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Al(pftb)4 Perfluorotertbutoxyaluminate

B3LYP Becke-3 parameter functional with Lee-Yang-Parr caicgla
BP-86 Becke-Perdew

Bn-tpen N-benzyl-N,N",N"-tris(2-pyridyl-methyl)-1,2-diaminoethane
CCDC Cambridge Crystallographic Data Center

CsHs Benzene

CH.CI, Dichloromethane

CHs;CN Acetonitrile

DMAN 1,8-bis-(dimethylamino)naphthaline

DFT Density functional theory

DME 1,2-Dimethoxyethane

Et,O Diethyl ether

EPR Electron Paramagnetic Resonance

HMBC Heteronuclear Multiple Bond Correlation

HOMO Highest Occupied Molecular Orbital

HPLC High Performance Liquid Chromatography

HSQC Heteronuclear Single Quantum Coherence

'Pr Isopropyl

IRC Intrinsic Reaction Coordiante

LACVP Los Alamos Core Valence Potential

LUMO Lowest Unoccupied Molecular Orbital

Me Methyl

MeOH Methanol

MLCT Metal to Ligand Charge Transfer

NMR Nuclear Magnetic Resonance

NOE Nuclear Overhauser Effect

N4Py N,N-bis(2-pyridylmethyl)-bis(2-pyridyl)methylamine
ORTEP Oak Ridge Thermal Ellipsoid Plot Program

Ph Phenyl

PPNCI Bis-(triphenylphosphoranylidene)-ammonium chloride
TASF Tris-(dimethylamino)sulfonium-difluorotrimethylsilicate

TBAF Tetrabutyl-ammoniumfluoride



TDAE
TD-DFT
TEMPO
THF
T™MC
TZVP

Tetrakisdimethylaminoethylene

Time Dependent Density Functional Theory
2,2,6,6-Tetramethyl-1-piperidinyloxo radical
Tetrahydrofuran
1,4,8,11-Tetramethyl-1,4,8,11-tetraazacyclotetradecane
Triple Zeta Split Valence

Abbreviations for the multiplicity of the NMR signals:
s (singlet), d (doublet), t (triplet), g (quartet) br (broad).
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1 Introduction

1.1 Functionalization of alkanes to alcohols

The selective oxidation and functionalization of alkenes under ambieditioos is an exciting
scientific challenge and a highly valuable economic goakawdés from natural gas and
petroleum are the world’s most abundant feedstocks (Fig. 1.1). Tharpricomponent of
natural gas is methane (GHIt may also contain heavier gaseous hydrocarbons such as ethane,
propane and butane, as well as other gases, in varying amounts. thargeplogical formation

of oil (and coal), large natural gas deposits are also fornmedbriner times, methane was
released to the atmosphere when the oil (or coal) was ext@dtedas simply burned at the oil
field due to difficulties related to transportatidviost of the countries have abandoned this way
of wasting methane, specifically because of environmental pessfdowadays, natural gas is
transported through pipelines or by using tankers where the ggaafidd. Although pipelines
are economically feasible for inland gas transportation, theynateused across oceans.
Alternatively, using tankerthe cost of transport risesd safety problems emerda.contrast,
some platforms, where oil is extracted, pump the gas back ingrabed in the hope that one

day a new profitable method will be found to exploit this resource.

Renewable
(6%)

Nuclear (8%)

Petroleum
(39%)

Coal (23%)

Natural Gas
(24%)

Fig. 1.1Abundance of natural gas and petroleum (left) and offshore platforms in California.



Currently, alkanes derived from both petroleum and natural gas areteshiceenergy, fuel and
chemicals at high temperatures and multiple steps leading ficcism® environmentally and
economically processes.

The development of a catalyst, which would selectively functionalizanes to alcohols under
mild conditions, could lead to a new concept in production of energy Zatheentury % 3The
selective catalytic aerobic oxidation ¢ of one of the most inert substrates, methane, to
methanol is still one of the "holy grails" of chemistry.In the past decades, there is an intense
interest in C-H activation reactions, which are usually part hed tatalytic cycle in
functionalization of hydrocarbons to more useful products. However, therevaay few
examples of catalyst systems, that are capable of achituggrocess and there are large gaps

in our fundamental knowledge in how to design such a catalyst.

1.1.1 Examples in nature

The best examples of a selective alkane oxidation to a corresp@iciaingl are found in nature.
There are enzymes that can utilize dioxygen to oxidize satutagdrocarbons to alcohols at

ambient pressure and temperature (eq. 1.1).

enzyme
RH + NADH + H + G Y

ROH + NAD" + HO (1.1)

The best known of these enzymes are cytochrome P450 and methane menasay®MO),
which in the resting state contain an Fe(lll) protoporphyrin mgd a p-oxo diiron or di-copper
complex, respectively. The active species in the case of P45t&rimiaal oxo-Fe(IV) porphyrin
Teradical cation (Fig. 1.2eft), which can oxidize organic substrates by oxygen atom trarsfe
methanotrophic organisms, there are two types of MMO: a soluble (&IvivIO) containing
oxygen bridged non-heme diiron (Fe(IV)) active sites, and particitate (pMMO), which
contains Cu(lll) oxygen bridged metal centers (Fig. 1.2-rigitj.



O

e

P450 MMO

L,(Cu)F Fe(Cu)L,

Fig. 1.2The active Fe(IV) site in P450 (left) and MMO enzyme.

A variety of Fe porphyrin complexes are able to mimic cytocler®#50 reactions vitro using

iodosylbenzene (PhIO) as the primary oxidaft.

Recently, it was reported that Cu loaded zeolite (ZSM-5) aftBvating with oxygen, converts
methane to methanol at 398'KIn this case, the active core, containing a p-oxo bridged di-

copper is responsible for methane oxidation, which was also proposed for pMMO.

Only few examples are known in mimetics of non-heme iron enzyiWvesghardt et al.
postulated the formation of Fe(IV)-oxo compound [Fe(O)(cyclamasejt in the reaction of
corresponding Fe(ll) complex and ozdieThis compound was characterized only by
Mossbauer  spectroscopy. The  first  crystal structure of  the mirtal
[Fe'Y(0)(TMC)(MeCN)](OTf), complex was reported by Que Jr. et“alt.was obtained in high
yield in the reaction of the related Fe(ll) complex with iodlosyzene. The corresponding
Fe(IV)=O complex with pentadentate N5 ligands (N4Py or Bn-tpeniiraxylates

triphenylmethane or ethylbenzene to related alcotiols.

It is also worth mentioning that many of the postulated mechanisrotve radical pathways,
which can be related to Fenton or Haber-Weiss chemistry. In 189&nFemorted the catalytic
hydroxylation of alkanes with hydrogen peroxide and Fe(ll) sdbitalvith very low yield and
conversion® The mechanism of Fenton’s reaction was discovered later Is{atér, Haber and
Weiss. They proposed that the actual oxidant in this reaction isyithexyl radical -OH
(egs. 1.2 and 1.3):18

Fe(ll) + HO, —= Fe(lll) + HO + HO (1.2)

Fe(lll) + HO, — Fe(ll) + H-O-C + H* (1.3)



They also worked on the mechanisncatalase(the enzyme which disproportionates hydrogen
peroxide to water and oxygen) and proposed that a radical chairone@stes place, which can
be compared with their already proposed mechafisfft. >* This reaction activated further

research in the field of biomimetics.
1.1.2 Catalytic systems

The classical Shilov system is one of the first exampleseunethane is selectively oxygenated
to methanol (eq. 1.4f: > ?* The C-H bond in methane showed an 100 times higher reactivity

than C-H in methanol.

o [PtCl )% .
CH, + [PtCE“” + H,O = CH4OH + CH4Cl + [PtCl,]> + 2HCI (1.4)

Unfortunately, this catalyst showed to be unpractical. Pt(ll) dEptionates to Pt(0) and Pt(IV)
leading to a metal precipitation with concomitant deactivation.hEurinvestigations of this
system showed its high selectivity towards a terminal akgin in the presence of the hydroxyl

group?

Another example of methane oxidation to methanol is knownCadatyticd process. This
process involves either a Hg(ll) or Pt(ll) catalyst and sulfacid as the oxidarif.Periana et al.
improved the original Shilov system using a Pt(ll) chloro complexh wa bidentate
2,2'- dipyrimidine ligand (eq. 1.5}. The conversion to methylsulfate yields up to 70 %,

selectivity of 90 % and turnover number ~ 300.

Apart from low turn over number, the disadvantage of this systetheishigh cost for the

recovery of methanol from sulfuric acid.

Qo
Pt

/ \

Cl Cl

CH, + H,SO, » CH,OSOH + H,0 +SG  (1.5)

So far, the Shilov and Periana catalysts are the closest to prgdagoractical system for

selective methane oxidation.



1.2 Our approach and goal

The main goal in this work is to develop a novel selective lysatador the aerobic
functionalization of methane to methanol. Combining an organometallic aodlication
approach in alkane functionalization, monomeric Rh, Ir(lll) oxo compglexth a terminal oxo

unit L,M=0 were the key compounds of the catalytic cycle presented in Figuf® 1.3.

RQ—I +OTf-

\
N—Rh, =0

R-H

=N R
R@ 1,2-C-H bond addition

29
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O,-activation N—Rh, Ir
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Fig. 1.3Proposed catalytic cycle for alkane hydroxylation with Ir, Rh(11) cemplex.

Starting from the oxo compléek, 1,2-C-H bond addition would lead to alkyl hydroxo complex
27. The next step involves C-O reductive elimination of an alcohol andoth@ation of a
cationic complex29. The latter gives a peroxo speclés after Q activation. The metal oxo

complexll is then restored fromil and one equivalent @O.



According to DFT calculations, the step from the perdko to oxo complexlIl is
thermodynamically favored. If the energy barrier is greditan expected, suitable amines such
as dimethylphenyl amine can be used as a cocatalyst to cthveeril . The amine would also
play a role in oxygen transfer. When amine-N-oxide is formedattsefurther withi29 giving

the desired oxo compldk.
1.3 Late transition metal-oxo complexes

Terminal metal-oxo complexes for high valent early and middiasttion metals are well
known?® % Moving from left to right in the periodic table, the number obkgaerminal oxo
complexes decreases. For the systems withetedtron configuration with n > 4, the oxo ligand
is destabilized by repulsiorifle infra).

The aforementioned Fe(IV)=O complexes reported by Que Jr.'éttajether with théour

coordinate trimesityl Ir(V) oxo complex havé ebnfiguration (Fig. 1.4

e

\=<J

3

Fig. 1.41r(V) trimesityl oxo complex.

The latter was obtained under aerobic conditiomsnfrthe corresponding Ir(lll) trimesityl
complex and @and is the only example of a terminal Ir-oxo coexpteported in the literature.
In the case of Hconfiguration, there are only two complexes isadafor which a crystal
structure was determined. One is NaRe(O)(PhCCripprted by Mayer et &f. (Fig. 1.5-left)
and the second is Pt(IV)=0 complex;{#&[Pt(O)(H0)L], L = [PWg034%) (Fig. 1.5-right)
recently isolated by Hill et af®> The platihum metal center is situated between two

polyoxotungstate ligands, which are found to bénlyigffectivert acceptors.

O'“NET
Fu o f o
P \\/ e/ Ph L\, >I?< JL
o ! o
OH,
Ph Ph L = -(PW,Osy)-

Fig. 1.5Re(l) and Pt(IV) terminal oxo complexes.



However, square planar transition metal-oxo comesewith & configuration are unknown.
They are destabilized and a metal-oxygen multigdadb(LsM=0) is less feasible. This was
rationalized by qualitative molecular orbital thedor Ni, Pd and Pt complexes by Mayer et

al.3* The lack of an available acceptor orbital on the metal centery(deads to 4 electron 2
orbital repulsion and destabilization of the sys{&iy. 1.6).

28
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Fig. 1.6 Destabilization of §isquare planargM=0 complexes.

Recently the group of Cinellu postulated the foioratof a reactive terminal Au(lll) oxo

intermediate in the reaction of the related gokHbioxo bispyridine [Ag(bipy"®)(u-0)]** and
norbornené® The square-planar intermediate would ha’%/emhfiguration.

In complexes of the typesM=0 with d® electron configuration destabilization by 4 elent?2
orbital repulsion may be still present (Fig. 1.#)leHowever, there is a possibility to overcome
this problem. The electrons from,dorbital (b, HOMO) of the 1M fragment have to be

promoted to a4 orbital (a, LUMO). This waym bonding of the & ligand with b symmetry is
possible with the now emptydorbital of the same symmetry and the system ibilsted
(Fig. 1.7-right).
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Fig. 1.7M-O bonding in 8 square-planar4M=0 complexes (left-destabilized; right-stabilized)

The energy for promoting these electrons dependb®map between the HOMO and LUMO

For the weaker donors, such as amines or imings, svhaller splitting of these levels, the
estimated promotion energy is small

Conversely, the terdentate pyridine, dimine ligarsti®w excellentracceptor abilities and have

been chosen in this worR.*" It is believed that the M=0O interaction will babilized through a
push-pull-interactior®

It is noteworthy that HOMO-LUMO gaps irf donfigured sM=0O complexes are anticipated to
be small and that an open shell S=1 states migahbeuntered®

According to previous investigations in our grc?ﬁm was calculated that the formation of an

oxo complex with a pyridine diimine ligand is thexdynamically favored for Rh and Ir
(eq. 1.6).



M Rh Ir
AE(kcal/mol) -11  -25

However, the dimerization process of the termina ocomplexes to mono or bis-p-oxo bridged

compounds is also strongly thermodynamically fasides. 1.7Y2

/N
[ \pt:o — > 1/2 [ \ / \ / j AE = -29 kcal/mol (1.7)
\N/ N \ / \

To prevent dimerization, sterically demanding pyriddiimine ligands with alkyl (MePr, t-Bu)
substituted phenyl groups were suggested. Inteculale steric repulsion between the
substituents on the ligands will prevent two pdssthmerization pathways, denoted as “head to

head” and “top on top” (Fig. 1.8).

"top on top"
"head to head" P P

Fig. 1.8Prevention of dimerization using steric repulsodithe ligand substituents.

Although, sterically demanding ligands will be uséatile access of substrates is still possible

from above or below the metal ligand plane.



The bond dissociation enthalpy of the metal-oxoatyofor the model complexes (depicted in
eq. 1.6) was calculated to be in the range froni@®4cal/mof® These values are significantly
lower than for early to middle transition metalsorFthe tungsten oxo complex
(CsMeH,),W=02 the BDE equals 132 kcal/mol (experimentally deteed). It may be

concluded that low BDE’'s of M=0 in late transitioretal oxo complexes will imply a great

reactivity of the latter, which is important fokahe oxidation.

Part of this research was related to provide ewedar every step of the proposed cycle for the
selective alkane activatiowifle supra. The thesis is divided into three chapters. Imiar 2,
different approaches to the synthetic access toddwred oxo and peroxo species will be
described. In Chapter 3 a focus on the C-H actmatind C-O reductive elimination reactions of
the catalytic cycle will be made. The last part laks different synthetic routes to cationic

complexes.

10



2 Towards Ir and Rh oxo complexes

As mentioned in the introduction, the selectiverobiE oxidation of methane to methanol is
believed to involve a monomeric late transition aheixo complex ([M=0) with a terminal oxo

unit of the proposed catalytic cycle (see Fig. .1M)e focus of this chapter will be on the
synthetic progress in the preparation and chatiaaten of rhodium and iridium oxo complexes

as shown in Figure 2.1.

N ]+
»

R , "\' , R
N N
@ R Iﬁ
R O R
M = Rh, Ir
R=Me, 'Pr

Fig. 2.1An example of a Rh or Ir(lll) oxo complex.

This chapter is divided into four sections. Thetfgection describes the synthesis of the starting
materials. The other sections are related to @iffeapproaches to obtain oxo complexes: 1) by
oxidizing an Ir(l) hydroxo complex, 2) reaction tviemine N-oxides and a cationic triflate
complex, and from peroxo complexes. Although notatly related to the chemistry of the oxo
complexes, the last part describes the reactiorfRiof0)” complexes. These are suspected as

potential precursors for the formation of a Rh@p or peroxo complexes.

2.1 Starting materials

As indicated, in order to prevent dimerization lné teminal LM=0 systemsterdentate pyridine
diimine ligand systems, with sterically demandidigyasubstituted groups, have been selected
for this study. The terdentate pyridine diiminealigls (NMe,) are prepared by the condensation

of two equivalents of the desired aniline with 8j&eetylpyridine in 80 % yield (eq. 2.13.4 %>
43, 44

11



NH; R' L R'
+ R R
R | _ R+ 2 H", MeOH N N (2.1)
N -2H,0
@) O R™ R
R"™ R"™
R = H, Me,'Pr; R' = Me, CE; R", R" = H, t-BJ

The chloro complexe4 and 2 were prepared from the bis(u-chloro) dimers [M{g).Cl].
(M = Rh, Ir) in good vyield§® > *The other starting material8 — 6 were prepared by
methoxide or hydroxide metathesis of the chlor@anid) in a straight forward procedure as
previously describet Compounds7 and 8 were obtained by oxidative addition of methyl
triflate to 3 and4 dissolved in toluene (dr and2 in dichlormetane). CompleXwas prepared in
excellent yield by a Iereduction of the Rh(Ill) methyl bistriflat& with either TDAE or
cobaltocene (G4£o) in THF (eq. 2.2§7*®

= B

L2[M(CoH9,Cllp, THE /<, ?\A ol _NaOMe 7 \N_?\A_OMe

_N>:/< M= Rh, Ir _Nf § N ;
Rh, 1 98% Rh, 3 86% Rh. 5 58%
Ir, 2 90% Ir, 4 75% Ir, 6 60%
exc. MeOTf

CH,Cl, 2 MeOTf

toluene
_y+OTf— —,+0Tf—
-0 " -0
~ I N
1e THF = +4 VAR
N-M—0 N—M—OTf ——— N—M—Q ] (2.2)
= a é\] \ THF — G

N s N
|
{g 1€=CpCoor TDAE  OTf {g

Rh,9 97% Rh, 7 84% Ir, 10 99%
Ir, 8 96%

As previously established by Niické&i*” according to théH, **C-NMR spectroscopic data and
X-ray crystal structure analyses, compledes 6 have a square planar geometry with 8 C

symmetrical ligand environment. All complexes awduble in THF and dichloromethane.

12



However, after two days at room temperature inldrdmethane, compounds 4 reconverted
to the starting materidl, 2 and methanol. The presence of methanol was obseg&d-NMR
spectroscopy in the reaction mixture as well in thensferred volatiles (singlet peak at
5 = 3.43 ppm in CBCl,). According to theH and™*C-NMR of the residual product in GDl,,
the formation ofl and2 was unambiguously confirmed. Incorporation of akybstituents on
the pyridine and phenyl rings increases the ovemtiplex solubility in less polar solvents such

as benzene or toluene.
2.1.1 Synthesis of Ir(l) triflate complex

The novel complextO was synthesized in quantitative yield by a differeoute than Rh
analogué'” starting from the methoxide compléx(eq. 2.3).The reaction between compldx
and two equivalents of methyl triflate resultedthie formation of the light green Ir(lll) methyl
bis triflate complex8, which was fully characterized By, *°F and*C-NMR spectroscopy. The
desired triflate compountl0 was obtained in the second step, when an equiriél&rsolution

of 4 and8 were stirred together, until the color changeanfigreen to brown. Both steps lead to
C-O bond formation yielding dimethyl ether. Thetdatwas identified in théH-NMR of the
transferred volatiles revealing a singlet pea& at3.21 ppm in THF-gl(the observed resonance
was compared to a reference sample). A possib&tiseamechanism of this transformation will
be discussed in Chapter 3.

. |TOTf—
Me
S

=N
J \ 2 MeOTH, toluenei N 4,THF, RT, 2h_ / %
N—Ir—OMe —— N——Ir—OTf N—Ir—Q (2.3
— / -Me-O-Me —N -Me-O-Me — _N/

— 21

%;g b g

8 96% 10 95%

Complex10 is soluble in THF and DME and completely insolulsidoenzene, toluene, diethyl
ether and pentané®F-NMR spectroscopy 010 revealed a singlet peak at= —78.9 ppmin
THF-ds. Proton resonances from the coordinated THF (in BgJFare observed as multiplets at
5 = 1.61 and 1.81 ppm in thtH-NMR spectrum. Based on thtd, *C and **F-NMR

spectroscopic data, it was concluded that compd0ns ionic with a THF ligand coordinated to

13



the metal center. This was later unambiguouslyicoefl by X-ray crystal structure analysis
(Fig. 2.2).

Brown crystals suitable for an X-ray crystal sturet analysis were obtained from a
THF/pentane solution. Selected structural parametdr complex 10 are summarized in
Table 2.1.

Fig. 2.2 ORTEP plot of compleX0 with 50% thermal ellipsoids (triflate group anddnggen
atoms were omitted for clarity).

Table 2.1 Selected bond lengths [A] and angle®Ptomplex10.

Ir1-N1 1.905(7) Ir1-N2 1.999(7) Ir1-N3 2.017(7)
Ir1-01 2.102(8)

N1-Ir1-N2 80.0(3) N3-Ir1-N1  78.8(3) N3-12 158.8(3)
N1-Ir1-O1 179.6(3) N2-Ir1-O1  100.4(3) 3M1-01 100.8(3)

The geometry around the Ir(l) center is essentedlyare planar with the sum of the bond angles
equaling 359°. The fourth coordination site is qued by a THF molecule displaying an Ir1-O1
distance of 2.102(8) A, which indicates a stronigriaction between the oxygen atom and the

14



positively charged metal center. Literature valdes Ir-O distances are in the range of
2.025 — 2.339 R* %% %0The only crystal structure found in CCDC databaskere a THF
molecule is bound to iridium metal center, is B(FHF)(H.O)(PPh),]SbR-THF with the Ir-O
distance 2.308(8) A. In the latter the Ir-O bosdjieatly elongated due to the trans influence of
the hydride ligand* The reactions of compledO will be discussed later in this chapter.

2.2 Oxidation of the Ir(l) hydroxo complex — unexpeted results

The hydroxo complexe has been used as a starting material in a numbeattempts to
synthesize an oxo complex. It is obtained in 60 igédyfrom the methoxo complek by the

addition of excess degassed water (eq.%2.4).

= e

—N —
\
/_\N—/lr—owl eXiMFggHTHF / "N—Ir—OH (2.4)
=N ) =N )

4 6

Complex6 was fully characterized by, *C - NMR, IR spectroscopy and elemental analysis.

Synthetic access to oxo complexes was sought vadatan of the readily available basic Ir(l)
hydroxide complex6 to the presumed corresponding acidic Ir(lll) connpa |, followed by
deprotonation of to give the desired oxo compléx (eq. 2.5).

72+

Ox; —2€
CgerH / \N—lr—OH -H,

%5 %5

" Isolated and postulated complexes are labelletyumiabic and roman numbers, respectively.
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In order to have a better insight into the oxidatd complex6, cyclic voltammetry experiments

were performed (Fig. 2.3).

10 pA
10 pA

900  -1200  -1500  -1800  -2100 1200 900 600 300 0
mV mV

Fig. 2.3 Cyclic voltammogramms of comple& recorded in THF (working electrode, gold,;

reference electrode, Ag/Agc[BuNPFR] = 0.4 M; scan rates = 400 mV (left) and 250 mV

(right)).

The redox response for compléxis quasireversiblewith AE, = 152 mV. The approximate

redox potential of comple&is ca. — 1.7 V vs GFe'/CpFe.

The oxidation process isreversible Two oxidation waves are observed with potentais
0.44 and 0.91 V vs GPp€e/CpFe. It is presumed that the first oxidation waveOat4 V
corresponds to the [(NsMe;)OH] / [Ir' (NsMe;)OH]" pair and the second wave at 0.91 V to the
[Ir'"(NsMes)OH]™ / [Ir" (NsMes)OH]** couple. However, it is not clear whether a simple
process (one electron transfer) or more complexham@sms such as EC and ECE are involved
in the oxidation ob.

