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Abstract 

This thesis focuses on the discovery o f base-promoted selective ary l carbon-halogen bond 

(A r -X , X = CI, Br, I ) cleavages by chloro(carbonyl)(5,10,15,20-tetrakis-

( j7- to ly l )porphyr inato) i r id ium(I I I ) ( i r id ium( I I I ) porphyr in carbonyl chloride, Ir™(ttp)(CO)Cl) in 

benzene solvent to give i r i d ium( I I I ) porphyr in aryls (Ir^^^(ttp)Ar) (eq 1). 

i H i i _ ( c o ) a + X - G ^ f g 二 爿 = = 】 . H ^ t t p K O - P o ⑴ 

FG =〇Me, Me, H, F,C(0)Me, NO2... 

(a) X = Br, 1.1 equiv base = K2CO3, 200。C’ 6-48 h 62-100% 
(b )X = l, 1.1 equiv base = NaOH, 150。C，9-24h 77-99% 
(c) X = C1, 200 equiv base = K2CO3, 150。C，22-168 h 32-100% 

Mechanist ic studies suggest that I r " ' ( t tp ) (CO)Cl in i t ia l ly reacts w i t h base (NaOH, K2CO3) in 

benzene to f o r m i r i d ium( I I I ) porphyr in l iydroxo complex ( Ir^"( t tp)OH). The hydroxo l igand and 

the residual water in benzene act as a reducing agent and a protonat ing source, respectively, to 

promote the reduct ion o f I r " ' ( t t p )OH to i r id ium( I I I ) porphyr in hydr ide (Scheme l ( i ) , 

X = CI). Ir '^Vttp)H can also undergo interconversion w i t h i r i d i i im( I I ) porphyr in dimer 

([Ir i i(ttp)]2) and i r id ium( I ) porphyr in anion ( I r \ t t p ) ' ) v ia equi l ibr ia i n basic benzene media 

(Scheme l ( i i ) ) . 

S c h e m e 1 Reaction Mechanism o f Base-Promoted A r - X Cleavages w i t h Ir"^(t tp)(CO)Cl 

lH"(ttp)(CO)X N a O H / 二 2 。 〜 丨 r „ i _ 〇 H J 2 O 丨「川帅)h ⑴ 

X = CI, Br, I , -C〇 

base, _H+ base, - I / 2H2 丨丨 
Ir'(ttp)- - . lr"i(ttp)H - - - 1/2[ir"(ttp)]2 (ii) 

[lr"(ttp)]2 . - 2lr"(ttp) 

iH'(ttp) + ArX 丨 「 ^ Q ^ _ _ ^ ,Hii(ttp)Ar + X ' 

X = CI, Br, I X ⑴ 

X- + [丨「"(ttp)]2 lr '"(ttp)X + !r"(ttp) 
X = CI, Br, I 

(iii) 

(iv) 

(V) 



Among the three coex is t ing i r id ium porphyrin species (Ir"^(ttp)H, [Ir^\ttp)]2, Ir^(ttp)'), 

[Ir"(ttp)]2 is found to be the intermediate for the A r -X cleavages. [Ir"(ttp)]2 first dissociates into 

2 i r id ium(II) porphyrin metalloradicals (Ir"(ttp)) (Scheme l(iii)). Ir ' '(ttp) then reacts w i th A r -X 

by radical /p卵-substitution to form Ir^"(ttp)Ar and a halogen atom (X*) v ia the formation of 

ir idium-porphyrin-cyclohexadienyl radical intermediate ( I ) (Scheme l ( iv ) ) . X* further reacts 

wi th [Ir"(ttp)]2 to give i r i d ium(m) porphyrin halide (Ir"^(ttp)X, X = CI, Br, I) and Ir"(t tp) for 

subsequent radical chain propagation (Scheme l (v ) ) . Radical chain z^^o-substitution o f A r X 

wi th [Irii(ttp)]2 is thus proposed. (or Ir^"(ttp)(CO)X) is recycled by undergoing the 

base-promoted reduction to form Ir⑴(ttp)H (Scheme l ( i ) ) for subsequent A r -X cleavages to 

give I r " \ t t p ) A r (Scheme l ( l i -v ) ) . 

In this thesis, the reaction mechanisms o f two newly-discovered reactions are discussed in 

details: 

(1) the redox chemistry o f Ir"^(ttp)(CO)X (X = CI, Br, I ) in basic benzene media, including the 

base-promoted reduction o f Ir^"(ttp)(CO)X to 

base-promoted interconversion among I r " \ t t p )H , [Ir^ 

(2) the radical chain zp^o-substitution of A r X (X= CI, 

(Scheme l ( i i i -v ) ) . 

Ir i i i ( t tp)H (Scheme l ( i ) ) , and the 

:(ttp)]2, and Ir^(ttp)- (Scheme l ( i i ) ) . 

Br，I) by [Ir"(ttp)]2 to give Ir"^(ttp)Ar 

XI 



摘要 

本論文主要硏究了三價銥頻基氯卩卜啉絡合物（Iriii(ttp)(CO)Cl)在苯容劑中與鹵代苯及 

其衍生物（ArX, X 二 C1, Br, I )的反應，發現驗性添加劑可促進碳-鹵鍵（Ar-X)的選擇性 

斷裂，形成各種銥卩卜啉芳基絡合物（Iriii(ttp)Ar) (eq 1)。 

機埋硏究顯示，Irm(ttp)(CO)a首先跟鹼（氫氧化鈉、碳酸鉀）反應，產生三價銥卩卜琳 

經基絡合物（ I rm( t tp )OH)。經基及苯容劑中的剩餘水分別充當還原劑及質子來源’把 

Ir'"(ttp)OH還原爲三價銥卩卜啉氫化物（Iriii(ttp)H) (Scheme l ( i ) )。在驗性條件下’ Irm(ttp)H 

可透過化學平衡，互相轉化成二價銥叶啉二聚絡合物([Ir"(ttp)]2)和一價銥卩卜琳絡合負離 

子（Iri(ttp)-) (Scheme l( i i)) ° 

在 Irm(ttp)H、 [ Ir"(t tp)]2和 Ir丨(t tp)—當中，我們發現 [ Ir"(t tp)]2作爲Ar-X鍵斷裂的活 

性中問體。[Iri i(ttp)]2首先分裂爲二價銥叶啉游離基（Ir"(ttp)) (Scheme l(i i i)) ’ 跟 A r X 進 

行原位取代反應，通過產生環己院二烯自由基中間體，再生成 I r " i ( t tp)Ar和鹵原子（X*) 

(Scheme l ( iv))。X-再跟 [ I rH(t tp) ]2 反應，產生三價銥卩卜啉鹵化物（Ir"丨(ttp)X, X = C1, Br, I) 

與 I r"( t tp) (Scheme l(v)) ’繼而發生鏈傳遞反應°因此，A r X與 [ I r i i ( t t p ) ] 2發生游離基連 

鎖原位取代反應。 I r i n ( t t p ) X (或 I r丨 i i ( t t p ) (CO)X )最後跟鹼和水進行還原反應產生 

Ir⑴(ttp)H (Scheme l(i)) ’ 接著進行 Ar-X 鍵斷裂，形成 Irni(ttp)Ar (Scheme l( i i-v))。 

本論文詳細討論了以下兩個新發現的反應機理： 

⑴ I r ' " ( t t p ) (CO)X (X 二 C1, Br, I )於鹼性條件下的氧化還原反應’包括了 I r ’ t tp)(CO)X 

轉化爲 Ir、ttp)H 的還原反應（Scheme l(i))，以及 Ir"i(ttp)H、[Ir"(ttp)]2 和 Iri(ttp)_ 的 

相互轉化反應（Scheme l ( i i ) )。 

(2) [Ir"(ttp)]2 與 ArX (X = CI, Br, I )之游離基連鎖原位取代反應 (Scheme l( i i i -v))。 
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Chapter 1 General Introduction 

1.1 Macrocycles 

In organometallic chemistry, main group metals and transit ion metals are usually 

incorporated w i th ligands to promote various organometallic reactions. Macrocycles are 

usually bulky, multidendate ligands which can protect the periphery o f the metal complexes 

f rom external attack and to impose coordination numbers or geometrical constraints to stabilize 

the metal complexes.^ Meta l macrocycles provide a unique plat form for organometallic 

reactions. Common macrocyclic ligands are Schif f bases, phthalocyanines, porphyrins, corroles, 

corrins, N-confused porphyrins, and expanded porphyrins. 

1,1.1 Schiff Base 

Schif f base is a compound w i th imine or azomethine linkages which are commonly formed 

by the acid-catalyzed condensation between primary amines and carbonyl groups (Figure 1.1). 

Schif f base is generally an excellent chelating agent to form stable complexes w i th most o f 

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 o f Schi f f bases can take 

prolonged reaction time and tedious work-up to result i n low yield.^ 
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Figure 1.1 Structure o f metal Schif f base. 



1.1.2 Phthalocyanine 

Phthalocyanine is a symmetrical macrocycle w i th 4 iminoisoindoline units. It contains a 

central cavity which is sufficiently large to coordinate w i th 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. I t is also uti l ized in photoconductor, 

n 

nonlinear optical application, and supramolecular chemistry. However, the applications o f 

phathalocyanine are l imited by its poor solubil ity in virtual ly all solvents, and the difficulties o f 
g 

functionalization o f phthalocyanine. 

/ N : 
N. M N 

•N N-

Figure 1,2 Structure o f metallophthalocyanine. 

1.1.3 Porphyrin 

Porphyrin is a heterocyclic macrocycle w i th 4 pyrrole rings interconnected to methine 

bridges (Fig 1.3(A)). L ike phthalocyanine, porphyrin is also a highly conjugated aromatic 

compound wi th 18 7r-electrons delocalized in the inner 16-membered ring,9 and it is usually 

deep purple in color. 

R2 Ri 
(A) Metalloporphyrin 

/ \ 

R2 
(B) metallocorrote 

/ \ 

R2 R2 
(C) metallocorrin 

Figure 1.3 Structure o f 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 b locks .Porphyr in shows an extra stability and 

can be easily accessible and tamable. The steric and electronic properties of metalloporphyrins are 

thus readily modif ied." 

1.1.4 Corrole 

Corrole is a tetradendate, trianionic ligand which is different f rom the porphyrin analogue by 

the absence of a meso methine carbon (Fig 1.3(B)), but it sti l l 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 w i th transition 

metals wi th higher oxidation states and smaller sizes.^^ Corrole has been received renewed 

interests due to the more accessible synthetic procedures. ̂ ^ The chemistry o f corrole has been 

studied in the fields o f 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 
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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 wi th 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 o f 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.^^ 



Ar 

tautomerization 

Ar 

Ar 

tautomer of N-confused porphyrin (B) 

fusion 

-H, 

Ar \ / Ar 

N-fused porphyrin (D) inverted N-confused porphyrin (C) 

Figure 1.4 Structures o f N-confused porphyrin and its tautomer, inverted N-confused 

porphyrin, and N-fused porphyrin. 

1,1.7 Expanded Porphyrin 

Expanded poiphyr in is The variant form of porphyrin, which contains heterocyclic units 

(pyrroles, fur an, or thiophcne) l inked together either directly or through spacers, such that the 

internal r ing contains at least 17 atoms (Figure 1.5) , “ Expanded porphyrin contains larger 

internal cavity and forms stable coordination complexes w i th larger cations, including those o f 

the ianthanide and actinide series. It also allows the generation o f 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 16 



Figure 1.5 Examples o f Expanded Porphyrins. 

1.2 Group 9 Metalloporphyrins 

Group 9 metal loporphyrins (M(por ) ) are cobalt, rhodium, and i r i d ium porphyrins. They are 

usually prepared v ia the metal lat ion o f porphyr in l igand w i t h the corresponding metal salts (eq 

1.1). 

i v 

M - + H N ( … m 细 丨 丨 + 2 H + (1.1) 

R2 Ri R2 R2 Ri R2 
H2(por) M(por) 

Group 9 metal loporphyrins commonly exist in 3 oxidat ion states: +3 (d^),十2 (d?), and +1 

(d^). Figure 1.6 shows the energy level diagrams o f the formal square planar complexes o f 

T T T 

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

and is electrophil ic. Intermediate-valent M^^por) contains single electron i n d：̂  orbital and is 
T 2 

a radical. Low-valent M (por) contains a pair o f electrons in dz orbital and is nucleophil ic. 

These 3 kinds o f metal loporphyrins exhibit different electronic conf igurat ion and therefore 

show tremendously dif ferent reactivities (To be discussed in Section 1.7). Group 9 

metalloporphyrins in the oxidat ion states o f +4 and +5 are unknown. Indeed, the energy 



levels of the dz^ orbitals in cobalt (3d), rhodium (4d), and i r id ium (5d) porphyrin complexes 

are different and lead to different physical and chemical properties among the group 9 

metalloporphyrins. 

Electrophilic Radical Nucleophilic 

dz2 

“xy 

d xz yz yz, d xz, yz 

M'i'(por), d® M丨丨(por), 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 w i th anionic oxygen-containing ligands, such as hydroxides 

o n 

(0H"), alkoxides (0R' ) , and aryloxides (OAr"), to form late-transition-metal-alkoxo 

complexes (M-OR). Late-metal-alkoxo complexes has been extensively reported compared 

wi th the early-metal-alkoxo complexes due to the much higher reactivities o f the 

late-metal-alkoxo complexes. The general applications of late-metal-alkoxo complexes, and 

the effect o f chemical bondings of early- and late-metal-alkoxo complexes on their 

tremendously different reactivities, are brief ly highlighted below. 

1.3.1 General Applications of Late-Transition-Metal-AIkoxo Complexes 

(i) As O-Donor Supporting Ligands 

Dianionic salen and saloph macro cycles (Fig 1.1) form stable, tetradendate M(salen) and 

M(saloph) complexes w i th group 9 transition metals. They serve as chemical models of 

coenzyme Dianionic acetylacetate (acac) is a bidendate 0-donor ligand. Recent 
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(1) KOH (1.1 -4 .0 equiv) 
Pdsdbas (0.5-2.0 eqeuvi) 
L1 orL2 (2.0-8.0 quiv) 
H20/1,4-dioxane(1:1) 

100 °C, 1-18 h 
(2) HCI 

•OH 
P 它 Lb 

70-99% V 
I L1 
'Pr 

'Pr、 

P它U2 
P「 

(1.2) 

V L2 
reductive 

elimination 

'Pr 

important examples are the i r id ium( I I I ) complexes, (0,0-acac)2l r (py)(CH3) and 

[(0,0-acac)2lrm(C-acac)]2 dimer (Figures 1.7(A) and (B)). These i r id ium( I I I ) complexes have 

been ut i l ized in stoichiometric C - H bond activations o f alkanes, toluenes, and arenes,^ and 

act as catalysts or pre-catalysts i n hydroarylat ion o f olefins'^' and H / D exchanges o f 

benzenes 42 

N
\
 

CH3 

r'Ji 
-O 

o 
广N , 

(A) 

〇 〇 

/ l U k 

fB) 

F i g u r e 1.7 I r i dmm( I I I ) complexes coordinated w i t h 0 - D o n o r acetylacetate ligands. 

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

Transition-metal-catalyzed C-O bond forming reactions between ary l halides and alkoxides 

are widely applied in the synthesis o f precursors o f potential drugs and biological ly active 

molecules in pharmaceutical industry.^^'"^^ One o f the examples is the palladium-catalyzed 

coupl ing o f aryl bromides and chlorides w i th hydroxide ions to f o rm phenols (eq 1,2),44 

Pal ladium(II)-aryl-hydroxo complexes are proposed to be the intermediates for C -O couplings 

v ia reductive el iminat ion (eq 1.2，species (I)). Indeed, pal ladium(I I ) -ary l -a lkoxo complexes 

have been demonstrated to undergo the reductive el iminat ion to f rom C-O bonds (eq 1.3).45 

Pd" 

OH 

W
 

R 

X o 
R 

X = Br, C 



1 C l s T r ' - O H 
2 CbTiiV-OMe 
3 ClaZr^^-OH 
4 Ear ly ClsZr^^-OMe 
5 C h H 严 -OH 

f r v . 0CN 
THF-dg 

、Pd丨丨 

八 / \ 八 55 OQ 
,'“丨'PPh2 o Z 、 B u 

NC-
八 

/ " O 它 u (1.3) 

8 7 % 

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 t ransi t ion metals can fo rm metal-oxygen single bonds ( M - 0 ) w i th 

various anionic oxygen-containing ligands. Table 1.1 lists some o f the homolyt ic bond 

dissociation energies (BDEs) o f transit ion-metal-alkoxo complexes obtained by theoretical 

calculations or experimental elucidations. 

Table 1.1 Ho mo lytic Bond Dissociation Energies of Early- and 

Late-Transition-Metal-Oxygen Single Bonds 

t ransit ion 
entry metal ( M ) 

transit ion-metal 
complexes (M-OR) 

homo lyt ic bond 
dissociation energies 

(kcal mol"^) 

C l s H r - O M e 
Cp*2(Ph)Zr iv_oH 

121.1 
11547 
91 

46 

9 
10 
11 M idd le 
12 
13 

Cp2 (a )C r i 〜-OSiHb 
Cp2(Cl)MoiV-OSiH3 
Cp2(Cl)AViV-OSiH3 

Cp*(P(CH3)3)2Ru"-OH 
Cp*(P(CH3)3)2Ru"- OCH3 

52.2 
58.2 
67.9 48 
48.949 33.949 

14 
15 

16 
17 Late 
18 
19 

(COj .Co^-OH 
(oep)Rh^" -OCHRR'。 

(R, R ' = H , alkyl) 
(tspp)Rh瓜-OD ^ 
( tmps)Rh" i -OD c 

(PH3)2(CH3)Ni"-OH 
(PH3)2(CH3)Pd^OH 

55.540 
〜50-55 50 

〜60±3 51 
〜60 52 

7 9 . 0 " 
77.7 “ 

20 
21 
22 

(Ph2PCH2CH2PPh2)(CH3)Pt"-OH 
(Ph2PCH2CH2PPh2)(CH3)Pt"-OCH3 

8 5 . 9 ' ' 
40.049 
24.749 

“ o e p = octaethylporphyrin. tspp = tetrakis(p-su]fonatopheny])porphyrin. ‘ tmps 
tetrakis(3,5-disu!fonatoniesityl)porphyrin. 
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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 
n n 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 

c n CQ CQ 
hard/soft acid-base principle, ( i i ) the d t̂-prt model, and ( i i i ) 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 w i th hard, anionic oxygen-containing ligands ( O R ) to form stronger M - O R 

bonds, whereas soft late-transition-metals (Group 9-11) bind weakly w i th OR" to form weaker 

M - O R bonds. The model nicely accounts the higher BDEs o f M - O R 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-0(p-To\) > Ru-NHPh > Rh-CHiPh. The hard 0(/7-Tol)' and 

NHPh" ligands form even stronger Ru-X bonds wi th the soft Ru(II) metal than the soft CH2Ph" 

ligand.60 

1 0 



1.3.2.2.2 d^-p^ Model 

The model was then adopted by Caulton in 1994 to interprete both the stabilities and 

reactivities o f transition-metal-alkoxo complexes ^^7x-Donation f rom the lone pair o f 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. 

E 

Early 
metal 

d orbital 
Oxygen 
p orbital 

Late 
metal 

d orbital 

M" ,0 
)(： 

J 
Early 

Metal-Oxygen 
Bond 

stabilized 
(A) 

Late 
Metal-Oxygen 

Bond 
destabilized 

(B) 

Figure 1.8 Interactions o f lone pair o f oxygen of 7i-symmetry w i th empty d-orbitals o f early 

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

In contrast, the pTt-d兀 repulsion between the lone pair of oxygen and the f i l led d-orbitals o f 

iate-transition-metal increases the ground state energy o f M - 0 bond and makes the oxygen 

lone pair particularly nucleophilic and basic (Figure 1.8(B)). The Pti-^u model can explain the 

high reactivity of late-metal-alkoxo complexes, but it stil l 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 61,62 
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1.3.2.2.3 E-C Theory 

Both the considerably h igh bond energies and h igh reactivities o f 

late-transition-metal-oxygen bonds ( M - 0 ) can be explained by the latest E-C theory 

(electrostatic-covalent theory) proposed by Hol land, 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 a l o w covalent character and a h igh 

ionic character and thus the h igh polari ty o f the M - 0 bond. The h igh polar i ty o f M - 0 bond 

suff iciently accounts both the enhanced M - 0 bond strength as we l l as the h igh niicleophil icit ies 

and basicities o f late-metal-alkoxo complexes, wi thout considering the p^-d^t repulsion. The 

E-C theory is now w ide ly adopted to explain both the stabil it ies and reactivities o f 

late-metal-alkoxo complexes. 

M — O R ^ M + -〇R 
A B 

R = H, a l k y i , a r y l 

F i g u r e 1.9 Resonance structures o f the late-transit ion-metal-alkoxo bonds. 

1.4 Transition Metal Non-Porphyrin Hydroxo Complexes 

Many transit ion-metal non-porphyr in hydroxo complexes have been successfully prepared. 

They generally exhibi t h igh reactivities due to the high nucleophi l ic i ty and basicity o f the 

hydroxo ligands. In this section, group 9 i r id ium(I I I ) -hydroxo complex (Cp*I r " ' (PPh3)Ph(0H)) 

63 I 

prepared f rom the Bergman group, and rhodium(I)-hydroxo complex ((PNP)Rh -OH) 

prepared f rom the Goldberg group,64 are mainly used as examples to illustrate various 

approaches o f preparations and reactivities o f group 9 late-metal-hydroxo complexes. 

1.4.1 Preparation of Transition Metal Non-Porphyrin Hydroxo Complexes 

Transit ion-metal-hydroxo complexes are generally prepared by reacting metal precursors 
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•pfeu 

.N-Rh 丨一CH3 
H2O (excess) 

•P^Bu 

THF, r.t., 15 min 
-CH. 

P̂ BU2 
H 

fgy 

(15 equiv) 
.H pentane, argon, 25 °C, 1 h 

H2O (165 equiv) 
pentane, argon, 25 °C \ _ / 

-P 它 u: 

P它U2 

OH 
P̂ BU2 

quantitative 

(1.6) 

1.4.1.3 Oxidative Addition with Water 

The Ir id ium(I) pincer complex, which is formed by dehydrogenation o f i r id ium(II I) 

dihydrido precursor, undergoes oxidative addition wi th water to yield i r id ium(II I) 

hydroxo-hydride complex (eq 

wi th various hydroxo sources, such as hydroxide ion, water, and hydrogen peroxide. There are 

four main types o f synthetic pathways o f group 9 metal-hydroxo complexes: (1) ligand 

substitutions wi th hydroxide ion,^^ (2) protonolysis wi th water,64 (3) oxidative addition wi th 

water,65 and (4) oxidative addition wi th hydrogen peroxide.^^ 

1.4.1.1 Ligand Substitutions with Hydroxide Ion 

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

substitution wi th CsOH facilely at room temperature to yield the complex (eq 1 

Ph^P 

CsOH 

OTf 
pentane, r.t. PhsP 
-CsOTf 72% 

1.4.1.2 Protonolysis with Water 

The Goldberg group reported that low-valent pincer-Rh^-Me complex undergoes 

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

(eq l .5 ) 64a 
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1.4.1.4 Oxidative Addition with Hydrogen Peroxide 

The metalloradical, pentacyanocobaltate(II), undergoes bi-metal l ic oxidat ive addit ion w i th 

H2O2 to fo rm C o " i - O H bonds v ia a radical non-chain mechanism (eq 1.7)，Mechanist ic 

studies suggest that Co" radical homolyt ica l ly cleaves the H O - O H bond to y ie ld Co⑴-OH and 

H O (Scheme 1.1, pathway i). HO* then combines w i t h Co" radical to fo rm another Co'^^-OH 

(pathway ii). 

II ^ 25 °C, H2O III ^ 
2 [ C o " ( C N ) 5 ] 3 - + H 2 O 2 > 2 [ C o " ' ( O H ) ( C N ) 5 f - ( 1 . 7 ) 

/c= 7 . 4 x 10^ M - V ^00% 

S c h e m e 1.1 Radical Non-chain Mechanism o f Format ion 

[Co" (CN)5]3- + H O - O H ~ ‘ ― [ C O I " ( O H ) ( C N ) 5 ] 3 - + H O 

H O - + [ C o I I ( C N ) 5 ] 3 - ^ [CO"i(OH)(CN)5]3-

1.4.2 Reactivities of Transition Metal Non-Porphyrin Hydroxo Complexes 

Transit ion-metal-hydroxo complexes can undergo the bond activations and the redox 

reactions. Late-transit ion-metal-hydroxo complexes are strongly polarized in ground state 

(Figure 1.9, species B ) such that the hydroxo l igand is very nucleophi l ic and basic for bond 

activation chemistry. Addi t ional ly , the hydroxo ligand can reduce the metal centers by single 

electron oxidation, or oxidize the metal centers v ia a-hydrogen el iminat ion, for redox 

chemistry. 

1.4.2,1 Bond Activation Chemistry 

1.4.2,1.1 Reacting as Nucleophiles 

(i) Iridium(IU) Hydroxo Complexes 

I r id ium(I I I ) -hydroxo complexes, Cp*Ir^"(PPh3)(Ph)(0H), undergoes c/5-l ,2- insert ion o f 

I r -OH bond into d imethyl acetylenedicarboxylate ( D M A D ) v ia nucleophi l ic addit ion to y ield 
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the i r id ium( I I I ) -eno l complex (eq Cp*I r "^(PMe3)(Ph)(0H) also hydrolyzes maleic 

anhydride v i a nucleophi l ic substitut ion to fo rm ir idium-maleate 

M e s p Z V P h 
3 ,〇H 

(a) MeOaC- •COzMe 

(b) 

instantaneous MegP 〇H 

MeOsC COoMe 76% 

• H. 

(1.8) 

r.t., instantaneous •̂丨厂义"〃PhT 、？ 
PhsP 88% 

(ii) Cobalt(III)-Hydroxo Complexes 

Nucleophi l ic cobal t ( I I I ) macrocycl ic hydroxo complexes, Co' " (sa loph)OH, has been used to 

catalyze the hydro ly t ic kinet ic resolut ion ( H K R ) reactions o f racemic terminal epoxides 

cooperatively w i t h electrophi l ic Co"'(saloph)OTs (eq 1.9).^"^ Mechanist ic studies suggest that, 

acts as an electrophile to coordinate w i t h the epoxide (Scheme 1.2, pathway i), 

whereas C o " \ s a l o p h ) O H coordinates w i t h water to fo rm C o " \ s a l o p h ) O H ( H 2 0 ) containing a 

nucleophil ic hydroxo l igand (pathway i i ) . The hydroxo l igand in Co^"(saloph)OH(H20) attacks 

the electrophil ic y^-carbon o f coordinated epoxide (pathway i i i ) , and the subsequent protonation 

w i t h water leads to the format ion o f stereospecific 1,2-diols and the regeneration o f 

C o " \ s a l o p h ) ( H 2 0 ) O H and Co^^\saloph)OTs for further catalytic cycles (pathway iv). 

〇 m Ml OH 
• . Co丨丨丨(saloph)〇H / Co丨丨丨(saloph)〇Ts I O 

\ + H ^ n 0 n/S-i ？ m m n l % JL D H / \ -A (1,9) R (+/-) 
0.1 - 0.4 mmol 0.7 equiv 
R = "Bu, COsMe, CH2〇Bn，feu 

Co'"(saloph)X 
X = OH,〇Ts 

3-48 h 
39-45% 

>99% ee 

X 

ck) 

> \ \ � � � 
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Scheme 1.2 Proposed Mechanism of Hydrolytic Kinetic Resolution o f Terminal Epoxides 

〇Ts OTs 

c f e ) 举 c f c ) 

.0 

OH OH 
H , 0 

0H2 

rds 

OTs 

OH 

c t e 
OH； 

OTs 

C 3 D + 
H20 ^ f 
fast 
iv R 

OH 

OH 

OH. 

1,4.2.1.2 Reacting as Bases 

(i) 0 -H and N-H Bond Activations 

Cp*Ir"i(PPh3)(Ph)(0H) reacts w i th phenol and/?-toluidine to yield Ir"^-OPh and Ii•川-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 init ial 

dissociation o f Ir-OR to give Ir+ (pathway e).〗?。 

(a) PhOH (1 equiv) 

Me,P ̂ ' • "^" " / /Ph 

r.t., CeDg 
instantaneous 

-H2O 

(b) p-To!NH2 (2 equiv) 

Me,P ̂ '•"^^''''//Ph 

96% OPh 
(1.10) 

r.t, CeDe 
instantaneous 

-H2O 
MegP zlr〈"/〃Ph 

100% 
NH(p-Tol) 

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

H-X V - H - O H 
a Ir-OH 

b 丨 r-OH 

Ir-OH 

H-X 

H—X ] 

Ir-OH “ 

H 
\ 

(r-OH 

Ir-X Ir-X + H2O 

X" Ir-X + H2O 

lr++ OH- H - X � i r - H2O + x - Ir-X + H2O 
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(ii) C-H Activations 

The low-valent pincer-rhodium(I)-hydroxo complex undergoes C-H bond activation of 

benzene-^4 to afford rhodium(I)-phenyl-<i5 complex (eq 1.11).6仙 

/ P ^ B u ^ P ^ B u 
r
 /
v
^
 

N - R 
CrD. 

-OH 

•P^Bu 

60。C，95h 
-DOH 

"
/
J
 

—
—
R
l
 

I
 

r
N
"
^
 

(1,11) 
、cU 

-P^Bu 
60% 

The high-valent 0-donor iridium(III)-hydroxo complex, (0,0-acac)2lr"^(py)(0H), also 

undergoes C-H bond activation of benzene to form iridium(ni)-phenyl complex and water (eq 

1.12) 
68 

Y
Y
 

o
i
k
i
n
'
 

A
 ̂

 

o
 o
 

A
A
 

O 
CeHg 

180°C, 10h 
Y
Y
 

〇
 
o
 

I
<
i
 A

 

o
 o
 

H2O (1.12) 

广N、 

74% 

The proposed mechanism of C-H activation of benzene by (acac-0,0)2lr'"(py)(0H) is 

shown in Scheme 1.4.68 Experimental results and theoretical calculations suggest that 

(acac-0,0)2lriH(py)(0H) first undergoes ligand dissociation of pyridine (Scheme 1.4’ pathway 

i). The resultant iridium complex isomerizes to provide a cf^'-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 l /n-Ph complex and 

water (pathway v). Addition of pyridine leads to the formation of (acac-0,0)2lr"\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 (lES)*^^ or ambiphilic 

subs t i tu t ionDuring lES 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, 
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Transition state resembling 
a-bond metathesis 

S c h e m e 1.5 Mechanism o f Internal Electrophi l ic Substitut ion or Amb iph i l i c Substitution 

s / R I 々 R / H 

, I V ' n 丄 J i r — C + R - 0 ^ 
c — H c i H 乂 C H 

1.4.2.2 Redox Chemistry 

1.4.2.2,1 Reacting as Reducing Agents 

Reductions o f transit ion-metal non-porphyr in complexes by hydroxide ions have been 

reported in mo lybdenum ( M o ) / ' tungsten ( W ) / ^ i ron ( F e ) , ru thenium ( R u ) ? and cobalt (Co) 

c o m p l e x e s . 7 4 '乃 OH" reduces the metal centers by an inner sphere electron transfer v ia the 

format ion o f metal-hydroxo complexes, or by an outer-sphere electron transfer. Some o f the 

examples o f the OH' -promoted reduction o f transition-metals are presented below. 

8
 

1—_
 

whi le the orbital mak ing up the I r - 0 bond turns into a coordinat ing lone-pair electrons. 

SimulataneoLisly, the electrophi l ic i r id ium center interacts strongly w i t h the incoming carbon 

atom to f o rm I r -C bond. Such bond interaction is a variant o f classical cr-bond metathesis， 

which only involves the breaking o f the I r - 0 bonding orbital.7。註 

S c h e m e 1.4 Mechanism o f Heterolyt ic C - H Act iva t ion o f Benzene by 0 - D o n o r 

I r id ium( I I I ) -Hydroxo Complex 

H 

.〇 A T ^ o 

: 0 小 。 

。小 O -



(i) Molybdenum(VI) and Tungsten(VI) Complexes 

Neutral，high-valent mo lybdenum(VI ) and tungsten(VI) t r is-di thiolene complexes are 

reduced by O H ' i n THF/water solvent to give mono-anionic M o ^ and W ^ complexes (eq 1.13， 

pathway Under high-concentrat ion o f OH", di-anionic Mo^^ and W^^ complexes are formed 

by further reduct ion w i t h OH" (pathway i i ) . OH" is simultaneously ox id ized to hydroxo radical 

( H O ) , wh ich dimerizes to f o r m hydrogen poerxide (H2O2). H2O2 is indirect ly detected by 

reacting w i t h tr iphenylphosphine to give tr iphenylphosphine oxide under anaerobic conditions 

(pathway i i i ) . 

c
c
 

1
 

A
/
 

^
 J
j

 J
 

^
 T
 
丨
M
 

一
 

训

 
V
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n
 

0
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^
 n
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H
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s
 
,
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4
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 d

 

S \ BU4NOH (low conc) 
SI丨丨丨 I , " 

R 
s、 .s 

SI…,mV,_ii is 
BU4NOH (high conc) 

THF/H2O, r.t. 
ii 

(1.13) 

M = Mo, W 
100% 

1/2H202(50%) 
100% 
I/2H2O2 

H2O2 + PPha 
111 

P(0)Ph3 + H2O 
50% 

rate = -d[ML3]/dt = k [ML3] [BU4NOH] (at 11。C) 
/cof MoL3 = 4 . 9 x 1 M - V 1 

/( of WL3 = 1.6x105 i v r V 

It is proposed that OH" in i t ia l ly coordinates to the M ( V I ) tr is-dithiolene complexes (M(L)3, 二 

Mo, W ) to f o rm a 7-coordinated intermediate [ M ( L ) 3 0 H ] ' (Scheme 1.6, pathway i), wh ich 

either reacts w i t h M(L)3 in the presence o f OH" or reacts direct ly w i t h another [ M ( L ) 3 0 H ] ' to 

y ie ld 2 M ( V ) complexes and H2O2 (pathway i i ) . 

S c h e m e 1.6 Proposed Mechanism o f Reductions o f M o ^ ' and W ^ ' Tr is-di thiolene Complexes 
by Hydrox ide Ions 

.S OH- ‘ s , 〉 0 H 

S 丨…i.MVI,丨 IS 、- S"…‘MV 丨, 

、力、勿 

SII",'MV 丨.lis 

tr"、力 
M = Mo, W 

M(L)3 [M(L)30Hr 

OH-
fast 

s s 2 \ ‘ 
S 丨丨""lV|V,iiis 

HoO 2^2 
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Moreover, the rates o f reductions o f W(V I ) complexes by OH" are much faster than M o ( V I ) 

ones by about 30 times. I t is suggested that the bond energy o f W - O H is higher than Mo-OH, 

such that the enthalpy o f activation term, A H ^ , in W - O H is lowered to dictate faster reductions 

in W-OH complexes. 

(ii) Iron(III) and Ruthenium(III) Complexes 

Tris( 1,10-phenanthroline)iron(in) and tr is(2,2'-bipyridyl) i ron(II I) , as wel l as 

tris( 1,10-phenarLthroline)ruthenium(III), are reduced by OH" in aqueous media to form the 

corresponding i ron(I I) and ruthenium(II) complexes (eq 1.14 and 1.15). It is reasoned that OH" 

coordinates to M ( I I I ) ( M = Fe, Ru), fol lowed by the inner-sphere electron-transfer f rom OH" to 

M ( i n ) to give M ( n ) and HO*. H O dimerizes to form H2O2, which undergoes rapid 

OH'-catalyzed disproportionation in aqueous media to form H2O and 

… ， NaOH (aq) ,, ^ 
[Feiii(L)3]3+ + OH- H2O 6 5-3^。C * [Fe"(L)3]2+ + 1/4〇2 + I /2H2O (1.14) 

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

[Rui"(bipy)3](CI〇4)3 NaOH ( a q ) ^ [Ruii(bipy)3]{CI04)2 + I/4O2 + I/2H2O (1.15) 

bipy = 2,2'-bipyridyl 

(iii) Cobalt(n) and Cobalt(III) Complexes 

Cobalt(II) tetradehydrocorrins are reduced by NaOH in various aprotic solvents to form 

cobalt(I) tetradehydrocorrins (eq 1.16)7'^ A n inner-sphere single-electron transfer is proposed. 

\ ( \ e NaOH (solid) ^ 
J Cl〇4 CH2CI2/ THF / MeCN / pyridine ‘ R 

““ r.t. 

R3 R3 R3 
(a): Ri = R2 = R3= Me (b): R̂  = R3 = Me (c): Ri = COsEt 

R4= Et R2 = R4= CH2CH2C02Et R2 = R3= Me 
R4= Et 
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Cobalt(III) corrole is also rapidly reduced by OH' to form cobalt(II) corrole anion in benzene 

in the presence of olefins (eq 1.17)7^ It is proposed that the olef in coordinates to cobalt(III) to 

form cobalt(II I)-olefin complex. OH" then attacks the olefin and reduces cobalt(III) to cobalt(II) 

via an inner-sphere electron-transfer. H O formed further oxidizes the olefin, forming 

aldehydes or ketones as the observed co-products. 

Bu4N+〇i"r(10equK/) 

(excess) 

CeHg, r.t.，18 h 
(1.17) 

1.4.2.2.2 Reacting as Oxidizing Agents 

Tris(acetylene)rhenium(I)-hydroxo complex undergoes oxidation reaction via a-hydrogen 

migration o f 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(I)-hydroxo complex. Hydrogen migrat ion l ikely takes place 

either synchronously w i th or prior to the loss o f acetylene ligand. 

O H
 l
e
 

E
 ̂̂
s-f
 

k
 E
 

E
 Et 

C«Df 

19°C, 5 d 
Et、、、: 

Et， 

Re!丨丨 
•H Et- •Et (1.18) 

Et 100% 
'Et 

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 o f 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 w i th hydroxide, ( i i ) deprotonation o f aqua ligand, and ( i i i ) 

oxidative addition wi th water. 

1.5.1.1 Ligand Substitutions with Hydroxide Ions 

Metalloporphyrin haiides can undergo ligand substitution wi th hydroxide ions (0H ' ) to form 

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

tetramesitylporphyrin) and Fe"\t-2,4,6-tmpp)Cl (t-2,4,6-tmpp = 

tetrakis(2,4,6-trimethoxyphenyl)porphyrin) react w i th 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)CI 7 - Fe丨丨丨(por)〇H (1.19) 

toluene, r.t., 1 d 

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

1.5.1.2 Deprotonation of Aqua Ligands 

Water-soluble cobalt(III), rhodium(II I) , and i r id ium(I I I ) 

tetrakis(/?-sulfonatoplienyl)porphyrin complexes ([M'^^(tspp)(H20)2]^', M = Co, Rh, Ir) contain 

two aqua ligands which are weak acids.^^ The pK^ values o f 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. A t slightly alkaline media w i th p H higher than 9, single 

aqua ligand is deprotonated, forming metalloporphyrin mono-hydroxo complexes (eq 1.20). A t 

more alkaline conditions w i th p H 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 ？， [ M i " ( t s p p ) ( 〇 H ) ( H 2 〇 ) ] 4 - + H+ 

[M'"(tspp)(0H)(H20)r 
H2O, 25。C 

p/<a2 
[Miji(tspp)(〇H)2]5- + H' 

[ M 丨丨 i ( t spp) (H20)2 f P^al P^a2 

[Co 丨" ( tspp)(H20)2f 8.06 12.15 

[Rh"i(tspp)(H20)2f 7.85 11.55 

[Ir"'(tspp)(H20)2]^- 7.32 10.59 

[M 丨 ii(tspp)(H20)2]3-
M = Co, Rh’ Ir 

OH-
H2O 

[M'"(tspp)(0H)(H20)f- + OH" 

25。C 

H2O 

M = Co, Rh, Ir 
25 °C 

[M"i(tspp)(0H)(H20)r 

[M 丨丨丨(tspp)(OH)2]5- + 

H9O 

H9O 

(1.20) 

(1.21) 

1.5.1.3 Oxidative Addition with Water 

Water-soluble monomeric rhodoum(II) tetrakis(3,5-disulfonatomesityl)porphyrin 

[Rh"(tmps)(D20)2]4- undergoes rapid bimetall ic oxidative addition o f D2O to form 

[Rh川(tmps)D(D20)]4- and [RlV"(tmps)0D(D20)]'^" (eq 1.22).^^ Homolyt ic cleavage o f DO-D 

bond should not take place due to the strong 0 - D bond⑽ (BDE o f DO-D = 121.0 kcal mol"^).^^ 

It is proposed that D2O ini t ia l ly promotes the facile disproportionation o f r l iodium(II) 

porphyrin to give rhodium(I) porphyrin anion and rhodium(I I I ) porphyrin diaqua complex 

(Scheme 1.7, pathway i), fo l lowed by the deprotonation o f rhodium(I I I ) diaqua complex by 

Rh(I) anion to give Rh出-OD and Rh ' " -D (pathway i i ) 1 1 1 81 

2[Rh"(tmps)(D2〇)]4- + D2O 
25。C…、丨丨丨 

DoO [Rh 丨丨丨(tmps)D(D2〇)] [Rh" ' ( tmps)(0D)(D20) f - (1.22) 

A G = -2.4 kcal/mol tmps = tetrakis(3,5-disulfonatomesityi)porphyrin 

Scheme 1.7 Proposed Mechanism o f Oxidative Addi t ion o f Water to [Rli"(tmps)(D20)2)'^"] 

2[Rh"{tmps)(D20)f- + D2O [Rh"i(tmps)(D2〇)2]3- + [Rhi(tmps)(D20)f" 

[Rhiii(tmps)(D20)2]3- + [Rh i ( tmps) (D2〇 ) ]5 -~^ [Rh'"(tmps){0D)(D20)f- + [Rh"'(tmps)-D(D20)f 

3
 

2
 



1.5.2 Reactivities of Transition Metal Porphyrin Hydroxo Complexes 

The reactivities o f metal loporphyr in hydroxo complexes are most ly found in ( i) redox 

reactions and ( i i ) condensation reactions. OH" can act as an eff icient reducing agent to reduce 

the metal centers i n metal loporphyrins, and to undergo condensation v ia water el iminat ion to 

form ju-oxo dimer complexes. 

1.5.2.1 Redox Chemistry 

The reductions o f metal centers in metallporphyrins by hydroxide ion are commonly 

reported only for the f irst row transit ion metals o f manganese and iron. To our knowledge， 

cobalt(I I I) porphyr in has not been reported to undergo the reduction o f metal center by OH" to 

give cobait(I I) porphyrin. 

(i) Manganese(III) Porphyrin Hydroxo Complexes 

Manganese(III) porphyr in chloride, Mn' ' " ( tmp)Cl (tmp 二 tetmmesitylporpl iyr in), reacts w i t h 

OH— in aprotic solvents o f M e C N and D M S O to y ie ld [Mn^ \ tmp)OH] ' (eq 1.23).^^' Scheme 1.8 

illustrates the proposed mechanism.^^^ The large excess coordinating solvent molecules (L) 

promotes the dissociation o f CI" to fo rm [Mni"( tmp)(L)2]+ (Scheme 1.8，pathways i and i i) , 

which then reacts w i t h OH" to y ie ld M n " \ t m p ) ( L ) O H and [Mn"^( tmp)(0H)2] ' (pathways i i i and 

iv). The coordinated OH" reduces Mn^" to M n " to give M n " ( t m p ) ( L ) and [Mn" ( tmp)OH] ' , and 

HO® radical formed l ike ly converts to other oxidat ion products (pathways v and vi i ) . 

Dimerizat ion o f HO* to H2O2 is also proposed in the reduction o f Mn^"(Cl8tpp)Cl by OH" 

(Clgtpp 二 tetrakis(2，6-dichlorophenyl)porphyrin).82b Mn" ( tmp ) (L ) formed f inal ly coordinates 

w i th OH" to give [Mn^^(tmp)OH]' (pathway vi) . 

,„ "BuN+〇H- /Me〇H „ 
Mn ' " ( tmp)Cl [Mn"( tmp)OH]- (1.23) 

D M S O or MeCN, N2, r.t. 
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S c h e m e 1,8 Proposed Mechanism o f Reduction o f Mn ' " ( tmp )C l by OH" to [Mn"( tmp)OH"] ' 

Mn'"(tmp)CI + L 

[Mn"!(tmp)L]+ + L 

[Mn 丨丨丨(tmp)L2l+ + OH" 
III 

[Mn'"( tmp)Lr + CI" (L = MeCN, DMSO) 

[Mn"i(tmp)L2]+ 

Mn'"(tmp)(L)(OH) + L 

Mn丨"(tmp)(L)(〇H) + O H " 、 丨 [ M n " ' ( t m p ) ( 0 H ) 2 r + 

Mn"i(tmp)(L)(OH) • » Mn"(tmp)(L) + H〇< 

Mn"(tmp)(L) + OH" 

[Mn 丨"(tmp)(〇H)2r 

VI 

VI I 

[Mn丨丨(_〇Hr + L 

[Mn"(tmp)OH]- + H O 

Since the oxidat ion potential for the half-reaction OH" HO* + e" is +0.7 V (vs SCE in 

D M S O ) and the reduction potential for the half-reaction Mn" \ tmp) (C104 ) + e' — Mn" ( tmp) is 

-0.1 V (vs SCE in DMSO)严a，。an outer-sphere electron-transfer from OH" to Mn"\tmp)^ is 

thermodynamical ly unfavorable due to the negative Emi value = - 0 . 1 - (+0.7) 二 -0.8 

It has been reported that the oxidat ion potential o f OH" H O is shif ted to a much negative 

potential and OH" becomes more reducing in the presence o f Mn^^'(tpp)^ (tpp = 

tetraphenylporphyrin) (Table 1.3), due to the stabil ization o f H O v ia the formation o f d-p 

(dn-*OH) covalent bond.^^ Therefore, i t is proposed that OH" coordinates to Mn/H(tmp)+ to 

promote rapid electron transfer f rom OH" to M n center v ia an inner-sphere electron-transfer 

(Scheme 1.8, pathways v and v i i ) 82a 

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

M(por ) 
OH" 

M e C N , r.t. 
HO- e- Eo> 

Reducing abi l i ty o f 

M(por ) Eox (MeCN, vs SCE) OH-

n i l +0.55 l o w 

Mni"(tpp)+C104- -0.59 h igh 
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(ii) Iron(III) Porphyrin Hydroxo Complexes 

Iron(III) porphyrin complex, [Feiii(tpp)(py)2]+ (tpp = tetraphenyIporphyrin), is reduced by 

OH" to yield Fe'^(tpp)(py)2 (eq 1.24).^'^ The coordinated pyridine can act as a bridge to facilitate 

the reduction of Fe(III) by OH" to give Fe^\tpp)(py)2 (Scheme 1.9). Oxidized hydroxy-pyridine 

is a proposed co-product. 

,„ + Et4N+〇H-/Me〇H „ • 
[Fe'ii(tpp)(py)2]" • Fe"(tpp)(py)2 + 1/n[py(〇H)]n (1.24) 

pyridine, r.t. 

Scheme 1.9 Proposed Mechanism o f Reduction o f [Fe'"(tpp)(py)2]^ by Hydroxide Ion 

py Fe"(tpp)(py)2 

1/n[py(〇H)]n 

Fe'"(tpp)Cl is also reduced by OH" in aprotic solvent o f D M S O to form [Fe"(tpp)OH]" as the 

observed product (eq 1.25).^^ Since Fe"^(tpp)Cl reacts wi th OH ' in THF to form Fe'"(tpp)OH 

only without the inner-sphere reduction o f 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+〇H- / MeOH (2 equiv) ,, 

Fei"(tpp)CI ‘ [Fe丨丨(tpp)〇H]- (1.25) 
DMSO-cfg, argon, r.t. 

1.5.2.2 Condensation Reactions 

Condensation o f metalloporphyrin-hydroxo complexes to form //-oxo dimer has been 

reported in iron and molybdenum porphyrins. 

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

Iron(III) porphyrin chloride (Fe'^'(por)Cl) wi th less sterically-hindered porphyrin ligands 

2 6 



reacts w i th OH" v ia l igand substitution to fo rm Fe ' " (por)OH (eq 1.26), wh ich can further 

undergo bimolecular condensation to y ie ld i ron( I I I ) porphyr in / / -oxo dimer, Fe^"(por)OFe^''(por) 

(eq 1,27).78 

Fe'"(por)CI + OH" Fe'"(por)OH + CI" (1-26) 

2Fe'"(por)OH Fei"(por)〇Fe川(por) + h^O (1.27) 

For examples, the more sterically hindered ,4,5-tmpp)Cl (t-3,4,5-tmpp = 

tetrakis(3,4,5-tr imethoxyphenyl)porphyrin) reacts w i th OH" to y ie ld both Fe"^(t-3,4,5-tmpp)OH 

and [Fe'^'(t-3,4,5-tmpp)]20 dimer (eq 1.28).^^ On the other hand, the sterically unhindered 

Fe⑴(tpp)Cl (tpp = tetraphenylporphyrin) reacts w i t h OH" to y ie ld Fe^"(tpp)OH, wh ich further 

undergoes condensation to y ie ld [Fe^^^(tpp)]20 as the only observed product (eq 1.29)7^ Indeed, 

the thermodynamical ly stabil ized i ron( I I I ) porphyr in ju-oxo dimers do not undergo hydrolysis 

in excess water at room temperature to give back monomeric 

丨丨丨 N a O H (aq) 
F e i " ( p o r ) a — n — — ^ 

… ’ to luene, 1 d 
por = t -3,4,5- tmpp 

丨 丨 丨 〜 … N a O H (aq) 

Fe 川(por)〇H + (por )Fe" 'OFe ' " (por ) (1.28) 

Fe丨丨丨(tpp)CI ( tpp)Fe ' "OFe" ' ( tpp) (1.29) 
to luene, 1 d 

(ii) Formation of Oxo-Molybdenum(V) Porphyrin //-Oxo Dimer 

Molybdenum(V) porphyr in-oxo-hydroxo complex, 0 = M o ^ ( t p p ) O H (tpp = 

tetraphenylporphyrin), can also undergo condensation to fo rm /^-oxo dimer (0=MoV( tpp) )20 

(eq 1.30).86 

2〇=IVloV(tpp)〇H ⑶2。丨2，^eHe^ (〇=MoV(tpp))2〇 + H2O (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(III) porphyrin hydroxo (M^^^(por)OH), 

metal(III) porphyrin hydride (M'"(por)H), metal(II) porphyrin (M"(por)) , and metal(I) 

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 p H values in aqueous media). 

