(21)-C(26)
C(21)-H(21)
C(11)-C(16)
C(11)-C(12)
C(31)-C(36)
C(31)-C(32)
C(31)-H(31)
C(25)-C(24)
C(25)-C(26)
C(25)-H(25A)
C(25)-H(25B)
C(26)-H(26A)
C(26)-H(26B)
C(22)-C(23)
C(22)-H(22A)
C(22)-H(22B)
C(24)-C(23)
C(24)-H(24A)
C(24)-H(24B)
C(23)-H(23A)
C(23)-H(23B)
C(12)-C(13)
C(12)-H(12)
C(15)-C(14)
C(15)-C(16)
C(15)-H(15)
C(16)-H(16)
C(13)-C(14)
C(13)-H(13)
C(14)-H(14)
C(36)-C(35)
C(36)-H(36A)
C(36)-H(36B)
C(32)-C(33)
C(32)-H(32A)
C(32)-H(32B)
C(35)-C(34)
C(35)-H(35A)
C(35)-H(35B)
C(33)-C(34)
C(33)-H(33A)
C(33)-H(33B)
C(34)-H(34A)
C(34)-H(34B)

1.504(3)
0.95
0.98
0.98
0.98
0.98
0.98
0.98

1.532(3)

1.537(3)

1

1.404(3)

1.406(3)

1.495(3)

1.510(3)

1

1.514(4)

1.526(3)
0.99
0.99
0.99
0.99

1.524(3)
0.99
0.99

1.524(4)
0.99
0.99
0.99
0.99

1.398(4)
0.95

1.389(4)

1.407(3)
0.95
0.95

1.381(4)
0.95
0.95

1.503(3)
0.99
0.99

1.493(3)
0.99
0.99

1.498(4)
0.99
0.99

1.485(4)
0.99
0.99
0.99
0.99

C(31)-P(1)-Rh(1)
O(1)-C(1)-Rh(1)
O(3)-C(4)-C(3)
O(3)-C(4)-C(6)
C(3)-C(4)-C(6)
0(2)-C(2)-C(3)
O(2)-C(29)-C(5)
C(3)-C(2)-C(5)
C(4)-C(3)-C(2)
C(4)-C(3)-H(3)
C(2)-C(3)-H(3)
C(4)-C(6)-H(6A)
C(4)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
C(4)-C(6)-H(6C)
H(6A)-C(6)-H(6C)
H(6B)-C(6)-H(6C)
C(2)-C(5)-H(5A)
C(2)-C(5)-H(5B)
H(5A)-C(5)-H(5B)
C(2)-C(5)-H(5C)
H(5A)-C(5)-H(5C)
H(5B)-C(5)-H(5C)
C(22)-C(21)-C(26)
C(22)-C(21)-P(1)
C(26)-C(21)-P(1)
C(22)-C(21)-H(21)
C(26)-C(21)-H(21)
P(1)-C(21)-H(21)
C(16)-C(11)-C(12)
C(16)-C(11)-P(1)
C(12)-C(11)-P(1)
C(36)-C(31)-C(32)
C(36)-C(31)-P(1)
C(32)-C(31)-P(1)
C(36)-C(31)-H(31)
C(32)-C(31)-H(31)
P(1)-C(31)-H(31)
C(24)-C(25)-C(26)
C(24)-C(25)-H(25A)
C(26)-C(25)-H(25A)
C(24)-C(25)-H(25B)
C(26)-C(25)-H(25B)
H(25A)-C(25)-H(25B)
C(25)-C(26)-C(21)
C(25)-C(26)-H(26A)
C(21)-C(26)-H(26A)
C(25)-C(26)-H(26B)
C(21)-C(26)-H(26B)
H(26A)-C(26)-H(26B)
C(23)-C(22)-C(21)
C(23)-C(22)-H(22A)
C(21)-C(22)-H(22A)
C(23)-C(22)-H(22B)
C(21)-C(22)-H(22B)
H(22A)-C(22)-H(22B)

