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I said, ‘Let days speak, and many years teach wisdom.’   

But it is the spirit in man, the breath of the Almighty,  

that makes him understand.   Job 32: 7-8 (ESV) 
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ABSTRACT 

 

REACTIVITY AND EQUILIBRIUM THERMODYNAMIC 

STUDIES OF IRIDIUM PORPHYRINS IN WATER AND ALCOHOL 

Salome Bhagan 

Professor Bradford B. Wayland 

 

Environmental and energy issues have stimulated renewed interest in utilizing both 

water and methanol as reagents and reaction mediums.  Our current interest is to evaluate the 

scope of group nine organometallics and establish thermodynamic parameters for their 

reactivity in aqueous solvent.  A comprehensive thermodynamic database for a wide scope 

of organo-rhodium transformations in a range of reaction media including benzene, 

water, and methanol has been well established by our group.  Aqueous solutions of 

rhodium porphyrin have been determined to manifest an exceptional range of substrate 

reactions with CO, H2, CH4, C2H4, O2, and CH3OH.   

This study will focus on expansion of the thermodynamic database to all the group 

nine metals, particularly the iridium porphyrin systems in both water and methanol. 

Substrate reactivity and development of new mechanistic strategies for the conversion of 

carbon monoxide, alkanes, and alkenes to organic oxygenates are central objectives.   

Water/Methanol soluble porphyrin iridium complexes including iridium tetrakis(p-

sulfonatophenyl)porphyrin ((TSPP)Ir) and iridium tetrakis(3,5-sulfonatomesityl)porphyrin 

((TMPS)Ir) derivatives can be prepared by sulfonation of tetra phenyl porphyrin (H2TPP) and 

tetra mesityl porphyrin (H2TMP).  
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The reactivity of dihydrogen with aqueous solutions of iridium (III) tetrakis(p-

sulfonatophenyl)porphyrin ((TSPP)Ir(III)) complexes produce equilibrium distributions 

between six iridium species including iridium hydride ([(TSPP)Ir-D(D2O)]-4), iridium(I) 

([(TSPP)IrI(D2O)]-5), and iridium (II) dimer ([(TSPP)IrII(D2O)]2
-8) complexes.  Each of 

these types of iridium porphyrin species including Ir(I), Ir(II), Ir(III), Ir-H, and Ir-OH 

function as precursors for a range of organometallic substrate reactions.   

A primary objective is to define the quantitative relationships pertaining to the 

distribution of species in aqueous solution as a function of the dihydrogen and hydrogen ion 

concentrations through direct measurement of five equilibrium constants along with free 

energy changes of coordinated D2O and free energy changes of reactions of dihydrogen in 

water.  Reactivity, kinetics and evaluation of equilibrium thermodynamics, including the 

reactions of iridium hydroxide and methoxide with olefins to produce β-hydroxyalkyl and 

β-methoxyalkyl complexes, reactions of iridium hydride and olefins to produce iridium 

alkyl complexes, and reactions of iridium hydride with CO to produce iridium formyl (Ir-

CHO) complexes are also objectives of this research. 

Another research goal is the design and synthesis of diporphyrin ligands that form 

dimetal complexes capable of preorganizing transition states for substrate reactions that 

involve two metal centers. Dirhodium dimetalloradical complexes are observed to 

manifest large rate increases over mono-metalloradical activation reactions of hydrogen, 

methane, and other small molecule substrates.  In this study, synthesis of diporphyrin 

(bisporphyrin) ligands and other ligands which will permit dimetallo cokplexes like anti-

aromatic [14]annulene and low steric porphine ligands will be also be examined.  
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TSPP:  tetrakis(p-sulfonatophenyl)porphyrin 

TTEPP:   tetrakis(2,4,6-triethylphenyl)porphyrin  

TTiPP:  tetrakis(2,4,6-triisopropylphenyl)porphyrin  

TTP:  tetratoylporphyrin  
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CHAPTER 1  

 

INTRODUCTION  
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1.1 BACKGROUND 

The systematic investigation of the organometallic transformations mediated by 

metalloporphyrins has emerged as the significance of metalloporphyrins in biochemistry 

of porphyrin related chlorophyll and heme was realized.  Porphyrins are tetranitrogen 

planar aromatic, 18π e‾ macrocycle consisting of four pyrrole rings bound through four 

methine bridges as illustrated in Figure 1-1.  Chlorophyll is a naturally occurring 

magnesium porphyrin critical to photosynthesis 1-2 while heme is a naturally occurring 

iron porphyrin responsible for oxygen transport in blood3-4, Figure 1-2.   

Along with the vast array of organometallic chemistry mediated by naturally 

occurring metallyporphyrins, porphyrins have a wide array of properties that have lead to 

over 80 years of organometallic chemistry utilizing porphyrins as ligands.5-6   One of the 

primary properties of porphyrin macrocycle capilatized on in this work is the stability of 

the porphyrin under harsh conditions of temperature and pH.  The relative ease of 

synthesis of the porphyrin macrocycle and the versatility of the macrocycle as a ligand to 

coordinate to almost any metal also make the porphyrin macrocycle an ideal ligand for 

comparative studies of metalloporphyrins mediated organometallic transformations. 

Additionally, porphyrins exhibit spectroscopic sensitivity to changes in electronic 

structure due to metal mediated or ligand mediated interactions.7  This work expands the 

frontiers of organometallic chemistry of iridium porphyrins to water and methanol by 

capitalizing on NMR and UV-Vis spectroscopy techniques to detect and deduce 

reactivity and measure solution equilibrium thermodynamics.   
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                                       Figure 1-1: Porphyrin and labeled units. 

 

 

 

     

Figure 1-2: Structures of naturally occurring porphyrins chlorophyll and heme. 
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1.1.1 NMR Spectroscopy of Porphyrins 

The study of metalloporphyrins by 1H NMR offers several unusual advantages as 

a consequence of the aromaticity of the large porphyrin macrocycle.8-9  Similar 1H NMR 

properties are operable for smaller aromatic molecules like benzene and the phenomena 

is illustrated using benzene as a representative aromatic molecule,  Figure 1-3.  In the 

presence of an external magnetic field, a Larmor precession of the π electrons of the 

aromatic system is induced creating a ring current.10   

 

                                         

11Figure 1-3:  Ring current observed for the aromatic porphyrin is analogous to that 
observed in benzene rings shown.  

 

The ring current is considered to consist of two closed loops of circulating 

electrons, one above and one beneath the porphyrin plane.  The two loops of circulating 

electrons illicit a secondary magnetic effect on nearby protons.  The peripheral protons 

(pyrrole and methine hydrogens) on the porphyrin which lie perpendicular to the 

porphyrin ring current experience a net deshielding effect as a result of the electron 

withdrawing nature of the aromatic system.  Such a deshielding effect decreases with an 

increase in the distance of protons from the macrocycle plane.  Methine position 
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porphyrin hydrogens experience the greatest deshielding (~ 10 ppm).  The pyrrole 

hydrogens follow at ~ 8 ppm becoming less deshielded as the distance from the porphyrin 

plane increases.  

Axial ligands on metalloporphyrins pass through the center of the loop of 

circulating electrons and the hydrogens on the axial ligands experience an appreciable 

shielding effect which decreases with an increase in their distance from the ring current.  

Such a shielding effect causes the transitions of the hydrogens of axial ligands to occur in 

the high field region of the 1H NMR spectrum in the range of 0 to -7 ppm.  When the 

axial ligand is hydrogen, the 1H NMR resonance is detected at even higher field in the 

range of -20 to -60 ppm.   

These spectral features permit the unique opportunity to directly observe 

organometallic complexes in 1H NMR without complication of the peaks of organic 

reactants.  These distinct features of porphyrins are used in this thesis work to detect, 

probe and evaluate thermodynamic parameters by in situ solution NMR experiments. 
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1.1.2 Electronic Properties of Porphyrins 

UV-Vis spectroscopy investigates the electronic interactions between the 

porphyrin unit and the bound metal and the electronic interactions between the porphyrin 

and its substituents.12  Two sets of bands are seen in the absorption spectrum.  The first is 

in the near ultraviolet region at ~400 nm with an intense absorption, (ε ~105) and is called 

the B band or Soret band.  The second type are much weaker bands known as the Q 

bands in the visible region.   

The position and nature of the Q bands are dependent on the type of substituents 

and their locations on the porphyrin.  These bands tend to decrease in intensity as the 

wavelength of the absorption increases.  This is known as an etio type spectrum which 

comes from the etioporphyrin in which the β-substituents are all electron donating alkyl 

groups.  Porphyrins substituted in the β position by electron withdrawing groups such as 

perfluoroalkyl change in color from wine red to magenta, caused by a shift to lower 

energies in the spectrum (i.e. redshift).  This type of spectrum is known as a rhodo-type 

in which the third Q band becomes the most intense. 

Meso-substituted porphyrins compared to unsubstitued meso-porphyrins almost 

always change from red to deep emerald green in solution.  This indicates a shift to lower 

energies of the Soret band, the extent of which is determined by the meso-substituents.  

These substitutents are typically aryl moieties and affect the conformation of the 

porphyrin ring by forcing the α-carbons on the pyrrole ring to tilt when the aryl moiety 

freely rotates into the plane defined by the α- and meso- carbons.   

An understanding of the electronic transitions which give rise to the UV-Vis 

spectra observed of porphyrins and metalloporphyrins was in part developed by 
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Gouterman.  Gouterman discusses the observations of singlet to singlet and triplet to 

triplet π‒π (Eu) transitions from a four obital model shown in Figure 1-4.13-14  Transitions 

arise when electrons are promoted from the two degenerate HOMO (a1u, a2u) to two 

degenerate LUMO’s (eg) π* of the porphyrin.  The nodal properties shown in Figure 1-4 

indicate that a2u has the dominant interaction with the porphyrin π*.  Insertion of a metal 

increases the symmetry, and raises the a2u orbital energy proportionally to the 

electropositive character of the metal and leads to a simplification of the UV-Vis 

spectrum.15  This is illustrated in this thesis for H2TSPP compared to (TSPP)Ir and for 

H2TMPS compared to (TMPS)Ir. 

                                

13,16Figure 1-4:  Gouterman’s four orbital model which illustrate the porphyrin 
molecular frontier molecular orbitals.  Atomic orbital coefficients are proportional 
to the size of circles and blue and red colors indicate sign.   
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1.1.3 Group Nine Metal Porphyrin Complexes 

Group nine metals are a group of elements in the d-block of the periodic table with 9 

valence electrons.  In various ligand fields, the degeneracy of the d-orbitals are split as 

shown in Figure 1-5.   Ligation of a porphyrin and a metal (ML4) increases the symmetry 

of the porphyrin to D4h square planar geometry (Figure 1-5(C)).  The metals are 

coordinately unsaturated and are able to coordinate ligands axially which converts the 

metal to a ML6 system and changes the symmetry to a pseudo octahedral geometry 

(octahedral ligand field, Figure 1-5(E)).   

 

Figure 1-5:  Splitting patterns of d-orbitals in ligands fields for (A) linear ML2 (B) 
tetrahedral ML4 (C) square planar ML4 (D) trigonal bypyramidal ML5 and (E) 
octahedral ML6. 

 

Incooperation of a group nine metal (Co, Rh, Ir) into the porphyrin macrocycle 

gives access to a diverse range of oxidation states ranging from one to three, Figure 1-6.  

In the (por)M+ ( M= Co, Rh, Ir) oxidation state, the metalloporphyrins are sixteen 

electron complexes with (por π)8 (dxy,yz,xy)
6 (dz

2)2 configuration.14  The filled dz
2 orbital 

makes the group nine metal (I) porphyrins powerful nucleophiles.  Metal (II) (Co(II), 

Rh(II), Ir(II)) porphyrin complexes have one unpaired electron in the dz
1 and usually form 

metal-metal dimeric bonded complexes.     



 9

 

 

               

 

Figure 1-6:  Approximate representation of d-orbital electronic configurations of 
group 9 metal centers within the porphyrin macrocyclic ligand for different 
accessible oxidation states of the central metal.   



 10

The metal‒metal bonded complexes are a facile source of metalloradicals.  The M‒M 

bond for rhodium has been found to be ~ 16 kcal/mol and in the case of iridium increases 

by 8 kcal/mol placing the value of the IrII
‒IrII bond dissociation energy at 24 kcal/mol.17  

Metalloradicals provide a pathway to thermodynamically difficult processes like methane 

activation18 and CO reductive coupling19-22.  Experimental studies23 and high level 

computational studies24 have illustrated the differences between the group nine metals, 

CoII, RhII and IrII , Figure 1-6.25-26 

Cobalt(II) porphyrins have a (dxy)
2(dxz,yz)

4(dz
2)1 configuration which is separated 

from 2
Eg excited state ((dxy)

2(dz
2)2(dxz,yz)

3) by only 1000 - 2000 cm-1.  Rhodium(II) 

porphyrins have a similar configuration but a 2
Eg  2

A1g separation of ~ 9,800 cm-1.27  

The 2
Eg  2

A1g  separation for rhodium(II) is substantially larger than that for the 

cobalt(II) derivative as a result of  intermixing of ligand and metal orbitals which place 

the dxz,yz below dz2.  Iridium(II) porphyrin metallo-radical has a 2
Eg ground state 

(dxy)
2(dz2)2(dxz,yz)

3 electron configuration with a close lying 2
A1g excited state where the 

dz2
 is below the dxz,yz as a result of greater intermixing of porphyrin and metal orbitals.28-29   

Interaction of the group nine metal-centered radicals with donor molecules results 

in raising the energy of the dz2 and increases the dxz,yz to dz2 energy separation.  (por)IrII 

has only been observed as (por)•-IrIII.  The higher energy of the Ir 5d orbitals coupled with 

the interaction of axial donor ligands result in raising the energy of the dz2

 

antibonding 

orbital above the porphyrin LUMO π* and transfer of one electron from the iridium(II) 

metal center to the non-innocent porphyrin ligand π* orbitals occur.17  The LUMO (π*) of 

the porphyrin ligand thus establishes an upper limit for having the unpaired electron in 

dz2 orbital which indirectly influences the reactivity of metal-centered radical species. 
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In addition to M(I) and M(II) oxidation states, M(III) (M = Co, Rh, Ir) 

metalloporphyrins are also available.  (por)M3+ are stable, reactive, fourteen electron 

complexes which behave as electrophiles because of its empty dz2 orbital.  The diversity 

of group nine metalloporphyrins to behave as nucleophiles, metalloradicals and 

electrophiles ranging from the M(I) to M(III) oxidation states make them versatile 

complexes to study and probe a wide range of reactivity. 

 

1.2 OVERVIEW OF NON-AQUEOUS IRIDIUM PORPHYRINS 

Iridium complexes have attracted much attention in the area of optics because of 

their heavy atom effects which induce spin orbit coupling resulting in desirable 

phosphorescent emission.30-34  Iridium complexes have also been extensively studied in 

relation to catalytic C‒H bond activation.35-39  Homogenous systems utilizing iridium 

based complexes have exhibited catalytic activity towards a range of transformations 

including reductive elimination of alkanes,40-42 alkylation of amines,43-44 

hydrogenations,45-48 hydrosilations,49-51 hydroaminations,52 borations,53-55 

cycloadditions,56 clyclopropanations,57 hydrogen isotope exchanges58 and 

polymerizations59. 

Studies of the reactivity and thermodynamics of iridium porphyrin complexes in 

protic solvents like water and methanol are spearheaded by this work.  Limited reactivity 

studies of iridium complexes in conventional organic solvents has been achieved and an 

overview of prior significant results is presented in this section.  Studies of non-aqueous 

iridium porphyrin complexes have utilized two classes of porphyrins:  octaethylporphyrin 

[(OEP)Ir] and tetraarylporphyrins, Figure 1-7.  There are five iridium porphyrins of the 
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class of tetraarylporphyrins which have been synthesized and studied, namely, 

tetratoylporphyrin (TTP), tetrakis(3,5-dimethylphenyl)porphyrin (TXP), tetrakis(2,4,6-

triethylphenyl)porphyrin (TTEPP), tetramesitylporphyrin (TMP) and tetrakis(2,4,6-

triisopropylphenyl)porphyrin (TTiPP).  These six porphyrins have varying sterics and 

influence reactivity and bond energetics relevant to iridium organometallic complexes.  

The order of sterics from least to greatest is OEP < TTP < TXP < TMP < TTEPP < 

TTiPP. 

          

Figure 1-7:  Non aqueous iridium porphyrin complexes which have been studied. 

 

Iridium octaethylporphyrin complexes were the first of the iridium porphyrins 

investigated 28,60-67 following suite of the cobalt 68-69 and rhodium 70-73 OEP complexes 

first prepared as mimetic compounds of coenzyme vitamin B12.  Early studies focused on 

synthetically accessing reactive precursors of (OEP)Ir like [(OEP)Ir]2, (OEP)IrIII,  

[(OEP)Ir-H] and (OEP)IrI, Figure 1-8.  The second stage focused on reactions of 
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[(OEP)Ir]2 and [(OEP)Ir-H] with carbon monoxide and the reactions of [(OEP)Ir-H] with 

unactivated alkenes Figure 1-9..  

(OEP)Ir-Cl(CO) is the synthetic precursor to [(OEP)Ir-H] accessible by sodium 

borhohydride reduction or reaction with hydroxide.  [(OEP)Ir-H] is deprotonated to form 

the iridium(I) complex [(OEP)IrI].  (OEP)Ir-Cl(CO) can also be synthetically converted 

to [(OEP)Ir-CH3] by reaction with nucleophilic methyl reagents (eg CH3Li).  Dimeric 

[(OEP)IrII]2 solutions are obtained by photolysis (λ 350 nm) of [(OEP)Ir-CH3] in benzene 

to cleave the [Ir-CH3]. 

               

Figure 1-8: Conversions of synthetic [(OEP)Ir-Cl(CO)] to various reactive metallo 
species of iridium(III), iridium(II) and iridium(I) OEP complexes. 

 

Some generalized key reactions of (OEP)Ir complexes with CO62-64 and alkenes65 

that were studied are shown in Figure 1-9.   Dimeric [(OEP)IrII]2  represents the Ir‒Ir case 

with the strongest bond energy and the best opportunity to generate a dimetallo ketone or 

a dimetal diketone from the reaction of CO, however only the iridium carbonyl adduct is 

observed.17  Similar reactions with CO and [(OEP)Ir-H] results in the six coordinate CO 

adduct, [(OEP)Ir-H(CO)] without evidence for a formyl complex [(OEP)Ir-CHO].   

The absence of formyl complexes, dimetal ketones and dimetal diketones as a 

result of the reactions of iridium porphyrins with CO is a dominant theme in iridium 
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porphyrin chemistry.  Identical observations were reported for the CO reaction with 

(TMP)Ir, (TXP)Ir, (TTEPP)Ir and (TTiPP)Ir complexes.17,74 The mechanism of CO 

activation to produce formyls, dimetal ketones and dimetal diketones is observed in 

rhodium porphyrin chemistry and is understood to occur through an odd electron species 

by a radical chain pathway.75-77  Iridium(II) porphyrins have elevated dxy and dyz orbitals 

which are energetically similar to the LUMO (π*) orbital of the porphyrin ligand and 

electron transfer from the iridium(II) metal center to the porphyrin ligand occurs shutting 

down the radical chain pathway observed in the formation of [(OEP)Rh-CHO]78 

complexes.17 

              

[(OEP)Ir]2 (OEP)IrIII-H [(OEP)IrI]-

CO CO

(OEP)Ir-H(CO) (OEP)Ir-CH2CH2R

CH2=CHR RX

+
(OEP)Ir-(CH2=CHR)

(OEP)Ir-R(OEP)Ir-CO

(OEP)Ir-CO

 

                                    Figure 1-9 :  Reactions of (OEP)Ir complexes. 

Reactions of iridium(I) porphyrin always utilize iridium(I) as a nucleophile and 

their reaction with alkyl halides as reactants result in the formation of iridium(III) alkyl 

complexes.  Reactions of iridium hydride porphyrins (OEP, TMP, TXP, TTiPP, TTEPP) 

with unactivated alkenes result in terminal σ bonded alkyl complexes and π bonded 

iridium alkyl complexes in response to steric demands of the porphyrins.   Reactions of 

[(por)Ir]2 with alkenes form bridged alkyl di-iridium porphyrin complexes.  

Evaluation of carbon monoxide and alkene reactions with iridium porphyrins 

allowed the estimation of bond dissociation free energies of iridium hydride bonds and 
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iridium carbon bonds in iridium porphyrin in benzene based on the thermodynamic 

criteria for that observed for the rhodium formyl system:   

∆H = [Rh‒C]-[Rh‒H]+[H• + CO CHO•] = -19 kcal/mol;    ∆G = 8 kcal/mol 

The [Ir‒H]-[Ir‒C] bond energy in benzene must be larger than 8 kcal/mol to circumvent 

the formation of iridium formyl porphyrins in benzene.17  Estimation of the IrII-IrII bond 

energy is also determined by line broadening NMR experiments to be 24 kcal/mol and is 

8 kcal/mol larger than the corresponding RhII
‒RhII bond energy which is consistent with 

analysis of differences between [M‒H]-[M‒C] bonds. 

Recently, the work of Chan’s group has been directed towards the development of 

iridium tetra-p-tolylporphyrins (TTP)Ir in organic solvents to achieve C-H activation of 

substrates like methanol, activation of benzylic carbon hydrogen bonds and the study of 

reactivity of cationic iridium(III) TTP complexes in organic media.79-93   

At the inception of the study of the synthesis of iridium porphyrins and reactivity 

and equilibrium thermodynamic studies contained herein, no reports involving water 

soluble iridium porphyrin complexes were known.  

 

 

1.3 SCOPE AND THESIS OBJECTIVES 

Current interest in converting organometallic chemistry from organic media to 

aqueous media94-95 has lead to the preparation of an extensive range of water soluble 

porphyrins (Figure 1-10). 
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       Figure 1-10:  Classes of water soluble (5,10,15,20 meso-tetraaryl)porphyrins. 

 
 

 

Letter Designation/Name    R =  

[H2TCPP]4
‾ 

Tetrakis(4-carboylphenyl)porphyrin 
 

[H2TSPP]4
‾ 

Tetrakis(4-sulfonatophenyl)porphyrin 
 

[H2TMPS]8
‾ 

Tetrakis(3,5-disulfonatomesityl)porphyrin 

 

[H2(p4O8(OH)4)TMPP]4
‾ 

Tetrakis(4-
hydroxidophosphorylmethylphenyl)porphyrin  

[H2TM4PyP]4
‾ 

Tetrakis(N-methyl-4-pyridyl)porphyrin 
 

[H2TTMAP]4
‾ 

Tetrakis(4-N,N,N-trimethylanilinium)porphyrin 
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Figure 1-11:  Metallated water soluble porphyrins have been synthesized for the elements shaded in the periodic table.   
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Aqueous porphyrins prepared by functionalization of the meso position aryl group is 

shown in Figure 1-10.  This class of meso functionalized tetraarylporphyrins include 

subcategories of water soluble porphyrins which can be prepared by carboxylation, and 

sulfonation and through use of pyridine, phosphates and anilinium derivatives.   

Utilization of these water soluble porphyrins to prepare and study the chemistry of 

a wide range of metal complexes has been achieved.96-101  The metals used in the 

preparation of water soluble metalloporphyrins are shown in Figure 1-11.  These metals 

include the majority of the transition metals, many main group metals and most of the 

lanthanide series, however, the preparation and investigation of organometallic chemistry 

mediated by water soluble iridium porphyrins has not been attempted.   

 

Figure 1-12:  The water soluble iridium porphyrins synthesized and used in this 
work.  (Left) Electron withdrawing (TSPP)Ir. (Right) Electron donating (TMPS)Ir. 

 

The primary goal of this thesis research is to successfully synthesize (TSPP)Ir and 

(TMPS)Ir water soluble porphyrins (Figure 1-12) and to establish a set of thermodynamic 
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parameters for the organometallic transformations involving metal carbon and metal 

hydrogen bonds, to explore various catalytic cycles and to probe the reaction mechanism 

that operate in water and methanol. H2TSPP and H2TMPS (Figure 1-10) represent 

limiting cases in regard to porphyrin properties.  TSPP is a low steric, electron 

withdrawing porphyrin while TMPS is a higher sterics, electron donating porphyrin. The 

synthesis of the two porphyrins (TSPP)Ir and (TMPS)Ir is reported in chapters 2 and 3.   

Chapter 2 examines the interrelationship of aqueous solutions of the low steric 

porphryin iridium(III) tetrakis(p-sulfonatophenyl)porphyrin, [(TSPP)Ir] which forms 

simulataneous equilibrium distribution of six species:  iridium(I) complex 

([(TSPP)IrI(D2O)]5
‾), iridium hydride complex ([(TSPP)Ir‒D(D2O)]4

‾), iridium (II) 

complex ([(TSPP)IrII(D2O)]2
8
‾) and three [(TSPP)IrIII]  complexes in water: [(TSPP)IrIII] 

bisaqua ([(TSPP)IrIII(D2O)2]
3
‾), monoaqua/monohydroxo ([(TSPP)IrIII(D2O)(OD)]4

‾), 

bishydroxo ([(TSPP)IrIII(OD)2]
5
‾).  An evaluation and comparison of acid dissociation 

constants and ligand binding strengths of group nine [(TSPP)IrIII(D2O)2]
3
‾  (M= Co, Rh, 

Ir) complexes reflect differences in metal-ligand bond strengths.  The low sterics of TSPP 

allow complicated inter-species dynamics between iridium metal centers and porphyrin 

planes which limits reactivity studies.    

This issue is circumvented in chapter 3 which reexamines the equilibrium 

distribution of iridium porphyrins in water utilizing (TMPS)Ir.  Aqueous (D2O) solutions  

of  [(TMPS)IrIII(D2O)2]
7
‾ react with dihydrogen to form an iridium hydride complex  

([(TMPS)Ir-D(D2O)]8
‾) and the acid dissociation constant is evaluated.  The iridium 

hydride complex provides a valuable entry point to organometallic transformations.  

Equilibrium thermodynamic values for the reaction of alkenes and aldehydes with 
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[(TMPS)Ir-D(D2O)]8
‾ in water is reported.  Reactivity studies and equilibrium 

thermodynamic measurements are used to deduce several features of the relative M-H, 

M-OH and M-CH2- bond dissociation free energies (BDFEs) (M= Rh, Ir).    

Chapter 4 explores reactivity of iridium porphyrins in methanol.  Small amounts of 

methanol are reacted in water with (TSPP)Ir complexes.  Equilibrium thermodynamics 

for the binding of methanol and methoxide compared to water and hydroxide while in 

water are reported and compared to analogous cobalt and rhodium systems.  The 

thermodynamic preference illustrated for iridium porphyrins for binding methanol and 

methoxide is foundational to understanding the reactivity of iridium porphyrins in pure 

methanol. 

Chapter 5 reports the equilibrium thermodynamics of (TSPP)Ir porphyrin 

complexes in methanol.  In methanol, solutions of iridium(III) tetrakis(p-

sulfonatophenyl)porphyrin ([(TSPP)IrIII]) form a hydrogen ion dependent equilibrium 

distribution between three species [(TSPP)Ir(CD3OD)2]
3
¯, [(TSPP)Ir(OCD3)(CD3OD)]4

¯ 

and [(TSPP)Ir(OCD3)2]
5
¯.  The reaction of [(TSPP)IrIII] with dihydrogen results in the 

formation of an iridium hydride complex in a hydrogen ion dependent equilibrium with 

iridium(I) porphyrin complex. The acidities of the iridium hydride complexes exhibit 

negligible change despite solvent changes and indicate an increasing importance of 

metal-ligand interactions in the case of iridium porphyrin hydride.   Reactions of iridium 

porphyrin hydride with alkenes occur to give both Markovnikov and anti-Markovnikov 

products.  Isomerization and oxidation of coordinated methanol and methoxide with 

concurrent reduction of iridium metal is observed.  Analysis of equilibrium 
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thermodynamics from reactions measured experimentally permit evaluation of bond 

dissociation free energies for  Ir‒H, Ir‒O and Ir‒C units in methanol.  

Chapter 6 details the reactions of carbon monoxide with iridium porphyrins in 

both methanol and water.  CO activation is a primary research objective of the Wayland 

group.  The high demand for alternative ways to access energy related organics provides 

motivation to search for methods to convert abundant gases to useful carbon oxygenates.  

In water and methanol, CO reacts to form an adduct with iridium porphyrin complexes 

which are then subsequently reduced by nucleophilic attack.  The reactivity observed for 

iridium porphyrin complexes is opposite to that favored for rhodium porphyrin systems 

and illustrates fundamental differences in iridium and rhodium chemistry. 

Chapter 7 provides insights on macrocycles that are anticipated to extend the 

goals of this research.  Reactivity of dimeric [(por)IrII]2 in water and methanol was not 

investigated, however these complexes are of high value because they provide a 

mechanism to CO activation through formation of dimetal ketones or dimetal diketones.  

The syntheses of three ligands which will allow access to the reactivity and 

thermodynamic measurement of Ir‒Ir bond energy are presented in chapter 7.  Porphine 

will provide the strongest non-covalently bonded dimeric unit which has good solubility 

in both organic and solvents like methanol.  The syntheses of covalently tethered 

bisporphyrins and anit-aromatic, tetranitrogen macrocycle ligand are also detailed.  Each 

of the ligands can achieve Ir‒Ir and offer different vantage points which are developed in 

chapter 7.  
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CHAPTER 2   

 

EQUILIBRIUM THERMODYNAMICS OF [(TSPP)IRIDIUM]  

& REACTIVITY WITH H2 IN WATER   
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2.1 INTRODUCTION 

A wide range of reactivity of metalloporphyrins in conventional organic solvents 

like benzene, dimethylformaldehyde and tetrahydrofuran has been well established.1-9  

Environmental and economic incentives have shifted interest to exploring equilibrium 

thermodynamics and reactivity of metallopoprhyrins to green solvents like water.10-14  

Our interest lies in the reactivity of group nine metal tetrakis(sulfanatophenyl)porphyrin 

([(TSPP)M]) (M = Co, Rh, Ir) in water.  Cobalt and rhodium (TSPP)M complexes have 

been prepared and studied in aqueous media.15-22  However, this is the first study of the 

equilibrium thermodynamics and reactivity of iridium water soluble porphyrin 

complexes.   

 

2.1.1 Cobalt and Rhodium tetrakis(sulfanophenyl)porphyrin Complexes in 

Water 

Initial studies of [(TSPP)Co]16 and [(TSPP)Rh]15 complexes in aqueous solvent 

have explored kinetic rates and acid dissociation constants of axially coordinated ligands, 

labilized by the porphyrin ligand.  UV-vis spectroscopic techniques23 were used to 

evaluate acid dissociation constants for [(TSPP)Rh(H2O)2]
3
‾, eq 2:1, 2:2.  A typical UV-

vis spectrum illustrating the change in absorbance with increasing pH is shown in Figure 

2-1.18   

[(TSPP)Rh(H2O)2]
3
‾        [(TSPP)Rh(OH)(H2O)]4

‾  +   H+  (2:1) 

[(TSPP)Rh(OH)(H2O)]4
‾  [(TSPP)Rh(OH)2]

5
‾  +   H+  (2:2) 

The absorbance spectra of [(TSPP)MIII] (M= Co, Rh) complexes was observed to 

exhibit changes with respect to pH and the interrelationship of hydrated species in 
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equilibrium was identified resulting from the exchange of protons in the solution with 

coordinated water for [(TSPP)MIII] (M= Co, Rh) species.  The change in absorption at a 

singular wavelength (Figure 2-1, λ = 430 nm) was plotted against change in the hydrogen 

ion concentration (Figure 2-2) 

 

Figure 2-1:  Representative UV-vis spectrum of (TSPP)MIII species in water which 
manifest spectral change as a result of pH titration.18   

                

Figure 2-2: (Right) UV-vis method titration curve of [(TSPP)Rh(H2O)2]
3
‾ plotting 

absorbance vs pH at λλλλ = 430 nm where the dots are experimental points and the line 
is the computer fit of the data.15 

Figure 2-3:  (Left) 1H NMR method titration curve of [(TSPP)Rh(H2O)2]
3
‾ plotting 

pyrrole hydrogen resonance δδδδ-shift vs pH (dots are experimental points and the line 
is the computer fit of the data).22 
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Taking into account the mass balance, Beer’s law and the definition of K1 from eq 

2:1 and K2 from eq 2:2 and designating [(TSPP)MIII(H2O)2]
3
‾ (a) 

[(TSPP)MIII(OH)(H2O)]4
‾ (b) and  [(TSPP)MIII(OH)2]

5
‾ (c), an expression to accurately 

quantify the solution equilibrium distribution of each species in water at any given 

absorbance can be derived and is given in eq 2:3.15  Non-linear least squares fitting the 

experimental data to eq 2:3 permits the determination of K1 and K2 (Figure 2-2).   

A strategy to utilize 1H NMR to investigate the equilibrium of eq 2:1 and eq 2:2 

was illustrated by the Wayland group (Figure 2-3) in which the pyrrole hydrogen 

resonance shift of the porphyrin was evaluated as a function of hydrogen ion 

concentration.22  A similar expression was derived to define the equilibrium at any given 

observed pyrrole hydrogen resonance, demarked δ in eq 2:4. 

 

�	������	
 =
	A�D���	+	A�K�K��D��+	A�K�K�

�D���	+	K��D�� +	K�K�
												�2: 3
 

δ abc(obs)= 
 δa�D+�2 + δbK

1
K2�D+�+ δc K1

K2

�D+�2 + K1 �D+�+ K1K2

																			�2: 4
 

 

Examination of the experimental data by methods utilizing 1H NMR spectroscopy 

resulted in a well defined separation of species in solution indicated by clear 

demarcations on the curve where the slope is zero.  Hence 1H NMR is a better 

spectroscopic method to evaluate the acid dissociation constants of [(TSPP)MIII(H2O)2]
3
‾ 

in water than UV-vis.  Additionally, utilization of 1H NMR methodology allows the 

direct evaluation of thermodynamics in solution for conventional organometallic 

processes like the reaction of dihydrogen with metalloporphyrin in deuterated water.  
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This study utilizes 1H NMR to investigate and report equilibrium thermodynamic 

data for [(TSPP)IrIII(H2O)2]
3
‾(1) in water.  Prior to the submission of this study for 

publication, the preparation and crystallization of the first water soluble iridium 

porphyrin, [(TSPP)Ir] in water was reported.24  This chapter describes a set of 

simultaneous equilibria that occur from the reaction of dihydrogen with iridium(III) 

porphyrin in water that give rise to iridium(I), iridium hydride and iridium(II) complexes.   

The detailed equilibrium studies in this chapter provide an entry point to explore 

organometallic transformation of iridium porphyrins in aqueous media. 

2.1.2 Reactivity of Dihydrogen 

The reaction of dihydrogen provides clean synthetic access to reactive metal 

centers in protic media.25-27  Hydrogen activation can be divided into two categories:  

1) homolytic bond cleavage H2  2H•  

2) heterolytic bond cleavage H2  H‾  + H+ 

H2 is a good π acceptor ligand and readily forms σ bonded complexes.28  The metal 

complexes formed by the reaction of dihydrogen form a prominent class of σ complexes 

(H2 + M  M(H2) or η2-H2M)  which contain a 3 center interaction of the bonding 

electron in H‒H with a metal center (Figure 2-4)  

Figure 2-4:  Three center σ bonding 
interaction of dihydrogen with a metal 
center.  (A) M-σ bonded complex (B) 
Metal donates into empty σ* of H2 to 
form M-H2 bonded complex. 
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The reactivity of dihydrogen is ultimately dictated by the properties of the metal 

center, Figure 2-5.27,29-30  An electrophilic metal center will polarize the Hδ
‾—Hδ+, 

reducing any backdonation as result of the increased electron donation by H2 and 

consequently mobilize H+.  A nucleophilic metal center will donate electron density to H2 

in the form of backbonding.  An over donation into the σ* orbitals will result in an 

elongated H‒H distance and over population of the anti-bonding orbital will break the σ 

bond forming a dihydride by oxidative addition.  