In order to oxidize comple, different oxidizing reagents such as [thiantht&ngNO]",

[N-(CeH4Br-4)3]™, [TEMPOT with high formal potentials (E°") in the rangerfro0.7 — 1.0 V

have been used. Each are classified as very stxidgnts>?
2.2.1 Oxidation with [thianthrene]™

When the green solution of compléxin DME was added to a violet solution of the radlic
cation thianthreri¢ in DME, the color changed to red. However, instefdhe desired oxo
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complex, a diamagnetic Ir(lll) hydride compl&g, with a molecule of DME coordinated to the
metal center was obtained in 46 % of yield (eq).2.6

Q H T2+ 2PE "

/ (N NP e —N[ i f/
_ N—Ir—OH + 2 @SD ___N——Ir—=O0 (2.6)
_N/ S - thianthrene —N_ | ):
|
5 .
6 /11 46 %

The productl1 was fully characterized b\H, **C and**F-NMR spectroscopy. The presence of
the Ir-H moiety was confirmed bYH-NMR spectroscopy (in CAZl,) through a singlet peak at
0 = -32.5 ppm. The DME ligand reveals four differentsset peaks (two singlets and two
multiplets) in the aliphatic region. This is in agment with the adopted essential Cs
symmetrical environment found around the Ir megaiter observed in X-ray crystal structure of
11 Red crystals ofLl1 were obtained by layering a DME solution with e (Fig. 2.4).
Selected bond lengths and angles of complewere presented in Table 2.2.

Fig. 2.4 ORTEP plot of complexd1 with 50% probability thermal ellipsoids (the £ Froups

and H atoms except for the hydride ligand were tahitor clarity).
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Table 2.2 Selected bond lengths [A] and anglefof°tomplex11L

Ir1-N1 2.058(4) Ir1-N2 1.921(5) r14N3 2.061(5)
Ir1-01 2.120(5) Ir1-02 2.263(5) r1-H1 1.681(2)
N2-Ir1-N3 159.4(2) N2-Ir1-N1  79.8(2) N3-Ir1-N1  79.9(2)
01-Ir1-02 75.6(2) N1-r1-01  177.7(2) 1141-02  93.6(2)
N2-Ir1-01 98.2(2) N2-Ir1-02  103.3(2) 30-01  102.2(9)

N3-Ir1-02 93.8(2)

The sum of angles of the equatorial ligands is &%nd of N1-Ir1-O2 = 93.6(2)° and
N2-Ir1-O2 = 103.3(2)°. This shows that the geomedrgund the Ir(lll) center is slightly
distorted octahedral. The position of the hydrides\ocated in the difference Fourier map and
was isotropically refined. The Irl-H1 distance 068 A is in the expected range for Ir(lll)
hydrides (1.47 — 1.81 R} °>* *°As displayed in Figure 2.4, DME is coordinatectiie metal
center. Thdransinfluence of the hydride is reflected in the elatign of the trans Ir1-O2 bond
distance of 2.263(5) A, compared to the shorteataial Ir1-O1 bond distance of 2.120(5) A.

The origin of the hydride is still unclear, as wadl the fate of the hydroxide ligand. Less likely,
the hydride originates from the OH group, sinceitfiependent experiment presented in eq. 2.7

leads to the produdt2, which differs froml1 only in the counter ion.

Q ~1+OTi” L JOTiPRE
—>

+*PRy.

=N
S~ N
= S
=N

28 /

10 12

Comparing with the'H-NMR spectrum ofl1, all proton signals except for the hydride peak
display the same chemical shift. The hydride peskslightly shifted & = -32.6 ppm,
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Ad = 0.1 ppm) presumably caused by the change afdbeter ion. Until now, it is assumed that

the hydride originates either from the glasswarthersolvent.

2.2.2 Oxidation with“magic blue”

In another attempt to produce an iridium oxo comptero equivalents of a different oxidizing
agent, N-(p-bromophenygBbCk, which isalso known as “magic blue” was added to comlex
After stirring for 2 h in THF, the color changeaifin green to brown. The reaction resulted in the
formation of the unexpected dichloro iridium(llipmplex13in 23% yield (eq. 2.8).

o
N . |"sbCk I?
7\ . THF \ Ny

N—7r—OH + 2N Br RT ~Z__N ,lr—THF (2.8)
— N

=N A =S

‘6 S

6 13 23%

According to the’H-NMR spectrum, the diamagnetic complé® was formed, which was
confirmed by an X-ray crystal structure analysie@nm@lex 13 displays G, symmetry in the
solution, as confirmed by the observation of twagkst peaks assigned to the methyl groups of
the phenyl rings and the ketimine methyl group witl integration ratio 2:1. The peaks from
coordinated THF in THFdare found ad = 1.58 and 3.36 ppm, indicating slow exchangehen t

NMR time scale at 200 MHz as expected fof eahfigured octahedral complexes.

The ORTEP plot of complek3is displayed in Fig. 2.5 and the corresponding eath selected
distances are listed in Table 2.3.
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Fig. 2.5 0ORTEP plot of compled3 with 50% probability thermal ellipsoids (the SkCgroup

and hydrogen atoms and were omitted for clarity).

Table 2.3 Selected bond lengths [A] and anglefof°tomplex13.

Ir1-N1 1.934(9) Ir1-N2 2819) Ir1-N3 2.092(9)
Ir1-Cl1 2.347(3) Ir1-CI2 2.339(3) Ir1-01 2.121(9)
N1-Ir1-N2 80.1(4) N1-Ir1-N3  79.8(4) 2Nr1-N3  159.8(3)
Cl1-Ir1-CI2 177.7(1) O1-Ir1-CI1  90.9(4) O1-Ir1-Cl2  91.1(4)
N1-Ir1-O1 179.0(2) N2-Ir1-01  100.7(4) N3-Ir1-01  99.5(4)
N1-Ir1-Cl1 88.5(4) N2-Ir1-Cl1  88.9(3) N3-Ir1-Cl1  91.8(3)
N1-Ir1-CI2 89.4(4) N2-Ir1-Cl2  91.7(3) N3-Ir1-Cl2  86.9(3)

The geometry at the Ir(lll) center is slightly diged octahedral. This is confirmed by the sum of
angles for the equatorially coordinated ligands olhiis 360° and the angles:
N1-Ir1-Cl1 = 88.5(4)°, and N2-Ir1-Cl1 = 88.9(3)°h& two chloro ligands are positiongdnsto
each other with an angle, CI1-I@2, of 177.7(1)°. The iridium chloro distances
Ir1-CI1 = 2.347(3) A and Ir1-CI2 = 2.339(3) A are good agreement with typical Ir-Cl
distances (2.35 A) reported in the literature fotabedral Ir(lll) complexe¥ >’ The fourth
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equatorial site is occupied by THF molecule displgylr-O1 distance 2.121(9) A, slightly
longer than Ir-O distance in complé® (2.102(8) A). The THF ring is coordinated to the Ir
center in a chair conformation as opposed to [RINNTHF)CI,] where the THF ring has a
tilted coordinatiorr®

The source of the chloro ligand

It appears that [Sbg}l is not always innocent. It can as well be an axidand undergo
dissociation (reduction) to [Sb{T and 2 Cl(eq. 2.9

[SbCl] 25~ [SbCl] "+ 2CI" (2.9)

Two chloro ligands in complek3 presumably originate from the reaction accordmgduation

2.9. Similar chloride transfer was previously rdépdr in the literature. Using
N-(p-bromophenylSbCk in the oxidation of [Fgu-COR(CO)LCp,] the undesired chloro
complex [FeCl(COXCp] was formet and the oxidation of [Mn(CO)(dppe)Cp*] gave
[MNnCI(CO)(dppe)Cp*}.%°

The oxidation reaction of comple&x with [TEMPO]PF and [NOJPR~ was also attempted.
However, it did not succeed owing to their low $xlity in the non-polar solvents (eq. 2.10).

Due to problems with polymerization of the solveFtiF could not been used.

According to Conelly and Geigéf, nitrosonium salts are soluble in @EN, but react with
solvents such as diethyl ether, acetone, and doHence, based on our experience acetonitrile
would interfere with the reaction and possibly coate to the metal center.
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2.2.3 Hydride abstraction with a trityl cation

The hydride abstraction with trityl (BBPR;)®* from complex6 was another anticipated method
to access the desired Ir(lll) oxo complex. Uponitaial of a solution of comple®s in DME to
solid trityl-hexafluorophosphate, a color changerfrgreen to red was observed (eq. 2.11).

NG
N > i

N

\ .
/) _ oy Leauiv. PCPR, DME, RT 7 \N_\Ir_Ql 210
— ~PhCH = \
— =N Q\Z
e 5 °
6 14

The 'H-NMR spectrum of the pentane extraction of thectiea mixture revealed a singlet
resonance ai = 5.40 ppm in €Ds, which corresponds to triphenylmethane. THeNMR of the
residual product in THFgappears to be diamagnetic with sharp peaks ialtpkatic (singlets
atd = 0.92, 1.83 and 1.89 ppm with 1:1:1 integratiatio) and aromatic region (multiplet at
0 = 6.84, doublet a = 7.37 and triplet a& = 7.7 ppm).

The IR spectrum af4 shows a sharp, medium intensity peak at 1967.cm

An electrospray mass spectrum of complek (ESI-MS +ve ion mode) was recorded and
revealed a single peak at 603.2 m/z. This mass hestthe complex with a coordinated

acetonitrile ligand. The latter could originaterfréhe atmosphere of the glovebox.

In order to provide more evidence for acetonitct®rdination, an independent experiment was

performed. Upon addition of GBN to complex10, the reddish brown acetonitrile complex
10-MeCN was formed in a quantitative yield (eq. 2.12).
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10 10-MeCN

The 'H-NMR spectrum ofl0-MeCN in THF-c; revealed a new resonancedat 1.77 ppm,
which was assigned to the coordinated acetoniffile integration ratio of the observed peaks
for the methyl groups (on the phenyl ring, diimened acetonitrile) is 4:2:1. The stretchmgy
frequency of the coordinated acetonitrile ligand @omplex 10-MeCN was found at
Ven = 2294 cnit (non-coordinated CYEN; vey = 2250 crit).

Upon dissolving the obtained crystals of compldxn THF-¢s and transferring the volatiles, a
singlet peak ab = 2.47 ppm iftH-NMR spectrum was observedt was later discovered that the
water resonance in THRs@ppears at essentially the same chemical shit 2.48 ppm). The
same peak was observed when PPNCI was added tdecotdpand volatiles were transferred.
The'H-NMR of the residual compound confirmed the forimaf 2.

Compoundl4 can be reproduced and several X-ray crystal aeslgave been undertaken. Red
crystals were obtained from DME/pentane solution-3% °C. The X-ray crystal structure
analysis suggested a linear, possibly three-atgamdl, Q1-Q2-Q3. The residual electron density
(Q1-Q2-Q3) as shown in Figure 2.6 is so far unse=sl The full pyridine-diimine ligand could
be anisotropically refined and the R-values (I *g2& (l)) for the complete molecule are
R1 = 0.0383, wR2 = 0.0843. The distances betwed¥llmare 1.967(7) A and Ir-N2 are
2.036(4) A.

" The acetonitrile resonance in THEdisplays a singlet peak &t 1.95 ppm iftH-NMR spectrum.
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Fig. 2.6 ORTEP plot of complexi4 (Q1, Q2 and Q3 represent unresolved residual ekectr

densities found in the difference Fourier map).

According to the literature, acetonitrile is mostigordinated in the linear rather than bent

fashion, due to increased overlap between the Nrdamd the metal center. However, there are

also examples for the group 6 transition metalsgre@tacetonitrile is coordinated to the metal

center inn?- fashion®?

In order to address this point, DFT calculation8L(BP hybrid, LACVP** basis set) for the
model complexi4aand14bhave been performed (Fig. 2.7).

i

AE (kcal/mal)

T

=

H

Ci: o)
—_— <_—_N =1 C
. 4 [ S
N. C
H H |
CH,
14b
H _N//H
“N——Ir—NCCH; C,,
—N!
H
14a

Fig. 2.7 Energy diagram for the optimized structuids, b.
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As displayed in Fig. 2.7, compléddais 20 kcal/mol lower in energy than thé analoguel4b.
During the optimization of structudetb, the angle N-Ir-C was constrained. When constrairgs
releasedl4brelaxes tal4a

Comparing and summarizing all the results relategeaction according to eq. 2.11 allows us to
exclude the coordination of acetonitrile.

Unfortunately, until now it has not been possildleestablish the nature of the ligand that resides
in the fourth coordination site in compl&x.

Due to the disorder observed in the;P&nion (not shown in Fig. 2.6) in the crystal stane of
complex14 and aforementioned refinement, it was decidedkth@&nge the RF counter ion of

the trityl cation with a more bulky perfluorinatatkoxyaluminate anioff® ®*

Unfortunately, the experiment could not be perfatnapplying the same conditions as in
eq. 2.11 using DME as solvent. The trityl-Al(pftb¥acts with DME very fast giving a violet-
blue solution of unknown products. Therefore, baeezaeas used as solvent.

When complexe5 or 6 were dissolved in benzene and added #&CRI{pftb), the color changed

from green to reddish brown. Pentane extractioth@freaction mixture contained a 1:1 mixture
of PhkCH (® = 5.40 ppm) and RBOH @ = 2.67 ppm) according to thgd-NMR in CgDg

(eq. 2.13).
Q‘ﬁmmftb)z

=N

PRCAI(pfth),, CeH \ -
RCAIPMD)s CeHs - /N =0 + side products (2.13
-PhCH, PrCOH —

—N

28

M =Rh;5 1]
Ir; 6

The *H-NMR spectrum ofll in THF-ds revealed that a mixture of at least three differen

products was formed (three sets of triplet and tkuteaks at different chemical shifts were
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observed in the aromatic region). The mixture cowdtlbe separated by either extraction or by

precipitation due to comparative solubilities.
2.3 Ir(l) triflate as a precursor for an oxo comple

2.3.1 Reactions with amine N-oxides
Based on the previous investigations by our gf8uf’ a straight forward route to Ir-oxo

complex Il from Ir(l) triflate 10 and amine N-oxides has been suggested (eq. ZThé).

proposed mechanism, supported by kinetics williseussed later in more details.

QT+OTf— Q |+ oTi- QT+OTf—
—N —N =N

Van O-NPh_,Me, /< Aorhv /< \
N—Ir—THF ——— N—Ir—O___ ———— { N—Ir=0 + NPh_Me, (2.14)
— x=1-3 — |/ NPh, ,Me, o _,\{
10 10a Il
or directly

Upon the addition of a solution of fAeNO or PhMeNO in THF to complex10, the
corresponding amine BYeN or PhMeN were formed, as confirmed Bi-NMR spectroscopy
in THF-c5 (PhbMeN: & = 3.28 (s, 3 H, Me), 6.88 (tt, 2 H, Gkh), 6.98 (dd, 4 H, CHon), 7.20
(tt, 4 H, CHyom); PhMeN: 8= 2.86 (s, 6 H, Me), 6.56 (tt, 1 H, Gkl), 6.66 (dd, 2 H, Clom),
7.10 (tt, 2 H, CHon). Unfortunately, the expected “Ir-oxo” compldk precipitated from
solution as a dark brown solid.

The IR spectrum of the precipitate in Nujol reveladesharp, medium intensity band at 723'cm
which can be tentatively assigned to Ir=0 stretghfirequency rfote: this band was observed
after subtracting the spectrum of precipitate ifoNand Nujol). The only Ir-oxo complex in the
literature by Wilkinson et al. reported that Ir=@nidl was found at 802 ¢h(in Nujol) for the
related Ir(V)(mes)O) complex*

" Nujol absorption bands were foundvat 2924 (vs), 1462 (s), 1384 (s), 726 (vw)tm
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The reaction according to eq. 2.14 was also madtdsy UV-Vis spectroscopy at room

temperature during a period of 3 hours. The spetttisplayed in Figure 2.8 was observed.

Abs

Abs

700 750 800 850
wavelength, (nm)

350 400 450 500
wavelength, (nm)
Fig. 2.8Isobestic points for the reaction of compléxand excess of MEhNO (left); decay of
the absorbance at 800 nm (right).

The decay of the absorption bands at 404 and 455aomesponds to the decrease in the
concentration of complek0. As displayed in Fig. 2.8, there are three isobgxslints at 357, 376
and 490 nm. The absorption, which has been teetgtassigned to a d-d transition at 800 nm
decreases also with time.

The reaction is suggested to proceed via subsiitudf the THF ligand by the amine N-oxide
group and formation of Ir-ONRBhMe, intermediatelOa The latter dissociates to an Ir=0O
complex and a free amine (see eq. 2.14). This pepmechanism is supported by the previous
isolation of [Rh(NMe;)ONMe;]OTf which was fully characterized and the crystaucture was
determined

In order to obtain an Ir analogue, the similar tigacbetween complek0 and MgNO has been
performed (eq. 2.15). However, due to the low stitylof the obtained comple40a the same
reaction with MeNO after anion exchange of OTf with BAmwas attempted. Upon addition of
MesNO to a THF solution of complex0-BArF,, the color changed from brown to green and
complex10b was formed.
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The coordination of M@NO to the Ir center is confirmed Bil-NMR spectroscopy, revealing a
singlet peak abd = 2.45 ppm (in THF-g). This peak is considerably shifted in comparisofree
MesNO, which reveals a singlet peakdat 3.06 ppm. The integration ratio of the methylugs
on the N-oxide, phenyl rings and diimine ligand3ig:2. Unfortunately, the crystals obtained

were not of suitable quality for an X-ray structarelysis.

Photolytic studies (using a mercury medium-pressamgp 125HPKW, shielded by a Quartz
jacket water cooling mantland KCrO, or HO UV-Vis cutoff filters) were performed on
complex 10b in order to cleave the N-O bond and therefore abt oxo complex. The
photolysis reaction was done in a Young’s NMR tubb&dHF-dk. Unfortunately, an insoluble
black precipitate was formed. However, th& NMR spectrum of the supernatant revealed a
singlet peak ad = 2.1 ppm assigned to free trimethylamine. The &tthe oxygen from M&IO

iS unclear.

There are a few structurally characterized tramsitnetal complexes with MHO as a ligand in
the literature. Examples involve the octahedral nilm& dinuclear complex
[(M-H)Re(CO)(H-NCsH4)(MesNO)|%®, tetrahedral [Co(ONMg]I,*® and pseudo tetrahedral
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[Cu(Me,CNOCO)(ONMe),].%" Further, Herrmann et & .reported the formation of an air stable
trinuclear Rh froxo complex [(Cp*RhYH-CO)(H-O)] in the reaction of MNO and
Cp*Rh(CO). If we address the reaction according to eq. Za%4a deoxygenation of an
amine N-oxides to amines, there are examples WGpsEICl,/In or FeC-6H,O/In convert the
N-oxide into the corresponding amines under ulmasgion®® ° This process is also well
known in the catalytic cycle of enzymes such amdthylamine-N-oxide reductase where the
active site is Mo(IV) metal centét.

As already established by DFT calculatiéhi$or the model compound, the formation of the
Ir-oxo complexll is expected to be thermodynamically more favorédmiemine N-oxide of the
type O-NPRh.\Mex with a larger number of phenyl groups (Fig. 2.9).

NPh, Me + 1/2Q, » O-NPh, Me, AE
30
* O-NPh
251

20- = O-NPhMe

154

AE [kcal/mol]

104

5 T T T
0 1 2 3

number of methyl groups, x

Fig. 2.9 Energy diagram for the N-O bond strength in O-pRhe, based on DFT
(BP86/TZVP) calculations.

As shown in Figure 2.9, there is a nearly lineandr observed for the N-O bond strength in
O-NPh.Mex vs. number of methyl groups. When all methyl goape substituted with phenyl
groups, N-O bond is weakened by 22 kcal/mol.

To establish whether the N-O bond length changemdrgasing the number of phenyl groups
(as might be expected according to the calculatjovis,PhNO and MePINO were synthesized.
The N-oxides (MgPhNO or MePsNO) were prepared according to the literature bingis
tertiary N-amine andrchloroperbenzoic acfdin 70 % yield and high purity (eq. 2.16).
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Colorless crystals of MPhNO and MePINO suitable for X-ray structure analyses were

obtained from concentrated acetone/pentane sofutibhe crystal structures and the selected

bond distances are presented in Figure 2.10a, [ aolé 2.4.

O

a) PhMaIO b) PBMeNO
Fig. 2.100RTEP plot of tertiary amine N-oxide at the 50%hability level.
Table 2.4 Selected bond lengths [A] and angle®PPhMe,NO andPh,MeNO.
0O1-N1 1.388(1) C1-N1 1.500(1) 01---H1 2.345
O1-N1-C1 111.2(2) N1-C1-C2 118.5(1)
O1-N1-C1-C2 174
0O1-N1 1.401(4) N1-C1 1.501(1) O1---Hla 2.314
01-N1-C2 109.6(3) N1-C1-C2 117.5(4)
O1-N1-C2-C1 13.7

Both N-oxides crystallize in the orthorhombic calstystem. PhM&IO crystallizes in the Pbca

(Z = 8) space group, whilst MMeNO crystallizes in the Pna3pace group (Z = 8) with two
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independent molecules in the asymmetric unit. THesplay a pseudo tetrahedral geometry
around the N atom with average O-N-C bond angld@4.6° for PhMeNO and 109.0° for
PhMeNO. The N-O distances, 1.388 A for Mi,” 1.388(1) A for PhMgNO and 1.401(4) A
for PhMeNO do not differ significantly, when one methybgp is replaced with phenyl group.

The dihedral angle O1-N1-C1-C2, which is 17.4° RinMeNO and 13.7° for PiMeNO is of
particular interest since it suggested C-H-O hydrmogonding. In order to address this point,
DFT calculations were performed. In this case,rdoently published X3LYP hybrid functional
and 6G-311G**" basis set was used to describe hydrogen bonding \Gan-der-Waals
interactions’* According to the calculations, the minimum enecgyresponds to the structure
with the dihedral angle O-N-C-C = 0° (Fig. 2.1X)cleasing the dihedral angle fromaD°, the

energy rises and the maximum is reached when tjle an90°.

8 -
C2/ . | |
o ol ]
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< .
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:u’ 2] Crystal . A
< . 4
\. A
0 # s 4 A A “
0 20 40 60 80 100

Dihedral angle O-N-C1-C2 (°)

Fig. 2.11 Energy diagram of PhMBO (m) and PbMeNO (A) based on the change of the
dihedral angle O-N-C1-C2 from-00°.

The calculated energy difference between the opéichiand the crystal structure is
approximately 0.5 kcal/mol for both N-oxides. Adlig explanation for this observed difference
is the additionalintramolecular and intermolecular (calculated above) hydrogen bonding
observed in the crystal packing (Fig. 2.12).
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Fig. 2.12IntramolecularandintermolecularCHO hydrogen bonding in MEhNO.

The positions of all hydrogen atoms were locatedhm difference Fourier map and refined

isotropically.Note: All C-H distances were averaged to 0.96 A.

Non-linear intramolecular hydrogen bonding is apparent between O1---H1-GA thie bond
distance O1-H1 = 2.345 A for PhNO (O1-Hla = 2.314 A for BMeNO). The C1-H1---O1
angle is 102°, which is the lower limit for whatnche accepted as bent hydrogen bonding
according to the classification of DesirdjuAn example of hydrogen bonding with a small angle
(116°) is reported for the case of methoxy substitu cyclopenta[a]phenantren@s.
Intermolecular CH---O hydrogen bonding, depicted in Figure 2Wih the distances from
2.2- 2.6 A and an average angle from 170°, is claskéi®a strong CH---O hydrogen bénd.

With respect to equation 2.14, the deoxygenati@ctren of PhMeNO and PBMeNO to the
corresponding free amines under mild conditiongrwidbmplex10 is observed. However, the
fate of the oxygen atom is still unclear due toltive solubility of the obtained compound.