Indeed, the Way land group has studied the detailed equil ibrium distributions o f water-soluble 

rhodium(III) and i r id ium ( 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 o f 

metalloporphyrins are brief ly presented below. 

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

When [Rhm(tspp)(D20)2f- reacts w i th 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 丨 ii(tspp)OD(D20)]4-, (3) [Rh i " ( tspp) (0D)2f , (4) [Rh"^(tspp)D(D20)]'； (5) 

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

Scheme 1.10 Equi l ibr ia ofRh '"-OD, Rh", and Rh^ in the Reaction of 

[Rhm(tspp)(D20)2f - w i th D2 in Basic Aqueous Media 

[(tspp)RhiM(D2〇)2f-

-D+ 

[(tspp)Rhi"(〇D)(D2〇)]4- J' 、[(tspp)Rhi"(〇D)2]5-

iii D2, -D2O 

[(tspp)Rhi"-D(D20)]4- , [(tspp)Rhi(〇D2)]5-

V -D2 

^ : ^ [ ( t s p p ) R h 丨丨丨(D2〇)2f-
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[Rhiii(tspp)(D20)2]3- undergoes deprotonations o f aqua ligands to form 

[Rhi ' [(tspp)(0D)(D20)]4- and [Rh^"(tspp)(0D)2]^' (Scheme 1.10, pathways i and i i). The 

deprotonations become more favorable when the p H value increases. [Rh"'(tspp)(0D)(D20)] '^" 

reacts faci lely w i t h D2 to fo rm [Rh'"(tspp)-D(D20)]'^" (pathway i i i ) . [Rh"i( tspp)-D(D20)]4-can 

II 8 

further undergo slow dehydrogenative dimerization to fo rm [Rh (tspp)(D20)]2 “ dimer 

(pathway v) and deprotonation o f Rh-H by OH" to fo rm [Rh^( tspp) (D20) ] (pa thway iv). 

[Rh'(tspp)(D20)]^" also reacts w i th [Rli '"(tspp)(020)2]^" v ia comproportionation to form 

[Rli"(tspp)(D20)]2^' (pathway vi). A l l the rhodium porphyr in species can interconvert to one 

another via equil ibria, and the formation o f each species as a major one is h igh ly dependent on 

the p H values. 

1.6.2 Equilibrium Distributions from [Ir"^(tspp)(D20)2]^" 
I T t ' i 

When [Ir⑴(tspp)(D20)2:r reacts w i th methoxide ion in basic aqueous media at 298 K，6 

i r id ium porphyr in species are formed in equilibria: ̂ ^ (1) the parent [Ir^^'(tspp)(D20)2]^', (2) 

[Ir"i(tspp)0D(D20)]4-， (3) [ I r i " ( t spp ) (0D)2 f , (4) [ I r"^(tspp)(0CH3)(0D)]^-, (5) 

[ Ir '"(tspp)-H(OD)]^-, and (6) [ l / ( tspp)(OD)]^- (Scheme 1.11). 

Scheme 1.11 Equi l ibr ia o f I r " ' - O D , Ir^ '-OCHs, Ir"】-H, and Ir^ in the Reaction o f 

[Iri"(tspp)(D20)2]3- w i th Methoxide ion in Basic Aqueous Media 

[(tspp)lr"丨(D20)2f-

-D+ 

[(tspp)l「"i(〇D)(D2〇)]4- ji -D+、[(tspp)丨ri"(〇D)2]5-

i i i OCH3-, -D2O 

[(tspp)lH"(〇CH3)(〇D)]5-^i^i£S£：^ [(tspp)lri"-H(〇D)]5- 7 - [(tspp)lr丨(〇D)f-
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in 3 

[Ir (tspp)(D20)2] - undergoes deprotonations o f aqua ligands in basic media to form 

[Ir i "( tspp)(0D)(D20)]4- and [ I r " \ tspp)(0D)2]^ ' (Scheme 1.11, pathways i and i i). 

[Irr i i(tspp)(0D)(D20)]4- undergoes facile l igand substitution w i th OCH3' to form 

[Irm(tspp)(OCH3)(OD)]5- (pathway i i i ) , which undergoes /^-hydride el imination to form 

[Ir"丨(tspp)-H(0D)]5- (pathway iv). [Ir^"(tspp)-H(OD)]^" can be further deprotonated by OH" to 

form [Ir '( tspp)(OD)]^' (pathway v). By control l ing the p H values, [ I r"^(tspp)(0CH3)(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 hydrophi l ic and l ipophi l ic group 9 metalloporphyrins exhibit r ich bond activation 

chemistry and are br ief ly reviewed below. 

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

1.7.1.1 Chemistry ofMetal(III) Porphyrin Hydroxo (M"\por)OH) 

Recently, group 9 metal loporphyrin hydroxo complexes (M'^^(por)OH) have been reported to 

promote the reactions w i th olefins and bond activations o f H - H and C - H bonds to broaden the 

chemistry o f M " \ p o r ) O H . 

1.7.1.1.1 Reactions with Olefins 

[Rhiii(tspp)0D(D20)]4— reacts w i th olefins in basic aqueous media at room temperature to 

form rhodium(I I I ) porphyr in y^-hydroxyethyl complexes (eq 1.31), wh ich can further react in 

aqueous media at elevated temperature to produce ketones (eq 1.32(a)), and to react w i th K O H 

in DMSO to form epoxides, respectively (eq 1.32(b)).^^ 
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[Rhiii(tspp)-〇D(D2〇)r 

R pH 9.0 buffer 
! solution 

D2O, r.t, 
R = "Pr, "Bu,"Pent, <5 min - 34 h 

Ph,cyclohexyL, 

pH 9.0 buffer solution 
H2O, degas 

D
 

Rh丨丨丨(tspp)(D2〇) 

80% to >95% 

(1.31) 

D
 O

Y
J
 

-Rh"i(tspp)(D2〇) 

R = "Pr, "Bu, "Pent 

333 K / 3 5 3 K, 3-16.5 h 
(a) 

KOH/DMSO 

[Rhi(tspp)(D2〇)]f 

quantitative 
(1.32) 

Q 

^ [Rhi(tspp)(D2〇)f + 
r.t., <5 min R 

(b) 
quantitative 

It is proposed that [Rh…(tspp)0D(D20)]4- promotes the insert ion o f olefins i n aqueous media 

to fo rm rhod ium( I I I ) porphyr in y^-hydroxyethyl intermediate (Scheme 1.12, pathway i), wh ich 

then undergoes y^-hydride e l iminat ion at higher temperatures to f o r m rhocl ium(II I ) porphyr in 

hydride and enol in aquesous media (pathway i i ) . The enol tautomerizes rapidly to generate 

ketone (pathway v i i ) , and rhod ium porphyr in hydride is further deprotonated by OD" to fo rm 

rhodium(I) porphyr in anion (pathway i i i ) , wh ich can undergo aerobic oxidat ion to regenerate 

[Rh⑴( tspp)0D(D20)]4- (pathway iv) . 

S c h e m e 1.12 Proposed Mechanism o f RJiodium(II I) Porphyr in Hydroxo-Mediated 

Oxidat ions o f Olef ins to Form Ketones and Epoxides 

A P 
O2,〇D 

A 
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In DMSO, the hydroxo group of rhodium(III) porphyrin y^-hydroxyethyl undergoes the 

deprotonation by 0 D ' 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, [Rli^"(tspp)0D(D20)]'^" and 

[Rhiii(tspp)(OD)2]4〜 react instantaneously wi th 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)(〇D)(D2〇)]4- + D2 ， ‘ [Rh"i(tspp)D(D2〇)]4- + D2O (1.33) 
25 C 
1.3 X 10^ A G = -12.4 kcal mol"'' 

m c DoO , . 
[Rh"i(tspp)(〇D)2]5- + D p ， I [Rhi(tspp)(D2〇)]5- + D2O (1.34) 

25 
K= 3.6 X A G = -18.5 kcal mol"'' 

[Rh⑴(tspp)(0D)(D20)]4- also undergoes a-C-H bond activation o f acetaldehyde and acetone 

87 

(eq 1.35). It is proposed that the tautomerization o f carbonyl compounds produces enols 

(Scheme 1.13, pathway i). Enols undergoes 1,2-insertion wi th Rh"^(tspp)(0D)(D20)]'^' to form 

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

products (pathway i i i) . 
_ Q n ki iffar o 
〇 pH 9.0 buffer 

[Rh'"(tspp)-0D(D,0)r- + — ^ . solution, D^O 
r.t. 

R -HOD 
R = H, CH3 

4 -

^~Rh' " ( tspp) (D20) 
(1.35) 
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Scheme 1.13 Proposed Mechanism of oc-C-H bond Activat ion o f Carbonyl Compounds by 

Rhodium(III) Porphyrin Hydroxo 
.0 pD 

DoO-
A 
Rh'"-

\j 
-〇D 

DoO 

R 

PD 

R 

R ‘ DjO-

R\/。【 

- - R h ' " 丨 — 

R ,0D 

〇D 

DoO 

w III 

DoO-

A 
Rh丨 

\J 

:〇 

Moreover, Rh"^(ttp)CH2CH20H (ttp = tetra(p-tolyl)porphyrin) added w i th PPI13 reacts wi th 

benzaldehydes very rapidly at 50。C to yield Rh川(ttp)C(0)Ar (eq 1.36). ' ' Rh川(ttp)(PPh3)0H is 88 T̂T IIL 

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

〇. OOU M . 一 ••:’,、 O. CT 

Rh"'(ttp)CH2CH20H 
H 

100 equiv 

•FG 
PPhg (1.1 equiv) 

THF, 50°C,air * 丨「'"(ttp), 
5-72 h 

0
 
35-82% 

•FG (1.36) 

It is proposed that PPhs promotes the ^-hydroxy elimination o f Rh^"(ttp)CH2CH20H to form 

(PPh3)Rli" '(ttp)0H (Scheme 1.14, pathways i - i i i ) . (PPh3)Rh"i(ttp)0H 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, fol lowed 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 Activat ion by (Ph3P)Rh"^(ttp)0H 

Rh"i(ttp)CH2CH2〇H + PPhs ^ ^ ^ (Ph3P)Rh'"(ttp)CH2CH20H 

(Ph3P)Rhi"(ttp)CH2CH2〇H ~ ^ ^ (Ph3P)Rh"i(ttp)+ + OH" + CH2=CH2 

[(Ph3P)Rhi"(ttp)]+ + OH" " ' " (Ph3P)Rh'"(ttp)0H 

Rh"丨(ttp)C(〇)Ar + H2O + PhsP 

1,1 v i OH" 

(Ph3P)Rh"'(ttp)0H + ArCHO 

V 
(Ph3P)Rhi"(ttp)+ + ArCHO [(Ph3P)Rh'"(ttp)(ArCH0)]' 

-H2O 
•PPhs 

Rh丨丨丨(ttp)C(〇)Ar 
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1.7.1.2 Chemistry of Electrophilic Metal(III) Porphyrin (Mi"(por)+) 

Electrophilic rhodium(I I I ) porphyrins (M'"(por)^) undergo aromatic C - H bond activations to 

yield rhodium(II I ) porphyrin aryls. Rh⑴(oepfClOzf (oep 二 octaethylporphyrin) reacts w i th 

ortho, para-dirQCting arenes to y ield only rhodium(I I I ) porphyr in j^ara-substituted aryls (eq 

1.37)’s9 Rhii i(ttp)Cl (ttp = tetrakis(/?-tolyl)porphyrin) also reacts w i t h meta-divQcting, 

electron-poor benzonitri le to y ield rhodium(I I I ) porphyrin we^a-cyanophenyl (eq 1.38)‘卯 These 

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

1.15). 

o Rh丨丨丨(oep)+CI04- + 《 / > ~ F G 〇 Rh' " (oep)—^v^^^^FG (1.37) 

FG = H:40%;OMe:46%; 
Me:46%; CI: 18% 

2 h 

FG = H, OMe, Me, CI 
o 

Rh"i(ttp)CI + reflux 
72 h 

CN 

、 , (1.38) 

28% 

M � 

S c h e m e 1.15 Electrophil ic Aromatic Substitution of Rhodium(III) Porphyrins 

Rh"丨(por)X ^ Rhi"(por)+ + X' 
por = oep, ttp 

X = CIO4-, CI" 

Rh丨丨丨(PQ「r + ^ ^ F G R h ^ p o r M ^ ' ^ 

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

The chemistry o f high-valent group 9 metal ( I I I ) porphyrin hydrides (M ' " (por )H) have been 

studied to explore the different modes o f reactivities in small molecule activations^^ and to aid 

in the understandings o f the reaction mechanisms o f 1,2-rearrangements catalyzed by 

coenzyme For examples, cobalt(III), rhodium(II I ) , and i r id ium(I I I ) porphyr in hydrides 

show diverse reactivities and mechanisms in the reactions towards styrene and carbon 

monoxide. 
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1.7.1.3.1 Reactions with Styrene 

Group 9 metallophyrin hydrides have been reported to undergo the insertion o f styrene to 

give metalloporphyrin phenethyl complexes. Co" \ tap)H (tap =tetralds(p-anisyl)porphyrin) 

reacts wi th styrene to y ie ld 1-phenethyl cobalt(III) porphyrin via a non-chain radical pathway 

(eq 1.39).92 Mechanistic studies suggest that Co-H init ial ly dissociates homolytically to yield 

Co''(tap) and a H atom (Scheme 1.16, pathway i). The very reactive H atom reacts w i th styrene 

to yield the more stabilized secondary 1 -phenethyl radical (pathway i i), which combines wi th 

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

Ph CDCU Ph 
Co'"(tap)-H + = / ^ C o ' " ( t a p ) ~ ( (1.39) 

100 equiv 60 °C, 90 min \ 
47 /a 

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

^ ^ P h Ph Ph 

Co"i(tap)-H ^ ^ Co"(tap) + h h 、 “ Co"(tap) + _ / . … - C o ' ^ t a p ) ^ ( 
i ti • III \ 

Rhodium(II I) porphyrin hydrides, and Rh" \bocp)H (bocp = 

octacliloro(4-fer,-butyl-phenyl)porphyrin),糾 reacted w i th styrene to give 2-phenethyl 

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

/ P h CrDR 厂 Ph 
Rh"i(oep)-H + = / ——Rh"i(oep)/ (1-40) 

42 °C 

^Ph CgDs ^ P h 
Rh川(bocp)-H + = = / 。〜p R h ( b o c p ) ‘ (1.41) 

oU L/ 
8 8 % 

Two mechanisms are suggested. The first mechanism involves the radical chain pathways 

(Scheme 1.17).93 init ial ly undergoes dehydrogenation to yield [Rh[i(oep)]2 and H2 

via an equil ibrium (pathway i). [Rh^''(oep)]2 dissociates into 2 Rli"(oep) radicals (pathway ii). 

RhH(oep) then reacts w i th styrene to give a more stable secondary radical intermediate 

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

S c h e m e 1.17 Radical Chain Propagation in Styrene Insertion to Rh(por)-H 

2Rh丨"(oep)H ^ • 、 [ R h " ( o e p ) ] 2 + H2 

[Rh"(oep)]2 • " - 2Rh"(oep) 

Ph 
/ / — P h Rh'"(oep)H / — P h ,, 

、 R h " ' ( o e p ) ~ / - ^ R h i " ( o e p ) ^ + Rh 丨丨(oep) Rh"(oep) 
iii � ’ ’ iv 

The second mechanism is the concerted insertion of styrene into Rh" ' (por)-H bond (Scheme 

Cw-coordination o f styrene to Rh'"(bocp)H occurs (pathway i), fol lowed by the 

breaking of 7r-bond o f styrene and the simultaneous forming o f both Rh-C and bonds to 

give Rh"'(bocp)CH2CH2Ph (pathways i i and i i i) . 

Scheme 1.18 Concerted Insertion o f Styrene to Rh(por)H 

Rhi 丨丨(bocp)-H Rh"i(bocp( -
I 

Rh'i'(bocp) V ~ P h 
H III 

广P h 
Rh ' " (bocp)~ f 

1.7.1.3.2 Reactions with Carbon Monoxide 

Rh⑴(oep)H reacts w i th CO to yield rhodium(ni) porphyrin formyl complexes, 

Rh"i(oep)CHO (eq 1.42).^^ 

Rh'"(oep)H + CO .。广已’「丄 一 R h i " ( o e p ) C H 〇 ( 1 . 4 2 ) 
inst3nt3neous 1 0 0 ^ 

The mechanism o f Rli"^(oep)CHO formation also involves radical chain reactions (Scheme 

1.19).93 Rh"(oep), generated f rom the dehydogenative dimerization o f Rh"^(oep)H (pathways i 

and ii), reacts wi th CO to yield the carbon-centered RJi^"(oep)(CO) radical (pathway i i i), which 

then abstracts a H atom f rom Rh出(oep)-H to yield Rh^^\oep)CHO and another Rh^'(oep) for 

further radical chain propagation reaction (pathway iv). 
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Scheme 1.19 Radical Chain Propagation in CO Insertion to Rh(oep)-H 

2Rh'"(oep)H • 丨 ” [Rh"(oep)]2 + H j 

[Rh"(oep)]2 2Rh"(oep) 

CO • 
Rh"(oep) . ... ‘ Rh"'(oep)CO 

Rh"i(oep)CO Rh"i(oep)H + Rh丨丨(oep) 

In contrast, Ir川(oep)H reacts w i th CO to form only CO coordinated complex, Ir"^(oep)H(CO) 

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

lri"(oep)H + CO C^Ds，r.t. ^ |Hi!(oep)H(CO) (1.43) 
instantaneous lOO。/。 

1.7.2 Chemistry of Group 9 Metal(II) Porphyrin (M"(por)) 

Group 9 metal(II) porphyrins are metalloradicals which exist in monomer or dimer forms, 

depending on the bulkiness o f porphyrin ligands and the nature o f 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(II) and i r id ium(I I ) porphyrins have been used to successfully undergo various 

efficient bond activations o f C(sp^)-Br, H�，and C(sp^)-H bonds. 

[Rh"(oep)]2 reacts w i th 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 Rli"(tmp) has also been reported to react wi th 

H2 in benzene to give Rh^"(tmp)H (eq 1.45),^^ wi th the C~H bond o f methane in benzene to 

yield Rh"丨(tmp)H and Rh"^(tmp)CH3 (eq and wi th the benzylic C - H bond of toluene 

in benzene to give Rh⑴(tmp)H and Rh丨"(tmp)Bn (eq 1.47).^^ 
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[Rh"(oep)]2+ Br-CH2Ph 丨 > Rh"i(oep)Br + Rh'"(oep)CH2Ph (1.44) 
50% 50% 

2Rh"(tmp) + H2 ——。6门6广 二 ^ > 2Rh'ii(tmp)H (1.45) 
0.2 -1 atm 

toluene, 26 
instantaneous " 

CgHg ,23。C 

/c = 2 .5L 2 mol-2 s' 

CeHg, 23 °C 

K: :1,08 

CsHs, 70 ° C 、 

2Rh"(tmp) + CH4 Rh'"(tmp)H + Rh"'(tmp)CH3 (1,46) 
1 atm 

excess 50% 50% 

Mechanistic studies suggest that [Rli"(oep)]2 reacts wi th benzyl bromide via a radical chain 

mechanism (Scheme 1.20).^^ [Rh^^(oep)]2 init ial ly dissociates into 2 Rh^^oep) (pathway i). 

Rh"(oep) then abstracts Br atom from benzyl bromide, yielding Rh" \oep)Br and benzyl radical 

(pathway i i), which further reacts wi th [Rh"(oep)]2 to yield Rh"''(oep)Bn and another Rh"(oep) 

for subsequent Br atom transfer (pathway i i i). 

Scheme 1.20 Radical Chain Mechanism in the Reaction o f [Rh^^(oep)]2 wi th PhCH2Br 

[Rh"(oep)]2 . ‘ - 2Rh"(oep) 

Rh"(oep) + Br-CH2Ph ~ ^ Rh丨"(oep)Br + PhCH?. 

PhCH2' + [Rh"(oep)]2 ^ Rh丨丨丨(0印)CHzPh + Rh"(oep) 

On the other hand, Rh^'(tmp) reacts wi th H2, the C-H bond of methane, and the benzylic C-H 

II 2 

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

(X = H, CH3’ CHzPh) (Scheme 1.21)97，98 Indeed’ the kinetic isotope effects o f C-H bonds in 

CH4 (知 / ^D 二 8.2)98 and PhCH2-H (知 / /cd = 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 a Linear Termolecular Transition State 

i t 2Rh"(tmp) + H-X ( tmp)Rh--H- -X- -Rh( tmp) Rh 丨丨丨(tmp)H + Rh'"(tmp)X 
X = H 

！J linear termolecular transition state 
二 O H 

=CH2Ph /c(CH4)//C(CD4) = 8.2 
/c(H-CH2Ph) / /((D-CDSCqDS) = 6.5 
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Similarly, [Ir"(oep)]2 reacts w i th H2 in benzene to yield I r ' " (oep)H (eq 1.48), and wi th the 

benzylic C -H bond o f toluene to yield I r " \ oep )H and Ir"Voep)CH2Ph (eq 1.49).^^ It is proposed 

that [Irii(oep)]2 ini t ia l ly dissociates to 2 Ir'^oep),^^ which then reacts w i th H2 and benzylic C-H 

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

C D 25 
" 。印 ) ] 2 ：二4 二 t a n e o u s ^ 之丨；'〉。,^ (148) 

200 Torr 100% 

190 ^C 
[(r"(oep)]2 + CHsPh ——lr"'(oep)H + lr '"(oep)CH2Ph (149 ) 

instantaneous 5。％ sqo/. 

The bond activation reactions by rhodum(II) and i r id ium(I I ) porphyrins are driven 

thermodynamically by the formation o f strong Rh" \por ) -C, Rh" '(por)-H, and Ir"^(por)-H bonds 

(reported bond energies: Rh'"(oep)-H: 61.8 kcal mol'^^^ Rl i ' " ( tmp)-H: 60 kcal mol"';^^ 

Rh"'(tmp)-CH3： 57.8 kcal mol"^;^^ Ir"'(oep)-H:〜70 kcal mol"^ 蘭). 

1.7.2.2 Reactions with Carbon Monoxide and Ethylene 

[Rh^^(oep)]2 reacts w i th CO to yield dirhodium-porphyrin ketone, and can further react wi th 

another CO to yield dirhodium-porphyrin diketone (eq 1.50). This is attributed to the formation 

of 2 strong Rh⑴-C(0) bond ( -55-59 kcal/mol).则 

0 c〇 O 0 

[Rh"(oep)]2 R h i " ( o e p r ^ R h i " ( o e p ) ^ ^ M i " ( p o i r ^ ^ M i " ( p o r ) (1.50) 

Rli' '(por) and Ir'^(por) also promote the reductive couplings w i th 1 or 2 molecules o f 

ethylene, depending on the steric bulkiness o f porphyrin ligands (eq 1.51 and 1.52)/^' The 

coupling reactions are driven by the formation of strong M - C bonds (> 50 kcal/mol).服 

Sterically unhindered M"(oep) ( M = Rh, Ir) (oep = octaethylporphyrin) reacts w i th 1 ethylene 

to form mono-ethylene activated products (eq 1.51), whereas much more bulky M'^t tepp) 
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(ttepp = tetrakis(2,4,6-tr iethylphenyl)porpliyrin) reacts w i th 2 ethylene to form di-ethylene 

activated products (eq 1.52). 

CH2—CH2 
[M"(o 印)]2 • ‘ (。ep)M"i-CH2CH2-M 川(oep) (1.51) 

M = Rh, !r 
2CH2=CH2 

2IVl"(ttepp) . - (ttepp)M"i-(CH2)4-Mi"(ttepp) (1.52) 

M = Rh, Ir 

1.7.3 Chemistry of Group 9 Metal(I) Porphyrin Anion (M^(por)") as Nucleophile 

M^por)-, generated by the reduction o f M " ( p o r ) or M"^(por)Cl ( M = I r ^ ) , are 

powerful nucleophiles and undergo nucleophil ic substitutions w i t h a lky l halides to yield 

metalloporphyrin alkyls (eq 1.53-1.55). 

Co 丨丨(oep) 

Rh丨丨丨(oep)CI 

Ir 川(oep)(CO)CI 

Na/Hg 

THF, r.t., overnight 
Co'(oep)- ( e x : — > Co"丨(oep)R 

r.t., 10 min 
R = Me, 65% 
R = E t 60% 

N a B h y N a O H 

EtOH, Ar, r.t. 3 h 

, Rl (excess) … 
Rh丨(oep)- . >• Rh丨丨1(0印)R 

r.t., 10 min 
R = Me, 46% 
R = E t 60% 

N a B h U / N a O H 

EtOH, Ar, 50 °C，1 h 
Ir'(oep)- Rl ( • 气 lH"(oep)R 

. t , 5 h 
R = Me, 72% 
R = Et, 85% 

(1.53) 

(1.54) 

(1.55) 

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

Media 

The Chan group has undergone various base-promoted bond activation reactions by group 9 

metal(I I I) porphyr in chlorides (M' " (por )Cl : Rh"^(ttp)Cl and I r "Vt tp)(CO)Cl) . In basic reaction 

media, M川(por)Cl is converted to M" i (por )OH, M"Vpor)H, M" (po r ) , and M' (por ) ' which exist 

in equilibria. These 4 metal loporphyrin species exhibit different reactivities towards the same 
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molecules. The relative reactivities o f these 4 metalloporphyrins also vary w i th the nature o f 

metals and the reaction conditions (e.g. polarity of solvents, reaction temperatures). Therefore, 

the metalloporphyrin intermediates responsible for the bond cleavages change wi th different 

reaction systems. Some of the reaction mechanisms of bond activation chemistry by 

Rh川(ttp)Cl and Ir ' "( t tp)(CO)Cl are briefly reviewed below. 

1.8.1 C - O Bond Cleavage of Methanol : Chemistry of M (por)' N u d e o p h i l e 

Rh⑴(ttp)Cl肥 and undergo base-promoted C-O bond cleavages o f 

methanol to yield Rh^'^(ttp)CH3 and Ir"i(ttp)CH3 (eqs 1.56 and 1.57). Mechanistic studies 

suggest that bases and CH3OH promote the reduction o f M" i ( t tp)Cl to M丨(ttp)' ( M 二 Rh，Ir) 

(pathways i and iv). I r^t tp) ' is a strong nudeophile to react directly w i th 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 w i th CH3-OH. Thus, Rh^ttp) ' rapidly protonates wi th 

methanol v ia an equil ibrium to produce Rh^"(ttp)H (pathway ii), which further reacts wi th 

CH3-OH via metathesis to form Rh⑴(ttp)CH3 (pathway i i i) . 

CH3OH, KsCOgllO equiv) , CH3O-H ,,, CH3-OH ^ j i l u …• • 
Rh'"(ttp)CI ‘ ； ' , H N 、Rhi(ttp)- Rh"i(ttp)H 3 • Rh"i(ttp)CH3 (1.56) 

I 150。。，1 d, N2 II III 870/0 

川 CHsOH, K〇H (20 equiv) , CH-^-OH 川 
Ir川(ttp)(C〇)CI — ^ — ^ " " “ 丨 r ( t t P ) - ^ ； I f ^ lr'"(ttp)CH3 (1.57) 

IV 200 °C 1 d, N2 v -OH 700Z0 

1.8.2 C - C B o n d Activation of Cyclooctane: Chemistry of M"Vpor)OH, M*"(por)H, and 

M"(por) 

Rh出(ttp)Cl undergoes base-promoted C-C bond activation o f cyclooctane to form 

rhodium(III) porphyrin n-octyl (eq 1.58)/^^ Mechanistic studies suggest that Rh''^\ttp)Cl reacts 
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with base to form Rh⑴(ttp)OH (Scheme 1.22, pathway i) which is further reduced to [Rh"(ttp)]2 

(pathway ii).^®^ [Rh"(ttp)]2 undergoes C-H activation (CHA) to give R h " \ t t p ) H and 

Rh'^'(ttp)-c-octyl (pathway i i i ) , which then undergoes y^-hydride elimination to produce 

Rh'"( t tp)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'"( t tp)H to yield Rh"'( t tp)-^-octyl (pathway vi). 

K2C〇3(10equiv) 
Rh丨丨丨(ttp)CI 

120 7,5 h, N2 
Rh"i(ttp)(CH2)7CH3 (1.58) 

33% 

Scheme 1.22 Mechanism of C-H and C-C Activations of Cyclooctane by Rh'"( t tp)Cl 

Rh'"(ttp)CI 

OH" 
-cr 

Rh丨丨丨(ttp)OH 

-H2O2 

[Rhii(ttp)]2-

i l l 

CHA 

IV 

CCA 

Rh"丨 

v O 

Rh丨丨丨(ttp)H 

Rh'"(ttp)H 
Rh"i(ttp)(CH2)7CIV _i/2[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) 

Rh出(ttp)Cl undergoes base-promoted C -H bond activation o f alkanes (RH) to form 

rhodium(II I) porphyrin alky Is (eq Mechanistic studies suggest that Rh"'( t tp)Cl is 

reduced by base to form Rh'"( t tp)OH (Scheme 1.23, pathway i) which is further reduced to 

[Rh"(ttp)]2 (pathway i i ) .碰 [R l i " ^ ( t tp ) ]2 cleaves the R - H bonds to give Rh"Vttp)R and 

R l i " ( t t p )H (pathway i i i ) . Rh"( t tp)H can further react w i th R - H to give Rh"^(ttp)R (pathway iv), 

and undergo dehydrogenative dimerization to regenerate [Rh^^(ttp)]2 for further reactions 

(pathway v). 
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KoCOs (10 equiv) 川 

+ R-H , , o o c , N „ 6 - 2 4 h 「 卜 丨 ^ 闩 0 . 5 9 ) 

R 二 cydopenty丨，cyclohexyl, 
n-pentyl, n-hexyi, n-heptyl 

29-76% 

Scheme 1.23 Mechanism of C -H Activations o f Alkanes by Rh" \ t tp )C l 

V OH", -H2 

OH_ ii 
Rh丨丨丨_CI 。丨,Rh" ' ( t tp)OH ， - [Rh"(ttp)]2 -cr •H9O 2^2 

R-H 
魏_ ei 

i l l 

Rh'"(ttp)H 

R-H IV 
•H2 

Rh'^ t tp)R 

1.8.4 C-H Bond Activation of Toluenes: Chemistry of M"i(por)H and M"(por) 

Ir '"(t tp)(CO)Cl undergoes base-promoted benzylic C-H bond activation o f toluenes to form 

i r id ium (n i ) porphyrin benzyls (eq 1,60).'^^ Mechanistic studies suggest that Ir''^(ttp)(CO)Cl is 

reduced to Ir⑴(ttp)H (Scheme 1.24, pathway i). It is proposed that base promotes the reduction 

o f I r ' " ( t tp) (CO)Cl by the benzylic C -H bond of toluene to produce Ir ' "( t tp)H, since the detailed 

mechanism o f the transformation was unclear. Ir'^^(ttp)H can further undergo dehydrogenative 

dimerization to form [Ir"(ttp)]2 via an equil ibrium (pathway i i). Both Ir"^(ttp)H and [Ir"(ttp)]2 

undergo benzylic C -H bond activation o f toluene to yield I r ' " ( t tp)Bn (pathways i i i and iv). 

K2CO3 (20 equ iv ) ,丨丨丨 

in, 

lri"(ttp)(C〇)CI + CH3C6H4(p-FG) 

FG = Me, H, F, NO 
0.1-3.5 h 

2 

lr"i(ttp)CH2C6H4(p-FG) (1.60) 
41-80% 

Scheme 1.24 Mechanism of Benzylic C-H Activations o f Toluenes by Ir'^'(ttp)Cl(CO) 

lr" i ( t tp)(CO)Ci i P 力 5 Ir丨丨丨(ttp)H lr i"( t tp)CH2Ph + H: 
O H … 

-CI", -CO 
III 

PhPH 
[lr"(ttp)]2 〜 l r ' " ( t t p ) C H 2 P h + lri"(ttp)H 

iv 
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1.9 Summary 

The chemistry o f group 9 metalloporphyrins in the fo rm o f 

Mii(por), and M'(por)" discussed above demonstrates that, the oxidation states of metals, the 

nature o f ligands attached to the metals, and the nature o f the metals can lead to different 

product formations, reaction rates, and reaction mechanisms in the bond activation chemistry. 

Therefore, fundamental reactivity studies o f group 9 metalloporphyrins are o f importance to 

aid the understandings o f the various interactions o f small molecules w i t h transition metal 

complexes. I n a long-term goal, these fundamental studies can facilitate the developments o f 

potential and suitable catalysts in eff icient transformations o f 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 alky Is in terms o f reaction rates and yields. The 

use o f 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 l i th ium) 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 o f 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 control l ing the concentrations o f bases, 

solvent polarities, or reaction temperatures for desired selective chemical transformations. 

Therefore, the investigation o f base-promoted reactions can help the discoveries and 

developments o f more advanced and convenient methods for base-promoted catalytic synthesis 

of various fine chemicals and functionalized compound in more economical and 

environmentally-fr iendly ways. 
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1.10 Scope of Thesis 

The objectives o f my research focus on the reactivity studies o f i r id ium( I I I ) porphyrins, 

including: 

(1) the redox chemistry o f i r i dmm( I I I ) porphyrins in basic media, and 

(2) the base-promoted aryl carbon-halogen bond (A r -X , X = CI, Br, I ) cleavages by i r id ium(I I I ) 

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

2.1 Introduction 

2.1.1 Redox Chemistry of Group 9 Metalloporphyrins 

In Chapter 1，the redox chemistry o f transit ion metal complexes has been br ief ly presented. 

Hydrox ide ion ( 0 H ' ) can act as an eff icient single-electron reducing agent to reduce the metal 

centers o f various transit ion metal complexes (Sections 1.4 and 1.5). Addi t ional ly , group 9 

metal loporphyrins in different oxidat ion states, M^"(por)OH, M^^(por), and M^por ) ' , 

can exist in equi l ibr ia in basic media (Section 1.6).^'^ 

The electrochemical redox chemistry o f group 9 metal loporphyrins has been extensively 

studied by the Kadish group.^ The chemical ly- induced redox chemistry o f water-soluble group 

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

III 3 

reported the redox chemistry o f water-soluble [Ir (tspp)(H20)2] “ (tspp = 

tetrakis(/?-sulfonatophenyl)porphyrin) i n basic aqueous media, and methoxide ion is adopted as 

a reducing agent to reduce [Ir" '( tspp)(H20)2]^' to generate [ I r " i ( tspp)H(H20)]4 - , wh ich is i n an 

equi l ibr ium w i th [ I r \ tspp)(H20)]^" (Section 1,6.2)2 However, the chemical ly- induced redox 

chemistry o f group 9 metal loporphyrins in aprotic solvents, to the best o f our knowledge, has 

not been reported. 

Recently, the Chan group has discovered the OH"-promoted reduction o f rhodium(I I I ) 

porphyr in chloride (Rh" \ t t p )C l , ttp = tetrakis(/?-tolyl)porphyrin) to rhodium(I I ) porphyr in 

dimer ( [Rh"(t tp)]2) in benzene at 120。C (eq 2.1).4 Mechanistic studies suggest that Rh"^(ttp)Cl 

undergoes l igand substitution w i th OH ' to fo rm R h " \ t t p ) O H (Scheme 2.1, pathway i)，which 

then undergoes the reduction v ia the homolysis o f Rh -OH bond to fo rm Rh!i(ttp) and H2O2 

(pathway i i) . Rh'^ t tp) further dimerizes to fo rm [Rh' \ t tp) ]2 (pathway i i i ) . R i i " \ t t p ) O H has also 

been independently prepared by the reaction o f [Rh"(ttp)]2 w i t h H2O2 (1 equiv) at room 

temperature to support the proposed conversion o f Rh ' " ( t tp )OH to [Rh"(ttp)]2 at 60 "C (eq 2.2). 
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Rh 丨丨丨 _ a K〇H(1?equiv) • „ 
、^^ CeDe, 120 30 min ^^^^ 

Scheme 2.1 Mechanism o f OH'-Promoted Reduction o f Rl i"^(t tp)Cl to [Rh"(ttp)]2 

Rh'"{ t tp)CI ‘ :，。。。'、Rh ' " ( t tp )OH “ : H 。 g 2 • R h " ( t t p ) - i i L - 1 / 2 [ R h " ( t t p ) ] 2 

[Rh"(ttp)]2 + H2O2 . >1 Rh" i ( t tp )OH (2.2) 
1 equiv 60 °C - 5 6 % 

Rl iod ium(I I ) porphyrins are essential starting materials for various chemical transformations 

(Sections 1.7.2 and 1.8). The reduction o f Rh' " ( t tp)Cl by base to f o rm [Rh"(ttp)]2 provides a 

more convenient and cheaper way to produce [Rh^\ttp)]2, compared w i t h the tradit ional 

synthetic methods v ia the prolonged photolysis o f Rh"^(por)-Me^ and the TEMPO-promoted 

dehydrogenative dimerizat ion o f RJi^"(por)-H.^ 

The Chan group also reported that bases can promote the reduction o f i r id ium( I I I ) porphyr in 

carbonyl chloride ( I r ' " ( t tp) (CO)Cl) to i r id ium( I I I ) porphyr in hydride ( I r " \ t t p ) H ) and i r id ium( I I ) 

porphyr in dimer ([Ir'^(ttp)]2), wh ich were the observed intermediates for the benzylic C - H bond 

activation o f toluenes to y ie ld i r id ium( I I I ) porphyr in benzyls (Section 1.8.4)7 However, the 

mechanisms o f the reduction processes are unclear. Therefore, i t is important to investigate the 

mechanisms o f base-promoted reduction o f I r " ' ( t tp ) (CO)Cl to I r " ' ( t t p )H and the redox 

chemistry o f i r id ium porphyrins in basic aprotic solvent. Hopeful ly, as a result, the 

understanding and control l ing o f the reactivities o f i r id ium complexes in different oxidat ion 

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 o f the discoveries o f redox chemistry o f i r idium 

porphyrins in basic, aprotic benzene solvent, involving: 

(i) the base-promoted reduction o f i r id ium(II I ) porphyrin halides to produce ir id ium(II I ) 

porphyrin hydride. 

(i i) the interconversions among i r id ium(I I I ) porphyrin hydride, i r id ium(I I) porphyrin dimer, 

and ir id ium(I) porphyrin anion. . 

2.2 Preparations of Iridium Porphyrins 

I r id ium(I I I ) porphyrin carbonyl chloride, Ir ' "( t tp)(CO)Cl ( la) (ttp = 

tetrakis(;9-tolyl)porphyrin), is the starting complex used for various reactivity studies in this 

thesis. Porphyrin ligand (H2ttp),^ the i r id ium source, ir idium(I)(l,5-cyclooctadiene) chloride 

dimer ([Ir【(COD)Cl]2),9 and various i r id ium 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 
. p r o p i o n i c acid / 7, 

4 — \ y ^ u + > ——^^ • L NH HN y 2.3 
^ H \ _ J 150 reflux, 30 min ^、’ ’ 」 

二 NH HN I 

H2(ttp), 20% 

[ Ir ' (C0D)Cl]2^ was prepared in 62% yield by reacting i r id ium(I I I ) trichloride wi th 

1,5-cyclooctadiene in ethanol / water solvent in 1 day (eq 2.4). 

21HIICI3.3H2O + 2C0D + 2EtOH [ ^ f ^ , > [lr'(COD)CI]2 + 4HCI + 2CH3CHO (2.4) 

reflux, 1 d, N2 q2% 
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[Ir (C0D)C1]2 was subsequently reacted w i th H2(ttp) in /^-xylene under reflux in 4 days to yield 

I r ' " ( t tp)(CO)Cl ( la) io in 64% yield (eq 2.5). 

2H2(ttp) + [lr'(C0D)CI]2 
p-xylene 

reflux, 4 d 
(2.5) 

lr'"(ttp)(CO)C[, 64% 

Ir!i丨(ttp)(PPh3)a ( l b ) was prepared via the l igand substitution o f Ir"^(ttp)(CO)Cl wi th PPhs 

(eq 2.6). 

CqDQ lr"i(ttp)(C〇)CI + PPhs lr"i(ttp)(PPh3)CI (2.6) 
2 0 0 1 d (5 e q u i v ) … … 65% 

Other i r id i i im( I I I ) porphyrin halides, Ir"^(ttp)(CO)Br ( I c ) and I r " \ t tp ) (CO) I ( Id ) , were 

discovered to be successfully prepared by reacting Ir^"(ttp)(CO)Cl wi th bromobenzene and 

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

pnn o「 
lr'"(ttp)(CO)CI + PhBr lr'"(ttp)(CO)Br (2.7) 

xs 2 d, N2 62% 

Ir 丨丨丨(ttp)(C〇)CI + Phi 
xs 

200 °C 
lr'"(ttp)(CO)l (2.8) 

41% 
2d , N2 

Other i r id ium(I I I ) porphyrin derivatives, including the electrophilic i r id ium(I I I ) porphyrin 

hexafluoroantimonate (Iri"(ttp)SbF6)," i r id ium(I I I ) porphyrin hydride 

i r id ium(II) porphyrin dimer ([Ir"(ttp)]2),^'^ and i r id ium(I) porphyrin anion ( Ir ' ( t tp) ' ) /^ are used 

as the reactants for chemical transformations (Chapter 1, section 1,7), or as the probable 

intermediates to demonstrate various base-promoted reactions w i th I r " \ t tp ) (CO)C l (Chapter 1， 

section 1.8)7''^ They were prepared by the fo l lowing methods. 

Ir^"(ttp)(CO)Cl was reacted wi th silver hexafluoroantimonate (AgSbFg) in dichloromethane 

solvent at room temperature to yield the electrophilic Ir'"(ttp)SbF6 (le)丨丨(as an inseparable 

mixture of Ir"^(ttp)SbF6 and [Ir '"(t tp)(C0)]SbF6 in 2.6-3.4 : 1 ratio)^^ w i th the weakly 
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coordinating Sh¥e ligand (eq 2.9). 

CH CI 
lr '"( t tp)(CO)CI + A g S b F e — — l H " ( t t p ) S b F 6 / [ l r ' " ( t tp)(C0)]SbF6 + AgC! (2.9) 

2 equiv 「丄’ 2 h 〜2.6 - 3.4 : 1 
total yield: 90% 

Ir"^(ttp)H (2a) was prepared by the reductive protonation o f 

Ir'"^(ttp)(CO)Cl was in i t ia l ly reacted w i th NaBH4 / N a O H to y ie ld Ir乂 1:tp)T^a+, and was then 

protonated subsequently w i th excess HC l (aq) to afford Ir"丨(ttp)H (eq 2.10). 

(i) NaBH4 / 1 M NaOH, THF, 60 N;，2 h 丨丨丨 
lH"(ttp)(CO)CI ^ lr" '(ttp)H (2,10) 

(ii) HCl (aq), r . t , N2，15min 90% 

[Ir"(ttp)]2 (3)6，7 was prepared quantitatively by the dehydrogenative dimerization o f 

Ir'^'(ttp)H w i th 2,2,6,6-tetramethylpiperidinoxy (TEMPO) (eq 2.11). 

lr '"(t tp)H t e m p o (1.1 equiv) ^ [丨「“⑴他 ( 2 . 1 1 ) 

CqDq, r.t., N2, <5 min quant i tat ive 

Ir ' ( t tp) 'K^ (4a) was formed quantitatively by the deprotonation o f Ir⑴(ttp)H w i th K O H in 

THF-^i8(eq2.12). 

,,, K O H (20 equiv) , … ， , … … 
l r ' " ( t tp)H • lr '(ttp)"K^ (2.12 

T H F - c y 8 , 1 2 0 。 C , N 2 ’ 6 h quant i ta t ive 
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2.3 Base-Promoted Reduction of I r i dmm( I I I ) Porphyrin Halides to I r id ium( I I I ) 

Porphyrin Hydr ide 

I r id ium( I I I ) porphyr in halides ( I r "y t tp ) (CO)X, X = CI, Br, I ) were discovered to react w i th 

bases ( K O H , K2C03)''^ or w i t h a trace o f residual water in benzene-^fe^^ at elevated 

temperatures to produce I r " ' ( t tp )H (eq 2.13). The base is ident i f ied as the reducing agent, 

whereas the water l ike ly acts as the protonating source. The mechanism o f this base-promoted 

reduction o f Ir^ ' ' ( t tp)(CO)X to was investigated and is presented as fol lows. 

l r ' " ( t tp ) (CO)X + K O H / K2CO3 H2O ( - 0 . 2 - 1 equ iv) , CePe ^ 川 (伸 )日 ( 2 . 1 3 ) 

X = CI, Br, I 20 equ iv 120-200 1 -50 h 了’-棚。/。 

2.3.1 Scope in Base-Promoted Reduction 

To understand the base-promoted reduction o f I r^"( t tp)(CO)X to Ir^"(t tp)H, the effects o f 

base strengths, reaction temperatures, and halide ligands o f I r "^( t tp)(CO)X on the rates o f 

I r " ' ( t tp )H format ion were in i t ia l ly studied in sealed N M R tubes. 

2.3.1.1 Effect of Bases and Temperatures 

Without any base, I r"^( t tp)(CO)Cl remained stable in henzQne-de at 200 "C in 14 days and 

was recovered quantitat ively (Table 2.1, entry 1). When water (100 equiv) was added, 

I r ' " ( t tp) (CO)Cl was part ial ly consumed in 10 days to y ie ld I r "V t tp )H i n 16% yie ld and 

unreacted I r ' " ( t tp ) (CO)Cl was recovered in 84% yie ld (Table 2.1，entry 2). When K O H (20 

equiv) was added, I r ' " ( t tp ) (CO)Cl reacted at room temperature i n 12 hours to fo rm a trace o f 

Ir【ii(ttp)H. A t a higher temperature o f 200 Ir"^(t tp)(CO)Cl was rapidly consumed in 1 hour 

to yield I r ' " ( t tp )H quantitatively (Table 2.1, entry 3). When a weaker base o f K2CO3 (20 equiv) 

was added, I r ' " ( t tp ) (CO)Cl reacted more s lowly at 200 °C in 30 hours to y ie ld I r " ' ( t tp )H in 95% 
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yield (Table 2.1, entry 4). Therefore, stronger bases can promote the faster reduction o f 

I r " ' ( t tp) (CO)X to Ii•川(ttp)H. A t 120 both K O H and K2CO3 promoted the reduction o f 

I r " ' ( t tp)(CO)Cl to Ir出(ttp)H but in slower rates (Table 2.1, entries 5 and 6). 

Ill 

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

H2O (〜0.2-2 equiv)，a CgDe 
lr"i(ttp)(C〇)C丨 + b a s e -

(20 equiv) 
Ir丨丨丨(ttp)H 

temp , t ime 

entry additive (equiv) temp/°C t ime y ie ld I r " \ t t p ) H / % 

1 n i l 200 14 d Qc 

2 H2O (100 equiv) 200 10 d 16' 
3 K O H (20) 200 I h 100' 
4 K2CO3 (20) 200 30 h 95 

5 K O H (20) 120 5 h 84̂  
6 K2CO3 (20) 120 23 d 100 

“The amount of residual water dissolved in b e n z e n e - w a s estimated by H NMR 

spectroscopy. ^ N M R yield. ‘ Unreacted Ir川(ttp)(CO)Cl was recovered quantitatively.“ 

Ir'"(ttp)(CO)Cl was recovered in 84% yield. ''At room temperature, a trace of Ir"\ttp)H was 

observed in 12 hours. ̂  Ir'(ttp)'K^ in 9% yield was also formed. 

2.3.1.2 Effect of Halide Ligands 

Both Ir^"(ttp)(CO)Cl and Ir ' " ( t tp)(CO)Br reacted w i th K O H (20 equiv) at 120。C in 5 hours 

at similar rates to give I r " \ t t p ) 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 I r " \ t t p ) H (Table 2.2, entry 3). The trend o f 

reactivity is: I r " \ t t p ) (CO)C l ~ Ir"^(ttp)(CO)Br > I r " \ t tp ) (CO) I . Similar trend o f reactivity was 

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

w i l l be discussed in Section 2.3.3(B)). Moreover, in the reactions o f Ir"^(t tp)(CO)X (X 二 CI, Br, 

I ) w i th K O H , Ir '(ttp)"K^ or [Ir"(ttp)]2 i n modest amount was also formed (Table 2,2, entries 

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

l r i i i ( t tp)(CO)X 十 KOH H . O e Q . 2 - 0 . 8 e q u i v ) , a C 3 D e ^ ,H"(ttp)H 
(20 equiv) 120 °C，time 

entry X t ime/h Ir"^(ttp)H yield/%^ 

1 CI 5 84' 

2 Br 5 

3 I 11 s r 
“The amount of residual water dissolved in benzene-t^ was estimated 

by 'H N M R spectroscopy * N M R yield ‘ Ir^(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 ofHal ide Ligands (X) on KzCOs-Promoted Reduction of Ir" i(ttp)(CO)X 

l r i " ( t tp)(CO)X + K,CQ3 H2O ( -0 .2 -1 .1 equ iv ) , -CePe^ ,H"(ttp)H 
(20 equiv) 200 t ime 

entry X time/h Ir"^(ttp)H yield/%^ 

1 CI 30 95 

2 Br 30 97 

3 I 50 95 
"The amount of residual water dissolved m benzene-c/g was estimated by H 

N M R spectroscopy '' N M R yield 

The reaction o f Ir"^(ttp)(CO)Cl wi th K O H at 120。C (Table 2.2, entry 1) was conveniently 

enough in t ime scale to allow close monitor o f the reaction by ^H N M R spectroscopy (Figure 

2.1). I r i " ( t tp)(CO)Cl (c5(pyrrole H ) = 9.07 ppm, Figure 2.1(a)) was observed to be gradually 

consumed in 2 hours to form Ir" ' ( t tp)H ((5(pyrrole H) = 8.81 ppm) in 55% yield and unreacted 

Ir⑴(ttp)(CO)a in 45% yield (Figure 2.1(b)). A l l I r ' " ( t tp)(CO)Cl was consumed in 5 hours to 

form I r " ' ( t tp)H in 84% yield and Ir乂ttp)-K+ ((^(pyrrole H) = 8.50 ppm)'^ in 9% yield (Figure 

2.1(c)). No intermediates were observed in the course o f the reaction as the total yields o f 

Ir ' "( t tp)(CO)Cl and I r ' " ( t tp)H were close to 100%. The same high total i r id ium porphyrin 

yields were also observed in other base-promoted reductions o f Ir"^(ttp)(CO)X (Tables 

2 1-2.3). 
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• Ir"丨(ttp)-K+ 

• Ir川(ttp)H 

• lr"'(ttp)(CO)CI 

(c) 5 h 

(b) 2 h 

(a) 0 min 

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

Figure 2,1 Partial ^H N M R profi le o f the reaction o f I r⑴ ( t tp) (CO )a w i th K O H in benzene-成 

at 120 "C (Table 2.2, entry 1). 

