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ABSTRACT 

 

 

 The tetranuclear Pt(II) oxo-complex [(COD)4Pt4(µ3-O)2Cl2](BF4)2 (1) (COD = 1,5-

cyclooctadiene) was found to readily react with alkenes. The reactions with ethylene, 

norbornenes, propylene and cyclopentene were investigated. NMR spectroscopy was the 

main tool in identifying products and for the ethylene reaction, intermediates. 13C- and 

17O-labeling experiments were invoked in some of these studies. Ethylene, norbornenes 

and propylene were found to be oxidized by 1. The most significant result was obtained 

from the norbornene reaction, which gave a quantitative yield of platinaoxetane 

[(COD)2Pt2(OC7H10)Cl]BF4 (4), the first metallaoxetane obtained from the direct reaction 

of an oxo complex and an alkene. Our results suggest that oxo complexes and 

metallaoxetanes are possible species to consider in catalytic alkene oxidation pathways. 

 

A facile alkene-exchange reaction was observed between platinaoxetane 4 and a 

benzonorbornene-derivative giving a new platinaoxetane and free norbornene in contrast 

to other metallaoxetanes that insert alkenes into the M-O bond. This demonstrates 
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unexpected reactivity in platinum-alkene oxidation chemistry. Kinetic studies revealed 

that the reaction is catalyzed by possibly more than one electrophilic species. We 

describe two probable mechanisms for the reaction. 

 

Cationic Pt(II) complexes (COD)Pt(OTf)2 and [(COD)Pt(THF)(OTf)]OTf were found 

to readily react with alkenes such as norbornenes, cyclopentene, propylene and ethylene. 

Two common features of these reactions were alkene C-H bond cleavage and triflic acid 

elimination. Norbornenes, cyclopentene and ethylene gave alkene-coupled products, 

while propylene resulted in a simple allyl complex. The formation of triflic acid instead 

of reductive C-H coupling by proposed hydride intermediate species is remarkable. 
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CHAPTER I 

INTRODUCTION 

 

 

1.1. Research Interest 

 
Substances capable of accelerating the rate of chemical reactions by opening a lower 

activation energy pathway are called catalysts.1 There are numerous advantages of using 

catalysts. They  

• only need to be applied in a small amount (< 10%), since they regenerate after each 

catalytic cycle;  

• can enhance product selectivity by accelerating only one of several competing reaction 

sequences;2  

• are critical in the production of important industrial chemicals;  

• have a large impact on the development of new drugs, other biologically active 

compounds and polymeric materials as well.  

This year’s Nobel Prize in chemistry awarded for the development of metathesis catalysts 

is a clear indication of the significance of catalysts in modern day life.3   

In transition metal catalysis, generally, coordination of the reaction partners to the 

transition metal brings them close to one another, thereby activating them for further 

reactions.4 Therefore, catalytically active species either must possess vacant coordination 

sites or be able to generate them. In heterogeneous catalysis, the vacant site is on the 

surface atoms. The main advantage of these systems is the easy recovery of the catalyst, 

but there are drawbacks, such as relatively high reaction temperatures, low specificity and 
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difficulties in mechanistic investigations. In homogeneous catalysis, high specificity can 

be achieved by fine tuning many of the variables, such as the choice of transition metal 

and ligands used, etc. For better coordination of substrates, coordinatively unsaturated 

metal complexes are favored. These metals are at the end of the transition series. 

Homogeneous catalysis usually does not require high temperatures and the mechanism of 

homogeneous catalytic reactions is much more easily studied than that of the 

heterogeneous systems. However, catalyst recovery can be very difficult. 

The chemistry of transition metal oxo complexes has been investigated for many 

years.5 Chemical industries use late transition metal catalysts in various processes.6 Many 

of these processes involve the reaction of molecules with a metal surface, where oxygen 

atoms (oxo groups) form and transfer to other species. The chemistry occurring at the 

surface is not clearly understood and is more easily studied through the use of soluble 

model complexes. Special interest in late transition metal-oxygen bonds involving the 

“soft” transition metals is due to the anticipated high reactivity of these bonds. 

One of the industrially most important applications of late transition metal oxo 

complexes is related to the use of fossil fuels. Fossil fuels are not only the main source of 

industrial energy7 through their reaction or combustion with molecular oxygen, but also a 

major source of organic chemicals, which are mainly formed from petroleum by partial 

oxidation with molecular oxygen. In addition, fossil fuels have an indirect impact on the 

production of various inorganic chemicals.8 Late transition metal catalysts have been 

used to control the conversion of fossil fuels through the activation of molecular 

oxygen.9,10  
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1.2. Transition Metal Catalyzed Alkene Oxidation 

 
One of the many important applications of late transition metal catalysts is their use in 

alkene oxidations. Ethylene oxide, for instance, generated by ethylene epoxidation is 

among the largest volume chemicals produced by the chemical industry.6 Considerable 

effort has been devoted to understanding the mechanism of silver-catalyzed ethylene 

epoxidation. This process employs silver catalysts supported on α-Al2O3 and promoted 

by alkalis and halides. The issues most often addressed have been the roles of oxygen and 

the promoters in the reaction. The investigation of this system and other similar 

heterogeneous processes is very difficult and often requires special analytical techniques 

and reaction conditions (sensitive temperature control, ultra high vacuum, etc.).  

The mechanism of many homogeneous catalytic reactions is also difficult to solve due 

to the complexity of the systems. A representative example is the Wacker process11,12 

(Scheme 1.1). This catalytic cycle involves a palladium ethylene-chloro-complex, which 

readily decomposes in water to acetaldehyde and palladium metal. The re-oxidation of 

Pd(0) to Pd(II) by molecular oxygen is mediated by the Cu+/Cu2+ couple. Considerable 

number of studies has been dedicated to this system13,14 and a proposed catalytic cycle4 is 

shown in Scheme 1.2.  
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Scheme 1.1. The Wacker process. 

 
C2H4 +  PdCl2  +  H2O CH3CHO  +  Pd  +  2HCl

Pd  +  2CuCl2 PdCl2  +  2CuCl

2CuCl  +  2HCl  +  +1/2O2 2CuCl2  +  H2O

C2H4  +  1/2O2 CH3CHO  

 

Scheme 1.2. A proposed catalytic cycle for the Wacker process. 
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To construct a complicated mechanism like the one shown in Scheme 1.2, various 

techniques are utilized. Kinetic studies can provide information as to what could be the 

rate-determining step and can help rule out wrong mechanisms. Isotopic labeling can help 

differentiate between multiple possible reaction paths. For example in the Wacker 

process, deuteration helped Henry determine that the rate-determining step was the 

nucleophilic attack on the coordinated ethylene by OH- in the coordination sphere, not by 

external H2O.15 Thermodynamic parameters (entropy, enthalpy, etc.) can be obtained for 

proposed pathways by computational studies, which are useful in proposing possible 

intermediates and ultimately a possible reaction mechanism. 

Higher alkenes are transformed to ketones in this catalytic system.11,12 The catalytic 

alkene oxidation chemistry of palladium is quite versatile.16 In alcohol solutions, the 

Pd(II)/Pd(0) system converts alkenes to acetals or ketals instead of carbonyl 

compounds.17 However, in acetic acid the palladium ethylene π-complex is inert,11a until 

a nucleophilic agent like alkaline acetate is added. This causes the formation of vinyl 

acetate in high yield. This reaction is also catalyzed by giant low-valent Pd clusters18 

(Scheme 1.3). The same palladium cluster converts propylene successively to allyl 

alcohol, acrolein and acrylic acid.19 
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Scheme 1.3. Catalytic conversion of ethylene to vinyl acetate on palladium. 

 

CH2=CH2 + 1/2O2 + AcOH

Pd(II)/Pd(0)

Pd cluster

CH2=CH OAc + H2O

 

 
Organorhenium(VII) oxides, especially methyltrioxorhenium(VII) and many of its 

derivatives are versatile catalysts for olefin oxidation, olefin metathesis, aldehyde 

olefination, etc.20 Several other transition metal systems that are capable of alkene 

oxidation include Os(VIII),21 Os(II),22 Ru(II),22 Mo(VI),23 W(VI),23 Ir(I),24 Ir(II),25 etc. 

Although over the past few decades a tremendous amount of new information has been 

gained regarding catalytic oxidations, there is still much debate over the mechanisms of 

these reactions and many other transition metal catalyzed systems.  

 

1.3. Vinylic C-H Activation 

 
C-H activation by transition metal complexes26 is one of the most intensively 

investigated areas of organometallic chemistry due to its importance in functionalizing 

simple and readily available hydrocarbons. A specific class, vinylic C-H activation (eq 

1.1) by late transition metal complexes has been investigated for the past two decades and 

a rich chemistry discovered with metals such as Ir,27 Rh,28 Ru,29 Fe30 and Os.31 
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Mn
R

R

H

H
+

Mn+2
R

RH

H

(1.1)

 
 

C-H activation in general occurs mainly on coordinatively unsaturated, low-valent 

metal centers. However, some saturated, high-valent metal complexes can be activated to 

generate short-lived unsaturated species capable of C-H bond activation.32  

Despite their high bond energies,33 sp2-C-H bonds (aromatic or vinyl) are more easily 

activated by transition metals than the sp3-C-H bonds in alkenes. It has been partly 

attributed to prior coordination of the metal center to the alkene π-bond to form a η2- or 

π-complex34 followed by the oxidative addition step. However, Bergman`s studies of an 

iridium system27 show that prior coordination of the alkene double bond to the metal 

center does not always happen, in fact, for Ir(I) he found that the insertion of the metal 

center into the ethylene C-H bonds occurred along with concurrent and not prior alkene 

coordination.  

Since vinylic C-H activation generates a reactive hydride species, it has been 

implicated in many catalytic transformations such as the silylative coupling of styrene 

with vinylsilanes,28 hydrovinylation,35 etc. 

 Platinum complexes are mainly known to activate alkane and arene C-H bonds.26a-d 

However, in Chapter IV, we present several alkene coupling reactions of cationic Pt(II) 

complexes and we propose vinylic C-H activation as a possible step in the reaction 

mechanism. 
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1.4. Catalytic C-C Bond Formation 

 
 One of the most important challenges synthetic chemists have been facing for many 

decades is to find the cheapest and cleanest route for the synthesis of organic compounds. 

The concept of atom economy36 deals with this effort to minimize the number of 

reactants in synthetic processes. This is particularly important in our modern days, when 

the depletion of raw materials and the generation of waste are becoming two of many 

serious environmental concerns. An ideal reaction is selective, simple, and any compound 

other than the starting materials is only used in a catalytic amount. Seeking economic 

ways to form C-C bonds has become increasingly important in both industrial and 

academic research.  

 Some of the important discoveries in transition metal catalyzed C-C bond formation 

include  

• hydroformylation37 

• arylation/vinylation of olefins (Heck reaction)38  

• hydroarylation39 and hydrovinylation35  

• hydrocyanation40  

• alkyne41 and diene42 cyclooligomerization 

• Ziegler-Natta polymerization43  

• alkene metathesis3,44  

• carbonylation (e.g. Monsanto process45).  

 

A representative example for each of these processes is given in Figure 1.1. 
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Figure 1.1. Representative catalytic C-C bond formation reactions. 
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1.5. The Basics of Chemical Kinetics 

 

 Chemical kinetics deals with the study of reaction rates,46 i.e. the changes in the 

concentration of reactants or products versus time. It is a very important tool in the 

investigation of reaction mechanisms and hence has been widely used in our work. To 

begin kinetic studies it is important to know the stochiometry of the reaction under 

investigation. However, the rate law, or rate equation, the equation expressing the 

reaction rate as a function of the concentration of all the species present in the overall 

chemical equation at some time, can only be directly expressed for elementary reactions. 

The name refers to the fact that an elementary reaction is a simple step as opposed to 

complex reactions that can be expressed as a sum of two or more elementary steps. 

Complex reactions are much more common than elementary reactions and their rate law 

can only be obtained experimentally. Several techniques can be used in complex kinetic 

studies, all of which are designed to yield information on the concentration of species 

present in the reaction mixture.46 Real-time analysis measures these concentrations while 

the reaction is in progress. UV-VIS, IR and NMR spectroscopies are some of the 

commonly used methods in real-time analysis. The quenching method is based on 

stopping the reaction progress at variable times and analyzing the mixtures. Reactions 

can be suddenly halted by cooling, using bases to neutralize acids, adding precipitating 

agents, etc. In the flow method, the reactants are thoroughly mixed and allowed to flow 

through a tube. Monitoring the composition of the mixture at different positions along the 

tube corresponds to monitoring it at different reaction times. It is inconvenient for fast 

reactions, since the flow must be rapid to spread the reaction over the length of the tube, 
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and this disadvantage is eliminated in the stopped-flow technique, which is widely used in 

kinetic studies of enzymatic reactions. In flash photolysis, the sample (liquid or gas) is 

exposed to a short photolytic flash of light and then the contents of the reaction 

compartment are monitored. A laser light flash can be as short as 10 ns. 

The rate of a reaction depends on many factors such as temperature, pressure and 

concentration of reactants. Results of kinetic studies are comparable only if all of these 

parameters are known and well controlled. It is also important to note that the rate of any 

chemical reaction depends on the slowest reaction step, also referred to as the rate-

limiting step. Revealing this step in a complicated reaction sequence can be a significant 

help in solving the mechanism. 

 

Reaction Order 

 For an A + B → C reaction the rate law or rate equation is expressed as 

rate = k[A]a[B]b   (1.2) 

where k is called the rate constant. If a = b = 1, the reaction is said to be first-order in A, 

first-order in B and second-order overall. If  

rate = k[A]   (1.3) 

we are dealing with an overall first-order reaction, that is also first-order in A. In this 

case, if we apply A in large excess, the rate equation becomes rate = k`, where k` = k[A]. 

This is called a pseudo zero-order reaction. We used this approach in two of our main 

projects. 

If the reaction is zero-order, the rate equation is 

rate = k   (1.4) 
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Since the rate of a chemical reaction is defined as the change of the concentration of 

species (negative for reactants, positive for products) over time, we can write  

rate = -d[A]/dt   (1.5) 

therefore, 

-d[A]/dt = k   (1.6) 

The mathematical solution of this equation is 

[A] = -kt + [A]0   (1.7) 

where [A]0 = initial concentration of A and [A] = concentration of A at any given time. 

Measuring [A] during the course of the reaction and plotting [A] vs. time (t) results in a 

linear plot. From the slope (-k) and intercept ([A]0) the rate constant and [A]0 can be 

calculated. 

If the reaction is first-order, the rate equation is either rate = k[A] as shown above, or 

rate = k[B]. Let us consider the rate = k[A] case. This gives the equation 

-d[A]/dt = k[A]   (1.8) 

The mathematical solution of this equation is 

ln[A] = -kt + ln[A]0   (1.9) 

Measuring [A] during the course of the reaction and plotting ln[A] vs. time (t) results in a 

linear plot. From the slope (-k) and intercept (ln[A]0) the rate constant and [A]0 can be 

calculated. 

If the reaction is second-order, the rate equation can be either rate = k[A]2 or rate = 

k[A][B]. Let us look at the simple rate = k[A]2 scenario. In this case, 

-d[A]/dt = k[A]2   (1.10) 

The mathematical solution of this equation is 
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1/[A] = kt + 1/[A]0   (1.11) 

Measuring [A] during the course of the reaction and plotting 1/[A] vs. time (t) results in a 

linear plot. From the slope (k) and intercept (1/[A]0) the rate constant and [A]0 can be 

obtained. 

 This discussion was meant to describe the most common issues encountered in the 

studies of chemical kinetics whether it is carried out in an organic, inorganic or 

organometallic system. 

 

The work presented in this dissertation covers four years of research in the Sharp 

group focusing on the mechanistic understanding of alkene oxidation, alkene exchange 

and alkene-alkene coupling reactions of Pt(II) complexes. The two major analytical tools 

used in our projects are NMR spectroscopy47 and X-ray diffraction analysis.48 
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CHAPTER II 

ALKENE OXIDATION BY A PLATINUM(II) OXO COMPLEX  

AND ISOLATION OF A PLATINAOXETANE 

 

 

2.1. Introduction 

 

Several years ago, Sharp et al. reported the synthesis of oxo complex [(COD)4Pt4(µ3-

O)2Cl2](BF4)2 (1) from (COD)PtCl2 (COD = 1,5-cyclooctadiene) and [(Ph3PAu)3(µ3-

O)]BF4.49 Studying the reaction chemistry of 1 was due to the importance of late 

transition metal oxo complexes as emphasized in Chapter I.  

In this chapter we describe the oxidation of ethylene by 1 and the formation of 

platinaoxetane [(COD)2Pt2(OC7H10)Cl]BF4 (4) from the reaction of this same oxo 

complex with norbornene.50  

Oxo complexes and their metal surface analogs, oxygen adatoms, have been 

implicated in a number of alkene oxidation reactions mediated by second and third series 

late transition metals.51,52,53,54,55,56 These and other reactions are believed to occur through 

metallaoxetane intermediates.54,55,57,58 Previous to the work reported here, only one late 

transition metal oxo complex has been reported to oxidize alkenes52 and, to the best of 

our knowledge, until our discovery of 4, a transition metal (early or late) metallaoxetane 

has not been isolated from the reaction of a transition metal oxo complex with an 

alkene.59 Recently, a similar reaction has been reported60 between a Au(III) oxo complex 

and norbornene giving the Au analog of 4. 
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2.2. Results 

 

Reaction of [(COD)4Pt4(µ3-O)2Cl2](BF4)2 (1) with Ethylene 

Pressurization of a colorless dichloromethane solution of 1 with ethylene resulted in a 

slow reaction (hours) ultimately leading to a pale yellow mixture of products. 

Acetaldehyde was readily identified by NMR spectroscopy as one of the products. The 

other products were less obvious. Using 13C-labeled ethylene and separating the reaction 

mixture by adding toluene resulted in two major Pt-containing compounds. The toluene 

soluble fraction was suspected to be the ethyl complex (COD)Pt(Cl)(CH2CH3) (2) based 

on its NMR spectra.  

Although reference to 2 has been given several times, only the methyl complex 

(COD)Pt(Cl)(CH3) is described therein.61 Complex 2 was independently synthesized 

according to the literature procedure for (COD)PtCl(Me) and completely characterized by 

1H, 13C and 195Pt NMR spectroscopy and X-ray diffraction analysis (Figure 2.1). This 

confirmed that the toluene soluble product was indeed 2. Selected bond distances and 

angles are given in Table 2.1.  

The toluene insoluble fraction was found to be the allyl complex [(COD)Pt(η3-

CH2CHCH(CH3))]BF4 (3) identified by comparison of its NMR data with the reported 

values.62 
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Figure 2.1. Drawing of (COD)Pt(Cl)(CH2CH3) (2) (50% probability ellipsoids, hydrogen 

atoms omitted). 
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Table 2.1. Selected distances (Å) and angles (deg) for (COD)Pt(Cl)(CH2CH3) (2)  

________________________________________________________________________ 

C(1)-C(2)    1.320(14)      C(5)-C(6)    1.428(13) 

Pt(1)-C(1)    2.312(7)       Pt(1)-C(9)    2.066(7)  

Pt(1)-Cl(1)    2.3554(14)      C(9)-C(10)    1.498(11) 

C(9)-Pt(1)-C(1)  164.0(4)       C(10)-C(9)-Pt(1)  112.7(5) 

C(1)-Pt(1)-C(2)  33.0(4)       C(5)-Pt(1)-C(6)  39.3(3) 

C(1)-Pt(1)-Cl(1)  90.5(2)       C(9)-Pt(1)-C(6)  93.7(3) 
________________________________________________________________________ 
T (oC): -100. a (Å): 6.7806(14); b (Å): 10.340(2); c (Å): 7.9417(16); α (deg): 90; β (deg): 

106.716(3); γ (deg): 90; V(Å3): 533.28(19). Symmetry cell setting: monoclinic, space group: P21. 

Goof on F2: 1.071; final R indices [I>2sigma(I)]: R1 = 0.0235, wR2 = 0.0602. 

  

The ethylene reaction of 1 is summarized in eq 2.1. The 13C-labeling indicated that the 

ethylene was the source of the ethyl group in 2, the allyl group in 3, and the acetaldehyde. 

Yields, based on eq 2.1, were between 90 and 100% for 2 and 3 and 30-40% for 

acetaldehyde. Oxygen-17 enrichment of 1 and 17O NMR spectroscopy revealed that 1 

was the source of the acetaldehyde oxygen atom.  
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However, the only oxygen-containing product detected in the reaction mixture was 

acetaldehyde, leaving the fate of the oxygen not used for formation of acetaldehyde 

unknown.  

Three apparent intermediates in the reaction were detected by 1H and 13C NMR 

spectroscopy. The NMR peak positions and 13C-H coupling experiments suggested that 

these complexes contained the formylmethyl fragment Pt-CH2CH(O).25,63 Their 

concentrations never reached a large value and decreased as acetaldehyde was produced. 

One appeared at the same time as the ethyl complex 2 and all three were present before 

formation of the allyl complex 3 and acetaldehyde.  

 

Reaction of [(COD)4Pt4(µ3-O)2Cl2](BF4)2 (1) with Norbornenes 

Oxo complex 1 reacted rapidly (minutes) with 10-fold excess norbornene at room 

temperature. 1H and 13C NMR spectra of the reaction mixture were complex, but the 195Pt 

NMR spectrum showed only two equal intensity peaks. No volatile products were 

produced, and fractional precipitation did not alter the spectra, suggesting that a single 

product was produced. Colorless, well-formed crystals were obtained and subjected to X-

ray diffraction analysis. The product was revealed to be the platinaoxetane 4 (Figure 2.2), 

indicating the reaction stochiometry given in eq 2.2. The yield of 4 was nearly 

quantitative. Selected bond distances and angles for 4 are given in Table 2.2.  
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Figure 2.2. Drawing of the cationic portion of [(COD)2Pt2(OC7H10)Cl]BF4 (4) (50% 

probability ellipsoids, hydrogen atoms omitted). 
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Table 2.2. Selected distances (Å) and angles (deg) for [(COD)2Pt2(OC7H10)Cl]BF4 (4) 

________________________________________________________________________ 

Pt(1)-C(1)    2.052(5)       Pt(1)-O(1)    2.053(4)  

Pt(2)-O(1)    2.046(4)       C(1)-C(2)    1.543(8)  

C(2)-O(1)    1.474(7)       Pt(2)-Cl(1)    2.3040(15) 

C(1)-Pt(1)-O(1)  69.5(2)        Pt(1)-C(1)-C(2)  92.8(4)  

C(1)-C(2)-O(1)  101.7(4)       C(2)-O(1)-Pt(1)  94.9(3)  

C(2)-O(1)-Pt(2)  121.4(4)       Pt(1)-O(1)-Pt(2)  117.7(2) 
________________________________________________________________________ 
T (oC): -100. a (Å): 9.4525(15); b (Å): 14.379(2); c (Å): 20.348(3); α (deg): 90; β (deg): 90; γ 

(deg): 90; V(Å3): 2765.7(8). Symmetry cell setting: orthorhombic, space group: P2(1)2(1)2(1). 

Goof on F2: 0.999; final R indices [I>2sigma(I)]: R1 = 0.0276, wR2 = 0.0497. 

 

Analogous to the reaction with norbornene, 1 reacted readily with 10-fold excess 

benzonorbornene diacetate 5 (eq 2.3). The reaction was slower though (hours) than with 

norbornene. Similar to the norbornene reaction, no volatile products were produced, and 

fractional precipitation did not alter the spectra, suggesting that a single product was 

produced. X-ray diffraction analysis revealed the structure to be platinaoxetane 

[(COD)2Pt2(OC15H14O4)Cl]BF4 (6) (Figure 2.3). The yield of 6 was nearly quantitative. 

Selected bond distances and angles for 6 are given in Table 2.3.  
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Figure 2.3. Drawing of the cationic portion of [(COD)2Pt2(OC15H14O4)Cl]BF4 (6) (50% 

probability ellipsoids, hydrogen atoms omitted). 
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Table 2.3. Selected distances (Å) and angles (deg) for [(COD)2Pt2(OC15H14O4)Cl]BF4 (6) 

________________________________________________________________________ 

Pt(1)-C(3)    2.055(13)      Pt(1)-O(1)    2.090(9)  

Pt(2)-O(1)    2.015(9)       Pt(2)-Cl(1)    2.308(4)  

C(3)-C(4)    1.552(18)      C(4)-O(1)    1.469(15) 

O(1)-Pt(2)-Cl(1)  91.3(3)        Pt(2)-O(1)-Pt(1)  119.3(4)  

C(4)-O(1)-Pt(1)  93.4(7)        O(1)-C(4)-C(3)  103.3(10)  

C(4)-C(3)-Pt(1)  92.4(8)        C(3)-Pt(1)-O(1)  69.7(4) 
________________________________________________________________________ 
T (oC): -100. a (Å): 10.7045(11); b (Å): 12.2835(13); c (Å): 13.3986(14); α (deg): 78.075(2); β 

(deg): 83.675(2); γ (deg): 81.444(2); V(Å3): 1698.8(3). Symmetry cell setting: triclinic, space 

group: P-1. Goof on F2: 1.028; final R indices [I>2sigma(I)]: R1 = 0.0393, wR2 = 0.1008. 

 

Oxo complex 1 was also reacted with 10-fold excess norbornadiene. Based on 1H and 

195Pt NMR spectroscopy, elemental analysis and X-ray diffraction analysis, we fully 

characterized the product as platinaoxetane [(COD)2Pt2(OC7H8)Cl]BF4 (7). The balanced 

reaction equation leading to the formation of 7 is shown below (eq 2.4). Platinaoxetane 7 

was not stable in solution likely due to the presence of the reactive double bond of the 

norborbornadiene fragment.  
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Figure 2.4 shows the drawing of the cationic portion of 7. Selected bond distances and 

angles for 7 are given in Table 2.4. The crystals were very small and flat resulting in poor 

absorption correction, hence weak thermal parameters. For this reason, C6 could only be 

refined isotropically.  