2.3.2 Reaction with TBA-Oxone

“Oxone”, i.e. monopersulfate tetrabutylammoniunt kak been used as an oxidant (for example
it oxidizes sulfides to sulfoné€)and as an efficient single oxygen transfer reagenbntains an
unsymmetrical O-O bond that can be heterolyticallgaved with various transition metal
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complexes® It is also used in the asymmetric epoxidation kkkmes with Mn(lll)-salen

complexes as a cocatalyt.

The direct conversion of completO to the oxo complexll with tetrabutylammonium
monopersulfate (BINHSG) or for increased solubility with dodecylammoniwmnonopersulfate
(C12H25)sNHS(O), was attempted (eq. 2.17).

:—| + OTf- :—| + OTf-
_N\ —N\
"IHSO5~
/ \N—Ir—OG BUNINSosJor /=0 @17
=/ [(C1oH25)aN"IHSOs], THE N\—=(  /
=N ; =N ;

Unfortunately, complete characterization of theaot#d compound was not possible due to its
low solubility. The solubility can be improved byanging the anion with more sterically

demanding group. Alternatively, the methyl groupeaked on the phenyl rings could be

exchanged byert-butyl groups. Both suggestions are left for futeak.
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2.4 Rh, Ir(1ll) peroxo complexes

The activation of dioxygen at transition metal eggtis a fundamentally important process in the
aerobic oxidation of organic molecuf&s®? and many other biological systeffis3* &8¢
According to the literature, most of the availabledence shows that bound dioxygen is not very

reactive, compared to a metal-oxo speties.

Based on the previous investigatiGiisa different approach to an oxo moiety was planned
through the synthesis of a peroxo comgléx(eq. 2.18).

X
I

The overall proposed pathway involves cleavagendieO bond and formation of the superoxo
transienta. Addition of one equivalent of the cation complesuld lead to the p-peroxo bridged

specied, which transforms into oxo compléx. In general, the formation of an oxo complex is
expected to be smooth because it does not involergetically too high lying species.

Exposure of a diethyl ether solution of complEAl(pftb) 4 (synthesis- see Chapter 4p an

excess of dioxygen resulted in the formation ofirslatbrown precipitate. After the solvent was

evaporated, a microcrystalline produitt was obtained (eq. 2.19).
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[H(ELO)][Al(pftb) 4]

THF
: ]+ oTf- :< T+ Allpftb); Q T Allpfth)
=N =N =N
/N \ LiAl(pftb) 4, ELO /N O, /N \ 0
_ N—M—THF ! B N—/M—OEtZ(THF) — N—M\é (2.19)
=N > =N =N >
9,10 10-Al(pftb) 4, 36 M =Ir, Rh Il

The IR spectrum of completil (in methylene chloride or diethyl ether) exhibitedew band
(when compared to starting materials) at 976" cmhich was tentatively assigned to an O-O
stretching frequencyo.o. This band is blue shifted by approximately 100*orhen compared
Rh, Ir(ll)- peroxo chloride complexés.The O-O stretching frequency is used in the
classification of peroxo complexes (930-740%rand superoxo complexes (1200-1700%:f
This criterion failed in our case and it was aleparted by Theopold et al. for TpCgjO
(Tp = hydrotrispyrazolyl-boraté). The O-O stretching frequency in the latter wasntbuat
961 cn'.

The'H-NMR spectrum ofll (M = Ir) in THF-csrevealed three broad resonances@®.1, 7.2
and 8.3 ppm), which suggested that the comflexs paramagnetic. In tHeF-NMR, a singlet
peak assigned to the counter ion is slightly stifted = —73.7 ppm when compared to the
starting materiallO-Al(pftb), (& = —-75.6 ppm. These observations are supported by DFT
calculations, which revealed a preference of ~d/kwl for S = 1 over S = 0 state when the
peroxo ligand is perpendicular to the IrNNN plakeg(2.13 left).
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Fig. 2.13Energy diagram for the model complexia (left) andlllb (right) calculated for the
different ground states.

In the case fotllb , the singlet ground state is thermodynamically enfavorable than triplet,
with the energy difference of ~ 30 kcal/mol.

The calculations also showed that the coordinatiblioxygen perpendicular to the IrNNN
rather than in the plane is preferred. The eneiffigrdnces between the singlet (or triplet) states
of llla andlllb are 60 kcal/mol (or 80 kcal/mol) favored ftla .

Unfortunately, until now, suitable crystals for Xyr analysis were not obtained. In order to

provide the evidence for the coordination of diosiygo the metal center, PPkas added to a
THF solution oflll (eq. 2.20).

+ PhPO (2.20

M =Ir, Rh Il Rh, IVa; Ir, IVb

The 'H-NMR spectrum oflVa in THF-ds displays sharp singlet resonances in the aliphatic

region atd = 1.81 and 1.93 ppm with an integration ration, WBich are assigned to the methyl
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groups on the ketimine and phenyl ringtn the aromatic region a multiplet at
0 =7.10-7.70 ppm, a doublet &= 8.15 ppm and a triplet &t= 8.38 ppm (from the pyridine

protons) were observed.

In the3P-NMR spectrum, a singlet peakdat 24 ppm was assigned togP (and compared to
the reference value). According to tHi®-NMR spectrum of compleR/a, a doublet peak at
0 = 30 ppm was obtained and assigned to the phasph@om bound to the Rh metal center.
The Rh-P coupling constant idznp = 175 Hz,which is in the expected range for Rh(l) square
planar complexe¥ ForIVb, a singlet ab = 10 ppm was detected in tH®-NMR spectrum and

assigned to the coordinated BRband.

The 'H-NMR spectrum ofVb (in THF-) in the aliphatic region revealed a two singleals

(6 = 1.54 and 1.91 ppm) with the integration rati@ Assigned to the methyl groups on the
ketimine and phenyl rings. In the aromatic regidypical set of signals (multiplet at
0 = 7-7.3 ppm, doublet ad = 8.36 ppm and triplet a = 8.65 ppm) was observed. All
resonances are strongly downfield shifted in'tHeNMR spectrum when compared to complex
10.

ComplexIVb was obtained in an independent experiment by gdéiPii to a THF solution of

10(eq. 2.21).
/‘>:\< |+ OTi” Q —]+ 0T

=N
PPh, THF

/" “N—Ir—THF

/' N—Ir—PPh  (2.21)
/

b s

10 IVb
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2.5 The reactivity of formal Rh”(0)” complexes towads small

molecules

Homogeneous catalytic reactions mostly involve etbshell complexes. In contrast, metallo-
enzymes, especially oxygenases (such as P450) gmpalamagnetic, radical species in their
further transformation® ** Most of the known organometallic radicals are 1719 electron
species® They can be obtained via different routes suctplastolytic homolysis of metal-
hydride or metal-metal bond$electron transfer processes or atom abstractifime unpaired
electron spin density can be located at the metadec or it can be transferred tatacceptor
ligand. Such ligand radical character is reportedifidium olefin complexes with a formal
oxidation (0) and (Il), and also very well knownaase of P450 in which the active species is
high valent (porphyrifi)FeV=0 complex’® Organometallic radicals are usually very reactive
and can easily dimerize if there is no steric rande. They can readily abstract halogens or
hydrides and react with other organic radical t4p$ ® Furthermore, a reactivity toward a

variety of substrates such as CQ, 8H;, etc has been reportéd®
In this part the focus will be on the synthesis #r@lchemistry of the novel Rh”(0)” complexes.
The latter are thought to be a good precursors b@im Rh(Il) peroxo or related imido

compounds.

The reduction of Rh(l) diimine, pyridine chloro cplexes carried out under an argon

atmosphere leads to the formation of the stablietvimomplexV (or Va)', which is believed to

@

be a radical species (eq. 2.22).

—N R =N R —N R
Na/Hg, THF \ \
R—/ “N—Rh—X —od T / "N—=FRhe o R— N—Rh-THF (2.22)
— / Argon,-NaX — / _
—N R —N R —N R
R = Me, iPr
R' = H, t-Bu
X =Cl
1 \Y/ Va

" Until now the crystal structure & has not been determined. For simplicity, the alegicted formula\() will
be used.
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The difficulties in preparation and handling of quex V, deserves a special mention. The
lifetime of V depends strongly on the quality (purity) of thévent (HPLC solvents required) as
well as on the quality of argon. However, even whw®n synthesis o¥/ was performed under
very rigorous Schlenk conditions, the lifetime b& tmethyl substituted complékwas in order
of 1 hour at =35 °C. Therefore, it was anticipatieak by changing the methyl groups (on the
phenyl rings) with isopropyl groups would lead tamare stable radical complex. This was
indeed accomplished, and the isopropyl substitetmdpound can be stored for days at low
temperatures. Unfortunately, after many attempesctystals oV suitable for an X-ray analysis
were not obtained. The lifetime & can be related to a color change from violet &®egror

brown.

The UV-Vis spectrum of compleX in THF shows a relatively intense band at 459 mu a
weaker at 508 nm. Since the molecular weight oflas unknown, in order to support the band
assignment, TD-DFT calculations were performed.c@ated extinction coefficients for the
model compoundd/b and Vc (vide infrg) were in the order of fa/mol cm, which is in
agreement with literature values for MLCT barfd$he shape of the spectrum is identical to the
one obtained experimentally. The other bands irnvisible region found at 581 nm and 650 nm
with weaker intensities are assigned to a d-d iians(calculatede = 10° I/mol cm). The
corresponding UV-Vis spectrum of the compléxs displayed in Figure 2.14 together with the
related chloro complex and the ligand for compariso

Abs

300 400 500 600 700 800

wavelength, [nm]

Fig. 2.14UV-Vis spectra of the chloro compleix - - -), the radical compleX¥ (—) and the
ligand (—).
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The dimerization of the 15 electron complgxand the formation of metal-metal bond is
prevented by sterically demanding ligand. Howewegrdination of the THF at the rhodium
"(0)" metal center was not excluded. According tBTDcalculations (B3LYP, LACVP** basis

set), the preference for THF coordinatiorViniis approximately 18 kcal/mol (eq. 2.23).

The electronic structure was also of particulaenest.Based on DFT calculations (B3LYP,
LACVP** basis set) on the model compoundb andVc, the spin density of the electron is

essentially located within the pyridine diiminedigd (Fig. 2.15).

Vb Vc
Fig. 2.15Calculated spin density for the model compowidsandVc.

The non-innocent behavior of the pyridine diimingahds has already been established. They
are readily engaged in to a metal-to-ligand chargasfer and sometimes undergo alkyl
migrations'” 10 102103 BET calculations ofV showed that the pyridine diimine ligand
demonstrates a great capacity to accept an adalitedactron. This was also observed for the

Rh”(0)” dinitrogen complex (see part 2.5.3).
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Since compoundv has a “delicate” structure, different anticipatiedpping reactions were
attempted.

In dichloromethane, compleX immediately changed color from violet to greenldirey the
chloro complexL (eq. 2.24).

=N
CH,CI
e | 7 N——Rh—al (2.24)

=N

\% 1 quantitatie

According to the'H-NMR spectrum (in CBCl,), the observed resonancés=< 1.03 (d, 12 H,
CH(CHa)2; 1.12 (d, 12 H, CH(83)2); 1.64 (s, 6 H, El3); 3.02 (sept, 4 H, B(CHy); 7.19-7.27
(m, 6 H, CHyonm); 7.69 (d, 2 H, CH,); 852 (t, 1 H, Cly)) and their integration ratio
unambiguously confirmed the formationlof

Complex V was completely un-reactivdowards hexamethydisilane (&) at room
temperature. In the reaction & with triethylsilane (EfSiH), only a mixture of different
unknown compounds was observed with no hydridenaswe in the expected region in the
'H-NMR spectrum (eq. 2.25).

Pr
_ i
N P" 12 MesSi, THF
/' “N—Rh—SiMe, £
N Jpr
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2.5.1 The formation of the Rh(l) azido complex

Rh-imido complexes are of general interest, sineg are isoelectronic to the related oxo ligand.
The focus of this section will be to describe aftésto isolate a Rh(ll) imido complex. As a
preparative route to the desired Rh(ll) imido compl trimethylsilyl azide and
adamantyl-1-azide have been used. According tolitbature, the facile Si-N cleavage and
elimination of N has been used as a succesful method in synthkesigganic imides and

imines%4

However, in this case, addition of one equivaléniesSiN; to a THF solution of comple¥
resulted in the formation of the green Rh(l) azaonplex 15 in quantitative yieldbased on
starting material (eq. 2.26).

o

\ Me,SiNg THF
N——Rhe :
Y,

-1/2Mg;Si,

(2.26)

;8

The loss of hexamethyldisilangas confirmed by*H-NMR spectroscopy of the transferred

volatiles from the reaction mixture in THRE-dA singlet peak a® = 0.04 was observed and

compared to a standard reference.

The IR spectrum of compleX5 in toluene showed a strong characteristic absorgband at
v = 2031 cni (Fig. 2.16 left). This band is assigned to thg stretching frequency of the
coordinated azido ligand. The expectedand for the azido ligand was not detected. Ttds w
also reported by Werner et al. for [P ),(C2CPh)N3] (Vas= 2050 cnit).1%

The UV-Vis spectrum o15in THF revealed three bands, at 474 nm (strorensity) and at 615
and 676 nm (weak intensity) (Fig. 2.16 right).
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Fig. 2.161R and UV/Vis spectra of complebs recorded at RT.

Crystals of15 suitable for X-ray crystal structure analysis welgained from a THF/pentane

solution.

Fig. 2.17 ORTEP plot of complexd5 with 50% probability ellipsoids (hydrogen atoms wer

omitted for clarity).
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Table 2.5 Selected bond lengths [A] and anglefof°tomplex15.

Rh1-N1  1.887(7) Rh1-N3 2.029(7)  N4-N5 1.204(1)
Rh1-N2  2.010(7) Rh1-N4 2.030(8)  N5-N6 1.159(1)
N1-Rh1-N2 80.2(3) N1-Rh1-N3 78.2(3) NB-Rh1  132.2(7)

N2-Rh1-N3 158.3(3) N1-Rh1-N4 174.9(4) NB-N4  175.0(1)

N2-Rh1-N4 104.2(3) N3-Rh1-N4 97.5(3)

Complex 15 adopts a square planar coordination with the sfirangles around Rh center
equaling 360°. The azido ligand N4-N5-N6 displays angle of 175.0(1)°. The angle
Rh1-N4-N5 of 132.2(7)° suggests®shybridisation of nitrogen atom N4, while the bond
distances N4-N5 (1.204(1) A) and N5-N6 (1.159(1) ddscribe nitrogen atom N5 as sp
hybridised.

As displayed in Figure 2.17, the molecule has gr@pmate G symmetry in the solid state.
However, the integration ratio between the methglgs on the ketimine and phenyl rings, in
the (time averagedH-NMR spectrum (in THF-) at RT, is 1:2. This indicates,Csymmetry of

15in the solution.

To address this point, DFT calculations on a modetplex15awere performed. The geometry
of the ground state (S=0) hag §mmetry and a bent conformation of the azidonkhalhe
azido ligand can rotate fast around the Rh-N banitl@an move as a “windshield wiper” going
through a linear structure, which could explain diserved & symmetry (Fig. 2.18). Both

suggested processes are much faster than the NivRstiale.
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rotation around Rh-N bond "windshield wiper"

Fig. 2.18Possible ways to accomplish time averaggds@mmetry.

The linear structure was found to be a transittates with the energy barrier of approximately
5 kcal/mol. The Walsh diagram (displayed in Figl9. shows an increase in energy by
~1 kcal/mol when angl& was increased by 10°. Since the energy barrienismall, the

calculation related to the rotation around the Rheldd were not performed.

A E (kcal/mol)

— ' ' ,
180 200 220 240

a (%)

Fig. 2.19Walsh diagram for in plane bending of the azidateel by symmetry.

Further, calculated bond distances for the modeiptex (B3LYP, LACVP** basis set) are in

good agreement with those found in the X-ray stmgcanalysis. This is the best illustrated with
N4-N5 = 1.217 A (1.204(1) A) and N5-N6 = 1.156 A1E89(1) A) bond distances.
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2.5.2 The reaction of V with adamantyl-1-azide

Addition of one equivalent of adamantyl-1-azide {B&§l to a THF solution of the radical
complexV at room temperature resulted in the evolution a$ ¢pubbles (presumably,N
accompanied by a color change from violet to budyuto yield complexVl as a plausible
product (eq. 2.27).

e THF 7
R N—Rhe + AdN3 R' N—Rh=NAd (2.27)
=/ -N, =/
=N R N R
R=Me, iPr
R’=H, t-Bu
\Y VI

The UV-Vis spectrum o¥/I in THF showed two bands at 465 nm and 520 nmhérfH-NMR
spectrum (THF-g), broad peaks & = 4.3 and 7.2 ppm were observed, indicating tlesgmce

of a paramagnetic compound, most likely a Rh(I§csps. A group of resonancedat 1.1 ppm
were assigned to the adamantyl protons. Fast tedaxaf the unpaired electron does not affect
significantly adamantyl moiety since it is furthaway (Fermie and through space coupling
decreases with the increase in distance {-atid 1/f)). Therefore, the observed peaks were not
broad. The EPR spectroscopy reveals a sharp sigtiah = 1.997 (3500 G) at RT (Fig. 2.20).
Measurements at low temperature showed only mypldtisg.

100 K
1000001 213K 50001
\ 0 1
04 \\MW
j -5000
-100000 -10000
3000 3500 4000 3000 3250 3500 3750
G G

Fig. 2.20EPR spectra of compléA .
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In the literature p-tolyl azide or adamantyl azitese been used to generate imido complexes.
Mevyer et al. described the formation of tfdalv spin (S=0) Co(lll) imido complex, supported
by a tris-carbene ligand, using p-tolyl aztd&An open shell Co(lll) imido complex (S=1) was
obtained with a Tp ligand system using adamantgleazas described by Theopold et®IHigh
reactivity of thes-diketiminato Co(l) arene complex towards orgarzices and the formation of

diverse imido complexes have been described byatat al**®

2.5.3 The activation of dinitrogen with complex V

Dinitrogen is inert to reactions due to its low gudly and strong triple bond. In comparison to
the isoelectronic CO ligand, chemistry of dinitrage less well developed owing to its weak
donor and poort acceptor characteristics. Depending on the metdtation state and the
neighboring ligands, dinitrogen can be bonded te mhetal center in different ways. For
example, it can bind to the metal end-onor side-on mode, forming mono or dinuclear

complexes®

Dinitrogen complexes can be obtained by displac¢émieweakly coordinated ligands. They can
also be prepared by reduction of metal complexdsfamation of low-valent metal center that
can activate and bind.NIt is also possible, that during the reactioraeant site is formed on the
metal center where Nmay coordinaté®® As it will be described in this part, the activatiof

dinitrogen with compleX has been accomplished.
Dinuclear dinitrogen complex 16

When the tentative radical violet compMxwith the methyl groups on the aryl substituenés w
exposed to a nitrogen atmosphere, the color imrtedgiahanged from violet to dark brown and
complex 16 is formed in quantitative yield (eq. 2.28). Compl&6 can be independently
synthesized by the reduction of Rh(l) chloro or mb&b complex with Na/Hg under ;N

atmosphere. The synthesis and characterizatiomplex 16 as well as magnetic properties

have already been described by Niiékel.
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N—Rh’ N—Rh—N—N Rh—N ) @29

Both metal centers in complé6 have a formal Rh(0) oxidation state. Accordindhe crystal
structure analysis, the N-N bond in compligkis 1.129(7) A, slightly elongated in comparison
to free N (1.0975 A). The elongation of the N-N bond is pftelated with the reactivity of

dinitrogen complexessde infrg).

Complex 16 reacts with chlorinated solvents such as dichl@thiane and 1,2-dichloroethane
forming the compleX in quantitative yieldeq. 2.29). The formation df was unambiguously

confirmed by*H-NMR spectroscopy in CEZl, and compared with reference.

=

— N
CD,Cl,, or 1,2 DCE \
N—Rh—N N—R Ty P22 O 2 “N—Rn—cl (2.29
— =/
_*N@

16 1

The reaction between complé$ and two equivalents of methyl-triflate leads te formation
of the Rh (1) triflate comple@ (eq. 2.30).

_|+OTf*

2eq MeOTf, THF /
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The 'H-NMR analysis of the transferred volatiles (in TedJ revealed a singlet peak at
5 = 2.94 ppm. Based on tHel-NMR spectrum, the formation of MX, as a side product is
proposed® ' The chemical shift for M#\, reported in the literature was found at
5 = 3.76 ppm in CDGlandd = 2.84 ppm in BO.**? (No reference was found for THR)d

Further supporting evidence was obtained by GC-M3he volatiles displaying a peak at

58 m/z as expected for,Me,™.
Mononuclear dinitrogen complex 17

When the violet comple¥ with ortho isopropyl aryl substituents was expoebl, atmosphere
the color changed to brown and the mononucleartrdgen complex17 was formed in
quantitative yield (eq. 2.31)Alternatively, complex 17 can be obtained by reduction of the
chloro complex with Na/Hg under,Nitmosphere. To the best of our knowledge, thikadirst
example of a mononuclear Rh(d)nitrogen complex. The cationic cobalt(l) complesas
reported by Gibson et &°

=N
2
—=~ ¢ "N—Rh—N, (2.31)

=N

Vv 17

Based on NMR and EPR spectroscopy, comfléxs paramagnetic with the formal oxidation
state of (0) for Rh center. In thtH-NMR spectrum in €Ds, broad peaks typical for
paramagnetic compounds were detected at2.28, 3.55 and 5.60 ppm. The IR spectrum in
toluene revealed a N-N stretching frequency at 2139 crit (Fig. 2.21). A small shoulder at

v = 2101 crit presumably originates from the solvent.
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Fig. 2.21IR spectrum of compleX7 in toluene (* toluene).

According to the IR spectrum, it can be concludeat there is no enhanced back bonding to the
N, ligand. The observed frequencyvak = 2139 cril reveals that the Nmolecule is polarized
but still retains its triple bond character (freg il IR inactive, whilst in the Ramagpectrum

displays a frequency aty = 2331 cni).t*

Crystals suitable for an X-ray structure analysisravobtained from a concentrated toluene
solution of17 at —35 °C. The molecular representationl@fand selected bond distances and

angles are displayed in Figure 2.22 and Table 2.6.

Fig. 2.22 ORTEP plot of complexd7 with 50% probability ellipsoids (hydrogen atoms wer

omitted for clarity).
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Table 2.6 Selected bond lengths [A] and anglefof°tomplex17.

Rh1-N1 1.914(1) Rh1-N2 2.011(1) Rh1-N3  2.012(1)
Rh1-N4 1.950(2) N4-N5 1.087(3)

N1-Rh1-N4 179.3(1) Rh1-N4-N5 178.8(3) N4iRW2  100.6(8)
N1-Rh1-N2 79.55(7) N1-Rh1-N3 79.05(7) NHIRN3  100.8(8)

N2-Rh1-N3 158.6(7)

The geometry of complet7 at the Rh center is square planar with the surbooid angles
equaling 360°. The Nigand completes the fourth coordination siteh&f N1-N2-Rh1-N3 plane.
The molecule adopts approximate, Gymmetry. The N1-Rh1-N4 angle is 179.3(1)°. The
distance between N4-N5 bond is 1.087(3) A and d@oisiparable with the N-N distance in free
N, (1.0975 A). The dinitrogen distance in the catiorobalt system is 1.112(6)A

EPR spectroscopy and DFT calculations

The EPR spectrum revealed a sharp signal at roomeaeture measurement with g = 1.999
(3500 G). However, the unpaired electron did nawvshyperfine splitting either with th&Rh
metal center (1=1/2) of*N atoms (I = 1). At low temperature measuremen®® (K), a small
shoulder is observed. No hyperfine coupling foheit complex16 and 17 was detected
(Fig. 2.23).
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Fig. 2.23EPR spectra of complei7 at RT and 100 K.
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According to DFT calculations, the spin densityttté electron is delocalized within the pyridine
ligand (Fig. 2.24-left). This could be a possiblgplanation why hyperfine splitting was not
observed in the EPR experiment.

