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Abstract
This thesis focuses on the discovery of base-promoted selective aryl carbon-halogen bond
(Ar-X, X = Cl, Br, 1) cleavages by chloro(carbonyl)(5,10,15,20-tetrakis-
(j7-tolyl)porphyrinato)iridium(ll) (iridium(lll) porphyrin carbonyl chloride, Ir™(ttp)(CO)CI) in

benzene solvent to give iridium(I1l) porphyrin aryls (Ir*"\7(ttp)Ar) (eq 1).

iHii_(co)a + X-G~fg — H==] _HAttpKO-PoO (1)

FG =OMe, Me, H, F,C(0)Me, NO2...

(& X = Br, 1.1 equiv  base = K2C0O3, 200, C’' 6-48 h 62-100%
(b)X =1, 1.1 equiv base = NaOH, 150, C - 9-24h 77-99%
(c) X = C1, 200 equiv base = K2C03, 150, C - 22-168 h 32-100%

Mechanistic studies suggest that Ir"'(ttp)(CO)CI initially reacts with base (NaOH, K2CO3) in
benzene to form iridium(Ill) porphyrin liydroxo complex (Ir*"(ttp)OH). The hydroxo ligand and
the residual water in benzene act as a reducing agent and a protonating source, respectively, to
promote the reduction of Ir"'(ttp)OH to iridium(lll) porphyrin hydride (Scheme I(i),
X = CI). Ir'*Vttp)H can also undergo interconversion with iridiiim(Il) porphyrin dimer
([Irii(ttp)]2) and iridium(l) porphyrin anion (Ir\ttp)') via equilibria in basic benzene media
(Scheme I(ii)).

Scheme 1 Reaction Mechanism of Base-Promoted Ar-X Cleavages with Ir"*(ttp)(CO)CI

IH"(ttp)(CO)X NaOH/—=2, — [r,i_OH J2O0O [ iR (1)

X =ClI, Br, | ,-CO
base, H+ base, -1/2H2 [

Ir'(ttp)- - . Irtittp)H - - - 1/2[ir"(ttp)]2 (i)

[Ir"(ttp)]2 . - 2lr'(ttp) (iii)

iH'(ttp) + ArX [ TAQA_ A~ |Hii(ttp)Ar + X' (iv)

X =ClI, Br, | X (1)
X- + [ ™tp) I (ttp)X + Ir'(ttp) )

X = ClI, Br, |



Among the three coexisting iridium porphyrin species (Ir"~(ttp)H, [IrM\ttp)]2, Ir’(ttp)'),
[Ir*(ttp)]2 is found to be the intermediate for the Ar-X cleavages. [Ir"(ttp)]=2 first dissociates into
2 iridium(11) porphyrin metalloradicals (Ir"(ttp)) (Scheme |(iii)). Ir''(ttp) then reacts with Ar-X
by radical /pPi-substitution to form Ir"(ttp)Ar and a halogen atom (X*) via the formation of
iridium-porphyrin-cyclohexadienyl radical intermediate (I) (Scheme I(iv)). X* further reacts
with [Ir"(ttp)]2 to give iridium(m) porphyrin halide (Ir"*(ttp)X, X = CI, Br, I) and Ir"(ttp) for
subsequent radical chain propagation (Scheme I(v)). Radical chain z*"o-substitution of ArX
with [lrii(ttp)]2 is thus proposed. (or Ir™"(ttp)(CO)X) is recycled by undergoing the
base-promoted reduction to form Ir(1)(ttp)H (Scheme I(i)) for subsequent Ar-X cleavages to

give Ir"\ttp)Ar (Scheme I(li-v)).

In this thesis, the reaction mechanisms of two newly-discovered reactions are discussed in
details:

(1) the redox chemistry of Ir"~(ttp)(CO)X (X = CI, Br, I) in basic benzene media, including the
base-promoted reduction of [Ir*"(ttp)(CO)X to Iriii(ttp)H (Scheme I(i)), and the
base-promoted interconversion among Ir"\ttp)H, [Ir":(ttp)]2, and Ir \(ttp)- (Scheme I(ii)).

(2) the radical chain zp”o-substitution of ArX (X= CI, Br- 1) by [Ir'(ttp)]2 to give Ir"~(ttp)Ar

(Scheme I(iii-v)).

Xl
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AL E R T ZEHAEA N MR EY) (Iriii(ttp) (CO) CHAEZR B of B (U7 K
HUTEY) (ArX, X 2 CL Br, DEJRKE » 3R ER VRS DO o] 2 0 - p i (Ar-X)HyEE =1L

B > PR TES [ MIRTT SR S (Trii(ttp)Ar) (eq 1).

PRELFE BT o Irm(ttp) (CO)a g Ll (@ EAbEN ~ REGHT) SOfE - AR [t
RGP (lrm(ttp)OH) o &RL R 28 20 o 1Y ek 7K 73 il 72 & 28 OB KB T 2R 32
Ir"(ttp) OHZZ JF % —(H ek [T MR (L) Clriiittp)H) (Scheme I(i))o fEE&MEMFR(E T Irm(ttp)H
AIEBLEE P EAHE R E R IR S ([ (ttp) 12) M —E 8k [ s & Ak

+ (lIri(ttp)-) (Scheme I(ii)) °

FElrm(ttp)H, [Ir"(ttp)]2f0Ir [ (ttp)—& o - FAIERIR[Ir" (ttp)121F B Ar-X i B 05
PEr i G o [Irii(ttp) 125 5o o0 R —(E SRR EER: (Ir'(ttp)) (Scheme I(iii)) " ER A r X #E
TTIR A BRSO HE - i e R 3R O 0 B R A T el ie > AR ri(ttp) ArRI B R 5~ (X¥)
(Scheme I(iv))o X-FFER[ITH(ttp)]2 i€ > A= [T Mgy (I [ (tp)X, X = CLBr, 1)
E21r(ttp) (Scheme I(v)) "4 M 5% A= 98 (48 S & © AL - ArXER[Irii(ttp)]28% A= i e A 22
B R AL HUACRCHE © Irin(ttp) X (=kdr [i(ttp) (CO)X) &z & BR g A1 /K 4 17 5 IR K e 7 2

Ir(1)(ttp)H (Scheme (i) ’ #EE#IT Ar-X §EETZL > 2 EE Iri(ttp)Ar (Scheme 1(ii-v))o

A S SCEE AR Ew T BATT {1 B 5% PR A SO E AR

MIr"(ttp)(CO)X (X = CL Br, D@kt TSR BRKE BfE T Irttp)(CO)X
WAL Irs ttp)H AVEFE (Scheme I(1)) > LUK Iri(ttp)H. [Ir(ttp)]2 AT Iri(ttp)_ Ay
HEEELE (Scheme 1(ii))o

(2) [Ir'(ttp)]2 B2 ArX (X =ClI, Br, 1) 7 7 B £ 85 55 7 Az U S FE(Scheme  (iii-v))o
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Chapter 1 General Introduction

1.1 Macrocycles

In organometallic chemistry, main group metals and transition metals are usually
incorporated with ligands to promote various organometallic reactions. Macrocycles are
usually bulky, multidendate ligands which can protect the periphery of the metal complexes
from external attack and to impose coordination numbers or geometrical constraints to stabilize
the metal complexes.® Metal macrocycles provide a unique platform for organometallic
reactions. Common macrocyclic ligands are Schiff bases, phthalocyanines, porphyrins, corroles,

corrins, N-confused porphyrins, and expanded porphyrins.

1,1.1 Schiff Base

Schiff base is a compound with imine or azomethine linkages which are commonly formed
by the acid-catalyzed condensation between primary amines and carbonyl groups (Figure 1.1).
Schiff base is generally an excellent chelating agent to form stable complexes with most of
transition-metals® and plays a significant role in coordination, supramoleciilar, biological,
organic, analytical, and industrial chemistry.® However, the imine linkage in Schiff base is
labile and is easily hydrolyzed in acidic and basic media.4 Preparation of Schiff bases can take

prolonged reaction time and tedious work-up to result in low yield.”

-~ a p os rn o' -0

N D N/ . L I"SM KAAN, ;P NAAA
o'MS . A T M T

! /K N N NNMrAAAAAVAJZ N

|

NNN O ,0

H
M(salen) M(saloph) M(dmgH)2 M(dgpH)2

Figure 1.1 Structure of metal Schiff base.



1.1.2 Phthalocyanine

Phthalocyanine is a symmetrical macrocycle with 4 iminoisoindoline units. It contains a
central cavity which is sufficiently large to coordinate with different metal ions, thus playing a
crucial role in coordination chemistry. It exhibits aromatic behavior due to its planar
conjugated system of 18 ; r-electrons(Fig 1.2),which makes phthalocyanine a deep green or

blue compound and is widely applied in dye industry. It is also utilized in photoconductor,

n

nonlinear optical application, and supramolecular chemistry. However, the applications of

phathalocyanine are limited by its poor solubility in virtually all solvents, and the difficulties of

. o .9
functionalization of phthalocyanine.

/N :=~<
N.}\N/'M'\N,/<N

Figure 1,2 Structure of metallophthalocyanine.
1.1.3 Porphyrin
Porphyrin is a heterocyclic macrocycle with 4 pyrrole rings interconnected to methine
bridges (Fig 1.3(A)). Like phthalocyanine, porphyrin is also a highly conjugated aromatic
compound with 18 7r-electrons delocalized in the inner 16-membered ring,9 and it is usually

deep purple in color.

R2 Ri - R2 R2 R2
(A) Metalloporphyrin (B) metallocorrote (C) metallocorrin

Figure 1.3 Structure of metalloporphyrin, metallocorrole, and metallocorrin



Porphyrin is a tetradendate, dianionic ligand which forms stable metalloporphyrins with main
group metals and transition metals by replacing the two inner pyrrole protons with metal ions.
Metalloporphyrins are commonly used as model compounds to aid the fundamental studies and
understandings of the physical and chemical properties of biologically important macromolecules,
such as coenzyme heme," and chlorophylls.* Metalloporphyrins are also utilized in catalytic
transformations of organic molecules.™ Furthermore, porphyrin-based compounds are found in
molecular electronics and siipramolecular building blocks.Porphyrin shows an extra stability and
can be easily accessible and tamable. The steric and electronic properties of metalloporphyrins are

thus readily modified."

1.1.4 Corrole

Corrole is atetradendate, trianionic ligand which is different from the porphyrin analogue by
the absence of a meso methine carbon (Fig 1.3(B)), but it still contains 18 decolalized
TT-electrons to maintain the aromaticity. Since corrole macrocycle has higher ionic charges and
smaller cavity than the porphyrin ring, it usually forms more stable complexes with transition
metals with higher oxidation states and smaller sizes.™ Corrole has been received renewed
interests due to the more accessible synthetic procedures.™ The chemistry of corrole has been
studied in the fields of coordination chemistry, ™ chemical transformations/9 photophysics,"

and electrochemistry.”'

1.1.5 Corrin

Corrin is a tetradendate, monoanionic macrocyclic ligand which contains sp”-carbons to
construct the saturated skeletons of the rings (Fig 1.3(C)). Corrin can coordinate with transition
metals to form metallocorrin complexes?” It is also utilized as the construction unit of coenzyme
Bi2 for biological rearrangement reactions. Corrin contains 12 ;r-electrons only and is a

non-aromatic macrocycle, which makes the corrin ring non-planar and more flexible than



porphyrin and corrole?” Indeed, the presence of sp”-carbons in the corrole ring promotes the steric
interactions within the ring.™ The contracted corrin ring also results in a small cavity size to
coordinate tightly with small-sized transition metals, including cobalt ion. These 3 properties are
important for the stability of coenzyme B12 and the efficiency of coenzyme Bn-dependent
rearrangement reactions, which involve the cleavage of Co-C bond of the coenzyme B12 to initiate
the reactions. Metallocorrins are also studied in the fields of optoeletronics and catalytic

transformations.""”

1.1.6 N-Confused Porphyrin

N-Confused porphyrin is the isomer of porphyrin and contains a pyrrole ring jointed to the
conjugated system with both a and y"-carbons (Figure 1.4(A)), which is different from porphyrin
involving the pyrrole interconnections with oc-carbons only.25 N-confused porphyrin contains an
inner C-H and two “ra?7"-positioned inner core N-H bonds. In less polar CH2CI2, N-confused
porphyrin (Figure 1.4(A)) exists as the most stable form. In more polar DMSO, it adopts the less
stable tautomeric form with a N-H bond outside the macrocyclic ring (Figure 1.4(B)), which can
form hydrogen bonding with DMSO to stabilize the tautomer?”

The N-confused porphyrin also undergoes the rotation of the a,y5-interconnected pyrrole to form
an inverted N-confused porphyrin (Figure 1.4(C))25” which can further react to form the N-fused
porphyrin by forming a C-N bond between the a-carbon of inverted pyrrole and the N-H bond of
adjacent pyrrole (Figure 1

The N-confused porphyrins and its tautomer, inverted N-confused porphyrins,”* and N-fused
porphyrins"® can form coordination complexes with various metals. These metal macrocycles have

been studied in the areas of material sciences and catalysis.
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tautomer of N-confused porphyrin (B)

fusion

Ar Ar \ [ Ar

—

inverted N-confused porphyrin (C) N-fused porphyrin (D)
Figure 1.4 Structures of N-confused porphyrin and its tautomer, inverted N-confused

porphyrin, and N-fused porphyrin.

1,1.7 Expanded Porphyrin

Expanded poiphyrin is The variant form of porphyrin, which contains heterocyclic units
(pyrroles, furan, or thiophcne) linked together either directly or through spacers, such that the
internal ring contains at least 17 atoms (Figure 1.5),“ Expanded porphyrin contains larger
internal cavity and forms stable coordination complexes with larger cations, including those of
the ianthanide and actinide series. It also allows the generation of complexes containing
multiple cations. The metal-coordinated expanded porphyrins have been widely studied as
photosensitizers in photodynamic therapy,"” contrast agents in magnetic resonance imaging,
building blocks in nonlinear optical materials,* and enzyme models in bioinorganic

chemistry b



Figure 1.5 Examples of Expanded Porphyrins.

1.2 Group 9 Metalloporphyrins

Group 9 metalloporphyrins (M(por)) are cobalt, rhodium, and iridium porphyrins. They are

usually prepared via the metallation of porphyrin ligand with the corresponding metal salts (eq

1.1).

R2 Ri R2
H2(por)

2 | [ + 2 H + (1.1)

R2 Ri R2
M(por)

Group 9 metalloporphyrins commonly exist in 3 oxidation states: +3 (d*),+2 (d?), and +1

(d"). Figure 1.6 shows the energy level diagrams of the formal square planar complexes of

T

group 9 metalloporphyrin M(por). High-valent M (por) contains no electron in dz orbital

and is electrophilic. Intermediate-valent M*"por) contains single electron in d:“orbital and is
T 2

a radical. Low-valent M (por) contains a pair of electrons in dz orbital and is nucleophilic.
These 3 kinds of metalloporphyrins exhibit different electronic configuration and therefore
show tremendously different reactivities (To be discussed in Section 1.7). Group 9

metalloporphyrins in the oxidation states of +4 and +5 are unknown. Indeed, the energy



levels of the dz* orbitals in cobalt (3d), rhodium (4d), and iridium (5d) porphyrin complexes
are different and lead to different physical and chemical properties among the group 9

metalloporphyrins.

Electrophilic Radical Nucleophilic
dz2
xy
dyz yz vz, dxz, yz
M'i'(por), d® M[ [ o) d, M'(por), d*

Figure 1.6 Energy level diagrams of square planar group 9 metalloporphyrins.

1,3 Late-Transition-Metal-Alkoxo Complexes

Late transition metals can react with anionic oxygen-containing ligands, such as hydroxides

0n

(OH"), alkoxides (OR'), and aryloxides (OAr"), to form Ilate-transition-metal-alkoxo
complexes (M-OR). Late-metal-alkoxo complexes has been extensively reported compared
with the early-metal-alkoxo complexes due to the much higher reactivities of the
late-metal-alkoxo complexes. The general applications of late-metal-alkoxo complexes, and
the effect of chemical bondings of early- and late-metal-alkoxo complexes on their

tremendously different reactivities, are briefly highlighted below.

1.3.1 General Applications of Late-Transition-Metal-Alkoxo Complexes
(i) As O-Donor Supporting Ligands
Dianionic salen and saloph macrocycles (Fig 1.1) form stable, tetradendate M(salen) and
M(saloph) complexes with group 9 transition metals. They serve as chemical models of

coenzyme Dianionic acetylacetate (acac) is a bidendate 0-donor ligand. Recent



important examples are the iridium(lll) complexes, (0,0-acac)2lr (py)(CH3) and
[(0,0-acac)2Irm(C-acac)]2 dimer (Figures 1.7(A) and (B)). These iridium(l1l1) complexes have
been utilized in stoichiometric C-H bond activations of alkanes, toluenes, and arenes,” and
act as catalysts or pre-catalysts in hydroarylation of olefins't and H/D exchanges of
benzenes *

CH3 e @)
N - /1U K

rdi

‘ 0

I™N,

A fB)

Figure 1.7 Iridmm(lll) complexes coordinated with 0-Donor acetylacetate ligands.

(ii) As Intermediates in C-O Bond Forming Reactions

Transition-metal-catalyzed C-O bond forming reactions between aryl halides and alkoxides
are widely applied in the synthesis of precursors of potential drugs and biologically active
molecules in pharmaceutical industry " One of the examples is the palladium-catalyzed
coupling of aryl bromides and chlorides with hydroxide ions to form phenols (eq 1,2),44
Palladium(Il)-aryl-hydroxo complexes are proposed to be the intermediates for C-O couplings
via reductive elimination (eq 1.2 - species (l)). Indeed, palladium(ll)-aryl-alkoxo complexes
have been demonstrated to undergo the reductive elimination to from C-O bonds (eq 1.3).45

(1) KOH (1.1 -4.0 equiv)
Pdsdbas (0.5-2.0 egeuvi)

Vrard
R L1 orL2 (2.0-8.0 quiv) PELb PEU2
X , «OH Pr pr
0] H20/1,4-dioxane(1:1) N 1.2

X = Br, C 100°C, 1-18h 70-99% V V
(2) HCl ! L2

Pr "Pr

R reductive

elimination
dll

OH



frv. -
AN

THF-dg NC- /"0 Tu (1.3)

, R |
C/\ I\ U 8500 $74
~ U “|PPR2 0Z. Bu

1.3.2 Chemical Bondings of Transition-Metal-Alkoxo Complexes
1.3.2,1 Bond Dissociation Energies of Transition-Metal-Alkoxo Complexes

Both early and late transition metals can form metal-oxygen single bonds (M-0) with
various anionic oxygen-containing ligands. Table 1.1 lists some of the homolytic bond

dissociation energies (BDEs) of transition-metal-alkoxo complexes obtained by theoretical

calculations orexperimental elucidations.

Table 1.1 Homolytic Bond Dissociation Energies of Early- and

Late-Transition-Metal-Oxygen Single Bonds
homolytic bond
dissociation energies

transition transition-metal
entry metal (M) complexes (M-OR) (kcal mol"»)
1 ClsTr'-OH 0g3.°
2 ChTiiV-OMe 0T
3 Clazr™-OH 2&032
4 Early Clszr™-OMe Iyl o
5 ChH ™-OH 251
ClsHr-OMe 12151
Cp*2(Ph)Zriv_oH 11547
91
9 Cp2(a)Cri—-0SiHb 52.2
10 Cp2(Cl)MoiV-0OSiH3 58.2
11 Middle Cp2(CI)AViV-OSiH3 67.9 48
12 Cp*(P(CH3)3)2Ru"-OH 48-343
13 Cp*(P(CH3)3)2Ru"- OCH3
14 (COj.Co™-OH 55.540
15 (oep)Rh""-OCHRR', —50-55 50
(R, R'=H, alkyl)
16 (tspp)RhJ-OD ~ —60+3 51
17 Late (tmps)Rh"i-OD c —60 52
18 (PH3)2(CH3)Ni"-OH 79.0"
19 (PH3)2(CH3)Pd"OH 77.7
20 85.9"
21 (Ph2PCH2CH2PPh2)(CH3)Pt"-OH 40.049
22 (Ph2PCH2CH2PPh2)(CH3)Pt"-OCH3 24.749
“oep = octaethylporphyrin. tspp = tetrakis(p-su]fonatopheny])porphyrin. * tmps

tetrakis(3,5-disulfonatoniesityl)porphyrin.



Early-transition-metal M-0 BDEs can be over 100 kcal mol"* and are generally higher than

1 Q
late-metal ones by 30-50 kcal mol" (Table 1.1). Thus, early-metal-alkoxo complexes usually
act as ancillary ligands and exhibit much lower reactivities without undergoing /*-hydride
elimination,~” reductive elimination’?? and migratory insertion.*® On the other hand, the weaker

Nn ec

late-metal-alkoxo complexes exhibit high nucleophilicities and basicities and are
commonly involved in catalytic transformations in organic synthesis.* The tremendously

different reactivities between early- and late-metal-alkoxo complexes can be interpreted using

the bonding theories.

1.3.2.2 Classifications of Bonding Theories

Three bonding models have been proposed for transition-metal-alkoxo complexes: (i) the

e

Cc

n [¢0]
hard/soft acid-base principle, (ii) the dt-prt model, and (iii) the E-C theory.

1.3.2.2.1 Hard/Soft Acid-Base Principle

The hard/soft acid-base (HSAB) principle was introduced by Pearson in 1960s." The HSAB
principle states that hard Lewis acids prefer to bind to hard Lewis bases, whereas soft Lewis
acids prefer to bind to soft Lewis bases. For examples, hard early-transition-metals (Group 3-5)
bind strongly with hard, anionic oxygen-containing ligands (OR) to form stronger M-OR
bonds, whereas soft late-transition-metals (Group 9-11) bind weakly with OR" to form weaker
M-OR bonds. The model nicely accounts the higher BDEs of M-OR bonds in the
early-metal-alkoxo complexes than the late-metal ones (Table 1.1). However, the HSAB
principle has its drawbacks. For example, it cannot explain the bond strength order of Ru-X in
(PPh3)4Ru"(X)(H): Ru-H > Ru-O(p-Tol) > Ru-NHPh > Rh-CHiPh. The hard o(/7-Tol)" and
NHPh" ligands form even stronger Ru-X bonds with the soft Ru(ll) metal than the soft CH2Ph"

ligand.60

10



1.3.2.2.2 d*-p® Model

The model was then adopted by Caulton in 1994 to interprete both the stabilities and
reactivities of transition-metal-alkoxo complexes "7x-Donation from the lone pair of oxygen of
71-symmetry to the empty d orbital of early-transition-metal lowers the ground state energy of
M-0 bond (Figure 1 8(A)). Consequently, the M-0 bond strength is enhanced and generally

exhibits lower reactivities.

Early Late
metal Oxygen metal
d orbital p orbital d orbital
E
) (-
M ,0

J

Early Late
Metal-Oxygen Metal-Oxygen
Bond Bond
stabilized destabilized
(A) (B)

Figure 1.8 Interactions of lone pair of oxygen of 7i-symmetry with empty d-orbitals of early

transition-metal (A) and filled d-orbitals of late-transition-metal (B).

In contrast, the pTtd/[ repulsion between the lone pair of oxygen and the filled d-orbitals of
iate-transition-metal increases the ground state energy of M-0 bond and makes the oxygen
lone pair particularly nucleophilic and basic (Figure 1.8(B)). The prti'u model can explain the
high reactivity of late-metal-alkoxo complexes, but it still cannot account the unusually strong
late-metal-oxygen bonds (Table 1.1, entries 14-20), which are not any weaker than the

late-metal-sp3-carbon (M-C(sp )) bonds 6162

11



1.3.2.2.3 E-C Theory

Both the considerably high bond energies and high reactivities of
late-transition-metal-oxygen bonds (M-0) can be explained by the latest E-C theory
(electrostatic-covalent theory) proposed by Holland, Andersen, and Bergman in 1999 The
E-C theory states that the M-0 bond exists in both covalent and ionic forms (Figure 1,9,
species A and B, respectively), and these 2 extreme forms are in resonance. The electropositive
late-transition-metal and the electronegative oxygen lead to alow covalent character and a high
ionic character and thus the high polarity of the M-0 bond. The high polarity of M-0 bond
sufficiently accounts both the enhanced M -0 bond strength as well as the high niicleophilicities
and basicities of late-metal-alkoxo complexes, without considering the p"-d*t repulsion. The
E-C theory is now widely adopted to explain both the stabilities and reactivities of

late-metal-alkoxo complexes.

M—OR ~ M+ -OR
A B
R = H, alkyi, aryl

Figure 1.9 Resonance structures of the late-transition-metal-alkoxo bonds.

1.4 Transition Metal Non-Porphyrin Hydroxo Complexes

Many transition-metal non-porphyrin hydroxo complexes have been successfully prepared.
They generally exhibit high reactivities due to the high nucleophilicity and basicity of the

hydroxo ligands. In this section, group 9 iridium(lll)-hydroxo complex (Cp*Ir"'(PPh3)Ph(0H))

63 I

prepared from the Bergman group, and rhodium(l)-hydroxo complex ((PNP)Rh -OH)
prepared from the Goldberg group, 64 are mainly used as examples to illustrate various
approaches of preparations and reactivities of group 9 late-metal-hydroxo complexes.

1.4.1 Preparation of Transition Metal Non-Porphyrin Hydroxo Complexes

Transition-metal-hydroxo complexes are generally prepared by reacting metal precursors

12



with various hydroxo sources, such as hydroxide ion, water, and hydrogen peroxide. There are
four main types of synthetic pathways of group 9 metal-hydroxo complexes: (1) ligand
substitutions with hydroxide ion," (2) protonolysis with water,64 (3) oxidative addition with

water,65 and (4) oxidative addition with hydrogen peroxide.™

1.4.1.1 Ligand Substitutions with Hydroxide lon

The Bergman group reported that Cp*Ir"*(PPh3)(Ph)(0Tf) complex undergoes ligand

substitution with CsOH facilely at room temperature to yield the complex (eq 1
. CsOH
Ph P - pentane, r.t.  PhsP
OoTf -CsOTf 729 M

1.4.1.2 Protonolysis with Water

The Goldberg group reported that Ilow-valent pincer-Rh®"-Me complex undergoes

protonolysis with water to yield pincer-Rh'-OH with the concomitant elimination of methane

(eql.5) *°
spfeu -P"Bu
H20 (excess)
N-Rh [ —CH3 , Rhi— [OH 5)
/ THF, r.t., 15 min
PABU -CH. P(Bu  78%

1.4.1.3 Oxidative Addition with Water

The Iridium(l) pincer complex, which is formed by dehydrogenation of iridium(lll)
dihydrido precursor, undergoes oxidative addition with water to vyield iridium(lll)

hydroxo-hydride complex (eq

PBU2 fay Pfeu PEW2
/ H (15 equiv) H20 (165 equiv)
\ o o T o (1.6)
H pentane, argon, 25°C, 1 h A pentane, argon, 25°C \ _ / OH
-P'_E:u: PBu PBU2

quantitative
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1.4.1.4 Oxidative Addition with Hydrogen Peroxide

The metalloradical, pentacyanocobaltate(ll), undergoes bi-metallic oxidative addition with
H202 to form Co0"i-OH bonds via a radical non-chain mechanism (eq 1.7) > Mechanistic
studies suggest that Co" radical homolytically cleaves the HO-OH bond to yield Co(1)-OH and

HO (Scheme 1.1, pathway i). HO* then combines with Co" radical to form another Co'**-OH

(pathway ii).
Il A 25 °C, H20 ln A
2[Co0"(CN)513- + H202 > 2[Co0"'(OH)(CN)5f- (1.7)
fc= 7.4x 10" M-V ~00%
Scheme 1.1 Radical Non-chain Mechanism of Formation

[COo"(CN)5]3- + HO-OH~‘—[COI"(OH)(CN)5]3- + HO

HO- + [ColI(CN)5]3-~ [CO"i(OH)(CN)5]3-

1.4.2 Reactivities of Transition Metal Non-Porphyrin Hydroxo Complexes
Transition-metal-hydroxo complexes can undergo the bond activations and the redox
reactions. Late-transition-metal-hydroxo complexes are strongly polarized in ground state
(Figure 1.9, species B) such that the hydroxo ligand is very nucleophilic and basic for bond
activation chemistry. Additionally, the hydroxo ligand can reduce the metal centers by single
electron oxidation, or oxidize the metal centers via a-hydrogen elimination, for redox

chemistry.

1.4.2,1 Bond Activation Chemistry
1.4.2,1.1 Reacting as Nucleophiles
(i) Iridium(lU) Hydroxo Complexes
Iridium(lll)-hydroxo complexes, Cp*Ir*"(PPh3)(Ph)(0H), undergoes c¢/5-1,2-insertion of

Ir-OH bond into dimethyl acetylenedicarboxylate (DMAD) via nucleophilic addition to yield

14



the iridium(lll)-enol complex (eq Cp*lr"r(PMe3)(Ph)(0OH) also hydrolyzes maleic

anhydride via nucleophilic substitution to form iridium-maleate

{a) MeOaC- -COzMe
CH
instantaneous MegP
MeOsC COoMe  76%
(1.8)
MespZVPh
3 ,OH (b)
r.t., instantaneous AR 9
PhsP 88%

(if) Cobalt(l11)-Hydroxo Complexes
Nucleophilic cobalt(lll) macrocyclic hydroxo complexes, Co'"(saloph)OH, has been used to
catalyze the hydrolytic kinetic resolution (HKR) reactions of racemic terminal epoxides
cooperatively with electrophilic Co"'(saloph)OTs (eq 1.9)"" Mechanistic studies suggest that,
acts as an electrophile to coordinate with the epoxide (Scheme 1.2, pathway i),
whereas Co"\saloph)OH coordinates with water to form Co"\saloph)OH(H20) containing a
nucleophilic hydroxo ligand (pathway ii). The hydroxo ligand in Co""(saloph)OH(H20) attacks
the electrophilic y*-carbon of coordinated epoxide (pathway iii), and the subsequent protonation
with water leads to the formation of stereospecific 1,2-diols and the regeneration of

Co"\saloph)(H20)OH and Co”\saloph)OTs for further catalytic cycles (pathway iv).

@) m M OH
.. Co| | |(saloph)yOH / Co | | [ (saloph)OTs | (0]
\ + HAn 0 n/S-i ? mmnl% AL .b.H. / A
R (+/-) 3-48 h >\ooo (1,9)
. 39-45%
0.1 - 0.4 mmol 0.7 equiv >99% ee

R = "Bu, COsMe, CH20OBn - feu

X
Co'"'(saloph)X k
X = OH,OTs C )
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Scheme 1.2 Proposed Mechanism of Hydrolytic Kinetic Resolution of Terminal Epoxides

OTs OTs OTs OTs
c f e ) 2 cfc) C 3D
.0
rds H20 ~ f
fgst OH
OH OH OH v R
H,0 OH
cte
0H2 OH:
OH.

1,4.2.1.2 Reacting as Bases
(i) 0-H and N-H Bond Activations

Cp*Ir'i(PPh3)(Ph)(OH) reacts with phenol and/?-toluidine to yield Ir*-OPh and Ii « JI[-N(p-Tol)
complexes, respectively, via O-H and N-H activations (eqs 1.10(a) and (b))? Mechanistic
studies suggest that the activations involve the hydrogen-bonding interaction (Scheme 1.3,
pathway a) or proton-transfer (pathway b) for ligand exchanges, rather than the initial

dissociation of Ir-OR to give Ir+ (pathway €).] 2

(@ PhOH (1 equiv)

rt., Cely Ry —
instantaneous Me,P X
-H20 96% OPh
, (1.10)
Al ALM
Me,P “” Ph
OF (b) p-ToINH2 (2 equiv)
r.t, CeDe :
. ! | /7 Ph
instantaneous MegP?'" <\\
H20 NH(p-Tol)

100%

Scheme 1.3 Possible Mechanisms of H-X (X = OR, NHATr) Activations by Ir-OH

oy T f—x H-OH
a I-
Ir_OH 13 ||".X Ir'X + HZO
H
H-X \ ,
b | rrOH (-OH X IX + H20
Ir-OH Irt++ OH- H-X[ir- H20 +x- IrX + H20
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(i) C-H Activations
The low-valent pincer-rhodium(l)-hydroxo complex undergoes C-H bond activation of

benzene-"4 to afford rhodium(l)-phenyl-<is complex (eq 1.11).61

/PABuU APABU
r CrD. & I
SN-R  -OH AR (L1
60, C - 95h b ou
-DOH
P Bu -P~Bu
60%

The high-valent 0-donor iridium(ll1)-hydroxo complex, (0,0-acac)2ir"~(py)(OH), also
undergoes C-H bond activation of benzene to form iridium(ni)-phenyl complex and water (eq

1.12) %8

O

A OA%( Y CeHg OIA%O Y
o . o H20  (1.12)

A ,\%1 Y 180°C, 10h r_N‘O Y

74%

The proposed mechanism of C-H activation of benzene by (acac-0,0)2Ir'"(py)(0H) is
shown in Scheme 14.68 Experimental results and theoretical calculations suggest that
(acac-0,0)2IriH(py)(OH) first undergoes ligand dissociation of pyridine (Scheme 1.4’ pathway
i). The resultant iridium complex isomerizes to provide a cfM-vacant site for benzene
coordination (pathways ii and iii), and Ir-OH cleaves the C-H bond by heterolysis in a
transition state resembling cr-bond metathesis (pathway iv) to afford the I/n-Ph complex and
water (pathway v). Addition of pyridine leads to the formation of (acac-0,0)2Ir"\py)Ph
(pathway vi).

Upon detailed theoretical studies, the interaction between Ir-OH and C-H bond of benzene in
the transition states is classified as internal electrophilic substitution (IES* or ambiphilic
substitutionDuring IES or ambiphilic substitution (Scheme 1.5, pathways i-iii), the lone-pair

of oxygen atom in Ir-OH donates to the hydrogen atom of C-H bond to form a new 0-H bond,

17



while the orbital making up the Ir-O bond turns into a coordinating lone-pair electrons.
SimulataneolLisly, the electrophilic iridium center interacts strongly with the incoming carbon
atom to form Ir-C bond. Such bond interaction is a variant of classical cr-bond metathesis -

which only involves the breaking of the Ir-0 bonding orbital.7 -

Scheme 1.4 Mechanism of Heterolytic C-H Activation of Benzene by 0-Donor

Iridium(lI1)-Hydroxo Complex

H O\H AT™d
A~ = e A SY¥O
19 i O]_,
Mg = wo AZSw
© i A°
[
CeHe, py
-HoO
0 /N o —
H
oZ. o- -

Transition state resembling
a-bogd/j’r\megt_hesm

Scheme 1.5 Mechanism of Internal Electrophilic Substitution or Ambiphilic Substitution

€L J ir—C + R-0"

1.4.2.2 Redox Chemistry
1.4.2.2,1 Reacting as Reducing Agents

Reductions of transition-metal non-porphyrin complexes by hydroxide ions have been
reported in molybdenum (Mo)/' tungsten (W)/” iron (Fe), ruthenium (Ru)? and cobalt (Co)
complexes.74'J5 OH" reduces the metal centers by an inner sphere electron transfer via the
formation of metal-hydroxo complexes, or by an outer-sphere electron transfer. Some of the

examples of the OH'-promoted reduction of transition-metals are presented below.
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(i) Molybdenum(V1) and Tungsten(VI) Complexes

Neutral > high-valent molybdenum(VI) and tungsten(VI) tris-dithiolene complexes are
reduced by OH' in THF/water solvent to give mono-anionic Mo” and W” complexes (eq 1.13>
pathway Under high-concentration of OH", di-anionic Mo* and W”" complexes are formed
by further reduction with OH" (pathway ii). OH" is simultaneously oxidized to hydroxo radical
(HO), which dimerizes to form hydrogen poerxide (Hz202). H202 is indirectly detected by

reacting with triphenylphosphine to give triphenylphosphine oxide under anaerobic conditions

(pathway iii).
A A1
c R T
S\ C BU4NOH (low conc) S. 8 BU4NOH (high conc) M
FI] I Dl Sl...,mV,_iiis THEIH2O s t ol A (1.13)
/ ¥ R 4 Vv {20t v
! s S I - J
100% n 100%
M = Mo, W 1/2H202(50%) I/2H202
H202 + PPha P(0)Ph3 + H20
50%

rate = -d[ML3]/dt
/cof MoL3

k [ML3] [BU4NOH] (at 11, C)
4.9x1M-V1

/( of WL3 = 1.6x105 ivrV

It is proposed that OH" initially coordinates to the M(VI) tris-dithiolene complexes (M(L)3, —
Mo, W) to form a 7-coordinated intermediate [M(L)30H]' (Scheme 1.6, pathway i), which

either reacts with M(L)3 in the presence of OH" or reacts directly with another [M(L)30H]' to
yield 2 M(V) complexes and H202 (pathway ii).

Scheme 1.6 Proposed Mechanism of Reductions of Mo”' and W”' Tris-dithiolene Complexes
by Hydroxide lons

SIHI",'MV | .lis
.S OH- s ,> OH 2 S S
S [-iMVI, | IS - S".'MV, ’r" 77 S | ] "™NMVijiis
A )
A ) 7 ; A ) : ; Z ; oH
M = Mo, W [M(L)30HTr fast Hoo,
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Moreover, the rates of reductions of W(VI) complexes by OH" are much faster than Mo (V1)
ones by about 30 times. It is suggested that the bond energy of W-OH is higher than Mo-OH,
such that the enthalpy of activation term, AH”, in W-OH is lowered to dictate faster reductions

in W-OH complexes.

(ii) Tron(111) and Ruthenium(l11) Complexes

Tris(1,10-phenanthroline)iron(in) and tris(2,2'-bipyridyliron(lIl), as well as
tris(1,10-phenarLthroline)ruthenium(lll), are reduced by OH" in aqueous media to form the
corresponding iron(l1) and ruthenium(ll) complexes (eq 1.14 and 1.15). It is reasoned that OH"
coordinates to M(I11) (M = Fe, Ru), followed by the inner-sphere electron-transfer from OH" to
M(in) to give M(n) and HO*. HO dimerizes to form H202, which undergoes rapid

OH'-catalyzed disproportionation in agueous media to form H20 and

) NaOH (aq) " A
[Feiii(L)3]3+ + OH- H20 6 5-3*, C * [Fe"(L)3]2+ + 1/402 + 1/2H20 (1.14)

L = 1,10-phenanthroline,
2,2'-bipyridyl

[Rui"(bipy)3](CIO4)3  NaOH (aq)” [Ruii(bipy)3]{CI04)2 + 1/402 + 1/2H20 (1.15)

bipy = 2,2'-bipyridyl

(iii) Cobalt(n) and Cobalt(l11) Complexes
Cobalt(Il) tetradehydrocorrins are reduced by NaOH in various aprotic solvents to form

cobalt(l) tetradehydrocorrins (eq 1.16)7'* An inner-sphere single-electron transfer is proposed.

R\ (L e NaOH (solid) Ao
R . .. J CO4 CH2CI2/ THF / MeCN / pyridine * R
rt.
R3 R3 R3
(@): Ri=R2=R3= Me (b): R*=R3=Me (c): Ri = COsEt
R4= Et R2 = R4= CH2CH2CO02Et R2 = R3= Me
R4= Et
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Cobalt(l11) corrole is also rapidly reduced by OH' to form cobalt(ll) corrole anion in benzene
in the presence of olefins (eq 1.17)7" It is proposed that the olefin coordinates to cobalt(lll) to
form cobalt(ll1)-olefin complex. OH" then attacks the olefin and reduces cobalt(lll) to cobalt(ll)
via an inner-sphere electron-transfer., HO formed further oxidizes the olefin, forming

aldehydes or ketones as the observed co-products.

Bu4aN+Qi"r(10equk/)

(excess) (1.17)
CeHg, rt. > 18 h

1.4.2.2.2 Reacting as Oxidizing Agents
Tris(acetylene)rhenium(l)-hydroxo complex undergoes oxidation reaction via a-hydrogen
migration of hydroxo ligand to form bis(acetylene)rhenium(in)-oxo-hydride complex (eq
1.18).77 It is proposed that the rearrangement takes place intramolecularly in the coordinatively
saturated tris(acetylene)rhenium(l)-hydroxo complex. Hydrogen migration likely takes place

either synchronously with or prior to the loss of acetylene ligand.

Bl " Et 7
EE <
R
= C«Df B H Et- ‘Et (1.18)
19°C, 5d
Et- 'Et
Et 100%

1.5 Transition Metal Porphyrin Hydroxo Complexes
Transition-metal porphyrins can also be converted to metal-hydroxo complexes, which

exhibit similar reactivities as the transition-metal non-porphyrin hydroxo complexes. The
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preparations and reactivities of some transition-metal porphyrin hydroxo complexes are briefly

reviewed below.

1.5.1 Preparation of Transition Metal Porphyrin Hydroxo Complexes
Three major synthetic approaches can be used to prepare metalloporphyrin-hydroxo
complexes: (i) Ligand substitution with hydroxide, (ii) deprotonation of aqua ligand, and (iii)

oxidative addition with water.

1.5.1.1 Ligand Substitutions with Hydroxide lons

Metalloporphyrin haiides can undergo ligand substitution with hydroxide ions (OH") to form

metalloporphyrin hydroxo complexes. For examples, sterically hindered Fe"~(tmp)Cl (tmp

tetramesitylporphyrin) and Fe"\t-2,4,6-tmpp)CI (t-2,4,6-tmpp
tetrakis(2,4,6-trimethoxyphenyl)porphyrin) react with NaOH in toluene to form stable

Fe'"(tmp)OH and Fe"~(t-2,4,6-tmpp)OH, respectively (eq 1.19)7"

NaOH (aq)

Fe"i(por)Cl 7- Fel | [nOH (1.19)

toluene, r.t.,, 1d

por = tmp, t-2,4,6-tmpp

1.5.1.2 Deprotonation of Aqua Ligands

Water-soluble cobalt(I11), rhodium(lil), and iridium(l111)
tetrakis(/?-sulfonatoplienyl)porphyrin complexes ([M'*(tspp)(H20)2]*, M = Co, Rh, Ir) contain
two aqua ligands which are weak acids.*® The pK~" values of the aqua ligands in these
metalloporphyrin diaqua complexes are listed in Table 1.2. The pK"i values are around 8,
whereas the pKia values are around 11. At slightly alkaline media with pH higher than 9, single
aqua ligand is deprotonated, forming metalloporphyrin mono-hydroxo complexes (eq 1.20). At
more alkaline conditions with pH higher than 12, the other aqua ligand is further deprotonated

to form metalloporphyrin dihydroxo complexes (eq 1.21).
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Table 1.2 pK™Values of Aqua Ligands in [M"i(tspp)(H20)2]

H O 25 ~C
[M'i'(tspp){H20)2f 2 > [Mi"(tspp)(OH)(H20O)]4- + H+

H20, 25, C
[M™(tspp)(OH)(H20)r [Miji(tspp)(OH)2]5- + H'
pl<a2
[M [[i(tspp)(H20)2f Pral Pra2
[Co | "(tspp)(H20)2f 8.06 12.15
[Rh"i(tspp)(H20)2f 7.85 11.55
[Ir"(tspp)(H20)2]"- 7.32 10.59
H20 _
[M | ii(tspp)(H20)2]3- OH- 5. [M"i(tspp)(OH)(H20)r H9O  (1.20)
M = Co, Rh' Ir ’
[M™(tspp)(OH)(H20)f- + OH" 2'_50000 M [ [ [(@sppXOH25- + H9O (1.21)
M = Co, Rh, Ir

1.5.1.3 Oxidative Addition with Water

Water-soluble monomeric rhodoum(ll) tetrakis(3,5-disulfonatomesityl)porphyrin
[Rh"(tmps)(D20)2]4- undergoes rapid bimetallic oxidative addition of D20 to form
[Rh]I[(tmps)D(D20)]4- and [RIV"(tmps)0OD(D20)]'*" (eq 1.22).*» Homolytic cleavage of DO-D
bond should not take place due to the strong 0-D bond@)(BDE of DO-D = 121.0 kcal mol"*).M
It is proposed that D2O initially promotes the facile disproportionation of rliodium(ll)
porphyrin to give rhodium(l) porphyrin anion and rhodium(lll) porphyrin diagua complex
(Scheme 1.7, pathway i), followed by the deprotonation of rhodium(lll) diaqua complex by

Rh(l) anion to give Rhi-0OD and Rh'Y-D (pathway ii) *

25 C....
2[Rh"(tmps)(D20)]4- + D20 D00 [H , [ | tmpsDD20)] [Rh™(tmps)(0D)(D20)f- (1.22)
tmps = tetrakis(3,5-disulfonatomesityi)porphyrin AG = -2.4 kcal/mol

Scheme 1.7 Proposed Mechanism of Oxidative Addition of Water to [RIi"(tmps)(D20)2)'""]
2[Rh"{tmps)(D20)f- + D20 [Rh"i(tmps)(D20)2]3- + [Rhi(tmps)(D20)f"

[Rhiii(tmps)(D20)2]3- + [Rhi(tmps)(D20)]5-~* [Rh"™(tmps){0D)(D20)f- + [Rh"'(tmps)-D(D20)f



1.5.2 Reactivities of Transition Metal Porphyrin Hydroxo Complexes

The reactivities of metalloporphyrin hydroxo complexes are mostly found in (i) redox
reactions and (ii) condensation reactions. OH" can act as an efficient reducing agent to reduce
the metal centers in metalloporphyrins, and to undergo condensation via water elimination to

form ju-oxo dimer complexes.

1.5.2.1 Redox Chemistry

The reductions of metal centers in metallporphyrins by hydroxide ion are commonly
reported only for the first row transition metals of manganese and iron. To our knowledge -
cobalt(l1l) porphyrin has not been reported to undergo the reduction of metal center by OH" to

give cobait(ll) porphyrin.

(i) Manganese(l11) Porphyrin Hydroxo Complexes

Manganese(lll) porphyrin chloride, Mn""(tmp)CIl (tmp —. tetmmesitylporpliyrin), reacts with
OH— in aprotic solvents ofMeCN and DMSO to yield [Mn*"\tmp)OH]"' (eq 1.23)."" Scheme 1.8
illustrates the proposed mechanism.2”* The large excess coordinating solvent molecules (L)
promotes the dissociation of CI" to form [Mni"(tmp)(L)2]+ (Scheme 1.8 pathways i and ii),
which then reacts with OH" to yield Mn"\tmp)(L)OH and [Mn"~(tmp)(0H)2]" (pathways iii and
iv). The coordinated OH" reduces Mn"" to Mn" to give Mn"(tmp)(L) and [Mn"(tmp)OH]', and
HO® radical formed likely converts to other oxidation products (pathways v and vii).
Dimerization of HO* to H202 is also proposed in the reduction of Mn”"(Cl8tpp)Cl by OH"
(Clgtpp _— tetrakis(2 > 6-dichlorophenyl)porphyrin).82b Mn"(tmp)(L) formed finally coordinates

with OH" to give [Mn*(tmp)OH]' (pathway vi).

"BuN+OH-/Me OH ,
Mn*(tmp)ClI [Mn"(tmp)OH]-  (1.23)
DMSO or MeCN, N2, r.t.
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Scheme 1,8 Proposed Mechanism of Reduction of Mn'"(tmp)CIl by OH" to [Mn"(tmp)OH"]'

Mn™(tmp)Cl + L [Mn"(tmp)Lr + CI" (L = MeCN, DMSO)
[Mn"I(tmp)L]+ + L [Mn"i(tmp)L2]+
[Mn [ | | (np2+ + OH" . Mn™(tmp)(L)(OH) + L

Mn [ "(tmp)(L)(OH) + OH" ~ [ [Mn"'(tmp)(OH)2r +

Mn"i(tmp)(L)(OH) e » Mn"(tmp)(L) + HO<

\
Mn"(tmp)(L) + OH" [Mn | | (_OHr + L
Wl .
[Mn [ "(tmp)(OH)zr [Mn"(tmp)OH]- + HO
Since the oxidation potential for the half-reaction OH" HO* + e'is +0.7 V (vs SCE in

DMSO) and the reduction potential for the half-reaction Mn"\tmp)(C104) + e¢' — Mn"(tmp) is
-0.1 V (vs SCE in DMSO)™a > - an outer-sphere electron-transfer from OH" to Mn"\tmp)" is
thermodynamically unfavorable due to the negative Emi value =-0.1 - (+0.7) — -0.8

It has been reported that the oxidation potential of OH" H O is shifted to a much negative
potential and OH" becomes more reducing in the presence of Mn™'(tpp)* (tpp =
tetraphenylporphyrin) (Table 1.3), due to the stabilization of HO via the formation of d-p
(dn-*OH) covalent bond." Therefore, it is proposed that OH" coordinates to Mn/H(tmp)+ to
promote rapid electron transfer from OH" to Mn center via an inner-sphere electron-transfer

(Scheme 1.8, pathways v and vii) 82

Table 1.3 Oxidation Potentials of HO«/OH" with and without Metalloporphyrins

Mpor) HO- e- Eo>
MeCN, r.t.
Reducing ability of
M(por) Eox (MeCN, vs SCE) OH-
nil +0.55 low
Mni"(tpp)+C104- -0.59 high



(ii) Iron(111) Porphyrin Hydroxo Complexes

lron(lll) porphyrin complex, [Feiii(tpp)(py)2]+ (tpp = tetraphenylporphyrin), is reduced by
OH" to yield Fe'Mtpp)(py)2 (eq 1.24).~" The coordinated pyridine can act as a bridge to facilitate
the reduction of Fe(lll) by OH" to give FeMtpp)(py)2 (Scheme 1.9). Oxidized hydroxy-pyridine

is a proposed co-product.

+ Et4N+OH-/MeOH ) .
[Fe'ii(tpp)(py)2]" o +  Fe'(tpp)(py)2 + 1/n[py(OH)In  (1.24)
pyridine, r.t.

Scheme 1.9 Proposed Mechanism of Reduction of [Fe™(tpp)(py)2]* by Hydroxide lon

py  Fe'(tpp)(py)2

1n[py(OH)In
Fe'"(tpp)Cl is also reduced by OH" in aprotic solvent ofDMSO to form [Fe"(tpp)OH]" as the
observed product (eq 1.25).™ Since Fe""(tpp)Cl reacts with OH' in THF to form Fe'"'(tpp)OH
only without the inner-sphere reduction of Fe"?, it is proposed that during the reduction process
in DMSO (eq 1.25), OH" first reduces DMSO to form DMSO radical anion, which then

reduces Fe'(tpp)Cl

to Fe"(tpp) via an outer-sphere electron-transfer. Further coordination of

OH- to Fe"(tpp) gives [Fe"(tpp)OH]-,
Bu4N+OH-/ MeOH (2 equiv) "
Fei"(tpp)CI ‘ [Fe| | (tpp)OH] (1.25)
DMSO-cfg, argon, r.t.

1.5.2.2 Condensation Reactions
Condensation of metalloporphyrin-hydroxo complexes to form //-oxo dimer has been

reported in iron and molybdenum porphyrins.

(i) Formation of Iroii(111) Porphyrin ju-Oxo Dimer

Iron(l1l) porphyrin chloride (Fe'(por)Cl) with less sterically-hindered porphyrin ligands
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reacts with OH" via ligand substitution to form Fe''(por)OH (eq 1.26), which can further

undergo bimolecular condensation to yield iron(lll) porphyrin //-oxo dimer, Fe”"(por)OFe”~"(por)

(eq 1,27).78
Fe™(por)Cl + OH" Fe''(por)OH + CI" (1-26)
2Fe'"(por)OH Fei"(por)OFeJi|(por) + h”O (1.27)
For examples, the more sterically hindered ,4,5-tmpp)CIl  (t-3,4,5-tmpp =

tetrakis(3,4,5-trimethoxyphenyl)porphyrin) reacts with OH" to yield both Fe"~(t-3,4,5-tmpp)OH
and [Fe'~r'(t-3,4,5-tmpp)]20 dimer (eq 1.28)." On the other hand, the sterically unhindered
Fe(1)(tpp)CIl (tpp = tetraphenylporphyrin) reacts with OH" to yield Fe*"(tpp)OH, which further
undergoes condensation to yield [Fe~(tpp)]20 as the only observed product (eq 1.29)7” Indeed,
the thermodynamically stabilized iron(l11) porphyrin ju-oxo dimers do not undergo hydrolysis

in excess water at room temperature to give back monomeric

R NaOH (aq)

Fei"(por)a —n — — A FeJll(por)OH + (por)Fe"'OFe'"(por) (1.28)
L toluene, 1 d

por = t-3,4,5-tmpp

o~ NaOH (aq)
Fel | | (top)Cl (tpp)Fe'"OFe™ (tpp) (1.29)
toluene, 1 d

(it) Formation of Oxo-Molybdenum(V) Porphyrin //-Oxo Dimer
Molybdenum(V) porphyrin-oxo-hydroxo complex, 0=Mo~"(tpp)OH (tpp =
tetraphenylporphyrin), can also undergo condensation to form /*-oxo dimer (0=MoV(tpp))20

(eq 1.30).86

20=IVIoV(tpp)OH (32 - [ 2 *eHer (O=MoV(tpp))20O + H20 (1.30)
r.t.
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1.6 Equilibrium Distributions of M"*(por), M"(por), and M~ por) of Group 9
Metalloporphyrins in Basic Media

Group 9 metalloporphyrins in the form of metal(lll) porphyrin hydroxo (M”“(por)OH),
metal(lll) porphyrin hydride (M'(por)H), metal(ll) porphyrin (M"(por)), and metal(l)
porphyrin anion (M”~(por)) can exist in equilibria and are inter-convertible to one another in a
reaction system, depending on the concentrations of OH" (or pH values in aqueous media).
Indeed, the Wayland group has studied the detailed equilibrium distributions of water-soluble
rhodium(lll) and iridium(in) tetrakis(p-sulfonatophenyl)porphyrin diaqua complexes,
[Rh"i(tspp)(D20)2]3- 51 and [Ir"Vtspp)(D20)2]*'/” in basic aqueous media. The equilibria of

metalloporphyrins are briefly presented below.

1.6.1 Equilibrium Distributions from [Rh"/(tspp)(D20)2]™"

When [Rhm(tspp)(D20)2f- reacts with D2 in basic aqueous media at 298 K, 6 rhodium
porphyrin species are formed in equilibria:* (1) the parent [Rh™"(tspp)(D20)2]™, (2)
[Rh [ ii(tspp)OD(D20)]4-, 3) [Rhi"(tspp)(0OD)2f, (4) [Rh"A(tspp)D(D20)]"' 3 (5)

[Rh [ i(tspp)(D20)]2S-, and (6) [Rh'(tspp)(D20)]™" (Scheme 1.10).

Scheme 1.10 Equilibria ofRh*"-OD, Rh", and Rh" in the Reaction of
[Rhm(tspp)(D20)2f -with D2 in Basic Aqueous Media

[(tspp)RhIM(D20)2f-

D+
[(tspp)Rhi"(OD)(D20)J4- J . [(tspp)Rhi"(OD)2]5-
iii D2, -D20
[(tspp)Rhi"-D(D20)]4- [(tspp)Rhi(OD2)]5-
v -D2

MA[(tspp)Rh [ TEORF
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[Rhiii(tspp)(D20)2]3- undergoes deprotonations of aqua ligands to form
[Rhi'[(tspp)(0D)(D20)]4- and [Rh™"(tspp)(0D)2]™ (Scheme 1.10, pathways i and ii). The
deprotonations become more favorable when the pH value increases. [Rh"'(tspp)(0D)(D20)]'r"

reacts facilely with D2 to form [Rh™(tspp)-D(D20)]'*" (pathway iii). [Rh"i(tspp)-D(D20)]4-can
1 8

further undergo slow dehydrogenative dimerization to form [Rh (tspp)(D20)]2 “ dimer
(pathway v) and deprotonation of Rh-H by OH" to form [Rh”(tspp)(D20)](pathway iv).
[Rh'(tspp)(D20)]*" also reacts with [RIi"™(tspp)(020)2]~" via comproportionation to form
[RIi"(tspp)(D20)]2~" (pathway vi). All the rhodium porphyrin species can interconvert to one
another via equilibria, and the formation of each species as a major one is highly dependent on

the pH values.

1.6.2 Equilibrium Distributions from [Ir"/(tspp)(D20)2]™""

Tt i

When [Ir(1)(tspp)(D20)2:r reacts with methoxide ion in basic aqueous media at 298 K- 6
iridium porphyrin species are formed in equilibria:™ (1) the parent [Ir*™'(tspp)(D20)2]™', (2)
[Ir"i(tspp)0OD(D20)]4- > (3) [Iri"(tspp)(0D)2f, (4) [Ir"~(tspp)(OCH3)(0D)]"-, (5)
[Ir"(tspp)-H(OD)]"-, and (6) [lI/(tspp)(OD)]*- (Scheme 1.11).

Scheme 1.11 Equilibria oflr"'-OD, Ir*'-OCHs, Ir'] -H, and Ir* in the Reaction of
[Iri"(tspp)(D20)2]3- with Methoxide ion in Basic Aqueous Media

[(tspp)Ir" | (D20)2f-

-D+
[(tspp)l "i(OD)(D20)14- ji -D+, [(tspp) | ri"(OD)2]5-
iii OCH3-, -D20

[(tspp)IH"(OCH3)(OD)]5-7MNESE : A [(tspp)lri"-H(OD)]5- 7 - [(tspp)lr | (OD)f-
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in 3

[Ir (tspp)(D20)2] - undergoes deprotonations of aqua ligands in basic media to form
[Iri"(tspp)(0D)(D20)]4- and [Ir'\tspp)(0D)2]*" (Scheme 1.11, pathways i and ii).
[Irrii(tspp)(0D)(D20)]4- undergoes facile ligand substitution with OCH3' to form
[Irm(tspp)(OCH3)(OD)]5- (pathway iii), which undergoes /~-hydride elimination to form
[Ir" | (tspp)-H(OD)]5- (pathway iv). [Ir*"(tspp)-H(OD)]*" can be further deprotonated by OH" to
form [Ir'(tspp)(OD)]"' (pathway v). By controlling the pH values, [Ir"~(tspp)(oCH3)(0D)]",
[Irm(tspp)-D(D20)]4-, and [IrVtspp)(OD)]*" can be formed as major products which are the

entry points for many chemical transformations."

1.7 Chemistry of Group 9 Metalloporphyrins
Both hydrophilic and lipophilic group 9 metalloporphyrins exhibit rich bond activation

chemistry and are briefly reviewed below.

.7.1 Chemistry of Metal(ni) Porphyrins (M"~(por))

1.7.1.1 Chemistry ofMetal(I11) Porphyrin Hydroxo (M™"\por)OH)
Recently, group 9 metalloporphyrin hydroxo complexes (M'**(por)OH) have been reported to
promote the reactions with olefins and bond activations of H-H and C-H bonds to broaden the

chemistry of M"\por)OH.

1.7.1.1.1 Reactions with Olefins

[Rhiii(tspp)0D(D20)]4— reacts with olefins in basic aqueous media at room temperature to
form rhodium(lll) porphyrin y*-hydroxyethyl complexes (eq 1.31), which can further react in
aqueous media at elevated temperature to produce ketones (eq 1.32(a)), and to react with KOH

in DMSO to form epoxides, respectively (eq 1.32(b)).M
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R pH 9.0 buffer D

! solution
[Rhiii(tspp)-OD(D2O)r (1.31)
D20, rt, R| | | sppX020)
R ="Pr, "Bu,"Pent, <5 min - 34 h
Ph,cyclohexyL, 80% to >95%

pH 9.0 buffer solution

H20, degas
[Rhi(tspp)(D20O)]f
333 K/353 K, 3-16.5 h
D (a) quantitative
(1.32)
-Rh"i(tspp)(D20) Q
KOH/DMSO .
R ="Pr, "Bu, "Pent . " [Rhi(tspp)(D20O)f  +
r.t., <5 min N R
(b) quantitative

It is proposed that [Rh...(tspp)0OD(D20)]4- promotes the insertion of olefins in aqueous media
to form rhodium(lll) porphyrin y*-hydroxyethyl intermediate (Scheme 1.12, pathway i), which
then undergoes y”-hydride elimination at higher temperatures to form rhoclium(lll) porphyrin
hydride and enol in aquesous media (pathway ii). The enol tautomerizes rapidly to generate
ketone (pathway vii), and rhodium porphyrin hydride is further deprotonated by OD" to form
rhodium(l) porphyrin anion (pathway iii), which can undergo aerobic oxidation to regenerate

[Rh(1)(tspp)0D(D20)]4- (pathway iv).

Scheme 1.12 Proposed Mechanism of RJiodium(Ill) Porphyrin Hydroxo-Mediated

Oxidations of Olefins to Form Ketones and Epoxides

A P

[ \

02,0D
A
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In DMSO, the hydroxo group of rhodium(lll) porphyrin y~-hydroxyethyl undergoes the
deprotonation by 0D' to form oxygen anion (pathway v) > which then attacks the cc-carbon to
form epoxide (pathway vi), and Rh'(tspp)(D20)]*" formed can be recycled to produce

[Rh"i(tspp)(D20)2]3- via the aerobic oxidation (pathway iv).

1.7.1.1.2 Activations ofH-H and C-H Bonds
The water-soluble rhodium porphyrin hydroxo complexes, [RIi*"(tspp)OD(D20)]'r" and
[Rhiii(tspp)(OD)2]4— react instantaneously with deuterium (D2) at ambient conditions to form

the reduced products, [Rh"*(tspp)D(H20)]*" and Rh”(tspp)(0D2)]"', respectively (eq 1.33 and

1.34).51
[Rhiii(tspp)(OD)(D20)]4- + D2 “ [Rh"i(tspp)D(D20)]4- + D20  (1.33)
21?3 >c<:10" AG =-12.4 kcal mol™
[Rh*l(tspp)(OD)2]5- + Dp 25D°O | [Rhi(tspp)(D20)]5- + D20 (1.34)
K= 3.6 X AG =-18.5 kcal mol™

[Rh(1)(tspp)(0D)(D20)]4- also undergoes a-C-H bond activation of acetaldehyde and acetone

87

(eq 1.35). It is proposed that the tautomerization of carbonyl compounds produces enols
(Scheme 1.13, pathway i). Enols undergoes 1,2-insertion with Rh"~(tspp)(0D)(D20)]'" to form

/~-dihydoxyalkyl intermediate (pathway ii), which eliminates water to form the observed

products (pathway iii). 0 pH 9.0 buffer a-
_ Q n ki iffar Y
[Rh'"(tSpp)-OD(D,O)r' + — A . SOIUt'On, DAO
o (1.35)
A_DRn
. "HOD Rh''(tspp)(D20)
R = H, CH3
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Scheme 1.13 Proposed Mechanism of oc-C-H bond Activation of Carbonyl Compounds by

Rhodium(IIl) Porphyrin Hydroxo

.0 D
DoO P
R R
PD RV, dD
A oD A O
. DoO
DoO- Rh™- -OD R* DjO--Rh"'" [ — DoO- Rh|

y W 1T y

Moreover, Rh"A(ttp)CH2CH20H (ttp = tetra(p-tolyl)porphyrin) added with PPIi3 reacts with
. . &gvr Iﬂh .
benzaldehydes very rapidly at 50, C to yield Rh]JI[(ttp)C(0)Ar (eq 1.36). hJITttp)(PPh3)0H is

the proposed intermediate for the aldehydic C-H bond activations of benzaldehydes.

O. PPhg M. eqlivy O. {
Rh"(ttp) CH2CH20H “FG . FG (136
THF, 50°C,air * | ™(p), (1.36)
100 equiv 5-72 h 35-82%

It is proposed that PPhs promotes the *-hydroxy elimination of Rh~"(ttp)CH2CH20H to form
(PPh3)RIi"'(ttp)OH (Scheme 1.14, pathways i-iii). (PPh3)Rh"i(ttp)OH may behave as an
internal base to heterolytically cleave the aldehydic C-H bond (pathway iv), or dissociate to
generate a vacant site for benzaldehyde coordination, followed by proton abstraction by OH' as
an external base to yield Rh”""(ttp)C(0)Ar (pathways v and vi).

Scheme 1.14 Proposed Mechanism of Aldehydic C-H Activation by (Ph3P)Rh"~(ttp)OH

Rh"i(ttp)CH2CH2OH + PPhs ~ A A (Ph3P)Rh"(ttp)CH2CH20H

(Ph3P)Rhi"(ttp)CH2CH2OH ~ ~ A (Ph3P)Rh"i(ttp)+ + OH" + CH2=CH2

[(Ph3P)Rhi"(ttp)]+ + OH" ™ " (Ph3P)Rh™(ttp)OH
(Ph3P)Rh™(ttp)OH + ArCHO Rh" | (ttp)C(O)Ar + H20 + PhsP
(Ph3P)Rhi"(ttp)+ + ArCHO Y [(Ph3P)Rh™(ttp) (ArCHO)]' viOH" el [ SO

-H20
*PPhs
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1.7.1.2 Chemistry of Electrophilic Metal(l11) Porphyrin (Mi*(por)+)

Electrophilic rhodium(l11) porphyrins (M''(por)?) undergo aromatic C-H bond activations to
yield rhodium(lll) porphyrin aryls. Rh(1)(oepfClOzf (oep — octaethylporphyrin) reacts with
ortho, para-dirQCting  arenes to yield only rhodium(lll) porphyrin j*ara-substituted aryls (eq
1.37)'s9 Rhiii(ttp)Cl  (ttp = tetrakis(/?-tolyl)porphyrin) also reacts with meta-divQcting,
electron-poor benzonitrile to yield rhodium(lll) porphyrin we”?a-cyanophenyl (eq 1.38)'J0 These

experimental results support the electrophilic aromatic substitution mechanism (SnAr) (Scheme

1.15).
R [ [ (eprC04 + 0> ~FG 2hO Rh"'(oep)ﬂ/""""FG (1.37)
FG = H, OMe, Me, CI FG = H:40%;0Me:46%;
Me:46%; Cl: 18%
CN
Rh"i(ttp)Cl + reflux M i (1.38)
72 h ’
28%
Scheme 1.15 Electrophilic Aromatic Substitution of Rhodium(ll1) Porphyrins
Rh" | (por)X A Rhi"(por)+ + X'
por = oep, ttp

X =Clo4-, CI

@+~ ~F G Rh2AporM~n'»

1.7.1.3 Chemistry of Group 9 Metal(l11) Porphyrin Hydride (M"\por)H)

The chemistry of high-valent group 9 metal(lll) porphyrin hydrides (M (por)H) have been
studied to explore the different modes of reactivities in small molecule activations™ and to aid
in the understandings of the reaction mechanisms of 1,2-rearrangements catalyzed by
coenzyme For examples, cobalt(lll), rhodium(Ill), and iridium(lll) porphyrin hydrides
show diverse reactivities and mechanisms in the reactions towards styrene and carbon

monoxide.



1.7.1.3.1 Reactions with Styrene

Group 9 metallophyrin hydrides have been reported to undergo the insertion of styrene to
give metalloporphyrin phenethyl complexes. Co"\tap)H (tap =tetralds(p-anisyl)porphyrin)
reacts with styrene to yield 1-phenethyl cobalt(lll) porphyrin via a non-chain radical pathway
(eq 1.39).92 Mechanistic studies suggest that Co-H initially dissociates homolytically to yield
Co'(tap) and aH atom (Scheme 1.16, pathway i). The very reactive H atom reacts with styrene
to yield the more stabilized secondary 1-phenethyl radical (pathway ii), which combines with

Coii(tap) to yield the observed product (pathway iii).

Ph CDCU Ph
Co'"(tap)-H + = [/ N Co'"(tap)~( (1.39)
100 equiv 60 °C, 90 min \
47 la

Scheme 1.16 Radical Non-Chain Mechanism of Styrene Insertion to Co(por)H

A AP h Ph Ph

Co"i(tap)-H~ ~ Co"(tap) + h h . " Co"(tap) + _ [/ . 'illl- Co'~tap)” (\
[ ti .

Rhodium(IIl) porphyrin  hydrides, and Rh"\bocp)H (bocp =
octacliloro(4-fer,-butyl-phenyl)porphyrin),4] reacted with styrene to give 2-phenethyl

rhodium(l11) porphyrin complexes (eq 1.40 and 1.41).

/Ph CrDR [~ Ph
Rh"i(oep)-H + = / ——Rh"i(oep)/ (1-40)
42 °C
"Ph  CgDs NP h
RhJI[(bocp)-H + ==/ o MIEJ/ Rh(bocp)* (1.41)
ou
88%

Two mechanisms are suggested. The first mechanism involves the radical chain pathways
(Scheme 1.17).93 initially undergoes dehydrogenation to yield [Rh[i(oep)]2 and H2
via an equilibrium (pathway i). [Rh""(oep)]2 dissociates into 2 Rli"(oep) radicals (pathway ii).
RhH(oep) then reacts with styrene to give a more stable secondary radical intermediate

(pathway iii), which abstracts H atom from Rhni(oep)-H to yield RIli"*(oep)CH2CH2Ph, and
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Rh"'(oep) is regenerated for further radical propagation reaction (pathway iv).

Scheme 1.17 Radical Chain Propagation in Styrene Insertion to Rh(por)-H

2Rh | "(cep)H ~ -+, [Rh"(oep)]2 + H2

[Rh"(cep)]2 + " - 2Rh"(oep)
Ph
/ /—Ph Rh"(oep)H /—Ph ,
Rh"(oep) +~ Rh""(oep)~/ - ~ Rhi"(oep)” + Rh | [
iii o 22 iv

The second mechanism is the concerted insertion of styrene into Rh"'(por)-H bond (Scheme
Cw-coordination of styrene to Rh''(bocp)H occurs (pathway i), followed by the
breaking of 7r-bond of styrene and the simultaneous forming of both Rh-C and bonds to

give Rh"'(bocp)CH2CH2Ph (pathways ii and iii).

Scheme 1.18 Concerted Insertion of Styrene to Rh(por)H

. . ["Ph
Rhi | | (boopyH Rh"i(bocp( - Rh'i'(bocp) V~Ph . Rh(bocp)~f
| H

1.7.1.3.2 Reactions with Carbon Monoxide

Rh(1)(oep)H reacts with CO to vyield rhodium(ni) porphyrin formyl complexes,

Rh"i(oep)CHO (eq 1.42).™M

Rh"(oep)H + CO .oJ&& Tl — Rhi"(oep)CHO(1.42)
inst3nt3neous 100~

The mechanism of RIi"*"(oep)CHO formation also involves radical chain reactions (Scheme
1.19).93 Rh"(oep), generated from the dehydogenative dimerization of Rh"*(oep)H (pathways i
and ii), reacts with CO to yield the carbon-centered RJi*"(oep)(CO) radical (pathway iii), which
then abstracts a H atom from RhH{(oep)-H to yield Rh"\oep)CHO and another Rh”'(oep) for

further radical chain propagation reaction (pathway iv).



Scheme 1.19 Radical Chain Propagation in CO Insertion to Rh(oep)-H
2Rh'""(ocep)H =+ | 7 [Rh"(cep)]2 + Hj
[Rh"(oep)]2 2Rh"(oep)

CO .
Rh"(oep) . .. ' Rh"'(0oep)CO

Rh"i(oep)CO Rh"i(oep)H + Rh|[ [ (oep)

In contrast, IrJI[(oep)H reacts with CO to form only CO coordinated complex, Ir"*(oep)H(CO)

(eq 1.43), due to the thermodynamically unfavorable CO insertion into Ir-H bond to form

Iri"(oep)H + CO CADs:-rt. A |Hil(oep)H(CO) (1.43)
instantaneous 100, /o

1.7.2 Chemistry of Group 9 Metal(ll) Porphyrin (M"(por))
Group 9 metal(ll) porphyrins are metalloradicals which exist in monomer or dimer forms,
depending on the bulkiness of porphyrin ligands and the nature of metals. These

metalloradicals can be used to cleave various chemical bonds.

1.7.2.1 Bond Activations of C-Br, H-H, and C-H Bonds

Rhodium(ll) and iridium(Il) porphyrins have been used to successfully undergo various
efficient bond activations of C(sp”)-Br, H[] > an@(sp”)-H bonds.