 

Figure 2.4. Drawing of the cationic portion of [(COD)2Pt2(OC7H8)Cl]BF4 (7) (50% 

probability ellipsoids, hydrogen atoms omitted). 
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Table 2.4. Selected distances (Å) and angles (deg) for [(COD)2Pt2(OC7H8)Cl]BF4 (7) 

________________________________________________________________________ 

Pt(1)-O(1)    2.063(7)       Pt(2)-O(1)    2.069(7) 

Pt(2)-C(17)    2.034(11)      O(1)-C(18)    1.496(13) 

C(18)-C(17)   1.562(16)      C(21)-C(20)   1.286(17) 

Pt(1)-O(1)-Pt(2)  114.9(4)       C(17)-Pt(2)-O(1)  69.5(4) 

C(18)-C(17)-Pt(2) 94.7(7)       O(1)-C(18)-C(17) 99.8(9) 

C(21)-C(20)-C(19) 107.3(12)      C(20)-C(21)-C(22) 108.9(11) 
______________________________________________________________________ 
T (oC): -100. a (Å): 8.3106(12); b (Å): 11.6025(17); c (Å): 14.022(2); α (deg): 96.342(2); β 

(deg): 90.559(3); γ (deg): 90.047(3); V(Å3): 1343.7(3). Symmetry cell setting: triclinic, space 

group: P-1. Goodness-of-fit on F2: 1.011, final R indices [I>2sigma(I)]: R1 = 0.0500, wR2 = 

0.1023. 

 

At this point we thought we could monitor the reaction of 1 with norbornenes by 19F 

NMR if we used a fluorinated norbornene. In this effort, we synthesized norbornene-

derivative 8 according to the literature.64,65 The two-step synthesis (eq 2.5) was followed 

by fractional distillation and a tedious column chromatography separation on silica gel 

with cyclohexane eluent to give the pure product in a 22% yield. 
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Unfortunately, when reacted with 1, norbornene-derivative 8 did not give a 

platinaoxetane. The main product of the reaction was (COD)PtCl2 and even 19F NMR did 

not show any significant changes in the chemical shift values for 8. 

 We tried to monitor the reaction of 1 with norbornene by UV spectroscopy, but a 

titration of 1 with norbornene only resulted in the growth of a broad shoulder peak at ca. 

λ = 325 nm on the broad peak for 1 ranging from λ = 225 to 350 nm. Due to the lack of 

any well-isolated peak for either the reactants or the product, we were unable to carry out 

kinetic studies by UV spectroscopy. Complexes 1 and 4 also failed to show clear 

spectroscopic signatures in the IR range. As a result, we resorted to 1H NMR 

spectroscopy to monitor the platinaoxetane-formation reaction between 1 and norbornene 

even though the only peaks usable for integration were broad and occasionally suffered 

from a mild overlap depending on their relative intensity to the neighboring peaks. 

 

Kinetic Studies of the [(COD)4Pt4(µ3-O)2Cl2](BF4)2 (1) + Norbornene Reaction 

 As mentioned above, the kinetics of the reaction of 1 with norbornene (NB) were 

monitored by 1H NMR spectroscopy at room temperature. Because of the limited 

solubility of 1 in dichloromethane, we mostly used deuterated nitromethane as a solvent. 

Details on the calculation of concentrations are given in the Appendix. Under pseudo-

order conditions, when excess NB was used, the [4] (M) vs. time (s) plots were linear, 

and the ln[4] vs. time and 1/[4] vs. time plots showed curvature indicating that the 

reaction is zero-order in 1 (Table 2.5 and Figures 2.5-2.7). The linear plot had a non-zero 

intercept, which we could not account for.  
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Table 2.5. Time, [4], ln[4] and 1/[4] data for 1 + NB (1:20) in CD3NO2 at 25 oC 

 

time (s) [4] (M) ln[4] 1/[4] (M-1) 

496.2 8.0 x 10-3 -4.82 124 

621 9.6 x 10-3 -4.64 104 

777 1.05 x 10-2 -4.55 95 

960 1.19 x 10-2 -4.43 84 

1140 1.37 x 10-2 -4.29 73 

1260 1.41 x 10-2 -4.26 71 
Note: experimental error may result in uncertainty in the final digits. 

 

Figure 2.5. [4] vs. time plot for 1 + NB (1:20) in CD3NO2 at 25 oC. 
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Figure 2.6. ln[4] vs. time plot for 1 + NB (1:20) in CD3NO2 at 25 oC. 
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Figure 2.7. 1/[4] vs. time plot for 1 + NB (1:20) in CD3NO2 at 25 oC. 
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Applying 1 in excess resulted in a curvature of the [NB] (M) vs. time (s) plot and the 

ln[NB] vs. time plot was linear (Table 2.6 and Figures 2.8-2.9), suggesting that the 

reaction is first-order in NB giving the rate equation rate = k[NB]. This surprising result 

can be explained if the reaction is catalytic and the rate-determining step is a reaction 

between NB and the catalyst. We were skeptical of our results due to the possible error 

involved in the peak integration used to obtain the kinetic data, so we stopped the kinetic 

studies, but based on studies of a related system described in the next chapter, we now 

believe that our results are probably correct. Future research in the Sharp group should 

involve further examination of this system as it could provide crucial details regarding 

the mode of formation of platinaoxetanes from 1. In the remaining part of this chapter we 

will discuss the reactions of oxo complex 1 with other alkenes. 

 

Table 2.6. Time, [NB] and ln[NB] data for 1 + NB (5:1) in CD3NO2 at 25 oC 

 

t (s) [NB] ln[NB] 
190 9.9 x 10-3 -4.61 
360 9.4 x 10-3 -4.66 
540 9.0 x 10-3 -4.71 
720 8.7 x 10-3 -4.74 
960 7.9 x 10-3 -4.84 
1200 7.4 x 10-3 -4.91 
1500 6.9 x 10-3 -4.97 
1800 6.4 x 10-3 -5.06 
2100 6.1 x 10-3 -5.10 
2700 5.4 x 10-3 -5.23 
3120 4.9 x 10-3 -5.31 
3610 4.4 x 10-3 -5.43 
4500 3.4 x 10-3 -5.70 
8040 1.7 x 10-3 -6.40 
12480 7 x 10-4 -7.30 

Note: experimental error may result in uncertainty in the final digits. 



 29

Figure 2.8. [NB] vs. time plot for 1 + NB (5:1) in CD3NO2 at 25 oC. 
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Figure 2.9. ln[NB] vs. time plot for 1 + NB (5:1) in CD3NO2 at 25 oC. 
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Reaction of [(COD)4Pt4(µ3-O)2Cl2](BF4)2 (1) with Propylene 

The reaction of 1 with 15-fold excess propylene completed in 3 days at room 

temperature to give acetone (~25%), (COD)PtCl2, [(COD)Pt(η3-CH2CHCH2)]BF4 (9) and 

(COD)PtCl(CH2COCH3) (10). Acetone and (COD)PtCl2 were quickly identified by NMR 

spectroscopy. Complex 9 was identified by comparison of its NMR data with the reported 

values.62 It was also independently synthesized based on the literature procedure62 to 

obtain 195Pt NMR data. X-ray quality crystals from this synthesis were obtained and 

subjected to X-ray diffraction analysis (Figure 2.10). Selected bond distances and angles 

for 9 are given in Table 2.7. 1H NMR revealed that 9, 10 and (COD)PtCl2 were present in 

a ca. 1:1:1 ratio, but due to difficulties with the separation, isolated yield was only 

determined for 10. When we started out with 99 mg (6.65 x 10-2 mmol) of 1, we could 

isolate 8.8 mg (2.22 x 10-2 mmol) of 10 (see Experimental Section). 

We have not found any structural data on 10 in the literature, so its full 

characterization was based on a comparison of its NMR data with reported values for 

(COD)PtMe(CH2COCH3)66 and X-ray diffraction analysis results (Figure 2.11) carried 

out on single crystals obtained from the workup of the reaction mixture. The NMR data 

were completely consistent with the crystal structure. Selected bond distances and angles 

are given in Table 2.8. 

 

Reaction of [(COD)4Pt4(µ3-O)2Cl2](BF4)2 (1) with Cyclopentene 

 The reaction of 1 with 20-fold excess cyclopentene took 3 days at room temperature 

and during this time the color of the reaction mixture turned brown. (COD)PtCl2 was 

easily identified as the major product. Three other Pt-containing compounds were found 
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by 195Pt NMR spectroscopy and a separation of the reaction mixture was attempted to 

isolate these products.  

 

Figure 2.10. Drawing of the cationic portion of [(COD)Pt(η3-CH2CHCH2)]BF4 (9) (50% 

probability ellipsoids, hydrogen atoms omitted).  
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Figure 2.11. Drawing of (COD)PtCl(CH2COCH3) (10) (50% probability ellipsoids, 

hydrogen atoms omitted). 
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Table 2.7. Selected distances (Å) and angles (deg) for [(COD)Pt(η3-CH2CHCH2)]BF4 (9) 

________________________________________________________________________ 

Pt(1)-C(1)    2.225(7)       Pt(1)-C(9)    2.136(7)      

Pt(1)-C(10)    2.153(8)       Pt(1)-C(11)    2.141(8)      

C(10)-C(9)    1.426(12)       C(10)-C(11)   1.401(13) 

C(9)-Pt(1)-C(10)  38.8(3)        C(9)-Pt(1)-C(11)  69.1(3)  

C(11)-Pt(1)-C(10) 38.1(3)       C(10)-C(9)-Pt(1)  71.2(4)  

C(11)-C(10)-C(9)  118.1(8)       C(10)-C(11)-Pt(1) 71.4(5) 
________________________________________________________________________ 
T (oC): -100. a (Å): 24.618(7); b (Å): 8.507(2); c (Å): 11.861(3); α (deg): 90; β (deg): 90; γ (deg): 

90; V(Å3): 2484.2(12). Symmetry cell setting: orthorhombic, space group: Pca21. Goof on F2: 

1.101; final R indices [I>2sigma(I)]: R1 = 0.0236, wR2 = 0.0553. 

 

Table 2.8. Selected distances (Å) and angles (deg) for (COD)PtCl(CH2COCH3) (10) 

________________________________________________________________________ 

Pt(1)-Cl(1)    2.3245(19)      Pt(1)-C(9)    2.074(7)  

C(9)-C(10)    1.503(11)      C(11)-C(10)   1.495(10)  

O(1)-C(10)    1.236(9)       C(1)-C(2)    1.402(10) 

C(9)-Pt(1)-Cl(1)  90.4(2)       C(10)-C(9)-Pt(1)  111.2(5)  

O(1)-C(10)-C(11) 120.5(7)       O(1)-C(10)-C(9)  121.0(7) 
________________________________________________________________________ 
T (oC): -100. a (Å): 8.2632(11); b (Å): 13.7649(17); c (Å): 19.649(3); α (deg): 90; β (deg): 90; γ 

(deg): 90; V(Å3): 2234.9(5). Symmetry cell setting: orthorhombic, space group: Pbca. Goof on F2: 

1.070; final R indices [I>2sigma(I)]: R1 = 0.0278, wR2 = 0.0591. 
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The volatile and nonvolatile components were separated by vacuum transfer, but the 

1H NMR spectrum of the volatiles only showed the solvent and unreacted cyclopentene. 

Workup of the nonvolatiles resulted in the isolation of (COD)PtCl2, dichloro-bridged Pt-

complex [(C8H13)PtCl]2 (11), allyl-complex [(COD)Pt(C5H8-C5H7)]BF4 (12) (Figure 

2.12) and a yet unknown compound with an unusual sharp 1H NMR peak at 6.15 ppm 

flanked with 195Pt satellites (JPt-H = 16.8 Hz). The unknown complex: (COD)PtCl2: 11:12 

ratio was ca. 4:4:2:1 as determined by 1H NMR, however, this ratio is only approximate 

as there were some overlaps. Separation only gave a few crystals of pure 11. These 

crystals were obtained by slow evaporation of the hexane soluble fraction and its 

structure was revealed by X-ray diffraction analysis (Figure 2.13). Selected bond 

distances and angles are given in Table 2.9. The COD ligands of 11 are partially 

hydrogenated suggesting that at one point hydride species were generated in the reaction 

mixture. The formation of 12 may have provided the hydride for the formation of 11. 

Consistent with this is that both 11 and 12 were found in a similar quantity in the reaction 

mixture. Complex 12 was identified by matching its NMR data with that of the triflate 

analog prepared and fully characterized in a separate project described in Chapter IV. 

 

Figure 2.12. Drawing of [(COD)Pt(C5H8-C5H7)]BF4 (12). 
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Figure 2.13. Drawing of [(C8H13)PtCl]2 (11) (50% probability ellipsoids, hydrogen atoms 
omitted). 
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Table 2.9. Selected distances (Å) and angles (deg) for [(C8H13)PtCl]2 (11) 

________________________________________________________________________ 

Pt(1)-C(2)    2.030(10)       Pt(1)-C(6)    2.104(10)  

Pt(1)-Cl(1)    2.361(2)       Pt(1)-Cl(1)`    2.513(2)  

C(1)-C(2)    1.542(14)       C(7)-C(6)    1.472(15) 

C(6)-Pt(1)-Cl(1)`  92.1(3)        C(2)-Pt(1)-Cl(1)  93.0(3)  

Pt(1)-Cl(1)-Pt(1)`  94.38(8)       Cl(1)-Pt(1)-Cl(1)`  85.62(8)  

C(5)-C(6)-C(7)  129.2(10)       C(1)-C(2)-C(3)  115.5(9) 
________________________________________________________________________ 
T (oC): -100. a (Å): 6.4645(12); b (Å): 11.371(2); c (Å): 11.559(2); α (deg): 90; β (deg): 90; γ 

(deg): 90; V(Å3): 849.7(3). Symmetry cell setting: orthorhombic, space group: P21/n. Goof on F2: 

1.115; final R indices [I>2sigma(I)]: R1 = 0.0326, wR2 = 0.0853. Atoms labeled with ` are 

symmetry related to their unlabeled analogs. 

 

Analogs of [(COD)4Pt4(µ3-O)2Cl2](BF4)2 (1) 

The synthesis of the Br-analog of 1, [(COD)4Pt4(µ3-O)2Br2](BF4)2 was identical to that 

of 1,49 but instead of (COD)PtCl2, (COD)PtBr2 was used. Its reactions with ethylene and 

norbornene were tested and found to give the same results as complex 1. The halogenated 

products contained Br instead of Cl.  

Attempts to prepare the I-analog of 1 by an analogous reaction all failed possibly due 

to steric and electronic reasons. More on the outcome of this reaction can be found in 

Chapter V. 
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2.3. Discussion 

 

A proposed ethylene oxidation pathway, consistent with the isolation of platinaoxetane 

4 and the spectroscopic observations of the ethylene reaction, is given in Scheme 2.1. 

Formation of platinaoxetane 13, analogous to 4, is assumed. β-hydride elimination from 

13 produces hydride complex 14 and formylmethyl complex 15 and/or η3-oxaallyl 

complex 16.67 Rapid insertion of ethylene into the Pt-H bond of 14 gives the final ethyl 

complex 2 concurrent with formylmethyl complex 15 and/or η3-oxaallyl 16. Ethylene 

reaction with 15 and/or 16 gives formylmethyl complex 17. Subsequent steps to the allyl 

complex 3 and acetaldehyde require coupling of two ethylene molecules and the transfer 

of a hydrogen atom to the formylmethyl ligand. One way this can be accomplished from 

intermediate 17 is by formation of vinyl complex 18 followed by rapid displacement of 

acetaldehyde and C-C coupling to give 3. The formation of iridium complexes analogous 

to 3 from two ethylene ligands via a vinyl complex has been reported.68 Thus, Scheme 

2.1 accounts for the early appearance of ethyl complex 2, the observation of 

formylmethyl intermediates, and the formation of allyl complex 3. However, the low 

yield of acetaldehyde and the observation of three formylmethyl species during the 

reaction indicate that other processes may be occurring. 

Scheme 2.1 does not address the formation of the C-O bond. The rather complex 

structure of oxo complex 1 allows considerable speculation on this process. Alkene 

coordination with oxo group displacement is likely. Subsequent C-O bond formation 

steps could involve: (1) nucleophilic attack of the oxo group on the coordinated and 

activated alkene or (2) 2 + 2 addition of the alkene to an oxo ligand. Alkene coordination 
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to an iridium center followed by nucleophilic attack of a hydroxo group on a second 

iridium center has been reported.63f DFT calculations should be done to help differentiate 

these possibilities. The kinetic studies of the norbornene reaction of 1 indicated zero-

order dependence on 1 suggesting that the C-O bond formation step is catalytic. To 

support this possibility further experimental work is necessary. 

 

Scheme 2.1. Proposed mechanism for the ethylene reaction of oxo complex 1. 
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2.4. Experimental Section 

 

General Procedures  

Experiments were performed under a dinitrogen atmosphere in a Vacuum 

Atmospheres Corporation drybox or on a Schlenk line. Solvents were dried by standard 

techniques and stored under dinitrogen over 4 Å molecular sieves or sodium metal. 

[(COD)4Pt4(µ3-O)2Cl2](BF4)2 (1) was prepared by the literature procedure.49 Alkenes 

were purchased from commercial sources (Fisher or Aldrich chemicals) and were used as 

received. NMR spectra were recorded on a Bruker AMX-250, -300, or -500 

spectrometers at ambient probe temperatures. Shifts are given in ppm with positive values 

downfield of TMS (1H and 13C) or external K2PtCl4/D2O (195Pt, -1624 ppm), or H2O (17O, 

0.0 ppm). Desert Analytics performed the microanalyses (inert atmosphere). 

 

X-ray (all structures) 

 The X-ray diffraction analysis general methods were identical to the published 

procedure.69 

 

Reaction of [(COD)4Pt4(µ3-O)2Cl2](BF4)2 (1) with Ethylene 

 A medium-walled NMR tube was charged with a solution of 1 (8 mg, 5.37 x 10-3 

mmol) in CD2Cl2 (0.6 mL), then it was connected to the vacuum line, immersed into 

liquid nitrogen and evacuated. Ethylene (5 mL, 0.2 mmol at 25 oC) was added by vacuum 

transfer, and then the NMR tube was flame-sealed and allowed to warm to room 

temperature. The ethylene oxidation reaction was monitored by 1H and 13C (when using 
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13C2H4) NMR spectroscopy. The final products were identified as acetaldehyde (ca. 30-

40%), (COD)PtCl(Et) (2) (ca. 90-100%) and [(COD)Pt(CH2CHCHCH3)]BF4 (3) (ca. 90-

100%). Yields were determined by 1H NMR spectroscopy. Spectroscopic data on 

intermediates and products and 195Pt NMR chemical shift values for 1 are given below. 

 

Ethylene Reaction Intermediates and Products 

The data below correspond to an experiment involving 13C-enriched ethylene. The 

spectra were taken at –70 oC after time intervals at ambient temperatures. 

 

Intermediate I: this intermediate appears first (t = 40 min).  

• 
1H NMR (300 MHz, CD2Cl2): 9.43 (ddt, JH-H ~ 5 Hz, JC-H = 172 Hz, 2JC-H = 24 Hz) 

• 
13C{1H} NMR (75 MHz, CD2Cl2): 201.9 (d, JC-C = 42 Hz, CHO), 38.8 (d, JC-C = 42 

Hz, JPt-C = 506 Hz, CH2). 

 

Intermediate II: this intermediate appeared with III, 40 min after I. So the order of 

appearance was I, then II & III. This intermediate disappeared first between 2 h and 6 h 

of reaction time. 

• 
1H NMR (300 MHz, CD2Cl2): not observed, see unlabeled experiment below. 

• 
13C{1H} NMR (75 MHz, CD2Cl2): 208.5 (d, JC-C = 42 Hz, CHO), 47.3 (d, satellites not 

observed, JC-C = 42 Hz, CH2). 

 



 41

Intermediate III: this intermediate started forming at the same time as II. It dissapeared 

after II, but before I, namely ca. 7 h 20 min of reaction time. So the order of 

disappearance was II, then III, then I. 

• 
1H NMR (300 MHz, CD2Cl2): 8.3 (broad d, JC-H ~ 170 Hz) 

• 
13C{1H} NMR (75 MHz, CD2Cl2): 206.9 (d, JC-C = 42 Hz, CHO), corresponding CH2 

not found. 

 

Acetaldehyde: started forming between 2 h and 6 h of reaction time. Its amount increased 

until all the intermediates were consumed. 

• 
1H NMR (300 MHz, CD2Cl2): 9.7 (ddq, JH-H = 3 Hz, JC-H = 172 Hz, 2JC-H = 25 Hz, 1H, 

CHO), 2.16 (ddd, JH-H = 3 Hz, JC-H = 127 Hz, 2JC-H = 6.4 Hz, 3H, CH3) 

• 
13C{1H} NMR (75 MHz, CD2Cl2): 200.2 (d, JC-C = 39.7 Hz, CHO), 31.1 (d, JC-C = 

39.7 Hz, CH3). 

 

Intermediates and acetaldehyde observed in an experiment not involving 13C-enriched 

ethylene (1H and 17O NMR spectra at 25 oC): 

 

Intermediate I.:  

• 
1H NMR (250 MHz, CD2Cl2): 9.56 (t, JH-H = 5 Hz) 

Intermediate II.:  

• 
1H NMR (250 MHz, CD2Cl2): 9.36 (broad m) 

Intermediate III.:  

not observed in NMR spectra taken at 25 oC. 



 42

Acetaldehyde:  

• 
1H NMR (250 MHz, CD2Cl2): 9.75 (q, JH-H = 2.9 Hz, 1H, CHO), 2.16 (d, JH-H = 2.9 

Hz, 3H, CH3).  

• 
17O NMR (41 MHz, CD2Cl2): 595. 

 

(COD)PtCl(Et) (2) 

Complex 2 was independently synthesized according to the literature procedure for 

(COD)PtCl(Me).61 Single crystals of 2 were obtained at -10 oC from a CH2Cl2 solution 

layered with pentane. Elemental analysis for 2 (C10H17ClPt), calculated (found) %: C 

32.66 (32.34), H 4.66 (4.62). The NMR peak assignments are based on 1H, 13C, 1H-1H 

COSY and DEPT135 NMR experiments. Atom labeling for the NMR and X-ray data is 

given in Figure 2.1 (p. 16). 

• 
1H NMR (300 MHz, CD2Cl2, 25 oC): 5.54 (m with satellites, JPt-H = 33 Hz, 2H, CH`s 

1,2), 4.33 (m with satellites, JPt-H = 78 Hz, 2H, CH`s 5,6), 2.40 (m, br, 8H, CH2`s 

3,4,7,8), 1.55 (q with satellites, JH-H = 7.54 Hz, JPt-H = 76.5 Hz, 2H, CH2-9), 1.02 (t 

with satellites, , JH-H = 7.54 Hz, JPt-H = 35 Hz, 3H, CH3-10). 

• 
13C{1H} NMR (75 MHz, CD2Cl2, 13C-enriched, 25 oC): 18.7 (d with satellites, JC-C = 

33.9 Hz, JPt-C = 615 Hz, C-9), 15.9 (d, JC-C = 33.9 Hz, C-10). 

• 
195Pt NMR (64 MHz, CD2Cl2): -3546. 
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[(COD)Pt(η3-CH2CHCHCH3)]BF4 (3) 

 The identification of this compound as one of the products was based on its reported 

1H and 13C NMR chemical shift values.62 Our observed values are listed below. Atom 

labeling for the NMR data is given in Figure 2.14. 

• 
1H NMR (250 MHz, acetone-d6, -75 oC): 6.28 (s with satellites, JPt-H = 70 Hz, 1H, 

COD CH), 6.10 (s, 2H, COD CH`s), 5.84 (m, 1H, CH-2), 5.46 (s with satellites, JPt-H = 

72 Hz, 1H, COD CH), 4.69 (dd, JH-H = 7.15 Hz, 2JH-H = 2.70 Hz, 1H, CH-1) 4.30 (m, 

1H, CH-3), 3.10 (d, JH-H = 13.2 Hz, 1H, CH-1`), 2.50 (m, br, 8H, COD CH2`s), 2.09 

(d, JH-H = 6.04 Hz, 3H, CH3-4). 

• 
13C{1H} NMR (75 MHz, CD2Cl2, 13C-enriched, 25 oC): 120.8 (t with satellites, JC-C = 

41 Hz, JPt-C = 51 Hz, C-2), 87.4 (t with satellites, JC-C = 41 Hz, JPt-C = 117.5 Hz, C-3), 

62.1 (d with satellites, JC-C = 3.6 Hz, JPt-C = 174.4 Hz, C-1), 16.7 (dd, JC-C = 41 Hz, 2JC-

C = 4.8 Hz, C-4). 

• 
195Pt NMR (64 MHz, CD2Cl2): -4390. 

 

Figure 2.14. Atom labeling for the NMR data of [(COD)Pt(η3-CH2CHCHCH3)]BF4 (3). 
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[(COD)4Pt4(µ3-O)2Cl2](BF4)2 (1) 

 
1H and 13C NMR data for 1 can be found in the literature.49 The 195Pt NMR chemical 

shift values are as follows: 

• 
195Pt NMR (64 MHz, CD2Cl2): -2728 (Pt bound to 2 O`s), -3021 (Pt bound to Cl). 

 

Preparation of [(COD)4Pt4(µ3-O)2Br2](BF4)2 

(COD)PtBr2 (92.6 mg, 0.2 mmol) was suspended in 10 mL THF and a solution of 

[(Ph3PAu)3(µ3-O)]BF4 (148 mg, 0.1 mmol) in 1 mL CH2Cl2 was added dropwise to the 

stirred suspension. After 3.5 hours of stirring the yellow solid was filtered, dissolved in 5 

mL CH2Cl2, layered with 15 mL THF and placed in the freezer (-30 oC). Yellow, needle-

like crystals deposited overnight. Filtration, washing with THF and drying in vacuo gave 

pure [(COD)4Pt4(µ3-O)2Br2](BF4)2 (45 mg, 57%). 

• 
195Pt NMR (64 MHz, CD2Cl2): -2681 (Pt bound to 2 O`s), -3135 (Pt bound to Br). 

 

[(COD)4Pt4(µ3-O)2Cl2](BF4)2 (1) + Norbornene: Isolation of Platinaoxetane 4 

 A solution of 1 (50 mg, 3.36 x 10-2 mmol) in CH2Cl2 (4 mL) was mixed with 

norbornene (50 mg, 0.53 mmol) and stirred for 1h. During this time, a change in color 

from yellow to colorless occured. The volume of the solution was reduced to 1-1.5 mL in 

vacuo and excess diethyl ether was added to precipitate the product as a white precipitate, 

which was then filtered, dissolved in 1-2 mL CH2Cl2 and filtered again through celite. 