Calculated distances for the model compoaid (B3LYP, LACVP** basis set) are in good
agreement with those found in the X-ray crystalyss (Fig. 2.24-right).

Fig. 2.24Calculated bond distances and spin density fontbéel complexd7a
In this part, it was shown that the activation ofidlfeasible with very reactive radical complex

V. The reactivity of the isolated complex&s and17 with differentreagents (such as,HO,,
etc.) will be of great interest in the future.
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3 C-H activation by Rh, Ir(l) square planar complexes —

mechanistic aspects

3.1 Improved synthesis of Ir(l) methyl complex

It has been previously shown that the methyl compican be synthesized from compkeby
the addition of AIMe.** However, the trimethoxy aluminium Al(OMg}ide product formed is
difficult to remove from the reaction mixture. Ifates of Al(OMej remain in the solution
together with compled8, for a prolonged period of time, a mixture of ualm products is
obtained. Therefore, an improved synthesid&femploying the alternative methylating agent,
ZnMe,, was performed. Compled8 can be prepared by the addition of ZnNtea THF solution

of complex4 or complex6 in approximately 70 % vyield for both reactions.(8d.).

(1/3 AlMey) —N > >

—N
1/2 ZnMe, THF \ ZnMe,, tol

2 7 N—ir—me LM% OUENE 7 \N—\Ir—OH 3.1)
(-Al(OMe)s) =/ -ZnO,CH, =</
-Zn(OMe), —N > =N

4 18 6

The insoluble byproducts (Zn(OMeand ZnO) can be easily removed by filtration. Hoeare
the stability of18 in diethyl ether or THF solution even at the loviemperatures—35 °C) is
still a great problem. Interestingly, by using thisute (especially from compleX),
decomposition of compled8 is much slower than in the previously reported tisgsis,
suggesting that less side products remained iadhgion.

3.2 C-H activation of benzene

The facileintermolecularC-H activation of compled 8 in benzene under ambient temperature
leads quantitatively to the phenyl compleXxand methane (eq. 3.2). This reaction, as weheas t
DFT analysis of the proposed mechanism were preiyioteported in some detail by our

group>®
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0

/ \N———Ir—Me CeHg, 40°C, 2 h
— / _CH4

28

18

The proposed mechanism for this reaction is aratiegh to proceed via a two-step mechanism,
via oxidative addition followed by C-H reductiveireination rather tharo-bond metathesis

(Fig. 3.1). The oxidative addition pathway leadsato octahedral Ir(lll) intermediate, with a
“square-pyramidal” transition state.

"sq.-py." "sg.-py."

+22

Me
20
] N
= SN ———Jp — /]
N /Ir H
e

+22

octahedral

— N—Ir—Me +10 /@
N
— /
N
0 ‘R=
0 + RH: R=Ph \Q + CH,

Fig. 3.1 The proposed two-step mechanism for C-H activatimeess®

A E (kcal/mol)

The crucial step in the C-H activation mechanisnthes bending of the Ir-Me bond out of the
metal-NNNigang  plane. This bending process ih8 requires energy of approximately
12 kcal/mol fora = 70°.%° However, if the ketimine methyl groups are repthaéth CF; groups,
enhancing thetracceptor properties of the ligand, the bent oter 4quare-planar structure is
preferred (Fig. 3.2).
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o =36° — minimuni

Fig. 3.2Calculated minimum for model compl&8crs.

To probe experimentally, the synthesis of methyhplex 18:r3 was attempted. The ligand was
synthesized according to the procedure of Brookdiaed.>*® The first step of ligand synthesis
involves the sequential treatment of 2,6-dibromabye with n-BuLi and methyl-
trifluoroacetate at-90 °C and the formation of 2,6-bis(trifluoroacepyljidine. The following
step is a simple condensation reaction between diestopyridine derivative and
2,4,6-trimethylaniline (eq. 3.3).

\
2 n-Buli,
B 2 CRCOMe + 2 (3.3
Br N/ ar T|9_|O|:°/Et O tOIUGne 5 !

50 %

The syntheses of the chloro and methyl compleasatd 18:F3) according to eq. 3.4 were
attempted.

FsC _N N FsC _N
1/2[Ir Cob44)4Clo] FgcY(j\(CFs 1/2 COE
/ \N—\Ir—CI o (1-MePralCOBN] —\Ir—Me (3.4)

— benzeNeN50 °© ~78 C\THF —
=N =N
FsC FsC /\é\
2a

18ck3

According to théH-NMR in CsDg, no reaction proceeds when thesdifand and [I5(CoHa)a(1t-
ClI);] was mixed together and heated up to 150 °C operiad of 6 days.
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In one step reaction, by using freshly prepareeM@).Ir.(COE)]**® and Ck-ligand (in THF) at
—78 °C and warming up the reaction mixture graduatlyroom temperature (eq. 3.4), the
isolation of methyl comple%8¢; failed.

The unsuccessful complexation could be traced rangly reducedo-donor properties of the

diimine ligand, which originate from a very stroedectron withdrawing nature of the €F
groups.

Low temperature NMR studies

In order to learn more about the bending procesbeofr methyl moiety, low temperature NMR
studies were performed (Fig. 3.3).

6.76
213K N M
6.78
223 K
6.81
233K n JJLA |
6.85
253K L ,LL
6.86
263 K e JL\,__,__
6.88
273K N JJL,
6.89
283K m ‘
6.91
293 K n H
T T T T ‘ T T T I T T T ‘ T T T I T T T T | T T T T I
ppm (t1) 9.00 8.50 8.00 7.50 7.00 6.50

Fig. 3.3Temperature dependent NMR of comple

The 'H-NMR of the Ir methyl group in complet8 shows an unusual down field shift at
6.91 ppm. As displayed in Figure 3.3, by decreasimegtemperature, the Ir methyl signal is
shifted towards higher field (6.9 6.76 ppm). The signals (doublet and triplet) frone

pyridine ring are slightly shifted towards loweelfi. As previously describéd complex18 has



a very shallow potential for the “bending procestthe methyl group. This low energy barrier
may provide a possible explanation for the obsesteshg dependence in the low temperature
NMR study. The ability of phenyl rings to induceriag-current effect and shift the protons
towards higher field is similar to the previous ehstions made by Crabtree et*al..

3.2.1 Evidences for Ir(lll) intermediate

In the context of the aforementioned C-H activatiprocess, support for the proposed
mechanism with an Ir(lll) intermediate was obtaingg the reaction of the iridium phenyl
complex19 with excess hydrogen. The reaction leads to thadtion of the trihydride complex
20a(eq. 3.5).

| X
| '}'/ | 1bar h; —=N[} \H\/j\(
N\||r/N _N r—H \Ir (3.5)
(Eﬂ Ph 15 ©/\ H H Jﬁj

19 20a H 20b

The trihydride peak was observed as a broad “tfipke-8.76 ppm in toluenesd The integration
ratio between the proton in thgara position on the pyridine ring and the trihydrideakds
approximately 1:3 as required. The broadness oftripet is attributed to the fast exchange
process between the hydride ligands. It is propdisaticomplexX20ais in equilibrium with the
dihydrogen hydride comple20b, which will be discussed below.

Low temperature NMR studies
In an attempt to gain a better insight into theadyit processes of the hydride ligands, the low

temperature NMR behavior of compl2®a was studied. NMR investigations between 313 and

183 K in toluene demonstrated a classical (incattgexchange process (Fig. 3.4).
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Fig. 3.4'H-NMR spectra of the hydride resonances at diffetemperatures.

As the temperature was decreased, a broadenimg gignal at-8.76 ppm was observed. Also,
the integral, starting from 233 K, became smaliercomparison to th@ara proton from the
pyridine ring). The value is reduced by half at X@Starting from 223 K, (Fig. 3.3 right) peaks
at -11.3 and-13.1 ppm were observed with increasing signal sitgrat lower temperatures.
Unfortunately the shapes of the peaks do not appear doublet and a triplet, which might be
expected for the trihydride compl@da However, the integration ratio of these newlyesied

signals at 183 K is approximately 2:1.

The unsymmetrical shape of the triplet and itshiertbroadening, when the temperature is

decreased, did not allow for the coupling constant®omplex20ato be measured.

According to the overall data from the low temperatNMR study, it is proposed that at room
temperature, equilibrium betwe@®a and 20b is present. Fast exchange between the hydride
ligands resulted in the broadness of the “triplpak at—8.76 ppm. Upon decreasing the
temperature, the exchange process (between thaéydyrands) slows down and at 183 K the

predominantly structure observedi3a
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According to the literature, if the barrier is tdow (between dihydrogen and hydride
complexes), fluxional behavior (incoherent processl) be observed rather than the coherent
exchange processide infra).'*® **° A barrier between 8.7 and 16.7 kcal/mol must tEsent in

order that two species can be observed by NKIR.
T, measurements

The determination of relaxation time for the hyedrigsonances of compl@dawas carried out
using the standard inversion recovery method. Thiaimed T value was 276 ms at room
temperature (400 MHz), confirming the presence ofclassical trihydride complex.
Unfortunately, due to technical problems of the NIgpectrometer, 1fin measurements were
not performed, thus it was not possible to showekistence of a dihydrogen hydride species
20b.
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Chi"2/DoF  =0.01754
R"2 = 0.98588
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0.2758 +0.02213
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Fig. 3.5T; for complex20.

Short Tymin vValues (< 80 ms) are usually diagnostic to thegmee of dihydrogen bound to the
metal center, such as in the case of Ir@sEi".*** In contrast, larger i, values (> 150 ms)
imply that the relaxation time is much slower, thigtance between the hydrogen nuclei is larger
and that classical hydrides are pregént?3124.12
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DFT calculations

DFT calculations have been used extensively inraaprovide a fundamental understanding of
both structure and bonding, as well as the dyngmicesses in dihydrogen complex&s 2
DFT calculations with the BP-86 functional were rdfere performed on comple0
(Fig. 3.6)!*" The distance between the hydrogen atoms was vaoen 1 A >~dihydrogen
hydride complex) up to 1.7 A (trihydride complex).

»
N
e @QN'\I JNJ@
] /r\/H
n "oH
= 1.5
£ n
g _—
a=Mminimum
< 1.0 =
y ~
n | N
0.5 i N—_| /I\l i
et ir\H
] ] H/
0.0-

T T T T T T Il_.|_
10 11 12 13 14 15 16 17
H---H distance (A)

Fig. 3.6 Energy diagram for the conversion of the comp®a to 20b by varying the H-H
distance (DFT model, BP-86; basis set: TZVP (fpaird SV(P) (for the rest of atoms)).

The minimum for complexX20 was found to be the trihydride compléga, lying 2 kcal/mol
below the n?~dihydrogen hydride comple®0b. This energy difference between the two
structures is very small, which is the reason 20w and 20b could not be distinguished by

NMR spectroscopy.

Also, molecular dynamics calculations were undemakor complex20a The intramolecular

H-H site exchange between hydrogen atoms is disglayFigure 3.7.
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The extrusion of dihydrogen from the trihydride @e complexX20cwas calculated (eq. 3.6).

Fig. 3.7H-H site exchange in compl&0a

I
H/NF g y N, R 24E_,. = + 21 kcal/mol (3.6)
HY | H |
H H
20a 20c

It was found to be a thermodynamically unfavorgimecess (+ 21 kcal/mol). If an entropical
contribution (~ 10 kcal/mol at RT for the formatioh dihydrogen and monohydride complex
200 is also considered, thehG for the overall process is in the order of 10lkwgal. This

encountered problem may be the reason why theatsyst complex20awere not obtained.
3.2.2 Si-H activation process
Further evidence for a two-step C-H activation naedém was provided by low temperature

NMR studies of compleA for the Si-H activation process in trimethylsilamels assumed that
upon the addition of M&iH to complexd, Ir(lll) intermediate21ais formed (eq. 3.7).

e = R

|
=z

/ \ \ . a D _Nl \ .
_ N—Ir—OMe + Me3SiH N—/Ig SiMe; —— N—Ir—H + MezSiOMe (3.7)
_/ _N;OMe ; _N/
4 2la 20c
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The reaction was carried out on the NMR scale ifrTkl Excess of MgSiH was condensed to

a frozen solution of complek the tube sealed and then allowed to warm w8@®m°C.

The 'H-NMR spectrum of the reaction mixture was monitbstarting from-80 °C. Upon
warming up to-59 °C, two hydride resonances-#18.30 and-11.50 ppm started to grow in.
Both of the signals appeared as singlets an6’®iosatellites were detected. TS satellites
have been observed in casesnéfsilane complexe¥® % Therefore, it is anticipated that

octahedral intermediate isomers (cis/tratid and21b are present (eq. 3.8).

; i —N SlMe3
N—Ir SiMe; —— N—I (3.8)
=\ OMe =N_ OMe

Upon warming to-50 °C, the peak ab = —28.30 ppm disappeared and the intensity of the
hydride resonance &t=-11.50 ppm increased. A5 °C, another singlet peak in the hydride
region ® = —6.20 ppm) begins to appear while the other peald @t-11.50 ppm) starts to
decrease in intensity. This newly observed hydpielegk has been tentatively assigned to the Ir-H
complex 20c An additional resonance & = 3.36 ppm, later assigned to free #i©OMe,
appeared. The Ir-OMe peakét 4.67 ppm decreased in intensity upon warminthegeaction
mixture with a small shift (~ 0.1 ppm) towards lowkeld. Finally, upon reaching room
temperature only the hydride resonance assignethdomonohydride (ad = —6.10 ppm)
remained. Unfortunately, after 1-2 hours at roommgderature, the postulated monohydride
complex decomposed to a mixture of unknown prodgatbroad peak ab = 18 ppm was
detected, similar to the one observed for the iiggn complexXL6; N, residue originates from
THF).

The same reaction with trimethylsilane was inveggd for the Rh analogigeqg. 3.9).

"H-NMR of the MgSiOMe: in THF-@ & = 0.06 ppm e;SiOMe), 3.36 ppm (MgSiOMe);
inGDs 0 =0.06 ppmfe;SiOMe), 3.24 ppm (MgSiOMe).

62



o MesSiH, GsDg
-Me5SiOMe, H,

The mixture of3 and MgSiH was gradually allowed to warm up (from the &pzsolution to
room temperature) and tH&l-NMR spectra were recorded over period of 30 nesutThe
reaction proceeded rapidly and broad signas=ab ppm and 21 ppm were detected after only 5
min. No hydride peak was detected during the reactiBy comparing the observed,
characteristic broad resonances dat 5.01, 5.26, 17.2 and 20.2 ppm), the formatiorthef
dinuclear Rh dinitrogen complek6 was confirmed. The peak at= 0.58 and 3.24 ppm was
assigned to free M8iOMe.

Based on the'H-NMR experiments, the mechanism presented in Eigdi8 for the Si-H
activation is proposed. DFT calculations on the eh@dmplex (B3LYP, LACVP** basis set),
excluding the aryl substituents and the ketiminéhylegroups were performed.

N|H -SiMes
Z_; N_ | TS
— +12
H N‘H \
_—__N N/Ir S|Me3
H %

S —QNe g

£ 21a

]

(&)

=

L

<

0_

_— H _N’H
@Jr—OMe + Me,SiH \
15— T — -
4a H _N_'H
Z— N——_IrH + Me;SiOMe
H™ NH
20c

Fig. 3.8 The proposed mechanism for Si-H activation.
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The oxidative addition of M&iH to 4aleads initially to the octahedral intermediates, which
is 8 kcal/molhigher in energy. The second step of the reactisalves reductive elimination of
MesSiOMe, which is thermodynamically favourable by Real/mol relative to the reactants
(4a + M&SiH). The transition state (TS) for the reductivenaation of MgSiOMe is 12

kcal/mol uphill starting frondla and silane.

IRC calculations were also carried out (B3LYP, LACVH¥4sis set) starting at the saddle point
to check the connections between the transitiote,statermediate and the final product. As
expected, the forward step leads to the prod@fc + Me;SiOMe) and reverse to the

intermediate Z13a).

DFT calculations for the reductive elimination oétinanol from the intermediagib, were also
performed. The reaction is uphill by 13 kcal/moldomparison to the reactants, presumably

because of the formation of weaker Ir-Si bond (cara@ with20c Ir-H).
3.3 Ir, RNh(l) fluorides — precursors for the hydride compkxes

It has been shown that fluoride complexes provideoavenient synthetic route to hydride
complexes® With respect to the mechanistic studies relatedCtdl activation, suitable
synthetic routes to the rhodium and iridium hydsidé the appropriate fluoride complexes were
investigated. It is also believed that a rhodiurdride compounds would provide a good starting
materials for the synthesis of a rhodium hydroperoamplex, which is anticipated to be one of
the intermediates in catalytic epoxidation of e¢img observed in previous studfésThe F
ligand is classified as a stromgdonor. It was expected that a pyridine diimineafig could
stabilize the Ir(Rh)-F bond due to its gom@cceptor abilities, as in the case for methogarid

in complex4.*

In the last decade, adequately characterized flumymplexes started to appear in the
literature!3! 132 133.134 The difficulties involved in isolating pure meti#koro compounds arises
from the great affinity of the fluoride anion towlarprotic reagents. Often, the target compounds
are contaminated with hydroxide or bifluoride mgiehnother obstacle to isolate metal fluoride
complexes is the possible reactions with glassw@#en plastic containers are used to
overcome this problenktlemental fluorine and hydrogen fluoride are natvamient reagents in
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the metal fluoride synthesis owing to difficulty iandling and safety. However, there are quite a
few fluorinating reagents available (mostly inorgan.e. Xek and organic salts), which are

more suitable.

In this part, the synthesis and characterizatiofiRbfand Ir(l) fluorides, using the previously
successfully employédf tris(dimethylamino)sulfonium difluorotrimethylsifate (TASF) and

tetrabutylammonium fluoride (TBAF) will be describe

When the Rh or Ir(l) triflate complex, dissolvedTiklF was added to solutions of TASF in THF,
the color changed from brown to green and provicadplex22 or 23in 60% yield (eq. 3.10).
Trimethylsilylfluoride is precipitated from the stlon with pentane and removed by filtration.
Both complexes co-crystallize with one molecule tak-(dimethylamino)sulfonium. The

possible explanation for this phenomenon (co-chyzaaéion) will be discussed later in this

Q - [rotte Q —JroTt

N

chapter.

—N
TASF,THF \ Nt/
N—M o@ /7 N—M—F  S—N (3.10)
—Me38|F =/ / \
N > =N > —N
M=Rh 9 Rh22
Ir 10 Ir 23

Rh(l) fluoride complex - 22

In the *H-NMR spectrum of the aliphatic region (in THE}dthree singlet peaks were observed
atd=1.64, 2.14 and 2.76 ppm with an integratiororatl:3. These resonances were assigned to
the methyl groups on the ketimine ligand, phengbsi and sulfonium cation. A multiplet at

0 = 7.05 ppm, doublet & = 7.85 ppm and a triplet &= 8.49 ppm assigned to the aromatic
protons on the phenyl and pyridine ring were alsseoved.

According to the'F-NMR spectrum of compleX22 in THF-cs, only singlet peaks at
0 = —158 ppm and —80 ppm were detected. The latsragsigned to the triflate anion. For the
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rhodium fluoride complex a doublet in th#-NMR due to the directznr coupling would be

expected. In the literature there is also an exarapRhF(COD)(PP§) where coupling between
Rh-F was not observed in tH&F-NMR even at-90°C presumably due to the fast Rh-F

dissociation=*® This could also apply for compl&2.

Crystals suitable for an X-ray structure analyseravobtained from a THF/pentane solution

(Fig. 3.9).

Fig. 3.90RTEP plot o2 shown at 50% thermal ellipsoid probability (hydroggoms and

triflate anion were omitted for clarity).

Table 3.1 Selected bond lengths [A] and anglefof°tomplex22.

Rh1-F1 2.000(5)
Rh1-N3 2.015(6)
S1-N6 1.697(6)
F1-Rh1-N2  99.9(2)

N1-Rh1-N3 80.4(2)

Rh1-N1 1.854(6) Rh1-N2
S1-N4 1.626(6) 1-%6
F1-Rh1-N3  100.3(2) N1-Rh1-F1
N2-Rh1-N1 79.3(2) N2-Rh1-N3

1.999(6)
1.601(6)

178.3(2)
159.7(2)
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Complex 22 is isostructural with comple3. It crystallizes in an orthorhombic Pbca space
group. The bond distance Rh1-N1 is 1.854(6) Agaifcantly shorter than for chloro analogue
(Rh-N1 = 1.889(2) Af* The N-S bond distances are in agreement to taeatitre values for a
sulfonium moiety**” A possible explanation why complex@& and 23 co-crystallize with a

molecule of sulfonium triflate will be discussedeiafvide infra).

Ir(1) fluoride complex — 23

The *H-NMR spectrum of23 displays singlet peaks assigned to the methyl ggoon the
ketimine § = 1.01 ppm), phenyl ring® E 1.98 ppm) and sulfonium catiod £ 2.73 ppm) with

an integration ratio 1:2:3.

In the *F-NMR spectrum of23 (in THF-&), besides the triflate peak &= —80 ppm an

additional peak ab = -128 ppm was found and was assigned to Ir-F ligand.

Crystals suitable for an X-ray diffraction of corapR3 were obtained from a THF/pentane (2:1)
solution (Fig. 3.10). Selected bond distances augiea are given in the Table 3.2.

N6

Fig. 3.100RTEP plot of comple23 (hydrogen atoms and triflate anion are omittedcfarity).
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Table 3.2 Selected bond lengths [A] and anglefof°tomplex23.

Ir1-F1 1.983(5) Ir1-N1 1.825(6) S1-N5  1.611(9)
Ir1-N2 1.992(8) Ir1-N3 1.998(9) S1-N4  1.627(2)
S1-N6 1.699(9)

N1-Irl-F1  177.5(4) N2-Ir1-F1 10033 N3-Ir1-F1  100.5(4)
N2-Ir1-N1  78.9(4) N1-Ir1-N3  80.3(4) N2-Ir1-N3  159.1(4)

Complex23 has a square planar geometry with the sum of tigéea equaling 360°. The Ir-F
distance is 1.983(5) A, whikke distance between Ir1-N1 = 1.825(6) A is sigaifitly shorter

than in other iridium(l) complexes of this type bl@3.3)*" 4

Table 3.3| [Ir]-Cl | [Ir]-OMe [Ir]-Me [Ir]-F
2 4 18 23
Ir-N1[A] |1.889(4)| 1.891(5) 1.942(3) 1.825(6)

A possible reason for the decrease in the distamdbe Ir-N1 bond could be explained by
molecular orbital analysis. As displayed in Figl13.a three-orbitafour-electron interaction
between occupied (), d(Ir) orbitals and an empty ligand pyridine bas&dcceptor orbital is
observed in HOMO. The interaction betweepFp and d,Ir) orbitals is antibonding.
Nevertheless, by in-phase mixing of the pyridirte orbital, the system becomes strongly
stabilized. This back donation to tim pyridine orbital could explain shortening of threN1

bond. The same kind of interaction was observethiemethoxo comple.**

e

Fig. 3.11HOMO of complex23 (DFT, B3LYP hybrid, LACVP** basis set).
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The aforementioned co-crystallization of the sulfiom triflate was of particular interest. A
possible explanation for this behavior might beilated to hydrogen bonding between the
C-H---F atoms. The position of the protons on tlse(dimethylamino)sulfonium cation were
located in the difference Fourier map and wereragatally refined. As depicted in Figure 3.12,
H---F1 distances are 2.43 A and 2.15 A, respegtiBsth protons are only 0.62 A (0.52 A)
above the IrNNF plane, whilst the sulphur atom ig of the plane by 2.32 A. The H---F
distances are in agreement with the values repdiyeillews et al. between one of the axial
fluoride from MeSiF, anion and protons from (MW),CFsS cation**® Other groups, such as
Desirajd®® and Scheinéf® investigated hydrogen C-H---F bonding in fluoratseres and
fluoromethanes and reported similar to CH---F dcsta.

