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(ABSTRACT) 

The oxidative addition of amino acids and other biologically 

interesting molecules to iridium{(I) complexes was studied and the 

reactivity of the resulting hydrido chelate complexes was investigated. 

Oxidative addition of amino acids to [Ir(COD)(PMeg)3]Cl resulted in the 

formation of meridional tris trimethylphosphine Ir({III) hydride complexes, 

with the amino acid chelated to the metal center forming 5 membered 

rings. The majority of the naturally occurring amino acids were studied 

as potential oxidative addition reactants. The amino acids with reactive 

side chains did not form clean products. The amino acids without reactive 

side chains did form clean products which were characterized by 1H NMR, 

31P NMR, !8C NMR spectroscopy, C,H analyses, and single crystal X-ray 

diffraction. The studies went on to investigate other a amino acid 

compounds and attempts were made to form 6 membered ring complexes 

with B amino acids. The reactivity of these complexes was also studied. 

A number of reaction conditions were used in attempts to induce



the iridium amino acid complexes and various unsaturates, but the 

stability of the 5 membered ring system did not allow for insertion of 

unsaturates. 

An attempt was made to synthesize coordinately unsaturated complexes 

of iridium with amino acids. A variety of reactions were tried with the 

coordinately unsaturated compound, [Ir(COD)(DMPE)]C], but amino acid 

products were not produced in these reactions. Rather, an interesting 

rearrangement product of [Ir(COD)(DMPE)]Cl was formed and the crystal 

structure of [Ir (p!, 43 - COD)DMPE]Cl complex was solved. Other 

attempts to induce reactivity of hydrido amino acid - Ir complexes 

involved synthesizing N-methyl amino acid complexes. The treatment of 

[Ir(COD)(PMeg)3]Cl with N-methylphenylalanine or N-methylglycine 

formed the respective chelate hydrido complexes. The reactivity studies of 

these complexes were negative. 

The insertion of an unsaturate was observed with 2-amino-4- 

pentenoic acid. This compound is an a-amino acid with a tethered olefin 

and when treated with Ir(COD)(PMeg)3]Cl binds through three sites (O, N, 

C) to the metal center. The Ir-C bond formed supports the fact that the 

olefin has inserted into the Ir-H bond. The crystal structure of this 

complex was solved. 

Several amino acid iridium complexes were tested for biological 

activity in NCI cancer and HIV assays. The complexes had no activity 

against cancer, but the phenylalanine complex did show moderate activity 

against HIV. The results prompted studies with other biologically



interesting molecules and a number of sulfur containing compounds were 

studied. 

The formation of 4 membered ring systems was observed resulting 

from reactions of thiourea and analogs with [Ir(COD)(PMe3)3]Cl. These 

compounds are to be studied for their reactivity with unsaturates.
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Chapter 1. Literature Review 

1.1 Intent of Thesis 

The interaction of amino acids with metal centers is of importance 

not only from a biological point of view, but from the point of view of 

possible catalytic uses of the resulting complexes. The ability to form 

new organic fragments by reductively eliminating ligands from a metal 

center is an area of interest, as well as the use of the organometallic 

complexes as catalysts in hydrogenation of unsaturates. The intent of 

this research is to study the complexes resulting from the oxidative 

addition of amino acids and other biologically interesting molecules to 

iridium. Then, the reactivity of these complexes towards unsaturates is 

studied with a goal of developing catalytic activity. Finally, the 

biological activity of these complexes is explored. 

1.2 Biological Importance of Metals 

Metals play an important role in biological systems. The 1St row 

transition metals are involved in a variety of biochemical systems 

including oxygen transport, oxygen storage, electron transfer, and are 

also important in a variety of metalloenzymes!. After the 1St row, 

excluding molybdenum in nitrogenase, bioinorganic systems do not 

utilize the second and third row transition elements in nature. This 

leads one to speculate on the biological chemistry of these heavier 

elements. The heavier metallic elements do attract a great deal of 

attention when it comes to biological activity due to their toxic effect on



many organisms. The most notable of the toxic effects is the use of the 

platinum complex, cisplatin, Pt(NH3)o(Cl)2 as an aniti-tumor agent. 

Cisplatin has had tremendous success in treating certain varieties of 

tumors.2 This success has led to much interest in trying to understand 

the interaction of cisplatin and other platinum complexes with biological 

systems, in particular, the interaction with DNA. 

There is actually very little known about the biological chemistry of 

the other platinum metals. This thesis deals with the chemistry of 

iridium, and the literature contains very little on the reactivity of iridium 

complexes with molecules of biological importance. Thus a goal of this 

thesis will be the determination of the biological importance of the 

iridium complexes. 

1.3 N-H Additions to Unsaturates 

Another extremely important focus of the oxidative addition of 

amino acids to a metal center is the use of these complexes as catalysts 

for the amination and esterification of unsaturates. The work to be 

discussed in this thesis was preceded by that of Dr. Fola T. Ladipo who 

demonstrated that compounds with N-H and O-H functionalities could 

oxidatively add to iridium (equations 1.1 and 1.2).



1 y 7s 
0
 5 o © + 

CO 

—_— 
-COD Ir, 

Me 3P~ L PMe3 
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O 
. 6-OH 

xR “PMes oy - —> Orie i Mes (1.9) 
5 PMes MesP~ 

The amination of unsaturates has an important place in organic 

synthesis. There is not one general method that can be used for this 

process; the reaction conditions varying depending on the olefin and the 

amine being used. The typical reactions are Ritter reactions, reductive 

amination of ketones or aldehydes, reduction of nitriles, and Hoffmann 

degradation of amides.3.4 

In the case of the amino acids the compounds that would be 

synthesized from amination may follow Scheme 1.1. 

R R Hi ° RR HO 
rot I ol 

DK, 1 TE egg bon 
R R RRHR 

Scheme 1.1. Potential product of amino acid amination of olefin 

Should the olefin be prochiral, addition of an optically active amino acid 

may result in a new chiral center being formed with one enantiomer in



substantial excess. The use of a transition metal to promote amination 

is based on nucleophilic attack of a free amine on the olefin which is 

coordinated to a high valent metal center.® (Scheme1.2) 

=< + ML,, 

NZ 

  

ML,.; 

Scheme 1.2. Nucleophilic attack of free amine on bound olefin 

The approach that is of considerable interest is the oxidative addition of 

the N-H bond to the metal, olefin insertion into the M-H bond, and then 

reductive elimination of the aminated product. (where E-H is an amine) 

(Scheme 1.3)
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Scheme 1.3. Oxidative addition / Reductive elimination 

The activation of E-H bonds by transition metal complexes is 

known to be a key step in the catalytic functionalization of unsaturates, 

In some catalytic olefin hydroamination pathways, the oxidative addtion 

of N-H bonds to a metal center may play an important role, but there are 

very few literature examples of the addition of N-H bonds to a metal.52.b 

In accordance there are even fewer examples of olefin insertion into a 

hydrido amido complex to effect catalytic amination. 

1.4 O-H additions to unsaturates 

Another area of catalytic interest is the use of metal carboxylates 

as possible catalysts for the hydro carboxylation of unsaturates. Since 

amino acids have both the potential for functionalization at the amine



terminus and the carboxylato terminus a short discussion of metal 

carboxylate chemistry is necessary. Amino acid complexes could feasibly 

be used to form enol esters. 

The formation of enol esters as intermediates is very important in 

organic synthesis.8 One important application of enol esters is their 

easy conversion to lithium enolates. (equation 1.3) 
O 

1 —h.p4 ; 
R C-R CH3Li R OLi 0 

3 — + i 4 (1.3) 
R RS R2 R3 H3C- C—R 

In spite of their utility in organic synthesis there are very few 

general methods for the stereospecific generation of enolates. The 

existing methods consist of the following: treatment of aldehydes or 

ketones under acidic or basic conditions with the appropriate acid 

anhydride or chloride’, the palladium-promoted acetoxylation of 

-olefins19, and the catalyzed addition reaction of carboxylic acids to 

alkynes!1!. 

One of the advantages of using a transition metal complex as a 

catalyst is the potential for selective formation of the G, E, or Z isomers 

of the enol ester. (Figure 1.1) 

Figure 1.1 Possible isomers of the enol ester



A proposed scheme for the activity of these carboxylato-metal 

complexes would follow a pathway similar to that described for the 

amine complexes; oxidative addition of the O-H bond to the metal, 

insertion of the unsaturate and then the reductive elimination of the 

enol ester product. 

1.5 Biological Interest in Amino Acid Comlexes 

The study of amino acid complexes is of interest not only for their 

potential catalytic uses, but for their possible biological uses. The 

previous description is only a brief overview of possible uses for amino 

acid complexes as amination or esterification catalysts. The chiral 

centers of these amino acids also make them potential candidates for use 

as asymmetric hydrogenation catalysts. 

The main part of the literature review will discuss the kinds of 

complexes, binding modes and results derived from past research of 

amino acids and platinum metals. The review will focus on the platinum 

metals due to the intense number of studies that have been done with 

those metals and amino acids over the years. For a complete review see 

Amino acids and Peptides edited by R.W. Hay and K.B. Nolan.!!4 These 

reviews give a up to date listing of what has been done in this field over 

the past year and are published annually. 

Interest in the interaction of platinum metals with biologically 

important molecules began about 25 years ago when Rosenberg et al.



published their discovery that certain platinum complexes exhibit anti- 

cancer activity. 12 The most famous of these complexes is 

cisplatin.(Figure 1.2) 

HN . J 

an No 

Figure 1.2. Cisplatin [Cis-diamminedichloroplatinate] 

A variety of groups started looking at platinum metal complexes with a 

vartiety of ligands in order to develop better anti-tumor agents. 

1.6 Ruthenium and Osmium Amino Acid Complexes 

Not all the research that has been done is devoted to studying 

biological uses of complexes of amino acids. Ru and Os complexes were 

studied for their ability to promote hydrolysis of the bound amino acid 

ester.!3-16 With simple amino acids Ru(III) can bind through the NH2 

and COO- donor centers to form chelate complexes. An example of this 

is the [Ru(III)(gly)(NH3)4] complex. (Figure 1.3) 

NH3 

Ru 

Nan, 
NH, 

NH 
  

Xo 

if Iw 
  

Fig. 1.3 Ruthenium tetraaminne glycinate complex



Hydrolysis of the amino acid derivative is made easier by chelation of the 

amino acid derivative through the amino nitrogen and the carboxylate 

oxygen. The carbonyl group is then made more susceptible toward 

nucleophilic attack due to its attachment to the metal ion.!7 (Scheme 

  

  

  

  

1.4) 
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Scheme 1.4 Nucleophilic attack on carbonyl attached to metal 

The reactivity of the kinetically inert ammine Co(III) amino acid 

complexes have been studied by Buckingham and Sargeson.!8.19 The



analogous Ru(III) complexes are also inert and were prepared by Taube 

and co-workers.29.21,22 By studying the inert Ru(III) metal systems, the 

properties and structures for the complexes have been determined. The 

intermediates and mechanisms of metal ion promoted hydrolysis can 

also be defined by studying these systems. 

The chemistry of Ru({IIJ) complexes of amino acid and derivatives 

shows significant derivations from the chemistry of the analogous Co(II) 

complexes. The Ru(II) chelated glycinamide complex undergoes parallel 

hydrolysis and aquation in acidic solution (equation 1.4) as compared to 

the Co(II) complexes which are stable at acidic pH.23 

  

NH, NHg 

Q NH O NH C7 3 Hi 

Ca eR kB >> a 

Cc / mH 
H aN | Nig 4,0” _ HN‘ ~ Hy C-O 

NHg NH, 

+ NH," (1.4) 

The pentammine Ru(III) bound metalloproteins can be used as 

probes by binding to the imidazole group of histidine. These "probes" are 

used to facilitate the kinetic and thermodynamic studies of long-range 

electron transfer24 in cytochrome c25.26 azurin2? and myoglobin28. 

Further work done by Schuger et al. showed that Ru(III) binds to @- 

histidine preferably to the N3 of the imidazole ring. Thus a monodentate 

10



mode of binding of the amino acid to the Ru metal center is observed.29 

(Figure 1.4) 

  

  

Figure 1.4 Monodentate binding of histidine 

Another series of studies dealing with ruthenium as undertaken by 

Sheldrick and Exner?8 examining the reaction of [RuCl2(PPh3)2] with a- 

amino acids. The complexes were formed by refluxing [RuCl2(PPh3)3] and 

the respective amino acid in methanol in the presence of NaHCO3. 

These complexes have the general structure shown with bidentate amino 

acidate ligands where the carboxyl oxygen of one ligated amino acid is 

trans to the amine of the other amino acid. (Figure 1.5) 

1]



PPh 

  
71 | Ny oe H 

H- IN 

HW " ~ CN / 
R 

I 
O 

Figure 1.5 Ruthenium bis amino acid complex 

Sheldrick also found that when glycine or ¢-alanine were added to the 

Ru(iiI) complex in acetone the Schiff base complexes were formed. (Figure 

1.6) In the case of glycine the phosphines are trans to one another, with 

alanine the phosphines are trans to the ammine nitrogens. 

% 
Pree PPh, 

\ 3 CH 
yo oN On oo 

{ 

H.C-Cy oe yO | pen, nd / CH, A O ve: 3 ‘CH 
Hod / AH i 

oc 

HC ° 
O 

Figure 1.6 Schiff base complexes 

12



A series of complexes of the type [RuCl(aaH)(PPh3)2] (aaH = glycine, ¢- 

serine, £-hydroxyproline, ¢-allohydroxyproline where prepared by Saito et 

al.39 These novel complexes led to the above work of Sheldrick since 

only elementary analytical data was presented for only one of the 

synthesized complexes. Interest in these complexes is due to their 

potential use as homogeneous catalysts for the hydrolysis of amino acid 

esters.40,41,42 

Ruthenium complexes have also been studied as potential 

antitumor compounds. The primary work has been done on Ru(II) 

complexes that contain amino acid ligands.43 The results that led to 

this work dealt with [RuClo(DMSO)],44 this compound showing activity 

towards lung cancer similar to that of cisplatin. In the cases of B16 

melanoma and MCa mammary cancer, Ru({II) derivatives exhibit greater 

activity than that of cisplatin. The preparation of complexes of type [1°- 

C6éH6Ru(aa)Cl] (aa = £-alanine or é-alanine methyl ester) (Figure 1.7) 

was reported by Sheldrick et al.45 These complexes were prepared by 

stirring [y°-CgEHeERuClg] in water with 2 equivalents of amino acid. 

<Q> 
| 
Ru 

HAIN 
\ 

H,07 4 
H O 

Figure 1.77 CeHg-Ruthenium amino acid complex. 
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These complexes have been found to have significant activity against the 

P388 form of leukemia, in particular the [y®°-C6H6Ru(prolinate)Cl] 

complex.‘ (Figure 1.8) 

H | of 
HH ° \ 

H O 

Figure 1.8 [y°-Cg6H6Ru(prolinate)Cl] complex 

Other studies that have been done with ruthenium include the 

work by Taube and co-workers directed towards trying to understand 

the binding of imidazole to the metal center.29:31 This work is 

mentioned because of its relation to the complexes that Ru forms with é- 

histidine. The variety of work presented here with Ru and amino acids 

has been directed towards a discussion of biological and catalytic uses of 

these compounds. There is much more that needs to done with this 

particular metal and molecules of biological importance. 

Very few osmium-amino acid complexes have been characterized. 

The work of Hanker et al. suggested the formation of OsL4 complexes (L 

= aspartic acid, glutamic acid, glycine), but no analytical data were 

presented in the paper.32 Farooq et al. have measured stability 

constants for a number of Os(IV) amino acid complexes.33_ OsO 4 has 

been found to react with amino acids in water?4, and in solutions 
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buffered35 to pH 7 at room temperature. These reactions yielded black 

solids that were insoluble and were not characterized. In the case where 

OsO4 reactions were attempted at higher temperatures the amino acids 

were oxidized.36 

In a study done by Griffith et al. reactions were carried out with 

OsO4 and amino acids whose a-amino group was unreactive. The 

reactive sites were limited to any donors on side chains?’ of the acid. 

These complexes were formed by stirring a solution of OsO4 in aqueous 

acetone or chloroform with the amino acid. The products of these 

reactions were characterized by IR, Raman and C,H,O analysis. 

It is clear that ruthenium and osmium chemistry of amino acids 

has received very little attention. The work that has been done has 

focused on ruthenium complexes for their use as hydrolysis catalysts, 

homogenous catalysts and certainly the most researched area is the use 

of these complexes as anti-cancer and anti-tumor agents. The work on 

osmium is almost non-existent. The work that has been done is plagued 

with problems as far as characterization of the products. The need for 

more studies with amino acids and these two metals is very apparent. 

1.7 Platinum and Palladium Amino Acid Complexes 

The work that has been done on the synthesis of amino acid 

complexes of palladium and platinum is extensive. This is 

understandable due to the extreme interest in cisplatin as an anti-tumor 

agent,4” This discovery started a rush of acitivity in trying to 

understand the chemistry of platinum with amino acids. The interest 
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specifically in amino acid complexes of these two metals is aroused by a 

number of factors. The first of these factors is the need for an analog of 

cisplatin that is as effective as the drug, but with fewer side effects, such 

as nausea, vomiting, ototoxicity, neurotoxicity and renal damage.48-50 

The second of these factors is the need for a complex that has increased 

water solubility for the purpose of intravenous administration, and 

chemical stability for formulation developments.®!-54. The third is the 

desire to develop complexes that have anti-tumor efficiency and are 

target specific. 

The high requirement and uptake of important nutrients, such as 

amino acids, by tumor cells, 55.56 has been exploited to produce 

selective cytotoxic effects towards specific tumor tissues. This specificity 

and the resulting cytotoxic effects are required for enhanced activity of 

the already existing compounds. For this reason of enhanced specificity, 

a number of groups have focused their attention on Pd and Pt amino acid 

complexes. 

As stated before the amount of work done with Pd/Pt and amino 

acids far outmeasures the efforts with the other platinum metals. The 

studies with palladium have focused mainly on amino acids which 

contain sulfur donor atoms in addition to the nitrogen and oxygen donor 

centers. (Figure 1.9) 
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Figure 1.9 Amino acids that contain sulfur in their side chain 

(Methionine, Cysteine, S-methyl cysteine) 

These types of systems are of particular interest due to the preferential 

binding of palladium by ‘soft’ donors such as sulfur.57 

The earliest work done on palladium and amino acids was done by 

Ackerfeldt and Lovgren.°8 Their work demonstrated that Pd{II) ions could 

be used for the quantitative estimation of cysteine and related thiols in 

solution. 

McAuliffe et al. studied the formation of [PdCloMet] (met = 

methionine) and through inspection of the IR spectrum of the complex 

suggested that the binding of the amino acid to the metal was through 

both the S and N centers.59 Later crystallographic studies performed by 

Stephenson et al. showed that McAuliffe was correct in his analysis. The 

methionine bound the metal preferentially through the S and N donor 

centers.69 (Figure 1.10) 
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Figure 1.10 Preferential binding through the S donor atom 

Chernova et al. synthesized a variety of palladium/ methionine 

complexes.6!1 These complexes widely varied in their formulas: 

[Pd(MetH)a]Clo, [Pd(Met)2], [Pd(MetH)Clg], [Pd(Met)(H20)]Br, 

[Pd(Met)(H20))Cl, and [Pd(NH3)(MetH)g]Clo, The IR spectra of these 

complexes showed considerable variation and Chernova was able to show 

that [Pd(MetH)Clg] contains coordination through both the N and S 

donors, which is consistent with the structure found by 

Stephenson. [Pd(MetH)gClg] shows bands in its IR spectrum consistent 

with both ionized and unionized carboxyl groups. [Pd(Met)2] shows the 

carboxyl group to be ionized but not coordinated. (Figure 1.11) 
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Figure 1.11 [Pd(Met)2] 

The [Pd(Met)(H20)]Cl complex shows no Pd-Cl band and the spectrum 

shows the methionine to be terdentate, with indications that the 

compound is polymeric. Finally, the [Pd(NH3)2(MetH)2 JCI complex gives 

a spectrum that shows that binding only occurs through the sulfur group 

of the amino acid and the rest of the acid exists as a zwitterion. (Figure 

1.12) 

C-O CH, HaN | 
. \ ee Ea 

Pd NTS" 

J \ Le 
HN 3 S—CH,—CH »—C-H \o_o 

CH, i 
O 

Figure 1.12 Zwitterionic character of [Pd(NH3)o(MetH) |Cl 
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Vicol et al. managed to synthesized several other Pd(ID) 

complexes.©2 Starting with the [Pd(Met)Clg] complex, Vicol managed to 

produce the following complexes:[Pd(NH3)(Met)Cl, [Pd(Met)Clglo, 

[Pd(Met)2]Clo, [Pd(Met)(NH3)2]2, [Pd(MetH)(NH3)2][PdCl4], 

[Pd(MetH)(NH3)aICle, and [Pd(MetH)a(NH3)2][PdCl4]. All of these 

complexes showed characterisitics of square planar, d® ions in the IR 

spectra, but showed extreme variations in their metal ligand binding. 

Chanrasekhoran et al. prepared cysteine complexes of both 

platinum and palladium.®3 Their IR spectra gave sufficient information 

to deduce that cysteine coordinates through the thiol sulfur and the 

carboxylate oxygen donors. These metal complexes are square planar 

with the amino group protonated. 

Levason and McAuliffe also prepared palladium comlexes with @- 

cysteine.64 Two complexes were isolated corresponding to [Pda(Cys)g3Cl] x 

2H20 and [Pd(CysHClg]. The IR spectra of these compounds showed 

unionized carboxyl groups, suggesting that nitrogen and sulfur act as the 

donors to the metal. (Figure 1.13) 

H H O 
Cl N ll 

NL 
LN? 

Figure 1.13 Nitrogen and sulfur donation of cysteine



Corresponding to this work are the studies done by Pnematikakis and 

Hajilidis in preparing cysteine and cystein methyl ester complexes with 

Pd(Il) and Pt(I).65 The reaction of Ko[PdCl4] and PdClo with cysteine at 

ratios of 1:1 or 1:2 (M:L) gave products whose spectra showed that 

binding modes are pH and pH dependent. Proton NMR studies on these 

compounds showed that the binding occurs through the sulfur and 

nitrogen donors in both the 1:1 and 1:2 cases.66 

Pd(II) and amino acids that do not contain a sulfur atom have 

not been studied in the detail of sulfur containing amino acids. The 

following is a synopsis of the work that has been done with Pd(II) and 

other amino acids. 

Wilson and Martin have recorded the CD spectra for a number of é- 

amino acids with Pd(II).67 The spectra indicate that 2 nitrogen and 2 

oxygen donors surround the metal when the ligands are N-methyl 

alanine, @-valine and é-glutaminc acid with a molar ratio of 1:2 (M:L). 

(Figure 1.14) 

Figure 1.14 Nitrogen and oxygen donation to palladium 
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Wilson and Martin found some very interesting results on the 

binding modes of ornithine. Ornithine, H2N(CH2)3CH(NH2)COOH 

(Figure 1.15) has 3 potential donor sites but acts as a bidentate ligand 

towards Pd(II). 

O 

Wi 

NH» 

Figure 1.15 Ornithine 

Wilson and Martin discovered that in solution equal amounts of 5- and 

7- membered rings were formed.©8 The five membered ring results from 

coordination of the carboxyl group and the a-amino group, the seven 

membered ring arises from coordination of the a and 6 amino groups. 

The formation of the larger ring is competitive with the formation of the 

smaller ring due to the preference of Pd(II) for nitrogen donors. 

Nakayama et al. solved the crystal structure of [Pd(£-orn)2] and found 

that two 7-membered rings were arranged around the metal with the 

chelates in a twisted chair conformation.§9 (Figure 1.16)



\ 
N N 

\ 
Pd 
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C 

Figure 1.16 Twisted chair configuration of ornithine complex 

Another interesting amino acid to consider as a ligand is é- 

histidine. (Figurel1.17) This amino acid has four potential donor centers, 

COO-, NHg, and the two imidazole nitrogens. 

H O 
4 HaN'—0— CO 

CH, ‘Oo 

A NH 
N= 

Figure 1.17 Histidine has four donor centers 

Chernoval et al. showed that in all bis histidine-Pd(IJ) complexes they 

synthesized the complexes are square planar with coordination occuring 

through the amino nitrogen and through the imidazole nitrogen when 

the ligand is bidentate.70 There was no evidence for any coordination 

through the carboxylate group. 

The crystal structures of several other amino acid complexes of 

Pd(I) have been solved. [Pd(pro)2] was determined to be square planar 

around the palladium center and the prolinate ions were found to be cis



to one another.’! The structures of [Pd(II)(¢-tyr)g] °1/2 H2O and [Pd(ID(¢- 

valjo] were also determined to be square planar complexes by Jarzab et 

al.’72 Sabat et al. also did a study on the possible apical coordination of 

tyrosine to Pd(II).75 (Figure 1.18) 

Figure 1.18 Apical coordination of tyrosine 

They determined that the Pd-C interatomic distances between one 

tyrosine ring and the metal suggested direct interaction between the 

aromatic ring and the metal ion. It also indicated that the second 

aromatic side chain may interact with an adjacent Pd(I) ion. 

The structure of [Pd(é-ser)g] has been determined by Vagg et al.74 

Bakakim et al. solved the structure of [Pd(cis-gly)o] * 3H2O. These 

structures were also determined to be square planar as the majority of 

the Pd(I1) amino acids complexes follow that coordination geometry. 

(Figure 1.19)



Figure 1.19 Palladium bis-serine complex 

There are a number of reviews that cover the work that has been 

done with platinum and amino acids,764,b.¢ The studies of palladium 

and platinum chemistry with amino acids are very similar, an overview of 

the work that has been done with platinum will be presented here. 

In complexes platinum can be found as either Pt(IJ) or Pt(IV). Pt(I)) 

forms square planar, four coordinate complexes similar to palladium. In 

order to maintain planar coordination amino acids may bind through 

either of their donor centers, the nitrogen of the amino group or the 

oxygen of the carboxylate. It was orginally thought that when an amino 

acid binds to Pt{II) it did so in a monodentate fashion through the 

nitrogen donor.77.78 The CD spectroscopy of Martin and Wilson on 

palladium compounds suggested that amino acids bind in a bidentate 

coordination scheme {N,O}. 79 X-ray crystallography has shown on 

numerous amino acid Pt complexes that {N,O} is possible, with cis 

coordination being more frequent than trans.890, 81 

Monodentate coordination through the nitrogen atom is often 

thought to be the case with platinum (II) complexes®!. X-ray structures 

have shown that the nitrogens of two amino acids bound unidentately



can be trans8? or cis®° to each other while the carboxyl groups remain 

protonated. 

Appleton et al.84.85 did work using 15N and 155Pt NMR 

spectroscopy which showed that an amino acid such as glycine could 

initially bind unidentately through the oxygen. The chelate ring {N,O} 

will close if the solution is allowed to stand for several hours, if heated, 

or if the pH is increased.[Scheme1.5] 
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Scheme 1.5 Monodentate to bidentate binding of amino acids 

Appleton attributes this monodentate to bidentate transformation to 

differing rates of reaction. The monodentate O-bound glycine complexes



were found to be metastable even though they easily rearranged to the 

thermodynamically stable {N,O} chelate complex. If the length of the 

amino acid is increased, complexes with monodentate O-binding are 

found to be kinetically stable, and the {N,O} chelated species are 

thermodynamically favored.86 

There have been a few studies that involve the formation of Pt(IV) - 

amino acid complexes. [PtClg]2- will react with amino acids, but the 

reaction is very slow and the products are insoluble.8” The reactions of 

(Me)3Pt(IV) ion with amino acids on the other hand, have provided useful 

information about Pt(IV) complexes. These complexes are octahedral and 

prefer to be in a facial arrangement in terms of the methyl groups 

arrangement in the octahedron.88.89 (Figure 1.20) 
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Figure 1.20 Facial arrangement of Pt(IV) complexes 
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When simple amino acids are complexed with (Me)3Pt(IV) several 

different forms of the complex can be made. These forms consist of the 

dimeric species, [(Me)3Pt(aa)]lo, [(Me)3Pt(aa)H2O], in addition to bis-aa, 

and tris-aa complexes. The amino acids bind unidentately through the 

N-donor or bidentately {N,O}. The formation of [(Me)3Pt(gly)L] where L is 

a monodentate ligand can lead to the formation of enantiomeric species 

and by varying the temperature the formation of one species can be 

favored.90 

The use of an amino acid with an asymmetric carbon in the 

reaction with the Pt(IV) complexes leads to the production of 

diastereoisomers.9! The diastereoisomers result from the two chiral 

centers present on the amino acid (the a-carbon and the 6-carbon of the 

side chain) on attachment to the metal diastereoismoers are fromed. 

Platinum(IV) complexes can also be synthesized by oxidizing the 

corresponding Pt(II) complex with chlorine in the presence of HC1.92.93 

Most of the work that has been done with platinum and amino 

acids is similar to that of palladium, and similarly focuses on the amino 

acids where a sulfur donor is contained in the side chain. Again, this is 

due to the ‘soft’ donor (sulfur) being a preferred binding site for both 

palladium and platinum. Methionine, which has 3 potential 

coordination sites, NHg, COO-, and the sulfur atom, only uses two of 

these donors {NHp, S} to form six-membered chelate rings with Pt(II).94,95 

In the case of S-methyl-é-cysteine there is one less methylene group in 

the side chain and now the {N,S} chelation forms a more stable 5- 

membered ring with the platinum center.



Platinum(IV) also coordinates strongly to sulfur donors and a 

variety of isomeric forms of methionine complexes with Pt(IV) have been 

isolated. These complexes have been synthesized by the oxidation of 

[PtClo(Met)] with chlorine in the presence of HC1.96.97 The binding in all 

complexes is chelation through the nitrogen and sulfur donors. The 

chemistry of Pt with sulfur donating amino acids is almost identical to 

palladium in all respects and has been covered thouroughly in the 

previous section on palladium-amino acid complexes. 

Both palladium({(II) and platinum(I]) preferentially bind to nitrogen 

over oxygen. Thus compounds with other N donors would be expected to 

form {N,N} chelate complexes. Amino acids such as é-histidine, with the 

imidazole nitrogens form {N,N} chelate products with Pt(II) just as with 

Pd(II).98 In the case of asparagine and glutamine, which have side-chain 

amide nitrogens the formation of "platinum blue" complexes, is observed. 

Platinum "blue" complexes contain limited chains with Pt-Pt 

interaction and variable oxidation states, PuLILIV 99 

As expected the chemisties of platinum and palladium with amino 

acids are quite similar. Quite often palladium complexes are studied 

instead of (or as well as) the platinum analogs. The work that has been 

done with these two metals is quite extensive, the studies that have been 

presented here are more of an overview of the types of complexes that 

have been formed. These studies also characterize the typical binding 

modes and structures of the amino acid-Pd/Pt complexes that have been 

synthesized over the years. 
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1.8 Rhodium and Iridium Amino Acid Complexes 

The two metals which are of most relevance to this thesis are 

rhodium and iridium. The work that has been done with these metals 

will be discussed in more detail but there are a very limited number of 

studies with amino acids and these two metals. 

Compared with Pt and Pd almost nothing has been done with rhodium 

and iridium complexes of amino acids. The electroanalytical studies 

done by Faroog suggest that Rh(III) complexes with amino acids are 

stable.100 The binding of N and O donors to form chelates is suggested 

for most amino acids with no involvement of side chain donors, 

contrasting with the complexes made with the sulfur donation of 

methionine to palladium and platinum. RhClg3 reacts with glycine in the 

solid form to produce a species that has either -NH2 or COO- 

monodentate coordination.!91 Chelation of both NH2g or COO- occurs 

in several species including [RhLg] [L= amino acids] but the yield of these 

products is very low. 

The studies done by Rajca et al. demonstrated that RhClg reacts 

with amino acids in H2O/ethanol solutions to form H[Rhol»Cl) species 

with {N,O} chelation.!°2, These compounds were determined to be 

efficient catalysts in homogeneous hydrogenation of some aromatic 

compounds. This is one of the few examples of a platinum metal - 

amino acid complex being studied for its hydrogenation catalyst 

capabilities. 

The possibility for monodentate carboxylate coordination was 

demonstrated by the work of Chatterjee with [(NHa)s(gly)(Rh)(IID) ion.193



(Figure 1.21) This is prepared by heating an aqueous solution of 

[(NH3)sRh(III)C104] with a five-fold excess of glycine at 90°C for 3 hours. 

On reduction in volume of the solution, crystals of the glycine complex 

NH, 7 3° 

NH; 

NH, Rh——0O,CCH,NH+ 

separate out. 