The solvent was removed in vauco to give 4 (55.2 mg, 98%). Single crystals of 4 were 

obtained at -30 oC from a saturated CH2Cl2/THF solution. Elemental analysis for 4 

(C23H34BClF4OPt2·CH2Cl2), calculated (found) %: C 31.20 (31.34), H 3.93 (3.89).  
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The NMR peak assignments are based on 1H, 13C, 1H-1H COSY and DEPT135 

experiments. Atom labeling for the NMR and X-ray data is given in Figure 2.2 (p. 19). 

• 
1H NMR (300 MHz, CD2Cl2): 6.23 (d with satellites, JH-H = 5.5 Hz, JPt-H = 32 Hz, 1H, 

CH-2), 5.96, 5.70, 5.58, 5.56, 5.54, 5.24 (m, 6H, COD CH`s), 4.63 (m with satellites, 

JPt-H ~ 78 Hz, 1H, COD CH), 4.51 (m with satellites, JPt-H ~ 78 Hz, 1H, COD CH), 

2.43 (m, br, 1H, CHH-7), 2.40 (m, br, 16H, COD CH2`s), 2.13 (m, br, 1H, CH-3), 2.02 

(m, br with satellites, JPt-H ~ 33 Hz, 1H, CH-6), 1.45 (m, br, 2H, CHH`s-4,5), 1.36 (dd, 

JH-H = 5.5 Hz, 2JH-H = 2.2 Hz, 1H, CH-1, satellites not observed), 1.22 (m, br, 1H, 

CHH-7), 0.92 (m, br, 1H, CHH-4), 0.89 (m, br, 1H, CHH-5). 

• 
13C{1H} NMR (126 MHz, CD2Cl2): 116.1, 115.9, 104.4, 103.2, 99.2, 98.9, 80.6, 80.3 

(s, C`s 8,9,12,13,16,17,20,21), 110.3 (s, C-2), 44.8 (s, C-3), 40.8 (s, C-6), 36.4 (s, C-

7), 31.1 (s, C-4), 32.1, 31.6, 31.4, 31.2, 30.0, 29.9, 27.6, 27.3 (s, C`s 10,11, 14,15, 

18,19,22,23), 22.4 (s, C-5), 19.9 (s, C-1). 

• 
195Pt NMR (64 MHz, CD2Cl2): -2965 (Pt-2), -3099 (Pt-1). 

• 
17O NMR (41 MHz, CD2Cl2): -62.3 (satellites not observed). 

 

[(COD)4Pt4(µ3-O)2Cl2](BF4)2 (1) + Norbornene 5: Isolation of Platinaoxetane 6 

Oxo complex 1 (62.4 mg, 4.19 x 10-2 mmol) was dissolved in 5 mL CH2Cl2 and 5 (100 

mg, 3.87 x 10-1 mmol) was added. The solution was stirred overnight at room 

temperature and then filtered, concentrated, layered with diethyl ether, and placed into a 

freezer (-30 oC). After the pale yellow product 6 precipitated, it was filtered, washed with 

diethyl ether and dried in vacuo (81 mg, 97%). Single crystals of 6 were obtained at         
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-30 oC from a CH2Cl2 solution layered with Et2O. Elemental analysis for 6 

(C31H38BClF4O5Pt2), calculated (found) %: C 37.12 (36.97), H 3.82 (3.79).  

The NMR peak assignments are based on 1H, 13C, 1H-1H COSY, DEPT135 

experiments. Atom labeling for the NMR and X-ray data is given in Figure 2.3 (p. 21). 

• 
1H NMR (300 MHz, CD2Cl2): 6.78 (s, 2H, CH`s 9,10), 6.21 (d with satellites, JH-H = 

5.5 Hz, JPt-H ~ 34 Hz, 1H, CH-4), 5.90, 5.77, 5.63, 5.53 (m, 6H, COD CH`s), 4.76 (m 

with satellites, JPt-H ~ 80 Hz, 1H, COD CH), 4.59 (m with satellites, JPt-H ~ 80 Hz, 1H, 

COD CH), 3.25 (s, 1H, CH-5), 3.11 (s with satellites, JPt-H ~ 30 Hz, 1H, CH-2), 2.91 

(d, JH-H = 9.4 Hz, 1H, CHH-1), 2.54 (br m, 16H, COD CH2`s), 2.39 (s, 1H, CH3-13), 

2.25 (s, 1H, CH3-15), 1.83 (d, JH-H = 9.4 Hz, 1H, CHH-1), 1.44 (d with satellites, JH-H 

~ 4.5 Hz, JPt-H ~ 56 Hz, 1H, CH-3). 

• 
1H NMR (300 MHz, CD3NO2): 6.82 (s, 2H, CH`s 9,10), 6.18 (d with satellites, JH-H = 

5.5 Hz, JPt-H ~ 34 Hz, 1H, CH-4), 6.06, 5.82, 5.66, 5.56, 4.95, 4.81 (m, 8H, COD 

CH`s), 3.40 (s, 1H, CH-5), 3.28 (s with satellites, JPt-H = 32.4 Hz, 1H, CH-2), 2.95 (d, 

JH-H = 9.8 Hz, 1H, CHH-1), 2.60 (br m, 16H, COD CH2`s), 2.40 (s, 1H, CH3-13), 2.20 

(s, 1H, CH3-15), 1.80 (d, JH-H = 9.8 Hz, 1H, CHH-1), 1.39 (dd with satellites, JH-H = 

5.5 Hz, 2JH-H = 2.2 Hz, JPt-H ~ 56 Hz, 1H, CH-3). 

• 
13C{1H} NMR (250 MHz, CD3NO2): 171.5, 171.2 (s, C`s 12,14), 144.9, 144.8 (s, C`s 

8,11), 142.8, 136.3 (s, C`s 6,7), 122.6, 121.3 (s, C`s 9,10), 116.9, 116.6, 106.3, 104.3, 

103.8, 100.9, 83.2, 82.4 (s, C`s 16,23,19,20,24,25,28,29), 107.7 (s, C-4), 50.4 (s, C-5), 

47.9 (s, C-1), 45.8 (s, C-2), 32.9, 32.7, 32.3, 31.4, 31.2, 31.0, 28.3, 28.0 (s, C`s 17,18, 

21,22,26,27,30,31), 21.0, 20.7 (s, C`s 13,15), 16.6 (s, C-3). 

• 
195Pt NMR (64 MHz, CD2Cl2): -3054 (Pt-2), -3110 (Pt-1). 
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[(COD)4Pt4(µ3-O)2Cl2](BF4)2 (1) + Norbornadiene: Isolation of Platinaoxetane 7 

Oxo complex 1 (24.0 mg, 1.61 x 10-2 mmol) was dissolved in 5 mL CH2Cl2 and 14.8 

mg (1.61 x 10-1 mmol) of norbornadiene was added. The solution was stirred overnight at 

room temperature, then filtered, and concentrated in vacuo. Addition of diethyl ether 

resulted in a pale yellow precipitate, which was filtered, washed with diethyl ether and 

dried in vacuo to give 25.6 mg (95%) of platinaoxetane 7. Single crystals of 7 were 

obtained at -30 oC from a saturated CH2Cl2/Et2O solution. Elemental analysis for 7 

(C23H32BClF4OPt2), calculated (found) %: C 33.00 (32.76), H 3.85 (3.95).  

The NMR peak assignments are based on 1H, 13C, 1H-1H COSY, DEPT135 

experiments. Atom labeling for the NMR and X-ray data is given in Figure 2.4 (p. 23). 

• 
1H NMR (300 MHz, CD2Cl2): 6.20 (dd with satellites, JH-H = 5.80 Hz, 2JH-H = 2.64 Hz, 

JPt-H ~ 50 Hz, 1H, CH-21), 6.04 (m, 1H, COD CH), 5.85 (dd with satellites, JH-H = 

5.80 Hz, 2JH-H = 2.64 Hz, JPt-H ~ 33 Hz, 1H, CH-20), 5.84 (m, CH-18), 5.71, 5.55, 5.26 

(m, 5H, COD CH`s), 4.67 (m with satellites, JPt-H ~ 76 Hz, 1H, COD CH), 4.58 (m 

with satellites, JPt-H ~ 78 Hz, 1H, COD CH), 2.76 (m, 1H, CH-19), 2.70 (m, 1H, CH-

22), 2.31 (d, JH-H = 9.0 Hz, 1H, CHH-23), 2.50 (m, br, 16H, COD CH2`s), 1.42 (d, JH-H 

= 9.0 Hz, 1H, CHH-23), 1.05 (m with satellites, JPt-H ~ 62 Hz, 1H, CH-17). 

• 
13C{1H} NMR (75 MHz, CD2Cl2): 142.5 (s, C-21), 130.2 (s, C-20), 107.6 (s, C-18), 

114.8, 114.5, 104.1, 103.1, 99.1, 98.8, 81.0, 79.8 (s, C`s 1,2,5,6,9,10,13,14), 49.4 (s, 

C-19), 46.3 (s, C-23), 45.4 (s, C-22), 32.2, 31.3, 31.0, 30.97, 30.9, 29.8, 27.7, 27.0 (s, 

C`s 3,4,7,8,11,12,15,16), 15.5 (s, C-17). 

• 
195Pt NMR (64 MHz, CD2Cl2): -3101 (Pt-1), -3122 (Pt-2). 
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[(COD)4Pt4(µ3-O)2Cl2](BF4)2 (1) + Propylene: Isolation of complex 10  

Oxo complex 1 (99 mg, 6.65 x 10-2 mmol) was dissolved in 5 mL of CH2Cl2 and 

added to a 25 mL flask equipped with a stopcock. The flask was then connected to a 

vacuum-line, immersed in liquid nitrogen, evacuated and 25 mL (1.02 mmol at 25 oC) 

propylene added by vacuum transfer. The flask was closed and warmed to room 

temperature. The reaction was monitored by 1H NMR spectroscopy at room temperature 

and was found to complete within 3 days. The products were identified as acetone 

(~25%), (COD)PtCl2, 9 and 10. Complexes 9, 10 and (COD)PtCl2 were formed in a ca. 

1:1:1 ratio as determined by 1H NMR. Only 10 could be isolated in a pure form. The 

volatiles were removed in vacuo and the residue was dissolved in a minimum of CH2Cl2. 

The NMR solution was poured into a small vial, excess hexane was added and 

(COD)PtCl2 and 9 (and small amounts of 10) precipitated. X-ray quality crystals of 9 also 

formed while this vial was stored at -30 oC awaiting workup. After filtration, all volatiles 

were removed in vacuo giving 8.8 mg (2.22 x 10-2 mmol) of white solid complex 10. X-

ray quality crystals of 10 were obtained from a hexane solution by slow evaporation at 

room temperature. Elemental analysis for 10 (C11H17ClOPt), calculated (found) %: C 

33.38 (33.49), H 4.33 (4.37). 

The NMR peak assignments are based on 1H, 13C, 1H-1H COSY, DEPT135 

experiments in comparison with reported 1H and 13C NMR data for 

(COD)PtMe(CH2COCH3).66 Atom labeling for the NMR and X-ray data for 10 is given 

in Figure 2.11 (p. 32). 

• 
1H NMR (250 MHz, C6D6): 5.23 (t with satellites, JH-H = 2.86 Hz, JPt-H = 40 Hz, 2H, 

CH`s 5,6), 4.54 (t with satellites, JH-H = 2.86 Hz, JPt-H = 71 Hz, 2H, CH`s 1,2), 3.06 (s 
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with satellites, JPt-H = 103 Hz, 2H, CH2-9), 2.47 (s with satellites, JPt-H ~ 6 Hz, 3H, 

CH3-11), 1.28 (br m, 8H, CH2`s 3,4,7,8). 

• 
13C{1H} NMR (126 MHz, C6D6): 209.1 (s, C-10), 112.1 (s with satellites, JPt-C = 47 

Hz, C`s 5,6), 89.5 (s with satellites, JPt-C = 192 Hz, C`s 1,2), 36.4 (s with satellites, JPt-

C = 557 Hz, C-9), 31.6 (s with satellites, JPt-C ~ 17 Hz, C`s 3,4), 31.3 (s, C-11), 27.8 (s 

with satellites, JPt-C ~ 17 Hz, C`s 7,8). 

• 
195Pt NMR (64 MHz, C6D6): -3513. 

 

Reaction of [(COD)4Pt4(µ3-O)2Cl2](BF4)2 (1) with Cyclopentene  

The reaction of oxo complex 1 (7.0 mg, 4.7x10-3 mmol) with cyclopentene (6.4 mg, 

9.4x10-2 mmol) took 3 days to complete at room temperature in a CH2Cl2 solution. 

During this time, the color of the originally light yellow solution turned brown. The 

volatiles were separated from the nonvolatiles by vacuum transfer, but no volatile 

products were found. The nonvolatile part was separated as follows: addition of hexane 

resulted in a dark brown precipitate. Slow evaporation of the hexane soluble fraction gave 

single crystals, which were subjected to X-ray diffraction analysis and were found to be 

the dichloro-bridged Pt-complex 11. There was not enough sample to perform elemental 

analysis on 11, but it was characterized by NMR spectroscopy and X-ray diffraction 

analysis. 

Addition of excess diethyl ether to the hexane insoluble part dissolved in 1 mL of 

dichloromethane gave a brown precipitate. Removal of diethyl ether from the ether 

soluble part in vacuo only gave (COD)PtCl2. The ether insoluble fraction was found to be 

a mixture containing mostly a yet unknown compound with an unusual sharp 1H NMR 
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peak at 6.15 ppm flanked with 195Pt satellites (JPt-H = 16.8 Hz), and a smaller quantity of 

allyl-complex 12. The 1H and 195Pt NMR data for 11 are given below. Atom labeling for 

the NMR and X-ray data is given in Figure 2.13 (p. 35). 

• 
1H NMR (250 MHz, CD2Cl2): 4.88, 4.81 (m with satellites, JPt-H = 103 Hz, 4H, CH`s 

5,6,5`,6`), 2.69 (m with satellites, JPt-H = 112 Hz, 2H, CH`s 2,2`), 2.20, 1.76 (m, br, all 

CH2`s). 

• 
195Pt NMR (64 MHz, CD2Cl2): -3539. 
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2.5. Summary 

 

In this chapter, we have presented an interesting reaction chemistry of oxo complex 

[(COD)4Pt4(µ3-O)2Cl2](BF4)2 (1). Alkenes, such as ethylene, norbornenes, propylene 

were oxidized by 1. The formation of platinaoxetane 4 in the norbornene reaction was not 

only an unprecedented discovery, but also it allowed us to incorporate metallaoxetanes in 

the proposed mechanism for the ethylene reaction. A reasonable reaction pathway was 

constructed this way involving intermediate species consistent with our observations.  

Kinetic studies of the reaction of 1 with norbornene showed zero-order dependence on 

1 and first-order dependence on norbornene implying that the reaction is catalytic and the 

rate determining step is the reaction of norbornene with the catalyst. This possibility and 

the fact that the product concentration vs. time plots have a non-zero intercept need some 

further investigation. 

In conclusion, the chemistry exhibited by 1 demonstrates that late transition metal µ-

oxo complexes can oxidize alkenes through formation of metallaoxetanes. This 

establishes that oxo complexes and metallaoxetanes are reasonable species to consider in 

catalytic alkene oxidation pathways. This also suggests that oxo complexes could be 

important in alkene oxidation reactions not previously thought to involve oxo complexes 

(e.g.,Wacker chemistry11,12).  
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CHAPTER III 

REVERSIBLE ALKENE EXTRUSION FROM A PLATINAOXETANE 

 

 

3.1. Introduction 

 

In Chapter II we reported ethylene oxidation by platinum oxo complex 1 and the first 

isolation of a metallaoxetane (4) from the reaction of an oxo complex with an alkene. In 

following up this chemistry we have investigated the reaction of platinaoxetane 4 with 

alkenes. Other metallaoxetanes insert alkenes into the M-O bond70 as shown by the 

example given in eq 3.1.  

 

Rh

O H

Rh

O
(3.1)

 

 
We have not observed this type of alkene insertion and neither have the authors of the 

recently reported Au-analog60 of 4, which forms an olefin complex and several 

oxygenated organic compounds in the presence of excess norbornene. Surprisingly, 

platinaoxetane 4 undergoes alkene exchange by alkene extrusion from the platinaoxetane 

ring when reacted with alkenes.71 

This chapter describes the reaction of platinaoxetane 4 with ethylene, propylene and 

norbornene 5. The kinetics of the reaction of 4 with 5 was thoroughly investigated 

revealing an interesting catalytic process. 
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3.2. Results and Discussion 

 

In this chapter, discussion goes parallel with the presentation of our results, therefore 

the Results and Discussion sections are combined. 

We first became aware of the unusual behavior of 4 from its reaction with ethylene. 1H 

NMR spectroscopic monitoring of the reaction of 4 with excess ethylene revealed the 

slow formation of acetaldehyde. Analysis of the final mixture (24-hour reaction time) by 

1H and 195Pt NMR spectroscopy showed acetaldehyde, ethyl-chloro-complex 2, and allyl 

complex 3, the same products formed in the reaction of oxo complex 1 with ethylene 

(Scheme 3.1). 

 

Scheme 3.1. Ethylene reactions of oxo complex 1 and platinaoxetane 4. 
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The fate of the norbornene in this reaction is unknown but is presumably associated with 

broad peaks observed in the 1H NMR spectrum. Oxygen-17 labeled 4 produced labeled 

acetaldehyde. 

Similarly, reaction of 4 with propylene gave the same major products as the reaction 

of 1 with propylene: acetone, (COD)PtCl2, ally complex 9 and complex 10. However, 

monitoring this reaction reveals the initial formation of free norbornene, which 

disappears as the reaction progresses.   

We have previously postulated that the ethylene analog of platinaoxetane 4 forms as 

an intermediate in the oxidation of ethylene by 1. The formation of the same products 

from the ethylene reaction of 4 suggested to us that this same platinaoxetane intermediate 

forms in the reaction of 4 with ethylene implying that norbornene is extruded from 4 and 

replaced by ethylene.72,73 The observation of free norbornene in the reaction of 4 with 

propylene reinforces this possibility. 

To confirm alkene exchange of platinaoxetane 4, we needed an alkene that would give 

a stable platinaoxetane. The new stable platinaoxetane 6 is obtained from the reaction of 

substituted norbornene 5 with oxo complex 4. Monitoring a mixture of a 10-fold excess 

of 5 and platinaoxetane 4 shows the release of norbornene and the formation of 

platinaoxetane 6 with complete conversion of 4 into 6 after 2 days at 25  oC (eq 3.2). The 

reverse process, conversion of 6 into 4 is also observed when platinaoxetane 6 is exposed 

to excess norbornene. These results indicate that equilibrium mixtures should form 

allowing the determination of an equilibrium constant for the exchange.  
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(COD)Pt

O

Cl

Pt

+

(COD)

4

(COD)Pt

O

Cl

Pt
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6 R

R

R

R5 (3.2)

  
 

 

 

Kinetic Studies 

The kinetics of the exchange reaction were investigated by monitoring the reaction of 

platinaoxetane 4 (10 mg) under pseudo-order conditions of ca. 10, 15, and 25 equivalents 

of norbornene 5 in CD2Cl2 solutions in sealed NMR tubes at 50 oC. Concentrations of 

product 6 were calculated by integrating the 1H NMR spectra (see Appendix). Plots of the 

concentration of 6 against time were linear indicating that the reaction was zero-order in 

4. The ln[6] vs. time and 1/[6] vs. time plots were not linear further reinforcing the zero-

order kinetics Table 3.1 and Figures 3.1-3.3 show these results for three different batches 

of 4.  

These surprising kinetic results are explained if the reaction is catalyzed and the rate-

limiting step involves the catalyst and 5 as shown in Scheme 3.2. 
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Table 3.1. Time, [6], ln[6] and 1/[6] data for 4 + 5 (1:10) at 50 oC (batches 1-3) 

 

  t (s) [6] (M) ln[6] (lnM) 1/[6] (M-1) 
          
Batch 1  720 2 x 10-4 -8.40 4457 
  1710 8 x 10-4 -7.11 1224 
  2616 1.6 x 10-3 -6.43 623 
  3516 1.8 x 10-3 -6.33 561 
  4425 2.5 x 10-3 -5.99 398 
  5328 2.7 x 10-3 -5.91 368 
  6240 3.4 x 10-3 -5.68 292 
  7140 3.8 x 10-3 -5.57 262 
  8047 4.1 x 10-3 -5.48 240 
  8947 4.7 x 10-3 -5.36 213 
  10761 5.6 x 10-3 -5.19 180 
  11670 6.3 x 10-3 -5.07 159 
  12570 6.4 x 10-3 -5.05 156 
  13480 6.8 x 10-3 -4.99 147 
  15288 8.0 x 10-3 -4.83 125 
          
          
Batch 2 3300 2.0 x 10-3 -6.22 502 
  6300 3.7 x 10-3 -5.61 272 
  9900 6.1 x 10-3 -5.10 165 
  13200 7.5 x 10-3 -4.89 132 
  16200 9.6 x 10-3 -4.65 105 
  20100 1.21 x 10-2 -4.41 82 
  23700 1.38 x 10-2 -4.28 72 
          
          
Batch 3 2700 1.3 x 10-3 -6.65 773 
  6180 3.2 x 10-3 -5.73 309 
  9480 4.9 x 10-3 -5.32 205 
  13080 6.8 x 10-3 -4.99 147 
  16140 7.9 x 10-3 -4.83 126 
  18840 9.3 x 10-3 -4.67 107 

Note: experimental error may result in uncertainty in the final digits. 
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Figure 3.1. [6] vs. time plot for 4 + 5 (1:10) at 50 oC (batches 1-3). 
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Figure 3.2. ln[6] vs. time plot for 4 + 5 (1:10) at 50 oC (batches 1-3). 
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Figure 3.3. 1/[6] vs. time plot for 4 + 5 (1:10) at 50 oC (batches 1-3). 
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The reaction rates (slopes) differ for each concentration of 5 ([5]0) and a plot of these 

against [5]0 is linear but with a non-zero intercept. Suspecting a catalytic process with 

saturation behavior we expanded our experiments to include initial rates for lower 

concentrations of 5. Adding these to the plot of the reaction rates against [5]0 (see Figures 

3.4 and 3.5 for two different batches of 4) shows curvature (Michaelis-Menten plot) 

indicative of saturation kinetics and a Lineweaver-Burk (LB) plot of the data is linear 

(see Figures 3.6 and 3.7).74 The figures are based on data shown in Table 3.2. In our 

system, the LB plot is good evidence for the catalyst saturation and first-order kinetics 

with respect to 5, as the LB plot is designed for enzymatic systems where the substrate-

dependence is assumed to be first-order.  

 

Table 3.2. [5]0, 1/[5]0, rate and 1/rate data for a 4 + 5 reaction at 50 oC. [4]0: constant, 
[5]0: increasing (batches 1 and 3) 
 
 

 [5]0 (M) 1/[5]0 (M-1) rate 1/rate 
     
Batch 1 3.19 x 10-2 31.348 1.24x10-7 8.06x106 
 1.922 x 10-1 5.203 5.21x10-7 1.92x106 
 3.186 x 10-1 3.139 7.10x10-7 1.41x106 
 3.999 x 10-1 2.501 8.06x10-7 1.24x106 
     
Batch 3 9.61 x 10-2 10.406 2.99x10-7 3.34x106 
 1.731 x 10-1 5.777 5.02x10-7 1.99x106 
 2.499 x 10-1 4.002 6.31x10-7 1.58x106 
 4.997 x 10-1 2.001 9.64x10-7 1.04x106 
 9.610 x 10-1 1.041 1.23x10-6 8.13x105 

Note: experimental error may result in uncertainty in the final digits. 
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Figure 3.4. Rate vs. [5]0 plot for 4 + 5 reactions at 50 oC (batch 1). 
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Figure 3.5. Rate vs. [5]0 plot for 4 + 5 reactions at 50 oC (batch 3). 
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Figure 3.6. 1/rate vs. 1/[5]0 plot (Lineweaver-Burk plot) for 4 + 5 reactions at 50 oC 
(batch 1). 
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Figure 3.7. 1/rate vs. 1/[5]0 plot (Lineweaver-Burk plot) for 4 + 5 reactions at 50 oC 
(Batch 3). 
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In Scheme 3.2, catalyst-5 represents an initial complex between the catalyst and 

norbornene 5 and {catalyst-5} is a rearranged complex that reacts with platinaoxetane 4. 

 

Scheme 3.2. Proposed reaction path for the platinaoxetane 4 + norbornene 5 reaction. 

 

catalyst + 5 catalyst-5

catalyst-5 {catalyst-5}

{catalyst-5}

slow

+ 4 {catalyst-NB} + 6

{catalyst-NB} catalyst-NB

catalyst-NB catalyst + NB

NB =
 

 

We know that the reaction is zero-order in platinaoxetane 4. We believe that the order 

in norbornene 5 is one, and it is further supported by the slope of the initial data points of 

the rate vs. [5]0 plot (k = 2.95 x 10-6, zero intercept, Figure 3.5). This value can be used to 

calculate rates for pseudo-zero order (excess [5]) reactions according to eq 3.3: 

 
pseudo-zero order rate = k [5] = k`   (3.3) 

 
Using the [5]0 and rate values in Table 3.2 and k it is quite evident that the order of 5 

is one. In addition, when the concentration of norbornene 5 was monitored in a reaction 
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of 4 and 5 (1:1) at 60 oC, the reaction showed first-order kinetics (Table 3.3, Figures 3.8 

and 3.9, batch 4 of 4). In this particular reaction we used a larger initial concentration of 

norbornene 4 than in the pseudo-zero order reactions. This way we could increase the 

initial concentration of 5 as well, which allowed us to easily monitor changes in its 

concentration by 1H NMR spectroscopy. 