Fig. 3.12CH---F bonding in comple23.

According to the literature, hydride complexes barobtained from fluoride complexes through
reaction of the latter with organosilanes. Theidg force is the formation of a very strong Si-F

bond (approximately 159 kcal/mdf}*

The reactivity of compleX22 and 23 towards triethylsilane was tested. However, neithe
formation of a metal hydride nor Si-F bond was dete in the'H and**F-NMR experiment.
The reaction did not take place probably becausdltioride is shielded by the sulfonium cation
(eq. 3.11).
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\ + / 3 ’ N \
4 \N—/M—F >S—N\ e / N—/M—H (3.11)
— -(Me,N).SOTf
=N _N\ ( 2 )3 —N
22 23 20azp, 20c

In another attempt to obtain rhodium and iridiuraofide complexes, tetrabutylammonium
fluoride (TBAF) was used. It has been recently regabthat TBAF exceeds the reactivity of
other nucleophilic fluorinated reagents. AnhydroU8AF has been synthesized from
tetrabutylammonium cyanide and hexafluorobenzenevattemperature through nucleophilic

aromatic substitution reactidf?

When a cold THF solution of triflate compl&or 10 was addedo a cold solution of freshly
prepared TBAF in THF«35 °C) and stirred for 1 hour at room temperatooenplexe24 or 25
were formed in 70 % yield (eq. 3.12).

—]+OTf~

=N R =N R

/N \ TBAF, THF 7 \ TBAF, THF
N—M —_— N—M—F ————
=/ ~TBAOTf =/ ~TBACI
N R N R
) S8
R =Me; M =Rh9 M = Rh; R = Me24 M = Rhla

Ir 10 M=1Ir;, R=Me25 R =Pr

M =Rh: R='Pr 26

Complexe24 and25 have been characterized By and**F-NMR spectroscopy. ThiH-NMR
spectrum (in THF-g) of 24, 25 and 26 revealed the traces of tetrabutylammonium chloride,
which could not be removed. Proton resonancezl@nd?25 are slightly shifted in the aliphatic
region (0.1 ppm) when compared to fieNMR of 22 and23. The resonances of the aromatic

region are on the same shift. The presence of doibt®F-NMR spectrum ab = -151.5 ppm
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with the coupling constarifirn== 121 Hz, confirms the formation of Rh-F bond imlexes24
and 26. The peak ab = —262.3 ppmfF-NMR) was assigned to the fluoride for comps
which is significantly shifted in comparison to cpl@x 23. This observation could be attributed
to the less shielded fluoro ligand 2% leading to a shift towards higher fields in t#E-NMR

spectrum.

It is worth mentioning that metathesis of the cblbgand (by fluoro ligand) iria could be also
accomplished. In the cases with different substiisien the phenyl ligand, chloride could not be
substituted with the fluoride via this route.

In order to obtain a mono-hydride complex, comp&kand 26 were treated with excess
hydrogen (eq. 3.13). The released HF was trappedh wa base 1,8-bis-
(dimethylamino)naphthalin, known as proton spongsince the reaction was not
stoichiometrically controlled and hydrogen was usecdexcess, a mixture of mono and tri-
hydride species were formed in the solution acogydd the'H-NMR where several singlet

peaks in the range fror® to—-35 ppm were observed.

In order to use the formation of the strong Si-fddvide suprd as a driving force for the
formation of Rh-H, trimethylsilane (M8iH) was added to compleX6 (eq. 3.13).
Trimethylsilane was prepared from MECI by the reduction with LiAl*** **As Me;SiH has
a boiling point of =10 °C, it was treated as a gad transferred to the THFR-@olution of
complex26 using a known volume bulb manometéhe colorof the reaction mixture changed

from green to violet and then brown.

as £ R

N R =N R

\ exc. H, DMAN, THF \ MesSiH, THF <N
N—Rh—p 2T OWERL THE /Ay MeSHLTHE /7R khr (3.13)
_DMAN*F Y “MesSiF — /
=N R _N; R NOOR
25 R = Me R="Pr 20cj 26 R='Pr

26 R='pPr

A doublet atd = -29.9 ppm in théH-NMR spectrum was observed and assigned to thedeyd
complex2Q0crn. In the'*F-NMR spectrum, the doublet from Rh-F coupling&at —-151.5 ppm)
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disappears and the singlet peald at—-158.4 ppm assigned to Si-F appears. The Si-F rasena
for MesSi-F can be compared with the literature value ébatd = -159 ppm (Fig. 3.13)%

121 Hz
Me_Si-F
Rh-F TN 1584
/W\/\AWW MMWWWW
T T T T T T T r T T T T T 1
-154 -152 -150 -148 -165 -160 -155 -150
ppm ppm

Fig. 3.13%F-NMR before and after reaction 26 with MesSiH.

Although, the obtained crystals of comp&ay, were not of good enough quality for the X-ray
structure analysis, the NMR spectroscopy indic#tedl the formation of the Rh(l) hydride from

the fluoride analogue is feasible.

The formation of the Rh(l) hydride species from IRHiuoride was calculated for the model
compoundf0a, and26aat B3LYP/LACVP** |evel (Fig. 3.14).

/ /

—N =N
/N _\ : 72N : 3
N—Rh—F + Me;SiH —— N—Rh—H + MesSiF AE = -20 kcal/mol
=N =N
H \H H \H
26a 20&n

Fig. 3.14DFT calculations for the formation 80p.

As depicted above, the formation of the hydride plex20cy, is thermodynamically favorable
by 20 kcal/mol.
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3.4 C-0O reductive elimination

The formation of a C-O bond by reductive eliminatic an important part in an alkane
functionalization process. The final products aseially alcohols, amines, ethers and esters.
Despite the great importance of this reaction imbgeneous cataly$fs?’ a limited number of

the directly observed metal centered C-O bond ftionaeactions are know/{® 147148149150

The reductive elimination from °d octahedral complexes mostly proceeds via ligand
dissociation and formation of five-coordinate imbediate prior to the actual reductive
elimination steg>" °2 1°3 The energybarriers for the C-O or C-C reductive elimination i
square-pyramidal penta-coordinated systanesmuch smaller than the energy barriers for same
process which occurs without the ligand loss, fitbm six-coordinated complexes. This process
has been studied by Goldberg et al. for the Pbmplexes>* >

The C-O bond formation is one important part in freposed catalytic cycle for methane
functionalization (Chapter 1). Based on the DFTculdtions for the Ir model complex
(eq. 3.14), C-H bond addition, which is strongleninodynamically favorable, leads to the
hydroxy alkyl intermediat&€7a The second step involves reductive eliminatiormathanol,
which leads to the formation of the cationic speti@a

=N I (|:H3 1t —N\ 1
\ C- —N C-O red. elim. /%
{ N—ir=0 + H-ch, h2CHadd q,lr—OH =2 RSN N—Ir |(3.14)
— ! =N ~MeOH _l\{
=N 27a
! -37 kcal/mol 10a

In order to provide support for C-O reductive ehation of methanol via intermediaiya
(eq. 3.14), a low temperature NMR experiment ofrdation 3.15 was performedde infra).

Addition of MeOTf to a toluene solution @& at room temperature leads to the fast and clean

formation of complex10 and methanol. To provide the evidence for interated?7, low

temperature NMR experiment was performed.
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e
\ =N - \
/ N—ir—on —MeOTt |7 S\ N —0H “MeOH . /7 \N—ir-oTf (3.15)
— / toluene 7/ — /
_ N ; _
6

27 10

The reaction shown in eqg. 3.15 was monitored fr@® 2C to 25 °C for 2 hours in toluene-d
During, the first 45 minutes, the temperature walsl lat —80 °C. Even after 2 minutes at —80 °C,
three new singlet peaks appeared at 2.60, 2.98 and 5.30 ppm. The resonances=a.60
(Ir-CH3) and 5.30 ppm (OH-broad) were tentatively assigteethe intermediate speci@s.
When the reaction mixture was further warmed up,itensity of peaks at 2.60 and 5.30 ppm
decreased, while the peak at 2.98 ppm gained ityers —30 °C, of these three peaks the
singlet resonance & = 2.98 ppm remained. This resonance was assigndeé methanol
(*H-NMR of MeOH in toluene-gl 3 = 3 ppm).

In the *®F-NMR spectra (at —80 °C) three peaks are obseaue¥l= —76.0 ppm assigned to the
free MeOTf {H-NMR of MeOTf in toluene-g¢ & = 3.03 ppm;**F-NMR: & = -76.1 ppm),
0 = —79.2 ppm assigned to the intermediaieand d = —80.0 ppm assigned to the triflate
complex8. After the reaction was completed, the solvent exsporated. ThiH and™*F-NMR

spectra of the final product (in THFg)dunambiguously confirmed the formation of compléx
Mechanistic aspects

The highly nucleophilic character of®-donfigured metal centers in the square planar
coordination geometry is based on th&NMR experimenf® A nucleophilic attack on the
carbon as the first step followed by reductive elmtion of methanol is proposed. It was also
observed in théH-NMR study that the nucleophilic substitution stegVleOTf is significantly
faster than the C-O reductive elimination of metilaihe presence of an intermediate provided

further support for the proposed mechanism.
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DFT calculations presented in Fig. 3.15 are corexmuith the C-O reductive elimination part

starting from the proposed intermediaB¥a The calculations were carried out at the
B3LYP/LACVP** |evel in toluene.

Ho
TS

= Me + e+ 10
2 Hy _\H|2.07 A /
31K O N—>Ir—OH
3 7 196A /
L H N‘ //
q H //

27a  /

it

—N
‘__12Q\§_>” + MeOH

H N~|_|

10a
Fig. 3.15Reaction profile for the C-O reductive eliminatiohmethanol fron27a

The reductive eliminatior2fa — 103 is exothermic with an energy difference of ~12lknol
and a calculated energy barrier for this procestOokcal/mol. In the transition stafésS, the
C-Ir-O angle becomes more acute (starting from I6@7ato 50° inTS) with concomitant

elongation of the Ir-Me bond. By decreasing thelangetween the methyl group and the
hydroxide, the C-O bond distance shortens and methsiformed.

C-O bond formation is independently observed in s$iyathesis of the triflate complek0
(Chapter 2.1.1). Whefhand8 were stirred together dimethyl ether was formeg 816).

Me
_Mezo
[Ir]-OMe + [Ir]—OTf — > 2 [Ir]-OTf

(3.16)
OTf
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The mechanism proposed for the reaction accordingqgt 3.16 was adopted from the C-C

coupling reaction of and Rh(l) methyl comple¥

In both cases (C-& or C-O bond formation), the methyl group on the R{Il) centers has
attributed anelectrophilic character. To address this poifiiC labeled bistriflate complexes
(7 and8) were prepared antH-NMR spectra in CBCl, were measured. The coupling constant
(*Jch) of the methyl group, in complekis *Jcy = 140 Hz and 135 Hz iB. According to the
literature, polar substituents in alkanes (for egknCH,) influence on the coupling constant and
hybridization of the carbon. Depending on the retoir the substituent, the carbon centers are
moreelectrophilicor nucleophilic which is determined by field-gradient factarAs a resultby
comparison to the literature valug8jt was proposed that carbon bonded to metal cehizve

anelectrophiliccharacter in complexésand8.

In addition, it is worth mentioning that the metlgloup exhibits a strongrans influence.
Therefore, the bond distances between the metathendxygen from the triflate group, in the
apical position is elongated (Rhy3= 2.305(4) A) in comparison to the Rh@quatorial bond
(2.093(3) A)** After spectroscopic (IR*F-NMR) and conductivity measurements, the triflate
trans to the methyl group was described with partiatigic character. The same observations
were reported by Brookhart et al. for the Rh(lligtmyl-bistriflate complex with the isopropyl
groups on the phenyl rings. In this complex Riy-stance is 2.358 A and the author describes
the Rh metal center as pentacoordinate. For tlisore it could be expected that the triflate in

the apical position would be substituted in furthesactions.

Addition of acetonitrile to the light green compl@xresultedin the color change to red and the

formation of28 in quantitative yield (eq. 3.14).

Me Me  |TOTH™
7> 7>
=N- =N
Z "N N)r—OTf _MeCN @—}r—NCMe (3.14)
s =<
| |
OTf OTf
8 28
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Complex 28 is fully characterized byH, °C and **F-NMR spectroscopy. ThéH-NMR

spectrum in CBCI, revealed a new singlet peakdat 2.21 ppm assigned to the acetonitrile

ligand. The integration ratio between different hyktgroups is 1:1:2:4. Two singlets at
= —-79.50 and —79.62 ppm were observed inf1ReNMR spectrum.

Crystals suitable for an X-ray structure analysesewobtained from a THF/pentane solution. The
molecular structure and the selected bond distaamtgésingles were presented in Figure 3.16 and
Table 3.4.

‘oS

oS %

—

LS YA

Fig. 3.16 ORTEP plot of comple28 with 50% thermal ellipsoids (newoordinated triflate and

hydrogen atoms were excluded for clarity).
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Table 3.4 Selected bond lengths [A] and anglefof°tomplex28.

Ir1-N1 1.88(4) Ir1-N2 2.10(3) IN3 2.05(4)
Ir1-N4 1.95(4) Ir1-C1 2.05(4) jen 2.26(2)
N1-Ir1-N4 178.1(1) N2-Ir1-N1  80.1(1) N3-Ir1-N1  79.1(1)
C1-Ir1-01 177.6(1) N1-Ir1-01  88.2(1) 1M1-C1  94.1(1)
N2-Ir1-01 93.0(9) N2-r1-C1  86.9(1) M2-N4 101.8(1)
N3-Ir1-01 91.2(1) N3-Ir1-C1  89.8(1) M3-N4  99.0(1)
N3-Ir1-N2 158.6(1) N4-Ir1-C1  85.9(1) 4Nr1-01  91.8(1)

The ligand environment around the Ir(lll) centerotahedral with the sum of the equatorial
angles equaling 360° and N2-1r1-O1 = 93.0(9)° N1 = 86.9(1)°. The methyl group is trans
to the triflate group with the C1-Irl-O1 angle elijug 177.6°. The bond distance Ir1-O1
(2.26(2) A) is in the range of the reported valtfe® ** *® Compared to Rh1-O1 bond distance
in 7, Ir1-O1 is shortened by 0.1 A. Nevertheless, ttaes influence of the methyl group is still
evident. The equatorial coordination site is ocedpiby the acetonitrile ligand with
Ir1-N4 = 1.95(4) A. The ligand shows an almoshelr arrangement with the angle
Ir1-N4-C2 = 170.0° and N4-C2-C3 = 176.4° similar tbe one found in cationic
[Rh(PPh)3(CHsCN)]BF; or neutral [Rh(PNP)(CECN)] complexes>’ %8

The results reported in this section are focusedhertfirst two steps proposed in the catalytic
cycle (Chapterl); C-H activation and C-O reductelamination. Further evidence that C-H
activation occurs via a two-step process (oxidatdelition and reductive elimination) was
provided. This was supported by the formation @fl)rtrinydride intermediate as well as the
Si-H activation in trimethylsilane. The second pasgs related to C-O bond formation, which
was investigated by NMR spectroscopy and compacedhé findings from our previous

research! %8
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4 Cationic complexes

This chapter focuses on different approaches ®istmthesis and isolation of three-coordinated
cationic complexes. The syntheses and characierizat cationic compounds*’ and10 with a
THF molecule coordinated to the metal center haanldescribed in Chapter 2.1.1. However,
the main goal of this work is the isolation of caic complex or related compounds with more
weakly coordinated ligands such as, for examplethgll ether. As will be described later, the
purity of the solvents plays an important role e tcrystallization process of these types of
compounds. Cationic complexes are part of the pmegoalkane functionalization cycle
(Chapter 1) and several reactions were anticipatedjood routes to the desired sped8s
(eq. 4.1).

29 4

+Ph,C* | -PhyCOMe




Based on results of Brookhart et ‘&P one promising route was to use sodium salts oklyea
coordinated anions (such as NaBArtogether with comple® in non-coordinated solvent to
form complex29 in salt-metathesis reaction. In order to avoid further tieadbetween complex
29 and chlorinated solvents such as CH or GHCl, (vide infra, diethyl ether was used.
However, the reaction did not take place even &tdays of stirring at room temperature (no

visible changes in th#4-NMR spectrum were observed).

This contrasts results reported by Brookhart efaalthe formation of Rh analogd%g. For the
synthesis of the latter, dichloromethane was u3ée. different reactivity observed for the Ir

complex29 and the Rh analogue could be attributed to thagda solvent.
4.1 Unexpected formation of the Ir(lll) hydride

Upon addition of a dichloromethane solution of-{pentafluorophenyl)borane into compléx
the color changed from green to reddish-brown amuipiex 30 was formed in 60 % vyield
(eq. 4.2).

Cl

=

CiLl @ r—cl (4.2)
v

30

The presence of an Ir-H moiety was confirmed*HyNMR spectroscopy, revealing a singlet
peak atd = -18 ppm in CDCl,. The methyl groups on the phenyl rings are chelgiceon-
equivalent (opposite as in the square planar corap)e leading to two sets of singlet peaks at
0 = 2.02 and 2.40 ppm with an integration ratio of.1Finally, the formation o80 was
confirmed by an X-ray crystal structure analysisheT crystals were obtained from
CH.Cly/pentane solution at35 °C. A molecular representation 80 and selected bond

distances and angles are presented in Figure d.Tavle 4.1.
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Fig. 4.10RTEP plot of comple80with 50% probability level (hydrogen atoms excefit\Mere

excluded for clarity).

Table 4.1 Selected bond lengths [A] and angle®pPtomplex30.

Ir1-N1 1.945(2) Ir1-N2 2.050(2) r1iN3 2.049(2)
Ir1-Cl1 2.354(5) Ir1-CI2 2.502(5)

N2-Ir1-N3 158.2(6) N2-Ir1-N1  78.1(7) N3-Ir1-N1  81.0(6)
Cl1-Ir1-CI2  93.7(2) N1-Ir1-Cll1  177.5(5) N1-Ir1-Cl2  83.9(4)
N2-Ir1-Cl1  101.3(5) N2-Ir1-CI2  92.4(4) N3-Ir1-Cl1  99.8(4)

N3-Ir1-Cl2  91.4(4)

The coordination geometry around tinielium center is pseudo octahedral with the equeito
angles equaling 359.3° and N2-Ir1-Cl2 = 92.4(4)oTchloro ligands are arranget to each
other with a Cl1-Ir1-CI2 angle 93.7(2)°. The pasitiof the hydride was located in the difference
Fourier map and was isotropically refined. The @2-bond distance is elongated (2.502(5) A)
when compared to the Ir1-Cl1 bond distance (2.364(5 due to thetrans influence of the
hydride ligandlt is in the range of Ir-Cl distances found for etltomplexes containing chloro

ligands trans to the hydride ligand, as reported [fo(n>-cyclooctenyl)(SHPrs),CI(H)]*
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[Ir(PN)(PPh)CIH;] (PN = (4S)-2-(2-(diphenylphosphino)phenyl)-4-isopyl-1,3-oxazoline)f*
or [Ir(NH=0)(PPh),Cl,H].'%?

In complex30, it may be assumed that the chloro ligands ortgifimm the solvent. Complek
is not stable in chlorinated solvents (dichloronaeth or 1,2-dichloroethane), formigafter 3
days (Chapter 2.1). The origin of the hydride il shclear.

Similar reactions with B(gFs)3 in dichloromethane and the formation of chloro ptares were
already reported in the literature. For example, ékchange reaction between a methyl and a
chloro ligand in dichloromethane have been  desdribefor [CpTi(NP-
tBus)(NCsH4NMe)CII[B(CeFs)a] and [CpTi(p-Cl)(NPPENP-tBu))]2[B(CeFs)al2.* 1%

In order to avoid the formation of chloro compl&g, the reaction (equation 4.2) was repeated

using diethyl ether as a solvent. A color changenfgreen to reddish-brown was observed and
according to the spectroscopic data, com@lewas obtained in 62 % yield.

QT*(CGFS)séOMe

N
Et,O \
—=22, ¢ “N—ir—OEt(or THF) (4.3)
or THF — /
_‘N@

31

Compound31l is soluble in THF, diethyl ether and DME, partfadloluble in non-polar solvents
such as benzene or toluene and insoluble in penfscmrding to the'H-NMR spectrum in
THF-ds, the obtained complex is diamagnetic displayingrgiresonances in the aliphatic and
aromatic region comparable to resonances obseovemmplex10 (see Experimental part). The
resonance assigned to the methoxo ligantiwias shifted from 4.67 ppm to 2.97 ppm (broad) in
the newly formed compleR1. The integration ratio of the different methyl gps is 4:2:1 as in
4. The'*F-NMR spectrum in THFgfevealed three resonanceat-133.9,-165.4 and —168.4
ppm assigned to thertho, para and metafluorine in [MeOB(GFs)s] anion Minor shifts are
observed when compared with the resonances ofBff€gFs); (0 = -135,-159.6 and —166.3

ppm).
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4.2 The formation of methanol from complex 4

The addition of the strong cationic Bransted del(Et,O)][Al(pftb) 4]*®° to a THF solution of
complex 4 at room temperatureresulted inthe formation of the Ir(I) cationic complex
10-Al(pftb) 4. The color immediately changed to reddish-browd eomplex10-Al(pftb), was

‘Qj +Al(pftb) ;~
=N
N\

/' “N—ir—THF (4.4)

formed with concomitant elimination of methanai.(4.4).

Q

[H(EGOLI[AI(PftD) 4]
THF, -MeOH

/ \N—Ir—OI\/Ie

<

Compound10-Al(pftb), was fully characterized witfH, *C and'°F-NMR spectroscopy. The

10-Al(pftb) 4 95 %

solubility of 10-Al(pftb)4 is comparable witl81. However, in benzene or tolueri-Al(pftb) 4

precipitates and turns to an oily material.

MeOH
/ 294 2.23
38 35 33 30 1.78 1.78
EtO
7.26
EtO 7.26 THF-d, THF-d,
7.93 THF-q, 7.93
8.51 8.51 |

9 8 7 6 5 4 3 2 1 oppm9o 8 7 6 5 4 3 2 1 0

Fig. 4.2The’H-NMR spectrum of the reaction mixture in eq. 4ndl 40-Al(pftb) 4 in THF-k.

According to the'H-NMR spectrum of the (1:1) reaction mixtur :([H(Et;0);]") in THF-ck,
the methoxide resonancé € 4.67 ppm) disappeared. New peaks, doublét=aB8.26 ppm and
quartet ad = 3 ppm appeared, which were assigned to mettiaigpl4.2 - left).
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Methanol resonances are also found in the trarsfarolatiles at the aforementioned chemical
shift. The coupling between the methyl group andrbyide proton through the oxygen atom
was observed, revealing a doublet and a quartét wéh the coupling constartlyy = 5 Hz.
Diethyl ether from the acid was also observed ia ttansferred volatiles. In th€C-NMR

spectrum in THF-gl the methanol resonance appeareal-=ab0 ppm.

The proton resonances d®-Al(pftb) 4 (Fig. 4.2 - right) are found at the same chemstaft as
in the complexed40 and 31 leading to the conclusion that no influence of diféerent anion is

present.
4.2.1 Proposed mechanism for the methanol formation

The following mechanism for the formation of compl&0-Al(pftb), is proposed. Initially,

protonation at the metal center occurs and comp@ais formed. Consecutively, reductive
elimination of methanol and formation @D-Al(pftb), takes place. This part of the proposed
mechanism is equal to the mechanism anticipatededpr3.15 (Chapter 3.4). As it will be
discussed later, another process involves furtheiopation o0f32 on the methoxide ligand and

formation of Ir(1ll) hydrido methanol comple3Rais observed.

