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CHAPTER 1 |

Introduction and aim of study

1.1 Introduction.

The formation and breaking of metal-carbon bondsh@ecome an important and versatile tool
in synthetic organic chemistfy.Transition metal assisted reactions used fomhaufacture of
organic compounds on an industrial scale includee thxidation, hydrogenation,
hydroformylation, isomerization and polymerizatiohalkenes, diene cyclooligomerization and
alcohol carbonylation. Other reactions, such as daeymmetric hydrogenation of prochiral
alkenes, the activation of C-H bonds for hydrogeuatdrium exchange, the reduction of ketones
by hydrosilation and the decarbonylation of aldedsydire also catalyzed by complexes of
transition metals. These reactions have a widdéicapion in laboratory-scale preparations and

some are also used in the manufacture of pharmeaksut

The reactions of the types just mentioned, andadda majority of all organic reactions, are
controlled by kinetic rather than thermodynamictdes. The addition of transition metal
complexes that can become intimately involved il ribaction sequence is an effective way of
increasing the reaction rates. The transition huatialyst lowers the energy of activation of the
reaction by changing the mechanfsamd in some cases it relaxes restrictions impbygeatbital

symmetry controf.

The scope of this thesis focuses mainly on rhodamehiron based catalysts. Below are selected

examples of industrial processes involving rhodazomplex or iron complex assisted reactions.

1 (@) H. Alper (Editor), Transition Metal Organometallics in Organic Synthesis, Academic press, New York978
Vol. 2. (b) D.C. Black, W.R. Jackson, J.M. Swan, In: D.N. é®iiEditor),Comprehensive Organic Chemistry,
Pergamon, Oxfordl979 Vol. 3, Parts 15 and 1&c)(J.P. Collman, L.S. Hegedu®inciples and Applications of
Organotransition Metal Chemistry, University Science Books, CA98Q

2 J.K. Kochi,Organometallic Mechanisms and Catalysis, Academic Press, New York978

3 (@) J. Halpern, in: I. Wender, P. Pino (Eds.), Orga®ynthesis via Metal Carbonyls, Wiley, New YorR77. p)
F.D. Mango,Coord. Chem. Rev. 1975(15) 109-205.d) R.G. Pearsorfymmetry Rules for Chemical Reactions,
Wiley, New York,1976
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Rhodium based catalysts.

During the last 50 years, industrial organic chémifias been based largely on petroleum

products. Most petrochemical processes use heteeogs rather than homogeneous catalysts.
This is principally because heterogeneous catalgses generally more stable at higher

temperatures and are less troublesome to sepavatettie substrate phase. However, over the
past 30 years, there has been a growing interelsbimogeneous catalysts because they often
show higher selectivity and greater catalytic atstiand they also provide greater control of

temperature on the catalyst site. For some comatgnocesses it has been determined that the
advantage of soluble catalysts outweigh the ecomopmoblems associated with catalyst

recovery. Examples include the hydroformylationatdenes and olefins catalyzed by rhodium

phosphine/phosphite complexes and the carbonylabbnmethanol to acetic acid with

[Rh(COYI,] as the active catalyét.

Each catalytic cycle is composed of several stdpg hydroformylation of €H, by
[HRh(COX(PPh),] to liberate ethyl aldehyde ,85C(O)H, can serve as an example:

[HRh(COX(PPh);] + C;Hs == [HRh(COX(PPh)(C;H4)] + PPh
[HRh(COX(PPR)(CzH4)] == [C>HsRh(COX(PPh)]
[C2HsRh(COY(PPh)] + PPh == [C,HsRh(CO}(PPh),]
[C2HsRh(COR(PPR);] == [CoHsC(O)Rh(CO)(PP¥).]
[C2H5C(O)RN(CO)(PPY2] + Ho == [C2HsC(O)Rh(CO)(PP¥)2(H2)]
[C2HsC(O)RN(CO)(PPH)2(H2)] — [HRh(CO)(PPH),] + C:HsC(O)H
[HRh(CO)(PPh);] + CO == [HRh(CO}(PPh),]

N oo O~ W N

The above reactions may be classified as ligandiaddo the sixteen electron rhodium complex
(reactions 3 and 7), ligand substitution (reactigninsertion within the co-ordination sphere
(reactions 2 and 4), oxidative addition (reactipmid reductive elimination (reaction 6). During
catalysis, reactions such as 1-7 often occur sdlyaghat they may not be individually observed.

Thus, the importance of model complexes to dematestand study the individual steps of

4 R.S. DicksonHomogeneous Catalysis with Compounds of Rhodium and Iridium, D. Reidel Publishing Company,
Dordrecht, 1985 Chapter 1.
5J.D. Atwood,Coord. Chem. Rev. 1988(83) 93-114.
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catalytic reactions is apparent. In South Afriwep world scale hydroformylation plants, one at

Sasolburg and one at Secunda, use rhodium catédyste production of alcohols for Sasol.

The rhodium complexes [Rh(acac)(CO)(BPh and [Rh(acac)(P(OP¥}] (Hacac =
acetylacetone), in the presence of triphenylphaspliPPB) or triphenylphosphite (P(OP{))

respectively, are catalyst precursors for the hgdnoulation of olefins under mild conditions

(10 atm and 80 °(f). Hydroformylation of 1,5-hexadiene catalyzed bye th
[Rh(acac)(P(OPR),)/P(OPh} system leads to the formation of mono- and dialdek

4-heptenal, 2-Me-3-hexenal and octane-1,8-dialMb-hexanedial respectively. The reaction
catalyzed by the [Rh(acac)(CO)(RHHPPh system produces, besides dialdehydes,

monoaldehydes with a terminal double bond, naméig@enal and 2-Me-5-hexenal.

Among the most representative examples of an indlgtrocess catalyzed by a rhodium
complex in solution is certainly the rhodium-iodicitalyzed carbonylation of methanol to acetic
acid/ The original [Rh(CQ),]™ catalyst, developed at the Monsanto laboratbees studied in
detail by Forster and co-worketss largely used for the industrial production oétic acid with
a selectivity greater than 99%. Acetic acid’s glloproduction in 2005 was about 9 million tons
and the demand grows annually by nearly 5%. Mias 660% of this is being produced by the

Monsanto process. This process is illustrated in Figure 1.1.

6 (a) A.M. Trzeciak, J.J. Ziolkowski). Organomet. Chem. 1994 (464) 107-111.k) A.M. Trzeciak, J.J. Ziolkowski,
J. Organomet. Chem. 1994 (479) 213-216.d) A.M. Trzeciak, J.J. Ziolkowski]. Mol. Catal. 1988(48) 319-324.
(d) H. Janecko, A.M. Trzeciak, J.J. Zi6lkowskiMol. Catal. 1984 (26) 355-361.

7 P.M. Maitlis, A. Haynes, G.J. Sunley, M.J. HowatdChem. Soc., Dalton Trans. 19962187-2196.

8 (a) K.K. Robinson, A. Hershman, J.H. Craddock, J.BthRJ. Catal. 1972 (27) 389-396.1§) F.E. Paulik, J.F.J.
Roth,Chem. Soc., Chem. Commun. 19681578a.

9 (@) D. Forster,J. Am. Chem. Soc. 1976 (98) 846-848.1f) D. Forster Adv. Oranomet. Chem. 1979 (17) 255-267.
(c) D. Forster, T.C. Singletod, Mol. Catal. 1982(17) 299-314.

10 Annual report, Indian Petrochemicals Corporatita, Baroda2005 p68.

3
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REDUCTIVE I /C—| OXIDATIVE
ELIMINATION e i ADDITION
AOI x
I\ /COCH I\Rh/co
| CO 1| >NCO

QOH CH,OH
/COCH METHYL
CO ADDITION K" co MIGRATION

I
Figure 1.1: The Monsanto process.

The Monsanto process, however, has some drawbacKse conditions used industrially
(30-60 atm and 150-200 °€)have spurred the search for new catalysts whichdcmork in
milder conditions**'* The rate determining step of the catalytic cyslthe oxidative addition

of methyl iodide (Figure 1.1), therefore a catalyssign should focus on the improvement of this
reaction. The basic idea is that ligands whiclease the electron density at the rhodium centre
should promote oxidative addition, and consequethi#y overall rate of production. For this
purpose, several other rhodium compounds have $gghesized in the last few years and have
been demonstrated to be active catalysts of corbjgaca better performances than the original
Monsanto catalys£*>'®*’ One of the most important classes is based odiutrocomplexes

containing simple phosphin&%biphoshine ligand§ and more recently also mixed bidentate

113 F. Roth, J.H. Craddock, A. Hershman, F.E. PaGlilem. Technol. 1971600-605.

12 J.R. Dilworth, J.R. Miller, N. Wheatley, M.J. Bake).G. Sunley,). Chem. Soc., Chem. Commun. 1995 1579-
1581.

13T, Ghaffar, H. Adams, P.M. Maitlis, A. Haynes, GSiinley, M. BakerChem. Commun. 19981023-1024.
14 R.W. WegmanChem. Abstr. 1986(105) 78526g.
15]. Rankin, A.D. Poole, A.C. Benyei, D. Cole-HaomilfChem. Commun. 1997 1835-1836.
16 K.V. Katti, B.D. Santarsiero, A.A. Pinkerton, R.Gavell,Inorg. Chem. 1993(32) 5919-5925.
17M.J. Baker, M.F. Giles, A.G. Orpen, M.J. TaylorJRWatt,J. Chem. Soc., Chem. Commun. 1995197-198.
18 3. Rankin, A.C. Benyei, A.D. Poole, D.J. Cole-Himmi, J. Chem. Soc., Dalton Trans. 19993771-3782.

4
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ligands'*'®*" Indeed, all these new ligands enhance oxidatilditian but as a consequence

they usually retard the subsequent CO migratomgriiss because the increased electron density

at the rhodium centre also leads to a stronger RHband.

Due to the cost of rhodium (~R600 per grafdnd the fact that rhodium catalysts can only be
used in reactors made of hastaloy (much more exmetigan stainless steel), the development of
rhodium catalysts with a higher activity will beofitable - lower concentration rhodium catalyst

and smaller reactor. In the catalyst design, @l$® of economic importance that loss of rhodium

due to decomposition must be minimized.
Effective catalyst design should focus on the aation of all steps in the catalytic cycle and

stability over the long term. It is therefore nesary to study each step of a catalytic cycle in
detail and to test the stability of the rhodiumatyst.

Iron based catalysts.

Metal atoms, especially iron, are present at thveacatalytic centre in almost a third of all
known enzyme$' Iron is especially important and occurs in refij high concentrations in the
human body (5.4 g per 70 kg) of which most of fkifnvolved in the enzyme functidf. This
metal is involved in a number of processes, inclgdbinding of substrates to orientate them
properly for the subsequent reaction, mediatingdatkon/reduction and electron transport
reactions through reversible changes in the meddation state and electrostatically stabilizing

negative charges.

An important example of industrial processes catdyby an iron complex is certainly the
iron-catalyzed cross-coupling reaction (Figure .1.2)The importance of iron-catalyzed

cross-coupling reactions for the formation of carsarbon bonds as well as carbon-heteroatom

19K.G. Moloy, R.W. Wegman, Organometallit889(8) 2883-2892.
20 www.kitco.com
21|, Diaz-Acosta, J. Baker, J.F. Hinton, P. Pulyectrochimica Acta Part A 2003(59) 363-377.
22 H. DouglasBioorganic Chemistry, Third Edition, Springer, New York,996
5
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bonds can hardly be overestimatédWithin a few decades, this methodology evolve ia
routine tool for the preparation of fine chemicaitgl pharmaceutically active compounds in the
laboratory. On the industrial sc&feit is widely appreciated in the context of paratignthesis
and combinatorial chemistfy,and plays a prominent role in a rapidly growingnier of highly
impressive total syntheses of target moleculestofost complexity® As synthetic organic
methods are increasingly concerned with the growmgortance of sustainable chemistry,
iron-catalyzed cross-coupling reactions are oneth#f promising research areas for the
construction of C-C bonds, since iron is inexpeasind more environmentally friendly than the
usual metals used - palladium, cobalt or niékelAfter the pioneering works of Kochi and

co-workers in the 1970%28 the groups of CahieZ,Firstner®®! and Nakamur& have recently

23 (@) F. Diederich, P.J. Stang (Editordyletal-catalyzed Cross-coupling Reactions, Wiley-VCH: Weinheim,
Germany,1998 (b) N. Miyaura (Editor),Cross-Coupling Reactions. A Practical Guide, Topics in Current
Chemistry, Springer: Berlin, 2002 Vol. 219. € D.W. Knight, In: B.M. Trost, I. Fleming (Editors)
Comprehensive Organic Synthesis, Pergamon: Oxford, U.K1991, Vol. 3, p481. d) J.J. Li, G.W. Gribble,
(Editors), Palladium in Heterocyclic Chemistry: A Guide for the Synthetic Chemist, Elsevier: Oxford, U.K.,
2000

24 M. Beller, A. Zapf, W. MagerleinChem. Eng. Technol. 2001(24) 575-582.

25 K.C. Nicolaou, R. Hanko, W. Hartwig (Editorsjandbook of Combinatorial Chemistry: Drugs, Catalysts,
Materials, Wiley-VCH: Weinheim, Germany002

26 (a) A. Furstner, H. Weintritt,). Am. Chem. Soc. 1998 (120) 2817-2825.) A. Fiirstner, |. Konetzki). Org.
Chem. 1998(63) 3072-3080.d) A. Furstner, J. Grabowski, C.W. LehmadnQrg. Chem. 1999(64) 8275-8280.
(d) A. Furstner, O.R. Thiel, N. Kindler, B. Bartkovak. Org. Chem. 2000(65) 7990-7995.4) A. Firstner, T.
Dierkes, O.R. Thiel, G. Bland&hem.-Eur. J. 2001(7) 5286-5298.

27 (@) C. Bolm, J. Legros, J. Le Paih, L. ZaBhem. Rev. 2004 (104) 6217-6254.h) A. Fiirstner,R. MartinChem.
Lett. 2005(34) 624-629.

28 (@) M. Tamura, J. K. KochiJ. Am. Chem. Soc. 1971(93) 1487-1489.) M. Tamura, J.K. KochiJ. Org. Chem.
1975(40) 599-606.

29 (a) G. Cahiez, P.Y. Chavant, E. Metakstrahedron Lett. 1992 (33) 5245-5248.4) G. Cahiez, S. Marquais,
Tetrahedron Lett. 1996 (37) 1773-1776.d) G. Cahiez, H. Avedissiarfynthesis 1998 1199-1205. ¢) C.
Duplais, F. Bures, T. Korn, |. Sapountzis, G. Cahle. KnochelAngew. Chem. Int. Ed. 2004 (43) 2968-2970.
(e) G. Cahiez, V. Habiak, C. Duplais, A. Moyewngew. Chem. Int. Ed. 2007 (46) 4364-4366.

30 A, Firstner, A. Leitner, M. Méndez, H. KrauseAm. Chem. Soc. 2002 (124) 13856-13863.

31 (@) R. Martin, A. FirstnerAngew. Chem. Int. Ed. 2004 (43) 3955-3957.K) A. Fiirstner, H. Krause, C.W.
LehmannAngew. Chem. Int. Ed. 2006(45) 440-444.¢) B. Scheiper, M. Bonnekessel, H. Krause, A. Fiasth
Org. Chem. 2004 (69) 3943-3949.

32 M. Nakamura, K. Matsuo, S. Ito, E. NakamuraAm. Chem. Soc. 2004 (126) 3686-3687.

6
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extended the scope of iron-catalyzed processeablyaby developing efficient cross-coupling

reactions between aromatic Grignard reagents ayttalides®

Fe' catalyst o

R-X' + R'-MX R-R' + MXX'
substrate coupling partner coupling product metal halide
(organic electrophile) (nucleophile)

R = alkyl, aryl, vinyl, allyl, alkynyl, benzyl, acyl
R' = alkyl, aryl, vinyl, allyl, alkynyl, benzyl

X, X' =1, Br, Cl

M = Mg, Zn, Cu, Sn, Si, B

Figure 1.2: General iron-catalyzed cross-coupling reaction.

Simple iron salts such as Fe(Fe3-diketonato) or the salen complex turned out to be highly
efficient, cheap, toxicologically benign and enwineentally friendly pre-catalysts for a host of
cross-coupling reactions of alkyl or aryl Grignaedgents, zincates or organomanganese species
with aryl and heteroaryl chlorides, triflates, amden tosylated) Although iron-catalyzed
cross-coupling is not yet nearly as mature asatag@ium- or nickel-catalyzed counterparts, this
transformation provides efficient and scalable sohs for many types of C-C-bond

formations*

1.2 Aim of study.

The following goals were set for the rhodium study:

(1) The determination of the stereochemistry of thectrea products of the oxidative
addition of CHI to [Rh(acac)(CO)(PRJi, by means ofH NMR spectroscopy and DFT
computational methods.

(i) The determination of the detailed reaction mectmarasthe oxidative addition of GiHto
[Rh(acac)(CO)(PPJ)], by means of DFT computational methods.

33 (@) T. Nagano, T. HayashQrg. Lett. 2004 (6) 1297-1299.1) R.B. Bedford, D.W. Bruce, R.M. Frost, J.W.
Goodby, M. Hird, Chem. Commun. 2004 2822-2823. ¢) R.B. Bedford, M. Betham, D.W. Bruce, A.A.
Danopoulos, R.M. Frost, M. Hir@Chem. Commun. 20054161-4163.d) Y. Hayashi, H. Shinokubo, K. Oshima,
Tetrahedron Lett. 1998(39) 63-66.

34 A. Guérinot, S. Reymond, J. Cossyigew. Chem. Int. Ed. 2007 (46) 6521-6524.

7
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(iii)

(iv)

(v)

To investigate the electronic effects of the &d R side groups of th@-diketonato
ligand, coordinated to the [Rb{diketonato)(CO)(PPJ)] complexes, on the DFT
calculated activation energy of the oxidative additreaction of methyl iodide to the
[Rh(B-diketonato)(CO)(PP)] complexes. Different R side groups, with elenic
properties ranging from electron withdrawing @CEo electron donating (fElsS), were
chosen.

The determination of the stereochemistry of thetrea product and the detailed reaction
mechanism of the oxidative addition of gHhb [Rh(acac)(P(OPB),], by means of DFT
computational methods.

To investigate the performance of simplified modessus the full experimental model
of the oxidative addition reaction of GHto [Rh(acac)(P(OPR)], by means of DFT

computational methods.

The following goals were set for the iron study:

()
(ii)

(iii)

(iv)

(V)

(vi)

The optimized synthesis of new and known [F~diketonatoj)] complexes.

To characterize the synthesized [Fefketonatoj)] complexes with a variety of
methods, UV spectrophotometry, mass spectroscdgmeatal analysis, melting points,
etc.

The electrochemical characterization of the freiketonato})] complexes using cyclic
voltammetry and spectroelectrochemistry. To eualile formal reduction potential
(EY), as well as the electrochemical and chemicalrsividity/irreversibility, of the redox
active iron(lll) centre. To determine the effettloe electron donation/withdrawal of the
different R side groups of tH2diketonato ligands on the formal reduction pot&r(E’).

To identify the three dimensional geometry of tHee(B-diketonatoj)] complexes
utilizing DFT computational methods.

To determine relationships between experimentaiyemniined and DFT calculated
properties, such as the acid dissociation congfa) of the p-diketone coordinated to
the iron complex, the total group electronegatgtikr: + Xr2) Of the R and R side
groups on th@-diketonato ligand, the formal reduction potenti@®) of the redox active
metal Fe(ll)/Fe(ll) in [F& (B-diketonato)] and the calculated ionization potentials.

To test the performance of different functionalgetation to the energetics of different
spin states of transition metal complexes, suchthes spin crossover complex

[Fe(salen)(CH)(COCH)2(py).] and five-coordinate iron(lll) porphyrins.



CHAPTER 2

Survey of literature and
fundamental aspects

2.1 Computational chemistry.

2.1.1Introduction. *%3

Computational chemistry has become a powerfulfraralhe study of a molecular system prior to
synthesizing the system in the lab. Properties ¢jigometric arrangements, relative energies and
vibration frequencies can be accurately predic@de of its strengths is the opportunity to study
species, processes and/or conditions that areuliffidangerous, impossible or too expensive to
study experimentally. Computational chemistry e#so be used for a better understanding of

some chemical problems by making it more visualjrietance molecular orbitals.

Originally, computational quantum chemistry suftefeom severe limitations with respect to the
size of the molecules. The development of moréciefft computers and more elaborate
mathematical tools has overcome parts of this @itiwh, thus enabling researchers to look at
real- or almost real-sized systems. However, maomputational chemistry methods employ
a number of approximations, the results obtainethfcomputational calculations should always

be treated with some degree of caution.

Quantum chemistry is a branch of theoretical cheynisvhich applies quantum mechanics and
quantum field theory to address issues and problenshemistry. A brief introduction to

guantum chemistry is given in section 2.1.2.

1 E Lewars,Computational Chemistry, Introduction to the theanyd Applications of Molecular and Quantum
MechanicsKluver Academic Publishers, Bost®Q03 p1-7.

2 A. Ghosh, P.R. TayloGurr. Opi. Chem. Biol2003 7, 113-124.

3 C. Bo, F. Masera®alton Trans2008 2911-2919.
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The broad classes of computational chemistry are:

Ab Initio: Ab initio calculations involve a full quantum mechanicalcaddtion from first
principles, based on the Schrédinger equation.is Itimited to small systems and the
calculations are very time consuming, but the nacstirate that can be performed. Example:
Gaussian03, CCSD(T), CASPT?2 etc.

Density Functional Theory (DFT): DFT is also based on the Schrddinger equation. In
DFT, the many-body electronic wave function is ageld with the electronic density as the
basic quantity. Thus, DFT does not calculate aenfanction, but rather derives the electron
distribution (electron density function) direct. xdmples: ADF, Q-Chem, Gaussian03,
GAMESS, DALTON, etc.

Empirical: These calculations are based on a database ofimemeal observations and
work best at determining molecules of the samesclastype as those previously well
characterized. Fast and Cheap. Example: AMBER,SDEtc.

Semi-Empirical: These calculations take advantage of the predicpewer of a true
guantum mechanical calculation, but use empiriaddiiermined or fit values for parts of the
calculation that are too difficult to perform. i# thus the mixing of theory (Schrddinger
equation) and experiment (empirical means expetiatien This plugging of experimental
values into a mathematical procedure to get thet lmedculated values is called
parameterization. This method is faster tharinitio and more accurate and predictive than
the empirical. The drawback of this method is ttie# parameters for many systems,
especially larger transition metal complexes, ateavailable. Example ZINDO, AM1, etc.
Molecular Mechanics (MM): The term MM refers to the use of Newtonian mectsiho
model molecular systems. Typically, MM models d¢shof spherical balls (atoms)
connected by springs (bonds). Internal forces mepeed in the model structure are
described by using simple mathematical functiang.Hooke's law). If we know what the
normal spring lengths are and how much energykéddo stretch and bend the springs, we
can calculate the energy of a given collection afsband springs,e. of a given molecule.
Changing the geometry until the lowest energy isntb enables one to do a geometrical
optimization. Example: AMBER, Hyperchem.

Molecular Dynamics (MD): MD simulation numerically solves Newton's equasioof
motionon an atomistic or similar model of a moleculasteyn to obtain information about its
time-dependent properties. For example, one aanlate the motion of an enzyme as it

changes shape on binding to a substrate. ExampIBER.

10
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Ab initio means “from the origin” in Latin. The simplest tjtaive model is the Hartree-Fock
(HF) approximation, also called the self-consistiggltt method (SCF). The HF approximation
is a method for the determination of the groundesteave function and ground-state energy of a
guantum many-body system. Here the N-body wavetimm can be described by a single Slater
determinant of N spin orbitals. The HF method aote for a large part of the electron-electron
interaction, including the exchange energy. Theharge interaction is a quantum mechanical
effect which increases or decreases the expectatibre of the energy between two or more
identical particles when their wave functions oaprl The single-determinant approximation
does not take into account Coulomb correlationdifeato a total electronic energy different
from the exact solution of the non-relativistic 8afinger equation within the
Born-Oppenheimer approximation. Therefore the Htlis always above this exact energy.
The difference in energy is called the correlatmergy. Calculating the correlation energy is
very resource-consuming. To account for the catia energy, several different approaches are

in use of which selected methods are listed ing2aul.

Table 2.1: A brief list of electronic structural calculatiomethods.

Method Class Description Performance
HF or SCF | ab initio Wave function based Modest accuracy for structures and
approximation using a single vibrational frequencies, poor for
electron configuration. energetics.
MP2' high-quality | Improvement on HF using | Good for structures and
ab initio perturbation theory. frequencies, modest for energetics.
CCSD(T)" | high-quality | Improvement of HF theory | Excellent structures, frequencies
ab initio including excited Slater and energetics in case of a single
determinants in the wave electronic configuration. Is a good
function. initial approximation.
CASSCF" | high-quality | Wave function approximation Modest to reasonably good
ab initio using several electron accuracy for structures, frequencies
configurations. and energetics.
CASPT2Y | high-quality | Improvement of CASSCF | Good structures and frequencies,
ab initio theory using second-order | good excitation energies, reactior
perturbation theory. energies of modest accuracy.
DFT not purely Density-based methods, Good structures and frequencies;
ab initio taking exchange and more variable on energetics;
correlation parameters into | significantly dependent on the
account. functional used (see section 2.1.6).

i Second-order Mgller-Plesset perturbation theory.
ii Coupled-cluster SD(T).
iii Complete active space SCF.
iv Complete active space SCF second-order perturbiiemry.

11
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2.1.2Basic Quantum Chemistry:>°

Quantum mechanics mathematically describes thevimiraof electrons and thus of chemistry.
In quantum mechanics the state of a system is estribed by particle characteristics, but by a
wave function. Therefore, the goal in all quantcinemical methods is to solve (approximate)
the time-independent Schrodinger equation, whictialees how the quantum state of a physical
system changes in time. For a single particle otiee dimensional equation can be presented as
follows:

_# Ay

2m  dx?

This can more generally be written as:

+V (X (x) = E¢(X)

Hy =Ey
whereH is the Hamiltonian operatoE the total energy of the state apdienotes the molecular
wave function. The wave functionis a function of the electron and nuclear posgiois the
name implies, this is the description of an elettas a wave. As such, it can describe the
probability of electrons being in certain locatiprimut it cannot predict exactly where the
electrons are. The wave function is often callegrobability amplitude" because the square of
the wave function yields probabilities. The Haonmilian {) for an N-particle system is generally
given by:

H=- pa%des fi eri |2 N pagles q'rﬁ

i

or in atomic units
particles []2 particles (J. (] .
oo 07 e,
i Zm i<j rij
with
0° 0% 9°
P = 2 + 2 + 2
ox.  0y; 07

4 D.C. Young,Computational Chemistry - A practical Guide for &ppg techniques to real-world problemns
Wiley-Interscience, New York001, p10-11.
5 W. Koch, M.C. HolthausenA Chemist's guide to density functional theo8econd Edition, Wiley-VCH,
Weinheim,2002 p3-6.
6 G.H. Grant, W.G. Richard§omputational ChemistryOxford University Press, Oxford995 p5-6.
12
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where [? is the Laplacian operator acting on particlemy and g are the mass and charge of

particlei respectively and; is the distance between the particles. Both macié electrons are

particles.

The Hamiltonian operator contains the kinetic (dbgd by the first term) and potential
(described by the second term) energy terms forwthele system. Once the correct wave
function is known, it is in principle possible taxteact all information on the system.
Unfortunately, it is only possible to solve the &ihnger equation exactly for one particle
systems. And because of this, a variety of metHod®btaining approximate solutions have
been developed for multiple electron systems. @hmethods range from methods having
adjusted parameters (semi-empirical methods) thlyigdvanced analytical methods based on
different mathematical formalisms (coupled clustegnfiguration interaction, many-body

perturbation theory).

2.1.3Density Functional Theory (DFT).#910

The foundation behind DFT is that the energy ofadetule can be determined from the electron
density instead of a wave function. This was fe&ited by Hoenburg and Kohn. But the
original theorem only applied to the finding of theund-state electronic energy of a molecule.
A practical application of this theory was develdpey Kohn and Sham who formulated a

method similar in structure to the HF method.

In this formalism, Kohn and Sham introduced thecemt of a non-interacting reference system
(i.,e. a system with non-interacting electrons) descriliiyda set of one-electron orbitals
(KS-orbitals). This made it possible to compute thajor part of the kinetic energy to a high
degree of accuracy. The KS-orbitals are used twvige an electron density for further

calculations of the energy, whereas the orbitalwane function method®(g. HF methods) are

7 D.C. Young,Computational Chemistry - A practical Guide for &ppg techniques to real-world problems
Wiley-Interscience, New York001 p42-43.

8 C.J. CramerEssentials of Computational chemistry - theoried amdels Second Edition, Wiley, Chichester,
2004 p249-303.

9 W.J. Hehre A guide to molecular mechanics and quantum chengaklulations Wavefunction, Irvine2003
p30-32.

10 u. von BarthPhysica Scripta2004,T109, 9-39.
13
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used to provide the energy direct. Within the K&iam formalism, the attraction between the
electrons and the nuclei, the Coulomb part of tleeten-electron repulsion and the kinetic
energy of non-interaction electrons are calculaedctly. Only the non-classical part of the
electron-electron repulsion (the exchange enerfy3 p small part of the kinetic energy are
described by the approximate functionals. In fbrgnalism the usual expression for the DFT
energy is:
Eorrl 0l = Tail A + Vnd Al + Ved 4] + Exd Al

Here T, symbolizes the exact kinetic energy of a non-axdeng system,. is the potential
energy generated by the interaction between nuidi electronsyee is the potential energy
generated by the interaction between electronsGthdomb energy) anly. includes exchange
and correlation energies as well as other coniohsat(such as a small correction to the kinetic
energy) not accounted for in previous terms. Thedlenge in DFT is to design a functional for
Ex.. The usual approach is to handle the large exghgqmart and the small correlation part

separately. These exchange-and-correlation fumadtioill be discussed in section 2.1.6.

The greatest advantage of DFT comparedhtanitio calculations is the low computational cost,
especially for large systems. On the other hands hot possible to carry out a systematic
improvement by taking more electron configuratiam® account, which could be done falo

initio methods. The only way to improve DFT results isge better functionals.

2.1.4Amsterdam Density Functional (ADF)

ADF' is a Fortran programme. It performs calculationsatoms and molecules in either gas
phase or in solution. ADF can be used for the ystofddiverse fields such as molecular
spectroscopy, organic and inorganic chemistry, tallgggraphy and pharmacochemistry. A
separate programme in the ADF package (BAND) islava for the study of periodic systems
such as crystals, surfaces, and polymers. Therlymagetheory is the Kohn-Sham formalism, as
described in section 2.1.3. This implies a onetsda picture of the many-electron systems, but

yields in principle the exact electron density (aeldted properties) and the total energy.

11 ADF User's GuideRelease 2007.01, Scientific Computing & ModellMyg, Amsterdam2007, p10.
12 G. Te Velde, F.M Bickelhaupt, E.J. Baerends, GEerra, S.J.A. Van Gisbergen, J.G. Snijders, Tgl&reJ.
Comput. Chen001(22) 931-967.
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2.1.5Gaussian03

Gaussian03 is one of a series of electronic streagitogrammes. Starting from the basic laws of

guantum mechanics (section 2.1.2), Gaussian psethet energies, molecular structures and

vibrational frequencies of molecular systems, alatity numerous molecular properties derived

from these basic computation types. It can be wisextudy molecules and reactions under a

wide range of conditions, including both stablecépe and compounds which are difficult or

impossible to observe experimentally such as dhad intermediates and transition structures.

2.1.6Exchange-and-correlation (XC) Functional®*

The Density Functional, also called the exchangkeamrelation (XC) functional, may be

divided into four different subgroups:

* Local Density Approximation: LDA implies that the XC functional in each poimt space
depends only on the (spin) density at that samat poi

* Generalized Gradient Approximation: GGA is an addition to the LDA part, by including
terms that depend on derivatives of the density.

* Hybrid functionals: A hybrid GGA stands for some combination of a dead GGA with a
part of Hartree Fock exchange.

* Meta functionals: A meta-GGA has a GGA part, but also depends orkitnetic energy
density. A meta-hybrid has a GGA part, a part afti¢e-Fock exchange and a part that

depends on the kinetic energy density.

13 Gaussian 03, Revision C.02, M.J. Frisch, G.W. KsudH.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R.
Cheeseman, J.A. Montgomery Jr., T. Vreven, K.N.iKud.C. Burant, J.M. Millam, S.S. lyengar, J. TGm4.
Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega. Petersson, H. Nakatsuji, M. Hada, M. Eh#a,
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. NalajY. Honda, O. Kitao, H. Nakai, M. Klene, X. L1,E.
Knox, H.P. Hratchian, J.B. Cross, V. Bakken, C. idaJ. Jaramillo, R. Gomperts, R.E. Stratmann, &zy¥v,
AJ. Austin, R. Cammi, C. Pomelli, J.W. OchterdRiY. Ayala, K. Morokuma, G.A. Voth, P. Salvador].J.
Dannenberg, V.G. Zakrzewski, S. Dapprich, A.D. @#)iM.C. Strain, O. Farkas, D.K. Malick, A.D. Rahky
K. Raghavachari, J.B. Foresman, J.V. Ortiz, Q. @uG. Baboul, S. Clifford, J. Cioslowski, B.B. Sagiov, G.
Liu, A. Liashenko, P. Piskorz, I. Komaromi, R.L. Mia, D.J. Fox, T. Keith, M.A. Al-Laham, C. Peng, A
Nanayakkara, M. Challacombe, P.M.W. Gill, B. Johms@&/. Chen, M.W. Wong, C. Gonzalez, J.A. Pople,
Gaussian, Inc., Wallingford C2004

14 ADF User's GuideRelease 2007.01, Scientific Computing & ModellMyg, Amsterdam2007, p66-69.
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The applicable GGA functionals in this study can dieided into three groups with either

exchange correction, correlations correction ohloatrrections. They are listed below.

For the exchange part, the options are:

+ Becke:the gradient correction proposed in 1988 by Bétke.

« PWO1x: the exchange correction proposed in 1991 by Pelfawg'®

« PBEX: the exchange correction proposed in 1996 by PeRlake-Ernzerhof’
« OPTX: the OPTX exchange correction proposed in 2001 doydy-Cohert?

For the correlation part, the options are:

« Perdew: the correlation term presented in 1986 by Pertfew.

« PBEc: the correlation term presented in 1996 by Perdewk&Ernzerhot.
« PW91c: the correlation correction of Perdew-Wang (1991).

« LYP: the Lee-Yang-Parr 1988 correlation correcbn.

Some GGA options define the exchange and correl@idots in one stroke. These are:
» BP86:this is equivalent to Becke + Perdew together.

*  PWO1: this is equivalent to pw91x + pw91c together.

* PBE: this is equivalent to PBEx + PBEc together.

* BLYP: this is equivalent to Becke (exchange) + LYP (elation).

* OLYP: this is equivalent to OPTX (exchange) + LYP (clatien).

« OPBE: this is equivalent to OPTX (exchange) + PBEc (@ation)*

15 A.D. Becke,Phys. Rev1988(A38) 3098-3100.

16 J.P. Perdew, J.A. Chevary, S.H. Vosko, K.A. Jack8®.R. Pederson, D.J. Singh, C. Fiolh&bys. Rev. B992
(46) 6671-6687. Erratum: J.P. Perdew, J.A. Chevamy, Vosko, K.A. Jackson, M.R. Perderson, D.JgKiIC.
Fiolhais,Phys. Rev. B993(48) 4978.

17 3.P. Perdew, K. Burke, M. ErnzerhBhys. Rev. Letfl996(77) 3865-3868; Erratum: J.P. Perdew, K. Burke, M.
ErnzerhofPhys. Rev. Letl.997(78) 1396.

18 N.C. Handy, A.J. Coheiol. Phys.2001(99) 403-412.

193.P. PerdewRhys. Rev1986(B33) 8822-8824; Erratum: J.P. Perd®hiys. Rev1986(B34) 7406.

20 (a) C. Lee, W. Yang, R.G. ParPhys. Rev. B988(37) 785-789.1f) B.G. Johnson, P.M.W. Gill, J.A. Poplé,
Chem. Phys1993(98) 5612-5626.d) T.V. Russo, R.L. Martin, P.J. Hay. Chem. Physl994 (101) 7729-
7737.

21 M. Swart, A.W. Ehlers, K. Lammertsmislol. Phys2004(102) 2467-2474.
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The applicable hybrid functionals in this study tendescribed as follows:

e B3LYP: ADF uses VWNS5 in the B3LYP functional (20% Hartféeck exchange) by
Stephens-Devlin-Chablowski-Friséh.

e B3LYP*: a modified B3LYP functional (15% Hartree-Fock eanbe) by
Reiher-Salomon-He<s.

The applicable meta functionals in this study caméscribed as follows:
« TPPS: A meta-GGA functional by Tao-Perdew-Staroverov<&ria®*
e TPPSh: A meta-hybrid functional (10% HF exchange) by

Tao-Perdew-Staroverov-Scuseifa.

2.1.7Database?®?®

The basis functions used by ADF (see section 2.4rd)commonly known as Slater Type
Orbitals (STOs). This is different from most otH2FT programmes, which usually employ
Gaussian Type Orbitals (GTOs), for which many stéaddbasis sets are available in the
literature. The advantage of the STOs is that feaf¢hem are needed than with GTOs to get a
reasonable description of the molecule. A disathgmis that not much work has been done to
develop balanced STO basis sets. In a recent stuMireia Giell and co-workef$,STOs and
GTO basis sets were evaluated systematically bypedmg the spin-state energies of iron
complexes. They found that STO basis sets giveistamt and rapidly converging results, while

the convergence (with respect to basis set sizajh slower for the GTO basis sets.

A basis set can roughly be characterized by twinfacits size (single-, double-, triple-zeta; with
or without polarization) and by the level of frozeare approximation. The STO basis sets
provided by ADF are SZ, DZ, DZP, TZP, and TZ2P. eTihcreasing numbers point to an

22p J. Stephens, F.J. Devlin, C.F. Chabalowski, Ftidch,J. Phys. Chenl994(98) 11623-11627.

23 M. Reiher, O. Salomon, B.A. Hesgheor. Chem. Ac2001(107) 48-55.

24 (a) J. Tao, J.P. Perdew, V.N. Staroverov and G.Es&taiPhys. Rev. LetR003(91) 146401-146404b) V.N.
Staroverov, G.E. Scuseria, J. Tao and J.P. Peé®)em. Phy2003(119) 12129-12137.

25 ADF User's GuideRelease 2007.01, Scientific Computing & ModellMyg, Amsterdam2007, p13-15, 77.

26 3, Hill, L. Subramanian, A. MaitMolecular Modeling Techniques in Material Sciend@RC Press, Boca Raton,
2005 p258-259.

27 M. Guell, J.M. Luis, M. Sola, M. Sward, Phys. ChenA 2008(112) 6384—6391.
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increase in size and quality. It is not possilde give a formally correct short general

classification for each basis set directory. Hogvegenerally speaking we can say that SZ is a
single-zeta basis set, DZ is a double zeta basi®Z® is a double zeta polarized basis, TZP is a
core double zeta, valence triple zeta, polarizesisbeet, and finally TZ2P is a core double zeta,

valence triple zeta, doubly polarized basis.

For all-electron calculations and for calculati@isieavy elements (Actinides), it is necessary to
include relativistic effect. ZORA refers to the rdeOrder Regular Approximation. This
formalism requires special basis sets, primarilintdude much steeper core-like functions. The
above basis sets are then classified as ZORA/ZDRA/TZ2P. The ZORA/QZA4P basis set for
example can be loosely described as core tripke, z@tience quadruple zeta, with four sets of
polarization functions. The TZ2P+ basis sets fog transition metals Sc to Zn are nearly
identical to TZ2P except for a better descriptidthe d-space (4-functions instead of 3). The
ZORA/TZ2P+ basis sets for the lanthanides La toavé nearly identical to TZ2P except for a
better description of thkespace (4-functions instead of 3). AUG stands for augmenté&tiese
are augmented standard basis sets with some diffiig@s added, especially meant for
time-dependent-DFT (TDDFT) calculations. They aemed ASZ, ADZ, ADZP, ATZP, and
ATZ2P, which means augmented SZ, augmented DZ, eogpd DZP, augmented TZP, and

augmented TZ2P, respectively.

Some common GTO basis sets available for other piegrammes (for example Gaussian03)
are. 3-21G, 6-31G, 6-31G*, 6-311G, 6-311+G**, VDZWNTZ2D2P, Roos_ ANO-aug-dz,
cc-pVTZ and cc-pVQZ. The increasing numbers ptinan increase in size and quality. The
notation of the series of Pople basis sets (fiv’t lentioned above) is typicalkryzG. In this
casex represents the number of primitive Gaussians,isting of each core atomic orbital basis
function. They andz indicate that the valence orbitals are composadofasis functions each,
the first one composed of a linear combinationygbrimitive Gaussian functions, the other
composed of a linear combination oprimitive Gaussian functions. In addition to thdsasis
sets, polarization functions are denoted by anriakt€*). Two asterisks (**) indicate that
polarization functions are also added to light a&adr and He). Another common addition is the
addition of diffuse functions, denoted by a plugns{+). Two plus signs (++) indicate that
diffuse functions are also added to light atomshe Tore demanding GTO basis sets were
developed by Ahlrichs (VDZP, VTZ2D2P) and Dunnieg-pVTZ, cc-pVQZ).
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2.2 Fundamental Concepts.

2.2.1Basic Point Group Theory?29:30:31

The study of symmetry in molecules is an adaptatibthe mathematical group theory. The
symmetry of a molecule can be described by lisalhdhe symmetry elements of the molecule
and this allows one to classify the molecule. $y@metry of a molecule can be described by 5

types of symmetry elements.

* Identity (E).

The identity operation is the operation of doinghiog - every molecule has this element.
Although this element seems a bit insignificantisithecessary to include the identity in the
description of a molecule's symmetry in order toabée to apply the theory of groups. It is

called unity (German: Einheit) because it is analmgto multiplying by one.

* Rotational axis Cp).

The rotational axis is an operation where the moéets rotated 360fVaround an axis, resulting
in a molecule indistinguishable from the origindhis is also called am-fold rotational axis and
abbreviatedC,. A molecule can have more than one rotationa.aXihe axis with the highest

is called the principal axis.

* Plane of symmetry ¢).

The plane of symmetry is a plane of reflection tigto which an exact mirror image of the
original molecule is given and is abbreviatedThree types of planes are possible. The frat i

symmetry plane parallel to the principal axis asdcalled vertical ). The second is

perpendicular to the principal axis and is calletizontal ¢n). The third is if a vertical

symmetry plane that additionally bisects the anbketween two 2-fold rotation axes

perpendicular to the principal axis and is callégedral ¢y).

28 p H. WaltonBeginning Group Theory for Chemist@xford University Press, Oxford998 p4-75, 137-143.
29 A, Vincent,Molecular symmetry and group thepSecond Edition, John Wiley & Sons, EnglaR@1, p1-64.
30 ADF User's GuideRelease 2007.01, Scientific Computing & Modellyg, Amsterdam2007, p249-250.

31 w.K. Nicholson,Linear algebra with applicationsThird Edition, PWS Publishing Comany, Bostd895 p33-
96.
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* Inversion centre ().

This operation generates inversion through thereeatd is abbreviated A molecule has a
centre of symmetry when, for any atom in the mdiecan identical atom exists diametrically
opposite this centre and an equal distance frontt its not necessary that an atom should be at

the centre.

» Rotation-reflection axis ).
The rotation-reflection axis is an axis around whécrotation of 360f/ takes place, followed by
a reflection in a plane perpendicular to it and/ésathe molecule unchanged. This is also called

ann-fold improper rotation axis and is abbreviag&dn necessarily even).

The 5 symmetry elements are associated with 5 mmttieal symmetry operations. By using
these 5 symmetry elements, one can classify a mleldxy assigning to it a single point group
symbol. A point group is a set of symmetry operadiforming a mathematical group, for which
at least one point remains fixed under all openatiof the group. Various methods can be used
for the assignment of the point group symbol, ofakta flow chart is most common. Computer
software (for example ChemcHjtcan also be used to automatically assign a gootp symbol

to a molecule. There are numerous point groupsvlmth only 22 are most common in

chemistry. Table 2.3 contains a list of these @2amon point groups.

Thus, the point group of a molecule is shorthandafoollection of symmetry operations which
can be carried out on the molecule. The symmeigrations are mathematical representations
that are one of two types: reducible or irreducibléhe reducible representations can be seen as
combinations of irreducible representations, wherdwe irreducible representations cannot be
further reduced. In chemistry, one is only integddn the irreducible representations since they
can be used to describe the functions which angtienk to the Schrédinger equation (section
2.1.2). This is the mathematical connection betwbe symmetry of a molecule and the energy
of a molecule. Luckily the irreducible represeimas for all the point groups have been
calculated beforehand and are summarized in a talikd a character table. The word character
is used since the numbers are characteristic oimgices from which they are derived. Each
set of irreducible representation can be repredemyea shorthand symbol which is called the

Mulliken symbol. There is a set of mathematicésunvhich can be used for the assignment of

32G.A. Zhurko, D.A. ZhurkoCHEMCRAFT Version 1.6 (Build 304)2009
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Mulliken symbols, but for chemists these derivagi@ane not of interest. It is thus only important
to understand the character tables. The charadikss also capture important information about
the orbitals which form a base for the irreducibbbpresentations. This information is
conventionally listed on the right hand side of ttearacter table. Th€,, character table is

given in Table 2.2 as an example. Other chardatdes can be found in references [28] and
[29].

Table 2.2: TheC,, character table.
Cov | E & alxz2) a/(y2) |

Ar |1 1 1 1 |z X, V', Z
A | 1 1 -1 -1 R, Xy
B |1 -1 1 -1 X, R, | Xz
B |1 -1 -1 1 Vv, R« |Yyz

The above character table can be described asviollo
Point group symbol: Cy,

Symmetry operations:E, Cy, 6\(X2), 6,/ (yz)

Mulliken symbols: A;, Az, By, By

Irreducible representations: 1, -1

Common bases for representationsR,, Ry, Ry, X2, Y, X, Y, Z, XY, Xz, Yz, Z
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Table 2.3: A selection of some common point groups.

Point group | Symmetry elements Simple description Miliken symbol

Cy E no symmetry A

Ci E i inversion centre AA,

Cs E, on planar A A"

Coov E, 2C,, oy linear oMo P

Dooh E, 2C,, w0, i, 2S,, 0C, | linear with inversion centre| 64 6, 7tg Ty 8g Ou Pg Pu

C, E C, "open book geometry" AB

Con E, Cyi,0n planar with inversion centre A\, By By,

Coy E, Cy, 0u(X2Z) 0 (yZ) angular or see-saw 1M, B1 B

Cay E, 2C,, 3oy trigonal pyramidal AA E

Cav E, 2C,4, Cy, 20y, 204 square pyramidal AA, BB E

D3 E, C3(z), 3C, triple helix, chiral AAE

D2n E, Cx(z), Cay), Ca(x), i, | planar with inversion centre  ¢®A, B1g B1u Bog Boy
a(xy), o(xz) o(yz) Bag Bau

Dsn E, 2C3, 3Cy, on, 30v, 25 | trigonal planar or Al A" A A E'E”

trigonal bipyramidal

Dan E, 2C4, Cy, 2G5, 2C,, i, | square planar Ay Awu Azg Az Big
2&y, on, 20y, 204 B1y BZq Boy Eq E,

Dsh E, 2Cs, 2C52, 5C,, on, pentagonal AA"A A" BB
5oy, 25, 2S5° E E"

Dsh E, 2Cs, 2C3, C,, 3C), hexagonal /Qg A1y Azg Aoy Blg
3Cz, i, 3%, 25°, on, 304, By Bag Bau Exg Eny
30'\, E2q E2u

Dog E, 25, Cy, 2Cy, 2C;, 204 | 90° twist A A;B;BE

D3q E, 2C3, 3C,, i, 2S5, 304 60° twist Ag Ay Axg Aoy Eg Ey

Dag 2%, 2Cy4, 2833, C,, 4G, | 45° twist A A>B1 BBl B E3
4oy

Dsq E, 2Cs, 2C52, 5C,, i, 36° twist A_]_g A1y Azg Aoy Elg
3S10° 2S10, 504 Exu Ezq Eau

Ty E, 8Cs, 3C,, 6, 60y tetrahedral AAET, T,

On E, 8Cs, 6C,, 6C4, 3Cy, i, | octahedral or cubic B A1y Axg Az, By Ey
681, 8&, 30'h, 6O'd qu Tlu T2q T2u
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2.2.2Transition Metal Coordination. 3334

A transition metal is definédas an element whose atom has an incompisteb-shell or which
can give rise to cations with an incompldtsub-shell. Whereas a transition metal compound is
a structure consisting of a central transition matam, coordinated to one or more ligands.
These compounds may be brightly coloured and soenpaaamagnetic, due to the partially filled
d-shells. The variety of transition metal compoumdiginate from the diversity of available
oxidation states (for the transition metal) andrthdility to form complexes with a wide range
of ligands. This results in a wide range of cooation numbers and geometries. The total
number of other atoms directly linked to the cdrgtament is termed the coordination nuniber

and this can vary from 2 to as many as 16, of whighthe most common.

» Coordination number 2 (ML 5).
This coordination number is relatively rare fomisdion metals, since the two ligands will have

to be oriented 180° apart. The coordination gegmetinear D..p).

— o

linear

» Coordination number 3 (ML 3).
The most important 3-coordinate arrangements ayen@l planar D) and trigonal pyramidal

(Csy) in which the three ligands are oriented 120° apar

@
o ° ‘3\0

trigonal planar trigonal pyramidal

33 F.A. Cotton, G. Wilkinson, P.L. GauBasic inorganic chemistyyThird Edition, John Wiley & Sons, New York,
1995 p166-170, 503.

34 F. Mathey, A. SevinMolecular Chemistry of the Transition Elements -iamoductory coursgJohn Wiley &
Sons, Englandl996 p19-28.

35 Compendium of Chemical Terminolgdgternet Edition (http:/goldbook.iupac.org), émational Union of Pure
and Applied Chemistry (IUPAC), "transition element"”

36 Compendium of Chemical Terminolgdgternet Edition (http:/goldbook.iupac.org), émational Union of Pure

and Applied Chemistry (IUPAC), "coordination number
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» Coordination number 4 (ML 4).
This is a very important coordination number. Hest known 4-coordinate arrangements are
square plana)y,) and tetrahedrall). The tetrahedral arrangement is the more commwiole

the square planar arrangement is found almost sixely with metal ions having & electronic

¢
e @
o © s °

square planar tetrahedral

configuration.

* Coordination number 5 (ML 5).

This coordination number is less common than fawix, but is still very important. The most
important 5-coordinate arrangements are trigonayraimidal Ds;) and square pyramidaCy,).

For the trigonal bipyramidal, a substitution of asfehe axial ligands typically would lower the
symmetry toCs, whereas a substitution of one of the equatoriahnids would lower the
symmetry toC,,. It is interesting to note that these trigongdylbamidal and square pyramidal
geometries usually differ little in energy and thhe one may become converted into the other

by small changes in bond angles.

-l ®
¢ © %
trigonal bipyramidal square pyramidal

* Coordination number 6 (MLg).

This coordination number is most important of theh since nearly all cations form
6-coordinated complexes. The octahedron is ofistordled, even in cases where all ligands are
chemically the same. There are three principainfoof distortion of an octahedron. The

tetragonal distortion (symmetrical distortion alonge C4-axis) gives &4, symmetry, the
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rhombic distortion (unsymmetrical distortion alooge C4-axis) gives B, symmetry and the

&?.o
0’*‘0

octahedral

trigonal distortion gives B3y Symmetry.

2.2.3Crystal Field Theory (CFT).>"%%%

There are different approaches to explain the andi transition metal complexes. One very
familiar approach is the crystal field theory (CFTEFT is an electrostatic model that uses the
negative charge on the non-bonding ligand electtongreate an electric field around the
positively charged metal centre. CFT focuses an éhergy changes (splitting) of the five
degenerate atomid-orbitals (Figure 2.1) on the metal centre, wherrawnded by the point
charges from the ligands. For alkali metal ionsitaming a symmetric sphere of charge,
calculations of energies are generally quite sigfaesHowever, for transition metal cations that
contain varying numbers afi-electrons in orbitals that are not spherically syatric, the
situation is quite different. Despite above, CHill provides a remarkably good qualitative
explanation of many of the transition metal projestt The most common type of metal complex

Is octahedral, although tetrahedral and other cemgéometries can also be described by CFT.

This splitting is affected by the following factors
* The nature of the metal ion.
* The metal's oxidation state - a higher oxidati@testeads to a larger splitting.

* The arrangement of the ligands around the metal ion

37 F.A. Cotton, G. Wilkinson, P.L. GauBasic inorganic chemistyyThird Edition, John Wiley & Sons, New York,
1995 p504-544.
38 C.E. Housecroft, A.G. Sharpiorganic ChemistrySecond Edition, Pearson Prentice Hall, Upper Baiver,
2005 p556-570.
39 G.E. Rodgersintroduction to coordination, solid state and déptive inorganic chemistryMcGraw-Hill, New
York, 1994 p54-88.
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* The nature of the ligands surrounding the metal itthve stronger the effect of the ligands, the

greater the difference between the high and lowgsr&l groups.

Figure 2.1: The five atomicd-orbitals on the Cartesian axis. There are twaonatal-orbitals that point direct

along the Cartesian axid;, (which points along the-axis) andd,,.y» (which has lobes on both the andy-axes).
The other three atomid-orbitals €, di, andd,,), have lobes in between the Cartesian axis. Ard&ftion ofd,,

along thez-axis results ird,,.,, and a 90° rotation afy, along thez-axis results in and,.

Octahedral crystal field.

Consider a first row metal cation surrounded byidentical ligands, placed on the Cartesian
axis at the vertices of an octahedron. As mentidmefore, each ligand is treated as a negative
point charge and there is an electrostatic atradietween the metal ion and ligands. However,
there is also a repulsive interaction between taetrens in the atomid-orbitals (Figure 2.1)
and the ligand point charges, due to the repulbienveen similar charges. As the distance
between the ligands and the metal ion decreasegldictrons from the ligands will be closer to
the dy,.y» andd,, atomic orbitals and further away from ttig, dx, anddy, atomic orbitals. Thus,
the d-electrons closer to the ligands will have a higaeergy than those further away, which
results in the atomid-orbitals splitting in energy. This means that the,, and d,, atomic
orbitals are destabilized while thiky, dy, anddy, atomic orbitals are stabilized. From tBg

character table (section 2.2.1), it can be dedtivadthed,,.y», andd,, atomic orbitals have agy
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symmetry and theky, dy, anddy, atomic orbitals possessg symmetry. The energy separation
between them is callefl,. To maintain an energy equilibrium, thglevel lies 3/% . above
and thetyy level lies 2/2 below the energy of the unsplit atonti@rbitals. This pattern of
splitting, in which the algebraic sum of all enesiyfts of all atomic orbitals is zero, is said to
"preserve the centre of gravity" of the set of Isvand is called the crystal field stabilization
energy (CFSE). The splitting of energy is illuggchin Figure 2.5. The magnitude & is
determined by the strength of the crystal fieldaictbrs governing the magnitude are the identity

and oxidation state of the metal ion and the natfitbe ligands.

High-spin (HS) and low-spin (LS).

Let us have a look at the effects of different nerstof electrons occupying the atordiorbitals

in an octahedral crystal field. Fordasystem, only one state is possible, Whict)_;d"s For ad*
system, two arrangements are available: the foectreins may occupy they set with the
configurationtzg4 (largeAqc, Figure 2.2 left) or may singly occupy four atordiorbitals with the
configurationtZ(_J,3 egl (small Aqet, Figure 2.2 right). This corresponds to LS (Fe@r2 left) and
HS (Figure 2.2 right) respectively. The distinatibetween the LS and HS configurations is
governed by the size of the pairing energy) (Eersusthe crystal field splitting energy). For
the LS configuration, the next question arises -emghis the paired electron? Is it
Oy’ O Oy, Oyt Ohr” Oy, or diy' di' 0”2 The preferred configuration is that with the dstv
energy and depends on where it is energeticalfiegaiele to place the fourth electron. Thus for
a d° system, ten different arrangements (3 LSs, 6 rimteliate-spins and 1 HS) are possible
(Figure 2.3). These different arrangements arnedallternative spin states and will be used in

this study.

— e B +_ e,
*

L 4 4 3 3
s el — T T

low spin high spin

4
|

Figure 2.2: lllustration of a LS and H8* system in an octahedral environment.
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—_— eg —_— ——— eg —_ eg
low spin
AL 4L 4 AL 4 4 A AL A
T T = T T — T T3 =
_+ e, _+ e, __T_ e,
AL 4 4 A 4L 4 A4 4
T T — T T % — 1 T3 =

intermediate spin

high spin

Figure 2.3: lllustration of alternative spin states (LS, intediate spin and HS) of & system in an octahedral

environment.

Jahn-Teller distortions.