[Rh"(oep) ]2 reacts with the C-Br bond of benzyl bromide in benzene at room temperature to
yield Rh"(oep)Bn and Rh''(oep)Br (eq 1'44).93 RIi"(tmp) has also been reported to react with
H2 in benzene to give Rh™"(tmp)H (eq 1.45)," with the C~H bond of methane in benzene to
yield Rh" | (tmp)H and Rh"*(tmp)CHS3 (eq and with the benzylic C-H bond of toluene

in benzene to give Rh(1)(tmp)H and Rh | "(tmp)Bn (eq 1.47).™
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toluene, 26

[Rh"(oep)]2+ Br-CH2Ph i|’1star?taneous . Rh"i(oep)Br + Rh'™(oep)CH2Ph (1.44)
50% 50%
CgH ,23., C N
2Rh"(tmp) + H2 o []g6r“ — A~ > 2Rhi(tmp)H (1.45)
0.2 -1 atm c= 2.5L2mol-2 s'
CeHg, 23 °C
2Rh"(tmp) + CH4 Rh™(tmp)H + Rh™(tmp)CH3 (1,46)
1 atm K: :1,08
CsHs, 70 ° C .
excess 50% 50%

Mechanistic studies suggest that [RIli"(oep)]2 reacts with benzyl bromide via a radical chain
mechanism (Scheme 1.20).™ [Rh™(oep)]2 initially dissociates into 2 Rh™oep) (pathway i).
Rh"(oep) then abstracts Br atom from benzyl bromide, yielding Rh"\oep)Br and benzyl radical
(pathway ii), which further reacts with [Rh"(oep)]2 to yield Rh""'(oep)Bn and another Rh"(oep)

for subsequent Br atom transfer (pathway iii).

Scheme 1.20 Radical Chain Mechanism in the Reaction of [Rh*(oep)]2 with PhCH2Br
[Rh"(oep)]2 . * - 2Rh"(oep)
Rh"(oep) + Br-CH2Ph ~ A Rh [ "(oep)Br + PhCH?.

PhCH2' + [Rh"(oep)]z2 A Rh[ [ [(CEMCHZh + Rh"(oep)

On the other hand, Rh”'(tmp) reacts with H2, the C-H bond of methane, and the benzylic C-H
il 2

bond of toluene via a termolecular transition state with a rate law: rate = k [Rh (tmp)] [H-X]

(X = H, CH3’ CHzPh) (Scheme 121)97> 9 Indeed’ the kinetic isotope effects of C-H bonds in

CH4 (#1/ "D — 8.2)98 and PhCH2-H (#1/ fcd = 6.5/7 support the linear transition states in C-H
bond activations by 2 metalloporphyrin radicals.

Scheme 1.21 Bond Cleavages by Rh"(tmp) Involving aLinear Termolecular Transition State

2Rh"(tmp) + H-X (tmp)Rh--H--X--Rh(tmp) ;, Rh [ [ [@pH + Rh™(tmp)X
Xi |_/|OJH linear termolecular transition state
=CH2Ph /c(CH4)//C(CD4) = 8.2

Jc(H-CH2Ph) / /((D-CDSCQDS) = 6.5
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Similarly, [Ir"(oep)]2 reacts with H2 in benzene to yield Ir'"(oep)H (eq 1.48), and with the
benzylic C-H bond of toluene to yield Ir"\oep)H and Ir*"Voep)CH2Ph (eq 1.49)." It is proposed
that [Irii(oep)]2 initially dissociates to 2 Ir'*oep)," which then reacts with H2 and benzylic C-H

bond via the analogous linear termolcular transition state (Scheme 1.21).

C D 25
"o F1)]2 4 “taneous N Z[:') oA (148)
200 Torr 100%
190 ~C
[(r*(oep)]2 + CHsPh _ —Ir"'(oep)H + Ir'"(oep)CH2Ph (149)
instantaneous 5. % sqol/.

The bond activation reactions by rhodum(ll) and iridium(ll) porphyrins are driven
thermodynamically by the formation of strong Rh"\por)-C, Rh"'(por)-H, and Ir"~(por)-H bonds
(reported bond energies: Rh'"(oep)-H: 61.8 kcal mol'*~ RIi"(tmp)-H: 60 kcal mol";™

Rh"'(tmp)-CH3 : 57.8 kcal mol""™ Ir"'(oep)-H:—70 kcal mol"* T

1.7.2.2 Reactions with Carbon Monoxide and Ethylene

[Rh™\(oep)]2 reacts with CO to yield dirhodium-porphyrin ketone, and can further react with
another CO to yield dirhodium-porphyrin diketone (eq 1.50). This is attributed to the formation
of 2 strong Rh(1)-C(0) bond (-55-59 kcal/mol).lj

0 cO O 0
[Rh"(oep)]2 Rhi"(oepr®Rhi"(oep)*"*Mi"(poir®**Mi"(por) (1.50)

Rli"(por) and Ir'*(por) also promote the reductive couplings with 1 or 2 molecules of
ethylene, depending on the steric bulkiness of porphyrin ligands (eq 1.51 and 1.52)/*" The
coupling reactions are driven by the formation of strong M-C bonds (> 50 kcal/mol).fg
Sterically unhindered M"(oep) (M = Rh, Ir) (oep = octaethylporphyrin) reacts with 1 ethylene

to form mono-ethylene activated products (eq 1.51), whereas much more bulky M'ttepp)
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(ttepp = tetrakis(2,4,6-triethylphenyl)porpliyrin) reacts with 2 ethylene to form di-ethylene

activated products (eq 1.52).

CH2—CH?2
[M"(0E[1)]2 “ (o ep)M"i-CH2CH2-M JI[(oep) (1.51)
M = Rh, Ir

2CH2=CH2
21VI"(ttepp) . - (ttepp)M"i-(CH2)4-Mi"(ttepp) (1.52)
M = Rh, Ir

1.7.3 Chemistry of Group 9 Metal(l) Porphyrin Anion (M”~(por)') as Nucleophile
M~por)-, generated by the reduction ofM"(por) or M"*(por)Cl (M = Irn), are
powerful nucleophiles and undergo nucleophilic substitutions with alkyl halides to vyield

metalloporphyrin alkyls (eq 1.53-1.55).

Nalkio (oep) ( Co" [ (oep)
Co | Co'(oep)- ex:—> 0" | (oep)R 1.53
e THF, r.t., overnight r.t.,, 10 min ( )
R = Me, 65%
R =Et 60%
NaBhyNaOH , Rl (excess)
Rh[ | | (cep)Cl Rh [ (oep)- . > R[] [10EDR (1.54)
EtOH, Ar, r.t. 3 h r.t., 10 min
= Me, 46%
R =Et 60%
NaBhU/NaOH . - .
IrJI[(oep)(CO)CI Ir'(oep)- RI (t 5 h:\ IH"(oep)R (1.55)
EtOH, Ar, 50 °C->1 h -t R = Me, 72%
R = Et, 85%

1,8 Bond Activation Chemistry by Group 9 Metal(l1l) Porphyrin Chlorides in Basic
Media

The Chan group has undergone various base-promoted bond activation reactions by group 9
metal(lll) porphyrin chlorides (M'"(por)Cl: Rh"A(ttp)Cl and Ir"Vttp)(CO)CI). In basic reaction
media, MJI[(por)Cl is converted to M"i(por)OH, M"Vpor)H, M"(por), and M'(por)' which exist

in equilibria. These 4 metalloporphyrin species exhibit different reactivities towards the same

40



molecules. The relative reactivities of these 4 metalloporphyrins also vary with the nature of
metals and the reaction conditions (e.g. polarity of solvents, reaction temperatures). Therefore,
the metalloporphyrin intermediates responsible for the bond cleavages change with different
reaction systems. Some of the reaction mechanisms of bond activation chemistry by

RhJI[(ttp)Cl and Ir'"(ttp)(CO)CI are briefly reviewed below.

1.8.1 C-O Bond Cleavage of Methanol: Chemistry of M (por)' Nudeophile

Rh(1)(ttp)CIFE  and undergo base-promoted C-O bond cleavages of
methanol to yield Rh™M?(ttp)CH3 and Ir"i(ttp)CH3 (eqs 1.56 and 1.57). Mechanistic studies
suggest that bases and CH3OH promote the reduction of M"i(ttp)Cl to M | (ttp)' (M —Rh > Ir)
(pathways i and iv). Irrttp)' is a strong nudeophile to react directly with CH3-OH via
nucleophilic substitution (Sn2) to yield Ir*'(ttp)CH3 (pathway v). On the other hand, Rh*ttp)" is
not nucleophilic enough to react with CH3-OH. Thus, Rh”ttp)' rapidly protonates with
methanol via an equilibrium to produce Rh”"(ttp)H (pathway ii), which further reacts with

CH3-OH via metathesis to form Rh(1)(ttp)CH3 (pathway iii).

CH30H, KsCOgllO equiv) CH30-H CH3-OH Ajilu ..o
Rh"(ttp)ClI O TTTTHON T L Rhii(ttp)- Rh¥i(ttp)H 3« Rhi(ttp)CH3  (1.56)
150 - » 1 d, N2 I I 870/0
I CHsOH, KOH (20 equiv) CHA-OH |
Ir)1[(ttp)(CO)Cl — A —Amme L (ttP)- A 3 L f A I(ttp)CH3  (1.57)
IV 200 °C 1d, N2 v-OH 70020

1.8.2 C-C Bond Activation of Cyclooctane: Chemistry of M"Vpor)OH, M*"(por)H, and
M*"(por)
Rhii(ttp)Cl undergoes base-promoted C-C bond activation of cyclooctane to form

rhodium(lll) porphyrin n-octyl (eq 1.58)/*" Mechanistic studies suggest that Rh"Mttp)Cl reacts

41



with base to form Rh(1)(ttp)OH (Scheme 1.22, pathway i) which is further reduced to [Rh"(ttp)]2
(pathway ii).*®" [Rh"(ttp)]2 wundergoes C-H activation (CHA) to give Rh"\ttp)H and
Rh'~'(ttp)-c-octyl (pathway iii), which then undergoes y”-hydride elimination to produce
Rh'(ttp)H (pathway v). [Rh"(ttp)]2 also undergoes C-C activation (CCA) to yield terminal
C-centered radical, Rh" [(ttp)-(CH2)7CH2«, (pathway iv) which abstracts a H atom from
Rh'(ttp)H to yield Rh"'(ttp)-~-octyl (pathway vi).

K2CO3(10equiv) Rh"i(ttp)(CH2)7CH3 (1.58)
I .
Rhl | [pC 120 7,5 h, N2 p330/
0

Scheme 1.22 Mechanism of C-H and C-C Activations of Cyclooctane by Rh''(ttp)ClI

Rh*™(ttp)ClI Rh" |
OH" ill
-Cr CHA v 0
Rh[ | [ (p)OH Rl [ [@oH
“H202
[Rhii(ttp)]2- v , _Rh™(ttp)H ,
coa  RMIUR)(CH2)7CIV _if2[Rh"(ttp)]r  Rhi"(ttp)(CH2)7CH3

Vi

1.8.3 C-H Bond Activation of Alkanes: Chemistry of M'"'(por)OH, M"~(por)H, and
M™(por)

RhiH(ttp)Cl undergoes base-promoted C-H bond activation of alkanes (RH) to form
rhodium(l11) porphyrin alkyls (eq Mechanistic studies suggest that Rh"'(ttp)ClI is
reduced by base to form Rh''(ttp)OH (Scheme 1.23, pathway i) which is further reduced to
[Rh"(ttp)]12 (pathway ii).Hi[RIi"~(ttp)]2 cleaves the R-H bonds to give Rh"Vitp)R and
Rli"(ttp)H (pathway iii). Rh"(ttp)H can further react with R-H to give Rh"*(ttp)R (pathway iv),
and undergo dehydrogenative dimerization to regenerate [Rh™\(itp)]2 for further reactions

(pathway v).
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KoCOs (10 equiv) JIT

+ R-H ,,00c,N,6-24h T N | " 0.59)

29-76%
R — cydopenty | - cyclohexyl, ’

n-pentyl, n-hexyi, n-heptyl

Scheme 1.23 Mechanism of C-H Activations of Alkanes by Rh"\ttp)ClI

V OH", -H2

Rh' (ttp)H

OH i R R-H

RhI [ [_Cl ool Rh™(ttp)OH - - [Rh"p)]2 oo Vo
-Cr oHQ@Z i" *

Rh'Attp)R

1.8.4 C-H Bond Activation of Toluenes: Chemistry of M"i(por)H and M"(por)
Ir'"(ttp)(CO)CI undergoes base-promoted benzylic C-H bond activation of toluenes to form
iridium(ni) porphyrin benzyls (eq 1,60)." Mechanistic studies suggest that Ir"'(ttp)(CO)CI is
reduced to Ir(1)(ttp)H (Scheme 1.24, pathway i). It is proposed that base promotes the reduction
oflr'"(ttp)(CO)CI by the benzylic C-H bond of toluene to produce Irm(ttp)H, since the detailed
mechanism of the transformation was unclear. Ir'**(ttp)H can further undergo dehydrogenative
dimerization to form [Ir*(ttp)]2 via an equilibrium (pathway ii). Both Ir"~(ttp)H and [Ir"(ttp)]2

undergo benzylic C-H bond activation of toluene to yield Ir'"(ttp)Bn (pathways iii and iv).

K2C0O3 (20 equiv), |

[ ]
Iri"(ttp)(CO)CI + CH3C6H4(p-FG) Ir"i(ttp) CH2C6H4(p-FG)  (1.60)
0.1-3.5 h .
FG = Me, H, F, NO, 41-80%

Scheme 1.24 Mechanism of Benzylic C-H Activations of Toluenes by Ir'~'(ttp)CI(CO)

Iri(ttp)(CO)Ci i P 53 5 || |@pH Iri"(ttp)CH2Ph + H:
OH 111

-CI", -CO

PhPH
[Ir"(ttp)]2 o=l (ttp)CH2Ph + Iri"(ttp)H
iv
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1.9 Summary

The chemistry of group 9 metalloporphyrins in the form of
Mii(por), and M'(por)" discussed above demonstrates that, the oxidation states of metals, the
nature of ligands attached to the metals, and the nature of the metals can lead to different
product formations, reaction rates, and reaction mechanisms in the bond activation chemistry.
Therefore, fundamental reactivity studies of group 9 metalloporphyrins are of importance to
aid the understandings of the various interactions of small molecules with transition metal
complexes. In a long-term goal, these fundamental studies can facilitate the developments of
potential and suitable catalysts in efficient transformations of small molecules to various fine
chemicals in both synthetic and industrial chemistry.

Moreover, bases can promote the efficiencies of bond activations using high-valent group 9
metalloporphyrins to form metalloporphyrin alkyls in terms of reaction rates and yields. The
use of bases in base-promoted reactions not only reduce the reaction steps for tedious
preparations of air- and moisture-sensitive metal species (e.g. M'(por)", M*'(por), Grigard
reagents, alkyl lithium) for subsequent chemical transformations, but also reduce the costs in
using the more expensive or more toxic reagents (e.g. sodium amalgam, NaBH4).

Indeed, in basic media, metalloporphyrins in the form of M"~(por)OH, M""(por)H,
and M”(por)" can exist in equilibria. Each of these metalloporphyrin species can become major
or dominant species in the basic reaction systems by controlling the concentrations of bases,
solvent polarities, or reaction temperatures for desired selective chemical transformations.
Therefore, the investigation of base-promoted reactions can help the discoveries and
developments of more advanced and convenient methods for base-promoted catalytic synthesis
of wvarious fine chemicals and functionalized compound in more economical and

environmentally-friendly ways.
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1.10 Scope of Thesis
The objectives of my research focus on the reactivity studies of iridium(lll) porphyrins,
including:
(1) the redox chemistry of iridmm(lll) porphyrins in basic media, and
(2) the base-promoted aryl carbon-halogen bond (Ar-X, X = CI, Br, |) cleavages by iridium(lll)

porphyrins.
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Chapter 2 Redox Chemistry of Iridium(l11) Porphyrins in Basic Media

2.1 Introduction

2.1.1 Redox Chemistry of Group 9 Metalloporphyrins

In Chapter 1-the redox chemistry of transition metal complexes has been briefly presented.
Hydroxide ion (OH') can act as an efficient single-electron reducing agent to reduce the metal
centers of various transition metal complexes (Sections 1.4 and 1.5). Additionally, group 9
metalloporphyrins in different oxidation states, M*"(por)OH, M2~ (por), and M”por)’,
can exist in equilibria in basic media (Section 1.6).M"

The electrochemical redox chemistry of group 9 metalloporphyrins has been extensively
studied by the Kadish group.” The chemically-induced redox chemistry of water-soluble group

9 metalloporphyrins in protic solvents has also been studied. For example, the Wayland group

11 3

reported the redox chemistry of  water-soluble [Ir (tspp)(H20)2] “ (tspp =
tetrakis(/?-sulfonatophenyl)porphyrin) in basic agueous media, and methoxide ion is adopted as
a reducing agent to reduce [Ir"'(tspp)(H20)2]"' to generate [Ir"i(tspp)H(H20)]4-, which is in an
equilibrium with [Ir\tspp)(H20)]*" (Section 1,6.2)2 However, the chemically-induced redox
chemistry of group 9 metalloporphyrins in aprotic solvents, to the best of our knowledge, has
not been reported.

Recently, the Chan group has discovered the OH"-promoted reduction of rhodium(lll)
porphyrin chloride (Rh"\ttp)Cl, ttp = tetrakis(/?-tolyl)porphyrin) to rhodium(ll) porphyrin
dimer ([Rh"(ttp)]2) in benzene at 120, C (eq 2.1).4 Mechanistic studies suggest that Rh"”(ttp)ClI
undergoes ligand substitution with OH' to form Rh"\ttp)OH (Scheme 2.1, pathway i) > which
then undergoes the reduction via the homolysis of Rh-OH bond to form Rh!i(ttp) and H202
(pathway ii). Rh'rttp) further dimerizes to form [Rh'\ttp)]2 (pathway iii). Rii"\ttp)OH has also
been independently prepared by the reaction of [Rh"(ttp)]2 with H202 (1 equiv) at room

temperature to support the proposed conversion of Rh'"(ttp)OH to [Rh"(ttp)]2 at 60 "C (eq 2.2).
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Rh [[| _ a KOH(1?equiv) .,
oM CeDe, 120 30 min ANAN

Scheme 2.1 Mechanism of OH'-Promoted Reduction of RIi"*(ttp)Cl to [Rh"(ttp)]2

Rh™{ttp)CI * : > o o o'~ Rh"™(ttp)OH *“ :H., g2 ¢« Rh"(ttp)-iiL-1/2[Rh"(ttp)]2
[Rh"(ttp)]2 + H202 . 34 Rh"i(ttp)OH (2.2)
1lequiv 60 °C -56%

Rliodium(ll) porphyrins are essential starting materials for various chemical transformations
(Sections 1.7.2 and 1.8). The reduction of Rh'(ttp)Cl by base to form [Rh"(ttp)]2 provides a
more convenient and cheaper way to produce [Rh”\ttp)]2, compared with the traditional
synthetic methods via the prolonged photolysis of Rh"*(por)-Me” and the TEMPO-promoted
dehydrogenative dimerization of RJi*"(por)-H.A

The Chan group also reported that bases can promote the reduction of iridium(l1l1) porphyrin
carbonyl chloride (Ir'"(ttp)(CO)CI) to iridium(lll) porphyrin hydride (Ir"\ttp)H) and iridium(ll)
porphyrin dimer ([Ir'~(ttp)]2), which were the observed intermediates for the benzylic C-H bond
activation of toluenes to yield iridium(lll) porphyrin benzyls (Section 1.8.4)7 However, the
mechanisms of the reduction processes are unclear. Therefore, it is important to investigate the
mechanisms of base-promoted reduction of Ir"'(ttp)(CO)CIl to Ir"'(ttp)H and the redox
chemistry of iridium porphyrins in basic aprotic solvent. Hopefully, as a result, the
understanding and controlling of the reactivities of iridium complexes in different oxidation

states in the chemical reactions can be achieved.
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2.1.2 Themes of the Chapter

The themes of this chapter report the results of the discoveries of redox chemistry of iridium
porphyrins in basic, aprotic benzene solvent, involving:
(i) the base-promoted reduction of iridium(lll) porphyrin halides to produce iridium(lll)
porphyrin hydride.
(ii) the interconversions among iridium(Ill) porphyrin hydride, iridium(ll) porphyrin dimer,

and iridium(l) porphyrin anion.

2.2 Preparations of Iridium Porphyrins

Iridium(l11) porphyrin carbonyl chloride, Ir'"(ttp)(CO)CI (1a) (ttp =
tetrakis(;9-tolyl)porphyrin), is the starting complex used for various reactivity studies in this
thesis. Porphyrin ligand (H2ttp),” the iridium source, iridium(l)(l,5-cyclooctadiene) chloride
dimer ([Ir [(COD)CI]2),9 and various iridium porphyrin complexes were prepared according to
the literature methods.

H2(ttp)8 was prepared in 20% yield by refluxing /7-tolylaldehyde and pyrrole in propionic

acid solvent under reflux in 30 minutes (eq 2.3).

~ H
. r o p i o n i ¢ acid . ,
4—{) y~u o+ > —n e .- NH FN/ 2.3
A H \_J 150 reflux, 30 min A "]

H2(ttp), 20%
[Ir'(COD)CI]2" was prepared in 62% vyield by reacting iridium(lll) trichloride with
1,5-cyclooctadiene in ethanol / water solvent in 1 day (eq 2.4).

21HIICI3.3H20 + 2C0D + 2EtOH [~f~, > [Ir'(COD)CI]2 + 4HCI + 2CH3CHO (2.4)
reflux, 1d, N2 2%
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[Ir (COD)C1]2 was subsequently reacted with H2(ttp) in/*-xylene under reflux in 4 days to yield

Ir'"(ttp)(CO)CI (la)io in 64% yield (eq 2.5).

p-xylene
2H2(ttp) + [Ir'(COD)Cl]2 S (2.5)
reflux, 4 d

Ir'"(ttp)(CO)CI[, 64%
Irti | (ttp)(PPh3)a (Ib) was prepared via the ligand substitution of Ir"~(ttp)(CO)CIl with PPhs

(eq 2.6).

Iri(ttp)(CO)Cl + PPhs capQ Iri(ttp)(PPh3)CI  (2.6)
Ge qu ty90.1. d 65%

Other iridiiim(l11) porphyrin halides, Ir"(ttp)(CO)Br (lc) and Ir"\ttp)(CO)I (Id), were
discovered to be successfully prepared by reacting Ir*"(ttp)(CO)Cl with bromobenzene and

iodobenzene in solvent-free conditions at 200 (egs 2.7 and 2.8) (See details in Chapter 3).

pnno'’
Ir''(ttp)(CO)CI + PhBr Ir'(ttp)(CO)Br (2.7)
XS 2d, N2 62%
I O hi 200 °C Ir'(ttp)(CO)I (2.8)
ri [ 1EyCOxC + Phi 2d. N2 p :
XS 41%

Other iridium(l1l) porphyrin derivatives, including the electrophilic iridium(lll) porphyrin
hexafluoroantimonate  (Iri"(ttp)SbF6)," iridium(lll) porphyrin  hydride
iridium(Il) porphyrin dimer ([Ir"(ttp)]2),A'" and iridium(l) porphyrin anion (Ir'(ttp)"')/" are used
as the reactants for chemical transformations (Chapter 1, section 1,7), or as the probable
intermediates to demonstrate various base-promoted reactions with Ir"\ttp)(CO)CI (Chapter 1
section 1.8)7"" They were prepared by the following methods.

IrA"(ttp)(CO)CI was reacted with silver hexafluoroantimonate (AgSbFg) in dichloromethane
solvent at room temperature to yield the electrophilic Ir'"(ttp)SbF6 (le) | [ (as an inseparable

mixture of Ir"~(ttp)SbF6 and [Ir'"(ttp)(CO)]SbF6 in 2.6-3.4 : 1 ratio)™ with the weakly
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coordinating Sh¥e ligand (eq 2.9).

CH cClI
Ir'(ttp)(CO)Cl + AgSbFe——IH"(ttp)SbF6 /[Ir(ttp)(CO)]SbF6 + AgC! (2.9)

2 equiv I’ 2h —26-34 : 1
total yield: 90%

Ir"~(ttp)H (2a) was prepared by the reductive protonation of
Ir'"~(ttp)(CO)CI was initially reacted with NaBH4 / NaOH to yield Ir¥ 1:itp)T*a+, and was then
protonated subsequently with excess HCI (aq) to afford Ir" | (ttp)H (eq 2.10).

(i) NaBH4 /1 M NaOH, THF, 60 N;>2h [

IH"(ttp)(CO)CI T A Irp)H (2,10)
(i) HCI (aq), r.t, N2 > 15min 90%

[Ir'(ttp)]2 @B°7 was prepared quantitatively by the dehydrogenative dimerization of

Ir'A'(ttp)H with 2,2,6,6-tetramethylpiperidinoxy (TEMPO) (eq 2.11).

Ir'"(ttp)H tempo (1.1 equiv) ~ [ ]| T “(Dfk(2.11)
CgDq, r.t.,, N2, <5 min quantitative

Ir'(ttp)'K™ (4a) was formed quantitatively by the deprotonation of Ir(1)(ttp)H with KOH in
THF-"i8(eq2.12).

KOH (20 equiv) T
o r'(ttp)"K” (2.12
THF-cy8,120, C,N2’6h guantitative

Ir'¥(ttp)H
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2.3 Base-Promoted Reduction of Iridmm(III) Porphyrin Halides to Iridium(III)
Porphyrin Hydride

Iridium(111) porphyrin halides (Ir"yttp)(CO)X, X = CI, Br, I) were discovered to react with
bases (KOH, K2CO03)"" or with a trace of residual water in benzene-*fe™ at elevated
temperatures to produce Ir"'(ttp)H (eq 2.13). The base is identified as the reducing agent,
whereas the water likely acts as the protonating source. The mechanism of this base-promoted

reduction of Ir*"'(ttp)(CO)X to was investigated and is presented as follows.

Ir'"(ttp)(CO)X + KOH / K2CO3  H20 (-0.2-1 equiv), CePe A  JI[({f)H (2.13)
X = ClI, Br, | 20 equiv 120-200 1-50 h T

2.3.1 Scope in Base-Promoted Reduction
To understand the base-promoted reduction of Ir*"(ttp)(CO)X to Ir*"(ttp)H, the effects of
base strengths, reaction temperatures, and halide ligands of Ir"~(ttp)(CO)X on the rates of

Ir"'(ttp)H formation were initially studied in sealed NMR tubes.

2.3.1.1 Effect of Bases and Temperatures

Without any base, Ir"A(ttp)(CO)CI remained stable in henzQne-de at 200 "C in 14 days and
was recovered quantitatively (Table 2.1, entry 1). When water (100 equiv) was added,
Ir'"(ttp)(CO)Cl was partially consumed in 10 days to yield Ir"Vttp)H in 16% yield and
unreacted Ir'"(ttp)(CO)CIl was recovered in 84% yield (Table 2.1 entry 2). When KOH (20
equiv) was added, Ir'"(ttp)(CO)CI reacted at room temperature in 12 hours to form a trace of
Ir lii(ttp)H. At a higher temperature of 200 Ir"~(ttp)(CO)CI was rapidly consumed in 1 hour
to yield Ir'"(ttp)H quantitatively (Table 2.1, entry 3). When a weaker base of K2CO3 (20 equiv)

was added, Ir'"(ttp)(CO)CI reacted more slowly at 200 °C in 30 hours to yield Ir"'(ttp)H in 95%

59



yield (Table 2.1, entry 4). Therefore, stronger bases can promote the faster reduction of
Ir''(ttp)(CO)X to li -”lJ[I(ttp)H. At 120 both KOH and K2CO3 promoted the reduction of

Ir*'(ttp)(CO)CI to IrHi(ttp)H but in slower rates (Table 2.1, entries 5 and 6).

Table 2.1 Effect of Bases and Temperatures on Reduction of Ir""(ttp)(CO)CI

H20 (—0.2-2 equiv) > a CgDe

Iri(ttp)(CO)C | + base - _ [T
(20 equiv) temp, time
entry additive (equiv) temp/°C time yield Ir"\ttp)H/%
1 nil 200 14 d Q@
2 H20 (100 equiv) 200 10 d 16'
3 KOH (20) 200 I'h 100
4 K2CO3 (20) 200 30 h 95
5 KOH (20) 120 5h YA
6 K2CO3 (20) 120 23 d 100

“The amount of residual water dissolved in benzene-was estimated by H NMR

¢

spectroscopy. ~ NMR yield. Unreacted IrJI[(ttp)(CO)C1 was recovered quantitatively.“

Ir'"(ttp)(CO)C1 was recovered in 84% yield. "At room temperature, a trace of Ir"Witp)H was
observed in 12 hours. ~Ir'(ttp)'K”™ in 9% yield was also formed.

2.3.1.2 Effect of Halide Ligands

Both Ir2"(ttp)(CO)CI and Ir'"(ttp)(CO)Br reacted with KOH (20 equiv) at 120, C in 5 hours

at similar rates to give Ir"\ttp)H in high yields (Table 2.2, entries 1 and 2). Ir"*(ttp)(CO)I

reacted more slowly at 120, C in 11 hours to give Ir"\ttp)H (Table 2.2, entry 3). The trend of

reactivity is: Ir"\ttp)(CO)CI ~ Ir"*(ttp)(CO)Br > Ir"\ttp)(CO)Il. Similar trend of reactivity was

also observed when K2CO3 was used at 200 (Table 2.3) (The rationale of the reactivity trend

will be discussed in Section 2.3.3(B)). Moreover, in the reactions of Ir"~(ttp)(CO)X (X — ClI, Br,

1) with KOH, Ir'(ttp)"K”~ or [Ir"(ttp)]2 in modest amount was also formed (Table 2,2, entries

1-3).
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Table 2.2 Effect ofHalide Ligands (X) on KOH-Promoted Reduction of Ir"~(ttp)(CO)X

Iriii(ttp)(CO)X + KOH H.0eQ.2-0.8equiv),aC3De” ,H"(ttp)H

(20 equiv) 120 °C > time
entry X time/h [r"~(ttp)H yield/%”
1 Cl 5 84'
2 Br 5
3 | 11 Sr

“The amount of residual water dissolved in benzene-t" was estimated
by 'H NMR spectroscopy *NMR yield ‘ I™ttp)'K" in 9% yield was
also formed “ Ir"(ttp)"K” in 11% yield was also formed ° [lr"(ttp)]2 in
9% yieid was also formed

Table 2.3 Effect ofHalide Ligands (X) on KzCOs-Promoted Reduction of Ir"i(ttp)(CO)X

Iri"(ttp)(CO)X + K,CQ3 H20 (-0.2-1.1 equiv),-CePe” ,H"(ttp)H

(20 equiv) 200 time
entry X time/h Ir"~(ttp)H yield/%"
1 Cl 30 95
2 Br 30 97
3 I 50 95

"The amount of residual water dissolved m benzene—c/g was estimated by H
NMR spectroscopy "NMR yield

The reaction of Ir*~(ttp)(CO)CI with KOH at 120, C (Table 2.2, entry 1) was conveniently
enough in time scale to allow close monitor of the reaction by "H NMR spectroscopy (Figure
2.1). Iri"(ttp)(CO)CI (c5(pyrrole H) = 9.07 ppm, Figure 2.1(a)) was observed to be gradually
consumed in 2 hours to form Ir*'(ttp)H ((5(pyrrole H) = 8.81 ppm) in 55% yield and unreacted
Ir()(ttp)(CO)a in 45% yield (Figure 2.1(b)). All Ir(ttp)(CO)CI was consumed in 5 hours to
form Ir"'(ttp)H in 84% vyield and Ir X ttp)-K+ ((“(pyrrole H) = 8.50 ppm)'* in 9% yield (Figure
2.1(c)). No intermediates were observed in the course of the reaction as the total yields of
Ir'"(ttp)(CO)CI and Ir'"(ttp)H were close to 100%. The same high total iridium porphyrin
yields were also observed in other base-promoted reductions of Ir"A(ttp)(CO)X (Tables

2 1-2.3).
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« I [ (ttp)-K+
Ir)1[(ttp)H
. Ir(ttp)(CO)CI

(c)5h U
(b) 2h m M.
a) 0 min
(a) 7

9.0 8,8 8,6 8.4 8,2 8.0 7.8 7.6 7.4 12

TIL
Figure 2,1 Partial "HNMR profile of the reaction of Ir(1)(ttp)(CO)a with KOH in benzene-fk
at 120 "C (Table 2.2, entry 1).

2.3.2 Mechanistic Studies of Base-Promoted Reduction
Ir'"(ttp)(CO)X (X = CI, Br, 1) were shown to be efficiently reduced to Ir"'(ttp)H in the
presence of bases (Tables 2.1-2.3). The roles of bases on the reductions of Ir"'(ttp)(CO)X to

Ir'"(ttp)H were thus investigated. Initially, we propose aworking reaction mechanism.

2.3.2.1 Overall Reaction Mechanism

Scheme 2.2 depicts a proposed mechanism of the base-promoted reduction of Ir"~(ttp)(CO)X
to Ir'i(ttp)H. Iri"(ttp)(CO)X initially undergoes CO dissociation to give Ir"~(ttp)X (Scheme 2.2,
pathway i). OH" (from KOH or the thermal hydrolysis of K2CO3) then undergoes ligand

substitution with Ir'"(ttp)X to form Ir*"(ttp)OH (pathway ii). Ir"\ttp)OH can exist in an
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equilibrium with the iridium porphyrin ju-oxo dimer, (ttp)lr* tolr*yttp), via the reversible
condensation and hydrolysis (pathway iii). Consequently, the hydroxo ligand in Ir*"(ttp)OH can
act as a single-electron reducing agent to reduce Ir(ni) to Ir(ll), forming both Ir"(ttp) and
hydroxy radical (HO) (pathway iv), Ir"(ttp) further undergoes the OH'-promoted activation of
residual H20 in benzene-t/e'* to form both Ir"A(ttp)H and Ir"~(ttp)OH (pathway v). Ir*™'(ttp)OH

is recycled for further Ir"'(ttp)H formation (pathways iv and v).

Scheme 2,2 Overall Mechanism of Base-Promoted Reduction of Ir"”(ttp)(CO)X

IF"(ttp)(CO)X A A Ir"(ttp)X + CO
X = Cl, Br, |

IFi(ttp)X + OH" p)OH + X

(ttp)IriOlri(ttp) + H20

2Ir'i(ttp) OH
I (ttp)OH r(ttp) + HO-
OH_
21(ttp) + H20 vy (R HT O

The details of (1) the ligand substitution with OH" to form Ir”l'(ttp)OH (pathway ii), (2) the
formation and reactivity of iridium(lll) porphyrin ju-oxo dimer (pathway iii), and (3) the
OH'-promoted conversion of Ir"\ttp)OH to Ir"~(ttp)H (pathways iv and v) will be discussed in

the following sections.

2.3.2.2 Ligand Substitution of OH' (1): Formations of Ir"*(ttp)OH and (ttp)Ir""OIr"Wttp)

In order to investigate the formation of the proposed Ir'"(ttp)OH intermediate via ligand
substitution (Scheme 2.2, pathway ii), attempted observation by "H NMR spectroscopy was
carried out. However, the direct observation of Ir"yttp)OH intermediate was not successful as
the total yields of Ir"i(ttp)(CO)X and Ir"'(ttp)H were always close to 100% (Tables 2.1-2.3).

Therefore, the attempted synthesis of Ir"\ttp)OH from the reaction of more electrophilic

Lie(1)(ttp)SbF6 with more nucleophilic CsOH in henz*nQ-d* was carried out. IRJI[(ttp)SbF6
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(c)(pyrrole H) = 9.08 ppm) reacted instantaneously upon mixing with CsOH at room
temperature to yield Ir*™'(ttp)H ((5(pyrrole H) = 8.81 ppm) in 95% vyield. No iridium porphyrin
intermediate was observed (eq 2.14; Figure 2.2).

H2O (~2.9 equiv), Cyhg

3% 10 equiv r.t., 5 min 95%
. lrul(ttp)H

o Ir"'(ttp)SbF6

Figure 2.2 Partial "H NMR profile of reaction of Ir"\ttp)SbF6 with CsOH in 5 minutes (eq
2.14).

Therefore, the more sensitive analytical method of mass spectrometry was used for the
detection of Ir(1)(ttp)OH if indeed it had formed. The crude reaction mixture of Ir"\ttp)SbF6
with CsOH in CeDe (eq 2.15) was immediately subjected to high-resolution mass spectrometric
(HRMS) analysis. To our delight, besides Ir'"(ttp)H, both Ir"\ttp)OH (5) and (ttp)Ir"tolr"\ttp)
(6) were also detected (Figures 2.3(a)-(c)). Thus, Ir"~(ttp)OH does form as an intermediate via
iigand substitution (Scheme 2.2, pathway ii). Most of the Ir"~(ttp)OH, however, is converted to
Ir()(ttp)H (Scheme 2.2, pathways iv and v). A small amount of Ir*'(ttp)OH likely undergoes the
concurrent condensation to form (ttp)Ir'"Olr'~'(ttp) (Scheme 2.2, pathway iii). Ir”lr(ttp)OH is

thus very reactive.
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H20 (trace), CgDs

Ir(ttp)SbF6  CsOH , Ir"(ttp)OH + (ttp)Ir"Olr(ttp) + Ir"'(ttp)H (2.15)
10 equiv r.t., 5 min
HRMS calculated 878.2591 1737 5092
HRMS found 878,2574 1737,5122

T#7 RT L Al L_NL 7
\n"in f41'NE)IN

" Ir*(ttp)OH, M+ (ttp)Ir"Olr*(ttp), M]+:
I"'{ttp)H  theoretical: 878.2591 theoretical: 1737.5092
experimental: 8782574  experimental: 1737.5122

/

1i77
1o
2 878 J-
o Z
'803 1738 '1756
[ I I R S N I B B O L B B R B R [ T T T O T O T T T U N NN BN S GO N I T B G S/ A R A N R AR TN I {
D j0 bou 700 800 o]0 1000 1100 1200 1300 1400 fSO0 1600 1700 1800 [S{ele) 2000

Figure 2.3(a) Mass spectrum of the reaction of Ir"\ttp)SbF6 with CsOH in CsD", showing the
concomitant formation of Ir'"(ttp)H, Ir"'(ttp)OH, and (ttp)Ir'tolr"~(ttp) (eq 2.15).
Moleculai ronnula

[W]" Uhvuicticall

P MSS %?ﬁé% 912.33513 «12.
PEAK WIDTH [ppn] /1 238.74473

! Acive Register: 3 Qb 10
RES I'RCOPYI IrCcOp T]‘;E LIMIT |rw’[5ﬂ\J\_F

IPEAK : |

Figure 2.3(b) High-resolution mass spectrum of Ir"\ttp)OH ([M]- theoretical value =
878.2591; experimental value = 878.2574).
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Figure 2.3(c) High-resolution mass spectrum of (ttp)Ir"*Olr*™\A(ttp) ([MJ ™ : theoretical value =
1737.5092; experimental value = 1737.5122).

Characterization of (ttp)Ir""OIr"Wttp). To further characterize (ttp)Ir"~OIr"'(ttp), an
authentic sample was prepared using iridium(IIl) porphyrin  y~-hydroxy ethyl,
Ir*'(ttp) CH2CH20H (7), as the precursor of Ir | "(ttp)OH, since Rh"\ttp)CH2CH20H has been
used as a precursor to generate RIi"'(ttp)OH in aldehydic C-H bond activation of
benzaldehydes (Chapter 1 section 1.7.1.1.2, Scheme 1.14)." Gratifyingly, (ttp)Ir"~OIr"(ttp) in
the form of (H20)(ttp)Ir tolr"'(ttp)(OH2) (6a) was prepared in 72% vyield by heating

[r"'(ttp) CH2CH20H in henzene-de at 120, C in a sealed NMR tube in 23 days (eq 2.16).

_ H2O (~24 equiv), CeDe L
Ir'i(ttp) CH2CH2OH (H2O)(ttp)Ir - iiOIr"i(ttp)(OH2)  (2.16)

120, C-23 d 72%

Scheme 2.3 illustrates the proposed mechanism of the condensation of [r*™\ttp)CH2CH20H
to form (H20)(ttp)Ir"~0lr"\ttp)(OH2). Ir"\ttp)CH2CH20H initially undergoes y”~-hydroxy
elimination'~ to yield Ir(1)(ttp)OH and ethylene, which was observed in benzene-<i6 by “H NMR

spectroscopy ((5(C2H4) = 5.23 ppm) (pathway i). The 7r-donating ethylene likely coordinates to
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[rA"(ttp)OH to form (C2H4)Ir"'(ttp)OHA" to inhibit the conversion of Ir*'(ttp)OH to Ir(1)(ttp)H
(pathway ii). (C2H4)Ir"\ttp)OH with a nucleophilic hydroxo ligand then attacks the iridium
center of another (C2H4)Ir"i(ttp)OH by displacing the ethylene ligand to form the
/i-hydroxo-bridged iridium porphyrin dimer, (C2H4)(ttp)Ir"*(OH)Ir"~(ttp)OH (pathway hi).
Hydroxo ligand (OH") likely dissociates from (C2H4)(ttp)Ir"A(OH)Ir " (ttp)OH and ethylene
further coordinates to give [(C2H4)(ttp)Ir'"(OH)Ir " (ttp)(C2H4)]"" (pathway iv). OH' further
deprotonates the /i-hydroxo ligand to generate ju-oxo iridium porphyrin  dimer,
(C2H4)(ttp)Ir"rOlr™M A (ttp)(C2H4), and water (pathway v). Coordinations of residual water in
benzene-lie'r or water generated from the condensation reaction lead to the formation of

(H20)(ttp)Ir"~0lr"\ttp)(OH2) (pathway vi).

Scheme 2.3 Proposed Mechansim of Conversion of Ir"\ttp)CH2CH20H to (ttp)Ir"tolr"~(ttp)
Iriii(ttp) CH2CH2OH Ir'(ttp)OH + C2H4 (C2H4)I Ti"(ttp)OH

H H

2(C2HA)IH"(ttp)OH ~ A (C2H4)(ttp)Ir"...OMri"(ttp)-OH » [+ A (C2H4)(ttp)Ir"i*O. Iri"(ttp)(C2H4)
+ C2H4 +eOH

(C2H4)(ttp)IriirO-Ir"i(ttp)(C2H4) + ®0H (C2H4)(ttp)Ir"iOlr"(ttp)(C2H4) + H20

(C2H4)(ttp)lriii Olriii(ttp)(C2H4) + 2H20 A A A A (H20)(ttp)Ir"i0lri*(ttp)(H20 )

(H20)(ttp)Ir'~'0lr'"(ttp)(OH2) dissolves very well in benzene-t* to form a brown solution. Its
formation is supported by the molecular ion in HRMS analysis ([M]+ = 1737.5052) and the
upfield porphyrin's pyrrole protons ((*(pyrrole H) = 8.36 ppm) by "H NMR spectroscopy
(Figure 2.4), which is characteristic of //-oxo-bridged metal macrocyclic complexes?” The
presence of 2 equivalent upfield coordinated water molecules ((5(H20) — -10.89 ppm) is
supported by the D/H exhange upon the addition of D20 at room temperature (eq 2.17). It is

air-sensitive as it completely decomposed in benzene-c4 solvent under air after 3 days.
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(H20)(ttp)Ir | | [OIrm(ttp)(OH2) was not observed in the reactions of Ir"'(ttp)(CO)X (X = ClI, Br,
1) and Ir"~(ttp)SbF6 with OH" by "H NMR spectroscopy (Tables 2.1-2.3; eq 2.14), as it was
likely either formed in a small amount or further hydrolyzed by OH" at high temperatures to

form Ir"i(ttp) OH and then Ir"'(ttp)H (Scheme 2.2, pathways iv and v).

a pyrrole H
b inner o-toiyl's H
b" outer o-tolyl's H A
¢ nner m-tolyrs H -~ o U o
c" outer m-tolyl's H
d tolyl's methyl H
e aqua H 1 v T - TSN L] I |
HZO—“ i __KPIr-N4-0H :_
v nA
(H20)Ir'{ttp)-0-Ir""{ttp)(OH2)
jjdJuwi
nJx
Figure 2.4 '"H NMR of (H20)(ttp)Ir"'0lr"'(ttp)(0OH2)
CeDe L
(H20)(ttp)Ir'"0IH"(ttp)(0OH2) + D20 (HnD2.nO)(ttp)Ir"iOiri"(ttp)(OHND2.n) (2.17)
excess *5d n=0, 1,2

D : H ratio ~—2.9
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2.3.2.3 Ligand Substitution of OH (2): Formation of Ir"#(ttp)(PPh3)OH

Since Ir"'(ttp)OH was shown to be highly reactive and proved difficult to be observed, the
synthesis of coordinatively saturated and more stable Ir™(itp)(PPh;3)OH was
attempted from the reaction of Ir"\ttp)(PPh3)CI (lb) with OH" (Scheme 2.4; Figure 2.5(a)).
When Ir[H(ttp)(PPh3)CI ((5(pyrrole H) —8.84 ppm) was reacted with KOH in benzene-t* at
200, C in 4 hours, Ir"'(ttp)(PPh3)0H ((5(pyrrole H) = 8.81 ppm) was formed in 96% yield with
atrace of Ir"\ttp)(PPh3)H (2b) (*(pyrrole H) 8.75 ppm) (2%) (Scheme 2.4, pathway i; Figure
2.5(b)).

The formations of Ir'"(ttp) (PPh3)0H and Ir"\ttp) (PPh3)H are supported by the spin splitting
patterns and coupling constants with P in both and P NMR spectra ("H NMR: (i)
(Ph3P)(ttp)IrO-//: doublet, Vph = 7.5 Hz; (ii) Ph3P(ttp)Ir-//: doublet, Vph = 259 Hz. '~
(Figures 2.5(b) and (c)); P NMR: (i) Ph3?-(ttp)IrOH: doublet, Vph = 7.2 Hz; (ii)
Ph3P-(ttp)IrH: doublet, Vph = 258 Hz) (Figures 2.5(e) and (f)). The formation of

(1)(ttp)(PPh3)H is further confirmed by the authentic sample of Ir™(ttp)(PPh3)H prepared by

reacting Ir'"(ttp)H with PPhs (1 equiv) in benzene-"4 at room temperature.'”

Scheme 2.4 Reaction Profile of Ir*"(ttp)(PPh3)CI with KOH in Benzene-f/e

KOH (20 equiv) | r" | (ttp)(PPh3)OH KOH (20 equiv)

n, w .. H2 0 (-1,7 equiv) 96% H20 (-1.7 equiv)
iH"ttp PPh3)CI  — A + Ir*i(ttp)(PPh3)H
CeDe, 200, C’' 4 h  [Hii(ttp)(PPh3)H CqDs, 200 ° C, 13 h 33%
2%
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'H NMR (pyrrole H) 'H NMR (Ir coordinated H) 311 NMR (Ir coordinated PPhj)

Frerr| [ [H Ph3P-Ir"-H
3-32 57 ppm S-25 9 ppm
2jpH =259 H ipH =
(c) 13h ?Q 2 P ZA 2jpH = 258 Hz
3 4]
< 3
. PrePH | | OW PhgP-IHi-O-H
I (59 35 ppm 6 -34 9 ppm
"JpH =7 5Hz 3pH =72 Hz
{b)4h / ©
* Ir"(ttp)(PPh3)H
* Ir'i(ttp)(PPh3)0H PhsP4r* [ Cl
« IP"(ttp)(PPh3)CI 5-37 5 ppm
(a) 0 min (d) 1
Figure 2.5 (a-c) Partial NMR profile of the reaction of Ir"~(ttp)(PPh3)Cl with KOH in

henzene-de  to form Irl [ [ (ttp)(PPh3)OH (Scheme 2.4). (d-f) ~*PNMR spectra of Ir"i(ttp) (PPh3)Cl,
I (ttp) (PPh3)0H, and I ttp)(PPh3)H

2.3.2.4 Conversion of Ir*"(ttp)(PPh3)OH to Ir"Wttp))(PPh3)H

Upon prolonged heating at 200 "C in 13 hours, Ir"~(ttp)(PPh3)0H, which was prepared from
the ligand substitution of Ir ™ (ttp)(PPh3)Cl with KOH, was then slowly and completely
converted to Ir(1)(ttp)(PPh3)H in 33% yield (Scheme 2.4, pathway ii). Thus, Ir'"(ttp)(PPh3)0OH
IS the intermediate to give Ir"\ttp)(PPh3)H. The low yield of Ir"\ttp)(PPh3)H may be due to (1)
the formation of (Ph3P)(ttp)Ir"OIr*Vttp)(PPh3) from the condensation of Ir(ttp)(PPh3)0H,
and (2) the thermally- and base-promoted decomposition of Ir"A(ttp)(PPh3)H. To verify the
proposed reactions, independent experiments were then carried out.

(1) The reaction mixture from the reaction of Ir"'(ttp)(PPh3)Cl with KOH in benzene-t/s at

200 °C ill a short time of 30 minutes was subjected to HRMS analysis. However, no
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(Ph3P)n(ttp)Ir'™OIr"'(ttp)(PPh3)n (n = o, 1) was detected. Moreover, no upfield porphyrin's
pyrrole proton signal of iridium porphyrin, which should be due to the characteristic of
(Ph3P)(ttp)Ir(1)OlrJI(ttp)(PPh3), was observed by "H NMR spectroscopy (Figure 2.5(c)). Thus,
condensation of Ir"\ttp) (PPh3)0H likely does not occur to form (Ph3P)(ttp)Ir"'Olr*Vttp)(PPh3).
Presumably, the strong coordination of electron-rich PPha in Ir*"(ttp)(PPh3)0H reduces the
electropliilicity of iridium center for attack by the hydroxo group of another (Ph3P)(ttp)Ir*'-OH

to form (Ph3P)(ttp)Ir"'Olr*'(ttp) (PPh3) (eq 2.18).

2(Ph3P)(ttp)!r'"OH (Ph3P)(ttp)Ir"'OIH"(ttp)(PPh3) + H20 (2.18)

(2) Ir()(ttp)(PPh3)H was independently prepared™ and was then heated with KOH in
benzene-*4 at 200 (eq 2.19). In 3 days, Ir*~(ttp)(PPh3)H was recovered in 98% yield.
Therefore, Ir*"(ttp)(PPh3)H was stable in both thermal and basic conditions without significant
decomposition.

Ir"i_ PPh3)H ¢ = = Sy ) H (2.,
) 98%

The low vyield of Ir"\ttp)(PPh3)H is neither attributed to the formation of
(Ph3P)(ttp)Ir"tolr"Vttp)(PPh3) nor the decomposition of Ir"\ttp)(PPh3)H, and the reason is
unclear. Presumably, the more reactive, coordinatively saturated Ir(1)(ttp)(PP]i3)0H is thermally

unstable and decomposes considerably upon heating.

2.3.2.5 Reaction Mechanism of Conversion of Ir"*(ttp)(L)OH to Ir"Wttp)(L)H

Since both Ir'*(ttp)(CO)X (X = CI, Br, I) (Tables 2.1-2.3) and Ir*"(ttp) (PPh3)CI (Scheme 2.4)
react with KOH to yield iridium(lll) porphyrin hydride, a common reaction mechanism is
assumed (Scheme 2.2). We propose four possible mechanisms for the conversion of

Iriii(ttp)(L)OH to Ir"\ttp)(L)H (L = nil, H20O, PPhs) as shown in Scheme 2.5. We will examine
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one by one.

Scheme 2.5 Possible Mechanisms of Conversion of Ir"\ttp)(L)OH to Ir"Xttp)(L)H (L - nil,
H20, PPhs)

(A) C-H Activation of Benzene

I ™i(ttp)(L)YOH + CgDe A Ir"i(ttp)(L)D + CeDgOH
- . i w—
j Mi"(ttp)(L)D HUU Ir'(ttp)- + L [UnZO,|r i(ttp)(L)H

Iri(ttp)(L)D IV H20 A [rii'(ttp)(L)H
. -HOD

(B) a-Hydride Elimination

(L)(ttp)Ir™-0-H I —A (L)(ttp)IrV oA Ir{ [ [@UH + 1/202

(C) Water-Gas-Shift Reaction

Ir'i'(ttp)(L)OH + CO ~ ! Iriii(ttp)(L)CO2H AN " (ttp)(L)H + CO2

(D) Electron-Transfer from OH"

(L)lr"i(ttp) OH (L)Ir"(ttp) + HO-
L7 ["p)OH + HO (L)Ir"(ttp) + H202
H202 OH > H20 + 17202
Ir(ttp)(L) + OH" . - [Ir(ttp)OHr + L
Ir(ttp)(L) + [Ir"(ttp)OH]- (L)(ttp)Ir'AlrAttp) OH Ir(ttp)- + Ir"(ttp)OH + L
IF(ttp)- + H20 + L > 1"(tp)()H + OH"

Ir(ttp)OH + L »  |H"(ttp)(L)(OH)



Mechanism A: C-H Activation of Benzene by Ir-OH

In principle, Ir™~(ttp)OH can undergo C-H activation of CeD?, likely via c7-bond metathsis, to
yield Ir*"(ttp)D and phenoWs (C6D50H) (Scheme 2.5, pathway A-i) in an analogous manner
with that of IrJl[(acac)20H.24 Ir(1)(ttp)D further undergoes the D/H exchange with residual water
in benzene solvent either via the deprotonation / protonation process (pathways A-ii and A-iii)
or via the metathesis (pathway A-iv) to yield Ir*"(ttp)H. However, no PhOH was detected by
GC-MS analysis in the crude reaction mixture of Ir"~(ttp)(CO)CIl with KOH and CgHs either at
200 or 120 ~C (eq 2.20). Therefore, benzene is neither the hydrogen source nor the reducing

agent to form Ir(1)(ttp)H. Mechanism A is ruled out.

"l KOH (20equiv). H20 (trace)
[r*'(ttp)(CO)CI [r"(ttp)H, no PhOH (2.20)

H N2 L
CbHQ, 'quantitative
(a) 120 9 h

(b) 200, €, 15min

Mechanism B: a-Hydride Elimination of Ir-OH

In principle, the hydroxy group of Ir*"(ttp)-0-H can undergo a-hydride elimination™ to form
iridium(l1l) porphyrin-oxo-hydride intermediate, Ir*(ttp)(H)(0) (Scheme 2.5, pathway B-i),
which then undergoes oxygen elimination to form Ir"~(ttp)H (pathway B-ii). However,
iridium(V) porphyrin complexes are unprecedented, and cw-(ttp)Ir*(H)(0) is too energetically
demanding. Therefore, a-hydride elimination of Ir"~(ttp)OH unlikely occurs. Mechanism B is

disfavored.

Mechanism C: Water-Gas—Shift Reaction between Ir-OH and CO

In transition-metal-catalyzed water-gas-shift reactions, metal-hydride complexes are the
commonly accepted intermediates.26 Wayland also proposed that [Rh'"*(oep)]2 (cep =
octaethylporphyrin) undergoes water-gas-shift reaction with CO and water to form Rh'*(oep)H

and RIli'""(oep)COOH (eq 2.21), which then undergoes decarboxylation to yield Rh'(oep)H and
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C02 (eq2.22).27

Rh| [epl2 + CO + H20 0050’6' . Rhi"(oep)CO2H + Rh'™{oep)H (2.21)

Rhi"(0ep)CO2H, 614 [6 + Rh"i(oep)H + CO2  (2.22)

In principle, the CO ligand from Ir'"(ttp)(CO)Cl can react with Ir"'(ttp)OH via a
water-gas-shift reaction to form Ir'"(ttp)C02H (Scheme 2.5, pathway C-i), which further
decarboxylates to yield Ir*'(ttp)H (pathway C-ii). However, Ir"'(ttp)(PPh3)CIl, which does not
contain any CO ligand, can also react with KOH to yield Ir"'(ttp)(PPh3)H (Scheme 2.4). Thus,

the CO ligand is unnecessary to form Ir"'(ttp)H. Mechanism C is ruled out.

Mechanism D: Electron-Transfer from OH" to Ir(III)

The hydroxo ligand in Ir*"(ttp)(L)OH (L = nil, H20, PPhs) can act as an efficient
single-electron reducing agent to rapidly reduce Ir(I11) to Ir(ll) > forming Ir'~(ttp)(L) and
hydroxy radical (HO) (Scheme 2.5, pathway D-i).** The feasibility of the rapid redox
reactions can be explained by 3 reasons:

(1) Hydroxide ion is amore efficient reducing agent in aprotic solvents than in water due to the
reduced solvation by aprotic solvents. This is reflected by the less positive oxidation
potential] . of HO/HO— couple in MeCN than that in water (71 - X(OH-— HO) in MeCN = +0.92
V vs NHE; £% x(OH-+ HO) in H20 = +1.89 V vs NHE).™ It is assumed that OH" is an even
more efficient reducing agent in non-polar benzene.

(2) OH" tends to be more reducing in saturated KOH solution in aprotic solvent and at higher
temperature. For example, the oxidation potential* of HO*/HO" couple in DMSO containing a
low OH' concentration ([OH"] = 4.3 mM) at room temperature is reported to be +0.75 V (Table
2.4, entry 1)." In saturated KOH / DMSO solution (37 mM) ? the redox potential is estimated

to be +7.0 V at room temperature (refer to Appendix I for details), implying that HO" in a
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higher concentration is more reducing (Table 2.4, entry 2). At 120 and 200 ~C, the redox
poentials in saturated KOH / DMSO solution are estimated to be +0.68 V and +0.66 V,
respectively (Table 2.4, entries 3 and 4), showing that OH" becomes even more reducing at
elevated temperatures. It is assumed that OH" becomes more reducing in saturated KOH /
benzene solution (—9 mM)i4 and at 120 °C and 200 for rapid redox reactions (Tables

2.1-2.3).

Table 2.4 Estimated Redox Potentials of HO/OH in DMSO at Different OH

Concentrations and Temperatures

DMSO
OH" HO- +e- FEr
temp
entry [Off] in DMSO temperature £ox (V, vs SCE,
(mM) rc) in DMSO)
1 43 24 +0,75"
2 37 25 —+0.70,
3 37M 120 —+0.6r
4 37M 200 —+10.66C

“Reported experimental value (Ref 31). Saturated concentration of KOH in DMSO
at 25 °C (Ref 32). ‘Estimated value using the Nernst equation (Refer to Appendix I
for details). “ The concentration of KOH is almost the same in DMSO upon the
increase of temperature (Ref 32).

(3) Coordinated hydroxo ligand becomes even more reducing. It is proposed that OH", when
coordinated to Mn(1)(tmp)+ to form Mn*ytmp)OH, becomes much more reducing to reduce the
Mn(111) center to form a more stable Mn"(tmp) via more rapid inner-sphere electron-transfer
(Section 1.5.2.1). Indeed, the rate of inner-sphere electron-transfer can be much faster than
that of outer-sphere electron-transfer in organometallic reactions by a factor of Likely,
OH" can efficiently reduce the iridium center in Irni(ttp)OH via an inner-sphere

electron-transfer.

H O generated may also directly abstract HO from Ir(1)(ttp)(L)OH to form Ir'\ttp)(L) and
H202 (pathway D-ii). H202 can then undergo base-promoted disproportionation to form H20

and O2 (pathway D-iii).A-" Ir"(ttp)(L) further reacts with OH" to form [Ir"(ttp)OH]" due to the
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thermodynamically favorable coordination of OH" to the Ir centre (pathway D-iv)? The
electron-rich [Ir'~(ttp)OH]" rapidly undergoes disproportionation with to form
Iriii(ttp)OH and Ir(ttp)" (pathways D-v and D-vi). Ir'(ttp)" is more basic than OH" (p“a
((L)Ir'(ttp)-H) > pfa(H20) = 15.7 (in HiO))/™ and it can be protonated with residual water in
benzene-c”is and further coordinates with L to form (L)Ir"'(ttp)H (pathway D-vii), IrJI[(ttp)OH
coordinates with L to form Ir~*(ttp)(L)OH (pathway D-viii), which is further recycled for
subsequent redox reactions. The supporting lines of mechanistic evidences are presented in the

following section.

2.3.2.6 Electron-Transfer Mechanism in Conversion of Iri"(ttp)(PPh3)OH to
Ir*"(ttp)(PPh3)H

Since Ir()(ttp)(PPh3)0OH is more stable than the conversion of
Ir'(ttp) (PPh3)0H to Ir(ttp) (PPh3)H (Scheme 2.4, pathway ii) was thus investigated in details.

Ine conversion of Ir"'(ttp)(PPh3)0OH to Ir (ttp)(PPli3)H is proposed to occur via the
inner-sphere electron-transfer from HO' to Ir(ni) to form Ir"(ttp)(PPh3) and H202 (Scheme 2.5,
pathways D-i and ii). The key evidence for supporting the proposed mechanism can come from
the direct detection of co-product, H202. However, H202 is unstable, especially in alkaline
media in which facile disproportionation occurs (Scheme 2.5, pathway D-iii)."'* Therefore,
H202 can only be indirectly observed as P(0)Ph3 via the oxidation reaction with excess PPha
(eq 2.23).” The demonstration of the trapping of H202 was thus carried out.

PPhs + H202 « P(O)Ph3 + H20 (2.23)

2.3.2.6.1 Trapping of H202 by PPhj
As control experiments, PPhs was reacted with various oxygen-containing species likely

present to ensure that the sole oxidation of PPI13 to form P(0)Ph3 is H202 only. These
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oxygen-containing species are (1) KOH » (2) 02, (3) H20, and (4) H202.

PPh3 essentially did not react with (1) KOH, (2) 02, and (3) H20 in benzene in 12 hours to
produce P(0)Ph3 (Table 2.5, entries 1-3). On the other hand - PPhs rapidly reacted with (4)
H202 in benzene at 200, C in 1 hour to yield P(0)Ph3 in 86% yield (Table 2.5, entry 4). Since
PPh3 itself did not oxidize in benzene at 200 "C in 12 hours to yield P(0)Ph3 (Table 2.5, entry
5), any P(0)Ph3 being formed in the KOH-promoted reduction of Iri|(ttp)(PPh3)CIl with excess

PPI13 most likely comes from the oxidation of PPhs by H202 co-product.

Table 2.5 Relative Reactivities of Possible Oxygen Sources with PPhs
e s oxygen source (equiv
pph _ y'g (’\qP%O)Pho

3 7200 °C, CgHg, N2, time )N

Entry oxygen source (equiv) time/ h  P(0)Ph3 Yield/%" PPhs Recovered /%'

KOH (20) 12 <1 i)
1
S e (e 1
02 in air (—3) 12 v 1 O
H20 (5) 12 i A
H202 (2) 1 5 O
nil 12 =
1
1

NMR yield.

Ir'"'(ttp)(CO)CI was then reacted with KOH and excess PPhs (5 equiv) (as a H202 trap) in
benzene-£4 at 200, C in 3 hours (eq 2.24(a)). li « JI[(ttp)(PPh3)H and P(0)Ph3 were formed in 42%
and 21% vyield, respectively. The formation of P(0)Ph3 was firmly established by ~H and *'P
NMR spectroscopies (Figures 2.6(a) and (b)) and HRMS analysis with reference to the
authentic sample of P(0)Ph3 (Characterization of P(0)Ph3 formed: (i) NMR: (5(o-phenyl H)
7.74 ppm; (ii) 3ip NMR: 24.9 ppm; (iii) HRMS [M+Na]+: 301.0750). This supports the
oxidation of OH" to produce H202 (Scheme 2,5, pathways D-i and ii), which then oxidizes PPhs
to form P(0)Ph3 (eq 2.23). The low yield of P(0)Ph3 (observed yield: 21%; theoretical yield:
50%) is understandable due to the competititve disproportionation of H202 by OH" (Scheme

2.5, pathway D-iii).
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PPhg (5 equiv)

HgO (trace)
[H"(ttp)(CO)C | + KOH 200 o,

6U6 N2
(@) 20 equiv 3 h
(b) 0 equiv 12 h
(@ 1h NMR

Ir"(ttp)(PPh3)H

Treepnr ttt T-p fms|T

(b) 3ip NMR

P(0)Ph3

15

Figure 2.6 (a)

Iri(ttp)(PPh3)Cl + Irff(ttp)(PPh3)H + P(0)Ph3
oV 42 V 21%®
100%" 0%® 1%b

a yield based on IH"(ttp)(CO)CI
b yield based on PPhs

un reacted
PPh3

P{0)Ph3

M

rrne-TiTTrep  nTTTTjn

unreacted

10

and (b) P NMR spectra showing the reaction of Ir"~(ttp)(CO)CI with KOH

and excess PPhsto yield Ir'(ttp)(PPh3)H and P(0)Ph3 (eq 2 24(a))
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As a further control experiment, in the absence of KOH, PPhs did not reduce Ir*"(ttp)(CO)CI
to form Ir*'(ttp) (PPh3)H, and was not oxidized to give P(o)Ph3 (eq 2.24(b)). Therefore, PPhs is
not the reducing agent. Instead, OH" is the genuine reducing agent in the base-promoted

reduction of Ir'*(ttp) (PPh3)Cl to form Ir*A(ttp)(PPh3)H and P(0)Ph3 (2.24(a)).

2.3.2.6.2 Base-Promoted Conversion of Ir"(ttp)(PPh3) to Ir"Vttp)(PPh3)H

Scheme 2.5(D) illustrates the proposed mechanism of the redox reaction of
Ir"(ttp) (PPh3)0H at 200, C to form Ir"(ttp)(PPh3), which further converts to Ir"\ttp)(PPh3)H
(pathways D-iv-viii). Ir"(ttp)(PPh3) is thus prepared in-situ by reacting [Ir"(ttp)]2 with PPhs at
200, C for mechanistic study (Table 2.6).

Table 2.6 Effect of KOH on Conversion of [Ir"(ttp)]2 / PPhj to Ir"Vttp)(PPh3)H

H20 (~1 equiv)a
1/2[Ir"(ttp)]2 + PPha _ K O H (equiv) ~ |ri"(ttp)(PPh3)OH + Ir'i(ttp)(PPh3)H

deep brown CgDe, temp, time deep red brown
1

Ir"(ttp)(PPh3)0H Iri"(ttp)(PPh3)H

entry KOH (equiv) temple time yield/%" yield/%"
1 0 r.t. ~5 min scarce nil
2 0 200 4h trace trace
3 20 r.t. ~5 min scarce nil
4 20 200 4h 16 15

“The amount of residual H20 (~1 equiv) dissolved in benzene-Je was estimated by H NMR spectroscopy.
bNMR vyield. * Reddish brown precipitate was observed upon the addition of PPhs, probably due to the
formation of [Ir"(ttp)(PPh3)12.

Upon the addition of PPhs at room temperature, the deep brown, partially soluble [Ir"(ttp)]2
("(pyrrole H) = 8.33 ppm) (Figures 2.7(a) and 2.8(a)) in benzene-Jg instantaneously turned to
an insoluble, reddish brown precipitate, which was probably [Ir"(ttp)(PPh3)]2, and a trace of

soluble, deep red Ir"Vttp)(PPh3)0H ((5(pyrrole H) = 8.80 ppm) (Table 2.6, entries 1 and 3-
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Figures 2.7(b) and 2.8(b)). No unreacted [Ir"(ttp)]2 and the paramagnetic Ir"(ttp)(PPh3)

monomer with its characteristic broad proton signals were observed.

In the absence of KOH, [Ir'(ttp)]2 / PPI13 reacted with residual water (—1 equiv) in
benzene-6™M at 200, C in 4 hours to yield Ir'(ttp)(PPh3)H (("“(pyrrole H) = 8.75 ppm) and
Ir*'(ttp)(PPh3)0H (Xipyrrole H) = 8.80 ppm/i only in trace amounts with the considerable
formation of unknown iridium porphyrin species (Table 2.6, entry 2; Figure 2.7(c)).
(Ph3P)(ttp)Ir"Olr"~(ttp)(PPh3) was not formed since no characteristic upfield porphyrin's

pyrrole proton was observed.

On the other hand, when KOH (20 equiv) was added, [Ir"(ttp)]2 / PPha reacted with OH" and
residual water in benzene-* at 200 C in 4 hours to produce Ir"\ttp)(PPh3)H ((5(pyrrole H) —
8.75 ppm) in 15% yield and Ir] "(ttp)(PPh3)0H ((“(pyrrole H) = 8.80 ppm) in 16% yield in a
nearly 1 : 1ratio (Table 2.6, entry 4; Figure 2.8(c)).4i This supports that OH" acts as a strong
cr-donating ligand to promote the disproportionation of Ir*\ttp)(PPh3) to form Ir*\ttp)(PPh3)0H
and I\ (ttp)" (eq 2.25; Scheme 2.5, pathways D-iv-vi,viii). Indeed, it is reported that the strong
(7-donating ligand of pyridine induces the disproportionation of [Rh™oep)]2 to produce
[RhHi(oep)(py)2]-+ and Rh™(oep)" in an 1 : 1 ratio (eq 2.26)." Ir\(ttp)' further protonates with

residual water and then coordinates with PPhs to form Ir"'(ttp)(PPh3)H (Scheme 2.5, pathway

D-vii).

[Ir"(ttp)]2/PPh3 + OH" Iri(ttp)(PPh3)OH  + iH(ttp)- (2.25)
—~1 1
" py .
[Rh"(oep)]2 + 2py iy [Rhi"(oep)py2]+ + Rh'(oep)- (2.26)
s 1 :1
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o Ir[] i(ttp)(PPh3)H
e Ir)i[_(PPh3)0H
* Eir'(tp)]2

(€200 4h A

(b) After PPhg addition
to [Ir'(ttp)]2 > r.t.

(a) Before PPhs addition
to [Ir'(ttp) ]2

6 U 78 74 mn

Figure 2.7 '"H NMR time profile of the reaction of [Ir"(ttp)]2 / PPhs with residual water in
benzene-"i6: (a) before the addition of PPhs, (b) after the addition of PPhs at room temperature,

and (c) after heating at 200, C for 4 hours (Table 2.6, entries 1 and 2).

« Ir(ttp)(PPh3}H
«  Ir"i(ttpKPPh3}0H
« Pri(tp)]2

(c) 200 °C > 4h

(b) After PPhj & KOH addition
to [Ir'(itp)]2, r.t.

(a) Before PPhj & KOH addition
to [Ir"(ttp)]2

88 86 74
Figure 2.8 Reaction profile of the reaction of [Ir*(ttp)]2 / PPhs with KOH and residual water in
benzene-Je' (a) before the addition of PPh3 and KOH, (b) after the addition of PPhs and KOH

at room temperature, and (c) after heating at 200 for 4 hours (Table 2.6, entries 3 and 4),
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2.3.2.7 Possibility of Iridium(III) Porphyrin ju-Oxo Dimer as an Intermediate

Since (ttp)Ir'M'Olr'A'(ttp) was detected in the base-promoted conversion of Ir'i(ttp)SbF6 to
Ir''(ttp)H (eq 2.15), the role of (ttp)Ir'"OIr"~(ttp) as an intermediate to yield Ir"~(ttp)H was
further investigated. (H20)(ttp)Ir"'0Olr"\ttp)(OH2) was found to react with KOH (20 equiv)
slowly in benzene-"i"s at 120 in 10 days to produce only a small amount of Ir"*(ttp)H in 6%
yield (eq 2.27(a)). The reaction was further heated at 200, C’' and (H20)(ttp)Ir"~0Ir"~(ttp)(0H2)
was slowly consumed in 10 days to yield Ir(1)(ttp)H in 58% yield (eq 2.27(b)).

Likely, (H20)(ttp)Ir"tolr"\ttp)(OH2) undergoes slow ligand substitution with KOH to yield
Ir'"(ttp)OH and Ir"i(ttp)Cr as a poor leaving group (resembling OR") (Scheme 2.6, pathway i).
Ir"'(ttp)0' protonates with residual water in benzene-*i - to re-form Ir"(ttp)OH (pathway ii).
Ir [ii(ttp)OH further reacts rapidly in the presence of excess KOH to give Ir*"(ttp)H via the redox

reactions (pathway iii; Scheme 2.5(D)).

(H,0)(ttp)Ir"-0lr-(ttp)(OH,) KOH (20 equiv), H,0 H .9 equiv) ~ ,HH(ttp)H (2.27)

CeDg
(a) recovered: 94% 120 10d 6%
(b) recovered: 0% 200 °C, 10d 58%

Scheme 2.6 OHT-Promoted Conversion of (H20)Ir'"(ttp)Olr"\ttp)(OH2) to Ir"\ttp)H

(H20)(ttp)Ir"iOlri"(ttp)(OH2)  + OH" A Iet(ttp)OH + Ir(ttp)0- + 2H20

Ir"i(ttp) O-+ H20 AA i (ttp)OH + OH-

m iii OH" 11}
Ir'i(ttp) OH . > tr(ttp)H

The rate of base-promoted conversion of (H20)(ttp)Ir"'0lr"\ttp)(0OH2) to Ir"'(ttp)H is much
slower than the rate of base-promoted reduction of Ir*"(ttp)(CO)X (X = CI, Br, I) and
Ir]I](ttp)SbF6 to form Ir'"(ttp)H (Table 2.1-2.3; eq 2.14). Moreover,

(H20)Iri"(ttp)Olig i(ttp)(OH2) was not observed as a major intermediate in the course of



reactions. Thus, (H20)(ttp)Ir"'0lr"~(ttp)(OH2) is not the major intermediate for Ir"\ttp)H
formation. This supports that Ir(1)(ttp)OH, once formed, undergoes rapid redox reactions to
form Ir'"(ttp)H as the dominant pathway (Scheme 2.2, pathways iv and v; Scheme 2.5(D)).
Iriii(ttp)OH simultaneously undergoes minor, slow condensation to form (ttp)lr"~Olr"\ttp)
(Scheme 2.2, pathway iii), which further undergoes slower base-catalyzed hydrolysis to

regenerate Ir"\ttp)OH and then Ir'"(ttp)H (Scheme 2.6).