+

N—Ir—OMe — N—lr—OMe N—Ir—THF (4.5)
THE ~MeOH

4 32 10-A|(pftb)4

ﬂ@

S 12 Ho
7

IS

—N \|
N_”'-- <Me r—THF
“MeOH \
= '
THF
32a 33



In order to provide a support for the proposed raaidm, the reaction according to eq. 4.5 was
monitored from-90 °C to 50 °C over a period of 6 hours B-NMR spectroscopy. Both
components4 and [H(EtO),]") were placed in the NMR tube and the solvent (ThgFwas
condensed over (at lig..Nemperature). The mixture was then warmed updtv °C and placed
into the pre-cooled probtiead of the NMR spectrometer. In the first spectmiained at
-90 °C, two peaks in the high field region were obsé atd = -32.90 and-33.30 ppm. The
peak at-33.30 ppm was assigned to the hydride ligarg@Ri{Fig. 4.3).

L]

288 K

278 K
268 K
258 K /
228 K I
218K |

)

183 K 32a 32

T T N T T T T I
ppm (f1) -33.00 -33.50

Fig. 4.3Temperature dependent NMR of the reaction accgridireq. 4.5 (hydride region).

The methoxo ligand (iB82) was found ad = 2.33 ppm, significantly shifted towards highietd
when compared to chemical shift4( = 4.67 ppm). The assignment derived from*heNOE
NMR experiment. When the hydride peak &at= -33.30 ppm is irradiated, the peak at
0 = 2.33 ppm showed NOE enhancement. The resonahgeotonated methanol i32a
appeared ab = 2.90 ppm. During a period of 1 hour, the tempeeawas increased gradually by
10 °C and the spectra recorded every 3 min. Nesledh, apart from the slight shift of the
hydride peak ad = —32.90 towards higher field no significant changesenobserved. At5 °C

methanol was eliminated. The two hydride peakssa@®ver giving only one resonance at
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0 = —33.40 ppm (see spectrum at 268 K in Fig. 4.3). At°€, the second hydride peak
(atd = —-33.45 ppm) reappeared again reducing the intensityfurther temperature rise and it
completely disappeared at 25 °C. Also, at 10 °Cew Ihydride resonance was observed at
0 = —-33.10 ppm which was assigned to comp8&% This resonance was the only one that
remained when the temperature was elevated to 5hW@e aromatic region two sets of doublet
and triplet peaks were detected. The triplel at8.5 ppm and the doublet@t 7.91 ppm were
assigned td. 0-Al(pftb) , whilst the doublet ab = 8.36 and triplet a = 8.21 ppm were assigned
to complex33. At the end, the mixture df0-Al(pftb) 4, 33and methanol remained.

Complex 33 was synthesized independently when two equivadérine aforementioned acid
were added to a THF solution4fnd thecolor changed from green to red (eq. 4.6).

L] 2[Al(pfth) ;]

2[H(ELO)[AI(pfth) 4 \ NF—E
Me Z__°N ,Ilr—THF (4.6)

THF, -MeOH N ;

|
THF

4 33

This compound was characterized whth *C, and"*F-NMR spectroscopy. Methanol was found
in the transferred volatiles. According to th&NMR spectrum (in THF-§) the symmetry of the
obtained compound is lowered, suggesting solveotduoation to the metal center. Methyl
groups attached to the phenyl displayed a 1:1 iatem ratio The resonance of the methyl
group on the diimine part of the ligand is shifegmvnfield revealing a peak at= 2.84 ppm.
The assignments of the proton resonances werergm@tfiwith 2D-HSQC and HMBC'/**C)
NMR spectra.

4.2.2 Alternative syntheses

Complex10-Al(pftb) 4 can be obtained via different routes. One way isthging LiAl(pftb), to

a THF solution of10. This procedure is straightforward employing owolye equivalent of
lithium salt in comparison to the reactionidfwith NaBAr; where 7 equivalents of latter were
used in order to complete the exchange of theateifanion. The other method to synthesize
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10-Al(pftb) , was by adding a THF solution of [HEEX),][Al(pftb) 4] to a THF solution ofl9
(eq. 4.7). The yield in both reactions is approxehad0 %.

Q +OTf" Q ] +Al(pftb),”
=\
N\

[ N—ir—ThE-HA0Da /_\N_/,r_THF [H(EtTZCH))FZ,][-AéE:bM

—N -LioTf —N

28

10 10-Al(pftb) 4 19

According to the’®F-NMR spectrum in THFlfor the reaction of LiAl(pfth) and 10 the
resonance for the triflate anionéat —79.0 ppm disappeared and the new peak=at75.6 ppm
was assigned to Al(pfthanion. This observation showed that the anion &xgh was complete.

The proton resonances are on the same chemica(sef Experimental part).

In the*H-NMR spectrum in THF-glfor the reaction 019 and [H(EtO),][Al(pftb) 4], peaks from
the phenyl group attached to the metal center @7;%, 5.81; t, 6.58) disappeared and the
resonances of the methyl groupsdat 0.67 and 1.97 ppm (ib9) shifted tod = 1.78 and 2.24
ppm in newly formed compleX0-Al(pftb) ,. The other aromatic peaks from the pyridine ligand
were also shifted by 0.35 ppm towards higher figddmparingl9 and 10-Al(pftb)4). The
formation of benzene was confirmed in the transfénolatiles (in THF-g), revealing a singlet
peak aB = 7.25 ppm ifH-NMR and a® = 130 ppm in thé’C-NMR spectrum.

In order to crystallize complekO-Al(pftb) 4, different ether solutions (THF, 2 or DME) were
layered with non-polar solvents (pentane, toluenbemzene) or vapor diffusion was used. In
this case, the crystals were obtained by slow valpidusion of pentane into a diluted JEx
solution of 10-Al(pftb), at =35 °C. After a long period of time, during datkzation, complex
34 was obtained (eq. 4.8). Dehydrogenation of dietksther and coordination of the

ethoxyethene could be the possible explanatioth®formation of compleg4.
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AQ_I +Al(pftb) ,~ Qj +Al(pftb) 4~

/ Et,O

10-Al(pftb) 4 34

The 'H-NMR spectrum of the crystals was measured 4O revealing two resonances at
lower field (atd = 4.08 ppm and 5.44 ppm), with an integrationor&il. These peaks were
assigned to thg-coordinated vinyl ether ligand and compared wité literature value®® 167
%8 The other resonances from the ethyl group were doamnhigher field (a® = 1.01 and
1.42 ppm).In the **F-NMR spectrum, a singlet peak &t= —79 ppm was observed for the

Al(pftb), anion. Unfortunately, the concentration 3£ in EtO-dip was too low to perform
3C or 2D-NMR analyses.

Molecular representation &4 and selected bond distances and angles are disbiayFigure
4.4 and Table 4.2.

C29 C31

C32
C30

Fig. 4.40RTEP plot o34 with 50% probability level (hydrogen atoms andpiiif), anion were
omitted for clarity.
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Table 4.2 Selected bond lengths [A] and anglefof°tomplex34.

Ir1-N1 1.948(5) Ir1-N2 2.033(5)  Ir1-N3 2.019(5)
Ir1-C26 2.139(7) Ir1-C27 2.223(6) C26-C27  1.381(1)
C27-05 1.340(9) 05-C29 1.432(1) C29-C30 1.489(1)
C30-C31 1.379(1) C31-C32 1.415(1)

N2-Ir1-N3 157.4(2) N2-Ir1-N1  79.2(2) N3-Ir1-N1 78.3(2)
N1-Ir1-C26  168.7(3) N2-Ir1-C26  97.1(3) N3-C26  104.7(3)
N1-Ir1-C27  154.5(3) N2-Ir1-C27  106.6(2) 3N1-C27  94.6(3)
C26-Ir1-C27  36.8(3) Ir1-C27-05  112.1(5) C27-05-C29  115.9(6)
05-C29-C30  113.6(8) C29-C30-C31 110.1(7) C30-C31-C32 112.2(8)

The square planar coordination around the Ir ceistalightly distorted with the sum of the
angles equalling 359.2The ligand occupying the forth coordination sitepépendicular to the
IrNNN plane.The bond distance Ir1-C26 = 2.139(7) A is by 0.88shorter than Ir1-C27. Both
are in the range of reported lgg distances® '’ The C26-C27 distance is 1.381(1) A,
comparable with the C=C bonds reported for the toetinyl ether complexe&>® *"* According
to the literature, the C=C distance in the freeyliether is 1.340(5) A’?> The atoms from
C29-C32 are disordered.

4.3 Synthesis of the novel formaldehyde complex 35

The methoxide abstraction with trityl (AI(pftb)s) from complex4 was another anticipated
method to access the desired Ir(l) cation complexwen polar, less coordinative solvents
(see eg. 4.1). Upon addition of a green solutionashplex4 in benzene to a yellow solution of
PhsCAl(pftb), and stirring for 2 hours a color change to reddisbwn was observed. However,
instead of the desired cationic compound, the nduwptclr(lll) formaldehyde complexX35
was obtained in 64 % vyield (eq. 4.9).
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The *H-NMR spectrum of the colorless pentane extractibithe reaction mixture revealed a
singlet resonance at= 5.4 ppm in gD, which corresponds to triphenylmethane. Com@gx
was fully characterized withH, **C and®F-NMR spectroscopy and elemental analysis. The
'H-NMR spectrum oB5 in THF-d; is consistent with & symmetry, indicating a fast rotation of
the formyl group in solution. The formaldehyde hgarevealed a proton resonance at
5 = 4.0 ppm and®C resonance & = 69.1 ppm, which are highfield in comparison wthie free
aldehyde. These chemical shifts are in the goodesgent with the ones reported for complexes
with an®coordinated formaldehyde, for example [(tmeda)RHCH.0)(CHa4)] (in THF-ds: (*H)

5 = 3.64, t3C) 5 = 70.9 ppm)” and [CPNb(n*CH,0)] (in CsDs: (*H) & = 3.37 ppm, €C)

5 = 67.8 ppm).’* The integration ratio of the formaldehyde liganitl ahe methyl groups is
1:6:3. The"*C-NMR resonance & = 69.2 ppm, which was assigned to Qjtioup is based on a
DEPT-135 experiment. In the coupléiC{*H}-NMR experiment, the Chigroup revealed a
triplet with a coupling constaricy = 166 Hz, typical for sphybridized carbon. According to
the literature,"Jcy coupling constants depend also on the nature efnifighboring atom.
Electronegative substituents lead to an increas¢hef'Jcy valuel™ In case for35, it is
anticipated that the carbon atom (in £CHgroup) is sphybridized, which is in agreement with
results obtained by X-ray crystal structure analy$ior the’H and **C resonances of the
formaldehyde ligand a cross peak in the HSQC enpari was observed (Fig. 4.5).
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Fig. 4.5 HSQC for compled5in THF-cs.

Thev(CO) stretching frequency at 1031 ¢im toluene strongly suggested gihcoordination of
the formaldehyde ligand for which typical stretahiftequencies vary from 1000-1200 ¢r{®
Opposite ton?, n* formaldehyde ligands show much higher energy Gr€tching frequencies
(~ 1600 crit).’" 1" |t is noteworthy that the assigned frequency iidative for back donation
and lengthening of the C-O bond which is confirrbgdX-ray crystal structure analysis.

Reddish-brown crystals were obtained frorgEpentane solution by vapor diffusion (Fig. 4.6).
Selected bond lengths and angle8®are presented in Table 4.3.
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Fig. 4.6 ORTEP plot of comple85 with 50% probability thermal ellipsoids (the Al{pj, anion
and hydrogen atoms (except the formyl ones) weckidgd for clarity).

Table 4.3 Selected bond lengths [A] and anglefof°tomplex35.

Ir1-N1 1.962(1) Ir1-N2 2.098(1) Ir1-N3 2.113(1)
Ir1-O5 2.146(1) Ir1-C27 2.172(2) C27-05 1.390(2)
N2-Ir1-N3 152.9(6) N2-Ir1-N1  75.5(6) N3-Ir1-N1  77.5(6)
N1-Ir1-C27  164.3(7) N2-Ir1-C27  89.5(7) 3M1-C27 117.1(7)
N1-Ir1-O5 156.9(8) N2-Ir1-05  127.1(7) M3-O5  79.6(7)

C27-Ir1-05  37.6(6)

The molecule adopts a square planar geometry arthananetal center with the sum of the
angles equaling 358.8°. The formyl ligand lieshie trNNN plane. The angle between the plane
defined by Ir1-C27-O1 is 37.6°. The C27-O5 bondatise (1.390(2) A) is in the range of the
other formaldehyde complexes reportétd}’* 1* The observed lengthening of the C-O bond,
compared to free formaldehyde (1.225%¥trongly suggesterd back-bonding. In the literature,

the osmium complex [Os(PBKCO)(n*CH0)] with the unusually long C-O bond (1.59(1) A)

was reported and the interaction between osmium fandaldehyde was described as the

oxirane like structuré® It is worth noticing that the C-O bond distancetia starting material
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(1.392(8) A) is only 0.002 A longer than 35 (vide infra), which suggests that the ligand (C-O)
retained the same hybridization after the reactitime Ir1-O5 bond distance (2.146(1) A) is
shorter than the Ir-C27 distance (2.172(2) A). Tiekaviour is mostly observed when the metal

r182, 179

centers have an oxophilic charatté as it could be suggested in case for compEx

4.3.1 Mechanistic aspects

There are several different routes for the synghe$ialdehyde complexes. Mostly, they are
prepared by using paraformaldehyde as the sourteafesired ligartd® *®*or reduction of the
carbon monoxide by appropriate metal hydritfas'®® The third possibility for the synthesis of
aldehyde complexes isfhydride elimination of alkoxide complexes to give
hydridoformaldehyde intermediat&¥: 138 8% Formation of such an intermediate is anticipated
for the reaction according to eq. 4.9.

The proposed mechanism (Fig. 4.7), involves them&tion of the formyl hydrido complex. The
hydride ligand is then abstracted by the trityliaatgiving 35 and triphenylmethane. DFT
calculations (B3LYP, LACVP** basis set) on the mbdemplex4a were performed for the

formation of the formyl hydride.

AE(kcal/mol)
‘ 178 P LEA
Ho o AH
—N7H  CH,
— N—Ir—0 134
=N A H

H H H H
20 p —=N{" cH,
— TS +26 — N__/'f_” H H,
=N, O —ntHo
H . |

W oH Y e e
=N / —N., CH
—__N—Ir—0 H H 2
10 _N\H +14

H +12 ]
"90° rotation of OMe" 180° rotation of OCH

H,__-H

0 ~=N
uqﬁlr—o\ 4a
=N CH

H H 3

Fig. 4.7 Energy barrier for the formation of formyl hydridomplex.

Previously, the preference for the in-plane coatiom of the methoxide group if\a was
established by our group, with an energy differemic&2 kcal/mof** The energy barrier frorta
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to the formyl hydride is 26 kcal/molhe transition state (TS) resembles the productcandoe
described as late transition state according to Hlaenmond postulate® The imaginary
frequency for the transition state correspondshtartening of Ir-H bond distanc&he formyl
hydrido complex is 14 kcal/mol higher in energyrtda with the hydride and oxygen in tloes

position.

In order to confirm the reaction pathway, IRC cédtions were carried out (B3LYP, LACVP**
basis set)Starting from the saddle point (TS), the forwardcediion led to the formyl hydride
and the reverse reaction mode to the starting bt

The second part of the proposed mechanism invdlydside abstraction. According to DFT
calculations, the reaction is thermodynamicallyofad (in the gas phase) for the formation of
the formaldehyde complex and triphenylmethane bkc®mol (eq. 4.10).

H —NT’H o H__-H I
< N—ir—|| + PRCt —— NP+ PRCH (4.10)
H _N\H CH2 H N\H CH2

AE= -23 kcal/mol

The B-hydride elimination from methoxo complexes wasatly reported by Bryndza et al. in
the case for Pt(lIl)(DPPE)(OMg)The thermolysis of the latter, which generateshameol and
formaldehyde oligomers at 30 °C, was explained byehanism involving a pre-equilibrium
with ap-hydride eliminatiort®” Milstein et al. established the same mechanismaricsctahedral
Ir(1NCI(H)(OMe)(PRs3); complex®®

To the best of our knowledge this is the first Wultharacterized and isolated iridium

r]z-formaldehyde complexThe reactivity of latter, especially towards, ldnd CO, is still

unexplored and will be left for further studies.
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4.3.2 Different reactivity of the Rh(l) methoxo conplex 3

The reaction according to equation 4.9 was repeftethe Rh analogue. Upon addition of a
green solution oB in benzene to a yellow solution of &1Al(pftb)s, a color change to brown
was observed. However, instead of formaldehyde comg, the cationic comple86 was

obtained (eq. 4.11).
" +AI(pftb) ,”
_NS 2 _S 2

N
PhsCAl(pftb) \ H(Et,0),][Al(pftb
oM 4 S e < HEROLIAIP(D) 4
= / CgHe, THF / THF, -MeOH
= —-Ph;CH,Ph,COMe =N
3 36 3

The 'H-NMR spectrum of the colorless pentane extractibrthe reaction mixture revealed
singlet resonances at= 5.40 ppm (for the CH group) and 2.96 ppm (fa thethyl group) in
CsDe with a 1:1 integration ratio, which correspondriphenylmethane and trityl-methyl ether
(Note the residual compound is not soluble in pentafie®'H-NMR spectrum o86 in THF-
revealed two singlet peaks of the methyl groupsd(at 1.98 and 2.30 ppm) with an 1:2
integration ratio as expected fop,Gymmetry in complexd6. In the*F-NMR spectrum, one

resonance a =-76.30 ppm assigned to the Al(pfi@nion was observed.

The alternative route to synthesize compl& was by mixing THF solutions 08 and
[H(Et:O)][Al(pftb) 4]. As in the reaction according to eq. 4.4, methamwas eliminated
(see section 4.2). Proton and carbon resonanc@azn be compared with the resonances from

triflate complex9*’, confirming that there is no anion effect involved
The crystals were grown by a slow vapor diffusidémpentane to a diluted diethyl ether solution

of 36. During crystallization, compourél/ was obtained, which was confirmed by X-ray crystal
structure analysis (eq. 4.12).
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_Q —Q_I +Al(pftb) ,~
— —N
N ON

N Ph,CAI(pftb),,
78 \ GHs "
N—Rh—OMe - N—Rh—l R (412
— / cryst. from /
=N Et,0O/pentane =N
—%j R =—(CH,)3CHs;
3 37

Molecular presentation and selected bond distamcdsingles were displayed in Figure 4.8 and
Table 4.4.

Ca9 C3f

Fig. 4.8 ORTEP plot of comple87 at 50% probability level (hydrogen atoms and thg#ib),

anion were omitted for clarity).
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Table 4.4 Selected bond lengths [A] and anglefof°tomplex37.

Rh1-N1 1.946(6) Rh1-N2 2.053(6) Rh1-N3  2.046(6)
Rh1-C26 2.160(8) Rh1-C27 2.195(1) Cz5-C  1.310(1)
C27-05 1.308(1) C29-05 1.451(1)

N2-Rh1-N3  157.4(2) N2-Rh1-N1  79.0(2) N3-Rh1-N1  78.5(2)
N1-Rh1-C26  167.7(3) N2-Rh1-C26  98.2(3) N3-Rh1-C26  103.4(3)
N1-Rh1-C27  157.3(4) N2-Rh1-C27 105.3(4) N3-Rh1-C27  96.1(3)
C26-Rh1-C27 34.9(3) Rh1-C27-05 113.9(6) C27-O5-C29  114.6(9)

05-C29-C30  74.0(2)

Complex 37 is isostructural with comple®4, crystallizing in the space group #2 The
geometry around the Rh center is distorted squiamap with the sum of the angles equaling
359°.The alkene, as the forth ligand is oriented permemakly to the plane defined by Rh1, N1,
N2 and N3 atoms. The rhodium center is bound to @k@ C27 wh the distance
Rh-C26 = 2.160(8) A and Rh-C27 = 2.195(1) A, refipety. The C26-C27 bond distance
(1.310(1) A) is slightly longer than in Ir analogighe R values are less than 10 % for both
complexes (R34) = 0.0661, R37) = 0.0772).

In this chapter, syntheses of novel cationic comgdewere presented. In comparison to the
synthesis of compled0, a new, straightforward synthesis was describegifeparation of the
10-Al(pftb) , followed by the elimination of methanol. This reant was studied by low
temperature NMR and the mechanism was proposed.

Synthesis and characterization of the novel Pkii,)(n>CH,0)]" complex as well as DFT

calculations concerning the mechanism for the foionaof the latter was also described.
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5 Summary

The research described herein is an extension antingation of previous research work
developed within the group, in the area of C-Hwatton of alkanes to alcoholsa square planar
late transition metal monomeric Rh, Ir(lll) oxo cplexes with a terminal oxo unit,M=0. The
central theme of the current work was to try anovjate further evidence for each sequential
step of the proposed catalytic cycle for this pssc&yntheses and characterization of the desired
complexes and direct observation or isolation @ictee intermediateand productsvas the

focus of the experimental work.

A range of square planar starting materiatd @) using sterically demanding terdentate pyridine
diimine ligands was prepared. The first approachridr oxo complex was the direct oxidation
of the Ir(l)-hydroxo comple»6 with different strong oxidizing reagents. Howevenexpected
compounds were obtained. Using 2 equivalents oftlienthrene radical cation ar@lin a
dimethoxyethane (DME) solution, the Ir(lll)-hydri@@mplex11 with DME coordinated to the
metal center was isolated. The source of the hgdvichs not conclusive. An independent
experiment (formation df2) showed that the hydride did not originate frora kiydroxide group

in 6. The use of a different oxidizing reagent, “magicie” led to the formation of the
Ir(111)-dichloro complex13 with THF coordinated to the metal center.

Another route to the oxo complélx by hydride abstraction from the hydroxide grougbiwas
pursued with trityl-PE However, due to crystallographic problems, tlgarid occupying the
fourth site on the metal centerid was not resolved. It is noteworthy, that severabX crystal
structure analyses were undertaken and apart fierfourth ligand, all the other atoms from the

terdentate ligand were anisotropically refined veithall R-values.

According to DFT calculations, amine N-oxides wgreposed as possible co-catalysts in the
catalytic cycle that can react with the cationionpdex 29 to yield Il . It was also calculated that
by increasing the number of phenyl groups coordihdb the nitrogen of the amine N-oxide,
starting from trimethylamine N-oxide, the formatiof Il would be thermodynamically more
favorable. ThereforeMe,PhNO and MePh,NO were synthesized and their X-ray crystal
structures determined. The distances between twiaeai-oxides (including MéNO) were

comparable. This finding was opposite from what wapected, since electron withdrawing
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phenyl groups were introduced. Through a crystakipg analysis, it was found that strong
intermolecular and intramolecular CH---O hydrogen bonding is present and presumably
responsible for the aforementioned result. In thaction of the triflate compled0 and
Me,PhNO, the formation of free amine was confirmed. Unfo#tely, the fate of the oxygen

atom is still unclear.

The activation of molecular oxygen and the fornmratd a peroxo species was also at the center
of this work. In order to improve the solubility tie desired complexes, the exchange of the
triflate anion in10 was accomplished either with NaB4ror LiAl(pftb)s giving complexes
10-BArF, and10-Al(pftb) 4, respectively. When the latter was reacted witygex, the tentative,
paramagnetic peroxo compldk was obtained. DFT calculations indeed confirmed ¢htriplet
state (S=1) is preferable. In the reaction withFPandlll , the cationic phosphine compléx

and free P¥PO were formed.

The reaction chemistry of the formal Rh”(0)” comydse was a significant part of this project.
CompoundV was synthesized by the reduction of the Rh(l) mhlor methoxo complexes
(1a or 3a) with Na/Hg in THF solution under argon atmosphétaramagnetic character gf
was confirmed with EPR experiment. DFT calculatioegealed that the spin density of the
electron is essentially located within the pyrididiemine ligand. Unfortunately, attempts to

obtain crystals for an X-ray crystal structure gael were unsuccessful.

The reactivity ofV was tested with different reagents. In dichlordmat, it reconverts to the
chloro complexla. Upon addition of MgSiNs in V, the Rh(l) azido complek5 was obtained. In
the reaction with adamantyl-1-azide, the paramagrgtecied/I was formed. Although further
characterization was unsuccessful, the structukd afias tentatively assigned to a Rh(ll) imido

species.

