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| said, ‘Let days speak, and many years teach wisdo’
But it is the spirit in man, the breath of the Almighty,

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



ABSTRACT

REACTIVITY AND EQUILIBRIUM THERMODYNAMIC

STUDIES OF IRIDIUM PORPHYRINS IN WATER AND ALCOHOL

Salome Bhagan

Professor Bradford B. Wayland

Environmental and energy issues have stimulatedwed interest in utilizing both
water and methanol as reagents and reaction medi@uscurrent interest is to evaluate the
scope of group nine organometallics and establ®rnodynamic parameters for their
reactivity in agueous solvenA comprehensive thermodynamic database for a widpes
of organo-rhodium transformations in a range ofctiea media including benzene,
water, and methanol has been well established bygooup. Aqueous solutions of
rhodium porphyrin have been determined to manéesexceptional range of substrate
reactions with CO, b CHs, GH4, O,, and CHOH.

This study will focus on expansion of the thermaaiyic database to all the group
nine metals, particularly the iridium porphyrin s®s in both water and methanol.
Substrate reactivity and development of new medhiarstrategies for the conversion of
carbon monoxide, alkanes, and alkenes to orgaryigemates are central objectives.

Water/Methanol soluble porphyrin iridium complexegluding iridium tetrakigg-
sulfonatophenyl)porphyrin ((TSPP)Ir) and iridiumtrékis(3,5-sulfonatomesityl)porphyrin
((TMPS)Ir) derivatives can be prepared by sulfayrabf tetra phenyl porphyrin fIPP) and

tetra mesityl porphyrin (\TMP).



The reactivity of dihydrogen with aqueous solutiafsiridium (IIl) tetrakisf-
sulfonatophenyl)porphyrin ((TSPP)Ir(1ll)) complexesoduce equilibrium distributions
between six iridium species including iridium hy#i ([(TSPP)Ir-D(DO)]™), iridium(l)
([(TSPP)IH(D,0)]), and iridium (11) dimer ([(TSPP)(D»0)],®) complexes. Each of
these types of iridium porphyrin species includind), Ir(Il), Ir(1ll), Ir-H, and Ir-OH
function as precursors for a range of organometsallbstrate reactions.

A primary objective is to define the quantitativelationships pertaining to the
distribution of species in aqueous solution asretion of the dihydrogen and hydrogen ion
concentrations through direct measurement of figeildrium constants along with free
energy changes of coordinatedand free energy changes of reactions of dihydrage
water. Reactivity, kinetics and evaluation of equilibrittrermodynamics, including the
reactions of iridium hydroxide and methoxide witkfms to produce -hydroxyalkyl and

-methoxyalkyl complexes, reactions of iridium hytriand olefins to produce iridium
alkyl complexes, and reactions of iridium hydridehwCO to produce iridium formyl (Ir-
CHO) complexes are also objectives of this research

Another research goal is the design and synthésigorphyrin ligands that form
dimetal complexes capable of preorganizing tramsistates for substrate reactions that
involve two metal centers. Dirhodium dimetalloradiccomplexes are observed to
manifest large rate increases over mono-metalloahdictivation reactions of hydrogen,
methane, and other small molecule substrates.hignstudy, synthesis of diporphyrin
(bisporphyrin) ligands and other ligands which vadrmit dimetallo cokplexes like anti-

aromatic [14]annulene and low steric porphine lgdgmwill be also be examined.
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CHAPTER 1

INTRODUCTION



1.1 BACKGROUND

The systematic investigation of the organometdtiamsformations mediated by
metalloporphyrins has emerged as the significaricaetalloporphyrins in biochemistry
of porphyrin related chlorophyll and heme was m=li Porphyrins are tetranitrogen
planar aromatic, 18e macrocycle consisting of four pyrrole rings bouhdough four
methine bridges as illustrated in Figure 1-1. @pdyll is a naturally occurring
magnesium porphyrin critical to photosynthekfswhile heme is a naturally occurring

iron porphyrin responsible for oxygen transporbiaod®™, Figure 1-2.

Along with the vast array of organometallic chemyisinediated by naturally
occurring metallyporphyrins, porphyrins have a waaleay of properties that have lead to
over 80 years of organometallic chemistry utilizimgrphyrins as ligand® One of the
primary properties of porphyrin macrocycle capdat on in this work is the stability of
the porphyrin under harsh conditions of temperatame pH. The relative ease of
synthesis of the porphyrin macrocycle and the vsitgaof the macrocycle as a ligand to
coordinate to almost any metal also make the ponmphgacrocycle an ideal ligand for

comparative studies of metalloporphyrins mediatedoometallic transformations.

Additionally, porphyrins exhibit spectroscopic s#ingy to changes in electronic
structure due to metal mediated or ligand mediatetactions. This work expands the
frontiers of organometallic chemistry of iridium npbyrins to water and methanol by
capitalizing on NMR and UV-Vis spectroscopy techlugg to detect and deduce

reactivity and measure solution equilibrium theryramics.
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1.1.1 NMR Spectroscopy of Porphyrins

The study of metalloporphyrins B NMR offers several unusual advantages as
a consequence of the aromaticity of the large pgipmacrocyclé® Similar*H NMR
properties are operable for smaller aromatic mdésclike benzene and the phenomena
is illustrated using benzene as a representatiovmatic molecule, Figure 1-3. In the
presence of an external magnetic field, a Larmecession of the electrons of the

aromatic system is induced creating a ring curtent.

Shielded Induced
Region Magretic Field

Shielded
Region

HFigure 1-3: Ring current observed for the aromaticporphyrin is analogous to that
observed in benzene rings shown.

The ring current is considered to consist of twosel loops of circulating
electrons, one above and one beneath the porpphlaine. The two loops of circulating
electrons illicit a secondary magnetic effect oarbg protons. The peripheral protons
(pyrrole and methine hydrogens) on the porphyrinicivhlie perpendicular to the
porphyrin ring current experience a net deshieldifigct as a result of the electron
withdrawing nature of the aromatic system. Sudeshielding effect decreases with an

increase in the distance of protons from the mawmlecplane. Methine position
4



porphyrin hydrogens experience the greatest deshgel(~ 10 ppm). The pyrrole
hydrogens follow at ~ 8 ppm becoming less deshietdetthe distance from the porphyrin
plane increases.

Axial ligands on metalloporphyrins pass through ttenter of the loop of
circulating electrons and the hydrogens on theldigands experience an appreciable
shielding effect which decreases with an increasteir distance from the ring current.
Such a shielding effect causes the transitionk@htydrogens of axial ligands to occur in
the high field region of théH NMR spectrum in the range of 0 to -7 ppm. Whea t
axial ligand is hydrogen, thdéd NMR resonance is detected at even higher fielthin
range of -20 to -60 ppm.

These spectral features permit the unique oppaytuto directly observe
organometallic complexes itH NMR without complication of the peaks of organic
reactants. These distinct features of porphyrimesused in this thesis work to detect,

probe and evaluate thermodynamic parameters hjuisaution NMR experiments.



1.1.2 Electronic Properties of Porphyrins

UV-Vis spectroscopy investigates the electronicenattions between the
porphyrin unit and the bound metal and the eleatroreractions between the porphyrin
and its substituent$. Two sets of bands are seen in the absorptiortrspec The first is
in the near ultraviolet region at ~400 nm with ateitse absorptiorfe ~10°) and is called
the B band or Soret band. The second type are muetker bands known as the Q
bands in the visible region.

The position and nature of the Q bands are depémtethe type of substituents
and their locations on the porphyrin. These baeds to decrease in intensity as the
wavelength of the absorption increases. This maknas an etio type spectrum which
comes from the etioporphyrin in which thesubstituents are all electron donating alkyl
groups. Porphyrins substituted in th@osition by electron withdrawing groups such as
perfluoroalkyl change in color from wine red to reatp, caused by a shift to lower
energies in the spectrum (i.e. redshift). Thisetgb spectrum is known as a rhodo-type
in which the third Q band becomes the most intense.

Meso-substituted porphyrins compared to unsubstitueso-porphyrins almost
always change from red to deep emerald green utignl This indicates a shift to lower
energies of the Soret band, the extent of whictletermined by the meso-substituents.
These substitutents are typically aryl moieties aifict the conformation of the
porphyrin ring by forcing the-carbons on the pyrrole ring to tilt when the amiety
freely rotates into the plane defined by #heand meso- carbons.

An understanding of the electronic transitions whgive rise to the UV-Vis

spectra observed of porphyrins and metalloporpBynvas in part developed by



Gouterman. Gouterman discusses the observatiosinglet to singlet and triplet to
triplet  (Eu) transitions from a four obital model shown in trig 1-4'*** Transitions
arise when electrons are promoted from the two niEgee HOMO (au, au) to two
degenerate LUMO's (¢ * of the porphyrin. The nodal properties shown iguFe 1-4
indicate that au has the dominant interaction with the porphyrin Insertion of a metal
increases the symmetry, and raises the arbital energy proportionally to the
electropositive character of the metal and leadsa tesimplification of the UV-Vis
spectrumt> This is illustrated in this thesis for,FSPP compared to (TSPP)Ir and for

H,TMPS compared to (TMPS)Ir.

Cg

Iy )
“

(
o

4

131%jgure 1-4: Gouterman’s four orbital model which ilustrate the porphyrin
molecular frontier molecular orbitals. Atomic orbital coefficients are proportional
to the size of circles and blue and red colors indate sign.



1.1.3 Group Nine Metal Porphyrin Complexes

Group nine metals are a group of elements inddtdock of the periodic table with 9
valence electrons. In various ligand fields, tleg@heracy of thd-orbitals are split as
shown in Figure 1-5. Ligation of a porphyrin andhetal (ML) increases the symmetry
of the porphyrin toD4, square planar geometry (Figure 1-5(C)). The metake
coordinately unsaturated and are able to coordiigémds axially which converts the
metal to a Ml system and changes the symmetry to a pseudo octhlggbmetry

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

4 ' : : : I
dz? ey

g L E I de vz E _dxy E dxydztsz-y2 E By oz E
o dxz dyz E Xy dxz dyz E 22 E - i i
| dxey? dz? == dxz dyz | Ey res d—yzi

dxy dxe-y? | o dadyz | |

(A) (B) () (D) (E)
Figure 1-5: Splitting patterns of d-orbitals in ligands fields for (A) linear ML, (B)

tetrahedral ML 4 (C) square planar ML, (D) trigonal bypyramidal ML 5 and (E)
octahedral MLs.

Incooperation of a group nine metal (Co, Rh, Itpithe porphyrin macrocycle
gives access to a diverse range of oxidation stateging from one to three, Figure 1-6.
In the (por)M ( M= Co, Rh, Ir) oxidation state, the metallopoyghs are sixteen
electron complexes with (pon® (kyyzx)° (d2)* configuration:* The filled d,? orbital
makes the group nine metal (I) porphyrins powerfutleophiles. Metal (1) (Co(ll),
Rh(Il), Ir(l)) porphyrin complexes have one ungairelectron in thd,* and usually form

metal-metal dimeric bonded complexes.
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The metalmetal bonded complexes are a facile source of tomdicals. The MM
bond for rhodium has been found to be ~ 16 kcal@nal in the case of iridium increases
by 8 kcal/mol placing the value of thé' lir"" bond dissociation energy at 24 kcal/mbol.
Metalloradicals provide a pathway to thermodynattyadifficult processes like methane
activatiot® and CO reductive coupling®®> Experimental studié$ and high level
computational studié$ have illustrated the differences between the gnoime metals,
co', RH" and It' , Figure 1-6>%°

Cobalt(ll) porphyrins have alf)*(dy..y2)*(d?)" configuration which is separated
from “E, excited state ((y)?(d,2)(dxzy2)°) by only 1000 - 2000 cth Rhodium(ll)
porphyrins have a similar configuration butey = A4 separation of ~ 9,800 ¢hf’
The 2Eg<— 2Alg separation for rhodium(ll) is substantially largean that for the

cobalt(ll) derivative as a result of intermixing lmgand and metal orbitals which place
the dy,y, below d2. Iridium(ll) porphyrin metallo-radical has %Eg ground state
(0xy)?(d,2)*(0xz.y2)° electron configuration with a close lyifigyq excited state where the
dis below the ¢ ,,as a result of greater intermixing of porphyril anetal orbital$®2°
Interaction of the group nine metal-centered rddieath donor molecules results
in raising the energy of thé2 and increases th#; , to d,2 energy separation. (pofIr
has only been observed as (p}. The higher energy of the3d orbitals coupled with
the interaction of axial donor ligands result imsii@g the energy of thd,2 antibonding
orbital above the porphyrin LUMO* and transfer of one electron from the iridium(ll)
metal center to the non-innocent porphyrin ligahrbitals occur’ The LUMO ( *) of

the porphyrin ligand thus establishes an uppert lfori having the unpaired electron in

dz2 orbital which indirectly influences the reactivity metal-centered radical species.

10



In addition to M(l) and M(Il) oxidation states, NIjl (M = Co, Rh, Ir)

metalloporphyrins are also available. (pofjMire stable, reactive, fourteen electron

complexes which behave as electrophiles becauds empty ¢ orbital. The diversity
of group nine metalloporphyrins to behave as nuitdes, metalloradicals and
electrophiles ranging from the M(l) to M(Ill) oxitlan states make them versatile

complexes to study and probe a wide range of n@pcti

1.2 OVERVIEW OF NON-AQUEOUS IRIDIUM PORPHYRINS

Iridium complexes have attracted much attentiothenarea of optics because of
their heavy atom effects which induce spin orbiuglong resulting in desirable
phosphorescent emissidh** Iridium complexes have also been extensivelyistlih
relation to catalytic CH bond activatiori>®® Homogenous systems utilizing iridium
based complexes have exhibited catalytic activayards a range of transformations

including reductive elimination of alkan&%? alkylaton of amine§®*

hydrogenation§>*® hydrosilationg)>*

hydroaminations? borations>>°
cycloadditions®  clyclopropanationd!  hydrogen isotope  exchang®s and
polymerization¥’.

Studies of the reactivity and thermodynamics dfiinm porphyrin complexes in
protic solvents like water and methanol are speatdeé by this work. Limited reactivity
studies of iridium complexes in conventional orgaswlvents has been achieved and an
overview of prior significant results is presentadhis section. Studies of non-aqueous

iridium porphyrin complexes have utilized two cleas®f porphyrins: octaethylporphyrin

[(OEP)Ir] and tetraarylporphyrins, Figure 1-7. Tdare five iridium porphyrins of the

11



class of tetraarylporphyrins which have been syigeel and studied, namely,
tetratoylporphyrin (TTP), tetrakis(3,5-dimethylply@porphyrin (TXP), tetrakis(2,4,6-
triethylphenyl)porphyrin  (TTEPP), tetramesitylpoypim (TMP) and tetrakis(2,4,6-
triisopropylphenyl)porphyrin (TTiPP). These sixrpbyrins have varying sterics and
influence reactivity and bond energetics relevantridium organometallic complexes.
The order of sterics from least to greatest is GEPTP < TXP < TMP < TTEPP <

TTiPP.

OEP

TTP: R1, R2 =H; R3 = Me
TXP: Ry, Rs=H: R, =Me
TMP: R, =H; Ry, Ry = Me
TTEPP: R, = H; Ry, R, = Et

TTiPP: R, =H: Ry, Rs = iPr

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

Iridium octaethylporphyrin complexes were the ficdtthe iridium porphyrins
investigated?®°%®" following suite of the cobaf®®® and rhodium™®"® OEP complexes
first prepared as mimetic compounds of coenzymaamniit Bi,. Early studies focused on
synthetically accessing reactive precursors of (DERke [(OEP)Ir},, (OEP)I',

[(OEP)Ir-H] and (OEP)If Figure 1-8. The second stage focused on reactin
12



[(OEP)Ir]; and [(OEP)Ir-H] with carbon monoxide and the reag of [(OEP)Ir-H] with
unactivated alkenes Figure 1-9..

(OEP)Ir-CI(CO) is the synthetic precursor to [(OERJ] accessible by sodium
borhohydride reduction or reaction with hydroxid¢OEP)Ir-H] is deprotonated to form
the iridium(l) complex [(OEP)It. (OEP)Ir-CI(CO) can also be synthetically cortedr
to [(OEP)Ir-CH)] by reaction with nucleophilic methyl reagents @#fsLi). Dimeric
[(OEP)I"], solutions are obtained by photolysis350 nm) of [(OEP)Ir-CH| in benzene

to cleave the [Ir-CH.

- N\
NaBH,/OH -H*
(OEP)Ir-CI(CO) ———> (OEP)II'""H —— [(OEP)Ir']
CH;Li
THF
uv
(OEP)IP'-CH; —— (OEP)II"
L J

Figure 1-8: Conversions of synthetic [(OEP)Ir-CI(CQ] to various reactive metallo
species of iridium(lll), iridium(ll) and iridium(l) OEP complexes.

Some generalized key reactions of (OEP)Ir complevigs CO*>°* and alkené$
that were studied are shown in Figure 1-9. DIimE®EP)I'], represents the Iir case
with the strongest bond energy and the best oppitytto generate a dimetallo ketone or
a dimetal diketone from the reaction of CO, howemdy the iridium carbonyl adduct is
observed! Similar reactions with CO and [(OEP)Ir-H] restiltsthe six coordinate CO
adduct, [(OEP)Ir-H(CO)] without evidence for a foincomplex [(OEP)Ir-CHO].

The absence of formyl complexes, dimetal ketonat dimetal diketones as a

result of the reactions of iridium porphyrins wi@O is a dominant theme in iridium

13



porphyrin chemistry. Identical observations weeparted for the CO reaction with
(TMP)Ir, (TXP)Ir, (TTEPP)Ir and (TTiPP)Ir complexés™ The mechanism of CO
activation to produce formyls, dimetal ketones alwhetal diketones is observed in
rhodium porphyrin chemistry and is understood touod¢hrough an odd electron species
by a radical chain pathwdy.”” Iridium(il) porphyrins have elevateaiky anddyz orbitals
which are energetically similar to the LUMO*} orbital of the porphyrin ligand and
electron transfer from the iridium(ll) metal centerthe porphyrin ligand occurs shutting

down the radical chain pathway observed in the &iion of [(OEP)Rh-CHOF

complexes.
f 2
\_ J/

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

Reactions of iridium(l) porphyrin always utilizadium(l) as a nucleophile and
their reaction with alkyl halides as reactants Itesuthe formation of iridium(lll) alkyl
complexes. Reactions of iridium hydride porphyri@EP, TMP, TXP, TTiPP, TTEPP)
with unactivated alkenes result in terminalbonded alkyl complexes and bonded
iridium alkyl complexes in response to steric dedsaof the porphyrins. Reactions of
[(por)Ir], with alkenes form bridged alkyl di-iridium porplyrcomplexes.

Evaluation of carbon monoxide and alkene reactianth iridium porphyrins

allowed the estimation of bond dissociation freergies of iridium hydride bonds and
14



iridium carbon bonds in iridium porphyrin in beneebased on the thermodynamic
criteria for that observed for the rhodium formystem:

H =[Rh C]-[Rh H]+[He + CO — CHOe] = -19 kcal/mol; G = 8 kcal/mol
The [Ir H]-[Ir C] bond energy in benzene must be larger than Brkohto circumvent

" Estimation of the lkIr" bond

the formation of iridium formyl porphyrins in benz='
energy is also determined by line broadening NMPReexnents to be 24 kcal/mol and is
8 kcal/mol larger than the corresponding' RRh' bond energy which is consistent with
analysis of differences between [M]-[M C] bonds.

Recently, the work of Chan’s group has been dicetdevards the development of
iridium tetrap-tolylporphyrins (TTP)Ir in organic solvents to a&We C-H activation of
substrates like methanol, activation of benzylidboa hydrogen bonds and the study of
reactivity of cationic iridium(lll) TTP complexes iorganic medid?**

At the inception of the study of the synthesisrafium porphyrins and reactivity

and equilibrium thermodynamic studies containedeingrno reports involving water

soluble iridium porphyrin complexes were known.

1.3 SCOPE AND THESIS OBJECTIVES
Current interest in converting organometallic changi from organic media to
aqueous medid® has lead to the preparation of an extensive rarigeater soluble

porphyrins (Figure 1-10).
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Figure 1-10: Classes of water soluble (5,168,20 meso-tetraaryl)porphyrins.

Py

Letter Designation/Name

[H.TCPP]*
Tetrakis(4-carboylphenyl)porphyrin

[H,TSPPT
Tetrakis(4-sulfonatophenyl)porphyrin

[H.TMPS]?
Tetrakis(3,5-disulfonatomesityl)porphyrin

[H2(p40s(OH)) TMPP]*
Tetrakis(4-
hydroxidophosphorylmethylphenyl)porphyrin

[H2TM 4PyP]*
Tetrakis(N-methyl-4-pyridyl)porphyrin

[H,TTMAP] *
Tetrakis(4N,N,N-trimethylanilinium)porphyrin

16



Figure 1-11: Metallated water soluble porphyrins fave been synthesized for the elements shaded in feriodic table.
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Aqueous porphyrins prepared by functionalizationtltd meso position aryl group is
shown in Figure 1-10. This class of meso functiaed tetraarylporphyrins include
subcategories of water soluble porphyrins which lsarprepared by carboxylation, and
sulfonation and through use of pyridine, phosphatesanilinium derivatives.

Utilization of these water soluble porphyrins tejpare and study the chemistry of
a wide range of metal complexes has been ach#V&H. The metals used in the
preparation of water soluble metalloporphyrins sttewn in Figure 1-11. These metals
include the majority of the transition metals, mangin group metals and most of the
lanthanide series, however, the preparation anesiigation of organometallic chemistry

mediated by water soluble iridium porphyrins haslbreen attempted.

(TSPP)Ir (TMPS)Ir

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 essfully synthesize (TSPP)Ir and

(TMPS)Ir water soluble porphyrins (Figure 1-12) dadestablish a set of thermodynamic
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parameters for the organometallic transformatiansolving metal carbon and metal

hydrogen bonds, to explore various catalytic cyeled to probe the reaction mechanism
that operate in water and methano,THPP and KTMPS (Figure 1-10) represent

limiting cases in regard to porphyrin propertiesTSPP is a low steric, electron

withdrawing porphyrin while TMPS is a higher statielectron donating porphyrin. The

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

Chapter 2 examines the interrelationship of aquesmhstions of the low steric
porphryin iridium(lll) tetrakisp-sulfonatophenyl)porphyrin, [(TSPP)Ir] which forms
simulataneous equilibrium distribution of six s iridium(l) complex
([(TSPP)IH(D,0)]? ), iridium hydride complex ([(TSPP)ID(D,O)]*), iridium (1)
complex ([(TSPP)I{D,0)],® ) and three [(TSPP)fi complexes in water: [(TSPPYit
bisaqua ([(TSPP)IKD»0),]*), monoaqua/monohydroxo ([(TSPP)(D-0)(OD)]*),
bishydroxo ([(TSPP)It(OD),]°). An evaluation and comparison of acid dissoorati
constants and ligand binding strengths of groue KMSPP)IY'(D,0),]* (M= Co, Rh,
Ir) complexes reflect differences in metal-ligaraht strengths. The low sterics of TSPP
allow complicated inter-species dynamics betwe&huim metal centers and porphyrin
planes which limits reactivity studies.

This issue is circumvented in chapter 3 which red@ras the equilibrium
distribution of iridium porphyrins in water utilizg (TMPS)Ir. Aqueous (D) solutions
of [(TMPS)IM"(D,0),]” react with dihydrogen to form an iridium hydrideneplex
([(TMPS)Ir-D(D-0)]? ) and the acid dissociation constant is evaluatddhe iridium
hydride complex provides a valuable entry pointoi@anometallic transformations.

Equilibrium thermodynamic values for the reactioh alkenes and aldehydes with
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[(TMPS)Ir-D(D,0O)]? in water is reported. Reactivity studies and opim
thermodynamic measurements are used to deduceabéyatures of the relative M-H,
M-OH and M-CH- bond dissociation free energies (BDFEs) (M= Rh, |

Chapter 4 explores reactivity of iridium porphyrinamethanol. Small amounts of
methanol are reacted in water with (TSPP)Ir comgdex Equilibrium thermodynamics
for the binding of methanol and methoxide compaweavater and hydroxide while in
water are reported and compared to analogous caloat rhodium systems. The
thermodynamic preference illustrated for iridiumrgdoyrins for binding methanol and
methoxide is foundational to understanding the treiag of iridium porphyrins in pure
methanol.

Chapter 5 reports the equilibrium thermodynamics (66PP)Ir porphyrin
complexes in methanol. In  methanol, solutions afdium(lll) tetrakisf-
sulfonatophenyl)porphyrin ([(TSPPJiP) form a hydrogen ion dependent equilibrium
distribution between three species [(TSPP)I{OD),]* , [(TSPP)Ir(OCR)(CDs;OD)]*
and [(TSPP)Ir(OCB),]°. The reaction of [(TSPPYlj with dihydrogen results in the
formation of an iridium hydride complex in a hydesgion dependent equilibrium with
iridium(l) porphyrin complex. The acidities of thadium hydride complexes exhibit
negligible change despite solvent changes and atelian increasing importance of
metal-ligand interactions in the case of iridiunrgdoyrin hydride.  Reactions of iridium
porphyrin hydride with alkenes occur to give botlarkbvnikov and anti-Markovnikov
products. Isomerization and oxidation of coordedaimethanol and methoxide with

concurrent reduction of iridium metal is observed.Analysis of equilibrium
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thermodynamics from reactions measured experimgngaErmit evaluation of bond
dissociation free energies for H, Ir O and Ir C units in methanol.

Chapter 6 details the reactions of carbon monowdhg iridium porphyrins in
both methanol and water. CO activation is a pnmasearch objective of the Wayland
group. The high demand for alternative ways teasenergy related organics provides
motivation to search for methods to convert abuhdases to useful carbon oxygenates.
In water and methanol, CO reacts to form an adduttt iridium porphyrin complexes
which are then subsequently reduced by nucleopditacck. The reactivity observed for
iridium porphyrin complexes is opposite to thatdead for rhodium porphyrin systems
and illustrates fundamental differences in iridiand rhodium chemistry.

Chapter 7 provides insights on macrocycles thatamtecipated to extend the
goals of this research. Reactivity of dimeric fj¢d], in water and methanol was not
investigated, however these complexes are of higluev because they provide a
mechanism to CO activation through formation of eliah ketones or dimetal diketones.
The syntheses of three ligands which will allow est to the reactivity and
thermodynamic measurement oflirbond energy are presented in chapter 7. Pogphin
will provide the strongest non-covalently bondetheliic unit which has good solubility
in both organic and solvents like methanol. Thatlsgses of covalently tethered
bisporphyrins and anit-aromatic, tetranitrogen roegcle ligand are also detailed. Each
of the ligands can achieve Ir and offer different vantage points which are eleped in

chapter 7.
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CHAPTER 2

EQUILIBRIUM THERMODYNAMICS OF [(TSPP)IRIDIUM]
& REACTIVITY WITH H , IN WATER
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2.1 INTRODUCTION

A wide range of reactivity of metalloporphyrins ¢éonventional organic solvents
like benzene, dimethylformaldehyde and tetrahydefuhas been well establish&d.
Environmental and economic incentives have shiftedrest to exploring equilibrium
thermodynamics and reactivity of metallopoprhyriosgreen solvents like wat&t**
Our interest lies in the reactivity of group ninetal tetrakis(sulfanatophenyl)porphyrin
([((TSPP)M]) (M = Co, Rh, Ir) in water. Cobalt anldodium (TSPP)M complexes have
been prepared and studied in aqueous médfaHowever, this is the first study of the
equilibrium thermodynamics and reactivity of iriciu water soluble porphyrin

complexes.

2.1.1 Cobalt and Rhodium tetrakis(sulfanophenyl)porphyrin Complexes in
Water
Initial studies of [(TSPP)C4] and [(TSPP)RHf complexes in aqueous solvent
have explored kinetic rates and acid dissociatmrstants of axially coordinated ligands,
labilized by the porphyrin ligand. UV-vis spectropic techniquéd were used to
evaluate acid dissociation constants for [[TSPPYRBE]® , eq 2:1, 2:2. A typical UV-
vis spectrum illustrating the change in absorbamitle increasing pH is shown in Figure
2-11®
[(TSPP)Rh(HO),]* ~—= [(TSPP)Rh(OH)(pD)]* + H+ (2:1)
[((TSPP)Rh(OH)(HO)]* === [(TSPP)Rh(OHJ> + H+ (2:2)
The absorbance spectra of [(TSPPJMM= Co, Rh) complexes was observed to

exhibit changes with respect to pH and the intati@hship of hydrated species in
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equilibrium was identified resulting from the exalge of protons in the solution with
coordinated water for [(TSPP)M (M= Co, Rh) species. The change in absorptioa at
singular wavelength (Figure 2-L,= 430 nm) was plotted against change in the hyalrog

ion concentration (Figure 2-2)

Figure 2-1: Representative UV-vis spectrum of (TSIP’)M'” species in water which
manifest spectral change as a result of pH titratio.*®

©
o
a

d2,3,4(obs)pyr

©
o
S

o
©
a

[4
-l glO [ ]

Figure 2-2: (Right) UV-vis method titration curve o [(TSPP)Rh(H.0),]° plotting
absorbance vs pH dt =430 nm where the dots are experimental points drthe line
is the computer fit of the data®®

Figure 2-3: (Left) 'H NMR method titration curve of [[TSPP)Rh(H»0),]® plotting
pyrrole hydrogen resonanced-shift vs pH (dots are experimental points and théine
is the computer fit of the data)??
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Taking into account the mass balance, Beer’s ladvtha definition of K from eq
21 and K from eq 222 and designating [(TSPPJ{#H.0)]° (a)
[(TSPP)M"(OH)(H,0)]* (b) and [(TSPP)M(OH),]°> (c), an expression to accurately
quantify the solution equilibrium distribution ofaeh species in water at any given
absorbance can be derived and is given in ed®2M8on-linear least squares fitting the
experimental data to eq 2:3 permits the determanaif K; and K (Figure 2-2).

A strategy to utilize¢H NMR to investigate the equilibrium of eq 2:1 aeqgl 2:2
was illustrated by the Wayland group (Figure 2-8)which the pyrrole hydrogen
resonance shift of the porphyrin was evaluated asuraction of hydrogen ion
concentratiorf® A similar expression was derived to define thailégrium at any given

observed pyrrole hydrogen resonance, demadkedeq 2:4.

D* 4 KKy D' + (KK,
D* 2+ K, D' + KK,

abc(obsT

Examination of the experimental data by methoding ‘H NMR spectroscopy
resulted in a well defined separation of speciessalution indicated by clear
demarcations on the curve where the slope is zekence’H NMR is a better
spectroscopic method to evaluate the acid dissoniabnstants of [(TSPP)MH.0),]°
in water than UV-vis. Additionally, utilization ofH NMR methodology allows the
direct evaluation of thermodynamics in solution foonventional organometallic

processes like the reaction of dihydrogen with fiegtarphyrin in deuterated water.
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This study utilizesH NMR to investigate and report equilibrium therrgodmic
data for [(TSPP)If(H,0),]® (1) in water. Prior to the submission of this stufdy
publication, the preparation and crystallization thie first water soluble iridium
porphyrin, [(TSPP)Ir] in water was reportéd. This chapter describes a set of
simultaneous equilibria that occur from the reactmf dihydrogen with iridium(lIl)
porphyrin in water that give rise to iridium(l)jdium hydride and iridium(ll) complexes.
The detailed equilibrium studies in this chapteovmle an entry point to explore

organometallic transformation of iridium porphyrimsaqueous media.