110.35(8)
179.9(2)
125.8(2)
113.8(2)
120.5(2)
126.2(2)
115.0(2)
118.7(2)
125.7(2)
117.1
117.1
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
110.38(19)
111.20(15)
110.45(16)
108.2
108.2
108.2
119.0(2)
121.72(18)
118.09(18)
112.24(19)
116.90(17)
112.87(16)
104.4
104.4
104.4
111.2(2)
109.4
109.4
109.4
109.4
108
110.7(2)
109.5
109.5
109.5
109.5
108.1
111.01(19)
109.4
109.4
109.4
109.4
108
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C(25)-C(24)-C(23) 111.2(2)
C(25)-C(24)-H(24A) 109.4
C(23)-C(24)-H(24A) 109.4
C(25)-C(24)-H(24B) 109.4
C(23)-C(24)-H(24B) 109.4

H(24A)-C(24)-H(24B) 108

C(22)-C(23)-C(24) 111.0(2)
C(22)-C(23)-H(23A) 109.4
C(24)-C(23)-H(23A) 109.4
C(22)-C(23)-H(23B) 109.4
C(24)-C(23)-H(23B) 109.4

H(23A)-C(23)-H(23B) 108

C(13)-C(12)-C(11) 119.8(2)

C(13)-C(12)-H(12) 120.1

C(11)-C(12)-H(12) 120.1

C(14)-C(15)-C(16) 119.2(2)

C(14)-C(15)-H(15) 120.4

C(16)-C(15)-H(15) 120.4

C(11)-C(16)-C(15) 120.2(2)

C(11)-C(16)-H(16) 119.9

C(15)-C(16)-H(16) 119.9

C(14)-C(13)-C(12) 120.1(3)

C(14)-C(13)-H(13) 119.9

C(12)-C(13)-H(13) 119.9

C(13)-C(14)-C(15) 120.7(2)

C(13)-C(14)-H(14) 119.7

C(15)-C(14)-H(14) 119.7

C(31)-C(36)-C(35) 112.4(2)
C(31)-C(36)-H(36A) 109.1
C(35)-C(36)-H(36A) 109.1
C(31)-C(36)-H(36B) 109.1
C(35)-C(36)-H(36B) 109.1

H(36A)-C(36)-H(36B) 107.9

C(33)-C(32)-C(31) 111.6(2)
C(33)-C(32)-H(32A) 109.3
C(31)-C(32)-H(32A) 109.3
C(33)-C(32)-H(32B) 109.3
C(31)-C(32)-H(32B) 109.3

H(32A)-C(32)-H(32B) 108

C(34)-C(35)-C(36) 112.9(2)
C(34)-C(35)-H(35A) 109
C(36)-C(35)-H(35A) 109
C(34)-C(35)-H(35B) 109
C(36)-C(35)-H(35B) 109

H(35A)-C(35)-H(35B) 107.8

C(34)-C(33)-C(32) 114.0(2)
C(34)-C(33)-H(33A) 108.8
C(32)-C(33)-H(33A) 108.8
C(34)-C(33)-H(33B) 108.8
C(32)-C(33)-H(33B) 108.8

H(33A)-C(33)-H(33B) 107.7

C(33)-C(34)-C(35) 113.4(2)
C(33)-C(34)-H(34A) 108.9
C(35)-C(34)-H(34A) 108.9
C(33)-C(34)-H(34B) 108.9
C(35)-C(34)-H(34B) 108.9
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H(34A)-C(34)-H(34B) 107.7

Table C.3:  Anisotropic displacement parameters (A 10°) for [Rh(acac)(CO)(PCy:Ph)].
U1l U22 Us3 U23 U1s U12