2.3.2 Mechanistic Studies of Base-Promoted Reduction 

I r ' " ( t tp)(CO)X (X = CI, Br, I) were shown to be eff iciently reduced to I r" ' ( t tp)H in the 

presence o f bases (Tables 2.1-2.3). The roles of bases on the reductions o f I r" ' ( t tp)(CO)X to 

I r ' " ( t tp)H were thus investigated. Init ial ly, we propose a work ing reaction mechanism. 

2.3.2.1 Overall Reaction Mechanism 

Scheme 2.2 depicts a proposed mechanism o f the base-promoted reduction o f Ir"^(ttp)(CO)X 

to Ir" i(t tp)H. I r i " ( t tp)(CO)X ini t ial ly undergoes CO dissociation to give Ir"^(ttp)X (Scheme 2.2, 

pathway i). OH" ( from K O H or the thermal hydrolysis o f K2CO3) then undergoes ligand 

substitution w i th I r ' " ( t tp)X to form Ir^"(ttp)OH (pathway i i). I r " \ t t p ) O H can exist in an 
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equi l ibr ium w i t h the i r id ium porphyr in ju-oxo dimer, (ttp)Ir^^tolr^^yttp), v ia the reversible 

condensation and hydrolysis (pathway i i i ) . Consequently, the hydroxo l igand in Ir^"(t tp)OH can 

act as a single-electron reducing agent to reduce I r ( n i ) to I r ( I I ) , fo rming both I r " ( t tp) and 

hydroxy radical ( H O ) (pathway iv) , I r " ( t tp) further undergoes the OH'-promoted activation o f 

residual H2O in benzene-t/e'^ to fo rm both Ir"^(t tp)H and Ir"^( t tp)OH (pathway v). Ir^^'(ttp)OH 

is recycled for further I r " ' ( t tp )H format ion (pathways iv and v). 

Scheme 2,2 Overal l Mechanism o f Base-Promoted Reduct ion o f I r"^(t tp)(CO)X 

^ ^ lr'"(ttp)X + CO lr'"(ttp)(CO)X 
X = CI, Br, I 

lr"i(ttp)X + OH" 

2lr"i(ttp)〇H 

lr'"(ttp)OH 

2Ir"(ttp) + H2O 

IN 

IV 

lr"i(ttp)〇H + X-

(ttp)lr"i〇lr"i(ttp) + H2O 

lr"(ttp) + HO-

〇H_ 
- i r ' " ( t t p ) H + IH丨丨(ttp)〇H 

V 

IIL The details o f (1) the l igand substitution w i t h OH" to fo rm Ir ( t tp )OH (pathway i i ) , (2) the 

format ion and reactivity o f i r id ium( I I I ) porphyr in ju-oxo dimer (pathway i i i ) , and (3) the 

OH'-promoted conversion o f I r " \ t t p ) O H to Ir"^(t tp)H (pathways iv and v) w i l l be discussed in 

the fo l l ow ing sections. 

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

In order to investigate the format ion o f the proposed I r ' " ( t t p )OH intermediate via l igand 

substitution (Scheme 2.2, pathway i i ) , attempted observation by ^H N M R spectroscopy was 

carried out. However, the direct observation o f I r " y t t p ) O H intermediate was not successful as 

the total yields o f I r " i ( t tp ) (CO)X and I r " ' ( t tp )H were always close to 100% (Tables 2.1-2.3). 

Therefore, the attempted synthesis o f I r " \ t t p ) O H f rom the reaction o f more electrophil ic 

Ii•⑴(ttp)SbF6 w i th more nucleophil ic CsOH in henz^nQ-d^ was carried out. IR川(ttp)SbF6 

6 3 



(c)(pyrrole H ) = 9.08 ppm) reacted instantaneously upon m ix ing w i t h CsOH at room 

temperature to y ield Ir^^'(ttp)H ((5(pyrrole H) = 8.81 ppm) in 95% yield. No i r id ium porphyrin 

intermediate was observed (eq 2.14; Figure 2.2). 

lr"'(ttp)SbF6 + CsOH 
3% 10 equiv 

H2〇（〜2.9 equiv) , CqDq 

r.t., 5 min 
lr'"(ttp)H (2.14) 

95% 

u 

• lr"'(ttp)H 

• lr"'(ttp)SbF6 

-J丨、 

Figure 2.2 Partial ^H N M R profi le o f reaction o f I r" \ t tp)SbF6 w i t h CsOH in 5 minutes (eq 

2.14). 

Therefore, the more sensitive analytical method o f mass spectrometry was used for the 

detection o f Ir⑴(ttp)OH i f indeed i t had formed. The crude reaction mixture o f Ir"\ t tp)SbF6 

wi th CsOH i n CeDe (eq 2.15) was immediately subjected to high-resolution mass spectrometric 

(HRMS) analysis. To our delight, besides Ir ' " ( t tp)H, both I r " \ t t p ) O H (5) and ( t tp ) I r " to l r " \ t tp ) 

(6) were also detected (Figures 2.3(a)-(c)). Thus, Ir"^(ttp)OH does fo rm as an intermediate via 

iigand substitution (Scheme 2.2, pathway ii). Most o f the Ir"^(ttp)OH, however, is converted to 

Ir⑴(ttp)H (Scheme 2.2, pathways iv and v). A small amount o f Ir^^'(ttp)OH l ikely undergoes the 

concurrent condensation to form (ttp)Ir'"OIr'^'(ttp) (Scheme 2.2, pathway i i i ) . Ir川(ttp)OH is 

thus very reactive. 

IIL 
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Figure 2.3(b) High-resolution mass spectrum o f I r " \ t t p ) O H ( [M]-
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Figure 2.3(a) Mass spectrum o f the reaction o f I r" \ t tp)SbF6 w i t h CsOH in CsD^, showing the 

concomitant format ion o f I r ' " ( t tp)H, I r " ' ( t tp)OH, and ( t tp)Ir" to lr"^( t tp) (eq 2.15). 

lr"'(ttp)SbF6 CsOH 
10 equiv 

H2O (trace), CgDs * 
r.t., 5 min 

HRMS calculated 
HRMS found 

lr'"(ttp)OH + (ttp)lr'"Olr'"(ttp) + lr"'(ttp)H (2.15) 

878.2591 
878,2574 

1737 5092 
1737,5122 

「 # 7 RT L A / I NL ^ 
\n " I n f <1 1 ' i ) 覆 ） I 11 

lr"'{ttp)H 
lr'"(ttp)OH, [M]+: 

theoretical: 878.2591 
experimental: 878.2574 

(ttp)lr"'Olr'"(ttp), [M]+: 
theoretical: 1737.5092 

experimental: 1737.5122 

/ 
•th 
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Figure 2.3(c) High-resolution mass spectrum o f (ttp)Ir"^OIr^^^(ttp) ([M广：theoretical value = 

1737.5092; experimental value = 1737.5122). 

Characterization of (ttp)Ir"^OIr"\ttp). To further characterize (ttp)Ir"^OIr"'(ttp), an 

authentic sample was prepared using i r id ium(I I I ) porphyrin y^-hydroxy ethyl, 

I r " ' ( t tp)CH2CH20H (7), as the precursor o f Ir丨"(ttp)OH, since Rh" \ t tp )CH2CH20H has been 

used as a precursor to generate Rl i " ' ( t tp)OH in aldehydic C - H bond activation o f 

benzaldehydes (Chapter 1，section 1.7.1.1.2, Scheme 1.14)." Grat i fy ingly, (ttp)Ir"^OIr"^(ttp) in 

the form o f (H20)( t tp) I r " to l r " ' ( t tp) (0H2) (6a) was prepared in 72% yield by heating 

l r " ' ( t tp)CH2CH20H in henzene-de at 120。C in a sealed N M R tube in 23 days (eq 2.16). 

H2〇（〜2.4 equiv), CeDe 
lr"i(ttp)CH2CH2〇H (H2〇)(ttp)lr，ii〇lr"i(ttp)(〇H2) (2.16) 

72% 120。C，23 d • … 

Scheme 2.3 illustrates the proposed mechanism o f the condensation o f Ir^^\ttp)CH2CH20H 

to form (H20)( t tp) I r "^0I r " \ t tp) (0H2) . I r " \ t tp )CH2CH20H ini t ia l ly undergoes y^-hydroxy 

elimination'^ to yield Ir⑴(ttp)OH and ethylene, which was observed in benzene-<i6 by ^H N M R 

spectroscopy ((5(C2H4) = 5.23 ppm) (pathway i). The 7r-donating ethylene l ikely coordinates to 
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Ir^"(t tp)OH to form (C2H4)Ir"'(ttp)OH^^ to inhibi t the conversion o f I r " ' ( t tp )OH to Ir⑴(ttp)H 

(pathway ii). (C2H4) I r " \ t tp)OH w i th a nucleophil ic hydroxo l igand then attacks the i r id ium 

center o f another (C2H4)Ir" i( t tp)OH by displacing the ethylene l igand to form the 

/ i -hydroxo-bridged i r id ium porphyr in dimer, (C2H4)(ttp)Ir"^(OH)Ir"^(ttp)OH (pathway hi). 

Hydroxo l igand (0H" ) l ike ly dissociates f rom (C2H4)(ttp)Ir"^(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 l igand to generate ju-oxo i r i d ium porphyr in dimer, 

(C2H4)(ttp)Ir"^OIr^^^(ttp)(C2H4), and water (pathway v). Coordinations o f residual water in 

benzene-lie'^ or water generated f rom the condensation reaction lead to the formation o f 

(H20) ( t tp ) I r " ^0 I r " \ t tp ) (0H2) (pathway vi). 

Scheme 2.3 Proposed Mechansim o f Conversion o f I r " \ t t p ) C H 2 C H 2 0 H to ( t tp)Ir" tolr"^( t tp) 

lriii(ttp)CH2CH2〇H Ir'"(ttp)OH + C2H4 (C2H4)l「i"(ttp)OH 

H _ H 

2(C2H4)lH"(ttp)OH ^ ^ (C2H4)(ttp)lr"…O叫r i"(ttp)-OH，丨• ^ (C2H4)(ttp)lr"i^〇、lri"(ttp)(C2H4) 

+ C2H4 +e〇H 

H 

(C2H4)(ttp)lri i^O-lr"i(ttp)(C2H4) + ®0H (C2H4)(ttp)lr"iOlr'"(ttp)(C2H4) + H2O 

(C2H4)(ttp)lriii〇lriii(ttp)(C2H4) + 2H2O ^ ^ ^ ^ (H20)(ttp)lr"i0lri"(ttp)(H2〇） 

(H20)( t tp) I r '^ '0 I r ' " ( t tp) (0H2) dissolves very we l l in benzene-t^ to fo rm a brown solution. Its 

formation is supported by the molecular ion in H R M S analysis ( [M]+ = 1737.5052) and the 

upf ield porphyr in 's pyrrole protons ((^(pyrrole H ) = 8.36 ppm) by ^H N M R spectroscopy 

(Figure 2.4), which is characteristic o f / /-oxo-bridged metal macrocycl ic complexes?^ The 

presence o f 2 equivalent upf ie ld coordinated water molecules ((5(H20) 二 -10.89 ppm) is 

supported by the D / H exhange upon the addit ion o f D2O at room temperature (eq 2.17). I t is 

air-sensitive as it completely decomposed in benzene-c4 solvent under air after 3 days. 
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(H20)(ttp)Ir丨丨〖0Irm(ttp)(0H2) was not observed in the reactions o f I r " ' ( t tp) (CO)X (X 二 CI, Br, 

I ) and Ir"^(ttp)SbF6 w i th OH" by ^H N M R spectroscopy (Tables 2.1-2.3; eq 2.14), as it was 

l ikely either formed in a small amount or further hydrolyzed by OH" at high temperatures to 

form Ir" i( t tp)〇H and then I r " ' ( t tp)H (Scheme 2.2, pathways iv and v). 

a pyrrole H 
b inner o-toiyl's H 
b" outer o-tolyl's H 
c inner m-tolyi 's H 
c" outer m-tolyl 's H 
d tolyl's methyl H 
e aqua H 

jjJJuWl 
,11 Ji Jif 

• A / 

H2O-

/ V 

K P l r - N 4 - 0 H： 

(H20) l r ' " { t tp)-0- l r ' " { t tp)(0H2) 

n A 

Figure 2.4 ' H N M R of (H20) ( t tp ) I r " '0 I r " ' ( t tp ) (0H2) 

CeDe 
( H 2 0 ) ( t t p ) l r ' " 0 l H " ( t t p ) ( 0 H 2 ) + D2O 

excess • 5 d 
(HnD2.nO)(ttp)lr"iOiri"(ttp)(OHnD2.n) (2.17) 

n = 0, 1, 2 
D : H rat io 〜2 .9 
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2.3.2.3 Ligand Substitution of O H (2): Formation of Ir"*(ttp)(PPh3)OH 

Since I r " ' ( t tp)OH was shown to be highly reactive and proved dif f icult to be observed, the 

synthesis o f coordinatively saturated and more stable Ir™(ttp)(PPh;3)〇H was 

attempted f rom the reaction of Ir"\ttp)(PPh3)Cl ( l b ) w i th OH" (Scheme 2.4; Figure 2.5(a)). 

When Ir[H(ttp)(PPh3)Cl ((5(pyrrole H) 二 8.84 ppm) was reacted w i th K O H in benzene-t^ at 

200。C in 4 hours, Ir" '(t tp)(PPh3)0H ((5(pyrrole H) = 8.81 ppm) was formed in 96% yield wi th 

a trace o f Ir"\t tp)(PPh3)H (2b) (^(pyrrole H) 8.75 ppm) (2%) (Scheme 2.4, pathway i; Figure 

2.5(b)). 

The formations o f Ir '"(ttp)(PPh3)0H and Ir"\ttp)(PPh3)H are supported by the spin splitting 

patterns and coupling constants wi th ^^P in both and ^^P N M R spectra (^H N M R : (i) 

(Ph3P)(ttp)IrO-//: doublet, Vph = 7.5 Hz; ( i i ) Ph3P(ttp)Ir-//: doublet, Vph = 259 Hz.'^'^^ 

(Figures 2.5(b) and (c)); ^^P N M R : (i) Ph3?-(ttp)IrOH: doublet, Vph = 7.2 Hz; ( i i) 

Ph3P-(ttp)IrH: doublet, Vph = 258 Hz) (Figures 2.5(e) and (f)). The formation o f 

⑴(ttp)(PPh3)H is further confirmed by the authentic sample of Ir^^^(ttp)(PPh3)H prepared by 

reacting I r ' " ( t tp)H wi th PPhs (1 equiv) in benzene-^4 at room temperature.'^ 

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

KOH (20 equiv)丨r"丨(ttp)(PPh3)〇H KOH (20 equiv) 
III, w … H 2 O (-1,7 equiv) 96% H2O ( -1 .7 equiv) 

iH" ttp PPh3)CI — ^ +  
CeDe, 200。C’ 4 h [Hii(ttp)(PPh3)H CqDs, 200 ° C, 13 h 

2% 

lr"i(ttp)(PPh3)H 
33% 
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'H NMR (pyrrole H) 'H NMR (Ir coordinated H) 31| NMR (Ir coordinated PPhj) 

(c) 13 h 

{b)4h 

(a) 0 min 

• 
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却
 

L̂
p
 I

 
3
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1
3
 

• 

• lr'"(ttp)(PPh3)H 
• lr"i(ttp)(PPh3)0H 
• lr"'(ttp)(PPh3)CI 

PhsP-lr丨丨丨-H 

3-32 57 ppm 
2jpH = 259 Hz 

PhsP-lH丨丨-0-W 

(5-9 35 ppm 
ĴpH = 7 5 Hz 

(f) 

(e) 

Ph3P-lr"'-H 
S-25 9 ppm 

2jpH = 258 Hz 

PhgP-lH'i-O-H 
(5 -34 9 ppm 
3JpH = 72 Hz 

PhsP-lr"丨-CI 

S -37 5 ppm 

( d ) I I 

Figure 2.5 (a-c) Partial N M R profile o f the reaction o f Ir"^(ttp)(PPh3)Cl wi th K O H in 

henzene-de to form Ir!丨丨(ttp)(PPh3)0H (Scheme 2.4). (d-f) ^^PNMR spectra o f Ir"i(ttp)(PPh3)Cl, 

Ir '"(ttp)(PPh3)0H, and I广(ttp)(PPh3)H IIL 

2.3.2.4 Conversion of Ir*"(ttp)(PPh3)OH to Ir"\ttp))(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 wi th K O H , was then slowly and completely 

converted to Ir⑴(ttp)(PPh3)H in 33% yield (Scheme 2.4, pathway i i). Thus, Ir '"( t tp)(PPh3)0H 

IS the intermediate to give Ir"\ t tp)(PPh3)H. The low yield o f I r " \ t tp)(PPh3 )H may be due to (1) 

the formation o f (Ph3P)(ttp)Ir"'OIr"Vttp)(PPh3) from the condensation o f Ir '"(t tp)(PPh3)0H, 

and (2) the thermally- and base-promoted decomposition o f Ir"^(ttp)(PPh3)H. To verify the 

proposed reactions, independent experiments were then carried out. 

(1) The reaction mixture f rom the reaction of Ir"'(ttp)(PPh3)Cl w i th K O H in benzene-t/s at 

200 °C i l l a short t ime of 30 minutes was subjected to HRMS analysis. However, no 
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(Ph3P)n(ttp)Ir '"OIr"'(ttp)(PPh3)n (n = 0, 1 ) was detected. Moreover, no upfield porphyrin's 

pyrrole proton signal o f i r id ium porphyrin, which should be due to the characteristic of 

(Ph3P)(ttp)Ir⑴Olr川(ttp)(PPh3), was observed by ^H N M R spectroscopy (Figure 2.5(c)). Thus, 

condensation of I r " \ t tp ) (PPh3 )0H l ikely does not occur to form (Ph3P)(ttp)Ir"'OIr"Vttp)(PPh3). 

Presumably, the strong coordination of electron-rich PPha in Ir^"(ttp)(PPh3)0H reduces the 

electroplii l icity o f i r id ium center for attack by the hydroxo group o f another (Ph3P)(t tp)Ir" ' -0H 

to form (Ph3P)(ttp)Ir"'OIr"'(ttp)(PPh3) (eq 2 . 18). 

2(Ph3P)(ttp)!r '"OH (Ph3P)(ttp)lr"'OlH"(ttp)(PPh3) + H2O (2.18) 

(2) Ir⑴(ttp)(PPh3)H was independently prepared^^ and was then heated wi th K O H 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. 

l r " i _ P P h 3 ) H c 二 二 ‘ ； ; ) H ( 2 . , 
‘ 98% 

The low yield o f Ir"\ t tp)(PPh3)H is neither attributed to the formation o f 

(Ph3P)(ttp)Ir"tolr"Vttp)(PPh3) nor the decomposition o f Ir"\ t tp)(PPh3)H, and the reason is 

unclear. Presumably, the more reactive, coordinatively saturated Ir⑴(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"\ttp)(L)H 

Since both Ir ' " ( t tp)(CO)X (X = CI, Br, I) (Tables 2.1-2.3) and Ir '"(ttp)(PPh3)Cl (Scheme 2.4) 

react wi th K O H to y ie ld i r id ium (I I I ) porphyrin hydride, a common reaction mechanism is 

assumed (Scheme 2.2). We propose four possible mechanisms for the conversion of 

Ir i i i ( t tp)(L)OH to I r " \ t t p ) ( L )H (L = ni l , H2O, PPhs) as shown in Scheme 2.5. We w i l l examine 
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one by one. 

Scheme 2.5 Possible Mechanisms of Conversion of I r " \ t tp) (L)OH to Ir"Xttp)(L)H (L - nil, 
H2O, PPhs) 

(A) C-H Activation of Benzene 

l「"i(ttp)(L)〇H + CgDe ^ lr"i(ttp)(L)D + CeDgOH 

j「i"(ttp)(L)D Ir'(ttp)- + L " i二2〇, | r " i ( t t p ) (L )H 
-HUU -Un 

lr"i(ttp)(L)D IV H2O ^ |rii'(ttp)(L)H 
… -HOD 

(B) a-Hydride Elimination 

(L)(ttp)lr'"-0-H ！―^ (L)(ttp)lrV _ ^ 
H 

Ir 丨丨丨(ttp)(L)H + I/2O2 

(C) Water-Gas-Shift Reaction 

lr'i'(ttp)(L)OH + CO ~！ l r i i i ( t t p ) ( L ) C 〇 2 H ^ ^ lr"'(ttp)(L)H + CO2 

(D) Electron-Transfer from OH" 

(L)lr"i(ttp)OH (L)lr"(ttp) + HO-

(L)l「丨"(ttp)〇H + HO (L)lr"(ttp) + H2O2 

H2O2 OH > H2O + 1/2〇2 

lr"(ttp)(L) + OH" . - [lr"(ttp)〇Hr + L 

lr"(ttp)(L) + [lr"(ttp)OH]- (L)(ttp)lr '^ lr^ttp)OH Ir'(ttp)- + lr'"(ttp)OH + L 

Ir'(ttp)- + H2O + L >• ！r'"(ttp)(L)H + OH" 

lr'"(ttp)OH + L »> lH"(ttp)(L)(OH) 
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Mechanism A: C-H Activation of Benzene by Ir-OH 

In principle, Ir^'^(ttp)OH can undergo C-H activation o f CeD^, l ikely via c7-bond metathsis, to 

yield Ir^"(ttp)D and phenoWs (C6D5OH) (Scheme 2.5, pathway A - i ) in an analogous manner 

wi th that of Ir川(acac)20H.24 Ir⑴(ttp)D further undergoes the D / H exchange wi th residual water 

in benzene solvent either via the deprotonation / protonation process (pathways A - i i and A- i i i ) 

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 o f Ir"^(ttp)(CO)Cl w i th K O H and CgHs either at 

200 or 120 ^C (eq 2.20). Therefore, benzene is neither the hydrogen source nor the reducing 

agent to form Ir⑴(ttp)H. Mechanism A is ruled out. 

"I KOH (20equiv) . H2O (trace) 
lr"'(ttp)(CO)CI  

CbHQ, N2 
(a) 120 9 h 
(b) 200。C, 15min 

lr'"(ttp)H, no PhOH (2.20) 
'quantitative 

Mechanism B: a-Hydride Elimination of Ir-OH 

In principle, the hydroxy group of I r^"( t tp)-0-H can undergo a-hydride elimination^^ to form 

i r id ium(I I I ) porphyrin-oxo-hydride intermediate, I r^ ( t tp) (H)(0) (Scheme 2.5, pathway B- i ) , 

which then undergoes oxygen elimination to form Ir"^(ttp)H (pathway B- i i ) . However, 

i r id ium(V) porphyrin complexes are unprecedented, and cw-( t tp) I r^(H)(0) is too energetically 

demanding. Therefore, a-hydride elimination of Ir"^(ttp)OH unl ikely 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 (oep = 

octaethylporphyrin) undergoes water-gas-shift reaction w i th CO and water to form Rh'^^(oep)H 

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

CQDQ, 
[Rh丨丨(oep)]2 + C〇 + H2〇 s 6' • Rhi"(oep)C〇2H + Rh'"{oep)H (2.21) 

Rh i " (oep )C〇2H。61^〖6，Rh" i ( oep )H + C〇2 (2.22) 

In principle, the CO ligand f rom Ir ' "( t tp)(CO)Cl can react w i th I r " ' ( t tp)OH via a 

water-gas-shift reaction to form Ir ' " ( t tp)C02H (Scheme 2.5, pathway C- i ) , which further 

decarboxylates to yield I r " ' ( t tp)H (pathway C-i i ) . However, Ir"'(ttp)(PPh3)Cl, which does not 

contain any CO ligand, can also react w i th K O H to yield Ir" '(ttp)(PPh3)H (Scheme 2.4). Thus, 

the CO l igand is unnecessary to form Ir" ' ( t tp)H. Mechanism C is ruled out. 

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

The hydroxo l igand in Ir^"(t tp)(L)OH (L = ni l , H2O, PPhs) can act as an efficient 

single-electron reducing agent to rapidly reduce I r ( I I I ) to Ir(I I)， forming Ir'^(ttp)(L) and 

hydroxy radical ( H O ) (Scheme 2.5, pathway D-i).^^ The feasibil ity o f the rapid redox 

reactions can be explained by 3 reasons: 

(1) Hydroxide ion is a more 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 M e C N than that in water (五。x(OH- — H O ) i n MeCN = +0.92 

V vs NHE; £"。x(OH- + H O ) in H2O = +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 K O H solution in aprotic solvent and at higher 

temperature. For example, the oxidation potential^^ o f HO*/HO" couple in D M S O containing a 

low OH' concentration ( [0H" ] = 4.3 m M ) at room temperature is reported to be +0.75 V (Table 

2.4, entry 1).^' In saturated K O H / DMSO solution (37 m M ) ? the redox potential is estimated 

to be +7.0 V at room temperature (refer to Appendix I for details), imply ing that HO" in a 
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higher concentration is more reducing (Table 2.4, entry 2). A t 120 and 200 ^C, the redox 

poentials in saturated K O H / 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. I t is assumed that OH" becomes more reducing in saturated K O H / 

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 H O / O H in DMSO at Different OH 

Concentrations and Temperatures 

DMSO 
OH" 

temp 
HO- + e- Er 

entry [ O f f ] in DMSO 
(mM) 

temperature 
r c ) 

£ox (V, vs SCE, 
in DMSO) 

1 4.3 24 +0,75 “ 

2 37^ 25 〜+0.70。 

3 37M 120 〜 + o . 6 r 

4 37M 200 〜十0.66C 

“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. I t is proposed that OH", when 

coordinated to Mn⑴(tmp)+ to form Mn^^ytmp)OH, becomes much more reducing to reduce the 

Mn( I I I ) center to form a more stable Mn"( tmp) via more rapid inner-sphere electron-transfer 

(Section 1.5.2.1). Indeed, the rate o f inner-sphere electron-transfer can be much faster than 

that of outer-sphere electron-transfer in organometallic reactions by a factor o f Likely, 

OH" can eff iciently reduce the i r id ium center in Irni(t tp)OH via an inner-sphere 

electron-transfer. 

H O generated may also directly abstract H O f rom Ir⑴(t tp)(L)OH to form I r ' \ t tp ) (L) and 

H2O2 (pathway D - i i ) . H2O2 can then undergo base-promoted disproportionation to form H2O 

and O2 (pathway D-iii).^-^ Ir"( t tp)(L) further reacts w i th OH" to form [Ir"( t tp)OH]" due to the 
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thermodynamically favorable coordination o f OH" to the Ir centre (pathway D- iv )? The 

electron-rich [Ir'^(ttp)OH]' rapidly undergoes disproportionation w i th to form 

Iri i i(ttp)OH and Ir^(ttp)" (pathways D - v and D-vi) . Ir'(ttp)" is more basic than OH" (p^a 

((L)Ir ' ( t tp)-H) > p^a(H20) = 15.7 (in H iO) )严 and it can be protonated w i th residual water in 

benzene-c^is and further coordinates wi th L to form (L) I r " ' ( t tp)H (pathway D-v i i ) , Ir川(ttp)OH 

coordinates w i th L to form Ir'^^(ttp)(L)OH (pathway D-v i i i ) , which is further recycled for 

subsequent redox reactions. The supporting lines o f mechanistic evidences are presented in the 

fol lowing section. 

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

Ir^"(ttp)(PPh3)H 

Since Ir ⑴(ttp)(PPh3)0H is more stable than the conversion o f 

Ir '"(ttp)(PPh3)0H to Ir"'(ttp)(PPh3)H (Scheme 2.4, pathway i i ) was thus investigated in details. 

Ine conversion o f Ir" '(ttp)(PPh3)0H 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 H2O2 (Scheme 2.5, 

pathways D - i and ii). The key evidence for supporting the proposed mechanism can come from 

the direct detection o f co-product, H2O2. However, H2O2 is unstable, especially in alkaline 

media in which facile disproportionation occurs (Scheme 2.5, pathway D-iii).^^'^^ Therefore, 

H2O2 can only be indirectly observed as P(0)Ph3 via the oxidation reaction wi th excess PPha 

A n 
(eq 2.23). The demonstration o f the trapping of H2O2 was thus carried out. 

PPhs + H2O2 • P(0)Ph3 + H2O (2.23) 

2.3.2.6.1 Trapping of H2O2 by PPhj 

As control experiments, PPhs was reacted wi th various oxygen-containing species l ikely 

present to ensure that the sole oxidation o f PPI13 to form P(0)Ph3 is H2O2 only. These 
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oxygen-containing species are (1) KOH，(2) O2, (3) H2O, and (4) H2O2. 

PPh3 essentially did not react wi th (1) K O H , (2) O2, and (3) H2O in benzene in 12 hours to 

produce P(0)Ph3 (Table 2.5, entries 1-3). On the other hand，PPhs rapidly reacted wi th (4) 

H2O2 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 o f Ir川(ttp)(PPh3)Cl wi th excess 

PPI13 most l ikely comes f rom the oxidation of PPhs by H2O2 co-product. 

Table 2.5 Relative Reactivities of Possible Oxygen Sources with PPhs 

…， oxygen source (equiv) 
p p h _ _ _ ^ ^ P ( 0 ) P h o 

3 200 °C, CqHq, N2, t ime 、 ) ^ 

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

K O H (20) 

O2 in air (〜3) 

H2O (5) 

H2O2 (2) 

ni l 

12 

12 

12 

1 

12 

1
1
 1
1

 1
1
 

^
s
o
 

1
1
 

<
 

V
 V
 

8
 <
 

5

9

4

0

5
 

7
 
8

 
9

 
7
 

NMR yield. 

I r" ' ( t tp)(CO)Cl was then reacted wi th K O H and excess PPhs (5 equiv) (as a H2O2 trap) in 

benzene-£4 at 200。C in 3 hours (eq 2.24(a)). Ii•川(ttp)(PPh3)H and P(0)Ph3 were formed in 42% 

and 21% yield, respectively. The formation o f P(0)Ph3 was f i rmly established by ^H and ^'P 

N M R spectroscopies (Figures 2.6(a) and (b)) and HRMS analysis w i th reference to the 

authentic sample o f P(0)Ph3 (Characterization of P(0)Ph3 formed: (i) N M R : (5(o-phenyl H) 

7.74 ppm; ( i i ) 3ip N M R : 24.9 ppm; ( i i i ) HRMS [M+Na]+: 301.0750). This supports the 

oxidation o f OH" to produce H2O2 (Scheme 2,5, pathways D - i and i i), which then oxidizes PPhs 

to form P(0)Ph3 (eq 2.23). The low yield o f P(0)Ph3 (observed yield: 21%; theoretical yield: 

50%) is understandable due to the competititve disproportionation o f H2O2 by OH" (Scheme 

2.5, pathway D - i i i ) . 
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lH"(ttp)(CO)C丨 + KOH 200 o 、 - - -

(a) 20 equiv 3 h 
(b) 0 equiv 12 h 

PPhg (5 equiv) 
HgO (trace) 

lr"i(ttp)(PPh3)CI + lr"i(ttp)(PPh3)H + P(0)Ph3 (2 24) .III 
6U6 N2 

O V 42 V 
100%^ 0%® 

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

21%® 
1%b 

(a) 1h N M R 

lr'"(ttp)(PPh3)H 

Trrrpnr t t t T-p frrr>|T 

un reacted 
PPh3 

P{0)Ph3 

M丨！丨丨 

r rrjnr-TiTTrrp nTTTTj-n 

(b) 3ip NMR 

P(0)Ph3 

un reacted 

15 10 

Figure 2.6 (a) and (b) ^^P N M R spectra showing the reaction o f Ir"^(ttp)(CO)Cl w i th K O H 

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 o f KOH, PPhs did not reduce Ir^"(ttp)(CO)Cl 

to form Ir"'(ttp)(PPh3)H, and was not oxidized to give P(0)Ph3 (eq 2.24(b)). Therefore, PPhs is 

not the reducing agent. Instead, OH" is the genuine reducing agent in the base-promoted 

reduction o f Ir '"(ttp)(PPh3)Cl to form Ir"^(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 o f the redox reaction o f 

I r ' " ( t tp)(PPh3)0H at 200。C to form Ir"(ttp)(PPh3), which further converts to I r" \ t tp)(PPh3 )H 

(pathways D - iv -v i i i ) . Ir"(ttp)(PPh3) is thus prepared in-situ by reacting [Ir"(ttp)]2 w i th PPhs at 

200。C for mechanistic study (Table 2.6). 

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

H2〇（〜1 equiv)a 

1/2[lr"(ttp)]2 + PPha _ K 〇 H (equiv) ^ |ri"(ttp)(PPh3)〇H + lr"i(ttp)(PPh3)H 
CgDe, temp, t ime 

1 
deep brown deep red brown 

Ir '"(t tp)(PPh3)0H Iri"(ttp)(PPh3)H 

entry K O H (equiv) t e m p l e time yield/%^ yield/%^ 

1 0 r . t . 〜5 m in scarce n i l 

2 0 200 4 h trace trace 

3 20 r . t . ~5 m in scarce ni l 

4 20 200 4 h 16 15 
“The amount of residual H2O (~1 equiv) dissolved in benzene-Je was estimated by H N M R spectroscopy. 

b N M R yield. ‘ Reddish brown precipitate was observed upon the addition of PPhs, probably due to the 

formation of [Ir"(ttp)(PPh3)]2. 

Upon the addition o f 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 o f 

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 wi th its characteristic broad proton signals were observed. 

In the absence of K O H , [Ir"(ttp)]2 / PPI13 reacted w i th residual water (〜1 equiv) in 

benzene-^/6^^ at 200。C in 4 hours to yield Ir"'(ttp)(PPh3)H ((^(pyrrole H) = 8.75 ppm) and 

Ir" '( t tp)(PPh3)0H (风pyrrole H) = 8.80 p p m / i only in trace amounts wi th the considerable 

formation o f unknown i r id ium porphyrin species (Table 2.6, entry 2; Figure 2.7(c)). 

(Ph3P)(ttp)Ir'"OIr"^(ttp)(PPh3) was not formed since no characteristic upfield porphyrin's 

pyrrole proton was observed. 

On the other hand, when K O H (20 equiv) was added, [Ir"(ttp)]2 / PPha reacted wi th OH" and 

residual water in benzene-^^ at 200 C in 4 hours to produce Ir"\t tp)(PPh3)H ((5(pyrrole H) 二 

8.75 ppm) in 15% yield and Ir】"(ttp)(PPh3)0H ((^(pyrrole H) = 8.80 ppm) in 16% yield in a 

nearly 1 : 1 ratio (Table 2.6, entry 4; Figure 2.8(c)).4i This supports that OH" acts as a strong 

cr-donating l igand to promote the disproportionation of Ir^\ttp)(PPh3) to form Ir" \ t tp)(PPh3)0H 

and Ir^(ttp)" (eq 2.25; Scheme 2.5, pathways D- iv-v i ,v i i i ) . Indeed, it is reported that the strong 

(7-donating ligand o f pyridine induces the disproportionation o f [Rh^\oep)]2 to produce 

[RhHi(oep)(py)2]十 and Rh^(oep)" in an 1 : 1 ratio (eq 2.26).^^ Ir^(ttp)' further protonates wi th 

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

D-vi i ) . 

[ l r " ( t tp) ]2 /PPh3 + OH" 

[Rh"(oep)]2 + 2py 
py 
r.t. 

lr"i(ttp)(PPh3)〇H + iH(ttp)- (2.25) 
〜1 : 1 

[Rhi"(oep)py2]+ + Rh'(oep)- (2.26) 
1 : 1 
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• Ir 丨丨 i(ttp)(PPh3)H 

• Ir 川 _ ( P P h 3 ) 0 H 

• Elr"(ttp)]2 

(c) 200 4 h 八J 

(b) After PPhg addition 
to [lr"(ttp)]2，r.t. 

(a) Before PPhs addition 
to [lr"(ttp)]2 

J 

6 U 7 8 7 4 ppm 

Figure 2.7 ' H N M R t ime prof i le o f the reaction o f [ Ir"(t tp)]2 / PPhs w i t h residual water in 

benzene-^i6: (a) before the addi t ion o f PPhs, (b) after the addi t ion o f PPhs at room temperature, 

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

• lr"'(ttp)(PPh3}H 

• lr"i(ttpKPPh3}0H 

• Pr"(ttp)]2 

(c) 200 °C，4h 

(b) After PPhj & KOH addition 
to [lr"(ttp)]2, r.t. 

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

J 

8 8 8 6 7 4 

Figure 2.8 React ion prof i le o f the reaction o f [Ir^'(ttp)]2 / PPhs w i t h K O H and residual water in 

benzene-Je' (a) before the addi t ion o f PPh3 and K O H , (b) after the addi t ion o f PPhs and K O H 

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'^'OIr'^'(ttp) was detected in the base-promoted conversion o f Ir"i(ttp)SbF6 to 

I r" ' ( t tp)H (eq 2.15), the role o f (ttp)Ir '"OIr"^(ttp) as an intermediate to y ield Ir"^(ttp)H was 

further investigated. (H20) ( t tp ) I r " '0 I r " \ t tp ) (0H2) was found to react w i th K O H (20 equiv) 

slowly in benzene-^i^s at 120 in 10 days to produce only a small amount o f 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 Ir⑴(ttp)H in 58% yield (eq 2.27(b)). 

L ikely, (H20) ( t tp ) I r " to l r " \ t tp ) (0H2) undergoes slow ligand substitution w i th K O H to yield 

I r ' " ( t tp)OH and Ir"i(ttp)Cr as a poor leaving group (resembling OR") (Scheme 2.6, pathway i). 

I r " ' ( t tp)0 ' protonates wi th residual water in benzene-^^i，to re-form Ir"^(ttp)OH (pathway ii). 

Ir【ii(ttp)OH further reacts rapidly in the presence o f excess K O H to give Ir^"(ttp)H via the redox 

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

( H , 0 ) ( t t p ) l r " - 0 l r - ( t t p ) ( 0 H , ) KOH (20 equiv), H , 0 H .9 equiv) ^ ,HH(ttp)H (2.27) 
CeDg 

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

Scheme 2.6 OHT-Promoted Conversion o f (H20) I r ' " ( t tp )0 I r " \ t tp ) (0H2) to I r " \ t t p ) H 

(H2〇)(ttp)lr"i〇lri"(ttp)(〇H2) + OH" ^ l r ' " ( t tp)OH + l r ' " ( t tp)0- + 2H2O 

• • 

l r " i ( t t p )〇-+ H2O ^ ^ i r " ' ( t tp)OH + 〇H-

m iii OH" III 
lr"i(ttp)〇H 、 > tr'"(ttp)H 

The rate o f base-promoted conversion of (H20) ( t tp ) I r " '0 I r " \ t tp ) (0H2) to I r " ' ( t tp)H is much 

slower than the rate of base-promoted reduction o f Ir^"(ttp)(CO)X (X = CI, Br, I) and 

Ir 川(ttp)SbF6 to form Ir ' " ( t tp)H (Table 2.1-2.3; eq 2.14). Moreover, 

(H20)Ir i"(t tp)0I i』i(t tp)(0H2) was not observed as a major intermediate in the course of 
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reactions. Thus, (H20)( t tp) I r" '0Ir"^( t tp)(0H2) is not the major intermediate for I r " \ t t p ) H 

formation. This supports that Ir⑴(ttp)OH, once formed, undergoes rapid redox reactions to 

form I r ' " ( t tp)H as the dominant pathway (Scheme 2.2, pathways iv and v; Scheme 2.5(D)). 

Ir i i i(ttp)OH simultaneously undergoes minor, slow condensation to form (t tp)Ir"^OIr"\ t tp) 

(Scheme 2.2, pathway i i i ) , which further undergoes slower base-catalyzed hydrolysis to 

regenerate I r " \ t t p ) O H and then I r ' " ( t tp)H (Scheme 2.6). 

2.3.3 Discussions 

The key steps in the base-promoted reduction o f Ir"^(ttp)(L)X (L = nil, H2O, PPhs； X = CI, 

Br, I) to Ir"^(ttp)(L)H are further discussed in the fo l lowing parts. 

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

Concerning the rapid conversion of Ir^^'(ttp)SbF6 w i th CsOH to form I r " ' ( t tp)H (eq 2.14), 

ligand substitution of OH" to form Ir^"(ttp)OH must be very fast for subsequent conversion. 

However, the concentration o f dissolved OH' in benzene at room temperature is estimated to be 

very low and is only nearly 1 equivalent w i th respect to i r id ium porphyrin species (Table 2.7, 

entries 1-4), Therefore, the rapid ligand substitution o f Ir'^\ttp)SbF6 w i th CsOH cannot be 

explained by the high concentration o f OH" in hmzme-d^. Instead, i t can only be explained by 

the high activity o f OH" in benzene-t^. 

Indeed, the basicities o f bases are enhanced when the solvent polarities decrease,^〗 Since a 

base w i th h igh basicity usually exhibits high nucleophil icity (activity) in an aprotic solvent严 

the enhanced nucleophil icity o f OH' in the non-polar benzene-^ie solvent can account the rapid 

ligand substitution w i th Ir⑴(ttp)X (X = C，Br, I, SbFg) to form Ir"^(ttp)OH (Scheme 2.2, 

pathway ii). 
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Table 2.7 Concentrations of Solutes in Benzene-Je 

Entry solute concentration in CeDe  
at room temperature ( m M ) 

1 I r " ' ( t tp)(CO)X 10" 

(X = CI, Br, I) 

2 Ir'"(ttp)SbF6 5" 

3 Ir"i(ttp)(PPli3)Cl 9。 

4 M O H ( M = K , Cs) 〜9b 

“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" ' ( t tp)(CO)X 

The base-promoted reductions o f 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)Cl 〜Ir" i( t tp)(CO)Br > Ir^^\ttp)(CO)I (Tables 

2,2 and 2.3). It is conceivable that the rate o f l igand substitution o f Ir⑴(ttp)X by OH" to form 

Ir" ' ( t tp)OH is in the corresponding order: I r-Cl ~ Ir-Br > Ir-L Likely, an associative ligand 

substitution between OH" and I r " \ t t p ) X takes place. Such reactivity trend reflects the extent to 

which the ( t tp) I r ' " -X bond is weakened in the transition state o f the substitution process (rate of 

Ir川-X cleavage is in the order; (〜64 kcal m o l ] ) > I r ^ - B r (〜76 kcal m o r ' ) > I r ' " -Cl (〜90 

kcal morb)44 and the abil i ty o f X to increase the electrophilicity o f Ir center in for 

OH- attack (electrophil icity o f Ir is in the order: Ir"丨-CI > Ir"^-Br > 

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

Dimerization 

In principle, Ir^'(ttp)(L) (L = ni l , H2O, PPhs), once formed f rom Ir" ' ( t tp)(L)OH, can init ial ly 

react wi th OH" to form [Ir"( t tp)OH]" for subsequent base-promoted disproportionation to give 

I r ' " ( t tp)(L)H (Scheme 2,7, pathways i and i i i ; Scheme 2.5(D)). Alternatively, I r"( t tp)(L) can 
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ini t ial ly dimerize to fo rm [Ir"(t tp)(L)]2 for subsequent base-promoted disproportionation to 

give Ir'i丨(ttp)(L)OH (Scheme 2.7, pathways i i , iv，and i i i ) . 

Scheme 2.7 Possible Mechanistic Pathways in the Conversion o f I r " ( t tp) (L) to I r ' " ( t tp ) (L)H 

2lr"( t tp)(L)—— 
(L = H2O, PPh3, nil) 

S t i - 2[ !H'( t tp)(L)0Hr * lr '"(ttp)(L)H + tr'"(ttp)(L)OH 

iv 
OH" 

[l「ii(ttp)(L)]2 

Since I r " \ t t p ) ( C O ) X (X = CI, Br, I) and Ir"\ t tp)(PPh3)Cl only react w i th K O H and residual 

water in benzene-t/e to fo rm Ir⑴(ttp)H and Ir^"(ttp)(PPh3)H as the dominant product (Tables 

2.1-2.3; Scheme 2.4), i t is reasoned that Ir^^(ttp)(L), once formed, can rapidly coordinate w i th 

highly nucleophil ic OH" to give [Ir^^(ttp)(L)OH]', most l ike ly inside a solvent cage, and then 

undergoes rapid disproportionation to fo rm Ir"^(t tp)(L)H (Scheme 2.7, pathways i and i i i ) . On 

the other hand, I r " ( t tp) (L) unl ikely dimerizes ini t ia l ly to give [ Ir^\t tp)(L)]2 (Scheme 2.7, 

pathway i i ) , as [Ir ' '(ttp)]2 was not observed as the major species in the base-promoted reactions 

o f I r " ' ( t tp ) (CO)C l and Ir川(ttp)SbF6 (Tables 2.1-2.3; eq 2.14). 

The proposed format ion o f [ I r " ( t tp) (L)OH]" rather than [Ir^Yttp)(L)]2 dimer can be further 

supported by 2 reasons: 

(1) Favorable coordination of Ir"( t tp)(L) to OH". The magnitude o f the exergonicity o f 0 D ' 

r r t o 

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(Co-OD) < -AG(Rh-OD) < -AG(Ir-OD)).^ The coordination o f O D " to anionic [Ir^tspp)]^' 

to form [Ir i( tspp)(0D)]6- is also proposed.^ Presumably, OH" coordination to Ir ' ' ( t tp)(L) in 

benzene to form [Ir i i ( t tp)OH]- should also be very thermodynamical ly favorable. Indeed, OH" 

is also shown to promote the disproportionation o f [Ir 'yttp)]2 / ？Vh.3 to give high yields o f 
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I r ' " ( t tp)(PPh3)H and I r川( t tp)(PPh3)0H (Table 2.6, entry 4; eq 2.25). Thus, [ I r " ( t tp )OH] ' is 

l ikely the intermediate to produce Ir^^^(ttp)(L)H. 

(2) No conversion of [Ir"(ttp)]2 to I r ' " ( t tp )H was observed. Ir"\ttp)SbF6 reacted w i t h K O H 

at room temperature i n 1.5 days to y ie ld Ir^"(t tp)H in 75% y ie ld (eq 2.28). However, [ Ir"(t tp)]2 

neither reacted w i t h K O H nor water at room temperature i n 2 days to y ie ld any Ir"^(t tp)H (eq 

2.29 and 2.30), support ing that [ Ir^\t tp)]2 is unl ike ly the intermediate to produce It is 

conceivable that [Ir^'(ttp)]2 only dissociates at room temperature to f o r m I r " ( t tp ) monomer in an 

extremely l o w concentration, due to the strong I r - I r bond in [ Ir"( t tp)]2 ( B D E 〜24 kcal m o l ' ^ / ^ 

AQ 

and the result ing very small equ i l ib r ium constatnt K (eq 2.31). 

l r i " ( t tp)SbF6 + K O H rfC^Ds 
20 equiv 丨丄，•.⑶ 

[ lr"(ttp)]2 + K O H ？ 

20 equiv 「.t.’ 2 d 

CeDe 
[Ir丨丨(ttp)]2 + H2O 

100 equiv「.t.，2 d 

CeDe 

Ir"丨(ttp)H (2.28) 
75% 

no rxn (no l r ' " { t tp)H) (2.29) 

n o r x n (no l r ' " ( t tp)H) (2,30) 

[ lr"(ttp)]2 2lr"( t tp) K = 2 . 5 x 10"^® M (2.31) 
I • L > 

This supports that, Ir '^(ttp)(L), once formed, un l ike ly dimerizes in i t ia l l y to give [ I r " ( t tp)(L) ]2 

(Scheme 2.7, pathway i i ) , but rather rapidly reacts w i t h OH" and H2O v ia disproport ionation to 

give I r川( t tp)(L)H (Scheme 2.7, pathways i and i i i ) . 
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2.3.4 Summary 

The reaction mechanism o f base-promoted reduction o f I r^^\ t tp)(L)X ( L = n i l , CO, PPh〗；X = 

CI, Br, I，SbFe) to I r ' " ( t t p ) (L )H was discovered. Mechanistic studies suggest that I r " ' ( t tp ) (L)X 

undergoes l igand substitution w i t h OH" to y ie ld I r " \ t t p ) ( L ) O H (Scheme 2.2, pathway i i). 

I r川( t tp)(L)OH l ike ly undergoes the hemolysis o f I r -OH bond to fo rm Ir^^(ttp)(L) and H2O2 via 

(i) inner-sphere electron-transfer f rom OH" to Ir(in) (Scheme 2.5, pathway D - i ) and ( i i ) H O 

abstraction f r om I r " ' ( t t p ) (L )OH by another H O to fo rm H2O2 (Scheme 2.5, pathway D- i i ) . 

H2O2 can be indirect ly detected as P(0)Ph3 by reacting w i th added PPhs (eq 2.23). I r " ( t tp) (L) 

undergoes base-promoted disproport ionation to fo rm I r "^( t tp) (L)OH and Ir^(ttp)' (Scheme 2.5, 

pathways D - i v - v i , v i i i ) . Ir^(ttp)" then protonates w i t h residual water and further reacts w i t h L to 

form I r " ' ( t t p ) (L )H (Scheme 2.5, pathway D-v i i ) . I r ' " ( t t p ) (L )OH is recycled to further give 

Ir"^(t tp)OH can also undergo the condensation to fo rm ( t t p ) I r " t o l / " ( t t p ) (Scheme 2.2, 

pathway i i i ) . ( t tp)Ir ' "OIr^"( t tp) undergoes slow base-catalyzed hydrolysis to give back 

I r i " ( t tp )OH and then I r " \ t t p ) H (eq 2.27, Scheme 2.6). 