2.1.2 Reactivity of Dihydrogen

The reaction of dihydrogen provides clean syntheticess to reactive metal
centers in protic medi&:?’ Hydrogen activation can be divided into two catées:

1) homolytic bond cleavage;H 2He

2) heterolytic bond cleavage,H H +H
H, is a good acceptor ligand and readily formsbonded complexéd. The metal
complexes formed by the reaction of dihydrogen farprominent class of complexes
(H, + M M(H,) or 2H,M) which contain a 3 center interaction of the tiiog
electron in HH with a metal center (Figure 2-4)

Figure 2-4: Three center bonding
interaction of dihydrogen with a metal

o o* (¢
H H H center. (A) M- bonded complex (B)
% 59 4\/ é) Metal donates into empty * of H, to
© M M form M-H , bonded complex.
(A) B)
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The reactivity of dihydrogen is ultimately dictatbg the properties of the metal
center, Figure 2-87?9%° An electrophilic metal center will polarize the H-H ,
reducing any backdonation as result of the incikaslectron donation by Hand
consequently mobilize H A nucleophilic metal center will donate electensity to H
in the form of backbonding. An over donation intee * orbitals will result in an
elongated HH distance and over population of the anti-bondnigtal will break the

bond forming a dihydride by oxidative addition.

e A
electrophilic M nucleophilic M
heterolytic oxidative
cleavage o complex addition

H /H
[M-H] + H" «——  Me--- — M
H H
weak ¢ stable ¢ strong G. oxidative
complex complex complex; addition
elongated H-H
< o donation
backdonation >
X-H distance >
o J/

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

In this chapter, -bond metathesis is used to describe dihydrogectioss with
electrophilic iridium(lll) porphyrins species and discuss the simultaneous equilibrium
of [(TSPP)II'] complexes in solution. The term ‘bond metathesis” is defined as the
heterolytic process which occurs through a condertaic splitting of dihydrogen
illustrated by a four atom centered intermedidte. -bond metathesis, partial charges of

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

2.2.1 Aqua and hydroxo complexes of TSP-Ir "

Dissolution of Ng[(TSPP)II"(OD,),]*12D,0, the iridium(lll) tetrap-sulfanatophenyl
porphyrin in DO results in a pH dependent equilibrium distribatiof the bis-aqua
[(TSPP)I" (OD,),]* (1) with mono and  bis-hydroxo  complexes
[(TSPP)IM (OD)(OD)]* (2), [(TSPP)II'(OD),]°> (3) (eq 2:5, 2:6) (Figure 2-6). The
axially coordinated water and hydroxide ligands fgr2 and 3 in water rapidly
interchange protons with the bulk water (298 K) ethresults in a single mole fraction

averaged pyrrol&H NMR resonances fdr, 2 and3 (Figure 2-7).

[(TSPP)IF' (OD,),] [(TSPP)IM'(OD)(OD,)]* + D' (2:5)
[(TSPP)IF' (OD)(OD,)]* [(TSPP)II'(ODY,]° + D' (2:6)
oD, oD, oD
@ | o @ o+ G
= @ ==
oD, oD oD

S = RR

R
R R= -3—@—503Na

Figure 2-6: Water and hydroxide complexesf (TSPP) Ir™ in water.
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The'H NMR of the bis-aqud and bis-hydrox@® complexes can be directly observed at
limiting low and high pD respectively. The mole dtian averaged pyrroléH NMR
resonances for equilibrium distribution bf2 and3 as a function of [[J were used in
determining the acid dissociation constants by lnoear least squares curve fitting to the
eq 2:4%23! giving Ko5(298 KJF4.8x10°, K298 K)=2.6x10™ and dy(pyr)=8.75ppm; 1
[(TSPP)II"(OD,),] % is di(pyr)=8.93ppm an@ [(TSPP)It'(OD),]® is ds(pyr)= 8.57 ppr-
The equilibrium constants agree well with the réceport of Kanemitsd® Equilibrium
distribution of1, 2 and3 in D,O as a function of the hydrogen ion concentrat®n i

illustrated in Figure 2-8.

2
D" "+ KK, D"+ KK,
D* 2+ K, D" + KK,

1,2, 3 (obsT

Figure 2-7: Mole fraction averaged'H HMR (500 MHz) porphyrin pyrrole singlet
and phenyl AB pattern for 1, 2 and 3 in DO (T=293K) pD of (A) 5, (B) 8.5 and (C)
115 .
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[Ir'"(D,0),]°

[Ir'"(D,0)(OD)* [Ir'"(OD),]°

AAAAAAAAAAAAAAA
AAAA
Ad

Figure 2-8: Equilibrium distributions of [(TSPP)Ir "' (OD,),]® (1), [(TSPP)Ir'" (OD)(OD,)]* (2) and [(TSPP)I"' (OD),]° (3) as
a function of the hydrogen ion concentration in RO at 298 K calculated for K5 (298 K) = 4.6x10 and Ky ( 298 K) = 2.6x10*

and a total [(TSPP)I"' ]=1.0 x 10° M.
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Parallel studies of N(TSPP)Co(OD),]*18D,0 in D,O similarly result in a pD
dependent equilibrium distribution of hydroxo armguia complexes of [(TSPP)&Ep2
The acid dissociation constants and chemical siwéie determined to b€,.5 (298 K) =

8.75 x 10°, K»6(298 K) =7.12 x 10" and ([(TSPP)C8(OD,)(OD)]* ) d, (pyr) = 9.22 ppm;

([(TSPP)CY'(OD,);]* ) da(pyr) = 9.38 ppm; ([((TSPP)CHOD),]° ) d3 (pyr) = 9.10 ppm.

d -shift (ppm)
’
»>

pD [D7]

Figure 2-9: Observed limiting fast exchange molerdction averaged pyrrole
'H  NMR chemical shifts for compounds ([(TSPP)Cd"(OD,),]®),

((TSPP)Cd" (OD,)(0OD)]*) and ([(TSPP)Cd' (OD),]° ) in D,0O.
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2.2.2 Aqua and Hydroxo Complexes of (TSPP)It' in H,0:

Equations 2:5a and 2:6a describe the equilibriavéen the bis-aqua complex
((TSPP)I'(OH,)-]°) (4) and the mono and bis-hydroxo complexes
((TSPP)IM (OH)(OH)]*) (5) and ([(TSPP)IF(OH),]°) (6) in H,O. Non-linear least
squares curves fitting of the pH dependence ofpyreole *H NMR resonances for
equilibrium distribution of4, 5 and 6 were used to evaluate the acid dissociation
constant&>*for compoundg and5, (K»s:= 1.1x10) (K.6= 5.3x10") (Table 2-1).

[(TSPP)II" (OH,);]° [(TSPP)I'(OH)(OHp)]*  + H' (2:5a)
[(TSPP)II' (OH)(OH)]* [(TSPP)IF(OH),]®  + H (2:6a)
Plots of the observed pyrrofél NMR shifts as a function of the hydrogen ion
concentration ([0]; [H']) for the HO and DO complexes of [(TSPPJi] and the
calculated best fit curves are shown in Figure 2-Thhe HO complexes are 2x more
acidic those of BO as a result of the smaller zero-point energy e®# Isotopic
substitution of deuterium for hydrogen results itower vibration frequency which is

described quantum mechanically as a lower zerotgoiargy** >’

Table 2-1: Acid dissociation constants (K for eq:8, 2:5a, 2:6, 2:6a) and free energy
changes PG° for eq 2:5, 2:5a, 2:6, 2:6a ) (298 K) (kcal/molfor [(TSPP)Ir"']
complexes in HO and D,O.

(TSPP)II! K25, 2:5a K26, 2:6a DG®:5, 2:5a DG®2:6, 2:6a
D,O 4.8 x 10 2.6 x 10" +9.90 +14.3
H,O 1.1 x 10 5.3 x 10" +9.41 +13.9
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Figure 2-10: Observed limiting fast exchange molerdction averaged pyrrole
'H NMR chemical shifts for compounds 1, 2 and 3 in BD (red triangles) and 4, 5
and 6 in H,O (blue circles). The points are experimentally dermined values and
the lines (3O = red solid line, HO = blue dotted line) are calculated from linear
least squares fitting the experimental points to e®:4. Kys (298 K) = 4.6x1C,
K.6(298 K) = 2.6x10" and Ky:54(298 K) = 1.1x10 K.62(298 K) = 5.3x10"".
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2.2.3 Comparison of Acid Dissociation Constants for GroupNine (M = Co, Rh,
Ir) [(TSPP)M " (D,0),]® in D,O

Results from determining acid dissociation constaftr aqua and hydroxo
complexes of [(TSPP)M (M=Co, Rh, Ir) in BO by application of the sarmél NMR
method?*®*°are given in Table 2-2. The relative aciditiesttud [(TSPP)M'(OH,),]*
(M = Co, Rh, Ir)complexes increase regularly in proceeding downgrane.

Comparison of the first acid dissociation constimmtthe group nine metals of
TSPP show that iridium’s acid dissociation constahtbound water is larger than
rhodium by a factor of 3.4 and rhodium is 1.6x thiatobalt. These factors are increased
for the second acid dissociation constant whedeum [(TSPP)Ir] is 9.3x larger than for
rhodium and rhodium [(TSPP)Rh] is a factor of 4 dsnlarger than cobalt. The
increasing acidity of cobalt to iridium reflectsettrend of increasing metal-ligand bond

41-43

strengths and the increasing ability of the metals from dbla iridium to

accommodate increasing negative charge associatiedoas of a proton.

Table 2-2: Acid dissociation constants (Ks, K2¢) and the free energy changes
(DG°,:5, DG°2:) (298 K) for [(TSPP)M" (OD,),]® (M = Co, Rh, Ir) complexes in RO
solutions. Formula in parenthesis below values repsents the numeric relationship
between equilibrium constants.

G 9
(TSrg;F;\/I i Kas K26 DG®5 DG®6
Co 88 x 100 7.1 x 102 +10.9 +16.4
Rh? 1.4 x 16 2.8 x 10% +10.6 +15.6
1.6[K(Co)] 4[K(C0)]
Ir 48 x 160 2.6 x 10" +9.90 +14.3
3.4[K(Rh)] 9.3[K(Rh)]

a) Fu, X.; Wayland, B. BJ. Am. Chem. So2004 126, 2623
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2.2.4 Thermodynamics for the Displacement of Water by Hydoxide in
[(TSPP)M" (OD,)2]* (M = Co, Rh, Ir)
The free energy changes for displacement of wayehyaroxide derived for
[(TSPP)M'(OD,),]® (1) (M = Co, Rh, Ir)complexes (eq 2:7 and 2:8) whef®G,.; =

DG,.5 +DGo.g and DGs.g = DGy.g +DGog (Table2-3)

[(TSPPM"(OD,),]* + OD [(TSPP)M'(OD)(ODy)]* + DO (2:7)
[(TSPP)M'(OD)( OD,)]* + OD [(TSPP)M'(OD),]° + DO (2:8)
D' + OD DO (2:9)

The binding of hydroxide is substantially more fealde than water in all cases
and the difference increases when moving down gnome from cobalt to iridium.
Preference for the hydroxide anion over water desge substantially as the effective
metal site positive charge is attenuated in goingmf the diagua complex
((TsPPM"'(OD,),]°) to the mono hydroxo mono-aqua complexes

([(TSPP)M" (OD,)(OD)]* ) (Table 2-3).

Table 2-3: Equilibrium constant (K27, K2.g) and free energy changes for reactions
that substitute hydroxide for D,O (DG27, DG2g) (298 K) in [(TSPP)M" (OD,);]
(M = Co, Rh, Ir) complexes in DO solutions.

(TGSrggF;/I% K27 Ko DG2:7° DG,:¢°
Co 3.8x16 2.4x 14 -11.7 6.1
RH 6.3x 18 9.7 x 14 -12.0 -6.8
Ir 1.1 x 10° 1.0x 16 -13.7 -8.2

a) Fu, X.; Wayland, B. BJ. Am. Chem. So2004 126, 2623
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2.2.5 Hydrogenolysis reactions of [[TSPP)II' ] complexes in Water
The reaction of dihydrogen with metal alkoxideshydroxides to produce the
metal hydride and eliminate water or alcohol is Wwnoas hydrogenolysis. The
hydrogenolysis of [(TSPPJff] in both DO and HO was investigated at pH ranges of 5-
14. The general mechanism obond metathesis for the reaction of dihydrogeshmswn
in Figure 2-11. However, it is conceivable thatsdiciative/associative pathways are also

operative (section 2.1.2) and yield the same nistaitide product.

H o0
conr
[Re—
C 1: D =—= @
+
mo H H,0

R= -§—©—803Na

Figure 2-11: General scheme for the reactivity oflihydrogen with [(TSPP)Ir'"]
complexes through a four centered transition statalso known as bond metathesis.

In  bond metathesis, the iridium(lll) metal centersaas an electrophile and
polarizes the dihydrogen bond. This results irtapositive charge at one end (hydrogen
acts as a proton) and a net negative charge atttter (hydrogen acts as a hydride
source). Water is liberated and provides a thegmachic driving force with a BDFE
(HO H) of 118 kcal/mol and iridium hydride is formedr§PP)Ir H(H-0)]* (7). The
[(TSPP)Ir H(H-0)]* (7) complex formed is an important precursor for o@aetallic
transformations because can be an electrophilialmentered hydride source'{ls H)
and a nucleophilic metal centered proton source-(H" ).
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Reaction of B with [(TSPP)Ir(OD),]°

Addition of dihydrogen gas (g ~ 0.5 atm) to 0.4 mL of solutions of bishydroxy
complex [(TSPP)IF(OD),]° (3) (~ 10° M) in strongly alkaline BO ([D'] > 10* M)
resulted in the formation of the iridium(l) complETSPP)Ir(D0)]° (8) complex within

in 18 hours, eq 2:10, Figure 2-12.
[(TSPP)IF(OD}]° + D [(TSPP)(D,0)]° + D' + DO (2:10)

The equilibrium constant for reaction 2:10 is &amgnd favors the formation of
[(TSPP)IH(D,0)]° (8) in water. After 6 hours, both iridium(ill) [(T$BIN(ODY)]® (3)
and [(TSPP)I{D,O)]°> (8) are observed simultaneously in solution by NMRI &oth
species have sharp resonances and do not appeamfwroportionate (1t + Ir'

Ir'" 1r"), Figure 2-12(b). Reaction 2:10 forms exclusivElySPP)ID,0)]° (8) and is
indicative of a large equilibrium constant favoritige formation of iridium(l) complex,
Figure 2-12(c).

The pD of the solution is anticipated to becomeeaasingly acidic as the reaction
progresses because for each mol of iridiur@{@irmed, one proton is also formed. The
shift in hydrogen ion concentration could shift tlselution equilibrium to favor
protonation of the iridium(l) complef, eq 2:11. The possible interaction of iridium(l)
complex to enter into exchange with protons inlibk solution at an intermediate rate
would result in a loss of sharp resonances inth&IMR of the iridium(l) complex and

is consistent with the NMR taken of reaction 2:#@ral8 hours, Figure 2-12(d).

[(TSPP)IH(D,0)]° + D' [(TSPP)Ir D(D-0O)]* (2:11)
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Figure 2-12: 'H NMR (500 MHz) of the dihydrogen reaction with
[(TSPP)Ir(OD),]° (3).(a) [(TSPP)Ir(OD)]° , (b) Reaction 6 hours later with both
[(TSPP)Ir(OD)]° and [(TSPP)Ir(OD),]°>  coexisting in  solution,
(c) [(TSPP)I(OD),]°> (d) Exchange of [(TSPP)Ir(OD)]° with protons in solution
resulting in broadened resonances.
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Reaction of H with [(TSPP)Ir(D,0),]° and [(TSPP)Ir(OD)(D:0)]*

Dihydrogen (jpl, = 500 — 700 torr) was pressurized into NMR tubestaining
0.4 mL of [(TSPP)It'] solutions [~ 1¢ M] at pD ranges from 3 - 10. At a pD5, the
solution contained primarily [(TSPP}1tD-0),]® (1) while at pD > 5 < 10, the solution
contained primarily [((TSPP)Ir(OD)@®)]™ (2), eq 2:12, 2:13. The reaction with
dihydrogen at these conditions forms the [(TSPBXD,0)]* (7) complex.

[(TSPP)Ir(QO)2]3 + D [(TSPP)IrD(DZO)]4 +D" +D0O  (2:12)
[(TSPP)I(OD)(DO)]* + Dy [(TSPP)IrD(D;0)]* +D,0  (2:13)

A representative NMR of the progression of reac®adl is shown in Figure 2-
13. Initially, [(TSPP)Ir(OD)(BO)]* (2) is seen with sharp porphyrin pyrrole and
hydrogen resonances, Figure 2-13(a). As the [(JBARD,0)]* (7) complex begins to
form, (pyrrole peak ~ 8.6 ppm) the resonances é'th NMR become broadened,
Figure 2-13(b). This differs significantly fromelreaction of dihydrogen with iridium
bishydroxy complex3 where all the species are observed as sharp pegkse 2-12(b).
As reaction 2:13 progresses, all signs of a cledium(lll) complex is no longer
observed and the entire spectrum contains 3 vevgdoresonances with a porphyrin
pyrrole resonance now centered at 8.5 ppm, Figur&(@).

The formation of the iridium hydride7) is confirmed by conducting the
dihydrogen reaction with [(TSPP)Ir(OH)}8)]* (2) in a mixture of HO/D,O in a ratio
of 93/7 which allowed for the observation of theltggen of the iridium hydride unit of
complex 7 at -57.7 ppm in théH NMR (298 K) and broad resonance at -3.12 ppm
attributed to aqua/hydroxo trans ligand of [(TSPR(H.0)]* (Figure 2-14). ThéH

NMR at 360 K resulted in a small shift hydride neaoce of [IrH] to -58.4 ppm and a
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significant sharpening of the peak attributed te trans ligand at -2.6 ppm due to an
increased rate of proton exchange at elevated tatye (360 K). Inversely, the Ir-H
resonance exhibits a loss of intensity indicati¥¢he susceptibility to deprononation of
Ir-H at elevated temperature. The hydrogen resmesaf the porphyrin pyrrole at 360 K
are observed to sharpen and the phenyl resonareasbserved to exhibit accidentally
magnetic anisotropy that results in the convergesicihe typical tetraphenylporphyrin
AB phenyl pattern into a singlet fitdf NMR as illustrated in Figure 2-13(d). While the
rate of proton exchange with the bulk solvent is tactor that influences the observation
of broadened peaks in tiel NMR, complex formation like dimerizati6his also a
contributing factor. Relatively low sterics of tAi&PP porphyrin allow  stacking®
and interfacing of the iridium metal centers whiebult in solution equilibrium dynamics
through metal-metal bonds (eq 2:14), hydride (etbRand dihydride (eq 2:16) bond

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

I+ 1A(H) Ir Ir(H) (2:14)
"+ Ir H IrH Ir (2:15)
21IrH IrH H Ir (2:16)

Attempts to investigate patterns of reactivity aeguilibrium distribution of
species in solution were performed using a spapDs and high temperature NMR of
360 K. High temperature produced NMR spectra rédiag Figure 2-13(d) with a single
porphyrin pyrrole and phenyl resonances but witlomltesion to the limiting resonances
the iridium(l) porphyrin. The influence of iridiuf) complexes (eq 2:14-16) in solution
add complexity to the system and restricted furtbealuation of the equilibrium

thermodynamics of dihydrogen reactions of [(TSPH)in water.
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(d) (360 K) [(TSPP)Ir-D(D,0)]*

Figure 2-13: 'H NMR (500 MHz) of the dihydrogen reaction with
[(TSPP)Ir(OD)(D,0)]* (2). (a) [(TSPP)Ir(OD)(D:0)]*, (b) Progression of the
reaction of [(TSPP)Ir(OD)(D,0)]* to form [(TSPP)Ir D(D,O)]* exhibiting
broadened resonances (c) At 298 K [(TSPP)ID(D,0)]* (d) At 360 K
[(TSPP)Ir D(D,O)]*
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Figure 2-14: 'H NMR (500 MHz) at 298 K at [H"] <10° M in H,0/D,0 (9:1) of
([TSPP)Ir-H(H ,0)* ) with broadened averaged hydrogen resonances: pyfe 8.45
ppm, phenyl 8.15 ppm and Ir-H -57.7 ppm.

Figure 2-15: 'H NMR (500 MHz) at 298 K at [H"] <10° M in H,0/D,0 (9:1) of
([TSPP)Ir-H(OH ,)° ) with sharp “fast averaged” hydrogen resonances: frole 8.59
ppm, phenyl 8.21 ppm Ir-H at -58.4 ppm.
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2.2.6 Implications of [(TSPP)Ir" (D,0)]* in Water
The reactivity of Ir(Il) porphyrins in aqueous madias not explored. However,
the disproportionation of Rh(Il) porphyrin®“® in non-aqueous media has been
investigated because of its relevance in catalylkane functionalization®>
Disproportionation of [(por)RH- to [(por)RH] and [(por)RH'] is driven by the favorable
thermodynamics associated with binding an axiariy to the RH product?® In
aqueous media, the [(por)Bhis only observed at specific pH ranges and isritest as
resulting from the 2 electrons of Riiz® orbital donating into the empty Btdz® orbital
(Rh' Rh"). The [(por)RH], however reacts favorably thermodynamically withteva
to form [Rh-H] and [RH-OH] with bound axial ligands as shown in eq 2-bd &as a
Koa7=1.2x 16, G°.17(298 K) = 8.3 kcal/mof?
[(TSPP)RH(D,0)],® + DO [(TSPP)RhD(D,0)]* + [(TSPP)Rh(OD)(BO)]*  (2:17)
[(TSPP)If(D,O)],° + DO [(TSPP)IrD(D,0)]* + [(TSPP)Ir(OD)(RO)]*  (2:18)
Iridium(Il) dimer is anticipated to similarly dispportionate via the oxidative
addition of water to form the iridium hydride armitlium(lll) hydroxide (eq 2:18§*>"
This circuitously maintains an equilibrium distritan of iridium hydride, iridium(ll)
dimer and iridium(lll) hydroxide in solution and hibits accessing the reactivity of
iridium porphyrins in water with substrates like C@hactivated alkenes and aldehydes.

The formation of dimeric iridium(ll) complexes cde circumvented by using more

sterically demanding porphyrins and is advancedhiapter 3.
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2.3 CONCLUSION

Aqueous solutions of iridium(lll) tetrakig{sulfonatophenyl)porphyrin
[(TSPP)II'] form a hydrogen ion dependent equilibrium disitibn of bisaqua
((TSPP)IM'(D,O)]®), monoaqua/monohydroxa  ([(TSPB)D,O)(OD)]*) and
bishydroxo ([(TSPP)If(OD),]® ) complexes. Comparison of acid dissociation cmtst
of group nine [(TSPP)IH(D»0),]* (M= Co, Rh, Ir) complexes show that the extent of
proton dissociation in water increases regularlyrmving down the group from cobalt to
iridium consistent with increasing metal-ligand dastrength.

Equilibrium thermodynamic studies quantitatively sdebe the preferential
binding of anions (OD over that of neutral ligands ¢D) for all of the group nine
metalloporphyrin complexes. The magnitude of tifeegbnce in binding energies for
anionic compared to neutral ligands decreases aniimty as the effective positive

charge of the metal complex decreases.

\
/

Figure 2-16: Multiple simultaneous equilibria of TSPP)Ir complexes in water.
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Reactionsof [(TSPP)IF'] complexes result in the formation of an equilitoni
distrubtion of an iridium(l) species ([(TSPPD-O)]’), an iridium hydride species
([(TSPP)Ir D(D,0)]*), iridium (lI) species ([(TSPP)I(D,0)],® ) and three [(TSPP)!j
species in water as shown in Figure 2-16 . Theptexmsimultaneous equilibria of
iridium species in water can be simplified by tise wf sterics to prevent dimerization of

iridium(ll) and is advanced in this way in Chap8er
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2.4 EXPERIMENTAL
General considerations

D,O was purchased from Cambridge Isotope Laboratocy and degassed by
three freeze-pumthaw cycles before use. Proton NMR spectra weraiodéd on a
Bruker Avanc& 500 MHz at 293K. Chemical shifts were referenced3ttrimethyl
silyl-1 propane sulfonic acid sodium salt. ProtoMR spectra was used to identify
solution species and to determine the distribut@n species at equilibrium. pH
measurements are performed on Thermo ScientificSXixter and Orion 9802 glass

electrodé® precalibrated by Thermo Orion buffer solutiongbf = 4.01, 7.00 and 10.01.

2.4.1 Concentration of complexes and ionic strength of ageous solutions:
Thermodynamic studies of (TSPP)Ir complexes in wabeere carried out at
concentrations less thari 210° M in order to minimize molecular and ionic asstioia.
Most equilibrium constant measurements were pegdrat a low ionic strengthm¢10°)

where the ion activity coefficients approach unity.

2.4.2 Synthesis of tetraSodium(5,10,15,20-tetra-4’-sulfaaphenyl)porphyrin
The synthesis of 5,10,15,20-Tetra-4’-sulfantophepgiphyrin  [Na(H.TSPP)]
was a two step process. First the facile synthekitetraphenyl porphyrin (FHPP)
(Figure 2-16) was accomplished by two methods @&edradly, sulfonation of meso-tetra
phenylporphyrin sodium salt [N@d,TSPP)] was achieved and subsequently purified by

the method of Srivastava

53



1. To 100 mL of refluxing propanoic acid in 250 mL rmlibottom flask equipped with
a stir bar, pyrrole (5.0 mL, 0.0721 mol) and bedehlde (13.34 g, 0.0721 mol) were
added and allowed to reflux for 30 minutes. Theppgrins obtained are insoluble in
propanoic acid; thus crystals were obtained uptiration and were washed with

methanol to yield ~10% as pure porphyfth.

(1) reflux /
propanoic acid

(2) CHCI,/TFA
DDQ

Figure 2-17: Reaction scheme fdrd synthesis of tetraphenylporphyrin

2. CH,CIl, was added to a 1 L round bottom flask charged whth and was
deoxygenated by bubbling,Mhrough it for 30 minutes. Under,Mtmosphere a stir
bar, pyrrole (5.0 mL, 0.0721 mol) and benzaldehyti234 g, 0.0721 mol) were
added and 5.5 mL of TFA. The reaction was allowedtir overnight under N
Then the reaction was opened to air, DD@-ahloroaniline (17 g, 0.0721 mol) was
added and the reaction was refluxed for 2 hoursxidize the porphyrinoget. All
the solvent was completely removed and the crutié ws@s filtered through a silica
gel column using CkCl, (DCM) as the eluent collecting the first band. eolvent

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

done by Lindsey?

Sulfonatiori* was then achieved of JfiPP by warming the porphyrin in a
minimal amount of fuming sulfuric acid in a 1 L rabbottom flask (porphyrin:acid, 100
mg: 5 mL) for 15 hrs. Chipped ice was then adaethé round bottom flask to form a
slurry. Super saturated NaOH (~150 mL) was adddd the solution changed from
green to violet.

The solution was then reduced to ~ 50 mL by heatidethanol was then added
to the hot solution to crash out }8,. The hot solution was filtered and the filtrate
washed with hot methanol. The filtrant was themaemtrated and any extraneous
NaSO, was removed by filtration.

A lime slurry was added to the solution until th@lor changed from green to
brown or light pink. Dry ice was then added to #wmution and the solid removed by
filtration. The filtrant was then reduced in volamand the pH adjusted using J8&:;.
The solution was then concentrated down to ~10 nd_cd ethanol was added to ppt

[Nay(H-.TSPP)]. 'H NMR (N&[H2(TSPP)]) shown in Figure 2-17.
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a
HO DMSO
d
\‘kwm———\ JLA
T | T | T | T | T | T | T | T | T | T | T | T | T | T
PPM 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

gbie 2-18: H NMR of [Nas(H-.TSPP)] in d-DMSO.
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2.4.3 Synthesis of [[TSPP)M' (D,0),] (M=Co,Rh,Ir):
Nag[(TSPP)M"(D,0),] (M = Co, Rh, Ir) was synthesized following repeitmethods by
Ashley®*®  The reaction scheme is shown in Figure 2-18108 mL 2 neck round
bottom flask was equipped with a stir bar and ditteth a reflux condenser and allowed
to purge under N 20 mL of methanol was added containing /IMaTSPP]) (100 mg,
0.1 mmol) to the round bottom flask and heatedfIC8 When a steady reflux was
achieved a 5 mL solution of DCM containing [Ir(CQD), (164 mg, 0.25 mmol) was
injected into the solution. The reaction was theftluxed slowly at 80°C for 5 days;
every day ~ 2 mL of DCM was injected into the reactvessel. No acid was needed to

insert the metal.

R R
[Ir(COD)CI],
R R e R R
R R
R=

SO3Na

Figure 2-19: Reaction scheme for metalkedl bromophenylporphyrin

The reaction was monitored by UV-vis spectroscapglaown in Figure 2-19. When the
metal insertion was complete, a few drops gdkwas added to the cooled solution. The
solvent was then removed and the solid redissoivesl minimal amount of methanol.
Excess DCM was then added to the methanol soleegmtecipitate the metalloporphyrin.
The solid was then dissolved in alkaline water (d.NaOH) and allowed to vigorously
stir in air for 7 days. The solution was then d®d with HCI and allowed to stir for 3
days. The solution was then evaporated to compisteess to remove all methanol and

coordinated methanol.
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Dissolution of Ng[(TSPP)I" (D,0),] in D,O results in solutions of the bis aqua complex
[(TSPP)IM(D,0),] (1) in an equilibrium distribution with the mono ahis hydroxo

complexes, [(TSPP){D,0)(OD)]* (2), [(TSPP)I' (OD),] ™ (3).

Nag[(TSPP)I" (D,0),] *H NMR (500 MHz, BO) d(ppm): 8.93 (s, 8H, pyrrole), 8.44 (d,

8H, o-phenyl, 4,.14=8Hz), 8.25 (d, 8H, m-phenyl 33l14,=8Hz).

Nag[(TSPP)Cd'(D,0),] *H NMR (500 MHz, DO) d(ppm): 9.38 (s, 8H, pyrrole), 8.41

(d, 8H, o-phenyl, 4;.14=8Hz), 8.23 (d, 8H, m-phenyl jJ14=8Hz.

| 114
ns
H
H* -
I-=-.-—1

Figure 2-20: UV-Vis spectra in CHOH. [Ho(TSPP)] (green) [(TSPP)It"] (red).
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2.4.4 Acid dissociation constant measurement for [(TSPP)M(D,0),]>
(M=Cao,Ir) in water:
Samples of ([(TSPP)M(OD),]®) (M = Co,Ir) @) were prepared by mixing standardized
D,O solution of NaOD with the stock solutions of cdexpl (0.5 — 1.0 10°M) in NMR
tubes. A series of DCIl and NaOD deuterium oxideitsmhs were used to adjust the pH
values. The change of the pyrrole hydrogdnNMR chemical shifts and the change in
pD value (pD = pH + 0.41) was plotted and the expental data was fitted by the

method of non-linear least squares curve fitting tthe equation:

023,400 PYF)=(K1K 205(pyr)+Ka[D T co(pyr) +[D*]* du(pyr))/(KiK2+Ka[DT+[DT?).

2.4.5 Synthesis of [(TSPP)Ir D(D,0)]* / [(TSPP)Ir'(D,0)] °:
0.4 ml of [(TSPP)If(D,0),]° D,O stock solutions (1.2 — 1:810°% M, [D*] > 10° M)
was added into a vacuum adapted NMR tube. The NbRs were then degassed by
three cycles of freeze-puntpaw and 500 - 700 torrJD, was pressurized into the NMR
tube. The reaction of [(TSPFi)'I(rDzo)z]7 with H,/D, producing [(TSPP)ID]* in
acidic solution achieves equilibrium distribution$ (TSPP)II' and [(TSPP)IrD]* .
Following the same procedure, (TSPB)ircomplexes completely converted to

[(TSPP)If]°" in basic BO solution ([0]<10™*? M).
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CHAPTER 3

FORMATION & REACTIVITY OF A PORPHYRIN IRIDIUM
HYDRIDE IN WATER: ACID DISSOCIATION CONSTANTS
AND EQUILIBRIUM THERMODYNAMICS RELEVANT TO
M-H, M-OH AND M-CH,- (M=IRIDIUM) BOND
DISSOCIATION ENERGETICS
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3.1 INTRODUCTION

Water as a reaction medium and as a reactant émsitron metal induced
transformations and catalysis is a major contenmpaiapic'?° and a projected area for
future growth?*?® Our contributions in this area have been focusedhe behavior of
group nine (Co, Rh, Ir) metal complexes with sufed porphyrin ligands in wafér®
and methanol>® Primary objectives for these studies have encssggzhdefining the
nature and thermodynamic interrelationships forcegsein solution, establishing the
range of small molecule reactivity, and identifyj@minent reaction pathways.

Rhodium porphyrins have a relatively highly develdpand extensive reaction

chemistry in diverse reaction metfid*>**

compared with studies of the iridium
derivatived**°""*which are in a relatively early stage of developm®rior studies in
this series have examined the equilibrium betwesum nine metallo porphyrin aqua
and hydroxo complexes in water, reactions of rhadiflll) with hydrogen to form
equilibrium distributions of Rh-H and Rh(l) speciaad the reactivity patterns and
thermodynamics for small molecule substrate reastmf Rh(l), Rh(ll), Rh(lll) and Rh-
H derivatives’’ 288083
Oxidative addition of water to Rh(ll)porphyrins,rfeation of -hydroxyalkyl

complexes from reactions of olefins with Rh(ldpd reactions of the Rh-H with olefins
and aldehydes that produce alkyl antlydroxyalkyl complexes are important types of
transformations observed in aqueous media. Freeggrchanges for most substrate
reactions of rhodium porphyrins in water are rerabhk similar to those for analogous

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

formation of highly hydrophobic alkyl groups is niuless favorable in water. Substrate
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reactions of (por)Rh-H are generally much fastewater compared to benzene which is
ascribed to more versatile reaction pathways anghanticular the capability of water to

support ionic species and heterolysis routes. e expand the scope of reactivity to
iridium porphyrin in water.