Rh(1) 15(1) 14(1) 17(1) 2(1) 0(1) -1(2)
0(2) 19(1) 18(1) 28(1) 2(2) 0(2) -2(2)
0(3) 16(1) 20(1) 31(1) 3(2) 1(2) -1(2)
P(1) 16(1) 14(1) 13(1) 0(1) 0(1) -1(2)
c(1) 26(2) 13(1) 18(1) 0(1) 2(1) -3(1)
0(1) 19(1) 21(1) 34(1) 1(1) -1(1) 2(2)
C(4) 18(1) 25(1) 19(1) -2(1) -1(1) -2(1)
C(2) 24(1) 20(1) 22(1) -1(1) 0(1) -5(1)
C(3) 17(1) 25(1) 27(1) -2(1) 1(1) -7(1)
C(6) 20(1) 28(1) 38(2) 2(1) -3(1) 1(1)
C(5) 25(2) 22(1) 57(2) 5(1) -1(1) -7(1)
C(21) 18(1) 15(1) 13(1) 1(1) 1(2) -1(1)
C(11) 20(1) 19(1) 19(1) -2(1) -4(1) -2(1)
C(31) 20(1) 20(1) 19(1) 0(1) 5(1) 4(1)
C(25) 34(2) 39(2) 17(1) 1(1) -7(2) -8(1)
C(26) 21(1) 31(2) 18(1) -1(1) -2(1) -1(1)
C(22) 23(1) 21(2) 19(1) -2(1) 4(1) 1(2)
C(24) 42(2) 34(1) 14(1) -4(1) 3(2) -16(1)
C(23) 33(2) 27(1) 19(1) -3(1) 9(1) -6(1)
C(12) 23(1) 30(1) 19(1) -1(1) 0(1) 0(1)
C(15) 19(1) 24(1) 43(2) -6(1) 0(1) -2(1)
C(16) 25(2) 30(2) 28(1) 4(1) -3(1) -6(1)
C(13) 33(2) 36(1) 22(1) -8(1) -7(2) 5(1)
C(14) 23(2) 48(2) 40(2) -14(1) -11(1) -3(1)
C(36) 35(2) 22(1) 23(1) 4(1) 8(1) 7(1)
C(32) 22(1) 25(1) 19(1) 0(1) 4(1) -1(2)
C(35) 33(2) 23(1) 25(1) 0(1) 6(1) 7(1)
C(33) 36(2) 36(1) 19(1) 0(1) 10(1) 6(1)
C(34) 31(2) 34(1) 32(2) -2(1) 10(1) 11(1)
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Table D.1:  Atomic coordinates (x 16) and equivalent isotropic displacement parameters
(A% x 10%) for [Rh(acac)(CO)(PCy)]. U(eq) is defined as one third of the

trace of the orthogonalized U tensor.

X y z U(eq)

Rh(1) 5850(1) 4093(1) 1513(1) 15(1)

P 6483(1) 5709(1) 1762(1) 15(1)
0(2) 5146(1) 2619(1) 1314(1) 21(1)
0(3) 3974(1) 4552(1) 1646(1) 22(1)
0(1) 8589(1) 3503(1) 1378(1) 27(1)
c@) 7513(2) 3735(1) 1427(1) 19(1)
C(4) 2954(2) 4011(1) 1595(1) 21(1)
c() 3967(2) 2345(1) 1304(1) 22(1)
C(6) 1724(2) 4604(1) 1709(1) 30(1)
c@®) 2901(2) 2972(1) 1439(1) 22(1)
c(21) 6612(2) 5924(1) 2777(1) 17(1)
C(31) 5201(2) 6603(1) 1462(1) 18(1)
c@1) 8077(2) 6116(1) 1405(1) 18(1)
C(5) 3732(2) 1232(1) 1124(1) 36(1)
C(23) 5431(2) 5901(1) 4001(1) 29(1)
C(26) 7673(2) 5249(1) 3124(1) 22(1)
C(22) 5315(2) 5733(1) 3159(1) 23(1)
C(25) 7775(2) 5418(1) 3968(1) 27(1)
C(24) 6483(2) 5233(1) 4341(1) 31(1)
C(13) 9949(2) 7362(1) 1416(1) 27(1)
c(12) 8592(2) 7138(1) 1707(1) 26(1)
C(16) 8118(2) 6092(1) 549(1) 22(1)
C(32) 4813(2) 6527(1) 634(1) 24(1)
C(15) 9477(2) 6321(1) 270(1) 24(1)
C(36) 5347(2) 7732(1) 1687(1) 28(1)
C(14) 9968(2) 7338(1) 567(1) 27(1)
C(33) 3538(2) 7086(1) 502(1) 25(1)
C(34) 3622(2) 8203(1) 746(1) 30(1)
C(35) 4065(2) 8290(1) 1556(1) 32(1)

Table D.2:  Bond distances (A) and angles (°) foRh(acac)(CO)(PCy)].