 

Table 3.3. Time, [5] and ln[5] data for a 4 + 5 (1:1) reaction at 60 oC (batch 4) 

t (s) [5] (M) ln[5] 
480 3.45 x 10-2 -3.37 
4080 2.97 x 10-2 -3.51 
5880 2.68 x 10-2 -3.62 
7680 2.41 x 10-2 -3.72 
9480 2.28 x 10-2 -3.78 
11280 2.13 x 10-2 -3.85 
13080 1.96 x 10-2 -3.93 
14880 1.78 x 10-2 -4.03 
16680 1.65 x 10-2 -4.10 
18480 1.46 x 10-2 -4.23 
23880 1.14 x 10-2 -4.47 
27480 1.02 x 10-2 -4.58 
29280 8.9 x 10-3 -4.72 
31080 9.4 x 10-3 -4.66 
32880 8.6 x 10-3 -4.76 
34680 8.5 x 10-3 -4.76 
36480 7.5 x 10-3 -4.90 
38280 7.5 x 10-3 -4.89 
40080 6.6 x 10-3 -5.02 
41880 6.9 x 10-3 -4.97 
45480 5.9 x 10-3 -5.13 
47280 5.6 x 10-3 -5.18 
49080 5.8 x 10-3 -5.15 
50880 5.5 x 10-3 -5.20 
52680 5.3 x 10-3 -5.24 

Note: experimental error may result in uncertainty in the final digits. 
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Figure 3.8. [5] vs. time plot for a 4 + 5 (1:1) reaction at 60 oC (batch 4). 
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Figure 3.9. ln[5] vs. time plot for a 4 + 5 (1:1) reaction at 60 oC (batch 4). 
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Experiments to determine the source of the catalyst were conducted. For a fixed initial 

concentration of 4 and 5, the reaction rate is not altered by sublimation and 

recrystallization of 5, silylation of the glass reaction vessel, or addition of small amounts 

of water, benzoic acid, HCl(g) or air. Norbornene 5, the glass surface, trace acids or 

water, and air are therefore eliminated as sources of the catalyst. 

However, changes in the initial concentration of 4 have a marked effect on the reaction 

rate, which increases in direct proportion to the initial concentration of 4, [4]0 (see Table 

3.4 and Figure 3.10 for batch 2 of 4). This is best explained if the catalyst is an impurity 

in 4. This is reminiscent of an impurity-catalyzed reaction of an Ir hydroxo complex with 

ethylene.63f However, as clearly shown in Figure 3.1, the rate of the reaction did not 

differ significantly for the three different batches of 4 used, although if the assumption 

that the catalyst is an impurity in 4 is right, more dramatic differences should have been 

observed. Furthermore, when 4 was recrystallized by layering its CH2Cl2 solution with 

Et2O, the recrystallized sample showed a similar reaction rate as the residue obtained by 

removing the solvent from the Et2O phase in vacuo. If the catalyst is an impurity in 4, this 

can only be explained if the impurity is similar in structure to 4 and co-crystallizes with it 

and hence upon recrystallization, the solid phase and liquid phase contents are identical.  

 

Table 3.4. [4]0 and rate data for 4 + 5 (1:10, 1.5:10, 2.5:10) reactions at 50 oC (batch 2) 
 
 

[4]0 Rate (Ms-1) 
1.92 x 10-2 5.91 x 10-7 
2.88 x 10-2 8.53 x 10-7 
4.80 x 10-2 1.30 x 10-6 

Note: experimental error may result in uncertainty in the final digits. 
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Figure 3.10. Rate vs. [4]0 plot for 4 + 5 (1:10, 1.5:10, 2.5:10) reactions at 50 oC (batch 2). 
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Addition of molecular sieves or Et4NCl slowed the reaction down to about half the 

normal rate, but never completely halted it suggesting the presence of possibly more than 

one catalyst in the system. Table 3.5 and Figure 3.11 show the effect of Et4NCl for a new 

batch of 4 (batch 5). It is important to note though, that Et4NCl readily reacts with 

platinaoxetane 4, which may explain why so much Et4NCl is needed to suppress the 

alkene exchange reaction rate. The possible reaction of Et4NCl with 4 is shown in eq 3.4. 

195Pt NMR gives two equal intensity peaks at -2908 an -3337 ppm. The latter corresponds 

to (COD)PtCl2. It is also because of the reactivity of Et4NCl with 4 that we decided not to 

use more than 20 mol% of it in the rate suppression test. 
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Table 3.5. Et4NCl (mol%) and rate data for 4 + 5 (1:10) reactions at 50 oC (batch 5) 

 
Mol% Et4NCl Rate (Ms-1) 

0 4.75E-07 
5 3.83E-07 
10 2.97E-07 
20 2.35E-07 

 

 
Figure 3.11. Rate vs. Et4NCl (mol%) for 4 + 5 (1:10) reactions at 50 oC (batch 5). 
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The Hunt for the Catalyst 

Even though our kinetic results indicated that the catalyst was not an impurity, we still 

wanted to explore this possibility. Examination of samples of 4 by NMR spectroscopy 

revealed the presence of trace amounts of (COD)PtCl2 and another platinum-containing 

compound known as the oxo-hydroxo-complex [(COD)4Pt4(µ3-O)2(µ2-OH)](BF4)3 (20)49 

(Details on the synthesis and characterization of complex 20 can be found in Chapter V.) 

Neither (COD)PtCl2 nor 20 change the reaction rate when added to the reaction mixture. 

Other impurities could be present below detection levels are starting materials and co-

products in the synthesis of 4 and 1:49 Ph3PAuCl, 1, and [(Ph3PAu)3(µ3-O)]BF4. None of 

these species affect the reaction rate when added to the reaction mixture. 

Based on the observations by Bergman et al. regarding alkene release from a 

ruthenaoxetane upon electrophilic attack at the oxygen atom,72a we thought that cationic 

Pt(II) species as electrophiles that could be present in our system may act as catalysts or 

catalyst precursors. Note that platinaoxetane 4 already has a [(COD)PtCl]+ fragment on 

its oxygen atom, but it is clearly not a strong enough electrophile as 4 is stable to alkene 

extrusion.  

First, we synthesized the dicationic Pt(II) complex (COD)Pt(OTf)2 (21) according to 

the reported procedure75 and we were also able to get single crystals of this complex by 

slow evaporation of a dry CH2Cl2 solution at -30 oC. Figure 3.12 shows the drawing of 21 

and Table 3.6 provides a list of selected bond distances and angles obtained from X-ray 

diffraction analysis. Tilley’s group has recently obtained the crystal structure of the 

benzene solvate of 21.76  
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Figure 3.12. Drawing of (COD)Pt(OTf)2 (21) (50% probability ellipsoids, hydrogen 

atoms omitted). 
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Table 3.6. Selected distances (Å) and angles (deg) for (COD)Pt(OTf)2 (21) 

________________________________________________________________________ 

Pt(1)-C(1)    2.133(4)       Pt(1)-C(2)    2.148(4)  

Pt(1)-C(5)    2.136(4)       Pt(1)-C(6)    2.138(3)  

Pt(1)-O(1)    2.080(3)       Pt(1)-O(4)    2.071(3) 

O(4)-Pt(1)-C(1)  88.15(13)      O(1)-Pt(1)-C(6)  96.54(13)  

O(4)-Pt(1)-O(1)  85.12(11)      C(5)-Pt(1)-C(2)  81.81(15)  

S(2)-O(4)-Pt(1)  133.11(16)      S(1)-O(1)-Pt(1)  132.90(14) 
________________________________________________________________________ 
T (oC): -100. a (Å): 11.079(3); b (Å): 9.074(3); c (Å): 16.061(4);  α (deg): 90; β (deg): 94.322(4); 

γ (deg): 90; V(Å3): 1610.0(8). Symmetry cell setting: monoclinic, space group: P21/n. Goof on F2: 

1.091; final R indices [I>2sigma(I)]: R1 = 0.0208, wR2 = 0.0471. 

 

When tested for catalysis of the 4 + 5 alkene exchange reaction, complex 21 was 

found remarkably efficient. The normally 45-hour reaction time reduced to 30 min at 

room temperature when 10 mol% of 21 was applied. Then we prepared cationic 

(COD)PtCl(OTf) (22) by mixing 21 and (COD)PtCl2 in an equal ratio in dry 

dichloromethane. Slow evaporation of this solution gave single crystals of 22, which 

were subjected to X-ray diffraction analysis. Figure 3.13 shows the drawing of 22 and 

Table 3.7 provides a list of its selected bond distances and angles. The 1H NMR spectrum 

of 22 in solution showed only one peak for the unsaturated COD-CH`s suggesting that a 

rapid equilibrium must be at work in solution rendering all COD-CH peaks equal. When 

tested for catalysis of the alkene exchange reaction, complex 22 was found as efficient as 

21. The reaction time was 30 min at room temperature when 10 mol% of 22 was applied. 
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 Figure 3.13. Drawing of (COD)PtCl(OTf) (22) (50% probability ellipsoids, hydrogen 

atoms omitted). 
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Table 3.7. Selected distances (Å) and angles (deg) for (COD)PtCl(OTf) (22) 

________________________________________________________________________ 

Pt(1)-C(1)    2.148(4)       Pt(1)-C(2)    2.139(4)  

Pt(1)-C(5)    2.160(4)       Pt(1)-C(6)    2.142(4) 

Pt(1)-O(1)    2.123(3)       Pt(1)-Cl(1)    2.3044(13) 

O(1)-Pt(1)-C(5)  91.86(14)      C(1)-Pt(1)-Cl(1)  92.48(13) 

C(2)-Pt(1)-C(1)  38.41(17)      C(6)-Pt(1)-C(5)  38.00(16) 

O(1)-Pt(1)-Cl(1)  90.10(9)       S(1)-O(1)-Pt(1)  121.70(18) 
________________________________________________________________________ 
T (oC): -100. a (Å): 10.259(3); b (Å): 9.418(3); c (Å): 13.810(4); α (deg): 90; β (deg): 107.349(5); 

γ (deg): 90; V(Å3): 1273.5(7). Symmetry cell setting: monoclinic, space group: P21/n. Goof on F2: 

1.110; final R indices [I>2sigma(I)]: R1 = 0.0227, wR2 = 0.0554. 

 

Gaseous HCl, freshly made by adding conc. H2SO4 dropwise to NaCl(s), was also 

added to a 4 + 5 reaction mixture using a gas-tight syringe, but it did not catalyze the 

alkene exchange reaction when applied in 10 and 20 mol% with respect to 4. When ca. 1 

equivalent of HCl(g) was added, a large amount of norbornene and (COD)PtCl2 formed 

along with less than 10% of platinaoxetane 6. Later in this chapter we will present the 

outcome of the reaction of HCl(aq) with platinaoxetane 4. 

We have also tested HOTf for catalysis and surprisingly, efficient catalysis was 

observed comparable to the efficiency of 21 and 22. Even AgOTf was found very 

efficient despite the fact that this was a heterogeneous system. We also prepared 

(COD)Pt(Me)(OTf) (23) by the reaction of the known complex (COD)PtCl(Me)61 with 

AgOTf. Single crystals formed during the slow evaporation of a dichloromethane 

solution of 23 at -30 oC and X-ray diffraction analysis revealed the aqua complex 
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[(COD)Pt(Me)(H2O)]OTf (24) (Figure 3.14). Table 3.9 shows its selected bond distances 

and angles. Complex 24 resulted from the small amount of moisture in the solvent. It was 

tested for catalysis and though actively catalytic, it was less efficient than the previously 

mentioned species.  

Finally, we got the best result when we tried BF3·Et2O. It reduced the reaction time to 

10 min (!). Table 3.8 summarizes all of the above results. In all of these test reactions the 

catalytic species were added to the freshly prepared solutions of the mixture of 

platinaoxetane 4 and norbornene 5.  

 
Table 3.8. Catalytic species discovered for the 4 + 5 reaction. Testing Conditions:  

[4]0 : [5]0 = 1 : 10, T = 25 oC, catalytic compounds: 10 mol% with respect to [4]0.  

 
Species tested Reaction completion time 

Reference, nothing added 45 h 
(COD)Pt(OTf)2 30 min 

(COD)PtCl(OTf) 30 min 
HOTf 30 min 
AgOTf 1 h 

(COD)PtMe(OTf) 5 h 
BF3·Et2O 10 min 

 

An equilibrium was established at room temperature in a 4 + 5 (1:1) reaction mixture 

in CD2Cl2 (eq 3.5) with 10 mol% (COD)Pt(OTf)2 added.  
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Figure 3.14. Drawing of [(COD)Pt(Me)(H2O)]OTf (24) (50% probability ellipsoids, 

COD and CH3-9 hydrogen atoms omitted). 
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Table 3.9. Selected distances (Å) and angles (deg) for [(COD)Pt(Me)(H2O)]OTf (24) 

________________________________________________________________________ 

Pt(1)-C(6)    2.098(5)       Pt(1)-C(5)    2.113(5)  

Pt(1)-C(2)    2.280(5)       Pt(1)-C(1)    2.301(5) 

Pt(1)-C(9)    2.036(5)       Pt(1)-O(1)    2.080(4) 

C(9)-Pt(1)-O(1)  87.1(2)       C(9)-Pt(1)-C(6)  90.3(2)  

O(1)-Pt(1)-C(1)  95.51(19)      C(6)-Pt(1)-C(1)  81.37(19) 

C(6)-Pt(1)-C(5)  38.4(2)       C(2)-Pt(1)-C(1)  35.2(2) 
________________________________________________________________________ 
T (oC): -100. a (Å): 15.183(3); b (Å): 10.260(2); c (Å): 8.863(2); α (deg): 90; β (deg): 90; γ (deg): 

90; V(Å3): 1380.6(5). Symmetry cell setting: orthorhombic, space group: Pna21. Goof on F2: 

1.030; final R indices [I>2sigma(I)]: R1 = 0.0213, wR2 = 0.0480. 

 

The initial concentration of 4 and 5, the equilibrium concentrations of 4, 5, 6 and NB 

and the equilibrium constant for eq 3.5 are as follows: [4]0 = [5]0 = 1.92 x 10-2 M, [4]eq = 

[5]eq = 5.6 x 10-3 M, [6]eq = [NB]eq = 1.69 x 10-2 M, Keq = 9.1. [4]0 and [5]0 were 

calculated from the their amount and total volume, equilibrium concentrations were 

calculated from the 1H NMR spectra (see Experimental Section). 

(COD)Pt(OTf)2 (21) was reacted with alkenes in an effort to identify its role as a 

catalyst precursor. This is the topic of Chapter IV. The product of the reaction of  21 with 

5, “ene-yl” complex [(COD)Pt(C15H14O4-C15H13O4)]OTf (31) was tested for catalysis of 

the alkene exchange reaction of 4 with 5, but it did not show any catalytic effect 

suggesting that a reaction between 21 and 4 had to be responsible for the generation of 

the catalyst.  
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Reactions of Platinaoxetane 4 with Electrophiles 

 In order to understand how the catalyst is generated, we investigated the reactions of 

platinaoxetane 4 with electrophiles. In this effort, 4 was reacted with 21, 22, HCl, AgOTf 

and HOTf. The isolated products of many of these reactions were tested and showed no 

catalysis suggesting that the catalyst only forms at an early stage and without 5 present it 

undergoes further reactions. 

 

Platinaoxetane 4 + (COD)Pt(OTf)2 (21) 

 The reaction of a 1:1 mixture of 4 and 21 in a CD2Cl2 solution was monitored at room 

temperature in an NMR tube and the following observations were made at different 

reaction times: 

10 min: 1H NMR: peaks for both 4 and 21 shifted, some upfield, some downfield. 195Pt 

NMR: a broad peak (ca. -3000 ppm). 

2 hours: 1H NMR: 4 was gone, changes in the peaks for 21 were hard to see, because they 

were broad. 

4 hours: 1H NMR: same as at 2h. Free norbornene was not observed. 195Pt NMR: -2766, -

2954, -2972, -3140 (br), -3337((COD)PtCl2), integral ratios: ca. 1 : 1 : 1 : 2 : 2. 

 

Platinaoxetane 4 + (COD)PtCl(OTf) (22) 

The reaction of a 1:1 mixture of 4 and 22 in a CH2Cl2 solution was monitored by 

NMR spectroscopy. After mixing, 1H NMR was done at -50 oC. It showed 4 and 22. 195Pt 

NMR at -50 oC at this point showed only 4 (-2982 and -3115 ppm). The sample spent 50 

min at room temperature and the only change seen in 1H NMR was a small amount of 
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free norbornene. 195Pt NMR at room temperature: we observed a large sharp peak at -

2968 ppm (ca. where one peak for 4 normally appears), a smaller intensity, but broad 

peak at -3099 ppm (where the other peak for 4 normally shows) and a small, broad peak 

at -3230 ppm. Surprisingly, 195Pt NMR at -50 oC right after this showed again two fairly 

sharp peaks like in the earlier low temperature 195Pt NMR spectra. A small broad peak at 

-3007 ppm appeared, though. The 1H NMR spectrum at -50 oC after a total of 100 min the 

sample had spent at room temperature was not different from previous 1H NMR spectra. 

Still just a small amount of free norbornene was seen. 195Pt NMR at -50 oC at this point 

gave the two peaks at -2982 and -3115 ppm and the small broad peak at -3007 ppm with 

the same in intensity as before and there was a new fairly sharp peak at -3090 ppm with 

ca. 1/3 of the intensity of any of the peaks at -2982 and -3115 ppm. For the reactions of 4 

with 21 and 22 we expected the rapid release of norbornene and the formation of a 

catalytic species; however it did not happen under these conditions. It is possible that a 

catalytic species did form in these reactions, but in the absence of excess alkene it was 

deactivated. Further investigation of these systems is necessary to understand what 

processes take place. 

 

Platinaoxetane 4 + Conc. HCl 

Two drops of concentrated HCl were added to a CD2Cl2 solution of 4 and the system 

was worked up minutes later by adding hexane. The 1H NMR spectrum of the hexane 

soluble part showed nothing useful, the hexane insoluble part dissolved in CDCl3 showed 

(COD)PtCl2 and two broad multiplets at 0.88 and 1.27 ppm in addition to a water peak. 

Conc. HCl obviously destroyed the platinaoxetane. 
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Platinaoxetane 4 + Dilute HCl 

Two drops of dilute HCl (1.0 M) were added to a CD2Cl2 solution of 4 and the system 

was worked up minutes later by adding hexane. The hexane soluble part was dissolved in 

CDCl3 and a 1H NMR was taken. Based on the peak pattern (Figure 3.15) we believe that 

the compound is a platinaoxetane (eq 3.6) that formed by the removal of the 

[(COD)PtCl]+ fragment from platinaoxetane 4 followed by protonation. However, a 

protonated product is not expected to be soluble in hexane. Based on 195Pt NMR (-3465 

ppm), it is different from product 19 of the reaction of 4 with Et4NCl (eq 3.4). The 

hexane insoluble part was (COD)PtCl2. 
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Platinaoxetane 4 + AgOTf in a Heterogeneous System 

The suspension of a 1:1 mixture of 4 and AgOTf in CH2Cl2 was stirred for 5 min 

(avoiding exposure to light), then filtered. 1H NMR in CH2Cl2 indicated that the majority 

of 4 was used up. 195Pt NMR revealed unreacted platinaoxetane 4 and two larger peaks at 

-2959 and -2987 ppm. Another equivalent of AgOTf was added and the suspension 

stirred for 40 min (avoiding exposure to light). Filtration was followed by NMR 

measurements. Sharp peaks were seen with the pattern of that of norbornene, but shifted 

downfield by ca. 0.3 ppm. 195Pt NMR showed that 4 was gone. A small peak at -2765 
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ppm, two larger peaks at -2954 and -2989 ppm and a small peak at -3105 ppm were seen. 

After 3 days, the 1H NMR spectrum no longer showed norbornene and the 195Pt NMR 

only showed (COD)PtCl2. 

 

Figure 3.15. 1H NMR spectrum of the reaction of 4 with dilute HCl. 

 

 

 

Platinaoxetane 4 + AgOTf in a Homogeneous System 

To avoid suspensions, we reacted 4 with AgOTf in a 1:1 ratio in a CD3NO2 solution. 

AgCl formed immediately. The 1H NMR spectrum taken 4 min later showed lots of 

norbornene and a broad peak at 5.66 ppm with satellites (JPt-H = 65 Hz) and two broad 
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peaks between 2 and 3 ppm, all probably corresponding to one Pt complex. After 40 min, 

the 1H NMR spectrum showed no changes. 195Pt NMR revealed a large peak at -2790 

ppm and small amounts of unreacted 4. A half equivalent AgOf was added to complete 

the reaction. The solvent and norbornene were removed in vacuo. The residue was 

dissolved in CH2Cl2. 195Pt NMR: -2765 ppm. This compound was also seen in the 

heterogeneous system, but when tested in the alkene exchange reaction it showed no 

catalytic activity. In the first step of the reaction it is obvious that there is a Cl-abstraction 

from 4. This could generate cationic electrophiles such as (COD)Pt(OTf)+, that can cause 

alkene extrusion from the platinaoxetane. This process may actually generate a catalytic 

intermediate, which is deactivated in the absence of excess alkene. 

 

Platinaoxetane 4 + HOTf 

The reaction of a 1:1 mixture of 4 and HOTf in a CH2Cl2 solution was monitored by 

NMR spectroscopy. The 1H NMR spectrum taken after 4 min showed a large amount of 

free norbornene, and broad peaks at 5.7, 2.8 and 2.2 ppm. 195Pt NMR gave a peak at         

-2773 ppm indicating a single compound or rapid exchange between different complexes. 

Interestingly, the 1H NMR spectrum taken at t = 1h, just after the 195Pt NMR experiment 

finished, did not show the free norbornene (maybe rapidly exchanging?). The rapid 

alkene extrusion and the formation of a Pt-complex (even its chemical shift value) are 

similar to the AgOTf reaction indicating that a similar pathway may occur. The isolated 

product (-2773 ppm) was tested for catalysis of the alkene exchange reaction, but it did 

not show any catalysis, just like the product of the homogeneous AgOTf reaction. 
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Alkene Exchange of the Triflate Salt of Platinaoxetane 4 

 It is possible that equilibrium generates a small amount of BF3 from the BF4
- anion of 

4 making BF3 a possible native catalyst in our system. It is also feasible that certain 

elecrophilic species, such as 21 are capable of generating more BF3 by subtraction of an 

F- anion, which could explain the catalytic activity of the species listed earlier in Table 

3.8. This would make BF3 the only native catalyst, though it would not explain the partial 

suppression of the reaction rate by adding molecular sieves or Et4NCl. We thought of 

preparing the triflate-analog of 4, [(COD)2Pt2(C7H10)(µ3-O)Cl]OTf (26) to investigate 

this possibility, since if the above is true, 26 should not show any alkene exchange 

reaction when reacted with norbornene 5. We prepared 26 based on eq 3.7. [(LAu)3(µ3-

O)]OTf involved in this procedure was prepared based on the reported procedure for 

[(LAu)3(µ3-O)]BF4,77 (L=Ph3P) using AgOTf instead of AgBF4. 
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When reacted with 10 equivalents of 5 at 50 oC, 26 formed the triflate-analog of 

platinaoxetane 6 and free norbornene over a period of ca. 10 hours. Unfortunately, kinetic 

studies could not be done, since 26 always contained the Ph3PAuCl impurity even after 

multiple purifications. This resulted in incorrect concentrations and the formation of 

(COD)PtCl2 during the alkene exchange process. When 10-15% of 21 was added to 

another batch of 26 and 10 equivalents of 5 at room temperature, clean alkene exchange 
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reaction occurred over ca. 1 hour without any side-reaction. Finally, a dichloromethane 

solution of 26 was treated with crushed molecular sieves for 30 min, then it was filtered, 

10 equivalents of 5 and two pieces of molecular sieves were added. Surprisingly, the 

alkene exchange reaction at 50 oC was not affected by the molecular sieves.  

This experiment proved that (a) BF3 is not the only catalyst in the alkene exchange 

reaction of 4 with 5, suggesting the presence of at least two catalysts (b) molecular sieves 

do not affect each catalyst, (c) in the 4 + 5 reaction it is likely the BF3 catalyst that was 

deactivated by molecular sieves and Et4NCl, leaving the other catalyst(s) unaffected, and 

(d) the role of the catalytic species shown in Table 3.8 is not just to generate BF3 from 

BF4
-, since 21 catalyzed the reaction of 26 with norbornene 5. 

Our two proposed mechanisms for the alkene exchange reaction that occurs between 4 

and 5 are shown in Schemes 3.3 and 3.4. Both schemes involve an initial attack on the 

platinaoxetane oxygen by an eletrophile (E) resulting in either the µ4-oxo species 27 

(Scheme 3.3) or the displacement of the [(COD)PtCl]+ fragment of the platinaoxetane 

(Scheme 3.4). Scheme 3.3 is supported by the fact that the COD ligand is not sterically 

bulky and µ4-oxygen is known for related Rh and Ir complexes.78 The alkene 

coordination in step 3 results in the observed saturation kinetics and the rate-limiting step 

is the alkene insertion (step 4). 
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Scheme 3.3. Proposed catalytic cycle of the alkene exchange reaction of platinaoxetane 4 

with norbornene 5 (E = electrophile). 
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In Scheme 3.4, E certainly has to be a stronger electrophile than [(COD)PtCl]+, since 4 

is stable to alkene extrusion, as stated earlier in this chapter. The terminal Pt(II) oxo 

complex 28 is possibly stabilized by the coordination of the electrophile to the oxygen 

and also by dimerization. It is important here to point out that while isolated terminal 

Pd(IV) and Pt(IV) oxo complexes are known,79,80 there are no reports on d8 metal 

terminal oxo complexes. Similar to Scheme 3.3, the alkene coordination in step 3 results 

in saturation kinetics and the alkene insertion in step 4 is rate limiting. 
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Scheme 3.4. Another proposed catalytic cycle of the alkene exchange reaction of 

platinaoxetane 4 with norbornene 5 (E = electrophile). 
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It is important to mention that even though we pointed out earlier that platinaoxetane 6 

is a stable compound, it is only true for about twice the timeframe of the kinectic studies. 

For instance, at room temperature, the alkene exchange reaction is complete within 48 

hours and the product is stable for ca. another 48 hours. After that time, a new, final 

product is formed, that has not been characterized yet (see Chapter V). However, when 

we added hexane to the dichloromethane solution of the reaction mixture after all of 6 
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converted over to the final product, a few small, colorless crystals formed. Recently, one 

of these crystals has been subjected to X-ray diffraction analysis and revealed to be the 

BF3-adduct (COD)Pt(C15H14O5)(BF3) (29). Figure 3.16 shows the drawing of 29 and 

Table 3.10 provides a list of its selected bond distances and angles.  