This chapter reports on reactivity and thermodymastudies for aqueous solutions
of tetrakis(3,5-disulfonatomesityl)porphyrin irign{lll) aqua and hydroxo complexes
([(TMPS)IM (D0),.(0D),] ™) in D,O. The (TMPS)Ir system was selected for study
because the steric demands of the mesityl dervagrehibit Ir-Ir bonding and suppress
intermolecular interactions that can occur for tegs sterically demanding tetralps(
sulfonatophenyl)porphyrin  (TSPP) derivative. Thetudy reports the multiple
simultaneous equilibria that occur in aqueous smhst and provide foundational
experimental equilibria thermodynamics relative ntmnomeric iridium tetrakis(3,5-
disulfonatomesityl)porphyrin in water.

Aqueous solutions of iridium tetrakis(3,5-disulfoo@esityl)porphyrin
[(TMPS)Ir'"'] form a hydrogen ion dependent equilibrium disitibn of complexes in
water. Reaction of [(TMPS)fi] with dihydrogen form a reactive iridium hydride
porphyrin species which reacts stoichiometricallyd acatalytically with unactivated
olefins and aldehydes in aqueous media.

Equilibrium thermodynamic data on a series of urdiporphyrin species (Ir(l) and
Ir-H) which function as precursors for a group ofjamometallic substrate reactions is
evaluated. The direct evaluation of the acid diggmn constant of the iridium hydride
along with estimates of the iridium hydride, irichucarbon and iridium hydroxide bond

dissociation energy in water is also reported. ofparison of reactivity, equilibrium
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thermodynamic data and bond dissociation energynatds reported for these classes of

substrate reactions with cobalt and rhodium porphgmalogues are discussed.

3.2 RESULTS AND DISCUSSION

3.2.1 Agqua and hydroxo complexes of (TMPS)I}"

Dissolution  of tetrakis(3,5-disulfonatomesityl)  pbgrin iridium(lIl)
(Na[(TMPS)Ir'" (OD,);]+18D,0) in D,O results in a pH dependent equilibrium
distribution of the bis-aqua [(TMPSY{(OD,);]’ (1) with mono and bis-hydroxo
complexes [(TMPS)It(OD)(0D,)]1® (2), [(TMPS)IM"(OD),]° (3) (eq 3:1, 3:2) (Figure
3-1). The axially coordinated water and hydroxidands forl, 2 and3 in protic media
rapidly interchange protons with the bulk water§29) which results in a single mole

fraction averaged pyrroftd NMR resonances fdt, 2 and3 (Figure 3-2).

[(TMPS)Ir" (ODy),]’ [(TMPS)IM(OD)(ODy)]® + D" (3:1)

[(TMPS)IF" (OD)(OD,)] & [(TMPS)IF'(OD),]® + D' (3:2)

The 'H NMR of the bis-aqual and bis-hydroxa3 complexes can be directly
observed at limiting low and high pD respectivélite mole fraction averaged pyrrdté
NMR resonances for equilibrium distribution bf2 and3 as a function of [[] were
used in determining the acid dissociation constémytaion-linear least squares curve
fitting to the expression:

b 3,4(0b{PYN)=(K1K20a(pyr) +Ka[D ] da(pyn)+[D']? du(pyn)/(KaKo+K4[D*J+[D %)%
giving Ky(298 K)}2.8x10%, Ky(298 K)=2.5x10™ and dypyr)=8.47 ppm;
[(TMPS)I' (OD,),] % is dy(pyr)=8.63 ppm and [(TMPS(OD),]® is ds(pyr)= 8.27 pprir.
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Equilibrium distribution of1, 2 and 3 in D,O as a function of the hydrogen ion
concentration is illustrated in Figure 3-3. Ché&eastic pyrrole resonances of the iridium

porphyrin complexes discussed here are found iheT&l.

Figure 3-1: Water and hydroxide compless of (TMPS) I in water.

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

(TMPS)Ir species Fzggr?]l;
[(TMPS)Ir(OD,),]’ (1) 8.63
[(TMPS)Ir(OD),] ° (2) 8.27
[(TMPS)Ir(OD)(OD)]®  (3) 8.47
[(TMPS)IF'(OD,)]° (4) 7.99
[(TMPS)Ir-D(OD,)]? (5) 8.36
[(TMPS)Ir-CHy(ODy)]” 6) 8.24
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Figure 3-2: Observed limiting fast exchange mole &ction averaged pyrrole
'H NMR chemical shifts for compounds(TMPS)I"' complexes 1, 2 and 3 in D
Points are experimentally determined values and lies are calculated for
K31 (298 K) = 2.8x10% and K., (298 K) = 2.5x10™.
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'H NMR chemical shifts for (TMPS)Cd" complexes 1, 2 and 3 in £D.
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Figure 3-4: Equilibrium distributions of 1, 2 and 3 as a function of the hydrogen ion
concentration in D,O at 298 K calculated for K1 (298 K) = 2.8 x 10 and
K32(298 K) = 2.5 x 13* and a total [(TMPS)Ir'"]=1.0 x 10° 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)Rh (por = TMPS, TSPP) have been previously reported
by our group. Parallel studies of j{@MPS)Co(OD1),]*18D,0 in D,O also result in a
pD dependent equilibrium distribution of hydroxo danaqua complexes of
[(TMPS)Cd"]®°. The acid dissociation constants and chemicéissivere determined to
be Ks.1 (298 K) = 2.00 x 18° K3.,(298 K) = 6.31 x 18* and ([(TMPS)C8 (OD,)(OD)]

) dx(pyr)=8.94 ppm; ([(TMPS)CB(ODy)2]”) di(pyr)=9.06 ppm; ([(TMPS)CH(OD),] )
ds(pyr)= 8.75 ppm.

Results from determining acid dissociation constaftr aqua and hydroxo
complexes of [(TMPS)M] (M=Co, Rh, Ir) in DO by application of the santel NMR
method are given in Table 322%® |n proceeding down group nine from cobalt to
iridium relative acidities of the [(TMPS)MOD,),]® (M=Co,Rh,Ir)complexes increase
regularly which reflects the expected trend of éasing metal-ligand bond strengffis*
Substitution of the porphyrin from TMPS to TSPPuies a change in the corresponding
acid dissociation constants by a factor of ~10 fathbcobalt and rhodium, while only a
factor of 2 is observed in the case of iridium (€aB-2). The relatively strong tenacity
of the iridium metal site to bind anionic ligands unaffected by a change in electron
donating properties of the porphyrin moiety (TMPS).

Preference for binding water over hydroxide incesaas the effective positive
charge of cobalt and rhodium is reduced by the netegetron releasing character of the
o,p-methyl groups and placement of sulfonate groupdhé@metaposition of the ligand

TMPS (Table 3-3). The free energy changes forlatgment of water by hydroxide
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derived for [[TMPS)M'(OD,),]” (M=Co, Rh, Ir) complexes (Eq 3:3, 3:4DGg:3=
DG3.1 +DGs.5, DG3.4 = DGz +DG3.5 where DG3.5 =+22.6 kcal/mol) (Table 5-3). The
binding of hydroxide is substantially more favomlithan water in all cases and the
difference increases when moving down group nioenfcobalt to iridium and is further

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

[(TMPS)M"(OD,),]” + OD [(TMPS)M"(OD)(OD,)]® + DO  (3:3)
[(TMPS)M"(OD)(OD,)]® + OD [(TMPS)M'(OD),]° + DO (3:4)
D' + OD DO (3:5)

Table 3-2: First and second acid dissociation coretts (K;, K2) (298 K) for aqua
and hydroxo complexes of [(L)M'] (L= TSPP, TMPS) (M = Co, Rh, Ir) in D,O.

TSPP TMPS

m" K, K K, K,
Co 88x 10 7.1 x 10° 2.0 x 10° 25 x 10
Rh 1.4 x 1§ 2.8 x 10“ 1.0 x 100 2.8 x 10°

Ir 4.8 x 100 2.6 x 10" 28 x 16 25 x 10"

Table 3-3: Free energy changedG;, DG4 (298 K) (kcal/mol)) for reactions 3 and
4 that substitute hydroxide for water in complex [()M" (D,O)]s]"~ where (L=
TSPP, TMPS) (M = Co, Rh, Ir) in DO

TSPP TMPS

[(LUM"(D,0)]" DGs DGs | DG DG
Co -11.7 -6.1 94 -4.1
Rh 120 -6.8 | -103 -55
Ir -13.7 82 | -123 8.1
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3.2.3 Reaction of (TMPS)I"" with H./D, in D,O

Aqueous solutions of tetrakis(3,5-disulfonatoméjpityrphyrin iridium(lll)
produce equilibrium distributions between five 1aoh species including iridium hydride,
iridium(l) and three iridium(lll) agua and hydroxemplexes (Figure 3-5) Solutions of
iridium(ll) porphyrin in strongly basic BD [D* > 10 '] react with B/D; (pu, # 0.5-0.6
atm) to form [(TMPS)I(D-0)]° (4). The iridium(l) complex4) is readily identified by a
relatively high field pyrroléH NMR resonance (7.99 ppm) in comparison to iridjlin
complexes shown in Table 3-1 characteristic ofdleetron rich metal site in iridium(l)
tetramesityl porphyrin.

[(TMPS)IM"(ODy),]" + Dy [(TMPS)I-D(OD)]® + D" + DO  (3:6)

At high hydrogen ion concentrations TD 10°] the bisaqua complexl) reacts
slowly with Hy/D, (pu. # 0.6-0.9 atm) to produce an equilibrium distribatiwith the
iridium hydride [(TMPS)Ir-D(BO)]® (5). Figure 3-6 illustrates the equilibriutd NMR
observation of porphyrin pyrrole resonances 3caind1 as a function of pH (eq 3:6).
Similarly, Figure 3-7 depicts thtH NMR illustrating the differences in the porphyrin
o,p-methyl groups at equilibrium conditions at a pH ~5 .

The equilibrium constant for reaction 63§1.7 (£10), Gss = -0.3 kcal/mol)
was directly evaluated by integration of th& NMR in combination with [D] and the
solubility of D, in water (Table 3-4). The qualitative interredaighips between the five
species in simultaneous equilibria with dihydrogee schematically shown in Figure 3-
5. These interrelationships were quantitativelgleated by measuring their equilibrium
constants. Results from thermodynamic measurenoétite (TMPS)Ir system are found

in Table 3-4 along with comparative values for (RMIPS)Rh system.
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Figure 3-5: Simultaneous equilibria that occur between five iridium porphyrin
species in the Y(TMPS)Ir system in water (D,O).

(a) pD=3.0

(b) pD=3.8

Figure 3-6: pD dependence of equilibrium of compleas 1 shown at 8.63 ppm and 5
shown at 8.36 ppm at (a) pD=3.0, (b) pD=3.8 and (pp=4.7.
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Figure 3-7: *H NMR (500 MHz) of [(TMPS)Ir" (OD,);]” (1) in equilibrium with
[(TMPS)Ir-D(OD 2)]® (5), insets show pyrrole resonances analp-methyl groups of
TMPS.
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Earlier studies of the identical rhodium(lll) anglee show similar results to
iridium with Kg(Rh)=18 (x0.5) and G¢ (Rh) = -1.7 kcal/mol. Dissolution of [(TMPS)Ir-
D(D-0)]® in solutions of HO/D,O (92:8) at pH 5-6 allowed the observation of the
hydride'H NMR resonance at -57.7 ppm. Tt#e groups of the ligand are observed in
'H NMR to be distinct from one another and is asaed with compoun& which have

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

PPM 8 0 7.

\
A

I ' T I ' I : I ' I ' I ' I 1
2.30 2.20 2.10 2.00 E 230 2.20 2.10 2.00 ;

__________________________

Figure 3-8: 'H NMR of compound 1 showing singleo-M resonance and of
compound 5 showing twoo-Me resonances. Pyrrole resonances are indicated/ b
compound number andp-Me are indicated by asterisks.
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3.2.4 Acid Dissociation Constant of [[TMPS)Ir-D(D,0)]® :

The pyrrole hydrogediH NMR resonances of [(TMPSYD,0)]° (4) ( = 7.99
ppm) and [(TMPS)Ir-D(BO)]® (5) ( s= 8.36 ppm) are invariant with pD and are
observed as independent sharp resonances fhitN&R spectrum (Figure 3-8). Hence,
manipulation of the hydrogen ion concentration ofusons of iridium(l) porphyrin
complexes results in slow exchange of complekasd5, eq 3:7. In the pD range of 11-
12, both specied and5 are directly observed at equilibrium in thé NMR spectrum
and the acid dissociation constant of [(TMPS)Ir-BO)J® (5) in deuterium oxide can be

directly determined by integration ofH NMR, eq 3:7, K7 = 1.8x10"%, G 3= +16.0

kcal mol*.
[(TMPS)Ir-D(ODy)]® [(TMPS)IF(OD,)]° + D" (3:7)
I"#$  %& ' (
'HS %& )
T /01 12 345 67 189:1

The'H NMR porphyrin pyrrole resonances®fs 8.364 ppm and is 7.994 ppm.
Figure 3-10 illustrates the slow exchange of coxgdel and5 at various pD. This
differs from the fast mole fraction averaged rhodiwanalogue that has an acid
dissociation constant of K = 4.3 x §0 G = +10.0 kcal/mol. The free energy change
(298 K) for (por)Ir-H is 6 kcal/mol larger than thaf (por)Rh-H and illustrates the

tenacity of iridium to bind small anionic ligands.
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Figure 3-10: Distribution in percentage of the eqilibrium concentrations of species
4 and 5 (total conc=100%) in solution at a given pHor M=Rhodium (green, dotted
line) and M=lIridium (blue, solid line).

Under highly acidic conditions, the [(TMPS)Ir-D{D)]® (5) pyrrole resonance
exhibits a small variation shifting 30 Hz (0.6 ppmajpfield and another hydrogen
resonance is observed in thd NMR significantly upfield at -49.1 ppm which rdsu
from the microscopic reverse of the dihydrogen otidn® Despite the inhibition of-
stacking through the use of mesityl groups on thengl groups, interaction through axial
ligands is possible. The microscopic reverse r@adio generate pseudo dihydrogen
complexes through the interaction of hydrides isesbed as illustrated in Figure 3-11.
This species is the dominant observable &f] [® 10° M (-49 ppm) (Figure 3-12).

Unimolecular [(TMPS)Ir-D(BO)]? becomes the dominant species &f [p10° M (-57

ppm).
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Figure 3-11: The microscopic reverse reaction to emerate pseudo dihydrogen
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Figure 3-12:'H NMR (500 MHz) of [(TMPS)Ir-D(D ;0)]® (5) in D;O at [D*] < 10°
M showing two hydride species resonances unimoleeaul-57 ppm and “dihydrogen”
complex at -49 ppm.
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Table 3-4: Measured (eq 3:6-7) and derived (eq 3:83) equilibrium constants (Ks.n) and Ga:n( (298 K) (kcal/mol) for
(TMPS)M reactions in D,O where (M = Rh, Ir).

Rxns of [(TMPS)M] M = Rh® M=Ir

) Il 7 ) 8 + Ke=18.2 Ke=1.7(1)
36)  [MT(OD)]" + D M-DOD,)I" + D + DO DG = -1.7 keal/mol DGs = -0.3(0.3) kcal/mol

, ] 8 | 8 " K;=4.3 x 1¢° K, = 1.8(0.5) x 10"
37) [M-D(OD,)] MO + D DG; = +10.0 kcal/mol DG; = +16.0(0.3) kcal/mol

, . Kg=5.2 x 16
38) b +D D; DGg = -53.2 kcal/mol
3.9) [(M"(OD)(OD,)]® + D, [M-D(0OD,)]® + D,O Ko=1.8 x 1&° Ke=6.1x 10

' K= Kg /Ky DGy = -14.0 kcal/mol DGy = -10.6 kcal/mol
3:10) [(M"(OD),)° + D [M'(0D,)]° + D0 Kio=8.1 x 1¢* Kio=29x 16

) ko= Keg K7/(K1K2) DG,y =-20.4 kcal/mol DG, =-8.8 kcal/mol
3:11) [(M"(OD,),]” + D [(M-D(OD,)]® + D,O Ky =9.5x 16 Ky =88 x 1¢

' K=KgsKg DGy, =-53.1 kcal/mol DG;; = -51.7 kcal/mol
3:12) [(M"(OD,),]” + [M'(OD,)]° [(M"(OD)(OD,)]® + [M-D(OD,)]® Ki,=2.3 x 10° Kip=2.3 x 16

' K=Ky /K7 DG, = +2.2 kcal/mol DG, = -6.0 kcal/mol
3:13) [(M"(OD,),]” +[M'(OD)]° + D, 2[M-D(OD,)]® + D,O Kiz=4.2 x 18 Kiz=1.4 x 1#

' K= Ks /K7 DG,5 = -11.7 kcal/mol DG,3 = -16.6 kcal/mol

The reported K values correspond to equilibriumstant expressions that contain all constituentsrgia the chemical equation including water.
The ion product of BD (14.995) and the O density (1.1044) were used to determine R.01" 10’ at 298 K.

DG°(H" + H —H,) =-51.4 kcalmof andDG°(D* + D' — D,) = -53.2 kcalmot were evaluated by using(2H" + 2e — H) = 0.00V;

-°(CH — H,+ 2e) =+ 2.23V:°(2D — D, + 2e)=+ 2.305V. CRC Handbook of Chemistry angidiis, 71st. ed.; Lide, D. R., Ed.; CRC Press
Boca Raton, FL, 1990-1991; P8-38, P6-11 and P8ekpectively.
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3.2.5 Thermodynamic Interrelationships of (TMPS)M (M=Co, Rh, Ir)

complexes in RO

Figure 3-13: Gibbs Free Energy Changes interrelatioships diagram between
(TMPS)M complexes in BO: green: M=Co, red : M=Rh, blue: M=Ir, and values:
G( are given for 298 K and kcal mof'-.

The free energy changes for the set of reactidostiated in Figure 3-5 and
measured in Table 3-4 for group nine (Co, Rh, le}atioporphyrins are shown in Figure
3-13. The group nine (M = Co, Rh, Ir) bisaqua rhep@rphyrin complexes are set at
zero to define the relative energy scale. The feeergy change associated with
converting any given metalloporphyrin species tother species of the same metal in
water by reactions of D" and DO is visually illustrated by Figure 3-12. Utiligjrthe

free energy change diagram, the energy conversfo{T&PS)M" (D,O)(OD)E to
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[(TMPS)M'(D,0)]° is +3.4 kcal mot and -5.4 kcal mal respectively for rhodium and
iridium and the increase in the energy of the systeby deprotonation is readily
visualized. Similarly, comparison of deprotonataf the bisaqua complexes for group
nine metals (M = Co, Rh, Ir) can be representecersetiically to be increasingly
thermodynamically uphill on moving up group ninetal@porphyrins from iridium to
cobalt. Also noteworthy is that the rhodium (I)hgaex 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)Ir " (OD,);]” by Hydroxide(OD ) and Hydride (D )

Equilibrium constants and standard free energy @bsufor displacement of water
from complexl by hydroxide (eq 3:3, G 33 % G 31& G 3.5=-12.3 kcal/mol) or by
hydride (eq 3:11, G 311 % G 36 & G 3.5=-51.7 kcal/mol) are derived from measured
thermodynamic values. Displacement of water froomplexesl, 2 and 5 are all
favorable but hydride stands out as an exceptipnstitong donor (G 311 %51.7

kcal/mol) comparable to the rhodium analogué (s.11 =-53.1 kcal/mol).

[(L)Ir(OD)(OD,)]* + D,0

+OD”__» AGO=-12.3 keal mol!
[<L>Ir<0D2>217'—<
+D° ™ [(LIr-DODY]*  +D,0

AG= -51.7 kcal mol™!
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3.2.7 Reactions of [(TMPS)Ir-D(D,0)]® with Olefins in Water at intermediate
pH.

Reaction of the iridium hydrides) with terminal alkenes is very slow at acidic
conditions but becomes faster as the pD incredfeg~10%-10%. Observations of
higher reaction rates at basic conditions is asdriio the partial deprotonations 8} (o
form equilibrium quantities of the reactive iridighn species [(TMPS)Ir-D(BO)]® .
Aqueous solutions of the iridium hydride ([(TMPSID,0)]® ) under basic conditions
(ID*1>10"° M) react with ethene and propene to form measearamuilibrium

concentrations of alkyl complexes (eq 3:15-16).

[(TMPS)Ir-D(D,0)]® + CoHa [(TMPS)Ir-CHCH,D(D-0)° (3:15)

[(TMPS)Ir-D(D,0)]® + CsHe [(TMPS)Ir-CHCHDCHy(D;,0)]?  (3:16)

The porphyrin ring current shifted high field reaoces of the ethyl [(TMPS)Ir-

CH,CH.D(D:0)]' (6), ( (I-CH,CH,D) = -5.68 ppm, (I-CH,CH,D) =

-1.85 ppm) and propyl [(TMPS)Ir-GIEHDCHs(D,0)]” (7), ( (Ir-CH,CHDCHj)
-1.74 ppm, (Ir-CH,CHDCHg) = -2.77 ppm, (Ir-CH,CHDCHz) = -5.72 ppm) groups
provide a convenient means to identify and querhié alkyl species in f». Addition
of the iridium hydride to propene is anti-Markovonk which places the iridium
porphyrin on the less sterically demanding termprahary carbon center.

Reactions of the alkenes with)((eq 3:15-16) achieve #1 NMR observable
equilibrium which permitted evaluation of the edwium thermodynamics at 298 K
(K315 =5.1x10¢, G 3.5 =-3.7 kcal mof), (Ks.16 =8.7x103, G 3.6 =-0.67 kcal mot)
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(Table 3-5). The free energy changes for reactairalkenes with the iridium hydride
(Ir-D) (5) are 4-5 kcal mdl less favorable than comparable porphyrin rhodiyairide
(Rh-D) reactions in water (Table 3-8).This is empirically associated with the increase
in the iridium hydride BDFE (~4-7 kcal mid)l compared to rhodium hydride that is not

fully compensated by an increase in the IroCtélative to the Rh-CH.

p-Me
o-Me

CH,DCH,-Ir(por)

] \ JW

T ‘ T T ‘ T ‘ T ‘ T T T ‘ T ‘ T ‘ T T ‘ T ‘
ppM8.0 70 6.0 50 40 3.0 20 1.0 00 -1.0 -2.0 -3.0 -4.0 -5.0 -6.0 -7.0

Figure 3-14: M NMR of equilibrium of [(TMPS)Ir-D(OD »)]® and
[(TMPS)Ir-CH ,CH,D(OD5)]” in D,0.

The equilibrium constant for the reaction of thielium hydride with olefins is
observed to decrease by a factor of 10 on moviog fa two carbon olefin to a three
carbon chain and is most probably influenced by ittability of large molecules to

coordinate to the metal site sterically hinderedhgytetramesitylporphyrin ligand.
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3.2.8 Reactions of [(TMPS)Ir-D(D;0)]® with Aldehyde in Water at
intermediate pH.

The reaction of acetaldehyde with basic solutidBg]610"° M) of [(TMPS)Ir-
D(D-0)]® in D,O result in the observation of thid NMR of a doublet at -3.56 ppm and
a broad resonance at -2.83 ppm (Figure 3-15) atidie of the formation of [(TMPS)Ir-
CH(OD)CHy(D,0)]” (9) within 5 days. The organometallic is observedb® in
equilibrium with 6) as shown in eq 3:19 (298 K) {#~ 9.5 x 10, G%.4& -2.7 kcal

mol™).

[(TMPS)Ir-D(D,0)]? + HC(O)CH; [(TMPS)Ir-CH(OD)CH(D,0)]” (3:19)

T T T T T T T T T T T T T T T T T T T T T
PPM -2.80 -2.90 -3.00 -3.10 -3.20 -3.30 -3.40 -3.50 -3.60 -3.70

Figure 3-15: High field"H NMR of [(TMPS)Ir-CH(OD)CH 3(D,0)]” in D,O.
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3.2.9 Equilibrium Thermodynamics for reactions of [(TMPS)Ir-D(D ,0)]® and

[(TMPS)Ir '(D,0)]” with olefins and aldehyde

Aqueous solutions of iridium hydride5)( react with olefins to produce
equilibrium distributions of the anti-Markovnikowddition iridium alkyl complex as the
only observedH NMR product and iridium hydride. Equilibrium cstants at 298 K in
D,O were directly measured for reactions of the unidihydride [Ir-D(OB)]® (5) with
olefins (eq 3:14-15) and derived for the reactiohsidium(l) with olefins and aldehyde
(eq 3:18, 3:19, Table 3:5). The reactions of und({l) result in heterolytic cleavage of

water and are thermodynamically unfavorable.

Table 3-5: Measured and derived equilibrium constats and free energy changes
for reactions of olefins and aldehydes with (TMPS)MM=Rh,? Ir.

(TMPS)Ir K, G,

(3:14)[Ir-D(D,0)]® + CH, [Ir-CH,CH,D(D,0)]’ 5.1x1G -3.7
(3:15)[Ir-D(D,0)]? + GHs [Ir-CH,CHDCHy(D,0)]’ 8.7x10 -0.67
[Rh-D(D,0)]? + GHe [Rh-CHCHDCH;(D,0)]’ 5.7x1¢ -5.6
(3:16)[Ir(D,0),]" + GHa [Ir-(CH,=CH,)(D,0)]’ 125  -15
(3:17)[Ir'(D,0)]® + D,O +CH,4 [Ir-CH,CH,D(D,0)]" + OD 7.5x10° 2.9
(3:18)[Ir'(D0)]® + DO + GHs [Ir-CH,CHDCHy(D,0)]’ + OD  4.7x10° 5.9
(3:19)[Ir-D(D,0)]® + HC(O)CH, [Ir-CH(OD)CHs(D,0)]’ 9.5x10 -2.7
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3.2.10 Reaction of [(TMPS)Ir-D(D,0)]®" with Olefins in Water at low pH.

Catalytic Hydrogenation of Ethene

Addition of ethene ({&,H,) = 600 torr, H, = 500 torr) to DO solutions of
[(TMPS)Ir-D(D,0)]®” (5) at acidic conditions [} <10*° M and 290 K results in a slow
catalytic hydrogenation of ethene to ethane. Dhmétion of ethane has a TON of 2.4 in
the first hour. The TOF of the dihydrogen irididmgdride catalyzed hydrogenation is
dependent on the pH of the solution and is 1.3 % min™ at a pH of 3. The iridium
ethyl porphyrin complex initially forms by reactidd115 and subsequently reacts with
dihydrogen by sigma bond metathesis to form eth&@w 3:17) and regenerate
[(TMPS)Ir-D(D,0)]?” (5) as shown in Figure 3-16. Precedence of conceegetions of

this type without a clear cis coordination site iftium complexes has been reported by

Milstein ®3
[(TMPS)Ir-CH,CH,D(D,0)° + H, GHsD + [(TMPS)Ir-D(DO)F + D' (3:20)
$
CH;CHj
H20=CH2
H,
CH,CHs

Figure 3-16: Concerted catalytic hydrogenation oéthene by sigma bond metathesis
of dihydrogen via [(TMPS)Ir-D(D ,0)]®” in water.

Only qualitative measurements could be made wiik #xperimental design

because of complication resulting from productidngaseous ethane product and the
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slow redistribution of reagents between gas andtisol phases. The approximate
solubility of reagents’ concentration in wateare found below:
.g (ethene in KHO) = 8 x 10°, At 600 torr = 3.51 x 16M
.g (Hain H,0) = 1.4 x 10, At 500 torr = 5.11 x 106 M
.g (ethane in HO) = 4.2 x 1, At 100 torr = 3.07 x 1M

Alternatively, catalytic hydrogenation of the ingh ethyl porphyrin complex can be
thought of being achieved by protonation of iridiethyl complex by highly protic water
medium to form ethane and result in the formatibfi(®MPS)Ir"™*, Figure 3-17. The
resulting iridium(lll) porphyrin is a highly eledphilic cationic iridium complex that
immediately forms the diaqua compleX (n equilibrium with an iridium(lll) ethene
complex, [Ir-(CH=CH,)(D-0)]" (8). Complexl [(TMPS)Ir(D-O),]"" then reacts with
dihydrogen to satisfy the equilibrium of reactiol 8o regenerate [(TMPS)Ir-D¢D)]®

(5), Figure 3-17.

CH,;CH;

HzC=CH2
H2 ‘/CH3CH3
i H'

CH,CHj

Figure 3-17: Stepwise catalytic cycle for the hydrgenation of ethene mediated by
[(TMPS)Ir-D(D ,0)]¥ (5) utilizing protonation pathways and dihydrogen
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In a representative sample, [Ir-(&+CH,)(D-0)]” (8) in the'H NMR is observed in
equilibrium with complext [(TMPS)Ir(D,0),]® (eq 3:16). Coordinated ethene in the
complex is observed as a sharp single resonanée8at ppm which is used in evaluation
of the equilibrium constant for reaction 3:16 (208 (K3.16= 12.5; G%.16 = -1.5 kcal
mol?), (Table 3-5). Similar -complexes have been observed, eg [Rh(TTiP)],
[Ru(TTP)F>.

[(TMPS)Ir(D,0),]” + CH, [(TMPS)Ir-(CH=CH,)(D,0)]" + D,O (3:16)

The iridium ethene complex ([Ir-(CH=CH,)(D-0)]’ ) (8) provides an alternate
route for reactivity as shown in Figure 3-18. MNaaphilic attack by hydroxide on ([Ir-
(CH,=CH,)(D,0)]") (8) results in the formation of iridium porphyrin etiol
organometallic complex similarly observed -5.96 pgoH,CH,0OH) and -4.06 ppm
(-CH,CH0H).

[(TMPS)Ir-(CH,=CH,)(D,0)]” + OD [(TMPS)Ir-(CH,CH,OD)(D,0)]° (3:21)

B-H

OH

CH;CH;
2L=LMy
H, JCH:,CH:,
i H'

CH,CHj

Figure 3-18: Alternate catalytic cycle for the hydogenation of ethene via pathway
of an iridium ethene complex.
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The tenacity for preferential binding of alcoholg indium porphyrins ((por)Ir-
OR) in water has been previously repotfedThe bonded organometallic alcohol has
-hydrogens on thé-carbon which then migrate to the metal center @ductively
regenerate iridium hydride porphyrin with concutrelimination of isomers of ethanal in
water (Figure 3-18). The characteristic hydrogénhe carbonyl of ethanal is directly

observed proton resonance at 9.6 ppiHitNMR (Figure 3-22).

Implication for Wacker Processes

The Wacker process is the reaction of ethylenecwtaddehyde by palladium
chloride as shown in Figure 3-1”® The conversion of ethylene (olefins) to
acetaldehyde is of importance as olefins are leq®ereive starting materials for
manufacturing aliphatic compounds, including visylloride and vinyl acetatés. The
porphyrin iridium hydride systems produces ethamacetaldehyde in a ratio of 83:1 by
hydrogenation of Ir-ethyl to form the"f and subsequent formation of the iridium
complex to form acetaldehyde. Catalytic hydrogemadf ethene by dihydrogen is faster
(Figure 3-16) than the production of acetaldehyld@as in Figure 3-18. The catalytic
cycle proposed in Figure 3-16 for the hydrogenatbalkenes is both complimented by
(alternative route to hydrogenation, Figure 3-1T7d adeviated from (formation
complexes susceptible to nucleophilic attack, FeRH18) the formation of I, Wacker
chemistry is therefore accessible through the paytivat utilizes f"* species formation.
Aldehyde formation (>1:83, aldehyde:ethane) can gremoted by shifting the
equilibrium of reaction 3:18 to favor the iridiunthene complex which will circumvent

the dominant mechanism of hydrogenation to incredehyde formation. However, all
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three cycles indicate regeneration of iridium hgdrand thus stoichiometric formation of

one mole of ethane inevitably occurs in the gem@naif one mole of aldehyde.