 

Figure 2-5:  Properties of dihydrogen reactivity with an electrophilic metal center 
(heterolytic H2) or a nucleophilic metal center (homolytic H2).   

In this chapter, σ-bond metathesis is used to describe dihydrogen reactions with 

electrophilic iridium(III) porphyrins species and to discuss the simultaneous equilibrium 

of [(TSPP)IrIII] complexes in solution.  The term “σ bond metathesis” is defined as the 

heterolytic process which occurs through a concerted ionic splitting of dihydrogen 

illustrated by a four atom centered intermediate.  In σ-bond metathesis, partial charges of 

the transition states involved in the formation of the new M‒H bond are unassigned.   
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2.2 RESULTS AND DISCUSSION 

2.2.1 Aqua and hydroxo complexes of TSPP-IrIII 

Dissolution of Na3[(TSPP)IrIII(OD2)2]•12D2O, the iridium(III) tetra-p-sulfanatophenyl 

porphyrin in D2O results in a pH dependent equilibrium distribution of the bis-aqua 

[(TSPP)IrIII(OD2)2]
3
‾ (1) with mono and bis-hydroxo complexes 

[(TSPP)IrIII(OD)(OD2)]
4
‾ (2), [(TSPP)IrIII(OD)2]

5
‾ (3)  (eq 2:5, 2:6) (Figure 2-6).  The 

axially coordinated water and hydroxide ligands for 1, 2 and 3 in water rapidly 

interchange protons with the bulk water (298 K) which results in a single mole fraction 

averaged pyrrole 1H NMR resonances for 1, 2 and 3 (Figure 2-7). 

 

[(TSPP)IrIII(OD2)2]
3
‾            [(TSPP)IrIII(OD)(OD2)]

4
‾   +  D+   (2:5) 

[(TSPP)IrIII(OD)(OD2)]
4
‾
      [(TSPP)IrIII(OD)2]

5
‾   +  D+    (2:6) 

 
 

 
 
 
 

N

NH
N

NH R

R

R

R SO3NaR =
 

 
 

         Figure 2-6:  Water and hydroxide complexes of (TSPP) IrIII in water. 
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The 1H NMR of the bis-aqua 1 and bis-hydroxo 3 complexes can be directly observed at 

limiting low and high pD respectively. The mole fraction averaged pyrrole 1H NMR 

resonances for equilibrium distribution of 1, 2 and 3 as a function of [D+] were used in 

determining the acid dissociation constants by non-linear least squares curve fitting to the 

eq 2:4,22,31 giving  K2:5(298 K)=4.8x10-8
, K2:6(298 K)=2.6x10-11 and δ2(pyr)=8.75ppm;  1 

[(TSPP)IrIII(OD2)2]
-3 is δ1(pyr)=8.93ppm and 3 [(TSPP)IrIII(OD)2]

-5 is δ3(pyr)= 8.57 ppm
32

. 

The equilibrium constants agree well with the recent report of  Kanemitsu.33  Equilibrium 

distribution of 1, 2 and 3 in D2O as a function of the hydrogen ion concentration is 

illustrated in Figure 2-8.  

 

δ 1, 2, 3 (obs)= 
 δ1�D+�2 + δ2K

1
K2�D+�+ δ3 K1

K2

�D+�2 + K1 �D+�+ K1K2

																			�2: 4
 

 

 

Figure 2-7: 
 
Mole fraction averaged 1H HMR (500 MHz) porphyrin pyrrole singlet 

and phenyl AB pattern for 1, 2 and 3  in D2O (T=293K) pD of (A) 5, (B) 8.5 and (C) 
11.5  . 
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Figure 2-8: Equilibrium distributions of [(TSPP)IrIII(OD2)2]
3
‾ (1), [(TSPP)IrIII(OD)(OD2)]

4
‾ (2) and [(TSPP)IrIII(OD)2]

5
‾ (3) as 

a function of the hydrogen ion concentration in D2O at 298 K calculated for K2:5 (298 K) = 4.6x10-8 and K2:6 ( 298 K) = 2.6x10-11  
and a total [(TSPP)IrIII]=1.0 x 10-3 M. 
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Parallel studies of Na3[(TSPP)Co(OD2)2]•18D2O in D2O similarly result in a pD 

dependent equilibrium distribution of hydroxo and aqua complexes of [(TSPP)CoIII]32.  

The acid dissociation constants and chemical shifts were determined to be K2:5 (298 K) = 

8.75 x 10-9
, K2:6 (298 K) = 7.12 x 10-13 and ([(TSPP)CoIII(OD2)(OD)]4‾) δ2 (pyr) = 9.22 ppm; 

([(TSPP)CoIII(OD2)2]
3‾) δ1(pyr) = 9.38 ppm; ([(TSPP)CoIII(OD)2]

5‾) δ3 (pyr) = 9.10 ppm.   

 

         

Figure 2-9:  Observed limiting fast exchange mole fraction averaged pyrrole 
1H NMR chemical shifts for compounds ([(TSPP)CoIII(OD2)2]

3
‾),   

([(TSPP)CoIII(OD2)(OD)]4
‾) and ([(TSPP)CoIII(OD)2]

5
‾) in D2O.   
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2.2.2 Aqua and Hydroxo Complexes of (TSPP)IrIII in H2O:  

Equations 2:5a and 2:6a describe the equilibria between the bis-aqua complex 

([(TSPP)IrIII(OH2)2]
3
‾) (4) and the mono and bis-hydroxo complexes 

([(TSPP)IrIII(OH)(OH2)]
4
‾) (5) and ([(TSPP)IrIII(OH)2]

5
‾) (6) in H2O.  Non-linear least 

squares curves fitting of the pH dependence of the pyrrole 1H NMR resonances for 

equilibrium distribution of 4, 5 and 6 were used to evaluate  the acid dissociation 

constants22,34 for compounds 4 and 5, (K2:5a= 1.1x10-7) (K2:6b= 5.3x10-11) (Table 2-1). 

[(TSPP)IrIII(OH2)2]
3
‾  [(TSPP)IrIII(OH)(OH2)]

4
‾   +  H+   (2:5a) 

[(TSPP)IrIII(OH)(OH2)]
4
‾
      [(TSPP)IrIII(OH)2]

5
‾    +  H+   (2:6a) 

Plots of the observed pyrrole 1H NMR shifts as a function of the hydrogen ion 

concentration ([D+]; [H+]) for the H2O and D2O complexes of [(TSPP)IrIII] and the 

calculated best fit curves are shown in Figure 2-10.  The H2O complexes are 2x more 

acidic those of D2O as a result of the smaller zero-point energy of D2O.35  Isotopic 

substitution of deuterium for hydrogen results in a lower vibration frequency which is 

described quantum mechanically as a lower zero-point energy.36-37 

 

Table 2-1:  Acid dissociation constants (K for eq 2:5, 2:5a, 2:6, 2:6a) and free energy 

changes (∆∆∆∆G° for eq 2:5, 2:5a, 2:6, 2:6a ) (298 K) (kcal/mol) for [(TSPP)IrIII] 
complexes in H2O and D2O. 

(TSPP)IrIII K2:5, 2:5a  K2:6, 2:6a ∆G°2:5, 2:5a ∆G°2:6, 2:6a 

D2O 4.8  x  10-8 2.6  x  10-11 +9.90 +14.3 

H2O 1.1  x  10-7 5.3  x  10-11 +9.41 +13.9 
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Figure 2-10: Observed limiting fast exchange mole fraction averaged pyrrole 
1H NMR chemical shifts for compounds 1, 2 and 3 in D2O (red triangles) and 4, 5 
and 6 in H2O (blue circles).  The points are experimentally determined values and 
the lines (D2O = red solid line, H2O = blue dotted line) are calculated from linear 
least squares fitting the experimental points to eq 2:4.   K2:5 (298 K) = 4.6x10-8,     
K2:6 (298 K) = 2.6x10-11 and K2:5a (298 K) = 1.1x10-7

, K2:6a (298 K) = 5.3x10-11.  
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2.2.3 Comparison of Acid Dissociation Constants for Group Nine (M = Co, Rh, 

Ir) [(TSPP)MIII(D2O)2]
3
¯ in D2O 

Results from determining acid dissociation constants for aqua and hydroxo 

complexes of [(TSPP)MIII] (M=Co, Rh, Ir) in D2O by application of the same 1H NMR 

method22,38-40 are given in Table 2-2.  The relative acidities of the [(TSPP)MIII(OH2)2]
3
‾
 

(M = Co, Rh, Ir) complexes increase regularly in proceeding down group nine.   

Comparison of the first acid dissociation constant for the group nine metals of 

TSPP show that iridium’s acid dissociation constant of bound water is larger than 

rhodium by a factor of 3.4 and rhodium is 1.6x that of cobalt.  These factors are increased 

for the second acid dissociation constant where iridium [(TSPP)Ir] is 9.3x larger than for 

rhodium and rhodium [(TSPP)Rh] is a factor of 4 times larger than cobalt.  The 

increasing acidity of cobalt to iridium reflects the trend of increasing metal-ligand bond 

strengths 41-43 and the increasing ability of the metals from cobalt to iridium to 

accommodate increasing negative charge associated with loss of a proton.  

Table 2-2:  Acid dissociation constants (K2:5, K2:6) and the free energy changes 

(∆∆∆∆G°2:5, ∆∆∆∆G°2:6) (298 K) for [(TSPP)MIII(OD2)2]
3
‾
 (M = Co, Rh, Ir) complexes in D2O 

solutions.  Formula in parenthesis below values represents the numeric relationship 
between equilibrium constants. 

Group 9 
(TSPP)MIII 

K2:5 K2:6 ∆G°2:5 ∆G°2:6 

Co 8.8  x  10-9 7.1  x  10-13 +10.9 +16.4 

Rha 1.4  x  10-8 

1.6[K(Co)] 

2.8  x  10-12 

4[K(Co)] 
+10.6 +15.6 

Ir 4.8  x  10-8 

3.4[K(Rh)] 

2.6  x  10-11 

9.3[K(Rh)] 
+9.90 +14.3 

a) Fu, X.; Wayland, B. B. J. Am. Chem. Soc. 2004, 126, 2623. 
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2.2.4 Thermodynamics for the Displacement of Water by Hydroxide in 

[(TSPP)MIII(OD2)2]
3
‾
  (M = Co, Rh, Ir) 

The free energy changes for displacement of water by hydroxide derived for 

[(TSPP)MIII(OD2)2]
3
‾ (1)  (M = Co, Rh, Ir) complexes (eq 2:7 and 2:8) where  ∆G2:7˚= 

∆G2:5˚+∆G2:9˚ and  ∆G2:8˚= ∆G2:6˚+∆G2:9˚ (Table2-3).   

[(TSPP)MIII(OD2)2]
3
‾   +    OD-    [(TSPP)MIII(OD)( OD2)]

4
‾   +  D2O  (2:7) 

[(TSPP)MIII(OD)( OD2)]
4
‾   +   OD-      [(TSPP)MIII(OD)2]

5
‾  +  D2O   (2:8) 

D+   +   OD‾      D2O       (2:9) 

The binding of hydroxide is substantially more favorable than water in all cases 

and the difference increases when moving down group nine from cobalt to iridium.  

Preference for the hydroxide anion over water decreases substantially as the effective 

metal site positive charge is attenuated in going from the diaqua complex 

([(TSPP)MIII(OD2)2]
3
‾) to the mono hydroxo mono-aqua complexes 

([(TSPP)MIII(OD2)(OD)]4
‾ ) (Table 2-3).  

 

Table 2-3: Equilibrium constant (K2:7, K2:8) and free energy changes for reactions 

that substitute hydroxide for D2O (∆∆∆∆G2:7˚, ∆∆∆∆G2:8˚) (298 K) in [(TSPP)MIII(OD2)2]
-3 

(M = Co, Rh, Ir) complexes in D2O solutions.  

Group 9 
(TSPP)MIII 

K2:7 K2:8 ∆G2:7° ∆G2:8° 

Co 3.8 x 108 2.4 x 104 -11.7 -6.1 

Rha 6.3 x 108 9.7 x 104 -12.0 -6.8 

Ir 1.1 x 1010 1.0 x 106 -13.7 -8.2 

a) Fu, X.; Wayland, B. B. J. Am. Chem. Soc. 2004, 126, 2623. 
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2.2.5 Hydrogenolysis reactions of [(TSPP)IrIII] complexes in Water 

The reaction of dihydrogen with metal alkoxides or hydroxides to produce the 

metal hydride and eliminate water or alcohol is known as hydrogenolysis.  The 

hydrogenolysis of [(TSPP)IrIII] in both D2O and H2O was investigated at pH ranges of 5-

14.  The general mechanism of σ bond metathesis for the reaction of dihydrogen is shown 

in Figure 2-11.  However, it is conceivable that dissociative/associative pathways are also 

operative (section 2.1.2) and yield the same metal hydride product.   

      

                             

Figure 2-11:  General scheme for the reactivity of dihydrogen with [(TSPP)IrIII] 
complexes through a four centered transition state also known as σ bond metathesis. 

In σ bond metathesis, the iridium(III) metal center acts as an electrophile and 

polarizes the dihydrogen bond.  This results in a net positive charge at one end (hydrogen 

acts as a proton) and a net negative charge at the other (hydrogen acts as a hydride 

source).  Water is liberated and provides a thermodynamic driving force with a BDFE 

(HO‒H) of 118 kcal/mol and iridium hydride is formed [(TSPP)Ir‒H(H2O)]4
‾ (7).  The 

[(TSPP)Ir‒H(H2O)]4
‾ (7) complex formed is an important precursor for organometallic 

transformations because can be an electrophilic metal centered hydride source (IrIII + H‾) 

and a nucleophilic metal centered proton source (Ir‾ + H+ ).    
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Reaction of H2 with [(TSPP)Ir(OD)2]
5
‾ 

Addition of dihydrogen gas (pH2 ~ 0.5 atm) to 0.4 mL of solutions of bishydroxy 

complex [(TSPP)IrIII(OD)2]
5
‾ (3) (~ 10-3 M) in strongly alkaline D2O ([D+] > 10-13 M) 

resulted in the formation of the iridium(I) complex [(TSPP)Ir(D2O)]5
‾ (8) complex within 

in 18 hours, eq 2:10, Figure 2-12.  

[(TSPP)Ir(OD)2]
5
‾   +   D2      [(TSPP)IrI(D2O)]5

‾  +  D+  +  D2O  (2:10) 

 The equilibrium constant for reaction 2:10 is large and favors the formation of 

[(TSPP)IrI(D2O)]5
‾ (8) in water.  After 6 hours, both iridium(III) [(TSPP)Ir(OD)2)]

5
‾ (3) 

and [(TSPP)IrI(D2O)]5
‾ (8) are observed simultaneously in solution by NMR and both 

species have sharp resonances and do not appear to comproportionate (IrIII + IrI  

IrII
‒IrII), Figure 2-12(b).  Reaction 2:10 forms exclusively [(TSPP)IrI(D2O)]5

‾ (8) and is 

indicative of a large equilibrium constant favoring the formation of iridium(I) complex, 

Figure 2-12(c).    

The pD of the solution is anticipated to become increasingly acidic as the reaction 

progresses because for each mol of iridium(I) 8 formed, one proton is also formed.  The 

shift in hydrogen ion concentration could shift the solution equilibrium to favor 

protonation of the iridium(I) complex 8, eq 2:11.  The possible interaction of iridium(I) 

complex to enter into exchange with protons in the bulk solution at an intermediate rate 

would result in a loss of sharp resonances in the 1H NMR of the iridium(I) complex and 

is consistent with the NMR taken of reaction 2:10 after 18 hours, Figure 2-12(d). 

 [(TSPP)IrI(D2O)]5
‾  +  D+    [(TSPP)Ir‒D(D2O)]4

‾     (2:11) 
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Figure 2-12:  1H NMR (500 MHz)  of the dihydrogen reaction with 
[(TSPP)Ir(OD)2]

5
‾ (3).(a) [(TSPP)Ir(OD)2]

5
‾ , (b) Reaction 6 hours later with both 

[(TSPP)Ir(OD)2]
5
‾  and  [(TSPP)Ir(OD)2]

5
‾ coexisting in solution,  

(c) [(TSPP)Ir(OD)2]
5
‾  (d) Exchange of [(TSPP)Ir(OD)2]

5
‾ with protons in solution 

resulting in broadened resonances.   

IrIII

OD

OD

(a)

IrI

D2O

(c)
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D2O
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Reaction of H2 with [(TSPP)Ir(D2O)2]
3
‾ and [(TSPP)Ir(OD)(D2O)]

4
‾ 

Dihydrogen (pH2 = 500 – 700 torr) was pressurized into NMR tubes containing 

0.4 mL of [(TSPP)IrIII] solutions [~ 10-3 M] at pD ranges from 3 - 10.  At a pD ≤ 5, the 

solution contained primarily [(TSPP)IrIII(D2O)2]
3
‾ (1) while at pD > 5 < 10, the solution 

contained primarily [((TSPP)Ir(OD)(D2O)]-4) (2), eq 2:12, 2:13.  The reaction with 

dihydrogen at these conditions forms the [(TSPP)Ir‒D(D2O)]4
‾ (7) complex. 

[(TSPP)Ir(D2O)2]
3
‾   +   D2      [(TSPP)Ir‒D(D2O)]4

‾  + D+  + D2O (2:12) 

[(TSPP)Ir(OD)(D2O)]4
‾   +   D2      [(TSPP)Ir‒D(D2O)]4

‾  + D2O (2:13) 

A representative NMR of the progression of reaction 2:13 is shown in Figure 2-

13.  Initially, [(TSPP)Ir(OD)(D2O)]4
‾ (2) is seen with sharp porphyrin pyrrole and 

hydrogen resonances, Figure 2-13(a).  As the [(TSPP)Ir‒D(D2O)]4
‾ (7) complex begins to 

form, (pyrrole peak  ~ 8.6 ppm) the resonances in the 1H NMR become broadened, 

Figure 2-13(b).  This differs significantly from the reaction of dihydrogen with iridium 

bishydroxy complex 3 where all the species are observed as sharp peaks, Figure 2-12(b).  

As reaction 2:13 progresses, all signs of a clear iridium(III) complex is no longer 

observed and the entire spectrum contains 3 very broad resonances with a porphyrin 

pyrrole resonance now centered at 8.5 ppm, Figure 2-13(c).   

The formation of the iridium hydride (7) is confirmed by conducting the 

dihydrogen reaction with [(TSPP)Ir(OH)(H2O)]4
‾ (2) in a mixture of H2O/D2O in a ratio 

of 93/7 which allowed for the observation of the hydrogen of the iridium hydride unit of 

complex 7 at -57.7 ppm in the 1H NMR (298 K) and broad resonance at -3.12 ppm 

attributed to aqua/hydroxo trans ligand of [(TSPP)Ir‒H(H2O)]4
‾ (Figure 2-14).  The 1H 

NMR at 360 K resulted in a small shift hydride resonance of [Ir‒H] to -58.4 ppm and a 
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significant sharpening of the peak attributed to the trans ligand at -2.6 ppm due to an 

increased rate of proton exchange at elevated temperature (360 K).  Inversely, the Ir-H 

resonance exhibits a loss of intensity indicative of the susceptibility to deprononation of 

Ir-H at elevated temperature.  The hydrogen resonances of the porphyrin pyrrole at 360 K 

are observed to sharpen and the phenyl resonances are observed to exhibit accidentally 

magnetic anisotropy that results in the convergence of the typical tetraphenylporphyrin 

AB phenyl pattern into a singlet in 1H NMR as illustrated in Figure 2-13(d).  While the 

rate of proton exchange with the bulk solvent is one factor that influences the observation 

of broadened peaks in the 1H NMR, complex formation like dimerization22 is also a 

contributing factor.  Relatively low sterics of the TSPP porphyrin allow π‒π stacking44 

and interfacing of the iridium metal centers which result in solution equilibrium dynamics 

through metal-metal bonds (eq 2:14), hydride (eq 2:15) and dihydride (eq 2:16) bond 

formation. (Note: eq 2:14-16 refers to [(TSPP)Ir]). 

IrIII   +  IrI(H)    Ir‒Ir(H)     (2:14) 

IrIII   +  Ir‒H      Ir‒H‒Ir     (2:15) 

        2 Ir‒H        Ir‒H‒H‒Ir    (2:16) 

Attempts to investigate patterns of reactivity and equilibrium distribution of 

species in solution were performed using a span of pDs and high temperature NMR of 

360 K.  High temperature produced NMR spectra resembling Figure 2-13(d) with a single 

porphyrin pyrrole and phenyl resonances but without cohesion to the limiting resonances 

the iridium(I) porphyrin.  The influence of iridium(II) complexes (eq 2:14-16) in solution 

add complexity to the system and restricted further evaluation of the equilibrium 

thermodynamics of dihydrogen reactions of [(TSPP)IrIII] in water.   
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Figure 2-13:  1H NMR (500 MHz) of the dihydrogen reaction with 
[(TSPP)Ir(OD)(D2O)]4

‾ (2). (a) [(TSPP)Ir(OD)(D2O)]4
‾, (b) Progression of the 

reaction of [(TSPP)Ir(OD)(D2O)]4
‾  to form [(TSPP)Ir‒D(D2O)]4

‾ exhibiting 
broadened resonances (c) At 298 K [(TSPP)Ir‒D(D2O)]4

‾  (d) At 360 K 
[(TSPP)Ir‒D(D2O)]4

‾    

PPM 8.90 8.80 8.70 8.60 8.50 8.40 8.30 8.20 8.10 8.00 7.90 7.80

IrI
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Figure 2-14:  1H NMR (500 MHz) at 298 K at [H+] <10-5 M in H2O/D2O (9:1) of 
([TSPP)Ir-H(H2O)4

‾) with broadened averaged hydrogen resonances: pyrrole 8.45 
ppm, phenyl 8.15 ppm and Ir-H -57.7 ppm. 

 

Figure 2-15:  1H NMR (500 MHz) at 298 K at [H+] <10-5 M in H2O/D2O (9:1) of 
([TSPP)Ir-H(OH2)

5
‾) with sharp “fast averaged” hydrogen resonances: Pyrrole 8.59 

ppm, phenyl 8.21 ppm Ir-H at -58.4 ppm.   

PPM 4 0 -4 -8 -12 -16 -20 -24 -28 -32 -36 -40 -44 -48 -52 -56 -60

8
.4
4
6
3

8
.1
5
2
1

-
3
.1
4
3
4

-
5
7
.6
9
8
7



 50

2.2.6 Implications of [(TSPP)IrII(D2O)]4
‾ in Water 

The reactivity of Ir(II) porphyrins in aqueous media has not explored.  However, 

the disproportionation of Rh(II) porphyrins 45-49 in non-aqueous media has been 

investigated because of its relevance in catalytic alkane functionalizations.50-51  

Disproportionation of [(por)RhII]2 to [(por)RhI] and [(por)RhIII] is driven by the favorable 

thermodynamics associated with binding an axial ligand to the RhIII product.52-53  In 

aqueous media, the [(por)RhII]2 is only observed at specific pH ranges and is described as 

resulting from the 2 electrons of RhI dz2 orbital donating into the empty RhIII dz2 orbital 

(RhI RhIII).  The [(por)RhII]2 however reacts favorably thermodynamically with water 

to form [Rh-H] and [RhIII-OH] with bound axial ligands as shown in eq 2-17 and has a 

K2:17 = 1.2 x 106,  ∆G°2:17 (298 K) = 8.3 kcal/mol.22 

[(TSPP)RhII(D2O)]2
8
‾  +  D2O   [(TSPP)Rh‒D(D2O)]4

‾  + [(TSPP)Rh(OD)(D2O)]4
‾    (2:17) 

[(TSPP)IrII(D2O)]2
8
‾  +  D2O   [(TSPP)Ir‒D(D2O)]4

‾  +    [(TSPP)Ir(OD)(D2O)]4
‾      (2:18) 

Iridium(II) dimer is anticipated to similarly disproportionate via the oxidative 

addition of water to form the iridium hydride and iridium(III) hydroxide (eq 2:18).54-57  

This circuitously maintains an equilibrium distribution of iridium hydride, iridium(II) 

dimer and iridium(III) hydroxide in solution and inhibits accessing the reactivity of 

iridium porphyrins in water with substrates like CO, unactivated alkenes and aldehydes.  

The formation of dimeric iridium(II) complexes can be circumvented by using more 

sterically demanding porphyrins and is advanced in Chapter 3. 
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2.3 CONCLUSION 

Aqueous solutions of iridium(III) tetrakis(p-sulfonatophenyl)porphyrin 

[(TSPP)IrIII] form a hydrogen ion dependent equilibrium distribution of bisaqua 

([(TSPP)IrIII(D2O)2]
3
‾), monoaqua/monohydroxa ([(TSPP)IrIII(D2O)(OD)]4

‾) and 

bishydroxo ([(TSPP)IrIII(OD)2]
5
‾) complexes.  Comparison of acid dissociation constants 

of group nine [(TSPP)IrIII(D2O)2]
3
‾  (M= Co, Rh, Ir) complexes show that the extent of 

proton dissociation in water increases regularly on moving down the group from cobalt to 

iridium consistent with increasing metal-ligand bond strength.   

Equilibrium thermodynamic studies quantitatively describe the preferential 

binding of anions (OD‾) over that of neutral ligands (D2O) for all of the group nine 

metalloporphyrin complexes.  The magnitude of the difference in binding energies for 

anionic compared to neutral ligands decreases substantially as the effective positive 

charge of the metal complex decreases.   
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Figure 2-16:  Multiple simultaneous equilibria of (TSPP)Ir complexes in water.  
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Reactions of [(TSPP)IrIII] complexes result in the formation of an equilibrium 

distrubtion of an iridium(I) species ([(TSPP)IrI(D2O)]5
‾), an iridium hydride species 

([(TSPP)Ir‒D(D2O)]4
‾), iridium (II) species ([(TSPP)IrII(D2O)]2

8
‾) and three [(TSPP)IrIII]  

species in water as shown in Figure 2-16 .  The complex simultaneous equilibria of 

iridium species in water can be simplified by the use of sterics to prevent dimerization of 

iridium(II) and is advanced in this way in Chapter 3. 
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2.4 EXPERIMENTAL 

General considerations 

D2O was purchased from Cambridge Isotope Laboratory Inc. and degassed by 

three freeze-pump-thaw cycles before use. Proton NMR spectra were obtained on a 

Bruker AvanceIII 500 MHz at 293K.  Chemical shifts were referenced to 3–trimethyl 

silyl–1 propane sulfonic acid sodium salt. Proton NMR spectra was used to identify 

solution species and to determine the distribution of species at equilibrium. pH 

measurements are performed on Thermo Scientific XL15 meter and Orion 9802 glass 

electrode58 precalibrated by Thermo Orion buffer solutions of pH = 4.01, 7.00 and 10.01.   

 

2.4.1 Concentration of complexes and ionic strength of aqueous solutions: 

Thermodynamic studies of (TSPP)Ir complexes in water were carried out at 

concentrations less than 2 × 10-3 M in order to minimize molecular and ionic association. 

Most equilibrium constant measurements were performed at a low ionic strength (µ~10-3) 

where the ion activity coefficients approach unity.  

 

2.4.2 Synthesis of tetraSodium(5,10,15,20-tetra-4’-sulfantophenyl)porphyrin 

The synthesis of 5,10,15,20-Tetra-4’-sulfantophenyl porphyrin  [Na4(H2TSPP)] 

was a two step process.  First the facile synthesis of tetraphenyl porphyrin (H2TPP) 

(Figure 2-16) was accomplished by two methods and secondly, sulfonation of meso-tetra  

phenylporphyrin sodium salt [Na4(H2TSPP)] was achieved and subsequently purified by 

the method of Srivastava59.  
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1. To 100 mL of refluxing propanoic acid in 250 mL round bottom flask equipped with 

a stir bar, pyrrole (5.0 mL, 0.0721 mol) and benzaldehyde (13.34 g, 0.0721 mol) were 

added and allowed to reflux for 30 minutes.  The porphyrins obtained are insoluble in 

propanoic acid; thus crystals were obtained upon filtration and were washed with 

methanol to yield ~10% as pure porphyrin. 60 

                   

NH N

HNN

N

H
O H

+

(1) ref lux /

propanoic acid
(2) CH2Cl2/TFA

DDQ

 

                 Figure 2-17: Reaction scheme for the synthesis of tetraphenylporphyrin 

 

2. CH2Cl2 was added to a 1 L round bottom flask charged with N2 and was 

deoxygenated by bubbling N2 through it for 30 minutes.  Under N2 atmosphere a stir 

bar, pyrrole (5.0 mL, 0.0721 mol) and benzaldehyde (13.34 g, 0.0721 mol) were 

added and 5.5 mL of TFA.  The reaction was allowed to stir overnight under N2.  

Then the reaction was opened to air, DDQ or p-chloroaniline (17 g, 0.0721 mol) was 

added and the reaction was refluxed for 2 hours to oxidize the porphyrinogen.61  All 

the solvent was completely removed and the crude solid was filtered through a silica 

gel column using CH2Cl2 (DCM) as the eluent collecting the first band.  The solvent 

was then removed and taken up in minimal DCM and the product was precipitated 
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and filtered from hexanes.  A review on various modifications of this method was 

done by Lindsey.62 

 

Sulfonation31 was then achieved of H2TPP by warming the porphyrin in a 

minimal amount of fuming sulfuric acid in a 1 L round bottom flask (porphyrin:acid, 100 

mg: 5 mL) for 15 hrs.  Chipped ice was then added to the round bottom flask to form a 

slurry.  Super saturated NaOH (~150 mL) was added until the solution changed from 

green to violet.   

The solution was then reduced to ~ 50 mL by heating.   Methanol was then added 

to the hot solution to crash out Na2SO4.  The hot solution was filtered and the filtrate 

washed with hot methanol.  The filtrant was then concentrated and any extraneous 

Na2SO4 was removed by filtration.    

A lime slurry was added to the solution until the color changed from green to 

brown or light pink.  Dry ice was then added to the solution and the solid removed by 

filtration.  The filtrant was then reduced in volume and the pH adjusted using Na2CO3.  

The solution was then concentrated down to ~10 mL and cold ethanol was added to ppt 

[Na4(H2TSPP)].   1H NMR (Na4[H2(TSPP)]) shown in Figure 2-17.  
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                                                 Figure 2-18:   H1 NMR of [Na4(H2TSPP)] in d6-DMSO. 

H2O            DMSO 

a 

b c 

d 
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2.4.3 Synthesis of [(TSPP)MIII(D2O)2] (M=Co,Rh,Ir):  

Na3[(TSPP)MIII(D2O)2] (M = Co, Rh, Ir) was synthesized following reported methods by 

Ashley39-40.   The reaction scheme is shown in Figure 2-18.  A 100 mL 2 neck round 

bottom flask was equipped with a stir bar and fitted with a reflux condenser and allowed 

to purge under N2.  20 mL of methanol was added containing [Na4(H2TSPP]) (100 mg, 

0.1 mmol) to the round bottom flask and heated at 80°C.  When a steady reflux was 

achieved a 5 mL solution of DCM containing [Ir(COD)Cl]2 (164 mg, 0.25 mmol) was 

injected into the solution.  The reaction was then refluxed slowly at 80°C for 5 days; 

every day ~ 2 mL of DCM was injected into the reaction vessel.  No acid was needed to 

insert the metal.   

                       

         Figure 2-19:  Reaction scheme for metallated bromophenylporphyrin 

The reaction was monitored by UV-vis spectroscopy as shown in Figure 2-19.  When the 

metal insertion was complete, a few drops of H2O2 was added to the cooled solution.  The 

solvent was then removed and the solid redissolved in a minimal amount of methanol.  

Excess DCM was then added to the methanol solvent to precipitate the metalloporphyrin.  

The solid was then dissolved in alkaline water (0.1 M NaOH) and allowed to vigorously 

stir in air for 7 days.  The solution was then acidified with HCl and allowed to stir for 3 

days.  The solution was then evaporated to complete dryness to remove all methanol and 

coordinated methanol. 
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Dissolution of Na3[(TSPP)IrIII(D2O)2] in D2O results in solutions of the bis aqua complex 

[(TSPP)IrIII(D2O)2]
-3 (1) in an equilibrium distribution with the mono and bis hydroxo 

complexes, [(TSPP)IrIII(D2O)(OD)]-4 (2), [(TSPP)IrIII(OD)2]
-5 (3). 

 

Na3[(TSPP)IrIII(D2O)2] 
1H NMR (500 MHz, D2O) δ(ppm): 8.93 (s, 8H, pyrrole), 8.44 (d, 

8H, o-phenyl, J1H-1H=8Hz), 8.25 (d, 8H, m-phenyl , J1H-1H=8Hz). 

 

Na3[(TSPP)CoIII(D2O)2] 
1H NMR (500 MHz, D2O) δ(ppm): 9.38 (s, 8H, pyrrole), 8.41 

(d, 8H, o-phenyl, J1H-1H=8Hz), 8.23 (d, 8H, m-phenyl , J1H-1H=8Hz. 

 

 

Figure 2-20: UV-Vis spectra in CH3OH. [H2(TSPP)] (green)  [(TSPP)IrIII] (red). 
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2.4.4 Acid dissociation constant measurement for [(TSPP)MIII(D2O)2]
-3 

(M=Co,Ir) in water: 

Samples of ([(TSPP)MIII(OD)2]
-5) (M = Co,Ir) (4) were prepared by mixing standardized 

D2O solution of NaOD with the stock solutions of complex 1 (0.5 – 1.0 × 10-3M) in NMR 

tubes. A series of DCl and NaOD deuterium oxide solutions were used to adjust the pH 

values.  The change of the pyrrole hydrogen 1H NMR chemical shifts and the change in 

pD value (pD = pH + 0.41) was plotted and the experimental data was fitted by the 

method of non-linear least squares curve fitting to the equation:  

δ2,3,4(obs)(pyr)=(K1K2δ3(pyr)+K1[D
+]δ2(pyr)+[D+]2 δ1(pyr))/(K1K2+K1[D

+]+[D+]2). 

2.4.5 Synthesis of [(TSPP)Ir‒D(D2O)]4- / [(TSPP)IrI(D2O)] 5-:  

0.4 ml of [(TSPP)IrIII(D2O)2]
3
‾ D2O stock solutions (1.2 – 1.8 × 10-3 M, [D+] > 10-3 M) 

was added into a vacuum adapted NMR tube.  The NMR tubes were then degassed by 

three cycles of freeze-pump-thaw and 500 - 700 torr H2/D2 was pressurized into the NMR 

tube.  The reaction of [(TSPP)IrIII(D2O)2]
7
‾ with H2/D2 producing [(TSPP)Ir‒D]4

‾ in 

acidic solution achieves equilibrium distributions of (TSPP)IrIII and [(TSPP)Ir‒D]4
‾.  

Following the same procedure, (TSPP)IrIII complexes completely converted to 

[(TSPP)IrI]9¯  in basic D2O solution ([D+]<10-12 M).    
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3.1 INTRODUCTION 

Water as a reaction medium and as a reactant for transition metal induced 

transformations and catalysis is a major contemporary topic1-20 and a projected area for 

future growth.21-23  Our contributions in this area have been focused on the behavior of 

group nine (Co, Rh, Ir) metal complexes with sulfonated porphyrin ligands in water24-29 

and methanol.30-35  Primary objectives for these studies have encompassed defining the 

nature and thermodynamic interrelationships for species in solution, establishing the 

range of small molecule reactivity, and identifying prominent reaction pathways.  