 The reaction mixture from which 29 crystallized out only contained platinaoxetane 4 

and norbornene 5 initially, so the observation of 29 reinforces our theory that BF3 forms 

in our system and is therefore a native catalyst. Also, complex 29 can form via 

displacement of the [(COD)PtCl]+ fragment by BF3, supporting the mechanism in 

Scheme 3.4. Further studies need to be done to delineate the formation of 29 and 

investigate its stability due to the possible involvement of similar species in our proposed 

catalytic cycle.  
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Figure 3.16. Drawing of (COD)Pt(C15H14O5)(BF3) (29) (50% probability ellipsoids, 

hydrogen atoms omitted). 
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Table 3.10. Selected distances (Å) and angles (deg) for (COD)Pt(C15H14O5)(BF3) (29) 

________________________________________________________________________ 

Pt(1)-O(1)    2.061(5)       Pt(1)-C(9)    2.047(6) 

O(1)-C(10)    1.472(7)       C(9)-C(10)    1.550(9) 

O(1)-B(1)    1.505(9)       F(1)-B(1)    1.375(10) 

C(9)-Pt(1)-O(1)  69.4(2)       C(10)-O(1)-Pt(1)  95.6(3) 

O(1)-C(10)-C(9)  101.3(4)       C(10)-C(9)-Pt(1)  93.8(4) 

B(1)-O(1)-Pt(1)  125.3(5)       F(3)-B(1)-F(2)   110.5(8) 
________________________________________________________________________ 
T (oC): -100. a (Å): 9.3406(6); b (Å): 11.7311(7); c (Å): 12.2403(8); α (deg): 107.7030(10); β 

(deg): 108.9250(10); γ (deg): 103.7460(10); V(Å3): 1121.37(12). Symmetry cell setting: triclinic, 

space group: P-1. Goof on F2: 1.053; final R indices [I>2sigma(I)]: R1 = 0.0403, wR2 = 0.0963. 
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3.3. Experimental Section 

 

General Procedures 

For general experimental procedures, see Chapter II.  

HOTf, Et3O·BF3, AgOTf were purchased from commercial sources (Fisher or Aldrich 

chemicals) and were used as received. (COD)Pt(OTf)2 (21) was prepared by the literature 

procedure.75  

 

X-ray 

 See Chapter II. 

 

Reaction of Platinaoxetane 4 with Ethylene 

 A medium-walled NMR tube was charged with a solution of 4 (10.0 mg, 1.19 x 10-2 

mmol) in CD2Cl2 (0.6 mL), then it was connected to the vacuum line, immersed into 

liquid nitrogen and evacuated. Ethylene (5 mL, 0.2 mmol at 25 oC) was added by vacuum 

transfer, then the NMR tube was flame-sealed and allowed to warm to room temperature. 

The reaction was monitored via 1H NMR spectroscopy and 13C NMR when using 13C2H4. 

The final products were identified as acetaldehyde (ca. 30%), complex 2 (ca. 90-100%) 

and complex 3 (ca. 90-100%). Yields were determined by 1H NMR spectroscopy. 

 

Reaction of Platinaoxetane 4 with Propylene  

Platinaoxetane 4 (10.0 mg, 1.19 x 10-2 mmol) was dissolved in 0.62 mL CD2Cl2 and 

added to a medium-walled NMR tube. The tube was then connected to a vacuum-line, 
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immersed in liquid nitrogen, evacuated, and propylene (5 mL, 2.04 x 10-1 mmol at 25 oC) 

added by vacuum transfer. The tube was flame-sealed and warmed to room temperature. 

The reaction was monitored by 1H NMR spectroscopy and found to complete within 3 

days. The products were identified as acetone (~25%), (COD)PtCl2, complex 9 and 

complex 10. The ratio of complex 10 to the rest of the products was higher than for the 

reaction of oxo complex 1 with propylene. Free norbornene was detected at an early stage 

of the reaction, but it later disappeared. 

 

Reaction of Platinaoxetane 4 with Norbornene 5  

Platinaoxetane 4 (10 mg, 1.19 x 10-2 mmol) was dissolved in 0.62 mL CD2Cl2 and 

30.8 mg (1.19 x 10-1 mmol) of 5 was added. The solution was transferred to a medium-

walled NMR tube and then the tube was flame-sealed. The alkene exchange reaction was 

monitored by 1H NMR spectroscopy and found to reach completion within 2 days at 

room temperature resulting in product 6 and norbornene. The reaction was also 

performed in CD3NO2 solvent and was found to proceed approximately two times faster 

than in CD2Cl2. X-ray quality crystals of 6 were obtained at -30 oC from a CD3NO2 

solution layered with diethyl ether. 

 

Recrystallization of Platinaoxetane 4 

 A solution of 4 (50 mg, 5.9 x 10-2 mmol) in CH2Cl2 was layered with excess Et2O and 

the vial was placed into the freezer (-30 oC). Crystals formed and deposited overnight 

(first crop). They were filtered, washed with Et2O and dried in vacuo (41 mg). Most of 

the crystals were colorless, but some had a brownish-yellow color. 1H and 195Pt NMR 



 90

spectra of the crystals only showed the pure product, though. The Et2O phase was 

concentrated and placed in the freezer, where colorless crystals of pure 4 formed (second 

crop). When used in kinetic studies, the first crop and second crop gave identical results. 

 

Preparation of (COD)PtCl(OTf) (22) 

 (COD)Pt(OTf)2 (21) (10 mg, 1.66 x 10-2 mmol) was dissolved in 3 mL dry CD2Cl2. 

(COD)PtCl2 (6.2 mg, 1.66 x 10-2 mmol) was added and the solution was subjected to 1H 

and 195Pt NMR measurements.  

• 
1H NMR (300 MHz, CD2Cl2): 5.85 (s with satellites, JPt-H = 73 Hz, 4H, COD CH`s), 

2.75 (m, br, 4H, COD CH2`s), 2.25 (m, br, 4H, COD CH2`s). 

• 
195Pt NMR (64 MHz, CD2Cl2): -3170. 

 

Preparation of (COD)PtMe(OTf) (23) and Formation of [(COD)Pt(H2O)(Me)]OTf 

(24) 

(COD)PtCl(Me) (40 mg, 0.113 mmol) was dissolved in 3 mL CH2Cl2 and AgOTf (29 

mg, 0.113 mmol) was added. The suspension was stirred for 75 min in the absence of 

light and then filtered through celite and the solvent was removed from the colorless 

solution in vacuo to give pure 23 (51 mg, 97%). 

• 
1H NMR (300 MHz, CH2Cl2): 5.72 (t with satellites, JH-H = 2.8 Hz, JPt-H = 30 Hz, 2H, 

COD CH`s trans to Me), 4.61 (t with satellites, JH-H = 2.8 Hz, JPt-H = 93 Hz, 2H, COD 

CH`s), 2.50 (m, br, 4H, COD CH2`s), 2.26 (m, br, 4H, COD CH2`s), 0.89 (s with 

satellites, JPt-H = 62 Hz, 3H, Me). 

• 
195Pt NMR (64 MHz, CH2Cl2): -3399. 
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When we attempted to recrystallize 23 by slow evaporation of a CH2Cl2 solution mixed 

with a few drops of Et2O, at -30 oC, single crystals of the aqua-complex 

[(COD)Pt(H2O)(Me)]OTf (24) were obtained. 

• 
1H NMR (300 MHz, CH2Cl2): 5.69 (s, br with satellites, JPt-H = 30 Hz, 2H, COD CH`s 

trans to Me), 4.59 (s, br with satellites, JPt-H ~ 90 Hz, 2H, COD CH`s), 4.20 (s, 2H, 

H2O), 2.50 (m, br, 4H, COD CH2`s), 2.28 (m, br, 4H, COD CH2`s), 0.85 (s with 

satellites, JPt-H = 63 Hz, 3H, Me). 

• 
195Pt NMR (64 MHz, CH2Cl2): -3440. 

 

Preparation of [(COD)4Pt4(µ3-O)2Cl2](OTf)2 (25) 

Due to the better solubility of [(Ph3PAu)3(µ3-O)]OTf over its BF--analog, the reported 

procedure for the synthesis of oxo complex 149 does not apply for the preparation of 25. 

Even the procedure described here gives somewhat impure 25 in moderate yields only.  

(COD)PtCl2 (75 mg, 0.2 mmol) was suspended in dry THF (10 mL). A solution of 

[(Ph3PAu)3(µ3-O)]OTf (154 mg, 0.1 mmol) in dry CH2Cl2 (1 mL) was added dropwise 

and the system turned homogeneous. After 10 min of stirring, all the solvents were 

removed in vacuo. The solid was mixed with 1 mL THF and stirred for a few min, and 6 

mL toluene was added. Stirring continued for 30 min followed by decantation of the 

liquid phase. The solid reside was washed with Et2O, dried and dissolved in < 1 mL 

CH2Cl2. The orange-color solution was layered with toluene and placed in the freezer at -

30 oC. The yellow crystals that formed overnight were filtered, washed with toluene and 

dried to give 57.5 mg of 25 contaminated with Ph3PAuCl. The impurity was present even 
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after recrystallization of 25 from Et2O. Oxo complex 25 was identified by its 1H and 195Pt 

NMR data, which matched the NMR data for 1. 

 

Preparation of Platinaoxetane [(COD)2Pt2(OC7H10)Cl]OTf (26) 

Oxo complex 25 (57.5 mg, ca. 3.5 x 10-2 mmol, impure) was dissolved in 4 mL 

CH2Cl2 and norbornene (60 mg, 0.64 mmol) was added. After 45 min of stirring, the 

volatiles were removed in vacuo and the residue was dissolved in a minimum quantity of 

dichloromethane followed by precipitation of 38 mg of 25 by diethyl ether. Yield could 

not be calculated as the starting material was impure. About 40 mol% Ph3PAuCl impurity 

was present in 26. Platinaoxetane 26 was identified by its 1H and 195Pt NMR data, which 

matched the NMR data for 4.  

 

Alkene Exchange Reactions of [(COD)2Pt2(OC7H10)Cl]OTf (26) 

 Platinaoxetane 26 (10 mg, 1.11 x 10-2 mmol) was dissolved in 0.62 mL CD2Cl2 and 

norbornene 5 (30.8 mg, 0.122 mmol) was added. The reaction was monitored at 50 oC by 

1H NMR spectroscopy. The alkene exchange reaction proceeded with some side-

reactions due to the aromatic impurities in 26. However, it was obvious that there was a 

reaction. It completed within ca. 5-6 hours forming norbornene and the triflate-analog of 

platinaoxetane 6. Rates could not be determined because of the interference of the 

previously mentioned impurities. In the side-reaction, mainly (COD)PtCl2 and 

norbornene formed and some possible organic products that were associated with some 

small broad peaks in the 1H NMR spectrum.  

Direct catalysis by an elecrophile was also tested on this system as follows: 
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 Platinaoxetane 26 (10 mg, 1.11 x 10-2 mmol) was dissolved in 0.62 mL CD2Cl2 and 

norbornene 5 (28.7 mg, 0.111 mmol) was added. Immediately, (COD)Pt(OTf)2 (0.7 mg, 

1.19 x 10-3 mmol) was added from a stock solution (10 µL of a 70 mg/mL in CD2Cl2) 

using a 10 µL syringe. The system was monitored by 1H NMR spectroscopy. The alkene 

exchange reaction completed within ca. 1 hour cleanly, without any side-reactions. 

These results show that the presence of a BF4
- anion, a possible source of the 

catalytically active BF3, is not necessary for the alkene exchange reaction, and 

(COD)Pt(OTf)2 can independently act as a catalyst, supporting the idea that two (or 

more) catalyst are present in the system. 

 

Kinetic Studies 

 In all the reactions, where excess norbornene 5 was used the following method was 

used. For a 4 + 5 (1:10) reaction, Platinaoxetane 4 (10 mg, 1.19 x 10-2 mmol) was 

dissolved in CD2Cl2 (0.62 mL) and the solution was quickly mixed with norbornene 5 

(30.8 mg, 1.19 x 10-1 mmol). The reaction was monitored by 1H NMR spectroscopy at 50 

oC. The diethyl ether quartet peak at 3.47 ppm was used as an internal standard and the 

concentration of product 6 was determined by periodic integration of its two well-isolated 

peaks 3.29 and 3.15 ppm corresponding to two of its protons. More details on the 

calculations of this system are given in the Appendix. 

 The 4 + 5 (1:1) reaction was set up similarly, but the initial concentrations were 

different and the reaction was monitored at 60 oC. Platinaoxetane 4 (29 mg, 3.45 x 10-2 

mmol) was dissolved in CD2Cl2 (1.0 mL) and the solution was quickly mixed with 

norbornene 5 (8.9 mg, 3.45 x 10-2 mmol) and monitored in the NMR probe at 60 oC. To 
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determine the concentration of 5 we used its well-isolated peak at 3.94 ppm. The diethyl 

ether quartet peak at 3.47 ppm was used as an internal standard. 

 

Equilibrium Constant Determination 

Platinaoxetane 4 (10 mg, 1.19 x 10-2 mmol) was dissolved in CD2Cl2 (0.62 mL) and 

norbornene 5 (3.1 mg, 1.19 x 10-2 mmol) was added. Then to the pale yellow solution 

was added (COD)Pt(OTf)2 (0.7 mg, 1.19 x 10-3 mmol) from a stock solution (10 µL of a 

70 mg/mL in CD2Cl2) using a 10 µL syringe. The system was monitored by 1H NMR and 

found to reach equilibrium in 3 hours at room temperature. The diethyl ether quartet peak 

at 3.47 ppm was used as an internal standard and the peak at 3.94 ppm (2H) for 

norbornene 5 was integrated against it initially. When equilibrium was established, the 

same peak was integrated along with the ether quartet and two sharp peaks at 3.29 and 

3.15 ppm for the product platinaoxetane 6 (2H). From these data and the initial 

concentrations, the equilibrium concentration for 5 and 6 could be calculated. It is safe to 

assume that [5]eq = [4]eq and [6]eq = [NB]eq. Keq = ([6]eq x [NB]eq)/([4]eq x [5]eq) = 

[6]eq
2/[5]eq

2. [5]eq = 5.6 x 10-3 M, [6]eq = 1.69 x 10-2 M, Keq = 9.1. This was the most 

accurate way to calculate Keq as only the peaks for 5 and 6 were well isolated, hence safe 

to integrate. 
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Catalytic Studies 

 In all of the catalyst tests, platinaoxetane 4 (10 mg, 1.19 x 10-2 mmol) was dissolved in 

CD2Cl2 (0.62 mL) and the solution was quickly mixed with norbornene 5 (30.8 mg, 1.19 

x 10-1 mmol). The catalyst in case of (COD)Pt(OTf)2, (COD)PtCl(OTf), 

(COD)PtMe(OTf), HOTf and BF3·OEt2 was added from a stock solution using a syringe, 

AgOTf was used as solid. Always 10 mol% of the catalytic species was used with respect 

to platinaoxetane 4. The reactions were run at room temperature and periodically 

monitored by 1H NMR spectroscopy. Reaction progress was visible by the increase of 

sharp norbornene and product 6 peaks. However, only the peaks for 6 could be integrated 

against the internal standard ether peak, since the norbornene peaks were all overlapping 

with other peaks. 

 

Reactions of Platinaoxetane 4 with Electrophiles 

 In each reaction, platinaoxetane 4 (10 mg, 1.19 x 10-2 mmol) was dissolved in the 

appropriate solvent (CD2Cl2, CH2Cl2 or CD3NO2) and equimolar amounts of the 

electrophiles ((COD)Pt(OTf)2, (COD)PtCl(OTf), HCl, AgOTf and HOTf) were added. 

The reactions were monitored at room temperature by 1H and 195Pt NMR spectroscopy. In 

the Results and Discussion section above, we provide details on the outcome of these 

reactions. 
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3.4. Summary 

 

Alkene reactions of platinaoxetane 4 were described in this chapter. Surprisingly, the 

ethylene and propylene reaction products of 4 were identical to those of oxo complex 1 

suggesting a common reaction path. A remarkable alkene exchange process was revealed 

in the reaction of 4 with norbornene 5 giving platinaoxetane 6 and free norbornene. This 

is not only a new discovery in metallaoxetane chemistry, but it also reinforces the 

proposed mechanism of the ethylene reaction of oxo complex 1, where the initial 

formation of a platinaoxetane was suggested. The same platinaoxetane can form from 4 

by alkene exchange. This explains why both 1 and 4 give identical products in their 

reactions with ethylene and propylene. The observation of free norbornene in the early 

stages of the propylene reaction of 4 further supports this idea. 

Kinetic studies were conducted on the alkene exchange reaction revealing zero-order 

dependence on 4 and first-order dependence on 5 suggesting that the process was 

catalytic. Rates increased with increasing initial concentrations of 4 implying that the 

catalyst was an impurity in 4. Several electrophilic catalytic precursor species were 

discovered. However, the (COD)Pt(OTf)2 + 5 and 4 + electrophiles reactions did not 

reveal the actual catalyst. Addition of molecular sieves or Et4NCl slowed the reaction to 

about the same rate, but the reaction was never completely halted suggesting the presence 

of possibly more than one catalyst in the system.  
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CHAPTER IV 

ALKENE COUPLING THROUGH TRIFLIC ACID ELIMINATION ON Pt 

 

 

4.1. Introduction 

 

 One of the species capable of catalyzing the alkene exchange reaction of 

platinaoxetane 4 with norbornene-derivative 5 described in Chapter III was 

(COD)Pt(OTf)2 (21). In an attempt to elucidate the role of this complex in the catalytic 

cycle, we decided to investigate its reaction with alkenes.81 The first two obvious choices 

of alkenes were norbornene and norbornene 5. Our original hypothesis was that the 

alkene exchange process of Chapter III is catalyzed by the product of the reaction of 21 

with the excess norbornene 5, and the catalyst is an olefin complex, since it is known that 

olefins coordinated to Pt(II) centers are activated toward nucleophilic attack.82 However, 

instead of olefin complexes, we obtained C-C-coupled Pt(II) complexes and elimination 

of triflic acid. 

The topic of this chapter is the detailed investigation of these and other alkene 

reactions of 21. We will present X-ray crystallographic results for the products of the 

reactions of 21 with norbornenes and cyclopentene. Several proposed mechanisms 

explaining the formation of products will also be given. 

 The importance of our results is their relevance to transition metal catalyzed C-C 

coupling, one of the most intensively investigated areas in current organometallic 

chemistry, as already mentioned in Chapter I. 
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4.2. Results 

 

Reaction of (COD)Pt(OTf)2 (21) with Norbornenes 

The reaction with norbornene (NB) with complex 21 was carried out with 10 

equivalents of the alkene at room temperature. After 20 min, the only products we found 

were triflic acid (HOTf) and a platinum complex showing one peak in the 195Pt NMR 

spectrum of the reaction mixture.  

The formation of HOTf was first observed as a broad peak in the 1H NMR spectrum of 

the reaction mixture at δ~13 ppm and it shifted downfield to δ~15 ppm toward the end of 

the reaction. The NMR solvent contained a small amount of diethyl ether and its 

corresponding peaks in the 1H NMR spectrum continuously shifted downfield during the 

progress of the reaction, also an indication of acid formation as the chemical shift values 

of protonated diethyl ether are downfield compared to the non-protonated ether.  

Finally, we added one equivalent of Proton Sponge® (1,8-bis(dimethylamino) 

naphthalene, Figure 4.1) to the reaction mixture and compared its 1H NMR peaks with 

those of the non-protonated and a separately protonated Proton Sponge®. The result 

clearly indicated that the Proton Sponge® was protonated by HOTf that formed in the 

reaction. Figure 4.2 shows the 1H NMR spectrum of Proton Sponge® (A), Proton 

Sponge® protonated by HOTf (B), Proton Sponge® added to the 21 + norbornene reaction 

mixture (C). The workup of the reaction mixture gave single crystals of the product 

platinum complex and X-ray diffraction analysis revealed its structure as “ene-yl” 

complex [(COD)Pt(C7H10-C7H9)]OTf (30) (Figure 4.3). Selected bond distances and 

angles for 30 are given in Table 4.1. 
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Figure 4.1. Drawing of the Proton Sponge®. 

 

N
N

  

 

Figure 4.2. 1H NMR spectrum of Proton Sponge® (A), Proton Sponge® protonated by 

HOTf (B), Proton Sponge® added to the 21 + NB reaction mixture (C). Solvent: CD2Cl2 

(δ=5.32 ppm), a: peaks of Proton Sponge®, b: peaks of protonated Proton Sponge®. 

 

solvent 
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Figure 4.3. Drawing of the cationic portion of [(COD)Pt(C7H10-C7H9)]OTf (30) (50% 

probability ellipsoids, hydrogen atoms omitted). 
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Table 4.1. Selected distances (Å) and angles (deg) for [(COD)Pt(C7H10-C7H9)]OTf (30) 

________________________________________________________________________ 

Pt(1)-C(1)    2.081(10)      Pt(1)-C(9)    2.217(10)  

Pt(1)-C(15)    2.215(10)       C(1)-C(2)    1.539(13)      

C(2)-C(8)    1.525(14)       C(8)-C(9)    1.398(15)  

C(1)-Pt(1)-C(15)  92.2(4)       C(9)-Pt(1)-C(20)  88.8(4)  

C(1)-Pt(1)-C(8)  62.5(4)        C(1)-Pt(1)-C(9)  90.9(4)  

C(9)-Pt(1)-C(8)  35.1(4)        C(2)-C(1)-Pt(1)  104.3(6) 

C(8)-C(2)-C(1)  99.1(8)        C(9)-C(8)-C(2)  128.1(10) 
________________________________________________________________________ 
T (oC): -100. a (Å): 15.803(6); b (Å): 9.928(4); c (Å): 17.637(6); α (deg): 90; β (deg): 110.525(4); 

γ (deg): 90; V(Å3): 2591.4(17). Symmetry cell setting: monoclinic, space group: P21/n. Goof on 

F2: 1.062; final R indices [I>2sigma(I)]: R1 = 0.0623, wR2 = 0.1440. 

 

Norbornene 5 was also reacted with 21 under conditions similar to the norbornene 

reaction. The reaction completed in 30 min to give HOTf and “ene-yl” complex 

[(COD)Pt(C15H14O4-C15H13O4)]OTf (31) analogous to 30. The workup of the reaction 

mixture gave single crystals of 31 and X-ray diffraction analysis confirmed the structure 

(Figure 4.4). Selected bond distances and angles for 31 are given in Table 4.2. 

In order to understand the mechanism of the “ene-yl” formation, the reaction of 21 

with one equivalent of 5 was investigated in an attempt to find possible intermediate 

species. We carried out low temperature 1H and 195Pt NMR measurements with short 

intervals at room temperature. However, we were unable to detect any intermediates. 

Only starting materials and products could be seen. Peak broadening was not observed. 
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Figure 4.4. Drawing of the cationic portion of [(COD)Pt(C15H14O4-C15H13O4)]OTf (31) 

(50% probability ellipsoids, hydrogen atoms omitted).  
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Table 4.2. Selected distances (Å) and angles (deg) for  

[(COD)Pt(C15H14O4-C15H13O4)]OTf (31) 

________________________________________________________________________ 

Pt(1)-C(1)    2.311(9)       Pt(1)-C(9)    2.074(8)      

Pt(1)-C(25)    2.188(8)       C(10)-C(9)    1.537(13)      

C(10)-C(24)   1.498(12)       C(25)-C(24)   1.378(12)   

C(25)-Pt(1)-C(1)  88.4(3)       C(9)-Pt(1)-C(6)  91.8(4)  

C(9)-Pt(1)-C(25)  87.7(3)       C(9)-Pt(1)-C(24)  62.9(3)  

C(24)-C(25)-Pt(1) 80.6(5)        C(10)-C(9)-Pt(1)  103.8(5)     

C(24)-C(10)-C(9)  101.2(7)       C(25)-C(24)-C(10) 125.5(8) 
________________________________________________________________________ 
T (oC): -100. a (Å): 14.243(2); b (Å): 22.988(3); c (Å): 11.3558(17); α (deg): 90; β (deg): 

92.108(3); γ (deg): 90; V(Å3): 3715.5(9). Symmetry cell setting: monoclinic, space group: P21/c. 

Goof on F2: 1.024; final R indices [I>2sigma(I)]: R1 = 0.0676, wR2 = 0.1498. 

 

The “ene-yl” product 31 was tested for catalysis of the alkene exchange reaction 

reported in Chapter III, but they showed no catalytic activity. 

 

Reaction of (COD)Pt(OTf)2 (21) with Cyclopentene 

Inspired by the above reactions, we reacted 21 with 10 equivalents of cyclopentene in 

CD2Cl2 at room temperature. The reaction completed in two hours giving HOTf and two 

platinum-containing compounds. Fractional precipitation by hexane allowed us to obtain 

one of the platinum complexes in a pure form. Recrystallization of this compound from a 

dichloromethane-hexane 5:1 mixture at -30 oC afforded X-ray quality crystals. X-ray 

diffraction analysis revealed the structure to be allyl complex [(COD)Pt(C5H8-C5H7)]OTf 
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(32) (Figure 4.5). Selected bond distances and angles are given in Table 4.3. The 

formation of this complex involved deprotonation of a cyclopentene molecule and 

coupling of two cyclopentenes. The other yet unknown Pt-complex was the same as the 

unknown product of the reaction of [(1,5-COD)4Pt4(µ3-O)2Cl2](BF4)2 (1) with 

cyclopentene, see Chapter II. 

 

Figure 4.5. Drawing of the cationic portion of [(COD)Pt(C5H8-C5H7)]OTf (32) (50% 

probability ellipsoids, hydrogen atoms omitted). 
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Table 4.3. Selected distances (Å) and angles (deg) for [(COD)Pt(C5H8-C5H7)]OTf (32) 

________________________________________________________________________ 

Pt(1)-C(1)    2.221(4)       Pt(1)-C(6)    2.223(4)  

Pt(1)-C(9)    2.158(4)       Pt(1)-C(13)    2.169(4)  

Pt(1)-C(14)    2.173(4)       C(13)-C(9)    1.424(6)  

C(14)-C(13)   1.412(6)       C(14)-C(15)   1.531(6) 

C(9)-Pt(1)-C(1)  105.05(18)       C(14)-Pt(1)-C(6)  96.72(16)  

C(9)-Pt(1)-C(13)  38.42(16)       C(13)-Pt(1)-C(14) 37.95(16) 

C(9)-Pt(1)-C(14)  69.51(16)       C(13)-C(9)-Pt(1)  71.2(2) 

C(13)-C(14)-Pt(1) 70.9(2)        C(14)-C(13)-C(9)  121.1(4) 
________________________________________________________________________ 
T (oC): -100. a (Å): 9.8133(7); b (Å): 9.9118(8); c (Å): 10.2182(8); α (deg): 81.5810(10); β (deg): 

84.5650(10); γ (deg): 88.0270(10); V(Å3): 978.55(13). Symmetry cell setting: triclinic, space 

group: P-1. Goof on F2: 1.112; final R indices [I>2sigma(I)]: R1 = 0.0249, wR2 = 0.0618. 