H2 02

N
7

Catalyst regeneration

'e) 2CuC} 2CuCl

Il
H,O + HCI + CH5CH U
E) PQO/\
b-H Elimination PAC,
H\Ob
o d ]

HZO’ c (:H3 _|2' _
D) C I /y ", ‘\\\\C I
1, 2 Insertion CI(P Cl
<H2C:CH2
cr
) i A)
b-H Elimination /H Cls,, \\\C' Substitution
H—_ / ~OH -
ck CI( I~ Reaction
Cl/////, ) (V|
P
H,0 d\CH2
a
Cl C
‘\ cr
Cl 7 » \\\\C|—| Cl ////I: \\\\C I
zo/ PoCcH,cH, H,0" Pd\/
| |
OH

B)
Inter or intra molecular
nucleophilic addtion of OH

Figure 3-19Wacker process for oxidation of ethene to acetaldgte.
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Implication of Ethene Reactivity in the Absencebiliydrogen:

Utilization of knowledge of olefin and aldehyde cewaity with iridium porphyrin
hydride studies in water can be used to deducgdktievays for the observation of both
organometallic and organic products in the absehcghydrogen as shown in Figure 3-
20. The overall proposed catalytic reduction tfeee to ethane and catalytic oxidation
to ethanal by the addition of water is facilitatediridium hydride. This overall reaction
is determined to be feasible by evaluation of therrhodynamic criteria given the free
energy of reactants and products in their gasetatrs such that two moles of ethene react
with water to form one mole of ethane and one mole acetaldehyde as

thermodynamically favored products.

[(-133. Torscre) +(32.9811:0)]-[2(68. 120,11+ (-228.61,0)]= -8.36 KJI/mol

H2C=CH2
0 @H
B‘“/
CH,CH3
HOH,CH,C

+ HY .
H

H20>\ CH;CH;

H2C=CH2

Figure 3-20: Proposed catalytic cycle for the comersion of ethene to ethane and
ethanal by [(TMPS)Ir-D(D,0)]®" (5) in water in the absence of dihydrogen.
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Figure 3-21: Reactivity of ethene catalyzed by [(WPS)Ir-D(D ,0)]®" in acidic water
to form ethane and ethanal. Boxed species indicaterganometallic compounds
observed directly by’H NMR.

a) Formation of ethane catalyzed by protonatiomgttlibgren of iridium porphyrin ethyl
complex

H H .
r—D + Y= —==|Ir—CH,cHD |2» I + DCH,CH,D
H H

b) Formation of iridium porphyrin ethenecomplex and subsequent hydration to form
iridum porphyrin ethanol complex.

+
H H H__H D,O
T >_<— | Ir I ~———~ | Ir—CH,CH,0D| + D*
H™ "H

H H

c) Formation of ethanal through migration of-B of the iridium alcohol complex to
regenerate iridium porphyrin hydride.

F— e = >:<_"H

Key for Figure 3-22:

'H NMR Assignment
(number = organic observable)
(letter = porphyrin pyrrole)
(letter, number = organometallic)

[(TMPS)Ir-X(D,0) species
or
Organic observable

1 Acetaldehyde (CECHO)

2 Ethene

3 Ethane

a Iridium bisaqua complex
b, bl Iridium ethene complex

c Iridium hydride complex

d Iridium b-hydroxy alkyl complex

dl Ir-CH,CH,OH

d2 Ir-CH,CH,OH

e Iridium ethyl complex

el Ir-CH,CH,D

e2 Ir-CH,CH,D
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d2 el di bl

el

PPM -2.2 -2.6 -3.0 -3.4 -3.8 -4.2 -4.6 -5.0 -5.4 -5.8 -6.2 -6.6 -7.0

I i I i I i I i I i I i I i I i I i I i I i
PPM 10 8 6 4 2 0 -2 -4 -6 -8 -10

Figure 3-22:*H NMR (500 MHz) in D,O illustrating ethene as a reactant to catalyticajt form ethane. Series of peaks
in the aliphatic region are TMS reference standardesonances.
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3.2.11 Reactions of [(TMPS)Ir'(D,0)]°

Strongly basic conditions (pD > 12) shift the eduium of iridium(l) porphyrin
complexes to primarily [[TMPS)D,0)]° (4). Reaction of comple# with alkyl halides
result in [(TMPS)I-R(RO)]®, R= alkyl. The coordinated alkyl complex is rdadi
identifiable in the high field region of tHé! NMR. High field regions otH NMR (500
MHz) of alkyl complexes of [(TMPS)Ir-R(ED)]® (R= methyl, ethyl, pentane) is shown
in Figure 3-23.

(pon)lr:  + R-I — (pon)r-R  + T

[(TMPS)IF(D,0)]° has a pair of electrons > and acts as a metal centered
nucleophile to form the iridium-alkyl product. TiK&H unit adjacent to the metal center
directly interacts with the ring current of the pbyrin 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 currenthe case of pentane C3-C5 (Figure 3-
23(c)), the alkyl proton resonances are no longeadened peaks but are observed to
have structure due to coupling from adjacent pretand are observed to have a shift
progressively downfield as the carbon chain shutts of the plane of the porphyrin ring

current.
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. (A) (TMPS)Ir-CH;

CH;
(B) (TMPS)Ir-CH,CHs
CH,
CH,
I D D D L L L L B
PPM -0.8 -1.2 -16 -2.0 -24 -28 -3.2 -36 -40 -44 -48 -52 -56 -6.0 -64 -6.8 -7.2 -7.6
(C) (TMPS)Ir-CH,CH,CH,CH,CHj
r 2 3 4 5
5
4 3
5
3
4 2 1

L e e e
PPM -0.6 -1.0 -1.4 -1.8 -2.2 -2.6 -3.0 -3.4 -3.8 -4.2 -46 -5.0 -5.4 -5.8 -6.2 -6.6 -7.0

Figure 3-23: 'H NMR (500 MHz) of alkyl complexes of [(TMPS)Ir-R(D;0)]®
(a) R= methyl, (b) R=ethyl and (c) R=pentane.
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3.2.12 Bond Dissociation Free Energies Difference betwedn-OD and Ir-D of
[(TMPS)Ir-X(OD )]° complexes in RO.

The difference in the Ir-OD and Ir-D bond dissoicatfree energy (BDFE) can
be evaluated from the standard free energy chargesaction 3:9 which is derived from
equilibrium thermodynamics for reactions 3:6 ane teverse of reaction 3:1 {K= Kz
IKsz1= 6.1 X 1(3, DG3.9 = -10.6 kcal/mol) (Tables 2, 4). Using the BDFtes D-D
(103.4 kcal mot) and D-OD (117.6 kcal md) the difference in the Ir-D and Ir--OD bond
dissociation free energies can be deduced consgléne bonds formed and broken in
reaction 3:9 (G 39 = [Ir-OD]+[D-D]-[Ir-D]-[D-OD] and [Ir-OD]-[Ir-D] = G 39 +
[D-OD]-[D-D]).

The BDFE difference between Ir-OD and Ir-D is founde 3.6 kcal mal.

[(Ir'"(0Dys” + D [Ir-D(OD,)]® + D" + D,O (3:6)
[Ir(OD)(0ODy)]® + D [Ir'"' (OD,)2]’ (-(3:1))

[(Ir'"'(OD)(0OD,)]® + Dy [Ir-D(OD)]® +D,O  (3:9)
Kz.9= Kz /K3;1: 6.1 x 16 , DG3;9 =-10.6 kcal/mol

AG3.¢° = [Ir-OD] + [D-D] - [Ir-D] - [D-OD] = -10.6 kcal/mol
[[r-OD] - [Ir-D] =-10.6 kcal/mol - [D-D] + [D-OD]
[Ir-OD] - [Ir-D] =-10.6 kcal/mol - 103.6 +117.6
[Ir-OD] - [Ir-D] =+3.6 kcal/mol

Table 3-6: Difference in BDFE (kcal mof) between [(por)M-OD] and [(por)M-D)]
where por = TMPS, TSPP and M= Rh, Ir.

(M-OD)-(M-D)
(por)M kcal motl*
(TMPS)Ir 3.6
(TMPS)Rh 0.2
(TSPP)Rh 18
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We have previously reported the BDFE differenceveen (TMPS)Rh-OD and
(TMPS)Rh-D is 0.2 kcal mdland the corresponding difference for the (TSPFJ®h-
and (TSPP)Rh-D is 1.8 kcal mbl Evaluation of the difference in M-OD and M-D for
(M=Rh, Ir) ([M-OD]-[M-D]) = G 39 + [[D-OD)-(D-D)] should be highly accurate
because the equilibrium measurement 6f 3¢ is within + 0.2 kcal mét and ([D-ODJ-
[D-D]) is constant (+14.2 kcal md). In each of the three systems evaluated (Talfle 3
the M-OD BDFE is larger than the M-D BDFE but thi&etence varies from 3.6-0.2
kcal mol™.

Variation in the virtual acceptor interaction of the emppy orbital with the
filled hydroxide oxygen donor orbitals is an interaction that could acdofan the
changes in the difference in ([M-OD-[M-D]) BDFE# lower energy position for thep6
orbitals of iridium compared to rhodium and theresponding stronger bonding with
hydroxide could account for the increased spread.sfkcal mof in ([M-OD]-[M-D])
BDFEs for the (TMPS)Ir complex compared to (TMPS3yYktem, Table 3-6. The larger
spread of ([Rh-OD[-[R-D]) for the (TSPP)Rh compartal (TMPS)Rh system is
consistent with a higher effective positive chaegel lower energy (boribitals for the

rhodium center in the (TSPP)Rh system.
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3.2.13 Implication for Oxidative Add itions of Water with (TMPS)Ir":

Oxidative addition of water with transition metiomplexes is an important unc
investigated process that is a growing focus oérditn®* The G° for oxidative
addition of water (BO) with [(TMPS)RH (OD)(D,0)]® is ~ 2.4 kcal mc* (eq 3:10, M
= Rh)3®
2[(TMPS)M'(OD)(D-0)]® + DO

[(TMPS)M-D(D,0)]® + [(TMPS)M-OD(D,0)]°  (3:22)

1245 AGP=12.4 kcal mol™

(N

e T + ir T S T R |
= ’ AU = 109 172) KC4dil 1moi

-~ s

)
)
‘\.

rs o~

The larger (TMPS)-D compare to (TMPS)Rh-D of ~ @-kcal mo-1 and an
increase of (TMPS)IBOD relative to (TMPS)R-OD of 7-9 kcal mof makes oxidative

addition of water highly favorat (M = Ir, G%.10~-11 to -15 kcal mal) (eq 3:10).
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3.2.14 Estimation of Homolysis Bond Dissociation Free Engy of [(TMPS)Ir-
D(OD,)]® in D,O:

Estimation of 2e oxidation of It to I'"" can be evaluated as shown below.

Dissociation of a proton from [(TMPS)Ir-D(QR® (5) in water (G = +16 kcal/mol) is
greatly preferred to either Ir-D homolysis (+63 lke®l) or heterolysis to form hydride
(+51.7 kcal/mol, eq 3:11). The homolysis of Ir<O+5 kcal/mol greater than in the case
of the (TMPS)Rh-D (+ 58 kcal/mol) and illustratée tability of iridium over rhodium to
function as a reduced (electron rich) metal ceniée heterolysis of Ir-D to form a
hydride is +1.4 kcal/mol greater than the rhodiw®1(7 kcal/mol) analogue and agrees
with the thermodynamic preference of lower oxidatstate of iridium compared to lower

oxidation state rhodium water complexes.

[(TMPS)Ir-D]*+ D" === [(TMPS)II'"]>*+D, AG =-2.1 kcal/mol
2

[(TMPS)IF'] + D === [(TMPS)Ir-D]* AG =-16.0 kcal/mol
D, =— 2D"+2¢ AG= 0 kcal/mol

[(TMPSIF'] === [(TMPS)II'']>* +2¢~ AG=-nFe°=-18.1

AG = -(2€)(23.06 kcal mol''/eV) €°=-18.1 kcal/mol
g® = +0.39V

[(TMPS)Ir-D]* == [(TMPS)I'']>* + D* AG=+16.0 kcal/mol

[(TMPS)I'] === [(TMPS)Ir']* + ¢ AG = (-1€)(23.06)(0.195V)
Dt +e == D- AG =+(103.4)/2 kcal/mol

[(TMPS)Ir-D]* === [(TMPSII'']+ + D+ AG=+63.2 kcal/mol
Alternatively, utilizing absolute potentiaf§™% for the standard hydrogen electrode

(SHE) and the solvation energy of a prdfifaquation energy) then:
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2H'(,,y === 2H", AG = 2(262) keal/mol
2H' (o) +2¢7 === 2H" AG = 2(-314) keal/mol
2H: i) == Hye) == Hyng AG=-97.114.2 keal/mol

2H'+2¢° === Hyy AG = -nFg® = —196.9 kcal/mol
AG = -(2¢)(23.06 kcal mol™'/eV) €°=-196.9 kcal/mol
€° = 4.27 V(SHE)

H'+e == ',Hy,,  AG= -98.45kcal/mol
) Hypg ===  Heqy  AG=(101.8/2) =50.9 keal/mol

Solving for Ir-D BDFE using absolute potential ded free energies:

[(TMPS)Ir-D]* + D" === [(TMPS)I''}>"+ D,  AG =-2.1 kcal/mol

[(TMPS)IF'] + DY === [(TMPS)Ir-D]* AG =-16.0 kcal/mol
D, == 2D"+2¢ AG = 196.9 kcal/mol

[(TMPSIF'] === [(TMPS)IF'']* +2¢° AG=-nFe®=178.8
AG = -(2e)(23.06 kcal mol''/eV) €° = 178.8 kcal/mol

Absolute e® = -3.89V
4.27 V(SHE)-3.89 V(Ir)=0.39 V

[((TMPS)Ir-D]* === [(TMPS)IF']>* + D" AG=+16.0 kcal/mol
[(TMPOIF] === [(TMPS)II']* + ¢ AG = [+98.4-(1€)(23.06)(0.195V)]
D" +e- = !,D, AG =-98.4 kcal/mol
,D, === D- AG =+51.7 kcal/mol

[((TMPS)Ir-D]* === [(TMPS)I'']% + D+ AG=+63.2 kcal/mol

The estimations shown above of the one electrodatixin of iridium(l) to iridium(ll)
assumes the even division of the 2 electron patente. -°/2 = (0.39/2)=0.195 V.
References for consecutive two electron reductioocgsses for other non-agueous
iridium systems illustrate improbability of idemdicreduction potentials of each one

electron reduction potentials in a two electrorteys °>10%-107
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3.2.15 Effective Organo-Ir(TMPS) Bond Dissociation Free Errgies (BDFES) in
D.0O:

Bond dissociation energies (BDE) for gas phaseqa®®s where the species are
well defined are particularly useful for comparatipurposes. In aqueous media, where
multiple hydrated subspecies exsist, enthalpy/@gtroompensation makes the bond
dissociation free energy a better thermodynamicampater for comparison on bond
homolysis energy. Using the estimation of the BOFEomplex5 in water to be +63
kcal/mol the effective BDFEs can be derived for #ddition reactions observed of

iridium hydride5 with olefin substrates in aqueous media.

De, + CHy=CH;, « CH,CH,D AG®=-29 kcalmol™!
AGOhyd:+4.SJ JAGOhyd:_H 3 AGOhyd:‘H 8
D* ag T CHy=CH, aq *CH,CH,D aq AGan: -33 kcalmol’!
[Ir-CH,CH,D] o == [Ir-D] g + CH;=CH; 4 AG®=+3.7 kcalmol-!
D% + CHy=CH,,q == *CHyCH,D 4 AG° = -33 kcalmol™!
[Ir-Dlq — [Ir“]'aq+ D’y AG® =+63 kcalmol™!
[Ir-CH,CHyD] py == [Ir'" 4+ CCH,CH,D) 4, AG®=+33.7 kcalmol™!
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3.3 CONCLUSION

Aqueous solutions of group nine metal(lll) (M=Coh,Rr) complexes of tetra
(3,5-disulfonatomesityl)porphyrin  [(TMPS)¥] form a hydrogen ion dependent
equilibrium distribution of aqua and hydroxo comyds ([(TMPS)M'(D,O).
+(0D),]*™). Evaluation of acid dissociation constants foorclinated water show that
the extent of proton dissociation from water inse=aregularly on moving down the
group from cobalt to iridium consistent with incseégg metal-ligand bond strength.

Aqueous (DO) solutions of [(TMPS)It(D,O),]’ react with dihydrogen to form
an iridium hydride complex ([(TMPS)Ir-D@D)]? ) with an acid dissociation constant of
1.8(0.5) x 10" that is much smaller than the Rh-D derivative (@.3) x 10°) reflecting
a stronger Ir-D bond. The Ir-D complex adds witheme and acetaldehyde to form
organometallic derivatives [Ir-Ci€H,D(D,0)]’ and [Ir-CH(OD)CH(D,0)]’ .

Reactivity studies and equilibrium thermodynamicaswements are used to
deduce several features of the relative M-H, M-Otd 8-CH,- BDFEs (M= Rh, Ir).
The (TMPS)Ir-D is approximately 4-6 kcal riolarger than the (TMPS)Rh-D. The
spread of the Ir-D, Ir-OD and Ir-GHBDFE values in water is substantially larger ttoe
iridium system. The difference in the ([(TMPS)IHP-[(TMPS)Ir-H)]) BDFEs and
([(TMPS)Ir-CH,-]-[(TMPS)Ir-D]) respectively differ by +3.4 kcal oli* and — 4-5 kcal
mol™ from the corresponding differences in BDFE valdesthe (TMPS)Rh system.

However, if the two electron reduction potentialldf to I'' can be divided to
represent the one electron reduction potentiat'ofdl I', then the bond dissociation free
energy of Ir-X can be estimated in water such th&H is 66.8 kcal mot, Ir-D is 63.2

kcal mol™.
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Oxidative addition of water with (TMPS)Rthas a G° (298 K) of -2 kcal mat
and the sum of the increases in the ((TMPS)Ir-Ott) &(TMPS)Ir-H BDFESs over those
of the (TMPS)Rh system are approximately 12-16 koall* which permits deducing that
the oxidative addition of water with (TMPS)Iris free energy favorable by ~ 14-18 kcal

mol ™,
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3.4 EXPERIMENTAL

General considerations:D,O was purchased from Cambridge Isotope Laboratocy |
and degassed by three freeze-pttiraw cycles before use. Proton NMR spectra were
obtained on a Bruker Avanté00 MHz at 293 K. Chemical shifts were referented
3—trimethyl silyl-1 propane sulfonic acid sodiuntsBroton NMR spectra was used to
identify solution species and to determine therithstion of species at equilibrium. pH
measurements are performed on Thermo ScientificSXixeter and Orion 9802 glass
electrodé® precalibrated by Thermo Orion buffer solutiongbf = 4.01, 7.00 and 10.01.
Tetra mesityl porphyrin (TMP) was synthesized adirg to the reported methot:%81°°
Sulfonation of meso-tetra phenylporphyrin sodiueit svas achieved and subsequently
purified by the method of Srivastd$a Na[(TMPS)H,] *H NMR (500 MHz, DO)
d(ppm): 8.58 (s, 8H, pyrrole), 3.23 (s, 12Mmesityl), 2.09 (s, 24Hp-mesityl), -2.35(s,

2H, -NH) shown in Figure 3-24.

3.4.1 Concentration of complexes and ionic strength of ageous solutions:

Thermodynamic studies of (TMPS)Ir complexes in wateere carried out at
concentrations less thari 2L0° M in order to minimize molecular and ionic asstioia
Most equilibrium constant measurements were pedrat a low ionic strengthm¢10°)

where the ion activity coefficients approach unity.
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PPM

Figure2sk 'H NMR (500 mHz) of H,TMPS in DMSO-dg,
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3.4.2 Synthesis of Ng[(TMPS)Ir "' (D,0),):
Na/[(TMPS)M" (D,0O),]"~ (M=Co,Rh,Ir) was synthesized following reportedthods by
Ashley®*** [Na;(TMPS)Ir(D,O),] was obtained by dissolving N@MPS)H, (100mg,
0.06 mmol) and [Ir(COD)C}] (210 mg, 0.3 mmol) into 15 ml methanol and refldixer
5 days until complete metallation was determinedUbyVis, Figure 3-25. Two drops of
3% HO, water solution was used to oxidized Iridium (Iitiium (II). The solvent was
removed under vacuum and the product was purifre@ gilica column with methanol
eluent to remove unreacted [Ir(COD)£LI]Dissolution ofl in DO results in solutions of
the bis aqua complex [(TMPSYItD,0),]"~ (1) in an equilibrium distribution with the
mono and bis hydroxo complexes, [[TMPEYD,O)(OD)F™ (2), [(TMPS)I'" (OD),]°~

).

Figure 3-25: UV-Vis spectra of (TMPS)H and (TMPS)Ir"" in Methanol.
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3.4.3 Acid dissociation constant measurement for [(TMPS)M (D,0),]"~
(M=Cao,Ir) in water:

Samples of ([(TMPS)M(OD),]") (M=Co,Ir) were prepared by mixing standardized
D,O solution of NaOD with the stock solutions of cdexpl (0.5 — 1.0 10°M) in
NMR tubes. A series of DCI and NaOD deuterium o)adkitions were used to adjust the
pH values. A plot of the pyrrole hydrog&d NMR chemical shifts against pD value (pD
= pH + 0.41) was generated and fit by non-lineastiesquares curve fitting to the
equation:

023,400 PYF)=(K1K 205(pyr)+Ka[D T co(pyr) +[D*]* du(pyr))/(KiK2+Ka[DT+[DT?).

3.4.4 Synthesis of [(TMPS)Ir-D(D,0)] ™ /[(TMPS)Ir '(D,0)]™:

0.4 ml [(TMPS)I"(D,0),]* DO stock solutions (1.2 — 1:810° M, [D*]>10° M) was
added into a vacuum adapted NMR tube. The NMRstwbere then degassed by three
cycles of freeze-pumthaw and 500 - 700 torr D, was pressurized into the NMR tube.
The reaction of [(TMPS)#(D;0),;" with H./D, producing [(TMPS)Ir-Df” in acidic
solution achieves equilibrium distributions of (TB®" and [(TMPS)Ir-Df  species
shown in Figure 3-10. The equilibrium constant vweasluated from the intensity
integrations of'H NMR of each species in combination with* oncentration
measurement and the solubility of/B, in water'® Following the same procedure,
(TMPS)I"' complexes completely converted to [(TMP$JIr in basic BO solution
([D*]<10*2 M). [(TMPS)Ir-D(D;0)]": *H NMR (5) (D-O, 500 MHz)d(ppm): 8.36 (s,
8H, pyrrole), 3.15 (s, 12Hp-methyl), 2.19 (d, 24 Ho-methyl, dy14= 44 Hz).
[(TMPS)IF(D,0)]: *H NMR (4) (D,O, 500 MHz)d(ppm): 7.95 (s, 8H, pyrrole), 3.13

(s,12 H,p-methyl) 2.43 (s, 24 Hy-methyl).
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3.4.5 Acid dissociation constant measurements for [(TMP$)-D(D ,0)]®" in
water
The acid dissociation constant of [[TMPS)Ir-B@M]®~ was measured in water by direct
observation of [(TMPS)Ir-D(BD)]® and [(TMPS)IKD-0)]°" concurrently between
[D+]10'9210% in the'H NMR. Integration of the peak areas 4fand5 against a
standard of known concentration was used to cdkeube acid dissociation of eq 3:7 to

give Ks.7 = 1.8(0.5) x 10", DGs.7 = +16.0(0.3) kcal/mol.

3.4.6 Substrates reactions of [(TMPS)Ir-D(DO)]®~ and [(TMPS)Ir'(D,0)]°*"
with olefins, aldehydes and CO in water
Substrate reactions of [(TMPS)Ir-D]and [(TMPS)If®~ with CO, aldehydes and
olefins in water were carried out by vacuum transfethe substrate to vacuum line
adapted NMR tubes containing preformed samples &0 at a defined hydrogen ion
([D*]) concentration, and then dihydrogen was représsaiinto the sample to suppress
the formation of (TMPS)It species.

Proton NMR was used to identify solution speciesl @ao determine the
distribution of each species at equilibrium. Edurilim constants were evaluated from
the intensity integrations ofH NMR for each species in combination with" D
concentration measurement and the solubility ofsimall organic substrate in watér.
Equilibrium concentrations of [(TMPS)Ir-DED®)]®" for the substrate reactions were
determined from the averagéd NMR chemical shifts in combination with the’ bn
concentration which determines the equilibriumriistion of [(TMPS)If (D-0)]° and

[(TMPS)Ir-D (D,0)]%".
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3.4.7 Reaction of [[TMPS)Ir-D(D,0)]® with ethene, propene and acetaldehyde:
Solution of [(TMPS)Ir-D(RO)]? (3~ 10° M) reacted with ethene, propene to

form [(TMPS)Ir-CHCH,D(D,0)]® and [(TMPS)Ir-CHCHDCHs(D,0)]? . The reactions
of iridium hydride with all the substrate olefine tp completion within the time needed
to run a'H NMR. The thermodynamic equilibrium constants evewvaluated from the
integration of iridium alkyl complexes and iridiu(h in combination with the proton
concentration which determines the equilibrium @smration of [(TMSP)Ir-D(BO)]®.
'H NMR ([(TMPS)Ir-CH,CH,D(D,0)]®) *H NMR (500 MHz, DO) d(ppm): 8.29 (s, 8H,
pyrrole), 3.20 (s, 12Hy-methyl), 2.16 (s, 24Hy-methyl), -1.85 (br, 2H,-C}J, -5.68 (br,
2H, -CHD) 'H NMR ([(TMPS)Ir-CH,CHDCHs(D-0)]*) *H NMR (500 MHz, DO)
d(ppm): 8.33 (s, 8H, pyrrole), 3. 15 (s, 13Hmethyl), 2.20(s, 24Hy-methyl), -1.74 (br,
2H,-CH,CHDCHg), -2.77 (br, 2H,-CHCHDCHs), -5.72 (br, 2H, -CHCHDCH3). H
NMR (292 K) ([(TMPS)Ir-CH(OD)CH(D,0)]*) 'H NMR (500 MHz, DO) d(ppm):
8.35 (s, 8H, pyrrole), 3.14 (s, 12;methyl), 2.23 (s, 24Ho-methyl), -2.83 (br, 2H,-

CH), -3.56(d, 3H, -Chl J1.14=6.3Hz)

3.4.8 Reactions of [(TMPS)IF'(D,0)]° with Rl (R= CH3, CH,CHs, (CH)4CH>)
in water:
[(TMPS)Ir-R(D,0)]° (R = CH;, CH,CHs, (CH,).CHs) was produced through
transferring alkyl halide into the vacuum line aab NMR tube containing
[(TMPS)IF(D,0)]° solutions.
[(TMPS)Ir-CHy(OD)]° : *H NMR (500 MHz, DO) d(ppm): 8.26 (8H, pyrrole), 3.19
(s,12H,p-methyl), 2.38(s, 12Hy-methyl), 2.15(s, 12Hy’-methyl), -7.11 (br, 3H, C§J.
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[(TMPS)Ir-CH,CHs(OD)]° : *H NMR (500 MHz, DO) d(ppm): 8.24 (8H, pyrrole), 3.19
(s,12H,p-methyl), 2.38(s, 12Hy-methyl), 2.15(s, 12Hy’-methyl), -3.96 (br, 2H, C}), -
6.07 (br, 3H, CH).

[(TMPS)Ir-(CH,).CHs(OD)]° : *H NMR (500 MHz, BO) d(ppm): 8.23 (8H, pyrrole),
3.19 (s,12H,p-methyl), 2.40(s, 12Hp-methyl), 2.13(s, 12Hp’-methyl), -0.32 (t, 2H,
CHo-(CHy)sCHs, Jin14=7Hz), -0.43 (t of d, 2H, CHCH,-(CH,),CHs, Ji.14=7Hz,
Ji.14=6.3Hz), -1.33 (t, 2H, (Chlo-CH»-CH,CHa, Ji.14=6.3Hz), -4.5 (br, 2H, (Chs-

CHCHs), -6.16 (br, 32H, (CB)4CHs).
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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 stimulateered interest in utilizing water
as both a reagent and a reaction medftim Our effort in this area has been directed
towards developing water soluble metalloporphyrias platforms for diverse
organometallic transformations in aqueous me€dia Aqueous solutions of rhodium
porphyrin complexes manifest an exceptional rarfgeubstrate reactions that are being
incorporated into catalytic processes such asmlefidation reactiors™® Complexes
of tetrakisp-sulfonatophenyl)porphyrin rhodium [(TSPP)Rh] reath H./D,, D,O, CO,
aldehydes, and olefins to form hydride, hydroxifbemyl, "- and -hydroxyalkyl, and
alkyl complexes in watét*222

Equilibrium thermodynamic studies for this wide ganof [(TSPP)Rh] substrate
reactions in water provide one of the most comprsive sets of thermodynamic
measurements for organometallic reacttén® The reaction chemistries of the group

nine cobalt and iridium metalloporphyrin derivasvimn water are much less developed

than the rhodium porphyrin systems.

R
\ ~ D Dzo \ S B
R NG) N=" - pD =11 R NG} N=" -
\ + —_— \ + OD
ﬁ;? LN R oct < N T Nn—7"R
| — | —
R oDp R = —éOSOaNa R ob

Figure 4-1: Addition of methanol to basic (pD=11)aqueous solutions of
[(TSPP)Ir'"] result in equilibrium distribution of methoxide and hydroxo
complexes.

120



Addition of small quantities of methanol to aqueadutions of [(TSPP)1]
result in the formation of methanol and methoxidenplexes in‘H NMR observable
equilibria with aqua and hydroxo complexes (Figda#). Direct quantitative evaluation
of competitive equilibria of [[TSPPJ] complexes reveal a remarkable thermodynamic
preference for methanol binding over that of w#B° (298 K) = -5.2 kcal md) and
methoxide binding over that of hydroxidBQ° (298 K) = -6.1 kcal md) in aqueous
media. Particularly remarkable results establlt iridium complexes can activate low
concentrations of alcohols in wat&f> A comparison of equilibrium thermodynamic
values of group nine [(TSPPJMOCH;)] (M=Co, Rh, Ir) complexes in aqueous media

is also reported.

Equations (4:1)-(4:5) listed below are necessaryttie following discussion and were
previously discussed (Chapter 2). These equatippsar enumerated with this chapter’s

numbers for ease of reference.

[(TSPP)IH'(D,0)] *° [(TSPP)II'(OD)(D,0)] * + D (4:1)
[(TSPP)I'(OD)(D,0)]* [(TSPP)I'(OD),]® + D (4:2)
[(TSPP)I'(H0),] *° [(TSPP)It'(OH)(H,O)] * + H (4:1a)
[(TSPP)I'(OH)(H,0)] * [(TSPP)I'(OH);] ° + H (4:2a)
[(TSPP)M"(D,O),]® + OD [(TSPP)M'(OD)(D,0)] * + DO (4:3)
[(TSPP)M'(OD)(D,0)]* + OD [(TSPP)M'(OD),] ° + D,O (4:4)
D' + OD DO (4:5)
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4.2 RESULTS AND DISCUSSION

4.2.1 Reaction of Methanol with [(TSPP)Ir" (H,0),]?in acidic D,O:
Addition of a small quantity of C}¥0H (1.0- 0.1 x 18 M) to an acidic (pH = 4) BD
solution of [(TSPP)I! (5 x 10* M) resulted in observation of three distinct pjer
resonances that are assigned to the three possdier and methanol complexes
[(TSPP)I" (D,0)(CHOD)]3(7), [(TSPP)I' (CH:0D),] *(8) and [(TSPP)If (D-0),]3(1)
(Figure 4-2). The high field resonance at -2.34 piat is not present in deuterated
methanol samples is assigned to the coordinatechamet in 7. Dissolution of
[(TSPP)I" in pure CROD and observing thedH NMR allowed the assignment of the
pyrrole resonance at 8.74 ppm to [(TSPP)GH;0D),] 3(8) which also identifies the
CHz resonance for the coordinated methanol at -2{@4 fFig 4-2). The remaining
pyrrole resonance is assigned to [(TSPRIO)(CHOD)%7).  Equilibria
corresponding to sequential substitution of watemethanol are described by equations
6 and 7. Characteristft! NMR resonances for compountis (Chapter 2) and-10are
found in Table 4-1.

[(TSPP)I'(D,0),] ® + CH,OD [(TSPP)It'(D,0)(CH:OD)] ® + D,O (4:6)

[(TSPP)IH" (D,0)(CH:;0OD)] ® + CH,0OD [(TSPP)I'(CH;0D),] ®* + D,O (4:7)

Figure 4-2: [(TSPP)II"'] complexes in (A)DO with a small concentration of
methanol and (B) in pure C3OD.
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Table 4-1: Characteristic'H HMR (500 MHz) resonance for the porphyrin pyrrole
and methy! of coordinated CHOH/CH O™ for [(TSPP)Ir'"'] methanol/water species
in D,0O.