Indeed, the base-promoted reduction o f I r " ' ( t tp ) (CO)X to I r ^ ' \ t tp )H can provide a more 

convenient method for the preparation o f i r id ium( I I I ) porphyr in hydride, wi thout using the 

more tedious tradit ional reductive protonation w i t h NaBH4 / N a O H and H C l (eq 
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2.4 Interconversions among Ir"^(ttp)H, [Ir"(ttp)]2, and I r^ t tp ) ' in Basic Media 

In the mechanistic studies o f base-promoted reduction o f I r"^( t tp)(CO)X (X = CI, Br, I) in 

benzene-(i6 at 120 "C, I r " ' ( t tp )OH is the intermediate to fo rm Ir"^(t tp)H as the major product, 

and [Ir"(ttp)]2 and I r \ t t p ) ' K ^ as the minor ones (Table 2.2). This implies that I r ' " ( t tp)OH, 

Ir出(ttp)H, [Ir"(ttp)]2, and Ir^(ttp)" may exist in equil ibria, similar to the interconversions among 

[Rh丨丨丨(tspp)0D(D20)]4-，[Rh'"(tspp)D(D20)]^； [Rh"(tspp)(D20)]2^", and [RhVtspp)(D20)]^- in 

basic aqueous solution (Section 1.6.1).^ Af ter the mechanism o f the conversion o f I r " i ( t tp)OH 

to I r" ' ( t tp)H in benzene-tie has been investigated (Section 2.3), the interconversions among 

Ir⑴(ttp)H，[Ir"(ttp)]2，and Ir'(ttp)" in benzene-^ie are further studied. 

In this section, the fo l low ing parts are discussed: 

( i ) The established equi l ibr ia among I r" ' ( t tp)H, [Ir"(ttp)]2, and Ir^(ttp)'. 

( i i ) The thermodynamic estimations o f the interconversions. 

( i i ) The kinetics o f the interconversions. 

( i i i ) The mechanisms o f the interconversions. 

2.4.1 Established Equi l ibr ia among Ir"\ttp)H, [Ir"(ttp)]2, and lr\ttpy 

The established interconverisons among I r ' " ( t tp)H, [Ir^^(ttp)]2, and Ir^(ttp)' in benzene solvent 

are il lustrated in Scheme 2.8, including (1) the dehydrogenative dimerizat ion o f Ir"^(ttp)H to 

form [Irii(ttp)]2 (pathway i), (2) the hydrogenation of [Ir"(ttp)]2 with H2 to form Ir丨丨i(ttp)H 

(pathway ii), (3) the deprotonation o f I r ' " ( t tp )H by OH" to f o rm Ir'(ttp)" (pathway iii), (4) the 

protonation of Ir ' ( t tp) ' w i t h H2O to fo rm Ir出(ttp)H (pathway iv), and (5) the 

comproportionation between Ir"^(ttp)H and Ir^(ttp)" to fo rm [Ir"(ttp)]2 (pathway v). Ir"^(ttp)H, 

[Ir"(ttp)]2, and Ir ' ( t tp) ' can exist in equil ibria, based on the reported equi l ibr ium distributions o f 

[Rh丨丨丨(tspp)D]4-, [Rh"(tspp)(D20)]2^； and [Rh^(tspp)(D20)]^- (Section 1.6.1).' Moreover, the 

tendencies o f interconversions are established based on the relative rates o f the reported 

reactions and the independent reactions w i th i r id ium porphyrins. 
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Scheme 2.8 Equi l ibr ium Distributions among [Ir"(ttp)]2, and Ir^(ttp)' in Benzene 

i lr'"(ttp)H, -H2 
lr'ii(ttp)H ， “ [lr"(ttp)]2 

ii H2 
m〇H-

iv H2〇\-H2〇 / v lri"(ttp)H, H2O 
-OH" \ , Z -H2,-〇H-

\ I r ' ( t t p ) - , 

The hydrogenation o f [Ir"(ttp)]2 w i th H2 to form I r ' " ( t tp)H is thermodynamically favorable 

and fast (pathway ii), since the reaction o f [Ir^^(oep)]2 w i th 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川(ttp)H to [Ir''(ttp)]2 becomes endergonic and slow (pathway i). 

丨丨 CqDq, 25 丨丨I 

[ � ； H , � �f o u s - 2 I = P ) H (2.32) 
200 Torr 100% 

The deprotonation o f I r ' " (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 o f l T " \ o e p ) H (p^a( I r " \por) -H) 

> piCaCHzO) = 15.7)38 (eq 2.33). Thus, the deprotonation o f Ir"^(ttp)H by OH" should be slow 

(pathway Hi). On the other hand, Ir^(ttp)' is basic enough to undergo rapid protonation wi th 

water to form Ir'^'(ttp)H (pathway iv). 

lr'"(oep)H + NaOH 「 � lri(oep)-Na++ H2O (2.33) 
{1 M, aq) 

The comproportionation between i r id ium(I I I ) porphyrin and i r id ium(I) porphyrin anion in 

aprotic solvent has not been reported. Therefore, the reaction between Ir^(ttp)"K"^ and I r " \ t t p )H 

was independently carried out. I r \ t tp ) 'K^ was prepared f rom the deprotonation of Ir"^(ttp)H 

wi th K O H in a Teflon screw-capped N M R tube (eq 2.12) and benzene-t/e was then added under 

N2. Both Ir⑴(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 o f Ir'(ttp)' wi th 

residual water^^ in benzene-<i6 (eq 2.35) and the comproportionation^^ between Ir^ttp)" and 

Ir '"( t tp)H (eq 2.36) occur concurrently. The result also supports that the concomproportionation 

between Ir'(ttp)" and I r ' " ( t tp)H is thermodynamically favorable to give [Ir^\ttp)]2 (pathway v). 

H2〇（〜0.5 equiv)，CqDq 
Ir 丨(ttp)-K” 

Ir'(ttp)-

Ir'(ttp)- + lr" '(ttp)H + H2〇 

instantaneous 

H2〇 » 

l r '"(ttp)H + 1/2[lr丨丨(ttp)]2 (2.34) 
4 5 % 18% 

lr '"(ttp)H + OH-

[Ir 丨丨(ttp)]2 + H2 + OH" 

(2.35) 

(2.36) 

2.4,2 Thermodynamics of Interconversions 

The equil ibrium distributions o f interconversions among Ir"^(ttp)H, [Ir"(ttp)]2, and Ir^(ttp)' 

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

dissociation energies (BDEs) 47,51,52 entropy changes? and redox potentials (E) 31,54,55 The 

estimated free energy change (AG) o f each o f 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 o f the equilibria, but not the quantifications of 

the equil ibrium 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) 

2lr丨丨丨(ttp)H 

111 

iv 

Ir'(ttp)-

[lrii(ttp)]2 + H2 

Ir"丨(ttp)H + 0 H - -

Ir'(ttp)- + H s O - ^ 

ir"'(ttp)-H + H 2 〇 ； 

[丨 r " _ ] 2 + Hs 

2lr '"( t tp)H 

：^ Ir'(ttp)- + H2〇 

= I r …(ttp)H + OH-

二 (ttp)lr"-lr"(ttp) + H-H OH-

+5.3 

〜5.3 

+7.2 

'-12 

' -4.9 
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Scheme 2.9 Thermodynamic Estimations o f Established Interconversions at 200 

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

CeDg 
2lr"i(ttp〉-H ， “ lr"(ttp)-lr"(ttp) + H-H A G 〜+5.3 kcal mol-i 

(A) Enthalpy change 

Bond BDE (kcal mol— 
lr'"(ttp)-H -70 51 

lr"(ttp)-lrii(ttp) -24 ^^ 
H-H 104.2 52 

(B) Entropy increase from H2 formation 

TAS(H2)473K 〜T(S(H2)05ook严 

=(473 K)(145.7 Jmo|-i K-i 
=+68916.1 vimol-i 
=+68.9 kJ mo|-i 
— 5 kcal mol 1 

A H =2BDE(lr-H)-BDE(lr- lr)-BDE(H-H) 一 . 

=2(70)- 24- 104.2 
=+11.8 kcal mol-i 

(C) Translational entropy decrease of 1 mole from 2 lr'"{ttp)H to 1 [lr"(ttp)]2 

TAS(_iivi> 〜-35eu 

〜-10 kcal mo|-i 咖 

A G = A H - TAS(H2)473K - TAS(.im) 
=(+11.8)-(+16.5)-(-10) 
=+5.3 kcal mol—i 

(B) Deprotonation of I r ' " ( t tp )H by O H / Protonation oflr'(ttp)" with H2O 

CfiDf 
lr"i(ttp)-H + OH- Ir'(ttp)- + HO-H A H 〜+7.2 kcal mol" 

lr"'(ttp)-H Ir丨丨(ttp) + H* A H = +70 kcal moM 

(B) Electron Transfer from OH" to lr"{ttp) 

O H " — — O H . + e" Eox = +0.75 V (DMSO, vs SCE, [OH'] ~ 4 m M f 

lr"(ttp) + e- , - Ir'(ttp)- Ered 〜-1.7 V (CH2CI2’ vs SCE, [lr"(ttp)] = 1 mM)^^ 

Ir 丨丨(ttp) + OH" Ir(ttp)- + HO, 

(C) H» + H〇《 

ERxn~-2.45 V 
A H = -nFE 

〜-(1)(96485)(-2.45) 
~ +236.4 kJ mo|-i 
〜+56.5 kcal mol"^ 

HO-H AH =-119.3 kcal mol_i 52 

AG 〜AH = (A) + (B) + (C) 

=70 + 56.5 + (-119.3) 

=+7.2 kcal moM 

9 1 



(C) Comproportionation between Ir^(ttp)' and to form [Ir^\ttp)]2 

l「i(ttp)-+ lr'"(ttp)-H + H2O - “ (ttp)lr"-lr"(ttp) + H-H + OH" AH 〜-4.9 kcal mol— 

(A) lr'"{ttp)-H 

(B) H-OH 

(C) 2H. 

Ir"(ttp) + H . A H 〜 + 7 0 k c a l m o | - i 5 i 

H ' + HO* A H = + 1 1 9 . 3 kcal moM 52 

H-H A H = - 1 0 4 . 2 kcal mo|-i 52 

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

lr"(ttp) + e- , Ir'(ttp)- Ered ~ -1.7 V (CH2CI2, vs SCE, [lr'(ttp)1 = 1 mM) 54 

H〇_ + e- . - OH" Ered ~ +1.16 V (MeCN, vs SCE, [OH'] ~ 4 mM) 

Ir'(ttp)- + HO 

Ir'(ttp)- + HO' 

lr"(ttp) + OH" Erxh ~ +2.86 V 
a h = -nFE 

〜-(1)(96485)(2.86) 
〜-276.0 kJ mo|-i 
〜-66.0 kcal mo「i 

lr"(ttp) + OH" A H = -66.0 kcal mol" 

(E) 2lr丨丨(ttp) (ttp)lr"-l「丨丨(ttp) AH 〜-24 kcal moM 47 

A G 〜A H = (A) + (B) + (C) + (D) + (E) 

- 7 0 + 119.3 + (-104.2) + (-66.0) +(-24) 

〜-4.9 kcal mopi 

2.4.3 Kinetics of Interconversions 

The kinetics and rates o f interconversions among Ir"^(ttp)H, [Ir^Vttp)]2, and Ir'(ttp)' (Scheme 

2.8) were then studied by reacting I r" ' ( t tp)H in benzene-(i6 without and wi th bases at 200 in 

sealed N M R 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 N M R spectroscopy, as the solubil ity o f H2 in benzene-Je 

is very small under the vacuum atmosphere in sealed N M R tube. I t is estimated that when all 
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I r " ' ( t tp )H was converted to [Ir"(ttp)]2 (100%) and H2 (100%), only H2 in 1% yie ld is dissolved 

in benzene-(i6, whereas H2 in 99% y ie ld is in gaseous phase (Refer to Appendix I for the 

calculation).57 The incomplete conversion o f I r "Vt tp)H to [ Ir"( t tp)]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 o f the detection l im i t by ^H N M R spectroscopy. 

The effect o f residual O2 in degassed benzene-fif6 on the oxidat ion o f Ir^' '(ttp)H to 

[Ir i i( t tp)]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 o f [ Ir"(t tp)]2 in 5% y ie ld was observed. 

Thus，the maximal amount o f [Ir"(ttp)]2 formed f rom the oxidat ion o f Ir"^(t tp)H w i th residual 

O2 in degassed benzene-t/6 is assumed to be 5% y ie ld ,。The amount o f [Ir^^(ttp)]2 formed 

higher than 5% yie ld should come f rom the thermal and base-promoted dehydrogenative 

dimerization o f (To be discussed in the fo l low ing sections). 

lr"i(ttp)H C6D6 • i/2[|r"(ttp)]2 + "I/2H2" (2.37) 
recovered " a 50/。 

95% 

2.4.3.1 Thermal Conversion of Ir⑴(ttp)H to [Ir"(ttp)]2 

The thermal reaction o f Ir⑴(ttp)H in benzene-t4 was monitored at 200 by ' h N M R 

spectroscopy (Table 2.9; Figures 2.9(a),(b)). A f ter 2 minutes, I r"^( t tp)H (风pyrrole H ) = 8.81 

ppm) was converted to [Ir"(ttp)]2 ((^(pyrrole H ) = 8.33 ppm) in 19% y ie ld (Table 2.9, entry 3) 

Thus, the thermal dehydrogenative dimerizat ion o f Ir '^'(ttp)H to [ Ir"( t tp)]2 is established. 

Af ter 5 minutes, was further consumed, but the y ie ld o f [ Ir^\ttp)]2 was decreased 

wi thout the observation o f (H20)( t tp ) I r "^0 I r ' " ( t tp ) (0H2) ( p y r r o l e H ) = 8.36 ppm) (Table 2.9, 

entry 4), l ike ly due to the thermal decomposit ion o f [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 二 6 ’ • > decomp. (2.38) 
recovered ⑶ u u , I n 

26% 
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entry t ime Irm(ttp)H/o/o “ l /2[ I r " ( t tp) l2/%" total yield/%^ 
1 0 100 0 100 
2 1 m in 81 19 100 
3 2 m in 81 19 100 
4 5 min 67 13 80 
5 15 min 70 7 77 
6 1.5 h 72 0 72 
7 5.0 h 72 0 72 
8 15h 72 0 72 

" N M R yield. 

total yield 

total yield 

lr(ttp)H 

1/2[lr(ttp)]2 

lr(ttp)H I % 
[Ir(ttp)]^ /% 

-total yield/% 

1/2Elr(ttp)l2 

After 1.5 hours, all [Ir"(ttp)]2 was converted back to I r" ' ( t tp)H, most l ikely by reacting w i th 

the co-product o f H2 at 200 (Table 2.9, entries 4-6). Even though H2 has a low solubil ity i n 

benzene-«i6, i t is reasoned that the thermodynamically more favorable reaction o f [Ir"(ttp)]2 

w i th H2 (eq 2.32) is much faster at 200。C to give back I r " \ t t p )H . The formation o f I r " ' ( t t p )H 

was not attributed to the reaction o f [Ir"(ttp)]2 w i th 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). 

[lrii(ttp)]2 H2O(100，quiv) • 丨 卩 丨 “ 帅 ) 曰 ^ . 3 9 ) 
recovered CgDg, 200 °C, 7 d 11。/。 

0% 

Table 2.9 Reaction Profile of Thermal Conversion of Ir⑴(ttp)H to [Ir"(ttp)]2 

at 200"C 

H , O M e q u i v ) , C e D e ^ > + • •1 /2H/ 
^ 200。C’ t ime 

time/h 0.I 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

JIL 
Figure 2.9(a) Time prof i le o f thermal reaction o f Ir丨ii(ttp)H at 200。C (Table 2.9). 
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Figure 2.9(b) Partial ' H N M R prof i le o f thermal reaction o f I r " \ t t p ) H at 200。C (Table 2.9) 

2.4.3.2 KOH-Promoted Conversion ofIr"*(ttp)H to [Ir"(ttp)]2 

The reaction o f I r " ' ( t tp)H added w i th K O H was then monitored at 200 ''C by ^H N M R 

spectroscopy (Table 2.10; Figures 2.10(a),(b)). After 2 minutes, I r " \ t t p ) H ((5(pyrrole H) = 8.81 

ppm) reacted w i th K O H to fo rm [Ir"(ttp)]2 ( p y r r o l e H) 8.33 ppm) in 59% yie ld (Table 2.10, 

entry 2). Thus, the KOH-promoted dehydrogenative dimerization o f Ir"^(ttp)H to [Ir"(ttp)]2 is 

established. 

From 5 to 15 minutes, [Ir"(ttp)]2 was gradually converted back to l ikely by 

reacting w i th H2 formed (Table 2.10, entries 3 and 4). Af ter 1 hour, a modest amount o f 

Ir'(ttp)"K^ (16%) w i th a characteristic upf ield porphyrin's pyrrole proton signal ((5(pyrrole H ) = 

8.53 ppm)i6 was also formed via the deprotonation o f I r " \ t t p ) H w i th OH" (Table 2.10, entry 5). 
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NMR yield. 

lr(ttp)K 

time/h 

total yield 

1/2tlr(ttp)]2 

lr{ttp)K^ 

-lr(ttp)H/% 
-[lr(ttp)]2/% 
-lr'(ttp)-K*/% 
-total yield/% 

2 3 5 6 8 9 10 11 12 13 14 15 

Figure 2.10(a) Time prof i le o f reaction o f I r ' " ( t tp)H w i th K O H in benzene-成 at 200。C (Table 

2.10). 

96 

After 2 hours, all Ir ( t tp) 'K^ was converted back to Ir ( t tp)H v ia the protonation w i th residual 

water in benzene-c^ (Table 2.10, entry 6), and Ir⑴(ttp)H was recovered in 74% yield. No 

(H20)( t tp) I r " '0 I r ' " ( t tp ) (0H2) ((5(pyrrole H) = 8.36 ppm) was observed in the course o f reaction. 

Since a higher y ield o f [Ir' '(ttp)]2 can be obtained f rom when K O H is added, the 

KOH-promoted dehydrogenative dimerization o f Ir爪(ttp)H (Table 2.10) is more efficient at 

200 compared w i th the thermal conversion (Table 2.9). 

Table 2.10 Reaction Profile of KOH-Promoted Conversion of Ir"^( t tp)H to [Ir"(ttp)]2 at 

200 OC 

KOH (20 equiv) 

lr '"(ttp)H ( : 二 二 V ) 】 i / 2 [ ! r " ( t t p ) k + l r ' ( t t p ) - r 十"1/2H2" 
CeDe, 200 OQ’ t ime 

entry t ime I r"Vt tp)H/%" l /2[Ir i i ( t tp)]2/%“ I r V t t p V K ^ total yield/%'' 
0 
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• [lr"{ttp)]2 
• l r " i _ H 
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(c) 15 min 

(b)2min • 
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Figure 2.10(b) Partial ^H N M R profi le o f reaction o f I r " \ t t p ) H w i th K O H 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 

I r ' " ( t tp)(CO)Cl to form i r id ium porphyrin aryls via the formation o f both and 

[Ir^'(ttp)]2 (To be discussed in details in Chapter 3), the effect o f K2CO3 on the conversion of 

I r ' " ( t tp)H to [Iri乂ttp)]2 was also studied 

The reaction o f Ir"^(ttp)H added wi th K2CO3 was monitored at 200 "C by ^H N M R 

spectroscopy (Table 2 11, Figures 2 ll(a)，(b)) Af ter 2 minutes, Ir肌(ttp)H (<5(pyrrole H) = 8 81 

ppm) was converted to [Ir"(ttp)]2 ((^(pyrrole H) 二 8.33 ppm) in 55% yie ld (Table 2.11, entry 3). 

Thus, the K2CO3-promoted dehydrogenative dimerization o f Ir"^(ttp)H to [Ir(ttp)]2 is 
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established. 

From 15 minutes onwards, [Ir^^(ttp)]2 gradually reacted w i th H2 and converted back to 

Ir川(ttp)H (Table 2.11, entries 5-8). After 15 hours, I r" i ( t tp)H was regenerated in 64% yield. 

Ir'(ttp)" (^(pyrrole H)〜8.53 ppm)^^ was not observed in the course o f reaction, probably due 

to the lower basicity ofCOs^" (p^a o f HCO3— = 10.33 (in U 2 0 ) f than OH. (p^a of H2O = 15.7 

( in H20))’38 such that the concentration o f Ir^(ttp)' formed by the deprotonation o f Ir"^(ttp)H 

wi th CO32- would be too low for observation. 

Table 2.11 Reaction Profile of KzCOs-Promoted Conversion ofIr"\ttp)H to [Ir"(ttp)]2 

at 200 oc 

Ir丨丨丨(ttp)H 

K2CO3 (20 equiv) 
H2O ( - 1 . 8 equiv) 

CeDe, 200 t ime 
1/2[lr"(ttp)]2 + " I / 2H2" 

IIL 

1 0 95 100 
2 1 m in 39 52 91 
3 2 m in 40 55 95 
4 5 min 43 54 97 
5 15 m in 43 55 98 
6 1.5 h 48 24 72 
7 5.0 h 62 6 68 
8 15h 64 0 64 

。NMR yield. " The small amount of [Ir"(ttp)]2 formed at room temperature was 

likely due to the oxidation of Ir川(ttp)H with residual O2 in degassed benzene-t/g. 

total yield 

lr(ttp)H 

1/2[lr(ttp)]2 

total yield 

!r(ttp)H 

lr(ttp)H I % 
+ Dr(ttp)h/% 

total yield/% 

0 time/h o,1 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Figure 2.11(a) Time profi le o f reaction of I r "^( t tp)H w i th K2CO3 at 200。C (Table 2.11). 
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(f) 15 h 

( e ) 5 h 

.J-J、, 
fi'l A 

(d)1.5 h 

JA 

(c) 15 min • 
人 一 风 一 

A 

A 
JA  I'A 

{b )2min 

. A  

(a) 0 min 
• 

A M a 

J 8 3 ？ 8 h b 6 3 A 8: 
Figure 2.11(b) Partial ^H N M R profile o f reaction o f I r" ' ( t tp)H wi th 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)]2 

To further support that the base-promoted dehydrogenative dimerization o f Ir^"(tttp)H is 

more pronounced than the thermal one to generate [Ir"(ttp)]2 (Tables 2.9-2.11), the ratios o f 

[Ir"(ttp)]2 : Ir^"(ttp)H at f ixed 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 o f K O H - and K2CO3-promoted reactions 

are similar as shown by the similar [Ir"(ttp)]2 : I r " \ t t p )H ratios (Tables 2.12(B) and (C)). 
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Table 2.12 Ratio of [Ir"(ttp)]2 : Ir^"(ttp)H during the Converison ofIr"^(ttp)H to  

[Ir"(ttp)]2 at 200。C  

[Ir"(ttp)]2 ： I r " \ t t p ) H Ratio 

(A) (B) (C) 
KOH- K2CO3-

entry t ime/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 o f the 

interconversions among Ir '"( t tp)H, [Ir"(ttp)]2, and Ir^(ttp)" (Tables 2.9-2.11), Ir" '( t tp)H, 

[Ir"(ttp)]2, 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) lHii(ttp)H + Ir'(ttp)- + H2O \、、（vi) [lr“(ttp)]2 + H2 + OH" 

m [ • r " _ 2 + H2 

(i) 2lr丨丨丨(ttp)H 

Figure 2.12 Energetics o f interconversions among Ir" ' ( t tp)H, [Ir"(ttp)]2, and Ir^(ttp)' 

When no base is added (Table 2.9)，Ir"^(ttp)H is slowly converted to [Ir"(ttp)]2 at 200。C 

l ikely via a linear termolecular transiton state (Section 1.7.2.1, Scheme 1.21).49’62 The 

deliydrogenative dimerization is thermally-promoted and entropically driven by the formation 

of H2 (Figure 2.12, pathways (i)->(ii)^(iii)). 
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When K O H 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 w i th Ir"^(ttp)H to form 

[Irii(ttp)]2 and H2 (Figure 2.12, pathways ( i v ) ^ (v ) ^ (v i ) ; eq 2.34). 

The backward hydrogenation o f [Ir^'(ttp)]2 wi th H2 l ikely occurs simultaneously to give back 

I r" ' ( t tp)H via a linear termolecular transiton state (Figure 2.12, pathways (iii)—(ii)今（i)).49’62 

2.5 Conclusions 

The redox chemistry o f Ir"^(ttp)(L)X (L = ni l , H2O, PPhs； X = SbF6, CI, Br, I) in basic 

benzene-(i6 solvent has been discovered, including: (i) the base-promoted reduction of 

Ir川(ttp)(L)X to fo rm I r ' " ( t tp) (L)H, and ( i i ) the interconversions among Ir ' "( t tp)H, [Ir"(ttp)]2’ 

and Ir^(ttp)". Detailed mechanisms o f these two redox chemistry have been studied. 

In the base-promoted reduction of Ir⑴(t1;p)(L)X to form I r ' " ( t tp) (L)H, OH" l ikely acts as an 

reducing agent to reduce I r ( I I I ) to I r( I I ) l ikely via a coordination-assisted inner-sphere 

electron-transfer, generating I r " ( t tp)(L) and H2O2. I r"( t tp)(L) then activates water to produce 

I r ' " ( t tp) (L)H and I r " \ t t p ) ( L ) O H via the OH'-promoted disproportionation o f Ir"( t tp)(L). The 

formation o f H2O2, and the conversion of I r"( t tp)(L) intermediate to Ir^^'(ttp)(L)H, are 

supported by the trapping o f H2O2 wi th PPhs to form P(0)Pli3，and the independent reaction of 

[IrH(ttp)]2 / PPh3 w i th K O H and residual water in benzene-4 to fo rm Ir"\ttp)(PPh3)H, 

respectively. Ir川(ttp)(L)OH is recycled for further redox reactions to give I r ' " ( t tp)(L)H. 

In the interconversions among Ir^"(ttp)H, [Ir''(ttp)]2, 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 o f I r " \ t t p ) H occurs via a linear 

termolecular transition state to yield [Ir"(ttp)]2, whereas the base-promoted dimerization occurs 

via the deprotonation o f Ir⑴(ttp)H to form Ir^(ttp)", which then reacts w i th I r ' " ( t tp)H and water 



to give [Ir"(ttp)]2 and H2. [Ir"(ttp)]2 l ikely further reacts wi th H2 via a linear termolecular 

transition state to give back Ir⑴(ttp)H. The reactions studies support that Ir"^(ttp)H, [Ir"(ttp)]2, 

and Ir^(ttp)" can exist in equilibria. 
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Abu-Omar, M . M. ; Espenson, J. H.丄 Am. Chem. Soc. 1995, 117, 272-280. (b) PPhs has 

been used as a H2O2 trap in the single electron reduction o f Mo(V I ) and W(VI ) 

complexes by OH". See: Cervilla, A. C.; Perez-Pla, F.; Llopis, E,; Piles, M . Dalton Trans. 

2004,1461-1465. 

(41) Act ivat ion o f D2O by water-soluble [Rh"(tmps)(H20)2]4- radical (tmps = 

tetrakis(3,5-bis(sulfonato)mesityl)porphyrin) to form [Rh"'(tmps)(D)(D20)]'^' and 

[Rh⑴(tmps)(0D)(D20)]4- in an 1 : 1 ratio has been reported. See: Fu, X.; L i , S. Wayland, 

B. B. Inorg. Chem. 2006, 45, 9884-9889. 

(42) The basicities of 4-substituted pyridines in the protonation to form pyridinium ion were 

determined theoretically to increase w i th the decrease o f the solvent polarities due to the 

reduction o f stabilization by solvation. Therefore, the basicity o f 4-methylpyridine is 

highest in non-polar cyclohexane, fol lowed by less polar CH2CI2, and then the most 

polar MeCN. See: Lee, I.; K im, C. K. ; Han, I. S.; Lee, H. W. ; K im, W. K.; K im, Y. B.; J. 

Phys. Chem. B 1999,103, 7302-7307. 

(43) The rates o f bimolecular nucleophilic substitution (SN2) o f benzyl chloride by various 

nucleophilic carbon and nitrogen bases ( C , N' ) in DMSO at 25 increase when the pi^a 

o f the conjugated acids (C-H, N - H ) increase. Selected pATa values o f C-H and N - H and 

the corresponding rate constants {k) are shown: (1) pAra(Me(CN)2C-H) = 12.5, k = 15.2 

M- i s.i; pA:a(/?-ClC6H4(Me)(CN)C-H) = 21.7, k = 1.24 x 10^ M ] s'^ (2) 

p^a(Ph(PhCO)N-H) 二 18.8，k 二 3.19 x 10'̂  M^' s.】； p^a(Ph(Ac)N-H) = 21.5, k = 0.101 

M"' s"V Therefore, the rate of substitution reactions can be increased by using the 

stronger bases (B") w i th higher pÂ a values o f BH. See: Bordwel l , F. G.; Hughes, D. L. J. 

Org. Chem. 1983，48, 2206-2215. (b) Bordwell, F. G.; Hughes, D. L. J. Am. Chem. Soc. 

1984, 7(^6,3234-3240. 

(44) The BDEs of I r ^ - X bonds (X = CI, Br, I) f rom Cp*(PMe3)Ir" 'X2 are used for the 
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comparison o f I r ' " - X bond strengths. See: Stoutland, P. O.; Newman, L , J.; Buchanan, J. 

M.; Bergman, R. G. J. Am. Chem. Soc. 1987,109, 3143-3145. 

(45) Hartwig, J. F. Organotransition Metal Chemistry: From Bonding to Catalysis; Sausalito, 

CA: Universi ty Science Books, 2010. 

(46) The associative l igand substitution o f [Pt"(dien)X]"^ (dien = diethylenetriamine) w i th 

pyridine (py) to give [Pt^^(dien)(py)]^^ was in the reactivity trend: Pt-Cl > Pt-Br > Pt-I. 

See: (a) Basolo, R ; Gray, H. B.; Pearson, R. G. J. Am. Chem. Soc. 1960, 82, 4200-4203. 

(b) Gray, H. B. ; Olcott, R. J. Inorg, Chem. 1962，1, 481-485. 

(47) The B D E o f Ir- Ir bond in [Ir"(ttp)]2 is estimated to be 〜24 kcal mol"^ using the reported 

B D E o f I r- I r bond in [Ir"(oep)]2. (Ref 18). 

(48) The equi l ib r ium constant K for the homolysis o f [Ir"(ttp)]2 to fo rm 2 I r" ( t tp) monomer in 

benzene-<i6 at room temperature can be estimated by using the expression AG = -RT lnK 

(where A G 〜 B D E o f I r - I r i n [Ir"(ttp)]2 ( - 2 4 kcal m o r ! = 24 x 4.184 x 1000 J mor^ = 

100416 J mol- i ) , R = 8.314 J K"^ mo l ' ^ T 二 298 K . K is estimated to be 2.5 x 10"'^ M , 

imply ing that the concentration o f Ir^\t tp) in benzene-<i6 is extremely low at room 

temperature. 

(49) Del Rossi, K. J.; Wayland, B. B. J. Chem. Soc. Chem. Cominun. 1986, 1963-1965. 

(50) The comproport ionat ion between M( I ) and M ( i n ) to f rom M ( I I ) dimer has been reported 

in group 9 macrocycl ic complexes, (a) Rhodium system: Ref 1. (b) Cobalt system: 

Kaufmann, E. J.; Espenson, J. H. J. Am. Chem. Soc. 1977, 99, 7051-7054. 

(51) The B D E o f I r -H bond o f I r " ' (oep)H is around 70 kcal mo l ' ' , It is assumed that the B D E 

o f I rm(t tp)-H is similar to that o f Ir"乂oep)H: Wayland, B. B. Universi ty o f Pennsylvania, 

Philadelphia, PA. Personal communication, 2007. 

(52) For the reported values o f B D E s o f H O - H (119.3 kcal mol"^) and H - H (104.2 kcal mol'^), 

see: Luo, Y.-R. Comprehensive Handbook of Chemical Bond Energies; CRC Press: 

Boca Raton, FL, 2007. 
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(53) (a) For the entropy o f format ion o f Kb at 500 K (145.7 J mol'^ IC^), see: L ide, D. R., Ed. 

CRC Handbook of Chemistry and Physics, 85th ed; CRC Press: Cleveland, OH, 2004. (b) 

For the translational entropy decrease o f 1 mole at 25 ^C (-10 kcal mol . i ) , see: Page, M . I. 

Angew. Chem. Int. Ed. 1977, 16, 449-459. 

(54) The second reduct ion potentials o f I r ' ^ \ tpp) (CO)Cl (tpp = tetraphenylporphyrin) ( I m M ) 

(i.e. I r " ( tpp) + e- Ir '((tpp)-) in CH2CI2 at 25。C (£red(2nd) 二 -1.7 V vs SCE) is reported. 

It is assumed that I r ' " ( t tp ) (CO)Cl has the simi lar 五red(2nd) value. See: (a) Swistak, C.; 

Corni l lon, J. L . ; Anderson, J. E.; Kadish, K . M . OrganometalUcs 1987 , (5, 2146-2150. (b) 

Re f3 . 

(55) The irreversible ox idat ion potential (Eqx) o f the ox idat ion half-react ion O H ' -> HO* + e" 

( [ 0 H " ] 〜 4 m M ) i n M e C N is +0.92 V vs N H E and+1 .16 V vs SCE (estimated by adding 

0.24 V to the E value vs N H E ) (Ref 29). In order to estimate the redox reaction between 

Ir^(ttp)" and H O , the reversible reduction o f H O to OH" is assumed to take place w i t h 

the reduct ion half-equation; H O + e" —> HO"(五red = +1.16 V ) . The concentration o f OH" 

in M e C N is 〜4 m M for the measurement o f the ox idat ion potential. See: Tsang, P. K . S.: 

Cofre, P.; Sawyer，D. T. Inorg. Chem. 1987, 26, 3604-3609. 

(56) Fulmer, G. R. ; M i l l e r , A . J. M . ; Sherden, N . H. ; Gott l ieb, H. E.; Nudelman，A.; Stoltz, B. 

M.; Bercaw, J. E.; Goldberg, K. I. OrganometalUcs 2010, 29，2176-2179. 

(57) The equation for the calculat ion o f H2 concentration i n benzene as a funct ion o f 

temperature and H2 pressure has been reported and is applied for estimation o f the 

solubi l i ty o f H2 i n benzene-^4. See: Wayland, B. B ; Ba, S.; Sherry, A . E. Inorg, Chem. 

1992, 31, 148-150. 

(58) Electrochemical ox idat ion o f I r ' " (oep)H (oep = octaethylporphyr in) w i t h O2 to give 

[Ir"(oep)]2 is reported. See: (a) Col lman, J. P.; K i m , K . J. Am. Chem. Soc. 1986, 108’ 

7847-7849. (b) Col lman, J. P.; Chng, L. L . ; Tyvo l l , D. A . Inorg. Chem. 1995, 34, 

1311-1324. 
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(59) The aerobic oxidation o f Rh'"( tpp)H (tpp = tetraphenylporphyrin) to form [Rh"(tpp)]2 is 

reported. See: Collman, J. P.; Boulatov, R. Inorg. Chem, 2001, 40, 2461-2464. 

(60) Ii•出(ttp)H probably does not undergo the dehydrogenative dimerization at room 

temperature to fo rm [Ir^^(ttp)]2, since no [Ir"(ttp)]2 was observed in the base-promoted 

reductions o f I r " ' ( t tp)(CO)Cl and Ir丨丨i(ttp)SbF6 to fo rm I r " \ t t p ) H at room temperature 

(Table 2.1, entry 3; eq 2.14). 

(61) For the pK^ value o f HCO3； see: 

http://wM'W.chem. wise, edu/areas/reich/pkatable/index.htm. Accessed on June, 2010. 

(62) Termolecular transition states have been proposed in rhodium(I I ) porphyrin systems via 

the kinetic studies. See: (a) Sherry, A. E.; Wayland, B. B. J. Am. Chem. Soc. 1990, 112, 

1259-1261. (b) Re f5 . 
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Chapter 3 Base-Promoted Aryl Carbon-Halogen Bond Cleavages by 

Iridium(III) Porphyrins 

3.1 In t roduct ion 

3.1.1 General In t roduc t ion 

3.1.1.1 Def in i t ion of A r y l Carbon-Halogen Bond Cleavages by Trans i t ion Metals 

Ary l carbon-halogen bond (Ar-X, X = F, CI, Br, I) cleavages by transition metals can be 

defined as the reactions o f A r -X bonds wi th the transition metal complexes to form 

metal-aryl-halide complexes (Scheme 3,1, pathway i)，metal-aryl complexes and halide ions 

(pathway i i ) , or both metal-aryl and metal-halide complexes (pathway i i i ) , wi th the 

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

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

Complexes 

•X + M 6
 X = F, CI, Br, 

M 
X 

2
 

+
 

n
M
 

III 
1
 

+
 n

M
 

X-

n+1 
+ M — X 

3.1.1.2 Physical Properties of A r y l Halides 

(i) Polarit ies of Ary l -Ha logen Bonds 

The electronegativities o f the atoms in halobenzenes (PhX) are shown in Table 3.1.' The 

halogen atoms (X = F, CI, 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 o f X {-la). In C-X 
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bonds, the electronegativities o f X are in the order: F > CI > Br > I. The polarity of Ph-X bond 

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

Table 3.1 Paul ing Electronegativit ies of Halogen Atoms in Halobenzenes 
Entry Atoms in Pauling 

Ph-X Electronegativity^ 

(i i) Bond Dissociation Energies of A r y l Halides 

The bond dissociation energies (BDEs) o f aryl C-H and C - X bonds (Ar -H and Ar -X) in 

various aryl halides (A rX ) are shown in Table 3.2,，The BDEs of A r -X decrease down the 

group and are in the order: Ar-F > Ar -Cl > Ar-Br > Ar - I (Table 3.2, enties 1-9). The electronic 

effect o f functional groups (FG) in A r X does not significantly affect the BDEs of Ar-X. The 

BDEs of A r -X in para- and meto-substituted A r X are very similar，but the BDE o f Ar -X in 

o"/2o-substituted A r X are weaker by about 1.4 kcal mol ' ' due to the steric strain (Table 3.2, FG 

= C ( 0 ) M e : 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 A r X (X = CI, Br, I), the A r -H bonds are generally wi th in 110-114 kcal mol'',^ which are 

stronger than the A r -X bonds (X = CI, Br, I ) (Table 3.2, entries 2-4). Therefore, the cleavages 

o f A r -X bonds are generally kinetically and thermodynamically more favorable than the 

cleavages of A r - 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 A r -H bond by around 12-16 kcal mol"' (Table 3.2, entry 1), 

such that A r -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 o f the transition metals 
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X = CI, Br, 

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

cross-coupling reactions via the facile metal-mediated A r -X bond cleavages. During the 
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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 A r y l C - X Bonds〗 

entry X H C(0 )Me 
para~FG 

COiEt CN NO2 
1 
2 
3 
4 

F-̂  
CI 
Br 
I 

125.6 
95.6 
80.5 
65.5 

95.6 
80.3 
65.5 

96.3 
81.0 
65.2 

95.4 
80.1 
65.5 

95.8 
80.1 
65.5 

FG 
/ 

X H C(0 )Me 
meta-¥G 

C02Et CN N O 2 
5 
6 
7 

CI 
Br 
I 

95.6 
80.5 
65.5 

95.4 
80.5 
65.5 

F " ) X H C(0 )Me 
ortho-¥G 

C O z E t CN N O 2 
8 
9 

CI 
Br 

95.6 
80.5 

94.2 
79.1 

10 CI 93.0 
11 Br 77.9 

3.1.1.3 Appl icat ions of A r y l C - X Cleavages 

(i) Carbon-Carbon and Carbon-Heteroatom Bond Fo rm ing Reactions 

Ary l halides have been extensively util ized 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 - i i i ) which are 

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

Scheme 3.2 Bond Coupling Reactions of A r y l Halides w i th Various Nucleophiles 

(H〇)2B-CR3 
H-CR3, base 

^ 
CR3 = alky!, aryl, 
alkenyl, alkynyl 

transition metal 
complexes ii H-YR2, base 

Y = N, P 

iii H-YR, base 
••••• 

X
 

CR3 

YR2 

YR 
丫 =〇，S 



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 o f C -H and heteroatom-H bonds and to react w i th the boronic acids, 

generating the carbon and heteroatom nucleophiles for the coupling reactions. 

(i i) Hydrodehalogenat ion of Halogenated Compounds fo r Pol lu tant 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 

o f chemical waste treatments o f 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 o f the 

halogenated compounds are cleaved by the transition metal complexes in milder reaction 

conditions and are subsequently reduced by hydrogen sources (e.g. H2O, H2) to form C-H 

bonds (eq 3.1). Hydrodehalogenation o f 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 _ c o m p l e x e s ^ ( \ _ H (3.1) 
^ ^ [H] (e.g. H2O’ H2) 

X = CI, Br, I 

3.1.2 Modes of React iv i ty of A r y l Carbon-Halogen Bond Cleavages by Trans i t ion Meta l 

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 o f reactivities are 
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generally classified (Table 3.3); 

Table 3.3 Classif ications of A r y l C -X Cleavages by Trans i t ion Me ta l Complexes 

Mono-metal l ic A r y l C - X Bond Cleavages 

(A) 

Oxidative Addi t ion (OA) 

(2 e_ process) M' Ar-X 

Ar 
/ 

Mn+2 
\ 

X 

(B) 

Nucleophil ic Aromatic 

Substitution (SnAt) 

(2 e' process) 

M。® + Ar-X M ^ A r + X ® 

(Q 
Halogen A tom Transfer 

(XAT) 

(1 e" process) 

M' Ar-X 

Ar. 

Ar. [H] 
I I I 

n+1 
M — X 

Ar-Ar 

Ar-H 

Ar. 

Bi-metal l ic A r y l C - X Bond Cleavages 

(D) n n+1 n+1 
Oxidative Addi t ion (OA) 2M • + Ar-X —— M — X + M — A r 

(1 e" process) 

(A) Oxidat ive Add i t i on (OA). The A r -X bond is cleaved by M " to form both M - A r and M - X 

bonds wi th the concomitant increase o f metal oxidation state by +2 (Table 3.3(A)). 

(B) Nucleophi l ic A romat i c Subst i tut ion (SnAf). Anionic M"" acts as a strong nucleophile to 

attack the electrophilic carbon of the polar A r -X bond and eliminate the halide ion (X") to form 

M-A r (Table 3.3(B)). 

(C) Halogen A t o m Transfer (XAT) . The halogen atom (X*) o f A r - 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 w i th hydrogen atom source (e.g. 

solvents) to form arenes (Ar-H) (Table 3.3(C), pathways i i and i i i ) . Ar* can also further react 

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

below. 

3.1.2.1 Mono-meta l l ic A r y l C - X Cleavages 

3.1.2.1.1 Oxidat ive Add i t i on 

Oxidative addition (OA) o f aryl halides 

electron-rich, low-valent middle-group 

complexes. 

(ArX, X = CI, Br, I) usually 

and late-group and 

takes place wi th 

transition metal 

( i) Palladium(O) 

Palladium(O) is one of the commonly studied transition metals for oxidative addition o f 

Ar-X，i3 which is the init ial step in the palladium-catalyzed cross-coupling reactions wi th A r X 7 

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 o 

pathway i). PhX then coordinates to Pd (PPh3)2 via rj 7r-interaction (pathway ii), fol lowed by 

concerted oxidative addition o f Ph-X bond to Pd^(PPh3)2 via a 3-centered transition state to 

form (Ph3P)2Pd"(Ph)(X) (pathways i i i and iv). There is no strong evidence o f radical pathways 

for the oxidative addition process. 
„ / = = \ -2PPhk P h s P 、 / I 

(PPh3)4Pd。+ X - ^ ^ ^ ^ 〉 p d ( (3.2) 
Ph 

X = CI, Br, I P h s p Z \ x 

Scheme 3.3 Mechanism of Oxidative Addit ion o f PhX to Pd°(PPh3)4 

Ph 。 - 2 L n Ph-X 0 ^ ^ 
L^Pd。^——^ L2Pd。， 、 P d — I 乂 
= PPh3 ‘ 14e- '' l Z 
1 Se-

ll! :Pd： ！ 

� � k 
〖V L z P d \ x 
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(i i) Nickel(O) 

Similar to Pd^(PPh3)4, Ni°(PEt3)4 can also undergo oxidative addition of A r X to form 

Ni"(PEt3)2(Ar)(X), but w i th the concomitant formation o f Ni'(PEt3)2X (eq 3.3).'^ 

Mechanistic studies reveal that Ni°(PEt3)4 reacts w i th A r X 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 w i th A r X , fol lowed by the 

rate-determining electron-transfer f rom Ni(0) to A r X to generate [Nii(PEt3)3]+ and A r X radical 

anion (pathway ii). A r X radical anion either collapses wi th [Nii(PEt3)3]+ to form 

Niii(PPh3)2(Ar)(X) (pathway i i i ) , or undergoes fragmentation to form Ar« and X" (pathway iv). 

Ar- can diffuse out o f the solvent cage and reacts w i th solvent to form arenes (Ar-H), and X" 

further reacts wi th [Nii(PEt3)3]+ to form Ni\PEt3)3X (pathway v). The insignificant decrease o f 

the rate of oxidative addition o f or^/zo-substituted A r X further supports the electron-transfer 

pathway. 

PEts 

(PEt3)4Ni° + X - 4 / - F G 
10-30 min 

X = Ci, Br, I 
FG = MeO, H, 
C(0)Me，COsMe 

solvent 

(PhMe，THF, 

/7-hexane) 

X + (PEt3)3Ni'X (3.3) 

PEts 
3-100% -83% 

Scheme 3.4 Mechanism of Oxidative Addi t ion of A r X to N i (PEt3)4 

iNiO Ni°(L)3 
ArX 

L = PEt3 
ii rds 

e 
[LgNi 'r ArX' 
solvent-caged 

I I I 

I II 
Ar—Nji i—X 

[LsNi']' 
Sol-H L3Ni 丨 X 

IV " 4 V 

+ X + A f Ar-H 

( i i i) I r i d i u m ( I ) 

Vaska's complex is a low valent ir idium(I) complex, Vaska's complex can undergo oxidative 

addition of various A r X to form tf "(PPh3)2(CO)Cl(Ar)(X) (eq 3.4).^^ During the reaction^b 
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Vaska's complex first undergoes PPI13 dissociation to form the coordinatively unsaturated 

14-electron I r \PPh3)(C0)Cl (Scheme 3.5，pathway i), which then undergoes unsymmetrical 

concerted addition o f A r X to give I r ' " (PPh3 ) (C0)Cl(Ar)(X) (pathways i i and i i i) . Coordination 

o f PPhs yields the observed product (pathway iv). The reactivity o f A r -X is in the order Ar-Cl < 

Ar-Br < Ar - I i n line w i th the corresponding A r -X bond energies (Table 3.2). 

P h 3 〜 , , Z ⑵ + x ^ -FG 
150-250 N2 

FG 

6 

cr PPh3 x = CI, Br, ！ 
FG = CH3O, CH3, F 

35 min 48 h PhsP/〜，"、、、snCO (3.4) 
Ir'J 

cr 
PPI13 

'X 

Scheme 3.5 Mechanism of Oxidative Addit ion o f A r X to Vaska's Complex 

, L/�， 、\C0 
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IV HIT 
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cr 'X 
18e-

3.1.2.1.2 Nucleophi l ic A romat i c Subst i tut ion 

Nucleophilic aromatic substitution (SnAr) o f A r X (X = F, CI, Br, I) by transition metal 

complexes is relatively less reported compared wi th oxidative addition. Classical S^Ar o f A r X 

by transition metals usually involves electron-deficient ArF or A r X bearing the 

electron-withdrawing substituents, and the electron-rich, anionic transition metals, 

(i) Rhod ium( I ) 

Anionic rhodium(I) complex, [Cp^Rh^PPhs)!!]", undergoes S^Av of fluorinated arenes 
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(A/-F) to give Cp*Rh�(PPh3)H(ArF) (eq 3.5).'^ First, [Cp*Rh^(PPh3)H]- is facilely generated 

by the deprotonation of Cp*Rh�(PPli3)H2 with pyridine (Scheme 3.6, pathway i). 

[Cp*Rh'(PPh3)H]- then undergoes SnAi of Ar '̂-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 SnA i of Ar^-F (pathway i). 

R h i e 、 Ar'^-F (12equiv) 
M e g P - ^ 、 H Pyridine-d5,85。C 

(a) Ar^ = CgFg, t i / 2 = 1 2 h 
(b) ArF = P-HC6F4, ti/2 = 20 h 

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

(3,5) 

Cp*Rh"丨(PMe3)H2 + base ‘『祁* 

base = py, F 

[ C p * R h i ( P M e 3 ) H P + ArF-F 

© i i i fast 

[Cp*Rh 丨 ( P M e 3 ) H f + baseH® 

Cp*Rh"丨(PIVIe3)H(ArF) + F® 

F + baseH b a s e » H F 

( i i ) Cobal t ( I ) 

Anionic tetracyanocobaltate(I) ([Co\CN)4]3-) can be prepared in-situ by the reaction of 

pentacyanocobaltate(II) radical ([Co"(CN)5]^') with H2 and base (Scheme 3.7, pathway i).'^ 

[Co1(CN)4]3- then undergoes SwAr ofArBr to form [Ar-Co"^(CN)5]^" (Scheme 3.7, pathway ii). 

Scheme 3.7 SnA i of ArBr with [Co^(CN)4]^" 

B r H ^ - F G (2 equiv) FG 
(FG = MeO, Me, H, Br, CN.,.) — 

H2,K〇H(2equiv) , V + 
i H2〇，55。C,24h ii [Co"I(CN)5]3- fg :NH2,15% 

21-100% = MeO, 1% 

[Co 丨丨(CN)5]: 

It is proposed that [Co"(CN)5f reacts with H2 to form [Co川(CN)5Hf-，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- l ikely undergoes inner-sphere electron transfer to ArBr to produce 

[Co"(CN)4]2- and ArBr radical anion (pathway i i i). 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 w i th CN' finally yields (pathway vi) . Ar* can also leak from the 

solvent cage to undergo H atom abstraction from to form arenes (pathways v i i 

and vi i i ) . 