  
  

Figure 1.21 [(NH3)5(gly)(Rh)(III)) ion 

The stable tetraaceto rhodium (II) ion can react with amino acids 

containing a sulfur group to form monomeric square planar Rh(II) 

complexes that have {S,N} chelation.!04 (Figure 1.22) 

eA PN 

BOE 

Figure 1.22 Sulfur and nitrogen coordination to rhodium 
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The [Rh(L)zg] complexes can be made with cysteine and peniciliamine, 

each having a thiol sulfur that can donate to the metal. These [Rh(L)g] 

complexes are of the few mononuclear Rh{IJ) complexes isolated. 

The work done by Singh et al. demonstrates that Rh(I) amino acid 

complexes can also be isolated.!95 These complexes are stabilized by 

carbonyl ligands. The compounds are synthesized by reaction of a 

solution of [((OC)oRh(yn-CleRh(CO) 2] in benzene with an excess of amino 

acid ion. [glycine, @-alanine, B-alanine, é-leucine, é-histidine, @- 

tryptophan, é-phenylalanine, sarcosine] These compounds are dimeric 

in the solid state and have the structure shown in Figure 1.23. 
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Figure 1.23 Dimeric species of rhodium carbonyl 

In solution they are monomeric and the amino acid chelates to the metal 

center. (Figure 1.24) 
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Figure 1.24 Monomeric species of rhodium carbonyl 

OC 
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These carbonyl complexes are reactive and the CO ligands can be 

exchanged with PPhg or AsPhg. 

Complexes with iridium and amino acids are not even metioned in 

most reviews. The few studies that have been done have not been done 

in any detail. In fact, after thorough investigation of the literature, the 

only amino acid complexes of iridium that were found were those made 

by Beck et al. 106 

In this study Beck made amino acid complexes of both Ir(I) and 

Ir(II) oxidation states. In the case of Ir{I) complexes, the reaction of 

[((COD)Ir(Cl)]2 with an amino acid anion resulted in a 5-membered 

chelate compound. If the amino acid was in its ester form, instead of the 

protonated carboxylate, the resulting complex had the unidentate ligand 

bound through the amine terminus. (Scheme 1.6)
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Scheme 1.6 Results of study done by Beck et al. 106 

The Ir{II) complexes were made by reacting Cp*(C))Ir(y-Cl)gIr(CNCp" 

with the amino acid in a methanol solution in a ratio 1:2. (equation 1.6) 

ON _Cln ” Cp Amino acid | 
-_ Ir lr oS Ir (1.6) 

Cp av el HAZILN\ 

| / 
H,07%_%& 

H O 

The Ir({I) complexes were made with the following amino acids: glycine, 

£-valine, £-phenylalanine, ¢-tryptophan, é-proline, and phenylglycine. 

It is surprising that so many studies on palladium and platinum 

have been done while almost none exist with the remaining platinum



metals. As the author was scanning through review articles and 

literature sources a quote from Kozlowski and Pettit in Studies in 

Inorganic Chemistry really put the importance of the research presented 

in this thesis in perspective.107 

neeeee there should soon be more systematic studies of the 

interaction of platinum metals with amino acids and 

peptides including iridium, amino acid complexes of 

which are virtually unknown. 

Even the studies that have been done do not mention the formation of 

oxidative addition products of amino acids. The compounds that will be 

discussed in this thesis are the result of oxidative addition to an iridium 

center. The literature makes no mention of amino acid - hydride 

complexes. The complexes that the Merola group is interested in are 

hydride complexes, the novel complexes that will be discussed are the 

first examples of platinum metal hydride amino acid compounds. 
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Chapter 2. Oxidative Addition of Amino Acids 

2.1 Introduction 

While the complexes of amino acids with platinum and palladium 

metals have been studied in considerable detail, there has been much 

less effort directed those of the remaining platinum metals. The binding 

of amino acids to an iridium center has been demonstrated by Beck et 

al.! The work done by Beck and the initial studies conducted by Ladipo 

supported the proposal that reactions of amino acids would react with 

the iridium center that is used in the Merola Group, [Ir(COD)(PMeg)3]Cl. 

(Figure 2.1) 

  

Figure 2.1 [Ir(COD)(PME3)]Cl 

Ladipo showed that compounds that contained an amine could 

oxidatively add to the iridium center to form amino - hydrido 

complexes. In the case of pyrrole the following addition was seen. 

(Equation 2.1)



— 

gS CI | PMe PMe N 8 
D>__ it . Cl : + \ "? —__ ~ re (2.1) 

pMes~ | PMe3 

Cl 

Dr. Ladipo also did work with the oxidative additon of carboxylic acids to 

the iridium center. In the case of benzoic acid the formation of a 

complex that underwent an O-H oxidative addition was identified.3 

(equation 2.2) 

Oo Ol pe) 

> , CN H 
\ 7 PMe3 - to OO 7 Nee >_ i+ Cl + _y Ir (2.2) 

| ~ PMes | “| a 
Me3P PMe3 PMe3 

Cl 

It is obvious from the work done by Dr. Ladipo that N-H and O-H 

additions are feasible with the iridium system used in the Merola group. 

It became of interest to see what would happen if we attempted to add a 

compound that had both an amine and a carboxylic acid. Nature had 

supplied us with a source of compounds with these functionalities: 

amino acids. 

2.2 Results and Discussion 

a -Amino acids which are of the general strucuture: (Figure 2.2) 

T 
H,N——C —C —OH 

Figure 2.2 General stucture of a —amino acids



have both amine and carboxylic acid functionalities. Both groups have 

the capability of oxidatively adding to the metal center and it was of 

interest to us to examine just how these compounds would add. 

From the literature it is known that amino acids have a number of 

possible binding modes.4 The potential to bind through the N terminus, 

the O terminus, or the ability to chelate to the metal center to form 

metallacycles have all been demonstrated. It is also important to point 

out at this time that there are very few examples of amino acid-iridium 

complexes in the literature, but out of all the examples shown, there are 

no examples of platinum metal-amino acid hydride complexes. Such 

hydride complexes could have some very interesting catalytic uses and 

this thesis reports the first examples of amino acid hydride iridium 

complexes. 

The intitial attempts to add the amino acids oxidatively to the 

metal center were done in benzene at room temperature (equation 2.3) 

with glycine, the simplest amino acid. NMR studies of this reaction 

indicated that after days of sitting at room temperature no reaction had 

occurred. 

\_ 7 PMeg H i d,Benzene ; 
xX. Cl" + HyN——C—C— 0H 9 ——___»> Starting (2.3) 

RT Material 
MegP H 

glycine



When the same reaction was attempted with heating, (equation 2.4) a 

complex NMR spectrum was obtained, indicating a variety of products 

had formed. 

A O 
&X 7PMeg - H l d-Benzene 

. | ~PMeg Mixture 
MesP H A 

A number of problems were associated with these initial attempts to add 

the amino acid to the metal. The first of these problems is the 

insolubility of the amino acid in most organic solvents. Thus, in the 

intial attempts with glycine and [Ir(COD)(PMeg)3]Cl in benzene the 

interaction of the amino acid and the iridium center was minimal. The 

heating of the reaction mixture presents another problem when 

attempted in benzene. It has been demonstrated in the Merola group 

that C-H acitivation of benzene occurs on heating of [Ir(COD)(PMe3)3]Cl 

in a benzene solution.> In the case of glycine in dg-benzene with 

[Ir(COD)(PMeg)3]C1 the possibility of competition between the oxidative 

addition of glycine and benzene could account for the complex mixture of 

products observed in the 1H NMR spectrum. 

The problem of solubility is easily overcome by attempting the 

reaction in D9O. Since water is an excellent solvent for most amino 

acids. Surprisingly, water is also an excellent solvnet for the 

[Ir(COD)\(PMeg)3]C1 complex.54 In solution the amino acid exists in 

zwitterionic form. (Figure 2.3)



HOOP 
H3N* —_C—_C—O 

H 
glycine 

Figure 2.3 Zwitterionic form of glycine 

Therefore, the next set of NMR studies was done in DgO because of the 

enhanced solubility of the reactants in that medium. This enhanced 

solubility is readily apparent in the initial 1H NMR spectrum ( Figure 

2.4) The spectrum clearly shows the resonances due to the 

[Ir(;COD)(PMes3)3]Cl complex: The resonance at 51.5 ppm is due to the 

protons of the trimethylphosphines of the fluxional complex. The 

signals at 2.1 ppm and 2.4 ppm the broad singlet at 3.3 ppm correspond 

to the protons of the attached 1,5-cyclooctadiene. The resonances at 2.2 

and 2.4 are due to the aliphatic protons on coordinated COD. The 

singlet resonance at 3.3 ppm corresponds to the olefinic protons of the 

cyclooctadiene. The presence of glycine in solution is also clear from 

the spectrum. The singlet at 3.5 ppm is the resonance due to the 

protons on the a- carbon. 
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Figure 2.4 Initial 1H NMR spectrum of glycine with 

(Ir(COD)PMeg)3)Cl in D2gO (270MHz)



If the reaction tube is allowed to sit at room temperature for days, 

no reaction occurs. On heating to 50°C, again no reaction can be 

observed as indicated by 'H-NMR spectroscopy. If the solution is then 

heated and allowed to remain at 100°C for 18 hours, a reaction does 

occur resulting in the final NMR spectrum shown in Figure 2.5. In this 

spectrum the resonances of the trimethylphosphine are a virtual triplet 

and a doublet indicative of a meridional arrangement of phosphines in 

the octahedron. The virtual triplet results from the set of phosphines 

trans to one another, the methyl protons are coupled to the phosphorous 

to which they are bound and then coupled to the phosphorous trans to 

that phosporous arising from communication through the metal center. 

The doublet corresponds to the methyl protons of the cis phosphine in 

which the protons are only coupled to the phosphorous that is attached 

to the methyl groups. From the spectrum it is obvious that the 1, 5- 

cyclooctadiene resonances are no longer observed, showing that the 

cyclooctadiene has been lost in the oxidative addition of the amino acid. 

The free cyclooctadiene resonance is not seen due to the insolubility of 

COD in water. The resonance at 3.5 ppm corresponding to the 

methylene protons of glycine is still seen since an excess of amino acid 

was used in the study. A new resonance shifted upfield from the 

methylene protons of the excess amino acid corresponds to the 

methylene protons of the bound amino acid. A resonance occurs at 

-19.09 ppm corresponding to a hydride. The chemical shift is consistent 

with a hydride that is trans to an electronegative atom such as N or O; a 

further upfield shift would indicate a hydride being trans to chlorine.6 An 
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interesting result of the 1H NMR studies is the observance of the hydride 

in the spectrum. This observation supports evidence that will be 

presented later on the mechanism of formation of the complexes.The 

hydride resonance gives a great deal of information about the structure 

of the amino acid complex. 

The fact that the resonance is a quartet signifies that the hydride is cis 

to three phosphines, confirming the meridional arrangement of the 

phosphines in the octahedron.



OQ | )PMes + H3Nt—C—C—O" 
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Figure 2.5 Final 'H NMR spectrum of the glycine study in D2O 

(270 MHz) 
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The binding mode of glycine was determined to involve chelation 

through both the N-terminus and the O-terminus to the iridium metal 

center. After inspection of the 1H-NMR data it was proposed that the 

structure of the amino acid product was: (Figure 2.6) 

Cr 

Figure 2.6 Proposed amino acid iridium complex 

Additional information was needed in order to determine whether 

this structure was correct. The !H-NMR data supported the proposed 

struture The reaction was so clean that a preparative scale reaction of 

glycine with the [Ir(COD)(PMe3)3]Cl complex was attempted. (equation 

2.5) 

HH 

. 0 ox &X /PMeg Ho H,0 5 | Me 
Pt Cl + HeN—C—C— 0X ———— ON 02.5) | ~ PMeg H A p7iN 
Me3P Mes ! PMes 
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The reaction mixture was allowed to stir in HzO at 100°C for 18 hours. 

The solvent was then removed in vacuo to yield product and excess 

amino acid. The fact that the amino acids have limited solubility in 

most organic solvents allowed for rather simple isolation of the product. 

The iridium complex was soluble in methylene chloride while the amino 

acid was not. The product was extracted with methylene chloride and 

filtered from the excess amino acid using cannula techniques. Then by — 

removing the solvent in vacuo pure product was obtained in 95% yield. 

The 31P NMR data also supports that the complex has a 

meridional arrangment of phosphines in the octahedron. (Figure 2.7) 

The resonances observed for the phosphines are a triplet and doublet. 

The triplet is indicative of the cis PMes3 coupling to the two mutually 

trans phosphines. The doublet is indicative of the trans phosphines 

coupling to each other by communication through the metal. The !8C 

NMR data also supports the structure proposed. (Figure 2.8) The 

phosphine region of the 18C NMR spectrum shows resonances of a 

doublet and virtual triplet. The virtual triplet is indicative of trans 

phosphines; the carbon couples to both the phosphorous it is bound to, 

and the phosphorous trans to it. The doublet is indicative of the 

methyls of cis phosphine which only exhibits coupling due to the carbon 

and the phosphorous to which it is bound. The resonance at 42 ppm is 

due to the CH2g backbone of the amino acid and the resonance at 187 

ppm corresponds to the carboxyl group carbon. 
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Figure 2.7 Phosphorus-31 NMR spectrum of 

(Ir(COD)\(gly)(PMe3)3]Cl in CDCl3 (80 MHz)
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Figure 2.8 Carbon-13 NMR spectrum of [Ir(gly)(H)\(PMe3)3] in 

CDCls3 (50 MHz)



The next step involved study of the reaction of a chiral amino acid 

with [Ir(COD)(PMeg3)3]Cl. The choice was completely arbitrary, but é- 

valine became the next amino acid of the study. (Figure 2.9) 

H3N* C C Oo   

Figure 2.9 Valine 

The isopropyl group of é-valine gives it a distinctive NMR "marker" in 

determining its binding to the metal. The NMR study is quite similar to 

that carried out with glycine in that the starting complex and the amino 

acids are easily discerned. The free amino acid resonances are easily 

observed in D2O. ( Figure 2.10) The resonances at 0.82 ppm correspond 

to the diastereotopic methyl protons of the isopropyl group. The . 

multiplet partially obscured by COD resonances at 2.1 ppm is due to the 

methine proton of the isopropyl moiety, and the doublet at 3.53 ppm is 

the resonance for the methine proton of the a- carbon. The resonances 

of the [Ir(COD)(PMe3)3]C] complex protons are identical to those 

described for the glycine 1H NMR study.
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Figure 2.10 Initial !H NMR spectrum of valine and ([In(COD)(PMeg)3]C1 

in D2gO (270 MHz) 
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On heating the solution at 100°C overnight, the following 1H 

NMR spectrum is obtained.(Figure 2.11) 
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Figure 2.11 Final!H NMR spectrum of valine and 

[I(COD\PMeg)3ICl in DgO (270 MHz)



In the !H-NMR spectrum shown (Figure 2.11) the virtual triplet 

and doublet resonances of the methyl protons on the phosphorous again 

indicate the meridional arrangement of the phosphines in the 

octahedron. The isopropyl methyl groups of the bound valine molecule 

are now two distinct sets of doublets, one shifted upfield and the other 

shifted downfield, bordering the original resonances of the free valine 

isopropyl methyl protons. The methine proton resonance of the isopropyl 

group of the bound valine is a multiplet shifted downfield slightly, and 

the methine proton of the a-carbon remains a doublet shifted slightly 

upfield from its free amino acid counterpart. The hydride resonance of 

the £-valine product is again a quartet shifted upfield to -19.71 ppm. 

This resonance supports the meridional arrangement of phosphines in 

the octahedron and the fact that the hydride is trans to an 

electronegative atom such as N or O. 

A preparative scale synthesis of the é-valine product was 

undertaken using the same conditions as that of the NMR study. On 

workup the complex was easily removed from excess amino acid by 

extraction with methylene chloride. The solution was removed in vacuo 

to yield clean [Ir(£-val)(H)(PMeg)3]Cl. (Figure 2.12) 
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Figure 2.12 __[Ir(val)(H)(PMe3)3)Cl 

In order to unambiguously determine the structure of the hydrido 

iridium amino acid compounds, a crystal structure was desired. Crystals 

were grown Of the valine chloride complex by using a two solvent method. 

The complex was dissolved in methylene chloride and then ether was 

layered over the top of the solution. The slow diffusion of ether forced 

the growth of crystals over a period of days. On removal of the crystals 

from the solvent they became opaque and were not usable for X-ray 

diffractometry. This behavior is not uncommon for salts which have a 

large size mismatch between the cation and anion. In order for a crystal 

lattice to form properly, solvent molecules are often incorporated in voids 

caused by cation/anion size mismatch. When crystals are removed from 

solvent, the solvent in the lattice evaporates and the crystal lattice 

decomposes. The problem may sometimes be overcome by exchange of 

the smaller anion for a larger one, closer in size to the cation. 

Hexafluorophosphate, PF’, can often fulfill that role. The PFg- salt of 

the valine complex was made by treatment of an aqueous solution of the 

chloride complex with KtPFg- . The PFg salt immediately precipitated



from the solution and was removed from the aqueous solution using 

cannula filtration techniques. 

The PFg- salt was then dissolved in methylene chloride and ether 

was layered over the top. The slow diffusion of ether into the methylene 

chloride layer caused the slow growth of crystals over a period of days. 

The solvent removal had no effect on the crystals and the structure was 

solved for the [Ir(é-val)(H)(PMe3)3]PF.e- salt. (Figure 2.13) 

[((Me3P)3Ir(H)(é-val)|PF6 crystallizes in the tetragonal space group 

P43 with a = 14.327(3)A, c = 14.397 A, V = 2955.3(16)A3 and dealca = 

1.534 Mg/m® for Z = 4. The resulting ORTEP plot is shown in Figure 

2.13. The solid state structure of the complex confirmed the structure 

assigned by spectroscopy: an octahedral arrangement of ligands with the 

three PMeg3 groups arranged meridionally around the metal. The Ir-O 

distance of 2.126(10)A is comparable to that of the y!-benzoate Ir 

(2.123(7))A complex reported by Ladipo.© The lengths of the coordinate 

and uncoordinated C-O bonds are in line with those reported by Ladipo. 

The Ir-N bond length of 2.190(1 1)A is considerably longer than that of 

the indole - iridium complex prepared by Ladipo. This lengthening of 

this bond is the result of chelation and the strong trans influence of the 

hydride. The relatively short Ir-P distance for the PMe3 trans to the 

carboxylate oxygen (2.252(4)A compared to the mutually trans trans 

PMe3 bond lengths of 2.345(4)A and 2.349(4)A indicates that the 

carboxyl group does not exert as strong a trans influence as PMeg. The 

hydride was not found in this experiment. It would be located in the 

open position trans to the nitrogen atom of the chelate ligand. 
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Figure 2.13 ORTEP plot of Ir(val)(H)(PMes)]



A number of complexes of naturally ocurring amino acids were 

prepared in D2O studies similar to those described previously. One of 

the more interesting amino acids that was used in this study was /- 

proline. (Figure 2.14) This naturally occuring amino acid is the only one 

that has a ring containing its amine group. 

  

O 
i | 

HN C C OH 

proline 

Figure 2.14 

A preparative scale reaction between proline and [Ir(COD)(PMeg3)3]Cl 

(equation 2.6) was carried out using reaction conditions and work-up 

identical to those used in the glycine and valine experiments. 

5 NH3 
X PMes oT 0, 100°C A | _ Pies 

>is Cl” 4 = HN——C—c— 04 ————»> — Neves at (2.6) 
MeaP L_J MegP | PMes 

The !H-NMR spectrum of the proline product displayed three resonances 

of doublets in the methyl phosphine region, indicating that there was no 

longer a plane of symmetry running between the trans phosphines.



The hydride resonance still remained a quartet at -20.33 ppm 

giving evidence for a hydride being cis to three phosphines, which would 

correspond to a meridional arrangement of phosphines in the 

octahedron. Examination of the structure of the proline complex 

explained the variations observed for the trimethyl phosphine resonances 

(Figure 2.15) 

NH> 

O PMe3 
N24 
“IN 

H 

  

MegP PMe3 

Figure 2.15 Structure of proline complex 

The arrangement of the phosphines and the chelating side group causes 

an inequivalence in the environment of the trans phosphines. This 

makes all three sets of phosphines inequivalent and gives rise to the 

three sets of doublets in the 1H-NMR spectrum. 

A _ structure of [Ir{pro)(H)(PMe3)3]PF6 was obtained, (Figure 2.16) 

The PF¢- salt of the proline product was synthesized in a manner 

analogous to that of the valine complex.



[((Me3P)3Ir(H)(4-pro)|PFg crystallizes in the monoclinic space group 

P2) with a = 10.824(2)A, b = 20.021(4)A, c = 11.856(2)A, V = 2562.1(7)A, 

and deaicd = 1.764 Mg/mg for Z = 4. The solid state structure of 

(Ir{pro)(H)(PMe3)3)PFe confirmed the structure assigned by spectroscopy: 

an octahedral arrangement of ligands about the iridium with the three 

PMeg ligands arranged meridionally around the metal. The Ir-N bond 

length for this compound (2.211)(7 )A was predicted to be longer than the 

valine complex because of the added steric congestion at the nitrogen 

atom. This prediction was correct with the Ir-N bond length of the valine 

complex being shorter at 2.190(11)A. Of course this difference in bond 

lengths seems insignificant when experimental error is taken into 

account. The Ir-O bond of 2.118(7)A is consistent with the length 

reported for the valine complex. The O-Ir-N bond angle in both cases is 

very close in value. This bond angle for the valine complex is 77.6(4)° as 

compared to 79.8(3)° for the proline complex. The hydride was not 

located in this experiment, but would be located in the open 

coordination site trans to the amino group.



  
Figure 2.16 ORTEP plot of [Ir(pro)(H)(PMe3)3]Cl 

(methyl groups on PMeg ligands omitted for clarity)



The study went on to investigate reaction with a number of 

the common amino acids and all were prepared in preparative scales or 

at least characterized by 'H-NMR studies. The common amino acids 

that have no side functionalities such as sulfur, or another nitrogen 

functionality gave clean products in the 1H-NMR studies and were 

synthesized in preparative quantities. All of these complexes gave 5- 

membered iridacycles that were formed by binding the metal through the 

nitrogen terminus and the oxygen terminus of the amino acids. The 

complexes were all hydride complexes and the phosphines were always 

arranged meridionally around the octahedron. (Figure 2.17) 
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Figure 2.17 General structure of amino acid complexes made 
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Table 2.1 Naturally Occurring Amino Acids Products Characterized 

  

  

  

  

  

  

  

  

  

  

  

  

Amino Acid Reaction attempted Ir product Characterized 

glycine C, H analysis, H NMR, P NMR, C NMR 

l-valine C, H analysis, H NMR, P NMR, C NMR 

l-proline C, H analysis, H NMR, P NMR, C NMR 

l-alanine C, H analysis, H NMR, P NMR, C NMR 

{l-tyrosine C, H analysis, H NMR, P NMR, C NMR 

l-tryptophan C, H analysis, H NMR, P NMR 

l-serine C, H analysis, H NMR, P NMR, C NMR 

l-threonine C,H analysis, H NMR, P NMR 

picolinic acid H NMR 

pipecolic acid H NMR 
I-histidine H NMR     
  

There are a number of naturally occuring amino acids that have 

more functionalities that may bind to the metal center and these 

compounds were introduced into the study as well. The first of these 

amino acids studied was ¢-methionine. (Figure 2.18) 
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Figure 2.18 Sulfur containing amino acid (methionine) 

This amino acid has a sulfur that could indeed bind to the metal and 

form a six-membered ring with the amine chelating to the metal. There 

are a number of examples of the formation of six-membered ring systems



with platinum metals and methionine,? A recent example of this is the 

reaction of KoPtCl4 and methionine to form the chelate complex shown 

in Figure 2.19.9 

br 

Figure 2.19 Methionine chelate complex 

In the case of the reaction between methionine and 

[Ir(;COD)\(PMesg)3)Cl the 1H NMR study showed a complex mixture of 

products being formed. This indicates that a number of binding modes 

could be observed between the amino acid and the metal center. The 

reaction was not attempted on a preparative scale due to the complexity 

of the NMR spectrum of the products of the preliminary study. 

The other amino acid that was studied which contained a sulfur 

atom with potential to bind to the metal center was cysteine.(Figure 

2.20) 
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In the reaction between aspartic acid and [Ir(COD)(PMeg)3ICl, the initial 

NMR spectrum on addition of aspartic acid showed the formation of 

protonated [Ir(COD)(PMe3)3IC1.54(equation 2.7) 

H O 

> HsNt— C— C—O 
\ .PMe3 __. 8 1 SSH 

S —Ir Cl + CHe D,O \| .PMe3 _.. 

3 __&s | 
O ‘O Me3P 

Aspartic acid 

On heating the reaction mixture a complex mixture of products was 

observed. Again, the additional carboxylic acid functionality must be 

playing some role in binding to the metal center. On the other hand, 

the asparagine reaction was clean and the !H-NMR study showed the 

expected resonances for the formation of a meridional hydride amino 

acid metallocycle product.(equation 2.8) 

NH» 
\ 

—C om ~— 
4 O CHe2 H 

' j O 

\ PMes HeN"——C— C—O NH> co / 
— re °Me Cl 4 1” D,0 aN ves 

SP MesP ° C it (2.8) 
7s | 

NH2 O MegP PMeg 

The formation of the 5-membered ring system is favored over the 6- 

membered ring system based on two reasons. The first of these reasons 

is the fact that 5 -membered ring systems are more stable in metallacycle 

systems.!9 The second possible reason is the failure to form 6- 
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membered ring systems with p-alanine. The most important factor is the 

lowered basicity of the nitrogen of the amide group. (Figure 2.22) 

H oH ® 
H3N* —- C— C—_ C—O 

H H 

Figure 2.22 Chelation of B-alanine will form a six membered ring 

system. 

The reaction between this amino acid and the metal center gave a 

complex mixture of products. This along with the difficulty in obtaining 

a clean product with salicylic acid (another acid that would form a 6- 

membered ring on chelation) led us to believe that formation of cyclic 

systems of 6 members or more was difficult.1°4 Since the formation of 

6-membered rings was difficult the conclusion followed that asparagine 

has also bound through the amine nitrogen and the carboxylic acid to 

form the 5-membered ring system., 

£-Histidine is another interesting amino acid This acid has an 

imidazole ring which contains nitrogen that is quite basic. The work 

done by Caubet et al. showed that histidine does indeed bind to Pd 

through the imidazole nitrogen and the amine nitrogen.!! (Figure 2.23)



Figure 2.23 Palladium histidine complex 

The synthesis of the [Ir(é-hist)(H)(PMe3)3ICl complex was clean. 

The !H-NMR spectrum resembled the expected 5-membered metallacycle 

product obtained for all other amino acid products. The literature 

examples of histidine and platinum metal complexes consistently show 

binding of the amino acid to the metal through the amine nitrogen and 

the imidazole nitrogen to give a 6-membered metallacycle.11a.b¢ This 

complex needs to be studied further to elucidate its structure. 

A final study to discuss in this chapter on the sythesis of these 

amino acid complexes is one that gave insight into the mechanism of 

formation of these complexes. It was known by the work done by H. 

Selnau in the Merola group that pyridine could undergo a C-H addition 

with the iridium metal center.!2 (equation 2.9) 

= o | H 

> — rt + L >> N (2.9) 
| ~PMes N 

The study that gave insight into the mechanism of formation of the 

complexes was derived from the C-H addition of pyridine. The question 
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was what would happen if pyridinium chloride was reacted with the 

iridium system. Is a N-H activation be possible in this situation? 

Pyridinium chloride was made by bubbling HCl though pyridine. 

The off-white precipitate was filtered from the solution using cannula 

techniques. The solids were dried under reduced pressure and used with 

no further purification. On initial treatment of [Ir(COD)(PMeg3)3]CI with 

pyridinium chloride the formation of the protonated [Ir(COD)(PMe3)3]Cl 

was observed in the NMR spectrum. (equation 2.10) 

f > Ss = - 

&& _PMe3 ; oe HsO gx: _PMe3 2Cl 

=> __;,+ Cl A Ao — roe Ir: Nemes # NS SS res 
Me3P 3 

  

(2.10) 

The protonation of the [Ir(COD)(PMeg)3]C] was a surprising result in the 

fact that an already cationic species was being protonated to a dicationic 

species. Since pyridinium has a pKa of approximately 5.2, this means 

that the [Ir(COD)(PMe3)3]Cl has a pKa in the same vicinity. This gives an 

idea of the basicity of the [Ir(COD)(PMeg)3]Cl species. This also suggests 

that the first step in the formation of the amino acid complexes is the 

protonation of the iridium center. Heating the reaction to 100°C gives 

rise to NMR signals that correlate to the N-H oxidative addition product. 

(equation 2.11) 
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This reaction suggests that the mechanism of formation of the amino 

acid complexes may proceed first via the protonation of the iridium 

center, followed by the nucleophilic attack of the metal by the amino 

acid. The observation of the hydride resonance in the exploratory NMR 

reactions supports this postulation of protonation from the quaternary 

amine group and then nucleophlic attack at the metal center. 

It is again worth pointing out that amino acid complexes are not novel. 

As the literature review pointed out there are numerous examples of 

amino acid complexes in the literature.!5 These complexes are of interest 

because they are iridum amino acid complexes of which very few exist in 

the literature.!14 The complexes that have been synthesized in this work 

are also novel because they are the first reported amino acid-hydride 

complexes of platinum metals. Complexes of this type are non-existent 

in the literature. 
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1Beck, W.; Wanjack, I.; Polborn, H.; Kramer, R.; Chem. Ber., 123, 1990 

(776). 

2Ladipo, F.T; Merola, J.S; Inorg. Chem., 29, 1990 (4172).



Matsumoto,K.; Ooi, S.; Kurova, H.; J. Chem. Soc. Chem. Comm. 

1973(170). 

12Selnau, H. Ph.D. Thesis, Virginia Polytechnic Institute and State U. 

1991. 

13Hay, R.W.; Nolan, K.B.; Amino acids, Peptides and Proteins, Chemical 

Society, London, 1991 (296). 

14Beck, W.; Wanjack, I.; Polborn, H.; Kramer, R.; Chem. Ber., 123, 1990 

(776). 

2.2.2 Experimental 

All reactions were carried out under an atmosphere of prepurified 

nitrogen. Air sensitive materials were stored in a drybox under Nog 

atmosphere. All solvents were dried by the appropriate procedure and 

distilled under a nitrogen atmosphere prior to use. Conventional glass 

vessels were used and standard Schlenk line techniques were employed. 

IrCl3 * 3 H2O was purchased from Johnson Matthey. All amino acids 

were purchased from Aldrich and/ or Sigma Chemical Co. All other 

chemicals were reagent grade and were used without further purification. 

The !H-NMR spectra were obtained on either a Bruker WP270SY or 

a WP200SY instrument. The 3!P NMR data were obtained on a Bruker 

WP200SY (at 81 MHz) instrument and referenced to an internal standard 

of 85% H3PO4, !8C NMR spectra were obtained on a Bruker WP200SY (at



67 MHz) instrument. Elemental analyses were performed by Atlanta 

Microlab Inc. X-ray crystal structures were obtained using a Siemens 

R3m/v diffractometer and MoKa (A = 0.71071 A) radiation at 298 K. 

Synthesis of [Ir(COD)(PMeg)3]Cl (Frazier, J.; Merola, J.S., Polyhedron, 

11, 1992 (2197). 

A 250 mL flask equipped with a stir bar and septum was charged 

with 2 g (3 mmol) of [Ir(COD)Cll2 under Ng in the drybox. The flask was 

then connected to a double manifold (vacuum/nitrogen) Schlenk line 

and 80 mL of distilled toluene was added to the flask via syringe. The 

clear red solution was stirred for 10 minutes to allow all solids to 

dissolve, The flask was then charged with 2 mL (6.1 equiv.) of PMeg via 

syringe. A cream - white precipitate formed immediately on addition of 

PMeg3. The heterogenous mixture was stirred for 12 hours. The solids 

were filtered under N2 and washed with toluene and pentane. The solids 

were then dried under reduced pressure to yield 3.2 g (5.6 mmol, 95.5% 

yield based on amount of [Ir(COD)Cll2) of [Ir(COD)(PMes3)3]Cl identified 

on the basis of the following data: 

1H NMR (CDClg): 5 1.49 (m, 27H, PMeg ligands), 

2.25 (m, 8H, COD), 3.15 (brs, 4H, 

COD) ppm. 
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Exploratory reaction attempt between [Ir(COD)(PMe3)3]Cl and glycine in 

dg benzene (CPRI173) 

Glycine (6 mg, 0.08 mmol) was placed in a screw-cap NMR tube 

equipped with a septum. The tube was placed in the drybox where it was 

charged with 20 mg (0.035 mmol) of [Ir(COD)(PMeg)3]Cl. Benzene - dg 

(0.5 mL) was then added via syringe outside of the drybox. The tube was 

shaken and monitored at room temperature by 1H NMR spectroscopy. 

No reaction was observed. The reaction tube was heated to 50°C and 

monitored. The spectrum showed a complex mixture of products. 