 

Reaction of (COD)Pt(OTf)2 (21) with Propylene and Ethylene 

A CD2Cl2 solution of 21 was mixed with ca. 60 equivalents of propylene by vacuum 

transfer. The reaction was continuously monitored by 1H NMR spectroscopy and it was 

found to be complete within one hour to give HOTf and the allyl complex 

[(COD)Pt(C3H5)]OTf (33), the triflate analog of 9 (see Chapter I).  

 Finally, 21 was reacted with ca. 60 equivalents of ethylene via addition of the gas to a 

CD2Cl2 solution of 21 by vacuum transfer. The reaction completed within one hour at 

room temperature. The 1H NMR spectrum of the reaction mixture (Figure 4.6) showed 

mainly HOTf and an ethyl-complex, which was found unstable in the absence of 
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ethylene. We thought it was an ethylene-coordinated complex. To prove it, we prepared 

ethylene complex [(COD)Pt(Et)(C2H4)]OTf (34) as shown in eq 4.1. 

 

(COD)Pt
Cl

Et
+ AgOTf

- AgCl
(COD)Pt

Et

OTf

(4.1)

34  

 
Figure 4.6. 1H NMR spectrum of the (COD)Pt(OTf)2 + ethylene reaction. 

 

 

 

A comparison of the 1H NMR spectrum of the 21 + ethylene reaction mixture (i) with 

that of the separate synthesis of 34 (ii) (Figure 4.7) gave matching CH2 and CH3 chemical 

shift values, JH-H and JPt-H coupling constants providing evidence for 34 being the product 

ppm (t1)
0.05.010.015.0

ppm (t1)
-0.500.000.50

HOTf 

C2H4CH2 

CH3
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of the ethylene reaction of 21. Also, while 195Pt NMR at 25 oC shows only a doublet, at     

-70 oC it gives a doublet of multiplets. Coordinated ethylene in a rapid exchange with free 

ethylene at 25 oC does not allow for the detection of Pt-C coupling, while at low 

temperature molecular motions are slow, therefore Pt-C coupling can be observed. Low 

temperature 195Pt NMR also revealed another yet unknown Pt-complex which was 

undetectable at room temperature.  

 

Figure 4.7. Comparison of the 1H NMR spectra of the reaction mixtures i and ii. 

 

CH2
CH3

ii

i

Starting material

CH2
CH3

ii

i

Starting material

 

 
 13C NMR spectra of the reaction mixtures of 21 with 13C-labeled ethylene showed 

several multiplets (13C-13C coupling) suggesting the formation of ethylene-coupled 

organic compounds. All of the ethylene reaction products were nonvolatile. 
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Isolation of [(COD)Pt(THF)(OTf)]OTf (35) 

When we attempted to recrystallize 21 from a CH2Cl2-THF solvent mixture at -30 oC, 

the color of the saturated solution slowly turned orange and orange-color crystals formed. 

X-ray diffraction analysis revealed THF-complex 35 (Figure 4.8). Selected bond 

distances and angles are given in Table 4.4. 

 

Figure 4.8. Drawing of the cationic portion of [(COD)Pt(THF)(OTf)]OTf (35) (50% 

probability ellipsoids, hydrogen atoms omitted).  
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Table 4.4. Selected distances (Å) and angles (deg) for [(COD)Pt(THF)(OTf)]OTf (35) 

________________________________________________________________________ 

Pt(1)-C(1)    2.134(3)       Pt(1)-C(8)    2.140(3)  

Pt(1)-C(4)    2.174(3)       Pt(1)-C(5)    2.165(3)  

Pt(1)-O(5)    2.077(2)       Pt(1)-O(7)    2.0876(19)  

O(7)-Pt(1)-C(1)  87.16(9)       O(5)-Pt(1)-C(4)  100.70(9)  

O(5)-Pt(1)-O(7)  83.15(8)       S(2)-O(5)-Pt(1)  137.85(13) 

C(14)-O(7)-Pt(1)  117.67(17)      C(11)-O(7)-Pt(1)  118.07(18) 
________________________________________________________________________ 
T (oC): -100. a (Å): 24.967(2); b (Å): 12.5484(11); c (Å): 18.0155(15); α (deg): 90; β (deg): 

133.864(1); γ (deg): 90; V(Å3): 4069.4(6). Symmetry cell setting: monoclinic, space group: C2/c. 

Goof on F2: 0.811; final R indices [I>2sigma(I)]: R1 = 0.0181, wR2 = 0.0480. 

 

 The alkene reaction products of 35 were identical to those of 21. Free THF was 

observed in all 1H NMR spectra.  
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4.3. Discussion 

 

 The reactions of 21 and 35 with alkenes are summarized in Scheme 4.1. While the 

formation of allyl complex 33 from propylene can easily be explained by an allylic 

activation pathway well described in organometallic textbooks,4 the formation of 

products 30, 31, 32, and 34 is more unusual. Due to the lack of any detectable 

intermediates the mechanistic details of this reaction are yet unclear. We propose three 

possible mechanisms for the formation of “ene-yl” complexes 30 and 31. 

 

Scheme 4.1. Alkene reactions of (COD)Pt2+ complexes 21 and 35.  
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 Our first and preferred proposed mechanism (A), most consistent with similar reported 

processes, is depicted in Scheme 4.2.83 It involves initial alkene coordination to the 

dicationic Pt-center of 21.  It is well described in the literature that the electrophilicity of 

alkenes coordinated to Pt(II) or Pd(II) is greatly enhanced with increasing positive charge 

on the metal ion.84,85 Nucleophilic attack on alkenes coordinated to Pt(II)82,86,87 or 

Pd(II)88,89 has been reported. In our system, a free alkene can act as a nucleophile and 

attack the coordinated alkene resulting in carbocationic species 36a.  

 

Scheme 4.2. “Ene-yl” product formation, mechanism A. 
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During the nucleophilic attack the alkene is believed to be slipping into an η1 

coordination.85,90,91,92 We propose that the reactive carbocationic species 36a loses a 

proton with or without prior rearrangement, to yield the “ene-yl” complexes 30, 31, and 
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triflic acid consistent with our observations. This type of mechanism is known for 

hydrovinylation on other cationic Pt(II) complexes.93 Complex 36b can aso lose a proton 

to give either the “ene-yl” complexes or an allyl complex such as 32. 

Another mechanism (B) for the formation of the “ene-yl” complexes is shown in 

Scheme 4.3. Vinylic C-H activation may occur either via the coordination of the alkene to 

the platinum center as has been proposed for Rh(I)28 and Ir(I)94 or directly without alkene 

coordination as has been reported for Ir(I).27a,b The resulting five-coordinate Pt(IV) 

hydride intermediate 38 reductively eliminates HOTf. It is known that Pt(IV) cationic 

hydride species do have some acidic character.95 Coordination of a second alkene and 

subsequent insertion of the alkene into the Pt-C bond of 39 gives products 30 and 31.  

 

Scheme 4.3. “Ene-yl” product formation, mechanism B. 

 

(COD)Pt
OTf

OTf

+
R R

HH
(COD)Pt

OTf

H
R

H
R

+

(COD)Pt

OTf +

R

H R

H

- HOTf

R R

HH

(COD)Pt H
R

H
R

+
R

H

R
insertion(COD)Pt

R
H

R

H R
H
R

+

21

30, 31

37

38
39

 

 



 113

It is possible that the 37 to 38 conversion of is reversible reaction and the excess olefin 

drives the rearrangement to the final products. The weakness of this mechanism is the 

oxidative addition to form 38. This process rather occurs with low-valent electron-rich 

metal complexes and a cationic Pt(II) triflate complex does not really fall into this 

category. Note that alternatively, σ-bond metathesis96,97,98 followed by alkene 

coordination may also form complex 39.  

The third proposed mechanism (C) to form 30 and 31 shown in Scheme 4.4 involves 

the coordination of two alkenes to the platinum center (40) followed by C-C coupling 

(41). Formation of metalacyclopentanes from M(olefin)2 is a well-known, often 

reversible process.99 β-H elimination (41) and subsequent reductive elimination of HOTf 

yields 30 and 31. Species similar to 40 and 41 are postulated intermediates in a 

norbornene-coupling tungsten system100 and nickel analogs of 41 and 42 have been 

proposed as key intermediates in norbornene dimerization.101 However, decomposition 

studies of platinacyclopentane complexes somewhat similar to 41 (ligands: PR3 instead of 

COD) have shown that these species are quite stable (eg. decomp. at 120 oC, 17h) and 

while Pt(II)-cyclopentanes decompose to give mainly olefinic products, Pt(IV) systems 

yield cycloalkanes,102 inconsistent with Scheme 4.4. Several other Pt(IV)-cyclopentanes 

have been reported103a-c and no β-H elimination was observed. It is also important to note 

that though Pt(II) compounds with two coordinated alkenes104 have never been observed 

to form platinacylopentanes, it has been reported for Ir(I),105 Pt(0),106 Ni(0)107 and 

Cr(III)108 analogs. This mechanism also involves an oxidative addition step, which for 

this system is not very likely to happen for the same reason as described earlier for the 

vinylic C-H activation mechanism. 
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Scheme 4.4. “Ene-yl” product formation, mechanism C. 
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The formation of compounds 32 and 34 where the analogs of 30 and 31 are 

intermediates is depicted in Schemes 4.5 and 4.6. In Scheme 4.5, 43 is more susceptible 

to β-hydride elimination than the more constrained 30 and 31 resulting in isomerization 

to the final allyl complex 32. Similar β-H elimination from an iridium complex is known 

in the literature.68 Allyl complex 32 can also form from a carbocationic species such as 

36b (Scheme 4.2). 
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Scheme 4.5. Proposed mechanism for the formation of allyl complex 32. 
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We anticipated the formation of an allyl complex analogous to 32 in the ethylene 

reaction. The observation of 34 implies that another reaction effectively competes with 

isomerization. Alkene insertions are more likely with ethylene than the bulkier alkenes 

and, as shown in Scheme 4.6, further insertions would give 45. Subsequent β-hydride 

elimination would generate hydride complex 46, which would rapidly insert ethylene to 

give 34.  

 

Scheme 4.6. Proposed mechanism of the (COD)Pt(OTf)2 + ethylene reaction. 
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Consistent with this process is the detection of a number of multiplets (13C-13C 

coupling) in the range of 14-121 ppm in the 13C NMR spectrum of the reaction mixture of 

21 with 13C labeled ethylene. According to the large range of chemical shifts of these 

observed 13C signals, we assume that the organic products contain both saturated and 

unsaturated carbon centers. All the products are nonvolatile suggesting that the ethylene-

coupled products are polymeric in nature. 

A potential problem with the mechanism shown above in Scheme 4.6 is the 

significantly different reactivity of complexes 44 and 34 toward alkene insertion. We 

propose ethylene insertion into the Pt-C bond of 44, however, the related species 34 has 

never shown any evidence for such an insertion.   

All alkene reactions result in the elimination of triflic acid from proposed Pt(IV) 

species (Schemes 4.3 and 4.4). Pt(IV) cationic hydride species possess some acidic 

character as we mentioned earlier, however, our results are still somewhat unusual, since 

reported alkyl or aryl Pt(IV) hydride complexes are either stable109 or undergo reductive 

elimination of an alkane or arene.110 Furthermore, vinylhydride complexes27-31 reported to 

date have never been observed to eliminate H+. Our results suggest a strong influence of 

the COD ligand on the chemistry reported herein. Further investigations are needed to 

elucidate all of the factors that promote the triflic acid elimination process. 
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4.4. Experimental Section 

 

General Procedures.  

For experimental general procedures see Chapter II.  

(COD)Pt(OTf)2 (21) was prepared by the literature procedure.75  

 

X-ray (all structures) 

See Chapter II. 

 

Reaction of (COD)Pt(OTf)2 (21) with Norbornene 

Complex 21 (10.0 mg, 1.66 x 10-2 mmol) was dissolved in 0.6 mL of CD2Cl2 and 

mixed with norbornene (15.6 mg, 1.66 x 10-1 mmol). Norbornene dissolved instantly. The 

reaction was monitored by 1H NMR spectroscopy and was found to complete within 20 

min at room temperature to give “ene-yl” complex [(COD)Pt(C7H10-C7H9)]OTf (30) and 

HOTf quantitatively as determined by NMR. Formation of the acid was confirmed by 

addition of Proton Sponge® to a separate norbornene reaction (see next reaction). 

Complex 30 was precipitated with a hexane-Et2O 1:1 mixture (yield: 6 mg, 56%). It was 

then recrystallized from a CH2Cl2/hexane solution at -30 oC to give colorless X-ray 

quality crystals. The isolated yield is low, because Et2O partially dissolves 30, however, 

it also helps better remove HOTf, therefore it is important to use some Et2O to obtain the 

pure product. 

A sample for elemental analysis was prepared and isolated as described above and 

recrystallized twice as follows: a saturated solution was made by adding a hexane-Et2O 
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1:1 mixture* to the CH2Cl2 solution at room temperature. The product crystallized out 

when the solution was cooled down to -30 oC. (*The purpose of Et2O was used to better 

remove HOTf. Hexane was a better precipitating agent, therefore we used the mixture.) 

Elemental analysis for 30 (C23H31F3O3PtS)·(1/7HOTf) , calculated (found) %: C 42.05 

(41.95), H 4.75 (4.46). Note: triflic acid was very hard to remove and small amounts of it 

do not show up in the 1H NMR due to peak broadening and its 19F peak can overlap with 

that of the -OTf anion of the complex. However, we detected small amounts of it by 

adding Proton Sponge® and observing downfield shifting of its 1H peaks due to 

protonation. 

The NMR peak assignments are based on 1H, 13C, 1H-1H COSY and DEPT135 NMR 

experiments. Atom labeling for the NMR and X-ray data is given in Figure 4.3 (p. 99). 

• 
1H NMR (300 MHz, CD2Cl2): 6.31 (m with satellites, JPt-H = 45 Hz, 1H, CH 19 or 20), 

5.52 (m with satellites, JPt-H = 79 Hz, 1H, CH 19 or 20), 5.18 (s, 1H, CH-9), 5.13 (m, 

1H, CH 15 or 16), 5.00 (m, 1H, CH 15 or 16), 3.23 (m, 1H, CH-2), 3.05 (s, br, 1H, 

CH-13), 2.95 (s, br, 1H, CH-10), 2.70-2.40 (m, br, 8H, CH2`s 17,18,21,22), 2.39 (m, 

br, CH-6), 2.28 (m, br, 2H, CH2-4), 2.27 (m, br, 1H, CH-3), 1.95 (m, 1H, CHH-12), 

1.70 (m, 1H, CHH-7), 1.65 (m, 1H, CHH-5), 1.63 (m, 1H, CHH-11), 1.30 (m, 1H, 

CHH-7), 1.29 (m, 1H, CHH-11), 1.26 (m, 1H, CHH-14), 1.21 (m, 1H, CH-1), 1.14 (m, 

1H, CHH-5), 1.13 (m, 1H, CHH-12), 1.07 (m, 1H, CHH-14).  

• 
13C{1H} NMR (75 MHz, CD2Cl2): 135.6 (s, C-8), 117.3, 117.0, 108.4{JPt-C = 159 Hz}, 

99.8{JPt-C = 156 Hz} (s, C`s 15,16,19,20), 95.6 (s with satellites, JPt-C = 185 Hz, C-9), 

50.7 (s with satellites, JPt-C = 26 Hz, C-10), 44.8 (s, C-14), 44.1 (s, C-13), 43.6 (s, C-

3), 42.9 (s, C-2), 42.2 (s, C-6), 39.3 (s, C-7), 34.0, 31.5, 30.4, 28.3 (s, C`s 
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17,18,21,22), 29.5 (s, C-11), 26.5 (s, C-4), 26.1 (s, C-12), 22.9 (s, C-5), 0.23 (s with 

satellites, JPt-C = 414 Hz, C-1). 

• 
195Pt NMR (64 MHz, CD2Cl2): -3860. 

• 
195Pt NMR (64 MHz, CDCl3): -3847. 

 

Detection of H+ Using Proton Sponge®: 

Complex 21 (10.0 mg, 1.66 x 10-2 mmol) was dissolved in 0.6 mL of CD2Cl2 and 

mixed with norbornene (15.6 mg, 1.66 x 10-1 mmol). When the reaction was found to be 

complete Proton Sponge® (1,8-bis(dimethylamino)naphthalene, 3.6 mg, 1.66 x 10-2 

mmol) was added to the reaction mixture. Comparison of the 1H NMR spectrum with that 

of a separately protonated Proton Sponge® sample confirmed the formation of H+ in the 

reaction. 

 

Reaction of (COD)Pt(OTf)2 (21) with Norbornene 5:  

Complex 21 (10.0 mg, 1.66 x 10-2 mmol) was dissolved in 0.6 mL of CD2Cl2 and 

mixed with norbornene 5 (42.9 mg, 1.66 x 10-1 mmol), which dissolved instantly. The 

reaction was monitored by 1H NMR spectroscopy and was found to complete within 30 

min at room temperature to give “ene-yl” complex [(COD)Pt(C15H14O4-C15H13O4)]OTf 

(31) and HOTf quantitatively as determined by NMR. Complex 31 was precipitated with 

a hexane-Et2O mixture (yield: 8 mg, 50%). It was then recrystallized from a 

CH2Cl2/hexane solution at -30 oC to give colorless X-ray quality crystals.  

Sample preparation for elemental analysis was identical to that of 30. Elemental 

analysis for 31 (C39H39F3O11PtS)·(1/5 HOTf), calculated (found) %: C 47.18 (47.08), H 
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3.96 (3.89). The presence of triflic acid was confirmed by using Proton Sponge® (as 

described above for 30). 

The NMR peak assignments are based on 1H, 13C, 1H-1H COSY and DEPT135 NMR 

experiments. Atom labeling for the NMR and X-ray data is given in Figure 4.4 (p. 101). 

• 
1H NMR (300 MHz, CD2Cl2): 6.87, 6.83 (s, 4H, CH`s 14,15,29,30), 6.28 (m with 

satellites, JPt-H = 49 Hz, 1H, CCH-5), 6.00 (s with satellites, JPt-H = 65 Hz, 1H, CH-

25), 5.76 (m with satellites, JPt-H = 77 Hz, 1H, CH 1,2 or 6), 5.53 (m with satellites, JPt-

H = 64 Hz, 1H, CH 1,2 or 6), 5.20 (m, 1H, CH 1,2 or 6), 4.30 (s, 1H, CH-33), 4.27 (d, 

JH-H = 10.4 Hz, 1H, CH-10), 4.11 (s, 1H, CH-26), 3.75 (s, 1H, CH-11), 3.53 (s, JH-H = 

29 Hz, 1H, CH-18), 2.71, 2.58 (m, br, 8H, CH2`s 3,4,7,8), 2.45, 2.36, 2.33 (s, 12H, 

CH3`s 21,23,36,38), 2.40 (d, JH-H = 9.1 Hz, 1H, CHH-34), 2.30 (s, 1H, CHH-19), 2.15 

(d, JH-H = 9.1 Hz, 1H, CHH-34), 2.00 (s, 1H, CHH-19), 1.05 (d, JH-H = 10.4 Hz, 1H, 

CH-9). 

• 
13C{1H} NMR (75 MHz, CD2Cl2): 169.8, 169.6, 169.4, 169.1 (s, C`s 20,22,35,37), 

144.8, 144.6, 144.4, 143.7, 142.6, 142.2, 139.0, 138.1 (s, C`s 12,13,16,17,27,28,31, 

32), 135.5 (s, C-24), 122.6, 122.57, 121.4, 121.3 (s, C`s 14,15,29,30), 118.4, 118.3, 

108.6, 103.5 (s, C`s 1,2,5,6), 105.2 (s, C-25), 62.7 (s, C-34), 50.5 (s, C-26), 50.3 (s, C-

33), 48.9 (s, C-19), 44.9 (s, C-18), 43.8 (s, C-11), 41.5 (s, C-10), 31.7, 30.3, 29.8, 28.2 

(s, C`s 3,4,7,8), 21.2, 21.1, 20.9 (s, C`s 21,23,36,38), 3.3 (s, C-9). 

• 
195Pt NMR (64 MHz, CD2Cl2): -3833. 
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Reaction of (COD)Pt(OTf)2 (21) with Cyclopentene:  

Complex 21 (10.0 mg, 1.66 x 10-2 mmol) was dissolved in 0.6 mL of CD2Cl2 and 

mixed with cyclopentene (11.3 mg, 1.66 x 10-1 mmol). The reaction was monitored by 1H 

NMR spectroscopy and was found to complete within 2 hours at room temperature to 

give allyl complex [(COD)Pt(C5H8-C5H7)]OTf (32) and HOTf as major products and a 

yet unidentified Pt-containing compound. Complex 32 was precipitated with hexane 

Et2O 1:1 mixture, but it always contained impurities. Colorless X-ray quality crystals of 

32 formed from a CH2Cl2/hexane solution at -30 oC (ca. 4-5 mg). These crystals were 

subjected to X-ray diffraction and elemental analyses and NMR measurements. 

Elemental analysis for 32 (C19H27F3O3PtS), calculated (found) %: C 38.84 (39.20), H 

4.63 (4.58). 

The NMR peak assignments are based on 1H, 13C, 1H-1H COSY and DEPT135 NMR 

experiments. Atom labeling for the NMR and X-ray data is given in Figure 4.5 (p. 103). 

• 
1H NMR (300 MHz, CD2Cl2): 6.06 (m, br, with satellites, JPt-H = 66 Hz, 1H, CH 1,2,5 

or 6), 5.60 (m, br, with satellites, JPt-H = 60 Hz, 1H, CH 1,2,5 or 6), 5.27 (m, br, 1H, 

CH 1,2,5 or 6), 5.23 (m, br, 1H, CH 1,2,5 or 6), 3.97 (s, br, with satellites, JPt-H = 60 

Hz, 1H, CH-9), 2.91, 2.66, 2.50, 2.37, 2.00, 1.88, 1.72, 1.50 (m, br, 22H, CH2`s 

3,4,7,8,10,11,12,15,16,17,18). 

• 
13C{1H} NMR (75 MHz, CD2Cl2): 109.1, 109.0, 103.3, 103.0 (s, C`s 1,2,5,6), 81.6 (s, 

C-13), 78.4 (s, C-14), 73.6 (s, C-9), 36.3, 34.9, 33.5, 32.5, 30.9, 30.5, 30.3, 29.7, 27.1, 

27.0, 25.2 (s, C`s 3,4,7,8,10,11,12,15,16,17,18). 

• 
195Pt NMR (64 MHz, CD2Cl2): -4352.  
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Reaction of (COD)Pt(OTf)2 (21) with Propylene:  

Complex 21 (10.0 mg, 1.66 x 10-2 mmol) was dissolved in 0.6 mL of CD2Cl2 and 

placed into a medium-walled NMR-tube equipped with a closable adaptor. The tube was 

then connected to a vacuum-line, immersed in liquid nitrogen, evacuated, and 25 mL 

(1.02 mmol at 25 oC) propylene was added by vacuum transfer. Finally, it was flame-

sealed and warmed to room temperature. The reaction was monitored by 1H NMR 

spectroscopy and was found to complete within 1 hour at room temperature to give allyl 

complex [(COD)Pt(C3H5)]OTf (33) and HOTf quantitatively. Complex 33 was not 

isolated, but identified by 1H and 13C NMR spectroscopy based on the reported values for 

the BF4
--analog.61 

 

Reaction of (COD)Pt(OTf)2 (21) with Ethylene:  

Complex 21 (10.0 mg, 1.66 x 10-2 mmol) was dissolved in 0.6 mL of CD2Cl2 and 

placed into a medium-walled NMR-tube equipped with a closable adaptor. The tube was 

then connected to a vacuum-line, immersed in liquid nitrogen, evacuated, and 25 mL 

(1.02 mmol at 25 oC) ethylene was added by vacuum transfer. Finally, it was flame-sealed 

and warmed to room temperature. The reaction was monitored by 1H NMR spectroscopy 

and was found to complete within 1 hour at room temperature. The products were 

identified as [(COD)Pt(Et)(C2H4)]OTf (34), HOTf and some yet unidentified ethylene-

coupled organic compounds. Low temperature 195Pt NMR revealed another Pt-complex 

previously invisible at room due to severe peak broadening. Complex 34 was unstable in 

the absence of ethylene and could not be isolated, but we were able to characterize it by 

1H, 13C, 195Pt NMR spectroscopy supported by NMR spectra of a sample synthesized 
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separately (see next reaction). The following is an assignment of the NMR peaks of the 

reaction mixtures. When 13C-labeled ethylene was used, it is indicated.  

• 
1H NMR (300 MHz, CD2Cl2): 15.20 (s, br, 1H, HOTf);  

• complex 34: 6.20-4.80 (m, br, COD CH`s), 3.2-1.8 (m, br, COD CH2`s), 0.40 (q with 

satellites, JH-H = 7.5 Hz, JPt-H = 77 Hz, 2H, CH2 of the ethyl group of 34), -0.34 (t with 

satellites, JH-H = 7.5 Hz, JPt-H = 43 Hz, 3H, CH3 of the ethyl group of 34).  

• No distinct peaks could be associated with the organic products. 