(TSPP)II' species Pyrole MeOH/OMe
[(TSPP)I"(D,0),] ° (1) 893 -
[(TSPP)IM"(OD)(D,0)] * (2) 875 -
[(TSPP)It' (OD),] ° (3) 8588 -

[(TSPP)IM"(D,O)(CH:OD)] * (7) 8.84 -2.44
[(TSPP)IM" (CH;0D),] 2 (8) 876 -2.34
[(TSPP)IM'(OCH)(OD)] ° (9) 8.585 -2.5%
[(TSPP)IM' (OCHy),] ° (10) 845 -2.58

a) CHOH b) OCH

Equilibrium constants for reactions 6 and 7 weral@ated from the integrated intensities
of the porphyrin and methantii NMR resonances and the® concentration (55.2 M),
(Kas (298 K) = 6.3x16, DG 46 (298 K) = -5.2 kcal mét and Ki7 (298 K) =2.5x16,

DG 47 (298 K) = -4.6 kcal mat) (Table 4-2).

Addition of methanol to aqueous solutions of (T9R®) (M=Co, Rh) result in a
single mole fraction averaged pyrrole resonanced #ire absence of high field
resonances for coordinated methanol which are atigie of fast interchange of methanol
and water complexes which contrasts with the Imgitslow exchange observed for

(TSPP)It" complexes.
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Table 4-2: Measured K, and DG ,, values for the reactions of [(TSPP)IY'] in D,O
with methanol described by equations 6, 7 at acidiconditions and equations 8, 9 at
basic conditions.

Measured [(TSPP)Ii] Reactions (2|9<8nK) (kcEIGm%ll)
(4:6) [(TSPP)II"(D,0),] ® + CH,OD [(TSPP)IF'(D,0)(CHOD)] ® + D,O  6.3(0.3)x10° -5.2(0.1)
(4:7) [(TSPP)IM(D,0)(CH,0D)] ® + CH;OD [(TSPP)IF'(CH,0D);] °+ DO 2.5(0.2)x10° -4.6(0.1)
(4:8) [(TSPP)I''(OD),] ® + OCH; [(TSPP)II'(OD)(OCHy)] ° + OD 32 (3)x10° -6.1(0.2)
(4:9) [(TSPP)II"(OD)(OCHy)] ° + OCH [(TSPP)If' (OCHy),] ® + OD 8.6(0.3)x10° -5.4(0.2)

4.2.2 Reaction of Methanol in basic DO:
Basic DO solutions (pD=11-13) of [(TSPPYir(5 x 10* M) with a small addition of
CHsOH (0.1- 1.0 x 18 M) resulted in observation of equilibrium distrimrs of
hydroxo and methoxide complexes [(TSPPJ®D),] 3(3), [(TSPP)I!'(OD)(OCH;)] °
(9) and [(TSPP)If(OCHy),] ° (10) (Figure 4-3, eq 4:8, 4:9). Assignments of the
NMR for 3, 9 and10 are based on the changes in the observed inenfati the pyrrole

and methoxide resonance as the methanol concentiatvaried.

[(TSPP)IF'(OD),] ® + OCH, [(TSPP)II'(OD)(OCHy)] ° + OD (4-8)
[(TSPP)I'(OD)(OCH;)] ® + OCH [(TSPP)I'(OCHy),] ° + OD (4-9)
—>

Figure 4-3: H NMR (500 MHz) of observed equilibrium species inD,O with
addition of 1 x 10-4 M CHOH at pH = 11.75. The pyrrole resonances of
compounds 3, 9 and 10 and corresponding upfield pks (magnified x4) are shown.
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Reactions (4:8) and (4:9) describe processes wheahexide is displaced by methoxide
in water which provide a direct comparison of tlyeroxide and methoxide binding with
[(TSPP)IM"]. Equilibrium constants for reactions (4:8) add9) were evaluated hije
'H NMR integrated intensities for the [(TSPP)Jrspecies, pD measurements and the
equilibrium concentrations of O@nd OCH from reaction 4:10 (10 (298 K) = 0.35%
*Tin water.

CHyOH + OH H,O + CHO (4:10)
Determination of equilibrium constants and freerggechanges for Reactions (4:6) and
(4:7). is determined by integration in calibratiath a known concentration of TMS

added to the sample. Total (TSPPB)aoncentration in sample calculation: 6.75 XD

= S %8 1 2@BB D 4E.F 5 °* EE4 "
i< S %% ' BA 2@ 4 F5 CA343F 5 CAY
345F 5 A

*GH. /0112 < [E4 67191 €

IS w&r@'@ BA 143F 5C" EE4 "
ISt %&> ' ?@PB cA 2@y AE.F 5 CA" 343 F 5 CA"
AEF5 A
*GH /0112 /4E.6719:1 ©

Equilibrium constants K and Ko evaluated at 29&, Table 4-4 (Ksg (298 K)
= 3.2x10, DG 45 (298 K) = -6.1 kcal mot and Ki¢(298 K)= 8.6x16, DG 44(298 K)

= -5.4 kcal maf).
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Analogous studies of [(TSPP)Bhand [(TSPP)CB] in highly basic DO (pD=11-13)
with addition of known quantities of methanol résuol observing sets of hydroxide and
methoxide complexes that exhibit characteristiorppyrin pyrrole and high fieldH
NMR resonances paralleling the observations foFSRP)I'] complexes of hydroxide
and methoxide.

Equilibrium constants for reactions correspondioglisplacement of hydroxide
by methoxide for the group nine [(TSPPYM(M=Co,Rh,Ir) complexes are summarized
in Table 4-4 (Fig 4-4: M-Rh).All of the [(TSPP)M'] (M=Co,Rh,Ir) reactions where
methoxide substitutes for hydroxide are thermodyinally favorable (Table 4-4). The
thermodynamic preference for complexing with metdexcompared to hydroxide

increases slightly from Cb (DG = -1.5 kcal mof), to RH' (DG = -1.9 kcal mot) and

becomes remarkably large fol'I{DG = -6.1 kcal mot) (Table 4-4).

Figure 4-4: [(TSPP)RH" (D,0)] at pD=13 in (A) pure DO, (B) 0.1 M methanol and
(C) 5 M methanol.
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Table 4-3: Equilibrium constants (Ks;) and DG 4., (kcal mol™) for substitution of
methoxide  for  hydroxide on  [(TSPP)M" (OH),] (K 4s DG 45) and
[(TSPP)M" (OH)(OCH 3)]™®; (K 4.9, DG 4:0) (M=C0"', Rh" , Ir'"") at pH 12.

Kas DG 43 Kag DG 49

(298 K) (kcal maf) (298 K) (kcal mat)
ca" 12(3) -1.5(0.2) 3.0(2) -0.6(0.04)
Rh" 26(5) -1.9(0.1) 10(3) -1.4(0.1)
Ir' 32(3)x16  -6.1(0.2) 8.6(0.2)x10 -5.4(0.2)

4.2.3 Trends in *H NMR Parameters for ([(TSPP)M" (OCH3)(OH)]™):

The porphyrin pyrrole and coordinated methoxide hyletH-NMR resonances for
[(TSPP)M" (OCHs)(OD)]°(M=Co,Rh,Ir) are summarized in Table 4-4. NMR shifts
from porphyrin ring curents haveds (1-3coé/ )/r* dependence which results in down
field shifts for the in-plane pyrrole hydrogens amgfield shifts for the M-O8; group
near the center of theorbital$®2°. The ring current shifts also scale with fhelectron
population and the regular decrease in the dowd pgrrole hydrogen shifts in going
from the Cd' to the I' derivatives is consistent with decreasimglectron population
resulting from increased M-porphyrmmixing. Decreasing high field shifts for the M-

OCH3group for M = Co, Rh, Ir is also consistent witistmodel (Table 4-3).

Table 4-4: Porphyrin pyrrole resonances and methoxie methyl*H NMR (500 MHz)
resonances of group nine metal [[TSPP)N(OCH3)(OD)] ™.

Group 9 Species Pyrrole OMe
[((TSPP)CJ'(OCH:)(OD)]®  9.01 -3.59

[(TSPP)RH'(OCH:)(OD)]°  8.92 -2.80
[(TSPP)IM'(OCH;)(OD)]®  8.59 -2.51
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4.2.4 Determination of equilibrium constants and free ensgy changes for
Reactions (8) and Reactions (9).
The concentrations of (TSPP}Icomplexes in the sample is determined by integnati
calibration with a known concentration of TMS addedthe sample. [D20] =55.14M.

Methoxide concentrations are obtained by solvirgeuilibrium K10

— |$## n >>> ?@BBCJD'
) g4y "> B agy K
*GHy 6719:1¢ Jjor12 .,
@ 2@ ” 54
@ '@°
MeOH OCH A B K4;8=A/B D( ) *
Iridium | 2.94E-03 | 2.85E-17| 1.42E-11 4.92E-16  2.89E+04 -6108E
4 53E-03 4.38E-17 1.42E-11 4.44E-16¢ 3.21E+04 -6H03E
D =11.75
P 5.36E-03 5.18E-17 1.42E-11 4.02E-1¢ 3.54E+04 -6+08E
Rhodium | 4.0E-03 | 1.34E-16| 2.49E-19 5.88E-1§  2.36E+401 -1.86E+
8.0E-03 2.69E-16 1.05E-18 3.26E-17 3.12E+01 -2.0%E+
D =13.0
P 2.0E-02 6.72E-16 1.83E-18 4.38E-17 2.39E+401 -1.86E+
Cobalt | 2.00E-03| 6.72E-16] 9.07E-14 8.00E-13  8.82E+00 -14P8E
5.00E-02 1.68E-15 6.58E-14 8.00E-13 1.22E+01 -1+0BE
pD =13.0 1.00E-01 3.36E-15 5.18E-13 8.00E-12 1.55E+401 -1+QBE
IS " >>2@  BCY ?
I$## " > 2@BBS 2@
*GH( 6719:1¢ /0112
MeOH OCH C D Ks.e=C/D D( ) *
Irdium | 912E-03| 8.82E-17| 2.43E-17 2.82E-21  8.64E403 -5+BBE
Rhodium 5.0E-02 1.68E-15 1.37E-13 1.34E-14 1.02E+01 -1.36E+
Cobalt 1.00E-01 3.36E-15 2.69E-13 8.00E-13 2.98E+00 -6+02E
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4.2.5 Comparison of the Free Energy Changes for Replacemeof D,O by OD
and OCHs; from ([(TSPP)M" (OD,)(OD)]™) (M=Co, Rh, Ir) in water:
Reactions that substitute methoxide and hydroxioke Vfater in (TSPP)M

complexes are depicted by equations 4:4 and 4:#@ltta equilibrium thermodynamic
values given in Table 4-6. This following set ehctions provides the best opportunity
to compare the interactions of methoxide and hyidewith a set of group nine (Co, Rh,
Ir) complexes.

[(TSPP)M'(OD)(D,0)] * + OD™ [(TSPP)M(OD),] ° + D,O (4:4)

[(TSPP)M'(OD)(D,0)] * + OCH~ [(TSPP)M'(OD)(OCHy)] ° + D,O (4:11)

Representative Calculation of Free Energy Changesdibstitution of X(OC[;I_/OD_)

for D,O in [(TSPP)M'(OD)(D;0)] * (M = Co, Rh, Ir) is shown below.

[(TSPP)I}'(OD)(D,0)] * [(TSPP)I'(OD),)] ° + D' DG,, = +14.3
[(TSPP)I'(OD),] ® + OCHy [(TSPP)II'(OD)(OCH;)] ° + OD DGsg = -6.1

D+ OD DO DGus = - 22.6
[(TSPP)II'(OD)(D,0)] * + OCH; [(TSPP)If'(OD)(OCHy)] ° + D,O DGjq1= - 14.4

The DG, (298 K)) for displacement of BD by OD becomes steadily more favorable in
passing from cobalt (-6.1 kcal mlto rhodium (-6.8 kcal md) to iridium (-8.2 kcal
mol?) (Table 4-6). The OG.11(298 K)) for substitution of BO by OCH also
becomes more favorable in moving down group nin&+C7),. Rh(-8.9), Ir(-14.4) kcal
mol™) but there is a substantially larger change betwéedium (-8.9 kcal mdi and
iridium (-14.4 kcal mof) which is not observed for the OD™ reactions (RhQ), Ir (-

8.2) kcal mat'). There is thus a bonding feature of methoxiden widium(Ill) which is
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distinguishable from hydroxide binding. A greataportance of covalent bonding in M-

OCH; compared to M-OD could be a major contributiohis observation.

Table 4-5: Derived free energy changedDG (kcal mol™) (298 K)) for reactions for
displacement of water by X (X= ODOCH3) [(TSPP)M"] (M=Co,Rh,Ir) in

aqueous media: [(L)M" (D,O)(OD)] * + X

[(LM" (OD)(X)]”®° + D0

[(TSPP)M'(D,0)(OD)]*  OD

OCHs

[(TSPP)Cd'(D,0)(OD)]*  -6.1
[(TSPP)RH'(D,O)(OD)]* -6.8
[(TSPP)II" (D,0)(OD)] ™ -8.2

-1.7
-8.9
-14.4

The concentrations of (TSPP}Icomplexes in the sample is determined by integnati

calibration with a known concentration of TMS addedthe sample. [ED] =55.14M.

Methoxide concentrations are obtained by solviregauilibrium K.

4.2.6 Ligation (Hydrolysis) Equilibria Constants for [(TSPP)M"'] in Aqueous

Media:

Quantitative relationships can be derived to eualtiae preference of group nine

[(TSPP)M"] (M = Co,Rh,Ir) complexes toward ligation by wa@able 4-6). K, K,

(Kan' = KaotKaa9) and Kiis Kaaz (Kan™ = Kag + Kaag), indicate that group nine

[(TSPP)M"] (M=Co,Rh,Ir)  complexes thermodynamically favorlcaholysis,

particularly [(TSPP)If] which achieve observable concentrations of  akex

complexes at low concentrations of methanol §OH ~10°M] in water.
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Table 4-6: [(TSPP)M"] (M = Co, Rh, Ir) hydrolysis equilibrium data for derived reactions in agqueous media.

(4:12)

(4:13)

(4:14)

(4:15)

(4:16)

(4:17)

Derived [(TSPP)M] Hydrolysis Reactions (2g§n|<) (kfalGrf]grl)
[(TSPP)CB(OCHy);] ® + DO [(TSPP)CH (OD)(OCHy)] ® + CHOD 1.1 0.1
[(TSPP)RH(OCHy);] ® + DO [(TSPP)RH(OD)(OCHy)] ® + CHOD 3.9 x 10" 0.6
[(TSPPI'(OCH)]® + DO  [(TSPP)IF'(OD)(OCH)]® + CHOD 3.8x 10° 6.0
[(TSPP)CY'(OD)(OCHy)] ° + DO [(TSPP)CY'(OD),] ® + CHOD  3.2x 10" 0.7
[(TSPP)RH'(OD)(OCHy)] ® + D,O  [(TSPP)RH(OD)]® + CHOD 1.4 x 10" 1.2
[(TSPP)II'(OD)(OCHy)] ° + DO [(TSPP)IF'(OD)]® + CHOD  1.4x10° 6.6
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4.2.7 Contributing Factors to DG° for Ligand Displacement in Water:
The thermodynamics of ligand displacement reactionsater (eq 4:18) are influenced
by contributions from both the solvation free emesgf reactants and products and M-L
interactions. Solvation free energies for O (-5.2 kcal mol) and HO (-6.1 kcal
mol™) in H;Ogq) favor displacement of the water ligand by ~1 kcal'm The difference
in solvation energies of the metal complexes aezeflore anticipated to be small and
only partially compensate for the differences ia ftee energy changes of methanol and
water complexes in water. Additionally, repulsisteric interactions of C¥DH as a
ligand are larger than that for®. Thus, the preference of (TSPP)Minding methanol
over water in water must be attributed to M-L bamginteractions.

M-Lag)+ L'ag M-L"(aq) + Lag) (4:18)

The specific case of methanol displacing water f(fiSPP)It' (OD.),] ) (eq 4:6) (Kis
(298 K) = 6.2(0.3)x1) DG% (298 K) = -5.2(0.1) kcal md) result in a large
thermodynamic preference of (TSPP)Ibinding methanol compared to water and the
dominant contribution t®G%.¢ must arise from a more favorable bonding interactitn
methanol as a ligand, the methyl group interacth wWie oxygen center and attenuates
the charge separation at the oxygen donor sitgoesmdotes M-CHOH covalent bonding
relative to the M-HO bonding. The M-L interactions within group ni{@o, Rh, Ir)
must be dominated by increasing importance of @mtabonding acceptor properties
from Co to Rh to Ir. Thus, the larger covalent d¢hog donor affinity of
methanol/methoxide compared to water/hydroxide wimeatched with the larger
covalent bonding acceptor properties of (TSPP)amplifies the difference with

(TSPP)RH" and (TSPP)CL.
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4.2.8 Reduction of [(TSPP)I'"'] by Methoxide:

The capability for accomplishing metal complex poted and catalyzed alcohol
oxidations in water is dependent on substrate @oatidn and activation. Favorable
thermodynamics for methanol and methoxide bindiitg ) TSPP)M"] (M = Co, Rh, Ir)
in agueous solution is a major factor in obtainprgcesses involving alcohols such as
oxidation to aldehydé$ and amine alkylaticf in water. The dramatic preferential
selectivity of [(TSPP)II'] for binding methanol and methoxide in water ithases how

iridium(lll) has the potential to be an effectivatalyst for alcohol reactions in water.

[(TSPP)I" (OD)(OCHs)] ° [(TSPP)Ir-D(OD)]® + CH,O (19)

[(TSPP)Ir-D(OD)]° [(TSPP)IKOD)] ¢ + D' (20)

Reduction [(TSPP)] (5x10* M )to [(TSPP)If or [(TSPP)Ir-H] by low concentrations
of methanol (1-5 x 18 M) in basic DO illustrate the effectiveness of this system (eq
4:19, 4:20, Fig 4-5). The formation of Ir-OGHr-H and It provide an entry point to

many substrate transformations.

: ! : : ‘ ‘ ‘ ‘
PPM 8.70 8.60 8.50 8.40 8.30 8.20 8.10 8.00

Figure 4-5: *H NMR (500 MHz, 298 K) of [(TSPP)IF]® 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 quantitativelysdebe the preferenial binding of
anions (OD, OCH; ) over that of neutral ligands §0, CH;OH) for all of the group nine

metalloporphyrin complexes. The magnitude of tifeegbnce in binding energies for
anionic compared to neutral ligands decreases aniimty as the effective positive
charge of the metal complex decreases. All obsens are consistent with a regular
increase in the metal-ligand binding on moving dayvoup nine (Co, Rh, Ir) porphyrin

complexes. The acid dissociation constants arel éreergy changes in moving down
group nine (Ir > Rh > Co) demonstrate the generahd. Exceptionally large

thermodynamic preferences are observed for (TSPRirbind methanol compared to
water and methoxide versus hydroxide and indida¢especial capability of iridium(lll)

complexes to activate low concentrations of alcsoater.
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4.4 EXPERIMENTAL

General considerations:D,O was purchased from Cambridge Isotope Laboratocy |
and degassed by three freeze-pttiraw cycles before use. Proton NMR spectra were
obtained on a Bruker Avant&00 MHz at 293 K. Chemical shifts were referented—
trimethyl silyl-1 propane sulfonic acid sodium sd&ftoton NMR spectra was used to
identify solution species and to determine theridhstion of species at equilibrium. pH
measurements are performed on Thermo ScientificSXirter and Orion 9802 glass
electrodé' precalibrated by Thermo Orion buffer solutionspbf = 4.01, 7.00 and 10.01.
Meso-tetraphenylporphyrin was synthesized by théhateof Adlef?. Sulfonation of
meso-tetra phenylporphyrin sodium salt was achiev®d subsequently purified by the

method of Srivastava

4.4.1 Concentration of complexes and ionic strength of ageous solutions:

Thermodynamic studies of (TSPP)Ir complexes in wabeere carried out at
concentrations less thari 2L0° M in order to minimize molecular and ionic asstioia
Most equilibrium constant measurements were pegdrat a low ionic strengthm¢10°)

where the ion activity coefficients approach unity.

4.4.2 Synthesis of Ng[(TSPP)M"' (D,0),] (M = Co, Rh, Ir)
Nag[(TSPP)M"(D,0),] (M=Co,Rh,Ir) was synthesized following reportecetiiods by
Ashley’*®  Dissolution of1 in D,O results in solutions of the bis aqua complex
[(TSPP)IM(D,0),] (1) in an equilibrium distribution with the mono ahis hydroxo

complexes, [(TSPP)I{D,0)(OD)[* (2), [(TSPP)I' (OD),] ™ (3). Na[(TSPP)It" (D,0),]
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'H NMR (500 MHz, DO) d(ppm): 8.93 (s, 8H, pyrrole), 8.44 (d, 8H, o-phenyl
Ji.14=8Hz), 8.25 (d, 8H, m-phenyl 1h1=8Hz). Na[(TSPP)C4'(D-0O),] 'H NMR
(500 MHz, BO) d(ppm): 9.38 (s, 8H, pyrrole), 8.41 (d, 8btphenyl, 34.14=8Hz), 8.23
(d, 8H, mphenyl , d41,=8Hz). Na[(TSPP)RH (D;0);] *H NMR (500 MHz, BO)
d(ppm): 9.15 (s, 8H, pyrrole), 8.44 (d, 8H, o-phedyl.14=8Hz), 8.25 (d, 8H, m-phenyl ,

Jiy.14=8Hz).

4.43 Acid dissociation constant measurement for [(TSPP)M(D.O),]>
(M = Co, Ir) in water:
Samples of ([(TSPP)N(OD),]®) (M=Co,Ir) (4) were prepared by mixing standardized
D,0 solution of NaOD with the stock solutions of cdexl (0.5 — 1.0 10°M) in NMR
tubes. A series of DCIl and NaOD deuterium oxideitsmhs were used to adjust the pH
values. A plot of the pyrrole hydrogéH NMR chemical shifts to pD value (pD = pH +

0.41) and fit by non-linear least squares curvetint to the equation:

dz.3.4(0bs{PY") =(K1K20s(pyr) +K4[D *1da(pyr) +[D*]? da(pyn))/(KiK+K4[D*T+[D*]?).

4.4.4 Equilibrium constant measurement for the reaction é [(TSPP)M" ] with
Methanol (M = Co, Rh, Ir) in D,0:
To NMR tubes containing basic (pD=11) solutions~df0*M ([(TSPP)M"(OD),]™®)
(M=Co,Rh,Ir) various quantities of methanol wereledl and the NMR spectra recorded.
Similarly, small quantities of methanol were made NMR tubes containing acidic

(pD=3) solutions of ~1&M ([(TSPP)M"(D,0),]®) (M=Co,Rh,Ir) and the NMR spectra
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recorded. Integration of upfield resonances agamstole resonances allowed the
evaluation of equilibrium constants for axially edmated methoxide and methanol

species in equilibrium with hydroxide and wateruggmine metalloporphyrins.

4.4.5 Synthesis of [(TSPP)Ir-D(BO)]™* /[(TSPP)Ir'(D,0)]™:
0.4 ml [(TSPP)I¥(D,0),] D,O stock solutions (1.2 — 1:810° M, [D*]<10° M) were
added into vacuum adapted NMR tubes. A 10pL amdiof a stock 2.4xIéM
methanol/deuterium oxide solution was added int NMMR tube and degassed. The
tube was heated for 2 days at 343K and’theNMR (500 MHz, DO) 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 H, & OLEFINS
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5.1 INTRODUCTION

Methanol is a uniqgue medium to investigate organalie transformations
because of its capability to solvate a diverse eaofysubstrates and products offering
both hydrophobic and hydrophilic properties, itsligbto support ionic and hydrogen
bonded reaction pathways its viability towards advancing atom econdfyand its
function as a reactant in its own medium by undegyaC H, O H or C O bond
activation®*°

Substantial reactivity and thermodynamic and knekata for a wide range of
reactivity studies encompassing methanol and rmogharphyrins have been reported by
our group-**® The most significant reactivity arises from theemistry of [Rh(por)j,
rhodium(ll) dimer which undergoes homolytic dissdmn and exists in equilibrium with
the monomer [Rh(por)}° These 17e- rhodium species such as m-xylyl tether
rhodium bis(phenyltrimesitylpoprhyin) bimetallo-iedl complex in benzend*##
and rhodium tetramesityl porphyrin in toluéhand benzer’é have been illustrated to
react by a metalloradical pathways with methanob@mzene and toluene solutions to
competitively add methanol by C-H and O-H bond tieas. The reactivity of
rhodium(lll) tetrakisp-sulfonatophenyl)porphyrin in pure methanol with yallbogen,
carbon monoxide, acetaldehyde and olefins paralhedsreactivity reported in water in
forming the hydride, formyla-hydroxyalkyl and regioselective anti-Markovnikd+
methoxyalkyl producté®

In contrast, the reactivity of iridium porphyrinseagenerally under investigated as
the reactivity patterns tend to parallel that abdium systems and as a result very few

studies on methanol with iridium porphyrins systerhave been illustrated in
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literature’*?* Only one study has provided thermodynamic insighn reactivity of
iridium porphyrin systems with metharol.

This chapter extends the reactivity studies ofund porphyrins in pure methanol
with methanol, dihydrogen @ unactivated alkenes and aldehydes and provides a
thermodynamic basis for the observed reactivitp. methanol, iridium(lll) tetrakig(-
sulfonatophenyl)porphyrin ([(TSPPYID) (Figure 5-1) coordinate methanol axially to the
iridium metal center and acid dissociation constafur coordinated methanol are
reported. Isomerization of coordinated methandllistrated by'H NMR to form the

more stabilized and thermodynamically preferredroygmethyl**%°

Figure 5-1: Iridium tetrakisp-sulfonatophenyl)porphyrin.

Equilibrium constants for the hydrogenolysis reactiof dihydrogen with
[(TSPP)I"] to form the iridium hydride complex and evaluatiof the acid dissociation
constant of the iridium hydride complex is alsoaeed. Deprotonation of the iridium
hydride porphyrin complex forms the iridium(l) pbggin complex which is a strong
nucleophile and catalyzes the formation of iridiyporphyrin methyl complex in
methanol. Regioselectivity for reactions with umzated alkenes that form iridium alkyl
derivates are compared to the observed reactivignalogous rhodium systems. Striking
similarities to the reactivity and thermodynamiég(@SPP)Ir] in watef’ emerge and are

discussed here.
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5.2 RESULTS AND DISCUSSION

5.2.1 Methanol and Methoxide Complexes of (TSPP)I¥ in CD;OD:

Dissolution of iridium(lll) tetrap-sulfanatophenyl porphyrin
(Nag[(TSPP)It" (CDs0D),]*18CH:;OD) in CH;OD results in a pH dependent equilibrium
distribution of the bis-methanol [(TSPP)Ir(@DD),]* (1) with mono and bis-methoxide
complexes [(TSPP)I(OCHCD:0D)]* (2), [(TSPP)I(OCR).]°> (3) (eq 5:1, 5:2)
(Figure 5-2). The axially coordinated methanol amethoxide ligands fot, 2 and3 in
methanol rapidly interchange protons with the bukthanol (298 K) (Figure 5-2) which

results in a single mole fraction averaged pyrrtdeNMR resonances fot, 2 and 3

(Figure 5-4).
[(TSPP)Ir(CROD),|° [(TSPP)Ir(OCR)(CD:0D)]* + D' (5:1)
[((TSPP)Ir(OCR)(CD;0D)]* [(TSPP)I(OCR),° + D' (5:2)

CD;0D OCD3 OCDs
M | @ | o @

-D'

L D <2 D
+D

CD3;0D CD30D OCD3

Figure 5-2: Methanol and methoxide coniexes of (TSPP)If! in methanol.

The 'H NMR of the bis-methanoll and bis-methoxide8 complexes can be
directly observed at limiting low and high pD resppeely. The mole fraction averaged

pyrrole '"H NMR resonances for equilibrium distribution bf2 and3 as a function of
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[D*] were used in determining the acid dissociationstants by non-linear least squares
curve fitting (Figure 5-3) to the expressitin

d2zaeoPYr) = (KaKa0s(pyr)+Ka[D 1dz(pyr)+[D']° du(pyn)/(KiKz+Ky[DT+[D 19>
giving Ks1 (298 K) = 2.3 x 18, Ks.,(298 K) = 2.1 x 18" anddx(pyr) = 8.61 ppm;1

[(TSPP)IM"(CDs0D),)? is di(pyr) = 8.76 ppm an@ [(TSPP)II'(OCH3)]° is ds(pyr) =

8.43 ppm.
---A-‘-A-\~
\
. A
\\
[ N A \\
2 A,
o AN
L = T K &
S E “ad
= % b’
2= 1 A
: ‘\
=2 i X\A
T A\\
— \
\
u \
- - 4 \\
A A
§.' -----
-log [D*]

Figure 5-3: Observed limiting fast exchange molerdction averaged pyrrole
'H NMR chemical shifts for compounds (TSPP)If' complexes 1, 2 and 3 in CEDD.
Points are experimentally determined values and lies are calculated for
Ks.1 (298 K) = 2.3x10° and Ks.» (298 K) = 2.1x10™.
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Figure 5-4: Mole fraction averaged'H HMR (500 MHz) porphyrin pyrrole singlet and phenyl AB pattern for complexes 1, 2
and 3 in CD;0D (T = 293 K) pD of (A) 4, (B) 8.5 and (C) 11.5.
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+ (TSPP)Ir(CD30D)2 ® (TSPP)Ir(CD30D)(OCD3) A (TSPP)Ir(OCD3)2
1.1 - & (TSPP)Ir(D20)2 o (TSPP)Ir(OD)(D20) A (TSPP)Ir(OD)2

Concentration (x 103 M)

Figure 5-5: Equilibrium distributions of 1, 2 and 3 as a function of the hydrogen ion concentratiomi CDsOD and DO at 298
K calculated for a total [(TSPP)Ir'"']=1.0 x 10° M. Solid symbols are methanol species and hollasymbols are water species.
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5.2.2 Comparison of methanol and water acid dissociationconstants for
[(TSPP)M" (X D);] (X = OCD3, OD), (M = Rh, Ir)
The acid dissociation constant of deuterated metharsmaller (i.e. less acidic)
(1 x 10"® DG = 24.5 kcal maf) than that of deuterated water (2.44 X'4@DG = 22.6
kcal mol*) which may be attributed to the slightly largetvation energy of protons in
water®®? The influence of metal binding ([((TSPPY¥Y (M= Rh, Ir)) on the acid
dissociation constants of coordinated water anchamatl is reported in Table 5-1 and

illustrated in Figure 5-6.

\ / 5:1 / 5:2 /
PN OTM—Q  +pt === OTM~O . p
R D R D R

Din Dzo

[ M-Rhir R- CDsinCD;OD. ]

Figure 5-6: lllustration of acid dissociation congants evaluated for RO D
substrates axially coordinated to [(TSPP)M'], where M = Rh, Ir and R = CD;s in
CD30D or D in D,0O.

The acid dissociation constants for [(TSPP)Ir(OD),]° (Ks:1 = 2.3 x 1, Ks.
= 2.1 x 10" in methanol is smaller (less acidic) than [(TSRBY0),]° (K = 4.8 x 10,
K = 2.6 x 10") in watef* (Figure 5-6) consistent with smaller solvation refes of a
proton in methanol compared to water. Similar adiskociation constants trends in
methanol compared to water are also reported fomoon organic reagents like acetic
acid, benzoic acid, anilinium amttmetylanilinium3

This trend is inverted for the first acid disso@at constant of

[(TSPP)Rh(CROD),]® (Ks1= 6.9 x 1, Ks- = 5.8 x 10*®) in methandf® compared to
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[(TSPP)Rh(DO),]° (K = 1.4 x 1¢%, K = 2.8 x 10" in water. Repulsive steric

interactions of methanol in [(TSPP)Rh(GDD),]* are larger than that of water in
[(TSPP)Rh(DO),]° at the rhodium metal center and could be the cosaitng energy

term that results in the observed increased acdfitthe first acid dissociation constant
for the bismethanol rhodium porphyrin in methanol.

Table 5-1: First and second acid dissociation cotaits and free energy changes

(Ks.1, Ks:2, DGs.1°, DGs-°) (298 K) (kcal/mol) for [(TSPP)M" (X D),]* (M = Rh, Ir)
(X = OCDg3, OD ) complexes in CROD and DO respectively.