Initial reaction attempt between [Ir(COD)(PMe3)3]Cl and glycine in 

D2O(CPRI175) 

Glycine (6 mg, 0.08 mmol) was placed in a screw-cap NMR tube 

equipped with a septum. The tube was placed in the drybox where it was 

charged with 20 mg (0.035 mmol) of [Ir(COD)(PMeg3)3]Cl. Benzene - dg 

(0.5 mL) was then added via syringe outside of the drybox. The tube was 

shaken and monitored at room temperature by 1H NMR spectroscopy. 

No reaction was observed. The NMR tube was heated to 50°C and 

monitored for days; again with no reaction evident. On heating the 

reaction mixture to 100°C, a !H NMR spectrum was obtained after 18 

hours. The [Ir(gly)(H)(PMe3)3)Cl product was indicated on the basis of 

the following data: 
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1H NMR (D20): 5 1.51 (t, 18H, trans PMeg), 1.65 (d, 9H, 

cis PMe3), 3.43 (s, 2H, -CH2-), -19.09 (q, 

1H, Ir-H) ppm 

Synthesis of [Ir(gly)(H)(PMeg)3]Cl (CPRI185) 

A 100 mL flask equipped with a stir bar and septum was charged 

with 90 mg (1.12 mmol) of glycine. The flask was then charged 300 mg 

(0.532 mmol) of [Ir(COD)(PMes3)3]Cl under Nog in the drybox. The flask 

was then connected to a double manifold (vacuum/nitrogen) Schlenk 

line and 25 mL of distilled water was added to the flask via syringe. The 

solution was stirred magnetically and heated to reflux. After 18 hours at 

reflux, the reaction mixture was cooled and the solvent was removed in 

vacuo. The white solid residue was treated with distilled methylene 

chloride (3 x 10 mL) to extract the product from the excess amino acid. 

The solution was filtered from the solid using cannula techniques. The 

methylene chloride was removed in vacuo and the solids were dried under 

reduced pressure to yield 270 mg (0.51 mmol, 95.7% yield based on the 

amount of Ir(COD)\(PMeg)3]ICl) of [Ir(gly)(H)(PMeg)3]C1 

[Ir(gly)(H)(PMes3)3]Cl identified on the basis of the following data: 

C,H analysis: Calculated for C;;H32P3NOgIrCl: C, 24.9% H, 6.0% 

Found: C, 24.7% H, 6.18%



1H NMR (CDCl) 8 1.62 (vt, 18H, Jp-y = 3.5 Hz, trans PMes3), 

1.78(d, 9H,Jp.y = 10.5 Hz cis PMeg) 3.39 (t, 2H, 

-CH2-), 6.11 (br t, 2H, -NHg), -19.15 (q, LH, Jp-y 

= 18.7 Hz, Ir-H) ppm 

31P NMR (CDCl) 5 -47.52 (t, Jp_p = 20Hz, cis PMeg), -33.78 (d, 

Jp.p = 18Hz, trans PMeg) ppm 

13C NMR (CDCl3) 6 18.71 (vt, Jc-_p = 10 Hz, trans PMeg), 20.63 (d, 

Jc-p = 39 Hz, cis PMeg), 43.09 (s, -CH2-) 

185.43 (s,-COO) ppm 

Exploratory reaction between [Ir(COD)(PMe3)3)Cl and é-valine (CPRI177) 

]-Valine (8.8 mg 0.075 mmol) was placed in a screw-cap NMR tube 

equipped with a septum. The tube was placed in the drybox where it was 

charged with 20 mg (0.035 mmol) of [Ir(COD)(PMeg)3]Cl. D2O (0.5 mL) 

was added via syringe outside the drybox. The tube was shaken and 

heated to 100°C. A NMR spectrum was obtained after 18 hours and the 

[Ir(é-val)(H)(PMeg3)3]Cl product was identified on the basis of the following 

data: 
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1H NMR (D20): 5 1.09 (d d, 6H, -CHg3 of isopropyl), 1.52 (t, 18H, 

trans PMe3), 1.71 (d, 9H, cis PMeg), 2.49 (m, 1H, 

-CH- of isopropyl), 3.23 (d, 1H, -CH- a proton of 

aa), -19.65 (q, 1H, Ir-H) ppm 

Synthesis of [Ir(¢-val)(H)(PMe3)3]Cl (CPRI179) 

A 100 mL flask equipped with a stir bar and septum was charged 

with 112 mg (0.972 mmol) of é-valine. The flask was then charged 250 

mg (0.443 mmol) of [Ir(COD)(PMeg3)3]Cl under No in the drybox. The flask 

was then connected to a double manifold (vacuum/nitrogen) Schlenk 

line and 20 mL of distilled water was added to the flask via syringe. The 

solution was stirred magnetically and heated to reflux. After 18 hours at 

reflux the solvent was removed in vacuo. The white solid residue was 

treated with distilled methylene chloride (3 x 10 mL) to extract the 

product from the excess amino acid. The solution was filtered from the 

solid using cannula techniques. The methylene chloride was removed in 

vacuo and the solids were dried under reduced pressure to yield 180 mg 

(0.315 mmol, 71.3% based on the amount of Ir(COD)(PMeg)3]/Cl) of [Ir(4- 
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val)(H)(PMe3)3)Cl. 

following data: 

C,H analysis: 

1H NMR (CDClg): 

31P NMR (CDCls3): 

13C¢ NMR (CDCly): 

[Ir(é-val)(H)(PMes3)3]Cl identified on the basis of the 

Calculated for Cj5H37NO2Ps3IrCl C, 29.0% H, 6.6% 

Found: C, 28.74% H, 6.6% 

5 1.10 (dd, 6H, -CH3- of isopropyl), 1.57 (vt, 

18H, Jp-y = 5.6 Hz trans PMe3) 1.65 (d, 9H, Jp-y 

= 5. 8 Hz, PMe3)1.92 (d, 9H, Jp-y = 10.4 Hz cis 

PMes3) 2.55 (m, 1H, -CH- of isopropyl) 2.98 (m, 

1H, -CH- of a carbon), 3.22 (t, 1H, -NH) 6.91 

(br t, 1H, -NH9) 6.89 (br m, 1H, -NH). -19.10 (q, 

1H, Jp. = 17 Hz, Ir-H) ppm 

6 -49.35 (t, Jp_p = 20 Hz, cis PMes), -34.02 

(d, Jp-p = 20 Hz, trans PMes3) ppm 

$ 18.16 (t, Jc_p= 17 Hz, trans PMes), 21.17 (d, 

Jc-p = 37 Hz, cis PMe3), 29. 43 (s, -CH3), 54.28 

(s, -CH), 109.31 (s, -CH of isopropyl), 181.51 (s, 

-COO) ppm



Synthesis of [Ir(¢-val)(H)(PMeg3)3][PF6] 

An excess of K[PFg] was dissolved in distilled water, this solution 

was added dropwise to solution of [Ir(¢-val)(H)(PMeg3)3]Cl in distilled 

water. A yellow - white precipitate formed immediately. The precipitate 

was filtered using cannula techniques. The solid was recrystallized from 

methylene chloride/ether. An X-ray structure of the crystals was 

obtained. (See appendix) (1H NMR shows it to be identical to the Cl salt) 

Exploratory reaction between [Ir(COD)(PMe3)3)Cl and /-proline (CPRI187) 

é-Proline (9.0 mg, 0.078 mmol) was placed in a screw-cap NMR 

tube equipped with a septum. The tube was placed in the drybox where 

it was charged with 20 mg (0.035 mmol) of [Ir(;COD)(PMeg)3IC]. DgO (0.5 

mL) was added via syringe outside the drybox. The tube was shaken and 

heated to 100°C, a NMR spectrum was obtained after 18 hours. and the 

[Ir(2-pro)(H)(PMeg3)3]C1 product was identified on the basis of the 

following data: 

lH NMR (D920): 5 1.55 (d, 9H, PMesg), 1.75 (d, 9H, PMeg) 1.91 (d, 

9H, PMeg) 2.21 (m, 2H, -CHo9-) 3.23(m, 2H, 

-CHo9-) 3.82 (m, 1H, a carbon) 4.0 

(q, 2H, -CH2-) ppm



Synthesis of [Ir(é-pro)(H)\(PMe3)3]Cl (CPRI197) 

A 100 mL flask equipped with a stir bar and septum was charged 

with 117.5 mg (1.02 mmol) of é-proline. The flask was then charged with 

250 mg (0.443 mmol) of [Ir(COD)(PMeg)3]Cl under Ng in the drybox. The 

flask was then connected to a double manifold (vacuum/ nitrogen) 

Schlenk line and 20 mL of distilled water was added to the flask via 

syringe. The solution was stirred magnetically and heated to reflux. 

After 18 hours at reflux the reaction mixture was allowed to cool and 

solvent was removed in vacuo. The white solid residue was treated with 

distilled methylene chloride (3 x 10 mL) to extract the product from the 

excess amino acid. The solution was filtered from the solid using 

cannula techniques. The methylene chloride was removed in vacuo and 

the solids were dried under reduced pressure to yield 150 mg (0.263 

mmol, 60.7% yield based on the amount of Ir(COD)(PMeg3)3]Cl) of [Ir(4- 

pro)(H)(PMeg)3]Cl identified on the basis of the following data: 

C,H analysis: Calculated for Cj4Ha3gNOoPalIrCl: C, 29.4% H,6.3% 

Found: C, 29.17%; H, 6.2% 

1H NMR (CDClg): 5 1.45 (d, 9H, Jp.y = 6.3 Hz, PMeg) 1.58 (d, 9H, 

Jp-H = 6.6 Hz, PMeg) 1.76 (d, 9H,Jp_y = 10.2 Hz 

PMes3) 1.98 (m, 2H, -CHg), 2.18 (m, 2H, -CHg) 

2.52 (m, 1H, -CH acarbon) 3.55 (q, 2H, -CHg)



3.71 (br m, 1H, -NH), 7.49 (m,1H, -NH), -20.32 

(q, Jp-y = 20 Hz, Ir-H) ppm 

31P NMR (CDCIls): 5 -48.59 (t, Jp-p = 20 Hz, cis PMeg) -35.38 (d, 

Jp-p = 22 Hz, trans PMe3) ppm 

13C NMR (CDCls); 5 18.06(t, Jc_p = 17 Hz, trans PMeg), 21.17 (d, 

Jc-p = 41 Hz, trans PMeg), 26.81 (s, -CHg), 

30.45(s, -CHa) 53.20 (s, a carbon), 57.72 (s, 

-CHg) 18.89(, s, -COO) ppm 

Synthesis of [Ir(é-pro)(H)(PMe3)3]PF6 (CPRI249) 

An excess of K[PF¢] was dissolved in distilled water, this solution 

was added dropwise to solution of [Ir(¢-pro)(H)(PMeg)3]Cl in distilled 

water. A white-yellow precipitate formed immediately. The precipitate 

was filtered using cannula techniques. The solid was recrystallized from 

methylene chloride/ether. An X-ray structure of the crystals was 

obtained. (See appendix) (1H NMR identical to Cl salt) 

Exploratory reaction between [Ir{(COD)(PMeg3)3]Cl and é-threonine 

CPRI189 

£-Threonine (8.9 mg, 0.0747 mmol) was placed in a screw- cap NMR 

tube equipped with a septum. The tube was placed in the drybox where



it was charged with 20 mg (0.035 mmol) of [Ir(COD)(PMeg)3IC1. D2O (0.5 

mL) was added via syringe outside the drybox. The tube was shaken and 

heated to 100°C, a !H NMR spectrum was obtained after 18 hours, and 

the [Ir(é-threo)(H)(PMe3)3)]Cl product was identified on the basis of the 

following data: 

1H NMR (D20): 8 1.21 (d, 9H, PMe3). 1.49 (d, 9H, PMes), 1.67 (d, 

9H, PMes), 3.13 (d, 1H, -CH « carbon), 3.49 (d, 

3H, -CH3), 4.13 (m, 2H, -CHg), -20.15 (q, 1H, 

Ir-H) ppm 

Exploratory reaction between [Ir{(COD)(PMe3)3]Cl and é-tryptophan 

(CPRI193) 

é-Tryptophan (15.2 mg, 0.074 mmol) was placed in a screw - cap 

NMR tube equipped with a septum. The tube was placed in the drybox 

where it was charged with 20 mg (0.035 mmol) of [Ir(COD)(PMeg)3]Cl. 0.5 

mL of D2O was added via syringe. The tube was shaken and on heating 

the reaction mixture to 100°C, a NMR spectrum was obtained after 18 

hours. The [Ir(é-tryp)(H)(PMe3)3]Cl product was identified on the basis of 

the following data: 

1H NMR (D20): 5 0.61 (d, 9H, PMeg) 1.42 (d, 9H, PMeg), 1.51 (d, 

9H, PMes3), 3.30 (d, 2H, -CHg) 3.91 (d, 1H, a 

carbon) 7.12 (br m 2H, aromatic H), 7.39(br m, 

2H, aromatic H), 8.1 (brs, 1H, imidazole H) ppm 
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Synthesis of [Ir(é-tryp)(H)(PMe3)3]C] (CPRIIIO35) 

A 100 mL flask equipped with a stir bar and septum was charged 

with 152 mg (0.745 mmol) of é-tryptophan. The flask was then charged 

250 mg (0.354 mmol) of [Ir(COD)(PMeg3)3]Cl under Ng in the drybox. The 

flask was then connected to a double manifold (vacuum/ nitrogen) 

Schlenk line and 20 mL of distilled water was added to the flask via 

syringe. The solution was stirred magnetically and heated to reflux. 

After 18 hours at reflux the reaction was allowed to cool and solvent was 

removed in vacuo. The white solid residue was treated with distilled 

methylene chloride (3 x 10 mL) to extract the product from the excess 

amino acid. The solution was filtered from the solid using cannula 

techniques. The methylene chloride was removed in vacuo and the solids 

were dried under reduced pressure to yield 150 mg (0.227 mmol, 64.2% 

yield based on the amount of Ir(COD)(PMesg)s]Cl) of [Ir(é- 

tryp\(H)(PMeg)3ICl identified on the basis of the following data: 

C,H analysis: Calculated for: CopH39N20e2PaIrCl C, 34.4% H, 5.9% 

Found: C, 34.1% H, 5.82% 

1H NMR (CDCls3 5 0.69 (d, 9H, Jp-y = 6.8 Hz PMes), 1.59 (d, 

9H,Jp.y = 10.4 Hz, PMeg), 1.64 (d, 

9H,Jp.y = 6.05 Hz, PMeg) 3.17 (m, 2H, -CHg9), 

3.42 (d, 1H, a carbon) 7.16 (m, 2H, aromatic H),



7.37 (m, 2H, aromatic H), 8.08 (d, 1H, imidazole 

H) -19.42 (q, 1H, Jp-y = -19 Hz, Ir-H) ppm 

31P NMR (CDCls3) 5 -48.36 (t, Jp-p = 20 Hz, cis PMeg), -34.34(t, 

Jp-p = 21 Hz, trans PMes) ppm 

13C NMR (CDCls Complex precipitated before a clean spectrum 

could be obtained 

Exploratory reaction between [Ir(COD)(PMe3)3)Cl and /-alanine 

CPRII99 

£-Alanine (7.0 mg, 0.0785 mmol) of was placed in a screw - cap 

NMR tube equipped with a septum. The tube was placed in the drybox 

where it was charged with 20 mg (0.035 mmol) of [Ir(COD)(PMeg)3]Cl. 

D20O (0.5 mL) was added via syringe outside the drybox. The tube was 

shaken and heated to 100°C, a NMR spectrum was obtained after 18 

hours and _ the [Ir{é-ala)(H)(PMeg3)3]Cl product was identified on the basis 

of the following data: 

1H NMR (D20): 5 1.28 (d, 3H, -CHg), 1.37 (d, 9H, PMeg), 1.55 (d, 

9H, PMesg), 1.68 (d, 9H, PMeg), 3.32(m, 1H, -CH) 

-20.9 (q, 1H, Ir-H) ppm 

89



Synthesis of [Ir(¢é-ala)(H)(PMe3)3]C] (CPRIIO37) 

A 100 mL flask equipped with a stir bar and septum was charged 

with 70 mg (0.785 mmol) of ¢-alanine. The flask was then charged with 

200 mg (0.35 mmol) of [Ir(COD)(PMeg)3]Cl under Ng in the drybox. The 

flask was then connected to a double manifold (vacuum/nitrogen) 

Schlenk line and 25 mL of distilled water was added to the flask via 

syringe. The solution was stirred magnetically and heated to reflux. 

After 18 hours at reflux the reaction was allowed to cool and the solvent 

was removed in vacuo. The white solid residue was treated with distilled 

methylene chloride (3 x 10 mL) to extract the product from the excess 

amino acid. The solution was filtered from the solid using cannula 

techniques. The methylene chloride was removed in vacuo and the 

solids were allowed to dry under reduced pressure to yield 150 mg (0.275 

mmol, 78.6% yield based on the amount of Ir(COD)(PMes3)3)Cl) of [Ir(é- 

ala)(H)(PMeg3)3]Cl identified on the basis of the following data: 

C,H analysis: Calculated for CjgH34NOoPglIrCl: C, 26.4% H, 6.2% 

Found: C, 26.44% H, 6.44% 

1H NMR (CDCla): 6 1.65 (d, 9H, Jp.4 = 10 Hz, PMeg) 1.73 (d, 

9H,Jp.y = 10HZ, PMeg), 1.92 (d, 9H,Jp-y = 

6Hz,PMeg) 3.09 (br d, 1H, -CH), 3.26 (br s, 1H, 

-NH), 6.69 (br s, 1H, -NH) -19.36 (q, 1H, Jp-y = 

17 Hz, Ir-H) ppm



31P NMR (CDClg): 5 -48.31 (t, Jp-p= 20 Hz, cis PMeg) -34.52 (t, Jp- 

p= 21 Hz, trans PMeg3) ppm 

13C NMR (CDClz): 5 17.25 (t, Jc_p = 20 Hz, trans PMesg), 21.5 (d, Jc. 

p= 40 Hz, cis PMeg), 21.1 (s, -CH3), 52.3 (s, 

-CH-), 181.5 (s, -COO) ppm 

Exploratory reaction between [Ir{(COD)(PMe3)3]Cl and é-histidine 

CPRIO89 

£-Histidine (12 mg, 0.077 mmol) of was placed in a screw - cap 

NMR tube equipped with a septum. The tube was placed in the drybox 

where it was charged with 20 mg (0.035 mmol) of [Ir(COD)(PMes3)3]Cl. 

D20O (0.5 mL) was added via syringe outside the drybox. The tube was 

shaken and heated to 100°C. A !H NMR spectrum was obtained after 18 

hours, and the [Ir(4-hist)((H)(PMeg)3]C] product was identified on the 

basis of the following data: 

1H NMR (D20): 6 1.29 (d, 9H, PMeg), 1.31 (d, 9H, PMeg) 1.67(d, 

9H, PMeg), 2.35(t, 1H, -CH-), 3.05 (t, 2H, -CHg), 

6.89 (s, 1H, imid H), 6.98 (s, 1H, imid H) ppm 
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Exploratory reaction between [Ir(COD)(PMe3)3]Cl and _ ¢-phenylalanine 

CPRI201 

£-Phenylalanine (12.3 mg, 0.0745 mmol) of was placed in a screw - 

cap NMR tube equipped with a septum. The tube was placed in the 

drybox where it was charged with 20 mg (0.035 mmol) of 

[Ir(COD)(PMe3)3]Cl. D20 (0.5 ml) was added via syringe outside the 

drybox. The tube was shaken and heated to 100°C. A 1H NMR spectrum 

was obtained after 18 hours and the [Ir(@-phen)(H)(PMe3)3]Cl product was 

identified on the basis of the following data: 

1H NMR (D220): 5 1.03 (d, 9H, PMeg), 1.51 (d, 9H, PMeg), 1.63 (d, 

9H, PMeg), 3.09(m, 2H, -CHg), 3.15 (t, 1H, -CH- 

7.32 (m, 5H, aromatic H's) ppm 

synthesis of [Ir(¢-phen)(H)(PMe3)3/Cl (CPR215) 

A 100 mL flask equipped with a stir bar and septum was charged 

with 185 mg (1.12 mmol) of é-phenylalanine. The flask was then charged 

300 mg (0.532 mmol) of [Ir(COD)(PMeg)3]Cl under Na in the drybox. The 

flask was then connected to a double manifold (vacuum/ nitrogen) 

Schlenk line and 20 mL of distilled water was added to the flask via 

syringe. The solution was stirred magnetically and heated to reflux. 

After 18 hours at reflux the reaction was allowed to cool and the solvent



was removed in vacuo. The white solid residue was treated with distilled 

methylene chloride (3 x 10 mL) to extract the product from the excess 

amino acid. The solution was filtered using cannula techniques. The 

methylene chloride was removed in vacuo and the solids were allowed to 

dry under reduced pressure to yield 222 mg (0.357 mmol, 67.1% based 

on the amount of Ir(COD)(PMea)3]Cl) of [Ir(¢-phen)(H)(PMeg3)3]Cl 

identified on the basis of the following data: 

C,H analysis: Calculated for: CjgH3gNO2P3IrCl C, 34.8% H, 6.1% 

Found: C, 34.26% H, 6.33% 

1H NMR (CDCIls3) 5 0.96 (d, 9H, Jp_y = 6.4 Hz, PMeg) 1.64 (d, 9H, 

Jp-H = 6.2 Hz, PMeg), 1.76 (d,Jp_y = 10.2 Hz, 

PMe3), 2.51 (m, 2H, -CHg) , 3.25(t, 1H, -CH-) 

7.19 (m, 1H, aromatic H), 7.23(m, 2H, aromatic 

H), 7.48(d, 2H, aromatic H) -19.48 (q, 1H, Jp-y= 

12 Hz, Ir-H) ppm 

31P NMR (CDCl3) 5 -48.6(t, Jp-p = 21 Hz, cis PMe3) -34.51 (d, Jp-p 

= 19 Hz, trans PMe3) ppm 

13C NMR (CDCl3) 6 15.11 (d, Jc-p = 17 Hz, PMeg) 18.80 (t, Jc_p = 

17 Hz, PMeg), 21.66 (d, Jc-_p = 42Hz, PMeg), 

55.66 (s, -CHg), 58.94 (s, -CH-), 132.9 

(s,aromatic C), 134.66 (s, aromatic C), 137.37(s, 

aromatic C), 142.05 (s, aromatic C) 189.38 (s, 

-COO) ppm 
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Exploratory reaction between [Ir(COD)(PMe3)3]Cl and _pipecolic acid 

(CPR277) 

Pipecolic acid (9.6 mg, 0.074 mmol) of was placed in a screw - cap 

NMR tube equipped with a septum. The tube was placed in the drybox 

where it was charged with 20 mg (0.035 mmol) of [Ir(COD)(PMeg)3]Cl. 

D20(0.5 mL) was added via syringe outside the drybox. The tube was 

shaken and heated to 100°C. A 1H NMR spectrum was obtained after 18 

hours and the [Ir({(pip)(H)(PMe3)3]Cl product was identified on the basis of 

the following data: 

1H NMR (D20): 6 1.42 (d, 9H, PMeg), 1.53 (d, 9H, PMe3), 1.71 (d, 

9H, PMeg), 2.01 (d, 1H, -CH-), 2.12 (d, 2H, 

-CHpo-), 2.93 (q, 2H, -CHg), 3.32 (br s 2H, -CHg), 

3.51 (br d, 2H, -CHg) ppm 

Exploratory reaction between [Ir(COD)(PMe3)3]Cl and _picolinic acid 

(CPR285) 

Picolinic acid (9.2 mg (0.075 mmol) was placed in a screw - cap 

NMR tube equipped with a septum. The tube was placed in the drybox



where it was charged with 20 mg (0.035 mmol) of [Ir(COD)(PMeg)3]€l. 

D2O (0.5 ml) was added via syringe outside the drybox. The tube was 

shaken and heated to 100°C. A 1H NMR spectrum was obtained after 18 

hours and _ the [Ir(pic)(H)(PMe3)3ICl product was identified on the basis 

of the following data: 

1H NMR (D 90): 6 1.12 (d, 9H, PMeg), 1.27 (d, 9H, PMesg), 1.78 (d, 

9H, PMes3), 7.9 (brs, 1H, aromatic H), 8.25 (brs, 

1H, aromatic H), 8.4 (m, 1H, aromatic H), 8.63 

(brs, 1 H, aromatic H) ppm 

Exploratory reaction between [Ir(COD)(PMe3)3]Cl and é-tyrosine 

(CPR237) 

£-Tyrosine (13.5 mg, 0.0745 mmol) of was placed in a screw - cap 

NMR tube equipped with a septum. The tube was placed in the drybox 

where it was charged with 20 mg (0.035 mmol) of [Ir(COD)(PMeg3)3]Cl. 

D20O (0.5 mL) was added via syringe outside the drybox. The tube was 

shaken and heated to 100°C. A !H NMR spectrum was obtained after 18 

hours and _ the [Ir(é-tyr)(H)(PMe3)3]Cl] product was identified on the basis 

of the following data: 
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1H NMR (D290): 5 1.06(d, 9H, PMe3), 1.51 (d, 9H, PMeg) 1.62 (d, 

9H, PMeg), 2.93 (t, 2H, -CHg), 3.52 (d, 1H, -CH), 

6.79 (t, 2H, aromatic H), 7.12 (t, 2H, aromatic 

H), -20.12 (q, 1H, Ir-H) ppm 

Synthesis of [Ir(é-tyr)(H)(PMeg)3]C] (CPRII161) 

A 100 mL flask equipped with a stir bar and septum was charged 

with 169 mg (0.932 mmol) of é-tyrosine. The flask was then charged with 

250 mg (0.44 mmol) of [Ir(COD)(PMe3)3]Cl] under Ng in the drybox. The 

flask was then connected to a double manifold (vacuum/nitrogen) 

Schlenk line and 20 mL of distilled water was added to the flask via 

syringe. The solution was stirred magnetically and heated to reflux. 

After 18 hours at reflux the reaction was allowed to cool and the solvent 

was removed in vacuo. The white solid residue was treated with distilled 

methylene chloride (3 x 10 mL) to extract the product from the excess 

amino acid. The solution was filtered using cannula techniques. The 

methylene chloride was removed in vacuo and the solids were dried under 

reduced pressure to yield 120 mg (0.188 mmol, 42.8% yield based on the 

amount of Ir(COD)(PMeg)3ICl) of [Ir(é-tyr)(H)(PMes3)3]Cl identified on the 

basis of the following data 

1H NMR (CDCl3) 6 1.34 (d, 9H,Jp-y = 6.2 Hz, PMeg), 1.9 (d, 

9H,Jp.y = 6 Hz PMeg), 2.02 (d, 9H,Jp_y = 10 Hz 

PMes), 3.45 (br m, 1H, -CH-), 3.62 (m, 2H,



-CHo-), 7.31 (d, 2H, aromatic H), 7.58 (d, 2H, 

aromatic H), -19.5 (q, 1H, Ir-H) ppm 

31P NMR (CDCl3) 5 -48.99 (t, Jp-p = 20 Hz, cis PMe3), -33.7 1(t, 

Jp-p = 21 Hz, 2P, trans PMes) ppm 

13C NMR (CDCls) Complex precipitated before 

suitable spectrum could be obtained. 

Exploratory reaction between [Ir(COD)(PMe3)3]Cl and é-serine (CPR279) 

é-Serine 7.8 mg (0.074 mmol) was placed in a screw - cap NMR 

tube equipped with a septum. The tube was placed in the drybox where 

it was charged with 20 mg (0.035 mmol) of [Ir(COD)(PMeg)3]Cl. D20 

(0.5 mL) was added via syringe outside the drybox. The tube was shaken 

and heated to 100°C. A !H NMR spectrum was obtained after 18 hours 

and the (Ir(é-ser)(H)(PMe3)3/Cl product was identified on the basis of the 

following data: 

1H NMR (D20): 5 1.45 (d, 9H, PMeg). 1.54 (d, 9H, PMeg), 1.72 (d, 

9H, PMeg), 3.7 (d, 1H, -CH-), 3.9 (t, 2H, -CH»-), 

-19.9 (q, 1H, Ir-H) ppm 
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Synthesis of [Ir(¢-ser)(H)(PMe3)3]Cl (CPRII163) 

A 100 mL flask equipped with a stir bar and septum was charged with 98 

mg (0.932 mmol) of é-serine. The flask was then charged with 250 mg 

(0.44 mmol) of [Ir(COD)(PMeg)3]Cl under Ng in the drybox. The flask was 

then connected to a double manifold (vacuum/nitrogen) Schlenk line 

and 20 mL of distilled water was added to the flask via syringe. The 

solution was stirred magnetically and heated to reflux. After 18 hours at 

reflux the reaction was allowed to cool and the solvent was removed in 

vacuo. The white solid residue was treated with distilled methylene 

chloride (3 x 10 mL) to extract the product from the excess amino acid. 

The solution was filtered using cannula techniques. The methylene 

chloride was removed in vacuo and the solids were dried under reduced 

pressure to yield 88 mg (0.188 mmol, 42.8% yield based on the amount 

of Ir(COD)(PMes3)3ICl) of [Ir(é-ser)(H)(PMe3)3]Cl identified on the basis of 

the following data: 

1H NMR (D20): 5 1.45 (d, 9H, PMeg). 1.54 (d, 9H, PMesg), 1.72 (d, 

9H, PMe3), 3.7 (d, 1H, -CH-), 3.9 (t, 2H, -CH2-), 

-19.9 (q, 1H, Ir-H) ppm > 

31P NMR (CDCls): 6 -33.72 (t, Jp_p= 22 Hz, 2P, trans PMes3) -47.30 

(t, Jp_p= 16 Hz, 1P, cis PMes) ppm



(s,-CH3), 27.2 (s, -CH-), 55.6 (s, -CH-), 181.5 (s, 

-COO) ppm 

Exploratory reaction between [Ir(COD)(PMe3)3]Cl and B-alanine (CPR229) 

6-Alanine (6.7 mg,0.0745 mmol) was placed in a screw - cap NMR 

tube equipped with a septum. The tube was placed in the drybox where 

it was charged with 20 mg (0.035 mmol) of [Ir(COD)(PMeg)3]Cl. D20 (0.5 

mL) was added via syringe outside the drybox. The tube was shaken and 

heated to 100°C. A !H NMR spectrum was obtained after 18 hours. 

The !H NMR showed a complex series of resonances and no definite 

product was observed, 

Exploratory reaction between [Ir(COD)(PMeg3)3]Cl and _ é-cysteine (CPR287) 

£-Cysteine (9.0 mg, 0.075 mmol) was placed in a screw - cap NMR 

tube equipped with a septum. The tube was placed in the drybox where 

it was charged with 20 mg (0.035 mmol) of [Ir(COD)(PMes3)3]Cl. D2 20 

(0.5 mL) was added via syringe outside the drybox. The tube was shaken 

and heated to 100°C. A !H NMR spectrum was obtained after 18 hours. 

The !H NMR spectrum showed a complex series of resonances and no 

definite product was observed, 
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Exploratory reaction between [Ir(COD)(PMe3)3]Cl and £-aspartic acid 

CPRI187 

£-Aspartic acid (10.0 mg, 0.0745 mmol) was placed in a screw - 

cap NMR tube equipped with a septum. The tube was placed in the 

drybox where it was charged with 20 mg (0.035 mmol) of 

[Ir(COD)(PMe3)3]C]l. D2gO (0.5 mL) was added via syringe. The tube was 

shaken and on heating the reaction mixture to 100°C, a NMR spectrum 

was obtained after 18 hours. The 1H NMR spectrum showed a complex 

series of resonances and no definite product was observed, 

Exploratory reaction between [(Ir(COD)(PMe3)3]Cl and é-asparagine 

(CPRI189) 

£-Asparagine (12.0 mg, 0.0745 mmol) was placed in a screw - cap 

NMR tube equipped with a septum. The tube was placed in the drybox 

where it was charged with 20 mg (0.035 mmol) of [Ir(COD)(PMeg3)3]Cl. 