Bond Distance (A) Bond Angle Angle (°)
02)-C(2) 1.2702) C(1)-Rh(1)-0(3) 177.40(6)
0(2)-Rh(1) 2.0880(10) C(1)-Rh(1)-0(2) 94.47(6)
0(3)-C(4) 1.272(2) 0(3)-Rh(1)-0(2) 87.77(4)
0(3)-Rh(1) 2.0464(11) C(1)-Rh(1)-P 89.11(5)
0(1)-C(1) 1.157(2) O(3)-Rh(1)-P 88.62(3)
C(1)-Rh(1) 1.7914(17) 0(2)-Rh(1)-P 176.23(3)

P-C(31) 1.8427(16) C(2)-0(2)-Rh(1) 126.49(10)
P-C(21) 1.8452(15) C(4)-0(3)-Rh(1) 127.94(10)
P-C(11) 1.8528(16) O(1)-C(1)-Rh(1) 179.37(14)
P-Rh(1) 2.2537(4) 0(3)-C(4)-C(3) 126.08(16)
C(4)-C(3) 1.387(2) 0(3)-C(4)-C(6) 113.94(14)
C(4)-C(6) 1.505(2) C(3)-C(4)-C(6) 119.97(16)
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C(2)-C(3)
C(2)-C(5)
C(6)-H(6A)
C(6)-H(6B)
C(6)-H(6C)
C3)-H(3)
C(21)-C(22)
C(21)-C(26)
C(21)-H(21)
C(31)-C(36)
C(31)-C(32)
C(31)-H(31)
C(11)-C(12)
C(11)-C(16)
C(11)-H(11)
C(5)-H(5A)
C(5)-H(5B)
C(5)-H(5C)
C(23)-C(24)
C(23)-C(22)
C(23)-H(23A)
C(23)-H(23B)
C(26)-C(25)
C(26)-H(26C)
C(26)-H(26D)
C(22)-H(22E)
C(22)-H(22F)
C(25)-C(24)
C(25)-H(25G)
C(25)-H(25H)
C(24)-H(241)
C(24)-H(24J)
C(13)-C(14)
C(13)-C(12)
C(13)-H(13A)
C(13)-H(13B)
C(12)-H(12C)
C(12)-H(12D)
C(16)-C(15)
C(16)-H(16E)
C(16)-H(16F)
C(32)-C(33)
C(32)-H(32A)
C(32)-H(32B)
C(15)-C(14)
C(15)-H(15G)
C(15)-H(15H)
C(36)-C(35)
C(36)-H(36C)
C(36)-H(36D)
C(14)-H(141)
C(14)-H(14J)
C(33)-C(34)
C(33)-H(33E)
C(33)-H(33F)
C(34)-C(35)

1.396(2)
1.509(2)
0.98
0.98
0.98
0.95
1.533(2)
1.534(2)
1
1.536(2)
1.537(2)
1
1.534(2)
1.537(2)
1
0.98
0.98
0.98
1.517(3)
1.529(2)
0.99
0.99
1.531(2)
0.99
0.99
0.99
0.99
1.521(3)
0.99
0.99
0.99
0.99
1.524(2)
1.530(2)
0.99
0.99
0.99
0.99
1.526(2)
0.99
0.99
1.524(2)
0.99
0.99
1.516(2)
0.99
0.99
1.529(2)
0.99
0.99
0.99
0.99
1.526(2)
0.99
0.99
1.523(2)

0(2)-C(2)-C(3)
0(2)-C(2)-C(5)
C(3)-C(2)-C(5)
C(4)-C(6)-H(6A)
C(4)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
C(4)-C(6)-H(6C)
H(6A)-C(6)-H(6C)
H(6B)-C(6)-H(6C)
C(4)-C(3)-C(2)
C(4)-C(3)-H(3)
C(2)-C(3)-H(3)
C(31)-P-C(21)
C(31)-P-C(11)
C(21)-P-C(11)
C(31)-P-Rh(1)
C(21)-P-Rh(1)
C(11)-P-Rh(1)
C(22)-C(21)-C(26)
C(22)-C(21)-P
C(26)-C(21)-P
C(22)-C(21)-H(21)
C(26)-C(21)-H(21)
P-C(21)-H(21)
C(36)-C(31)-C(32)
C(36)-C(31)-P
C(32)-C(31)-P
C(36)-C(31)-H(31)
C(32)-C(31)-H(31)
P-C(31)-H(31)
C(12)-C(11)-C(16)
C(12)-C(11)-P
C(16)-C(11)-P
C(12)-C(11)-H(11)
C(16)-C(11)-H(11)
P-C(11)-H(11)
C(2)-C(5)-H(5A)
C(2)-C(5)-H(5B)
H(5A)-C(5)-H(5B)
C(2)-C(5)-H(5C)
H(5A)-C(5)-H(5C)
H(5B)-C(5)-H(5C)
C(24)-C(23)-C(22)
C(24)-C(23)-H(23A)
C(22)-C(23)-H(23A)
C(24)-C(23)-H(23B)
C(22)-C(23)-H(23B)
H(23A)-C(23)-H(23B)
C(25)-C(26)-C(21)
C(25)-C(26)-H(26C)
C(21)-C(26)-H(26C)
C(25)-C(26)-H(26D)
C(21)-C(26)-H(26D)
H(26C)-C(26)-H(26D)
C(23)-C(22)-C(21)
C(23)-C(22)-H(22E)