Rhodium porphyrins have a relatively highly developed and extensive reaction 

chemistry in diverse reaction media31,34,36-66 compared with studies of the iridium 

derivatives24,41,67-79 which are in a relatively early stage of development. Prior studies in 

this series have examined the equilibrium between group nine metallo porphyrin aqua 

and hydroxo complexes in water, reactions of rhodium (III) with hydrogen to form 

equilibrium distributions of Rh-H and Rh(I) species and the reactivity patterns and 

thermodynamics for small molecule substrate reactions of Rh(I), Rh(II), Rh(III) and Rh-

H derivatives.27-28,80-83 

Oxidative addition of water to Rh(II)porphyrins, formation of β-hydroxyalkyl 

complexes from reactions of olefins with Rh(III), and reactions of the Rh-H with olefins 

and aldehydes that produce alkyl and α-hydroxyalkyl complexes are important types of 

transformations observed in aqueous media.  Free energy changes for most substrate 

reactions of rhodium porphyrins in water are remarkably similar to those for analogous 

reactions in hydrocarbon media with the exception of addition of Rh-H to alkenes where 

formation of highly hydrophobic alkyl groups is much less favorable in water.  Substrate 
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reactions of (por)Rh-H are generally much faster in water compared to benzene which is 

ascribed to more versatile reaction pathways and in particular the capability of water to 

support ionic species and heterolysis routes.  We now expand the scope of reactivity to 

iridium porphyrin in water.   

This chapter reports on reactivity and thermodynamic studies for aqueous solutions 

of tetrakis(3,5-disulfonatomesityl)porphyrin iridium(III) aqua and hydroxo complexes 

([(TMPS)IrIII(D2O)2-n(OD)n]
(7+n)

‾) in D2O.  The (TMPS)Ir system was selected for study 

because the steric demands of the mesityl derivative prohibit Ir-Ir bonding and suppress 

intermolecular interactions that can occur for the less sterically demanding tetrakis(p-

sulfonatophenyl)porphyrin (TSPP) derivative.  This study reports the multiple 

simultaneous equilibria that occur in aqueous solutions and provide foundational 

experimental equilibria thermodynamics relative to monomeric iridium tetrakis(3,5-

disulfonatomesityl)porphyrin in water.   

Aqueous solutions of iridium tetrakis(3,5-disulfonatomesityl)porphyrin 

[(TMPS)IrIII] form a hydrogen ion dependent equilibrium distribution of complexes in 

water.  Reaction of [(TMPS)IrIII] with dihydrogen form a reactive iridium hydride 

porphyrin species which reacts stoichiometrically and catalytically with unactivated 

olefins and aldehydes in aqueous media.  

Equilibrium thermodynamic data on a series of iridium porphyrin species (Ir(I) and 

Ir-H) which function as precursors for a group of organometallic substrate reactions is 

evaluated.  The direct evaluation of the acid dissociation constant of the iridium hydride 

along with estimates of the iridium hydride, iridium carbon and iridium hydroxide bond 

dissociation energy in water is also reported.  A comparison of reactivity, equilibrium 
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thermodynamic data and bond dissociation energy estimates reported for these classes of 

substrate reactions with cobalt and rhodium porphyrin analogues are discussed. 

 

3.2 RESULTS AND DISCUSSION 

3.2.1 Aqua and hydroxo complexes of (TMPS)IrIII 

Dissolution of tetrakis(3,5-disulfonatomesityl) porphyrin iridium(III) 

(Na7[(TMPS)IrIII(OD2)2]•18D2O) in D2O results in a pH dependent equilibrium 

distribution of the bis-aqua [(TMPS)IrIII(OD2)2]
7
‾ (1) with mono and bis-hydroxo 

complexes [(TMPS)IrIII(OD)(OD2)]
8
‾ (2), [(TMPS)IrIII(OD)2]

9
‾ (3)  (eq 3:1, 3:2) (Figure 

3-1).  The axially coordinated water and hydroxide ligands for 1, 2 and 3 in protic media 

rapidly interchange protons with the bulk water (298 K) which results in a single mole 

fraction averaged pyrrole 1H NMR resonances for 1, 2 and 3 (Figure 3-2). 

 

[(TMPS)IrIII(OD2)2]
7
‾          [(TMPS)IrIII(OD)(OD2)]

8
‾   +  D+       (3:1) 

 
[(TMPS)IrIII(OD)(OD2)]

 8
‾
       [(TMPS)IrIII(OD)2]

 9
‾   +  D+           (3:2) 

The 1H NMR of the bis-aqua 1 and bis-hydroxo 3 complexes can be directly 

observed at limiting low and high pD respectively. The mole fraction averaged pyrrole 1H 

NMR resonances for equilibrium distribution of 1, 2 and 3 as a function of [D+] were 

used in determining the acid dissociation constants by non-linear least squares curve 

fitting to the expression: 

δ2,3,4(obs)(pyr)=(K1K2δ3(pyr)+K1[D
+]δ2(pyr)+[D+]2 δ1(pyr))/(K1K2+K1[D

+]+[D+]2)27,84  

giving K1(298 K)=2.8x10-8
, K2(298 K)=2.5x10-11 and δ2(pyr)=8.47 ppm; 

[(TMPS)IrIII(OD2)2]
-3 is δ1(pyr)=8.63 ppm and [(TMPS)IrIII(OD)2]

-5 is δ3(pyr)= 8.27 ppm
85

.  
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Equilibrium distribution of 1, 2 and 3 in D2O as a function of the hydrogen ion 

concentration is illustrated in Figure 3-3.  Characteristic pyrrole resonances of the iridium 

porphyrin complexes discussed here are found in Table 3-1.  

 

 

 

           Figure 3-1:  Water and hydroxide complexes of (TMPS) IrIII in water. 

 

 

Table 3-1: Characteristic porphyrin pyrrole resonance shift (ppm) for (TMPS)Ir 
species  

(TMPS)Ir species 
 Pyrrole 

(ppm) 

[(TMPS)Ir(OD2)2]
7
‾  (1) 8.63 

[(TMPS)Ir(OD)2]
 9
‾   (2) 8.27 

[(TMPS)Ir(OD)(OD2)]
8
‾ (3) 8.47 

[(TMPS)IrI(OD2)]
9
‾   (4) 7.99 

[(TMPS)Ir-D(OD2)]
8
‾   (5) 8.36 

[(TMPS)Ir-CH3(OD2)]
7
‾   (6) 8.24 
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Figure 3-2: Observed limiting fast exchange mole fraction averaged pyrrole 
1H NMR chemical shifts for compounds(TMPS)IrIII complexes 1, 2 and 3 in D2O 
Points are experimentally determined values and lines are calculated for  
K3:1 (298 K) = 2.8x10‾8 and K3:2 (298 K) = 2.5x10‾11.  
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Figure 3-3: Observed limiting fast exchange mole fraction averaged pyrrole 
1H NMR chemical shifts for (TMPS)CoIII complexes 1, 2 and 3 in D2O.   

 
 
 
 

 
Figure 3-4: Equilibrium distributions of 1, 2 and 3 as a function of the hydrogen ion 
concentration in D2O at 298 K calculated for K3:1 (298 K) = 2.8 x 10-8 and  
K3:2 (298 K) = 2.5 x 10-11 and a total [(TMPS)IrIII]=1.0 x 10-3 M.    
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3.2.2 Comparison of Acid Dissociation Constants for Group Nine Metal  

(M = Co, Rh, Ir) Porphyrins  

Similar studies of (por)RhIII (por = TMPS, TSPP) have been previously reported 

by our group.  Parallel studies of Na7[(TMPS)Co(OD2)2]•18D2O in D2O also result in a 

pD dependent equilibrium distribution of hydroxo and aqua complexes of 

[(TMPS)CoIII]85.  The acid dissociation constants and chemical shifts were determined to 

be K3:1 (298 K) = 2.00 x 10-10, K3:2 (298 K) = 6.31 x 10-14 and ([(TMPS)CoIII(OD2)(OD)]-

4) δ2(pyr)=8.94 ppm; ([(TMPS)CoIII(OD2)2]
-3) δ1(pyr)=9.06 ppm; ([(TMPS)CoIII(OD)2]

-5) 

δ3(pyr)= 8.75 ppm.   

Results from determining acid dissociation constants for aqua and hydroxo 

complexes of [(TMPS)MIII] (M=Co, Rh, Ir) in D2O by application of the same 1H NMR 

method are given in Table 3-2 27,86-88.  In proceeding down group nine from cobalt to 

iridium relative acidities of the [(TMPS)MIII(OD2)2]
3
¯

 (M=Co,Rh,Ir) complexes increase 

regularly which reflects the expected trend of increasing metal-ligand bond strengths 89-91.  

Substitution of the porphyrin from TMPS to TSPP result in a change in the corresponding 

acid dissociation constants by a factor of ~10 for both cobalt and rhodium, while only a 

factor of 2 is observed in the case of iridium (Table 3-2).  The relatively strong tenacity 

of the iridium metal site to bind anionic ligands is unaffected by a change in electron 

donating properties of the porphyrin moiety (TMPS).   

Preference for binding water over hydroxide increases as the effective positive 

charge of cobalt and rhodium is reduced by the more electron releasing character of the 

o,p-methyl groups and placement of sulfonate groups in the meta position of the ligand 

TMPS (Table 3-3).  The free energy changes for displacement of water by hydroxide 
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derived for [(TMPS)MIII(OD2)2]
7
‾
  (M=Co, Rh, Ir) complexes (Eq 3:3, 3:4; ∆G3:3˚= 

∆G3:1˚+∆G3:5˚, ∆G3:4˚= ∆G3:2˚+∆G3:5˚ where ∆G3:5˚=+22.6 kcal/mol) (Table 5-3).  The 

binding of hydroxide is substantially more favorable than water in all cases and the 

difference increases when moving down group nine from cobalt to iridium and is further 

increased by use of a more electron donating porphyrin for cobalt and rhodium.   

 

[(TMPS)MIII(OD2)2]
7
‾   +    OD‾    [(TMPS)MIII(OD)(OD2)]

8
‾ +  D2O     (3:3) 

 
[(TMPS)MIII(OD)(OD2)]

 8
‾  +   OD‾    [(TMPS)MIII(OD)2]

 9
‾   +  D2O     (3:4) 

 
D+   +   OD‾      D2O                       (3:5) 

 

 

Table 3-2: First and second acid dissociation constants (K1, K2) (298 K) for aqua 
and hydroxo complexes of [(L)MIII] (L= TSPP, TMPS) (M = Co, Rh, Ir)  in D2O.  

 TSPP  TMPS 

MIII K1 K2  K1 K2 

Co 8.8  x  10-9 7.1  x  10-13  2.0  x  10-10 2.5  x  10-14 

Rh 1.4  x  10-8 2.8  x  10-12  1.0  x  10-9 2.8  x  10-13 

Ir 4.8  x  10-8 2.6  x  10-11  2.8  x  10-8 2.5  x  10-11 

 
 
 

Table 3-3:  Free energy changes (∆∆∆∆G3˚, ∆∆∆∆G4˚ (298 K) (kcal/mol)) for reactions 3 and 
4 that substitute hydroxide for water in complex [(L)MIII(D2O)]2]

7¯  where  (L= 
TSPP, TMPS) (M = Co, Rh, Ir)  in D2O 

 TSPP TMPS 

[(L)MIII(D2O)2]
7
‾   ∆G3˚ ∆G4˚ ∆G3˚ ∆G4˚ 

Co -11.7 -6.1 -9.4 -4.1 

Rh -12.0 -6.8 -10.3 -5.5 

Ir -13.7 -8.2 -12.3 -8.1 
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3.2.3 Reaction of (TMPS)IrIII with H2/D2 in D2O 

Aqueous solutions of tetrakis(3,5-disulfonatomesityl)porphyrin iridium(III) 

produce equilibrium distributions between five iridium species including iridium hydride, 

iridium(I) and three iridium(III) aqua and hydroxo complexes (Figure 3-5)  Solutions of 

iridium(III) porphyrin in strongly basic D2O [D+ > 10‾11] react with H2/D2 (pH2 ≈ 0.5-0.6 

atm) to form [(TMPS)IrI(D2O)]9
‾(4).  The iridium(I) complex (4) is readily identified by a 

relatively high field pyrrole 1H NMR resonance (7.99 ppm) in comparison to iridium(III) 

complexes shown in Table 3-1 characteristic of the electron rich metal site in iridium(I) 

tetramesityl porphyrin.  

[(TMPS)IrIII(OD2)2]
7
‾ +  D2    [(TMPS)Ir-D(OD2)]

8
‾ +  D+  +  D2O     (3:6) 

At high hydrogen ion concentrations [D+ > 10‾3] the bisaqua complex (1) reacts 

slowly with H2/D2 (pH2 ≈ 0.6-0.9 atm) to produce an equilibrium distribution with the 

iridium hydride [(TMPS)Ir-D(D2O)]8
‾ (5).  Figure 3-6 illustrates the equilibrium 1H NMR 

observation of porphyrin pyrrole resonances for 5 and 1 as a function of pH (eq 3:6).  

Similarly, Figure 3-7 depicts the 1H NMR illustrating the differences in the porphyrin 

o,p-methyl groups at equilibrium conditions at a pH ~5 .   

The equilibrium constant for reaction 6 (K3:6=1.7 (±10), ∆G3:6⁰ = -0.3 kcal/mol) 

was directly evaluated by integration of the 1H NMR in combination with [D+] and the 

solubility of D2 in water (Table 3-4).  The qualitative interrelationships between the five 

species in simultaneous equilibria with dihydrogen are schematically shown in Figure 3-

5.  These interrelationships were quantitatively evaluated by measuring their equilibrium 

constants.  Results from thermodynamic measurements of the (TMPS)Ir system are found 

in Table 3-4 along with comparative values for the (TMPS)Rh system.   
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[(TMPS)IrIII(D2O)2]
7-

[(TMPS)IrIII(D2O)(OD)]
8-

[(TMPS)IrIII(OD)2]
9-

[(TMPS)IrI(D2O)]
9-

[(TMPS)Ir-D(D2O)]
8-

- D+

- D+

+ D2

-D2O
+D2, D

+

- D+

+D2

+D2

+1/2D2, - D
+

D+

D+
D+

 

Figure 3-5: Simultaneous equilibria that occur between five iridium porphyrin 
species in the D2/(TMPS)Ir system in water (D2O). 

 

 

 

 

 
 

Figure 3-6: pD dependence of equilibrium of complexes 1 shown at 8.63 ppm  and 5 
shown at 8.36 ppm at (a) pD=3.0, (b) pD=3.8 and (c) pD=4.7.     
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Figure 3-7: 1H NMR (500 MHz) of [(TMPS)IrIII(OD2)2]
7
‾ (1) in equilibrium with 

[(TMPS)Ir-D(OD2)]
8
‾ (5), insets show pyrrole resonances and o,p-methyl groups of 

TMPS.    
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Earlier studies of the identical rhodium(III) analogue show similar results to 

iridium with K6(Rh)=18 (±0.5) and ∆G6⁰(Rh) = -1.7 kcal/mol.  Dissolution of [(TMPS)Ir-

D(D2O)]8
‾ in solutions of H2O/D2O (92:8) at pH 5-6 allowed the observation of the 

hydride 1H NMR resonance at -57.7 ppm.  The o-Me groups of the ligand are observed in 

1H NMR to be distinct from one another and is associated with compound 5 which have 

non-equivalent porphyrin faces inferred to result from a static Ir-H type unit, Figure  3-8. 

      

Figure 3-8:  1H NMR of compound 1 showing single o-M resonance and of 
compound 5 showing two o-Me resonances.  Pyrrole resonances are indicated by 
compound number and p-Me are indicated by asterisks.   
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3.2.4 Acid Dissociation Constant of [(TMPS)Ir-D(D2O)]8
‾: 

The pyrrole hydrogen 1H NMR resonances of [(TMPS)IrI(D2O)]9
‾(4) (δ4= 7.99 

ppm) and [(TMPS)Ir-D(D2O)]8
‾(5) (δ5= 8.36 ppm) are invariant with pD and are 

observed as independent sharp resonances in the 1H NMR spectrum (Figure 3-8).  Hence, 

manipulation of the hydrogen ion concentration of solutions of iridium(I) porphyrin 

complexes results in slow exchange of complexes 4 and 5, eq 3:7.  In the pD range of 11-

12, both species 4 and 5 are directly observed at equilibrium in the 1H NMR spectrum 

and the acid dissociation constant of [(TMPS)Ir-D(D2O)]8
‾(5) in deuterium oxide can be 

directly determined by integration of  1H NMR, eq 3:7, K3:7 = 1.8x10-12, ∆G⁰3:7= +16.0 

kcal mol-1.   

 

[(TMPS)Ir-D(OD2)]
8
‾ [(TMPS)IrI(OD2)]

9
‾   +  D+ (3:7) 

� =
���TMPS
Ir�D�O
�(‾��D��
���TMPS
IrD�D�O
�)‾�

 

∆+, �298 K
 = −RT	lnK = +16.0	kcal/mol   

 

The 1H NMR porphyrin pyrrole resonances of 5 is 8.364 ppm and 4 is 7.994 ppm.  

Figure 3-10 illustrates the slow exchange of complexes 4 and 5 at various pD.  This 

differs from the fast mole fraction averaged rhodium analogue that has an acid 

dissociation constant of K = 4.3 x 10-8, ∆G⁰= +10.0 kcal/mol.  The free energy change 

(298 K) for (por)Ir-H is 6 kcal/mol larger than that of (por)Rh-H and illustrates the 

tenacity of iridium to bind small anionic ligands. 
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Figure 3-9:  1H NMR (500 MHz) pyrrole resonances of aqueous solutions of 
[TMPS)IrI(D2O)]9

‾(4) and  [(TMPS)Ir-D(D2O)]8
‾(5) in D2O at pD = (a) 9.8 (b) 10.2 

(c) 11.7 and (d) 12.5  
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Figure 3-10:  Distribution in percentage of the equilibrium concentrations of species 
4 and 5 (total conc=100%) in solution at a given pH for M=Rhodium (green, dotted 
line) and M=Iridium (blue, solid line). 

 

Under highly acidic conditions, the [(TMPS)Ir-D(D2O)]8
‾(5) pyrrole resonance 

exhibits a small variation shifting 30 Hz (0.6 ppm) upfield and another hydrogen 

resonance is observed in the 1H NMR significantly upfield at -49.1 ppm which result 

from the microscopic reverse of the dihydrogen reduction.95  Despite the inhibition of π-π 

stacking through the use of mesityl groups on the phenyl groups, interaction through axial 

ligands is possible.  The microscopic reverse reaction to generate pseudo dihydrogen 

complexes through the interaction of hydrides is observed as illustrated in Figure 3-11.  

This species is the dominant observable at [D+] < 10-6 M (-49 ppm) (Figure 3-12).  

Unimolecular [(TMPS)Ir-D(D2O)]8
‾  becomes the dominant species at [D+] > 10-6 M (-57 

ppm). 
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Figure 3-11:  The microscopic reverse reaction to generate pseudo dihydrogen 
complexes through the interaction of hydrides. 

 

 

 

 

Figure 3-12: 1H NMR (500 MHz) of [(TMPS)Ir-D(D2O)]8
‾ (5)  in D2O at [D+] < 10-6 

M showing two hydride species resonances unimolecular -57 ppm and “dihydrogen” 
complex at -49 ppm. 
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Table 3-4: Measured (eq 3:6-7) and derived (eq 3:9-13) equilibrium constants (K3:n) and ∆G3:n⁰ (298 K) (kcal/mol) for  
(TMPS)M   reactions in D2O where (M = Rh, Ir). 

 Rxns of [(TMPS)M] M = Rh38 M = Ir 

3:6) [(MIII(OD2)2]
7
‾ +  D2  [M-D(OD2)]

8
‾ +  D+  + D2O  

K6 = 18.2 

∆G6˚ = -1.7 kcal/mol 

K6 = 1.7(1) 

∆G6˚ = -0.3(0.3) kcal/mol 

3:7) [M-D(OD2)]
8
‾  [MI(OD2)]

8
‾   +  D+ 

K7 = 4.3  x  10‾8  

 ∆G7˚ = +10.0 kcal/mol 

K7 = 1.8(0.5) x 10‾12 

∆G7˚ = +16.0(0.3) kcal/mol 

3:8) D+  +  D‾      D2 
K8 = 5.2  x  1037  

 ∆G8˚ = -53.2 kcal/mol 

3:9) 
[(MIII(OD)(OD2)]

8
‾ +  D2  [M-D(OD2)]

8
‾ + D2O  

                         K9 = K6 /K1 

K9 = 1.8  x  1010  

 ∆G9˚ = -14.0 kcal/mol 

K9 = 6.1 x  107 

∆G9˚ = -10.6 kcal/mol 

3:10) 
[(MIII(OD)2]

9
‾ +  D2  [MI(OD2)]

9
‾ + D2O  

                        K10 = K6 K7/(K1K2) 

K10 = 8.1  x  1014  

 ∆G10˚ = -20.4 kcal/mol 

K10 = 2.9 x  106 

∆G10˚ = -8.8 kcal/mol 

3:11) 
[(MIII(OD2)2]

7
‾ +  D‾  [(M-D(OD2)]

8
‾ + D2O  

                         K11 = K6 K8 

K11 = 9.5 x  1038  

 ∆G11˚ = -53.1 kcal/mol 

K11 = 8.8  x  1037  

 ∆G11˚ = -51.7 kcal/mol 

3:12) 
[(MIII(OD2)2]

7
‾ + [MI(OD2)]

9
‾  [(MIII(OD)(OD2)]

8
‾  + [M-D(OD2)]

8
‾  

                         K12 = K1 /K7 

K12 = 2.3  x  10‾2  

 ∆G12˚ = +2.2 kcal/mol 

K12 = 2.3  x  104  

 ∆G12˚ = -6.0 kcal/mol 

3:13) 
[(MIII(OD2)2]

7
‾ + [MI(OD)]9

‾ +  D2   2[M-D(OD2)]
8
‾  + D2O 

                         K13 = K6 /K7 

K13 = 4.2  x  108  

 ∆G13˚ = -11.7 kcal/mol 

K13 = 1.4  x  1012  

 ∆G13˚ = -16.6 kcal/mol 

The reported K values correspond to equilibrium constant expressions that contain all constituents given in the chemical equation including water. 

The ion product of D2O (14.995) and the D2O density (1.1044) were used to determine K3= 2.01 × 10-17 at 298 K.  

∆G°(H+ + H- H2) =-51.4 kcalmol-1 and ∆G°(D+ + D-  D2) = -53.2 kcalmol-1 were evaluated by using ε °(2H+ + 2e  H2) = 0.00V;  

ε°(2H‾  H2 + 2e) = + 2.23V; ε°(2D‾  D2 + 2e)= + 2.305V.  CRC Handbook of Chemistry and Physics, 71st. ed.; Lide, D. R., Ed.; CRC Press 
Boca Raton, FL, 1990-1991; P8-38, P6-11 and P8-17, respectively.  
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3.2.5 Thermodynamic Interrelationships of (TMPS)M (M=Co, Rh, Ir) 

complexes in D2O 

 

Figure 3-13: Gibbs Free Energy Changes interrelationships diagram between 
(TMPS)M complexes in D2O:  green: M=Co, red : M=Rh, blue: M=Ir,  and values: 
∆G⁰ are given for 298 K and kcal mol-1. 

 

The free energy changes for the set of reactions illustrated in Figure 3-5 and 

measured in Table 3-4 for group nine (Co, Rh, Ir) metalloporphyrins are shown in Figure 

3-13.  The group nine (M = Co, Rh, Ir) bisaqua metalloporphyrin complexes are set at 

zero to define the relative energy scale. The free energy change associated with 

converting any given metalloporphyrin species to another species of the same metal in 

water by reactions of D2, D
+ and D2O is visually illustrated by Figure 3-12.  Utilizing the 

free energy change diagram, the energy conversion of [(TMPS)MIII(D2O)(OD)]8
‾ to 
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[(TMPS)MI(D2O)]9
‾ is +3.4 kcal mol-1 and -5.4 kcal mol-1 respectively for rhodium and 

iridium and the increase in the energy of the systems by deprotonation is readily 

visualized.   Similarly, comparison of deprotonation of the bisaqua complexes for group 

nine metals (M = Co, Rh, Ir) can be represented schematically to be increasingly 

thermodynamically uphill on moving up group nine metalloporphyrins from iridium to 

cobalt.  Also noteworthy is that the rhodium (I) complex and Rh-H complex lie at lower 

energy relative to the iridium analogue complexes.   

 

3.2.6 Thermodynamics for Displacement of a Water Molecule from 

[(TMPS)IrIII(OD2)2]
7
‾ by Hydroxide(OD‾) and Hydride (D‾) 

Equilibrium constants and standard free energy changes for displacement of water 

from complex 1 by hydroxide (eq 3:3, ∆G⁰3:3 =∆G⁰3:1+∆G⁰3:5=-12.3 kcal/mol) or by 

hydride (eq 3:11, ∆G⁰3:11 = ∆G⁰3:6 + ∆G⁰3:8=-51.7 kcal/mol) are derived from measured 

thermodynamic values.  Displacement of water from complexes 1, 2 and 5 are all 

favorable but hydride stands out as an exceptionally strong donor (∆G⁰3:11 =-51.7 

kcal/mol) comparable to the rhodium analogue (∆G⁰3:11 =-53.1 kcal/mol). 
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3.2.7 Reactions of [(TMPS)Ir-D(D2O)]8
‾ with Olefins in Water at intermediate 

pH. 

Reaction of the iridium hydride (5) with terminal alkenes is very slow at acidic 

conditions but becomes faster as the pD increases ([D+]~10-8-10-11).  Observations of 

higher reaction rates at basic conditions is ascribed to the partial deprotonations of (5) to 

form equilibrium quantities of the reactive iridium(I) species [(TMPS)Ir-D(D2O)]8
‾.  

Aqueous solutions of the iridium hydride ([(TMPS)Ir-D(D2O)]8
‾) under basic conditions 

([D+]>10-10 M)  react with ethene and propene to form measurable equilibrium 

concentrations of  alkyl complexes (eq 3:15-16).   

 

[(TMPS)Ir-D(D2O)]8
‾ + C2H4  [(TMPS)Ir-CH2CH2D(D2O)]8

‾   (3:15) 

[(TMPS)Ir-D(D2O)]8
‾ + C3H6  [(TMPS)Ir-CH2CHDCH3(D2O)]8

‾  (3:16) 

 

The porphyrin ring current shifted high field resonances of the ethyl [(TMPS)Ir-

CH2CH2D(D2O)]7
‾ (6), (δ(Ir-CH2CH2D) = -5.68 ppm, δ(Ir-CH2CH2D) =  

-1.85 ppm) and propyl [(TMPS)Ir-CH2CHDCH3(D2O)]7
‾ (7), (δ(Ir-CH2CHDCH3) = 

 -1.74 ppm, δ(Ir-CH2CHDCH3) = -2.77 ppm, δ(Ir-CH2CHDCH3) = -5.72 ppm) groups 

provide a convenient  means to identify and quantify the alkyl species in D2O.  Addition 

of the iridium hydride to propene is anti-Markovnikov which places the iridium 

porphyrin on the less sterically demanding terminal primary carbon center. 

Reactions of the alkenes with (5) (eq 3:15-16) achieve a 1H NMR observable 

equilibrium which permitted evaluation of the equilibrium thermodynamics at 298 K 

(K3:15
 =5.1x102, ∆G⁰3:15 =-3.7 kcal mol-1), (K3:16 =8.7x101, ∆G⁰3:16 =-0.67 kcal mol-1) 
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(Table 3-5).  The free energy changes for reactions of alkenes with the iridium hydride 

(Ir-D) (5) are 4-5 kcal mol-1 less favorable than comparable porphyrin rhodium hydride 

(Rh-D) reactions in water (Table 3-5).28  This is empirically associated with the increase 

in the iridium hydride BDFE (~4-7 kcal mol-1) compared to rhodium hydride that is not 

fully compensated by an increase in the Ir-CH2- relative to the Rh-CH2-.   

 

 

      

Figure 3-14: 1H NMR of equilibrium of [(TMPS)Ir-D(OD2)]
8
‾ and  

[(TMPS)Ir-CH2CH2D(OD2)]
7
‾ in D2O. 

 

The equilibrium constant for the reaction of the iridium hydride with olefins is 

observed to decrease by a factor of 10 on moving from a two carbon olefin to a three 

carbon chain and is most probably influenced by the inability of large molecules to 

coordinate to the metal site sterically hindered by the tetramesitylporphyrin ligand.   
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3.2.8 Reactions of [(TMPS)Ir-D(D2O)]8
‾ with Aldehyde in Water at 

intermediate pH. 

The reaction of acetaldehyde with basic solutions ([D+]>10-10 M) of [(TMPS)Ir-

D(D2O)]8
‾ in D2O result in the observation of the 1H NMR of a doublet at -3.56 ppm and 

a broad resonance  at -2.83 ppm (Figure 3-15) indicative of the formation of [(TMPS)Ir-

CH(OD)CH3(D2O)]7
‾ (9) within 5 days.  The organometallic is observed to be in 

equilibrium with (5) as shown in eq 3:19 (298 K)  (K3:19= 9.5 x 101, ∆Gº3:19= -2.7 kcal 

mol-1.).  

 

[(TMPS)Ir-D(D2O)]8
‾ + HC(O)CH3 [(TMPS)Ir-CH(OD)CH3(D2O)]7

‾  (3:19) 

 

         

       Figure 3-15:  High field 1H NMR of [(TMPS)Ir-CH(OD)CH3(D2O)]7
‾ in D2O. 
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3.2.9  Equilibrium Thermodynamics for reactions of [(TMPS)Ir-D(D2O)]8
‾ and 

[(TMPS)IrI(D2O)]7
‾ with olefins and aldehyde  

 

Aqueous solutions of iridium hydride (5) react with olefins to produce 

equilibrium distributions of the anti-Markovnikov addition iridium alkyl complex as the 

only observed 1H NMR product and iridium hydride.  Equilibrium constants at 298 K in 

D2O were directly measured for reactions of the iridium hydride [Ir-D(OD2)]
8
‾ (5) with 

olefins (eq 3:14-15) and derived for the reactions of iridium(I) with olefins and aldehyde 

(eq 3:18, 3:19, Table 3:5).  The reactions of iridium(I) result in heterolytic cleavage of 

water and are thermodynamically unfavorable.  

 

Table 3-5:  Measured and derived equilibrium constants and free energy changes 
for reactions of olefins and aldehydes with (TMPS)M, M=Rh,26 Ir.  

 (TMPS)Ir Kn ∆G⁰n  

(3:14) [Ir-D(D2O)]8
‾ + C2H4    [Ir-CH2CH2D(D2O)]7

‾    5.1x102 -3.7  

(3:15) [Ir-D(D2O)]8
‾   +  C3H6    [Ir-CH2CHDCH3(D2O)]7

‾   

[Rh-D(D2O)]8
‾ +  C3H6    [Rh-CH2CHDCH3(D2O)]7

‾   

8.7x101 

5.7x103 

-0.67 

-5.6 

(3:16) [Ir(D2O)2]
7
‾ + C2H4    [Ir-(CH2=CH2)(D2O)]7

‾   12.5 -1.5 

(3:17) [IrI(D2O)]8
‾ + D2O +C2H4 [Ir-CH2CH2D(D2O)]7

‾ + OD‾ 7.5x10-3 2.9 

(3:18) [IrI(D2O)]8
‾ + D2O + C3H6 [Ir-CH2CHDCH3(D2O)]7

‾ + OD‾ 4.7x10-5 5.9  

(3:19) [Ir-D(D2O)]8
‾+ HC(O)CH3  [Ir-CH(OD)CH3(D2O)]7

‾     9.5x101 -2.7 
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3.2.10 Reaction of [(TMPS)Ir-D(D2O)]8¯  with Olefins in Water at low pH. 

Catalytic Hydrogenation of Ethene:  

Addition of ethene (p(C2H4) = 600 torr, P(H2) = 500 torr) to D2O solutions of  

[(TMPS)Ir-D(D2O)]8¯  (5) at acidic conditions [D+] <10-46 M and 290 K results in a slow 

catalytic hydrogenation of ethene to ethane.  The formation of ethane has a TON of 2.4 in 

the first hour.  The TOF of the dihydrogen iridium hydride catalyzed hydrogenation is 

dependent on the pH of the solution and is 1.3 x 10-2 min-1 at a pH of 3.  The iridium 

ethyl porphyrin complex initially forms by reaction 3:15 and subsequently reacts with 

dihydrogen by sigma bond metathesis to form ethane (eq 3:17) and regenerate 

[(TMPS)Ir-D(D2O)]8¯  (5) as shown in Figure 3-16.  Precedence of concerted reactions of 

this type without a clear cis coordination site for iridium complexes has been reported by 

Milstein.93 

[(TMPS)Ir-CH2CH2D(D2O)]8
‾  + H2    C2H5D +   [(TMPS)Ir-D(D2O)]8

‾   +  D+  (3:20)  

 

Figure 3-16:  Concerted catalytic hydrogenation of ethene by sigma bond metathesis 
of dihydrogen via [(TMPS)Ir-D(D2O)]8¯  in water. 

 

Only qualitative measurements could be made with this experimental design 

because of complication resulting from production of gaseous ethane product and the 
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slow redistribution of reagents between gas and solution phases.  The approximate 

solubility of reagents’ concentration in water94 are found below: 

χg (ethene in H2O) = 8 x 10-5, At 600 torr = 3.51 x 10-3 M   

χg (H2 in H2O) = 1.4 x 10-5, At 500 torr = 5.11 x 10-4 M  

χg (ethane in H2O) = 4.2 x 10-5, At 100 torr = 3.07 x 10-4 M 

Alternatively, catalytic hydrogenation of the iridium ethyl porphyrin complex can be 

thought of being achieved by protonation of iridium ethyl complex by highly protic water 

medium to form ethane and result in the formation of [(TMPS)IrIII+, Figure 3-17.  The 

resulting iridium(III) porphyrin is a highly electrophilic cationic iridium complex that 

immediately forms the diaqua complex (1) in equilibrium with an iridium(III) ethene π 

complex, [Ir-(CH2=CH2)(D2O)]7
‾ (8).  Complex 1 [(TMPS)Ir(D2O)2]

7¯  then reacts with 

dihydrogen to satisfy the equilibrium of reaction 3:6 to regenerate [(TMPS)Ir-D(D2O)]8¯  

(5), Figure 3-17. 

 

 

Figure 3-17:  Stepwise catalytic cycle for the hydrogenation of ethene mediated by 
[(TMPS)Ir-D(D2O)]8¯  (5) utilizing protonation pathways and dihydrogen. 
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In a representative sample, [Ir-(CH2=CH2)(D2O)]7
‾ (8) in the 1H NMR is observed in 

equilibrium with complex 1 [(TMPS)Ir(D2O)2]
8¯  (eq 3:16).  Coordinated ethene in the π 

complex is observed as a sharp single resonance at -6.81 ppm which is used in evaluation 

of the equilibrium constant for reaction 3:16 (298 K) (K3:16 = 12.5; ∆Gº3:16 = -1.5 kcal 

mol-1), (Table 3-5).  Similar π-complexes have been observed, eg [Rh(TTiPP)],46 

[Ru(TTP)]95.    