Octahedral complexes df and high-spird* ions are often distorted in such a way that thialax
metal-ligand bonds (along tlzeaxis) are of different lengths from the remainfogr equatorial
metal-ligand bonds« andy-axes). This is illustrated in Figure 2.4. Fdrigh-spind” ion, one

of the g; atomic orbitals contains one electron while thigeotis vacant. If the singly occupied
orbital is in thed,, atomic orbital, most of the electron density irs thrbital will be concentrated
between the cation and the two ligands onztagis. Thus, there will be a greater electrostatic
repulsion associated with these ligands than with other four and the complex suffers
elongation (Figure 2.4 left). On the other harfdhe singly occupied orbital is in thd,.,»
atomic orbital, it would lead to elongation alomg k- andy-axes (Figure 2.4 right). A similar
argument applies for@ system where the two atomic orbitals in gyeet are singly and doubly

occupied respectively. Distortions of this kine aalled Jahn-Teller distortions.
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L
L
L ////I', ‘\\\\\\L L /7 ‘1,, | & \\\\\
v d .M‘\ - 'M‘\
L L L | L
L
L
elongated compressed

Figure 2.4: Jahn-Teller distortions along tlzeaxis. The Jahn-Teller theorem states that anylinear molecular

system in a degenerate electronic state will beabhes and will undergo distortion to form a systeflower

symmetry and lower energy, thereby removing theedetacy.

Tetrahedral crystal field.

Tetrahedral complexes are the second most comnpen tidere four ligands form a tetrahedron
(Tg) around the transition metal ion. This time tlegative charges lie between the Cartesian
axis and electrons in ttd, dy;anddy, atomic orbitals are repelled more than those indihe,
and d,, atomic orbitals. Since none of the orbitals peidirect at the negative charge, the
separation of the two sets of orbitals is smalentin an octahedral ligand field. The energy
difference between the two groupsAg: with the dy,.,» and d,, atomic orbitals &) lower in
energy than thel, dy; anddy, atomic orbitals tgg) - the opposite way around to the octahedral
case (Figure 2.5). Thi is significantly less than th&,;, for the reason mentioned above and
also since the tetrahedron has fewer ligands wiagcally exert a weaker ligand field.
Essentially, most tetrahedral complexes are higih-since less energy is needed faRdo e

transition.

Other crystal fields.

Figure 2.5 shows the crystal field splittings fovariety of coordination geometries with the
relative splittings of the atomid-orbitals. By using these splitting diagrams,sitpiossible to
rationalize the magnetic properties of a given cemp However, CFT only applies to simple

complexes.
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square tetrahedral trigonal square octahedral  pentagonal square
planar bipyramidal pyramidal bipyramidal antiprismatic

Figure 2.5: The crystal field splitting diagrams for some conmiields. Splittings are given with respechig.

2.2.4Molecular Orbital (MO) Theory. 373

Another approach to explain the bonding in traositmetal complexes is the molecular orbital
(MO) theory. In MO theory, electrons are not assi) to individual bonds, but are treated as
moving under the influence of the nuclei in the fehmolecule. The probable position of the
electrons can be described by an MO wave functibichvdescribes the different MOs of a
molecule. MOs can be arranged in energy levels dlcaount for the stability of various

molecules.

Consider an octahedral MLcomplex where the ligands have omwlyorbitals (non-orbitals)
directed toward the metal ion. The sborbitals are designates} ando., (along thex-axis), oy
ando.y (along they-axis) ando, ando._; (along thez-axis). These six orbitals combine to make
six distinct linear combinations called ligand goaarbitals (LGOs). Each LGO has a symmetry
that is correctly oriented to overlap with one o $-, p- or d-orbitals of the metal. An example
is given in Figure 2.6. This method is called tiveear combination of atomic orbitals

approximation and is used in computational chemistr
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x -

cy>
~ -
y x“

x2-y2 dx2-y2

o
2z

Figure 2.6: As an example, four LGOs (left) with the correctsgetry to enable it to overlap with the medal,,

atomic orbital (right). Since they are on thendy-axes, they are designatedogso.,, oy ando.y.

Each such overlap between one of the six LGOs anédtal orbital results in the formation of a
bonding MO and an antibonding MO. If this orbitalof a type in which the electron in the
orbital has a higher probability of being betwearclai than elsewhere, the orbital will be a
bonding orbital and will tend to hold the nuclegé&dher. If the electrons tend to be present in a
molecular orbital in which they spend more timeselsere than between the nuclei, the orbital
will function as an antibonding orbital and willtaally weaken the bond. Figure 2.7 gives an

energy-level diagram that shows the formation eséhbonding and antibonding MOs.

MO theory can further be generalized by includingrbitals. One must differentiate between
two types of ligandst-donor andr-acceptor ligands. A-donor ligand donates electrons to the
metal centre in an interaction that involves eefllligand orbital and an empty metal orbital,
whereas am-acceptor ligand accepts electrons from the metalkre in an interaction that
involves a filled metal orbital and an empty ligantbital (Figure 2.8). The ligand group
n-orbitals are filled and lie above (but relativadipse to) the ligand group-orbitals. The
n-orbitals can overlap with thé,y, dy; and dy, atomic orbitals of the metal and this leads to
bonding {2y and antibondingt{s,*) MOs. The positions of these setstgf andt,g* orbitals in

the MO energy-level diagram are variable dependimthe nature of the ligandorbitals.
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Figure 2.7: An approximate MO diagram for the formation of Mtomplexes (where M is a first row metal)

using the LGO approach. The bonding only involVek c-interactions (na-orbitals).

donate donate accept accept

W_J W_J
P: d,. P. n* d,. n*

Figure 2.8: n-Bond formation in a linear L-M-L unit in which theetal and ligand donor atoms lie on #axis:

between the metal,, and the ligang, orbitals as for a-donor ligand, for example L = (left); and between the

metald,, and the liganet*-orbitals as for ar-acceptor ligand, for example L = CO (right).
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The following important differences between octahédiLs complexes containing-donor,

n-donor andrt-acceptor ligands exist:

* Aot decrease in going fromeacomplex to one containingdonor ligands.

* For a complex withn-donor ligands, increaseg-donation stabilizes thdyy level and
destabilizes theg*, thus decreasingoc:.

* Aot values are relatively large for complexes contajni-acceptor ligands and such
complexes are likely to be LS.

* For a complex witht-acceptor ligands, increasaehcceptance stabilizes tig level, thus

increasin@Aoct.

2.2.5Ligand Field Theory (LFT).3"%

Ligand field theory (LFT) is an extension of CFTathassigns certain parameters as variables
rather than taking them as equal to the valuesddonfree ions, thereby taking into account the
potential covalent character of the metal-ligans\d® In other words, LFT (like CFT) is
confined to the role of atomid-orbitals, but (unlike CFT) the LFT approach is m@opurely
electrostatic model. It is a freely parameterizaddel and used,. along with the Racah
parameters, which are obtained from electronic tspewopic data. LFT is more powerful than

either CFT or MO theory, but unfortunately it is@imore abstract.

2.2.6Spin Crossover (SCOY142

The choice between a low-spin (LS) and a high-¢§Hi®) configurations fod* to d’ complexes

is not always unique and a spin crossover (SCOxsaoras occurs. The electronic ground state
of these SCO complexes may be reversibly interabéingnder external stimuli such as

temperature, pressure, magnetic field or lightdiaaon. This type of molecular magnetism is

one of the most spectacular examples of molecukahtility driven by external constraints

leading to molecular switches or memory.

40 Compendium of Chemical Terminolgdgternet Edition (http:/goldbook.iupac.org), émational Union of Pure
and Applied Chemistry (IUPAC), "ligand field".
41 C.E. Housecroft, A.G. Sharpkorganic ChemistrySecond Edition, Pearson Prentice Hall, Upper Baliver,
2005 p584.
42p_ Gamez, J.S. Costa, M. Quesada, G. Arbaiton Trans2009 7845-7853.
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As mentioned in section 2.2.3, the atordiorbitals of an octahedral complex split into thg
andey sets with an energy separation\gf; and therefore the complexes can either exist i0LS
HS states. As an example, Figure 2.9 illustraiespbssible spin states for iron(ll) and iron(lll)
complexes. This spin state is influenced by thieineaof the ligand field surrounding the metal
centre. In weak fields, HS is the ground staterésponding to the highest possible spin
multiplicity) and thed-electrons are distributed over thg and e, sets. Strong fields again
stabilize the LS state with minimum multiplicity.n this case (Figure 2.9), thiey set is
completely occupied before electrons are addedhécet set. The energy gap between these
orbitals Aoy varies subject to the ligands used to generatenital coordination compounds. If
the appropriate energy gap is achieved by the egmn of an external stimulus, the
d-electron(s) transfers from they set to thegy; set and the compound passes from one

configuration to the other. This phenomenon itedadpin crossover.

TV o
igh spin
AL 4 4 A4 4
N T T T~ ™=
§=2 T p S=52
—_— ——— eg —_ eg
low spin
AL AL A AL AL 4
N T T N T T
S=0 S=172
iron (II) iron (IIT)
d6 dS

Figure 2.9: Schematic representation of the two possible spites for iron(ll) and iron(lll) coordination

compounds in an octahedral environment.
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2.2.7Potential Energy Surface (PES}?

Introduction.

The potential energy surface (PE'Sy a geometric hypersurface on which the potewtigrgy

of a set of reactants is plotted as they inter@sta function of the coordinates representing the
molecular geometries of the system. Thus, the RBE®e connection between molecular
structure and energetics. The hypersurface namesdom the fact that the total energy of an
atom's arrangement can be represented as a cueedif@te has only one parameter) or
multidimensional surface (coordinate has more tvam parameter). The best way to visualize a
two-dimensional PES, where the coordinate has @varpeterx andy and is plotted/ersusthe
potential energy, is to think of a topographic n{gmure 2.10). The PE® generally used
within the Born-Oppenheimer approximation to modeémical reactions and interactions in

simple chemical systems.

Second Order Saddle Point

Transition
Structure B

1
Minimum
0!or Product B

Valley-Ridge
Inflection Point

Transition Structure A

Minimum for
Product A

Second Order 0
Saddle Point

Figure 2.10: As example, the two-dimensional PES of a simpletiea: reactant— [transition state Al
product A or reactant> [transition state B}- product B. This PES provides important informatabout the

mechanism of the reactidh.

43 (@) W.J. HehreA guide to molecular mechanics and quantum chersimlallations Wavefunction, Irvine2003
pl-15. p) E Lewars,Computational Chemistry, Introduction to the theand Applications of Molecular and
Quantum Mechani¢sKluver Academic Publishers, Bosto2003 p9-29. ¢) C.J. Cramer,Essentials of
Computational chemistry - theories and mogd8iscond Edition, Wiley, Chichest@Q04 p19-27.

44 Compendium of Chemical Terminolgdgternet Edition (http:/goldbook.iupac.org), émational Union of Pure
and Applied Chemistry (IUPAC), "potential-energgdction) surface".

45 www.chem.wayne.edu.
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Simple Example: Cyclohexane.

Let us look at the two-dimensional PES for the rimgersion in cyclohexane, as an elementary
example (Figure 2.11). This PES contains thregndisenergy minima - two of lower energy
identified as "chair" and one of higher energy tfesd as "boat". According to the PES, the
interconversion process occurs in two steps, vighidoat structure as an intermediate. The two
transition states (the states corresponding tchiflkest energy along this reaction coordinate)
leading to this intermediate, adopt structures Imctv five of the ring carbons lie almost in one
plane. The interconversion of the chair cyclohexato the boat intermediatga the transition
state, can be viewed as a restricted rotation aboetfor the ring bonds. Correspondingly, the
interconversion of the boat intermediate into thileeo chair form can be viewed as rotation
around the opposite ring bond. Overall, two ingejeat "bond rotations"”, pausing at the high
(but stable) energy boat intermediate, effect cosiga of one chair structure into another
equivalent chair. This is an example of motionsciwhall molecules may undergo and the
energy can be given as a function of reaction doatd. Diagrams like these provide important

information about reactions,g.structures, stability, reactivity and selectivity.

transition transition

state & b state

) <O

4;5 twist boat

=
VA4 A
chair chair

Reaction Coordinate

Figure 2.11:The PES for the ring inversion in cyclohexane.

Thermodynamics and Kinetics.

The relative stability of reactants and productsdicated on the PES by their relative heights
and is an indication of the thermodynamics of thaction. The energy of the products in an
exothermic reaction is lower than that of the reats (Figure 2.12 left). The opposite is true for
an endothermic reaction, where the energy of tleelymts is higher than that of the reactants
(Figure 2.12 right). According to thermodynamitise amount of products in an exothermic
reaction will be greater than the number of redstaat infinite time. The actual ratio of

products to reactants can be calculated by theBalhn equation:
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[product§ _

exp[-(E -E [KT Equation 2.
[reactanth p[ ( products reactantg ] ( q 1)

where E is the energy of the products and reactasfectively, k is the Boltzmann constant and
T is the temperature (K). Where two or more ddfdr products may form in a reaction,
thermodynamics tells us that the products with ltheest energy will form in the greatest
abundance at infinite time, independent of thewath This product would be referred to as the

thermodynamic product.

transition transition
state state

S I e > ..

20 | reactants ) 2f products $.2

5) g ) g

= - = 5

= 2 = =
b =)
= =
C) g

products reactants
Reaction Coordinate Reaction Coordinate

Figure 2.12:The PES for a simple exothermic (left) and endatiie(right) reaction.

The rate at which the reaction occurs depends erathivation energy. This is represented by
the difference in energy between the transitioteséad the reactants. The rate constant can be
calculated by the Arrhenius equation:

k =A exd—(E,..stonstate — Ereactand / RT] (Equation 2.2

wherek is the rate constant, A is the pre-exponentiaktamt (or pre-exponential factor), E is the
energy of the transition state and reactants réispbc R is the gas constant and T is the
temperature (K). The difference between the ttemsistate energy and the reactants energy is
commonly referred to as the activation energy erghergy barrier. Where two or more different
products may form in a reaction, kinetics tellsthet the product with the lowest energy barrier
will form the fastest, independent of the lowestrgy product. This product would be referred

to as the kinetic product.

Thus, there are two different and independent meshes controlling product distributions -
thermodynamic and kinetic (Figure 2.13). This iBywsome chemical reactions yield one
distribution of products under one set of condsicand an entirely different distribution of

products under a different set of conditions.
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. kinetic
product

Energy

thermodynamic
product

Reaction Coordinate

Figure 2.13:A PES illustrating the thermodynamic and kineticchrnisms controlling product distributions.

Reaction Mechanism.

In practice, chemical reactions generally do nauodn a single step, but rather involve several
distinct steps and one or more intermediates. Aveall sequence of the steps is called the
reaction mechanism and can be represented by aR§i8e 2.14). The step with the highest
energy barrier in the PES will be the rate-limitisigp. In terms of thermodynamics, one only
has to focus on the relative energy between thdaets and products. However, to get a better
understanding of the whole reaction mechanisns, d@figreat importance to look at the kinetics

of the reaction and thus obtaining information alibe transition states.

transition
state

transition
state

Energy

intermediate
reactants

products

—
rate limiting step

Reaction Coordinate

Figure 2.14: A PES of a simple reaction mechanism, involving a@aetion intermediate.
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2.3 Electrochemistry.

2.3.1Introduction.

Electroanalytical methods in chemistry are a claksechniques which study an analyte by
measuring the potential and/or current in an edetiemical cell containing the analyte. These
methods can be assigned to several categories dlagean which aspects of the cell are
controlled and which are measured. The three gwtigEgories are:

* Voltammetry: The cell's current is measured while activelyraitgthe cell's potential.

« Potentiometry: The difference in electrode potentials is measured

* Coulometry: The cell's current is measured over time.

Some of the most sensitive and informative anai/tiechniques in the chemist's arsenal can be
described by electrochemistry.  Methods such asliccyeoltammetry (CV), stripping
voltammetry, differential pulse polarography andoctbamperometry are not only capable of
assaying trace concentrations of an electroacthadyte, but also supply useful information
concerning its chemical and physical properties.uar@ities such as oxidation potentials,
diffusion coefficients, electron transfer rates ahelctron transfer numbers are readily obtained
using electroanalytical methods, whereas it woudd rbore difficult to obtain using other
techniques. Electroanalytical methods can be coetbwith spectroscopic techniqueassitu to
provide information concerning molecular structuisd reaction mechanisms of transient
electroactive species. Cyclic voltammetry (CV)adese of the simplest and most popular
electroanalytical method§. The effectiveness of this method lies in its iabilo probe redox

behaviour of electro-active species over a widemix! range in a relatively short time.

46 p T. Kissinger , W.R. Heinemad, Chem. Educl1983(60) 702-706.
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2.3.2Cyclic Voltammetry (CV).46:47:48:49.50

Basic CV experiment.

Cyclic voltammetry involves the measurement of tlesulting current between a working
electrode and an auxiliary electrode, when theratieof the working electrode is oscillated in
an unstirred solution. The potential of the smetttic working electrode is controlled relatively
to a reference electrode. Numerous referenceretixd are available, most commonly used is
the saturated calomel electrode (SCE) or a silefschloride electrode (Ag/AgCl). The
controlled potential can be viewed as an excitas@mal. This excitation signal causes the
potential of the working electrode to sweep baat famth between the two designated switching
potentials. The experiment starts at an initidkptal (E) proceeding to a predetermined limit
switching potential (lg), where the direction of the scan is reversed.is Bignal is a linear
potential scanning with a triangular waveform (Fey2.15). Although the potential scan is
frequently terminated at the end of the first cydleean be continued for any number of cycles
(as indicated by the broken line) - hence the teohoigy cyclic voltammetry. The scanning rate
is reflected by the slope and vares from microvdls volts, but is usually between
50 to 1000 mV 3.

47D.H. Evans, K.M. O’Connell, R.A. Peterson, M.JlIkeJ. Chem. Educl983(60) 290-293.

48 D A. Skoog, D.M. West, F.J. HolleEundamentals of Analytical Chemisti$eventh Edition, Saunders College
Publishers, Philadelphid996 p460-496.

49 p.T. Kissinger, W.R. Heinemahaboratory techniques in electroanalytical ChemjisMarcel Dekker, Inc., New
York, 1984 p84-94, 469-485.

50 AJ. Bard, L.R. FaulknefElectrochemical Methods: Fundamentals and Applaagi Wiley, New York,198Q
p213-248.
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I cycle 1 } cycle 2 |
0.4 = \a E,
0.2 A;e V:crasz;"
0.0

forward
scan

Potential / V vs SCE

Time /s
Figure 2.15: Typical potential-time excitation signal for cyclioltammetry - a triangular potential waveform

with switching potentials at -0.2 and 0.4v€rsusSCE.

The resulting voltammogram is given in Figure 2.16he voltammogram is a display of the
current response (vertical axigrsusthe applied potential (horizontal axis). Since flotential
varies linearly with time, the horizontal axis catso be thought of as a time axis. The

differences between the successive scans are iamporh obtaining and understanding
information about the reaction mechanisms.

75_ Epa
Fe"(CsHg), —> [Fe™(CsHy),|" + e anodiewas
50 -
< x4
~
-
=
) .
o e A Y | R
E | el R
o 97
-25 cathodic wave [Fe™(CsHy),]" + e —> Fe"(C;Hy),
-30 1 1 1 1
-300 -100 100 300 500

Potential / mV vs Ag/Ag*

Figure 2.16: A voltammogram of 3.0 mmol.dhFc (ferrocene = [Fe(Els),]) measured in 0.1 mol.dfn

tetrabutylammonium hexafluorophosphate/acetonititea scan rate of 100 m\:.svith a glassy carbon working
electrode (25°C).
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Important parameters of CV.

The most important parameters of cyclic voltammetry the peak anodic (& and cathodic
(Epe) potentials and the magnitudes of the peak an@g)and cathodicifc) current (indicated in
Figure 2.16). One method of measuring the peateots {,, andi,c) involves the extrapolation

of a baseline as shown in Figure 2.16. The estamlent of a correct baseline is essential for the
accurate measurement of the peak currents. Wighitfiormation, the following important
parameters can be calculated:

Current ratio 2 (Equation 2.3
[
pc
Difference in peak potentials AE, =E , -E, (Equation 2.4
. . o Epa + EPC i
Formal reduction potential E'=—""—+ (Equation 2.5

2

One should distinguish between two important preeesn electrochemistry: electrochemical
processes (defined in terms of the difference iakppotentials) and chemical processes
(measured in terms of current ratios). For a rextmxple to be electrochemically reversible, the
difference in peak potentials\[g,) should theoretically be 59 mV at 25°C for a otecton
transfer process.AE, should also be independent of the scan rate. ditfierence in peak
potentials increases above 59 mV due to slow @edtansfer kinetics at the electrode surface as
well as high solvent resistance over potentialaiddéy the experimental conditions of this study,
a AE, up to 90 mV is considered electrochemically refpdes For the redox couple to be
chemically reversible thg, andiy values should be identical, in other words, thereu ratio
should be one. This indicates that the electransfier process is not followed by a chemical

reaction.

The peak current for a chemically reversible systenescribed by die Randles-Sevcik equation

for the forward sweep of the first cycle:

3 1 1

Randles-Sevcik equation i, = (2687x10°)n? D?v> AC  (Equation 2.6)

wherei, is the peak current (A), the constant 2.687 hasi(C.mol.V™3, n is the electron
stoichiometry, D is the diffusion coefficient (ém'), v is the scan rate (V, A is the electrode
area (crf) and C is the concentration (mol.@n Accordingly plots ofips andipe versusv*?

should be linear with intercepts at the origin.

42



CHAPTER 2

The redox couple is electrochemically quasi-rewdesor irreversible when both the oxidation
and reduction processes take place, but theresliswaelectron exchange between the electrode
and the redox species in solution. The differangeeak potentials of 90 m¥ AE, < 150 mV
indicates quasi-reversible behaviour, whil&, > 150 mV is treated as electrochemically
irreversible. A complete chemically irreversibiesi®m is one where only oxidation or reduction
occurs. The electrochemically and chemically reNdity/irreversibility are demonstrated in
Figure 2.17.

Chemically and
electrochemically Ipa /iy~ 1
reversible (AE < 90 mV)

Chemically reversible
and e':lectrocl.lemlcally i li<1
quasi-reversible L
(90 mV < AE <150 mV)

7 -

Chemically reversible

and electrochemically bpa [ Epe <1

Current/ A

irreversible (AE > 150 mV)

Chemically and Lo
electrochemically Ipa/ 05 =10
irreversible

Potential / V
Figure 2.17: A schematic representation of the cyclic voltamraogs expected for electrochemically reversible,

quasi-reversible and irreversible systems.

Solvent system.

A suitable medium is needed for electrochemical npheena to occur. The term

"solvent system" is used to describe the mediunsisting of both a solvent and a supporting

electrolyte. Important properties that an idedveat system should possess are:

e Electrochemical and chemical inertnessThe solvent system should not undergo any
electrochemical reactions over a wide range ofmg@tks and it should not react with the
electroactive species or with intermediates or pct&l of the electrode reaction under

investigation.
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* High electrical conductivity: In order to support the passage of an electriogedeat, the
solvent system should contain a solvent with a kectrical resistance (large dielectric
constantg > 10) and a recommendable supporting electrolyteydiease the conductivity of
the medium.

» Good solvent power:The electroactive substances under investigatiost rhe soluble at
least to the extent of 1 x T@m* and the electrolyte concentration must be at [E@gimes,

but preferably 100 times, that of the electrochafrspecies under investigation.

There is not one good solvent system suitable [faxg@eriments. However, a commonly used
system for both inorganic salts and organic comgeums CHCN (acetonitrile) with
tetrabutylammonium hexafluorophosphate (TBAHNBU,4][PFg]) as the supporting electrolyte.
The CHCN/TBAPFK system exhibits a wide potential range with puesitiand negative
decomposition potentials of +3.5 V and -2.9 V resipely versusSCE*® One disadvantage is
that CHCN is rather nucleophilic and can act as a cootitigesolvent. DCM or THF can be

used when a strictly non-coordinating solvent gureed.

New supporting electrolytes and the use of noniitahl solvents have increased options in
electrochemical studies. The use of the non-caatiig (but very expensive) supporting
electrolyte tetrabutylammonium tetrakis(pentaflygrenyl)borate ([NBy][B(CgsFs)4]) improves
electrochemical results compared to results obdainden using the weak coordinating
electrolyte TBAPE>* It was shown that with the use of this new elsyte, electrochemistry
could be conducted in solvents of low dielectrrestith and reversible electrochemistry could be
obtrained for compounds that are normally irrey®est® It was also shown that the peak
separation between two very close oxidation peakddcbe better analysed with the use of this

electrolyte>®

Reference electrode.

Prior to the 1980's, nearly all experimental papgrscified potentials of a reference electrode
versus normal hydrogen electrode (NHE) or saturated caloglectrode (SCE). However,

IUPAC has since recommend that all electrochemdzth be reportedersusan internal

51, Pospisil, B.T. King, J. MichlElectrochim. Acta 998(44) 103-108.
52R.J. le Suer, W.E. Geigekngew. Chem., Int. E@000(39) 248-250.
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standard®*>® In organic media, Fc/Facouple (Fc = ferrocene) is a convenient intertehdard
(Fc/F¢ exhibits B = 400 mVversusNHE)>® NHE and SCE are used for measurements in
aqueous solutions. However, in many instancestretdemical measurements in water are
impossible due to insolubility or instability. W itnon-aqueous solvents, an experimental
reference electrode such as Ag/A6.01 mol.drit AgNO; in CHsCN) or Ag/AgCl may be used.

2.3.3Spectroelectrochemistry (SECJ/>%>°

Spectroelectrochemistry (SEC) combines the twaegiifferent techniques, electrochemistry and
spectroscopy, to study the redox chemistry of iapnigy organic and biological molecules.
Oxidation states are changed electrochemicalla (@pecially designed electrochemical cell) by
addition or removal of electrons at an electrodibe products of the redox transformation or the
following chemical reactions are then simultanepusionitored in situ by spectroscopic

techniques. Frequently used spectroscopic techgigte ultraviolet (UV, 200-350 nm), visible
(Vis, 350-700 nm), near-infrared (NIR, 700-100 namd infrared (IR). Fluorescence, Raman,
Resonance Raman, electronic spin resonance (ESRhaelear magnetic resonance (NMR)
spectroscopy can also be used. SEC is a convemenffor obtaining spectra and reduction

potentials and for observing subsequent chemieakians of electrogenerated species.

Optically transparent electrochemical cells (OTE chs).

An optically transparent electrode, which enabigktlto be passed through its surface and the
adjacent solution, is most commonly used for penfog transmission spectroelectrochemical
experiments. Various OTE cell designs are avalaldpending on the spectroscopic apparatus

used in the experiment. The optically transpaetetttrode can be:

53 W.J. Moore Physical ChemistryFourth Edition, Longman Group Limited, Londd72 p333-334.

54R.R. Gagné, C.A. Koval, G.C. Lisensky, Inorg. Ch&880(19) 2854-2855.

55 G. Gritzner, J. Kta, Pure & Appl Chem 984 (56) 461-466.

56 H.M. Koepp, H. Wendt, H. Strehlow, Elektrochem1964 (64) 483-491.

SAW. Plieth, G.SWilson, C. Gutiérrez De La FRure & Appl. Chem1998(70) 1395-1414.

58 p T. Kissinger, W.R. Heinemahaboratory techniques in electroanalytical ChenyisMarcel Dekker, Inc., New
York, 1984 p63-64, 283-289.

59 AJ. Bard, L.R. FaulknefElectrochemical Methods: Fundamentals and Applaragi Wiley, New York,198Q
p577-583.
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* A thin metal film on a transparent substrate. Thiekness must not exceed 100 nm for the
film to remain transparent, since this can resul high electrical resistance.

* A glass plate with a thin film of an optically tigmarent, conducting material. For example,
indiumdoped tin oxide (ITO).

e A gold minigrid between transparent substrates.

e Athicker, free-standing metal mesh.

Ideally, when using OTE cells, the reactant (disdlin bulk solution) should not absorb

radiation in the wavelength window of the produdt.it does, detection of the product may be

difficult if the beam travels through a significahickness of reactant solution. This is reduced

(if not eliminated) with optically transparent tHayer electrochemical cells (OTTLE cells).

Optically transparent thin layer electrochemical cdls (OTTLE cells).

The optically transparent thin layer electrodessgstnof a metal (Au, Ag, Ni) micromesh
containing small (10-3@um) holes, which couples good optical transmissiovel 50%) with
good electrical conductivity. Such a minigrid isually sandwiched between two microscopic
slides, which form a thin-layer cell. The OTTLEgkced in the spectrophotometer so that the
optical beam is passed through the transparentr@tiecand solution. The working volume of

such a cell is typically 30-10@l. The OTTLE cell used in this study is displayedrigure 2.18.

Cell Nest

Backplate

Neoprene Gasket
Cell Window

Cell Window
Frontplate
/ Filling Port

Quick Release Nut

Three electrode cell

Luer Plug

Figure 2.18: The general-purpose OTTLE cell used in this stu@e three electrode cell consists out of a Pt

minigrid as working electrode, a Ag/Awire as reverence electrode and a Pt wire asiarxilectrodé®

60 www.specac.com, Omni-C&ll System - Data Sheet.
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2.4 Rhodium complexes.

2.4.1Square planar Rh(l) and octahedral Rh(lIl) chemistry.

2.4.1.1General properties®%%%

The chemistry of rhodium(l) is almost entirely dneolving Tebonding ligands such as CO, £R
RNC, alkenes, cyclopentadienyls and aryls. In engex, rhodium forms square planar,
tetrahedral, octahedral and five-coordinate speciBise latter two are commonly produced by
addition of neutral ligands to the first two. Tbwteria for relative stability of five- and four-
coordinate species are by no means fully estallistfubstitution reactions of square species,
which are often rapid, proceed by an associativehwry involving five-coordinate
intermediates. Most of the square planar complexekergo oxidative addition reactions and
these lead to octahedral rhodium(lll) complexeshwitbonding ligands. These Rh(I)-Rh(lll)

oxidation changes are important in catalytic cycles

The rhodium(l) complexes are usually prepared lyecgon of similar rhodium(lll) complexes
or of halide species such as"Rs.3H,0 in the presence of a complexing ligand. Hundds
complexes are known and only a few representatieenples synthesized from R&l5.3H,0

are shown in Figure 2.19.

61 F A. Cotton, G. Wilkinson, C.A. Murillo, M. Bochma, Advanced inorganic chemistnBixth edition, John
Wiley & Sons, New York]1999 p1041-1042.
62y S. Varshavsky, T.G. Cherkosova, N.A. Buzina,.IBgslerJ. Organomet. Cherm.994(464) 239-245.
63 J. Conradie, T.S. Cameron, M.A.S. Aquino, G.J. haroht, J.C. Swartdporg. Chim. Acta2005 (358) 2530-
2542.
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CH.I
Rh(acac)(C,H,), Rh(acac)(COD) Rh(acac)(CO)(PPh,) —» Rh(acac)(CO)(CH,)(PPh,)(I)

: . CO
T acac T acac \ T PPh,

H,, CO, 100 atm Rh,(CO),,
[Rh,CL,(C,H,),] Rh(COD),(CO), Rh(acac)(CO), —> Rh,(CO),.

A A
WOH COD acac’
: NN2

o+ SnCl CO, 1 atm Cs n-C;H;Rh(CO),
[Rh,CL,(SnCl,),] 4—— RhCL.3H,0 —> [Rh(CO),CL,] <
SH

EtOH 100°C R Rh,(SR),(CO),
Excess PPh,
MeOH FEhy

N,H, v CO, RCHO v CO, BH,

RhH(PPh,), 4— RhCl(PPh3)3 —3 [RhCI(CO)(PPh;))]  — RhH(CO)(PPh,),
RCOCI, etc. EtOH
MeOH
RhCI(C,H,)(PPh,), RhCl(CS)(PPh3)2 RhICI(CH,)(CO)(PPhy), Rh(C,F,H)(CO)(PPh,),

Figure 2.19: Preparations and reactions of rhodium(l) and rhoditi) compounds from RhCl5.H,0.

2.4.1.2Carbonyl (CO) bonding to a metal®*#°-®

The fact that refractory metals, with high heatsaaimization (~400 kJ.md), and an inert
molecule like CO are capable of uniting to formb&tamolecular compounds is quite surprising,
especially when the CO molecules retain their iidiality. Moreover, the Lewis basicity of CO
is negligible. The explanation lies in the mukiplature of the M-CO bond. The bonding is best

explained by a molecular orbital diagram as illatd in Figure 2.20.

*

%‘/ VN »#

i, &3> M €D — &P (=0 < x

AR

Figure 2.20:The formation of the metalCO o-bond using a lone electron pair on the carbonthadormation

of the metal>CO tebackbond. Other orbitals on the CO ligand are teahifor clarity.

64 F A. Cotton, G. Wilkinson, P.L. GauBasic Inroganic ChemistryThird edition, John Wiley & Sons, New York,
1995 p649-650.
65 A, Roodt, G.J.J. SteyRecent Rs. Devel. Inorganic Che2000(2) 1-23.
66 S. Franks, F.R. Hartley, J.R. Chipperfiditprg. Chem1981(20) 3238-3242.
48



CHAPTER 2

Firstly, there is a dative overlap of the filledrlwan o-orbital. The lone pair electrons of the
carbon are donated to the empty meial ~orbital to form ao-bond. Secondly, there is a dative
overlap of the filledd-orbital of the metal with an empty antibondipgorbital of the CO to
form atebond. This bonding mechanism is synergic, siheedrift of metal electrons into the
CO orbitals will tend to make the CO as a wholeatigg and, hence, will increase its electron
donating property via the-orbital of the carbon. Also, the drift of eleatoto the metal in the
o-bond tends to make the CO positive, thus enharttiegacceptor strength of te-orbitals.

Therefore, the effects a-bond formation strengthen timebonding and vice versa.

The main lines of physical evidence showing thetiplel nature of the M-CO bonds are bond
lengths and vibrational spectra. According to pineceding description of the bonding, as the
extent of back-donation from M to CO increases,NMi€ bond becomes stronger and t=0C
bond becomes weaker which results in a lower Cé&eding frequencyveco). Therefore the
multiple bonding should be evidenced by shorter Mfd longer C-O bonds as compared with
M-C single bonds and #D triple bonds respectively and theo will decrease as illustrated in
Figure 2.21. Although C-O bond lengths are rathsensitive to bond order, for M-C bonds in

selected compounds there is an appreciable shagtennsistent with thecbonding concept.

M-C=0: M=C=0
higher v, lower v

Figure 2.21: Tighter bonded C-O bonds (left) have a higher Q®tshing frequencyveo) than weaker bonded
C-O bonds (right).

Infrared spectra have been widely used in the stddyetal carbonyls since the CO-stretching
frequency Vco) gives a very strong sharp band that is well sepdrfrom other vibrational
modes of any other ligands also present. WheréréleeCO molecule hasvaeo = 2143 cnit, it
has a lowewco when bonded to a rhodium(l) complex. Although el@ative addition of Ckl

to rhodium(l) complexes will be discussed in seatt®4.1.4, Figure 2.22 and Figure 2.23

illustrate and explain the CO-stretching frequefweys) shifts during the reaction.
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CH, CH,
N CO N CO N, CO
C 'Rh’ + CHl ——= C 'Rh’ _— C 'Rh’
S°  'PPhy S { PPh; S II PPh;
Veo 2000 cm™ Veo 2050 cm™ Veo ® 1750 em™
Rh' very electron rich Rh" less electron rich no triple bond
n-backbonding less n-backbonding C=O double bond (sp’) even weaker
stronger M-C bond weakened M-C bond . smaller v,
weakened C=0 bond stronger C=0 bond
. smaller v, .. higher v,

Figure 2.22: CO-stretching frequencyvéo) shifts during oxidative addition reaction of @Hto a

[Rh(L,L’-BID)(CO)(PPhy)] complex, where L,L’-BID is a monocharged bidgatigand with donor atoms L and L’
equal to N and S.

?H_,, CH;
R;P Cco R;P CO R;P. CcO
*Ru, + CHl ——= *Ru] _— re?
Cl” PRy cl I| PR; c’ } PR,
Veo ~ 1980 ecm™ Veo 2060 cm™ Veo & 1705 em™
Rh' very electron rich Rh" less electron rich no triple bond
n-backbonding less n-backbonding C=O double bond (sp’) even weaker
stronger M-C bond weakened M-C bond . smaller v,
weakened C=0 bond stronger C=0 bond
. smaller v, .. higher v,

Figure 2.23: CO-stretching frequency v§o) shifts during oxidative addition reaction of @Hto
trans[RhCI(CO)(PR),] where PR = triarylphosphine.

2.4.1.3Trivalent phosphine (PXs) bonding to a metal?”%%69.70.71

PX; compounds can beacceptor ligands when X is fairly electronegat{$3h, OR) or very
electronegative (Cl, F). Tertiary phosphines ahdgphates are much better Lewis bases than

CO and can form many complexes wharacidity plays little or no role. This is obserwedh

67 F.A. Cotton, G. Wilkinson, C.A. Murillo, M. Bochma, Advanced Inorganic Chemistrgixth edition, John
Wiley & Sons, New York]1999 p642.

68 A. Pidcock, In: C.A. McAuliffe (Editor),Transition Metal Complexes of Phosphorus, Arsemid Antimony
Ligands Macmillan, London1973 Part 1.

69 3. Emsly, D. HallThe Chemistry of Phosphorusdarper and Row Publishef976 Chapter 5.

70 C.A. McAuliffe, W. Levason, Phosphinéyrsine and Stibine Complexes of the Transition Eles Elsevier
Scientific Publishing Company, Amsterdaih®79 Chapter 3.

71D.S. Marynick J. Am. Chem. Sot984(106) 4064-4065.
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the phosphine complexes of the early transitiorataetnd with metal atoms of any kind in their
higher oxidation states where the M-P distancesvsim evidence of significarm-bonding. In
almost any CO-containing molecule, one or more C@ups can be replaced with a Por a
similar ligand. While the occurrence mbonding from M to P is a generally acknowledgext,fa
the explanation for it entails controversy. Thealely credited explanation is the figure that is
shown in Figure 2.24, in which phosphorus spedlficamploys a pair of itgl-orbitals to accept

metal electrons.

empty d, orbitjb
z

‘_‘||‘X
Pz L»x

X
X

AN

%M
4

£

 /
J

filled d orbital overlap

Figure 2.24: The backbonding from a filled metedorbital to an empty phosphorus-8rbital in the P ligand

taking the internuclear axis as thexis. An exactly similar overlap occurs in theplane between tha-orbitals.

Of course, not all M-P bond properties can be erpth by therrbond model in Figure 2.24.
According to Pidcoc¥ there are clearly two extremes: firstly, complegestaining the metal in
oxidation states greater than +2 contain predontipaare o-bonds with phosphine ligands and
secondly, those in low oxidation states, especialty such ligands as RFPCEk and P(OPh)
form bonds with phosphines which contaio-aas well as a-component. It has been proposed
by MarynicK* (on the basis of quantum mechanical calculatitimes) phosphorup-orbitals and
the P-Xo -orbitals may play a major role in accepting mekatlectrons, even to the complete
exclusion of the phosphoru$orbitals. Experimental evidence for or againsthsideas is
lacking. Figure 2.25 shows the probability that-bond will form between phosphorus and the

appropriate ligand.
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V-

-
<
1

Conditions least
favourable for ©
I bonding

W e e EEmEE ===
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bonding

Metal oxidation state
1]

qu 1 1 1 1 1
Bu' Me,Ph  Nr, CLOR OPh CF, F

Ligand 'electronegativity'

Figure 2.25: Dependence oftbonding on oxidation state of metal and ‘electgativity’ of the phosphorus

ligands, based on tetracoordinate phosphorus.

2.4.1.4General oxidative addition in rhodium complexes.

Introduction, 27374757677

The process of oxidative addition in transition ahehemistry is used to describe the addition of
neutral molecules (X-Y) to transition metal comm@sxaving no more than 16 valence electrons.
Oxidative addition is demonstrated in Figure 2.@6ere the forward reaction is oxidative

addition and the reverse reaction is reductiveiakmon.

72 F. Mathey, A. SevinMolecular Chemistry of the Transition Elements -iamoductory courseJohn Wiley &
Sons, England,996 p28-50.

73 F.A. Cotton, G. Wilkinson, P.L. GauBasic Inroganic ChemistryThird edition, John Wiley & Sons, New York,
1995 p704-708.

74 K.F. Purcell, J.C. Kotanorganic ChemistryW.B. Saunders Company, PhiladelpHifi7 7, p938-948.

75 J.P. Collman, L.S. Hegedu®rinciples and Applications of Organotransition MetChemistry University

Science Books, Mill Valley, Californid,98Q p176-258.
76 J.P. Birk, J. Halpern, A.L. Pichard, Am. Chem. So&968(90) 4491-4492.
77TR. Ugo,Coord. Chem. Rew.968(3) 319-344.
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XY

n

LM® + XY

Figure 2.26: Oxidative addition of the neutral molecule XY toettiransition metal complex,M™ with

n = number of ligands (L) bonded to the metal (M)l a1 = the oxidation state of M before oxidativeli&dn.

These terms merely describe a reaction and haveewbanistic implications. The mechanisms
can be extremely complicated and vary with the meatnf the metal-ligand system and the

molecule that is oxidatively added.

For an oxidative addition reaction to proceed,e¢haust be:

* non-bonding electron density on the metal,

* two vacant coordination sites on the complgklto allow the formation of two new bonds
to X and Y and

» the oxidation state of the central metal atom lealset two units lower than the most stable

oxidation state of the metal.

Whether the equilibrium in Figure 2.26 lies on tleeluced-metal or the oxidized-metal side,
depends most critically on:

» the nature of the metal,

» the nature of the ligands L in the complex,

* the nature of the added molecule XY and of the bavieX and M-Y so formed and

+ the medium in which the reaction is conducted.

For transition metals, the most common oxidativditaah reactions involve complexes of the
metals withd® andd*® electron configurations, for example Rh(l), I&hd Pt(ll). In general, the
oxidative addition to unsaturated square planar,eltron,d® complexes gives saturated
six-coordinate, 18 electrongd® complexes (Figure 2.27 (a)). Coordinatively saitenl
five-coordinate, 18 electron® complexes must lose one of the original ligandth@oxidative
addition of two new ligands to give a saturatedcmrrdinate, 18 electrom® complex as the
final product (Figure 2.27 (b)). Coordinativelytsatedd® compounds are typically less reactive
and usually add only the stronger oxidizing addexda Frequentlyd™® complexes are
coordinatively unsaturated, being only three orrfoaordinate, so addition occurs readily

(example in Figure 2.27 (c)).
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L. L L ¥y L 3oL
\i/ \i/
a M + XYy —— M OR M
L/I \L L/l \L
L L i L
octahedral octahedral
cis product trans product
L, [ L, 1+ L, L,
Les,, 8+ &- Leo,, | e L, Yo, | . wle %, | oY
b M—L, + X-Y —> M. Y —— M. OR M.
N N
L, | L, _ L, L,
octahedral octahedral
cis product trans product
H g PhiP H g :J’hsP PPh; CH,
¢ SR C 7 _CH. -CaH4 L™
¢ [[---Pt. + CHjl —> [[--P? —— Pt
e \Ph3P e \! / '\
H H Ph;P PPhj I

Figure 2.27: Oxidative addition tal® andd"® complexes.(a) Oxidative addition to unsaturated square plafiar

complex ML, with metal M and ligands L.(b) Oxidative addition to saturated trigonal bipyraatid® complex

(L. = an axial ligand, L= an equatorial ligand)(c) Oxidative addition to coordinatively unsaturatéicomplex.

As explained in section 2.2.7, the final productaof oxidative addition reaction will be the
isomer or mixture of isomers that is thermodynaithicthe most stable under the reaction
conditions. The nature of the ligands, solvenfgerature, pressure, and the like, will have a
decisive influence on this. The mechanism of ax@aaddition determines the initial oxidative
addition product. The nature of the final prodintyever, does not necessarily give a guide to
the initial product or the mechanism of the additisince isomerization of the initial product

may occur.
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Mechanism of oxidative addition reactiong’>’3">/8798081

Although it is still widely speculated what theimate mechanism of oxidative addition is, two
general types can be defined: that of one- andathato-electron oxidative addition. These two
types differ from one another due to the fact thatintermediate of the one-electron mechanism
is paramagnetic and the two-electron mechanismlvegoa paired electron process. The
one-electron mechanism can be described as addieal mechanism while the two-electron
mechanism is dependent on the polarity of the weg@dransition state and can be divided into
three subcategories. These main mechanisms tae tislow:

a. the free-radical mechanism,

b.i. the three-centred concerted mechanism,

b.ii. the §2 mechanism and

b.iii.the ionic mechanism.

Pearsoff has pointed out that reactions proceeding wittsarably low activation energies
involve an electron flow between orbitals with th@me symmetry properties. For oxidative
addition, electrons must flow from a filled metabial into an antibonding X-Y orbital. This
allows the X-Y bond to be broken and new bondsh® metal to be formed. The X-Y

antibonding orbital must overlap in phase withlladi metal orbital, as illustrated in Figure 2.28.

78 J K. Kochi,Organometallic Mechanism and Catalysé&ademic Press, Londoh978
79R.J. CrossChem. Soc. Re®985(14) 197-223.
80 R.S. DicksonQrganometallic Chemistry of Rhodium and Iridiudtademic Press, Londoh983 p70-79.
81 R.G. PearsorSymmetry Rules for Chemical Reactionsley, New York,1976 p405-413.
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L L
a G—:(ria)&) o xeE YTy —Pp M X +Y
L L

.0
X L X
[N/ ¢ N\ /
b.i M 6 —_—T M
AN VN
-0
L L
b.ii 0@0 Oy xeoea YT —Pp M X +Y

L L
Figure 2.28: Symmetry-allowed overlap of orbitals for electroarisfer in oxidative addition to 16 electron ML

complexes. Two ligands are above and below theeptd the page.(a) The free-radical mechanisn{b.i.) The

three-centred concerted mechanigimnii.) the &2 mechanism.

a. The free-radical mechanisn{28828384

The free-radical mechanisms, as illustrated in f&gR.29, are generally observed when the
participating complex is a strong reducing agerdt are favoured by the increasing stability of
the radical [lkM-X] " (see Figure 2.28). In certain cases, radicalrcpabcesses are observed.
They are often initiated by LQor peroxides and can be blocked by inhibitors sashoulky

phenols.

82 J A. Labinger, A.V. Kramer, J.A. Osborth,Am. Chem. Sot973(95) 7908-7909.
83 M.F. Lappert, P.W. Ledned, Chem. Soc., Chem. Commii873948-949.
84 3 K. Stille, R.W. Fries). Am. Chem. Sot974(96) 1514-1518.
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. . fast step /X
LM-X| + Y —> LnM\
Y

Figure 2.29: The free-radical mechanism for oxidative addition.

slow step
LM + X-Y ——>»

Free-radical mechanisms are found for organic bdesand iodides reacting with Ir(I) and Pt(0)
complexes. Rh and Pd are less likely to give fegkeal reactions. Evidence shows ttrahs
addition products and racemates of optically achikgl groups are formed. Although th@ans
products are the most probable products, rearrasgismead tocis products and therefore
cannot be ruled out. Non-polar solvents (or theeabe of solvents) favour a free-radical

mechanism.

b.i. The three-centred concerted mechanisrit&°

The three-centred concerted mechanism follows¢herse, as illustrated in Figure 2.30.

X
/ .
—_— L,,M\ (cis)
Y

.

LM + X-Y ——» |[L,M

<len T

Figure 2.30: The three-centred concerted mechanism for oxidaiiletion.

Here, filleddy,- anddy,-orbitals on the metal interact with antibondinditals of the substrate

X-Y (Figure 2.28 (b.i)) to produce a cyclic tramsit state. The product formed by this route will
have acis-arrangement. As would be expected for a concgntedess, the kinetics is of second
order. As with the free-radical mechanism, nomapdolvents (or the absence of solvents)

favour a three-centred concerted mechanism.

b.ii. The Sy2 mechanism’%%°
In the &2 mechanism, the metal complex plays the role afticdeophile to produce a polar

intermediate, as illustrated in Figure 2.31.

/—\m " _ /X
LM X-Y — [LMX[T+ YT —— LM
Y

Figure 2.31:The 2 mechanism for oxidative addition.
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As with the three-centred concerted mechanismkitietics is of second order and the activation
entropy AS) is negative. However, unlike the three-centredcerted mechanism, the product
can have eithetis or trans geometry and the reaction is accelerated by muents. The &
mechanism seems particularly appropriate to oxida#iddition reactions with alkyl and acyl

halides.

b.iii. The ionic mechanism’?
lonic mechanisms generally require the presence stfongly dissociated protic acid H-X as a
reagent. This means that a polar solvent is napessTwo cases have been recognized, as

illustrated in Figure 2.32.

+ + X /H
Case 1 LM+ H — » [LM-H —— > M
“x
_ Ht /H
Case 2 LM + X —— 5  [[,MX|T ——» LM
X

Figure 2.32:The two variants of the ionic mechanism.

In the more common one (Case 1 in Figure 2.32)ctimplex is sufficiently basic to protonate,

after which the anion bonds to give the final prtduThe opposite case, in which the halide ion
attacks first, followed by protonation of the intexdiate, is rare. The first route is favoured by
basic ligands and a low oxidation state, the sedmndlectron acceptor ligands and a positive

charge on the metal.

2.4.1.5General carbonyl insertion and methyl migration inrhodium complexes.

Introduction, 2858687

An insertion reaction can be defined as the inc@an of an unsaturated two-electron ligand
(A=B) into an M-X o-bond (X being a one-electron ligand) of a traositinetal complex

L,M-X. Of the various classifications of insertiogactions, two are considered here:

85 J.P. Collman, L.S. Hegedu®rinciples and Applications of Organotransition MetChemistry University
Science Books, Mill Valley, Californid,98Q p259-298.

86 K. Noack, F. Calderazzd, Organomet. Chem.967(10) 101-104.

87 Y. Yamamoto, H. Yamazaki, Organomet. Chem970(24) 717-724.
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(1) Insertion types (1,1) and (1,2) etc. dependimghow the addition between M and X to
A=B takes place. Each proceeds through two dissteps. The first involves incorporating
A=B as a ligand into the metal coordination sphe1-X must have no more than 16 electrons
because the reaction requires a vacant coordinaiten) The second step, often called

migratory-insertion, incorporates A=B into the MbX¥ind. See Figure 2.33.

X X
| | . .
L,M-X + A=B ———>» [L,M-A=B ———>» [, M-A=B (1,1)-insertion
X
A

| . .
LM-X + AsB ——» LM—|] —> L,M-B-A-X (1,2)-insertion
B

Figure 2.33:(1,1) and (1,2) insertion reactions of an unsataraivo-electron ligand (A=B) into a M-%-bond

(X being a one-electron ligand).

The metal's oxidation state remains unchanged th the (1,1)- and (1,2)-insertion reactions.
The migration of X to A=B (or A=B to X) requiresahthese ligands adopte geometry within
the metal sphere. During the migratory-insertithe number of electrons and the metal
coordination number decrease by two units and amé respectively. The addition of a
two-electron ligand is often required to stabilihe complex that is produced. Carbon monoxide
(CO) is the ligand that most commonly undergoed)(Insertions. Alkenes and alkynes

invariably give (1,2) insertions.

(i)  The insertion processes can also be classd&dtramolecular “migratory insertions” or
as intermolecular “nucleophilic additions”. Thé&ramolecular “migratory insertions” take place
by the combination of X and A=B, while both are atinated to the metal (the second step of
both insertion reactions of Figure 2.33). See FgR.34 for examples of intra- and
intermolecular insertion reactions. The reactionHs@n(COs + *CO -
CHsCOMN(COX*3*CO) is considered as an intramolecular “migratamgeition” since the

carbonyl insertion took place at a CO group alreamtyrdinated to CEMn(CO) and not at the

13co group.
0}
CH;Mn(CO); + Bco ——> H3C-E-Mn(CO)4(13CO) (intra)
PhCH,
(::=NC6H11
CpMo(CO);CH,Ph  + CH NC ——  CpMo(CO), (inter)

Figure 2.34:Example of an intra- and an intermolecular insertieaction.
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Mechanism of insertion of CO%8°

Generally speaking, a carbonyl insertion react®meigarded as known when any one of the

following stoichiometric reactions has been fulhacacterized:

a. R-M + CO - RCO-M CO insertion into the metal-carbanbond of a
metal complex which may or may not contain
carbonyl groups.

b. R-M(CO) - RCO-M Conversion of a coordinated CO group atoacyl
(or aroyl) group.

c. R-M(CO) + L - RCO-M(L) CO insertion into a metal carbonyl cdex
promoted by a Lewis base L.

(L = two-electron ligand, R is an alkyl or relate¢bonded group.)

Carbonyl insertion reactions for square planar dergs may be represented as in Figure 2.35,
where [MR(CO)] is a reactant or an intermediateisRan alkyl or relateds-bonded group,

L stands for any ligand including CO and M représenmetal together with its ancillary ligands.

" ;
M-CO + L —» LM-C=0
Figure 2.35: Carbonyl (CO) insertion reactions for square plamanplexes.

The insertion reaction is best considered as aanmdlecular alkyl migration to a coordinated
carbon monoxide ligand in ais-position and the migration probably proceeds thhowa

three-centred transition state as illustrated gufe 2.36.

H,
@ C

C CH
| " A / 3

LM—CO ——» |L,M--C0| ———— L,M—C

\\O

alkyl three-centred acyl
transition state

Figure 2.36: Three-centred transition state proposed for carkiasgrtion reaction.

88 F. CalderazzoAngew. Chem. Int. Ed. Endl977(16) 299-311.
89 F A, Cotton, G. Wilkinson, C.A. Murillo, M. Bochma, Advanced Inorganic Chemistrgixth edition, John
Wiley & Sons, New York]1999 p1208-1212.
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2.4.2The Monsanto Process: [Rh(COJ ;] + CHal.

90,91,92,93,94,95,96,97,98,99,100,101,102

Introduction.

In 1966, theMonsanto Companinitiated the development of a rhodium-catalysemtess for the
carbonylation of methanol to acetic acid. Thisgess was hamed the Monsanto process and was
commercialised in 1970. Over the years the Momsgmbcess was the dominant industrial

process used in the production of millions of tohacetic acid. Therefore this process has been

,§2,93,100,101,102 ?1,94,95,96,97,98,99 The

studied in detail - both experimentdf and theoreticall
typical commercial operating conditions for the Manto process are a 30-60 atm pressure and a
150-200°C temperature. These are much milder tondithan the cobalt-catalysed process
(600 atm, 230°C) which used to be used in the polu of acetic acid (commercialised in 1960

by BASF)!

Maitlis et al’® have shown that the Monsanto process can be a@uhlz a cyclic series of

separate reactions, as illustrated in Figure 2.Bhalyzing the process in this way gives one

90 p.M. Maitlis, A. Haynes, G.J. Sunley, M.J. HowaldChem. Soc., Dalton Trank9962187-2196.

91 T R. Griffin, D.B. Cook, A. Haynes, J.M. Pears@n,Monti, G.E. Morris,J. Am. Chem. So&996(118) 3029-
3030.

92 A. Haynes, B.E. Mann, G.E. Morris, P.M. Maitlis,Am. Chem. Sot993(115) 4093-4100.

93 A, Haynes, B.E. Mann, D.J. Gulliver, G.E. MorfisM. Maitlis,J. Am. Chem. Sot991(113) 8567-85609.

94 M. Feliz, Z. Freixa, P.W.N.M. van Leeuwen, C. Brganometallic005(24) 5718-5723.

95 E.A. lvanova, V.A. Nasluzov, A.l. Rubaylo, N. Rtis€hemistry for Sustainable Developm@003 (11) 101-
107.

9 E A Ivanova, P. Gisdakis, V.A. Nasluzov, A.l. Rilb, N. RéschOrganometallic2001(20) 1161-1174.

97 T. Kinnunen, K. Laasoned, Mol. Struct. (Theocher2p01(542) 273-288.

98 M. Cheong, T. ZieglelQrganometallic005(24) 3053-3058.

99 M. Cheong, R. Schmid, T. Zieglédrganometallic2000(19) 1973-1982.

100D, Forster,J. Am. Chem. So&976(98) 846-848.

101 C.E. Hickey, P.M. Maitlis). Chem. Soc., Chem. Commii8841609-1611.

102D, ForsterAdv. Oranomet. Chem979(17) 255-267.

103 R.T. Eby, T.C. Singleton, In: B.E. Leach (EditoApplied Industrial CatalysisAcademic Press, New York,
1983 Vol. 1, p275-296.
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useful information about each step in the cyclehe Tcatalytic cycle (Figure 2.37) of the
Monsanto process is made up of six separate reactieps. The first step (reaction of methanol
with HI to give CHl) and the last step (the reaction of £L¥DI with water to give acetic acid
and regenerate HI) are purely organic. The anRm(CO}l,]” (a) was found to be the initial
catalytically active species. The interaction aj (vith the substrate CJH results in the
formation of the six-coordinated alkyl complex [RI@)I.CHsl]™ (b). The alkyl complex is
kinetically unstable and the methyl group migrateshe carbonyl group, which results in the
formation of the five-coordinated acyl complex [RI&)(COCH)Is]™ (¢). This acyl complex is
then carbonylated to form the six-coordinated [RDQCOCH:)I3]~ (d), that reductively

eliminates CHCOI and regenerates [Rh(GB) (a), which starts the whole cycle all over again.

(a)
REDUCTIVE I /C—| OXIDATIVE
ELIMINATION R ADDITION
CH,COI
d - COCH s CO b
( )1/ \Co I/Rh\co )
QOH CH,OH
/COCH METHYL
CO ADDITION \CO NICRATION
(C)

Figure 2.37:The Monsanto process: the catalytic cycle of thbaaylation of methanol to acetic acid.