X D/

m" solvent Ks:1 Ks:2 DGs:1° DGs»°
CDs;O D/
R cpop 69x10°  58x10°  +98  +167
DO D/
R’ D,O 1.4x10° 2.8x10%  +10.7 +15.8
¢ CDs;O D/ .
Ir CD:OD 23x10® 21x10 +10.4 +14.6
Ird DOD/ 4gx10F 26x10"  +9.90 +14.3
D,0O
References:

a) Inorg. Chem.2009 48, 8550. $Trend inverted.

b) J. Am. Chem. So@004 126, 2623.

¢) This work.

d) Inorg. Chem 201Q 49, 6734.

5.2.3 Displacement of Methanol by Methoxide for [(TSPP)I(CDsOD);]® in
CD3;0D
The free energy changes for displacement of methhgomethoxide from
iridium(lll) porphyrin complexes can be derived ngireactions 5:1 and 5:2 along with
the free energy for dissociation of gDD (eq 5:3;DGs.s° = 24.5 kcal mot). The free

energy change of reaction 513Gs:5°) is estimated by adjusting the pKa (ion produét) o
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pure CHOH (K = 2.5 x 10", DG = 22.7 kcal/mol) and the density of gDD (0.888
g/mL) to calculate the molarity of GDD as 24.6 M at 298 K (#=[2.5 x 10")/[24.6]).

Slight thermodynamic differences result due todpeteffects of H vs B

CD30D D' + OCDh (5:3)
[(TSPP)I!'(CD;OD),]® + OCDy [((TSPP)If'(OCD;)(CD;OD)]* + CD,OD (5:4)
[((TSPP)I'(OCD,)(CD;0D)]* + OCD [(TSPP)It'(OCD,);]° + CD,OD  (5:5)

The displacement of methanol from the bismethanobmpulex
[(TSPP)Ir(CRROD),]°® (1) by methoxide is shown in eq 5:4 and is calculatete -14.1
kcal/mol OGs.4° = DGs:1° - DGs.3°), (Table 5-1).. Similarly, methanol is displaceyd
methoxide from [(TSPP)Ir(OC{XCDs;OD)]* (1) with a free energy change of -9.9
kcal/mol which is derived bypGs.5° = DGs2°-DGs.3° (Table 5-1). In both cases, the
binding of methoxide is more favorable than metthan®he binding of methoxide in
methanol is also more favorable than binding hydlexn water and is attributed to the
greater importance of covalent bonding inQCH; over Ir OD.**

Table 5-2: Free energy changes for reactions thatibstitute methoxide for methanol

and hydroxide for water (DGs.4, DGss) (298 K) (kcal mol) in [(TSPP)Ir" (L)]®
complexes in CROD and D,O solutions, respectively.

L/X/solvent Ks.4 Ks:s DGs.4° DGs 5°
CD,OD/OCD; /CD;OD* 2.2x13° 1.8x10 -14.1 9.9
D,O/OD /D,OP 1.1x16° 1.0x16 -13.7 8.2
D,O/OCD; /D,O 3.6 x 16° -14.4
References:
a) This work.

b) Inorg. Chem, 201Q 49, 6734.
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5.2.4 Measurement of Solution Equilibria by '"H NMR
The'H NMR resonance for porphyrin pyrrole and phenyiphyrin hydrogens are
used for the identification of each iridium porpimyispecies. The intensity of the
porphyrin pyrrole resonances together with the @@wt ion concentration and solubility
of gases in methanol are used to measure solugjoiitgium. The unique identifying
chemical shift of pyrrole hydrogens for iridium mgag, iridium(l) anion, iridium alkyl
and three iridium(lll) species are listed in Tabl@.

Table 5-3: Characteristic porphyrin pyrrole *H NMR (CD30OD) chemical shifts for
(TSPP)Ir species

(TSPP)Ir species Cmpd No. Pyrrole H
[(TSPP)If' (CD;OD),]” (1) 8.76
[(TSPP)I' (OCDs)(CDsOD)]* 2) 8.63
[(TSPP)I' (OCDy),]° 3) 8.45
[(TSPP)Ir D(CD;OD)]* 4) 8.42
[(TSPP)I{CD;0D)]® (5) 8.01
[((TSPP)Ir(CH)(CDsOD)]* (7 8.37

5.2.5 Hydrogenolysis of (TSPP)I' complexes in Methanol
Hydrogenolysis is the reaction of dihydrogen to egate a metal hydride and

concurrently release water or alcohol. Additiorddfydrogen gas (g ~ 0.5 atm) to 0.4

mL solution of bismethanol complex [(TSPPYED;OD),]°® (1) (~ 10° M) in acidic
CDs;OD media ([0] < 10°° M) resulted in the slow formation of the iridium drjde
complex [(TSPP)IrD(CDsOD)]* (4) in equilibrium with the bismethanol complex

[(TSPP)IM(CDsOD),]® (1), (eq 5:6a) (Figure 5-7) along with the stoichidrice
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formation of methanol. After two weeks, reactiabebwas determined to have achieved
equilibrium (Figure 5-6) and the equilibrium comdtavas measured using the integrated
value of each species unique porphyrin pyrrole masoes in théH NMR (Table 5-2),
(Figure 5-6), K6a = 4, Gsea (298 K) = -0.82 kcal/mol. NMR samples containing
acidic solutions of the iridium hydride complex §PP)Ir D(CDsOD)]* and a mixture
of CH;OH/CDsOD in a ratio of 93/7 allowed observation of theltggen of the iridium

hydride unit of complex at -59.1 ppm in th&H NMR (Figure 5-7).

(5:6a) [(TSPP)Ir(CD;0D), " + D,
4 - D+
+D* || -D* +D"

(5:6b) [(TSPP)Ir'(CD3OD)(OCD3)]4' + D, &= [(TSPP)Ir-D(CD;0D)]*" + CD;0D

+D* || -D* Dt (5:6a)AG° = - 0.82 kcal mol’!
, “D* (5:6b)AG® = -11.22 keal mol™!
(5:6¢) [(TSPP)II‘(OCD3)2]5' + D, (5:6¢)AG° = -25.82 kcal mol™!

Similar reactions of dihydrogen with solutions afSPP)I' at hydrogen ion
concentrations greater than™0(i.e. pD > 5.5) result in the complete conversidrihe
sample to [(TSPP)ID(CDsOD)]* (4), Figure 5-7. Equilibrium constants for the
hydrogenolysis reactions of [(TSPP)Ir(O§EZDs0OD)]* (2) and [(TSPP)Ir(CBOD),]°
(3) with dihydrogen are too large to be experimeptaétermined. The free energy
change for the reaction of [(TSPP)Ir(Og{ZD;0D)]* (2) with dihydrogen (eq 5:6b)
can be derived by Gsep’ = Gsga- Gs1°;  Gsep (298 K) = -11.22 kcal/mol and for
the reaction of [(TSPP)Ir(CIDD),]° (3) with dihydrogen (eq 5:6c) can be derived by

Gsee = Gsep- Gs2°, Gsep (298 K) = -25.82 kcal/mol.
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(4)pyrrole (4)pheny

T i T i T i T i T i T i T i T i T i T
PPM 8.70 8.60 8.50 8.40 8.30 8.20 8.10 8.00 7.90

Figure 5-7: 'H NMR (500 MHz, CDs;OD) of equilibrium reaction 5:6 between
[(TSPP)Ir(CDs0D),]* (1), H, and [(TSPP)Ir D(CDsOD)]* (4) at pD = 4.8.

In more basic media ([ < 10*° M) where the bismethoxide complexed) (
dominate, the reaction between Ir(lll) with/B, produces the iridium hydride complex
[(TSPP)Ir D(CDsOD)]* (4) (Figure 5-8) which is rapidly deprotonated by NGO} to
form the iridium(l) complex [(TSPPJICDsOD)]® (5) (Figure 5-9). The iridium(l)
complex [(TSPP)I(CDsOD)]®> (5) is a good nucleophile and reacts immediately with
iodopentane and iodomethane to form the iridium tyercomplex [(TSPP)Ir
CH,(CH,)sCH3(CDsOD)]* (6) eq 5:8, Figure 5-10 and iridium methyl complex
([(TSPP)Ir CH5(CDsOD)]* (7) eq 5:9, Figure 5-11, respectively. Addition aplrenyl
phosphate to a solution of ([(TSPPMH;(CDsOD)]* (7) influenced the methyl
resonance in th&#H NMR to change from a singlet resonance to a dstibHicative of
displacement of the trans axial neutral methandhleyphosphate groupy(g = 11.2 Hz).

[(TSPP)I{CD;OD)]° + CHy(CH,)CH,l =—=
[(TSPP)Ir CHy(CH,)sCH3(CDsOD)]* + | (5:8)

[(TSPP)ICDsOD)]> + CHl === [(TSPP)Ir CH3(CDsOD)]* + I (5:9)
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5.2.6 Acid Dissociation Constant of [(TSPP)Ir D(CDsOD)]* in Methanol
In the pD range of 10.8-11.5, the iridium hydride omplex
[(TSPP)Ir D(CDsOD)]® (4) is in equilibrium with the iridium(l) derivative
[(TSPP)INCDsOD)J° (5) (eq 5:10). The equilibrium distribution dfand5 depends on
the D concentration in solution and is sufficiently slaw*H NMR that it permits direct
observation of individual set of pyrrole porphyrtydrogen resonances df and 5
simultaneously. Direct evaluatidhl NMR peak intensities of and5 and the hydrogen

ion concentration allow for a conveniently measieaguilibrium constant.

[(TSPP)Ir D(CD;OD)]* === [(TSPP)I/(CD;OD)]® + D' (5:10)

The acid dissociation constant of [(TSPPR(CD;OD)]* measured in methanol
is 3.4 x 10" ( G° (298 K) = 15.6 kcal/mol) which is comparablethe slightly more
acid water analogue [(TMPS)D(D,0)]® measured in water (K = 1.8 x ) G°
(298 K) = 16.0 kcal/mol). The acid dissociatiomstant for [(TSPP)RID(CDsOD)]* is
1.1 x 10° ( G° (298 K) = 12.2 kcal/mol) in methanol and K = 4.30% ( G° (298 K) =
10.0 kcal/mol) for [[TMPS)RhD(D,O)]? in water. The decrease in acidity observed for
rhodium hydride complexes in moving from methamohWater is due to the difference in
proton solvation energies of +2.4 kcal/mdl.In contrast, the acidities of the iridium
hydride complexes exhibit negligible changes indigi despite solvent changes and
indicate an increasing importance of metal-liganteractions in the case of iridium

porphyrin hydride.
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Table 5-4: The measured equilibrium constants an®G® (298 K) (kcal mol*) for (TSPP)Ir"" reactions in CD;OD®@

(TSPP)Ir reactions Ks:n DG sin
5:1) [(TSPP)IV(CD;OD),]*  [(TSPP)I!"(OCDs)(CDsOD)]* + D 2.3x 10° +10.4
5:2) [(TSPP)II'((OCDs)(CDsOD)]*  [(TSPP)I"((OCDs),]° + D' 2.1 x 10" +14.6
5:3) CD;OD D'+ OCDs 2.0 x 10" +22.8
5:6) [(TSPP)II'(CD;OD),]* +D, [(TSPP)Ir D(CDsOD)]* + D"+ CD;OD 4 -0.82
5:10) [(TSPP)IrD(CD;OD)]* [(TSPP)Ir(CROD)]° + D" 3.4 x 10% +15.6
5:12) [(TSPP)IrD(CDs0OD)]* + GHs  [(TSPP)Ir CH,CH,D(CDs0D)]* 6.3 x 10 2.5
5:13) 2[(TSPP)IrD(CDsOD)]* ~ + 2GHs 9. 13

[(TSPP)Ir CH(CH,D)CH5(CDs0OD)]* + [(TSPP)Ir CH,CHDCHs(CDsOD)]*

(a) The reported K values correspond to equilibrzonstant expressions that contain all constitugivesn in the chemical equation
including methanol. CRC Handbook of Chemistry &mysics, 71st. ed.; Lide, D. R., Ed.; CRC PressaBoaton, FL.
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PPM 18 22 26 30 34 38 -42 46 50 54 58 62 66 70
(B)
1A J fL A A A
e o s B s B B B AN S — m—
PPM 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0 -1.0

Figure 5-8: *H NMR (500 MHz) of [(TSPP)Ir D(CDsOD)]* formed by reaction of (TSPP)Ir(OCD;)(CDsOD)]* with H>
(4.6 ppm) in CD;OD (3.3 ppm, 4.8 ppm) at [B] ~ 7. (A) Ir H unit in [(TSPP)Ir H(CHzOH)]* taken in CHsOH. (B)
TSPP pyrrole and phenyl peaks. TMS peaks (0.0-2.9pm
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| T | T | T | T | T | T | T | T | T | T | T | T | T | T | T
pPM8.90 8.80 8.70 8.60 8.50 8.40 830 820 8.10 800 790 780 770 7.60 7.50

Figure 5-9: H NMR (500 MHz) of [(TSPP)Ir'(CDsOD)]° in CDsOD showing AB pattern of phenyl peaks and
overlapping porphyrin pyrrole resonance at 7.99 ppm

-0.20 -0. 30 -0. 40 -0.50 -1. 50 -1. 60 -4.4 —6.3 —6.5

PPM  -0.6 -1.0 -1.4 -1.8 -2.2 -2.6 -3.0 -3.4 -3.8 -4.2 -4.6 -5.0 -5.4 -5.8 -6.2 -6.6

Figure 5-10:™H NMR (500 MHz) of Ir R unitin [(TSPP)Ir CH(CH2)sCH3(CDs0D)]* in CDsOD.
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(A) 6.6 -6.8 -7.0 -7.2  -7.4 7.6  -7.8
I | T | T | T |
8.40 8.30 820 8.10 (@)
I ' I ' T ' T ' T '
6.9 7.1 7.3 7.5 7.7

JL JLUUMML 1

I T I T I T I T I T I T I T I T I T I T
PPM 8 6 4 2 0 -2 -4 -6 -8 -10

Figure 5-11:*H NMR (500 MHz) of [(TSPP)Ir CH3(CDs0D)]* formed via CHsl, rxn 5:9 in CD3OD. (A) TSPP pyrrole
and phenyl (B) methyl of Ir CH3 (C) Doublet of methyl of Ir CH3by trans axial Ir PO(OCgH5s)s.
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5.2.7 Reaction of [(TSPP)Ir D(CDsOD)]* and [(TSPP)II'(CDsOD)]° in
Methanol to form [(TSPP)Ir CH3(CDsOD)]*

Independent solutions at pD < 10 of [(TSPAMCD:OD)]* (4) in methanol
and independent solutions at pD > 12 of [(TSP@DsOD)]° (5) in methanol are stable
and 'H MNR spectra appear unchanged over periods of at. yeAddition of equal
stoichiometric amounts of [(TSPP)D(CDsOD)]* (4) and [(TSPP)I(CDsOD)J]° (5) in
methanol which give rise to a pD 10.8-11.8 resuft the formation of

[(TSPP)Ir CH3(CDsOD)]* (7) as observed b{H NMR.

(A)

(B)

r L T L T L T L T T T
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

Figure 5-12: *H NMR (500 MHz) of a representative sample at pD 1in (A) At 298
K in slow exchange with [(TSPP)IrD(CD;OD)]* (4) (8.42 ppm) and
[(TSPP)Ir'(CD;0D)]° (5) (8.01 ppm) with [(TSPP)Ir CH3(CDsOD)]* (7) (8.37 ppm)
in CD30D (B) At 340 K showing 4 and 5 in intermedite exchange with broadened
peaks and sharpened [(TSPP)IrCH3(CDsOD)]* (7) (8.37 ppm) as result of faster
methanol averaging.
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The 'H NMR at 298 K of a representative sample at pD villere equal
stoichiometric amounts of [(TSPP)B(CDsOD)]* (4) and [(TSPP)I{CDs;OD)]* (5) are
combined in solution of CEDD:CH;OH (92:8) and result in the observation of a third
species [(TSPP)ICH;(CDsOD)]* (7) is shown in Figure 5-12A. Th#d NMR of the
same sample shown in Figure 5-12A at 340 K is showhigure 5-12B. Equilibrium
species [(TSPP)ID(CDs;OD)]* (4) and [(TSPP)I(CDs;OD)]®> (5) are no longer in slow
exchange on the NMR time scale but is now an avwegagpecies at intermediate speed
as a result of the increased temperature (+ 420K¢a as shifted broad averaged peaks
and [(TSPP)IrCH;(CDs;OD)]* (7) becomes sharpened as the proton of coordinated
methanol in the iridium alkyl complekexchanges more rapidly with the protons in bulk
solution.

Chan and coworkers were the first to report thenadron of iridium methyl in
alkaline methandl® Chan’s mechanism studies indicate the iridiumhyletomplex is
accessible by two pathways at 473 K; 1) the iridioyadride complex cleaves the O
bond of methanol through-bond metathesis reaction and 2) through nuclemphitack
by the iridium(l) complex on the © bond of methanol.

In this study at temperatures340 K, neither the iridium hydride complex or the
iridium(l) complex at any given pD range is obsehte individually and independently
cleave the CO bond of methanol to form the iridium methyl coewl
[(TSPP)Ir CH3(CDsOD)]* (7). It is the concerted or assisted process ofstheng
nucleophilic iridium(l) metal center and the iridiuhydride complex to form water
(104.6 kcal/mol) facilitates breaking the @ bond in methanol (@ = 92.1 kcal/mof}®

as shown in Figure 5-13.
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Ir: 43 CH3 = :OH

— Ir-CH; + It' +HDO
D'—:Ir~

Figure 5-13: Proposed mechanism for the cooperaticof iridium hydride (blue box)
and iridium(l) 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 enthalpiesnzéthanol is found in Table 5-5
shows CO is weakest bond in methanol and as a result tbst rmusceptible to

nucleophilic attack by [(TSPPYED:OD)]° (5).

Table 5-5: Bond dissociation enthalpies H (298 K) (kcal/mol)) shown in
parenthesis of relevant methanol and hydroxymethybond homolysis energy>

O H C H C O
CH:O H H CH,OH CH; OH
(104.6) (96.1) (92.1)
CH,0 H H CHO CH, OH
(30) (22) (106)

The proposed mechanism for formation of [(TSPR)Hs(CDsOD)]* (7) is
shown by the catalytic cycle in Figure 5-14: Metblinteracts with the highly electron
rich [(TSPP)IKCDsOD)]° (5), this interaction does not result in nucleophéitack on
methanol to cleave to © bond until [(TSPP)ID(CD;OD)]* (4) is introduced.
[(TSPP)Ir D(CDsOD)]* (4) provides a source of electrophilic protons (reqd of
solution ~11) to form water via Ir-H + OHand generate [(TSPPYEED;OD)]®> (5)
(Figure 5-13). In the presence of the [(TSPE)(CDsOD)]* (4), methanol oxidatively
adds methyl to [(TSPP){EDsOD)J° (5) to form [(TSPP)IrCHs(CDsOD)]* (7).
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HDOV Ir:” XCH:;OH

Ir: HDO Ir: CH;0H
} Ir-D
ll’-CH3
Ir--CH3--OH
D—Ir

Figure 5-14: Catalytic cycle for the formation of [TSPP)Ir CH3(CDs;OD)]* (7)
utilizing the cooperation of iridium(l) [(TSPP)Ir'(CDsOD)]° (5) and iridium
hydride [(TSPP)Ir D(CDsOD)]* (4) in methanol.

The balanced equation for the catalytic formatiéf(6SPP)Ir CHs(CDsOD)]*
(7) is shown in eq 5:11. Evaluation of the bondsdgsation enthalpies of the reactants
and products in reaction 5:11 allow the semi-quaine interpretation of the bond
dissociation enthalpy difference of the [Ir-D] afidC] units in [(TSPP)Ir R(CD;OD)]*
where R is hydrogen or carbon atom, shown below.

[(TSPP)Ir D(CD;OD)]* + CH{OH === [(TSPP)Ir CH3(CD;OD)]* + DHO (5:11)

[ H<O]=[Ir C]+[D OH]-[Ir D] — [CHs OH]

[ H<O0]=[Ir C] +[118.8] —[Ir D] - [92.1]

[ H<O]=[Ir C]=[Ir D] +[26.7]

[Ir C]-[Ir D]=[ H<0]-1[26.7]

Reaction 5:11 is observed to entirely convert [(PBR samples to the
[(TSPP)Ir CH3(CDsOD)]* (7). Given that H < 0, the bond dissociation enthalpy of
[Ir D] is greater than [Ir-C] in methanol by a minimwin26.7 kcal/mol. The strength of
the [Ir-D] bond unit over [Ir-C] is reflected in eéhfollowing sections on reactivity of

[(TSPP)Ir D(CDsOD)]* (4) with unactivated alkenes and aldehydes.
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5.2.8 Reaction of [[TSPP)Ir D(CDsOD)]* with Olefins in Methanol

Ethene, propene, pent-l1-ene and 1-hexene were iedependently added to
solutions of preformed [(TSPP)B(CDsOD)]* in methanol at [[] ~ 9.7 and monitored
by NMR over a 30 day to period to evaluate reafgti@nd to measure and ascertain
thermodynamic equilibria in each reaction systemlridium porphyrin alkyl
organometallic complexes have characteristic highd fhydrogen resonances for the
hydrogen of groups directly bonded to the iridiuratah center due to the porphyrin ring
current effect and as a result have readily disistiable resonances’id NMR.

A vacuum adapted NMR tube containing 0.4 mL sohutioof
[(TSPP)Ir D(CDsOD)]* (1 x 10°® M) was pressurized with 100 torr (1.5 x41M) of
ethene gas. The ethene gas was then condendesl MMR tube and 600 torr of,H3.1
x 10° M) was added to maintain the equilibrium of the efprmed
[(TSPP)Ir D(CDsOD)]* in methanol. After five days, equilibrium concetions of the
iridium ethyl complex [(TSPP)IICH,CH,D(CD;OD)]* and [(TSPP)IrD(CDsOD)]*
were observable by NMR and reaction 5:12 was eteduat 298 K (.1, = 63 and

G°.12(298 K) = -2.5 kcal mat). The'H NMR of [(TSPP)Ir CH,CH,D(CDsOD)]* is
shown in Figure 5-16 with insets of the pyrroleioagand upfield region showing -1.85

(br, 2H,-CH) and -5.68 (br, 2H, -C}D) shown in Figure 5-17.

[(TSPP)Ir D(CDsOD)]* + GHa4 [(TSPP)Ir CH,CH,D(CD;OD)]* (5:12)

2[(TSPP)Ir D(CDsOD)]* ~ + 2GHg [(TSPP)Ir CH(CH,D)CHs(CD;OD)]* +
[(TSPP)Ir CH,CHDCHy(CDs0OD)]* (5:13)
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Similarly, solutions of preformed [(TSPP)D(CDsOD)]* (1 x 10° M) were
pressured with 100 torr (6.5 x 20M) of propene and the gas was condensed before
repressurizing with 500 torr (2.6 x 30 M) of H.. The reaction of
[(TSPP)Ir D(CDsOD)]* with propene results in the observation of tworcis®mers
(Figure 5-15) with an readily measurable equilibricconstant (eq 5:13) 943 = 9
( G%.3 (298 K) = -1.3 kcal mat). The major isomer forms an iridium isopropyl
organometallic with distinct doublets at -2.20 pp@H(CH,D)CH3) and a broad peak at
-6.33 ppm (-G1(CH,D)CHs). The minor isomer is the iridium propyl porphynvith
pyrrole peaks that overlap the pyrrole of resonasfcthe iridium isopropyl porphyrin.
Distinct high field shifts for the iridium propylopphyrin complex are observed in thé
NMR -1.70 ppm (-CHCHDCHg), at -3.01ppm (-CKHCHDCH3) and at -5.82 ppm (-

CH,CHDCH).

Markovnikov Ir <
CH,D
o

Ir
anti-Markovnikov _>——

D

=—0O

=

Figure 5-15: Reaction of propenith [(TSPP)Ir D(CDs0OD)]*

In water, exclusive formation of the iridium propglomplex is observed.
Reversal of the preference for isomer formatiommiethanol favoring formation of the
iridium isopropyl complex occurs because the aliighaature of methanol allows free
rotation of small substrates like propene and #meessibility to form the better charge
stabilized secondary carbocation in methanol isexelble. This directs regioselectivity

to the secondary carbon and to formation of thekighamikov product exclusively.
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The assignment of Markovnikov regioselectivity raty of iridium hydride
[(TSPP)Ir D(CDsOD)]* with alkenes in methanol is limited to definitioy the reaction
with propene (eq 11). Pent-1-ene and n-hex-1-enead form observable quantities of
the iridium organometallic complex in the NMR tulpe detectable concentrations.
Longer chain alkenes (C > 3) are well solvated ethranol and can be thought of being
micelled by the aliphatic methyl of methanol. Sarli, [(TSPP)Ir D(CDsOD)]* can be
thought of as being hydrophilically pocketed by kiyelroxyl group of methanol resulting
in a hypothetical barrier within phase of reactants

However, the reactions of higher chain alkenes (Q)>with rhodium(lll)
[(TSPP)Rh(OCR)(CD;OD)]* in methanol result in measurable, observable imiailof
the regioselective anti-Markovnikov rhodium orgaratallic product in methanol for
straight chain alkenes, (egG° CsHi, (298 K) = -6.1 kcal mal)."® This suggests that
reactant/solvent manifested barriers are not sefftty incumbent on the reactivity of
[(TSPP)Ir D(CDsOD)]* . Qualitatively, the preservation of [(TSPPI{CDs;OD)]* in
contact with unactivated alkenes (small equilibriconstants for €H,, CsHg and no
observable equilibrium with C >3) can be attributeda strong iridium hydride bonded
unit and a significant disparity between the iridilnydride and iridium carbon bonded

unit in TSPP in methanol ([I€n]<[Ir H]) as “n” increases.

5.2.9 Reaction of [[TSPP)Ir D(CDs0D)]* with Aldehyde in Methanol
No reaction of [(TSPP)IID(CDsOD)]* with acetaldehyde was observed in pD ranges of
8-10. The CO unit of the aldehyde reacts with methoxide inhmabl faster than the

[Ir D] unit in methanol and no reaction is observeddour.
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-OH/MeOD-d,
Ethene
CHy/MeOD-d,
TMS
(TSPP)Ir H,
A .JHAL__LJM ]

Figure 5-16: 'H NMR (500 MHz) of [(TSPP)Ir D(CDsOD)]* and [(TSPP)Ir-CH,CH,D(CDsOD)]* with ethene (5.5
ppm) and H, (4.6 ppm) in CD;0D (3.3 ppm, 4.8 ppm) at [D] ~ 10. TMS peaks (0.0-2.9) ppm
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(A)

PPM -1.4 -1.8 -2.2 -2.6 -3.0 -3.4 -3.8 -4.2 -4.6 -5.0 -5.4 -5.8 -6.2 -6.6

(B)

‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T
PPM 8.48 8.44 8.40 8.36 8.32 8.28 8.24 8.20 8.16 8.12 8.08 8.04 8.00

Figure 5-17: Expanded*H NMR (500 MHz) of (A) high field resonances of [(BPP)Ir-CH,CH,D(CDsOD)]* and (B)
pyrrole peaks of [(TSPP)Ir D(CDs;OD)]* (8.42 ppm) and [(TSPP)Ir-CHCH,D(CDsOD)]* (8.44 ppm)
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5.2.10 Oxidation and Isomerization of Coordinated MethanolMethoxide at the
Iridium Metal center in (TSPP)Ir "' complexes
Formation of [(TSPP)If(CDsOD)]® (5) at strongly basic pD:
Vacuum adapted NMR tubes containing 0.4 mL solugbf(TSPP)Ir(OCR),]°
(3) (1 x 10° M) at strongly basic conditions (pD > 11) were aesed thoroughly by
multiple freeze, pump, thaw (FPT) cycles and wesptlat normal room temperature for
a week while being monitored by NMR. The¢ NMR showed no noticeable change to
the solution of [(TSPP)Ir(OCE]° (3). The NMR tube was then heated at 343 K and
monitored by NMR (298 K) over a period of 3 daysgufe 5-19. Solutions of
iridium(Ill) ([(TSPP)Ir(OCDs),]° (3)) at pD > 11 are completely reduced to a solutibn
iridium(l) ([(TSPP)IF(CDsOD)]° (5)) and methoxide is oxidized to formaldehyde as
shown in Figure 5-18. In th#d NMR, a thermodynamically stable species is obsgrv

as the sample is reduced from [(TSPP)I(QBEP (3) to [(TSPP)IKCD:0OD)]° (5).

D
D D D ’
IAD Nuc-D _ B y 4 O=CV
/CV =3 O——p<D «—> O—C<=aD | &—> D
- ! \ +
(|) D Nuc® \/ \/
[ — e [ - — |y — —]rl—

Figure 5-18: Oxidation of methanol to formaldehydeand reduction of iridium(lIl)
to iridium(l) in strongly alkaline methanol solution.

In methanol, methoxide acts as a strong nucleopHil@nd abstracts a proton
from [Ir-OCDs] where the bond energy of the [8] unit is minimal (~22 kcal/mof}*®
(Table 5-5). A negative charge formed at the cartenter then drives the electrophilic
iridium(lll) metal center bond transformation frofin O] to [Ir C]. Formaldehyde is

then eliminated with concurrent formation of [(TSRRCD:OD)]° (5). The iridium
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aldehyde complex is stabilized by the electrophiidium(lll) metal center and can be
thought of as achieving a resonance stabilized taxtpat is oxygen or carbon bonded
and as a result is observed as a short lived ksdrgbble intermediate species in solution
by NMR prior to the complete conversion of the skmp [(TSPP)I{CDsOD)]* (5).

The decomposition of metal alkoxides is well stdd®&** The typical process
occurs through cleavage obaC H bond of the coordinated alkoxide with concommital
formation of the metal hydride. At high pD, thetaléhydride would be deprotonated to
form the [(TSPP)I{CDs;OD)]®> (5). This often requires a cis-coordination siteywhwoer
a recent study by Milstein has illustrated a caseh iridium(lIl) alkoxide in which a cis
coordination site was not need®&d.

Decomposition of [[TSPP)Ir(OCG]° (3) throughb C H migration would result
in solution equilibrium between iridium (111), iridm hydride and iridium(l) and th&
NMR spectra would exhibit evidence of interactiontloe low steric TSPP porphyrin
through the iridium metal centers. SpectroscogidRNdata supports the preference for
formation of the iridium(l) complex through depro@dion of the metal alkoxide by
nucleophilic attack (oveb C H migration). Furthermore, the mechanismboC H
migration is a unistep, concerted process that dvaot result in the intermediate species
observed in the transformation of [(TSPP)I(OEHP (3) to [(TSPP)IKCD;OD)]® (5)
as shown in Figure 5-19. (Note: This mechanisnperable and dominant in the system
shown later, Figure 5-22) Also, it has been ilattd that the coexisting of iridium
hydride @) and iridium(l) complex ) in methanol leads to the formation of the iridium

methyl (7) complex which is not observed under these camulti All these evidences
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suggests the mechanismmo€ H migration is preceded in entirety by the nuclaebgty

of methoxide, in the formation of [(TSPPJEDsOD)]° (5), Figure 5-18, Figure 5-19.

OCD,

— | —

(B)

—Irl—

Figure 5-19:'H NMR (298 K, CD;0D) of [(TSPP)Ir(OCD3),]° (3) in strongly basic
(pD > 11) solution showing the progression of theample to form the reduced
species, [(TSPP)I{CDs0OD)]° (5). (A) [(TSPP)Ir(OCDs),]° , (B) Nucleophilic attack
on [C D] unit of [(TSPP)If(OCD3),]°> , (C) Resonance stabilized [Ir(CBO)]
porphyrin species, (D) [(TSPP)It(CD;0D)]° .
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Formation of [(TSPP)Ir(CD,OD)(CD;OD)]® at Acidic ConditiongpD ~ 5):

Vacuum adapted NMR tubes containing 0.4 mL solutioof
[(TSPP)Ir(CROD),]®* (1) (1 x 10° M) at acidic conditions (pD ~ 5) were degassed
thoroughly by FPT cycles and were kept at normahrdemperature for a week while
being monitored by NMR. Th#4 NMR showed no noticeable change to the solution o
[(TSPP)Ir(CROD),]® (1). The NMR tube was then heated at 343 K and roretdt by
NMR (298 K) over a period of 7 days, Figure 5-21.