126.31(15)
115.24(15)
118.45(15)
109.5
109.5
109.5
109.5
109.5
109.5
125.39(16)
117.3
117.3
103.64(7)
110.93(7)
103.97(7)
109.24(5)
110.81(5)
117.30(5)
110.56(13)
111.18(11)
110.91(10)
108
108
108
109.85(13)
117.62(11)
114.85(11)
104.3
104.3
104.3
110.92(13)
115.81(11)
111.94(11)
105.8
105.8
105.8
109.5
109.5
109.5
109.5
109.5
109.5
111.34(14)
109.4
109.4
109.4
109.4
108
111.05(13)
109.4
109.4
109.4
109.4
108
110.97(14)
109.4

149




APPENDIX

C(34)-H(34G) 0.99 C(21)-C(22)-H(22E) 109.4
C(34)-H(34H) 0.99 C(23)-C(22)-H(22F) 109.4
C(35)-H(351) 0.99 C(21)-C(22)-H(22F) 109.4
C(35)-H(35J) 0.99 H(22E)-C(22)-H(22F) 108
C(24)-C(25)-C(26) 111.14(14)
C(24)-C(25)-H(25G) 109.4
C(26)-C(25)-H(25G) 109.4
C(24)-C(25)-H(25H) 109.4
C(26)-C(25)-H(25H) 109.4
H(25G)-C(25)-H(25H) 108
C(23)-C(24)-C(25) 111.16(13)
C(23)-C(24)-H(241) 109.4
C(25)-C(24)-H(241) 109.4
C(23)-C(24)-H(24J) 109.4
C(25)-C(24)-H(24J) 109.4
H(241)-C(24)-H(24J) 108
C(14)-C(13)-C(12) 110.99(15)
C(14)-C(13)-H(13A) 109.4
C(12)-C(13)-H(13A) 109.4
C(14)-C(13)-H(13B) 109.4
C(12)-C(13)-H(13B) 109.4
H(13A)-C(13)-H(13B) 108
C(13)-C(12)-C(11) 111.26(13)
C(13)-C(12)-H(12C) 109.4
C(11)-C(12)-H(12C) 109.4
C(13)-C(12)-H(12D) 109.4
C(11)-C(12)-H(12D) 109.4
H(12C)-C(12)-H(12D) 108
C(15)-C(16)-C(11) 110.99(14)
C(15)-C(16)-H(16E) 109.4
C(11)-C(16)-H(16E) 109.4
C(15)-C(16)-H(16F) 109.4
C(11)-C(16)-H(16F) 109.4
H(16E)-C(16)-H(16F) 108
C(33)-C(32)-C(31) 109.61(13)
C(33)-C(32)-H(32A) 109.7
C(31)-C(32)-H(32A) 109.7
C(33)-C(32)-H(32B) 109.7
C(31)-C(32)-H(32B) 109.7
H(32A)-C(32)-H(32B) 108.2
C(14)-C(15)-C(16) 111.33(13)
C(14)-C(15)-H(15G) 109.4
C(16)-C(15)-H(15G) 109.4
C(14)-C(15)-H(15H) 109.4
C(16)-C(15)-H(15H) 109.4
H(15G)-C(15)-H(15H) 108
C(35)-C(36)-C(31) 109.58(14)
C(35)-C(36)-H(36C) 109.8
C(31)-C(36)-H(36C) 109.8
C(35)-C(36)-H(36D) 109.8
C(31)-C(36)-H(36D) 109.8
H(36C)-C(36)-H(36D) 108.2
C(15)-C(14)-C(13) 111.11(13)
C(15)-C(14)-H(14l) 109.4
C(13)-C(14)-H(14l) 109.4
C(15)-C(14)-H(14J) 109.4
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C(13)-C(14)-H(14J) 109.4
H(141)-C(14)-H(14J) 108
C(32)-C(33)-C(34) 111.58(15)
C(32)-C(33)-H(33E) 109.3
C(34)-C(33)-H(33E) 109.3
C(32)-C(33)-H(33F) 109.3
C(34)-C(33)-H(33F) 109.3
H(33E)-C(33)-H(33F) 108
C(35)-C(34)-C(33) 111.15(13)
C(35)-C(34)-H(34G) 109.4
C(33)-C(34)-H(34G) 109.4
C(35)-C(34)-H(34H) 109.4
C(33)-C(34)-H(34H) 109.4
H(34G)-C(34)-H(34H) 108
C(34)-C(35)-C(36) 111.23(15)
C(34)-C(35)-H(351) 109.4
C(36)-C(35)-H(35) 109.4
C(34)-C(35)-H(35J) 109.4
C(36)-C(35)-H(35J) 109.4
H(351)-C(35)-H(35J) 108