Scheme 3.8 Proposed Mechanism of S^Ar o f A rBr w i th [Co'(CN)4]^' 

[Co 丨丨(CN)5]: 
1/2 H2 

[CO"i(CN)5H]� 
ii OH-

[CoI(CN)4严十 ArBr I I I IV 
[Co"(CN)4]2-A�Br ^ 

[ArCo 川(CN)4Br]3- + C N " -

[Co丨丨(CN)4]2-Ar. Br 

-H2O, -CN 

[Coii(CN)4]2-Ar. Br 

[ArCo"i(CN)5]3- + 

jii/ 

[CoI(CN)4]: 

[ArCo 丨丨丨(CN)4Bif 

B r 

vii , viii [Co丨丨丨(CN)5Hr:  
• Ar. • Ar-H 

[Co 丨丨(CN)5] 

3.1.2.1.3 Halogen A t o m Transfer 

Halogen atom transfer (XAT) reactions are commonly observed in the reactions of A r X (X = 

CI, Br, I) w i th metalloradicals. Both radical chain and non-chain mechanism are feasible, 

(i) T i t an ium( I I I ) 

Titanium(III) complex, [Cp*Ti" '-N=P'Bu3]^, is a metalloradical formed by the 

dehydrogenation o f [Cp*(H)Ti '^-N=P'Bu3]^. It reacts w i th PhX (X = CI, Br) by X A T via 

radical chain propagation mechanism to form [Cp*(X)Ti iV-N=P'Bu3]十 (X = CI, Br) 

accompanied wi th the formations o f benzene and biphenyl (eq 3.6) 18 

它 U3P=N 

[B(C6F5)4]® 

© 

3 
X = CI, Br 
H2 (4 atm) 
r.t., ~5 min 

( B l i 3 P = N Z 、 

[B(CeF5)4]点 

quantitative 

e 
H
 

60% (from PhBr) (3 

17% (from PhBr) 
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[Cp*(H)Ti[V-N=P(Bu3]+ was prepared in-situ f rom the metathesis o f 
• 

[Cp*(Me)TiiV-N=P它U3]+ wi th H2 (Scheme 3.9, pathway i). Mechanistic studies suggest that 

[Cp*(H)TiiV-N=P,Bu3]+ undergoes dehydrogenation to form a small amount o f 

[Cp*Ti出-N=P如3]+ metalloradical (Scheme 3.9, pathway i i) , which then undergoes X A T wi th 

PhX to form [Cp*(X)Ti^'^-N=P'Bu3]^ and a phenyl radical (Ph.) (pathway iv). The resultant Ph« 

abstracts a H atom f rom to give benzene and to regenerate 

[Cp*Tii"-N=P(Bu3]+ (pathways v and i i i ) for subsequent XAT. When the concentration o f 

[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 A tom Transfer o f PhX by [Cp*Ti" '-N=P'Bu3] 

f 1© 

H2 

它 U3P 二 N Z 

H 

“ [B(C6F5)4]e 

CH3 

[B(C6F5)4]e— 

® initiation 
ii -I/2H2 

O 0 

-Chi 
它 U3P=N H 

[B(C6F5)4]©" 

i i ' " . 
fBusP^N 

[B(CsF5)4]e-

V 

0 
I V 

X = CI. Br 

它 U3P=N 

© 

V I 

[B(C6F5)4]e 

(i i) Rhenium(O) 

The 17-electron rhenium(O) complex, (PMe3)(CO)4Re0, is a metalloradical which can 

undergo bromine atom abstraction wi th 4-bromobenzonitrile and 1 -bromonaphthalene to 

form (PMe3)(CO)4Re【-Br as the only organometallic product (eq 3.7).^^ 

toluene … " 、 … 〜 „ i. 
(PMe3)(C〇)4Re R-Br 

22 °C 

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

(PMe3)(C〇)4Re'(Br) (3.7) 

Since the reaction rate constants do not correlate wel l w i th the available thermochemical 

C-Br bond energies, an electron-transfer pathway is more reasonable. First, (PMe3)(CO)4Re^ 
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reacts w i th RBr (R 二 4-nitrophenyl, 1 -naphthyl) v ia electron-transfer to form 

[(PMe3)(CO)4Rei]+ and A r B r radical anion (Scheme 3.10, pathway i). Fragmentation o f RBr 

radical anion forms R* and Br" (pathway i i). Combinat ion between Br" and 

[(PMe3)(CO)4Rei]+ then gives (PMe3)(CO)4Rei-Br (pathway i i i ) . However, the fate o f the R« 

is not reported. Presumably, R* abstracts a H atom from the benzylic C - H bond o f toluene to 

form R-H. 

Scheme 3.10 Proposed Mechanism o f Br A tom Abstraction by (PMe3)(CO)4Re^ 

(PIVIe3)(CO)4Re° + R-Br [(PMe3)(C〇)4Rei]+ R B r " 
R = 4-nitrophenyl, 1-naphthyl 

•[(PMe3)(C〇)4Rei]+RBr 艺 1 ~"^ [ [ (PIVle3)(C〇 )4Rei ]+ Br" R . j — ^ (PMe3)(CO)4Re'(Br) + R* 

( i i i ) P l a t i num( I I ) 

Tetrakis(//-pyrophosphito)diplatmum(n) complex, [Pt^Cw-PzOsH〗)/^^, undergoes bromine 

atom abstraction w i th CeFsBr in photochemical conditions to form 

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

CeFgBr 

[P t 'V -P205H2)4P t " f - hv (A > 350 nm) ^ [Br-Pt" 1(^斤2〇51"12)4户,巳「]4- (3.8) 
^ 2 5 2/4 CH3OH / H2O, r.t. V 2 5 2/4 

< 1 fJS 

Upon photochemical irr idation by laser, [Pt'^2(/^-P205H2)4]'^' in a singlet state is converted to 

[Pt"2C«-P205H2)4]'^'* in an excited triplet state w i th an impair electron in the d orbital o f Pt 

(Scheme 3.11，pathway i). [Pt^^2C«-P205H2)4]'^'* then abstracts a Br atom f rom CeFsBr to form a 

mixed valence [Pt^'(/i-P205H2)4Pt'"-Br]'^" (pathway i i) , which further disproportionates to 

generate [Br-Pt"V-P205H2)4Pt'"-Br]^" and [Pt"2C"-P205H2)4]'^' (pathway i i i ) . 

[PtH2C"-P205H2)4]4- is recycled for further photochemical reactions (pathways i - i i i ) . However, 

the fate o f aryl radical (CeFs*) is not reported. Presumably, CsF，，dimerizes to form biaryl, 

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

[RlVP2〇5H2)4PtlV- — [ P t l V - P 2 0 5 H 2 ) 4 P t " r 

p F R r 
[ P t V P 2 〇 5 H 2 ) 4 P t Y - * 。 , , r * [PtVP2〇5H2)4Pt"i-Br]4- + CeFs' 

^ Br Atom Abstraction 
ii 

21RlVP2〇5H2)4Pt"l-B「]4- d_port ionat ion> [巳「-阿丨丨丨(//-卩2〇5日2)4闪"丨-巳("】4- + [Pt'丨(/卜？205日2)4口1"]4-
iii 

3.1.2.2 Bi-metal l ic A r y l C - X Cleavages 

(i) Cobal t ( I I ) 

Pentacyanocobaltate(II) ([Co (CN)5] ) can undergo oxidative addition w i th 2-iodopyridine 

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

[ C 。 树 \ \ / 尸 Co"丨(CN)5 
•N 50% 

3-
+ [ l -Co" '(CN)5f- (3.9) 

50% 

Radical non-chain halogen atom transfer mechanism is suggested (Scheme 3.12). First, 

[Co"(CN)5]^' abstracts an I atom f rom 2-iodopyridine to form [I-Co"^(CN)5]^' and 2-pyridyl 

radical (pathway i), which subsequently combines w i th another to form 

[2-pyridyl-Co⑴(CN)5]3- (pathway i i). 

Scheme 3.12 Halogen A tom Abstraction of 2-Iodopyridine by 

[CO"(CN)5]3- + R- l [丨-CO"I(CN)5]3- + R . 

R* + [ C o " ( C N ) 5 f - ~ - [ R - C o 丨 " ( C N ) 5 f -

尸N 
R-l = { J - I 

( i i ) P la t inum( I I ) 

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

wi th PhBr under photochemical conditions to form [Ph-Pt"^C"-P205H2)4 Pt'^-Br]"^" (eq 3.10).^^ 
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PhBr 

[ P t V P 2 〇 5 H 2 ) 4 P t Y - 二 ： 二 m : > [Ph-Pt"VP2〇5H2)4Pt i"-Br]4- (3.10) 
U n s U H / n2U, r.t. 

< 1 fiS 

It is proposed that the photochemically excited ini t ial ly transfers 

single electron to PhBr to form [Pt"C«-P205H2)4Pt"']^" and PhBr radical anion (Scheme 3.13, 

pathways i and i i). Fragmentation o f PhBr radical anion gives Ph* and Br" (pathway i i i ) , which 

further collapse w i th [Pt! V-P205H2)4Pt i " f — to form [Ph-Pt"'(/^-P205H2)4Pt'"-Br]^- (pathway iv). 

Scheme 3.13 Mechanism o f Oxidative Addi t ion o f A r X to [Pt"2C«-P205H2)4]'^" 

[PtV-P205H2)4Pt"]'- hv 一 [PtV-P205H2)4Pt"r 

[PtVP205H2)4PtY-* + PhBr. [PtV-P205H2)4Pt'"]2- PhBr' [PtV-P205H2)4Pt"f- Ph. Br 

[PtiV-P2〇5H2)4Pti"]3- Ph* Br~ 
IV 

[Ph-Pt 丨 VP205H2)4Pt丨 ll-Btf 

3.1.3 Radical IpsO'Suhsiitutions of A ry l C-X Bonds 

In principle, transit ion metal radicals can undergo substitutions w i th aryl halides (A rX ) 

to form transition metal aryls ( M - A r ) and halogen atoms (X*) (eq 3.11). To the best o f our 

knowledge, such reactivity mode o f A r - X cleavages by transition-metal complexes has not 

'•yn 

been reported. On the other hand, z^.^o-substitutions o f aryl halides by non-metal radicals 

(e.g. carbon-centered rad i ca l s^ sulfur-centered radicals严 halogen atoms^^) w i th the 

concomitant el imination o f halogen atoms have been reported (eq 3.12). The characteristics 

o f the radical ；p^-o-substitution o f aryl halides are briefly summarized below. 
n n+1 

M - + Ar-X • M——Ar + X* (3.11) 

R* + Ar-X • R — A r + X» (3.12) 

R = non-meta l radical 
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3.1.3.1 //75<>-Substitutions of Dihalobenzenes by Benzyl Radicals 

(i) Effect of Natures of A r - X Bonds 

Benzyl radical, which is generated in-situ f rom the thermolysis o f mercury(II) di-benzyl, 

reacts wi th various 1,4-dihalobenzenes to form diarylmethane as the minor product and the 

inevitable bibenzyl as the major side product (Table 3.4).2仙 When 1 -fluoro-4-bromobenzene 

and 1 -fluoro-4-chlorobenzene are reacted wi th 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-Cl 

bonds are cleaved in around 2.5 : 1 ratio to form the corresponding diarylmethanes (Table 3.4, 

entry 3). The rates o f 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-subst i tuted Benzenes by Benzyl Radical 

.X' 
Hg 丨丨(CH2Ph)2 + X- f ~ X 120 °C PhCH 2" 

100 equiv 
Ar-X 

Ar-CHsPh 

PhCHsCHsPh 

bibenzyl 

entry A r -X Ar-CKbPh A rCH iPh : b i benzy l " 

1 
B r -發 F PhCH2— O F 

0.023 

2 
C l - ( V f PhCHs" 

0.017 

3 B r - (a) PhCH2 

(b) PhCH2 

普 a 

合 B r 

(a) 0.069 

(b) 0.028 

“ T h e yield of ArCHaPh generated was not reported, and only the ratio of A r C H z P h : bibenzyl was 
given, b ArCHaPh was fo rmed as a minor product due to the inevitable ma jo r dimerizat ion of 
benzyl radical to f o r m bibenzyl . 

Mechanism. It is proposed that the benzyl radical undergoes electron-transfer to A r X to form a 

benzyl cation and an aryl radical anion (Scheme 3.14, pathway i). The benzyl cation then 

attacks the ispo-caxhon o f 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 i i). The zp^o-halogen atom f inal ly eliminates to give diarylmethane 

(pathway ii i). 

Scheme 3.14 Proposed Mechanism of 扭o-Subst i tut ion o f A r y l Halides by Benzyl Radical 
X’ 

X- PhCH 
P h C I V X-

\
 
\
 

0
-

X 

PhCH2 

(i i) Electronic Effects of Halogen Substituents 

PhCH 
PhCHsX 

i i i 

PhCH r x 
X' 

Benzyl radical reacts w i th 1,2,4-trichlorobenzene via 仍-substitution to form 

diarylmethanes A , B, and C in the relative product ratios o f 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 (I) formed, I a 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, I b and I c 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 o f I b is more favorable than 

that o f Ic by the strain rel ief o f the ortho-C\ atom (pathway UB). 

Scheme 3.15 Product Distributions in Tp^o-Substitutions o f 1,2,4-Trichlorobenzene by 

Benzyl Radical 

Hg 丨丨(CH2Ph)2 

CI CI CHsPh 

A ^ C 丨 � X / C 丨 

160。C 

CI 
CI 

Y 
CI 

、CH2Ph 

CI 
( I . ) stabilized by 

^ o-CI and p-Ci 

" A 

CI PhCH 

CI 
A ^ C 丨 

^ / 

K 
(IB) stabilized by stabilized by 

o-CI p-CI 

iiB 

CH2Ph 
A ^ C I 

CI 
product ratio (A) 50% 

CI 

CHgPh 

A l / C 丨 

i ic 

CH2Ph 

fB) 39% 
CI 

(C) 11% 
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3.1.3.2 Substitut ions o f A r y l Halides by Sulfur-Centered Radicals 

(i) Effect of Natures o f A r - X Bonds 

Arylsul fonyl (ArSCV) and phenylthio radicals (PhS») can be generated f rom the thermolysis 

o f ArS02-I and PhS-SPh, respectively. -MeC6H4S02- reacts w i th PhX to form 

p-MeC6H4S02-Ph in the order o f relative reaction rate: Ph-F « Ph-Cl < Ph-Br < Ph-I (eq 

3,13) 25 

p-MeC6H4SO: 
1 an op 

PhX > p - IV leC6H4S02-Ph (3.13) 
X 

(a) F 
(b) CI 
( c ) B r 
(d) I 

relat ive rate 
0 
1 

5.9 
18.6 

( i i) Electronic Effects of Substituents 

Both PhS02* and PhS« were used to study the electronic effects o f aryl bromide (ArBr) on 

the relative rates o f Ar -Br cleavages (Table 3.5) 25 

Table 3.5 Relative Reactivities o f Substituted Bromobenzenes w i th PhS02' and PhS« 

,FG 
R* + Br-

R 二 PhSOs-
PhS-

FG 
% 190°C 

1 5 h 
R-

a 
relative rate 

entry FG 广 (R = PhSCV) (R - PhS.) 
1 p-R 0.00 1 1 
2 P-OUQ -0.27 8.78 60 
3 P-MQ -0.17 3.59 1.84 
4 P-HO2 0.78 3.00 
5 m-H 0.00 1 1 
6 m-OMe 0.12 0.68 0.80 
7 m-Me -0.07 2.18 1.20 
8 m - N O i 0.71 0.63 

Both electron-donating；^ara-substituents (FG = j>OMe, ;>Me) (cr。< 0，Table 3.5, entries 2 

and 3) and e l e c t r o n - w i t h d r a w i n g s u b s t i t u e n t s (FG = J9-NO2) (o"。> 0, Table 3.5, entries 4) 
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can promote the reaction rates when compared wi th 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-NO〗) 

generally do not promote the reaction rates (Table 3.5, entries 6-8). The rate-promoting effect 

o f FG is in the order: p - O M e > ; > N 0 2 > ;?-Me > p-R = m-U 〜m-OMe 〜m-Me 〜w-NCh, 

Mechanism. It is suggested that radical iij^^o-substitutions o f A r X (X = CI, Br, I) by PhS02* 

and PhS* occur to form PhSOiAr and PhSAr, respectively. PhSOi* and PhS* attack the 

-carbon o f C -X bonds in A r X to form the cyclohexadienyl radicals (I) (Scheme 3.16, 

pathway i), which then either undergoes radical-assisted (pathway i i ) or spontaneous 

elimination o f X* (pathway i i i ) 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 o f Radical 扭o-Subst i tut ion o f A r X by Phenylsulfonyl and 

Phenylthio Radicals 

FG 

- + H i — -
R - P h S C V x = F, CI, Br, ! ( I ) 

PhS* 

ii 

X = CI. Br 

X
 

-R
 

?

 +
 {

 
R
 

R
 

X
 

G
 +
 

f
3
 

Indeed, the rate o f zp^o-substitution is kinetically controlled by the Ph-X bond strength. Ph-F 

bond is too strong such that the el imination o f F* from the cyclohexadienyl radical intermediate 

(I) is kinetically unfavorable and no reaction occurs (R = PhSO�，PhS) (eq 3.13(a); Scheme 

3.16, pathway i). On the other hand, the rate o f ？p^o-substitution is in the order: C-Cl < C-Br < 

C-I (eqs 3.13(b)-(d)), which is in line w i th the Ph-X bond strengths to dictate the corresponding 

reaction rates. 
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3.1.4 Homolyt ic A romat i c Substi tut ions of Arenes 

The homolytic aromatic substitutions o f various arenes by phenyl radical (generated from 

the thermolysis o f benzoyl peroxide) to form biaryls have been studied (Table 3.6).^^ The 

homolytic aromatic substitution has the fo l lowing characteristics: 

(1) A l l 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 o f substituted arenes 

when compared wi th benzene (ATfg > 1.00). 

(2) A l l subsituents are activating and ortho/para-divQcting {F* > 1 ) . None of the substituents 

are deactivating and mefa-directing {Fm ~ 1). 

(3) The electronic effects o f substituents on the relative rates o f homolytic aromatic 

substitution are much smaller (usually < 10'), compared w i th that o f the electrophilic and 

nucleophilic aromatic substitutions (usually > 10^). 

Table 3.6 Par t ia l Rate Factors of Homoly t ic Aromat ic Subst i tut ion of Arenes w i t h 

Phenyl Radicals 

Ph. + FG-Q> 80 °C 
72 h 

FG-
Ph 

partial rate 

entry FG total rate 
factor {Kvo t 

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 CI 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 
" H a m m e t t constant (Ref 27). T h e yields of products were not reported, and only 
the relative total rate was given. 

Mechanism. The reaction mechanism o f homolytic aromatic substitutions o f arenes by phenyl 

radical (Scheme ？ i s similar to that o f radical substitutions o f aryl halides (Schemes 
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3.15 and 3.16).2朴，25 The phenyl radical attacks the arenes to f o rm a cyclohexadienyl radical 

(Scheme 3.17, pathways ia-c)- Bo th the ortho- and /?ara-substituents (FG) can stabilize the 

cyclohexadienyl radicals to promote the formations o f ortho- and j^ara-products (pathways ia’ 

ic; pathways iia, iic). The meta-¥G cannot stabilize the cyclohexadienyl radicals to disfavor the 

format ion o f meta-products (pathways ib and iib). Radical-assisted H atom abstraction f rom the 

cyclohexadienyl radical occurs to y ie ld the products (pathway i i). 

Scheme 3.17 Mechanisms o f Homoly t i c Aromat ic Substitution o f Arenes by Phenyl Radical 

G
 

+
 

•FG 
"b 

€5< 
stabilized 

FG 

H iL Ph« 

Ph -PhH 

iib Ph*】 

Ph -PhH〕 

not stabilized 

FG-
H iic P h ; 

Ph -PhH* 
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Ph 

o-product 
major 

FG-
s
 \ J I 

m-product 
minor 

FG-

p-product 
major 

•Ph 

3.1.5 Rad i ca l Subst i tuent Ef fects i n Rad ica l React ions 

The radical substituent parameters (cr*) are obtained f rom the thermal rearrangements o f aryl 

methylenecyclopropanes (Table 3.7).^^During the rearrangements o f methylenecyclopropanes, 

benzyl radical intermediates ( I ) are formed. Bo th the electron-donating para-gmwps (<7广 < 0, 

Table 3.7, entries 1, 2, 6-8) and electron-withdrawing para-gvowps (c r / > 0，Table 3.7, entries 4, 

10-13) can stabilize the benzyl radical intermediates ( I ) , thereby increasing the rate o f 

rearrangements {ky^ > 1). On the other hands, al l the meta-growps (cr„„ Table 3.7, entries 5, 

o
 

3
 

1
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14-16) cannot stabilize the benzyl radicals (I) and generally do not promote the reaction rates 

fc丨〜1). 

Table 3.7 Radical Substituent Parameters (cr*) in the Thermal Rearrangements o f 

Arylmethylenecyclopropanes 

二
〕J
 

temp (T) 

CrDR 

FG c 
X
 G
 

X
 T
 

1
 

4 X 
FG 

X = H , T = 80。C X = C 0 2 E t , T = iOO。C 

entry FG 广 a* relative entry F G (T* relative 
rate (y r̂el) rate (众rei) 

1 ；?-NMe2 -0.83 0.90 7.88 6 p - O M e -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 所-Me -0.07 0.03 1.07 

16 m - C N 0.56 -0.12 0.75 
“ H a m m e t t constant (Ref 27). 

The substituents are then assigned the radical substituent parameter (cr*). The magnitude o f 

cr* reflects the abi l i ty o f the substituent to stabilize the benzyl radical intermediate (I) to 

enhance the reaction rate. Thus, al l 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 cr* values, wh ich are original ly applied in the reactions invo lv ing 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 o f 

A r X (Table 3.5, Scheme 3.16) and the homolyt ic aromatic substitution o f arenes (Table 3.6, 

Scheme 3.17) via the stabilizations o f cyclohexadienyl radical intermediates. 
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3.1.6 Selectivities in A r y l C - X and C - H Bond Cleavages 

Halobenzenes (PhX, X = CI, Br, I) contain both A r -X and A r - H bonds. Since A r -X bonds 

(66-96 kcal mol" ') (Table 3.2, entries are weaker than A r - H bond (110-114 kcal m o l ] ) ? 

the cleavages of A r -X bonds are usually kinetically more favorable. Moreover, oxidative 

additions of A r -X bonds are usually thermodynamically more favorable than that o f A r -H 

bonds. This can be explained by the more exergonic oxidative addition of Vaska's complex 

( I r ' (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 o f Oxidative Addi t ion o f A r -X and A r -H to 

Vaska's Complex 

[lr']  
[丨「丨]=丨 ri(PPh3)2(C〇)CI 

X
 6

 
C-X cleavages 

C-X 
C-Ci (96)3 
C-Br (81)3 
C-l (66)3 

X, 
•H 

C-H cleavages 
C-H 
1123 

[ l 「 " l ] < ^ 

X 
lr'"-X + Ir 川-Ph 
Ir-Cl (90)3。 

Ir-Br (76)3o 81^° 
Ir-I (64 严 

X 

[Ir'i'j 

Ir丨丨丨-H 

7430 

H 

Ir丨丨丨-Ar 
8130 

叫 x n 
-75 
-76 (kcal mol" 
-79 

AHrxh 
-43 (kcal mor 

Depending on the natures o f metals and ligands in the transition metal complexes and the 

reaction temperature, selective aryl C-H bond cleavage o f 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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( P N P ) l r ( ^ ^ 
CI 

and C-X bonds o f P h X (X 

Q
 T

〕
 

P'Pr2 

N—Ir 丨 -

P'Pfs 

(PNP)lr' 

CI, Br) (eq3.15) 

CI 

32 

ci- (PNP)lr 

(a) r.t., <15 min 
(b) 70。C’ 72 h 
(c) 120。C, 24 h 

^
^
 H
^
 

%
%
%
《
 

Br- \ / 
H 

0-, m-, p-CI 

(d) r.t., instantaneous 79% 
(e)100 ° C , 4 8 h 0% 

CI 

(PNP)lr 
i
j
 
%

 %
 %
 

H
9
 1
1
5
 

\
 
o
 

1
 
7

 
1
 

(PNP)lr 
、 

15% 

85% 

At room temperature, Ir^(PNP) reacts w i th the aryl C -H bonds o f PhCl to form o-, m-, and 

p-myX C -H O A products wi th a trace o f C - X OA product (eq 3.15(a)). A t 70 the m- and 
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3.1.6.1 Selective A r y l C - X Bond Cleavages 

Rliodium(I) pincer complex (Rh^(PNP)) undergoes oxidative addition o f 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 

PPr2 r.t., 24 h 
(a) X = CI 
(b) X = Br 

1
 

X I \ (3.14) 
P'Pr2 

62% 
91% 

No oxidative addition of A r -H bond was observed. It was proposed that the kinetic oxidative 

addition of A r -H is very facile to hamper the observation o f Rli" '(PNP)(C6H4X)(H), as the 

reverse reductive elimination o f Rh"^(PNP)(C6H4X)(H) prepared in-situ was shown to be very 

fast to generate Rli^(PNP), which further reacts rapidly w i th PhX to give Rh'"(PNP)(Ph)(X). 

3.1.6.2 K inet ic A r y l C - H Bond Cleavages and Thermodynamic A r y l C - X Bond Cleavages 

Ir id ium(I) pincer complex (Ir^PNP)) undergoes oxidative additions (OA) o f both aryl C -H 

(3.15) 

%
 %
 %
 

5
 
5
 
5
 

8
 



p-aryl C -H OA products isomerize to form the most stable o-C-H OA product in 71% yield, 

l ikely due to the stabilization via I r—o-Cl interaction and the strongest Ir-C bond among the 

isomeric C6H4CI groups (eq 3.15(b)). A t 120 aryl C -H OA products are converted to the 

Ph-Cl OA product (eq 3.15(c)). Thus, C -H O A is the kinetic reaction, whereas C-Cl O A is the 

thermodynamic reaction. Similarly, Ir^(PNP) undergoes the kinetic C-H OA and 

thermodynamic C -X OA o f PhBr (eqs 3.15(d) and (e)). Therefore, the selectivities o f C-H and 

C-X cleavages of PhX by Ir '(PNP) can be controlled by varying the reaction temperature. 

3.1.6.3 Selective A r y l C - H Bond Cleavages 

Cationic i r idium(I) pincer complex (Ir^PNP)^) underwent oxidative addition (OA) of the 

C-H bonds o f PhX (X - Br, CI) without OA o f C-X bonds (Scheme 3.19).^^ 

Scheme 3.19 C -H Bond Cleavages o f Halobenzenes by Cationic I r id ium(I) Pincer Complex 
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(a) X = CI 100% 
( o - : m - : / > = 60%:27。/。：13%) 

(b) X = Br 100% 

.H 
\ _ p r B u 2 

(o-X product) 
100% 

70% 
(o- : m - : p - = 70% : 20% : 10%) 

At 50。C, Ir^PNP)^ reacts wi th the C -H bonds o fPhC l to give o-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 

o-C-H OA product is found to be the kinetic and thermodynamic product due to its stabilization 

by the ligation of o-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 o-C-H OA product (pathway a-ii). Reaction 

of Iri(PNP)+ wi th PhBr fol lowed the similar reaction pattern (pathways b- i and b-i i). Selective 

o-C-H cleavage o f halobenzenes can thus be achieved. 
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3.1.7 A r y l C - X Bond Cleavages by Meta l loporphyr ins 

3.1.7.1 Funct ional izat ions of A r y l C - X Bonds by Pa l lad ium( I I ) Porphyr ins 

Metalloporphyrin-catalyzed cross-coupling reactions wi th A r X are rare. To our knowledge, 

only palladium(II) porphyrins have been used in the coupling reactions w i th aryl halides.34 For 

example, water-soluble palladium(II) porphyrin is used as the catalyst in the C-C bond 

coupling reactions o f ArBr w i th phenylboronic acid (eq 3.16).3如 However, the reaction 

mechanism is not reported. 

f r \ / = \ Pd"(por) (0.1 mol%) / = \ / = \ 

R 二 〇Me，H, CN’ N O , ' ' ' 100。C, 1-4 h, air SO-IOQo/o 

Ar、 i r \ Ar 

YK 
Pd"(por) = [j N — P d - N \ J Ar = ^0(CH2)3C02-K^ 

3.1.7.2 A r y l C - X Bond Cleavages by Group 9 Meta l loporphyr ins 

The Chan group has studied the aryl C-Br bond cleavage of aryl bromides (ArBr, A r = Ph, 

/7-TO1) by high-valent rhodium(II I) porphyrin (Rh"^(ttp)Cl, ttp = tetrakis(/?-tolyl)porphyrin) to 

give rhodium(III) porphyrin aryls (Rh"^(ttp)Ar, Ar = Ph,广Tol) (Table 3.8).^^ In the absence of 

base, Rli" ' ( t tp)Cl reacts w i th PhBr at 120。€ in 3 days to yield Rh"^(ttp)Ph and Rh" \ t tp )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 o f w-bromotoluene to yield Rh"^(ttp)(m-Tol) in 70% yield (Table 3.8, entry 3). 

However, the reaction mechanism has not been investigated. 

Rhodium(III) porphyrin aryls (M山(por)Ar), which are generated by the base-promoted 

Ar-Br cleavage wi th 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 o f 
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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 o f A r X using group 9 

metalloporphyrins. I r id ium(I I I ) porphyrin would be a suitable group 9 metalloporphyrin to 

study the reaction mechanism of the base-promoted Ar -X bond cleavages, since the ir idium 

porphyrin species (e.g. Ir-C, I r -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(III) 

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 A r y l C-Br Bond Cleavages by Rh"i(ttp)a 

FG 

Rh 川(ttp) Rh"'(ttp)CI + Br-

FG 
/ = ( NaOH (equiv) 

120 °C, time, N2* 

o
 Rh'"(ttp)Br 

Rh丨丨丨_Ar 

entry FG NaOH (equiv) t ime/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 o f the discoveries o f base-promoted aryl 

carbon-halogen bond (Ar-X, X = CI, Br, I) cleavages by i r id ium(I I I ) porphyrin carbonyl 

chloride (Ir" '( t tp)(CO)CI), involving: 

(i) the scope o f A r X . 

(i i) the detailed mechanism of base-promoted Ar -X cleavages. 
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3.2 Results of Base-Promoted A r y l Carbon-Halogen Bond Cleavages by I r i d i u m ( I I I ) 

Porphyr ins 

The base-promoted aryl carbon-halogen bond (Ar-X, X 二 CI, Br, I) cleavages by high valent 

ir idium(III) porphyrin carbonyl chloride (Ir⑴(ttp)(CO)Cl) ( l a ) to form ir id ium(II I ) porphyrin 

aryls (Ir^"(ttp)Ar) were discovered. The key synthetic results are summarized in eq 3.17. 

l r > ) ( C O ) C I + X 争 二 二 ： 】 ( 3 . 1 7 ) 

FG =〇Me, Me, H, F,C(0)Me, N〇2 ... 

(a) X = Br, 1.1 equiv base = K2CO3, 200 °C, 6-48 h 62-100% 
(b )X = l, 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 fo l lowing aspects o f the reaction of base-promoted aryl C-X bond 

cleavages w i th Ir^^\ttp)(CO)Cl are discussed: 

(i) Optimization o f reaction conditions in base-promoted aryl C -X bond cleavages by 

Ir '"(t tp)(CO)Cl. 

(i i) Reaction scope. 

( i i i ) Reaction mechanisms. 

3.2.1 Effect o f Base on Rates of Ph-X Cleavages 

Halobenzenes (PhX, X = Cl, Br, I) are used as typical aryl halides to study the aryl C-X 

bond cleavages by Ir" '( t tp)(CO)Cl. The effect o f base on the rates of Ph-X bond cleavages by 

Ir出(ttp)(CO)Cl was ini t ial ly examined by reacting PhX wi th Ir丨"(ttp)(CO)Cl without and wi th 

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" ' ( t tp)(CO)Cl to give ir idium porphyrin 

benzyls (Section 1.8.4).^^ 

In the absence of base，PhCl reacted w i th Ir"丨(ttp)(CO)Cl at 200 in 3 days to generate 
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Ir '"(ttp)Ph in 26% yield and unreacted Ir"Vttp)(CO)Cl was recovered in 45% yield (Table 3.9, 

entry 1). On the other hand, PhBr and Phi reacted wi th I r " \ t tp ) (CO)Cl at 200。C in 2 days to 

yield Ir"^(ttp)(CO)Br ( I c ) in 6 2 % yield, and Ir '"( t tp)(CO)I ( I d ) in 41% yield, respectively 

(Table 3.9, entries 3 and 5), Ir^''^(ttp)Ph was also formed in the course o f reactions wi th 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 PhCl that lead to the decomposition o f Ir"^(ttp)Ph in excess PhBr 

and Phl.38 

Table 3.9 Effect of Base on Ph-X Cleavage by I r " \ t t p ) ( C O ) C l i n Solvent-Free Condit ions 

Ir川(ttp)(C〇)CI + PhX K2C〇3 ( e q u i v ) , |r"i(ttp)Ph + lri ' i(ttp)(CO)X 
xs temp, N2, time 

entry PhX。 K2CO3 temp/ T time/ h Ir" '(t tp)Ph Ir i [ i ( t tp)(CO)X 

(equiv) yield/%^ yield/%^ 

1 PhCl 0 200 72 26 Ir" i ( t tp)(CO)Cl (45) 

2 20 200 12 84 0 

3 PhBr 0 200 48 decomp. I r " ' ( t tp) (CO)Br (62) 
4 20 150 12 0 

5 Phi 0 200 48 decomp.^ I r " \ t tp ) (CO) I (41) 

6 
a T-» 丄！ _ • . _ _ 1 丄 

20 150 
一 b T一 1…J 

36 93' 0 

chromatography but decomposed in 2 days. " I r" ' ( t tp)(CO)Br was observed in the course of reaction by 
thin-layer c h r o m a t o g r a p h y . �I r " ^ ( t t p ) ( C O ) I was observed in the course of reaction by thin-layer 
chromatography. 

When K2CO3 was added, Ir"^(ttp)(CO)Cl reacted wi th PhCl at 200 in 12 hours to give 

Ir '"(ttp)Ph in 84% yield (Table 3.9, entry 2). Ir"^(ttp)(CO)Cl also reacted much faster w i th PhBr 

and Phi in the presence o f K2CO3 even at 150 V to give Ir⑴(ttp)Ph in 91% and 93% yields, 

respectively (Table 3.9, entries 4 and 6). Moreover, Ir"^(ttp)(CO)Br and Ir" ' ( t tp)(CO)I were 

also observed in the course o f reaction, and they were further consumed to give Ir"乂ttp)Ph 

(Table 3.9, entries 4 and 6). Therefore, base does promote the Ph-X bond cleavages by 
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Ir" ' ( t tp)(CO)Cl to give Ir"【(ttp)Ph, 

The effect o f K2CO3 on Ph~X cleavage by Ir '"( t tp)(CO)Cl at lower loading o f P h X (1.1 equiv) 

in benzene solvent was then studied (Table 3.10). The rates o f 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 I r " ^ ( t t p ) (CO)C l i n Benzene 

K2CO3 (equiv), CQHQ 
lr'"(ttp)(CO)CI + PhX 

equiv 200 N2, t ime 
Ir'"(ttp)Ph + lr"i(ttp)(CO)X 

entry PhX 
K2CO3 

t ime/d 
(equiv) 

Ir"丨(ttp)Ph 

yield/%" 

Ir^"(ttp)(CO)X 

yield/%^ 

1 
PhCl -

2 
7 0 2' Ir"^(ttp)(CO)Cl (78) 1 

PhCl -
2 1 20 

3 7 n qb Ir"^(ttp)(CO)Br (10), 

PhBr 
y 

Ir"^(ttp)(CO)Cl ( 8 i ) 

4 2 20 100^ 

5 
Phi 

7 0 19* 
Ir"i(ttp)(C〇)I (5), 

I r ' " ( t tp)(CO)Cl (76) 

6 3 20 s r 
"Isolated yield. * NMR yield. ‘Ir "(ttp)(p-C6H4)Ir'"(ttp) in 3% yield and lr'"(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)I was observed by thin-layer chromatography in the course of reaction. 

In the absence o f K2CO3, Ir"^(ttp)(CO)Cl reacted very slowly w i th PhCl in benzene at 200 

。C in 7 days to give a trace o f Ir"^(ttp)Ph (2%) and imreacted Ir" ' ( t tp)(CO)Cl was recovered in 

78% yield (Table 3.10, entry 1). Ir"^(ttp)(CO)Cl also reacted very slowly w i th PhBr in benzene 

at 200。C in 7 days to give small amounts of I r "Yt tp)Ph (9%) and Ir ' "( t tp)(CO)Br (10%), wi th a 

high yield o f Ir"Vttp)(CO)Cl (81%) remained imreacted (Table 3.10, entry 3). Similarly, 

Ir ' "( t tp)(CO)Cl reacted very slowly w i th Phi in benzene at 200 ^C in 7 days to give a modest 

amount of I r " \ t tp )Ph (19%) and a trace of Ir ' "( t tp)(CO)I (5%), w i th a high yield of 

III Ir"Xttp)(CO)Cl (76%) remained unreacted (Table 3.10, entry 5). 

When K2CO3 was added, Ir"Vttp)(CO)Cl reacted wi th PhCl (1.1 equiv) in benzene in 1 day 

to give Ir川(ttp)Ph in 31% yield w i th the concomitant formations o f small amounts o f 
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Ir'"(ttp)(p-C6H4)Ir"Vttp) (3%) and I r " \ t tp)CH3 (3%) (Table 3.10, entry 2). K2CO3 also 

significantly promoted both the rates and yields o f Ph-Br and Ph-I cleavages by I r " \ t tp) (CO)Cl 

to give high yields o f Ir川(ttp)Ph in 100% and 91% yields, respectively (Table 3.10, entries 4 

and 6). During the reactions wi th PhBr and Phi, Ir" ' ( t tp)(CO)Br and Ir"^(ttp)(CO)I were also 

formed and further consumed to give Ir"^(ttp)Ph. Indeed, base can also promote the Ph-X bond 

cleavages by Ir ' " ( t tp)(CO)Cl in benzene solvent. 

To further confirm that I r " \ t tp )Ph does come from Ph-X cleavage rather than the C-H bond 

activation o f benzene,^^ the phenyl exchange of Ir"^(ttp)Ph w i th benzene-iie was studied. 

Ir '"(ttp)Ph did not react wi th K2CO3 and benzene-t^ at 200 in 5 days to give any 

Ir"i(ttp)C6D5, and Ir"^(ttp)Ph was recovered in 91% yield (eq 3.18). Therefore, selective Ph-X 

cleavage by I r ' " ( t tp)(CO)Cl takes place to give Ir"^(ttp)Ph. 

lH"(ttp)Ph K , C 0 3 ( 2 0 e q u i v ) ^ No lr'"(ttp)CeD5 (3.18) 
recovered C q D q , 200 5 d ^ ， 

91。/o 

3.2.2 Opt imizat ions of Base-Promoted Reaction Condit ions 

The base-promoted Ph-X bond cleavages by Ir" ' ( t tp)(CO)Cl were further optimized in terms 

of (i) the types o f bases, ( i i ) the loadings o f bases, ( i i i ) the loadings o f PhX, and (iv) the 

reaction temperatures, in order to attain the highest efficiencies (rates and yields) of Ph-X 

cleavages. 

3,2.2.1 Opt imizat ion of Base-Promoted Ph-Br Cleavage 

(i) Opt imizat ion of Base 

Initially, the nature o f base on the efficiencies o f base-promoted Ph-Br cleavage by 

Ir" ' ( t tp)(CO)Cl at 150 was carried out. Stronger bases o f KOH, NaOH, and CS2CO3 reacted 

faster but gave Ir⑴(ttp)Ph in lower yields (Table 3.11, entries 1-3). K3PO4 gave the highest 

yield o f 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 I r " \ t tp)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 Opt im iza t ion of Base in Base-Promoted Ph-Br Cleavage 

! r ' " ( t tp) (CO)CI + PhBr 
base (20 equ iv ) 

150 t ime, N2 
l r " ' ( t tp)Ph 

entry base time/h Ir '"(t tp)Ph yield/%' 

1 K O H 2 75 

2 NaOH 2.5 75 

3 CS2CO3 3 83 

4 K2CO3 12 91 

5 K3PO4 20 97 
“Iso la ted yield. 

( i i ) Opt imizat ion of Base Load ing 

The optimal loading o f K2CO3 used was found to be 20 equiv (Table 3.12, entry 2), since a 

lower loading o f 10 equiv K2CO3 and a higher loading o f 30 equiv K2CO3 both gave lower 

yields o f Ir '"(t tp)Ph (Table 3.12, entries 1 and 3). 

Table 3.12 Opt imiza t ion of Loadings of K2CO3 i n Ph-Br Cleavage 

Ir 丨丨丨(ttp)(C〇)Cj + PhBr 
K2CO3 (equiv) 

150 t ime, N2' 
Ir丨丨丨(ttp)Ph 

entry K2CO3 equiv time/h Ir" '( t tp)Ph yield/0/0� 

1 10 24 74 

2 20 12 91 

3 30 6 84 

® Isolated yields. 

( i i i ) Opt imiza t ion of PhBr Load ing 

Since 1.1 equiv o f PhBr was sufficient to react wi th Ir" ' ( t tp)(CO)Cl in benzene at 150 °C in 

4 days to give Ir⑴(ttp)Ph in a high yield (Table 3.13, entry 1), the loading o f PhBr was 

selected to be 1.1 equiv. 
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Table 3.13 Opt imizat ion of PhBr Load ing in Ph-Br Cleavage 

,„ K2CO3 (20 equiv) 丨丨_ 
l r '"(ttp)(CO)CI + PhBr ' ' __ J > lr" '(ttp)Ph 

equiv 丨叫 U, IN2 
time 

entry PhBr (equiv) time/d Ir"^(ttp)Ph yield 

1 1.1 4 87 

2 -550^ ^ ^  
“ I s o l a t e d yield. “ The reaction was carried out in solvent- f ree 
condit ions wi thout the addit ion of benzene solvent. 

(iv) Opt imiza t ion of Temperature 

At 200。C, I r " \ t tp ) (CO)Cl reacted faster wi th 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). A t lower 

temperature of 150 "C, the reaction was slower to gave a lower yield o f Ir" '( t tp)Ph (Table 3.14, 

entry 1). 200 was thus selected as the optimal temperature in the subsequent studies in 

benzene solvent. 

Table 3.14 Opt imiza t ion o f Temperature in P h - B r Cleavage 

lH"(t tp)(CO)CI + PhBr K 广 0 3 (20 equiv) 
1.1 equiv CgHe, temp, N2 、 

t ime 

entry t e m p l e time/d Ir"^(ttp)Ph yield/%'' 

1 150 4 87 

2 200 2 100 
口 Isolated yield. 

3.2.2.2 Opt imizat ion of Base-Promoted Ph - I Cleavage 

(i) Opt imizat ion of Base 

The nature o f base on the rate and yield o f Ph-I cleavage by Ir"' '(ttp)(CO)Cl was studied. 

Strong base o f K O H reacted very fast w i th Ir"^(ttp)(CO)Cl and Phi (1.1 equiv) in benzene at 

150。C but gave lower yield o f I r " \ t tp )Ph (Table 3.15, entry 1). CS2CO3 and K3PO4 also 

reacted to give lower yields o f Ir '"(ttp)Ph (Table 3.15, entries 3 and 5). Whi le 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 Opt imizat ion of base in Ph - I Cleavage 

lr"i(ttp)(CO)Cl + Phi base (20 equiv) , |「1丨丨(_卜 

1.1 equiv 150 time, N2 

entry base time/d I r " \ t tp )Ph yield/%' 

1 K O H 0.5 70 

2 NaOH 0.5 99 

3 CS2CO3 1 82 

4 K2CO3 5 78 

5 K3PO4 1.5 82 
“Iso la ted yield. 

( i i ) Base Load ing 

NaOH in 20 equiv was found to be the optimal loading in eff iciently promoting the rate and 

yield o f Ph-I cleavage (Table 3.16, entry 2). A lower NaOH loading (10 equiv) resulted in a 

lower rate and yield (Table 3.16, entry 1), whi le a higher NaOH loading (30 equiv) did not 

render profound effects in rate and yield enhancements (Table 3.16, entry 3). 

Table 3.16 Opt imizat ion of Base Load ing in Ph - I Cleavage 

Ir 丨丨丨(ttp)(CO)CI + Phi 
NaOH (equiv) 

equiv CeHe, 150°C, N2, t ime 
lr" '{ttp)Ph 

entry NaOH (equiv) time/h Ir(ttp)Ph yield /%“ 

1 10 24 87 

2 20 12 99 

3 30 9 95 
“Isolated yield. 

( i i i ) Opt imizat ion of Temperature 

When the reaction temperature was increased f rom 120 to 200 the rate o f Ph-I cleavage 

1
—
I
 



increased (Table 3.17). Since the reaction rate was considerably fast and the yield o f Ir"^(ttp)Ph 

was highest at 150 150 was selected as the optimal temperature (Table 3.17, entry 2). 

Table 3.17 Opt imizat ion of Temperature in P h - I Cleavage 

』i“+„、/。r^、。i 丄 OK. N a O H (20 equ iv ) ^ 圓』,‘ 
丨r丨丨丨(ttp)(C〇)CI + Phi 

equiv CeHe, t emp , N2, t ime 
l r ' " ( t tp )Ph 

entry temp/ V time/h Ir"i(ttp)Ph yield/% “ 

1 120 20 90 

2 150 12 99 

3 200 2 97 
"Iso la ted yield. 

(iv) Opt imiza t ion of Load ing of P h i 

1.1 equiv o f Phi was adopted as the optimal loading o f Phi, since it is sufficient to produce 

Ir '"(ttp)Ph quantitatively (Table 3.17，entry 2). 

3.2.2.3 Opt imiza t ion of Base-Promoted Ph-Cl Cleavage 

(i) Opt imiza t ion o f Base 

The nature o f base on the efficiency o f Ph-Cl cleavage was init ial ly studied by reacting 

Ir" ' ( t tp)(CO)Cl and PhCl (1.1 equiv) at 200。C wi th various bases. I r " \ t tp )Ph was isolated as 

the major product, accompanied wi th other co-products, Ir^"(ttp)(/?-C6H4)Ir^^'(ttp) (9a) or 

Ir'"(ttp)CH3 (10)，40 in smaller amounts (Table 3，18). 

Table 3.18 Opt imizat ion o f Base in Base-Promoted Ph-C l Cleavage 

base (20 equiv) 
lr"i(ttp)(C〇)CI + PhCI 

equiv CeHe, 200 N2 
time 

lr'"(ttp)Ph + lr"i(ttp)(p-C6H4)lr'"(ttp) + lr'"(ttp)CH3 

Ir川(ttp)Ph Irm(ttp)(p-C6H4)Ir川(ttp) Ir^"(ttp)CH3 total 

time yidd/0/0 “ yield/%^ yield/%^ yield/%^ entry base 

1 N a O H 24 20 6 26 

2 K O H 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). 

( i i) Opt imizat ion of PhC l Load ing 

In order to further promote the yield o f Ir '"(ttp)Ph, the effect o f PhCl loading was studied. 

When the amount o f PhCl 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 o f PhCl 

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 Opt imizat ion o f PhCl Load ing in Base-Promoted Ph-C l Cleavage 

K2CO3 (20 equiv) 
lr'"(ttp)(CO)Ci + PhCl 

(equiv)〇6闩6，200。C，N2 
time 

lr'"(ttp)Ph + !r'"(ttp)(p-C6H4)lr'"{ttp) + lr'"(ttp)CH3 

PhCl 

entry (equiv) t ime/h 

Ir i"(ttp)Ph 

yield/0/0 “ 

Iri"(ttp)(p-C6H4)Ir"i(ttp) Ir"^(ttp)CH3 

yield/0/0 “ yield/%^ 

total 

yield/0/0 

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 

( i i i ) Opt imiza t ion of Base Load ing 

20 equiv K2CO3 was selected as the optimal base loading as it was found to efficiently 

promote the rate and yield of Ir川(ttp)Ph (Table 3.20, entry 2), compared w i th 10 and 30 equiv 

K2CO3 (Table 3.20，entries 1 and 3). 
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Table 3.20 Opt imiza t ion of K2CO3 Load ing in Base-Promoted Ph-Cl Cleavage 

lri"(ttp)(C〇)CI + P h C I , , r i > i ( t t p ) P h + lr '"(ttp)(p-CaH4)lr '"(ttp) 
200 equiv 200 C, N2 

t ime 

K2C03 time/ Ir i"(ttp)Ph Ir"^(ttp)(p-C6H4)Ir"\ttp) total 

entry equiv h yield/%^ yield/0/0 办 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) Opt imizat ion of Temperature 

At 150 and 200。C, I r " \ t tp ) (CO)Cl reacted w i th PhCl (200 equiv) and K2CO3 (20 equiv) to 

give similar yields o f Ir"Vttp)Ph (Table 3.21). A trace o f 1,4-dichlorobenzene (〜1%) was also 

formed in both reaction conditions. 150 was selected as the optimal temperature for 

subsequent study o f reaction scope (Table 3.21, entry 1). 

Table 3.21 Opt im iza t ion of Temperature in Base-Promoted Ph-C l Cleavages 

iH"(ttp)(CO)CI + PhCI K 二 c ? (2。equiv) ^ |「丨丨1(如)卩|̂  + !r'"(ttp)(p-C6H4)lr'"(ttp) 
200 equiv CgHe, temp, N2 

time 

Ir"Vttp)Ph Ir'"(ttp)(p-C6H4)Ir"^(ttp) total 

entry temp/。C t ime/h yield/% “ yield/%^ yield/% 

1 150 22 74 5 W 
2 200 7 75 2 lY 
Isolated yield. NMR yield.�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 Opt imiza t ion of Base-Promoted Ph-X Cleavages by I r " ^ ( t tp ) (CO)C l 

The optimized reaction conditions o f base-promoted Ph-X bond cleavages in benzene 

solvent are summarized in Table 3.22. In Ph-Br cleavage, 1.1 equiv o f PhBr was sufficient to 

react wi th Ir" ' ( t tp)(CO)Cl and K2CO3 at 200。C in 2 days to yield Ir" '(t tp)Ph quantitatively 
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(Table 3.22, entry 1). In Ph-I cleavage, 1.1 equiv o f Phi was also enough to react wi th 

Ir^"(ttp)(CO)Cl and NaOH (20 equiv) at 150 in 12 hours to give Ir" i(t tp)Ph quantitatively 

(Table 3.22, entry 2). In Ph-Cl cleavage, a high loading o f PhCl (200 equiv) was required to 

react wi th Ir"^(ttp)(CO)Cl and K2CO3 at 150。C to give a high yield o f Ir^"(ttp)Ph in 74% yield 

and a trace o f Ir'"(ttp)(/7-C6H4)Ir"'(ttp) (Table 3.22, entry 3). The optimized conditions were 

then used to study the substrate scope o f A r X in base-promoted A r -X cleavages by 

Ir(ttp)(CO)Cl (Section 3.2.5). 