Detailed kinetic studies have been performed, usipgctrophotometric (IRJ*>931%° and
spectroscopic i{C NMR)?9%% techniques. The reaction rate is first order dathb[(@@)] and
[CH3l] and is independent of CO pressure. Initialb), \as not detected. This intermediate was
first detected by Haynest al?**®in neat CHI solvent using FTIR and FTNMR techniques. The
efficiency of the Monsanto process is largely du¢he rapid conversion ob) into (c), leading

to a low standing concentration @&f) (@and minimizing side reactions such as methamadaon.
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Computational studies of the kinetics and confoemesive also been performed. The main
programmes used were GausStan’®®’ and ADF%%  Functionals like BPE*
BP86 49299899 ang B3LYP*®" were used along with various basis sets. Calonlgtwere
performed in gas phas®?®"® as well as in solution (metharf6f® DCM**9>%€ and CHI®).
Although the results differ between methods (esdlydhe effect of the different solvents on the

kinetic data), the general findings and conclusiwege the same.

During the Monsanto process, different isomers athecomplex in the reaction cycle are
possible. The isomers have been investigated &xplerimentally (IR,*C NMR and crystal
structure determination) and computationally. thk possible isomers o&)(- (d) are given in
Figure 2.38.

I CcO I CcO
I~ >Co oc” 1
(cis-a) (trans-a)
* i *
I CcO I CO I CcO
17 : >CO oCc” : 1 17 : 1
1 I CO
(fac,cis-b) (mer,trans-b) (mer,cis-b)
COCH; cO 1 1
I\RVh/co I\RVh/COCH3 I, Vh/COCH3 I\RVh/COCH3
| E | E | oc” 1 17 >COo
(©
('?OCH3 gOCH3 ('?OCH3
I CcO | CcOo I CcO
17 :>CO oCc” : 1 | S |
1 I CcO
(fac,cis-d) (mer,trans-d) (mer,cis-d)

Figure 2.38:Various isomers possible for complexa¥(d) in the Monsanto process.
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Oxidative addition.

I *
CH, 7~ -
I co| 1 3C;| I $H3CZ|
~ 7 N s ~ 7
Rh + CHJ —» Rh —
I >cCo 3 17 >Co 17 >Co
I
() (TS,;) (b)

The first reaction in the catalytic cycle is thadative addition of CHl to the active catalysaj.
This is the rate-determining step in the cycle abeys second-order kinetics (first order ia)J(
and [CH]). Experimental studi€&*®®*** indicate that the oxidative addition occurs thiowg
two-step §2 mechanism, which is consistent with various comiponal studie§-949>969798
The first step of the & mechanism is the nucleophilic substitution ofidedby the metal
complex (TSQy), presumed to proceed with inversion of configoraat the carbon of the methyl
group. The second step is the subsequent coamhnatiodide, which completes the addition to
give a six-coordinated alkybf complex. In this Ckl addition, the oxidation state of the metal

centre changes from | to llI.

For the initial complex &), two isomers are possibleis and trans (Figure 2.38). Various
computational studiéd®***° indicate that thecis-(a) isomer is more stable than the
correspondingdrans-(a) isomer by 34-38 kJ.mol This is in agreement with IR affitC NMR
experimental daf&'°?in which the initial catalytically active compléwas been characterized as

thecis-(a) isomer.

Three types of transition states betweah dnd ) were considered computationally: two
resulting fromtrans addition ("linear/back” and "bent") and one rasgjtfrom cis addition
("front").94%>%  The linear/back transition state structure c@wesls to an @ mechanism,
characterized by a linear Rhaghyrl arrangement and by an lngnyrH angle close to 90°. The
methyl hydrogen atoms are located in the equatptéle of the five-coordinated carbon atom,
resulting in a trigonal bipyramidal arrangementheTbent and front transition state structures
correspond to a side-on approach of thgufi| bond to the rhodium atom. The bent transition
state structure leads to the same product asrkarlback transition state structure - a neutral
five-coordinated rhodium complex and a free iodae Both the mechanisms of the linear/back
and the bent transition state structures are therefiescribed asnd processes. The front

transition state structure corresponds to a coedehree-centred oxidative addition mechanism,
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in which the Rh-I and Rh-fzwny bonds form simultaneously as &y bond breaks, resulting in
the cis addition of the methyl iodide. The linear/bacldiéidn of CH;l to cis-(a) was preferred
125-128 kJ.mat above the bent and front additions of £t the same isomé&f. This clearly
discards the possibility of the bent and front natbms and suggests that the linear/back
mechanism is the only possible transition state,{JTi6r the oxidative addition of Cifito the
Monsanto catalyst. The calculaltdAG (Gibbs free energy) values for the reaction

cis-(a) — (TSap) are in agreement with the experimefit##*°* values.

As for the intermediate bj, three isomers are possibléac,cis mer,trans and mer,cis
(Figure 2.38). Computational studie¥?® could not point out the most stable isomer with a
clear cut of energy. Selected calculated relagivergies of the three possible isomershdfate

given in Table 2.4.

Table 2.4: The calculated relative energy (kJ.mjobf the three possible isomers o (n the
Monsanto cycle.

reference [96]

reference [97]'

reference [99]"

fac,cis 9 (6) 16 (15) 0 (0)
mer trans 0 (0) 0 (0) 1 (2
mer,Cis 11 (8) 17 (18) 4 (5)

i Solvent DCM, standard basis set. ParenthesiseBbDCM, extended basis set.
ii Gas phase, including ZPE corrections. Parenth@sis:phase, excluding ZPE corrections.
iii Gas phase. Parenthesis: SolventICH

From the above table it can be seen that all th@ess of ) exhibit relatively similar energies
(within 18 kJ.mot"). According to reference9§| and P7], themer,trans(b) isomer is found to
be the most stable, while referen@§][indicates that théac,cis(b) andmer,trans(b) isomers
are practically equi-energetic. All results agtkat themer,cis(b) isomer is the least stable.
The higher relative energy of tlfec,cis(b) isomerversusthe mer,trans(b) isomer (as found by
references96] and P7]) can be explained by the molecular orbitals @& thaction site. The
main interaction in the-type bonding in the Rheny bond is due the interaction between the
metal d,-orbital and the Gemyrl o-orbital. In @), the d-orbital is orthogonal to the plane
formed by the ligands. For tmeer,trans(b) isomer, the Cklgroup is located linearly on top of
the metal and the orbitals have a good overlapr ti@fac,cis(b) isomer however, the GH
group is not located linearly on top of the metalhe CH group and the axial-iodide tilt
respectively towards the planar-iodides and thbeaayl groups. This is due to the repulsion of

the axial-iodide by the planar-iodides and resintshe elongation of the Rhgly bond in the
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fac,cis(b) isomer. This weakens the Rhz bond and destabilizes ttiac,cis(b) isomer, as

demonstrated by the relative energies.

Thefac,cis(b) andmer,trans(b) isomers are the oxidative addition productsrans addition of
CHal to cis-(a) andtrans(a) respectively. Though, the higher energyrahs(a) prevents the
reaction oftrans-(a) — mer,trans(b) from occurring. Thus, the formation fafc,cis(b) after the
addition of CHI to cis-(a) is preferred. Since th&)isomers exhibit relatively similar energies

(within 18 kJ.mof), it is proposed that intermediate) possesses the geometnyfad,cis(b).

An experimental study revealed that according to IR dataisdicarbonyl rhodium species was
present (two carbonyl bands with similar intensitjavhile the'*C NMR data showed that the
two carbonyl ligands were equivalent (one doubiethie rhodium carbonyl region). Therefore,
taking both the IR and tH€C NMR results into account, ttac,cis(b) isomer is intermediate

(b). This is in agreement with that which was praubby the theoretical study.

Methyl migration.

CH, _l_ QH3 1l I _l_

Il ~co 1 i~CO 1! ~CoCH,
7 ~N Rh Rh\
I~ | ~CO 17| >N COo | ~CO

| 1 |

(b) (TS, (©)

The second reaction in the Monsanto process i4 thénsertion that goeda an intramolecular
methyl migration to the carbonyl ligandi'$,;). The six-coordinated alkylbj complex
automatically converts into a five-coordinated afg)l complex. There are four isomers of
complex €) possible with different groups in the apical piosi: one with COCH, one with CO
and two with iodide (Figure 2.38). The acg) complex with the COCkgroup in the apical
position was found to be 37-81 kJ.mdbwer in energy than the other three isonférsAll
computational resultd®®®"® are in agreement that this isomer is the mostlestaomer for
complex €). This is also the only complex in the Monsantocess of which a crystal structure

was obtained. The COGHdroup of the crystal structure is also in the apjosition4*%

104 G.w. Adams, J.J. Daly, D. Forstdr,Organomet. Chem974(71) C17-C19.

105H. Adams, N.A. Bailey, B.E. Mann, C.P. Manuel, C.8pencer, A.G. Kentl. Chem. Soc., Dalton Trank988
489-496.
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The transition states between) @nd €) were considered computationally and the activatio
parameters were calculated. The 1,1-insertion faw,cis(b) was preferred. The

85,96,97,99

calculate AG (Gibbs free energy) values for the reactfan,cis(b) — (TSyc) are in

agreement with the experimentalalues.

Carbonyl addition.

| _cocn |

I COCH I | _cocH
~rn” * + co — Rn] ¥
| SCO 17 ] >COo
I Cco
(c) (d)

Upon heating, complexc) regenerates complex)(*® therefore indicating the reversibility of
both the oxidative addition and the methyl mignatprocesses. The decomposition of complex
(c) produces CHl instead of CHCOI, therefore it is important to trap comple®) py the
addition of CO.

The intake of CO by complex)(results in the six-coordinated octahedd§l ¢omplex. Three
isomers for complexd) are possiblefac,cis mer,transand mer,cis (Figure 2.38). As for
complex b), the mer,cis(d) isomer was fourtd®® to be the least stable (Table 2.5). The
mer,trans(d) andfac,cis(d) isomers were found to be almost equi-energeiit) thefac,cis(d)
isomer 5-7 kJ.mal more than thener,trans(d) isomer. The slight preference in energy of the
mer,trans(d) isomer above théac,cis(d) isomer can be explained by the more favourable
orientation of the sterically asymmetric @ED ligand®® To distinguish between the isomers

mer,trans(d) andfac,cis(d) as the preferred structure of compld @©ne has to look at the next

step, @) — ().

Table 2.5: The relative energy (kJ.mbl of the three possible isomers dj(

reference [96]
fac,cis 7 (5)
mer trans 0 (0)
mer,Cis 26 (25)

i Solvent DCM, standard basis set. Parenthesise8bPCM, extended basis set.
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Reductive elimination.

I

1< | ~cocH, I Co|
- CH,COl —> __Rh
171 NCo } | CY @0
Co
(d) (a)

This final organometallic step in the catalytic leydas received less attention. The last
elementary step of the catalytic cycle is the r&gacelimination of CHCOI from the octahedral
complex ¢l). Different routes ofd) — (a) have been considered computationally and thesrout
of fac,cis(d) — cis-(a) was found to be the preferable rotite Therefore it is suggested that

isomer () possesses the structurdad,cis(d).

Free enerqy profile.

The free energy profile of the mechanism of thectiea [Rh(CO)I,]” + CHgl (the Monsanto
process) is given in Table 2.6. From these data @vident that the (a)» (TS,,) oxidative
addition step has the highest free energy bart@ciglated 135-189 kJ.myl experimental 100
kJ.mol) and is therefore the rate-determining step ofaberall reaction. The barriers for the
(b) - (TS, migratory insertion and the (d) (TSys) reductive elimination steps are much more
modest (calculated 45-77 kJ.nfoland 75 kJ.mdl, respectively). The calculated and

experimental free energies are in the same range.

Table 2.6: The Gibbs free energy (kJ.rilof the reaction [Rh(COl]” + CHil. Complexes are
labelled according to Figure 2.37, with TS = tréinsi state.

reference [90] | reference [95]' | reference [96]" | reference [99]"

@) 0 0 (0) 0 -
(TSab) 100 135 (189) 135 -

(b) 14 42 (24) 42 0
(TSbo) 95 89 (69) 116 72 (77)

(c) -6 11 (-6) 11 -

(d) - 2 (-21) 2 -
(TSda) - 77 (54) 77 -

i Experimental at 35 °C in Gi@l,-CHjl.

ii Solvent DCM. Parenthesis: Gas phase.
iii Solvent DCM, extended basis set.

iv Solvent CHI. Parenthesis: Gas phase.
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2.4.3[Rh(p-diketonato)(CO)(PPhs)] + CHal.

62,106,107,108,109,110,111,112,113,114

Introduction.

Rhodium complex compounds are one of the most widpread industrial homogeneous
catalysts for organic raw material processing. Tihest classic example is the Monsanto
process, where methanol is converted into acetttwith the aid of a rhodium catalyst (section
2.4.2). The oxidative addition of methyl iodide tbodium(l) carbonyl compounds has
significant implications in catalysis, especialljhen followed by methyl migration to give the
acyl derivatives. The high catalytic reactivity bibdium complexes is in many respects due to
the nature of the ligands attached to the rhodiuitherefore, in order to achieve a better
understanding of the ways of purposeful alteratbrihe reactivity of such systems, in detail

studies of the reaction mechanism are of great itapoe.

The Monstanto process has been studied in defatih éxperimentally and theoretically. In
contrast, the same reaction promoted from [Rh(BJD)(CO)(PPh)] complexes (where
L,L'-BID is a monoanionic bidentate ligand with @oratoms L and L' op-diketonato ligands,
Figure 2.39) has mostly been studied experimen(d@byple 2.7 and Table 2.8). On the basis of
extensive kinetic studies of these reactions, m@acschemes have been proposed for the
oxidative addition of methyl iodide to [Rh(L,L'-B)QCO)(PPh)] complexes. These schemes are

summarized in Figure 2.40.

106 3, Conradie, J.C. SwartSrganometallic2009(28) 1018-1026.
107 M.M. Conradie, J. Conradi&, Afr. J. Chen008(61) 102-111.
108 N.F. Stuurman, J. Conradig, Organomet. Chen2009(694) 259-268.
109 M.M. Conradie, J. Conradiéyorg. Chim. Act&2009(362) 519-530.
110 .M. Conradie, J. Conradiénorg. Chim. Act&2008(361) 208-218.
111 M.M. Conradie, J. Conradiénorg. Chim. Act&2008(361) 2285-2295.
1123, Conradie, G.J. Lamprecht, A. Roodt, J.C. SwRdl/hedron2007(26) 5075-5087.
1133.s. Basson, J.G. Leipoldt, A. Roodt, J.A. Verited, van der Walinorg. Chim. Actal986(119) 35-38.
1145 s. Basson, J.G. Leipoldt, J.T. Nelprg. Chim. Actal984(84) 167-172.
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L L ) -
O -
R ¥ Ry
monoanionic B-diketonato
bidentate ligand

Figure 2.39:The L,L-BID ligand is a monoanionic bidentatealigl with donor atoms L and L. They are easily
complexed to metals like rhodium. An example olLdd-BID ligand is ap-diketone (RCOCH,COR,) with donor
atoms O and O. Whdhdiketones are complexed to a metal like rhodiumaytare deprotonated {ROCHCOR)™

and noted aB-diketonato. Complexes like these are used instiidy.

[RhI(L,L'-BID)(CO)(PPh3)] isomers + CH;l

A
kg || k1
/
Rh'"alkyl1 isomers
A
ko || Ky
/
Rhm-acyll isomers (product for cacsm, hacsm, macsm, macsh and cupf)
A
ks || k3
/
RhIH-alkyIZ isomers (product for sacac, acac, tfaa, tfdmaa, hfaa and tta)
A
kg || Ky
A

RhIH-acyIZ isomers (product for bth, dtm, fctfa, fca, bfcm, dfecm, ba, bap, bab and bav)

Figure 2.40: The general reaction scheme for the oxidative taodi of methyl iodide to

[Rh(L,L'-BID)(CO)(PPh)] complexes (L,L'-BID is a monoanionic bidentaigahd with donor atoms L and L' or
B-diketonato ligands, as defined in Table ard Table 2.8).

The notations "Rf-alkyl1" and "RH'-acyl1" in the above figure refer respectively he first
alkylated [RM (L,L'-BID)(CH3)(CO)(PPR)(I)] and acylated [RH(L,L'-BID)(COCHS3)(PPh)(1)]
complexes that are formed. When the last numbéhennotations change to “2”, such as in
"Rh"-alkyl2" and "RH'-acyl2", it shows that after the first alkylated acylated species had
formed, it converted to a second, different but enetable, alkylated or acylated structural
isomer. Examples of kinetic and structural studaene on [Rh(L,L-BID)(CO)(PPRj|

complexes are summarized in Table 2.7 and Table 2.8
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Table 2.7: Summary of the kinetic and crystal structuresedécted [Rh(L,L-BID)(CO)(PPi)]
complexes. Atom assignment is as in Figure 2.39.

N Rh crystal
L,L-BID L | Rhslﬂge“c structure
Y Rh(l) | Rh(Il)

Hcacsm methyl(2-cyclohexylamino-1-cyclopentenethidcarboxylate)] N| S [65] [65] -

Hhacsm methyl(2-amino-1-cyclopentene-1-dithiocayttebe) N| S [65] [115

Hmacsm methyl(2-methylamino-1-cyclopentene-1-dithiboxylate) N| S [65] [116]

Hmacsh 2-methylamino-1-cyclopentene-1-dithiocarlbabey N| S [65] - -
Hstsc salicylaldehydethiosemicarbazose N |S [65] [65] [65]
Hcupf cupferron O O [117] - [117

Hdmavk dimethylaminovinylketone q N - [11§ [118[119

Hsacac thioacetylacetone D 5 [120 [12] [122 -
Hmnt maleonitriledithiolate S| S - - [123

Na[SPPh] Na[SPPh)] S| S - - [124

Table 2.8: Summary of the kinetic and crystal structures ofelested
[Rh(B-diketonato)(CO)(PPJ)] complexes. Atom assignment is as in Figure 2.39

B-diketone' , N Rh crystal structure

R,COCH,COR, R R, L | L' | Rh kinetic study Rh() RA(l)
Hacac acetylacetone GH CHs O| O [62][113 [114 [125 -
Htfaa trifluoroacetylacetone GF CHs O] O [114 - -
Htfdmaa trifluorodimethylacetylacetone CH(gH Ck Oo| O [114 [126) -
Hptf pivaloyltrifluoroacetone C(Chz Ck O| O - [127 -
Hhfaa hexafluoroacetylacetone £F ChK O] O [114 - -
Htfhd trifluorohexanedione Ci€H; Ck O| O - [12§ -
Hdbm dibenzoylmethane Ph Ph o 0O - [129 -
Htta thenoyltrifluoroacetone GF C4HsS O] O [11Q [130 -
Hbth benzoylthenoylacetylacetone Ph 4HeS Oo| O [117 - -
Hdtm dithenoylmethane £&3S GHsS Oo| O [117 - -

Hfctfa ferrocenoyltrifluoroacetone Fc eF | O] O [112)[106 [13]) [112
Hfca ferrocenoylacetone Fc GH|[ O ]| O [106 - -
Hbfcm benzoylferrocenoylmethane Fc Ph o |0 [106 - -
Hdfcm diferrocenoylmethane Fc Fc D D [106 - -
Hba benzoylacetone GH Ph O| O [108 [132 -
Hbap propanylacetophenone §CHH3 Ph Oo| O [108 - -
Hbab buterylacetophenone (bCHs Ph Oo| O [108 - -
Hbav valerylacetophenone (QRCHs Ph Oo| O [108 - -

i B-diketone is a type of L,L'-BID ligand, with L,L' 6,0.

115G.J.J. Steyn, A. Roodt, |. Poletaeva, Y.S. Varskgd. Organomet. Chem997(536/7) 197-205.
116 G.J.J. Steyn, A. Roodt, J.G. Leipoltitprg. Chem1992(31) 3477-3481.

117s.s. Basson, J.G. Leipoldt, A. Roodt, J.A. Verlteorg. Chim. Actal 987(128) 31-37.

118|_J. Damoense, W. Purcell, A. Roodt, J.G. LeipdRttodium Ex1994(5) 10-13.

1191 J. Damoense, W. Purcell, A. RooBtodium Ex1995(14) 4-9.

1203.G. Leipoldt, S.S. Basson, L.J. Bothagrg. Chim. Actal990(168) 215-220.

1213 A. Venter, J.G. Leipoldt, R. van Eldikorg. Chem1991(30) 2207-2209.

122 3. Botha, S.S. Basson, J.G. Leipoldgrg. Chim. Actal987(126)25-28.

123C.H. Cheng, B.D. Spivack, R. EisenbefgAm. Chem. So&977(99) 3003-3011.

1243 A. Cabeza, V. Riera, M.A. Villa-Garcia, L. Ouah&. Triki,J. Organomet. Chem992(441) 323-331.
125).G. Leipoldt, S.S. Basson, L.D.C. Bok, T.I.A. Ben,Inorg. Chim. Actal987(26) L35-L37.

126 3.G. Leipoldt, S.S. Basson, J.T. Nelprg. Chim. Actal983(74) 85-88.
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Stereochemistry of the reaction.

The proposed reaction scheme, with specific stéeodstry, for the oxidative addition of
methyl iodide to [RH{-diketonato)(CO)(PPJ)] complexes is given in Figure 2.41. The
stereochemistry of the rhodium(l) and rhodium(@ymplexes stems from information obtained
from single crystal X-ray crystallography, NMR amT computational studies on related
complexes that generally react in the same wayhas mhionocarbonylphosphine rhodium
complexes. The research that concluded the stegewstry of each rhodium complex is

explained below.

CH, PPh,
O\ ,/PPh, =0y 1 ,PPh, O\ /PPh, =0y 1 ,CH,
h h Rh ;
o/ Nco 0/ ; N\co o/ ; \cocH Y : N\co
kl k2 k3
P = I P 1
1 k—Z k3
CH, PPh,
O\’ © O\R‘h ,CO 0\ ,/COCH, O\R'h ,CO
0o/ \pph 07 i \pph 07 i \pph 0o/ i \cH
I I I
Rh(I) Rh'"-alkyll Rh'"-acyll Rh'"-alkyl2 Rh'"-acyl2

Figure 2.41: The proposed reaction scheme for the oxidative itiadd of methyl iodide to

[Rh(B-diketonato)(CO)(PPJ)] complexes and the following carbonyl insertiopactions, showing specific

stereochemistry.

For the [Rh(L,L'-BID)(CO)(PP$)] complexes (where L,L'-BID = N,S-BID = cacsm, bag
macsm and macsh) both this andtrans addition of methyl iodide is proposed, with the/lac

(containing the COCHigroup in the apical position) as the final prodiict

127 ).G. Leipoldt, S.S. Basson, J.H. Potgietieoyg. Chim. Actal986(117) L3-L5.
128 g C. Steynberg, G.J. Lamprecht, J.G. Leipdlyg. Chim. Actal987(133) 33-37.

129 p, Lamprecht, G.J. Lamprecht, J.M. Botha, K. UnsikpY. SasakiActa Crystallogr., Sect. C: Cryst. Struct.
Communl1997(53) 1403-1405.

130).G. Leipoldt, L.D.C. Bok, J.S. van Vollenhoven|./Rieterse)). Inorg. Nucl. Cheml978(40) 61-63.

131 G.J. Lamprecht, J.C. Swarts, J. Conradie, J.Gadled, Acta Crystallogr., Sect. C: Cryst. Struct. Comml®93
(49) 82-84.
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e Rhodium(l) isomers.

The rhodium(l) isomers have a square planar arraage formed by thg-diketonato ligand and
the CO and PRgroups. The geometry of the rhodium(l) isomers walved by single crystal
X-ray crystallographic structures of [fdiketonato)(CO)(PR))] complexes (Table 2.8). All
these crystals contained one independent moleaulehé asymmetric unit, except for
B-diketonato dbm and ba which had two moleculeh@asymmetric unit. For the asymmetric
B-diketonato ligands, two isomers were characterizedhe NMR?106108110111112 The DET

calculationd””** are in agreement with the experimental results.

« Rh"-alkyll isomers.

The RH'-alkyll isomers have an octahedral arrangemenh thi¢ CO and PRtgroups in the
plane of the3-diketonato ligand and the | and €Hroup in the apical position. This proposed
geometry of the Rhalkyll isomers is in agreement with the geometrie$
[Rh(B-diketonato)(CH)(CO)(PPh)(I)]-alkyll (where B-diketonato = tta, bth and dtm) which
were obtained by solution-NMR techniques and DATutations*°**** The RH'-alkyl1 isomers
result fromtrans addition of CHI to rhodium(l),i.e. with the CH group and the iodide above
and below the square planar plane of the rhodiure@ftant. Theérans addition of CHI was

also preferred by the Monsanto catalyst (sectidr2®.

« Rh"-acyll isomers.

It is proposed that the Bkacyll isomers have a square pyramidal arrangeméthtthe COCH
and PPh groups in the plane of thfgdiketonato ligand and the | in the apical positiohhis
would be the geometry after methyl migration frofil'Ralkyl1. Only a possible geometry of the
Rh"-acyl1 isomers can be proposed, since no corresmpsttucture or geometry for any related

B-diketonato complex has to date been determinexhipyechnique.

« Rh"-alkyl2 isomers.

The RH'-alkyl2 isomers have an octahedral arrangemenh thié CO and Ckigroups in the
plane of the3-diketonato ligand and the | and PPh group in fhieah position. The structure of
one of the RH-alkyl2 isomers of [Rh(fctfa)(CE)(CO)(PPh)(1)]-alkyl2 was crystallographically
characterized™? The  spectroscopic and  spectrophotometric  pragserti of
[Rh(fctfa)(CHs)(CO)(PPh)(I)]-alkyl2 and [Rh{-diketonato)(CH)(CO)(PPHh)(1)]-alkyl2 (where

132w, Purcell, S.S. Basson, J.G. Leipoldt, A. RoéttPreston|norg. Chim. Actal 995(234) 153-156.
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B-diketonato = bap, bab and bav) are in agreemetht @ch other. This geometry is also in
agreement with solution-NMR techniques and DFT  dal®mns on
[Rh(B-diketonato)(CH)(CO)(PPh)(1)]-alkyl2 (wherep-diketonato = tta, bth and dtrHfj>*10*!

« Rh"-acyl2 isomers.

It is proposed by DFT calculatiof?§'® that the RH-acyl2 isomers have a square pyramidal
arrangement, with the | and PRiroup in the plane of thgdiketonato ligand and the COGH
group in the apical position. No [Rhdiketonato)(COCH)(PPhR)(I)]-acyl2 has
crystallographically been characterized, but theystat structures of related
[Rh(L,L'-BID)(COCH;)(PPh)(I)]-acyl products (Table 2.7) are in agreementhvthe proposed
structure where the COGHyroup is in the apical position, indicating thhist geometry is

thermodynamically preferred.

2.4.4[Rh(acac)(P(OPh}),] + CHal 13313413

Introduction.

The reaction between methyl iodide and [Rh(L,L'-RR{OPh}),] is very similar to the reaction
between methyl iodide and [Rh(CM)™ (Monsanto catalyst, section 2.4.2) and methyldedi
and [Rh(L,L'-BID)(CO)(PP¥§)] complexes (section 2.4.3). In all three theesas neutral alkyl
halide is added to a square planar rhodium(l) cempllhe main difference between the reaction
with [Rh(L,L'-BID)(P(OPh}),;] and the other two types of complexes is that tosnplex
contains no carbonyl group bonded to the rhodiunmtree Therefore, no methyl migration is
possible after the oxidative addition of the alkglide. Another difference is the electronic and
steric effect on the rate of the reaction of thékypariphenylphosphite ligands. The oxidative
addition reaction between GHand [Rh(L,L'-BID)(P(OPhj),] complexes (Table 2.9) has only

been studied experimentally.

133G.J. van Zyl, G.J. Lamprecht, J.G. Leipoldt, T SWaddle Jnorg. Chim. Actal988(143) 223-227.
1343.G. Leipoldt, E.C. Steynberg, R. van Eldik,liforg. Chem1987(26) 3068-3070.
135G.J. van Zyl, G.J. Lamprecht, J.G. Leipoldiprg. Chim. Actal987(129) 35-37.
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Table 2.9: Summary of the kinetic and crystal structuresadécted [Rh(L,L'-BID)(P(OPh),]
complexes. Atom assignment is as in Figure 2.39.

o Rh crystal
L,L'-BID L (L Rhsmgetlc structure
Y I"rRn@y TRA(N
Hbpha | benzoylphenylhydroxylamine 0) O [134 - [137
B-diketone' Ry IR | L | L Rh kinetic F;RS;{;::'
R1COCH,COR, study Rh(I) | Rh(Ill)
Hacac acetylacetone GH CH; | O @) [133 [134] [139 -
Htfaa trifluoroacetylacetone GF| CH; | O ) [133 [134 [139 [140 "
Hhfaa | hexafluoroacetylacetone £k CR | O @) [133 - -
Hdbm dibenzoylmethane Ph Ph D € [133 - -
Hba benzoylacetone GH| Ph @) @) [133 - -
Htfba | trifluorobenzoylacetone GF| Ph o] O [133 [147]] -

i B-diketone is a type of L,L"-BID ligand, with L,L' 6,0.
ii Rhodium(lll) product of the reaction: [Rh(tfaa)(FEBg),] + 1, [135.

General reaction®3

On the basis of kinetic studies of this reactiosjraplified reaction scheme has been proposed
for the oxidative addition of methyl iodide to [Rhdiketonato)(P(OPR),] complexes
(Figure 2.42). Experimentally determined large atag values of the volume\y*) and the
entropy AS") of activation for the oxidative addition reactiof methyl iodide to a series of
[Rh(B-diketonato)(P(OPR).,] complexes indicated a mechanism which occuis a polar

transition state which is consistent with the $nechanism.

[Rh'(B-diketonato)(P(OPh)s;),] + CH;I

k_lﬂkl

RhHI-alkyl (product for acac, tfaa, hfaa, dbm, ba, tfba)

Figure 2.42: The general reaction scheme for the oxidative tamdi of methyl iodide to
[Rh(B-diketonato)(P(OPR),] complexes [§-diketonato ligands defined in Table 2.9).

136 G.J. Lamprecht, J.H. Beetd®, Afr. J. Chenl987(40) 131-133.

137G.J. Lamprecht, G.J. Van Zyl, J.G. Leipoldiprg. Chim. Actal989(164) 69-72.

138 3.G. Leipoldt, G.J. Lamprecht, G.J. Van Zglprg. Chim. Actal985(96) L31-L.34.

139G.J. van zyl, G.J. Lamprecht, J.G. Leipoldiprg. Chim. Actal985(102) L1-L4.

140G.J. van zyl, G.J. Lamprecht, J.G. Leipoldiprg. Chim. Actal986(122) 75-79.

141G.J. Lamprecht, J.G. Leipoldt, G.J. Van Zylprg. Chim. Actal985(97) 31-35.
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e Rhodium(l).

The rhodium(l) complex has a square planar arraegenfiormed by th@-diketonato ligand and
the two P(OPR) groups. The geometry of rhodium(l) was solved diygle crystal X-ray
crystallographic structures of three [Rhdiketonato)(P(OPR),] complexes (Table 2.9). All
these crystals contained two molecules in the astmenunit, except foi3-diketonato tfba
which had only one molecule in the asymmetric uiiihe two molecules in the asymmetric unit
are enantiomers (mirror images) and have virtudléy same bond distances and angles around
the rhodium centre. Since the P(OPbjoups bonded to the rhodium centre are chemically

symmetrical, only one isomer is possible.

« Rh"-alkyl.

On the grounds ofH NMR data'® the structure of the product of the oxidative &ddi
[Rh(B-diketonato)(P(OPR).(CHs)(I)], is proposed to adopt an octahedral arranggmath the

two P(OPh) groups in the plane of tiediketonato ligand and the | and ggroup in the apical
position. This RH-alkyl product results frontrans addition of CHI to rhodium(l). Trans
addition was also preferred by [Rh(GR) (Monsanto -catalyst, section 2.4.2) and
[Rh(B-diketonato)(CO)(PR)] complexes (section 2.4.3). No
[Rh(B-diketonato)(P(OPR).(CHs)(I)]-alkyl has crystallographically been charaized, but the
crystal structures of related products, [Rh(bph@@h}).(CHs)(1)] and [Rh(tfaa)(P(OPR).(1)2]
(Table 2.9) are in agreement with the proposedtra where the added ligands are above and

below the square planar plane, also indicatingtthiatgeometry is thermodynamically preferred.
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2.5 Iron complexes.

2.5.1[Fe(p-diketonato);].

Introduction. 14

Metal atoms, especially transition metals, are gmesit the active catalytic centre in almost a
third of all known enzymes. Iron and zinc are esgly important and occur in relatively high
concentration in the human body (5.4 and 2.4 grpekg, respectively) of which most of this is
involved in the enzyme functiol® These metals are involved in a number of prosesse
including binding of substrates to orient them pndyp for subsequent reaction, mediating
oxidation/reduction and electron transport reactidinrough reversible changes in the metal

oxidation state and electrostatically stabiliziregyative charges.

Tris(B-diketonato) metal(lll) complexes are particulaalycessible species for studying bonding,
ligand coordination and Jahn-Teller distortion nganometallic systems. These 6-coordinated
metal(lll) complexes have approximately an octahkdirangement. Trig{diketonato) iron(lll)
complexes are often used in iron-catalyzed crospliw reactions (Figure 2.43j*43146
Organometallic reagents (R'-MX) act as a nucleepfiid attack the electrophilic carbon atom of
an organic compound (R-X") to yield a carbon-carbond. The iron-catalyzed cross-coupling
reactions need only a short reaction time (typycéllto 30 min) and are performed at low
temperatures (typically -20 to T). Similar nickel- or palladium-catalyzed crossipling
reactions need much longer reaction time (typic2ltp 40 hours) and are performed at elevated

temperatures (typically 40 to 9@).**" Furthermore, [Fé¢diketonato)] catalysts are 100 times

142| Diaz-Acosta, J. Baker, J.F. Hinton, P. Pulgectrochimica Acta Part 2003(59) 363-377.

143 H. DouglasBioorganic ChemistryThird Edition, Springer, New Yori,996

144 3 K. Kochi,J. Organomet. Chen2002(653) 11-109.

145 (@) B.D. Sherry, A. FirstneAcc. Chem. Reg008(41) 1500-1511.k) A. Firstner, A. Leitner, M. Méndez, H.
Krause.J. Am. Chem. So2002(124) 13856-13863c] B. Scheiper, M. Bonnekessel, H. Krause, A. Fiasth
Org.Chem2004(69) 3943-3949.

146 G, Cahiez, H. Avedissiagynthesid49981199-1205.
147 F, Diederich, P.J. Stanhletal-catalyzed Cross-coupling Reactipigiley-VCH: Weinheim, Germany,998
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cheaper than [PA{diketonato)] catalysts, are environment friendly and can gdsal stored for

long periods under normal laboratory conditions.

Fe!'lcatalyst o

R-X' + R'-MX R-R’ + MXX'
substrate coupling partner coupling product metal halide
(organic electrophile) (nucleophile)

R = alkyl, aryl, vinyl, allyl, alkynyl, benzyl, acyl
' = alkyl, aryl, vinyl, allyl, alkynyl, benzyl

X,X'=1L Br, Cl

M = Mg, Zn, Cu, Sn, Si, B

Figure 2.43:General iron-catalyzed cross-coupling reaction.

S' 'nth esisl48,l49,150,151

Tris(B-diketonato) iron(lll) complexes are being synthesi for aimost more than a centtis.

In general, three methods are used to synthese@-fitketonato)] complexes (Figure 2.44).
The first method involves the addition of an etHasadution of the neutralizeg-diketone ligand

to an agueous solution of the iron nitrate or salphbuffered with sodium acetate. The product
precipitates to drive the reaction to completidrhe second method involves the dissolution of
the p-diketone in aqueous ammonia (if the ligand is wa@uble) or a mixture of aqueous
ammonia and ethanol. Aqueous ammonia removes étlieame proton from th@diketone and
forms the ammonium salt. The ammonium salt is tie@cted with the iron nitrate or sulphate.
The precipitation of the product drives the reattio completion. In the third method, the ligand
is added directly to a suspension of the iron atiéom ethanol. In this method, the reaction is
driven by the evaporation of the gaseous hydroddoride and the addition of a base is

unnecessary.

148 E W. Berg, J.T. Truemped, Phys. Chenl960(64) 487-490.
1495, Misumi, M. Aihara, Y. Nonaka&ull. Chem. Soc. Jph970(43) 774-778.
150 \M.L. Morris, R.W. Moshier, R.E. Sieversjorg. Chem1963(2) 411-412.
151W.0. McSharry, M. Cefola, J. Whitiorg. Chim. Acta1980(38) 161-165.
152G.T. Morgan. H.W. Moss]. Chem. Sod914(105) 189-201.
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0O O Fe(NO;)3
M + or &2
3C
R} R, Fey(SOy); ;ONa, e
tog 2 Ry
®NH, B

Q |() Fe(NO3)3

M . or 95% EtOH ;0',.F'e»0
\\/ \= OV I VO
R} R Fe;(SOy); o

O O 950/0‘&‘0“ R2
M + FeCl,

1

Figure 2.44:Methods commonly used to synthesize praiketonato)] complexes.

\

Structural properties.

The first tris@-diketonato) iron(lll) complex to be characterizeg X-ray crystallography was
[Fe(acac) in 19561 Since then only a few more crystal structuredFafi3-diketonato)]
complexes were solved. A summary of these strastuare given in Table 2.10. The
[Fe(B-diketonatoj] complexes have an octahedral arrangement of Xjigem atoms around the
iron(lll) centre. For unsymmetricfldiketonato ligands of the [He(iketonatoj] complex, two
isomers are possible: a facial isomic), where the three ligands are symmetrically aredng
and a meridional isomemen (Figure 2.45). Although th&ac isomer is more common in the
crystal structures, theerisomer was also fourfd***>> For [Fe(tfaa)], both themerisomer and
the fac isomer crystal structures were found in separatgies™>***® The Fe-O bond lengths of
the structures are between 1.95-2.00 A and ther iangles of O-Fe-O are between 85-89°.
These parameters are more or less constant fodiffegent R groups on th@-diketonato

backbone.

153 R.B. Roof Jr.Acta Crystallogr.1956(9) 781-786.

154 | A. Baidina, P.A. Stabnikov, I.K. Igumenov, S.Borisov, Koord. Khim. (Russ. )(Coord. Chen.986 (12)
404-408.

155, Soling,Acta Chem. Scand. 2976(30) 163-170.

156 | A. Baidina, P.A. Stabnikov, I.K. Igumenov, S.Borisov, Koord. Khim. (Russ.) (Coord. Chen.986 (12)
258-265.
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Ry Ry
AN 77\

R, (@) 7R, Ry (@) »—R,
’, O/I'Fle‘\\o ‘s O/,,FIe‘\\O
\’O'(I)‘O \’O'(I)‘

Rl \_' Rl R2 \_I‘ Rl

R R
fac-isomer mer-isomer

Figure 2.45:The facial fac) and meridionalrfier) isomers of [Fef-diketonato)] complexes with unsymmetrical

B-diketonato ligands.

Table 2.10: Summary of structural information of selected [Fdiketonatoj] complexes.
Groups R and R assignment is as in Figure 2.45.

p-diketone R R isomer | F€O/ Al O-Fe-O/° Ref
R,COCH,COR, ! 2 (average) | (average)

1.99(1) 87.4(6) [157]

2.012 87.1 (157

Hacac acetylacetone GH CHs - 1.99(1) 87.0(3) [158

1.99(1) 87.4(2) [159

1.95(2) 89(1) [153

Hba benzoylacetone GH Ph fac - -! [15€]

Htba tert-butyl acetoacetate e¢H | OC(CHy)s fac 2.00(5) 87.5(6) [160

" "

Htfaa trifluoroacetylacetone GH CR rfr?:r 1 S; 93) 87-. 209) Hgg

Hhfaa hexafluoroacetylacetone £F CR - 2.00(2) 87.0(6) [16]]

Htta thenoyltrifluoroacetone GF C4H3S mer 1.99(2) 87(1) [155

Hptf pivaloyltrifluoroacetone CF C(CHq)s fac 1.99(3) 86.4(3) [162

Hdbm dibenzoylmethane Ph Ph - iggg; 8%6‘(&2)) Hg%

Hdpm dipivaloylmethane C(Ch C(CHq)s - 2.00(2) 84.8(1) [164

i Computational study.
i No structural parameters available.

UV/vis absorption 1®®

Tris(B-diketonato) iron(lll) complexes are high-spin systems for which absorption spectra of
ligand field bands are not to be expected. Thensive absorption bands in the wavelength

range 250-700 nm, observed for solutions of [jF#iketonatoj] complexes in the

157, Diaz-Acosta, J. Baker, W. Cordes, P. Pulay?hys. Chem. 2001(105) 238-244.

158, Iball, C.H. MorganActa Cryst1967(23) 239-244.

159 M.-L. Hu, Z.-M. Jin, Q. Miao, L.-P. Fang,. Kristallogr. - New Cryst. Struc2001(216) 597-598.

160y K. Urs, K. Shalini, S.A. Shivashankarb, T.N. Gitow,Acta Cryst2000(C56) e448-e449.

161 C.E. Pfluger, P.S. Haradeinprg. Chim. Actal983(69) 141-146.

162 A. Baidina, N.V. Kurat'eva, P.A. Stabnikov, S.Gromilov,J. Struct. Chen2007 (48) 494-499.

163, Kaitner, B. KamenaCryst. Struct. Commuri980(9) 487-492.

164 A. Baidina, P.A. Stabnikov, V.I. Alekseev, |.kKgumenov, S.V. Borisow. Struct. Cheml986(27) 427-434.

165G, Gumbel, H. Eliadnorg. Chim. Acts2003(342) 97-106.
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non-coordinating solvent DCM (Table 2.11), are blase ligand excitation and charge transfer
of both the metal to ligand and ligand to metalesf3®*®” Modification of the alkyl groups
according to the series [Fe(acgc) [Fe(dibm}] — [Fe(dpm)}] has practically no effect on the
absorption spectra, characterized by absorptiomdan approximately 270, 350 and 440 nm.
The introduction of phenyl groups, as in [Fegpband [Fe(dbmy], however, causes a small red
shift of these three characteristic bands. UVdata for selected [Fé(diketonatoj] complexes

are summarized in Table 2.11.

Table 2.11: UV/vis absorption data (between 250 and 500 nmyébected [Feg-diketonato)]

complexes in the solvent DCM at 298 K. GroupsaRd R assignment is as in Figure 2.45.

p-diketone

R,COCH,COR, R1 R, Amax/ NmM Ref
Hacac acetylacetone GH CHs 274, 354, 438| [165
Hdibm didimethylacetylacetong CH(GH | CH(CHs): 270, 356, 438| [169
Hdpm dipivaloylmethane C(Ch C(CHy)s 270, 358, 434| [169
Hba benzoylacetone GH Ph 302, 386, 452| [165
Hdbm dibenzoylmethane Ph Ph 314, 408, 471165
Htta thenoyltrifluoroacetone GF C4H3S 338, 388, 434| [165

Cyclic Voltammetry (CV).

Cyclic voltammetry (CV) involves the measurementtdd resulting current between a working
electrode and an auxiliary electrode, when theratieof the working electrode is oscillated in
an unstired solution (section 2.3.2). Enao al’®® found that [Fe(dbm) showed
electrochemically reversible behaviounH, = 60 mV), whereas those of the other
[Fe(B-diketonatoj] complexes in his study showed electrochemicaltgversible behaviour
(AEp between 130 and 500 mV). See Figure 2.46 for glesrof the cyclic voltammograms.

The data are summarized in Table 2.12.

The [Fef-diketonato)] complexes are of the high-spi8 £ 5/2) type. In the reduced form it is
also high-spin $ = 2). The overall electrochemical reaction ise'{{B-diketonato)] + € =
[Fe”(B-diketonatoa]‘. The different redox potentials for the seriescomplexes in Table 2.12
are due to the different electronic densities atrtietal centre due to the different substituents on

theB-diketonato ligands.

166 R.L. Lintvedt, L.K. KernitzkyInorg. Chem1970(9) 491-494.

167 N.T. Moxon, J.H. Moffett, A.K. Gregsod, Inorg. Nucl. Cheml981(43) 2695-2702.

168K, Endo, M. Furukawa, H. Yamatera, H. SaBall. Chem. Soc. Jpri980(53) 407-410.
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Figure 2.46: Cyclic voltammograms for 5 mM of [Fe(h)left, electrochemically reversible) and 5 mM of

[Fe(dpmy] (right, electrochemically irreversible) with OM TBAP as supporting electrolyte. The scan rat&08

mV/s and the potential is measured against a satlifsg/AgCl electrodé®®

Table 2.12: Summary CV data of selected [Baliketonatoj] complexes. GroupsRand R
assignment is as in Figure 2.45.

[Fe(p-diketonato)] B-diketone R, R, Ee/V | Epa/V | AE/mV | E*/V Ref

[Fe(dpm}] dipivaloylmethane C(CHs C(CHg)3 -1.16 -0.66 500 -0.91 | [169'

|

[Fe(acacy] acetylacetone cH CHs 822 822 16?60 822 [[llgg]] i
[Fe(ba)] benzoylacetone CH Ph -0.61 -0.47 140 -0.54 | [169'
[Fe(dbm)] dibenzoylmethane Ph Ph -0.55 -0.49 60 -0.52 [16§ "
[Fe(tfaa}] trifluoroacetylacetone GF CHs 0.00 0.19 190 0.10 [168'
[Fe(tfba)] trifluorobenzoylacetone GF Ph 0.07 0.21 140 0.14 | [16§'
[Fe(tta}] thenoyltrifluoroacetone GF CsH3S 0.06 0.19 130 0.13 | [16§'
[Fe(hfaa)] hexafluoroacetylacetong GF Ck 0.50 0.72 220 0.61 [168'

i Solvent DMF, supporting electrolyte TBAP (tetrabdatymonium perchlorateyersusAg/AgCl (saturated), scan rate 100 mV/s.
ii Solvent DME, supporting electrolyte TEAP (tetradgimymonium perchlorateyersusSCE, scan rate 1000 mV/s.
iii  Solvent DMF, supporting electrolyte TBAP (tetrabatgmonium perchlorateyersusAg/AgCI (saturated), scan rate 500 mV/s.

2.5.2 [Fe(salen)(CH),(COCH3),(py)-)-

Introduction.

170171172

The spin crossover behaviour (section 2.2.6) in complexes has been studied extensively to

understand the mechanisms and various factoreimfing the phenomenon. The design of new

molecular compounds exhibiting spin crossover (S@&0Odne of growing importance in the

research of functional materials, especially fopl@ations in display devices? threshold

1695, Misumi, M. Aihara, Y. Nonaka&ull. Chem. Soc. Jpri970(43) 774-778.
170M.M. Bhadbhade, D. SrinivaBolyhedron1998(17) 2699-2711.
171).-Q. Tao, Z.-G. Gu, T.-W. Wang, Q.-F. Yang, JZlo, X.-Z. You,Inorg. Chim. Act®2007(360) 4125-4132.

172x. zhang, Y. Fu, X. Chen, C. Yang, J. Qin, M. locki, J. Incl. Phenom Macrocycl. Che®007(59) 217-222.

173 0. Kahn, C.J. MartineSciencel 998(279) 44-48.
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indicators and biomedical imagii§. The implications of SCO in metalloproteins
(e.g. myoglobin, haemoglobin and cytochromes) are alguoeed. Factors like substitution,
axial ligands, counterions and solvent of crystalion influence the nature of spin state
crossovel’®> Variable temperature X-ray structural studies enagvealed that the electron
transfer rate is coupled to intermolecular solateseffects and the onset of dynamic motions of a
solvent molecule in the lattice. The dynamic digss in the lattice lead to rapid spin
interconversion rates and reversible abrupt tremsivhile static order leads to slow rates and
gradual SCO behaviouf®

SCO is most commonly observed for iron(ll) compexeth the nitrogen donor atoms and

represents a transition between the high-spin £8ate?) to the low-spin stat&E 0), which can

be induced by a variation of temperature, pressutey light irradiation.’”” SCO in salen type

1178 and later Kennedgt al*’® have reported a

complexes was observed initially by Nishietaa
detailed study of the influence of uncoordinatedomnon the spin state interconversion

dynamics.

In this study, we turn our attention to the salgmetcomplex [Fe(salen)(GhH(COCH:)2(py)],

where py is axial pyridine ligands (Figure 2.4This complex was first investigated by Jager

[ 181

al.*® Recently, Webeet al!®! preformed a solution NMR study of this iron(IC® complex.

174R.N. Muller, L. Vander Elst, S. Lauredt, Am. Chem. So2003(125) 8405-8407.

175H. Toftlund,Coord. Chem. RexL989(94) 67-108.

176 M.D. Timken, C.E. Strouse, S.M. Soltis, S.A. DaweD.N. Hendrickson, A.M. Abdel-Mawgoud, S.R. Wifs
J. Am. Chem. Sot986(108) 395-402.

177 (@) S. Bonhommeau, G. Molnar, A. Galet, A. Zwick, JReal, J.J. McGarvey, A. Bousseksdimgew. Chem.,
Int. Ed.2005(44) 4069-4073.K) P. Gitlich, Y. Garcia, H.A. GoodwiGhem. Soc. Re2000(29) 419-427.

178y, Nishida, S. Oshi, S. Kid&hem. Lett197579-80.

179B.J. Kennedy, A.C. McGrath, K.S. Murray, B.W. Skel, A.H. White Inorg. Chem1987(26) 483-495.

180 E,G. Jéager, In: L. Fabbrizzi, A. Poggi (Editor€hemistry at the Beginning of the Third MilleniuSpringer-
Verlag: Heidelberg, Germang000103-138.

1818, Weber, F.A. Walkednorg. Chem2007 (46) 6794-6803.
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N. N
N
H,COC / /Fg’\ \ COCH,
_O/::O_
H;C PYDPY CH;

Figure 2.47:The salen type complex [Fe(salen)({HCOCH;),(py).] (where py = pyridine) used in this study.

Solution NMR study.*8*

In the work of Weberet al'®! they introduce a method for analyzing the spimditions of
iron(Il) complexes in solution. Iron(ll) is the miimportant metal centre for SCO complexes.
Most of the investigations on spin-transition coexgls are focused on solid-state properties.
However, whereas packing effects are sometimesluaetl lead to the desired properties, there
are several other cases where experiments in golgive more detailed answers to open
questions. In solution, packing effects are swéttloff and a better comparison/study of the
effect of different substituents or the influendetiee bridging ligand on the “communication”
between the linked iron centres is possible. Sumlrestigations are important for the
understanding of cooperative interactions in tHelsiate and therefore for designed syntheses

of new spin-transition compounds.

The magnetic susceptibility of [Fe(salen)(§HICOCH),(py).] was measured in a pyridine-
ds/tolueneds mixture (50/50, v/v) with the toluene-GB residual methyl proton signal as a
reference on a Varian Unity-300 spectrometer. M#gnsusceptibility is the degree of
magnetization of a material in response to an edphagnetic field. Figure 2.48 shows the plots
of the effective magnetic moment per mole of conmab(ues) as a function of temperature for
[Fe(salen)(CH)2(COCHs)2(py)]. For comparison purposes, the results from ssitide
susceptibility measurements are given as well dstliangles in Figure 2.48). At room
temperature, the complex is in the high-spin (H&)es withpey equals to 5.1(Qy,. Deviations
from the theoretically expected values are dueiffaulties in obtaining an accurately weighed
amount of the air-sensitive iron(ll) compound. #he temperature is lowered, the magnetic
moment decreases. Significant differences carobed between the behaviour in solution and
that in the solid state. In comparison, a powden@e of [Fe(salen)(CH(COCH:)2(py):]
shows an abrupt spin transition, whereas the tiansturve in solution is gradual, as expected
for a mononuclear complex. The critical tempemfly, (with HS mole fractionyys = 0.5) is
210 K for the pyridine/toluene solution of [Fe(sgECH:)(COCH;) (py)]. A significantly
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lower critical temperature is found for the abrigpin transition of the powder sample of
[Fe(salen)(CH)2(COCH)2(py)] (177 K). The packing of the molecules in thestay therefore

influences the thermodynamic parameters of the tspirsition.

] . o Solution
14 A A Solid State

100 150 200 250 300 350

T[K]
Figure 2.48: Plot of the effective magnetic moment per mole ompound fer) versustemperature (T).
Magnetic property of [Fe(salen)(GHHCOCH:),(py).], determined in solution (open circles) and in sudid state

(solid triangles)®*

2.5.3[Fe(porphyrin)(Ar)].

Introduction. 182

Porphyrin type molecules (porphyrinoids) consisadérge class of macrocyclic molecules with
a carbon and nitrogen skeleton. Porphyrinoids caleed “the colours of life”, since many

porphyrinoids have intense colours and play an maoé role in nature. They owe their bright
colours to intense absorptions in the near ulttaviand visible regions. The word porphyrin is
actually derived from the Greek word for purplergduura. Two well-known porphyrinoids are

the heme cofactor in blood and chlorophyll in pkantThe heme cofactor in blood is an
iron-containing porphyrin, where it serves as ana@d a CQ carrier. The heme cofactor also
gives the red colour to blood. Chlorophyll is agmesium chlorin (a reduced porphyrin, Figure

2.50) and is a vital component in photosynthesisadght-harvesting pigment and is also

1821 R. Milgrom, The colours of lifeOxford University Press, Oxford997.
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responsible for the green colour of leaves andsgrahe main function of porphyrinoids is to

bind to metal atoms that act as centres for sicpnifi biochemical events.

The porphyrin skeleton consists of four pyrroletsinlinked together by four methine bridges.
This 22n-electron system has a [18]annulene substructutdilea typicalaromatic compounds,
unsubstituted porphyrins are planar. The porplstrincture is given ifrigure 2.4%ndFigure 2.50

illustrates selected genegrphyrinoids.

meso-carbon
oc-carbon
B- carbon

Figure 2.49:Structure of the free base porphyrin (left) andulassituted iron porphyrin (right). Key carbons are

indicated with arrows.

Chlorin Bacteriochlorin Isobacteriochlorin
NH

\ \

Porphyrazme Oxaporphyrin Thiaporphyrin

N-confused porphyrin Corrole Sapphyrin
Figure 2.50:Selected general porphyrinoids.
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Non-planar deformations of porphyrins.

Many biological porphyrin cofactors are observedéonon-planar. This is suspected to play an
important role in biological functions of these quonnds-®*'®* Non-planar distortion of
substitutedporphyrins may be caused by peripheral steric dnogy electronic interactions
involving axial ligands, crystal packing effectdiet size of the central ion and specific
metal-ligand orbital interactions. The four commumn-planar deformations of porphyrins are
the ruffled D2g), saddledD,g), waved C,) and domed,,)-conformations. They all result in a
lowering of the ideaD4, symmetry of a planar porphyrin (the symmetry igegiin parentheses).

The different out-of-plane deformations are illastd in Figure 2.51.

==

Ruffled

'\&g)f/‘

Saddled

= S

Domed

o @
de

Figure 2.51:A schematic illustration of the four most commomsplanar deformations in porphyrins. Filled

circles represent displacement above the mean pangilane and open circles represent displaceimeloiv®?

In the ruffled conformation, thenesecarbons are alternately above and below the mean

porphyrin plane. A small central ion is the prigmadriving force for this out-of-plane

183W.R. Scheidt, Y. Leg]. Struct. Bond1987(64) 1-70.
184 3. A. Shelnutt, Z.Z. Song, J.G. Ma, S.L. Jia, Witden, C. Medforth). Chem. Soc. Re¥998(27) 31-41.
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deformation. Ruffling is often observed togethdthwa metal-pyrrole nitrogen (M-f) bond
length less than 2.0 B> Additional factors causing the porphyrin macrdeyto ruffle are steric
interactions and electronic effects due to axiglarids and peripheral substituents. The

CoN-N-C, torsion angle is often used to describe the degiredffling.

In the saddled out-of-plane deformation geometrg, pyrrole rings are alternately tilted above
and below the mean porphyrin plane. Thesecarbons lie in the mean porphyrin plane. The

principal driving forces for this are short Me=Nonds and peripheral substituents.

In the domed conformation, the metal ion, the dgrrotrogens and the-carbons are above the
mean plane and th&carbons below the mean plane. This conformasarften observed when
the central metal ion is large and requires largBldonds. Steric interactions with large axial

ligands and other porphyrins in sandwich systera#rer driving forces.

Waved porphyrins are quite rare. In this conforomttwo opposing pyrrole rings are tilted

above and below the mean porphyrin plane.

Interaction between the metdorbitals and the porphyrin HOMOs may affect theugrd state
in metalloporphyrins, as mentioned. In planar thgtarphyrins, the metatl-orbitals and the
porphyrin HOMOs are orthogonal and an overlap betwehem is not allowed. Once the
porphyrin undergoes non-planar distortion, likeflng and saddling, certain orbital overlaps
become symmetry-allowed (Table 2.13). For instancauffing makes the
metal(yy)-porphyrin@y,) orbital interaction symmetry-allowed, where thg-orbital is the
tog-type d-orbital in the porphyrin plan®® Saddling turns on the metalf.y2)-porphyrin@ay)
orbital interaction, where thd,,.,-orbital is thees-type d-orbital in the porphyrin plant’

Doming results in metal(,)-porphyrin@y,) orbital interaction.

185 3 | Hoard Sciencel971(174) 1295-1302.
186 R.-J. Cheng, Y.-K. Wang, P.-Y. Chen, Y.-P. HanGQCChangChem. Com2005 1312-1314.
187R -J. Cheng, P.-Y. CheGhem. Eur. J1999(5) 1708-1715.
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Table 2.13: Correlation between the standdbgl, irreducible representations and the irreducible
representations of some relevant lower-order pgiatips of macrocyclic ligands. For tBegy
configuration, there are two possible orientatiohthe ligand HOMOs®® Possible overlaps are
marked in bold for the given conformation.