[(TMPS)Ir(D2O)2]
7
‾ + C2H4    [(TMPS)Ir-(CH2=CH2)(D2O)]7

‾  + D2O                (3:16) 

The iridium ethene π complex ([Ir-(CH2=CH2)(D2O)]7
‾) (8) provides an alternate 

route for reactivity as shown in Figure 3-18.  Nucleophilic attack by hydroxide on ([Ir-

(CH2=CH2)(D2O)]7
‾) (8) results in the formation of iridium porphyrin ethanol 

organometallic complex similarly observed -5.96 ppm (-CH2CH2OH) and -4.06 ppm  

(-CH2CH2OH).   

[(TMPS)Ir-(CH2=CH2)(D2O)]7
‾ + OD‾  [(TMPS)Ir-(CH2CH2OD)(D2O)]8

‾         (3:21) 

 

Figure 3-18:  Alternate catalytic cycle for the hydrogenation of ethene via pathway 
of an iridium ethene π complex. 
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The tenacity for preferential binding of alcohols by iridium porphyrins ((por)Ir-

OR) in water has been previously reported96.  The σ bonded organometallic alcohol has 

β-hydrogens on the α-carbon which then migrate to the metal center to reductively 

regenerate iridium hydride porphyrin with concurrent elimination of isomers of ethanal in 

water (Figure 3-18).  The characteristic hydrogen of the carbonyl of ethanal is directly 

observed proton resonance at 9.6 ppm in 1H NMR (Figure 3-22). 

 

Implication for Wacker Processes: 

The Wacker process is the reaction of ethylene to acetaldehyde by palladium 

chloride as shown in Figure 3-19.97-98  The conversion of ethylene (olefins) to 

acetaldehyde is of importance as olefins are less expensive starting materials for 

manufacturing aliphatic compounds, including vinyl chloride and vinyl acetates.99  The 

porphyrin iridium hydride systems produces ethane and acetaldehyde in a ratio of 83:1 by 

hydrogenation of Ir-ethyl to form the IrIII+ and subsequent formation of the iridium π 

complex to form acetaldehyde.  Catalytic hydrogenation of ethene by dihydrogen is faster 

(Figure 3-16) than the production of acetaldehyde shown in Figure 3-18.  The catalytic 

cycle proposed in Figure 3-16 for the hydrogenation of alkenes is both complimented by 

(alternative route to hydrogenation, Figure 3-17) and deviated from (formation π 

complexes susceptible to nucleophilic attack, Figure 3-18) the formation of IrIII+.  Wacker 

chemistry is therefore accessible through the pathway that utilizes IrIII+ species formation.  

Aldehyde formation (>1:83, aldehyde:ethane) can be promoted by shifting the 

equilibrium of reaction 3:18 to favor the iridium ethene π complex which will circumvent 

the dominant mechanism of hydrogenation to increase aldehyde formation.  However, all 



 92

three cycles indicate regeneration of iridium hydride and thus stoichiometric formation of 

one mole of ethane inevitably occurs in the generation of one mole of aldehyde. 
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            Figure 3-19: Wacker process for oxidation of ethene to acetaldehyde.  
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Implication of Ethene Reactivity in the Absence of Dihydrogen: 

 

Utilization of knowledge of olefin and aldehyde reactivity with iridium porphyrin 

hydride studies in water can be used to deduce the pathways for the observation of both 

organometallic and organic products in the absence of dihydrogen as shown in Figure 3-

20.  The overall proposed catalytic reduction of ethene to ethane and catalytic oxidation 

to ethanal by the addition of water is facilitated by iridium hydride.  This overall reaction 

is determined to be feasible by evaluation of the thermodynamic criteria given the free 

energy of reactants and products in their gaseous state such that two moles of ethene react 

with water to form one mole of ethane and one mole of acetaldehyde as 

thermodynamically favored products.   

 

[(-133.7CH3CH3)+(32.98C2H4O)]-[2(68.12C2H4)+(-228.6H2O)]= -8.36 KJ/mol 

 

 

 

Figure 3-20:  Proposed catalytic cycle for the conversion of ethene to ethane and 
ethanal by [(TMPS)Ir-D(D2O)]8¯  (5) in water in the absence of dihydrogen.    
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Figure 3-21:  Reactivity of ethene catalyzed by [(TMPS)Ir-D(D2O)]8¯  in acidic water 
to form ethane and ethanal.  Boxed species indicate organometallic compounds 
observed directly by 1H NMR. 

 
a) Formation of ethane catalyzed by protonation/dihydrogren of  iridium porphyrin ethyl 
complex  

 

b)  Formation of iridium porphyrin ethene π complex and subsequent hydration to form 
iridum porphyrin ethanol complex. 

 

c)  Formation of ethanal through migration of a β-H  of the iridium alcohol complex to 
regenerate iridium porphyrin hydride. 
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Key for Figure 3-22: 
 

1H NMR Assignment 
(number = organic observable) 

(letter = porphyrin pyrrole) 
(letter, number = organometallic) 

[(TMPS)Ir-X(D2O) species 
or 

Organic observable 

1 Acetaldehyde (CH3CHO) 

2 Ethene 

3 Ethane 
a Iridium bisaqua complex 

b  ,  b1 Iridium ethene π complex 
c Iridium hydride complex 

d   
d1  
d2 

Iridium β-hydroxy alkyl complex 
Ir-CH2CH2OH  
Ir-CH2CH2OH 

e 
e1 
e2 

Iridium ethyl complex 
Ir-CH2CH2D  
Ir-CH2CH2D 
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Figure 3-22: 1H NMR (500 MHz) in D2O illustrating ethene as a reactant to catalytically form ethane.  Series of peaks 
in the aliphatic region are TMS reference standard resonances. 
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3.2.11 Reactions of [(TMPS)IrI(D2O)]9
‾ 

Strongly basic conditions (pD > 12) shift the equilibrium of iridium(I) porphyrin 

complexes to primarily [(TMPS)IrI(D2O)]9
‾(4).  Reaction of complex 4 with alkyl halides 

result in [(TMPS)Ir-R(D2O)]8
‾, R= alkyl.  The coordinated alkyl complex is readily 

identifiable in the high field region of the 1H NMR.  High field regions of 1H NMR (500 

MHz) of alkyl complexes of [(TMPS)Ir-R(D2O)]8
‾ (R= methyl, ethyl, pentane) is shown 

in Figure 3-23.   

 

[(TMPS)IrI(D2O)]9
 has a pair of electrons in dZ

2 and acts as a metal centered 

nucleophile to form the iridium-alkyl product.  The CH unit adjacent to the metal center 

directly interacts with the ring current of the porphyrin and as a result is broadened and 

typically found at -6 to -7 ppm (Figure 3-23(a), (b)).  As the CH unit moves away from 

the metal center and the porphyrin ring current, in the case of pentane C3-C5 (Figure 3-

23(c)), the alkyl proton resonances are no longer broadened peaks but are observed to 

have structure due to coupling from adjacent protons and are observed to have a shift 

progressively downfield as the carbon chain shifts out of the plane of the porphyrin ring 

current.   
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Figure 3-23:  1H NMR (500 MHz) of alkyl complexes of [(TMPS)Ir-R(D2O)]8
‾   

(a) R= methyl, (b) R=ethyl and (c) R=pentane.  
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3.2.12 Bond Dissociation Free Energies Difference between Ir-OD and Ir-D of 

[(TMPS)Ir-X(OD2)]
8
‾ complexes in D2O.  

The difference in the Ir-OD and Ir-D bond dissociation free energy (BDFE) can 

be evaluated from the standard free energy change for  reaction 3:9 which is derived from 

equilibrium thermodynamics for reactions 3:6 and the reverse of reaction 3:1 (K3:9 = K3:6 

/K3:1 = 6.1 x  107
, ∆G3:9˚ = -10.6 kcal/mol) (Tables 2, 4).  Using the BDFEs for D-D 

(103.4 kcal mol-1) and D-OD (117.6 kcal mol-1) the difference in the Ir-D and Ir-OD bond 

dissociation free energies can be deduced considering the bonds formed and broken in 

reaction 3:9 (∆G˚3:9 = [Ir-OD]+[D-D]-[Ir-D]-[D-OD] and [Ir-OD]-[Ir-D] = ∆G˚3:9 +  

[D-OD]-[D-D]).   

The BDFE difference between Ir-OD and Ir-D is found to be 3.6 kcal mol-1.   

 

[(IrIII(OD2)2]
7
‾    +  D2  [Ir-D(OD2)]

8
‾ +  D+  + D2O   (3:6) 

[Ir(OD)(OD2)]
8
‾ +  D+  [IrIII(OD2)2]

7
‾                        (-(3:1)) 

[(IrIII(OD)(OD2)]
8
‾ +  D2  [Ir-D(OD2)]

8
‾ + D2O        (3:9) 

    K3:9 = K3:6 /K3:1 = 6.1 x  107 , ∆G3:9˚ = -10.6 kcal/mol 

 

 

Table 3-6:  Difference in BDFE (kcal mol-1) between [(por)M-OD] and [(por)M-D)] 
where por = TMPS, TSPP and M= Rh, Ir.  

(por)M 
(M-OD)-(M-D) 

kcal mol-1 
(TMPS)Ir 3.6 
(TMPS)Rh 0.2 
(TSPP)Rh 1.8 
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We have previously reported the BDFE difference between (TMPS)Rh-OD and 

(TMPS)Rh-D  is 0.2 kcal mol-1 and the corresponding difference for the (TSPP)Rh-OD 

and (TSPP)Rh-D is 1.8 kcal mol-1.  Evaluation of the difference in M-OD and M-D for 

(M=Rh, Ir) ([M-OD]-[M-D]) = ∆G˚3-9 + [[D-OD)-(D-D)] should be highly accurate 

because the equilibrium measurement of ∆G˚3-9 is within ± 0.2  kcal mol-1 and ([D-OD]-

[D-D]) is constant (+14.2 kcal mol-1).  In each of the three systems evaluated (Table 3-6) 

the M-OD BDFE is larger than the M-D BDFE but the difference varies from 3.6-0.2 

kcal mol-1. 

Variation in the virtual π acceptor interaction of the empty pz orbital with the 

filled hydroxide oxygen π donor orbitals is an interaction that could account for the 

changes in the difference in ([M-OD-[M-D]) BDFEs.  A lower energy position for the 6p 

orbitals of iridium compared to rhodium and the corresponding stronger π bonding with 

hydroxide could account for the increased spread of 3.4 kcal mol-1 in ([M-OD]-[M-D]) 

BDFEs for the (TMPS)Ir complex compared to (TMPS)Rh system, Table 3-6.  The larger 

spread of ([Rh-OD[-[R-D]) for the (TSPP)Rh compared to (TMPS)Rh system is 

consistent with a higher effective positive charge and lower energy 5p oribitals for the 

rhodium center in the (TSPP)Rh system.     



 

3.2.13 Implication for Oxidative Add

 Oxidative addition of water with transition metal c

investigated process that is a growing focus of attention.

addition of water (D2O) with 

= Rh).38  

2[(TMPS)MII(OD)(D2O)]

 

The larger (TMPS)Ir

increase of (TMPS)Ir-OD relative to (TMPS)Rh

addition of water highly favorable
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Implication for Oxidative Additions of Water with (TMPS)Ir

Oxidative addition of water with transition metal complexes is an important under 

investigated process that is a growing focus of attention.33  The ∆G

O) with [(TMPS)RhII(OD)(D2O)]8
‾  is ~ -2.4 kcal mol

)]8
‾ +  D2O   

[(TMPS)M-D(D2O)]8
‾ + [(TMPS)M-OD(

The larger (TMPS)Ir-D compare to (TMPS)Rh-D of ~ 4-6 kcal mol

OD relative to (TMPS)Rh-OD of 7-9 kcal mol-1 

addition of water highly favorable (M = Ir, ∆Gº3:10 ~-11 to -15 kcal mol-1

 

tions of Water with (TMPS)IrII: 

omplexes is an important under 

∆Gº for oxidative 

2.4 kcal mol-1 (eq 3:10, M 

D(D2O)]9
‾ (3:22) 

 

 

6 kcal mol-1 and an 

 makes oxidative 

1 ) (eq 3:10).  
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3.2.14 Estimation of Homolysis Bond Dissociation Free Energy of [(TMPS)Ir-

D(OD2)]
8
‾ in D2O: 

Estimation of 2e‾ oxidation of IrI to IrIII can be evaluated as shown below.  

Dissociation of a proton from [(TMPS)Ir-D(OD2)]
8
‾ (5) in water (∆G⁰ = +16 kcal/mol) is 

greatly preferred to either Ir-D homolysis (+63 kcal/mol) or heterolysis to form hydride 

(+51.7 kcal/mol, eq 3:11).  The homolysis of Ir-D is +5 kcal/mol greater than in the case 

of the (TMPS)Rh-D (+ 58 kcal/mol) and illustrates the ability of iridium over rhodium to 

function as a reduced (electron rich) metal center. The heterolysis of Ir-D to form a 

hydride is +1.4 kcal/mol greater than the rhodium (+51.7 kcal/mol) analogue and agrees 

with the thermodynamic preference of lower oxidation state of iridium compared to lower 

oxidation state rhodium water complexes. 

 

         

        

Alternatively, utilizing absolute potentials103-104 for the standard hydrogen electrode 

(SHE) and the solvation energy of a proton105 (aquation energy) then: 
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Solving for Ir-D BDFE using absolute potential derived free energies: 

 

 

The estimations shown above of the one electron oxidation of iridium(I) to iridium(II) 

assumes the even division of the 2 electron potential, i.e. ε°/2 = (0.39/2)=0.195 V.  

References for consecutive two electron reduction processes for other non-aqueous 

iridium systems illustrate improbability of identical reduction potentials of each one 

electron reduction potentials in a two electron system.103,106-107  
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3.2.15 Effective Organo-Ir(TMPS) Bond Dissociation Free Energies (BDFEs) in 

D2O: 

Bond dissociation energies (BDE) for gas phase processes where the species are 

well defined are particularly useful for comparative purposes.  In aqueous media, where 

multiple hydrated subspecies exsist, enthalpy/entropy compensation makes the bond 

dissociation free energy a better thermodynamic parameter for comparison on bond 

homolysis energy.  Using the estimation of the BDFE of complex 5 in water to be +63 

kcal/mol the effective BDFEs can be derived for the addition reactions observed of 

iridium hydride 5 with olefin substrates in aqueous media.  
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3.3 CONCLUSION 

Aqueous solutions of group nine metal(III) (M=Co, Rh, Ir) complexes of tetra  

(3,5-disulfonatomesityl)porphyrin [(TMPS)MIII] form a hydrogen ion dependent 

equilibrium distribution of aqua and hydroxo complexes ([(TMPS)MIII(D2O)2-

n(OD)n]
(7+n)

‾).  Evaluation of acid dissociation constants for coordinated water show that 

the extent of proton dissociation from water increases regularly on moving down the 

group from cobalt to iridium consistent with increasing metal-ligand bond strength.   

Aqueous (D2O) solutions  of  [(TMPS)IrIII(D2O)2]
7
‾ react with dihydrogen to form 

an iridium hydride complex  ([(TMPS)Ir-D(D2O)]8
‾) with an acid dissociation constant of 

1.8(0.5) x 10‾12 that is much smaller than the Rh-D derivative (4.3 (0.4) x 10‾8) reflecting  

a stronger Ir-D bond.  The Ir-D complex adds with ethene and acetaldehyde to form 

organometallic derivatives [Ir-CH2CH2D(D2O)]7
‾ and [Ir-CH(OD)CH3(D2O)]7

‾.   

Reactivity studies and equilibrium thermodynamic measurements are used to 

deduce several features of the relative M-H, M-OH and M-CH2- BDFEs (M= Rh, Ir ).  

The (TMPS)Ir-D is approximately 4-6 kcal mol-1 larger than the (TMPS)Rh-D. The 

spread of the Ir-D, Ir-OD and Ir-CH2- BDFE values in water is substantially larger for the 

iridium system.  The difference in the ([(TMPS)Ir-OH]–[(TMPS)Ir-H)]) BDFEs and 

([(TMPS)Ir-CH2-]–[(TMPS)Ir-D]) respectively differ by +3.4 kcal mol-1 and – 4-5 kcal 

mol-1 from  the corresponding differences in BDFE values  for the (TMPS)Rh system.   

However, if the two electron reduction potential of IrIII to IrI can be divided to 

represent the one electron reduction potential of IrII to IrI, then the bond dissociation free 

energy of Ir-X can be estimated in water such that Ir-OH is 66.8 kcal mol-1, Ir-D is 63.2 

kcal mol-1. 
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Oxidative addition of water with (TMPS)RhII  has a ∆Gº (298 K) of -2 kcal mol-1  

and the sum of the increases in the ((TMPS)Ir-OH) and  ((TMPS)Ir-H BDFEs over those 

of the (TMPS)Rh system are approximately 12-16 kcal mol-1 which permits deducing that 

the oxidative addition of water with (TMPS)IrII  is free energy favorable by ~ 14-18 kcal 

mol-1.  
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3.4 EXPERIMENTAL 

General considerations: D2O was purchased from Cambridge Isotope Laboratory Inc. 

and degassed by three freeze-pump-thaw cycles before use. Proton NMR spectra were 

obtained on a Bruker AvanceIII 500 MHz at 293 K.  Chemical shifts were referenced to  

3–trimethyl silyl–1 propane sulfonic acid sodium salt. Proton NMR spectra was used to 

identify solution species and to determine the distribution of species at equilibrium. pH 

measurements are performed on Thermo Scientific XL15 meter and Orion 9802 glass 

electrode105 precalibrated by Thermo Orion buffer solutions of pH = 4.01, 7.00 and 10.01.  

Tetra mesityl porphyrin (TMP) was synthesized according to the reported method. 87-88,106  

Sulfonation of meso-tetra  phenylporphyrin sodium salt was achieved and subsequently 

purified by the method of Srivastava107.  Na12[(TMPS)H2] 
1H NMR (500 MHz, D2O) 

δ(ppm): 8.58 (s, 8H, pyrrole), 3.23 (s, 12H, p-mesityl), 2.09 (s, 24H, o-mesityl), -2.35(s, 

2H, -NH) shown in Figure 3-24. 

 

3.4.1 Concentration of complexes and ionic strength of aqueous solutions: 

Thermodynamic studies of (TMPS)Ir complexes in water were carried out at 

concentrations less than 2 × 10-3 M in order to minimize molecular and ionic association. 

Most equilibrium constant measurements were performed at a low ionic strength (µ~10-3) 

where the ion activity coefficients approach unity.  
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                                          Figure 3-24: 1H NMR (500 mHz) of H2TMPS in DMSO-d6.      
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3.4.2 Synthesis of Na3[(TMPS)IrIII(D2O)2]: 

Na7[(TMPS)MIII(D2O)2]
7¯  (M=Co,Rh,Ir) was synthesized following reported methods by 

Ashley.13-14 [Na7(TMPS)Ir(D2O)2] was obtained by dissolving Na8(TMPS)H2 (100mg, 

0.06 mmol) and [Ir(COD)Cl]2 (210 mg, 0.3 mmol) into 15 ml methanol and refluxed for 

5 days until complete metallation was determined by UV-Vis, Figure 3-25.  Two drops of 

3% H2O2 water solution was used to oxidized Iridium (I) to Iridium (III). The solvent was 

removed under vacuum and the product was purified on a silica column with methanol 

eluent to remove unreacted [Ir(COD)Cl]2.  Dissolution of 1 in D2O results in solutions of 

the bis aqua complex [(TMPS)IrIII(D2O)2]
7¯  (1) in an equilibrium distribution with the 

mono and bis hydroxo complexes, [(TMPS)IrIII(D2O)(OD)]8¯  (2), [(TMPS)IrIII(OD)2]
9¯  

(3). 

 

    Figure 3-25: UV-Vis spectra of (TMPS)H2 and (TMPS)IrIII in Methanol. 
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3.4.3 Acid dissociation constant measurement for [(TMPS)MIII(D2O)2]
7¯  

(M=Co,Ir) in water: 

Samples of ([(TMPS)MIII(OD)2]
7¯ ) (M=Co,Ir) were prepared by mixing standardized 

D2O solution of NaOD with the stock solutions of complex 1  (0.5 – 1.0 × 10-3M) in 

NMR tubes. A series of DCl and NaOD deuterium oxide solutions were used to adjust the 

pH values. A plot of the pyrrole hydrogen 1H NMR chemical shifts against pD value (pD 

= pH + 0.41) was generated and fit by non-linear least squares curve fitting to the 

equation: 

δ2,3,4(obs)(pyr)=(K1K2δ3(pyr)+K1[D
+]δ2(pyr)+[D+]2 δ1(pyr))/(K1K2+K1[D

+]+[D+]2). 

3.4.4 Synthesis of [(TMPS)Ir-D(D2O)]-4 /[(TMPS)IrI(D2O)]-5:  

0.4 ml [(TMPS)IrIII(D2O)2]
3¯  D2O stock solutions (1.2 – 1.8 × 10-3 M, [D+]>10-3 M) was 

added into a vacuum adapted NMR tube.  The NMR tubes were then degassed by three 

cycles of freeze-pump-thaw and 500 - 700 torr H2/D2 was pressurized into the NMR tube.  

The reaction of [(TMPS)IrIII(D2O)2]
7¯  with H2/D2 producing [(TMPS)Ir-D]8¯  in acidic 

solution achieves equilibrium distributions of (TMPS)IrIII and [(TMPS)Ir-D]8¯  species 

shown in Figure 3-10.  The equilibrium constant was evaluated from the intensity 

integrations of 1H NMR of each species in combination with D+ concentration 

measurement and the solubility of H2/D2 in water.16 Following the same procedure, 

(TMPS)IrIII complexes completely converted to [(TMPS)IrI]9¯  in basic D2O solution 

([D+]<10-12 M).  [(TMPS)Ir-D(D2O)]7¯ : 1H NMR (5) (D2O, 500 MHz) δ(ppm): 8.36 (s, 

8H, pyrrole), 3.15 (s, 12H, p-methyl), 2.19 (d, 24 H, o-methyl, J1H-1H= 44 Hz).  

[(TMPS)IrI(D2O)]7¯ : 1H NMR (4) (D2O, 500 MHz) δ(ppm): 7.95 (s, 8H, pyrrole), 3.13 

(s,12 H, p-methyl) 2.43 (s, 24 H, o-methyl).  
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3.4.5 Acid dissociation constant measurements for [(TMPS)Ir-D(D2O)]8¯  in 

water 

The acid dissociation constant of [(TMPS)Ir-D(D2O)]8¯  was measured in water by direct 

observation of [(TMPS)Ir-D(D2O)]-8
  and [(TMPS)IrI(D2O)]9¯  concurrently between 

[D+]10-10.5-10-12 in the 1H NMR.  Integration of the peak areas of 4 and 5 against a 

standard of known concentration was used to calculate the acid dissociation of eq 3:7 to 

give K3:7 = 1.8(0.5) x 10‾12,  ∆G3:7˚ = +16.0(0.3) kcal/mol. 

3.4.6 Substrates reactions of [(TMPS)Ir-D(D2O)]8¯  and [(TMPS)IrI(D2O)]9¯  

with olefins, aldehydes and CO in water 

Substrate reactions of [(TMPS)Ir-D]8¯  and [(TMPS)IrI]9¯  with CO, aldehydes and 

olefins in water were carried out by vacuum transfer of the substrate to vacuum line 

adapted NMR tubes containing preformed samples of in D2O at a defined hydrogen ion 

([D+]) concentration, and then dihydrogen was repressurized into the sample to suppress 

the formation of (TMPS)IrIII species.  

Proton NMR was used to identify solution species and to determine the 

distribution of each species at equilibrium. Equilibrium constants were evaluated from 

the intensity integrations of 1H NMR for each species in combination with D+ 

concentration measurement and the solubility of the small organic substrate in water.22 

Equilibrium concentrations of [(TMPS)Ir-D(D2O)]8¯  for the substrate reactions were 

determined from the averaged 1H NMR chemical shifts in combination with the D+ ion 

concentration which determines the equilibrium distribution of [(TMPS)IrI (D2O)]9¯  and 

[(TMPS)Ir-D (D2O)]8¯ .  
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3.4.7 Reaction of [(TMPS)Ir-D(D2O)]8
‾ with ethene, propene and acetaldehyde:  

Solution of [(TMPS)Ir-D(D2O)]8
‾  (3 × 10-3 M) reacted with ethene, propene to 

form [(TMPS)Ir-CH2CH2D(D2O)]8
‾ and [(TMPS)Ir-CH2CHDCH3(D2O)]8

‾. The reactions 

of iridium hydride with all the substrate olefins go to completion within the time needed 

to run a 1H NMR.  The thermodynamic equilibrium constants were evaluated from the 

integration of iridium alkyl complexes and iridium (I) in combination with the proton 

concentration which determines the equilibrium concentration of [(TMSP)Ir-D(D2O)]-8.  

1H NMR ([(TMPS)Ir-CH2CH2D(D2O)]8-) 1H NMR (500 MHz, D2O) δ(ppm): 8.29 (s, 8H, 

pyrrole), 3.20 (s, 12H, p-methyl), 2.16 (s, 24H, o-methyl), -1.85 (br, 2H,-CH2), -5.68 (br, 

2H, -CH2D)  1H NMR ([(TMPS)Ir-CH2CHDCH3(D2O)]8-) 1H NMR (500 MHz, D2O) 

δ(ppm): 8.33 (s, 8H, pyrrole), 3. 15 (s, 12H, p-methyl), 2.20(s, 24H, o-methyl), -1.74 (br, 

2H,-CH2CHDCH3), -2.77 (br, 2H,-CH2CHDCH3), -5.72 (br, 2H, -CH2CHDCH3).  1H 

NMR (292 K) ([(TMPS)Ir-CH(OD)CH3(D2O)]8-) 1H NMR (500 MHz, D2O) δ(ppm): 

8.35 (s, 8H, pyrrole), 3.14 (s, 12H, p-methyl), 2.23 (s, 24H, o-methyl), -2.83 (br, 2H,-

CH), -3.56(d, 3H, -CH3, J1H-1H=6.3Hz) 

 

3.4.8 Reactions of [(TMPS)IrI(D2O)]9
‾ with RI (R= CH3, CH2CH3, (CH2)4CH3) 

in water:  

[(TMPS)Ir-R(D2O)]9
‾ (R = CH3, CH2CH3, (CH2)4CH3) was produced through 

transferring alkyl halide into the vacuum line adapted NMR tube containing 

[(TMPS)IrI(D2O)]9
‾ solutions.  

[(TMPS)Ir-CH3(OD)]9
‾: 1H NMR (500 MHz, D2O) δ(ppm): 8.26 (8H, pyrrole), 3.19 

(s,12H, p-methyl), 2.38(s, 12H, o-methyl), 2.15(s, 12H, o’-methyl), -7.11 (br, 3H, CH3). 
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[(TMPS)Ir-CH2CH3(OD)]9
‾: 1H NMR (500 MHz, D2O) δ(ppm): 8.24 (8H, pyrrole), 3.19 

(s,12H, p-methyl), 2.38(s, 12H, o-methyl), 2.15(s, 12H, o’-methyl), -3.96 (br, 2H, CH2), -

6.07 (br, 3H, CH3). 

[(TMPS)Ir-(CH2)4CH3(OD)]9
‾: 1H NMR (500 MHz, D2O) δ(ppm): 8.23 (8H, pyrrole), 

3.19 (s,12H, p-methyl), 2.40(s, 12H, o-methyl), 2.13(s, 12H, o’-methyl), -0.32 (t, 2H, 

CH2-(CH2)3CH3, J1H-1H=7Hz), -0.43 (t of d, 2H, CH2-CH2-(CH2)2CH3, J1H-1H=7Hz, 

J1H-1H=6.3Hz), -1.33 (t, 2H, (CH2)2-CH2-CH2CH3,  J1H-1H=6.3Hz), -4.5 (br, 2H, (CH2)3-

CH2CH3), -6.16 (br, 32H, (CH2)4CH3). 
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CHAPTER 4  

 

COMPARATIVE STUDIES OF PREFERENTIAL BINDING 

OF GROUP NINE METALLOPORPHYRINS (M = COBALT, 

RHODIUM, IRIDIUM) WITH METHOXIDE/METHANOL IN 

COMPETITION WITH HYDROXIDE/WATER IN 

AQUEOUS SOLUTION. 
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4.1 INTRODUCTION 

Environmental and energy issues have stimulated renewed interest in utilizing water 

as both a reagent and a reaction medium1-21.  Our effort in this area has been directed 

towards developing water soluble metalloporphyrins as platforms for diverse 

organometallic transformations in aqueous media17-21. Aqueous solutions of rhodium 

porphyrin complexes manifest an exceptional range of substrate reactions that are being 

incorporated into catalytic processes such as olefin oxidation reactions15-16.  Complexes 

of tetrakis(p-sulfonatophenyl)porphyrin rhodium [(TSPP)Rh] react with H2/D2, D2O, CO, 

aldehydes, and olefins to form hydride, hydroxide, formyl, α- and β-hydroxyalkyl, and 

alkyl complexes in water11-12,22.  

Equilibrium thermodynamic studies for this wide range of [(TSPP)Rh] substrate 

reactions in water provide one of the most comprehensive sets of thermodynamic 

measurements for organometallic reactions12-13.  The reaction chemistries of the group 

nine cobalt and iridium metalloporphyrin derivatives in water are much less developed 

than the rhodium porphyrin systems.  

 

 

       
Figure 4-1:  Addition of methanol to basic (pD=11) aqueous solutions of 
[(TSPP)IrIII] result in equilibrium distribution of methoxide and hydroxo 
complexes. 
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Addition of small quantities of methanol to aqueous solutions of [(TSPP)IrIII] 

result in the formation of methanol and methoxide complexes in 1H NMR observable 

equilibria with aqua and hydroxo complexes (Figure 4-1).  Direct quantitative evaluation 

of competitive equilibria of [(TSPP)IrIII] complexes reveal  a remarkable thermodynamic 

preference for methanol binding  over that of water (∆Gº (298 K) = -5.2 kcal mol-1) and 

methoxide binding  over that of hydroxide (∆Gº (298 K) = -6.1 kcal mol-1) in aqueous 

media.  Particularly remarkable results establish that iridium complexes can activate low 

concentrations of alcohols in water23-25 A comparison of equilibrium thermodynamic 

values of group nine [(TSPP)MIII(OCH3)] (M=Co, Rh, Ir) complexes  in aqueous media 

is also reported.   

 

Equations (4:1)-(4:5) listed below are necessary for the following discussion and were 

previously discussed (Chapter 2).  These equations appear enumerated with this chapter’s 

numbers for ease of reference.  

 

[(TSPP)IrIII(D2O)2]
 -3          [(TSPP)IrIII(OD)(D2O)] -4   +  D+         (4:1) 

[(TSPP)IrIII(OD)(D2O)]-4       [(TSPP)IrIII(OD)2]
 -5   +  D+             (4:2) 

[(TSPP)IrIII(H2O)2]
 -3  [(TSPP)IrIII(OH)(H2O)] -4   +  H+               (4:1a) 

[(TSPP)IrIII(OH)(H2O)]⁻4      [(TSPP)IrIII(OH)2]
 ⁻5    +  H+          (4:2a) 

[(TSPP)MIII(D2O)2]
 -3   +    OD-    [(TSPP)MIII(OD)(D2O)] -4   +  D2O  (4:3) 

[(TSPP)MIII(OD)(D2O)]⁻4   +   OD-      [(TSPP)MIII(OD)2]
 ⁻5  +  D2O  (4:4) 

D+   +   OD-      D2O       (4:5) 

  



 122

4.2 RESULTS AND DISCUSSION 

4.2.1 Reaction of Methanol with [(TSPP)IrIII(H2O)2]
-3 in acidic D2O:  

Addition of a small quantity of CH3OH (1.0- 0.1 x 10-3 M) to an acidic (pH = 4) D2O 

solution of [(TSPP)IrIII (5 x 10-4 M)  resulted in observation of  three distinct pyrrole 

resonances that are assigned to the three possible water and methanol complexes 

[(TSPP)IrIII(D2O)(CH3OD)]-3(7), [(TSPP)IrIII(CH3OD)2]
-3(8) and [(TSPP)IrIII(D2O)2]

-3(1) 

(Figure 4-2). The high field resonance at -2.34 ppm that is not present in deuterated 

methanol samples is assigned to the coordinated methanol in 7.  Dissolution of 

[(TSPP)IrIII in pure CD3OD and observing the  1H NMR allowed the assignment of the 

pyrrole resonance at 8.74 ppm to [(TSPP)IrIII(CH3OD)2]
⁻3(8) which also identifies the 

CH3 resonance for the coordinated methanol at  -2.34 ppm (Fig 4-2).  The remaining 

pyrrole resonance is assigned to [(TSPP)IrIII(D2O)(CH3OD)]-3(7).  Equilibria 

corresponding to sequential substitution of water by methanol are described by equations 

6 and 7.  Characteristic 1H NMR resonances for compounds 1-3 (Chapter 2) and 7-10 are 

found in Table 4-1. 

[(TSPP)IrIII(D2O)2]
 -3   +  CH3OD  [(TSPP)IrIII(D2O)(CH3OD)] -3   +  D2O    (4:6) 

[(TSPP)IrIII(D2O)(CH3OD)] -3  + CH3OD  [(TSPP)IrIII(CH3OD)2]
 -3 +  D2O   (4:7) 

 

Figure 4-2: [(TSPP)IrIII] complexes in (A)D2O with a small concentration of 
methanol and (B) in pure CD3OD. 
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Table 4-1: Characteristic 1H HMR (500 MHz) resonance for the porphyrin pyrrole 
and methyl of coordinated CH3OH/CH3O

- for [(TSPP)IrIII] methanol/water species 
in D2O. 

 (TSPP)IrIII species Pyrole MeOH/OMe 

[(TSPP)IrIII(D2O)2]
 ⁻3                        (1) 8.93 - 

[(TSPP)IrIII(OD)(D2O)] ⁻4                (2) 
8.75 - 

[(TSPP)IrIII(OD)2]
 ⁻5                          (3) 8.588 - 

[(TSPP)IrIII(D2O)(CH3OD)] ⁻3       (7) 8.84 -2.44a 

[(TSPP)IrIII(CH3OD)2]
 ⁻3                (8) 8.76 -2.34a 

[(TSPP)IrIII(OCH3)(OD)] ⁻5            (9) 8.585 -2.51b 

[(TSPP)IrIII(OCH3)2]
 ⁻5                    (10) 8.45 -2.55b 

a) CH3OH    b) OCH3
-   

 

 

Equilibrium constants for reactions 6 and 7 were evaluated from the integrated intensities 

of the porphyrin and methanol 1H NMR resonances and the D2O concentration (55.2 M), 

(K4:6 (298 K) = 6.3x103, ∆G˚4:6 (298 K) = -5.2 kcal mol-1 and K4:7 (298 K) =2.5x103, 

∆G˚4:7 (298 K) = -4.6 kcal mol-1) (Table 4-2). 

 

Addition of methanol to aqueous solutions of (TSPP)MIII, (M=Co, Rh) result in a 

single mole fraction averaged pyrrole resonances and the absence of high field 

resonances for coordinated methanol which are indicative of fast interchange of methanol 

and water complexes which contrasts with the limiting slow exchange observed for 

(TSPP)IrIII complexes.  
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Table 4-2: Measured Kn and ∆∆∆∆G˚n values for the reactions of [(TSPP)IrIII] in D2O 
with methanol described by equations 6, 7 at acidic conditions and equations 8, 9 at 
basic conditions. 