After 7 days, théH NMR of the solution of [(TSPP)Ir(C{DD),]°> (1) indicated
the transformation of the bismethanol iridium pomdhm complex to a new species with
distinct porphyrin pyrrole and phenyl resonancagufe 5-21.. This new species does
not have sufficient NMR data (i.e. high field débaindicate axially coordinated species)
to conclusively determine the species in solutiéowever, there is only one plausible

option whereby coordinated methanol is deprotonatede carbon center.

D-CDz(l)D o ?DZOD D CI:DZOD
[ - = — }r — = }1’ —
|
CD;0D D-CD, 0D CD,0OD

Figure 5-20: Equilibrium in solution of methanol [(TSPP)Ir(CD30D),]* solutions.

Autoprotolysis at the carbon center (96.1 kcal/molmethanol is favored over
autoprotolysis at the oxygen atom (104. 6 kcal/nmwm)) ~8 kcal/mol. In addition,
deprotonation at the carbon center results inengthening of the G bond unit by 14
kcal/mol which drives the formation of the iridiunydroxymethyl complex (Table 5-5).
Also, dissociation of a proton of methanol in theneention way to form methoxide
results in a loss of the highly polarized KD bond and results in a lessening of

stabilization energy due to hydrogen bonding. &mhudynamics suggest preservation of
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the O H bond is favored and the hydroxymethyl is greatabilized through hydrogen
bonding than methoxide.

Subsequent, deprotonation of the hydromethyl compbeform formaldehyde
only requires 30 kcal/mol and should occur rapidipwever under strongly acidic
conditions, they hydroxymethyl remains protonatdd.C H migration to generate the
iridium hydride complex [(TSPP)ID(CDsOD)]* (4) is not observed under strongly
acidic conditions (monitored ~ 1 month). The higlotpn concentrations in solution
allow the persistence of the hydromethyl complex.

Typical studies of this class involve [H] activatiorf®*?

through rhodium
porphyrin bimetalloradical mediated pathw&y$ *°in which two metalloradical sites are
tethered to preorganize a four centered transistate (Me---H---CHOH---M) to
generate metal hydroxymethyl complexes. This odadereaction pathway provides a
low activation energy route for €& bond cleavage in the presence of nondonor medium.
In the case of [(TSPP)Ir(GOD),]°, the [CH] bond cleavage to form the
iridium hydroxymethyl complex is unprecedented imotg, donor media without
availability of a bimetalloradical pathway. Thesebvation of formation of the iridium
hydroxymethyl complex is perhaps attributed to theleophilicity of methoxide in
methanol and the stabilization energy of the QT bond of 14 kcal/mol which results
from [C H] deprotonation. The remarkable preference afium porphyrins to bind
alcohols and alkoxidéSmay also be critical to interpretation of this eh&d behavior.

Thermodynamic data supporting attenuated bindirrgiridium alcohol complexes is

provided in Chapter 4.
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Figure 5-21: '"H NMR showing the transformation of coordinated mehanol in

[(TSPP)Ir(CD3OD);]* (1) to form the coordinated hydroxymethyl

species.

(A) [(TSPP)Ir(CD30D),]° (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 methol derived species.
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Formation of [(TSPP)Ir D(CD;OD)]* (5) at pD ~8.5:

Vacuum adapted NMR tubes containing 0.4 mL solutioof
[(TSPP)Ir(OCR)(CDs0OD)]* (2) (1 x 10° M) at conditions pD ~ 8.5 were degassed
thoroughly by FPT cycles and were kept at normahrdemperature for a week while
being monitored by NMR. Th#4 NMR showed no noticeable change to the solution o
[(TSPP)Ir(OCR)(CDs0OD)]* (2) over a period of one week, however when the msiut
was heated at 343 K and monitored by NMR (298 Korav period of 3 days, Figure 5-

23, [(TSPP)IrD(CDs;0OD)]* (4) was formed exclusively.

[((TSPP)Ir(OCR)(CDs0OD)]* [(TSPP)IrD(CD;OD)]* + CD,0O (5:14)

D
(" ;
/D 7 s

+ A
0=C{,
/ —{r— —_— _!I‘_ D
OCD, CD;0D CD;0D
_}l‘_
I OCD; %
e i R
Nuc -D _,]r_ — — [ — —n ] — O=CVD
e |
©_0_ CD,0D ||3
owC D
N
D
Figure 5-22: Possible mechanistic pathways of meahol to reduce

[(TSPP)Ir(OCD3)(CDs0D)]* (2) to [(TSPP)Ir D(CDsOD)]* (4).

A variety of mechanistic pathwals are accessible for the reduction of
[(TSPP)Ir(OCR)(CDsOD)]* (2) to [(TSPP)IrD(CDsOD)]* (4) and oxidation of
methanol or methoxide or formaldehyde, eq 5:14e pitogression of species as followed
by *H NMR (Figure 5-23) indicate the immediate formatiof [(TSPP)Ir D(CD;OD)]*
without an intermediate species. This is belietee@ccur through the unistep bond
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metathesis througbh C H migration, Figure 5-22. The reduction odiam(lll) to
iridium hydride occurs with a shift in solution dymics influencing the pD of solution as
methoxide is converted to formaldehyde. The foromaof [(TSPP)Ir D(CD:OD)]* (4)

is retarded by solution pD and influenced to formraermediate species which will then
allow b C H migration to complete the formation of [(TSPPP(CDsOD)]* (4), Figure
5-22. Isomerization of the [Ir-GI®D] unit to [Ir-CD,OD] + D" is the postulated
intermediate species because rearrangement ofrgfamio CQOD to CD:OD+ D" is
thermodynamically favored by ~ 8.5 kcal/mol and itmgdan [O H] for a [C H] unit

drives the isomerization.

5.2.11 Thermodynamics for Displacement of a Coordinated Mthanol from
[(TSPP)Ir(CD30D);]* by Methoxide (OCD; ) and Hydride (D )
The relative strength of the anions methoxide ardtile can be evaluated using
the derived equation 5:15 §Ks = (Ks.1)/(Ks:3)] and equation 5:16. [¥7 = (Ks.4)(Ks:16)]
as shown below. Hydride stands out as an exceglyostrong donor with G° 5.17 (298

K) = -54 kcal/mol over methoxideG® s5.17 (298 K) = -14.1 kcal/mol.

[(IM" (CDsOD),]° [Ir(OCDs)(CDs0OD)]* + D' (5:9)
OCD; +D' CD;0OD (-(5:3)
[(TSPP)Ir(CQOD),]® +OCDs [(TSPP)Ir OCD5(CDsOD)]* + CD:OD  (5:15)

Ks15= Ks:1 /K5;3 ,DGs;]_s =-14.1 kcal/mol

[(IM"(CDsODY]° + D, [Ir D(CD;OD)]* + D' + CD;OD (5:3
D +D' D, DGs:16 = -53.2 kcal/mol (5:1p
[(TSPP)Ir(CQOD)]° + D [(TSPP)IrD(CDsOD)]* + CD:OD (5:17)

Ks.17= Ks:4 /K5;15 ,DGs;17 = -54.0 kcal/mol
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Figure 5-23: 'H NMR in CDs;OD following the reduction of
[(TSPP)Ir(OCDs)(CDgoD)]4 (2) to [(TSPP)Ir D(CD3OD)]4 (4).
(A) [(TSPP)Ir(OCDg)(CDe,OD)]4 (B) b-H migration to form complex (4), (C)
Increase in acidity of solution results in isomeriation of methoxide and
hydroxymethyl (D) [(TSPP)Ir D(CD3OD)]4 (4).
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5.2.13 Bond Dissociation Free Energy Difference between IOCD3; and Ir D of
[(TSPP)Ir(CD30D),]* complexes in CROD.
The difference between the BDFEs of (DR] and [Ir-D] can be evaluated as

shown from analysis of the bonds breaking and fognais derived from equation 5:6b.

[(Ir'"'(CDsOD)]° + D [Ir D(CDsOD)]* + D" +CD;:OD  (5:6a)
[Ir(OCD3)(CD;OD)]* + D* [Ir'"'(CcD;0D),)? (-(5:1))
[Ir(OCD3)(CD:0D)]* + D [Ir D(CD;OD)]* + CD;OD (5:6b)

Ks.6p= K5;6a/K1 =, DGs.p =-11.22 kcal/mol

AGs.¢, = [Ir-OCD3] + [D-D] - [Ir-D] - [CD50-D] = -11.22 kecal/mol
[Ir-OCDj] - [Ir-D] = -11.22 kcal/mol - [D-D] + [CD;0-D]
[Ir-OCD;] - [Ir-D] = -11.22 keal/mol - 103.6 + 101.6 = -13.2 keal/mol

[Rh-OCD;] - [Rh-D]  =-13.9 keal/mol - 103.6 + 101.6 = -15.9 keal/mol

The iridium hydride [(TSPP)IID(CDs;OD)]* (4) bond dissociation free energy in
methanol is much stronger than iridium methoxideSRP)Ir(OCR)(CDsOD)]* (2) in
methanol by 13.2 kcal/mol, i.e. [Ir-D] > [IOR], where R = CR Similarly, the rhodium
hydride analogue is stronger than the rhodium mateobond by 15.9 kcal/mol in
methanol. This is a reversal of the bond energetitserved for the indentical systems of
rhodium and iridium porphyrins when solvated in ev&f In water, the iridium
hydroxide complex is stronger than the iridium hgedrcomplex by 3.6 kcal/mol , i.e. [Ir-
D] < [Ir OR] when R = H/ Similarly, the rhodium hydroxide is stronger thtre
rhodium hydride by 1.8 kcal/mol in wat€r. The diminished strength of the covalent
metal-oxo [M-OCDR] (M = Rh, Ir) bond could be ascribed to the dispamn of charge to
the methyl group. This places less charge debsityween the metal(lll) (M = Rh, Ir) and

oxygen atoms in iridium and rhodium methoxide caewpsk, i.e. a weaker bond.
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5.2.14 Estimation of Homolysis Bond Dissociation Free Engy of
[(TSPP)Ir D(CDsOD)]* complexes in CROD:

Employing the use of solvation free energies inhaebl and knowledge of
thermodynamic cycle¥,an estimation of the homolysis bond dissociatiee £nergy for
[(TSPP)Ir D(CDsOD)]* (4) can be achieved. The free energy change fotiaddif an
electron to a proton in methanol is determined hy BDE for the process to convert
gaseous dihydrogen to atomic hydrogen, the solvatfidiydrogen atom in methanol and

adjustment of hydrogen for the deuterium ~1.6 iseteffect [¥2(97.1+4.84+1.6)] to give

51.7 kcal/mol.

[(TSPP)Ir-D]* + D' === [(TSPP)I''">"+ D, AG =-1.1 keal/mol

[(TSPP)I']> + D" === [(TSPP)Ir-D]* AG =-15.6 kcal/mol
D, == 2D"+2¢ AG= 0  kcal/mol

[(TSPP)I']" === [(TSPP)II'']*" +2¢° AG=-nFe®=-16.7
AG = -(2€)(23.06 kcal mol''/eV) €°=-16.7 kecal/mol
g° = +0.36 V

[(TSPP)Ir-D]** =<—=[(TSPP)II']>" + D' AG=+15.6 kcal/mol
[(TSPPIP ===[(TSPP)Ir'']* + ¢ AG = (-1€)(23.06)(0.18V)
D" +e == D- AG = +51.7 kcal/mol

~——

[(TSPP)Ir-D]* === [(TSPP)Ii'']*«++ D * AG=+63.1 kcal/mol

The two electron potential for the oxidation oflim(l) to iridium(lll) is found
to be 0.36 V in methanol and differs from the higkteric porphyrin TMPS in water
(0.39 V, Chapter 3) by 0.03 V or 1.4 kcal/mol. &ssng the even distribution of energy

for the stepwise one electron potential oxidatioont iridium(l) to iridium(ll) the
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homolytic bond dissociation free energy can benesttetd. The difference in this energy
term in water vs methanol is compensated for by diiferences in the heterolytic
dissociation differences in methanol and water 6f5-kcal/mol.

The BDFE of [(TSPP)ID(CD:OD)]* (4) in methanol is found to be 63.1
kcal/mol, approximately identical to that deterndrfer [(TMPS)Ir D(D-0)]® in water
of 63.2 kcal/mol. This manifestation of similar BBs further supports the dominant
theme (chapter 2-5) for iridium porphyrins to dtetaeactivity trends with little regard to
sterics, electron withdrawing effects and solveafiedences between methanol and water.

Utilizing solution equilibrium thermodynamic valuesported for the analogous
rhodium system in water, the BDFE of the rhodiuralague is 60.2 kcal/mol. The small
difference of ~ 3 kcal/mol between rhodium and urdiis most likely due to favorable
solvation of a the hydrogen atom of [(TSPPIMCD:OD)]* (M = Rh, Ir) in methanol
because of its high dielectric constant (~32) asdaliility to incorporate, stabilize and

mobilize the hydrogen atom away from the metal @ent
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5.3 CONCLUSIONS

In methanol, solutions of iridium(lll) tetrakig{sulfonatophenyl)porphyrin
((TSPP)I']) form a hydrogen ion dependent equilibrium dimftion between three
species [(TSPP)Ir(CEDD),]®, [(TSPP)Ir(OCR)(CD:0D)]* and [(TSPP)Ir(OCE)2]° .
The acid dissociation constants for [[TSPP)Ir(OD),]* are k.1 = 2.3 x 1 and K.
= 2.1 x 10" which are smaller than those of [(TSPP)k(}]° in water (K = 4.8 x 10
8 K =2.6x 10" in water.

The reaction of [(TSPPJtj with dihydrogen result in formation of an iridium
hydride complex in a hydrogen ion dependent douiuim with iridium(l) porphyrin
complex. The acid dissociation constant of [(TSPB)CD:;OD)]® measured in
methanol is 3.4 x I8 ( G° (298 K) = 15.6 kcal/mol) which is comparablethe slightly
more acid water analogue [(TMPS)Y(D,0)]? measured in water (K = 1.8 x¥) G°
(298 K) = 16.0 kcal/mol). The acidities of thediim hydride complexes exhibit
negligible changes in acidity despite solvent cle@sn@nd indicate an increasing
importance of metal-ligand interactions in the caseidium porphyrin hydride.

Reactions of iridium porphyrin hydride with alkenexcur to give both
Markovnikov and anti-Markovnikov products. Reansoof the iridium(l) complex with
alkyhalides form iridium alkyl complexes. The certed reaction of iridium porphyrin
hydride and iridium(l) complex in methanol resuitthe catalytic formation of iridium
methyl where iridium(l) acts as the catalyst.

Heating degassed solutions of [(TSP®)Iin methanol generate reduced iridium
species. A variety of mechanistic pathways areessible for the reduction of

[(TSPP)IM'] to iridium hydride and iridium(l). b C H migration of coordinated
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methoxide leads to the formation of [(TSPPI(CD;OD)]* (4). Isomerization of the
[Ir-CD30D] unit to [Ir-CD,OD] + D" is also a possible route because rearrangement of
the organic CROD to CDOD is thermodynamically favored by ~ 8.5 kcal/molieth
drives the isomerization of [MDD(CD;)] to [M CD(D)OD].

Bond dissociation free energies and energy difiemenwere obtained from
equilibrium thermodynamics from reactions measuegerimentally. Table 5-6
provides a summary of BDFEs. The difference betw@eD) and (RhD) is 3 kcal/mol
in both water and methanol and illustrates the g@rteend of increasing metal-ligand
bond strengths on moving down a group in the pearitable. The difference between
(Ir OCD;) and (RhOCDs) is 5.9 kcal mot which reflects the ability of iridium over
rhodium to form stronger covalent bonds with buliggnds like methoxide. The iridium
methyl bond (G° = H -T S, where —TS is ~ 8 kcal/mol) is weak compared to the
iridium hydride bond. The general trend of inciegdond energy on moving downt the
group 9 metals from rhodium to iridium is invertém Ir-C bond compared to Rh-C
bond.

Table 5-6: Summary of bond energetics (kcal/mol)of (TSPP)M (M = Rh, Ir) in
methanol and water.

M=Ir M= Rh
DO CD;0OD D,O CD;0OD
67 49.9 62 44
M OR (R =D) (R=CDy (R=D) (R=CDy
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 vacuume lequipped with a Welch
Duo-Seal vacuum. Deuterated solvents were purdhdsen Cambridge Isotope
Laboratory Inc. and degassed by three freezepainmaw cycles before use. Reagent
grade hydrogen, carbon monoxide, ethene and propene purchased from Matheson
Gas Products and were used without further putiboa

Proton NMR spectra were obtained on a Bruker Avdlic®&00 MHz at 298 K.
Chemical shifts were referenced to 3—trimethyllsilypropane sulfonic acid sodium salt.
Proton NMR spectra were used to identify solutigpgecses and to determine the
distribution of species at equilibrium. pH measueats were performed on Thermo
Scientific XL15 meter and Orion 9802 glass eleatrdgrecalibrated by Thermo Orion
buffer solutions of pH = 4.01, 7.00 and 10.01. edd-tetraphenylporphyrin was
synthesized by the method of Adfer Sulfonation of meso-tetra phenylporphyrin

sodium salt was achieved and subsequently putifjetie method of Srivastava

5.4.1 Concentration of complexes and ionic strength of ageous solutions:
Thermodynamic studies of (TSPP)Ir complexes in w@ebh were carried out at
concentrations less tharf 210° M in order to minimize molecular and ionic asstioia.
Most equilibrium constant measurements were pegdrat a low ionic strengthm¢10°)

where the ion activity coefficients approach unity.
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5.4.2 Synthesis of Ng[(TSPP)Ir'"' (CDs0D),)):
Nag[(TSPP)Ir(COD),] (M = Co,Rh,Ir) was synthesized following reportegthods by
Ashley>™® Dissolution ofl in CD;OD results in solutions of the bis methanol complex
[(TSPP)Ir(CROD),] * (1) in an equilibrium distribution with the mono ahi$ methanol
complexes, [(TSPP)Ir(CDD)(OCD;)]* 2), [(TSPP)Ir(OCR),]° (3).
Nag[(TSPP)Ir(CQROD),] *H NMR (500 MHz, CROD) d(ppm): 8.77 (s, 8H, pyrrole),
8.29 (d, 8H,0-phenyl, 3414 = 8.05 Hz), 8.27 (d, 8Hm-phenyl , 3414 = 8.05 Hz).
Nas[(TSPP)Ir(OCR),] *H NMR (500 MHz, CROD) d(ppm): 8.46 (s, 8H, pyrrole), 8.30

(d, 8H,0-phenyl, dy.14 = 8.05 Hz), 8.25 (d, 8Hn-phenyl , 3414 = 8.05 Hz).

5.4.3 Acid dissociation constant measurement in  methanol for
Nag[(TSPP)Ir(CD ;0D),]):
Samples of ([(TSPP)Ir(CIDD),]®) (3) were prepared by mixing standardized ;0D
solution of NaOCR with the stock solutions of compléx(0.5 — 1.0° 10°M) in NMR
tubes. A series of DCI and NaOgnethanol — glsolutions were used to adjust the pH
values. A plot of the pyrrole hydrogéd NMR chemical shifts to pD value (pD = pH +

0.41? and fit by non-linear least squares curve fittiaghe equation:

dz.34(00fPYF) = (KiK20a(pyr)+Ka[D*d(pyr)+[D*]? di(pyn))/(KiK2+K4[DT+[D]?).
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5.4.4 Synthesis of [[TSPP)Ir D(CDs0D)]* /[(TSPP)Ir'(CDs0D)]° :
0.4 ml [(TSPP)Ir(CBOD),]* CD;OD stock solutions (1.2 — 1:810° M, [D"] > 10° M)
were added into vacuum adapted NMR tubes. The NitRRs were then degassed by
three cycles of freeze-pythaw and 500 - 700 torr#D, was pressurized into the NMR
tube. The reaction of [[TSPP)Ir(GDD),]°® with Ha/D- formed [(TSPP)IrD]* in acidic
solution and achieved equilibrium distributiong ®8PP)I' and [(TSPP)IrD]* species.
The equilibrium constant was evaluated from therisity integrations ofH NMR of
each species in combination with*JDzoncentration measurement and the solubility of
H,/D, in methanoP’ Following the same procedure, (TSP®)tomplexes completely
converted to [(TSPP)IP in basic CROD solution ([0] < 10*2 M).
'H NMR [(TSPP)Ir D(CD;OD)]* (4): (500 MHz, CROD) d(ppm): 8.42 (s, 8H,
pyrrole), 8.19 (m, 16H, phenyl).

'H NMR [(TSPP)IKCDsOD)]®> (5): (500 MHz, CROD) d(ppm): 8.03 (s, 8H, pyrrole),

8.15 (d, 8Hp-phenyl, d4.14= 7.4 Hz), 8.04 (d, 8Hn-phenyl , 4.1y = 7.4 Hz).

5.4.5 Acid dissociation constant measurements for [(TSPR) D(CDsOD)]* in
methanol
The acid dissociation constant of [(TSPPPI(CD;OD)]* was measured in
methanol by direct observation of [(TSPPICD;OD)]* and [(TSPP)CDsOD)]°
concurrently between [D+]18°- 10% in the'H NMR. Integration of the peak areas of
4 and 5 against a standard of known concentration was usedalculate the acid

dissociation of eq 7 to give& 3.4 x 10'% DG; = +15.6 kcal/mol.
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5.4.6 Substrates reactions of [(TSPP)IrD(CD;0OD)]* and
[(TSPP)Ir'(CDs0D)]° with olefins and aldehydes in methanol
Substrate reactions of [[TSPPY* and [(TSPP){{> with aldehydes and olefins
in methanol were carried out by vacuum transfethefsubstrate to vacuum line adapted
NMR tubes containing preformed samples of inOD at a defined hydrogen ion ([
concentration, and then dihydrogen was repressiiiizt® the sample to suppress the
formation of (TSPP)IY species.

Proton NMR was used to identify solution speciesl @ao determine the
distribution of each species at equilibrium. Edurilim constants were evaluated from
the intensity integrations ofH NMR for each species in combination with" D
concentration measurement and the solubility of #meall organic substrate in
methanof’ Equilibrium concentrations of [(TSPP)B(CDsOD)]* for the substrate
reactions were determined from the averalj¢dNMR chemical shifts in combination
with the D" ion concentration which determines the equilibrigistribution of [(TSPP)Ir

(CDsOD)J® and [(TSPP)IrD(CDsOD)]* .

5.4.7 Reaction of [(TSPP)Ir D(CDsOD)]* with ethene, propene and
acetaldehyde:

Solution of [(TSPP)IrD(CDsOD)]* (3" 10° M) reacts with ethene, propene to
form [(TSPP)Ir CH,CH,D(CDsOD)]* and [(TSPP)IrCH,CHDCHs(CDsOD)]* while
similar reactions with n-hex-1-ene and pent-1-eesulted in no observable reaction.
The reactions of iridium hydride with all the sulas¢ olefins go to completion within 5 -
7 days and are monitored daily by NMR. The thermodynamic equilibrium constants
are evaluated from the integration of iridium alkgpmplexes and iridium (I) in
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combination with the proton concentration which edetines the equilibrium
concentration of [(TMSP)IID(CDsOD)]* .

'H NMR ([(TSPP)Ir CH,CH,D(CD;OD)]*) (500 MHz, CROD) d(ppm): 8.42 (s, 8H,
pyrrole), 8.19 (m, 16H, phenyl), -1.85 (br, 2H,-§H5.68 (br, 2H, -CkD)

H NMR ([(TSPP)Ir CH(CH,D)CHs(CD;OD)]*) (500 MHz, CROD) d(ppm): 8.38 (s,
8H, pyrrole), 8.20 (m, 16H, phenyl), -2.20 (d, 5HGH(CH,D)CH3, hy1y = 5.4 Hz), -
6.33 (br, H, -&{(CH,D)CHs).

H NMR ([(TSPP)Ir CH,CHDCHs(CDsOD)]*) (500 MHz, CROD) d(ppm): 8.38 (s,
8H, pyrrole), 8.20 (m, 16H, phenyl), -1.70 (g, 3EkLCHDCHs, ly.1y = 7.0 Hz),

-3.01 (br, H, -CHCHDCHj), -5.82 (br, 2H, -E,CHDCHy).

5.4.8 Reactions of [(TSPP)IH(CDsOD)]> with RI (R= CHg3 (CH.)CHs) in
methanol:

[(TSPP)Ir R(CD;OD)]* (R = CH;, (CH,)4CHs) was produced through transferring alkyl
halide into the vacuum line adapted NMR tube conngi [(TSPP)I(CDsOD)J
solutions. *H NMR [(TSPP)Ir CH5(CDsOD)]* : (500 MHz, CROD) d(ppm): 8.35 (8H,
pyrrole), 8.19 (m,16H, phenyl), -7.20 (s, 3H, £gH
'H NMR [(TSPP)Ir (CH,)sCHs(CDsOD)]*: (500 MHz, CROD) d(ppm): 8.23 (8H,
pyrrole), 8.20 (m, 16H, phenyl), -0.22 (t, 3H, -(§¥CHs, i1y = 7 Hz), -0.44 (t of d,
2H,-(CHy)3CH2CHa, 311 = 7.3 Hz, 3.1 = 7.3 Hz), -1.56 (p, 2H, (CHb-CHo-CH,CHs,
1y = 7.2 Hz), -4.38 (d of t, 2H, -CiE€H,(CH,),CHs, Ji.1n = 8 Hz, dyay = 8 Hz), -

6.41 (t, 2H, -G'z(CHz)gCHg, lH_lH =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 monoxid€ is an important current endeavor in
organometallic chemistry as petroleum cost andddgmaand for petroleum derived fuel
rises>* A mixture of CO and Kcalled syngds™*?is a readily available byproduct of
natural gas, coal and biomass and provides an appiyto develop carbon oxygenate
building blocks from CO and Hfor the advancement of alternative enétgglevant
organics.

The reaction of rhodium porphyrins in water haveadily resembled the reactivity
observed for iridium porphyrins in water. Rhodiparphyrins react with CO in water to
form equilibrium concentrations of rhodium hydrig@rphyrin and rhodium formyl
porphyrin, eq 6:1, 6:2 (OEP: octaethylporphyrifij® In theory, metalloformyls can be
readily synthesized. Analysis of synthethic apphas to the formation of metalloformyl
complexes is depicted in Figure 6212°

[(OEP)RhH] + 2CO 2[(OEP)Rh-CHQ] (6:1)

[(OEP)Rh}p + 2 CO + H 2[(OEP)Rh-CHO] (6:2)

(i) hydrolysis of thioformyl or similar derivative

(A) Form C-H Bond (ii) dealkylation of M=CHOR (carbenes)

(i) CO inserts into M-H

0)
(ii) H™ attack on M-CO \\>C—LnM
/]

(C) Form M-C Bond
(i) use formylating agent O=CHX
(i) oxidative addition of O=CH,

[(B) Modify M-C-H Bond

Figure 6-1: Synthetic approaches to gendran of metalloformyl complexes
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The most direct approach for the formation of metaimyls is the generation of
a carbon hydrogen bond through insertion of CO attM H bond or by attack of
nucleophile H upon coordinated CO (Figure 6-1(A)). In waterdiokide is a potent
nucleophilé® and attack of coordinated CO [O] by OH to form a metallo-
hydroxycarbonyl is known as the water gas shifictiea (WGSR)'®*? Figure 6-2

illustrates nucleophile-carbonyl adducts of bothdrige and hydroxide and also

alkoxides, secondary amines, acyls and oxide.

O (0] O
OH OR NRR'
hydroxycarbonyl alkoxycarbonyl carbamoy]l
0] (0] p
e
H R 0
formyl acyl oxycarbonyl

Figure 6-2: Metalloucleophile-carbonyl adducts

This chapter reports efforts to generate an iridformyl porphyrin complex in
water and methanol by the reaction of CO anduMih (por)ir H (por = TMPS, TSPP).
The chemistry of iridium porphyrins with CO in orga solvents result in the formation
of iridium carbonyl adduct$®® The investigation of CO and iridium porphyrins in
water and methanol where ionic pathways are adulesisi reported for the first time in

this chapter.
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6.2 RESULTS AND DISCUSSION

6.2.1 Reaction of [[TMPS)Ir D(D;0)]® with CO in Water

Preformed solutions of [(TMPS)ID(D,O)]® from the reaction of dihydrogen
and [(TMPS)Ir(OD)(RO)]® at an initial pD of 9.5 where pressured with 100520 torr
of CO. Samples were observed to immediately ekhilmolor change upon addition of
CO from orange to red. TH&! NMR was immediately collected at room temperature
following the addition of CO to monitor the reactiand then the sample was degassed
and repressurized with 500 torp kb determine reversibility and deduce the immediat
reaction of CO with [(TMPS)ID(D,0)]® displaced water to form [(TMPS)Ir-D(C3)]
eq 6:3.

[(TMPS)Ir-D(D,0)]® + CO [(TMPS)Ir-D(CO)} + DO  (6:3)

Aqueous solutions of [[TMPS)Ir-D@D)]® are found to react reversibly with CO
to produce a single pyrrole resonance in'tHeNMR which responds to increasing CO
concentration by shifting increasingly downfieldrn [(TMPS)Ir-D(D,O)]® at 8.36 ppm
as shown in Figure 6-3. Aqueous solutions of [(BYIRD(D,0)]® in contact with CO
result in the adduct formation of [[TMPS)Ir-D(C&)leqn 6:3.

The equilibrium constant for fast exchange moletfoan average of [(TMPS)Ir-
D(CO)PP and [(TMPS)Ir-D(RO)]® in deuterium oxide can be determined using several
pressures of CO utilizing the experimentally deieed limiting *H NMR shifts of
[(TMPS)Ir-D(D,0)]® as 8.364 ppm and [(TMPS)Ir-D(C8)Jas 8.60 ppm Results
substantiate the ready formation of CO adduct sge¢TMPS)Ir-D(CO)} with a large
equilibrium constant of K = 9.5x f@&nd a favorable free energy at 298 KG°= -5.4

kcal mol* calculated as follows.
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1520 torr CO

1020 torr CO L L. Y L
000 torr CO

e e

— T T T T T 7 T T T I I e B B B B B B S B B B A R B S
FPM  B.90 8.80 8.70 8.60 8.50 8.40 8.20 8.20 8.10 PPPM 3.20 310 3.00 2590 280 270 2,60 250 240 2,30 220 210

260 torr CO

Figure 6-3: 'H NMR (500 MHz, D-O) of the equilibrium between [(TMPS)Ir D(D,0)]? and [(TMPS)Ir D(CO)]® at
varying CO pressure. Porphyrin pyrrole (8-36-8.6Qopm), p-methyl (3.15 ppm),o-methyl (2.15 ppm)
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Reactions of iridium porphyrin hydrides in benzevith (~1 atm) CO have been
illustrated to form similar six coordinate CO adtu¢eq 6:4) with no evidence for the
formation of metalloformyl complexes at 1 atm C&?® The reaction of |rIr'"
porphyrin dimers (por = OEP, TXP: tetraxylylporpimyrwith CO(~ 1 atm) also have
been found to exclusively form CO adducts wherentie¢éal metal bond is preserved and
there is no evidence for metalloketone or dimetdiketone porphyrin complexes, eq
6:5.27_28

(ponir H + CO (pon)irH(CO) (6:4)

(ponlr Ir(por) + CO (CO)(por)lIrir(por)(CO) (6:5)
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In contrast, rhodium hydride porphyrins and'Rh" porphyrin dimers react with
CO to form equilibrium distribution of rhodium adduCO complexes ([(por)Rh-
H(CO)]), dirhodium ketone ([(por)Rh-CO-Rh(por)],ridodium diketone ([(por)Rh-CO-
CO-Rh(por)]) and rhodium formyl complexes ([(poryRKO]).1418232931  The
observation of greater reactivity of CO with rhadiporphyrins is attributed to aG for
the difference in bond free energy of [Rf - [Rh C] being close to zerd. In the case
of iridium this difference is bond free energiesager and thermodynamically prohibits
observation of iridium formyl porphyrin complexed ¢hese CO pressures and
temperature&®?* It is also noteworthy that electron rich rhodiunydride complexes
prefer to form 5 coordinate species and limits ddeuct formation of [(por)Rh-H(CO]
while iridium hydride complexes prefer to be cooately saturated octahedral 6 species.

The reaction of equilibrium distributions of [(TMRSD(D,0)]? and [(TMPS)Ir-
D(CO)? with CO (500 torr) and $(100 torr) were monitored over a month 1y
NMR (298 K). The'H NMR showed the formation of new iridium porphyspecies
whose concentrations changed slowly over time, fieig47. Use of°CO was utilized to
trace the formation of CO derivatives by NMR techugs. **C NMR did not show
incorporation into any organometallic iridium poypim complex like the iridium formyl
or dimetal ketone complexes in solutions of 93:20HD,0.