D2O (0.5 mL) was added via syringe outside the drybox. The tube was 

shaken and heated to 100°C. A 1H NMR spectrum was obtained after 18 

hours and _ the [Ir(¢-asp)(H)(PMeg3)3]Cl product was identified on the basis 

of the following data: 

1H NMR (D920): 6 1.51 (d, 9H, PMeg), 1.58 (d, 9H, PMeg), 1.69 (d, 

9H, PMes), 2.81 (d, 2H, -CHg-), 3.19 (d, 1H, 

-CH-), -20.07 (q, 1H, Ir-H) ppm 
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Exploratory reaction between [Ir(COD)(PMe3)3)Cl and pyridinium 

chloride (CPR209) 

Pyridinium chloride (8.6 mg, 0.075 mmol) was placed in a screw - 

cap NMR tube equipped with a septum. The tube was placed in the 

drybox where it was charged with 20 mg (0.035 mmol) of 

[Ir(COD)(PMe3)3]Cl. D2gO (0.5 mL) was added via syringe outside the 

drybox. The tube was shaken and heated to 100°C. A 1H NMR 

spectrum was obtained after 18 hoursand the [Ir(pyr)(H)(PMe3)3]Cl 

product was identified on the basis of the following data: 

1H NMR (D900): 5 1.23 (br d, 18H, trans PMes), 1.65 (d, 9H, 

PMes), 7.5 (t, 1H, aromatic H), 8.0 (m, 2H, 

aromatic H), 8.5 (t, 2H, aromatic H) 
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Chapter 3 Reactivity Studies of Oxidative Addition Products 

3.1 Introduction 

The objective of the reseach in the Merola group is not only the 

synthesis of novel E-H iridium complexes formed from oxidative 

additions, but the study of the reactivity of these complexes. The 

numerous amino acid complexes that were synthesized were studied for 

their potential reactivity with unsaturates. The desired reactivity for 

these complexes is the insertion of the unsaturate into the Ir-H bond 

and then the reductive elimination of the new organic fragment. Scheme 

3.1, for example, shows one possible catalytic cycle for the production of 

amino acid esters. 
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Scheme 3.1 proposes a system that will produce a new organic fragment 

and regenerate itself on re-addition of the amino acid. 

This type of behavior is not unreasonable to expect from these 

types of complexes. Dr. Fola Ladipo’s work demonstrated that 

unsaturates could insert into the Ir-H bond of the 

[Ir(O2CC6H5\(PMe3)3Cl] complex. The specific case was the insertion of 

phenyl acetylene and the products of the enol ester. ! 

It was thought that the amino acids complexes may have similar activity 

to Ladipo’s complexes. The following chapter will discuss the reactions 

and methods used to try to uncover that reactivity. 

3.2 Results and Discussion 

The fact that the amino acid complexes have excellent water 

solubility raised hopes that they would be homogenous catalysts for 

esterification in aqueous solution. The interest in aqueous catalytic 

systems is growing considerably. The reasons for this interest in 

aqeuous catalysis is the phasing out of many organic solvents by the 

EPA and the low cost of water as a solvent. The first of these reactions 

attempted in water was that between [Ir(gly)(H)(PMe3)3]Cl and t- 

butylacetylene. (equation 3.1) Here it was envisioned that the alkyne 

would first react via insertion into the Ir-H bond, perhaps followed by a 

reductive elimination of a vinyl ester. 
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The reaction was monitored at room temperature for days with no 

observable reaction. On heating the solution to 55°C and monitoring 

via 'H NMR spectroscopy, again no reaction was observed. 

The first step for reactivity with unsaturates in these systems is 

binding of the unsaturate to the metal. A coordination site must open 

for that binding to occur, then migration of the hydride to that 

unsaturate may occur. One possible problem with these amino acid 

iridium hydride systems is that they are coordinatively saturated and 

therefore have no open sites for the binding of the substrate. Moreover, 

under the reaction conditions employed, the ligands are not labile and do 

not leave to open up a coordination site. One method of aiding in 

opening a coordination site is the weakening of a ligand - metal bond. 

The proline complex was used in the second study due to its ring system 

which incorporates the amine group. It was postulated that due to steric 

consideration the ring system may weaken the Ir-N bond and facilitate 

insertion of the acetylene. 

[Ir(pro)(H)(PMe3)3]Cl was allowed to react with phenylacetylene in a 

solution of D2O. (equation 3.2) After monitoring the solution for days at 

room temperature by 1H NMR spectroscopy, no reaction was observed. 
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The reaction was then heated to 50°C for several days and monitored by 

1H NMR spectroscopy. Again, no reaction was observed. The 

temperature was then raised to 100°C and a small amount of brown 

preciptate was observed in the NMR tube. The precipitate was filtered 

from solution and the NMR spectrum of the solid was obtained which 

indicated the solid was a complex mixture. The spectrum of the solution 

showed only resonances corresponding to starting material. 

The proline complex was also allowed to react with t-butyl 

acetylene in a DgO solution. The reaction was monitored at room 

temperature by 1H NMR spectroscopy. After days at room temperature, 

there was no visible reaction. The NMR study also showed no reaction 

when the solution was heated to 509°C and 100°C. 

One of the problems with these systems is the fact that the 

acetylenes used are not water soluble. The proline complex was allowed 

to react with an excess of phenylacetylene in CDCl3 to insure both 

reactants were in solution. (equation 3.3) The reaction was monitored 

for days by !H NMR spectroscopy and no reaction was observed. The 

solution was heated to 60°C, and still no reaction was observable. 
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[Ir{pro)(H)(PMe3)3]Cl was also allowed to react with t-butyl 

acetylene in CDCl3. (equation 3.4) The solution was monitored by NMR 

spectroscopy for days. Again, no reaction was observed. The mixture 

was heated to 60°C and after 18 hours new resonances appeared in the 

spectrum, but the retention of the hydride resonance suggested that 

insertion of the acetylene was not occuring. 
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A possible scheme for reactivity is the treatment of the amino acid 

complex with free amino acid and unsaturate. The postulate here was 

the the possibility of catalytic reactivity of the amino acid complex. The 

reductive elimination step would give an ester as a product [Scheme3.2] 
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Scheme 3.2 Formation of ester product from reductive elimination. 
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Ir(gly)(H)(PMe3)3]Cl was allowed to react with excess glycine and 

vinyl acetate in DZ2O at room temperature. The reaction was monitored 

by 'H NMR spectroscopy for days and no reaction was observed. 

(equation 3.5) 
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[Ir{ pro)(H)(PMe3)3]Cl was also allowed to react with vinyl acetate and free 

proline to see if any reactivity could be induced . This reaction was also 

monitored by NMR spectroscopy at room temperature, but no reaction 

was observed after days of monitoring the solution. 

Reactions similar to that previously described were done replacing 

the vinyl acetate with alkyne. The amino acid complex used in this 

study was the glycine product. The glycine product, free glycine and t- 

butylacetylene were dissolved in DgO and heated to 100°C. The solution 

was monitored by NMR spectroscopy, but no reaction was observed. 

(equation 3.6) 
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An attempt at inducing reactivity of these complexes in aqueous 

solution involved the use of water-soluble unsaturates. These 

unsaturates included acrylamide, dimethylacetylenedicarboxylate, and 2- 

butenal. (Figure 3.1) 

CH 
ANC NH2 =< ° 9 q 

Mec cH H300: C— C==C- C- OCH3 
O 3 i 

O 

Figure 3.1 Water soluble unsaturates 

The increased water solubilty of these compounds was the primary factor 

in choosing them for the study. These compounds were allowed to react 

with [Ir(val)(H)(PMeg3)3)]Cl and [Ir(pro)(H)(PMeg3)3)|Cl in this study. These 

reactions were all done as 1H NMR studies and a variety of conditions 

were employed. The temperature was adjusted from room temperature, to 

50°C, and then to 100°C based on the observation of no reaction at the 

previous temperature. The concentrations of unsaturates were also 

varied in these studies. Finally, the addition of free amino acid to the 

solution with unsaturate and amino acid complex was attempted. In all 

cases, the retention of the hydride peak was the most convincing 
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evidence that no reactions were occurring. It was rather disappointing 

that no reactivity could be seen between these iridium amino acid 

complexes and organic unsaturates. The varying solvent systems, 

concentrations of reactants, temperature, all had no effect on the 

reactivity of the amino acid complexes. The importance in opening up a 

coordination site for the unsaturate remained the primary focus. The 

use of a coordinatively unsaturated complex seemed to be the most likely 

answer. There were a number of alternative changes that could be 

explored in order to induce reactivity and these alternatives will be 

discussed in the remainder of the chapter. 

3.2.1 Experimental 

Reaction attempt between [Ir(gly)(PMe3)3)]Cl and t-butylacetylene in D2O 

(CPR243) 

[Ir(gly)(PMeg3)3]Cl (20 mg, 0.0377 mmol) was placed in a screw-cap 

NMR tube equipped with a septum under an Ng atmosphere in a drybox.. 

The tube was removed from the drybox where it was charged with 0.5 mL 

of D2O via syringe. T-butylacetylene (6.0 pL ,0.079 mmol) was added to 

the tube via syringe. The tube was shaken and monitored at room 

temperature by 1H NMR spectroscopy. No reaction was observed. The 

reaction was heated to 55°C and monitored for days. Again, no reaction 

was seen. The only resonances present were those assignable to starting 

material 
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Reaction attempt between [Ir(pro)(PMe3)3]Cl] and phenylacetylene in D2O 

CPR261 

[Ir(pro)(PMeg3)3)]Cl (20 mg, 0.035) was placed in a screw - cap NMR 

tube equipped with a septum under an Nz atmosphere in a drybox.. The 

tube was removed from the drybox where it was charged 0.5 mL of D2O 

via syringe. Phenylacetylene (4.6 pL, 0.0735 mmol) was added to the tube 

via syringe. The tube was shaken and monitored at room temperature by 

1H NMR spectroscopy. No reaction was seen. The reaction was heated 

to 55°C and monitored for days. Again, no reaction was seen. The only 

resonances present were the corresponding starting material signals. The 

reaction mixture was heated to 100°C and a brown solid fell out of 

solution. The brown solid gave a complex mixture of resonances in the 

NMR spectrum in CDCl3, The D2O solution spectrum showed starting 

material resonances. 

Reaction attempt between [Ir(pro)(PMeg3)3/Cl and t-butylacetylene in DgO 

(CPR263) 

[Ir(gly)(PMeg)3]Cl (20 mg, 0.035 mmol) was placed in a screw - cap 

NMR tube equipped with a septum under an No atmosphere in a drybox.. 

The tube was removed from the drybox where it was charged 0.5 mL of 

D2O via syringe. T-butylacetylene (5.0 pL, 0.0735 mmol) was added to 

the tube via syringe. The tube was shaken and monitored at room 

temperature by NMR. No reaction was seen. The NMR tube was heated 

to 55°C and monitored for days. Again, no reaction was seen. The NMR 

tube was then heated to 100°C, no reaction was observed. The only 

resonances present were those assignable to starting material. 
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Reaction attempt between [Ir(pro})(PMe3)3]Cl and_ t-phenylacetylene in 

CDCl3 (CPR265) 

[Ir(pro)(PMe3)3]Cl (20 mg, 0.035 mmol) was placed in a screw - cap 

NMR tube equipped with a septum under an Ng atmosphere in a drybox.. 

The tube was removed from the drybox where it was charged 0.5 ml of 

CDClg via syringe. Phenylacetylene (4.6 pL, 0.0735 mmol) was added to 

the tube via syringe. The tube was shaken and monitored at room 

temperature by NMR. No reaction was seen. The NMR tube was heated 

to 60°C and monitored for days. Again, no reaction was seen. The only 

resonances present were those assignable to starting material. 

Reaction attempt between [Ir(pro)(PMe3)3]Cl and t-butylacetylene in 

CDCl3 (CPR267) 

[Ir(gly)(PMe3)3]Cl (20 mg, 0.0377 mmol) was placed in a screw - cap 

NMR tube equipped with a septum under an Nog atmosphere in a drybox.. 

The tube was removed from the drybox where it was charged 0.5 mL of 

CDClg via syringe. T-butylacetylene (5.0 pL , 0.0735 mmol) was added to 

the tube via syringe. The tube was shaken and monitored at room 

temperature by 'H NMR. No reaction was seen. The NMR tube was 

heated to 60°C and monitored for days. Again, no reaction was seen. 

The only resonances present were those assignable to starting material. 
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Reaction attempt between [Ir(gly)(PMe3)3]Cl, glycine and vinyl acetate in 

D20 (CPR299) 

Glycine (6 mg, 0.081 mmol) of was placed in a screw - cap NMR 

tube equipped with a septum. The tube was placed in the drybox where 

it was charged with 20 mg (0.035 mmol) of [Ir(gly)(PMe3)3]Cl. D2O (0.5 

mL) was added via syringe to the NMR tube outside the drybox. The 

solution was then charged with 5 pL (0.0735 mmol) of vinyl acetate. The 

tube was shaken and monitored by !'H NMR at room temperature. No 

reaction was observed. 

Reaction attempt between [Ir(pro)(PMeg)3]Cl, ¢-proline and vinyl acetate 

in D2O (CPRIO75) 

Proline (10 mg, 0.086 mmol) was placed in a screw - cap NMR 

tube equipped with a septum. The tube was placed in the dry box where 

it was charged with 20 mg (0.035 mmol) of [Ir{pro)(PMe3)3]C]l. DO (0.5 

mL) was added via syringe to the NMR tube outside the drybox. The 

solution was then charged with 5 wL (0.0735 mmol) of vinyl acetate. The 

tube was shaken and monitored by 1H NMR spectroscopy at room 

temperature. No reaction was observed. 

Reaction attempt between [Ir(gly)(PMe3)3]Cl, glycine and t-butylacetylene 

in D2g0 (CPRIIO93) 

Glycine (14 mg, 0.189 mmol) of was placed in a screw - cap NMR 

tube equipped with a septum. The tube was placed in the drybox where 

it was charged with 20 mg (0.0337) of [Ir(gly)(PMesg)3)C]. DeO (0.5 mL) 
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was added via syringe to the NMR tube outside the drybox. The solution 

was then charged with 23 uwL (0.338 mmol) of t-butylacetylene. The tube 

was shaken and monitored by !H NMR spectroscopy at room 

temperature. No reaction was observed. The tube was then heated to 

50°C. Again, no reaction was observed after heating for days. 

Reaction attempt between [Ir(gly)(PMe3)3]C] and DMAD in D2O (CPR223) 

Lrigly)(PMes3)3)Cl (20 mg, 0.0337 mmol) of was placed in a screw - 

cap NMR tube equipped with a septum under an Nog atmosphere in a 

drybox.. The tube was removed from the drybox where it was charged 0.5 

mL of D2O via syringe. T-butylacetylene (4.4 pL, 0.071 mmol) was added 

to the tube via syringe. The tube was shaken and monitored at room 

temperature by 'H NMR spectroscopy. No reaction was observed. The 

NMR tube was heated to 100°C and monitored for days, Again, no 

reaction was observed. 

Reaction attempt between [Ir(val)(PMeg3)3)Cl and acrylamide in DgO 

CPRI129 

Acrylamide (5.2 mg, 0.073 mmol) was placed in a screw - cap NMR 

tube equipped with a septum. The tube was placed in the drybox where 

it was charged with 20 mg (0.035 mmol) of [Ir(val)(PMeg3)3)Cl. The tube 

was removed from the drybox where it was charged 0.5 ml of D2O via 

syringe. The tube was shaken and monitored at room temperature by !H 
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NMR spectroscopy. No reaction was observed. The NMR tube was heated 

to 100°C and monitored for days, Again, no reaction was observed. 

Reaction attempt between [Ir(val)(PMeg3)3]Cl and 2-butenal in D2O 

(CPRU147) 

[Ir(val)(PMe3)3]Cl (20 mg, 0.035 mmol) of was placed in a screw - 

cap NMR tube equipped with a septum under an Ng atmosphere in a 

drybox.. The tube was removed from the drybox where it was charged 0.5 

mL of D2O via syringe. T-butylacetylene (7.0 wL, 0.077 mmol) was added 

to the tube via syringe. The tube was shaken and monitored at room 

temperature by 'H NMR spectroscopy. No reaction was observed. The 

NMR tube was heated to 100°C and monitored for days, Again, no 

reaction was observed. 

3.2.2 Alternative strategies to amino acid complex reactivity 

The formation of a coordinatively unsaturated complex would be 

ideal for reactivity with unsaturates. This alternative would alleviate the 

need for a site to open for the unsaturate prior to insertion into the 

metal hydride bond. This alternative seemed a likely route for activity 

with unsaturated compounds. The first of these alternative strategies 

was exploring the use of [Ir(COD)(DMPE)]CI. This compound is a new 

material which was thougt to have been synthesized previously by Frazier 

in the Merola lab.2 The attempted synthesis of this compound followed a 

route similar to that of synthesizing the [Ir(COD)(PMe3)3]C] complex. 
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The addition of the phosphine to a solution of [Ir(COD)Cllp in toluene at 

room temperature was postulated to give desired product. This pathway 

did not, in fact, give the desired complex. The complex was synthesized 

using a methylene chloride solution of the dimer at O°C with slow 

addition of the phosphine ligand. The dimethyl phosphinoethane ligand 

[DMPE] chelates to the metal and only occupies two sites. The result is 

a square planar molecule which is unsaturated coordinatively. This 

complex has the possiblity of binding an unsaturate because of its open 

sites even after coordinating an amino acid. (Figure 3.2) 

      

CH CH 
sy 8 CH3. .CHs 

| V, 7 P—j O \ 7 
\ + o. H Pp 
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CHe’ “CHs HH CH “CHs 

Figure 3.2 Proposed formation of amino acid complex 

The open coordination site is ideal for an unsaturated complex to bind to 

and "push" the insertion step of the process. 

The first step in the synthesis of [Ir(aa)(/DMPE)] was the synthesis 

of the square planar [Ir(COD)(DMPE)|CI complex. The first attempt at 

making this complex used conditions similar to those used in the 

synthesis of the [Ir(COD)(PMe3)3]Cl complex.2 A toluene solution of 

DMPE is added slowly to a solution of [Ir(COD)Cll2. In the case of DMPE 

however, on slow addition to the [Ir(COD)Cllg solution an orange tar 

forms immediately. The solution and the orange tar both give rise to 
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complex NMR spectra and neither shows resonances corresponding to 

the desired square planar complex. (equation 3.7) 

CHs__CHs 

  

7 \ PL Zvi P toluene 
Ir Ir + ——— complex mixture (3.7) 

a ‘of ™A p RT 
CH. ‘CH, 

The synthesis was attempted again in methylene chloride at 0°C, 

(equation 3.8) in the attempt to keep everything in solution and to allow 

enough time for the desired product to form. The red solution of 

[Ir(COD)Cllg turns bright yellow on final addition of the DMPE at O0°C. 

The solvent is removed under reduced pressure to yield a yellow solid. 

The !H-NMR spectrum of the solid gives resonances consistent with 

[Ir(COD)(DMPE)ICI: | 

    

CH,. ,CH, CH3. ,CH, 
iN A zi 3 ce ™ L - 38) 

. I. + r Cc 
Ly ‘co’ Na ) o°c 17 < 

CHY ‘CH, CHS ‘CH, 

A doublet corresponding to 12 protons is observed in the phosphine 

region of the spectrum. The doublet arises from the coupling of the 4 

equivalent methyl groups to the phosphorous atoms. A second doublet 

integrated to 4 protons also is observed, this resonance is due to the 

protons of the ethylene bridge . The doublet again is due to coupling of 
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the phosphorous atoms. The only other resonances correspond to 

attached cyclooctadiene. These COD resonances are almost identical to 

the COD resonances observed for Ir(COD)(PMe3)3]Cl. 

The synthesis of the coordinatively unsaturated complex was only 

the first step. The reaction of the complex with amino acids to form the 

oxidative addition products is the important step. The first attempt at 

the synthesis of the square planar amino acid complex was done with @é- 

valine.(equation 3.9) 

    

CH3, ,CH Me. Me 

‘I re Pm cr ‘Gh D20 Complex O —_»> 3.9 
Gy “\p— . Hon TNE RT Mixture C7) 

CHS ‘CH, 

The reaction was heated to 100°C and the solution monitored by !H 

NMR spectroscopy. The spectrum became complex and no hydride 

resonance was observed in the!H NMR spectrum. 

The next reaction was attempted using glycine instead of é-valine 

(equation 3.10). The solution was heated to 55°C instead of 100° to see 

if only one product would form at the lower temperature. The reaction 

was monitored by 1H NMR spectroscopy and again the NMR spectrum 

obtained of the reaction mixture was complex. There was no hydride 

resonance observed in the spectrum. 

  

  

CH, CH, 
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CH/ ‘CH, 4 
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The reaction of [Ir(COD)(DMPE)ICl with ¢-valine was attempted 

again, but with varying solvents this time. The reaction was tried with 

CDCl3 and dg-benzene. The dg-benzene study was stopped almost 

immediately due to the isolubility of both the iridium complex and the 

amino acid at room temperature. The CDClg3 study at reflux showed 

promising results in that a complex spectrum was observed in the methyl 

phosphine region of the spectrum and a hydride resonance was observed. 

The hydride resonance was a triplet indicative of a hydrogen cis to two 

phosphines. 

This reaction was scaled up to a preparative size with 100mg of 

[Ir(;COD)(DMPE)]Cl1 allowed to react with 50 mg of é-valine in methylene 

chloride. The reaction was stirred for two days at room temperature. 

Product was analyzed using NMR spectroscopy . The 1H NMR spectrum 

of the product was complex and no hydride resonance was observed. 

The preparative reaction was attempted again in water and again a 

product was obtained whose 1H NMR spectrum was complex and 

contained no resonances attributable to Ir-H. 

One interesting result did come out of all these studies with 

[Ir{;COD)(DMPE)]Cl. A preparative scale reaction with é-valine in CHCl3 

was allowed to stir at 50°C overnight. On workup of the reaction, a 1H 

NMR spectrum of the product was obtained that had resonances 

corresponding to a valine molecule bound to the iridium center (based on 

the splitting and chemical shift of the isopropyl methyl protons) and a 

hydride. The solid was recrystallized from methylene chloride/ether to 

give good quality crystals. An X-ray structure of the complex was solved 

121



and it turned out to be the [Ir(u!, w3 CgH12)(DMPE)]Cl complex. The x- 

bound cyclooctadiene had rearranged to form a o bond and an allyl bond 

with the metal center. (Figure 3.3) 

      

Me. Me Me. Me TT ae 
Ire Cl —_> irt 

] / Np D a IN > 

Figure 3.3 Rearrangement of [Ir(COD)(DMPE)]Cl 

The complex crystallizes in the monoclinic P2;/m with a = 

7.100(2)A, b = 15.295(5)A, c = 8.784(4)A, V = 880.0(5)A3 and dealc = 1.834 

Mg/m® for Z = 2. The ORTEP is shown in figure 3.4 The complex is 

extremely interesting in that the x-bound COD has rearranged to form 

the o bond and an allyl bond. The Ir-C bond of 2.076(15)A is 

considerably shorter then that of the allyl carbon - iridium bond lengths 

of 2.209(13)A, 2.128(15)A and 2.209(13)A as expected for a o bond 

compared to the x bonding of the allyl group. 
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Figure 3.4 ORTEP plot of rearranged COD product 
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This was a rather unusual rearrangement and as it turns out a 

study done by Werner et al showed a similar rearrangment on an 

analogous system.3 Their work showed that [Ir(COD)(DPPM)ICl complex 

could undergo a rearrangement to form the following complex.(Figure 

3.4) Unfortunately there was no crystal structure done with which to 

compare. While the isolation and characterization of this complex was 

interesting, it underscores one pitfall of X-ray crystallography: The single 

crystal on which the experiment is formed may not be representative of 

the bulk of the product. NJ 

Figure 3.5 Literature example of rearranged product 

_ The work that was done with [Ir(COD)(DMPE)ICI did not give the desired 

reactivity. Quite the opposite actually, the amino acid complexes of this 

type could not be made based on the studies done. Thus another 

alternative would have to be used in order to gain the desired reactivity. 

3.2.3 Experimental 

Attempted synthesis of [Ir(COD)(DMPE]C] (CPRI25 1) 

A 250 mL flask equipped with a stir bar and septum was charged 

with 2.3 g (0.003 mol) of [Ir(COD)Cllz2 under Ng in the drybox. The flask 

was then connected to a double manifold (vacuum/nitrogen) Schlenk 
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line and 75 mLof distilled toluene was added to the flask via syringe. The 

clear red solution was stirred for 10 minutes to allow all solids to 

dissolve, The flask was then charged with 1 g (.0066 mol,2.1 equiv.) of 

DMPE via syringe. A dark orange precipitate formed immediately on 

addition of DMPE, The heterogenous mixture was stirred for 12 hours. 

The orange solid was filtered from solution and the NMR spectrum 

indicated a complex mixture. 

Synthesis of [Ir(COD)(DMPE]Cl (CPRIIO19) 

A 100 mL flask equipped with a stir bar and septum was charged 

with 200 mg (0.298 mmol) of [Ir(COD)Cll2 under Ng in the drybox. The 

flask was then connected to a double manifold (vacuum/nitrogen) 

Schlenk line and 20 mL of distilled methylene chloride was added to the 

flask via syringe. The clear red solution was stirred for 10 minutes to 

allow all solids to dissolve and cooled to O°C in an ice bath. The flask 

was then charged with 0.10 mL (0.599 mmol, 2.1 equiv.) of DMPE via 

syringe added slowly over a period of 30 minutes. The solution went 

bright yellow on final addition of DMPE. The product was obtained by 

removing the methylene chloride in vacuo . The solids were dried 

under reduced pressure to yield 105 mg (0.216 mmol, 36% yield) of 

Ir(COD)(DMPE) identified on the basis of the following data: 

C, H analyis Calculated for: C1}4H39PeIrCl C, 34.8% H, 6.13% 

Found: C, 33.9% H, 5.84% 
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1H NMR (CDClz): 5: 1.43 (d, 12H, PMeg) 1.75 (d, 4H, -CHo-), 1.95 

(m, 8H, COD), 3.7 (br s, 4H, COD) 

Initial reaction between [Ir(COD)(DMPE)|Cl and é-valine in D290 

(CPRIIO2 1) 

1-Valine 5.5 mg, 0.047 mmol) was placed in a screw - cap NMR 

tube equipped with a septum. The tube was placed in the drybox where 

it was charged with 20 mg (0.041 mmol) of [Ir(COD)(DMPE)JCI. DgO 

(0.5 mL) was added via syringe outside the drybox. The tube was shaken 

and heated to 100°C, a !H NMR spectrum was obtained after 18 hours. 

The spectrum only had broad resonances indicative of product being 

insoluble. 

Initial reaction between [Ir(COD)(DMPE}]Cl and ¢-valine in CDCl3 

(CPRIIO39) 

]-Valine (10.0 mg, 0.085 mmol) was placed in a screw - cap NMR 

tube equipped with a septum. The tube was placed in the drybox where 

it was charged with 20 mg (0.041 mmol) of [Ir(COD)(DMPE)]Cl. CDCls 

(0.5 mL) was added via syringe outside the drybox. The tube was shaken 

and heated to 60°C. A !H NMR spectrum was obtained after 18 

hours. 
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1H NMR (D290): The resonances were broad in the phosphine 

region and in the isopropyl methyl region, but a hydride at -16.23 Hz 

(triplet, cis to two P) was observed indicaing an addition had occurred. 

Reaction between [Ir(COD)(DMPE)]Cl and é-valine in CH9Clo (CPRITO39) 

]-Valine (50 mg, 0.43 mmol) was placed in a 50 mL side-arm flask 

equipped with a septum and magnetic stir bar. The tube was placed in 

the drybox where it was charged with 100 mg (0.388) of 

[Ir(COD)(DMPE)|Cl. The flask was than charged with 20 mL of distilled 

methylene chloride. The reaction was allowed to stir at room 

temperature for 2 days. The solvent was removed in vacuo. The solid 

was recrystallized from methylene chloride/ether to yield [Irp!, p3 

CgHi2)((DMPE)|Cl. The crystal structure was solved from the solid 

product. (See appendix) 

Reaction between [Ir(COD)(DMPE)]Cl and é-valine in water (CPRIIO51) 

]-Valine (80 mg, 0.682 mmol) of was placed in a 50 mL side-arm 

flask equipped with a septum and magnetic stir bar. The tube was placed 

in the drybox where it was charged with 150 mg (0.306 mmol) of 

[Ir(COD)(DMPE)]Cl. The flask was than charged with 25 mL of distilled 

water. The reaction was allowed to stir at room temperature for 2 days. 

The solvent was removed in vacuo. The solids were dried under reduced 

pressure. The NMR spectrum of the solids was obtained to determine 

that starting material had been recovered on work up. 
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Initial reaction between [Ir(COD)(DMPE)]Cl and diphenylphosphate in 

D20 CPRIIO59 

Diphenylphosphate (22.0 mg, 0.0879 mmol) was placed in a screw 

- cap NMR tube equipped with a septum. The tube was placed in the 

drybox where it was charged with 20 mg (0.040 mmol) of 

[Ir((COD)(DMPE)IC]. |DgO (0.5 mL) was added via syringe outside the 

drybox. The tube was shaken and heated to 100°C. A !H NMR 

spectrum was obtained after 18 hours. The NMR spectrum revealed only 

resonances assignable to starting materials. 

Initial reaction between [Ir(COD)(DMPE)jCl and glycolic acid in DgO 

(CPRIIO6 1) 

Gycolic acid (7.0 mg, 0.092 mmol) was placed in a screw - cap 

NMR tube equipped with a septum. The tube was placed in the drybox 

where it was charged with 20 mg (0.040 mmol) of [I(COD)(DMPE)]Cl. of 

D20O (0.5 mL) was added via syringe outside the drybox. The tube was 

shaken and heated to 100°C. After 18 hours at temperature, a 1H 

NMR spectrum was obtained. The NMR spectrum revealed only 

resonances assignable to starting materials. 

Initial reaction between [Ir(COD)(DMPE)|CI and in Do2O CPRIT063 

A NMR tube equipped with a septum was placed in the drybox where it 

was charged with 20 mg (0.040) of [Ir(COD)(DMPE)]Cl. D20 (0.5 mL) 

was added via syringe outside the drybox. The tube was than charged 

with 6 pL (0.0537) of pyruvic acid via syringe. The tube was shaken and 
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heated to 100°C. After 18 hours at temperature, aH NMR spectrum 

was obtained. The NMR spectrum revealed only resonances assignable 

to starting materials. 

3.2.4 N-substituted Amino Acids 

The third strategy followed in an attempt to increase the reactivity 

of these iridium amino acid hydride complexes used N-substituted amino 

acids. It was thought that substitution on the amine group would 

increase the steric congestion around the metal center and weaken the 

Ir-N bond. This in turn would allow for a facilitated insertion of an 

unsaturate into the Ir-H bond. 

The first step again was the synthesis of the amino acid complexes. 

The reaction of N,N dimethylglycine with [Ir(COD)(PMeg3)3]Cl was done 

under conditions similar to those used for the unsubstituted amino 

acids. (equation 3.11) The product was analyzed by !H NMR spectroscopy 

to reveal a complex mixture. 

= O 
& ~PMe3 Me Ho Mixture of 

2 Cl . - - 
— ‘S PMe + Mo C—C—oO ——F products (G11) 
Me3P H 

While the N,N dimethylglycine results were discouraging, the 

reaction of N-methyl é-phenylalanine gave the desired products from its 

reaction with Ir(COD)(PMes3)3]Cl. The reaction conditions that were 

used were milder than those used for the unsubstituted amino acids. 

The work-up was the same as used for the common amino acid 
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complexes. The complex formed was the N-methyl amino acid chelate 

complex.(equation 3.12) The hydride resonance was indicative of a 

meridional arrangement of the phosphines in the octahedron. This 

hydride resonance is a quartet arising from the cis coupling of the 

hydride to the three phosphines. 

H. CHp 
\ Me 

xX 7PMes oy NG Bo Ho PH > __ jt + iNT UT 

I~ PMeg HCH ~~ 100°™ \ | PMes G12) 
Me3P 

° Me gP~ | PpMes 

The other N-substituted amino acid complex made was that of N- 

methyl glycine.(equation 3.13) This complex showed a very clean initial 

spectrum in the 1H NMR study. The complex was synthesized using the 

same conditions as the unsubstituted amino acid complexes. The 

reaction gave the expected product and the 1H NMR spectrum confirmed 

the formation of the chelate complex. 

H © we Gt Moy Gd. —_» O. | Pies (3.13) 
1 “PMeg3 H 100°C AG 

p~ | Me 3P PMe H 3 

on" Me 
EX /PMes 0 

—! 

The N-methlyglycine and the N-methylphenylalanine products were 

allowed to react with a number of unsaturates. It was hoped that there 
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would be enhanced reactivity of these N-substituted amino acid 

complexes due to the weakening of the Ir-N bond. These complexes when 

treated with acrylamide showed no resonances corresponding toa 

change in acrylamide, nor were there variations in the resonances of the 

amino acid complexes. These results support the stability of 5-membered 

ring systems involving a metal center. Even on extreme heating for long 

periods of time, no reactivity could be induced between the unsaturate 

and the amino acid complexes. 