Orbital Point group
: D D D C D Cs
Metal d-orbital pla;:r:slr rufflzgd sadédled dorgved Wa\ihed
Oy bzg b, by 07 b2g a
Oy, € e e E By a"
dy; € e e E by a"
Oxo-y2 big by o)) by au a
o ag a a ay aq a’
: D D D C D Cs
Ligand HOMOs pla;:r:slr rufflzgd sadédled dorgved Wa\ihed
a1y A1y b by & & a"
doy doy b2 b2 a1 b]_u a"

Electronic structure of porphyrins: The four-orbita | model.

Porphyrins have a very characteristic UV/vis speutr with strong absorption in the near
ultraviolet region (Soret band) and weaker absompin the visible region (Q-band) (Figure
2.52). The four-orbital model, developed by Gonn, gives a theoretical explanation of the
UV-spectra®®*®®  According to this model, the two highest occupiemlecular orbitals
(HOMOs) and two of the lowest unoccupied molecutabitals (LUMOSs) of a typical
metalloporhyrin are near degenerate. The modeladsumes that these four molecular orbitals
(MOs) are energetically well separated from theeptdOs. Gouterman's four-orbital model is
still considered as a cornerstone in modern pomphghemistry and is highly supported by

modern theoretical calculation®.

188 T vangberg, A. Ghosld, Am. Chem. Sot999(121) 12154-12160.
189 M. Gouterman,). Mol. Spectroscl961(6) 138-163.
190 M. Gouterman, In: D. Dolphin (EditorJ;he PorphyrinsAcademic Press, New York978 Vol 3, p1-165.
191 A, Ghosh, T. Vangbergd;heor. Chem. Acd.997(97) 143-149.
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QBands

350 450 550 650
A (nm)
Figure 2.52:The electronic absorption spectra of a free-bassotetraphenylporphyrin, as an example of the

characteristic UV/vis spectrum of porphyrins. Tingert shows a magnified Q band regll(%ﬁ.

One-electron transition between the two HOMOs ab#1Ds results in two pairs of degenerate
(T, r) excited states, which account for the Soret bamdl Q-band absorption seen in the UV/vis
spectrum. The four-orbital model is validated Ihe tgas-phase ultraviolet photoelectron
spectrumt® The ultraviolet photoelectron spectrum shows tie two lowest ionization

potentials are close to each other and well segdréiom all other ionization potentials.
DFT(PW91) calculations on the ionization potentiafsfree base porphyrins reproduced the

experimental ionization potentials accuratgly.

The four-orbital model may be used to predict thergy of the two HOMOSs relative to each
other. Figure 2.53 sketches the four frontier taibi of a metalloporphyrin according to the
four-orbital model. Due to different amplitudesthé mesepositions, it is clear that electron
donating or electron withdrawing peripheral substitts at thenesepositions affect the,, and

the ap, HOMOs differently. With large amplitudes on thresecarbons, the,, HOMO will be
stabilized by electron withdrawingnesesubstituents and destabilized electron donating
mesesubstituents. Tha;, HOMO has no amplitude at timeesepositions and is not expected to
be strongly affected bgnesesubstituents. On the other hand, substituenfsposition should

primarily affect thea,, HOMO 19319

192p_ pupuis, R. Roberg, C. Sandoi@hem. Phys. Letl.980(75) 434-437.
193 A. Ghosh, In: K.M. Kadish, K.M. Smith, R. Guila¢gditors), The Porphyrin HandbogkAcademic, San Diego,
200Q Vol. 7, Chapter 47, p1-38.

194 Steene, T. Wondimagegn, A. GhashPhys. Chem. B001(105) 11406-11413.
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Figure 2.53:Schematic visualization of the porphyrin HOMO (&) and LUMO (above}.90

Iron porphyrins.

Most of the chemistry of iron is that of iron(llipé iron(lll), but iron complexes with the iron in
higher oxidation states are also known in a smathimer of compounds. High valent iron
complexes have been detected or proposed as eeactermediates for various iron enzymes
and a number of synthetic models of these enzyrage hlso been proposed. These models
have been studied in detail and a key point of@stiein these studies is whether these species are

oxidized in a metal- or ligand-centred fashion.

Peroxidase compound | intermediatésheme proteingre formally Fe(V) compounds, but the
iron centre itself generally cannot sustain a +&laxon state. Hence, these intermediates are
usually described as Fe(IV)-oxo porphyrin radi¢atsFor both compound | and Il intermediates

and their models, a common feature appears to dietwlo unpaired electrons are localized on

1953, Terner, A. Gold, R. Weiss, D. Mandon, A.X. Tweein, J. Porphyrins Phtalocyanine2001(5) 357-364.
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the ferryl group, distributed approximately 1:1vbeén the iron and the oxygen atofffs?” A
recent theoretical findirtd® is that the radical in Compound | may not be esivlely localized on
the porphyrin, but is partially delocalized on #raal ligand for relatively strong basic anionic
axial ligands such as imidazolate and thiolate.e &btive site structure of peroxidase has a
hydrogen bond between the proximal histidine ligamdl a conserved aspartate group. This

hydrogen bond has been proposed to impart an imi@&zcharacter to the histidine ligatid.

To model these effects, De&thand Greeff* independently reported DFT calculations on both
[Fe(porphyrin)(O)(ImH)] and [Fe(porphyrin)(O)(Imf](ImH = Imidazole, Im = Imidazolate).
The former compound appeared to be a normal fulyetbped porphyrin radicaf?°%2*
whereas more than half of the radical spin appetarég delocalized onto the imidazolate ligand
in the latter compountf®?** Deetf® also showed that porphyrin ruffling can result d@n
redistribution of the unpaired electron densitjFed(porphyrin)(O)(ImH)], while Vangberg and
Ghosh® subsequently showed that this redistribution pbbpba results from a
metal(yy)-porphyrin@y,) orbital interaction that becomes symmetry allowed a ruffled

porphyrin (both orbitals transform bgin aD-q ruffled porphyrin as shown in Table 2.13).

The radical character of the axial thiolate ligamé chloroperoxidase compound | (CPO-I) has
been supported by a variety of DFT calculatitti§°#*°* although a resonance Raman study by
Hostenet al?% favours aray, type radical formulation for CPO-I. With respestthe nature and
strength of the spin coupling between the radicad ¢heS = 1 ferryl group, the different
calculations diverge and both doublet and quat&tes have been obtained as ground states for

CPO-I models. CPO-I is uniqgue among Compounddrinediates in having an experimentally

196 4, Kuramochi, L. Noodleman, D.A. Cask,Am. Chem. So&997(119) 11442-11451.

197 A. Ghosh, J. AImlIof, L. Que JiJ, Phys. Chenl994(98) 5576-5579.

198 3. Antony, M. Grodzicki, A.X. Trautweird,. Phys. Chem.,A997(101) 2692-2701.

199 M. Gajhede, D.J. Schuller, A. Henriksen, A.T. $mik. PoulosNat. Struct. Biol1997(4) 1032-1038.
200R_J. DeethJ. Am. Chem. Sot999(121) 6074-6075.

201 M.T. Green,J. Am. Chem. So2000(122) 9495-9499.

202\, Filatov, N. Harris, S. Shaikl, Chem. Soc. Perkins trari999(2) 399-410.

203D L. Harris, G. LoewJ. Am. Chem. So&998(120) 8941-8948.

204\1.T. GreenJ. Am. Chem. Sot999(121) 7939-7940.

205 C.M. Hosten, A.M. Sullivan, V. Palaniappan, M.MitzZgerald, J. Terner). Biol. Chem.1994 (269) 13966-
13978.
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detected doublet ground st&%8?°’ unlike other compound | species which are quéfetFor
the model complex [Fe(porphyrin)(O)(SM&)(SMe = methylthiolate) DFT (B3LYP)
calculations by Greéff do reproduce this observation, ascribing the detufate to an anti-

ferromagnetic coupling involving an FgJ-S(p,) orbital overlap.

An Fe(V)-oxo perferryl porphyrin intermediate waported by Murakangt al,?*® who reported
that it can most likely be described as a“[perphyrin)(O)(OMe)] (OMe = methoxide)
complex. DFT (PW91/TZP) calculations indicated tthmuch of the radical spin of
[Fe(porphyrin)(O)(OMe)] (S = 3/2) was localized on the methoxy oxygen and tthe iron
centre cannot be regarded as true Fé{¥/)The optimized Fe-O bond distance was found to be
1.68 A, nearly identical to a distance of 1.69 Atlie optimized geometry of the Compound ||
analogue [Fe(porphyrin)(O)(OMé)(S = 1), indicating that the electronic charactethsf ferryl

group may be similar in the two compounds.

Results from DFT (PW91/TZP) calculations on perasiel Compound Il model compounds
[Fe"Y (porphyrin)(0)] Ca, S = 1) and [F& (porphyrin)(NH)] Ca, S = 1) reported by Dey and
Ghost*° yielded optimized Fe-O and FenlNo distances of 1.634 A and 1.698 A, respectively.
The optimized Fe-p,,bond distances were reported to be 2.009 A, th€s.bond distance
1.387 A and the ECmessC, bond angle 125.6° for the [E&orphyrin)(0)] complex. In both
compounds the unpaired electron spins are complé&ieblized on the central Fe-oxo/imido
units, the individual spin populations being 1.166the Fe in [F& (porphyrin)(0)] and 0.775 in
[Fe" (porphyrin)(NH)], 0.826 for the O in [Peporphyrin)(O)] and 1.289 for the ifo in
[Fe" (porphyrin)(NH)]?° In [F€Y(porphyrin)(py)], where the additional pyridine @ axial
ligand, the optimized Fe-O distance is reporteded.652 A and the corresponding MyNond
length 2.250 A. There is an expansion of the Feb@nd length relative to the
[F€" (porphyrin)(O)] complex. As in [F&porphyrin)(O)], the unpaired electron density is

206 R, Rutter, M. Valentine, M.P. Hendrich, L.P. HagerG. DebrunneBiochemistryl 983(22) 4769-4744.

207 R, Rutter, L.P. Hager, H. Dhonau, M.P. Hendrich,\ldlentine, P.G. Debrunnedjochemistry1 984 (23) 6809-
6816.

208 A, Ghosh, E. Steend, Biol. Inorg. Chem2001(6) 739-752.
209 T, Murakami, K. Yamaguchi, Y. Watanabe, |. Morisiai, Bull. Chem. Soc. Jpri998(71) 1343-1353.
210 A, Dey, A. Ghosh). Am. Chem. So2002(124) 3206-3207.
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completely localized on the ferryl group with the Bnd O spin populations being 1.136 and
0.911 respectivel§®

The only examples known to the author of true Fg®phyrins where thd-electron occupancy
can be described a,' d;' d;', are the Fe(V) nitrido porphyrin complexes YE@EP)(N)] first
isolated by Wagner and Nakamétd*? Resonance Raman spectral investigations revealed
band that was assigned to an Fe(M)i\ stretch on the basis of isotope substitution expenis.
To further investigate these complexes, Dey and s&fd have carried out some DFT
(PW91/TZP) calculations giving an optimized Fgai bond distance of 1.722 A, which is
significantly longer than the optimized Fe-O borigtahce in [F& (porphyrin)(O)] mentioned
earlier. For [F&OEP)(N)], the optimized Fe¥.bond distances were reported to be 2.008 A,
the G-Cmesobond distances were 1.378 A and theGaessC. bond angles were 125.8° This
may be interpreted in the following manner: Althbuthe Fe-Nirido Stretching frequency of
[Fe'(OEP)(N)] is higher than the Fe-O stretching fraumeof [Fé'(OEP)(0)]**3the former
vibration corresponds to a lower force constantey Bnd Ghost® found the three unpaired
electron spins of [FEOEP)(N)] to be entirely localized on the FarlNo unit and the Fe and the

Nhitrido SPIN populations were 1.579 and 1.550, respectively

211\W.D. Wagner, K. Nakamotd, Am. Chem. So&988(110) 4044-4045.

212\ .D. Wagner, K. Nakamotd, Am. Chem. So&989(111) 1590-1598.

2131 M. Proniewcz, K. Bajdor, K. Nakamotd, Phys. Chenl986(90) 1760-1766.
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Results and discussion

3.1 Rhodium complexes.

3.1.1Introduction.

Ever since the formulation of the transition st@f&) theory more than a half a century ago,

great effort has been devoted to developing mofiglcharacterizing transition states. The
reason for this effort is evident; it is the tramsi state that governs the height of the reaction
barrier, so any general insight into the natur¢gheftransition state is likely to provide a greater

understanding of those factors that govern chemézadtivity.

The transition state of a reaction step is consilldo be the highest energy point on the
minimum two-dimensional potential energy surfacESl, hence, the reaction path. Reactions
are considered to occwia the path of the lowest energy from reactants tadyects. The
transition state is the point of highest energytos path. As such it represents a saddle pint
the free energy surface. On the free energy miédsional surface, it is an energy minimum

with respect to every other variable, except tlaetien path.

The mechanism of a reaction is a stepwise desmniptif how reactants are converted to
products. Of course, some reactions occur in glesistep. Such reactions are termed
"concerted”. More generally, reactions are foumddcur in a stepwise fashion. These reactions
may consist of 2, 3 or many more steps. In angvate reaction, intermediates must be formed.
By definition an intermediate is any of the spe@asountered on the reaction path between the
reactants and products which represent a free gn@rgmum. For examples of the mechanism

of oxidative addition reactions, see section 2#4(Chapter 2).

1 (@) H. Eyring,J. Chem. Phys1935(3) 107-115.§) E. Wigner,Trans. Faraday SOCL938(34) 29-41. ¢) S.C.
Tucker, D.G. Truhlar, In: J. Bertran, 1.G. CsiznadEditors),New Theoretical Concepts for Understanding
Organic ReactionsNATO AS1 Series; Kluwer Academic Publishers: Dreaht,1988 Volume C267, p291dj
J.T. HynesAnnu. Rev. Phys. ChetB85(36) 573-597.
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The rhodium studies in this chapter focus on thdaiwe addition reaction of methyl iodide to
square planar rhodium(l) complexes. Two types l@idium complexes were investigated:
monocarbonyltriphenylphosphine rhodium complexe(fRliketonato)(CO)(PP)] (sections
3.1.2 and 3.1.3) and triphenylphosphite rhodium memxes [Rhg-diketonato)(P(OPR),]
(section 3.1.4) (wher@-diketonato is a monoanionic bidentate ligand vistlo oxygen donor
atoms (RCOCHCOR)).

The reaction, [RH-diketonato)(CO)(PPf)] + CHjsl, consists of many steps with numerous
transition states, intermediate products and reacproducts. As representative example,
[Rh(acac)(CO)(PP)] (Hacac = acetylacetone) was used to study theptete reaction (section
3.1.2). This study consists of an experimentalt @axd a DFT computational part that
compliment each other. In the experimental pae, reaction products were identified and the
stereochemistry of these products was determi@y the reactant [Rh(acac)(CO)(RRAhas
been solved by solid state X-ray crystallography @am date the stereochemistry of all the
reaction products is unknown. The experimentadystuas done by conducting ansitu NMR
study of the reaction [Rh(acac)(CO)(BRh+ CHsl (section 3.1.2.1). Having the reaction
products identified with specific stereochemisttipe multistep reaction mechanism was
investigated by means of an in depth DFT computatistudy (section 3.1.2.3). Finally, the
oxidative addition reaction was generalized by stigmating the first part of this multistep
reaction mechanism for a selected series of [jRii{etonato)(CO)(PP)] complexes
(section 3.1.3).

The main difference between the reaction of meibgide with [Rh(-diketonato)(CO)(PPi)
complexes and with [RA{diketonato)(P(OPR),;] complexes, is that the latter complex contains
no carbonyl group bonded to the rhodium centree @bnsequence of this is that the reaction
[Rh(B-diketonato)(P(OPR),] + CH;l is a three step reaction mechanism with only toaesition
state, one intermediate product and one reactiaydust. As representative example,
[Rh(acac)(P(OPR),] was used in the DFT computational study of thectien mechanism of
this oxidative addition reaction (section 3.1.4PDue to the computational requirement of

optimizing such a big molecular system, simplifimddels of [Rh(acac)(P(OPJy] were also

2 J.G. Leipoldt, S.S. Basson, L.D.C. Bok, T.I.A. &er,Inorg. Chim. Actal987(26) L35-L37.
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investigated to see whether these models gaveame snformation regarding the oxidative

addition reaction, whilst saving on computing reses.

The crystal structure of a dicarbonyl square plg§Ra B-diketonato)(CO) complex, a precursor
for the synthesis of [RR{diketonato)(CO)(PP)] and [Rh{-diketonato)(P(OPR),] complexes,
is presented (section 3.1.5) at the end of thidithmo study.

Herewith, the results of the dicarbonyl, monocasitmiphenylphosphine and triphenylphosphite

rhodium studies.

3.1.2 [Rh(acac)(CO)(PPh)] + CHasl.

3.1.2.1Introduction.

The first experimental study of the oxidative amddit of methyl iodide to
[Rh(B-diketonato)(CO)(PPJj] complexes was reported by Bassaral? for f-diketonato = acac,
tfdma, tfaa and hfaa. According to this and folopstudie$;” the oxidative addition of methyl
iodide to [Rh(acac)(CO)(PRH occurs according to the following reaction scleem
[Rh'(acac)(CO)(PPJ] + CHsl - RH"-alkyll - RH"-acyll - RH"-alkyl2
The notations "Rh-alkyll" and "RH'-acyl1" above refer respectively to the first atkgd
[Rh" (acac)(CH)(CO)(PPHR)(I)] and acylated [Rh(acac)(COCH)(PPh)(l)] complexes that are
formed. When the last number in the notation ckartg “2”, as in "RH-alkyl2", it shows that
after the first alkylated complex had formed, iheerted to a second, different but more stable,

alkylated structural isomer.

Since then, many similar studies have been conducten a series of
[Rh(B-diketonato)(CO)(PP))] complexes, some of which showed another reactep and the

formation of a second acylated structural isoméf'-Bcyl2%"#° The inclusion of RH-acyl2 in

3S.S. Basson, J.G. Leipoldt, J.T. Nebrg. Chim. Actal984(84) 167-172.
4 S.S. Basson, J.G. Leipoldt, A. Roodt, J.A. Verited, van der Waltnorg. Chim. Actal986(119) 35-38.
5Y.S. Varshavsky, T.G. Cherkosova, N.A. Buzina,.|B&sler,). Organomet. Chem.994(464) 239-245.
6 J. Conradie, G.J. Lamprecht, A. Roodt, J.C. SwRds/hedron2007(26) 5075-5087.
7 J. Conradie, J.C. Swar®yganometallic2009(28) 1018-1026.
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the reaction scheme leads to the reaction schelow beith proposed stereochemistry, based on
reaction studies of [Ri{diketonato)(CO)(PPJ] complexes (section 2.4.3, Chapter 2).

CH,
»=0y 1 pph,

Rh(I) Rh'"-alkyll Rh'"-acyll Rh'"-alkyl2 Rh"-acyl2

Figure 3.1: The proposed reaction scheme of the reaction ofiyhaidide with [Rh@-diketonato)(CO)(PPJI,

showing specific stereochemistry.

It is of interest to see whether the reaction [Ra((CO)(PP¥] + CHsl also gives the
Rh"-acyl2 product and whether the stereochemistryigfife 3.1 also applies to this reaction.
Since the acac ligand bonded to the rhodium ceastsymmetrical, only one isomer in each
reaction step has to be considered and the reastimeme in Figure 3.1 can be simplified to the
reaction scheme in Figure 3.2. WitH NMR spectroscopy, the Ekalkyl complexes of the
[Rh"(acac)(CH)(CO)(PPR)()] type and the Rhacyl complexes of the
[Rh" (acac)(COCH)(PPh)(I)] type can be identified by the resonance sigraf the methyl
groups at ~2.0-1.3 ppm and ~3 ppm respectively:*° Additionally,'H NOESY spectroscopy
provides valuable information of the stereochemisfrthe reaction products, when no crystals

suitable for X-ray analysis have been obtained.

8 M.M. Conradie, J. Conradiéyorg. Chim. Act®2008(361) 2285-2295.

9 N.F. Stuurman, J. Conradi&, Organomet. Chen2009(694) 259-268.

10 M.M. Conradie, J. Conradiéjorg. Chim. Acte2008(361) 208-218.
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Rh(I) Rh"-acyll Rh"-alkyl2 Rh"-acyl2

Figure 3.2: The proposed reaction scheme of the reaction dfiyh&idide with [Rh(acac)(CO)(PRJ, showing

specific stereochemistry. The colour code in figisre will be used throughout this section.

3.1.2.2Reaction products - NMR study.

Representative’H NMR spectra of a sample, recordéd situ during the reaction
[Rh(acac)(CO)(PPJ)] + CHgsl, are presented in Figure 3.3 and selected spgmrameters are
summarized in Table 3.1 (the region of phenyl pmstof the triphenylphosphine ligand (BPis
excluded). The two spectra shown were recorded ahinutes and 18 hours respectively after
the reaction has been initiated. Different rhodicomplexes (colour coded according to Table

3.1 and Figure 3.2) can be distinguished on thetspe

Table 3.1: 'H NMR spectral parameters of the reaction of methgtide with
[Rh(acac)(CO)(PPJ)]. The colour code in this table will be usedotinghout this section.

3'H / ppm Coupling
Compound ey (acac)  CHy(acac)  CHs(acac)’  CHg(Rh-CHg)  CHg (Rh-COCHg)  SOnStaMs
Rh(l) 5.449 2.108 1.623 - - -
5.496 2.089 1.959 1.387 - =23=2
Rh" -acyl1 5.471 2.230 1.662 - 2.966 -
Rh" -alkyl2 4.898 1.743 1.735 1.676 - 23=23=4
Rh" -acyl2 5.523 2.223 1.651 - 2.904 -

i The CH; side groups of the acac ligand nearest to th@@sto the PPhgroup.
ii The CH; side groups of the acac ligand nearest to tiees@® the PPhgroup.
iii 2J(H-C-Rh) and’J(H-C-Rh-P) coupling of the methyl protons of thkyakcomplexes.
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10 min _._
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Figure 3.3:'H NMR spectra of the reaction of methyl iodide wjiith(acac)(CO)(PRJ]. The two spectra were

recorded at 10 minutes and 18 hours respectivédy tife reaction had been initiated. The peaksal@ur coded
according to the Rh(l) and Rh(lll) complexes in TEaB.1 and Figure 3.2.

The signals in théH NMR spectra of the reaction [Rh(acac)(CO)(BPh CHsl (Figure 3.3)
were assigned to the applicable Rh(lll) complexgsnmonitoring the relative increase and
decrease of the peaks as the reaction proceedbyacdmparing it with the data obtained by
Varshavskyet al®> The group of low field signals represents thehimet region (5.6-4.8 ppm) of
the methine (CH) protons of the acac ligand. Thethine signals of Rh(l), Rhalkyl1,
Rh"-acyll and RH-acyl2 are located at ~5.5 ppm, whereas the mesigral of RI-alkyl2 is
shifted to a higher field (4.90 ppm). This shifttbe methine proton is due to shielding caused
by the phenyl rings, as was described in a previaxsdation addition study of
[Rh(fctfa)(CO)(PPB)].** In the crystal structufeof [Rh(fctfa)(CH)(CO)(PPR)(1)]-alkyl2, the
PPh group and the iodide are above and below the gtanged by the fctfa ligand and the other
two groups bonded to the rhodium centre. The jpositg of the PPhgroup above the plane as
in [Rh(fctfa)(CHs)(CO)(PPHR)()]-alkyl2, implies that as the PRIgroup rotates, a Ph group will

11 M.M. Conradie, J. Conradi&, Afr. J. Chen2008(61) 102-111.
100



CHAPTER 3

be rotating direct above the methine proton ofittbketonato ligand. The ring current inside
the phenyl ring shields the methine proton diresiow it to a higher field* Therefore, the
observed higher field shift of the methine protonf dhe acac ligand in
[Rh(acac)(CH)(CO)(PPR)()]-alkyl2 is consistent with the PRlgroup being positioned above
the plane. By the same reasoning, it is expectbddt tthe PPh group of
[Rh(acac)(COCH)(PPR)(D]-alkyll should be positioned in the squarenaaplane formed by
the acac ligand, since the methine signal at ~prd B not shifted to a higher field. These

results are in agreement with the stereochemistityseocomplexes proposed in Figure 3.2.

The remaining resonances, namely a number of pemltke methyl region (3.0-1.3 ppm),
correspond to various protons of the methyl §Croups. Three types of methyl groups are
present: the Ckiside groups of the acac ligand, the ;:Gioups bonded direct to the rhodium
atom (as in alkyl complexes) and the £groups bonded to a carbonyl group (as in acyl
complexes). The Rh(l) and Rh(lll) complexes présanthe reaction mixture have different
stereochemistry around the rhodium centre. Thendda environment, of the two Ghkide
groups of the symmetrical acac ligand bonded torlloelium centre, is therefore different for
each complex. One should therefore expect to vbdere pairs of acac methyl peaks as the
reaction progresses: one pair from the Rh(l) compled four pairs from the Rh(lll) complexes.
The pairs of acac methyl peaks are as follow: 211.62 ppm for Rh(l), 2.09 & 1.96 ppm for
Rh"-alkyll, 2.23 & 1.66 ppm for Rhacyl1, 1.74 & 1.73 ppm for Rhalkyl2 and 2.22 & 1.65
ppm for RN'-acyl2. A shift of ~0.5 ppm exits between the acethyl pairs of Rh(l), Rhacyll
and RH'-acyl2. The shift of the Rhalkyll methyl pairs is smaller (~0.1 ppm), butsisl
significant. The Rf-alkyl2 methyl pairs have a very small shift of @0ppm. According to
this data, all the rhodium complexes except Rlkyl2 must have the PRroup oriented in the
plane of the acac ligand (Figure 3.2). In this wthg acac methyl groups to the PPhgroup is
shielded through space, causing the signal ofgitusp to move to a higher field compared to the
acac methyl grouprans to the PPhgroup. For RH-alkyl2, the PPhgroup is oriented in the
apical position (Figure 3.2). This results in st@elding of both the acac methyl groups of
Rh"-alkyl2 (as is also the case with this complex'shine peak) causing both signals to move

with almost an equal shift to a higher field.

12 3. Clayden, N. Greeves, S.Warren, P.Woth@rganic ChemistryDxford University Press, Oxford, UKR001,
p251.
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Remaining are the last two types of methyl grodips:CH groups bonded direct to the rhodium
atom (as in alkyl complexes) and the £groups bonded to a carbonyl group (as in acyl

complexes).

The COCH methyl groups are expected as singlets in th@negfi ~3 ppm, whereas the Rh-¢€H
methyl groups are expected as doublets of doubretise region of 2.0-1.3 pprf:"®%'° The
doublet of doublets are expected as a result aspirespin coupling of the protons with rhodium
(spin = 1/2;%3; *H-*C-'®Rh) and phosphorous (spin = 172; *H-*C-®Rh-3'P)!® The singlets
at 2.97 and 2.90 ppm represent the CQ@Ghethyl groups of Rhacyll and RW-acyl2
respectively. The doublets of doublets at 1.39568 ppm represent the Rh-€iethyl groups
of RH"-alkyl1 and RH-alkyl2 respectively. It is interesting to notathhe coupling constants to
rhodium are similar in both Bhalkyll and RH-alkyl2 (2 Hz), but the values of the coupling
constants to phosphorous are noticeably differ2r@ind 4 Hz respectively). It was suggested by
Varshavskyet al® that the difference in coupling is due to theefidince in the relative positions
of the methyl and the phosphine ligands of'Ritkyll and RH-alkyl2. This is in agreement

with the stereochemistry of the complexes propasédgure 3.2.

To further investigate the stereochemistry, HD NOESYs were recordeih situ during the
reaction, to establish the relative dispositionstteé ligands in Rh-alkyll and RH-alkyl2
(Figure 3.4 and Figure 3.5 respectively). Irradiaiof the Rh-CH resonance of Rhalkyll (at
cal.4 ppm), resulted in an NOE coupling with the Pgtoups, the methine proton and the;CH
side groups of the acac ligand (Figure 3.4). Téssilt is only possible if the GHjroup, bonded
to the rhodium centre of Bhalkyll, is above the square planar plane, with Bl group
adjacent to the CHgroup. The NOE coupling with the methine protales out the possibility
of the CH; group being in the square planar plane. FromlfbéH NOESY spectra it is not
possible to establish whether the CO group or tleddjacent to the GHgroup, since these
groups do not contain any protons. These reswdtsnaagreement with the stereochemistry of

the RI'-alkyl1 complex proposed in Figure 3.2.

13 C.A. Reilly, H. ThyretJ. Am. Chem. Sot967(89) 5144-5149.
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Figure 3.4:'H NMR (top) and 1D'H NOESY (bottom) of [RH(acac)(CO)(PPH(Me)(l)]-alkyl1, pulsing on the

Rh-CH; resonance ata 1.4 ppm. Coupling is as illustrated.

Insight into the stereochemistry of Riacyl1, by means of 1BH NOESY spectroscopy, is not
possible. Firstly, the conversion of 'Rlacyll to RH'-alkyl2 is very rapid and it is not practical
to perform a NOESY on the timescale of the NMR. cdelly, only the signal of COCH
(2.97 ppm) and the one GHHide group of the acac ligand (2.23 ppm) is sidfitty isolated from

the other signals in order to be irradiated indeetly. Irradiation of these two peaks will result
in no usable data, since only a positive NOE cagpihay be used and the absence of a coupling
is regarded as not a positive result. To confimegtereochemistry of the rhodium complexes by
means of 1D'H NOESY spectroscopy, a group containing protonsdeded in the apical
position. Since the suggested structure df Rbyl1 does not contain such a group, no reliable
insight into the stereochemistry of Riacyll can be obtained by means of i NOESY

spectroscopy.

Irradiation of the PPfresonance of Rhalkyl2 (atca 7.8-7.4 ppm), resulted in an NOE coupling
with the Rh-CH groups, the methine proton and the ;Céide groups of the acac ligand
(Figure 3.5). This result is only possible if tARBh group is above the square planar plane, with

the CH; group adjacent to the PPgroup. The NOE coupling with the methine protaoles out
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the possibility of the PRhgroup being in the square planar plane. FromltbéH NOESY
spectra it is not possible to establish whetheiGfegroup or the | is adjacent to the RPBfoup,
since these groups do not contain any protons.sél hesults are in agreement with the proposed
reaction scheme in Figure 3.2. Irradiation of Rlk-CH; resonance of Rhalkyl2 (at ca
1.68 ppm) resulted in a NOE coupling with the PBioups. This result is consistent with the
Rh-CH; group being adjacent to the BRjmoup. Irradiation of the methine proton resomaot
Rh"-alkyl2 (atca 4.9 ppm) resulted in a NOE coupling with the PBfoups and the Gikide
groups of the acac ligand. This result is onlygtas if the PP group is above the square
planar plane. The combination of the last two ltegherefore indicated that the Rh-€gtoup

is in the square planar plane. These resultsraggieement with the stereochemistry of the

Rh"-alkyl2 complex proposed in Figure 3.2.
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_MJM#J

80 79 78 7.7 76 75 74 73 5.0 49 48 1.8 1.7 1.6 ppm

~ N T A

Figure 3.5:'H NMR (top) and three 1BH NOESYs (bottom) of [Rh(acac)(CO)(PPH(Me)(1)]-alkyl2, pulsing

on the resonances as indicated. Coupling isustrifited.

105



RESULTS AND DISCUSSION

In conclusion, altH NMR and 1D'H NOESY data presented here are in agreement tath t
stereochemistry of the reaction [Rh(acac)(CO)@JPh CHsl, proposed in Figure 3.2. This
scheme was proposed on the basis of informatiosiradad from the methyl iodide reaction with
similar [Rh{3-diketonato)(CO)(PP#] complexes (section 2.4.3, Chapter 2). To sunmadhe
findings of this NMR study:

« Methyl iodide is oxidatively added to the squaranalr Rh(I) complex to form an octahedral
Rh"-alkyll complex with the CElgroup in the apical position and the BRjnoup in the
plane of the acac ligand. The relative positiohghe | and the CO group can not be
determined by 1DH NOESY spectroscopy.

« Migration of the CH group to the CO group results in a square pyranmRtd'-acyll
complex with the PRjgroups in the plane of the acac ligand. No furte&able insight into
the stereochemistry of Bkacyll can be obtained by means of ‘tDNOESY spectroscopy.

« The next product observed in this reaction is aatmdral RH-alkyl2 complex with the CH
group in the plane of the acac ligand and thesRffbup in the apical position. The relative
positions of the | and the CO group can not berdeteed by 1D'H NOESY spectroscopy.

« The final product observed on the NMR is a squaramidal RH'-acyl2 complex with the
PPh group in the plane of the acac ligand.

Although all these findings are in agreement witk stereochemistry proposed in Figure 3.2,

some uncertainties still remain about the relgpiosition of the I, the CO and the COggtoups

in these Rh(lll) reaction products. Thereforeobefa study of the mechanism of the multistep

reaction [Rh(acac)(CO)(PBh + CHsl can be performed, more research on the stereastrgm

of the reaction products is needed. This was addeby a DFT computational study of the

relative stability of the possible reaction produets presented in the first part of section 31.2.

3.1.2.3Reaction products and mechanism - DFT computationadtudy.

DFT calculations were carried out on the react®h(fcac)(CO)(PRJ| + CHsl, using the PW91
functional and the TZP basis set. The solvent usedl the calculations is methanah & 32.6).
This DFT computational method was tested and faehdble for [Rhf-diketonato)(CO)(PP)
complexes in a previous stutfy.For the details of the methods and equations, s section
4.5.2.1 (Chapter 4). The reactants, [Rh(acac)(BRhjj] and CHil, are taken as the energy zero

14 M.M. Conradie, J. Conradityorg. Chim. Act&2009(362) 519-530.
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level for all energies and thermodynamic paramestased. Energies (E) refer to the total

bonding energies {fe) in kJ.mol™.

Reaction products.

Theoretically, the different arrangements of theugis bonded to the rhodium(lll) centre after the
oxidative addition of CHl give rise to a possibility of twelve different tabedral RH-alkyl
isomers and six different square pyramidal"Rityl isomers. Since the enantiomers (six
Rh"-alkyl and three Rfracyl mirror images) display the same computaticenadl chemical
properties, they can be excluded. This leaveswotiethe possibility of six Rhlll-alkyl isomers
and three Rh-acyl isomers, as illustrated in Figure 3.6. Tiusgibility of RH'-acyl isomers
with a trigonal bipyramidal arrangement was alsspetted, but resulted in such high relative
energies that they were omitted from this studye Telative energieAE) of all the possible

Rh"-alkyl and RH'-acyl reaction products are given in Figure 3.6.

o

Y
0 I
O\ pw?
=07 i \CH,
PPh,

v -8

PPh,
o\ 1 ,co

ii -50
Rh"-alkyl2

PPh,
O\R‘h ,COCH,
0/ \I

i -48 i -82

Rh"-acyl2

Figure 3.6: The theoretically possible Bralkyl and RH'-acyl reaction products in the reaction of metiogide
with [Rh(acac)(CO)(PRJi, excluding enantiomers. The energy (kJ.:Walf each complex is given relative to the

reactants.

When comparing the relative energies of the posditil'-alkyl complexes in Figure 3.6 with
each other, the lowest energy alkyl isomers argl-alland alkyl-ii. They are more than
21 kJ.mot* stable than the other possible"Rélkyl complexes and would therefore be the most

probable products in the reaction. Methyl iodidé e added eithecis or trans to the square
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planar Rh(l) complex. Alkyl-ii is the lowests addition product, whilst alkyl-i is the lowest
trans addition product. To distinguish wheth®s or trans addition occurs, one has to consider
the relative activation energie8H’) of thecis andtrans transition states. Theans addition of
methyl iodide in a linear/back manner was found¢omore than 114 kJ.mblower in energy
than atrans addition in a bent manner orce addition in a front manner (Figure 3.7). These
transition states will be discussed shortly. Alkwtould therefore be the preferred product of the
oxidative addition reaction, which is Rtalkyll in Figure 3.2. The geometry of alkyl-i is
consistent with the NMR results of the 'Rhlkyll complex of this study (section 3.1.2.1).
According to the NMR study, the Bralkyll complex has a geometry with the £itoup in the
apical position and the PPgroup in the plane of the acac ligand. But theR8udy could not
distinguish between the relative position of trentl the CO group in this Bkalkyll complex.
According to the computational data,"Ralkyl1l has a geometry with the CO group in thenpla
of the acac ligand and the | in the apical posi{ieigure 3.6).

The activation energyAE”) of alkyl-ii to be formed direct from theis addition of methyl iodide

to rhodium(l) is too high (138 kJ.mdL Since alkyl-i and alkyl-ii are equi-energetit,is
possible that alkyl-ii would form after rearrangaerhef the groups around the rhodium centre of
alkyl-i (Rh"-alkyll). The geometry of alkyl-ii is consistentitv the NMR results of the
Rh"-alkyl2 complex of this study (section 3.1.2.1). ccArding to the NMR study, the
Rh"-alkyl2 complex has a geometry with the £dtoup in the plane of the acac ligand and the
PPh group in the apical position. Based on the caked relative stability of all the possible
alkyl products (Figure 3.6), alkyl-i would thereéobe RH-alkyl2. In the next section, a
detailed DFT computational study of the reactionchamism leading to Rhalkyl2 from
Rh"-alkyl1 will be presented for additional proof bitproposed geometry of Rialkyl2.

The most stable product of the different rhodiuth@bmplexes in Figure 3.6, with a clear cut of
energy, is Acyl-i. Acyl-i would therefore be thedl and most stable product to be formed in the
reaction, which is Riacyl2 in Figure 3.2. The geometry of Acyl-i isalconsistent with the
NMR results where it was found that the"Récyl2 complex has a geometry with the P&toup

in the plane of the acac ligand. This leaves uh wither Acyl-ii or Acyl-iii as RHN-acyl1.
When comparing the relative energies of the thesb-ayl isomers, one can not distinguish

between them on the grounds of their relative éasrgince they only differ by 7 kJ.rol

108



CHAPTER 3

Though, NMR results indicate that the BRfnioup of RH-acyl1 should be in the plane of the
acac ligand. This rules out Acyl-ii and leavesyohtyl-iii as RH"-acyl1.

The stereochemistry of the reaction products ofrédaetion [Rh(acac)(CO)(PBh+ CHsl can
now fully be predicted on the grounds of the corapahal and the experimental (NMR) results.
The geometries of Rhalkyll, RH"-alkyl2, RH"-acyll and RH-acyl2 are as indicated by the
labels in Figure 3.6. Though, a reaction prodwst only be formed if the activation energy
(AE”) is low enough for the reaction to occur. Therefa full DFT computational study of the
transition states, the intermediate products aedéaction products is necessary to confirm the
proposed stereochemistry of the different reagbimducts of the reaction [Rh(acac)(CO)(BPh

+ CHgl. This step by step reaction mechanism is preseméext.

Mechanism of the first reaction: Rh(l) + CHsl — Rh"' -alkyl1.

The first step in the reaction is the oxidative iidd of methyl iodide to the rhodium(l)
complex. Three types of transition state structuiieigure 3.7) have been reported on the
oxidative addition of methyl iodide to square plambodium(l) complexes (especially the
Monsanto catalyst [Rh(C@}]~, section 2.4.2, Chapter 2). Two types of TS stmés result
from trans addition ("linear/back"” and "bent") and one typeT&® structure results froris
addition ("front"). The linear/back transition t&astructure corresponds to ag2Smechanism,
characterized by a linear Rh:G3-I arrangement and by an Rix6-H angle close to 90°. The
methyl hydrogen atoms are located in the equatptale of the five-coordinated carbon atom,
resulting in a trigonal bipyramidal arrangementheTbent and front transition state structures
correspond to a side-on approach of thgs@ bond to the rhodium atom. The bent transition
state structure leads to the same intermediataupt@d the linear/back transition state structure -
a cationic five-coordinated rhodium complex andeefiodide ion. The front transition state
structure corresponds to a concerted three-ceotxithtive addition mechanism, in which the
Rh-I and Rh-Gu3 bonds are formed simultaneously ascls€bond breaks, resulting in thugs

addition of the methyl iodide.
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24

linear/back

Figure 3.7: Schematic illustration of a "linear/back", "benthda "front" transition states of the reaction
[Rh(acac)(CO)(PPJ + CHsl. The movement of the applicable atoms in thesitéon state is indicated with the red

arrows. The activation energigs’) of the transition states are as indicated (kJ%nol

All three the types of transition states were dalimd for the oxidative addition reaction of
methyl iodide to [Rh(acac)(CO)(PPh The linear/back transition state is favourethwan
activation barrier 4E%) of 24 kJ.mof, which is 114 kJ.mdl less than the other two transition
states. The activation energies and the thermadigndata of the three types of transition states
are given in Table 3.2. The experimental Gibbe femergy 4G”) of the oxidative addition
reaction, [Rh§-diketonato)(CO)(PPJ] + CHal, is in the order of 75-90 kJ.mal®**° The
calculated Gibbs free energy of only the linearkiaansition state (71 kJ.md)lis in agreement
with related experimental values. It is therefdesar that the oxidative addition of methyl iodide
to [Rh(acac)(CO)(PRM occursvia a linear/back type ofrans addition to form a cationic
five-coordinated intermediate product @ywith a free iodide, as illustrated in Figure 3.8he
free iodide drifts away in the solvent system arnah creact with any neighbouring
five-coordinated product. The coordination of adide to the cationic five-coordinated
intermediate product proceeds with barrierlessggnty an alkyl product with the geometry of
Rh"-alkyll (b) in Figure 3.6. The energy needed tarnange the ligands of the cationic
five-coordinated rhodium intermediate before th@rdmation of iodide, is too high for the
rearrangement to occur (105 and 130 kJhwalrsusthe barrierless coordination of the iodide).
The thermodynamic data of the reactants, the tiansstate (Tg), the cationic five-coordinated
intermediate product (IM) and the reaction product Rialkyll (b) are given in Table 3.3. The
optimized structures with selected geometrical pp&tars are given in Figure 3.13 (reactants and
reaction product), Figure 3.14 (intermediate prodand Figure 3.15 (transition state). The
Ccral bond length in the free methyl iodide is 2.18 Ahis Gens-| bond length increases up to
2.61 A in the transition state (I (Figure 3.8). At this point, the GHyroup is 2.50 A away
from the rhodium centre and the methyl hydrogematare located in an equatorial plane with a
Rh-Cenz-H angle close to 90°. The Glgroup continues to move closer to the rhodiumreent
The Gxz-Rh distance changes from 2.50 A to 2.08 A to 2&14s the reaction progresses
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(TSap) — (IMap) — (D). In the step (IM) — (b), the | also coordinates to the rhodium centre
with a final Rh-I bond length of 2.96 A.

Table 3.2: The PW91l/TZP/methanol calculated relative actoratienergies and the
thermodynamic data of the three types of transistates of the oxidative addition reaction
[Rh(acac)(CO)(PPJ] + CHsl. All energy values are given compared to thetass.

AE: AH: 298K AG: 298K AS¢ 298K

/kJmolt /kdmol*" /kImol*" /JKLmolt™
linear/back 24 27 71 -147
bent 141 139 184 -150
front 138 131 181 -167

i Enthalpy, calculated by equation 4.2 (section 415.Chapter 4).
ii Gibbs free energy, calculated by equation 4.3 i@eet5.2.1, Chapter 4).
iii Entropy, calculated from the temperature depengariition function in ADF at 298.15 K.

Rh(I)

Figure 3.8: Reaction mechanism of the oxidative addition of hykeiodide to the square planar rhodium(l)
complex [Rh(acac)(CO)(PR The movement of the applicable atoms in tlaadition state is indicated with the

red arrows.
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Mechanism of the second reaction: Rh-alkyll —. Rh" -acyl1.

The second reaction in the current study is themolecular migration of the GHyroup to the
CO group (Figure 3.9) in the six-coordinated"Raikyll (b) to form the five-coordinated
Rh"-acyll (c). The optimized structures with selectebmetrical parameters are given in
Figure 3.13 (reaction products), Figure 3.14 (miediate product) and Figure 3.15 (transition
state). The relative energigsH) are given in Table 3.3. The axial €gtoup in R -alkyl1 (b)
has a Rh-Gus bond length of 2.11 A. This bond length increaseso 2.31 A as the GHyroup
moves out of the axial position towards the CO groit the point of the transition state GF$
the CH group is 1.91 A away from the CO group which igtdly lifted out of the planar plane
formed by the acac ligand. During the (b)(TS,.) step the Rh-g-O angle changed from 175°
to 166° and the &43-Rh-CO angle changed from 89° to 53°. The tramsittate (T&) has an
activation barrier of 70 kJ.mdl The CH group continues to move further away from the
rhodium centre and results in an intermediate pro@,e) which is 39 kJ.mét lower in energy
than the transition state (§$ At this point, the Cklgroup formed a 1.53 A bond with the
CO group and is 2.72 A away from the centre rhodivith a Geps-Rh-CO angle of 101°.
Internal rotation by ~180° of the COGIHdroup in the intermediate product @M leads to the
Rh"-alkyll (c) reaction product which is 21 kJ.molower in energy than the intermediate
product (IMy). The Guz-Rh-CO and Rh-g-O angles of the Rhalkyll (c) reaction product
are 21° and 104° respectively and thg$Cco bond length is 1.50 A. The COGlnd PPk

groups lie in the plane formed by the acac ligamdithe | is in the apical position.

Figure 3.9: Reaction mechanism of the interconversion of' Rikyll to RH'-acyll. The movement of the

applicable atoms in the transition state is in@idawith the red arrows.
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Mechanism of the third reaction: RH" -acyl1 . Rh" -alkyl2.

The third reaction in the current study is the ricoaversion of RH-acyl1 (c) to RN-alkyl2 (d)
(Figure 3.10) which occurs in four distinctive stsepThe optimized structures with selected
geometrical parameters are given in Figure 3.18c{ren products), Figure 3.14 (intermediate
product) and Figure 3.15 (transition states). Tdlative energiesAE) are given in Table 3.3.
The PP group in RI-acyll (c) is in the plane formed by the acac liyaith a BnzRh-I angle

of 94°. The interconversion is initiated by thevament of the PRhgroup towards the apical
position. At the point of the transition state {J:5 the RnzRh-1 angle has increased to 141°.
The frequency animation of the transition state.{fyfShows a strong movement of the PPh
group towards the apical position as well as stioogement of the Q,.atom {ransto the PPk
group) towards the PRIgroup to rapidly decrease thg.QRh-PPh angle as thedrzRh-I angle
increases. The PPRlgroup continues to move towards the apical posigaad results in an
intermediate product (IM) which is 90 kJ.mét lower in energy than the transition state 1S
The PPR group is now in the apical position with the.£2Rh-PPh and RysRh-I angles 90°
and 173° respectively. The Rhzg bond length of the ,catom {ransto the COCH group)
slightly increased from 2.23 A to 2.24 A during #%S.q1) — (IMcg) step. The COCHgroup
has rotated by ~90° and lies now flat in the plaplane formed by the acac. The reaction
proceeds with a second transition state Sy the migration of the Cigroup from the
CO group towards the rhodium centre. Thg#Cco distance increases from 1.53 A to 1.87 A
to 2.84 A as the reaction progressescM- (TSq2) — (d). The activation barrier of the methyl
migration transition state (t$) is 27 kJ.mof and the reaction product Rialkyl2 (d) is
76 kJ.mof" lower in energy than the transition state BS The reaction product Rhalkyl2 (d)

has an octahedral arrangement with the CO and @blps in the plane formed by the acac

ligand and the | and PRlgroup in the apical positions. Rtalkyl2 was the main product of the
NMR study (Figure 3.3).

(TS ) (d
Rh"-acyll Rh"-alkyl2

Figure 3.10: Reaction mechanism for the interconversion of' Risyl1 to RH'-alkyl2. The movement of the

applicable atoms in the transition state is indidatith the red arrows.
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Mechanism of the fourth reaction: RH" -alkyl2 — Rh'""-acyl2.

The final reaction in the current study is the icomversion of Rfi-alkyl2 (d) to RH'-acyl2 (e)
(Figure 3.11) which occurs in four distinctive stsepThe optimized structures with selected
geometrical parameters are given in Figure 3.18c{ren products), Figure 3.14 (intermediate
product) and Figure 3.15 (transition states). Tdlative energiesAE) are given in Table 3.3.
The first two steps are the same as the backwadtioa of RH -alkyl2 (d) through the transition
state (TS to the intermediate product (B. This means, (TQ) = (TSqa) and (IMy) =
(IM¢g). The activation barrier of this backward metimyigration transition state (T,q) is
76 kJ.mot' and the intermediate product (iMis 27 kJ.mof lower in energy than the transition
state (TSe). The backward equilibrium was experimentallyebsd in [Rh(fctfa)(CO)(PRJ1’
(Hfctfa = ferrocenoyltrifluoroacetone) and the Man® catalyst® After RH"-alkyl2 (d) has
interconverted back to (IM = (IMc4), the reaction proceeds through transition stafef) to
the final reaction product FRalcyl2 (e). The transition state (%8 for the forward reaction to
Rh"-acyl2 (e) is favoured by 76 kJ.mohbove the transitions state (4 for the backward
reaction to RH-acyll (c). The activation barrier of the trarmitistate (TS is 14 kJ.mof and
the reaction product Rhacyl2 (e) is 95 kJ.mdllower in energy than the transition state S
The Rh-Qcac bond length of the .. atom {rans to the COCH group) in the intermediate
product (IMj9 changes from 2.24 A to 2.25 A to 2.07 A as thactien progresses
(IMge) » (TS4e2 — (€). The acac ligand of the transition stateg(d)Sletaches itself from the
rhodium centre on the sideansto the COCH group. This is necessary, since the acac ripg fli
during the transition state (4§ as the | and PRhgroup move closer to each other. The
PrphzRh-1 angles change from 173° to 140° to 93° agéhetion progresses (M - (TSied —

(e). The acac ligand is again fully bonded inrésction product Rhalcyl2 (e).

PPh, PPh, PPh, PPh, F
-0y 1 ,co B0 1 co -0y | ,coch, 1o W, cocn,
. ORe{ = & DR S Rh - C " Rh -
~0/ §NCHy | 07 R o’ Ho*0f \p
(d) (TSye1) (IM,) (TSqe2) ()
Rh"-alkyl2 Rh'"-acyl2

Figure 3.11: Reaction mechanism for the interconversion of' Rlkyl2 to RH'-acyl2. The movement of the

applicable atoms in the transition state is indidatith the red arrows.

15p M. Maitlis, A. Haynes, G.J. Sunley, M.J. HowaldChem. Soc., Dalton Trank9962187-2196.
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Free enerqy profile.
The free energy profile of the mechanism of thetistglp reaction [Rh(acac)(CO)(P{h+ CHsl

is given in Figure 3.12 and the thermodynamic datasummarized in Table 3.3. It is therefore

evident that the Rhacyll (c) — (TSw1) methyl migration reaction has the highest freergn
barrier AG* = 119 kJ.mot) and is therefore the rate-determining step ofdwerall reaction.
This value is in agreement with the experimentdieaf ~96 kJ.mat of the Ri'-acyll -
Rh"-alkyl2 conversion of [Rf(B-diketonato)(COCH)(PPh)(I)]-acyll (with B-diketonato

fctfa, fca, dfcm and bfcrnf)’ The transition states (53 (TS, and (TSe) have all similar free

energy barriers of 65-74 kJ.rol The final reaction product RBkacyl2 (e) has an overall
negative free energy value of -20 kJ.tholindicating that the multistep reaction

[Rh(acac)(CO)(PRJ)] + CHsl — Rh"-acyl2 (e) will be spontaneous.

160
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£ 120 - i \
- 1 p
=2 100 = : 3 (TS,y)) (TS,,)
~ 50 (TS ) (stc) : I“ y cd2. del (TSdez)
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Figure 3.12:The Gibbs free energy of the reactants, transgtates, intermediate products and reaction products

during the multistep reaction [Rh(acac)(CO)(B)Ph CHal.

Conclusions.
The linear/back transition state of the oxidativediaon of CHl to the square planar

[Rh(acac)(CO)(PP)] complex corresponds to amSnucleophilic attack by the rhodium metal
centre on the methyl iodide. Bent and front typesransition states exist as well, but lie at a
much higher energy level. The multistep reactiBmn(pcac)(CO)(PRJ)| + CHsl consists of

fourteen distinctive steps of which the'Rhcyll (c) - (TS.) step is the rate-determining step.

The stereochemistry of the reaction products dutegeaction is as proposed in Figure 3.2.
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Tables and graphs.

Table 3.3: The PW91/TZP/methanol calculated relative energiesthe thermodynamic data of
the transition states, the intermediate products the reaction products during the reaction
All energy values are given compared to thectaas.
Complexes are labelled according to Figures 3.0;3Mith TS = transition state and
IM = intermediate product.

[Rh(acac)(CO)(PP)] + CHal.

AE AH 298K AGZQSK ASZQSK
/kd.molt /kdmol*'" /kImol*" /JKLmolt'"

(@ Rh(l) 0 0 0 0
(TSan) 24 27 71 147
(IMap) 13 -25 26 -168
(b) -51 -39 11 -166
(TSoo) 19 23 76 -179
(M) -20 -11 41 175
(c) Rh"-acyl1 -41 -27 19 -154
(TScan) 89 91 138 -157
(IMq) -1 5 61 -189
(TSca2) 26 32 84 -177
(d) Rh"-alkyl2 -50 -38 10 -163
(TSten) = (TSa2) 26 32 84 -177
(IMge) = (IMcg) -1 5 61 -189
(TSue2d 13 25 76 -169
(c) -82 -66 -20 -157

i Enthalpy, calculated by equation 4.2 (section 415.Chapter 4).
ii Gibbs free energy, calculated by equation 4.3 i@eet5.2.1, Chapter 4).
iii Entropy, calculated from the temperature depengariition function in ADF at 298.15 K.
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Figure 3.13: Optimized structures of the reactants and reactiproducts during the reaction
[Rh(acac)(CO)(PPJ) + CHsl. Distances are given in (A). The colour cod¢hef atoms is as indicated.
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[Rh@@P)(1 8]

(IM,,)

(IM,,)
(IM,)

2.802

Figure 3.14:0ptimized structures of the intermediate proddcisng the reaction [Rh(acac)(CO)(Rji+ CHjl.

Distances are given in (A). The colour code ofdtmms is as indicated.
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Figure 3.15: Optimized structures of the transition states duiine reaction [Rh(acac)(CO)(P#h+ CHil.

Distances are given in (A). The colour code ofdtmms is as indicated.
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3.1.3[Rh(p-diketonato)(CO)(PPhs)] + CHal.

3.1.3.1lIntroduction.

Chemistry, like many other sciences finds itself i® a competitive world. Competition
determines the outcome of catalysts, in other wovdsether a given catalyzed reaction is
successful in generating a desired product in gaoeld, the product is obtained as a mixture or
in very low yield. In general, the outcome of atgmpetition is determined by the relative
activation energies of each competing mechanidnthelreactants are the same for each of the
competing processes, the situation simplifies &mththe results of the competition are
determined by the relative free energies of thesiteon states of each mechanism. Hence, it is

the transition states which actually compete!

Rhodium catalysts are widely used in synthesesytoéh the Monsanto catalystis the best
known example. The first (and rate determining)psin this carbonylation reaction is the
oxidative addition of methyl iodide to the activatalyst (section 2.4.2, Chapter 2). To further
investigate the first step of the oxidative additioof methyl iodide to the
monocarbonyltriphenylphosphine rhodium catalyst§Ff computational study was conducted
for a series of [RIff-diketonato)(CO)(PP)] complexes to explore the influence of the defar
side groups of th@-diketonato ligand on the activation energ¥e{) of the transition states of
each complex. The reaction under investigation is:

[Rh'(B-diketonato)(CO)(PPJ)] + CHsl — [Rh" (B-diketonato)(CH)(CO)(PPR)(1)]
where p-diketonato = tta, bth, dtim and acac (Htta themdigloroacetone,
Hbth = benzoylthenoylacetone, Hdtm = dithenoylmethaand Hacac = acetylacetone), as
illustrated in Figure 3.16. The solvent used irtte calculations is chloroformef= 4.8). The
PW91/TZP  computational method was tested and founckliable  for
[Rh(B-diketonato)(CO)(PPJ)] complexes in a previous stulfy. For further details of the
methods and equations used, see section 4.5.2.1ap{&h 4). The reactants,
[Rh(B-diketonato)(CO)(PR))] and CH, are taken as the energy zero level for all eeergnd
thermodynamic parameters stated. Energies (E) tefdhe total bonding energies tfg)

in kJ.mol™.
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Figure 3.16: Schematic illustration of the [Rpydiketonato)(CO)(PPJ] complexes of this study, where
Htta = thenoyltrifluoroacetone, Hbth = benzoylthgiagetone, Hdtm = dithenoylmethane and

Hacac = acetylacetone. The labels "A" and "B"rédethe two stereo isomers of tta and bth.