• 
13C{1H} NMR (75 MHz, CD2Cl2, 13C-labeled ethylene used):  

• complex 34: 62.3 (d with satellites, JC-C = 4.15 Hz, JPt-C = 174 Hz, coordinated 

ethylene C), 62.0 (d with satellites, JC-C = 4.15 Hz, JPt-C = 174 Hz, coordinated 

ethylene C), 16.7 (d, JC-C = 34 Hz, CH3 of the ethyl group), 7.8 (d with satellites, JC-C 

= 34 Hz, JPt-C = 587 Hz, CH2 of the ethyl group); 

• organic products: 121.0 (t, JC-C = 41.5 Hz), 120.2 (t, JC-C = 41.0 Hz), 92.6 (m), 88.7 

(m), 88.4 (m), 88.0 (m), 87.9 (t, JC-C = 41.5 Hz), 82.3 (d of t, JC-C = 41.5 Hz, 2JC-C = 

4.15 Hz), 76.9 (t, JC-C = 41.0 Hz), 62.7 (d, JC-C = 3.6 Hz), 62.4 (d, JC-C = 3.6 Hz), 57.9 

(m), 57.5 (m), 34.3 (d, JC-C = 3.6 Hz), 34.1 (d, JC-C = 3.6 Hz), 34.0 (d, JC-C = 3.6 Hz), 

33.7 (d, JC-C = 3.6 Hz), 33.3 (m), 33.0 (m), 32.7 (m), 31.5 (m, br), 29.6 (m, br), 25.3 

(d, JC-C = 3.6 Hz), 24.9 (m), 24.7 (d, JC-C = 3.6 Hz), 23.6 (m, br), 22.7 (m, br), 21.1 

(m), 17.3 (d, JC-C = 4.15 Hz), 16.9 (d, JC-C = 4.15 Hz), 16.7 (d, JC-C = 4.15 Hz), 15.4 

(m), 15.1 (m), 14.7 (m), 14.0 (m, br). 

• 
195Pt NMR (64 MHz, CD2Cl2): -3874 (s). 

• 
195Pt NMR (64 MHz, CD2Cl2), 13C-labeled sample: -3878 (d, JPt-C = 587 Hz). 
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•  195Pt NMR (64 MHz, -70 oC, CD2Cl2), 13C-labeled sample: -3712 (s), -3952 (d of m, 

JPt-C ~ 600 Hz). 

 

Reaction of (COD)PtCl(Et) with AgOTf and Ethylene: Preparation of Coordinated 

Ethylene Complex 34. 

(COD)PtCl(Et) (10.0 mg, 2.72 x 10-2 mmol) was mixed with AgOTf (7.0 mg, 2.72 x 

10-2 mmol) and the solid mixture was placed into a medium-walled NMR tube equipped 

with a closable adaptor. The tube was then connected to a vacuum-line, immersed in 

liquid nitrogen, evacuated, and 0.6 mL CD2Cl2 solvent and 25 mL (1.02 mmol at 25 oC) 

ethylene were added by vacuum transfer. The tube was then flame-sealed and allowed to 

warm to room temperature. After shaking the tube the formation of fluffy white AgCl 

was obvious. The reaction was monitored by 1H NMR spectroscopy and was found to 

complete within 30 min giving ethylene complex 34, which was unstable in the absence 

of ethylene. 
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4.5. Summary 

 

Dicationic platinum complex 21 was found to be an active catalyst for the alkene 

exchange reaction of platinaoxetane 4 with norbornene-derivative 5 described in Chapter 

III, therefore we investigated its reactivity with alkenes. In reaction with 21, norbornene 

and 5 gave “ene-yl” complexes 30 and 31, cyclopenetene and propylene yielded allyl 

complexes 32 and 33 and ethylene afforded a coordinated ethylene complex 34 and 

coupled organic products. All alkene reactions gave triflic acid as well. We successfully 

obtained single crystals of many of our products leaving no doubt about the accuracy of 

the product characterizations. The Pt-complex from the ethylene reaction was positively 

identified by its independent synthesis.  

In lack of any detectable intermediates, we proposed mechanisms for each reaction 

consistent with known reactions and/or intermediates for similar reported systems. We 

discussed alternative paths for the “ene-yl” complex formation, but we did suggest that 

our first mechanism, involving a nucleophilic attack on a coordinated alkene by a free 

alkene, is the most reasonable one.   
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CHAPTER V 

MISCELLANEOUS 

 

 

5.1. Introduction 

 

This chapter describes the results of some of our small projects that we either carried 

out planned or discovered serendipitously. Most of these results are only preliminary, but 

potentially interesting enough to deserve some deeper investigation in the future. For 

experimental general procedures and crystal structure determination, see Chapter II. 

 

5.2. Reaction of [(COD)4Pt4(µ3-O)2Cl2](BF4)2 (1) with Alkynes 

 

When oxo complex 1 was reacted with 20 equivalents of EtC≡CEt a slow reaction 

occurred and completed overnight. During this time, the color of the yellow solution 

turned dark orange. 195Pt NMR spectroscopy revealed two platinum-containing 

complexes. The unknown major product gave a peak at -3527 ppm and the minor product 

was identified as (COD)PtCl2 (-3337 ppm). The volatile components were separated from 

the nonvolatile part by vacuum transfer. The only volatile compounds were the solvent 

and excess EtC≡CEt indicating that the reaction did not produce any volatile products. 

The nonvolatile part gave a complex 1H NMR spectrum. (COD)PtCl2 could be removed 

by precipitation with hexane. Cooling the hexane phase to -30 oC gave microcrystalline 

solids that were not suitable for X-ray diffraction analysis. The 195Pt NMR spectrum of 
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this compound shows one peak at -3527 ppm and the 19F NMR spectrum does not give 

any BF4
- peaks indicating that the compound is neutral. The fate of BF4

- is yet unknown. 

The 1H NMR spectrum shows a triplet with satellites (JH-H = 2.6Hz, JPt-H = 33Hz) at 5.45 

ppm and another triplet with satellites (JH-H = 2.6Hz, JPt-H = 77Hz) at 4.24 ppm. This is 

indicative of two sets of COD CH peaks of compounds of the type (COD)Pt(X)(R), 

where X = halide, R = alkyl or aryl group. The rest of the NMR spectrum shows broad 

multiplets for the COD CH2`s between 2.6 and 2.0 ppm and three quartets and three 

triplets between 2.6 and 0.25 ppm. The overall integral value of these peaks is too large, 

though, which can be explained either if the R group is a polymer of EtC≡CEt or some of 

the large peaks correspond to one or more organic compounds that were present in the 

microcrystalline solids. The 1H-1H COSY NMR spectrum only revealed that the peaks at 

5.45 and 4.24 ppm did not couple with one another, consistent with the (COD)Pt(X)(R) 

formula. Other than that, the expected coupling between the COD CH`s and CH2`s and 

between the quartets and triplets is revealed. Comparison of the 13C and DEPT135 NMR 

spectra revealed two quaternary carbons at 143.3 and 142.7 ppm, which have not yet 

been accounted for. On the next pages you will find the 1H NMR spectra of the 

nonvolatile components and the hexane soluble part of the nonvolatiles (h-s fraction) 

(Figures 5.1 and 5.2), the 13C and DEPT135 NMR (Figure 5.3), the 1H-1H COSY (Figure 

5.4) and 1H-13C HMQC (Figure 5.5) spectra of the h-s fraction. 

 Other alkynes tested were PhC≡CPh, Me3SiC≡CSiMe3 and MeC≡CMe. We added 20 

equivalents of PhC≡CPh to a CD2Cl2 solution of 1, but even after several hours, there 

was no reaction. Over the course of several days 1 converted mostly to (COD)PtCl2. 
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Figure 5.1. 1H NMR spectra of the nonvolatiles (A) and the h-s fraction (B) of the oxo 

complex 1 + EtC≡CEt reaction (solvent: CD2Cl2). 
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Figure 5.2. 1H NMR spectrum of the h-s fraction of the oxo complex 1 + EtC≡CEt 

reaction with spectrum expansions (solvent: CD2Cl2). 
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Figure 5.3. 13C and DEPT135 (CH, CH3 up, CH2 down) NMR spectra of the h-s fraction 

of the oxo complex 1 + EtC≡CEt reaction (solvent: CDCl3). 
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Figure 5.4. 1H-1H COSY spectrum of the h-s fraction of the oxo complex 1 + EtC≡CEt 

reaction (solvent: CD2Cl2). 
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Figure 5.5. 1H-13C HMQC spectrum of the h-s fraction of the oxo complex 1 + EtC≡CEt 

reaction (solvent: CD2Cl2). 
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We know that 1 converts to (COD)PtCl2 in the presence of water, so a very small 

amount of moisture in PhC≡CPh could be accounted for this reaction. The 1H NMR 

spectrum also showed some small broad peaks probably due to decomposition of 1 

occurring along with the formation of (COD)PtCl2. The same result was obtained when 

we mixed 1 with excess Me3SiC≡CMeSiMe3. When 1 was reacted with 50 equivalents of 

MeC≡CMe gas in a sealed NMR tube, within 1h complex 1 formed (COD)PtCl2 and 

some low-intensity sharp peaks in the range of 2.0-2.25 and 5.8-6.4 ppm. Two peaks at 

2.20 and 2.25 ppm were more intense than the rest of the peaks. 195Pt NMR only showed 

a (COD)PtCl2 peak at -3337 ppm. Since the sharp peaks in the 1H NMR spectra had a 

very low intensity, we need to consider the possibility that they formed due to the 

presence of impurities. We mentioned earlier in Chapter III that oxo complex 1 contains a 

small amount of a Pt(II) complex known as the oxo-hydroxo-complex [(COD)4Pt4(µ3-

O)2(µ2-OH)](BF4)3 (7). Therefore, it is possible that this complex reacted with 

MeC≡CMe, while 1 simply converted to (COD)PtCl2 and other decomposition products 

in reaction with a small amount of moisture present. We studied the water content of pure 

dry solvents after we exposed them to the vacuum line and we established that a very 

small amount of water was always present after the samples were frozen with liquid 

nitrogen. Also, the amount of water increased with increasing time during which the 

frozen solvent samples were exposed to the vacuum line. In these studies, the pressure 

gauge did not indicate any leaks, so it is safe to assume that the water collected in the 

solvent tube originated from the vacuum line. This possibility always has to be 

considered when reactions are carried out with vacuum transferred gases.  
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5.3. Synthesis and Unusual Solubility Properties of Oxo-Hydroxo Complex 20 

 

Results and Discussion 

In 1998 Sharp et al. reported the formation of colorless crystals from solutions of oxo 

complex 1 in commercially available CH2Cl2 or CD2Cl2.49 The crystal structure was 

determined by X-ray diffraction analysis and it showed oxo-hydroxo complex 

[(COD)4Pt4(µ3-O)2(µ2-OH)](BF4)3 (20) (Figure 5.6). The crystals could not be 

redissolved in CH2Cl2 or CD2Cl2. At that time, all attempts to find a reproducible high-

yield synthetic pathway failed. Now, we have found this pathway and wish to report it 

herein. 

 

Figure 5.6. Drawing of the cationic portion of [(COD)4Pt4(µ3-O)2(µ2-OH)](BF4)3 (20). 
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Originally, we intended to prepare [(COD)4Pt4(µ3-O)2I2](BF4)2, the I-analog of 1 by 

the reaction of (COD)PtI2 with gold-oxo complex [(Ph3PAu)3O]BF4. The 1H NMR 

spectrum of the isolated product 47 in CD2Cl2 (B in Figure 5.7) was quite different than 

that of 1 (A in Figure 5.7) in the same solvent, but it was identical to an impurity always 

found in 1. This was also confirmed by 195Pt NMR spectroscopy. This suggested that 47 
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did not contain any halogen atom. Moreover, when it was dissolved in CD3NO2, the 1H 

NMR spectrum of 47 (D in Figure 5.7) matched that of 20 (E in Figure 5.7) crystallized 

from CH2Cl2 solutions as described earlier. The 195Pt NMR spectra of 47 and 20 were 

also identical. Upon removal of the solvent from the CD3NO2 solution of 20, the residue 

surprisingly readily dissolved in CD2Cl2 and gave 1H (C in Figure 5.7) and 195Pt NMR 

spectra identical to the ones for 47. During the NMR measurements of the CD2Cl2 

solution, pale yellow crystals formed in the NMR tube. The crystals were mounted on the 

X-ray diffractometer and the unit cell parameters were found to be identical to the 

reported values for 2049 indicating that the compound was stable during CD3NO2 removal 

and the residue that dissolved in CD2Cl2 was definitely 20. 

The only reasonable explanation for our observations is that 47 and 20 are the same 

compound. Apparently, the solubility of 20 in CH2Cl2 strongly depends on the 

morphology of the complex. In a crystalline form, it is virtually insoluble in CH2Cl2, but 

in an amorphous form, it has good solubility.  

We also tried to prepare 20 alternatively from oxo complex 1 and Ag2O in CH2Cl2. 

The reaction mixture was filtered after two hours to remove AgCl and the bright yellow 

filtrate gave a complex 1H NMR and four peaks in the 195Pt NMR spectrum (-2600,          

-2608, -2875, -3317 ppm). This attempt has obviously failed. 

Complex 20 was tested for reactivity with alkenes such as ethylene and norbornene 

and in each case complicated NMR spectra and full conversion of the starting material 

were observed. Future work in Dr. Sharp`s group should in part be directed at studying 

various alkene reactions of 20. 
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Figure 5.7. 1H NMR spectrum of 1 (A), 47 (B) and 20 (C) in CD2Cl2 and 47 (D) and 20 

(E) in CD3NO2. *: solvent residues and impurities. 
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Preparation of and Spectral Data for [(COD)4Pt4(µ3-O)2(µ2-OH)](BF4)3 (20) 

Method A. (COD)PtI2 (82.3 mg, 0.1477 mmol) was stirred in 10 mL toluene. A large 

portion of the material dissolved. (Ph3PAu)3OBF4 (164 mg, 0.111 mmol) was dissolved 

in 1 mL CH2Cl2 and added dropwise to the (COD)PtI2/toluene mixture. A yellow 

suspension quickly formed, which slowly turned dark brown in color. After 1 hour of 

stirring the mixture was filtered and the solids were washed with toluene to give a dark 

purple solid. The solid was extracted with CH2Cl2 leaving a small amount of dark purple 

solid and giving a yellow solution. The solution was concentrated and mixed with Et2O. 

An off-white precipitate formed that was further purified by dissolution in a small 

amount of CH2Cl2 followed by precipitation with Et2O. The precipitate was isolated by 

filtration and dried in vacuo to give 40 mg (75%) of white complex 20. 

Method B. To a stirred mixture of 27.5 mg (4.94 x 10-2 mmol) (COD)PtI2 in 12 mL 

toluene was added a 1 mL solution of 127.1 mg (7.35 x 10-2 mmol) [(COD)Pt(µ3-

O)(AuPPh3)]2(BF4)2
49 in CH2Cl2. A yellow suspension formed immediately, which later 

turned dark brow in color. After 1 hour of stirring the solids were filtered off, washed 

with toluene and extracted with CH2Cl2. The yellow CH2Cl2 extract was concentrated and 

the crude product precipitated with THF. It was then was dissolved in a small amount of 

CH2Cl2, precipitated with Et2O, filtered off, and dried in vacuo to give 53 mg (76%) of 

complex 20. 

The following NMR peak assignments are based on 1H, 13C, 1H-1H COSY and 

DEPT135 NMR experiments.  
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• 
1H NMR (300 MHz, CD2Cl2): 5.89, 5.50, 5.45 (m, 12H, COD CH`s), 4.77 (m with 

satellites, JPtH ~ 69 Hz, 4H, COD CH`s), 3.83 (s, 1H, OH), 3.19, 2.96, 2.76, 2.26 (m, 

br, 32H, COD CH2`s). 

• 
1H NMR (250 MHz, CD3NO2): 5.83, 5.65, 5.56 (m, 12H, COD CH`s), 4.95 (m with 

satellites, JPtH ~ 69 Hz, 4H, COD CH`s), 4.22 (s, 1H, OH), 2.85 (m, br, 16H, COD 

CH2`s), 2.45 (m, br, 16H, COD CH2`s). 

• 
13C{1H} NMR (75 MHz, CD2Cl2): 102.7, 102.0, 98.1, 97.7 (s, COD-CH C`s), 30.6, 

30.5, 30.4, 30.3 (s, COD-CH2 C`s). 

• 
13C{1H} NMR (126 MHz, CD2Cl2): 103.8, 100.5, 99.6 (s, COD-CH C`s), 31.4, 31.35, 

31.18, 30.9 (s, COD-CH2 C`s). 

• 
195Pt NMR (64 MHz, CD2Cl2): -2719, -2808. 

• 
195Pt NMR (64 MHz, CDCl3): -2719, -2804. 

• 
195Pt NMR (64 MHz, CD3NO2): -2724, -2855. 
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5.4. Stability of Platinaoxetanes 

  

Dichloromethane solutions of both platinaoxetane 4 and 6 were stable for several days 

at room temperature. However, heating a dichloromethane solution of 4 at 50 oC in an 

NMR tube for 6 hours showed mostly unreacted 4 and a very small amount of free 

norbornene. The color of the solution changed from pale yellow to brown though. After a 

total of 48 hours at 50 oC, the solution was analyzed by NMR spectroscopy. 1H NMR 

showed a complex spectrum. 195Pt NMR revealed (COD)PtCl2 as the major component (-

3337 ppm) and two small peaks in a ca. 2:1 ratio at -2870 and -3066 ppm. Orange color 

crystals formed at -30 oC over the course of a few days. X-ray diffraction analysis 

revealed the trinuclear Pt(II) complex [(COD)3Pt3(µ3-O)(C7H8)](BF4)2 (48). A drawing 

and selected bond distances and angles for 48 are given in Figure 5.8 and Table 5.1. Note 

that the C1-C2 bond distance (1.399) indicates that it is a double bond. Complex 48 is a 

potentially interesting species, but since it was a minor component in the decomposition 

of 4 under our conditions, it would only become of more interest if by changing the 

conditions it could be obtained in high yield. 

Platinaoxetane 6 was also heated at 50 oC for 48 h in CH2Cl2. During this time, the 

color of the pale yellow solution turned dark orange. 195Pt NMR revealed a large peak at   

-3204 ppm (compound 49) and a smaller peak at -3337 ppm ((COD)PtCl2). The 1H NMR 

spectrum showed a complex pattern, similar to that of 6. It is also important to note that 

although the alkene exchange reaction of 4 with 5 described in Chapter III gives pure 6 

and norbornene, the reaction does not stop at this point and the final product that slowly 

forms is 49.   
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Figure 5.8. Drawing of the cationic portion of [(COD)3Pt3(µ3-O)(C7H8)](BF4)2 (48) (50% 

probability ellipsoids, hydrogen atoms omitted for clarity). 
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Table 5.1. Selected distances (Å) and angles (deg) for [(COD)3Pt3(µ3-O)(C7H8)](BF4)2 (48) 

________________________________________________________________________ 

Pt(1)-C(1)    2.037(5)       Pt(1)-O(1)    2.045(3) 

Pt(2)-C(2)    2.000(5)       O(1)-Pt(2)    2.032(3) 

C(1)-Pt(3)    2.314(5)       C(2)-Pt(3)    2.380(5) 

O(1)-Pt(3)    2.037(3)       C(1)-C(2)    1.399(7) 

C(4)-C(5)    1.549(7)       C(6)-C(7)    1.534(7) 

C(1)-Pt(1)-O(1)  83.26(16)      C(2)-Pt(2)-O(1)  84.09(16) 

Pt(2)-O(1)-Pt(1)  109.00(15)      Pt(2)-O(1)-Pt(3)  91.99(13) 

Pt(3)-O(1)-Pt(1)  88.83(12)      C(2)-C(1)-Pt(1)  117.3(3) 

Pt(1)-C(1)-Pt(3)  81.80(16)      C(1)-C(2)-Pt(2)  119.5(3) 

Pt(2)-C(2)-Pt(3)  83.35(17)      O(1)-Pt(3)-C(2)  74.94(14) 
________________________________________________________________________ 
T (oC): -100. a (Å): 12.948(4); b (Å): 17.167(5); c (Å): 28.595(8); α (deg): 90; β (deg): 90; γ 

(deg): 90; V(Å3): 6356(3). Symmetry cell setting: orthorhombic, space group: Pbca. Goof on F2: 

1.084; final R indices [I>2sigma(I)]: R1 = 0.0253, wR2 = 0.0506. 

 

In addition, while the alkene exchange reaction of the Br-analog of 4 with 5 first gives 

the Br-analog of 6 and norbornene, the final product of the reaction is 49 suggesting that 

it is free of halogens Cl and Br. Addition of diethyl ether results in an orange precipitate, 

which was found to be pure 49. It is clear from the 1H and 13C NMR spectra that the 

complex contains the norbornene diacetate fragment of 5. 195Pt NMR suggests that the 

compound either contains only one Pt, or if more, they have to be in a similar chemical 

environment making 49 a symmetrical molecule. 19F NMR spectroscopy of 49 revealed a 

small peak at -152 ppm and a large peak at -154 ppm. Two possible structures based on 
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the NMR data and the observation of complex 29 (Chapter III) are given in Figure 5.9 

below. Note that structure B is actually complex 29. The 19F NMR result does not 

necessarily rule out the first structure (A), since any ionic impurity that contains the BF4
- 

anion would give a 19F signal. Furthermore, a possible mixture of A and B would also 

result in a 19F signal. This issue clearly needs more investigation. 1H, DEPT135, 1H-1H 

COSY and 1H-13C HMQC spectra for 49 are shown in Figures 5.10-5.13. Since we did 

not arrive at a definite structure after analyzing the NMR data, and several attempts to 

form single crystals of 49 failed, we abandoned this investigation in favor of our main 

projects.  

 

Figure 5.9. Possible structures for unknown compound 49. 

 

PtO

OO
O

O

PtO

OO
O

O

B
F

F

F

A B  



 143

Figure 5.10. 1H NMR spectrum of complex 49. 
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Figure 5.11. DEPT135 spectrum of complex 49 (solvent: CD2Cl2, (COD)PtCl2: 100.87, 

31.02 ppm). 
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Figure 5.12. 1H-1H COSY spectrum of complex 49 (solvent: CD2Cl2). 
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Figure 5.13. 1H-13C HMQC spectrum of complex 49 (solvent: CD2Cl2). 
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5.5. New Cationic Pt(II) Complexes 

 

When we synthesized (COD)Pt(OTf)2 (21) based on the literature procedure,75 only 

very carefully dried dichloromethane solvent gave the desired product. When a small 

amount of moisture was present in the solvent, colorless single crystals of the hydroxo-

bridged [(COD)2Pt2(µ2-OH)(OTf)2]OTf (50) formed by slow evaporation of the solution 

at -30 oC and were identified by X-ray diffraction analysis. A drawing of 50 and a list of 

selected bond distances and angles are given in Figure 5.14 and Table 5.2. As the figure 

shows, the outer-sphere triflate anion hydrogen bonds to the bridging hydroxo group. 

Before we could publish the discovery of 50, the Tilley group reported it.76 

We thought of making the dihydroxo-bridged complex by deliberately adding small 

amounts of water to a dichloromethane solution of 21, but instead of the dihydroxo-

compound, colorless crystals of the tetranuclear hydroxo-bridged complex 

[(COD)4Pt4(µ2-OH)4](OTf)4 (51) formed by slow evaporation of the solution at -30 oC. 

Complex 51 was identified by X-ray diffraction analysis. A drawing of the cationic 

portion of 51 and a list of selected bond distances and angles are given in Figure 5.15 and 

Table 5.3. It would be very interesting to try to deprotonate both 50 and 51 to obtain the 

corresponding oxo complexes. Due to the significance of oxo complexes in alkene 

oxidation processes, it would be important to study their reactions with alkenes. 

Finally, when preparing 21 in nitromethane, colorless crystals were obtained at -30 oC 

and found to be the aqua complex [(COD)Pt(H2O)(CH3CH2CN)](OTf)2 (52) (Figure 

5.16) resulting from the propionitrile impurity and moisture found in the solvent by NMR 

spectroscopy. Selected bond distances and angles for 52 are given in Table 5.4.  
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Figure 5.14. Drawing of [(COD)2Pt2(µ2-OH)(OTf)2]OTf (50) (50% probability 

ellipsoids, COD hydrogen atoms omitted). 
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Figure 5.15. Drawing of the cationic portion of [(COD)4Pt4(µ2-OH)4](OTf)4 (51) (50% 

probability ellipsoids, hydrogen atoms omitted for clarity. C16 could only be refined 

isotropically. One half of the molecule is symmetry-related to the other half.). 
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Table 5.2. Selected distances (Å) and angles (deg) for [(COD)2Pt2(µ2-OH)(OTf)2]OTf (50)      

________________________________________________________________________ 

Pt(1)-O(7)    2.031(3)       Pt(1)-O(1)    2.097(3) 

Pt(1)-C(1)    2.132(4)       Pt(1)-C(6)    2.162(4) 

Pt(2)-O(7)    2.031(3)       Pt(2)-O(4)    2.094(3) 

C(1)-Pt(1)-C(6)  82.16(17)      O(7)-Pt(1)-O(1)  85.79(12) 

S(1)-O(1)-Pt(1)  136.44(19)      Pt(1)-O(7)-Pt(2)  119.07(15) 

O(7)-Pt(2)-O(4)  80.14(12)      S(2)-O(4)-Pt(2)  139.24(19) 
________________________________________________________________________ 
T (oC): -100. a (Å): 9.8612(12); b (Å): 20.346(3); c (Å): 15.5939(19); α (deg): 90; β (deg): 

95.866(2); γ (deg): 90; V(Å3): 3112.3(7). Symmetry cell setting: monoclinic, space group: P21/c. 

Goof on F2: 1.117; final R indices [I>2sigma(I)]: R1 = 0.0244, wR2 = 0.0574. 