3.2.5 Experimental 

Exploratory reaction attempt between [Ir(COD)(PMe3)3]C]l and N,N 

dimethylglycine in D2O CPRII109 

N,N dimethylglycine (7.7 mg, 0.0746 mmol) was placed in a screw 

- cap NMR tube equipped with a septum. The tube was placed in the 

drybox where it was charged with 20 mg (0.035 mmol) of 

[Ir(COD)(PMeg)3ICl. DeO (0.5 mL) was added via syringe outside the 

drybox. The tube was shaken and monitored at room temperature by !H 

NMR. No reaction was observed. The NMR tube was heated to 50°C and 

monitored for days. Again, no reaction was seen. On heating the 

reaction mixture to 100°C, a complex mixture of products was observed 

in the NMR spectrum. 
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Exploratory reaction attempt between [Ir(COD)(PMeg3)3]Cl and N- 

methylphenylalanine in DgO (CPRII233) 

N-methylphenylalanine (10 mg, 0.075 mmol) was placed in a 

screw - cap NMR tube equipped with a septum. The tube was placed in 

the drybox where it was charged with 20 mg (0.035 mmol) of 

[Ir(COD)(PMeg3)3]Cl. D2gO (0.5 mL) was added via syringe outside the 

drybox. The tube was shaken and heated to 100°C. The [Ir(N- 

Mephe)(H)(PMe3)|Cl product was identified on the following basis: 

1H-NMR(D 90): 5 1.54 (d, 9H, PMes), 1.61 (d, 9H, PMes), 1.69 (d, 

9H, PMe3), 3.0 (s, 3H, -CHg), 3.2 (d, 2H, -CHo-), 

3.8 (t, 1H, -CH-), 7.2 - 7.4 (br m, 5H, aromaticH) 

ppm 

Synthesis of [Ir(N-Methylphenylalanine)(H)(PMeg3)3]Cl (CPRU253) 

A 100 mL flask equipped with a stir bar and septum was charged 

with 335 mg (1.874 mmol) of N-methylphenylalanine. The flask was then 

charged 500 mg (0.886 mmol) of [Ir(COD)(PMeg)3)C] under Nog in the 

drybox. The flask was then connected to a double manifold 

(vacuum/ nitrogen) Schlenk line and 20 mL of distilled water was added 

to the flask via syringe. The solution was stirred magnetically and 

heated to reflux. After 18 hours at reflux the reaction was allowed to 

cool and the solvent was removed in vacuo. The white solid residue was 

treated with distilled methylene chloride (3 x 10 mL) to extract the 
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product from the excess amino acid. The solution was filtered from the 

solid using cannula techniques. The methylene chloride was removed in 

vacuo and the solids were dried under reduced pressure to yield 260 mg . 

(0.409 mmol, 46.2% based on the amount of Ir(COD)(PMes3)3]Cl) of 

[Ir(N-mephe)(H)(PMes3)3]Cl identified on the basis of the following data: 

C,H analysis: Calculated for CjgH49NO2Ps3IrCl C,35.8% H,6.3% 

Found: C, 35.6% H, 6.36% 

1H NMR(CDCl3) 5 1.52 (d, 9H,Jp-y = 10 Hz cis PMeg), 1.59 (d, 

9H,Jp.y = 10 Hz, PMeg) 1.78 (d, 9H, Jp-y = 

10Hz, PMeg), 2.91(d, 3H, -CHg3), 3.43 (m, 1H, 

-CH-), 3.5 (m, 2H, -CHo-), 7.14 (d, 1H, aromatic 

H), 7.22 (t, 2H, aromatic H), 7.49(d, 2H, 

aromatic H), -21.1 (q, 1H, Ir-H) ppm 

31P NMR(CDCI3) 6 -50.0 (t, Jp-p = 20 Hz, 1P, PMeg), -35.2 (d, Jp-p 

= 20 Hz, 1P, PMeg), -33.0 (d, Jp-p = 20 Hz, IP, 

PMeg3) ppm 

143C NMR(CDCl3) 516.52 (d, Jc-p = 30 Hz, PMeg), 18.59 (t, Jc-p = 

37 Hz, PMeg), 21.43 (d, Jc-p = 41 Hz, PMeg), 

38.31 (s, -CHg), 58.64 (s, -CH-), 71.87 (s, N- 
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CHsg3), 128.12 (s, aromatic C), 130.33 (s, aromatic 

C), 1384.65 (s, aromatic C), 139.87.0 (s, aromatic 

C), 182.1 (s, -COO) ppm 

Exploratory reaction between [I7r(COD)(PMe3)3]Cl and N-methylglycine in 

D20 (CPRI273) 

| N-methylglycine (6.6 mg, 0.075 mmol) was placed in a screw - 

cap NMR tube equipped with a septum. The tube was placed in the 

drybox where it was charged with 20 mg (0.035 mmol) of 

[Ir(COD)(PMeg)3]ICl. DgO (0.5 mL) was added via syringe outside the 

drybox. The tube was shaken and heated to 100°C. The [Ir(N- 

Megly)(H)(PMeg)]Cl product was identified on the following basis: 

1H-NMR(D20) 5 1.49(d, 9H, PMesg), 1.53 (9H, PMesg), 1.68 (d, 

9H, PMeg), 2.67 (d, 3H, -CH3-), 3.48 (m,2H, 

-CH2-) ppm 

Synthesis of [In(N-methylglycine)(H)(PMeg3)3]Cl] (CPRI285) 

A 100 ml flask equipped with a stir bar and septum was charged 

with 82.5 mg (0.936 mmol) of N-methylglycine. The flask was then 

charged 250 mg (0.443 mmol) of [Ir(COD)(PMeg)3]Cl under No in the 

drybox. The flask was then connected to a double manifold 

(vacuum/nitrogen) Schlenk line and 30 mls of distilled water was added 

to the flask via syringe. The solution was stirred magnetically and 

heated to reflux. After 18 hours at reflux the reaction was allowed to 

cool and the solvent was removed in vacuo. The white solid residue was 
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treated with distilled methylene chloride (3 x 10 mL) to extract the 

product from the excess amino acid. The solution was filtered from the 

solid using cannula techniques. The methylene chloride was removed in 

vacuo and the solids were dried under reduced pressure to yield 110 mg, 

0.184 mmol mmol 41.52% based on the amount of Ir(COD)(PMes3)3]Cl) of 

[Ir(N-Me-gly)(H)(PMe3)3]Cl identified on the basis of the following data: 

1H NMR(CDCIls3) 5 1.56 (d, 9H,Jp.y = 7 Hz PMeg), 1.63 (d, 9H,Jp-y 

= 10 Hz PMeg), 1.79 (d, 9H,Jp-y = 11 Hz PMes), 

2.80 (d, 3H, -CHg), 3.76 (m, 2H, -CHo), 7.41 (br 

s, 1H, -NH) ppm 

31P NMR(CDCls) 5 -48.7 (m, Jp_p = 16 Hz,cis PMes), -35.1 (dd, 2P, 

Jp-p = 20 Hz, trans PMes) ppm 

13C NMR(CDCI3) 6 18.34 (t, Jc_p = 17 Hz.trans PMeg), 21.25 (d, 

Jc-p = 40 Hz, cis PMeg), 53.62 (s, -CH-) 

56.62 (s, N-CH3), 183.15 (s, -COO) ppm 

Reaction attempt between [Ir(N-Megly)(PMe3)3]Cl and acrylamide in DgO 

(CPRII293) 

Acrylamide (5.3 mg, 0.075 mmol) was placed in a screw - cap NMR 

tube equipped with a septum. The tube was placed in the drybox where 
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it was charged with 20 mg (0.035 mmol) of [Ir(N-megly)(PMeg)3]C]. The 

tube was removed from the drybox where it was charged 0.5 mL of D2O 

via syringe. The tube was shaken and monitored at room temperature by 

1H NMR spectroscopy. No reaction was observed. The NMR tube was 

heated to 100°C and monitored for days, Again, no reaction was 

observed. 

Reaction attempt between [Ir(N-Me-phe)(PMeg3)3]Cl_ and acrylamide in 

D20 (CPRI269) 

Acrylamide 50.0 mg, 0.703 mmol) of was placed in a screw - cap 

NMR tube equipped with a septum. The tube was placed in the drybox 

where it was charged with 25 mg (0.443) of [Ir(N-Me-phe)(PMeg)3]Cl. The 

tube was removed from the drybox where it was charged 0.5 mL of D2O 

via syringe. The tube was shaken and monitored at room temperature by 

1H NMR spectroscopy. No reaction was observed. The NMR tube was 

heated to 100°C and monitored for days, No reaction was observable by 

NMR spectroscopy. 

3.2.6 Exchange Reactions 

The reactivity studies of the amino acid complexes and N- 

substitiuted amino acid complexes were not very encouraging as far as 

activity towards unsaturates. There were two studies however, that 

indicated reactivity is possible with these complexes. 
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The first of these studies was a series of exchange reaction 

experiments. The question being whether or not an amino acid complex 

of one acid would exchange its ligand for another amino acid in solution. 

The first of these reactions was done with the glycine product and free é- 

valine (equation 3.14). On observing the reaction by 1H NMR 

spectroscopy for days at room temperature, no reaction was seen. On 

heating to 100°C overnight a small amount of é-valine iridium complex 

is formed and a resonance corresponding to the methylene protons of free 

glycine is observed. 

H. H 

Ons, 

H. .H OV | PMe3 major 
ay 

Me 3P PMe O NH> + H 3 

O 

NL rMes + | -valine Py * (3.14) 
100°C 

Me p~ IN PMe3 ly 

H x 

O NH> 
ON PMes 

-” i 

MegP™ || PMes 

minor 

The next exchange reaction was done with the valine complex and 

free glycine (equation 3.15), at 1OO°C in D2O, the valine complex was 

almost completely converted to the [Ir(gly)(PMeg3)3]IC1 complex. The 

resonances for free valine and attached glycine were clearly evident in the 

1H NMR spectrum. 
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The final study of this type was done with the valine complex and 

free ¢-alanine (equation 3.16). When these two reactants are heated to 

100°C in D2O overnight, the formation of alanine complex and liberation 

of free valine is evident from the resonances observed in the 1H NMR 

spectrum. Based on the hydride resonances the ratio of alanine complex 

to valine complex in the study is 5:1. 
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This exchange reaction study can be explained simply by looking at 

the sidechain of the amino acid. The larger the side chain the easier to 

replace that amino acid. The smaller side chain amino acid will replace 

the complexed amino acid with the larger side chain in high yield. This 

clearly shows the amino acids are somewhat labile which raises the 

question of why no reactivity was observed. Clearly more investigations 

are warranted. 

3.2.7 Experimental 

Reaction attempt between [Ir(gly)(PMe3)3]Cl and ¢-valine in D2O 

(CPRI023) 

é-Valine (10 mg, 0.086 mmol) was placed in a screw-cap NMR tube 

equipped with a septum. The tube was placed in the drybox where it was 

charged with 20 mg (0.0377 mmol) of [Ir{(gly)(PMe3)3]Cl. D200 (0.5 mL) 

was added via syringe to the NMR tube outside the drybox. The tube 
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was shaken and monitored by !H NMR spectroscopy at room 

temperature. No reaction was observed . The tube was then heated to 

100°, the NMR spectrum display resonances indicative of a small amount 

of exchange between the two amino acids. 

1H-NMR (D20): 5 0.81 (d d, start of formation of valine complex) 

1.57 (t, 18H, trans PMeg3 of glycine complex) 

1.66 (d, 9H, cis PMeg of glycine complex) 2.16 

(m, -CH of isopropyl (free valine), 3.44 (s, -CHo- 

of glycine product), 3.49 (d, -CH- a carbon H) 

ppm 

Reaction between [Ir(é-val)(PMeg3)3]Cl and glycine in DgO (CPRI177) 

Glycine (3 mg, 0.0405 mmol) was placed in a screw-cap NMR tube 

equipped with a septum. The tube was placed in the drybox where it was 

charged with 20 mg (0.0405 mmol) of [Ir(val)(PMeg3)3]Cl. D2O 

(0.5) mLwas added via syringe to the NMR tube outside the drybox. The 

tube was shaken and monitored by 1H NMR at room temperature. No 

reaction was observed. The tube was then heated to 100°, the NMR 

spectrum showed resonances indicative of exchange between the two 

amino acids. 
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1H-NMR (D920): 5 1.56 (t, 18H, PMeg of glycine complex) 1.64(d, 

9H, PMeg of glycine complex) 3.44{ s, -CHo- 

of glycine product) ppm 

Reaction between [Ir(¢-val)(PMe3)3]Cl and £-alanine in D2O (CPRII193) 

£-Alanine (3 mg, 0.034 mmol) was placed in a screw-cap NMR tube 

equipped with a septum. The tube was placed in the drybox where it was 

charged with 20 mg (0.040 mmol) of [Ir(val)(PMeg)3]Cl. DgO (0.5 mL) 

was added via syringe to the NMR tube outside the drybox. The tube 

was shaken and monitored by 'H NMR spectrscopy at room temperature. 

No reaction was observed. The tube was then heated to 100°, the NMR 

spectrum showed resonances indicative of exchange between the two 

amino acids. 

1H-NMR (D0): 5 0.87 (free valine isopropyl methyls), 1.44 (d, 

9H, PMeg of alanine complex) 1.51 (d, 9H, PMe3 

of alanine complex) 1.65 (d, 9H, PMeg of 

alanine complex), 3.35 (q,-CH- a carbon H of 

alanine complex) ppm 
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3.2.8 Insertion reaction with 2-amino-4-pentenoic acid 

The study that best supports possible reactivity of the amino acid 

complexes involved reaction with 2-amino-4-pentenoic acid. This amino 

acid has an olefin tethered on its side chain. [Figure 3.5] 
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Figure 3.6 Amino acid with tethered olefin 

On chelation the amino acid should allow the olefin to get within 

proximity to the Ir-H bond to insert. The 'H NMR study of 2-amino-4- 

pentenoic acid was done in a manner analagous to the initial NMR 

studies described in Chapter 2 (equation 3.17). The important piece of 

analytical data in this study was the fact that the proton NMR was 

clean, showed resonances corresponding to a facial arrangement of 

phosphines in the octahedron (based on the splitting and chemical shifts 

of the trimethyl phosphine protons.) and there was no hydride resonance 

present in the spectrum. The only other resonances were the methylene 

protons of the amino acid side chain, This is the result expected for the 

amino acid complex with the side chain olefin inserted into the Ir-H 

bond. 
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The preparative scale reaction of this experiment was done in order 

to obtain enough product to gather more analytical data. The 31P NMR 

and 13C NMR spectra both support the fact that the amino acid has 

chelated to the metal and the olefin has inserted into the hydride bond. 

The most important part of the spectrum is the resonance at 6ppm in the 

13C NMR. This doublet of triplets is shifted upfield due to the high 

electron density around this particular carbon bound directly to the 

metal. The carbon is cis to two phosphines giving rise to the triplet 

splitting and is trans to another phosphine giving rise to the larger 

coupling constant for the doublet. All of this data completely supports 

the insertion of the olefin into the hydride bond. [Figure 3.7] 
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Figure 3.7 !13C NMR of 2-amino-4-pentenoic acid product in 

CDCl (400 MHz) 
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To gain definitive proof of the structure, a single crystal was grown 

to carry out an X-ray diffraction study. Crystals were grown by layering 

ether over a methylene chloride solution of the 2 amino 4 pentenoic acid 

product. The complex crystallizes in the monoclinic P21/c space group 

with a = 9.317(2)A, b = 17.028(5)A, c = 16.855(8)A, V = 2607(2)A3 and 

dealed = 1.757 Mg/mfor Z = 4. (Figure 3.8) The Ir-N bond length of 

2.156(9)A is shorter than the Ir-N bonds of the valine and proline 

complexes. (2.190(1 VA and 2.211(7)A). The nitrogen is trans to hydride 

in the valine and proline complexes and the Ir-N bond is lengthened due 

to the strong trans effect of hydride. The nitrogen of the 2-amino4- 

pentenoic acid complex is trans to PMeg3 which has weaker trans effect. 

The Ir-O bond of 2.110(6)A is in line with the Ir-O bond lengths found for 

the valine and proline complexes. The complex itself is of interest in 

the fact that that it has a 5, 6, 7 ring system based on the tridentate 

ligand and the metal center. It would be of considerable interest if the 

ring system could be reductively eliminated to form heterocyclic 

fragments. Studies were done to see if this reductive elimination of the 

tridentate ligand from the metal center was possible. 
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Figure 3.8 ORTEP plot of the 2-Amino-4-penteneoic acid 

product 
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The first of these studies was done by attempting thermal 

activation of the complex(equation 3.18). The complex was placed in 

solution, treated with free 2-amino-4-pentenoic acid, heated and 

monitored by NMR spectroscopy. The solution was heated to 100°C and 

then to 150°C and in both cases the NMR spectra showed that the 

starting materials remained unchanged. 

H H 2 

0 oN He H v—e-G —OH Sc—/—o., [ \PMes 150°C | 
\ ‘Ire Cl” + HC H ——3> NoReaction @G.18) 

Jo—N~ | YPMes CH 
H PMe3 C, 

H H 

The use of heat has no effect on the complex at all. The solution was 

heated to 150°C for days with no change in the NMR spectrum. 

The same reaction was attempted, but instead of heating the 

solution, the complex was exposed to UV light in a quartz EPR tube. 

(equation 3.19) The solution was irradiated over night and monitored at 

intervals for evidence of photochemical induced elimination. This study 

showed no reactivity of the complex either. 

He 
He . oO 

On C- “\ He H i 

SPO, | ae Mee uv tat ‘e, a ° . 1 ° 

\ yw + HOCH Fe = NoReaction (3.19) 
ON | “PMeg CH 

H PMe3 C. 
HH 
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The last study attempted was the reaction of the complex with 

unsaturates to see if there was any reactivity. The complex was reacted 

with acrylamide in an NMR study (equation 3.20). The reaction was 

started at 100°C and was heated to 150°C when no reaction was 

observed by !H NMR spectrocopy. The study showed that the tridentate 

complex was as unreactive as the bidentate amino acid complexes. 

Ho Ho 6 
Oo CNH 

So —O., | wPMes Oo 150°C 
\ oie Clo 4 A A —————_ NoReaction (3.20) 
p— Nn~ |  pMe, HoN D,O0 

H PMeg 

The studies on reactivity of these complexes with unsaturates has 

shown that the complexes are very stable. The prolonged heating and 

treatment with unsaturates has not produced any reactivity of these 

complexes. The study that does have an insertion occurring is with the 

olefin tethered to the amino acid and further studies on that complex do 

not show any reactivity. The tridentate complex is just as stable, if not 

more so than the bidentate complexes. 
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3.2.9 Experimental 

Exploratory reaction attempt between [Ir(COD)(PMe3)3]Cl] and 2-amino- 

4-pentenoic acid in DgO (CPRII1 13) 

2-Amino-4-pentenoic acid (9 mg, 0.0735 mmol) was placed ina 

screw - cap NMR tube equipped with a septum. The tube was placed in 

the drybox where it was charged with 20 mg (0.035 mmol) of 

[Ir(COD)(PMeg)3]C]l. D2gO (0.5 mL) was added via syringe outside the 

drybox. The tube was shaken and monitored at room temperature by !H 

NMR spectroscopy. No reaction was observed. The reaction mixture 

was heated to 100°C. A!H NMR spectrum was obtained after 18 hours. 

The [Ir(2-amino-4-pent)(PMe3)3]C] product was identified on the basis of 

the following data: 

1H NMR (D920): 5 1.4 (d, 9H, PMes), 1.5 (d, 9H, PMes), 1.57(d, 

9H, PMesg), 1.88 (br, 2H, -CHg-), 2.5 (br m, 2H, 

-CHg), 3.7 (t, 1H, -CH-), 3.9 (m, 2H, -CHo-) ppm 

Synthesis of [Ir(2-amino-4-pentenoate)(H)(PMe3)3]Cl (CPRII1 15) 

A 100 mL flask equipped with a stir bar and septum was charged 

with 90 mg (0.075 mmol) of 2-amino-4-pentenoic acid. The flask was 

then charged 200 mg (0.354 mmol) of [Ir(COD)(PMe3)3]C] under No in the 

drybox. The flask was then connected to a double manifold 

(vacuum/nitrogen) Schlenk line and 25 mL of distilled water was added 

to the flask via syringe. The solution was stirred magnetically and 
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heated to reflux. After 18 hours at reflux the reaction was allowed to 

cool and thesolvent was removed in vacuo. The white solid residue was 

treated with distilled methylene chloride (3 x 10 mls) to extract the 

product from the excess amino acid. The solution was filtered from the 

solid using cannula techniques. The methylene chloride was removed in 

vacuo and the solids were dried under reduced pressure to yield 150 mg 

(0.262 mmol, 74.2% based on the amount of Ir(COD)(PMea)3]Cl) of [Ir(2- 

amino-4-pent)(PMe3)3]Cl identified on the basis of the following data: 

C,H analysis: Calculated for: C14HagNO92P3Cl C, 29.3 %, H, 6.3% 

Found: C, 28.97%, H, 6.47% 

1H NMR (CDCls): 5 1.40 (d,9H, Jp. = 8 Hz, PMeg), 1.48 (d, 9H,Jp. 

H = 10 Hz PMesg), 1.51 (d, 9H, Jp.y = 10 Hz, 

PMeg), 1.82 (m, 2H, -CHo-), 3.53 (m, 1H,-CH-) 

3.92 (t, 2H, -CHo-), 4.2 (m, 2H, -CH2-) ppm 

31P NMR (CDCls3): 6 -48.5 (d, 1P,Jp_p= 21 PMes), -35.2 (d, 1P, Jp_p 

= 20 Hz PMesg), -33.1 (d, 1P, Jp-y =20 Hz PMesg) 

ppm 
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13C NMR(CDCls) 5 6.36 (dt, Jc_p = 37.2 Hz, 75 Hz, 1C, Ir-C), 

4.16(d, Jc-p = 28 Hz, PMeg), 14.38 (d, Jc-p = 

40 Hz, PMeg), 14.99 (d, Jc-p= 21 Hz, PMes3), 

20.09 (s, -CHo-), 57.53 (s, -CH9g-), 121.73 (s, 

-CHa), 186.13 (s, -COO-) ppm 

Reaction attempt between [Ir(2-amino-4-pentenoate)(PMeg3)3]Cl and 2- 

amino-4-pentenoic acid_in DgO (CPRI169) 

2-Amino-4-pentenoic acid (25 mg, 0.217 mmol) was placed in a 

screw - cap NMR tube equipped with a septum. The tube was placed in 

the drybox where it was charged with 20 mg (0.035) of [Ir(2-amino-4- 

pentenoate)(PMe3)3)Cl. DgO (0.5 mL) was added via syringe to the 

NMR tube outside the drybox. The tube was shaken and monitored by 

1H NMR spectroscopy at room temperature. No reaction was observed. 

The tube was then heated to 100°©. No reaction was observed after 

heating for days. After heating the tube to 150°C, no reaction was 

observed by NMR spectroscopy. 

Reaction attempt between [Ir(2-amino-4-pentenoate)(PMeg3)3]C]_ and 2- 

amino-4-pentenoic acid _in DgO (CPRII171) 

2-Amino-4-pentenoic acid 25 mg, 0.217) of was placed in a quartz 

EPR tube equipped with a septum. The tube was placed in the drybox 

where it was charged with 20 mg (0.035 mmol) of [Ir(2-amino-4- 

pentenoate)(PMe3)3]Cl. DgO (0.5 mL) was added via syringe to the NMR 

tube outside the drybox. The tube was shaken and monitored by !H 

151



NMR spectroscopy at room temperature. No reaction was observed. The 

tube was then exposed to UV light, no reaction was observed after 

exposure for days. 

Reaction attempt between [Ir(2-amino-4-pentenoate)(PMeg3)3]C]_ and 

acrylamide in D2gO (CPRII241) 

Acrylamide (5.23 mg, 0.075 mmol) was placed in a screw - cap 

NMR tube equipped with a septum. The tube was placed in the drybox 

where it was charged with 20 mg (0.035 mmol) of [Ir(2-amino-4- 

pentenoate)(PMe3)3]Cl. DgO (0.5 mlO was added via syringe to the NMR 

tube outside the drybox. The tube was shaken and monitored by !H 

NMR spectrscopy at room temperature. No reaction was observed. The 

tube was then heated to 100°C, Again, no reaction was observed after 

heating for days. After heating the tube to 150°C, no reaction was 

observed by NMR spectroscopy. 

3.3 Biological Assay Studies of Amino Acid Complexes 

A number of the amino acid hydride complexes that were 

synthesized were sent to the NCI for anti-cancer and anti-AIDS assay 

testing. The interest in inorganic complexes for use in biological 
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applications has been strong since the success of cisplatin in treating 

tumors. The complexes sent were to be test in both anti cancer and in 

anti AIDS assays. The results will presented in this section. 

The complexes that were tested were the amino acid complexes of 

threonine, proline, histidine, phenylalanine, tryptophan, tyrosine, 

picolinic acid, pipecolic acid, serine, isoleucine. In the cancer assays the 

complexes were found to have no activity that merited further testing or 

study. A surprising result in the anti- HIV assay has suggested that 

these complexes may have some biological applications. 

The procedure4 that is used in the NCI test for activity against 

HIV is designed to detect activity against the virus at any stage of the 

reproductive cycle. The assay is designed to monitor the killing of T4 

lymphoyctes by HIV. Small amounts of the virus are added to the cells 

and a complete reproductive cycle is necessary to obtain cell killing. 

Agents that interact with the cells or virus gene-products to interfere 

with the activity of the virus will prevent the cells from cytolysis. All 

tests are compared with at least one positive control done under 

identical conditions. 

The results for the phenylalanine complex suggested that it has 

moderate activity against HIV. The results are represented graphically 

Figure (3.3.1) and show the response curve of the complex. The dotted 

line of the data curve shows the response of the cell culture not treated 

with HIV, to the complex. The solid line represents the response curve of 

the infected cell culture to the complex. In the case of phenylalanine the 

protection percentage approaches 77% protected. The results are very 
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promising. An interesting observation is made when comparing the 

results of phenylalanine complex with the results from the assay with 

tyrosine complex. The structures of the two complexes only varies by the 

addition of a hydroxyl group to the phenyl ring of tyrosine. 

But if one looks at the graphical representation of the data obtained for 

tyrosine in the assay, it is obvious that all activity is lost. (Figure 3.3.2) 
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Figure 3.3.1 Graph of HIV assay with phenylalanine complex 
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EC50 (Molar) 2.00 x 10° 2.98 98.62 

T1S0 (IC/EC) 6.30 x 1077 3.82 100.47 

Conclusion 2.00 x 10° 4.54 99.10 
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2.00 x 10° — 8.04 84.70 

6.30 x 10° 10.18 77.70 

2.00 x 10% | 8.00 80.36 
        

Figure 3.3.2 Graph of HIV assay with tyrosine complex 
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The results from this study are encouraging. The next step is to 

synthesize analogs of the phenylalanine complex and have them tested 

for activity. The graphical data is extremely interesting that a simple 

change, such as the addition of a hydroxyl group, can totally change the 

complexes activity. The study of these complexes as possible therapeutic 

agents is a worthwhile endeavor. The variety of amino acids available 

makes the number of analogs that can be synthesized a project that 

demands study. 
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Chapter 4 Oxidative Addition of other Biologically Interesting 

Compounds 

4.1 Introduction 

The final study which will be discussed is the reactions between 

[Ir(COD)(PMeg)3]Cl and biologically interesting molecules. A number of 

amino acid complexes had been submitted to the NCI for testing as anti- 

cancer and anti-AIDS agents. The majority of these complexes did not 

have any activity, but there was some activity determined for one of the 

compounds. The activity of this one compound led us to work on other 

compounds of biological interest. The bioinorganic chemistry of iridium 

is virtually unknown, The formation of complexes of biological 

compounds with iridium should have potential value when one considers 

the interest in cisplatin over the years. The enhancement of biological 

activity or inhibition of activity of these compounds by addition toa 

metal center is a worthwhile study. These complexes are the first 

bioinorganically related complexes of iridium to be reported. The 

biological molecules were studied for their potential as oxidative addition 

products with the metal center. 

4.2 Results and Discussion 

In terms of simple, biologically important molecules, urea is one of 

the simplest. While oxidative addition of N-H groups of amides to 

[Ir((COD)(PMe3)3]Cl has not yet been demonstrated , it seemed that 
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studying the reaction between Ir and urea was a worthwhile endeavor. 

(Figure 4.1) 

i 
H,N—-C——NH, 

Figure 4.1 Urea has the potential to bind through two sites. 

The reaction between urea and [Ir(COD)(PMe3)3]C] was initially set 

up as an NMR study(equation 4.1). At room temperature, no reaction 

was observed. Upon increasing the temperature to 50°C, a complex 

mixture of products was observed in the NMR spectrum. The solution 

was then heated to 100°C to see if the formation of one product could be 

induced. The !H NMR spectrum showed that a complex mixture of 

products remained after prolonged heating at high temperature, 

“\ _PMeg O D.O 
& + Cl- it 2 Complex 

IPM, * HoN-——C—NH> a? Mixture @1) 
Meg 

Iridium (and most other 3™ row transition elements) has been 

shown to have a high affinity for sulfur. The sulfur analog of urea, was 

used in a study similar to that of the urea reaction. The thiourea 

compound underwent a reaction much cleaner than urea, The solution 

was monitored by 'H-NMR at room temperature, heated to 50°C, and 

then heated to 100°C (equation 4.2). After heating at 100°C for 18 

hours, a mixture of two isomers was observed in the 'H NMR spectrum. 

This mixture was readily identifiable from the hydride region of the 
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spectrum. A doublet of triplets corresponding to a hydride being trans to 

a phosphine and cis to two phosphines (facial isomer) was observed at 

-10.05 ppm. The hydride of the meridional isomer was also observed as a 

quartet shifted to -19.43 ppm. The quartet arises from the hydride 

being oriented cis to all three trimethyl phosphines of the complex. The 

ratio of isomers was |:1 based on integration of the hydride peaks. 

wt’ > 
Qa PMe3 

it. + 2 20 (4.2) 

    

“es HxN—C—NH, 3 

al 
S 

H- N | _- PMe 

Me3P H PMe3 

The reaction was scaled up and the mixture was treated ina 

manner analogous to that used for the amino acid products. The !H- 

NMR of the clean product again showed a mixture of facial and 

meridional isomers. The ratio of isomers was 1:1 based on integration of 

the hydride peaks. The product(s) were dissolved in water and treated 

with a solution of K*PFg . A solid precipitated, was filtered from 

solution using cannula techniques and dried under reduced pressure. 

The product was recrystallized from methylene chloride/ether and a 

crystal structure was solved based on one of the crystals 

obtained.(Figure 4.2) 
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The complex crystallizes in the monoclinic space group Cc with a = 

12.834(4)A, b = 15.287(4)A, c = 13.433(4)A, V = 2331.4(12)A3, and dealcd = 

1.828 Mg/m*® for Z = 4. The solid state structure supported one of the 

proposed structures for the compound. The octahedral complex is facial 

in its arrangement of PMeg3 around the metal center. The crystal that 

was selected from the batch was a facial isomer. The Ir-S bond of 

2.470(9)A is considerably longer then that of the benzothiophene ring 

opening product described by Selnau! with an Ir-S bond length of 

2.374(2)4. This is most readily explained by the sulfur sharing in the x 

system of the benzothiophene system, giving it more double bond 

character, thus shortening the bond. The Ir-N bond length of 2. 100(37)A 

is shorter than that of the amino acid complexes, Ir-N of proline complex 

2.211(7)A. This is explained by the hydride trans effect observed in the 

amino acid complex lengthening the bond, but the N in the thiourea 

complex is now trans to PMeg instead of the hydride. The hydride was 

not found in this experiment but occupies the open site trans to PMe3. 
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Figure 4.2 ORTEP plot of [Ir(thiourea)(H)(PMe3)3)]PFe 
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Similar NMR reactions were run on a number of sulfur containing 

compounds. These compounds include thiohydantoin, thioacetamide 

and thiouracil.(Figure 4.3) 

O 
O 

S NH 
NH 

HsN— C—CH, | 

A 
Nr N 

H 

thioacetamide 2-thiouracil 2-thiohydantoin 

Figure 4.3 Sulfur containing compounds used in study 

All of these compounds showed reactivity similar to that of thiourea. In 

all cases a mixture of facial and meridional isomers was observed in the 

1H-NMR spectra as evidence to those isomers. The thioacetamide 

complex was also prepared on a preparative scale. The reaction was done 

using methods analogous to that of thiourea and [Ir(COD)(PMeg)3]Cl. 

The PFg- salt was prepared by treating an aqueous solution of 

thioacetamide complex with a solution of K+PF¢-. The crystals of the 

thioacetamide complex were grown from a solution of methylene chloride 

and ether. The X-ray structure was solved for the complex. (Figure 4,4) 

The complex crystallizes in the orthorhombic Pnma space group 

with a = 13.299(3)A, b = 12.002(4)A, c = 14.958(4)A, V = 2387.5(1 1)A3 and 

deacd = 1.785 Mg/m? for Z = 4. The solid state structure determined that 

the crystal studied was the meridional isomer. The complex has a longer 

Ir-S bond (2.487(6)A then the 2.470(9)A bond length found for the 
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thiourea complex. This lengthening is explained by the strong hydride 

trans effect on the sulfur in this complex. The Ir-N bond of the 

thioacetamide complex (2.126(17) is slightly longer then that of the 

thiourea complex by 0.02A. The S-Ir-N bonds angles on both complexes 

are consistent with eachother. The S-Ir-N bond angle of the thiourea 

complex is 66.5(7)°, as compared to that of thioacetamide complex, 

64.8(5)°- The hydride was not found in this experiment, but as 

mentioned is located on the open site trans to the sulfur. 
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Figure 4.4 ORTEP plot of [Ir(thioacetamide)(H)(PMe3)3]PFg5 
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The sulfur containing compounds all showed a mixture of facial 

and meridional isomers in the 1H NMR spectra. The oxygen analogs of 

these compounds were also studied but the NMR studies all showed that 

a complex mixture of products was forming. The crystal structures show 

the formation of a four membered iridacycle which should be more 

reactive then the stable 5 membered ring systems formed with amino 

acids. The study of these complexes with unsaturates is the next set of 

future studies. 