In water, CO is anticipated to exhibit water gastgleaction cycle through the
reaction of water with coordinated CO, Figure 6-ucleophilic attack of coordinated
carbon monoxide in iridium carbonyl complexes aoerid in literaturé?® Early
examples of metal carbonyls in aqueous solutiaustithte reactivity with stoichiometric

amounts of base to form the metal carbonyl anian6®3*% Acidification of the
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solution then releases ;Hfrom protonation of the metal hydride and £@®om
neutralization of carbonate (i.e. O + 2H' CO, + HO0) which are water gas
shift reaction (WGSR) products (eq 6:7)
Fe(CO} + 30H (HFe(CO) +CQ? +H0 (6:6)
CO + HO CO +H; (6:6)
The iridium hydridic carbonyl porphyrin [(TMPS)I{BO) is presumed to
similarly lead to the stoichiometric release of WRsS$roducts (eq 6:7). Under
moderately alkaline conditions the reaction is@péted to become catalytic as shown in
Figure 6-4 which provides a rational for the getieraof iridium carbony organometallic
related species observed in teNMR as the sample of [[TMPS)Ir-D(C3)]is allowed
to react over time. The generation of iridium pmsors that release WGSR products do
not have hydrogens that permit ready observatiorithier *C or *H organometallic
signals by NMR which restricts the assignment sbrences in thtH NMR (Figure 6-
5). Also, the WGSR equilibrium (eq 6:6) favors giot formation (C@, H,) in water®?

D,0

o L

o >
D
CO, + I&\ D /\ ODe
D+
Q" oD

Figure 6-4: Reaction of CO with [[TMPS)Ir D(D,0)]® in water is analogous to the
water-gas shift reaction cycle.
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Figure 6-5: *H NMR (500 MHz, D,O) formation of CO derivative organometallic compleces which evolve following the
formation of equilibrium distributions of [[TMPS)Ir D(D-0)]® and [(TMPS)Ir D(CO)]® in water at pD 9.

199



The iridium porphyrin complexes which are generdigdhe proposed catalytic
cycle shown in Figure 6-3 consists of four key stepThe first involves the equilibrium
of the iridium hydride [(TMPS)IrD(D-0O)]® and the CO adduct iridium hydridic
carbonyl [(TMPS)IrD(CO)? which are in fast exchange as explained earliethis
section. The second step is the rate determirtegy and is the nucleophilic attack of
hydroxide on the iridium carbonyl to form the iudn hydroxycarbonyl
[(TMPS)Ir D(COOH)P . Decarboxylation of [(TMPS)ID(COOH)P then occurs to
generate C® and the electron rich dihydride iridium porphyraomplex which is
protonated to reductively eliminate ;Hand restablish the equilibrium of

[(TMPS)Ir D(D20)]® and [(TMPS)IrD(CO)?.

6.2.2 Reaction of [[TMPS)Ir(D,0),]” with CO in Water
Under alkaline condition the reactivity of CO comxés is complicated by
nucleophilic reactions with hydroxide. Acidic sbans of [(TMPS)Ir(3O),]’ at pD~6
were pressured with CO ( ~ 500 torr) and observe+b}MR. The NMR was more
intricate than anticipated. The labile axial waligands of [(TMPS)Ir(DO),]" are
anticipated to exchange with CO in water [(TMPE)HD)(CO)] , eq 6:8.
[(TMPS)Ir(D,0);]” + CO [(TMPS)Ir(RO)(CO)] + DO (6:8)
[(TMPS)Ir-CO(D,O)]” + OD [(TMPS)I-D(D,0)2 +CQ  (6:9)
The CO iridium adduct complex is sufficiently aetigd by coordination to
iridium as a result of the positive charge at thdium(lll) center and decrease in
backbonding into the carbonyl unit. Nucleophilitaak by water occurs as shown in

Figure 6-6 to produce GQeq 6:9°**" The concurrent generation of the iridium hydride
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complex provides a segue to CO and WGSR cycle bath iridium hydride and iridium
(1l1) porphyrins in water (eq 6:8) illustrated ingeire 6-6.

D 20

C02 + D2 @ D2O
Dzo D
\ >0 \ N
D

o;ii %?5 +

Figure 6-6: Water gas shift reaction cycle of (rigt)[(TMPS)Ir(D 20),]’ with CO in
water which provides an entry point to the reactionof (left) [[TMPS)Ir D(D-0)]®
with CO in water.

As the sample matured, th#H NMR became more complicated and the
resonances unassignable as an increased numbetidioimi porphyrin complexes
emerged due to the catalytic cycle illustrated iguFe 6-6. Assignment of tHél NMR
to specific iridium carbonyl anion species geneatateould allow determination of
equilibrium constants relevant to the iridium hyxlycarbonyl products and evaluation of
the thermodynamic preference for the WGSR cycleh witdium porphyrins. The
formation of CQ also influences the pH of the solution which bugfdre reaction due to
bicarbonate/carbonate equilibrium, eq 6:10, 6:Ilhe complexity of the equilibrium
system shown in the catalytic cycle shown in Figé+@ coupled with the pH solution
complication prohibited further analysis.

CO + OH HCO, (6:10)

CO, + OH HCGO; (6:11)
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6.2.3 Reactions of [(TSPP)Ir-D(CD:OD)]* with CO (440 torr) in Methanol:

Solutions of [(TSPP)Ir-D(CEDD)]* in methanol are formed as part of a more
complex simultaneous equilbria involving mole frant averaged iridium(lll) species
from the reaction of hydrogen §D,) in methanol at [[} # 10% The sample of
preformed [(TSPP)Ir-D(CEDD)]* is then degassed and pressurized with CO (44] torr
The sample immediately changed from orange to retl the'H NMR immediately
showed a new species with a pyrrole shift at 816&% tavo set of semi-overlapping AB

patterns for the phenyl Ir complex (Figure 6-7).

(A)

(B)

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

Figure 6-7: 1H NMR of the reaction of (A)[(TSPP)Ir D(CDsOD)]* with CO in
methanol to form the iridium methoxycarbonyl (B) [(TSPP)Ir D(CO,CD3)]°

The sample was then degassed and repressurizethwiB0 torr). The addition
of Hy did not reform the iridium hydride and the reastiof CO with iridium hydride
resulted in the formation of a stable carbonyl eaphile adduct. Examination of tfid
NMR shows two sets of AB pattern phenyls resulfimgn an axially coordinated group

that breaks the symmetry of the porphyrin. Thenftion of iridium methoxycarbonyl
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porphyrin complex is consistent with the loss oinmsyetry of the porphyrin, the
formation of a stable adduct not readily reactiviéhvid, and the nucleophilic attack of

methoxide on coordinated CO, Figure 6-8, eq 6:12.

[(TSPP)Ir D(CD;0D)]* + CO [(TSPP)IrD(CO,CDy)]° + D' (6:12)
©
CD;0D CcO o O OCD;
CO OCD;,
_—
CD,0D IS

Figure 6-8: Reaction of CO with [(TSPP)Ir D(CDsOD)]* to form the CO adduct
complex in methanol followed by subsequent nucleoglt attack by methoxide to
form the [(TSPP)Ir D(CO,CD3)]° .

6.2.4 Reactions of [(TSPP)Ir-D(CD:OD)]* with CO/H, in Methanol:

The reaction of CO with solutions of [(TSPP)Ir-D(¢ID)]* formed
[(TSPP)Ir D(CO,CD3)]*. To facilitate the formation of other carbonyl cleophile
iridium porphyrin complexes dihydrogen was addé&amlutions of preformed [(TSPP)Ir-
D(CD;OD)]* at a [D+]#10 ‘were pressurized with syngas mixture of (830 torr) and
CO (300 torr).

[(TSPP)Ir D(CD;OD)]* + CO [(TSPP)ID(CO)]* + CDOD (6:13)

The reaction was monitored B4 NMR for 7 days, Figure 6-9. The initial
reaction with CO resulted in formation of the CQlact [(TSPP)Ir-D(COY| which was
confirmed by observation of a shift of the protesonance of [Ir-H] in solutions of 93%

H,0, 7% DO, eq 6-13. Coordination of CO to form [(TSPP)E®)]* shifted the Ir-H
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resonance from -59.1 ppm to -48.7 ppm as a regulhe trans effect of CO which
deshields the [Ir-H] unit and shifts the resonadognfield. Typically pyrrole shifts
move downfield as a result of increasing electronrifvity, however it is not clear how
the acidity of [Ir-H] is influenced in [(TSPP)Ir-BO)]* though the resonance shifts
downfield as the equilibrium shifts to form the G@lium porphyrin adduct. Over a
period of 7 days the sample was converted to piiyf&f SPP)Ir-D(CGQCDs)]° through
the nucleophilic reaction of methanol/methoxidehwibordinated CO eq 6:1£3C NMR
confirmed the conversion of frédCO (185 ppm) (Figure 6-12) to an acid type unit5(12
ppm) Figure 6-13 A plot of the change in concedidraof species as illustrated by the
'H NMRs in Figure 6-11 is shown in Figure 6-10. Thauilibrium constant is
determined using the equilibrium concentrationgfe 6-9) of iridium CO adduct and
the iridium methoxycarbonyl complex and by utilipat of [H'] in methanol, eq 6:14.
The equilibrium constant for the reaction of metidexto form the iridium porphyrin
methoxcarbonyl is favored,G%. 16 = -17.3 kcal/mol (eq 6:16), dervived as shown by

K6:16: K6;14/K6;15 (K6;15: 25X 1017, G°6;15 =22.7 kcal/mol).

[(TSPP)Ir D(CO)]* + CD;OD [(TSPP)IrD(CO.CD3)]° + D' (6:14)

CROD D" + OCD (6:15)
[(TSPP)Ir D(CO)]* + OCDy [(TSPP)Ir D(CO,CD3)]° (6:16)

| IS %& 7"?2@ A 43IF 5% 43IF 5C AES C
< ISH#HE %N&U 2" 2?2 A 14-IF 5 ¢ 43
G, - E4 6719:1°€
I$H# W& ?"?2@ A <. 4 F5 G

<< IS## %&U 2?7 AV <i] aEF5c 4 F°
*Go o - /14 67191 €
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Figure 6-9: Change in concentrations (M (x18)) of [(TSPP)Ir-D(C0O)]* (diamonds:
expt points; dotted line: best fit line) and [(TSPMIr-D(COOCH 3)]* (squares: expt
points; dashed line: best fit line) with change iime (mins).

The change in concentration until equilibrium isaleed for reactions 6:14 & 6:16 are

shown in Figure 6-9. The rate of formation of imh methoxycarbonyl complex is

determined to be first order by obtaining a straigte for the plot of In[Ir-D(CQCHs)]

vs time (sec) with respect to the formation of h@um methoxycarbonyl complex. A

rate constant of 4x10sec’ was obtained as shown in Figure 6-10 with a nan-ze

intercept.

Figure 6-10: Plot of of In[Ir-D(CO>CHz3)] vs time (sec) showing first order kinetic
rates with respect to formation of [(TSPP)Ir-D(CO,CH3)]°

205



Time=o0

Time =981 mins

Time = 5313 mins

b
LA
A

o

Time = 8167 mins

)

Time = 9616 mins

T T T T T T T T T T T T T T T T T T T T T T
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

Figure 6-11: Reaction of CO with [(TSPP)Ir-D(D0)]* over time; major species at
time = 0 [(TSPP)Ir-D(D,0)]* ; at time = 16 hrs [(TSPP)Ir-D(CO)]* ; at time = 6.5
days [(TSPP)Ir-D(CO,CDy)]° .
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Figure 6-12: C NMR (500 MHz, CDs;OD) showing primary peak *CO in
methanol.
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Figure 6-13: C NMR (500 MHz, CD;OD) showing primary peak of acid
functionality [0 **C=0] in methanol.
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6.3 CONCLUSION

Insights on metallocarbonyl activation from a swtihh aspect provide equal
opportunity for nucleophilic attack by hydride ogdnoxide. However, no iridium
porphyrin formyl complexes were observed undersiteof conditions described in this
chapter in water or in methanol, in the presenceuateophilic hydride source. Rather,
hydroxide and alkoxide reacted exclusively with @O] units to form iridium
hydroxycarbonyl porphyrin and iridium methoxycarlgbporphyrin complexes in water
and methanol respectively.

In the same range of concentrations of both porphgnd CO (-~ 1 atm),
[(TMPS)Ir-D(D,0)]? forms an equilibrium distribution with the CO adtlwf iridium
hydride [(TMPS)Ir-D(CO)} while the rhodium analogue ([(TMPS)Rh-D)]? ) forms
an equilibrium with the rhodium formyl [(TMPS)Rh-CBD,0)]®, K= 1.7 x 16, G°=
-4.4 kcal mof*® The reaction of CO with the iridium hydride toopuce a formyl
complex (eq 6:17) must be thermodynamically leserable than the process with the
analgous rhodium hydride to produce the [RDO].

[(pon)Ir-D(solvent)] + CO [(pon)Ir-CDO(solvent)] (6:17)

The BDFE for all the Ir-X units is larger than tberresponding Rh-X BDFE (as
discussed in previous chapters) but the increaskenridium hydride compared to the
rhodium hydride is larger than the increase inltheé compared to the Rh-C. The free
energy change for reaction 6:17 to produce anuimdiormyl falls short of that needed to
give observabléH NMR concentrations of [(por)Ir-CDO], but modesHigher pressures
of CO (~50 atm) can be expected to give observablecantrations of the elusive

iridium formyl complex.
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6.4 EXPERIMENTAL

General considerations:D,O was purchased from Cambridge Isotope Laboratocy |
and degassed by three freeze-pittraw cycles before usé’CO was purchased from
Sigma Aldrich and obtained in a lecture bottleotBn NMR spectra were obtained on a
Bruker Avanc& 500 MHz at 293K. Chemical shifts were referenced3ttrimethyl
silyl-1 propane sulfonic acid sodium salt. ProtoMR spectra was used to identify
solution species and to determine the distribut@n species at equilibrium. pH
measurements are performed on Thermo ScientificSXixter and Orion 9802 glass
electrodé’ precalibrated by Thermo Orion buffer solutionspbf = 4.01, 7.00 and 10.01.
Tetramesitylporphyrin (lTMP) and tetraphenylporphyrin ¢HPP) were synthesized
according to reported methofs*? Sulfonation of meso-tetraphenylporphyrin sodium
salt was achieved and subsequently purified bynththod of Srivasta/da Metallation
was achieved as described in literature metfblfs. Thermodynamic studies of
(TMPS)Ir complexes in water and (TSPP)Ir complexemethanol were carried out at

concentrations less thari 2L0° M in order to minimize molecular and ionic asstioia

6.4.1 Reactions of CO in water with [(TMPS)Ir-D(D,0)]® and in methanol with
[(TSPP)Ir-D(CD ;0D]*

Substrate reactions of [(TMPS)Ir-D{D)]® and [(TSPP)Ir-D(CBOD]* with CO
and*CO in water and methanol, respectively were camigdby vacuum transfer of the
substrate to vacuum line adapted NMR tubes comigimireformed samples of in
D,O/CD;0D at a defined hydrogen ion ([[) concentration, and then dihydrogen was

repressurized into the sample.
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Proton NMR was used to identify solution speciesl @ao determine the
distribution of each species at equilibrium. Edurilim constants were evaluated from
the intensity integrations ofH NMR for each species in combination with* D

concentration measurement and the solubility ofthall organic substrate in wafér.

6.4.2 Reaction of (TMPS)Ir with CO:

Solutions of (TMPS)Ir(hydride and bisaqua) (f0M) were pressurized with
mixture of H/CO containing 70% of CO (0.6 atm.) to form [(TMRS)(CO)]? . The
equilibrium constant is evaluated using least segiaveraging for the fast exchange
mole fraction averaged iridium hyridic carbonyl amtlium hydride with limiting
resonance’H NMR shifts of 8.59 and 8.36 ppm, respectively.'"H NMR
[(TMPS)Ir-D(CO)E (500 MHz, BO) d(ppm): 8.59 (s, 8H, pyrrole), 3. 16 (s, 12p,

methyl), 2.17 (s, 12Hy-methyl), 2.13 (s, 12H, o’-methyl).

6.4.3 Reaction of [(TSPP)Ir-D(CD;OD)]* with CO:

A solution of (TSPP)II' (10° M) was pressurized with mixture of €0
containing 70% of CO to form [(TSPP)Ir-D(C®)] Kinetic data for the formation of
[(TSPP)Ir-D(CQCH3)]°> was determined by monitoring the formation of pretdwith
time. *H NMR [(TSPP)Ir-D(CO)} (500 MHz, CROD) d(ppm): 8.45 (s, 8H, pyrrole),
8.20 (m, 16H, phenyl)'H NMR [(TSPP)Ir-D(CQCH3)]° (500 MHz, CROD) d(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(lll) porphyrins, iridium)I porphyrins and iridium
hydride porphyrins have been investigated in watet methanol and reported in prior
chapters. The chemistry of iridium(ll) complexesstbeen implicated but not directly
investigated. This chapter reports the synthddigands whose design will allow access
to iridium(ll) dimers and its homolytic counterpartlium(ll) monomeric complexes.

In general, the chemistry of iridium porphyrins gléels the reactivity of rhodium
porphyrins. Prominent reactions of rhodium(ll) éns are the oxidative addition of B
unit to metalloradicals (2Me + KK M H + M X) and the insertion of multiple CO
units between a RhRh" bond to form dimetalloketones. Metalloradicalaténs of
H X occur through a termolecular transition state gentains two metalloradicals and
the substrates (2Me + K Me “H=XeM) in a near linear fashion. The
synchronized HX bond breaking and the formation of two bonds mewa low energy
pathway for processes where the bond that is d&ioken is substantially stronger than
either of the bonds being formed.

Iridium(Il) complexes are anticipated to have agales reactivity to that of
rhodium(ll) complexes, including the important fanon of dimetal ketones and dimetal
diketones. Metalloketones can then be hydrogenatédrm metalloformyls which are
important precursors for the synthesis of alteusatinergy sources. This chapter reports
the synthesis of ligands porphine, pacman porphyrinand
dibenzotetramenthylaza[l4]annulene ,TMTAA) which when metallated can

potentially form iridium(Il) dimers.
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7.2 SYNTHESIS, RESULTSE AND DISCUSSION

7.2.1 Porphine
The elementary unit of porphyrin macrocyles is tetrapyrrole core calle
porphine (Figure 7). Porphine is the simpls, sterically smallesporphyrin and as
result will exhibit the strongest metal metal bothg@rphyrir complexe. Evaluation of
the I'" Ir'" bond energetics is permitted by metting porphine iridium(il). Porphine’
planar nature provides unique electronic propemied architectural properties that
attractive features to investigate reactivity arglikbrium thermodynamics of the

iridium porphine [(j@r)Ir], complexes.

(A) (B)

Figure 7-1: Tetrapyrrole macrocycle (A) planar; (B) ball/stick parphine.

The arrangement/stacking of porphines is a restilimeta-metal bonds or
dimerization and also a result of electrostatienattions that occur without the use ¢
template or tether; i.e. not structurally added ifeot This allows a type c
preorganization of metal centers with ideal intenglalistances without covalent bor
among the porphines. A unique desof intercalate porphines is shown in Figur-2
(left structure). The nature of porphines to stechklso illustrated in Figure-2 (right

structure).
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'Figure 7-2: The low sterics of porphine allow stadng without the need for
covalent bonds as shown in the self assembly of pbines in organic pillars .

Though the planar structure of porphine providesdptimum geometry and low
sterics to evaluate the true Iir bond energetics, the aromatic nature permitggeha
transfer from the metal center. Carrier transgathways involve the movement of
electrons and holes through thesystem, Figure 7-3. Holes move through mainly
conjugated carbon and nitrogen orbitals and electrons move mainly on carbon
orbitals. Stabilization of the metalloradical itich(Il) may shift(transport) the odd metal
based electron to the porphinesystem and be anticlimatic in reactivity, for exde in

its inability to activate CO towards hydrogenation.

Figure 7-3:'Transport system of electrons and holes by porphine

Porphine is the most difficult to directly synthasiwith yields typically less than
5%2* Attempts to efficiently synthesize (yields ~ 75 fhe tetrapyrrole macrocycle

porphine have been accomplished through dealkyl@terarboxylation of groups at the
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meso-substituted porphyrin positioh. The following narrative reports the synthesis of

porphine in the Wayland lab, Figure 7-4.

H
|
H .
4 N, \fo a) BFyOFt
\/\—:/ H b) p-chloroanil

Figure 7-4:. Reacaticcheme of porphine.

Synthesis Chloroform (750 mL) was added to a 1 L one nigagk equipped with a stir
bar and fitted with a septa. The solvent was thsyxygenated by bubbling,shrough a
needle into the solvent for 15 mins. Freshly testi pyrrole (10 mmol, 0.7 mL) was
added to the round bottom flask and allowed tousttil completely dispersed. Formalin
(0.74 mL of 37% MeOH soln, 10 mmol) was then addedl the solution stirred
vigorously for 15 mins. Boron trifluoride ethergtemL) was added to initiate the acid
catalyzed condensation of the tetrapyrrole. THatiem initially was pale yellow and
turned deep orange as the reaction progressed. VislMwas used to monitor the
formation of product and after 2 hours the reactwoas complete. Tetrachloms-
benzoquinonep-chloroaniline, 1.8 g, 7 mmol) was added to the tieacthe septa on the
round bottom flask was replaced with a reflux corsi® and the reaction was heated to
reflux for 1 hour. The product was evaporated tgndss and then redissolved in a
minimum amount of methanol and filtered. The &l& was evaporated to dryness and

purified by chromatography. Successive silicagglmns were prepared and porphine
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was isolated as a brown fraction. Initial colunused CHCI, as the eluent. The final
column used a mixture of 5% pentane inCH.

'H NMR (500 MHz, CDC}, ) 10.38 (s, 4H, meso-H), 9.54 (s, 8H, pyrrole)963(br,
2H, NH). The'H NMR of porphine in CDGlis shown in Figure 7-6 and agrees well
with that reported by Funasaki.

UV-Vis in CH,Cly: ® ( nm) 394, 489, 519, 561, 614 (Figure 7-5)

$ %

Figure 7-5: UV-Vis of porphinén 1,2-dichloromethane.
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Figure 7-6: "H NMR (500 MHz, CDCls) porphine; inserts show NH (-3.97 ppm), meso CH (10.4 ppm), pyrrole (9.54
ppm) hydrogen resonances.

220



7.2.2 Pacman Porphyrins
Pacman porphyrifd® are covalently linked bisporphyrins with an inlere
distance (cavity) permitting the study of bimetallorganometallic transformations,

Figure 7-7.

2Figure 7-7:  Bisporphyrin interplane distances can be adjustd through
modification of the bridging tether and sterics toprovide a cavity for bimetallic
organometallic substrate transformations.

Pacman complexes are either rigid or flexible irorgetry as defined by the
freedom of motion of the bisporphyrin units. Ridiporphyrins approximate true face
to face geometry, pillared through a single rigiitige, Figure 7-8>* Investigation of
rigid bisporphyrins will permit the investigationf aimetal reactivity through metal
centers at prefixed distances and utilize concedenlidium transformations (ct-ct:

center to center distances in Figure 7-8).

Figure 7-8: Rigid bisporphyrins where ctet is the metal-metal distance.
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Flexible bisporphyrins have less rigid spacers amadiable inter-porphyrin
distances (flexible spacers involve straight chalkyl units in the design of a flexible
bisporphyrin).  The inter-porphyrin distances andc&onic properties of flexible
bisporphyrins can be adjustd by varying sterics agdvarying the spacer between
porphyrins.  Varying sterics and spacer units asseetial design features of
bismetalloporphyrins to modify the metal-metal c¢imition and corporation in reactions
such as CH/H H/C O bond activation processE&

Iridium bisporphyrins need to be developed in ortierrealize and develop
reactivity and selectivity of bi-iridium complexas a singular molecular species towards
substrates through manipulation of both stericsspater units to examine the reactivity.

The two part synthesis of m-xylyl tethered dipomhyollows.

Synthesis 5-(4-Hydroxyphenyl)-10, 15, 20 triphenylporphyf{H,TPP-OH]:

CH,CI,
a) TFA
<_7 b) p-chloroanil

Figure 7-9: Synthesis of 5-(4-Hydroxyphenyl)4, 15, 20 triphenylporphyrin

The synthesis schematic is shown in Figure 7-B-mfeck 1 L round bottom flask
was equipped with a large stir bar and 750 mL niettey chloride was added. The
flasked was stoppered with septums and the sopuangied by bubbling nitrogen through

it. 4-Hydroxybenzaldehyde (2.5 mmol, 305 mg) wadeatland the solution heated to
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completely dissolve this aldehyde, methanol wasddparingly to aid the solvation of
the hydroxybenzaldehyde. Benzaldehyde (7.5 mmgal6 @nL) and freshly distilled
pyrrole (10 mmol, 0.7 mL) was syringed into thectean mixture. The solution was then
thoroughly stirred until a homogenous solution dobé inferred. Trifluoroacetic acid
(TFA, 7.5 mmol, 0.6 mL) was added to catalyze tbemkation of porphyrinogenase
overnight. Tetrachloro-benzaquinone (7.5 mmol4g8was added to the reaction in air
and the reaction refluxed for one hour. All thévent was then evaporated and the solid
purified on silica gel using methylene chloride.heTfinal product HTPP-OH was

purified using 5% methanol.

Figure 7-11'H NMR (500 MHz, GDs, ppm) 8.98 (d, J = 4.7 Hz, 4H, pyrrole), 8.94 (d,
J = 4.7 Hz, 4H, pyrrole), 8.11 (m, 6Hy-phenyl), 7.92 (d, J = 8.5 Hz, 2H,
o-phenyl), 7.45 (m, 9HmM,p-phenyl), 6.75 (d, J = 8.5 Hz, 2ih,p-phenyl), 4.09 (br, 1H,

OH), -2.10 (br, 2H, Mi).

The synthesis ofmxylyl tethered-bis(tetraphenylporphyrin)mxylyl-(TPPH,)], is
illustrated in Figure 7-10.

A 25 mL round bottom flask was equipped with a bar and fitted with a condenser.
H,TPP-OH (0.181 mmol, 114 mg);," -dibromoxylene (0.09 mmol, 23.87 mg) and
K2CGOs (1.1 mmol, 150 mg) were added to the flask andréaetion flask was purged
with N,. The flask was wrapped with foil and dry DMF (4f.) was added by syringe.
The reaction was then refluxed for 3 days at 110 °CThe reaction proceeds by the

Williamson Ether Synthesis as shown in eq 7:1-wh2re R =m-xylene.
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2(H,TPP OH) + KxCOs 2 (H,TPP O K) + HCO; (7:1)

2(H,TPPO K') + RBr (H,TPP O) R (O TPPH) + 2KBr (7:2)

Figure 7-12'H NMR (500 MHz, GDs, ppm) 8.98 (d, J = 4.7 Hz, 8H, pyrrole), 8.94 (d,
J = 4.7 Hz, 8H, pyrrole), 8.11 (m, 16Bkphenyl), 7.45 (m, 26H, phenyl), 5.84 (br, 4H,

OCH,), -2.78 (br, 2H, Mi).

&

Br.

. LR

38N32K O @

3T S
I

Figure 7-10: Synthe®f (m-xylyl-(TPPH)].
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PPM 8.8 8.6 8.4 8.2 8.0 7.8 7.6 7.4 7.2 7.0
Ll LJLJ J JA A

[ T [ T [ T [ [ [ T [ T [ T [ T [ [ [
PPM 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0 -1.0 -2.0

Figure 7-1H NMR (500 mHz) of H,TPP-OH in benzene —¢
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PPM 8.8 8.6 8.4 8.2 8.0 7.8 7.6 7.4 7.2 7.0
L I J\A_‘LU& |

[ [ T [ [ [ [ T [ [ T [ T [ T [ [
PPM 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0 -1.0 -2.0

Figure 7-12H NMR (500 MHz) tethered [m-xylyl (H.TPP),] in benzene 4.
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7.2.3 HTMTAA
H,TMTAA is 14 member, tetra-nitrogen, conjugated, i-anbmatic (4)
macrocycle with very different properties from tHe& member, tetra nitrogen,
conjugated, aromatic 4+ 2) porphyri™>?* The dianionic TMTAA ligand has a
localized negative charge only over the 2,4-pertd@meinato motif (Figure 7-13) as

opposed to the completely delocalized frameworgarphyrins.

Figure 7-13: Planar drawing of HTMTAA and dianionic TMTAA.

The crystal structure was reported by Goedkeand HTMTAA including
(TMTAAM was found to be saddle shaped as a restilinternal steric constraints
produced by methyl-phenyl repulsions which in tptaces the nitrogens outside of the
plane. The nitrogens upon coordination of a mgtadluces two coordination sites on the
metal which are chemically inequivalent, rationatizas the 6 ligands of the metal

occupying the vertices of a distorted triganol prig-igure 7-14).

S

N=M

N

Z

Figure 7-14: Saddle shaped (right) and distorted iganol prism coordination sphere
(left) of metallated TMTAA.
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Group nine metals of TMTAA, cobdlk, rhodiunt”* and iridiunt® complexes
have been prepared. Rhodium TMTAA complexes hdnawva promising reactivity.
Reactions with rhodium result in Kimtaa) which then insert CO into the ~ 16 kcal/mol
rhodium rhodium bond to form the dimetalloketone. Readiohiridium(Il) porphyrins
with CO result in intramolecular transfer of elects from the metal to the ligand and
only iridium carbonyl units have been observed ptba6). Ig(TMTAA), is a good
candidate to reduce CO because it is anti-aromaticature and should prevent the
intramolecular electron transfer process. Hydratjen of the
[(TMTAA)Ir CO Ir(TMTAA)] is then a viable goal compared to thedium hydrie
carbonyl and water gas shift reactions discussezhapter 6. The following details the

preparation of HTMTAA.

Synthesis The synthesis of HMTAA is accomplished through the demetallatiorttu#
nickel template tetra-nitrogen macrocycle, Figurel57  o-Phenyldiamine is
recrystallized by first dissolving it in hot ethdndActivated carbon is then added to the
hot solution and the solution is brought to a boifhe solution was then cooled to

precipitate white flakes ad-phenyldiamine.

Figure 7-15: Symsis of Ni(TMTAA)

Nickel acetate hydrate (120 mmol, 30 g), o-phemytdne (24 mmol, 2.57 g) and

50 mL 1-butanol were added to a 100 mL round bofilask equipped with a stir bar and
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fitted with a reflux condenser. The reaction wamated to dissolve all reactants
completely and under N 2,4-pentanedione (24 mmol, 2.5 mL) was syringdd the
reaction. The reaction was then refluxed for 2reawnder nitrogen. The reaction was
then cooled and methanol was added to precipitat@g@microcrystals of Ni(TMTAA).
The crystals were collected by filtration and susjgsl in 100 mL of ethanol.
HCl gas was then bubbled through the suspension anturquoise precipitate is
observed. The precipitate is then collected lixafion and washed with ethanol while in
the buchner funnel. The solid in the filter wasrthdissolved in a minimal amount of
water and excess NHF was added to the solution to precipitate whiteidsol
H,sTMTAA*PFs. The solid was then dissolved in a very minimaloant of methanol
and triethylamine was added dropwise until solidioye precipitate HTMTAA no

longer formed.

Figure 7-16 [Ni(TMTAA)]*H NMR (500 MHz, DMSO, ppm) 6.79 (dd,Jy = 6.1, 3.4

Hz), 6.59 (dd,dx =6.1, 3.4 Hz), 4.91 (s, 2HHJ, 2.03 (s, 12H, me),.

Figure 7-17 [HTMTAA] *H NMR (500 MHz, DMSO, ppm) 10.67 (br, 2H, N), 7.27

(dd, 3y 4 = 5.8, 3.6 Hz), 7.11 (ddydy = 5.8, 3.6 Hz), 4.51 (s, 2H,H, 2.48 (s, 12H,

me).
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—— | P

‘ ‘ ‘ ‘
PPM 6.90 6.80 6.70 6.60 6.50

Figure 7-16: 'H NMR (500 MHz, DMSO) Ni(TMTAA) phenyl protons shown in inset, C H 4.91 ppm, methyl 2.03
ppm.
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T T T T T T T T T T T T
PPM 7.28 7.24 7.20 7.16 7.12 7.08 7.04

N i | L

Figure 7-17: 'H NMR (500 MHz, DMSO) H,TMTAA phenyl protons shown in inset, N H 10.67 ppm C H 4.51 ppm,
methyl 2.48 ppm.
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