Table 3.22 Optimized Conditions of Base-Promoted Ph-X Cleavages by l / " ( t tp ) (CO)Cl 

i丨丨 base (20 equ iv ) „, 
l r ' " { t tp ) (CO)CI + P h X L n 二 > lHi j ( t tp)Ph 

equiv t e m p , t ime 

entry PhX (equiv) base temp/。C time ] [ r " \ t tp)Ph yield /% “ 

1 P h B r ( l . l ) K2CO3 200 2d 100 
2 Phi (1,1) NaOH 150 12h 99 

3 PhCl (200) K2CO3 150 22 h 74^ 
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 Compar ison of Reactivit ies o f A r y l C - X Bond Cleavages by I r " ' ( t t p ) ( C O ) C l 

To study the effect o f nature o f halogen group of A r X on the rate o f A r -X cleavages, 

competition reactions o f base-promoted A r -X cleavages o f 1,4-dihalobenzenes containing 2 

different halogens were studied. When excess 1 -bromo-4-iodobenzene was reacted wi th 

Ir⑴(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-Cl 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 A r -X cleavages. The rate of A r -X cleavage is established to be in the 
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order: C-F < C-Cl < C-Br < C-I , which is in line w i th the bond strengths o f aryl C -X bonds. 

Table 3.23 Compet i t ion Reactions in 1,4-Dihalobenzenes 

Ir丨丨丨_(CO)CI + X - \ ^ X 
K2CO3 (20 equiv) 

Ir III 

5 0 ^ u i v ^eHe, = 。 C，N 2 Ir丨丨丨(ttp)Ar 

X -
entry < \ > x . t ime/h Ir" i ( t tp)Ar (yield/o/o“） 

1 ! -
O B r 

6 Ir"^(ttp)C6H4(p-Br) (8i) (86) 

Br-
2 21 Ir"\t tp)C6H4(p-Cl) (8j) (66) 

c i -
3 

" O F 
24 Ir™(ttp)C6H4(p-F) (8h) (66) 

‘Isolated yield. 

3.2,5 Reaction Scope of Base-Promoted A r y l C -X Cleavages by I r " \ t t p ) ( C O ) C l 

The substrate scope o f base-promoted aryl C-X cleavages by Ir^^^(ttp)(CO)Cl 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 A r - B r Cleavage 

Generally, all 4-substituted aryl bromides (ArBr) reacted w i th I r " \ t tp ) (CO)Cl and K2CO3 at 

200 °C to undergo selective Ar-Br bond cleavage to yield i r id ium(I I I ) porphyrin aryls 

( Ir ' "( t tp)Ar) in moderate to high yields (Table 3.24). The only exception was 

1 -bromo-4-iodobenzene, which underwent the more facile, selective C- I bond cleavage to yield 

Ir"'(ttp)C6H40?-Br) (8i) without any C-Br bond cleavages (Table 3.24, entry 10). 

Ir⑴(ttp)(CO)Br was also observed by thin-layer chromatography in the course o f 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 A r - B r Cleavage by I r " ^ ( t tp ) (CO)C l 

Ir丨丨丨(ttp)(C〇)CI Br-

equiv 

PQ K2CQ3 (20 equiv), CgHe^ … “ 帅 

200 time, N2 』 
《 / h F G 

lr'"(ttp)C6H4(p-FG) 

entry® FG time/h 

Ir"丨(ttp)Ar 
yield/0/0 办 entry" FG t ime/h 

Ir" ' ( t tp)Ar 
yield/0/0 办 

1 NMe2 6 8 b i ' (62) 10 I 19 Ir"^(ttp)C6H4(/?-Br)^ 

8 i (88) 

2 OMe 9 8c (89) 11 CI 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 8 f (80) 14 CHO 11 8m ( 6 1 / 

6 H 48 8a (100) 15 CF3 24 8n (72) 

7 NPhth"' 27 8g(68) 16 CN 24 80 (62f 

8 F 20 8h (99) 17 NO2 6 8p (63) 
9 Br 36 8i (76) 18 

B r - d ^ 
, 1 9 

8q (85) 
“ I r ( t tp)(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"^(ttp)(PPh3)C6H4(/7-NMe2). “ NPhth: phthalimide. ‘ C-I 
cleavage occurred. f PPh3 was added to form Iri"(ttp)(PPh3)QH40?-CHO). ^ PPI13 was added to form 
Ir'"(ttp)(PPh3)C6H4(p-CN). 

4-Bromotoluene and 4-bromobenzaldehyde also reacted to yield only Ir"^(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 

1 3 

more facilely than the stronger benzylic C-H (BDE = 88.5 kcal m o l " ) and the aldehylic C-H 

bonds (BDE 〜85 kcal mor^).^ 

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" ' ( t tp)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 w i th 4-bromobenzaldehyde and 4-bromobenzonitr i le (Table 3.24, entries 14 

and 16), b rown precipitates were in i t ia l ly formed upon the consumption o f I r " ' ( t tp) (CO)Cl . The 

precipitates were insoluble in common solvents for pur i f icat ion by co lumn chromatography or 

recrystall ization. Presumably, Ir"^(ttp)C6H4(p-CHO)^^ and I r" i ( t tp)C6H4(p-CN)，once formed, 

undergo extensive intermolecular coordinations to give insoluble ol igomers (eqs 3.19 and 3.20). 

PPhs was thus added to generate the isolable， coordinatively-saturated 

l r ' " ( t tp)(PPh3)C6H40-CHO) (8m) and Ir '"(ttp)(PPh3)C6H4(p-CN) (8o). 

n 丨「川(ttp) D K , 

.〇 

H 

O " 

• i H " ( t t p K /> 
• l r " ' ( t t p H Q M 

H 
H n/2 

n 丨 r " 丨 ( t t p H ^ -CM - l r " i ( t t p H Q > ~ C N - H r i 丨丨 ( t t ph^^C iSh -—,^ 

(3.19) 

(3.20) 

In the reaction w i t h 4-bromo-A^,A^-dimethyl-aniline (Table 3.24, entry 1), 

Ir '"(t tp)C6H4(p-NMe2) (8b) was in i t ia l ly isolated as conf i rmed by high-resolut ion mass 

spectrometric (HRMS) analysis, but i t shows upf ie ld and broad proton signals in CDCI3 by ^H 

N M R spectroscopy (^(pyrrole H ) = 7.81 ppm) (Figure 3.1) 45 However, its single crystal has 

not been successfully grown. Presumably, the electron-donating NMe〗 group releases single 

electron46 to the relatively electron-deficient porphyr in r ing to fo rm NMe2+* and porphyr in 

anionic radical, wh ich becomes paramagnetic and more electron-rich for the broadening and 

upf ielding effects, respectively，in the proton signals o f ^H N M R spectroscopy (Scheme 3.20, 

pathway i). Upon the addit ion o f PPhs, Ir"^(ttp)(PPh3)C6H4(p-NMe2) (8b i ) was formed (Table 

3.24, entry 1), The PPhs-coordinated Ir"^(ttp)(PPh3)C6H4(p-NMe2) enriches the electron density 

o f the porphyr in ring，resulting in the transfer o f electron f rom the porphyr in r ing back to the 

NMe2+* group (Scheme 3.20, pathway i i ) to obtain normal sharp proton signals in ^H N M R 

spectroscopy. 
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A 

Figure 3.1 N M R spectrum of Ir"i(ttp)C6H4(p-NMe2) in CDCI3 w i th the upfield proton 

signals 

Scheme 3.20 Proposed Mechanism of Single Electron Transfer f rom NMe2 Group to Porphyrin 

Ligand of Ir"Vttp)C6H40?-NMe2) in CDCI3 
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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" ' ( t tp)(CO)Cl decomposed or unknown products were formed. The reasons o f these 

unsuccessful reactions are unclear Presumably, the acidic proton o f NH2, OH, and CO2H 

further reacts wi th the intermediates to form unknown products, wh ich further decompose upon 

heating On the other hand, the C(0)C1 and OSiMes groups are l ikely hydrolyzed by base to 

form CO2H and O H groups, respectively, which lead to unknown product formations (Table 

3 25, entries 3 and 5). 
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lr"'(ttp)(CO)CI + B r -< \ a K F G 

Table 3.25 Substrate Scope of Unsuccessful Base-Promoted A r - B r Cleavages 

K2CO3 (20 equiv), CqHq 

equiv 
200 °C, time, N2 

No l r ' " ( t t p ) H Q ) ^ F G 

entry FG time/h results'' entry FG time/h results" 

1 NH2 5 decomp. 4 CO2H 9 decomp. 

2 O H 9 unknown 5 OSiMes 16 unknown 

3 C(0)C1 12 unknown 
“ N o characteristic proton signals of iridium porphyrin aryls were observed by H N M R spectroscopy. 

3.2.5.2 Reaction Scope of Base-Promoted A r - I Cleavage 

NaOH selectively promoted the aryl C - I cleavage o f all aryl iodides (Ar l ) by Ir"^(ttp)(CO)Cl 

to give Ir⑴(ttp)Ar in high yields (Table 3.26). In 4-iodotoluene, a much weaker C- I bond (BDE 

1 o 

二 〜65 kcal m o l " ) was preferentially cleaved without the activation o f benzylic C-H bond 

(BDE 〜 8 9 kcal/mol)^ (Table 3.26, entry 2). Double C-X bond cleavages occurred in 

1 -bromo-4-iodobenzene and 1,4-diiodobenzene to yield a trace ofIr" i(ttp)(p-C6H4)Ir"i(ttp) (9a) 

(Table 3.26, entries 5 and 6). Ir"Vttp)(CO)I was observed by thin-layer chromatography in the 

course o f reactions and was further consumed to give Ir"^(ttp)Ar. 

i「丨丨丨(ttp)(c〇)a + 

Table 3.26 Substrate Scope of Base-Promoted A r - I Cleavage 

NaOH (20 equiv), CqHq 
\ J 
.1 equiv 

•FG 
150。C, t ime, N2 

l r " ' ( t t p H ^ •FG 

I「丨丨丨(ttp)Ar 

Ir" i( t tp)Ar I r " \ t t p )A r 

entry" FG time/h yield/0/0 办 entry" FG time/h Yield/%^ 

1 OMe 20 8c (89) 5 Br 12 8i ( l i y 

2 Me 17 8e (84) 6 I 9 8r (90)^ 

3 H 12 8a (99) 7 C(〇)Me 12 81(81) 

4 F 24 8h (96) 8 NO2 15 8p (98) 
“Ir (t tp)(CO)l was observed in the course of reaction by thin-layer chromatography, which was further 
consumed. “ Isolated yield. ‘ lr"'(ttp)C6H4CD-I) in 3% yield and Ir"'(ttp)(;?-C6H4)lr"'(ttp) in 1% yield were 
isolated. “ Ir" '(t tp)0-C6H4)Ir" '(ttp) in 3 % yield was isolated. 
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3.2.5.3 Reaction Scope of Base-Promoted A r - C l Cleavage 

K2CO3 could promote the aryl C-Cl bond cleavage o f aryl chlorides (ArCl) by 

Ir【ii(ttp)(CO)Cl to give Ir" ' ( t tp)Ar in modest to high yields (Table 3.27). However, compared 

with the aryl C-Br and C- I bond cleavages (Tables 3.24 and 3.26), aryl C-Cl bond cleavage 

becomes less selective, accompanied wi th the competitive cleavages o f other chemical bonds. 

In the reaction w i th 4-chlorotoliiene (Table 3.27, entry 2), besides the cleavage of aryl C-Cl 

bond (BDE 〜96 kcal mol"^),^'^ the weaker benzylic C -H bond (BDE = 88.7 kcal mol"^)^ was 

also cleaved considerably to yield Ir" ' ( t tp)Bn(p-Cl) (11) in 18% yield. Ir"^(ttp)(p-Tol) (8e) and 

Ir '"(t tp)Bn(p-Cl) in about 2 : 1 ratio were obtained. 

In the aryl C-Cl cleavage wi th 4-chloroanisole (Table 3.27, entry 1) and methyl 

4-chlorobenzoate (Table 3.27, entry 6), a trace o f Ir^"(ttp)CH3 was formed, l ikely due to the 

cleavages o f the weaker M e - 0 bonds (BDE of p -C lCg l l iO-Me = 62.4 kcal mol"' ；̂ BDE of 

p、ClC6H4C(0)0-Me 〜89.1 kcal moF^ 

In the aryl C-Cl cleavage o f 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 o f 

Ir"\ttp)(PPh3)C(0)C6H4(p-Cl) (12). 

Table 3,27 Substrate Scope of Base-Promoted A r - C l Cleavages 

K2CO3 (20 equiv), CqHq 
Ir 丨"(ttp)(C〇)CI + C I - Y j ^ F G 

200 equiv 
150 time, N2 

l r ' " ( t tpH^ ̂ / •FG 

entry FG time/h Ir" ' ( t tp)Ar 

yield/%^ 

entry FG time/h Ir"【(ttp)Ar 

yield/%^ 

1 OMe 36 8c ( 7 6 / 6 CCbMe 46 8k ( 7 0 / 

2 Me 36 8e (32)' 7 CHO 22 8m (69产 

3 H 22 8a ( 7 4 / 8 CFs 168 8n (68) 

4 F 36 8h (67) 9 C N 24 80 (51)g 

5 CI 84 8j (100) 
“ I so la t ed yield. ^ Ir'"(ttp)CH3 in 3 % yield was i s o l a t e d . ‘ : [r"'(ttp)Bn05-Cl) in 18% isolated yield and 
Ir"丨(ttp)CH3 in 2 % N M R yield were obtained.'丨 Ir" '(ttp)0-C6H4)Ir '"(ttp) in 5 % N M R yield was obtained. 
Ir"'(ttp)(PPh3)C6H4(p-CHO) was isolated by adding PPha , /A ldehyd ic 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 D i - I r i d i u m - P o r p h y r i n Substituted Arenes 

In the base-promoted reaction o f 1,4-diiodobenzene wi th Ir ' "( t tp)(CO)Cl (Table 3.26, entry 

6)，single C- I bond cleavage occurred predominantly to yield Ir"^(ttp)C6H4(p-I), accompanied 

wi th a trace of Ir【H(ttp)(p-C6H4)Ir™(ttp) f rom double C- I bond cleavages. To synthesize 

Ir⑴(ttp)(p-C6H4)Iriii(ttp) in a larger amount, Ir"^(ttp)C6H4(p-I) was init ial ly prepared in a pure 

and isolated form by reacting excess 1,4-diiodobenzene w i th I r " \ t tp ) (CO)Cl and K2CO3. 

Ir"\ttp)C6H4(p-I) was then reacted wi th Ir" ' ( t tp)(CO)Cl (1.1 equiv) and K2CO3 for further C-I 

cleavage reaction to form Ir '"(ttp)(p-C6H4)Ir"\t tp) 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 o f 

1,4-dibromobenzene. Ir^'^(ttp)(CO)Cl reacted wi th 1.4-dibromobenzene and K2CO3 to give 

Ir"'(ttp)C6H4(p-Br), which further reacted wi th Ir ' "( t tp)(CO)Cl (1.1 equiv) to give 

Ir^"(ttp)(p-C6H4)Ir'"(ttp) in 59% yield (Table 3.28, entry 2). 

Table 3.28 Double C - X Bond Cleavages of 1,4-DihaIobenzenes by I r " * ( t t p ) (CO)C l 
.111/ 

X - O x ( n equiv) — 丨 ( t t P ) ( C 〇 ) C I — 

K2CO3 (20 equiv) ^ ^ K2CO3 (20 equiv) 、 … ^ 、… 
CeHe, 200。C’ N2 lri"(ttp)C6H4(/>X) C^He，200。C，N2 |r"i(ttp)(p-C6H4)lri"(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 ( 7 6 / 14 59 
“Isola ted yield. ” Result f rom Table 3,24, entry 9. 

The double C-X bond cleavages o f 4,4'-dihalo-biphenyls can also be successfully carried out 

to synthesize 4,4'-di- ir idium-porphyrin biphenyl, Ir"Vttp)(/?-C6H4)2lr"'(ttp) (9b). 

4,4'-Dibromobiphenyl and 4,4‘-diiodobiphenyl in excess amounts were ini t ial ly reacted wi th 

Ir" ' ( t tp)(CO)Cl and K2CO3 to yield Ir" \ t tp)0-C6H4)2(p-X) (X = I (8s), Br (8t)), which were 
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further reacted wi th I r " \ t tp ) (CO)Cl (1.1 equiv) and K2CO3 to give Ir"\ttp)(p-C6H4)2lr"^(ttp) 

(Table 3.29, entries 1 and 2). 

entry X n t ime 1 Irm(ttp)(p-C6H4)20>X) t ime 2 Ir"i(ttp)(p-C6H4)2lr"i(ttp) 

/h yield/%^ /h (9b) yidd/0/0以 

1 I 6 24 8s (76) 19 71 

2 Br 10 15 St (73) 36 75 

Table 3.29 Double C-X Bond Cleavages of 4,4'-Dihalobiphenyls w i th I r " i ( t t p ) ( C O ) a 

lr"i(ttp)(C〇)CI 

丨 r " i _ C O ) C I K:二_ 二:(：一）丨,) 
CeHe, 200。C, N2 \r^\np){p-CeHMp-^) CsHs, 200。C, N? lr'"(ttp)(p-C6H4)2lr'"(ttp) 

time 1 time 2 

‘Isolated yield. 

The one-pot preparation o f 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 

Ir i i i(t tp)(CO)Cl was added. It is supported by the formation o f Ir"Vttp)(p-C6H4)2lr"Vttp) in a 

low yield o f 43% yield f rom the reaction of 4,4' -dibromobiphenyl w i th excess Ir^^^(ttp)(CO)Cl 

(3.5 equiv) and K2CO3 at 200 ^C even in 3 days (eq 3.21), compared w i th the higher yield o f 

Ir'"(ttp)(p-C6H4)2lr"^(ttp) obtained in 75% yield by sequential synthesis (Table 3.29, entry 2). 

K2CO3 (40 equiv) 
B r ^ Q n ^ B r + lri"(ttp)(C〇)CI … … … C H 2000c 3 d N I r " 丨 帅 丨 「 丨 丨 丨 _ (3-21) 3.5 equiv ^^He, 200 C, 3 d，N2 磁 

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 o f Ir"^(ttp)(CO)X (Chapter 2, Sections 2.3 and 2.4)) partially decompose prior to the 

subsequent slower reactions wi th 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 I r i d i u m ( I I I ) Po rphy r in Ary ls 

The X-ray crystallographic structures o f the i r id ium (I I I ) porphyrin aryls (Ir"' '(ttp)Ar), 

including Ir"\ t tp)C6H4(p-OMe) (8c), Ir '"(ttp)(p-Tol) (8e), Ir⑴(ttp)C6H4(/?-N02) (8p), and 

Ir⑴(ttp)(/>C6H4)2lr川(ttp) (9b), are shown in Figures 3.2-3.5. They are coordinated wi th 

methanol in the single crystals for X-ray crystallography and can be used for direct comparison 

o f the bond distances (Table 3.30). 

Figure 3,2 ORTEP presentation o f the molecular structure for I r " \ t tp)C6H4(p-0Me)(CH30H) 

(8c) (30% probability displacement ellipsoids). 

Figure 3.3 ORTEP presentation of the molecular structure for 

I r " \ t tp ) (p-To l ) (CH30H)-CH30H (8e) (30% probability displacement ellipsoids). 
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Figure 3.4 ORTEP presentation o f the molecular structure wi th numbering scheme for 

Ir" i ( t tp)C6H4(/>N02)(CH30H>CH30H.CHCl3 (8p) (30% probability displacement ellipsoids). 

F igure 3.5 ORTEP presentation o f the molecular structure for 

(CH30H)Iri丨i(ttp)(/7-C6H4)2lri"(ttp)(CH30H) (9b) (30% probability displacement ellipsoids). 

Table 3.30 Selected Bond Distances (A) fo r I r " ^ ( t t p ) A r 

Entry Ir ⑴(ttp)Ar Ir-C (A) Ir-Naverage ( A ) 

1 Ir⑴(ttp)C6H4(i>0Me)(CH30H) (8c) 2.023(4) 2.033 

2 I r^"( t tp)0-Tol)(CH30H) (8e) 2.033(5) 2.030 

3 ]T"i(t tp)C6H办-N02)(CH30H) (8p) 1.990(6) 2.031 

4 (CH30H)Ir"i(ttp)(p-C6H4)2lri i i(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 o f Ir-C and I r -N bonds, since they all have similar Ir-C and average I r -N bond 

lengths (Table 3.30, entries 1-3). Moreover, Ir ' "( t tp)0-C6H4)2lr"\ t tp), which contains 2 bulky 

i r idium porphyrins rings opposite to each other (Table 3.30, entry 4), also has similar Ir-C and 

Ir-N bond lengths as those o f Ir'"(ttp)C6H4(p-FG) (Table 3.30, entries 1-3). This implies that 

the steric interactions between the two i r id ium porphyrins in Ir"\ttp)(p-C6H4)2lr"'(ttp), which 

could lengthen the Ir-C bond, is negligible. 

3,2.8 Reaction Mechanism of Base-Promoted A r y l C - X Bond Cleavages by 

I r " ' ( t t p ) ( C O ) C l 

3.2.8.1 Reaction Profi les of Base-Promoted Ph-X Cleavages 

To elucidate the reaction mechanisms o f base-promoted aryl C -X cleavages by 

Ir '^\t tp)(CO)Cl, the reaction profiles were init ial ly studied in sealed N M R tubes using the 

optimal reaction conditions (Table 3.22) in order to observe the i r id ium porphyrin 

intermediates. It is noted that the reactions underwent in N M R 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 

in the N M R tube experiments.'^^ 

3.2.8.1.1 Reaction Prof i le of Base-Promoted Ph-Br Cleavage 

(i) Reaction wi th K2CO3 

Initially, I r" ' ( t tp)(CO)Cl reacted slowly w i th PhBr (1.1 equiv) and K2CO3 (20 equiv) in 

benzene-^/6 at 200 in 10 days to give Ir丨"(ttp)Pli in 94% yield (eq 3.22). No other i r id ium 

porphyrin intermediates were observed. Likely, the reactive intermediates generated reacted 

rapidly at 200 °C and could not be observed. 

lr"i(ttp)(C〇)CI + PhBr 。2。〇3 (20 e q u i v ) 丨「丨丨丨 ^ 3 . 2 2 ) 
1.1 equiv CgDe, 200 1 0 d 94% 

8
 

5
 

1
 



(i i) Reaction w i t h CS2CO3 

To allow the observations o f intermediates from the Ph-Br cleavage wi th Ir '"(t tp)(CO)Cl, 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, I r " \ t tp ) (CO)Cl ((^(pyrrole) = 9.07 ppm) reacted w i th PhBr (1.1 equiv) 

and CS2CO3 (20 equiv) in henzene-de at 150。C to give Ir"^(ttp)Ph (代pyrrole) = 8.80 ppm) in 

30% yield via the Ph-Br cleavage, w i th the concomitant formations o f Ir"^(ttp)H ((5(pyrrole)= 

8.81 ppm) and [Ir''(ttp)]2 (^(pyrrole) = 8.33 ppm) in 13% and 1% yields, respectively (Table 

3.31, entry 4). After 60 hours, all Ir" ' ( t tp)(CO)Cl, I r " \ t t p )H , and [Ir"(ttp)]2 were consumed to 

give Ir丨"(ttp)Ph quantitatively (Table 3.31, entry 6). Therefore, I r " \ t t p ) H and [Ir"(ttp)]2 are the 

observed intermediates in the base-promoted Ph-Br cleavage. 

Table 3.31 T ime Prof i le of Cs2C03-Promoted Ph-Br Cleavage by I r " i ( t t p ) ( C O ) C l at 150 "C 

lr ' " ( t tp)(CO)CI + PhBr 
CS2CO3 (20 equiv) 

equiv CgDe, 150 t ime 
lr" '(t tp)H + [lr"(ttp)]2 + lr '"(t tp)Ph 

entry“ t ime/h Ir"Vttp)(CO)ClV% Ir'"(ttp)H/% l/2rir"(ttp)l2/% Ir"Vttp)Ph/% Total yield/% 
1 0 100 0 0 0 100 
2 0.5 93 4 0 3 100 
3 1.5 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 

" N M R yield. " T h e yield included Ir" ' ( t tp)(CO)Br but its yield could not be est imated, s ince both I r �( t t p ) ( C O ) C l and 
Ir" ' ( t tp)(CO)Br have very similar chemical shift in N M R spectroscopy and could not be differentiated. 

Figure 3.6(a) Time profile o f CsaCOs-promoted Ph-Br cleavage by Ir"Vttp)(CO)Cl at 150。C 

(Table 3.31). 
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k Ir丨丨丨(ttp)H 
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Figure 3.6(b) Partial ' H N M R profi le o f CszCOs-promoted Ph-Br cleavage by Ir"^(ttp)(CO)Cl 

in benzene-^f6 at 150 (Table 3.31). 

3.2.8.1.2 Reaction Profi les of Base-Promoted Ph- I Cleavage 

In order to observe the intermediates in base-promoted Ph-I cleavage by Ir^^'(ttp)(CO)Cl, a 

stronger base of K O H and a lower temperature o f 120 were also used (Table 3.32; Figures 

3.7(a),(b)). After 3 hours, Ir" ' ( t tp)(CO)Cl (^(pyrrole) = 9.07 ppm) reacted w i th Phi (1.1 equiv) 

and K O H (20 equiv) in benzQUQ-de at 120 to give Ir"^(ttp)Ph (我pyrrole) = 8.80 ppm), 

I r ⑴ ( t t p ) H (风pyrrole) 二 8 .81 p p m ) , and [ I r " ( t tp)]2 ( 《 p y r r o l e ) = 8.33 p p m ) i n 1 7 % , 6 2 % and 1 % 

yields, respectively (Table 3.32, entry 4). After 38 hours, al l Ir"Vttp)(CO)Cl, Ir"^(ttp)H, and 

[Irii(ttp)]2 were consumed to give Ir" '(ttp)Ph quantitatively (Table 3.32, entry 7). I r" ' ( t tp)H and 

[Ir"(ttp)]2 are also the observed intermediates in the base-promoted Ph-I cleavage. 
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ir{ttp)(CO)C! 

lr(ttp)H 

A 

total yield 

lr(ttp)Ph 

lr(ttp)(CO)CI 

冬'lr(ttp)H 

- 1/2[lr(ttp)]2 

- W - S r ( t t p ) P h 

- H — t o t a l y ie ld 

' l/2[lr(ttp) 

10 15 time/h 20 25 30 35 40 

Figure 3.7(a) Time Profile o f KOH-Promoted Ph-I Cleavage by Ir' '^(ttp)(CO)Cl at 120 (Table 

3.32). 
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“ N M R y i e l d / T h e y ie ld included Ir" ' ( t tp)(CO)I but its yield could not be est imated, s ince both Ir '"( t tp)(CO)Cl 
and Iriii(ttp)(CO)I have very similar chemical shif t in ' H N M R spec t roscopy and could not b e differentiated. 

-I nn 

Table 3.32 T ime Prof i le of KOH-Promoted Ph- I Cleavage by I r " \ t t p ) ( C O ) C l at 120 ̂ C 

lr" i( t tp)(CO)CI + Phi KOH (20 equiv) ^ 丨「111(伸)|_| + [|rii(ttp)]2 + Ir'"(ttp)Ph 
1.1 equiv CeDe, 120 t ime 
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• Ir … _ P h • 
• [lr"(ttp)]2 
• lr'"{ttp)H 
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Figure 3.7(b) Partial ' H N M R profi le of KOH-promoted Ph-I cleavage by Ir"^(ttp)(CO)Cl in 

benzene-^/6 at 120。C (Table 3.32). 

3.2.8.1.3 Reaction Profi les of Base-Promoted Ph-CI Cleavage 

The reaction of Ir川(ttp)(CO)Cl wi th PhCl (50 equiv) and a stronger base o f CS2CO3 (20 equiv) 

in benzene-t/e at 150 was also monitored (Table 3.33, Figures 3,8(a),(b)). In 50 minutes, 

Ir" ' ( t tp)(CO)Cl ((^(pyrrole) = 9.08 ppm) was converted to Ir"^(ttp)H ((5(pyrrole) == 8.81 ppm) and 

[Ir"(ttp)]2 ((^(pyrrole) 二 8.33 ppm) in 6% and 3% yields, respectively (Table 3.33, entry 3). After 

18 days, Ir" '( t tp)Ph (敎pyrrole) : 8.80 ppm) was formed in 56% yield and unreacted Ir" ' ( t tp)H 

was recovered in 13% yield, wi th the concomitant formations o f Ir"^(ttp)(/?-C6H4)Ir"Vttp) 

(风pyrrole) 二 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 ' "( t tp)H was consumed to generate more Ir"^(ttp)Ph in a total o f 71% yield (Table 3.33, entry 7). 

Indeed, Ir ' ' ' ( t tp)H and [Ir"(ttp)]2 are also the observed intermediates in the base-promoted Ph-Cl 

cleavage. 
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Table 3.33 T ime Prof i le of Cs iCOj-Promoted Ph-C l Cleavage by I r " ^ ( t tp ) (CO)Cl 

l r ' " ( t tp ) (CO)CI + P h C I C s 2 C 0 3 ( 2 0 e q u i v ! l ; i " ( t tp )H + [ I r - ( t tp ) ] , + l r " ' ( t tp )Ph + 
soequiv CqDq, t emp , t ime Ir川(ttp)(p-C6H4)l「丨"(ttp) + l r i " ( t tp)CH3 

.11 丨‘ 

ent r / ' temp time Ir(ttp)- Ir(t tp)H 1 /2[Ir(ttp)]2lr(ttp)Ph Ir(ttp)(p-C6H4)- Ir(ttp)CH3 total 
/。C (CO)Cl/% /% /% /% Ir(ttp)/% /% yield /% 

1 0 100 0 0 0 0 0 100 
2 20 min 97 1 2 0 0 0 100 
3 150 50 min 91 6 3 0 0 0 100 
4 3.5 h 66 26 7 0 1 0 100 
5 14 h 0 54 0 15 6 6 81 
6 18d 0 13 0 56 6 6 81 
7 200 60 h 0 0 0 71 6 4 81 

' N M R yield. 

6 8 time/ h 

total yield 

<fiJUl 
lr(ttp)C6H4lr(ttp) 

100 200 300 400 

Figure 3.8(a) Time Profile o f CsiCOs-Promoted Ph-Cl Cleavage by Ir"Vttp)(CO)Cl at 150 

(Table 3.33). 
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Figure 3.8(b) Partial ' H N M R profi le o f CszCC^promoted Ph-Cl cleavage by Ir"Vttp)(CO)Cl 

in benzene-c/6 at 150 °C (Table 3.33). 

3.2,8.2 General Reaction Mechanism of Base-Promoted Ph-X Cleavages by 

I r ' " ( t t p ) ( C O ) C l 

During the base-promoted Ph-X (X = CI, Br, I) cleavages by Ir" ' ( t tp)(CO)Cl (Tables 

3.31-3.33), both I r" ' ( t tp)H and [Ir】i(ttp)]2 are observed as the intermediates. Most likely, 

Ir川(ttp)(CO)Cl 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). 

Ir⑴(ttp)(CO)X (X = Br, I ) is also formed in the base-promoted Ar -Br and A r - I cleavages, and 

are further consumed to yield Ir" '(ttp)Ph (Tables 3.10, 3.24, and 3.26). Likely, Ir" i( t tp)(CO)X 

(X = Br, I) further undergoes the base-promoted reduction to form Ir" ' ( t tp)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 o f base-promoted aryl C - X bond 

cleavages by I r "V t tp ) (CO)Cl is proposed (Scheme 3.21). 

Scheme 3.21 General Mechanism o f Base-Promoted A r - X Cleavages by I r "Vt tp) (CO)Cl 

.r- '( t tp)(CO)C, ‘ 二 二 0 々 丨 「 " , _ 0 H ii 二 2 0 , 丨 「 " _ [丨H I _ 2 

vr i 

2 

IV V 

Ar-X 

X = CI Br I 
base (OH-. C Q 3 " ) 丨 「 丨 丨 丨 帅 “ ‘ ‘ lr"i(ttp)Ar 

I v i CO 

lr ' " ( t tp)(CO)X 

Ini t ia l ly, I r " ' ( t tp ) (CO)Cl undergoes l igand substitution w i t h OH" ( f rom N a O H and K2CO3) to 

give I r川 ( t tp)OH (Scheme 3.21, pathway i). I r"乂 t tp)OH then undergoes redox reactions to give 

I r ' " ( t tp )H (pathway i i ) . I r ' " ( t tp )H further undergoes both thermal and base-promoted 

dehydrogenative d imer izat ion to give [ Ir"( t tp)]2 (pathway i i i ; See Chapter 2, Sections 2.3 and 

2.4 for detailed mechanistic studies). 

Both I r "V t tp )H and [Ir"(t tp)]2 are the observed and probable intermediates to cleave the A r - X 

bond ( X = CI , Br, I ) to give I r "Vt tp )Ar and I r " ' ( t tp )X (pathways i v and v). I r " \ t t p ) X further 

coordinates w i t h CO ( dissociated f rom I r "Vt tp) (CO)Cl ) to f o r m I r "^( t tp) (CO)X (pathway vi) . 

Both I r i i i ( t tp)X and I r " ' ( t tp ) (CO)X are recycled v ia the base-promoted reduction to fo rm 

I r ' " ( t t p )OH (pathway v i i ) for further conversion to I r ' " ( t tp )Ar (pathways i i -v) . 

In the f o l l ow ing sections, the detailed investigations o f the base-promoted aryl C - X bond 

cleavages are discussed, including: 

( i ) the ident i f icat ion o f the i r i d ium porphyr in intermediate in the A r - X cleavage step. 

( i i ) the detailed reaction mechanism o f the A r - X cleavage. 
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Ir 丨"(ttp)(C〇)CI 

base 
(0H-, CO32-

i H9O 
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Ir丨丨丨(ttp)H 
ArX 

I I I 
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-H2 

Ar-

( t t p ) l r -
! 

X -

14： 

1 ^ Ir川(ttp)Ar + HX 
X Vila , 

t 
lr '"(ttp)X + ArH •H .11, 

Ar vi ib 

Ir 丨丨丨(ttp)Ar + X-

叫 t p ) ] 2 
V I I I 

ArX = PhX, (p-FG)C6H4X 

[lr"(ttp)]2 Ar：̂- > 2 lr"(ttp) + ArX lr '"(ttp)Ar + lr"i(ttp)X 
V I I I 

Ir⑴(ttp)H,37 [Ir"(ttp)]2,37 and Ir'(ttp)', wh ich were independently prepared in benzene-c4 

in the same concentrations, were reacted w i th PhX in the identical reaction conditions in sealed 

N M R tubes, and the reactions were monitored by ^H N M R spectroscopy. Their reactivities are 

estimated by comparing the times used for the complete consumptions o f the i r id ium porphyrin 

species. 
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3.2.8.3 Relat ive React iv i t ies o f In termediates i n A r - X Cleavages 

Dur ing the base-promoted Ph-Br, Ph-I, and Ph-Ci bond cleavages, Ir"^(ttp)H, generated f rom 

the base-promoted reduction of I r ' " ( t tp) (CO)Cl (Scheme 3.22, pathway i), can exist in 

equil ibria w i t h [Ir"(ttp)]2 (via the base-promoted dehydrogenative dimerization) (Scheme 3.22, 

pathway i i i ) and Ir ' ( t tp) ' (v ia the deprotonation o f Ir瓜(ttp)H w i th base) (Scheme 3.22, pathway 

i i). The equi l ibr ia have also been demonstrated (Chapter 2，Section 2.4). Therefore, Ir"^(ttp)H, 

[Ir^'(ttp)]2, and Ir^(ttp)' are possible intermediates for A r - X cleavages. Their reactivities toward 

Ph-X cleavages are thus compared to differentiate the intermediate for A r - X cleavages. 

Scheme 3.22 Mode o f Reactivities o f Possible I r id ium Porphyrin Intermediates 
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3.2.8.3.1 Ef fect o f Halogen Atoms of Halobenzenes 

The effect o f nature o f halogen atoms (X) in PhX on the relative reactivities of Ir" '(t tp)H, 

[Ir"(ttp)]2, and Ir^ttp)" was investigated (Table 3.34). 

Table 3.34 Relative Reactivities of Possible I r ( t t p ) Species i n Ph-X Cleavages 

CeDe 
lH"( t tp )X ' + P h X 

(equiv) 2 0 0 t i m e 
Ir丨丨丨(ttp)Ph + Ir丨丨丨(ttp)X 

Ir【"(ttp)Ph : 

Ir" i(t tp)Ph I r ' " ( t tp)X Ir"^(ttp)X 

entry Ir"^(ttp)X' PhX (equiv) time yield/%^ yield/% ratio 

1 Iri(ttp)-K+6 14 d 38 

2 I r " ' ( t tp)H PhBr (1.1) 1 4 h 31 T 

3 l /2[Ir"(t tp)]2 2 min 34 32' 1.1 : 1.0 

4 Iri(ttp)-K+5 20 d 25" 

5 I r" i ( t tp)H Phi (1.1) 15 min 34 W 
6 l/2[Ir"(ttp)]2 1 min 37 36C 〜1.0: 1.0 

7 Ir 丨(ttp)-I(+6 4 d 50 

8 I r ' " ( t tp)H PhCl (50) 4 d 67 A' 

9 l /2[ Ir"( t tp)]2 5 h 57, 14.3 : 1.0 
“Isolated yield. ^In form of Ir'(ttp)"[K(l8-crowii-6)]^. ''Yield was estimated by ^H NMR spectroscopy since Ir"'(ttp)X 
(X = Br, I) was not stable enough to be isolated by column chromatography. Ir'(ttp)"K^ in 15% yield remained 
unreacted. ‘ Ir'"(ttp)(CO)Cl was isolated. ‘ lr'"(ttp)(p-C6H4)Ir"\ttp) was formed in 3% NMR yield. 

In the reaction w i th PhBr (1.1 equiv) in benzene-t/e at 200 °C, Ir (ttp)" reacted very slowly in 

14 days w i th 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% yields, respectively, 

l ikely via cr-bond metathesis (Table 3.34, entry 2; Figure 3.9(a); Scheme 3.22, pathways v i and 

vii). [Ir"(ttp)]2 reacted most rapidly wi th PhBr in 2 minutes to give Ir"^(ttp)Ph and 

in 34% and 32% yields, respectively, in a nearly 1:1 ratio (Table 3.34, entry 3; Figure 3.9(b); 

Scheme 3.22, pathways v i i i and ix). 
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In the reaction wi th Phi (1.1 equiv) in benzene-(i6 at 200 I r^ t tp) ' reacted wi th Phi very 

slowly even in 20 days to produce Ir"^(ttp)Ph in 25% yield and unreacted Ir^ttp)" was 

recovered in 15% yield (Table 3.34, entry 4). Ir'^^(ttp)H reacted w i th Phi faster in 15 minutes to 

yield Ir" '( t tp)Ph and in 34% and 19% yields, respectively (Table 3.34, entry 5; 

Figure 3.10(a)). [Ir^^(ttp)]2 reacted wi th Phi much faster in 1 minute to obtain Ir"^(ttp)Ph and 

Ir川(ttp)l49 in 37% yield and 36% yield, respectively, in an almost 1:1 ratio (Table 3.34, entry 6; 

Figure 3.10(b)). 

In the reaction wi th PhCl (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% yield 

(Table 3.34, entry 7), whereas Ir"^(ttp)H reacted in 4 days to give Ir"^(ttp)Ph in 67% yield and a 

trace o f I r "Vt tp)(CO)Cl (4%) (Table 3.34, entry 8). [Ir"(ttp)]2 reacted fastest in 5 hours to give 

Ir '"(ttp)Ph in 57% yield, and a trace of Ir"^(ttp)(CO)Cl (4%) and Ir"\ttp)(/7-C6H4)Ir'"(ttp) (2%) 

(Table 3.34, entry 9). 

The rates o f the three possible i r id ium porphyrin intermediates in Ph-X cleavages are 

generally in the reactivity order: [Ir"(ttp)]2 > I r ' " ( t tp)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 l ikely the intermediate 

for Ph-X cleavages. It is reasonable to assume that the base-promoted cleavages of Ph-Br, Ph-I, 

and Ph-Cl bonds by I r" ' ( t tp)(CO)Cl go through a common mechanism. 
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Figure 3.10 Partial ' H N M R profiles of the reaction of Phi (1.1 equiv) in benzene-^4 at 200 °C 

wi th (a) I r " i ( t tp)H and (b) [Ir"(ttp)]2 (Table 3.34, entries 5 and 6). 
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Figure 3.9 Partial ^H N M R profiles o f the reaction o f PhBr (1.1 equiv) in benzene-^4 at 200 '̂ C 

wi th (a) Ir【"(ttp)H and (b) [Ir"(ttp)]2 (Table 3.34, entries 2 and 3). 
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3.2.8.3.2 Electronic Effect of 4-Substi tuted A r y l Halides 

Electron-rich and electron-poor /?ara-substituted aryl bromides (ArBr, A r 二 /9-MeOC6H4, 

/?-N02C6H4) were reacted wi th Ir^(ttp)", Ir" '( t tp)H, and [Ir"(ttp)]2 in benzene-^4 at 200。C to 

investigate the electronic effect of A r X on the reactivities o f possible i r id ium porphyrin 

intermediates (Table 3.35). 

Table 3.35 Relative Reactivit ies of Possible I r ( t t p ) Species in A r - B r Cleavages 

C 6 D 6 _ ^ l r i " ( t t p H $ 
mp \ 

Ir丨丨丨(ttp)Ar 

l r ' " ( t tp)X' + B r H A " " / > - F G 
200 t ime 

/ > - F G + l r ' " ( t tp)Br 

equiv 

entry I r ( t tp)X' FG time Ir" ' ( t tp)Ar yield Ir" ' ( t tp)Br yield/%^ 

1 Iri(ttp)-K+c 2 d n i l " 

2 Ir i i i ( t tp)H MeO 1 h 61 28 

3 l /2[Ir"( t tp)]2 2 min 46 31 

4 Iri(ttp)-K+c 2 d IT 
5 I r ' " ( t tp)H H 14h 31 7 

6 l/2[Ir"(ttp)]2 2 min 34 32 

7 Iri(ttp)-K 十 c 2 d no r x i / 

8 I r ' " ( t tp)H NO2 1 h 44 14 

9 l /2[Ir"( t tp)]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 yield was isolated," lAttp)—K+ in 43% 
NMR yield 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 ' ( t tp)"lC in 75% NMR yield remained unreacted. 

In the reaction wi th / ^MeOCg l l jB r (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 o f 

Ir⑴(ttp)C6H4(p-OMe)， l ikely due to the more favorable nucleophilic substitution o f 

Me-OC6H4(/7-Br) (Table 3.35, entry I).〗。Ir"\ttp)H reacted faster in 1 hour to yield 

I r " i ( t tp )C6H4O0Me) and in 61% and 28% yields, respectively (Table 3.35, entry 

2). [Ir"(ttp)]2 reacted most rapidly in 2 minutes to give Ir" \ t tp)C6H4(^-OMe) and 

in 46% and 31% yields, respectively (Table 3.35, entry 3). 

In the reaction w i th /?-N02C6H4Br (1.1 equiv) in henzQne-ds at 200 Ir'(ttp)" did not react 
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in 2 days to y ie ld any Ir"乂ttp)C6H4(/>N02), and unreacted Ir'(ttp)'K"^ was recovered in 75% 

yield (Table 3.35, entry 7). I r ' " ( t tp )H reacted faster in 1 hour to y ie ld Ir!"(ttp)C6H4(>-N02) and 

Ir⑴(ttp)Br49 i n 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 i n 37% and 36% yields, 

respectively (Table 3.35, entry 9). 

Since [Ir"(t tp)]2 was shown to react fastest w i th j^-MeOCeHiBr, PhBr, and p -NOsQHABr 

among the i r i d ium porphyr in intermediates (Table 3.35，entries 3, 6，and 9), it is also 

reasonable to assume that the A r - X cleavages o f the electron-rich A r X , the parent PhBr, and the 

electron-poor A r - X go through a common mechanism. 

3.2.8.4 React ion Mechan isms of A r - X Cleavages by I r i d m m ( I I ) P o r p h y r i n 

[Ir"(ttp)]2 was shown to react w i th A r X to give both Ir"丨(ttp)Ar and I r " ' ( t tp )X (Table 3.34, 

entries 3, 6, and 9; Table 3.35, entries 3 and 9). L ikely, [ Ir"(t tp)]2 dissociates into 2 Ir"( t tp) 

metalloradicals (Scheme 3.22, pathway v i i i ) , wh ich then reacts w i t h A r X via a classical 

bi-metall ic oxidative addit ion to give Ir"^(ttp)Ar and I r ' " ( t tp )X (Scheme 3.22, pathway ix). 

In principle, A r - X cleavage by Ir"( t tp) can occur v ia (A ) halgoen atom transfer (Scheme 3.23, 

pathways i and i i ) and (B) radical 尔so-substitution (Scheme 3.23, pathways i i i -v) . 

Scheme 3.23 Possible Mechanisms o f Ph-X Cleavages by Ir^\ t tp) 

Ar-Ar<-----，「-？-®-"®- - -^ A r -Ph 
Ar - ’ -A rH 

Halogen 
(A) Atom VI 

Transfer … 
. l r ' " ( t tp)X + A r . + 

Ir丨丨(ttp) 、 … 

l r " _ + X - < \ / > - F G 

A rX 
X = CI, Br, 

“ Ir 丨丨丨(ttp)Ar 

i i i J ! ' ' V v V F G > 'H'(ttp) I , 郎 
:al iDso- Y ^ ^ IV i..iii,iL_�A_ V ^B) Radical Ipso- X i r l 'V t tnmr m 

Substitution f j . ir (ttP)Ar Ir"丨(ttp)Ar 
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(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 Ir^\ttp) 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 homo lytic aromatic substitution of Ar* with benzene solvent (Scheme 

3.23’ pathway vii; Scheme and (2) the ratio of Ir"^(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[lr"(ttp)]2 + B r H ^ n ^ B u > I r " 丨 ( t t p H ^ 它 u + lH"(ttp)Br + PhBr (3.23) 
y 2 0 0 ° C , 5 m i n ^ 〜39% 1。/。 

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 I r�( t t p )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 //75o-Substitution of Aryl Halides by Iridium(II) Porphyrin 

The more detailed mechanisms of the radical zp^o-substitution of ArX by [Ir^\ttp)]2 to form 

Ir'^^(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 

[丨 r i i _ 2 ^ ^ ^ 2lr"(ttp) 

lr"(ttp) + X 
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• F G 
ii (ttp)lr 

• F G 
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2 X * + 

2 X ' Q X 

Ir 丨丨(ttp) + X-

lr"(ttp) + X - \ \ 

X 

丨「丨丨丨(ttpnQ^FG + X ' 

iH!丨(ttp)Ar 

IV Ir 丨丨丨(ttp)X + Ir 丨丨(ttp) 

Q — ^ + H X 

X 
V I 

X + HX 

(0，m, p-X) 

V " > lH"(ttp)Ph + X . 

VIM 
丨 「 川 ( t t p H ^ 

(0’ m, p-X) 

X 
X 

lr"(ttp) + l r ' " ( t t p ) - ^ > - x i x ^ l r i " ( t t p H Q H r " i ( t t p ) + 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 
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analogous 中i^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-Ipso Substitution of ArX by 

Iridium(II) 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 (I) (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 I r�( t tp)Ar : 

Ir'"(ttp)X should be higher than 1. Indeed, [Ir"(ttp)]2 was shown to react with ArX (X = CI, 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). 

174 



CI* and Br., which can be generated from the thermolysis of SO2CI2 and Br�，have been 

reportecl52，53 and also demonstrated to react with benzene at 200 in 90 minutes to yield 

PhCl and PhBr in 20% and 83%54 yields, respectively (eqs 3.24 and 3.25). SO2CI2 also 

reacted with PhCl in solvent-free conditions at 200 in 90 minutes to yield dichlorobenzene 

and chlorinated b i a r y l s , in which 1,4-dichlorobenzene (l,4-Cl2C6H4)^^ was the major 

product (eq 3.27). However, I2, a precursor of I*, did not react with benzene at all at 200 to 

yield any Phi due to its very low reactivity (eq 3.26).^^ 

200 °C 
S〇2Cl2 + CeHe ^20% _ 

Br2 + CgHg 

I2 + C5H5 

200 °C 
£
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h
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 ^
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2 h，N 2 
No Rxn 

(3.25) 

(3.26) 

SO2CI2 + 

CI 
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excess 
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CI 
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CI CI 

A s c i x A ^ 

•5 h, N2 丫 「丨 
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1 1 3 7 

[Ir (ttp)]2 was then independently prepared to react with ArBr and PhCl to support the 

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 in C^He at 200 °C, 

Ir'i丨(ttp)C6H40�Bu) and were obtained in 49% and � 3 9 % yields, 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). 

1/2[l「"(ttp)]2 + B r - < n > - ^ B u CsHs’ N2 > l r i i i ( t t p ) - ^ J ^ ^ B u + l「"i(ttp)Br + PhBr (3.28) 
^ 200°C , 5 m i n ^ .0/ 

1.1 equiv 47% 〜39。/o 1 /。 
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(ii) Reaction of Chlorine Radical with PhCl 

In the reaction of Ir川(ttp)(CO)Cl with PhCl (200 equiv) and K2CO3 in benzene at 150 and 

2 0 0 � C , 1,4-dichlorobenzene (l,4-Cl2C6H4) was formed in - 1 % yield (Table 3.21). Moreover, 

[Ir"(ttp)]2 was also shown to react with excess PhCl at 2 0 0 � C to give Ir"\ttp)Ph in 39% yield, 

traces of Ir'"(ttp)(CO)Cl (4%) and Ir"^(ttp){;7-C6H4)Ir"\ttp) (4%)，and l,4-Cl2C6H4^^ in 2% 

yield by GC-MS analysis (eq 3.29) These results support the radical zp^'o-substitution of PhCl 

by Ir"(ttp) to give Ir川(ttp)Ph and CI., which further reacts with excess PhCl to give 

l，4-Cl2QH459 (Scheme 3.24, pathways ii-iv, vi). 