4.2.1 Experimental 

Exploratory reaction attempt between [Ir(COD)(PMe3)3]Cl and urea in 

D20 (CPRIIO17) 

Urea (5 mg, 0.0735 mmol) was placed in a screw - cap NMR tube 

equipped with a septum. The tube was placed in the drybox where it was 

charged with 20 mg (0.035 mmol) of [Ir(COD)(PMe3)3ICl. D2O (0.5 ml) 

was added via syringe outside the drybox. The tube was shaken and 

monitored at room temperature by 1H NMR spectroscopy. No reaction 

was observed. The NMR tube was heated to 50°C and monitored for 

days. Again, no reaction was observed. The reaction mixture was heated 

to 100°C. A 1H NMR spectrum was obtained after 18 hours. The NMR 

spectrum showed that a complex mixture of products was formed. 

Similar results were obtained with acetamide. 
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Exploratory reaction attempt between [Ir(COD)(PMe3)3)Cl and thiourea 

in D2O (CPRIU289) 

Thiourea (6 mg, 0.0735) was placed in a screw - cap NMR tube 

equipped with a septum. The tube was placed in the drybox where it was 

charged with 20 mg (0.035 mmol) of [I(COD)(PMe3)3]Cl. D2g0O (0.5 mL) 

was added via syringe outside the drybox. The tube was shaken and 

monitored at room temperature by 1H NMR spectroscopy. No reaction 

was observed. The NMR tube was heated to 50°C and monitored for 

days. Again, no reaction was observed. The reaction mixture was heated 

to 100°C. A NMR spectrum was obtained after 18 hours and the 

[Ir(thiourea)(H)(PMe3)3/Cl product was identified on the basis of the 

following data: 

1H NMR (D920): (mixture of isomers) 

5 1.41 (d, Jp-_y = 10.8 Hz, PMes), 1.52 (vt, Jp_y = 

3.5 Hz), 1.57 (d, Jp-y= 3 Hz, PMeg), 1.62 (t, Jp_y 

= 4Hz). 1.68 (d, Jp-y= 6 Hz) No resonances 

observed for NH2 due to exchange) 
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Synthesis of [Ir(thiourea)(H)(PMe3)3]Cl (CPRITIOO7) 

A 100 ml flask equipped with a stir bar and septum was charged 

with 60 mg (1.11 mmol) of thiourea. The flask was then charged 200 mg 

(0.532 mmol) of [Ir(COD)(PMe3)3]Cl] under No in the drybox. The flask 

was then connected to a double manifold (vacuum/ nitrogen) Schlenk 

line and 30 mls of distilled water was added to the flask via syringe. The 

solution was stirred magnetically and heated to reflux. After 18 hours at 

reflux the reaction was allowed to cool and the solvent was removed in 

vacuo. The white solid residue was treated with distilled methylene 

chloride (3 x 10 mL) to extract the product from the excess amino acid. 

The solution was filtered from the solid using cannula techniques. The 

methylene chloride was removed in vacuo and the solids were dried under 

reduced pressure to yield 120 mg (0.226 mmol, 42.5% based on the 

amount of Ir(COD)(PMes3)3]Cl) of [Ir(thiourea)(H)(PMe3)3]Cl identified on 

the basis of the following data: 

C,H analysis: Calculated for C139H3,;NoP3SIrCl C, 22.8%, H, 5.8% 

Found C, 23.4 % H, 5.9% 

1H NMR (CDCly): 5 1.49 (d, Jp.y= 4 Hz, PMeg), 1.62 (t, Jp.y = 3.0 

(isomers) Hz, PMes), 1.64 (d, Jp.y = 1.5 Hz, PMes), 1.73 (d, 

Jp. = 10 Hz, PMesg), 6.15 (br s, -NH). 6.73 (br s, 

-NH), -10.04 (dt, 1H, Jp. = 18 Hz, 170 Hz, Ir-H), 

-19.43 (q, 1H, Jp-y = 16Hz, Ir-H) ppm 
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synthesis of [Ir(thiourea)(H)(PMe3)3]PFe 

An excess of K[PFg] was dissolved in distilled water, this solution 

was added dropwise to solution of [Ir(thiourea)(H)(PMe3)3]C1 in distilled 

water. A white - yellow precipitate dropped out of solution immediately. 

The precipitate was filterd from solution using cannula techniques. The 

solid was recrystallized from methylene chloride/ether. An X-ray 

structure of the crystals was obtained. See appendix 

Synthesis of [Ir(thioacetamide)(H)(PMeg)3]Cl (CPRIII025) 

A 100 ml flask equipped with a stir bar and septum was charged 

with 42 mg (1.11 mmol) of thioacetamide. The flask was then charged 

with150 mg (0.532 mmol) of [Ir(COD)(PMe3)3]Cl under Ng in the drybox. 

The flask was then connected to a double manifold (vacuum / nitrogen) 

Schlenk line and 30 mls of distilled water was added to the flask via 

syringe. The solution was stirred magnetically and heated to reflux. 

After 18 hours at reflux the reaction was allowed to cool and the solvent 

was removed in vacuo. The white solid residue was treated with distilled 

methylene chloride (3 x 10 mL) to extract the product from the excess 

amino acid. The solution was filtered from the solid using cannula 

techniques. The methylene chloride was removed in vacuo and the 

solids were allowed to dry under reduced pressure to yield 80 mg (0.150, 
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28.3% yield based on the amount of Ir(COD)(PMeg)3ICl) of 

[Ir(thioacetamide)(H)(PMe3)3]Cl identified on the basis of the following 

data: 

1H NMR 5 The isomers overlapped one another in the 

phosphine region making it difficult to isolate 

resonances. 2.61 (s, methyl of bound thiacetaminde) 

-10.09 (dt, 1H, Ir-H). -19.12 (gq, 1H, Ir-H) 

Synthesis of [Ir(thioacetamide)(H)(PMe3)3]PFe 

An excess of K[PFg] was dissolved in distilled water, this solution 

was added dropwise to solution of [Ir(thioacetamide)(H)(PMes3)3]Cl in 

distilled water. A white - yellow precipitate dropped out of solution 

immediately. The precipitate was filterd from solution using cannula 

techniques. The solid was recrystallized from methylene chloride/ether. 

An X-ray structure of the crystals was obtained. See appendix 

Exploratory reaction attempt between [Ir(COD)\(PMe3)3]Cl and 

thiohydantoin in D2O (CPRIII073) 

Thiohydantoin (9 mg, 0.0735) was placed in a screw - cap NMR 

tube equipped with a septum. The tube was placed in the drybox where 

it was charged with 20 mg (0.035 mmol) of [Ir(COD)(PMeg)3]Cl. D2O (0.5) 
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mL was added via syringe outside the drybox. The tube was shaken and 

monitored at room temperature by 1H NMR spectroscopy. No reaction 

was observed. The NMR tube was heated to 50°C and monitored for 

days. Again, no reaction was observed. The reaction mixture was heated 

to 80°C. A NMR spectrum was obtained after 18 hours. The 

[Ir(thiohydantoin)(H)(PMeg)3]Cl product was identified on the basis of the 

following data: 

1H NMR (Do0): 5 1.55 (t, 18 H, trans PMeg), 1.68 (d, 9H, 

cis PMe3) 1.15 (d, PMeg of facial isomer) 

1.45 (d, PMeg of facial isomer), 1.59 (d, 

PMeg of facial isomer) -21.39 (q, 1H, Ir- 

H for meridional isomer) hydride for fac 

isomer was indistinguishable frome 

baseline noise. ppm 

Exploratory reaction attempt between [Ir(COD)(PMe3)3]Cl and thiouracil 

in DgO (CPRIN077) 

Thiouracil (9.5 mg ,2.1 equiv.) was placed in a screw - cap NMR 

tube equipped with a septum. The tube was placed in the drybox where 

it was charged with 20 mg (0.035 mmol) of [Ir(COD)(PMeg)3]C]. D2O 

(0.5 mL) was added via syringe outside the drybox. The tube was shaken 

and monitored at room temperature by 'H NMR spectroscopy. No 

reaction was observed. The NMR tube was heated to 50°C and monitored 
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for days. Again, no reaction was observed. The reaction mixture was 

heated to 80°C. A1H NMR spectrum was obtained after 18 hours. 

This spectrum was very complex with overlapping peaks in the phosphine 

region and seperate products could not be distinguished. No hydride 

resonances were observed. 
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Chapter 5 Conclusion and Future Goals 

5.1 Conclusion 

The studies carried out in this thesis were aimed at exploring the 

synthesis and reactivity of amino acid hydride complexes of iridium. The 

biological activity and the possible catalytic uses of these types of 

systems was studied. The literature is void of platinum metal hydride 

complexes with amino acids as ligands. The complexes in this thesis are 

the first of this type to be studied. 

The oxidative addition of amino acids to an iridium metal center 

has been demonstrated with a wide variety of amino acids. Almost all of 

the naturally occuring amino acids have been studied. The acids that 

give clean products have been characterized in the very least by 1H NMR 

studies. The resulting complexes from the addition of amino acids to the 

metal center have been treated with a variety of unsaturates in varying 

conditions. The fact that very little reactivity has been observed is an 

indication that these 5 membered ring systems are extremely stable. 

The study done on 2-amino-4-pentenoic acid did show that an 

olefin tethered to the amino acid could insert into the Ir-H bond. This 

study indicates that unsaturate insertion in possible and reactivity of 

these insertion products is still a possibility. 

The exchange study done with the amino acid complexes and free 

amino acid also indicates that removal of the complexes amino acid is 

possible. The exchange of one amino acid for another seems to be 

dependent on the sterics of the side chain of the amino acid. This 
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information could be important when studies on reductive elimination of 

insertion products are considered. 

The square planar [Ir(COD)(DMPE)]Cl complex was also studied. 

The complex was treated with various amino acids at varying conditions 

to see if coordinately unsaturated complexes could be prepared. The 

studies indicate that the preparation of these amino acid complexes is 

not as facile as that of [Ir(COD)(PMeg3)3]Cl with amino acids. An 

interesting rearrangement did arise from this study with the 

[Ir(COD)(DMPE)]Cl complex. The complex rearranges to the [Ir(u!, u>, 

CgH12)(DMPE)ICI complex on treatment with acid. The crystal structure 

of this rearranged product was solved. N-methyl substituted amino 

acid complexes were also synthesized. These complexes were studied for 

their possible reactivity with unsaturates. The complexes were hoped to 

have weakened Ir-N bonds due to the steric hindrance of substitution on 

the nitrogen. This weakened bond would facilitate the insertion step of 

the unsaturate. Studies involving a variety of unsaturates and 

conditions showed that the substituted compounds were not reactive. 

Finally a number of other biologically interesting molecules were 

studied with [Ir(COD)(PMeg)3)Cl. These compounds contained sulfur 

atoms that could donate to the metal center. The complexes that were 

made were found to bind through the sulfur donor and the nitrogen 

donor centers. The four membered ring systems that were formed are 

hoped to be more reactive then the 5 membered ring systems of the 

amino acid complexes. 

174



This thesis has presented the synthesis of a number of novel 

amino acid hydride complexes. The reactivity of these complexes has 

been studied with a variety of unsaturated compounds. The biological 

activity of these complexes has also been studied. A number of 

biologically interesting molecules have been oxidatively added to the 

iridium metal center and the reactivity studies of these complexes is the 

subject of future work. 

5.2 Future Goals 

The immediate future work involves studies with the complexes 

that contain 4 membered iridacycles. These ring systems should be less 

stable then the 5 membered ring systems of the amino acids. The 

decreased stability will hopefully mean increased reactivity. The rhodium 

analogs of the amino acid complexes is another study that is readily 

apparent. The rhodium complexes should be more reactive then their 

iridium counterparts and synthesis of the rhodium amino acid hydride 

complexes is all ready being studied. | 

The biological aspects of these complexes should also be studied in 

more detail. The preliminary studies by the NIH idicate that the 

phenylalanine complex has some biological activity. The next step is to 

improve this activity by making various analogs of the phenylalanine 

complex and studying their biology. These types of complexes should 

have some application in biological studies. 

The amino acid complexes need to be studied in greater detail in 

asymmetric hydrogenation catalytic studies. Preliminary studies were 
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done with prochiral substrates and the results were emcouraging. The 

chiral centers of these complexes may be able to induce asymmetric 

hydrogenation. 

There are other substituted amino acids that need to be studied. 

N-pheny] substitiuents would give steric bulk and electron withdrawing 

properties that would weaken the Ir-N bond. The weakening of that bond 

may facilitate the addition of an unsaturate to the metal and allow for 

reactivity of the complexes. 

More studies need to be done with the square planar 

coordinatively unsaturated compound, [Ir(COD)(DMPE)I]Cl. The 

possibility of hydrogenating the complex and then adding the amino acid 

may allow for formation of the square planar amino acid hydride 

complex. If the amino acid can be oxidatively added, this may give rise 

to a very reactive system. 

The possibilities go on, such as adding compounds that all ready 

‘have biological activity . The binding of such compounds to a metal 

center may enhance the reactivity (or inhibit), but the information 

gained from these types of studies may aid in designing new systems with 

better reactivity. A number of studies remain to be done, not the least of 

is the pursuane of a system that will show reactivity of the novel amino 

acid hydride complexes presented in this study. 
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Appendix: X-ray Crystallographic Data 
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STRUCTURE DETERMINATION SUMMARY OF [Ir(pro) (H) (PMe3)3]PF6 

Crystal Data 

Empirical Formula 

Color; Habit 

Crystal Size (mm) 

Crystal System 

Space Group 

Unit Cell Dimensions 

Volume 

Z 

Formula weight 

Density(calc.) 

Absorption Coefficient 

F(000) 

Data Collection 

Diffractometer Used 

Radiation 

Temperature (K) 

Monochromator 

2q Range 

Scan Type 

Scan Speed 

Scan Range (w) 

Background Measurement 

Standard Reflections 

Index Ranges 

Reflections Collected 

Independent Reflections 

Observed Reflections 

Absorption Correction 
Min./Max. Transmission 

Solution and Refinement 

System Used 

Solution 

Refinement Method 

Quantity Minimized 

Absolute Structure 

Extinction Correction 

Hydrogen Atoms 

Weighting Scheme 

Number of Parameters refined 

Final R indices (obs. data) 

R Indices (all data) 

Goodness-of-Fit 

Largest and Mean D/s 
Data-to-Parameter Ratio 

Largest Difference Peak 

Largest Difference Hole 

C1 4H36F6IrNO2P4 

Clear rectangular prism 

0.4 x 0.4 x 0.5 
Monoclinic 

P21 

a = 10.824(2) A 
b = 20.021(4) A 
c = 11.826(2) A 
b = 91.150(10)° 
2562.1(7) A3 
4 
680.5 
1.764 Mg/m? 
5.489 mm 
1336 

Siemens R3m/V 

MoKa (1 = 0.71073 A) 
298 

Highly oriented graphite crystal 

3.5 to 45.0° 

Wyckoff 

Variable; 3.97 to 19.53°/min. in w 

0.60° 

Stationary crystal and stationary 

counter at beginning and end of scan, 

each for 25.0% of total scan time 

3 measured every 300 reflections 

0<h<2=14, 0 sk s 26, -15 <1 << 15 

6375 

6055 (Rint = 1.45%) 

5630 (F > 3.0s(F)) 

Semi-empirical 
0.6175 / 1.0000 

Siemens SHELXTL PLUS (VMS) 

Direct Methods 

Full-Matrix Least-—Squares 

Sw(Fo-Fo)? 
h = 1.11(4) 

c = 0.00020(3), where 

F* = F[1 + 0.002cF2/sin(2q) 7-1/4 
Riding model, fixed isotropic U 

w-l = s2(F) + 0.0007F2 
506 

R= 3.29 $, wR = 3.92 % 

R= 3.70 % wR= 4.01 % 

1.06 
0.382, 0.017 
11.1:1 
1.07 e&-3 
-1.10 e&-3 
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Table 1. Atomic coordinates (x104) and equivalent isotropic 

displacement coefficients (A*x103) 

Ir 
P(1) 
P(2) 
P(3) 
0(1) 
N(1) 
0(2) 
c(1) 
C(2) 
c(3) 
c(4) 
c(5) 
c(11) 
c(12) 
c(13) 
C(21) 
C(22) 
C(23) 
c(31) 
c(32) 
c(33) 

P(1') 
P(2') 
P(3') 
O(1') 
N(1') 
O(2") 
c(1') 
C(2') 
c(3") 
c(4") 
c(5") 
c(11") 
c(12"') 
c(13') 
c(21') 
C(22') 
c(23"') 
c(31') 
C(32') 
C(33') 
P(4) 
F(1) 
F(2) 
F(3) 
F(4) 
F(5) 
F(6) 
P(4") 
F(1') 
F(2") 
F(3') 

x 

4261(1) 
3672(3) 
3189(2) 
4534(3) 
5344(7) 
6070(6) 
7231(7) 
6484(11) 
6963(8) 
8195(10) 
8085(10) 
6721(9) 
2213(20) 
4576(24) 
3519(19) 
1531(11) 
3584(20) 
3385(13) 
3519(29) 
5803(19) 
4418(36) 
9121(1) 
9017(2) 

10255(2) 
9569(2) 
7953(6) 
7314(6) 
6017(7) 
6779(8) 
6379(8) 
5153(10) 
5337(10) 
6691(10) 
8517(18) 
8031(14) 

10508(11) 
11916(10) 
9925(14) 

10091(12) 
11115(11) 
9348(16) 
8655(15) 
4081(3) 
5044(16) 
5038(12) 
3163(15) 
3123(17) 
3864(18) 
4163(18) 
~332(3) 
-174(11) 
764(10) 

-432(17) 

Y 

9983 
8922(2) 

10552(2) 
10864(2) 
9470(4) 
9981(4) 
9197(5) 
9400(6) 
9563(5) 
9945(8) 

10408(8) 
10595(7) 
8814(10) 
8436(11) 
8387(8) 

10571(10) 
11429(8) 
10235(11) 
11507(18) 
11304(17) 
10510(14) 
8939(1) 
8017(2) 
8413(2) 

10021(2) 
9397(3) 
8906(4) 
9511(4) 
9407(5) 
9291(6) 
8926(9) 
8460(7) 
8260(6) 
8282(9) 
7292(9) 
7642(6) 
8400(9) 
7525(7) 
8727(8) 

10196(8) 
10594(6) 
10387(7) 
6776(2) 
6891(11) 
6857(8) 
6689(12) 
6768(9) 
7548(7) 
6046(7) 
1962(2) 
2730(5) 
1983(8) 
1200(5) 

Zz 

4283(1) 
3689(2) 
2954(3) 
5578(3) 
5516(6) 
3448(5) 
6040(6) 
5318(8) 
4165(8) 
4152(9) 
3117(10) 
3129(10) 
3064(20) 
2774(19) 
4881(13) 
3097(13) 
2781(18) 
1526(10) 
5731(24) 
5817(19) 
6948(19) 
9443(1) 

10666(2) 
8143(2) 
8838(2) 

10630(5) 
8530(5) 

11121(6) 
10435(8) 
9207(8) 
9058(12) 
8101(9) 
8247(10) 

12046(10) 
10458(14) 
10966(9) 
8340(12) 
7937(12) 
6737(8) 
8423(15) 

10027(12) 
7726(13) 
325(3) 

-509(14) 
1310(12) 
1278(11) 
-635(13) 
321(12) 
280(19) 

5527(2) 
5653(11) 
4672(8) 
5392(9) 

U(eq) 

41(1) 
65(1) 
59(1) 
65(1) 
61(3) 
43(2) 
69(3) 
60(4) 
48(3) 
74(4) 
76(5) 
63(4) 

174(12) 
190(14) 
122(8) 
96(7) 

124(9) 
99(7) 

432(34) 
257(21) 
318(31) 
34(1) 
50(1) 
50(1) 
52(1) 
45(2) 
34(2) 
63(3) 
43(3) 
49(3) 
85(5) 
64(4) 
56(3) 

126(8) 
103(7) 
67(4) 
82(5) 
82(5) 
82(5) 
99(6) 
88(6) 
98(6) 
73(1) 

211(10) 
183(7) 
221(11) 
209(9) 
185(8) 
231(11) 
65(1) 

123(5) 
135(5) 
170(7)



F(4') -1419(9) 1958(7) 6383(7) 126(5) 
F(5') -1308(9) 2090(8) 4534(6) 125(5) 
F(6') 599(9) 1847(5) 6559(7) 110(4) 

* Equivalent isotropic U defined as one third of the 
trace of the orthogonalized Uj4j tensor 

Table 2. Bond lengths (A) 

Ir-P(1) 2.323 (4) 
Ir-P(2) 2.245 (3) 
Ir-P(3) 2.351 (4) 
Ir-0(1) 2.118 (7) 
Ir-N(1) 2.211 (7) 
P(1)-C(11) 1.743 (22) 
P(1)-C(12) 1.766 (24) 
P(1)-C(13) 1.780 (16) 
P(2)-C(21) 1.806 (13) 
P(2)-C(22) 1.819 (17) 
P(2)-C(23) 1.821 (14) 
P(3)-C(31) 1.704 (34) 
P(3)-C(32) 1.650 (25) 
P(3)-C(33) 1.775 (24) 
0(1)-c(1) 1.269 (14) 
N(1)-C(2) 1.523 (12) 
N(1)-C(5) 1.469 (15) 
0(2)-C(1) 1.232 (13) 
c(1)-c(2) 1.506 (14) 
¢(2)-c(3) 1.538 (16) 
c(3)-c(4) 1.537 (18) 
c(4)-c(5) 1.523 (15) 
Ir'-P(1') 2.349 (3) 
Ir'-P(2') 2.249 (3) 
Ir'-P(3') 2.336 (3) 
Ir'-O(1') 2.116 (6) 
Ir'-N(1') 2.215 (6) 
P(1')-C(11') 1.810 (14) 
P(1')-C(12') 1.815 (17) 
P(1')-C(13') 1.810 (13) 

P(2"')-C(21") 1.809 (11) 
P(2')-C(22') 1.828 (14) 
P(2')-C(23') 1.782 (11) 
P(3')-C(31') 1.788 (13) 
P(3')-C(32') 1.834 (13) 

P(3')-C(33') 1.787 (15) 

O(1')-C(1') 1.287 (11) 
N(1')-c(2') 1.514 (11) 
N(1')-c(5') 1.494 (13) 
0(2')-C(1') 1.187 (12) 

c(1')-c(2") 1.525 (13) 
c(2')-c(3') 1.521 (16) 
c(3")-c(4") 1.483 (19) 
c(4')-c(5') 1.525 (16) 
P(4)-F(1) 1.467 (17) 
P(4)-F(2) 1.551 (14) 
P(4)-F(3) 1.527 (15) 
P(4)-F(4) 1.522 (17) 
P(4)-F(5) 1.562 (14)



P(4)-F(6) 1 
P(4')-F(1') 1 
P(4')-F(2') 1. 
P(4')-F(3') 1 
P(4')-F(4') 1 
P(4')-F(5') 1. 
P(4')-F(6') 1. 

-465 
-993 
575 
538 
-568 
585 

584 

(14) 
(10) 
(11) 
(12) 
(10) 
(9) 
(10) 

Table 3. Bond angles (°) 

P(1)-Ir-P(2) 
P(1)-Ir-P(3) 
P(2)-Ir-P(3) 
P(1)-Ir-0(1) 
P(2)-Ir-0(1) 
P(3)-Ir-0(1) 
P(1)-Ir-N(1) 
P(2)-Ir-N(1) 
P(3)-Ir-N(1) 
0(1)-Ir-N(1) 
Ir-P(1)-C(11) 
Ir-P(1)-C(12) 
C(11)-P(1)-C(12) 
Ir-P(1)-C(13) 
C(11)-P(1)-C(13) 
¢(12)-P(1)-c(13) 
Ir-P(2)-C(21) 
Ir-P(2)-C(22) 
C(21)-P(2)-C(22) 
Ir-P(2)-C(23) 
C(21)-P(2)-C(23) 
C(22)-P(2)-C(23) 
Ir-P(3)-C(31) 
Ir-P(3)-C(32) 
C(31)-P(3)-C(32) 
Ir-P(3)-C(33) 
C(31)-P(3)-C(33) 
C(32)-P(3)-C(33) 
Ir-0(1)-C(1) 
Ir-N(1)-C(2) 
Ir-N(1)-C(5) 
C(2)-N(1)-C(5) 
0(1)-c(1)-0(2) 
0(1)-C(1)-C(2) 
0(2)-C(1)-C(2) 
N(1)-C(2)-C(1) 
N(1)-C(2)-C(3) 
C(1)-C(2)-c(3) 
C(2)-c(3)-C(4) 
C(3)-C(4)-C(5) 
N(1)-C(5)-C( 4) 
P(1')-Ir'-P(2') 
P(1')-Ir'-P(3') 
P(2')-Ir'-P(3') 
P(1')-Ir'-O(1') 
P(2')-Ir'-O(1') 
P(3')-Ir'-O(1') 

96.8(1) 
156.0(1) 
97.6(1) 
84.8(2) 

177.5(2) 
81.6(2) 
95.9(2) 
98.0(2) 

101.1(2) 
79.8(3) 

118.8(7) 
122.5(8) 
100.4(11) 
109.9(5) 
99.4(10) 

102.4(9) 
116.5(6) 
116.7(7) 
103.1(9) 
113.8(6) 
103.2(7) 
101.6(9) 
124.2(10) 
127.2(9) 
96.6(15) 

106.5(9) 
98.5(15) 
97.6(14) 

117.0(6) 
108.1(5) 
123.1(6) 
107.5(7) 
122.5(9) 
119.7(9) 
117.8(10) 
113.5(8) 
105.2(8) 
115.6(8) 
104.7(8) 
101.6(9) 
105.5(10) 
94.9(1) 

158.5(1) 
96.0(1) 
84.0(2) 

176.3(2) 
86.1(2) 
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P(1')-Ir'-N(1') 
P(2')-Ir'-N(1') 
P(3')-Ir'-N(1') 
O(1')-Ir'-N(1') 
Ir'-P(1')-C(11') 
Ir'-P(1')-c(12') 
C(11')-P(1')-c(12"') 
Ir'-P(1')-c(13') 
C(11')-P(1')-c(13") 
C(12')-P(1')-c(13"') 
Ir'-P(2')-C(21') 
Ir'-P(2')-C(22') 
C(21')-P(2')-c(22"') 
Ir'-P(2')-C(23') 
C(21')-P(2')-c(23"') 
C(22')-P(2')-c(23') 
Ir'-P(3')-c(31') 
Ir'-P(3')-C(32') 
C(31')-P(3')-C(32') 
Ir'-P(3')-C(33') 
C(31')-P(3')-C(33') 
C(32')-P(3')-c(33') 
Ir'-0(1')-c(1"') 
Ir'-N(1')-C(2"') 
Ir'-N(1')-c(5') 
C(2*)-N(1')-C(5') 
O(1')-C(1')-O0(2') 
O(1')-C(1')-C(2") 
0(2')-c(1')-c(2"') 
N(1')-C(2')-cC(1"') 
N(1')-C(2')-c(3') 
C(1')-C(2')-c(3') 
C(2')-c(3')-c(4') 
C(3')-C(4')-c(5') 
N(1')-C(5')-c(4") 
F(1)-P(4)-F(2) 
F(1)-P(4)-F(3) 
F(2)-P(4)-F(3) 
F(1)-P(4)-F(4) 
F(2)-P(4)-F(4) 
F(3)-P(4)-F(4) 
F(1)-P(4)-F(5) 
F(2)-P(4)-F(5) 
F(3)-P(4)-F(5) 
F(4)-P(4)-F(5) 
F(1)-P(4)-F(6) 
F(2)-P(4)-F(6) 
F(3)-P(4)-F(6) 
F(4)-P(4)-F(6) 
F(5)-P(4)-F(6) 
F(1')-P(4')-F(2') 
F(1')-P(4')-F(3') 
F(2')-P(4')-F(3') 
F(1‘')-P(4')-F(4') 
F(2')-P(4')-F(4') 
F(3')-P(4')-F(4') 
F(1')-P(4')-F(5') 
F(2')-P(4')-F(5') 

103.0(2) 
98.1(2) 
93.7(2) 
78.7(2) 

110.1(6) 
125.5(5) 
99.9(8) 

113.2(4) 
103.1(7) 
102.4(7) 
118.3(5) 
116.0(5) 
101.2(7) 
115.3(5) 
101.9(6) 
101.7(7) 
117.9(5) 
108.3(4) 
103.0(8) 
119.4(5) 
103.0(7) 
103.2(7) 
119.2(5) 
108.7(5) 
121.7(6) 
104.8(7) 
125.2(8) 
115.4(7) 
119.3(8) 
113.6(7) 
106.6(9) 
114.4(9) 
105.0(9) 
102.9(9) 
103.1(9) 
90.9(8) 

174.4(9) 
83.8(8) 
89.0(9) 

174.6(10) 
96.0(9) 
87.3(11) 
89.8(9) 
90.8(11) 
84.8(9) 
95.0(12) 
95.2(10) 
87.4(12) 
90.2(11) 

174.4(11) 
87.3(7) 

177.6(9) 
90.7(8) 
91.5(7) 

178.7(8) 
90.6(8) 
89.0(7) 
91.1(5) 
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F(3')-P(4')-F(5') 
F(4')-P(4')-F(5") 
F(1')-P(4')-F(6') 
F(2')-P(4')-F(6") 
F(3')-P(4')-F(6') 
F(4')-P(4')-F(6') 
F(5')-P(4')-F(6') 

Table 4. 