The reaction of methyl iodide with the thenoyl 4{5S) containing
[Rh(B-diketonato)(CO)(PP)] complexes f{-diketonato = tta, bth and dtm, Figure 3.16) prdsee
through the same reaction sequence as with thetiomabetween methyl iodide and
[Rh(acac)(CO)(PR)] (Figure 3.1 and Figure 3.3y%*  Experiment&®** and DFT
computationdl’ studies are in agreement that the oxidative amdliti product,
[Rh(RCOCHCO(GHsS))(COCH)(PPh)(I)]-alkyll (where R = CEk Ph and GHsS), has an
octahedral arrangement with the CO andRfrbups in the plane of tigediketonato ligand and
the I and CH group in the apical position (section 2.4.3, Cbhag). This is the product tfans
addition of CHI to rhodium(l), as was also found for [Rh(acac)j»h)] (section 3.1.2) and
the Monsanto cataly$t. One main difference between the complexes ottheent study and
[Rh(acac)(CO)(PH), is the introduction of two stereo isomers ofh[Ra)(CO)(PPk] and
[Rh(bth)(CO)(PPH] due to the unsymmetricab-diketone backbone (Figure 3.16). The
transition states of the oxidative addition of nyktlodide to both the stereo isomers therefore
have to be considered. [Rh(dtm)(CO)(BPhlike [Rh(acac)(CO)(PRJ], has a symmetrical
B-diketonato backbone and therefore only has onmasan each step. This study focuses only
on the first step of the oxidative addition reactad methyl iodide to the rhodium(l) complex, in
order to compare the thermodynamic parametersesetfiRh(RCOCHCO(£EH3S))(CO)(PPB)]
complexes with that of [Rh(acac)(CO)(RRfand the Monsanto catalyst. The first three Sialp
the oxidative addition reaction [Rh(RCOCHCQKES))(CO)(PPR)] + CHjsl is illustrated in
Figure 3.17.
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Figure 3.17: The first three steps of the oxidative addition ctem of methyl iodide with
[Rh(p-diketonato)(CO)(PPJ (p-diketonato = tta, bth and dtm), showing speciferesochemistry and both stereo

isomers.

3.1.3.2Geometries of the transition states (TS).

The linear/back transition states of the reactionFigure 3.17 were determined by DFT
computational calculations. Table 3.4 summariZes main geometric parameters of the
calculated transition states of the oxidative addit reaction of methyl iodide to
[Rh(B-diketonato)(CO)(PR)] (B-diketonato = tta, bth, dtm and acac) as well gR{CO)I,]”
(the Monsanto catalyst). The transition state (3iB)ctures exhibit similar characteristics. For
the TS [Rhp-diketonato)(CH)(CO)(PPR)]" complexes, the Rhemny bond lengths
(2.39-2.45 A) are slightly shorter than the Jey bond lengths (2.61-2.72 A). As for the TS
[Rh(COX(CHa)l2], the Rh-Guety and the I-Gety bond lengths were found to be of equal length
(2.6 A)I® The Rh-Gemyrl angles are the same for all the complexes (7881 The angle at
which the CHI molecule enters the environment of the Rh centepresented by the
ChmethineRh-Gremnyrl ~ torsion  angle, is wunique for each complex. Inll ahe
[Rh(B-diketonato)(CO)(PP)] complexes, the angle at which the ££Lkholecule approaches the
rhodium centre is tilted slightly away from the BBhoup (Figure 3.21).

3.1.3.3Molecular orbitals (MO) of the transition states (TS).

Rhodium(l) is ady” dy’ dy” dy5° dxoy2 complex of which the HOMO (highest occupied

molecular orbital) exhibits mainlyd., character. The main contribution to the Rks$bond in

16 M. Feliz, Z. Freixa, P.W.N.M. van Leeuwen, C. Birganometallic2005(24) 5718-5723.
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the TS comes from the overlap of the lHOMO of the rhodium atom with the pUMO (lowest
unoccupied molecular orbital) of the methyl carbo8ince the molecular orbitals of the TS
[Rh(B-diketonato)(CH)(CO)(PPR)]" (B-diketonato = tta, bth, dtm and acac) look simithe
HOMO and LUMO visualizations of [Rh(tta)(GHCO)(PPR)]*-A are given in Figure 3.18 as

representative example.

O [Rn@eeP 14

HOMO

LUMO
Figure 3.18: HOMO (highest occupied molecular orbital) and LUM@west unoccupied molecular orbital)

visualization of the transition state of [Rh(ttafitCHs)(PPh)(I)]*-A, as a representative example of
[Rh(B-diketonato)(CO)(CH(PPh)(1)]* (B-diketonato = tta, bth, dtm and acac). Notedperbital at the rhodium
centre of the HOMO diagram and thgorbital at the methyl group of the LUMO diagramhe colour code of the

atoms is as indicated.

3.1.3.4Energy profile of the reaction.

The calculated relative energigse) of the reactants, TS structures and productyiatglized

in Figure 3.19 and the activation energiE”) are tabulated in Table 3.4. The energy profile o
the [Rh@-diketonato)(CO)(PP§)] complexes in this study is similar. The actigatenergies of
the transition states vary between 27-33 kJ'mamid the formation of the alkyl-products is
39-48 kJ.mol lower in energy relative to the reactants. THatiee energies of the reactants,
transition states and the reaction product of tifferdnt isomers (A and B) of tta and bth are
within 1 kJ.mot* of each other. [Rh(tta)(CO)(PPh has the highest activation barrier
(33 kJ.mof) followed by [Rh(bth)(CO)(PR)] (28-29 kJ.mol), [Rh(acac)(CO)(PR
(27 kJ.mof") and [Rh(dtm)(CO)(PR] (25 kJ.matY).
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Figure 3.19:PW91/TZP/chloroform calculated relative energi&) of the reactants, the transition states and the

alkyl reaction products of the oxidative additioeaction of methyl iodide to [Rp{diketonato)(CO)(PPJ
(B-diketonato = tta, bth, dtm and acac). The labalsand "B" refer to the two stereo isomers of &ad bth, as

illustrated in Figure 3.16. The energy of the teats is taken as zero.

Whereas the rate of the reaction is theoreticatpressed by the activation barrier,
experimentally it is expressed by the kinetic rmaastant ;) (Table 3.4). The larger the value
of ki, the faster the reaction. The linear equation (gx + c) defining the relationship between
die theoretical and experimental expressiofis: (2.93 x 10°) AE* + 0.106 (Figure 3.20). The
largestAE” for tta is in agreement with the fact that #heof this reaction is the slowest. The

trend for the [RH{-diketonato)(CO)(PP{)] complexes in this study are as follow:

larger k; smaller k
smallerE” dtm - acac - bth - tta largerde”
faster oxidative addition reaction slower oxidative addition reaction

The kinetic rate constant of the Monsanto cat&ly§t000068 mot.dnt.s?) is not of the order
of the kinetic rate constants of the [Ridiketonato)(CO)(PPJ)] (B-diketonato = tta, bth, dtm
and acac) complexes (Table 3.4), although/tEg energies are similar. The linear relationship
expressed in Figure 3.20 is therefore only appleatm [Rh@-diketonato)(CO)(PR)]

complexes.
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Figure 3.20: A plot of the activation energiesME) versusthe kinetic rate constants;) of the reaction

[Rh(p-diketonato)(CO)(PPJ| (B-diketonato = tta, bth and dtm) + @H The labels "A" and "B" refer to the two

stereo isomers of tta and bth, as illustrated guie 3.16.

3.1.3.5Thermodynamic data.

The thermodynamic data are summarized in Table 3be calculated enthalpy of activation
(AH?) is between 26-39 kJ.mbffor the [Rhp-diketonato)(CO)(PRJ] complexes in this study.
The large negative entropy of activationS{) (< -131 J.Kmol") is consistent with an
associative mechanism. The experimental Gibbs drergy AG”) of the oxidative addition
reaction, [Rh§-diketonato)(CO)(PPJ] + CHal, is in the order of 75-90 kJ.mal®**° The
calculated Gibbs free energy of 72-84 kJd$ in a high agreement with this. The
thermodynamic data of the Monsanto catalyst are il@imto that of the
[Rh(B-diketonato)(CO)(PP)] complexes in this study.

3.1.3.6Conclusions.

The oxidative addition of CH#l to the square planar [Rhifiketonato)(CO)(PP)
(B-diketonato = tta, bth, dtm and acac) complexesesponds to any2 nucleophilic attack by
the rhodium metal centre on the methyl iodide. Trha@sition states of the complexes in this
study all exhibit similar geometrical and thermoagmcal data. The experimental kinetic rate
constants k;) and the theoretical activation energi®E?) exhibit a linear relationship. This
linear relationship of the [Rp{diketonato)(CO)(PPJ] complexes does not apply to the
Monsanto catalyst. Though, the activation ener@s) of the [Rhp-diketonato)(CO)(PPRJ]

complexes in this study are similar to that of Mh@nsanto catalyst. It is therefore recommended
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to further investigate the catalytic properties[Bh(B-diketonato)(CO)(PP§)] complexes as
promising rhodium based catalysts.

3.1.3.7Tables and graphs.

Table 3.4: The PW91/TZP/chloroform calculated selected geanatparameters, TS imaginary
frequencies and activation energiesE() of the transition states of the oxidative additio
reaction of methyl iodide to [RB{diketonato)(CO)(PPJ)] (p-diketonato = tta, bth, dtm and
acac) and the Monsanto catalyst. Experimentalegbf the kinetic rate constants)(are also
listed. The labels "A" and "B" refer to the tweemgo isomers of tta and bth, as illustrated in
Figure 3.16.

tta-A tta-B  bth-A  bth-B dtm acac [Rh(CO),l (CH3)(1)] "
Freq/cm® 222i  247i 257i 266i 2309i 260i 323

Intensity -444 -473 -500 -515 -438 -520 -
RA-Crretnyi / A 2.387 2418 2447  2.454 2.414 2.449 2.592
Crnetnyi-l 1 A 2.723 2676 2606 2.640 2.710 2.654 2.577
RO-Cryetnyr-l / © 175.7 1748 1763  174.0 174.4 175.2 176.7

CretnineRh-Crremnyirl /° -9.1  52.1 7.8 65.0 -12.7 21.1 -

AE? [ kJ.mol™* 33 33 28 29 25 27 32

k; / molt.dm?.s? 0.00171(4Y 0.0265(6)' 0.029(1)"  0.024(3)" 0.000068

i BP86/TZP/methanol, from referenck].

ii UV spectrophotometry in chloroform, from refereritg).
iii UV spectrophotometry in chloroform, from refererigg
iv IR spectrophotometry in DCM, from referendg. [

v IR spectrophotometry in neat @lHfrom referencel5].
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Table 3.5: The PW91/TZP/chloroform calculated thermodynanatadf the reactants, TS and
product during the oxidative addition reaction adthyl iodide to [Rh§-diketonato)(CO)(PPJ|
(B-diketonato = tta, bth, dtm and acac) and the Mataseatalyst. The labels "A" and "B" refer
to the two stereo isomers of tta and bth, as et in Figure 3.16. All energy values are given
compared to the reactants. Unbracketed values teféheoretically determined values (this
study); bracketed values refer to experimentafly determined values.

AH?®¢ [ kJ.mol ™' AG?®* [ kJ.mol*" ASP 1 3 K mol™ "
[Rh(tta)(CO)(PPR)]-A + CH3l — [Rh(tta)(CH)(CO)(PPR)(I)]-A
Reactants 0 0 0
TS 39 {31.1(5)} 78 {89(1)} -131 {-194(2)}
Product -25 21 -156
[Rh(tta)(CO)(PPR)]-B + CH3l — [Rh(tta)(CH)(CO)(PPh)()]-B
Reactants 0 0 0
TS 37 {31.1(5)} 81 {89(1)} -148 {-194(2)}
Product -26 17 -145
[Rh(bth)(CO)(PPR)]-A + CH3l — [Rh(bth)(CH)(CO)(PPh)()]-A
Reactants 0 0 0
TS 32 {16.8(8)} 82 {82(2)} -167 {-218(3)}
Product -34 28 -209
[Rh(bth)(CO)(PPHR)]-B + CH3l — [Rh(bth)(CH)(CO)(PPh)(1)]-B
Reactants 0 0 0
TS 31 {16.8(8)} 84 {82(2)} -178 {-218(3)}
Product -35 24 -197
[Rh(dtm)(CO)(PPK)] + CH 3l — [Rh(dtm)(CH)(CO)(PPh)(1)]
Reactants 0 0
TS 26 {40(6)} 78 {80(3)} -176 {-130(20)}
Product -28 26 -180
[Rh(acac)(CO)(PP§)] + CHal — [Rh(acac)(CH)(CO)(PPh)(I)]
Reactants 0 0 0
TS 33 {} 72 {-} -131 {-}
Product -33 12 -150
[Rh(COYl,] ™+ CHsl — [Rh(COYI(CHz)(D] ™"
Reactants 0 0 0
TS 34 {60} 80 {96} -154 {-120}
Product - - -

i Enthalpy, calculated by equation 4.2 (section 415.Chapter 4).

ii Gibbs free energy, calculated by equation 4.3 i@eet.5.2.1, Chapter 4).
iii Entropy, calculated from the temperature depenpleriition function in ADF at 298.15 K.
iv. BP86/TZP/methanol, from referencks].

17 T.R. Griffin, D.B. Cook, A. Haynes, J.M. Pears@n,Monti, G.E. Morris,J. Am. Chem. S04996(118) 3029-
3030.

127



RESULTS AND DISCUSSION

[RN@@®(P)(S)(1 3|

dtm ’ acac

Figure 3.21: The PW91/TZP/chloroform calculated transition statéthe oxidative addition reaction of methyl
iodide to [Rhp-diketonato)(CO)(PPJ)] (B-diketonato = tta, bth, dtm and acac). Note thgleaat which the CH
molecule enters the environment of the Rh cengprésented by thenGnineRh-Cremyr! torsion angle indicated by
the dotted black lines). The labels "A" and "Bfereto the two stereo isomers of tta and bth, astiated in

Figure 3.16. The colour code of the atoms is dig#ted.
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3.1.4 [Rh(acac)(P(OPh}),] + CHal.

3.1.4.1Introduction.

The reaction between methyl iodide and [Rtiketonato)(P(OPR),] is very similar to the
reaction between methyl iodide and the [Rtiketonato)(CO)(PP#)] complexes (section 3.1.2
and 3.1.3). In both cases, a neutral alkyl hakdedded to a square planar rhodium(l) complex.
The main difference between the reaction with tRd(f-diketonato)(P(OPR),] and the
[Rh(B-diketonato)(CO)(PP)] complexes is that the former complex containsadonyl group
bonded to the rhodium centre. Therefore, no methgration is possible after the oxidative
addition of the alkyl halide. Another differencethe electronic and steric effect on the rate of

the reaction of the bulky triphenylphosphite ligand

The oxidative addition reaction between {££LBnd [Rh@-diketonato)(P(OPR),] complexes has
only been studied experimentalf’? though no solid state X-ray crystal structure basn
solved of the produéf. Since the understanding of the mechanism of ¢thigity of a catalyst
requires an understanding of its structure in ediction steps, a DFT computational study has
been undertaken of the geometry of the reactamgsition state and possible products of the
oxidative addition reaction of GHto [Rh(acac)(P(OPB),] (where Hacac = acetylacetone). Due
to the computational requirement of optimizing sachig molecular system, simplified models
of [Rh(acac)(P(OPh),] were also investigated to see whether these mogek the same
information regarding the nature of the transitgtate and possible reaction products of the
oxidative addition reaction in this study. For thetails of the computational methods used, see
section 4.5.2.1 (Chapter 4).

3.1.4.2General study of [Rh{-diketonato)(P(OPh)),] complexes.

Since DFT computational methods are applied forfitlsetime to [Rhp-diketonato)(P(OPR),]
complexes, some measure of the reliability of tppreach had to be obtained. This was

addressed by comparing the known single crystadyXerystallographic structures (Figure 3.22)

18 G.J. van Zyl, G.J. Lamprecht, J.G. Leipoldt, T SWaddlenorg. Chim. Actal988(143) 223-227.
19].G. Leipoldt, E.C. Steynberg, R. van Eldik,Iiforg. Chem1987(26) 3068-3070.
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of  [Rh(B-diketonato)(P(OPR),]  (B-diketonato = acat. tfha? tfag€’) and
[Rh" (B-diketonato)(P(OPh):(I)2] ~ (p-diketonato = tfad) (Hacac = acetylacetone,
Htfba = trifluorobenzoylacetone and Htfaa = trifftaacetylacetone) with the theoretically

calculated structure of the same complex.

0 P(OPh)
£ Ngra/ s

) ¥ O\ g’ PO
-0/ \P(OPh),

IN-0 P(OPh
: O\ (OPh),
=07 \P(OPh),

-0/ \p(OPh),

acac tfba tfaa

Figure 3.22: Schematic illustration of thg-diketonatobis(triphenylphosphite)rhodium compleitest have been
solved by X-ray crystallography.

All these B-diketonatobis(triphenylphosphite)rhodium crystatstained two molecules in the
asymmetric unit, except fdgi-diketonato tfba which had only one molecule in #symmetric
unit. When comparing the backbones of the two moés in the asymmetric unit (that is
[Rh(CCOCCOC)(P)), a RMSD (root-mean-square distance) a value@3,00.06 and 0.13 A is
obtained respectively for [Rlacac)(P(OPh),], [Rh'(tfaa)(P(OPhy)] and
[Rh" (tfaa)(P(OPh)(I),]. Inclusion of the O atoms on the P (that is [REQCCOC)(P®).]),
gives a RMSD value of 0.04, 0.61 and 0.19 A respelgt Note that the backbones of the two
molecules in the asymmetric unit are near enantisrard therefore the mirror symmetry of the
one molecule of each was used for the fitting. TEnger RMSD values, when the O atoms on
the P are included, indicate that packing in tHelsiate may give rise to different orientations
of the OPh groups, whereas in solution these OBpgrcan rotate freely. Care should therefore
be taken when optimizing these types of moleculasnsthe geometry is not experimentally
known (no experimental crystal structure), thatdgledal minimum energy geometry is obtained
and not a local minimum structure, due to the @agon of the OPh groups. The relative energy
of the two enantiomeric molecules in the asymmetrigt, optimized with and without
relativistic effects in methanol as solvent, istwally the same, as would be expected for near

enantiomers (Table 3.6).

20 Cambridge Structural Database (CSD), Version 5A8@ust2008update.

21J.G. Leipoldt, G.J. Lamprecht, G.J. Van Aylprg. Chim. Actal985(96) L31-L34.

22 G.J. Lamprecht, J.G. Leipoldt, G.J. Van Zyiprg. Chim. Actal 985(97) 31-35.

23G.J. Van Zyl, G.J. Lamprecht, J.G. Leipolaiprg. Chim. Actal985(102) L1-L4.

24G.J. Van Zyl, G.J. Lamprecht, J.G. Leipolaiprg. Chim. Actal 986(122) 75-79.
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The theoretical and  experimental geometrical dataf dhe  complexes
[Rh'(B-diketonato)(P(OPh),] (B-diketonato = acac, tfba, tfaa) and
[Rh" (B-diketonato)(P(OPh),(I),] (B-diketonato = tfaa) are summarized in Table 3.7 and
comparative information with signed deviations igeg in Table 3.8 (atom numbering is as
indicated in Figure 3.24). High agreement betwerperimental and theoretical structures is
obtained, as reflected by the RMSD values of thieutated data superimposed on the
experimental data of less than 0.11 A. A key iattic in organometallic compounds is the bond
lengths and angles involving the metal centre. Gdmds in the coordination polyhedron of these
four complexesvere generally slightly overestimated by the DFTc@ations (0.00-0.10 A for
Rh-O bonds and 0.02-0.10 A for Rh-P bonds). védl-known that GGA density functionals
overestimate bonds lengtfs. The angles around the Rh were calculated acdynaigin 2.9°.
The calculations including relativistic effects ganore precise bond lengths than the calculation
without relativistic effects (Table 3.8). Herastinformative to notice that the Rh-O and Rh-P
bonds (or angles around the Rh) of the optimizexrgdries of the two enantiomeric molecules
in the asymmetric unit differ by 0.00-0.01 A (or36). Since comparisons of experimental
metal-ligand bond lengths with calculated bond teagbelow a threshold of 0.02 A are
considered as meaningl€Ssthe methods employed in this study give a goodwatcof the
experimental bond lengths of both rhodium(l) and odibm(lll)

B-diketonatobis(triphenylphosphite) complexes.

Oxidative addition of Ch to [Rh(acac)(P(OPB),] leads to an alkyl product
[Rh(acac)(P(OPR)2(CHs)(I)]. Four possible rhodium(lll) alkyl isomers earpossible: one
(Alkyl-A) if trans addition occurs and three possible isomers (AlkyAlkyl-C and Alkyl-D) if

cis addition occurs (inserts in Figure 3.23). Due to the computational requirement of

25 (a) A.C. Scheiner, J. Baker, J.W. AndzelinComput. Cheml.997(18) 775-795.1f) J.R. Hill, C.M. Freeman, B.
Delley,J. Phys. Chem. A999(103) 3772-3777dj F. Furche, J.P. Perdew,Chem Phy2006(124) 044103.

26 W.J. HehreA guide to molecular mechanics and quantum chenuigilulations Wavefunction, Irvine2003
p153.

27 \When optimizing the full experimental model, thélience of the rotating OPh groups must be takmaccount
so that the geometry of the global minimum enetgyctures (in solution) of [Rh(acac)(P(OBRh) and the four
possible alkyl [Rh(acac)(P(ORYCHs)(1)] products can be obtained. A conformationsdreh was therefore
performed by calculating the energy of the moleswde a function of the LQ¢Rh-P-O dihedral angle. The
global minimum energy structure was then obtaingddoptimizing the minimum energy structure obéain

from the dihedrally restricted optimizations, with@ny restraints.
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optimizing such a big molecular system, two simg@tifmodels of [Rh(acac)(P(OR}3)], which
are [Rh(acac)(P(OCHt).] and [Rh(acac)(P(OH)], were introduced. The goal is to determine
whether the simplified models give the same infdromaregarding the nature, geometry and

energetics of the transition state (TS) and pradatbxidative addition.

3.1.4.3Energy profile.

The PWO91/TZP/methanol optimized relative energie$ the rhodium(l) complex
[Rh(acac)(P(OPR),] and the four possible rhodium(lll) isomers [Rrga)P(OPh)(CHs)(1)]

of the full experimental model (R = Ph) are displhyin Figure 3.23. These results indicate
(in agreement with experimental observatti)®® that the trans product Alkyl-A is the
product of oxidative addition of GH to [Rh(acac)(P(OPB),]. The two simplified
systems, [Rh(acac)(P(OGH).] and [Rh(acac)(P(OH)] (also displayed in Figure 3.23),
show the same trend regarding the relative energfeshe four possible rhodium(lll)
reaction productsyiz. (most stable) Alkyl-A < Alkyl-D < Alkyl-C < AlkylB (least stable).
Inclusion of relativistic effects in the DFT calatibns did not change the relative stability
of the four possible [Rh(acac)(P(QRJCHs)(I)] products of all three models
(R = Ph, CH or H). The energetically preferred product of tbgidative addition
reaction of CHI to [Rh(acac)(P(OPR),] therefore assumes an octahedral geometry, wih th
B-diketonato and the two triphenylphosphite groupsated in the equatorial plane and the
methyl and iodide ligands in the axial position. heTtrans addition of CHI to
[Rh(B-diketonato)(P(OPRh);] is also confirmed by the structure determinatmina similar
complex, trans[Rh(benzoylphenylhydroxylamine)(P(ORBICHs)(1)].?° Oxidative addition of

I, to [Rh(tfaa)(P(OPh)4(l)-] also gave thérans product (Figure 3.22, rightf. This is also in
agreement with the DFT calculations on the stradiyir  similar
monocarbonyltriphenylphosphine rhodium complexB$\(f-diketonato)(CO)(PPJ)], where the

CHgl oxidative addition resulted imans addition (section 3.1.3).

28 G.J. van Zyl, G.J. Lamprecht, J.G. Leipoldiprg. Chim. Actal987(129) 35-37.
29 G.J. Lamprecht, G.J. Van Zyl, J.G. Leipoldigrg. Chim. Actal 989(164) 69-72.
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Figure 3.23:PW91/TZP/methanol calculated energies of the regc{®h(acac)(P(OR),] + CHsl, the transition
state (TS) and the four possible [Rh(acac)(PE&REHs)(1)]-alkyl reaction products. The energy of theactants is

taken as zero.

3.1.4.4Geometry profile.

The PW91/TZP/methanol optimized geometrical datsheffull experimental model (R = Ph)
are illustrated in Figure 3.25 and the bond lengithd bond angles around the Rh centre of all
three models (R = Ph, Glr H) are given in Table 3.9. Introducing R =43 H instead of Ph,
did not change the bond lengths around the Rheaignificantly - the calculated bond lengths
were similar within 0.05 A. The bond angles arotimel Rh centre were within 8.5° (5%) of the
corresponding angle of the three models. It iseetqr that the bond angles around the Rh centre
will differ as the size of the R group increasesifrH to CH to Ph. The GemyrRh-I angle of the

full experimental model of Alkyl-A is 169.1° and iis the same order as the.&my-Rh-1 angle
(174.2°) oftrans[Rh(benzoylphenylhydroxylamine)(P(ORRBICHs)(1)]*® and the I-Rh-I angle
(ca. 170°) in [Rh(tfaa)(P(OPB)(I)-].>* The slightly distorted octahedral arrangement in
[Rh(tfaa)(P(OPh),(l);] is attributed to the steric interaction betweenme tiodide and
triphenylphosphite ligands. The calculategefyrRh-I angle of the simplified models of
Alkyl-A, however, increases as the P(@QRjroups decrease in size - 171.7° and 176.5° for
[Rh(acac)(P(OCH)3)2(CHs)(1)] and [Rh(acac)(P(OH)z(CHs)(1)] respectively.

The deviation of the geometry of the two simplifie@dels can also be evaluated by comparing
the RMSD values of the key bonds of the Rh(CCOCGRg)backbone of the optimized
simplified model, fitted on the backbone of theiouted full model (Table 3.9). The RMSD
values of the simplified rhodium(l) models are ex@mnally good (0.06 and 0.09 A
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respectively). The RMSD values of the simplifidagbdium(lll) models (between 0.10 and
0.16 A) are somewhat larger than the rhodium(lues) as would be expected for the more
complex molecules. Therefore, both simplified mMed& = CH or H) give a good account of

the key bond lengths around the rhodium centréivel&o that of the full experimental model.

3.1.4.5Transition states.

Figure 3.26 displays the three types of transisitate (TS) structures that have been reported for
the oxidative addition of methyl iodide to squatanar rhodium(l) complexes (especially the
Monsanto catalyst [Rh(C@}] , section 2.4.2, Chapter 2). Two results frtnans addition
("linear/back™ and "bent") and one results fromaddition (“front”). The linear/back transition
state structure corresponds to agn2 Smechanism, characterized by a linear RRuGrl
arrangement and by an RhwGn,rH angle close to 90°. The methyl hydrogen atored@cated

in the equatorial plane of the five-coordinatedbocar atom, resulting in a trigonal bipyramidal
arrangement. The bent and front transition stitestsires correspond to a side-on approach of
the Guemyrl bond to the rhodium atom. The bent transititates structure leads to the same
intermediate product as the linear/back transistate structure - a cationic five-coordinated
rhodium complex and a free iodide ion. Both thechamisms of the linear/back and the bent
transition state structures are therefore descrase&2 processes. The front transition state
structure corresponds to a concerted three-cewoixethtive addition mechanism, in which the
Rh-1 and Rh-Gewny bonds form simultaneously as k& bond breaks, resulting in thes
addition of the methyl iodide. Table 3.10 summesithe main geometric parameters of the TS
structures determined of the simplified modelshe study, as well as the calculated geometric

parameters of the Monsanto catalyst [Rh(£D)"°

The three types of TS structures exhibit similaarelsteristics. The I+gemny bond length and the
Rh-Chethyl bond length of all the [Rh(acac)(P(QHICHs) (D] and
[Rh(acac)(P(OCh)s)2(CHs)(D] TS structures, as well as the Monsanto T8cétres, are very
similar (2.51-2.85 A and 2.54-2.78 A respectively)The Rh-Gemyrl angles are between
172.9-176.7° for the linear/back TS structures2&%.0° for the bent TS structures and 64.3-
65.1° for the front TS structures. The linear/baeaksition states are favoured by a large margin
of energy (> 90 kJ.md) with activation barriersAE”) of 14-32 kJ.mot. The bent and front
transition states were therefore not considerefdirier investigations. The calculated relative

energies of the reactants, linear/back TS strustanel products are summarized in Figure .3.23
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The thermodynamic data are summarized in Table. 3THe calculated enthalpy of activation
(AH?) is between 19-37 kJ.miblfor the different models. The large negative @pyr of
activation AS") calculated for all models, is consistent with associative mechanism. The
activation free energy\G”) of the two simplified models (60 kJ.nfofor both models) is lower
than that of the full model (75 and 78 kJ.thakith and without relativistic effects).

The DFT optimized reactant complexes, the lineakbES and the reaction intermediate of the
[Rh(acac)(P(OPh),] + CHsl reaction are visualized in Figure 3.27. The metatre attacks the
methyl group in a @-type fashion, approaching the methyl iodidens to the leaving iodide
group. During this process the metal-methyl bosdunder development, whereas the
methyl-iodide bond is substantially stretched. the reactant [Rh(acac)(P(ORR), the large
OPh groups are bent backwards so that the Ph grangparranged above, below and in the
square planar plane (formed by the acac-ligandthtbdium atom and the two phosphor atoms).
As the CHI group approaches the reactant, the "arms" ofQRén groups above the plane
gradually open up to accept the incomingsCétoup to proceed through the TS. The overall
structure of the TS appears to be square pyramwidh the CH" group in the pyramidal
position (Figure 3.2Mmiddle). The optimized distance between the attgckhodium atom and
CHs" group at the point of the TS is 2.55, 2.61 andt A5espectively for R = Ph, GHand H.
The carbon-iodide bond distance of thesCgtoup increased from 2.18 A in the reactant &92.
2.51 and 2.55 A in the products (R = Ph,s@iHd H).

Rhodium(l) is ady,” dy’ dy” i dxoy2 complex of which the HOMO (highest occupied
molecular orbital) exhibits mainlgl,, character. The HOMO of the TS is visualized igure

3.27(middle). The main contribution to the Rix6 bond in the TS comes from the overlap of
thed,; HOMO of the rhodium atom with th& LUMO (lowest unoccupied molecular orbital) of

the methyl carbon.

Following the TS, is the formation of the catioffiice-coordinate [Rh(acac)(P(ORWCH3)]*
intermediate with the CHgroup in the apical position (Figure 3.27, rigat)d with the iodide
ion drifting away into the solvent sphere. Theduat, [Rh(acac)(P(OP$)»(CHs)(1)] Alkyl-A, is
octahedral with the methyl and iodide above andwelhe square planar plane intrans
arrangement (Figure 3.25, Alkyl-A). Inversion dfet configuration at the methyl carbon

occurred and the methyl group is fully bonded todibm atom.
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3.1.4.6Calculated versus experimental thermodynamic data.

{930 results.

The obtained thermodynamic data (Table 3.11) carobepared with experiment&
The activation enthalpyAH®) of the oxidative addition of C#i to [Rh(acac)(P(OPk),] is
experimentally determined as 40(3) kJ.thoWwhich is in the same order as the calculated
activation enthalpy value of 37 and 28 kJ.th@etermined without and with relativistic effects
respectively). The calculated values of the twopified models are lower, 22 and 19 kJ.thol
for [Rh(acac)(P(OCH)s),] and [Rh(acac)(P(OH),] respectively. The activation entrop¥<)

of the reaction [Rh(acac)(P(OR)) + CHsl is experimentally determined as -128(9) J.idol™.
This is in agreement with the large negative atitwaentropy observed as for all models here
and the same as the calculated value of -129.th&l™* for the full model. The activation free
energy AG”) of the reaction [Rh(acac)(P(ORJ) + CHsl is experimentally determined as
78 kJ.mot', which is in high agreement with the calculatetiga of 75 and 78 kJ.mbffor the

full model (with and without relativistic effects)The calculated values of the two simplified
models failed to accurately reproduce this val@ek®mol* for both [Rh(acac)(P(OCHt)-] and
[Rh(acac)(P(OH)2]). The agreement between experiment and theorytle individual
componenta\H” andAS” to AG” = AH” - TAS' is thus not as good as fa6G” itself. The large
compensating variations itnH* and AS", with a modest change ihG*, were also found by

Ziegler and was assigned to solvent effétts.

A reduction in the activation enthalpy associated¢hwthe oxidative addition reaction
[Rh(acac)(P(OR).] + CHsl is observed for R = CHas compared to Ph. On the basis of
Tolman’s electronic parameter (Table 3.12), P(QgHs expected to be somewhat more
electron-rich than P(OPh¥* Therefore, a nucleophilic attack of the rhodiutona of
[Rh(acac)(P(OCH)3),] on the CH' group is expected to be easier than that of
[Rh(acac)(P(OPR).]. The higher calculated activation enthalpy oh(&cac)(P(OPR),] + CHl

is therefore as expected on electronic groundsweiter, the bulkiness of the P(ORIgroup
could hinder the attack of the rhodium atom of [@&iac)(P(OPh),] on the CH" group, also
leading to a higher energy barrier. The high aped between the computed activation
enthalpy of the full experimental model and theezkpentally obtained value demonstrates that

the use of the full P(OP$)) groups are vital for obtaining accurate theorétredues.

30G.J. van Zyl, G.J. Lamprecht, J.G. Leipoldiprg. Chim. Actal987(129) 35-37.
31 M. Cheong, T. ZiegleiQrganometallic005(24) 3053-3058.

32 C.A. Tolman,Chem. Rev1977(77) 313-384.
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The calculated activation barrienE* = 30 kJ.mof, for the trans addition of GH to
[Rh(acac)(P(OPRh);] in this study is of the same order as the repoid&T values for the
Monsanto system 32 kJ.no(Table 3.10, BP86) by FeliZ,but smaller than the value reported
by Laasonen when using the hybrid B3LYP functioi@8 kJ.mof).** The calculated
thermodynamic quantitiead”, AG*, AS", 298 K) of this study compare well with experiraint
data of the Monsanto catalyst (60 kJ.hob6 kJ.mof and 120 J.mdl respectively).
However, since the [Rh(acac)(P(ORt])complex in this study does not contain a CO graowup

methyl migration (the second step in the Monsaatalgtic cycle) is possible.

3.1.4.7Conclusions.

Simplified model systems of the oxidative additi@action [Rh(acac)(P(OPy)] + CHsl, viz
[Rh(acac)(P(OCH)s),] and [Rh(acac)(P(OH)], give a good account of the Rh-L experimental
bond lengths of both rhodium(l) and rhodium(lli}-diketonatobis(triphenylphosphite)
complexes. All models give the same trend conogrthie relative stability of the four possible
rhodium(lll) reaction products. The main featuoéghe TS,viz. the nucleophilic attack of the
rhodium atom on the Gfi group and the cleavage of the carbon-iodide barel similar for all
three systems. Therefore, in order to save on atatipnal recourses, a simplified model system
can be used to obtain preliminary information oé thxidative addition reaction of GHto
[Rh(B-diketonato)(P(OPR),] complexes. However, for the best agreement experimental

activation parameters, the full experimental systemecessary.

3.1.4.8Graphs and tables.

Figure 3.24: The core structure of [Rif-diketonato)(P(OPh),] (B-diketonato = acac, tfba, tfaa) and

[Rh" (B-diketonato)(P(OPR),(1),] (B-diketonato = tfaa) indicating the numbering systesed in Table 3.6. The
R-groups attached to,@nd G are (CH, CHg) for acac, (Ph, Cjf for tfba and (CE CH;) for tfaa.

33T, Kinnunen, K. Laasoned, Mol. Struct. (Theocher@p01(542) 273-288.
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Figure 3.25: The PW91/TZP/methanol calculated minimum energyngsdes of the [Rh(acac)(P(OR))

complex and the four possible [Rh(acac)(P(QRtQH:)(1)]-alkyl reaction products. The H atoms are oaed for
clarity (except for the Cgroup bonded to the rhodium). Bond angles (°) lamadd lengths (A) are as indicated.

Only angles in the square planar plane are given.
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Figure 3.26: Schematic illustration of a "linear/back”, "bentida"front" transition states of the nucleophilic

attack of square planar rhodium(l) on methyl iodidéne Monsanto catalyst [Rh(CDJ " is used as example for the

square planar rhodium(l) complex.

Figure 3.27: The PW91/TZP/methanol optimized structures of thedative addition of the reaction
[Rh(acac)(P(OPh),] + CHsl. The H atoms are removed for clarity (excepttfar methyl group of the GH. Left:
The reactant complexedz. [Rh(acac)(P(OPh),] + CHsl. Middle: The square pyramidal TS, involving thitack
of rhodium atom on the G group with displacement vector (blue arrow), iradileg movement of the GHgroup
at the negative frequency (-258.6 Bm The HOMO of the TS is superimposed on the T8nugry - note the
d,-orbital on the rhodium centre. Right: The optiedzeaction intermediate [Rh(acac)(P(QRHTH;)] 1"

Table 3.6: The relative energies (kJ.n®l of the DFT optimized structures of the two
enantiomeric molecules in the asymmetric unit dﬁ'{ﬁbac)(P(OPh)z], [Rh(tfaa)(P(OPhy)]
and [RH' (tfaa)(P(OPhy)a(1)2].

[Rh(acac)(P(OPh)), [Rh(tfaa)(P(OPh)s), [Rh(tfaa)(P(OPh)),(1)

_ Molecule 1  Molecule 2 Moleculel Molecule2 Moletril Molecule 2
PW91/TZP/methanol' ) 0.0 1.7 0.0 3.8 0.6 0.0
PW91/TZP/methanol/rel" 0.0 2.5 0.0 1.7 2.4 0.0

i Geometry optimization was done with the PW91 fumwdl and the TZP basis set in methanol as solvent.
ii Geometry optimization under the same condition§)abut with inclusion of relativistic effects.
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Table 3.7: Calculated and experimental bond lengths (A) andndboangles (°) of [RKB-diketonato)(P(OPR),] (p-diketonato =

acac,

tfba,

tfaa) and

[Rh" (B-diketonato)(P(OPR),(1),] (B-diketonato = tfaa). Unbracketed values refethi® solution DFT values, round bracketed values rteféhe solution DFT values including
relativistic effects (PW91/TZP/methanol) and squanacket values refer to the X-ray crystal datae atom numbering is as indicated in Figure 3.24.

[Rh(acac)(P(OPh)),"

Molecule 1

Molecule 2

[Rh(tfba)(P(OPh)s3),

[Rh(tfaa)(P(OPh)y),

Molecule 1

Molecule 2

[Rh(tfaa)(P(OPh))(1) '

Molete 1

Molecule 2

Bond lengths / A

c1-C2 1.511 (1.509) [1.510]
C2-C3 1.407 (1.401) [1.406]
c3-c4 1.406 (1.405) [1.401]
C4-C5 1.513 (1.511) [1.519]
c2-01 1.280 (1.289) [1.286]
c4-02 1.284 (1.286) [1.279]
O1-Rh 2.098 (2.071) [2.067]
02-Rh 2.101 (2.075) [2.081]
P1-Rh 2.202 (2.177) [2.142]
P2-Rh 2.200 (2.177) [2.150]

Bond angles / °

C1-C2-C3 118.7 (119.2) [120.5]
C2-C3-C4 127.0 (126.8) [126.9]
C3-C4-C5 117.9 (118.3) [119.2]
01-C2-C1 114.5 (114.4) [114.4]
01-C2-C3 126.8 (126.4) [125.1]
02-C4-C3 126.6 (126.1) [126.0]
02-C4-C5 115.5 (115.5) [114.8]
O1-Rh-P1 86.9 (86.8) [87.1]
P1-Rh-P2 96.2 (96.4) [94.2]
P2-Rh-02 87.5(87.2) [89.9]
02-Rh-O1 90.2 (90.5) [89.3]
11-Rh-12 -

1.510 (1.509) [1.548]
1.403 (1.400) [1.392]
1.408 (1.405) [1.401]
1.513 (1.511) [1.528]
1.288 (1.289) [1.271]
1.285 (1.287) [1.264]
2.094 (2.070) [2.062]
2.098 (2.074) [2.067]
2.203 (2.175) [2.148]
2.202 (2.177) [2.155]

495 (1.493) [1.480]
415 (1.414) [1.407]
.39D (1.388) [1.377]
546 (1.543) [1.512]
287 (1.284) [1.269]
270 (1.279) [1.285]
AM@ (2.077) [2.066]
Q¥ (2.080) [2.071]
205 (2.181) [2.150]
.20B (2.185) [2.162]

119.1 (119.3) [120.4 120.3 (120.5) [121.0]
127.3 (126.8) [125.6 125.2 (124.7) [124.7]
118.0 (118.3) [119.1 117.6 (117.8) [118.5]
114.3 (114.3) [112.5 115.1 (115.2) [114.9]
126.6 (126.3) [127.0 124.6 (124.3) [124.0]
126.6 (126.3) [125.7 130.8 (130.4) [130.0]
115.5 (115.5) [115.2 111.6 (111.8) [111.4]

87.1 (87.1) [87.5]
95.0 (95.3) [93.8]
88.3 (88.0) [90.3]
90.5 (90.6) [88.8]

886.4) [87.9]
994.4) [93.0]
9(80.3) [90.8]
8639.0) [88.4]

1.543 (1.542) [1.500]
1.387 (1.384) [1.363]
1.421 (1.418) [1.386]
1.508 (1.507) [1.539]
1.280 (1.281) [1.240]
1.275 (1.277) [1.281]
2.117 (2.092) [2.085]
2.106 (2.080) [2.067]
2.199 (2.174) [2.136]
2.197 (2.174) [2.148]

117.9 (118.0) [119.2]
125.2 (124.8) [124.3]
117.9 (118.1) [120.2]
111.8 (112.1) [110.5]
130.3 (129.9) [130.3]
125.8 (125.5) [126.0]
116.3 (116.4) [113.8]
90.2 (89.9) [91.1]
91.7 (92.1) [90.6]
88.9 (88.7) [90.1]
89.3 (89.4) [88.1]

1.5454D) [1.492]
1.38386) [1.367]
1.4200(T) [1.434]
1.505(6) [1.548]
1.27281) [1.269]
1.272{0) [1.254]
2.110@1) [2.083]
2.090@) [2.089]
2.203.@) [2.137]
2.209.682) [2.144]

116138.6) [115.9]
126124.7) [122.1]
116178.9) [117.6]
11(161.7) [112.6]
13(129.8) [131.5]
126195.6) [126.1]
116145.4) [116.2]
87.2 (86.9) [8].4
93.9 (94.3) [9R.2
89.7 (89.5) [9p.4
89.4 (89.6) [8]7.9

1.546 (1.545) [1.517]
1.385 (1.383) [1.372]
1.418 (1.417) [1.428]
1.506 (1.505) [1.607]
1.280 (1.282) [1.226]
1.275 (1.277) [1.246]
2.133 (2.113) [2.109]
2.120 (2.101) [2.083]
2.291 (2.263) [2.190]
2.287 (2.259) [2.209]

117.3 (117.4) [115.2]
126.0 (125.8) [125.4]
117.7 (117.9) [121.5]
111.8 (111.9) [113.4]
130.9 (130.7) [128.8]
126.4 (126.2) [127.0]
115.8 (115.9) [111.3]
89.6 (89.5) [92.3]
92.5 (92.5) [91.4]
87.8 (87.5) [87.1]
90.2 (90.6) [89.3]
171.1 (170.6) [172.6]

1.547 (1.548)[72]
1.387 (1.388)150]
1.417 (1.416pB4]
1.507 (1.504)5B5]
1.279 (1.28DPBR7]
1.275 (1.27BPB6]
2.135 (2.1120B6]
2.114 (2.095)0p5]
2.299 (2.274pp1]
2.286 (2.258pp0]

117.5 (137120.5]
125.9 (125¥27.0]
118.7 (11§221.0]
111.5 (1318.4.9]
130.9 (13G124.4]
126.5 (13G128.1]
114.8 (1341.0.7]
88.7 (88.3) [89.3]
92.6 (93.0) [91.2]
88.4 (88.3) [90.0]
90.2 (90.5) [89.4]
169.3 (18p8[169.4]

i Contains two molecules per asymmetric unit.
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Table 3.8: Comparative information of the deviations betwelesm ¢alculated (PW91/TZP/methanol) and the expetiahéX-ray crystal) structures. Signed deviatimfighe
bond lengths (A) and the bond angles (°) aroundritoglium centre of [Rtp-diketonato)(P(OPR),] (B-diketonato = acac, tfba, tfaa) and [Rp-diketonato)(P(OPR)x(1).]

(B-diketonato = tfaa) are given. Unbracket valudsrr the solution DFT values and round brackdétesrefer to the solution DFT values includingteistic effects. The atom
numbering is as indicated in Figure 3.24.

[Rh(acac)(P(OPh)), [Rh(tfba)(P(OPh)s), [Rh(tfaa)(P(OPh)), ' [Rh(tfaa)(P(OPh))x(1),
Molecule 1 Molecule 2 Molecule 1 Molecule 2 Molete 1 Molecule 2

Bond length deviatiors/ A

01-Rh -0.03 (0.00) -0.03 (-0.01) -0.04 (-0.01) -0.08.01) -0.03 (-0.01) -0.02 (0.00) -0.10 (-0.08)

02-Rh -0.02 (0.01) -0.03 (-0.01) -0.04 (-0.01) -0.00.01) -0.01 (0.02) -0.04 (-0.02) -0.06 (-0.04)

P1-Rh -0.06 (-0.04) -0.05 (-0.03) -0.06 (-0.03) -0.06.04) -0.07 (-0.04) -0.10 (-0.07) -0.08 (®.0

P2-Rh -0.05 (-0.03) -0.05 (-0.02) -0.04 (-0.02) -0.09.03) -0.06 (-0.04) -0.08 (-0.05) -0.09 (®.0
Bond angle deviatiorls/ °
0O1-Rh-P1 0.2 (0.3) 0.4 (0.4) 1.5 (1.5) 0.9 (1.2) 0.25}§0 2.7 (2.8) 0.6 (1.0)
P1-Rh-P2 2.0 (-2.2) -1.2 (-1.5) -1.1 (-1.4) -1.1 (-1.5) -1.7 (-2.1) -1.1 (-1.1) -1.4 (-1.8)
P2-Rh-02 2.4 (2.7) 2.0 (2.3) 0.1 (0.5) 1.2 (1.4) 2.7912 -0.7 (-0.4) 1.6 (1.7)
02-Rh-01 -0.9 (-1.2) -1.7 (-1.8) -0.5 (-0.6) -1.2 (-1.3) -1.5 (-1.7) -0.9 (-1.3) -0.8 (-1.1)
RMSD" 0.05 (0.05) 0.06 (0.05) 0.05 (0.03) 0.06 (.05 0.10 (0.11) 0.10 (0.09) 0.10 (0.09)

i Contains two molecules per asymmetric unit.
ii Experimental value - Calculated value (data frorhl&8.7).
iii RMSD values, in A, are root-mean-square atom pwsifideviations, calculated for the non-hydrogemnstand excluding the rotational groups {@h and OPh).
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Table 3.9: A comparison between the PW91/TZP/methanol caedlaminimum energy
geometries of the [Rh(acac)(P(QR) complex and the four possible
[Rh(acac)(P(OR)2(CHs)()]-alkyl reaction products for R = Ph, Gknd H. Angles (°), bond
lengths (A) and RMSD values (A) are as indicatedll models were optimized without
relativistic effects, except where indicated. Tadculated energies (E, kJ.rifplare also listed
with the energy of the reactant taken as zeroTab&e 3.23).

Ph Ph (incl. rel.) CHs H
Rh-P 2.195 2171 2.218 2.189
Rh-P' 2.194 2171 2.217 2.196
Rh-O 2.097 2.071 2.113 2.119
Rh-O' 2.096 2.071 2.111 2.117
> H’°§:°‘*Rh”’"°“’= O-Rh-O' 89.9 90.0 89.1 90.6
T we? 07 TPOR:  O-Rh-P' 88.8 88.4 91.0 87.4
P-Rh-P 92.6 93.1 92.6 93.6
P-Rh-O 88.7 88.5 87.3 87.9
RMSD' - 0.02 0.06 0.09
E 0 0 0 0
Rh-P 2.277 2.250 2.270 2.239
Rh-P' 2.271 2.240 2.270 2.244
Rh-O 2.117 2.099 2.127 2.143
Rh-O' 2.105 2.086 2.126 2.136
Rh-I 2.889 2.855 2.943 2.913
TS A Rh-C 2.121 2.110 2.104 2.114
> ﬁg:gh:ﬁ(‘(‘,’;’; O-Rh-O' 91.2 91.4 90.1 90.6
z i O'-Rh-P' 88.3 88.3 88.5 85.6
P-Rh-P 96.5 96.6 93.2 97.8
P-Rh-O 83.8 83.6 87.9 86.0
I-Rh-C 169.1 168.4 171.7 176.5
RMSD' - 0.02 0.12 0.15
E -28 -40 71 -101
Rh-P 2.348 2.317 2.344 2.312
Rh-P' 2.351 2.321 2.354 2.335
Rh-O 2.187 2.165 2.203 2.190
Rh-O' 2.092 2.075 2.086 2.107
Rh-I 2.739 2.715 2.758 2.740
as] HiC o,\""ﬁ’gﬁ Rh-C 2.123 2.112 2.112 2.121
> Hc§:°’Rsh"3 O-Rh-O' 91.9 92,5 91.7 91.7
=z s F(OR), O'-Rh-C 87.3 86.8 86.6 86.7
C-Rh-I 91.7 92.2 92.1 92.2
I-Rh-O 89.1 88.6 89.6 89.5
P-Rh-P' 173.0 173.8 179.7 176.4
RMSD' - 0.02 0.10 0.13
E 21 16 -29 23
Rh-P 2511 2.457 2.416 2.460
Rh-P' 2.257 2.229 2.227 2.260
Rh-O 2.121 2.102 2.134 2.133
Rh-O' 2.090 2.073 2.104 2.095
Rh-I 2.757 2.732 2.742 2.761
O H,c_o,j“jp,(om Rh-C 2.114 2.106 2.131 2.120
> Hc§:°’Réh" *  O-Rh-O' 91.5 92.0 91.8 91.3
- P(OR), O'-Rh-P' 90.5 90.2 85.2 89.6
P-Rh-| 89.3 89.7 93.9 93.5
I-Rh-O 88.0 87.5 88.9 85.1
P-Rh-C 167.6 167.6 175.6 172.2
RMSD' - 0.03 0.16 0.16
E 12 2 -33 -48
Rh-P 2.294 2.267 2.277 2.251
Rh-P' 2.261 2.232 2.264 2.236
Rh-O 2.121 2.102 2.134 2.163
Rh-O' 2.179 2.159 2.210 2.205
Rh-I 2.821 2.795 2.847 2.853
O e ..oJ,p-(oR) Rh-C 2.126 2.112 2.112 2.115
> H}:o/?\cma O-Rh-O' 90.1 90.6 88.9 89.2
z P(OR), O'-Rh-P' 93.1 92.5 96.0 85.9
P-Rh-C 87.7 88.5 88.4 94.5
C-Rh-0 88.9 88.1 86.6 90.4
P-Rh-l 166.6 166.9 174.6 175.1
RMSD' - 0.02 0.12 0.12
E -3 -14 -56 77

i RMSD values, in A, are root-mean-square atom posti deviations, calculated by fitting the Rh(CCG@T)(P) backbones of the
simplified models on the backbone of the full mo@ek Ph).
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Table 3.10: The PW91/TZP/methanol calculated selected geoca¢parameters, TS imaginary
frequencies and activation energidsE() of the three possible transition states when wheth
iodide is oxidatively added to the selected sgpéaear rhodium(l) complexes.

Freq f Rh'cmeth | Cmeth I'I Rh'cmeth I'I |'Cmeth I'H AE:
et Intensiy A IR e e / kJ.mol™
[Rh(acac)(P(OH)(CHa)(1)]
linear/back 242i -523 2.541 2.554 172.9 93.2 14
bent 523i -315 2.678 2.845 95.0 78.8, 149.6 155
front 253i -43 2.689 2.617 65.1 83.0, 112.0 106
[Rh(acac)(P(OCH)3)2(CHa)(1)]
linear/back 187i -514 2.608 2.509 175.4 95.5 14
bent 311i -305 2.684 2.862 94.0 70.4, 136.7 148
front 264i -82 2.655 2.522 68.1 86.9, 119.9 161
[Rh(COXIx(CHg)(1)] ™
linear/back 323i - 2.592 2.577 176.7 91.8 32
bent 386i - 2.775 2.641 89.2 144.2,81.9 160
front 306i - 2.618 2.721 64.3 124.5, 95,5, 86.7 157

i BP86/TZP/methanol, from referencks].

Table 3.11: The PW91/TZP/methanol calculated thermodynamia @étthe reactants, TS and
product during the oxidative addition reaction [&tdc)(P(ORy),] + CHsl (where R = Ph, CH

or H). All energy values are given compared tordeectant. Unbracketed values refer to R = Ph,
round bracketed values refer to R = Ph (includielgtivistic effects), square bracketed values
refer to R = CHand curved bracketed values refer to R = H.

AE / kJ.mol* AHZ® kImolt"  AG®®¢/ KkJ.mol*" ASP 1 3 Kt mol™ "
Reactants 0 (0) [0] {0} 0 (0) [0] {0} 0 (0) [0] {0} 0 (0) [0] {0}
TS 30 (22) [14] {17} 37 (28) [22] {19} 75 (78) [60§60}  -129 (-168) [-125] {-137}

Product (Alkyl-A)  -28 (-40) [-71] {-101} -16 (-27}-56]{-95} 27 (18) [-2]{-47}  -144 (-151) [-180] {163}
i Enthalpy, calculated by equation 4.2 (section 415.Chapter 4).

ii Gibbs free energy, calculated by equation 4.3 i@eet5.2.1, Chapter 4).

iii Entropy, calculated from the temperature depengariition function in ADF at 298.15 K.

Table 3.12: Electronic ¢) and steric (cone angl8) parameters of P(OR)R = Ph or CHand
computed relative activation enthalpies of oxidativ addition reaction

[Rh(acac)(P(OR),] + CHsl.

P(OR); v/cm? coneangle/°  AH*?%%¢/kJ.mol?
P(OPh) 2085 128 37
P(OCH)s 2080 107 22
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3.1.5Crystal structure of [Rh(bth)(CO) ,].

Transition metal complexes with a square plananggry allow stacking in the solid state and
allow the molecules to interact with another unAs a consequence, the formation of metal
chains is possibl#* Examples of metal chains with strong metal-métahds that are
catalytically active in processes, such as the mgés shift reaction and GQeduction, are
known3®  16-Electron rhodium(l) complexes are electroniaileit and coordinatively
unsaturated, making these systems prone to staekid@llowing the formation of metal-metal

bond$’ and chains with weak metal-metal interactions ketwthe rhodium atoni&>® The

34 M. Jakonen, L. Oresmaa, M. Haukkrystal Growth & Design2007(7) 2620-2626.

35 (@) J.S. Miller,Extended linear chain compound@enum Press: New York982 Vol. 1-3. p) J.K. Bera, K.R.
Dunbar,Angew. Chem., Int. EQ002(23) 4453-4457.

36 (a) K. Tanaka, M. Morimoto, T. Tanak&€hem. Lett1983901-904. §) M. Haukka, J. Kiviaho, M. Ahlgrén, T.A.
PakkanenQOrganometallics1995 (14) 825-833.4) S. Luukkanen, P. Homanen, M. Haukka, T.A. Pakkare
Deronzier, S. Chardon-Noblat, D. Zsoldos, R. Ziessppl. Catal. A1995(185) 157-164.d) M. Haukka, T.
Venaldinen, M. Kallinen, T.A. Pakkaned, Mol. Catal. A: Chem1998(136) 127-134.4) M.A. Moreno, M.
Haukka, T. Venalainen, T.A. Pakkane®atal. Lett.2004 (96) 153-155.f) H. Ishida, K. Tanaka, T. Tanaka,
Chem. Lett1985(3) 405-406. @) H. Ishida, K. Tanaka, T. Tanakdhem. Lett1987(16) 1035-1038.1) M.-N.
Collomb-Dunand-Sauthier, A. Deronzier, R. Ziestsbrg. Chem1994(33) 2961-2967.i S. Chardon-Noblat,
A. Deronzier, F. Hartl, J. van Slageren, T. Mahedige Eur. J. Inorg. Chem2001613-617.

37 (@) S.-S. Chern, G.-H. Lee, S.-M. Perghem. Communl994 1645-1646. If) G.M. Finniss, E. Candall, C.
Campana, K.R. DunbaAngew. Chem., Int. EA996(35) 2772-2774.d) M. Mitsumi, H. Goto, S. Umebayashi,
Y. Ozawa, M. Kobayashi, T. Yokoyama, H. TanakaK8roda, K. Toriumi,Angew. Chem., Int. EQ005 (44)
4164-4168.