2QQ Oq 
1/2[lr"(ttp)]2 + P h C l — — — l r i ' i { t t p ) P h + lr '"(ttp)(CO)CI + lH"(ttp)(p-C6H4)lr"'(ttp) + 1,4-Cl2C6H4 

30min, N2 39% 10/0 40/� 2% 

(3.29) 

The formation of Ir'"(ttp)(p-C6H4)Ir'"(ttp) in the reactions of Ir"'(ttp)(CO)Cl / K2CO3 (Table 

3.21) and [Ir^^(ttp)]2 (eq 3.29) with PhCl most likely comes from the double C-Cl cleavages of 

l,4-Cl2C6H4 with [Ir"(ttp)]2 (Scheme 3.24, pathways viii and ix). Indeed, Ir"\ttp)(CO)Cl was 

shown to react with 1,4-Cl2C6H4 (1 equiv) and K2CO3 in benzene at 200 in 7 hours to give 

Ir川(ttp)(p-C6H4)Iri"(ttp) in 3% yield (eq 3.30).^^ 

lr'i'(ttp)(CO)CI + (P-CI)C6H4CI KaC，?。二UIV�一 IR'"(TTP)(P-C6H4)LR'"(TTP) + LR"i(TTP)CeH4(P-CI) + LR"i(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)Cl 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"^(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. 

l r" ' ( t tp)Ph 
recovered 

71% 

'r ' " ( t tp)Ph NO l r ' " ( t tp)CeD, (3.31) 
r e c o v e r e d CQDQ, 2 0 0 7 d \ r^v o JD \ , 

5 5 % 

+ B M ^ N 〇 2 

25 equiv 

K〇H (20 equiv) 

CeDg, 200。C，7 d) 
No l r ' " ( t t p > ^ ) - N 0 2 (3.32) 

In base-promoted Ar-Br cleavage, a V-shaped Hammett plot was obtained using the 

Hammett constants (7〜刀 When the Hammett constants � ]w e r e used, a similar V-shaped 

Hammett plot was obtained (Table 3.36; Appendix II, Figures l(a),(b)). The Hammett plots of 

base-promoted Ar-I and Ar-Cl cleavages also exhibit similar V-shaped patterns using both the 

Hammett constants 心 and 心(Tables 3.37 and 3.38; Appendix II，Figures 2(a),(b) and 

3(a),(b)). 

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 (I)), 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 lr"'(ttp)(CO)Cl 

‘ K2CO3 (20 equiv) 
Iri丨i(ttp)(C〇)a + B r - ^ ^ F G 丨 

25 equiv 25 equiv 
CgHe, 200。C 

i r " ' ( t t p H Q ^ F G + l「i"(ttpH( 

log (/cpG / k^) 

Entry FG 0 a p 
汗卜a p log (k.G/knY 

1 NMe. -0.83 -1.70 1.74 
2 OMe -0.27 -0.78 0.81 
3 ！ -0.17 -0.31 0.25 
4 -0.20 -0.26 0.13 
5 1 1 -0.07 0.02 0.11 
6 1 0.06 -0.07 0.30 
7 (1 0.23 0.11 0.62 
8 Br 0.23 0.15 0.38 
9 C()2Me 0.45 0.49 0.75 
10 CN 0.66 0.66 0.83 
11 NO2 0.78 0.79 1.07 

“Hammett constant (Ref 27). Ratio obtained by taking the ratio of 
Ir"i(ttp)QH40-FG): lr"^(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)Cl 

^ NaOH (20 equiv) Ifi 丨丨(ttp)(CO)CI 丨 众 F G , 

25 equiv 25 equiv 
CGHE, 1 5 0 � C 

l r ' " ( t t p ) H Q K F G + Ir 丨"(ttp) 

log (/cpG I M 

Entry FG log (kpo/kHr 
1 OMe -0.27 -0.78 0.93 
2 ivL -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 

“ H a m m e t t 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)Cl 

‘ K2CO3 (20 equiv) 
lr'"(ttp)(CO)CI 

� -O r 
1 0 0 e q u i v 

F G / C I - Q 

1 0 0 e q u i v 
C«Hr. 150 °C 

l r " i ( t t p H Q ^ F G + l r ' " ( t t p H Q 

log (/cpG I _ 

entry FG 0 a CTp + a 
a p log (km/kuY 

1 OMe -0.27 -0.78 0.64 
2 1' 0.06 -0.07 0.52 
3 CI 0.23 0.11 0.46 
4 CN 0.66 0.66 1.47 

�H a m m e t t 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).^^ 
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Scheme 3.25 Extended Resonance Stabilization of Cyclohexadienyl Radical by 7r-Donating 
Para-MoXhoxy Group 
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(ii) ^--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 
Hyperconj ligation with cr-Donating Para-A\ky\ Groups 
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(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 

S i ( S c h e m e 3 ’27) .6 ib 

Scheme 3.27 Extended Resonance Stabilization of Cyclohexadienyl Radical by J-Orbital 

Interaction of cr-Donating Para-Trimethylsilyl Group 
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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) 
61 

Scheme 3.28 Extended Resonance Stabilization of Cyclohexadienyl Radical by 
TT-Withdrawing Para-Nitro Group 
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(4) Rate Enhancements in PaFa-SuhstituUd Aryl Halides than Mi^细-Substituted Ones 

When an equimolar ratio of para- and meto-substituted ArBr were reacted with 

Ir'^'(ttp)(CO)Cl and K2CO3, j^ara-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 尔奶-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 c r : 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 ^ 0 a 
Gp 

^ 0 a 
<ym 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 4 8 32 

3 N02 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广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 

〒「 B 「 _ p ) Br ir(ttp) Br |r(ttp) 

i r " _ + Q —n —a. 
k ^ F G ^ ^ F G ^ ^ F G ^ ^ F G 

no extra stabilization by FG 
B i y r ( t t p ) 尸 G 

l 「 ( t t p ) ~ ^ Br* 
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3.2.8.7 Discussions of Radical Ipso-Suhsiitution of Aryl Halides by Iridmm(II) 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)Cl, 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"Vttp)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 
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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 

(I) to form I r�( t tp)Ar likely occurs without the assistance of Ir^'(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, I) 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*) 

entry 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). Ir^^(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 > PhCl (Table 3.34, entries 3, 6, and 9). Likely, the C(sp^)-X bond strengths in the 

Ir(ttp)-cyclohexadienyl radical intermediate (I) (Scheme 3.24) are in the order: C-I < C-Br < 

C-Cl (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-Cl 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 PhCl at 200 

(eq 3.24 and 3.27). Only a small fraction of CI* reacts with [Ir"(ttp)]2 to give a trace of 

Ir'"(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-I cleavage, the ratio of Ir"'(ttp)Ph : Ir"^(ttp)I is almost 1:1 (Table 3.34, entry 6). !• 

is only reactive enough to react with [Ir"(ttp)]2, whereas it is unreactive to react with C e H � t o 
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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)Cl 

(i) Base-Promoted Ar-X Cleavages 

Since [Ir!乂ttp)]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)Cl can then be further summarized as shown in Scheme 3.31. 

Ir"'(ttp)(CO)Cl 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 /p5o-substitution (pathway iv). Ir'"(ttp)X is 

recycled by base-promoted reduction to regenerate Ir"^(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)Cl with and 
without Bases 
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V OH . j i i 

-X" 

IV 

l r" ' ( t tp)X lr" '( t tp)Ar 

(ii) Ar-X Cleavages in the Absence of Base 

In the absence of base, Ir�(ttp)(CO)Cl 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)Cl reacts with residual water 

in benzene and PhX to form a small amount of Ir"'(ttp)OH at 2 0 0 � C (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)Cl 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-I cleavage (Table 3.22). This can be 

attributed to the rate of base-promoted reduction of Ir"^(ttp)(CO)X (X = CI, Br, I) to form 

Ir"i(ttp)H in the observed order: Ir'"(ttp)(CO)Cl �Ir"i ( t tp)(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)Cl 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"^(ttp)(CO)I (as an observed 

intermediate) to form more I r�( t t p )H for subsequent Ar-I cleavage (Table 3.26). 

3,3 Conclusions 

The base-promoted aryl carbon-halogen bond (Ar-X, X = CI, Br, I) cleavages by high-valent 

iridium(in) porphyrin carbonyl chloride (Ir"'(ttp)(CO)Cl) in benzene solvent have been 

achieved to give Ir"^(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)Cl initially undergoes the base-promoted reduction to form 

Ir川(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 如-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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aniline radical cation and [Cr^^(salen)(0)] has been reported. See: Premsingh, S.; 

Venkataramanan, N. S.; Rajagopal, S.; Mirza, S. P.; Vairamani, M.; Rao, P. S.; Velavan, 

K. Inorg. Chem. 2004，43, 5744-5753. 

(47) The sealed NMR tube experiments are generally slower than the Schlenlc tube 

experiments, even though the reaction conditions are identical. This phenomena has also 

been observed in the base-promoted C - 0 bond cleavage of methanol by Ir"yttp)(CO)Cl. 

See: Cheung, C. W.; Fung, H, S.; Lee, S. Y.; Qian，Y. Y.; Chan, Y. W.; Chan, K. S. 

Organometallics 2010, 29, 1343-1354. 

(48) Ir'(ttp)"K^ in the form of Ir^(ttp)"[K(l 8-crown-6)]'^ was prepared for reactivity studies as 

it was more stable to be observed quantitatively in benzene-Je at room temperature to 

ensure its successful formation. Since Ir^(ttp)"K^ was found to rapidly convert to 

Ir^"(ttp)H and [Ir"(ttp)]2 in benzene-^ie at room temperature (Chapter 2, Section 2.4, eq 

2.34), it was not used as the source of iridium(I) porphyrin anion in benzene-tie. 
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(49) Ir"'(ttp)Br (Ici) ((5(pyrrole) ~ 8.91-8.95 ppm) and Ir"\ttp)I (Idi) ((^(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 (Ici): 

theoretical: 940,1747, found: 940.1765; (b) [M]+ of Ir"i(ttp)I (Idi): theoretical: 988.1608, 

found: 988.1611). The more upfield pyrrole proton signals of Ir"'(ttp)Br and Ir"\ttp)I 

than that of Ir"丨(ttp)(CO)Br ((5(pyrrole) - 9.07 ppm) and Ir™(ttp)(CO)I ( p y r r o l e ) = 9.08 

ppm) support the absence of coordination of Tr-withdmwing CO in Ir"\ttp)Br and 

Ir'"(ttp)I. Indeed, stable Ir'"(ttp)(py)Br (风pyrrole) = 8.96 ppm) and Ir"^(ttp)(py)I 

((^(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. 

(50) Nucleophilic substitution (SN2) of CH3-OH by Ir'(ttp)- to form Ir"^(ttp)CH3 and OH. has 

been reported (Ref 47). Likely, SN2 of CH3-0C(0)C6H4(p-Br) by Ir^(ttp)- to form 

Ir�(t tp)CH3 and a better leaving group of benzoate ion, ArCCV, is even more favorable. 

(51) 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 = 

-RTln^ (where AG �B D E of Ir-Ir in [Ir"(ttp)]2 � 2 4 kcal mol"' = 24 x 4.184 x 1000 J 

mol"' 二 100416 J R = 8.314 J K ] mol' ' , T - 4 2 3 K ( 1 5 0 � C ) and 473 K (200�C ) . 

K{\50 and 火(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 �2 4 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. 

(52) 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) Homo lytic aromatic substitution of Ar-H by Br. to form Ar-Br has been reported. See: 

(a) 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 

C i s p ^ l i 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* 今 

[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 1 s, 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 RCl and RBr. 

See: Ref 4. 
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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 l,4-Cl2C6H4 was formed without 1,2-C12C6H4 and biaryls in the reaction of 

[IrH(ttp)]2 with PhCl. Presumably, the low concentration of CI* formed in the reactions 

only favors the least steric and kinetically more favorable 声ra-attack of CI. to PhCl to 

give 1,4-Cl2C6H4, Alternatively, the amounts of other CI2C6H4 and biaryls would be too 

small to be detected by GC-MS analysis. l,4-Cl2C6H4 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-Cl2C6H4 and 1,2-C12C6H4 and GC-MS library. 

Ir"'(ttp)C6H4(p-Cl) was not observed in the reactions of Ir'"(ttp)(CO)Cl with PhCl 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 2 0 0 � C in 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. 

(62) The competition reactions between meta-snhstitutQd ArBr and PhBr in an equimolar 

ratio with Ir"^(ttp)(CO)Cl and K2CO3 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如-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, 

(64) Berho, F.; Rayez, M.-T.; Lesclaux, R. J. Phys. Chem. A 1999, 103, 5501-5509. 
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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). TriphenyIphosphine (PPhs) 

was recrystallized from methanol and the tripheny Ipho sphine oxide (P(0)Ph3) present is less than 

0.5% yield 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)Cl]2,2 Iri"(ttp)(C0)Cl,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 I, 70-230 mesh) 

added with H2O (-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 yield 

estimations by NMR spectroscopy. 

A trace of residual water was always present in benzene-Je ( ( ^ (H iO)�0.4 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 yields of di-iridium-porphyrin aryl complexes and [Ir"(ttp)]2 were based on the number 0士 
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iridium porphyrin unit incorporated into the products. 

The amount (in % NMR yield) 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 - 遍 二 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 
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The temperature of 250 was further kept for 5 minutes. 

Experimental Procedures 

(I) 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)Cl] (la).3 [Ir^(C0D)Cl]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 CH2Cl2/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)Cl ( 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, J= 8.1 Hz), 8.09 (d, 4 H, J= 7.8 Hz), 8.15 (d，4 H, J二 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, 4 H , J = 7.8 

Hz) , 7.86 (d, 4 H， J= 7.6 Hz ) , 8 .01 (d, 4 H , J - 7 . 7 Hz) , 9 .07 (s, 8 H) . 

Preparation of Chloro(Triphenylphosphine)(5,10,15,20-Tetralds(/7-tolyl)porphyrinato)-

iridium(III) [Ir'"(ttp)(PPh3)Cl] (lb). Ir"^(ttp)(CO)Cl (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 二 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 二 7.3 Hz), 
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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(III) 

[Ir"'(ttp)(CO)Br] (Ic). Ir'"(ttp)(CO)Cl (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 

CH2CI2 / methanol. Red solid of Ir'"(ttp)(CO)Br (Ic) (32 mg, 0.033 mmol, 62%) was collected. R/ 

二 0.36 (CH2Cl2/hexane = 1 : 1 ) . � H NMR (CDCI3, 300 MHz) S 2.71 (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). ^H NMR (CeDe, 300 MHz) (5 2.37 

(s, 12 H), 7.18 (d, 4 H, J - 7 . 9 Hz), 7.23 (d, 4 H, J二 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). ^̂ C NMR (CDCI3, 75 MHz) S 21.7, 122.4, 127.6, 127.8, 132.0，132.8, 

134.2，134.6, 137.8, 138.4, 141.3. HRMS (FABMS): Calcd for [C49H36N40BrIr]+([M]+): m/z 

968.1696. Found: m/z. 968.1688. 

Preparation of Iodo(carbonyl)(5’10,15，20-tetrakis(p-tolyI)porphyriiiato)iridium(III) 

[Ir'"(ttp)(CO)I] (Id). Irii�(ttp)(CO)a (50 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 I r�(ttp)(CO)I (Id) (22 mg, 0.022 mmol, 41%) was collected. R广 0.48 
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(CHjCyhexane 二 1 ： 1)‘ NMR (CDCI3, 300 MHz) S 2.71 (s, 12 H), 7.55 (d, 4B,J= 6.6 Hz), 

7.57 (d, 4 H, 二 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二 8.0 Hz), 7.22 (d, 4 H, J = 7.8 Hz), 7.95 (d, 4 H, J= 7.1 Hz), 8.03 (d, 4 H , J 

= 7 . 7 Hz), 9.08 (s, 8 H). " c 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)Cl (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 m g , �0 . 0 4 9 mmol,�90o/o ) . Ir"\ttp)SbF6 is an 

inseparable mixture of Ir'"(ttp)SbF6 and [Ir"'(ttp)(C0)]SbF6 in �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)(C0)]SbF6 = 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 二 7.6 Hz, Vhh = 1.6 Hz), 8.16 (dd, 4 H, Vhh = 7.6 Hz, Vhh 二 1.9 Hz), 9.10 ( s , � 6 . 2 H), 9.12 

( s , � 1 , 8 H). 1H 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 ofIr"'(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 l e 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(III) 

[Ir'"(ttp)(py)Cl] (If). Ir'"(ttp)(CO)Cl (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)Cl (If) (45.8 mg，0.047 mmol, 87%). R/= 0.33 (CHzCb/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， 

J-7.4 Hz), 7.50 (d，4 H, 7.5 Hz), 7.54 (d, 4 H , 7.5 Hz), 7.96 (d, 4 n,J=12 Hz), 8.16 (d, 

4 H, J 二 7.4 Hz), 8.71 (s, 8 H). ^̂ C NMR (CDCI3, 100 MHz) d 21.7, 122.2, 122.6, 127.2，127.8, 

131.8, 134.1, 134.4, 134.6, 137.3，139.1, 142.2, 147.0. HRMS (FABMS): Calcd for 

[C53H4iN5ClIr]+ ([M广)：m/z 975.2674. Found: m/z 975.2678. 

Preparation of Bromo(pyridino)(5,10,15,20-tetrakis(p-tolyl)porphyrinato)iridium(III) 

[Ir"'(ttp)(py)Br] (Ig). 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 (Ig) (14.8 mg, 0.047 mmol, 84%). R/ = 0.43 

(CH2Cl2/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二 7.6 Hz), 7.26 (d, 4 H, 7.7 Hz), 7.96 (dd, 4 H, V = 

7.7 Hz, 4 j = 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, 131.9，133.9, 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-toIyl)porphyrinato)iridmm(III) 

[Ir'"(ttp)(py)I] (Ih). Ir�(ttp)(py)I (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)I 

(Ih) (14,5 mg, 0.014 mmol, 82%). R广 0.48 (CHzCb/hexane = 2 : 1 ) . ^H NMR (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, 4 H ， 7 , 6 Hz), 8.01 (d, 4 H, V - 7 . 5 Hz) , 8.10 (d，4 H , 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 [C53H4iN5lIr]+ ([M]+): m/z 1067.2030. Found: m/z 1067.2032. 

Preparation of Hydrido(5,10,15,20-Tetrakis(/?-tolyl)porphyrinato)iridium(III) [Iri"(ttp)H] 

(2a). Ir"'(ttp)H'^ was prepared according to the literature procedure of synthesis of 

suspension of Ir"'(ttp)(CO)Cl (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 HCl ( � 1 0 mL) 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)Cl 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 HCl 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, 8 H , J = 7.2 Hz), 8.00 (d, 8 H, 

J 二 6.9 Hz), 8.57 (s，8 H). (H NMR (CgDe, 300 MHz) S -57.5 (s，1 H), 2.40 (s, 12 H)，7.21 (d，4 H， 

7.5 Hz), 7.36 (d，4 H, 7.7 Hz), 7.92 (d, 4 H, J= 7.3 Hz), 8.20 (d, 4 H, 7.1 Hz), 8.81 (s, 8 

H). 13c NMR ( T H F - 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 [C48H37N4lr]" ([M]")： m/z 862.2653. Found: m/z 862.2640. 
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Preparation of hydrido(triphenylphosphine)(5,10,15,20-Tetrakis(/7-tolyI)-porphyrmato)-

iridium(III) [Iri"(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. ^H NMR (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 =1.1 Hz), 7.90 (d, 4 H , 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 [C66H52N4lrP]+([M]+): m/z 1124.3553. Found: m/z 1124.3520. 

Preparation of (5，10, 15, 20-Tetrakis(/7-tolyl)porphyrmato)iridium(II) Dimer [[Ir"(ttp)]2] (3). 

[Irii(ttp)]24 was prepared using the literature method for the preparation of [Ir^'(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, 4 H , 8.9 Hz), 7.66 (d, 4 H , J = 

7.7 Hz), 8.33 (s, 8 H), 9.49 (d, 4 H, 7.8 Hz). One set ofm-phenyl proton signal is obscured by 

benzene's proton signal (<5 7.15). 
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Preparation of Potassium (5,10,15,20-Tetrakis(/7-tolyl)porphyrinato)iridate(I) |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 1 2 0 � C in 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 

M H z ) 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 N M R 

(THF-t/g, 100 MHz) (5 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(I) 

[Ir^(ttp)'[K(l8-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(l 8-crown-6)十(4b). ^H NMR ( T H F - 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(III) 

[Ir'"(ttp)(py)OH] (5b). Ir^"(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 m g , �1 . 0 8 mmol) was then added into the reaction 
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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 Irni(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, 1 H, 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, 4 H , y - 6 . 8 Hz), 8.14 (d, 4 H, J二 6.8 Hz), 8.65 (s，8 

H). " c 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(III) 

[Ir '"(ttp)CH2CH20H] (7). A suspension of Ir"^(ttp)(CO)Cl (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)Cl 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 

CH2CI2/ hexane to obtain a deep brown solid of Ir'"(ttp)CH2CH20H (7) (74.5 mg, 0.082 mmol, 

90%). R/= 0.26 (CH2Cl2/hexane = 1 : 1 ) . NMR (400 MHz, CDCI3): S -5.29 (t, 2 H, 3«/二 7.3 Hz), 

-2.43 (t, 1 H, 3 j = 6.2 Hz), -2.16 (q, 2 H, ”二 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). ^̂ C 

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 [C5�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(III)) 

[(H20)(ttp)Ir"'0Ir^"(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)0Ir"'(ttp)(0H2) (6a) in 72% NMR yield 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 yields, respectively. C2H4 (<5(C2H4) = 5.23) was also observed. The coordinated water in 

(H20)Ir'"(ttp)0Ir^"(ttp)(0H2) underwent H/D exchange with excess D2O 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 

� 2 . 9 : 1 by NMR spectroscopy. The sample of (H20)Ir"'(ttp)0Ir"'(ttp)(0H2) 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, 7.7 H z / j = 1.8 Hz), 8.36 (s, 16 H). ^^C 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(III) [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 / CH3OH to 

obtain a deep reddish brown solid of Ir"^(ttp)(PPh3)Ph (2x) (21.9 mg, 0.018 mmol, 79%). R / - 0.51 

(CH2Cl2/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, V h h == 8.1 Hz), 4.71 (t, 2 H，Vhh = 7.1 Hz) , 5.13 

(t, 1 H, 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). " c 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 二 11 Hz), 131.7，133.8, 134.6, 136.9, 

139.2, 142.4. HRMS (FABMS): Calcd for [C72H56N4PIr]十:m/z 1200.3866. Found: m/z 1200.3861. 

Preparation of (/;-Chlorobenzoyl)(triphenyIphosphine)(5,10,15,20-tetrakis(p-tolyl)-

porphyrinato)iridium(III)) Ir"Vttp)(PPh3)(C(0)C6H4(/?-Cl) (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-Cl)^ (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 (CDCI3, 300 MHz) 3 2.22 

(d, 2 n,J= 8.4 Hz), 2.23 (s, 12 H), 4.05 (br, 6 H), 5.85 (d, 2R,J= 8.0 Hz), 6.54 (t, 6 H, J = 6.8 

Hz), 6.85 (t, 3 H, J = 7.2 Hz), 7.48 (d, 8 H, J = 8.0 Hz), 7.69 (d, 4 H, 8.0 Hz), 7.80 (d, 4 H, J = 

7.6 Hz), 8.48 (s, 8 H). " C NMR (CDCI3, 75 MHz) (5 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, ^Jpc = 11.5 Hz), 

131.7, 133.8, 134.5, 137.0, 139.1, 142.4. HRMS (FARMS): Calcd for [C73H56N4C10PIrf 

([M+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 H2O2 
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(30% solution, 2.5 mL, 24.4 mmol H2O2 (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 � 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. 

(II) Chapter 2 Redox Chemistry of Iridium(III) Porphyrins in Basic Media 

Reactions of Ir"'(ttp)(CO)Cl in Benzene-礼 

(i) Without Addition of Base and Water at 200。(：. Ir"'(ttp)(CO)Cl (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 ( � 2 equiv) 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. 

(ii) Addition of Water (100 equiv) at 2 0 0 � C . Ir"\ttp)(CO)Cl (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)Cl was recovered in 84% NMR yield using the residual benzene as an internal 

standard. 

(iii) Addition o f K O H (20 equiv) at 200�C：. Ir"^(ttp)(CO)Cl (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"^(ttp)(CO)Cl (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 yield using the residual benzene as an 

internal standard. 

(v) Addition o f K O H (20 equiv) at 120 "C. Ir"^(ttp)(CO)Cl (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 yield was formed and unreacted Ir"\ttp)(CO)Cl was recovered in 45% 

NMR yield. The reaction was complete after 5 hours to yield in 84% NMR yield and 

Ir'(ttp)'K'^ ((^(pyrrole H) = 8.50 ppm) in 9% NMR yield. The yields were estimated using the 

residual benzene as the internal standard. 

(vi) Addition of K2CO3 (20 equiv) at 120�C. Ir"\ttp)(CO)Cl (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 120�C. Ir"^(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 yield and Iri(ttp)-K+ (^(pyrrole H) = 8.59 ppm) 

in 11% NMR yield using the residual benzene as the internal standard. 

(ii) Addition of K2CO3 (20 equiv) at 200�C. Ir"^(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 ( � 0 . 2 equiv) 

was observed by NMR spectroscopy. The reaction mixture was heated at 200 The reaction 

was complete in 30 hours to yield Ir"^(ttp)H in 97% NMR yield using the residual benzene as the 

internal standard. 

Reactions of Ir'"(ttp)(CO)I in Benzene-^/e. 

� 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 yield 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"^(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 ( � 1 . 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 yield 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) 

(i) 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 yield 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 Ir川(ttp)SbF6 in 3% NMR yield was also observed. Residual water 

(-2.9 equiv) dissolved in the reaction mixture was estimated by ^H NMR 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. I r�(t tp )OH (5) and (ttp)Ir"'OIr"^(ttp) (6) were detected in around 6 : 1 ratio by 

HRMS. H R M S (FABMS): (1) Calcd for [C48H37N40Ir]+(5) ([M]十=[Ir"i(ttp)OHf): m/z 878.2591. 

Found: m/z 878.2574. (2) [CgeHyaNgOIrs]"'(6) ([M]+ = [(ttp)Ir"^OIr"'(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 yields, 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 H2O (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 yield as estimated by adding 

TMSqSi (0.00058 mmol, from standard TMS4Si / 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/o 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 yield, estimated by using TMS4Si (0.00058 mmol, from standard 

TMS4Si I benzene solution) as the internal standard). 

Reaction of Ir川(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 . 7 equiv) 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 Ir川(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 � 3 3 % NMR yield. Characterization of 

I r" ' ( t tp)(PPh3)0H ( 5 a ) : � H NMR {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 二 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) (5 21.2， 

122.8, 126.7, 126.9 (d, Vpc = 17 Hz), 131.0, (d, Vpc 二 9 Hz), 131.7, 133.8, 134.9，136.7, 139.5, 
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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"Vttp)(PPh3)Cl (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川(ttp)(PPh3)H (t5(pyrrole H) - 8.75 ppm), Ir'"(ttp)(PPh3)0H ( � p y r r o l e H) = 8.81 ppm), and 

unreacted Ir�（ttp)(PPh3)Cl ( � p y r r o l e H) = 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"^(ttp)(PPh3), (Ph3P)(ttp)Ir"iOIr"i(ttp), or (ttp)Ir"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 ( � 3 

equiv O2) 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 

O2 in air (n) was estimated by using the ideal gas equation: n = (PV)/(RT) x 21%, where P = 

101325 Nm-2，V � 1 3 x lO'^ m^ R = 8.314 J K"̂  mol], T = 298 K, and 21% is the percentage o f O j 

in air. Thus, n is found to be 0.11 mmol ( �3 equiv with reference to PPhs). 

(ii) With H2O. 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 yield. 

(iii) With K O H . PPI13 (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 yield. 

(iv) With H2O2. PPhs (17.5 mg, 0.067 mmol) H2O2 (30% solution, 15.1 mg, 13.6 juL, 0.1334 

mmol of H2O2 (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 yield. 

(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 
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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 yield. 

(vi) With KOH and H2O2. PPhs (9.2 mg, 0.035 mmol) H2O2 (30% solution, 7.9 mg, 7.3 //L, 0.070 

mmol of H2O2 (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 H2O2 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 yield, and unreacted PPhs was recovered in 80% NMR yield. 

Reaction of I r " \ t tp ) (CO)Cl with K O H and Excess PPhs (5 equiv). Ir"^(ttp)(CO)Cl (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)Cl 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 I r " \ t t p ) (CO)Cl with Excess PPhj (5 equiv) without Base. Ir"Vttp)(CO)Cl (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 yield) with reference to Ir"\ttp)(CO)Cl added. 

Unreacted PPhs and P(0)Ph3 were observed in 69% and 1% NMR yields, respectively, with 

reference to PPI13 added. The formation of P(0)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 o f K O H (20 equiv) 

(i) At 1 2 0 � C . Ir"�(ttp)(CO)Cl (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 120 under N2 for 9 hours. The solvent was then collected in a liguid-N� 

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 / HCl (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. 

(ii) At 200 "C. Ir"Vttp)(CO)Cl (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^ 

� Without Addition of KOH. I r�(t tp )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 ( � 1 

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). 

(ii) With Addition of K O H (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'^(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 ( � 1 equiv) 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)0H was observed. The reaction 

mixture was then heated at 2 0 0 � C for 4 hours to yield Ir'"(ttp)(PPh3)H and Ir"Vttp)(PPh3)0H in 

15% and 16% NMR yields, 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)0H (1.0 : 1.1) 

(Figure 2.8). 

Reaction of (H20)(ttp)Ir"^0Ir"*(ttp)(0H2) with KOH. (H20)Ir"^(ttp)0Ir"^(ttp)(0H2), 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 

I r�(t tp )H in 6% NMR yield and unreacted (H20)(ttp)Ir"tolr"'(ttp)(0H2) 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-成 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 [Ir'^(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川(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 Ir�"(ttp)H in 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% yields 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. 

(ii) Without Base at 2 0 0 � C . Ir"'(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% yield and unreacted Ir^"(ttp)H in 70% yield were observed. After 1.5 hours and afterwards, 

only Ir川(ttp)H in 72% NMR yield was observed without further reaction. Residual water ( � 1 equiv) 

was estimated in the reaction mixture by NMR spectroscopy. The reaction time profile was 

shown in Figure 2.9. 

(iii) With KOH at at 2 0 0 � C . Ir"'(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 . 4 equiv) 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% yield 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% yield and 

unreacted Ir'''(ttp)H in 53% yield were observed. After 1 hour, only IrVttp)"K"^ in 16% yield and 

unreacted Ir'"(ttp)H in 56% yield were observed. After 2 hours and afterwards, I r�( t tp )H in 74% 

yield was observed without further reaction. Residual water ( � 1 , 4 equiv) was estimated in the 

reaction mixture by ^H NMR 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% yield were observed. After 15 hours, only 

Ir川(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. 

(Ill) Chapter 3 Base-Promoted Aryl Carbon-Halogen Bond Cleavages by Iridium(III) 

Porphyrins 

Reactions of Ir"^(ttp)(CO)Cl with PhX in Solvent-Free Conditions. 

The experimental procedure of the reaction of Ir"^(ttp)(CO)Cl with PhCl at 2 0 0 � C was 

described as a typical example. 

(a) Reaction of Ir'"(ttp)(CO)Cl with PhCl. Ir''^(ttp)(CO)Cl (15.0 mg, 0.016 mmol) and PhCl (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 � 1 0 % v/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)Cl (6.7 mg, 0.007 mmol, 45%). Characterization of 

I r" ' ( t tp)Ph (8a): Ry = 0.47 (CH2Cl2/hexane = 1 : 1 ) . ^H NMR (CDCI3, 300 MHz) S 0.55 (d, 2U,J 

=8.1 Hz), 2.68 (s, 12 H), 4.72 (t, 2 H, J二 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)，8.58 (s，8 H). '^C NMR (CDCI3, 75 MHz) d 21.7, 95.3, 120.2, 123.2’ 124.2， 

127.6, 129.1, 131.6, 133.7, 134.2, 137.4, 138.8, 143.1. HRMS (ESIMS): Calcd for [C54H4iN4lr]十： 

m/z 938.2955. Found: m/z 938.2948. The single crystal for X-ray crystallography was grown from 

CH2CI2 / CH3OH. 

(b) Reaction of Ir"i(ttp)(CO)Cl with PhCl and K2CO3. Ir"\ttp)(CO)Cl (15.0 mg, 0.016 mmol), 

K2CO3 (45 mg, 0.32 mmol, 20 equiv), and PhCl (1 mL) were heated at 2 0 0 � C under N2 for 12 

hours. The crude product was purified by column chromatography over alumina eluted with 

CH2Cl2/hexane (1:3) to isolate a brown solid ofIr"Vttp)Ph (12.6 mg, 0.013 mmol, 84%). 

(c) Reactions of Ir"^(ttp)(CO)Cl 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)Cl (15 mg, 0.016 mmol), 

K2CO3 (45 mg, 0.32 mmol, 20 equiv), and PhBr (1 mL) were heated at 1 5 0 � C under N2 for 12 

hours to give Ir"'(ttp)Ph (13.7 mg, 0.015 mmol, 91%) upon column chromatography with alumina 

using CH2CI2 / hexane ( 1 : 1 ) as an eluent.. 

(e) Reaction of Ir"^(ttp)(CO)Cl with Phi. Ir'"(ttp)(CO)Cl (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川(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)Cl (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)Cl with PhX (1.1 equiv) in Benzene Solvent at 2 0 0 � C . 

The experimental procedure of the reaction Ir"'(ttp)(CO)Cl with PhCl (1.1 equiv) at 200 was 

described as a typical example for the following reactions. 

(a) Reaction of Ir"*(ttp)(CO)CI with PhCl (1.1 equiv). Ir"Yttp)(CO)Cl (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)Cl (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 yield of Ir"'(ttp)Ph (2% NMR yield) was estimated by using the isolated yield of 

unreacted Ir"'(ttp)(CO)Cl, and the porphyrin's pyrrole proton ratio of Ir'"(ttp)(CO)Cl : Ir"[(ttp)Ph 

( �3 9 : 1) in the crude product mixture estimated by ^H NMR spectroscopy. 

(b) Reaction of Ir"*(ttp)(CO)Cl with PhCl (1.1 equiv) and K2CO3 (20 equiv). Ir"^(ttp)(CO)Cl 

(19.7 mg, 0.021 mmol), K2CO3 (59.0 mg, 0.43 mmol), PhCl (2.6 mg, 2.4 礼’ 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严 (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, V h h = 7.6 Hz, V h h = 1.7 Hz), 7.79 (dd, 8 H, V h h = 7.6 Hz, V h h = 1.8 Hz), 8.18 (s, 16 H). 

'^C NMR with complete '^C signals could not be obtained since Ir"'(ttp)(p-C6H4)Ir'^\ttp) was only 

springly soluble in CDCI3 and THF-^/g. HRMS (FABMS): [Cioi'^CHyeNg^^^Ir^^^Ir]^: m/z 

1797.5456. Found; m/z 1797.5470. Characterization of Ir"^(ttp)CH3 ( 1 0 ) ? 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, 131.4, 133.7, 133.9, 137.3, 138.9，143.4. 

(c) Reaction of I r…(ttp)(CO)a with PhBr (1.1 equiv). Ir'"(ttp)(CO)Cl (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)Cl (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"Vttp)(CO)Cl 

(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 CH2Cl2/hexane (1:1) to give (20.3 

mg, 0.022 mmol, 100%). 

(e) Reaction of Ir'"(ttp)(CO)Cl with Phi (1.1 equiv). Ir"\ttp)(CO)Cl (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)I (1.1 mg, 0.001 mmol, 5%), and then eluted with 

CHzCb/hexane (2:1) to give Ir"'(ttp)CO)Cl (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)Cl with Phi (1.1 equiv) and K2CO3 (20 equiv). Ir"^(ttp)(CO)Cl 

(20.0 mg, 0.022 mmol). Phi (4.8 mg, 2.6 ^ L , 0.024 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)Cl 

The experimental procedure of the reaction Ir"\ttp)(CO)Cl 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)Cl (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)Cl with PhBr and NaOH. Ir"Vttp)(CO)Cl (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)Cl with PhBr and CS2CO3. Ir"Vttp)(CO)Cl (15.0 mg, 0.016 mmol), 

CS2CO3 (104.3 mg, 0.32 mmol, 20 equiv), and PhBr (1 mL) were heated at 1 5 0 � C under N2 for 3 

hours to give I r�( t tp )Ph (12.6 mg, 0.013 mmol, 83%). 

(4) Reaction of Ir'"(ttp)(CO)Cl with PhBr and K3PO4. Ir"'(ttp)(CO)Cl (15.0 mg, 0.016 mmol), 

K3PO4 (68 mg, 0.32 mmol, 20 equiv), and PhBr (1 mL) were heated at 1 5 0 � C under 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)Cl with PhBr and K2CO3. 

(a) K2CO3 (10 equiv). Ir"'(ttp)(CO)Cl (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) K2CO3 (20 equiv). Ir"^(ttp)(CO)Cl (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). I r�(ttp)(CO)Cl (15.0 mg, 0.016 mmol), K2CO3 (68 mg, 0.48 mmol), and 

PhBr (1 mL) were heated at 1 5 0 � C under N2 for 6 hours to give Ir"'(ttp)Ph (12.6 mg, 0.013 mmol, 

84%). 

(6) Reaction of Ir"^(ttp)(CO)Cl with PhBr (1.1 equiv) and K2CO3 (20 equiv) in Benzene at 

150 Ir^"(ttp)(CO)Cl (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 2 0 0 � C under N2 for 4 days to give Ir"\ttp)Ph 

(17.6 mg, 0.019 mmol, 87%). 

(7) Reaction of Ir"*(ttp)(CO)Cl with PhBr (1.1 equiv) and K2CO3 (20 equiv) in Benzene at 

200。(：. Ir"'(ttp)(CO)Cl (20.0 mg, 0.022 mmol), PhBr (3.7 mg, 2.5 f tU 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-I Cleavage by Ir"i(ttp)(CO)CI 

The experimental procedure of the reaction Ir' '\ttp)(CO)Cl with Phi (1.1 equiv) and KOH (20 

equiv) at 150 was described as a typical example. 

(1) Reactions of Ir"�(ttp)(CO)Cl with Phi (1.1 equiv) and KOH. Ir"i(ttp)(CO)Cl (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 CH2Cl2/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)Cl (10.6 mg, 

0.011 mmol), CS2CO3 (7.5 mg, 0.23 mmo, 20 equiv), Phi (2.6 mg, 1.4 /丄，0.013 mmol), and 

benzene (1 mL) were heated at 1 5 0 � C under N2 for 1 day to give Ir"\ttp)Ph (8.8 mg, 0.009 mmol, 

82%). 

(3) Reaction of I r '"( t tp)(CO)Cl with Ph i (1.1 equiv) and K2CO3. tf"(ttp)(CO)Cl (10.0 mg, 

0.011 mmol), K2CO3 (30.0 mg, 0.22 mmol, 20 equiv). Phi (2.4 mg, 1.3 厂L, 0.012 mmol), and 

benzene (1 mL) were heated at 1 5 0 � C under N2 for 5 days to give Ir^"(ttp)Ph (7.9 mg, 0.008 mmol, 

78%). 

(4) Reaction of Ir" ' ( t tp)(CO)Cl with Ph i (1.1 equiv) and K3PO4. Ir"^(ttp)(CO)Cl (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)Cl with Phi (1.1 equiv) and NaOH 

(a) NaOH (10 equiv) at 150。(：• Ir™(ttp)(CO)Cl (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)Cl (10.3 mg, 0.011 mmol), NaOH (8.9 mg, 0.22 

mmol), Phi (2.5 mg, IA 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)Cl (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 2 0 0 � C under 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)Cl (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)Cl (9.6 mg, 0.010 mmol), NaOH (8.3 mg, 0.21 

mmol), Phi (2.3 mg, 1.3 /^L, 0.011 mmol), and benzene (1 mL) were heated at 2 0 0 � C under N2 for 

2 hours to give Ir^'Vttp)Ph (9.4 mg, 0.010 mmol, 97%), 

Optimization of Base-Promoted Ph-Cl Cleavage by Ir"\ttp)(CO)Cl 

The experimental procedure of the reaction Ir"'(ttp)(CO)Cl with PhCl (1.1 equiv) and NaOH (20 

equiv) at 200 was described as a typical example. 

(1) Reaction of Ir'"(ttp)(CO)Cl with PhCl (1.1 equiv) and NaOH (20 equiv) at 2 0 0 � C . 

Iriii(ttp)(CO)a (9.9 mg, 0.011 mmol), NaOH (8.6 mg, 0.21 mmol), PhCl (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)Cl with PhCl (1.1 equiv) and KOH (20 equiv) at 2 0 0 � C . 

Ir"'(ttp)(CO)Cl (10.1 mg, 0.011 mmol), KOH (12.3 mg, 0.22 mmol), PhCl (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"^(ttp)CH3 (0.2 mg, 0.0002 mmol, 2%). 

(3) Reaction of Ir"^(ttp)(CO)Cl with PhCl (1.1 equiv) and K3PO4 (20 equiv) at 200 "C. 

Iriii(ttp)(CO)Cl (10.0 mg, 0.011 mmol), K3PO4 (46.0 mg, 0.22 mmol), PhCl (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川(ttp)CH3 (1.5 mg, 0.002 mmol, 16%). 

(4) Reaction of Ir"'(ttp)(CO)Cl with PhCl (1.1 equiv) and K2CO3 (20 equiv) at 200 "C. 

Ii川(ttp)(CO)Cl (19.7 mg, 0.021 mmol), K2CO3 (59.0 mg, 0.43 mmol), PhCl (2.6 mg, 2.4 juL，0.023 
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mmol), and benzene (2 mL) were heated at 2 0 0 � C under N2 for 1 day to give Ir"^(ttp)Ph (6.2 mg， 

0.007 mmol, 31%), Ir"Vttp)(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)Cl with PhCl (50 equiv) and K2CO3 (20 equiv) at 200。<：• 

I r ’ t t p ) ( C O ) a (9.7 mg, 0.010 mmol), K2CO3 (29 mg, 0.21 mmol), PhCl (59 mg, 53 fxL, 0.53 

mmol), and benzene (1 mL) were heated at 2 0 0 � C under 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)Cl with PhCl (100 equiv) and K2CO3 (20 equiv). Ir"\ttp)(CO)Cl 

(9.7 mg, 0.010 mmol), K2CO3 (29 mg, 0.21 mmol), PhCl (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 yield) was also formed and its yield was 

estimated by using the yield of I r�(t tp )Ph and the pyrrole proton ratios of Ir"'(ttp)Ph and 

Ir'"(ttp)(p-C6H4)Ir"Vttp) ( - 3 1 : 1) in the crude products by ^H NMR spectroscopy. 

(7) Reaction of Ir"Vttp)(CO)Cl with PhCl (300 equiv) and K2CO3 (20 equiv). Ir"Vttp)(CO)Cl 

(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 2 0 0 � C under 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)Cl with PhCl (200 equiv) and K2CO3 (20 equiv) at 2 0 0 � C . 

(i) K2CO3 (10 equiv), I r�(ttp)(CO)Cl (9.8 mg, 0.011 mmol), K2CO3 (15 mg，0.11 mmol), PhCl 

(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 Ir�"(ttp)(p-C6H4)Ir"i(ttp) (2%, NMR yield). 

(ii) K2CO3 (20 equiv). Ir"'(ttp)(CO)Cl (10.9 mg, 0.012 mmol), K2CO3 (33 mg, 0.24 mmol), 

PhCl (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"Vttp)(p-C6H4)Ir"^(ttp) (2%, NMR yield). 

(iii) K2CO3 (30 equiv). Ir"Vttp)(CO)Cl (9.7 mg, 0.010 mmol), K2CO3 (43.5 mg, 0.31 mmol), 
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PhCl (236 mg，213 //L, 2.1 mmol), and benzene (1 mL) were heated at 200 under N2 for 11 

hours to give Ir'^'(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)Cl with PhCl (200 equiv) and K2CO3 (20 equiv) at 150 

Ii•�(ttp)(CO)Cl (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 CH2Cl2/hexane (1:2) to give 

Ir"Vttp)Ph (7.4 mg, 0.008 mmol, 74%) and Ir'"(ttp)(p-C6H4)Ir"^(ttp) (5%, NMR yield). 

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)Cl with 4-bromoanisole and K2CO3 at 

200 was described as a typical example. 

(1) Reaction with 4-Bromoanisole. Ir'"(ttp)(CO)Cl (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 CH2Cl2/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 (s, 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 

[C55H43N4lrO]+ : m/z 968.3061. Found: m/z 968.3057. The single crystal for X-way 

crystallography was grown from CH2CI2 / CH3OH. 

(2) Reaction with 4-Bromo-AyV-Dimethylaniline. 

(a) Without addition ofPPhj. Ir'^^(ttp)(CO)Cl (20 mg, 0,022 mmol), K2CO3 (60 mg, 0.43 mmol, 

228 



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, 4 H , 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 

[C56H46N5lr]^: 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 o fPPhs . Ir'"(ttp)(CO)Cl (20.0 mg，0.022 mmol), K2CO3 (60 mg, 0.43 mmol, 

20 equiv), 4-bromo-A/^iV-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川(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 二 7.5 Hz), 6.56 (t, 6 H, Vhh 

= 6 . 9 Hz), 6.86 (t, 3 H, Vhh 二 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). ^^C NMR (CDCI3, 75 MHz) 

d�21.6, 40.5, 109,7 (d, Vpc 二 6.8 Hz), 115.0 (d, Vpc = 1 3 9 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 [C74H6iN5PIr]+: m/z 1243.4288. Found: 

m/z 1243.4334. 

(3) Reaction with 4-Bromo-rer^butylbenzene. Ir"\ttp)(CO)Cl (20.0 mg, 0.022 mmol), K2CO3 

(60 mg, 0,43 mmol), 4-bromo-/'er?-butylbenzene (5.1 mg, 4.1 /^L, 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 ) . ' H N M R (CDCI3, 300 MHz) 

d 0.35 (s, 9 H), 0.50 (d, 2 H , 8.7 Hz), 2.68 (s, 12 H), 4.73 (d, 2 H, J二 8.4 Hz), 7.51 (d, 8 H , 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, 32.6， 

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 [C58H49N4lr]^: m/z 994.3581. Found: m/z 994.3567. 

(4) Reaction with 4-Bromotoluene. Ir'"(ttp)(CO)Cl (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 

二 0.47 (CHsClz/hexane = 1 : 1 ) . ^H NMR (CDCI3, 300 MHz) d 0,48 (d, 2 H，J二 8.4 Hz), 1.10 (s, 3 

H), 2.68 (s, 12 H), 4.58 (d, 2 H , 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 [C55H43N4lr]+: m/z 952.3111. 

Found: m/z 952.3119. The single crystal for X-way crystallography was grown from CH2CI2 / 

CH3OH. 

(5) Reaction with l-Bromo-4-(trimethylsilyl)benzene. Ir'"(ttp)(CO)Cl (20.0 mg, 0.022 mmol), 

K2CO3 (60 mg, 0.43 mmol), l-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)，0.55 (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, 4 H , J - 6 . 0 Hz), 8.02 (d，4 H, 6.1 Hz)，8,58 (s, 8 

H). " C N M R (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 [C57H49N4SiIr]+: 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)Cl (40.0 mg, 0.043 mmol), 

K2CO3 (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 ) . Ĥ 

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, 4H,J= 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 [C62H44N502lr]+: m/z 

1083.3119. Found: m/z 1083.3126. 

(7) Reaction with l-Bromo-4-fluorobenzene. I r�(ttp)(CO)Cl (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 2 0 0 � C under 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, V h h = 8 . 7 Hz, Vhf = 6.0 Hz), 2.68 (s，12 H), 4.54 (dd, 2 H, V h h = 9 . 0 Hz, Vhf = 9.0 

Hz), 7.51 (d, 8 H, 7.8 Hz), 7.97 (d, 4 H , 8.0 Hz)，8.02 (d, 4 H , J = 8.0 Hz), 8.58 (s, 8 H). 

口C 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, ^Jcf = 236 Hz). HRMS (FABMS): 

Calcd for [C54H4oN4lrF]+: m/z 956.2861. Found: m/z 956.2855. 

(8) Reaction with 1,4-Dibromobenzene. Ir"Vttp)(CO)Cl (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) S 0.37 (d, 2 H , J = 

8.7 Hz), 2.68 (s, 12 H), 4.85 (d, 2 H , 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 

[C54H4oN4BrIr]+ ([M]+): m/z 1016.2060. Found: m/z 1016.2055. 

(9) Reaction with l-Bromo-4-iodobenzene. Ir"Vttp)(CO)Cl (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 2 0 0 � C under 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 l-Bromo-4-chlorobenzene. Ir"'(ttp)(CO)Cl (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,二 0.45 (CHiCb/hexane = 1 : 1 ) . � H NMR (CDCI3, 300 MHz) S 0.43 (d, 2 H, 

V h h = 9.0 Hz), 2.68 (s, 12 H), 4.72 (d, 2 H, V h h = 8.7 Hz), 7.52 (d, 8 H, V h h = 7.9 Hz), 7.98 (dd, 

4 H ， V h h 二 8 . 5 H z , V h h = 2 . 4 H z ) , 8 . 0 1 ( d d , 4 H , V h h 二 7 . 9 H z , V h h 二 2 . 1 H z ) , 8 . 5 9 (s , 8 H ) . ' ^ C 

NMR (CDCI3, 75 MHz) 3 21.7, 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 [C54H4oN4ClIr]^ ([M]+): m/z 972.2565. Found: m/z 

972.2563. 