Table D.3:  Anisotropic displacement parameters (A 10°) for [Rh(acac)(CO)(PCy)].

U1 U22 Uss U23 Uis U12
Rh(1) 21(2) 10(2) 14(1) -1(2) 1(2) -1(1)
P 22(1) 11(1) 10(2) 0(2) 1(1) -1(1)
0(2) 24(1) 13(1) 25(1) -2(1) 2(2) -2(1)
0(3) 23(1) 14(1) 28(1) -2(1) 2(2) 0(1)
0(1) 25(1) 20(2) 37(1) -1(2) 3() 2(1)
C(1) 30(2) 9(1) 17(1) 0(1) 1(1) -2(1)
C@4) 25(1) 20(2) 18(1) 2(2) 1(2) 0(2)
C(2) 30(1) 16(1) 20(2) 0(2) 1(2) -3(2)
C(6) 26(1) 24(1) 39(1) 2(2) 4(1) 1(2)
C@3 24(1) 19(1) 24(1) 1(1) 1(2) -5(2)
C(21) 27(2) 12(1) 12(1) 0(2) 1(2) -2(1)
C(31) 24(1) 14(12) 15(1) 1(1) -1(1) 1(2)
C(11) 25(1) 13(1) 16(1) -1(1) 4(1) -1(1)
C(5) 33(1) 18(1) 58(1) -7(2) 4(1) -7(2)
C(23) 40(1) 32(1) 15(1) -3(1) 11(1) -14(1)
C(26) 32(2) 19(1) 16(1) 1(1) -3(1) 1(1)
C(22) 30(2) 25(1) 14(1) -2(1) 4(1) -6(1)
C(25) 42(1) 25(1) 15(1) 2(1) -7(1) -6(1)
C(24) 54(1) 27(1) 13(1) 4(1) -1(1) -19(2)
C(13) 29(1) 18(1) 34(1) -4(1) 10(1) -5(1)
C(12) 32(1) 19(12) 28(1) -7(2) 12(1) -7(1)
C(16) 28(1) 23(1) 15(1) 2(1) 4(1) 2(2)
C(32) 27(2) 30(2) 15(1) 0(2) -1(1) 5(1)
C(15) 29(2) 26(1) 18(1) 4(1) 7(1) 6(1)
C(36) 39(1) 14(12) 29(2) 0(2) -13(1) 1(1)
C(14) 26(1) 22(1) 33(1) 9(2) 12(1) 4(1)
C(33) 29(1) 30(2) 17(1) 0(2) -4(1) 4(1)
C(34) 36(1) 24(1) 30(1) 9(2) -7(1) 5(1)
C(35) 48(1) 14(1) 35(1) -2(1) -12(1) 8(1)
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E.

Supplementary

Data for the Oxidative Addition of lodomethane to

[Rh(acac)(CO)(PRR,R3)] Complexes.

Table E.1: (Figure 4.14) The effect of various phghine ligands on rhodium(l) acetylacetonato
carbonyl complexes undergoing oxidative addition wh [CH;l] under pseudo first-order
conditions for the formation of [Rh(acac)(l)(CHs)(CO)(PR;R2R3)] in dichloromethane at
25°C, [Rh(acac)(CO)(PRR;R3)] = 3 x 10°M.