38 F. Hug, A.C. Skapski]. Cryst. Mol. Struct1974(4) 411-418.

39 (@) M.J. Decker, D.O.K. Fjeldsted, S.R. Stobart, MZzaworotko, Chem. Commun1983 1525-1527. lf) C.
Crotti, S. Cenini, B. Rindone, S. Tollari, F. DetirmarChem. Commuril986 784-786. ¢) G.M. Villacorta, S.J.
Lippard, Inorg. Chem.1988 (27) 144-149. ) G. Matsubayashi, K. Yokoyama, T. Tanaka,Chem. Soc.,
Dalton Trans.1988253-256. ) L.A. Oro, M.T. Pinillos, C. Tejel, M.C. Apreda,. Eoces-Foces, F.H. Canb,
Chem. Soc., Dalton Tran$9881927-1933.f) J. Pursiainen, T. Teppana, S. Rossi, T.A. Pakkaketa Chem.
Scand.1993 (47) 416-418. ) F. Ragaini, M. Pizzotti, S. Cenini, A. Abbotto,. A5 Pagain, F. Demartin].
Organomet. Chen1995 (489) 107-112.H) A. Elduque, C. Finestra, J.A. Lopéz, F.J. LaHezMerchan, L.A.
Oro, M.T. Pinillos,Inorg. Chem1998(37) 824-829.ij F.P. Pruchnik, P. Jakimowicz, Z. Ciunlkorg. Chem.
Commun.2001 (4) 726-729. j) N.K. Kiriakidou-Kazemifar, M. Haukka, T.A. Pakkam, S.P. Tunik, E.
Nordlander,J. Organomet. Chen2001 (623) 65-73.K) M.C. Torralba, M. Cano, J.A. Campo, J.V. Heras, E
Pinilla, M.R. Torres,J. Organomet. Chen2001 (633) 91-104.1j F.A. Cotton, E.V. Dikarev, M.A. Petrukhina,

J. Organomet. Chen2002(596) 130-135.
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extended interactions are the result of metal-methlonding between the square planar
d® transitional metal complexes. The weskonding interactions are formed between occupied
d,-orbitals and unoccupigu-orbitals*® The typical distance between two rhodium(l) moles

in extended metal chains is in the range of 3.B83A3%* The square planar rhodium(l)
complexes can also form a dinuclear unit, whickriatts with another similar dinuclear uwig

83941 metal and ligand interactioi$”® metal and aromatic

weak metal-metal interactiori
Teinteraction&® or TeTT interactions®  In these cases, the distance between the metdlsei

dinuclear unit varies from 3.23 to almost 4.06°A*

The results of a single crystal structure detertiona of [Rh(bth)(COj]
(Hbth = benzoylthenoylacetone) are presented. mbkecular diagram showing atom labelling
of [Rh(bth)(CO}] is presented in Figure 3.28. Crystal data ofsfnecture of [Rh(bth)(CQ) are
summarized in Table 3.15, selected bond lengthglearand torsion angles can be found in
Table 3.14. The cif file with the complete crykigtaphic data, is given in Appendix B.
Selected comparative geometric data of the squdemap complexes of the type
[Rh(B-diketonato)(COy (B-diketonato = bth, acaf tfba® and fctf4®) are given in Table 3.13.

40S.T. Trzaska, T.M. SwageZhem. Mater1998 (L0) 438-443.

41 (a) V. Schurig, W. Pille, W. WinterAngew. Chem., Int. EA.983(22) 327-328.1f) A.F. Heyduk, D.J. Krodel,
E.E. Meyer, D.G. Nocerédnorg. Chem2002(41) 634-636.

42 JF. Berry, F.A. Cotton, P. Huang, C.A. Murillo, Wang,Dalton Trans20053713-3715.

43 (a) R.J. Doendednorg. Chem.1978 (17) 1315-1318.4) P.W. de Haeven, V.L. Goedkeimorg. Chem.1979
(18) 827-831. ) Y. Yamamoto, Y. Wakatsuki, H. Yamazakdrganometallics1983 (2) 1604-1607.d) F.A.
Cotton, K.-B. ShiuRev. Chem. Miner1986 (23) 14-19. §) W.S. Sheldrick, P. Bellnorg. Chim. Actal987
(137) 181-188.f) W.S. Sheldrick, B. Gunthetnorg. Chim. Actal988 (151) 237-241.d) E. Corradi, N.
Masciocchi, G. Palyi, R. Ugo, A. Vizi-Orosz, C. &, A. Sironi,J. Chem. Soc., Dalton Tran¥997 4651-
4655. ) A. Elduque, Y. Garces, F.J. Lahoz, J.A. LopéA.10ro, T. Pinillos, C. Tejellnorg. Chem. Commun.
1999 (2) 414-418.i) T. Mochida, R. Torigoe, T. Koinuma, C. Asano,Satou, K. Koike, T. NikaidoEur. J.
Inorg. Chem2006558-565.

44 F H. Allen,Acta Crystallogr., Sect. B002(58) 380-388.

45 J.G. Leipoldt, L.D.C. Bok, S.S. Basson, J.S. vafianhhoven, T.I.A. Gerbetnorg. Chim. Actal977(25) L63-
L64.

46 3. Conradie, T.S. Cameron, M.A.S. Aquino, G.J. hezoht, J.C. Swartsnorg. Chim. Acta2005 (358) 2530-
2542.
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Figure 3.28:Molecular diagram of [Rh(bth)(C@))(Hbth = benzoylthenoylacetone) showing atom nurinige

Table 3.13: Selected geometric and crystallographic data ofias®g planar complexes
[Rh(B-diketonato)(COy (B-diketonato = bth, aca€ tfba’ and fctfa%) with R* and R groups as
indicated.

p-diketone R R Rh-O Rh-O' Rh-C Rh-C’ O-Rh-O' C-Rh-C’ Space
R1COCH,COR; ! 2 1A 1A 1A 1A /° /° group
Hbth benzoylthenoylacetylacetong Ph  4HES 2.028(6) 2.041(5) 1.866(9 1.846(9) 90.4(2) 8B.1(| P212:2;
Hacac acetylacetone GH| CHs 2.040(4) 2.044(4) 1.831(7 1.831(7) 90.8(2 88.9( P1
Htfba trifluorobenzoylacetone GF Ph 2.02(2) 2.02(2) 1.79(3) 1.82(3 89.8(7 87(1) Pbca
Hfctfa ferrocenoyltrifluoroacetone Fc eF | 2.016(9) 2.049(8) 1.84(1) 1.83(2 90.2(3 89.1(6) C2lc

The [Rh(bth)(CO)] molecules pack in thE2,2:2; space group with Z = 4. The Rh(l) atom has a
square planar coordination sphere. The [Rh(bth)ff0@olecule as a whole is non-planar. The
thenoyl (GH3S) and benzoyl (Ph) groups bonded tofittkketone backbone are both rotated out
of the plane formed by the rest of the molecul@bwand 15° respectively. This might possibly
be due to packing effects (Figure 3.29) as diffeneteractions of the two groups are observed
with neighbouring molecules. Although both theup® are aromatic, the angle of the benzoyl
which is larger than the angle of the thenoyl, ieplthat the conjugation between the pseudo
aromaticp-diketonato ring and the thenoyl is stronger. Bbads around the rhodium centre of
the [Rh(bth)(CO)] molecule were in the same range as the otherpfRiketonato)(COy
molecules (Table 3.13).

The packing diagrams of the [Bhdiketonato)(COy) molecules are given in Figure 3.29. The
[Rh(bth)(CO}] molecules stack in an infinite chain of rhodiutoras along thea-axis with a
Rh---Rh distance of 3.250 A. Neighbouring units ariented with an angle of 180° in the

opposite direction due to an inversion symmetryragen (Figure 3.30). The rhodium atoms
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that form the core of a column are stacked in @aggfashion with an angle between Rh---Rh
vectors of 167.38°. The distance between Rh atorfigh(bth)(CO)] is therefore too long to be
considered as a true metal-metal bond, but indicatearly that interactions between metal
atoms exist. In the examples presented in theatilee, the distance between the two Rh(l)
centres is typically within a range of 3.25-3.68"%>° in the stacked Rh(l) chains that have no
covalent metal-metal bonds and contain meaningfedkvmetal-metal interactions. Similar
Rh---Rh interactions were observed for the otheh(BHdiketonato)(CO) molecules

(B-diketonato = acac, tfba and fctfa), as illustrategigure 3.29.

The [Rh(acac)(CQ) molecules consist of weak dimeric units with a-RRh distance of
3.253 A. These dimers are stacked alongatfaxis in a linear fashion, with a distance of
3.271 A between the dimers. The neighbouring atomes dimeric unit are oriented with an
angle of 180° in the opposite direction due torareision symmetry operation. A stereoview of
this stacking arrangement is given in Figure 3.3be rhodium atoms that form the core of a
column are not perfectly aligned on top of one haptvith an angle between Rh---Rh vectors of
175.28°.

The [Rh(tfba)(CO) molecules stack in infinite arrays along thaxis, with a Rh----Rh distance
of 3.537 A between the molecules. Different froRh{bth)(CO)] and [Rh(acac)(CQ),
neighbouring [Rh(tfba)(CQ) molecules are staggered with an O-Rh---Rh-Odwrangle of
~115° between them (Figure 3.30). The orientat@nthe neighbouring molecules is
antieclipsed. That is, the ligands are orientedpposite directions. The angle between Rh---Rh
vectors forming the core of a column is 170.0°. eTienzoyl (Ph) group bonded to the
B-diketonato backbone in [Rh(tfba)(C)s rotated out of the plane formed by the resthef
molecule by 22°, slightly more than the 15° rotatad the benzoyl in [Rh(bth)(Cg))

The [Rh(fctfa)(CO)] molecules form weak dimeric units with a Rh--di&tances of 3.346. Like
[Rh(tfba)(CO}], the two units of a [Rh(fctfa)(CQ))dimer are staggered with a an O-Rh---Rh-O
torsion angle of ~96° between them (Figure 3.30) #me orientation of the neighbouring
molecules is antieclipsed. The dimeric units am¢her supported byt interactions that exist
between the neighbouring cyclopentadienyl rings tbé ferrocenyl (Fc) groups. The

cyclopentadienyl rings are displaced from each rotimea slipped or offset alignméhtwith a

47 C. Janiak,). Chem. Soc., Dalton Trar&0003885-3896.
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centroid-centroid separation of 3.585 A. One ndifference between the [Rh(fctfa)(CHand
the other three [RR¢diketonato)(COy) complexes discussed here is that the dimeriswatnot
stack with the rhodium as a central axis. The dicngnits additionally rotates a further 180° so
that the rhodium centre of the one pair stacksherfiddiketonato backbone of the adjacent pair.
Such an arrangement allows Rhnteractions between the Rh of one dimeric unid &me

cyclopentadienyl ring of another unit. The Rh-ceiut separation is 3.599 A. The stacking is

illustrated by the blue spheres in Figure 3.29.

tfba fctfa

Figure 3.29: Packing diagrams of the [Rhliketonato)(COj molecules §-diketonato = bth, acac, tfba and
fctfa). Note the different types of stacking, aticeted by the blue spheres around the rhodiunmecent

148



CHAPTER 3

bth acac

tfba fctfa

Figure 3.30: Two closest interacting [Rp{diketonato)(COj molecules {-diketonato = bth, acac, tfba and

fctfa), viewed perpendicularly to the coordinatjlane. Note the orientation between the two maéscu
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Table 3.14:Selected bond lengths (A), bond angles (°) amsidarangles (°) of [Rh(bth)(Cg])
Geometric parameters involving hydrogen atoms argted from this table. Atom numbering is
as indicated in Figure 3.28.

Bond lengths / A
Rh1-C14 1.846 (9) | C1-C4B 1.485 (16) C12-C13 1.389 (
Rh1-C15 1.866 (9) | C2-C3 1.391 (11) S1A-C7A 1.68%) (1
Rh1-0O1 2.028 (6) | C3-C8 1.496 (12) S1A-C4A 1.714 (11
Rh1-02 2.041(5) | C4B-C5B 1.438 (17) C5A-C4A 1.42T)(
01-C3 1.265 (10) | C4B-S1B 1.728 (17) C5A-C6A 1.487)(
02-C1 1.250 (9) | C€8-C9 1.397 (12) C6A-C7A 1.359 (1B)
03-C14 1.140 (9) | C8-C13 1.438 (13) S1B-C7B 1.699 (1
04-C15 1.128 (10)| C9-C10 1.360 (12) C5B-C6B 1.418 (
c1-c2 1.401 (10)| C10-C11 1.373 (14) C6B-C7B 1.308) (
C1-C4A 1.483 (10) | C11-C12 1.366 (14

Bond angles / °

C14-Rh1-C15 88.1 (3) C3-C2-C1l 126.5(7) C12-C13-C8 118.2 (8)
C14-Rh1-01 177.5(3) | 0O1-C3-C2 125.3(8)  03-C14-Rhl 178.2 (7)
C15-Rh1-01 90.4 (3) 01-C3-C8 114.8 (7))  04-C15-Rhl 78.1(8)
C14-Rh1-02 91.2 (3) C2-C3-C8 119.8 (7)) C7A-SIA-C4A  91.9 (5)
C15-Rh1-02 177.6 (4) | C5B-C4B-C1 133.3 (16) C4A-OBBA 110.0 (14)
01-Rh1-02 90.4 (2) C5B-C4B-S1B 113.3 (1) C7A-C6BAC 112.7 (11)
C3-01-Rh1 126.1 (6) | C1-C4B-S1B 113.4 (13) C6A-CTBAS 113.8 (8)
C1-02-Rh1 1253 (5) | C9-C8-C13 118.1(8) C7B-S1B-C4B  90.4 (11)
02-C1-C2 126.3 (7) | C9-C8-C3 124.3 (8)] C6B-C5B-C4B 06.2 (15)
02-C1-C4A 116.5(8) | C13-C8-C3 117.6 (7)) C7B-C6B-C5B  117.1(19)
C2-C1-C4A 117.2(8) | C10-C9-C8 120.7 (9)| C6B-C7B-S1B  113.0(18)
02-C1-C4B 106.6 (10)| C9-C10-C11 121.7 (9 C5A-C4n-C 133.2 (12)
C2-C1-C4B 126.9 (11)| C12-C11-C10 118.9 (9 C5A-CZPA 111.6 (9)
CAA-C1-C4B 11.2 (10) | C11-C12-C13 122.4 (9)  C1-C4PAS 115.2 (8)

Torsion angles / ©
C14-Rh1-01-C3 -133 (7) C2-C1-C4B-S1B -21 (3) CAMMIBEA-C7TA  -0.4 (15)
C15-Rh1-01-C3 175.0 (8) | C4A-C1-C4B-S1B 11 (7) CSBACTA-SIA  -0.6 (14)
02-Rh1-01-C3 -2.7 (8) 01-C3-C8-C9 154.6 (9 CAA-SIPA-C6A  1.1(11)
C14-Rh1-02-C1 179.8 (7) | C2-C3-C8-C9 -28.7 (14) @A#B-S1B-C7TB 0 (3)
C15-Rh1-02-C1 -109 (7) 01-C3-C8-C13 27.1(11) QBE1B-C7B 178 (3)
01-Rh1-02-C1 1.7 (7) C2-C3-C8-C13 149.5 (10) C1-@HEB-C6B -179 (4)
Rh1-02-C1-C2 -0.1 (13) C13-C8-C9-C10 0.9 (13) SUB@5B-C6B  -1.0 (17)
Rh1-02-C1-C4A -179.1 (7) | C3-C8-C9-C10 179.1 (8 @a8B-C6B-C7B 1 (2)
Rh1-02-C1-C4B 175.3 (16)] (C8-C9-C10-C11 0.4 (14) @@B-C7B-S1B -1 (4)
02-C1-C2-C3 -1.4 (17) C9-C10-C11-C12  -1.5(15) GIMB-C7B-C6B 0 (3)
C4A-C1-C2-C3 177.5(10)| C10-C11-C12-C13 1.4(16)| AQBA-C4A-C1 -179.5 (13)
C4B-C1-C2-C3 -176 (2) Cl11-C12-C13-C8  -0.1(15) QBBA-C4A-S1IA 1.2 (14)
Rh1-01-C3-C2 2.3 (14) C9-C8-C13-C12 -1.0 (13) 02a@ZA-C5A 172.4 (13)
Rh1-01-C3-C8 178.7 (6) | C3-C8-C13-C12 -179.4 (8) GI2C4A-C5A -6.6 (17)
C1-C2-C3-01 0.2 (18) C15-Rh1-C14-03 22 (27) CAB@A-C5A -159 (10)
C1-C2-C3-C8 -176.0 (8) | 01-Rh1-C14-03 -31 (32) 02@A-S1A -8.2 (13)
02-C1-C4B-C5B -19 (4) 02-Rh1-C14-03 -160 (27 C2TAA-S1A 172.7 (8)
C2-C1-C4B-C5B 157 (2) C14-Rh1-C15-04  -171 (41 G2BC4A-S1A 21 (9)
CAA-C1-C4B-C5B  -172(12) | O1-Rh1-C15-O4 7 (41) C7PASCAA-C5A  -1.3 (11)
02-C1-C4B-S1B 163.8 (17)] 02-Rh1-C15-O4 118 (39 CIMA-C4A-C1 179.2 (9)
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Table 3.15:Crystal data and structure refinement of [Rh(b@){:

Theta range for

Empirical formula CysHgO4RNS data collection 3.5-40.5
8<=h<=8
Formula weight 388.19 g mot Index ranges 15<=k<=15
26<=I<=26
Temperature 100(2) K Reflections collected 25770
. 3596
Wavelength 0.71073 A Independent reflections [Ryy = 0.15]
Crystal system Orthorhombic Theta maximum 28.5°
Space group P2,2,2; Absorption correction multi-scan

Unit cell dimensions

a=6.4610(9) A
b =11.4245(18) A
c=19.557(3) A

Max. and min. transmission

0.937 and 0.620

a=90°
B =90°
y=90°
Volume 1443.57 R Refinement method Full matrix |
least-squares on FZ
7 4 Data / restraints / 3596 / 26 / 185
parameters
Density (calculated) 1.786 Mg n? Goodness-of-fit on B 1.06
. - . Final R indices _
Absorption coefficient (u) 1.34 mmt f1>2sigma(l)] R1=0.074
- R1 =0.0979
F(000) 768 R indices (all data) WR?2 = 0.1948
Crystal size 0.40 x 0.09 x 0.05 min Largest diff. 3.46 and -1.60 eA

peak and hole

Absolute structure
parameter

0.46(10)
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RESULTS AND DISCUSSION

3.2 Iron complexes.

3.2.1[Fe(p-diketonato)s].

3.2.1.1Synthesis.

Two new [Fef-diketonatoj] complexes [{-diketonato = bth {3} and dtm {4}) and eight known
[Fe(B-diketonatoj] complexes [§-diketonato = acac {1}, ba {2}, dbm {5}, tfaa {6}tffu {7}, tfba
{8}, tta {9} and hfaa {10}) were synthesized by @mpral adapted meth8%:*>>° The general
method is given in Figure 3.31.

Ry
Rz O)'j_RZ
0O O
CH;COONa, H,0 >—0,, 1 O
M +  Fe(NOy), 3 25 5 o Fesy
. . EtOH J
1 2 R{ Q\RI
R,

Figure 3.31:General method to synthesize [feliketonato)] complexes.

The method involves buffering the aqueous metaitgwi of Fe(NQ); with sodium acetate. The
result of this reaction, 2 Fe(NJ@ + 4 CHBCOONa, is a paddle wheel complex JfE&&H;COO0)]
(Figure 3.32). Bridging occurs since the @O ligand forms a four membered ring with a
bite angle of ~68°. Since a bite angle of ~90°Wéth a six membered ring) is necessary for
overlap with thed-orbitals of the iron centre (as with the final guat), a paddle wheel complex

forms. This keeps the iron soluble in water with@acting with the water itself.

48 E.W. Berg, J.T. Truemped, Phys. Chenl960(64) 487-490.
49K. Endo, M. Furukawa, H. Yamatera, H SaBa|l. Chem. Soc. Jph980(53) 407-410.
50 G.S. Hammond, D.C. Nonhebel, C.S. lhgrg. Chem1963(2) 73-76.
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2 Fe(NOy); + 4 CH3COONa — > Fe”

Figure 3.32:The paddle wheel complex [REH;COO),].

For complexes {2}, {3}, {8} and {9}, the aqueous Hared metal solution was used as is. For
complexes {1}, {4}, {5}, {6}, {7} and {10}, ethanol was added additionally to the aqueous
buffered metal solution to make a 1:3HEtOH solution. This was done for the purposéhef
next step for one of the following two reasons: fhdiketone is already a liquid and was
therefore not dissolved in ethanol or fheliketone is insoluble in pure water. The nexpste
therefore is to add thgdiketone to the buffered metal solution. For {£3}, {8} and {9}, the
B-diketones were first dissolved in ethanol and theéded to the buffered solution. For {1}, {6},
{7} and {10}, the B-diketones were added direct with a syringe, sihey are liquid at room
temperature. For {4} and {5}, th@-diketones were first dissolved in DCM and theneatith
the 1.1 HO:EtOH solution. The resulting solution in all tliases was stirred well for
30 minutes and was left overnight in a fume hodte precipitate was collected the next day by
filtration and thorough washing with water. Thengmexes were confirmed by mass
spectroscopy and elemental analysis (section 4Qt@pter 4). Since the complexes are
paramagnetic, ntH NMR characterization was possible. A comparisdiie with the different

characteristics of the different [Bediketonatoj] complexes is given in Table 3.16.

In general, good yields (71-96%) were obtainedgepkdor {4} and {10} which had yields of
39% and 51% respectively. The poor yield for {4 due to solubility problems of the
B-diketone. DCM was the only solvent that reasonabluld dissolve th@-diketone and still
could mix with the buffered metal solution. Theopgield for {10} is probably due to the fact

that thep-diketone is extremely volatile at room temperature

The complexes had all red-like colours, varyingrfrbght orange to black. This is due to the

crystal field splitting exhibited by the high spotahedral complexes, which will be discussed in
section 3.2.1.4. The melting points of the knovamplexes were in the same range as the
reported value&°525354555¢ oy cept for {8} which was found to melt much earlthan the

reported value. Since the elemental analysis isf ¢tbmpound was within 99% accurate for
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RESULTS AND DISCUSSION |

carbon, it is assumed that the compound is clddme melting point was determined three times
and is therefore accepted to be 58.4-60.1 °C ahd2®129 °C, as reported by Bezgal*® in
1960.

Table 3.16:Characteristic data and results of the synthdgiseffi-diketonatoj] complexes.

Amax/ nm’

[Fe(p-diketonato)s] Yield Colour (Emax/ MO drr.crY) M.p.
acac {1} acetylacetone 73% red 270 (25842) (repo négol()?;%ég 155(:) oY)
ba {2} benzoylacetone 84% red-orange 298 (40256) (repgrltgds-zzzzg-.ng"‘@)
bth {3} benzoylthenoylacetylacetong 859 red-brown 61330956) 220.0-222.0 °C
dtm {4} dithenoylmethane 39% black 260 (35301) 68674 °C
. 264.0-265.2 °C
dbm {5} dibenzoylmethane 71% dark red 336 (48608) (reported: 261 °G2 257 °¢?)

. 113.5-116.1 °C
0, -
tfaa {6} trifluoroacetylacetone 91% red-brown 278996) (reported: 115 °¢3%

205.0-208.0 °C

tffu {7} trifluorofuroylacetone 92% dark red 3333876) (reported: 201-208 )

ttha {8} trifluorobenzoylacetone 96% orange 304788) (rep o?tzcjlfgsllzcg )

tta {9} thenoyltrifluoroacetone 78% dark red 33B481) (rep orted:lfgé(_)iégl‘;gﬁoﬁiz. 5 °¢5)
hfaa {10} hexafluoroacetylacetone 519 light orange -1 (rezg}?ég%oso%)

i In CH:CN solution.
ii Insoluble in CHCN.

3.2.1.2Cyclic Voltammetry (CV).

In this section, the electrochemistry of [%p-diketonato)] (B-diketonato = acac {1}, ba {2}, bth
{3}, dtm {4}, dbm {5}, tfaa {6}, tffu {7}, tfba {8} , tta {9} and hfaa {10}, Table 3.18) is
described. The only redox active centre in the mleres studied was the iron centre. The
oxidation state of iron changes reversibly betwieefill) and Fe(ll). The overall electrochemical
reaction is: [F8(B-diketonato)] + € = [F€'(B-diketonato)]™. The different redox potentials of
the [F€'(B-diketonato)] series are due to the different electronic déessiat the metal centre due
to the different substituents on tRediketonato ligands. The details of the methodsduare

given in section 4.2.5 (Chapter 4).

51 M.-L. Hu, Z.-M. Jin, Q. Miao, L.-P. Fang,. Kristallogr. - New Cryst. Struc2001(216) 597-598.

52 B, Kaitner, B. KamenaGryst. Struct. Commuri980(9) 487-492.

53|.A. Baidina, P.A. Stabnikov, 1.K. lgumenov, S.Borisov,Koord. Khim. (Russ.) (Coord.Chem986(12) 258-
265.

54| A. Baidina, P.A. Stabnikov, I.K. lgumenov, S.Vo@isov,Koord. Khim. (Russ. )(Coord. Chem986(12) 404-
408.

55 H. Soling,Acta Chem. Scand. 2976(30) 163-170.

56 C.E. Pfluger, P.S. Harademprg. Chim. Actal983(69) 141-146.
154



CHAPTER 3

The electrochemical data of [Fe(ach€l} (at varying scan rates) are summarized in[€gh17
and the cyclic voltammograms are shown in Figur@3.3. One iron-related reduction half
reaction in the cathodic sweep (the peaks poirdmgnward) and one oxidation half reaction in
the anodic sweep (the peaks pointing upward) wesemwed. The [Fe(acat)X1l} complex
shows reversible electrochemical behaviour at khwees scan ratesAE, < 90 mV). However, at
a higher scan rate of 1000 mV,she difference in peak potentials increased ®m¥. A slow
increase OfAE, with scan rate is consistent with electrode adsmip The current ratios

(ipdipc= 1) indicate that this redox reaction is chemicedyersible.

Table 3.17:Electrochemical dataf [Fe(acac) {1}.

ScanRate / mV.8  Epa/V  En/V  AE,/V  E°/V  iga/PA i /PA  ipaline

50 -1.002 -1.076 0.074 -1.039 1056  10.75 0.98
100 -1.002  -1.074  0.072  -1.038 1466  14.72 1.90
150 -1.000  -1.077  0.077 -1.038 1758 1851 0.95
200 -0.997 -1.078 0.081  -1.037 20.25  20.50 0.99
250 -0.997 -1.078  0.081  -1.037 2273 2292 0.99
300 -0.993 -1.081 0.088  -1.037 2447  25.03 0.98
1000 -0.983  -1.092  0.109  -1.037 4242  43.35 0.98

i Solvent CHCN, supporting electrolyte TBARRF[NBuU4][PF¢]), versusFc/F¢, scan rate as indicated.

-40 -

-50 -

-60 v v v v v
-1.6 -1.4 -1.2 -1.0 -0.8 -0.6

E /mV vs Fc/Fc

Figure 3.33: Cyclic voltammogramsversusFc/F¢) of 1 mmol.dn? [Fe(acac) {1} at scan rates 50, 100, 150,

200, 250, 300 and 1000 m\t.s Scans initiated in the direction of the arroweasured in 100 mmol.dim
TBAPF/CH;CN on a glassy carbon working electrode at 25 °C.
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Selected electrochemical data of all the"

[(Bediketonato)] complexes in this study are
summarized in Table 3.18 and the comparative cyditammograms are shown in Figure 3.34.
The complete cyclic voltammograms of the 'ff@diketonato)] complexes in this study, along
with the tables with the complete electrochemicaiad are given in Appendix A. Complexes
{2} - {10} show electrochemistry similar to that ¢§fFe(acacy] {1}, producing electrochemically
and chemically reversible behaviour, except for(figa)] {6}. The [Fe(tfaa}] {6} complex
shows quasi-reversible electrochemical behavioBm(® <AE, < 147 mV). A quasi-reversible
redox couple indicates that both the oxidation asdliction processes still take place, but there
is a slow electron exchange between the electroddhe redox species in solution. [Fe(hfha)
{10} is insoluble in CHCN. A sufficient amount was, however, dissolvedi@M to perform
an electrochemical analysis. The results of {19} in TBAPF¢CH3;CN and {10} in
TBAPF/DCM are much better than in TBAP/DMF, reportedtndoet. al*® In our study, all
the [F€'(B-diketonato)] complexes (except {6}) show reversible electrauiml behaviour
(62 mV <AE, < 72 mV at 100 mV:§. Endoet. al*® found that [Fe(dbm) {5} showed
electrochemically reversible behaviowH, = 60 mV at 500 mV:Y), whereas those of the other
[Fe" (B-diketonato)] complexes in his study (Table 2.10, section 2.%hapter 2) showed
electrochemically irreversible behaviour (13QE, < 500 mV). The formal reduction potentials

(EY, versussaturated Ag/AgCl), had the same sequence ag itakiie below.
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>
230+ — —
hfaa
% tta
180- i, # tfba
e
% tffu
1304 tfaa
< g
3
ﬁ o
80 - Jr_ dtm
% bth
30 - $ ba
acac
]
'20 v v v v v v v v
-1.3 -1.1 -0.9 -0.7 -0.5 -0.3 -0.1 0.1 0.3 0.5

E / mV vs Fc/Fc

Figure 3.34: Comparative cyclic voltammogramsvefsus Fc/F¢) of 1 mmol.dri® of the indicated

[Fe" (B-diketonato)] complexes at a scan rate of 100 mV.sScans initiated in the direction of the arrohe

B-diketonato ligands in the red, green and blue ggaontain respectively none, one and twg §iffe groups.
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Table 3.18: Acid dissociation constant Kp), total group electronegativities on the Gordylsca
(Xr1 + Xr2) and selected electrochemical data of thé (Beliketonato)] complexes.

p-diketone (RCOCH,COR;) | [Fe" (p-diketonato)s]

Ry R:  pKa XmitXee | AEp/mV E°/V

acac {1} acetylacetone CH CH; 895 468 72 -1.038'
ba {2} benzoylacetone CH Ph 8705  4.55% 63" -0.971'
bth {3}  benzoylthenoylacetylacetone Ph 43S 9.01%°  4.3150% 62! -0.881'
dtm {4} dithenoylmethane S GHS 8.89%°  4.20% 70" -0.844'
dbm {5} dibenzoylmethane Ph Ph 9.35%  4.42% 68’ -0.921'
tfaa {6} trifluoroacetylacetone GF CH; 6.30% 535%% 88’ -0.377
tffu {7} trifluorofuroylacetone CF CH;O 6.48" 5.13" 67' -0.347'
tfba {8} trifluorobenzoylacetone GF Ph  6.30 5.22% 64" -0.351'
tta {9} thenoyltrifluoroacetone GF GCH:S 6.50%° 5.1150% 70" -0.355'
hfaa {10} hexafluoroacetylacetone GF CR  4.35% 6.02% 70" 0.202"

i Solvent CHCN, supporting electrolyte TBARF[NBu,][PF¢]), versusFc/F¢, scan rate 100 mV's
i Solvent DCM, supporting electrolyte TBARPENBU,][PFs]), versusFc/F¢, scan rate 100 mV’s
iii This study, calculated from the relationships igufe 3.35.

According to Figure 3.34, the [l¢3-diketonato)] complexes in this study can be divided into
three distinctive groups. The red group: contajrird" (B-diketonato)] complexes where the
B-diketonato ligand has no gBide groups. The green group: containind'[Bedliketonato)]
complexes where thgdiketonato ligand has one ¢€&ide group. The blue group: containing a
[Fe" (B-diketonato)] complex where th@-diketonato ligand has two GBide groups. The GF
group has a higher group electronegativity thanother groups (Cf= 3.01%° CH; = 2.34%% Ph

= 2.21%° C,H;0 = 2.15% and GH3S = 2.10°%). Therefore, an increase in the number of CF
groups results in an increase of the total groeptednegativity Xr1 + Xr2) Of the p-diketonato
ligands bonded to the iron centre. In generathastotal group electronegativity increases, the
formal reduction potential & also increases (Table 3.18). This is expectadesthe more
electron-withdrawing the R group becomes, the maestron density is removed from the
B-diketonato backbone, making the iron centre nadfiti more positive and more difficult to

reduce.

Parameters that are related to the electron deokitye metal centre of [F¢B-diketonato))],

such as the acid dissociation constar€; pof the uncoordinate@-diketone, the total group

57]. Stary;The Solvent Extraction of Metal Chelgt&acMillan Company, New Yorki964 Appendix.
58 R.E. Kagarise]). Am. Chem. Sot955(77) 1377-1379.
59 M.M. Conradie, A.J. Muller, J. Conradi8, Afr. J. Chen008(61) 13-21.
60W.C. du Plessis, T.G. Vosloo, J.C. SwaitsChem. Soc. Dalton Trank9982507-2514.
61 M. Ellinger, H. Duschner, K. Stark&, Inorg. Nucl. Chenil978(40) 1063-1067.
62 This study, calculated from the relationships iguie 3.35.
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electronegativitiesyr: + Xr2) Of the R and R side groups on thg-diketonato ligand and the
formal reduction potentials P of the redox active metal Fe(lIl)/Fe(ll) in [£€8-diketonato)],
are also included in Table 3.18. The relationsbithie formal reduction potential {Ewith pKa

andyri + Xrz are shown graphically in Figure 3.35.

The correlation of the formal reduction potentst®ws the following trends:

E? versus pKa: Shows that the Eincreases linearly with a decreasir.p The iron centre is
relatively more electron-deficient (with smalld{g) and consequently more energy is needed to
reduce [FE(B-diketonato].

E? versus Xr1 + Xr2: Three separate trends were found for the redngaed blue groups, where
the B-diketonato ligands contain respectively none, ang two Ck side groups. In general, the
E® increases for the three groups as the number gfg@fips increase. The trend within a
group, however, shows an opposite behaviour. Theldtreases slightly linearly with the

increase in total group electronegativities.

The linear equations (y = mx + c) in Figure 3.3&fiming the relationships betweefl Bnd the
parameters above are: Kp= (-4.164) B + 5.033

Xr1+Xr2 = (-2.483) E +2.120 (red group, Rand R # CF)

Xr1 + Xre = (-6.990) E + 2.703 (green group,Rr R, = CF)

Xr1* Xr2 = 6.020 (blue group, IR R, = CR)
This allows one to determine the acid dissociatammstant (K;) of the uncoordinated
B-diketone and the total group electronegativitigs ¢ Xr2) of the R and R side groups, when
the formal reduction potential {]Eis known. These newly found relationships wesedion
[Fe(tffu)s] {7}, where neither the acid dissociation constaot Htffu nor the group
electronegativity of furyl (GH3O) was known. Using the experimental value of4@.¥ for the
EY of [Fe(tffu)] {7}, the pK, of Htffu was calculated as 6.48 and theso Of furyl was

calculated as 2.12.
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Figure 3.35: The correlation of the formal reduction potenti¢#8) of [F€" (B-diketonato)] complexes with the
acid dissociation constants Kp of the uncoordinated3-diketones (RCOCH,COR,) and the total group
electronegativitiesyr; + Xr2) Of the R and R side groups. Thg-diketonato ligands in the red, green and blue

groups contain respectively none, one and twesife groups.

From the DFT computational study (section 3.2.1id)s clear that both the faciafaf) and
meridional (ner) isomers exist in appreciable quantities for thé" [B-diketonato)] complexes
with unsymmetricap-diketonato ligands. However, it was impossiblélitiinguish between the
two stereo isomers electrochemically. This entirekpected result indicates that molecular
geometry does not significantly influence the pttdrrequired to oxidise the iron centre, but
bond delocalisation does transmit electron donatinglectron withdrawing effects of molecular

fragments to and from the iron centre.

3.2.1.3Spectroelectrochemistry (SEC).

To further investigate the electrochemical propsrtof the [FE(B-diketonato)] complexes
(B-diketonato = acac {1}, ba {2}, bth {3}, dtm {4}, bm {5}, tfaa {6}, tffu {7}, tfba {8} and tta
{9}), a spectroelectrochemical study was conduct&pectroelectrochemistry (SEC) combines
the two quite different techniques, electrochemisind spectroscopy, to study the influence of

the redox chemistry of the [E€3-diketonato)] complexes on their UV/vis absorption spectra.
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The oxidation state is changed electrochemicaltlyain OTTLE cell) by the addition of an
electron. The product of the redox transformaiithen simultaneously monitorea situ by
UV/vis spectroscopy (200-600 nm). The detailshaf inethods used are given in section 4.2.5
(Chapter 4).

From the cyclic voltammetry study (section 3.2.1\2¢ already know that [E'¢s-diketonato)]
complexes undergo a single one-electron iron-rélatzluction reaction. This reaction is
electrochemically and chemically reversible. Tldtammograms are given in Figure 3.34 and

Appendix A and the electrochemical data are sunredrin Table 3.18.

Iron(lll) complexes have strong absorption bandsthe near ultraviolet region. Iron(lll)
porphyrins have a typical Sofétand at ~400nif:°>°®®” whereas trif{-diketonato) iron(lll)
complexes have a strong absorption band at ~36®rifine intensity of the bands change as the
iron(lll) complexes are reduced or oxidiZ¥4>°°°" The spectral changes obtained during the
Fe(lll)/Fe(ll) reduction of complexes {1} - {9} ar@resented graphically in Figure 3.36. The
study was conducted in GBN and since [Fe(hfag){10} is insoluble in CHCN, it is excluded
from this study.

63 J.L. SoretComptes Renduls883(97) 1269-1273.

64 K.M. Kadish, E. van Caemelbecke, E. Gueletti, &uzumi, K. Miyamoto, T. Suenobu, A. Tabard, R. |G,
Inorg. Chem1998(37) 1759-1766.

65p.W Crawford, M.D. Ryarinorg. Chem1991(179) 25-33.

66 K.M. Kadish, E. van Caemelbecke, F. D’'Souza, ®ddforth, K.M. Smith, A. Tabard, R. Guilarthorg. Chem.
1995(34) 2984-2989.

67D. Lancon, P. Cocolios, R. Guilard, K.M. Kadishprg. Chem1984 (106) 4472-4478.
68 G. Gumbel, H. Eliadnorg. Chim. Act&2003(342) 97-106.
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Figure 3.36: UV/vis thin-layer spectral changes during the ofezteon Fe(lll)/Fe(ll) reduction of
[Fe" (B-diketonato)] complexes {1} - {9}, measured in TBARFCH,CN in an OTTLE cell at 25 °C. First scans are

marked blue and the peak increase/decrease idiaated by the arrows.

Similar spectra for [Fe(acat)1} and [Fe(tfaa}] {6} were observed. Th@-diketonato ligands
acac and tfaa have respectivelyLEtH; and CH/CF; side groups. Changing the one side group
from CH; to CR; had very little effect on the spectral absorptédthese two complexes. This is
also the case with [Fe(ba)f2} and [Fe(tfba)] {8}, which also have very similar spectra. The
B-diketonato ligands ba and tfba have respectiveNCF; and Ph/CE side groups. Introduction

of one Ph or two Ph side groups successively caused shift of ~30 nm:
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[Fe(acacy] {1} (270 nm) — [Fe(ba}] {2} (298 nm) — [Fe(dbm}] {5} (336 nm)

[Fe(tfaa}] {6} (271 nm) — [Fe(tfba}] {8} (304 nm) — [Fe(dbm)}] {5} (336 nm)

The spectral changes during the reduction of [Fe(gdc{1} and [Fe(tfaa)] {6}, as well as of
[Fe(ba}] {2} and [Fe(tfba)] {8}, were very similar. Changing the one sidegp from CH to
CF; not only had very little effect on the spectralsaiption of the [F&(B-diketonato)]

complexes, but also on the [f@-diketonato)]” complexes.

The other complexes, all containing one or two atenside groups, had unique spectra and
spectral changes and no further trends were olsefizach complex is discussed in detail in the

following paragraphs.

[Fe(acag) {1}. This complex has a strong band at 270 nm, twdlemzands at 235 and 355
nm and a shoulder at 440 nm. Upon reduction otttimplex, the 235, 270 and 440 nm bands

decrease in intensity and the 355 nm band increaBes 235 and 335 nm bands also have a red
shift of 5 and 25 nm respectively. Additionally,n@w shoulder appears at 320 nm. Two

isobestic points are visible at 295 and 390 nm.es€hspectral changes are similar to that of
Fe(tfaa)] {6}.

[Fe(ba}] {2}: This complex has a strong band at 298 nm andafieaniband at 250 nm. Upon
reduction of the complex, the 298 and 250 nm baedpectively decrease and increase in
intensity. One isobestic point is visible at 26B.nThese spectral changes are similar to that of
Fe(tfba}] {8}.

[Fe(bth}] {3}: This complex has a strong band at 361 nm, a embiind at 245 nm and a

shoulder at 275 nm. Upon reduction of the compleg, 361 nm band decreases in intensity.
The 245 nm band initially slightly decreases witted shift of 10 nm and then strongly increases
at 255 nm. The shoulder at 275 nm increases witd ashift of 25 nm. One isobestic point is

visible at ~300 nm.

[Fe(dtm}] {4}. This complex has a band at 260 nm and four skeosilat 295, 350, 375 and 445

nm. Upon reduction of the complex, the 350, 378 445 nm shoulders decrease in intensity

and the 260 nm band with the 295 nm shoulder ise®a intensity. One isobestic point is

visible at 320 nm.
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[Fe(dbm}] {5}: This complex has a strong band at 336 nm, a esmladind at 251 nm and a
shoulder at 415 nm. Upon reduction of the compile,336 nm band decreases in intensity and
the shoulder at 415 nm disappears completely. ZBienm band increases in intensity with a

slight blue shift of 3 nm. One isobestic poinvisible at 270 nm.

[Fe(tfaa}] {6}. This complex has a strong band at 271 nm, twdlemaands at 235 and 360
nm and a shoulder at 450 nm. Upon reduction otttmplex, the 235, 271 and 450 nm bands

decrease in intensity and the 360 nm band increales 235 and 271 nm bands also both have a
red shift of 4 nm. Additionally, a new shouldempaprs at 315 nm. Two isobestic points are

visible at 290 and 390 nm. These spectral chaaugesimilar to that of Fe(acagil}.

[Fe(tffu)s] {7}. This complex has a strong band at 333 nm, twdlesmaands at 230 and 385
nm and a shoulder at ~520 nm. Upon reduction@ttmplex, the 333, 385 and ~520 nm bands

disappear completely. A new strong band at 29%anctha shoulder at 350 nm appear. The 230

nm band increases with a red shift of 5 nm. Twebéstic points are visible at 230 and 300 nm.

[Fe(tfba}] {8}: This complex has a strong band at 304 nm andalddér at 259 nm. Upon

reduction of the complex, the 304 and 259 nm baedpectively decrease and increase in
intensity. Two isobestic points are visible at 28@ 275 nm. These spectral changes are similar
to that of Fe(ba) {2}.

[Fe(tta}] {9} This complex has a strong band at 333 nm, a embdnd at 270 nm and a

shoulder at 385 nm. Upon reduction of the complle®,333 nm band decreases in intensity to
form a band at 320 nm with a shoulder at 350 nrhe Shoulder at 385 nm also decreases in
intensity. The band at 270 nm slightly increasesniensity and a new shoulder at 230 nm

appears. Two isobestic points are visible at 226300 nm.

3.2.1.4DFT computational study.

In this DFT computational study, we investigate #iectrochemical behaviour of the redox
reaction: [F&(B-diketonato)] + € — [Fe'(B-diketonato)]™ (B-diketonato = acac {1}, ba {2},
bth {3}, dtm {4}, dom {5}, tfaa {6}, tffu {7}, tfba {8}, tta {9} and hfaa {10}, Table 3.18).

Tris(B-diketonato) iron(lll) complexes are stable molesuivith the metal in a high spin state
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(S = 5/2)%7° In the reduced form, [F€B-diketonato)]™, it is also high-spin§ = 2). These
complexes can have eitheDg (complexes with symmetric@itdiketone ligand)Cs (complexes
with unsymmetricap-diketone ligand, arranged in such a way that teeye a 3-fold rotational
axis) orC; (complexes with unsymmetricftdiketone ligand, arranged in such a way that they
have no symmetry operation) symmetry. The detailshe computational methods used are

given in section 4.5.3.1 (Chapter 4).

To validate the DFT computational method, $he 1/2, 3/2 and 5/2 states of [Fe(agh®ere
optimized with a variety of functionals (PW91, OLYB3LYP and B3LYP*), to see which
functional can correctly predict ti#®= 5/2 state. The relative energies are givenahld 3.19.
To further validate the DFT computational methode toond lengths and bond angles of
[Fe(acac)] (S = 5/2) were compared to known experimefital and calculated data (Table
3.20). OLYP, B3LYP and B3LYP* successfully predectsextet ground state with the other
states approximately 90 kJ.riohigher in energy (Table 3.19). PW91, howeverpirectly
predicts a doublet state with the sextet state3@&l* higher in energy. The functional OLYP
was therefore used in further calculations. The/Bloptimization of [Fe(acag]) (S = 5/2) with
D3, C; andC; symmetry constraint gave virtually the same emsrgiThe OLYP geometries are
in close agreement with known experimental andutaled data (Table 3.20). The calculated
bond lengths are slightly longer than those obthifrem X-ray crystallography, but it is

well-known that GGA density functionals overestisbbnds lengthS,

Table 3.19: Relative energies (kJ.mYl of the different spin states (default occupatjoas
[Fe(acacgy], optimized under ®3; symmetry constraint with a selection of functianal

Spin PW91 OLYP B3LYP  B3LYP*
1/2 -30 61 132 89

3/2 30 76 135 109

5/2 0 0 0 0

69 F A. Cotton, G. WilkinsonAdvanced inorganic chemistrgecond edition, John Wiley & Sons, New YatR66
p875.

70|, Diaz-Acosta, J. Baker, W. Cordes, P. PulayPhys. Chem. 2001(105) 238-244.
71]. Iball, C.H. MorganActa Cryst.1967(23) 239-244.
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Table 3.20: Selected experimental and calculated geometrigabrpeters of [Fe(acat)
(S=5/2), optimized under Rz symmetry.

Properties  OLYP  B3LYP®' Crystal’® Crystal™*
Fe-O(A) 2.064 2011 1.992(21)  1.992(6)
0-C (A) 1.276 1.275 1.262(4)  1.258(12)
c-Cc (A) 1.408 1.405 1.382(5)  1.377(19)

C-CHs (A) 1517 1512 1.504(5)  1.530(21)

O-Fe-0(°) 859 87.1 87.43(9)  87.1(3)

Fe-O-C(°) 1298 1298 129.12(20)  129.3(8)

0-C-C() 1251 124.9 1245(3)  125.0(1%)

C-C-C(°) 1243 1235 124.8(3)  124.8(8

i PQS parallebb initio programme, B3LYP functional, 6-31G* basis set Badymmetry.

The coordination of the metal in tfisfliketonato) iron(lll) complexes with a symmetrical
B-diketone ligand ({1}, {4}, {5} and {10}) is approxmately of octahedradD; symmetry. Figure
3.37 shows a qualitative diagram of therbital energies of the metal ion and the effecttite
relative energies upon distortion of the ligandldfigsection 2.2.3, Chapter 2). The
symmetry-breaking distortion is zero at the middiejresponding to octahedral symmetry.
Distortion toward®s ligand symmetry splits the degenergteorbitals intoa ande components.
Qualitatively, a positiveD3 distortion corresponds to the flattening of théabedron and a
negative distortion corresponds to an increasdsoheéight. Depending on the sign of the
distortion, either tha or thee component is lower in energy. Complexes {1}, {43} and {10}

all show negative distortion as depicted in Figdu®7 9 (left), with the lowest-orbital havinga
symmetry. Therefore, when [PBediketonatoj] with D3z symmetry is reduced to become
[Fe(B-diketonatoj], the lowera component of thd-orbital will gain an electron. Gaining only
one electron is not allowed for thee component, since the component has to be doubly

occupied.

jr— 24 — eg p— 4
f— 24 —a
— t2g
—a prm— 4
negative positive

D3 distortion Oh distortion D3

Figure 3.37: Alteration of octahedral orbital energie3) underD; distortion.

For tris@3-diketonato) iron(lll) complexes with a unsymmedtig-diketone ligand ({2}, {3}, {6},
{7}, {8} and {9}), two stereo isomers are possibla:facial isomerfac), where the three ligands

are symmetrically arranged, and a meridional isofmesn (Figure 3.38). The ratios of the
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isomers were calculated with the Boltzmann equdfiaquation 2.1, Chapter 2) and are tabulated
in Table 3.21. The population of tfec andmerisomers were used in calculating the effective

ionization potential (IP) of the complex.

Ry Ry
77\ 77\
R, o R, R, o R,
> O/"Fle“\o ) O/"Fle“\o
\ OV (I)\O N - Of (I)\O
R WQFRl R2 WQ\Rl
R, R,
fac-isomer mer-isomer

Figure 3.38:The facial fac) and meridionalrfier) isomers of [Fef-diketonato)] complexes with unsymmetrical

B-diketonato ligands.

Table 3.21: The calculatedfac and mer isomer distribution of [F@tdiketonato)] and
[Fe(B-diketonatoj]”. The ionization potential of the redox reactisriso given.

[Fe(p-diketonato)s] [Fe(p-diketonato)s]™ lonization

%fac  Epc/kd.mol? % mer Epe/kdmol? | %fac  Eqc/kd.moll % mer  Epe/kd.mol? /plt();enr;gﬁll
acac {1} 100.0 -24433 - - 100.0 -24593 - - 160
ba {2} 45.8 -38849 54.2 -38849 44.3 -39037 55.7 -39037 188
bth {3} 88.6 -47158 11.4 -47153 73.3 -47367 26.7 -47365 209
dtm {4} 100.0 -41049 - - 100.0 -41259 - - 210
dbm {5} 100.0 -53259 - - 100.0 -53475 - - 216
tfaa {6} 65.4 -24637 34.6 -24636 65.9 -24896 34.1 -24894 259
tffu {7} 64.5 -33680 35.5 -33679 42.3 -33943 57.7 -33944 264
tfba {8} 45.8 -39059 54.2 -39059 70.5 -39330 29.5 -39328 270
tta {9} 325 -32949 67.5 -32951 42.6 -33223 57.4 -33224 273
hfaa {10} 100.0 -24806 - - 100.0 -25165 - - 360

The ionization potential (IP) of the [£€3-diketonato)] complexes, calculated according to

[Fe" (B-diketonato)] + € = [F€'(B-diketonato]™ + IP
as the amount of energy required to add an elector{Fé" (B-diketonato)] to form
[Fe'(B-diketonato)], is also tabulated in Table 3.21. The forwardctiiea is the reduction
reaction and the backward reaction is the oxidateaction. The formal reduction potentials
(E®) of the redox active metal Fe(lll)/Fe(ll) in [Fe8-diketonato)], are included in Table 3.18
(section 3.2.1.2). The relationship between tHeutated ionization potential (IP) and’ s
shown graphically in Figure 3.39.

The correlation of the calculated ionization poigstshows that IP increases with increasing
(less negative) formal reduction potential. A &r@ implies that more energy is needed to

reduce [FE(B-diketonato)]. In other words, more energy is needed to addelantron to
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[Fe" (B-diketonato)] and thus a larger IP. The linear equation (y x #c) defining this
relationship is: E = (6.933 x 10) IP + 2.258. This allows one to determine therfarreduction

potentials (B) of [F€" (B-diketonato)] complexes when the calculated IP is known.

-1.2 T T T T
150 200 250 300 350

lonization Potential / kJ.mol*

Figure 3.39: A plot of the ionization potentialgersusthe formal reduction potentials {Eof the redox reaction

[Fe" (B-diketonato)] + € == [Fé€'(B-diketonato)]™ + IP  for the [F&(B-diketonato)] {1} - {10}.

3.2.2[Fe(salen)(CH),(COCH;3).(py),].

3.2.2.1Introduction.

For researchers involved in DFT calculations on negieell transition metal complexes,
including many important bioinorganic systems, atitegy question stays the choice of the
exchange-correlation function®’®*’* Unfortunately, there have been only a few compara

studies of different functionals in relation to theergetics of low-lying spin states of transition

72 A, Ghosh, P.R. TayloCurr. Opin. Chem. Biol2003(91) 113-124.
73J.N. HarveyStruct. Bondin@004(112) 151-183.
74 A. Ghosh,J. Biol. Inorg. Chem2006(11) 712-724.
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metal complexe&’®’” Nevertheless, the limited amount of data suggeésts whereas the
“classic” pure functionals such as BLY®P? PW91% and BP86® favour somewhat unduly
spincoupled, covalent descriptions, hybrid functisrsuch as B3LY® err in the other direction.
To correct for the latter tendency, the amount afti¢e-Fock exchange in B3LYP has been
reduced from the standard 20% to 15%. The resuBiBLYP** functional has been found to
yield improved results in certain cases. Theseestgpes of the different functionals were
further confirmed in a recent study of first-rovansition metaP-diketiminato (hacnac) imido
complexes, where the classic pure functionalsdashduly low-multiplicity spin states, whereas
the hybrid functionals B3LYP and O3L¥fresulted in unduly high-multiplicity ground stafés

75 Selected studies comparing the performance ofrmifit functionalsvis-a-vis transition metal spin state
energetics: ) M. Swart, A.R. Groenhof, A.W. Ehlers, K. Lamments, J. Phys. Chem. 2004 (108) 5479-
5483. p) R.J. Deeth, N. Feyl. Comp. Chen2004(25) 1840-1848.d) A.R. Groenhof, M. Swart, A.\W. Ehlers,
K. Lammertsma,]. Phys. Chem. 2005(109) 3411-3417d) L.M.L. Daku, A. Vargas, A. Hauser, A. Fouqueau,
M.E. Casida,ChemPhysCher2005 (6) 1393-1410.d) G. Ganzenmuller, N. Berkaine, A. Fouqueau, M.E.
Casida, M. Reiher). Chem. Phys2005 (122) 234321-234332f)(F. De Angelis, N. Jin, R. Car, J.T. Groves,
Inorg. Chem 2006 (45) 4268-4276.¢) A. Vargas, M. Zerara, E. Krausz, A. Hauser, L.MDaku, J. Chem.
Theory Comput2006 (2) 1342-1359.H) C.Y. Rong, S.X. Lian, D.L. Yin, B. Shen, A.G. Zim L. Bartolotti,
S.B. Liu, J. Chem. Phys2006 (125) 174102-174108i)(N. Strickland, J.N. Harvey]. Phys. Chem. R007
(111) 841-852.

76 3. Conradie, A. Ghosl, Phys. ChenB 2007(111) 12621-12624.
77 M. Swart, AW. Ehlers, K. Lammertsmislol. Phys2004(102) 2467-2474.

78 (@) C. Lee, W. Yang, R.G. ParfPhys. Rev. B988(37) 785-789.1f) B.G. Johnson, P.M.W. Gill, J.A. Poplé,
Chem. Phys1993(98) 5612-5626.d) T.V. Russo, R.L. Martin, P.J. Hay. Chem. Physl994 (101) 7729-
7737.

79 A.D. Becke Phys. Rev1988(A38) 3098-3100.

80 3.p. Perdew, J.A. Chevary, S.H. Vosko, K.A. Jack8b.R. Pederson, D.J. Singh, C. Fiolh&kys. Rev. B992
(46) 6671-6687. Erratum: J.P. Perdew, J.A. Chevay, Vosko, K.A. Jackson, M.R. Perderson, D.JgiIC.
Fiolhais,Phys. Rev. B993(48) 4978.

81,p. PerdewRhys. Rev1986(B33) 8822-8824; Erratum: J.P. Perd®kiys. Rev1986(B34) 7406.
82p . Stephens, F.J. Devlin, C.F. Chabalowski, Ftidch,J. Phys. Cheml994(98) 11623-11627.
83 M. Reiher, O. Salomon, B.A. HesEheor. Chem. Ac001(107) 48-55.
84 A.J. Cohen, N.C. HandWol. Phys.2001(99) 607-615.
85 ). Conradie, A. GhosH, Chem. Theory Comp2007 (3) 689-702.
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Interestingly, the OLYP*®° and OPBE"®® pure functionals, based on the new OFfékchange
functional, yielded the correct ground states tbofthe complexes examined, notaldy O for
cd"(nacnac)(NR) an® = 3/2 for F& (nacnac)(NR). This finding led us to speculateptih on

the basis of a limited amount of data, that exchasgrelation functionals based on the
OPTX-based exchange functional may be among theflmes the point of view of transition
metal spin state energetits. To further test this proposal, DFT calculationsrevcarried out
with different functionals on the spin crossovemgdex [Fe(salen)(CkJ(COCH)2(py).]. The
question to be addressed in this study is: whicktional best reproduces accurate geometry and

equi-energetiS= 0 (high spin, HS) and 2 (low spin, LS) stateshig complex?

All DFT calculations in this study have been peried on two different conformations of
[Fe(salen)(CH)(COCH)2(py),] with the pyridine groups oriented either vertigar dihedrally

relative to the symmetry plane through the salgand, as illustrated in Figure 3.40. Both
conformations gave very similar results throughitnat study. Since the conformation with the
vertical pyridines is energetically preferred, ordgults of this conformation will be given. For

the details of the computational methods usedsseion 4.5.3.2 (Chapter 4).

86N.C. Handy, A.J. Coheol. Phys.2001(99) 403-412.
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. B
)174.1 z )
1.990 .

vertical pyridine groups dihedral pyridine groups

Figure 3.40: PW91 optimized geometriesC{, symmetry constraint) of two different conformasorof
[Fe(salen)(CH),(COCH).(py).] - pyridine groups oriented vertically or dihedyal The conformation with the

vertical pyridines is energetically preferred. Tdistances (A, black), the angles (°, red) andctileur code of the

atoms are as indicated.

3.2.2.2Geometry profile of default occupations.