Alternatively, when the reduction dfa was performed under an,ldtmosphere, depending on
the alkyl substituents on the phenyl rings, dinacler mononuclear dinitrogen complexe®
and 17 were isolated. To the best of our knowledgé,is the first example of a mononuclear
Rh(0)dinitrogen complex. As in the case\f DFT calculations showed that the spin density is

delocalized within the pyridine diimine ligand.
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Further focus of this research was the improveroémihe synthesis of methyl complé8 and
establish evidence for the Ir(lll) intermediate posed for the mechanism in the case of
intermolecularC-H activation ofl8 in benzene. In the reaction of the phenyl com@d@xand

Ho, the Ir(lll) trihydride 20a was obtained. This compound showed fluxionalitythed hydrido
ligands in the'H-NMR spectra. Low temperature NMR and fieasurements confirmed the
presence of a trihydride species. DFT calculati@vealed that the energy difference between
the trihydride20aand the dihydrogen hydrid®b complexes is very small.

Further evidence for a two-step C-H activation naedém (oxidative addition and reductive
elimination) was the extended low temperature NMERJ of the Si-H activation process in
trimethylsilane of the methoxo compldxThe Ir(l) mono-hydrid0 was obtained, followed by

the formation of trimethysilylmethoxide.

A suitable route to both iridium and rhodium monathde complexes from the related fluoride
complexes was investigated. Using TASF as a flabing reagent in the reaction with the
triflate complexes9 and 10, the Rh,Ir(l)-fluoro complexe22 and 23 were obtained. Both
complexes crystallize with (MBI);SOTf. Using a new fluoride source, TBAF, by metathef

the chloride ligand from, 1laor 2, the fluoro complexe24, 25 and26 were obtained.

One of the most important reactions in the alkamectionalization is the C-O reductive
elimination process. During this study, C-O elintioa of methanol (from the hydroxo complex
6 and methyiltriflate) was followed by low temperattif-NMR spectroscopy. The formation of
the hydroxo, methyl intermedia was detected. DFT calculations on the mechanis@-6f

reductive elimination were also investigated. Arotlexample of C-O bond formation was
observed in the reaction of the methoxo compléxes4 and two equivalents of methytriflate.

In both examples dimethyl ether was eliminated.

Finally, different approaches to obtain cationienptexes were pursued. In the reactiod @ind
tris-(pentafluorophenyl)borane, depending on theest, complexe80 and31 were obtained. If
the reaction was performed in dichloromethane,Itfig)-dichloro hydride 30 was isolated. In

the case when diethyl ether was used, the cattmmplex31 was formed.

When one equivalent of the Brgnsted acid [HUBA[Al(pftb) 4] was added to the methoxo
complex4, complex10-Al(pftb) 4, was formed and methanol was eliminated. Low teatpes
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'H-NMR measurements were undertaken in order to igeoevidence for the proposed
mechanism. The formation of the Ir(lll)-hydrido rhekide complex32, followed by reductive

elimination of methanol strongly support the medsian scenario. However, a competing
reaction also takes place and depending on theeatmation of the acid, the Ir(ll)-hydrido

complex33 can be obtained.

Complex10-Al(pftb) , can be synthesized via different routes, eithethieysimple metathesis of
the triflate anion froml0 with LiAl(pftb), already described above or upon addition of the
aforementioned acid to the phenyl compl&x

In the reaction of4 and trityl-Al(pftb)s, the noveln®Ir(lll) formaldehyde complex35 was
prepared. A possible mechanism for this reactios ingestigated with DFT calculations. The
proposed mechanism involves the formation of thenfddehyde hydride species obtained by
B-hydride elimination from the methoxide ligand,léoved by a hydride abstraction with trityl.
The outcome for the reaction of the analogous Rh@jhoxo comple® and trityl-Al(pftb),, was
different. Instead of the formaldehyde complex,afianic specie$86 was obtained. The same
compound was independently synthesized wh8n was reacted with the acid,
[H(Et20)2][Al(pftb) 4.
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6 Experimental Section

6.1 General Procedures

Unless otherwise noted, all manipulations were qgeréd at room temperature under an
atmosphere of purified nitrogen or argon eitheriglove box (M. Braun) or using standard
Schlenk/vacuum line techniques. Solvents used jotheses were dried thoroughly using
appropriate drying agent and distilled under niémogatmosphere. Deuterated NMR solvents
were purified dried and degassed with “freeze-puhgw” method. Pentane used for the

preparation of the cation complexes was purifieddiipwing procedure from the literatuté*
Instruments used for characterization:

'H-NMR spectra were recorded on Varian Gemini 2000 Bruker Avance 400 spectrometers

operating at 200 and 400 MHz respectively.

13c{*H}-NMR spectra were recorded on a Varian Gemini ®Ghd Bruker Avance 400
spectrometer operating at 50 and 100 MHz respdygtive

19F{lH}-NMR spectra were recorded on a Varian Gemini @&pectrometer operating at
188.1 MHz.

31p{H}-NMR spectra were recorded on Bruker Avance 49€ctrometer operating at 162 MHz.

Chemical shifts are given in ppm and were referénie the residuafH solvent shift or
13C-NMR solvent shift. If not specially noted, allespira were recorded at RT.

The assignment dH NMR and™*C NMR resonances is based on C-H correlation ifNAIR
spectra (DEPT, HSQC and HMBC experiments).

IR spectra were measured on a FTP&kin Elmer Spectrometer 1720.
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ESI mass spectra were measured on a Bra&QUIRE-LCquadrupole ion trap instrument
equipped with a combined Hewlett-Packard Atmosghé&iessure lon (API) source at the

University of Zurich.

Mass spectra were measured on Finnigan MAT 843€@epeter at the University of Zirich.
ESR spectra were recorded in the X-Band (9.45-@H3) on a Bruker ESP-300E instrument.
UV/VIS spectra were measured on a Cary 50 Scan W&/sgectrophotometer.

X-ray crystal structure analyses were performedaoS8TOE-IPDS image plate system with

monochromated Md&a (0.70713 A) beam at the University of Zirich amdeoBruker SMART

CCD diffractometer with Md<o. (0.70713 A) beam at the University of Hamburg. [oe

structure determination and refinement SHELXS-86 8HELX-97 programs were uset: %3

Elemental analyses were measured on a Heraeus Gidid Rnalyzer.
Cyclic voltammetry was carried out in THF/0.4 M BIPR using a three-electrode
configuration in the glove box at room temperaturee potential was controlled with a BAS-

100W potentiostat (Bionalytical Systems Inc.).

DFT calculations were performed with Jaguar (ver€d) using B3LYP (X3LYP) hybrid and
LACVP** (6G-311G**™™) basis set.
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6.2 Synthesis and characterization of the novel Réind Ir complexes

The below mentioned compounds were synthesizeoWiolh the procedure from the literature:

- Di-p-chloro-tetrakis(ethene)dirhodium(l) [Rhu€),Cl]» ***

- Di-p-chloro-tetrakis(cyclooctene)diiridium(l) [EOE)CI], ***
- Di-p-chloro-tetrakis(ethene)diiridium(l) [Ir@El4)2Cl],*®

- Tetrabutylammonium-fluoride TBAF?

- Dimethylphenyl amine N-oxide MEhNO"

- Diphenylmethyl amine N-oxide MeR{O 1% 72
-Trimethysilane MgSiH **

- LiAl(pftb) 4, AgAl(pftb), %

- PhyCAI(pftb),

- [H(EL0)][Al(pftb) 4] **°

- 2,6-Bis-[1-(2,6-Dimethylphenylimino)ethyl]pyridindsMe4 and 2,6-Bis-[1-(2,6-Diisopropyl-
phenylimino)ethyl]pyridine'Pry,N3 4t %7

- 4-tert-butyl-2,6-diacetylpyridine and relateddigf*

- Complexed-7, 9and17, 19, 20*4 4

The general numbering scheme used for the assignmh@mnoton and carbon resonances in the
'H and™®*C{*H}-NMR spectra for all complexek- 36is shown in Fig. 6.1.

4 2
5| |1
N
N\ l /N CaromCH3
Y
CHarom
M =Rh, Ir

Fig. 6.1 Numbering scheme for NMR resonances usedmplexed - 36.
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6.2.1 Syntheses from Chapter 2
[Ir(N sMes)Me(OTH),] - 8

[Ir(N3Me4s)OMe] 4 (840 mg, 1.51 mmol) was dissolved in 10 ml of ¢évla. MeOTf (0.33 ml,
3 mmol) was added via syringe at room temperafline. mixture was stirred over night. The
solvent was removed in vacuum and a light greedymbwas obtained. The crude product was

washed with pentane €10 ml).
Yield: 96 % (1.26 g, 1.44 mmol).

'H-NMR (CD:Cl,): 3=1.08 (s, 3 H, Ir-Ch); 2.12 (s, 6 H, Ch); 2.40 (s, 6 H, CH); 2.79 (s, 6 H,
CN-CHg); 7.18 (M, 6 H, Chlon); 7.95 (s, 3 H, CH(2,3,4)).

3c{*H}-NMR (CD.Cl,): 5 = 18.3 (CN-CH); 19.5 (CH); 19.8 (CH); 21.4 (Ir-CH); 127.6
(CH(2,4); 128.7, 129.3, 129.5 {GH); 134.1 (GronrCHa); 138.5 (CH(3)); 144.6 (§onlN); 184.0
(C=N).

PF{*H}-NMR (CD,Cl,): 5=-80.1 (s, 3 F, OTf)=80.7 (s, 3 F, OTf).

[Ir(N sMe,)(THF)]OTf - 10

[Ir(N3sMeg)Me(OTH),] 8 (506 mg, 579umol) was dissolved in 10 ml of THF. A solution of
[Ir(NsMes)OMe] 4 (344 mg, 579umol) in THF (10 ml) was added at room temperatoréhe
reaction vial. The mixture was stirred for 2 hourke color changed from green to dark brown.

The solvent was evaporated. The crude product eagstallized from THF/pentane35 °C).
Yield: 94 % (778 mg, 994mol).

'H-NMR (THF-ds): 5 = 1.80 (s, 6 H, CN-Ck); 1.61 (m, 4 H, THF); 1.81 (m, 4 H, THF) 2.24
(s, 12 H, CH); 7.23 (m, 6 H, CHon); 8.10 (d, 2 HJ = 8 Hz, CH(2,4)); 8.55 (t, 1 Hl = 8 Hz,

CH(3)).

13C{*H}-NMR (THF-dg): 3 = 17.6 (CNEHs); 18.5 (CH); 123.9 CaonrCHs); 125.1 (CH(2,4);
128.2 128.5, 129.7 (rH); 131.9 (CH(3)); 150.0 (GonrN); 166.4 (C(1,5)); 179.8 (C=N).
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PF{*H}-NMR (THF-dg): 8 =-78.92 (s, 3 F, OTf).

Elemental analysis:
Calculated for GoH3sN30O4F3SIr: C 46.00, H 4.47, N 5.37;
Found: 873, H 4.13, N 5.65.

[Ir(N sMe4)(THF)]Bar 74 - 10-Bar,

[Ir(N3sMey)THF]OTf 10 (100 mg, 0.13 mmol) was dissolved in 10 ml of THIRd added to
NaBAr~ (0.8 g, 0.91 mmol). The mixture was stirred foh1filtered and the solvent was
evaporated. The crude product was extracted wéthdi ether and left at35 °C to crystallize
off the excess of NaBAFT. The latter was filtered and the solvent was evated.

Yield: 33 % (61 mg, 43 umol).

'H-NMR (THF-ck): 8= 1.77 (s, 6 H, CN-C}); 2.22 (s, 12 H, CHJ; 7.24 (m, 6 H, CHon); 7.57
(s, 4 H, BAG); 7.79 (s, 8 H, BAf); 7.92 (d, 2 HJ = 8 Hz, CH(2,4)); 8.45 (t, 1 H = 8 Hz,
CH(3)).

YF{'H}-NMR (THF-dg): 3 =-64.0 (s, 24 F, BAf).

[Ir(N sMe4;)ONMes]BAr 74 - 10b

MesNO (3.3 mg, 44 umol) was added to a solution ¢NdMe,) THF]OTf 10 (50 mg, 33 pmol)
in THF (10 ml). The mixture was stirred for 15 mifhe solvent was evaporated and the crude
product was washed with pentane (2 x 5 ml). Thdeproduct was dissolved in THF and left to

crystallize at —35 °C.

IH-NMR (THF-ck): & = 1.11 (s, 6 H, CN-CJ; 2.10 (s, 12 H, CJ; 2.45 (s, 9 H, MéNO); 7.15
(M, 6 H, CHron): 7.57 (s, 4 H, BAF); 7.80 (s, 8 H, BAf); 8.05 (d, 2 HJ = 8 Hz, CH(2,4));
8.75 (t, 1 HJ = 8 Hz, CH(3)).
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[Ir(N sMe4)(H)DME](PFe); - 11

[Ir(N3sMe4)OH] 6 (50 mg, 9umol) was dissolved in 5 ml of DME and added to@eti solution
of thianthren&PFs (66 mg, 184umol) in DME. The color changed from violet to dagd. The

solvent was evaporated in vacuo and the crude ptadas crystallized from DME/pentane36
°C).

Yield: 46 % (48 mg, 43 umol).

'H-NMR (CD,Cly): & = -=32.50 (s, Ir-H); 2.25 (s, 6 H, G} 2.28 (s, 6 H, Ch); 2.82 (s, 6 H,
CN-CHy): 3.10 (m, 2 H, DME); 3.32 (s, 3 H, DME); 3.48 (&H, DME); 3.67 (s, 3 H, DME);
7.02-7.32 (M, 6 H, Ckbn): 8.26 (s, 1 H, CH(3)).

PF{*H}-NMR (CD,Cl,): =71.2 (6 F, PR, -75.69 (6 F, P§.

'H-NMR (THF-ck): & = =31 (Ir-H); 2.20 (s, 6 H, CH); 2.38 (s, 6 H, Ch); 2.80 (s, 6 H, CN-
CHs); 3.28 (s, 3 H, DME); 3.42 (m, 2 H, DME); 4.114tH, DME); 6.42 (d, 2 H, CH(2,4)); 7.1-
7.30 (M, 6 H, Clalon); 8.30 (t, 1H, CH(3)).

PF{*H}-NMR (THF-dg): 5 =-72.5 (6 F, PR); -76.3 (6 F, PF).

3p{IH}-NMR (THF-dg): 8 = —143.4 (sept, PJ.

[Ir(N sMe4)(DME)(H)]PF ¢OTf - 12

[Ir(N3sMey) THF]OTf 10 (50 mg, 64 pmol) was dissolved in 5 ml of DME autiled to a solution
of thianthren&PFRs (64 pmol) in DME. The color changed from dark brote red. The mixture
was stirred for 15 min and solvent was evaporaléé. crude product was extracted with DME
and filtered. The solvent was evaporated. The cermplas crystallized from DME/pentane
(=35°C).

"H-NMR (THF-dk): 8 = =32.7 (Ir-H); 1.94 (s, 6 H, C§; 2.18 (s, 6 H, Ch); 2.49 (s, 6 H,
CN-CHg); 2.79 (m, 2 H, DME); 3.27 (s, 3 H, DME); 3.43 (ra,H, DME); 6.62 (d, 2 H,
CH(2,4)); 7.04-7.30 (m,6 H, GRn); 8.38 (t, 1H, CH(3)).
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13c{*H}-NMR (THF-dg): 8 = 15. 3 (CH, DME); 15.5 (CH, DME); 16.6 (CH-CN); 23.3 (CH
(overlaps with THF signal)); 127.1, 128, 128.44&H); 129.3 (GronrCH3); 130.1 (GronrCHa);
134.5 (CH(3)); 140.2 (CH(2,4); 143.846:N); 160.7 (C(1,5)); 184.6 (C=N).

91 H}-NMR (THF-dg): 8=-72.5 (3 F, PB); -76.2 (3 F, PB); -80.4 (3 F, OTY).

[Ir(N sMes)(THF)CI ] ShCls - 13

[Ir(N3sMeg)OH] 6 (53 mg, 97,6umol) was dissolved in 5 ml THF and added to a smhubf
N-(p-bromophenypSbCk (159 mg, 195 pumol) in THF. The reaction mixtureswstirred for

2 hours. The color changed from green to brown. Sidieent was evaporated. The crude product
was dissolved in THF and filtered through a glaksrf The solvent was reduced to half of its

volume and pentane was adde@4 °C).
Yield: 23 % (23 mg, 22 pmol).

'H-NMR (THF-tk): 8 = 1.58 (M, 4 H, Chin); 2.44 (s, 12 H, CkJ; 3.10 (s, 6 H, CN-CHJ; 3.36
(M, 4 H, CH-Ox); 7.20 (M, 6 H, Chion); 8.43 (t, 1 H, CH(3)); 8.55 (d, 2 H, CH(2,4)).

BC{H}-NMR (THF-dg): & = 19.1 (CN-CH); 21.7 (CH); 26.4 (CHu); 74.9 (CH-Ow); 129.4,
131.4, 133.0 (GonH); 130.8 (GrontCHs); 142.2 (CH(2,4) or CH(3)); 145.7 {GwN); 160.3
(C(1,5)); 186.7 (C=N).

Elemental analysis:
Calculated for GgH4oClglrN303sSb: C 36.98, H 4.22, N 3.59;
Found: C 36.46, H 4.44, N 3.64.

[Rh(N5Prs)OMe] - 3a

[Rh(NgiPr4)CI] 1a (300 mg, 485 umol) and NaOMe (42 mg, 775 pmolewsaced in a Schlenk
tube and 20 ml of methanol was added. The mixtuas stirred for 1h and the solvent was

evaporated. The crude product was washed with pen{5 ml) and dried in vacuum. The
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product was extracted into toluene and filteredudlgh a glass filter. The solvent was removed in

vacuo. Green crystals were obtained from a tolymmeane by vapor diffusior85 °C).
Yield: 71 % (212 mg, 344 pmol).

H-NMR (CgD¢): 8 = 1.09 (d, 12 H3J = 7 Hz, CH(®3),); 1.24 (d, 12 H3J = 7 Hz, CH(GH5),);
2.10 (s, 6 H, CN-CH); 3.16 (sept, 4 HJ = 7 Hz, GH(CHs),); 4.28 (s, 3 H, OCH); 6.98-7.19
(M, 6 H, CHyom); 6.80 (d, 2H, CH (2,4)); 7.82 (t, 1R = 8 Hz, CH (3)).

BC{*H}-NMR (C¢Dg): & = 17.5 (CN-CH); 24.0 (CHCHa3),); 24.2 (CHCHa),); 28.8
(CH(CHs)2); 121.8 (CH(3)); 123.6 (§onH); 124.5 (CH(2,4)); 127.1 (§onH); 140.5 (Gronr PY);
146.2 (GrontN); 156.3 (C(1,5)); 166.9 (C=N).

Elemental analysis:

Calculated for gH46N3ORh: C 66.33, H 7.53, N 6.83;
Found: C 64.16, H 7.22, N 6.82.

[Rh(N3Prs)Ns] - 15

The rhodium radicaV/ (20 mg) was dissolved in 5 ml of THF and 48&\3; (4.6 ul, 34.2 umol)
was added. The mixture was stirred for 2 hours. ddier changed from violet to green. The
solvent was evaporated and the crude product waasavith pentane (2 x 2 ml). Crystals were
obtained from a solution of THF/pentane at —35 °C.

Yield: 71 % (15.6 mg, 24 pmel based on compleka).

'H-NMR (THF-ck): & = 1.05 (d, 12 H3J = 7 Hz, CH(QG3),); 1.14 (d, 12 H3J = 7 Hz,
CH(CHs),); 1.65 (s, 6 H, CN-CHJ; 3.06 (sept, 4 HJ = 7 Hz, GH(CHs),); 7.08-7.20 (m, 6 H,
CHaron); 7.87 (d, 2 H3J =8 Hz, CH (2,4); 8.47 (t, 1 H) = 8 Hz, CH (3)).

BC{H}-NMR (THF-dg): & = 16.4 (CN-CH); 22.7 (CHCHa),); 27.9 CH(CHs),); 122.2
(CH(@)); 122.5 (GronH); 124.5 (CH(2,4)); 126.1 (GonH); 139.5 (Gronr PT); 145.3 (GronrN);

155.2 (C(1,5)); 166.6 (C=N).

IR (toluene) vy = 2031cn.
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Elemental analysis results were not adequate i&perating the measurements several times.
[Rh(N5PrgNy] - 17

[Rh(N:Pr,)CI] 1a (100 mg, 161 pumol) was dissolved in 5 ml of THF added to Na/Hg

(550 mg, 183 pmol) in THF. The mixture was stirfed1.5 h. The color of the mixture changed
from green to brown. The solvent was evaporated taedcrude product was washed with
pentane (85 ml). After removing pentane in vacuum, the brogrmoduct was extracted into
toluene and filtered. The solvent was evaporatetie Tcrystals were obtained from

toluene/pentane solution at —35 °C.

Yield: 76 % (75 mg, 122 pmol).

"H-NMR (CsDe): 8 = 2.28 (br); 3.55(br); 5.60 (br).
IR (toluene)vyn = 2139 crit

ESR (in toluene): g = 1.99 (3500 G) at RT.
Elemental analysis:

Calculated for ggH43NsRh: C 64.70, H 7.07, N 11.43;
Found: C 65.04, H 7.39, N 9.59

6.2.2 Syntheses from Chapter 3

[Ir(N sMes)Me] - 18

Alternative syntheses

a) [Ir(N3sMe4)OMeg] 4 (21 mg, 36 umol) was dissolved in 5 ml of toluemal cooled down to
—35°C. A 2M solution of ZnMgin toluene (9 ul, 18 umol) was added. The reaatidtture was

allowed to warm up to room temperature and wasestifor 2 days. The solvent was evaporated

110



and the crude product was extracted into diethyleret After filtration, the solvent was

evaporated antH-NMR recorded.

Yield: 70 % (14 mg, 24 umol).

b) [Ir(NsMes)OH] 6 (20 mg, 34 umol) was dissolved in 5 ml of THF aodled down to —35°C.
A 2M solution of ZnMe in toluene (17 pl, 34 pmol) was added. The mixtwes stirred until

room temperature was reached. The mixture wasddtand the solvent was evaporated.

Yield: 72 % (15 mg, 26 pumol).

H-NMR (THF-d): 0.21 (s, 6 H, CN-CHJ; 1.97 (s, 12 H, C); 6.91 (s, 3 H, Ir-Ch); 7.0 — 7.19
(m, 6 H, CHyom); 8.40 (dJ=8 Hz, 2 H, CH(2,4)); 8.91 (8= 8 Hz, 1 H, CH(3)).

[Rh(N3Me4)F](Me,N)sSOTf - 22

[Rh(NsMes) THF]OTf 9 (100 mg, 144 pumol) was dissolved in 10 ml of TH¥ aadded to a
solution of TASF (40 mg, 144 pumol) in THF. The aqobthvanged from brown to dark green. The
mixture was stirred for 15 min and then filteredotigh a glass filter. The solvent was
evaporated. The crude product was dissolved in 6ffiHF and 1 ml of pentane was added to
precipitate colorless crystals (of M&F). The product was re-filtered to yield greeystals.

Yield: 61 % (71 mg, 88 umol).

'H-NMR (THF-k): & = 1.64 (s, 6 H, CN-CK); 2.14 (s, 12 H, CHJ; 2.76 (18 H, (Me\)sS);
7.03-7.08 (M, 6 H, Ckbn): 7.85 (d, 2 HJ = 8 Hz); 8.49 (t, 1 H) = 8 Hz).

B3C{*H}-NMR (THF-dg): = 16.5 (CN-CH); 18.5 (4 CH); 38.2 ((MeN)sS); 122.9 (CH(3));
126.1 (CH(2,4)); 128.7, 131.2 {GH); 149.1 (GrontN); 158.1 (C(1,5)); 168.1 (C=N).