 
Measured [(TSPP)IrIII] Reactions 

Kn 
(298 K) 

∆G˚n 

(kcal mol-1) 

(4:6) [(TSPP)IrIII(D2O)2]
 -3   +  CH3OD  [(TSPP)IrIII(D2O)(CH3OD)] -3   +  D2O                  6.3(0.3) x103

 -5.2(0.1) 

(4:7) [(TSPP)IrIII(D2O)(CH3OD)] -3  + CH3OD   [(TSPP)IrIII(CH3OD)2]
 -3 +   D2O 2.5(0.2) x103

 -4.6(0.1) 

(4:8) [(TSPP)IrIII(OD)2]
 -5   +  OCH3

-    [(TSPP)IrIII(OD)(OCH3)]
 ⁻5   +  OD⁻           32    (3) x103

 -6.1(0.2) 

(4:9) [(TSPP)IrIII(OD)(OCH3)]
 -5   +   OCH3

-   [(TSPP)IrIII(OCH3)2]
 -5    +  OD

-         8.6(0.3) x103
 -5.4(0.2) 

 

4.2.2 Reaction of Methanol in basic D2O:  

Basic D2O solutions (pD=11-13) of [(TSPP)IrIII (5 x 10-4 M)  with a small addition of 

CH3OH (0.1- 1.0 x 10-3 M) resulted in observation of equilibrium distributions of  

hydroxo and methoxide complexes [(TSPP)IrIII(OD)2]
 ⁻5(3), [(TSPP)IrIII(OD)(OCH3

-)] ⁻5 

(9) and [(TSPP)IrIII(OCH3
-)2]

 ⁻5 (10) (Figure 4-3, eq 4:8, 4:9).  Assignments of the 1H 

NMR for 3, 9 and 10 are based on the changes in the observed intensities for the pyrrole 

and methoxide resonance as the methanol concentration is varied. 

[(TSPP)IrIII(OD)2]
 -5   +  OCH3

-    [(TSPP)IrIII(OD)(OCH3)]
 ⁻5   +  OD⁻     (4-8) 

[(TSPP)IrIII(OD)(OCH3)]
 -5   +   OCH3

-   [(TSPP)IrIII(OCH3)2]
 -5    +  OD-     (4-9) 

 

Figure 4-3:  1H NMR (500 MHz) of observed equilibrium species in D2O with 
addition of 1 x 10-4 M CH3OH at pH = 11.75.  The pyrrole resonances of 
compounds 3, 9 and 10 and corresponding upfield peaks (magnified x4) are shown.   
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Reactions (4:8) and (4:9) describe processes where hydroxide is displaced by methoxide 

in water which provide a direct comparison of the hydroxide and methoxide binding with 

[(TSPP)IrIII].   Equilibrium constants for reactions (4:8) and (4:9) were evaluated by the 

1H NMR integrated intensities for the [(TSPP)IrIII] species, pD measurements and the 

equilibrium concentrations of OD- and OCH3
- from reaction 4:10 (K4:10 (298 K) = 0.3)26-

27 in water.    

CH3OH +  OH⁻     H2O + CH3O
⁻             (4:10) 

Determination of equilibrium constants and free energy changes for Reactions (4:6) and 

(4:7). is determined by integration in calibration with a known concentration of TMS 

added to the sample. Total (TSPP)IrIII concentration in sample calculation: 6.75 X 10-3M.   

 

K;:< =
=��TSPP
Ir>>>�D�O
�CHA BBOD
�CAD�D�O�
���TSPP
Ir>>>�D�O
� B	�CA��CHAOD�

				= 	 �2.58	x	10CAM
�55.14	M

�3.41	x	10CAM
�6.63	x	10CAM


= 	6.30	x	10A 

∆G°;:< =	−RT ln K< =	−5.14	kcal	molC� 

 

K;: =
���TSPP
Ir>>>�CHAOH
� B	�CA��D�O�

���TSPP
Ir>>>�D�O
�CHA BBOD
�CA��CHAOD�
= �7.6	x	10C;M
�55.14	M

�2.58	x	10CAM
�6.63	x	10CAM


= 2.45	x	10A 

∆G°;: =	−RT ln K =	−4.58	kcal	molC� 

 

Equilibrium constants K4:8 and K4:9 evaluated at 298 K, Table 4-4, (K4:8 (298 K)  

= 3.2x104,  ∆G˚4:8 (298 K) = -6.1 kcal mol-1 and K4:9(298 K)= 8.6x103, ∆G˚4:9(298 K)  

= -5.4 kcal mol-1).    
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Analogous studies of [(TSPP)RhIII] and [(TSPP)CoIII] in highly basic D2O (pD=11-13) 

with addition of known quantities of methanol result in observing sets of hydroxide and 

methoxide  complexes that exhibit characteristic  porphyrin pyrrole and high field 1H 

NMR resonances paralleling the observations for  [(TSPP)IrIII] complexes of hydroxide 

and methoxide.  

Equilibrium constants for reactions corresponding to displacement of hydroxide 

by methoxide for the group nine [(TSPP)MIII] (M=Co,Rh,Ir) complexes are summarized 

in Table 4-4 (Fig 4-4: M-Rh).  All of the [(TSPP)MIII] (M=Co,Rh,Ir)  reactions where 

methoxide substitutes for hydroxide are thermodynamically favorable (Table 4-4).  The 

thermodynamic preference for complexing with methoxide compared to hydroxide 

increases slightly from CoIII (∆G˚= -1.5 kcal mol-1), to RhIII (∆G˚= -1.9 kcal mol-1) and 

becomes remarkably large for IrIII (∆G˚= -6.1 kcal mol-1) (Table 4-4).  

 

 

Figure 4-4:  [(TSPP)RhIII (D20)] at pD=13 in (A) pure D2O, (B) 0.1 M methanol and 
(C) 5 M methanol.  
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Table 4-3: Equilibrium constants (K4:n) and ∆∆∆∆G˚4:n (kcal mol-1) for substitution of 

methoxide for hydroxide on [(TSPP)MIII(OH)2]
-5;(K4:8, ∆ ∆ ∆ ∆G˚4:8) and 

[(TSPP)MIII(OH)(OCH3)]
-5; (K4:9, ∆ ∆ ∆ ∆G˚4:9) (M=CoIII, RhIII, IrIII) at  pH 12. 

 K4:8 ∆G˚4:8  K4:9 ∆G˚4:9  
 (298 K) (kcal mol-1) (298 K) (kcal mol-1) 

CoIII 12(3) -1.5(0.2) 3.0(2) -0.6(0.04) 

RhIII 26(5) -1.9(0.1) 10(3) -1.4(0.1) 

IrIII 32(3)x103 -6.1(0.2) 8.6(0.2)x103 -5.4(0.2) 
 

4.2.3 Trends in 1H NMR Parameters for ([(TSPP)MIII(OCH3)(OH)]-5):   

The porphyrin pyrrole and coordinated methoxide methyl 1H-NMR resonances for 

[(TSPP)MIII(OCH3)(OD)]-5(M=Co,Rh,Ir)  are summarized in Table 4-4.   NMR shifts 

from porphyrin ring curents have a δ = (1-3cos2
θ)/r3 dependence which results in down 

field shifts for the in-plane pyrrole hydrogens and upfield shifts for the  M-OCH3
 group 

near the center of the π orbitals28-29.  The ring current shifts also scale with the π electron 

population and the regular decrease in the down field pyrrole hydrogen shifts in going 

from the CoIII to the IrIII derivatives is consistent with decreasing π electron population 

resulting from increased  M-porphyrin π mixing. Decreasing high field shifts for the M-

OCH3
 group for M = Co, Rh, Ir  is also consistent with this model (Table 4-3).  

 

Table 4-4: Porphyrin pyrrole resonances and methoxide methyl 1H NMR (500 MHz) 
resonances of group nine metal [(TSPP)MIII(OCH3)(OD)] -5. 

Group 9 Species Pyrrole OMe 

[(TSPP)CoIII(OCH3)(OD)] -5 9.01 -3.59 

[(TSPP)RhIII(OCH3)(OD)] -5 8.92 -2.80 

[(TSPP)IrIII(OCH3)(OD)] -5 8.59 -2.51 
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4.2.4 Determination of equilibrium constants and free energy changes for 

Reactions (8) and Reactions (9).     

The concentrations of (TSPP)IrIII complexes in the sample is determined by integration in 

calibration with a known concentration of TMS added to the sample. [D2O] =55.14M.  

Methoxide concentrations are obtained by solving the equilibrium K4:10. 

K;:) =
=��TSPP
M>>>�OD
�CHA BBO
�CJD�OD�
���TSPP
M>>>�OD
� B	�CJ��CHAO�

= 	AB 

∆G°;:)�kcal	molC�
 = 	−RT lnK;:)		 

K;:�, =
�H�O��CHAOC�
�CHAOH��OHC� = 0.3 

 
MeOH OCH3 A B K4:8=A/B ∆G4:8˚ 

Iridium 
 

pD =11.75 

2.94E-03 2.85E-17 1.42E-11 4.92E-16 2.89E+04 -6.03E+03 

4.53E-03 4.38E-17 1.42E-11 4.44E-16 3.21E+04 -6.09E+03 

5.36E-03 5.18E-17 1.42E-11 4.02E-16 3.54E+04 -6.15E+03 

Rhodium 
 

pD =13.0 

4.0E-03 1.34E-16 2.49E-19 5.88E-18 2.36E+01 -1.86E+03 

8.0E-03 2.69E-16 1.05E-18 3.26E-17 3.12E+01 -2.02E+03 

2.0E-02 6.72E-16 1.83E-18 4.38E-17 2.39E+01 -1.86E+03 

Cobalt 
 

pD =13.0 

2.00E-03 6.72E-16 9.07E-14 8.00E-13 8.82E+00 -1.28E+03 

5.00E-02 1.68E-15 6.58E-14 8.00E-13 1.22E+01 -1.47E+03 

1.00E-01 3.36E-15 5.18E-13 8.00E-12 1.55E+01 -1.61E+03 

 

K;:( =
���TSPP
M>>>�CHAO
� B	�CJ��OD�

���TSPP
M>>>�OD
�CHA BBO
�CJ��CHAO�
= 	 CD 

∆G°;:(�kcal	molC�
 = 	−RT lnK;:(	 

 
MeOH OCH3 C D K4:9=C/D ∆G4:9˚ 

Iridium 9.12E-03 8.82E-17 2.43E-17 2.82E-21 8.64E+03 -5.32E+03 

Rhodium 5.0E-02 1.68E-15 1.37E-13 1.34E-14 1.02E+01 -1.36E+03 

Cobalt 1.00E-01 3.36E-15 2.69E-13 8.00E-13 2.98E+00 -6.40E+02 
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4.2.5 Comparison of the Free Energy Changes for Replacement of D2O by OD¯  

and OCH3¯  from ([(TSPP)MIII(OD2)(OD)]-4) (M=Co, Rh, Ir) in water:  

Reactions that substitute methoxide and hydroxide for water in (TSPP)MIII 

complexes are depicted by equations 4:4 and 4:11 and the equilibrium thermodynamic 

values given in Table 4-6.  This following set of reactions provides the best opportunity 

to compare the interactions of methoxide and hydroxide with a set of group nine (Co, Rh, 

Ir) complexes.   

[(TSPP)MIII(OD)(D2O)] ⁻4   +     OD¯   [(TSPP)MIII(OD)2]
 ⁻5    +  D2O    (4:4) 

[(TSPP)MIII(OD)(D2O)] ⁻4  +  OCH3¯   [(TSPP)MIII(OD)(OCH3)]
 ⁻5    +  D2O  (4:11) 

 

Representative Calculation of Free Energy Changes for Substitution of X(OCH3
¯ /OD¯ ) 

for D2O in [(TSPP)MIII(OD)(D2O)] ⁻4  (M = Co, Rh, Ir) is shown below. 

 

     [(TSPP)IrIII(OD)(D2O)] ⁻4           [(TSPP)IrIII(OD)2)]
 ⁻5   +  D+       

    [(TSPP)IrIII(OD)2]
 -5   +  OCH3

-   [(TSPP)IrIII(OD)(OCH3)]
 ⁻5   +  OD⁻ 

∆G4:2˚ =  +14.3 

∆G4:8˚ =  -6.1 

                             D+   +     OD-         D2O ∆G4:5˚ =  - 22.6 

[(TSPP)IrIII(OD)(D2O)] ⁻4 + OCH3¯  [(TSPP)IrIII(OD)(OCH3)]
⁻5    +  D2O ∆G4:11˚= - 14.4 

 

The (∆G4˚(298 K)) for displacement of D2O by OD¯  becomes steadily more favorable in 

passing from cobalt (-6.1 kcal mol-1) to rhodium (-6.8 kcal mol-1) to iridium (-8.2 kcal 

mol-1)  (Table 4-6).  The (∆G4:11˚(298 K)) for substitution of D2O by OCH3¯  also 

becomes more favorable in moving down group nine (Co(-7.7),. Rh(-8.9), Ir(-14.4) kcal 

mol-1) but there is a substantially larger change between rhodium (-8.9 kcal mol-1) and 

iridium (-14.4 kcal mol-1) which is not observed for the OD¯  reactions (Rh (-6.8), Ir (-

8.2) kcal mol-1).  There is thus a bonding feature of methoxide with iridium(III) which is 
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distinguishable from hydroxide binding.  A greater importance of covalent bonding in M-

OCH3 compared to M-OD could be a major contribution to this observation. 

 

Table 4-5: Derived free energy changes (∆∆∆∆G ˚ (kcal mol-1) (298 K)) for reactions for 
displacement of water  by X (X= OD-/OCH3

-) [(TSPP)MIII] (M=Co,Rh,Ir) in 
aqueous media: [(L)MIII(D2O)(OD)] -4   +  X-    [(L)MIII(OD)(X)] ⁻5   +  D2O 

[(TSPP)MIII(D2O)(OD)] -4    OD- OCH3
- 

[(TSPP)CoIII(D2O)(OD)] -4    -6.1 -7.7 

[(TSPP)RhIII(D2O)(OD)] -4    -6.8 -8.9 

[(TSPP)IrIII(D2O)(OD)] -4    -8.2 -14.4 
 

The concentrations of (TSPP)IrIII complexes in the sample is determined by integration in 

calibration with a known concentration of TMS added to the sample. [D2O] =55.14M.  

Methoxide concentrations are obtained by solving the equilibrium K10.  

 

4.2.6 Ligation (Hydrolysis) Equilibria Constants for [(TSPP)MIII] in Aqueous 

Media:   

Quantitative relationships can be derived to evaluate the preference of group nine 

[(TSPP)MIII] (M = Co,Rh,Ir) complexes toward ligation by water (Table 4-6).  K12‒K14 

(K4:n
-1 = K4:9+K4:10) and K4:15‒K4:17 (K4:n

-1 = K4:8 + K4:10), indicate that group nine 

[(TSPP)MIII] (M=Co,Rh,Ir)  complexes thermodynamically favor alcoholysis, 

particularly [(TSPP)IrIII] which achieve observable concentrations of  alkoxide 

complexes at low concentrations of methanol [CH3OH ~10-3M] in water.  
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Table 4-6:  [(TSPP)MIII] (M = Co, Rh, Ir) hydrolysis equilibrium data for derived reactions in aqueous media. 

 
Derived [(TSPP)MIII] Hydrolysis Reactions 

K4:n  
(298 K) 

G˚4:n  

(kcal mol-1) 

(4:12) [(TSPP)CoIII(OCH3)2]
 -5  +   D2O

  [(TSPP)CoIII(OD)(OCH3)]
 -5  +   CH3OD 1.1 -0.1 

(4:13) [(TSPP)RhIII(OCH3)2]
 -5  +   D2O

  [(TSPP)RhIII(OD)(OCH3)]
 -5  +   CH3OD 3.9 x 10-1 0.6 

(4:14) [(TSPP)IrIII(OCH3)2]
 -5    +   D2O

  [(TSPP)IrIII(OD)(OCH3)]
 -5    +   CH3OD 3.8 x 10-5 6.0 

(4:15) [(TSPP)CoIII(OD)(OCH3)]
 ⁻5  +  D2O

  [(TSPP)CoIII(OD)2]
 -5  +  CH3OD 3.2 x 10-1 0.7 

(4:16) [(TSPP)RhIII(OD)(OCH3)]
 ⁻5   +  D2O

  [(TSPP)RhIII(OD)2]
 -5  +  CH3OD 1.4 x 10-1 1.2 

(4:17) [(TSPP)IrIII(OD)(OCH3)]
 ⁻5     +  D2O

  [(TSPP)IrIII(OD)2]
 -5    +  CH3OD 1.4 x 10-5 6.6 



 132

4.2.7 Contributing Factors to ∆∆∆∆Gº for Ligand Displacement in Water:   

The thermodynamics of ligand displacement reactions in water (eq 4:18) are influenced 

by contributions from both the solvation free energies of reactants and products and M-L 

interactions.  Solvation free energies for CH3OH(g) (-5.2 kcal mol-1) and H2O(g) (-6.1 kcal 

mol-1) in H2O(aq) favor displacement of the water ligand by ~1 kcal mol-1.  The difference 

in solvation energies of the metal complexes are therefore anticipated to be small and 

only partially compensate for the differences in the free energy changes of methanol and 

water complexes in water.  Additionally, repulsive steric interactions of CH3OH as a 

ligand are larger than that for H2O.  Thus, the preference of (TSPP)MIII binding methanol 

over water in water must be attributed to M-L bonding interactions.   

M-L(aq) +  L´(aq)   M-L´(aq) +  L(aq)            (4:18) 

The specific case of methanol displacing water from ([(TSPP)IrIII(OD2)2]
 -3) (eq 4:6) (K4:6 

(298 K) = 6.2(0.3)x103, ∆Gº4:6 (298 K) = -5.2(0.1) kcal mol-1) result in a large 

thermodynamic preference of (TSPP)IrIII binding methanol compared to water and the 

dominant contribution to ∆Gº4:6 must arise from a more favorable bonding interaction.  In 

methanol as a ligand, the methyl group interacts with the oxygen center and attenuates 

the charge separation at the oxygen donor site and promotes M-CH3OH covalent bonding 

relative to the M-H2O bonding.  The M-L interactions within group nine (Co, Rh, Ir) 

must be dominated by increasing importance of covalent bonding acceptor properties 

from Co to Rh to Ir.  Thus, the larger covalent bonding donor affinity of 

methanol/methoxide compared to water/hydroxide when matched with the larger 

covalent bonding acceptor properties of (TSPP)IrIII amplifies the difference with 

(TSPP)RhIII and (TSPP)CoIII. 
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4.2.8 Reduction of [(TSPP)IrIII] by Methoxide:   

The capability for accomplishing metal complex promoted and catalyzed alcohol 

oxidations in water is dependent on substrate coordination and activation.  Favorable 

thermodynamics for methanol and methoxide binding with [(TSPP)MIII] (M = Co, Rh, Ir)  

in aqueous solution is a major factor in obtaining processes involving alcohols such as 

oxidation to aldehydes30 and amine alkylation24 in water.  The dramatic preferential 

selectivity of [(TSPP)IrIII] for binding methanol and methoxide in water illustrates how 

iridium(III) has the potential to be an effective catalyst for alcohol reactions in water.   

 

[(TSPP)IrIII(OD)(OCH3)]
 ⁻5      [(TSPP)Ir-D(OD)] ⁻5    +  CH2O         (19) 

[(TSPP)Ir-D(OD)] ⁻5         [(TSPP)IrI(OD)] ⁻6    +  D+                           (20) 

 

Reduction [(TSPP)IrIII] (5x10-4 M )to [(TSPP)IrI] or [(TSPP)Ir-H] by low concentrations 

of methanol (1-5 x 10-3 M) in basic D2O illustrate the effectiveness of this system (eq 

4:19, 4:20, Fig 4-5).  The formation of Ir-OCH3, Ir-H and IrI provide an entry point to 

many substrate transformations. 

 

Figure 4-5:  1H NMR (500 MHz, 298 K)  of [(TSPP)IrI]⁻5  with pyrrole peak at 8.26 
ppm and AA’ BB’ phenyl pattern centered at 8.15 ppm.  
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4.3 CONCLUSION 

Equilibrium thermodynamic studies quantitatively describe the preferenial binding of 

anions (OD‾, OCH3‾ ) over that of neutral ligands (D2O, CH3OH) for all of the group nine 

metalloporphyrin complexes.  The magnitude of the difference in binding energies for 

anionic compared to neutral ligands decreases substantially as the effective positive 

charge of the metal complex decreases.  All observations are consistent with a regular 

increase in the metal-ligand binding on moving down group nine (Co, Rh, Ir) porphyrin 

complexes.  The acid dissociation constants and free energy changes in moving down 

group nine (Ir > Rh > Co) demonstrate the general trend.  Exceptionally large 

thermodynamic preferences are observed for (TSPP)IrIII to bind methanol compared to 

water and methoxide versus hydroxide and indicate the special capability of iridium(III) 

complexes to activate low concentrations of alcohols in water.  
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4.4 EXPERIMENTAL 

General considerations: D2O was purchased from Cambridge Isotope Laboratory Inc. 

and degassed by three freeze-pump-thaw cycles before use. Proton NMR spectra were 

obtained on a Bruker AvanceIII 500 MHz at 293 K.  Chemical shifts were referenced to 3–

trimethyl silyl–1 propane sulfonic acid sodium salt. Proton NMR spectra was used to 

identify solution species and to determine the distribution of species at equilibrium. pH 

measurements are performed on Thermo Scientific XL15 meter and Orion 9802 glass 

electrode31 precalibrated by Thermo Orion buffer solutions of pH = 4.01, 7.00 and 10.01.  

Meso-tetraphenylporphyrin was synthesized by the method of Adler32.  Sulfonation of 

meso-tetra  phenylporphyrin sodium salt was achieved and subsequently purified by the 

method of Srivastava33.    

 

4.4.1 Concentration of complexes and ionic strength of aqueous solutions: 

Thermodynamic studies of (TSPP)Ir complexes in water were carried out at 

concentrations less than 2 × 10-3 M in order to minimize molecular and ionic association. 

Most equilibrium constant measurements were performed at a low ionic strength (µ~10-3) 

where the ion activity coefficients approach unity.  

 

4.4.2 Synthesis of Na3[(TSPP)MIII(D2O)2] (M = Co, Rh, Ir)  

Na3[(TSPP)MIII(D2O)2] (M=Co,Rh,Ir) was synthesized following reported methods by 

Ashley34-35.  Dissolution of 1 in D2O results in solutions of the bis aqua complex 

[(TSPP)IrIII(D2O)2]
-3 (1) in an equilibrium distribution with the mono and bis hydroxo 

complexes, [(TSPP)IrIII(D2O)(OD)]-4 (2), [(TSPP)IrIII(OD)2]
-5 (3). Na3[(TSPP)IrIII(D2O)2] 



 136

1H NMR (500 MHz, D2O) δ(ppm): 8.93 (s, 8H, pyrrole), 8.44 (d, 8H, o-phenyl, 

J1H-1H=8Hz), 8.25 (d, 8H, m-phenyl , J1H-1H=8Hz).  Na3[(TSPP)CoIII(D2O)2] 
1H NMR 

(500 MHz, D2O) δ(ppm): 9.38 (s, 8H, pyrrole), 8.41 (d, 8H, o-phenyl, J1H-1H=8Hz), 8.23 

(d, 8H, m-phenyl , J1H-1H=8Hz). Na3[(TSPP)RhIII(D2O)2] 
1H NMR (500 MHz, D2O) 

δ(ppm): 9.15 (s, 8H, pyrrole), 8.44 (d, 8H, o-phenyl, J1H-1H=8Hz), 8.25 (d, 8H, m-phenyl , 

J1H-1H=8Hz).  

 

4.4.3 Acid dissociation constant measurement for [(TSPP)MIII(D2O)2]
-3  

(M = Co, Ir) in water: 

Samples of ([(TSPP)MIII(OD)2]
-5) (M=Co,Ir) (4) were prepared by mixing standardized 

D2O solution of NaOD with the stock solutions of complex 1 (0.5 – 1.0 × 10-3M) in NMR 

tubes. A series of DCl and NaOD deuterium oxide solutions were used to adjust the pH 

values. A plot of the pyrrole hydrogen 1H NMR chemical shifts to pD value (pD = pH + 

0.41) and fit by non-linear least squares curve fitting to the equation: 

δ2,3,4(obs)(pyr)=(K1K2δ3(pyr)+K1[D
+]δ2(pyr)+[D+]2 δ1(pyr))/(K1K2+K1[D

+]+[D+]2). 

 

4.4.4 Equilibrium constant measurement for the reaction of [(TSPP)MIII] with 

Methanol (M = Co, Rh, Ir) in D2O: 

To NMR tubes containing basic (pD=11) solutions of ~10-3M ([(TSPP)MIII(OD)2]
-5) 

(M=Co,Rh,Ir) various quantities of methanol were added and the NMR spectra recorded.  

Similarly, small quantities of methanol were made to NMR tubes containing acidic 

(pD=3) solutions of ~10-3M ([(TSPP)MIII(D2O)2]
-3) (M=Co,Rh,Ir) and the NMR spectra 
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recorded. Integration of upfield resonances against pyrrole resonances allowed the 

evaluation of equilibrium constants for axially coordinated methoxide and methanol 

species in equilibrium with hydroxide and water group nine metalloporphyrins.  

 

4.4.5 Synthesis of [(TSPP)Ir-D(D2O)]-4 /[(TSPP)IrI(D2O)]-5:  

0.4 ml [(TSPP)IrIII(D2O)2]
-3 D2O stock solutions (1.2 – 1.8 × 10-3 M, [D+]<10-9 M) were 

added into vacuum adapted NMR tubes.   A 10µL addition of a stock 2.4x10-1M 

methanol/deuterium oxide solution was added into the NMR tube and degassed.  The 

tube was heated for 2 days at 343K and the 1H NMR (500 MHz, D2O) was obtained at 

360K, shown in Fig 4-4. 
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CHAPTER 5  

 

EQUILIBRIUM THERMODYNAMICS OF IRIDIUM(TSPP) IN 

METHANOL:EVALUATION OF BOND ENERGETICS & 

REACTIVITY WITH H2 & OLEFINS  

  



 142

5.1 INTRODUCTION 

Methanol is a unique medium to investigate organometallic transformations 

because of its capability to solvate a diverse range of substrates and products offering 

both hydrophobic and hydrophilic properties, its ability to support ionic and hydrogen 

bonded reaction pathways1-3, its viability towards advancing atom economy4-7 and its 

function as a reactant in its own medium by undergoing C‒H, O‒H or C‒O bond 

activation.8-10    

Substantial reactivity and thermodynamic and kinetic data for a wide range of 

reactivity studies encompassing methanol and rhodium porphyrins have been reported by 

our group.11-18  The most significant reactivity arises from the chemistry of [Rh(por)]2, 

rhodium(II) dimer which undergoes homolytic dissociation and exists in equilibrium with 

the monomer [Rh(por)]•.19  These 17e- rhodium species such as m-xylyl tethered 

rhodium bis(phenyltrimesitylpoprhyin) bimetallo-radical complex in benzene,13-14,20-21 

and rhodium tetramesityl porphyrin in toluene16 and benzene17  have been illustrated to 

react by a metalloradical pathways with methanol in benzene and toluene solutions to 

competitively add methanol by C-H and O-H bond reactions.  The reactivity of 

rhodium(III) tetrakis(p-sulfonatophenyl)porphyrin in pure methanol with dihydrogen, 

carbon monoxide, acetaldehyde and olefins parallels the reactivity reported in water in 

forming the hydride, formyl, α-hydroxyalkyl and regioselective anti-Markovnikov β-

methoxyalkyl products.15   

In contrast, the reactivity of iridium porphyrins are generally under investigated as 

the reactivity patterns tend to parallel that of rhodium systems and as a result very few 

studies on methanol with iridium porphyrins systems have been illustrated in 
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literature.11,22  Only one study has provided thermodynamic insights on reactivity of 

iridium porphyrin systems with methanol.11     

This chapter extends the reactivity studies of iridium porphyrins in pure methanol 

with methanol, dihydrogen (H2), unactivated alkenes and aldehydes and provides a 

thermodynamic basis for the observed reactivity.  In methanol, iridium(III) tetrakis(p-

sulfonatophenyl)porphyrin ([(TSPP)IrIII]) (Figure 5-1)  coordinate methanol axially to the 

iridium metal center and acid dissociation constants for coordinated methanol are 

reported.  Isomerization of coordinated methanol is illustrated by 1H NMR to form the 

more stabilized and thermodynamically preferred hydroxymethyl.23-26 

 

 

                     Figure 5-1: Iridium tetrakis(p-sulfonatophenyl)porphyrin. 

Equilibrium constants for the hydrogenolysis reaction of dihydrogen with 

[(TSPP)IrIII] to form the iridium hydride complex and evaluation of the acid dissociation 

constant of the iridium hydride complex is also reported.  Deprotonation of the iridium 

hydride porphyrin complex forms the iridium(I) porphyrin complex which is a strong 

nucleophile and catalyzes the formation of iridium porphyrin methyl complex in 

methanol.  Regioselectivity for reactions with unactivated alkenes that form iridium alkyl 

derivates are compared to the observed reactivity in analogous rhodium systems. Striking 

similarities to the reactivity and thermodynamics of [(TSPP)Ir] in water27 emerge and are 

discussed here.     
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5.2 RESULTS AND DISCUSSION 

5.2.1 Methanol and Methoxide Complexes of (TSPP)IrIII in CD3OD:  

 Dissolution of iridium(III) tetra-p-sulfanatophenyl porphyrin 

(Na3[(TSPP)IrIII(CD3OD)2]•18CH3OD) in CH3OD results in a pH dependent equilibrium 

distribution of the bis-methanol [(TSPP)Ir(CD3OD)2]
3
¯
 (1) with mono and bis-methoxide 

complexes [(TSPP)Ir(OCH3)(CD3OD)]4
¯

 (2), [(TSPP)Ir(OCD3)2]
5
¯

 (3)  (eq 5:1, 5:2) 

(Figure 5-2).  The axially coordinated methanol and methoxide ligands for 1, 2 and 3 in 

methanol rapidly interchange protons with the bulk methanol (298 K) (Figure 5-2) which 

results in a single mole fraction averaged pyrrole 1H NMR resonances for 1, 2 and 3 

(Figure 5-4). 

 

[(TSPP)Ir(CD3OD)2]
3
¯

    [(TSPP)Ir(OCD3)(CD3OD)]4
¯

    +  D+  (5:1) 

[(TSPP)Ir(OCD3)(CD3OD)]4
¯

    [(TSPP)Ir(OCD3)2]
5
¯

    +  D+   (5:2) 

 

 
 

            Figure 5-2: Methanol and methoxide complexes of (TSPP)IrIII in methanol. 

 

The 1H NMR of the bis-methanol 1 and bis-methoxide 3 complexes can be 

directly observed at limiting low and high pD respectively. The mole fraction averaged 

pyrrole 1H NMR resonances for equilibrium distribution of 1, 2 and 3 as a function of 
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[D+] were used in determining the acid dissociation constants by non-linear least squares 

curve fitting (Figure 5-3) to the expression28:  

δ2,3,4(obs)(pyr) = (K1K2δ3(pyr)+K1[D
+]δ2(pyr)+[D+]2 δ1(pyr))/(K1K2+K1[D

+]+[D+]2)29-30
 

giving K5:1  (298 K)  =  2.3 x 10-8, K5:2 (298 K)  =  2.1 x 10-11 and δ2(pyr) = 8.61 ppm;  1 

[(TSPP)IrIII(CD3OD)2]
3
‾
 is δ1(pyr) = 8.76 ppm and 3 [(TSPP)IrIII(OCH3)2]

5
¯ is δ3(pyr) =  

8.43 ppm.  

 

 

 

 
Figure 5-3:  Observed limiting fast exchange mole fraction averaged pyrrole 
1H NMR chemical shifts for compounds (TSPP)IrIII complexes 1, 2 and 3 in CD3OD.  
Points are experimentally determined values and lines are calculated for  
K5:1 (298 K) = 2.3x10‾8 and K5:2 (298 K) = 2.1x10‾11. 
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Figure 5-4:  Mole fraction averaged 1H HMR (500 MHz) porphyrin pyrrole singlet and phenyl AB pattern for complexes 1, 2 
and 3  in CD3OD (T = 293 K) pD of (A) 4, (B) 8.5 and (C) 11.5. 
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Figure 5-5:  Equilibrium distributions of 1, 2 and 3 as a function of the hydrogen ion concentration in CD3OD and D2O at 298 
K calculated for a total [(TSPP)IrIII]=1.0 x 10-3 M.  Solid symbols are methanol species and hollow symbols are water species.   

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

3 4 5 6 7 8 9 10 11 12 13 14

C
o

n
ce

n
tr

a
ti

o
n

 (
x
 1

0
-3

M
)

-log[D+]

(TSPP)Ir(CD3OD)2 (TSPP)Ir(CD3OD)(OCD3) (TSPP)Ir(OCD3)2

(TSPP)Ir(D2O)2 (TSPP)Ir(OD)(D2O) (TSPP)Ir(OD)2



 148

5.2.2 Comparison of methanol and water acid dissociation constants for 

[(TSPP)MIII(X‒D)2] (X = OCD3, OD), (M = Rh, Ir) 

The acid dissociation constant of deuterated methanol is smaller (i.e. less acidic) 

(1 x 10-18, ∆G˚ = 24.5 kcal mol-1) than that of deuterated water (2.44 x 10-17, ∆G˚ = 22.6 

kcal mol-1) which may be attributed to the slightly larger solvation energy of protons in 

water.31-32  The influence of metal binding ([(TSPP)MIII]; (M= Rh, Ir)) on the acid 

dissociation constants of coordinated water and methanol is reported in Table 5-1 and 

illustrated in Figure 5-6.    

 
Figure 5-6:  Illustration of acid dissociation constants evaluated for RO‒D 
substrates axially coordinated to [(TSPP)MIII], where M = Rh, Ir and R = CD3 in 
CD3OD or D in D2O.   

 

The acid dissociation constants for [(TSPP)Ir(CD3OD)2]
3
¯ (K5:1 = 2.3 x 10-8, K5:2 

= 2.1 x 10-11) in methanol is smaller (less acidic) than [(TSPP)Ir(D2O)2]
3
¯
  (K = 4.8 x 10-8, 

K = 2.6 x 10-11) in water11 (Figure 5-6) consistent with smaller solvation energies of a 

proton in methanol compared to water.  Similar acid dissociation constants trends in 

methanol compared to water are also reported for common organic reagents like acetic 

acid, benzoic acid, anilinium and N-metylanilinium.33   

This trend is inverted for the first acid dissociation constant of 

[(TSPP)Rh(CD3OD)2]
3
¯ (K5:1 = 6.9 x 10-8, K5:2 = 5.8 x 10-13) in methanol15 compared to 
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[(TSPP)Rh(D2O)2]
3
¯

  (K = 1.4 x 10-8, K = 2.8 x 10-12) in water.  Repulsive steric 

interactions of methanol in [(TSPP)Rh(CD3OD)2]
3
¯ are larger than that of water in 

[(TSPP)Rh(D2O)2]
3
¯ at the rhodium metal center and could be the compensating energy 

term that results in the observed increased acidity of the first acid dissociation constant 

for  the bismethanol rhodium porphyrin in methanol.    

Table 5-1:  First and second acid dissociation constants and free energy changes 

(K5:1, K5:2, ∆∆∆∆G5:1°, ∆∆∆∆G5:2°) (298 K) (kcal/mol) for [(TSPP)MIII(X‒D)2]
3
¯
 (M = Rh, Ir) 

(X = OCD3, OD ) complexes in CD3OD and D2O respectively.  