2.3.3 Discussions
The key steps in the base-promoted reduction of Ir"~(ttp)(L)X (L = nil, H20, PPhs; X = ClI,

Br, 1) to Ir"~(ttp)(L)H are further discussed in the following parts.

(A) Ligand Substitution of Ir"Wttp)(L)X with OH in Benzene-"4

Concerning the rapid conversion of Ir'\'(ttp)SbF6 with CsOH to form Ir"'(ttp)H (eq 2.14),
ligand substitution of OH" to form Ir*"(ttp)OH must be very fast for subsequent conversion.
However, the concentration of dissolved OH' in benzene at room temperature is estimated to be
very low and is only nearly 1 equivalent with respect to iridium porphyrin species (Table 2.7,
entries 1-4), Therefore, the rapid ligand substitution of Ir'"\ttp)SbF6 with CsOH cannot be
explained by the high concentration of OH" in hmzme-d~. Instead, it can only be explained by
the high activity of OH" in benzene-t".

Indeed, the basicities of bases are enhanced when the solvent polarities decrease,”] Since a
base with high basicity usually exhibits high nucleophilicity (activity) in an aprotic solvent/™
the enhanced nucleophilicity of OH' in the non-polar benzene-"ie solvent can account the rapid
ligand substitution with Ir(1)(ttp)X (X = C - Br, |, SbFg) to form Ir"*(ttp)OH (Scheme 2.2,

pathway ii).



Table 2.7 Concentrations of Solutes in Benzene-Je

Entry solute concentration in CeDe
at room temperature (mM)
1 Ir"'(ttp)(CO)X 10"
(X =ClI, Br, 1)
2 Ir'(ttp)SbF6 5"
3 Ir"i(ttp) (PP1i3)ClI %
4 MOH (M =K, Cs) ~%

“The concentration of iridium porphyrin is estimated using the number
of mole of iridium porphyrin added in 0.5 mL of benzene-c/e- ~ Maximal
solubility of NaOH in toluene at 25 °C, and the solubilities of KOH and
CsOH in benzene are estimated to be close to that in toluene (Ref 14).

(B) Effect of Halide Ligands on Rates of Base-Promoted Reduction of Ir"'(ttp)(CO)X

The base-promoted reductions of Ir'*(ttp)(CO)X (X = CI, Br, I) to form Ir"Vttp)H in
benzene-c/6 is in the reactivity trend: Ir"~(ttp)(CO)CI —Ir"i(ttp)(CO)Br > Ir*M\ttp)(CO)I (Tables
2,2 and 2.3). It is conceivable that the rate of ligand substitution of Ir(1)(ttp)X by OH" to form
Ir"'(ttp)OH is in the corresponding order: Ir-Cl ~ Ir-Br > Ir-L Likely, an associative ligand
substitution between OH" and Ir"\ttp) X takes place. Such reactivity trend reflects the extent to
which the (ttp)Ir'"-X bond is weakened in the transition state of the substitution process (rate of
IrJI[-X cleavage is in the order; (—64 kcal mol]) > Ir*-Br (=76 kcal mor') > Ir'"-Cl (—90
kcal morb)44 and the ability of X to increase the electrophilicity of Ir center in for

OH- attack (electrophilicity of Ir is in the order: Ir" [ -Cl > Ir"*-Br >

(C) Reaction of Ir"(ttp)(L) in the presence of OH": Competitive Disproportionation and
Dimerization

In principle, Ir*'(ttp)(L) (L = nil, H20O, PPhs), once formed from Ir"'(ttp)(L)OH, can initially
react with OH" to form [Ir"(ttp)OH]" for subsequent base-promoted disproportionation to give

Ir(ttp)(L)H (Scheme 2,7, pathways i and iii; Scheme 2.5(D)). Alternatively, Ir"(ttp)(L) can

84



initially dimerize to form [Ir"(ttp)(L)]2 for subsequent base-promoted disproportionation to

give Ir'i [ (ttp)(L)OH (Scheme 2.7, pathways ii, iv > and iii).

Scheme 2.7 Possible Mechanistic Pathways in the Conversion of Ir"(ttp)(L) to Ir'"(ttp)(L)H

S ti- 2[H(ttp)(L)OHr * Ir(ttp)(L)H +  tr(ttp)(L)OH

iv
21r" (ttp)(L)—— OH"
(L = H20, PPh3, nil)
[l Tii(ttp)(L)]2

Since Ir*\ttp)(CO)X (X = ClI, Br, 1) and Ir"\ttp)(PPh3)CI only react with KOH and residual
water in benzene-t/e to form Ir(1)(ttp)H and Ir*"(ttp)(PPh3)H as the dominant product (Tables
2.1-2.3; Scheme 2.4), it is reasoned that Ir*\(ttp)(L), once formed, can rapidly coordinate with
highly nucleophilic OH" to give [Ir*(ttp)(L)OH]', most likely inside a solvent cage, and then
undergoes rapid disproportionation to form Ir"~(ttp)(L)H (Scheme 2.7, pathways i and iii). On
the other hand, Ir"(ttp)(L) unlikely dimerizes initially to give [lIrM\ttp)(L)]2 (Scheme 2.7,
pathway ii), as [Ir''(ttp)]2 was not observed as the major species in the base-promoted reactions

oflr"'(ttp)(CO)CI and IrJl[(ttp)SbF6 (Tables 2.1-2.3; eq 2.14).

The proposed formation of [Ir"(ttp)(L)OH]" rather than [Ir*Yttp)(L)]2 dimer can be further
supported by 2 reasons:

(1) Favorable coordination of Ir"(ttp)(L) to OH". The magnitude of the exergonicity of 0D'

rrt 0

coordinations to water-soluble group 9 metalloporphyrins, [M (tspp)(H20)2] (M = Co, Rh, Ir;
tspp = tetrakis(/7-sulfonatophenyl)porphyrin), is reported to increase down the group
(-AG(Co0-0OD) < -AG(Rh-OD) < -AG(Ir-OD)).™ The coordination ofOD" to anionic [Ir’*tspp)]™
to form [lri(tspp)(0D)]6- is also proposed.” Presumably, OH" coordination to Ir'(ttp)(L) in
benzene to form [Irii(ttp)OH]- should also be very thermodynamically favorable. Indeed, OH"
is also shown to promote the disproportionation of [Ir'yttp)]2 / ?Vh.3 to give high yields of
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Ir'"(ttp)(PPh3)H and Ir)i[(ttp)(PPh3)0OH (Table 2.6, entry 4; eq 2.25). Thus, [Ir"(ttp)OH]" is

likely the intermediate to produce Ir™(ttp)(L)H.

(2) No conversion of [Ir"(ttp)]12 to Ir'"(ttp)H was observed. Ir"Wttp)SbF6 reacted with KOH
at room temperature in 1.5 days to yield IrA"(ttp)H in 75% yield (eq 2.28). However, [Ir'(ttp)]2
neither reacted with KOH nor water at room temperature in 2 days to yield any Ir"A(ttp)H (eq
2.29 and 2.30), supporting that [Ir*\ttp)]2 is unlikely the intermediate to produce It is
conceivable that [Ir*'(ttp)]2 only dissociates at room temperature to form Ir"(ttp) monomer in an
extremely low concentration, due to the strong Ir-Ir bond in [Ir"(ttp)]2 (BDE —24 kcal mol'?/?

A
and the resulting very small equilibrium constatnt K (eq 2.31).

Iri"(ttp)SbF6 + KOH rfC~Ds Ir" | (ttp)H (2.28)
20 equiv. | L -.(3) 75%
[Ir"(ttp)]2 + KOH ? no rxn (no Ir'{ttp)H) (2.29)

20 equiv w2d

r] [ @2 + H20

norxn (no Ir"(ttp)H) (2,30)
100 equiv " 1°63%¢

CeDe
[Ir*(ttp)]2 2Ir"(ttp) K=2.5x 10"® M (2.31)
leL>

This supports that, Ir'A(ttp)(L), once formed, unlikely dimerizes initially to give [Ir"(ttp)(L)]2
(Scheme 2.7, pathway ii), but rather rapidly reacts with OH" and H2O via disproportionation to

give IrJi[(ttp)(L)H (Scheme 2.7, pathways i and iii).
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2.3.4 Summary

The reaction mechanism of base-promoted reduction of Ir*\ttp)(L)X (L = nil, CO, PPh) ; X =
Cl, Br, 1> SbFe) to Ir'"(ttp)(L)H was discovered. Mechanistic studies suggest that Ir"'(ttp)(L)X
undergoes ligand substitution with OH" to yield Ir"\ttp)(L)OH (Scheme 2.2, pathway ii).
IrJI[(ttp)(L)OH likely undergoes the hemolysis of Ir-OH bond to form Ir*(ttp)(L) and H202 via
(i) inner-sphere electron-transfer from OH" to Ir(in) (Scheme 2.5, pathway D-i) and (ii) HO
abstraction from Ir"'(ttp)(L)OH by another HO to form H202 (Scheme 2.5, pathway D-ii).
H202 can be indirectly detected as P(0)Ph3 by reacting with added PPhs (eq 2.23). Ir"(ttp)(L)
undergoes base-promoted disproportionation to form Ir"~(ttp)(L)OH and Ir*(ttp)' (Scheme 2.5,
pathways D-iv-vi, viii). Ir*(ttp)" then protonates with residual water and further reacts with L to

form Ir"'(ttp)(L)H (Scheme 2.5, pathway D-vii). Ir'"(ttp)(L)OH is recycled to further give

Ir"~(ttp)OH can also undergo the condensation to form (ttp)Ir"tol/"(ttp) (Scheme 2.2,
pathway iii). (ttp)Ir'"OIr*"(ttp) undergoes slow base-catalyzed hydrolysis to give back
Iri"(ttp)OH and then Ir"\ttp)H (eq 2.27, Scheme 2.6).

Indeed, the base-promoted reduction of Ir"'(ttp)(CO)X to Ir*\ttp)H can provide a more
convenient method for the preparation of iridium(lll) porphyrin hydride, without using the

more tedious traditional reductive protonation with NaBH4 / NaOH and HCI (eq
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2.4 Interconversions among Ir""(ttp)H, [Ir"(ttp)]12, and Ir"ttp)' in Basic Media

In the mechanistic studies of base-promoted reduction of Ir"A(ttp)(CO)X (X = CI, Br, 1) in
benzene-(i6 at 120 "C, Ir"'(ttp)OH is the intermediate to form Ir"~(ttp)H as the major product,
and [Ir"(ttp)]2 and Ir\ttp)'K” as the minor ones (Table 2.2). This implies that Ir'"(ttp)OH,
IrtH (ttp)H, [Ir'(ttp) ]2, and IrA(ttp)" may exist in equilibria, similar to the interconversions among
[Rh | [ | (tspp)OD(D20)]4- > [Rh™(tspp)D(D20) ]~ ; [Rh"(tspp)(D20)]27", and [RhVtspp)(D20)]*- in
basic aqueous solution (Section 1.6.1).» After the mechanism of the conversion of Ir"i(ttp)OH

to Ir"'(ttp)H in benzene-tie has been investigated (Section 2.3), the interconversions among
Ir()(ttp)H > [Ir"(ttp) 12 > and Ir'(ttp)" in benzene-"ie are further studied.
In this section, the following parts are discussed:
(i) The established equilibria among Ir"'(ttp)H, [Ir'(ttp) ]2, and Ir™(ttp)'.
(ii) The thermodynamic estimations of the interconversions.

(ii) The kinetics of the interconversions.

(iii) The mechanisms of the interconversions.

2.4.1 Established Equilibria among Ir"Wttp)H, [Ir"(ttp)]z, and Inttpy

The established interconverisons among Ir'"(ttp)H, [Ir*(ttp)]2, and Ir*(ttp)' in benzene solvent
are illustrated in Scheme 2.8, including (1) the dehydrogenative dimerization of Ir"~(ttp)H to
form [Irii(ttp)]12 (pathway i), (2) the hydrogenation of [Ir"(ttp)]2 with H2 to form Ik | [itpH
(pathway ii), (3) the deprotonation of Ir'"(ttp)H by OH" to form Ir'(ttp)" (pathway iii), (4) the
protonation of Ir'(ttp)’ with H20 to form Irfi(ttp)H (pathway iv), and (5) the
comproportionation between Ir"A(ttp)H and Ir*(ttp)" to form [Ir"(ttp) ]2 (pathway v). Ir*~(ttp)H,
[Ir'(ttp) ]2, and Ir'(ttp)' can exist in equilibria, based on the reported equilibrium distributions of
[Rh| | | @spp)Dl4-, [Rh"(tspp)(D20)]2~ ; and [Rh”(tspp)(D20)]*- (Section 1.6.1)." Moreover, the
tendencies of interconversions are established based on the relative rates of the reported

reactions and the independent reactions with iridium porphyrins.
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Scheme 2.8 Equilibrium Distributions among [Ir'(ttp) 12, and Ir(ttp)' in Benzene

i Ir'(ttp)H, -H2
Ir'ii(ttp)H ) “ [Ir'(ttp)]2
i H2
iv H20\-H2O /[ v Iri"(ttp)H, H20
-OH" , Z -H2,-OH-
\ Ir'(ttp)-,

The hydrogenation of [Ir"(ttp)]2 with H2 to form Ir'"(ttp)H is thermodynamically favorable
and fast (pathway ii), since the reaction of [Ir**(oep)]2 with H2 is facile at room temperature to
form Ir'"(oep)H (eq 2.32) 49 On the other hand, the reverse dehydrogenative dimerization of
Ir)I[(ttp)H to [Ir'(ttp)]2 becomes endergonic and slow (pathway i).

[l CaDa, 25 [

[ ;o H , B # o u s - 21=P)H (2.32)
200 Torr 100%

The deprotonation of Ir'"(oep)H by NaOH (1 M, aqueous solution) to form Ir'(oep)' in
ethanol at room temperature is very slow due to the low acidity ofIT"\oep)H (p”a(lr'\por)-H)
> piCaCHzO) = 15.7)38 (eq 2.33). Thus, the deprotonation of Ir"~(ttp)H by OH" should be slow
(pathway Hi). On the other hand, Ir*(ttp)' is basic enough to undergo rapid protonation with
water to form Ir'A'(ttp)H (pathway iv).

Ir'"(oep)H + NaOH "®@ Iri(oep)-Na++ H20 (2.33)
{1 M, aq)

The comproportionation between iridium(l11) porphyrin and iridium(l) porphyrin anion in
aprotic solvent has not been reported. Therefore, the reaction between Ir*(ttp)"K"» and Ir"\ttp)H
was independently carried out. Ir\ttp)'K”" was prepared from the deprotonation of Ir"~(ttp)H
with KOH in aTeflon screw-capped NMR tube (eq 2.12) and benzene-t/e was then added under

N2. Both Ir(1)(ttp)H and [Ir"(ttp)]2 were instantaneously formed in 45% and 18% yields,
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respectively, at room temperature (eq 2.34). It is proposed that the protonation of Ir'(ttp)' with
residual water™ in benzene-<i6 (eq 2.35) and the comproportionation®™ between Ir*ttp)" and

Ir'"(ttp)H (eq 2.36) occur concurrently. The result also supports that the concomproportionation

between Ir'(ttp)" and Ir'"(ttp)H is thermodynamically favorable to give [IrM\ttp)]2 (pathway v).

H20O (~0.5 equiv) > CqDq

Ir | (ttp)-K” instantaneous Ir'*(ttp)H + 2/2[Ir | | p)2 (2.34)
45% 18%
Ir'(ttp)- H20 » Ir"(ttp)H + OH- (2.35)
Ir'(ttp)- + Ir'(ttp)H + H20 [Ir ] [k + H2 + OH" (2.36)

2.4,2 Thermodynamics of Interconversions
The equilibrium distributions of interconversions among Ir"~(ttp)H, [Ir"(ttp)]2, and Ir(ttp)’

are further supported by the thermodynamic estimations using the reported data of bond

475152 AAD e

dissociation energies (BDES) entropy changes? and redox potentials (E)
estimated free energy change (AG) of each of the interconverisons at 200 "C is shown in Table
2.8. The thermodynamics calculations are also shown in Scheme 2.9. Indeed, the estimated AG
supports the established equilibria as shown in Scheme 2.8. It should be noted that the

estimated AG values only reflect the tendencies of the equilibria, but not the quantifications of

the equilibrium constants.

Table 2.8 Reaction Pathways and Estimated Thermodynamics of Interconversions Among

Ir"i(ttp)H > [Ir"(ttp)]2, and Ir™(ttp)" at 200, C

Pathway Reactions Estimated AG
(kcal mol-i)
21 [tpH (lr"_12 + Hs +5.3
[Irii(ttp)]2 + H2 2l (ttp)H —5.3
m I [ (tp)H + OH-- DA P(ttp)- + H20 +7.2
iv Ir'(ttp)- + HsO-~  =Ir..(tp)H + OH- 12
Ir(ttp)-  ir"(ttp)-H + H20 ; = (tp)lr"-Ir"(ttp) + H-H  OH- '.4.9
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Scheme 2.9 Thermodynamic Estimations of Established Interconversions at 200

(A) Dehydrogenative Dimerization of / Hydrogenation of [Ir"(ttp)]2 with H2

CeDg
2rittp) -H > “r(ttp)-Ir(ttp) + H-H AG —+5.3 kcal mol-i

(A) Enthalpy change (B) Entropy increase from H2 formation

Bond BDE (kcal mi— TAS(H2)473K  —T(S(H2)0500k™
Ir™(ttp)-H -70 31 =(473 K)(145.7 Jmo|-i K-i
Ir"(ttp)-Irii(ttp) 24 " =+68916.1 vimol-i
H-H 104.2 2 =+68.9 kJ mo|-i
— 5 kcal moll

AH =2BDE(Ir-H)-BDE(Ir-Ir)-BDE(H-H)
=2(70)- 24- 104.2
=+11.8 kcal mol-i
(C) Translational entropy decrease of 1 mole from 2 Ir''{ttp)H to 1 [Ir"(ttp)]=
TAS(iivi> —-35eu
—-10 kcal mol|-i
AG = AH - TAS(H2)473K - TAS(.im)
=(+11.8)-(+16.5)-(-10)
=+5.3 kcal mo—i

(B) Deprotonation oflIr'"(ttp)H by OH /Protonation oflr'(ttp)" with H20

Ir'(ttp)- + HO-H A H—+7.2 kcal mol"

Iri(ttp)-H + OH-

Ir(ttp)-H Fl /@ + H* A H=+70 kcal moM

(B) Electron Transfer from OH"to Ir'{ttp)
Eox = +0.75 V (DMSO, vs SCE, [OH] ~4 mMf

OH"——OH. + e
I(ttp) + e- , - Ir(ttp)- Ered —-1.7 V (CH2CI2’ vs SCE, [Ir"(ttp)] = 1 mM)y™

ERxn~-2.45 V

AH =-nFE
—-(1)(96485)(-2.45)
~ +236.4 kJ mol-i
—+56.5 kcal mol"*

Ir | (@ + OH" Ir(ttp)- + HO,

(C) H» +HO( HO-H AH =-119.3 kcal mol_i52

AG —AH =(A) + (B) + (C)

=70 +56.5 + (-119.3)
=+7.2 kcal moM
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(C) Comproportionation between Ir*(ttp)' and to form ["Wttp)]2

| Tifttp)-+ Ir"(ttp)-H + H20 - “ (ttp)lr-Ir"(ttp) + H-H + OH" AH —-4.9 kcal md—
(A) Ir{ttp)-H Ir(ttp) + H. AH —+70kcalmol-i5i
(B) H-OH H' + HO* AH =+119.3 kcal moM 52
(©) 2H. H-H AH =-104.2 kcal mo|-i 52

(D) Electron-transfer from Ir'(ttp)" to HO*

Ir'(ttp) + e- Ir'(ttp)- Ered ~ -1.7 V (CH2CI2, vs SCE, [Ir'(ttp)1 = 1 mM) 54
HO_ + e . - OH Ered ~ +1.16 V (MeCN, vs SCE, [OH'] ~4 mM)
Ir(ttp)- + HO Ir"(ttp) + OH" Erxh ~ +2.86 V
ah =-nFE
—-(1)(96485)(2.86)
—-276.0 kJ mol-i
—-66.0 kcal mo Fi
Ir(ttp)- + HO' Ir'(ttp) + OH"  AH =-66.0 kcal mol"
(E) 2r [ [ (tp) (-l © [ ] (tp) AH —-24 kcal moM 47

AG—AH=(A)+(B)+(C)+(D)+(E)
-70 + 119.3 + (-104.2) + (-66.0) +(-24)
—-4.9 kcal mopi

2.4.3 Kinetics of Interconversions

The kinetics and rates of interconversions among Ir"~(ttp)H, [Ir*Vttp)]2, and Ir'(ttp)' (Scheme
2.8) were then studied by reacting Ir"'(ttp)H in benzene-(i6 without and with bases at 200 in
sealed NMR tubes.

It should be noted that the co-product, H2 (t5(H2) = 4.47 ppm)," could not be observed in
benzene~(i6 at room temperature by “H NMR spectroscopy, as the solubility of H2 in benzene-Je

is very small under the vacuum atmosphere in sealed NMR tube. It is estimated that when all
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Ir*'(ttp)H was converted to [Ir"(ttp)]2 (100%) and H2 (100%), only H2 in 1% yield is dissolved
in benzene-(i6, whereas H2 in 99% yield is in gaseous phase (Refer to Appendix I for the
calculation).57 The incomplete conversion of Ir"Vttp)H to [Ir"(ttp)]2 (19-59% conversion in this
studies, Tables 2.9-2.11) implies that the dissolved H2 in benzene-t/e is much less than 1% -
which is out of the detection limit by "HN MR spectroscopy.

The effect of residual O2 in degassed benzene-fif6 on the oxidation of Ir*'(ttp)H to
[Irii(ttp)]25"9 was also studied. was dissolved in degassed benzene-t* and was then
left at room temperature for 22 days (eq 2.37). A trace of [Ir"(ttp)]2 in 5% yield was observed.
Thus > the maximal amount of [Ir"(ttp)]2 formed from the oxidation of Ir"~(ttp)H with residual
02 in degassed benzene-t/6 is assumed to be 5% yield,o The amount of [Ir*?(ttp)]2 formed
higher than 5% vyield should come from the thermal and base-promoted dehydrogenative

dimerization of (To be discussed in the following sections).

Ir'i(ttp)H C6D6 « i/2[[r"(ttp)]2 + "I/2H2"  (2.37)
recovered " a 50/
95%

2.4.3.1 Thermal Conversion of Ir(1)(ttp)H to [Ir"(ttp)]2

The thermal reaction of Ir(1)(ttp)H in benzene-t4 was monitored at 200 by 'h NMR
spectroscopy (Table 2.9; Figures 2.9(a),(b)). After 2 minutes, Ir"~(ttp)H (Xpyrrole H) = 8.81
ppm) was converted to [Ir'(ttp) ]2 ((*(pyrrole H) = 8.33 ppm) in 19% yield (Table 2.9, entry 3)
Thus, the thermal dehydrogenative dimerization of Ir'A'(ttp)H to [Ir"(ttp)]2 is established.

After 5 minutes, was further consumed, but the yield of [IrM\ttp)]2 was decreased
without the observation of (H20)(ttp)Ir"~0Ir'"(ttp)(OH2) (pyrrole H) = 8.36 ppm) (Table 2.9,

entry 4), likely due to the thermal decomposition of [Ir'(ttp)]2 at 200, C. Indeed, [Ir"(ttp)]2 was

shown independently to excessively decompose in benzene-do at 200 in 1 hour (eq 2.38).
nrji(ttp)]2 — 6 ' <« > decomp. (2.38)
recovered Bu wu, In
26%
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After 1.5 hours, all [Ir"(ttp) ]2 was converted back to Ir"'(ttp)H, most likely by reacting with
the co-product of H2 at 200 (Table 2.9, entries 4-6). Even though H2 has a low solubility in
benzene-«i6, it is reasoned that the thermodynamically more favorable reaction of [Ir"(ttp)]2
with H2 (eq 2.32) is much faster at 200, C to give back Ir"\ttp)H. The formation oflr"'(ttp)H
was not attributed to the reaction of [Ir"(ttp) ]2 with water, as [Ir"(ttp)]2 was shown to react very

slowly at 200, C in 7 days to give Ir*"(ttp)H in only 11% yield (eq 2.39).

[Irii(ttp)]2 H20(100 > quiv) -1 pn 1 “wH = N.39)
recovered CgDg, 200 °C, 7 d Mo /o
0%

Table 2.9 Reaction Profile of Thermal Conversion of Ir(1)(ttp)H to [Ir"(ttp)]2

at 200"C
H,OMequiv),CeDe" > + ee1/2H/
A 200, C’ time
entry time Irm(ttp)H/o/o* 1/2[Ir"(ttp)I2/%" total yield/%"

1 0 100 0 100

2 1 min 81 19 100

3 2 min 81 19 100

4 5 min 67 13 80

5 15 min 70 7 77

6 15 h 72 0 72

7 5.0 h 72 0 72

8 15h 72 0 72

"NMR yield.
1%
° total yield
- -
“on total yield
o Ir(ttp)H
—
= Ir(ttp)H | %
s [Ir(tp)* 1%
-total yield/%
N
1/2[lr(ttp)]2
1/2Elr(ttp)I2
time/h 0.l 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Figure 2.9(a) Time profile of thermal reaction of Ir‘]““li(ttp)H at 200, C (Table 2.9).
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[Ir'(ttp)]2
Ir"(ttp)H

() 15h

il > M
(d)1.5h
(c) 15 min
Ju. M J .
(b)2 min
(@) 0 min

Figure 2.9(b) Partial 'H NMR profile of thermal reaction oflr"\ttp)H at 200, C (Table 2.9)

2.4.3.2 KOH-Promoted Conversion oflr"#(ttp)H to [Ir"(ttp)]2

The reaction of Ir"'(ttp)H added with KOH was then monitored at 200 "C by "H NMR
spectroscopy (Table 2.10; Figures 2.10(a),(b)). After 2 minutes, Ir"\ttp)H ((5(pyrrole H) = 8.81
ppm) reacted with KOH to form [Ir'(ttp)]2 (pyrrole H) 8.33 ppm) in 59% yield (Table 2.10,
entry 2). Thus, the KOH-promoted dehydrogenative dimerization of Ir"~(ttp)H to [Ir"(ttp)]2 is
established.

From 5 to 15 minutes, [Ir"(ttp)]2 was gradually converted back to likely by
reacting with H2 formed (Table 2.10, entries 3 and 4). After 1 hour, a modest amount of
Ir'(ttp)"K" (16%) with a characteristic upfield porphyrin's pyrrole proton signal ((5(pyrrole H)=

8.53 ppm)i6 was also formed via the deprotonation of Ir"\ttp)H with OH" (Table 2.10, entry 5).
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After 2 hours, all Ir (ttp)'K” was converted back to Ir (ttp)H via the protonation with residual
water in benzene-c® (Table 2.10, entry 6), and Ir(1)(ttp)H was recovered in 74% yield. No
(H20)(ttp)Ir"'Olr'"(ttp)(OH2) ((5(pyrrole H) = 8.36 ppm) was observed in the course of reaction.

Since a higher yield of [Ir"(ttp)]2 can be obtained from when KOH is added, the
KOH-promoted dehydrogenative dimerization of IrJ[((ttp)H (Table 2.10) is more efficient at

200 compared with the thermal conversion (Table 2.9).

Table 2.10 Reaction Profile of KOH-Promoted Conversion oflr"~(ttp)H to [Ir"(ttp)]z at

200 CC
KOH (20 equiv)
Ir'"(ttp)H Gzl i/20tr"(ttp)k =+ Ir'(ttp)-r +"1/2H2"
CeDe, 200 OQ' time
entry time Ir"Vttp)H/%" [/2[Irii(ttp)]2/%" IrVttpVK~  total yield/%"
0 (€)) 0 0 0
2 2 min 36 59 0 @)
3 5 min 46 47 0 o3
4 5 min 53 39 0 %
5 I.Oh &) 0 6 iy
6 20 h A 0 0 P
7 6.0 h &S 0 0
8 4h &S 0 0 &
NMR vyield.
total yield
-Ir(ttp)H/ %

' -[Ir(ttp)]2/%

\ V2tr(tp)]2 -Ir'(ttp)-K*/%

\ -total yield/%

\'yA\_.]l”{ttD)KA

Ir(tpyK’ AR
_ "
time/h 2 3 5 6 8 9 1011121314 15

Figure 2.10(a) Time profile of reaction of Ir'"(ttp)H with KOH in benzene-f% at 200, C (Table
2.10).
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o Iri(ttp)-K+
+ [Ir{ttp)]2
e Ir"i_H

(f)6h -

©) A A

(d)1

(c) 15 min

(b)2min

(a) 0 min

Figure 2.10(b) Partial "H NMR profile of reaction oflr"\ttp)H with KOH in benzene-de at 200
"C (Table 2 10)

2.4.3.3 KzCOj-Promoted Conversion of Ir"i(ttp)H to [Ir"(ttp)]2

Since K2CO3 was used as an optimal base to promote the aryl C-X bond cleavages by
Ir'"(ttp)(CO)CI to form iridium porphyrin aryls via the formation of both and
[IrM(ttp)]12 (To be discussed in details in Chapter 3), the effect of K2CO3 on the conversion of
Ir'"(ttp)H to [IriXttp)]12 was also studied

The reaction of Ir"~(ttp)H added with K2CO3 was monitored at 200 "C by "H NMR
spectroscopy (Table 2 11, Figures 2 lli(a) > (b)) After 2 minutes, Irfjl(ttp)H (<5(pyrrole H) = 8 81
ppm) was converted to [Ir'(ttp) 12 ((“(pyrrole H) — 8.33 ppm) in 55% yield (Table 2.11, entry 3).

Thus, the K2CO3-promoted dehydrogenative dimerization of Ir'~A(ttp)H to [ir(ttp)]2 is
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established.
From 15 minutes onwards, [Ir*\(ttp)]2 gradually reacted with H2 and converted back to
Ir)I[(ttp)H (Table 2.11, entries 5-8). After 15 hours, Ir"i(ttp)H was regenerated in 64% vyield.
Ir'(ttp)" (*(pyrrole H)—8.53 ppm)™ was not observed in the course of reaction, probably due
to the lower basicity ofCOs”*" (p”a of HCO3— = 10.33 (in U20)f than OH. (p*a of H20 = 15.7
(in H20))’38 such that the concentration of Ir*(ttp)' formed by the deprotonation of Ir"~(ttp)H

with CO32- would be too low for observation.

Table 2.11 Reaction Profile of KzCOs-Promoted Conversion ofIr"Wttp)H to [Ir"(ttp)]z
at 200 oc

K2CO3 (20 equiv)
H20 (-1.8 equiv)

Fl [ [ @oH CeDe. 200 fime 1/2[Ir"(ttp)]2 + "1/2H2
L
1 0 95 100
2 1 min 39 52 91
3 2 min 40 55 95
4 5 min 43 54 97
5 15 min 43 55 98
6 15 h 48 24 72
7 5.0 h 62 6 68
8 15h 64 0 64

. NMR vield. " The small amount of [Ir"(ttp)]12 formed at room temperature was
likely due to the oxidation of Ir/I|(ttp)H with residual O2 in degassed benzene-t/g.

total yield
a0 Ir(ttp)H el vield
otal yie
20 1/2i(tto)2 -
=0 Ir(ttp)H 1 %
0 + Dr(ttp)h/%
total yield/%
0 time/h ol 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Figure 2.11(a) Time profile of reaction oflr"~(ttp)H with K2CO3 at 200, C (Table 2.11).
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« [Ir(ttp)]2
« IHii(ttp)H

fH15h
(e)5h
fil A
.J_J\ y
(d)1.5 h
IA A
(¢) 15 min
A
A =R JA 1
{b)2min
A
(a) 0 min
* A M a

J83:8hb6 3A 8
Figure 2.11(b) Partial "H NMR profile of reaction of Ir"'(ttp)H with K2CO3 at 200 (Table

2.11).

2.4.3.4 Rate Comparisons between Thermal and Base-Promoted Conversions of
Ir"i(ttp)H to [Ir"(ttp)]12
To further support that the base-promoted dehydrogenative dimerization of IrA"(tttp)H is
more pronounced than the thermal one to generate [Ir"(ttp)]2 (Tables 2.9-2.11), the ratios of
[Ir*(ttp)12 : IrA"(ttp)H at fixed time intervals are compared. After 1 and 2 minutes, the
ratios are much higher in the base-promoted reactions (Tables 2.12(B)
and (C)) than the thermal reaction (Table 2.12(A)), showing that the base-promoted reactions is
indeed more efficient than the thermal one. The rates of KOH- and K2CO3-promoted reactions

are similar as shown by the similar [Ir"(ttp)]2 : Ir"\ttp)H ratios (Tables 2.12(B) and (C)).
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Table 2.12 Ratio of [Ir"(ttp)]z : Ir""(ttp)H during the Converison ofIr"”(ttp)H to
[Ir"(ttp)]2 at 200, C
[Ir(ttp)12 : Ir"\ttp)H Ratio

(A) (B) (9]
KOH- K2CO3-
entry time/min Themal promoted promoted
Conversion conversion conversion
(Table 2.9) (Table 2.10) (Table 2.11)
1 1 0.23 1.64 1.33
2 2 0.23 1.02 1.38

2.4.4 Mechanisms of Interconversions

Considering the estimated thermodynamics (Scheme 2.8; Table 2.8) and the results of the
interconversions among Ir'"(ttp)H, [Ir"(ttp)]12, and Ir(ttp)" (Tables 2.9-2.11), Ir"'(ttp)H,
[Ir'(ttp) 12, and Ir'(ttp)' can exist in equilibria. The proposed mechanisms of thermal and

base-promoted interconversions are summarized in the energetics as shown in Figure 2.12.

(ttp)li—H—H—Ir(ttp)

(V) HitpH + Fp- + H20 W . o) [rGp)la + H2 + OH"
m [er"_2 + H2

”””””” i) 21 | | oH

Figure 2.12 Energetics of interconversions among Ir"'(ttp)H, [Ir"(ttp)12, and Ir*(ttp)'

When no base is added (Table 2.9), Ir"A(ttp)H is slowly converted to [Ir"(ttp)]12 at 200, C
likely via a linear termolecular transiton state (Section 1.7.2.1, Scheme 1.21).4962 The
deliydrogenative dimerization is thermally-promoted and entropically driven by the formation

of H2 (Figure 2.12, pathways (1)->({i)"(ii)).



When KOH or K2CO3 is added (Table 2.10 and 2.11), Ir"~(ttp)H can be deprotonated at 200

to form Ir'(ttp)", which undergoes faster comproportionation with Ir"~(ttp)H to form
[Irii(ttp)]2 and H2 (Figure 2.12, pathways (iv)"~(v)"~(vi); eq 2.34).

The backward hydrogenation of [IrM(ttp)]2 with H2 likely occurs simultaneously to give back

Ir'(ttp)H via alinear termolecular transiton state (Figure 2.12, pathways (iii))—(ii)% (i)).49'62

2.5 Conclusions

The redox chemistry of Ir"~(ttp)(L)X (L = nil, H20, PPhs; X = SbF6, CI, Br, I) in basic
benzene-(i6 solvent has been discovered, including: (i) the base-promoted reduction of
Ir]I](ttp)(L)X to form Ir"(ttp)(L)H, and (ii) the interconversions among Ir'"(ttp)H, [Ir'(ttp)]12’
and Ir:(ttp)". Detailed mechanisms of these two redox chemistry have been studied.

In the base-promoted reduction of Ir(1)(t1;p)(L)X to form Ir'"(ttp)(L)H, OH" likely acts as an
reducing agent to reduce Ir(lll) to Ir(ll) likely via a coordination-assisted inner-sphere
electron-transfer, generating Ir"(ttp)(L) and H202. Ir"(ttp)(L) then activates water to produce
Ir'"(ttp)(L)H and Ir"\ttp)(L)OH via the OH'-promoted disproportionation of Ir"(ttp)(L). The
formation of H202, and the conversion of Ir"(ttp)(L) intermediate to Ir*(ttp)(L)H, are
supported by the trapping of H202 with PPhs to form P(0)PIli3 - and the independent reaction of
[IrH(ttp)]2 / PPh3 with KOH and residual water in benzene-4 to form Ir"\ttp)(PPh3)H,
respectively. IrJI[(ttp)(L)OH is recycled for further redox reactions to give Ir'"(ttp)(L)H.

In the interconversions among Ir*"(ttp)H, [Ir'(ttp)12, and Ir(ttp)", can undergo
slower thermal dehydrogenative dimerization and faster base-promoted dehydrogenative
dimerization to form [Ir"(ttp)]2 at 200, C. The thermal reaction of Ir"\ttp)H occurs via a linear
termolecular transition state to yield [Ir"(ttp)]2, whereas the base-promoted dimerization occurs

via the deprotonation of Ir(1)(ttp)H to form Ir*(ttp)", which then reacts with Ir'"(ttp)H and water



to give [Ir'(ttp)]2 and H2. [Ir"(ttp)]2 likely further reacts with H2 via a linear termolecular

transition state to give back Ir(1)(ttp)H. The reactions studies support that Ir"A(ttp)H, [Ir"(ttp)]=2,

and Ir(ttp)" can exist in equilibria.
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Chapter 3 Base-Promoted Aryl Carbon-Halogen Bond Cleavages by

Iridium(l11) Porphyrins

3.1 Introduction
3.1.1 General Introduction
3.1.1.1 Definition of Aryl Carbon-Halogen Bond Cleavages by Transition Metals

Aryl carbon-halogen bond (Ar-X, X = F, CI, Br, I) cleavages by transition metals can be
defined as the reactions of Ar-X bonds with the transition metal complexes to form
metal-aryl-halide complexes (Scheme 3,1, pathway i) - metal-aryl complexes and halide ions
(pathway ii), or both metal-aryl and metal-halide complexes (pathway iii), with the

concomitant increase in the oxidation states of transition metals by +1 or +2.

Scheme 3.1 Possible Products Formed from Aryl C-X Bond Cleavages by Transition Metal

Complexes
M
X
4=
6 X + M M X-
X = F, Cl, Br,
m a n+1
M + M — X

3.1.1.2 Physical Properties of Aryl Halides
(i) Polarities of Aryl-Halogen Bonds

The electronegativities of the atoms in halobenzenes (PhX) are shown in Table 3.1." The
halogen atoms (X = F, Cl, Br, I) (Table 3.1, entries 3-6) are generally more electronegative than
H and C (Table 3,1, entries 1-2), whereas H and C have similar electronegativities. Thus, C-X

bonds are generally more polar than C-H bonds via the inductive effect of X {-la). In C-X
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bonds, the electronegativities of X are in the order: F> Cl| > Br > |. The polarity of Ph-X bond

and the electrophilicity of the X-bound carbon is thus in the order: C-F > C-Cl > C-Br > C-L

Table 3.1 Pauling Electronegativities of Halogen Atoms in Halobenzenes

Entry Atoms in Pauling
Ph-X Electronegativity”
doo
~-6
S

116

ool W
> TN

2R
(i) Bond Dissociation Energies of Aryl Halides

The bond dissociation energies (BDEs) of aryl C-H and C-X bonds (Ar-H and Ar-X) in
various aryl halides (ArX) are shown in Table 3.2, - The BDEs of Ar-X decrease down the
group and are in the order: Ar-F > Ar-CIl > Ar-Br > Ar-I (Table 3.2, enties 1-9). The electronic
effect of functional groups (FG) in ArX does not significantly affect the BDEs of Ar-X. The
BDEs of Ar-X in para- and meto-substituted ArX are very similar - but the BDE of Ar-X in
0"/20-substituted ArX are weaker by about 1.4 kcal mol" due to the steric strain (Table 3.2, FG
=C(0)Me: entries 2, 5 and 8; entries 3, 6, and 9)4 The corresponding C-X bonds in
2-halo-naphthalenes are weaker than Ph-X bond by about 2.6 kcal mol'* (Table 3.2, entries 10

and 11).2

In ArX (X = ClI, Br, 1), the Ar-H bonds are generally within 110-114 kcal mol",» which are
stronger than the Ar-X bonds (X = CI, Br, |) (Table 3.2, entries 2-4). Therefore, the cleavages
of Ar-X bonds are generally kinetically and thermodynamically more favorable than the
cleavages of Ar-H bonds (To be discussed in details in Section 3.1,6), On the other hand, in ArF,
the Ar-F bond is stronger than the Ar-H bond by around 12-16 kcal mol"' (Table 3.2, entry 1),
such that Ar-H bond cleavage is generally a kinetic pathway.] Moreover, the formations of
more stable transition-metal-fluoroaryl complexes (M-A/) via A/-H cleavages result in the

thermodynamic Ar~-H cleavages.” However, depending on the natures of the transition metals
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and the reaction conditions, Ar-F bond cleavages by transition metals can also take place.

Table 3.2 Bond Dissociation Energies (BDEs, in kcal mol"?) of Aryl C-X Bonds]

entry X para~FQ
H C(0)Me COIEt
1 A 125.6
2 Cl 95.6 95.6 96.3
3 Br 80.5 80.3 81.0
4 | 65.5 65.5 65.2
X meta-¥G
/TG H C(0)Me CO2Et
5 Cl 95.6 95.4
6 Br 80.5 80.5
7 | 65.5 65.5
X ortho-¥G
F*) H C(0)Me COzEt
8 Cl 95.6 94.2
9 Br 80.5 79.1
10 Cl 93.0
1 Br 77.9

3.1.1.3 Applications of Aryl C-X Cleavages

(i) Carbon-Carbon and Carbon-Heteroatom Bond Forming Reactions

Aryl halides have been extensively utilized for various aryl-carbon and aryl-heteroatom

bond forming reactions (e.g. C-N, C-P, C-0, C-S) (Scheme 3.2, pathways i-iii) which are

CN
95.4
80.1
65.5

CN

CN

applied in pharmaceutical industries, optoelectronics, and polymer sciences.7

Scheme 3.2 Bond Coupling Reactions of Aryl Halides with Various Nucleophiles

(HO)2B-CR3
H-CR3, base

N

CR3 = alky!, aryl,
alkenyl, alkynyl

transition metal
complexes ii H-YR2, base
Y=N,P
X = ClI, Br,

iii H-YR, base

Transition metal complexes (e.g. Pd - Ni, Cu) are commonly applied as catalysts for

cross-coupling reactions via the facile metal-mediated Ar-X bond cleavages. During the

CR3

YR2

YR

NO2
95.8
80.1
65.5

NO2

NO2
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coupling reactions, aryl halides react as electrophiles, whereas the alkyl or aryl boronic acid,
C-H bonds, and heteroatom-H bonds react as nucleophiles. Bases are usually added to promote
the deprotonations of C-H and heteroatom-H bonds and to react with the boronic acids,

generating the carbon and heteroatom nucleophiles for the coupling reactions.

(i) Hydrodehalogenation of Halogenated Compounds for Pollutant Treatments

Halogenated aromatic compounds are also the chemical wastes which cause pollutions to the
environments and are hazardous to humans and animals. The most toxic ones are chlorinated
dioxins and polyhalogenated biphenyls.” Incinerations or oxidations are the common methods
of chemical waste treatments of halogenated aromatic compounds. However, those processes
result in high energy consumptions and severe CO2 emission.”

Alternatively, the halogenated aromatic compounds can be treated by hydrodehalogenation
catalyzed by transition metals. During the hydrodehalogenation, the C-X bonds of the
halogenated compounds are cleaved by the transition metal complexes in milder reaction
conditions and are subsequently reduced by hydrogen sources (e.g. H20, H2) to form C-H
bonds (eq 3.1). Hydrodehalogenation of halogenated aromatic complexes are more
environmentally-friendly, more energy-saving, and have the potential to recycle the

halogenated wastes into valuable raw materials.®

[=v transition metal

( ~ X _complexes ~( \ _H (3.1)
non [H] (e.g. H2O' H2)

X =ClI, Br, |

3.1.2 Modes of Reactivity of Aryl Carbon-Halogen Bond Cleavages by Transition Metal
Complexes
Ar-X (X = CI, Br, I) bond cleavages can be achieved in one or two transition metal centers

(M") (Table 3.3). In mono-metallic aryl C-X bond cleavages, 3 major modes of reactivities are
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generally classified (Table 3.3);

Table 3.3 Classifications of Aryl C-X Cleavages by Transition Metal Complexes

Mono-metallic Aryl C-X Bond Cleavages

(A) Ar
Oxidative Addition (OA)

M Ar-X Mn+2
(2 e_process)
X
(B) M ®+ Ar-X
- A
Nucleophilic Aromatic M~AAT + X®
Substitution (SnAt)
(2 e' process)
(Q n+1
M Ar-X M — X Ar.
Halogen Atom Transfer
(XAT) Ar. Ar-Ar
(1 e" process) AT. [H] Ar-H

Bi-metallic Aryl C-X Bond Cleavages

(D)

oM™ +ARX —  MTEEx o+ MEa
Oxidative Addition (OA) = — —AT

(1 €" process)

(A) Oxidative Addition (OA). The Ar-X bond is cleaved by M" to form both M-Ar and M-X
bonds with the concomitant increase of metal oxidation state by +2 (Table 3.3(A)).

(B) Nucleophilic Aromatic Substitution (SnAf). Anionic M"" acts as a strong nucleophile to
attack the electrophilic carbon of the polar Ar-X bond and eliminate the halide ion (X") to form
M-Ar (Table 3.3(B)).

(C) Halogen Atom Transfer (XAT). The halogen atom (X*) of Ar-X is abstracted by the
transition metal radical (M~ ) to form the M-X bond and the aryl radical (Ar*) (Table 3.3(C) -
pathway i). Ar* can dimerize to form biaryls (Ar-Ar), or react with hydrogen atom source (e.g.
solvents) to form arenes (Ar-H) (Table 3.3(C), pathways ii and iii). Ar* can also further react

with another M"* to form M-Ar for the bimetallic oxidative addition of Ar-X (Table 3.3(D)).
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Each category of aryl C-X bond cleavages by transition metal complexes is briefly reviewed

below.

3.1.2.1 Mono-metallic Aryl C-X Cleavages
3.1.2.1.1 Oxidative Addition

Oxidative addition (OA) of aryl halides (ArX, X = CI, Br, 1) usually takes place with
electron-rich, low-valent middle-group and late-group and transition metal

complexes.

(i) Palladium(O)

Palladium(O) is one of the commonly studied transition metals for oxidative addition of
Ar-X > i3 which is the initial step in the palladium-catalyzed cross-coupling reactions with ArX7
For example, Pd°(PPh3)4 undergoes oxidation addition of halobenzene (PhX, X = CI, Br, I) to
form (Ph3P)2Pd"(Ph)(X) (eq 3.2). Mechanistic studies suggest that Pd*(PPh3)4 first undergoes

PPhs dissociation to form coordinatively unsaturated 14-electron Pd"PPh3)2 (Scheme 3.3,

A 0

pathway i). PhX then coordinates to Pd (PPh3)2 via rj 7r-interaction (pathway ii), followed by
concerted oxidative addition of Ph-X bond to PdNPPh3)2 via a 3-centered transition state to
form (Ph3P)2Pd"(Ph)(X) (pathways iii and iv). There is no strong evidence of radical pathways

for the oxidative addition process.

) /==\ -2PPhk PhsP. / Ph
(PPh3)4Pd, + X - A A A A > pd( (3.2)
X = ClI, Br, | Phspz \' X

Scheme 3.3 Mechanism of Oxidative Addition of PhX to Pd°(PPh3)4

. 2L n  Ph-X 0 A A Ph
LAPdo A——A L2Pd. - . Pd—1 X Pd: ! ¥ LzPd\x
= PPh3 14e- " |1 Z 00k
1Se
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(ii) Nickel(O)

Similar to Pd™PPh3)4, Ni°(PEt3)4 can also undergo oxidative addition of ArX to form
Ni"(PEt3)2(Ar)(X), but with the concomitant formation of Ni'(PEt3)2X (eq 3.3)."
Mechanistic studies reveal that Ni°(PEt3)4 reacts with ArX via electron-transfer. Ni*PEt3)4
first undergoes PEts dissociation to form the coordinatively-unsaturated 16-electron NiO(PEt3)3
(Scheme 3.4, pathway i).. Ni°(PEt3)3 then coordinates with ArX, followed by the
rate-determining electron-transfer from Ni(0) to ArX to generate [Nii(PEt3)3]+ and ArX radical
anion (pathway ii). ArX radical anion either collapses with [Nii(PEt3)3]+ to form
Niii(PPh3)2(Ar)(X) (pathway iii), or undergoes fragmentation to form Ar« and X" (pathway iv).
Ar- can diffuse out of the solvent cage and reacts with solvent to form arenes (Ar-H), and X"
further reacts with [Nii(PEt3)3]+ to form Ni\PEt3)3X (pathway v). The insignificant decrease of

the rate of oxidative addition of or*/zo-substituted ArX further supports the electron-transfer

pathway.
PEts
) 10-30 min )
(PEt3)4Ni° + X-4 [-FG X + (PEt3)3Ni'X (3.3)
solvent
X = Ci, Br, | (PhMe » THF, PEts
/7-hexane) 3-100% -83%
FG = MeO, H,
C(0)Me » COsMe
Scheme 3.4 Mechanism of Oxidative Addition of ArX to Ni (PEt3)4
I
" Ar—Njii—X
o _ ArX e
INIO NiF(L)3 . 4 [LgNi'T ArX’
L = PEt3 solvent-caged _ Sol-H  L3Ni [ X
[LsNi'
v a v
+ X + Af Ar‘H
(iii) Iridium(l)

Vaska's complex is a low valent iridium(l) complex, Vaska's complex can undergo oxidative

addition of various ArX to form tf "(PPh3)2(CO)CI(Ar)(X) (eq 3.4)." During the reaction”b
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Vaska's complex first undergoes PPIi3 dissociation to form the coordinatively unsaturated
14-electron Ir'\PPh3)(C0)CIl (Scheme 3.5 pathway i), which then undergoes unsymmetrical
concerted addition of ArX to give Ir'""(PPh3)(CO)CI(Ar)(X) (pathways ii and iii). Coordination
of PPhs yields the observed product (pathway iv). The reactivity of Ar-X is in the order Ar-Cl <

Ar-Br <Ar-lin line with the corresponding Ar-X bond energies (Table 3.2).

FG
Ph3—, Z@ + x ~ g 020 N2 6
35 min 48 h PhsP/~> "~ -~ ~snCO 3.4
cr P8 x=C,Br, | g 0 G
_ cr X
FG = CH30, CH3, F oL

Scheme 3.5 Mechanism of Oxidative Addition of ArX to Vaska's Complex

- co , L/O, .o
cr L A
16e- Cr 14e-
= PPh3 FG
O/Q CcO
. /O X ‘ ,
6
i o
cr 14e. Cl—
16e-
FG FG
A
L.+ .30
rlil v HIT
Cl X CI’ 'X
16e- 18e-

3.1.2.1.2 Nucleophilic Aromatic Substitution

Nucleophilic aromatic substitution (SnAr) of ArX (X = F, CI, Br, |) by transition metal
complexes is relatively less reported compared with oxidative addition. Classical S Ar of ArX
by transition metals usually involves electron-deficient ArF or ArX bearing the
electron-withdrawing substituents, and the electron-rich, anionic transition metals,
(i) Rhodium(l)

Anionic rhodium(l) complex, [Cp"Rh”"PPhs)!!]", undergoes S”™Av of fluorinated arenes
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(A/-F) to give Cp*RhPPh3)H(ArF) (eq 3.5)."* First, [Cp*Rh”(PPh3)H]- is facilely generated
by the deprotonation of Cp*Rh@PPliz)H2 with pyridine (Scheme 3.6, pathway i).
[Cp*Rh'(PPh3)H]- then undergoes SnAi of ArM-F to give Cp*Rh"VPPh3)H(A/) and pyridinium
fluoride (pathways ii and iii). Pyridinium fluoride also acts as a strong base to promote the

deprotonation of Cp*Rh""(PPh3)H2 for subsequent SnAi of Ar-F (pathway i).

—

Rhie. Ar'A-F (12equiv)

3,5
MegP- . H Pyridine-d5,85, C (3:9)

(a) Ar* = CgFg, ti/2=12h
(b) ArF = P-HC6F4, ti/2 = 20 h

Scheme 3.6 Mechanism of SnAt ofAryl Fluorides by Cp' Rh”(PPh3)H'

Cp*Rh" | (PMe3)H2 + base CTH3* [Cp*Rh | (PMe3)Hf + baseH®
base = py, F
[Cp*Rhi(PMe3)HP + ArF-F Cp*Rh" | (PIVIe3)H(ArF) + F®
© iii fast
base»HF

F + baseH

(i) Cobalt(l)

Anionic tetracyanocobaltate(I) ([Co\CN)4]3-) can be prepared in-situ by the reaction of
pentacyanocobaltate(ll) radical ([Co"(CN)5]~') with H2 and base (Scheme 3.7, pathway i).'A
[Co1(CN)4]3- then undergoes SWAr of ArBr to form [Ar-Co"A(CN)5]"" (Scheme 3.7, pathway ii).

Scheme 3.7 SnAi of ArBr with [CoA(CN)4]"

BrHA"-FG (2equiv) FG
(FG = MeO, Me, H, Br, CN.,.) —
[Co | | CNBE H2,KOH(2equiv) , \Y +
i H20O 55, C,24h ii [Co"I(CN)5]3- fg:NH2,15%
21-100% = MeO, 1%

It is proposed that [Co"(CN)sf reacts with Hz to form [CoJI[(CN)sHf- > followed by the

deprotonation of OH" and CN" dissociation to form [Co'(CN)4]"" (Scheme 3.8, pathways i and
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ii). [Co1(CN)4]3- likely undergoes inner-sphere electron transfer to ArBr to produce
[Co"(CN)4]2- and ArBr radical anion (pathway iii). ArBr radical anion fragments to form Ar»

and Br", which further collapses to form [Ar-Co"i(CN)4Br]3- (pathways iv and v). Ligand

exchange with CN' finally yields (pathway vi). Ar* can also leak from the
solvent cage to undergo H atom abstraction from to form arenes (pathways vii
and viii).

Scheme 3.8 Proposed Mechanism of S*Ar of ArBr with [Co'(CN)4]™

12 H2 _ i OH-
[Co | | @V} [CO(CN)sHI” 7 [Col(CNya:
[Col(CN)47+ ArBr "' [Co"(CN)4]2-AB B ' [Coii(CN)4]2-Ar. Br [ArCo | | | @QWBF
[ArCo/I[(CN)4Br]3- + C N " - [ArCo"i(CN)5]3- + Br
) il
[Co| | (CN)glAr Br '« Ar. 0 'l [@vsts Ar-H
[Co | [@NH

3.1.2.1.3 Halogen Atom Transfer

Halogen atom transfer (XAT) reactions are commonly observed in the reactions of ArX (X =
CI, Br, I) with metalloradicals. Both radical chain and non-chain mechanism are feasible,
(i) Titanium(lIl)

Titanium(lll) complex, [Cp*Ti"'-N=P'Bu3]®, is a metalloradical formed by the
dehydrogenation of [Cp*(H)Ti'*-N=P'Bu3]”. It reacts with PhX (X = CI, Br) by XAT via
radical chain propagation mechanism to form [Cp*(X)TiiV-N=P'Bu3]f+(X = CI, Br)

accompanied with the formations of benzene and biphenyl (eq 3.6) 18

©
€ H
3 60% (from PhBr) (3
X = Cl, Br
= U3P=N H2 (4 atm) (BIli3P=NZ,
[BCoF5)a® b T min [B(CeF5)d]s4
guantitative 17% (from PhBr)
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[Cp*(H)Ti[V-N=P(Bu3]+ was prepared in-situ from the metathesis of

[Cp*(Me)TiiV-N=PEU3]+ with H2 (Scheme 3.9, pathway i). Mechanistic studies suggest that
[Cp*(H)TiiV-N=P,Bu3]+ undergoes dehydrogenation to form a small amount of
[Cp*TiH-N=P#%13]+ metalloradical (Scheme 3.9, pathway ii), which then undergoes XAT with
PhX to form [Cp*(X)Ti~*-N=P'Bu3]”* and a phenyl radical (Ph.) (pathway iv). The resultant Ph«
abstracts a H atom from to give benzene and to regenerate
[Cp*Tii"-N=P(Bu3]+ (pathways v and iii) for subsequent XAT. When the concentration of
[Cp*(H)TiiV-N=P"Bu3]+ decreases in the course of reaction, Ph* dimerizes to form biphenyl

(pathway vi).
Scheme 3.9 Mechanism of Halogen Atom Transfer of PhX by [Cp*Ti"'-N=P'Bu3]

f 1© .-
H2 v |
- e A -Chi
EUsk_ N 2 \CHB 2 U3P=N H
[B(C6F5)4]e— [B(C6F5)4]©"
® initiation ) Y ©
i -1/2H2 v
| o TS ' - - ' l
p - "X
H fBusP”N E U3P=N
“ B(C6F5)4]e O 0 B(CsF5)4]e- B(C6F5)4]e
[B(C6F5)4] [BCSFSMle- o _ g, [BCEFS)4]
\ Vi

(iil) Rhenium(O)

The 17-electron rhenium(O) complex, (PMe3)(CO)4Re0, is a metalloradical which can
undergo bromine atom abstraction with 4-bromobenzonitrile and 1-bromonaphthalene to

form (PMe3)(CO)4Re [-Br asthe only organometallic product (eq 3.7).M

toluene e U
(PMe3)(CO)4Re R-Br 0o oC (PMe3)(CO)4Re'(Br)  (3.7)

R=-©-CN /<= 0.058 Ms~
R = 1~naphthyl /c=0.021 Ms—

Since the reaction rate constants do not correlate well with the available thermochemical

C-Br bond energies, an electron-transfer pathway is more reasonable. First, (PMe3)(CO)4Re"
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reacts with RBr (R = 4-nitrophenyl, 1-naphthyl) via electron-transfer to form
[(PMe3)(CO)4Rei]l+ and ArBr radical anion (Scheme 3.10, pathway i). Fragmentation of RBr
radical anion forms R* and Br" (pathway ii). Combination between Br" and
[(PMe3)(CO)4Rei]+ then gives (PMe3)(CO)4Rei-Br (pathway iii). However, the fate of the R«
is not reported. Presumably, R* abstracts a H atom from the benzylic C-H bond of toluene to
form R-H.

Scheme 3.10 Proposed Mechanism of Br Atom Abstraction by (PMe3)(CO)4Re”

(PIVIe3)(CO)4Re°® + R-Br [((PMe3)(CO)4Rei]+ RBr"
R = 4-nitrophenyl, 1-naphthyl

*[(PMe3)(CO)4Rei]+RBr 21 ~"A[[(PIVIe3)(CO)4Rei]+ Br" R.j — A (PMe3)(CO)4Re'(Br) + R*

(iii) Platinum(lIl)
Tetrakis(//-pyrophosphito)diplatmum(n) complex, [Pt*Cw-PzOsH] )/**, undergoes bromine
atom abstraction with CeFsBr in photochemical conditions to form

[Br-Pti"OP205H2)4Pt"i-Br]4- bearing 2 Pt-Br bonds, (eq 3.8)."°

CeFgBr
- nf_ A _pPt" " : m4-
[Pt \/( P22055H22)/211Pt f CIh{V3§PT Fﬁ%(gmrt [Br-Pt 1\&AE%0551 12%4)3,[3 14 (3.8)
< 1 fJS

Upon photochemical irridation by laser, [Pt"2(/*-P205H2)4]™" in a singlet state is converted to
[Pt"2C«-P205H2)4]'~* in an excited triplet state with an impair electron in the d orbital of Pt
(Scheme 3.11 > pathway i). [Pt"2C«-P205H2)4]"* then abstracts a Br atom from CeFsBr to form a
mixed valence [Pt*(/i-P205H2)4Pt™"-Br]'r" (pathway ii), which further disproportionates to
generate [Br-Pt"V-P205H2)4Pt""-Br] " and [Pt"2C"-P205H2)4]"" (pathway iii).
[PtH2C"-P205H2)4]4- is recycled for further photochemical reactions (pathways i-iii). However,
the fate of aryl radical (CeFs*) is not reported. Presumably, CsF - > dimerizes to form biaryl,

C6F5-C6F5.
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Scheme 3.11 Photochemially-Induced Br Atom Abstraction ofCeFsBr by [Pt"2C«-P205H2)4]""

[RIVP2O5H2)4PtlV- —[PtIV-P205H2)4Pt"r

p F Rr

[PtVP2O5H2)4PtY-*, ,, 7
n Br Atom Abstraction

21RIVP20O5H2)4Pt"I-B "]4-  d_portionation> [ e[ [ [ (/-[F2064A) [ (1 4 + [Pt [ (/ | 2 206H2401%-
11

* [PtVP20O5H2)4Pt"i-Br]4- + CeFs'

3.1.2.2 Bi-metallic Aryl C-X Cleavages

(i) Cobalt(1l)

Pentacyanocobaltate(ll) ([Co (CN)s] ) can undergo oxidative addition with 2-iodopyridine

to yield cobalt(lll) 2-pyridyl and iodide complexes (eq 3.9).21

/=\ 3-
[ C . \\ /P Co"|(CN)5 + [I-Co"(CN)5f- (3.9)
N 50% 50%

Radical non-chain halogen atom transfer mechanism is suggested (Scheme 3.12). First,
[Co"(CN)5]™ abstracts an | atom from 2-iodopyridine to form [I-Co"(CN)5]"' and 2-pyridyl
radical (pathway i), which subsequently combines with another to form
[2-pyridyl-Co(1)(CN)5]3- (pathway ii).

Scheme 3.12 Halogen Atom Abstraction of 2-lodopyridine by
[CO"(CN)5]3- + R-I [ | -CO"I(CN)5]3- + R.
R* + [C0"(CN)5f-~-[R-Co | "(CN)5f-

FN
R-l= {J -1

(ii) Platinum(ll)
((P205H2)2- = pyrophosphito dianion) also undergoes oxidative addition

with PhBr under photochemical conditions to form [Ph-Pt"*C"-P205H2)4 Pt'~-Br]"*" (eq 3.10).M
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PhBr

[PtVP2O5H2)4PtY- = : = m > [Ph-Pt"VP20O5H2)4Pti"-Br]4- (3.10)
UnsUH / n2U, r.t.
< 1fiS
It is proposed that the photochemically excited initially transfers

single electron to PhBr to form [Pt"C«-P205H2)4Pt"]"" and PhBr radical anion (Scheme 3.13,
pathways i and ii). Fragmentation of PhBr radical anion gives Ph* and Br" (pathway iii), which

further collapse with [Pt!V-P205H2)4Pti"f — to form [Ph-Pt"'(/*-P205H2)4Pt™-Br]*- (pathway iv).

Scheme 3.13 Mechanism of Oxidative Addition of ArX to [Pt"2C«-P205H2)4]'""

[PtV-P205H2)4Pt"]-  hv — [PtV-P205H2)4Pt"r

[PtVP205H2)4PtY-* + PhBr. [PtV-P205H2)4Pt"]2- PhBr' [PtV-P205H2)4Pt"f- Ph. Br

[PtiV-P2O5H2)4Pti"]3- Ph* Br~ [Ph-Pt [ VP205H2)4Pt | II-Btf

3.1.3 Radical IpsO'Suhsiitutions of Aryl C-X Bonds
In principle, transition metal radicals can undergo substitutions with aryl halides (ArX)
to form transition metal aryls (M-Ar) and halogen atoms (X*) (eq 3.11). To the best of our

knowledge, such reactivity mode of Ar-X cleavages by transition-metal complexes has not

wn

been reported. On the other hand, z”*.”o-substitutions of aryl halides by non-metal radicals
(e.g. carbon-centered radicals”™ sulfur-centered radicalsj® halogen atoms”™) with the
concomitant elimination of halogen atoms have been reported (eq 3.12). The characteristics

of the radical ; p*-o-substitution of aryl halides are briefly summarized below.
n+1

M-+ Ar-X - M

Ar + X* (3.11)

R* + Ar-X ¢« R—Ar + X» (3.12)

R = non-metal radical
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3.1.3.1//75<>-Substitutions of Dihalobenzenes by Benzyl Radicals
(i) Effect of Natures of Ar-X Bonds

Benzyl radical, which is generated in-situ from the thermolysis of mercury(ll) di-benzyl,
reacts with various 1,4-dihalobenzenes to form diarylmethane as the minor product and the
inevitable bibenzyl as the major side product (Table 3.4).2fli When 1-fluoro-4-bromobenzene
and 1 -fluoro-4-chlorobenzene are reacted with benzyl radical, only the weaker C-Br and C-Cl
bonds, respectively, are cleaved to form the corresponding diarylmethanes (Table 3.4 > entries 1
and 2). When 1-chloro-4-bromobenzene is reacted, both the weaker C-Br and the stronger C-CI
bonds are cleaved in around 2.5 : 1ratio to form the corresponding diarylmethanes (Table 3.4,

entry 3). The rates of aryl C-X bond cleavages are thus in the order: C-F < C-Cl| < C-Br.

Table 3.4 Radical //75t?-Substitutions of Di-halo-substituted Benzenes by Benzyl Radical

X
Hg | [CHP2 + Xx- F~ X 120 °C pPhCH o PhCHSCHsPh
100 equiv Ar-CHsPh bibenzyl
Ar-X
entry Ar-X Ar-CKbPh ArCHiPh : bibenzyl"
1 0.023
Br-% F PhCH2—O F
2 0.017
Cl-( v ¢ PhCHs"
3 - (a) PhCH2Z  a (a) 0.069

(b) 0.028
(b) PhCH2& B r

“The yield of ArCHaPh generated was not reported, and only the ratio of ArCHzPh : bibenzyl was
given, b ArCHaPh was formed as a minor product due to the inevitable major dimerization of
benzyl radical to form bibenzyl.

Mechanism. It is proposed that the benzyl radical undergoes electron-transfer to ArX to form a
benzyl cation and an aryl radical anion (Scheme 3.14, pathway i). The benzyl cation then
attacks the ispo-caxhon of the C-X bond to form the cyclohexadienyl radical intermediate due

to the highest electron-density of ipso-carbon brought by the cr-withdrawing halogen
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substituents (X) (pathway ii). The zp”~o-halogen atom finally eliminates to give diarylmethane

(pathway iii).

Scheme 3.14 Proposed Mechanism of fffo-Substitution of Aryl Halides by Benzyl Radical
X
PhCH
X- PhCIV  X-

9,

X X'
PhCH

PhCH2 Ph%HSX

(ii) Electronic Effects of Halogen Substituents

Benzyl radical reacts with 1,2,4-trichlorobenzene via {[5-substitution to form
diarylmethanes A, B, and C in the relative product ratios of 50%, 39%, and 11%, respectively
(Scheme 3.15, pathways i and ii). Both ortho- and para-Cl  groups can stabilize the
cyclohexadienyl radicals via resonance interactions. Among the three cyclohexadienyl radical
intermediates (1) formed, la is most stabilized by both the ortho- and para-Cl groups to give
product A in highest yield (pathways i and UA). On the other hand, Ib and Ic are only stabilized
by single ortho- and para-Cl groups, respectively, to form B and C as the minor products

(pathways i and iiec)- B is formed more than C, as the formation of Ib is more favorable than

that of Ic by the strain relief of the ortho-C\ atom (pathway UB).

Scheme 3.15 Product Distributions in Tp~o-Substitutions of 1,2,4-Trichlorobenzene by

Benzyl Radical
Cl Cl CHsPh Cl Cl

cl
A~C [ [ X/ C | /l\( ArC |
160, C o

Hg | | C2PR .YiZ' . CHzPh A
Cl Cl Cl PhCH i
(1.) stabilized by (IB) stabilized by stabilized by
A 0-Cl and p-Ci 0-Cl p-Cl
"A iB iic
CH2Ph CHgPh CH2Ph
ANCI AllC]
Cl
Cl Cl
product ratio (A) 50% fB) 39% ©) 11%
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3.1.3.2 Substitutions of Aryl Halides by Sulfur-Centered Radicals

(i) Effect of Natures ofAr-X Bonds

Arylsulfonyl (ArSCV) and phenylthio radicals (PhS») can be generated from the thermolysis

of ArS02-1 and PhS-SPh, respectively.

-MeC6H4S02-

reacts with PhX

p-MeC6H4S02-Ph in the order of relative reaction rate: Ph-F «

3,13) ©®

p-MeC6H4SO: PhX
X

(@) F

(b) CI

(c)Br

(d) |

(ii) Electronic Effects of Substituents

1an op

to

form

Ph-Cl < Ph-Br < Ph-I (eq

> p-1VIeC6H4S02-Ph (3.13)
relative rate

0

1
5.9

18.6

Both PhS02* and PhS« were used to study the electronic effects of aryl bromide (ArBr) on

the relative rates of Ar-Br cleavages (Table 3.5) 2

Table 3.5 Relative Reactivities of Substituted Bromobenzenes with PhS02' and PhS«

R* + Br-

R = PhSOs-
PhS-

entry FG
p-R
P-OUQ
P-MQ
P-HO2
m-H
m-OMe
m-Me
m-NOi

O~NOUTDAWN R

FG FG

% 190°C
15h a
relative rate

I (R = PhSCV) (R - PhS))
0.00 1 1
-0.27 8.78 60
-0.17 3.59 1.84
0.78 3.00
0.00 1 1
0.12 0.68 0.80
-0.07 2.18 1.20
0.71 0.63

Both electron-donating ; *ara-substituents (FG =j>OMe, ;>Me) (cro < 0 Table 3.5, entries 2

and 3) and electron-withdrawingsubstituents (FG =J9-NO2) (0", > 0, Table 3.5, entries 4)
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can promote the reaction rates when compared with the parent PhBr (FG = p-H) (Table 3.5,
entry 1). 7r-Donating/>-OMe also promotes faster reaction rate than the cr-donatingp-Me (Table
3.5, entries 2 and 3). However, all the m~to-substituents (FG = m-OMe, w-Me, m-NOJ )
generally do not promote the reaction rates (Table 3.5, entries 6-8). The rate-promoting effect
of FG is in the order: p-OMe >;>N02 >;?-Me >p-R =m-U —m-OMe —m-Me —w-NCh,
Mechanism. It is suggested that radical iij*o-substitutions of ArX (X = CI, Br, I) by PhS02*
and PhS* occur to form PhSOiAr and PhSAr, respectively. PhSOi* and PhS* attack the
-carbon of C-X bonds in ArX to form the cyclohexadienyl radicals (I) (Scheme 3.16,
pathway i), which then either undergoes radical-assisted (pathway ii) or spontaneous
elimination of X* (pathway iii) to form PhSOzAr and PhSAr. Free halogens are also observed.
Likely, both the electron-donating and electron-withdrawing/lar**-substituents can stabilize the

cyclohexadienyl radical (I) to favor the formations of/?ara-substituted products.

Scheme 3.16 Mechanisms of Radical {fo-Substitution of ArX by Phenylsulfonyl and
Phenylthio Radicals

R FG-
R —R-X
i
. X =ClI. Br
-+ H i — -
R-PhSCV x =F, Cl, Br, ! (n l ~ G
Phs* + X

Indeed, the rate of zp~o-substitution is kinetically controlled by the Ph-X bond strength. Ph-F
bond is too strong such that the elimination of F* from the cyclohexadienyl radical intermediate
(1) is kinetically unfavorable and no reaction occurs (R = PhSO[] ' PhSjfeq 3.13(a); Scheme
3.16, pathway i). On the other hand, the rate of ? p*o-substitution is in the order: C-Cl < C-Br <
C-1 (egs 3.13(b)-(d)), which is in line with the Ph-X bond strengths to dictate the corresponding

reaction rates.
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3.1.4 Homolytic Aromatic Substitutions of Arenes
The homolytic aromatic substitutions of various arenes by phenyl radical (generated from
the thermolysis of benzoyl peroxide) to form biaryls have been studied (Table 3.6)." The
homolytic aromatic substitution has the following characteristics:
(1) All electron-donating {a" < 0, Table 3.6, entries 2-4) and electron-withdrawing substituents
> 0, Table 3.6, entries 5-7) can increase the overall reaction rates of substituted arenes
when compared with benzene (ATfg> 1.00).
(2) All subsituents are activating and ortho/para-divQcting {F* >1). None of the substituents
are deactivating and mefa-directing {Fm ~ 1).
(3) The electronic effects of substituents on the relative rates of homolytic aromatic
substitution are much smaller (usually < 10'), compared with that of the electrophilic and

nucleophilic aromatic substitutions (usually > 10").