 

 Table 5.3. Selected distances (Å) and angles (deg) for [(COD)4Pt4(µ2-OH)4](OTf)4 (51) 

________________________________________________________________________ 

Pt(1)-C(1)    2.155(18)      Pt(1)-C(2)    2.195(17)  

Pt(1)-C(6)    2.166(18)      Pt(1)-O(1)    2.048(11) 

Pt(2)-O(1)    2.037(11)      Pt(2)-O(2)    2.057(12) 

C(1)-Pt(1)-C(2)  38.9(7)       C(1)-Pt(1)-C(6)  83.0(7) 

Pt(2)-O(1)-Pt(1)  123.4(6)       O(1)-Pt(2)-O(2)  85.3(5) 
________________________________________________________________________ 
T (oC): -100. a (Å): 29.560(3); b (Å): 10.5832(10); c (Å): 21.554(2); α (deg): 90; β (deg): 133.29; 

γ (deg): 90; V(Å3): 4907.9(8). Symmetry cell setting: monoclinic, space group: C2/c. Goof on F2: 

1.055; final R indices [I>2sigma(I)]: R1 = 0.0665, wR2 = 0.1721. 
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Figure 5.16. Drawing of [(COD)Pt(H2O)(CH3CH2CN)](OTf)2 (52) (50% probability 

ellipsoids, COD, CH2-10 and CH3-11 hydrogen atoms omitted). 
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Table 5.4. Selected distances (Å) and angles (deg) for  
                  [(COD)Pt(H2O)(CH3CH2CN)](OTf)2 (52) 
________________________________________________________________________ 

Pt(1)-C(1)    2.153(3)       Pt(1)-N(1)    2.018(3) 

Pt(1)-O(1)    2.051(3)       N(1)-C(9)    1.141(5)  

C(9)-C(10)    1.463(5)       C(10)-C(11)   1.533(6) 

N(1)-Pt(1)-O(1)  89.25(12)       N(1)-Pt(1)-C(1)  90.03(13)  

O(1)-Pt(1)-C(6)  92.07(13)       C(1)-Pt(1)-C(2)  38.16(14)  

C(5)-Pt(1)-C(6)  37.47(14)       C(9)-C(10)-C(11)  110.8(4) 
________________________________________________________________________ 
T (oC): -100. a (Å): 9.2620(6); b (Å): 10.7821(7); c (Å): 11.5930(7); α (deg): 116.9130(10); β 

(deg): 97.8910(10); γ (deg): 95.6600(10); V(Å3): 1005.48(11). Symmetry cell setting: triclinic, 

space group: P-1. Goof on F2: 1.062; final R indices [I>2sigma(I)]: R1 = 0.0223, wR2 = 0.0603. 
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CHAPTER VI 

CONCLUSIONS AND RECOMMENDED FUTURE DIRECTIONS 

 

6.1. Conclusions 

 
For many years one of the major goals in the Sharp lab was to find transition metal 

oxo complexes that are capable of oxidizing simple hydrocarbons, such as alkenes. This 

is a very important field in organometallic chemistry, since there is so much potential in 

functionalizing simple and readily available hydrocarbons to form synthetically important 

organics. Without any control, hydrocarbons react with molecular oxygen to simply form 

CO2 and H2O. This process is totally undesirable from a synthetic point of view. Careful 

control on these reactions has been achieved by the use of transition metal catalysts, 

however, the mechanism of these often heterogeneous6 and very complex reactions must 

be understood in order to enable scientists to design catalysts that are even better than the 

existing ones in terms of selectivity, turnover frequency, lifetime, mild reaction 

conditions, etc. Also, by designing new catalysts it is possible to make these often 

extremely expensive systems more economical. In addition, environmental concerns also 

have an impact on the many ways chemists develop new methods of synthesis, since 

minimizing waste, making processes more atom economical36 and minimizing the 

number of reaction steps are environmentally crucial issues. Designing highly efficient 

and selective catalysts helps achieve this goal. 

Research in the Sharp research group has long been directed at the mechanistic 

understanding of late transition metal catalyzed reactions through the use of soluble 

model complexes. In the past two decades, Sharp and coworkers successfully synthesized 
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several new oxo complexes with late transition  metals such as Pt, Pd, Ir, Au and Rh.111 

However, alkene oxidation was not achieved until the discovery of tetranuclear Pt(II) oxo 

complex [(COD)4Pt4(µ3-O)2Cl2](BF4)2 (1).49 During the past four years, the alkene 

oxidation reactions of 1 were thoroughly investigated with ethylene, propylene, 

norbornenes and cyclopentene leading to some breakthroughs in the field as summarized 

below. 

 
• Oxo complex 1 was found to readily oxidize alkenes such as ethylene, propylene and 

norbornenes. This result is significant, since it suggests that oxo complexes are 

possible species to embrace in catalytic alkene oxidations. This is important, since oxo 

complexes have been proposed several times to be intermediates in alkene oxidation 

reactions mediated by late transition metals,51-56 and until our discovery, only one 

isolated late-transition metal oxo complex was capable of alkene oxidation.52  

• New platinaoxetanes were discovered in the reaction of oxo complex 1 with 

norbornenes. In these reactions, platinaoxetanes [(COD)2Pt2(OC7H10)Cl]BF4 (4), 

[(COD)2Pt2(OC15H14O4)Cl]BF4 (6) and [(COD)2Pt2(OC7H8)Cl]BF4 (7) formed 

quantitatively. The discovery of platinaoxetanes in these reactions is another very 

important breakthrough, since metallaoxetane species have been thought to be 

intermediates in alkene oxidation reactions54,55,57,58 and until our discovery of  4, 6 and 

7, there had been no reports on direct metallaoxetane formation in reactions of oxo 

complexes with alkenes.59 

• The kinetic studies of the reaction leading to the formation of platinaoxetane 4 

suggested that the process was catalyzed by a yet unknown species, since the reaction 

rate showed  zero-order dependence on 1 and first order dependence on norbornene. 
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This result implies that the involvement of oxo complexes in alkene oxidation 

reactions may be assisted by some catalytic species. 

• Platinaoxetanes 4 and 6 were reacted with ethylene and propylene and found to give 

the same products as oxo complex 1. This significant result reinforced that 

metallaoxetanes are indeed involved in alkene oxidations and suggested a common 

intermediate in the reactions of 1 and 4 with alkenes. 

• The reaction of platinaoxetane 4 with norbornene derivative 5 resulted in a 

quantitative alkene exchange giving platinaoxetane 6 and free norbornene. This result 

supports our previous hypothesis that there is a common intermediate in the reactions 

of 1 and 4 with alkenes. For instance, the ethylene reaction of 1 could give an 

intermediate platinaoxetane analogous to 4 and the ethylene reaction of 4 could give 

the same intermediate through alkene exchange. This allowed us to propose a feasible 

mechanism for the ethylene oxidation of 1 through the formation of a metallaoxetane. 

• The kinetic studies of the alkene exchange reaction between platinaoxetane 4 and 

norbornene 5 revealed zero-order dependence on 4 and first order dependence on 5. 

This observation is similar to the results of the kinetic studies of the reaction of oxo 

complex 1 with norbornene. Furthermore, we successfully established that the alkene 

exchange reaction is catalytic involving possibly two or more electrophilic catalysts. 

In the catalytic process, norbornene 5 is capable of saturation of the catalyst, similar to 

enzymatic reactions (Michaelis-Menten kinetics). Several electrophilic catalytically 

active species ((COD)Pt(OTf)2, (COD)PtCl(OTf), (COD)Pt(Me)(OTf), HOTf, AgOTf 

and BF3·Et2O) have been identified and we believe that BF3 is one of the native 

catalysts. 
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• The results summarized above can help unveil crucial details about catalytic alkene 

oxidation reaction not previously known. Our achievements in this goal combined 

with future research based on the current knowledge may eventually lead to the 

delineation of these complicated catalytic processes and hence may result in the 

construction of highly efficient and well-controlled catalytic cycles. When this task is 

done it may open the door to patents and industrial applications. Our results were 

included in DOE (U.S. Department of Energy) grant proposals and two JACS 

communications.50,71 

• Catalytic carbon-carbon coupling reactions are another heavily investigated area of 

organometallic chemistry. The goal is similar to that of the catalytic hydrocarbon 

oxidation processes, the design of selective, economical and highly efficient routes to 

the formation of synthetically important organics from simple starting materials in the 

smallest number of steps.  

• We have discovered an efficient alkene-coupling system with the simple cationic 

Pt(II) complexes (COD)Pt(OTf)2 (21) and (COD)PtCl(OTf)2 (22). The reactions with 

norbornenes gave “ene-yl” complexes, the cyclopentene reaction resulted in an allyl 

complex and ethylene gave an ethylene complex and coupled organic products. In case 

of propylene, a simple allyl complex formed without C-C coupling. We obtained 

single crystal X-ray data for some of our products. Due to the involvement of cationic 

Pt(II) complexes in several catalytic processes,75,76 our results can add to the current 

knowledge in the field and help in the study of related systems. Our results in this 

project are the subject of an Organometallics communication recently accepted.81 
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6.2. Recommended Future Directions 

 
Even though this dissertation contains three deeply investigated projects, some 

questions still remained unanswered and some potentially interesting issues could not be 

fully investigated. Therefore, future work in the group should include 

 
• full identification of the [(1,5-COD)4Pt4(µ3-O)2Cl2](BF4)2 (1) + ethylene reaction 

intermediates; 

• testing the catalyst found for the platinaoxetane 4 + norbornene 5 alkene exchange 

system (Table 3.8) for possible catalysis of the 1 + alkenes reactions;  

• more kinetic studies of the 1 + NB system. The non-zero intercept of the product vs. 

time curves is still unexplained. This combined with the catalyst test may help reveal 

the mode of formation of the platinaoxetanes; 

• investigation of the reaction chemistry of platinaoxetane 7. For instance, due to the 

presence of the double bond it is possible that in a 1:1 reaction with 1 it would give a 

platinaoxetane-dimer; 

• identification of the unknown product of the cyclopentene reaction of 1 (p. 49). This 

compound is the ether insoluble, hexane soluble part of the reaction mixture and we 

have isolated it before, but it was impure, and we only got a few mg`s, so making it in 

a larger amount and purifying it could be the first approach. In a larger quantity it 

would be easier to purify it and send it for elemental analysis and possibly even get a 

single crystal. Also, using a strong acid to cleave off the organic fragment(s) and 

characterizing the organics would be a good idea; 
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• testing the reaction of 1 with other alkenes, such as styrene and cyclooctadiene. Some 

preliminary results suggest that these alkenes react with 1 and form complex mixtures; 

• identification of the product of the EtC≡CEt reaction of 1. All our attempts to form 

single crystals of it from hexane solutions failed. Testing its stability in different 

solvents could help choose a different solvent for crystallization. Cleaving off and 

characterizing the organic fragment(s) could be a good approach; 

• investigation of the alkene reactions of oxo-hydroxo complex 20. It can be synthesized 

in good yield and preliminary studies indicate that it reacts with alkenes; 

• deprotonation and alkene reactions of hydroxo complexes 50 and 51; 

• testing the alkyne reactions of 20, and deprotonated 50 and 51; 

• reaction of platinaoxetane 4 with BF3·Et2O in a 1:1 ratio and testing the isolated 

product for catalysis in the 4 + 5 system to understand how the BF3 catalyst works; 

• identification of the native catalyst(s) in the 4 + 5 reaction to help solve the actual 

reaction mechanism. We have studied this system for a long time and have not found 

the native catalyst(s), so this is not an easy task. Proving that BF3, a potent catalyst for 

this system, can form from 4 would be ideal. The observation of BF3-complex 29 

already provides some evidence for that; 

• studying the decomposition of platinaoxetane 4 in an effort to maximize the yield of 

complex 48, which is an interesting candidate to test for alkene reactions, and to 

identify the organic products; 

• identification of complex 49 and investigation of its reaction chemistry Treating the 

final product of the 4 + 5 reaction with BF3 would reveal if 49 is in fact complex 29, 

which is one of its proposed structures (see B in Figure 5.9). 
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APPENDIX 

 

 

Calculations Used in the Kinetic Studies of the [(COD)4Pt4(µ3-O)2Cl2](BF4)2 (1) + 

NB Reaction 

  

 The outcome kinetic studies depend on the precision of the time and temperature 

control and the accuracy of the determination of the concentration of reactants and/or 

products at any given time. Our calculations in the kinetic studies of the oxo complex 1 + 

norbornene (NB) reaction were based on the integration of the 1H NMR spectra collected 

periodically. Under excess NB conditions it was more convenient to integrate a product 

multiplet peak for platinaoxetane 4, while under excess 1 conditions we obtained more 

reliable integral values using an isolated multiplet for NB, which was considerably 

sharper than the product peak.  

To find [4] (M), first as an internal standard we used the THF peak at 3.6 ppm. In the 

first NMR spectrum, where the reaction has practically not started yet, this peak was 

integrated against the broad peak between 2.0 and 3.1 ppm (A) [32H of 1 + 2H of NB], 

and the multiplet peaks between 0.76 and 1.72 ppm (B) [6H of NB]. The integral value of 

the 32 protons of 1 (C) was calculated as follows: 

 
C = A - (B/3) 

 
and the integral of 1H of 1 = C/32. Also, based on the stochiometry  

 
oxo complex 1 + 2 NB → 2 platinaoxetane 4 
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the integral value of the multiplet for two protons of 4 between 4.4 and 4.8 ppm (D) at a 

100% conversion of 1 to 4 is 

 
D = [(C/32) x 2] x 2  = C/8 

 
We also need the final concentration of 4 ([4]100%), which can be calculated as follows: 

 
[4]100% = 2 x [1]0 

 
where [1]0 is the initial concentration of 1. If E is the integral value of the two protons of 

4 at any given time (t), then [4]t is expressed as 

 
 [4]t = (E/D) x [4]100% = 2 x (E/D) x [1]0 = 16 x (E/C) x [1]0 

 
This requires that in each spectrum the integral value of the internal standard be constant. 

 

The calculation of the concentration of NB when 1 is applied in excess is much easier. 

First, in the initial NMR spectrum the THF peak at 1.8 ppm is used as internal standard 

and it is integrated against the multiplet for 2H of NB at 1.6 ppm (F). This is the 

maximum value, since NB gets used up in the reaction. If G is the integral value of this 

peak at any given time (t), then the concentration of NB at any time ([NB]t) is given as 

  
[NB]t = (G/F) x [NB]0 

 
where [NB]0 is the initial concentration of NB. This procedure also requires that in each 

spectrum the integral value of the internal standard be constant. 
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Calculations Used in the Kinetic Studies of the 4 + 5 Reaction 

 

  The calculation of concentrations in the reaction of platinaoxetane 4 with excess 

benzonorbornene diacetate 5 was based on the integration of the 1H NMR spectra 

recorded periodically during the course of the alkene-exchange reaction. All samples of 4 

contained a small amount of diethyl ether that could be used as an internal standard. Its 

quartet peak at 3.45 ppm was integrated against the multiplet between 4.30 and 4.86 ppm 

(I) for 2H of 4. Because of the reaction stochiometry 

 
complex 4 + norbornene 5 → complex 6 

 
the same integral value (I) applies when two adjacent sharp peaks for 2H of 6 at 3.28 and 

3.14 ppm are integrated at full conversion of 4 to 6. Also, at 100% conversion it is true 

that 

 
[6]100% = [4]0 

 
where [4]0 is the initial concentration of 4. Therefore, if J is the integral value of the 2H 

of 6 at any given time (t) the concentration of 6 ([6]t) can be expressed as follows: 

 
[6]t = (J/I) x [6]100% = (J/I) x [4]0 

 
This calculation also requires a constant integral value for the internal standard in each 

NMR spectrum. 
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List of 195Pt NMR Data 
 

Many of the 195Pt NMR data listed in the table below correspond to compounds and 

reactions mentioned in this dissertation, however, it also shows data for preliminary results, 

or results not significantly related to our main research projects. External reference: K2PtCl4 

in D2O at -1624.0 ppm.  

Abbreviations: COD: 1,5-cyclooctadiene, eq: equal heights, s: small, vs: very small, m: 

medium, l: large, br: broad, nv: nonvolatiles, NB: norbornene, G.O.: gold oxo complex 

[(Ph3PAu)3(µ3-O)]BF4, equiv.: equivalent, hs: hexane soluble, ts: toluene soluble, NN-ligand: 

C18H24N2, NBD: norbornadiene. 

 

Compound/reaction solvent 195Pt NMR (ppm) 
(COD)PtCl2 CD2Cl2 -3337 
(COD)PtCl2 CH3NO2 -3352 
(COD)PtBr2 CD2Cl2 -3644 
(COD)PtI2 CD2Cl2 -4318 
(COD)PtCl(Et) (2) CD2Cl2 -3546 

-3577 2 + AgOTf                                 initially 
                                                   later CD2Cl2 -3468 (m), -3577 (l) 

-3474, -3874 (eq) 2 + AgOTf                                 initially 
                                                   later CD2Cl2 -3874 
(COD)PtCl(Me) CD2Cl2 -3505 
(COD)PtCl(Me) + HBF4 (1:1) CD2Cl2 -3341 (vs), -3528 (l, br) 

-3221 (m), -3241 (l), -3506 (m) (COD)PtCl(Me) + G.O. + NB (2:1:10) 
                                       + more G.O. CD2Cl2 -3221 (l), -3240 (m) 
(COD)PtMe2 CD2Cl2 -3577 
(COD)PtMe(OTf) CD2Cl2 -3399 
[(COD)PtMe(H2O)](OTf) CD2Cl2 -3440 
(COD)Pt(OTf)2 (21) CD2Cl2 -3003, (-3001/CDCl3) 

-3833 21 + NB2                                   1 equiv. 
                             + an additional equiv. CD2Cl2 -3815 (m), -3833 (l),  

later: -3815 (l), -3833 (m) 
[(COD)Pt(C7H10-C7H9)][OTf] (30)  CD2Cl2 -3860 
30  CDCl3 -3847 
[(COD)Pt(C15H14O4-C15H13O4)][OTf] (31) CD2Cl2 -3833 
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21 + ethylene CD2Cl2 -3864 
21 + ethylene-13C2 CD2Cl2 -3871, -3879 (eq) 
[(COD)Pt(THF)(OTf)][OTf] (35)  
+ C2H4, nv, precipitated with hexane CD2Cl2 -3486 

21 + propylene (1:10) CD2Cl2 -4432 
21 + cyclopentene (1:10) CD2Cl2 -3580, -4352 (eq) 
[(COD)Pt(C5H8-C5H7)]OTf (32) CD2Cl2 -4352 
product of the synthesis  
of 21 in CH3NO2 

CD2Cl2 -2960, -3161 (br) (eq) 

(COD)PtCl(OTf) (22) CD2Cl2 -3170 (-3190 at -50 oC) 
22 + NB (1:5) CD2Cl2 -3336 (s), -3782 (s), -3860(l) 
(COD)2Pt CD2Cl2 -3027 

[(COD)PtCl]2(BF4)2 CD2Cl2 
-3307 (shifts upfield with 
(COD)PtCl2 content) 

(COD)PtCl(PPh3) CD2Cl2 -3925, -3973 (eq) 
(COD)PtBr(PPh3) CD2Cl2 -4105, -4154 (eq) 
(COD)PtI(PPh3) CD2Cl2 -4436, -4483 (eq) 
(COD)PtCl(CH2COCH3) (10) CD2Cl2 -3519 
10 C6D6 -3513 
[(COD)Pt(η3-CH2CHCH(CH3))]BF4 (3) CD2Cl2 -4390 
(COD)PtCl((η1-C3H5) CD2Cl2 -3521 
[(COD)Pt((η3-C3H5)][BF4] (9) CD2Cl2 -4432 
[(COD)4Pt4(µ3-O)2Cl2](BF4)2 (1) CD2Cl2 -2728, -3021 (eq) 
1 CD3NO2 -2708, -3021 (eq) 
Old sample of 1 from drybox freezer CD2Cl2 -2719, -2728, -2808, -3022, -3337 
Mix of decomposed samples of 1 CD2Cl2 

-2800 (m), -2872 (m), -3067 (l),  
-3337 (m) 

synthesis of 1, liquid phase of the 
reaction mixture, -THF, + CH2Cl2 

CH2Cl2 
-2576 (s), -2728 (l), -2812 (s),  
-3021 (l), -3337 (l) 

synthesis of 1, CH2Cl2 insoluble part 
after spending a long time in CH2Cl2 

CH2Cl2 -2719 (m), -2808 (m), -2800 (l) 

[(COD)4Pt4(µ3-O)2Br2](BF4)2 (1-Br) CD2Cl2 -2681, -3135 (eq) 

[(COD)4Pt4(µ3-O)2Br2](BF4)2 (old) CD2Cl2 
-2681 (m), -2720 (l), -2809 (l), -
3134 (m), -3644 (l) 

1 + EtCCEt CD2Cl2 -3527 (pentane soluble)(l), -3337 
1 + EtCCEt CD3NO2 -3352 (s), -3542 (l), -3573 (s) 
[(COD)4Pt4(µ3-O)2Br2](BF4)2 + EtCCEt CD2Cl2 -3527 (s), -3636 (l) 
1 + cyclopentene, nv CD2Cl2 -2806 (s), -3337 (l), -3542 (s) 

1 + cyclopentene CD3NO2
-2808 (s), -3352 (l),  
-3571 (s), -3676 (s) 

[(C8H13)PtCl]2 (11) CD2Cl2 -3542 
1 + C2H4, intermediate CD2Cl2 -1893 
1 + propylene, ts, hs  C6D6 -3513 
1+ Et4NCl CD2Cl2 -2873, -3337 
1 + NN-ligand  CD2Cl2 -3113 (s), -3758 (l) 
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(NN)PtCl2 CD2Cl2 -3885 

1 + COD CD2Cl2 
-2872 (s), -3337 (l),  
-3670 (s), -3772 (vs) 

1 + Ag2O CD2Cl2 
-2600 (m), -2608 (m), 
-2875 (l), -3317 (m) 

1 + NBD (1:1)  CD2Cl2 -3337 (l), -3563 (s), -3571 (s) 

1 + NBD (1:10) (after a long time) CD2Cl2 
-3337 (vs), -3534 (m),  
-3570 (vs), -3641 (m) 

[(COD)2Pt2(OC7H8)Cl]BF4 (7)  
(1 + NBD (1:10), 30 min) CD2Cl2 -3101, -3122 (eq) 

[(COD)2Pt2(OC7H10)Cl]BF4 (4) CD2Cl2 -2965, -3099 (eq),  
-2982, -3115 (eq) at -50 oC  

4 CD3NO2 -2972, -3104 (eq) 

4 + norbornene 5 (5:1), 14h at 50 oC CD2Cl2 
-3068 (l), -3337 (l), -3385 (s)  
+ 9 small peaks 
-3054, -3110 (eq) 
-3054 (s), -3110 (s), -3167(m), -3204 (m) 

4 + 5                                           initially 
                                                    later 
                                                    finally 

CD2Cl2 
-3204 

4 + 5 final product CD3NO2 -3212 
[(COD)2Pt2(OC15H14O4)Cl]BF4 (6) CD2Cl2 -3054, -3110 (eq) 
6 CD3NO2 -3070, -3119 (eq) 

-3166, -3204 (eq) 4 + 5 + HOTf (1:10:1)                20 min 
                                                    2 days CD2Cl2 -3337 (m), -3830 (l) 
4 + 5 + HCl(g) (1:10:0.6) CD2Cl2 

-3054 (s), -3110 (s), -3066 (m),  
-3166 (m), -3337 (l) 

4 + HOTf (1:1) CD2Cl2 -2773 
4 + Et4NCl (1:1, 1h) CD2Cl2 -2908, -3337 (eq) 

4 + Et4NCl (1:2, 1-2h) CD2Cl2 
-2908, -3337, -3367, -3380, -3462, 
-3483, -3491 

4 + dil. HCl, hexane sol. part CDCl3 -3465 
4 + ethylene, nv CD2Cl2 -3337 (l), -3541 (s), -4389 (s) 
4 + propylene CD2Cl2 -3337 (s), -3519 (l), -4430 (s) 

4 + H2O (1:1), 6 days CD2Cl2 
-2875 (s), -3067 (s),  
-3116 (l), -3337 (l) 
-2959, -2987, -2972, -3104  
-2765, -2954, -2989, -3105  

4 + AgOTf                                initially 
                                                  later 
                                                  finally 

CD2Cl2 
-3330 

CD3NO2 -2790 (l), -2972 (m), -3104  (m) 4 + AgOTf (1:1)                  30 min 
                                            final product CH2Cl2 -2765 

4 + 21 (1:1) CD2Cl2 
-2766 (br, s), -2954 (s), -2972 (s),  
-3140 (s), -3337 (m) 
-2969 (l), -3100 (br), -3230 (br) 4 + 22 (1:1)                               at 25 oC 

                                                  at -50 oC CD2Cl2 -2981, -3115 (eq), later: -2981 (l),  
-3086 (m), -3114 (l) 

[(COD)2Pt2(OC7H10)Br]BF4 (4-Br) CD2Cl2 -2948, -3198 (eq) 
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6 + Et4NCl (1:1) CD2Cl2 -3012, -3337 (eq) 
[(COD)2Pt2(OC15H14O4)Br]BF4 (6-Br) CD2Cl2 -3037, -3209 (eq) 
[(COD)4Pt4(µ3-O)2(µ2-OH)](BF4)3 (20) CD2Cl2 -2719, -2808 (eq) 
20 CDCl3 -2719, -2804 (eq) 
20  CD3NO2 -2724, -2855 (eq) 
20 + C2H4 CD2Cl2 -3958, -3930, -4390 
20  + NB  CD3NO2 -3020 
20 + HOTf CD2Cl2 -2769 
synthesis of 20, solid isolated from the 
liquid phase of the reaction mixture  CD2Cl2 

-3926, -3974 (eq) (integral:2), 
-4436, -4484 (eq) (integral:1) 

20 + HBF4 (trial 1) CD2Cl2 -2778 (l), -2942 (m) 
PtU + HBF4 (trial 1), dark solid CD3NO2 -2788 (l), -2829 (m) 

PtU + HBF4 (trial 2) CD2Cl2 
-2720 (vs), -2778 (l),  
-2799 (l), -2808 (vs) 

[(COD)Pt(µ3-O)(AuPPh3)]2(BF4)2 
(Pt2Au2) (see ref. 49) CD2Cl2 -2511 

Pt2Au2 + NB CD2Cl2 -2957 
Pt2Au2 + C2H4 CD2Cl2 -2873 
(COD)PtCl2 + G.O. + NB (2:1:10), 
reaction in THF, product isolated CD2Cl2 -2872, -3067, -3337 (1:2:2) 

(COD)PtCl2 + G.O. + NB (2:1:10),  
reaction in CD2Cl2 

CD2Cl2 -2965, -3099 (eq) 

-2512 (m), -2575 (l), -2720 (vs),  
-3014 (m), -3337 (l) 
-2575 (m), -3020 (s), -3337 (l) 
-2578 (m), -2965 (l), -3099 (l),  
-3337 (l) 

                                                     20 min 
(COD)PtCl2 + G.O. (2:1)            
reaction in CD2Cl2                       14:45h 
                                              +NB, 7min 
                                         
                                                           3h 

CD2Cl2 

-2965 (l), -3099 (l), -3337 (m) 
(COD)PtI2 + G.O. + NB (2:1:10), 
reaction in CD2Cl2 

CD2Cl2 -2921, -3413 (eq) 
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