PPh PCyPh PCyPh PCy
kobs kobs kobs kobs
[CHSI] (M) (X 103 S—l) [CH3I] (M) (X 103 S—l) [CH3|] (M) (X 10-3 S—l) [CH3I] (M) (X 10-3 S—l)
0.165 6.2(1) 0.115 7.16(8) 0.134 1.014(2 0.106 6@p
0.304 10.3(6) 0.311 18(1) 0.304 2.159(4 0.304 19.1(
0.621 20(1) 0.640 35.0(9) 0.634 4.46(2 0.633 3.3(
0.807 26(3) 0.832 45(1) 0.825 5.79(1) 0.819 22.1(3)

Table E.2 (Figure 4.15) Temperature and [CHI] dependence of the pseudo-first order rate consta
for the formation of [Rh(acac)l(CH3)(CO)(PPhs)] in dichloromethane, . = 322 nm)
[Rh(acac)(CO)(PPh)] = 1.01 x 10' M.

kobs kobs kobs

[CH,I] (M) (x10°sY) (x10°sY) (x 10° Y
24.9°C 15.1°C 5.3°C

0.097 4.13(9) 2.17(4) 1.24(1)

0.177 6.5(3) 3.56(8) 2.01(2)

0.275 9.8(5) 5.2(2) 2.97(3)

0.393 13.1(9) 7.5(3) 4.09(4)

0.559 18(2) 10.0(6) 5.74(9)

Table E.3 (Figure 4.16) Temperature and [CHI] dependence of the pseudo-first order rate consta

for the formation of [Rh(acac)l(CH3)(CO)(PCyPh)]
[Rh(acac)(CO)(PCyPh)] = 9.61x 10 M.

[CH,l] (M) (x %353'1) (x %353'1) (x I1<'6b3ss'1)
26.0°C 14.0°C 6.0 °C
0.052 3.78(6) 2.58(1) 1.523(7)
0.169 10.6(4) 5.9(3) 3.89(9)
0.272 15.2(9) 8.8(6) 5.7(2)
0.388 22(1) 11.7(5) 7.9(4)
0.498 29(6) 14.8(6) 9.9(5)

in dichloromethane, ¢ = 315 nm)
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Table E.4 (Figure 4.17) Temperature and [CHI] dependence of the pseudo-first order rate consta
for the formation of [Rh(acac)l(CH3)(CO)(PCy,Ph)] in dichloromethane, ¢ = 323 nm)
[Rh(acac)(CO)(PCy,Ph)] = 9.10 x 18 M.

[CHal] (M) (x f&b“s Y (x f%b“s Y (x |1<'6b“s s
25.6 °C 14.5°C 5.5°C
0.081 6.59(3) 3.86(1) 2.161(9)
0.183 13.3(1) 7.35(4) 4.13(3)
0.315 22.7(3) 11.70(9) 6.61(3)
0.404 29.2(3) 14.5(2) 8.54(5)
0.571 40.5(7) 20.5(3) 11.30(5)

Table E.5 (Figure 4.18) Temperature and [CHI] dependence of the pseudo-first order rate consta
for the formation of [Rh(acac)l(CH3)(CO)(PCys)] in dichloromethane, (. = 322 nm)
[Rh(acac)(CO)(PCy)] = 9.38 x 10° M.

[CH,I] (M) (x I1(8]353'1) (x I1((3]353'1) (x '1(3%53'1)
25.6°C 14.3°C 5.9°C
0.0732 2.17(2) 1.45(7) 0.777(4)
0.1680 4.98(9) 2.75(4) 1.74(1)
0.3156 8.9(2) 4.9(1) 3.01(3)
0.4079 11.3(4) 6.0(2) 3.82(7)
0.5531 15.3(5) 8.1(2) 5.2(1)

Table E.6 (Figure 4.19) Eyring plots of the k rate constant for the formation of
[Rh(acac)(l)(CH3)(CO)(PR.R2R3)] in dichloromethane.

PPh PCyPh PCy,Ph PCy
ooty | 0| cagflen | omtam gty | nkam | oty | Intm)
3.357 -9.176 3.344 3.353 -10.663 3.349 -9.308
3.471 -9.728 3.484 3.478 -11.350 3.481 -9.941
3.593 -10.263 3.584 3.591 -11.905 3.586 -10.330
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