Ir 

P(1) 
P(2) 
P(3) 
O(1) 
N(1) 
0(2) 
c(1) 
C(2) 
C(3) 
C(4) 
C(5) 
C(11) 

C(12) 

C(13) 

C(21) 

C(22) 

C(23) 

(31) 
C( 32) 

C(33) 

P(1') 
P(2') 
P(3') 
o(1") 
N(1') 
0(2') 
c(1') 
c(2"') 
c(3') 
c(4') 
c(5') 
c(11') 
c(12') 
c(13') 
c(21') 
C(22"') 
C(23') 
c(31') 
C(32') 
c(33') 
P(4) 
F(1) 

O11 

35(1) 
75(2) 
45(1) 
49(1) 
48(4) 
49(4) 
59(4) 
77(7) 
41(4) 
54(6) 
53(6) 
48(5) 

195(22) 
278(32) 
193(20) 
49(6) 

150(17) 
79(8) 

435(57) 
168(22) 
643(86) 
32(1) 
52(1) 
38(1) 
56(1) 
53(4) 
41(3) 
60(4) 
45(5) 
34(4) 
43(5) 
60(6) 
63(6) 

211(20) 
86(10) 
86(8) 
37(5) 
97(10) 
76(8) 
64(7) 

147(13) 
124(13) 
79(2) 

183(14) 

92.2(8) 
88.9(5) 
90.2(6) 
91.3(5) 
88.7(7) 
88.6(5) 

177.4(5) 

U22 

54(1) 
64(2) 
76(2) 
81(2) 
93(6) 
52(4) 
95(6) 
63(7) 
63(6) 

124(11) 
115(10) 
80(8) 

114(16) 
106(15) 
82(11) 

158(16) 
79(10) 

171(17) 
547(72) 
413(54) 
176(28) 
41(1) 
53(1) 
71(2) 
50(1) 
52(4) 
39(3) 
89(5) 
42(5) 
63(6) 

126(11) 
79(7) 
51(6) 

114(13) 
104(12) 
63(7) 

120(12) 
73(8) 

135(13) 
77(9) 
38(6) 
74(9) 
71(2) 

277(23) 

033 

35(1) 
56(1) 
54(1) 
65(2) 
42(3) 
29(3) 
51(4) 
38(5) 
41(5) 
44(5) 
61(7) 
61(6) 

208(24) 
192(23) 
90(11) 
81(9) 

143(16) 
47(6) 

304(41) 
195(24) 
136(22) 
30(1) 
44(1) 
39(1) 
48(1) 
29(3) 
21(2) 
41(3) 
42(4) 
49(5) 
87(8) 
53(6) 
55(6) 
56(8) 

119(13) 
52(6) 
89(9) 
76(8) 
36(5) 

158(15) 
78(8) 
92(10) 
68(2) 

177(14) 

012 

-4(1) 
-26(2) 
14(1) 
1(1) 
4(4) 

-7(4) 
18(4) 
13(6) 
-3(4) 
6(7) 

-20(7) 
-4(5) 

-108(16) 
-55(18) 
-59(13) 
20(8) 
13(11) 
28(10) 

413(57) 
-188(29) 
-53(42) 

1(1) 
12(1) 
9(1) 

-11(1) 
9(3) 

-2(3) 
12(4) 
7(4) 

11(4) 
-23(8) 
-17(6) 
~8(5) 
88(13) 

-10(9) 
14(6) 
20(6) 
23(7) 
26(8) 

-22(7) 
-19(7) 
-24(9) 
-10(2) 
-35(15) 

Anisotropic displacement coefficients (A2x103) 

0(1) 
-4(1) 
-3(1) 
0(1) 
3(3) 
3(3) 

~9(3) 
~6(5) 
2(4) 

-7(4) 
5(5) 

11(5) 
-96(19) 
154(23) 
30(12) 
-5(6) 
0(14) 

-2(6) 
-266(42) 
105(20) 
-19(36) 
-2(1) 
3(1) 
5(1) 

~2(1) 
~5(3) 
0(2) 

10(3) 
10(4) 
2(4) 

12(5) 
-10(5) 
-15(5) 
49(10) 

-18(9) 
-9(6) 
5(5) 

14(7) 
4(5) 

18(9) 
-7(9) 

-51(10) 
7(2) 

108(12) 

013 

-4(1) 
-5(2) 
2(1) 

-31(2) 
15(4) 
0(3) 

15(4) 
-2(5) 
~4(4) 
-7(7) 
-4(7) 
6(6) 

33(15) 
-77(16) 

0(9) 
~4(10) 
34(11) 

~15(8) 
-340(49) 
-223(32) 
-123(22) 

-1(1) 
12(1) 
-4(1) 
3(1) 

-2(3) 
5(3) 

-8(4) 
-1(4) 
5(4) 

-15(10) 
-2(6) 

~11(5) 
38(8) 
57(10) 
16(5) 
10(9) 

-18(7) 
~6(6) 
3(9) 

-4(6) 
43(8) 
7(2) 

28(14) 

023 
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F(2) 142(10) 223(15) 180(12) -42(11) 
F(3) 172(13) 374(28) 119(10) -49(15) 
F(4) 250(18) 212(17) 161(12) ~34(14) 
F(5) 319(21) 87(7) 147(11) -6(10) 
F(6) 276(21) 73(8) 346(24) 21(11) 
P(4') 90(2) 63(2) 43(1) -7(2) 
F(1') 151(9) 68(6) 151(10) -11(6) 
F(2') 116(7) 211(13) 80(6) 39(9) 
F(3') 327(20) 79(7) 105(8) ~52(9) 
F(4') 111(7) 200(11) 67(5) -~17(8) 
F(5') 113(7) 204(12) 59(4) -11(8) 
F(6') 127(7) 130(8) 72(5) 45(6) 

3The anisotropic displacement exponent. takes the 

-2p2(h2a*2u,] + ... + 2hkatb*Uj2) 

Table 5. H-Atom coordinates (x104) and isotropic 

displacement coefficients (&2x103) 

H(1) 
H(1A) 
H(2A) 
H(3A) 
H(3B) 
H( 4A) 
H( 4B) 
H(5A) 
H(5B) 
H(11A) 
H(11B) 
H(11C) 
H(12A) 
H(12B) 
H(12C) 
H(13A) 
H(13B) 
H(13C) 
H(21A) 
H(21B) 
H(21C) 
H(22A) 
H(22B) 
H(22C) 
H(23A) 
H(23B) 
H(23C) 
H(31A) 
H(31B) 
H(31C) 
H(32A) 
H(32B) 
H(32C) 
H(33A) 
H(33B) 
H(33C) 
H(1') 

x 

3161 
5940 
7109 
8918 
8240 
8218 
8633 
6623 
6425 

2100 
1576 
2170 
4184 
4668 
5375 
3275 
4314 
2922 
1171 
1217 
1324 
3087 
3449 
4441 
2902 
4240 
3110 
3813 
3102 
2956 
5662 
6312 
6210 

4513 

3602 
5018 

10115 

Y 

10012 
9763 
9145 
9668 

10232 
10138 
10785 
10920 
10781 
8353 
8949 
9082 
8014 
8675 
8361 
7944 
8372 
8568 

10822 
10123 
10778 
11632 
11655 
11462 
10496 
10256 
9779 

11843 
11717 
11216 
11656 
10966 
11481 

10834 
10322 

10161 
8977 

5132 
2791 
3793 
4141 
4803 
2461 
3111 
3717 
2426 
2867 
3569 
2392 
2624 
2078 
3118 
4660 
5254 
5387 
2482 
3078 
3801 
2194 
3483 
2592 
1000 
1329 
1500 
6249 
5101 
6108 
6350 
6165 
5169 

7541 
6966 
7054 

10199 

80 
80 
80 
80 
80 
80 
80 
80 

80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 

80 
80 
80 
80 
80 
80 
80 
80 

80 

80 
80 
80 

-80(10) 
44(9) 

-101(13) 
-21(12) 
65(18) 
5(1) 
4(7) 

37(5) 
26(10) 
24(5) 

-18(5) 
-21(5) 

form: 

60(12) 
56(13) 
24(12) 
25(8) 
14(12) 
-2(1) 
1(5) 

28(7) 
-24(6) 
18(6) 
5(6) 

-21(5) 
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H(1'A) 
H(2'A) 
H(3'A) 
H(3'B) 
H(4'A) 
H(4'B) 
H(5'A) 
H(5'B) 
H(11D) 
H(11E) 
H(11F) 
H(12D) 
H(12E) 
H(12F) 
H(13D) 
H(13E) 
H(13F) 

H(21D) 
H(21E) 
H(21F) 
H(22D) 
H(22E) 
H(22F) 
H(23D) 
H(23E) 
H(23F) 
H(31D) 
H(31E) 
H(31F) 
H( 32D) 
H(32E) 
H(32F) 
H(33D) 
H(33E) 
H(33F) 

7426 
6246 
4428 
5069 
5274 
4773 
6753 
7019 
8481 
9117 
7721 

8169 
7173 
8255 

10375 
10869 
11057 
12273 
12240 
12118 
10443 
10039 
9076 

10606 
9247 

10350 
11172 
11701 
11290 
9523 
8524 

9926 
8946 
8723 
7807 

9117 
9721 
9199 
8644 
8734 
8092 
7959 
8051 
7899 
8593 
8494 

6995 
7414 
7073 
7272 
7483 
7957 
8161 
8846 
8176 
7336 
7285 
7495 
8468 
8696 

9185 
10655 
10109 
9914 

11043 
10573 

10462 
10830 
10118 
10406 

7867 
8868 
8969 
9708 
7435 
8028 
8877 
7587 

12532 
12344 
12007 
11085 
10416 

9770 
11466 
10281 
11326 
7722 
8363 
9037 
7371 
8633 
7691 
6251 
6478 
6725 
8198 
9025 
7790 
9794 

10311 

10612 
7574 
7057 
7945 

80 
80 
80 
80 
80 
80 
80 
80 

80 
80 
80 
80 
80 

80 
80 
80 

80 
80 
80 
80 
80 
80 
80 
80 

80 
80 
80 
80 
80 
80 
80 
80 
80 
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STRUCTURE DETERMINATION SUMMARY OF [Ir(val)(H)(PMe3)3] PF6 
Crystal Data 

Empirical Formula 
Color; Habit 

Crystal Size (mm) 

Crystal System 

Space Group 

Unit Cell Dimensions 

Volume 

Z 

Formula weight 
Density(calc.) 

Absorption Coefficient 
F(000) 

Data Collection 

Diffractometer Used 

Radiation 

Temperature (K) 

Monochromator 

20 Range 

Scan Type 
Scan Speed 

Scan Range () 

Background Measurement 

Standard Reflections 

Index Ranges 
Reflections Collected 

Independent Reflections 

Observed Reflections 

Absorption Correction 
Min./Max. Transmission 

Solution and Refinement 

System Used 

Solution 

Refinement Method 

Quantity Minimized 

Absolute Structure 

Extinction Correction 

Hydrogen Atoms 
Weighting Scheme 
Number of Parameters refined 

Final R indices (obs. data) 

R Indices (all data) 

Goodness-of-Fit 
Largest and Mean A/o 

Data-to-Parameter Ratio 

C14H3gF6lrNO2P4 
Clear rectangular prism 
0.2x0.2x04 
Tetragonal 

P43 

a= 143273)A 
c= 14.397(4) A 
2955.3(16) A> 
4 

682.5 
1.534 Mg/m3 
4.759 mm! 
1344 

Siemens R3m/V 

MoKg, (A = 0.71073 A) 
298 
Highly oriented graphite crystal 
3.5 to 45.0° 
Wyckoff 
Variable; 3.00 to 19.53°/min. in 

0.60° 
Stationary crystal and stationary 

counter at beginning and end of 
scan, each for 25.0% of total 
scan time 

2 measured every 300 reflections 
O<shs 15, O<sks 15,-15<l< 15 

4250 
3870 (Rint= 2.63%) 
3264 (F> 4.00(/)) 
Semi-empirical 
0.5122 / 1.0000 

Siemens SHELXTL PLUS (VMS) 

Direct Methods 
Full-Matrix Least-Squares 
Lw(Fo-Fe)2 
n = 1.043) 
x, = 0.00015(4), where 

F* = F[ 1 + 0.002yF2/sin(26) -1/4 
Riding model, fixed isotropic U 
wl=o02(F) + 0.0008F2 
254 
R= 433 %,wR= 5.06% 
R= 5.60%,wR= 5.80% 
1.26 
0.071, 0.007 
12.9:1 
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Largest Difference Peak 
Largest Difference Hole 

Table 1. Atomic coordinates (x10*) and equivalent isotropic displacement coefficients (A2x107) 

Ir(1) 
P(1) 
P(2) 
P(3) 
O(1) 
N(1) 
c(1) 
C(2) 
C(3) 
C(4) 
c(5) 
0(2) 
c(11) 
c(12) 
c(13) 
c(21) 
C(22) 
c(23) 
c(31) 
C(32) 
C(33) 

P(4) 
F(1) 
F(2) 
F(3) 
F(4) 
F(5) 
F(6) 

* Equivalent isotropic U defined as one third of the trace of the orthogonalized Ujj tensor 

x 

617(1) 
-588(3) 
-276(3) 
2025(3) 
1509(7) 
761(8) 

1590(9) 
1048(9) 
1535(10) 
2445(12) 
895(13) 

2077(8) 
-1451(13) 
-120(14) 

-1291(14) 
-53(13) 

-154(14) 
-1531(11) 
2979(12) 
2204(15) 
2378(15) 
2180(3) 
1536(13) 
2909(14) 
2804(15) 
1454(12) 
2580(12) 
1792(12) 

Y 

3477(1) 
2882(3) 
4412(3) 
4217(3) 
2547(7) 
2316(8) 
1722(11) 
1443(9) 
712(10) 

1044(12) 
300(12) 

1117(7) 
2069(14) 
2277(15) 
3743(14) 
4232(11) 
5676(12) 
4291(13) 
3436(15) 
4861(14) 
5010(19) 
2958(3) 
2715(12) 
3248(14) 
3166(12) 
2648(13) 
1948(9) 
3966(8) 

Z 

1206 
2136(3) 
316(3) 
811(3) 

1937(6) 
227(7) 

1590(9) 
732(9) 
142(10) 

-289(11) 
~600(13) 
1988(7) 
1707(13) 
3123(12) 
2695(14) 
-904(11) 
458(13) 
354(14) 
691(18) 

~288(14) 
1692(16) 

~2671(3) 
-1840(12) 
~1963(15) 
-3506(12) 
-3395(12) 
-2643(10) 
-2694(11) 

2.00 eA 
-1.19eA3 

U(eq) 

43(1) 
53(1) 
55(1) 
60(1) 
53(4) 
46(4) 
46(5) 
44(4) 
52(5) 
77(7) 
85(7) 
66(4) 
91(8) 
93(8) 
98(9) 
72(6) 
83(8) 
79(7) 

109(10) 
99(9) 

132(12) 
67(2) 

184(9) 
214(11) 
202(10) 
177(9) 
147(7) 
144(7) 

187



Table 2. Bond lengths (A) 

Ir(1)-P(1) 
Ir(1)-P(2) 

Ir(1)-P(3) 
Ir(1)-O(1) 
Ir(1)-N(1) 
P(1)-C(11) 
P(1)-C(12) 
P(1)-C(13) 
P(2)-C(21) 
P(2)-C(22) 
P(2)-C(23) 
P(3)-C(31) 
P(3)-C(32) 
P(3)-C(33) 
O(1)-C(1) 
N(1)-C(2) 
C(1)-C(2) 
C(1)-0(2) 
C(2)-C(3) 
C(3)-C(4) 
C(3)-C(5) 
P(4)-F(1) 
P(4)-F(2) 
P(4)-F(3) 
P(4)-F(4) 
P(4)-F(5) 
P(4)-F(6) BP

R 
E
E
R
 

B
E
E
R
 

P
R
P
 
e
e
 
P
e
 
P
e
 
P
e
 
P
P
 

R
P
E
 
i
N
 
D
N
 

LD 345 
-252 
- 349 
-126 

-190 
-807 
-795 
-784 
-804 
-832 
-807 
-775 
-849 
-776 
-288 

-504 
-514 
-251 
-517 
-520 
927 
951 
-917 
2527 
538 
©5957 
-548 

(4) 
(4) 
(4) 
(10) 
(11) 
(20) 
(19) 
(20) 
(16) 
(17) 
(16) 
(19) 
(21) 
(25) 
(18) 
(17) 
(19) 
(18) 
(19) 
(22) 
(23) 
(18) 
(21) 
(19) 
(18) 
(14) 
(14) 
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Table 3. Bond angles (°) 

P(1)-Ir(1)-P(2) 
P(1)-Ir(1)-P(3) 
P(2)-Ir(1)-P(3) 
P(1)-Ir(1)-0(1) 
P(2)-Ir(1)-0(1) 
P(3)-Ir(1)-0(1) 
P(1)-Ir(1)-N(1) 
P(2)-Ir(1)-N(1) 
P(3)-Ir(1)-N(1) 
O0(1)-Ir(1)-N(1) 
Ir(1)-P(1)-cC(11) 
Ir(1)-P(1)-C(12) 
C(11)-P(1)-c(12) 
Ir(1)-P(1)-C(13) 
C(11)-P(1)-c(13) 
C(12)-P(1)-c(13) 
Ir(1)-P(2)-C(21) 
Ir(1)-P(2)-C(22) 
C(21)-P(2)-C(22) 
Ir(1)-P(2)-C(23) 
C(21)-P(2)-C(23) 
C(22)-P(2)-C(23) 
Ir(1)-P(3)-C(31) 
Ir(1)-P(3)-C(32) 
C(31)-P(3)-C(32) 
Ir(1)-P(3)-C(33) 
C(31)-P(3)-C(33) 
C(32)-P(3)-C(33) 
Ir(1)-0(1)-C(1) 
Ir(1)-N(1)-C(2) 
0(1)-C(1)-C(2) 
0(1)-C(1)-0(2) 
C(2)-C(1)-0(2) 
N(1)-C(2)-C(1) 
N(1)-C(2)-C(3) 
C(1)-C(2)-C(3) 
C(2)-C(3)-C(4) 
C(2)-C(3)-C(5) 
C(4)-C(3)-C(5) 
F(1)-P(4)-F(2) 
F(1)-P(4)-F(3) 
F(2)-P(4)-F(3) 
F(1)-P(4)-F(4) 
F(2)-P(4)-F(4) 
F(3)-P(4)-F(4) 
F(1)-P(4)-F(5) 
F(2)-P(4)-F(5) 
F(3)-P(4)-F(5) 
F(4)-P(4)-F(5) 
F(1)~P(4)-F(6) 
F(2)-P(4)-F(6) 
F(3)-P(4)-F(6) 

97.1(2) 
159.1(1) 
94.7(2) 
86.1(3) 

175.0(3) 
83.5(3) 
99.3(3) 
98.0(3) 
96.1(3) 
77.6(4) 

122.9(6) 
110.6(7) 
102.4(9) 
115.0(7) 
102.4(9) 
100.8(9) 
111.6(6) 
118.1(6) 
103.5(8) 
119.4(6) 
101.1(9) 
100.7(9) 
113.6(7) 
123.4(7) 
97.1(10) 

111.1(7) 
104.7(11) 
104.6(10) 
116.0(8) 
110.3(7) 
120.8(12) 
120.6(12) 
118.5(13) 
108.4(11) 
115.4(11) 
113.7(11) 
114.0(12) 
112.4(12) 
110.5(13) 
87.3(11) 

178.0(10) 
94.1(11) 
93.2(10) 

178.8(11) 
85.4(10) 
89.4(9) 
89.1(10) 
89.2(9) 
89.8(9) 
90.8(9) 
90.4(10) 
90.6(9) 
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F(4)-P(4)-F(6) 
F(5)-P(4)-F(6) 

Table 4. Anisotropic displacement coefficients (A2x10°) 

Ir(1l) 
P(1) 
P(2) 
P(3) 
0(1) 
N(1) 
c(1) 
c(2) 
c(3) 
c(4) 
c(5) 
0(2) 
C(1l) 
c(12) 
c(13) 
c(21) 
C(22) 
C(23) 
c(31) 
C(32) 
C(33) 
P(4) 
F(1) 
F(2) 
F(3) 
F(4) 
F(5) 
F(6) 

U1 

47(1) 
57(3) 
63(3) 
54(3) 
58(6) 
48(7) 
26(7) 
35(8) 
45(9) 
91(14) 

102(15) 
73(8) 
89(14) 
96(15) 

118(17) 
87(13) 
86(14) 
49(10) 
45(11) 

102(16) 
67(14) 
68(3) 

215(18) 
181(17) 
295(23) 
156(14) 
213(16) 
223(17) 

90.7(9) 
179.4(7) 

U22 

35(1) 
52(2) 
42(2) 
49(2) 
51(7) 
53(7) 
51(9) 
46(8) 
51(9) 
71(12) 
44(10) 
60(7) 

111(16) 
113(16) 
80(14) 
49(10) 
63(12) 
91(14) 

103(16) 
82(14) 

182(25) 
69(3) 

155(13) 
207(19) 
148(13) 
172(15) 
91(9) 
69(8) 

033 

47(1) 
51(2) 
58(2) 
78(3) 
50(6) 
37(6) 
60(9) 
50(7) 
58(8) 
69(10) 

110(14) 
67(7) 
73(11) 
70(12) 
96(14) 
79(11) 
99(14) 
98(13) 

178(22) 
114(16) 
146(21) 
62(3) 

183(15) 
254(21) 
163(16) 
202(18) 
137(11) 
139(11) 

U12 

1(1) 1(1) 
-1(2) 9(2) 
5(2) 1(2) 

-9(2) -1(2) 
5(5) -10(5) 
0(6) 4(5) 
3(7) -9(6) 

~4(6) -5(6) 
22(7) 0(7) 
51(10) 19(10) 
28(9) -35(11) 
11(6) -14(6) 

~31(12) 23(10) 
-12(12) 11(10) 

9(12) 54(13) 
22(9) -3(9) 
4(10)  -11(11) 
7(9) 0(9) 

-9(10) 43(12) 
~19(12) 17(13) 
-43(15) 10(13) 

8(2) 6(2) 
94(12)  125(13) 
64(15) -129(16) 
-9(14)  142(17) 

-19(11)  -87(12) 
74(10) -4(11) 
50(9) 15(11) 

013 

-5(1) 
-5(2) 
-1(2) 
-7(2) 
-3(5) 
2(5) 

17(7) 
12(6) 
-3(7) 
2(9) 

-23(9) 
2(5) 

-33(11) 
27(11) 

-15(11) 
6(8) 

-5(10) 
30(11) 
13(14) 
11(12) 

~62(18) 
0(2) 

65(11) 
-81(16) 
14(11) 

-34(12) 
~18(8) 
12(7) 

The anisotropic displacement exponent takes the form: -2n2(h2a*2U 1 +... + 2hka*b*U 12) 

Table 5. H-Atom coordinates (x104) and isotropic displacement coefficients (A2x 10) 

H(1A) 
H(1B) 
H(2A) 
H(3A) 
H(4A) 
H( 4B) 
H(4C) 
H(5A) 
H(5B) 
H(5C) 

x 

1194 
211 
484 

1690 
2724 
2315 
2868 
1219 

360 
696 

Y 

2450 
2224 
1156 
203 
546 

1559 
1242 
~158 

18 
803 

Zz 

-207 
-61 
950 
547 

-638 
-695 
190 

-964 

-313 
-994 

U 

80 
80 
80 
80 
80 
80 
80 
80 

80 
80 

023 
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H(11A) 
H(11B) 
8(11C) 
H(12A) 
H(12B) 
H(12C) 
H(13A) 
H(13B) 
H(13C) 
H(21A) 
H(21B) 
H(21C) 
H(22A) 
H(22B) 
H(22C) 
H(23A) 
H(23B) 
H(23C) 
H(31A) 
H(31B) 
H(31C) 
H(32A) 
H(32B) 
H(32C) 
H(33A) 
H(33B) 
H(33C) 

~1882 
-1783 
-1144 
-621 
261 
252 

-1768 
-899 

-1576 
-444 
591 

-183 
-571 

-295 
478 

-1818 
-1690 
-1750 
3532 
3072 
2851 
2827 
2111 
1764 
2953 
1897 
2457 

1910 
2353 
1514 
2040 
1768 
2698 
3451 
4116 
4134 
4641 
4369 
3596 
5997 

5846 
5848 

4735 
3670 
4392 
3778 
3127 
2980 
5106 
4451 
5365 
5305 

5474 
4700 

2192 
1202 
1492 
3497 
2913 
3486 
3063 
3089 
2234 

-1262 
-1032 
-1068 

45 

1088 
317 
-56 
160 
976 
530 

1276 
219 

-305 
-807 
-318 
1516 

1746 
2278 

80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 

80 
80 

80 

80 
80 

80 
80 
80 

80 
80 
80 
80 
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STRUCTURE DETERMINATION SUMMARY OF [Ir(COD)(DMPE)]Cl rearranged product 
Crystal Data 

Empirical Formula 
Color; Habit 

Crystal Size (mm) 

Crystal System 

Space Group 

Unit Cell Dimensions 

Volume 
Z 
Formula Weight 

Density(calc.) 
Absorption Coefficient 
F(000) 
Data Collection 

Diffractometer Used 

Radiation 

Temperature (K) 

Monochromator 

20 Range 

Scan Type 

Scan Speed 

Scan Range (w) 

Background Measurement 

Standard Reflections 

Index Ranges 

Reflections Collected 

Independent Reflections 
Observed Reflections 

Absorption Correction 
Min./Max. Transmission 

Solution and Refinement 

System Used 
Solution 

Refinement Method 

Quantity Minimized 

Extinction Correction 

Hydrogen Atoms 
Weighting Scheme 
Number of Parameters Refined 

Final R Indices (obs. data) 

R Indices (all data) 
Goodness-of-Fit 

Largest and Mean A/o 

C14H2gClirP2 
Clear irregular prism 
0.2x03x04 
Monoclinic 

P21/m 

a= 7.100(2) A 
b= 15.295(5) A 
c= 8.784(4) A 
b= 112.72(3)° 
880.0(5) AS 
2 
486.0 
1.834 Mg/m3 
7.904 mm! 
472 

Siemens R3m/V 

MoKa. (A = 0.71073 A) 
298 
Highly oriented graphite crystal 
3.5 to 55.0° 
Wyckoff 
Variable; 3.91 to 19.53°/min. in w 

0.60° 
Stationary crystal and stationary 
counter at beginning and end of 
scan, each for 25.0% of total 
scan time 
3 measuredevery 300 reflections 
O<shs< 9, Oxsks 19,-11<l< 10 
1930 
1791 Rint= 2.44%) 
1536 (F> 3.00) 
Semi-empirical 
0.0977 / 0.5595 

Siemens SHELXTL PLUS (VMS) 
Direct Methods 
Full-Matrix Least-Squares 
Zw(Fo-Fe)? 
x= -0.00003(11), where 

F* = F[ 1 + 0.002xF2/sin(26) -1/4 
Riding model, fixed isotropic U 
w-l=02(F)+ 0.0003F2 
89 
R= 4.77%,wR= 5.61 % 
R= 558 %,wR= 5.71% 
2.13 
0.266, 0.005 
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Data-to-Parameter Ratio 

Largest Difference Peak 

Largest Difference Hole 

17.3:1 

1.39 eA 
-1.15eA3 

Table 1. Atomic coordinates (x104) and equivalent isotropic displacement coefficients (A2x 103) 

Ir(1) 
cl1(1) 
P(1) 
c(1) 
C(2) 
c(3) 
c(4) 
c(5) 
c(11) 
c(12) 
c(13) 

x 

1897(1) 
-332(6) 
3833(4) 
3696(18) 
3312(16) 
1047(18) 
-102(15) 
-983(22) 
2516(26) 
5837(23) 
5308(21) 

y 

2500 
2500 
3499(2) 
2500 
3362(8) 
3562(12) 
3296(12) 
2500 
4335(14) 
4102(10) 
2944(10) 

z2 

5629(1) 
7282(6) 
7491(3) 
4246(15) 
3206(14) 
2376(16) 
3529(13) 
3608(27) 
8039(28) 
7133(20) 
9361(15) 

U(eq) 

60(1) 
164(4) 
69(1) 
66(5) 
90(5) 

115(7) 
106(6) 
126(12) 
218(16) 
137(10) 
124(6) 

* Equivalent isotropic U defined as one third of the trace of the orthogonalized Uj; tensor 

Table 2. Bond lengths (A) 

Ir(1)-Cl(1) 2.527 
Ir(1)-P(1) 2.272 
Ir(1)-c(1) 2.076 
Ir(1)-C(4) 2.209 
Ir(1)-c(5) 2.128 
Ir(1)-P(1A) 2.272 
Ir(1)-C( 4A) 2.209 
P(1)-C(11) 1.758 

P(1)-C(12) 1.822 
P(1)-cC(13) 1.785 
C(1)-c(2) 1.566 
C(1)-C(2A) 1.566 
C(2)-C(3) 1.519 
C(3)-C(4) 1.580 
c(4)-c(5) 1.383 
C(5)-C( 4A) 1.383 
C(13)-C(13A) 1.357 

Table 3. Bond angles (°) 

Cl(1)-Ir(1)-P(1) 
C1l(1)-Ir(1)-c(1) 
P(1)-Ir(1)-C(1) 
C1(1)-Ir(1)-C(4) 
P(1)-Ir(1)-C(4) 
C(1)-Ir(1)-c(4) 

(6) 
(3) 
(15) 
(13) 
(15) 
(3) 
(13) 
(23) 
(18) 
(12) 
(14) 
(14) 
(16) 
(21) 
(19) 
(19) 
(29) 

85.7(1) 
179.3(3) 
94.8(2) 
97.9(3) 

104.2(4) 
81.6(4) 
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Cl(1)-Ir(1)-c(5) 82.3(6) 
P(1)-Ir(1)-C(5) 136.1(2) 
c(1)-Ir(1)-c(5) 97.0(7) 
C(4)-Ir(1)-c(5) 37.1(5) 
C1(1)-1r(1)-P(1A) 85.7(1) 
P(1)-Ir(1)-P(1A) 84.5(1) 
C(1)-Ir(1)-P(1A) 94.8(2) 
C(4)-Ir(1)-P(1A) 170.8(4) 
C(5)-Ir(1)-P(1A) 136.1(2) 
C1(1)-1Ir(1)-C( 4A) 97.9(3) 
P(1)-Ir(1)-C( 4A) 170.8(4) 
C(1)-Ir(1)-C(4A) 81.6(4) 
C(4)-Ir(1)-C( 4A) 66.9(8) 
C(5)-Ir(1)-C( 4A) 37.1(5) 
p(1A)-Ir(1)-C(4A) 104.2(4) 
Ir(1)-P(1)-cC(11) 116.6(6) 
Ir(1)-P(1)-c(12) 120.8(5) 
C(11)-P(1)-c(12) 102.3(9) 
Ir(1)-P(1)-C(13) 108.6(5) 
C(11)-P(1)-c(13) 106.2(9) 
C(12)-P(1)-c(13) 100.4(7) 
Ir(1)-C(1)-c(2) 109.5(7) 
Ir(1)-C(1)-C(2A) 109.5(7) 
C(2)-C(1)-C(2A) 114.6(12) 
c(1)-c(2)-c(3) 111.4(11) 
C(2)-c(3)-c(4) 110.7(10) 
Ir(1)-c(4)-c(3) 110.7(7) 
Ir(1)-c(4)-c(5) 68.3(9) 
C(3)-c(4)-c(5) 127.9(16) 
Ir(1)-c(5)-cC(4) 74.6(7) 
Ir(1)-C(5)-C( 4A) 74.6(7) 
C(4)-C(5)-C( 4A) 123.5(18) 
P(1)-C(13)-C(13A) 118.4(5) 

Table 4. Anisotropic displacement coefficients (A2x 103) 

U11 U22 U33 U12 U13 U23 

Ir(1) 36(1) 101(1) 43(1) 0 15(1) 0 
cl(1) 52(2) 374(11) 76(3) 0 35(2) 0 
P(1) 65(1) 83(2) 59(1) 12(1) 25(1) ~9(1) 
c(1) 43(5) 113(11) 41(6) 0 15(4) 0 
C(2) 96(7) 115(9) 72(6) 21(7) 45(6) 38(7) 
c(3) 99(8) 169(14) 79(8) 40(9) 35(7) 40(9) 
c(4) 63(6) 193(15) 53(5) 44(7) 13(5) 4(8) 
c(5) 36(7) 240(29) 83(13) 0 1(7) 0 
c(11) 130(13)  279(28)  214(27) 56(17) 33(15) -147(24) 
c(12) 198(17) 105(10) 129(15) -68(11) 86(13)  -16(10) 
¢(13) 148(10)  121(10) 55(6) ~36(8) ~16(7) 5(6) 

The anisotropic displacement factor exponent takes the form: -2n2(hZa*2U 11 + .-. + 2hka*b*U 19) 
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Table 5. H-Atom coordinates (x104) and isotropic displacement coefficients (A2x 10) 

H(1A) 
H(2A) 
H(2B) 
H(3A) 
H(3B) 
H(4A) 
H(5A) 
H(11A) 
H(11B) 
H(11C) 
H(12A) 
H(12B) 
H(12C) 
H(13A) 
H(13C) 

x 

5096 
3853 
4007 
456 
853 

-670 
-2174 
3489 
1608 
1746 
6466 
6853 
5220 
4867 
6692 

Y 

2500 
3295 
3841 
3234 
4172 
3793 
2500 

4719 
4669 
4040 
4479 
3726 
4448 
3137 
3137 

Zz 

5008 
2366 
3902 
1371 
2101 
3868 
3872 
8812 
7125 
8573 
8066 

7011 
6154 

10210 
9665 

80 
80 
80 
80 
80 
80 
80 

80 
80 
80 
80 
80 
80 
80 
80 
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STRUCTURE DETERMINATION SUMMARY OF [Ir(thiourea)(H)(PMe3)3]PF6 
Crystal Data 

Empirical Formula 

Color; Habit 

Crystal size (mm) 

Crystal System 

Space Group 

Unit Cell Dimensions 

Volume 

Z 

Formula weight 
Density(calc.) 