Y%F{*H}-NMR (THF-dg): 5=-80.0 (3 F, OTf), -158.1 (1 F, Rh-F).
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Elemental analysis:
Calculated for HssFsNeOsRhS: C 47.76, H 5.64, N 10.44, S 7.97,;
Found: C 47.46, H 5.8510.49, S 7.69.

[Ir(N 3M€4)F](M€2N)3SOTf - 23

[Ir(N3Meg) THF]OTf 10 (73.3 mg, 94 umol) was dissolved in 10 ml of THk aadded to a
solution of TASF (26 mg, 94 umol) in THF. The cotdranged from brown to dark green. The
mixture was stirred for 15 min and filtered througlglass filter. The solvent was evaporated.
The crude product was dissolved in 5 ml of THF anail of pentane was added to precipitate
colorless crystals (of M&8IF). After a second filtration product was pla@d-35 °C and green

crystals were obtained.

Yield: 60 % (50 mg, 56 pmoal).

'H-NMR (THF-ck): & = 1.01 (s, 6 H, CN-CK); 1.98 (s, 12 H, CHJ; 2.73 (18 H, (MeN)sS);
7.03-7.05 (M, 6 H, Ckbn): 8.01 (d, 2 HJ = 8 Hz); 8.45 (t, 1 H) = 8 Hz).

3C{*H}-NMR (THF-dg): = 18.6 (CN-CH); 18.4 (4 CH); 38.3 ((MeN)sS); 120.4 (CH(3));
123.9 (CH(2,4)); 126.7, 128.6, 131.6,(&H); 153.8 (GrontN); 165.5 (C(1,5)); 172.7 (C=N).

YF{*H}-NMR (THF-dg):  =-79.6 (3 F, OTf)-128.0 (1 F, Ir-F).

Elemental analysis:
Calculated for gH45FsNeOslIrS, (-3THF): C 47.59, H 5.07, N 7.57;
Found: C 47.47, H 4.976 N7.

[Ir(N sMe4)(Me)(OTf)(CH sCN)]OTf - 28

[Ir(N 3sMe4)(Me)(OTf),] 8 (20 mg, 23 umol) was dissolved in acetonitrilee ™olor from green
changed to red. The solvent was evaporated anprtaeict was dissolved in THF/pentane and

left to crystallize. The reaction was quantitative.

'H-NMR (CD,Cl,): 3= 0.84 (s, 3 H, Me); 2.18 (s, 6 H, 2 @H2.21 (s, 3 H, CECN); 2.40 (s, 6
H, 2 CH); 2.80 (s, 6 H, 2 CKHCN); 7.23 (m, 6 H, CHlon); 8.24-8.35 (m, 3 H, CH(2, 3, 4)).
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BC{*H}-NMR (CDCly): & = 2.0 (s,CHsCN); 16.9 (CN-CH)); 17.4 (CH); 17.6 (CH); 23.3
(I-CHs); 120.5 (CH(2,4); 126.5-128.5 f{GH); 139.3 (CH(3)); 141.6 (§onrCHs); 155.5
(CaronN); 181.0 (C=N).

PF{*H}-NMR (CD,Cl,): 8 =-79.50 (s, 3F, OTf)=79.62 (s, 3F, OTf).

6.2.3 Syntheses from Chapter 4

[Ir(N sMe4)(H)Cl] - 30

Tris-(pentafluorophenyl)borane (44 mg, @®ol) was dissolved in 5 ml of dichloromethane and
added to solidir(NsMes)OMg] 4 (50 mg, 84umol). The reaction mixture was stirred for 15 min.
The color changed from green to brown. The solveag evaporated and the crude product was
washed with pentane (2 2 ml) and dried in vacuo. The complex was rectlysta from
CH.Cly/pentane <35 °C).

Yield: 60 % (32 mg, 51 pumol).

'H-NMR (CD,Cl,) & = -18(s, 1 H, Ir-H); 2.02 (s, 6 H, Cit 2.40 (s, 6 H, Ch); 2.60 (s, 6 H,
CN-CHy): 7.12 — 7.22 (m, 6 H, Clbn): 7.87 (t, 1 HJ = 8 Hz, CH(3)); 8.27 (d, 2H] = 8 Hz,
CH(2,4)).

3C{*H}-NMR (CD.Cl,) & = 18.6 (CN-CH); 22.1 (CH); 22.3 (CH); 129 (CH(3)); 129.8
(CH(2,4); 132.4, 133.0, 133.8 {&nH); 134.0 (GronrCHsa); 142.7 (GronlN); 154.0 (C=N).

[Ir(N sMe4)][MeOB(CeFs)s] - 31

Tris-(pentafluorophenyl)borane (17 mg, 33umol) wilissolved in 5 ml of diethyl ether and
added to [Ir(NMe;)OMe] 4 (20 mg, 33 pumol). The mixture was stirred for 3 @nd the color
changed from green to reddish-brown. The solverg @aporated and the crude product was

washed with pentane (3 x 5 ml). After drying in wam no further purification was necessary.

Yield: 64 % (25 mg, 21 pmol).
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'H-NMR (THF-ck): & = 1.78 (s, 6 H, CN-CH); 2.23 (s, 12 H, CH; 2.99 (s, br, 3 H,
BOMe&(CeFs)3); 7.25 (M, 6 H, Chion); 7.93 (d, 2 HJ = 8 Hz, CH(2,4)); 8.48 (t, 1 H, = 8 Hz,
CH(3)).

B3C{*H}-NMR (THF-dg): & = 17.4 (CN-CH); 18 (CH); 25.3 (QMeB(CsFs)): 124.2 (CH(2,4));
123.9 CarontCHa): 128.2, 129.7 (GorH); 132 (CH(3)): 151.3 (GonrN); 160.0 (C(1,5)); 178.0
(C=N).

PF{*H}-NMR (THF-dg): 8 = -133.9 (m, 6 Fp-F); -165.4 (t, 3 Fp-F); -168.4 (m, 6 FM-F).

[Ir(N sMe,)(THF)]Al(pftb) 4 - 10-Al(pftb),

Alternative syntheses

1) from complex4

[H(Et:O),][Al(pftb) 4] (37 mg, 33 umol) was dissolved in 5 ml of THF aamted into a THF
solution of [Ir(N\sMes)OMe] 4 (20 mg, 33 pumol). The color changed immediatetyrfrgreen to
brownish-red. The mixture was stirred for 15 mirmd dhe solvent was evaporated. No further

purification was necessary.
Yield: 94 % (50 mg, 31 umol).

'H-NMR (THF-c): 8= 1.78 (s, 6 H, CN-CH}; 2.24 (s, 12 H, CH); 7.26 (m, 6 H, Cllon); 7.93
(d, 2 H,J = 8 Hz, CH(2,4)); 8.51 (t, 1 H,= 8 Hz, CH(3)).

BC{H}-NMR (THF-dg): & = 17.6 (CN-CH); 18.2 (CH); 120.9, 123.9 GaorrCHs); 124.4
(CH(2,4)); 128.5, 129.9 (£ornH); 132.0 (CH(3)); 150.1(£0onrN); 163.5 (C(1,5)); 178.0 (C=N).

PF{*H}-NMR (THF-dg): 8 = -75.6 (s, 36 F, Al(pfth).

Elemental analysis:
Calculated for GsH3sAIF36IrNsOs: C 33.76, H 2.20, N 2.62;
Four@l33.33, H 2.29, N 2.38.
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2) from complextO

[Ir(N3sMey)THF]OTf 10 (30 mg, 38 pmol) was added to a solution of Li&lgp (37 mg,
38 umol) in diethyl ether (10 ml). The mixture wasred for 45 min. The color slightly changed
from brown to reddish — brown. The mixture wasefitdd and the solvent was evaporated. The

crude product was recrystallized from THF/pentane3a °C.
Yield: 95 % (55 mg, 36 pmoal).

'H-NMR (THF-ck): 5= 1.78 (s, 6 H, CN-C}); 2.23 (s, 12 H, CHJ; 7.26 (m, 6 H, Chon); 7.93
(d, 2 H,J=8 Hz, CH(2,4)); 8.51 (t, 1 H,= 8 Hz, CH(3)).

BC{*H}-NMR (THF-dg): & = 17.6 (CN-CH); 18.2 (CH); 120.9, 123.9 CaonrrCHs); 124.4
(CH(2,4)); 128.5, 129.9 (forH); 132.0 (CH(3)); 150.1(&onrN) 163.5 (C(1,5)); 178.0 (C=N).

YF{*H}-NMR (THF-dg): 3 =-75.6 (s, 36 F, Al(pfth).

3) from complex19

[H(Et:O),][Al(pftb) 4] (38 mg, 34 pmol) was dissolved in 5 ml of THF aadded to a THF
solution of [Ir(NsMeg)Ph] 19 (22 mg, 33 umol). The color changed immediatetyrfrgreen to

brownish-red. The mixture was stirred for 15 miwnl #me solvent was evaporated.
Yield: 92 % (48 mg, 29 umol).

[Ir(N sMeg)H][Al(pftb) 4]2 - 33

[H(Et:O),][Al(pftb) 4] (37 mg, 33 umol) was dissolved in 5 ml of THF aated into a THF
solution of [Ir(N\sMes)OMe] 4 (10 mg, 17 pumol). The color changed immediatetyrfrgreen to
red. The mixture was stirred for 20 min and thevesol was evaporated. No further purification

was necessary.
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'H-NMR (THF-k): 8 =-33.1 (s, 1 H, Ir-H); 2.17 (s, 6 H, G}42.40 (s, 6 H, Ch); 2.83 (s, 6 H,
CN-CHy): 7.15-7.33 (m, 6 H, Ckbn); 8.36 (t, 1 H,J = 8 Hz, CH(3)); 8.22 (d, 2 H] = 8 Hz,
CH(2,4)).

3C{*H}-NMR (THF-dg): & = 16.8 (CH); 17.0 (CN-CH); 18.1 (CH); 119.1, 125.0CarontCHs);
128.8 (CH(2,4)); 123.5, 130.3 {G.H): 142.0 (CH(3)); 145.3 (GonrN) 162.9 (C(1,5)): 186.0
(C=N).

PF{*H}-NMR (THF-dg): 8 = -76.3 (s, 72 F, Al(pfth).

[Ir(N 3Me4)CsH100][Al(pftb) 4] - 34

As already mentioned in Chapter 4, compléxAl(pftb) 4 is solublein diethyl ether, THF and
DME and insoluble in non-polar solvents such astge® benzene and toluene. In order to
obtain crystals fron10-Al(pftb) 4 different solvent mixtures were tried either bydegg non-
polar solvent on top of the ether solutionl® Al(pftb)4, or by vapor diffusionCrystals were
obtained from a diluted solution of EX/pentane at —35 °C by vapor diffusion. During

crystallization ofLO-Al(pftb) 5, compound4 was obtained.

H-NMR (Et;0-0ho): & = 1.01 (m, -OCHICHs); 1.42 (m, -GCH,CHs): 2.03 (s, 6 H, CN-CH);
2.21 (s, 12 H, C§); 4.21 (s, 2 H, CH=8); 5.57 (s, 1 HCH=CH,); 7.43 (m, 6 H, CHn); 8.28
(d, 2 H,J=8 Hz); 9.07 (t, 1 H) = 8 H2z).

YF{H}-NMR (Et20-dy0): 8 = -79.0 (s, 36 F, Al(pfth).

[Ir(N sMe,)(n*CH:0)][Al(pftb) 4] - 35

[Ir(NsMes)OMe] 4 (38 mg, 64 pumol) was dissolved in 5 ml aHg and then added to a yellow
solution of PRCAI(pftb)s (77 mg, 64 umol) in gHs. The mixture was stirred for 2 hours. The
color changed from green to redish-brown. The sulveas evaporated and the crude product
was washed with pentane to removeGHh (until colourless solution). The crude produ@sw
dissolved in diethyl ether. Crystals were obtairfiesn a diluted solution of EO/pentane at
—35 °C by vapor diffusion.
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Yield: 64 % (64 mg, 41 umol).

'H-NMR (THF-c): 8= 1.94 (s, 6 H, CN-C}); 2.10 (s, 12 H, CHJ; 4.00 (s, 2 H, CpD); 7.29
(m, 6 H, CHyom); 8.27 (d, 2 HJ =8 Hz); 8.84 (t, 1 H) = 8 Hz).

B3C{*H}-NMR (THF-dg): & = 16.4 (CH); 17.3 (CN-CH); 69.1 (CHO); 125.6 (CH(2,4)); 128.4,
128.5, 129.1 (GorH); 136.0 (CH(3)); (C(1,5)); 150.0 {enrN); 178.0 (C=N).

PF{*H}-NMR (THF-dg): 8 = -74.3 (s, 36 F, Al(pfth).

IR (toluene)vco = 1031 cnt (tentative).

Elemental analysis:

Calculated for GzH37rN30sAIF 36 C 32.33, H 2.37, N 2.69;

Found: C 33.35, H 2.25, N 2.55.

[Rh(N3Me,)(THF)][Al(pftb) 4] — 36

[H(Et:O),][Al(pftb) 4] (38 mg, 34 umol) was dissolved in 5 ml of THF aadded to a THF
(5 ml) solution of [Rh(NMe;)OMe] 3 (17 mg, 34 umol). The mixture was stirred over rifght
and the color changed from green to reddish-brolire solvent was evaporated. The crude
product was left to crystallize from THF/pentan&usion at —35 °C.

Yield: 88 % (45 mg, 30 umol).

'H-NMR (THF-ck): 8= 1.98 (s, 6 H, CN-CHJ; 2.30 (s, 12 H, CH); 7.19 (m, 6 H, Clon); 7.92
(d, 2 H,d = 8 Hz, CH(2,4)); 8.39 (t, 1 H,= 8 Hz, CH(3)).

BC{*H}-NMR (THF-dg): & = 16.5 (CN-CH); 18.4 (CH); 119.5, 125.3 CaonrCHs); 126.9
(CH(2,4)); 127.7, 129.7 (forH); 131 (CH(3)); 148.1(&onrN) 158.8 (C(1,5)); 172.1 (C=N).

PF{*H}-NMR (THF-dg): 8 = -76.3 (s, 36 F, Al(pfth).
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Elemental analysis:
Calculated for GsH3sAIF36N30sRh: C 35.76, H 2.33, N 2.78;
Found: C 39.63, H 3.18, N 3.76.

Alternative synthesis

[Rh(NsMe4)OMe] (35 mg, 69.4 pmol) dissolved inglds was added in to a yellow solution of
PhsCAl(pftb)s (84 mg, 69.4 umol) in 1. The mixture was stirred for 30 min. The color
changed from green to reddish-brown. The solvers @aaporated and the crude product was
washed with pentane to removezH and PBCOMe (until a colorless solution). The crude
product was dried in high vacuum and was left tgstallize from THF/pentane solution at
-35 °C.

Yield: 38 % (40 mg, 26 pumol).

[Rh(N3sMe4)CeH100][Al(pftb) 4] - 37

Complex36is solublein diethyl ether, THF and DME and insoluble in noolar solvents such
as pentane, benzene and toluene. In order to otitgstals from36, different solvent mixtures
were attempted. Crystals were obtained by slowusiiéin of pentane into a diethyl ether solution

of 36 at —35 °C. During crystallization compou8dwas obtained.
'H-NMR (EtO-0ho): & = 0.87 (m, -OCHCH;); 2.07 (s, 6 H, CN-CH; 2.30 (m, -GCH,CHy);
2.43 (s, 12 H, Chj; 3.12 (br, CH£H,), 5.45 (sCH=CH,); 7.43 (m, 6 H, CHon); 7.95 (d, 2 H,

J=8Hz): 8.56 (t, 1 H) = 8 Hz).

YF{*H}-NMR (Et,0-dho): 5 = -78.1 (s, 36 F, Al(pfth).
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8 Appendix

8.1 Starting materials (1- 7, 9)**“°
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8.3 Summary of postulated complexes
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8.2 X-ray crystallographic data and parameters

Complex [Ir(N3sMeg) THF]OTf 10 [Ir(N3sMe,)(DME)(H)](PFe)2 11
Empirical formula GoH3sF3IrN304S G7HsgF12IrN3O6P2
Formula weight [g/mol] 782.87 1123.00

Crystal size [mm] 0.14x0.11x0.10
Crystal system monoclinic monoclinic

Space group RZ, No. 14 Pdc, No. 14

a[A]

b[A]

c[A]

af’]

B[]

y [°]

VvV [A3

z

Deatc. [g/cnT]
Temperature [K]
A [A], Mo-Ka
201

Refln. collected, unique
No. of parameters
GOOF, S
Ry(1>20(1))
WR(1>20(1))

Pmin,mal€/ Aa]

13.7740(11)
15.9555(16)

14.8682(11)

106.767(9)

3128.7(5)
4
1.662
193
0.71073
2.55, 25.82
5785, 5785
359
0.923
0.0477
0.1176

2.716, -1.757

131

16.3156(12)
12.3642(7)

22.3933(18)

99.166(9)

4459.7(5)
4
1.673
183
0.71073
1.89, 23.92
26773, 6881
566
0.940
0.0323
0.0485

0.720, -0.505



Complex

[Ir(N sMes)(THF)ChL]SbCk-2THF 13

[Rh(Ns'Pr))Nz] 17

Empirical formula
Formula weight [g/mol]
Crystal size [mm]
Crystal system
Space group

a[A]

b[A]

c[A]

o [°]

B[]

y []

vV [A3

Z

Deate. [9/cnT]
Temperature [K]
A [A], Mo-Ka
20

Refln. collected, unique
No. of parameters
GooF, S
R1(1>2a(1))
WR(1>20(1))

Pmin,max [e/ A3]

@7H51C|8|I'N3038b

1183.40

monoclinic

C2/c, No. 15
27.406(3)
9.1101(6)

37.6923(6)

107.235(16)

8988.2(10)

8

1.611

193

0.71073

2.37,22.15
2355, 2172
465
1.003

0.0266

0.0602

0.437, -0.664

132

GsHaaNsRh

612.63

0.72x0.26 x 0.07

orthorhombic

1221, No. 19
8.4292(4)
18.0316(9)

20.3519(10)

3093.3(3)
4
1.315

153
0.71073
1.51, 32.58

83054, D121

353

1.047
0.0364
0.0760

0.885, -0.788



Complex

[Rh(N5'Pry)Ns]-2THF 15

[Rh(NMe4)F]((Me;N)sSOTf) 22

Empirical formula
Formula weight [g/mol]
Crystal size [mm]
Crystal system
Space group

a[A]

b[A]

c[A]

o [°]

B[]

v [l

VvV [A3

V4

Deate. [9/cnT]
Temperature [K]
A [A], Mo-Ka
20[°]

Refln. collected, unique
No. of parameters
GooF, S
R1(1>2a(1))
WR(1>20(1))

Pmin,max [e/ A3]

GiHsoNgO2Rh

770.85

0.6 x0.14 x 0.05

triclinic

P-1, No. 2
9.967(3)
14.173(4)
15.899(4)
111.602(4)
94.160(4)
103.753(4)
1996.1(9)
2
1.283

153
0.71073
1.40, 27.53

23205, 8802

427

1.215
0.1075
0.1794

1.896, -0.752

133

GoHasFaNsOsRNS
820.77
0.58 x 0x48.05
orthorhombic
Pbca, No. 61
13.3966(14)
20.791(2)

26.391(3)

7350.8(13)
8
1.483

153
0.71073
1.54, 28.11

81686, 8739

443

0.911
0.0773
0.1634

1.011, -0.987



Complex

[Ir(N sM e4) F] ((MezN)gsOTf) 23

[Ir(NsMeg)(H)CIL] [TH,Cl, 30

Empirical formula
Formula weight [g/mol]
Crystal size [mm]
Crystal system
Space group

a[A]

b[A]

c[A]

o [°]

B[]

y[°]

vV [A3

Z

Deatc. [g/cnT]
Temperature [K]
A [A], Mo-Ka
20[°]

Refln. collected, unique
No. of parameters
GooF, S
R1(1>2a(1))
WRa(1>20(1))

Pmin,max[€/ A3]

GoH4sF4IrN603S,

894.06

0.31x0.24x0.05

orthorhombic

Pbca, No. 61
13.3815(13)
20.840(2)

26.333(3)

7343.6(12)
8
1.617
153
0.71073
2.10, 25.16
69716, 6478
429
0.747
0.0444
0.0741

1.265, -1.034

134

CoeH30ClalrN 3

718.57

monoclinic

C2/c, No.15
34.592(7)
8.2610(17)

18.520(4)

108.37(3)

5022.7(18)
8
1.879

153
0.71073
2.32, 22.15

2791, 2791

294

1.049
0.0520
0.1521

1.420, -1.509



Complex [Ir(N sMe4)(CH,0)]Al(pftb)4 35

[Ir(N sMes)(Me)(MeCN)OT] 28

Empirical formula
Formula weight [g/mol]
Crystal size [mm]
Crystal system
Space group

a[A]

b[A]

c[A]

o [°]

B[]

y[°]

VA3

Z

Deatc. [g/cnT]
Temperature [K]
A [A], Mo-Ka
20

Refln. collected, unique
No. of parameters
GooF, S
R1(1>2a(1))
WR(1>20(1))

Pmin,max[€/ A3]

GoH20AIF 36IrN 305

1558.83

0.47 x 0.07 x 0.07

orthorhombic

Pna2No. 33
20.6915(7)
19.9295(7)

13.0509(5)

5381.8(3)
4
1.917
153
0.71073
1.42, 28.03
63451, 12616
755
0.955
0.0486
0.0845

1.431, -0.764
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CaoHz3FelrN4O6S;

915
0.05x%023
monoclinic

Pdc, No. 14
16.031(7)
12.433(6)

20.423(10)

102.141(8)

3980(3)
4
1.392
153
0.71073
1.30, 27.82
210389796
449
1.146
0.1651
0.3817

3.997, -3.561



Complex Me,PhNO MePENO

Empirical formula @H11NO G3H1sNO
Formula weight [g/mol] 137.18 199.24
Crystal size [mm] 0.55x0.19x0.12 0.1x00.8
Crystal system orthorhombic orthorhombic
Space group Pbca, No. 61 Pn&b. 33
a[A] 6.8945(6) 23.660(3)

b [A] 10.7108(9) 15.685(2)
c[A] 20.2513(17) 5.5041(8)

o [°]

B[]

y[°]

VA7 1495.5(2) 2042.6(5)

Z 8 8

Dealc. [g/cn] 1.219 1.296
Temperature [K] 153 153

A [A], Mo-Ka 0.71073 0.71073
2017 2.01, 28.02 1.56, 28.01
Reflex. collected, unique 16617, 1776 236051477
No. of parameters 92 272

GooF, S 0.975 1.062
R.(1>20(1)) 0.0385 0.0692
WR(I>20(1)) 0.0948 0.1258
pminmax[€/ A% 0.219, -0.213 0.276, -0.254



Complex [Ir(N sMe4)(CsH1:0)]" 34 [Rh(BMe,)(CeH1:0)]" 37
Empirical formula GH41AIF 36IrN 305 G7Hu1AIF36RhN;O5
Formula weight [g/mol] 1631.02 1542.00
Crystal size [mm] 0.6 x 0.12 x 0.05 0.1 x0.14.%
Crystal system monoclinic monoclinic
Space group R, No. 14 P#Zn, No. 14
a [A] 14.3008(18) 14.152(2)

b [A] 12.4646(15) 12.5538(19)
c [A] 31.920(4) 31.806(5)

o [°]

B[] 96.387(2) 95.020(2)

v [°]

VA9 5654(12) 5629.1(14)

V4 4 4

Dealc. [g/cn] 1.911 1.779
Temperature [K] 153 153

A [A], Mo-K 0.71073 0.71073
2017 1.28, 28.04 1.29, 25.06
Refln. collected, unique 65759, 13179 547570992
No. of parameters 839 829

GooF, S 1.087 1.029
Ry(I>20(1)) 0.0661 0.0772
WRy(1>20(1)) 0.1543 0.1920
pmin.max[€/ A% 1.724, -1.554 0.743, -0.722
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