Table 3.6 Partial Rate Factors of Homolytic Aromatic Substitution of Arenes with

Phenyl Radicals

Ph
Ph+FG-Q> ®°¢
72 h

partial rate

entry i faE:ct)(t)&rlI {rzt\?ot Fo Fm Fp
1 H 0.00 1.00 1 1 1

2 MeO -0.27 2,71 5.6 1.23 2.31
3 -0.20 1.09 0.70 1.64 1.81
4 Me -0.17 2.58 4.70 1.24 3.55
5 Cl 0.23 2.20 3.90 1.65 2.12
6 Br 0.23 1.90 3.05 1.70 1.92
7 NO2 0.78 2.94 5.50 0.86 4.90

"Hammett constant (Ref 27). The yields of products were not reported, and only
the relative total rate was given.

Mechanism. The reaction mechanism of homolytic aromatic substitutions of arenes by phenyl

radical (Scheme ? i ssimilar to that of radical substitutions of aryl halides (Schemes
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3.15 and 316)2f}> 25 The phenyl radical attacks the arenes to form a cyclohexadienyl radical

(Scheme 3.17, pathways ia-c)- Both the ortho-
cyclohexadienyl radicals to promote the formations of ortho-

ic; pathways iia, iic). The meta-¥G

formation of meta-products

cyclohexadienyl radical occurs to yield the products (pathway ii).

and /?ara-substituents (FG) can stabilize the
and jrara-products (pathways ia’
cannot stabilize the cyclohexadienyl radicals to disfavor the

(pathways ib and iib). Radical-assisted H atom abstraction from the

Scheme 3.17 Mechanisms of Homolytic Aromatic Substitution of Arenes by Phenyl Radical

- (:E;-FG

€ H iL Ph«
5<Ph -PhH

stabilized
b FG iib Ph*]

Ph  -PhH)

not stabilized
H iic Ph;

FG-
Ph -PhH*

stabilized

3.1.5 Radical Substituent Effects in Radical Reactions

Ph

o-product
major

FG-

\ &1

m-product
minor

FG- *Ph

p-product
major

The radical substituent parameters (cr*) are obtained from the thermal rearrangements of aryl

methylenecyclopropanes (Table 3.7).~"During the rearrangements of methylenecyclopropanes,

benzyl radical intermediates (I) are formed. Both the electron-donating para-gmwps
Table 3.7, entries 1, 2, 6-8) and electron-withdrawing para-gvowps

10-13) can stabilize the benzyl

radical intermediates (l), thereby

rearrangements {ky® > 1). On the other hands, all the meta-growps

&< 0,

(cr/ > 0> Table 3.7, entries 4,
increasing the rate of

(cr,, Table 3.7, entries 5,



14-16) cannot stabilize the benzyl radicals (1) and generally do not promote the reaction rates

fc| ~1).

Table 3.7 Radical Substituent Parameters (cr*) in the Thermal Rearrangements of

4 X

Arylmethylenecyclopropanes

- temp (T) _);_
Eu— CrDR G
j FG C 1 FG
X =H,T =80, C X = CO02Et, T =i00, C
entry FG I a* relative entry FG (T* relative
rate (yrel) rate (Zxrei)
1 ; -NMe2 -0.83 0.90 7.88 6 p-OMe -0.27 0.24 1.72
2 p-SiMe3  -0.07 0.18 1.53 7 p-Bu -0.20 0.13 1.34
3 p-H 0.00 0.00 1.00 8 P-MQ -0.17 0.11 1.30
4 P-NO2 0.78  0.57 3.76 9 p-R 0.00 0.00 1.00
5 OT-NO2 0.71 -0.11 0,77 10 p-C\ 0.23 0.12 1.33
11 p-Br 0.23 0.13 1.36
12 P-CO2MQ 0.25 0.35 2.26
13 p-CN 0.66  0.46 2.87
14 w-OMe 0.12 -0.02 0.95
15 Fir-Me -0.07 0.03 1.07
16 m-CN 0.56 -0.12 0.75

“Hammett constant (Ref 27).

The substituents are then assigned the radical substituent parameter (cr*). The magnitude of
cr* reflects the ability of the substituent to stabilize the benzyl radical intermediate (I) to
enhance the reaction rate. Thus, all the electron-donating and electron-withdrawing
para-groups are activating and have the o* values larger than 0 (Table 3.7, entries 1-4, 6-13),
whereas all the unactivating we/a-groups have the <7 values nearly to 0 (Table 3.7, entries 5,
14-16).

Indeed, the o* values, which are originally applied in the reactions involving benzyl radical
intermediate (Table 3.7), can partly support the rate-promoting effect by both the
electron-donating and electron-withdrawing /»ara-groups on the radical /p”o-substitutions of
ArX (Table 3.5, Scheme 3.16) and the homolytic aromatic substitution of arenes (Table 3.6,

Scheme 3.17) via the stabilizations of cyclohexadienyl radical intermediates.
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3.1.6 Selectivities in Aryl C-X and C-H Bond Cleavages

Halobenzenes (PhX, X = CI, Br, 1) contain both Ar-X and Ar-H bonds. Since Ar-X bonds
(66-96 kcal mol"") (Table 3.2, entries are weaker than Ar-H bond (110-114 kcal mol])?
the cleavages of Ar-X bonds are usually kinetically more favorable. Moreover, oxidative
additions of Ar-X bonds are usually thermodynamically more favorable than that of Ar-H
bonds. This can be explained by the more exergonic oxidative addition of Vaska's complex
(Ir'(PPh3)2(CO)a) to Ph-X than that to XC6H4-H (Scheme 3.18). Therefore, selective Ar-X

bond cleavages are much more commonly reported (Section 3.1.2.1).

Scheme 3.18 Thermodynamic Estimations of Oxidative Addition of Ar-X and Ar-H to

Vaska's Complex

X
[ | Mrmn | ] < N
C-X cleavages

X
C-X IP"-X  +  Ifjll-Ph W x n
C-Ci (96)3  r.c1 (90)3, 75
C-Br (81)3 Ir-Br (76)% g1n° -76  (kcal mol"
[r C-l (66)3 (64 79
[| " El ri(PPh3)2(CO)CI
X, X
H
[r'i'
C-H cleavages H
C-H i [ [H FET 1A AHrxh
1123 7430 8130 -43  (kcal mor

Depending on the natures of metals and ligands in the transition metal complexes and the
reaction temperature, selective aryl C-H bond cleavage of halobenzenes can also occur as the
kinetic or thermodynamic pathway without the C-X bond cleavage.

Some examples of selective aryl C-X and C-H bond cleavages by group 9 transition metal

complexes are presented below.
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3.1.6.1 Selective Aryl C-X Bond Cleavages
Rliodium(l) pincer complex (Rh”(PNP)) undergoes oxidative addition of Ph-X (X = CI, Br)

at room temperature in 1 day to form Rh"\PNP)(Ph)(X) as the thermodynamic product (eq

3.14).3I
P'Pr, X.
N-Rh' 3 equiv
Iy (3.14)
PPr2 rt., 24 h P'Pr2
(@) X = Cl 62%
(b) X = Br 91%

No oxidative addition of Ar-H bond was observed. It was proposed that the kinetic oxidative
addition of Ar-H is very facile to hamper the observation of RIi"'(PNP)(C6H4X)(H), as the
reverse reductive elimination of Rh"*(PNP)(C6H4X)(H) prepared in-situ was shown to be very

fast to generate RIi"(PNP), which further reacts rapidly with PhX to give Rh"™(PNP)(Ph)(X).

3.1.6.2 Kinetic Aryl C-H Bond Cleavages and Thermodynamic Aryl C-X Bond Cleavages
Iridium(1) pincer complex (Ir*"PNP)) undergoes oxidative additions (OA) of both aryl C-H

and C-X bonds ofPhX (X CI, Br) (eq3.15)

cl A Cl
A
; H
Cr (PNP)Ir A (PNP)Ir (PNP)Ir(~n
R -
1‘)/()
'Pr2 (a) r.t., <15 min ;‘g; :Z%
(b) 70, C' 72 h % 1% =%
N—Ir | - (c) 120, C, 24 h % A
- (3.15)
P'Pfs
Br- (PNP)Ir
(PNP)Ir ¥/
o0-, m-, p-Cl ’
(d) r.t., instantaneous 79% 15%
(€)100 °C,48h 0% 85%

At room temperature, Ir*(PNP) reacts with the aryl C-H bonds of PhCI to form o-, m-, and

p-myX C-H OA products with atrace of C-X OA product (eq 3.15(a)). At 70 the m- and
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p-aryl C-H OA products isomerize to form the most stable 0-C-H OA product in 71% vyield,
likely due to the stabilization via Ir—o-Cl interaction and the strongest Ir-C bond among the
isomeric C6HACI groups (eq 3.15(b)). At 120 aryl C-H OA products are converted to the
Ph-CI OA product (eq 3.15(c)). Thus, C-H OA is the kinetic reaction, whereas C-CI| OA is the
thermodynamic reaction. Similarly, Ir*(PNP) undergoes the kinetic C-H OA and
thermodynamic C-X OA of PhBr (eqs 3.15(d) and (e)). Therefore, the selectivities of C-H and

C-X cleavages of PhX by Ir'(PNP) can be controlled by varying the reaction temperature.

3.1.6.3 Selective Aryl C-H Bond Cleavages
Cationic iridium(l) pincer complex (Ir*"PNP)”) underwent oxidative addition (OA) of the
C-H bonds of PhX (X - Br, Cl) without OA of C-X bonds (Scheme 3.19).

Scheme 3.19 C-H Bond Cleavages of Halobenzenes by Cationic Iridium(l) Pincer Complex

PEW TPFf P}’fuz n+PFe X peEU2 n+piv
. ,
(0) T X- n “oe J M .0
=) T
50°C’ 8 h 3 H *
PEU2 *P'Buo X \_prBu2
(0-X product)
(a) X =ClI 100% 100%
(0-:m-:/> =60%:27¢° /- :13%)
(b) X = Br 100% 70%

(0- :m-:p- =70% :20% : 10%)

At 50, C, Ir"PNP)" reacts with the C-H bonds ofPhCI to give 0-C-H, m-C-H, andp-C-H OA
products in 60%, 27%, and 13% yields, respectively (Scheme 3.19, pathway a-i). The major
0-C-H OA product is found to be the kinetic and thermodynamic product due to its stabilization
by the ligation of 0-Cl group to the cationic Ir+. Upon heating at 60 all m-C-H and p-C-R
OA products isomerize to generate the most stable 0o-C-H OA product (pathway a-ii). Reaction
of Iri(PNP)+ with PhBr followed the similar reaction pattern (pathways b-i and b-ii). Selective

0-C-H cleavage of halobenzenes can thus be achieved.
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3.1.7 Aryl C-X Bond Cleavages by Metalloporphyrins

3.1.7.1 Functionalizations of Aryl C-X Bonds by Palladium(ll) Porphyrins
Metalloporphyrin-catalyzed cross-coupling reactions with ArX are rare. To our knowledge,

only palladium(ll) porphyrins have been used in the coupling reactions with aryl halides.34 For

example, water-soluble palladium(ll) porphyrin is used as the catalyst in the C-C bond

coupling reactions of ArBr with phenylboronic acid (eq 3.16).3%41 However, the reaction

mechanism is not reported.

fr\ /[ =\ Pd"(por) (0.1 mol%) [ =\ /[ =\
R — OMe:-H, CN NO,'"" 100, C, 1-4 h, air SO-10Qo/o
Ar) r Ar
Pd"(por) = [ N—Pd-N\J Ar = AO(CH2)3C02-K”

3.1.7.2 Aryl C-X Bond Cleavages by Group 9 Metalloporphyrins

The Chan group has studied the aryl C-Br bond cleavage of aryl bromides (ArBr, Ar = Ph,
[7-TO1) by high-valent rhodium(lll) porphyrin (Rh"~(ttp)Cl, ttp = tetrakis(/?-tolyl)porphyrin) to
give rhodium(lll) porphyrin aryls (Rh"~(ttp)Ar, Ar = Ph,"Tol) (Table 3.8).* In the absence of
base, RIi"'(ttp)CIl reacts with PhBr at 120, € in 3 days to yield Rh"*(ttp)Ph and Rh"\ttp)Br in
20% and 48% yields, respectively (Table 3.8, entry 1). When NaOH is added, the reaction rate
is faster to give Rh'"(ttp)Ph in 86% yield (Table 3.8 - entry 2), NaOH also promotes the Ar-Br
cleavages of w-bromotoluene to yield Rh"~(ttp)(m-Tol) in 70% vyield (Table 3.8, entry 3).
However, the reaction mechanism has not been investigated.

Rhodium(lll) porphyrin aryls (Mtli(por)Ar), which are generated by the base-promoted
Ar-Br cleavage with Rh”"(ttp)Cl (Table 3.8), can be potentially converted to aryl-C or

aryl-heteroatom bonds to attain the functionalizations of ArBr. Hopefully, the understanding of
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the initial aryl carbon-halogen bond cleavages by group 9 metalloporphyrins can help
developing a novel catalytic system for the chemical transformations of ArX using group 9
metalloporphyrins. Iridium(l1l) porphyrin would be a suitable group 9 metalloporphyrin to
study the reaction mechanism of the base-promoted Ar-X bond cleavages, since the iridium
porphyrin species (e.g. Ir-C, Ir-H) are generally the most stable among the group 9 metal
complexes.36

Moreover, to our knowledge, aryl C-X bond cleavages by high-valent group 9 metal(lll)
complexes have not been reported. The aryl C-X bond cleavages using high-valent group 9

metal(ni) porphyrins would be mechanistically intriguing for investigation.

Table 3.8 Base-Promoted Aryl C-Br Bond Cleavages by Rh"i(ttp)a

FG FG

/= NaOH (equiv) o
Rh"(ttp)ClI + Br- Rh J1[(ttp) Rh'(ttp)Br
120 °C, time, N2*

Rh[ | [_Ar

entry FG NaOH (equiv) time/h Rh™(ttp)Ar yield/% Rh"~(ttp)Br yield/%

1 H 0 72 20 48
2 H 10 12 86 0
3 Me 10 24 70 0

3.1.8 Theme of the Chapter

The themes of this chapter report the results of the discoveries of base-promoted aryl
carbon-halogen bond (Ar-X, X = CI, Br, I) cleavages by iridium(lll) porphyrin carbonyl
chloride (Ir"'(ttp)(CO)CI), involving:
(i) the scope of ArX.

(i) the detailed mechanism of base-promoted Ar-X cleavages.



3.2 Results of Base-Promoted Aryl Carbon-Halogen Bond Cleavages by Iridium(lIl)

Porphyrins

The base-promoted aryl carbon-halogen bond (Ar-X, X — CI, Br, I) cleavages by high valent

iridium(I1l) porphyrin carbonyl chloride (Ir(1)(ttp)(CO)CI) (la) to form iridium(Ill) porphyrin

aryls (Ir*"(ttp)Ar) were discovered. The key synthetic results are summarized in eq 3.17.

Ir>)(CO)CIl + X T - = : )| ( 8 . 1 7 )

FG =OMe, Me, H, F,C(0)Me, NO2 ...

(a) X = Br, 1.1 equiv base = K2CO3, 200 °C, 6-48 h 62-100%
(b)X =1, 1.1 equiv base = NaOH, 150°C, 9-24 h 77-99%
(c) X : Cl-200 equiv base = K2CO3, 150 °C, 22-168 h 32-100%

In this section, the following aspects of the reaction of base-promoted aryl C-X bond
cleavages with Ir*M\ttp)(CO)CI are discussed:
(i) Optimization of reaction conditions in base-promoted aryl C-X bond cleavages by
Ir'"(ttp)(CO)CI.
(ii) Reaction scope.

(iii) Reaction mechanisms.

3.2.1 Effect of Base on Rates of Ph-X Cleavages

Halobenzenes (PhX, X = CI, Br, I) are used as typical aryl halides to study the aryl C-X
bond cleavages by Ir*'(ttp)(CO)CI. The effect of base on the rates of Ph-X bond cleavages by
Ir(ttp) (CO)CI was initially examined by reacting PhX with Ir | "(ttp)(CO)CI without and with
K2CO3 in solvent-free conditions (Table 3.9). K2CO3 was used since it is the optimal base in
the base-promoted benzylic C-H bond cleavages by Ir"'(ttp)(CO)CI to give iridium porphyrin
benzyls (Section 1.8.4)."M

In the absence of base » PhCI reacted with Ir" | (ttp)(CO)CI at 200 in 3 days to generate
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Ir'"(ttp)Ph in 26% yield and unreacted Ir"Vttp)(CO)CIl was recovered in 45% yield (Table 3.9,
entry 1). On the other hand, PhBr and Phi reacted with Ir"\ttp)(CO)CI at 200, C in 2 days to
yield Ir"~A(ttp)(CO)Br (Ic) in 62% yield, and Ir'"(ttp)(CO)I (1d) in 41% vyield, respectively
(Table 3.9, entries 3 and 5), I""A(ttp)Ph was also formed in the course of reactions with PhBr
and Phi in 12 hours, but it decomposed upon prolonged heating in 2 days to form a black
unknown complex (Table 3.9, entries 3 and 5). The reason was unclear. Presumably, PhBr and
Phi are more oxidizing than PhCI that lead to the decomposition of Ir"~(ttp)Ph in excess PhBr

and Phl.38

Table 3.9 Effect of Base on Ph-X Cleavage by Ir"\ttp)(CO)CI in Solvent-Free Conditions

Ir)1[(ttp)(CO)CI + PhX K2CO3 (equiv), |ri(ttp)Ph + Iri'i(ttp)(CO)X
XS temp, N2, time

entry PhX, K2CO3 temp/ T time/ h  Ir"'(ttp)Ph Irifi(ttp)(CO)X
(equiv) yield/%" yield/%"
1 PhCI 0 200 72 26 Iri(ttp)(CO)CI (45)
2 20 200 12 84 0
3 PhBr 0 200 48 decomp. Ir"'(ttp) (CO)Br (62)
4 20 150 12 0
5 Phi 0 200 48 decomp.® [r"\ttp)(CO)I (41)
6 20 150 36 93’ o
aT» 1 _ - .__1 1L - bT1-1.3

chromatography but decomposed in 2 days. " Ir"'(ttp)(CO)Br was observed in the course of reaction by
thin-layer chromatography.lr"~(ttp)(CO)l was observed in the course of reaction by thin-layer
chromatography.

When K2CO3 was added, Ir"~(ttp)(CO)CI reacted with PhCI at 200 in 12 hours to give
Ir'"(ttp)Ph in 84% yield (Table 3.9, entry 2). Ir"~(ttp)(CO)CI also reacted much faster with PhBr
and Phi in the presence of K2CO3 even at 150 V to give Ir(1)(ttp)Ph in 91% and 93% yields,
respectively (Table 3.9, entries 4 and 6). Moreover, Ir"~(ttp)(CO)Br and Ir*'(ttp)(CO)I were
also observed in the course of reaction, and they were further consumed to give Ir" X ttp)Ph

(Table 3.9, entries 4 and 6). Therefore, base does promote the Ph-X bond cleavages by
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Ir"'(ttp)(CO)CI to give Ir" [(ttp)Ph,

The effect of K2CO3 on Ph~X cleavage by Ir'"(ttp)(CO)CI at lower loading ofPhX (1.1 equiv
in benzene solvent was then studied (Table 3.10). The rates of Ph-X cleavages are much slower
in benzene solution than that in solvent-free conditions (Table 3.9).

Table 3.10 Effect of Base on Ph-X Cleavage by Ir"~(ttp)(CO)CIl in Benzene

K2CO3 (equiv), caHQ

Ir'"(ttp)(CO)CI + PhX Ir"(ttp)Ph + Ir"i(ttp)(CO)X
equiv 200 N2, time
K2CO3 Ir" | (ttp)Ph [rA"(ttp)(CO) X
entry PhX time/d _
(equiv) yield/%" yield/%"
7 0 2' Ir"A(ttp)(CO)CI (78)
PhCl -
2 1 20
A
3 7 N 9b Ir*~(ttp)(CO)Br (10),
PhBr [r"A(ttp)(CO)CI (8i)
4 2 20 100"
Ir"i(ttp) (CO)I (5),
i | ; . Lo (ttp)(CO)! (5)
Phi Ir'"(ttp)(CO)CI (76)
6 3 20 sr
"Isolated yield. *NMR vyield. “Ir "(ttp)(p-C6H4)Ir"(ttp) in 3% yield and Ir''(ttp)CH3 in 3% yield were
isolated. “ Ir"i(ttp)(CO)Br was observed by thin layer chromatogrpahy in the course of reaction/

Ir'(ttp)(CO)Il was observed by thin-layer chromatography in the course of reaction.

In the absence of K2CO3, Ir"*(ttp)(CO)CI reacted very slowly with PhCIl in benzene at 200
- Cin 7 days to give atrace of Ir"~(ttp)Ph (2%) and imreacted Ir"'(ttp)(CO)CI was recovered in
78% yield (Table 3.10, entry 1). Ir"”(ttp)(CO)CI also reacted very slowly with PhBr in benzene
at 200, C in 7 days to give small amounts oflr"Yttp)Ph (9%) and Ir'"(ttp)(CO)Br (10%), with a
high yield of Ir"Vttp)(CO)Cl (81%) remained imreacted (Table 3.10, entry 3). Similarly,
Ir'"(ttp) (CO)CI reacted very slowly with Phi in benzene at 200 C in 7 days to give a modest
amount of Ir"\ttp)Ph (19%) and a trace of Ir'"(ttp)(CO)lI (5%), with a high yield of
Ir“ﬁ(ttp)(CO)Cl (76%) remained unreacted (Table 3.10, entry 5).

When K2CO3 was added, Ir"Vttp)(CO)CI reacted with PhCI (1.1 equiv) in benzene in 1 day

to give IrJl[(ttp)Ph in 31% vyield with the concomitant formations of small amounts of
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Ir'"(ttp)(p-C6H4)Ir"Vttp) (3%) and Ir'\ttp)CH3 (3%) (Table 3.10, entry 2). K2CO3 also
significantly promoted both the rates and yields of Ph-Br and Ph-I cleavages by Ir"\ttp)(CO)CI
to give high yields of Ir)l[(ttp)Ph in 100% and 91% vyields, respectively (Table 3.10, entries 4
and 6). During the reactions with PhBr and Phi, Ir"'(ttp)(CO)Br and Ir"*(ttp)(CO)Il were also
formed and further consumed to give Ir"~(ttp)Ph. Indeed, base can also promote the Ph-X bond
cleavages by Ir'"'(ttp)(CO)CI in benzene solvent.

To further confirm that Ir"\ttp)Ph does come from Ph-X cleavage rather than the C-H bond
activation of benzene, the phenyl exchange of Ir"~(ttp)Ph with benzene-iie was studied.
Ir'"(ttp)Ph did not react with K2CO3 and benzene-t* at 200 in 5 days to give any
Ir'i(ttp)C6D5, and Ir"A(ttp)Ph was recovered in 91% vyield (eq 3.18). Therefore, selective Ph-X

cleavage by Ir'"(ttp)(CO)CI takes place to give Ir"~(ttp)Ph.

IH"(ttp)Ph K,C03(20equiv)® No Ir(ttp)CeD5 (3.18)
recovered G404, 200 5d n
91, /o

’

3.2.2 Optimizations of Base-Promoted Reaction Conditions

The base-promoted Ph-X bond cleavages by Ir"'(ttp)(CO)CI were further optimized in terms
of (i) the types of bases, (ii) the loadings of bases, (iii) the loadings of PhX, and (iv) the

reaction temperatures, in order to attain the highest efficiencies (rates and yields) of Ph-X

cleavages.

3,2.2.1 Optimization of Base-Promoted Ph-Br Cleavage
(i) Optimization of Base

Initially, the nature of base on the efficiencies of base-promoted Ph-Br cleavage by
Ir"'(ttp)(CO)CI at 150 was carried out. Stronger bases of KOH, NaOH, and CS2CO3 reacted
faster but gave Ir(1)(ttp)Ph in lower yields (Table 3.11, entries 1-3). K3PO4 gave the highest

yield of Ir™\(ttp)Ph but reacted most slowly (Table 3.11, entry 5), Therefore, K2CO3 was
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selected as the optimal base, as it reacted considerably fast to give a high yield of Ir"\ttp)Ph

(Table 3.11, entry 4). Likely, the intermediates formed during the reactions are unstable in the

strongly basic media when stronger bases are used.

Table 3.11 Optimization of Base in Base-Promoted Ph-Br Cleavage

base (20 equiv)
Ir'"(ttp)(CO)CI + PhBr [r"'(ttp)Ph
150 time, N2

entry base time/h Ir'"(ttp)Ph yield/%'
1 KOH 2 75
2 NaOH 25 75
3 CS2CO3 3 83
4 Ka2CO3 12 91
5 K3PO4 20 97
“lsolated yield.

(ii) Optimization of Base Loading
The optimal loading of K2CO3 used was found to be 20 equiv (Table 3.12, entry 2), since a

lower loading of 10 equiv K2CO3 and a higher loading of 30 equiv K2CO3 both gave lower

yields of Ir'"(ttp)Ph (Table 3.12, entries 1 and 3).

Table 3.12 Optimization of Loadings of K2CO3 in Ph-Br Cleavage
. K2CO3 (equiv)
Ir [ [ [@)XCO + PhBr _ [T [ @Ph
150 time, N2'

entry K2CO3 equiv time/h  Ir"'(ttp)Ph yield/0/of

1 10 24 74
2 20 12 91
3 30 6 84

® lIsolated yields.

(iii) Optimization of PhBr Loading
Since 1.1 equiv of PhBr was sufficient to react with Ir"'(ttp)(CO)CI in benzene at 150 °C in

4 days to give Ir(1)(ttp)Ph in a high yield (Table 3.13, entry 1), the loading of PhBr was

selected to be 1.1 equiv.
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Table 3.13 Optimization of PhBr Loading in Ph-Br Cleavage

K2CO3 (20 equiv) L

Ir'"(ttp)(CO)CI + PhBr ' Y J > Ir"'(ttp)Ph
equiv |8 U, IN2
time

entry PhBr (equiv) time/d Ir"~(ttp)Ph yield

1 1.1 4 87

2 -550” A A
“Isolated vyield. “ The reaction was carried out in solvent-free

conditions without the addition of benzene solvent.

(iv) Optimization of Temperature

At 200, C, Ir"\ttp)(CO)CI reacted faster with PhBr (1.1 equiv) and K2CO3 (20 equiv) in
benzene solvent in 2 days to yield Ir™\ttp)Ph. quantitatively (Table 3.14, entry 2). At lower
temperature of 150 "C, the reaction was slower to gave alower yield of Ir"'(ttp)Ph (Table 3.14
entry 1). 200 was thus selected as the optimal temperature in the subsequent studies in

benzene solvent.

Table 3.14 Optimization of Temperature in Ph-Br Cleavage

IH"(ttp)(CO)CI + PhBr KJ~03 (20 equiv)

1.1 equiv CgHe, temp, N2 N
time
entry temple time/d Ir"A(ttp)Ph yield/%"
1 150 4 87
2 200 2 100

[J Isolated yield.

3.2.2.2 Optimization of Base-Promoted Ph-| Cleavage
(i) Optimization of Base

The nature of base on the rate and yield of Ph-I cleavage by Ir"'(ttp)(CO)CI| was studied.
Strong base of KOH reacted very fast with Ir*~(ttp)(CO)CI and Phi (1.1 equiv) in benzene at
150, C but gave lower yield of Ir"\ttp)Ph (Table 3.15, entry 1). CS2CO3 and K3POg4 also

reacted to give lower yields of Ir'"(ttp)Ph (Table 3.15, entries 3 and 5). While K2CO3 can
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enhance both the rate and yield in the Ph-Br cleavage (Table 3.11, entry 4), K2CO3 reacted very
slowly in 5 days to give Ir*"(ttp)Ph in a lower yield (Table 3.15, entry 4). Indeed, NaOH was
found to react very fast to give Ir"~(ttp)Ph quantitatively (Table 3.15, entry 2). Therefore,
NaOH was selected as the optimal base.

Table 3.15 Optimization of base in Ph-I Cleavage

Ir'i(ttp)(CO)CI + Phi base (20 equiv) , || [k
1.1 equiv 150 time, N2

entry base time/d Ir'\ttp)Ph yield/%'
1 KOH 0.5 70
2 NaOH 0.5 99
3 CS2C03 1 82
4 K2COs3 5 78
5 K3PO4 15 82
“Isolated yield.

(ii) Base Loading

NaOH in 20 equiv was found to be the optimal loading in efficiently promoting the rate and
yield of Ph-1 cleavage (Table 3.16, entry 2). A lower NaOH loading (10 equiv) resulted in a
lower rate and yield (Table 3.16, entry 1), while a higher NaOH loading (30 equiv) did not
render profound effects in rate and yield enhancements (Table 3.16, entry 3).

Table 3.16 Optimization of Base Loading in Ph-1 Cleavage

NaOH (equiv)

Ir [ [ [@)COCI + Phi Ir'{ttp)Ph
equiv CeHe, 150°C, N2, time
entry NaOH (equiv) time/h Ir(ttp)Ph yield /%"
1 10 24 87
2 20 12 99
3 30 9 95
“Isolated vyield.

(iii) Optimization of Temperature

When the reaction temperature was increased from 120 to 200 the rate of Ph-I cleavage



increased (Table 3.17). Since the reaction rate was considerably fast and the yield of Ir"~(ttp)Ph
was highest at 150 150 was selected as the optimal temperature (Table 3.17, entry 2).

Table 3.17 Optimization of Temperature in Ph-1 Cleavage

fﬂri‘[‘+’|" [/(uﬂ)?CO)& L+ Olgﬁﬁi NaOH (20 equiv) ~* ’"‘(ttp)Ph
equiv CeHe, temp, N2, time

entry temp/ V time/h Ir*i(ttp)Ph yield/% “
1 120 20 90
2 150 12 99
3 200 2 97
"Isolated yield.

(iv) Optimization of Loading of Phi
1.1 equiv of Phi was adopted as the optimal loading of Phi, since it is sufficient to produce

Ir'"(ttp)Ph quantitatively (Table 3.17 » entry 2).

3.2.2.3 Optimization of Base-Promoted Ph-C| Cleavage
(i) Optimization of Base

The nature of base on the efficiency of Ph-Cl cleavage was initially studied by reacting
Ir*'(ttp)(CO)CI and PhCI (1.1 equiv) at 200, C with various bases. Ir"\ttp)Ph was isolated as
the major product, accompanied with other co-products, Ir*"(ttp)(/?-C6H4)Ir ' (ttp) (9a) or

Ir'"(ttp)CH3 (10) > 40 in smaller amounts (Table 3 18).
Table 3.18 Optimization of Base in Base-Promoted Ph-Cl| Cleavage

base (20 equiv)

Iri(ttp)(CO)Cl + PhCI Ir(ttp)Ph + Ir"i(ttp)(p-C6H4)Ir"(ttp) + Ir"(ttp)CH3
equiv. CeHe, 200 N2
time
Ir]I[(ttp)Ph Irm(ttp)(p-C6HA4)IrI[(ttp) IrA"(ttp)CH3 total
entry base time  yidd/O/o" yield/%" yield/%" yield/%"
1 NaOH 24 20 6 26
2 KOH 20 18 2 20
3 K2CO3 24 31 3 3 37
4 K3PO4 96 20 16 36
Isolated yield.
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Since K2CO3 led to the highest yield of Ir"~(ttp)Ph, K2CO3 was selected as the optimal base

for subsequent optimizations (Table 3.18, entry 3).

(ii) Optimization of PhCIl Loading

In order to further promote the yield of Ir'"(ttp)Ph, the effect of PhCI loading was studied.
When the amount of PhCI| was increased from 1.1 to 200 equiv, the reaction rate and yield of
Ir'"(ttp)Ph were increased accordingly (Table 3.19, entries 1-4). Further increase of PhCI
loading to 300 equiv did not further promote the total yield (Table 3.19, entry 5). Thus, 200

equiv PhCl was chosen as the optimal loading.

Table 3.19 Optimization of PhCl Loading in Base-Promoted Ph-C| Cleavage

K2CO3 (20 equiv)

Ir'(ttp)(CO)Ci + PhCI Ir(ttp)Ph + Ir'(ttp)(p-C6H4)Ir{ttp) + Ir"(ttp)CH3
(equiv)O6[46 » 200, C - N2
time
PhCI Iri"(ttp)Ph  Iri"(ttp)(p-C6H4)Ir"i(ttp)  Ir"~(ttp)CH3 total

entry  (equiv) time/h  vyield/o/o“ yield/o/o" yield/%" yield/o/o

1 1.1 24 31 3 3 37

2 50 12 57 3 5 65

3 100 10 62 2 0 64

4 200 7 75 0 IT

5 300 12 79 0 80

“Isolated yield NMR yield 1,4-dichlorobenzene in 1% yield was detected by GC-MS analysis

(iii) Optimization of Base Loading
20 equiv K2CO3 was selected as the optimal base loading as it was found to efficiently
promote the rate and yield of IrJI[(ttp)Ph (Table 3.20, entry 2), compared with 10 and 30 equiv

K2CO3 (Table 3.20 > entries 1and 3).
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Table 3.20 Optimization of K2CO3 Loading in Base-Promoted Ph-Cl| Cleavage

Iri"(ttp)(CO)CI + P h C I, , ri>i(ttp)Ph + Ir'(ttp)(p-CaHg)Ir'" (ttp)
200 equiv 200 C, N2
time
K2C03 time/ Iri"(ttp)Ph  Ir"~(ttp)(p-C6H4)Ir"\ttp) total
entry equiv h yield/%" yield/0/073 yield/%
1 10 19 63 2 65
2 20 7 75 2 ir
3 30 11 64 2 66

“Isolated yield. NMR yield.1,4-dichlorobenzene in 1% yield was detected by GC-MS analysis.

(iv) Optimization of Temperature
At 150 and 200, C, Ir"\ttp)(CO)CI reacted with PhCI (200 equiv) and K2CO3 (20 equiv) to
give similar yields of Ir"Vttp)Ph (Table 3.21). A trace of 1,4-dichlorobenzene (—1%) was also

formed in both reaction conditions. 150 was selected as the optimal temperature for

subsequent study of reaction scope (Table 3.21, entry 1).

Table 3.21 Optimization of Temperature in Base-Promoted Ph-CIl Cleavages

iH"(ttp)(CO)CI + PhCI KZc? (2., equiv) » || [1DPFr+ !r'(ttp)(p-C6H4)Ir (ttp)
200 equiv CgHe, temp, N2

time
[r*Vttp)Ph  Ir(ttp) (p-C6H4)Ir"~(ttp) total
entry temp/, C time/h yield/%*“ yield/%" yield/%
1 150 22 74 5 W
2 200 7 75 2 Y

Isolated yield. NMR vyield.1,4-dichlorobenzene in 1% yield was detected by GC-MS analysis.
,4-dichlorobenzene in <1% yield was detected by GC-MS analysis.

3.2.3 Summary of Optimization of Base-Promoted Ph-X Cleavages by Ir"A(ttp)(CO)CI
The optimized reaction conditions of base-promoted Ph-X bond cleavages in benzene
solvent are summarized in Table 3.22. In Ph-Br cleavage, 1.1 equiv of PhBr was sufficient to

react with Ir"'(ttp)(CO)CIl and K2CO3 at 200, C in 2 days to yield Ir*'(ttp)Ph quantitatively
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(Table 3.22, entry 1). In Ph-1 cleavage, 1.1 equiv of Phi was also enough to react with
[rA"(ttp)(CO)CIl and NaOH (20 equiv) at 150 in 12 hours to give Ir"i(ttp)Ph quantitatively
(Table 3.22, entry 2). In Ph-CI cleavage, a high loading of PhCI (200 equiv) was required to
react with Ir*~(ttp)(CO)CI and K2CO3 at 150, C to give a high yield of Ir*"(ttp)Ph in 74% vyield
and a trace of Ir'"(ttp)(/7-C6H4)Ir"'(ttp) (Table 3.22, entry 3). The optimized conditions were
then used to study the substrate scope of ArX in base-promoted Ar-X cleavages by
Ir(ttp)(CO)CI (Section 3.2.5).
Table 3.22 Optimized Conditions of Base-Promoted Ph-X Cleavages by I/"(ttp)(CO)CI

i base (20 equiv)
Ir{ttp)(CO)CI + PhX L n — > |Hij(ttp)Ph

equiv temp, time
entry PhX (equiv) base temp/, C time Jr"\ttp)Ph yield /%"
1 PhBr(l.l) K2CO3 200 2d 100
2 Phi (1,1) NaOH 150 12h 99
3 PhCI (200) K2CO3 150 22 h 74n

Isolated yield. ' Ir*Vttp)(;9-C6H4)Ir"'(ttp) in 5% NMR yield was estimated by '"H NMR spectroscopy, and
,4-dichlorobenzene in 1% yield was detected by GC-MS analysis.

3,2.4 Comparison of Reactivities ofAryl C-X Bond Cleavages by Ir"'(ttp)(CO)ClI

To study the effect of nature of halogen group of ArX on the rate of Ar-X cleavages,
competition reactions of base-promoted Ar-X cleavages of 1,4-dihalobenzenes containing 2
different halogens were studied. When excess 1-bromo-4-iodobenzene was reacted with
Ir(1)(ttp)(CO)Cl and K2CO3 at 200 °C - only the weaker C-I bond was selectively cleaved to
yield Ir*'(ttp)C6H4(p-Br) (8i) (Table 3.23, entry 1). Similarly, only the weaker C-Br bond in
1-bromo-4-chlorobenzene was cleaved to give Ir' (ttp)C6H4(p-Cl) (8j) (Table 3.23, entry 2),
and only the weaker C-ClI bond in 1-chloro-4-fluorobenzene was cleaved to give
Ir*'(ttp)C6H4(/?-F) (8h) (Table 3.23, entry 3). Therefore, the weaker C-X bond does react much

faster in base-promoted Ar-X cleavages. The rate of Ar-X cleavage is established to be in the

147



order: C-F < C-ClI < C-Br < C-I, which is in line with the bond strengths of aryl C-X bonds.

Table 3.23 Competition Reactions in 1,4-Dihalobenzenes

K2CO3 (20 equiv)

Ir| | | _(COCI + X-\ A X o
507uiv neHe, =, C» N2 | A
X -
entry <\>x. time/h Ir"i(ttp)Ar (yieldlolo )
O B r .
1 I- 6 Ir*~(ttp)C6H4(p-Br) (8i) (86)
Br-
2 21 Ir*\ttp)C6H4(p-Cl) (8j) (66)
ci-* O F
3 24 Ir™(ttp)C6H4(p-F) (8h) (66)
‘Isolated yield.

3.2,5 Reaction Scope of Base-Promoted Aryl C-X Cleavages by Ir"\ttp)(CO)CI
The substrate scope of base-promoted aryl C-X cleavages by Ir'"\*(ttp)(CO)CI were further
studied by using various 4-substituted aryl halides (ArX) in the optimized base-promoted

reaction conditions for Ph-X cleavages (Table 3.22).

3.2.5.1 Reaction Scope of Base-Promoted Ar-Br Cleavage

Generally, all 4-substituted aryl bromides (ArBr) reacted with Ir"\ttp)(CO)CI and K2CO3 at
200 °C to undergo selective Ar-Br bond cleavage to yield iridium(Ill) porphyrin aryls
(Ir"(ttp)Ar) in moderate to high vyields (Table 3.24). The only exception was
1-bromo-4-iodobenzene, which underwent the more facile, selective C-1 bond cleavage to yield
Ir'(ttp)C6H40?-Br) (8i) without any C-Br bond cleavages (Table 3.24, entry 10).
Ir(1)(ttp)(CO)Br was also observed by thin-layer chromatography in the course of reactions, and

it was further consumed upon further heating to yield Ir"~(ttp)Ar,
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Table 3.24 Reaction Scope of KaCOs-Promoted Ar-Br Cleavage by Ir"~(ttp)(CO)CI

rl | | mecox Br- PQ K2CQ3 (20 equiv), CgHe”® ... *Ji (IhFG
equiv 200 time, N2 Ird(ttp)C6HA4(p-FG)
Ir'" | (ttp)Ar Ir'(ttp)Ar
entry® FG time/h  yield/0/07p entry"” FG time/h yield/0/073
1 NMe2 6 8bi' (62) 10 | 19 Ir"A(ttp)C6HA(/2-Br)”
8i(88)
2 OMe 9 8c (89) 11 Cl 24 8j (72)
3 '‘Bu 15 8d (86) 12 COsMe 36 8k (84)
4 Me 11 8e (73) 13  C(0)Me 19 81 (82)
5 SiMe3 15 8f(80) 14 CHO 11 8m (61/
6 H 48 8a (100) 15 CF3 24 8n (72)
7 NPhth™ 27 89(68) 16 CN 24 80 (62f
8 F 20 8h (99) 17 NO2 6 8p (63)
9 Br 36  8i (76) 18 , 109
Br-dn»
8q (85)

“Ir (ttp)(CO)Br was observed in the course of reaction by thin-layer chromatography, which was further
consumed. ' Isolated yield. * PPh] was added to form Ir"A(ttp)(PPh3)C6H4(/7-NMe2). “ NPhth: phthalimide. * C-I
cleavage occurred. f PPh3 was added to form Iri"(ttp)(PPh3)QH40?-CHO). ~ PPli3 was added to form
Ir"(ttp)(PPh3)C6H4(p-CN).

4-Bromotoluene and 4-bromobenzaldehyde also reacted to yield only Ir*A(ttp)(/7-Tol) (8e)
and Ir'"(ttp)C6H4(p-CHO) (isolated as Ir"i(ttp)C6H4(p-CHO)(PPh3) (8m))’ respectively, via
selective C-Br bond cleavage without any benzylic™'~' and aldehydic C-H" bond activations

(Table 3.24 > entries 4 and 14). Likely, the weaker C-Br bonds (BDE = 80.5 kcal moV~f'~ reacts
13

more facilely than the stronger benzylic C-H (BDE = 88.5 kcal mol") and the aldehylic C-H
bonds (BDE —85 kcal mor»®).A

Both electron-rich (Table 3.24, entries 1-5) and electron-poor (Table 3.24, entries 7-9, 11-17)
reacted smoothly to give Ir"'(ttp)Ar, showing high functional-group compatibilities. They also
generally reacted faster than the parent bromobenzene (Table 3.24, entry 6).

Other halogenated aromatic compound, 2-bromonaphthalene, also underwent the C-Br

cleavage to yield Ir'"(ttp)(2-naphthyl) (8q) (Table 3.24, entry 18).
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In the reactions with 4-bromobenzaldehyde and 4-bromobenzonitrile (Table 3.24, entries 14
and 16), brown precipitates were initially formed upon the consumption of Ir"'(ttp)(CO)CI. The
precipitates were insoluble in common solvents for purification by column chromatography or
recrystallization. Presumably, Ir"~(ttp)C6H4(p-CHO)* and Ir"i(ttp)C6H4(p-CN) > once formed,
undergo extensive intermolecular coordinations to give insoluble oligomers (egs 3.19 and 3.20).
PPhs was thus added to generate the isolable - coordinatively-saturated

Ir'"(ttp) (PPh3)C6H40-CHO) (8m) and Ir"(ttp)(PPh3)C6H4(p-CN) (80).

.O " L] "
n | i (0] Ir"'"(ttpHQM (3.19)
D K , siH"(ttpK /> H
H H n/2
n [r" [ (ttpH" -CM -lr"i(ttpHQ>~CN-Hri | | (ttph”ACiSh-—,~ (3.20)

In  the reaction  with 4-bromo-A”, AN-dimethyl-aniline (Table 3.24, entry 1),
Ir'"(ttp)C6H4(p-NMe2) (8b) was initially isolated as confirmed by high-resolution mass
spectrometric (HRMS) analysis, but it shows upfield and broad proton signals in CDCI3 by "H
NMR spectroscopy ("(pyrrole H) = 7.81 ppm) (Figure 3.1) 46 However, its single crystal has
not been successfully grown. Presumably, the electron-donating NMe] group releases single
electron46 to the relatively electron-deficient porphyrin ring to form NMe2+* and porphyrin
anionic radical, which becomes paramagnetic and more electron-rich for the broadening and
upfielding effects, respectively - in the proton signals of "H NMR spectroscopy (Scheme 3.20,
pathway i). Upon the addition of PPhs, Ir"A(ttp)(PPh3)C6H4(p-NMe2) (8bi) was formed (Table
3.24, entry 1), The PPhs-coordinated Ir"~(ttp)(PPh3)C6H4(p-NMe2) enriches the electron density
of the porphyrin ring > resulting in the transfer of electron from the porphyrin ring back to the
NMe2+* group (Scheme 3.20, pathway ii) to obtain normal sharp proton signals in "H NMR

spectroscopy.
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Figure 3.1 NMR spectrum of Ir"i(ttp)C6H4(p-NMe2) in CDCI3 with the upfield proton

signals

Scheme 3.20 Proposed Mechanism of Single Electron Transfer from NMe2 Group to Porphyrin
Ligand of Ir"Vttp)C6H40?-NMe2) in CDCI3

=

e 1> e-/ PBPh< !
rr i np r )

\=/

When the substituents in para-substituted aryl bromides contain acidic protons (NH2, OH,
CO2H), no Ar-Br cleavages occurred to yield Ir"~(ttp)Ar (Table 3.25, entries 1, 2, and 4).
Instead, Ir"'(ttp)(CO)CI decomposed or unknown products were formed. The reasons of these
unsuccessful reactions are unclear Presumably, the acidic proton of NH2, OH, and CO2H
further reacts with the intermediates to form unknown products, which further decompose upon
heating On the other hand, the C(0)C1 and OSiMes groups are likely hydrolyzed by base to
form CO2H and OH groups, respectively, which lead to unknown product formations (Table

3 25, entries 3 and 5).
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Table 3.25 Substrate Scope of Unsuccessful Base-Promoted Ar-Br Cleavages

K2CO3 (20 equiv), Cg4Hq
Ir'(ttp)(CO)CI + Br-<\ aKFG No Ir'"(ttp)HQ)"FG
200 °C, time, N2

equiv
entry FG time/h results” entry FG time/h results”
1 NH2 5 decomp. 4 COz2H 9 decomp.
2 OH 9 unknown 5 OSiMes 16 unknown
3 c(0)C1 12 unknown

“No characteristic proton signals of iridium porphyrin aryls were observed by H NMR spectroscopy.

3.2.5.2 Reaction Scope of Base-Promoted Ar-1 Cleavage
NaOH selectively promoted the aryl C-I cleavage of all aryl iodides (Arl) by Ir"~(ttp)(CO)CI

to give Ir(1)(ttp)Ar in high yields (Table 3.26). In 4-iodotoluene, a much weaker C-I1 bond (BDE

lo

. —65 kcal mol") was preferentially cleaved without the activation of benzylic C-H bond
(BDE —89 kcal/mol)® (Table 3.26, entry 2). Double C-X bond cleavages occurred in
1-bromo-4-iodobenzene and 1,4-diiodobenzene to yield atrace oflr"i(ttp)(p-C6H4)Ir"i(ttp) (9a)
(Table 3.26, entries 5 and 6). Ir"Vttp)(CO)l was observed by thin-layer chromatography in the

course of reactions and was further consumed to give Ir"~(ttp)Ar.

Table 3.26 Substrate Scope of Base-Promoted Ar-1 Cleavage

NaOH (20 equiv), CqHq

iT [ @p)cO)a + FG Ir"' (ttpH”" «FG
Vo 150, C, time, N2
.1 equiv 1T ] ] oA
Ir"i(ttp)Ar [r"\ttp)Ar
entry"” FG time/h yield/0/073 entry” FG time/h Yield/%"
1 OMe 20 8c (89) 5 Br 12 8i (liy
2 Me 17 8e (84) 6 | 9 8r (90)"
3 H 12 8a (99) 7 C(O)Me 12 81(81)
4 F 24 8h (96) 8 NO2 15 8p (98)

“Ir (ttp)(CO)I was observed in the course of reaction by thin-layer chromatography, which was further
consumed. “lIsolated yield. * Ir"'(ttp)C6HACD-1) in 3% yield and Ir"'(ttp)(;?-C6H4)Ir"'(ttp) in 1% yield were
isolated. “ Ir"'(ttp)0-C6H4)Ir"'(ttp) in 3% yield was isolated.
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3.2.5.3 Reaction Scope of Base-Promoted Ar-Cl Cleavage

K2CO3 could promote the aryl C-Cl bond cleavage of aryl chlorides (ArCl) by
Ir [ii(ttp)(CO)CI to give Ir"'(ttp)Ar in modest to high yields (Table 3.27). However, compared
with the aryl C-Br and C-l bond cleavages (Tables 3.24 and 3.26), aryl C-Cl bond cleavage
becomes less selective, accompanied with the competitive cleavages of other chemical bonds.

In the reaction with 4-chlorotoliiene (Table 3.27, entry 2), besides the cleavage of aryl C-Cl
bond (BDE —96 kcal mol"*),A* the weaker benzylic C-H bond (BDE = 88.7 kcal mol"")" was
also cleaved considerably to yield Ir"'(ttp)Bn(p-Cl) (11) in 18% yield. Ir"~(ttp)(p-Tol) (8e) and
Ir'"(ttp)Bn(p-Cl) in about 2 : 1ratio were obtained.

In the aryl C-Cl cleavage with 4-chloroanisole (Table 3.27, entry 1) and methyl
4-chlorobenzoate (Table 3.27, entry 6), a trace of Ir*"(ttp)CH3 was formed, likely due to the
cleavages of the weaker Me-0 bonds (BDE of p-CICglliO-Me = 62.4 kcal mol" ~; BDE of
p. CIC6H4C(0)0-Me —89.1 kcal moF”

In the aryl C-Cl cleavage of 4-chlorobenzaldehyde (Table 3.26, entry 7), the weaker
aldehydic C-H bond (BDE = 84.2 kcal mol")» was also cleaved to give a trace of
Ir"\ttp)(PPh3)C(0)C6H4(p-Cl) (12).

Table 3,27 Substrate Scope of Base-Promoted Ar-Cl Cleavages

_ K2CO3 (20 equiv), CiHg
Ir | "(ttp)(CO)ClI+ CI-Yj~"FG _ [r" (ttpHA ) °FG
150 time, N2

200 equiv
entry FG time/h  Ir"'(ttp)Ar entry FG time/h Ir [(ttp)Ar
yield/%" yield/%"
1 OMe 36 8c (76/ 6 CCbMe 46 8k (70/
2 Me 36 8e (32)' 7 CHO 22 8m (697
3 H 22 8a (74/ 8 CFs 168 8n (68)
4 F 36 8h (67) 9 CN 24 80 (51)g
5 Cl 84 8j (100)

“Isolated yield. ~ Ir"(ttp)CH3 in 3% yield was isolated. :[r"'(ttp)Bn05-Cl) in 18% isolated yield and
Ir" | (ttp)CH3 in 2% NMR vyield were obtained.’ / Ir"'(ttp)0-C6H4)Ir'"(ttp) in 5% NMR yield was obtained.
Ir*'(ttp) (PPh3)C6H4(p-CHO) was isolated by adding PPha,/Aldehydic C-H activation also occurred to give
Ir"(ttp) (PPh3)C(0)C6H4(/?-Cl) in 1 % yield. ™ Ir'*(ttp)(PPh3)C6H4(>-CN) was isolated by adding PPhj.
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3.2.6 Preparations of Di-Iridium-Porphyrin Substituted Arenes

In the base-promoted reaction of 1,4-diiodobenzene with Ir'"(ttp)(CO)CI (Table 3.26, entry
6) > single C-I bond cleavage occurred predominantly to yield Ir"~(ttp)C6H4(p-1), accompanied
with a trace of Ir [H(itp)(p-C6H4)Ir™(ttp) from double C-1 bond cleavages. To synthesize
Ir(1)(ttp)(p-C6H4)Iriii(ttp) in a larger amount, Ir"~(ttp)C6H4(p-1) was initially prepared in a pure
and isolated form by reacting excess 1,4-diiodobenzene with Ir"\ttp)(CO)CI and Kz2COs.
Ir"\ttp)C6H4(p-1) was then reacted with Ir"'(ttp)(CO)CI (1.1 equiv) and K2CO3 for further C-I
cleavage reaction to form Ir'"(ttp)(p-C6H4)Ir"\ttp) in 78% yield (Table 3.28 > entry 1).

Ir'yttp)(/7-C6H4)Ir"\ttp) can also be prepared from the double C-Br bond cleavages of
1,4-dibromobenzene. Ir\'?(ttp)(CO)CI reacted with 1.4-dibromobenzene and K2CO3 to give
Ir"'(ttp)C6H4(p-Br), which further reacted with Ir'"(ttp)(CO)CI (1.1 equiv) to give

IrA"(ttp) (p-CEHA) I (ttp) in 59% yield (Table 3.28, entry 2).

Table 3.28 Double C-X Bond Cleavages of 1,4-Dihalobenzenes by Ir"*(ttp)(CO)CI

ny
X -0 x (n equiv) — | (ttP)(CO)ClI —
K2CO3 (20 equiv) NOA K2CO3 (20 equiv) .o N NI
CeHe, 200, C' N2  Iri"(ttp)C6H4(/>X) C*He»200, C->N2  |r'i(ttp)(p-C6H4)Iri"(ttp)
time 1 time 2

time 1 Ir"~(ttp)C6H4(p-X) time 2  Lr"i(ttp)(p-C6H4)Iri"(ttp)

entry X n /h yield/%" /h (9a) yield/%"
1 I 10 11 8r (92) 24 78
2 Br 1.1 36 8i (76/ 14 59

“lsolated yield. ” Result from Table 3,24, entry 9.

The double C-X bond cleavages of 4,4'-dihalo-biphenyls can also be successfully carried out
to synthesize 4,4'-di-iridium-porphyrin biphenyl, Ir'Vitp)(/?-C6H4)2Ir™ (ttp) (9b).
4,4'-Dibromobiphenyl and 4,4‘-diiodobiphenyl in excess amounts were initially reacted with

[r"'(ttp)(CO)CI and K2CO3 to yield Ir"\ttp)0-C6H4)2(p-X) (X =1 (8s), Br (8t)), which were
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further reacted with Ir"\ttp)(CO)CI (1.1 equiv) and K2CO3 to give Ir"\ttp)(p-C6H4)2Ir"~(ttp)

(Table 3.29, entries 1 and 2).

Table 3.29 Double C-X Bond Cleavages of 4,4'-Dihalobiphenyls with Ir"i(ttp)(CO)a
Iri(ttp)(CO)CI

— Y ' '
—_—- ' —
1i_C0)C) K_ —,
MY X e onl1EAG  IMABRREERIA N Eas88, %, nI YRR RAE)
time 1 /h yield/%A timg 2 (9b) yidd/0/0L!
1 | 6 24 8s (76) 19 71
2 Br 10 15 St (73) 36 75

‘Isolated yield.

The one-pot preparation of di-iridium-porphyrin-substituted arenes (eq 3.21) was found to
be less efficient than the sequential preparation (Tables 3.28 and 3.29) even though excess
Iriii(ttp)(CO)CI was added. It is supported by the formation of Ir'Vttp)(p-C6H4)2Ir"Vttp) in a
low yield of 43% yield from the reaction of 4,4'-dibromobiphenyl with excess Ir'*"*(ttp)(CO)CI
(3.5 equiv) and K2CO3 at 200 *C even in 3 days (eq 3.21), compared with the higher yield of
Ir'"(ttp)(p-C6H4)2Ir"~(ttp) obtained in 75% yield by sequential synthesis (Table 3.29, entry 2).

K2CO3 (40 equiv)

Br*Qn~rBr + Iri"%'Fg)_((é%S?i;CC ’\|7‘|He %8808 3%,5\\'12 lr™ [ U | %%[ [ | _ (3-21)

The reason of the low yielding one-pot double C-X bond cleavage reaction is unclear. Likely,
the intermediates (Ir""(ttp)H and [Ir"(ttp)]2, which are rapidly generated from base-promoted
reduction of Ir"~(ttp)(CO)X (Chapter 2, Sections 2.3 and 2.4)) partially decompose prior to the
subsequent slower reactions with the sterically more bulky Ir*'(ttp)(/7-C6H4)2Br (The detailed

reaction mechanism of aryl C-X bond cleavages is discussed in section 3.2.8).
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3.2.7 X-Ray Data of Iridium(Ill) Porphyrin Aryls

The X-ray crystallographic structures of the iridium(Ill) porphyrin aryls (Ir""(ttp)Ar),
including Ir'\ttp)C6H4(p-OMe) (8c), Ir"(ttp)(p-Tol) (8e), Ir(1)(ttp)C6H4(/?-N02) (8p), and
Ir(1)(ttp)(/>C6H4)2Ir]I|(ttp) (9b), are shown in Figures 3.2-3.5. They are coordinated with
methanol in the single crystals for X-ray crystallography and can be used for direct comparison

of the bond distances (Table 3.30).

Figure 3,2 ORTEP presentation of the molecular structure for Ir"\ttp)C6H4(p-O0Me)(CH30H)
(8¢) (30% probability displacement ellipsoids).

Figure 3.3 ORTEP presentation of the molecular structure for

Ir"\ttp)(p-Tol)(CH30H)-CH30H (8e) (30% probability displacement ellipsoids).
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Figure 3.4 ORTEP presentation of the molecular structure with numbering scheme for

Ir'i(ttp)C6H4(/>N02)(CH30H>CH30H.CHCI3 (8p) (30% probability displacement ellipsoids).

Figure

3.5 ORTEP presentation of the molecular structure for

(CH30H)Iri | i(ttp)(/7-C6H4)2Iri"(ttp)(CH30H) (9b) (30% probability displacement ellipsoids).

Table 3.30 Selected Bond Distances (A) for Ir"~(ttp)Ar

Ir (1) (ttp)Ar Ir-C (A) Ir-Naverage (A)
Ir(1)(ttp) C6H4(i>0Me)(CH30H) (8c) 2.023(4) 2.033
IrA"(ttp)0-Tol)(CH30H) (8e) 2.033(5) 2.030
JT"i(ttp)C6H 7 -N02)(CH30H) (8p) 1.990(6) 2.031
(CH30H)Ir"i(ttp)(p-C6H4)2Iriii(ttp) (CH30H) (9b)  2.027(8) 2.042
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Both the />ara-substituted, electron-donating OMe and Me groups and the
electron-withdrawing NO2 group of Irm(ttp)Ar do not impose significant electronic effects on
the bond lengths of Ir-C and Ir-N bonds, since they all have similar Ir-C and average Ir-N bond
lengths (Table 3.30, entries 1-3). Moreover, Ir'"(ttp)0-C6H4)2lr"\ttp), which contains 2 bulky
iridium porphyrins rings opposite to each other (Table 3.30, entry 4), also has similar Ir-C and
Ir-N bond lengths as those of Ir'"'(ttp)C6H4(p-FG) (Table 3.30, entries 1-3). This implies that
the steric interactions between the two iridium porphyrins in Ir"\ttp)(p-C6H4)2Ir"'(ttp), which

could lengthen the Ir-C bond, is negligible.

3,2.8 Reaction Mechanism of Base-Promoted Aryl C-X Bond Cleavages by
Ir*'(ttp)(CO)CI
3.2.8.1 Reaction Profiles of Base-Promoted Ph-X Cleavages

To elucidate the reaction mechanisms of base-promoted aryl C-X cleavages by
Ir'Mttp)(CO)CI, the reaction profiles were initially studied in sealed NMR tubes using the
optimal reaction conditions (Table 3.22) in order to observe the iridium porphyrin
intermediates. It is noted that the reactions underwent in NMR tubes are slower by a few times
than the reactions carried out in Schlenk tubes (Table 3.22), probably due to the lack of stirring
inthe NMR tube experiments.'"
3.2.8.1.1 Reaction Profile of Base-Promoted Ph-Br Cleavage
(i) Reaction with K2CO3

Initially, Ir"'(ttp)(CO)CI reacted slowly with PhBr (1.1 equiv) and K2CO3 (20 equiv) in
benzene-"6 at 200 in 10 days to give Ir | "(ttp)Pli in 94% vyield (eq 3.22). No other iridium
porphyrin intermediates were observed. Likely, the reactive intermediates generated reacted

rapidly at 200 °C and could not be observed.

Ir'i(ttp)(CO)CI + PhBr o2 O3(20 equiv) | T | [ | 23.22)
1.1 equiv CgDe, 200 10d 94%



(ii) Reaction with CS2CO3

To allow the observations of intermediates from the Ph-Br cleavage with Ir'"(ttp)(CO)CI, a
stronger base of CS2CO3 and a lower temperature of 150, C were used (Table 3.31; Figures
3.6(a),(b)). In 3 hours, Ir"\ttp)(CO)CI ((*(pyrrole) = 9.07 ppm) reacted with PhBr (1.1 equiv)
and CS2CO3 (20 equiv) in henzene-de at 150, C to give Ir"A(ttp)Ph ({Xpyrrole) = 8.80 ppm) in
30% vyield via the Ph-Br cleavage, with the concomitant formations of Ir"~(ttp)H ((5(pyrrole)=
8.81 ppm) and [Ir"(ttp)]2 (“(pyrrole) = 8.33 ppm) in 13% and 1% vyields, respectively (Table
3.31, entry 4). After 60 hours, all Ir"'(ttp)(CO)CI, Ir"\ttp)H, and [Ir"(ttp)]2 were consumed to
give Ir | "(ttp)Ph quantitatively (Table 3.31, entry 6). Therefore, Ir"\ttp)H and [Ir"(ttp)]2 are the

observed intermediates in the base-promoted Ph-Br cleavage.

Table 3.31 Time Profile of Cs2C03-Promoted Ph-Br Cleavage by Ir"i(ttp)(CO)CI at 150 "C

CS2CO03 (20 equiv)
Ir'"(ttp)(CO)CI + PhBr . Ir(ttp)H + [IF'(ttp)]2 + Ir™(ttp)Ph
equiv CgDe, 150 time

entry* time/h Ir"Vttp)(CO)CIV% Ir'"'(ttp)H/% 1/2rir"(ttp)12/% 1r"Vttp)Ph/% Total yield/%

1 0 100 0 0 0 100
2 0.5 93 4 0 3 100
3 15 81 5 0 14 100
4 3.0 56 13 1 30 100
5 26 10 5 0 85 100
6 60 0 0 0 100 100

"NMR vyield. "The yield included Ir"'(ttp)(CO)Br but its yield could not be estimated, since both Ir(ttp)(CO)CI a
Ir"'(ttp)(CO)Br have very similar chemical shift in NMR spectroscopy and could not be differentiated.

Figure 3.6(a) Time profile of CsaCOs-promoted Ph-Br cleavage by Ir"Vttp)(CO)CIl at 150, C
(Table 3.31).

nd
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Figure 3.6(b) Partial '"H NMR profile of CszCOs-promoted Ph-Br cleavage by Ir"(ttp)(CO)CI
in benzene-6 at 150 (Table 3.31).

3.2.8.1.2 Reaction Profiles of Base-Promoted Ph-I Cleavage

In order to observe the intermediates in base-promoted Ph-1 cleavage by Ir*'(ttp)(CO)CI, a
stronger base of KOH and a lower temperature of 120 were also used (Table 3.32; Figures
3.7(a),(b)). After 3 hours, Ir"'(ttp)(CO)CI ((pyrrole) = 9.07 ppm) reacted with Phi (1.1 equiv)
and KOH (20 equiv) in benzQUQ-de at 120 to give Ir"A(ttp)Ph (Fpyrrole) = 8.80 ppm),
Ir() (ttp)H (JXoymraks) —8.81 ppm), and [Ir'(ttp) ]2 ( {pyrrole) = 8.33 ppm) in 17%, 62% and 1%
yields, respectively (Table 3.32, entry 4). After 38 hours, all Ir"Vttp)(CO)CI, Ir"(ttp)H, and
[Irii(ttp)]2 were consumed to give Ir"'(ttp)Ph quantitatively (Table 3.32, entry 7). Ir"'(ttp)H and

[Ir*(ttp)]2 are also the observed intermediates in the base-promoted Ph-I cleavage.
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Table 3.32 Time Profile of KOH-Promoted Ph-I Cleavage by Ir"\ttp)(CO)CI at120~C

Ir"i(ttp)(CO)CI + Phi KOH (20equiv) ~ | MNddLI + [|rii(ttp)]2 + Ir'"(ttp)Ph
1.1 equiv CeDe, 120 time
ntr/ time/h 17 (ttp)(C0O)Cr7% Ir()(ttp)H/% 1/2 TIr"(ttp)I2/% Ir"Yttp)Ph/% Total yield/%

0 00 0 0 0 00
2 0.5 =9 11 0 0 00
3 15 0 =Y 0 % 1 00
4 3 1 7 00
5 5 % = 1 79 00
6 0 (0) 2% 0 08 00
7 8 (0) 0 0 00

“NMR yield/The yield included Ir"'(ttp)(CO)I but its yield could not be estimated, since both Ir'"(ttp)(CO)CI
and Iriii(ttp)(CO)I have very similar chemical shiftin '"H NMRspectroscopy and could notbe differentiated.

-1 nn

total yield
90 Ir(ttp)Ph
80 ir{ttp)(CO)C! Ir(ttp)(CO)CI
= " IrCttp>DOH
7 Ir(ttp)H - 1/2[Ir(ttp)]2
Dy A -W-Sr(ttp)Ph
P sO -H—total yield
a
o
30
20
'I12[Ir(ttp)
10 15 time/h 20 25 30 35 40

Figure 3.7(a) Time Profile of KOH-Promoted Ph-1Cleavage by Ir''*(ttp)(CO)CI at 120 (Table
3.32).
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Figure 3.7(b) Partial '"H NMR profile of KOH-promoted Ph-I cleavage by Ir"~(ttp)(CO)CI in
benzene-"/6 at 120, C (Table 3.32).

3.2.8.1.3 Reaction Profiles of Base-Promoted Ph-CI| Cleavage

The reaction of Ir]I[(ttp)(CO)CI with PhCI (50 equiv) and a stronger base of CS2C0O3 (20 equiv)
in benzene-t/e at 150 was also monitored (Table 3.33, Figures 3,8(a),(b)). In 50 minutes,
Ir"'(ttp) (CO)CI (("(pyrrole) = 9.08 ppm) was converted to Ir"*(ttp)H ((5(pyrrole) =8.81 ppm) and
[Ir'(ttp)]2 ((“(pyrrole) — 8.33 ppm) in 6% and 3% yields, respectively (Table 3.33, entry 3). After
18 days, Ir"'(ttp)Ph (Zipyrrole) : 8.80 ppm) was formed in 56% yield and unreacted Ir"'(ttp)H
was recovered in 13% vyield, with the concomitant formations of Ir"?(ttp)(/?-C6H4)Ir"Vttp)
(Xpyrrole) — 8.35 ppm) in 6% yield and Ir'"(ttp)CH3 (("“(pyrrole) = 8.77 ppm) in 6% yield (Table
3.33, entry 6). Upon further heating the reaction mixture at 200 in 60 hours, unreacted
Ir'"(ttp)H was consumed to generate more Ir"~(ttp)Ph in atotal of 71% yield (Table 3.33, entry 7).
Indeed, Ir'"'(ttp)H and [Ir"(ttp)]2 are also the observed intermediates in the base-promoted Ph-ClI

cleavage.
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Table 3.33 Time Profile of CsiCOj-Promoted Ph-CIl Cleavage by Ir"A(ttp)(CO)CI

Ir'"(ttp)(CO)CI + PhCI

entr/' temp

'N

kL C
1
2
3 150
4
5
6
7 200
MR vyield.

soequiv  CgDq

time

0o
20 min
50 min
35 h
14 h
18d
60 h

Ir(ttp)-
(CO)ClI%n

100

97

91

66

0

0

0

Ir(ttp)H 1/2[Ir(ttp)]2Ir(ttp)Ph Ir(ttp)(p-C6H4)- Ir(ttp)CH3
1%

1%

o

1

6
26
54
13

0

Cs2C03(20 equiv!
temp, time

(0)

OO O~NWN

L;i"(ttp)H + [Ir-(ttp)], + Ir'J’L([tt‘lf’)':’h +
IrJ11(ttp)(p-CBHA) ™ | "(ttp) + Iri"(ttp)CH3

1% Ir(ttp)/%
0 0
0 0
0 0
(0] 1
15 6
56 6
71 6

total yield
<fiJul
Ir(ttp)C6H4Ir(ttp)
100 200

1%

A OO0 OO O

300

total
yield /%
100
100
100
100
81
81
81

400

Figure 3.8(a) Time Profile of CsiCOs-Promoted Ph-Cl Cleavage by Ir"Vttp)(CO)CI at 150

(Table 3.33).
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Figure 3.8(b) Partial 'H NMR profile of CszCC”promoted Ph-CI cleavage by Ir"Vttp)(CO)CI
in benzene-c/6 at 150 °C (Table 3.33).

3.2,8.2 General Reaction Mechanism of Base-Promoted Ph-X Cleavages by
Ir'"(ttp)(CO)CI

During the base-promoted Ph-X (X = CI, Br, I) cleavages by Ir"'(ttp)(CO)CI (Tables
3.31-3.33), both Ir"'(ttp)H and [Ir] i(ttp)]2 are observed as the intermediates. Most likely,
Ir]I{(ttp)(CO)CI undergoes the base-promoted reduction to form Ir"~(ttp)H (Chapter 2 > Section
2.3, Tables 2.2 and 2.3), which then undergoes rapid base-promoted dehydrogenative
dimerization to give |;ir"(ttp)]2 (Chapter 2, Section 2.4, Tables 2.10 and 2.11).

Ir(1)(ttp)(CO)X (X = Br, 1) is also formed in the base-promoted Ar-Br and Ar-1| cleavages, and
are further consumed to yield Ir"'(ttp)Ph (Tables 3.10, 3.24, and 3.26). Likely, Ir"i(ttp)(CO)X

(X = Br, 1) further undergoes the base-promoted reduction to form Ir"'(ttp)H for further
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reaction (Chapter 2, Section 2.3, Tables 2.2 and 2.3).
Based on these foundings, the general mechanism of base-promoted aryl C-X bond

cleavages by Ir"Vttp)(CO)CI is proposed (Scheme 3.21).

Scheme 3.21 General Mechanism of Base-Promoted Ar-X Cleavages by Ir"Vttp)(CO)CI

r-(ttp)(co)e, - -~ 0% | """, _OH i =20, ] T "_ [ | HI_2
\" \"
Vri Ar-X
X =Cl Br |
base (OH- CQ3") [ ™ [ [ [Ji* * * Iri(ttp)Ar
Ilvi CO

Ir'" (ttp) (CO)X

Initially, Ir"'(ttp)(CO)CI undergoes ligand substitution with OH" (from NaOH and K2CO3) to
give IrJI[(ttp)OH (Scheme 3.21, pathway i). Ir" X ttp)OH then undergoes redox reactions to give
Ir'*(ttp)H (pathway ii). Ir'"(ttp)H further undergoes both thermal and base-promoted
dehydrogenative dimerization to give [Ir"(ttp)]2 (pathway iii; See Chapter 2, Sections 2.3 and
2.4 for detailed mechanistic studies).

Both Ir"Vttp)H and [Ir"(ttp)]2 are the observed and probable intermediates to cleave the Ar-X
bond (X = CI, Br, I) to give Ir"Vttp)Ar and Ir"'(ttp)X (pathways iv and v). Ir"\ttp)X further
coordinates with CO ( dissociated from Ir"Vttp)(CO)CI) to form Ir"~(ttp)(CO)X (pathway vi).
Both Iriii(ttp)X and Ir"'(ttp)(CO)X are recycled via the base-promoted reduction to form

Ir'"(ttp)OH (pathway vii) for further conversion to Ir'"(ttp)Ar (pathways ii-v).

In the following sections, the detailed investigations of the base-promoted aryl C-X bond
cleavages are discussed, including:
(i) the identification of the iridium porphyrin intermediate in the Ar-X cleavage step.

(ii) the detailed reaction mechanism of the Ar-X cleavage.
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3.2.8.3 Relative Reactivities of Intermediates in Ar-X Cleavages

During the base-promoted Ph-Br, Ph-I, and Ph-Ci bond cleavages, Ir"A(ttp)H, generated from
the base-promoted reduction of Ir'"(ttp)(CO)CI (Scheme 3.22, pathway i), can exist in
equilibria with [Ir"(ttp)]2 (via the base-promoted dehydrogenative dimerization) (Scheme 3.22,
pathway iii) and Ir'(ttp)' (via the deprotonation of Irji(ttp)H with base) (Scheme 3.22, pathway
ii). The equilibria have also been demonstrated (Chapter 2 > Section 2.4). Therefore, Ir"~(ttp)H,
[Ir™'(ttp)]2, and Ir(ttp)' are possible intermediates for Ar-X cleavages. Their reactivities toward

Ph-X cleavages are thus compared to differentiate the intermediate for Ar-X cleavages.