Absorption Coefficient 
F(000) 

Data Collection 

Diffractometer Used 

Radiation 

Temperature (K) 

Monochromator 

28 Range 

Scan Type 

Scan Speed 
Scan Range (@) 

Background Measurement 

Standard Reflections 

Index Ranges 
Reflections Collected 

Independent Reflections 

Observed Reflections 

Solution and Refinement 

System Used 

Solution 

Refinement Method 

Quantity Minimized 

Absolute Structure 

Extinction Correction 

Hydrogen Atoms 
Weighting Scheme 
Number of Parameters Refined 

Final R Indices (obs. data) 

R Indices (all data) 

Goodness-of-Fit 

Largest and Mean A/o 
Data-to-Parameter Ratio 

C10H31F6lrN2P4S 
clear orange plates 
0.2x0.4x 0.4 

Monoclinic 

Ce 
a= 12.834(4) A 
b= 15.287(4) A 
c= 13.433(4) A 
B = 117.800(0)° 
2331.4(12) A3 
4 

641.5 
1.828 Mg/m? 
6.134 mm-1 

1248 

Siemens R3m/V 

MoKg, (A = 0.71073 A) 
298 
Highly oriented graphite crystal 
3.5 to 45.0° 
Wyckoff 

Variable; 6.00 to 20.00°/min. in w 
1.00° 
Stationary crystal and stationary 

counter at beginning and end of 
scan, each for 0.5% of total 
scan time 

2 measured every 300 reflections 
Oshs 13, O<sks 16,-14<1s 12 
1615 
1615 (Rint= 0.00%) 
1188(F> 2.00(F) 

Siemens SHELXTL PLUS (PC Version) 

Direct Methods 
Full-Matrix Least-Squares 
Zw(Fo-Fc)2 

y= 1.17(10) 
x = 0.000048(8), where 

F* = F [1 + 0.002yF2/sin(26) -1/4 
_ Riding model, fixed isotropic U 
wl =02(F) + 0.0001F2 
142 
R= 5.40%,wR= 4.05% 
R= 7.59%,wR= 4.24% 
0.93 
0.295, 0.035 
8.4:1 
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1.57eA3 Largest Difference Peak 

-1.62eA3 Largest Difference Hole 

Table 1. Atomic coordinates (x104) and equivalent isotropic displacement coefficients (A2x103) 

Ir(1) 
P(1) 
P(2) 
P(3) 
S(1) 
N(1) 
C(1) 
N(2) 
c(11) 
C(12) 
c(13) 
C(21) 
C(22) 
C(23) 
C(31) 
C(32) 
C(33) 
P(4) 
F(1) 
F(2) 
F(3) 
F(4) 
F(5) 
F(6) 

* Equivalent isotropic U defined as one third of the trace of the orthogonalized Uj j tensor 

x 

2810 
4352(10) 
3090(10) 
1424(9) 
3728(9) 
1584(26) 
2241(36) 
1817(27) 
4898(30) 
5740(30) 
4211(31) 
2231(27) 
2858(35) 
4516(29) 
957(30) 
79(24) 

1667(28) 
3245(10) 
4233(20) 
2761(34) 
2234(23) . 
3730(19) 
2460(29) 
4212(26) 

Table 2. Bond lengths (A) 

Ir(1)-P(1) 
Ir(1)-P(2) 
Ir(1)-P(3) 
Ir(1)-S(1) 
Ir(1)-N(1) 
P(1)-C(11) 
P(1)-C(12) 
P(1)-C(13) 
P(2)-C(21) 
P(2)-C(22) 
P(2)-C(23) 
P(3)-C(31) 
P(3)-C(32) 
P(3)-C(33) 
S(1)-c(1) 

234 
385 
- 266 
470 
-100 
-826 
844 
824 
842 
-808 
- 756 
-759 
-813 
-817 
-735 P

R
P
 

ER
P 

P
R
E
P
 
R
R
E
N
N
N
N
 AN 

Y 

974(1) 
228(7) 

2281(7) 
302(6) 

1742(6) 
1558(21) 
1917(22) 
2389(18) 
377(22) 
467(23) 

-~961(24) 
3207(21) 
2324(27) 
2725(24) 
-~706(21) 
940(24) 
51(20) 

6394(9) 
6723(15) 
5784(22) 
5960(19) 
6872(14) 
7123(22) 
5648(16) 

(13) 
(12) 
(8) 
(9) 
(37) 
(46) 
(28) 
(38) 
(38) 
(43) 
(35) 
(37) 
(31) 
(39) 
(45) 

Zz 

176 
275(8) 

-639(9) 
-1383(7) 
2005(7) 
593(24) 

1564(34) 
2145(23) 
-750(26) 
1552(26) 
238(29) 

-531(26) 
-2073(29) 

42(29) 
-1099(27) 
-2039(24) 
-2581(24) 

170(11) 
1247(19) 
848(28) 

-949(19) 
-536(18) 
235(27) 
321(22) 

U(eq) 

42(1) 
60(5) 
66(6) 
46(5) 
56(5) 
68(19) 
56(25) 
78(18) 
84(12) 
94(13) 
96(11) 
82(12) 
89(14) 
96(14) 
90(13) 
74(10) 
60(10) 
70(7) 

105(8) 
142(13) 
114(9) 
95(7) 

164(15) 
140(10) 
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N(1)-C(1) 1.299 (45) 
C(1)-N(2) 1.349 (62) 
P(4)-F(1) 1.497 (22) 
P(4)-F(2) 1.615 (47) 
P(4)-F(3) 1.602 (25) 
P(4)-F(4) 1.541 (32) 
P(4)-F(5) 1.532 (40) 
P(4)-F(6) 1.626 (33) 

Table 3. Bond angles (°) 

P(1)-Ir(1)-P(2) 97.8(5) 
P(1)-Ir(1)-P(3) 96.6(4) 
P(2)-Ir(1)-P(3) 100.2(3) 
P(1)-Ir(1)-S(1) 100.7(3) 
P(2)-Ir(1)-S(1) 87.4(4) 
P(3)-Ir(1)-S(1) 160.0(4) 
P(1)-Ir(1)-N(1) 162.7(8) 
P(2)-Ir(1)-N(1) 93.4(10) 
P(3)-Ir(1)-N(1) 94.4(8) 
§(1)-Ir(1)-N(1) 66.5(7) 
Ir(1)-P(1)-c(11) 122.2(11) 
Ir(1)-P(1)-C(12) 113.5(14) 
c(11)-P(1)-c(12) 97.6(18) 
Ir(1)-P(1)-c(13) 115.7(15) 
c(11)-P(1)-c(13) 99.9(19) 
C(12)-P(1)-c(13) 105.3(15) 
Ir(1)-P(2)-C(21) 112.6(14) 
Ir(1)-P(2)-C(22) 122.3(14) 
C(21)-P(2)-C(22) 104.4(18) 
Ir(1)-P(2)-C(23) 115.4(13) 
¢(21)-P(2)-C(23) 100.3(17) 
C(22)-P(2)-C(23) 98.9(21) 
Ir(1)-P(3)-C(31) 113.4(10) 
Ir(1)-P(3)-C(32) 111.3(11) 
C(31)-P(3)-C(32) 103.5(17) 
Ir(1)-P(3)-C(33) 122.0(11) 
C(31)-P(3)-C(33) 102.9(17) 
C(32)-P(3)-C(33) 101.6(15) 
Ir(1)-S(1)-C(1) 78.2(14) 
Ir(1)-N(1)-C(1) 103.4(28) 
$(1)-C(1)-N(1) 111.9(37) 
$(1)-C(1)-N(2) 124.1(26) 
N(1)-C(1)-N(2) 124.0(38) 
F(1)-P(4)-F(2) 91.4(17) 
F(1)-P(4)-F(3) 175.1(16) 
F(2)-P(4)-F(3) 86.2(17) 
F(1)-P(4)-F(4) 91.8(15) 
F(2)-P(4)-F(4) 173.1(19) 
F(3)-P(4)-F(4) 90.1(15) 
F(1)-P(4)-F(5) 89.1(16) 
F(2)-P(4)-F(5) 87.3(22) 
F(3)-P(4)-F(5) 95.1(16) 
F(4)-P(4)-F(5) 98.9(19) 
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F(1)-P(4)-F(6) 
F(2)-P(4)-F(6) 
F(3)-P(4)-F(6) 
F(4)-P(4)-F(6) 
F(5)-P(4)-F(6) 

82 
89 
93 
84 

170 

.1(14) 

.8(20) 

.6(15) 

.6(17) 

.6(16) 

199



Table 4. Anisotropic displacement coefficients (A2x105) 

U11 U22 033 U12 U13 U23 

Ir(1) 53(1) 39(1) 37(1) -6(2) 24(1) -2(2) 
P(1) 52(7) 66(8) 60(6) -8(6) 24(6) -7(6) 
P(2) 60(8) 71(8) 54(7) -22(7) 14(7) 14(6) 
P(3) 43(6) 52(6) 35(5) ~6(5) 12(5) -5(5) 
S(1) 52(7) 70(7) 48(6) -11(6) 25(6) -5(5) 
N(1) 52(24)  110(29) 57(22)  -22(20) 39(20) 19(21) 
c(1) 88(37) 39(25) 70(28)  -17(24) 60(31) 3(23) 
N(2) 85(25)  104(26) 68(20)  -29(21) 55(20)  -41(20) 
P(4) 48(10)  110(10) 38(6) -8(7) 10(8) 23(8) 

The anisotropic displacement exponent takes the form: -2n2(h2a*2U} 1 +... + 2hka*b*U 192) 

Table 5. H-Atom coordinates (x104) and isotropic displacement coefficients (A2x103) 

x y Zz U 

H(1A) 797 1600 177 80 

H(2A) 2341 2621 2805 80 

H(2B) 1041 2474 1893 80 

H(11A) 5553 -10 -562 80 

H(11B) 4290 247 -1496 80 

H(11C) 5151 971 -720 80 

H(12A) 6380 131 1568 80 

H(12B) 5912 1079 1562 80 

H(12C) 5640 325 2198 80 

H(13A) 4915 -1221 288 . 80 

H(13B) 4082 -1168 846 80 

H(13C) 3552 -1118 -466 80 

H(21A) 2377 3717 -862 80 

H(21B) 1407 3065 -921 80 
H(21C) 2458 3320 247 80 

H(22A) 3004 2905 -2247 80 

H(22B) 3403 1925 ~2134 80 

H(22C) 2067 2155 -2592 80 

H(23A) 4524 3250 -346 80 

H(23B) 4739 2860 813 80 

H(23C) 5062 2312 10 80 
H(31A) 368 -985 -1764 80 

H(31B) 1647 -1069 -765 80 
H(31C) 657 -622 -572 80 

H(32A) -502 646 -2694 80 

H(32B) -219 1023 -1510 80 

H(32C) 255 1499 -2252 80 
H(33A) 982 -236 -3151 80 
H(33B) 1804 584 -2879 80 

H(33C) 2338 ~-327 -2351 80 
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STRUCTURE DETERMINATION SUMMARY OF [Ir(thioacetaminde)(H)(PMe3)3]PF6 
Crystal Data 

Empirical Formula 

Color; Habit 

Crystal size (mm) 

Crystal System 
Space Group 

Unit Cell Dimensions 

Volume 

Z 

Formula weight 

Density(calc.) 

Absorption Coefficient 

F(O00) 

Data Collection 

Diffractometer Used 

Radiation 

Temperature (K) 

Monochromator 

20 Range 

Scan Type 

Scan Speed 

Scan Range (@) 

Background Measurement 

Standard Reflections 

Index Ranges 
Reflections Collected 

Independent Reflections 
Observed Reflections 

Solution and Refinement 

System Used 

Solution 

Refinement Method 

Quantity Minimized 

Extinction Correction 

Hydrogen Atoms 
Weighting Scheme 
Number of Parameters Refined 

Final R Indices (obs. data) 

R Indices (all data) 

Goodness-of-Fit 

Largest and Mean A/o 
Data-to-Parameter Ratio 
Largest Difference Peak 
Largest Difference Hole 

C11H33F6lNP4S 

Clear orange rectangular prism 

0.3 x 0.3 x 0.4 

Orthorhombic 

Pnma 

a= 13.299(3) A 
b= 12.002(4) A 
c= 14.958(4) A 
2387.5(11) AS 
4 

641.5 
1.785 Mg/m3 
5.989 mm-! 
1252 

Siemens R3m/V 

MoKg (A = 0.71073 A) 
298 
Highly oriented graphite crystal 

3.5 to 50.0° 
w 
Variable; 7.32 to 29.30°/min. in w 

1.00° 
Stationary crystal and stationary 

counter at beginning and end of 
scan, eachfor 0.5% of total 
scan time 
2 measured every 300 reflections 

Osh<15, Osks 14,-17<ls 0 
2200 
2200 (Rint= 0.00%) 
1356(F> 3.00(/)) 

Siemens SHELXTL PLUS (PC Version) 

Direct Methods 

Full-Matrix Least-Squares 
Zw(Fo-Fc)2 
X = 0.00096(5), where 
F* = F[ 1 + 0.002yF2/sin(26) -1/4 
Riding model, fixed isotropic U 
wl=o2)+ 0.0001F2 
111 
R= 466%,wR= 4.85% 
R= 8.00%,wR= 5.07% 
1.39 
0.371, 0.025 
12.2:1 
1.62 eA3 
-1.06 eA3 
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Table 1. Atomic coordinates (x 104) and equivalent isotropic displacement coefficients (A2x103) 

x y z u(eq) 

Ir(1) 2961(1) 2500 3316(1) 38(1) 
S(1) 4597(4) 2500 4123(4) 63(3) 
N(1) 2855(13) 2500 4734(11) 45(7) 
c(1) 3718(20) 2500 4981(19) 48(9) 
C(2) 3963(20) 2500 5903(25) 161(27) 
P(1) 2742(3) 576(3) 3408(3) 54(2) 
P(2) 3478(5) 2500 1873(4) 54(3) 
c(11) 3839(14) -277(14) 3585(14) 103(10) 
c(12) 1935(14) 217(14) 4330(12) 89(8) 
c(13) 2093(15) -107(15) 2491(12) 92(8) 
c(21) 2539(17) 2500 1038(17) 84(12) 
C(22) 4291(13) 1342(16) 1582(12) 105(9) 
P(4) 5290(6) 2500 -1312(5) 66(3) 
F(1) 5071(28) 2500 -2329(33) 310(19) 
F(2) 4135(15) 2500 -~1037(15) 145(8) 
F(3) 5582(24) 2500 -332(27) 268(16) 
F(4) 6409(19) 2500 -1463(17) 177(9) 
F(5) 5234(16) 1253(21)  -1291(15) 236(9) 

* Equivalent isotropic U defined as one third of the trace of the orthogonalized Ujj tensor 

Table 2. Bond lengths (A) 

Ir(1)-S(1) 2.487 (6) 
Ir(1)-N(1) 2.126 (17) 
Ir(1)-P(1) 2.332 (4) 
Ir(1)-P(2) 2.266 (7) 
Ir(1)-P(1A) 2.332 (4) 
S(1)-C(1) 1.736 (28) 
N(1)-C(1) 1.206 (32) 
c(1)-c(2) 1.417 (46) 
P(1)-C(11) 1.802 (18) 
P(1)-C(12) 1.800 (18) 
P(1)-C(13) 1.815 (19) 
P(2)-C(21) 1.766 (25) 
P(2)-C(22) 1.814 (19) 
P(2)-C(22A) 1.814 (19) 
P(4)-F(1) 1.548 (50) 
P(4)-F(2) 1.590 (22) 
P(4)-F(3) 1.517 (41) 
P(4)-F(4) 1.505 (27) 
P(4)-F(5) 1.499 (25) 
P(4)-F(5A) 1.499 (25)



Table 3. Bond angles (°) 

S(1)-Ir(1)-N(1) 64.8(5) 
S(1)-Ir(1)-P(1) 94.6(1) 
N(1)-Ir(1)-P(1) 86.2(1) 
$(1)-Ir(1)-P(2) 101.4(2) 
N(1)-Ir(1)-P(2) 166.2(5) 
P(1)-Ir(1)-P(2) 95.4(1) 
S(1)-Ir(1)-P(1A) 94.6(1) 

N(1)-Ir(1)-P(1A) 86.2(1) 
P(1)-Ir(1)-P(1A) 164.1(2) 
P(2)-Ir(1)-P(1A) 95.4(1) 
Ir(1)-S(1)-C(1) 76.7(9) 
Ir(1)-N(1)-cC(1) 104.0(17) 
$(1)-C(1)-N(1) 114.5(21) 

§(1)-C(1)-C(2) 124.4(20) 
N(1)-C(1)-C(2) 121.1(25) 
Ir(1)-P(1)-C(11) 118.0(6) 
Ir(1)-P(1)-C(12) 110.9(6) 
C(11)-P(1)-C(12) 103.5(9) 
Ir(1)-P(1)-C(13) 117 .5(6) 

C(11)-P(1)-cC(13) 103.9(9) 
C(12)-P(1)-C(13) 100.8(8) 
Ir(1)-P(2)-C(21) 117.3(8) 
Ir(1)-P(2)-C(22) 114.1(6) 
C(21)-P(2)-C(22) 104.6(8) 
Ir(1)-P(2)-C(22A) 114.1(6) 
C(21)-P(2)-C(22A) 104.6(8) 
C(22)-P(2)-C(22A) 100.0(12) 
F(1)-P(4)-F(2) 94.2(17) 
F(1)-P(4)-F(3) 176.0(20) 

F(2)-P(4)-F(3) 89.8(15) 
F(1)-P(4)-F( 4) 92.2(18) 

F(2)-P(4)-F(4) 173.6(14) 
F(3)-P(4)-F(4) 83.8(16) 
F(1)-P(4)-F(5) 90.7(9) 
F(2)-P(4)-F(5) 86.9(8) 
F(3)-P(4)-F(5) 89 .5(9) 
F(4)-P(4)-F(5) 93.0(8) 
F(1)-P(4)-F( 5A) 90.7(9) 
F(2)-P(4)-F(5A) 86.9(8) 
F(3)-P(4)-F(5A) 89 .5(9) 
F(4)-P(4)-F(5A) 93.0(8) 
F(5)-P(4)-F(5A) 173.7(17) 

Table 4. Anisotropic displacement coefficients (A2x 103) 

U11 U22 U33 U12 U13 U23 

Ir(1) 38(1) 39(1) 39(1) 0 6(1) 0 
S(1) 40(3) 90(6) 60(5) 0 -2(3) 0 
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N(1) 
c(1) 
C(2) 
P(1) 
P(2) 
c(11) 
(12) 
c(13) 
(21) 
c(22) 
P(4) 

The anisotropic displacement exponent takes the form: -202(h2a*2U 4 1 +... 

Table 5. 

coefficients (A2x103) 

H(1A) 
H(2A) 
H(2B) 
H(2C) 
H(11A) 
H(11B) 
H(11¢) 
H(12A) 
H(12B) 
H(12C) 
H(13A) 
H(13B) 
H(13C) 
H(21A) 
H(21B) 
H(22A) 
H(22B) 
H(22c) 

29(11) 
52(16) 
64(22) 
66(3) 
52(4) 

111(15) 
125(16) 
122(16) 
70(17) 

120(16) 
74(5) 

59(12) 
40(15) 
79(26) 
41(2) 
61(4) 
46(11) 
47(11) 
62(12) 

110(25) 
115(17) 
63(5) 

47(11) 
54(17) 

339(74) 
54(3) 
48(5) 

153(23) 
95(14) 
91(14) 
71(21) 
79(14) 
61(5) 

0 
0 
0 
0 

36(12) 
~40(13) 
-27(15) 

0 
41(14) 

0 

7(10) 0 
-16(14) 0 
-88(33) 0 

8(3) -3(2) 
8(3) 0 

20(15) 8(14) 
51(14) -2(10) 
42(15)  -21(12) 
-3(16) 0 
91(14) 27(14) 
-9(4) 0 

+ 2hka*b*U 12) 

H-Atom coordinates (xl04) and isotropic displacement 

x 

2294 
3356 
4350 
4350 

3650 
4306 
4148 

1851 
2229 
1292 
2047 
1430 
2461 
2852 
2128 
4482 
4882 
3948 

2500 
2500 
1847 
3153 

-1048 
-165 
-65 

-577 
480 
564 

~893 
200 
19 

2500 
1847 
1390 
1376 
651 

5071 
6250 
6041 
6041 
3609 
3104 
4139 
4360 
4877 
4245 
2602 
2435 
1948 
460 

1100 
964 

1950 
1686 

80 

80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 

204



STRUCTURE DETERMINATION SUMMARY OF [Ir(2-Amino-4-Pentenoic)(PMe3)3]Cl 

Crystal Data 

Empirical Formula 

Color; Habit 

Crystal Size (mm) 

Crystal System 

Space Group 

Unit Cell Dimensions 

Volume 

Z 

Formula Weight 

Density(calc.) 

Absorption Coefficient 
F000) 

Data Collection 

Diffractometer Used 
Radiation 

Temperature (K) 

Monochromator 

26 Range 
Scan Type 

Scan Speed 
Scan Range (w) 
Background Measurement 

Standard Reflections 

Index Ranges 
Reflections Collected 

Independent Reflections 

Observed Reflections 

Solution and Refinement 

System UsedSiemens 

Solution 

Refinement Method 

Quantity Minimized 

Extinction Correction 

Hydrogen Atoms 

Weighting Scheme 
Number of Parameters Refined 

Final R Indices (obs. data) 

R Indices (all data) 

Goodness-of-Fit 

Largest and Mean A/o 
Data-to-Parameter Ratio 

C15H36CI4IrNO2P3 
orange flat plate 

0.2x0.5x 0.5 

Monoclinic 

P21 /c 

a=9317(2)A 
b = 17.028(5) A 
c= 16.855(8) A 
B= 102.91(3)° 
2607(2) AS 
4 

689.4 
1.757 Mg/m> 
5.727 mm! 
1356 

Siemens R3m/V 
MoKg (A = 0.71073 A) 
298 
Highly oriented graphite crystal 

3.5 to 50.0° 

Wyckoff 
Variable; 3.97to 19.53°/min. in 
0.60° 
Stationary crystal and stationary 

counter at beginning and end of 
scan, each for 25.0% of total 
scan time 

3 measuredevery 300 reflections 
O<shs 8, O<ks 20,-20<l< 19 
4500 
4045 (Rint = 2.72%) 
3058 (F > 3.00®)) 

SHELXTL PLUS (VMS) 
Direct Methods 

Full-Matrix Least-Squares 
Lw(Fo-Fe)2 
X% = 0.00006(3), where 

F* = F[ 1 + 0.002yF2/sin(26) -1/4 
Riding model, fixed isotropic U 
wt =02(F)+ 0.0010F2 
236 
R= 460%,wR= 5.24% 
R= 665%,wR= 564% 
1.09 
0.697, 0.026 
13.0:1 
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1.11 eA3 Largest Difference Peak 
-1.43 eA3 Largest Difference Hole 

Table 1. Atomic coordinates (x10 and equivalent isotropic displacement coefficients (A2x103) 

x 4 Zz U(eq) 

Ir(1) 760(1) 855(1) 7715(1) 36(1) 
C(1) -1505(13) 1204(8) 7483(7) 61(5) 
C(2) ~1888(17) 1886(8) 7964(8) 78(6) 
C(3) -1504(14) 1735(7) 8872(7) 63(5) 
C(4) 52(13) 1480(6) 9205(6) 45(4) 
C(5) 1072(13) 2083(7) 8960(6) 46(4) 
N(1) 332(10) 676(4) 8907(5) 40(3) 
O(1) 1445(8) 1939(4) 8283(4) 45(3) 
O(2) 1441(9) 2675(4) 9371(5) 63(3) 
P(1) -83(4) -298(2) 7139(2) 49(1) 
P(2) 1131(4) 1417(2) 6551(2) 55(1) 

P(3)} 3224(4) 405(2) 8212(2) 46(1) 
c(11) -1706(15) -255(8) 6323(8) 83(6) 
C(12) -611(17) -980(7) 7828(8) 79(6) 
C(13) 1114(15) -~904(7) 6680(7) 64(5) 
C(21) 1608(19) 855(8) 5736(7) 90(7) 

C(22) -370(18) 2006(9) 5996(8) 91(7) 
C(23) 2623(17) 2126(7) 6747(8) 80(6) 
C(31) 4513(14) 233(9) 7547(7) 73(6) 
C(32) 3393(15) -508(7) 8776(7) 67(5) 
C(33) 4296(15) 1066(8) 8962(7) 69(5) 
C1(1) 2439(4) 330(2) 10652(2) 68(1) 
C1(3) 5279(13) 1660(5) 3726(10) 294(8) 

C1(2) 5428(12) 1022(7) 5044(11) 356(10) 
C1(1) 5678(22) 2237(20) 5535(15) 581(24) 
c(20) 4778(30) 1897(14) 4584(14) 155(13) 

* Equivalent isotropic U defined as one third of the trace of the orthogonalized Uij tensor 

Table 2. Bond lengths (A) 

Ir(1)-C(1) 
Ir(1)-N(1) 

Ir(1)-0(1) 

Ir(1)-P(1) 

Ir(1)-P(2) 

Ir(1)-P(3) 

C(1)-C(2) 
C(2)-C(3) 
C(3)-C(4) 
C(4)-C(5) 
C(4)-N(1) 
C(5)-0(1) 

2.143 
2.156 
2.110 
2.253 
2.279 
2.387 
1.505 
1.513 
1.497 
1.518 
1.500 
1.288 

(12) 
(9) 
(6) 
(3) 
(3) 
(3) 
(19) 
(18) 
(17) 
(16) 
(13) 
(14) 
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C(5)-0(2) 
P(1)-C(11) 
P(1)-C(12) 
P(1)-C(13) 
P(2)-C(21) 
P(2)-C(22) 
P(2)-C(23) 

P(3)-C(32) 
P(3)-C(33) 
C1(3)-C1(2) 
C1(3)-C(20) 
C1(2)-C1(1) 
C1(2)-C(20) 
C1(1)-C(20) 

1 
1 
1 
1 
1 
1 
1 

P(3)-C(31) 1. 
1 
1 
2 
1 

2 
1 
1 

228 
-804 
787 
-815 
809 
-804 

-815 
841 

-810 
-816 
- 449 
-665 

-220 
-726 
-734 

Table 3. Bond angles (°) 

C(1)-Ir(1)-N(1) 
c(1)-Ir(1)-0(1) 
N(1)-Ir(1)-0(1) 
C(1)-Ir(1)-P(1) 
N(1)-Ir(1)-P(1) 
O0(1)-Ir(1)-P(1) 
C(1)-Ir(1)-P(2) 
N(1)-Ir(1)-P(2) 
0(1)-Ir(1)-P(2) 
P(1)-Ir(1)-P(2) 
c(1)-Ir(1)-P(3) 
N(1)-Ir(1)-P(3) 
0(1)-Ir(1)-P(3) 
P(1)-Ir(1)-P(3) 
P(2)-Ir(1)-P(3) 
Ir(1)-C(1)-C(2) 
c(1)-cC(2)-c(3) 
C(2)-C(3)-C(4) 
C(3)-C(4)-C(5) 
C(3)-C(4)-N(1) 
c(5)-C(4)-N(1) 
C(4)-C(5)-0(1) 
C(4)-C(5)-0(2) 
0(1)-C(5)-0(2) 
Ir(1)-N(1)-C(4) 
Ir(1)-0(1)-C(5) 
Ir(1)-P(1)-c(11) 
Ir(1)-P(1)-c(12) 
C(11)-P(1)-C(12) 
Ir(1)-P(1)-c(13) 
C(11)-P(1)-C(13) 
C(12)-P(1)-C(13) 
Ir(1)-P(2)-C(21) 
Ir(1)-P(2)-C(22) 
C(21)-P(2)-C(22) 
Ir(1)-P(2)-C(23) 

(13) 
(13) 
(15) 
(14) 
(14) 
(15) 
(15) 
(15) 
(12) 
(12) 
(23) 
(30) 
(35) 
(27) 
(33) 

80.2(4) 
91.5(4) 
78.5(3) 
85.9(3) 
99.2(2) 

176.8(2) 
93.4(4) 

163.3(2) 
86.3(2) 
95.7(1) 

169.6(3) 
89.5(2) 
87.3(2) 
95.0(1) 
96.8(1) 

117.2(8) 
112.4(11) 
114.8(12) 
108.3(9) 
111.4(8) 
111.1(10) 
114.9(9) 
121.0(10) 
124.0(11) 
105.4(6) 
117.0(7) 
116.5(5) 
114.0(4) 
102.5(7) 
119.4(4) 
100.8(6) 
101.1(6) 
122.9(4) 
115.5(6) 
101.2(7) 
112.3(4) 
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C(21)-P(2)-C(23) 
C(22)-P(2)-C(23) 
Ir(1)-P(3)-C(31) 
Ir(1)-P(3)-C(32) 
C(31)-P(3)-C(32) 
Ir(1)-P(3)-C(33) 
C(31)-P(3)-c(33) 
C(32)-P(3)-C(33) 
C1(2)-C1(3)-C(20) 
C1(3)-C1(2)-C1(1) 
C1(3)-C1(2)-C(20) 
C1(1)-C1(2)-c(20) 
C1(2)-Cl1(1)-c(20) 
C1(3)-C(20)-C1(2) 
C1(3)-C(20)-c1(1) 
C1(2)-c(20)-c1(1) 

Table 4. Anisotropic displacement coefficients (A2x103) 

U11 

Ir(1) 52(1) 
c(1) 50(9) 
c(2) 83(11) 
c(3) 68(10) 
c(4) 53(8) 
c(5) 46(8) 
N(1) 47(6) 
0(1) 74(6) 
0(2) 79(6) 
P(1) 64(2) 
P(2) 91(3) 
P(3) 51(2) 
c(11) 103(12) 
c(12) 113(13) 
c(13) 84(10) 
¢(21) 172(16) 
c(22) 125(14) 
¢(23) 140(14) 
c(31) 76(11) 
¢(32) 85(11) 
c(33) 75(10) 
c1(1) 61(2) 
c1(3) 288(11) 
C1(2) 199(10) 
¢1(1) 357(27) 
C(20) 211(27) 

The anisotropic displacement factor exponent takes the form: 

100.5(7) 
101.4(7) 
123.0(4) 
115.1(5) 
101.0(7) 
112.4(4) 
100.9(6) 
101.4(6) 
44.7(9) 
84.5(9) 
42.8(10) 
50.2(10) 
49.9(12) 
92.5(15) 

135.4(19) 
79.8(15) 

U22 

30(1) 
71(8) 
65(9) 
59(8) 
46(6) 
51(7) 
37(5) 
26(3) 
48(5) 
40(2) 
42(2) 
47(2) 
67(9) 
65(9) 
49(7) 

69(9) 
76(10) 
51(7) 
92(10) 
50(7) 
71(9) 
97(3) 

183(9) 
220(11) 
823(53) 
135(19) 

-2n2(h2a*2U 11 +... + 2hka*b*U12) 

U33 

27(1) 
54(7) 
76(9) 
63(8) 
36(5) 
39(6) 
38(5) 
39(4) 
62(5) 
44(2) 
35(1) 
40(1) 
70(9) 
67(9) 
59(7) 
41(7) 
74(10) 
56(8) 
56(7) 
62(8) 
58(7) 
45(2) 

478(18) 
567(24) 
577(35) 
107(15) 

012 

1(1) 
17(7) 
0(8) 

16(7) 
8(6) 
0(6) 
0(4) 

-4(4) 
-10(4) 
-8(2). 
2(2) 
4(1) 

-9(8) 
~25(8) 
-1(7) 
2(10) 

19(10) 
~19(8) 
16(8) 
15(7) 
~7(7) 
-3(2) 
0(8) 
8(8) 

117(30) 
73(18) 

9(1) 
~2(6) 
-~4(8) 
20(7) 
10(5) 
2(5) 

14(4) 
18(4) 
12(4) 
13(1) 
20(2) 
11(1) 
2(8) 

36(9) 
18(7) 
50(9) 
29(9) 
35(8) 
24(7) 
8(7) 
8(7) 
8(1) 

227(12) 
~91(12) 
133(24) 

9(17) 

Table 5. H-Atom coordinates (x10+) and isotropic displacement coefficients (A2x103) 

U13 

-1(1) 
-12(6) 
-12(7) 
-3(6) 

-11(5) 
-10(5) 
-7(3) 
-2(3) 

-24(4) 
-8(1) 
7(1) 

-2(1) 
-37(7) 
-9(7) 

~21(6) 
3(6) 

39(8) 
0(6) 
2(7) 

12(6) 
-6(6) 
17(2) 

-60(10) 
179(14) 

-104(36) 
14(14) 

U23 
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H(1A) 
H(1C) 
H(2A) 
H(2B) 
H(3A) 
H(3B) 
H( 4A) 
H(1B) 
H(1D) 
H(11A) 
H(11B) 
H(11¢) 
H(12A) 
H(12B) 
H(12C) 
H(13A) 
H(13B) 
H(13C) 
H(21A) 
H(21B) 
H(21C) 
H(22A) 
H(22B) 
H(22C) 
H(23A) 
H(23B) 
H(23C) 
H(31A) 
H(31B) 
H(31C) 
H(32A) 
H(32B) 
H(32C) 
H(33A) 
H(33B) 
H(33C) 

-2055 
-1831 
-2924 
-1367 
-2152 
-1685 

240 
1107 
~—463 

-1965 
-2505 
-1510 
-955 
232 

-1378 
606 

1387 
1982 
1711 
2527 
859 

-103 
-1248 
-546 
2752 
2427 
3503 
5447 
4099 
4647 
4419 
2982 
2885 
5275 
4342 
3833 

759 
1308 
1986 
2344 
1333 
2200 
1462 
446 
367 

-777 

-31 
63 

~1453 
-1096 
-765 

~1375 
~615 

-1040 
1194 
594 
471 

2211 
1695 
2432 
2353 

2534 
1851 

54 
-159 
712 

-638 
-442 
-924 
861 

1578 
1103 

7603 
6912 
7787 
7851 
8985 
9156 
9788 
9241 
8872 
6125 
6520 
5889 
7537 
8255 
8059 
6464 
6248 
7082 
5296 
5949 
5539 
5518 
5838 
6334 
6247 
7101 
7006 
7859 
7152 
7273 
8947 
9246 
8443 
9143 
8730 
9415 
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