 

5.2.3 Displacement of Methanol by Methoxide for [(TSPP)Ir(CD3OD)2]
3
¯ in 

CD3OD 

The free energy changes for displacement of methanol by methoxide from 

iridium(III) porphyrin complexes can be derived using reactions 5:1 and 5:2 along with 

the free energy for dissociation of CD3OD (eq 5:3; ∆G5:3° = 24.5 kcal mol-1).  The free 

energy change of reaction 5:3 (∆G5:3°) is estimated by adjusting the pKa (ion product) of 

MIII 
X‒D/ 

solvent 
K5:1 K5:2 ∆∆∆∆G5:1° ∆∆∆∆G5:2° 

Rha 
CD3O‒D/ 
CD3OD 6.9 x 10-8 5.8 x 10-13 +9.8§ +16.7 

Rhb 
DO‒D/ 

D2O 1.4 x 10-8 2.8 x 10-12 +10.7§ +15.8 

Irc 
CD3O‒D/ 
CD3OD 

2.3 x 10-8 2.1 x 10-11 +10.4 +14.6 

Ird 
DO‒D/ 

D2O 
4.8 x 10-8 2.6 x 10-11 +9.90 +14.3 

References: 

a) Inorg. Chem., 2009, 48, 8550.    
§
Trend inverted. 

b) J. Am. Chem. Soc., 2004, 126, 2623. 
c) This work. 

d) Inorg. Chem., 2010, 49, 6734. 
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pure CH3OH (K = 2.5 x 10-17, ∆G˚ = 22.7 kcal/mol) and the density of CD3OD (0.888 

g/mL) to calculate the molarity of CD3OD as 24.6 M at 298 K (K5:3=[2.5 x 10-17]/[24.6]).  

Slight thermodynamic differences result due to isotope effects of H vs D.34  

CD3OD    D+   +  OCD3¯     (5:3) 

[(TSPP)IrIII(CD3OD)2]
3
¯

 + OCD3¯  [(TSPP)IrIII(OCD3)(CD3OD)]4
¯  +  CD3OD  (5:4) 

[(TSPP)IrIII(OCD3)(CD3OD)]4
¯

 +   OCD3¯   [(TSPP)IrIII(OCD3)2]
5
¯  +  CD3OD  (5:5) 

The displacement of methanol from the bismethanol complex 

[(TSPP)Ir(CD3OD)2]
3
‾ (1) by methoxide is shown in eq 5:4 and is calculated to be -14.1 

kcal/mol (∆G5:4° = ∆G5:1° - ∆G5:3°), (Table 5-1)..  Similarly, methanol is displaced by 

methoxide from [(TSPP)Ir(OCD3)(CD3OD)]4
‾ (1) with a free energy change of -9.9 

kcal/mol which is derived by ∆G5:5° = ∆G5:2°-∆G5:3° (Table 5-1).  In both cases, the 

binding of methoxide is more favorable than methanol.  The binding of methoxide in 

methanol is also more favorable than binding hydroxide in water and is attributed to the 

greater importance of covalent bonding in Ir‒OCH3 over Ir‒OD.11 

Table 5-2: Free energy changes for reactions that substitute methoxide for methanol 

and hydroxide for water (∆∆∆∆G5:4˚, ∆∆∆∆G5:5˚) (298 K) (kcal mol) in [(TSPP)IrIII(L)2]
3
¯ 

complexes in CD3OD and D2O solutions, respectively. 

  

L/X/solvent K5:4 K5:5 ∆∆∆∆G5:4° ∆∆∆∆G5:5° 

CD3OD/OCD3¯ /CD3ODa 2.2 x 1010 1.8 x 107 -14.1 -9.9 

D2O/OD¯ /D2O
b 1.1 x 1010 1.0 x 106 -13.7 -8.2 

D2O/OCD3¯ /D2O  3.6 x 1010  -14.4 

References: 
a)  This work. 
b)  Inorg. Chem., 2010, 49, 6734. 
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5.2.4 Measurement of Solution Equilibria by 1H NMR  

The 1H NMR resonance for porphyrin pyrrole and phenyl porphyrin hydrogens are 

used for the identification of each iridium porphyrin species.   The intensity of the 

porphyrin pyrrole resonances together with the deuterium ion concentration and solubility 

of gases in methanol are used to measure solution equilibrium.  The unique identifying 

chemical shift of pyrrole hydrogens for iridium hydride, iridium(I) anion, iridium alkyl 

and three iridium(III) species are listed in Table 5-2.   

Table 5-3:  Characteristic porphyrin pyrrole 1H NMR (CD3OD) chemical shifts for 
(TSPP)Ir species 

(TSPP)Ir species Cmpd No. Pyrrole H 

[(TSPP)IrIII(CD3OD)2]
3
¯  (1) 8.76 

[(TSPP)IrIII(OCD3)(CD3OD)]4
¯  (2) 8.63 

[(TSPP)IrIII(OCD3)2]
5
¯  (3) 8.45 

[(TSPP)Ir‒D(CD3OD)]4
¯  (4) 8.42 

[(TSPP)IrI(CD3OD)]5
¯  (5) 8.01 

[(TSPP)Ir(CH3)(CD3OD)]4
¯  (7) 8.37 

 

5.2.5 Hydrogenolysis of (TSPP)IrIII complexes in Methanol 

Hydrogenolysis is the reaction of dihydrogen to generate a metal hydride and 

concurrently release water or alcohol.  Addition of dihydrogen gas (pH2 ~ 0.5 atm) to 0.4 

mL solution of bismethanol complex [(TSPP)IrIII(CD3OD)2]
3
‾ (1) (~ 10-3 M) in acidic 

CD3OD media ([D+] < 10-5.5 M) resulted in the slow formation of the iridium hydride 

complex [(TSPP)Ir‒D(CD3OD)]4
‾ (4) in equilibrium with the bismethanol complex 

[(TSPP)IrIII(CD3OD)2]
3
‾ (1), (eq 5:6a) (Figure 5-7) along with the stoichiometric 
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formation of methanol.  After two weeks, reaction 5:6a was determined to have achieved 

equilibrium (Figure 5-6) and the equilibrium constant was measured using the integrated 

value of each species unique porphyrin pyrrole resonances in the 1H NMR (Table 5-2), 

(Figure 5-6), K5:6a = 4, ∆G5:6a° (298 K) = -0.82 kcal/mol.  NMR samples containing 

acidic solutions of the iridium hydride complex [(TSPP)Ir‒D(CD3OD)]4
‾ and a mixture 

of CH3OH/CD3OD in a ratio of 93/7 allowed observation of the hydrogen of the iridium 

hydride unit of complex 4 at -59.1 ppm in the 1H NMR (Figure 5-7).   

 

 

Similar reactions of dihydrogen with solutions of (TSPP)IrIII at hydrogen ion 

concentrations greater than 10-5.5 (i.e. pD > 5.5) result in the complete conversion of the 

sample to [(TSPP)Ir‒D(CD3OD)]4
‾ (4), Figure 5-7.  Equilibrium constants for the 

hydrogenolysis reactions of [(TSPP)Ir(OCD3)(CD3OD)]4
¯ (2) and [(TSPP)Ir(CD3OD)2]

5
¯ 

(3) with dihydrogen are too large to be experimentally determined.  The free energy 

change for the reaction of [(TSPP)Ir(OCD3)(CD3OD)]4
¯ (2)  with dihydrogen (eq 5:6b) 

can be derived by  ∆G5:6b° = ∆G5:6a°- ∆G5:1°;  ∆G5:6b° (298 K) = -11.22 kcal/mol and for 

the reaction of [(TSPP)Ir(CD3OD)2]
5
¯ (3)  with dihydrogen (eq 5:6c) can be derived by  

∆G5:6c° = ∆G5:6b°- ∆G5:2°;  ∆G5:6b° (298 K) = -25.82 kcal/mol. 



 153

Figure 5-7: 1H NMR (500 MHz, CD3OD) of equilibrium reaction 5:6 between 
[(TSPP)Ir(CD3OD)2]

3
¯ (1), H2 and [(TSPP)Ir‒D(CD3OD)]4

¯ (4) at pD = 4.8.  

 

In more basic media ([D+] < 10-10 M) where the bismethoxide complexes (3) 

dominate, the reaction between Ir(III) with H2/D2 produces the iridium hydride complex 

[(TSPP)Ir‒D(CD3OD)]4
‾ (4) (Figure 5-8) which is rapidly deprotonated by NaOCD3 to 

form the iridium(I) complex [(TSPP)IrI(CD3OD)]5
¯ (5) (Figure 5-9).  The iridium(I) 

complex [(TSPP)IrI(CD3OD)]5
¯ (5) is a good nucleophile and reacts immediately with 

iodopentane and iodomethane to form the iridium pentyl complex [(TSPP)Ir‒ 

CH2(CH2)3CH3(CD3OD)]4
¯ (6) eq 5:8, Figure 5-10 and  iridium methyl complex 

([(TSPP)Ir‒CH3(CD3OD)]4
¯ (7) eq 5:9, Figure 5-11, respectively. Addition of triphenyl 

phosphate to a solution of ([(TSPP)Ir‒CH3(CD3OD)]4
¯ (7) influenced the methyl 

resonance in the 1H NMR to change from a singlet resonance to a doublet indicative of 

displacement of the trans axial neutral methanol by the phosphate group (JH-P = 11.2 Hz).  

     [(TSPP)IrI(CD3OD)]5
‾   +   CH3(CH2)3CH2I  

[(TSPP)Ir‒ CH2(CH2)3CH3(CD3OD)]4
‾ + I‾  (5:8) 

[(TSPP)IrI(CD3OD)]5
‾    +   CH3I     [(TSPP)Ir‒CH3(CD3OD)]4

‾ + I‾  (5:9) 

(1)phenyl (1)pyrrole 

(4)phenyl (4)pyrrole 
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5.2.6 Acid Dissociation Constant of [(TSPP)Ir‒D(CD3OD)]4
‾  in Methanol 

In the pD range of 10.8-11.5, the iridium hydride complex 

[(TSPP)Ir‒D(CD3OD)]3
¯ (4)  is in equilibrium with the iridium(I) derivative 

[(TSPP)IrI(CD3OD)]5
¯ (5) (eq 5:10).  The equilibrium distribution of 4 and 5 depends on 

the D+ concentration in solution and is sufficiently slow in 1H NMR that it permits direct 

observation of individual set of pyrrole porphyrin hydrogen resonances of 4 and 5 

simultaneously.  Direct evaluation 1H NMR peak intensities of 4 and 5 and the hydrogen 

ion concentration allow for a conveniently measurable equilibrium constant.   

 

[(TSPP)Ir‒D(CD3OD)]4
¯    [(TSPP)IrI(CD3OD)]5

¯  +  D+  (5:10) 

 

The acid dissociation constant of [(TSPP)Ir‒D(CD3OD)]4
¯ measured in methanol 

is 3.4 x 10-12 (∆G° (298 K) = 15.6 kcal/mol) which is comparable to the slightly more 

acid water analogue [(TMPS)Ir‒D(D2O)]8
‾ measured in water (K = 1.8 x 10-12, ∆G°  

(298 K) = 16.0 kcal/mol).  The acid dissociation constant for [(TSPP)Rh‒D(CD3OD)]4
¯ is 

1.1 x 10-9 (∆G° (298 K) = 12.2 kcal/mol) in methanol and K = 4.3 x 10-8
, (∆G° (298 K) = 

10.0 kcal/mol) for [(TMPS)Rh‒D(D2O)]8
‾ in water.  The decrease in acidity observed for 

rhodium hydride complexes in moving from methanol to water is due to the difference in 

proton solvation energies of +2.4 kcal/mol.15  In contrast, the acidities of the iridium 

hydride complexes exhibit negligible changes in acidity despite solvent changes and 

indicate an increasing importance of metal-ligand interactions in the case of iridium 

porphyrin hydride.    
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Table 5-4: The measured equilibrium constants and ∆∆∆∆G°°°° (298 K) (kcal mol-1) for (TSPP)IrIII reactions in CD3OD(a) 

(TSPP)Ir reactions K5:n ∆G˚5:n 

5:1) [(TSPP)IrIII(CD3OD)2]
3
¯
 [(TSPP)IrIII(OCD3)(CD3OD)]4

¯
  + D+ 2.3 x 10-8 +10.4 

5:2) [(TSPP)IrIII((OCD3)(CD3OD)]4
¯

 [(TSPP)IrIII((OCD3)2]
5
¯

 +  D+ 2.1 x 10-11 +14.6 

5:3) CD3OD     D+ + OCD3⁻ 2.0 x 10-17 +22.8 

5:6) [(TSPP)IrIII(CD3OD)2]
3
¯  + D2 [(TSPP)Ir‒D(CD3OD)]4

¯
   + D+ + CD3OD 4 -0.82 

5:10) [(TSPP)Ir‒D(CD3OD)]4
¯  [(TSPP)Ir(CD3OD)]5

¯
  + D+  3.4 x 10-12 +15.6 

5:12) [(TSPP)Ir‒D(CD3OD)]4
¯ + C2H4   [(TSPP)Ir‒CH2CH2D(CD3OD)]4

¯ 6.3 x 101 -2.5 

5:13) 2[(TSPP)Ir‒D(CD3OD)]4
¯

- + 2C3H6     

[(TSPP)Ir‒CH(CH2D)CH3(CD3OD)]4
¯
  +  [(TSPP)Ir‒CH2CHDCH3(CD3OD)]4

¯     
9.2 -1.3 

 
(a) The reported K values correspond to equilibrium constant expressions that contain all constituents given in the chemical equation 

including methanol.  CRC Handbook of Chemistry and Physics, 71st. ed.; Lide, D. R., Ed.; CRC Press Boca Raton, FL. 
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Figure 5-8:  1H NMR (500 MHz) of [(TSPP)Ir‒D(CD3OD)]4
¯ formed by reaction of (TSPP)Ir(OCD3)(CD3OD)]4

¯ with H2 
(4.6 ppm) in CD3OD (3.3 ppm, 4.8 ppm) at [D+] ~ 7. (A) Ir‒H unit in [(TSPP)Ir‒H(CH3OH)]4

¯ taken in CH3OH.  (B) 
TSPP pyrrole and phenyl peaks.  TMS peaks (0.0-2.9) ppm 

8.70 8.60 8.50 8.40 8.30 8.20 8.10 8.00 7.90

(A) 

(B) 
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Figure 5-9:  1H NMR (500 MHz) of [(TSPP)IrI(CD3OD)]5
¯ in CD3OD showing AB pattern of phenyl peaks and 

overlapping porphyrin pyrrole resonance at 7.99 ppm. 

 

 

 

 

Figure 5-10: 1H NMR (500 MHz) of Ir‒R unit in [(TSPP)Ir‒CH2(CH2)3CH3(CD3OD)]4
¯ in CD3OD. 
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Figure 5-11: 1H NMR (500 MHz) of [(TSPP)Ir‒CH3(CD3OD)]4
¯ formed via CH3I, rxn 5:9 in CD3OD. (A) TSPP pyrrole 

and phenyl (B) methyl of Ir‒CH3 (C) Doublet of methyl of Ir‒CH3 by trans axial Ir‒PO(OC6H5)3.  

(A) 

(B) 

(C) 
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5.2.7 Reaction of [(TSPP)Ir‒D(CD3OD)]4
‾ and [(TSPP)IrI(CD3OD)]5

‾ in 

Methanol to form [(TSPP)Ir‒CH3(CD3OD)]4
‾ 

Independent solutions at pD < 10 of [(TSPP)Ir‒D(CD3OD)]4
‾ (4)  in methanol 

and independent solutions at pD > 12 of [(TSPP)IrI(CD3OD)]5
‾ (5) in methanol are stable 

and 1H MNR spectra appear unchanged over periods of 1 year.  Addition of equal 

stoichiometric amounts of [(TSPP)Ir‒D(CD3OD)]4
‾ (4) and [(TSPP)IrI(CD3OD)]5

‾ (5) in 

methanol which give rise to a pD 10.8-11.8 result in the formation of 

[(TSPP)Ir‒CH3(CD3OD)]4
‾ (7) as observed by 1H NMR.  

 

 

 
 

Figure 5-12:  1H NMR (500 MHz) of a representative sample at pD 11 in (A) At 298 
K in slow exchange with [(TSPP)Ir‒D(CD3OD)]4

‾ (4) (8.42 ppm) and 
[(TSPP)IrI(CD3OD)]5

‾ (5) (8.01 ppm) with [(TSPP)Ir‒CH3(CD3OD)]4
‾ (7) (8.37 ppm) 

in CD3OD (B) At 340 K showing 4 and 5 in intermediate exchange with broadened 
peaks and sharpened [(TSPP)Ir‒CH3(CD3OD)]4

‾ (7) (8.37 ppm) as result of faster 
methanol averaging.    

PPM 8.44 8.40 8.36 8.32 8.28 8.24 8.20 8.16 8.12 8.08 8.04 8.00 7.96 7.92

(B) 

(A) 
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The 1H NMR at 298 K of a representative sample at pD 11 where equal 

stoichiometric amounts of [(TSPP)Ir‒D(CD3OD)]4
‾ (4) and [(TSPP)IrI(CD3OD)]5

‾ (5) are 

combined in solution of CD3OD:CH3OH (92:8) and result in the observation of a third 

species [(TSPP)Ir‒CH3(CD3OD)]4
‾ (7) is shown in Figure 5-12A.  The 1H NMR of the 

same sample shown in Figure 5-12A at 340 K is shown in Figure 5-12B.  Equilibrium 

species [(TSPP)Ir‒D(CD3OD)]4
‾ (4) and [(TSPP)IrI(CD3OD)]5

‾ (5) are no longer in slow 

exchange on the NMR time scale but is now an averaging species at intermediate speed 

as a result of the increased temperature (+ 42 K) appear as shifted broad averaged peaks 

and [(TSPP)Ir‒CH3(CD3OD)]4
‾ (7) becomes sharpened as the proton of coordinated 

methanol in the iridium alkyl complex 7 exchanges more rapidly with the protons in bulk 

solution.   

Chan and coworkers were the first to report the formation of iridium methyl in 

alkaline methanol.22  Chan’s mechanism studies indicate the iridium methyl complex is 

accessible by two pathways at 473 K; 1) the iridium hydride complex cleaves the C‒O 

bond of methanol through σ-bond metathesis reaction and 2) through nucleophilic attack 

by the iridium(I) complex on the C‒O bond of methanol.  

In this study at temperatures ≤ 340 K, neither the iridium hydride complex or the 

iridium(I) complex at any given pD range is observed to individually and independently 

cleave the C‒O bond of methanol to form the iridium methyl complex 

[(TSPP)Ir‒CH3(CD3OD)]4
‾ (7).  It is the concerted or assisted process of the strong 

nucleophilic iridium(I) metal center and the iridium hydride complex to form water 

(104.6 kcal/mol) facilitates breaking the C‒O bond in methanol (C‒O = 92.1 kcal/mol)23 

as shown in Figure 5-13.   



 161

                   

Figure 5-13:  Proposed mechanism for the cooperation of iridium hydride (blue box) 
and iridium(I) complex (blue box) with methanol (red box) to form iridium methyl 
and water and regenerate the iridium (I) complex.  

 

A list of relevant bond dissociation enthalpies of methanol is found in Table 5-5 

shows C‒O is weakest bond in methanol and as a result the most susceptible to 

nucleophilic attack by [(TSPP)IrI(CD3OD)]5
‾ (5).   

 

Table 5-5:  Bond dissociation enthalpies (∆H (298 K) (kcal/mol)) shown in 
parenthesis of relevant methanol and hydroxymethyl bond homolysis energy.23 

O ‒ H C ‒ H C ‒ O 

CH3O ‒ H 
(104.6) 

H ‒ CH2OH 
(96.1) 

CH3‒OH 
(92.1) 

CH2O ‒ H 
(30) 

H ‒ CH2O‾ 
(22) 

CH2‒OH 
(106) 

 

The proposed mechanism for formation of [(TSPP)Ir‒CH3(CD3OD)]4
‾ (7) is 

shown by the catalytic cycle in Figure 5-14:  Methanol interacts with the highly electron 

rich [(TSPP)IrI(CD3OD)]5
‾ (5), this interaction does not result in nucleophilic attack on 

methanol to cleave to C‒O bond until [(TSPP)Ir‒D(CD3OD)]4
‾ (4) is introduced.  

[(TSPP)Ir‒D(CD3OD)]4
‾ (4) provides a source of electrophilic protons (recall pD of 

solution ~11)  to form water via Ir-H + OH‾ and generate [(TSPP)IrI(CD3OD)]5
‾ (5) 

(Figure 5-13).  In the presence of the [(TSPP)Ir‒D(CD3OD)]4
‾ (4), methanol oxidatively 

adds methyl to [(TSPP)IrI(CD3OD)]5
‾ (5) to form [(TSPP)Ir‒CH3(CD3OD)]4

‾ (7).    
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Figure 5-14: Catalytic cycle for the formation of [(TSPP)Ir‒CH3(CD3OD)]4
‾ (7) 

utilizing the cooperation of iridium(I) [(TSPP)IrI(CD3OD)]5
‾ (5) and iridium 

hydride [(TSPP)Ir‒D(CD3OD)]4
‾ (4) in methanol. 

The balanced equation for the catalytic formation of [(TSPP)Ir‒CH3(CD3OD)]4
‾ 

(7)  is shown in eq 5:11.  Evaluation of the bond dissociation enthalpies of the reactants 

and products in reaction 5:11 allow the semi-quantitative interpretation of the bond 

dissociation enthalpy difference of the [Ir-D] and [Ir-C] units in [(TSPP)Ir‒R(CD3OD)]4
‾ 

where R is hydrogen or carbon atom, shown below.   

[(TSPP)Ir‒D(CD3OD)]4
‾   + CH3OH  [(TSPP)Ir‒CH3(CD3OD)]4

‾ + DHO    (5:11) 

[∆H < 0] = [Ir‒C] + [D‒OH] – [Ir‒D] – [CH3‒OH] 

[∆H < 0] = [Ir‒C] + [118.8] – [Ir‒D] – [92.1] 

[∆H < 0] = [Ir‒C] – [Ir‒D] + [26.7] 

  [Ir‒C] – [Ir‒D] = [∆H < 0] – [26.7] 

Reaction 5:11 is observed to entirely convert [(TSPP)Ir] samples to the 

[(TSPP)Ir‒CH3(CD3OD)]4
‾ (7).  Given that ∆H < 0, the bond dissociation enthalpy of 

[Ir‒D] is greater than [Ir-C] in methanol by a minimum of 26.7 kcal/mol.  The strength of 

the [Ir-D] bond unit over [Ir-C] is reflected in the following sections on reactivity of 

[(TSPP)Ir‒D(CD3OD)]4
‾ (4) with unactivated alkenes and aldehydes.  



 163

5.2.8 Reaction of [(TSPP)Ir‒D(CD3OD)]4
‾ with Olefins in Methanol 

Ethene, propene, pent-1-ene and 1-hexene were each independently added to 

solutions of preformed [(TSPP)Ir‒D(CD3OD)]4
¯ in methanol at [D+] ~ 9.7 and monitored 

by NMR over a 30 day to period to evaluate reactivity and to measure and ascertain 

thermodynamic equilibria in each reaction system.  Iridium porphyrin alkyl 

organometallic complexes have characteristic high field hydrogen resonances for the 

hydrogen of groups directly bonded to the iridium metal center due to the porphyrin ring 

current effect and as a result have readily distinguishable resonances in 1H NMR. 

A vacuum adapted NMR tube containing 0.4 mL solution of  

[(TSPP)Ir‒D(CD3OD)]4
¯ (1 x 10-3 M) was pressurized with 100 torr (1.5 x 10-2 M) of 

ethene gas.  The ethene gas was then condensed in the NMR tube and 600 torr of H2 (3.1 

x 10-3 M) was added to maintain the equilibrium of the preformed 

[(TSPP)Ir‒D(CD3OD)]4
¯ in methanol.  After five days, equilibrium concentrations of the 

iridium ethyl complex [(TSPP)Ir‒CH2CH2D(CD3OD)]4
¯ and [(TSPP)Ir‒D(CD3OD)]4

¯ 

were observable by NMR and reaction 5:12 was evaluated at 298 K (K5:12 = 63 and 

∆G°5:12 (298 K) = -2.5 kcal mol-1).  The 1H NMR of [(TSPP)Ir‒CH2CH2D(CD3OD)]4
¯ is 

shown in Figure 5-16 with insets of the pyrrole region and upfield region showing -1.85 

(br, 2H,-CH2) and  -5.68 (br, 2H, -CH2D) shown in Figure 5-17. 

 

[(TSPP)Ir‒D(CD3OD)]4
¯  + C2H4   [(TSPP)Ir‒CH2CH2D(CD3OD)]4

¯  (5:12) 

2[(TSPP)Ir‒D(CD3OD)]4
¯

- + 2C3H6    [(TSPP)Ir‒CH(CH2D)CH3(CD3OD)]4
¯

  +   

    [(TSPP)Ir‒CH2CHDCH3(CD3OD)]4 (5:13) 
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Similarly, solutions of preformed [(TSPP)Ir‒D(CD3OD)]4
¯ (1 x 10-3 M) were 

pressured with 100 torr (6.5 x 10-2 M) of propene and the gas was condensed before 

repressurizing with 500 torr (2.6 x 10-3 M) of H2.  The reaction of 

[(TSPP)Ir‒D(CD3OD)]4
¯ with propene results in the observation of two steroisomers 

(Figure 5-15) with an readily measurable equilibrium constant (eq 5:13) K5:13 = 9 

(∆G°5:13 (298 K) = -1.3 kcal mol-1).  The major isomer forms an iridium isopropyl 

organometallic with distinct doublets at -2.20 ppm (-CH(CH2D)CH3)  and a broad peak at 

-6.33 ppm (-CH(CH2D)CH3).  The minor isomer is the iridium propyl porphyrin with 

pyrrole peaks that overlap the pyrrole of resonance of the iridium isopropyl porphyrin.  

Distinct high field shifts for the iridium propyl porphyrin complex are observed in the 1H 

NMR -1.70 ppm (-CH2CHDCH3), at -3.01ppm (-CH2CHDCH3) and at -5.82 ppm (-

CH2CHDCH3).  

 

                   Figure 5-15: Reaction of propene with [(TSPP)Ir‒D(CD3OD)]4
¯ 

In water, exclusive formation of the iridium propyl complex is observed.  

Reversal of the preference for isomer formation in methanol favoring formation of the 

iridium isopropyl complex occurs because the aliphatic nature of methanol allows free 

rotation of small substrates like propene and thus accessibility to form the better charge 

stabilized secondary carbocation in methanol is achievable.  This directs regioselectivity 

to the secondary carbon and to formation of the Markovnikov product exclusively.  
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The assignment of Markovnikov regioselectivity reactivity of iridium hydride 

[(TSPP)Ir‒D(CD3OD)]4
¯ with alkenes in methanol is limited to definition by the reaction 

with propene (eq 11).  Pent-1-ene and n-hex-1-ene do not form observable quantities of 

the iridium organometallic complex in the NMR tube in detectable concentrations.  

Longer chain alkenes (C > 3) are well solvated in methanol and can be thought of being 

micelled by the aliphatic methyl of methanol.  Similarly, [(TSPP)Ir‒D(CD3OD)]4
¯ can be 

thought of as being hydrophilically pocketed by the hydroxyl group of methanol resulting 

in a hypothetical barrier within phase of reactants.   

However, the reactions of higher chain alkenes (C > 3) with rhodium(III) 

[(TSPP)Rh(OCD3)(CD3OD)]4
¯ in methanol result in measurable, observable equilibria of 

the  regioselective anti-Markovnikov rhodium organometallic product in methanol for 

straight chain alkenes, (eg: ∆G° C5H10 (298 K) = -6.1 kcal mol-1).15 This suggests that 

reactant/solvent manifested barriers are not sufficiently incumbent on the reactivity of 

[(TSPP)Ir‒D(CD3OD)]4
¯.  Qualitatively, the preservation of [(TSPP)Ir‒D(CD3OD)]4

¯ in 

contact with unactivated alkenes (small equilibrium constants for C2H4, C3H6 and no 

observable equilibrium with C >3) can be attributed to a strong iridium hydride bonded 

unit and a significant disparity between the iridium hydride and iridium carbon bonded 

unit in TSPP in methanol ([Ir‒Cn]<[Ir‒H]) as “n” increases.  

5.2.9 Reaction of [(TSPP)Ir‒D(CD3OD)]4
‾ with Aldehyde in Methanol 

No reaction of [(TSPP)Ir‒D(CD3OD)]4
‾ with acetaldehyde was observed in pD ranges of 

8-10.  The C‒O unit of the aldehyde reacts with methoxide in methanol faster than the 

[Ir‒D] unit in methanol and no reaction is observed to occur.   
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Figure 5-16: 1H NMR (500 MHz) of [(TSPP)Ir‒D(CD3OD)]4
‾ and [(TSPP)Ir-CH2CH2D(CD3OD)]4

‾ with ethene (5.5 
ppm) and H2 (4.6 ppm) in CD3OD (3.3 ppm, 4.8 ppm) at [D+] ~ 10.  TMS peaks (0.0-2.9) ppm 

PPM 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0 -1.0 -2.0 -3.0 -4.0 -5.0 -6.0 -7.0 -8.0 -9.0

-OH/MeOD-d4 

Ethene 

CH3/MeOD-d4 

H2 

TMS 

(TSPP)Ir 
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Figure 5-17:  Expanded 1H NMR (500 MHz) of (A) high field resonances of [(TSPP)Ir-CH2CH2D(CD3OD)]4
‾ and (B) 

pyrrole peaks of [(TSPP)Ir‒D(CD3OD)]4
¯ (8.42 ppm) and [(TSPP)Ir-CH2CH2D(CD3OD)]4

‾ (8.44 ppm)  

(A) 

(B) 
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5.2.10 Oxidation and Isomerization of Coordinated Methanol/Methoxide at the 

Iridium Metal center in (TSPP)IrIII complexes 

Formation of [(TSPP)Ir
I
(CD3OD)]

5
¯ (5) at strongly basic pD: 

Vacuum adapted NMR tubes containing 0.4 mL solution of [(TSPP)Ir(OCD3)2]
5
¯ 

(3) (1 x 10-3 M) at strongly basic conditions (pD > 11) were degassed thoroughly by 

multiple freeze, pump, thaw (FPT) cycles and were kept at normal room temperature for 

a week while being monitored by NMR.  The 1H NMR showed no noticeable change to 

the solution of [(TSPP)Ir(OCD3)2]
5
¯ (3).  The NMR tube was then heated at 343 K and 

monitored by NMR (298 K) over a period of 3 days, Figure 5-19.  Solutions of 

iridium(III) ([(TSPP)Ir(OCD3)2]
5
¯ (3)) at pD > 11 are completely reduced to a solution of 

iridium(I) ([(TSPP)IrI(CD3OD)]5
¯ (5)) and methoxide is oxidized to formaldehyde as 

shown in Figure 5-18.   In the 1H NMR, a thermodynamically stable species is observed 

as the sample is reduced from [(TSPP)Ir(OCD3)2]
5
¯ (3) to [(TSPP)IrI(CD3OD)]5

¯ (5).   

 

Figure 5-18:  Oxidation of methanol to formaldehyde and reduction of iridium(III) 
to iridium(I) in strongly alkaline methanol solution. 

In methanol, methoxide acts as a strong nucleophile35-37 and abstracts a proton 

from [Ir-OCD3] where the bond energy of the [C‒H] unit is minimal (~22 kcal/mol)23,38 

(Table 5-5).  A negative charge formed at the carbon center then drives the electrophilic 

iridium(III) metal center bond transformation from [Ir‒O] to [Ir‒C].  Formaldehyde is 

then eliminated with concurrent formation of [(TSPP)IrI(CD3OD)]5
¯ (5).  The iridium 
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aldehyde complex is stabilized by the electrophilic iridium(III) metal center and can be 

thought of as achieving a resonance stabilized complex that is oxygen or carbon bonded 

and as a result is observed as a short lived but observable intermediate species in solution 

by NMR prior to the complete conversion of the sample to [(TSPP)IrI(CD3OD)]5
¯ (5).    

The decomposition of metal alkoxides is well studied.39-44  The typical process 

occurs through cleavage of a β C‒H bond of the coordinated alkoxide with concommital 

formation of the metal hydride.  At high pD, the metal hydride would be deprotonated to 

form the [(TSPP)IrI(CD3OD)]5
¯ (5).  This often requires a cis-coordination site, however 

a recent study by Milstein has illustrated a case for an iridium(III) alkoxide in which a cis 

coordination site was not needed.45   

Decomposition of [(TSPP)Ir(OCD3)2]
5
¯ (3) through β C‒H migration would result 

in solution equilibrium between iridium (III), iridium hydride and iridium(I) and the 1H 

NMR spectra would exhibit evidence of interaction of the low steric TSPP porphyrin 

through the iridium metal centers.  Spectroscopic NMR data supports the preference for 

formation of the iridium(I) complex through deprotonation of the metal alkoxide by 

nucleophilic attack (over β C‒H migration).  Furthermore, the mechanism of β C‒H 

migration is a unistep, concerted process that would not result in the intermediate species 

observed in the transformation of [(TSPP)Ir(OCD3)2]
5
¯ (3) to [(TSPP)IrI(CD3OD)]5

¯ (5) 

as shown in Figure 5-19. (Note: This mechanism is operable and dominant in the system 

shown later, Figure 5-22)  Also, it has been illustrated that the coexisting of iridium 

hydride (4) and iridium(I) complex (5) in methanol leads to the formation of the iridium 

methyl (7) complex which is not observed under these conditions.  All these evidences 
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suggests the mechanism of β C‒H migration is preceded in entirety by the nucleophilicity 

of methoxide, in the formation of [(TSPP)IrI(CD3OD)]5
¯ (5),   Figure 5-18, Figure 5-19. 

 

 

 

 

Figure 5-19: 1H NMR (298 K, CD3OD) of [(TSPP)Ir(OCD3)2]
5
¯ (3) in strongly basic 

(pD > 11) solution showing the progression of the sample to form the reduced 
species, [(TSPP)IrI(CD3OD)]5

¯ (5). (A) [(TSPP)Ir(OCD3)2]
5
¯, (B) Nucleophilic attack 

on [C‒D] unit of [(TSPP)Ir(OCD3)2]
5
¯ , (C) Resonance stabilized [Ir(CD2O)] 

porphyrin species, (D) [(TSPP)IrI(CD3OD)]5
¯.    

(A) 

(D) 

(B) 

(C) 
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Formation of [(TSPP)Ir(CD2OD)(CD3OD)]
3
¯ at Acidic Conditions (pD ~ 5): 

Vacuum adapted NMR tubes containing 0.4 mL solution of 

[(TSPP)Ir(CD3OD)2]
3
¯ (1) (1 x 10-3 M) at acidic conditions (pD ~ 5) were degassed 

thoroughly by FPT cycles and were kept at normal room temperature for a week while 

being monitored by NMR.  The 1H NMR showed no noticeable change to the solution of 

[(TSPP)Ir(CD3OD)2]
3
¯ (1).  The NMR tube was then heated at 343 K and monitored by 

NMR (298 K) over a period of 7 days, Figure 5-21. 

After 7 days, the 1H NMR of the solution of [(TSPP)Ir(CD3OD)2]
3
¯ (1) indicated 

the transformation of the bismethanol iridium porphyrin complex to a new species with 

distinct porphyrin pyrrole and phenyl resonances, Figure 5-21..  This new species does 

not have sufficient NMR data (i.e. high field data to indicate axially coordinated species) 

to conclusively determine the species in solution.  However, there is only one plausible 

option whereby coordinated methanol is deprotonated at the carbon center.    

               

Figure 5-20:  Equilibrium in solution of methanol [(TSPP)Ir(CD3OD)2]
3
¯ solutions.  

Autoprotolysis at the carbon center (96.1 kcal/mol) in methanol is favored over 

autoprotolysis at the oxygen atom (104. 6 kcal/mol) by ~8 kcal/mol.  In addition, 

deprotonation at the carbon center results in a strengthening of the C‒O bond unit by 14 

kcal/mol which drives the formation of the iridium hydroxymethyl complex (Table 5-5).  