Scheme 3.22 Mode of Reactivities of Possible Iridium Porphyrin Intermediates

arx 4 K
(ttp)- r X Ir [ | [~ + X-
\Y v
bss( 1
-H+ ttp)l
(ttp) A Ir)l[(ttp)Ar + HX
base vi, Ar- X Vila ,
iy coyet S
r p
i H90 L t
base (ttp)!lr- *H I%‘l’(ttp)x + ArH
" X- Ar viib
-H2
[IrMfttp)]2  A:™~> 2 Ir'(ttp) + ArX Ir(ttp)Ar + Ir'i(ttp)X
Vil
ArX = PhX, (p-FG)C6H4X
Ir(1)(ttp)H,37 [Ir"(ttp)]2,37 and Ir'(ttp)’, which were independently prepared in benzene-c4

in the same concentrations, were reacted with PhX in the identical reaction conditions in sealed
NMR tubes, and the reactions were monitored by "HNMR spectroscopy. Their reactivities are
estimated by comparing the times used for the complete consumptions of the iridium porphyrin

species.
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3.2.8.3.1 Effect of Halogen Atoms of Halobenzenes

The effect of nature of halogen atoms (X) in PhX on the relative reactivities of Ir"'(ttp)H,

[Ir'(ttp)]2, and Irttp)" was investigated (Table 3.34).

Table 3.34 Relative Reactivities of Possible Ir(ttp) Species in Ph-X Cleavages

[H"(ttp)X' + PhX cebe Ir[ | [@oPh + Ir] | | X
(equiv) 200 time
Ir ["(ttp)Ph :
Iri(ttp)Ph Ir'"(ttp)X Ir*A(ttp) X
entry Ir*~(ttp) X' PhX (equiv) time yield/%”  vyield/% ratio
1 Iri(ttp)-K+6 14 d 38
2 Ir"*(ttp)H PhBr (1.1) 14h 31 T
3 1/12[1r"(ttp)]2 2 min 34 32! 1.1:1.0
4 Iri(ttp)-K+5 20 d 25"
5 [r*i(ttp)H Phi (1.1) 15 min 34 wW
6 /21" (ttp)]2 1 min 37 36C —1.0: 1.0
7 Ir [ (ttp)-1(+6 4d 50
8 Ir'"(ttp)H PhCI (50) 4d 67 A
9 l/2[Ir"(ttp)]2 5h 57, 14.3 : 1.0

“Isolated yield. ~In form of Ir'(ttp)"[K(18-crowii-6)]*. "Yield was estimated by "H NMR spectroscopy since Ir"'(ttp)X

(X = Br, 1) was not stable enough to be isolated by column chromatography.

Ir'(ttp)"K” in 15% yield remained

unreacted. “ Ir'(ttp)(CO)CI was isolated. * Ir(ttp)(p-C6H4)Ir"\ttp) was formed in 3% NMR yield.

In the reaction with PhBr (1.1 equiv) in benzene-t/e at 200 °C, Ir (ttp)" reacted very slowly in

14 days with PhBr, probably via nucleophilic aromatic substitution (SNAT), to give Ir"~(ttp)Ph

in 38% yield (Table 3.34, entry 1; Scheme 3.22, pathways iv and v). Ir"~(ttp)H reacted faster

with PhBr in 14 hours to yield Ir"Vttp)Ph and

in 31% and 7% vyields, respectively,

likely via cr-bond metathesis (Table 3.34, entry 2; Figure 3.9(a); Scheme 3.22, pathways vi and

vii). [Ir"(ttp)]2 reacted most rapidly with PhBr in 2 minutes to give Ir"~(ttp)Ph and

in 34% and 32% vyields, respectively, in a nearly 1:1 ratio (Table 3.34, entry 3; Figure 3.9(b);

Scheme 3.22, pathways viii and ix).
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In the reaction with Phi (1.1 equiv) in benzene-(i6 at 200 Ir*ttp)' reacted with Phi very
slowly even in 20 days to produce Ir"~(ttp)Ph in 25% vyield and unreacted Irttp)" was
recovered in 15% yield (Table 3.34, entry 4). Ir'"*(ttp)H reacted with Phi faster in 15 minutes to
yield Ir"'(ttp)Ph and in 34% and 19% yields, respectively (Table 3.34, entry 5;
Figure 3.10(a)). [Ir*A(ttp)]2 reacted with Phi much faster in 1 minute to obtain Ir"~(ttp)Ph and
Ir]1](ttp)I49 in 37% yield and 36% vyield, respectively, in an almost 1:1 ratio (Table 3.34, entry 6;

Figure 3.10(b)).

In the reaction with PhCI (50 equiv) in benzene-<i6 at 200 the reaction rates of Ir ttp)”
and IriH(ttp)H become comparable. Ir*(ttp)" reacted in 4 days to give Ir*"(ttp)Ph in 50% vyield
(Table 3.34, entry 7), whereas Ir"~(ttp)H reacted in 4 days to give Ir"*(ttp)Ph in 67% yield and a
trace of Ir"Vttp)(CO)CIl (4%) (Table 3.34, entry 8). [Ir"(ttp)]2 reacted fastest in 5 hours to give
Ir'"(ttp)Ph in 57% yield, and atrace of Ir"*(ttp)(CO)CI (4%) and Ir"\ttp)(/7-C6H4)Ir'"(ttp) (2%)

(Table 3.34, entry 9).

The rates of the three possible iridium porphyrin intermediates in Ph-X cleavages are
generally in the reactivity order: [Ir"(ttp)]2 > Ir'"(ttp)H > Ir'(ttp)". Since [Ir"(ttp)]2 is shown to
be the most reactive species (Table 3.34, entries 3, 6, and 9), it is most likely the intermediate
for Ph-X cleavages. It is reasonable to assume that the base-promoted cleavages of Ph-Br, Ph-I,

and Ph-CIl bonds by Ir"'(ttp)(CO)CI go through acommon mechanism.
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Ir(1)tp)Ph IPittp)Ph

Figure 3.9 Partial "HN MR profiles of the reaction of PhBr (1.1 equiv) in benzene-*4 at 200 *C
with (a) Ir ["(ttp)H and (b) [Ir"(ttp)]2 (Table 3.34, entries 2 and 3).

(a)lr...(ttp)H + Phi (b) [Ir"(ttp)12 + Phi
ir
Ir(ttp)! * Iriii(ttp)l
Pl TP * H[ [P

|| owo
NI &2

Figure 3.10 Partial '"H NMR profiles of the reaction of Phi (1.1 equiv) in benzene-"4 at 200 °C
with (a) Ir"i(ttp)H and (b) [Ir"(ttp)]2 (Table 3.34, entries 5 and 6).
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3.2.8.3.2 Electronic Effect of 4-Substituted Aryl Halides

Electron-rich and electron-poor /?ara-substituted aryl bromides (ArBr, Ar — /9-MeOCG6H4,
/?-N02C6H4) were reacted with Ir*(ttp)”, Ir"'(ttp)H, and [Ir"(ttp)]2 in benzene-"4 at 200, C to
investigate the electronic effect of ArX on the reactivities of possible iridium porphyrin
intermediates (Table 3.35).

Table 3.35 Relative Reactivities of Possible Ir(ttp) Species in Ar-Br Cleavages

Ir"(ttp)X' + BrHA""/>-FG C6D6_7 [Iri"(ttpHS />.FG + Ir(ttp)Br
200 timme \
equiv Il [ [ @A
entry Ir(ttp) X' FG time Ir*'(ttp)Ar yield [r"'(ttp)Br yield/%"
1 Iri(ttp)-K+c 2d nil"
2 Iriii(ttp)H MeO 1h 61 28
3 1/2[1r" (ttp)]2 2 min 46 31
4 Iri(ttp)-K+c 2d IT
5 Ir'" (ttp)H H 14h 31 7
6 [/2[1r"(ttp)]2 2 min 34 32
7 Iri(ttp)-K+c 2d no rxi/
8 Ir' (ttp)H NO2 1h 44 14
9 1/2[Ir"(ttp)]2 2 min 37 36

“Isolated yield, * Yield was estimated by 'H NMR spectroscopy since Ir"~(ttp)Br was not stable to be isolated by column
chromatography. ” In form of Ir'(ttp)-[K(18-crown-6)]". “ Ir™(ttp)CH3 in 73% NMR vyield was isolated," IAttp—K+ in 43%
NMR vyield also remained unreacted in 2 days, and Ir\ttp)"K'* was completely consumed in 14 days to give Ir''(ttp)Ph in
38% isolated yield/Ir'(ttp)"IC in 75% NMR vyield remained unreacted.

In the reaction with /*"MeOCglljBr (1.1 equiv) in benzonQ-de at 200 Ir™\(ttp)" reacted
slowly in 2 days to give Ir'(ttp)CH3 in 73% yield without the formation of
Ir(1)(ttp)C6H4(p-OMe) » likely due to the more favorable nucleophilic substitution of
Me-OCG6H4(/7-Br) (Table 3.35, entry 1).] o Ir"\ttp)H reacted faster in 1 hour to yield
Ir'i(ttp)C6H400Me) and in 61% and 28% vyields, respectively (Table 3.35, entry
2). [Ir"(ttp)]2 reacted most rapidly in 2 minutes to give Ir"\ttp)C6H4(*-OMe) and
in 46% and 31% yields, respectively (Table 3.35, entry 3).

In the reaction with /?-NO2C6H4Br (1.1 equiv) in henzQne-ds at 200 Ir'(ttp)" did not react
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in 2 days to yield any Ir" X ttp)C6H4(/>N02), and unreacted Ir'(ttp)'K"» was recovered in 75%
yield (Table 3.35, entry 7). Ir'"(ttp)H reacted faster in 1 hour to yield Ir!"(ttp)C6H4(>-N02) and
Ir()(ttp)Brd9 in 44% and 14% yields, respectively (Table 3.35, entry 8). [Ir*\(ttp)]2 reacted most
rapidly in 2 minutes to give Ir"i(ttp)C6H4(p-N02) and in 37% and 36% vyields,
respectively (Table 3.35, entry 9).

Since [Ir"(ttp)]2 was shown to react fastest with j*~-MeOCeHiBr, PhBr, and p-NOsQHABr
among the iridium porphyrin intermediates (Table 3.35: entries 3, 6->and 9), it is also
reasonable to assume that the Ar-X cleavages of the electron-rich ArX, the parent PhBr, and the

electron-poor Ar-X go through a common mechanism.

3.2.8.4 Reaction Mechanisms of Ar-X Cleavages by Iridmm(Il) Porphyrin

[Ir'(ttp) ]2 was shown to react with ArX to give both Ir" | (ttp)Ar and Ir"'(ttp)X (Table 3.34,
entries 3, 6, and 9; Table 3.35, entries 3 and 9). Likely, [Ir"(ttp)]2 dissociates into 2 Ir"(ttp)
metalloradicals (Scheme 3.22, pathway viii), which then reacts with ArX via a classical
bi-metallic oxidative addition to give Ir"~(ttp)Ar and Ir'"(ttp)X (Scheme 3.22, pathway ix).

In principle, Ar-X cleavage by Ir"(ttp) can occur via (A) halgoen atom transfer (Scheme 3.23,

pathways i and ii) and (B) radical /Rso-substitution (Scheme 3.23, pathways iii-v).

Scheme 3.23 Possible Mechanisms of Ph-X Cleavages by Ir*\ttp)

Ar-Ar<----- » T2 . ®."®_--A Ar-Ph
Ar- " -ArH
Halogen
(A) Atom VI

Transfer Ir| | (tp) N

Ir'"(ttp)X + Ar. +

‘ Ir [ [ oA
lr"_ + X-<\ [/>-FG
ArX
X = CI, Br, iiiJ!'"""VVVFG > "H'(ttp) I, Bf
~B) Radical iPsg- X "~ " VitV m

Substitution fij. ir (ttP)Ar Ir" [ (ttp)Ar

171



(A) Halogen Atom Transfer

Ir"(ttp) can abstract the halogen atom (X«) from ArX to form Ir"Vttp)X and the aryl radical
(Ar*) (Scheme 3.23, pathway i). Ar* then reacts with another IrMttp) to give Ir'"(ttp)Ar
(Scheme 3.23, pathway ii). The halogen atom transfer pathway can be supported by 2
observations: (1) the formation of biaryls from Ar*, either via the dimerization of Ar* (Scheme
3.23, pathway vi)™ or the homolytic aromatic substitution of Ar* with benzene solvent (Scheme
3.23’ pathway vii; Scheme and (2) the ratio of Ir"A(ttp)Ar : Ir™'(ttp) X is less than 1 > due
to the leakage of Ar* for biaryl formations. However, in the reaction of [Ir"(ttp)]2 with
4-bromo-rerf-butyl-benzene (1.1 equiv) in benzene at 200 neither (p-"Bu)C6H4-C6H4(p-"Bu)
nor (p-"Bu)C6H4-Ph were detected by GC-MS analysis (eq 3.23). Moreover, the Ir'(ttp)Ar :
Ir"~(ttp)X ratios are generally larger than 1 (Tables 3.34 and 3.35). Therefore, the halogen atom

transfer mechanism unlikely takes place.

1/2[Ir"(ttp)]12 + BrHAn”~Bu > Ir" | (ttpH~A"Eu + IH"(ttp)Br + PhBr (3.23)
y 200°C,5min A —39% 1o o
1 1 equfv 4",
(none)
(none)

(B) Radical Ipso-Substitution

Ir"(ttp) can undergo the /p”o-attack of the carbon center of C-X bond in Ar-X to form
Ir(ttp)-cyclohexadienyl radical intermediate (I) (Scheme 3.23 > pathway iii),™ which then
eliminates X* to generate Ir"'(ttp)Ar (Scheme 3.23, pathway iv). X* further reacts with another
Ir*(ttp) to form Ir(ttp)X (Scheme 3.23, pathway v). Several lines of evidences support the
radical substitution mechanism. The details of the mechanistic studies are discussed in the

following section.

3.2.8.5 Radical Chain //750-Substitution of Aryl Halides by Iridium(ll) Porphyrin
The more detailed mechanisms of the radical zp”o-substitution of ArX by [IrMttp)]2 to form

Ir™M\(ttp)Ar and Ir*~(ttp) X are depicted in Scheme 3.24.
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Scheme 3.24 Proposed Mechanism of Radical Chain 4w?-Substitution of ArX with [Ir"(ttp)]2

[ | rii_2 A~ A A 21r" (ttp)

ii (ttp)lr mi
Ir"(ttp) + X ‘FG ‘FG [ 11 [(ttpnQ"FG + X'
ArX iH! | (ttp)Ar
v
X. + [r"(ttp)]2 Ir[ [ [@X + Ir| [(p
2X* o+ Q _ A\ + HX
X
2X' Q X v X + HX
(0 > m, p-X)
Ir [ [@p + X- V" > 1H"(ttp)Ph + X.
X X
VIM
Ir"(ttp) + X-\\ [ TJI(ttpH™ X
(o’ m, p-X)
Ir"(ttp) + lr'"(ttp)-~>-X ix A Iri"(ttpHQHr"i(ttp) + X-
Under the high reaction temperature (150-200 (Tables 3.24, 3.26° and 3.27), the

intermediate, [Ir"(ttp)]2, initially dissociates into Ir"(ttp) metalloradicals (Scheme 3.24
pathway i)™ Ir"(ttp) is very reactive and attacks the ipso-Qoxhon of C-X bonds in ArX to form
the Ir(ttp)-cyclohexadienyl radical intermediate (I) (pathway ii), which further eliminates the
halogen radical (X*) to form Ir'"(ttp)Ar (pathway iii). X* then attacks [Ir"(ttp)]2 to produce
Ir'(ttp) X, and Ir"(ttp) is regenerated for subsequent radical chain propagation (pathway iv). A
radical chain -substitution of ArX with [Ir¥\(ttp)]2 is thus proposed.

Alternatively, X* can leak out and further react with excess benzene solvent and
halobenzenes (PhX, FG = H in ArX) via the homolytic aromatic substitution (mechanism
similar to Scheme 3.17) to generate the co-products, PhX and dihalobenzene (C6H4X2),

respectively (pathways v and vi). Ir"(ttp) can further react with PhX and C6H4X2 via the



analogous tti“osubstitution to form Ir"'(ttp)Ph and Ir'(ttp)C6H4X, respectively (pathways vii

and viii). In case Ir'"'(ttp)C6H4(p-X) is produced, subsequent C-X cleavage by Ir (ttp) can also

occur to give Ir"\ttp)(>-C6H4)Ir"Vttp) (pathway ix).

3.2.8.6 Supporting Mechanistic Evidences for Kadical-lpso  Substitution of ArX by
Iridium(ll) Porphyrin
Several lines of evidences can support the radical /p~o-substitution by Ir”(ttp) (Scheme 3.24)

and are presented in details in the following sections.

(1) Higher Ratio of Ir''(ttp)Ar : Ir"'~(ttp)X

The halogen atom (X»), which is eliminated from the Ir(ttp)-cyclohexadienyl radical
intermediates (1) (Scheme 3.24, pathway iii), mainly reacts with [Ir"(ttp)]2 to form Ir*~(ttp)X
(Scheme 3.24, pathway iv)’ but a small amount of X* can also react with excess CeHs solvent
and PhX simultaneously (Scheme 3,24, pathways v and vi). As a result, the ratio of Ir(ttp)Ar :
Ir(ttp) X should be higher than 1. Indeed, [Ir"(ttp)]2 was shown to react with ArX (X = ClI, Br)
to give Ir"i(ttp)Ar and Ir™'(ttp)X with an Ir"\ttp)Ar : Ir"i(ttp) X ratio larger than 1 (Table 3.34,
entries 3 and 9; Table 3.35, entries 3 and 9). This partially supports the possibility of the radical

zp™-o-substitution mechanism.

(2) Reactions of Halogen Radicals with Benzene or Halobenzenes
The direct evidence of the radical ip”o-substitution of ArX by Ir"(ttp) to eliminate X* is the
formation of organic co-products, halobenzene (PhX), formed from the reaction of X* with
benzene solvent (Scheme 3.24, pathway v), or dihalobenzene (C6H4X2), formed from the
reaction of X» with excess PhX (Scheme 3.24, pathway vi), via the homolytic aromatic

substitutions (mechanism similar to Scheme 3.17).
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CI* and Br., which can be generated from the thermolysis of SO2CI2> and Br[] > havbeen

reportecl52 » 53 and also demonstrated to react with benzene at 200

in 90 minutes to yield

PhCIl and PhBr in 20% and 83%54 vyields, respectively (eqs 3.24 and 3.25). SO2CI2 also

reacted with PhCI in solvent-free conditions at 200

in 90 minutes to yield dichlorobenzene

and chlorinated biaryls, in which 1,4-dichlorobenzene (l,4-CI2C6H4)" was the major

product (eq 3.27). However, 12, a precursor of I*, did not react with benzene at all at 200

yield any Phi due to its very low reactivity (eq 3.26)."

200 °C
SO2CIl2 + CeHe
200 °C
Br2 + CgHg
5 B A
1
200
2 + C5H5
2h » N2
Cl Cl Cl
S02CI2 6 200 °C A As
+
5 h, N2 Y T
excess Cl Cl
6% <1%

11

[Ir (ttp)]2 was then independently prepared
proposed formation of organic co-products,

(i) Reaction of Bromine Radical with C"Hg

In the reaction of [Ir\ttp)]2 with 4-bromo-?er/-butylbenzene

Ir'i | (ttp)C6H400 Buynd

to react with ArBr and PhCI to support

720%

phg (3.25)
83%%

No Rxn (3.26)

Cl

CixAN"

4%

C -

2

in C"He at 200

to

the

OC,

were obtained in 49% and [ 39 %ields, repsectively, with

the formation of PhBr™ in 1% yield by GC-MS analysis (eq 3.28). This supports the radical

zp~o-substitution of ArBr by Ir"(ttp) to give Ir'"(ttp)Ar and Br., which further reacts with

excess benzene at 200  to yield PhBr (Scheme 3.24, pathways ii-v).

172l ™(ttp)]2 + Br-<n>-~Bu CsHs’ N2 > Iriii(ttp)-~J*""Bu + | Mi(ttp)Br + PhBr (3.28)
N N

. 200°C, 5min
1.1 equiv

47% —30% b
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(ii) Reaction of Chlorine Radical with PhCI

In the reaction of Ir)I[(ttp)(CO)CI with PhCI (200 equiv) and K2CO3 in benzene at 150 and
2000 CJ,4-dichlorobenzene (l,4-CI2C6H4) was formed in -1% vyield (Table 3.21). Moreover,
[Ir'(ttp)]2 was also shown to react with excess PhCl at 200 0 @ give Ir"\ttp)Ph in 39% vyield,
traces of Ir'(ttp)(CO)CI (4%) and Ir"A(ttp){;7-C6H4)Ir"\ttp) (4%) > and 14-CI2C6H4™ in 2%
yield by GC-MS analysis (eq 3.29) These results support the radical zp”™'o-substitution of PhClI
by Ir"(ttp) to give IrJli(ttp)Ph and CI., which further reacts with excess PhCIl to give

1> 4-C12QH459 (Scheme 3.24, pathways ii-iv, vi).

2QQ Oq
1/2[Ir"(ttp)12 + PhCl———Iri'i{ttp)Ph + Ir''(ttp)(CO)CI + IH"(ttp)(p-C6H4)Ir"'(ttp) + 1,4-CI2C6H4
(te) 30min, N2 { gg% ( )]f()O : (te) 40/D) (te) 2%

(3.29)

The formation of Ir'(ttp)(p-C6H4)Ir™(ttp) in the reactions of Ir'(ttp)(CO)CI / K2CO3 (Table
3.21) and [Ir\(ttp)]2 (eq 3.29) with PhCl most likely comes from the double C-CI cleavages of
1,4-CI2C6H4 with [Ir"(ttp)]2 (Scheme 3.24, pathways viii and ix). Indeed, Ir"\ttp)(CO)CI was
shown to react with 1,4-CI2C6H4 (1 equiv) and K2CO3 in benzene at 200 in 7 hours to give
Ir) 1 (ttp)(p-C6H4)Iri"(ttp) in 3% vyield (eq 3.30)."

Ir'i*(ttp)(CO)CI + (P-CI)C6H4CI KaC » 7 « —~UIVB- IR"(TTP)(P-C6H4)LR"(TTP) + LR'(TTP)CeH4(P-Cl) + LRI(TTP)CH3

1 equiv 200 °C z'h 3% 9% 1%
‘ (3.30)

(3) Rate Enhancements in Pam-Substituted Aiyl Halides than Halobenzenes
The electronic effect of para-substituted ArX on the rate of base-promoted Ar-X cleavages

by Ir''(ttp)(CO)CI was studied by undergoing the competition reactions between Ar-X and PhX
in an equimolar ratio (Tables 3.36-3.38). The Ir"'(ttp)Ar : Ir"'(ttp)Ph ratio reflects the relative
rates in Ar-X and Ph-X cleavages. As control experiments, Ir"A(ttp)Ph neither underwent
deuterium exchange with benzene-t4 to give Ir*~(ttp)C6D5 nor react with excess

4-bromo-nitrobenzene to give Ir(ttp)C6H4(p-N02) in basic conditions at 200 °C in a long time

of 7 days (eqs 3.31 and 3.32). Thus, the Ir"'(ttp)Ar : Ir"\ttp)Ph ratios obtained in the
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competition reactions are indeed the kinetic values.

r"(ttp)Ph
recovered cQbQ, 200
55%

Ir'(ttp)Ph + B MANO 2

7

d

NO Ir'"(ttp)CeD,  (3.31)

KOH (20 equiv)

recovered CeDg, 200, C -7 d)

71% 25 equiv

In base-promoted Ar-Br cleavage, a V-shaped Hammett plot was obtained using the

Hammett constants (7~_// When the Hammett constants

Hammett plot was obtained (Table 3.36; Appendix I, Figures I1(a),(b)). The Hammett plots of
base-promoted Ar-l1 and Ar-Cl cleavages also exhibit similar VV-shaped patterns using both the

Hammett constants /,» and ., (Tables 3.37 and 3.38; Appendix II » Figures 2(a),(b) and

3(a),(0)).

From the Hammett plots, the rates of Ar-X cleavages are promoted by both the
electron-donating and electron-withdrawing /7flra-substituents due to the enhanced stabilization

of the Ir(ttp)-cyclohexadienyl radical (Scheme 3.24, species (1)), which is the characteristic of

radical zp”o-substitution reactions (Table 3.5, Scheme 3.16).

Table 3.36 Hammett Plot of Base-Promoted Ar-Br Cleavage by Ir''(ttp)(CO)CI

I |i{tp)(CO)a + Br-AAFG |

' K2CO3 (20 equiv)

CgHe, 200, C

25 equiv 25 equiv

Entry FG 0,2 7 pa
1 NMe. -0.83 -1.70
2 OMe -0.27 -0.78
3 ! -0.17 -0.31
4 -0.20 -0.26
5 11 -0.07 0.02
6 1 0.06 -0.07
7 (1 0.23 0.11
8 Br 0.23 0.15
9 C()2Me 0.45 0.49
10 CN 0.66 0.66
11 NO2 0.78 0.79

\'™w o D \

No Ir'"(ttp>~)-N02 (3.32)

Cwere used, a similar V-shaped

ir"'(ttpHQAFG + | Ti"(ttpH(

log (cpG / k)

log (k.G/knY
1.74
0.81
0.25
0.13
0.11
0.30
0.62
0.38
0.75
0.83
1.07

“Hammett constant (Ref 27). Ratio obtained by taking the ratio of
Ir"i(ttp) QH40-FG): Ir"*/A(ttp)Ph in the crude product by '"H NMR spectroscopy.
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Table 3.37 Hammett Plot of Base-Promoted Ar-I Cleavage by Ir"/(ttp)(CO)CI

n NaOH (20 equiv)

Ifi [ [ (@p)CO)CI | %X FG, ' (ttp)HQKFG + Ir | "(ttp)
CGHE, 15008 C
25 equiv 25 equiv log (cpG 1 M
Entry FG log (kpo/kHr
1 OMe -0.27 -0.78 0.93
2 VL -0.17 -0.31 0.35
3 I 0.06 -0.07 0.43
4 1 0.18 0.14 0.73
5 Hf 0.23 0.15 0.76
“Hammett constant (Ref 27). Ratio obtained by taking the ratio of

Ir(ttp)C5H4(>-FG) : Ir"'(ttp)Ph in the crude product by 'H NMR spectroscopy.

Table 3.38 Hammett Plot of Base-Promoted Ar-Cl Cleavages by Ir"~(ttp)(CO)CI

K2CO3 (20 equiv)

Ir'"(ttp)(CO)CI - o FG/CI-Q Catir. 150 °C Ir"i(ttpHQA"FG + Ir'"(ttpHQ
100 equiv 100 equiv log (lcpG |
entry FG Cip? a log (km/kuY
1 OMe -0.27 -0.78 0.64
2 1 0.06 -0.07 0.52
3 Cl 0.23 0.11 0.46
4 CN 0.66 0.66 1.47

Hammett constant (Ref 27). Ratio obtained by taking the ratio of
Ir"(ttp)C6H40-FG): Ir"i(ttp)Ph in the crude product by “H NMR spectroscopy.

Mechanisms of Stabilization of Cyclohexadienyl Radicals by i”~am-Substituents. Both the
electron-rich (7r-donating: NMe:, OMe; cr-donating: 'Bu, Me, SiMes) and electron-poor
(TT-donating: F, CI, Br, I; tt-withdrawing: C(0)Me, CC"Me, CN, NO2) ; 7<3ra-substituents likely

stabilize the Ir(ttp)-cyclohexadienyl radical intermediate by the following mechanisms.

(i) TT-Donating substituent, e.g. OMe group, extends the resonance stabilization of the

Ir(ttp)-cyclohexadienyl radical by donating single electron from the filled oxygen TT-orbital to

the cyclohexadienyl radical (Scheme 3.25).M™
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Scheme 3.25 Extended Resonance Stabilization of Cyclohexadienyl Radical by 7r-Donating
Para-MoXhoxy Group

X L (ttp) L (ttp) Lr(ttp) QL (ttp)
b A
— Y A 1 1 V
OMe OMe X)Me g/()Me OMe
WU (ttp) stabilized
k[ [ -OMe + X'
OMe

(if) ~--Donating substituents (e.g. Me, 'Bu) slightly stabilize the Ir(ttp)-cyclohexadienyl radical

by hyperconjligation (Scheme 3,26)

Scheme 3.26 Extended Resonance Stabilization of Cyclohexadienyl Radical by
Hyperconjligation with cr-Donating Para-A\ky\  Groups
X

Z(ttp) L (ttp) Lr(ttp) Lr(ttp)
Hiw fg,f'“ >y H < > N
Y Y 1
CRa CRa CR3 CR3
R = H, Me R*
stabilized
Ar(ttp)
1™t (ttp) -CR3 + X.
cX3

(iii) cr-Donating SiMes group slightly stabilizes the Ir(ttp)-cyclohexadienyl radical via the
extended resonance stabilization by donating ; r-electron to the the low-lying empty d orbital of

Si (Scheme 3'27).6ib

Scheme 3.27 Extended Resonance Stabilization of Cyclohexadienyl Radical by J-Orbital
Interaction of cr-Donating Para-Trimethylsilyl Group

X N (ttp) L (ttp) Lr(ttp)
Iri @ @ Ny V
iMes %ea SiMea ®SiMe3 SiMes
stabilized
L (ttp)

!

Folle jASiMes + X_

SiMes
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(iv) TT-Withdrawing substituent, e.g. NO2 group, extends the resonance stabilization of the
Ir(ttp)-cyclohexadienyl radical by delocalizing the radical to the substituent (Scheme

3.28) &

Scheme 3.28 Extended Resonance Stabilization of Cyclohexadienyl Radical by
TT-Withdrawing Para-Nitro Group

X 2 (ttp) 2r(ttp) Lr) < (ttp)
iH'(ttp)
V T iL V
NO2 NO2 NO2 N NO2
stabilized
X (ttp)
[ri"(ttpH”~ -NO X,
Y
NO2

(4) Rate Enhancements in PaFa-SuhstituUd  Aryl Halides than Mi*4f-Substituted Ones

When an equimolar ratio of para- and meto-substituted ArBr were reacted with
Ir'~'(ttp)(CO)CI and K2CO3, jnara-substituted aryl iridium porphyrins were always formed more
than the we,“-substituted ones by around 2-7 times (Table 3.39),™ which is also the
characteristic of radical /R%-substitution of aryl halides (Scheme 3.15; Table 3.5). The higher
reactivities of the para-substituted ArX than the meto-substituted ones are also indicated by the
larger magnitudes of the cr/ values than the cr: ones (Table 3.39).

Table 3.39 Competition Reaction in Para- and Mi™a-Substituted Ar-Br Cleavages

FG FG
25 equiv 25 equiv para-pdt mefa-pdt
entry FG o om o time/h  para-: meta- para-pdt para-pdt
pdt? ywld/%' yield/%"
1 OMc -0.27 0.12 23 6.9 :1 84 15
2 ! -0.17 -0.07 26 1.5 : 1 48 32
3 NO02 0.78 0.71 19 1.5:1 58 37

“Hammett constant (Ref 27). Ratio obtained from the crude product by H NMR spectroscopy. * Isolated
yield.
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The mera-substituted ArX reacts more slowly than the /?<3fra-substituted ArX, as the
we/ a-substituent is the unactivating group and cannot extend the resonance stabilization of the
Ir(ttp)-cyclohexadienyl radical (Scheme 3.29).

Scheme 3.29 No Extended Stabilization of Cyclohexadienyl Radical by Me/a-Substituents

Tr B _p) Br ir(ttp) Br |r(ttp)
L Q —nN —a.
Kk "FG AANE G e ANE G
no extra stabilization by FG
Biyr(ttp) FG

I T (ttp)~~ Br*
"NF G

3.2.8.7 Discussions of Radical Ipso-Suhsiitution  of Aryl Halides by Iridmm(ll) Porphyrin
The radical chain substitution of ArX with [Ir"(ttp)]2to form Ir"\ttp)Ar and Ir*"(ttp)X is
proposed (Sections 3.2.8.3 - 3.2.8.6). Such newly-discovered organometallic reaction exhibits

the following characteristics:

(i) Selective Aryl C-X Bond Cleavages without C-H Cleavages

In the base-promoted reactions of ArX (P-FG-C6H4X), with Ir"'(ttp)(CO)CI, only the Ar-X
bonds are cleaved to form Ir"(ttp)C6H4(p-FG), without the activations of aryl C-H bonds to
yield Ir"Vitp)C6H3(FG)(X) (Tables 3.24, 3.26, and 3.27). This can be explained by 2 reasons:

(1) Kinetic aspect. Since aryl Ar-X bonds (X = CI, Br, I, 66-96 kcal mol"?) are weaker than
the Ar-H bonds (112-116 cal mol™) (Table 3.2), it is reasoned that the cleavages of C-X bonds
is kinetically more favorable than the cleavages of C-H bonds.

(2) Thermodynamic aspect. The reactions of [Ir"(ttp)]2 with Ph-X to form Ir"\ttp)-Ph and

Ir"'(ttp)-X (Scheme 3.30 » pathway i) are estimated to be thermodynamically more favorable
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than the reactions of [Ir"(ttp)]2 with XC6H4-H to form Ir"'(ttp)-C6H4X and Ir'(ttp)-X (pathway
ii).

Scheme 3.30 Thermodynamic Estimations of Aryl C-X and C-H Cleavages by [Ir”(ttp)]2

O/.x

I GX cleavages (to)iH""x (ttp)Ir [ "-Ph  AHRxn
C-Cl (96)3 Ir-Cl (—90)3, 51
C-Br (81)3 Ir-Br (—76)30 i*.ph (—81)3, 52 (kca! mol-i)

(ttp)IrlJ-Ir(ttp) cC-1 (66)3 Ir-I  (—64)30 55
(—24)51

! X (ttp)lr" [ -H  +  (ttp)Ir"i-C6H4X AHp”~n
C-H cleavages
C-H f112)3 (—70)63 [r-Ph(—81)30 -15 (kcalmo]-i)

As a result, selective Ar-X bond cleavages by [Ir"(ttp)]2 can be driven both kinetically and

thermodynamically.

(ii) Non-Radical-Assisted Elimination of Halogen Atom from Ir(ttp)-Cyclohexadienyl
Radical

The elimination of halogen atom (X*) from the Ir(ttp)-cyclohexadienyl radical intermediate
() to form Ir(ttp)Ar likely occurs without the assistance of IrM(ttp) radical (Scheme 3.24,

pathway iii) due to the following supporting lines of evidence:
Y J

(1) Weak C(sp )-X bonds. The C(sp )-X bond energies in the halo-cyclohexadienyl radicals
(X-C6H6*) have been estimated theoretically (Table 3.40)"" They are much weaker than the
corresponding Ph-X bonds, but are still in line with the Ph-X bond energies (F-CeHe* >
C1-C6H6* > Br-CeHg*). It is anticiptated that I-CeHe* has an even weaker C(sp”™)-X bond.
Presumably, X« (X = CI, Br, 1) can eliminates facilely from (I) at the reaction temperatures
(150-200 by the thermolysis of the weak C(sp")-X bond > without the Ir"(ttp)-assisted

abstraction of X*.
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Table 3.40 Bond Energies of sp-C-X bonds in Halo-cyclohexadienyl Radical (X-CeHe*)

BDE ofC(sp3)-X bond

entry
K J / kcal mol-i
1 X=F 33.2-35.9
2 X=C1 7.2
3 X =Br <3.3

(2) Bulkiness of Ir"(ttp). IV\(ttp) would be too sterically demanding and is thus Kinetically

unfavorable to abstract X» from (I).

(iii) Effect of Nature of PhX on the Rate of Substitution

The rate of radical /fi*o-substitution of [Ir"(ttp)]2 with PhX is shown to be in the order: Phi >

PhBr > PhCI (Table 3.34, entries 3, 6, and 9). Likely, the C(sp”)-X bond strengths in the

Ir(ttp)-cyclohexadienyl radical intermediate (1) (Scheme 3.24) are in the order: C-1 < C-Br <

C-CI (Table 3.40) to dictate the rate of elimination ofX* to yield Ir'™(ttp)Ph.

(iv) Effect of Reactivity of Halogen Radical on Ir"*Vttp)Ph : Ir*”\ttp) X Ratio

In the reactions of [Ir"(ttp)]2 with PhX (Table 3.34), the Ir"\ttp)Ph : Ir"\ttp) X ratio is related

to the reactivity of X*.

In the Ph-CI cleavage, the ratio of Ir'"(ttp)Ph : Ir"~(ttp)Cl is 14.3 : 1 (Table 3.34, entry 9),

partly due to the competitive reactions of very reactive CI* with benzene and PhCI at 200

(eq 3.24 and 3.27). Only a small fraction of CI* reacts with [Ir"(ttp)]2 to give a trace of

™ (ttp)CL

In the Ph-Br cleavage, the Ir"\ttp)Ph : Ir"~(ttp)Br ratio is around 1,1:1 (Table 3.34, entry 3).

The less reactive Br» reacts selectively with [Ir'(ttp)]2 to yield Ir*"(ttp)Br (eq 3.28). A trace of

Br* also reacts with CeHe to give PhBr (eq 3.25).

In the Ph-1 cleavage, the ratio of Ir"'(ttp)Ph : Ir"”(ttp)l is almost 1:1 (Table 3.34, entry 6). !e

is only reactive enough to react with [Ir"(ttp)]2, whereas it is unreactive to react with CeH[J to
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yield Phi (eq 2.28).

3.2.9 Discussions of Reaction Mechanisms of Aryl C-X Bond Cleavages by
Ir''(ttp)(CO)CI
(i) Base-Promoted Ar-X Cleavages

Since [Irt Xttp)]2 was identified as the intermediate for Ar-X cleavages to yield Ir"\ttp)Ar and
Ir(ttp) X (Tables 3.34 and 3.35), the reaction mechanisms of the base-promoted Ar-X cleavage
by Iriii(ttp)(CO)CI can then be further summarized as shown in Scheme 3.31.

Ir"'(ttp)(CO)CI undergoes base-promoted reduction to give Ir'"(ttp)H (Scheme 3.31,
pathway ia and ii), which then undergoes thermal and base-promoted dehydrogenative
dimerization to give [Ir"(ttp)]2 (pathways iiig and iiib). [Ir'(ttp)]2 cleaves the Ar-X bonds to
form Ir"i(ttp)Ar and Ir"~(ttp)X via radical-chain /p50-substitution (pathway iv). Ir'™(ttp)X is
recycled by base-promoted reduction to regenerate Ir"A(ttp)H for further Ar-X cleavages

(pathways v and ii).

Scheme 3.31 General Reaction Mechanism of Ar-X Cleavages by Ir'(ttp)(CO)CI with and
without Bases

Ir'"(ttp)(CO)CI Ir"'(ttp)OH [ ] (ttp)H O"_»—H? [|r'(ttp)k
b H2<J'-HU n2U iiib -172 |
-CO
v
V. oH ey P p)Ar
X"

(ii) Ar-X Cleavages in the Absence of Base

In the absence of base, Ir(itp)(CO)CI reacted more slowly with PhX in benzene solvent to
yield smaller amounts of Ir'(ttp)Ph and Ir''(ttp)(CO)X (X = Br, I) (Tables 3.10, entries 1, 3,
and 5). The mechanism is unclear. It is assumed that Ir"(ttp)(CO)CI reacts with residual water

in benzene and PhX to form a small amount of Ir"'(ttp)OH at 200 [ ¢Scheme 3.31, pathway ib).
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which further converts to Ir"\ttp)H and then [Ir"(ttp)]2 (pathways ii and iiib) for Ar-X cleavages

(pathway iv), Indeed, Ir™'(ttp)(CO)CI was shown to react with excess water (100 equiv) at 200

«C to yield Ir"'(ttp)H in 16% yield (Chapter 2, Section 2.3, Table 2.1, entry 2).

(iii) Optimization of Bases in Ar-X Cleavages

K2CO3 was found to be the optimal base for efficient Ar-Cl and Ar-Br cleavages, whereas
NaOH was found to be the optimal base for efficient Ar-1 cleavage (Table 3.22). This can be
attributed to the rate of base-promoted reduction of Ir"~(ttp)(CO)X (X = CI, Br, 1) to form
Ir"i(ttp)H in the observed order: Ir'"'(ttp)(CO)CI Ix"i(ttp)(CO)Br > Ir"~(ttp)(CO)I (Chapter 2,
Section 2.3, Table 2.2 and 2.3).

Thus, a weaker base of K2CO3 is strong enough for rapid conversions of Ir"\ttp)(CO)CI and
Ir*'(ttp)(CO)Br (as an observed intermediate) to Ir"(ttp)H for subsequent Ar-Cl and Ar-Br
cleavages, respectively (Tables 3.24, and 3.27). On the other hand, an even stronger base of
NaOH is required to promote the rate of reduction of Ir"A(ttp)(CO)I (as an observed

intermediate) to form more Ir(ttp)H for subsequent Ar-I cleavage (Table 3.26).

3,3 Conclusions

The base-promoted aryl carbon-halogen bond (Ar-X, X = ClI, Br, I) cleavages by high-valent
iridium(in) porphyrin carbonyl chloride (Ir"'(ttp)(CO)CIl) in benzene solvent have been
achieved to give Ir"A(ttp)Ar. Various /7ara-substituted ArX can be reacted with high
functional-group compatibilities to give Ir*"(ttp)Ar in moderate to high yields. Mechanistic

studies suggest that Ir"'(ttp)(CO)CI initially undergoes the base-promoted reduction to form
Irl{(ttp)H and then [Ir"(ttp)]2 via the redox reactions (Chapter 2, sections 2.3 and 2.4).
[Ir'(ttp)]2 reacts with ArX to form Ir"'(ttp)Ar and Ir"'(ttp)X via radical chain  #[I-substitution -

involving the elimination of halogen atom (X*) from the

/p~o-iridium-porphyrin-cyclohexadienyl radical intermediate. X» (X = CI, Br) can further react
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with benzene solvent to form PhX. CI. also reacts with excess PhCl to form

1,4-dichlorobenzene, which is further converted to Ir'(ttp)(*-C6H4)Ir"\ttp).
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Ir*'(ttp)Br (lci) ((5(pyrrole) ~ 8.91-8.95 ppm) and Ir"\ttp)Il (1di) ((“(pyrrole) ~ 8.92 ppm)
were observed in the reactions in benzene-"ie by "H NMR spectroscopy. They could not
be purified by column chromatography as they are unstable to be isolated and unknown
species were obtained. Their stabilities may be due to the coordinative unsaturation.
Their formation could only be confirmed by HRMS analysis ((a) [M]+ of Ir"~(ttp)Br (lci):
theoretical: 940,1747, found: 940.1765; (b) [M]+ of Ir"i(ttp)l (1di): theoretical: 988.1608,
found: 988.1611). The more upfield pyrrole proton signals of Ir"'(ttp)Br and Ir"\ttp)l
than that of Ir" | (ttp)(CO)Br ((5(pyrrole) - 9.07 ppm) and Ir™(ttp)(CO)I (pyrrole) = 9.08
ppm) support the absence of coordination of Tr-withdmwing CO in Ir"\ttp)Br and
Ir'(ttp)l. Indeed, stable Ir™(ttp)(py)Br (JXipyrrole) = 8.96 ppm) and Ir"~(ttp)(py)l
((“(pyrrole) = 8.96 ppm) without CO ligand were independently prepared and have
similar pyrrole proton's chemical shifts as Ir"\ttp)Br and in benzene-"4.
Nucleophilic substitution (SN2) of CH3-OH by Ir'(ttp)- to form Ir*A(ttp)CH3 and OH. has
been reported (Ref 47). Likely, SN2 of CH3-0C(0)C6H4(p-Br) by Ir\(ttp)- to form
Ir(ttp)CH3 and a better leaving group of benzoate ion, ArCCV, is even more favorable.
The equilibrium constant K for the homolysis of [Ir"(ttp)]2 to form 2 Ir*(ttp) monomers
in benzene-(i6 at 150 and 200 °C can be estimated by using the expression AG =
-RTIn” (where AG (BDE of Ir-Ir in [Ir'(ttp)]2 01 2 4«cal mol™ = 24 x 4.184 x 1000 J
mol™ = 100416 J R = 8.314 JK] mol", T-423 K (150 Cjnd 473 K (200(] C).
K{\50 and >k (200 T) are then estimated to be 3.98 x M and 8.14 x M,
respectively. Thus, only a low concentration of Ir"(ttp) is formed in benzene-(i6 at 150
and 200 "C to inititate the Ar-X cleavage reactions. The BDE of Ir-Ir bond in [Ir"(ttp)]2 is
estimated to be 24 kcal mol'* using the reported BDE of Ir-Ir bond in [ir"(oep)]2. See:
Cui, W,; Li, S.; Wayland, B. B. J. Organomet. Chem. 2007, 629, 3198-3206.

Homolytic aromatic substitution of Ar-H by CI* to form Ar-Cl has been reported. See: (a)

Eibner, A. Chem. Ber. 1903, 1229-1331. (b) Coenen, H. H.; Machulla, H.-J.; Stocldin. G,
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J. Am. Chem Soc. 1977 > 99, 2892-2898.

(53) Homolytic aromatic substitution of Ar-H by Br. to form Ar-Br has been reported. See:
(@) Everly, C. R.; Traynham, J. G. J. Am. Chem. Soc. 1978, 100, 4316-4317. (b) Everly,
C. R.; Traynham, J. G. J. Org. Chem. 1979, 44, 1784-1787.

(54) The theoretical yield of PhBr formed should be 50% from the reaction of Bri with CeHe
via the Br radical-assisted H atom abstraction from Br-H-cyclohexadienyl radical
intermediate (BrCgHe*) (Scheme 3.17). However, PhBr in 83% yield was obtained. The
high yield may be due to the elimination of H2 from the BrCgHg*. Indeed, the BDE of
Cisp”li bond in CeH?* cyclohexadienyl radical is 22.2 kcal mol] - which is presumably
weak enough to be cleaved thermally via the bimolecular interaction of 2 BrCeHe* to
form 2 PhBr and H2 as a thermodynamically favorable pathway (i,e. 2BrC6H6* <
[BrCfiHs—H—H—C6HgBr] * + 2PhBr + H2). For the BDE of ~/-C-H bond in CgHV/,
see: Gao, Y.; DeYonker, N. J.; Garrett, E. C. > Ill; Wilson, A. K.; Cundari, T. R.;
Marshall, P. J. Phys. Chem. A 2009,113, 6955-6963.

(55) The chlorinated biaryls was likely formed from the dimerization of 2 Cl-cyclohexadienyl
radical (ClCeHe*) to form dichlorotetrahydrobipheny 1s, which then reacts with excess CI*
(as an H atom abstracting agent) to give dichlorobiphenyls. See: Ref 28b.

(56) During the homolytic aromatic substitutions of mono-substituted arenes, both ortho- and
para"XXd"ck by radicals are more preferable (Scheme 3.17). However, in the homolytic
aromatic substitutions of PhCl by Cl% /Mra-attack is more favorable, since the
crf/~o-attack leads to the steric strain from 2 ortho-C\ groups in the cyclohexadienyl
radical See: Ref 24b.

(57) To our knowledge, homolytic aromatic substitutions of arenes (ArH) with iodine atom
(I*) to form Arl have not been reported. Indeed, ! is unreactive in radical substitution of
alkanes (R-H), whereas CI* and Br. are reactive to react with R-H to give RCI and RBtr.

See: Ref 4.
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(59)

(60)

(61)

(62)

®

(64)

The commercial sample of 4-bromo-fer?-butylbenzene used in the reaction contained no
PhBr by GC-MS analysis. Thus, any PhBr detected should come from the reaction.

Only 1,4-Cl12C6H4 was formed without 1,2-C12C6H4 and biaryls in the reaction of
[IrH(ttp)]2 with PhCI. Presumably, the low concentration of CI* formed in the reactions
only favors the least steric and kinetically more favorable Fra-attack of CI. to PhClI to
give 1,4-CI2C6H4, Alternatively, the amounts of other CI2C6H4 and biaryls would be too
small to be detected by GC-MS analysis. 1,4-CI2C6H4 did come from the reaction as the
commercial sample of PhCl does not contain any CI2C6H4 by GC-MS analysis with
reference to the commercial sample of 1,4-CI2C6H4 and 1,2-C12C6H4 and GC-MS library.
Ir(ttp)C6H4(p-Cl) was not observed in the reactions of Ir'"(ttp)(CO)CI with PhCI and
K2CO3 by "H NMR spectroscopy (Tables 3.18-3.21). The reason was unclear. Indeed,
[Irii(ttp)]2 did not react with Ir'(ttp)Ph in benzene at 200 0 Gn 30 minutes to yield any
IriH(ttp)(/7-C6H4)Irm(ttp), Thus, Ir''(ttp)(p-C6H4)Ir"~(ttp) should not be formed from the
homolytic aromatic substitution of the phenyl group of Ir"™'(ttp)Ph with Ir™\ttp).

The mode of stabilization of Ir(ttp)-cyclohexadienyl radical by 7r-donating, cr-donating,
and TT-withdrawing ; ?ara-substituents have been proposed: (a) Sykes, P. A Guidebook to
Mechanism in Organic Chemistry Ed, London: Longman, 1986. (b) Ref 29.

The competition reactions between meta-snhstitutQd ArBr and PhBr in an equimolar
ratio with Ir"~(ttp)(CO)Cl and K2COs3 have also been studied in the same reaction
conditions. Indeed, the kinetic ratio between 3-bromoanisole and PhBr was 1.06 : 1.00,
whereas the that between 3-bromotoluene and PhBr was 1.03 : 1.00. The results further
support that the we#I-substituted groups are the unactivating group and do not promote
the rates of Ar-Br cleavage.

Wayland, B. B. University of Pennsylvania, Philadelphia, PA. Personal communication,
2007,

Berho, F.; Rayez, M.-T.; Lesclaux, R. J. Phys. Chem. A 1999, 103, 5501-55009.
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Chapter 4 Experimental Section

General Procedures

Unless otherwise noted, all reagents were purchased from commercial suppliers and directly
used without further purification. Hexane was distilled from anhydrous calcium chloride. Benzene
and benzene-"4 were distilled from sodium and were stored in a Teflon-capped tube under nitrogen
prior to use (benzene is a carcinogen and should be handled with care). Triphenylphosphine (PPhs)
was recrystallized from methanol and the triphenylphosphine oxide (P(0)Ph3) present is less than
0.5% vyield as determined by NMR spectroscopy. lodobenzene was dried with CaH2 and
distilled under vacuum to remove phenol as an impurity. All reactions are undergone without light
irradiation by wrapping with aluminum foils. The reactions in Teflon-screw capped Schlenk tubes
were heated in the heat blocks on heaters, whereas the reactions in sealed NMR tubes were heated
in GC-ovens. Thin layer chromatography was performed on pre-coated silica gel 60 F254 plates.
H2(ttp),i [Iri(COD)CI]2,2 Iri"(ttp)(CO)CI,3 [Ir(ttp)]2 dimer," and
Ir'(ttp)'[K(18-crown-6)]* ~ have been characterized and were prepared according to the literature
procedures. Silica gel (Merck, 70-230 mesh), and neutral alumina (Merck - activity |, 70-230 mesh)
added with H20 (-10:1 v/v), were used for column chromatography.

Without otherwise specified, the residual benzene proton signal of benzene-t* solvent was used
as an internal standard to estimate the yield of iridium porphyrin species for NMR vyield
estimations by ~ NMR spectroscopy.

A trace of residual water was always present in benzene-Je ((~(HiO)L 0.ppm), and the amount
of residual water (equiv with reference to the iridium porphyrin species) in benzene-t* in
sealed-tube experiments was estimated by 'H NMR spectroscopy by taking the ratio between the
proton signal of residual water and the porphyrin's pyrrole proton signal of iridium porphyrin
species.

The vyields of di-iridium-porphyrin aryl complexes and [Ir"(ttp)]2 were based on the number 0t

194



iridium porphyrin unit incorporated into the products.
The amount (in % NMR vyield) of [Ir"(ttp)]2 generated in the reactions in benzene-(i6 could only
be roughly estimated since [Ir"(ttp)]2 only partially dissolved in benzene-(i6. [Ir"(ttp)]2 could not be

isolated for quantification as it was air-unstable.

Experimental Instrumentation

13c, and P NMR spectra were recorded on a Briiker DPX-300 at 300 MHz, 75 MHz, and
122 MHz, respectively, or a Briiker AV-400MHz at 400 MHz, 100 MHz, and 162 HMz,
respectively. Chemical shifts were referenced with the residual solvent protons in CsDs " 7.15
ppm), CDCI3 (S - 7.26 ppm), THF-"g (c"O"CHs) = 1.85 ppm), or tetramethylsilane (TMS) (d = 0.00
ppm) in '"H NMR spectra as the internal standards, and in CDCI3 (S = 77.16 ppm), CeDe (S =
128.06 ppm), or T H F - #® — 25.62 ppm) in ™C NMR spectra as the internal standards.
H3PO4 (85% solution) (5= 0.00 ppm) in CeDe was referenced as an external standard in P NMR
spectra. Chemical shifts (S) were reported as part per million (ppm) in S scale downfield from
TMS. Coupling constants (J) were reported in Hertz (Hz).

High resolution mass spectra (HRMS) were performed on a ThermoFinnigan MAT 95 XL mass
spectrometer in fast atom bombardment (FAB) mode using 3-nitrobenzyl alcohol (NBA) matrix
and CH2CI2 as solvent, and electrospray ionization (ESI) mode using MeOH : CH2CI2 (1:1) as
solvent.

Gas chromatography-mass spectrometric (GC-MS) analysis was conducted on a Shimadzu
GCMS-2010Plus using Rtx-5MS column (30 m x 0.25 mm). The column oven temperature and
injection temperature were 50.0 and 250 repsectively. Helium was used as a carrier gas. Flow
control mode was chosen as linear velocity (36.3 cm s™) with pressure 53.5 kPa. The total flow,
column flow, and purge flow were 24.0, 1.0, and 3.0 mL min'”~ respectively. Split mode inject with
split ratio 20.0 was applied, After injection, the column oven temperature was kept at 50 for 5

minutes and the temperature was then elevated at a rate of 20 "C min"* for 10 minutes until 250

195



The temperature of 250 was further kept for 5 minutes.

Experimental Procedures

(1) Preparation of Various Iridium Porphyrin Species for Reaction Studies

Preparation of Chloro(carbonyl)(5,10,15,20-tetrakis(/7-tolyl)porphyrmato)iridium(ni)
[Ir'(ttp)(CO)CI] (la).3 [Ir*(COD)CI]2™ (437 mg, 0.65 mmol) and HsCttp)™ (436 mg, 0.65 mmol)
were heated under reflux in p-xylene (200 mL) in 500 mL-round-bottom flask for 3 days. The
reaction mixture changed from deep brown to reddish brown, and it was dried under vacuum. The
product was purified by column chromatography using CH2CI2 / hexane (1:2) as an eluent to
remove the initial brown fraction and purple fraction. The bright red product fraction was then
isolated using CH2ClI2/hexane (4:1) as the eluent. The red fraction was collected, dried, and further
purified by recrystallization using CH2CI2/ methanol. Red solid of Ir'(ttp)(CO)CI (la) (385 mg,
0.42 mmol, 64%) was collected. R/= 0.26 (CHsCVhexane =1:1). NMR (CDCI3, 300 MHz) S
2.71 (s, 12 H), 7.57 (d, 8 H, /= 8.1 Hz), 8.09 (d, 4 H, J= 7.8 Hz), 8.15 d->4H, J— 7.7 Hz), 8.94 (s,
8 H), '"H NMR (CsDfi, 300 MHz) d 2.37 (s, 12 H), 7.18 (d, 4 H, J=9.0 Hz), 7.23 (d, 4H, J= 7.8
Hz), 7.86 (d, 4 H» J= 7.6 Hz), 8.01 (d, 4H, J-7.7 Hz), 9.07 (s, 8 H).

Preparation of Chloro(Triphenylphosphine)(5,10,15,20-Tetralds(/7-tolyl)porphyrinato)-
iridium(l) [Ir'(ttp)(PPh3)CI] (Ib). Ir"~(ttp)(CO)CI (100 mg, 0.11 mmol), PPhs (142 mg, 0.54
mmol), and benzene (4 mL) were degassed for three freeze-pump-thaw cycles in a Teflon screw
capped tube. The reaction mixture was then heated at 200 under N2 for 1 day. The solvent was
dried, and the reaction mixture was purified by column chromatography with alumina using CHCI3
as the eluent. The major red solution was collected and dried. The product was further
recrystallized using CH2CI2 / hexane to obtain a red solid of Ir"'(ttp)(PPh3)Cl (lb) (81.5 mg, 0.070
mmol, 65%). R/= 0.15 (CHCI3). "H NMR (CgDs, 300 MHz) 2.39 (s> 12 H), 4,27 (dd, 6 H,VPH =
9.0 Hz, Vhh = 8.6 Hz), 6,33 (t- 6 H, Vhh - 7.4 Hz), 6.55 (t, 3 H, Vhh = 7.2 Hz), 7.14 (d, 4 H, Vhh

=7.9 Hz), 7.35 (d, 4 H, Vhh = 7.5 Hz), 7.78 (d. 4 H, Vhh = 7.4 Hz), 7.93 (d. 4 H, Vhh — 7.3 Hz),

196



8,84 (s, 8 H). 13c NMR (THF-c4 300 MHz) S 21.9, 123.5, 126.0 (d, "Jpc = 53.2 Hz), 127.9 (d, Vpc
=15.7 Hz), 128.1, 128.6 » 130.2, 132.1 (d, Vpc = 9.0 Hz), 132.4, 134.8 > 135.6 - 138.1, 140.5> 143.4.
NMR (CeDe, 162 MHz) 5 -37.5 (br). HRMS (FARMS): Calcd for [C66H5iN4Pair]+([M]+): m/z
1158.3164. Found: m/z. 1158.3199.
Preparation of Bromo(carbonyl)(5,10,15,20-tetrakis(p-tolyl)porphyrinato)iridium(l11)
[Ir*(ttp)(CO)Br] (lc). Ir(ttp)(CO)CI (50 mg, 0.054 mmol) and bromobenzene (2 mL) were
added to the Teflon screw capped tube and the reaction mixture was degassed for three
freeze-pump-thaw cycles. The reaction mixture was heated at 200 under N2 for 2 days to form a
deep brown solution. The solvent was removed under vacuum, and the reaction mixture was
purified by column chromatography using silica gel and CHiClz/hexane (1:1) as an eluent The
major red fraction was collected and dried. The product was purified by recrystaliization using

CH2ClI2 / methanol. Red solid of Ir'(ttp)(CO)Br (lc) (32 mg, 0.033 mmol, 62%) was collected. R/

. 0.36 (CH2CI2/hexane =1:1). [ INMR (CDCI3, 300 MHz) S2.71 (s 12 H), 7.56-7.59 (m, 8 H)
8.10 (d, 4 H, 7.5 Hz), 8.13 (d, 4 H,J= 7.2 Hz), 8.93 (s, 8 H). "HNMR (CeDe, 300 MHz) 6 2.37
(s, 12 H), 7.18 (d, 4 H,J-7.9 Hz), 7.23 (d, 4 H, J— 8.2 Hz), 7.90 (d, 4 H, 7.7 Hz), 8.02 {d, 4
H,J= 7.6 Hz), 9.07 (s, 8 H). “"CNMR (CDCI3, 75 MHz) S21.7, 122.4, 127.6, 127.8, 132.0 - 132.8,
134.2 > 134.6, 137.8, 138.4, 141.3. HRMS (FABMS): Calcd for [C49H36N4OBriIr]+([M]+): m/z
968.1696. Found: m/z. 968.1688.

Preparation of lodo(carbonyl)(5’10,15 - 20-tetrakis(p-tolyl)porphyriiiato)iridium(l11)
[Ir (ttp)(CO)I] (I1d). Iriill (ttp)(CO)450 mg, 0.054 mmol) and iodobenzene (2 mL) were added
to the Teflon screw capped tube and the reaction mixture was degassed for three freeze-pump-thaw
cycles. The reaction mixture was heated at 200 under N2 for 2 days to form a deep brown
solution. The solvent was removed under vacuum, and the reaction mixture was purified by
column chromatography using silica gel and CHaCla/hexane (2:3) as an eluent. The major red
fraction was collected and dried. The product was purified by recrystaliization using CH2CI2 /

methanol. Red solid of Ir(ttp)(CO)Il (Id) (22 mg, 0.022 mmol, 41%) was collected. R/~ 0.48
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(CHjCyhexane — 1 : 1) NMR (CDCI3, 300 MHz) S 2.71 (s, 12 H), 7.55 (d, 4BJ= 6.6 Hz),
7.57 (d, 4 H, — 6,3 Hz), 8.09-8.12 (m, 8 H), 8.91 (s, 8 H). "H NMR (CeDe, 300 MHz) S 2.37 (s >
12 H), 7.18 (d, 4 H, J— 8.0 Hz), 7.22 (d, 4 H, J= 7.8 Hz), 7.95 (d, 4 H, J= 7.1 Hz), 8.03 (d, 4H, J
=7.7 Hz), 9.08 (s, 8 H). "¢ NMR (CDCI3, 75 MHz) 5 21.7, 122.7, 127.5, 127.9, 132.1, 133.9,
134.7, 137.8, 138.4 > 141.5. HRMS (FABMS): Calcd for [C49H36N40IIr]+([M]+): m/z 1016.1558.
Found: m/z. 1016.1556.

Preparation of (5,10,15,20-Tetrakis(/7-tolyl)porphyrinato)iridium(in) Hexafluoroantimonate
[Ir'"(ttp)SbF6] (le). Ir(ttp)SbF6 was prepared according to the literature procedure of synthesis
of Iriii(ttp)BF4,6lriii(ttp)(CO)CI (50.0 mg, 0.054 mmol) and AgSbFg (37.2 mg, 0.108 mmol) were
added in CH2CI2 (20 mL) in a 50 mL round-bottom flask, and the reaction mixture was stirred at
room temperature for 2 hours. The reaction changed gradually from bright red to orange red. The
reaction mixture was filtered to remove the black and grey precipitates, and the solution was added
with hexane for recrystallization by slow evaporation using rotary evaporator. The red precipitate
was filtered to obtain Ir"i(ttp)SbF6 (le) (-53.3 mg,0.049 mmol,900/0). Ir"\ttp)SbF6 is an
inseparable mixture of Ir(ttp)SbF6 and [Ir"'(ttp)(CO)]SbF6 in [0 2.6-3.4 1 ratio in CDCI3, since
the ratio is variable upon each time of preparation of Ir"'(ttp)SbF6. R/= 0.00 (DCM). Only the
NMR of Ir"(ttp)SbF6 (Ir'(ttp)SbF6: [Ir"~(ttp)(CO)]ShF6 = 3.4 : 1) was shown: H NMR (CDCI3,
400 MHz) d 2.73 (s, 12 H), 7.11 (d, 4 H, VHH = 7.7 Hz), 7.64 (d, 4 H, VHH = 7.7 Hz), 8.09 (dd, 4 H,
Vhh — 7.6 Hz, Vhh = 1.6 Hz), 8.16 (dd, 4 H, Vhh = 7.6 Hz, Vhh — 1.9 Hz), 9.10 (s, [ 6.2), 9.12
(s, 1,8). 1tH NMR (C6D6, 400 MHz) S 2.40 (s, 12 H), 7.24 (d, 4 H, VHH = 7.6 Hz), 7.32 (d, 4 H >
Vhh = 7.6 Hz), 7.90 (d, 4 H, Vhh = 7.7 Hz), 8.22 (dd, 4 H, = 7.9 Hz, Vhh = 1.0 Hz), 9.08 (s, 8
H). 13c NMR oflr™(ttp)SbF6 (CDCI3, 100 MHz) 21.7, 123.2 > 127.8, 128.4, 132.6, 133.9, 134.7,
137.4, 138.5, 141.6. HRMS ([M]+) of le was not taken as the HRMS of analogous Ir*/(ttp)BF4”
only gave Ir(ttp)+ ion ([M-BF4]+).

Preparation of Chloro(pyridino)(5,10 » 15 > 20-Tetrakis(p-tolyl)porphyrinato)iridium(l11)

[Ir(ttp)(py)CI] (If). Ir"(ttp)(CO)CI (50 mg, 0.054 mmol), pyridine (42.8 mg, 43.6 juL, 0.54
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mmol, 10 equiv), and benzene (3 mL) were degassed for three freeze-pump-thaw cycles in a
Teflon screw capped tube. The reaction mixture was then heated at 200 °C under N2 for 12 hours.
The solvent was dried, and the reaction mixture was purified by column chromatography with
alumina using CHsCb”hexane (3:1) as the eluent. The major orange solution was collected and
dried. The product was further recrystallized using CHaCl*/hexane to obtain a deep purple solid of

Ir(ttp)(py)CI (If) (45.8 mg > 0.047 mmol, 87%). R/= 0.33 (CHzCh/hexane = 2:1). NMR
(CDCI3, 400 MHz) 1.26 (d, 2 H, J= 5.6 Hz), 2.69 (s, 12 H), 5.03 (t, 2 H, J= 6.9 Hz), 6.01 (t, 1 H>
J74 Hz), 750 d>4H, 7.5 Hz),7.54 (d, 4H, 7.5 Hz), 7.96 (d, 4 nJ=12  Hz), 8.16 (d,
4 H,J — 7.4 Hz), 871 (s, 8 H). “CNMR (CDCI3, 100 MHz) d 21.7, 122.2, 122.6, 127.2 > 127.8,
131.8, 134.1, 1344, 134.6, 137.3-139.1, 142.2, 147.0. HRMS (FABMS): Calcd for
[C**H4IN5CIIr]+ (M) : m/z 975.2674. Found: m/z 975.2678.

Preparation of Bromo(pyridino)(5,10,15,20-tetrakis(p-tolyl)porphyrinato)iridium(l11)
[Ir'(ttp)(py)Br] (1g). Ir'"(ttp)(CO)Br (16.8 mg, 0.017 mmol), pyridine (13.7 mg, 14.0 "L, 0.17
mmol, 10 equiv), and benzene (2 mL) were degassed for three freeze-pump-thaw cycles in a
Teflon screw capped tube. The reaction mixture was then heated at 200 under N2 for 19 hours.
The product was dried and then purified by column chromatography with alumina using
CH2Cl2/hexane (2:1) as the eluent. The product was further recrystallized using CHzClz/hexane to
obtain a purple solid of Ir"(ttp)(py)Br (lg) (14.8 mg, 0.047 mmol, 84%). R/ = 0.43
(CH2CI2/hexane = 2:1). 'H NMR (CgDs, 400 MHz) S L57 (d, 2 H, V= 5.4 Hz), 2.35 (s> 12 H),
3.96 (t, 2 H, 3/= 7.4 Hz), 4.72 (t, 1 H, V— 7.6 Hz), 7.26 (d, 4 H, 7.7 Hz), 7.96 (dd, 4 H, V =
7.7 Hz, 4j= 1.8 Hz), 8.10 (dd, 4 H,V=7.6 Hz, V= 1.7 Hz,) 8.96 (s, 8 H). One set ofw-tolyl's H
signal was obscured by residual benzene's H signal. '"C NMR (CDCI3, 100 MHz) S 21.7 » 122.3,
122.6, 127.2, 127.7, 131.9 > 1339, 134.5, 134.7, 137.3, 139,0 > 142.2, 146.4. HRMS (FABMS):
Calcd for [C53H4iN5BrIr]+ ([M]+): m/z 1019.2169. Found: m/z 1019.2191.

Preparation of Bromo(pyridmo)(5,1045,204etrakis(p-tolyl)porphyrinato)iridmm(lll)

[Ir(ttp)(py)1] (1h). Ir(ttp)(py)! (16.9 mg, 0.017 mmol), pyridine (13.2 mg > 13.4 //L, 0.17 mmol,
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10 equiv), and benzene (2 mL) were degassed for three freeze-pump-thaw cycles in a Teflon screw
capped tube. The reaction mixture was heated at 200 "C under N2 for 1 hour. The product was dried
and purified by column chromatography with alumina using CHzCb/hexane (3:2) as the eluent.
The product was further recrystallized using CHbClz/hexane to yield a purple solid of Ir"\ttp)(py)l
(Ih) (14,5 mg, 0.014 mmol, 82%). RJ™ 0.48 (CHzCb/hexane = 2:1). "HNMR (QDe, 400 MHz) S
1.56 (d, 2 H, 5.7 Hz), 2.35 (s, 12 H), 4.02 (t>2 H, V=6.9 Hz), 4.75 (t> 1 H, 7.4 Hz), 7.26
(d,4H > 7,6 Hz), 8.01 (d,4H, V-7.5 Hz), 810 (d>4H,V= 7.6 Hz) 8.96 (s, 8 H). One set of
w-tolyl's H signal was obscured by residual benzene's H signal. “C NMR (CDCI3, 100 MHz) ~
21.7, 122.4, 122.5-127.2, 127.7, 131.9, 133.7, 134.7, 134.8, 137.3, 139.0, 142.3, 145.1. HRMS
(FABMS): Calcd for [C53H4iN5IIr]+ ([M]+): m/z 1067.2030. Found: m/z 1067.2032.
Preparation of Hydrido(5,10,15,20-Tetrakis(/?-tolyl)porphyrinato)iridium(l11) [Iri"(ttp)H]
(2a). Ir"'(ttp)H'~ was prepared according to the literature procedure of synthesis of
suspension of Ir*'(ttp)(CO)CI (100 mg, 0.11 mmol) in THF (50 mL) in a Teflon screw-capped 250
mL round-bottomed flask, a solution of NaBH4 (81.7 mg, 2.16 mmol) in aqueous NaOH (1.0 M,
3.0 mL), and concentrated HCI (O 1énL) in water (200 mL) were purged separately with N2 for 15
min separately. The solution of NaBH4 was added slowly to the suspension of Ir"~(ttp)(CO)CI via a
cannula. The mixture was heated at 50 under N2 for 2 hours to give a deep brown suspension.
The mixture was then cooled in ice-water bath under N2, and the HCI solution was added via a
cannula under N2. The reaction mixture was stirred in ice-water bath under N2 until the maximal
deep brown precipitate and a clear, colorless solution were obtained. The deep brown precipitate
was collected and further washed with water to obtain Ir"(ttp)H (2a) (83 mg, 0.097 mmol, 88 %).
'H NMR (CDCI3, 300 MHz) 3 -57,6 (s, 1 H) » 2.68 (s, 12 H), 7.50 (d, 8H, J= 7.2 Hz), 8.00 (d, 8 H,
J ~ 6.9 Hz), 8.57 (s 8 H). (H NMR (CgDe, 300 MHz) S-57.5 s> 1 H), 2.40 (5, 12 H) » 7.21 (d > 4 H -
75Hz), 736 d-4H, 7.7Hz), 7.92 (d, 4 H,J= 7.3 Hz),8.20 (d, 4H, 7.1Hz), 881 (s, 8
H). 13c NMR (THF-4 75 MHz) 21.9>124.5, 128.3, 128.6, 132.0, 134.9, 138.1, 140.5, 144.8.

HRMS (FARMS): Calcd for [C48H37N4IT" (M]") : m/z 862.2653. Found: m/z 862.2640.
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Preparation of hydrido(triphenylphosphine)(5,10,15,20-Tetrakis(/7-tolyl)-porphyrmato)-
iridium(111) [lri**(ttp)(PPh3)H] (2b).” Ir"\ttp)H (4.7 mg, 0,005 mmol), PPhs (1.4 mg, 0.005
mmol), and benzene-(i6(0.5 mL) were added to the Teflon screw capped NMR tube under N2. The
reaction mixture was degassed for three freeze-pump-thaw cycles and then flame-sealed under
vacuum. The color of the reaction mixture changed to deep reddish brown instantaneously at room
temperature to give Ir"'(ttp)(PPh3)H (2b) quantitatively as no other iridium porphyrin species were
observed by "H NMR spectroscopy. “HNMR (CsDe, 300 MHz) S -32.57 (d, 1 H, Vph = 258.6 Hz),
2.58 (s, 12 H), 4.51 (br, 6 H), 6.48 (br, 6 H), 6.64 (br, 3 H), 7.50 (d, 4 H, J= 7.7 Hz), 7.81 (d- 4 H,
J =11 Hz), 7.90 (d, 4H, J= 8.0 Hz), 8.75 (s, 8 H). One set of m-phenyl's H signal was obscured
by C6H6 singal. '""C NMR (CgDg, 75 MHz) d 21.4, 123.6, 127.3, 131.4 (d, Vpc = 10.1 Hz), 132.0,
134.3, 134.7 > 136.8, 139,9, 143.9. Ipso-, o-, and p-phenyVs C signals of PPhs were shielded by
C6H6 signals. P NMR (CeDe, 122 MHz) 3 -25.9 (d(br), Vph = 258 Hz). HRMS (FABMS): Calcd
for [C66H52N4IrP]+([M]+): m/z 1124.3553. Found: m/z 1124.3520.