(11) Reaction with Methyl 4-Bromobenzoate. Ir"^(ttp)(CO)Cl (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 200�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 (CHsCb/hexane = 2 : 1). ^H NMR (CDCI3, 300 MHz) S 0.57 (d, 

2 H , J = 7.5 Hz), 2.68 (s, 12 H), 3.23 (s, 3 H), 5.32 (d’ 2 H , J = 8.4 Hz), 7.53-7.54 (m，8 H), 7.97 

(d, 4n,J= 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, 123,9，127.6, 127 .7，129.4, 131.6, 133.6, 134.3, 137.5, 138.6, 142.8， 

167.0. HRMS (FABMS): Calcd for [C56H43N402lr]+ ( [Mf ) : m/z 996.3010. Found: m/z 996.3027. 

(12) Reaction with 4-Bromoacetophenone. Ir"�(ttp)(CO)Cl (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 2 0 0 � C under 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/= 0 3 6 (CHzCli/hexane = 1 : 1 ) . ' H N M R (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, 2 H , J = 8.4 Hz), 7.52 (d, 8 H， 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 [C56H43N4lrO]^ : m/z 980.3061. Found: m/z 980.3050. 

(13) Reaction with 4-Bromobenzaldehyde. Ir"^(ttp)(CO)Cl (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"̂ (ttp)(PPh3)C6H40!?-CHO) (8m) (16.2 mg, 0.013 mmol, 61%). R/ 二 0.64 

(CHsCli/hexane = 1 : 1 ) . ^H NMR (CDCI3, 300 MHz) S 0.49 (dd, 2 H, Vhh 二 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 二 7.6 Hz, Vrh = 1.4 Hz), 8.46 (s, 8 H), 8.61 (s, 1 H). " 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 [C73H56N4POIr]"' ( [ M ] ’ m/z 1228.3815. Found: m/z 

1228.3857. 

(14) Reaction with 4-Bromobenzotrifluoride. Ir"'(ttp)(CO)Cl (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 

0.43 (d，2 H, 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, 4 H , J = 5.7 Hz), 8.59 (s, 8 H). ^̂ C NMR (CDCI3, 100 MHz) S 21.7, 

102.7, 119.5 (q，”二 3.6 Hz), 122.1 (q, V = 3 1 . 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 [ C s s H ^ N ^ ^ r T 

([M]+): m/z 1006.2829. Found: m/z 1006.2825. 

(15) Reaction with 4-Bromobenzonitrile. Ir"\ttp)(CO)Cl (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, V h h = 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 二 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 wi th 4-Bromo-nitrobenzene. Ir"\ t tp)(CO)Cl (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%). R f= 0.51 (CHsCWhexane = 2 : 1 ) . N M R (CDCI3, 300 MHz) S 0.64 (d， 

2 H, Vhh = 9.3 Hz), 2.69 (s, 12 H), 5.55 (d，2 H，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，8 H). ^̂ 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 [C54H4oN502lr]+: m/z 983.2806. Found: m/z 

983.2791. The single crystal for X-ray crystallography was grown from CH2CI2 / CH3OH. 

(17) Reaction w i th 2-Bromonaphthalene. Ir"\t tp)(CO)Cl (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 

。C under N2 for 19 hours to give a deep brown solid of Ir"\ttp)(2-naphthyl) (8q) (18.1 mg, 0.018 

mmol, 85%). 0.46 (CHzC^/hexane - 1 : 1 ) . ^H NMR (CDCI3, 400 MHz) 0.74 (dd, 1 H，Vhh 

二 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, V r h = 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), 8.58 (s, 8 H). ^̂ C NMR (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 [CssIl^NAlr]十（[M]+): m/z 988.3111. 

Found: m/z 988.3115. 
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(18) Reaction w i th 3-Bromoanisole. Ir"^(ttp)(CO)Cl (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 ) . ^H NMR (CDCI3，400 MHz) S 0.21 (d, 1 H, J = 

8.3 Hz), 2.59 (s, 3 H), 2.61 (s, 1 H), 2.68 (s, 12 H)，4.60 (t, 1 H, J = 8 . 1 Hz), 4.82 (dd, 1 H, V - 7 . 9 

Hz, 1.7 Hz), 7.52 (d, 8 H, J= 7.0 Hz), 8.01 (d，8 H, J = 7.7 Hz), 8.59 (s, 8 H). ^̂ C NMR 

(CDCI3, 100 MHz) 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 w i th 3-Bromotoluene. Ir"^(ttp)(CO)Cl (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 (CH2Cl2/hexane = 1 : 1 ) . ^H NMR (CDCI3, 400 MHz) S 0.31 (s, 1 H), 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), 8.01 (d，8 8.2 Hz), 8.57 (s, 8 H). "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 [C55H43N4lr]+ ([M]+): m/z 952.3111. Found: m/z 952.3100. 

(20) Reaction wi th 3-Bromo-nitrobenzene. Ir"^(ttp)(CO)Cl (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/二 0.51 (CHzCb/hexane = 1 : 1 ) . ^H NMR (CDCI3, 400 MHz) d 0.80 (d, 1 H, 

8.2 Hz), 1.29 (t, 1 H, V = 1.8 Hz), 2.69 (s, 12 H), 4.83 (t, 1 H, V = 8.1 Hz), 6.09 (dd, 1 H, V = 

8.0 Hz, V = 1.8 Hz), 7.54 (d, 8 H, J二 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, 142.4, 142.8. HRMS (FARMS): Calcd for 

[C54H4oN502lr]+ ([M]+): m/z 983.2806. Found: m/z 983.2803. 
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Scope of Base-Promoted Ary ! C - I Cleavage: Reactions of Various 4-Substituted A ry l 

Bromides (1.1 equiv) wi th Ir"^(t tp)(CO)Cl and NaOH (20 equiv) 

The experimental procedure of the reaction Ir^"(ttp)(CO)Cl with 4-iodoanisole (1.1 equiv) and 

NaOH (20 equiv) at 150 "C was described as a typical example. 

(1) Reaction w i th 4-IodoanisoIe. Ir"Vttp)(CO)Cl (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 CH2Cl2/hexane (1 ;2) to give Ir"^(ttp)C6H4(i!?-OMe) (8c) (9.3 mg, 0.010 mmol, 89%). 

(2) Reaction w i th 4-Iodotoluene. Ir"Vttp)(CO)Cl (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 w i th l-Fluoro-4-iodobenzene. tf"(ttp)(CO)Cl (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 w i th l-Bromo-4-iodobenzene. Ir"\ t tp)(CO)Cl (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"^(ttp)(p-C6H4)Ir"^(ttp) 

(9a) (1%，NMR yield). 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-I) (8r): 0.50 (CHiCWhexane = 1 : 1 ) . NMR (CDCI3, 

300 M H z ) (5 0.23 (d，2H, 8.7 Hz), 2.68 (s, 12 H), 4.98 (d, 2 H ， 8 . 4 Hz) , 7.52 (d, 8 H, J = 

7.8 Hz), 7.99 (d, 8 H, J = 6 . 6 Hz), 8.59 (s, 8 H). " 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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[C54H4GN4lIr]+: m/z 1064.1921. Found: m/z 1064.1927. 

(5) Reaction with 1,4-Diiodobenzene. Ir"^(ttp)(CO)Cl (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 2 0 0 � C under 

N2 for 9 hours to give Ir 川(ttp)C6H4(p-I) (8r) (9.4 mg, 0.009 mmol, 90%) and 

Ir'"(ttp)(p-C6H4)Ir"'(ttp) (9a) (0.5 mg, 0.0002 mmol, 3%). 

(6) Reaction with 4-Iodo-acetophenone. Ir"^(ttp)(CO)Cl (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 

。C under N2 for 12 hours to give Ir"'(ttp)C6H4(;?-(CO)Me) (81) (8.0 mg, 0.008 mmol, 81%). 

(7) Reaction wi th 4-Iodo-iiitrobenzene. Ir"'(ttp)(CO)Cl (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 Ary l C-Cl Cleavage: Reactions of 4-Substituted Ary l Chlorides (200 

equiv) with Ir"^(ttp)(CO)Cl and K2CO3 (20 equiv) 

The experimental procedure of the reaction Ir"\ttp)(CO)Cl with 4-chloroanisole (200 equiv) and 

K2CO3 (20 equiv) at 150 was described as a typical example. 

(1) Reaction wi th 4-ChloroanisoIe. Ir'"(ttp)(CO)Cl (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)Cl (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 1 5 0 � C under 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, 2R,J= 8.4 Hz), 7.53 (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 二 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 

[C55H42N4ClIr]+ ([M]+): m/z 986.2722. Found: m/z 986.2730. 

(3) Reaction with l-Chloro-4-fluorobenzene. Ir"Vttp)(CO)Cl (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)Cl (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), K2CO3 

(30.5 mg, 0,22 mmol, 20 equiv), methyl 4-chlorobenzoate (376 mg, 2.2 mmol), and benzene (1 mL) 

were heated at 1 5 0 � C under 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)Cl (10.8 mg, 0.012 mmol), K2CO3 (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 1 2 0 � C for 1 hour to give Ir"^(ttp)(PPh3)C6H4(p-CHO) (8m) 

(9.9 mg, 0.008 mmol, 69%) and Ir"^(ttp)(PPh3)(C(0)C6H4(p-Cl)) (12) (<1%). 

(7) Reaction with 4-Chlorobenzotrifluoride. Ir'"(ttp)(CO)Cl (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 1 5 0 � C under N2 for 7 days to give Ir�(ttp)C6H40-CF3) (8n) (7.9 mg, 0.008 mmol, 68%). 

(8) Reaction with 4-Chlorobenzon!trile. Ir^^^(ttp)(CO)Cl (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 1 day. 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-I). Ir"^(ttp)(CO)Cl (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-I) (8r) (53.2 mg, 0.050 mmol, 92%). 

(2) Conversion of Ir"'(ttp)C6H4(/?-I) to Ir"^(ttp)(/?-C6H4)Ir"^(ttp). Ir"Vttp)C6H4(p-I) (50.0 mg, 

0.047 mmol), K2C03(130 mg, 0.94 mmol, 20 equiv), Ir"'(ttp)(CO)Cl (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)0[7-C6H4)Ir"\ttp). Ir'"(ttp)C6H40-Br) (prepared from the reaction of Ir"\ttp)(CO)Cl 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)Cl (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-Ir idium-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…-I). Ir"^(ttp)(CO)Cl (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-I) (8s) (46.8 mg, 0.041 mmol, 76%). R / = 0.57 (CHiCli/hexane 

= 2 : 1 ) . 'H N M R (CDCI3, 300 MHz) S 0,63 (d, 2H,J= 8.4 Hz), 2.68 (s, 12 H)，4.95 (d, 2 H , 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, 4 H ， 6 . 9 Hz) , 7.53 (d, 4 H， 

6.9 Hz), 8.01 (d, 8 H ， 7 . 5 Hz), 8.60 (s, 8 H). ^̂ C NMR of Ir"'(ttp)(p-C6H4)2(p-I) could not 

be obtained due to its poor solubility in CDCI3 and THF-必.HUMS (FABMS): Calcd for 

[C6oH44N4lIr]+ ([M]+): m/z 1140.2234. Found: m/z 1140.2277. 

(2) Conversion of Irm(ttp)(p-QH4)2(p-I) to I r*" ( t tp)0-C6H4)2lr" \ t tp) . Ir"^(ttp)(p-C6H4)2(p-I) 

(50 mg, 0.044 mmol), K2CO3 (121 mg, 0.88 mmol, 20 equiv), Ir"^(ttp)(CO)Cl (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 CH2Cl2/hexane (1:1) to 

give a deep brown solid of Ir"\ttp)(p-C6H4)2lr"\ttp) (9b) (58.4 mg, 0.031 mmol, 71%). R / = 0.51 

(CH2Cl2/hexane = 2:1). NMR (CDCI3, 300 MHz) d 0.06 (d, 4H, J - 8.7 Hz), 2.62 (s, 24 H)， 

3.93 (d, 4 H , / = 8.7 Hz) , 7.38 (d, 8 H， J = 7.7 Hz) , 7.43 (d, 8 H , J= 7.6 Hz) , 7.74 (d, 8 H , J = 7.7 

Hz), 7.89 (d，8 H, 7.6 Hz), 8.39 (s, 16 H). ^̂ C 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 

[Cio7i3CH8oN8i93lri9iir]十：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)Cl (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 ofIr"'(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) S 0.63 (d, 2 H , 8 . 7 Hz), 2.68 (s, 12 H), 4.95 (d，2 R,J= 8.7 

Hz), 6.41 (d, 2 H , J = 8.7 Hz), 6.96 (d，2 H, J= 8.7 Hz), 7.51 (d, 4 H , J = 6.6 Hz), 7.53 (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, 

121.5, 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 [C6oH44N4BrIr]^ ([M]+): m/z 1092.2373. Found: m/z 1092.2369. 

(2) Conversion of I r ⑴(ttp)(/7-C6H4)2(p-Br) to Irm(ttp)(/7-C6H4)2lri"(ttp). 

Ir⑴(ttp)(p-C6H4)2(/>Br) (50.0 mg, 0.046 mmol), K2CO3 (126 mg, 0.91 mmol, 20 equiv), 

Ir⑴(ttp)(CO)Cl (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)2lr"'(ttp) (9b) (64.3 mg, 0.034 mmol, 75%). 

(ii) 1-Pot Synthesis. 4,4'-Dibromobiphenyl (5.3 mg, 0.017 mmol), Ir"Vttp)(CO)Cl (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 

。C under N2 for 3 days to give Ir"'(ttp)0-C6H4)2lr"\ttp) (9b) (13.7 mg, 0.007 mmol, 43%), 

Moni tor ing the Intermediates in Base-Promoted A r -X Cleavages by Ir"^(t tp)(CO)Cl. 

The experimental procedure of the reaction of Ir"^(ttp)(CO)Cl wi th PhBr (1.1 equiv) and K2CO3 

(20 equiv) in sealed N M R tube was described as an typical example. 

(A) Reaction wi th PhBr (1.1 equiv). 

(i) Addi t ion of K2CO3. Ir"Vttp)(CO)Cl (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 N M R 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. Ii•川(ttp)(CO)Cl 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. 

(ii) Addition of CS2CO3. Ir"^(ttp)(CO)Cl (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- îe (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)Cl was gradually consumed after 60 hours to form Ir⑴(ttp)Ph quantitatively (NMR 

yield) (Table 3.31). 

(B) Reaction with Phi (1.1 equiv) and KOH. Ir"'(ttp)(CO)Cl (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 [Ir^'(ttp)]2 were observed as intermediates in the course of 

reaction. Ir'"(ttp)(CO)Cl was gradually consumed after 38 hours to form Ir"\ttp)Ph quantitatively 

(NMR yield) (Table 3.32). 

(C) Reaction with PhCl (50 quiv) and CS2CO3. Ir"^(ttp)(CO)Cl (4.3 mg, 0.005 mmol), CS2CO3 

(30 mg, 0.09 mmol, 20 equiv), PhCl (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 [Irii(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 

Ir⑴(ttp)CH3 in 71%, 6%, and 4% NMR yields, respectively (Table 3.33). It is noted that PhCl in 

50 equiv was used instead of the optimal amount of 200 equiv to avoid the proton signals of excess 

PhCl from overlapping and weakening that from the iridium porphyrin species. 

Relative Reactivity of Possible I r id ium 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 wi th 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(l8-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 yield 

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%). 

(ii) Reaction wi th I r ' " ( t tp)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 Ir⑴(ttp)Ph and Ir"'(ttp)Br (Figure 3.9(a)). The crude product was purified 

by column chromatography using alumina eluted with CH2CI2 I hexane (1:2) to give Ir^"(ttp)Ph 

(2.0 mg, 0.002 mmol, 31%). Ir"\ t tp)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 

((^(pyrrole) = 8.91-8.95 ppm) (-4.4 : 1) in the crude ^H NMR spectroscopy. Attempted isolation of 

Ir⑴(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"^(ttp)Br ( Ic i) : 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"(ttp)]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"丨(ttp)Ph and Ir"'(ttp)Br (Figure 3.9(b)). 

The crude product was purified by column chromatography using alumina eluted with CH2CI2 / 

hexane (1:2) to give Ir"Vttp)Ph (2.1 mg, 0.002 mmol, 34%). Ir"\ t tp)Br was formed in 32% NMR 

yield its yield was estimated by using the isolated yield of Ir"^(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 CH2CI2 / hexane (2:1) as an eluent was unsuccessful due to the partial 

decomposition of Ir^"(ttp)Br to form unknown species. 

(B) Cleavage o fPh- I 

(i) Reaction wi th Ir*(ttp)". Ir^(ttp)'[K( 18-crown-6)]^ was prepared quantitatively from the reaction 

ofIr '"(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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。C. 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 yield. 

(ii) Reaction w i th I r ' " ( t t p )H . Ir⑴(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 N M R 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 I r " \ t tp ) I (风pyrrole) = 8.92 ppm) (Figure 3.10(a)). Ir"^(ttp)Ph 

(2.1 mg, 0.002 mmol, 34%) was isolated by column chromatography wi th alumina using 

CH2Cl2/hexane (1:2) as the eluent. The yield of Ir'"(ttp)I (19%, NMR yield) was estimated by 

using the yield of Ir"^(ttp)Ph and the ratio of Ir"^(ttp)Ph : Ir"^(ttp)I (〜1.8 : 1) by ^H NMR 

spectroscopy. Attempted isolation of Ir '"(ttp)I using CH2CI2 / hexane (2:1) as an eluent was 

unsuccessful due to the partial decomposition of I r" \ t tp)Br to form unknown species. The 

characterization of Ir川(ttp)I by ^H and '^C NMR spectroscopies could not be successfully obtained, 

and only HRMS could be adopted. H R M S (FABMS) o f I r " \ t t p ) I ( I d j ) : Calcd for [C48H36N4lIr]+ 

([M]+): m/z 988.1608. Found: m/z 988.1611. 

(i i i) Reaction wi th [Ir"(ttp)]2. |^Irii(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 N M R 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 N M R tube under vacuum at 200 

and the reaction was monitored by ^H N M R 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)I (36%，NMR yield) (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 o fPh-C l (50 equiv) 

(i) Reaction w i th Ir^(ttp)'. Ir ' ( t tp) ' [K(l 8-crown-6)]^ was prepared quantitatively from the reaction 
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ofIr ' "( t tp)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 PhCl (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 N M R tube under vacuum was 

heated at 200。C. A l l Ir^(ttp)"[K(18-crown-6)]'' was consumed in 4 days to give Ir"^(ttp)Ph (2.5 mg, 

0.003 mmol, 50%) by column chromatography. 

(ii) Reaction w i th I r ' " ( t tp )H . Ir" '(ttp)H (4.8 mg, 0.006 mmol), PhCl (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 N M R 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)Cl (0.2 mg, 0.0002 mmol, 4%) by column 

chromatography using CHaCb/hexane (1:2) as an eluent. 

(ii i) Reaction wi th [Ir"(t tp)]2. [Ir^^^(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 N M R tube. The solvent was removed under vacuum, and PhCl (29.4 mg, 26.5 

juL’ 0.26 mmol, 50 equiv) and benzene- /̂eCO.S mL) were then added into the tube under N2. The 

reaction mixture was heated in a sealed N M R tube under vacuum at 200 and the reaction was 

monitored by ^H N M R spectroscopy. After 5 hours, all [Ir!乂ttp)]2 were consumed to form 

Ir"^(ttp)Ph (2.8 mg, 0.003 mmol, 57%) and Ir"Vttp)(CO)Cl (0.2 mg, 0.0002 mmol, 4%). 

Ir"丨(ttp)OC6H4)Iri"(ttp) (3%, N M R 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"Vttp) in the 

reaction mixture by ^H N M R spectroscopy. 

(D) Cleavage of (/?-MeO)C6H4-Br (1.1 equiv) 

(i) Reaction w i th 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. 

(ii) Reaction wi th I r " \ t t p ) 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 N M R 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 CH2Cl2/hexane (1:1) as an eiuent, and Ir"i(ttp)I (28%, N M R yield) by estimation. 

(ii i) Reaction wi th [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)]2 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 - N C h j Q H r B r (1.1 equiv) 

(i) Reaction wi th Ir ' ( t tp) ' . Ir'(ttp)'[K(l8-crown-6)]^ was prepared quantitatively from the reaction 

of Ir川(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"^(ttp)C6H4(/?-N02) was observed by NMR 

spectroscopy and unreacted Ir^(ttp)' was recovered in 73% NMR yield. 

(ii) Reaction with I r " ' ( t tp)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'^'(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. [Ir⑴(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 ^H NMR spectroscopy. After 2 minutes, all [Ir^^(ttp)]2 were consumed to 

form Ir⑴(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 yield) 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 a typical example. 

(A) Reaction of Sulfuryl Chloride with Benzene. SO2CI2 (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 PhCl formed (20%) was quantified by GC-MS analysis. The 

product yield was calculated with reference to the number of CI atoms in SO2CI2. The formation of 

PhCl 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 Iodine wi th Benzene. I2 (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 wi th PhCl. 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%), l,2-Cl2C6H4 (4%), l,3-Cl2C6H4 (<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 CI atoms in SO2CI2. The formations 

of l,4-Cl2C6H4 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 wi th 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-仗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% yield, 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"^(ttp)Br upon column chromatography). 

(F) Reaction of [Ir"(ttp)]2 w i th PhCl. [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. l,4-Cl2C6H4 (2% yield, 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)Cl (<0.1 mg, 0.00001 mmol,〜l。/。). 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 Ir⑴(ttp)Ph : Iriii(ttp)…-C6H4)Iri【i(ttp) in the reaction mixture by ' H N M R spectroscopy. 

Reaction of I r i " ( t tp) (CO)Cl w i th 1,4-Dichlorobenzene (1 equiv) and K2CO3. Ir"^(ttp)(CO)Cl 

( 1 1 .0 mg, 0.012 mmol), K2CO3 (33 mg, 0.24 mmol, 20 equiv), 1,4-dichlorobenzene (1.8 mg, 0.012 

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 lr"Vttp)(^-C6H4)Ir"^(ttp) 

(3%，NMR yield). 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 of I r ' " ( t tp)H : Ir'"(ttp)(p-C6H4)Ir"^(ttp) : Ir"^(ttp)C6H4(p-Cl) in the crude reaction mixture by 

'H NMR spectroscopy. 

Competition Reactions in Base-Promoted Ar -X Cleavages by I r " \ t t p ) ( C O ) C l 
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(A) Reaction of Ir ' '"(ttp)(CO)Cl wi th 1,4-Dihalo-benzenes (50 equiv) and K2CO3 (20 equiv) 

The experimental procedure of the reaction Ir"^(ttp)(CO)Cl with 1 -bromo-4-iodobenzene and 

K2CO3 was described as a typical example. 

(i) Reaction of I r "(t tp)(CO)Cl with l-Bromo-4-iodobenzene. Ir"\ttp)(CO)Cl (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 I r"Vttp)(CO)Cl with l-Bromo-4-chlorobenzene. Ir"'(ttp)(CO)Cl (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"^(ttp)(CO)Cl with l-Chloro-4-fIuorobenzene. Ir"^(ttp)(CO)Cl (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 A rB r and PhBr 

The experimental procedure of the competition reaction between 4-bromoanisole (25 equiv) and 

PhBr (25 equiv) with Ir"^(ttp)(CO)Cl and K2CO3 was described as a typical example, 

(i) 4-Bromoanisole. Ir"^(ttp)(CO)Cl (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, Ir出(ttp)C6H4(p-OMe) : Ir^"(ttp)Ph, in the crude products was 
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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 Ir川(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 ^H NMR spectroscopy. 

(ii) 4-Bromo-iV^-Dimethylaniline. Initially, Ir'"(ttp)(CO)Cl (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 mmol, 

88%) without the formation of Ir"'(ttp)(PPh3)Ph. Therefore, the kinetic ratio was estimated 

indirectly. Next, Ir⑴(ttp)(CO)Cl (9.7 mg, 0.010 mmol), K2CO3 (29 mg, 0.21 mmol, 20 equiv), 

4-bromo-A^,A^-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 Ir"Vttp)(PPh3)C6H4(p-NMe2) : Ir"^(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 Ir⑴(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 kinetic ratio of 

Ir"i(ttp)C6H4(/>NMe2) : Ir"^(ttp)Ph was indirectly estimated to be 54.4 : 1.00. 

(iii) 4-Bromotoluene. Ir"'(ttp)(CO)Cl (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) : Ir⑴(ttp)Pli was estimated to be 1.80 : 1.00. The crude product was then purified to 

yield Ir⑴(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-位rfbutylbenzene. Ir"^(ttp)(CO)Cl (20.4 mg, 0.022 mmol), K2CO3 (60 mg, 0.44 

mmol, 20 equiv), 4-bromo-rg灯-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'^'(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) l-Bromo-4-fIuorobenzene. Ir'"(ttp)(CO)Cl (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) : Ir[ii(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 Ir⑴(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) l-Bromo-4-(trimethylsilyl)benzene. Ir"i(ttp)(CO)Cl (9.8 mg, 0.011 mmol), IC2CO3 (29 mg, 

0.22 mmol, 20 equiv), l-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"^(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 Ii川(ttp)Ph (3.6 mg, 0.004 mmol, 36%) (ratio = 1.3 : 1). 

(vii) 1 -Bromo-4-chIorobenzene. Ir'"(ttp)(CO)Cl (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"^(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)Cl (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)Cl (11.0 mg, 0.012 mmol), K2CO3 (33 mg, 0.40 mmoi, 

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 i f i NMR spectroscopy. The crude product was then purified to yield Ir'"(ttp)C6H4(p-C02Me) 

(8.7 mg, 0.009 mmol, 76%) and Ir川(ttp)Pli (1 mg, 0.001 mmol, 9%) (ratio = 8.4 : 1). 

(X) 4-BromobenzonitriIe. Ir"\ttp)(CO)Cl (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"^(ttp)(PPh3)C6H4(p-CN) : Ir"^(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)Cl (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-N02) : Ir"'(ttp)Ph was found to be 11.77 : 1.00. The crude product was then 

purified to yield Ir⑴(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彻-Subst i tuted A r B r 

(i) 4-Bromoanisole and 3-Bromoaiiisole. Ir"^(ttp)(CO)Cl (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). 

(ii) 4-Bromotoluene and 3-Bromotoluene. Ir"^(ttp)(CO)Cl (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 Ir⑴(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 Ir⑴(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). 

(ii i) 4-Bromo-nitrobenzene and 3-Bromo-nitrobenzene. Ir''"(ttp)(CO)Cl (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 A r B r and PhBr 

(i) 3-Bromoanisole and PhBr. Ir^"(ttp)(CO)Cl (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 o f l r ⑴(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) . 

(ii) 4-Bromotoluene and PhBr. Ir"^(ttp)(CO)Cl (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 wi th Fam-Substituted A r l and Phi 

(i) 4-Iodoanisole. Ir"^(ttp)(CO)Cl (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"Vttp)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-Iodotoluene. Ir'"(ttp)(CO)Cl (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) l-Fluoro-4-iodobenzene. Ir"\ttp)(CO)Cl (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 Ii""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)Cl (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-I) ： Iriii(ttp)Ph was found to be 5.35 : 1.00 by ^H N M R 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-I) (6.3 mg, 0,006 mmol, 72%) 

and Ir"'(ttp)Ph (0.6 mg，0.0006 mmol, 7%) (ratio 二 10.3 : 1). 

(V) l-Bromo-4-iodoben2ene. Ir"^(ttp)(CO)Cl (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"】(ttp)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) Competit ion Reactions w i th Para-Substituted A r C l and PhCl 

(i) 4-ChloroanisoIe. Ir【"(ttp)(CO)Cl (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), PhCl (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 N M R spectroscopy. The 

crude product was then purified to yield Ir"'(ttp)C6H4(p-OMe) (5.9 mg, 0.006 mmol, 66%), 

Ir^"(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) l-Fluoro-4-chlorobenzene. Ir'"(ttp)(CO)Cl (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), PhCl (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, 4%). 

(iii) 1,4-DichIorobenzene. Ir"^(ttp)(CO)Cl (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), PhCl (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 二 8.8 : 1), 

Ir"^(ttp)0-C6H4)Ir'"(ttp) (3%, NMR yield), and Ir"^(ttp)CH3 (3%, NMR yield). The NMR yields of 

Ir"i(ttp)(p-C6H4)Ir"i(ttp) and Ir"^(ttp)CH3 were estimated by using the yield of Ir"Vttp)C6H4(p-Cl) 

and the ratios of pyrrole proton signals of Ir"Vttp)C6H4(p-Cl) : Ir"^(ttp)(p-C6H4)Ir"^(ttp): 

Ir^"(ttp)CH3 in the crude products. 

(iv) 4-Chlorobenzonitrile. Ir⑴(ttp)(CO)Cl (10.3 mg, 0.011 mmol), K2CO3 (31 mg, 0.22 mmol, 20 

equiv), 4-chlorobenzonitrile (153.3 mg, 1.11 mmol, 100 equiv), PhCl (125.4 mg, 113 /^L, 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"^(ttp)(PPh3)C6H4(p-CN) : Ir"\ttp)(PPh3)Ph was found to be 29.8 : 

1.00 by 'H NMR spectroscopy. The crude product was then purified to yield 

Ir【ii(ttp)(PPh3)C6H4(p-CN) (4.9 mg, 0.004 mmol, 40%) and a trace of Ir"\ttp)Ph. 

Studies of Base-Promoted A ry l Exchanges between I r " \ t t p )Ph and Arylat ing Agents 

The experimental procedure of the reaction of Ir"'(ttp)Ph with benzene-成 and K2CO3 were 

described as a typical example. 

(a) Exchange with Benzene-成 in the Presence of K2CO3. Ir^"(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"^(ttp)C6D5, and Ir"^(ttp)Ph (91%, NMR yield) 

was recovered using the residual benzene proton signal as an internal standard. 

(b) Exchange wi th 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 Ir出(ttp)C6D5, and Ir⑴(ttp)Ph (55%, N M R yield) was recovered using 

the residual benzene proton signal as an internal standard. 

(c) Exchange wi th 4-Bromo-nitrobenzene in the Presence of KOH. Ir"^(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 N M R spectroscopy. After 7 days, no Ir"\ttp)C6H4(p-N02) was formed, and 

Ir"丨(ttp)Ph (77%, NMR yield) was recovered using the residual benzene proton signal as an 

internal standard. 
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Appendix I Calculation Procedures 

(1) Estimation of redox potentials of HO*/OH" in saturated K O H / DMSO solution and at 
elevated temperatures 

The oxidation potential of H O / HO® couple ([OH"] = 0.0043 M) in DMSO at 24。C (297 K) 
is reported as the standard oxidation potental (Eox°)̂ ： 

HO" 二 3 〇 , H O + e e 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: 

E = RT 丨n [HCf ] 
nF [HO*] 

where R = 8.314 J K"̂  mo丨-i 

T = temperature (K) 
n = no. of mole of e" involved in rxn 
F = 96485 C mol_i 
[ H O ] = [HO*] formed in the standard condition 

=0.0043 M 

Eo.(KOH(safd,298K)) ^ 0.75 - 8.314(298) / „ 
。x、 1(96485) I 0.0043 J 

〜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 I DMSO solution ([DMSO] = 0.037 M) can also be estimated using the 
Nernst equation: 

Eox{KOH(sat'd,393K)) Eox(KOH(sat'd,473K)) 

8-314(393) /in 0.037 \ ,，仁 8.314(473) /！门 0.037 
0.75 - ‘ In 0.75 

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. 
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(2) Estimation of maximal amount of H2 dissolved in benzene-rfg in dehydrogenative 
dimerization o f I r "^ ( t tp)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 
Patm 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)] P atm 

Assume x = % yield of H2 dissolved in benzene-c/e 

-c/r 
maximal no. of mole of H2 formed 
no, of mole of lr"'(ttp)H in benzene-
0.005 mmol 

5x10-6 moi 

Cone, of mole of lr"'(ttp)H dissolved 
=(5x10-6 mol)x/0.5 X 10-3 L 
=(0.010 X) M 

in benzene-c/p 

Pressure of H2 in gas phase 
=[HsIt.p / [2.3421 X 10-3 mol L"̂  + (2.2592 x 10*^)1] 
=0.010X/[2.3421 X 10.3 + (2.2592 x 10-^)(23 °C)] 
= 0.010x/(2.862x 10-3) 
=(3.49X) atm 

Mole of H2 in gas phase 
二（PV) / (RT) 
=[(3.49X) (3 X 10"®)] / [(8.206 x 10-5)(296)] 
=(4.31 x10-^x) mol 

Total mole of H2 formed in benzene-c/5 
=5x10"® mol 
= 5 x 10-®x +4.31 x10-4x 
= (4.36x 10-4x) mol 

where P = pressure of H2 (3.49x atm) 
V = volume of H2 (〜3 x 10'® m^) 
R = 8.206 X 10-5 m3 atm K"̂  mol" 
T = 296 K 

入 4.36x1Cr4x = 5x10-6 
3 x = 0.011 

x = 1.1% 

Therefore, the maxima! yield of H2 dissolved in benzene-d© is 
detection limit of 1h NMR spectroscopy. 

.1%, which is out of the 

Reference: 

(1) Wayland, B. B; Ba, S.; Sherry, A. E. Inorg. Chem. 1992, 31’ 148-150. 
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1.5 

OMe 

0.5 

NO, 

COzMe CN 

Br 

-0.5 a / 0 0.5 

Figure 1(a) Hammett plot of Ar-Br cleavage using the Hammett constants a^p (Table 3.36). 

HMe? 

OMe 

0.5 

NO2 

COsMe CN 

'CI 

Appendix II Hammett Plots of Base-Promoted Ar-X (X = CI, Br, I) 

Cleavages by Ir"\ttp)(CO)Cl 

(i) Competit ion Reactions of A r y l Bromides 

lH"(ttp)(CO)a + B r ^ F o / e r ^ „ i ( t t p > ^ F G + 丨—丨丨_>~< 

25 equiv 25 equiv log (/CpQ / k^) 

-2 -1.5 -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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Figure 2(a) Hammett plot of Ar- I cleavage using the Hammett constants 心(Table 3.37). 

OWIe 

(ii) Compet i t ion React ions of Ary l Iodides 

Ir丨丨丨(ttp)(C〇)CI •FG / 

25 equiv 25 equiv 
CeHe, 150 ^ ^ 

log (/cfg//ch) 

OMe 

-0.8 -0.6 -0.4 CTp" -0.2 0 0.2 

Figure 2(b) Hammett plot of Ar- I cleavage using Hammett constants 心(Table 3.37). 
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(iii) Competition Reactions of Aryl Chlorides 

I「丨 | |_(C〇)CI + Cl- // -FG/ Cl-
K2CO3 (20 equiv) 

W 
100 equiv 

C«Hr, 150 
100 equiv 

X 
工 

^ 

-0.4 -0.2 0 (JpO 0.2 0.4 0.6 0.8 

Figure 3(a) Hammett plot of Ar-Cl cleavage using the Hammett constants (Table 3,38), 

lr" '(ttp>HQ^FG + lri"(ttpH( 《/ 

log ( /c fg /M 

-0.8 -0.6 -0.4 -0.2 CTp 0 0.2 0.4 0.6 0.8 

Figure 3(b) Hammett plot of Ar-Cl cleavage using Hammett constants 心(Table 3.38). 
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Appendix III X-Ray Crystallographic Data and Structures of Ir"\ttp)Ar 

(1) X-Ray Data and Structures of I r "*( t tp)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-0Me)(CH30H) (8c) 
(30% probability displacement ellipsoids). Selected bond lengths (A) Ir( l)-C(61) = 2.023(4). 

(ii) 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( l)-C(61) = 2.033(5). 
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(iii) Ir丨"(ttp)C6H4(/7-N02) (8p) 

r 

. u 

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«CHCl3 (8p) (30% probability displacement ellipsoids). 
Selected bond lengths (A) I r( l ) -C(61) = 1.990(6). 

(iv) lr '"(t tp)(p-C6H4)2lr '"(ttp) (9b) IIL 

V 

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)2lr'"(ttp)(CH30H) (9b) (30% probability displacement ellipsoids). 
Selected bond lengths (A) I r ( l ) -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( l)-C(31) 二 2.158(11), 

which is the average value of the Ir(l)-C(31) bond lengths from the two disordered structures. 
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(vi) Ir"'(ttp)C6H4(/7-SiMe3) (8f) 

C47 

C67 

mm 
C32 

C71 :37 

/ 

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( l)-C(61) = 2.024(5). 
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(2) Conformations of Porphyrins in Ir"Vtp)Ar (8a, 8c, 8e, 8f, 8p, 9b) 

- 8 

2.6(5) -6,0(5) 
{-) value toward aryl group 

lr'"(ttp)C6H4(p-01Vle) (8c) 

-17.2(5) -14.5(6) 

.5(2)。 

Tok 

V4 7(5) Nr 
/ -2 3⑷ 

2 4填 

3 . 少 • ⑴ 

\ 4.2(4) 

Tor —0 8(6) 
82,7(2)° 

-18.7(6) -22.2(6) 

(+) value toward aryl g roup 

lri"(ttp}C6H4(p-SiMe3) (8f) 

-2.3(8) -4,6(9) 

67.3(3)' 

9.3(5) 11.7(5) 

( - )va lue towards aryl group 

lr'"(ttp)(p-Tol)(8e) 

75.3(3)° 

Tol 

-4.0(8/) 

0.8(10 

-5.0(10) 3,3(10) 

l.0(1Q) 2.1(7)。5,1(10) 

N2 

1.6(7) 

Tor 
75.4{3)' 67.3(3)。 

-2.9(1 

-3.8(11 丨） 6.7(5) 

-2.9(11) ‘ 
0.1(6) , 

\ 5.1(10) N2 ‘ -4.0(8,) 

Tol 5.1(10)、 2,1(7)°' -2.0(10) 
88,1 {5)° ' ‘ 

Tol 88.1(5)。 

•1(10) 

-2.9(11) 

-3.8(11) 

• 8 ( 8 ) 

-2.9(11) 

0.8(10) 

75.3(3 广 

-4.6(9) -2.3(8) 3.3(10) ~5.0(10) 
( - )va lue toward aryl group (+) value toward aryl group 

lr"'(ttp)Ph (8a) (two disordered structure) 

3 . 1 ( 2 ) � 

Tol -6,9(6) 

-21.6(6) 

-17.0(6) 

-27.2(6) 

1(6) 22.5(6) 

7.7(3)° 20. 
N3 

5.1(5) 

1(6) 
Tol 

22.4(5) 

55,2(2)° 

1,0(3)。N2 5.0(5) 

-12.4(6) 

63.4(2)。 

17.6(5) 

17 2(5) 

6.4(6) 

1(5}vJ4 8.8(31' 
-19,0(65 

/ 
•20,6(9) 

5.9(4)" -3.5(6) 

tr 
9.8(1) 

6.0(5) 
N1 

-12.4(6) 

•29.1(6) 

81.3(2)" 

20.3(6) 7.4(6) 

(+) value toward aryl g roup 

lr"i{ttp)C6H4(p-N02) (8p) 

83.1(2)° 

Tol 

9.1(9) _ 6 . 4 ( 8 ) 

5.7(8)/ I ' W 1,8(8) 'Toi 84.2(3)。 

3.9(8)/ 

.8(8) 

N4 

3,0(6) 

.1(8) 

-2.1(8) 

-10.4(9) 

-11.3(9 

2.6(5)°ni-2'2('7) |r -3.7(7〉N31.1(5)。 
-5,7(8) 

-6.1(9) 

-3.9(8)、 

2.5(8) 
,.1(7) 

N2 

-7.2(8) 
/ 

,5(8)/ 

To! 5,4(8)\ 2 8f5、° / 3.2(8) Tol 
89.0(4)° 丄 8例； 79.4《3)。 

12.6—(§厂—8.0(9) 

( - )va lue toward aryl group 

lr"i(ttp)(/>C6H4)2lr"i(ttp) (9b) 

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)2lr"\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 Ir™(ttp)C6H4(p-OMe) Ir 
(8c) 

tTT (ttp)(p-Tol) Ir赏(ttp)C6H4(p-SiMe3) 

(8f) 
color, shape 
empirical formula 

formula wt 
temp (K) 
Wavelength (A) 
cryst syst 
space group 
unit cell dimens 
^KA) 
M A ) 

«(A) 

y(A) 
volume (入3) 
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 

Wi/W2〔’ 

purple prism 
C55H43N40Ir 

•CH3OH 
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 

- 2 0 < h < 2 5 
-25 < k < 25 
- 2 8 < i < 3 3 

31882/ 10629 
[R(int) = 0.0350] 

100.0% 
SAD ABS 

1.000 and 0.697453 
Full-matrix 

least-squares on F^ 
10629/ 1 /568 

1.044 
RI“ = 0,0288 

WR2^ = 0.0603 
= 0.0409 

W R / = 0.0655 
1.272 and -0.570 

0.0266/0.3443 

purple prism 
C55H43N4lr 
• 2 C H 3 0 H 
1016.22 
293(2) 

0.71073 
monoclinic 

P2 ( l ) / 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 

- 1 3 < h < 1 3 
- 2 0 < k < 2 0 
-16<1<29 

25968/8610 
[R(int) = 0.0364] 

99.9 % 
SAD ABS 

1.000 and 0.532193 
Full-matrix 

least-squares on F^ 
8 6 1 0 / 0 / 577 

1.076 
= 0.0307 

WR2^ = 0.0693 
RI“ = 0.0544 

WR2^ = 0.0815 
1.117 and -0.671 

0.0378/1.6359 

purple prism 
C57H49N4SiIr 

•CHsCHzOH'CHsOH 
1088.40 
293(2) 

0.71073 
monoclinic 
P2 ( l ) / 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 

- 1 8 < h < 1 7 
- 2 7 < k < 2 6 
- 1 9 < 1 < 1 9 

28472/9345 
R(int) = 0.0558] 

99.9 % 
SAD ABS 

1.0000 and 0.199487 
Full-matrix least-squares 

on f2 
9345 / 1 /613 

1.019 
Ri“ = 0.0421 

= 0.1102 
Ri“ = 0.0594 

wR2^ = 0.1170 
1.904 and -0.842 

0.0676/0.0000 

2 : | 4 N I ) / 2 I , 。 I .、尺2 = 州 / j j ^ ^ t对『 2 . ^ Weighting scheme .‘、"⑷+(,,】户尸 
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• ‘ Weighting scheme 

2
 

Table 2 Crystal Data and Structure Refinement Parameters for I r (ttp)Ar (2) 

Ir"™(ttp)Ph 
i M 

Ir,(ttp)C6H4(/>N02) Ir'"(ttp)(p-C6H4)2 m： 
compounds 

I M Ir'Yttp) (9b) 
color, shape 
empirical formula 

formula wt 
temp (IC) 
Wavelength (A) 
cryst syst 
space group 
unit cell dimens 
a (A) 
MA) 

" ( f ) 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 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(j(I)] 

R indices (all data) 

largest diff peak and hole 

wi/w?^ 

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 X 0.30 X 0.20 
1.14 to 25.00 

- 1 3 < h < l l 
- 1 4 < k < 1 3 
-22<1<19 
12629/8154 

[R(int) - 0.0264] 
99.5% 

SAD ABS 
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 

purple prism 
C54H4oN502lr 

•2CH30H.CHC13 
1166.56 
293(2) 

0.71073 
monoclinic 

P 2 ( l ) / 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 X 0.30 X 0.20 
1.40 to 25.00 

-21 < h < 2 0 
- 1 5 < k < 1 3 
-25<1<25 

27004/ 8956 
[R(int) = 0.0430] 

99.7% 
SAD ABS 

1.000 and 0.631312 
Full-matrix 

least-squares on F^ 
8956/0 /631 

1.091 
= 0.0379 

wR2^ 二 0.0902 
= 0.0574 

wR2^ = 0.1016 
1.356 and -0.917 

0.0383/12.1648 

purple prism 
CiosHsoNglri 

• 2 C H 3 O H 
1938.28 
293(2) 

0.71073 
monoclinic 

P 2 ( l ) / 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 

- 1 8 < h < 1 7 
- 2 3 < k < 2 2 
-20<1<16 

27438/9192 
[R(int) = 0.0842] 

99.9 % 
SAD ABS 

1.0000 and 0.322802 
Full-matrix 

least-squares on F^ 
9192/0/550 

0.902 
R I ^ - 0.0585 

wR2^ = 0.1372 
R / = 0,1000 

WR2、0’1500 
2.033 and-1.739 

0.0827/0.0000 
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Lê

d̂
 

"idin
pk

 \A
.]ic 

、
“M

 如
 k
 ID

 
IV 

Am
ow

a
 

D 
hi
Ti
oi
i f

 ia
o3

 

Ii
Ji

e
tc

 o
r 

\ 
o

h
u

iK
 

D
i
n

 
F

ik
 

O
i

a
D

w
 

F
il

e 

M
e

'h
o

d
 F

ii
-

0
1

2
 M

e
d

io
d
 F

 
k
 

R
e

p
o

rt
 F

»
le

 

T
m

ii
L

S
 F

il
e 

ot
N
LS

 o
h 

r̂
on

D
iti
 P

ro
jc
ai

 C
WC

 
Pb

C
Is
 僻

 
(XM
、
A、

!《
 K̂

iXJ
in̂
PjO

jê
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â

to
 

Li
iS

Lt
io
n
 \
 o

lm
ue

 
D
m

a
 F

ile
 

O
 a

 D
an

 F
ik

 
M

-ih
od

Fjie
 

O
 iM

cT
ho

dF
iIe

 
R
ep

or
t 
F
ik

 
Tv

inn
iE

 F
ile

 
M

cd
iiie

db
 

M
od

itie
d

 

•s
im

pl
e
 Ii
il(.

ni
nT

R
 ] 

[1
] Gf

 M
Ŝ
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H NMR Spectrum of Ir'"(ttp)(CO)Cl (la) (CgDe) 
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13/ C NMR Spectrum of Ir"^(ttp)(PPh3)Cl (lb) (THF-ds) 
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13. C NMR Spectrum of Ir"^(ttp)(CO)I (Id) (CDCI3) 

'H NMR Spectrum of Ir"^(ttp)(CO)I ( Id) (CeDe) 
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13. C NMR Spectrum of Ir"^(ttp)(CO)I (Id) (CDCI3) 
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'H NMR Spectrum of Ir丨"(ttp)SbF6 ( le) (CeDe) 
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C NMR Spectrum of Ir"^(ttp)SbF6 (le) (CDCI3) 
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H NMR Spectrum of Ir'"(ttp)(py)Cl (If) (CDCI3) 
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'H NMR Spectrum of Ir"Vttp)(py)I (Ih) (CsDe) 
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NMR Spectrum ofIr^"(ttp)H (2a) (CeDg) 
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'H NMR Spectrum of [Irii(ttp)]2 (3) (CgDe) 
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13 
C NMR Spectrum of Ir'(ttp)'K"' (4a) (THF-t/g) 
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'H NMR Spectrum of Ir'(ttp)-[K(18-crown-6)]^ (4b) (CeDg) 

H NMR Spectrum of Ir川(ttp)(PPh3)0H (5a) (CeDe) 
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13. C NMR Spectrum of Ir'"(ttp)(PPh3)0H (5a) (CgDe) 
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H NMR Spectrum of Ir"^(ttp)(py)OH (5b) (CDCI3) 
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" c 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)(0H2) (6a) (CeDe) 
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13 
C NMR Spectrum of (H20)(ttp)Ir"X0Ir"'(ttp)(0H2) (6a) (C^Ds) 
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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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13 
t NMR Spectrum of Ir^"(ttp)CH2CH20H ( 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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'^C 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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H NMR Spectrum of Ir"'(ttp)(>-Tol) (8e) (CDCI3) 
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H NMR Spectrum of Ir"'(ttp)C6H4(p-SiMe3) (8f) (CDCI3) 
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H 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) 

i 

UL 

13, 
C NMR Spectrum of Ir'"(ttp)C6H4(p-F) (8h) (CDCI3) 

F 

160 150 140 130 120 110 100 90 80 70 60 50 40 30 ppm 

3
 



H NMR Spectrum of Ir"̂ (ttp)C6H4(p-NPhth) (8g) (CDCI3) 

•J�> • 
u 

13. C NMR Spectrum of Ir⑴(ttp)C6H4(p-Br) (8i) (CDCI3) 

Br 

3
 



H NMR Spectrum of Ir"̂ (ttp)C6H4(p-NPhth) (8g) (CDCI3) 
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'H NMR Spectrum of Ir"\ttp)C6H4(p-C02Me) (8k) (CDCI3) 
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H NMR Spectrum of Ir"^(ttp)C6H4(p-C(0)Me) (81) (CDCI3) 
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'H NMR Spectrum of Ir�(ttp)(PPh3)C6H4(p-CHO) (8m) (CDCI3) 
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H NMR Spectrum of Ir"\ttp)C6H4(p-CF3) (8n) (CDCI3) 
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13. C NMR Spectrum of Ir"\ttp)C6H4(p-CF3) (8n) (CDCI3) (expanded region) 
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13, C NMR Spectrum of Ir'"(ttp)(PPh3)C6H4(/7-CN) (80) (CDCI3) 
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C NMR Spectrum of Ir'"(ttp)C6H4(p-N02) (8p) (THF-ds) 
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13. C NMR Spectrum ofIr"Vttp) (2-naphthyl) (8q) (CDCI3) 

H NMR Spectrum of Ir"^(ttp)C6H4(/?-I) (8r) (CDCI3) 

i 

5
 

1
1
 

3
 



13. C NMR Spectrum of Ir"'(ttp)C6H4(i7-I) (8r) (CDCI3) 
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H NMR Spectrum of Ir"^(ttp)(p-C6H4)2(p-Br) (8t) (CDCI3) 
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13, C NMR Spectrum of Ir'"(ttp)(p-C6H4)2(p-Br) (8t) (CDCI3) 
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H NMR Spectrum of Ir'"(ttp)C6H4(m-OMe) (8u) (CDCI3) 
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13, 
C NMR Spectrum of Ir"\ttp)C6H4(m-OMe) (8u) (CDCI3) 
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H NMR Spectrum of Ir"^(ttp)(PPh3)Ph (8x) (CDCI3) 
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13, C NMR Spectrum of Ir"^(ttp)(w-Tol) (8v) (CDCI3) 
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H NMR Spectrum of Ir"^(ttp)C6H4(m-N02) (8w) (CDCI3) 
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C NMR Spectrum of Ir"'(ttp)(PPh3)Ph (8x) (CDCI3) 
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'H NMR Spectrum of Ir"Vttp)(p-C6H4)Ir"Vttp) (9a) (CDCI3) 
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13. 
C NMR Spectrum of Ir"^(ttp)(p-C6H4)2lr''Xttp) (9b) (CDCI3) m, 
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H NMR Spectrum of Ir'"(ttp)Bn(p-Cl) (11) (CDCI3) 
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13, C 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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