Also, dissociation of a proton of methanol in the convention way to form methoxide 

results in a loss of the highly polarized O‒H bond and results in a lessening of 

stabilization energy due to hydrogen bonding.  Solution dynamics suggest preservation of 
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the O‒H bond is favored and the hydroxymethyl is greater stabilized through hydrogen 

bonding than methoxide.  

Subsequent, deprotonation of the hydromethyl complex to form formaldehyde 

only requires 30 kcal/mol and should occur rapidly, however under strongly acidic 

conditions, they hydroxymethyl remains protonated.  β C‒H migration to generate the 

iridium hydride complex [(TSPP)Ir‒D(CD3OD)]4
¯ (4) is not observed under strongly 

acidic conditions (monitored ~ 1 month).  The high proton concentrations in solution 

allow the persistence of the hydromethyl complex.   

Typical studies of this class involve [C‒H] activation46-48 through rhodium 

porphyrin bimetalloradical mediated pathways20,49-50 in which two metalloradical sites are 

tethered to preorganize a four centered transition state (M•---H---CH2OH---•M) to 

generate metal hydroxymethyl complexes.  This concerted reaction pathway provides a 

low activation energy route for C‒H bond cleavage in the presence of nondonor medium.   

In the case of [(TSPP)Ir(CD3OD)2]
3
¯, the [C‒H] bond cleavage to form the 

iridium hydroxymethyl complex is unprecedented in protic, donor media without 

availability of a bimetalloradical pathway.  The observation of formation of the iridium 

hydroxymethyl complex is perhaps attributed to the nucleophilicity of methoxide in 

methanol and the stabilization energy of the [C‒O] bond of 14 kcal/mol which results 

from [C‒H] deprotonation.  The remarkable preference of iridium porphyrins to bind 

alcohols and alkoxides11 may also be critical to interpretation of this observed behavior.  

Thermodynamic data supporting attenuated binding for iridium alcohol complexes is 

provided in Chapter 4.   
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Figure 5-21: 1H NMR showing the transformation of coordinated methanol in 
[(TSPP)Ir(CD3OD)2]

3
¯ (1) to form the coordinated hydroxymethyl species.   

(A) [(TSPP)Ir(CD3OD)2]
3
¯ (1), (B) Nucleophilic abstraction (deprotonation) of the 

[C‒H] unit, (C) Reorganization at the iridium metal center to [Ir‒C] bonded unit, 
(D) Complete conversion of the sample to a new methanol derived species.  

(B) 

(C) 

(A) 

(D) 
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Formation of [(TSPP)Ir‒D(CD3OD)]
4
¯ (5) at pD ~8.5 : 

Vacuum adapted NMR tubes containing 0.4 mL solution of 

[(TSPP)Ir(OCD3)(CD3OD)]4
¯ (2) (1 x 10-3 M) at conditions pD ~ 8.5 were degassed 

thoroughly by FPT cycles and were kept at normal room temperature for a week while 

being monitored by NMR.  The 1H NMR showed no noticeable change to the solution of 

[(TSPP)Ir(OCD3)(CD3OD)]4
¯ (2) over a period of one week, however when the solution 

was heated at 343 K and monitored by NMR (298 K) over a period of 3 days, Figure 5-

23, [(TSPP)Ir‒D(CD3OD)]4
¯ (4) was formed exclusively. 

[(TSPP)Ir(OCD3)(CD3OD)]4
¯      [(TSPP)Ir‒D(CD3OD)]4

¯ + CD2O   (5:14) 

 

Figure 5-22:  Possible mechanistic pathways of methanol to reduce 
[(TSPP)Ir(OCD3)(CD3OD)]4

¯ (2) to [(TSPP)Ir‒D(CD3OD)]4
¯ (4). 

 

A variety of mechanistic pathways51 are accessible for the reduction of 

[(TSPP)Ir(OCD3)(CD3OD)]4
¯ (2) to [(TSPP)Ir‒D(CD3OD)]4

¯ (4) and oxidation of 

methanol or methoxide or formaldehyde, eq 5:14.  The progression of species as followed 

by 1H NMR (Figure 5-23) indicate the immediate formation of [(TSPP)Ir‒D(CD3OD)]4
¯ 

without an intermediate species.  This is believed to occur through the unistep σ bond 
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metathesis through β C H migration, Figure 5-22.   The reduction of iridium(III) to 

iridium hydride occurs with a shift in solution dynamics influencing the pD of solution as 

methoxide is converted to formaldehyde.  The formation of [(TSPP)Ir‒D(CD3OD)]4
¯ (4) 

is retarded by solution pD and influenced to form an intermediate species which will then 

allow β C H migration to complete the formation of [(TSPP)Ir‒D(CD3OD)]4
¯ (4), Figure 

5-22.  Isomerization of the [Ir-CD3OD] unit to [Ir-CD2OD] + D+ is the postulated 

intermediate species because rearrangement of the organic CD3OD to CD2OD+ D+  is 

thermodynamically favored by ~ 8.5 kcal/mol and trading an [O‒H] for a [C‒H] unit 

drives the isomerization. 

5.2.11 Thermodynamics for Displacement of a Coordinated Methanol from 

[(TSPP)Ir(CD3OD)2]
3
‾ by Methoxide (OCD3‾ ) and Hydride (D‾ ) 

The relative strength of the anions methoxide and hydride can be evaluated using 

the derived equation 5:15 [K5:15 = (K5:1)/(K5:3)] and equation 5:16. [K5:17 = (K5:4)(K5:16)] 

as shown below.  Hydride stands out as an exceptionally strong donor with ∆G° 5:17 (298 

K) = -54 kcal/mol over methoxide ∆G° 5:17 (298 K) = -14.1 kcal/mol. 

        [(IrIII(CD3OD)2]
3
‾     [Ir(OCD3)(CD3OD)]4

‾ +  D+     (5:1)

OCD3 ‾ + D+  CD3OD          (-(5:3))

[(TSPP)Ir(CD3OD)2]
3
¯ + OCD3‾  [(TSPP)Ir‒OCD3(CD3OD)]4

¯ + CD3OD    (5:15) 

K5:15 = K5:1 /K5:3   , ∆G5:15˚ = -14.1 kcal/mol 

 

        [(IrIII(CD3OD)2]
3
‾  + D2    [Ir‒D(CD3OD)]4

‾ +  D+  +  CD3OD       (5:4)

D‾ + D+  D2      ∆G5:16˚ = -53.2 kcal/mol  (5:16)

[(TSPP)Ir(CD3OD)2]
3
¯  +      D‾     [(TSPP)Ir‒D(CD3OD)]4

¯  +  CD3OD     (5:17) 

K5:17 = K5:4 /K5:16   , ∆G5:17˚ = -54.0 kcal/mol 
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Figure 5-23:  1H NMR in CD3OD following the reduction of 
[(TSPP)Ir(OCD3)(CD3OD)]4

¯ (2) to [(TSPP)Ir‒D(CD3OD)]4
¯ (4).  

(A) [(TSPP)Ir(OCD3)(CD3OD)]4
¯ (B) ββββ-H migration to form complex (4),  (C) 

Increase in acidity of solution results in isomerization of methoxide and 
hydroxymethyl  (D) [(TSPP)Ir‒D(CD3OD)]4

¯ (4).   

  

(B) 

(A) 

(C) 

(D) 
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5.2.13 Bond Dissociation Free Energy Difference between Ir‒OCD3 and Ir‒D of 

[(TSPP)Ir(CD3OD)2]
3
‾  complexes in CD3OD.  

The difference between the BDFEs of [Ir‒OR] and [Ir-D] can be evaluated as 

shown from analysis of the bonds breaking and forming as derived from equation 5:6b.  

[(IrIII(CD3OD)2]
3
‾    +  D2       [Ir‒D(CD3OD)]4

‾ +  D+  + CD3OD      (5:6a) 

[Ir(OCD3)(CD3OD)]4
‾ + D+  [IrIII(CD3OD)2]

3
‾          (-(5:1)) 

[Ir(OCD3)(CD3OD)]4
‾ +  D2  [Ir‒D(CD3OD)]4

‾   + CD3OD             (5:6b) 

K5:6b = K5:6a /K1 =, ∆G5:6b˚ = -11.22 kcal/mol 

 

 

The iridium hydride [(TSPP)Ir‒D(CD3OD)]4
‾ (4) bond dissociation free energy in 

methanol is much stronger than iridium methoxide [(TSPP)Ir(OCD3)(CD3OD)]4
‾ (2) in 

methanol by 13.2 kcal/mol, i.e. [Ir-D] > [Ir‒OR], where R = CD3.  Similarly, the rhodium 

hydride analogue is stronger than the rhodium methoxide bond by 15.9 kcal/mol in 

methanol.  This is a reversal of the bond energetics observed for the indentical systems of 

rhodium and iridium porphyrins when solvated in water.27  In water, the iridium 

hydroxide complex is stronger than the iridium hydride complex by 3.6 kcal/mol , i.e. [Ir-

D] < [Ir‒OR] when R = H.27  Similarly, the rhodium hydroxide is stronger than the 

rhodium hydride by 1.8 kcal/mol in water.27   The diminished strength of the covalent 

metal-oxo [M-OCD3] (M = Rh, Ir) bond could be ascribed to the dispersion of charge to 

the methyl group.  This places less charge density between the metal(III) (M = Rh, Ir) and 

oxygen atoms in iridium and rhodium methoxide complexes, i.e. a weaker bond.  
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5.2.14 Estimation of Homolysis Bond Dissociation Free Energy of 

[(TSPP)Ir‒D(CD3OD)]4
‾  complexes in CD3OD: 

Employing the use of solvation free energies in methanol and knowledge of 

thermodynamic cycles,32 an estimation of the homolysis bond dissociation free energy for 

[(TSPP)Ir‒D(CD3OD)]4
¯ (4) can be achieved.  The free energy change for addition of an 

electron to a proton in methanol is determined by the BDE for the process to convert 

gaseous dihydrogen to atomic hydrogen, the solvation of hydrogen atom in methanol and 

adjustment of hydrogen for the deuterium ~1.6 isotope effect [½(97.1+4.84+1.6)] to give 

51.7 kcal/mol. 

 

  

 

 

The two electron potential for the oxidation of iridium(I) to iridium(III) is found 

to be 0.36 V in methanol and differs from the higher steric porphyrin TMPS in water 

(0.39 V, Chapter 3) by 0.03 V or 1.4 kcal/mol.  Assuming the even distribution of energy 

for the stepwise one electron potential oxidation from iridium(I) to iridium(II) the 
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homolytic bond dissociation free energy can be estimated.  The difference in this energy 

term in water vs methanol is compensated for by the differences in the heterolytic 

dissociation differences in methanol and water of ~ 0.5 kcal/mol.   

The BDFE of [(TSPP)Ir‒D(CD3OD)]4
¯ (4) in methanol is found to be 63.1 

kcal/mol, approximately identical to that determined for [(TMPS)Ir‒D(D2O)]8
¯ in water 

of 63.2 kcal/mol.  This manifestation of similar BDFEs further supports the dominant 

theme (chapter 2-5) for iridium porphyrins to dictate reactivity trends with little regard to 

sterics, electron withdrawing effects and solvent differences between methanol and water.  

Utilizing solution equilibrium thermodynamic values reported for the analogous 

rhodium system in water, the BDFE of the rhodium analogue is 60.2 kcal/mol.  The small 

difference of ~ 3 kcal/mol between rhodium and iridium is most likely due to favorable 

solvation of a the hydrogen atom of [(TSPP)M‒D(CD3OD)]4
¯ (M = Rh, Ir) in methanol 

because of its high dielectric constant (~32) and its ability to incorporate, stabilize and 

mobilize the hydrogen atom away from the metal centers.  
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5.3 CONCLUSIONS 

In methanol, solutions of iridium(III) tetrakis(p-sulfonatophenyl)porphyrin 

([(TSPP)IrIII]) form a hydrogen ion dependent equilibrium distribution between three 

species [(TSPP)Ir(CD3OD)2]
3
¯, [(TSPP)Ir(OCD3)(CD3OD)]4

¯ and [(TSPP)Ir(OCD3)2]
5
¯.  

The acid dissociation constants for [(TSPP)Ir(CD3OD)2]
3
¯  are K5:1 = 2.3 x 10-8 and  K5:2 

= 2.1 x 10-11  which are smaller than those of [(TSPP)Ir(D2O)2]
3
¯
  in water (K = 4.8 x 10-

8, K = 2.6 x 10-11) in water. 

The reaction of [(TSPP)IrIII] with dihydrogen result in formation of an iridium 

hydride complex  in a hydrogen ion dependent equilibrium with iridium(I) porphyrin 

complex. The acid dissociation constant of [(TSPP)Ir‒D(CD3OD)]4
¯ measured in 

methanol is 3.4 x 10-12 (∆G° (298 K) = 15.6 kcal/mol) which is comparable to the slightly 

more acid water analogue [(TMPS)Ir‒D(D2O)]8
‾ measured in water (K = 1.8 x 10-12, ∆G°  

(298 K) = 16.0 kcal/mol).  The acidities of the iridium hydride complexes exhibit 

negligible changes in acidity despite solvent changes and indicate an increasing 

importance of metal-ligand interactions in the case of iridium porphyrin hydride.    

Reactions of iridium porphyrin hydride with alkenes occur to give both 

Markovnikov and anti-Markovnikov products.  Reactions of the iridium(I) complex with 

alkyhalides form iridium alkyl complexes.   The concerted reaction of iridium porphyrin 

hydride and iridium(I) complex in methanol result in the catalytic formation of iridium 

methyl where iridium(I) acts as the catalyst.  

Heating degassed solutions of [(TSPP)IrIII] in methanol generate reduced iridium 

species.  A variety of mechanistic pathways are accessible for the reduction of 

[(TSPP)IrIII] to iridium hydride and iridium(I).  β C‒H migration of coordinated 



 181

methoxide leads to the formation of [(TSPP)Ir‒D(CD3OD)]4
¯ (4).  Isomerization of the 

[Ir-CD3OD] unit to [Ir-CD2OD] + D+ is also a possible route because rearrangement of 

the organic CD3OD to CD2OD is thermodynamically favored by ~ 8.5 kcal/mol which 

drives the isomerization of [M‒OD(CD3)] to [M‒CD(D)OD].   

Bond dissociation free energies and energy differences were obtained from 

equilibrium thermodynamics from reactions measured experimentally.  Table 5-6 

provides a summary of BDFEs.  The difference between (Ir‒D) and (Rh‒D) is 3 kcal/mol 

in both water and methanol and illustrates the general trend of increasing metal-ligand 

bond strengths on moving down a group in the periodic table.  The difference between 

(Ir‒OCD3) and (Rh‒OCD3) is 5.9 kcal mol-1 which reflects the ability of iridium over 

rhodium to form stronger covalent bonds with bulky ligands like methoxide.  The iridium 

methyl bond (∆G° = ∆H –T∆S, where –T∆S is ~ 8 kcal/mol) is weak compared to the 

iridium hydride bond.  The general trend of increasing bond energy on moving downt the 

group 9 metals from rhodium to iridium is inverted for Ir-C bond compared to Rh-C 

bond.  

Table 5-6:  Summary of bond energetics (kcal/mol) for (TSPP)M (M = Rh, Ir) in 
methanol and water. 

 
M = Ir  M= Rh  

D2O CD3OD D2O CD3OD 

M ‒ OR 
67 

(R = D) 
49.9 

(R = CD3) 
62 

(R = D) 
44 

(R = CD3) 

M ‒ D 63 63 60 60 

M ‒ CHR 33 ≤ 29 36 unkwn 
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5.4 EXPERIMENTAL 

General considerations:  

All manipulations were performed on a high vacuum line equipped with a Welch 

Duo-Seal vacuum.  Deuterated solvents were purchased from Cambridge Isotope 

Laboratory Inc. and degassed by three freeze-pump-thaw cycles before use.  Reagent 

grade hydrogen, carbon monoxide, ethene and propene were purchased from Matheson 

Gas Products and were used without further purification.  

Proton NMR spectra were obtained on a Bruker Avance III, 500 MHz at 298 K.  

Chemical shifts were referenced to 3–trimethyl silyl–1 propane sulfonic acid sodium salt. 

Proton NMR spectra were used to identify solution species and to determine the 

distribution of species at equilibrium. pH measurements were performed on Thermo 

Scientific XL15 meter and Orion 9802 glass electrode52 precalibrated by Thermo Orion 

buffer solutions of pH  =  4.01, 7.00 and 10.01.  Meso-tetraphenylporphyrin was 

synthesized by the method of Adler53.  Sulfonation of meso-tetra  phenylporphyrin 

sodium salt was achieved and subsequently purified by the method of Srivastava54.    

 

 

5.4.1 Concentration of complexes and ionic strength of aqueous solutions: 

Thermodynamic studies of (TSPP)Ir complexes in methanol were carried out at 

concentrations less than 2 × 10-3 M in order to minimize molecular and ionic association. 

Most equilibrium constant measurements were performed at a low ionic strength (µ~10-3) 

where the ion activity coefficients approach unity.  
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5.4.2 Synthesis of Na3[(TSPP)IrIII(CD3OD)2]):  

Na3[(TSPP)Ir(CD3OD)2] (M = Co,Rh,Ir) was synthesized following reported methods by 

Ashley55-56.  Dissolution of 1 in CD3OD results in solutions of the bis methanol complex 

[(TSPP)Ir(CD3OD)2]
 3
‾ (1) in an equilibrium distribution with the mono and bis methanol 

complexes, [(TSPP)Ir(CD3OD)(OCD3)]
4
¯ (2), [(TSPP)Ir(OCD3)2]

5
¯ (3). 

Na3[(TSPP)Ir(CD3OD)2] 
1H NMR (500 MHz, CD3OD) δ(ppm): 8.77 (s, 8H, pyrrole), 

8.29 (d, 8H, o-phenyl, J1H-1H = 8.05 Hz), 8.27 (d, 8H, m-phenyl , J1H-1H = 8.05 Hz).  

Na5[(TSPP)Ir(OCD3)2]  
1H NMR (500 MHz, CD3OD) δ(ppm): 8.46 (s, 8H, pyrrole), 8.30 

(d, 8H, o-phenyl, J1H-1H = 8.05 Hz), 8.25 (d, 8H, m-phenyl , J1H-1H = 8.05 Hz).   

 

 

5.4.3 Acid dissociation constant measurement in methanol for 

Na3[(TSPP)Ir(CD3OD)2]): 

Samples of ([(TSPP)Ir(CD3OD)2]
3
¯) (3) were prepared by mixing standardized CD3OD 

solution of NaOCD3 with the stock solutions of complex 1 (0.5 – 1.0 × 10-3 M) in NMR 

tubes. A series of DCl and NaOCD3 methanol – d4 solutions were used to adjust the pH 

values. A plot of the pyrrole hydrogen 1H NMR chemical shifts to pD value (pD  =  pH + 

0.41)52 and fit by non-linear least squares curve fitting to the equation:    

δ2,3,4(obs)(pyr) = (K1K2δ3(pyr)+K1[D
+]δ2(pyr)+[D+]2 δ1(pyr))/(K1K2+K1[D

+]+[D+]2). 
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5.4.4 Synthesis of [(TSPP)Ir‒D(CD3OD)]4
‾/[(TSPP)IrI(CD3OD)]5

‾:  

0.4 ml [(TSPP)Ir(CD3OD)2]
3
‾ CD3OD stock solutions (1.2 – 1.8 × 10-3 M, [D+] > 10-3 M) 

were added into vacuum adapted NMR tubes.  The NMR tubes were then degassed by 

three cycles of freeze-pump-thaw and 500 - 700 torr H2/D2 was pressurized into the NMR 

tube.  The reaction of [(TSPP)Ir(CD3OD)2]
3
‾ with H2/D2 formed [(TSPP)Ir‒D]4

‾ in acidic 

solution and achieved equilibrium distributions of (TSPP)IrIII and [(TSPP)Ir‒D]4
‾ species.  

The equilibrium constant was evaluated from the intensity integrations of 1H NMR of 

each species in combination with [D+] concentration measurement and the solubility of 

H2/D2 in methanol.57  Following the same procedure, (TSPP)IrIII complexes completely 

converted to [(TSPP)IrI]5
‾ in basic CD3OD solution ([D+] < 10-12 M).  

1H NMR [(TSPP)Ir‒D(CD3OD)]4
‾ (4):  (500 MHz, CD3OD) δ(ppm): 8.42 (s, 8H, 

pyrrole), 8.19 (m, 16H, phenyl).   

1H NMR [(TSPP)IrI(CD3OD)]5
‾ (5):  (500 MHz, CD3OD) δ(ppm): 8.03 (s, 8H, pyrrole), 

8.15 (d, 8H, o-phenyl, J1H-1H = 7.4 Hz), 8.04 (d, 8H, m-phenyl , J1H-1H = 7.4 Hz).   

5.4.5 Acid dissociation constant measurements for [(TSPP)Ir‒D(CD3OD)]4
‾ in 

methanol 

The acid dissociation constant of [(TSPP)Ir‒D(CD3OD)]4
‾ was measured in 

methanol by direct observation of [(TSPP)Ir‒D(CD3OD)]4
‾  and [(TSPP)IrI(CD3OD)]5

‾ 

concurrently between [D+]10-10.5 - 10-12 in the 1H NMR.  Integration of the peak areas of 

4 and 5 against a standard of known concentration was used to calculate the acid 

dissociation of eq 7 to give K7 = 3.4 x 10‾12, ∆G7˚ = +15.6 kcal/mol. 
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5.4.6 Substrates reactions of [(TSPP)Ir‒D(CD3OD)]4
‾ and 

[(TSPP)IrI(CD3OD)]5
‾ with olefins and aldehydes in methanol 

Substrate reactions of [(TSPP)Ir‒D]4
‾ and [(TSPP)IrI]5

‾ with aldehydes and olefins 

in methanol were carried out by vacuum transfer of the substrate to vacuum line adapted 

NMR tubes containing preformed samples of in CD3OD at a defined hydrogen ion ([D+]) 

concentration, and then dihydrogen was repressurized into the sample to suppress the 

formation of (TSPP)IrIII species.  

Proton NMR was used to identify solution species and to determine the 

distribution of each species at equilibrium. Equilibrium constants were evaluated from 

the intensity integrations of 1H NMR for each species in combination with D+ 

concentration measurement and the solubility of the small organic substrate in 

methanol.57  Equilibrium concentrations of [(TSPP)Ir‒D(CD3OD)]4
‾
 for the substrate 

reactions were determined from the averaged 1H NMR chemical shifts in combination 

with the D+ ion concentration which determines the equilibrium distribution of [(TSPP)IrI 

(CD3OD)]5
‾ and [(TSPP)Ir‒D(CD3OD)]4

‾. 

5.4.7 Reaction of [(TSPP)Ir‒D(CD3OD)]4
‾ with ethene, propene and 

acetaldehyde:  

Solution of [(TSPP)Ir‒D(CD3OD)]4
‾  (3 × 10-3 M) reacts with ethene, propene to 

form [(TSPP)Ir‒CH2CH2D(CD3OD)]4
‾ and [(TSPP)Ir‒CH2CHDCH3(CD3OD)]4

‾ while 

similar reactions with n-hex-1-ene and pent-1-ene resulted in no observable reaction.  

The reactions of iridium hydride with all the substrate olefins go to completion within 5 - 

7 days and are monitored daily by 1H NMR.  The thermodynamic equilibrium constants 

are evaluated from the integration of iridium alkyl complexes and iridium (I) in 
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combination with the proton concentration which determines the equilibrium 

concentration of [(TMSP)Ir‒D(CD3OD)]4
¯.  

1H NMR ([(TSPP)Ir‒CH2CH2D(CD3OD)]4
¯) (500 MHz, CD3OD) δ(ppm): 8.42 (s, 8H, 

pyrrole), 8.19 (m, 16H, phenyl), -1.85 (br, 2H,-CH2), -5.68 (br, 2H, -CH2D)   

1H NMR ([(TSPP)Ir‒CH(CH2D)CH3(CD3OD)]4-) (500 MHz, CD3OD) δ(ppm): 8.38 (s, 

8H, pyrrole), 8.20 (m, 16H, phenyl), -2.20 (d, 5H,- -CH(CH2D)CH3, J1H-1H = 5.4 Hz), -

6.33 (br, H, -CH(CH2D)CH3).  

1H NMR ([(TSPP)Ir‒CH2CHDCH3(CD3OD)]4-) (500 MHz, CD3OD) δ(ppm):  8.38 (s, 

8H, pyrrole), 8.20 (m, 16H, phenyl), -1.70 (q, 3H,-CH2CHDCH3, J1H-1H = 7.0 Hz),  

-3.01 (br, H, -CH2CHDCH3), -5.82 (br, 2H, -CH2CHDCH3).  

 

5.4.8 Reactions of [(TSPP)IrI(CD3OD)]5
‾ with RI (R= CH3, (CH2)4CH3) in 

methanol:  

[(TSPP)Ir‒R(CD3OD)]4
‾ (R = CH3, (CH2)4CH3) was produced through transferring alkyl 

halide into the vacuum line adapted NMR tube containing [(TSPP)IrI(CD3OD)]5
‾ 

solutions.  1H NMR [(TSPP)Ir‒CH3(CD3OD)]4
‾: (500 MHz, CD3OD) δ(ppm): 8.35 (8H, 

pyrrole), 8.19 (m,16H, phenyl), -7.20 (s, 3H, CH3). 

1H NMR [(TSPP)Ir‒(CH2)4CH3(CD3OD)]4
‾: (500 MHz, CD3OD) δ(ppm): 8.23 (8H, 

pyrrole), 8.20 (m, 16H, phenyl), -0.22 (t, 3H, -(CH2)4CH3, J1H-1H = 7 Hz), -0.44 (t of d, 

2H,-(CH2)3CH2CH3, J1H-1H = 7.3 Hz, J1H-1H = 7.3 Hz), -1.56 (p, 2H, (CH2)2-CH2-CH2CH3,  

J1H-1H = 7.2 Hz), -4.38 (d of t, 2H, -CH2CH2(CH2)2CH3,  J1H-1H = 8 Hz, J1H-1H = 8 Hz), -

6.41 (t, 2H, -CH2(CH2)3CH3, J1H-1H = 8 Hz).   
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CHAPTER 6  

 

REACTIONS OF CO WITH IRIDIUM PORPHYRINS  

IN METHANOL AND WATER  
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6.1 INTRODUCTION 

Activation of carbon monoxide1-4 is an important current endeavor in 

organometallic chemistry as petroleum cost and the demand for petroleum derived fuel 

rises.5-11  A mixture of CO and H2 called syngas7,9,12 is a readily available byproduct of 

natural gas, coal and biomass and provides an opportunity to develop carbon oxygenate 

building blocks from CO and H2 for the advancement of alternative energy13 relevant 

organics.   

The reaction of rhodium porphyrins in water have greatly resembled the reactivity 

observed for iridium porphyrins in water.  Rhodium porphyrins react with CO in water to 

form equilibrium concentrations of rhodium hydride porphyrin and rhodium formyl 

porphyrin, eq 6:1, 6:2 (OEP: octaethylporphyrin).14-18  In theory, metalloformyls can be 

readily synthesized.  Analysis of synthethic approaches to the formation of metalloformyl 

complexes is depicted in Figure 6-1.19-20 

[(OEP)Rh‒H]   +  2 CO     2[(OEP)Rh-CHO]    (6:1) 

[(OEP)Rh]2  +  2 CO +  H2   2[(OEP)Rh-CHO]   (6:2) 

 

      

        Figure 6-1:  Synthetic approaches to generation of metalloformyl complexes 
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The most direct approach for the formation of metalloformyls is the generation of 

a carbon hydrogen bond through insertion of CO into a M‒H bond or by attack of 

nucleophile H‾ upon coordinated CO (Figure 6-1(A)).  In water, hydroxide is a potent 

nucleophile21 and attack of coordinated CO [M‒CO] by OH‾ to form a metallo-

hydroxycarbonyl is known as the water gas shift reaction (WGSR).10,22  Figure 6-2 

illustrates nucleophile-carbonyl adducts of both hydride and hydroxide and also 

alkoxides, secondary amines, acyls and oxide.  

 

                          

                              Figure 6-2:  Metallo nucleophile-carbonyl adducts 

 

This chapter reports efforts to generate an iridium formyl porphyrin complex in 

water and methanol by the reaction of CO and H2 with (por)Ir‒H (por = TMPS, TSPP).  

The chemistry of iridium porphyrins with CO in organic solvents result in the formation 

of iridium carbonyl adducts.23-25  The investigation of CO and iridium porphyrins in 

water and methanol where ionic pathways are accessible is reported for the first time in 

this chapter.      



 194

6.2 RESULTS AND DISCUSSION 

6.2.1 Reaction of [(TMPS)Ir‒D(D2O)]8
‾ with CO in Water 

Preformed solutions of [(TMPS)Ir‒D(D2O)]8
‾ from the reaction of dihydrogen 

and [(TMPS)Ir(OD)(D2O)]8
‾ at an initial pD of 9.5 where pressured with 100 – 1520 torr 

of CO.  Samples were observed to immediately exhibit a color change upon addition of 

CO from orange to red.  The 1H NMR was immediately collected at room temperature 

following the addition of CO to monitor the reaction and then the sample was degassed 

and repressurized with 500 torr H2 to determine reversibility and deduce the immediate 

reaction of CO with [(TMPS)Ir‒D(D2O)]8
‾ displaced water to form [(TMPS)Ir-D(CO)]8

‾, 

eq 6:3. 

[(TMPS)Ir-D(D2O)]8
‾ + CO [(TMPS)Ir-D(CO)]8

‾+  D2O   (6:3) 

Aqueous solutions of [(TMPS)Ir-D(D2O)]8
‾ are found to react reversibly with CO 

to produce a single pyrrole resonance in the 1H NMR which responds to increasing CO 

concentration by shifting increasingly downfield from [(TMPS)Ir-D(D2O)]8
‾ at 8.36 ppm 

as shown in Figure 6-3.  Aqueous solutions of [(TMPS)Ir-D(D2O)]8
‾ in contact with CO 

result in the adduct formation of [(TMPS)Ir-D(CO)]8
‾, eqn 6:3.   

The equilibrium constant for fast exchange mole fraction average of [(TMPS)Ir-

D(CO)]8
‾and [(TMPS)Ir-D(D2O)]8

‾ in deuterium oxide can be determined using several 

pressures of CO utilizing the experimentally determined limiting 1H NMR shifts of 

[(TMPS)Ir-D(D2O)]8
‾ as 8.364 ppm and [(TMPS)Ir-D(CO)]8

‾ as 8.60  ppm   Results 

substantiate the ready formation of CO adduct species [(TMPS)Ir-D(CO)]8
‾ with a large 

equilibrium constant of  K = 9.5x 103 and a favorable free energy at 298 K  ∆Gº= -5.4 

kcal mol-1 calculated as follows.     
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Figure 6-3: 1H NMR (500 MHz, D2O) of the equilibrium between [(TMPS)Ir‒D(D2O)]8
‾  and [(TMPS)Ir‒D(CO)]8

‾  at 
varying CO pressure.  Porphyrin pyrrole (8-36-8.60 ppm), p-methyl (3.15 ppm), o-methyl (2.15 ppm)   
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�<:A =
���TMPS
Ir − D�CO
�)‾��D�O�
���TMPS
Ir − D�D�O
�)‾�CO��

 

δL�M =	NOPCQ�RδOPCQ�R +	NOPCSRδOPCSR 

δL�M =	NOPCQ�R�8.36
 +	NOPCSR�8.60
 

8.38	 = 	NOPCQ�R�8.36
 +	�1 − NOPCQ�R
�8.60
 

8.38	 = 	8.36	NOPCQ�R +	�8.60 − 8.60NOPCQ
 

8.60 − 8.38 = 	8.36	NOPCQ�R	−8.60NOPCQ�R 

	0.24	NOPCQ�R = 0.22	 

	NOPCQ�R = 0.22 0.24	T = 0.92 

	NOPCSR = 1 − 0.92 = 0.08 

�<:A =
�0.08��55.14�

�0.92��5.03x10C;� = 9.5	x	10A 

	∆+,<:A�298 K
 = −RT	lnK�; = −5.4	kcal/mol  

 

Reactions of iridium porphyrin hydrides in benzene with (~1 atm) CO have been 

illustrated to form similar six coordinate CO adducts (eq 6:4)  with no evidence for the 

formation of metalloformyl complexes at 1 atm CO. 23,26  The reaction of IrII-IrII 

porphyrin dimers (por = OEP, TXP: tetraxylylporphyrin) with CO(~ 1 atm) also have 

been found to exclusively form CO adducts where the metal metal bond is preserved and 

there is no evidence for metalloketone or dimetallo diketone porphyrin complexes, eq 

6:5.27-28 

(por)Ir‒H  +  CO  (por)Ir‒H(CO)   (6:4) 

(por)Ir‒Ir(por)  +  CO  (CO)(por)Ir‒Ir(por)(CO)  (6:5) 
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In contrast, rhodium hydride porphyrins and RhII-RhII porphyrin dimers react with 

CO to form equilibrium distribution of rhodium adduct CO complexes ([(por)Rh-

H(CO)]), dirhodium ketone ([(por)Rh-CO-Rh(por)], dirhodium diketone ([(por)Rh-CO-

CO-Rh(por)]) and rhodium formyl complexes ([(por)Rh-CHO]).14-18,23,29-31  The 

observation of greater reactivity of CO with rhodium porphyrins is attributed to a ∆G for 

the difference in bond free energy of [Rh‒H] - [Rh‒C] being close to zero.28  In the case 

of iridium this difference is bond free energies is larger and thermodynamically prohibits 

observation of iridium formyl porphyrin complexes at these CO pressures and 

temperatures.23-24  It is also noteworthy that electron rich rhodium hydride complexes 

prefer to form 5 coordinate species and limits the adduct formation of [(por)Rh-H(CO] 

while iridium hydride complexes prefer to be coordinately saturated octahedral 6 species.  

The reaction of equilibrium distributions of [(TMPS)Ir-D(D2O)]8
‾ and [(TMPS)Ir-

D(CO)]8
‾ with CO (500 torr)  and H2 (100 torr) were monitored over a month by 1H 

NMR (298 K).  The 1H NMR showed the formation of new iridium porphyrin species 

whose concentrations changed slowly over time, Figure 6-7.  Use of 13CO was utilized to 

trace the formation of CO derivatives by NMR techniques.  13C NMR did not show 

incorporation into any organometallic iridium porphyrin complex like the iridium formyl 

or dimetal ketone complexes in solutions of 93:7, H2O:D2O.   