Preparation of (510, 15, 20-Tetrakis(/7-tolyl)porphyrmato)iridium(l1) Dimer [[Ir"(ttp)]2] (3).
[Irii(ttp)]24 was prepared using the literature method for the preparation of [IrM(oep)]2.” Ir(ttp)H
(4.2 mg, 0.005 mmol) and degassed benzene (0.5 mL) were degassed for three freeze-pump-thaw
cycles in a Teflon screw capped NMR tube. 2,2,6,6-Tetramethylpiperidinooxy (TEMPO) (1.1 mg,
0.007 mmol) was added into the tube under N2. The reaction mixture changed to deep brown
instantaneously, and it was dried under vacuum for a few hours to reomove the solvent, unreacted
TEMPO, and TEMPOH co-product Degassed benzene-c/e was then added into the tube under N2,
and the reaction mixture was degassed for three freeze-pump-thaw cycles in the tube and then
flame-sealed under vacuum. Deep brown of [Ir"\(ttp)]2 in pure form was observed by "H NMR
spectroscopy. [Ir'\ttp)]2 (3) was formed quantitatively as no other iridium porphyrin species were
observed. H NMR (CeDg, 300 MHz) S 2.46 (s, 12 H), 7.08 (d, 4H, 8.9 Hz), 7.66 (d, 4H, J =
7.7 Hz), 8.33 (s, 8H), 9.49 (d, 4 H, 7.8 Hz). One set ofm-phenyl proton signal is obscured by

benzene's proton signal (57.15).
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Preparation of Potassium (5,10,15,20-Tetrakis(/7-tolyl)porphyrinato)iridate(l) [Ir'(ttp)'K"]
(4a). Ir'(ttp)"K™  was  synthesized according to the procedure in  synthesis of
Ir'(ttpnK(18-crown-6)]+.5 Ir"\ttp)H (5.0 mg, 0.006 mmol), KOH (6.6 mg, 0.12 mmol), and
THF-Jg (0.5 mL) were degassed for three freeze-pump-thaw cycles in a Teflon screw capped NMR
tube and then flame-sealed under vacuum. The reaction mixture was covered by aluminum foil and
heated at 120(J Cin an oil bath for 6 hours to yield a brown solution of Iri(ttp)l(+ (4a)
quantitatively using the residual THF's y*-protons as the internal standard. "H NMR (THF-c/g, 400
MHz) S 2.68 (s, 12 H). 7.51 (d, 8 H, J= 7.6 Hz), 7.92 (d, 8 H » J= 7.5 Hz), 8.17 (s, 8 H). “C NMR
(THF-t/g, 100 MHz) 6 21.8, 128.6, 130.6, 131.7, 134.2, 136.8, 141.2, 146.2.

Preparation of Potassmm(18-crown-6) (5,10,15,20-Tetrakis(p-tolyl)-porphyrmato)iridate(l)
[Ir™(ttp)'[K(I18-crown-6)"]] (4b). Ir'(ttp)'[K(l 8-crown-6)]" 5 was synthesized according to the
procedure in synthesis of Rh”(ttp)'[K(18-crown-6)]")." Ir"\ttp)H (5.0 mg, 0.006 mmol), KOH (3.3
mg, 0.058 mmol), 18-crown-6 ether (4.6 mg, 0.017 mmol), and THF-t/g (0.5 mL) were degassed
for three freeze-pump-thaw cycles in a Teflon screw capped NMR tube and then flame-sealed
under vacuum. The reaction mixture was covered by aluminum foil and heated at 150 in an oil
bath in 45 minutes to yield a brown solution of Ir(ttp)"[K(l 8-crown-6)]" (4b) quantitatively using
the residual THF's ~-protons as the internal standard. The THF-Js solvent in the tube could be
removed under vacuum before flame-sealing, and degassed benzene-t4 was added to obtain a
stable Iri(ttp)X (I 8-crown-6)-1-(4b). "H NMR (THF-4 300 MHz) d 2.62 (s, 12 H). 7.43 (d, 8 H,J =
7.7 Hz), 7.88 (d, 8 H, J=7.7 Hz), 8.14 (s, 8 H). "H NMR (CeDg, 300 MHz) 3 2.38 (s, 12 H). 7.28
(d, 8H, 7.7 Hz), 7.95 (d, 8H, J= 7.9 Hz), 8.58 (s, 8 H).

Preparation  of Hydroxo(pyridmo)(5,10,15,20-Tetrakis(/7-tolyl)porphyrinato)iridium(l11)
[Ir**(ttp)(py)OH] (5b). I (ttp)(py)Cl (50 mg, 0.054 mmol), AgSbFs (37.1 mg, 0.11 mmol, 2
equiv), and THF (3 mL) were degassed for three freeze-pump-thaw cycles in a Teflon screw
capped tube. The reaction mixture was then heated at 120 under N2 for 2 hours to prepare

[Ir"(ttp)(py)]SbF6 in-situ. Excess CsOH (-162 mg, 1.08 mmol) was then added into the reaction

202



mixture under N2 and the reaction mixture was further heated at 50 "C for 4 hours. The reaction
mixture was filtered to remove the grey and black precipitates. The filtrate was then added with
excess water and THF were dried under vacuum using rotary evaporator to obtain an orange solid
of Imi(ttp)(py)OH (5b) (33.6 mg > 0.035 mmol, 65%). "H NMR (CDCI3, 400 MHz) S -10.02 (br, 1
H), 1.47 (br, 2 H) » 2.69 (s, 12 H), 5.03 (t> 2 H, J= 6.5 Hz), 6.01 (t, 1H, J= 7.1 Hz), 7.50 (d, 4 H, J
=7.2 Hz), 7.55 (d, 4 H,J= 7,2 Hz), 7.96 (d, 4H,y-6.8 Hz), 8.14 (d, 4 H, J— 6.8 Hz), 8.65 (s 8
H). "¢ NMR (CDCI3, 100 MHz) 21.7, 122.5, 127.2, 127.8, 131.8, 133.7, 134.0, 134.6, 137.3,
138.9, 142.6, 147.8. HRMS (FARMS): Calcd for [C53H42N50Ir]+ ([M]+): m/z 957.3013. Found:
m/z 957.3024.

Preparation of )9-Hydroxyethyl(5,10,15,20-Tetrakis(”-tolyl)porphyrinato)iridium(l11)
[Ir"(ttp)CH2CH20H] (7). A suspension of Ir"~(ttp)(CO)CI (84 mg, 0.091 mmol) in THF (20 mL)
in a Teflon screw-capped 250 mL round-bottomed flask > and a solution of NaBH4 (68.7 mg, 1.82
mmol) in aqueous NaOH (1.0 M, 1.5 mL), were purged with N2 for 15 minutes separately. The
solution of NaBH4 was added slowly to the suspension of Ir"\ttp)(CO)CI via a cannula. The
mixture was heated at 50 °C under N2 for 2 hours to give a deep brown solution. The mixture was
then cooled to room temperature, and 2-iodoethanol (156.2 mg, 71 juL, 0.91 mmol) was added
under N2. The reaction mixture was further heated at 50  for 2 hours. The reaction mixture was
dried and purified by column chromatography with alumina using CH”Cla/hexane (1:2) as an
eluent. The major deep brown faction was collected and dried. The product was recrystallized in
CH2ClI2/ hexane to obtain a deep brown solid of Ir''(ttp)CH2CH20H (7) (74.5 mg, 0.082 mmol,
90%). R/= 0.26 (CHz2Cla/hexane =1:1).  NMR (400 MHz, CDCI3): $ -5.29 (t, 2 H, 3¢— 7.3 Hz),

”

-2.43 (t, 1 H, 3j= 6.2 Hz), -2.16 (9, 2 H, " = 6,9 Hz), 2.68 (s, 12 H), 7.52 (d, 8 H, 7.9 Hz),
7.98 (dd, 4 H, 8.2 Hz, V= 2.2 Hz), 8.02 (dd, 4 H, V= 8.2 Hz, V= 2.3 Hz), 8.54 (s, 8 H). MC
NMR (100 MHz, CDCI3): -14.7, 21.7, 59.0, 124.1, 127.6, 127.7, 131.6, 133.6, 134.0, 137.4,
138.6, 143.4. HRMS (FARMS): Calcd for [C50) H4iN40Ir]€[M]+): m/z 906.2904. Found: m/z

906.2912.
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Preparation of ju-Oxo Bis((Aqua)(5,10,15,20-Tetrakis(/7-tolyl)porphyrinato)iridium(l11))
[((H20)(ttp)Ir'Olr~* (ttp)(0H2)] (6a). Ir''(ttp)CH2CH20H (2.6 mg > 0.003 mmol) and benzene-~
(0.5 mL) were degassed in a Teflon screw capped NMR tube for three freeze-pump-thaw cycles
and then flame-sealed under vacuum. Residual water (-2.4 equiv) was observed by "H NMR
spectroscopy. The reaction mixture was heated at 120 °C for 23 days to yield a brown
(H20)Ir"'(ttp)OlIr™'(ttp)(OH2) (6a) in 72% NMR vyield using the residual benzene as the internal
standard. Ir"'(ttp)C6D5 ((“(pyrrole) = 8.79) (most likely generated from the reaction of Ir''(ttp)OH
with benzene-<"6) and unreacted Ir"'(ttp) CH2CH20H ((5(pyrrole) = 8.76) were observed in 7% and
2% NMR vyields, respectively. C2H4 (<5(C2H4) = 5.23) was also observed. The coordinated water in
(H20)Ir™(ttp)Olr~"(ttp)(OH2) underwent H/D exchange with excess D20 in hmzene-de at room
temperature under air in 1.5 days, and the ratio of D:H in the coordinated water was observed to be
02.9 1 by NMR spectroscopy. The sample of (H20)Ir™'(ttp)0Olr™'(ttp)(OH2) in benzene-
completely decomposed in air in 3 days. NMR (CgDe, 400 MHz) ™ -10.89 (s, 4 H), 2,43 (s, 24
H), 7.24 (d, 8 H, 7.7 Hz), 7.38 (d, 8 H, 7.4 Hz), 7.62 (dd, 8 H, 7.4 Hz, V= 1.6 Hz),
7.89 (dd, 8 H, 7.7Hz/j= 18 Hz), 8.36 (s, 16 H). MC NMR (CeDs, 100 MHz) 21.6, 123.5,
127.4, 130.6, 132.9, 135.1, 136.9, 139.3, 142.4. One m-tolyl's carbon signal was shielded by
residual benzene peak. HRMS (FABMS): Calcd for [CgeHyiNgOIri]™ ([M-2H20]"): m/z 1737.5092.
Found: m/z 1737.5052.

Preparation of Phenyl(triphenylphosphine)(5,10,15,20-tetrakis(p-tolyl)porphyrinato)-
iridium(111) [Ir"i(ttp)(PPh3)Ph] (2x). Ir"\ttp)Ph (21.6 mg, 0.023 mmol), triphenylphosphine (60
mg, 0.23 mmol, 10 equiv), and benzene (2 mL) were degassed in a Teflon screw capped tube for
three freeze-pump-thaw cycles. The reaction mixture was then heated at 120 under N2 for 30
minutes. The reaction mixture was then dried, isolated by column chromatography over alumina
using CH2CI2/ hexane (1 : 1) as an eluent, and further recrystallized with CH2CI2 / CH30H to
obtain a deep reddish brown solid of Ir"*A(ttp)(PPh3)Ph (2x) (21.9 mg, 0.018 mmol, 79%). R/- 0.51

(CH2CI2/hexane =1:1). “H NMR (CDCI3, 400 MHz) S 0.37 (dd, 2 H, Vhh = 7.0 Hz, Vph = 6.4
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Hz), 2.65 (s, 12 H), 4.12 (dd, 6 H> Vph = 8.1 Hz, Vhh = 8.1 Hz), 4.71 (t, 2 H> Vhh = 7.1 Hz), 5.13
(t, 1H, Vhh = 7.0 Hz), 6.54 (t, 6 H, Vhh = 7.0 Hz), 6.85 (t' 3 H, Vhh = 7,3 Hz), 7.41 (d, 4 H, ~Jhh
=7.7 Hz), 7.45 (d, 4 H, Vhh = 7.7 Hz), 7.63 (d, 4 H, Vhh = 7.4 Hz), 7.79 (d, 4 H, Vhh = 7.5 Hz),
8.42 (s, 8 H). "¢ NMR (CDCI3, 100 MHz) S 21.6, 119.2, 122.8, 122.9 > 126.9 (d, Vpc = 8 Hz),
127.0, 127.4, 128.0° 128.9 (d, Vpc = 25 Hz), 130.9 (d, Vpc — 11 Hz), 131.7 » 133.8, 134.6, 136.9,
139.2, 142.4. HRMS (FABMS): Calcd for [C72H56N4PIr]f:m/z 1200.3866. Found: m/z 1200.3861.

Preparation of (/;-Chlorobenzoyl)(triphenylphosphine)(5,10,15,20-tetrakis(p-tolyl)-
porphyrinato)iridium(l11)) Ir”"Vttp)(PPh3)(C(0)C6H4(/?-ClI) (12). Ir"\ttp)CH3 (62 mg, 0.072
mmol) > 4-chlorobenzaldehyde (506 mg, 3.6 mmol, 50 equiv), and benzene (2 mL) were degassed
in a Teflon screw capped tube for three freeze-pump-thaw cycles. The reaction mixture was heated
at 200 under N2 for 14 days. The reaction mixture was then dried and was further purified by
column chromatography over silica gel using CH2CI2/ hexane (2 : 1) as an eluent to obtain an
orange solid of Ir"(ttp)C(0)C6H4(/7-CD)™ (42 mg, 0.042 mmol, 58%). Ir™'(ttp)C(O)C6H40-Cl) was
then reacted with PPhs (110 mg, 0.42 mmol, 10 equiv) in CHCI3 (4 mL) in a Telfon screw capped
tube under air at 50 for 30 minutes. The deep reddish brown reaction mixture was dried and
purified by column chromatography over alumina using CHzClz/hexane (1:3) as an eluent to obtain
a reddish brown solid of Ir"*(ttp)(PPh3)(C(0)C6H4(p-Cl)) (12) (45 mg, 0.036 mmol, 50% (with
reference to Ir"\ttp)CH3)). R/- 0.67 (CHzClz/hexane -1:1). "H NMR (CDClI3, 300 MHz) 3 2.22
(d, 2 nJ= 8.4 Hz), 2.23 (s, 12 H), 4.05 (br, 6 H), 5.85 (d, 2RJ= 8.0 Hz), 6.54 (t, 6 H, J= 6.8
Hz), 6.85 (t, 3H,J= 7.2 Hz), 7.48 (d, 8H,J= 8.0 Hz), 7.69 (d, 4 H, 8.0 Hz), 7.80 (d, 4 H,J =
7.6 Hz), 8.48 (s, 8H). "C NMR (CDClI3, 75 MHz) (6 21.6, 118,5 118.6 > 122.8, 125.3, 127.0 d>J=
7.6 Hz), 127.1, 127.6, 127.9, 128.1, 128.3, 130.0 (d, Vpc = 30.5 Hz), 130.8 (d, Npc = 11.5 Hz),
131.7, 133.8, 134.5, 137.0, 139.1, 142.4. HRMS (FARMS): Calcd for [C73H56N4C10PIrf

(IM+H]+): m/z 1263.3503. Found: m/z 1263.3500.

Preparation of Triphenylphosphine Oxide (P(0)Ph3). The typical synthetic method of the

preparation of P(0)Ph3 is the oxidation of PPhs by H202.~ PPhs (64 mg, 0.24 mmol) and H202
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(30% solution, 2.5 mL, 24.4 mmol H202 (100 equiv)), and benzene (2 mL) were gassed in a Teflon
screw capped tube for three freeze-pump-thaw cycles. The reaction mixture was heated at 200

for 12 hours under N2 and then purified by column chromatography over silica gel (pre-treated by
adding water, silica gel : water J 1 0: 1 v/v) using CHCI3 as the eluent. The product was
crystallized by CH2CI2 / hexane to yield a pale yellow solid of P(0)Ph3 (50.7 mg, 0.18 mmol,
76%). R/= 0.33 (CHCI3). 1h NMR {CeDe, 400 MHz) S 6.96-7.03 (m, 9 H), 7.74 (ddd, 6 H, Vph =
11.5 Hz, Vhh = 8.1 Hz, Vhh = 1.5 Hz). The observation of Vhh is dependent on the concentration
of P(0)Ph3.  NMR (C6D6, 162 MHz) S 25.2 (hept, Vph = 11.3 Hz). HRMS (ESIMS): Calcd for

[CisHjgOPNaf ([M+Na]+): m/z 301.0753. Found: m/z 301.0748.

(I Chapter 2 Redox Chemistry of Iridium(I11) Porphyrins in Basic Media

Reactions of Ir"*'(ttp)(CO)CI in Benzene-1L

(i) Without Addition of Base and Water at 200 ( : . Ir*'(ttp)(CO)CI (4.7 mg, 0.005 mmol) and
honzene-de (0.5 mL) were degassed in a Teflon screw capped NMR tube for three
freeze-pump-thaw cycles and then flame-sealed under vacuum. Residual water ([ 2quiv) was
observed by "H NMR spectroscopy. The reaction mixture was heated at 200 for 14 days. No
Ir""(ttp)H was formed and unreacted Ir"\ttp)(CO)Cl was recovered quantitatively using the
residual benzene as an internal standard.

(i) Addition of Water (100 equiv) at 200 Clr"\ttp)(CO)CI (4.7 mg, 0.005 mmol), water (9.2
mg, 9,2 //L, 0.51 mmol), and benzene-t/e (0.5 mL) were degassed in a Teflon screw capped NMR
tube for three freeze-pump-thaw cycles and then flame-sealed under vacuum. The reaction mixture
was heated at 200 After 10 days, Ir"'(ttp)H was formed in 16% NMR yield and unreacted
Ir*'(ttp)(CO)CI was recovered in 84% NMR vyield using the residual benzene as an internal
standard.

(iif) Addition of KOH (20 equiv) at 20001 C : Ir"(ttp)(CO)CI (4.7 mg, 0.005 mmol), KOH (5.7 mg,
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0.10 mmol), and benzene-<i6 (0.5 mL) were degassed in a Teflon screw capped NMR tube for three
freeze-pump-thaw cycles and then flame-sealed under vacuum. Residual water (0.2 equiv) was
observed by NMR spectroscopy. The reaction mixture was heated at 200 °C. The reaction was
complete in 1 hour to yield quantitatively (NMR yield) using the residual benzene as an
internal standard.

(iv) Addition of K2CO3 (20 equiv) at 200 Ir"A(ttp)(CO)CI (4.7 mg, 0.005 mmol), K2CO3 (14.0
mg, 0.10 mmol), and benzene-ia"e (0.5 mL) were degassed in a Teflon screw capped NMR tube for
three freeze-pump-thaw cycles and then flame-sealed under vacuum. Residual water (-0.2 equiv)
was observed by NMR spectroscopy. The reaction mixture was heated at 200 "C. The reaction
was complete in 30 hours to yield Ir*"(ttp)H in 95% NMR vyield using the residual benzene as an
internal standard.

(v) Addition of KOH (20 equiv) at 120 "C. Ir"(ttp)(CO)CI (4.7 mg, 0.005 mmol), KOH (5.7 mg,
0.10 mmol), and benzene-(i6 (0.5 mL) were degassed in a Teflon screw capped NMR tube for three
freeze-pump-thaw cycles and then flame-sealed under vacuum. Residual water (-0.3 equiv) was
observed by "H NMR spectroscopy. The reaction mixture was heated at 120 "C. After 2 hours,
Ir'(ttp)H in 55% NMR vyield was formed and unreacted Ir"\ttp)(CO)CI was recovered in 45%
NMR vyield. The reaction was complete after 5 hours to yield in 84% NMR vyield and
Ir(ttp)’ K ((“(pyrrole H) = 8.50 ppm) in 9% NMR vyield. The yields were estimated using the
residual benzene as the internal standard.

(vi) Addition of K2CO3 (20 equiv) at 1200L] dr"\ttp)(CO)CI (4.7 mg, 0.005 mmol), K2CO3 (14.0
mg, 0.10 mmol), and benzene-*4 (0.5 mL) were degassed in a Teflon screw capped NMR tube for
three freeze-pump-thaw cycles and then flame-sealed under vacuum. Residual water (-0.4 equiv)
was observed by 'H NMR spectroscopy. The reaction mixture was heated at 120 The reaction
was complete in 23 days to yield Ir"'(ttp)H quantitatively (NMR yield) using the residual benzene

as the internal standard.
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Reactions of Ir""~(ttp)(CO)Br in Benzene-"/e-

(i) Addition of KOH (20 equiv) at 1200 dr"A(ttp)(CO)Br (4.9 mg > 0.005 mmol), KOH (5.7 mg,
0.10 mmol), and benzene-(i6 (0.5 mL) were degassed in a Teflon screw capped NMR tube for three
freeze-pump-thaw cycles and then flame-sealed under vacuum. Residual water (-0.8 equiv) was
observed by “H NMR spectroscopy. The reaction mixture was heated at 120 "C. The reaction was
complete in 5 hours to yield Ir"'(ttp)H in 71% NMR vyield and Iri(ttp)-K+ (*(pyrrole H) = 8.59 ppm)
in 11% NMR vyield using the residual benzene as the internal standard.

(ii) Addition of K2C03 (20 equiv) at 2001 Qr"A(ttp)(CO)Br (4.9 mg, 0.05 mmol), K2CO3 (14.0
mg, 0.10 mmol), and benzene-(i6 (0.5 mL) were degassed in a Teflon screw capped NMR tube for
three freeze-pump-thaw cycles and then flame-sealed under vacuum. Residual water (I 0.2quiv)
was observed by  NMR spectroscopy. The reaction mixture was heated at 200 The reaction
was complete in 30 hours to yield Ir"A(ttp)H in 97% NMR yield using the residual benzene as the

internal standard.

Reactions of Ir'"(ttp)(CO)I in Benzene-"e.

[0 Addition of KOH (20 equiv) at 120 "C. Ir"(ttp)(CO)I (5.2 mg, 0.005 mmol), KOH (5.7 mg,
0.10 mmol), and benzene-t/e (0.5 mL) were degassed in a Teflon screw capped NMR tube for three
freeze-pump-thaw cycles and then flame-sealed under vacuum. Residual water (-0.4 equiv) was
observed by NMR spectroscopy. The reaction mixture was heated at 120 °C. The reaction was
complete in 11 hours to yield Ir™(ttp)H in 87% NMR vyield and [Ir"(ttp)]2 in 9% NMR yield using
the residual benzene as the internal standard.

(ii) Addition of K2CO3 (20 equiv) at 200 Ir*A(ttp)(CO)I (5.2 mg » 0.005 mmol), K2CO3 (14.0
mg, 0.10 mmol), and benzene-<i6 (0,5 mL) were degassed in a Teflon screw capped NMR tube for
three freeze-pump-thaw cycles and then flame-sealed under vacuum. Residual water (I 1.Equiv)
was observed by ~ NMR spectroscopy. The reaction mixture was heated at 120 ~C. The reaction

was complete in 50 hours to yield Ir™\(ttp)H in 95% NMR vyield using the residual benzene as the
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internal standard.

Reactions of Ir'"Vttp)SbF6 with Bases
(A) Reactions of Ir...(t;tp)SbF6 with CsOH (10 equiv)

() In Sealed NMR Tube. Ir"Vttp)SbF6 (3.0 mg, 0.003 mmol) and CsOH (4.9 mg, 0.03 mmol)
were dried under vacuum in a Teflon screw capped NMR tube for a few hours. Benzene-t/6 (0.5
mL) was then added in the tube under N2 and the reaction mixture was degassed for three
freeze-pump-thaw cycles and then flame-sealed under vacuum. The reaction occurred
instantaneously at room temperature and the color of the reaction mixture changed from red to
orange. After 5 minutes, Ir*"(ttp)H was estimated to be 95% NMR vyield by taking the ratio of the
pyrrole proton signal of Ir*~(ttp)H and the total pyrrole proton signals of the observed iridium
porphyrins. A trace of unreacted IrJ[[(ttp)SbF6 in 3% NMR yield was also observed. Residual water
(-2.9 equiv) dissolved in the reaction mixture was estimated by "HNMR spectroscopy.

(a) In Telfon Screw Capped Tube. Ir"”(ttp)SbF6 (2.9 mg, 0.003 mmol) and CsOH (4.9 mg, 0.29
mmol) were dried under vacuum in a Teflon screw capped tube for a few hours. Benzene-<i6 was
then added into the tube under N2 and the reaction mixture was degassed for three
freeze-pump-thaw cycles. The reaction occurred instantaneously under N2 at room temperature and
the color of the reaction mixture changed from red to orange. The reaction mixture was then taken
for HRMS analysis. Ir(itp)OH (5) and (ttp)IrOlr"~(ttp) (6) were detected in around 6 : 1 ratio by
HRMS. HRMS (FABMS): (1) Calcd for [C48H37N40Ir]+(5) ([M]+=[Ir"i(ttp)OHf): m/z 878.2591.
Found: m/z 878.2574. (2) [CgeHyaNgOlrs]™(6) ([M]+ = [(ttp)Ir" Olr™'(ttp)]'*): m/z 1737.5092 Found:
m/z 1737.5052.

(B) Reaction of Ir"~(ttp)SbF6 with KOH (20 equiv). Ir*~(ttp)SbF6 (3.0 mg, 0.003 mmol) and
KOH (3.1 mg, 0.05 mmol) were dried under vacuum in a Teflon screw capped NMR tube for a few
hours. Benzene-t4 (0.5 mL) was then added into the tube under N2 and the reaction mixture was

degassed for three freeze-pump-thaw cycles and then flame-sealed under vacuum. No
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instantaneous reaction occurred at room temperature. In 1.5 days, the color of the reaction mixture
changed to orange, and Ir"'(ttp)H and [Ir"(ttp)]2 were observed and estimated to be 75% and 7%
NMR vyields, respectively, by comparing the ratios of the pyrrole proton signals of the products

with the total pyrrole proton signals of the observed iridium porphyrins.

Reactions of [Ir'(ttp)]2 in Benzene-<4

(i) Reaction of [Ir"(ttp)]2 with KOH (20 equiv) at Room Temperature. Ir'*\ttp)H (3,8 mg,
0.004 mmol) and benzene (0.5 mL) were degassed for three freeze-pump-thaw cycles in a Teflon
screw capped NMR tube. 2,2,6,6-Tetramethylpiperidinooxy (TEMPO) (0.8 mg, 0.005 mmol) was
added into the tube under N2. The reaction mixture changed to deep brown instantaneously, and it
was dried under vacuum for a few hours to remove the solvent, unreacted TEMPO, and TEMPOH
co-product. KOH (4.9 mg, 0.088 mmol) and benzene-t/e (0.5 mL) were added into the tube under
N2, and the reaction mixture was further degassed for three freeze-pump-thaw cycles in the tube
and then flame-sealed under vacuum. At room temperature, no reaction occurred in 2 days, and
[Ir'\ttp)]2 remained unreacted.

(ii) Reaction of [Ir"(ttp)]2 with H20 (100 equiv). Ir"\ttp)H (3.8 mg, 0.004 mmol) and benzene
(0.5 mL) were degassed for three freeze-pump-thaw cycles in a Teflon screw capped NMR tube.
2,2,6,6-Tetramethylpiperidinooxy (TEMPO) (0.8 mg, 0.005 mmol) was added into the tube under
N2. The reaction mixture changed to deep brown instantaneously, and it was dried under vacuum
for a few hours to remove the solvent, unreacted TEMPO, and TEMPOH co-product. Water (7.9
mg, 0.44 mmol) and benzene-<i6 (0.5 mL) were added into the tube under N2, and the reaction
mixture was further degassed for three freeze-pump-thaw cycles in the tube and then flame-sealed
under vacuum. At room temperature, no reaction occurred in 2 days. At 200 "C, most of [Ir(ttp)]2
was decomposed in 7 days, and Ir"(ttp)H was formed in 11% NMR vyield as estimated by adding
TMSqgSi (0.00058 mmol, from standard TMSA4Si / benzene solution) as the internal standard.

(iii) Thermal Reaction of [Ir"(ttp)]2 at 200 "C. Ir"~(ttp)H (3.8 mg, 0.004 mmol) and benzene (0.5
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mL) were degassed for three freeze-pump-thaw cycles in a Teflon screw capped NMR tube,
2,2,6,6-Tetramethylpiperidinooxy (TEMPO) (0.8 mg, 0.005 mmol) was added into the tube under
N2. The reaction mixture changed to deep brown instantaneously, and it was dried under vacuum
for a few hours to remove the solvent, unreacted TEMPO, and TEMP OH co-product. Benzene-(i6
(0.5 mL) was added into the tube, and the reaction mixture was further degassed for three
freeze-pump-thaw cycles in the tube and then flame-sealed under vacuum. At room temperature,
no reaction occurred in 2 days. At 200 [Ir(ttp) ]2 was recovered in 26o/0 yield after 1 hour and
the rest of [Ir'(ttp)]2 was decomposed to unknown iridium porphyrin species. The yield of
[Ir'(ttp)]2 was estimated by comparing the ratios of pyrrole proton signals of [Ir'(ttp)]2 with the
total observed pyrrole proton signals of iridium porphyrin species. After 7 days, a trace of
Ir'(ttp)H was formed (5% NMR vyield, estimated by using TMS4Si (0.00058 mmol, from standard

TMSA4Si | benzene solution) as the internal standard).

Reaction of Ir)I[[(ttp)(PPh3)Cl with KOH

(i) In Sealed NMR tube. tf"(ttp)(PPh3)Cl (4.5 mg, 0.004 mmol), KOH (4.4 mg, 0,08 mmol), and
benzene-£4 (0.5 mL) were degassed for three freeze-pump-thaw cycles in a Teflon screw capped
NMR tube and then flame-sealed under vacuum. Residual water ([ 1.8quiv) was observed by
NMR spectroscopy. The reaction mixture was heated at 200 in 4 hours to form a deep red
Ir"'(ttp) (PPh3)0H and IrJl[(ttp)(PPh3)H in 96% and 2% NMR yields, respectively, using residual
benzene as the internal standard. The reaction mixture was further heated in 9 hours to form a deep
brown solution containing Ir™(ttp)(PPh3)H in [0 33%NMR vyield. Characterization of
Ir"'(ttp)(PPh3)0H (5a):() BNKMR {C"De, 300 MHz) “H NMR (CsDs, 300 MHz) d -9.35 (s, 1 H,
VpH = 7.5 Hz), 2.40 (s, 12 H), 4.29 (dd, 6 H, Vph — 8,9 Hz, Vhh = 8.7 Hz), 6.36 (t, 6 H, Vhh = 7.2
Hz), 6.56 (t, 3 H, = 7,1 Hz), 7.17 (d, 4 H, Vhh = 7.2 Hz), 7.35 (d, 4 H, Vhh = 7.5 Hz), 7.82 (d,
4 H, Vhh = 7.5 Hz), 7.92 (d, 4 H, Vhh = 7.5 Hz), 8.81 (s, 8 H). C NMR (CgDe, 100 MHz) 6 21.2 >

122.8, 126.7, 126.9 d, Vpc = 17 Hz), 131.0, (d, Vpc —9 Hz), 131.7, 133.8, 134.9136.7, 139.5,

211



142.9. One set of porphyrin's tolyl w-carbon signals and PPhs's ipso- and ; ?-phenyl carbon signals
were obscured by residual benzene carbon signals. P NMR (CeDg, 122 MHz) S -34.9 (d, Jpc =
7.2 Hz). HRMS (FARMS): Calcd for [C66H52N40PIr]+ ([M]+): m/z 1140.3502. Found: m/z
1140.3545.

(ii) In Telfon-Screw Capped Tube. Ir"Vitp)(PPh3)CI (5.2 mg > 0.004 mmol), KOH (5.0 mg, 0.10
mmol), and benzene-t* (0.5 mL) were degassed for three freeze-pump-thaw cycles in a Teflon
screw capped tube. The reaction mixture was heated at 200 in 30 minutes to form
Ir/I[(ttp)(PPh3)H (t5(pyrrole H) - 8.75 ppm), Ir'™(ttp)(PPh3)OH ([ pyrroléd) = 8.81 ppm), and
unreacted Ir((ttp)(PPh3)Cl ([J pyrroldd) = 8,84 ppm) in 31%, 17%, and 29% NMR yields,
respectively, by 'H NMR spectroscopy using a known amount of tetrakis(trimethylsilyl)methane
(TMS4Si) as an internal standard. The reaction mixture was subjected to HRMS analysis, and no

(Ph3P)(ttp)Ir"tolr"A(ttp) (PPh3), (Ph3P)(ttp)Ir"iOlr"i(ttp), or (ttp)lIr talr"~(ttp) were detected.

Reaction of Ir"Vttp)(PPh3)H with KOH (20 equiv). Ir"(ttp)H (4.7 mg, 0.005 mmol), PPhg (1,4
mg, 0.005 mmol), KOH (6.1 mg, 0.11 mmol), and benzene-"6(0.5 mL) were added to the Teflon
screw capped NMR tube under N2. The reaction mixture was degassed for three freeze-pump-thaw
cycles and then flame-sealed under vacuum. The reaction mixture changed to reddish brown
instantaneously at room temperature to give Ir"\ttp)(PPh3)H quantitatively. The reaction mixture
containing Ir'(ttp)(PPh3)H and KOH was heated at 200 for 3 days. Ir"\ttp)(PPh3)H was

recovered in 98% NMR yield using the residual benzene as the internal standard.

Reaction of PPhs with Possible Oxygen Sources

(i) With Oxygen in Air. PPhs (8.6 mg, 0.033 mmol) and benzene (1 mL) were heated in air (J 3
equiv 02) at 200 °C in a Teflon screw capped tube in 12 hours. The reaction mixture was dried. A
quantified amount of TMS4Si was added as an internal standard to calculate the number of moles

of products, and henzene-de was further added for “H NMR spectroscopy. No P(0)Ph3 was formed
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(< 1% NMR yield), and unreacted PPha was recovered in 89% NMR yield. The number of mole of
02 in air (n) was estimated by using the ideal gas equation: n = (PV)/(RT) x 21%, where P =
101325 Nm2> V [J 1 X 10”2 m~ R = 8.314 J K" mol], T = 298 K, and 21% is the percentage ofQOj
in air. Thus, n is found to be 0.11 mmol (3 equiv with reference to PPhs).

(i) With H20. PPhs (8.6 mg, 0.033 mmol), water (3.0 //L, 0.16 mmol, 5 equiv), and benzene (1
mL) were degassed for three freeze-pump-thaw cycles in a Teflon screw capped tube. The reaction
was heated under N2 at 200 in 12 hours. A quantified amount of TMS4Si was added as an
internal standard to calculate the number of moles of products, and benzene-de was further added
for '"H NMR spectroscopy. No P(0)Ph3 was formed (< 1% NMR yield), and unreacted PPh3 was
recovered in 94% NMR vyield.

(itff) With KOH. PPIi3 (8.7 mg, 0.033 mmol), KOH (37.2 mg, 0.66 mmol, 20 equiv), and benzene
(1 mL) were degassed for three freeze-pump-thaw cycles in a Teflon screw capped tube. The
reaction was heated under N2 at 200  in 12 hours. The reaction mixture was dried. A quantified
amount of TMS4Si was added as an internal standard to calculate the number of moles of products,
and benzene-i4 was further added for "H NMR spectroscopy. No P(0)Ph3 was formed (< 1% NMR
yield), and unreacted PPha was recovered in 75% NMR vyield.

(iv) With H202. PPhs (17.5 mg, 0.067 mmol) H202 (30% solution, 15.1 mg, 13.6 juL, 0.1334
mmol of H202 (2 equiv)), and benzene (2 mL) were degassed for three freeze-pump-thaw cycles in
a Teflon screw capped tube. The reaction was heated under N2 at 200 and the reaction was
complete in 1 hour as determined by thin-layer chromatography. The reaction mixture was dried. A
quantified amount of TMS4Si was added as an internal standard to calculate of the number of
moles of products, and benzene-de was further added for “H NMR spectroscopy. P(0)Ph3 was
formed in 86% NMR vyield.

(v) Without Oxygen Sources. PPha (8.6 mg, 0.033 mmol) and benzene (1 mL) were degassed for
three freeze-pump-thaw cycles in a Teflon screw capped tube. The reaction was heated under N2 at

200 "C in 12 hours. The reaction mixture was dried. A quantified amount of TMS4Si was added as

213



an internal standard to calculate of the number of moles of products, and benzene-<i6 was further
added for NMR spectroscopy. No P(0)Ph3 was formed (<1% NMR yield), and unreacted PPhs
was recovered in 75% NMR vyield.

(vi) With KOH and H202. PPhs (9.2 mg, 0.035 mmol) H202 (30% solution, 7.9 mg, 7.3 //L, 0.070
mmol of H202 (2 equiv)), KOH (mg, mmol), and benzene (1 mL) were degassed for three
freeze-pump-thaw cycles in a Teflon screw capped tube. Prior to heating, gas bubbles, which is
most likely O2 > were evolved due to the KOH-catalyzed disproportionation of H202 in aqueous
solution. The reaction was then heated under N2 at 200 in 1 hour. The reaction mixture was
dried. A quantified amount of TMS4Si was added as an internal standard to calculate of the number
of moles of products, and benzene-iie was further added for 'H NMR spectroscopy. P(0)Ph3 was

formed in 2% NMR vyield, and unreacted PPhs was recovered in 80% NMR yield.

Reaction of Ir"\ttp)(CO)CI with KOH and Excess PPhs (5 equiv). Ir"~(ttp)(CO)CI (10 mg,
0.011 mmol), KOH (12.1 mg, 0.22 mmol), PPhs (14.2 mg, 0.054 mmol), and benzene-t/6 (1 mL)
were degassed for three freeze-pump-thaw cycles in a Teflon screw capped tube. The reaction was
heated under N2 for 3 hours, and the color of the reaction mixture changed from deep red to deep
brown. Tetrakis(trimethylsilyl)methane (TMS4Si) (1.4 mg, 0.0044 mmol) was added to the
reaction mixture as an internal standard to calculate the number of moles of product formed.
Ir''(ttp) (PPh3)H, Ir™'(ttp) (PPh3)0H, and P(0)Ph3 were formed in 42% > 7%, and 21% NMR yields,
respectively, with reference to Ir"\ttp)(CO)CI added. Unreacted PPhs was observed in 70% yield
with reference to PPhs added. The formation of P(0)Ph3 in the reaction was confirmed by NMR
spectroscopy by comparing with the authentic sample of P(0)Ph3. Characterization of P(0)Ph3
formed: 'H NMR (CeDe, 400 MHz) d(o-phmyl H) 7.75 (dd, Vph = 12.0 Hz, Vhh = 7.6 Hz). The
P(0)Pli3,s phenyl's m- and/7-protons are obscured by the excess PPhs's phenyl's m~ andp-protons.
3ip NMR (CeDfi, 162 MHz) 24.9 (br). HRMS (ESIMS): Calcd for [CigHigOPNa]* ([M+Na]+): m/z

301.0753. Found: m/z 301.0750.
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Reaction of Ir"\ttp)(CO)CI with Excess PPhj (5 equiv) without Base. Ir''Vttp)(CO)CI (10.3 mg,
0.011 mmol), PPhs (14.6 mg, 0.056 mmol), and benzene-t/6 (1 mL) were degassed for three
freeze-pump-thaw cycles in a Teflon screw capped tube. The reaction was heated under N2 for 12
hours. TMS4Si (4.1 mg, 0.0128 mmol) was added to the reaction mixture as an internal standard to
calculate the number of moles of product formed. Ir\"(ttp)(PPh3)Cl was formed quantitatively and
P(0)Ph3 was formed in a trace amount (-5% NMR vyield) with reference to Ir"\ttp)(CO)CI added.
Unreacted PPhs and P(0)Ph3 were observed in 69% and 1% NMR vyields, respectively, with
reference to PPli3 added. The formation of P(o)Ph3 was probably due to the oxidation of PPhs with

residual O2 catalyzed by Ir(por) species.

Detection of Phenol in the Reaction of Ir"'~(ttp)(CO)Cl of KOH (20 equiv)

(i) At 1200 CIr" O (ttp)(CO)(110.0 mg, 0.011 mmol), KOH (12.1 mg, 0.22 mmol), and benzene (1
mL) were degassed in a Teflon screw capped tube for three freeze-pump-thaw cycles. The reaction
mixture was heated at 120 under N2 for 9 hours. The solvent was then collected in a liguid-N{CJ
cooled trap under vacuum and subjected to GC-MS analysis. No phenol was detected using the
authentic phenol as a reference compound. The solid residue was dissolved in benzene-cie for
NMR spectroscopy, and only Ir*~(ttp)H was observed. All solid residues (left in Teflon-screw
capped tube and NMR tube) were washed with CH2CI2 / HCI (aq). The aqueous layer was removed
by dropper, and the volatile organic compounds in the organic layer was then collected in a
liquid-N2 cooled trap under vacuum and further subjected to GC-MS analysis. No phenol was
detected.

(i) At 200 "C. Ir"Vttp)(CO)CI (10.0 mg, 0.011 mmol), KOH (12.1 mg, 0.22 mmol), and benzene (1
mL) were degassed in a Teflon screw capped tube for three freeze-pump-thaw cycles. The reaction
mixture was heated at 200 under N2 for 15 minutes to produce only Ir"'(ttp)H observed by "H

NMR spectroscopy. No phenol was detected by GC-MS analysis using the same procedures
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adopted in the reaction at 120

Reaction of [Ir'(ttp)h / PPhj in Benzene-f*

[1 Without Addition of KOH. Ir(ttp)H (3.8 mg, 0.004 mmol) and benzene (0.5 mL) were
degassed for three freeze-pump-thaw cycles in a Teflon screw capped NMR tube.
2,2,6,6-Tetramethylpiperidinooxy (TEMPO) (1.0 mg, 0.005 mmol) was added into the tube under
N2 to form [Ir"(ttp)]2 quantitatively. The reaction mixture was dried under vacuum for a few hours
to remove the solvent, unreacted TEMPO, and TEMPOH co-product. PPhs (1.2 mg, 0.004 mmol)
and benzene-c/6 (0.5 mL) were added into the tube, and the reaction mixture was degassed for three
freeze-pump-thaw cycles in the tube and then flame-sealed under vacuum. Residual water ([
equiv) was estimated by "H NMR spectroscopy. The color of the reaction mixture changed to red
instantaneously. Reddish brown precipitate was also formed, probably due to the formation of
insoluble [Ir"(ttp)(PPh3)]2. By "H NMR spectroscopy, all unreacted [Ir"(ttp)]2 was consumed, and
scarce Ir™"(ttp)(PPh3)0H was observed. The reaction mixture was then heated at 200  for 4 hours
to yield Ir*'(ttp)(PPh3)H and Ir""(ttp)(PPh3)0H in trace amounts (<5% yield) estimated by adding
TMS4Si (0.00029 mmol, from standard TMS4Si / benzene solution) as the internal standard (Figure
2.7).

(i) With Addition of KOH (20 equiv). Ir"'(ttp)H (3.8 mg > 0.004 mmol) and benzene (0.5 mL)
were degassed for three freeze-pump-thaw cycles in a Teflon screw capped NMR tube.
2,2,6,6-Tetramethylpiperidinooxy (TEMPO) (1.0 mg, 0.005 mmol) was added into the tube under
N2 to form [Ir'”A(ttp)]2 quantitatively. The reaction mixture was dried under vacuum for a few hours
to remove the solvent, unreacted TEMPO, and TEMPOH co-product. PPhs (1.2 mg, 0.004 mmol),
KOH (5.0 mg, 0.088 mmol), and benzene-Je (0.5 mL) were added into the tube, and the reaction
mixture was degassed for three freeze-pump-thaw cycles in the tube and then flame-sealed under
vacuum. Residual water (O lequiv) was observed by "H NMR spectroscopy. The color of the

reaction mixture changed to red instantaneously. Reddish brown precipitate was also formed,
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probably due to the formation of insoluble [Ir"(ttp)(PPh3)]2. By “H NMR spectroscopy, ail
unreacted [Ir"(ttp)]2 was consumed, and scarce Ir™\ttp)(PPh3)OH was observed. The reaction
mixture was then heated at 200 [ (or 4 hours to yield Ir"'(ttp)(PPh3)H and Ir"Vttp)(PPh3)0H in
15% and 16% NMR vyields, respectively. The yield of Ir"~(ttp)(PPh3)0H was estimated by adding
TMS4Si (0.00029 mmol, from standard TMS4Si / benzene solution) as the internal standard. The
yield of Ir'(ttp)(PPh3)H was estimated by using the yield of Ir"~(ttp)(PPh3)0H, and the ratio of
porphyrin's pyrrole proton signal ratios of Ir"~(ttp)(PPh3)H and Ir™(ttp)(PPh3)OH (1.0 : 1.1)

(Figure 2.8).

Reaction of (H20)(ttp)Ir"*~0Ir**(ttp)(0H2) with KOH. (H20)Ir"~(ttp)0lr~(ttp)(OH2), which was
prepared in 72% yield in the reaction of Ir*"(ttp)CH2CH20H in benzene-t" at 120 in 23 days in
a sealed NMR tube, was added with KOH (3.2 mg, 0.057 mmol) after breaking the toppest part of
the sealed NMR tube. The reaction mixture was degassed for three freeze-pump-thaw cycles using
a septum and a cannula and then flame-sealed under vacuum. Residual water (1.9 equiv) was
observed by 'H NMR spectroscopy. The reaction was heated in 120 °C for 10 days to give
Ir(ttp)H in 6% NMR vyield and unreacted (H20)(ttp)Ir"tolr™'(ttp)(OH2) was recovered in 94%
yield. The reaction mixture was further heated at 200 °C in 10 days to yield Ir*"(ttp)H in 58% yield.

The yields were estimated using the residual benzene as the internal standard.

Reaction of Ir’(ttp)'’K” in Benzene-fi% at Room Temperature. Ir"~(ttp)H (5.0 mg, 0.006 mmol),
KOH (6.6 mg, 0.12 mmol), and THF-t/g (0.5 mL) were degassed for three freeze-pump-thaw
cycles in a Teflon screw capped NMR tube. The reaction mixture was heated at 120  under N2 in
an oil bath for 6 hours to yield Ir'(ttp)’K"” quantitatively. The solvent was dried under vacuum, and
henzene-dis (0.5 mL) was added under N2. The reaction mixture was further degassed for three
freeze-pump-thaw cycles and then flame-sealed under vacuum. At room temperature, the reaction

occurred instantaneously to give Ir*"(ttp)H and [Ir"(ttp)]2 in approximately 45% and 18% yields,
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respectively, by comparing the ratio of pyrrole signals of the products with the total pyrrole proton
signals of all iridium porphyrin species observed. The yield of [IrA(ttp)]2 was only estimated from
the observed [Ir"(ttp)]2 dissolved in benzene-<i6 as the solubility of [Ir"(ttp)]2 was not very high and
existed as a deep brown solid when it was formed in large amount. Residual water (-0.5 equiv)

was estimated in the reaction mixture by '"H NMR spectroscopy.

Reaction of Ir/I[(ttp)H in Benzene-"g

(i) Without Base at Room Temperature. Ir"'(ttp)H (2.3 mg, 0.003 mmol), and benzene-Js (0.5
mL) were degassed for three freeze-pump-thaw cycles in a Teflon screw capped NMR tube and
then flame-sealed under vacuum. The course of the reaction at room temperature was monitored by
"H NMR spectroscopy. Ir"\ttp)H was instantaneously converted to [Ir"(ttp)]2 in 1% yield and
unreacted IrJ "(ttp)Hn 99% yield was observed using residual benzene protons as an internal
standard. In 7 and 22 days, unreacted [IrH(ttp)]2 and Ir"\ttp)H in 95% and 5% vyields were
observed. The yield was estimated using the residual benzene as an internal standard. It is assumed
that the residual O2 in benzene-<i6 led to the formation of [Ir"(ttp)]2.

(il) Without Base at 200 Clr"'(ttp)H (4.4 mg, 0.005 mmol) and benzene-*e (0.5 mL) were
degassed for three freeze-pump-thaw cycles in a Teflon screw capped NMR tube and then
flame-sealed under vacuum. The course of the reaction at 200 was monitored by NMR
spectroscopy. In 2 minutes, [Ir'(ttp)]2 in 19% yield and unreacted Ir"\ttp)H in 81% yield were
estimated using residual benzene protons as an internal standard. After 15 minutes, [Ir'(ttp)]2 in
7% vyield and unreacted Ir'(ttp)H in 70% yield were observed. After 1.5 hours and afterwards,
only IrJI{(ttp)H in 72% NMR yield was observed without further reaction. Residual water ([ Bquiv)
was estimated in the reaction mixture by NMR spectroscopy. The reaction time profile was
shown in Figure 2.9.

(iii) With KOH at at 2000 Clr™(ttp)H (5.1 mg, 0.006 mmol), KOH (6.6 mg, 0.12 mmol), and

benzene-c4 (0.5 mL) were degassed for three freeze-pump-thaw cycles in a Teflon screw capped
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NMR tube and then flame-sealed under vacuum. Residual water (] 1.4quiv) was estimated by H
NMR spectroscopy. The course of the reaction at 200 "C was monitored by "H NMR spectroscopy.
After 2 minutes, [Ir"(ttp)]2 in 59% vyield and unreacted Ir"(ttp)H in 36% yield were estimated using
residual benzene protons as an internal standard. After 15 minutes, [Ir"(ttp)]2 in 39% vyield and
unreacted Ir'(ttp)H in 53% yield were observed. After 1 hour, only IrVitp)"K™ in 16% yield and
unreacted Ir'(ttp)H in 56% yield were observed. After 2 hours and afterwards, Ir(ttp)H in 74%
yield was observed without further reaction. Residual water (U 1,4quiv) was estimated in the
reaction mixture by "HNMR spectroscopy. The reaction profile was shown in Figure 2.10.

(iv) With K2CO3 at at 200 Ir"\ttp)H (4.6 mg, 0.005 mmol), K2CO3 (14.7 mg, 0.11 mmol),
and benzene-c/e were degassed for three freeze-pump-thaw cycles in a Teflon screw capped NMR
tube and then flame-sealed under vacuum. The course of the reaction at 200 was monitored by
'H NMR spectroscopy. After 2 minutes, [Ir"(ttp)]2 in 55% yield and unreacted Ir'(ttp)H in 40%
yield were estimated using residual benzene protons as an internal standard. After 1.5 hours,
[Ir*(ttp)]2 in 24% yield and unreacted in 48% vyield were observed. After 15 hours, only
Ir)[](ttp)H in 64% yield was observed without further reaction. Residual water (-1.8 equiv) was
estimated in the reaction mixture by 'H NMR spectroscopy. The reaction profile was shown in

Figure 2.11.

(1) Chapter 3 Base-Promoted Aryl Carbon-Halogen Bond Cleavages by Iridium(l1l)
Porphyrins
Reactions of Ir"~(ttp)(CO)CI with PhX in Solvent-Free Conditions.
The experimental procedure of the reaction of Ir"~(ttp)(CO)CI with PhCIl at 200 0 Cwas
described as a typical example.
(a) Reaction of Ir'"'(ttp)(CO)CI with PhCI. Ir"~(ttp)(CO)CI (15.0 mg, 0.016 mmol) and PhCI (1

mL) were degassed for three freeze-pump-thaw cycles in a Teflon screw-capped tube. The reaction
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mixture was heated at 200 C under N2 for 3 days. The solvent was then removed under vacuum
and the reddish brown residue was purified by column chromatography over silica gel (pre-treated
by adding [0 10%/v water to lower the polarity of the silica gel to successfully isolate Ir*"(ttp)Ph)
eluted with CHiCb/hexane (1:3). The major brown fraction was collected to isolate a brown solid
of Ir"'(ttp)Ph (8a) (4.0 mg, 0.004 mmol, 26%). CH2CI2 and hexane (2:1) was then used as an
eluent to isolate a red Ir(ttp)(CO)CI (6.7 mg, 0.007 mmol, 45%). Characterization of
Ir"'(ttp)Ph (8a): Ry= 0.47 (CH2Cl2/hexane =1:1). "HNMR (CDCI3, 300 MHz) S 0.55 (d, 2U,J
=8.1 Hz), 2.68 (s, 12 H), 4.72 (t, 2 H, J— 8.4 Hz), 5.22 (t, 1 H » J= 7.2 Hz), 7.50-7.53 (m, 8 H),
7.99-8.02 (m, 8 H) » 858 (s» 8 H). ""C NMR (CDClI3, 75 MHz) d 21.7, 95.3, 120.2, 123.2’ 1242
127.6, 129.1, 131.6, 133.7, 134.2, 137.4, 138.8, 143.1. HRMS (ESIMS): Calcd for [C54H4iN4Ir]+- :
m/z 938.2955. Found: m/z 938.2948. The single crystal for X-ray crystallography was grown from
CH2Cl2 / CH30H.

(b) Reaction of Ir"i(ttp)(CO)CI with PhCIl and K2CO3. Ir"\ttp)(CO)CI (15.0 mg, 0.016 mmol),
K2CO3 (45 mg, 0.32 mmol, 20 equiv), and PhCI (1 mL) were heated at 200 [J Gnder N2 for 12
hours. The crude product was purified by column chromatography over alumina eluted with
CH2CI2/hexane (1:3) to isolate a brown solid oflr"Vttp)Ph (12.6 mg, 0.013 mmol, 84%).

(c) Reactions of Ir"~(ttp)(CO)CI with PhBr. Ir"i(ttp)(CO)a (15 mg, 0.016 mmol) and PhBr (1
mL) were heated at 200 "C under N2 for 2 days to give a red solid of Ir"'(ttp)(CO)Br (9.6 mg,
0.010 mmol, 62%) upon column chromatography with silica gel using CH2CI2 / hexane (1:1) as an
eluent. Ir*"(ttp)Ph was observed in 1 day by thin-layer chromatography (R/= 0.50 (CHiCl*/hexane
=1:1), but it decomposed to form black complex upon further heating to 2 days.

(d) Reaction of Ir"\ttp)(CO)CI with PhBr and K2CO3. Ir"\ttp)(CO)CI (15 mg, 0.016 mmol),
K2CO3 (45 mg, 0.32 mmol, 20 equiv), and PhBr (1 mL) were heated at 150 0 Gnder N2 for 12
hours to give Ir"'(ttp)Ph (13.7 mg, 0.015 mmol, 91%) upon column chromatography with alumina
using CH2ClI2 / hexane (1:1) as an eluent..

(e) Reaction of Ir"/~(ttp)(CO)CI with Phi. Ir(ttp)(CO)CI (15 mg, 0.016 mmol) and Phi (1 mL)
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were heated at 200 °C under Ni for 2 days. The crude product was purified by column
chromatography over silica gel eluted with CHzClz/hexane (2:3) to give a red solid of
Ir/I[(ttp)(CO)I (6.7 mg, 0.007 mmol, 41%). Ir"\ttp)Ph was observed in 1 day by thin-layer
chromatography (R/ = 0.50 (CHaCli/hexane =1:1), but it decomposed to form black complex
upon further heating to 2 days.

(1) Reaction of Ir"'(ttp)(CO)CI with Phi and K2CO3. Ir'(ttp)(CO)CI (15 mg, 0,016 mmol),
K2CO3 (45 mg, 0.32 mmol, 20 equiv), and Phi (1 mL) were heated at 150  under N2 for 36 hours.
The crude product was purified by column chromatography over alumina eluted with

CHzCb/hexane (1:1) to give Ir"\ttp)Ph (14.0 mg, 0.015 mmol, 93%).

Reactions of Ir*"\ttp)(CO)CI with PhX (1.1 equiv) in Benzene Solvent at 200 C.

The experimental procedure of the reaction Ir™'(ttp)(CO)CI with PhCI (1.1 equiv) at 200 was
described as a typical example for the following reactions.
(a) Reaction of Ir"*(ttp)(CO)CI with PhCI (1.1 equiv). Ir"Yttp)(CO)CI (20 mg, 0.022 mmol),
PhCl (2,7 mg, 2.4 piL, 0.024 mmol), and benzene (2 mL) were degassed for three
Ireeze-piimp-thaw cycles in a Teflon screw-capped tube. The reaction mixture was heated at 200
"C under N2 for 7 days. The solvent was then removed under vacuum and the crude products were
purified by column chromatography over silica gel eluted with CHaClz/hexane (2:1). The major red
fraction was collected to give Ir'(ttp)(CO)CI (15.7 mg, 0.017 mmol, 78%). Ir"'(ttp)Ph formed in
trace amount could not be isolated by column chromatography due to its decomposition in silica
gel. The vyield of Ir*'(ttp)Ph (2% NMR vyield) was estimated by using the isolated yield of
unreacted Ir"'(ttp)(CO)CI, and the porphyrin's pyrrole proton ratio of Ir'"(ttp)(CO)CI : Ir"[(ttp)Ph
(39 :1)in the crude product mixture estimated by "HNMR spectroscopy.
(b) Reaction of Ir"*(ttp)(CO)CI with PhCI (1.1 equiv) and K2CO3 (20 equiv). Ir"(ttp)(CO)CI
(19.7 mg, 0.021 mmol), K2CO3 (59.0 mg, 0.43 mmol), PhCl (2.6 mg, 2.4 7’ 0.023 mmol), and

benzene (2 mL) were heated at 200 under N2 for 1 days. The crude products were purified by
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column chromatography over alumina eluted with CH2CI2 / hexane (1 : 2) to isolate a mixture of
Ir'(ttp)Ph (6.2 mg, 0.007 mmol, 31%) - Ir"'(ttp)(p-C6H4)Ir"'(ttp) (9a) (0.5 mg, 0.0006 mmol, 3%),
and Ir'(ttp)CH3 (10/™(1.1 mg, 0.0006 mmol, 3%). The products ratio was estimated from the
pyrrole proton ratios of the mixed products by NMR spectroscopy. Characterization of
Ir* (ttp) (p-C6H4) Ir"*(ttp) (9a): R/= 0.32 (CHzClz/hexane = 1:1). “"HNMR (CDCI3, 400 MHz) 3
-2.00 (s, 4 H), 2.66 (s, 24 H), 7.39 (d, 8 H, Vhh = 7.4 Hz), 7.41 (d- 8 H, Vhh = 7.8 Hz), 7.44 (dd,
8 H, Vhh = 7.6 Hz, Vhh = 1.7 Hz), 7.79 (dd, 8 H, Vhh = 7.6 Hz, Vhh = 1.8 Hz), 8.18 (s, 16 H).
'"C NMR with complete '~C signals could not be obtained since Ir'(ttp)(p-C6H4)Ir'Mttp) was only
springly soluble in CDCI3 and THF-"g. HRMS (FABMS): [Cioi"*"CHyeNgM M ™MIr™ mlz
1797.5456. Found; m/z 1797.5470. Characterization of Ir"~(ttp)CH3 (10)? R™ = 0.62
(CHsCb/hexane =1:1). "H NMR (300 MHz, CDCI3) -6.30 (s, 3 H), 2,69 (s, 12 H), 7.51-7.53 (m,
8 H), 7.98-8.05 (m- 8 H), 8.51 (s, 8 H). '\C NMR (75 MHz, CDCI3) S -39.4, 21.7, 124.0, 127.58,
127.62, 1314, 133.7, 133.9, 137.3, 138.9 » 1434.

(c) Reaction of Ir...(ttp)(CO)a with PhBr (1.1 equiv). Ir'"(ttp)(CO)CI (20 mg, 0.022 mmol),
PhBr (3.7 mg, 2.5 //L, 0.024 mmol), and benzene (2 mL) were heated at 200 under N2 for 7
days. The crude product was purified by column chromatography over silica gel eluted with
CH2Cl2/hexane (1:2) to give Ir"\ttp)CO)Br (2.1 mg, 0.002 mmol, 10%), and then eluted with
CH2Cl2/hexane (2:1) to give Ir"~(ttp)CO)CI (16.2 mg, 0.017 mmol, 81%). Ir"\ttp)Ph (9%, NMR
yield) was also formed as it could not be isolated and decomposed in silica gel.

(d) Reaction of Ir"*(ttp)(CO)CI with PhBr (1.1 equiv) and K2CO3 (20 equiv). Ir"Vittp)(CO)CI
(20 mg, 0.022 mmol), PhBr (3.7 mg, 2.5 //L, 0.024 mmol), K2CO3 (60 mg, 0.43 mmol), and
benzene (2 mL) were heated at 200 °C under N2 for 2 days. The crude product was purified by
column chromatography over alumina eluted with CH2CI2/hexane (1:1) to give (20.3
mg, 0.022 mmol, 100%).

(e) Reaction of Ir'"(ttp)(CO)CI with Phi (1.1 equiv). Ir"\ttp)(CO)CI (20.0 mg, 0.022 mmol).

Phi (4.8 mg, 2.6 juL, 0.024 mmol), and benzene (2 mL) were heated at 200 °C under N2 for 7 days.
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The crude product was purified by column chromatography over silica gel eluted with
CHzClz/hexane (1:2) to give Ir"\ttp)CO)Il (1.1 mg, 0.001 mmol, 5%), and then eluted with
CHzCb/hexane (2:1) to give Ir"'(ttp)CO)CI (15.2 mg, 0.016 mmol, 76%). Ir"~(ttp)Ph (19%, NMR
yield) was also formed as it could not be isolated and decomposed in silica gel.

(f) Reaction of Ir”\ttp)(CO)CI with Phi (1.1 equiv) and K2CO3 (20 equiv). Ir"(ttp)(CO)CI
(20.0 mg, 0.022 mmol). Phi (4.8 mg, 26 ~., 002« mmol), K2CO3 (60 mg, 0.43 mmol), and
benzene (2 mL) were heated at 200 under N2 for 3 days. The crude product was purified by
column chromatography over alumina eluted with CH”Cb/hexane (1:1) to give Ir"\ttp)Ph (16.4

mg, 0.017 mmol, 81%).

Optimization of Base-Promoted Ph-Br Cleavage by Ir"~(ttp)(CO)CI

The experimental procedure of the reaction Ir"\ttp)(CO)CI with PhBr and KOH at 150 "C was
described as a typical example.
(1) Reaction of Ir"'(ttp)(CO)CI with PhBr and KOH. Ir"\ttp)(CO)CI (15.0 mg, 0.016 mmol),
KOH (18.0 mg, 0.32 mmol, 20 equiv), and PhBr (1 mL) were degassed for three
freeze-pump-thaw cycles in a Teflon screw capped tube. The reaction was then heated at 150
under N2 for 2 hours. The crude product was purified by column chromatography over alumina
eluted with CHsClz/hexane (1:2) to give Ir'"(ttp)Ph (11,3 mg, 0.012 mmol, 75%).
(2) Reaction of Ir'(ttp)(CO)CI with PhBr and NaOH. Ir"Vttp)(CO)CI (15.0 mg, 0.016 mmol),
NaOH (12.8 mg, 0.32 mmol, 20 equiv), and PhBr (1 mL) were heated at 150 under N2 for 2.5
hours to give Ir"\ttp)Ph (11.3 mg, 0.012 mmol, 75%).
(3) Reaction of Ir~(ttp)(CO)CI with PhBr and CS2CO3. Ir"Vittp)(CO)CI (15.0 mg, 0.016 mmol),
CS2C03 (104.3 mg, 0.32 mmol, 20 equiv), and PhBr (1 mL) were heated at 1501 @nder N2 for 3
hours to give Ir(ttp)Ph (12.6 mg, 0.013 mmol, 83%).
(4) Reaction of Ir'(ttp)(CO)CI with PhBr and K3POg4. Ir"'(ttp)(CO)CI (15.0 mg, 0.016 mmol),

K3PO4 (68 mg, 0.32 mmol, 20 equiv), and PhBr (1 mL) were heated at 1500 Ginder N2 for 20
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hours to give Ir*'(ttp)Ph (14.6 mg, 0.016 mmol, 97%).
(5) Reaction of Ir"'(ttp)(CO)CI with PhBr and K2CO3.

(a) K2€CO3 (10 equiv). Ir"'(ttp)(CO)CI (15.0 mg, 0.016 mmol), K2CO3 (23 mg, 0.16 mmol), and
PhBr (1 mL) were heated at 150 under N2 for 2 days to give Ir"~(ttp)Ph (11.1 mg, 0.012 mmol,
74%).

(b) K2€CO3 (20 equiv). Ir"A(ttp)(CO)CI (15.0 mg, 0.016 mmol), K2CO3 (45 mg, 0.32 mmol), and
PhBr (1 mL) were heated at 150 under N2 for 12 hours to give Ir"\ttp)Ph (13.7 mg, 0.015 mmol,
91%).

(c) K2CO3 (30 equiv). Ir(ttp)(CO)CI (15.0 mg, 0.016 mmol), K2CO3 (68 mg, 0.48 mmol), and
PhBr (1 mL) were heated at 150 ] @nder N2 for 6 hours to give Ir"'(ttp)Ph (12.6 mg, 0.013 mmol,
84%).

(6) Reaction of Ir"A(ttp)(CO)CI with PhBr (1.1 equiv) and K2CO3 (20 equiv) in Benzene at
150 Ir2"(ttp)(CO)CI (20.0 mg, 0.022 mmol), PhBr (3.7 mg, 2.5 juL, 0.024 mmol), K2CO3 (60
mg, 0.43 mmol), and benzene (2 mL) were heated at 200 [ @nder N2 for 4 days to give Ir"\ttp)Ph
(17.6 mg, 0.019 mmol, 87%).

(7) Reaction of Ir"*(ttp)(CO)CIl with PhBr (1.1 equiv) and K2CO3 (20 equiv) in Benzene at
200 ( :. Ir™(ttp)(CO)CI (20.0 mg, 0.022 mmol), PhBr (3.7 mg, 2.5 ftU 0.024 mmol), K2CO3 (60
mg, 0.43 mmol), and benzene (2 mL) were heated at 200 under N2 for 2 days to give Ir"yttp)Ph

(20.3 mg, 0.022 mmol, 100%).

Optimization of Base-Promoted Ph-1 Cleavage by Ir"i(ttp)(CO)CI

The experimental procedure of the reaction Ir"\ttp)(CO)CI with Phi (1.1 equiv) and KOH (20
equiv) at 150  was described as a typical example.
(1) Reactions of Ir" J (ttp)(CO)Ckith Phi (1.1 equiv) and KOH. Ir"i(ttp)(CO)CI (9.9 mg > 0.011
mmol), KOH (12.0 mg, 0.21 mmol, 20 equiv), Phi (2.4 mg, 1.3 juL, 0.012 mmol), and benzene (1

niL) were degassed for three freeze-pump-thaw cycles in a Teflon screw capped tube. The reaction
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was then heated at 150 under N2 for 12 hours. The crude product was purified by column
chromatography over alumina eluted with CH2CI2/hexane (1:2) to give Ir"'(ttp)Ph (7.0 mg, 0.007
mmol, 70%).

(2) Reaction of Ir"Vttp)(CO)CI with Phi (1.1 equiv) and CS2CO3. Ir"Vttp)(CO)CI (10.6 mg,
0.011 mmol), CS2C0O3 (7.5 mg, 0.23 mmo, 20 equiv), Phi (2.6 mg, 1.4 /[ > 0.013 mmol), and
benzene (1 mL) were heated at 150 (] @nder N2 for 1 day to give Ir"\ttp)Ph (8.8 mg, 0.009 mmol,
82%).

(3) Reaction of Ir'"(ttp)(CO)CI with Phi (1.1 equiv) and K2COs3. tf"(ttp)(CO)CI (10.0 mg,
o.o11 mmol), K2CO3 (30.0 mg, 0.22 mmol, 20 equiv). Phi (2.4 mg, 1.3 ] L, 0.012 mmol), and
benzene (1 mL) were heated at 150 ] @nder N2 for 5 days to give Ir*"(ttp)Ph (7.9 mg, 0.008 mmol,
78%).

(4) Reaction of Ir"'(ttp)(CO)CI with Phi (1.1 equiv) and K3PO4. Ir"/(ttp)(CO)CI (9.3 mg, 0.010
mmol), K3PO4 (44.0 mg, 0.20 mmol, 20 equiv), Phi (2.2 mg, 1.2 //L, 0.011 mmol), and benzene (1
mL) were heated at 150 "C under N2 for 1.5 days to give Ir"'(ttp)Ph (7.7 mg, 0.008 mmol, 82%).
(5) Reaction of Ir"Vttp)(CO)CI with Phi (1.1 equiv) and NaOH

(@) NaOH (10 equiv) at 150 ( : Ir™(ttp)(CO)CI (9,5 mg’ 0.010 mmol), NaOH (4.1 mg, 0.10
mmol), Phi (2.3 mg, 1.3 juL, 0.011 mmol), and benzene (1 mL) were heated at 200 under N2 for
1 day to give Ir"(ttp)Ph (8.4 mg, 0.009 mmol, 87%).

(b) NaOH (20 equiv) at 150 "C. Ir"~(ttp)(CO)CI (10.3 mg, 0.011 mmol), NaOH (8.9 mg, 0.22
mmol), Phi (2.5 mg, 1A fiL, 0.012 mmol), and benzene (1 mL) were heated at 200 under N2 for
12 hours to give Ir'"'(ttp)Ph (10.3 mg, 0.011 mmol, 99%).

(c) NaOH (30 equiv) at 150 ( :«Ir] "(ttp)(CO)C(9.5 mg, 0.010 mmol), NaOH (12.3 mg, 0.31
mmol), Phi (2.3 mg, 1.3 juL, 0.011 mmol), and benzene (1 mL) were heated at 200 OJ @nder N2 for
9 hours to give Ir''(ttp)Ph (9.2 mg, 0.010 mmol, 95%).

(d) NaOH (20 equiv) at 120 Ir'(ttp)(CO)CI (9.8 mg, 0.011 mmol), NaOH (8.5 mg, 0.21

mmol), Phi (2.4 mg, 1.3 juL, 0.012 mmol), and benzene (1 mL) were heated at 120 under N2 for
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20 hours to give Ir"'(ttp)Ph (9.0 mg, 0.010 mmol, 90%).
(e) NaOH (20 equiv) at 200 ( :. Ir(ttp)(CO)CI (9.6 mg, 0.010 mmol), NaOH (8.3 mg, 0.21
mmol), Phi (2.3 mg, 1.3 /7L, 0.011 mmol), and benzene (1 mL) were heated at 200 [ @nder N2 for

2 hours to give I'Vttp)Ph (9.4 mg, 0.010 mmol, 97%),

Optimization of Base-Promoted Ph-CIl Cleavage by Ir"\ttp)(CO)CI

The experimental procedure of the reaction Ir"'(ttp)(CO)CI with PhCI (1.1 equiv) and NaOH (20
equiv) at 200  was described as atypical example.
(1) Reaction of Ir'"(ttp)(CO)CI with PhCIl (1.1 equiv) and NaOH (20 equiv) at 2000 C.
Iriii(ttp)(CO)a (9.9 mg, 0.011 mmol), NaOH (8.6 mg, 0.21 mmol), PhCI (1.3 mg, 1.2 juL, 0.012
mmol), and benzene (1 mL) were degassed for three freeze-pump-thaw cycles in a Teflon screw
capped tube. The reaction was then heated at 200 °C under N2 for 1 day. The crude product was
purified by column chromatography over alumina eluted with CH”Clz/hexane (1:2) to give
Ir"i(ttp)Ph (2.0 mg, 0.002 mmol, 20%) and Ir"'(ttp)CH3"" (0.6 mg, 0.0007 mmol, 6%). The
products ratio was estimated by using the pyrrole proton ratios of the products in the isolated
products by "H NMR spectroscopy.
(2) Reaction of Ir"~(ttp)(CO)CI with PhCIl (1.1 equiv) and KOH (20 equiv) at 2000 C.
Ir(ttp)(CO)CI (10.1 mg, 0.011 mmol), KOH (12.3 mg, 0.22 mmol), PhCI (1.4 mg, 1.2 fiL, 0.012
mmol), and benzene (1 mL) were heated at 200 under N2 for 20 hours to give Ir™(ttp)Ph (1.8
mg, 0.002 mmol, 18%) and Ir"*A(ttp)CH3 (0.2 mg, 0.0002 mmol, 2%).
(3) Reaction of Ir"~(ttp)(CO)CIl with PhCl (1.1 equiv) and K3PO4 (20 equiv) at 200 "C.
Iriii(ttp)(CO)CI (10.0 mg, 0.011 mmol), K3PO4 (46.0 mg, 0.22 mmol), PhCI (1.3 mg, 1.2 juL, 0.012
mmol), and benzene (1 mL) were heated at 200 "C under N2 for 4 days to give Ir"'(ttp)Ph (2.0 mg,
0.002 mmol, 20%) and Ir/I(ttp)CH3 (1.5 mg, 0.002 mmol, 16%).
(4) Reaction of Ir™'(ttp)(CO)Cl with PhCI (1.1 equiv) and K2CO3 (20 equiv) at 200 "C.