The S= 0, 1 and 2 states of [Fe(salen)@ECOCH:)2(py),], with default occupation, were
optimized with a selection of functionals (PW91, 8P BLYP, PBE, OLYP, OPBE and
B3LYP). The bond lengths and bond angles arouedR#(ll) centre, a key indicator of the
structure in organometallic complexes, are tabdlateTable 3.22. Focussing on the Fg-N
bond length, one would expect a longer bond lefgthigh spin complexes compared to low
spin complexe&’ The Fe-l, bond lengths of all the singlet states are moress the same for
all the studied functionals, varying between 1.8@@ 2.043 A. Though, the Fggbond lengths
of the quintet state vary between 2.265 and 2.498Akcording to the high spin octahedral
crystal structure of [Fe(mlf*,?® Fe-N,, bond lengths should be in the range of 2.22-2.29 A
Therefore, only the PW91 functional (2.298 A forPrBasis set and 2.265 A for 6-311G** basis
set) is able to produce a good geometry of the tugim [Fe(salen)(CE(COCH;)(py):]
complex. BP86, PBE and B3LYP slightly overestimated the FgyNond length with very
similar geometries (2.307, 2.308 and 2.312 respag)i OLYP, which is known to be one of

87 M.B. Darkhovskii, I.V. Pletnev, A.L. Tchougréeff, Comp. ChenR003(24) 1703-1719.
88 R.J. Doedens, L.F. Dall, Am. Chem. Sot966(88) 4847-4855.

89 3.p. Perdew, K. Burke, M. ErnzerhBhys. Rev. Letl996(77) 3865-3868; Erratum: J.P. Perdew, K. Burke, M.
ErnzerhofPhys. Rev. Letl.997(78) 1396.
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the best functionals for transition metal systénis performed the worst geometry optimization
of all with an Fe-N, bond length of 2.498 A, indicating that thgridine groups have basically

fallen off.

3.2.2.3Energy profile of default occupations.

For spin crossover to be possible, the relativerggee of the different spin states of
[Fe(salen)(CH),(COCHs)(py),] have to be within 30 kJ.mbl(0.3 eV) of each other. The
relative energies of th€ = 0, 1 and 2 states of [Fe(salen)@EXCOCH).(py).], with default
occupation and a selection of functionals, are l&bd in Table 3.22. The energy profile,
compared to the geometry profile, shows a complaipposite performance by the functionals.
OLYP, OPBE and B3LYP performed the best with anrgneange of 5, 14 and 23 kJ.rtol
respectively. The other studied functionals, idialg PW91 (energy range of 103 kJ.fhdbr
TZP basis set and 115 kJ.imdbr 6-311G** basis set), produced an unacceptabégy profile.

Therefore, the functional with the best geometyfifg, PW91, gave the worst energy profile
and the functional with the best energy profile,YB1, gave the worst geometry profile. In this
light, a linear transit was performed on tBe 2 state of [Fe(salen)(GH(COCH).(py),], with
OLYP, to see whether the geometry of a specifictional has a large influence on its energy
profile. The stepwise changing of the Fg-Nond length of 2.50-2.30 A resulted in a stepwise
energy increase of only 8 kJ.rifol Therefore, the precise geometry does not halerge
influence on the energy profile of a specific fuocal. Therefore one can conduct single-point
calculations on the PW91 geometry, with differeandtionals, to obtain an accurate energy

profile with a good geometry profile.

3.2.2.4Energy profile of alternative occupations.

Single-point OLYP, B3LYP and B3LYP* calculations mgecarried out for the PW91 optimized
geometries oS= 0, 1 and 2. Subsequently, alternative occupsatmf the triplet and quintet
states were also calculated. The energy profilésese calculations are tabulated in Table 3.23.
As mentioned before, for spin crossover to be [pissithe different spin states of
[Fe(salen)(CH)2(COCH;)2(py).] have to be equi-energetic, especially the lom §+ 0 and the
high spinS= 2% B3LYP exhibits the best energy profile with allintet states®B,, °A, and

90B. Weber, F.A. Walkelnorg. Chem2007 (46) 6794-6803.
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°A.) within the energy range of the singlet stdt&;\. PW91 once again exhibits the worst

energy profile, with no high spin states in thegeaof the low spin state.

3.2.2.5Spin density profile.

Figure 3.41 presents a comparison of the PW91, QLBFYP and B3LYP* spin density
profiles of S= 2 [Fe(salen)(Ck)2(COCHs)2(py)2]. Contrary to that which was found for similar
salen complexesS(= 1/2)/° the different functionals exhibit a qualitativeymilar electron
description for botts = 1 (as example: Figure 3.42, top row, left) &wl2 (Figure 3.41). For all
functionals, theés = 2 iron centre carries approximately 3.7 of mi&aglectron spin and the N of
the pyridine carries approximately 0.03. The O Anih the salen ligand carries approximately

0.06-0.08 majority electron spin.

Figure 3.42 represents the B3LYP spin density [@®fof [Fe(salen)(CE.(COCHs).(py),] for

all the triplet and quintet states. The Mullikgrinsdensity around the iron centre, of each triplet
and quintet state, is a combination of mainly theglg occupiedd-orbitals (SOMO). For
instance, the Mullikan spin density of the tripbéate 1A, (Figure 3.42, top row, left) consists
of 48.4%d,, and 46.0%d,, d-orbital character, as illustrated by the form loé tmajority spin
density in cyan. In the same way, the tripletestat (Figure 3.42, top row, middle) consists of
47.7%0dxo-y2 and 49.1%d,, d-orbital character. This pattern is repeatedlierdther triplet states.
The quintet states are mostly a fine mesh of fduhe five d-orbitals, resulting in an almost

round shape of Mullikan spin density around the icentre (Figure 3.42, bottom row).

3.2.2.6Conclusions.

The pure functional PW91 gives a good geometrynupttion of both the low and high spin
states of the spin crossover complex [Fe(salemPEIOCH)(py)]. The pure functionals
OLYP, OPBE, BLYP, PBE and BP86 and the hybrid fioral B3LYP only succeeded in giving
a good geometry optimization of the low spin complg~or the high spin geometry, OLYP
performed the worst. Though, an opposite perfogedoy functionals was obtained for the
spin-state energetics. OLYP, B3LYP and B3LYP* pded the best spin-state energetics for
spin crossover with similar spin density profileSo, to answer the question stated in the
beginning: which functional best reproduces aceuggometry and equi-energeic= 0 (high
spin, HS) and 2 (low spin, LS) states of this cawpl Although OLYP is known to be one of

the best functionals for transition metal systénis it failed to perform for the spin crossover
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complex [Fe(salen)(CHL(COCH;) (py).]. Failures like these inspire researchers to temrly

improve old functionals and hence developing neeséh

3.2.2.7Tables and graphs.

Table 3.22: Relative energies (kJ.mY of the different spin states of
[Fe(salen)(CH)2(COCH)2(py)2] (pyridine groups vertically oriented), optimizethder aCs,
symmetry constraint. Calculated bond lengths (A&J Bond angles (°) around the Fe(ll) centre
are also tabulated.

Basis Set STO-TZP 6-311G**
Functional PW91| BP86 | BLYP | PBE | OLYP | OPBE | PW91 | B3LYP
State Properties

E (kJ.mol™) 0 0 0 0 0 0 0 0
Fe-Ny () | 1.990 | 1.994 2.034 | 1.994 2.043| 2.002| 1.970 2.036
Fe-N; (A) 1.896 | 1.899 1.924| 1.897 1.897 | 1.874| 1.890 1.929%
1n Fe-Q (A) 1.942| 1.945 1.968| 1.945 1.963 | 1.946] 1.930 1.958§
Y| NpyFe-Ny(°) | 174.1| 173.3 173.0| 173.7 1735 | 172.2| 173.8 172.¢
NeFe-Ns(°) | 85.2 | 85.1| 850/ 852 857 855 857 85/1
NeFe-Q(°) | 93.7 | 935/ 929| 936 927 92 935 922
OsFe-Q(°) | 87.4 | 879| 89.2] 875 889 890 87)2 905

E (kJ.mol™) 75 70 52 71 1 14 83 23
Fe-Ny (R) | 2.383| 2.401 2.476 | 2.406 2.847 | 3.481| 2.345 2.427
Fe-N; (A) 1.894| 1.896 1.915| 1.894 1.889 | 1.862| 1.887 1.919
19, Fe-Q (A) 1.931| 1.931 1.948| 1.933 1.934 | 1.905| 1.918 1.941
' Npy-Fe-Ny (°) | 171.0| 170.9 171.2| 169.2 167.6| 160.4| 170.8 170.8
NsFe-Ns(°) | 85.0 | 85.0/ 851/ 851 854 856 856 851
NeFe-Q(°) | 938 | 93.7| 933| 938 932 938 937 925
OsFe-Q(°) | 874 | 875 883 874 883 868 870 900

E (kJ.mol™) 103 95 77 95 -5 8 115 -2
Fe-Ny () | 2.298 | 2.307 2.365| 2.308 2.498 | 2.494| 2.265 2.317
Fe-N; (A) 2.083| 2.088 2.108 | 2.086 2.093 | 2.068| 2.070 2.106
5g Fe-Q (A) 2.001| 2.001 2.013| 2.006 2.013 | 2.001| 1.991 2.021
> | NpyFe-Ny (°) | 172.1| 171.9 171.9| 170.0 168.7 | 168.9] 1709 169.8
NeFe-Ns(°) | 793 | 79.2| 793| 79.2 792 793 802 795
NsFe-Q(°) | 875 | 87.3| 869| 87.3 867 87.L 874 861
OsFe-Q (°) | 105.8| 106.2 106.8 | 106.2 107.5| 106.5| 105.0 108.3

91E.J. Baerends, O.V. Gritsenkb,Chem. Phy005(123) 62202-62218.
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Table 3.23: Relative energies (kJ.mY of the different spin states of
[Fe(salen)(CH)(COCH)2(py).] (pyridine groups vertically oriented), optimizechder aCy,
symmetry constraint with PW91. Single-point OLYB3LYP and B3LYP* calculations were
carried out on the PW91 optimized geometries. Mégrnative occupations.

State | Occupation | Configuration | PW91| OLYP | B3LYP | B3LYP*
In; | A1 =140//40 dy 2y° 0 0 0 0
AZ = 11//11 dx2-y22 dxz (j)/z2
Bl =27//27
B2 = 22//22
1:3A, | Al =41//40 o 1y° 75 14 10 25
AZ = 11//10 dx2-y22 dxz (j)/z2
Bl =27//27
B2 = 22//22
A, | A1=41//39 d,,t zyo 102 44 56 68
AZ = 11//11 dxz_yzl dxz (j)/z2
Bl =27//27
B2 = 22//22
1:°B, | Al =41//40 d,,t zyo 128! 68! 45 65
AZ = 11//11 dx2-y22 dxz d)/zl
Bl =27//27
B2 = 22//21
2:3B, | Al =40//40 d,2 lyl 174 156 137 152
AZ = 11//10 dx2-y22 dxz (j)/z2
B1 = 28//27
B2 = 22//22
3B, | A1=40//39 d,2 zyl 112 79 62 77
AZ = 11//11 dxz_yzl dxz (j)/z2
B1 = 28//27
B2 = 22//22
2:3A, | Al = 40//40 dy zyl 189' 155 137 149
AZ = 11//11 dx2-y22 dxz d)/zl
B1 = 28//27
B2 = 22//21
°B, | Al=41//39 o lyl 189 2 -19 12
AZ = 11//10 dxz_yzl dxz (j)/z2
B1 = 28//27
B2 = 22//22
SA, | Al =41//39 ot zyl 135 34 10 42
AZ = 11//11 dxz_yzl dxz d)/zl
B1 = 28//27
B2 = 22//21
SA; | Al =41//40 d,,t lyl 166' 63! 18 54
AZ = 11//10 dx2-y22 dxz d)/zl
B1 = 28//27
B2 = 22//21
i Non Aufbau.
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0.03

2 3.699
(-0.395) T > (1.037)

0.064
(-0.673)

B3LYP*

Figure 3.41: Spin density profiles o6 = 2 [Fe(salen)(CH(COCH;)x(py).] (pyridine groups vertically oriented)

of the different functionals on the PW91 optimizggbmetry. Majority and minority spin densities whan cyan

and magenta, respectively. The spin (magentaxttagge (green) and the colour code of atoms airedasted.
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Figure 3.42: B3LYP spin density profiles of [Fe(salen)(QH{COCH:)(py).] (pyridine groups vertically
oriented) for alternative occupations®f 1 and 2 on the PW91 optimized geometry. Majaaitd minority spin
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indicated.
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3.2.3[Fe(porphyrin)(An)].

3.2.3.1lintroduction.

One of the triumphs of modern density functionagatty (DFT) is that it provides good to
excellent results on open-shell transition metateys at a fraction of the cost of high-quality
multiconfigurationalab initio methods’>’*%? A key imperfection in this otherwise encouraging
picture, however, is that DFT often does not doaatigularly good job of describing the
spin-state energetics of transition metal complex€ke problem is particularly acute for iron
complexes and iron porphyrins appear to be sontieeofvorst offenders in this regatt’* This
problem came to light in the course of a combin&d @ndab initio study of the chloroiron(ll)
porphyrin, [F& (porphyrin)(CI)], which is essentially & = 5/2 system. The then popular pure
functional PW91, however, predicted 8n= 3/2 ground state. In contrasth initio CASPT2
calculations on [F&porphyrin)(Cl)] and CCSD(T) calculations on a sinaodel complex
yielded the expecte@ = 5/2 ground state by a clear margin of enéfgySince that time,
experience with other transition metal systems Heeen gained, but the five-coordinate iron(lll)
porphyrins with a variety of currently popular eadge-correlation functionals have not been
revisited?® This is therefore the aim of this study, to foomsan intriguing series of remarkable
aryliron(lll) porphyrins, [F& (porphyrin)(Ar)], reported by Kadisét al.in 1995%° Such species

are also of significant biological interest: arghrporphyrins have been implicated as reactive

92 (@) For an introduction to DFT as applied to traositimetal systems, see: F. NeekeBiol. Inorg. Chem2006
(11) 702-711.1) For a biochemically oriented review, see: L. Nieotan, T. Lovell, W.-H. Han, J. Li, F. Himo,
Chem. Rev2004(104) 459-508.d) J.N. HarveyStruct. Bondin@004(112) 151-183.

93 (@) A. Ghosh, T. Vangberg, E. Gonzalez, P.R. TayorPorph. Phth2001 (5) 345-356. If) A. Ghosh, B.J.
Persson, P.R. Taylod, Biol. Inorg. Chem2003(8) 507-511.

94 (@) A. Ghosh, P.R. Taylor). Chem. Theory Compu2005 (1) 597-600. I§) M. Radon, K. Pierloot]. Phys.
Chem. A2008 (112) 11824-11832c) B.O. Roos, V. Veryazov, J. Conradie, P.R. TaykrGhosh,J. Phys.
Chem. B2008(112) 14099-14102.

95 Notable, recent theoretical studies on five-camatk iron porphyrins, seea)(N. Strickland, J.N. Harvey, Phys.
Chem B 2007(111) 841-852.K) D.A. Scherlis, M. Cococcioni, P. Sit, N. Marzati,Phys. Chem. B007(111)
7834-7391.¢) P. Rydberg, L. Olsed, Phys. Chem. 2009(113) 11949-11953.

96 K.M. Kadish, E. van Caemelbecke, E. Gueletti, &kUzumi, K. Miyamoto, T. Suenobu, A. Tabard, R. G,
Inorg. Chem1998(37) 1759-1766.
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intermediates in the metabolism of arylhydrazingscitochromes P450 and their reactivity
patterns provide significant insights into the aetsite topologies of membrane-bound P450s

whose crystal structures remain to be soR7&d.

Ferrous and ferric hemes exhibit a wide varietglettronic structures and spin staf€s* A
useful rule of thumb, however, is that five-cooatm iron porphyrins are generally high spin,
whereas six-coordinate ones are generally low spifhere are some exceptions to this
generalizatiorf’*'®® even though it applies quite broadly.  Arylirof)(llporphyrins are
particularly interesting in this regard because $p@ state of the complex depends on the
substitution pattern of the aryl group. All knoj#e" (porphyrin)(Ph)] complexes are low spin,
whereas all known [FEporphyrin)(GFs)] and [Fé'(porphyrin)(GF4H)] derivatives are high
spin. For the trifluorophenyl derivatives, thersgiate energies appear to be exceedingly finely
balanced: F&(OEP)(2,4,6-GFsH.) is S = 5/2, but FE(OEP)(3,4,5-@FsH,) is S = 1/2%° How

well do different DFT functionals capture this rekable spin state diversity? Briefly put, some

functionals do not do well, whereas others do mobaidly...

97 p.R. Ortiz de Montellano, In: P.R. Ortiz de Motaab (Editor),Cytochrome P450Kluwer, New York,2005
Chapter 7, p247-322.

98 Key references to the original literature on P4§6razine interactions, see)(R. Raag, B.S. Swanson, T.L.
Poulos, P.R. Ortiz de Montellandiochemistry 1990 (29) 8119-8126. k) K.L. Kunze, P.R. Ortiz de
Montellano,J. Am. Chem. S0d983 (105) 1380-1381.cj D. Ringe, G.A. Petsko, D.E. Kerr, P.R. Ortiz de
Montellano,Biochemistry1 984 (23) 2-4.

99 For relevant synthetic model studies, se@:R. Battioni, J.P. Mahy, G. Gillet, D. Mansuy, Am. Chem. Soc
1983 (105) 1380-1381.h) D. Lancon, P. Cocolios, R. Guilard, K.M. Kadish,Am. Chem. S0d.984 (106)
4472-4478. €) R. Guilard, B. Boisselier-Cocolios, A. Tabard, ®ocolios, B. Simonet, K.M. Kadishnorg.
Chem.1985(24) 2509-2520.

100 F A. Walker, In: K.M. Kadish, K.M. Smith, R. Guila (Editors), The Porphyrin HandbogkAcademic, San
Diego,200Q Chapter 36, p81-183.

101 (@) M. NakamuraCoord. Chem. Rex2006 (250) 2271-2294.h) A. lkezaki, Y. Ohgo, M. Nakamuraoord.
Chem. Rev2009(253) 2056-2069.

102 Nakamura has recently reported a route to inteia@gpin iron(lll) porphyrins: T. Sakai, Y. Ohg®, Ikeue,
M. Takahashi, M. Takeda, M. NakamudaAm. Chem. So2003(125) 13028-13029.

103 The N-nitrito ligand gives rise to (highly reaetviow spin iron(lll) porphyrin intermediates: Jo@adie, A.

Ghosh,Inorg. Chem?2006(45) 4902-4909.
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DFT calculations in this study have been perfornmd [Fé'(porphyrin)(Ar)] complexes
(Ar = aryl = Cl, Ph, GFs, 3,4,5-GFsH, and 2,4,6-GF3H>) (Figure 3.43 and Figure 3.44). For the
details of the computational methods used, seésett5.3.3 (Chapter 4). A number of classic
pure functionals were used (PW&IBLYP,’®"® BP86°%! and TPSE%. However, because the
results obtained with these functionals were afiear-perfect mutual agreement, only the PW91
results are shown for all the complexes studiedepeesentative of the older pure functionals.
The newer pure functionals (OLY#° and OPBE"®®), based on the improved OPTX exchange
functional, were also examined, as were the hyfomdtionals (B3LYP? and B3LYP#% which
contain 20 and 15% Hartree-Fock exchange respéctivdhe OPBE results will not be
presented, since they are nearly identical to thustained with OLYP. Finally, the hybrid
meta-GGA functional TPSS$H (which contains 10% Hartree-Fock exchange) wa® asl

examined.

Figure 3.43:Chemical structure of [Fporphyrin)(Ar)], the porphyrin used in this study.
cl O

EHNED

[Fe"(por)(CI)] [Fe"(por)(Ph)] [Fe"(por)(CeFs)] [Fe"(por)(3,4,5-CF3H,)] [Fe"(por)(2,4,6-C¢F3H,)]

Figure 3.44:[F€" (porphyrin)(Ar)] complexes studied in this work.

104 (@) J. Tao, J.P. Perdew, V.N. Staroverov and G.Es&taiPhys. Rev. LetR003(91) 146401-146404b) V.N.
Staroverov, G.E. Scuseria, J. Tao and J.P. Pedé@hem. Phy2003(119) 12129-12137.
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3.2.3.2Geometry profile.

The [Fé'(porphyrin)(Ar)] (Ar = aryl = CI, Ph, s, 3,4,5-GFsH. and 2,4,6-@F;H,) complexes
were optimized with a selection of functionals. eTdond lengths around the Fe(lll) centre, a key
indicator of the structure in organometallic conxgle, of the low spin§ = 1/2) and high spin

(S = 5/2) complexes (with default occupation) areutated in Table 3.24. All the functionals
give satisfactory results for the geometries ofdlfferent spin states. Focussing on the g-N
bond length, one would expect that the bond lehgitomes longer as the spin state increases
from S= 1/2 to 5/2” Consequently the porphyrin becomes more domemefd (section 2.5.3,
figure 2.5.1, Chapter 2), with the iron centre t&ulfout of the plane (Figure 3.45). The FgrN
bond lengths of the doublet state are more ortlesssame for all the studied functionals, varying
between 1.97-2.00 A (difference of 0.03 A). Thisalso the case for the Fg-Noond lengths of
the quintet state, where the enlonged bond lengting between 2.09-2.13 A (difference of
0.04 A). The axial bond lengths, Fe-Ar, differrfr@ach other in as the aryl substituents change,
but are virtually the same for all functionals ugdifference of 0.04 A). This axial bond length

also becomes longer as the spin state increasesSfrol/2 to 5/2 (Table 3.24, Figure 3.45).

3.2.3.3Energy profile.

Tables 3.24-3.28 present the calculated spin-sta¢egetics of the above five complexes, with
theS =5/2 state as the energy zero level in each céke.shapes of th@type frontier orbitals
are very similar throughout and are shown, alonidp wheir irreducible representations, for the
high spin state of [Fporphyrin)(Ph)] in Figure 3.46. The following afee results obtained of

these molecules.

[F€" (porphyrin)(CN)]:  As found in an earlier study, PW91 predicts aA; state for

[F€" (porphyrin)(CI)], with the expectefiA; state approximately 36 kJ.nfohigher in energy
(see Table 3.25). Interestingly, both OLYP and BBLsuccessfully predict a sextet ground
state, although th#\; state is just over 10 kJ.mbhigher in energy with both functionals. With
B3LYP*, the®A; and*A; states are equi-energetic and TPSSh incorreatiufa the'A; state as
the ground state. However, although OLYP, B3LYH BBLYP* are clearly better than PW91
(and other classic pure functionals), they stiyn#icantly underestimate the sextet-quartet
splitting relative to both CASPT2 and CCSD(T), whindicate that it is around 70 kJ.rtol
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[F€" (porphyrin)(Ph)]®® For [F' (porphyrin)(Ph)], Table 3.26 presents full resdtsm all the

functionals examined. All functionals successfybisedict anS = 1/2 ground state for this

complex, as expected on the basis of experimeesallts. Moreover, all the functionals agree
among themselves in yielding?8, ground state, with 8B, state only 2-6 kJ.mdl higher in
energy. These two states correspond todihgs dy,” dy," anddyz,7 dy;" dy,> configurations
respectively. ThéA; state with the,,»" dy,” dy7 configuration is somewhat higher in energy,

23-40 kJ.mof relative to the ground state, depending on thetfonal.

OLYP, OPBE, B3LYP and B3LYP* are in remarkable a&gnent vis-a-vis the energy of the
sextet state, which is found to be 26-49 kJ:mbigher, relative to the ground state. In the
absence of other results to the contrary, oneciingd to regard a doublet-sextet splitting in the
order of ~50 kJ.mdl as representative of reality for this complex.e3d results, however, need
to be taken with a pinch of salt, given the appyegroor performance of all the functionals for
[Fe" (porphyrin)(CI)]. With the classic pure functiosalvhich tend to unduly pair up electrons,

the sextet energy is much higher, > 100 kJ}hmelative to the ground state.

[F€" (porphyrin)(GFs)]:*® The fact that [F&(OEP)(GFs)] is anS = 5/2 complex, suggests that

[Fe" (porphyrin)(GFs)] should also be a high spin complex. As showrTable 3.27, only
OLYP appears to be consistent with this expectatidrpredicts a sextet ground state with the
B, state 12 kJ.mdl higher in energy. With B3LYP, the two states afenost exactly
equi-energetic, whereas with B3LYP*, tH8, state appears to be favoured by close to
15 kJ.mof. TPSSh performs distinctly differently (worseyéring the’B, state by 34 kJ.md|
relative to the sextet state. With PW91, the destate is nearly 74 kJ.mbhbove theB, state
and similarly poor results are obtained with otlperre functionals. Interestingly, all the
functionals predict a low-lying quartet stat&A,, of which the electronic configuration may be
described as,.s 0y, dy, d.5, where the double occupancy of the,, orbital may be ascribed

to atrbackbonding interaction with thesks group.

[Fe" (porphyrin)(3.4,5-GFsH,)] and [Fé'(porphyrin)(2,4,6-GFsH,)]:°° As mentioned above,

these two regioisomeric complexes are expecte@ tow spin and high spin, respectively. The
spin state energetics of these two complexes wapfiear to present a stringent test of the
performance of any functional. However, as in tase of [F&(porphyrin)(Ph)], all the

functionals examined appear to correctly indicatelow spin €B,) ground state for
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[Fe" (porphyrin)(3,4,5-@F3H,)] (Table 3.28). The energy of the sextet stat@4s29 kJ.mot
with OLYP, TPSSh and B3LYP, 46 kJ.rifolith B3LYP* and > 100 kJ.mal with PW91, all
relative to the ground state. The fact that OLBBLYP and B3LYP* are in reasonably good
agreement suggests that the sextet-doublet sglittbtained with these functionals should be

reasonably good.

with [Fe" (porphyrin)(2,4,6-@FsH,)] (Table 3.29), as with [FEporphyrin)(GFs)], the lowest
doublet and sextet states seem to be very findignbad indeed. Once again, only OLYP
appears to indicate a sextet ground state by aomebk margin of energy, approximately
8 kJ.mol'. B3LYP appears to predict either a doublet orestet state. B3LYP* favors a
doublet ground state, with the sextet state neB8lykJ.mof" higher, as does TPSSh with the
sextet state 44 kJ.mbhbove the doublet ground state. Once again, Pigv8ie worst, placing
the sextet some 79 kJ.riadbove the doublet ground state.

3.2.3.4Spin density.

Figure 3.47 presents spin density plots of the &weaergy low spin®B,) and high spin®A,)
states of the complexes studied. Note that thal @yl groups carry little spin density. This
implies, as does a detailed examination of thenegemolecular orbitals, that there is little
Teinteraction between the arpisystems and the irah-orbitals. The aryl groups are therefore
reasonably viewed as relatively pure, strandonating ligands. Studies of spin state energetic
as a function of the Fe-C distance (details notwshoindicate that the high-spin state of
[Fe" (porphyrin)(2,4,6-@FsH,)] (as opposed to the low-spin state of its 3,4efioisomer) owes
more to thesteric requirements of the 2,6-fluoro substituents traathe slightly weakes-donor
ability of the 2,4,6-GFsH; ligand. Thus, note from Figure 3.45 that for @egi spin state, the
axial Fe-C bond is roughly 0.03 A longer for thé&-fluorinated complexes relative to their
2,6-unfluorinated counterparts. It is a relativehgall difference but it apparently suffices to tip
the delicately poised spin-state energies in faxfoa high-spin state for the 2,6-fluorinated

complexes.

3.2.3.5Conclusions.

A series of closely related complexes such as thieran porphyrins, which exhibit different
spin states, provide a powerful calibration of gegformance of DFT functionals vis-a-vis the

issue of transition metal spin state energéftcs®> These approaches provide an attractive
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alternative to the much more demanding strategatbrating DFT-derived spin-state energetics
against high-levehb initio methods such as CASPT2 and CCSDY).

Which functionals perform best for the complexeareied here? The newer pure functional
(OLYP or OPBE) appears to have performed bestettdsllowed by B3LYP. Both OLYP and
B3LYP appear to have performed distinctly betteanttB3LYP*, which is somewhat of a
surprise, given that B3LYP* usually performs sigrahtly better than B3LYP. Somewhat
surprisingly, OLYP, B3LYP and B3LYP* have all perined better than the hybrid functional
TPSSh. Classic pure functionals such as PW91 laalyg the worst, as far as spin state
energetics is concernéd’* Unfortunately, the reasons as to why one funeligerforms better
than another are not easy to fathom, given the mrapimanner in which most functionals are
designed. The preponderance of evidence, howeugggests that the OPTX exchange

functional, which provides the exchange part of ®L&hd OPBE, is a particularly good one.

3.2.3.6Graphs and tables.

Figure 3.45: OLYP optimized geometries of the lowest-energy kpin ¢B,, top) and high spin°q;, bottom)
states of the [F§porphyrin)(Ar)] complexes (Ar = aryl = Cl, Phgk, 3,4,5-GFsH, and 2,4,6-GF;H,). Distances

(A) and angles (°) are indicated in black and redpectively.

105 Selected DFED initio comparisons for transition metal systenay:K.P. Jensen]. Phys. Chem. B005 (109)
10505-10512.K) A. Ghosh, E. Gonzalez, E. Tangen, B.O. Rdo®hys. Chem. 2008(112) 12792-12798c)
M. Swart,J. Chem. Theory Compu2008 (4) 2057-2066.d) T. Takatani, J.S. Sears, C.D. Sherdll,Phys.

Chem. A2009(113) 9231-9236.
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A, dxz_yz

Figure 3.46: The shapes of theé-type frontier orbitals, along with their irredutgbrepresentations, of the high
spin statéA; of [F€" (porphyrin)(Ph)], optimized with OLYP.

Figure 3.47:OLYP spin density profiles of the lowest-energy lepin B,, top) and high spin®4;, bottom)
states of the [FYporphyrin)(Ar)] complexes (Ar = aryl = Cl, Ph¢&, 3,4,5-GFsH, and 2,4,6-GFsH,). Majority

and minority spin densities shown in cyan and megarspectively.
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Table 3.24: Calculated bond lengths (A) around the Fe(lll)toemf theS = 1/2 and 5/2 states
(default occupations) of the [E@orphyrin)(Ar)] complexes (Ar = aryl = Cl, Ph, ¢,
3,4,5-GFsH, and 2,4,6-@F3Hy), optimized under &;, symmetry constraint.

Basis Set STO-TZP 6-311G**
Functional PW91' OLYP" B3LYP
[Fe" (porphyrin)(CI)]

’B, Fe-Noor (A) 1.987 2.004 1.999
Fe-Cl (A) 2.156 2.168 2.200

°Ar" Fe-Npor (A) 2.099 2.117 2.088
Fe-Cl (A) 2.194 2.211 2.232

[Fe" (porphyrin)(Ph)]

’B, Fe-Noor (A) 1.985 2.000 2.003
Fe-Ph (A) 1.939 1.949 1.956

°A1 Fe-Noor (A) 2.105 2.128 2.099
Fe-Ph (A) 2.044 2.067 2.071

[Fe" (porphyrin)(C 6Fs)]

’B, Fe-Noor (A) 1.972 1.981 1.989

Fe-Gar (A) 1.951 1.961 1.975

°A1 Fe-Noor (A) 2.098 2.115 2.091

Fe-Gu (A) 2.079 2.109 2.103

[Fe" (porphyrin)(3,4,5-CeFsH>)]

’B, Fe-Noor (A) 1.985 1.997 2.001

Fe-Gar (A) 1.931 1.931 1.947

°A1 Fe-Noor (A) 2.102 2.116 2.094

Fe-Gu (A) 2.050 2.061 2.077

[Fe" (porphyrin)(2,4,6-CeFsH)]

’B, Fe-Noor (A) 1.974 1.984 1.990

Fe-Gar (A) 1.947 1.958 1.967

°A1 Fe-Noor (A) 2.105 2.120 2.096

Fe-Gu (A) 2.066 2.094 2.089

i As representation of classic pure functionals. BLahd BP86 results are fear-perfect mutual agreement.
ii As representation of newer pure functionals. OP&filts are imear-perfect mutual agreement.
iii C4y Symmetry constraint.
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Table 3.25:Spin-state energetics (kJ.ritpbf [F€" (porphyrin)(Cl)] with the’A; state as the energy zero level. All-electron pecgies ¢/B) as well
as individual d-orbital occupancies are indicated.

State

Occupation

dXZ

dyz

dzz

dxy

PW91'

OLYP"

TPSSh

B3LYP

B3LYP*

ZBZ

ZB]_

2A1

Al:
A2:
B1:
B2:
Al:
A2:
B1:
B2:
Al:
A2:
B1:
B2:

34//34
18//18
25//125
251124
34//34
18//18
251124
25//125
34//33
18//18
25//125
251125

dZ—yz
2

2

1

0

0

-11

-10

34iii

65

65

18

19

72

61

63

107

43

44

89

v

4A1

Al:

251124

A2: 717
B1: 10//10
B2: 11//11
E: 50//48

13

-11

10

v

6A1

Al: 25//24
A2: 717
B1: 10//9
B2: 12//11
E: 50//48

i As representation of classic pure functionals. Bl BP86 and TPSS results arsear-perfect mutual agreement.
ii As representation of newer pure functionals. OP&filts are imear-perfect mutual agreement.
iii Non Aufbau.

iv. C4, Symmetry constraint.
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Table 3.26: Spin-state energetics (kJ.ntplof [F€" (porphyrin)(Ph)] with thé’A; state as the energy zero level. All-electron pecgies @/B) as
well as individual d-orbital occupancies are intkch

State Occupation oo | Oy | dy, | dpp | dy PW91 TPSS BLYP BP86 OLYP OPBE TPSSh B3LYP B3LYP*

2B, Al: 40//40 2 2 1 0 0 -115 -111 -103 -107 31 33 -64 -26 -49
A2:19//19
B1: 30//30
B2: 25//24
2B, Al: 40//40 2 1 2 0 0 -111 -107 -99 -104 27 31 -60 -20 -44
A2:19//19
B1: 30//29
B2: 25//25
A, Al: 40//39 1 2 2 0 0 -85 -70 -69" 77 -3 -10' 24 14 -10
A2:19//19
B1: 30//30
B2: 25//25

“As Al: 41//40 2 1 1 1 0 -30' -29 =29 -26' 23 27 -6 14 2
A2:19//19
B1: 30//29
B2: 25//24
‘B; Al: 40//39 1 2 1 0 1 -15 -9 -10 -12 21 22 12 24 15
A2: 20//19
B1: 30//30
B2: 25//24 , _ _ _
‘B; Al: 40//40 2 1 1 0 1 -5 -4 21 21 34 37! 17 31 22
A2: 20//19
B1: 30//29
B2: 25//24 , _ _ _
‘B, Al: 41//39 1 2 1 1 0 25! 31 30 30' 78 78 59 86 71
A2:19//19
B1: 30//30
B2: 25//24
‘B, Al: 40//39 1 1 2 0 1 -16 -9 -10 -13 20 20 12 26 17
A2: 20//19
B1: 30//29
B2: 25//25 , _ _ _
‘B; Al: 41//39 1 1 2 1 0 24 26 29 28 76' 75' 59 84 69
A2:19//19
B1: 30//29
B2: 25//25

A, Al: 41//39 1 1 1 1 1 0 0 0’ 0 0 0 0 0 0
A2: 20//19
B1: 30//29
B2: 25//24

i Non Aufbau.
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Table 3.27: Spin-state energetics (kJ.iplof [F€" (porphyrin)(GFs)] with the°A; state as the energy zero level. All-electron pecaies ¢/B) as
well as individual d-orbital occupancies are intkch

State Occupation | Gy | G | Oy | dp | dy | PWOLT | OLYP" | TPSSh | B3LYP | B3LYP*
B, Al: 48//48 2 2 1 0 0 -74 12 -34 6 -15
A2:21//21
B1: 37//137
B2: 28//27
B, Al: 48//48 2 1 2 0 0 -63 22 -21 18 -4
A2:21//21
B1: 37//136
B2: 28//28
A, Al: 48//47 1 2 2 0 0 -47 38 4 42 19
A2:21//21
B1: 37//137
B2: 28//28

A2 AL: 49//48 2 1 1 1 0 -38 14 -13 5 7
A2: 21//21
B1: 37//36
B2: 28//27 - -
By AL: 48//47 1 2 1 0 1 31 67" 53 66 56
A2: 22//21
B1: 37//37
B2: 28//27 - -
By AL: 48//48 2 1 1 0 1 411 75" 56 66 61
A2: 22//21
B1: 37//36
B2: 28//27 - -
B, AL: 49//47 1 2 1 1 0 131 66" 45 67 53
A2: 21//21
B1: 37//37
B2: 28//27 - -
B, AL: 48//47 1 1 2 0 1 37t 70" 58 69 61
A2: 22//21
B1: 37//36
B2: 28//28 - -
By AL: 49//47 1 1 2 1 0 11 65" 43 67 53
A2: 21//21
B1: 37//36
B2: 28//28

A1 Al: 49/147 1 1 1 1 1 0 0 0 0 0
A2:22/121
B1: 37//36
B2: 28//127

i As representation of classic pure functionals. BLBP86 and TPSS results are in near-perfect magraement.
ii As representation of newer pure functionals. OP&tlts are in near-perfect mutual agreement.
iii Non Aufbau.
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Table 3.28: Spin-state energetics (kJ.ritplof [Fe" (porphyrin)(3,4,5-GF:H,)] with the °A; state as the energy zero level. All-electron pacaies
(a/B) as well as individual d-orbital occupancies agigated.

State Occupation oo | Oy | dy, | dpp | dy PWO1' OLYP" TPSSh B3LYP B3LYP*
2B, Al: 45//45 2 2 1 0 0 -109 -25 -29 24 -46
A2: 20//20
B1: 34//34
B2: 27//26
2B, Al: 45//45 2 1 2 0 0 -106 22 -25 -19 -41
A2: 20//20
B1: 34//33
B2: 27//27
A, Al: 45//44 1 2 2 0 0 -80'" 1 8 14 -10
A2: 20//20
B1: 34//34
B2: 27//27

“As Al: 46//45 2 1 1 1 0 351 18 23 9 -3
A2: 20//20
B1: 34//33
B2: 27//26
‘B; Al: 45//44 1 2 1 0 1 -7 30 52 32 22
A2: 21//20
B1: 34//34
B2: 27//26 - -
‘B; Al: 45//45 2 1 1 0 1 4 441 59 41 32
A2: 21//20
B1: 34//33
B2: 27//26 - -
‘B, Al: 46//44 1 2 1 1 0 20 72 88 79 64
A2: 20//20
B1: 34//34
B2: 27//26
‘B, Al: 45//44 1 1 2 0 1 -6 30 53 33 24
A2: 21//20
B1: 34//33
B2: 27//27 - -
‘B; Al: 46//44 1 1 2 1 0 1g' 717 84 78 62
A2: 20//20
B1: 34//33
B2: 27//27

A1 Al: 46//44 1 1 1 1 1 0 0 0 0 0
A2: 21/120
B1: 34//33
B2: 27//26

i As representation of classic pure functionals. BLBP86 and TPSS results are in near-perfect magraement.
ii As representation of newer pure functionals. OP&tlts are in near-perfect mutual agreement.
iii Non Aufbau.
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Table 3.29: Spin-state energetics (kJ.ritplof [Fe'" (porphyrin)(2,4,6-GFsH,)] with the °A; state as the energy zero level. All-electron pacaies
(a/B) as well as individual d-orbital occupancies agigated.

State Occupation oo | Oy | dy, | dpp | dy PWO1' OLYP" TPSSh B3LYP B3LYP*
2B, Al: 45//45 2 2 1 0 0 -79 8 44 4 -18
A2: 20//20
B1: 34//34
B2: 27//26
2B, Al: 45//45 2 1 2 0 0 -65 20 -30 17 5
A2: 20//20
B1: 34//33
B2: 27//27
A, Al: 45//44 1 2 2 0 0 -49 36 -4 42 19
A2: 20//20
B1: 34//34
B2: 27//27

“As Al: 46//45 2 1 1 1 0 -34 19" -19 10 -3
A2: 20//20
B1: 34//33
B2: 27//26 -
‘B; Al: 45//44 1 2 1 0 1 26 62 39 60 52
A2: 21//20
B1: 34//34
B2: 27//26 - -
‘B; Al: 45//45 2 1 1 0 1 35l 701 44 63 58
A2: 21//20
B1: 34//33
B2: 27//26 - -
‘B, Al: 46//44 1 2 1 1 0 1g' 717 41 74 60
A2: 20//20
B1: 34//34
B2: 27//26 -
‘B, Al: 45//44 1 1 2 0 1 33 67" 46 67 58
A2: 21//20
B1: 34//33
B2: 27//27 -
‘B; Al: 46//44 1 1 2 1 0 1g' 71 41 76 61
A2: 20//20
B1: 34//33
B2: 27//27

A1 Al: 46//44 1 1 1 1 1 0 0 0 0 0
A2: 21/120
B1: 34//33
B2: 27//26

i As representation of classic pure functionals. BLBP86 and TPSS results are in near-perfect magraement.
ii As representation of newer pure functionals. OP&tlts are in near-perfect mutual agreement.
iii Non Aufbau.
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Experimental

4.1 Materials.

Reagents were obtained from Merck and Sigma-AldriclSolid reagents employed in
preparations were used direct without further peatfon. Liquid reactants and solvents were
distilled prior to use. Doubly distilled @ was used. Organic solvents were dried and ldistil

before use.

4.2 Techniques and apparatus.

4.2.1Melting point (m.p.) determination.

Melting points (m.p.) were determined with an OlymBX51 system microscope assembled on

top of a Linkam THMS600 stage and connected tan&dm TMS94 temperature programmer.

4.2.2Analysis.

Elemental analysis was performed by Canadian Mmalysical Service Ltd, Canada. Mass
spectroscopy was performed by Dr. Charlene Mat#isversity of the Free State, South Africa.
Crystal determination was performed by Dr. Jan-&n@ertenbach, University of Stellenbosch,
South Africa.

4.2.3Spectroscopic measurements.

NMR measurements at 298 K were recorded on a BrAkeance 1l 600 NMR spectrometer
[*H (600.130 MHz)]. The chemical shifts were repdntelative to SiMg (0.00 ppm) for théH

spectra. Positive values indicate downfield hiitl negative values correspond to upfield shifts.

Spectral processing was done by means of TOPSPIN.

1 TOPSPIN - Bruker NMR Software, Version 1.32005
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MALDI-TOF-MS (matrix assisted laser desorption/mation time-of-flight mass spectrometry)
spectra were collected by a Bruker Microflex LRF2@he negative and positive reflection mode

(independently) with the minimum laser power regdito observe signals.

4.2.4Spectrophotometric measurements.

IR spectra were recorded on a Bruker Tensor 2arned spectrophotometer fitted with a Pike
MIRacle single bounce and a diamond ATR. Bothdsald liquid samples were recorded by

placing a small amount of the pure material ondidenond of the ATR.

UV/vis spectra were recorded on a Varian Cary 5@dQdtra-violet/visible spectrophotometer.

CHsCN was used as solvent for spectroelectrochenfstaCj measurements.

Spectral processing was done with Microsoft Offioeel 2003.

4.2.5Electrochemistry.

Cyclic voltammetric (CV) and spectroelectrochemi¢(BEC) measurements were done on a
BAS100B Electrochemical Analyzer linked to a perlonomputer utilizing the BAS100W
Version 2.3 software. Measurements were done &28nd the temperature was kept constant
within 0.5 K. Successive experiments under theesarperimental conditions showed that all
formal reduction and oxidation potentials were ogjocible within 5 mV. Data processing was
done with Microsoft Office Excel 2003.

Cyclic voltammetric (CV) measurements were perfatn@ 1 mmol.dii solutions of the
complex dissolved in C#N as solvent containing 100 mmol.dntetrabutylammonium
hexafluorophosphate (TBARF[NBu4][PFg]) as supporting electrolyte. Measurements were
conducted under a blanket of purified Argon. Aethelectrode cell, consisting of a Pt auxiliary
electrode, a glassy carbon (surface area 0.070% @vorking electrode and a Ag/Ag
(10 mmol.dn? AgNO; in CHCN) reference electrodemounted on a Luggin capillary, was

used®* The working electrode was polished witiu® followed by 1um Diapat diamond paste

2D.T. Sawyer, J.L. Roberts JExperimental electrochemistry for chemists, Wiley, New York,1974 p54.
3 D.H. Evans, K.M. O'Connell, R.A. Peterson, M.JllikeJ. Chem. Educ. 1983(60) 290-293.

4 G.A. Mabbott,J. Chem. Educ. 1983(60) 697-702.
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on an abrasive cloth (in a figure of 8 motionshsed with EtOH, KO and CHCN and dried
before each experiments. Scan rates were betwieand51000 mV:& All cited potentials are

referenced against the Fc/Rmuple as suggested by IUPAC.

Spectroelectrochemical (SEC) measurements wererpetl on 0.3 mmol.drhsolutions of the
complex dissolved in C¥N as solvent containing 200 mmol.dntetra-n-butylammonium
hexafluorophoshate as supporting electrolyte. pically transparent thin layer electrochemical
(OTTLE) Omni cell system fitted with NaCl liquid Qmwindows, connected to a Cary 50 Conc
ultra-violet/visible spectrophotometer, was uséthe scan rate was set at 500.s>. Spectra

were collected every 5 minutes between 200-600 nm.

4.3 Synthesis.

4.3.1p-diketones.

The B-diketones dithenoylmethane (Hdtm) and benzoylthileretone (Hbth) were synthesized
according to published metholisAll other p-diketones in this study were obtained from Merck

and Sigma-Aldrich.

4.3.2Rhodium complexes.

All Rhodium complexes used in this study were sgsthed according to published methéds.

4.3.3[Fe(p-diketonato)s] complexes {1}-{10}.

[Fe(B-diketonato)] complexes {2}, {3}, {8} and {9} were prepared bthe following adapted
procedure’

5 G. Gritzner, J. KutaPure Appl. Chem. 1984 (56) 461-466.

6 M.M. Conradie, A.J. Muller, J. Conradi®,Afr. J. Chem. 2008(61) 13-21.

7 M.M. Conradie, J. Conradiénorg. Chim. Acta 2008(361) 2285-2295.

8S.S. Basson, J.G. Leipoldt, J.T. Nelprg. Chim. Acta 1984(84) 167-172.
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A metal solution of 0.15 mmol Fe(NR.9H,O (dissolved in 10 ml D) was buffered with
0.45 mmol CHCOONa.3HO (dissolved in 10 ml D). To this buffered metal solution, an
0.53 mmolp-diketone solution (dissolved in 10 ml EtOH) wasled. The resulting solution was
stirred well for 30 minutes and was left overnights fume hood. The precipitate was collected

by filtration and washing with $O.

[Fe(B-diketonatoj] complexes {1}, {6}, {7} and {10} were prepared bthe following adapted
procedure’

A metal solution of 0.15 mmol Fe(NJ3.9H,O was buffered with 0.45 mmol GEOONa.3HO
(dissolved in minimal BD). To this, EtOH was added to make a 1;OHEtOH solution. With
the aid of a syringe, liquid 0.53 mmldiketone was added. The resulting solution weest
well (with a lid on) for 30 minutes and was leftesmight in a fume hood (without lid). The

precipitate was collected by filtration and washith H,O.

[Fe(3-diketonato)] complexes {4} and {5} were prepared by the follimg adapted procedufe:
A metal solution of 0.15 mmol Fe(NJ3.9H,O was buffered with 0.45 mmol GEOONa.3HO
(dissolved in minimal KD). To this, EtOH was added to make a 1;DHEtOH solution. An
0.53 mmolB-diketone solution (dissolved in 10 ml DCM) was eddo the above. The resulting
solution was stirred well for 30 minutes and wds d@ernight in a fume hood. The precipitate

was collected by filtration and washing with®

9 (a) E.W. Berg, J.T. Truemped, Phys. Chem. 1960 (64) 487-490l§) K. Endo, M. Furukawa, H. Yamatera, H
Sano,Bull. Chem. Soc. Jpn 1980(53) 407-410¢) G.S. Hammond, D.C. Nonhebel, C.S. Whgrg. Chem. 1963
(2) 73-76.
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4.3.3.1Tris(acetylacetonatok0,0")iron(lll) [Fe(acac) 3] {1}.

CHs
HsC 0" J—cH
0 0 CH,COONa, H,0 —0,1.0 77
+ Fe(NO3)39H20 > :, .Fe“
e cH EtOH =0” 1 Y0
3 3 HsC O D~cH
3
CH,
{1}

Yield 73%. Colour: red. M.p. 180.0-182.0 °C (reed: 179 °C° 180 °CY). UV: Amax 270 nm,
Emax 25842 mot.dm’.cm! (CH;CN). MS Calcd. ([M], positive mode)m/z 352.2. Foundm/z
351.9. Anal. Calcd. for FegH»106: C, 51.01; H, 5.99. Found: C, 50.42; H, 5.91.

4.3.3.2Tris(benzoylacetonatok?0,0’)iron(l1l) [Fe(ba) 3] {2}.

CH4COONa, H,Q
+ Fe(NO3)3.9H,0 3 —on o
HsC

{2}

Yield 84%. Colour: red-orange. M.p. 218.5-220@3 (teported: 222-224 9€). UV: Amax
298 NM, €max 40256 mot.dm’.cm* (CHsCN). MS Calcd. ([M], positive mode)n/z 539.4.
Found:m/z539.1. Anal. Calcd. for FegH»Os: C, 66.80; H, 5.05. Found: C, 66.46; H, 5.10.

10E.W. Berg, J.T. Truemped, Phys. Chem. 1960(64) 487-490.
11 M.-L. Hu, Z.-M. Jin, Q. Miao, L.-P. Fang, Kristallogr. - New Cryst. Struct. 2001 (216) 597-598.
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4.3.3.3Tris(benzoylthenoylacetonatok?0,0")iron(l1l) [Fe(bth) 3] {3}.

CH,COONa, H,Q

+ Fe(NO3)2.9H,0
S (NO3)3.9H, CoH

\_/

{3}
Yield 85%. Colour: red-brown. M.p. 220.0-222.0.°CUV: Aqax 361 nm, €nax 30956

molt.dm’.cm® (CHsCN). MS Calcd. ([M], positive modejz 743.7. Foundm/z 743.2. Anal.
Calcd. for FeGoH27S306: C, 62.99; H, 3.66. Found: C, 61.44; H, 3.71.

4.3.3.4Tris(dithenoylmethanato-k0,0’)iron(Ill) [Fe(dtm) 3] {4}.

CH4COONa, H,Q
EtOH, DCM

S S + Fe(NO3)39H20
\/ W/

{4}
Yield 39%. Colour: black. M.p. 63.7-66.4 °C. UNjax 260 NM,Emax 35301 mof.dnt®.cm*
(CHsCN). This complex could not be ionized for an M8algsis. Anal. Calcd. for
FeGsH21S:06: C, 52.03; H, 2.78. Found: C, 51.27; H, 2.71.
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4.3.3.5Tris(dibenzoylmethanato«?0,0")iron(lll) [Fe(dbm) 3] {5}.

O O
CH3;COONa, H,0
+ Fe(NO3)39H20 3 a, ™ '

i ! EtOH, DCM

{5}
Yield 71%. Colour: dark red. M.p. 264.0-265.2 (f@ported: 261 °C? 257 °C3). UV: Amax

336 nNM, Emax 48608 mof.dn?.cm* (CHCN). MS Calcd. ([M], positive mode)n/z 725.6.
Found:nVz725.3. Anal. Calcd. for FegH3306: C, 74.49; H, 4.58. Found: C, 75.29; H, 4.51.

4.3.3.6Tris(trifluoroacetylacetonato-k?0,0")iron(lll) [Fe(tfaa) 3] {6}.

CHs
FaC o J—cF
O O 3 % 3

CH,COONa, H,Q 0. 1 .

+ Fe(NO3);.9H,0 ——=2 &7 7700, O

EtOH =0” 1 YO
HsC CF, HAC DS o
3

CFy

{6}

Yield 91%. Colour: red-brown. M.p. 113.5-116.1 (€ported: 115 °€). UV: Apnax 271 nm,

Emax 48996 mof-.dn?.cm* (CH;CN). MS Calcd. ([M], negative mode)/z514.1. Foundm/z
513.5. Anal. Calcd. for FegH1,06Fy: C, 34.98; H, 2.35. Found: C, 34.48; H, 2.30.

12, Kaitner, B. KamenaGryst. Sruct. Commun. 1980(9) 487-492.

13].A. Baidina, P.A. Stabnikov, |.K. Igumenov, S.Borisov,Koord. Khim. (Russ.) (Coord.Chem.) 1986(12) 258-
265.

14 | A. Baidina, P.A. Stabnikov, |.K. Igumenov, S.VoBsov, Koord. Khim. (Russ. )(Coord. Chem.) 1986(12) 404-
408.
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4.3.3.7Tris(trifluorofuroylacetonato- k’0,0")iron(Ill) [Fe(tffu) 5] {7}.

0 0
CH4COONa, H,0
o + Fe(NO3);.9H,0 ——2 2705

EtOH
CF
\_/ s

{7}
Yield 92%. Colour: dark red. M.p. 205.0-208.0(t€ported: 201-208 ). UV: Amax 333 nm,
€max 53476 mof.dm’.cm® (CH:CN). MS Calcd. ([M], positive mode)ywz 671.2. Found:
m/z671.1. Anal. Calcd. for FegH1,0qFo: C, 42.95; H, 1.80. Found: C, 42.91; H, 1.83.

4.3.3.8Tris(trifluorobenzoylacetonato-k’0,0")iron(Ill) [Fe(tfba) 3] {8}.

CH4COONa, H,0
+ Fe(NO3)3.9H,0 ——2 2
FiC EtOH

{8}
Yield 96%. Colour: orange. M.p. 58.4-60.1 °C @epd: 128-129 °®). UV: Amax 304 NM Emax
30788 mof.dn.cm® (CH:CN). MS Calcd. ([M], negative modejn/z 701.3. Foundm/z
701.1. Anal. Calcd. for FegH1s06Fy: C, 51.38; H, 2.59. Found: C, 50.66; H, 2.53.
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4.3.3.9Tris(thenoyltrifluoroacetonato-k?0,0")iron(Ill) [Fe(tta) 3] {9}.

0 o
CH4COONa, H,0
s + Fe(NOs3);.9H,0 ——2 3 T
CF, EtOH
\ /

{9}
Yield 78%. Colour: dark red. M.p. 158.0-161.0 f€ported: 159-160 °€° 162.5 °C. UV:
Amax 333 NM Emax 48461 mot.dm®.cmi* (CHsCN). MS Calcd. ([M], negative mode)yz 719.4.

Found:m/z 718.9. Anal. Calcd. for FegH,S:06Fy: C, 40.07; H, 1.68. Found: C, 39.51; H,
1.70.

4.3.3.10 Tris(hexafluoroacetylacetonatok®0,0")iron(lll) [Fe(hfaa) 3] {10}.

CF,
FaC o J—cF
O O 3 . 3

CH,COONa, H,Q —0., 1

+ Fe(NO3)3.9H,0 3 L & O O

o - EtOH =07 1°"0
3 3 FsC Oﬁj\CF
3

CF,

{10}

Yield 51%. Colour: light orange. M.p. 56.0-58.Q {reported: 55 °€). MS Calcd. ([M],
negative mode)m/z 677.0. Foundnm/z 676.8. Anal. Calcd. for FagH3O06F15: C, 26.61; H,
0.45. Found: C, 26.17; H, 0.51.

15H. Soling,Acta Chem. Scand. A 1976(30) 163-170.
16 C.E. Pfluger, P.S. Haradehmorg. Chim. Acta 1983(69) 141-146.
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4.4 Crystallography.

4.4.1Structure determination of [Rh(bth)(CO),].

Crystals of [Rh(bth)(CQ) (Hbth = benzoylthenoylacetone) were obtained dgyrystallization
from acetone and water. The red crystal was mduotea glass fibre and used for the X-ray
crystallographic analysis. The X-ray intensityadatere measured on a Bruker X8 Apex Il 4K
Kappa CCD diffractometer area detector system g@guaipwith a graphite monochromator and a
Mo K, fine-focus sealed tubé &€ 0.71073 A) operated at 1.5 kW power (50 kV, 30)mAhe
detector was placed at a distance of 3.75 cm ffanctystal. The crystal temperature during the

data collection was kept constant at 100(2) K usimgxford 700 series cryostream cooler.

The initial unit cell and data collection was acleié by the Apex2 softwate utilizing
COSMO*® for optimum collection of more than a hemisphefeeaziprocal space. A total of
1778 frames were collected with a scan width of 5p andw and an exposure time of 40
s.framé". The frames were integrated using a narrow-frantegration algorithm and reduced
with the Bruker SAINT-PIUS and XPREP software packages respectively. The integratfon o
the data using a monoclinic cell yielded a totak&#7 70 reflections to a maximuénangle of
28.5°, of which 3596 were independent witliRg@ = 0.1523. Analysis of the data showed no
significant decay during the data collection. Datae corrected for absorption effects using the
multi-scan technique SADABS with minimum and maximum transmission coefficiemts
0.620 and 0.937 respectively.

The structure was solved by the direct methodsampelSHELXS'" and refined using the X-Seed
software packagé incorporating SHELXL?* The final anisotropic full-matrix least-squares
refinement onF? with 235 variables converged at R1 = 0.0842 fa tbserved data and
wR2 = 0.1948 for all data. The GOF was 1.002. lahgest peak on the final difference electron

17 Apex2., Bruker AXS Inc., Madison, Wisconsin, USA, Versibi®-27,2005

18 COSMO, Bruker AXS Inc., Madison, Wisconsin, USA, Versib@8,2003

19 SAINT-Plus, Bruker AXS Inc., Madison, Wisconsin, USA, Versiai68a (including XPREPR009
20 SADABS, Bruker AXS Inc., Madison, Wisconsin, USA, Versid08/1,2009

21 G.M. SheldrickActa Cryst. 2008(A64) 112-122.

22 3 L. Atwood, L.J. BarbouCryst. Growth Des. 2003(3) 3-8.
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density synthesis was 3.11 €4t 0.5 A from Rhl and the deepest hole -1.621&26 at
0.77 A from Rh1.