In water, CO is anticipated to exhibit water gas shift reaction cycle through the 

reaction of water with coordinated CO, Figure 6-4.  Nucleophilic attack of coordinated 

carbon monoxide in iridium carbonyl complexes are found in literature.32-33  Early 

examples of metal carbonyls in aqueous solution illustrate reactivity with stoichiometric 

amounts of base to form the metal carbonyl anion, eq 6:6.34-35  Acidification of the 
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solution then releases H2 from protonation of the metal hydride and CO2 from 

neutralization of carbonate (i.e. CO3
2
‾  + 2H+  CO2  +  H2O) which are water gas 

shift reaction (WGSR) products (eq 6:7) 

Fe(CO)5  +  3OH‾  (H)Fe(CO)4‾  + CO3
2
‾   + H2O   (6:6) 

CO  +  H2O  CO2  + H2    (6:6) 

The iridium hydridic carbonyl porphyrin [(TMPS)Ir-D(CO)]8
‾ is presumed to 

similarly lead to the stoichiometric release of WGSR products (eq 6:7). Under 

moderately alkaline conditions the reaction is anticipated to become catalytic as shown in 

Figure 6-4 which provides a rational for the generation of iridium carbony organometallic 

related species observed in the 1H NMR as the sample of [(TMPS)Ir-D(CO)]8
‾ is allowed 

to react over time.  The generation of iridium precursors that release WGSR products do 

not have hydrogens that permit ready observation of either 13C or 1H organometallic 

signals by NMR which restricts the assignment of resonances in the 1H NMR (Figure 6-

5).  Also, the WGSR equilibrium (eq 6:6) favors product formation (CO2, H2) in water.22 

                              

Figure 6-4:  Reaction of CO with [(TMPS)Ir‒D(D2O)]8
‾ in water is analogous to the 

water-gas shift reaction cycle.    
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Figure 6-5:  1H NMR (500 MHz, D2O) formation of CO derivative organometallic complexes which evolve following the 
formation of equilibrium distributions of [(TMPS)Ir‒D(D2O)]8

‾  and [(TMPS)Ir‒D(CO)]8
‾ in water at pD 9. 

 

PPM 8.90 8.80 8.70 8.60 8.50 8.40 8.30 8.20 8.10
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The iridium porphyrin complexes which are generated by the proposed catalytic 

cycle shown in Figure 6-3 consists of four key steps.   The first involves the equilibrium 

of the iridium hydride [(TMPS)Ir‒D(D2O)]8
‾ and the CO adduct iridium hydridic 

carbonyl [(TMPS)Ir‒D(CO)]8
‾ which are in fast exchange as explained earlier in this 

section.  The second step is the rate determining step and is the nucleophilic attack of 

hydroxide on the iridium carbonyl to form the iridium hydroxycarbonyl 

[(TMPS)Ir‒D(COOH)]9
‾.  Decarboxylation of [(TMPS)Ir‒D(COOH)]9

‾ then occurs to 

generate CO2 and the electron rich dihydride iridium porphyrin complex which is 

protonated to reductively eliminate H2 and restablish the equilibrium of 

[(TMPS)Ir‒D(D2O)]8
‾ and  [(TMPS)Ir‒D(CO)]8

‾.  

 

6.2.2 Reaction of [(TMPS)Ir(D2O)2]
7
‾ with CO in Water  

Under alkaline condition the reactivity of CO complexes is complicated by 

nucleophilic reactions with hydroxide.  Acidic solutions of [(TMPS)Ir(D2O)2]
7
‾ at pD~6 

were pressured with CO ( ~ 500 torr) and observed by 1H NMR.  The NMR was more 

intricate than anticipated.  The labile axial water ligands of [(TMPS)Ir(D2O)2]
7
‾ are 

anticipated to exchange with CO in water [(TMPS)Ir(D2O)(CO)]7
‾, eq 6:8.   

[(TMPS)Ir(D2O)2]
7
‾  +  CO  [(TMPS)Ir(D2O)(CO)]7

‾  +  D2O (6:8) 

[(TMPS)Ir-CO(D2O)]7
‾  +  OD‾  [(TMPS)Ir-D(D2O)]8

‾   + CO2 (6:9) 

The CO iridium adduct complex is sufficiently activated by coordination to 

iridium as a result of the positive charge at the iridium(III) center and decrease in 

backbonding into the carbonyl unit.  Nucleophilic attack by water occurs as shown in 

Figure 6-6 to produce CO2, eq 6:9.36-37  The concurrent generation of the iridium hydride 
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complex provides a segue to CO and WGSR cycle with both iridium hydride and iridium 

(III) porphyrins in water (eq 6:8) illustrated in Figure 6-6. 

            

Figure 6-6:  Water gas shift reaction cycle of (right)[(TMPS)Ir(D2O)2]
7
‾ with CO in 

water which provides an entry point to the reaction of (left) [(TMPS)Ir‒D(D2O)]8
‾ 

with CO in water.  

As the sample matured, the 1H NMR became more complicated and the 

resonances unassignable as an increased number of iridium porphyrin complexes 

emerged due to the catalytic cycle illustrated in Figure 6-6.  Assignment of the 1H NMR 

to specific iridium carbonyl anion species generated would allow determination of 

equilibrium constants relevant to the iridium hydroxycarbonyl products and evaluation of 

the thermodynamic preference for the WGSR cycle with iridium porphyrins.  The 

formation of CO2 also influences the pH of the solution which buffers the reaction due to 

bicarbonate/carbonate equilibrium, eq 6:10, 6:11.  The complexity of the equilibrium 

system shown in the catalytic cycle shown in Figure 6-6 coupled with the pH solution 

complication prohibited further analysis.  

CO  +  OH‾  HCO2‾      (6:10) 

CO2  +  OH‾  HCO3‾     (6:11) 
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6.2.3 Reactions of [(TSPP)Ir-D(CD3OD)]4
‾ with CO (440 torr) in Methanol:    

Solutions of [(TSPP)Ir-D(CD3OD)]4
‾ in methanol are formed as part of a more 

complex simultaneous equilbria involving mole fraction averaged iridium(III) species 

from the reaction of hydrogen (H2/D2) in methanol at [D+] ≈ 10‾8.  The sample of 

preformed [(TSPP)Ir-D(CD3OD)]4
‾ is then degassed and pressurized with CO (440 torr).  

The sample immediately changed from orange to red and the 1H NMR immediately 

showed a new species with a pyrrole shift at 8.65 and two set of semi-overlapping AB 

patterns for the phenyl Ir complex  (Figure 6-7). 

        

Figure 6-7:  1H NMR of the reaction of (A)[(TSPP)Ir‒D(CD3OD)]4
‾  with CO in 

methanol to form the iridium methoxycarbonyl (B) [(TSPP)Ir‒D(CO2CD3)]
5
‾   

The sample was then degassed and repressurized with H2 (500 torr).  The addition 

of H2 did not reform the iridium hydride and the reaction of CO with iridium hydride 

resulted in the formation of a stable carbonyl nucleophile adduct.  Examination of the 1H 

NMR shows two sets of AB pattern phenyls resulting from an axially coordinated group 

that breaks the symmetry of the porphyrin.  The formation of iridium methoxycarbonyl 
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porphyrin complex is consistent with the loss of symmetry of the porphyrin, the 

formation of a stable adduct not readily reactive with H2 and the nucleophilic attack of 

methoxide on coordinated CO, Figure 6-8, eq 6:12. 

 

 [(TSPP)Ir‒D(CD3OD)]4
‾  + CO   [(TSPP)Ir‒D(CO2CD3)]

5
‾   +  D+    (6:12) 

 

                        

Figure 6-8:  Reaction of CO with [(TSPP)Ir‒D(CD3OD)]4
‾ to form the CO adduct 

complex in methanol followed by subsequent nucleophilic attack by methoxide to 
form the [(TSPP)Ir‒D(CO2CD3)]

5
‾.   

 

6.2.4 Reactions of [(TSPP)Ir-D(CD3OD)]4
‾ with CO/H2 in Methanol:   

The reaction of CO with solutions of [(TSPP)Ir-D(CD3OD)]4
‾ formed 

[(TSPP)Ir‒D(CO2CD3)]
4
‾.  To facilitate the formation of other carbonyl nucleophile 

iridium porphyrin complexes dihydrogen was added.  Solutions of preformed [(TSPP)Ir-

D(CD3OD)]4
‾ at a  [D+] ≈10‾7were pressurized with syngas mixture of H2 (130 torr) and  

CO (300 torr).   

[(TSPP)Ir‒D(CD3OD)]4
‾  + CO   [(TSPP)Ir‒D(CO)]4

‾   +  CD3OD    (6:13) 

The reaction was monitored by 1H NMR for 7 days, Figure 6-9.  The initial 

reaction with CO resulted in formation of the CO adduct [(TSPP)Ir-D(CO)]4
‾ which was 

confirmed by observation of a shift of the proton resonance of [Ir-H] in solutions of 93% 

H2O, 7% D2O, eq 6-13.  Coordination of CO to form [(TSPP)Ir-D(CO)]4
‾ shifted the Ir-H 
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resonance from -59.1 ppm to -48.7 ppm as a result of the trans effect of CO which 

deshields the [Ir-H] unit and shifts the resonance downfield.  Typically pyrrole shifts 

move downfield as a result of increasing electron positivity, however it is not clear how 

the acidity of [Ir-H] is influenced in [(TSPP)Ir-D(CO)]4
‾ though the resonance shifts 

downfield as the equilibrium shifts to form the CO iridium porphyrin adduct.  Over a 

period of 7 days the sample was converted to primarily [(TSPP)Ir-D(CO2CD3)]
5
‾ through 

the nucleophilic reaction of methanol/methoxide with coordinated CO eq 6:11.  13C NMR 

confirmed the conversion of free 13CO (185 ppm) (Figure 6-12) to an acid type unit (125 

ppm) Figure 6-13  A plot of the change in concentration of species as illustrated by the 

1H NMRs in Figure 6-11 is shown in Figure 6-10.  The equilibrium constant is 

determined using the equilibrium concentrations (Figure 6-9) of iridium CO adduct and 

the iridium methoxycarbonyl complex and by utilization of [H+] in methanol, eq 6:14.  

The equilibrium constant for the reaction of methoxide to form the iridium porphyrin 

methoxcarbonyl is favored, ∆G°6.16 = -17.3 kcal/mol (eq 6:16), dervived as shown by 

K6:16 = K6:14/K6:15 (K6:15 = 2.5 x 10‾17, ∆G°6:15 = 22. 7 kcal/mol). 

[(TSPP)Ir‒D(CO)]4
‾  + CD3OD   [(TSPP)Ir‒D(CO2CD3)]

5
‾   +  D+   (6:14) 

               CD3OD    D+  +  OCD3‾    (6:15) 

[(TSPP)Ir‒D(CO)]4
‾  +   OCD3‾   [(TSPP)Ir‒D(CO2CD3)]

5
‾    (6:16) 

	K<:�; 			= 		 ��TSPP
Ir-D�COOCHA
��D��
��TSPP
Ir‒D�CO
��CDAOD�

	= 	 �4.67	x	10
C;��4.67	x	10C;�

�7.97	x	10CJ��24.6� 	= 	1.1	x	10C;	 

				∆G<:�;° 	�298	K
 = 	5.4	kcal	molC� 

K<:�< 		= 		 ��TSPP
Ir-D�COOCHA
�
��TSPP
Ir‒D�CO
��OCDA‾�

	= 	K<:�;
K<:�J

	= 	 1.11	x	10
C;

2.5	x	10	C� = 4.4	x	10�� 

				∆G<:�<° 	�298	K
 = 	−17.3	kcal	molC� 
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Figure 6-9:  Change in concentrations (M (x10-5)) of [(TSPP)Ir-D(CO)]4
‾ (diamonds: 

expt points; dotted line: best fit line) and [(TSPP)Ir-D(COOCH3)]
4
‾
 (squares: expt 

points; dashed line: best fit line) with change in time (mins). 

The change in concentration until equilibrium is reached for reactions 6:14 & 6:16 are 

shown in Figure 6-9.  The rate of formation of iridium methoxycarbonyl complex is 

determined to be first order by obtaining a straight line for the plot of ln[Ir-D(CO2CH3)] 

vs time (sec) with respect to the formation of the iridium methoxycarbonyl complex. A 

rate constant of 4x10‾6 sec‾1 was obtained as shown in Figure 6-10 with a non-zero 

intercept.  

 

Figure 6-10:  Plot of of ln[Ir-D(CO2CH3)] vs time (sec) showing first order kinetic 
rates with respect to formation of [(TSPP)Ir-D(CO2CH3)]

5
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Figure 6-11:  Reaction of CO with [(TSPP)Ir-D(D2O)]4
‾ over time; major species  at 

time = 0 [(TSPP)Ir-D(D2O)]4
‾; at time = 16 hrs [(TSPP)Ir-D(CO)]4

‾; at time = 6.5 
days [(TSPP)Ir-D(CO2CD3)]

5
‾. 
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Figure 6-12:  13C NMR (500 MHz, CD3OD) showing primary peak 13CO in 
methanol. 

 

Figure 6-13:  13C NMR (500 MHz, CD3OD) showing primary peak of acid 
functionality [O‒13C=O] in methanol.  
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6.3 CONCLUSION 

Insights on metallocarbonyl activation from a synthetic aspect provide equal 

opportunity for nucleophilic attack by hydride or hydroxide.  However, no iridium 

porphyrin formyl complexes were observed under the set of conditions described in this 

chapter in water or in methanol, in the presence of nucleophilic hydride source.  Rather, 

hydroxide and alkoxide reacted exclusively with [Ir‒CO] units to form iridium 

hydroxycarbonyl porphyrin and iridium methoxycarbonyl porphyrin complexes in water 

and methanol respectively.    

In the same range of concentrations of both porphyrin and CO (~ 1 atm), 

[(TMPS)Ir-D(D2O)]8
‾ forms an equilibrium distribution with the CO adduct of iridium 

hydride [(TMPS)Ir-D(CO)]8
‾ while the rhodium analogue ([(TMPS)Rh-D(D2O)]8

‾) forms 

an equilibrium with the rhodium formyl [(TMPS)Rh-CDO(D2O)]8
‾,  K = 1.7 x 103, ∆Gº= 

-4.4 kcal mol-1.38  The reaction of CO with the iridium hydride to produce a formyl 

complex (eq 6:17) must be thermodynamically less favorable than the process with the 

analgous rhodium hydride to produce the [Rh‒CDO]. 

[(por)Ir-D(solvent)] + CO   [(por)Ir-CDO(solvent)]            (6:17) 

The BDFE for all the Ir-X units is larger than the corresponding Rh-X BDFE (as 

discussed in previous chapters) but the increase in the iridium hydride compared to the 

rhodium hydride is larger than the increase in the Ir-C compared to the Rh-C.  The free 

energy change for reaction 6:17 to produce an iridium formyl falls short of that needed to 

give observable 1H NMR concentrations of [(por)Ir-CDO], but modestly higher pressures 

of CO (~50 atm) can be expected to give observable concentrations of the elusive  

iridium formyl complex.            
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6.4 EXPERIMENTAL 

General considerations: D2O was purchased from Cambridge Isotope Laboratory Inc. 

and degassed by three freeze-pump-thaw cycles before use. 13CO was purchased from 

Sigma Aldrich and obtained in a lecture bottle.  Proton NMR spectra were obtained on a 

Bruker AvanceIII 500 MHz at 293K.  Chemical shifts were referenced to 3–trimethyl 

silyl–1 propane sulfonic acid sodium salt. Proton NMR spectra was used to identify 

solution species and to determine the distribution of species at equilibrium. pH 

measurements are performed on Thermo Scientific XL15 meter and Orion 9802 glass 

electrode39 precalibrated by Thermo Orion buffer solutions of pH = 4.01, 7.00 and 10.01.  

Tetramesitylporphyrin (H2TMP) and tetraphenylporphyrin (H2TPP) were synthesized 

according to reported methods.40-42  Sulfonation of meso-tetraphenylporphyrin sodium 

salt was achieved and subsequently purified by the method of Srivastava43.  Metallation 

was achieved as described in literature methods.41,44  Thermodynamic studies of 

(TMPS)Ir complexes in water and (TSPP)Ir complexes in methanol were carried out at 

concentrations less than 2 × 10-3 M in order to minimize molecular and ionic association.  

 

6.4.1 Reactions of CO in water with [(TMPS)Ir-D(D2O)]8
‾ and in methanol with 

[(TSPP)Ir-D(CD3OD]4
‾ 

Substrate reactions of [(TMPS)Ir-D(D2O)]8
‾ and [(TSPP)Ir-D(CD3OD]4

‾ with CO 

and 13CO in water and methanol, respectively were carried out by vacuum transfer of the 

substrate to vacuum line adapted NMR tubes containing preformed samples of in 

D2O/CD3OD at a defined hydrogen ion ([D+]) concentration, and then dihydrogen was 

repressurized into the sample.   



210 

Proton NMR was used to identify solution species and to determine the 

distribution of each species at equilibrium. Equilibrium constants were evaluated from 

the intensity integrations of 1H NMR for each species in combination with D+ 

concentration measurement and the solubility of the small organic substrate in water.22  

 

6.4.2 Reaction of (TMPS)Ir with CO:  

Solutions of (TMPS)Ir (hydride and bisaqua) (10‾3 M) were pressurized with 

mixture of H2/CO containing 70% of CO (0.6 atm.) to form [(TMPS)Ir-D(CO)]8
‾.  The 

equilibrium constant is evaluated using least squares averaging for the fast exchange 

mole fraction averaged iridium hyridic carbonyl and iridium hydride with limiting 

resonance 1H NMR shifts of 8.59 and 8.36 ppm, respectively.  1H NMR 

[(TMPS)Ir-D(CO)]8
‾ (500 MHz, D2O) δ(ppm): 8.59 (s, 8H, pyrrole), 3. 16 (s, 12H, p-

methyl), 2.17 (s, 12H, o-methyl), 2.13 (s, 12H, o’-methyl).  

 

6.4.3 Reaction of [(TSPP)Ir-D(CD3OD)]4
‾ with CO:  

A solution of (TSPP)IrIII (10‾3 M) was pressurized with mixture of H2/CO 

containing 70% of CO to form [(TSPP)Ir-D(CO)]4
‾.  Kinetic data for the formation of 

[(TSPP)Ir-D(CO2CH3)]
5
‾ was determined by monitoring the formation of product with 

time.   1H NMR [(TSPP)Ir-D(CO)]4
‾  (500 MHz, CD3OD) δ(ppm): 8.45 (s, 8H, pyrrole), 

8.20 (m, 16H, phenyl)  1H NMR [(TSPP)Ir-D(CO2CH3)]
5
‾  (500 MHz, CD3OD) δ(ppm): 

8.62 (s, 8H, pyrrole), 8.24 (m, 16H, phenyl)    
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CHAPTER 7  

 

SYNTHESIS OF LIGANDS TO ADJUST AND DIRECT 

REACTIVITY AT IRIDIUM METAL CENTERS 
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7.1 INTRODUCTION 

The chemistry of iridium(III) porphyrins, iridium(I) porphyrins and iridium 

hydride porphyrins have been investigated in water and methanol and reported in prior 

chapters.  The chemistry of iridium(II) complexes has been implicated but not directly 

investigated.  This chapter reports the synthesis of ligands whose design will allow access 

to iridium(II) dimers and its homolytic counterpart iridium(II) monomeric complexes.  

In general, the chemistry of iridium porphyrins parallels the reactivity of rhodium 

porphyrins.  Prominent reactions of rhodium(II) dimers are the oxidative addition of C‒H 

unit to metalloradicals (2M• + H‒X M‒H + M‒X) and the insertion of multiple CO 

units between a RhII
‒RhII bond to form dimetalloketones.  Metalloradical reactions of 

H‒X occur through a termolecular transition state that contains two metalloradicals and 

the substrates (2M• + H‒X M•…H…X…•M) in a near linear fashion.  The 

synchronized H‒X bond breaking and the formation of two bonds provide a low energy 

pathway for processes where the bond that is being broken is substantially stronger than 

either of the bonds being formed.   

Iridium(II) complexes are anticipated to have analogous reactivity to that of 

rhodium(II) complexes, including the important formation of dimetal ketones and dimetal 

diketones.  Metalloketones can then be hydrogenated to form metalloformyls which are 

important precursors for the synthesis of alternative energy sources.  This chapter reports 

the synthesis of ligands porphine, pacman porphyrin and 

dibenzotetramenthylaza[14]annulene (H2TMTAA) which when metallated can 

potentially form iridium(II) dimers.   

  



7.2 SYNTHESIS, RESULTS

7.2.1 Porphine 

The elementary unit of porphyrin macrocyles is the 

porphine (Figure 7-1).  Porphine is the simplest

result will exhibit the strongest metal metal bonded porphyrin

the IrII
‒IrII bond energetics is permitted by metalla

planar nature provides unique electronic properties and architectural properties that are 

attractive features to investigate reactivity and equilibrium thermodynamics of their 

iridium porphine [(por)Ir]

                  

         Figure 7-1: Tetra-pyrrole macrocycle (A) planar; (B) ball/stick po

 

The arrangement/stacking of porphines is a result of metal

dimerization and also a result of electrostatic interactions that occur without the use of a 

template or tether; i.e. not structurally added motifs.  This allows a type of 

preorganization of metal centers with ideal interplane distances without covalent bonds 

among the porphines.  A unique design 

(left structure).  The nature of porphines to stack is also illustrated in Figure 7

structure). 
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SYNTHESIS, RESULTS AND DISCUSSION 

The elementary unit of porphyrin macrocyles is the tetrapyrrole core called 

1).  Porphine is the simplest, sterically smallest porphyrin and as a 

result will exhibit the strongest metal metal bonded porphyrin complexes

bond energetics is permitted by metallating porphine iridium(II).  Porphine’s 

planar nature provides unique electronic properties and architectural properties that are 

attractive features to investigate reactivity and equilibrium thermodynamics of their 

or)Ir]2 complexes. 

N

NH N

HN

                        

(A)                                                       (B) 

pyrrole macrocycle (A) planar; (B) ball/stick po

The arrangement/stacking of porphines is a result of metal-

dimerization and also a result of electrostatic interactions that occur without the use of a 

template or tether; i.e. not structurally added motifs.  This allows a type of 

reorganization of metal centers with ideal interplane distances without covalent bonds 

among the porphines.  A unique design of intercalate porphines is shown in Figure 7

(left structure).  The nature of porphines to stack is also illustrated in Figure 7

tetrapyrrole core called 

porphyrin and as a 

complexes.  Evaluation of 

ting porphine iridium(II).  Porphine’s 

planar nature provides unique electronic properties and architectural properties that are 

attractive features to investigate reactivity and equilibrium thermodynamics of their 

 

pyrrole macrocycle (A) planar; (B) ball/stick porphine. 

-metal bonds or 

dimerization and also a result of electrostatic interactions that occur without the use of a 

template or tether; i.e. not structurally added motifs.  This allows a type of 

reorganization of metal centers with ideal interplane distances without covalent bonds 

intercalate porphines is shown in Figure 7-2 

(left structure).  The nature of porphines to stack is also illustrated in Figure 7-2 (right 
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1Figure 7-2:  The low sterics of porphine allow stacking without the need for 
covalent bonds as shown in the self assembly of porphines in organic pillars .  

Though the planar structure of porphine provides the optimum geometry and low 

sterics to evaluate the true Ir‒Ir bond energetics, the aromatic nature permits charge 

transfer from the metal center.  Carrier transport pathways involve the movement of 

electrons and holes through the π system, Figure 7-3.  Holes move through mainly 

conjugated carbon and nitrogen π orbitals and electrons move mainly on carbon π 

orbitals.  Stabilization of the metalloradical iridium(II) may shift(transport) the odd metal 

based electron to the porphine π system and be anticlimatic in reactivity, for example, in 

its inability to activate CO towards hydrogenation.  

                             

          Figure 7-3:  1Transport system of electrons and holes by porphine. 

Porphine is the most difficult to directly synthesize with yields typically less than 

5%.2-4   Attempts to efficiently synthesize (yields ~ 75 %) the tetrapyrrole macrocycle 

porphine have been accomplished through dealkylation/decarboxylation of groups at the 
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meso-substituted porphyrin position.5-7  The following narrative reports the synthesis of 

porphine in the Wayland lab, Figure 7-4. 

 

                           

                               Figure 7-4:  Reaction scheme of porphine. 

 

Synthesis:  Chloroform (750 mL) was added to a 1 L one neck flask equipped with a stir 

bar and fitted with a septa.  The solvent was then deoxygenated by bubbling N2 through a 

needle into the solvent for 15 mins.  Freshly distilled pyrrole (10 mmol, 0.7 mL) was 

added to the round bottom flask and allowed to stir until completely dispersed.  Formalin 

(0.74 mL of 37% MeOH soln, 10 mmol) was then added and the solution stirred 

vigorously for 15 mins.  Boron trifluoride etherate (1 mL) was added to initiate the acid 

catalyzed condensation of the tetrapyrrole.  The solution initially was pale yellow and 

turned deep orange as the reaction progressed.  UV-Vis was used to monitor the 

formation of product and after 2 hours the reaction was complete.  Tetrachloro-p-

benzoquinone (p-chloroaniline, 1.8 g, 7 mmol) was added to the reaction, the septa on the 

round bottom flask was replaced with a reflux condenser and the reaction was heated to 

reflux for 1 hour.  The product was evaporated to dryness and then redissolved in a 

minimum amount of methanol and filtered.  The filtrate was evaporated to dryness and 

purified by chromatography.  Successive silica gel columns were prepared and porphine 
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was isolated as a brown fraction.  Initial columns used CH2Cl2 as the eluent.  The final 

column used a mixture of 5% pentane in CH2Cl2. 

1H NMR (500 MHz, CDCl3, δ) 10.38 (s, 4H, meso-H), 9.54 (s, 8H, pyrrole), -3.96 (br, 

2H, NH).  The 1H NMR of porphine in CDCl3 is shown in Figure 7-6  and agrees well 

with that reported by Funasaki.7   

UV-Vis in CH2Cl2: 
5 (λ nm) 394, 489, 519, 561, 614 (Figure 7-5)  

 

 

                   Figure 7-5:  UV-Vis of porphine in 1,2-dichloromethane. 
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Figure 7-6: 1H NMR (500 MHz, CDCl3) porphine; inserts show N‒H (-3.97 ppm), meso C‒H (10.4 ppm), pyrrole (9.54 
ppm) hydrogen resonances.  

PPM 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0 -1.0 -2.0 -3.0 -4.0 -5.0

PPM -1.5 -2.5 -3.5 -4.5 -5.5 -6.5
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7.2.2 Pacman Porphyrins 

Pacman porphyrins8-11 are covalently linked bisporphyrins with an interplane 

distance (cavity) permitting the study of bimetallic organometallic transformations, 

Figure 7-7.  

 

            

12Figure 7-7:  Bisporphyrin interplane distances can be adjustd through 
modification of the bridging tether and sterics to provide a cavity for bimetallic 
organometallic substrate transformations.   

Pacman complexes are either rigid or flexible in geometry as defined by the 

freedom of motion of the bisporphyrin units.  Rigid bisporphyrins approximate true face 

to face geometry, pillared through a single rigid bridge, Figure 7-8.13-14 Investigation of 

rigid bisporphyrins will permit the investigation of dimetal reactivity through metal 

centers at prefixed distances and utilize concerted di-iridium transformations (ct-ct: 

center to center distances in Figure 7-8). 

                                  

         Figure 7-8:  Rigid bisporphyrins where ct-ct is the metal-metal distance.  
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Flexible bisporphyrins have less rigid spacers and variable inter-porphyrin 

distances (flexible spacers involve straight chain alkyl units in the design of a flexible 

bisporphyrin).  The inter-porphyrin distances and electronic properties of flexible 

bisporphyrins can be adjustd by varying sterics and by varying the spacer between 

porphyrins.  Varying sterics and spacer units are essential design features of 

bismetalloporphyrins to modify the metal-metal contribution and corporation in reactions 

such as C‒H/H‒H/C‒O bond activation processes.15-22   

Iridium bisporphyrins need to be developed in order to realize and develop 

reactivity and selectivity of bi-iridium complexes as a singular molecular species towards 

substrates through manipulation of both sterics and spacer units to examine the reactivity.  

The two part synthesis of m-xylyl tethered diporphyrin follows.  

 

Synthesis:  5-(4-Hydroxyphenyl)-10, 15, 20 triphenylporphyrin [H2TPP-OH]:  

     

    Figure 7-9:  Synthesis of 5-(4-Hydroxyphenyl)-10, 15, 20 triphenylporphyrin 

The synthesis schematic is shown in Figure 7-9.  A 3-neck 1 L round bottom flask 

was equipped with a large stir bar and 750 mL methylene chloride was added.  The 

flasked was stoppered with septums and the solvent purged by bubbling nitrogen through 

it. 4-Hydroxybenzaldehyde (2.5 mmol, 305 mg) was added and the solution heated to 
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completely dissolve this aldehyde, methanol was added sparingly to aid the solvation of 

the hydroxybenzaldehyde.  Benzaldehyde (7.5 mmol, 0.76 mL) and freshly distilled 

pyrrole (10 mmol, 0.7 mL) was syringed into the reaction mixture.  The solution was then 

thoroughly stirred until a homogenous solution could be inferred.  Trifluoroacetic acid 

(TFA, 7.5 mmol, 0.6 mL) was added to catalyze the formation of porphyrinogenase 

overnight.  Tetrachloro-benzaquinone (7.5 mmol, 1.84 g) was added to the reaction in air 

and the reaction refluxed for one hour.  All the solvent was then evaporated and the solid 

purified on silica gel using methylene chloride.  The final product H2TPP-OH was 

purified using 5% methanol.   

 

Figure 7-11 1H NMR (500 MHz, C6D6, δ ppm) 8.98 (d, J = 4.7 Hz, 4H, pyrrole), 8.94 (d, 

J = 4.7 Hz, 4H, pyrrole), 8.11 (m, 6H, o-phenyl), 7.92 (d, J = 8.5 Hz, 2H,  

o-phenyl), 7.45 (m, 9H, m,p-phenyl), 6.75 (d, J = 8.5 Hz, 2H, m,p-phenyl), 4.09 (br, 1H, 

OH), -2.10 (br, 2H, NH). 

 

The synthesis of m-xylyl tethered-bis(tetraphenylporphyrin) (m-xylyl-(TPPH2)]2 is 

illustrated in Figure 7-10.   

A 25 mL round bottom flask was equipped with a stir bar and fitted with a condenser.  

H2TPP-OH (0.181 mmol, 114 mg), α,α’-dibromoxylene (0.09 mmol, 23.87 mg) and 

K2CO3 (1.1 mmol, 150 mg) were added to the flask and the reaction flask was purged 

with N2.  The flask was wrapped with foil and dry DMF (15 mL) was added by syringe.  

The reaction was then refluxed for 3 days at 110 °C.   The reaction proceeds by the 

Williamson Ether Synthesis as shown in eq 7:1- 7:2 where R = m-xylene.  
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2(H2TPP‒OH)  +  K2CO3    2 (H2TPP‒O‾ K+)   +   H2CO3                       (7:1) 

2(H2TPP‒O‾‒ K+)   +   R‒Br2    (H2TPP‒O)‒R‒(O‒TPPH2)   + 2KBr        (7:2) 

 

Figure 7-12 1H NMR (500 MHz, C6D6, δ ppm) 8.98 (d, J = 4.7 Hz, 8H, pyrrole), 8.94 (d, 

J = 4.7 Hz, 8H, pyrrole), 8.11 (m, 16H, o-phenyl), 7.45 (m, 26H, phenyl), 5.84 (br, 4H, 

OCH2), -2.78 (br, 2H, NH). 

 

 

                              Figure 7-10:  Synthesis of (m-xylyl-(TPPH2)]2 
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                                       Figure 7-11:   1H NMR (500 mHz) of H2TPP-OH in benzene –d6 
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                           Figure 7-12: 1H NMR (500 MHz) tethered [m-xylyl (H2TPP)2] in benzene d6. 
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7.2.3 H2TMTAA 

H2TMTAA is 14 member, tetra-nitrogen, conjugated, anti-aromatic (4n) 

macrocycle with very different properties from the 16 member, tetra nitrogen, 

conjugated, aromatic (4n + 2) porphyrin.23-24  The dianionic TMTAA ligand has a 

localized negative charge only over the 2,4-pentanediaminato motif (Figure 7-13) as 

opposed to the completely delocalized framework of porphyrins.   

             

         Figure 7-13:  Planar drawing of H2TMTAA and dianionic TMTAA. 

The crystal structure was reported by Goedken25 and H2TMTAA including 

(TMTAA)M was found to be saddle shaped as a result of internal steric constraints 

produced by methyl-phenyl repulsions which in turn places the nitrogens outside of the 

plane.  The nitrogens upon coordination of a metal produces two coordination sites on the 

metal which are chemically inequivalent, rationalized as the 6 ligands of the metal 

occupying the vertices of a distorted triganol prism (Figure 7-14). 

               

Figure 7-14: Saddle shaped (right) and distorted triganol prism coordination sphere 
(left) of metallated TMTAA. 
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Group nine metals of TMTAA, cobalt,26 rhodium27-29 and iridium30 complexes 

have been prepared.  Rhodium TMTAA complexes have shown promising reactivity.  

Reactions with rhodium result in Rh2(tmtaa)2 which then insert CO into the ~ 16 kcal/mol 

rhodium‒rhodium bond to form the dimetalloketone.  Reactions of iridium(II) porphyrins 

with CO result in intramolecular transfer of electrons from the metal to the ligand and 

only iridium carbonyl units have been observed (chapter 6).  Ir2(TMTAA)2 is a good 

candidate to reduce CO because it is anti-aromatic in nature and should prevent the 

intramolecular electron transfer process.  Hydrogenation of the 

[(TMTAA)Ir‒CO‒Ir(TMTAA)] is then a viable goal compared to the iridium hydrie 

carbonyl and water gas shift reactions discussed in chapter 6.  The following details the 

preparation of H2TMTAA. 

 

Synthesis:  The synthesis of H2TMTAA is accomplished through the demetallation of the 

nickel template tetra-nitrogen macrocycle, Figure 7-15.  o-Phenyldiamine is 

recrystallized by first dissolving it in hot ethanol.  Activated carbon is then added to the 

hot solution and the solution is brought to a boil.  The solution was then cooled to 

precipitate white flakes of o-phenyldiamine.   

               

                                 Figure 7-15:  Synthesis of Ni(TMTAA) 

Nickel acetate hydrate (120 mmol, 30 g), o-phenyldiamine (24 mmol, 2.57 g) and 

50 mL 1-butanol were added to a 100 mL round bottom flask equipped with a stir bar and 
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fitted with a reflux condenser.  The reaction was heated to dissolve all reactants 

completely and under N2, 2,4-pentanedione (24 mmol, 2.5 mL) was syringed into the 

reaction.  The reaction was then refluxed for 2 hours under nitrogen.  The reaction was 

then cooled and methanol was added to precipitate purple microcrystals of Ni(TMTAA).   

The crystals were collected by filtration and suspended in 100 mL of ethanol.  

HCl gas was then bubbled through the suspension until a turquoise precipitate is 

observed.  The precipitate is then collected by filtration and washed with ethanol while in 

the buchner funnel.  The solid in the filter was then dissolved in a minimal amount of 

water and excess NH4PF6 was added to the solution to precipitate white solid 

H4TMTAA•PF6.  The solid was then dissolved in a very minimal amount of methanol 

and triethylamine was added dropwise until solid yellow precipitate H2TMTAA no 

longer formed.   

 

Figure 7-16 [Ni(TMTAA)] 1H NMR (500 MHz, DMSO, δ ppm) 6.79 (dd, JH‒H = 6.1, 3.4 

Hz), 6.59 (dd, JH‒H = 6.1, 3.4 Hz),  4.91 (s, 2H, CH), 2.03 (s, 12H, me),.   

 

Figure 7-17 [H2TMTAA] 1H NMR (500 MHz, DMSO, δ ppm) 10.67 (br, 2H, NH), 7.27 

(dd, JH‒H = 5.8, 3.6 Hz), 7.11 (dd, JH‒H = 5.8, 3.6 Hz), 4.51 (s, 2H, CH), 2.48 (s, 12H, 

me). 
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Figure 7-16:  1H NMR (500 MHz, DMSO) Ni(TMTAA) phenyl protons shown in inset, C‒H 4.91 ppm, methyl 2.03 
ppm. 
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Figure 7-17:  1H NMR (500 MHz, DMSO) H2TMTAA phenyl protons shown in inset, N‒H 10.67 ppm C‒H 4.51 ppm, 
methyl 2.48 ppm.  
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