IiJ1[(ttp)(CO)CI (19.7 mg, 0.021 mmol), K2CO3 (59.0 mg, 0.43 mmol), PhCl (2.6 mg, 2.4 jur 0023
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mmol), and benzene (2 mL) were heated at 200 ] @nder N2 for 1 day to give Ir"A(ttp)Ph (6.2 mg >
0.007 mmol, 31%), Ir"Vittp)(p-C6H4)Ir"Vttp) (0.5 mg, 0.0006 mmol, 3%), and Ir"~(ttp)CH3 (1.1 mg,
0.0006 mmol, 3%).

(5) Reaction of Ir"'(ttp)(CO)CIl with PhCl (50 equiv) and Kz2CO3 (20 equiv) at 200°<:
Ir'ttp)(CO)a (9.7 mg, 0.010 mmol), K2CO3 (29 mg, 0.21 mmol), PhCI (59 mg, 53 fxL, 0.53
mmol), and benzene (1 mL) were heated at 200 [J @nder N2 for 12 hours to give Ir"'(ttp)Ph (5.6
mg, 0.006 mmol, 57%), Ir"'(ttp)(p-C6H4)Ir"(ttp) (0.6 mg, 0.0003 mmol, 3%) > and Ir'"(ttp)CH3 (0.5
mg, 0.0005 mmol, 5%).

(6) Reaction of Ir...(ttp)(CO)CI with PhCI (100 equiv) and K2CO3 (20 equiv). Ir"\ttp)(CO)CI
(9.7 mg, o.o10 mmol), K2CO3 (29 mg, 0.21 mmol), PhCI (118 mg, 107 fiL, 1.05 mmol), and
benzene (1 mL) were heated at 200 under N2 for 10 hours to give Ir"\ttp)Ph (6.1 mg, 0.007
mmol, 62%). Ir"(ttp)(p-C6H4)Ir"(ttp) (2%, NMR vyield) was also formed and its yield was
estimated by using the yield of Ir(ttp)Ph and the pyrrole proton ratios of Ir"'(ttp)Ph and
Ir(ttp)(p-C6H4) Ir"Vitp) (-31 : 1) inthe crude products by “HNMR spectroscopy.

(7) Reaction of Ir"Vttp)(CO)CI with PhCI (300 equiv) and K2CO3 (20 equiv). Ir"*Vttp)(CO)CI
(10.5 mg, 0.011 mmol), K2CO3 (31 mg, 0.23 mmol), PhCl (384 mg, 347 juL, 3.4 mmol), and
benzene (1 mL) were heated at 200 Ginder N2 for 12 hours to give Ir"\ttp)Ph (8.4 mg, 0.009
mmol, 79%) and Ir"(ttp)(p-C6H4)Ir"~(ttp) (1%, NMR yield).

(8) Reaction of Ir"\ttp)(CO)CI with PhCI (200 equiv) and K2CO3 (20 equiv) at 20001 C.

(i) K2CO3 (10 equiv), Ir(ttp)(CO)CI (9.8 mg, 0.011 mmol), K2CO3 (15 mg > 0.11 mmol), PhCI
(239 mg, 216 juL, 2,1 mmol), and benzene (1 mL) were heated at 200 under N2 for 19 hours to
give Ir'"'(ttp)Ph (6.3 mg, 0.007 mmol, 63%) and IrJ "(ttp)(p-C6H4A)Ir"i(ttp(2%, NMR vyield).

(ii) K2CO3 (20 equiv). Ir'(ttp)(CO)CI (10.9 mg, o.o12 mmol), K2CO3 (33 mg, 0.24 mmol),
PhCI (265 mg, 240 juL, 2.4 mmol), and benzene (1 mL) were heated at 200 °C under Ni for 7 hours
to give Ir"'(ttp)Ph (8.3 mg, 0.009 mmol, 75%) and Ir"Vitp)(p-C6H4)Ir"~(ttp) (2%, NMR vyield).

(iii) K2CO3 (30 equiv). Ir'Vitp)(CO)CI (9.7 mg, 0.010 mmol), K2CO3 (43.5 mg, 0.31 mmol),
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PhCI (236 mg - 213 //L, 2.1 mmol), and benzene (1 mL) were heated at 200 under N2 for 11
hours to give Ir'M'(ttp)Ph (6.3 mg, 0.007 mmol, 64%) and Ir"/(ttp)(i9-C6H4)Ir"~(ttp) (2%, NMR
yield),

(9) Reaction of Ir™'(ttp)(CO)CI with PhCI (200 equiv) and K2CO3 (20 equiv) at 150
Lie(ttp)(CO)CI (9.8 mg, 0.011 mmol), K2CO3 (29 mg, 0.21 mmol), PhCl (239 mg, 216 fiL, 2.1
mmol), and benzene (1 mL) were heated at 200 under N2 for 22 hours. The crude product was
purified by column chromatography over alumina eluted with CH2CI2/hexane (1:2) to give

Ir"Vttp)Ph (7.4 mg, 0.008 mmol, 74%) and Ir'"'(ttp)(p-C6H4)Ir" (ttp) (5%, NMR vyield).

Scope of Base-Promoted Ar-Br Cleavage: Reactions of Various ArBr (1.1 equiv) with
Ir**(ttp)(CO)CI and K2CO3 (20 equiv)
The experimental procedure of the reaction Ir"'(ttp)(CO)CI with 4-bromoanisole and K2CO3 at
200  was described as a typical example.
(1) Reaction with 4-Bromoanisole. Ir'"(ttp)(CO)CI (20.0 mg, 0.022 mmol), K2CO3 (60 mg, 0.43
mmol), 4-bromoanisole (4.5 mg, 3.0 juL, 0.024 mmol), and benzene (2 mL) were degassed for
three freeze-pump-thaw cycles in a Teflon screw capped tube. The reaction was then heated at 200
under N2 for 9 hours. The crude product was purified by column chromatography over alumina
eluted with CH2CI2/hexane (1:2) to give a deep brown solid of Ir*'(ttp)C6H40-OMe) (8c) (18.6 mg,
0.019 mmol, 89%). R/= 0.45 (CHsCb/hexane =1:1), "HNMR (CDCI3, 300 MHz) 3 0.46 (d>2 H,
J =9.3 Hz), 2.68 (s, 12 H), 2.79 (s, 3 H), 4.41 (d, 2 H,J=9.3 Hz), 7.51 (d, 8 H,J=7.2 Hz), 8.00
(d, 8 H, J = 6.3 Hz), 8.56 (5, 8 H). “C NMR (CDCI3, 75 MHz) » 21.7, 54.1, 83.3, 109.3, 124.1,
127.6 » 128.6, 131.5, 133.7, 134.2, 137.4, 138.8, 143.1, 153.8. HRMS (FABMS): Calcd for
[C55H43N4IrO]+ : m/z 968.3061. Found: m/z 968.3057. The single crystal for X-way
crystallography was grown from CH2CI2 / CH30H.
(2) Reaction with 4-Bromo-AyV-Dimethylaniline.

(a) Without addition ofPPhj. Ir'*(ttp)(CO)CI (20 mg, 0,022 mmol), K2CO3 (60 mg, 0.43 mmol,
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20 equiv), 4-bromo-A~#-dimethylaniline (4.8 mg, 0.024 mmol, 1.1 equiv), and benzene (2 mL)
were heated at 200 under N2 for 6 hours to give a brown solid of Ir"”(ttp)C6H4(>-NMe2) (8b)
(16.5 mg, 0.017 mmol, 78%). R/= 0.54 (CHzCb/hexane -3:1). 'H NMR (CDCI3, 400 MHz) 3
-2.37 (br, 2 H), -0.74 (br, 2 H) > 1.31 (s, 6 H), 2.65 (s, 12 H), 7.28 (d, 4H, J= 6.4 Hz), 7.29 (br* 4
H), 7.42 (d, 4 H, 7.1 Hz), 7.55 (br, 4 H), 7.81 (br, 8 H). ™C NMR was not shown due to the
broad C signals, resulting in difficulity in characterization. HRMS (FABMS): Calcd for
[C56H46NS5Ir}™: m/z 981.3377. Found: m/z 981.3400. X-ray crystallography of 8b could not be
successfully grown for further characterization.

(b) With addition ofPPhs. Ir'"(ttp)(CO)CI (20.0 mg > 0.022 mmol), K2CO3 (60 mg, 0.43 mmol,
20 equiv), 4-bromo-A/"NiV-Dimethylaniline (4.8 mg, 0.024 mmol), and benzene (2 mL) were heated
at 200 "C under N2 for 6 hours. PPhs (57 mg, 0.22 mmol) was then added under N2 and the
reaction was further heated at 120 for 30 minutes to give a reddish brown solid of
Ir)1(ttp)(PPh3)C6H4(/>NMe2) (8b,) (16.7 mg, 0.013 mmol, 62%). R/= 0.37 (CHsCb/hexane = 2:1).
'H NMR (CDCI3, 300 MHz) S 0.32 (dd, 2 H, = 8.3 Hz, VPH = 5.7 Hz), 1.85 (s, 6 H), 2.66 (s,
12 H), 4.14 (dd, 6 H, Vph = 8.1 Hz, Vhh = 8.1 Hz), 4.30 (d, 2 H, Vhh = 7.5 Hz), 6.56 (t, 6 H, Vhh
=6.9 Hz), 6.86 (t, 3 H, Vhh = 7.2 Hz), 7.43 (d, 4 H, Vhh = 8.4 Hz), 7.46 (d, 4 H, Vhh = 8.7 Hz),
7.65 (d° 4 H, Vhh = 7.5 Hz), 7.84 (d, 4 H, Vhh = 12 Hz), 8.42 (s, 8 H). MCNMR (CDCI3, 75 MHz)
d21.6, 40.5, 109,7 (d, Vpc = 6.8 Hz), 115.0 (d, Vpc = 139 Hz), 122.8, 126.9 (d, Vpc= 7,7 Hz),
127.0, 127.4, 127.7, 128.0, 128.9 (d, Vpc = 24.4 Hz), 131.3 (d, Vpc= 11.0 Hz), 131.6, 133.8, 134.6,
136.8, 139.3 > 142.4, 143.8. HRMS (FABMS): Calcd for [C74HG6IN5PIr]+: m/z 1243.4288. Found:
m/z 1243.4334.

(3) Reaction with 4-Bromo-rer~butylbenzene. Ir"\ttp)(CO)CI (20.0 mg, 0.022 mmol), K2CO3
(60 mg, 0,43 mmol), 4-bromo-/'er?-butylbenzene (5.1 mg, 4.1 /AL, 0.024 mmol), and benzene (2.0
mL) were heated at 200 under N2 for 15 hours to give a deep brown solid of Ir'(ttp)C6H4(p-'Bu)
(8d) (18.5 mg, 0.019 mmol, 86%). R/= 0.51 (CHzCls/hexane =1:1). '"HNMR (CDCI3, 300 MHz)

d0.35 (s, 9H), 0.50 (d, 2H, 8.7 Hz), 2.68 (s, 12 H), 4.73 (d, 2 H, J= 8.4 Hz), 7.51 (d, 8H,7 =
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6.0 Hz), 8.01 (d, 8 H, J= 6.0 Hz), 8.56 (s, 8 H). "C NMR (CDCI3, 75 MHz) S 21.7, 30.7, 326 >
90.5, 120.6, 124.2 > 127.6, 128.1, 131.5, 133.7, 134.2, 137.4 > 138.8, 142.3, 143.2. HRMS (FABMS):
Calcd for [C58H49N4Ir]™: m/z 994.3581. Found: m/z 994.3567.

(4) Reaction with 4-Bromotoluene. Ir'"(ttp)(CO)CI (20.0 mg > 0.022 mmol), K2CO3 (60 mg, 0.43
mmol), 4-bromotoluene (4.1 mg, 0.024 mmol), and benzene (2.0 mL) were heated at 200 under
N2 for 11 hours to give a deep brown solid of Ir"*~(ttp)0?-Tol) (8e) (15.0 mg, 0.016 mmol, 73%). Rf
—0.47 (CHsClz/hexane =1:1). "HNMR (CDCI3, 300 MHz) d 0,48 (d, 2H > J— 8.4 Hz), 1.10 (s, 3
H), 2.68 (s, 12 H), 4.58 (d, 2H, J= 8.4 Hz), 7.51 (d, 8 H, J= 8.1 Hz), 8.01 (d, 8 H, J= 8.1 Hz),
8.57 (s, 8 H). 13c NMR (CDCI3, 75 MHz) S 19.3 > 21.7, 89.8> 124.2, 124.3 > 127.6, 128.6, 129.2,
131.6, 133.8, 134.2, 137.4, 138.8, 143.1. HRMS (FABMS): Calcd for [C55H43N4lIr]+: m/z 952.3111.
Found: m/z 952.3119. The single crystal for X-way crystallography was grown from CH2CI2 /
CH3O0H.

(5) Reaction with I-Bromo-4-(trimethylsilyl)benzene. Ir'"'(ttp)(CO)CI (20.0 mg, 0.022 mmol),
K2CO03 (60 mg, 0.43 mmol), I-bromo-4-(trimetliylsilyl)benzene (5.5 mg, 4.7 //L, 0.024 mmol), and
benzene (2.0 mL) were heated at 200 ~C under N2 for 15 hours to give a deep brown solid of
Ir*~(ttp) C6H4(p-SiMe3) (8f) (17.5 mg, 0.017 mmol, 80%). R/ = 0.50 (CHsCb/hexane =1:1), 'H
NMR (CDCI3, 300 MHz) S-0.56 (s, 9 H) » 055 (d, 2 H, J= 8.1 Hz), 2.68 (s, 12 H), 4.82 (d, 2 H, J
=8.4 Hz), 7.51 (d, 8 H, J= 8.4 Hz), 8.00 (d, 4H, J-6.0 Hz), 8.02 (d>4H, 6.1 Hz) > 858 (s, 8
H). "CNMR (CDCI3, 75 MHz) ~-1.5, 21.7, 97.4, 124.2, 127.6, 128.4, 128.7, 129.7, 131.6 > 133.7
134.2, 137.4, 138.8, 143.1. HRMS (FABMS): Calcd for [C57H49N4Silr]+: m/z 1010.3350. Found:
m/z 1010.3315, The single crystal for X-way crystallography was grown from CHCI3 / EtOH,

(6) Reaction with iV-(4-Bromophenyl)phthalimide. Ir"(ttp)(CO)CI (40.0 mg, 0.043 mmol),
K2CO03 (119 mg, 0.87 mmol), iV-(4-bromophenyl)phthalimide (14.4 mg, 0.048 mmol), and benzene
(4.0 mL) were heated at 200 under N2 for 27 hours to give a deep brown solid of
Ir(ttp) C6H4(/>NPht) (8g) (31.9 mg, 0.029 mmol, 68%). 0.48 (CHsCb/hexane = 2:1). "H

NMR (CDCI3, 300 MHz) d 0.67 (d, 2 H, J = 8.7 Hz), 2.68 (s, 12 H), 4.80 (d, 2 H, 8.7 Hz),
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7.50-7.54 (m, 12 H), 8.01 (d, 4HJ= 6,9 Hz), 8.06 (d, 4 H, J= 6.9 Hz), 8.61 (s, 8 H). C NMR
(CDCI3, 75 MHz) 21,7 > 96.1, 120.6 » 123.1, 124.0, 124.3, 127.5 > 127.7, 129.5, 131.3, 131.6, 133.7 »
134.3, 137.4, 138.7° 143.0, 143.5, 167.0. HRMS (FABMS): Calcd for [C62H44N502Ir]+: m/z
1083.3119. Found: m/z 1083.3126.
(7) Reaction with I-Bromo-4-fluorobenzene. Ir{(ttp)(CO)CI (19.8 mg, 0.021 mmol), K2CO3 (59
mg, 0.43 mmol), 1-bromo-4-fluorobenzene (4.1 mg, 2.6 //L, 0.024 mmol), and benzene (2.0 mL)
were heated at 200 [0 @nder N2 for 20 hours to give a deep brown solid of Ir"~(ttp)C6H4(p-F) (8h)
(20.3 mg, 0.021 mmol, 99%). R/= 0.42 (CHzCWhexane =1:1). 'H NMR (CDCI3, 300 MHz) »
0.44 (dd, 2 H, Vhh=8.7 Hz, Vhf = 6.0 Hz), 2.68 (s > 12 H), 4.54 (dd, 2 H, Vhh=9.0 Hz, Vhf = 9.0
Hz), 7.51 (d, 8 H, 7.8 Hz), 7.97 (d, 4H, 8.0 Hz) » 8.02 (d, 4 H,J= 8.0 Hz), 8.58 (s, 8 H).
[1C NMR (CDCI3, 75 MHz) (5 21.7, 86.7, 110.0 (d, Vcf = 19.6 Hz), 124.1, 127.6, 129.0 (d, Vcf =
6.2 Hz), 131.6, 133.7, 134.2, 137.5, 138.7, 143.0, 158.4 (d, "cf = 236 Hz). HRMS (FABMS):
Calcd for [C54H40N4IrF]+: m/z 956.2861. Found: m/z 956.2855.
(8) Reaction with 1,4-Dibromobenzene. Ir"Vttp)(CO)CI (21.4 mg, 0.023 mmol), K2CO3 (64 mg,
0.46 mmol), 1,4-dibromobenzene (6.0 mg, 0.025 mmol), and benzene (2.0 mL) were heated at 200
under N2 for 36 hours to give a deep brown solid of Ir(ttp)C6H4(/7-Br) (8i) (17.9 mg, 0.018
mmol, 76%). R/= 0.52 (CHaCb/hexane -1:1). "H NMR (CDCI3, 300 MHz) S0.37 (d, 2H,J =
8.7 Hz), 2.68 (s, 12 H), 4.85 (d, 2H,J= 8.4 Hz), 7.52 (d>8 H,J= 7.5 Hz), 7.99 (d, 4 H, J= 6.6
Hz), 8.02 (d » 4H,J= 7.7 Hz), 8.59 (s, 8 H). "C NMR (CDCI3, 75 MHz) d 21.7, 94.1 > 114.5 > 124.0,
126.0, 127.7, 130.6, 131.6, 133.7, 134.2, 137.5, 138.6, 142.9. HRMS (FABMS): Calcd for
[C54H40N4Brlr]+ ([M]+): m/z 1016.2060. Found: m/z 1016.2055.
(9) Reaction with I-Bromo-4-iodobenzene. Ir*Vttp)(CO)CI (21.5 mg, 0.023 mmol), K2CO3 (64
mg, 0.46 mmol), 1-bromo-4-iodobenzene (7.2 mg, 0.026 mmol), and benzene (2.0 mL) were
heated at 200 0 @inder N2 for 19 hours to give a deep brown solid of Ir'(ttp)C6H4(/7-Br) (8i) (20.8
mg > 0.020 mmol, 88%).

(10) Reaction with I-Bromo-4-chlorobenzene. Ir*'(ttp)(CO)CI (20.9 mg, 0.023 mmol), K2CO3
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(62 mg, 0.45 mmol), 1-bromo-4-chlorobenzene (4.8 mg, 0.025 mmol), and benzene (2,0 mL) were
heated at 200 under N2 for 1 day to give a deep brown solid of Ir™(ttp)C6H40-Cl) (8j) (15.9 mg,
0.016 mmol, 72%). R,— 0.45 (CHiCb/hexane =1:1).0 BNMR (CDCI3, 300 MHz) S 0.43 (d, 2 H,
Vhh = 9.0 Hz), 2.68 (s, 12 H), 4.72 (d, 2 H, Vhh = 8.7 Hz), 7.52 (d, 8 H, Vhh = 7.9 Hz), 7.98 (dd,
4 H->Vhh —8.5 Hz, Vhh = 2.4 Hz), 8.01 (dd, 4 H, Vhh —7.9 Hz, Vhh —2.1 Hz), 8.59 (s, 8 H). '~C
NMR (CDCI3, 75 MHz) 321.7, 92.9, 123.2, 124.1, 126.4, 127.7 > 130.0 > 131.6, 133.7 > 134.2, 137.5,
138.7, 143.0. HRMS (FABMS): Calcd for [C54H40NACIIN ([M]+): m/z 972.2565. Found: m/z
972.2563.

(11) Reaction with Methyl 4-Bromobenzoate. Ir"/(ttp)(CO)CI (22.7 mg, 0.025mol), K2CO3 (68
mg, 0.49 mol), methyl 4-bromobenzoate (5.8 mg, 0.027 mmol), and benzene (2.0 mL) were heated
at 2000 c under N2 for 36 hours to give a deep brown solid of Ir'"Vttp)C6H4(p-C02Me) (8k) (20.6
mg, 0.021 mmol, 84%). R/= 0.49 (CHsCh/hexane = 2 : 1). "H NMR (CDCI3, 300 MHz) S 0.57 (d,
2w .3- 75 Hz), 2.68 (s, 12 H), 3.23 (5, 3H), 532 (d"2 v . s - 8.4 Hz), 7.53-7.54 (m > 8 H), 7.97
(d, 4nJ= 8.2 Hz), 8.00 (d, 4 H, J = 8.2 Hz), 8.61 (s, 8 H). '"C NMR (CDCI3, 75 MHz) S 21.7,
50.9, 88.9, 107.2, 121.8 > 123.6, 123,9127.6, 127.7>129.4, 131.6, 133.6, 134.3, 137.5, 138.6, 142.8 -
167.0. HRMS (FABMS): Calcd for [C56H43N402Ir]+ ([Mf): m/z 996.3010. Found: m/z 996.3027.
(12) Reaction with 4-Bromoacetophenone. Ir"[J (ttp)(CO)C(20.0 mg, 0.022 mmol), K2CO3 (60
mg, 0.43 mmol), 4-bromoacetophenone (4.7 mg, 0.024 mmol), and benzene (2.0 mL) were heated
at 200 @nder N2 for 19 hours to give a deep brown solid of Ir'(ttp)C6H4(p-C(0)Me) (81) (17.4
mg, 0.018 mmol, 82%). R/= 036 (CHzCli/hexane =1:1). '"HNMR (CDCI3, 300 MHz) 3 0.62 (d,
2 H,J = 8.4 Hz), 1.55 (s, 3 H), 2.68 (s, 12 H), 5.24 (d, 2H, J= 8.4 Hz), 7.52 (d, 8 1 - J = 8.1 Hz),
7.98 (d, 4 H,J = 8.1 Hz), 8.00 (d, 4 H, J = 7.8 Hz), 8.61 (s, 8 H). ™C NMR (CDCI3, 75 MHz) b
21.7, 24.8, 109.8, 122.5, 123.9, 127.6, 129.4, 131.1, 131.6, 133.6, 134.2, 137.5, 138.6, 142.8, 197.7.
HRMS (FABMS): Calcd for [C56H43N4IrO]" : m/z 980.3061. Found: m/z 980.3050.

(13) Reaction with 4-Bromobenzaldehyde. Ir*~(ttp)(CO)CI (20.0 mg, 0.022 mmol), K2CO3 (60

mg, 0.43 mmol), 4-bromobenzaldehyde (4.4 mg, 0.024 mmol), and benzene (2.0 mL) were heated
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at 200 under N2 for 11 hours to form a brown precipitate. PPhs (57 mg, 0.22 mmol) was then
added under N2 and the reaction was further heated at 120 "C for 30 minutes to give a reddish
brown solid of Ir*\tip)(PPh3)C6H40!1?-CHO) (8m) (16.2 mg, 0.013 mmol, 61%). R/ — 0.64
(CHsCli/hexane =1:1). "H NMR (CDCI3, 300 MHz) S 0.49 (dd, 2 H, Vhh = 8.1 Hz, 5.1
Hz), 2.65 (s, 12 H), 4.09 (dd, 6 H, Vhh= 8.1 Hz, Vph= 8.1 Hz), 5.17 (dd, 2 H,Vhh= 8.4 Hz, Vhh
=1.8 Hz), 6.54 (td, 6 H> Vhh= 7.5 Hz, % h = 1.8 Hz), 6.86 (t, 3 H, ~Jhh = 8.4 Hz), 7.42 (d, 4 H,
Vhh : 7.9 Hz), 7.46 (d-4 H, Vhh = 8.1 Hz), 7.62 (dd, 4 H, Vhh = 7.4 Hz, Vhh = 1.4 Hz), 7.76
(dd, 4 H, Vhh — 7.6 Hz, Vrh = 1.4 Hz), 8.46 (s, 8 H), 8.61 (s, 1H). "C NMR (CDCI3, 100 MHz) S
21.6, 122.8, 124.0 (d, Vpc = 7 Hz), 127.0 (d, Vpc = 8 Hz), 127.1, 127.5, 128.2, 128.4 (d, Vpc = 34
Hz), 128.9, 130.8 (d, Vpc = 11 Hz), 131.8, 133.7, 134.5 > 137.1 » 138.9, 142.2, 142.7 (d, Vpc = 136
Hz), 192.1. HRMS (FABMS): Calcd for [C73H56N4POI]™ ([M]’ m/z 1228.3815. Found: m/z
1228.3857.

(14) Reaction with 4-Bromobenzotrifluoride. Ir"'(ttp)(CO)CI (20.0 mg, 0.022 mmol), K2CO3 (60
mg, 0.43 mmol), 4-bromobenzotrifluoride (5.4 mg, 3.3 //L, 0.024 mmol), and benzene (2 mL)
were heated at 200 under N2 for 1 day to give a deep brown solid of Ir"*~(ttp)C6H40-CF3) (8n)
(15.7 mg, 0.016 mmol, 72%). R/= 0.44 (CHsCb/hexane =1:1). "H NMR (CDCI3, 300 MHz) S
043 (d>2H, 8.7 Hz), 2.68 (s, 12 H)>4.72 (d, 2 H, J= 8.4 Hz), 7.52 (d>8 H, J= 7,8 Hz), 7,99
(d, 4 H,J=6.9 Hz), 8.01 (d, 4H, J= 5.7 Hz), 8.59 (5, 8 H). “\CNMR (CDCI3, 100 MHz) S 21.7,
102.7, 1195 (q > = 3.6 Hz), 122.1 (g, V=31.5 Hz), 124.0, 124.1 (q, 269.7 Hz), 127.6, 127.7 -
129.3, 131.7 » 133.7, 134.2, 137.6, 138.6, 142.9. HRMS (FARMS): Calcd for [CSSHANAArT
([M]+): m/z 1006.2829. Found: m/z 1006.2825.

(15) Reaction with 4-Bromobenzonitrile. Ir*\ttp)(CO)CI (30.0 mg, 0.032 mmol), K2CO3 (90 mg,
0.65 mmol), 4-bromobenzonitrile (6.5 mg, 0.036 mmol), and benzene (3.0 mL) were heated at 200
°C under N2 for 1 day. PPhs (57 mg, 0.22 mmol) was then added and the reaction was further
heated at 120 for 30 minutes to give a reddish brown solid of Ir"~(ttp)(PPh3)C6H4(p-CN) (80)

(24.7 mg, 0.0201 mmol, 62%). R/- 0.64 (CHzCb/hexane =1:1). (H NMR (CDCI3, 300 MHz) S
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0.38 (dd > 2 H, Vhh = 8.3 Hz, Vph = 5.3 Hz,), 2.66 (s, 12 H), 4.08 (dd, 6 H, Vph = 8.4 Hz, ~Jhh =
8.3 Hz), 4.92 (d-2 H, Vhh = 8.0 Hz), 6.54 (t, 6 H, Vhh = 7.6 Hz), 6.87 (t- 3 H, "hh = 7.4 Hz), 7.43
(d, 4 H> Vhh = 7.8 Hz), 7.46 (d, 4 H, Vhh = 8.0 Hz), 7.61 (d>4 H, Vhh= 7.2 Hz), 7.76 (d -4 H,
Vhh= 7.6 Hz), 8.46 (s°8 H). "c NMR (CDCI3, 75 MHz) S 21.6, 102.2, 120.0 - 122.8, 125.9 (d,
Vpc = 6.8 Hz), 127.0 (d, Vpc = 8.0 Hz), 127.2, 127.5>128.2, 128.3 (d, l/pc — 27.5 Hz), 128.9,
130.8 (d, Vpc = 10.8 Hz), 131.9-133.7, 134.5, 137.1, 138.8, 142.1. HRMS (FABMS): Calcd for
[CvsHssNsPIr™ ([M]+): m/z 1225.3819. Found: m/z 1225.3818.

(16) Reaction with 4-Bromo-nitrobenzene. Ir"\ttp)(CO)CI (20.0 mg, 0.022 mmol), K2CO3 (60
mg, 0.43 mmol), 4-bromo-nitrobenzene (4.8 mg, 0.024 mmol), and benzene (2.0 mL) were heated
at 200 under N2 for 6 hours to give an orange-brown solid of Ir"”(ttp)C6H4(p-N02) (8p) (13.4
mg, 0.014 mmol, 63%). Rf= 0.51 (CHsCWhexane = 2:1). NMR (CDCI3, 300 MHz) S0.64 d°
2 H, Vhh = 9.3 Hz), 2.69 (s, 12 H), 5.55 (d, 2H, Vhh = 9.3 Hz), 7.52-7.55 (m, 8 H), 7.97 (dd, 4 H,
Vhh = 7.3 Hz, 4Jhh = 2.3 Hz), 8.02 (dd, 4 H, % h = 7.4 Hz, Vhh = 2.1 Hz), 8.65 (s°8H). ™C NMR
(THF-c/8 , 75 MHz) ~ 21.9, 117.6, 121,7, 124.5, 128.4’ 128.7, 131.8, 132.4, 134.8, 135.3, 138.6,
140.1, 142.5, 143.9. HRMS (FARMS): Calcd for [C54H40N502Ir]+: m/z 983.2806. Found: m/z
983.2791. The single crystal for X-ray crystallography was grown from CH2CI2 / CH30H.

(17) Reaction with 2-Bromonaphthalene. Ir"\ttp)(CO)CI (20.0 mg, 0.022 mmol), K2CO3 (60 mg,
0.43 mmol), 2-bromonaphthalene (4.9 mg, 0.024 mmol), and benzene (2 mL) were heated at 200
o C under N2 for 19 hours to give a deep brown solid of Ir"\ttp)(2-naphthyl) (8qg) (18.1 mg, 0.018
mmol, 85%). 0.46 (CHzC"hexane -1:1). "HNMR (CDCI3, 400 MHz) 0.74 (dd, 1 H > Vhh
— 8.9 Hz, Vhh = 1.7 Hz), 0.92 (s, 1 H), 2.68 (s, 12 H), 5.21 (d, 1 H, Vhh = 9.0 Hz), 6.09 (d, 1 H,
Vhh = 9.0 Hz), 6.50-6.90 (m, 3 H), 7.51 (d, 4 H, Vrh = 7.0 Hz), 7.52 (d>4 H, *hh = 6.9 Hz), 8.01
(d, 4 H, Vhh = 7.9 Hz), 8.03 (d >4 H, Vhh = 7.9 Hz), 858 (s, 8 H). "CNMR (CDCI3, 75 MHz) S
21.7,93.7, 121.1, 122.4, 123.1, 124.1, 125.2, 125.8, 127.2, 127.6, 127.9, 128.5, 129.9, 131.6, 133.7,
134.2, 137.4, 138.8, 143.1. HRMS (FABMS); Calcd for [CssIPNAI]+ ([M]+): m/z 988.3111.

Found: m/z 988.3115.
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(18) Reaction with 3-Bromoanisole. Ir"2(ttp)(CO)CI (19.8 mg, 0.021 mmol), K2CO3 (59 mg, 0.43
mmol), 3-bromoanisole (2.5 mg, 0.024 mmol, 1.7 //L), and benzene (2 mL) were heated at 200, C
under N2 for 17 hours to give a deep brown solid of Ir"\ttp)C6H4(m-OMe) (8u) (17.3 mg, 0.018
mmol, 83%). R/= 0.49 (CHzCWhexane =1:1). "HNMR (CDCI3, 400 MHz) S0.21 (d, 1H, J =
8.3 Hz), 2.59 (s, 3H), 2.61 (s, 1H), 2.68 (s, 12 H) - 460 (t, 1H,J=8.1 Hz),4.82 (dd, 1H, V-7.9
Hz, 1.7 Hz), 752 (d, 8 H, J= 7.0 Hz), 8.01 (d-8 H, J= 7.7 Hz), 859 (s, 8 H). ™C NMR
(CDCI3, 100 MHZz) 3 21.7, 53.8, 96.2, 107.0, 113.5-121.7, 123.1, 124.1, 127.61, 127.64, 131.6,
133.9, 134.1, 137.4 - 138.8, 143.1, 153.0.HRMS (FARMS): Calcd for [C55H43N40Ir]+ ([M]+): m/z
968.3061. Found: m/z 968.3042.
(19) Reaction with 3-Bromotoluene. Ir"A(ttp)(CO)CI (19.4 mg, 0.021 mmol), K2CO3 (58 mg, 0.42
mmol), 3-bromotoluene (4.0 mg, 0,023 mmol, 2.8 juL), and benzene (2 mL) were heated at 200, C
under N2 for 14 hours to give a deep brown solid of Ir"~(ttp)(w-Tol) (8v) (17.0 mg, 0.018 mmol,
85%). R/= 0.49 (CH2CI2/hexane =1:1). "HNMR (CDCI3, 400 MHz) $ 0.31 (s, 1H), 0.42 (d - 1 H,
J= 8.3 Hz), 0.86 (s, 3 H), 2.68 (s, 12 H), 4.60 (t- 1 H, J= 8.0 Hz), 5.04 (d, 1 H, 7.1 Hz) >
7.50-7.53 (m, 8 H), 801 (d, 8 82 Hz), 857 (s, 8H). "C NMR (CDCI3, 100 MHz) 3 20.1,
21.7,94.5, 121.2, 122.7, 124.2, 125.9, 127.6 - 129.8, 131.5, 131.9, 133.7, 134.2 > 137.4, 138.9, 143.1.
HRMS (FABMS): Calcd for [C55H43N4Ir]+ ([M]+): m/z 952.3111. Found: m/z 952.3100.
(20) Reaction with 3-Bromo-nitrobenzene. Ir"?(ttp)(CO)CI (19.6 mg, 0,021 mmol), K2CO3 (59
mg, 0.42 mmol), 3-bromo-nitrobenzene (4.7 mg, 0.023 mmol), and benzene (2 mL) were heated at
200 under N2 for 16 hours to give a deep brown solid of Ir"~(ttp) C6H4(m-N02) (8w) (17.5 mg >
0.018 mmol, 84%), R/— 0.51 (CHzCb/hexane =1:1). "HNMR (CDCI3, 400 MHz) d 0.80 (d, 1 H,
8.2 Hz), 1.29 (t, 1H, V= 18 Hz), 2.69 (s, 12 H), 4.83 (t, 1H, V= 8.1 Hz), 6.09 (dd, 1H, V =
80Hz, V= 18Hz), 754 (d, 8H,J 7.7 Hz), 8.03 (d, 4 H, J= 6.9 Hz), 8.05 (d-4 H, J= 7.6 Hz),
8.64 (s, 8 H). 13c NMR (CDCI3, 100 MHz) 21.7, 96.5, 115.4, 123.2, 123.4, 124.0, 127.6, 127.8
131.7, 133.6, 134.3, 135.9>137.6, 138.5, 1424, 1428. HRMS (FARMS): Calcd for

[C54H40N502Ir]+ ([M]+): m/z 983.2806. Found: m/z 983.2803.
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Scope of Base-Promoted Ary! C-l Cleavage: Reactions of Various 4-Substituted Aryl
Bromides (1.1 equiv) with Ir"”(ttp)(CO)CI and NaOH (20 equiv)

The experimental procedure of the reaction Ir*"(ttp)(CO)CI with 4-iodoanisole (1.1 equiv) and
NaOH (20 equiv) at 150 "C was described as a typical example.
(1) Reaction with 4-lodoanisole. Ir"Vttp)(CO)CI (10.0 mg, 0.011 mmol), NaOH (8.7 mg - 0.22
mmol), 4-iodoanisole (2.8 mg, 0.012 mmol), and benzene (1 mL) were degassed for three
freeze-pump-thaw cycles in a Teflon screw capped tube. The reaction was then heated at 150
under N2 for 20 hours. The crude product was purified by column chromatography over alumina
eliited with CH2CI2/hexane (1 ;2) to give Ir"*”(ttp) C6H4(i!?-OMe) (8¢) (9.3 mg, 0.010 mmol, 89%).
(2) Reaction with 4-lodotoluene. Ir"Vttp)(CO)CI (10,1 mg, 0.011 mmol), NaOH (8.7 mg, 0.22
mmol), 4-iodotoluene (2.6 mg, 0.012 mmol), and benzene (2 mL) were heated at 200, C under N2
for 17 hours to give Ir'"'(ttp)(p-Tol) (8e) (8.7 mg, 0.0009 mmol, 84%).
(3) Reaction with |-Fluoro-4-iodobenzene. tf'(ttp)(CO)CI (9.8 mg, 0.011 mmol), NaOH (8.5 mg,
0.21 mmol), 1 -fluoro-4-iodobenzene (2.6 mg, 1.4 //L, 0.012 mmol), and benzene (2 mL) were
heated at 150, C under N2 for 1 day to give Ir'(ttp)C6H4(p-F) (8h) (9.7 mg, 0.010 mmol, 96%).
(4) Reaction with |I-Bromo-4-iodobenzene. Ir"\ttp)(CO)CI (10.1 mg, 0.011 mmol), NaOH (8.7
mg, 0.22 mmol), 1-bromo-4-iodobenzene (3.4 mg, 0.012 mmol), and benzene (2 mL) were heated
at 150, C under N2 for 12 hours to give deep brown solids of Ir*\ttp)C6H4(p-Br) (8i) (8.6 mg,
0.008 mmol, 77%), Ir > ttp)C6H4(/>I) (8r) (0.4 mg, 0.0004 mmol, 3%), and Ir"A(ttp)(p-C6H4)Ir"(ttp)
(9a) (1% > NMR vyield). The 3 products were isolated in a single fraction and their ratio was
estimated from their pyrrole proton signal ratio in the mixed products by "H NMR spectroscopy.
Characterization of Ir"~(ttp)C6H4(/7-1) (8r): 0.50 (CHiCWhexane =1:1). NMR (CDCI3,
300 MHz) 60.23 (d > 2H, 8.7 Hz), 2.68 (s, 12 H), 4.98 (d, 2 H » 8.4 Hz), 7.52 (d, 8H,J =
7.8 Hz), 7.99 (d, 8H, J=6.6 Hz), 859 (s, 8H). "c NMR (CDCI3, 100 MHz) 3 21.7, 85,4, 98.9,

123.7, 127.6, 131.2, 131.5, 133.7, 134.3, 137.4, 138.7, 142.7. HRMS (FABMS): Calcd for
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[C54HAGNAIIr]+: m/z 1064.1921. Found: m/z 1064.1927.

(5) Reaction with 1,4-Diiodobenzene. Ir*~(ttp)(CO)CI (9.1 mg, 0.010 mmol), NaOH (7.9 mg, 0.20
mmol), 1,4-diiodobenzene (3.6 mg, 0.011 mmol), and benzene (1 mL) were heated at 200 [J @nder
N2 for 9 hours to give Ir]l(ttp)C6H4(p-1) (8r) (9.4 mg, 0.009 mmol, 90%) and
Ir'(ttp)(p-C6H4A)Ir" (ttp) (9a) (0.5 mg, 0.0002 mmol, 3%).

(6) Reaction with 4-lodo-acetophenone. Ir"A(ttp)(CO)CI (9.3 mg, 0.010 mmol), NaOH (8.0 mg,
0.20 mmol), 4-iodo-acetophenone (2.7 mg, 0.011 mmol), and benzene (1 mL) were heated at 200
o C under N2 for 12 hours to give Ir"(ttp)C6H4(;?-(CO)Me) (81) (8.0 mg, 0.008 mmol, 81%).

(7) Reaction with 4-lodo-iiitrobenzene. Ir"'(ttp)(CO)CI (10.1 mg, 0.011 mmol), NaOH (8.7 mg,
0.22 mmol), 4-iodo-nitrobenzene (3 mg, 0.012 mmol), and benzene (2 mL) were heated at 200 °C

under Ni for 15 hours to give Ir''(ttp)C6H4(p-N02) (8p) (10.5 mg, 0.011 mmol, 98%).

Scope of Base-Promoted Aryl C-CI Cleavage: Reactions of 4-Substituted Aryl Chlorides (200
equiv) with Ir"~(ttp)(CO)CI and K2CO3 (20 equiv)

The experimental procedure of the reaction Ir"\ttp)(CO)CI with 4-chloroanisole (200 equiv) and
K2CO3 (20 equiv) at 150  was described as a typical example.
(1) Reaction with 4-Chloroanisole. Ir''(ttp)(CO)CI (9,6 mg, 0.010 mmol), K2CO3 (29 mg, 0.21
mmol, 20 equiv), 4-chloroanisole (296 mg, 254 //L, 2.1 mmol), and benzene (1 mL) were degassed
for three freeze-pump-thaw cycles in a Teflon screw capped tube. The reaction was then heated at
150 °C under N2 for 36 hours. The crude product was purified by column chromatography over
alumina eluted with CHaCli/hexane (1:2) to give Ir"~(ttp)C6H4(p-OMe) (8c) (7.6 mg, 0.008 mmol,
76%) and Ir"(ttp) CH3" (10) (0.3 mg, 0.0003 mmol, 3%).
(2) Reaction with 4-Chlorotoluene. Ir"\ttp)(CO)CI (9.5 mg, 0.010 mmol), K2CO3 (28 mg, 0.21
mmol, 20 equiv), 4-chlorotoluene (260 mg, 243 "uL, 2.1 mmol, 200 equiv), and benzene (1 mL)
were heated at 150 (] @nder N2 for 36 hours to give deep brown solids of Ir'(ttp)(j7-Tol) (8e) (3.1

mg, 0.003 mmol, 32%), Ir"(ttp)Bn(p-Cl) (11) (1.8 mg, 0.002 mmol, 18%), and Ir"~(ttp)CH3 (0.3
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mg, 0.0003 mmol, 3%). Characterization of Ir"*(ttp)Bn(p-Cl) (11): R/= 0.67 (CHsCVhexane =
1 :1). 1h NMR (CDCI3, 300 MHz) 3-4.02 (s, 2 H), 2.69 (s, 12 H), 3.04 (d, 2H, J= 8.4 Hz), 5.84
(d, 2RJ= 8.4 Hz), 753 (d, 4 H, 7.8 Hz), 7.55 (d> 4 H, J= 8.1 Hz), 7.94 (d, 4 H, J= 7.5 Hz),
8.02 (d, 4 H-J — 7.8 Hz), 8.49 (d, 8 H). ™C NMR (CDCI3, 75 MHz) d -15.7, 21.7, 124.1’ 125.3,
126.2, 127,7, 131.4, 133.7, 133.9, 137.3, 138.8, 140.3, 143.2. HRMS (FABMS): Calcd for
[C55H42NACIIr+ ([M]+): m/z 986.2722. Found: m/z 986.2730.

(3) Reaction with [-Chloro-4-fluorobenzene. Ir"Vttp)(CO)CI (10.4 mg, 0.011 mmol), K2CO3 (31
mg, 0.23 mmol, 20 equiv), 1-chloro-4-fluorobenzene (294 mg, 240 //L, 2.3 mmol), and benzene (1
mL) were heated at 150 °C under N2 for 36 hours to give Ir"'(ttp)C6H4(p-F) (8h) (7.2 mg, 0.008
mmol, 67%).

(4) Reaction with 1,4-Dichlorobenzene. Ir*~(ttp)(CO)CI (10.7 mg, 0.012 mmol), K2CO3 (32 mg,
0.23 mmol, 20 equiv), 1,4-dichlorobenzene (340 mg, 2.3 mmol), and benzene (1 mL) were heated
at 150 "C under N2 for 3.5 days to give Ir"'(ttp)C6H4(p-Cl) (8j) (11,2 mg, 0.012 mmol, 100%).

(5) Reaction with Methyl 4-Chlorobenzoate. Ir'"(ttp)(CO)Cl (10.2 mg, 0.011 mmol), K2COs3
(30.5 mg, 0,22 mmol, 20 equiv), methyl 4-chlorobenzoate (376 mg, 2.2 mmol), and benzene (1 mL)
were heated at 150 ] @nder N2 for 46 hours to give Ir"'(ttp)C6H4(p-C(0)Me) (8k) (7,7 mg, 0.008
mmol, 70%) and Ir"\ttp)CH3 (0.3 mg, 0.0003 mmol, 3%).

(6) Reaction with 4-Chlorobenzaldehyde. Ir"/(ttp)(CO)CI (10.8 mg, 0.012 mmol), K2COs3 (32 mg,
0.023 mmol, 20 equiv), 4-chlorobenzaldehyde (328 mg, 2.3 mmol), and benzene (1 mL) were
heated at 150 under N2 for 22 hours. PPhs (30.6 mg, 0.12, 10 equiv) was then added under N2
and the reaction was further heated at 1200 Gor 1 hour to give Ir"(ttp)(PPh3)C6H4(p-CHO) (8m)
(9.9 mg, 0.008 mmol, 69%) and Ir"A(ttp)(PPh3)(C(0)C6H4(p-Cl)) (12) (<1%).

(7) Reaction with 4-Chlorobenzotrifluoride. Ir*(ttp)(CO)CI (10.6 mg, 0.011 mmol), K2CO3 (33
mg, 0.23 mmol, 20 equiv), 4-chlorobenzotrifluoride (414 mg, 2.3 mmol), and benzene (1 mL) were
heated at 150 ] @nder N2 for 7 days to give Ir(ttp)C6H40-CF3) (8n) (7.9 mg, 0.008 mmol, 68%).

(8) Reaction with 4-Chlorobenzon!trile. I"\(ttp)(CO)CI (10.6 mg, 0.011 mmol), K2CO3 (32 mg -
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0.23 mmol, 20 equiv), 4-chlorobenzonitrile (315.6 mg, 2.3 mmol, 200 equiv), and benzene (1 mL)
were heated at 150 "C under N2 for 1day. PPhs (30.1 mg, 0.11, 10 equiv) was then added under N2
and the reaction was further heated at 120  for 1 hour. The crude product was purified by column
chromatography over alumina eluted with CHbCls/hexane (1:2) to give Ir*'(ttp)(PPh3)C6H4(p-CN)

(80) (7.3 mg, 0.006 mmol, 52%).

Preparations of 1,4-Di-Iridium-Porphyrin Substituted Benzene [Ir"(ttp)(/?-C6H4)Ir""'(ttp)j
(9a)
(A) From 1,4-Diiodobenzene

(1) Conversion of 1,4-Diiodobenzene to Ir"\ttp)C6H409-1). Ir"A(ttp)(CO)CI (50.0 mg, 0.054
mmol), K2CO3 (149 mg, 1.08 mmol, 20 equiv), 1,4-diiodobenzene (178.4 mg, 0.54 mmol, 10
equiv), and benzene (4 mL) were heated at 200 °C under N2 for 11 hours. The crude product was
purified by column chromatography over alumina eluted with CHiCla/hexane (1:2) to give
Ir"(ttp) C6H4(p-1) (8r) (53.2 mg, 0.050 mmol, 92%).

(2) Conversion of Ir"'(ttp)C6H4(/?-1) to Ir"~(ttp)(/?-C6H4)Ir"~(ttp). Ir"Vitp)C6H4(p-1) (50.0 mg,
0.047 mmol), K2C03(130 mg, 0.94 mmol, 20 equiv), Ir"'(ttp)(CO)CI (48.1 mg, 0.052 mmol, 1.1
equiv), and benzene (3 mL) were heated at 200 under N2 for 24 hours. The crude product was
purified by column chromatography over alumina eluted with CEbCla/hexane (1:1) to give
Ir''(ttp)(p-C6H4)Ir'"(ttp) (9a) (65.9 mg, 0.037 mmol, 78%).

(B) From 1,4-Dibromobenzene: Conversion of Ir"\ttp)C6H4(/7-Br) to
Ir"~(ttp)O[7-C6H4)Ir"\ttp). Ir'"'(ttp)C6H40-Br) (prepared from the reaction of Ir"\ttp)(CO)CI with
1,4-dibromobenzene (1.1 equiv) and K2CO3) (50 mg, 0.049 mmol), K2C03(136 mg, 0.98 mmol,
20 equiv), Ir"~(ttp)(CO)CI (49.8 mg, 0.054 mmol, 1.1 equiv), and benzene (3 mL) were heated at

200  under N2 for 14 hours to give Ir™"(ttp)(p-C6H4)Ir"\ttp) (9a) (54.2 mg, 0,029 mmol, 59%).

Preparations of 4,4'-Di-Iridium-Porphyrin Substituted Biphenyl [Ir"\ttp)(/7-C6H4)2lr"\ttp)]
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(9b)
(A) From 4,4'-Diiodobiphenyl

(1) Conversion of 4,4'-Diiodobiphenyl to Ir'i(ttp)(/7-C6H4)2...-1). Ir"(ttp)(CO)CI (50.0 mg,
0.054 mmol), K2C03(149 mg, 1.08 mmol, 20 equiv), 4,4'-diiodobiphenyl (107 mg, 0.32 mmoi - 6
equiv), and benzene (3 mL) were heated at 200 "C under N2 for 24 hours. The crude product was
purified by column chromatography over alumina eluted with CHiCli/hexane (1:2) to give a deep
brown solid of Ir'(ttp)(p-C6H4)2(p-1) (8s) (46.8 mg, 0.041 mmol, 76%). R/= 0.57 (CHiCli/hexane
=2:1). '"HNMR (CDCI3, 300 MHz) S 0,63 (d, 2H,J= 8.4 Hz), 2.68 (s, 12 H) » 495 (d, 2H, J =
8.7 Hz), 6.28 (d, 2 H, J= 8.4 Hz), 7.14 (d, 2 H, J= 8.4 Hz),7.51(d, 4H » 6.9 Hz), 753 (d,4H"

6.9 Hz), 8.01 (d,8H, 7.5 Hz), 8.60 (s, 8 H). “CNMR of Ir(ttp)(p-C6H4)2(p-I) could not
be obtained due to its poor solubility in CDCI3 and THF-p . HUMS (FABMS): Calcd for
[C60H44N4II+ ([M]+): m/z 1140.2234. Found: m/z 1140.2277.

(2) Conversion of Irm(ttp)(p-QH4)2(p-1) to Ir*"(ttp)0-C6H4)2Ir"\ttp). Ir”(ttp)(p-C6H4)2(p-1)
(50 mg, 0.044 mmol), K2CO3 (121 mg, 0.88 mmol, 20 equiv), Ir"*(ttp)(CO)CI (44.7 mg, 0.048
mmol, 1.1 equiv), and benzene (3 mL) were heated at 200 "C under N2 for 19 hours. The crude
product was purified by column chromatography over alumina eluted with CH2CI2/hexane (1:1) to
give a deep brown solid of Ir"\ttp)(p-C6H4)2Ir"\ttp) (9b) (58.4 mg, 0.031 mmol, 71%). R/= 0.51
(CH2CI2/hexane = 2:1). NMR (CDCI3, 300 MHz) d 0.06 (d, 4H, J - 87 Hz), 2.62 (S, 24 H) >
3.93 (d,4H, /= 8.7Hz), 7.38 (d, 8H > J= 7.7 Hz), 7.43 (d, 8H, J= 7.6 Hz), 7.74 (d, 8H,J= 7.7
Hz), 789 d> 8 H, 7.6 Hz), 8.39 (s, 16 H). MC NMR (CDCI3, 75 MHz) ~ 21.6, 92.8, 120,2,
123.9, 127.5, 128.3, 131.3, 133.5, 134.1, 137.2> 138.7 > 142.9, 143.5. HRMS (FABMS): Calcd for
[Cio7i3CH80NS8I93lIrigiir]+ : m/z 1873.5769. Found: m/z 1873.5778. The single crystal for X-way

crystallography was grown from CHCI3 / MeOH.

(B) From 4,4'-Dibromobiphenyl

(i) Sequential Synthesis.
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(1) Conversion of 4,4 Dibromobiphenyl to Ir"Vttp)(p-C6H4)2(/7-Br). Ir"~(ttp)(CO)CI (50.0
mg, 0.054 mmol), IC2CO3 (149 mg, 1.08 mmol, 20 equiv), 4,4'-dibromobiphenyl (127 mg, 0.54
mmol, 10 equiv), and benzene (3 mL) were heated at 200 °C for 15 hours to give a deep brown
solid oflr"'(ttp)(p-C6H4)2(p-Br) (8t) (43.1 mg, 0.039 mmol, 73%). R/= 0.45 (CHaCb/hexane = 1:
1). 1h NMR (CDCI3, 300 MHz) S0.63 (d,2H, 8.7 Hz),2.68 (s, 12 H), 495 d>2RJ= 87
Hz), 6.41 (d, 2H, J= 8.7 Hz), 6.96 (d-2 H,J= 8.7 Hz), 7.51 (d, 4H, J= 6.6 Hz), 753 (d,4 H,J =
6.6 Hz), 8.02 (d, 8 H, J= 7.5 Hz), 8.60 (s, 8 H). C NMR (CDCI3, 75 MHz) d 21.7, 96.8, 119.6,
1215, 124.1, 127.1, 127.6, 129.5, 131.0, 131.2, 131.6, 133.7, 134.2, 137.5, 138.7, 139.3, 143.1.
HRMS (FABMS): Calcd for [C60H44N4BrIr]* ([M]+): m/z 1092.2373. Found: m/z 1092.2369.

(2) Conversion of I'r (1)(ttp)(/7-C6H4)2(p-Br) to Irm(ttp)(/7-C6H4)2Iri"(ttp).
Ir(1)(ttp)(p-C6H4)2(/>Br) (50.0 mg, 0.046 mmol), K2CO3 (126 mg, 0.91 mmol, 20 equiv),
Ir(1)(ttp)(CO)CI (46.8 mg, 0.051 mmol, 1.1 equiv), and benzene (3 mL) were heated at 200, C
under N2 for 36 hours to give Ir"?(ttp)(p-C6H4)2Ir"'(ttp) (9b) (64.3 mg, 0.034 mmol, 75%).

(i) 1-Pot Synthesis. 4,4'-Dibromobiphenyl (5.3 mg, 0.017 mmol), Ir"Vttp)(CO)CI (55 mg > 0.059
mmol, 3.5 equiv), K2CO3 (94 mg, 0.68 mmol, 40 equiv), and benzene (2.0 mL) were heated at 200

o C under N2 for 3 days to give Ir"'(ttp)0-C6H4)2Ir"\ttp) (9b) (13.7 mg, 0.007 mmol, 43%),

Monitoring the Intermediates in Base-Promoted Ar-X Cleavages by Ir"~(ttp)(CO)CI.

The experimental procedure of the reaction of Ir"~(ttp)(CO)CI with PhBr (1.1 equiv) and K2CO3
(20 equiv) in sealed NMR tube was described as an typical example.

(A) Reaction with PhBr (1.1 equiv).

(i) Addition of K2COs3. Ir*Vttp)(CO)CI (4.7 mg, 0.005 mmol), K2CO3 (14 mg, 0.10 mmol, 20
equiv), PhBr (0.9 mg, 0.60 juL, 0.006 mmol, 1.1 equiv), and benzene-t/e (0.5 mL) were degassed
for three freeze-pump-thaw cycles in a Telfon screw capped NMR tube and then flame-sealed
under vacuum. The reaction was then heated at 200 and the course of the reaction was

monitored by “H NMR spectroscopy. li - JI[(ttp)(CO)CI was gradually consumed in 10 days to form
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Ir"i(ttp)Ph in 94% NMR yield without the observations of the intermediates of and
[Ir'(ttp)]2. The yield was estimated using the residual benzene's protons as the internal standard.

(i) Addition of CS2CQOa3. Ir"~(ttp)(CO)CI (4.5 mg, 0.005 mmol), CS2CO3 (32 mg, 0.10 mmol, 20
equiv), PhBr (0.8 mg, 0.6 ~L, 0.005 mmol, 1.1 equiv), and benzene-"ie (0.5 mL) were heated at 150

in a sealed NMR tube, and the course of the reaction was monitored by "H NMR spectroscopy.
Ir"i(ttp)H and [Ir"(ttp)]2 were observed as intermediates after 3 hours in the course of reaction.
Ir'"(ttp)(CO)CI was gradually consumed after 60 hours to form Ir(1)(ttp)Ph quantitatively (NMR
yield) (Table 3.31).
(B) Reaction with Phi (1.1 equiv) and KOH. Ir*'(ttp)(CO)CI (5.0 mg, 0.005 mmol), KOH (6.1
mg, 0.11 mmol, 20 equiv), Phi (1.2 mg, 0.7 0.006 mmol, 1.1 equiv), and benzene-t; » (0.5 mL)
were heated at 120 "C in a sealed NMR tube, and the course of the reaction was monitored by "H
NMR spectroscopy. Ir"'(ttp)H and [IrM(ttp)]2 were observed as intermediates in the course of
reaction. Ir'"(ttp)(CO)CI was gradually consumed after 38 hours to form Ir"\ttp)Ph quantitatively
(NMR yield) (Table 3.32).
(C) Reaction with PhCI (50 quiv) and CS2COs3. Ir"~(ttp)(CO)CI (4.3 mg, 0.005 mmol), CS2CO3
(30 mg, 0.09 mmol, 20 equiv), PhCI (26 mg, 24 juL’ 0.23 mmol, 50 equiv), and benzene-(i6 (0.5 mL)
were heated at 150 in a sealed NMR tube, and the course of the reaction was monitored by "H
NMR spectroscopy. and [lrii(ttp)]2 were observed as intermediates in the course of

reaction. After 18 days, the reaction was incomplete as unreacted Ir"'(ttp)H was still observed. The
reaction was further heated at 200, C in 60 hours to form Ir'(ttp)Ph, Ir™(ttp)(/?-C6H4)Ir"Vttp), and
Ir(1)(ttp)CH3 in 71%, 6%, and 4% NMR yields, respectively (Table 3.33). It is noted that PhCI in

50 equiv was used instead of the optimal amount of 200 equiv to avoid the proton signals of excess

PhCI from overlapping and weakening that from the iridium porphyrin species.

Relative Reactivity of Possible Iridium Porphyrin Intermediates in Ar-X Cleavages.
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(A) Cleavage of Ph-Br (1.1 equiv)

The experimental procedures of the reactions of Ir'(ttp)"[K(18-crown-6)]* (4b), Ir'(ttp)H (2a),
and [Ir"(ttp)]2 (3) with PhBr (1.1 equiv) in benzene-<"6 were described as typical examples.
(i) Reaction with Ir*(ttp)". Ir"~(ttp)H (4.8 mg, 0.006 mmol), KOH (3.1 mg, 0.06 mmol, 10 equiv),
18-crown-6 ether (4.4 mg, 0.017 mmol, 3 equiv), and THF (0.5 mL) were degassed for three
freeze-pump-thaw cycles in a Teflon screw capped NMR tube. The reaction mixture was covered
by aluminum foil and heated at 150 under N2 in 45 minutes to yield Ir*(ttp)'[K(I8-crown-6)]*
quantitatively. The solvent was dried under vacuum, and PhBr (1.0 mg, 0.6 juL, 0.006 mmol, 1.1
equiv), and benzene-tie (0.5 mL) were added under N2. The reaction mixture was further degassed
for three freeze-pump-thaw cycles and then flame-sealed under vacuum. The reaction mixture was
heated at 200 and the reaction was monitored by "H NMR spectroscopy. After 2 days,
Ir'(ttp)Ph was formed in 27% NMR yield and unreacted Ir(ttp)" was recovered in 43% NMR vyield
using the residual benzene proton as an internal standard. After 14 days, all
Iri(ttp)-[K(18-crown-6)]+ was consumed to give Ir"(ttp)Ph. The crude product was purified by
column chromatography using alumina eluted with CH2CI2 / hexane (1:2) to give Ir"'(ttp)Ph (2.0
mg, 0.002 mmol, 38%).
(i) Reaction with Ir'"(ttp)H. Ir'(ttp)H (6.0 mg, 0.007 mmol), PhBr (1.2 mg, 0,8 juL, 0.008 mmol,
1.1 equiv), and benzene-<i6 (0.6 mL) were degassed for three freeze-pump-thaw cycles in a Teflon
screw capped NMR tube and then flame-sealed under vacuum. The reaction mixture was heated at
200 "C, and the reaction was monitored by 'H NMR spectroscopy. After 14 hours, all Ir"'(ttp)H
was consumed to form Ir(1)(ttp)Ph and Ir"'(ttp)Br (Figure 3.9(a)). The crude product was purified
by column chromatography using alumina eluted with CH2CI2 | hexane (1:2) to give Ir*'(ttp)Ph
(2.0 mg, 0.002 mmol, 31%). Ir"\ttp)Br was formed in 7% NMR yield estimated by using the
isolated yield of Ir''(ttp)Ph and the porphyrin's pyrrole proton ratio of Ir"Vttp)Ph : Ir"”(ttp)Br
((M(pyrrole) = 8.91-8.95 ppm) (-4.4 : 1) in the crude "HNMR spectroscopy. Attempted isolation of

Ir()(ttp)Br using CH2CI2 / hexane (2:1) as an eluent was unsuccessful due to the partial
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decomposition of Ir'"(ttp)Br to form unknown species. The characterizations of Ir"\ttp)Br by ~H
and “C NMR spectroscopies could not be successfully obtained. Only HRMS analysis could be
used to identifty Ir"(ttp)Br. HRMS (FABMS) of Ir"A(ttp)Br (Ici): Calcd for [C48H36N4Brir]+
([M]+): m/z 940.1747. Found: m/z 940.1765.

(iii) Reaction with [Ir"(ttp)]2. Ir"~(ttp)H (5.7 mg, 0.007 mmol) and benzene (0.5 mL) were
degassed for three freeze-pump-thaw cycles in a Teflon screw capped NMR tube.
2,2,6,6-Tetramethylpiperidinooxy (TEMPO) (1.1 mg, 0.007 mmol, 1.1 equiv) was added into the
tube under N2 to form [Ir"(itp)]2 quantitatively. The solvent - unreacted TEMPO, and TEMPOH
co-product were removed under vacuum. PhBr (1.1 mg, 0.8 juL, 0.007 mmol, 1.1 equiv) and
benzene-t/6 (0.6 mL) were then added into the tube under N2, and the reaction mixture was further
degassed for three freeze-pump-thaw cycles in the tube and then flame-sealed under vacuum. The
reaction mixture was heated at 200 *C, and the reaction was monitored by 'H NMR spectroscopy.
After 2 minutes, all [Ir"(ttp)]2 were consumed to form Ir" | (ttp)Ph and Ir*'(ttp)Br (Figure 3.9(b)).
The crude product was purified by column chromatography using alumina eluted with CH2Cl2 /
hexane (1:2) to give Ir"Vttp)Ph (2.1 mg, 0.002 mmol, 34%). Ir"\ttp)Br was formed in 32% NMR
yield its yield was estimated by using the isolated yield of Ir"A(ttp)Ph and the porphyrin's pyrrole
proton ratio of Ir"'(ttp)Ph : Ir"~(ttp)Br (-1.06 : 1) in the crude "H NMR spectroscopy. Attempted
isolation of Ir*~(ttp)Br using CH2Cl2 / hexane (2:1) as an eluent was unsuccessful due to the partial

decomposition of Ir*"(ttp)Br to form unknown species.

(B) Cleavage ofPh-I

(i) Reaction with Ir*(ttp)". Ir*(ttp)'[K( 18-crown-6)]" was prepared quantitatively from the reaction
oflr'"(ttp)H (4.7 mg, 0.005 mmol) with KOH (3.1 mg, 0.05 mmol. 10 equiv) and 18-crown-6 ether
(4.3 mg, 0.016 mmol, 3 equiv) in THF (0.5 mL) at 150 "C for 45 minutes in a Telfon-screw capped
NMR tube. THF was then dried, and Phi (1.2 mg, 0.7 //L, 0.006 mmol) and benzene-*4 (0.5 mL)

were added under N2. The reaction mixture in a sealed NMR tube was heated under vacuum at 200
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o G After 20 days, all Ir'(ttp)-[K(18-crown-6)]* was consumed to yield Ir"~(ttp)Ph (1.3 mg, 0.001
mmol, 25%) by column chromatography and unreacted Ir'(ttp)' was recovered in 15% NMR vyield.
(i) Reaction with Ir'"(ttp)H. Ir(1)(ttp)H (5.7 mg, 0.007 mmol), Phi (1.5 mg, 0.8 //L, 0.007 mmol,
1.1 equiv), and benzene-(i6 (0.6 mL) were heated in a sealed NMR tube under vacuum at 200
and the reaction was monitored by “H NMR spectroscopy. Afte 15 minutes, all Ir*"(ttp)H was
consumed to form Ir'(ttp)Ph and Ir"\ttp)l (Xpyrrole) = 8.92 ppm) (Figure 3.10(a)). Ir"~(ttp)Ph
(2.1 mg, 0.002 mmol, 34%) was isolated by column chromatography with alumina using
CH2ClI2/hexane (1:2) as the eluent. The yield of Ir'"(ttp)l (19%, NMR vyield) was estimated by
using the yield of Ir*~(ttp)Ph and the ratio of Ir"~(ttp)Ph : Ir"A(ttp)l (—1.8 : 1) by "H NMR
spectroscopy. Attempted isolation of Ir'"(ttp)l using CH2CI2 / hexane (2:1) as an eluent was
unsuccessful due to the partial decomposition of Ir"\ttp)Br to form unknown species. The
characterization of IrJI[(ttp)l by "H and '"C NMR spectroscopies could not be successfully obtained,
and only HRMS could be adopted. HRMS (FABMS) oflr"\ttp)l (Idj) : Calcd for [C48H36NA4lIr]+
([M]+): m/z 988.1608. Found: m/z 988.1611.
(iii) Reaction with [Ir"(ttp)]2. |Mrii(ttp)]2 was prepared quantitatively from the reaction of
Ir"'(ttp)H (5.9 mg, 0.007 mmol) with tetramethylpiperidinooxy (TEMPO) (1.2 mg, 0.008 mmol, 1.
equiv) in benzene (0.5 mL) in a Teflon screw capped NMR tube. The solvent was removed under
vacuum, and Phi (1.5 mg, 0.8 //L, 0.008 mmol, 1.1 equiv) and benzene-tis (0.6 mL) were then
added into the tube. The reaction mixture was heated in a sealed NMR tube under vacuum at 200
and the reaction was monitored by "H NMR spectroscopy. After 1 minute, all [Ir'"*(ttp)]2 were
consumed to form Ir'(ttp)Ph (2.4 mg, 0.003 mmol, 37%) and Ir"'(ttp)l (36%  NMR vyield) (Figure
3.10(b)). Attempted isolation of Ir* ttp)! was unsuccessful due to the partial decomposition of

Ir...(ttp)I to form unknown species.

(C) Cleavage ofPh-CIl (50 equiv)

(i) Reaction with Ir(ttp)'. Ir'(ttp)'[K(I 8-crown-6)]" was prepared quantitatively from the reaction
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oflr'"(ttp)H (4,6 mg, 0.005 mmol) with KOH (3.0 mg, 0.05 mmol, 10 eqiiiv) and 18-crown-6 ether
(4.3 mg, 0.016 mmol, 3 equiv) in THF (0.5 mL) at 150 for 45 minutes in a Telfon-screw capped
NMR tube. THF was then dried, and PhCI (30.0 mg, 27 //L, 0.27 mmol, 50 equiv) and benzene-e
(0.5 mL) were added under N] .The reaction mixture in a sealed NMR tube under vacuum was
heated at 200, C. All Ir*(ttp)"[K(18-crown-6)]" was consumed in 4 days to give Ir"A(ttp)Ph (2.5 mg,
0.003 mmol, 50%) by column chromatography.

(ii) Reaction with Ir'"(ttp)H. Ir"'(ttp)H (4.8 mg, 0.006 mmol), PhCI (31.3 mg, 28 //L, 0.28 mmol,
50 equiv), and benzene-" (0.5 mL) were heated in a sealed NMR tube at 200 and the reaction
was monitored by 'H NMR spectroscopy. After 4 days, all Ir*"(ttp)H was consumed to form
Ir"Vttp)Pli (3.5 mg, 0.004 mmol, 67%) and Ir"~(ttp)(CO)CI (0.2 mg, 0.0002 mmol, 4%) by column
chromatography using CHaCb/hexane (1:2) as an eluent.

(iii) Reaction with [Ir"(ttp)]2. [I""\(ttp)]2 was prepared quantitatively from the reaction of
Ir"'(ttp)H (4.5 mg - 0.005 mmol) with TEMPO (0.9 mg, 0.006 mmol) in benzene (0.5 mL) in a
Teflon screw capped NMR tube. The solvent was removed under vacuum, and PhCI (29.4 mg, 26.5
juL’ 0.26 mmol, 50 equiv) and benzene-YeCO.S mL) were then added into the tube under N2. The
reaction mixture was heated in a sealed NMR tube under vacuum at 200 and the reaction was
monitored by “"H NMR spectroscopy. After 5 hours, all [IMXitp)]2 were consumed to form
Ir*~(ttp)Ph (2.8 mg, 0.003 mmol, 57%) and Ir'Vitp)(CO)Cl (0.2 mg, 0.0002 mmol, 4%).
Ir'" [ (ttp)OC6H4)Iri"(ttp) (3%, NMR yield) was also formed and its yield was estimated by using
the yield of Ir*'(ttp)Ph and the pyrrole proton ratios of Ir*~(ttp)Ph : Ir'(ttp) (/7-C6H4)Ir"Vitp) in the

reaction mixture by "HNMR spectroscopy.

(D) Cleavage of (/?-MeQO)C6H4-Br (1.1 equiv)
() Reaction with Ir"(ttp)". Ir*(ttp)"[K(l 8-crown-6)]" was prepared quantitatively from the reaction
of Ir"i(ttp)H (4.7 mg, 0.005 mmol) with KOH (3.1 mg, 0.05 mmol, 10 equiv) and 18-crown-6 ether

(4.3 mg, 0.016 mmol, 3 equiv) in THF (0.5 mL) at 150 ~C for 45 minutes in a Telfon-screw capped
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NMR tube. THF was then dried, and 4-bromoanisole (1.1 mg - 0.8 jul, 0.006 mmol, 1.1 equiv) and
benzene-J6 (0.5 mL) were added under N2. The reaction mixture in a sealed NMR tube was heated
under vacuum at 200, C After 2 days, Ir*(ttp)' was consumed to give only Ir*"(ttp)CH3 (3.5 mg,
0.004 mmol, 73%) by column chromatography over alumina using CH”Cla/hexane (1:2) as an
eiuent.

(i) Reaction with Ir"\ttp)H. Ir"Vttp)H (4.8 mg, 0.006 mmol), 4-bromoanisole (1.2 mg, 0.8 juL,
0.006 mmol, 1. equiv), and benzene-t* (0.5 mL) were heated in a sealed NMR tube at 200 and
the reaction was monitored by '"H NMR spectroscopy. After 1 hour, all Ir"*(ttp)H was consumed to
yield Ir"\ttp)C6H4(p-OMe) (3.3 mg, 0.003 mmol, 61%) by column chromatography over alumina
using CH2CI2/hexane (1:1) as an eiuent, and Ir"i(ttp)l (28%, NMR yield) by estimation.

(iii) Reaction with [Ir"(ttp)]2. [Ir'"(ttp)]2 was prepared quantitatively from the reaction of
Ir'"(ttp)H (4.8 mg, 0.006 mmol) with tetramethylpiperidinooxy (TEMPO) (1.0 mg, 0.006 mmol) in
benzene (0.5 mL) under N2 in a Teflon screw capped NMR tube. The solvent was removed under
vacuum, and 4-bromoanisole (1.2 mg, 0.8 juL, 0.006 mmol, 1.1 equiv) and benzene-t/e (0.5 mL)
were then added into the tube. The reaction mixture was heated in a sealed NMR tube under
vacuum at 200 and the reaction was monitored by "H NMR spectroscopy. After 2 minutes, all
[Ir'(ttp) 12 were consumed to form Ir"'(ttp)C6H4(p-OMe) (2.5 mg, 0.003 mmol, 46%) by column
chromatography over alumina using CHzCli/hexane (1:1) as an eiuent, and and Ir"Vttp)Br (31%,

NMR yield) by estimation.

(E) Cleavage of (p-NChjQHrBr (1.1 equiv)

(i) Reaction with Ir'(ttp)'. Ir'(ttp)'[K(I8-crown-6)]"* was prepared quantitatively from the reaction
of IrJl(ttp)H (4.7 mg, 0.005 mmol) with KOH (3.1 mg, 0.05 mmol, 10 equiv) and 18-crown-6 ether
(3.6 mg, 0.014 mmol, 2.5 equiv) in THF (0.5 mL) at 150, C for 45 minutes in a Telfon-screw
capped NMR tube. THF was then dried, and 4-bromo-nitrobenzene (1.2 mg, 0.006 mmol) and

benzene<i6 (0.5 mL) were added under N2. The reaction mixture in a sealed NMR tube was heated
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under vacuum at 200 After 2 days, no Ir'A(ttp)C6H4(/?-N0O2) was observed by NMR
spectroscopy and unreacted Ir(ttp)' was recovered in 73% NMR vyield.