The aromatic H atoms were placed in geometricalbalized positions (C—H = 0.95 A) and
constrained to ride on their parent atoms with(H) = 1.2U(C). Non-hydrogen atoms were
refined with anisotropic displacement parametétomic scattering factors were taken from the
International Tables for Crystallography Volume&3CThe molecular plot was drawn using the

X-Seed programm&.

4.5 Computational.

4.5.1Resources.

4.5.1.1Computational Facilities**

The Norwegian Metacenter for Computational Scie(detur) project provides the national
infrastructure for computational science in NorwayThe project provides computational
resources and services to individuals or groupsluad in education and research at Norwegian
universities and colleges, operational forecasting research at the Meteorological Institute and
to institutes and industries that collaborate wlité project. The university partners of the Notur
consortium operate a number of High Performance fimimg (HPC) facilities. Some

characteristics of all the available facilities green in Table 4.1.

Each of the facilities consists of a computer reseya number of compute nodes each with a

number of processors and internal shared-memaug, g interconnect that connects the nodes),

a central storage resource that is accessibld theahodes, and a secondary storage resource for
back-up (and in few cases also for archiving). fAdilities use variants of the UNIX operating

system (Linux, AlX, etc.).

23 International Tables for Crystallography, Kluwer Academic Publishers, Dordrecht, The Ndtras, Vol. C,
pl1002.

24 www.notur.no.
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Table 4.1: Some characteristics of all the available faeifitat the Notur consortium.

No. of | No. of Theoretical Total . .
System Type Nodes | cores CPU type total peak memory Total disk capacity
Hexagon Cray XT4 MPP 1388 2776 Opteron 12214 Gflop 6064 GB 288 TB
Njord IBM p575+ distributed SMP 62 992 Power5+ 7500 Gflogp 1984 GB 70TB
Stallo HP BL 460c cluster 704 5 637 Xeon 2 60 000 Gflpp 062 GB 128 TB
Titan Dell 1425 cluster 180 360 Xeon 2304 Gflop 720 GB 28 TB + 12 TB GPFS
Sun X2200 448 1872 Opteron 9539 Gflop 7620 GB | 336 TB + 120 TB GPFS

i MPP = Massively Parallel Processor.

For the research of the projects in this thesis, fetility Stallo was used. This was made
possible through collaboration between Prof. J.r@die at the University of the Free State
(UFSY® and the Centre for Theoretical and Computationaér@istry (CTCCY® The key

numbers of the facility Stallo are given in Tablg.4

Table 4.2:Key numbers about the facility Stallo, a Linuxstker.

Aggregated Per node
Peak performance 60 Teraflop/s 85.12 Gigaflop/s
No. of Nodes 704 x HP BL460c blade servers 1 x HP BL460c blatees
No. of CPUs / No. of Cores 1408 / 5632 2/8
ProOCessors 1408 x 2.66 GHz Intel Xeon2 x 2.66 GHz Intel Xeon
X5355 Quad Core X5355 Quad Core
Total memory 12 TB 16 GB (50 nodes with 32 GB)
Internal storage 84.5TB 120 GB
Centralized storage 128 TB 128 TB
Interconnect Gigabit Ethernet + Infiniband | Gigabit Ethernet + Infiniban'd
Compute racks 11
Infrastructure racks 2
Storage racks 4
Dimensions(w x d x h) 15m x1.3mx2m
Weight 16 tons

i All nodes in the cluster are connected with Gig#ltiternet and 384 nodes are also connected witkidahd.

4.5.1.2Scaling of ADF 2007’

Geometry optimization calculations were performedaocaffeine molecule (24 atoms, closed
shell, BP86/DZP) and a ring-substituted iron-porphywith axial ligands (125 atoms, open
shell,D,y symmetry, PW91/TZP) with the ADF 2007 programmeStallo. Tests were made on
1,2, 4,8, 16, 24, 30, 40, 60, 80 and 100 proecssstd repeated twice.

25 www.ufs.ac.za.
26 www.ctce.no.

27 performed by Dr. Espen Tangen, University of Tranisgmso, Norway2008
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In general, ADF 2007 appears to be very stableigh@omewhat memory-demanding. Energies
varied slightly, but showed satisfactory relialgiithen running on 40 processors or less. In the
initial tests, default values for the convergengeega and the numerical integration were used.
This proved to be a rather poor test for ADF 208iice the results were unreliable. It is
therefore recommended to use a tighter converggeametry criterion, in other words a tighter
SCF convergence and a higher integration accuracgeneral rule of thumb: by increasing the
default integration by one, one should also deerdash the grad in the geometry cycle and the
SCF convergence by an order of magnitude. Theutlefalue for the SCF iterations (50) was
also found to be too low for jobs to work realiatlg. It is therefore recommended to use a value

of at least 200 as a standard number and it camcbeased up to 3000.

Results are summarized in Table 4.3 and Table % speed-up is calculated by dividing the
real-time for the job on one processor by the tiga¢ for the job on the given amount of

processors. Therefore, the higher the value feedpp, the better. The scale factor is the
reported real time, multiplied by the number of ggssors and then divided by the reported
real-time for the job on one processor. This nungb@uld ideally be as close to 1 as possible.

Time-Save is the time-difference between the reploréal-time and the shortest time reported.

Table 4.3: Scaling results of the small molecule (caffeieaBoms). Best performance is
indicated in bold.

No. of processors Real Speed-up  Scale-factor Timen®
1 0:49:45 1.00 1.00 0:23:59
2 0:40:57 1.21 1.65 0:15:11
4 0:25:46 1.93 2.07 0:00:00
8 0:32:43 1.52 5.26 0:06:57
16 0:46:04 1.08 14.82 0:20:18
24 0:53:30 0.93 25.81 0:27:44
30 0:57:28 0.87 34.66 0:31:42
40 1:02:11 0.80 50.00 0:36:25
60 1:15:14 0.66 90.73 0:49:28
80 1:17:34 0.64 124.73 0:51:48
100 1:22:25 0.60 165.66 0:56:39
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Table 4.4: Scaling results of the large molecule (iron-pornphyl25 atoms). Best performance
is indicated in bold.

No. of processors Real Speed-up  Scale-factor Timen®
1 23:28:51 1.00 1.00 20:11:57
2 10:41:01 2.20 0.91 7:24:07
4 8:15:08 2.85 1.41 4:58:14
8 5:17:12 4.44 1.80 2:00:18
16 3:38:51 6.44 2.49 0:21:57
24 3:25:40 6.85 3.50 0:08:46
30 3:37:15 6.48 4.63 0:20:21
40 3:21:25 6.99 5.72 0:04:31
60 4:57:38 4.73 12.68 1:40:44
80 4:24:42 5.32 15.03 1:07:48
100 3:16:54 7.16 13.98 0:00:00

From the above results, it is recommended to useB4processors (1/2 to 1 node) for small jobs
and 40 processors (5 nodes) for large jobs. Exocgethese recommended amounts of

processors only increase the wall time consumption.

4.5.2Rhodium complexes.

4.5.2.1[Rh(B-diketonato)(CO)(PPhs)] and [Rh(acac)(P(OR}).].

DFT calculations were carried out on [Ridiketonato)(CO)(PPJ)] (p-diketone = Hacac, Htta,
Hbth or Hdtm) and [Rh(acac)(P(Ofg)] complexes using the ADF (Amsterdam Density
Functional) 2007 programrffewith the GGA (Generalized Gradient Approximatidmjctional
PW91%° The TZP (Triplel polarized) basis set, with a fine mesh for nunagrictegration, a
spin-restricted formalism and a full geometry optiation with tight convergence criteria, was
used for minimum energy and transition state §&é&yches. Approximate structures of the TS
have been determined with linear transit (ISEpns, with a constraint optimization along a
chosen reaction coordinate, to sketch an approgimpath over the TS between reactants and
products. Throughout, all calculations have beeriopmed with no symmetry constrair@,j

and all structures have been calculated as sistgltds.

28 G. Te Velde, F.M Bickelhaupt, E.J. Baerends, GHerra, S.J.A. Van Gisbergen, J.G. Snijders, TglZ&ieJ.
Comput. Chem. 2001(22) 931-967.

29 3.P. Perdew, J.A. Chevary, S.H. Vosko, K.A. Jacks&.R. Pederson, D.J. Singh, C. Fiolh&lkys. Rev. B 1992
(46) 6671-6687. Erratum: J.P. Perdew, J.A. Chevay, Vosko, K.A. Jackson, M.R. Perderson, D.JgiIC.
Fiolhais,Phys. Rev. B 1993(48) 4978.
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Numerical frequency analys€s® where the frequencies are computed numerically by
differentiation of energy gradients in slightly pliaced geometries, have been performed to
verify the TS geometries. A TS has one imagingegtency.

Zero point energy and thermal corrections (vibralprotational and translational) were made in

the calculation of the thermodynamic parameterbe @nthalpy (H) and Gibbs free energy (G)

were calculated from

U = BEge + Ezpe + B Equation 41)
H=U + RT (gas phase) or H = U (solution) Eqggation 4.2
G=H-TS Equation 4.3

where U is the total energyydz is total bonding energy,zke is zero point energy,&is internal
energy, R is the gas constant, T is temperatureSaisdentropy. The entropy (S) was calculated
from the temperature dependent partition functim®DF at 298.15 K. The computed results
assume an ideal gas.

Solvent effects were taken into account for aliraped structures reported here. The COSMO
(Conductor like Screening Model) model of solvaffof** was used as implemented in ABF.
The COSMO model is a dielectric model in which $@ute molecule is embedded in a
molecule-shaped cavity surrounded by a dielectediom with a given dielectric constar)(
The type of cavity used is Estftfand the solvent used is methangl ¥ 32.6) and chloroform
(&% = 4.8). Where applicable, scalar relativisticeefs were used with the ZORK33%4041

(Zero Order Regular Approximation) formalism.

30, Fan, T. Ziegler). Chem. Phys. 1992(96) 9005-9012.

311, Fan, T. Ziegler). Amer. Chem. Soc. 1992(114) 10890-10897.

32 A, Klamt, G. Schiitirmand, Chem. Soc., Perkin Trans. 2 1993799-805.

33 A. Klamt, J. Phys. Chem. 1995(99) 2224-2235.

34 A Klamt, V. Jones). Chem. Phys. 1996(105) 9972-9981.

35C.C. Pye, T. ZiegleiTheor. Chem. Acc. 1999(101) 396-408.

36 J.L. Pascual-Ahuir, E. Silla, |. Tufiah,Comput. Chem. 1994(15) 1127-1138.

37E. van Lenthe, A.E. Ehlers, E.J. Baeredd§hem. Phys. 1999(110) 8943-8953.

38 E. van Lenthe, E.J. Baerends, J.G. SnijdeiShem. Phys. 1993(99) 4597-4610.

39E. van Lenthe, E.J. Baerends, J.G. SnijdkeiShem. Phys. 1994(101) 9783-9792.

40 E. van Lenthe, J.G. Snijders, E.J. BaereddShem. Phys. 1996(105) 6505-6516.

41 E. van Lenthe, R. van Leeuwen, E.J. Baerends,Shiiers | nt. J. Quantum Chem. 1996(57) 281-293.
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The accuracy of the computational approach wasuated by comparing the root-mean-square
distances (RMSDs) as calculated by the "RMS Com@axectures” utility in ChemCraff. The
RMSD values were calculated for the best three-dsimal superposition of optimized
molecular structures on experimental crystal stmast, using only the non-hydrogen atoms and

the non-rotational groups of the molecule.

4.5.3lron complexes.

4.5.3.1[Fe(p-diketonato)s).

DFT calculations were carried out on [Baliketonato]] (B-diketone = Hacac, Hba, Hdtm, Hbth,
Hdbm, Htfaa, Htffu, Htfba, Htta or Hhfaa) complexesing the ADF 2007 programiievith the
GGA functional OLYP**** The TZP basis set, with a fine mesh for numeiit@gration and a
full geometry optimization with tight convergencateria, was used. Initial calculations on
[Fe(acacy] were performed with &3 symmetry constraint and a selection of spin stg8es1/2,
3/2 and 5/2). Final calculations on all [Feliketonatoj] and [Fep-diketonatoj]” complexes
have been performed withy (complexes with symmetricftdiketone ligand)Cs (complexes
with unsymmetricap-diketone ligand, arranged in such a way that teeye a 3-fold rotational
axis) orC; (complexes with unsymmetricftdiketone ligand, arranged in such a way that they
have no symmetry operation) symmetry constraintothBFe@-diketonatoj] (S = 5/2) and
[Fe(-diketonato)]™® (S = 2) complexes were calculated, with the expectpih states in

parentheses.

42 G.A. Zhurko, D.A. ZhurkoCHEMCRAFT, Version 1.6 (Build 304)2009

43 N.C. Handy, A.J. CoheMol. Phys. 2001(99) 403-412.

44 (@) C. Lee, W. Yang, R.G. ParPhys. Rev. B 1988(37) 785-789.1¢) B.G. Johnson, P.M.W. Gill, J.A. Poplé,
Chem. Phys. 1993 (98) 5612-5626.d) T.V. Russo, R.L. Martin, P.J. Hay. Chem. Phys. 1994 (101) 7729-
7737.
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4.5.3.2[Fe(salen)(CH)2(COCH3)2(py)2].

DFT calculations were carried out on two differentonformations of the
Fe(salen)(Ch)>(COCH)(py). complex using the ADF 2007 progranffhavith a selection of
GGA functionals, namely PWE BLYP,***° BP86>*° PBE?’ OLYP**** and OPBE"**® The
TZP basis set, with a fine mesh for numerical irdégn and a full geometry optimization with
tight convergence criteria, was used. DFT and idyDiFT calculations were also carried out
using the Gaussian 03 progranifheThese calculations were performed with tightvesgence
criteria using the PW$1 and B3LYP® functionals and the 6-311G*basis set. Subsequently,
single-point OLYP**** B3LYP*® and B3LYP#®? calculations were performed on the P\#91
geometries with the ADF 2007 progranffhesing the TZP basis set and alternative occupstion
Throughout, all ADF calculations have been perfaméh aC,, symmetry constraint and both
conformations have been calculated as singletJetripnd quintet states for a variety of

low-energyd-electron configurations, which were manually watkmit. Thexy symmetry plane

45 A D. Becke Phys. Rev. 1988(A38) 3098-3100.

46 J.P. PerdewPhys. Rev. 1986(B33) 8822-8824; Erratum: J.P. Perd@ys. Rev. 1986(B34) 7406.

47 J.P. Perdew, K. Burke, M. Ernzerh®hys. Rev. Lett. 1996 (77) 3865-3868; Erratum: J.P. Perdew, K. Burke, M.
ErnzerhofPhys. Rev. Lett. 1997 (78) 1396.

48 M. Swart, A.W. Ehlers, K. Lammertsmislol. Phys. 2004 (102) 2467-2474.

49 Gaussian 03, Revision C.02, M.J. Frisch, G.W. KsucH.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R.
Cheeseman, J.A. Montgomery Jr., T. Vreven, K.N.iKud.C. Burant, J.M. Millam, S.S. lyengar, J. TGm4 .
Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega. Petersson, H. Nakatsuji, M. Hada, M. Eh#a,
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. NalajY. Honda, O. Kitao, H. Nakai, M. Klene, X. L1,E.
Knox, H.P. Hratchian, J.B. Cross, V. Bakken, C. idaJ. Jaramillo, R. Gomperts, R.E. Stratmann, &zy¥v,
A.J. Austin, R. Cammi, C. Pomelli, J.W. OchterdRiY. Ayala, K. Morokuma, G.A. Voth, P. Salvador].J.
Dannenberg, V.G. Zakrzewski, S. Dapprich, A.D. @#)iM.C. Strain, O. Farkas, D.K. Malick, A.D. Rahky
K. Raghavachari, J.B. Foresman, J.V. Ortiz, Q. @uG. Baboul, S. Clifford, J. Cioslowski, B.B. Sagiov, G.
Liu, A. Liashenko, P. Piskorz, I. Komaromi, R.L. Mia, D.J. Fox, T. Keith, M.A. Al-Laham, C. Peng, A
Nanayakkara, M. Challacombe, P.M.W. Gill, B. Johms@&/. Chen, M.W. Wong, C. Gonzalez, J.A. Pople,
Gaussian, Inc., Wallingford C2004

50p J. Stephens, F.J. Devlin, C.F. Chabalowski, Ftidch,J. Phys. Chem. 1994(98) 11623-11627.

51 (@) R.C. Binning Jr., L.A. Curtiss]. Comp. Chem. 1990 (11) 1206-1216.k) L.A. Curtiss, M.P. McGrath, J.-P.
Blaudeau, N.E. Davis, R.C. Binning Jr., L. RaddnChem. Phys. 1995(103 6104-6113.¢) M.P. McGrath, L.
Radom,J. Chem. Phys. 1991(94) 511-516.

52 M. Reiher, O. Salomon, B.A. Hesiheor. Chem. Acc. 2001(107) 48-55.
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is defined to be in the plane of the salen ligaiitth they-axis as the 2-fold rotational axis. The

z-axis is defined to point upwards towards the pgedigand.

4.5.3.3[Fe(porphyrin)(Ar)].

DFT calculations were carried out on [Fe(porphyam)] complexes (Ar = aryl = Cl, Ph, &5,
3,4,5-GFsH, and 2,4,6-@5H,) using the ADF 2007 programffewith a selection of GGA,
meta-GGA and meta-hybrid functionals, namely PWOBLYP,** BP86+*¢ OLYP 34
OPBE***® TPPS® and TPPSR® Subsequently, single-point B3LYPand B3LYP*? hybrid
calculations were performed on the OLN# geometries. The TZP basis set, with a fine mesh
for numerical integration and a full geometry opaation with tight convergence criteria, was
used. Hybrid DFT calculations were also carrietusing the Gaussian 03 progranitheThese
calculations were performed with tight convergendeeria using the B3LY® functional and
the 6-311G**! basis set. Throughout, all ADF calculations hheen performed with &,
symmetry constraint (unless else indicated) andtalictures have been calculated as doublet,
quartet and sextet states for a variety of low-g@neftelectron configurations, which were

manually worked out.

53 (a) J. Tao, J.P. Perdew, V.N. Staroverov and G.Es&taPhys. Rev. Lett. 2003(91) 146401-146404b) V.N.
Staroverov, G.E. Scuseria, J. Tao and J.P. Pedd&@hem. Phys. 2003(119) 12129-12137.
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Concluding remarks and
future perspectives

5.1 Concluding remarks.

Rhodium complexes.

The oxidative addition reaction of methyl iodidestguare planar rhodium(l) complexes has been
studied. Two types of rhodium complexes were itigaged: monocarbonyltriphenylphosphine
rhodium complexes [RRA{diketonato)(CO)(PPJ)] and triphenylphosphite rhodium complexes
[Rh(B-diketonato)(P(OPR),] (where B-diketonato is a monoanionic bidentate ligand viitio
oxygen donor atoms (ROCHCOR)").

The reaction, [Rif-diketonato)(CO)(PPf)] + CHsl (pB-diketonato = acac, tta, bth and dtm),
consists of many steps with numerous transitiotestaintermediate products and reaction
products. Experimental studies indicate that ts&ction occurs according to the following
reaction scheme:

[Rh'(B-diketonato)(CO)(PPJ| + CHyl — Rh"-alkyll — Rh"-acyll - RH"-alkyl2 — RH"-acyl2
[Rh(acac)(CO)(PR)] (Hacac = acetylacetone) was used to study tBeesthemistry of the
reaction products and the complete reaction meshaniAnin situ *H NMR experimental study
revealed the following information about the steleamistry of the reaction products:
Rh"-alkyll has an octahedral geometry around the thmdientre with the Ckgroup in the
apical position and the PPlgroup in the plane of the acac ligand,"Rityll has a square
pyramidal geometry around the rhodium centre with PPh groups in the plane of the acac
ligand, RH'-alkyl2 has an octahedral geometry around the thodientre with the PRIgroup in
the apical position and the Glgroup in the plane of the acac ligand and'Riayl2 has a square
pyramidal geometry around the rhodium centre with PPh group in the plane of the acac
ligand. A DFT computational study on the relatstability of the possible reaction products is
in agreement with these findings of th¢ NMR experimental study. The DFT computational
study gave additional insight into the relativeiposs of the | and the CO group in each of the

above reaction products. On the grounds of ‘theNMR experimental study and the DFT
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computational study, a general reaction scheme spécific stereochemistry for the reaction
[Rh(B-diketonato)(CO)(PRf)] + CHsl could be constructed (Figure 5.1). For
[Rh(B-diketonato)(CO)(PP)] complexes with symmetricap-diketonato ligands, only one

isomer in the reaction scheme has to be considered.

CH,
¥=0y 1 pph, O\ /PPh,
V- 0/ T N\co o/ i \cocH
k, k,
ﬂKcz = ﬂKcs -
kZ k—3
CH,
o\ 1 ,co }mO, / COCH;
V07 § \PPh, V07 ; \PPh,
Rh(I) Rh'"-alkyll Rh'"-acyll Rh'"-alkyl2 Rh'"-acyl2

Figure 5.1: The proposed reaction scheme of the reaction dfiyh@adide with [Rh@-diketonato)(CO)(PPJI,

showing specific stereochemistry.

A DFT computational study of the multistep reactianechanism of the reaction
[Rh(acac)(CO)(PP))] + CHsl was conducted. The DFT computational study riexe¢hat the
oxidative addition of methyl iodide to the squatanar rhodium(l) complex corresponds to an
Sn2 nucleophilic attack by the rhodium metal centnetlte methyl iodide and that the multistep
reaction mechanism consists of fourteen distinciteps with the Rfracyll — RH"-alkyl2 step

as the rate-determining step. The multistep reactiechanism is given in Figure 5.2.

\ 1
e o
CH, CH,
0Ny © Tyoli jco 9N ‘h/co
07" \pph, -0/ \PPh, 07 i \PPh,
I
Rh(I) Rh™-alkyl1

PPh,

Rh"-acyll

PPh, F
H;Cfo\ Y4, coc,
— . JRh
H, O'} \Ik

Rh"-alkyl2 Rh"-acyl2

Figure 5.2: The multistep reaction mechanism of the reactiRim@cac)(CO)(PRJ1 + CHal.
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The oxidative addition reaction was generalizednwestigating the first part of this multistep
reaction mechanism with DFT computational methodsr fa selected series of
[Rh(B-diketonato)(CO)(PP)] complexes. The oxidative addition of gHo the square planar
[Rh(B-diketonato)(CO)(PR)] (p-diketonato = acac, tta, bth and dtm) complexesesponds to
an S2 nucleophilic attack by the rhodium metal centretioe methyl iodide. The transition
states of these complexes all exhibit similar gaocs and thermodynamical data. The
experimental kinetic rate constanks)(and the theoretical activation energia&7) exhibited a
linear relationship due to the different electroeitect of the R and R side groups of the
B-diketonato ligands coordinated to the [Rldiketonato)(CO)(PPJ)] complexes. The
[Rh(B-diketonato)(CO)(PP)] complexes showed rapid oxidative addition coregato the
Monsanto catalyst and it is recommended to furtheestigate these complexes as promising

rhodium based catalysts.

Finally, a DFT computational study of the oxidatigddition of methyl iodide to the bulky
[Rh(acac)(P(OPR),] was performed. Due to the computational requéenof optimizing such

a big molecular system, simplified models. [Rh(acac)(P(OCEk)s).] and [Rh(acac)(P(OH)],
were also investigated. The models have similanggrical features and energy profiles of the
reactants, transition state and possible reactiodyets. Methyl iodide is addddans to the
square planar rhodium(l) complex with [Rh(acac)R§:(CHz)(1)]-alkyl (R = Ph, CH, H) as
the product. The [Rh(acac)(P(QRJCHs)(D)]-alkyl product has an octahedral geometry acbu
the rhodium centre with the | and €group in the apical position and the P(@B)oups in the
plane of the acac ligand. The main features otrdngsition stateyiz. the nucleophilic attack of
the rhodium atom on the GHgroup and the cleavage of the carbon-iodide bamie also
similar for all the models. Though, only the fatlodel gave thermodynamic data about the
oxidative addition reaction in agreement with expental data. Therefore, in order to save on
computational recourses, simplified models candsgluo obtain preliminary information on the
geometrical features and the energy profile of tlidative addition reaction
[Rh(B-diketonato)(P(OPR),] + CHsl. But in order to compare thermodynamic resuli the

experimental data, the full model is needed.
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Iron complexes.

A series of [F&(B-diketonato)] (B-diketonato = acac, ba, bth, dtm, dbm, tfaa, tfioa, tta and
hfaa) complexes were studied by experimental amgpatational methods. Two new and eight
known [Fe3-diketonatoj)] complexes were successfully synthesized. Th& Bémputational
study indicated that these complexes can occuwassomers, the faciafdc) and meridional
(mer) isomers. These complexes were all charactemadd UV/vis spectrophotometry, mass

spectroscopy, elemental analysis and by their ngefipints.

The [Fe-diketonatod)] complexes were further electrochemically chaazed by using cyclic
voltammetry and spectroelectrochemistry. Cyclic ltamametric studies on the
[Fe(B-diketonato))] complexes were performed in the weakly coordntatCH;CN/TBAPK;
medium. The only redox active centre in the comgdestudied was the iron centre. The overall
electrochemical reaction can be expressed as:
[Fe" (B-diketonato)] + € = [Fe'(B-diketonato)]”

The redox process was found to be electrochemiealtlychemically reversible at a scan rate of
100 mV.§". The different redox potentials of the {Kp@-diketonato)] series are due to the
different electronic densities at the metal cemthnéch are due to the different substituents on the
B-diketonato ligands. The formal reduction potdr(@) of the redox active metal Fe(lll)/Fe(ll)
in the [F€'(B-diketonato)] complexes was correlated to parameters relatetetdron density on
the iron centre, such as the acid dissociation teohgK;) of the uncoordinate@-diketone
(R.COCH,COR,), the total group electronegativitieg( + Xr2) of the R and R side groups on
the B-diketonato ligand (FCOCHCOR)™ and the calculated ionization potentials of the
[Fe" (B-diketonato)] complexes. The linear equations (y = mx + c)rdef these relationships
can be expressed as:

Ka= (-4.164) E + 5.033

Xr1+ Xr2 = (-2.483) E + 2.120 (Rand R # CRy)

Xri+Xre=(-6.990)B+2703  (RorR=CR)

E = (6.933 x 10) IP + 2.258
This allows one to predict the electronegativiteisthe R and R side groups, the acid
dissociation constant of the uncoordinafediketone and the formal reduction potential of the
[Fe" (B-diketonato)] complexes, if the calculated ionization poterstialare known.
Electrochemical and spectroscopic techniques wamemed in a spectroelectrochemistry study
of the [F€'(B-diketonato)] complexes. The influence of the reduction reaxtion the UV/vis
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absorption spectra was monitored. The intensityhef bands in the near ultraviolet region
(200-600 nm) changed as the iron(lll) complexeseweduced. Complexes without aromatic
side groups had similar absorption spectra andtigpeshanges during the reduction reaction.
Introduction of one Ph or two Ph side groups suwsieelyy caused a red shift of ~30 nm on the
maximum absorbance band of the iron(lll) complexésclusion of aromatic groups such as

C4H3S or GH30 resulted in different spectra.

In the final two studies, the performance of deier DFT functionals, in relation to the
energetics of different spin states of iron comptexwas tested. The spin crossover complex
[Fe(salen)(CH)2(COCHs)2(py).] and low/high spin five-coordinate iron(lll) porptins were

used to conduct this research.

For the spin crossover complex [Fe(salen{st€COCH:)2(py)2], no single functional could
accurately reproduce the geometry of both the lo@ laigh spin states as well as provide an
energy profile with equi-energetic low and highrsptates. The functional PW91 gave a good
geometry optimization of both the low and high sghates, whereas the functionals BP86,
BLYP, PBE, OLYP, OPBE and B3LYP only succeedediinng a good geometry optimization
of the low spin complex. For the high spin geome®LYP and OPBE performed the worst.
An opposite performance by functionals was obtaif@dthe spin-state energetics. OLYP,
OPBE and B3LYP provided the best spin-state eniesydor spin crossover, whereas the
functionals PW91, BP86, BLYP and PBE could not ogpice equi-energetic low and high spin
states. Although OLYP is known to be one of thstlhenctionals for transition metal systems, it
failed to perform for the spin crossover compleg(galen)(CH)2(COCHs)2(py)]. Failures like

these inspire researchers to constantly improvéumictionals and hence to develop new ones.

A series of closely related five-coordinate iroh(Horphyrins, [F& (porphyrin)(Ar)] (Ar = aryl =

Cl, Ph, GFs, 3,4,5-GFsH, and 2,4,6-@F3H), was also used to test the performance of diftere
DFT functionals. These complexes are an excedalibration tool, since even though they are
closely related, they exhibit different spin statdie newer pure functionals (OLYP and OPBE)
performed the best in predicting the applicablen states of the porphyrin complexes, closely
followed by B3LYP. Both OLYP and B3LYP appearedhtve performed distinctly better than
B3LYP*, which was somewhat of a surprise, givert BaLYP* usually performs significantly
better than B3LYP. The classic pure functionailglsas PW91) performed the worst, as far as
spin state energetics were concerned.
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5.2 Future perspectives.

The rhodium studies can be extended as follow:

(i)

(ii)

(iii)

(iv)

(v)

DFT calculation of the oxidative addition reactidth(3-diketonato)(CO)(PP{) + CHal
for a series op-diketonato ligands and compare data to known éxyertal values.
Investigate whether the proposed mechanism of ¢aetion [Rh(acac)(CO)(PBh +
CHgl also applies to [RIff-diketonato)(CO)(PP#)] complexes with an unsymmetrical
[B-diketone backbone, using DFT calculations.

Determination of the molecular structures of rhaodjlil) reaction products, using X-ray
crystallography

Electrochemical characterization of the [Ritiketonato)(CO)(PP§)] complexes using
cyclic voltammetry and spectroelectrochemistry.aldation of the peak anodic potential
(Epa), as well as the electrochemical and chemicalrséviéty/irreversibility, of the redox
active rhodium(l) centre. Determination whethezsin Rh(l) complexes are oxidized to
Rh(ll) or Rh(lll), using bulk electrolysis. Detemmation of the effect of the electron
donation/withdrawal of the different R side groupfsthe 3-diketonato ligands on the
peak anodic potential (.

Determination of the relationships between expentaéy determined and DFT
calculated properties, such as the acid dissoniatmnstant (i4;) of the p-diketone
coordinated to the rhodium complex, the total grelgztronegativitiesyri + Xr2) of the
R; and R side groups on thg-diketonato ligand, the peak anodic potentiglXBf the
redox active metal Rh(l)/Rh(ll) or Rh(l)/Rh(lll) ifRh(3-diketonato)(CO)(PP#] and the

calculated ionization potentials.

The iron studies can be extended as follow:

(i)

(ii)

(iii)

(iv)

Synthesize a series of tfis(liketonato) metal complexes (where metal = Cr, Mo, Ni
and Cu) to explore electrochemical trends of metaetke same row in the periodic table.
Calculate the ionization potential of a seriesris{f8-diketonato) metal complexes (where
metal = Cr, Mn, Co, Ni and Cu) and compare withezkpental data.

Synthesize a series of tftsfliketonato) metal complexes (where metal = Ru@sjito
explore electrochemical trends of metals in theesgrmup in the periodic table.
Calculate the ionization potential of a seriesris{f8-diketonato) metal complexes (where

metal = Ru and Os) and compare with experimental. da
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Appendix

A.1 Infrared spectrophotometry (IR).
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Figure A.1: Infrared spectrum of powder [Fe(aca¢)L}.
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Figure A.2: Infrared spectrum of powder [Fe(gaj2}.
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Figure A.3: Infrared spectrum of powder [Fe(bfh)3}.
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Figure A.4: Infrared spectrum of powder [Fe(dtij4}.
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Figure A.5: Infrared spectrum of powder [Fe(dkjin)5}.
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Figure A.6: Infrared spectrum of powder [Fe(tfga)6}.
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Figure A.7: Infrared spectrum of powder [Fe(tf§li)7}.
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Figure A.8: Infrared spectrum of powder [Fe(tfga)8}.
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Figure A.9: Infrared spectrum of powder [Fe(#p9}.
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Figure A.10: Infrared spectrum of powder [Fe(hfga]L0}.
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A.2 Ultraviolet spectrophotometry (UV).

@
o
c
®
=
o
)
Q
<
200 250 300 350 400 450 500 550
Wavelength / nm
Figure A.11: Ultraviolet spectrum of [Fe(acat)1}, measured in CHCN at 25 °C.
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Figure A.12: Ultraviolet spectrum of [Fe(bg){2}, measured in CHCN at 25 °C.
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Figure A.13: Ultraviolet spectrum of [Fe(btg){3}, measured in CHCN at 25 °C.

600

200

250 300 350 400 450 500 550
Wavelength / nm

Figure A.14: Ultraviolet spectrum of [Fe(dtr){4}, measured in CHCN at 25 °C.
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Figure A.15: Ultraviolet spectrum of [Fe(dbr})}{5}, measured in CHCN at 25 °C.
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Figure A.16: Ultraviolet spectrum of [Fe(tfag){6}, measured in CHCN at 25 °C.
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Figure A.17: Ultraviolet spectrum of [Fe(tffy) {7}, measured in CHCN at 25 °C.
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Figure A.18: Ultraviolet spectrum of [Fe(tfbg){8}, measured in CHCN at 25 °C.
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Figure A.19: Ultraviolet spectrum of [Fe(ttg){9}, measured in CHCN at 25 °C.
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A.3 Mass spectrometry (MS).
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Figure A.20: MALDI mass spectrum of [Fe(acaf){1} in the positive reflection mode. Calculatedried.
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Figure A.21: MALDI mass spectrum of [Fe(bd)2} in the positive reflection mode. Calculatédred.
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Figure A.22: MALDI mass spectrum of [Fe(bt}){3} in the positive reflection mode. Calculatédred.

RE05 ]
2.5 7

2.0 7
15 ]
1.0 ]

] 725.306
0.5 1 —_—

I B N

Intens. [a\-u.]
1000 A

800 -
600 -
400 T
200
O -

T T T T T T T T T T T T T T T T T

716 718 720 722 724 726 728 730 732

m/z

Figure A.23: MALDI mass spectrum of [Fe(dbgh)5} in the positive reflection mode. Calculatédred.
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Figure A.24: MALDI mass spectrum of [Fe(tfad) {6} in the negative reflection mode. Calculatedéd.
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Figure A.25: MALDI mass spectrum of [Fe(tff) {7} in the positive reflection mode. Calculatédred.
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Figure A.26: MALDI mass spectrum of [Fe(tfbg){8} in the negative reflection mode. Calculatiedred.
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Figure A.27: MALDI mass spectrum of [Fe(ttd)}{9} in the negative reflection mode. Calculatiedred.
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Figure A.28: MALDI mass spectrum of [Fe(hfa)10} in the negative reflection mode. Calculateded.
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A.4 Cyclic voltammetry (CV).

Table A.1l: Electrochemical data of [Fe(acgcil}. Solvent CHCN, supporting electrolyte
TBAPFs ([NBug][PFe)), versus Fc/F&, scan rate as indicated.

ScanRate Ea/V  Ep/V  AE, IV E%IV  ipa/pPA  ipc/PA  ipalipe

50 -1.002  -1.076  0.074 -1.039 1056  10.75 0.98
100 -1.002  -1.074  0.072  -1.038 1466  14.72 1.90
150 -1.000  -1.077  0.077 -1.038 1758 1851 0.95
200 -0.997 -1.078  0.081  -1.037 2025  20.50 0.99
250 -0.997 -1.078  0.081  -1.037 2273  22.92 0.99
300 -0.993  -1.081  0.088  -1.037 2447  25.03 0.98
1000 -0.983  -1.092  0.109  -1.037 4242  43.35 0.98
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Figure A.29: Cyclic voltammogramsvérsus Fc/F¢) of 1 mmol.dn? [Fe(acac)] {1} at scan rates 50, 100, 150,

200, 250, 300 and 1000 m\t.s Scans initiated in the direction of the arroweasured in 100 mmol.dim
TBAPF/CH;CN on a glassy carbon working electrode at 25 °C.
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Table A.2: Electrochemical data of [Fe(BpX{2}. Solvent CHCN, supporting electrolyte
TBAPFs ([NBug][PFe)), versus Fc/F&, scan rate as indicated.

ScanRate  Ea/V  Ep/V  AE, IV  E%/V  ipa/pPA  ipc/PA  ipalipe

50 -0.938 -1.004 0.066 -0.971 7.14 7.22 0.9

100 -0.940 -1.003 0.063 -0.971 10.43 10.65 0.98
150 -0.939 -1.003 0.064 -0.971 12.55 12.55 1.00
200 -0.937 -1.003 0.066 -0.970 14.16 14.60 0.97
250 -0.936 -1.006 0.070 -0.971 16.02 16.69 0.96
300 -0.934 -1.005 0.071 -0.969 17.45 17.81 0.98
1000 -0.932 -1.008 0.076 -0.970 30.81 31.12 0.99
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Figure A.30: Cyclic voltammogramsvérsus Fc/F¢) of 1 mmol.dn? [Fe(ba)] {2} at scan rates 50, 100, 150,

200, 250, 300 and 1000 m\t.s Scans initiated in the direction of the arroweasured in 100 mmol.di
TBAPF/CH;CN on a glassy carbon working electrode at 25 °C.
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Table A.3: Electrochemical data of [Fe(bth)}{3}. Solvent CHCN, supporting electrolyte
TBAPFs ([NBug][PFe)), versus Fc/F&, scan rate as indicated.

ScanRate  Ea/V  Ep/V  AE, IV E%IV  ipa/pPA  ipc/PA  ipalipe

50 -0.848  -0.913  0.065 -0.881  0.58 0.60 0.97
100 -0.850  -0.912  0.062 -0.881  0.78 0.78 1.00
150 -0.847  -0.914  0.067  -0.881 1.17 1.18 0.99
200 -0.848  -0.913  0.065  -0.881 1.38 1.39 0.99
250 -0.846  -0.915  0.069  -0.881 1.47 1.50 0.98
300 -0.847 -0.913  0.066  -0.880 1.71 1.74 0.98
1000 -0.843  -0.920  0.077  -0.882 2.47 2.54 0.97
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Figure A.31: Cyclic voltammogramsvérsus Fc/F¢) of 1 mmol.dri? [Fe(bthy] {3} at scan rates 50, 100, 150,

200, 250, 300 and 1000 m\t.s Scans initiated in the direction of the arroweasured in 100 mmol.din
TBAPF/CH:CN on a glassy carbon working electrode at 25 °C.
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Table A.4: Electrochemical data of [Fe(dtgh{4}. Solvent CHCN, supporting electrolyte
TBAPFs ([NBug][PFe)), versus Fc/F&, scan rate as indicated.

ScanRate Ea/V  Ep/V  AE/V  E%/V  ipa/pPA  ipc/PA  ipalipe

50 -0.805 -0.882 0.077 -0.843 5.90 6.04 0.9

100 -0.809 -0.879 0.070 -0.844 7.90 7.98 0.99
150 -0.808 -0.880 0.072 -0.844 8.60 8.87 0.97
200 -0.807 -0.879 0.072 -0.843 9.29 9.29 1.00
250 -0.806 -0.880 0.074 -0.843 10.10 10.41 0.97
300 -0.807 -0.879 0.072 -0.843 18.81 19.19 0.98
1000 -0.806 -0.884 0.078 -0.845 23.53 24.01 0.98
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Figure A.32: Cyclic voltammogramsvérsus Fc/F¢) of 1 mmol.dni® [Fe(dtm)] {4} at scan rates 50, 100, 150,

200, 250, 300 and 1000 m\t.s Scans initiated in the direction of the arroweasured in 100 mmol.dim
TBAPF/CH;CN on a glassy carbon working electrode at 25 °C.
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Table A.5: Electrochemical data of [Fe(dbgh)5}. Solvent CH,CN, supporting electrolyte
TBAPFs ([NBug][PFe]), versus Fc/F&, scan rate as indicated.

ScanRate  Ea/V  Ep/V  AE, IV E%IV  ipa/pPA  ipc/PA  ipalipe
50 -0.886 -0.954  0.068 -0.920  4.14 4.27 0.97
100 -0.887  -0.955  0.068  -0.921 7.39 7.54 0.98
150 -0.888  -0.951  0.063  -0.920  8.88 9.16 0.97
200 -0.886  -0.954  0.068  -0.920 9.99 10.09 0.99
250 -0.884 -0.953 0.069 -0.919 1126  11.26 1.00
300 -0.885 -0.953  0.068 -0.919 1230  12.43 0.99
1000 -0.883  -0.954 0.071  -0919 2317  23.65 0.98
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Figure A.33: Cyclic voltammogramsvérsus Fc/F¢) of 1 mmol.dn? [Fe(dbm)] {5} at scan rates 50, 100, 150,

200, 250, 300 and 1000 m\t.s Scans initiated in the direction of the arroweasured in 100 mmol.dim
TBAPF/CH;CN on a glassy carbon working electrode at 25 °C.
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Table A.6: Electrochemical data of [Fe(tfah6}. Solvent CHCN, supporting electrolyte
TBAPFs ([NBug][PFe)), versus Fc/F&, scan rate as indicated.

ScanRate  Ea/V  Ep/V  AE, IV  E%/V  ipa/pPA  ipc/PA  ipalipe

50 -0.330 -0.426 0.096 -0.378 3.18 3.21 0.9

100 -0.333 -0.421 0.088 -0.377 5.64 5.75 0.98
150 -0.331 -0.426 0.095 -0.379 9.88 10.08 0.98
200 -0.326 -0.427 0.101 -0.377 11.40 11.52 0.99
250 -0.323 -0.431 0.108 -0.377 13.79 13.93 0.99
300 -0.324 -0.432 0.108 -0.378 17.04 17.04 1.00
1000 -0.304 -0.451 0.147 -0.378 26.45 27.27 0.97
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Figure A.34: Cyclic voltammogramsvérsus Fc/F¢) of 1 mmol.dr® [Fe(tfaa)] {6} at scan rates 50, 100, 150,

200, 250, 300 and 1000 m\t.s Scans initiated in the direction of the arroweasured in 100 mmol.di
TBAPF/CH;CN on a glassy carbon working electrode at 25 °C.
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Table A.7: Electrochemical data of [Fe(tffg)){7}. Solvent CHCN, supporting electrolyte
TBAPFs ([NBug][PFe)), versus Fc/F&, scan rate as indicated.

ScanRate  Ea/V  Ep/V  AE, IV E%IV  ipa/pPA  ipc/PA  ipalipe

50 -0.311  -0.383  0.072  -0.347 6.00 6.06 0.9
100 -0.314  -0.381  0.067  -0.347 8.88 9.15 0.97
150 -0.313  -0.382 0.069  -0.347 10.06  10.16 0.99
200 -0.312 -0.383  0.071  -0.347  11.88  12.12 0.98
250 -0.312 -0.386  0.074  -0.349 1450  14.95 0.97
300 -0.310 -0.388  0.078  -0.349 1506  15.37 0.98
1000 -0.307 -0.390 0.083  -0.348 34.88  35.95 0.97
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Figure A.35: Cyclic voltammogramsvérsus Fc/F¢) of 1 mmol.dr® [Fe(tffu);] {7} at scan rates 50, 100, 150,

200, 250, 300 and 1000 m\t.s Scans initiated in the direction of the arroweasured in 100 mmol.dim
TBAPF/CH;CN on a glassy carbon working electrode at 25 °C.
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Table A.8: Electrochemical data of [Fe(tfbh)X8}. Solvent CHCN, supporting electrolyte
TBAPFs ([NBug][PFe)), versus Fc/F&, scan rate as indicated.

ScanRate  Ea/V  Ep/V  AE, IV  E%/V  ipa/pPA  ipc/PA  ipalipe
50 -0.317 -0.386 0.069 -0.352 10.58  10.80 0.98
100 -0.319  -0.383  0.064 -0.351 1539  15.86 0.97
150 -0.318 -0.385  0.067 -0.352  17.09  17.44 0.98
200 -0.319  -0.387 0.068  -0.353 21.26  21.70 0.98
250 -0.317  -0.386  0.069  -0.352  26.80  27.07 0.99
300 -0.315  -0.387  0.072  -0.351 2874  29.03 0.99
1000 -0.314 -0.390 0.076  -0.352  28.88  29.78 0.97
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Figure A.36: Cyclic voltammogramsvérsus Fc/F¢) of 1 mmol.dn? [Fe(tfba)] {8} at scan rates 50, 100, 150,

200, 250, 300 and 1000 m\t.s Scans initiated in the direction of the arroweasured in 100 mmol.dim
TBAPF/CH;CN on a glassy carbon working electrode at 25 °C.
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Table A.9: Electrochemical data of [Fe(ith){9}. Solvent CHCN, supporting electrolyte
TBAPFs ([NBug][PFe)), versus Fc/F&, scan rate as indicated.

ScanRate  Ea/V  Ep/V  AE, IV E%IV  ipa/pPA  ipc/PA  ipalipe

50 -0.319 -0.394 0.075 -0.356 4.64 4.68 0.9

100 -0.320 -0.390 0.070 -0.355 6.71 6.71 1.00
150 -0.319 -0.389 0.070 -0.354 9.13 9.22 0.99
200 -0.319 -0.393 0.074 -0.356 9.66 9.76 0.99
250 -0.317 -0.394 0.077 -0.355 11.59 11.83 0.98
300 -0.316 -0.392 0.076 -0.354 12.17 12.17 1.00
1000 -0.311 -0.400 0.089 -0.355 23.62 23.86 0.99
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Figure A.37: Cyclic voltammogramsvérsus Fc/F¢) of 1 mmol.dri? [Fe(ttay] {9} at scan rates 50, 100, 150,

200, 250, 300 and 1000 m\t.s Scans initiated in the direction of the arroweasured in 100 mmol.di
TBAPF/CH;CN on a glassy carbon working electrode at 25 °C.
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Table A.10: Electrochemical data of [Fe(hfgpf10}. Solvent DCM, supporting electrolyte
TBAPFs ([NBug][PFe)), versus Fc/F&, scan rate as indicated.

ScanRate  Ea/V  Ep/V  AE, IV  E%/V  ipa/pPA  ipc/PA  ipalipe

50 0238 0168  0.070  0.203 2.07 2.14 0.97
100 0237 0167  0.070  0.202 4.34 4.39 0.99
150 0238  0.164  0.074  0.201 5.37 5.42 0.99
200 0240 0163  0.077  0.201 6.40 6.53 0.98
250 0.244 0159  0.085  0.201 7.01 7.08 0.99
300 0.244 0159  0.085  0.201 7.91 8.15 0.97
1000 0260 0145 0115  0.202  13.64  14.21 0.96
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Figure A.38: Cyclic voltammogramsvérsus Fc/F¢) of 1 mmol.dn [Fe(hfaa)] {10} at scan rates 50, 100, 150,

200, 250, 300 and 1000 m\t.s Scans initiated in the direction of the arroweasured in 100 mmol.din
TBAPF/DCM on a glassy carbon working electrode at 25 °C.
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Abstract

Fundamental properties of rhodium and iron catahgste been researched in this study, by
means of experimental and DFT computational teclesg Two types of rhodium complexes
were studied: monocarbonyltriphenylphosphine rhodiu complexes
[Rh(B-diketonato)(CO)(PP)] and triphenylphosphite rhodium complexes
[Rh(B-diketonato)(P(OPR),] (where B-diketonato is a monoanionic bidentate ligand viitio
oxygen donor atoms (ROCHCOR)’). The oxidative addition reaction of methyl iodido
both of these square planar rhodium(l) complexes Ibeen studied. Three types of iron
complexes were studied: tfisfliketonato) iron(lll) complexes [Feédiketonato)], a salen

complex [Fe(salen)(CHL(COCHs)2(py).] and porphyrin complexes [Eporphyrin)(Ar)].

The reaction, [Riff-diketonato)(CO)(PP)] + CHsl (p-diketonato = acac, tta, bth and dtm),
consists of many steps with numerous transitiotestaintermediate products and reaction
products. On the grounds of ansitu *"H NMR experimental study and a DFT computational
study, a general reaction scheme with specific estdremistry for the reaction
[Rh(B-diketonato)(CO)(PPf)] + CHsl was constructed. The first step in the reactithg
oxidative addition of methyl iodide to the squardanar rhodium(l) complex, was
computationally studied for the series of [Riuljketonato)(CO)(PPJ)] (B-diketonato = acac, tta,
bth and dtm) complexes. The transition state efatkidative addition reaction corresponds to an
Sn2 nucleophilic attack by the rhodium metal centretibe methyl iodide. The experimental
kinetic rate constantskf) and the theoretical activation energigsE?) exhibited a linear
relationship. A DFT computational study of the traiép reaction mechanism of the reaction
[Rh(acac)(CO)(PPJ)] + CHsl revealed that the reaction mechanism consistdoafteen
distinctive steps with the formation of a secorid/latomplex [Rh(acac)(CE(CO)(PPR)(1)] as

the rate-determining step.

A DFT computational study of the reaction [Rh(a¢@@PPh)),] + CHsl was conducted.
Simplified modelsyiz. [Rh(acac)(P(OCBkJs);] and [Rh(acac)(P(OH),], were also investigated.

The various models have similar geometrical featumad energy profiles of the reactants,
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transition state and possible reaction products,dmly the full model gave thermodynamic

results in agreement with experimental data.

A series of [F&(B-diketonato}] (B-diketonato = acac, ba, bth, dtm, dbm, tfaa, tfioa, tta and
hfaa) complexes was synthesized and characterizdthve aid of UV/vis spectrophotometry,
mass spectroscopy, elemental analysis and by meltiaint measurements. A DFT
computational study indicated that these comples@soccur as two isomers, the facfat) and
meridional (ner) isomers. The [F@diketonatoj)] complexes were further electrochemically
characterized by using cyclic voltammetry and spetéctrochemistry. The redox process,
[Fe" (B-diketonato)] + € = [F€'(B-diketonato)]”, was found to be electrochemically and
chemically reversible at a scan rate of 100 ritV.§he formal reduction potential of the redox
active metal Fe(lll)/Fe(ll) in the [P&p-diketonato)] complexes was correlated to parameters
related to electron density of the iron centre,hsas the acid dissociation constant of the
uncoordinate@-diketone (RCOCH,COR,), the total group electronegativities of the &d R
side groups on thg-diketonato ligand (REOCHCOR)™ and the calculated ionization potentials
of the [Fé (B-diketonato)] complexes. Electrochemical and spectroscopitiriegies were
combined in a spectroelectrochemistry study of fRe"(B-diketonato)] complexes. The
influence of the reduction reactions on the UV/alssorption spectra was monitored. The
intensity of the bands in the near ultraviolet oegi(200-600 nm) changed as the iron(lll)

complexes were reduced.

The performance of different DFT functionals inatedn to the energetics of different spin states
of iron complexes was tested. The spin crossovemptex [Fe(salen)(Chi(COCH)(py).] and
the low/high spin complexes [E@orphyrin)(Ar)] (Ar = aryl = Cl, Ph, €Fs, 3,4,5-GFsH, and
2,4,6-GFsH,) were used to conduct this research. For the spwssover complex
[Fe(salen)(CH)2(COCH;)2(py)2], no single functional in the study could acculsateproduce
the geometry of both the low and high spin statesvall as provide an energy profile with
equi-energetic low and high spin states. For ¢heHigh spin complexes [Eéporphyrin)(Ar)],

the newer pure functionals (OLYP and OPBE) perfatrttee best in predicting the applicable
spin states, closely followed by B3LYP.

Keywords

rhodium, iron B-diketonato, salen, porphyrin, oxidative additispin crossover, DFT, NMR, CV, SEC
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Fundamentele eienskappe van rodium en yster kai@aigssis met behulp van eksperimentele en
kwantum-berekeningschemiese tegnieke ondersoelee Tyes rodium komplekse is ondersoek:
monokarbonieltrifenielfosfien  rodium  komplekse  [RBidiketonato)(CO)(PP)] en
trifenielfosfiet rodium komplekse [Rp{diketonato)(P(OPR),] (waar p-diketonato 'n
monoanioniesebidentate ligande is met twee elektrskenkende suurstof atome
(RiICOCHCOR)). 'n Studie van die oksidatiewe addisie-reaksan vmetieljodied tot
vierkantige planére rodium(l) komplekse is uitgavo®rie tipes yster komplekse is ondersoek:
tris(3-diketonato)  yster(lll)  komplekse [He€iketonato)], 'n  salen  kompleks
[Fe(salen)(CH),(COCHs)(py)] en 'n porfirien kompleks [F&porphyrin)(Ar)].

Die reaksie, [RIff-diketonato)(CO)(PPJ)] + CHsl (pB-diketonato = acac, tta, bth en dtm), bestaan
uit baie stappe met veelvuldige oorgangstoestantimediéreprodukte en reaksieprodukte. Op
grond van 'rin situ '"H NMR eksperimentele studie en 'n kwantum-berelgsthemiese studie is
'n algemene reaksie skema met spesifieke stereaghemir die reaksie
[Rh(B-diketonato)(CO)(PP))] + CHsl saamgestel. Die eerste stap van die reaksie, die
oksidatiewe addisie van metieljodied tot die vietige planére rodium(l) komplekse
[Rh(B-diketonato)(CO)(PP{)] (p-diketonato = acac, tta, bth en dtm), is in die
kwantum-berekeningschemiese studie in diepte oodkrs Die oorgangstoestand van die
oksidatiewe addisie-reaksie toon ‘RSukleofieliese aanval deur die sentrale rodiuoort op

die metieljodied molekuul. Die eksperimentele kiege tempokonstantdé;} en die teoretiese
aktiveringsenergie/AE") toon 'n lineére verwantskap. 'n Kwantum-berekgsihemiese studie
van die stappe van die reaksie-meganisme van diesiee [Rh(acac)(CO)(PRf + CHsl het
getoon dat die reaksie-meganisme uit veertien distike stappe bestaan met die vorming van

'n tweede alkiel kompleks [Rh(acac)(g(CO)(PPh)(I)] as die tempobepalende stap.

'n Kwantum-berekeningschemiese studie van die iedkh(acac)(P(OPh)] + CHsl is ook
uitgevoer. Twee vereenvoudigde modelle, naamlik h(fRac)(P(OCHh)s);] en
[Rh(acac)(P(OHy)], is ook ondersoek. Die verskillende modelle sabrtgelyke geometriese

kenmerke en energieprofiele van die reaktante,ammystoestande en moontlike reaksieprodukte
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getoon, maar slegs die vol model kon termodinamiesailtate in ooreenstemming met

eksperimentele data weergee.

'n Reeks [F&(B-diketonato)] (B-diketonato = acac, ba, bth, dtm, dbm, tfaa, tfha, tta en hfaa)
komplekse is gesintetiseer en gekarakteriseer etatlp van UV/vis spektrofotometrie, massa
spektroskopie, element analise en smeltpunt metirgkwantum-berekeningschemiese studie
het aangedui dat hierdie komplekse as twee isonmwekom, diefac- en mer-isomere. Die
[Fe" (B-diketonato)] komplekse is verder gekarakteriseer deur 'n mekemiese studie met
behulp van sikliese voltammetrie en spektro-eledtemie. Daar is bevind dat die redoksproses,
[Fe" (B-diketonato)] + € = [Fé'(B-diketonato)]”, elektrochemies en chemies omkeerbaar is
teen 'n skandeertempo van 100 mV.sKorrelasies is gevind tussen die formele redeiksi
potensiaal van die redoksaktiewe metaal Fe(ll)IFa( die [F€" (B-diketonato)] komplekse en
parameters wat betrekking het op die elektrondidtiran die sentrale yster, soos byvoorbeeld
die suurdissosiasie konstante van die ongekotndiagediketone (RCOCH,COR,), die totale
groepelektronegatiwiteite van die 1Ren R groepe van die B-diketonato ligande
(RiCOCHCOR)™ en die berekende ioniseringspotensiaal van die" ([Fdiketonato)]

komplekse. Elektrochemiese en spektroskopiese ielegn is gekombineer in 'n
spektro-elektrochemiese studie van die"[{Bediketonato)] komplekse. Die invioed van die
reduksiereaksies op die absorbansiespektra varkatigplekse is met behulp van UVl/vis
spektrofotometrie gemonitor. Die intensiteit vae dbsorbansiebande in die naby ultraviolet

area (200-600 nm) het verander soos die Fe(lll)Kekse gereduseer is.

Verskillende moduleringsdigtheidsfunksionale isvgdeeer met betrekking tot die energieé van
verskillende spintoestande van yster komplekse. e Dspinoorkruisingskompleks
[Fe(salen)(CH),(COCH:).(py);] en die lae of hoé spin komplekse [feorphyrin)(Ar)]

(Ar = aryl = Cl, Ph, GFs, 3,4,5-GF3H2 en 2,4,6-GF3Hy) is in die toetsing gebruik. Nie 'n enkele
moduleringsdigtheidsfunksionaal kon die geometseéel as die gelyke energievlakke van die
lae en hoé spin komplekse van fgeorphyrin)(Ar)] akkuraat voorspel nie. Vir dieelaf hoé
spin komplekse [F&porphyrin)(Ar)] het die moduleringsdigtheidsfuntsale OLYP en OPBE,

gevolg deur B3LYP, goed gepresteer deur die todqgaspintoestande akkuraat te voorspel.

Sleutelwoorde

rodium, ysterp-diketonato, salen, porfirien, oksidatiewe addisgnoorkruising, DFT, KMR, SV, SEC
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