(i) Reaction with Ir"'(ttp)H. Ir"(ttp)H (4.8 mg, 0.006 mmol), 4-bromo-nitrobenzene (1.2 mg,
0.006 mmol), and benzene-t4 (0.5 mL) were heated in a sealed NMR tube at 200 "C, and the
reaction was monitored by 'H NMR spectroscopy. After 1 hour, all Ir'A'(ttp)H was consumed to
form Irm(ttp)C6H4(p-N02) (2.4 mg, 0.002 mmol, 44%) by column chromatography over alumina
using CHiCli/hexane (1:1) as an eluent, and Ir"(ttp)Br (14%, NMR yield) by estimation.

(iii) Reaction with [Ir"(ttp)]2. [Ir(1)(ttp)]2 was prepared quantitatively from the reaction of
Ir'(ttp)H (4.8 mg, 0.006 mmol) with TEMPO (1.0 mg, 0.006 mmol) in benzene (0.5 mL) under N2
in a Teflon screw capped NMR tube. The solvent was removed under vacuum, and
4-bromo-nitrobenzene (1.0 mg, 0.006 mmol) and benzene<i6 (0.5 mL) were then added into the
tube. The reaction mixture was heated in a sealed NMR tube under vacuum at 200 and the
reaction was monitored by "HNMR spectroscopy. After 2 minutes, all [Ir*(ttp)]2 were consumed to
form Ir(1)(ttp)C6H4(/>N02) (2.0 mg, 0.002 mmol, 37%) by column chromatography over alumina

using CH2Cl2/hexane (1:2) as an eluent, and Ir"'(ttp)Br (36% NMR vyield) by estimation.

Reactions of Halogen Radical Sources with Arenes

The experimental procedure of the reaction of sulfuryl chloride with benzene at 200 was
described as atypical example.
(A) Reaction of Sulfuryl Chloride with Benzene. SO2Cl2 (25.0 mg, 15 juL, 0.19 mmol) and
benzene (1 mL) were degassed for three freeze-pump-thaw cycles in a Teflon screw-capped tube.
The reaction mixture was then heated under N2 at 200 in 90 minutes. 4-chlorotoluene was
added as an internal standard and the PhCI formed (20%) was quantified by GC-MS analysis. The
product yield was calculated with reference to the number of Cl atoms in SO2CI2. The formation of
PhCI was confirmed by the commericial sample of PhCL

(B) Reaction of Bromine with Benzene. Br] (6.2 mg, 2 juL, 0.039 mmol) and benzene (1 mL)
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were heated in a Teflon screw-capped tube under N! at 200 in 90 minutes. PhBr (83%) was
quantified by GC-MS analysis using 4-bromotoluene as an internal standard, in which the product
yields was calculated with reference to the number of Br atoms in Br] . The formation of PhBr in
the reaction was confirmed by the commercial sample of PhBr.

(C) Reaction of lodine with Benzene. 12 (158 mg, 0.62 mmol) and benzene (1 mL) were heated in
a Teflon screw-capped tube under N2 at 200 in 2 hours. No Phi was detected by GC-MS
analysis using the commercial sample of Phi as a reference. The reaction mixture remained deep
purple after prolonged heating.

(D) Reaction of Sulfuryl Chloride with PhCI. SO2CI2 (25.0 mg, 15/iL, 0.19 mmol) and excess
PhCl (1 mL) were heated in a Teflon screw-capped tube under N2 at 200 in 90 minutes.
1,4-C12C6H4 (6%), 1,2-CI2C6H4 (4%), 1,3-CI2C6H4 (<1%), and chloro-substituted biphenyls (1%)
were detected by GC-MS analysis using 4-chlorotoluene as an internal standard, in which the
product yields were calculated with reference to the number of Cl atoms in SOz2CI2. The formations
of 1,4-CI2C6H4 and 1,2-C12C6H4 in the reaction were confirmed by the commercial samples,
whereas the formations of 1,3-C12C6H4, and chloro-substituted biphenyls were confirmed by the
GC-MS library.

(E) Reaction of [Ir"(ttp)]2 with 4-Brorao-"er*-Butylbenzene (1.1 equiv) in Benzene. [Ir"(ttp)]2
was prepared quantitatively from the reaction of Ir"!(ttp)H (10.3 mg, 0.012 mmol) with
tetramethylpiperidinooxy (TEMPO) (2.1 mg, 0.013 mmol) in benzene (1 mL) in a Teflon
screw-capped tube. The solvent, unreacted TEMPO, and TEMPOH co-product were removed
under vacuum. 4-Bromo-f{i.r/*-butylbenzene (2.8 mg, 2.3 //L, 0.013 mmol) and benzene (1 mL)
were then added under N2. The reaction mixture was degassed for 3 freeze-pump-thaw cycles and
was further heated at 200 °C for 5 minutes. The organic fraction was collected by a cold-trap under
liquid N2 and was subjected to GC-MS analysis. PhBr (1% vyield, with reference to Ir"(ttp)
monomer used) was detected using 4-bromotoluene as an internal standard. The crude products

were purified by column chromatography over alumina to yield Ir"(ttp)C6H4(/7-"Bu) (5.5 mg,
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0.006 mmol, 47%) and Ir'"(ttp)Br (-4.4 mg,—0.005 mmol, -39%, containing unknown iridium
porphyrin species due to the partial decomposition of Ir"A(ttp)Br upon column chromatography).

(F) Reaction of [Ir"(ttp)]2 with PhCI. [Ir"(ttp)]2 was prepared quantitatively from the reaction of
Ir"'(ttp)H (5.6 mg, 0.006 mmol) with tetramethylpiperidinooxy (TEMPO) (1.1 mg, 0.007 mmol) in
benzene (0.5 mL) in a Teflon screw-capped tube. The solvent, unreacted TEMPO, and TEMPOH
co-product were removed under vacuum. PhCl (1 mL) was then added under N2, The reaction
mixture was degassed for 3 freeze-pump-thaw cycles and was further heated at 200 °C for 30
minutes. The organic fraction was collected by a cold-trap under liquid N2 and was subjected to
GC-MS analysis. |,4-CI2C6H4 (2% vyield, with reference to Ir"(ttp) monomer used) was detected
using 4-chlorotoluene as an internal standard. The crude products were purified by column
chromatography in a single fraction to yield Ir"\ttp)Ph (2.4 mg, 0.003 mmol > 39%) and
Iriii(ttp)(CO)CI (<0.1 mg, 0.00001 mmol,—lo /o ). Ir"'(ttp)(p-C6H4)Ir'"(ttp) (4%, NMR yield) was
also formed as its yield was estimated by using the yield of Ir*"(ttp)Ph and the pyrrole proton ratios

of Ir(1)(ttp)Ph : Iriii(ttp)...-C6H4)Iri [i(ttp) in the reaction mixture by 'H NMR spectroscopy.

Reaction of Iri"(ttp)(CO)CI with 1,4-Dichlorobenzene (1 equiv) and Kz2COs3. Ir"~(ttp)(CO)CI
(11.0 mg, 0.012 mmol), K2CO3 (33 mg, 0.24 mmol, 20 equiv), 1,4-dichlorobenzene (1.8 mg, o0.012
mmol, 1 equiv), and benzene (1 mL) were degassed for three freeze-pump-thaw cycles in a
Teflon-screw capped tube and then heated at 200 in 7 hours under N2 to yield Ir"'(ttp)C6H4(p-Cl)
(1.1 mg, 0.001 mmol, 9%), Ir"Vttp)CH3 (0.1 mg, 0.0002 mmol, 1%), and Ir"Vttp)(*-C6H4)Ir"~(ttp)
(3% > NMR vyield). Unreacted Ir'"(ttp)H (7%, NMR yield) was also recovered. The NMR yields of
products were estimated by using the isolated yield of Ir'"(ttp)C6H4(p-Cl) and the pyrrole proton
ratios oflr'"(ttp)H : Ir"'(ttp)(p-C6H4A)Ir"A(ttp) : Ir"~(ttp)C6H4(p-CI) in the crude reaction mixture by

'H NMR spectroscopy.

Competition Reactions in Base-Promoted Ar-X Cleavages by Ir"\ttp)(CO)CI
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(A) Reaction of Ir"'"(ttp)(CO)CI with 1,4-Dihalo-benzenes (50 equiv) and K2CO3 (20 equiv)
The experimental procedure of the reaction Ir*~(ttp)(CO)CI with 1-bromo-4-iodobenzene and
K2COs3 was described as a typical example.
(i) Reaction of Ir "(ttp)(CO)CI with I-Bromo-4-iodobenzene. Ir"\ttp)(CO)CI (20.0 mg, 0.022
mmol), K2CO3 (60 mg, 0.43 mmol), and 1-bromo-4-iodobenzene (306 mg: 1.08 mmol) were
degassed for three freeze-pump-thaw cycles in a Teflon screw-capped tube. The reaction was then
heated at 200 "C under N2 for 6 hours. The crude product was purified by column chromatography
over alumina eluted with CHiCb/hexane (1:2) to give only Ir"'(ttp)C6H40-Br) (8i) (18.9 mg, 0.019
mmol, 86%).
(ii) Reaction of Ir"Vttp)(CO)CI with [-Bromo-4-chlorobenzene. Ir"'(ttp)(CO)CI (20.0 mg,
0.022 mmol), K2CO3 (60 mg, 0.43 mmol), and 1-bromo-4-chlorobenzene (207 mg, 1.08 mmol)
were heated at 200, C under N2 for 21 hours to give only Ir"\ttp)C6H4(p-Cl) (8j) (13.9 mg, 0.014
mmol, 66%).
(iii) Reaction of Ir"A(ttp)(CO)CI with I-Chloro-4-fluorobenzene. Ir"A(ttp)(CO)CI (20.0 mg,
0.022 mmol), K2CO3 (60 mg, 0.43 mmol), and 1 -chloro-4-fluorobenzene (141 mg, 115 ~L, 1.08
mmol) were heated at 200, C under N2 for 1 day to give only Ir"~(ttp)C6H4(p-F) (8h) (13.6 mg,

0,014 mmol, 66%).

(B) Competition Reactions between P«ra-Substituted ArBr and PhBr

The experimental procedure of the competition reaction between 4-bromoanisole (25 equiv) and
PhBr (25 equiv) with Ir"~(ttp)(CO)CI and K2CO3 was described as atypical example,
(i) 4-Bromoanisole. Ir"”(ttp)(CO)CI (10.2 mg, 0.011 mmol), K2CO3 (30 mg, 0.22 mmol, 20 equiv),
4-bromoanisole (51.6 mg, 35 juL, 0.28 mmol, 25 equiv), PhBr (43.3 mg, 29 juL, 0.28 mmol, 25
equiv), and benzene (1 mL) were degassed for three freeze-pump-thaw cycles in a Telfon screw
capped tube. The reaction mixture was then heated at 200  under N2 for 1 hour. The kinetic ratio

of the Ar-Br cleavage products, Iri(ttp)C6H4(p-OMe) : Ir*"(ttp)Ph, in the crude products was

251



estimated to be 6.44 ; 1.00 by '"H NMR spectroscopy using the ortho or meta-myl ligand (Ar-Ir)'s
proton signals of the 2 products. The crude product was then purified by column chromatography
over alumina eluted with CH Cla/hexane (1:1) to yield Ir"'(ttp)C6H4(p-OMe) (7.7 mg, 0.008 mmol,
72%) and IrJl[(ttp)Ph (1.2 mg, 0.001 mmol, 12%) (ratio = 6.0 : 1). The yields of the 2 products
were estimated by using the isolated total weight of the products, and the ratio of the porphyrin's
pyrrole proton signals of the 2 products in the isolated product mixture by “HNMR spectroscopy.
(i) 4-Bromo-ivV~-Dimethylaniline. Initially, Ir**(ttp)(CO)CI (12.2 mg, 0.013 mmol), K2CO3 (36
mg, 0.26 mmol, 20 equiv), 4-bromo-AyV"Climethylaniline (66 mg, 0.33 mmol, 25 equiv), PhBr
(51.8 mg, 35 juL, 0.33 mmol, 25 equiv), and benzene (1 mL) were heated at 200, C under N2 for 6
hours. PPh3 (35 mg - 0.13 mmol, 10 equiv) was then added and the reaction mixture was further
heated at 120, C for 30 minutes to give only Ir'"'(ttp)(PPh3)C6H40-NMe2) (14.5 mg, 0.012 mmaol,
88%) without the formation of Ir"(ttp)(PPh3)Ph. Therefore, the kinetic ratio was estimated
indirectly. Next, Ir(1)(ttp)(CO)CI (9.7 mg, 0.010 mmol), K2CO3 (29 mg, 0.21 mmol, 20 equiv),
4-bromo-A”, AN-dimethylaniline (52 mg, 0.26 mmol, 25 equiv), 4-bromoanisole (49.1 mg, 33 juL,
0.26 mmol, 25 equiv), and benzene (1 mL) were heated at 200 under N2 for 11 hours. PPhs (28
mg, 0.10 mmol, 10 equiv) was further added and heated at 120  for 15 minutes. The kinetic ratio
of IrVttp)(PPh3)C6H4(p-NMe2) : Ir*A(ttp)(PPh3)C6H4(p-OMe) was found to be 8.44 : 1.00, with the
corresponding isolated yields in 77% and 11% yield (ratio = 7.0 : 1), respectively. By incorporating
the kinetic ratio of Ir(1)(ttp)C6H4(/7-OMe) : Ir*'(ttp)Ph (6.44 : 1.00) (from (i)) into that of
Ir'(ttp)(PPh3)C6H4(/7-NMe2) : Ir'Yttp)(PPh3)C6H4(/?-OMe) (8.44 : LOO), the Kkinetic ratio of
Ir'i(ttp) C6H4(/>NMe2) : Ir*A(ttp)Ph was indirectly estimated to be 54.4 : 1.00.

(iii) 4-Bromotoluene. Ir"'(ttp)(CO)CI (11.6 mg, 0.013 mmol), K2CO3 (35 mg, 0.25 mmol, 20
equiv), 4-bromotoluene (54 mg, 0.31 mmol, 25 equiv), PhBr (49.3 mg, 33 piL, 0.31 mmol, 25
equiv), and benzene (1 mL) were heated at 200 under N2 for 12 hours. The kinetic ratio of
Ir''(ttp)(p-Tol) : Ir(1)(ttp)Pli was estimated to be 1.80 : 1.00. The crude product was then purified to

yield Ir(1)(ttp)O-Tol) (10.5 mg, 0.007 mmol, 55%) and Ir"\ttp)Ph (4.0 mg, 0.004 mmol, 34%)
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(ratio= 1.6 = 1).

(iv) 4-Bromo-fizrfbutylbenzene. Ir"~(ttp)(CO)CI (20.4 mg, 0.022 mmol), K2CO3 (60 mg, 0.44
mmol, 20 equiv), 4-bromo-rg{T-butylbenzene (117.6 mg, 96 //L, 0.55 mmol, 25 equiv), PhBr (86.6
mg, 58 juL, 0.55 mmol, 25 equiv), and benzene (2 mL) were heated at 200 under N2 for 2 days.
The kinetic ratio of Ir'N(ttp)C6H4(/7-'Bu) : Ir'(ttp)Ph from the crude products was found to be 1.36 :
1.00 by "H NMR spectroscopy. The crude product was then purified to yield Ir"\ttp)C6H4(p-'Bu)
(9.3 mg, 0.009 mmol, 42%) and Ir"\ttp)Ph (6.7 mg, 0.007 mmol, 32%).

(v) I-Bromo-4-fluorobenzene. Ir'(ttp)(CO)CI (20.0 mg, 0.022 mmol), K2CO3 (60 mg, 0.43 mmol,
20 equiv), 1-bromo-4-fluorobenzene (94.6 mg, 59 //L, 0.54 mmol, 25 equiv), PhBr (84.9 mg, 57
fiL, 0.54 mmol, 25 equiv), and benzene (2 mL) were heated at 200 under N2 for 2 days. The
kinetic ratio of Ir\"(ttp)C6H4(/?-F) : Irfii(ttp)Ph from the crude products was found to be 1.98 : 1.00
by 1h NMR spectroscopy. The crude product was then purified to yield Ir(1)(ttp)C6H4(p-F) (11.4
mg, 0.012 mmol, 55%) and Ir"'(ttp)Ph (5.6 mg, 0.006 mmol, 27%) (ratio = 2.0 : 1).

(vi) 1-Bromo-4-(trimethylsilyl)benzene. Ir"i(ttp)(CO)CI (9.8 mg, o.o11 mmol), IC2CO3 (29 mg,
0.22 mmol, 20 equiv), I-bromo-4-(trimethylsilyl)benzene, (60.7 mg, 52 fiL, 0.27 mmol, 25 equiv),
PhBr (41,6 mg, 28 //L, 0.27 mmol, 25 equiv), and benzene (1 mL) were heated at 200 under N2
for 12 hours. The kinetic ratio of Ir'(ttp)C6H4(p-SiMe3) : Ir"A(ttp)Ph was found to be 1.29 : 1.00.
The crude product was then purified to yield tf"(ttp)C6H4(p-SiMe3) (4.8 mg, 0.005 mmol, 45%)
and liJl[(ttp)Ph (3.6 mg, 0.004 mmol, 36%) (ratio = 1.3 : 1).

(vii) 1-Bromo-4-chlorobenzene. Ir'"(ttp)(CO)CI (20.0 mg, 0.022 mmol), K2CO3 (60 mg, 0.43
mmol, 20 equiv), 1-bromo-4-chlorobenzene, (103.5 mg, 0.54 mmol, 25 equiv), PhBr (84.9 mg, 57
juL, 0.54 mmol, 25 equiv), and benzene (2 mL) were heated at 200 ~C under N2 for 15 hours. The
kinetic ratio of Ir"'(ttp)C6H4(p-Cl) : Ir"A(ttp)Ph from the crude products was estimated to be 4.13 :
1.00 by '"H NMR spectroscopy. The crude product was then purified to yield Ir"~(ttp)C6H4(p-Cl)
(13.9 mg, 0.014 mmol, 66%) and Ir"'(ttp)Ph (3.4 mg, 0.004 mmol, 17%) (ratio = 3.9 :1).

(viii) 1,4-Dibromobenzene. Ir"i(ttp)(CO)CI (20.4 mg, 0.022 mmol), K2CO3 (61 mg, 0.44 mmol,
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20 equiv), 1,4-dibromobenzene, (130 mg, 0.55 mmol, 25 equiv), PhBr (86.6 mg, 58 //L, 0.55 mmol,
25 equiv), and benzene (2 mL) were heated at 200 "C under N2 for 30 hours. The kinetic ratio of
Ir'(ttp)C6H4(p-Br) : Ir'(ttp)Ph from the crude products was estimated to be 2.39 : 1.00 by
NMR spectroscopy by averaging the original kinetic ratio (4.77 : 1.00) due to the presence of 2
C-Br bonds in 1,4-diiodobenzene for reaction. The crude product was then purified to yield
Ir(ttp)C6H4(p-Br) (17.0 mg, 0.017 mmoi, 76%) and Ir"Vttp)Ph (2.4 mg, 0.003 mmol, 12%) (ratio
=6.3 : 1).

(ix) Methyl 4-Bromobenzoate. Ir"'(ttp)(CO)CI (11.0 mg, 0.012 mmol), K2CO3 (33 mg, 0.40 mmaoi,
20 equiv), methyl 4-bromobenzoate (64 mg, 0.30 mmol, 25 equiv), PhBr (46.7 mg - 31 piL, 0.30
mmol, 25 equiv), and benzene (1 mL) were heated at 200 under N2 for 19 hours. The kinetic
ratio onr"i(ttp) C6H4(/>C02Me) : Ir"'(ttp)Ph from the crude products was found to be 5.63 : 1.00
by ifi NMR spectroscopy. The crude product was then purified to yield Ir"(ttp)C6H4(p-C02Me)
(8.7 mg, 0.009 mmol, 76%) and IrJI[(ttp)Pli (1 mg, 0.001 mmol, 9%) (ratio = 8.4 : 1).

(X) 4-Bromobenzonitrile. Ir"\ttp)(CO)CI (10.5 mg, 0.011 mmol), K2CO3 (31 mg, 0.23 mmol, 20
equiv), 4-bromobenzonitrile (52 mg, 0.28 mmol, 25 equiv), PhBr (44.6 mg, 30 //L, 0.28 mmol, 25
equiv), and benzene (1 mL) were heated at 200 °C under N2 for 12 hours. PPh] (30 mg, 0.11 mmol)
was then added under N2 and the reaction mixture was further heated at 120 "C for 15 mnutes. The
kinetic ratio of Ir'"A(ttp)(PPh3)C6H4(p-CN) : Ir*A(ttp)(PPh3)Ph was found to be 6.75 : 1.00. The
crude product was then purified to yield Ir"(ttp)(PPh3)C6H40-CN) (10.7 mg, 0.009 mmol, 77%)
and Ir'(ttp) (PPh3)Ph (0.7 mg, 0.0006 mmol, 5%) (ratio = 15 : 1).

(xi) 4-Bromo-nitrobenzene. Ir"'(ttp)(CO)CI (12.3 mg, 0.013 mmol), K2CO3 (37 mg, 0.27 mmol,
20 equiv), 4-bromo-nitrobenzene (67 mg, 0.33 mmol, 25 equiv), PhBr (52.2 mg, 35 //L, 0.33 mmol,
25 equiv), and benzene (1 mL) were heated at 200 under N2 for 12 hours. The kinetic ratio of
Ir'(ttp)C6H40-N0O2) : Ir"'(ttp)Ph was found to be 11.77 : 1.00. The crude product was then
purified to yield Ir(1)(ttp)C6H4(/?-N02) (11.1 mg, 0.011 mmol, 85%) and Ir*'(ttp)Ph (0.8 mg, 0.0009

mmol, 7%) (ratio = 12:1).
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(C) Competition Reactions between Pam- and M#]-Substituted ArBr

(i) 4-Bromoanisole and 3-Bromoaiiisole. Ir"A(ttp)(CO)CI (10.4 mg, 0.011 mmol), K2CO3 (31 mg,
0.23 mmol, 20 equiv), 4-bromoanisole (52.6 mg, 35 juL, 0.28 mmol, 25 equiv), 3-bromoanisole
(52.6 mg, 35.6 juL, 0.28 mmol, 25 equiv), and benzene (1 mL) were heated at 200 under N2 for
23 hours. The kinetic ratio of Ir"*(ttp)C6H4(p-OMe) : and Ir"~(ttp)C6H4(w-OMe) was found to be
6.94 : 1.00. The crude product was then purified to yield Ir"*(ttp)C6H4(p-OMe) (9.1 mg, 0.009
mmol, 84%) and Ir"i(ttp) C6H4(m-OMe) (1.6 mg, 0.002 mmol, 15%) (ratio = 5.6 : 1).

(i) 4-Bromotoluene and 3-Bromotoluene. Ir"A(ttp)(CO)CI (10.5 mg, 0.011 mmol), K2CO3 (31 mg,
0.23 mmol, 20 equiv), 4-bromotoluene (48.6 mg, 0.28 mmol, 25 equiv), 3-bromotoluene (48.6 mg,
34.4 jUL, 0.28 mmol, 25 equiv), and benzene (1 mL) were heated at 200 under N2 for 26 hours.
The kinetic ratio of Ir(1)(ttp)(/>Tol) : Ir"'(ttp)(m-Tol) from the crude products was found to be 1.52 :
1.00, The crude product was then purified to yield Ir(1)(ttp)(/7-Tol) (5.3 mg, 0.006 mmol, 49%) and
Ir'(ttp)(m-Tol) (3.4 mg, 0.004 mmol, 31%) (ratio = 1.6 : 1).

(iii) 4-Bromo-nitrobenzene and 3-Bromo-nitrobenzene. Ir'"(ttp)(CO)CI (10,7 mg, 0.012 mmol),
K2CO3 (32 mg, 0.23 mmol, 20 equiv), 4-bromo-nitrobenzene (58.4 mg, 0.29 mmol, 25 equiv),
3-bromo-nitrobenzene (58.4 mg, 0.29 mmol, 25 equiv), and benzene (1 mL) were heated at 200, C
under N2 for 19 hours. The kinetic ratio of Ir"'(ttp)C6H40-N02) : Ir"~(ttp)C6H4(w-N02) was found
to be L46 : 1.00. The crude product was then purified to yield Ir"\ttp)C6H4(p-N02) (6.6 mg, 0.007

mmol, 58%) and Ir"Vttp)C6H4(w-N02) (4.2 mg, 0.004 mmol, 37%) (ratio = 1.6: 1).

(D) Competition Reactions between M"«-Substituted ArBr and PhBr

(i) 3-Bromoanisole and PhBr. Ir*"(ttp)(CO)CI (5.6 mg, 0.006 mmol), K2CO3 (17 mg, 0.12 mmol,
20 equiv), 3-bromoanisole (28.3 mg, 19 juL, 0.15 mmol, 25 equiv), PhBr (23.8 mg, 16 juL, 0.15
mmol, 25 equiv), and benzene (1 mL) were heated at 200 "C under N2 for 24 hours. The kinetic

ratio oflr (1)(ttp) C6H4(w-OMe) : and Ir"~(ttp)Ph was found to be 1.06 : 1.00. The crude product was
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then purified to yield Ir"i(ttp)C6H4(w-OMe) (2.7 mg, 0.003 mmol, 48%) and Ir"Vttp)Ph (2.7 mg,
0.003 mmol, 48%) (ratio = 1:1).

(i) 4-Bromotoluene and PhBr. Ir"A(ttp)(CO)CI (10.8 mg, 0.012 mmol), K2CO3 (32 mg, 0.23
mmol, 20 equiv), 3-bromotoluene (49.9 mg, 35.4 juL, 0.29 mmol, 25 equiv), PhBr (45.8 mg, 31 juL,
0.29 mmol, 25 equiv), and benzene (1 mL) were heated at 200 under N2 for 24 hours. The
kinetic ratio of Ir"\ttp)(m-Tol) : Ir"\ttp)Ph was found to be 1.03 : 1.00. The crude product was
then purified to yield Ir*"(ttp)(w-Tol) (5.3 mg, 0.006 mmol, 48%) and Ir*~(ttp)Ph (4.9 mg, 0.005

mmol, 45%) (ratio = 1.1 : 1).

(E) Competition Reactions with Fam-Substituted Arl and Phi

(i) 4-lodoanisole. Ir*~(ttp)(CO)CI (7.5 mg, 0.008 mmol), NaOH (6.5 mg, 0.16 mmol, 20 equiv),
4-iodoanisole (47.5 mg, 0.20 mmol, 25 equiv), Phi (41.4 mg, 22.6 //L, 0.20 mmol, 25 equiv), and
benzene (1 mL) were heated at 150 °C under N2 for 15 hours. The kinetic ratio of
Ir'"'(ttp)C6H4(/7-OMe) : Ir"Vitp)Ph was found to be 8.51 : 1.00. The crude product was then purified
to yield Ir''(ttp)C6H4(p-OMe) (6.3 mg, 0.007 mmol, 80%) and Ir"~(ttp)Ph (0.7 mg, 0.0007 mmol,
9%) (ratio = 8.9 : 1),

(ii) 4-lodotoluene. Ir(ttp)(CO)CI (7.5 mg, 0.008 mmol), NaOH (6.5 mg > 0.16 mmol, 20 equiv),
4-iodotoluene (44 mg, 0.20 mmol, 25 equiv), Phi (41.4 mg, 22.6 juL, 0.20 mmol, 25 equiv), and
benzene (1 mL) were heated at 150, C under N2 for 15 hours. The kinetic ratio of Ir*"(ttp)(p~Tol):
Ir'(ttp)Ph was found to be 2.23 : 1.00. The crude product was then purified to yield Ir*~(ttp)(/?-Tol)
(4.6, 0.005 mmol, 61%) and Ir"\ttp)Ph (2.1 mg, 0.002 mmol, 28%) (ratio = 2.2 : 1).

(iii) I-Fluoro-4-iodobenzene. Ir'\ttp)(CO)CI (8.1 mg, 0.009 mmol), NaOH (7 mg, 0.18 mmol, 20
equiv), 1-fluoro-4-iodobenzene (48.6 mg, 0.22 mmol, 25 equiv), Phi (44,7 mg, 24.4 juL, 0.22
mmol, 25 equiv), and benzene (1 mL) were heated at 150 under N2 for 36 hours. The kinetic
ratio of li""i(ttp)C6H4(/>F) : Ir"'(ttp)Ph was found to be 2.69 : 1.00. The crude product was then

purified to yield Ir"Vttp)C6H4(p-F) (5.1’ 0.005 mmol, 61%) and Ir'(ttp)Ph (2.1 mg, 0.002 mmol,
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26%) (ratio = 2.3 @ 1).

(iv) 1,4-Diiodobenzene. Ir'"(ttp)(CO)CI (7.5 mg, 0.008 mmol), NaOH (6.5 mg, 0.16 mmol, 20
equiv) > 1-4-diiodobenzene (67 mg, 0.20 mmol, 25 equiv) > Phi (41.4 mg, 22.4 //L, 0.20 mmol, 25
equiv), and benzene (1 mL) were heated at 150 under N2 for 21 hours. The kinetic ratio of
Ir*'(ttp)C6H4(p-1) : Iriii(ttp)Ph was found to be 5.35 : 1.00 by "H NMR spectroscopy by averaging
the original kinetic ratio (10.70 : 1) due to the presence of 2 C-I bonds in 1,4-diiodobenzene for
reaction. The crude product was then purified to yield Ir''(ttp)C6H4(p-1) (6.3 mg, 0,006 mmol, 72%)
and Ir"'(ttp)Ph (0.6 mg > 0.0006 mmol, 7%) (ratio —— 10.3 : 1).

(V) I-Bromo-4-iodoben2ene. Ir"(ttp)(CO)CI (7.9 mg, 0.009 mmol), NaOH (mg, mmol, 20 equiv),
1-bromo-4-iodobenzene (59.4 mg, 0.21 mmol, 25 equiv), Phi (43.6 mg, 24 juL, 0.21 mmol, 25
equiv), and benzene (1 mL) were heated at 200 °C under N2 for 29 hours. The kinetic ratio of
Ir(ttp)C6H4(p-Br) : Ir"] (itp)Ph from the crude products was estimated to be 5.81 : 1.00 by "H
NMR spectroscopy. The crude product was then purified to yield Ir"\ttp)C6H4(p-Br) (5.9 mg,

0.006 mmol, 68%) and Ir"!(ttp)Ph (0.9 mg, 0.0009 mmol, 11%) (ratio = 6.2 : 1).

(F) Competition Reactions with Para-Substituted ArCl and PhCl

(i) 4-Chloroanisole. Ir ["(ttp)(CO)CI (8.5 mg, 0.009 mmol), K2CO3 (25 mg, 0.18 mmol, 20 equiv),
4-chloroanisole (131.1 mg, 113 //L, 0.92 mmol, 100 equiv), PhCI (103.5 mg, 93.5 //L, 0.92 mmol,
100 equiv), and benzene (1 mL) were heated at 150 °C under N2 for 35 hours. The kinetic ratio of
Ir(ttp) C6H40?-OMe) : Ir*~(ttp)Ph was estimated to be 4.39 : 1.00 by "H NMR spectroscopy. The
crude product was then purified to yield Ir"'(ttp)C6H4(p-OMe) (5.9 mg, 0.006 mmol, 66%),
IrA"(ttp)Ph (1.7 mg, 0.002 mmol, 19%) (ratio - 3.5 : 1), and Ir"”(ttp)CH3 (0.2 mg, 0.0003 mmol,
3%).

(ii) I-Fluoro-4-chlorobenzene. Ir'"'(ttp)(CO)CI (8.6 mg, 0.009 mmol), K2CO3 (25.7 mg, 0.19
mmol, 20 equiv), 1-fluoro-4-chlorobenzene (121.4 mg, 99 //L, 0.93 mmol, 100 equiv), PhCI (104.7

mg, 95 jUL, 0.93 mmol, 100 equiv), and benzene (1 mL) were heated at 150 "C under N2 for 38
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hours. The kinetic ratio of Ir"~(ttp)C6H40-F) : Ir"\ttp)Ph was found to be 3.29 : 1.00. The crude
product was then purified to yield Ir'Vttp)C6H4(p-F) (4.4 mg, 0.005 mmol, 50%), Ir"\ttp)Ph (1.4
mg, 0.001 mmol, 16%) (ratio = 3.1 : 1), and Ir"'(ttp)CH3 (0.3 mg, 0.0003 mmol, 49%).

(iii) 1,4-Dichlorobenzene. Ir*~(ttp)(CO)CI (10.8 mg, 0.012 mmol), K2CO3 (32 mg, 0.23 mmol, 20
equiv), 1,4-dichlorobenzene (171.7 mg, 1.17 mmol, 100 equiv), PhCI (131.5 mg, 119 jA., 1.17
mmol, 100 equiv), and benzene (1 mL) were heated at 200 under N2 for 60 hours. The kinetic
ratio of Iri"(ttp)C6H40F) : Ir"'(ttp)Ph was found to be 5.74 : 1.00 by NMR spectroscopy by
averaging the original kinetic ratio (11.48 : 1) due to the presence of 2 C-Cl bond in
1,4-diichlorobenzene for reaction. The crude product was then purified to yield Ir'(ttp)C6H4(p-Cl)
(8.0 mg-> 0.008 mmol, 70%), Ir"Vttp)Ph (0.9 mg, 0.001 mmol, 8%) (ratio — 8.8 : 1),
Ir"~(ttp)0-C6H4)Ir(ttp) (3%, NMR yield), and Ir"~(ttp)CH3 (3%, NMR yield). The NMR yields of
Iri(ttp)(p-C6H4)Ir"i(ttp) and Ir"A(ttp) CH3 were estimated by using the yield of Ir"Vitp)C6H4(p-Cl)
and the ratios of pyrrole proton signals of Ir"Vitp)C6H4(p-Cl) : Ir"A(ttp)(p-C6H4)Ir"A(ttp):
IrA"(ttp)CH3 in the crude products.

(iv) 4-Chlorobenzonitrile. Ir(1)(ttp)(CO)CI (10.3 mg, 0.011 mmol), K2CO3 (31 mg, 0.22 mmol, 20
equiv), 4-chlorobenzonitrile (153.3 mg, 1.11 mmol, 100 equiv), PhCI (125.4 mg, 113 /AL, 1,11
mmol, 100 equiv), and benzene (1 mL) were heated at 200 under N2 for 3.5 days. PPha (29.2
mg, 0.11 mmol, 10 equiv) was added under N2 and the reaction was further heated at 120 ~C for 30
minutes. The kinetic ratio of Ir*A(ttp)(PPh3)C6H4(p-CN) : Ir"\ttp) (PPh3)Ph was found to be 29.8 :
100 by 'H NMR spectroscopy. The crude product was then purified to vyield

Ir [ii(ttp)(PPh3)C6H4(p-CN) (4.9 mg, 0.004 mmol, 40%) and atrace of Ir"\ttp)Ph.

Studies of Base-Promoted Aryl Exchanges between Ir"\ttp)Ph and Arylating Agents
The experimental procedure of the reaction of Ir"'(ttp)Ph with benzene-g and K2CO3 were
described as atypical example.

(a) Exchange with Benzene-f% in the Presence of K2CO3. IrM(ttp)Ph (5.0 mg, 0.005 mmol),
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K2CO3 (14.7 mg, 0.11 mmol), and benzene-"ie (0.5 mL) were degassed for three freeze-pump-thaw
cycles in a Teflon screw capped NMR tube and then flame-sealed under vacuum. The reaction
mixture was heated at 200 and the reaction was monitored by “H NMR spectroscopy. After 5
days, no deuterium incoporation occurred to form Ir*A(ttp)C6D5, and Ir"A(ttp)Ph (91%, NMR vyield)
was recovered using the residual benzene proton signal as an internal standard.

(b) Exchange with Benzene-rfein the Presnece of KOH. Ir'(ttp)Ph (3.0 mg, 0.003 mmol), KOH
(3.6 mg, 0.064 mmol), and benzene-t* (0.5 mL) were heated in a sealed NMR tube under vacuum
at 200 and the reaction was monitored by "H NMR spectroscopy. After 7 days, no deuterium
incoporation occurred to give Irt(ttp)C6D5, and Ir(1)(ttp)Ph (55%, NMR yield) was recovered using
the residual benzene proton signal as an internal standard.

(c) Exchange with 4-Bromo-nitrobenzene in the Presence of KOH. Ir"A(ttp)Ph (2.8 mg, 0.003
mmol), KOH (3.3 mg, 0.060 mmol), 4-bromo-nitrobenzene (15.1 mg, 0.075 mmol, 25 equiv), and
benzene<i6 (0.5 mL) were heated in a sealed NMR tube under vacuum at 200 and the reaction
was monitored by “H NMR spectroscopy. After 7 days, no Ir"\ttp)C6H4(p-N02) was formed, and
Ir" [ (ttp)Ph (77%, NMR vyield) was recovered using the residual benzene proton signal as an

internal standard.
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Appendix | Calculation Procedures

(1) Estimation of redox potentials of HO*/OH" in saturated KOH / DMSO solution and at
elevated temperatures

The oxidation potential of HO/ HO® couple (JOH"] = 0.0043 M) in DMSO at 24, C (297 K)
is reported as the standard oxidation potental (Eox" )" :

HO" —30,HO +ee Eox, = +0.75V
0.0043 M u

The oxidation potential of HO*/HO® in DMSO at 25 °C (298 K) in saturated KOH / DMSO
solution ([KOH] = 0.037 M)2 can be estimated using the Nernst equation:

. where R =8.314 J K" mo | 4
E = RT [n[HCT] T = temperature (K)
nF [HO*] " .
n = no. of mole of €" involved in rxn
F = 96485 C mol_i

[HO ]=[HO*] formed in the standard condition
=0.0043 M

Eo.(KOH(safd,298K)) ~ 0.75 - 8.314(298) /,

o X 1(96485) | 0.0043J
—0.70 V

Thus, OH" is a more efficient reducing agent in saturated KOH / DMSO solution.

The redox potential of HO' / HO® in DMSO at 120, C (393 K) and 200, C (473 K) in

saturated KOH | DMSO solution ([DMSO] = 0.037 M) can also be estimated using the
Nernst equation:

Eox{KOH(sat'd,393K)) Eox(KOH(sat'd,473K))

075 . B8-314(393) /jn 0.037 \ 6’7% 8.314(473) /1] 0.037
' 1(96485) \ 0.0043 ] ' 1(96485) \  0.0043
—0.68 V —0.66 V ‘

Thus, OH" is a much more efficient reducing agent in saturated KOH / DMSO solution
when temperature increases.

References:

(1)Goolsby » A. D.; Sawyer, D. T. Anal Chem. 1968, 40, 83-86.

(2) Trofimov, B. A.;Vasiltsov, A, M.; Amosova, S.V. Russ. Chem. Bull. 1986, 35, 682-686.
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(2) Estimation of maximal amount of H2 dissolved in benzene-rfg in dehydrogenative

dimerization oflr"~(ttp)H to [Ir"(ttp)]2 and H2

The concentration of H2 in benzene ([H2], in M) as a function of temperature (T, in K)
and H2 pressure (P, in atm) in a sealed NMR tube is given by the following expression, 1 where
Paim is the H2 pressure in atmosphere at 23 T is the temperature at 23 °C.

[H2]tp = [2.3421 X 10.3 M + (2.2592 x 10®) T(°C)] Pam

Assume x = % yield of H2 dissolved in benzene-c/e

maximal no. of mole of H2 formed

no, of mole of Ir*'(ttp)H in benzene-c/r
0.005 mmol

5x10-6 moi

Cone, of mole of Ir'"'(ttp)H dissolved in benzene-c/p
=(5x10-6 mol)x/0.5 X 10-3 L
(0.010 X) M

Pressure of H2 in gas phase

=[Hslt.p / [2.3421 X 10-3 mol L™ + (2.2592 x 10*M)1]
=0.010X/[2.3421 X 103 + (2.2592 x 10-")(23 °C)]
= 0.010x/(2.862x 10-3)

=(3.49X) atm

Mole of H2 in gas phase where P = pressure of H2 (3.49x atm)
— (PV)/ (RT) V =volume of H2 (—3 x 10® m")

—_ _ n n

=[(3.49X) (3 X 10'@)] / [(8.206 x 10-5)(296)] $—_§§20£ X105 m3 atm K™ mol
=(4.31 x10-"x) mol a

Total mole of H2 formed in benzene-c/s

=5x10"® mol A 4.36x1Cr4x = 5x10-6

=5x 10®x +4.31 x10-4x 3 x= 0.011

= (4.36x 10-4x) mol X =1.1%

Therefore, the maxima! yield of H2 dissolved in benzene-d© is .1%, which is out of the
detection limit of 1h NMR spectroscopy.

Reference:

(1) Wayland, B. B; Ba, S.; Sherry, A. E. Inorg. Chem. 1992, 31’ 148-150.
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Appendix I
Cleavages by Ir"\ttp)(CO)CI

(i) Competition Reactions of Aryl Bromides

IH"(ttp)(CO)a + B r ~ F o/ er ™

Hammett Plots of Base-Promoted Ar-X (X =

Cl,

L(ttp>"FG +

Br, 1)

=1 1><

25 equiv 25 equiv
HMe?
o
S
/»
=
6
O
|
OMe COsMe
'Cl
0.5
Br
0.5 al o0 0.5

CN

log (CpQ/ k™)

Figure 1(a) Hammett plot of Ar-Br cleavage using the Hammett constants ap (Table 3.36).
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=
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L NO,
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0.5
-2 -15 -1 -0.5 —+ 0 0.5

Figure 1(b) Hammett plot of Ar-Br cleavage using Hammett constants a™p (Table 3.36).
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(ii) Competition Reactions of Aryl lodides

Fl [ [@COd ‘FG y
CeHe, 150 A
25 equiv 25 equiv
OMe

A

J

/

/

T 0.5

s

o

I

a
-03 -0.2 -0.1 ctp O 0.1 0.2

Figure 2(a) Hammett plot of Ar-I cleavage using the Hammett constants ,/(Table
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Figure 2(b) Hammett plot of Ar-I cleavage using Hammett constants //(Table
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(iii) Competition Reactions of Aryl Chlorides

K2CO3 (20 equiv) I (ttp>HQAFG + Iri"(ttpH((/

I"11_(cO)cr + C- , -FG/ Ck
I W C«HIr, 150
100 equiv 100 equiv log (/cfg/M
X
T
1R
=
b= OMe
1 N5
A
-0.4 -0.2 0 (JpO 0.2 0.4 0.6
Figure 3(a) Hammett plot of Ar-Cl cleavage using the Hammett constants (Table 3,38),
°N
oM>
-0.8 -0.6 -0.4 -02 cpo 0.2 0.4 0.6

Figure 3(b) Hammett plot of Ar-Cl cleavage using Hammett constants //(Table 3.38).
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Appendix Il X-Ray Crystallographic Data and Structures of Ir"”\ttp)Ar

(1) X-Ray Data and Structures of Ir"*(ttp)Ar

(i) Ir"'(ttp)C6H4(p-OMe) (8c)

Figure 1 ORTEP presentation of the molecular structure with numbering scheme (left) and
wireframe presentation of the molecular structure (right) for Ir"'(ttp)C6H4(p-OMe)(CH30H) (8c)
(30% probability displacement ellipsoids). Selected bond lengths (A) Ir(1)-C(61) = 2.023(4).

(i) Ir'i(ttp)(p-Tol) (8e)

Figure 2 ORTEP presentation of the molecular structure with numbering scheme (left) and
wireframe presentation of the molecular structure (right) for Ir"~(ttp)(p-Tol)(CH30H)«CH30H

(8e) (30% probability displacement ellipsoids), probability displacement ellipsoids). Selected
bond lengths (A) Ir(1)-C(61) = 2.033(5).
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(iii) Ir | "(ttp)C6HA(/7-N02) (8p)

Figure 3 ORTEP presentation of the molecular structure with numbering scheme (left) and
wireframe presentation of the molecular structure (right) for
Ir"'(ttp)C6H40-N02)(CH30H)«CH30H«CHCI3 (8p) (30% probability displacement ellipsoids).
Selected bond lengths (A) Ir(l)-C(61) = 1.990(6).

(iv) Ir'(ttp) (p-C6HA) 21 Mettp) (9b)

Figure 4 ORTEP presentation of the molecular structure with numbering scheme (left) and
wireframe presentation of the molecular structure (right) for
(CH30H)Ir (ttp)(/?-C6H4)2Ir(ttp)(CH30H)  (9b) (30% probability displacement ellipsoids).
Selected bond lengths (A) Ir(I)-C(61) = 2.027(8).
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(V) Ir"'(ttp)Ph (8a)

Figure 5 ORTEP presentation of the disordered molecular structure with numbering scheme (top)
and wireframe presentation of the disordered molecular structure (bottom) for Ir"\ttp)Ph (8a)
(30% probability displacement ellipsoids). Selected bond lengths (A) Ir(1)-C(31) —2.158(11),
which is the average value of the Ir(1)-C(31) bond lengths from the two disordered structures.
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(Vi) Ir™ (ttp)C6H4(/7-SiMe3) (8f)

Q
o]
~

)
§

C47

C32

Figure 6 ORTEP presentation of the molecular structure with numbering scheme (top) and
wireframe presentation of the molecular structure (bottom) for
Ir'(ttp)C6H4(p-SiMe3)(EtOH)'MeOH (8f) (30% probability displacement ellipsoids). Selected
bond lengths (A) Ir(1)-C(61) = 2.024(5).
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(2) Conformations of Porphyrins in Ir"Vtp)Ar (8a, 8c, 8e, 8f, 8p, 9b)

2.6(5) -6,0(5)
{-) value toward aryl group

IF"(ttp)C6H4(p-01Vie) (8c)

-17.2(5) -14.5(6)
52) - '
Tok 67.3(3)
V4 1 Nr
/ @ -2 3(4)
2 43K

3.7/ . (1)
\ 4.2(4)

1o 0807 8.8(1

82,7(2)° " ) Tol

BAR
-18.7(8) -22.2(8)

(+) value toward aryl group

Iri"(ttp}CB6H4(p-SiMe3) (8)

1(6) 22.5(6)

3.1(2)0 55,2(2)°
To 696 (1S Dy Tol
22.4(5)
-21.6(6) N3
5.1(5)

-17.0(6) 6.4(6)
-27.2(6) -12.4(6)
1008 N2 5.0(5) _fr 1854 8831

98(1) +20.1(6)
12.4(6) 19.0(65
1765
+20,6(9)
17 2(5)
63.4(2). 5.9(4)" -3.5(6) 81.3(2)"
20.3(6) 7.4(6)
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Ir"i{ttp) C6H4(p-N02) (8p)

9.3(5) 11.7(5)
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I (ttp)(p-Tol)(8e)

2.38)  -4.6(9) -5.0(10)  3,3(10)
75.3(3)° 100Q)  2.1(7) 5.1(10) Tol 881(5)s
Tol
-4.0(8) N2 a0
1.6(7)
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_2q1 -3.8(11)
*8(8)
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(-)value toward aryl group

3.3(10) ~5.0(10)
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3,0(6)
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.4 (3)°

Figure 7 The conformations of porphyrins in Ir"Vttp)C6H4(p-OMe) (8c), Ir"\ttp)(p-Tol) (8e),

Ir'(ttp)C6H40"-SiMe3) (8f), Ir'~(ttp)Ph (8a), Ir"\ttp)C6H4(p-N02) (8p),

Ir"'(ttp)(p-C6H4)2Ir"\ttp)

(9b) > showing the displacements of the core atoms and of Ir from the 24-atom least squares planes of

porphyrin cores (in pm; negative or positive values correspond to displacement towards the aryl

ligand). Absolute values of angles between the pyrrole rings and the least-squares planes, and angles

between the tolyl substituents and the least-squares planes, are shown in bold.
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(3) Crystal Data and Structure Refinement Parameters for Ir"/(ttp)Ar

Table 1 Crystal Data and Structure Refinement Parameters for Ir"~(ttp)Ar (1)

compounds

color, shape
empirical formula

formula wt
temp (K)
Wavelength (A)
cryst syst

space group
unit cell dimens
AKA)

MA)

«(A)

y(A)

volume (A3)

Z

calcd density (e cm™)

abs coeff (mm™")

F(000)

cryst size (mm)

6 range for data collection

(deg)
limiting indices

no of rflns collected/unique
completeness to 0 = 28.24
absorp corr

max. and min. transmn

refinement method

no. of data/restraints/params
GOF

final R indices [/> 2(7(7)]
R indices (all data)
lar~st diff peak and hole

WW2 (
2:14N1)/21,, | . R2=

Ir™(ttp)C6H4(p-OMe)

(8c)
purple prism
C55H43N40Ir

*CH30H
1000.18
293(2)

0.71073

tetragonal
14(1)

19.2067(10)
19.2067(10)
25.478 (3)
90
90
90
9398.8 (12)
8
1.414
2.887
4032
0.50 X 0.40 X 0.30
1.33 to 28.03

-20<h<25
-25 <k <25
-28<i<33
31882/ 10629
[R(int) = 0.0350]
100.0%
SADABS
1.000 and 0.697453
Full-matrix
least-squares on F*
10629/ 1/568
1.044
RI“ = 0,0288
WR2" = 0.0603
= 0.0409
WR/ = 0.0655
1.272 and -0.570

0.0266/0.3443

JNIjAreE T2

IrM(ttp) (p-Tol)

purple prism
C55H43N4Ir
*2CH30H
1016.22
293(2)
0.71073
monoclinic
P2()/c

11.4621(14)
17.214(2)
25.013(3)

90
97.846(3)
90

4889.1(10)

4
1.381
2.776
2056
0.50 X 0.40 X 0.30
1.44 to 25.00

-13<h<13
-20<k<20
-16<1<29
25968/8610
[R(int) = 0.0364]
99.9 %
SADABS
1.000 and 0.532193
Full-matrix
least-squares on F*
8610/0/ 577
1.076
= 0.0307
WR2" = 0.0693
RI“ = 0.0544
WR2" = 0.0815
1.117 and -0.671

0.0378/1.6359

A Weighting scheme

IrE% (ttp) C6H4(p-SiMe3)
(8f)
purple prism
C57H49N4Silr
*CHsCHzOH'CHsOH
1088.40
293(2)
0.71073
monoclinic
P2(1)/n

15.157(3)
22.886(5)
16.111(3)
90
107.682(3)
90
5324.4(18)
4
1.358
2.575
2216
0.50 X 0.40 X 0.30
1.60 to 25.00

-18<h<17
-27<k<26
-19<1<19
28472/9345
R(int) = 0.0558]
99.9 %
SADABS
1.0000 and 0.199487
Full-matrix least-squares
on f2
9345/11/613
1.019
Ri“ = 0.0421
= 0.1102
Ri“ = 0.0594
wR2" = 0.1170
1.904 and -0.842

0.0676/0.0000
SO"@+] A
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Table 2 Crystal Data and Structure Refinement Parameters for Ir

compounds

color, shape
empirical formula

formula wt
temp (IC)
Wavelength (A)
cryst syst

space group
unit cell dimens
a (A)

MA)

y{A)

volume (A3)

z

calcd density (g cm'™)

abs coeff (mm")

F(000)

cryst size (mm)

0 range for data collection
(deg)

limiting indices

no of rfins collected/unique
completeness to 0 = 28.24
absorp corr

max. and min. transmn

refinement method

no. of data/restraints/params
GOF

final R indices [/> 2(j(D]
R indices (all data)
largest diff peak and hole

wi/w?/

Ir"™(ttp)Ph
i M
purple prism
C54H4iN4lr

938.11
293(2)
0.71073
triclinic
P-1

11.3189(19)
12.050(2)
19.000(4)
76.108(5)
72.703(3)
71.709(3)
2318.3(7)

2
1,344
2.918

940

0.40 X0.30 X 0.20
1.14 to 25.00

-13<h<lIl
-14<k<13
-22<1<19
12629/8154
[R(int) - 0.0264]
99.5%
SADABS
1.0000 and 0.559137
Full-matrix
least-squares on F*
8154/36/ 589

1.174
= 0.0553
= 0.1586
R/ - 0.0764
wR2" = 0.1729
1.951 and -0.949

0.0695/10.3542

NG
=

Ir,(ttp)C6H4(/>N02)
I M

purple prism
C54H40N502Ir
*2CH30H.CHC13
1166.56
293(2)
0.71073
monoclinic

P2(1)/n

17.819(3)
13.421(3)
21.519(4)
90
97.439(4)
90
5103.1(16)
4
1.518
2.826
2344

0.40 X0.30 X0.20
1.40 to 25.00

-21 <h<20
-15<k<13
-25<1<25
27004/ 8956
[R(int) = 0.0430]
99.7%
SADABS
1.000 and 0.631312
Full-matrix
least-squares on F*
8956/0/631

1.091

= 0.0379
wR2" . 0.0902

= 0.0574
wR2" = 0.1016
1.356 and -0.917

0.0383/12.1648

(ttp)Ar (2)

Ir*¥ttp) (p-C6H4)2
Ir'Yttp) (9b)
purple prism
CiosHsoNglri

+2CH30H
1938.28
293(2)
0.71073
monoclinic
P2(1)/n

15.373(9)
19.751(12)
17.321(10)

90
96.782(10)
90
5222 (5)
2
1.233
2.594
1948

0.40 X 0.30 X 0.20
1.57 to 25.00

-18<h<17
-23<k<22
-20<1<16
27438/9192
[R(int) = 0.0842]
99.9 %
SADABS
1.0000 and 0.322802
Full-matrix
least-squares on F*
9192/0/550

0.902
RI~- 0.0585
wR2* = 0.1372
R/ = 0,1000
WR2, 01500
2.033 and-1.739

0.0827/0.0000

* ' Weighting scheme
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Appendix V. NMR Spectra

No Spectra Page
'H NMR Spectrum of Ir"A(ttp)(CO)CI (la) (CgDg) 282

'H NMR Spectrum of Ir"\ttp) (PPh3)CI (Ib) (CsDs) 282

"C NMR Spectrum of Ir"'(ttp) (PPh3)CI (Ib) (THF-tAg) 283

1Th NMR Spectrum of Ir"(ttp)(CO)Br (Ic) (CeDs) 283

13c NMR Spectrum of Ir"'(ttp)(CO)Br (Ic) (CDCI3) 284

NMR Spectrum of Ir"'(ttp)(CO)I (1d) (CeDe) 284

AC NMR Spectrum ofIr"\ttp)(CO)I (I1d) (CDCI3) 285
"HNMR Spectrum of Ir"Vttp)SbF6 (le) (CDCI3) 285

1h NMR Spectrum of Ir'i(ttp)SbF6 (le) (CeDe) 286

13c NMR Spectrum of Ir*A(ttp)SbF6 (le) (CDCI3) 286

Ih NMR Spectrum of Ir’ttp)(py)CI (If) (CDCI3) 287

13 NMR Spectrum of Ir"\ttp)(py)CI (If) (CDCI3) 287

'"H NMR Spectrum ofIr"] (ttp)(py)Br (1g) (CgDe) 288

13c NMR Spectrum of Ir"'(ttp)(py)Br (lg) (CDCI3) 288

'"H NMR Spectrum of Ir"'(ttp) (py)! (1h) (CgDe) 289

"C NMR Spectrum ofIr"”(ttp)(py)! (1h) (CDCI3) 289

Ih NMR Spectrum oflr*Vttp)H (2a) (CeDe) 290

ITh NMR Spectrum of Ir"'(ttp) (PPh3)H (2b) (CeD") 290

ITh NMR Spectrum of [Ir"(ttp)]2 (3) (CeDe) 291

20 "h NMR Spectrum ofIr(ttp)-K+ (4a) (THF-Jg) 291
21 "C NMR Spectrum of IrA(ttp)-K* (4a) (THF-Jg) 292
2 "HNMR Spectrum of Ir | (ttpnK(18-crown-6) ]+ (4b) (THF-"4) 292
23 'H NMR Spectrum of Ir'(ttp)-[K(18-crown-6)]" (4b) (CeDe) 293
24 NMR Spectrum of Ir*~(ttp)(PPh3)0H (5a) (CsDs) 293
25 '‘"C NMR Spectrum of Ir*'(ttp)(PPh3)0H (5a) (CsDe) 294
26 Ih NMR Spectrum of Ir"\ttp)(py)OH (5b) (CDCI3) 294
2] 13c NMR Spectrum of Ir"Vttp)(py)OH (5b) (CDCI3) 295
28 'HNMR Spectrum of (H20)(ttp)Ir"'0lr " (ttp)(OH2) (6a) (CeDe) 295
2 "C NMR Spectrum of (H20)(ttp)Ir0Ir"~(ttp)(0H2) (6a) (CeDe) 296
30 ‘4 NMR Spectrum ofIr(ttp)CH2CH20H (7) (CDCI3) 296
3l 1eNMR Spectrum of Ir"(ttp) CH2CH20H (7) (CDCI3) 297
32 ITh NMR Spectrum of Ir"'(ttp)Ph (8a) (CDCI3) 297
33 "C NMR Spectrum ofIr"Vttp)Ph (8a) (CDCI3) 208
3 (HNMR Spectrum of Ir™(ttp)C6H4(p-NMe2) (8b) (CDCI3) 208
3 ITh NMR Spectrum of Ir"'(ttp) (PPh3)C6H4(p-NMe2) (8bi) (CDCI3) 299
>t 13¢ NMR Spectrum of Ir"\ttp)(PPh3)C6H40?-NMe2) (8bi) (CDCI3) 299
S 279
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37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74

1h NMR Spectrum of Ir'"A(ttp)C6H4(/7-OMe) (8c) (CDCI3)
NMR Spectrum of Ir(1)(ttp)C6H4(/>OMe) (8c) (CDCI3)

ThNMR Spectrum of Ir"(ttp)C6H4(p-'Bu) (8d) (CDCI3)

"C NMR Spectrum of Ir'"'(ttp)C6H4(p-'Bu) (8d) (CDCI3)

'HNMR Spectrum of Ir"'(ttp)(/7-Tol) (8e) (CDCI3)

13c NMR Spectrum of Ir"(ttp)0-Tol) (8e) (CDCI3)

1h NMR Spectrum of Ir'™\(ttp)C6H4(p-SiMe3) (8f) (CDCI3)

13c NMR Spectrum of Ir'\"(ttp)C6H40-SiMe3) (8f) (CDCI3)

'"H NMR Spectrum of Ir'"(ttp)C6H4(p-NPhth) (8g) (CDCI3)

13c NMR Spectrum of Ir"'(ttp) C6H4(p-NPhth) (8g) (CDCI3)

'"H NMR Spectrum of Ir'"'(ttp)C6H4(p-F) (8h) (CDCI3)

13c NMR Spectrum of Ir'*~(ttp)C6H4(p-F) (8h) (CDCI3)

'H NMR Spectrum of Ir"Vttp)C6H4(p-Br) (8i) (CDCI3)

13c NMR Spectrum of Ir"*”(ttp)C6H4(p-Br) (8i) (CDCI?3)

"AHNMR Spectrum of Ir*A(ttp) C6H4(p-Cl) (8j) (CDCI3)

"C NMR Spectrum of Ir"\ttp)C6H4(p-Cl) (8j) (CDCI3)

'H NMR Spectrum of Ir"'(ttp)C6H4(p-C02Me) (8k) (CDCI3)

"C NMR Spectrum of Ir"\ttp)C6H4(p-C02Me) (8k) (CDCI3)

IThNMR Spectrum of Ir"(ttp)C6H4(p-C(o)Me) (81) (CDCI3)

13c NMR Spectrum of Ir(1)(ttp)C6H4(/?-C(0)Me) (81) (CDCI3)

'"H NMR Spectrum of Ir(1)(ttp)(PPh3)C6H4(p-CHO) (8m) (CDCI3)

13c NMR Spectrum of Ir"Vitp)(PPh3)C6H40-CHO) (8m) (CDCI3)

'H NMR Spectrum of Ir'"(ttp)C6H4(p-CF3) (8n) (CDCI3)

"C NMR Spectrum of Ir(1)(ttp)C6H4(p-CF3) (8n) (CDCI3)

13c NMR Spectrum of Ir"A(ttp)C6H4(p-CF3) (8n) (CDCI3) (expanded region)

'H NMR Spectrum of Ir"\ttp)(PPh3)C6H4(p-CN) (80) (CDCI3)

13c NMR Spectrum of Ir"(ttp)(PPh3)C6H407?-CN) (80) (CDCI3)

'H NMR Spectrum of Ir"'(ttp)C6H4(p-N02) (8p) (CDCI3)

13c NMR Spectrum of Ir'(ttp)C6H4(p-N02) (8p) (THF-c/g)

'"H NMR Spectrum of Ir"'(ttp)(2-naphthyl) (8q) (CDCI3)

"C NMR Spectrum oflr"A(ttp) (2-naphthyl) (8q) (CDCI3)

'"H NMR Spectrum of Ir"] (itp)C6H4{/?-I) (8r) (CDCI3)

i3c NMR Spectrum of Ir"'(ttp)C6H4(p-1) (8r) (CDCI3)

'H NMR Spectrum of Ir'"(ttp)(p-C6H4)2(p-1) (8s) (CDCI3)

'"H NMR Spectrum of Ir'(ttp)(p-C6H4)2(p-Br) (8t) (CDCI3)

"C NMR Spectrum of Ir'i(ttp)(p-C6H4)2(/>Br) (8t) (CDCI3)

"AHNMR Spectrum of Ir''(ttp) C6H4(w-OMe) (8u) (CDCI3)

"C NMR Spectrum of Ir"'(ttp) C6H4(w-OMe) (8u) (CDCI3)
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H NMR Spectrum of Ir"\ttp)(m-Tol) (8v) (CDCI3)

3CNMR Spectrum of Ir'"(ttp)(m-Tol) (8v) (CDCI3)

H NMR Spectrum of Ir'i(ttp) C6H4(w-N02) (8w) (CDCI3)

3C NMR Spectrum of Ir"Vttp)C6H4(m-N02) (8w) (CDCI3)

H NMR Spectrum of Ir'"Vitp)(PPh3)Ph (2x) (CDCI3)

AC NMR Spectrum of Ir*"(ttp) (PPh3)Ph (2x) (CDCI3)

H NMR Spectrum of Ir"'(ttp)0-C6H4)Ir"A(ttp) (9a) (CDCI3)

H NMR Spectrum of Ir'"'(ttp)(p-C6H4)2Ir™ (ttp) (9b) (CDCI3)

3C NMR Spectrum of Ir'(ttp)(p-C6H4)2Ir" (ttp) (9b) (CDCI3)

H NMR Spectrum of Ir'(ttp)CH3 (10) (CDCI3)

H NMR Spectrum of Ir"'(ttp)Bn(p-Cl) (11) (CDCI3)

3CNMR Spectrum of Ir"'(ttp)Bn{>-Cl) (11) (CDCI3)

H NMR Spectrum of Ir"(ttp)(PPh3)C(0)C6H407-Cl) (12) (CDCI3)
"C NMR Spectrum of Ir"Vttp)(PPh3)C(0)C6H4(p-Cl) (12) (CDCI3)
H NMR Spectrum ofP(o)Ph3 (CsDs)
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H NMR Spectrum of Ir""(ttp)(CO)CI (la) (CgDe)

H NMR Spectrum of Irttp)(PPh3)Cl (Ib) (CeDe)
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I MR Spectrum of Ir"*(ttp)(PPh3)Cl (Ib) (THF-ds)
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H NMR Spectrum of Ir"'(ttp)(CO)Br (Ic) (CsDe)
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13. C NMR Spectrum of Ir"(ttp)(CO)I (Id) (CDCI3)

'H NMR Spectrum of Ir"~(ttp)(CO)I (1d) (CeDe)
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¥ NMR Spectrum of Tr"(ttp)(CO)I (Id) (CDCI3)
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H NMR Spectrum of Ir(1)(ttp)SbF6 (le) (CDCI3)

-V

IF"(ttp)SbF6 : [Ir"(ttp)(CO)]SbF6 ~ 3.4 : 1

Ir"(ttp)SbF6
[Ir"{ttp)(CO)ISbF6
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'"H NMR Spectrum of Ir | "(ttp)SbF6 (le) (CeDe)

11

BC NMR Spectrum of Ir"A(ttp)SbF6 (le) (CDCI3)
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H NMR Spectrum of Ir'"(ttp)(py)Cl (If) (CDCI3)
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3C NMR Spectrum of Ir™(ttp)(py)Cl (If) (CDCI3)
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'H NMR Spectrum of Ir"'(ttp)(py)Br (1g) (CeDe)
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3c NMR Spectrum of Ir'"A(ttp)(py)Br (Ig) (CDCI3 ;

IR

iwwvJvUw

288



'H NMR Spectrum of Ir"Vttp)(py)I (Ih) (CsDe)
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®C NMR Spectrum of Ir"(ttp)(py)I (Ih) (CDCis)
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NMR Spectrum of Ir*"(ttp)H (2a) (CeDg)
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H NMR Spectrum of Ir"(ttp)(PPh3)H (2b) (CeDe)
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'H NMR Spectrum of [lrii(ttp)]2 (3) (CgDe)
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'H NMR Spectrum of Iri(ttp)-K+(4a) (THF-Jg)
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“C NMR Spectrum of Ir'(ttp)'K"' (4a) (THF-t/g)

150 140 130 120 110 100 90 80 70 60 50 40 0 ppm

'"H NMR Spectrum of Ir X ttp)-[K(18-crown-6)]+ (4b) (THF-t/s)
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'H NMR Spectrum of Ir'(ttp)-[K(18-crown-6)]" (4b) (CeDg)
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H NMR Spectrum of IrJi[(ttp)(PPh3)0H (5a) (CeDe)
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*C NMR Spectrum of Ir'(ttp)(PPh3)0H (5a) (CgDe)

150 140 130 120 110 90 80 60 40 Adm

H NMR Spectrum of Ir"~(ttp)(py)OH (5b) (CDCI3)
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"¢ NMR Spectrum of Ir'"(ttp)(py)OH (5b) (CDCI3)

150 130 120 110 100 90 80 60 40 10 ppm

'H NMR Spectrum of (H20)(ttp)Ir"blr" (ttp)(oH2) (6a) (CeDe)

Unreacted Ir(ttp)CH2CH20H {d{pynole H) = 8 76 ppm)
and |[r'| (tp)CsD5 ((5(pyrrole H) = 8 79 ppm) were
observed in 2% and 7% yields, respectively, during the
preparation of (H20){ttp)IH"OIr'"(ttp)(0OH2)

295



“C NMR Spectrum of (H20)(ttp)Ir"XO0Ir"'(ttp)(0H2) (6a) (C Ds)
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JU La.

296



t NMR Spectrum of Ir\"(ttp) CH2CH20H (7) (CDCI3)
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'"H NMR Spectrum of Ir"'(ttp)Ph (8a) (CDCI3)
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“t NMR Spectrum ofli"(tp)CHICHNH( 7) (CDCI3)

H NMR Spectrum of Ir"(ttp)C6H4(>-NMe2) (8b) (CDCI3)
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H NMR Spectrum of Ir"'(ttp)(PPh3)C6H4(p-NMe2) (8bi) (CDCI3)
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1% NMR Spectrum of IFi(ttp)(PPh3)C6H4(p-NMe2) (8bi) (CDCI3)
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H NMR Spectrum of Ir"Xttp) C6H40-OMe) (8c) (CDCI3)

'"AC NMR Spectrum of Ir'"'(ttp) C6H4(p-OMe) (8c) (CDCI3)
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H NMR Spectrum of Ir"'(ttp)C6H4(p-'Bu) (8d) (CDCI3)
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C NMR Spectrum of Ir | "(ttp)C6H4(/7-"Bu) (8d) (CDCI3)
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H NMR Spectrum of Ir''(ttp)(>-Tol) (8e) (CDCI3)
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T NMR Spectrum of Ir'"A(ttp)(/7-Tol) (8e) (CDCI3)
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H NMR Spectrum of Ir'"(ttp)C6H4(p-SiMe3) (8f) (CDCI3)

N=—Ir=~N
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B3C NMR Spectrum of Ir*Attp)C6H4(p-SiMe3) (8f) (CDCI3)
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HNMR Spectrum of Ir'"(ttp)C6H4(p-NPhth) (8g) (CDCI3)

®BC NMR Spectrum of Ir"\ttp)C6H4(p-NPhth) (8g) (CDCI3)
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H NMR Spectrum of Ir"'(ttp)C6H4(p-F) (8h) (CDCI3)
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3C NMR Spectrum of Ir"(ttp)C6H4(p-F) (8h) (CDCI3)
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H NMR Spectrum of Ir'"\ttp)C6H4(p-NPhth) (8g) (CDCI3)
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3C NMR Spectrum of Ir(1)(ttp)C6H4(p-Br) (8i) (CDCI3)
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H NMR Spectrum of I'"\ttp)C6H4(p-NPhth) (8g) (CDCI3)
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C NMR Spectrum of Ir"(ttp)C6H4(p-Cl) (8j) (CDCI3)
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'H NMR Spectrum of Ir"\ttp)C6H4(p-C02Me) (8k) (CDCI3)
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1% NMR Spectrum of Ir'\ttp)C6H4(/2-C02Me) (8k) (CDCl3)
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H NMR Spectrum of Ir'"*”(ttp)C6H4(p-C(0)Me) (81) (CDCI3)

v/

Ne=—Ir =N

uL

"C NMR Spectrum of Ir [u(ttp)C6H409-C(O)Me) (81) (CDCI3)
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'H NMR Spectrum of Ir(ttp)(PPh3)C6H4(p-CHO) (8m) (CDCI3)
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"®C NMR Spectrum of Ir"(ttp)(PPh3)C6H4(p-CHO) (8m) (CDCI3)
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HNMR Spectrum of Ir"\ttp)C6H4(p-CF3) (8n) (CDCI3)
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¥ NMR Spectrum of Ir'i(ttp)C6H4(/>CF3) (8n) (CDCI3)
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3C NMR Spectrum of Ir"\ttp)C6H4(p-CF3) (8n) (CDCI3) (expanded region)
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H NMR Spectrum ofV"(ttp)(PPh3)C6H4(p-CN) (80) (CDCI3)
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B¢ NMR Spectrum of 1" (ttp)(PPh3)C6H4(/7-CN) (80) (CDCI3)

JH

150 140 130 120 110 100 90 80 70 60 50 40 10 ppm

'H NMR Spectrum of Ir"(ttp)C6H4(p-N02) (8p) (CDCI3)
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C NMR Spectrum of Ir'"'(ttp)C6H4(p-N02) (8p) (THF-ds)
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""C NMR Spectrum oflr"Vttp) (2-naphthyl) (8q) (CDCI3)

H NMR Spectrum of Ir"A(ttp)CBH4(/2-1) (8r) (CDCI3)



1% NMR Spectrum of Ir™(ttp)C6H4(i7-1) (8r) (CDCI3)
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H NMR Spectrum of Ir"/(ttp)(p-C6H4)2(p-Br) (8t) (CDCI3)

3 NMR Spectrum of Ir(ttp)(p-C6H4)2(p-Br) (8t) (CDCI3)
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HNMR Spectrum of Ir'"(ttp) C6H4(m-OMe) (8u) (CDCI3)
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3C NMR Spectrum of Ir"\ttp)C6H4(m-OMe) (8u) (CDCI3)
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H NMR Spectrum oflr"(ttp)(PPh3)Ph(8x) (CDCI3)

T NMR Spectrum of Ir'"A(ttp)(w-Tol) (8v) (CDCI3)
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H NMR Spectrum of Ir"(ttp)C6H4(m-N02) (8w) (CDCI3)

BC NMR Spectrum of Irttp)C6H4(m-N02) (8w) (CDCI3)
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HNMR Spectrum of Ir"(ttp)(PPh3)Ph (8x) (CDCI3)

C NMR Spectrum of Ir"(ttp)(PPh3)Ph (8x) (CDCI3)
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'H NMR Spectrum of Ir"Vttp)(p-C6H4)Ir"Vitp) (9a) (CDCI3)
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H NMR Spectrum ofir" ¥ ttp)(p-C6H4)21/Mttp) (9b) (CDCI3)
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3C NMR Spectrum of Ir"(ttp)(p-C6H4)21™Xttp) (9b) (CDCI3)
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'H NMR Spectrum of Ir'"'(ttp)CH3 (10) (CDCI3)
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H NMR Spectrum of Ir''(ttp)Bn(p-Cl) (11) (CDCI3)
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£ NMR Spectrum of Ir'(ttp)Bn(p-Cl) (11) (CDCI3)
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H NMR Spectrum of Ir"Vttp)(PPh3)C(0)C6H4(p-Cl) (12) (CDCI3)
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C NMR Spectrum of Ir"\ttp)(PPh3)C(0)C6H4(p-Cl) (12) (CDCI3)
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NMR Spectrum ofP(0)Ph3 (CgD"O

-4 -5 ppm
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